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ABSTRACT 

The literature relating to the .source[; ancl amotmts of P and 
N forms transported in runoff types (surface, accelerated subsur

f�ce, a�d subeurface ru�off) and in s�ream flow from catchments of 

v�;.ryinz 1 ::.l:d ·.se ':!J.s reviewed. There is a paucity of information 

available on t�is topic for Kew Zea land situations. 

Concentratio�-flow relationstips of P and � forms varied be
tween aifferent runoff types i� the ao�i�antly p�stur e catchment 

UY!der study. Flow was t�e �o�e imp or tant variable, however, in 

determining the P and N loadings in each runoff tyne. Because of 
-Ql'\c:l i..t\.. 

more rapid fluctuations in P and N concent rations,L surface and 

a ccelerated sub surface ru�off, and storm flow in the stream, small

er sampling intervals we�e required than for subsurface runoff in 

order to obtain rcliaole e�timates of P and N loading�. 

An appreciably greater proportion of fertilizer P was trans

ported in su:'face runoff fro.:! 1 3  :olr;d 6° undrain e d slopes ( 6 . 7 and 

5 .6 7·� as 'l'P, resp&nively) tta!'l. fyom a 6° drained slope ( 1.0%) 

jn l[J\lr mom:hs fnll.ovJinr� il}lpJicL1,jon (50\cf' h.:J.-1). Thir3 could be 
attributed to a four-fold red uct ion in the volame of s urfac� ru!'l.off 

-1 fro� drai�ed slopes. Although 0.77 and 4.18kg ha of total P 
( TP) and total N (TN), respectively, were transported in surface 

runoff in four weeks as a result of grazing witt dairy cattle, the 

effect of grazing was less sustained than that due to fertilizer P 

application. 

Following the application of urea to the drained area of a 

20-ha subcatchment, 2.3% of the applied N was lost as TN ( 8 7% as 

N03) in tile drainage in a four-week period. Although the volume 

of tile drainage was dramatically reduced following grazing, the 

concentrations of P and N forms increased. The effect of grazing 

on � concentrations in tile drainage was not as sustained as that 

of urea application. 

Highly significant correlations were obtained between extract

able soil P in surface soil (0-10cm) and ��� dissolved inorganic P 

( DIP)  concentrations in surface runoff, an<i ·u"--cween extractable soil 

, I 
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P and nitra te (No3) in the subsoil (40-50cm) and the DIP and N03 
loadings, respectively, of tile drainage. 

-1 -1 A muc h gre�ter amount of N (13.15 and 16.32kg ha y as 
-1 -1 �0� nnd TN, respectively) than of P (0.43 and 1.31kg ha y as 

_) 
total dissolved P (TDP) and TP, respectively) was tra�sported in 

::.·t � r·•rn fLow in 1975. Although surface run o f f contributed the major 

proportion of P transported (18% for TP) by the runoff types, stream
\.,._·_:, cr--1�ion c on t r ::. but c. d 61+ '!:!d 6?%, respectively, of the 'L'l' .:.tnd 

Eedimc�t transported in strea� flow durin g 1975. T'he major pro-

portion of stream flow (67�) and �  transported (59% as TN), however , 

was contributed by subsurface ru�off. 

E�rthworm casts contained appreciably more inor·gunic P (IP) 
thnn u11derlying soil, of which 90}j of the additional IF was he l d 

by a more-physical sorption type and ttus,readily released to 

Golution. The d�tta point to the importance of surLlCe ca:;t:; IJG 

a po t en t i al source of part iculat e matcri· 1 and P in surfuce runoff, 

and in the cyclinc of P in a soil under pusture. A rli;· rin;� abi-
lity of potential source and suspended-particulate materials to 

sorb and relea se IP from solution was observed.and this was re lated , 

witt some success, to field data. 
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INTRODU CT I ON 

Pho s phorus ( P )  and  n i tr o g en ( N ) ar e c ommonly r egard e d  as t h e  

t w o  pr imary nutr i en t s  whi c h  m o s t  fr equen t ly c on t r o l  t h e  b i o lo g i c a l  

pr oduc t i v i ty o f  nat ur a l  wa t er s  ( Mackenthun , 1 96 5 ; V o llenwe i d er , 

1 9 6 8 ; L e e ,  1 9 7 0 ) . Sawyer ( 1 94 7 ) ,  Sylv e s t er ( 1 96 1 ) ,  and more  r e 

c en t ly Vo l lenwe i d er ( 1 9 6 8 ) have a t t empt e d  t o  es tab l i sh t h e  c r i t i c a l  

c on c entra t i ons  o f  P and N i n  natur a l  wa t er s  and found t ha t  c onc en

t r a t i o n s  of  d i s s o l v e d  i n organ i c  or t hophospha t e  ( DI P )  and in organ i c  
� 1 N in  e x c e � s  o f  0 . 01 a n d  0 . 3mg l , r e spec t i v e ly , c an i nc r e a s e  t h e  

fr e quen c y  and s ev er i ty o f  obn o x i ous algal b l o oms i n  a lake . B e 

cause  s ur fac e wa t er s  ar i si n g  fr om m in ima l ly - d i s t urb e d  c a t c hmen t s  

fr equent ly c ontain  more  t han 0 . 01  and 0 . 3mg 1- 1 o f  DI P and i n or gan i c  

N ,  r e sp e c t iv e ly ( Hu t c hi n s on , 1 95 7 ; Wh i t e ,  1 9 72 ; J o hnson � a l . , 

1 9 76 ; S c hr eiber  � a l . , 1 9 76 ) ,  t h e  add i t i on o f  o n ly a smal l  am ount 

o f  P or N ,  as a r esult  o f  d i s t urban c e  by  human a c t iv i ty , i s  l i k e ly 

t o  dramat i c a l ly i n c r e a s e  b i o l o g i c a l  act i v i t y . 

T h e  amoun t s  and  forms o f  P and N ,  and s e diment  t ranspor t e d 

i n  wa t er s  dra in ing areas  under  vary ing land u s e  hav e  b e en s t ud i ed 

ex t en s i v e ly . Li t t le a t t en t i on has b e en d i r ec t e d , howe v er , t owar d s  

quan t i fy ing t h e  r e la t iv e  s our c e s  a n d  i n t erac t i o n s  b e t w e en t h e  d i s 

s o lv e d  a n d  par t i c ula t e  f orms o f  nut r i en t s  during  transpor t , in  an 

a t t empt t o  under stand m o r e  fully the transport and l o s s es o f  P 

a n d  N in  sur fa c e  wa t er s  fr om c a t c hm en t s . 

T h e  a ims o f  t h e  s t udy r eport e d  in t h i s  the s i s  were  t o  d e t e r 

m i n e  t h e  amoun t s  o f  wat er , P a n d  N form s , an d s e diment  transpor t ed 

in str eam f low fr om a dominan t ly pa sture  c a t chmen t ,  and the  i n f lu

en c e  o f  fert i li z er P and  N app l i c a t i ons , and graz ing  on t h e s e  

amoun t s . In add i t i on , an  a t t empt wa s ma d e  t o  i n v e s t igat e t h e  

r e la t i v e  c ontr ibut i on o f  r un o f f  t y p e s  t o  t h e  P and  N load ings o f  

s tr eam flow in  the c a t c hm ent . Labora t or y  s t udi e s  were  a l s o  

carr i e d  o ut t o  inv e s t i ga t e  t h e  i n t erac t i on s  b e t w e en D I P  and p o t en 

t ia l  s o ur c e  par t i c ula t e  ma t er ials in  sur fac e run o f f  a n d  s t r eam 

flow  und er c on d i t i on s  e s tab l i shed  in  f i e ld m on i t or i n g  s t ud i es . 
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REVIEW OF L ITER ATURE 

The f o l lowing r e v i e w  of l i t erat ur e  w i l l  d i sc u s s  the var i ous 

s ourc e s  o f  P and N t o  f lowing wat er s an d t he amo un t s  of t h e s e  

nutr i e n t s  transpor t e d  i n  the  runo ff types , sur fa c e ,  3c c e l era t e d  

subsur fac e ( t i l e  dra inag e ) ,  a n d  sub sur fac e r un o f f ,  a n d  s t r eam f low . 

The  modi f i cat ion o f  d i s s olved  P c on c en t ra t i ons  by  s uspen d e d  par t i 

c ulat e mat er ia l  an d p o t en t i a l  par t i c ula t e  s o �r c e mat er ial s , s uc h  

a s  sur fa c e  s o i l ,  eart hworm c a s t s ,  and s t r eam-bank mat er ia l , dur ing 

transp o r t  in the  above  r unoff types  and str eam f low , w i l l  a ls o  b e  

d i sc u s s e d . 

2 . 1  S our c e s  o f  Pho sphor us an d N i t r og e n  Forms i n  Flowing Wat e r s  

T h e  sour c e s  o f  P and  N forms i n  f lowing wat er s  ar e fr equent ly 

d i v i d e d  i n t o  tho s e  d er i v ing from pr ec ipitat ion and from agr i c ultur 

a l  and urban a c t i v i t i e s  ( L e e ,  1 966 ; Mc Car t y , 1 96 7 ) . A lthough 

agr i c ultur e is c on s i der e d  t o  be a maj or sour c e  o f  P and N t o  

s t r eams ( Ke up , 1 968 ; V o l lem1 e i d er , 1 96 8 ; Ryden � a l . , 1 973 ; 
V i e t s , 1 975 ) , the  r e lat i v e  c on t r ibution fr om agr i c ultura l ,  urban , 

and indus t r ia l  s o ur c es i s  n o t  w e l l  und er s t o o d .  

D u c ud on t h e i r  ea � e  o f  quan t i f i c u t i o n , McCnr t y  ( 1 967 ) ca t e 

g o r i s e d  t h e  var i ous nut r i en t  sour c e s  in t o  point  and d i ffuse  s our c e s . 

P o int s o ur c es such a s  s ewag e  and in dus t r ia l e f f lu e n t  can b e  quan 

t i f i e d  more  eas i ly and c on s equent ly data a r e  ava i lable  o n  the 

amoun t s  c ontr ibut e d  by such s our c e s  t o  sur fa c e  wa t er s  ( Le e  et  a l . 1 969 ; 

Jawor ski  and H ett in g , 1 9 ?0 ; J o hn s o n  � a l . , 1 976 ) .  On t he 

o t h er han d , d i f fus e sour c e s such  as pr e c i p i tation , r un o f f, and 

drainage  from agr i c u l t ur a l  lan d and urban ar eas , dr oppings fr om 

b i rds , and l ea f  fa l l ,  c a n  o n ly part ia lly b e  e s t i ma t ed quan t i t a t i v e -

ly . Di f fuse  sour c e s  c a n  b e  d i v i d e d  fur t he r  in t o  sur fa c e an d sub

sur fac e r uno f f , as d e f in e d by  Langb e i n  an d I s er i  ( 1 96 0 ) . Sur fac e 

r un o f f  i s  tha t  par t  o f  p r e c ip i ta t i on whi c h  f lows o v e r  t h e  lan d 

sur fac e t o  stream c hanne ls , whereas  sub s ur fa c e  r un o f f  i s  t ha t  par t  

wh i c h  i n f i ltra t e s  t h e  s o i l  a n d  moves  t owar d str eams a s  ephemera l ,  

sha llow p er c h e d  gr oundwa t er ab o v e  t h e  main groun d - wa t er l e v e l . 
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2 . 1 . 1 Pr e c i p i ta t i on 

I n  r ec en t  y ears i t  ha s c lear ly b e en shown tha t  nut r i en t s  
conta i n e d  in pr e c i p i tat ion  can play a n  i mpor t an t  par t i n  t h e  
nut r i en t  cyc le  o f  e c osys t ems  on  o l i g o tr ophic s i t e G  ( Car l i � l c  
� a l . ,  1 966 ; M i l ler , 1 96 1 ) .  Vapor i s e d  and unc o� t am i na t e d , 
c on d en s e d  wa ter  ( pr e c i p i t a t i on )  should c o n t a in n o  P or N ( K eup , 
1 968 ) . Most o f  t he P and N i n  pr e c i p i ta t i on i s  the  r e sult  o f  
" wa shout"  o f  a t m ospher i c  par t i c u la t e  mat eria l , the  c ompo s i t ion  and  
quan t i t y  o f  wh i c h  go vern t he ir c on c en tra t i ons  in  pr ec i pi t at i on . 
Contaminat ion o f  pr ec ipi t a t i o n  sam p l e s  dur ing co l l e c t i on may o c c ur 
fr o m  i n s e c t s , p lant debr i s ,  and  b ir d  dr oppings , wh i c h  may sub s e 
quen t ly b e  lea c h e d  by  pr e c ip i ta t ion  ( Al len � al . , 1 96 8 ; G or e ,  
1 96 8 ; Tay lor � a l . , 1 9 71 ) . U n l e s s  a d e qua t e  pr ec aut i on s  ar e 
taken  t o  guar d a gainst  c on t a m i nat i on o f  t h e  c ol l e c t i on v e s s e l  
( Ry d en � a l . , 1 973 ) , err ors  i n  t h e  c on c entrat i on o f  P and N forms 
in pr e c i p i tat i on can b e  expe c t ed . 

I t  i s  appar ent t ha t  nut r i en t  c on c entrat i on s  in  pr e c i p i tat i on 
can vary ac c or d i n g  t o  t h e  g e ographi c a l  s i tua t i on o f  t h e  c o l l e c t i o n  
s i t e  an d human a c t iv i t i e s . O lson � ��· ( 1 9 73 )  ob s er v e d  t hat  t h e  
amoun t s  o f  t ot a l  N ( TN )  i n  pr e c i p i t a t i on ranged fr om 5 . 6  t o  1 5 . 7kg 
ha- 1 y - 1  fr om w e s t  t o  ea s t  i n  an area  o f  int ens i v e  l i v e s t o c k  farm-
ing i n  N ebraska . I n  c on t r as t , Taylor � a l .  ( 1 97 1 ) a t t r i b ut e d  an 
i n c r e a s e  in the nutr i ent  c on c entra t i on of pr ec i p i t a t i on a t  Cosho c 
t on ,  Ohi o , over a t en -year p e r i o d  t o  an i n c r ea s e  i n  aut omo b i l e  
tra f f i c  i n  the s ev eral ma j or p opula t i on c en t r e s  loca t e d  w i thin a 
4 00-5 00km distan c e  from C o s ho c t on . Although var ia t i on s  i n  t h e  
c on c e n t r a t i on o f  P and N i n  p r e c i p i ta t i on dur ing t h e  y ear w e r e  
m e a s u r e d  b y  A l l en � a l . ( 1 968 ) an d Schuman an d Burw e l l  ( 1 <)71f ) ,  
n o  s ea sonal t r en d s were  o b s er v e d . In  addit ion , t h e s e  workers  
r epor t e d no c on s i s t ent  r e la t i o n ship  b et w e en the  quant i t y  of  pre
c i p i t a t i on and t he c on c e n t ra t i ons  of  P and N in  pr ec i p i t a t i on .  

Alt hough t h e  amount s o f  N an d part i c u la r ly P i n  pr e c i p i ta t i on 
ar e smal l c ompar e d  t o  t h e  amoun t s  o f  these  e l ement s fr equen t ly 
a d d e d  annua l ly i n  f er t i l i z er t o  agr i c u l t ur a l  lan d s , t h e i r  d ir e c t  
a d di t i on t o  wat e r s  may b e  s uf f ic i en t  t o  enhanc e  a lga l gr owth  i n  
c er t a i n  s i t uat i on s . S c hn i dl e r  and N ighswander ( 1 97 0 )  att r i b ut e d  
m o s t  o f  t he enr i c hment o f  C l e ar Lake i n  Ha libur t o n  Coun ty ,  On t ar i o , 
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t o  pr e c i p i tat i on c on ta in in g  c on c en trat i on s  o f  0 . 01 8 ,  0 . 02 2 , and 
- 1  ) 0 . 1 98mg l o f  t o t a l  d i s s o lv e d  phosphorus ( T DP , t ot a l  phosphor us 

( TP ) ,  an d nitrat e ( No3 ) ,  r e spe c t i v e ly .  S im i lar o b s ervat i on s  have 
also b e en made  for  several W i s c o n s in lakes  by  L e e  ( 1 973 ) .  

O n  r ea c h i n g  t h e  s o i l sur fa c e , pr e c ip i t a t i on b ec omes  an int e
gra l par t o f  t h e  s o i l-wa t er e c o sys t em o f  any cat c h m en t  and  can 
c o n s equent ly en t er sur fac e ,  sub sur fac e ,  or gr oundwa t er run o f f ,  and  
s t orage  w a t er or evapotran s p i ra t i on . Sur fa c e , subsurfac e ,  and  
gr oun dwat er  run o f f  can c on t r i b u t e  to  eutr ophi ca t i on b y  pr o v i d in g  

pa t hways o f  nutr i en t  mov ement  t o  s t r eams and la k e s . Movem ent 
thr o ugh any par t of  the s o i l-wat er ec osys t em can p o t ent ia l ly a f f e c t 

' 

P and N c onc entrat i on s  in  t he wat er as a r esult o f  i n t erac t i ons  
with  s o i l  c ompon en t s ,  f er t i li z e r , v eg e t a t i on ,  and  an ima l  wa st e s , 
as  d i s c us s e d  b e low . 

2 . 1 . 2 Agr i c ul t ural land 

The sour c e s of  P an d N f or m s  in runof f  from agr i c ultural 
lan d  c an origina t e from s o i l ,  f er t i li z er appli c a t i on s ,  c r op r e s i 
du e s , and an ima l  wa s t e s . 

2 . 1 . 2 . 1  S o i l s . The  quanti t y  o f  P i n  an un f er t i li z e d  
so i l  i s  mainly a fun c t i on o f  t h e  par e n t  ma t er i a l  f r o m  wh i c h  t h e  
s o i l  wa s d ev e loped . Alt hough the  TP  c on t ent can exh i b i t  a high 
var iab i l i ty w i t h in a parti c ular r o c k  type , i t  i s  g en erally a s s um e d  
t ha t  ba salt  i s  t he main sourc e ,  w i t h  a d e c r ease  i n  P c o n t en t  w i t h  
a n  i n c r e a s e  i n  a c i d i t y  o f  the  r oc k  ( Lander gr en , 1 96 2 ; S y e r s  and 
W i l l iam s , 1 977 ) . The ma j or P - b ear ing minerals , however , are o f  
the  a pa t i t e  gr oup, hav ing t h e  g eneral  formula ( Ca 1 0 ( P04 ) 6 Y2 ) ,  wher e 
Y can  b e  F ,  OH , C l ,  or � co3 • Small amoun t s  o f  P c an a l s o  b e  
sub s t i t ut ed int o t he lat t i c e  s t r uc t ur e  o f  many m i n er a l s  ( Ko r i t n i g , 
1 965 ) .  

Pr imary P -b earing m in e r a l s  undergo  dissolut i o n  at  d i f f er en t  
ra t e s t o  g i v e  s e c ondary P form s . The  dissolut i on o f  apat i t e ,  
ho w e v er , is  pH  depen dent , b e ing  grea t er in ac i d  s o i ls . In  t h e  
ca s e  o f  " lat t i c e " P ,  t h e  mob i li t y  o f  P i o n s  is g o v er n e d  mor e b y  
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the  so lub i l i ty o f  the  hos t m inera l .  C on s e quent ly , a lar g e  
var i a t ion  i n  t h e  TP c on t en t  o f  un f er t i li z ed s o i l s  c an r es u lt 

fr om a d i f feren c e  i n  par en t mat e r i a l s , env i r onment a l  c o n d i t i o n s  

e f f e c t ing d i s s o lut i on pr o c esses , and  the  a g e  of  the  s o i l ,  gov er n 

i n g  the  length  o f  t im e  dur ing wh i c h  th e s e  pr o c e s s e s  hav e b e en 

ac t ing . In  t w o  s o i ls o f  d i f f er ing age ( 65 0  and 65 00y BP ) d e v e lop

e d  i n  gr eywa c k e  a l luv i  urn i n  Can t erbury , N evl Zealand , Syers  � a l.  
( 1 969 ) r epor t e d  tha t th e apat i t e  c on t en t  o f  t he younger pr o f i l e , 

w hi c h  cons t i t ut e d  t he ma j or proport ion o f  TP , was 2 . 5 t im e s  gr ea t er 
than that in t h e  o lder pro f i l e . 

I n  the c a s e  o f  f er t i l i z e d s o i ls , t h e  c on t inued  appli c a t i on 
o f  P f ert i l i z er has b e en shown t o  s i gn i f i c an t ly i n c r e a s e  t h e  T P  
c on t en t  o f  t he s o i l  i n  t h e  sur fac e hor i z ons  ( 0-22 . 5cm ; War r en and 
J oh:1st  on , 1 96 3 ; Cooke  and 'vl i lliams , 1 970 ) . 

I t  ha s b e en sugge s t e d  t hat  c er t a in c h em i c a l  pr oc e ss e s  ar e 
impor t ant  in t h e  forma t i on o f  s e c o n dary inorgan i c  P .  A l t hough 
pr e c i p i tat ed  F e  and Al  pho spha t e s  w er e  a t  one  time  t hought to  b e  
importan t  ( C o l e  an d Jackson , 1 95 0 ; Huf fman , 1 962 ) , i t  i s  n o w  
g enerally b e l i e v ed t h a t  s orpt ion  m e c hani sms explai n  mor e fully 
t h e  c h emistry o f  P in  soi ls . S ev eral  s t ud i e s  hav e ind i c at e d  that 
s hor t -range  or d er c ompon en t s , such as  a l lophan ic  ma t er ials  ( Cl o o s  
� a l . , 1 968 ) a n d  cry s t a l line  ox i d e s  and hydr ous oxides  o f  F e  a n d  
a s s o c iated  A l  ( Saunder s ,  1 965 ; Syers  � � . , 1 97 1 ) ,  ar e import ant 
i n  the chem i sorp t i on of P .  These  c ompon en t s  ar e par t i c u la r ly 
important in  P sorpt i on b ecaus e o f  t h e i r  large s ur fac e area  and 
numb er o f  -OH and  -OH2 gr oups in  s ur fac e pos i t i ons  wh i c h  c an 
und ergo ligand exchange w ith  P i on s . Cons equent ly t h e y  hav e a 
high  P sorpt i o n  maxima . Man y  wor k e r s  ( Fox an d Kamprath , 1 970 ; 
Ryden  � al . ,  1 97 7a )  have ob s erv e d , howev er , tha t  the s or pt i on o f  
P by  s o i ls exh i b i t s  an i n i t i a lly rapid  r ea c t i on fo l lowed  b y  a 
s lower  reac t i on wh i c h  may cont inue  for w e eks or e v en mon�h s , such  
t ha t  a slow  r ea c t i on may  r e su lt from the  di f fus i v e  p en e tra t i o n  o f  
P i n t o  so i l  c omponents  ( Syers and W i l l i ams , 1 9 77 ) . 

S im i lar ly , t h e  d e s orpt i on o f  P from  so i ls has b e en shown 
( Shap i r o  an d  F r i e d , 1 95 9 ) t o  o c c ur a s  a p s eudo - fi r s t  o r d er d i s 
p l a c eme nt  o f  s o i l  P b y  O H  ions , a t  an  i n i t ia lly rap i d  rat e .  

T h i s  quickly di m i n ished  w ith t i m e , and  pro c e eded  a t  a s lo w e r  r a t e ,  · 



w h i c h  b e cam e r e l a t i v e ly c on s tant  w i t h  t im e . The t wo forms o f  P 

i n d i c a t e d  may b e  d i s t ingui shed  by a d i f f er en c e  i n  t h e  b in J ing 

e n ergy o f  the P and s o i l  c omponen t , such t ha t  on e form is m or e  
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t ight ly held  t han the o t h er . In  a f e r t i l i z e d  so i l ,  however , wher e 

pr e c i p i tat e d  f er t i l i z er - r eac t i on pr o d uc t s , s uc h  as short -range o r d er 

F e  and A l  pho spha t e s  may oc c ur ( S e c t i on 2 . 1 . 2 . 2 ) , d i ss o lu t i on o f  

t h e  r ea c t i on p r o d u c t  may expla i n  t h e  r e leas e  o f  P ( Ryden  � a l . , 

1 972o ) . I t  i s  un l i k e ly , however , t ha t  the s e  fer t i l i z er r ea c t i on 

pr o duc t s  w i l l  b e  a s  impor t a n t  a s  s o r b e d  P i n  d e t erm i n ing P e qu i 

l ibr i um in fert i l i z e d  and  un f er t i li z e d  s o i ls b e cause  o f  t h e i r  

h i g h  s o lub i l i ty and , t h e r e f or e , short  l i f e . 

T h e  sorp t i on max ima , b inding  en ergy o f  a s oi l ,  and t o  a l es s e r  

ex t en t  t h e s o lub i l i t y  of u n y  r �a c t i o n produc t c  wi l l ,  t h e r e f o r e , 
d e t erm i n e  the  rat e and ext en t o f  P sorp t i on and d e sorpt i o n  b y  a 

so i l ,  and  c o n s eq uent ly t h e  c o n c en t ra t i on o f  P in t he s o i l  s olut i on 

an d ult ima t e ly runo f f  wat ers . 

I n  a s o i l  wh er e c omponent s w i t h  a high  sorpt i on maxima pr e 

d omina t e ,  t h e  capa c i t y  t o  r emove  P fr om s o lu t i on w i l l  b e  gr ea t er 

t han in a so i l  wh er e c ompon en t s  w i t h  a low s orpt i o n  max ima pre-

domina t e . I f ,  h ow ev e r , t h e  sorb en t s  a t t a i n  a h i gh lev e l  o f  P 

sa tura t i on t h en t he c onc entra t i on o f  P ma in tained  i n  s o lut i on w i l l  

i n c r e a s e . T h i s  s i t ua t i on c an ar i s e  i n  t h e  sur fa c e  hor i z on s  o f  

many s o i ls wher e an incr ea s e d  rat e o f  m inera lisa t i on o f  or gan i c  P 
c oupled  w i t h  t h e  addi t i on o f  P fert i l i z er ,  may lead t o  a h i gh 

satur a t ion o f  P s orpt i o n  s i t e s  in t h e  s ur fa c e s o i l . 

I n  t h e  c a s e  o f  an un f er t i l i z e d  s o i l ,  a low er sa t ura t i o n  o f  

t h e  sorbing  c omp l ex i s  expe c t e d  t ha n  in a f er t i l i z e d  s o i l , suc h 

t hat t he ma j or pr opor t i on o f  P transp or t e d i n  sur fa c e  r uno f f  wi ll  

be  a t t a c h e d  to  s o i l  par t i c le s  ( Munn � a l . , 1 973 ; Romkens  � a l . , 

1 973 ; Burw e ll � · a l . , 1 974 ) . Sorpt ion or de sorp t i on o f  P may 

o c c ur when t h e  s oi l  par t i c l e s  r ea c h  wat er s  of h i gh er or lower 

s o lub l e  P c on c e n t ra t i on , r espec t i v e ly .  A n  inc r ea s e  i n  t h e  c o n c e n -

trat i o n  o f  P i n  sur fac e r un o f f  f o l lowing  t h e  app l i ca t i o n  o f  P 

f e r t i l i z er ( N e ls on and R omken s , 1 9 7 1 ; Schuman e t  a l . , 1 973 b ·  --- --- ' 

Burke � a l . , 1 974b ) wi l l  r e sult fr om t he d i ssolut i on o f  f er t i li z er 

part i c l e s  � s e  an d o f  f er t iliz er r ea c t i on pr odu c t s  an d  an i n 

c r ea s e  in t h e  s a t urat ion o f  P s orbing s i t e s  lea d in g  t o  a r e duc t ion  
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in  t he b inding energy o f  s ome o f  the sorb ed P .  

The P sorbing complex o f  sub - s o i l  mat er ial usua lly s hows a 

lower level o f  P satura t i on ,  due t o  the limit ed movement o f  s o l

ub le  P down the soi l pr o f i le . Consequent ly , P w i l l  b e  sorbed with  

a higher binding en ergy ( Shap iro and Fri e d ,  1 95� ) in t he subso i l .  

S orpt i on thus predominat es over desorpt ion o f  P i n  sub - s o i ls and 

P w i l l  be rapi d ly r emoved fr om per c o lat ing wat er s . The  conc en-

tra t i on o f  P in  sub sur fa c e  r un o f f  i s  t hus , much lower t ha n  tha t  

i n  sur fa c e  runoff  ( Burwe l l  � al . , 1 974 ; Baker � �. ,  1 975 ; 

Johns on !! a l . , 1 976 ) .  

N it rog en i n  so i l ,  par t i c ular ly t ha t  in the sur fac e hor izon , 

o c c ur s  large ly in organ i c  c omb ina t i on ( Harmsen and von S c hr even , 

1 955 ; Kononova , 1 961 ; Br emn er ,  1 965 ;  St evenson , 1 965 ). Thus , 

the  ac c umula t i on o f  N in a s o i l  b ears a c lo s e  r e lat ion ship t o  

t h e  a c c umula t i on o f  organic  ma t er ia l .  This depends o n  such fac t or s  

as c lima t e , t y p e  o f  veg eta t ion , nat ur e  o f  t errain , phys i c a l  c harac

t er i s t i c s o f  the  soil  and  a c t ivi t i e s  o f  the  micro flora an d fauna 

( J enn y ,  1 94 1 ) .  

The  ma j or forms o f  inorgan i c  N ,  which are formed from organic  

N by  m i n eralisat i on pr oc e s s e s , are solub le in  wat er an d can b e  

trans located eas i ly b y  di f fus i on an d ma ss flow o f  wa t er t hrough t he 
pr o f i le . Min era lisat ion o f  organ i c  mat t er by microorgan i sms 

results  in the r e lease o f  N in the ammonium ( N H 4 ) form , which under 

s o i l  c on d i t i ons o f  good a erat ion and t empera tur es favourable for 

m i c r ob ia l  ac t iv i t y ,  is  oxidi z ed to n i t r i t e  ( N02 ) i n i t ia lly and 

then to N03 by  the pro c e s s  of nitr i f icat ion ( Harmsen and Kolen

bran d er , 1 965 ; Tomlinson , 1 971 ).  The st ep from N02 to N03 i s  

usua l ly fast er t han that fr om NH4 t o  N02 , s o  that prac t i c ally n o  

N02 a c c umula t e s  ( Jac quemin a n d  B er li er , 1 956 ; Alexander , 1 965 ) .  

I f  n i trate  i s  sub sequent ly expos ed t o  reduc ing c on d i t i ons i t  wi ll 

be c onverted to gas eous N forms and lost t o  the  a tmospher e ,  by 

the  pr o c ess of denit r i f ic a t i on ( Arno ld , 1 954 ; Cady and Bartholo

mew , 1 96 0 ;  Broadbent and C lark , 1 965 ). 

Ammonium i ons  are  fixed ( chem i s orb ed ) by  micac eous c lay 

minerals  pr esent in many s o i l s  ( Stan dford and Pi err e . 1 9 4 7 ; Allison et  

�. ,  1 953 ; Brow.n and  Barth.ol.omew , : 1 ')62 ; ' ·  Mort land and  Wo lco t t , 
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1 965 )  • Fur the r immob ilisat ion o f  NH4 may oc cur through p lan t up-

take · and t he fo rmat ion of  c o mp l ex e s  with oxid ised l i gn i n  and var ious 

quinone s ,  which ar e re sistant to d i s s olu t io n  and e nzyme ac t ion 

( Mort land and W o l c ot t ,  1 96 5 ; B ro adbe n t  and C lark , 1 96 6 ) . C o n s e que n t 

ly , the c on c e n t r a t io n  o f  NH4 in t he soil solu t ion and groundw a t e r s  

is usual ly ve ry low ( Ne l so n , 1 953 ; Ray e t  al. , 1 957 ; Willric h ,  

1 969 ; Zwe rman e t  al. , 1 972 ; Gilliam e t  al . ,  1 974 ) . The N0
3 

ion i s  non-spe c i fi c ally ad sorb e d  and can mov e fre e ly by d i f fusion 

and ma s s  t ran sport in t he soil ( G re e nland , 1 958 ; Gard ne r 1 96 5 ; 

Harm sen and Ko l e nb rand e r , 1 96 5 ) . C on se quently , i f  No
3 

is n o t  t ake n 

up by p lant r o o t s  it c an be qui ckly le ac hed from t he s o i l  in d rain-

age wat e r s  ( C o oke and Williams , 1 970 ; S t and f ord e t  al . ,  1 970 ; 

Te rry and Mc Cant s ,  1 970 ; Tomlin s o n , 1 97 1 ; Vie t s  and Hage man , 1 971 ; 

Kamprat h e t  al . ,  1 973 ) .  As a re sult , t he c once n t ra t i o n  o f  No3 
is high in gr oundwat e r  (Willri c h ,  1 96 9 ;  Jackson e t  al . ,  1 973 ; 

Gambrell � � . , 1 975 ) and low in sur fac e runo f f  ( White e t  al. , 1 967 ; 

Moe e t  al. , 1 96 8 ; Be noit , 1 974 ; Han way and La f l Qn , 1 974 ; Gambr e ll 

!,! a l . , 1 975 ) . 

The amoun t s  o f  c e rtain P and N forms in soils fre qu e n t l y  ex

hibit se as onal fluc tuations. Mac k ( 1 9 5 9 )  repo rt e d  that " available" 

soil P was sligh t l y  highe r during au t umn t han in summe r ,  bu t de 

creased t o  a minimum during win t e r ,  b e c ause o f  low s o i l  t e mpe rature s 

and high soil mo isture c on t e n t s .  Blackmore ( 1 966 ) , howeve r , wa s 

unab le t o  obse rve any c onsist e n t  se a sonal variatio n s  in availab le 

soil P e x c e p t  whe n dung or fe r t i l i ze r P was appl ie d. Favou rable 

c ond i t ions for t he mine ral i sa t i o n  of organic mat t e r  in spr ing will 

inc rease t he p o t e n t ial for N0
3 

l e a c hmg ( Barne s ,  1 950 ; Vie t s ,  1 975 ) . 

Because N0
3 

ac cumula t e s  in the s o i l  dur ing summe r ( C o oke and Williams , 

1 9 70 ; T omlin s o n , 1 970 , 1 97 1 ) ,  t h e  leach� o f  No
3 

may b e  sign i f i c an t  

i n  au tumn. Similar seasonal var iat i o n s  i n  soil No
3 

l e ve l s  and t he 

N0
3 

c o n c e n t ra t i o n  in rive r s  in s o� t he rn Engl and , su gge s t s  that s o i l s  

are a maj or sour c e  o f  No
3 

t o  riv e r s  i n  t hi s  area ( Tomlinson , 1 97 0 ) . 

2 . 1 . 2 . 2  Fert ilize r s .  Pho sphate f e r t ilize r s  range 

in c he mi c al c o mp o s i t ion in te rms o f  t he P forms and supp or ting c om

pound s p re sent . Conse que n t l y , t he dis solution of fe r t ilize r par

t ic l e s  and subse que n t  reac t ions with the soil wil l vary . The 

sourc e o f  P in the c ommonly-u s e d  superpho sphate fe r t il iz e r  is pre sent 
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On applicat i on t o  a s o i l  t h e  
part i c le of sup e r phosphat e will  ab sorb  wat er from t he s o i l � n d  t h e  
M C P  w i ll rap i d ly di s s o lv e , t o  g i v e  a sa t ura t e d  or n ear ly s a t ura t e d  
solut i on ,  wh i c h  i s  cont in uously r emov e d  fro� th e granule b y  d i f fu s i on 
( L in dsay and S t e phe�son , 1 959 ; Taylor an d Gurn ey , 1 965 ) . L ehr 

� a l . ( 1 959 ) f o und t ha t  w i thin six days of apply ing sup er pho spha t e  
t o  a s i l t loam i n  A labama n o  un d i s s o lv e d  MCP wa s pr esent  i n  t h e  par
t i c le s  an d a h i gh ly por ous r e s i du e  of c r y s t a l li n e  di c a lc ium pho s phat e 
( DCP ) r emai n e d  i n  p lu c e . 

Up  t o  3Cf';b ,  however , o f  the P p r e s e n t  i n i  t i a lf a s  MCP rn�y b e  
pr e c i p i t a t e d  a s  DCP ( Ca �Po4 ) in  t h e  r e s i du e  ( Brown and L ehr , 1 95 9 ;  

Lehr � �· , 1 95 9 ; Tay lor and Gurn e y , 1 965 ) . D i E. s o lu t i on o f  t h e  
r e s i du e  w i l l  a lm o s t  c ea s e  b ecaus e o f  t he l o w  solub i l i t y  o f  DCP ( Br own 
and l ehr , 1 95 9 ) . S t ud i e s  by Lindsay and S t ephenson ( 1 95 9 )  p o i nted to the 
impor tance  o f  DCP as  an i n i t ia l  fert i l i z er r eac t i on pr oduct  in t h e  
v i c i n i t y  of  M C P  granul e s  i n  so i ls . I n  s o i ls o f  high c a l c ium  st a t us , 
DCP as sumed an e v en gr eat er impor tanc e a s  a r ea c t i on pr oduc t . Alu-
m in i um and Fe w e r e  c on s i d er e d  t o  play s e c o n dary an d t er t iary r o l e s , 
r e s p e c t ively , as  in i t i a l  r ea c t i on pro duc t s , w i t h  t h e  p o s s i b i li ty o f  
potassium taranak i t e  ( H6K3Al5 ( P0

4
) 8 . 1 �  H 2 0 )  also b eing pre c i p i ta t e d . 

With  DCP f er t i li z er , a muc h s lower d i s so lut i on o f  th e P sour c e 
oc c urs . B e c au s e  o f  t hi s  a gr eat er r e s i dual e f f e c t  o f  DCP has b e en 
observed , in c ompar i so n  w i th sup er ph o sphat e ,  in  t erms o f  plant  up
tak e in fi e ld exper imen t s  ( B ouldin � al . , 1 960 ; Devi n e  � a l . , 

1 96 8 ; Lar s en 1 97 1 ) . 

Reac t i on s  o f  monoammon ium P ,  t h e  d i s s o lut i on produc t o f  ammo 
n i a t ed superph o spha t e  ( Hu f fmann , 1 96 8 ) , wit h g ibb si t e  and a c t iv e  
magn e s i u� ( Mg )  i n  so i ls l eads t o  t he format i on o f  i n s o lub l e  c omplexes  
an d pr e c i p i t a t e s , such as  ammon i um taranak i t e  in  the  case  of  g ib b s i t e  
( Taylor and G urn ey , 1 965 ) ,  and hannayi t e ,  schert e li t e ,  and  s t r uv i t e  
i n  t he case  o f  M g  ( Fra z i er  � a l . ,  1 9 63 ) . The most  r e c en t ly i n t r o -
duc ed  phospha t i c  ferti l i z ers ar e ammon i um po lypho spha t es . Ammonium 
pyr e - and t r i p o lyphospha t es d i s s o lv e  F e  an d Al  fr om s o i ls an d inhib i t  
the  r e pr ec i pi ta t i on o f  th e s e  m e t a l s  as  orth ophospha t es ( Ph i l en an d 
L ehr , 1 967 ; Huf fmann , 1 968 ) .  With  ammon i um pyr e - and t r i p o lyphos -
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phate , reac t iv e  Ca  a�d Mg minerals  rapidly form pyropho spha t e  pre 

cipit ate s t ha t  are e f fe c t ive sourc e s  o f  P for  pl ant gr owt h ( Le hr 

� al . , 1 96 4 ; Brown e t  al . , 1 96 4 ) . 

I t  app e a r s  that P fertilize r s  are a p o t e nt ially impo r tant  

sour c e  o f  bot h particulate and d i s s o lved P to  su r fac e wat e rs , 

alt h ough the r e l ative amou� t s  o f  t he se two P forms will be depe�

dent  o n  t he r a t e  and e xt e n t  o f  fertilize r d i s solut ion and sub se -

que n t  p re c i pit a t ion . Lehr e t  al . ( 1959 ) obse rved  t h a t  the move -
me n t  o f  s o lut i o� into  t he s o il from the  d i ssolut ion o f  a fe rt ili

ze r particle, app e ared t o  be governed  more by  the rate  of  t ransp o r t  

o f  mo is ture t o  the par t i c l e , than by the ab ility o f  t h e  sur round ing 

soil  to remove the solu t i on . C o n s e qu e n t l y , a s  soil  mo i s t u r e  j n -
c r e a s e s  there  will be a c orre sponding  de c r ease in d i s s o lu t ion , p r o 

bably  be c au se t h e  nearly satura t e d  s o i l  zone impede s the  moveme n t  

o f  wat e r  t o  t he fertil izer  partic le , thu s  re stric ting  t h e  format i on 

o f  soluble P ( Brown and Le hr , 1 959 ) . I t  i s  expe c t ed,  there fore , 

t h a t  i f  the f e r t i l i z e r  i s  ap 9 l ie d  i n  e arly autumn , whe n t h e  soils  

have n o t  yet r e ac h e d  fie ld  c apac ity , the di ss olu tion  o f  f e r t il i z e r  

part i c l e s and c o n s e quent ly� t he susc e p t ibility  o f  t he soluble .P 

re le ased  t o  be  removed by sur fac e and subsur fac e wat e r  moveme n t  and 

pl n n t  ond s o il u p t ak e , wil l be  enhan c e d . Fo llowin v, an application 

in mid -win ter , whe n soil  moi s ture i s  high , the  l o s s  o f  part i c u l at e  

P i n  sur fac e runof f may be  expec t e d  t o  b e  gre ate r .  

T h e  maj o rity  o f  N f e r t i l i z e r s  are wa t e r  solubl e , w i t h  the more 

impo rtant be ing ammonium sulphat e , ammonium nitrat e ,  and ammonium 

phosphate , ammonia , e i th e r  anhyd rou s or in solu tion , and ure a . 

I f  f e r t ilizer  N p e r si s t s  in  t he soil  for  any len gt h  o f  t ime , NH4 wi ll  

be  o x i d i s e d  to N03 , a s  d i s c usse d in the p re v ious s e c t i o n  ( 2 . 1 . 2 . 1 ) . 

This p ro c e s s  c an be a f fe c t e d  by t he d ramat ic  c hange s in pH in s o il s . 

Wit h the  high pH value s ( 8 . 5 )  at t aine d , t he ac tivity o f  N02 oxid i s -

ing bac te ria i s  inhib it e d  and N02 t end s t o  a c c umulat e . This  c an 
be oxid ised furthe r ,  howeve r, as i t  d i f fu s e s  away from the  high p H  

zone , except  i n  highly c al c areous s o i l s  ( Ru s sell , 1 973 ) . I n  c on 

trast , a redu c tion  i n  so il  p H  c an o c cu r  in sandy soi l s  o f  low cat i o n  

e xc hange c apa c i t y  w i t h  the  f o rma t i o n  o f  ac id s , inhibit ing c ont inu e d  

nitrifi c at ion ( Pe sek  e t  al . ,  1 97 1 ) .  

I f  N fert ilizers  are applied  at a t ime o f  low  ve ge tation  c over or 
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growt h , t hen uptake by v egeta t i on will b e  a t  a m inimum . C o n s e qu e n t -

ly , a large proport ion o f  t he No3 within t h e  soil pr o file c an po t e n 

tially b e  re moved by leaching (C o oke and Williams , 1970 ; Tomlinson , 

197 1 ;  Klausner  e t  al . ,  1974 ) .  

2 . 1 . 2 . 3 An imal s . I t  has  been  shown t hat animal e x -

cre ta can b e  a s ource  o f  P and N to  sur fac e wate rs  o ve r s e a s  ( Mc Cart y , 

1967 ; Hol t  e t  al . , 1970 ; Owen s ,  1 97 0 ) . I t  has be e n  su gge s t e d  

t h a t  this may al so be  t h e  c ase  i n  Ne w Ze aland where  laree are a s  o f  

land are in ten sive ly grazed  ( O ' Connor , 1 96 8 ; During 197 1 ;  El l io t ,  

197 1 ) . The main rou t e  b y  whic h  P and N de rived fr om animal e x c r e t a  

may enter  s t r e am s  i s  b y  su r fac e runo f f  ( Ryd e n  e t  al . ,  197 3 ) ,  a l 

though a smal l c o n t ribut ion b y  sub sur fac e a n d  groundwat e r  runo f f  

may oc cur ( G ilb e rt son � a l . , 197 0 ;  Elliot  � al . , 1972 ; McCalla 

� a l . , 1972) . 

Based on field  studie s inv olving manure applic a t io n  t o  su r fa c e  

runo f r  p l o t s  duri ne w int e r  mo nths , Le e e t  a l.  ( 106 9 )  e sti m a t e d that  

60% o f  the TP lo st in  sur face run o f f  to  st reams from rural l an d  in 

the  Lake Me nd o t a  (Wisc o n sin ) wat e rshe d , was a re sult o f  manure appl i

c att o n s  t o f r o z e n  Ground in agric ul tu ral are a s . S imi l a r l y ,  C ooke 

and Will iams ( 1970 )  su gge sted  that sur fa c e  runo f f  lo sse s c an be 

seriou s ,  whe n l i quid or  solid manure i s  applied to frozen  gr ound . 

Dun g  pat s ,  part ic ularly when dry , are su s c e p t ible to  t ran sport  in 

su r fac e runo f f  and will c on s e que n tl y  t ra n sport  P and N in  both  the  

dis solved and par t iculate  forms . Be c au s e  t he amoun t s  o f  P and N 
d e p osited  in dung and urine are c o� c e n t r a t e d  int o  small areas , 

l e ac hin g o f  b o t h  P and N may oc cur i f  he avy rain follows grazing . 

C ooke and Wil liam s  ( 1973 )  re port e d  that animal waste s spre ad 

thinly and un i f o rmly ove r land , would n o t  c o n tribu t e  more P or  N 
than an e quiva l e n t  app l ication o f  P and N a s  fert ili ze r . Some 

applic ation  rat e s  o f  an imal was t e ,  howeve r ,  are so l ar ge a s  t o  c ause  

c o nc e rn that the  c apac ity of  t he s o il to  re t ain nut rien t s  again s t  

le ac hing i s  exc e e de d . 

With the grow t h  o f  int e n sive f e e d l o t  ope rat ion s , where  large 

numb ers o f  animal s are c on fined in a small  are a o f  land , d i sp o s a l  

o f  w a s t e  bec ome s more di f ficult . Mo s t  o f  t h e  f e e d lo t s  in  the  
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midwe s t e rn and w e st e rn state s o f  the U . S . A .  have a c apacity  o f  more 

than 1 000 and f e e dlo t s  of 80 , 000 to 1 00 , 000 he ad are now operat in g . 

In s t udie s o f  t he wastes  from such fe e d l o t s  in Nebraska , Gilbert s on et al.  

( 1 97 0 ) and Mc Calla  e t  al . ( 1 972 ) reported  that the  quan t it ie s of  P 

and N re moved from t he fee d l o t  sur fa c e  were dire c t l y propo r t iona l 

to s t o c king rate . Becau s e  many fe e d l o t s  are l o c a t e d  on  slope s 

ad j a c e nt t o  s t re ams , variable  amoun t s  o f  nut rien t s  c ou l d  be flushed 

int o  s t r e ams during period s of  pr ec i p itat ion . I n  a s epara t e  s t udy , 

Mc Cal l a  e t  al . ( 1 972 ) repo r t e d  t hat 3 t o  6% o f  the mat e rial de

pos i t e d  on a f e e d lot  c ould be t ran spor t e d in sur fa c e r un o f f  
- 1  a�d o b s e rved c o nce ntration s o f  TP , ran gin g from 4 t o  5 2 00mg l , 

with a mean o f  3 6mg 1 - 1 , o f TN ranging from 1 1  t o  8593mg 1 - 1 , w i t h  

a mean o f  91 6mg  l - 1 , and of NC)ranging f r o m  0 t o  2 1 7mg l - 1 , w i t h  a 
- 1  me an o f  1 0mg l • 

I n  a study o f  34 wat e r she d s  in t he I owa lake d i s t ric t ,  Jon e s  

e t  al . ( 1 9 75 ) c on c luded that feed l o t s were  a source  o f  nu trie n t s  

to  t h e  s tr e ams and lake s i n  the are a . This was based  on t he sig-

nificant  po sitive correlations  b e t w e e n  b o th t he c o n c e n t r a t i o n  and 

losse s o f  P and N in st reams and t h e  nuffiber  o f  animal unit s in 

fe e dl o t s  whe r e  surface  or t ile drainage oc curred ( on e  animal unit  

c o n s i s t e d  o f  one be e f  stee r ,  0 . 7  dairy animal , 4 . 5 s laugh t e r  hogs , 

35 f e e d e r  pigs , and 1 2  she e p  o r  lamb s , all  produc ing  a unit  amount 

o f  was t e , in t e rms o f  the BOD c ont e n t ) . They showe d that  b o th t he 
6 - 1  P and N c oncent rations sign i fi c ant ly in c reased  by  0 .  7 � 0 . 07mg l 

- 1  an d 0 . 74 � 0 . 08mg l , re spe c ti ve l y , for  each  an imal unit  p e r  he c tare 

in the watershe d . 

High c on c e n t rations o f  P and N in f e e d l o t  sur fac e drainage 
wat e r s  have be e n  reported in many streams (Miner � al . ,  1 966 ; 
Gilb e r t son � al . ,  1 970 ; Town she nd e t  al . ,  1 970 ; E . P . A . , 1 97 1 ; 
Hc Qui t t y  e t  al . ,  1 97 1 ; Taylor e t  al . ,  1 97 1 ; Edward s � al . ,  1 972 ) . 
Othe r inv e s t i ga t ions have shown t hat feedlot  drainage c an be  a high 
local source  o f  t he se  nutrie n t s  in s t re ams ( Frink,  1 96 9 ;  Taylo r  
and Kuni shi , 1 97 1 ; Morr i s , 1 973 ; Muir e t  al . ,  1 973 ; Burwell  e t  
al . ,  1 974 ; Lo e h r , 1 974 ) . 

2 . 1 . 2 . 4 Crop s .  Und e r  c e rt ain c onditions , leac hing 

of t he ve ge t a t ive c over by pre c ipitat ion and sur fac e  run o f f  wate r 
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can c on t r ib ut e  sub s t an t i a l  amoun t s  o f  s o lu b l e  P an d N t o  s ur fa c e 
wat ers . F i e l d  an d lab orat ory s t ud i e s  in  M innesota  ( T imrr.ons  � al . , 
1 968 ; Holt  � a l . , 1 9 70 ) have shown that t he leaching o f  the  dead 
t i s su e  o f  forag e  c r ops  r e sulted  in c o n s i d erab le DIP and TN l o s s . 
Further work b y  H o l t  � a l .  ( 1 97 0 )  show e d  t hat  there  was a sub s tan
t ia l  i n c r ease  i n  t h e  loss  o f  P and N from  t he crops f o llowing  a 
fr e e z e - thaw-dr y ing c y c l e . The magn i t u d e  o f  the susc ept i b i l i t y  o f  
P and N t o  lea c h i n g  i n c r eas ed  w i t h  t h e  numb er o f  trea tmen t c y c l e s  
and w a s  m o s t  marked  f or b luegra s s  an d l e a s t  for bar ley a n d  oa t s . 
In  fac t , one  fr e e z e - thaw -dry ing c y c l e  o f  b luegra s s  r emoved  8 0?6 o f  t h e  
t otal  p lant  P as  s o lub l e  P ( o f wh i c h  7 6% was DI P )  and  7% o f  t h e  t o t a l  
plant N a s  d i s s o lv e d  N . A s imi lar t r ea t m ent o f  bar l ey an d oa t s  only 
r el ea s e d  a max im um of  1 6% t otal  plant  P as  disso lved  P ( 2 1 %  DIP ) and  
1 4% t ot a l  plan t N . 

Under fi e ld con d i t i ons ,  plan t s  may b ec ome dehydr a t e d  due  t o  wa t er 
str e s s  dur ing the  gr owing s eason or dur i n g  dr y summer months , and  may 
b e  sub j e c t  to fr e e z ing  and thawin g  c y c l e s  during  autumn . Ileb er  ( 1 96 ? )  

sugg e s t s  t hat t h e  d e hydra t i on t hat  a c c ompani e s  fr e e z ing a lt er s  t he 
permeab i lity  o f  b i o lo g i c a l  m embranes  and  s ta t e s  t ha t  t he m emb r a n e s  
border ing the pr o t op lasm ar e n o  long er intact  in  fr ost -k i l l e d  c e l ls . 
Con o e quen t ly , c e l l  nutri ent s wi ll  b e  mor e readi ly l ea c h ed from  plant  
c e l ls ffi t er they hav e b e en r uptur e d  b y  fr o s t  or  d ehydrat i on b y  s e v e r e  
wa t er stress . 

S everal workers  hav e  i n d ic a t ed t ha t  s easonal f lu c t ua t i ons in  
the amoun t  o f  P an d N transport e d  in r un o f f  from var i ous wat ersheds , 
may b e  due in  par t  t o  t he e f fe c t  o f  th e l each in g  o f  v eg e t a t i o n  in 

J di f fer ent stages  o f  decay ( Cowan and L e e , 1 97 1 ; Taylor � a l . , 1 97 1 ; 

K leusener , 1 972 ; W e l ls et  a l . , 1 972 ; 
- - ..; � �. , 1 973b ; Burwe ll  � a l . , 1 975 ; 

G o s z  � a l . , 1 9?) ; .S c human..l 
S in ger and  Rust , 1 975 ) . In  

add i t i on , i t  ha s b e en sugg e s t e d  that  d i f f er enc es in  t h e  P and N c on c en 
trat i on s  in run o f f  b etwe en d i f f er ent areas , may b e  par tia l ly due  t o  
the v e g e t a t i on t yp e  and c on sequent ly the  amount s o f  P an d N �e a c h 0 d  
( M1,;.ir  � a l(, 1 973 ; Sc human � a l . , 1 973b ; Bur w e l l  � a l . , 1 974 ;  

Gbur e k  and Heald  / 1 974 ) . I n  a st udy b y  Whi t e  an d W i l liams o n  ( 1 973 ) , 
i t  wa s suggest e d  that  var i a t i o�s  in  t h e  P and N c on c entra t i on� i n  
sur fa c e  runo f f  f r o m  gra s s e d-r un o f f p l o t s  may hav e  b e en c au s e d  b y  
d i f fer en c e s in  gras s  ma t urat i on o r  i n  s t a g e s  o f  dec omposi t i o n . 
Thi s  was sub s tant iated  a ft er fur ther  f i e ld work by  Whi t e  ( 1 973 ) ,  who 

/ 
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I t  is apparen t , there fore , that the  leac hing o f  c e rt ain c rops 

by sur face  run o f f  waters  c ould c ontribute sub s tantial amoun t s  o f  

soluble P and N t o  l akes and streams . 

2 . 1 . 3  Urban l and 

The large amount s  o f  P and N add e d  to sur fac e wa t e r s  in se wage 

e ffluent and ind u s t rial wa s t e s  have re c e ived mu c h  a t t ent ion ( Enge l 

bre c h t  and Mor gan , 1 96 1 ; Weibel , 1 96 9 ; Vollenwe id e r , 1 968 ) . 

Sewage is gen e r a l ly de rived from exc re t a , ground garbage , laundry 

and other  c l e aning waste s from hou se h o ld s , was te s from c omme rc ial 

and indust rial p r o c e sse s , and c le an -up , and wash operat ions fr om 

inume rable indu s t rial ac t ivit ie s . With  t he in c rease in urban isat ion , 

there will be a subse quent  in c rease in the  importance o f  human and 

an imal wa ste s as  p o t ential source s of P and N to sur fac e  wa t e r s . 

In fac t ,  Mu ir e t  al . ( 1 973 ) repor t e d  t hat  human and an imal d e n sit i e s  

were the pred ominan t influ e n c e  o n  P and N c oncentrat ions  in Nebraska 

wa t e r s . In  N e w  Ze aland , Sye r s  ( 1 974 ) e s t imat ed  t hat d o�e stic  se wage 

e f fluent amoun t e d  to 9 mill ion kgP y- 1 , based  on t he analysis o f  

the d i s c harge e f fluent  from Palmer s t o n  North  se wage work s , in c on 

trast  t o  2 . 5  mil lion kgP y- 1  assume d t o  be  derived from fert ilize r 

run o f f . 

Ryden e t  al . ( 1 97 3 )  sugge sted that  eroding soil was a po t e n t ially  

impo rtant sourc e of  P in  u rban drainage , e spe c ially in  areas  of  ur 

ban devel opme nt  whe re l arge areas are c le ared o f  ve ge t a t ion and l aid  

bare , thu s  in c r e a sin g  the  poten tial for  e ro s ion by surface  run o f f . 

In ad dit ion , it was sugge s t e d  t hat t h e  l e aching o f  DIP  from l e ave s 

an d seeds  can b e  important , leading  t o  high DIP c on c e nt ra t io n s  in 

sp ring and autumn . Furthe rmore , be c au s e  large amount s  o f  P are 

readily leac he d from d e ad le ave s ( Hol t e t  al . ,  1 970 ; C owan and Le e , 

1 9 7 1 ) ,  Lee ( 1 973 ) sugge sted  t hat  an e f f i c ient  leaf  p ick-up during  

autumn might  minimi se t he amount s of  nu trient s de rive d from t his  

sour c e  in  urban drainage . 

Thus , drainage from  u rban lan d s  c an be a maj or source  o f  P and 

N to natural wat e r s . Urb an drainage i s  a muc h  more ame nable sou r c e  
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t o  c on t r o l  by c he mi c al and phy sical t reatmen t ,  t han are t he d i f fu se 

run o f f  sourc e s  fr om agricul tural la�d ( Tayl o r , 1 96 7 ;  Sye r s , 1 974 ) . 

2 . 2 Amoun t s  o f  Phosphoru s  and Nit r o cen Forms Transported  in Run o f f  

Type s 

2 . 2 . 1  Sur fac e run o ff 

The tran spor t o f  P and N forms in su r fa c e  runo f f  will  d e pend  

upon t he ir moveme nt in s olut io n  and on suspe nded  s o il part ic le s . 

Conse que n tl y , the amoun t s  t ran spor ted  will be d e t e rmined by the 

in t en si t y , durat ion , and amoun t  of pre c ip i tat ion , and s oil fac t o r s  

su ch  as the  rat e o f  in filtration  a n d  pe rc o lation , s o il tex ture , land 

sl ope , farming prac t ice , vege t a t i o n  t ype and c ove r , nature and d i s t ri -

bu t i on o f  nat ive soil  P ,  and P fertil ization his t ory . All  o f  t he s e  

fac tors  vary c on side rably i n  relative impo rtan c e  ove r small areas , 

re sul t ing  in both  t he chemical and physical c ompo sit ion o f  sur fac e 

r· u n o r r  bc: i _ n fj h i [:';ll l y  hc t c roe;c n c o u s  ( T<y d c n  0 t  nl . ,  1 973 ; C:hu r ek a n d  

He ald , 1 974 ; Vie t s , 1 975 ) . 

The lo sse s o f  s o i l  and o f  both  part iculate  an d d i s s o lved forms 

o f  P and N in sur fac e runo f f  h ave been s t u d i e d  e x t e n sively u s ing  

expe rimen t al fie l d  p l o t s .  The se plo t s  are fre que ntly o f  small  

are a with  high ra te s of  art i fi c ial rain fal l  being  appl ied . G i l 

c hrist an d G illin gham ( 1 970 ) u sed pl o t s  o f  area o . 4m2 and applied  

art i fic ial rain a t  a rate  of  7 . 5c m  h- 1 , imme d iat e ly a f t e r  P f e r t t 

l i ze r  was adde d , in o rde r t o  inve stigate  t he movement o f  P in sur 

face  run o f f . S imilarly , Munn e t  al . ( 1 973 ) employed plo t s  o f  area  

0 . 36m2 an d artific ial rain at  a�a� of  up t o  1 2 . 7 c m  h - 1 • Eve n  

s o , th e u se o f  rain fall simula t ors  c an be j us t i fied  on t h e  grounds 

t hat e xpe rimental variable s c an be  c o n t r ol le d  more ad e quately  and 

the ac c umulatio� o f  data  c an be hastene d , re duc ing  t he high mainte -

nanc e c o st  o f  suc h  pl o t s . The intensity  o f  appl ic ation , howe ve r , 

mu st be similar t o  natural rain fall inte n sitie s . Und e r  the se c on -

d i t ion s ,  Young and Burwell  ( 1 9 72 ) have c on c luded  t hat run o f f  and 

soil l o s s  from simu l a t e d  st orms will re f le c t the l o s s  t hat  would  

o c cur from similar nat ural rainfall intensitie s . 

2 A l though larger plot  are a s  o f  between  50 and 2 00m have b e e n  
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used ( Barn e t t  � al . , 1 972 ; Romke n s  � al . , 1 973 ; Burke e t  al . ,  

1 974a ; Burwell  et  al . , 1 975 ; S inger  and  Rust , 1 97 5 ) , i t  is  

da:l [;O rous  t o  e x L rapo l ate t he d a t a  obtained from suc h  p l o t  e xpe ri-

men t s  t o  whole c a t chme nt s . Th i s  i s  due t o  the fac t t ha t  smal l 

pl ot s ne arly always ove remphasise  nu t rient  and sediment  l o sse s ,  

be c au s e  they u sually ignore re d e p o si ti on o f  suspended  par t ic ulat e 

mat e rial t hat wo uld o ccur with a redu c tio n  in ve l o c i t y  o f  sur fac e 

runo ff , as  a re su_l t o f  a de c re ase  in sl ope . In addi tion , i t  has 

been sugge sted  by  B e t son ( 1 964 ) and indic a t ed by Ragan ( 1 96 7 )  and 

Dunne and Blac k ( 1 970 ) that sur fac e runo ff  c on tribu t e s t o  s t r e am 

fl ow only in c l o se pr oximi ty t o  the st ream . Eve n t hough the se 

limi t a t io n s  have b e e n  rec ogn i s e d  ( Mun n  � al . ,  1 97 3  Ryd e n  e t  al . ,  

1 973 ; Vi e t s , 1 97 5 ) , sur fac e -run o f f  pl o t s  provid e a use fu l t e c hnique 

for the  in ve stigat ion of nut rient  movement  in re l a t i on t o  spe c i fic 

c ond ition s , su ch  as land sl ope , soil  t exture , c o ve r and manageme nt , 

and rain fall fac tor s . I n  the c ase o f  small -are a pl o t s , e ithe r all  

( Burwe l l  et  al . ,  1 9 75 ; S inge r and Rust , 1 975)  or  a c e r tain propor

tion o f  the t o t al flow is  c o lle c te d  and  a repre senta tive sub - sample  

take n ( Klausne r � al . , 1 974 ) . W i t h  large r e xperim e n t al are a s , 

fl ow  i s  u sual ly monitored c on t i nuously and sample s are c ol le c t e d  

a t  int e rvals dur ing t he run o f f  e v e n t  ( Jac kson � al . , 1 973 ; Romke ns 

et �� . , 1 973 ; S c human � al . ,  1 973a , b ) . 

Little  variation in c on c e n t rat io n o f  DIP wit h  flow was fou nd 

by N e l son and Romke n s  ( 1 97 1 ) during the  lat t e r  part of  a su r fac e 

ru no f f  event  from un fe r t il i z e d  fal low and t illed  pl o t s . The c on -
- 1  - 1  centration  o f  D IP increased from 0 . 05mg 1 t o  0 . 5 and 0 . 3mg 1 

aft e r  P fe rt iliz e r  was applied  a t  rat e s  o f  56 and 2 8kgP ha- 1 , re 

spe c tively . S imilar trend s w e r e  observe d by Timmon s  � al . ( 1 973 ) 

for b o th D IP and N03 • Large varia t i o n s  in t he co n c e n t ration  o f  

par ticulate  P and N with time , howe v e r , were  ob s e rv e d  by Barne t t  

e t  al . ( 1 972 ) . With the c o l l e c tion  o f  sample s a t  in fre que nt  inter-

val s  ( Car t e r  et  al . ,  1 97 1 ) and with  t he analysis of  samp l e s  whi c h  

have remained in  t he fie ld  f o r  in e xc e s s o f  24h ( Munn e t  al . ,  1 973 ; 

Burke � al . ,  1 974b ) , re sul t in g  in a redis tribut ion o f  P and N 

be twe e n  p artic ulat e and s oluble pha se s ,  mi sle ading amoun t s  o f  P and 

N t ran sported  in sur face  run o ff c an be ob tained . Un fortunate ly , 

many studie s d o  not  report  how fre que ntly  or whe n samp l e s  were  

take n during a run o f f  event ( Ti mmon s  � al . ,  1 96 8 ; Whit e  and 

Wil liamson , 1 973 ) . 
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B e c ause t h e  ma gnitude  o f  fl ow c hange is mu ch gre a t e r  than 

variatio�s  in the c o � c e n trat ion o f  P and N forms , in sur fac e ru n

o ff , flow will be the  mor e imp o r t an t  variable  in t he c alculation 

o f  the  load ings o f  P and N forms ( Tayl or  et  al . ,  1 97 1 ) . The vol-

ume  of  sur fac e runo f f  is c l o sely  related  t o  t he in fi l tratio n c apa

city  of  the  s o il , su c h  that  the  pre sence  of  sur fac e se a l s and h i gh 

an t e c e d ent so il  mo isture c an re su l t  in inc re ased volume s o f  run o ff . 

Similarly , the  volume o f  sur face  runo f f  c an be  redu c e d  b y  the pre 

sence  o f  mul c h e s  whic h  inc re ase  the in fil tra t ion  rate  ( Dule y and 

Ru sse l l , 1 94 1 ; 1 942 ;  Knob l a u c h  e t  al . ,  1 942 ; Parr and Be trand , 

1 9 60 ; Bat c he ld e r  and Jon e s , 1 972 ) . 

By dissipat ing  the impac t e n e rgy o f  rain fall , c rop c over has  

be e n  shown to  redu c e  the ve l oc i t y  and volume of  sur face  run o f f . 

Highly significant  c o rre lat i o n s  have bee n o b se rve d for the  re lat i o n 

ship be tween  p e r c e n t  bare s o il a n d  sur face runo f f  ( Bra n son a n d  Owe n , 

1 970 ; Mas ur and Hanif , 1 972 ; Munn e t �. ,  1 973 ) . D ragoun ( 1 96 9 )  

me asured  a 90% reduc t ion in su r face  runo ff i n  two ye ars  a f t e r  c u l t L 

vn t c d  l � n d  w� s c o n v e r t e d  t o  n a t iv e  p e re n n i a l  �ra ss e � . 

No data  o n  the amou n t s  o f  P and N forms t ranspo r t e d  in sur face  

run o f f  from r e cently  unfertilized  New  Zealand soils  have been  pub-

lished . I t  is  apparen t , from overseas  stud ie s ,  h oweve r ,  t hat  sig-

ni ficant amoun ts  of  P and N forms e a� b e  transpo r t e d  in su r face  run 

o f f  from u n f e r ti lized land ( Holt  e t  al . ,  1 970 ; Klausn e r  e t al . ,  
1 974 ) . Harm s � al . ( 1 974 ) me a sured lo sse s o f  0 . 25 , 0 . 40  and 1 . 1 2k g 

- 1  - 1  h a  y o f  T P , No3 , and TN, re spe c t ive l y , from a sandy clay  loam 

und e r  pa sture  in Sout h D ako t a . The se  value s are sl igh t l y  l owe r 

than t h o se me asur e d  by Burwe l l  e t  al . ( 1 97 5 )  who found that 0 . 39 , 

6 8  4 - 1  - 1  ---
0 .  , and . 1 0kg  ha y o f  D I P , TP , and TN , re spe c tively, were  

l o st from a l o am soil und e r  hay in  we st-ce n tral Minne s o t a . Lowe r 

annual lo sse s o f  P forms and No3 we re obtained b y  T immon s e t  al . 

( 1 97 3 )  from a fal low l o am soil in Minne so t a ,  whe re l o s se s o f  D I P , 
1 - 1  TP , N03 , and TN o f  0 . 0 1 , 0 . 04 , 0 . 0� and 8 . 02kg ha- y we re  measu r e d . 

I t  has be e n  re c ognised  by o the r reviewer s  ( Ry d e n  e t  al . ,  1 973 ; 

Vie t s ,  1 975 ) , t ha t  t here  is  lit t l e  in fo rmat ion availab l e  on the 

lo sse s o f  P and N forms  in su r fac e run o f f  from f e r t il i z e d  and u n -

fe r t ilized  are as . With  t he applicat ion o f  fertil i z e r  P and N , 

inc r e a se d  l o s se s  o f  P and N form s  in sur face run o ff can be expe c t e d . 
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Seve ral New Z e al an d  stud ie s h ave d e mo n strat e d  that f e r t i l i z e r  P 

can move in sur fa c e  runo f f . Using 30cm
2 

plo t s  and he avy art i fic i�l 

rain :all ( 6 . 6 t o  1 3 . 3c m h- 1 ) ,  Gil c hrist  a n d  Gillingham ( 1 970 ) found 
- 1  that 2 8% o f  t he a9plied  P ( 50k gP h a  ) was transp o r t e d  up  t o  a 

d istan c e  o f  3 0c m  t h rough an impr o v e d  p ast ure v e ge t a t ion c o ve r . 

Studie s u s ing l owe r rate s o f  ar t i fi c ial rainfall ( 5 . 8c m  h - 1 ) on  

large r pl o t s  ( 0 . 004ha ) w e r e  c arri e d  out  b y  Duncan  ( 1 9 7 2 ) . The 

l o s s  o f  TP in t he first two st orms o f  3 0 -min dura t i o n  a f t e r  fe r t i 

l i z e r  appl i c a t ion w e r e  0 . 049  and 0 . 3 7ke h a- 1 , re spe c tive l y . 

I n  s im i l a r  s t udie s ove rse a s , Sc human e t  al . ( 1 97 3 b )  inve st i 

ga t e d  t h e  amo un t s  o f  P forms t ra n sp o r t e d in sur face run o f f  fr om 

d i f fe r e n t ial ly- fe r t il i ze d , c on t o u r -plan t e d  c at chment s in  I owa . 

Appr oxima t el y 1 . 8 t ime s more P in s o l u t ion and on s e d im e n t  was l o st 

from t he heavil y - fertili z e d  c a t c hment ( 97kgP ha
- 1  y- 1 ) o v e r  a 3 -

ye ar pe ri o d . The data  ind ic a t e d  t ha t  t he gr eat e r  P l o ss was  

a s so : ia t e d  w i t h  t he high e r  appl ic a t ion of  fer t i l i z er P . 

I t  appe ars that  the ma j o r  l o ss o f  TP in sur f a c e  ru n o f f  is  

asso : ia t e d with  se dime n t , due  to  the  high sorption c ap a c i t y  o f  

soil mat e rial for  P d i sc u s s e d  e a rlie r ( Se c t i o n  2 . 1 . 2 . 1 ) . Burw e l l  

!! al . ( 1 97 5 ) r e p o r t e d  that par t i c u l a t e  P ac c oun t e d  for  9 5% o f  the 

t o tal P l o ss in sur fac e run o f f . O t h e r  w orke r s  have r e p o r t e d highly 

signifi c an t  c orre lat ion c oe f fi c ie n t s  be twe e n  t o t al nu t r ient l o s se s  

and the qua n t i t y  o f  s o il e r o d e d  ( Thomas e t  a l . , 1 96 8 ; Munn e t  a l . ,  

1 973 ; S c human e t  al . ,  1 973 ) .  Fur t he r  t o  this , R omke n s  e t  al . 

( 1 97 3 ) re por te d  high c orre lat i o n  c oe f fi c ie n t s  be twe e n  the N and P 

c ont en t  o f  run o f f  se diment  and t he c l ay c on t ent  o f  run o f f  s e d imen t , 

b e cau s e  o f  t h e  high a f f i n i t y  o f  c lay par t i c les  an d r e la t e d  amorphous 

c on s t i t uen t s  for P . T hus , if s o i l  er o s i on is  r e duc e d , movement o f  P a n d  

N fr om t h e  s o i l  s ur fac e w i l l  s ub s equent ly b e  r e du c e d  dramat i ca lly . 

B e c au se N03 is  high l y  s o luble  and w i l l  read i l y move i n t o  the 

soil , N03 l o s se s  in sur fac e run o f f  are n o rmally l o w , e x c e p t  whe re 

c onsid e r ab le sur face  run o f f  oc c u r s  c l o s e l y  followi n g  f e r t i l i z e r  

appl ic a t io n s . Althou gh n o  in f o rmat ion  is  availabl e  o n  the move -

ment o f  N f o rms  in sur fa c e  run o f f  a ft e r  f e r t il i z e r  N ap� l i c a t ion 

in New Ze a land , seve ral ove r se a s  studie s have shown that  suc h  appli-

c a t i o n s  c an in c r e ase the l o s s  o f  N in su r fac e runo f f . R omken s  

e t  al . ( 1 973 ) , found that t he amount o f  No3 tran sp or t e d  in sur fa c e  
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runo ff w a s  gre at e r  from c orn  plo t s  fe r t il i z e d  a t  a r a t e  o f  1 70kgN 
- 1  h a  , t han from un f e r t i l i z e d  c orn  plo t s  in In diana . S c human e t  al . 

( 1 973 a) repor t e d  that the  c once n t ra t i o n s  o f  part icula t e  N in surface  

run o f f  were s imilar f o r  cont our-plan t e d , c orn - c ropp e d  c a t c hm e n t s .  

re c e iving annual app l i c a t ions o f  1 6 8 o r  448kg ha- 1
, d u r j n g  a t h re e -

ye ar p e riod . A l t h ough the N03 c on t e n t  o f  surface run o f f  wa s l o w  

for  e a c h  o f  t he t hree years , a gre a t e r  amo u n t  wa s l o s t  f r o m  t h e  
- 1  - 1  

he avily- fe r t i li z e d  c at c tme nt ( 3 . 05kg h a  y ) c ompare d t o  the 

8 - 1  - 1 
c a t c hmen t fe r t i l i ze d at  the r e c o mme n d e d  ra t e  ( 1 .  9k g ha y ) .  

The amou n t s  o f  P and N forms , and sediment t ranspor t e d  in 

sur fac e run o f f  c a n  vary gre a tly with  c rop type and c on se rva t io n  
- 1  - 1  prac t ic e . Burwe ll e t  al . ( 1 975 ) a d d e d 2 9kgP ha y t o  su r fac e -

ru no ff  plot s und e r  c on t inuous c o rn , c or n  in rotatio n , and oat s in 

r o t a t i on , and n o n e  t o  c l e an cul t iv a t e d  fall o w  and hay ( a l fal fa ) in 

rota t i o11 . A l t h o u gh t he l o s s  o f  D I P  i n  sur face  run o f f  w a s  lowe r 

from t h e  un fe r t i l i ze d , fal low pl o t  t han from the c r oppe d  p l o t , t he 

l o s �  from t h e  u n f e r t i l i z e d , hay p l o t  was gr e a t e r . This wa s due  

t o  the sub st a n t i a l  amoun t s  of  d i s s o l ve d P t hat c ould  be l e ac he d  

from al fal fa ( T immon s e t  al . ,  1 970 ) . On t h e  o the r hand , part icu 

late  P lo sse s from  hay-;l�s were in s i gni fi c ant ( 0 . 02k g ha- 1 
y- 1 ) ,  

whereas  app r e c iable amou n t s  o f  P w e r e  t ran sport e d  in sur fa c e  run o f f  
- 1  - 1  8 4 - 1  - 1 

from o a t s  ( 5k g  ha y ) ,  c orn in r o t a t ion ( • kg ha y ) ,  c on -

s - 1  - 1  - 1  - 1 
tinuous c orn ( 1  . 2kg ha y ) ,  and fallow ( 33 . 1 5kg ha y ) . 

The se d i f f e r e n c e s  e mphasise the i n f lu e n c e  o f  ve g e t a t i on c ove r i n  

d i s s ipating rain fal l e n e rgy and re d uc ing runof f ,  a n d  c o n se qu e n t l y  

soil e r o sion . C orre sponding d i f f e re n c e s  in the amou n t s  o f  soluble 

and parti cula t e  P and N forms t ranspo r t e d  in sur fa c e  run o ff w e r e  

al so repo r t e d  b y  Whi t e  and Williamson (1 973 ) for the same c ro p  t yp e s . 

Redu c e d  l o s se s  o f  both  P and N a f t e r  fe rtiliz e r  app l ic a t i on . 

w e re repor t e d  by S chuman e t  al . ( 1 973a , b )  with improved  soil  c on 

servation pra c t i c e . B o t h  c on t ou r - c r opped and l evel - t e rrac e d, 

448 -1  - 1  - 1 - 1 c ropp e d  c orn c a t c hment s re c e iv e d  k gN ha y and 97kgP ha y 
A redu c t ion in  t he volume o f  sur fac e run o f f  disc harge d and in s o il 

e r osion by l e v e l t e r r a c i n g ,  c o mpare d  t o  unt e rrac e d  slope s ,  re s ul t e d  

in a l owe r l os s  o f  DIP , No3 , and part iculat e P and N i n  sur fac e 

run o f f  ( 0 . 04 9 ,  0 . 1 8 ,  0 . 085 , and 2 . 6 2kg ha- 1  y-1 , r e spe c t ive l y )  t han 

from the c o n t o u r -plan t e d  c a t c hmen t  ( 0 . 1 7 1 , 1 . 050 , 1 . 6 9 ,  and 36 . 59kg 
- 1  - 1  

ha y , r e spe c tively �. The d r amat i c  e ffe c t  o f  mole  d r ainage i n  
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redu c ing the v o lume o f  surface run o f f  by inc reasing t he rate s o f  

in filtrat i o n  and pe rc o lat ion o f  wat e r  has be en d emon s t ra t e d  by 

R e nne s et  al . ( 1 97 7 )  who rep or t e d  a four - f o ld de c r e a se in t he v olume 

o f  run o f f  f r o m  und raine d c ompared  to d raine d l and . Burke e t  al . 

( 1 974a ) o b se rve d a t hi rty- fol d  d e c re a se in a re l a t e d  stu d y . C o n -

se quently , t he amount s  o f  P and N forms , and sed ime nt transp o rt e d  

from fe r t i l i z e d  and un fe r t il ized , drained  p l o t s  were low e r  than t h o se 

from c or r e spond ing undrained p l o t s . A re duc tion o f  90% i n  t h e  P 
l o st from d ra ine d , c ompared t o  undrained , f e r t il i z ed c lay s o i l s  on 

0 
1 0  slope s und e r  past ure in I r e l and was re ported  b y  Burke e t  al . 

( 1 974 b )  • 

C e r t ain  til l�ge met hod s w h i c h  l e ave t h e  land re lat iv e l y  u n 

d i s turbe d , o r  w i th a p r ot e c t iv e  v e ge t ation  c over , c a n  redu c e  t he 

losse s o f  P and N form s ,  and s e d im e n t  in sur fac e  run o f f . Romke n s  

e t  al . ( 1 973 ) show e d  that when  t h e  c orn s t alk and sur fa c e -appl ie d  

fe r t il i z e r  r e maine d r e l a t ively undi s turbed  a t  the soil  sur fac e a f t e r  

t i l l age , t h e  l o ss o f  particulat e P a n d  N in  su r fac e run o f f  w a s  re 

duc e d , bu t t his in c re ased the l o s s  o f  soluble P and N from t h e  app l i e d  

6 - 1  - 1 fe r t i l i z e r  ( 5  kgP ha and 1 70kgN ha ) remaining at  the su r fac e . 

When the c orn  re sidue and appl i e d  f e r t i l i z e r  par t ic l e s w e r e  pa r 

tially mixe d  wi th  the  sur fac e s o il , t he l o s se s  o f  P and N w e re re -

duc e d  but part icul a t e  P and N l o sse s inc re a sed . The c on v e n t i onal  

sys t e m  of  c ompl e t e ly t urning ove r t he sur fa c e  soil , e l imin a t in g  c orn  

re sidue s an d f e r t il i z e r  from t he soil  sur face  and  l o o se n in g  t he soil  

stru c ture , r e su l t e d  in  the highe st l o sse s of  par t i c ul a t e  P and N ,  

b u t  t h e  l owe s t  lo sse s o f  soluble P and N . Thi s e mpha si s e s t he fac t  

that b y  r e d u c in g  t he v e ge t a tive c ov e r  o f  t he soil , i n c r e a s e d  l o s se s  

o f  par t i c u l a t e  P and N can re sult . By r e moving appl i e d  f e r t il i z e r  

part ic l e s f r o m  t h e  s o il sur fac e ,  r e d u c e d  l o ss e s  o f  s oluble P a n d  N 

c an re sul t . 

fl l t h ou c;h i t  h n .s  b e e n  su e;e;e s t e d  t hat  e;ra zing a n ima l s a rc a 
ma j or sour c e  o f  P t o  n atural wat e r s  in N e w  Zealand ( O ' C onnor , 1 968 ; 

E lli ot , 1 97 1 ) no  stud ie s have report e d  the l o s se s o f  P and N form s ,  

and sedime n t  i n  sur fac e runo f f  a s  a r e s u l t  o f  grazing . I t  i s  p r o -

bable that inc re ased  quan t i t i e s o f  particulate  P a n d  N ,  a n d  t o  a 

le sser e x t e n t  d i s so lv e d P and N ,  w i l l  be  t ransp o rt e d  in sur fa c e  run -

o f f  from p a s ture t hat  has b e e n  graze d . This may b e  due  t o  t he 

e ffe c t  o f  sur fac e pugging on inf il t r a t io n , re sult i n g  in  an i n c r ease 
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in the  susc e p t ibil ity  of  s oil  mat e rial at the soil  sur face to  

remo val  in sur face run o f f . 

2 . 2 . 2 Sub sur fa c e  run o f f  

Sub su r fa c e  fl ow c an c on t ribu te the ma j or pr opor t i o n  o f  fl ow 

in many st re ams (Min shal l e t  al . ,  1 96 9 ; John son and Molde nhaue r , 

1 970 ; Carter  � al . , 1 97 1 ) . Jacks on et  al . ( 1 97 3 )  and Burw e ll 
- -

e t  al . ( 1 976 ) found that 80% o f  st ream flow in  small agri cul tural 
- -

c a t c hmen t s  in Ge orgia and I owa , re spe c tively , c ould be ac c ounted  

for  by  sub sur face  fl ow . 

Di f feren c e s  between  t he c o n c e n t rations  o f  P and N forms in 

sur fac e and sub su r fac e runo f f  are a r e sul t o f  the di f fe ri n G  P and 

N so il -re te nt ion c apac i t ie s . Whe reas , soluble P i s  s t ro n gly  sorb

ed by  soil c ompone n t s  (William s  et  al . ,  1 9 5 8 ; Sye rs  � al . ,  1 97 1 ) ,  

No 3 is  n o n - spe c ific al l y  sorb e d  and mov� fre ely in p e r c ola t in g  wat e r s  

b y  d i f fu s ion and �a s s  fl ow . Furth ermore , b e c au s e  N from soil 

organic mat t e r  an d f e r t i l i z e r  N i s  rapidly n it ri fi ed to  N03 , and 

bec ause NH4 is  fixed by c e rtain soil  c omponen t s  ( Brown and Bar t h o 

lomew , 1 962 ) , t he ma j o r  pr opo r t i on o f  N t ran spor t e d  i n  su b sur face  

run o f f  i s  in the  N0
3 

form (Wi llric h , 1 96 9 ; Erickson and Elli s ,  1 97 1 ; 

Jack son .::_! al . 1 1 97 3 ; Bake r � al . , 1 975 ; Burwe ll  e t  a l.  , 1 976 ) • 

In  add iti on , b e c ause  o f  the phys i c al - seivin g ac t ion o f  the soil  pro

file , sub su r fac e run o f f c o ntains  only minor amoun t s  of  particul ate  

rn:l l: f' r i n l  n n n  c o n :.>NJ n c n t l. y , pnr t i c u l a t e  P n nd N ( nu rwe l l P. t  � . , 1 9 74 ; 

Hanway and Lafl en , 1 974 ; Vie t s ,  1 975 ) . 

Even t hough the c o n ce n trat ion o f  P forms in subsu r fa c e  run o f f  

i s  mu ch lower than t ha t  o f  N forms ( Minshall e t  al . , 1 969 ; Willric h ,  

1 96 9 ; Bake r e t  al . ,  1 97 5 ) , subsu r fac e run o f f  may make a maj or  c on -

t r ibut ion t o  t he P l oad ings o f  s t re am s  ( Ryde n  e t  al . ,  1 973 ) . Sub -

surfac e  run o f f  fre que n t l y  c on t ribut e s  the maj or propor t ion  o f  t he 

N l o adin g in  streams ( Jackson  e t  al . , 1 973 ) . 

In  many agricultural are a s , perc olat ing  wat e r s  may be in t e r 

c ept ed b y  ar t i fic ial drain age syst e ms , t hu s  ac c e l e rating i t s  move -

men t int o streams . This  form o f  subsu r fa c e  run o ff i s  sub s e qu e n t l y  

re fe rred t o  a s  ac c e l e rated  subsur fac e run o f f . A s  a p o in t sou r c e  
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e n t e ring stre am fl o w  at d i s c r e e t  and id e n t i fiable l o c a t i on s , i t  

i s  amenable t o  d ir e c t  quan t i t a t ive mea su reme n t � In c o n t ra st , 

sub sur face  run o f f  e n t e r s  stream f l ow from d i f fuse  sour c e s  ( Mc Cart y ,  

1 96 7 ; Vollenw e i d e r , 1 96 8 ; Ryd e n  � al . ,  1 973 ) and can , t he r e fore , 

only be part ially e st imat e d  on a quan t i t a t ive basi s . 

2 . 2 . 2 . 1 A c c e l e ra t e d  subsu r face run o f f . No i n f or -

mat i on is  ava ilab l e  on the c or- c e n trat ion s and amou n t s  o f  P and N 

forms t ranspor t e d  i n  ac c e l e rat e d  sub su r face  run o f f  from New Z e aland 

soil s ,  even t ho u gh large areas of  produc tive farmland are  art i fic ial -

l y  n ra i n e cl . From the ove rrwa  s s t u n i  e s rP po r t ed , i t  i s  a p p  a r e n t  

that the conc e n t ra t i on o f  D I P  in ac c e l e ra t ed subsu r fac e run o f f  is  

l ower  t han that  in sur face  run o f f b e c ause of  the sorp tion o f  P 

when wat e r  mo ve s t h rough the  p r o file  a s  a c ce l e ra t e d  subsur fac e run

o f f . Hanway and L a flen  ( 1 974 ) me asured a n nu al ave r n r;e D IP c on c e n 

trat ions  o f  0 . 004 and 0 . 01 8mg 1 - 1 from t w o  s i t e s  in I owa , whe r e as 

D I P  c on c e n t r a t i o n  in sur face  runo f f  f r o m  the  same cite s vari e d  f r om 

4 - 1 
0 . 0 1 3 to 0 . 2 Omg l . O t h e r  wo rke r s  have repor t e d  lowe r c on c e n -

trations  o f  D IP in a c c e l erated  subsu r fac e run o f f than in sur fa c e  

runo ff  from t he same expe rime n t al are as  ( Schwab e t  al . ,  1 97 3 ; B e n o i t , 

1 974 ; Bu rke e t  a l . ,  1 974b ) . 

R c c n u c c  No3 c n n  move fre ely  in p e r c o l a t i n g  wat e r s , stud i e s 

( Be n o i t , 1 974 ; Hanway and La flen , 1 9 74 ) have shown that t he av� ra�c 

No3 c o n c e n tr3 t io n  o f  ac c e l e r a t e d  su bsur f a c e  run o f f  i s  �re a t e r  t han 

that in sur fac e  run o f f .  For exampl e , Jackson et al . ( 1 9 73 ) o b se rve d 

that  in three years  foll owi n g  an annual fe r t i l i z e r  N appl ic a t io n  

( 1 6 8 kgN ha- 1 ) t o  a l oamy sand plan t e d  i n  c orn i n  G e orgia , t h e  ave r -

n r�c No3 c on c e n t ra t i o n  o f  ac c ele ra te d su b su r face  run o f f  was 7 ,  1 0 ,  
- 1 

an d 9mg 1 , whe r e a s  the ave rage c o n c e nt ra t ion o f  

runo f f  f o r  t he same thre e year s was 0 . 2 ,  0 . 4 , and 

spe c t iv e l y . 

No3 in sur fa c e  
- 1  0 . 3mg 1 , re -

Fur t he rmor e , the  c o n c e n t ration - f l o w  relat ionships o f  P and N 

forms in ac c e l e r a t e d  sub su r fac e run o f f  a r e  d i f ferent  t o  t ho se f o r  

sur face  runo f f . Be c ause o f  the l o w  P c on c e n t rations  in t ile d rain -

age , B ak e r � al . ( 1 975 ) ob se rve d no r e l a t i on ship b e t w e e n  v a r ia t ions  

in flow and  c on c e n tr ation . Where high e r  c on c e ntration s o f  P f o rms 

in t il e  d rainage re sult e d  from high rate s of manure app l i c a t io n s  



25 

t o  the soil , He r g e r t  � al . ( 1 9 74 ) o b s e rv e d  that t he D IP c on c e n 

trat i o n , whic h ac c ou n t e d  f o r  90% o f  the TDP t ran sp o r t e d , inc r e a s e d  

wit h a rapid in c re a s e  i n  fl o w , sub s e qu e n t l y  d e c r e asin g a s  flow d imin 
ished . Although t he N03 c o n c e n t ra t i o n  in tile d i s c harge w a s  c o n 
stant from d ay t o  d ay , a rapid d e c r e a s e  i n  No3 c on c e n t ra t i o n  w a s  

found t o  c o rre s p o n d  t o  a n  in c re a se in t i l e  fl ow ( B ake r � al . ,  1 9 7 5 ) . 

B o t h  the c han ge s in P and N c on c e n t r a t io � s  w i t h  variat i o n  in 

ac c e l e rat ed sub su r fac e f l o w  have b e e n  ac c ounted  f o r  in part , by 

c han ge s in the fl o w  path of  wat e r  to  t he t i l e  l ine ( He r ge r t  e t  al . ,  

1 9 74 ; Bake r e t  al . ,  1 9 7 5 ) . The se w o rke r s  sugge s t e d  that du r i n g  

pe r io d s o f  h igh ac c e l e ra t e d  subsur face fl o w ,  t he wat e r  table may 

r i se a b ove the  t i l e  a rain , t hus a gre a t e r  p r op o r t ion o f  d r a i n a � c  
wo uld be c omp o s e d  o f  soil wa t e r  d e sc e n d in g  from high e r  l e ve l s  in 

the p r o fi l e  an d c on t aining l owe r N an d h i gh e r  P c onc e nt ra t i o n s . 

At  l ow e r fl ow r a t e s ,  w i t h  a fall in t h e  w a t e r  table , wat e r  from 

lowe r l e v e l s  c on taining lower  P an d highe r N c on c e n t ra t i o n s  would  

move  l a t e rally to  t he t i l e  l ine . 

Any var ia t i o n  i n  the c on c e nt ra t i o n  o f  " e x t rac table " s o i l  P 

or N03 w i t h  d e p t h  b e t w e e n  d i f fe r ent s o i l s  ( Murrman and F e e c h , 1 96 9 ;  

Ryd e n  � al . ,  1 9 72b ; Bake r e t  al . ,  1 975 ; S c human � al . ,  1 975 ) 

is  p o t e n t i al l y  imp o r t ant in de t e rmin in� DIP and No3 c o n c e n t r a t i o n s  

i n  d ra ina ge wat e r . Be c au s e  t h e  le v e l s  o f  " e x t rac t able " s o i l  P an d 

No 3 c an be a f fe c t ed b y  a c omb inat ion o f  fac t or s  su c h  a s  fe r t i l i z e r  

app l i c a t i o n  ( Blakemor e ,  1 96 6 ; N i ght ingal e , 1 972 ) , c r op t ype ( W h i t e  

an d G r e e n h am ,  1 96 7 ) , s o i l  t e mpe rature a n d  mo i s ture  ( Mac k ,  1 9 59 ) , 

an d am ou n t s  o f  pre c ip i t a t i o n , the  same fac t o r s  will c o n se que n t l y  

in flue n c e  l o s se s  o f  P and N i n  ac c e l e r a t e d  sub sur fac e ru n o f f . 

Hanway and L a f l e n  ( 1 9 74 ) found t h at t h e  DI P c on c e n t r a t i o n  o f  t il e  

drain age f r o m  s e ve ral s o il s  i n  I owa , w a s  d irec t ly r e la t e d  t o  t he 

amoun t o f  " av ai l ab l e "  P in t he s oil s , a s  e x t rac t e d  by ammonium flu

oride and HCl . " Availab l e "  soil P l e ve l s  of 1 3  to  20 and 2 t o  4mgP 
- 1  g w e r e mea su r e d  f o r  C r e s t on and C a r l s o n  City  s o il s , re s pe c t iv e ly , 

be l o w  t h e  6 1 c m l aye r ,  whe r e a s  t h e  ave rage DIP c on c e n t r a t i o n  o f  

ac c e l e ra t e d  sub su r fa c e  run o f f  f r om t h e se s o ils was 0 . 0 1 8 and 0 . 004mg 
- 1  1 , r e spe c t iv e l y . A s imilar r e l a t i o n s h i p  be t w e e n  s o i l  N0 3 l e v e l s  

and t h e  No3 c o n c e n t r a t i o n  o f  t i le d r a i n a �0 1 howeve r ,  w a s  n o t o b s e r v 

e d  f o r  t h e  same s oil s . 
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Few s t u d i e s have ade quat e ly me a s u r e d  t h e  e f fe c t o f  the app l i 
c a t i o n  o f  P f e r t i l i z e r  on t h e  c on c e n t r a t i o n  and amou n t s  o f P forms 

t ran sp o r t e d  in a c c e l e ra t e d  sub s u r fac e ru no f f , be c au se o f  t he l a c k  

o f  a c on t r o l , wi t h o u t  fe r t i l i z e r  add i t ion . The immo b i l i t y  o f  P i n  

so i l s , h o w ev e r , sugge st s t h a t  fe r t i l i z e r  P should hav e l i t t l e  e f fe c t  

on t he c o � c e n t ra t ion and amoun t s  o f  P t ran sp o r t e d  in a c c e le rat e d  

sub su r fac e run o f f . I n  stud yi�g P l o s se s in t i l e  d ra i n a ge o v e r  a 

se v e n - ye a r p e r i o d , B o l t on e t  a l . ( 1 9 7 0 )  o b se rved t ha t  fe r t il i z e r  

app l i c a t i o r1 r e su l t e d  in a smal l bu t c on s i s t e n t  i n c r c u. : ; e:  i n  P c o n 
c e n t r a t i o �  o f  t h e  d rainage wat e r  from a c l ay s o i l  in On t ar i o . The 

average annual c on c e n t ra t i o n  o f  DIP i n  t i l e  d rain �ge was 0 . 1 8 a n d  

0 . 2 1 mg 1 - 1 
f r o m  u n f e r t i l i z e d  and fe r t il i ze d  ( 2 9k gP ha- 1 ) al fal fa , 

r e spe c t i ve l y , w i t h  an av er age annual lo s s  o f  P f r o m  t h e  un fe r t i l i z e d  
- 1  

and fe r t i l i z e d  c r o p s  o f  0 . 1 2  and 0 . 1 9k g h a  , re spe c t i v e l y . A l -

t h o 11gh Zwe r:nan � al . ( 1 9 72 )  d i d  n o t  r e p o r t  t h e  l o s s  o f  D I P  in 
ac c e le rat e d  sub su r face runo f f  f r o m  u n fe r t il iz e d  c r op p e d  land , b e c au se 

they w e r e  ve ry smal l , an inc re ase d rat e o f  f e r t i l i z e r  appl i c a t i o n  

( 1 2 . 2 t o  3 1 . 5k g ha
- 1

) d i j  n o t  r e su l t  i n  any sign i f i c an t  c han ge in 

t h e  �IP c o� c e n t r a t ion of a c c e l e ra t e d  sub su r fa c e  run o f f  from a sil t 

lo u.m p l < m t c d  in c o r n  in N e w  Y o r k . F ur th ermor e , Hanway a n d  ta f l en 
( 1 <)74 )  fo und t h0 t  a l L h o u c;h :.; i m i l::t r r a t e .s  o f  f er t i l j z e r  1' ( 1 00k �� l '  h.::.t - 1 ) 
w e r e  a p p l i e d  t o  thr e e  d i f f e r en t  s it e s , t he amoun t s o f  DI P trans por t ed 
in  a c c e l erat e d  s ub sur fa c e  r un o ff fr o m  t h e s e  s i t e s  w e r e  v ery  sma l l  
( 0  t o  O . OOif kg l:w - 1 ) . W h e n  i..l s ma l l er a m o un t o f  P f e r t i l i z er was 

appl i e d  ( 38 kgP ha- 1 ) t o  a fourth s i t e , the am o un t  of  DIP t r an spor t � d 
i n  t i le d r a i na g e  ( 0 . 005kg ha - 1 ) wa s h i gher  t ha n  t ha t  from t h e  o t h er 
t hr e e  s i t e s . I t  may b e  c on c l ude d , the r e f or e , tha t  n e it h e r  the  c on -
c en t ra t i on n o r  a moun t s  o f  D I P  tran spor t e d in ac c e l er a t e d  sub s ur fa c e 
ru�o f f  can b e  r e la t e d  s o l e ly t o  t h e  am ount s o f  f er t i l i z er appli e d . 

Due t o  co n t rast ing s o i l  r ea c t i on s , N fer t i l i z er addi t i on s  i n c r ea s e  
t h e  l o s s  of  N 0

3 
i n  a c c e lerat ed sub sur fa c e  run o f f  fr o m a s o i l  to  a 

va ry i n g extent  ( Meek � a l . , 1 9 6 9 ; Z.werman � a l . , 1 9 72 ; Gamb r e l l  

� a l . , 1 9 75 ) . The s t u d i e s  o f  J ohn s t on � a l . ( 1 96) ) ,  Doneen 
( 1 96 6 ) ,  an d G landon and B e c k  ( 1 9 6 9 ) , a l l in  the San J oaquin Valley , 
Ca l i f or n ia ,  showed h i gh N03 c on c entra t i ons i n  dra inage  from f er t i 
l i z e d , irriga t e d  land . I t  i s  impo s s i b l e , however , t o  d e t ermi n e  how 
much of  the No

3 
came fr om the app l i ed  N b e cause th e s o i l s  c o nt a i n e d  

s i gn i fi c an t  quan t i t i e s  o f  r e s i dua l  N 0
3

• 
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M o r e  r ec en t ly , Jack son � a l . ( 1 973 ) monit ored  N 03 l o s s e s  i n  
acc e lerat e d  sub sur fac e run o f f  b e fo r e  an d a f t er fert i li zer N appl i -
cat ion t o  a loamy sand und er c orn  i n  G e orgia . N i t r o g en fer t i li z er 
had n o t  b e en appli ed t o  t h e  ar ea  dur ing four year s pr i or t o  t h e  
experi m e n t a l  f ert i l i z er appl i ca t i on and duri n g  t he lat t er part  o f  
t h i s  per i o d , N03 c onc entrat i on s  in  a c c e l era t � d sub s ur fac e run o f f  
av erag e d  4 . 8mg 1- 1 Fo llow i n g  t h e  f irst  appli c a t i on ( 1 68kgN ha - 1  

- 1  y ) ,  t h e  av erage annua l N03 c on c en t rati on o f  t he draina g e  wat er 
in c r ea s ed t o  7 . 1 , 1 0 . 3 , a�d 9 . 3mg 1 - 1 in th e firs t , s e c on d , and 
third year s , r espec t i v e ly . The data s ugge s t ed that  a f t er t hr e e  
year s , a maximum loss  for th e c r o pp i n g  sys t em an d f er t i li z er pra c 
t i c e  ha d b een r eached . 

A lt hough f er t i l i z er N appl i c at i on s  may inc r ea s e  t h e  amo �n t  o f  
N03 tra�spor t e d  i n  ac c el erat e d  s ub s ur fac e run o f f , t h e  conc lus i on 
cannot b e  drawn tha t t he N 03 i s  d e r i v e d  so l e ly fr om t he fer t i li z er . 
Losses  o f  N03 c lear ly result  fr om a c omb ina t i on o f  fa c t o r s . A l
tho �gh some o f  t he N03 l o s s e s  r epor t ed may have b e e n  r e lu t e d  t o  
fer t i l i z er app l i cat ions , appr e c iab le  l o s s e s  can oc c ur wit hout fer t i 
lizer  app l i cat i o n . Furth ermor e ,  the  t im e  o f  fert i l i zer  N app li 
ca t i on can a f fec t t he c on c en tra t i �  o f  N03 in draina g e  wa t ers . An  
inc r ea s e  in  the  N 03 c onc entrati on o f  ac c e lerat e d  sub s ur fa c e  run o f f  
can r e su l t  from f er t i l i z er N app l i cat i on s  d ur ing w e t  per i ods  b e f o r e  
c r o p s  ar e suf fi c i en t ly e ff ec t i v e  in t erms o f  uptake  ( C ooke  and 
Wi l l iam s , 1 970 ) . If fer t i l i z er N applic at i on d o e s  not ex c e ed  c r o p  
needs , n o  N03 w ou lci b e  a va i la b le f o r  l ea c h ing ( Prat t � al . , 1 972 ) . 
Power and A le s s i  ( 1 971 ) s imi lar ly c o n c luded  t hat as l ong as  the  
fert i l izer N application rate  was l e s s  t han t he rat e of  t o tal  N r e

moved  by  t he harv e s t e d  c r op ,  i t  was unlikely th a t  an inc r ea s e  i n  
t h e  N03 l o s s  w o u ld oc c ur . 

I n  add i t i on , b ecaus e N03 r equir emen t s  wi ll  vary b et w e en d i ffer
ent cr opping sys t ems , nut r i ent l o s s e s  in a c c elerat e d  sub sur fac e 
run o f f  wi l l  a lso r e f le c t  th e e f f e c t  o f  th e c r opping sys t em , as  
w e l l  a s  f er t i l i z er appl i c a t i on . In  fer t i l i z er N tr ial  exper i m en t s  
i n  s o u t h ern Englan d ,  Tom linson  ( 1 97 1 ) found tha t  arab le c r o p s  
usua l l y  r e c ov e r e d  n o  mor e t han 50% o f  the  N appli e d , wher eas grass 
r e c o v e r e d  up to  8 0% .  B o lt on � a l .  ( 1 9 7 0 )  a ls o  r ep o r t e d  t ha t  t he 
N03 c on c entra t i on o f  a c c e lera t e d  sub s urfac e run o f f  fr om a c lay s oi l  
i n  On t ar i o  was h i ghest  from unfert i li z e d �n d fert i l i z ed ( 1 1 2kgN ha- 1 ) 
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c orn i n  r o ta t i on 
- 1  ( 8 . 5 a n d  1 4 . 0mg l 1 r e spe c t i v e ly ) and s e c ond y e ar 

a l f a l fa s o d  ( 4 .  7 a n d  8 . 6mg 1- 1 , r e s p e c t i v e ly ), wher eas i t  wa s appr e -

c iab ly lower i n  a c c e lera t ed sub sur fac e runo f f  fr om a f i e ld i n  b lu e -
- 1 grass  s od ( 0 . 3  an d 0 . 7mg l , r e spe c t i v e ly ) . L e s s  spe c i f i ca l ly , 

C o o k e  and Wi l l i am s  ( 1 97 0 )  o b s erv e d  h i gher N0
3 

c onc entra t i on s  i n  

ac c e lera t e d  sub s ur fa c e  run o f f  fr om arab l e  ar eas ( av erage c on c e n tr a 

t ion 22 . 5mg 1- 1
) than f r o m  grass land ( 3 . 3mg l

- 1 ) at  Woburn , Eng la n d . 

In c on t rast , c r oppi ng syst ems hav e l i t t l e  or no  e f f e c t  o n  t h e  c on c en

t r a t  i on o f P for  m s in a c c e le  rat e d sub s ur fa c e run o f  f ( 15 o l t on c t .:.t J • , 

1 970 ; Zwerman � a l . , 1 972 ) . 

The lit era t ur e  ind i c a t e s  t ha t  P and N fert i li z er appl i c at i on 

rat es ,  an d t h e  t ype of c rop and s o i l ,  c a n  in flue n c e  t h e  amoun t s  o f  

P an d N forms t r anspor t e d  in a c c e l era t e d sub s ur fa c e  run o ff . Ther e 

i s  c on s equent ly, a large  var iat ion  i n  t h e  amo un t s  o f  P an d N trans

por t e d in ac c el erat ed sub sur fac e run o f f  from  d i fferent  ar ea s .  

2 . 2 . 2 . 2  N a t ural  sub s ur fa c e  r uno f f . The rat e o f  wa t er 

perco l�t i on thr o ugh t h e  s o i l pro f i l e  a s  natural sub sur fa c e f low , 

w i l l  b e  mark e d l y  l ower t han t ha t  mov i n e;  t o  t he t i l e  lin e s  a s  a c c e l e -

ra t e d  sub s ur fa c e runof f . Con s e quen t ly ,  i t  i s  l i kely tha t t h e  

c on c e n t ra t i on o f  P an d N forms in  na t ur a l  a n d  a c c e l era t e d  subsur fa c e  

r un o ff wi ll  n o t  b e  the came . S ev eral  work ers  ha v e  in  fa c t  r e por t ed 

lower D I P  and h i gh er N0 3 c on c en t rat i on s in s ubsur fac e flo w ,  t han i n  

t i l e  drai nage ( Burwe l l  � a l . , 1 974 ; G i l liam � a l . , 1 974 ;  Thomas 

an d Bar f ie ld , 1 9 74 ) . I n  t h e  cas e o f  DIP ,  a l ong er t i m e  o f  c o n t a c t  

b e t w e en t he sub s o i l  ma t er ial  and natural  subsur fa c e  run o f f  c om par e d  

t o  a c c e lera t e d  s ub sur fac e runo ff , w i l l  r esult in a gr eat er r em ov a l  

o f  DI P from na tura l sub sur fa c e  runo f f .  L ower N0
3 

c onc en t r a t i on s  

i n  a c c e lera t e d  c ompar e d  t o  na tur a l  s ub s ur fa c e  r un o ff , may b e  due t o  

di lut ion  a s  a r e sult o f  a larger wa t er d i s c harge a s  a c c e lerat ed  s ub 

sur fac e run o f f  a nd a smal ler d e p t h  o f  s o i l  pr o f i l e  fr om wh i c h  t h e  

N 0
3 

c an b e  l e a c h e d  b e f o r e  a c c e l erat e d  sub sur fac e  runo f f  leaves t h e  
soil  pr o f il e . 

A l t hough t h e  amoun t s  o f  P an d N forms transport e d  in sub sur fa c e  
r un o ff c ann o t  b e  measur e d  quant i ta t i v e ly ,  i t  appears t ha t  mark e d  
var iat ions  i n  t h e  c onc en trat ions o f  N f orm s , a n d  t o  a le s s er ext e n t  
P f or ms , in sub s ur fac e r un o f f  c an  o c c ur ,  as  a r esult o f  d i f f er en t  
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fert i l i z e r  app l i c at i o� s  a� d c r opping syst ems . N o  ev i d en c e  ha s 

b e en r epor t ed t o  indi ca t e  t ha t  f er t i l i z er app l i c a t i on can in c r ea s e  
e i t her  t h e  con c entrat i on o r  loss e s  o f  P forms in sub sur fa c e  run o f f , 
e x c ept i n  v e r y  san � y  s o l 1 s ,  wh er 0 h i gh rn t � s  o f  p c r c o l n t i on and  l ow 
P - s o rp t i on capa c i t i e s o f  t he s o i l can r e s u l t  in s igni f i cant  leach
ing  of  P ( Cooke and  W i l l i ams , 1 9 7 0 ; Kur t z , 1 97 0 ; Tomlinso n , 1 97 1 ; 
V i e t s ,  1 9 ?5 ) . 

In  a s tudy of  t h e  N o rth  Car o l ina c oa s t a l  p l a in , G i l l iam � a l . 

( 1 974 ) r epor t e d tha t  t h e  c on c en t r a t i on o f  N0 3 , i n  sub sur fa c e  run o f f  
fr om c u l t i vat ed and f e r t i l i z e d  f i e lds  was great er t ha n  t hat  fr om 
a d j a c en t  wooded  ar eas . The  dat a indica t e d , however , that  t h e  c o n -
c en t rat i on o f  N0

3 
was n o t  r e l a t e d  t o  t h e  c r op gr own , b u t  t o  t he 

d egr ee o f  a erat i on ,  such t ha t  N0 3 c onc entrat ions  may b e  high er un d e r  
the  b e t t er dra in ed s i t e s than un der a d j a c e n t  wet t er s i t es , d u e  t o  
a n  i n c r e a s e d  ra t e  o f  N m i n era l i sat i on and  n i t r i fi ca t i on . S im i lar ly ,  

N i g ht i n ga l e  ( 1 9 72 ) ob t a in ed a p o s i t i v e  c or r e lat i o n  b e t w e en t h e  r a t e  
o f  f er t i l i zer  N app l i cat i on and N0

3 
conc e ntrat i on s  i n  t h e  � o i l so lu

t i o� . A l tho ugh the  N 0 7  c on c en t ra t i on o f  sub sur fac e f low i n c r e a s ed , 
:; 

i t  was apparent  tha t o t h e r  fac t o r s  were  in fluenc i�g t h e  c on c entra t i on 
of  N 0

3 
in  sub s ur fac e f l o w . 

Sc human � a l .  ( 1 975 ) ind i c a t e d  tha t  c onsi d erab l e  N03 l ea c h i ng 

. 1 b e low the  r o o t  zone  c o uld oacur in a c or n - c r opped cat c hm e n t  i n  I owa , 
when e x c e s s i v e  ra t e s  o f  fert i l i z er N were  appli e d  and wa t er p e r c o -
la t e d thro ugh the r o o t ing  zone . On c e  t h e  N had mov e d  b e low t h e  
c r o p  r o o t  z on e  it  i s  po t ent ia l ly a subsur fac e  run o ff pol lutant . 
Mor e r e c en t ly , in  a fur t her  r eport  o f  t h e  same st udy area i n  I owa , 
Burw e l l  e t  a l . ( 1 9 7 6 ) c onc lud e d  t hat  in or der to c on t r o l  t h e  l o s s e s  
o f  N i n  s ub s ur fa c e  r un o f f ,  i t  w a s  n e c essary t o  apply 
at  rat es  t ha t  do n ot exc eed  c r op n e eds . 

fert 1 l i z er N 

2 . 3 Amoun t s of Pho sphorus and N i t r og en Forms Transpor t e d  in 
S t r eam Flow  

The  amoun t s  of  P and  N for m s  tran s po rt e d in  s t r eam f low , as  
measur ed a t  t he wat er sh e d  out let , r epr e s en t  an int egra t i on of  al l 
hydr olog i c a l  an d c h em i c a l  pro c e s s e s  that a f f e c t  wat er mov eme nt  an d 
m o d i fy P an d N c onc en tr a t i ons  a f t er th eir deriva t i on from the  var i ou s  



30 

s our c e s . 

In s t r ea m s  dr a i n i n g  f o r e s t  c a t c hme n t s , only min or fluc t ua t i on s  

i n  t he c on c e c t ra t i o n  o f  DIP , TR a n d  N O �  ha v e b e en r epor t e d . for 
..1 

b o t h  na t i v e  a n d  exo t i c  for e s t c a t c hm e nt s in  N ew Z e � lan d , Whi t e  ( 1 9 72 ) 

ob s erved  a mean DIP c on c en t r a t i on o f  0 . 01 1 mg 1- 1 
wh i ch var i e d  o n ly 

sl i gh t ly ( O . u04 to OD2 7mg 1- 1 ) w i t h  a chan ge in the  ra t e  o f  s t r eam 

d i s c ha r g e . A ls o , Schr e ib e r  et a l . ( 1 976 ) obtain e d  m ean annua l DIP 

an d �0 �  c on c en trat i ons o f  O . O�an d 0 . 07mg 1- 1 , r e spe c t i v e ly ,  for 
.) 

s t r eam f low i n  f i v e  p i n e  c a t chme n t s  in M is s is s i pp i , whi c h  var i e d  

from on ly 0 . 008 t o  0 . 01 5 , an d 0 . 03  to 0 . 1 mg 1 - 1  f o r  DIP an d N 0
3

, 

r e s p e c t i v e ly . S im i lar c o n c en t r a t i o n s  o f  P an d N in  s t r eams fr om 

for e s t e d  c a t c hment s ha v e  a ls o  b e e n  o b s erved in o t h e r  s t u d i e s  but  

wi th  n o  appar ent  r e la t i o n sh i p  t o  changing f low rate  ( Sylv e s t er , 

1 96 1 ; Brink and Gustaf son , 1 970 ; H obb i e  an d Liken s ,  1 9 7 3 ) . 

I t  appea r s  t ha t t he c o n c en t r u t i on - f l o w  r e la t io n s h i p� o f  P a n d  

N forms in  f or e st  s t r eams a r e  s i m i lar t o  t ho s e  i n  sub sur fac e  flow . 

B e cause  sur fac e run o f f  w i l l  b e  m i n i ma l ,  due t o  cano py in t er c e p t i o n  o f  

pr e c i p i tat ion  ( S y e r s  and Ryden , 1 973 ) t h e  ma j or pr oportion o f  s t r eam 

f low dr a in ing s t a b le f o r e s t  c at chmen t s  w i l l  be  der iv e d from aub -

sur fa c e  run o f f . I n  agr e em e n t  w i t h  t h i s , J ohn son  � a l . ( 1 9 76 )  

found t hat  t h e  mean an nual D I P  and T DP c on c en tra t i on in str eam 

f l o w  fr om a f o r e s t e d  c a t c hm en t  in N e w  York , was 0 . 005 and O . U 1 3mg 
- 1  l , r e spe c t l v e ly , c ompa r e d  t o  av erage c onc entrat i o n s  o f  0 . 006 and  

4 - 1  0 . 01  m g  l i n  s ub sur fac e r un o f f , samp led  in s ix w e lls i n  the same 

c a t c hmen t . 

T h e  l i t e r a t ur e  sugg e s t s  that t h e  c on c en tra t i o n s  o f  P and N 

f orms  i n  s t r eams draining  agr i c u l t ural c a t c hmen t s  gen era lly incr e a s e  

wi t h  i n c r easing  flow rat e ( Mu ir � al . , 1 973 ; Johns on � a l . , 1 9 76 ) . 
M c C o l l  � a l .  ( 1 975 ) ob s er v e d  t ha t s o lub le P an d N c on c entra t i o n s  

in a s t r eam drain ing a g ent �y-r o l l i n g  pa s t ur e c a t chment  i n  N ew Zea 

lan d ,  r eached  a max lmum i n  t h e  in l t i al stages  o f  a rapid  r i s e  in  

s t r eam flow.  The s e  wor k e r s  sugge s t ed tha t  as  f low rat e incr eas e d , 

t h e  p o t en t ia l  for  P an d N t o  ent e r  s t r eams a lso  i n c r ea s e d . \-Ji t h  

a fur ther  inc r ea s e  in s t r eam flow a n d  sub s equent r ec e s s i on , t h e  

r e s ervo ir o f  s o lub le P a n d  N wi t hi n  t h e  c a t c hmen t ,  i s  d e pl e t e d , w i t h  

t h e  r e sult  that  str eam c on c en tra t i o n s  rapi dly d ec r ea s e . A s i m i lar 

1 1 f lushin g' 1  of  a c c umulat ed s o lub le n u t r i e n t s  dur i n g  the init ia l  
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s tages o f  s t orm f l o w  has a l s o  b e en o b s e r v e d  b y  Wal ling a n d  F o s t er 
( 1 975 ) for  several  c a t c hmen t s  in  D ev on , Englan d . Both s t ud i e s  showed  
t hat  t h e  rise  in t h e  c o n c en tra t i on o f  P a n d  N forms , w i t h  an  i n i t i a l  
increase  in  stream f low , d im i n i sh e d  w i t h  a sub sequent  s e c ondary r i s e  
i n  flow , substan t i a t ing the i dea that the s o ur c e s o f  P and N ar e 
b e ing gra dua lly d e p l e t e d  dur ing  st orm flows . 

I n  c a t c h m ent s wh i c h  ha v e  un dergon e urb an dev e lopmen t , s �r fac e  
r un o f f  i s  expe c t e d  t o  c ons t i t u t e  t he ma j or pro por t i on o f  str eam 
flow ( Ry d en � al . , 1 9'73 ) . I n  c ontrast  t o  for e s t  s tr eams , t h e  
c oncentra t i on� o f  P and N forms in s tr ( ams drai n i n g  urban a r ea s  ar e 
g en era lly h igh and show marked  c hanges wi th f la w  ra t e s . Altho u gh 
the  par t i c u la t e  P c on c entra t i ons  o f  urban s t orm f l ow t en d  t o  i n c r ea s e  
w i t h  a n  i n c r ease  i n  s t r eam flow ( Harr i s  � a l . , 1 9 72 ) , the  c o nc en t ra
t i ons  o f  d i s s o l v e d  ma t er ia l s  have  b e en r epor t ed t o  decrease  wi t h  i n 
c r eas ing f low rat e  ( Wang a n d  Evans , 1 9 '7 0 ; O lsen � a l . , 1 9 73 ; 
S c hr e ib e r  et  a l . , 1 9 76 ) .  

Sampling th e r i s e  an j fa l l  o f  s t r eam flow mor e i� t e n s i v e ly , 
J ohnson � a l .  ( 1 9 7 6 ) r epor t e d  t ha t  t he p ea k  DIP c o:1 c en trat i on , 
w hi c h  wa s up to two orders o f  ma gn i t ud e  gr e a t er than low - f low c o n 

c e n t r u t i o n s  ( 0 . 01 mg 1-1 ) ,  pr ec e d ed maximum flow , ind i cat ing  that  
i nput s from  sur fac e run o f f  an d r e lease  from  s t r eam-b e d  s edimen t s  
c o� t r i b u t e d  t o  t h e  in c r eased  DIP  c on c en tr at i ons . Hydrograph ana ly-
sis show e d  t ha t  max imum DIP c onc en t ra t i ons  c o i n c i ded  w i t h  a rupi d 
b ut minor  r i s e  in  flo w ,  as a r esult o f  i n c r ea s e d  s ur fa c e -run o f f  i n -
put s . Further ana ly s i s  show e d  that  DIP  c o nc en tr a t i on s  wer e  r ea so n-
ab ly w e ll c orr e la t e d  w i t h  the rat i o  o f  sur fa c e  t o  t o� a l  run o f f . 
C o� s equ en t ly , dur in g  the  in i t ia l  s tages  o f  a rapi d  r i s e  i n  s tr eam 
flow , s ur fa c e  runo f f ,  c onta ining h i gh P an d low N c on c en t rat i on s  
( S e c t ion  2 . 2 . 1 ) ,  w i l l  c ontri but e t he ma j or propor t i on o f  wat er d i s -
c harg e d  in  str eam flow . A s  the  rat e  o f  wa t er d is c harg e d  in  sur fa c e  
r uno f f  d e c r eas e s 1 sub s urfa c e  r uno f f ,  c on t a in ing low P and h i gh 
N c onc entrat ion s  ( S e c t i on 2 . 2 . 2 ) , wi ll  c o n t r i but e an increasing  pr o 
p or t i on o f  t he wat er d i scharged a s  s t r eam flow .  Dur ing s t r ea m  f low 
r ec es s i on , subsur fa c e  r uno ff w i l l  be  the s o le c on t r ib ut or . Cat c h
m ent hydro logy wi l l , t h e r e for e , b e  of  ma j o r  impor tan c e  in d e t erm i n in g  
t h e  f lu c t uat ions o f  P a n d  N c on c entra t i o n s  in  s t r eam flow.  

The  amoun t s  o f  P an d N f orms tran spor t e d  in s t r eam flow from 
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stab le f or e s t e d  c a t chmen t s ,  r e f l ec t  the c hem i c al and  phy s i c a l  fac t o r s  

wh i c h  a f f e c t  P c o nc entrati ons 1 n  groundwa t er an d s ub sur fac e  run o f f , 

( Hyden e t  � 1 . ,  1 973 ) , b e c ause  o f  min imal amounts  o f  sur fa c e  r un o f f . 
Consequen t ly , t h e  amoun t s  o f  P and N t ran spor t e d  in s t r eams dra i n i ng 

stab l e , un f e r t i l i z e d  for e s t e d c a t c �men t s  pr o v id e  "bac kgroun d "  or 

" na t ural"  l e v e ls aga i n s t  wh i c h  t he amount s transpor t ed fr o r:1 for e s t  

c a t c hmen t s  whi ch ha v e  b e en c l ea r e d  an d d e v e l o p e d  i n t o  produ c t i v e  

farmlan d and urban areas  can b e  c ompar e d  ( Sy ers an d Ryden , 1 97 3 ; 

J o hn s on e t  a l . 1 9 76 ) . 

I t  i s  appar e n t  t ha t  t h e  amoun t s  o f  P forms t ranspor t e d  from 

for e s t e d  c a t c h m en t s  ar e lower t han t h o � e  from cat c hments  o f  d i f f e r e n t  

land us e .  Ryden � a l . ( 1 973 ) c i t ed s i x  s t ud i e s  o f  P los s e s  i n  

s t r eams dra ining  for e s t ed c a t c hmen t s ;  t h e  range i n  t h e  amount  o f  
1 - 1 

TP tran spor t e d  was fr om 0 . 2 t o  0 . 6 8kg ha- y The  amo un t s  o f  N 

f orms t ranspor t e d  i n  s t r eams dra i n ing fore s t e d  an d agr i c u l t ural  

c a t c hme n t s , how ever , app ear to  be  mor e var iab le t han thos e of  P forms  

from u r ea t o  ar ea . B e caus e the  c onc entrat i on o f  N forms  i n  p r e c i -

p i ta t i on i s  h i gh c ompar e d  t o P forms  ( S e c t i o n  2 . 1 . 1 ) , the  l o s s e s  o f  
N for m s  i n  s t r eams dra i n in g  f or e s t ed c a t c h m e n ts , a n d  i n  some  c a s e s  

N - fer t i l i z e d  agr i c u l t ural cat chmen t s ,  ar e d omina t e d  by  t he input  o f  

N i n  p r e c .i p i L.l.t ion  ( Taylor  � a l . , 1 9 ?1 ) . Con s e quen t ly ,  a var i a t i on 

in  t he c omposi t i on an d quan t i t y  o f  pr ec i pi ta t ion fr om ar ea t o  ar ea 

may a c c oun t for the lac k  of any r e lat ion s h i p  b e t w e en N l o s s e s  an d 

lan d -us e an d manag e m e n t  in d i f fer ent ar eas . 

A s  a r esu lt  o f  t he low l o s s  o f  P f o rm s  in s t r eam flow fro m  

f o r e � t  c a t c hmen t s , and the  large  input  o f  N forms  i n  p r �c i p i t u t i o n , 

s tab le  fore s t e d  c a t c hmen t s  ar e n orma l ly c o n s erva t i v e  o f  b o t h  P an d 

N form s . This  i s  i l lustrat ed  by the data p r es en t ed by S c hr e ib er 

� a l .  ( 1 976 ) for f iv e  pine  wa t ersheds  i n  M i s s i s s ippi , whi c h  s h o w e d  
- 1 - 1  n e t  ga i n s  o f  0 . 02 an d 2 . 8kg h a  y o f  DIP and No3 , r espe c t iv e ly , 

from pr e c i pi t a t i on . Taylor � a l .  ( 1 97 1 ) r epor t ed tha t a w o o d land 

c a t c hm e n t  in C o sho c t on , Ohi o , whi c h  had r e c e i ved  n o  P or N fer t i li z er  
- 1  - 1  8 - 1  in t he pas t  35 year s , a c c umula t e d  0 . 1 2kg h a  y TDP and 1 k g  h a  

- 1  Y TN . I n  a d d i t i on , n e t  ga i n s  o f  P a n d  N b y  und isturb e d  f or e s t s  

have b e en r epor t e d  b y  Hobb i e  an d Likens  ( 1 �73 )  an d Likens e t  a l . 
- -

( 1 970 ) , r e s pe c t i v e ly . A l t hough n e t  gain s o f  P and N forms c an 

o c c ur o n  an annual bas i s , S c hr e i b er � a l .  ( 1 976 ) r eport e d  t h a t  n e t  

ga i n s  o f  DIP an d N03 d ec r ea s e  a s  r un o f f  i n cr eased  for in divi dua l  
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s t o r m  e v en t s  in f o r e s t e d  c a t c hm en t s . 

T h e  d e v e l opm e n t  o f  f or e s t lan d r e s u l t s  in an i n c r ea s e  i n  t h e  

a m o un t s  o f  P a n d  N f o r m s  t r an s p or t e d i n  s t r e a m  f l o w , e s p e c i a l l y  

in t h e  i n i t ia l  s t a g e s  o f  c l ear c ut t i ng . Aub er t i n e  a n d  Pa t r i c  

( 1 974 ) ob s e r v e d  t ha t  w h e n  o n e  o f  t w o a d j a c e n t  c a t c hm e n t s  i n  W e s t  

V i r g i n i a , w h i c h  ha d p r e v i o u s ly l o s t  s i m i lar amoun t s  o f  P an d N ,  w a s  

c l e ar c u t , t h e  a m o un t s  o f  wa t E r d i s c ha r g e d  a n d  P a n d  N f or m s , an d 

s e d i m en t  t r a n s p o r t e d  i n c r e a s e d  s l i gh t ly . T h e  i n c r ea s e  in s t r e a m  

f l o w  r e pr e s en t e d  a r e duc t i o n  in wa t e r l o s s  b y  e v a p o r a t i on . A s  

r e fo r e s t a t i on c o n t i n u e d , t r an P p i r a t i o n a n d  r a i n fa J l i n t e r c e p t i on b y  

t h e  d e v e l o ping r e gr o w t h  in c r e a s e d , an d s t r ea m  f l o w  an d n u t r i e n t  

l o s s e G  d e c l i n e d  t o  p r e c u t t in g  l e v e l s . I n  a s i m i lar s t u d y  in N e w 

Englan d ,  Mar k s  a n d  B a r ma n  ( 1 9 72 ) f o un d t ha t  n u t r i e n t  lo s s e s  w e r e  r e 

la t e d  t o  t h e  r a t e o f  r e v e g e t a t i o n a n d  t ha t  t h e  l o s s e s  r ap i d ly r e 

t urn e d  t o  t h e  s t e a d y - s t a t e o b s e r v e d  b e f o r e  d e f o r e s t a t i on . 

I n  c on t r a s t ,  H o b b i e  a n d  L i k e n s  ( 1 9 7 3 ) f o un d  s i g n i f i c an t  i n c r e a s e s  

i n  t h e  l o s s  o f  n ut r i e n t s  i n  s t r e am f l o w  a f t e r  c l ear - c ut t i n g . W h e n  

o n e  o f  t w o c o mpa r a b l e  f or e s t e d c a t c hm e n t s  a t  H ub b ar d B r o o k , N e w 

Hamps h i r e ,  w a s  c l e a r e d  an d r e gr o w t h  s t o p p e d  in th e s u b s e q ue n t  t hr e e  
y ea r s  b y  h e r b i c i d e  t rea t m en t , an i n c r e a s e  i n  s t r eam f l o w  o f  4 �6 i n  

t h e  f i r s t  y e ar a n d  2 6% b y  · t h e  t h i r d  y e a r  o c c urr e d , c o mpar e d  t o  t ha t  f r o m  

the u::1di.sturb e d  e a  t c h mmt . T h e  l o s s  o f  T P  i n c r e a s e d  fr o m  0 . 0 2 kg ha 
- 1  

- 1  - 1  - 1 
y t o  0 . 2 0kg ha y a f t e r  c l e a r i n g  

c r ea s e  i n  pa r t i c u la t e  P t ra n s po r t e d . 

r e s u l t  o f  a 1 5 - f o ld i n -

T h e  la t t er P f o r m c o � t r ib u t e d  

9 0%  o f  t h e  TP t r a n s p o r t e d  a f t er c l e ar i ng , c o mpar e d  t o  on l y  5 7% pr i o r  
- 1  - 1  

t o  c l e ar i n g . C o n s e q u en t ly ,  t h e r e  w a s  a n e t  g a i n  o f  0 . 06 k g  h a  y 

P in t h e  un d i s t ur b e d  c a t c hme n t, w h e r e a s  a f t e r c l e a r in g  a n e t  l e e s  o f  
- 1  - 1  

0 . 1 0�g ha y P w a s  ob s e r v e d . T h e  c on v e r s i on o f  s t a b l e  f o r e s t e d  

c a t c hm en t s  t o  a gr i c u l t ura l lan d i s  e xp e c t e d t o  c a u s e  a mar k e d  i n 

c r ea s e  i n  t h e  l o E s e s  o f  P a n d  N .  

A l t h o ugh t h e  l o s s e s  o f  P an d N i n  s t r ea m s  d r a in in g  pa s t u r e  

c a t c hme n t s  ar e g r ea t e r t ha n  t h o s e  fr o m  f o r e s t e d  c a t c hm e nt s ( T ay l o r  

e t  a l . , 1 971 ) ,  t h ey a r e  u s ua l ly l o w e r t h a n  t h o s e fr om c r o p p e d  c a t c h -

m en t s . F r o m  t h e  s a m p l i n g  o f  s e v era l s t r ea m s  in N eb r a s ka , M u i r  

et u. l .  ( 1 973 ) o b s e r v e d  t ha t  t he l o s s e s  o f  l'  a n d  N w e r e r e la t e d  t o  

t h e in t e n s i t y  o f  c u l t i v a t i o n  an d t h e  p r o p o r t i on o f  lan d d e v o t e d t o  

l e gum i n o u s  pa s t u r e  gr o w t h . T h i s  c o r r e l a t i o n p r o b a b ly r e f l e c t s  t h e  
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great er veget a t i onal c o v er ing o f  t h e  ground wi tt pa s t ur e , wi t h  a 
sub s equent  r educ t i on in the  P an d N m o v e m ent t o  t h e  s t r eam i n  c o i l  
par t i c ula t e s , and a lower amount o f  P and N l eac hab l e  f r o m  p� c t ur e  

as  oppo s e d  t o  c r o p  res idues ( T immons � al . , 1 970 ; Muir � al . , 1 973 ) . 

S i m i lar ly , O ln e s s  � al .  ( 1 975 ) foun d t hat  the l o s s e s  o f  T P , JIP , 
NO � , and T N  were  lower from a pas t ur e  c a t c hment und er r o ta t i onal  

_/ 

gra z ing  than from thr e e  cropped  cat c hme n t s  ( Tab l e  2 . 4 ) . S i gn i f i -
c an t ly , l i gh er l o s s e s  o f  TP , 

- 1  y , r e spec t iv e ly ) ,  however , 

- 1  N03 , and T N  ( 4 . 6 0 , 1 . 8 0 , and 7 . 87kg ha 
were  l o s t  from un fer t i l i z e d  pac t ur e  

t ha t  wu s c on t i nuous ly gra z e d , t han fr om r o t a t i o nu l l y - g n.J. z. c d  }Jct s t u r t.: 
and in the  ma j or i t y  o f  c a s e s , fer t i li z ed  crops . These  r esu l t s  sugg e s t  
tha t t h e  lo s s e s  of  P a n d  N forms can b e  appr ec iable  from i n t e n s iv e ly
gra z e d  pa st ur e . 

A n umb er of  s t ud i e s  ha v e  shovm t ha t  inc r eas e d  l o s s e s  of  P an d 
N i n  s t r eams drai n ing agr i c ul t ural  c a t c hm en t s  ar e a s s o c iat ed  w i t h  
f e r t i l i z e r app l i c a t ion . Fr om studi e s  carr i e d o u t  i n  N e w  Zealan d , 
F i sh ( 1 969 ) sugg e s t e d that  t he eutr ophi cat i on o f  lak e s  in  t he Ro t o 
rua ar ea was ac c e lera t e d  by t opdr es s ing w i t h  superpho sphat e and 
measur e d  a 1 00 - fo ld incr eas e in t h e  c on c en t rat i on of DIP a ft er 
a er i a l  t opdr e s s ing , in t h e  Wa ingaeha s t r eam wh ich  dra ins  int o Lake  
R o t or ua . B ecause  ea c h  sam p l e  wa s only c o l l ec t ed a t  two-week  in t er -
vals , i t  i s  n o t  possib l e  t o  o b tain a r e liab l e  e s t i ma t e  of  t he P loa d 
ing . I t  has a l s o  b e en  sugg e s t ed  t ha t  an inc r ea s e d  amount o f  r cl:A c t i v e  

P transpor t e d  i n t o  t h e  T omohawk Lago on near  Dunedi n ( M i tc h e ll ,  1 971 ) 
and from t h e  n umber f iv e  c a t c hment  at  Tai ta ( Wh i t e ,  1 972 ) ,  r e sult ed  
from  t opdr e s s ing . An in t en sive  sampling pr ogramme o f  s tr eam flow  
in  t he Puk e t ur ua c a t c hm ent , Whangar e i , b e for e an d a ft er two  super 
phospha t e  app l i c a t ions wa s  carr i e d  out by Mc C o l l  � al . ( 1 9 75 ) . 
They e s t imat e d t hat in t he f i rs t  an d s econd  post - fert i l i z er f l o o d s , 
1 . 4 and  0 . 5 5% o f  t h e  appl i e d  P ( 5 6 and 62kg ha - 1  1 5% pota4 c super 
phospha t e ,  r e s pe c t i v e ly )  was lost . T h e s e  amoun t s  c or r e lat e d  w e l l  
w i t h  t h e  amoun t  o f  fert i l i z er P fa l ling i n  t he dry - s t r eam b e d  dur i n g  
appli c a t i on . 

K i lm er � al .  ( 1 9 74 ) c on c luded  t hat  P an d N l o s s e s  i n  str eam 
flow from t wo s t e eply-sloping , d i f f er en t ial ly- fert i l i z e d , gra s s e d  
c a t c hments  in  N or t h  Car o lina , w e r e  n o t  s ign i f icant ly inc r ea s e d  b y  
fer t i l i z er a d dit i on s. Annua l l o s s e s  o f  P w e r e  n e g li g i b l e  an d 
fer t i l i z er P had no appar ent  e f f e c t  on P lo s s e s  i n  s t r eam fl ow . 



I n  the  c a s e  o f  N ,  los s e s  i n  dra ina g e  wat er ov er a four -y ear per i o d  
- 1  - 1  from c a t c hme n t s  r ec e iving  1 1 2kgN h a  and 4 4 8kgN ha amoun t e d t o  

6 an d 1 0/.; o f  t hi...t t  :..�. d d e d . 0 u c h  l o .s s e s  o f  N c c.tn ha r d l y  b e  c on s i d er & d 
in s ign i ficant . A l t hough O ln e s s  � a l .  ( 1 9 75 ) d i d  n o t  f i n d  any r e -

la t i o n � h i p  b e t w e en t h e  l o s s e s  o f  T P  o r  T N  i n  st r ea m s  dr u i n i n c c r opped 
c a t c hm en t s  i� Oklahoma and fert i l i z er ap plic a t ion , l o s s e s  wer e r e 
la t e d  t o  s e d imen t t ransport . The lo s s  o f  so lub le P an d N0 3 , o n  t h e  
o t her hand , ap p ea r e d  t o  b e  r e la t e d t o  fer t i l i zer applic a t i on , e v en 
t h o ugh t h e  n e t l o s s  o f  D I P  and N 03 fr o m  any o f  t h e  c a t c h m e n t s  wa s 

n o  m or e  t ha n  3 and 5% o f  t he added  fer t i l i z er P and N ,  r e s p e c t l v e ly . 

The amoun t s  o f  DIP and N 0 7  tran spo r t e d  from eight hydr o l o g i c a l ly 
..J 

simi lar agr i c u l t ura l c a t c hmen t s  in K e n tucky were m e a s ur e d  o v er t w o  
y ear s by T homas a n d  Cr u t c hfi eld  ( 1 974 ) . T h e  high e s t  N 0 3  l o s s  o c c urred 
in  both year s from a c a t c hment  wh i c h  r ec e i v e d  lit t l e fert i li z er and 
a n d  wa s e s s en t i a l ly al l in b luegras s  pas tur e . On e in t en s i v e l y -
cr opped cat chment  show e d  rat her h i gh value s for N O �  in  str eam wat er , 

..J 
wher eas t h e  o thers  did  n o t . Phosphorus c on t en t s  o f  t h e  w a t e r s  w er e  
d i r ec t ly r e la t e d  t o  t h e  geo logi c a l  forma t i o n s  t hro ugh w h i c h  t h e  
strear.:s flow e d . The h ighe s t P lo s s e s  o c c ur r e d  in a s t r c c.t m  dr u i n i n g  

a pa st ur e  c a t chment  hav ing  s o i l s  d e v e l o p e d  fr om a lime s t on e  r i c h  in 
P .  Two s t r eams draining  in t en s i v e ly - cul t i va t e d  c a t c hmen t s  on a l lu-
v i um an d l o e .s s , low  in n a t i v e  P ,  show e d  mi n imum P l o s s es . Th e c lo s e  
r e la t i o n s h i p  b et w e en c a t c hm ent  g e o logy  and P a n d  N i n  s t r eams , t h e r e 

fore  i nd i cJ t e s  t ha t  t h i s  fac t or , e v en mor e tha n  land u s e ,  can  b e  o f  
p 1· i m e  impo r t an c e  in d e t e r m i n i n g  t he nutr ient  c on t en t G  o f  wa t c r G . 

T h e  f ur t h e r  de v e l o pm ent , b y  urba n i sa t i on ,  o f  c a t c hme n t s  r e sults  
in drast i c  c hanges  in  drainage  pa t t erns  an d increa s e d  losses  o f  P 

an d N in s t r eams dra in ing t he s e  c at chmen t s . Stud i es by  L e e  � a l . 
( 1 96 9 ) a n d  L e e  ( 1 973 ) o f  t he am oun t s  o f  P forms der i v e d  fr o m  v a r i ous 
sourc es  in  S outhern-C entral  W i s c o n s i n  showed  t hat  t he c on v er s i on o f  
und i s t urb ed , for est ed  cat chment s t o  c r opped farmlan d r e sult e d  i n  an 
approximat e ly t en - f old incr ease  i n  TP  loss e s .  A f ur t h e r  t wen t y -
fold inc r ea s e  w a s  ob served  wit h t he c onver s i on of c r op lan d t o  urban 
areas . In  s t udy ing P losses  from urban cat chment s in  Ma d i so n , 
\o/i sconsin , Harr i s  � a l .  ( 1 972 ) and  K luesen er ( 1 972 ) sugge s t e d  t ha t  t h e  
lea c h in g o f  l e a v e s  an d s e eds , c oupled  wit h r educ e d  i n f i ltra t io n , 
r esul t e d  in  in crea s e d P losses  from urban c ompa r e d  t o  agr i c ulture  
cat c hmen t s .  S im i lar l o s s e s  w e r e  ob s er v e d  b y  W i eb e l  � a l .  ( 1 964 ) 

for an urban c a t chm en t  in  Cinc i nna t i ,  Oh io . I n  a d di t i on , Ryden 



et a l .  ( 1 97 3 )  ind i c a t e d  t ho. t urban d eve lopn1 ent  max im i s ed t h e  p o s c; i -

b i l i t y  o f  er os i o n , should  sur fa c e  run o f f  o c c ur , by expo s ing lar g e  
areas o f  bar e  s o i l .  Cons equen t ly ,  high part i c ulat e P lo s s e s  c ould 

b e  exp e c t ed . 

P o i n t - s o ur c e  i np u t s  o f  i n dus t r ia l un h u m a n  e f f l u en t s  fr om 
sewag e  t r eatment  plan t s  can add  sign i fi c a n t  amo un t s  of P and N t o  
urban str eams . E n gb e r e;  ( 1 9 7 1 ) a n d  O l.son e t  a l .  ( 1 97 3 )  r epor t e d 
that human den s i t y  wa s the predominan t in fl uenc e on the  P ,  N , and  
s e d i m en t  l o E s e s  1 n  s e v eral s t r c amG s t u d i e d  i n  N ebra ska . I n  a 

stream draining a r ural  cat c hment in c entra l N ew York , J ohn s o n  e t  
al. ( 1 976 ) found t ha t  t he Dry den s ewage plant increas ed  P and N 

los s e s  in  str eam f low by  a fac t or o f  1 0  to  20- fold . For examp l e , 
the f lux o f  DIP  up - s t r eam o f  the  s ewag e  plant  wa s abo ut 0 . 2kg 

- 1  
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- 1  day , whereas a f lux o f  3 .  kg day was m easur ed b e low  the  p la n t . 

I n forma t i on on the r e la t i v e  s i gn i f i can c e  of  run o f f types  t o  
the  P and N loadings  o f  str eam i s  l i m i t e d . The over s ea s  work t ha t  
has b e en r epor t ed , sugge s t s  t hat  sub s ur fa c e  f low can c o n t r i b u t e t h e  
ma j or proport i on o f  flow and N03 , but o n l y  a minor p1 · opor t i o n  o f  
the P losses  t o  a s t r eam ( M insha l l  e t  a l . , 1 969 ; J a c kson � a l . ,  
1 973 ; Burw e l l  e t  a l . , 1 974 ;  1 9 ?6 ) . I n  a mor e r e c en t  s t udy , 
J ohns o n  e t  a l . ( 1 9 76 ) proport ion ed  t he l o s s  o f  DI P i n  a s t r eam 
d r a i n i n g  a rur a l  c a t c hment in c en tral  N ew Y ork i n t o  thr e e  ma i n  
sour c e s . They e s t i ma t e d  that o f  t h e  D I P  l o st  in  the  str eam d ur i ng 
the 1 8 -mont h s t udy , 4 4% was der i v e d  from na tura l b i ogeochemi ca l 
pro c e s s es , 22% was der i v e d  from d i f fus e s o urc es  in sur fac e r un o f f  
ass o c ia t e d  wi t h  far m in g , and t h e  rema in ing 34% was der i v ed from p o i n t  
sour c e s , most ly dom e s t i c  sewage . This  t y p e  of  i n forma t i on i s  n e -
c e s sary where  a t t emp t s  are mad e  t o  c on tr o l  P inputs i n t o  wa t er s . 

2 . 4 M o d i ficat i on o f  Pho sphorus Conc e n t r a t ions  in  Sur fac e  Wa t er s  

I t  was appar e n t  from t h e  da t a  r epor t ed i n  t h e  pr evious  s e c t i on 
that  t h e  amoun t s  o f  DI P added  in pr e c ip i t a t ion t o  agr i c ultura l 
cat c nment s ar e n o t  t h e  same as  the out put o f  DIP from the c a t c hm en t s  
i n  s t r eam flo w .  There  i s , t her e f or e ,  an  int era c t i on b et w e en t h e  
so lub l e  P i n  t h e  wat er s  a n d  t h e  s o i ls a n d  s edimen t s  t hrough whi c h  

. I 



t h e  wat er s  pas s , wh i c h  may i n v o l v e  sorpt i on ,  d e sorp t i on , and 

d i s s o lut i on r eac t i on s . These  i n t era c t i on s  t hus d e t ermine  the P 

c on c en tra t i on a t  t h e  c a t c hmen t o u t l e t . A c c or d in g  t o  Taylor an d 

Kun i s h i  ( 1 97 1 ) ,  and  Kun i s� i  et  a l . ( 1 972 ) ,  var iab l e s  suc h a s  t h e  

sour c e  a n d  amo�nt o f  P ava i lab l e  t o  b e  l e a c he d , t he s o i ls thr o ugh 

w h i c h  the wa t er mov e s  on i t s  way to t h e  s t r eam , t h e types  an d 

amounts o f  s e d i m e nt s l in i�g t h e  s t r eam c hann e l  an d s uspended  i n  

s t r eam flow, an d t he v e l o c i t y  o f  t h e  var i ous run o f f  types  an d 

s t r e a m  flow , c an a l l  a f f e c t  mod i f i c a t i on o f  t h e  DIP c on c en t ra t i on 

dur i ng i t s  movement  i n  r uno ff  thro ugh t h e  c a t c hment . 

The t y p e s  o f  r ea c t i ons  invo lv e d  in t h e  m o d i f i c a t i on o f  DIP  

c on c en t ra t i on s  are b e l i ev e d  t o  b e  the  same r egar d l e s s  o f  w h e t h er 

t he y  o c c ur und er c on d i t i on s  exi s t in g  i n  s ur fac e  r un o f f , s t r eam s , 

or in t h e  so i l  pr o f i l e ,  d i s c u s s e d  ear l i e r  ( S e c t i o n  2 . 1 . 2 . 1 ) ( Ryden 

and  Syer s , 1 9 73 ) . C on s e quen t ly , t h e s e  r eac t i o n s  w i ll  b e  o f  ma j or 

importan c e in  t h e  m o d i f i c a t i o n  o f  d i ss o lv e d  P c on c e n t rat i on s  b y  

s u s p e n d e d  par t i c u la t e  mat e r i a l  i n  sur fa c e r un o f f  and str eams . 

B e c a u s e  t he c on c en trat i on o f  DIP can vary a s  t h e  rat e o f  d i s 

c harge o f  a s t r ea� c h a n g e s  ( Taylor � a l . , 1 971 ; Muir � a l . , 1 97 3 ; 

M c C o l l  � t a l . , 1 975 ) , t h e r e  m u s t  b e  e i t h er a d i f l ' c r e n t  c o ur c e  o f  P 
c ontribut ing when a c a t c hmen t i s  hydr o lo g i c a l ly d i st ur b e d  by pr e c i 

pi tat i on , a d i f f e r e n t  P s orpt i on - d e s orpt i on rat e c a us e d  b y  a c hang e  

i n  the r e la t i v e  impo r t an c e  o f  t he run o f f  types  t o  s t r eam flow , 

d i ffer ing s o i ls and s ed i m e n t s  c on ta c t e d b y  the  r un o f f  wu t ern , or 

some c ombinat i on of t h e s e . Var ious  s t u d i e s  �av e  i n v e s t i ga t ed t h e  

P s orpt i on- d e s orpt i on b ehav i o ur o f  s o i l s  un der s i mulat e d  s t r eam 

flow c ond i t i ons . T h e  h igh lev e ls of a d d e d  i n organ i c  P ( IP )  and 

narrow s o lut i o n : so l i d  ra t i o s  fr equent ly used , do  n o t  adequa t e ly 

s i mula t e  t h e  in-str eam s i tua t i on . I n  s tudi es  wher e soi l ma t er ia l s  

have n o t  r ea c h e d  e q u i l i b r i um w i t h  t h e  s o lut i on pha s e  ( Lar s e n  an d C o ur t , 

1 96 0 ;  For dham , 1 96 3 ; Whi t e ,  1 966 ) , an d wher e t h e  levels  o f  added  

I P  ar e low ( Ryden � a l . , 1 972a , b ) ,  t h e  r eleas e o f  l P  t o  s o lut i on 

fr om s o i l mat er ia ls i s  depen d en t upon t h e  so lut i o n : s o lid rat i o . 

T h i s  i s  i llustra t ed by the  work o f  Ryden � al . ( 1 9 7 2 ) who r epor t e d  
that a t  h i gh levels  o f  a d d e d  I P  a n d  a s o lut i on : so l i d  rat i o  o f  5 0 : 1 , 
a B 1  h or i z o n  was ab le  t o  sorb m o r e  I P  than a C 1  hor i z on ,  whe r ea s  

t he s i t ua t i on was r ev er s e d  a t  lower l e v e ls o f  a d d e d  I P .  A t  a 

s o lut i on : s o l i d  rat i o  o f  4 00 : 1 ,  t h e  two  h o r i zons b eha ved  s i mi lar ly . 



T h e  least  c o�plex s i tuat i on appears t o  exist  dur in g  sub sur fac e  

flow , wh en c on s i s t en t ly low DIP c on c entrat i on s  i n d i c a t e  that t h e  

s e d i m en t : wat er syst ems may b e  at  a n  equi l ibr i um ( Gburek a n d  H e a l d , 

1 974 ) . U nder these  low flow  c o n di t i on s , t he DIP c on c entrat i o n s  

r e f l e c t  t h e  P - sorbing  c harac t er i s t i c s  o f  t he sub - s o i l  ( Taylor an d 

Kun i sh i , 1 97 1 ) . 

The po t en t ia l ly impor tan t par t i c ula t e  ma t er ia ls i n  l h �  s or p t i o n  

an d d e s o r p t i on o f  I P  in str eams w i l l  b e  not  o n l y  suspended  s e d i m e n t  

from sur fa c e  r un o f f , b u t  a lso  e r o d e d  and i n  s i tu str eam-bank ma t er ia l . 

I n  s t ud y in g  the  am oun t s  an d f orms o f  P trans por t e d  i n  s tr eam f low 

fr om a s mal l ,  t opdr e s s e d  cat c hme n t  i n  N ew Zea lan d , Mc C o l l  et  a l . 

( 1 9 75 ) f ound t hat  altho ugh t o pdr e s s in g  i n c r ea s ed t h e  amoun t s  o f  

DI P an d T P  tran spor t e d  from a sma l l  c a t c hm en t , n o  i n c r ea s e  i n  t h e s e  

P f o r m s  was d e t e c t e d  a f t er the  s t r eam ha d p a s s e d  throug h  a lar g e r  

cat c hment , s im i la r ly topdr e s s e d . The  r em ov a l  o f  DIP from s o lut i on 

P wa s a t tr ibut e d  t o  uptake  by  st r eam-bank an d str eam-b e d  mat er ia l ,  

and  suspen d e d  ma t er i a l  i n  t � e  str eam . S or p t ion - d e s orpt i on s t ud i e s  

c ar r i e d  out b y  Taylor and Kun ishi  ( 1 971 ) indi c a t e d  tha t  t h e  h i g� 

P - s orb in g  capa c i t y o f  s t r eam-bank mat er ia l  c ould a c c ount for a d e 

c r e a s e  i n  DIP c onc entra t i o n s  down s t r eam i n  a cat c hm en t  i n  Pennsylva

n ia . Furt h er work by K un i s h i  � a l .  ( 1 972 ) on t he same r ur a l  

c at c hm en t  show e d  that d i f f erent  D I P  c onc en tra t i on s  duri ng high and 

low s t r eam flow , c o uld be ac c oun t e d  for by  a chang e  in  t h e  r e la t i v e  

c on t r i b ut i on o f  the var i ous s ourc e s  o f  par t i c ula t e  ma t e r i a l  i n  t h e  

s tr eam . 

Fr om t h e  above  d i s c uss i on i t  app ear s that i n t era c t i on s  b e t w e e n  

t h e  par t i c ulat e a n d  d i s s o lv e d  pha s e s  w i l l  i n f luen c e  t h e  DIP c on c en 

trat i on s  i n  s t r eams dra i n ing agr i c ultural c at chmen t s . I t  may b e  

exp e c t ed tha t  par t i c ulat e mat e r i a l  from d i f f erent  s o ur c e s  w i t h i n  

t h e  c a t c hment  w i l l  exhib i t  a var y i n g  ab i l i t y  t o  s o r b  o r  d e s orb p i n  

t h e  s t r eam en v ir onment . 
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GENERAL METHODOLOGY 

3 . 1  De s c r i p t i on o f  t h e  Ca t c hmen t 

The  c a t c hment und er s t u � y  i s  loc a t e d  a d j a c e n t  t o  Ma s s e y  

U n i v er s i t y , Pa lm er s t on N or t h , N e w  Z ea lan d . The c a t c hm en t  i s  

l o n g  an d narr o w  i n  shape ( appr o x ima t e ly 38 00m long and 2 8 0m w i d e ) 

a n d  ha s an  area o f  1 1 2ha . T h i s  was d e t ermi n e d  by  trac ing t h e  

c a t c hm en t  b oun dar i e s  on s t er e o - p a i r e d  a i r  pho t ographs under a 

s t e r e o s c o p e  and mea s ur ing the  a r ea w ith a planim e t er . 

The  c a t c hment c on s i s t s  o f  o n e  s o i l  type , T okomar u s i l t  

loam ( Po l lok , 1 975 ) , an d i s  s i t uat e d  o n  an e leva t e d  t errac e ,  cap

ped  w i t h  l o e s s  b lown up  from  t h e  flood  p la i n  of  the  Manawa t u  

R iv er .  R epr e s ent a t i v e  land s lo p e s  i n  t h e  c a t c hment  were  measur e d  

ph o t ogramm e t r i cally a n d  t h e s e  w e r e  appr ox ima t e ly o n e - third  4 - 7% , 

o n e - t h i r d  8 - 1 5% ,  and  o n e - t h i r d  1 6- 2 0%  s lopes . A lt hough s lo p e s  

ar e smo o t h  a n d  run o f f  i s  n o t  impeded  by  l o c a l d e p r e s s i on s , dra i n -

a g e  i s  p o or in  the ab s en c e  o f  ar t i f i c ia l  dra inage . 

t h e  c a t c hm en t  ar e mo l e  a n d  t i le drain e d . 

Some 6 0ha o f  

The m o d erat e f er t i l i t y pas t ure o f  t h e  cat c hment  i s  u s e d  for 

fat  l�mb produc t ion , dai rying , a n d  b e e f  ca t t le ra t t en ing , w i t h  

s o m e  forag e an d gra in c r ops  grown for s upplem entary  f e e d . Ma i n 

t enanc e s up er pho sphat e  a p pl i c at i on s  ( norma l ly 375kg ha - 1 ) are  made . 

A Lambr e c ht c on t inuous r ec o r d ing rain gaug e wa s i n i t i a l ly 

s i t ed a d j a c en t  to t h e  lower  w e i r . This  wa s r emoved  a ft e r  i t  

wa s f ound that the amoun t s  an d i n t ens i t i e s  o f  r a i n fa l l  w e r e  l i t t l e  

d i f f er en t from tho s e  o b t a in e d  us ing a s im i lar ra ingaug e  s i t ed 

appr oxima t e ly 1 000m due  east  o f  the  lower w e i r . C lima t i c  data 

from  DSIR Gra s s lan d M e t e or o logi c a l  Stat i on , 1 km from the  lower 

w e ir , showed t hat the av erage annual ra i n fa l l  over  t h e  p er i od 

1 93 6 - 1 976  was 997mm , w i t h  an annua l average of 1 8 0 ra indays . 

A l t hough n o  snow was r ec o r d e d  i n  t h e  Mas s e y  Cat c hmen t  in  t h e  s t udy 

p er i od , f o r  c onven i e n c e  in c ompa r i n g  w i t h  o t her s t ud i e s , t h e  t erm 

pr e c ip i t a t i on i s  u s e d  t o  d es c r i b e  t he r a i n fa l l  ent e r ing t h e  ca t ch-

m en t . 
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The  ephemeral  s t r eam dra i n i n g  the  c a t c hm en t  i s  e s s e n t ia l ly 

a f ir s t -or der str eam w i t �  a sub para l l e l e d  p a t t ern o f  na tural 

dra inage . The f i r s t - or der c hann e l  length i s  5 . 3km w i t h  a m ean der 

fac t or of 1 . 3 an d a c han n e l  fa l l  o f  67m . Flow data for the  p 8r i o d  

1 97 1 - 1 9 75 ind ic a t e  that  t h e  s tr eam flows for approx i mat e ly 1 5 0  days 

per annum . 

3 . 2 Mon i t oring  I n s t a l la t i on s  

Str eam f low w a s  c on t inuous ly mon i t or e d  a t  t w o  s i t e s by  c ompound 

w e ir s  c or- s i s t ing o f  a 90° V n ot c h  f lanked by  wing wa l ls o f  3 : 1 

s l o p e s  us ing  S t e v e n s  F - t yp e  m e t er s  wh i c h  c on t inuous ly r e c or d e d  s t a g e  

m ea sur emen t s . T�e  t w o  w e i r s  i s o la t e d  a subcat c hmen t o f  2 0ha ( F i g . 
3 . 1 ) w i t h i n  the ma i n  c a t chmen t . The lan d w i t hin  t h e  s ub c a t c hment  

is  own e d  b y  Massey Un i v e r s i t y  an d  was  in  p erm�n en t  pas t ur e  for 

d a i ry far m i ng dur ing  t h e  study p er i o d . 

e d  i mm e d i� t e ly ups t r eam from ea c h  we ir . 

S t r eam samp�es  w e r e  c o ll ec t -

Two dup l i c a t e s e t s  o f  sur fac e- r uno f f  p lo t s  ( p lot s 1 t o  4 )  

w e r e  e s tabli shed a d ja c en t  t o  t h e  s t r eam in t h e  s ub c a t c hmtnt . 

A ls o  t w o  dupl i c a t e  s e t s  o f  s ur fa c e - r un o f f  p l o t s ( plot s 5 t o  8 )  

w er e  e s tab l i sh e d  on a d j a c en t lan d altho�gh n o t  w i t hi n  t h e  c a t c h 

m e n t  b oundary . The  s lo p e , area , aspec t , a n d  manag e m en t  o f  t h e s e  

p lo t s  ar e summar i s e d  i n  Tab l e  4 . 1 . Eac h  p l o t  w a s  d e li n ea t e d  by  

v e r t ical  woo den b oar d s , wh i c h  w e r e  bur i e d  20cm  deep  and pro t r u d e d  

approxima t e ly 5cm � b o v e  t he gro un d  sur fa c e  t o  pr e v e n t  up - s lope 

and  across - s lope sur fa c e  r un o f f  from ent er ing the  p l o t . A c c e s s  

o f  c at t le t o  t h e  gra z e d  p lot s ( 1 -4 )  a n d  t h e  d e fa e c a t i on and 

ur inat i on b ehavi our of  t he c a t t l e  did  n o t  appear to  be  a f fec t e d 

by the pr o truding b oar d s . O n  e a c h  plot , s ur fac e- r un o f f  wat e r  

wa s d i r e c t ed b y  p la s t i c  gut t ering , sunk i n t o  t h e  gr oun d , t o  C h i lds ' 

s tage  r e c order s whi c h  c on t inuous ly moni t or e d  f low . 

App� oxima t e ly 1 4  o f  the  20ha sub c a t c hme n t  was m o l e  and t i l e  

dra i n e d .  T h e  7 - c m  d iame t er m o l e  c hanne ls w er e  spa c e d  a t  2 -m 

i n t ervals a t  a d e p t h  o f  45cm in  t h e  pr o f i l e , and d i s c harg e d  i n t o 

t en t i l e  l i n es at  a d ep t h  o f  75cm . D i s c harge from t wo l i n es ,  drai n 

i n g  area s  o f  1 . 1 ( ar ea A )  and 0 . 8 ha ( ar ea B )  o f  g en t ly s l op ing 

( 0  to  1 ° ) lan d wer e c on t inuously mon i t or ed for f low by � 90° V-
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F i g .  3 . 1 M a p  o f  t h e  subc a t c hm e n t  inc lud ing sur fa c e  run o f f  p l o t a  

o n  1 3° ( 1  an d 2 )  a n d  6° ( 3  a n d  4 )  slop e s , m on i t or e d  

t i l e  lines  dra in ing 1 . 1 ha ( A )  a n d  0. 8ha ( B ) ,  an d upper 

( E )  and low er ( F )  w e ir s  on the s t r eam . 
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n o t c h  w e ir s , equipped  w i t h  S t even s  F - type  stage  r ec o r d er s . 

3 . 3  Samp le  C o l lec t i on 

3 . 3 . 1  Ear thworm c a s t s  

Pr oduc t i on o f  sur fac e c a s t s  o f  eart hworm s ( d ominan t ly 

Allo l o b ophor a c a liginosa ) in t he c a t c hment  wa s m e a s ur e d  b y  t h e  

c o l l e c t i or- a t  w e e k ly i n t ervals , o f  c a s t s  from the  s ur fa c e  o f  

d up l i c a t e 0 . 090m
z 

p l o t s . Ca s t  produc t i o� wa s r ep r e s en t e d  b y  t h e  

o v e n  d r y  we ight  ( 1 05°C )  o f  samp l e  c o l l ec t e d .  

3 . 3.2 Wa t er samples  

Samp l e s  were  c o l l e c t ed in 5 00-ml p o ly e t hylen e b o t t l e s  u s e d  

r ou t ine ly f o r  wa t er sampl ing . R e lea s e  o f  inorgan i c  P from , and  

upta k e  b y  t h e  c on t a i ner wa l ls wa s shown t o  b e  n e g l i g i b l e . Sur -

fa c e  and  ac c e l era t e d  sub s ur fac e  r un o ff  were  samp l e d  manua lly , 

wher eas s t r eam samp les  wer e c o l l e c t ed manua l ly or aut oma t i cally 

with  an I S C O  a u t o ma t i c  samp l er . D e t a i ls o f  the fr equency  o f  

samp l i � g  u s e d  for each run o f f  t yp e  a r e  d i s c us s e d  i n  t h e  appropr i a t e  

s e c t i o n s . T h e  e laps e t im e  b e t w e e n  sampl e  c o l l e c t i on and i n i t i a l  

pr o c es s ing ( f i ltrat i on ) n ev er exc e e d e d  2h . This  was b e cause  t h e  

D I P  c o n c en t ra t i on s  o f  un f i lt er e d  r un o f f  sampl e s  may change  s ign i 

f i c a n t ly a f t e r a p pr o x i ma t e ly l th f o l lowing c o l l e c t i on when s t r eam 

f lo w  was h i gh and the samp l e s  c on t a i n e d  high c o n c entr a t i on s  of par -

t ic u la t e  ma t er i a l . The  c o n c en t ra t i on s  o f  DIP in f i l t er e d  run o f f  

samp l e s  w er e  foun d  to  r emain c on stant  for a t  least  24h . N e ver-

t h e l es s , DI P wa s d e t erm i n e d  imm e d ia t e ly a f t er fi l t r a t i on . 

F i l t er e d  r un o f f  samp l e s  for sub s equen t n i t r og en ( N )  analyses wer e 

r out in e ly s t or e d  und e r  r e fr igera t i o n  a t  1 °C ,  wher eas  un f i l t er e d  

r un o f f  sampl e s  w e r e  fr o z en o n  arrival a t  the labo ra t or y . 

3 . 4  Ana lyt i c a l  Pr oc e dur e s  

Appr ox ima t e ly 1 00rr. l o f  each runoff  sampl e  was in i t ia l ly 
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c e� t r i fug e d  at 1 5 , 000 r ev . min - 1  for  5 m i n  at 23°C ,  u s in g  a S orva l l  

R C - 2B h i gh - sp e ed , r e fr igera t e d  c en t r i fug e t o  fa c i l i t a t e  M i l l i p o r e  

f i lt ra t i o n ( <  o . lt5pm ) . Work i n  t h i s  laborat ory ha s i n d i c at e d  that  

M i l l ipor e membran e s  r e l ea s e d  b o t h  DIP  and  d i s s o l v e d  organ i c  n i trogen  

t o  s o lut i on . The m embran es  wer e , t her e fo r e ,  pr ewa s h e d  w i t h d i s t i l l -

e d  wa t er b e f o r e  us e . 

The c on c entra t i on o f  DIP wa s d e t ermin ed on a f i l t e r e d  samp l e , 

a s  w� s t hat o f  T DP a f t er ac i d  p er s u lphat e d i g es t i on f o l lo w i n g  a ut o 

c lavi n g  a t  1 5  p . s . i .  for 45min a � d  neutr a l i sa t i on o f  t he s o l ut i on 

( Envir onmenta l Pr o t e c t i on Agenc y ,  1 971 ) .  T o t a l  P was d e t ermined  

on  an un f i l t e r ed r un o f f  samp l e  f o l l owing p er c h l or i c  ac i d  d ig e s t ion  

f or 1 h ,  and  n e utra l i sat i on o f  t h e  r es u l t i n g  extra c t  ( O ' C onnor and 

Syer s , 1 975 ) . The  m e t ho d  of  Murphy and R i ley ( 1 96 2 ) was u s e d  f or 

a l l  in organ i c  P d e t erminat i on s , a b sorban c e  b e ing measur e d  a t  71 2nm 

using  a U n i c am SP 1 8 00B Spec tr opho t om e t er . Di ss o lv e d  or gan i c  pho s - · 

pha t e  ( DOP ) was c � l c ulat ed by t h e  d i f f er en c e  b e t w e en T DP and  DIP , 

and par t i c u la t e  P by  t h e  d i f f er en c e  b e t w e e n  T P  and T DP . 

Ana l ys es  for N forms were  c arr i e d  out  using a T e c hn i c on Auto -

analy s i s  s ys t em .  The automa t e d  Gr i e s s - I lo svay m e t ho d  f o l lowing 

reduc t i on by  cadmi um ( H en dr i kson an d S e lm e r -C l s en , 1 970 ) was used 

for the d e t erm ina t i on o f  N0
3 on a f i l t e r e d  sampl e . T o t a l  K j e ldahl 

N ( TKN )  was  d et er m i n e d  by t h e  a u t oma t e d  K j e ldahl d i ge s t i on o f  an 

unfi lt er e d  sample  ( T erry , 1 966 ) . T o t a l  N was c a l c ulat e d  fr om t h e  

s un. o f  N03 an d T KN . N� w �  �w-t.&. � /'Jo3 -tJ but- iA sll.bs-t.,c.t.b\.tl� 
Jt!� G. cu No3 P� �"V\�t "'u. .  

T h e  s e diment  c on c entra t i on o f  samp l e s  was d e t erm i n e d  fr om 

the d i f f er en c e  b e t ween the w e i g h t s  a ft er evapora t i on t o  dr y n e s s  

at 1 05 ° C o f  a su i t a b le a l i quot o f  t h e  un f i lt er e d  and f i l t er e d  

( < 0 . 4 5fm )  sampl es . 

3 . 5  Dat a  Pr o c e s s in g  

A c omput er pr o gr amme was d ev e lo p e d  t o  pr o c e s s  t h e  dat a  

c o l l e c t e d  f or the c on c en t ra t i o n s  o f  P and  N form s , and s ed im en t  

a t  eac h  sampl i ng , and for wat er flow . Dat a  w e r e  tran s f orm e d  t o  

a form fac i l i ta t i n g  s t orage and manipula t ion , and t o  ena b l e  input 
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t o  e i th e r l i b r a r y  pac kag es f or the  d ir e c t  p lo t t in g  o f  c ur v e c  and 

s t a t i s t i c a l  a�a ly s i s , o r  TO  c urv e - f i t t ing pr ogr amm e s . The  ob j ec t  

p r o g r a m m e  was wr i t t e� i n  Fortran a n d  i m p l e m e n t e d o n  a B urroughs 

B 6 7 00 c ompu t er a t  Mas s ey U n i v e r s i t y . The pr ogramm e s d ev e l o p e d  

w e r e s t or e d  o n  magne t i c  tape  and t te flow an d P a n d  N d a t a  w e r e  

s t or e d  a s  a tape  f i l e t o  a s s i s t ava i labi l i t y , ea s e  o f  han d l i ng , 

and f l e x i b i l i t y  o f  pr ogramm e us e . 

The f o l l o w ing pr ogramm e s , w i t h var i a t i o n s  f or pr in t -o � t r e 

str i c t i on s ,  w e r e  d e v e l o p e d t o :  

( a ) va l i da t e  t h e  data c ard  i n pu t , a ft er t h e  dat a for 

nut r i en t  and s c d i m �n t c oncentru t i on s , wa t � r  h e i ch t , 
and t im e  o f  c o l le c t i o n o f  each  r uno f f  samp l e  w e r e  

tran s fe rr e d  t o  car d s  f or inp�t t o  t h e  c omp u t er . 

( b )  c a l c u la t e  instan t an e o us and rr.ean n u t r i en t  and 

s e d i m en t  f luxe s  and flow rat e s  from flow  u n d  c o n 

c en t ra t i o n d a t a , a n d  t otal load ing a n d  t o t a l  flow  

by n um er i c a l i n t egr a t ion o f  t h e  l i n ear ly i n t er po lat 

e d  n u t r i en t  flux- t i m e and wa t er f l o w - t im e  c ur v e s , 

r e sp e c t i v e ly ,  o v er per i od � o f  i n t er e s t . 

( c )  p lot s pe c i f i c  data var iab le s , inc lud ing wat er f low 

and t h e  c onc entra t i ons  an d flux e s  of P and rr  f orm s 

a n d  s e d i men t  using  a T ektron i c s  s t orage d i splay 

t ermina l ,  w i t h  t he fac i l i t y  to produ c e  a pho t oc o py 

o f  t h e  s c r e e n  p l o t . I t  was a l s o  pos s ib le t o  pro

duc e grap � i c a l  output  on a Calc omp p lo t t er by  

e i t her t ermina l  o r  car d input . 

( d )  us e t h e  l ibrary pac kage s  for t he stat i s t i ca l  analys is  

o f  dat a on tape f i le . 

T h e  r e la t i v e  import an c e  o f  c o n c entr a t i o n  and f low i n  c on t r o l

l ing t h e  flux e s  o f  P an d N f orm s  i n  sur fa c e ,  ac c e lera t e d  s ub sur fac e ,  

an d s ub s ur fa� e r uno f f , an d in s tr e am flow was a s s e s s e d  by  mult i p le 

r egr e s s i on analysi s . N u t r i ent f l ux was t r eat e d  a s  t h e  dependent  

variab l e . Because  o f  the  gr e a t er eas e  o f  par t i t i on in g  var i a t i on s  

among l i near ly-r e lat e d  c ompon en t s , t h e  da ta w er e  tran s f ormed  t o  



logar i thms . 

The sa�p l ing i n t erval r equir e d  t o  r e l iab ly eva lua t e  t h e  

load ings o f  P and N forms i� surfac e ,  ac c e lerat e d  sub s ur fac e ,  
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and sub su r fa c e r un o f f ,  and in s t r eam f low wa s inve st iga t e d . F or 

the  th� e e  r un o f f  t yp e s , the t o t a l  loadings o f  P and  N f orms w e r e  

c a l c u la t e d  f r o m  a v ery in t en s i v e  sampling o f  a r un o f f  e v e n t  t o  

pr o v i d e  a b e s t  est i ma t e  s t an dar d . Est ima t e  d e v ia t i on s  a r e  d e -

f i n e d  a s  t h e  d i f fer en c e s b e t w e en e s t imat ed . �sing l e s s  i n t en s i v e  

sampling , an d  t h e  b e s t  e s t i ma t e ,  wit h t h e  d i f feren c e b e i�g expr e s s 

e d  a s  a p e r c entae e o f  t h e  b e s t  e s t ima t e  s tandard . 

F o r  e a c h  r uno f f  t yp e , pr oper sub s e t s  o f  the  v ery int en s i v e  

sampling w e r e  c o n s t r uc t e d  u s i n g  samples  separa t e d  by  d e fi n e d  t im e  

i nt erva ls . A numb er o f  s u c h  s ub set s ,  d i f f e r ing o�ly in t h e  

t i m e  o f  t h e  first  sampl e ,  w e r e  u s e d  t o  ob tain  r e p li ca t e  e s t ima t e s  

o f  t h e  t o t a l  nut r i en t  loadings for  e a c h  sampling  int erva l dur ing 

a r un o f f  ev ent . F or eac h  samp ling int erva l and run o f f  typ e , the 

m •  ; 1 n  r l e v i � t i o n �  n n d  t h e i r c o n f i d e n c e int erva ls war e ca l c u la t e d . 
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SOU R C ES AN D TRANSPORT OF PHOSPHORUS AN D 

N ITROGEN IN S U R F A C E  R U N OFF 

4 . 1  Intr o du c t ion 

I n format i on r e la t i ng t o  t h e  input s o f  P from f er t i li z er 

s our c e s  has  usua l ly b e en ob t a i n e d  from s ur fa c e -r un o f f  p lo t s , 

( � t o l t e nb erg und W h i t e , 19j 3 ; N e l u on und R o m k e n s , 1 969 ; 

W e i dn er � a l . ,  1 969 ) .  Thi s a pproach was or igina l ly d e v e lo p e d  

t o  evalua t e  s o i l  f e r t i l i t y  l o s s e s  r esult ing from s o i l  er o s i on . 

4 8  

I n  N ew Z e a land , G i lchr i s t  a n d  G i l l i ngham ( 1 97 0 )  hav e  d emon s t ra t e d  

that f er t i li z er P c a n  m o v e  i n  sur fac e r un o f f  thr ough impr o v e d  

pa s t ure . Many sur fa c e -runo f f  s t u d i e s , however , hav e  employe d 

sma l l  p lo t s  and high  rat e s  o f  ar t i f i c i a l  r a i n fa l l , w i th t h e  r e 

sult  t hat  i t  i s  f r e quent ly d i f f i c ul t  t o  r e la t e  t h e  data o b t a i n e d  

t o  natural c on d i t i on s . 

A lt hough the p o t ent i a l  impo r t an c e  o f  dung a s  a sour c e  o f  P 
t o  s ur fa c e -run o f f  waters  in gra z e d  c a t c hm en t s  in N ew Z e a la n d  ha s 

b e en sugg e s t e d  ( O ' C onn or , 1 968 ; El l io t , 1 97 1 ) ,  n o  exp er imen t a l  

duta ur e ava i lab l e  t o  d e t ermine  t h e  magn i t ude  o f  t h i s  e f f e c t . 

I n  a d d i t i on , there  i s  no informa t i on ava i lab l e  from whi c h  t o  d e t er 

m in e  the r e la t i v e  s i gn i f i c an c e  o f  s o i l , f er t i li z er , and anima l s  

a s  s o ur c e s  o f  P t o  s ur fa c e  r u�o f f  i n  N ew Z e a land , a s  empha s i s e d  

b y  Syer s ( 1 974 ) . 

A m ean ingful e va lua t i on o f  t h e  nut r i ent load ings o f  sur fa c e  

r un o f f  ent er ing s t r eams r e qu i r e s  d e t erminat i on o f  t h e  r equis i t e  

int erm i t t en t  sampling frequen c y  t o  sat i s fa c t ori ly e s t ima t e  P and 

N l o s s e s  i n  surfa c e  runo f f .  I n i t i a l ly , t h i s  r e q u i r e s  some  und e r -

standing o f  f low - c on c entra t i on r e la t ionships  for t h e  forms o f  P 

and N i n  sur fac e runo f f .  The  sampling int e r va l s  u s e d  hav e  d i ffer 

e d  appr e c iab ly in s ur fa c e -r un o f f  s t ud i e s  wher e nut r i en t input s 

hav e  b ee n  measur e d . Sampling int e r va l s  have ranged from 3mi n  

( T immons � a l . , 1 973 ) t o  irr egular int ervals  dur ing a year ( Cart er 

� a l . , 1 97 1 ) . 

I t  w o u l d  b e  expec t ed that  t he l o s s e s  o f  DIP i n  s ur fa c e  runo f f  



ar e r e la t e d  t o  t h e  ease  o f  r e l e a s e  o f  P from the  s o l i d  pha s e . 

I f  t h i s  i s  t h e  c a s e , t hen i t  may b e  p o s s i b l e  t o  pr e d i c t  t h e  l o s s  

o f  DIP in t h e  sur fa c e -r uno f f  e n v ir onme�t . As a r e sult  o f  the  

appr e c iab l e  c o st involved  i n  m on i t or ing and sa m p l i n g  sur fa c 8 r un o f f ,  

i t  i s  c l ear t ha t  labora t ory e x t ra c t ion pr o c e dur e s  whi c h  c ou ld b e  

us e d  t o  pr e d i c t  the  l o s s es o f  d i s s o l v e d  P i n  sur fa c e  r un o f f  would  

po t en t i a l ly b e  u s e ful . 

The a im s  o f  t h i s  part o f  t h e  s t u �y r e lat ing t o  sur fa c e  r un o f f  

w e r e  t o  ( i )  ob s e r v e  t h e  int err e la t i o� sh i p s  b e tw e en flow , c o n 

c e n t r � � i o n ,  and f l 11x o f  P an d N f orms , ( i i )  d e t er m i n e  t he e f fe c t  

o f  sa�p l i n g  fr equency o n  e s t i ma t e s  o f  t h e  loadings  o f  1 '  a n d  N 

form s , ( i i i ) evalua t e  t he r e la t i v e  s i gn i f i canc e o f  s o i l ,  f er t i -

l i z er P ,  and gra z ing a n i ma l s  a s  s ourc e s  o f  P and N for m s a s  de t er 

m i n e d  i n  f i e ld - p l o t  stud i e s  under nat ura l  rainfa l l  c on d it i ons , and 

( iv )  i n ve s t i ga t e  t h e  pot e n t i a l  o f  using s o i l extra c t i on dct ta t o  

pr e d i c t  the  loss  o f  d i s s o l v e d  i n o r �a n i c  P i n  cur fu c e  runo f f . 

4 . 2 Ma t er i a l  and Methods 

Sur f a c e - run o f f  s t u d i e s  w e r e  c on duc t e d  u s ing t h e  p lo t s d e sc r i b e d  

i n  S e c t i on  3 . 2 ,  d et a i l s  o f  wh i c h  a r e  summa r i s e d  i n  Tab l e  4 . 1 . N o  

f e r t i li z er wa s a d d e d  t o  t h e  p l o t s  i n  1 974 . I n  J u n e  1 9)5 , p u w t l c r -
e d  superpho spha t e a t  t h e  ra t e  o f  5 0kgP ha- 1 was a d d e d  b y  han d ,  a s  

e v e n ly a s  p o s s ib l e , t o  plo t s  2 ,  4 ,  6 ,  an d 8 .  P lo t s  1 t o  4 w e r e  

un fenc e d  un d animals h a d  a c c e s s  t o  t h e m  dur ing gra z i n g  e v en t s  i n  

the  sub c a t c hmen t . P l o t s  5 t o  8 were  f en c e d  t o  pr event  a c c e ss o f  

an ima ls . 

T h e  sampling int erval f o r  s ur fac e r un o f f  d i d  n o t  e x c e e d  1 5min  
a n d  was a s  sma l l  a s  1 min for rap i d  hydr ograph c hang e s . 

T o  inv e s t i ga t e the  r e la t i o n sh i p  b et w e en t h e  amoun t  o f  extra c t 

ab l e  s o i l  i norgan i c  P and t h e  DIP c onc entrat i on o f  sur fa c e  runo f f , 

s o i l  samp l e s  fr o m  plo t s  5 ,  6 ,  7 ,  an d 8 w e r e  c o l le c t e d  a t  mon t hly 

int erva l s , from d epths o f  0-5 a n d  5- 1 0cm . The f i e ld -m o i c t samples 
were pas s e d  t hr ough a 2-mm s i e v e  and 2-g sub samp l e s  w e r e  shaken 

v1i t h  4 0m l  o f  0 . 1 M  NaC l for 4 0h a t  2 3° C .  A f t er c en t r i fuga t i on 
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Tab le 4 . 1 Details  o f  t h e  sur fac e - r un o f f  p l o t s  

P l o t  numb er 

1 2 3 4 5 6 7 8 

Slope  1 3
° 

30 ' 6
0 

30 ' 6
0 

30 ' 6 ° 30 ' 

Ar ea ( m2 ) 55 55 4 1  4 1  

Aspec t SW SW SW N E  

Dra inag e U n dra i n e d  U n dra i n e d  U n d ra i n e d  Dra i n e d  

Lan d  u s e  G r a z e d  Gra z e d  Ungra z e d  Un gra z. e d  
pas t ur e  pas t ur e pa stur e  pa s t ur e  



5 1 

1 5 000rpm for 1 0m i n  at 2 3°C an d Mi l l i p o r e  f i ltrat i o n , t h e  extra c t s  

wer e ana lyc e d  f o r  DI P . R e su l t s  wer e c orr e c t ed for so i l  m o i sture  

c on t ent an d b u lk dens i t y .  

4 . 3  R e sults  and Discussion  

4 . 3 . 1 I n t er r e lat i onships b e t w e en f low , conc ent ra t i o n , 

and f lux o f  phosphorus and  n i tr ogen forms 

The c on c entrat ion of P an d N i n  sur fa c e  run o f f  and  t he ir 

r e la t i onships  w i t h  f low dur ing o n e  low- ( ev ent 1 ,  f i g . 11 . 1 ) , two  

m e d ium- ( ev e n t  2 ,  Fig . 4 . 2a ,  b ;  and event 3 ,  F i g . 4 . 3a ,  b )  an d  

one  hi gh- ( ev e n t  4 ,  F i g . 4 . 4 )  i n t en s i ty st orm e v e n t s  a r e  pr e s ent e d . 

T h e s e  even t s  c ov er t h e  range o f  flows  observed dur ing t wo y ear s o f  

f i e ld mon i t or in g . 

The c onc entrat ion o f  DIP showed  l i t t le var iat i o n  w i t h  f low 

dur i ng the s t orm of low- i n t en s i t y  ( F i g . 4 . 1 ) .  Dur ing t h e  s t orms 

of m edium - i n t ensity , howev er , DIP c on c entrat ion ( Fi g . 4 . 2a , 4 . 3a )  

d e c r ea s e d  s li gh t ly f o l lowing p eak f low , but  gra dually r et urn e d  t o  

t h e  pr e - p ea k  flow va lu e . Dur i n g  t h e  high - i nt e n s i ty s t or m , DIP 

c on c entra t i on var i e d  li t t le ( F i g . 4 . 4 ) .  S imi lar t r en ds w er e  ob -

served  for N03 in t h e  f our st orms c on s i d e r e d , wher e t h e  N 03 c onc en

t r a t i ons  d e cr ea s e d  s l i gh t ly a t  p eak f low9 due  t o  d i lu t i on by  inc reas

ed  wa t er f low . A gen era l d e c r ea s e  in  N 03 c onc entrat i on with  t im e  

w a s  appar e n t , w i t h  the f inal c o n c entra t i on b e ing s l i ght ly lower 

than in  t h e  ear ly stages  o f  t h e  sur fac e - r un o ff event . T h i s  

pr obab ly r e fl e c t s  a d i lu t i on o f  t h e  N 0 3 s ourc e ,  a s  sugg e s t e d  by  

Barn e t t  et  a l . ( 1 9 72 ) . 

Dur i n g  s ur fac e r un o f f  i n  t h e s e  four event s , var ia t i on s  i n  the  

c o n c entra t i on s  o f  both  DIP a n d  N 03 were  sma l l  r e la t iv e  to  the  dra

mat i c  c hang e s  in flow . C o n s e qu en t ly ,  the conc entra t i ons  of DI P , 

TDP , an d N 03 were  n o t  s i gn i fi c an t ly c or r e la t e d  t o  flow  ( Ta b l e  4 . 2 ,  

last  c o lumn ) i n  the m e d i um - i n t e n s i t y  event ( ev e n t  2 ) , t y p i c a l  o f  

t h o s e  obs erved , when t h e  1 7  sampl e s  c olle c t ed dur ing t h e  e v en t  were  

used for the  c orr e la t i o n  analys i s .  L i t t l e  var ia t ion  i n  c on c en-

trat i on w i t h  f low was  also  o b s er v e d  b y  N e lson a n d  R omkens ( 1 97 1 ) 
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Tab le 4 . 2 

P or N 

f orm 

DI P 

T DP 

T P  

N 0 3 

TN 

S quar e d  standard par t ia l  r egr e s s ion c o e f f i c i en t s  

for  t he standard r egr e s s i on o f  log1 0  f lux on l o g 1 0  
c on c entra t i on and l o g1 0  f low , and  c orr e lat i on 

c o e f fic i en t s  for c on c entra t i o n  w i th flow for P 

a n d  N forms in sur fa c e-run o f f  e v ent 2 

Squar ed s tandard par t i a l  

r egr e s s i on c o e f f i c i en t s  

f o r  

C on c entra t i on F low 

* *'  
0 . 1 1 0 . 8 3 

* * 
0 . 01 0 . 94 

* *  
0 . 1 1  0 . 5 3  

* *  
0 . 01 0 . 9 1  

* *  
0 . 01 0 . �2 

Cor r e la t i on c o e f f i -

c i en t f or c on c en -

tra t i on w i t h  flow  

.. ..  
0 . 1 1 

* *  
0 . 2 0  

* * * *  
0 . 76 

* * 
0 . 30 

"' *  * * 
0 . 8 6  

V a lues  s i gni fican t  n t  t h e  1 %  l ev e l . 
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f o r  DIP  and  b y  T immons e t  a l . ( 1 9 73 ) f o r  b o t h  D I P  and  N 0
3

• 

l n  c on trast t o  the  data o b t a i n e d  for D I � , T DP ,  und  N 0 7 , the  
J 

c on c entrat i ons o f  TP and TN i n c r e a s e d  as  flow  in c r ea s e d  i n  all  

even t s  ( F ig . 4 . 1 , 4 . 2b , 4 . 3b , and 4 . 4 ) , r e sult ing in the  fac t  

t ha t  b o th T P  and T N  c onc entrat i on s  w e r e  s i gn i f i c an t ly c orr e lat e d  

w i t h  flow  ( Tab l e  4 . 2 ) . I t  was a l s o  o bserved  t ha t  s e diment  c on 

c en trat i ons  in sur fac e  run o f f  var i e d  c on s i d erab ly w i t h  f l o w  ( Fig . 

4 . 3a and  4 . 4 )  and t hat peak s e d iment  c on c en t rat i on o c c ur r e d  n ear , 

and i n  m o s t  cas e s  c o inc i d e d  w i t h , peak wat er d i s c har ge . A s i m i 

lar r e l at i onship  b e tween s e d iment  c o n c entra t i on and  f lo w  has b e en 

r e por t e d  by  Dra g o un and Mi l le r  ( 1 96 6 ) . 

B e cause  the  c onc en tra t i on s  o f  DI P ( Fi g . 4 . 1 , 4 . 2a , 4 . 3a , and 

4 . 4 ) , T DP ( Fig . 4 . 2a ) , and N 0 7  ( F ig . 4 . 1 , 4 . 2a , and 4 . 3a ) w�r e 
J 

e s s en t i a l ly constan t  unt i l  a po int aft er p eak fl o w , an d b e c ause  

o f  t h e  n ature of  the  flow- c on c e n t rat i o n  r e lationship  for s e diment , 

var iat i on s  in TP and  TN c onc entra t i ons ar e due lar g e ly t o  var iat i ons  

in s e d i m e n t  c on c e ntra t i on a n d  t o  var iations  in par t i c u la t e  P an d N 

c onc en t ra t i ons . Thi s i s  sub stan t ia t e d  by  t he fac t  tha t  c or r e 

lat i o n  c o e f fi c i en t s  o f  0 . 96 and 0 . 68 ( b oth  s i gn i fi cant  at the  1 %  

lev e l )  w e r e  ob t a i n e d  for r e la t i on ships b e t w e en t h e  amoun t s  o f  par 

t i c ulat e P an d s e d im en t , a n d  T N  and s e dimen t , r e s pe c t iv e ly ,  trans -

por t e d  i n s ur fa c e -run o f f  e v e n t s  dur ing the  y ear . S i m i lar high 

c or r e la t i on s  b et w e en P an d N ,  an d s ed i m en t  i n  s ur fac e r un o f f  hav e  

b een  pr e s en t ed b y  Thomas � a l .  ( 1 968 ) ,  Munn � a l .  ( 1 973 ) , and 

Romkens  et al . ( 1 973 ) . 

The  c urves for  f lux o f  DIP and N03 ( Fi g . 4 . 5a ) w er e s imi lar 

t o  t h o s e  for flow  in all e v en t s . C on s equent ly , o n ly t he f lux 

data for ev ent 2 a r e  pr e s en t e d .  Th i s  s im i lar i t y  i s  c on f irme d b y  

t h e  s i gn i f i cant ly higher squar e d  standard par t ia l  r egr e s s i o n  c o 

e f f i c i e n t s  ( Tab l e  4 . 2 ,  event  2 )  for f l o w  t han for DI P and N O  c on -3 
c en t ra t ion . I n  t h is analys i s , the  squar ed  s t an dard par t ia l  r e -

gr e s s i on c o e f f i c i e n t s indi c a t e t h e  magn itude  o f  t h e  e f f ec t s  o f  

f low an d c on c en tr a t i on o n  P an d N f lux . I n  addi t i on , t h e  flux 

o f  TP a n d  TN ( F ig . 4 . 5b )  i n  sur fa c e  r un o f f  was m o r e  c lo s e ly r e 

lat e d  t o  f low t han t o  c o n c entrat i on ( Table  4 . 2 ) . Part o f  t h e  

var ia t i o n  i n  t h e  c onc entra t i on s  o f  eac h  P form b et w e en e v e n t s  i s  
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5 9 

pr obably due t o  t h e  varying e lap s e - t i m e  s in c e  t h e  appli c a t i on 

o f  P f er t i li z er . 

B e c au s e  o f  t h e  d i f fer ing c on c en t ra t i on - flow r e la t i onships  

for d i � s o l v c d  a n d  t o t a l  P u n d  N ,  and  the  rapid  c ha n g e  in P and N 

flux w i t h  f low dur ing an e v en t , i t  i s  appar ent t hat t h e  frequen c y  

o f  sampling r equir e d  t o  r e liab ly quan t i fy t h e  tran sport  o f  P and 

N forms in sur fac e r un o f f  w i l l  vary . C onseq�en t ly , i t  i s  impor -

tant t o  inv e s t igu t e  t h e  e f f e c t  o f  v arying the  sam p l i n �  i n t cr v u l  
on  loading  e s t imat e s , in  order  to  e s t ab li sh a meani n g fu l  sampling 

programme which enab l e s  t h e  r e l iab l e  est ima t i on of  loadings o f  

b o t h  t o t a l  and d i s s o lved  forms o f  P and N i n  sur fa c e r uno f f . 

4 . 3 . 2 Sampling frequen c y  

De t a i ls o f  t h e  proc e dur e u s e d  t o  e s tab l i sh t h e  frequen c y  o f  

sam pling o f  s ur fa c e r un o f f  have b e en  pr e sent e d  i n  S e c t i on  3 . 5 . 

The  d e v iat i on in  e s t ima t e s  o f  P an d N loadings g en erally 

in c r eased  w i t h  an i n c r ea s e  in t h e  sampling int erva l for t h e  typical  

.sur fa c e- run o ff event  ( 'rab l e  l f . 3 ) . The variab i li t y  in  t h e  rat e 

o f  c hange o f  c onc entrat i on w i t h  t im e  was great er for TP and TN 

( F i g . 4 . 2b ) t han for d i s s o �v e d  forms ( DIP , TDP , and N03 , F ig . 

4 . 2a ) . Cons equen t ly ,  the  deviat i ons  in  loading e s t ima t e s  ( Tab le  

4 . 3 )  w e r e  i nvar iab ly larger for T P  an d T N  than for DIP , TDP , a n d  

N 03 • I t  i s  appar ent  that t h e  deviat i o n  in  loadi n g  e s t imat e s  for 

N03 was gr eat er t han t ha t  for d i ss o lved  P forms at t h e  same sampl

ing i n t ervals , wher eas the  d e v ia t i on f or TP was l e s s  t han for TN . 

As  a r esult o f  t h e  s i gni f i cant  c or r e lat i on s  b et w e en f low and 

TP , and TN c o n c en trat i on s , sur fa c e r un o f f  should be sam p l e d  when -

e v er a s i gn i ficant  c hang e  i n  f low rat e o c c ur s . The i n t erval 

b et w e en base valu e s  and t h e  maxi mum turning point for T P  c on c en-

tra t i on i s  c ommo n ly o f  the order  o f  1 5m i n  ( Fi g . 4 . 2b ) . Cons e -

quent ly ,  a sampli n g  i n t erval o f  gr eater  t han 1 5m i n  i s  t o  b e  a v o i d e d  

f o r  t h i s r e g i on o f  t he hydr ograph . Devia t i ons  i n  loading e s t imat e s  

for samples  t aken a t  30-mi n  i n t ervals , even whe n  a sam p l e  a t  peak 

f low was i n c luded , were s t i ll gr eat er t han those o b t a i n e d  w i t h  a 



Tab l e  4 . 3  

Samp ling  

int erval 

(.m in) 

2 

1 0  

1 5  

30
a 

30b 

a 
Sampl e  

b 
Sampl e  

6 0  

Devia t i o n s  i n  loading e s t imat e s  o f  P an d N forms 

i n  sur fa c e-r un o f f  event  2 

Numb er of P or N Devia t i on in loa d in g  e s t imat e s  

Sampl e s  R e p l i c a t e s  f orm ( % ) 

M e a n  C o n f i d e n c e  i n t erval 

( 95% ) 

4 2  

2 0  4 DIP  - 1 . 09 ( -2 . 1 2 ,  0 . 06 )  

TDP - 0 . 33 ( - 1 . 5 1 , 0 . 85 )  

T P  - 0 . 93 ( - 1 3 . 2 ,  1 1 . 3 ) 

N 0
3 - 0 . 1 1  ( - 2 . 1 9 , 1 . 9 7 ) 

TN - 2 . 97  ( 1 5 . 03 , 9 . 09 ) 

1 2  4 DIP - 0 . 76 ( - 3 . 0 , 1 . 4 3 ) 

'l' DP 0. 1 8  ( - 1 . 79 , 2 . 1 5 ) 

TP  -4 . 7  ( - 1 5 . 3 ,  1 6 . 1 ) 

N 0
3 

- 3 . 85 ( - 7 . 5 1 , - 0 . 1 9 ) 

TN  - 3 . 96 ( - 1 4 . 1 0 , 6 . 1 8 ) 

6 4 DI P - 1 . 2 1 ( -5 . 1 , 2 . 7 
TDP - 1 . 1 5 ( -5 . 0 ,  2 . 7 ) 

T P  - 8 . 9 ( - 36 . 0 ,  1 8 . 1 

N 0
3 

- 4 . 39 ( - 1 0 . 25 , 1 . 4 7 )  

TN - 7 . 05 ( - 1 9 . 0 , 4 . 9  ) 

5 4 DI P - 28 . 5 ( - 6 0 ,  4 ) 

T DP - 33 . 8 ( - 75 , 1 0  ) 
TP -65 . 7 ( - 93 , -32  ) 

N0 3 - 4 2 . 1  ( - 96 ,  1 2  ) 

TN  -53 . 8  ( - 1 1 6 ,  1 0  ) 

a t  peak f low inc lude d .  

a t  peak flow  not  in c lu d e d .  



1 5 -m i n  sampling i n t erva l ( Tab l e  4 . 3 ) . A t  a flow-sampling  

int erva l o f  1 5m i n , d e v ia t i on s  i n  e s t imat e s  o f  t o t a l  wat er f low 

wer e l e s s  than 2% . Based  on  the data pr e s ent e d  in  Tab l e  4 . 3 

6 1  

and a s i m i lar tr eatment  o f  sur fa c e-runo ff events  1 and  4 ,  a max i 

mum sampl ing t im e  int erva l o f  1 5min  f o r  b o th the  c on c entra t i on s  

o f  P a n d  N forms , a n d  flow  was s e l e c t e d  f o r  sub sequent s t ud i es , 

wi t h  t h e  in c l us i on , wher e p o s s i b l e  o f  a sample at p eak flow . 

U s ing t h e  d e t er m i n e d  fr equency  o f  ca m pl i n c  ( 1 5m in ) , e s t ima t e  

d e v i a t ions  o f  P a n d  N load i ngs were  ob ta i n ed for e l ev en ev e n t s  

st u d i e d . Est imat e d e v i a t i ons ( Table  4 . 4 )  were always l e ss t ha n  

1 CfJ/o . The r e sult s ar e c on s i d er e d  part i c u la r ly a c c eptable  i n  v i ew 

o f  t h e  rapid  f luc t ua t i on s  in  t he f lux o f  P and N forms in s u r fa c e

run o f f  ev ent s . 

4 . 3 . 3  Phosphorus and  n i tr ogen tran sport i n  sur fac e  runo f f  

as  i n f luen c e d b y  s oi l ,  fert i li zer  pho sphorus , a n d  

an ima l s  

P l o t  var iab i li t y  s t ud i e s , c on duc t e d pr i or t o  t h e  appli c a t i on 

o f  P f er t i l i z e r  an d i n  the ab s en c e  o f  gra z in g  ca t t l e , indi c a t e d 

li t t l e  var ia t i o n  i n  the  v o lum e  o f  wat er d i s c harg e d  and  amou n t s  o f  

d i s s o lv e d  P an d N forms transport e d  i n  sur fa c e  runo f f  fr om p l o t s  

1 t o  4 ( a ll  un dr a i ne d ) ,  whi c h  d i f fe r e d  o n ly in s lope , for t h e  t en 

e v en t s  stud i e d  ( Tab l e  4 . 5 ) . A lso , for the  five  e v e n t s  s t u d i e d  

pr i o r  t o  fert i l i z er a d d i t i on , p l o t s  5 and 6 ( un dra i n ed ) r e p l i c a t e d  

w e l l , as  d i d  p lo t s  7 a n d  8 ( dra i n e d ) . A lthough o n ly a sma l l  pr o 

por t i on o f  the t ot a l  numb er o f  sur fac e-runo f f  e v en t s  were  samp l e d  

i n  t h e  y ear pr i o r  t o  f er t i l i z er appl i c at i on , t h e  fac t t hat e a c h  

o f  t h e  four pair s o f  p lo t s  showed a s imi lar b ehavi o ur i n  t erms  pos&\�l«. 
o f  the  c r it eria c on s i d er e d , mo..d e  l a s ub s equent eva luat i o n  o f  t h e  

transport  o f  P a n d  N f orms from t h e  p l o t s  r e c e iv in g  d i f f e r e n t  

t r eatmen t s . 

4 . 3 . 3 . 1  So i l .  The  tran s p o r t  o f  P an d N i n  sur fac e 

run o f f  fr om undra i n e d  and  dra i n e d  Tokoma r u  s i l t  loam r esult i n g  

lar g e ly from s o i l ,  ar e r epr e s en t e d  by  t he data f r o m  p l o t s  5 a n d  7 ,  



Tab l e  4 . 4 Devia t i on i n  loading  e s t i ma t e s  o f  P and N forms 

in t he e l even s ur fa c e -runo f f  event s s t ud i e d  
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S e lec t e d  sampling 

int erva l ( min ) 

P or N Dev i a t i on i n  loading  e s t ima t e s  ( % )  

a 

form Mean C on f i d e n c e  int erval ( 95% ) 

1 5a DIP - 1 . 90 ( -6 . 0 , 

TDP - 0 . 24 ( - 1 . 9 , 

TP - 3 . 1 0  ( - 7 . 1 , 

N0
3 - 0 . 1 5 ( -2 . 4 9 '  

TN - 0 . 5 3  ( - 1 . 6 6 , 

Samp l e  at peak flow  inc lud e d  an d f l ow data at 1 5 -min 

i n t ervals  u s e d . 

2 . 1 )  

1 . 5 ) 

0 . 99 ) 

2 . 1 9 )  
2 . 8 2 )  



Ta b l e  4 . 5  Wa t e r d i s c ha r g e d  a n d  f o r m s  o f  P an d N ,  a n d  s e d i � e n t  t r a � s p o r t e d  i n  s ur fa c e  r un o f f  f o r  

t en ( p l o t s  1 

Param e t er 

3 - 1  
D i s c harge ( m  ha ) 

- 1  
DI P ( kg ha ) 

T DP " 

Par t i c ulat e P 

T P  

( 
- 1  

k g  h a  ) 

" 

N0
3 

" 

TN " 

S e d i m e n t  " 

1 

3 7 0  

0 . 2 3  

0 . 35 

0 . 3 9  

0 . 7 4  

o . 2 0  

0 . 6 1 

2 9 0  

t o  4 )  a � d  f i v e  ( p l o t s  5 t o  8 )  e v e n t s pr i o r  t o  f e r t i l i z e r a p p l i c a t i on 

P l o t  n umb er 

2 3 4 5 6 7 8 

3 6 0 3 6 0  3 6 0  70 70 2 0  2 0  

0 . 2 3 0 . 2 1  0 . 2 3 0 . 0'1 6 0 . 01 6  0 . 004 o .  004 

0 . 36 0 . 33 0 . 34  0 . 01 8  0 . 01 9 0 . 005 0 . 005 

0 . 3 9 0 . 36 0 . 3 7 0 . 01 3 0 . 01 1  0 . 003 0 .  OOI+ 

0 . 75 0 . 6 9  0 . 7 1  0 . 031 0 . 030 0 . 008 0 . 009 

0 . 1 8 0 . 2 2 0 . 2 1 0 . 06 1 0 . 04 9 0 . 02 1 0 . 0'1 7 

0 . 6 3  0 . 56 0 . 58 0 . 1 0 0 . 09 0 . 030 0 . 028 

3 4 0  2 30 24 0 1 5  1 4  4 4 

(J\ 
VJ 
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respe c t iv e ly ( Table  4 . 6 ) . Ea c h  o f  t h e s e  p l o t s  was un f er t i l i z e d  

and ungra z E: d . Tte amcunt o f  d i s s o l v e d  P ( TDP ) tran spor t ed i n  

sur fa c e r un o f f  f r o m  the  undra i n e d  p l o t  wa s s l i gh t ly gr ea t er t han 
-1  -1  that of par t i c u lat e P t ranspor t e d ( C . 4 8  and 0 . 3 7kg ha y , 

r e s p e c t i v e ly ) . The l o s s e s  o f  P forms in sur fa c e  r un o f f  ar e 

gr ea t er t han t h o s e  r epor t e d  fr om s i m i lar management syst ems 

o v er s ea s , wher eas  the l o s s e s  of TN ar e lower . Bur w e l l  � a l .  
- 1 - 1 

( 1 975 ) measur e d  l o s s e s  o f  0 . 39 , 0 . 68 , and 4 . 1 0kg ha y for DIP , 

TP , a n d  TN , r e sp e c t i v e ly , from a loam s o i l  un der  hay i n  w e s t 

c en t r a l  M inn e s ot a , an d Harms � a l . ( 1 974 ) found l o s s e s  o f  0 . 25 , 
- 1 - 1  0 . 4 0 , a n d  1 . 1 2kg ha y for TP , N 03

, and  TN , r e sp e c t iv e ly , from 

a sa� dy c lay loam under pas t ur e  i n  S o u t h  Dako t a . Even lower 

loss e s  o f  P w e r e ob t a i n e d  b y  T immons et a l .  ( 1 9 73 ) frorr. a fa l l o w  

loam s o i l  in M i n n e s ot a , wh er e annua l l o s s e s  o f  0 . 01 , 0 . 04 , 0 . 07 ,  

8 - 1 - 1  
a n d  . 02kg ha y for D I P , T P , N0 2 , an d T N  were m easur e d . 

;; 

T h e  umoun t a  o f  wu t er d i s c ha r g e d  an d P and  N f orms , an d s e d i 

m e n t  transpo r t e d  i n  sur fa c e run o f f  from t h e  un fer t i l i z e d and  un 

gra z e d , dra i n ed plot  ( pl o t  7 )  were  b e twe en 3 an d 4 t i mes  lower 

( Tab l e  4 . 6 )  than t h o s e  from t h e  un f er t i l i z e d  an d ungra z e d , undra i n e d  

p l o t  ( p lot  5 ) . The  very  muc h lower v o l um e  o f  sur fac e run o f f  from 

t h e  dra i n e d , r e la t i v e  to  t h e  undra i n e d  plot  suppor t s  t h e  f in d in g s  

o f  R enn e s  et  a l . ( 1 977 ) o b t a i n e d  u s i n g  t h e  same p l o t s i n  t h e  pr e 

v i ou s  year an d in d i c a t e s  t h e  rathe r drama t i c  e f f e c t  o f  m o l e an d 

t i l e  dra inage  o� sur fac e runo f f . Burke et  a l . ( 1 974a ) ob s er v e d  

t ha t  m o l e  dra i nage v ir t ua lly e l imina t e d sur fa c e  r un o ff . I t  i s  

appar e n t , ther e f or e , that  t h e  r educ t ion i n  s urfa c e  r un o f f  v o lum e ,  

a s  a c on s eq u en c e  o f  a r t i f i c ial  dra i na g e , l eads  t o  a d e c r ea s e  i n  t h e  

amoun t s  o f  P a n d  N forms , a n d  s e d imen t t ranspor t e d . 

Although s i gni f i cant  l o s s e s  o f  P an d N i n  s ur fa c e r un o f f  o c c ur 

from lan d  t ha t  has not  r e c en t ly r e c e i v e d  f er t i li z er P or r e c en t ly 

b e en grazed , t he s e  los s es can n o t  b e  a t t r ibut e d  s o l e ly t o  s o i l ,  

b ec ause  o f  pr e v i ous input s o f  P a n d  N fr om fert i l iz er a n d  gra z in g  

an ima l s . I n  a d d i t i on , pr e c i p i ta t i on may c or.tr ibut e P an d N b o t h  

d i r ec t ly an d i n d ir e c t ly t o  surfac e r un o f f .  For c on v en i en c e , pr e c i -

p i t a t i o n  a s  a sour c e o f  � and N t o  s ur fa c e  r un o f f  i s  c ons i d e r e d  i n  

t h i s  s e c t i o n  b ecaus e i t  i s  r egar d e d  as  a na t ural o r  background 

S O'..U' C e . I n  this  r e gar d , pr e c i p i t a t i on i s  s omewhat analogous t o  



Tab l e  4 . 6 Annua l amoun t s  o f  wat er d i schar g e d  an d P and : :  forms , and  s e d iment  tran spor t e d  i n  sur fa c e  

r un o f f  from t h e  plo t s  r e c e i v ing t h e  t r ea t � en t s  i n d i c a t e d  i n  Table � . 1 

Param e t er 

1 

3 - 1  - 1  � i s c har ge  ( m  ha y ) 1 72 0  

- 1  - 1  DIP ( kg ha y ) 

TDP 1 1  

Far t i c u la t e  P 1 1  

TP 1 1  

NO-z 1 1  
;J 

TN 1 1  

S e d im e n t  1 1  

o . 7 1  

1 .  08 

0 . 74 

1 . 94 

0 . 5 6  

6 . 6 9 

9 8 0  

2 3 

1 72 0  1 5 00 

2 . 1 8  0 . 4 9 

2 . 6 8  0 . 94 

2 . 4 2  0 . 68 

5 . 1 9  1 . 6 2  

0 . 6 0  0 . 4 8 

6 . 7 2  5 . 8 1 

9 90 8 8 0  

P l o t  :-,umb er 

4 5 6 7 8 

1 5 00 1 330 1 330 4 4 0  4 4 0  

1 . 8 3 0 . 33 1 .  66 C . 1 0  0 . 4 2  

2 . 38 0 . 4 8 1 .  9 1  0 . 1 3  0 . 4 6 

2 . 03 0 . 37 1 . 76 0 . 1 1  0 . 2 9  

4 . 4 1  0 . 85 3 . 6 7 0 . 24 0 . 75 

0 . 45 0 . 4 6  0 . 4  3 0 . 1 8 0 . 2 1 

5 .  71  1 . 53 1 . 60 0 . 5 4  0 . 6 3  

8 3 0  670 6 1 0 1 8 0 1 7 0 

0'-\)1 
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s o i l ,  in c on t r a s t  t o  f er t i l i z er P or  gra z ing an i ma ls . 

The c on c entrat i o� o f  DIP , TP , an d N03 i n  prec i p i ta t i on wer e 

m easur e d  in  f i f t e en s t orms dur i n g  the  s e c on d  year o f  s t udy ( Tab l e  

4 . 7 ) .  T h e  mean c o n c entrat ions  o f  D I P , TP , an d 
- 1  0 . 037 , and 0 . 2 3mg l , r e spec t i v e ly , and showed 

from ob s e r va t i on t o  ob s ervat i on . T h e  l e v e ls o f  

w er e  t oo low  f o r  r e l iable da ta t o  b e  ob ta i n e d . 

N O -z  wer e 0 . 008 , 
.-1 

l i t t l e  var i a t i on 
TN i n  pr e c i p i tat i on 

A l l e n  e t  a l . ( 1 9 63 ) 
f o un d n o  s ea s o na l  var ia t i on i n  t h e  c onc entrat i on o f  T P  in pr e c i p i t a 

t i on c o l l e c t e d  a t  var i ous s i t e s  in n orthern  Englan d , a l t ho ugh t h e  
- 1  - 1 

amoun t s  o f  TP rang e d  from 0 . 009 t o  0 . 002kg ha y a t  d i f f er en t  

s i t e s . 

T h e  a m o unt s o f  T P  and N03 en t er i ng t he cat chm en t  in a un i t  

amount o f  pr e c i pi t a t i on w er e  0 . 004 an d 0 . 023kg ha - 1 c m- 1 , r e sp e c t iv e ly . 
- 1  - 1 Simi lar amoun t s  ( 0 . 003 an d 0 . 039kg ha c m  o f  TP and N0

3
, r e s p ec t -

i v e ly )  wer e r ep or t e d  by  Burke � a l . ( 1 9 74b ) for pr e c i p i t a t i on i n  

Ir e land . K la usner � a l . ( 1 9 74 ) o b t a in e d  values o f  0 . 002 an d 0 . 1 6kg 

ha- 1 cm - 1  of TP and N0 3 , r es p ec t iv e ly ,  i n  New York , wher e a s  i n  N ew 

: ; <.: <t LuH 1 , Mi l l er ( 1 C) G 1 ) r e por t c J u 'l' P i np u t  i n  lJr c c .i. p i L.J t i o n o f  0 . 000? 
- 1  - 1  kg ha c m  a t  Ta i ta . 

The  amoun t s  o f  DIP and TP a d d e d  annually t o  the  s o i l sur fa c e 

i n  pr e c i p i t at i o n  ( Ta b l e  4 . 7 ) wer e l e s s  t han t h o s e  transpo r t e d  i n  

sur fa c e  run o f f  fr om t he un fert i l i z e d , ungr a z e d  and undra i n ed p l o t  

( plot  5 ) . T h e  amount o f  N03 a d d e d  i n  pr ec i p i t a t i on , o n  t he o th e r  

han d , wa s gr ea t er t han that los t i�  s ur fa c e runo f f .  I t  i s  o f  

int er es t  t ha t  Bun1 e l l  � a l .  ( 1 9 75 ) foun d  mor e d i s s o lv e d  P an d l e s s  

N03 i n  sur fa c e run o f f  t han wa s c on tr ibut e d  annua l ly i n  pr e c i p i t a t i on . 

I t  would appear t ha t  s o i l  and  p lant ma t er i a l  a r e mor e i mpor tant  

sour c e s  t ha n  p r e c i p i ta t i on o f  t h e  P tran s p o r t e d  i n  s ur fac e r un o f f  

i n  the pr e s en t  st udy . The r ev e r s e  s i tua t i on appea r s  t o  b e  t h e  case  

for  N03 • Und er c er t ain  c ond i t i on s , l ea c hing  o f  l i t t er ma t er i a l  

b y  s ur fa c e -r un o f f  wat er c ou l d  c on t r i b ut e s ubstan t ia l  amoun t s  o f  

d i s s o lv e d  P and N t o  s ur fac e wat er s .  T immons � a l .  ( 1 9 7 0 )  r e -

par t ed t ha t  s o lub l e  P and  N i n  l e a c hat es from al fal fa and b luegrass 

wer e gr ea t ly i nc r ea s e d  b y  drying o r  fr e ez in g , two pr o c e s s e s  w h i c h  

o c c ur n a t ur a l ly i n  t he f i el d .  The  o c c ur en c e  o f  sub s tan t i a l  amoun t s  



Tab le  4 . 7 

P or N 

form  

:::'' I P  

T P  

r .: o 3 

Mean c on c entrat ions  and annua l amoun t s  o f  DI P , TP , an d N03 i n  p re c i p it a t i o n , and annual lo s s e s  

o f  DI P , T P , and N0 3 i n  s ur fac e r u� o f f from t he u� f er t i l i z e d , ungra z e d  and u� dra i n e d  p l o t  

( f lo t  5 )  

Mean 

c on c en trat i on 

( mg 1 - 1 ) 

0 . 008 

0 . 037 

0 . 2 3  

F :' e c ipi  t a  t io �  

C o:: f i d en c e 

i n t erva l 

( 95% ) 

( 0 .  1 0 ' 0 . 06 ) 

( 0 . 040 , 0 . 03 4 ) 

( 0 . 25 ,  0 . 2 1 ) 

- 1  - 1  
kg ha c m  

O . OC1 

0 . 004 

0 . 023 

P and N forms in  

-1  - 1  kg ha y 

0 . 1 0 

o .  39 

2 . 2 3 

Sur fa c e run o f f  

- 1  - 1  - 1  kg ha y 

0 . 3 3  

0 . 85 

0 . 4 6  

T o t a l  pre c i p i t a t ion = 970mm , 

()'\ ""'-.] 



o f  wa t er - ex t ra c t a b l e  inorgan i c  P in pas t ur e  l i t t er has r e c e n t ly 

b e en r epor t ed b y  G i l l ingham et  a l . ( 1 976 ) . 
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A t  c er ta in t im e s  o f  th e year , larg e  n umb e r s  o f  earthworm c a s t s 

wer e ob s erved  on the  s o i l  sur fa c e o f  t�e  r un o f f  p lo t s  an d o f  surr ound 

ing pa s t ur e  i n  t h e  sub ca t chm en t . B e ca u s e  such ca s t s  may b e  enr i c c

e d  in P ( Gra f f , 1 97 0 ; V immerst edt  and F inney , 1 973 ) , i t  i s  p o E s i b l e  

t h;.t t  t h ey c ould b e  impor t an t  .s o ur c e G o f  b o t h  p:;.r l i c u l.:.. t c  rnu t r:r l a l  
a n d  P i n  s ur fa c e r un o f f . Sur fac e  c a s t  pr oduc t i on i n  t h e  s ub c a t c h

ment exhib i t e d  d is t i n c t  s ea sonal var ia t i on s  ( Fi g . 4 . 6 ) . Max i mum 

cast  pr o d uc t i on wa s obs er v e d  in ear ly Jun e , gradua l ly d e c r ea s i n g  

t o  a min imum in m i d - Augus t , with  a s e c on dary r i s e  in produc t i on i n  

Sept emb er . The  fa c t or s , c on t r i b u t ing t o  t he s eas ona l var i a t i o n  

i n  c a s t  pr o duc t i on a r e  d i s c us s e d  in d e t a i l  in Sec t i on 8 . 3 . 1 . The  

m ean c o n c entra t i on o f  s e d im en t  ( ob ta i n e d  from t ot a l  load d i v i d e d  

b y  t o t a l  flow ) i n  each s ur fac e -run o f f  e v e n t  dur in g  the c a s t i n g  p er i o d , 

sho w e d  simi lar s ea s ona l var iat ions  t o  c a s t  pro duc t i on ( Fi g . 4 . 6 ) , 

w i t h  max imum c o n c en tra t i ons in ear ly J un e  and la t e  August a n d  min i -

mum values i n  J uly . Fur t h er e v i d en c e  for t l e c on t r i b ut i on o f  c a s t  

m: t t <: r i : l l to  th <.: ;.; c d i rn cn t l o� � d i u g , •m d. b y  :i n f t : l · e n c c t o  t h e pn r t i c u 

lat e  P load in g o f  s ur fa c e r uno f f , i s  in d i c a t e d  by the  s i m i lar par 

t i c l e - s i z e  d i s t r ib u t i on o f  sur fa c e  c a s t s  and t he par t i c u la t e mat er ia l 

transpor t ed i n  sur fac e runo f f , d i s c u s s e d  in S e c t ion  8 . 3 . 5 . 

The r e l ea s e  o f P from the sur fac e  ( 0-5c m )  of T okomaru  s i l t  

loam an d from eart hworm c a s t s  ha s b e en s t ud i e d  i n  labor a t o r y  ex

per imen t s  and t he s e  r es u l t s  are  also d i s c us s e d  i n  S e c t i on 8 . 3 . 3 . 

I t  was obser v e d  that  t he sur fa c e s o i l  was  ab l e  t o  s upport a s o lu 

t i on inorgan i c  P c onc entr a t i on o f  approx ima t e ly 1 �� o f  t ha t  u s ua l ly 

pr e s en t  in  sur fa c e r uno f f . In c on t r a s t , eart hworm c a s t s  sus t a in e d  

s o lut ion inorgan i c  P c on c entra t i ons s im i lar t o  that  f ound i n  s ur fa c e 

r un o f f . 

4 . 3 . 3 . 2 F er t i l i z er pho sphorus . F o l lo wing t h e  a d d ition o f  
superpho sphat e t o  p l o t s  2 ,  4 ,  6 ,  a n d  8 i n  t h e  s e c on d  y ear o f  th e 
s t udy , sur fac e -run o f f  samples  wer e c o l l e c t e d  dur ing each o f  t h e  

runo f f  even t s  i n  t h e  per i od ( appr oxima t e ly f our months ) when 
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sur fac e runoff  oc c urr e d . l o s s e s  o f  DIP from the  f e r t i li z e d  

plo t s  ( 2 ,  4 ,  6 ,  a n d  8 )  were  appr oxima t e ly four t im e s  gr eat er 

( Ta b l e  4 . 6 )  t han from the c or r e s ponding un f er t i l i z e d  p lo t s  

( 1 , 3 ,  5 ,  and 7 )  • The rat i o  o f  th e amount o f  DIP l o s t  from 

t h e  f e r t i l i z e d  r e la t i v e  to the un fert i l i z ed p lo t s  was usua l ly 

gr eat er t han that  for TDP a n d  TP . N o  s i gn i fica n t  i n c r e a s e  i n  

the  l o s s  o f  TN an d N03 
was o b s er v e d  from p l o t s  ( 2 ,  � �  6 ,  u n d  8 )  

f o l l o wi n g  t h e  a pp l i ca t i on o f  P fert i l i z er , c ompared  t o  t h e  un 

fert i li z e d  plo t s  ( 1 , 3 ,  5 ,  an d  7 ;  Tab l e  4 . 6 ) . The r e  was , 

how e v e r , a gr e a t e r  l o ss o f  N 03 and TN from the  st e e p er p lo t s  

( 1  a n d  2 )  c ompar e d  t o  t h e  l e s s - s t e ep p l o t s  ( 3  and 4 ) . 

7 0  

T h e  very g o o d  r e pl i ca t i on w i t h in e a c h  pair  o f  p lo t s  b e f o r e  

fer t i l i z er appl i c a t i o n  ( Tab l e  4 . 5 ) , a l l o w e d  est imat i o n  o f  t h e  

l o s s e s  o f  fert i l i z er P i n  sur fa c e  r un o f f  b y  c ompar i n g  t h e  P 

dat a  o b t a i n e d  from t h e  fert i li z e d  and  un fert i li z e d  p lo t s  ( Ta b l e  

4 . 8 ) . S li gh t ly m o r e  fert i l i z er P was l o s t  a s  D I P  ( 1 . 4 7kg ha - 1 ) 

from t he ste eper , undra i n e d  p l o t  t han from the two l e s s  s t e ep , 
- 1  un dra ined  plo t s  ( 1 . 34 and 1 . 33k g h a  from plo t s  4 and 6 ,  r e s p e c t -

i v e  ly ) . Simi lar r e sul t s  w er e  o b t a i n e d  for TDP and TP ( T� b l e  4 . 8 ) . 

The m ean c onc e n t r a t i on o f  DIP , T DP , an d  TP in sur fa c e  r un o f f  over  

t h e  f o ur -mon t h  p er i o d , c a l c u la t ed from t o t a l  load ings  an d t ot a l  

flow , were  a l s o  s l i gh t ly h i gher  from t h e  s t e eper , un dr a i n e d  p l o t  

( p lot  2 )  than from t h e  l e s s  s t e e p ,  undra i n ed p l o t  ( p lot  4 ,  Table  

4 . 8 ) . For examp l e , t h e  m ean DIP  c on c en trat ion  i n  sur fa c e  run o f f  

4 - 1  - 1  
from p l o t  2 was 1 . 3 m g  l , c ompar e d  t o  1 . 27mg l from p l o t  4 . 

Calc u la t i on s  in d i c a t e that 1 0  and  22% m o r e  d i s s o lv e d  P and par t i 

c ula t e  P ,  r espec t iv e ly ,  w e r e  lost  from t h e  s t e ep er p l o t  ( pl o t  2 )  

t han from t h e  l e s s - s t e e p  p l o t s ( pl o t s  4 and 6 ) . An i n c r ea s e  i n  

s lo p e  would b e  e xp e c t ed t o  in c r ea s e  t h e  v e lo c i t y  o f  sur fa c e  r un -

o f f  and  hen c e i t s  erosi ona l power . Thus , i t  app ear s t hat  i n -

c r ea s e d  s lo p e  w i l l r e s u l t  in an inc r �used  loss  o f  f e r t i l i � e r  1 1  
as par t i c ula t e  P a n d  to a l e s s er extent  a s  d is s o lv e d  P i n  sur fac e  

r un o ff . T h i s  i s  i n  agr e emen t  wi t h  t h e  w ork o f  Dul e y  and  Hay s  

( 1 93 2 ) and Munn � a l .  ( 1 9 73 ) who o b s e r v e d  a n  i nc r ea s e  i n  t h e  
amount of  par t i c u la t e  P l o s t  a s  so i l  sur fac e s lope i n c r ea s e d . 

The lower amount s  and mean c o n c en t ra t i ons  o f  P forms , der ived  

from fer t i li z er P ,  whi ch wer e tran spor t ed in sur fa c e  r un o f f  fr om 



Tab l e  4 . 8 

P l o t  

n umber  

2 

4 

6 

8 

7 1  

Amoun t s  o f  P forms t ranspor t e d  in  sur fac e  run o f f  from 

f ert i l i z e d  p l o t s , c or r e c t e d  for l o s s e s  fr om c or r e s p o n d 
iLg un fer t i l i z e d  plot s ,  and mean  c on c entrat i on s  of  P 

forms  tran spor t e d  in  s ur fac e run o f f  from f e r t i l i z e d  

p l o t s  dur i n g  four months  following f er t i li z er app l i 

c a t i on 

Amount o f  fert i l i z er P er c entage of a d d e d  M ean P c on c en-

p transpor t e d  f er t i li z er p tra n s - tra t i on i n  sur -

po r t e d  a s  fac e  run o f f  

DIP TDP T P  DIP TDP 'l'P DIP 'l' DP 'l'P 

kg ha - 1  % - 1  
-- mg l 

1 . 4 7  1 . 60  3 . 25 2 . 9 3 . 2 6 . 7 1 .  34 1 . 52 3 . 2 9  

1 . 34 1 . 44 2 . 79 2 . 7 2 . 9 5 . 6 1 . 2 7  1 . 36  3 . 08 

1 . 33 1 . 43 2 . 8 2  2 . 7 2 . 9 5 - 7 1 . 30 1 . 4 0  2 . 8 9  

0 . 32 0 . 33 0 . 5 1 0 . 6 0 . 7 1 . 0 1 . 00 1 .  0) 1 . ?6 
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the dra i n e d , than fr om the undra i n e d  plot indicat e t hat a h igher 

pr opo r t i on o f  f er t i li z er P en t er e d  t h e  s o i l  i n  the  f ormer s i t uat ion . 

Th i s  i s  pr esumab ly a c on s equen c e  o f  the  lower v o lume o f  sur fa c e  

runo f f  l o st fr om the  dra in e d  p l o t s  ( Table 4 . 6 )  and h en c e  t he 

gr eat er v o lum e o f  wat er in f i ltrat ing t h e  dra i n e d  s o i l .  A r e -

duc t i on o f  90% i n  t h e  P l o s t  from dra in e d  c ompa r e d  t o  undrain e d , 
0 fert i li z e d  c lay so i ls on  1 0  s lopes under pas t u r e  i n  I r e lund wa s 

foun d by  Bur k e  e t  a l .  ( 1 974b) . 

The propor t i on o f  a d d e d  f er t i li z er P l o s t  as  TP  in sur fa c e  

run o f f  from t h e  undrain e d  p l o t s  ran g e d  fr om 5 . 6  t o  6 . 7% , o f  whic h  

b e t w e en 4 8  and 52% wa s i n  s o lut i on ( TDP ) and b e t w e en 4 3  an d 4 8% 

was i n  the  d i s s o lv e d  inor gan i c  ( DI P ) form . For t h e  dra i n ed plot , 

only 1 . 0% o f  f er t i l i zer  P wa s lost , o f  whi ch 70% was in th e d i s -

s o l v e d  f orm a n d  6 0% was in  t h e  DIP form . I n  a d d i t i on , b o t h  o f  

the  undr a in e d , l e s s - s t e ep p l o t s  ( p l o t s  4 an d  6 )  b ehav e d  r emarkably 

s im i lar ly i n  t erms o f  t h e  p r o por t i on o f  f ert i l i z er P l o s t  ( 2 . 7  

an d 2 . 7% , r e s pec t iv e ly ,  a s  D IP ;  an d 5 . 6  an d  5 . 7% , r e s p e c t i v e ly , 

a s  TP ) . 

Thus , a single  add i t i on o f  f er t i li z er P t o  Tokomaru s i lt 

loam under pa s t ur e  wh i c h  had  n o t  b e en fer t i l i z e d  r e c en t ly , at an 

app l i c a t i on rat e  ( 50kgP ha - 1 ) s im i lar to t ha t  n orma l ly u s ed on 

th i s  s o i l1 i n c r e a s e d  sub s t an t ially  th e amoun t s  of P forms tran s 

por t e d i n  sur fac e run o f f .  T h e  l o s s e s  o f  f er t i l i z er P fr om t h e  

un dra i n e d  p l o t s , wher e appr o x ima t e ly 4 00mm o f  s ur fa c e  runo f f  

o c c ur r e d ,  wer e h i gher t han t h o se obtained  by  worker s o v e r s eas . 

A l o s s  o f  fert i l i zer P ( 56kgP ha - 1  a d d e d ) o f  1 . 2% as  " s o lub l e  P"  

in 250mm of  sur fac e  run o f f  from fa l low and t i l l e d  plots  dur ing 

a t hr e e -mon t h  p e r i o d  was o b s er v e d  b y  N e lson and R omk ens  ( 1 9 7 1 ) . 

Sma l l er loss es  o f  ferti l i z er P ( 39kgP ha- 1  adde d )  as " s o lub l e  P"  

( 0 . 6% ) and a s  TP ( 0 . 7% � wer e report ed from pa s t u r e  i n  a s i x -month 

p e r i o d  by S c human � al .  ( 1 9 7 3 b ) .  B en o i t  ( 1 974 ) a lso ob tained  un 
av erag e annua l TP loss o f  0 . 9kg ha- 1  

a f t er a f er t i l i z er app l i c a t i on 
- 1  0 o f  56kgP ha t o  a s i lt l oam on  a 6 s lope under pas t ur e .  C on s e -

quen t ly ,  i t  appears t ha t  t h e  data obtained  i n  t h e  pr e s en t  s t udy 

for the l o s s e s  of f er t i l i z er P tran spor t e d  in s ur fa c e  r uno f f  fr om 

u n dr a i n e d  T okomaru s i lt loam under  pastur e  ar e gr eat er t han t ho s e  

r ep or t e d  i n  over s eas  s t ud i e s  i n vo l ving s i m i lar lan d manag emen t . 
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4 . 3 . 3 - 3  Animals . S i x  weeks  a f t er P f er t i l i z er was 

appli ed , 1 00 dairy c a t t l e  gra z e d  a 4ha area , wh i c h  conta i n e d  

p l o t s  3 an d 4 ,  for a per i o d  o f  2 4 h  as  par t  o f  t h e  n orma l  graz in g  

p l a n  f o r  t he farm . T h e  e f f e c t  o f  an ima l s  on t h e  losses  o f  P 

an d N forms , an d s e d i me n t  fr om p l o t s  3 an d 4 w e r e  i s o lat ed  from 

the e f f e c t  o f  fert i l i z er by u s ing plo t s  5 and 6 ( b o t h  undra i n e d  

an d ungra z ed ) a s  c on t r o ls . T h i s  was c on s i d er e d  a c c eptab l e  b e c au s e  

s im i lar amoun t s  o f  f er t i l i z er P wer e  transp ort ed  in sur fa c e  r un o f f  

from plo t s  4 and 6 ( Tab l e  4 . 8 ) . The data in Tab l e  4 . 9 sugg e s t  

that  t h e  on e gra z i n g  e v e n t  o f  24 h dura t i o n  r P. su l t e d i n  s i gn i f i can t 

l o s ses  o f  P an d N f orms , and s e d i m ent . Fur thermor e ,  s i m i lar 

amoun t s  of P ,  N , an d s e d im ent w er e  lost from the two gra z e d  p l o t s  

wh e n  t he appr opr ia t e c or r ec t i on was ma d e  f o r  t h e  loss  o f  f e r t i l i z er 

P from p l o t  4 .  Gra z ing  an ima ls ha d a ma j or e f f e c t on t h e  trans-

p o r t  o f  DOP , wher e the  loss of  th i s  P form i n  t he four we eks f o l low
- 1  i n g  grazing  ( 0 . 30kg h a  fr om plo t 3 ,  Tab le 4 . 9 )  was tw i c e  that 

l o s t  in f o ur months f r o� the c or r e spon d i n g  ungr a z e d  p lo t s  ( 0 . 1 5kg 
- 1  ha from plot  5 ,  Tab l e  4 . 6 ) , and on t h e  t ransport  o f  par t i c u la t e  

- 1  P ,  wher e a loss  o f  0 . 3 1 kg  ha was ob t a i n e d  ( pl o t  3 ,  Tab l e  4 . 9 )  
- 1  c ompar e d  t o  0 . 37kg ha in  f our months from t he ungrazed  p l o t  

( pl o t  5 ,  Tab le 4 . 6 ) .  The  r e la t i v e ly lar g e  loss  o f  par t i cu la t e 

P ,  a t t r i b utab le  s o l e ly to gra zing  anima ls ,  i s  c on s i s t en t  w i t h  t h e  

lar ge  l o s s  o f  s e d i m e n t  an d t he c lo s e  c orr e la t i on b et w een par t i c u 

lat e p an d s e d imen t  d i s c us s e d  ear li er . 

B e c ause  dung has a higher  P c on t en t  t han ur i n e  ( During , 1 9 72 ) 

t h e  former probab ly c on t r ibut e s  muc h o f  t h e  P a t t r i butab le t o  

animals i n  sur fac e r un o f f . I t  i s  also  pr obab l e  t hat i n c r e a s e d  

quant i t i e s  o f  par t i c u lat e forms o f  P an d N ,  an d t o  a l e s s er ext ent 

d i s s o lv e d  forms , ar e tran spor t e d in  s ur fac e runo f f  from the gra z e d  

p lo t s , b e cause o f  th e e f fec t o f  sur fac e pug g ing o n  i n f i l t r a t ion , 

r es ult i n g  in an i n c r ea s e  in the  susc ept i b i l i t y  o f  s o i l  mat e r i a l  

a t  th e s u r f a c e  to r em o va l  i n  surfac e r un o f f . 

The most  sign i f i c a n t  l o s s  a t t r i butab l e  only t o  gra z i n g  an ima ls  

wa s o b t a i n e d  for  TN , whe r e  4 . 1 8  an d
,
4 . 1 1 kg ha - 1 w er e l o s t  fr om p l o t s  

3 an d 4 i n  t h e  four w e eks  f o llowing gra z i n g  ( Tab l e  4 . 9 ) . T h i s  
r epr e s en t s  a t hr e e - fo ld i n c r e a s e  in  the amoun t  o f  T N  l o s t  i n  f o ur 
months from the ungra z e d  p l o t  ( 1 . 53kg ha- 1 from p l o t  5 ,  Tab le  4 . 6 ) . 



Tab le  4 . 9 

Param e t er 
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Wat er d i sc harge d ,  and forms o f  P and N ,  a n d  s ed i m en t  

transp c r t e d  in sur fac e  run o f f  fr om graz e d , undr a i n e d  

plo t� , c orr e c t e d  for  los s e s  o f  P an d N forms an d 

sediment  froffi c or r e sponding ungra z e d , undrai n e d  p l o t s  

( p l o t s 5 an d 6 )  o f  t h e  sam e s lope  dur i n g  f our w e eks 

following grazing  

Plot  numb er 

a 
3 4 

D i s c ha r g e  ( m3 ha- 1
) 1 6 C 1 70 

DIP ( kg ha - 1 ) 0 . 1 6 0 . 1 7  

'I DP " 0 . 4 6  0 . 4 7  

Par t i c u la t e P 
- 1  ( kg ha ) 0 . 3 1  0 . 2 7  

T P  1 1  0 . 7 7 0 . 74 

N 0 7  1 1  
;J 0 . 02 0 . 02 

TN 1 1  4 . 1 8 4 . 1 1  

S ediment  1 1  2 1 0 2 2 0  

a 
¥ er t i li z er a d d e d . 



In  c on t r a s t  t o  TN , NO � l o s s e s  i n  s ur fac e run o f f  d u e  t o  gra z i n g  � - 1  an imals wer e v ery s ma ll ( 0 . 02kg ha ) .  Thi s may b e  a t tr i bu t e d  
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t o  the low N 03 c o n t e n t  of dung and ur in e and t o  t he low s o i l  

t empera t ur e s  dur in g  t he w in t er months  whi c h  w ould b e  exp e c t e d  t o  

inhib i t  n i t r i f i cat i on ( H e dgwo o d , 1 96 6 ) . I n  add i t i on , t h e  high  

susc ept ib i li t y  o f  N O �  t o  leaching  ( Gr e en land , 1 958 ; Harm s en an d - � 
K o l enbran der , 1 965 ) by  in f i ltrat i o n  at t h e  b eginning  o f  each  run-

off ev ent  t o  a depth b e low w� i c h  s ur fac e s o i l  is e r o d e d  ( T immons 

� al . , 1 973 ) would r e sult in low N 0
3 

leve ls in sur fac e  run o f f . 

I t  i s  o f  i n t e r e s t  t o  c ompa r e t h e  l o s s  o f  N03 an d TN i n  sur fac e  

run o f f  i n  t h e  f our w e eks f o l lowing gra z ing w i t h  pub l i s h e d  dat a  for 

losses  of N 03 an d TN following 

Sc human � al .  ( 1 9 73a ) r ep or t e d  
- 1  y ears , o f  0 . 76 an d 2 . 36kg ha 

th e appl i cat ion  o f  fer t i li z er N . 

an annua l  loss , averag e d  o v er thr ee  
- 1  

y f or N 03 and TN , r es p e c t i v e ly , 

in sur fac e r un o f f  from a s i lt loam under pa s t ur e  f o l lowing  an 
- 1  annual f er t i li z er N app l i ca t i on o f  1 68kgN h a  as  ammon i um n i tra t e . 

Th i s  annual loss o f  TN r e sul t i n g  from N f er t i li z er a d d i t i on was 

lower t han t ha t  o t t a i n e d  f o l lowing  graz ing  i n  the  pr e s e n t  study 
- 1  

( 4 . 1 8kg ha , Tab l e  4 . 9 ) , a l t hough the  r ev er s e  was t h e  c a s e  for 
- 1  N 0 2 • A n  annual l o s s  o f  N0 2 over  t hr e e  year s o f  0 . 30kg h a  wa s 

� � 
o b s er v e d  by  Jackson  e t  u l . ( 1 9 7 3 )  a ft er an an nua l appl i c a t i on o f  

1 68kgN ha - 1 a s  l i q u i d�mmon ium n i tra t e -ur ea t o  a sandy l oam . T h i s  

value i s  gr eat er t h a n  t h e  l o s s  o f  N 0
3 

obta i n e d  fo l lo w i ng graz i n g  
- 1  in t h e  pr e s en t  s t udy ( 0 . 02kg h a  , Tab l e  4 . 9 ) . Moe  � a l . ( 1 96 7 ) 

o b t a i n e d  l o s s e s  o f  TN ranging fr om 5 . 8 t o  33 . 8kg ha - 1 foJ l owing  

the  broa d c a s t  appli c a t ion  of  ammon i um n i tra t e  at a ra t e  of  224kg 

ha - 1  t o  a s i l t  loam of varying sur fac e c ov er an d ant e c e d e n t  

mo i st ur e  status . C ons equen t ly , i t  appear s t ha t  und er c er ta i n  

c ondi t i on s  t h e  l o s s  o f  T N  i n  s ur fac e run o f f  f o l lowing gra z ing 

w i t h  c a t t le may b e  great er t han that r esult i n g  from f er t i l i z er N 

a dd i t i on . 

I t  would  b e  an t ic ipat e d  t h a t  b e c ause  cat t le gra z e d  t h e  

f e r t i l i z e d  plot  ( p l o t  4 ) , sub s equent l o s s e s  o f  P may b e  d u e  par t ly 

t o  an i n c r ea s e  i n  t h e  susc ept i b i l i t y  o f  f er t i l i z er par t i c le s  t o  

transport  i n  sur fa c e  run o f f  b ec a u s e  o f  t h e  d i s t urban c e  o f  t he s o i l  

surfac e . The fac t  tha t  tbe i n c r eased  l o s s e s  o f  P a n d  N f orms i n  

surfac e r un o f f  i n  t he four w e eks f o llowing gra z i n g  w er e s i m i lar 



for f er t i li z e d  ( pl o t  4 )  a n d  un fer t i l i z e d  plo t s  ( pl o t  5 ;  Tab le  

4 . 9 ) , i n d i c a t e s  t h a t  gra z in g  an ima l s  did  n o t  increase  t h e  loss  

of  f er t i li z er P i n  sur fa c e  r uno f f . C onsequ en t ly ,  the  i n c r ea s e  
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i n  amoun t s  o f  P an d N f o r m s  t ransport ed i n  sur fac e  r un o f f  f o l low

ing  g r a z ing ( Table  4 . 9 ) , i n d i cat e d  b y  the  p l o t  stud i e s  ( Ta b l e  4 . 9 ) , 

i s  a t t r i bu t e d  t o  graz ing , r a t her than t o  an enhan c em en t  o f  fert i 

l i z er P lo s s . 

4 . 3 . 3 . 4 I< e la t i v e  s i �i fi can c e  o f  s o i l ,  f e r t i l i z er n.h or:
phorus and  an t �a l s . B e cause  t h er e  was n o  e f f e c t  of  fert i l i z er P appli 

c a t i o n  on N loss e s  in sur fac e run o f f  ( .S e c t i on 4 . 3 . 3 . 2 )  u n J  b t; c ;; u ::; e  
t h e  r e la t i v e  s iEn i fi c anc e o f  s o i l  a n d  gra z i n g  anima l s  o n  t h e  trans

po r t  of  N i n  sur fu c e  run o f f  has  a l r eady b e en d i sc u s s e d  ( S ec t i on 

4 . 3 . 3 . 3 ) , t h i s  sub sec t i on i s  c o n c ern e d  w i t h  P .  Th e app l i c a t i on 

o f  f er t i l i z er P and a gra z in g  event  w i t h  da iry cat t l e  b o t h r e sult 

e d  in an i n c r eas e d  l o s s  o f  b o th par t i c � la t e  an d d i s s o lv e d  P and N 

in  sur fa c e  run o f f . C ompar i s on o f  t h e  p er s i s t en c e  o f  t h e  e f fe c t s  

o f  s o i l ,  fert i l i z er P and gra z in g  c a t t le on t h e  amoun t s  o f  P forms 

in s ur fac e runo ff  can be a ch i ev e d  b y  using m ean c o n c en t rat i on data 

( o b t a i n e d from t o t a l  loa d i n g  d iv i d e d  by t o t a l  f low ) for each e v e n t . 

Mean c on c en t rat ions o f  DIP  and  par t i c u la t e  P i n  sur fac e run o ff 

from the  un dra i n e d , fert i li z e d  ( pl o t  6 )  and gra z ed ( p lot  3 )  p lo t s  

s h o w e d  d i f f er ent t r en d s  w i th t i m e . 

The  gra z i n g  event r e sul t e d in  increas e d  m ean c onc e n t ra t i on s  

o f  D J P  a n d  pa r t i c ul a t e  P i n  run o f f  for a sh o r t er p er i o d  than d i d  

a f er t i li z er applicat i o n  ( Fi g . 4 . 7 and 4 . 8 ) . A l t hough t he mean 

DIP c on c entrat i on o f  s ur fa c e  run o f f i n c r eas e d  from a pproxima t e ly 

0. 2 t o  1 . 8mg 1- 1  imm e d i a t e ly f o l l owing the gra z i ng o f  p l o t  3 ,  t h e  
- 1  m ean D I P  c on c entra t ion  r e t ur n e d  t o  appr oxima t e ly 0 . 2mg l a f t er 

25 days ( Fi g . 4 . 8 ) . T h e  mean par t i c ula t e  P c on c en trat i o n  in  sur -

fa c e  r un o f f  from the  f er t i l i z e d  p l o t  increas e d  t o  a max imum value 

of 2 . 8mg 1- 1  imme d ia t e ly f o l lowing f er t i li z e r  app l i c a t i on an d d e 

c r ea s e d  muc h  more  gradua l ly t han t hat  o f  D I P  from t h e  same p l o t  

( F i g . 4 . 7 ) . A l t hough t h e  m ean D I P  c on c en tr a t ion i n  r un o f f  from 

t he f e r t i l i z e d  plot  a f t er 40 days f ollowing f er t i l i z er appl i c a t ion  

wa s approxima t e ly t wi c e  that  fr om t h e  contr o l  plot , t he m ean par 

t i c ula t e  P c on c entra t i on i n  s ur fac e run o f f  from t h e  sam e plot  wa s 
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Fig . 4 . 7  Mean DIP c onc entra t ions in sur fa c e  r uno f f  for events b c for o  

an d a f t er t h e  addi t ion  o f  phosphate  fert i l i z er , and b e for e 

an d a f t er gra z in g . 
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F i g .  4 . 8  Mean part i cula t e  P c onc entra t i on s  in  sur fa c e  run o ff for 

e v ents  b e for e an d a f t er the a dd i t i on of phospha t e  fer t i 

lizer , a n d  b e for e and a f t er graz ing . 
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f i v e  t im e s  gr eat er t han t ha t  from t he c on t r o l . Burke  � a l . 

( 1 974� also  n o t e d  t ha t  t h e  DIP co n c en t ra t i on i n  sur fa c e r uno f f  

d e c r eased  t o  n e g l i g i b l e  l e v e l s  4 0  days a f t er f er t i l i z er appl i -
- 1 ) 

0 c a t i on ( 30kgP ha to a c lay s o i l  on a 1 0  s lop e . 
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The s e  r esult s sugg e s t  t hat  the  a d d i t i on o f  fer t i l i z er P had 

a more susta ined  e f f e c t on t he mov ement in sur fa c e  runo f f  o f  par -

t i c �la t e  P t han o f  DIP . Thi s i s  n o t  surpr i si n g  g i v en the  general-

ly h i gh a f f in i ty of  most  s o i l s for phospha t e  i on s  ( Ryden e t  a l . , 
1 973 ) . Wi t h  s o i ls wh i c h  ha ve a gr eat er a b i l i t y  t o  sorb P ,  t han 

the rather l ow P - s orb in g  Tokomaru s i lt loam ( di s c u s s e d  in S e c t i on 

8 . 3 . 3 ) , an e v en gr eat er d i spar i t y  b et w e en t h e  l o s s e s  o f  f e r t i l i z er 

P a s  par t i c ula t e  P ,  c ompar e d  t o  DIP , c ou l d  b e  expec t e d . 

It  wa s shown ear l i er tha t  t w o  o f  t he l e s s - s t e ep ,  undra i n e d  

p l o t s  ( pl o t s  5 and 6 )  b ehaved r emarkably s im i larly w i th r e s p e c t  

t o  P a n d  N l o s s e s  pr i o r  t o  fert i l i zer app l i c a t ion ( Ta b l e  4 . 5 ) . 

In  a d d i t i on , almost  i d en t i cal  l o s s e s  o f  f er t i li z er P w e r e  m ea sur e d  

f r o m  plo t s  4 an d 6 ( Ta b l e  4 . 8 ) . ConseQuen t ly , i t  i s  r ea s onab l e  

to  assume t hat  simi lar l o s s e s  o f  P an d  N w o u l d  hav e  o c c ur r e d  from 

p l o t s  4 an d 5 i f  the former had not b e en graz e d  dur ing t h e  study 

y ear . Da t a  for p l o t  5 ar e u s e d  to  give  t h e  v a lu e s  for s o i l

d er i ved  P a n d  N in  Tab le 4 . 1 0 , a l t hough a s  d i s c uss e d  pr e v i ously , 

t he s e  w ould a ls o  i n c lu d e  P and N from pr e c i p i t a t ion , p lan t leach-

a t e s , and  previ ous fer t i l i zer an d an ima l e f f e c t s . A s  d i s c u s s e d  

i n  S e c t i on 4 . 3 . 3 . 1 , t he sur fa c e  c a s t s  o f  ear t hworm s a lso  c on s t i t u t e  

a maj or p o t ent ia l  s our c e  o f  P t o  sur fac e-run o f f  wa t er s . for c on -

v e n i en c e  at  t h i s  s t ag e , ear t hworm c a s t s  a r e  r egar d e d  a s  s o i l . 

The losses  o f  P and N forms due t o  f er t i l i z er P appl i ca t i on and  

gra z i ng c a t t le from plot  4 ha v e , however , b e en e s t ab l i sh e d  with  

s om e  degr e e  o f  r e li ab i l i t y . 

Fr om the t ot a l  annua l l o s s  o f  P and N forms , an d s e d im en t  

from p l o t  4 i t  i s  p o s s i b l e  t o  c a l c u lat e t h e  propor t i on o f  annua l 

P t ranspor t ed in  sur fa c e  run o f f  fr om s o i l ,  f er t i l i z er P ,  an d gra z ing 

c at t le sour c es ( Tab l e  4 . 1 0 ) . A l t hough the  annua l loss  of  P and  

N forms i n  sur fac e r un o f f  fr om t h e  fert i li z e d , gra z e d , and undrai n e d  

p l o t  ( pl o t  4 )  ar e pr e s en t e d in  Tab l e  4 . 1 0 , t h e  da ta ar e us e d  i n  

c on j un c t i on w i t h  d a t a  from t h e  un f er t i l i z ed , ungra z e d , a n d  undra i n e d  



Tab l e  4 . 1 0  

Param e t er 

DIP 

TDP 

Par t i c u la t e  P 

TP 

N 03 

TN 

S ed imen t 

C on t r i t ut i on o f  s o i l , fert i l i z er P ,  an d graz i ng anima l s  t o  t h e  a �nua l a�ou� t s  o f  P an d N 
f o r m s  tran s p or t e d in  sur fac e rur. o f f  fror., a f e r t i li z e d , gra z e d  p l o t , an d unc r a i r. e d  p l o t  

( p l o t  4 )  

L o s s  

- 1 - 1  ( kg h a  y ) 

1 . 8 3 

2 .  38 

2 . 03 

4 . 4 1 

0 . 4 5  

5 - 7 1 

8 30 

Amount tra� spor t e d du e t o  

S o i l  

0 . 33 

0 . 4 8  

0 . 37 

0 . 85 

0 . 4 6  

1 . 53 

6 70 

F e r t i l i z er P 

- 1  kg ha y 

1 .  34 

1 . 4 4  

1 .  35 

2 . 79 

- 0 . 03 

- 0 . 1 0 

- 4 1  

- 1  

- -

J..n imals  

0 . 1 7  

0 . 4 7  

0 . 2 7  

o . 7 4  

0 . 02 

4 . 1 1 

220 

P er c e n t a g e  of  a�nual loss tran s -

par t e d  d u e  t o  
-

S o i l  F er t i li z er F Animal:=  

% 

1 7  73 9 

20  E3 1 6  

1 7  63 1 7  

1 9  6 3  1 7  

1 02 - 7  4 

2 7  - 2 7 2  

8 0  -5 26 

,J<_) 0 



p l o t  ( p lot 5 )  t o  obta i n  e s t ima t e s o f  t he c on t r ibut i on o f  s o i l ,  
f er t i l i z er P, and animals t o  t h e  annual loss  o f  P an d N forms i n  
s ur fac e runo f f  ( Table  4 . 1 0 ) .  A s  a r e sult t h e  t o t a l  perc entage  
c ontr ibut i on of  so i l ,  fert i l i z er P ,  and  an ima ls t o  t h e  an�ual 
amoun t s  of P a�d N forms transpor t e d w i l l  n o t  equa l  1 00 . 

I t  can  b e  s e en t ha t  t h e  ma j o r  lo sses  o f  both  d i s s0 lv e d  and 

par t i c ula t e  p f orms r e sulted  fr om f er t i l i z er p app li ca t ion . 

8 1  

The  annua l l os s e s  o f  � = p  and N03 a t t r i but ab l e  t o  gra z ing ar e lower 
t han t ho s e  from so i l  a lone . E s s e n t i a l ly a l l  o f  t h e  N03 in  sur -
fac e run o f f  was so i l  d er i v e d  ( 1 02% Ta ble  4 . 1 0 ) , c o .npar e d  t o  
gra z i ng animals ( 4% ) , whereas appr oximat e ly ha l f  t h e  D I P  was 
der i v e d  from an ima l s  ( 9% )  c ompar e d  to s o i l  ( 1 7% ) . Gra z i �g cat t l e ,  
however , wer e r espons i b le for 72% o f  the t ot a l  annua l l o s s  o f  TN . 
I t  i s  appar ent , t h er e for e , t ha t  grazing caused  gr e a t er l o s s e s  o f  
par t i c ula t e  N ,  c ompar e d  t o  No 3 , pr e s umab ly due to  t h e  h i gh s e d i 
m e n t  l o s s  a ft er gra z i�g . 

Although t he amount o f  P d e po s i t e d by animals a s  dung dur ing 
- 1 on e day mny amount t o  b e tween 0 . 05 and 0 . 2kgP ha ( Du� ing , 1 97 1 ) ,  

the  losses  i n  four we eks a f t er a gra z ing e v ent  ran g e d  from 1 3% 
( DI P ) t o  2 7% ( par t i c u la t e  P ) , o f  t h e  c orre spon ding  P forms lost  
dur i ng t he f our -mo n t h  period  a f t er fert i l i z er p app l i c a t i on . 

I t  should b e  n o t ed , howe v er , t hat graz ing an ima ls  wer e o n ly 
pr e s en t  on  t h e  plo t s  for 24h . Dur ing the  win t er mon t hs when 
sur fa c e  r un o f f  o c c ur s , pas t ur e  growth  is s low an d c on s equen t ly 
the gra z i n g  r o tat i on i s  c orre spon d in g ly longer . For example , 
in the  per i o d  June t o  August t h e  grazing r o tat i on on t h e  farm 
wh ere  the sub c a t c hm en t  is lo c a t e d  i s  appr oximat e ly 60 days , where-
a s  in S e p t ember it  i s  appr oxima t e ly 30 days . Thus in t h e  pe r i o d  
June t o  S e p t emb er , when sur fac e  run o ff o c c urs , t w o  or a t  t h e  m o s t  
t hr e e , gra z in g  e v en t s  would b e  t h e  norma l prac t i c e .  The data 
sugg e s t , however , t hat  although l o s s e s  of P in  s ur fac e run o f f  
r e sult i n g  fr om grazing  animals  a r e  a ppr e c iable , t hey  ar e l ower 
t han t h o s e  r esult ing  from fer t i li z er  add i t ion . 



4 . 3 . 4 Pr e di c t ion o f  the  amoun t s  o f  d i s s o lved  phosphorus 
tran sport e d  i n  sur fac e r un o f f  using s o i l  extrac t i o n  
dat a  

Pr e liminary r e sul t s  indica t e d  t hat  b e cause  N03 c onc entrat i ons  
in s ur fa c e  run o f f  from  t h e  ungra z e d  p lo t s  wer e consi s t en t ly low 
dur ing the  sam p l ing pcr i o J , l i t t le pr ed i c t i v e  ab i l i ty c ou l d  be 
ga ined  from s o i l extrac t i on data for N . 

The amo un t s  o f  inorgan i c  P extra c t e d  by 0 . 1 M N a C l  ( sub s equent 
ly r e f erred t o  a s  " extrac tab l e s o i l  P") from t he upper 5cm  o f  t h e  
four sur fa c e -run o f f  plo t s  throughout the  wi n t er o f  1 975 ar e shown 
in F i g . 4 . 9a and 4 . 1 1 a . Ther e was l i t t le  d i ffer enc e in  t h e  
extrac table s o i l P lev e l s  b et w e en t h e  t w o  un fert i l i z e d  plo t s ,  an d 
t h e  amoun t s  d e c r ea s e d  gra dua lly w i t h  t im e  dur ing t h e  samp ling 
p er io d . A l t h ough the s o i l  samp l e d  a t  t h e  5 - 1 0c m  depth  c on t a in e d  
lower amoun t s  o f  extra c t ab l e  s o i l  P ,  s imi lar tren ds  wer e o b s er v e d  
f o r  the  undra i n e d  ( Fi g . lf . 1 0a )  an d  drained  ( F i g . 4 . 1 0.o )  p l o t s . 
A s i m i lar d e c r e a s e  dur ing wi n t er in t h e  amoun t s  o f  P extra c t e d  
fr om s o i ls un d e r  es tab li shed pas t ur e  ha s b e en repor t e d  b y  Sa und e r s  
an d M e t son ( 1 97 1 ) . The  appl i c a t i o n  o f  superphospha t e  ( 5 0kgP ha - 1 ) 
in  la t e  Jun e r e s u l t e d  in  a sharp i n c r ea s e  in the  amoun t s  o f  ex-
t r a c tab l e  s o i l  P . Alt hough t h i s  f ert i li z er ef f e c t  d e c r ea s e d  
w i t h  t i m e ,  i t  w a s  s t i l l  appar en t at  t h e  end  o f  t he sampling  per iod , 
some  four months  fo llowing fert i l i z er a ppli cation . 

S imi lar m ean  DIP c on c en t ra t i o n s  w e r e  obtain e d  for s ur fa c e  
r un o f f  fr om t he undra ined  an d dra in e d , un f e r t ili z e d  p l o t s  for  a l l  
s t orms dur ing  t h e  per i o d  when s ur fa c e  run o f f  o c c ur r e d  ( Fi g . 4 . 9b 
a n d  4 . 1 1 b ) . In c on t ra s t , the m ean  DIP c on c entr a t i ons in  s ur fa c e  
r un o f f  fro m  b o t h  fert i li z e d  p l o t s  incr eased  dramat i c a lly  in  t h e  
f i r s t  run o f f  e v e n t  a f t e r  fert i l i z er applic a t i on . C ompar i s on o f  
t he mean DIP c on c entrat ions  in sur fac e run o ff an d t h e  amount s  o f  
extractable  P in sur fac e s o i l s  fr o m  t h e  f er t il i z e d  p l o t s  i n d i c a t e d  
an obvious r e la t i onship  b et w e en t h e s e  two  param e t er s . T h i s  r e -
lat i on ship was invest iga t e d  fur t her  u s ing r e gr e s s i on - c orr e la t i on 
analysis , t h e  r e sult s o f  wh i c h  a r e  pr e s en t e d  in F i g . 4 . 1 2  a n d  4 . 1 3 .  
F or the  pur p o s e  o f  t h i s  stat i s t i c a l  analys i s , extra c t i o n  dat a  for 
a par t i c ular s o i l  sampling  w e r e  pa i r e d  w i t h  the data for t h e  r un-
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Fig . 4 . 9 S easonal varia t i on in ( a )  amoun t  o f  inorgani c  P extra c t e d  

b y  0 . 1 M  NaCl ( extractab le  s o i l  P )  from the sur fa c e  ( 0-5cm ) 

of  un dra i n ed , fer t i li z ed an d un fer t i li z ed s o i ls , and ( b )  

m ean DIP c onc entra t i on o f  sur fa c e  runoff fr om undru ined , 

fert i l i z e d  and un fert i l i z e d  s o i l s .  
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u M a y  J u ne J u l y  A u g .  S e pt .  O c t .  

F i g .  4 . 1 1 S easonal var i a t i on in  ( a )  amount o f  in organ i c  P extra c t ed 

b y  0. 1� NaCl ( extrac table s o i l  P )  from the �ur fu c e  c o i l 
( 0- 5c m )  o f  drai ned , fert i li z e d  an d un ferti l i z e d  soils , 

and ( b )  mean DIP conc e n t ra t i on o f  sur fac e runo f f  from 

undrain ed , fer t i li z e d  a n d  un fer t i li ze d  soils . 
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V i g .  4 . 1 2 R e lat i onship b e t w een mean DIP c on c entra t i on in Gur fa c e  

r uno ff and amount o f  in organi c  P extrac t e d  b y  0. 1 M  NaCl 

( extrac tab le s o i l  P)  from the sur fa c e { 0-5c m )  o f  dra ined 

and undraine d , unfer t i li z e d  s o i ls . 

' I 



87 

3· 0 

U n d ra i n e d 

� 
"7 2 · 5  

0) 
E 

"-

2·0 c 
0 

+-' 
C1J 
"- Y =  0 · 8 5 x - 0 · 69 +-' c 

1 · 5  ll) r = 0 · 9 5 * *  u 
c 
0 

u 
a.. 
Q 1 ·0  

c 
C1J D rai ned ll) 

� 
0·5 

r = 0·94 �Ht 

0·0 
0·0 2·0 4·0 6·0 8 · 0  1 0·0 

E xt r a c t  a b l e  S o i l  p ( l< g . h a :1 5 c m �1 ) 

F i g .  4 . 1 3  R e la t i onship b e t w e en mean DIP c on c entra t i on i n  sur fac e  

r un o f f  and amoun t o f  inorgan i c  P extra c t ed by  0 . 1 M  NaC l  

( extractable s o i l  P )  from the s ur fac e ( 0-5cm ) o f  dra ined 

and undra i ne d , fert i l i z e d  soils . 



o f f  e v en t  imm�diat e ly f o ll o w i ng i t .  

L in ear r e la t i onsh ips  w i t h  h i ghly s i gn i f i cant  c or r e lat i on 
c o e f f i c i en t s  wer e o b t a in e d  for a l l  plo t s . N o  s ign i f i can t r e 
la t i o n s h i p s  wer e o b t a i n e d  f o r  extra c t ab l e  s o i l  P at  t h e  5 - 1 0cm 
d e p t h  for  the  dra i n e d  s i t ua t i on (r  = 0 . 56 an d 0 . 55 for un fer t i -
l i z e d  and  fert i l i z e d  plo t s , r e spe c t iv e ly ) . S i m i lar ly , n o  sig-
n i f i cant  c or r e la t i on was o b t a i n e d  for the undra i n e d , f e r t i l i z e d  

3 3  

p l o t  ( r  = 0 . 65 ) . A highly s i gn i f i can t c orr e la t i on , how e v er , was 
o b ta i n e d for t he unfer t i l i z ed 1 undra ined  s i t ua t i on ( r  = 0 . 93 , s i g 
n i f i c an t  at the 1 %  level ) ,  wh er e extrac t a b l e  s o i l  P at the  5 - 1 0cm 
d e p t h  wa s s imi lar t o  that  for  t he 0-5cm sampling  i n t erva l ( Fi g . 
4 . 9a ) . 

The  r egr e s s i on l i n e s  for t he un dra ined  an d dra i n e d  p l o t s  
( � ' i g . 4 . 1 2 ) samp l e d  a t  0-5 c m  w e r e  i dent i c a l  i n  s l o p e  un d d i f f e r e d  
o n ly s l i ght ly i n  i n t er c e p t . Sur fa c e  run o f f  fr om the  undra ined , 
unfer t i l i z e d  plot s ,  howev er , c onta i n e d  c on s i s t en t ly higher mean 
DIP  c on c en t ra t i on s , for g i v en levels  o f  extrac tab l e  so i l  P ,  t han 
d i d  t ha t  fr om t h e  c or r e s pondi ng dra i n e d  plo t . It is p o s s i b l e  
that  t h e  desor pt i on o f  P from  the h i gher s e d iment  c onc entra t i ons 
pr e s e n t  i n  sur fac e  runo f f  from the undra ined  s i t e , shown ear l i er , 
would  g i v e  r i s e  t o  t h e  gr eat e r  DIP  c onc entra t i on s  ob s er ve d . 

R egr e s s i on lines  o f  w i d e ly d i f fer en t s lope  were  o b t a i n e d  for 
the f e r t i li z e d  p l o t s  ( F i g . 4 . 1 3 ) . The r e la t i on s h i p  ob ta i n e d  for 
t he dra in e d , fert i l i z ed p l o t  i s  s im i lar in b o t h  s lope  an d int er 
c e pt  t o  t h o s e  obtained  for  t h e  un f er t i l i z ed plot s . This  i s  t h e  
c a s e  i n  spi t e  o f  the  v e r y  m u c h  h i gher DIP c on c entrat i on s  in  sur 
fac e  r un o f f  an d s o i l  extrac t s .  That t hi s  r e lat i onship  appli e s  
o v e r  t hr e e  types o f  lan d  management  i n volving  lar ge  di ffer enc e s  
i n  b o t h  t h e  quant i t i e s  o f  s ur fac e r un o f f  an d i t s  DIP  c on c entra t i on , 
sug g e s t s  t hat  i t  may b e  p o s s i b le t o  pr e d i c t  DIP  c onc entra t i on s  in  
sur fa c e  run o f f  us ing s o i l extrac t i on data . 

T h e  markedly d i f fe r en t  r egr e s s i o n  equa t i on o b t a i n e d  for t h e  
f er t i l i z e d , undr a in ed p l o t  i s  thought t o  ha v e  ar i s en from t h e  
s o i l  sampling  pr o c e dur e u s e d .  I n  t h i s  pr oc edur e the  0-5c m  s o i l  
samp l e s  ar e pas s e d  t hr o ugh a 2-mm s i ev e , dur ing whi c h  pro c e s s  the  



89 

h erbage t ogether w i th much o f  t h e  upper 0 . 5 - c m  layer o f  so i l  i s  
l e f t  b eh i nd . I t  i s  this  s ur fa c e  lay er , how e v er , wh i c h  may b e  
expe c t e d  t o  c on t r i b u t e m o s t  t o  the P carr i e d in sur fac e run o f f . 
Ther e for e , in  s i t ua t i on s  wher e t he P status  o f  this  sur fac e layer  
of  s o i l  and plant ma t er ia l  d i ffers  mark e d ly from  the  s o i l i mm e d 
iat e ly b e low , poor pr e d i c t i on o f  t h e  D I P  c on c en t rat ion i n  sur fac e 
runo f f  would b e  e x p e c t e d . S u c h  a s i t ua t i on would  u r i & e  on  r e -

c ent ly fert i li z e d , undrai�ed  p l o t s  wher e a l ower ra t e  o f  in f i l
trat i on than on  t h e  dra i n e d  p lo t s , would lead t o  a re duc e d  inc or 
porat ion  o f  ferti l i z er P in t o  t he s o i l .  

The r e sult s o b t a i n e d  in the pr es ent s t udy app ear t o  b e  sub
stan t ia l ly in  agr e ement  w i th  thos e r e por t e d  in a r e c ent  abstra c t  
( Calv ert  � al . , 1 975 ) wher e ,  for an or c har d so i l , r e la t i on ships  
were  foun d  b e t w e e n  D I P  losses  in  sur fac e run o f f  an d DIP  c o n c e n -
trat i o n s  in the s o i l  s o lut i on o f  t h e  sur fa c e so i l . Romkens an d 
Ne lson ( 1 974 ) a ls o  o b t a i n e d  a l i n ear r e la t i onship b e t w e en DIP  
c onc e n t rat i ons in s ur fa c e  runo ff  and extra c table  in organi c  P 
lev e ls in a cult i v a t e d  so i l .  The r e la t i onships o b t a i n e d  i n  t h e  
pr e s en t  study r e la t e  n o t  o n ly t o  a d i ffer ent  syst em o f  lan d u s e , 
nam e ly int en s i v e  gras s lan d farm in g , but  a l s o  po int  t o  t h e  e f f ec t s  
o f  dra inage on t h e  t r ansport  o f  DIP  i n  s ur fa c e  runo f f ,  a s  i n f lu
en c e d  by  extra c t a b le P l ev e ls in  the  s o i l .  

4 . 4 G en era l D i s c us s i on 

The  data ob t a in e d  from the  runo ff  p lo t s  prov i de u s e fu l  in fer -
mat i on r e lat ing t o  the  amoun t s  o f  P and N forms trans-
par t e d  in sur fac e run o f f  as  a r e s ult of  s o i l ,  fer t i l i z er P ,  and 
an ima ls . Up t o  now , t h i s  i n format i on has b e en lac k ing i n  N e w  
Z e a land ( Syers , 1 974 ) . A l though t h e  dan g ers  o f  extrap o la t i on from 
sur fac e -runo ff p l o t  losses  are  r e c ogn i s e d , the  plot s a r e  u s e fu l  
in st udying t h e  r e la t i onship  b e t w e e n  t he c on c entrat i on a n d  f lux 
of P and  N forms and  flo w , and in c ompar ing  the  e f f e c t s  o f  d i f f e r 
e n t  t r eatmen t s  on  t h e  l o s s e s  o f  P and  N i n  s ur fac e runo f f .  

I t  was appa r e n t  that marked  fluc t uat i on s  i n  t h e  d i s c har g e  
rat e  o f  sur fa c e  r un o f f  o c c ur r e d  o v er short p e r i o d s  o f  t im e , whereas  
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t h e  c on c en t rat i on s  o f  P an d N ,  dur ing  t h e  same st orm , r ema i n e d  
r e la t i v e ly c on s tan t . I n  c a l c u lat ing t h e  P ,  N ,  an d s e d i m en t  
loads o f  sur fac e r uno ff , t her e for e , flow data should b e  i n c lud e d  
m or e  f r e quen t ly t han conc entrat ion data . A f t er s t udying t h e  
c on c en t rat i on - flow  r e lat i on s h i p s  in  run o f f  fr om a n  agr i c u l t ur a l  
wa t er sh e d  in  Ohi o , Tay lor  � a l .  ( 1 97 1 ) a ls o  conc luded  that f low 
wa s mor e impor tant  than c on c en t ra t i on in d e t ermin ing nutr i ent  l o a d o . 

The fa c t  t ha t  appr e c iab l e  er ror s in  t he loading e s t ima t e s  o f  
P a n d  N can oc c ur when t h e  sampl i ng int erva l i s  i n c r ea s e d , sugg e s t s  
t hat  unr e li ab l e  e s t ima t e s  o f  P and N loadings a r e  o b t a i n e d  w i t h  
i n fr e quent  samp l ing . F or t h i s  r eason , a maximum sam p l i ng i n t er -
v a l  o f  1 5m i n  was employ e d  i n  t h e  pr e s en t  s t udy of  s ur fa c e  r un o f f . 

The  gr eat er losses o f  P in  sur fa c e  run o f f  ob t a i n ed i n  t h e  

pr e s e n t  st udy , t han i n  c or r e spond ing  over s ea s  s t ud i e s ( Burwe l l  e t  

a l . , 1 975 ; T i mmons � a l . , 1 973 ; Harms � a l . , 1 974 ) ,  may b e  
a t t r i b ut ed t o  the  heav i er appl i c a t i on s  o f  f e r t i l i z er P an d the  mor e 
in t en s i v e  gra z in g  o f  pas t ur e  i n  N ew Z ea land . Cons equen t ly ,  t h e  

annua l  amoun t s  o f  P tran spor t ed in s ur fac e run o f f  fr om r e c e n t l y  
un f er t i l i z e d  and ungraz e d  s o i l  w ere great er t han t ha t  i nput i n  pn:cipit& -
t i on , wherea s t h e  same s o i l w u s  c on s ervat i v e  o f  N . A s i m i lar  
s i t ua t i on was  also  foun d b y  Bur w e l l  � a l .  ( 1 975 ) for  b o th P an d 
N . 

l n  appr oxima t e ly four months fo l lowing t h e  appl i c a t i on o f  
sup erphosphat e t o  T okomaru s i lt l oam un der pastur e a t  a r a t e  n o r 
ma l ly used  on  t h i s  so i l ,  2 . 9 a n d  6 . 7% of  t h e  added  P wa s tran s 
por t e d a s  D I P  and TP , r e spe c t i v e ly , i n  sur fa c e  run o f f  from a n  un
dra i n e d  1 3° s lope . The s e  l o s s e s  were gr ea t er t han  t h o s e  m easur e d  
b y  N e l son a n d  R omkens ( 1 971 ) ( 1 . 2% as  DIP from fa l low  and t i l l e d  
p lo t s ) ,  S c human � a l .  ( 1 973b )  ( 0 . 6 and 0 . 7% a s  D I P  and 'l' P ,  r e 
spe c t i v ely , from pastur e ) ,  a n d  B en o i t  ( 1 974 ) ( 1 . 6% as  T P  from 
pas t ur e ) . 

The  art i fi c i a l  drai nage  o f  T okomaru s i lt loam by  m o l e  and 
t i l e  lines  r educ e d  the  v o lum e  of  s ur fac e r un o f f  and  amoun t s  of  P ,  
N ,  a n d  sed iment  t ranspor t e d  i n  s ur fac e run o f f  from f er t i li z e d  and 
un f er t i li z ed pa s t ur e .  A lt hough t h e  fert i l i z ed ,  undra i n e d  6° 



s lo p e  lost  1 2% l e s s  fert i l i z er P a s  TP t han t he fe rt i l i z e d , 
un dr a i n e d  1 3° s lope , a 6 7% r e duc t i on in the  t ransport  o f  T P  wus 
ob s e r v e d  when the fert i l i z ed 6° s lope wa s ar t i f i c i a l ly dra in ed . 
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An  e v en gr eat er  r e duc t i on in t he t rans por t of  P fr om dra i n e d  

c ompar e d  t o  undra i n e d ,  f e r t i l i z <: d  s o i l  w u. s  observed  b y  Bur k e  � a 1.  
( 1 974b ) . Cons equen t ly , ar t i f ic i a l  dra inage c o uld  b e  an important  

m e t h o d  of  c on t r o l ling the  l o s s e s  of  P an d N from un fert i l i z e d  and  

fer t i l i z ed  s o i l s  in c er t a in ar eas , in addi t i on to  impr o v i ng s o i l  
a erat i on an d i n c r easing  i n f i l trat i on rat es . 

I n  four we eks fo l l o w ing a gra z i n g  e v e n t  o f  24h dura t i on o f  
pa s t ur e  on Tokomaru si lt loam a t  t h e  norma l s t o c king ra t e  for the  
farm , s igni fican t  loss e s  of  P ,  N ,  and s edime n t  wer e ob s erv �d . 
Th i s  was m o s t  marked for par t i c u la t e  P and N ,  whe r e  in  t h e  case  
of  par t i cula t e  P ,  the  max imum m ean c on c entra t i on of  appr oximat e ly 

- 1  3 . 0mg l was ob s erved  i n  t h e  sur fa c e- r un o f f  even t  immedia t e ly 
fo l lo w i ng graz ing , a va lue g r eat er t han the  maximum m ean par t i c u -
lat e P c on c en t ra t i on f o l lowing  fer t i l i z er a d d i t ion . The  mean 
d i s s o lv e d  and par t i c ulat e P c onc e n t rat i on in sur fa c e - r un o f f  ev ent s 
f o l lowing grazing , howev er , d ec r ea s e d  t o  the  pregr a z i n g  l e v e l s  
mor e quic k ly t han the  c or r e s pon d i n g  c on c en trat i?n s f o l lowing fer t i 
l i z er a ppl i c u. t i onG , w i th the  r e s u lt that  the  l o s s  o f  P a t t r lbut ed  
t o  f er t i l i z er P appl i c a t i o n  ( 73% DIP an d 63% TP ) was gr ea t er t han 
the  loss a t t r ibut e d  to gra z in g  ( 9% DIP an d 1 7% TP ) . The sub 
stan t i a l  l o ss of  T N  f o l l o wing  gra z ing ( 4 . 1 8kg ha- 1 y - 1 ) wa s gr ea t 
er than tha t  observed in sur fac e run o f f  fol lowing f � r t i ) i � er N 

- 1  - 1  app l i c a t i on t o  a s i lt l o am under  pastur e  ( 2 . 36  kg ha y , S c hu-
man � al . , 1 973a ) in Oh i o . 

A lthough the data r e la t e  only t o  s ur fac e run o f f  in t h e  ca t c h
m en t  under s t udy , they do  i n d i ca t e  that  s i gn i ficant  amoun t s  o f  P 
can b e  trans p or t ed in s ur fac e r un o f f  fr om P fer t i li z e d , undra i n e d  
pa s t ur e  and t ha t  N 1 an d t o  a l e s s e r  ext ent P, c a n  b e  t ranspor t e d  
fr om graz e d , undra ined  past ur e . 

B e caus e high ly s ign i f i c an t  c o r r e lat ions  were  o b t a i n e d  b e t w e en 
s o i l  extra c t i on data  and  P c on c en trat i on s  in sur fa c e  r un o f f ,  s o i l  
extra c t ion  data appear t o  b e  useful  i �  pr e di c t in g  DIP c onc entrat i on s  
in  s ur fac e r uno f f .  Thi s wa s t he c a s e  for t hr ee  typ e s  o f  lan d manag e -



m e n t , i n v o lvi ng lar g e  d i f fer enc e s  i n  b o t h  t h e  v o lum e s  un d c on
c en t ra t i ons  of D:P in s ur fa c e  r un o f f d i s c ha r ged . 

The dat a  o b t a in e d  in t h e  sur fa c e - r un o f f  s t udi e s  pr e s en t e d  

i n  t h i s  s e c t 1on  a r e  u s e d  in s ub s e q uent  s e c t i ons  t o  d e t er m i n e  

t h e  r e la t 1 v e  c on t r ibu t i o n  o f  t he run o ff t y p e s  t o  t h e  amoun t s  o f  

wa t er d i s c harg e d  and  P and N forms t ran spor t ed in s t r eam f l o w . 
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SOURCES AN D TRAN S PORT OF PHOSPHORUS AN D N I TROGEN 
I N  ACCEL � �AT�D SUB SURFA C E  RUNOFF 

5 . 1 I n t r o duc t i on 
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Ar t i f i c ia l  drainage syst ems increase  t h e  amoun t s  an d ra t es 
o f  in f i ltra t i on an d perc olat i on , thus r e duci ng the  c o n t a c t  t im e s  
b e t w e en th e so i l  s o lu t i on an d s o i l c ompon ent s capab l e  o f  s orb ing 
inorga n i c  P from s o lut i on . B e c a u s e  o f  t h e  large  v o lum es  o f  wa t er 
d i s c har g e d  in drainage wa t ers  and  t he higher  c on c en t rat i on s  o f  
b o t h  P and  N ,  t h an i n  natural sub sur fac e runo f f , t h i s  run o f f  type , 
ac c e l era t ed sub sur fac e run o f �  p o t en t ia l ly may b e  o f  gr e a t er impor -
ti.ln c e  t o  the  nutr i en t  loa d ings o f  N <J. ::: forms in  an ephemeral  

str eam . The  work  o f  �ohl  � a l . ( 1 972 ) d emonstra t ed t ha t  a t  peak 
N O �  c on c en t ra t i on in s t r eam f low , a ma j or pr opor t i on or i gi na t ed :;; 
from t i le drainage . I n  addi t i on , the  loss e s  of  P an d N in  t i l e  
dra inage  can inc r ea s e  due t o  t he app li c a t ion  o f  P ( B o l t on e t  a l . , 
1 970 ) and  N fert i l i z er ( N e lson  and  Weaver , 1 97 1 ; Zw erman e t  a l . , 
1 972 ) , a n d  anima l was t e s  ( C o o k e  and W i l l iams , 1 970 ) . 

T h e  purp c s e  o f  t hi s  par t o f  the  st udy r e la t ing t o  ac c e lera t e d  
sub sur fac e runo ff  was t o  ( i )  ob s er v e  t h e  r e lat ionships b e t w e en 
flow , c o n c en tr a t i on s , a n d  f luxe G  o f  P an d N forms , ( i i )  d e t er 
m ine  t h e  e f f e c t  o f  sampling  frequency  on  t h e  e s t ima t e s  o f  t h e  
loa d in g o f  P a n d  N forms , ( i i i ) e s t imat e  t h e  annua l l o s s e s  o f  
P and N forms an d to inv e s t i ga t e  the e f f e c t  o f  P and  N fer t i l i z er 
app l i c a t i on , and gra z ing an ima ls  on the amoun t s  o f  P and  N form� 
t ran spo r t e d , and  ( iv )  eva lua t e  the  po t en t ia l  of using la bora t ory 
extra c t ion  data t o  pr e d i c t  t h e  l o s s e s  of DIP and N 03 in  t h i s  run 
o f f  t y p e . 

5 . 2 Ma t er ials  an d M e t hods  

N i t r ogen was  appli e d  a s  ur ea  ( 46% N )  in  ear ly a u tumn ( Apr i l ,  
1 975 ) a t  a rat e  o f  60kgN ha- 1 t o  t he 1 4ha o f  drain ed  lan d w i thin  
the  sub c a t chm en t . In  J un e  1 975 , a s e c on d  applic a t i on o f  ur ea 
( 6 0kgN ha- 1 ) was ma de  to t he ar ea drai n e d  by  t i le line A o n ly 
( Fig . 3 . 1 ) . 
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A l t ho�gh b o t h  drain ed  ar eas r e c e iv e ci  on e app l i c a t i on o f  
f e r t j  l i :'. e r  N ,  t h e  < t r e a ( ar e<J. i\ ) w h i c h  r e c e i v e d  D. c e c o n d  a pp l i 
c a t i on i n  J un e  i s  s�b s e �uent ly re ferr e d  t o  a s  fert i l i z e d  a n d  un-
gra z e d , a lt hough the  ar ea had b e en gra z e d  pr e v iously . Ar ea B 
whi c h  only r e c e i v e d one ap f l i c a t i o� o f  f er t i l i z er N in Apr i l  but  
wa s  gra z e d  in Augus t , i s  sub 5 equent ly r e f er r e d  to  as  un fer t i l i z e d  
a n d  grazed . 

Flow fr om t he t wo t i l e  l i n e s , dra in ing areas o f  1 . 1 ha ( ar ea 
A )  a� d 0 . 8ha ( ar ea B )  ( Fi g . 3 . 1 )  wa s c o l l ec t e d  a t  each  out fa l l . 
The  sampl ing  int erval  d i d  n o t  exc e e d  1 h  and was as l ow as  5mi n  
for rapid  hydr ograph chang es . 

The r e la t i o n ship  b e t w een extra c t ab le inorgan i c  P an d N 03 i n  
t h e  s o i ls and t h e  D I P  an d N03 c on c entra t i ons o f  t i le drainage  wns 
i nv e s t i ga t ed by c o l l e c t ing s o i J  sampl e s  from the  dra i n e d  a r e a s  a t  
1 0- c m  increment s  t o  a dept h o f  60c m , a t  mont t ly int erva ls  f o r  6 
mont hs . Fi e ld-mo i s t  s o i l  samp les  were  pas s e d  thr ough a 2 -mm 
s i ev e  and 2 -g subsamples  were  shak en wi t h  4 0m l  of 0 . 1 M N a C l  for 
4 0h at 2)°C,  A f t er c en t r i fuga t i on a t  1 5 , 000r pm for 1 0m i n  at 2 3°C , 
and M i l lipor e f i ltrat ion , the extrac t s  were  ana lyz ed  for i n organ i c  
P a n d  N03 • T h e  r e sult s w e r e  c orr e c t ed for s o i l  m o i s t ur e  c oL t ent  
and  bulk  dens i t y . 

5 . 3 Results  and D i sc us s i on 

5 . 3 . 1 I n t e rr e la t i on ships b e t w e en f l ow , c oncentra t i o n , and  
f lux of  pho sphorus and n i tr o g en forms 

R e la t i on sh i p s  b e t w e en the c on c en tra t i on and  f lux o f  P and  N 
forms and flow i n  a c c e l era t e d  sub s ur fa c e  run o f f  dur ing a low
( ev e n t  1 ,  Fig . 5 . 1 a , b ;  5 . 2a , b ;  5 . 3 ) , a medium- ( event  2 ,  Fi g . 
5 . 4a , b )  and a h i gh- ( ev e n t  3 , Fi g . 5 . 5a , b )  in t en s i t y  s t orm 
e v e� t  are pr e s en t e d . T h e  e v en t s  c over  t he range o f  s t orm  int en -
s i t i es ob s erved  duri ng t w o  years o f  f i e l d  mon i t oring . Dur ing the  
l o w - , m e dium - , and  high - i n t en s i t y  e v en t s , an  in i t i a l  rapi d  r i s e  
i n  fl ow  was ass o c ia t e d  wi th an  inc r ea s e  i n  DIP c o n c entrat i on ( Fi g . 
5 . 1 a ,  5 . 4a , 5 . 5a ) , wh i c h  sub s e quent ly d e c r ea s e d  rapidly an d c on s i s t -
en t ly w i th t im e  b e fore  p eak flow o c c urr e d . A sec ondary i n c r ea s e  
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I 01 

in f l o w  was a ls o assoc iat e d  w i t h  an increase  in DIP c onc en trat i on 

( F ie; . 5 . 1 a ) . 'l' h e ::.; e  c e la t i o i , :..;:n i :y s  re :.:; u l t e d i n  u t;r E: u. t e: r v u. r i u t i on 

o f  D I P  c on c en t r a t i on w i t hi n  a s t orm event  for a c c e lera t ed subsur -
- 1  

fa c e  r un o f f  ( 0. 03 t o  0 . 24mg l 1 F i g . 5 . )a ) c ompa r e d  t o  s ur fac e 
r un o f f  ( 0 . 30 t o  0 . 33mg l- 1 ) in  the  same high-in t en s i t y  s t or m  

( F ig . 4 . 4 ) . 

The  con c en t r a t i on o f  N 0
3 

i n c r eas e d  w i t h  an in i t ia l  increase  
i n  f low but d e c r e a s e d  s l i ght ly at  p eak f l o w  ( F ig . 5 . 1 b , 5 . 4a , 5 . 5a ) . 
A s  f l ow d c c r e.::.t s e d , howev er , N 03 c o n c entrC.t. t i un gruduu. l ly  i n c r <:: u. :..; c; d 

L o  L hc p r c p cu.k f l ow va lu e . A � �b s c q u e n t  i n c r cu. c e  in  f lo w  r c :..;u l l c d  

in  a d e c r ea s e  in  N03 c on c e n t r a t i o n  ( F ig . 5 . 1 b ) . 

The  c on c entra t i on o f  TP inc r ea s e d  wi lt  an i n i t i a l  inc r ea s e  
i n  f l ow ( F i g . 5 . 2a , 5 . 4b , 5 . 5b ) , r ea c hing a max imum b e for e peak 
f low . The sim i lar var i a t i on in c on c entrat i o n  w i t h  f lo w  for b o th  
DIP a n d  T P  c on t rasts  with the  s i t ua t i on for s ur fac e run o f f  ( S e c t ion  
4 . 3 . 1 ) . Dur ing a low- in t ens i t y  ev ent ( Fig . 5 . 2b ) t he c on c entra t i on 
o f  TN v ar i e d i n  a s i milar  mnn n er t o  that o f  TP . Dur i n g even t s  
o f  g r ea t er flow , however , t he T N  c on c entrat ion  rema i n e d  e s s en t i a lly 
c on s t an t  thr oughout the e v en t  ( F i g . 5 . 4b , 5 . 5b ) . W i t h t h e  excep
t i on o f  N 0

3
, t h e  c on c e n t r a t i on o f  P an d N f orms wer e s i �n i fi c an t ly 

r e lat ed  t o  flow  ( Table  5 . 1 )  in  e v en t  2 ,  which  was c on s i dered  typi
cal  of  t h o s e  s t udi e d . 

B o t h  the  pr imary and s e c on dary incr ease  i n  TP c on c en t ra t i on 

( F i g . 5 . 2 ) dur ing the s t orm ev ent w er e  ass c c ia t e d w i th an increase  
in s ed ime n t  c o n c entrat i o n  ( F i g . 5 . 3 ) . For DIP thi s s e c ondary in-
c r ea s e  in  c on c en t ra t i on may  be  due t o  the  r e lease  of  inorga n i c  P 
t o  s o lut ion from the in c r eas ed  c onc entra t i on o f  par t i c ula t e  P in 
t h e  di s charge . On t he o t her  han d , a s e c ondary in c r ea s e  in f low 
was ass oc ia t e d  w i t h  a s l igh t  inc r ea s e  in TN and a d e c r ease  in  N0 3 • 
A sma l l  increase  in par t i c u la t e  N may a c c ount for t h e  var ia t i on 
in  TN c on c entrat ion , wh ereas  the  d e c r ease  i n  N 03 may b e  t he r esult  
of  d i lu t i on . Kohnke ( 1 94 1 ) r e por t ed that n u t r i en t  c o n c en tra t i on s  
w e r e  higher a t  t he b eg in n ing o f  a c c e lerat e d  subsur fa c e - runo f f  event s 
t han  a t  peak di scharg e . I t  is  pr obable  tha t the  decr ease  i n  DIP 
an d N 0 3 c on c entrat i on at  peak f l ow may be the r e sult of  d i lut i on 
by  in c r eas e d  wat er vo lum e .  S i m i lar c on c en trat i on 
f l o w  r e la t i o n ships t o  t h o s e  obs er v e d  in th e present  s t udy hav e 



Tab l e  5 . 1 

p or N 

form 

DI P 

TDP 

TP 

N0
3 

TN 

'1 02 

Squa r e d  s t a n da r d  par t i a l  r egr e s s i on c o e f f i c i e � t s  f o r  

t h e  s t an da r d  r e gr e s s i o� o f  l o g
1 0. 

f l u x  on l o g
1 0  

c on 

c en t r a t i o n  and l o g
1 0  

f l o w , an d c o rr e la t i o n  c o e f f i c i en t s  

for c on c en tr a t i on w i t h  f l o w  f o r  P a n d  N forms i n  

a c c e l e r a t e d  s ub sur fa c e - r uno f f  e v e n t  2 

S q u::t r e d  s t an d�r d tJ�r t i a l  Corr e la t i o n  c o e f f i c i en t  

r e gr e s s i on c o e f f i c i en t s  for c o n c en t ra t i on w i t h  

for f l o w  

Conc e:r: t r a t i on F low 

* "'  .. .  
* *  0 . 52 0 . 6 1  

0 . 1 2  

* *  "' *  * * 
0 .  04 0 . 6 7 0 . 73 

* "'  * *  * "'  
0 . 1 9 0 . 37 0 . 75 

* *  * * 
0 . 1 1  0 . 84 0 . 1 5  

* * * * "' *  
0 . 1 3  0 . 77 0 . 4 4  

V a l u e s  s i gn i f i c an t  a t  t h e  1 %  l e v e l . 
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a ls o  b e en r epor t e d  b y  Hergert  e t  a l . ( 1 974 ) for DIP , a n d  b y  
baker � a l .  ( 1 975 ) for N O y  

S e diment  c on c en t ra t i on i n c r ea s e d  w i t h  incr easing f low , r eac h 
in g u maxi mum va lue b e f or e peak f low , w i th  a sub s equen t gra d ua l  

fl r; P. c o n d a r y  
incr eas e  in  f low r e s u l t e d i n  a n  increase  i n  s e dimen t  co nc en t ra t i on ,  
whi c h  aga in peak e d  b e fore f low ( F i g . 5 . 3 ) . The  v�r ia t i on i n  s e d i -
ment c on c en t ra t i on in ac c e l era t e d s ub �ur fa c e  run o f f  was sma l l  c om 
pa r e d t o  t hut  f ound for uur fa c e  r un o f f , u s  can b e  s e e n i n  t h e  h igh-
in t en s i t y  event  p r e s en t e d . A ran g e  of  300 to  900mg 1-1 in  s e d i -
ment  c on c entrat i on was o b s e r v e d  in  a c c e l er a t e d  sub sur fac e  run o f f  

- 1  ( Fi g . 5 . 5b ) c ompar ed t o  a range  o f  4 00 t o  2 1 00mg l in sur fa c e  
run o f f  ( F ig . 4 . 4 ) . 

T h e  f luxes o f  DIP , TDP , T P , N 03 , and TN wer e s i g n i f i c an t ly 
( 1% l ev e l )  mor e  r e la t ed t o  f l o w  t han t o  conc e n t ra t i on ( Ta b l e  5 . 1 ) .  
The  f l u x e s  o f  P forms , h o w e v er , wer e sicn i f ican t ly l es s  c l o s e l y  
r e la t e d to  f l o w  t han t o  c o n c entra t i on , t han was t h e  c a s e  for sur 
f.::.. c e  runoff  ( Tub l e  4 . 2 ) . 

The da t a  r e por t e d  i n d i c a t e  tha t flow was s ign i f i c a n t l y mo r e 
imp o r t a n t  t han c onc en t ra t i on in  c o n t r o l l in g  t h e  f lux o f  P and  N 
forms  i n a c c e l era t e d  sut sur fa c e run o f f . Con s e quen t ly , t o  o b t a i n  

r e l i a b l e  e s t ima t e s  of  P and  N loadings , a gr eat er empha s i s  must 
be p la c e d  on i n c luding m or e  fr equent  flow measur e m e n t s  t han c on c en-
tra t i on va lues . As f l o w  m ea sur em en t s  ar e norma l ly r e c orded c o n -
t inuous ly , t hey s h o u l d  b e  inc luded  in  loading c a l c u la t i o n s  a s  fr e 
quen t ly as i s  prac t icab l e . 

5 . 3 . 2 S amp ling fr equen c y  

De tai l s  o f  the  proc e dur e u s e d  t o  es tab l i sh the  fr e qu e n c y  o f  
sam pl ing  o f  a c c e lera t e d  sub s ur fa c e  run o f f  have b e e n  pr esent e d  i n  
S e c t ion  3 . 5 . 

T h e  devia t i on in e s t ima t e s o f  P an d N loadings  g en era l ly in
creased  w i t h  an  inc r e a s e  in  the  sampling int erval for f low event  
2 ,  which  was c o n s i d er e d  typi c a l  o f  t h e  a c c e lera t e d  sub sur fa c e-
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r un o f f  even t s  s t ud i ed ( Tab l e  5 . 2 ) . An i n c r e a s e  in sampling  
i n t erval from 8 to  60min  did  n o t  r e sult  ln  larg e  devia t i on s  i n  
l o a d i n g  e s t ima t e s . When a sample a t  peak f low was n o t  i n c l ud e d , 
how e v er , devia t i on s  for  t h e  6 0-min sa�pl ing i n t erval wer e gr eat er  
t han those  for t he 1 2 0-m i n  samp l i n g  i n t er va l . A samp l ing i n t er -
va l o f  24 0r.: in  r e s u l t e d  in  una c c eptab ly h i gh d e v iat i o n s  i n  loa d ing 
e s t i ma t e s  ( Tab l e  5 . 2 ) . I n  c on tras t t o  the data o b t a i n e d  for  sur -
fac e run o f f  ( Ta b l e  4 . 3 ) , a r e duc t i on in  Gampling  int e r va l fr om 
8 t o  30min ha d l e s s  e f f e c t  on the d e v ia t i on i n  P and N loading  
e s t i ma t e s  for  a c c e lerat e d  sut sur fa c e run o f f  ( Ta b le � . 2 ) . 'I' h i s  
i s  a t t r ibut e d  t o  t he sma l ler var ia t i ons  i n  the  ra t e s o f  c hange in 

P and N c on c entrat i ons  w i t h  t ime ( Fi g .  5 . 1 t o  5 . 5 )  t han was o b s e r v 
e d  for  sur fa c e  r un o ff ( F i g . 4 . 1 t o  4 . 4 ) . 

B e cause t h e  var ia t i on s  in P and N c o n c entrat i on s  wer e m o s t  
rap i d  b e fore  p ea k  f low ( F ig . 5 . 1  t o  5 . 5 ) ,  t i le dra inage samp les  
should b e  t a k en m o r e  f r e quent ly o v e r  t hi s  i n i t ial per i o d , in  or d er 
t o  d e c r ease  t he d e v iat i ons  in loading  e s t i ma t e s . Th er e fo r e , a 
max i mum samp l i n g  t i me i n t erval o f  6 0m i n  was emplo y e d  b e f o r e  peak  
f l o w , and  t h i s  wa s increased  t o  1 2 0m in a f t er peak f l o w , wher e 
the rat e o f  c hang e  o f  c on c entrat i o n  and flow b e came sma ll  and  
c o n  : �  i ::i l. c n l w i t. h l i m c • 'J ' h i :..; : �ppr·o<1 c h  t o  :J[l m p l j n g i :.  r e l �:: vnnt  t o  
d i f feren t  s t orms  b e caus e a d e f inable  po int , p eak f l o w , i s  u s e d  t o  
d e t ermine  c han g e s  in sampling f r e quen c y . 

With  the  above  sampling in t er v a l  and by  inc lud ing  flow  
m ea sur emen t s  every  1 5min , devia t i on s  i n  the  estima t e s  of  P and N 
loadings  for  t h e  s i x  e v e n t s  s t ud i e d  i n  deta i l  wer e l e s s  than 1 5% 
( Table  5 . 3 ) . Unless  a d equa t e  a t t en t i on i s  paid t o  the  samp l i n g  
t ime interva l ,  however , appr e c ia b l e  error s in t h e  e s t imat e s  o f  

t h e  loadings o f  P f o r m s  in ac c e l era t e d  sub sur fac e r un o f f  c an r e 

sult . 

A s  d i s c u s s e d  for  sur fac e r un o f f , the data pr e s en t e d  r e lat e 
o n ly t o  ac c e lera t e d  sub s ur fa c e r un o f f  in the  wat ershed  un d e r  

s t udy . W i t h  i n fr equen t sampling  ( B o lt on e t  al . , 1 970 · Car t er - - ' 

� a l . , 1 97 1 ) and w i t hout  e s t ima t e s o f  the ac curacy  o f  t h e  r e -

s u lt ing  nu t r i e n t  l o a d i n g s  ( K o l e n b r a n d er , 1 96 9 )  t he dat a  r e p or t e d  
f or t h e  n u t r i en t  l oa d i n g s  an d t h e i r r e la t i v e  sign i f i c an c e  c a n  b e  

d i f f i c u l t  t o  in t erpr e t . 
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T a b l e  5 . 2 D evia t i on i n  load in g e st ima t e s  o f  P a n d  N f o r rn s, .:.:t n c.l  
::.; e d i m e :1. t  i n  a c c e l c: r u. t e d  5Ub s u r f a c e - r un o f f  e v e n t 2 

Sum p l i n p;  N u rn b e r o f  Pa r a m e t e r D e v i a t i o n in l o a d i n g  

i n t erva l Sampl e s  R e p l i c a t e s  e s t imCJ. t e s ( % ) 

( m  i n ) M e a :1.  C o n f i d en c e  

i n t e r v a l  ( 95% ) 

8 1 1t 4  

3 0  36 4 D I P  - 0 . 54 ( - 3 - 50 , 2 . 4 0 ) 

T DP - 0 . 75 ( - 3 . 2 0 , 1 . 73 ) 

T P  - 0 . 6 1 ( - 1  • 09 , -0 . 1 3 )  

N03 - 3 . 8 3 ( - 6 . 2 3 , - 1 . 4 3 ) 

TN - 2 . 09 ( -4 . 6 0 , o . 4 2 ) 

S e diment  - 0 . 4 6  ( -2 . 36 , 1 . 4 4 ) 

60  1 8  4 DIP 0 . 1 1  ( -· 6 . 6 ,  6 . 8 ) 
TDP - 0 . 02 ( - 6 . 2 , 6 . 2 ) 

T P  - 0 . 34 ( - 8 . 6 , 9 . 3 )  
N03 - 3 . 2 1  C - 8 . 64 , 2 . 22 ) 

'l'N - 1 . 56  ( -8 . 84 , 5 - 72 ) 

S e d iment  -4 . 76 ( - 9 . 2 3 , - 0. 2 9 ) 

6 oa 1 6 4 DIP 0 . 8 8  ( - 8 . 3 , 9 . 2 ) 

TDP 1 .  00 ( - 6 . 6 , '/ . 6 )  

'l'P 0 . 22 ( - 1 1 . 3 ,  1 1 . 5 )  

N0
3 - 3 . 34 ( - 2 0 . 1 , 1 4 . 5 )  

TN 2 . 62 ( - 2 1 . 6 , 24 . 2 )  

S e d i m ent - 6 . 6  ( - 32 . 6 , 1 9 . 4 ) 

1 2 0 9 4 DIP - 1 . 01 ( -8 . 3 , 6 . 2 ) 

TDP 1 .  31  ( -4 . 9 , 7 - 5 )  

TP 0 . 95 ( - 9 . 8 ,  1 1 . 7 )  

N 03 - 3 . 1 3  ( - 1 4 . 6 ,  7 . 3 )  

TN - 3 . 4 8  ( - 1 7 . 1 , 9 . 2 )  

S ed im en t - 2 7 . 44  ( -58 . 6 , 5 . 8 )  
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Tab l e  5 . 2 ( C ont inue d ) 

Samp l i!'lg 
int erval  

( m in ) 

240 

N umber of  Paramet er Deviat ion in  loa d i n g  
Samples  R ep l i c a t e s  est imat es  ( % )  

Me.:.tn 

4 4 DIP - 7 . 5 
T D P  -5 . 4  
T P  -2 . 9 
NO  3 - 2 . 5 
TN - 1 1 . 3 

S e d iment 4 1 . 7 

C o n f i d en c e  
i n t erval ( 95% ) 

( - 4 7 , 32 ) 
( -4 6 , 35 ) 
( - 38 , 32 ) 
( - 1 8 ,  1 3 )  
( -4 7 ,  24 ) 
( - 2 0 ,  1 03 )  

a Sam p l e  a t  peak flow  not  i nc lud e d . 
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Ta b l e  5 . 3 Dev i a t i on i n  loading  e s t ima t e s  o f  P a n d  N f orms , and  
s e d i m e n t  in  six  a c c e l erat e d  sub sur fac e - r un o f f  even t s  
stud i ed 

;� c l e c t e ,l r_;;; rnl' l i n g  
i n t erva l  ( min ) 

l 'i:..t ru.met er Dev i u t i o n  i n  l o tHLl n c; c d i rnu t E: C';t: ) 
Mean Con f i d en c e  i n t erval ( 9�% ) 

a 

6 0/1 20 
a DIP -4 . 7 ( - 1 0 . 2 , 0 . 75 ) 

T DP - 1 . 6  ( - 1 1 . 6 , 8 . 5 ) 
T P  - 1 . 0 ( - 5 . 1 , 4 . 0 ) 
N 03 -0 . 28 ( - 1 . 2 8 , o . 72 ) 
T N  -0 . 30 ( - 2 . 2 2 , 1 . 62 ) 
Sediment  -4 . 8 ( - 1 0 . 3 , 0 . 7 ) 

�um p l i ng i n t erva l o f  6 0m i n  pr i or t o ,  und  1 2 0m in  f o l lowing 
peak flow , wi th  a sample  a t  peak flow i n c luded . 

l ' low data a t  1 5- m i n  i n t ervals used . 



5 . 3 . 3 Tra�sport  o f  pho s p�orus  anc n i t r og en forms i n  

a c c e l erat e d  s ub s ur fac e r u� o f f  a c  i n fluen c e d  b y  

fer t i l i z e r  r- i t r o g en a � d  anima l s  

1 cc 

Var i ab i l i t y  s t ud i e s c o nduc t e d in t he t wo m o n t h s  pr i o r  t o  t h e  

s e c on a  applicat i on o f  u r e a  u � d  in t h e  ab s en c e  o f  gra z i n g c at t l e , 

i n d i ca t e d  l i t t l e  var i a t i on i n  t he v o lu�e o f  wa t er a nd in the c on 

c e n t r � t i o n � n d  u m o � n t � o f  d i s s o l v e d  P a n d  ced i m ent t r a n s p o r t e d  i n  

a c c e l era t e d  sub sur fac e  runo f f  from b o t h  a r e a s  ( �ab l e  5 . 4 ) . .S l ight ly 

g r e a t er amounts  o f  par t i c u la t e  2 ,  N 03 , and  TN w e r e  tran s por t e d i n  

dra inage from t h e  s m a l ler  area ( ar e a  B ) . 

5 . 3 . 3 . 1 F er t i l i z er n i t r ogen . B e caus e b o t h  ar eas 

b ehav e d  s im i larly in t erms  of the loss  o f  P an d N forms dur ing 

the  f i r s t  two  mon t h s  of  t i le d r a i n a g e  d i s c ha r g e  ( May an d J une ) , 

i t  w�s p o s s i b l e  t o  e v a lua t e  t he e ff e c t  o f  a s e c on d  f e r t i l i z er N 

a d d i t i o n  t o  ar ea A a n d  o f  t h e  gra z ing o f  a r ea B ,  o n  the  t ransport  

of  P a n d  N in ac c e le r a t e d  sub sur fac e  runo f f  by  using  one  of  t he 

d r a in e d  areas as  a c ont r o l . 

M ean N03 ( f i g . 5 . 6 )  and  TN ( F i g . 5 . 7 )  c o nc en t r a t i o ns i n  euc h 

a c c e l era t e d  sub sur fa c e -r uno f f  e v en t  dur ing t he y ear ( ca lc u la t e d  

from t h e  t o t a l  l o a d i n gs and  t o t a l  f l o w  for each ar ea ) w er e h i g h e s t  

i n  May when t he dra i n s  f i r s t  star t e d  f lo w ing . 

l i z er N app l i c a t i on o f  6 0kgN ha
- 1 

was made i n  

The i n i t i a l  fer t i -

Apr i l ,  1 975 . A f t er 

t h e  s e c o n d  ur ea a p p l i c a t i on i n  e a r ly J u l y , m ean N0
3 

an d TN c on 

c en t ra t i on s  i n  t h e  d i s c harge  i n c r e a se d , r ea c h ing a max imum va lue 

two w •· c J< :j < J f t er L l l c  <.t l lpl i c u t i on ( J • ' it: . J . G , J . 7 ) . Suh � : er pH::n t l y , 

c on c en t ra t ion s  grad ua l ly an d c o n s i s t en t ly d e c r ea s e d , r e t ur n i n g  t o  

t h e  pr e - f ert i l i z e r  c o n c en t ra t i on s  appr o x i ma t ely  t en w e eks a ft er 

app l i c a t i on . L i b o i s  ( 1 96 8) also  r ep or t ed e levat ed  N 03 c on c e n 

t r a t i o n s  in t i l e  d r a i n ag e  for  e ight  w e eks f o l lowing f e r t i l i z e r  N 
ad d i t i on . The m ea n  N 03 and  TN c on c e n t r a t i on s  o f  ac c e lera t e d  sub 

sur fa c e  runof f fr o m  t h e  un fer t i l i z ed  ar e a  ( ar ea B ) , h o w e v e r , d e -

c r ea s e d  gradua l l y  o v er t h e  same per i o d  ( F i g . 5 . 6 , 5 . 7 ) . I n  c o n -

trast , mean DIP an d T DP c on c ent r a t i on s  i n  a c c e l era t e d  s ub sur fac e  

runo f f  from t h e  f er t i l i z e d  a r ea show e d  n o  r espons e  t o  ur ea app l i 

c a t i on ( Fi g . 5 . 8 ) , d e c r ea s in g  from maxim um values in early aut umn 

( Apr i l )  and then r ema ining  c on s tant dur ing the  per i o d  from J un e  



Tab l e 5 . 4 

1 · ; ,  r ; 1 1n r : t  t : r  

D i s c harge  3 1 ( m  ha -

DIP 

TDP 

Di s c harge of wa t er and  amoun t s  of P a n d  N f orm s , a n d  

s e d i m en t  transpor t e d  in  ac c e lera t e d sub sur f�c e r uno f f  
dur ing  f our w e e ks a f t er t h e s e c o n d  ur ea app l i c a t ion 
t o  a r ea A 

Area A 

c onc entra t i on  lo� d ing 

J\ r ea B 

T o t a l  
c o n c en t ra t i on l0s d ing 

1 03 

( mg 1 - 1 ) ( g  ha - 1  4 w e e k s - 1 ) ( mg 1- 1 ) ( g  ha - 1 4 w e e k s - 1 ) 

4 - 1 w e eks ) 670  7LJ  0 

0 . 064 4 2 . 6 0 . 059 4 3 . 5 

0 . 095 6 3 . 5 0 . 084 6 1 . 7  

l '.:.� r t i c u l .:1 t e  0. 084 56 . 5 0 . 070 51 . 5  
l '  

'1' 1 '  0 . 1 77 1 1 8 . 9 0 . 1 52 1 1 2 . 6 

N O ,  4 . 2 2 8 5 0  2 . 2 1 660  :J 

TN LJ . ? 3 1 4 0  2 . 3 1 750 

S e d i m e n t  1 30 9 0  1 4 0  1 01 
( kg ha - 1 4 - 1 w e eks ) 
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t o  S e pt emb er . 

T h e  amoun t s  o f  P and  N f o r ms t r a n E pu r t e d  i n  t i le dra i nage  
d u r i n g  J uly a ft er t he s e c on d  ur ea appl i c at i o n  are  pr e s e n t e d  1 n  
Tab l e  5 . 4 . The a m o un t s o f  1 o 3  and TN tran sport ed  from t he f er t � -

- 1 - 1  l i z e d  ar ea ( 2 . 85 an d 3 . 1 4kg ha 4 w e e k s  , r e spec t iv e ly , a r ea A ,  

�ab } e 5 . 4 ) w e r e  gr ea t e r  t h an t h o s e  t r a n s p o r t e d fr orn t h e  un f er t i -
1 - 1  li z c J  a r e a  ( � . 6 6 and 1 . 75kg �a -

4 w e eks , r e s p e c t i v e l y , a r ea B ,  
Tab l e  5 . 4 ) . The  i n c r ea s e  i n  l o s s  o f  N 03 a n d  TN from t h e  f er t i l i z -

- 1  - 1  ) e d  ar e cl  i n  4 w c � k s  ( 1 . ? a n d 1 . 4 kg ha 4 w e eks  , r e d p e c t i v e ly 

a c c oun t e d  for 2 . 0 a n d  2 . 3% , r e s p e c t i v e ly , o f  t he a p p l i e d f e r t i l i z er 

N . Tte ma j or pr opor t i on ( 8 7% ) o f  � h e  in c r e a s e d  los e  i n  N a ft er 
f er t i l i z er appli c a t ion w�s tran 5 p o rt e d a s  N 03 • � h e  amoun t s  o f  
b o t h  pa r t i c u la t e  an d d i s s o lv e d  P tran spor t e d  i n  a c c e l era t e d  s ub 

sur fa c e  r un o f f  fro� b o t h  ar ea s w e r e  s imi lar . 

5 . 3 . 3 . 2 A n i m a l s . The  � n f er t i li z ed area ( ar e a  B J  wa s 
gra z e d  b y  1 00 da i r y  c a t t le at  a s t o c �  ra t e  o f  300 c a t t l e  ha - 1  

a t  t h e  b e g innin� o f  August , for 1 2h a s  par t o f  t h e  n orm� l gra z ing 
p l a n  f o r  t h e  far� . B ecaus e b o t h  areas  l o s t  v e r y  s i m i lar amoun t s  
o f  P f c r m s  i n  t h e  t tr e e  months  pr i o r  t o  gra z i ng ( Tab l e  5 . 4 ,  5 . 5 ) ,  

i t  i s  p o s s i b l e t o  e va lLat e t h e  e f f e c t  o f  graz ing on P forms trans
por t e d  i n t i l e  drainage b y  di ffer en c e  b e t w e en t h e  t w o  ar eas . 

A r u p i d i n c r ea s e  i n  t h e  mean c o nc en t ra t i on s  o f  N 0 7 , TN , D I P ,  
./ 

a n d  pa r t i c u la t e  P i n  ac c e l e r a t e d sub sur fa c e  r uno f f  ( F i g . 5 . 6 , 5 . 7 ,  

5 . 8 ,  a n d  5 . 9 ,  r e s p e c t i v e ly ) was o b s e r v e d  a [t er t h e  gra z i n g  ev en t . 
- 1  The  i n c r ea s e  i n  N 03 a n d  T N  c onc e n t ra t ion  ( 1 2 . 0  and  1 6 . 0mg 1 , 

r e sp e c t i ve ly ) , h o w e v er , was n o t  a s  gr eat  a s  the  inc r ea s e  i n  DIP 
- 1 and par t i c ulat e  P c on c en trat ion  ( 0 . 2 3  an d 0 . 70mg l , r e spe c t iv e ly ) . 

Wher eas  t h e  N c on c e ntrat i on s  r emain e d  e le va t e d  for t hr e e ' w e eks , 
the  P c on c entra t i on s  star t e d  to  d e c r ea s e  on ly on e w e e k  a f t er graz i ng , 
as a r e sult o f  t h e  low m ob i li t y  o f  P in  ac c e lera t e d  s ubsur fac e run
off . At t hi s  t i� e , the  c on c en trat i o n s  o f  N 03 and  TN in d i s c harge  
fr om the  fert i l i z e d  area ( ar e a  A )  had  only  j ust r ea c h e d  tte  pr e 
f er t i li z er l ev e ls , a per i o d  o f  t en w e e ks a ft er f er t i li z er a pp li -
cat i o n  ( Fi g . 5 . 6 ,  · 5 . 7 ) . I t  i s  a p paren t , t her e for e , t hat  t h e  graz -
i�g event  had a l e s s  sus t a ir e ff e c t  on N03 and TN c onc e n t ra t i on s  
i n  a c c e lerat e d  s ut sur fa c e  r u n o f f  t ha n  t h e  appli c a t i o n  o f  ur ea . 



T a b l e  5 . 5 

Param e t er 

Di sc harg e  
( m  3 ! t u  - 1 

DIP 

T OP 

1 1 4  

D i s c ha r g e  o f  w a t e r a n d  amoun t s  o f  P a n d  N forms , un d 
sed i m en t t r a n s p o r t e d  i n  ac c e lera t e d sub s ur fac e r uno f f  
d ur in g  Ma y a n d  June pr i or t o  t h e  s e c on d ur ea appl i c a t i on 
an d gra z i ng 

Ar e a  A Ar ea l3 

tJ, ean T o t a l  M e a n  T o t a l  

c o n c en t r a t i o n  loa d i ng c o n c e n t r a t i on l oa d i n �  
( mg l - 1 ) ( g  ha - 1 4 we eks - 1 ) ( mg l - 1 ) ( g  ha - 1 

4 w e e k s - 1 ) 

� - 1  w e e k s  ) 1 1 0 1 00 

0 . 056 6 . 2 0 . 057 5 - 7  

0 . 06 8 ? - 5 0 . 072 7 . 2 

i 'a r t  i c H ] u t e:  0 . 0 1 5 1 . 6 0 . 024 2 . � 
l) 

·r p 0 . 08 2 9 . 1 0 . 097 9 - 7 

N03 1 0 . 6 1 1 70 1 2 . 3  1 2 30 

' I ' N  L ' . 7 1 lt 1 0  1 4 . ? 1 lt 70 

�. c d  i rn cn t 1 )0 28 1 2 0 ?5 
( kg ha - 1 4 - 1  w e ek s ) 
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Fig.  5 . 9  Mean  par t i c ula t e  P c on c en trat ion in a c c e l era t e d  subsur fac e  run o f f  

b e fore a n d  after t h e  s e c on d  ur ea appl i c a t i on a n d  graz ing 

( dashed l in e , area A;  s o l i d  lin e , area B ) .  
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A l t hough t h e  ma j or pr o por t i o n  o f  P t ra n s p or t e d  i n  t i l e  dra i n 
a g e  w a s  i n  t t e  d i s s o l v e d  f o rm ( 80% a s  T DP , Tab le 5 . 6 ) , gra z i n g  

a l s o  r e s u l t e d  i n  a t w o - f o l d  i n c r ea s e  i n  t h e  J o s s  o f  par t i c u la t e  
1 - 1 - 1  

P ( 4 6 . 9 g  ha - 4 w e eks , Ta b l e  5 . 6 )  c om pa r e d  t o  D I P  ( 2 3 . 1 g  ha 
- 1  4 w e e k s  , Ta b l e 5 . 6 ) . T h e  g r e a t e r  e f f e c t  o f  gr a z i n g  on par t i c u -

la t e  P i n  d i s c harge wa s a s s o c ia t e d  w i th a 5 0% i n c r ea s e  i n  t h e 

;.,t rn o url t o f  ::; e cl i m e n t  c u r r i e d , a lt h 01.:.gh t h e  v o lume o f  w u t e::r wu :..; r e -

d u c e d  ( Ta b l e  5 . 6 ) . T h j s i s  pr o b a b ly t h e  r e s u l t  o f  t h e  d e s t r u c t i o n  

o f  d r a i nage c hann e ls i n  t h e  s o i l pro f i l e a n d  s ur fa c e  " pugg i ng " , 

w h i c h  r e s u l l e d i n u r e d u c e d  i n f i l t r u t i o n  c u pu c i t y  o f  L h e  c o i L 
A t  t h i s t i m e , sur fa c e r un o f f  was ob s e r v e d  t c  o c c ur f r om t h e g en t ly 

s l o p i n g  l a n d  ( 0- 1 ° s l o p e ) ,  a s i t ua t i o n  w h i c h  was n o t  a ppa r e n t  

pr i o r  t o  t h e  gra z i n g  e v en t . A s  a r e su l t , a c c e l e ra t e d  sub s ur fa c e  

f l o w  i n c r eas e d  m o r e  g r a d ua l ly from t h e  gra z e d  a r e a  d ur i n g  t h e  

f i r s t  dra i n a g e  e v e n t  a f t er gra z i n g , t han from t h e  ungra z e d a r e a  

C f. · i r; . _5 . 1 0b ) . I n  a d d i t i o n , p e a k  f lo w  fr om t h e  gra z e d  u r ea ( a rea 
B ,  F i g . 5 . 1 Cb ) was v er y  mu c h  l e s s  w e l l- d e f i n e d  in c o n t r a s t  t o  
d r a i n a g e  fr om t h e  ungr a z e d  ar ea ( ar ea A ,  F i g . 5 . 1 0b ) , a n d  f or 

b o t h  a r e a s  dur i n g  t h e  pr e - gra z i n g dra i n a g e  e v e n t  ( F i g . 5 . 1 Ca ) . 

T h e  a c c e le r a t e d  sub sur fac e - f l o w  h y dr ograph for t h e  gr u z e d  <.n · e u  

w a s  s t i l l  d i s s im i lar to t h e  f lo w  hydr ogra p h s  for r u n o f f  e v e n t s  

f r · on.  t i H ·  p r r· - � � r ; t z e d  u n d  u n c; r :J z e <.l  l t r c u ; ; t l l r E: (;  w e e: !< :' u f t r: r  p; r n z i  n r;  
( F i g  • 5 • 1 O c  ) • 

T h e  v o lum e o f  wa t er a n d  amoun t s  o f  P a n d  N f o r m s , un d  s e d i m e n t 

t r a n s p o r t e d in a c c e l e ra t e d  sub s ur fa c e  r un o f f  i n  f o u1 ·  w e eks a f t er 

t h e  gra z i ng o f  ar ea B w e r e  s i gn i f i cant ly gr e a t er t han t h o s e  t ran s 

p o r t e d  from t h e  ungra z e d  a r ea A ( Ta b l e  5 . 6 ) . 

B e c a u s e  t h e  l o s s e s  o f  N f o r m s  from ar ea A ( Tab l e  5 . 6 )  i n c l u d e  
f er t i l i z er l o s s e s , i t  i s  n o t  po s s i b l e  t o  quan t i t a t i v e ly eva l ua t e 
t h e  e f f e c t o f  gra z i ng o n  t h e  tran s p or t o f  N . T h e  i n c r ea s e d  l o s s  

- 1  ungra z e d  ar e a  ( 2 . 1 kg ha o f  N O �  fr om t h e  gra z e d  c om par e d  t o  t h e  
./ - 1 4 w e ek s , T a b l e  5 . 6 )  i n  f o ur w e e ks i s ,  h o w e v er , gr e a t e r  t han t hu t 

l o s t  f o l l o w i n g  f e r t i l i z er a p p l i c a t i o n  ( 1 . 2 kg h a- 1 4 w e eks - 1 , Tab l e  
5 . 4 ) , i n  t h e  sam e t i m e  p e r i o d . T h e  data i n  t h e  pr e s en t  s t u d y  
i n d i c a t e  t ha t  i n  four w e ek s , lar g er amo un t s  c f  No 3 a n d  
T N  may b e  t ran s p or t e d  i n  a c c e le ra t e d  s ub s ur fa c e r u n o f f  a f t er gra z -
i n g  t han a f t er ur ea a pp l i c a t i on . B e c a u s e  ur e a  a pp l i c a t i o n  has a 

m o r e  sust a i n e d  e f f e c t  o n  t h e  c o n c en t rat i on o f  N i n  t i l e  dra i na g e ,  



Tab l e  5 . 6 

Param e t er 

D i scharg e  o f  wat er  and  amoun t s  of  P and  N forms , and 
s e d imen t transpor t e d  in a c c e l era t e d  sub s ur fa c e run o f f  
dur i�g  f our w e e k s  f o l l o w ing graz ing  o f  area B 

Ar ea A A r ec... 13 

Mean T o t a l  Mean - T o t a l  

1 1 7  

l o a d i n g  c o n c e n t r a t i o n 
- 1  ( m l_j 1 ) - 1  - 1  ( c; lw 4 •1 c e: k �  ) 

c o n c e n t re�. t i o n  loo.d .i n[:j 
( mg l

- 1
) ( g  ha- 1 4 w c t k s - 1 ) 

D i s c harge  
7. 1 ( m..) ha -

DIP 

T OP 

4 

l'a r t i. c u la t e  
p 

TP 

N 0
3 

TN 

S e d i m en t  
( kg ha - 1  4 

-- ----· -· 

- 1  we eks ) 

0 . 04 9 

0 . 074 

o . 05 3 

0. 1 24 

4 . 0 

5 . 2 

1 1 0  
- 1 w e eks ) 

900 

4 4 . 6 0 . 090 

66 . 8 0 . 1 1 8 

4 7 . 5 0 . 1 2 6 

1 1 2 . 5 0 . 244 

3 5 9 0 7 - 5 

4 7 00 9 . 7 

1 00 200 

750 

6 7 . 7 

3 8 . 8 

94 . 4 

1 8 3 . 2 

5650 

7330 

1 5 1  
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Fig . 5 . 1 0  Wat er d i s c harge r a t e  from an ungrazed ( ar ea A )  and graz e d  

( area B )  t iled a r e a  in a flow event ( a )  1 w e ek b e for e 

gra z ing , ( b )  1 week  a f t er gra z ing , and ( c ) 3 we eks a f t er 

gra z ing . 
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t h e  loss  o f  N from  ur ea in t en w e eks  may b e  gr ea t er t han t ha t  

l o s t  a s  a re s u lt o f  gra 7 in g . 

5 . 3 . 3 . 3  A�� � a l  amoun t s o f  pho sph orus an d n i t r ogen 
G u e  L O  the la c k o f  a d e quat e  c ontrols , t h e  amoun t s  

o f  f' et � d  :;  f o r ::1 s  t r a n s � c_. :c t e d  i rl a c c e l era t e d  subsur fa c e  runo f f  fr om 
u� : 2r t i l i zed &�G U !1 3 r c  � � o �o�a r u s i lt loam c ould � e t  b e  measur e d . 
C o n s e q� e !'l t ly , t t e  r e la � i v e  s i gn i fi c an c e o f  s o i l ,  f e r t i l i z er N ,  and 
gra z i ng an i ma ls as  s o ur c e s  o ;  t h e f o r � s  of  P a n d  N tranEpor t e d  in  
� c c c l e r a t e d  sub sur fac e run o f f  c ann o t  be  c � lc u la t e d . The  m e u n  
c on c e n t ra t i on G , t h e  r a n g e  o f  ob .s ex· v c· •' c or: c e n t ru t i on .s , and t h e  
a n n ua l a � oun t s  o f  P and N f o r m s t ran�,or t c d  i n  a c c e l e r a t e d  s ub 

s u r fa c e  r un o f f  from b o t h  ar ea s ar c g i v en i n  Tab l e  5 . 7 . 

T h e  mea n c o n c e n t r a t i o n s  o f  N f orm s i n  a c c elerat e d  sub �ur fa c e  
r un o f f  w er e  m u c h  g r e at er t han t h o s e  o f  P f o r m s , a l t h o u g h  t h e  � ean 
c o n c en trat i o n s  of  dis s o l ved f o rms of  P and N w e r e  gr e a t e r  than t ho s e  
o f  par t i c u la t e  f orms . T h e  m ean c on c e n t rat i on o f  T DP was  s l i ght ly 

- 1  gr eat er t ta n  t ha t  o f  par t i c u l a t e  P ( 0 . 083 and O . C6 6mg l , ar ea A ,  
'I' a b l e  5 . 7 ) , wl': e r ea s t h e  m e a n  c onc entra t i on o f  N O ,  c ons t i t ut e d 8 3% 

../ 

o f  TN . The a v erage range in the  c onc entra t i on o f  P f o r m s  in  t i le 
dr a in ag e  dur ing  1 9 75 ( Ta b l e  5 . 7 ) ,  wa s muc h great er t h an t he range 
o b s er v e d  dur ing  sur fa c e -r un o f f  e v en t s  dur ing t he same year ( F i g .  
4 . 1  t o  4 . 4 ) . 

T h e  c on c en tr a t ions  o f  D I P , T P ,  a n d  N 0 7  o b s er v e d  in a c c e l era t e d  
.) 

sub sur fa c e  rur. o f f  in  t h e  pr e s en t  s t udy , wer e  s i ffi i la r  t o  t ho s e  o b -
t a i n e d  i n  over s eas  st udi es . Baker � a l . ( 1 9 75 ) found m e an c on 

- 1  c en t ra t i ons  o f  0 . 038 , 0 . 1 82 , an d  1 0mg 1 f or DIP , TP , a n d  N O , , 
- 1  

.) 
r e s p e c t i v e ly , from a s i l t  loam r e c e i v ing 1 22kgN ha ev ery t w o  

year s . A l s o  Erickson a n d  E l l i s  ( 1 97 1 ) m easur e d  a ran g e  in D I P 
- 1  c o n c en trat i on o f  0 . 01 t o  0 . 3mg 1 a n d  i n  N 03 c on c en tra t i o n  o f  

- 1  0. 2 t o  1 1 mg 1 , i n  t i l e  dra inage  from agr i c u l t ural  land i n  M i c hi-
gan . In a s t udy o f  ac c e lera t ed sub sur fac e r un o f f  from  a s i lt 
loam , t o  whi c h  d i f ferent  amoun t s  o f  P an d N f er t i l i z e r  had b e en 
appl i e d ,  Zwerman � a l . ( 1 972 ) ob t a i n ed increased  N03 c on c entr a t i on s  
a s s o c iated  w i t h  h i gher r a t e s  o f  f er t i li z er applic a t i on , whereas  
DIP c onc entra t i on was  less  a f f e c t e d . 



Tab l e  5 . 7 

1 2 0 

Ann ua l d i s c harge  o f  wat er an d amoun t s  o f  P and  N forms,  
an d s ediment tran s p ort e d  in a c c e lerat e d  sub sur fa c e  r un
o f f  from fer t i l i z e d  area ( A )  and fer t i li z e d  and gra z e d  
ar ea ( B )  

Areo. A Ar e.:1 B 

Par am e t er Con c entra t i on Loading Conc entrat ion  Load ing 

Dis charge  
3 - 1  ( m ha 

D I P  

T DP 

- 1 ) ( mg 1 - 1  - 1 ) ( kg ha y 
-------------------

Ca l c u la t e d  0 bser v e d  
m ean range  

y - 1 ) 1 8 2 0  

0 . 0)8 o . 560-- 0 . 01 6 0 . 1 1 

0 . 08 3 0 . 5 8 0·- 0 . 026 0 . 1 6  

Pnr t i c u lu t e  
p 0 . 066  0 . 650- 0 . 001 0 . 1 3 

TP 0 . 1 35 1 . 007- 0 . 037 0 . 26  

N 0 3  5 - 5 7  4 9 . 2  - 1 • 1 1 0 . 6 

TN 6 . 68 56 . 3 - 1 . 4 1 2 . 7 

!,; e d i m e n t  1 5 7  926 - 2 6  283  

( 
- 1  m g  1 ) - 1  - 1  ( kg ha y ) 

Calc u la t e d  Ob serv e d  
m ean range  

1 900 

0 . 072 0 . 353- 0 . 01 1 0 .  1 3 

0 . 097 0 . 4 04 - 0 . 025 0 . 1 8 

0 . 094 1 .  04 9 - 0 . 007 0 . 1 7  

0 . 1 73 1 . 363- 0 . 033 0 . 32 

6 . 5 2  2 6 . 4 - 1 .  0 1 1 . 9 

9 . 5 0  32 . 1 - 1 .  3 1 4 . 0 

1 63 983 - 2 3  2 9 7  
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The annual amoun t s  o f  P and  N form s , and s ediment  t rans port ed 
ln  ac c e lera t e d  sub sur fac e run o f f  from t h e  gra z e d  area  ( ar ea U ) ,  
r e c e i v ing o n ly one  f er t i li z er N applica t i on , w e r e  s li ght ly g r eu t er 
than tho s e  tran spor t ed from t h e  ungraz e d  and fert i li z e d  area ( ar ea 
A ,  Tab l e  5 . 7 ) . T h e  amoun t s  o f  N f orms lost  fr om b o t h  ar eas , how-
ever , w er e  gr eat er t han the  amoun t s  of  P forms . O f  t h e  TN trans
por t e d , N03 a c c oun t e d  for 8 0% ,  whereas  in  the  case of  P 61% was 
transpor t e d in the d i ssolved  form . Thi s i s  in c on tr a s t  t o  sur
fa c e  run o ff , wher e t here  was a gr eat er transpor t o f  P an d N in 
the par t i c ulat e ,  c ompar ed t o  t h e  d i s s o lv e d  form . I n  a dd i t i on , 
the amoun t s  o f  P f orms  transpor t ed w e r e  gr eat er t han t h o s e  o f  the  
N forms . 

The b a s i c  d i f f er en c es b e tw e en th e transpor t  o f  P and  N i n  
a c c e lera t e d  subsur fac e run o f f  ar e a r e sult o f  t h e  d i f f ering  P and 
N s o i l  r e t en t i on c apa c i t i e s . Wher eas s o lub le P i s  r ead i ly s or b e d  
by s o i l  c omponent s ,  b e cause N 03 i s  a non -spec i f i c a l ly s orb e d  
anion , i t  moves  fr e e ly by  d i f fu s i on an d mass transport w i t h  s o i l  
wat er movement  ( Harm s en and Ko lenbran d er , 1 965 ) t hr o ugh t h e  s o i l  
pro f i l e . The  n i t r i f i c a t i on o f  N d e r i v e d  from s o i l  or gan i c  mat t er 
an d ur ea  fer t i li z er may b e  enhan c ed in  a dra i n e d  s o i l  dur ing wint er , 
wher e t h er e would b e  less  c han c e  o f  r educ i n g  c ondi t ions o c c ur r ing , 
r e sulting  in  a pot ent ia lly lar g e  p o o l  o f  N03 a c c umulat i n g  in  t h e  
s o i l .  Furt hermor e ,  t he f i xa t i on o f  N H4 b y  verm i c u l i t e ,  wh i c h  i s  
t h e  dom inant c lay m in era l i n  Tokomaru s i lt loam ( Po llok , 1 975 ) , 
would a ls o  favour the  pr edominanc e o f  N03 in  ac c e lerat e d  sub s ur 
fac e run o f f . L ow t o  negligi b le  amoun t s  o f  NH4 an d h i gh N 03 hav e  
wi d e ly b e en ob s e r v e d  i n  n c c e l ern t cd subsur fac e run o f f  ( W i J lr i c h ,  
1 969 ; Er ickson and E l J i s , 1 97 1 ; Hanway an d La flen , 1 974 ) . 

The annua l loss e s  o f  DIP an d TP ( 0 . 1 1  and 0 . 26kg ha- 1 y- 1 

r e spect i v e ly , Tab l e  5 . 7 ) i n  a c c e lera t ed s ub s ur fac e runo f f  from t he 
ungra z e d , f er t i l i z e d  a r ea ( ar ea A )  w e r e  g r eat er t han t ho s e  foun d  

( ) - 1  - 1  by  Baker � a l .  1 975 ( 0 . 03 a n d  0 . 1 8kg h a  y , o f  DIP and T P ,  
r espec t iv e ly )  i n  ac c e l erat e d  sub s ur fac e  r un o f f  fr om a n  ungraz e d ,  
N fert i l i z e d  s i lt loam . In  c on tr a s t , s l i ght ly gr e a t e r  l o s s e s  o f  

( 8 - 1 - 1  DIP  0 . 1 k g  ha y ) i n  a c c e l era t e d  sub sur fac e r un o f f  from a c lay 
loam also r e c e iving  no fer t i li z er P w er e measur e d  by B o lt on et a l .  
( 1 9 7 0 ) . 



ar ea 
Los s es of N07 fr om the fert i l i z e d ,  

_) 
A )  a n d  from t h e  fert i li z e d , gra z e d  
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- 1  - 1 ungra z e d  ( 1 2 . 7kg ha y 
- 1  - 1 ) ( 1 4 . 0kg ha y , a r e a  b 

ob t a i n e d  i n  the  pr e s e L t  study wer e l e s s  than the  av erag e annua l 

l o s s  ov er four years o f  N O ,  
_) 

- 1 - 1  ( 3 1 kg ha y ) in a s t udy c o n duc t ed 

by Baker � a l . ( 1 9 75 ) on a s i l t l oam  r e c e iving  - 1  1 1 2kgN ha o f  

fer t i li z er ev ery t w o  years . I n  c on t ras t , the loss e s  o f  N 03 
( 1 3 . 1 kg ha- 1  y - 1 ) i n  t i l e dra inage  a ft er a muc h heav i er a ppli c a t i on 

- 1  o f  2 25kgN ha 
et  al . ( 1 965 ) , 
5 . 7 ) . 

t o  a s i l t  c lay in  Ca l i forn i a , o b t a i n e d  by  J ohn s t on 
w e r e  simi lar t o  t h o s e  in t h e  pr esent  s t udy ( Ta b l e  

5 . 3 . 4 Pr edic t i on o f  d i s s o lv e d  ph osphorus an d n i tr oG e n  l o s s 8 s  
i n  a c c e lera t e d  sub s ur fa c e  r uno f f  using s o i l  extra c t ion 
data 

The amoun t s  of inorga n i c  P extra c t e d  by 0 . 1� N a C l  fr om s o i l  

sampl e s  c o l l e c t ed fr om t h e  graz e d  a n d  ungra z e d  areas d e c r e a s e d  
g r a d ua l ly w i t h  sample depth . Maxi mum va lues were  o b t a i n e d  fr om 
t h e  0- 1 0cm  depth and min imum values fr om the  5 0- 6 0cm  depth , ( Fi g . 
5 . 1 1  and 5 . 1 2 ) . The  amoun t s  o f  extra c t a b l e  s o i l  P in t h e  ungraz e d  
area  ( F ig . 5 . 1 1 )  w er e  s li ght ly h i gh er a t  all  depths  i n  autumn ( May ) 
an d gradua l ly decreased  over  t h e  sampl ing per i od , t o  r e a c h  a mini 
mum i n  S ep t ember when s o i l  t emperat ur e s  were  low and  s o i l  moi s t ur e 
c on t en t  h i gh . Ext ractable  s o i l P from ar ea B ( fi g . 5 . 1 2 ) d e c r ea s -
e d  s i m i lar ly unt i l  gra z i ng o c c urred  in  August , when a r i s e  in ex
trac tab l e  so i l  P wa s ob s er v e d  in  the t op 2 0cm  ( F i g . 5 . 1 2 ) . 
B lackmor e ( 1 966 ) a l s o  observed  l i t t le s easonal  var ia t i o n  in  ex
trac tab l e  s o i l  P ,  exc ept when dung or f er t i li z er P wer e  appli e d , 
result i n g  in an inc r ea r, e  in  t h e  extra c tab le  s o i l  P l e v e l s  in b o t h  
t he sur fa c e  a n d  s ub sur fac e s o i l . Par t i c ular ly s i gn i fi cant  i s  t h e  
fa c t  t ha t  s im i lar t r en ds i n  t h e  m ean  D I P  c on c entra t i on o f  a c c e lera t 
e d  sub s ur fac e run o ff wer e ob t a i n e d  ( Fig . 5 . 8 )  dur ing the  same per i o d . 

T h e  amoun t s  o f  N03 extra c t e d  b y  0 . 1� NaCl  ( sub s equen t ly r e 
ferred  t o  as  extrac t ab le  s o i l  N 03 ) d ec r ea s e d  wi t h  sample  depth  i n  
b o th areas , as  was t h e  c a s e  for extra c table  s o i l  P ( Fi g . 5 . 1 3  and 
5 . 1 4 ) . The  amo un t s  of extra c t ab l e  s o i l  N03 wer e grea t e s t  in  May , 
a f t er ur ea appli c a t ion , but  gradua l ly decreased  a t  a l l  depths  un t i l  
a s ec o n d  urea appli cat ion was mad e  i n  J uly . A s o i l  sampling one  
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w e ek a f t er the a pp l i cat i on of urea s howe d  inc r ea s e d  extra c t a b l e  
s o i l  N03 l ev e ls a t  a ll depths  i n  t h e  pr o f i l e , w i t h  t h e  max imum 
c on c entra t i on a t  the  1 0- 20cm depth  ( F i g . 5 . 1 3 ) . On e month  la t er 
the  amoun t s  o f  e x t r a c tab le s o i l  N03 at  t h e  1 0-20cm depth  ha d d e 
c r ea s e d  fr om 48 t o  9 . 0kg ha- 1  1 0c m- 1 an d t h e  pro f i le d i s t r i bu t i on 
o f  extrac tab le  s o i l  N03 was s i m i lar t o  that b e for e t h e  s e c o n d  
fer t i l i z er appl i c a t i on . Sub s e quen t ly ,  a gradual  d e c r eas e i n  
e x t r a c t a b l e  s o i l  N03 lev e l s  o c c ur r e d  unt i l  Oc t ob er . Ext r a c tab l e  
so i l  N03 l e v e l s  r ema ined  fair ly c onstan t  dur i ng June a n d  July , b u t  
a gra zing  even t in  Augus t r e sult e d  in  an i n c r ease  i n  extra c t ab l e  
so i l  N 03 in t h e  s ur fac e 2 0c m  ( Fi g . 5 . 1 4 ) . 

Extrac tab l e  so i l  N03 l ev e ls ob tain e d  on e mon t h  a f t er t h e  
f i r s t  urea app l i c a t i on i n  Apr i l  w er e s i m i lar t o  t h e  l ev e ls o n e  
month  a f t er t he s ec ond a pp l i c a t ion i n  J u l y  ( F ig . 5 . 1 3 ) .  T h e  
max imum N03 c on c entrat i on in  t i le drainag e from t h e  f e r t i l i z e d  

- 1 ar ea ( ar ea A ) , howev e r , was gr eater  in  May ( 2 0 . 6mg l , F ig . 5 . 6 ) , 
one month  a ft er t he first  app l i cat i on o f  urea , than t h e  max imum 
N03 c onc entrat i on measur e d  a ft er t h e  s e c on d  appl i c a t ion  o f  ur ea 

- 1  ( 1 6 . 6mg l , F i g . 5 . 6 ) . T h i s  sug g e st s a mor e rap i d  hydr o ly s i s  
an d r- i t r i fica t i on o f  ur ea , and  a gr eat er m ob i li t y  o f  N 03 w i t h i n  
the  s o i l  pr o f i l e  in  May t han in  July . I n  Apr i l ,  s o i l  t emperatur e  
i s  h i gher and m o i s t u r e  c o n t ent  a t  an opt imum for hydro ly s i s  and 
ni t r i f i c a t ion w i t hin the s o i l  b e c ause  f i e l d  capa c i t y ha s n o t  yet  
b e en r eache d .  I n  J u ly , however , s o i l  t empera t �� e s  ar e lower  
and  t h e  degr e e  o f  a er a t i on d e c r ea s e d  b ec ause  o f  i n c r ea s in g  wat er 
con t en t . Thus, t h e conver s i on o f  N H4 t o  N 03 would o c c ur a t  a 
muc h s lower rat e t han  dur ing  Apr i l .  C on s equen t ly , t h e  N O ,  c on -

J 
c en tr a t ion  o f  t i l e  drainage is  exp e c t ed t o  b e  grea t er a ft er an  
app l i c a t i on o f  ur ea  i n  Apr i l  than  in  July . 

S i m i lar var i a t i ons  in  t h e  m ean N 03 c on c ent rat i on o f  t i l e 
dra inage  event s ( F i g . 5 . 6 )  and extrac tab l e  so i l  N03 ( F i g .  5 . 1 3 , 
5 . 1 4 )  w er e ob s erv e d . I t  i s  appar ent , t h e r e f or e ,  that  a r e la t i on 
ship e x i s t s  b et w e en extrac t a b l e  s o i l  P an d N and t he amoun t s  o f  P 
and N d i s c harged i n  acc e lera t e d  sub sur fac e run o ff . This  r e la t ion-
ship  was  invest i ga t ed fur t he r  using  r egr e s s i on c orr e lat ion  ana ly si s .  

The  c onc ent ra t i on o f  DIP  i n  t i l e  dra i n age  from e st ab li sh e d  
pas t ur e  var i e s  c o n s i d erab ly dur ing a par t i c ular flow event  ( Fi g .  
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5 . 1  t o  5 . 5 ) .  Consequen t ly ,  i t  i s  d i f f i c u lt t o  e s ta b l i sh a 

s i n g l e  param e t er t o  d e s c r i b e  t h e  tran sport o f  DIP  i n  ac c e lera t e d  
sub sur fac e runo f f .  T h e  t w o  paramet ers s e l e c t e d  for t h i s  purpo s e  
wer e ( i )  m ean D I P  c on c entrat ion , c a lc ulat e d  from t ot a l  loading 
and total  fl ow da t a  f or each  ev ent , and  ( i i )  t h e  t o tal  loading  
o f  DIP tran s por t e d  dur i n g  an 8 - h  period  of  maximum hydr ograph 
c hange dur ing ea c h  ev ent . I n  c ontrast  t o  sur fac e run o ff , s o i l  
extrac t i on data ( Tab l e  5 . 8 ,  5 . 9 )  were  n o t  s i gn i f i c a n t ly c or r e la t e d  
( Ta b l e  5 . 1 0 ) with  m ean D I P  c on c entrat i on s  i n  t i le dra inag e . 
T o t a l  loadings of  DI P ,  howev e r , were  b e t t er c orr e la t e d  w i t h  the  
amoun t s  o f  extra c t a b l e  P in  t h e  s ub s o i l  fr om b o t h  ar eas , par t i c u
lar ly a t  4 0-50c m ,  wh i c h  was the depth o f  t he m o l e  c hann e l s . T h e  
fa c t  t ha t  loadings r a t h e r  than c on c entrat i ons o f  D I P  i n  t i l e  
dra inag e w er e  s o  w e l l  c o rr e lat e d  with  extra c table  s o i l  P l e v e ls , 
sugg e s t s  t hat extrac t i on w i t h  0 . 1 M NaCl  r emov e s  a p o o l  o f  r ea d i ly
leachab le inorgani c  P whi c h  i s  n o rma lly exhaust e d  dur ing a f lo w  
event , but  r eplen is he d  b e tw e en e v ent s .  The  sour c e o f  such a poo l 
o f  inorgan i c  P i s  n o t  c l ear . O n e  possib i l i ty i s  t h e  m i n eralisa -
t i on o f  so lub le  organ i c  mat t er leached  down the pr o f i le dur ing 
the  pr e c e d ing rain fal l e v ent . 

C or r e la t i on c o e f fi c i en t s  f or t he r e la t ionship b et w e en the  
amoun t s  o f  extrac t ab l e  s o i l  N03 ( Ta b l e  5 . 1 1 , 5 . 1 2 )  a t  var i ous 
d ep t hs in  t he pr ofi l e  and the m ean co n c en tra t i on and t o t a l  load ing 
of NO  i n  ac c e lera t ed s ub sur fa c e  r un o f f  ar e pr e s en t e d in  Tab l e  

3 
5 . 1 3 . A s  was the c a s e  for D I P , mean No3 c on c en tr a t i ons  in the  
d i s c harge were  n o t  s i gn i fi cant ly c orrelat e d  w i t h  the  am oun t s  o f  
extra c t able  N07  at a l l  d e p ths , for both ar eas . T o t a l  loadings / 
o f  N0 3, h ow e v er , wer e m o r e  cl o s e ly c or r e la t e d  w i t h  extra c ta b l e  s o i l  
N 03 data t han wa s t h e  c a s e  for D I P , w i t h  h ighly s i gn i fi can t c or r e 
lat i ons aga i n  b e ing obtain e d  a t  t he 40-50cm depth . T h e  c or r e 
lat i on c o e f f i c i en t s  o b t a i n e d  for t he graz e d , un fer t i l i z e d  ar ea 
( ar ea B ) , w er e  g en erally h igher t han tho s e  for the  ungra z e d , 
f er t i l i z ed a r ea ( ar ea A ) .  

The loadings o f  P and  N in a c c e lera t e d  sub sur fa c e run of f  
showed  t he c lo s e s t  c orr e la t i on s  w i t h  extra c table  s o i l  P and N a t  
t h e  4 0-5 0c m  depth .  T h i s  i s  t o  b e  expe c t e d  b ecaus e t h e  m o l e  
c han n els a r e  s i t uat e d  a t  t h i s  depth  and w o u l d  b e  the  f ina l point  
o f  c o nta c t  b et w e en t he s o i l  and p erc o la t in g  soil  wat er en t er ing 



Tab l e  5 . 8 Amoun t s  o f  e x t ra c ta b l e  s o i l  P a t var i o u s  d e p t h s  i n  t h e  pr o f i le t hr o ughout t h e  year ( 1 975 ) an d 

m ean DI P c on c e n t ra t i on and t o t a l  D I P  loa d i ng i n  a c c e l e ra t e d sub sur fa c e  r u� o f f  i n  s t orm 

ev en t s  i �� e d i a t e ly f o l lowing s o i l  samp l i ng of a r e a  A 

S o i l  Samp ling  da t e  

d e p t h  

( c m ) 2 3 . 5 . 75 1 3 . 6 . 75 8 . 7 . 75 4 . 8 . 75 2 . 9 . 75 6 . 1 0 . 75 
- 1 

Ext r ac t a b l e  s o i l P ( kg ha ) 

0- 1 0  1 .  6 1  2 . 6 7  2 . 79 1 . 48  1 . 1 9  2 . 04 
1 0- 2 0  0 . 68 1 .  09 1 . 53  0 . 6 9  0 . 55 0 . 45 
2 0- 3 0  0 . 2 9 o . 6 o 0 . 6 9 0 . 4 6  0 . 1 8  0 . 2 7  
3 0-4 0  0 . 2 6  0 . 4 3 0 . 69 0 . 34 0 . 1 6  0 . 28 
4 0-50  - 0 . 33 0 . 55 0 . 2 0  0 . 57 0 . 1 4  
50-60 - 0 . 4 0  0 . 33 0 . 30 0 . 1 4  0 . 1 2  

T o t a l  p r o f i l e  2 . 84 5 . 5 2  6 . 52  3 . 4 7  2 . 79 3 . 23 
0- 6 0  

0 . 1 0  0 . 07 

1 . 30 2 . 62 

( - 1  M ean D I P  C o n c e n t r a t i on mg  l ) 
0 . 09 0 . 06 

- 1 T o t a l  DIP Loading ( g ha ) 
Lt . 52 2 . 4 3  

0 . 02 0. 1 2  

6 . 84 o .  31  

--' 
I\) \..() 



Tab l e  5 . 9 Amou � t s  o f  e x t r ac t ab l e  s o i l  P a t var i o u s  d e p t h s  i n  t h e  pr o f i l e t hr o ugho u t  t � e  y ear (1 975 ) and m ean 

D I P  c o� c e n t r a t i on a n d  t o t a l  D I P  l oa d i n g  i n  a c c e l era t e d  s ub s ur fac e r un o f f  i n  s t or m  e v en t s  

i mm e d ia t e ly f o l lo w i n g  s o i l  sam p l i n g  o f  a r ea B 

S o i l  S a r.; p l ing da t e  

D e p t h  

( c m )  
2 3 . 9 . 74 1 6 . 1 0 . 74 2 3 . 5 - 75 1 3 . 6 . 75 8 . 7 . 75 4 . 8 . 75 2 . 9 . 75 6 . 1 0 . 75 

- 1 
Ex t r a c t a b l e  s o i l  P ( kg ha ) 

0- 1 0  0 . 6 0  1 . 1 6 2 . 79 1 . 48 2 . 5 9  2 . 07 1 . 4 9  1 . 25 

1 0- 2 0  0 . 3 3  0 . 4 8  0 . 95 0 . 92 1 .  08 0 . 74 0 . 66 0 . 5 7 

2 0- 3 0  0 . 1 1 0 . 7 0 0 . 5 5  0 . 6 0  0 . 69 0 . 38 0 . 4 2  0 . 22 

3 0- 4 0 0 . 09 0 . 2 1  0 . 2 7 0 . 37 0 . 5 6 0 . 4 0 0 . 2 9  0 . 1 8  

4 0- 5 0  0 . 06 0 . 5 9  - 0 . 4 2  0 . 4 3  0 . 1 9  o . 08 0 . 1 2  

5 0 - 6 0  o .  04 0 . 1 1  - 0 . 3 2  0 . 04 0 . 2 3 0 . 1 0  0 . 2 0  

T o t a l  p r o fi l e  1 . 2 3 3 . 25 - 4 . 1 1  5 . 39 3 . 8 1  3 . 04 2 . 34 

0 - 6 0  

0 . 06 2  0 . 1 4 9 

0 . 1 8  4 . 06 

Mean D I ?  C on c e n t r a t i on ( mg l - 1
) 

0 . 1 4 5 

1 . 76 

0 . 05 1 0 . 033 

- 1  
T o t a l  DI P Loa d i n g  ( g  ha ) 

3 • 1 Ll- 2 . 76 

0 . 1 1 3  

2 . 6 9  

0 . 037 0 . 08 6  

0 . 3 0  1 . 3 0  

-" 
\..N 0 
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T a b l e  5 . 1 0  R e lat ionship  b et w e en m ean DIP c onc entrat i on an d DIP 

loading of a c c e l era t e d  s ubsur fa c e run o f f  and  amoun t s  

o f  c x t r ac t u l; l u  G o i l  P u. L  J i f f c: r c n t  <l t: p t h �; e x p r r:: : . :-; f; O 
as  c orr e lat i on c o e f f i c i en t s  

R e la t i onship b e tw e en 

S o i l  
D e p t h  
( c m ) 

M ean DIP  c o n c en trat i on o f  
d i s c harge an d extrac t a b l e  

so i l  P 

DIP loading  o f  d i s c harge  
and e x t ra c t ab l e  s o i l  P 

Area A Area B Ar e a  A Area B 

0- 1 0 0 . 465 0 . 1 54 0 . 1 72 0 . 2 76 

1 0-2 0 0 . 08 2 - 0 . 1 78 0 . 2 63 0 . 358 

* 
2 0- 30 0 . 1 64 0 . 1 5 6 0 . 0 1 0 0 . 78 0 

30-4 0  0 . 2 00 - 0 . 4 28  0 . 1 30 0 . 4 6 1  

* * * *  
40-50  0 . 656 o . 331 0 . 95 1 0 . 920  

50-60  - 0 . 225 0 . 1 71 0 . 04 1 0 . 356 

T o t a l  pr o fi le 0 . 1 4 7 0 . 272 0 . 1 6 1 0 . 403 

S i gn i f i can t  at  5% lev e l . 

* * 
S i gn i f i c an t  a t  1 %  l e v e l . 
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Table ��1  · Amoufits o f  extrac tabl e so il N03 a t  various d epths in the prof ile throughout the year ( 1975) aDd 
1�� � �·ll Nb3 �oncentration and t o tal N03 load lng ln acceler.at.ed. subsurface runo f f  in s torm events 

�4iate1y fol lowing so il sampl ing of area A 
-·� - . •' 

Soil 

Depth 

(cm) 28 . 5 . 7 5 

0 - 1 0  7 . 5 6 

1 0  - 20 4 . 6 2 

20 - 30 2 . 97 

30 - 4 0  2 . 68 

40 - 50 

50 - 60 
.• 

To tal pro f il e ·, , 

.... � \ . · 1 � 

0 - Q.Q 3.: :"'11'�83 
. � . . :J/11'( ·'"" 
. .  .=-: ,�� . . ) 1 � 

20 . 00 

9 1 6  
. "1.. _ ,  l"' ' 

.. . 

��---:;�' i< '.. . . .,. 
�- . . :...- _ 

S ampling data 

� 
-... . . .  

2 • 9 • 1. S. ::·-:.: :.,6 .  1 0 . 7 5 
�t • .  

,.;.· -� . 7 . 7 5 4 . 8 . 7 5 ' 
. J'l.:� ;�-

::.'-

. X 
P 

�-�- .. . . � 
1 : 'JJ Ex trac table �il No3 (kg ha- ) .� ·�- :il''-

. � ' �f 
3 . 1 6  1 2 . 2 2 

1 -� 6 . 57 ... ) .;1 __ $ :8 6 
l """'- . .. 

2 . 1 9 

}t(i:.��: 1 . 82  " '\ ; 
·t- . : " 

• 2� 24- . �· 

\. .  � ·  � 
. >f' le ;'  t ft .� J •• 

5 . 8 7 
..... . . >I • 

. _.. · ·)) 4 , _  �- 2 . 07 

1 .  �!�t · � - .. : &_,_00 
, � :.c _, .. r 

. L ·' 

2 . 27 

1 5 . 55 

1 3 . 94 

9 . 58 

0 . 8 6 ." -��- 1 . 3& 
,..,_ 

1 . 1 2 3 � �  
.,, 
.. . .._�.� 4. 

3 . 98 

1 . 6 1  

1 . 68 

1 . 60 

1 . 09 

0 . 7 9 
· t  .. / - --� .it • 

1 3 . 5 1  

1 4 . 00 

884 

90 . 97 20 . 04 

- 1  
Mean N03 concentration (mg L ) 

1 2 . 3 0 8 . 90  

-1 
Total N03 Load ing (g ha ) 

1 3 24 3 1 3  

22 . 54 . r: :,. 

1 . 1 1  1 . 38 

675  630  
• .,. - ..... � 7W' .. . 

... • .  ..,.,. . -'f,lh: ... . .  ...., , -
• ' • .  .,- ' f,t: ""'" ..,.. ' . ..._, .! < , ,. - � . -

J' : ;:, ·  I .... -� .. ·,.;.. . � . ..;::. 
� 

.� - -+ -• "1,T t J. .-1";_ . ;t '1. • - • ···" 
A 
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T a b l e  5 . 1 2  Amo �� t s  o f  e x t r a c tab l e  s o i l  N 03 a t  var i ous  d e ; t h s  i n  t h e  pr o f i l e  t h r o ugh o�t  t t e  year  ( 1 9 75 ) a�d � e�: 

S o i l  

Depth  

( c m )  

0- 1 0  

1 0-20 

2 0-3 0 
3 0-40 

4 0-50 

5 0-60 

N 0
3 

c oL c e � t r a t i o� a � d  t o t a l  N 03 loa d i n g i�  a c c e l e r a t e d  sub s ur fa c e  run o f f i n  s t orm e v en t s  

imm e d i a t e ly f o l � ow i � g s o i l  sampl in g o f  a r e a  B 

Samp l i n g  dat e 

23 . 5 . 75 1 3 . 6 . 75 8 . 7 . 75 4 . 8 . 75 2 . 9 . 75 6 . 1 0 . 75 

- 1  Extra c tab l e  s o i l  N O z  ( kg ha ) 
/ 

9 . 1 5 7 - 5 9 9 . 1 7 1 3 . 7 3  1 0 . 6 0 5 . 1 8  

7 . 8 2 4 .  9 1  8 . 58 9 . 5 0 6 . 5 9  5 - 37 

4 . 8 9  2 . 66  5 . 8 7 6 . 1 5  6 . 1 1  3 . 91  

4 . 00 3 . 2 0  4 . 32 6 . 08 3 . 52 3 . 84 

- 1 o . 08 3 . 88 8 . 5 3 3 - 5 7  3 . 72 

- 4 . 1 8 2 . 88  7 . 78 1 . 4 4  2 . 4 5 

T o t a l  pr o f i le 

0- 6 0  25 . 8 6 32 . 62 34 . 70  5 1 . 7 7 32 . 4 3 24 . 4 7  

- 1  
M ean N 03 c o� c en t rat � o n  ( mg l ) 

2 2 . 08 7 . 2 0  6 . 70 7 . 1 0  1 . 7 0  'i . 5 0  

- 1  
T o t a l  N O z  l o a d i L g  ( g  h a  ) 

/ 
2 - ?  C. �  3 6 3  1 02 3 1 7 32 86  -' 

\_-J \_-. 
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Tab l e  5 . 1 3 R e lat i onship b et w e en m ean N0
3 

c o n c entra t ion an d N C 3  
loa d i ng o f  a c c e lera t e d  s ub sur fa c e  run o ff a n d  amoun t s  
o f  extrac tab l e  s o i l  N03 a t  d i fferent  depths  expr e s s e d  
a s  c orr elat i on c o e f f i c i e n t s  

R e la t i onship  b e tween  

So i l  
D e p t h  
( c m ) 

0 - 1 0  

1 0- 2 0  

:' 0 - ) 0  

3 0 - 4 0  

� 0-50 

5 0 - 6 0  

Mean N 0 7  c on c entrat i on o f  
_; 

d i s c tar se  an d extra c t a b l e  
s o i l  N O  

3 

Ar ea A A r ea B 

0 . 3 1 7 0 . 1 29  

0 . 1 78 0 . 326 

0 . 2 2 7  0 . 09:J 

0 . 1 54 0 . 070 

0 . 1 23 - 0 . 4 24 

- 0 . 003 - 0 . 335 

T o t a l  pr o f i le 0 . 1 71 - 0 . 1 6 1 

S i gn i fi cant  a t  5% lev e l . 

* * 
Sign i ficant  a t  1%  lev e l . 

N03 loading  o f  d i s c harge  
and extra c t a b l e  s o i l  

Ar ea A Ar ea B 

0 . 6 08 0 . 25 7 

0 . 724 0 . 066 

0. 6 7 0  0 . � 8 1  

.. 
0 . 78 9  0 . 26 2 

* * * 
0 . 8 6 8  0 . 98 8 

* * * 
0 . 8 7 9 0 . 792 

0 . 734 0 . 446  
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t h e  t i l e drain . 

) . 4 G en er a l  D i s c u ssion 

Although lar g e  areas  o f  produc t i v e  farm land in  N e w  Z ea lan d 
a r e  art i fi c ia l ly drain e d , the r e  i s  n o  pub lished  in format i o n  on  
the  a�ounts  an d f orms of  P and N t ransport e d  in ac c e lera t e d  sub -
sur fac e run o f f  in N ew Z e a land . T�e  data obtained  from t h e  pr e-
s e n t  st udy using  " fi e l d - s i z e "  dra inage areas , in d i c a t e  t hat  sig
n i f i c an t  amoun t s  of  P an d N may b e  t ran spor t e d  i n  this  run o f f  

type . 

��rkcd  f luc t uu t i on�  o v er s h o r t  per i o d s  o f  t i me w � r e  o b t a i n e d  
f o r  t h e  di s c harge  rat e o f  t i l e  dra inag e  b u t  t he s e  were  n o t  u s  
r � p i d  as  t h o s e  ob s erved  f o r  sur fa c e  run o f f . The in i t ia l  r i s e  in 
the dis charge r a t e of ac c e l erat ed  sub sur fac e  runo f f ,  r e s u l t ing in 

a c or r e :sponll ing i n c r ea s e  i n  t h e  c u n c t: n t r u. t i u u  o f  J i f; :-, o ] v r : d  n n d  
par t i c � lat e P and N ,  c on tra s t ed w i t h  t h e  c o n c entrat i on - f l ow r e -
la t i onship�  ob t o i n e d f o r  s u r fa c e  r uno f f . S im i lar f l� c t uat i on s  
in the  c on c en t ra t ion  o f  P a n d  N w i t h  c hange s  in  t he di s c harge  r a t e 
o f  a c c e l era t e d  sub sur fac e run o ff w e r e  a lso  obser v e d  b y  K ohnke 
( 1 94 1 ) ,  Her g e r t  � a l .  ( 1 974 ) , an d Baker � a l .  ( 1 975 ) . 

I t  was appar ent  t ha t  f low  was s ign i f i c an t ly mor e important  
t �an  c on c en t ra t i on i n  d e t ermin ing  the f lux of  P and N f orms in  

8 c c e l erated  sub sur fa c e  runo f f . Thus , i n  t h e  calcula t i on o f  P ,  
N ,  and s edimen t l oads , f low data should b e inc lud e d  more  fr equen t ly 

t han co n c en t r a t i o n  da t a . As the c hang es  i n  the d i s c ha r g e  r a t e 
o f  a c c e lera t e d  sub sur fac e run o f f  were  n o t a s  rapi d a s  t ho s e in 

sur fac e run o f f , a lower in t en s i t y  of sampling than t ha t  used for 
sur fa c e  runo f f gav e a s i m i la r  a c c uracy  for the P ,  N ,  and s e d iment  

loadings  dur i n g  a c c e lera t e d  sub s ur fa c e  r uno f f . 

The fac t  t ha t  the  c on c en trat i on an d amounts  o f  N transpo r t e d  
i n  a c c e l era t e d  sub sur fa c e run o f f  w e r e  appr e c iab ly gr eat er t ha n  
those  o f  P ,  w i t h  N 03 const i tut ing  t h e  ma j or propor t i on o f  N t rans
p o r t e d , is  c on si s t ent  w i th the  data obt ai n e d  in many s t ud i e s  
( Wi l lri c h ,  1 969 ; Er iCkson an d E l l i s ,  1 97 1 ; Zwerman � a l . , 1 972 ; 
B ur w e ll et  a l . , 1 974 ; Hanway and  La f le n , 1 974 ) . Thi s r e f le c t s  



t he d i ffer i ng mob i l i t y  o f  P ( Ry d en e t  a l . , 1 973 ) an d N ( Brown 
and  B ar t h o l omew , 1 962 ; Harmsen a � d  K o l enbran d er , 1 965 ) wi thin  
t h e  s o i l .  
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S im i lar concentrat i on s  o f  P a n d  N forms  i& a c c e lera t e d  sub 

s u r f� c e  r�n o f f  wer e observed  i n  t h e  pre sen t s t udy t o  t ho s e  r e por t 

e d  i n  overs eas stud i e s  ( Er :i ckson ar.. d Ellis , 1 9'? 1 ; 6werman � a l . , 
1 9 ('2 ;  Baker � al . ,  1 975 ) . Var iat i ons  in the  annua l vo lume o f  
wat er  f l o w i ng through t h e  s o i l t o  t h e  t i le l in e ,  and t t e  pa th b y  
whi c h  t h e  wat er reaches  t h e  t i le lin e , app ear t o  r e s � l t  i n  large  
var i a t i on s  in the  amoun t s  of  P and N tran sported  anLua l ly from 
a r ea to  area ( Herger t � a l . , 1 974 ) . Fur thermor e , var ia t i on s  in 
t h e  amoun t s  of P and N t ranspor t e d  in a c c e l erat e d  s ub sur fac e r un
off  fr om so i l s  o f  s im i lar managemen t, may b e  due  t o  d i fferen c e s  i n  

s o i l t extur e  and t he P and  N s ta t us o f  the s o i l . L o s s e s  o f  b o t h  
P an d N by leaching hav e b e er. shown t o  b e  gr eater  for s a n d y  s o i ls 
wh i c h  hav e  a lower P an d wa t er r e t e& t i on c a pa c it y , t har.. s o i ls 
v1 i. t h  a h i gh c lay c o r. t e n t  ( K o 2 e n b r a n d e r , 1 969 ; O l s en and wata -

Th e fa c t o r s  i nv o ) v A d  i n  P a n d  N ] o s � e s  i n  t i l e  
dra i nage  a r e  c o mp l ex an d  i t  i s , t h e r e f o r e ,  n o t  surpr i s ing t hat  
t h e  amoun t s  o f  P and  N transpor t e d  in  this  run o f f  t y p e  v a r y  in  
d i f f e r en t  s tudi e c , and s how  n o  r e la t i onship  to  the  amo&n t s  o f  P 
an d N a pp lied thro&gh f e r t i l i z e r  a n d  gr a z ing cat t le ( J ohn s ton  
� a l . , 1 965 ; B o lt on � a l . , 1 97 0 ;  Baker � a l . , 1 975 ) . 

The pr oport i on o f  f er t i l i z er  N tran spor t ed a s  N 03 ( 2% )  in  t i l e  
dra i nage f o l lowing an applica t i on i n  July was gr eat er 
t han that measur e d  in  s im i lar s t u d i e s  over s ea s . I n  one  year 
B o l t on � a l . ( 1 970 ) ob s er v e d  a 0 . 6% loss o f  fer t i l i z er N in 
ac c e lera t e d subsur fac e run o f f  from a c lay loam un der c o n t inuous 
b l u e gr a s s . M e ek � a l . ( 1 96 9 ) a l s o r epor t ed t ha t  l o w  amoun t s  o f  
N 03 were  d i s c harged fr om t i l e  l i n e s  i n  a h e a v i ly f er t i li z ed ( 28 0kgN 
ha - 1 ) c o t t on fi eld  i n  Ca l i forn ia , where t h e  N07  leached  amoun t e d  

.) 
t o  o n ly 1 . 5% o f  t he N appli e d . 

The data obta i n e d  i n  the pr e s ent st udy sugg e s t  that as  w e l l  
a s  fer t i l i z er a ppl i ca t i on s , graz ing an imals  must b e  regar d e d  
a s  a s i g n i fican t  p o t e n t i a l  s o ur c e  o f  P and  N t o  a c c e l erat e d  s u b -
sur fac e  runof f .  I n  addi t ion , gra z in g  an imals  may r educ e t h e  
e f f i c i en c y  o f  t he drainage  sys t em as  a r e su l t  o f  s ur fa c e pugging . 
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L e s s  s ign i fi c a n t  c orr e la t ions  were  o b t a i n e d  b et we en t h e  
c o rl c entrat i on s  an d amoun t s  o f  D I P  a n d  N03 tran spor t e d  i n  a c c e ler
ated  sub sur fac 8  run o f f a n d  t h e  amoun t s  of  extrac t ab l e  P and  N0 7 ,  

..) 

r e spec t i v e ly , in t h e  s ub s o i l , t han b e t w e en the  c orr espond ing  r e -
la t i onships  for sur fac e  run o ff a n d  surfac e s o i l . Alt hough s ig-
n i f i c an t c or r e lat i on s  w e r e  ob t a in ed  b et w ee�  t h e  amount  o f  N07  

:J 
transpor t e d in ac c e lera t e d  subsur fa c e  run o f f  an d extra c tab l e  soi l 
N03 at  t h e  depth  a t  whi c h  mo l e  c hann e ls w e r e  s i t ua t e d , t h e  o t h e r 
w i s e  i n s i gn i fican t  c o rre lat i on s  were  pr oba b ly due t o  a more  c omplex , 
and longer per i o d  o f  int erac t i on b et w e e n  c o lub l e  P and N , an d so i l  
mat erial  t han i s  t h e  c a s e  f� sur fac e  run o f f . H i gh c or r e la t ions  
b e t ween the  conc entrat i on o f  P an d N in t i le dra inage and sub so i l ,  
however , were  ob t a i n e d  b y  Hanway an d La flen  ( 1 974 ) and Ca lver t 
e t  a l .  ( 1 9 75 ) . 

A l t h o ugh i t  i s  r e c ogn i s e d  t hat t he da t a  obtain e d  r e lat e on ly 
L u L ! t  c u r <..: a Li L u u i c d , t h c y d u i n  d i c u t  c U a t  �_; i e; n i J' i c; a n  L l o r; : ;  1 :  r :  o f 
P and N can oc cur i n  ac c e lera t e d  sub sur fac e r u n o f f . Some  o f  the  
data  pr e s e n t e d  in t h i s  s e c t i on a r e  used  in s ub s equent  s e c t i on s , 
t o  det erm i n e  the  r e la t iv e  c on tr i b �t i on o f  t h e  r un o f f  types  t o  t h e  
umoun t s  o f  wat er d i s c harg e d  and P a n d  N forms tran spor t ed in  s t r ea m  
f l  O 't.f . 
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SOURCES AND TRANSPOrtT OF PHOSPHORUS AN D 
N I TROGEN IN STREAM FLOW 

6 . 1  I n t r o duc t i on 

S t r eam f low c an b e  d i v i d e d  i n t o  s t orm flow  an d sub sur fac e 
f lo w . The  for m e r  r c pr e u en l s  a par t o f  � t r cum f l ow r e �ult ing 
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from s t orm  rain fa l l , r e a c hing  an o b s ervat i on point  w i t hin  a r e 
la t iv e ly short per i od o f  t im e , whereas t h e  lat t er lag s  s t orm  
r a i n fa l l  b y  a longer per i o d  of  t im e  t han s t orm f lo w  ( G uy , 1 964 ) . 
S t r eam f l o w  is  usua l ly s e par a t e d  in t o  the  c ompon e n t s  o f  s t orm and  
sub s ur fa c e  f low by empir i c a l  ana lys i s  o f  the  r un o f f  hydr ograph . 
T h e  gen e r a l  c on c ept G o f  such  an ana lys is  a r e  i l lu s t ra t e d  in Fi G . 
6 . 1 ,  wher e ABCD r epr e s er. t s  t h e  t ot a l  run o f f  and AECD r epr e s e n t s  
t h e  amount o f  sub sur fac e f lo w  ( w i s ler a n d  Bra t er , 1 94 9 ) . T h e  
r e v er sa l  i n  dir e c t i on o f  s ub s ur fa c e  f low ( AE ,  F i g . 6 . 1 )  r e sults  
fr om a gr e a t er hy dr o s t a t i c  pr es sure  in  t h e  str eam t han i n  the  
banks , a s  a c ons equen c e  of  a mor e rap i d increase  in t h e  h e i ght  of  
wa t er in t h e  str eam c hann e l  dur ing str eam f low t han  t h a t  i n  the  
wa t er tab l e . A s  s o on a s  t he s t r eam l e v e l  star t s  t o  fa l l , t h e  
d i r e c t i o n  o f  flow r ev er s e G  and a G  a result  o f  the  wu t cr a c c um u lu t e d  
in  t h e  s tr eam bank , t h e  sub sur fa c e  c ontr ibut ion  t o  t h e  str eam i s  
c on s i derab ly  inc r eas e d  f o r  a sho r t  period  o f  t im e . When t h e  
b a n k  s t orage  i s  drai n e d  out , sub s ur fac e f low f o l lows  t h e  n ormal  
d e p l e t ion c ur v e . 

Because  i t  i s  n o t  p o s s i b le t o  det erm i n e  t h e  a c t ua l  pos i t i on 
o f  t h e  line  AECD , sub sur fac e f low is  s eparat e� from s t orm f lo w  
b y  t h e  s t r a i ght line  A C  ( Fi g . 6 . 1 ) .  Although t h e  exac t l o c at ion  
of  C c annot  usua l ly b e  d e t ermin ed ,  this  i s  n o t  impor tant  as  l on g  
a s  a c on s i s t e n t  pr oc e dur e i s  u s e d  t o  d e t ermine  t h e  p o i n t . 

Annua l loadings o f  nutr i e n t s  in  flowing wat er s  hav e  o f t en b e en 
c a l c ulat e d  by assuming  c on c entrat i on value s b e twe en sampl e s  t ak en 
a t  arb i tary i n t ervals . For  a ran g e  o f  n ut r i ent s ,  however , several  
s t ud i e s  hav e  d emonstra t e d  the  d e p endenc e of  c on c entra t i on upcn 
f lo w  ( Wang and Evans , 1 9 70 ; Kur. k l e  and C orner , 1 972 ; M c C o l l � a l . , 
1 9 75 ) . B ecause  variat i o n s  in  e i t h er f low or n ut r i en t  c onc en t ra 

t i on s  c ause  v ar iat i on s  i n  nutr i en t  flux e s , i t  i s  d e s irab le  t c  
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d e t ermine  t h e ir r e lat i v e  s i gn i f i c an c e  i n  i n f luen c ing  nutr i en t  
l oadings . This  in format i on i s  n e c es sary t o  estab l i sh the  fre -
quency  o f  samp ling r e q u i r e d  t o  r e l iably e s t imat e P and N loa dings 
of  b o th s t orm and  sub s ur fa c e  flow in s t r eams . I n  t h e  past, sampl
i n g  int erv a l s  u s e d  for str eams and  r i v er s  hav e rang ed fr om 5min  
or l ess  ( Fr e r e , 1 971 ; Whi t e ,  1 97 2 ) through to  on e w e e k  ( E� g l e 
b r e c h t  an d Morgan , 1 96 1 ) ,  a n d  e v en one  month  ( Sm i t h ,  1 95 9 ) . 

The  a i m s  o f  t h i s  pa r t  o f  t h e  st udy were  t o  ( i )  o b s e r v e  t h e  
r e lat ion ship b e tween flow a n d  c o� c en t rat i ons , and f luxes o f  � and 
N f orms in s t r eam flow , ( i i )  d e t ermine  t he e f f e c t  o f  samp ling 
fr equency on the  loa d ing  e s t ima t e s  o f  P an d N forms , and ( i i i ) 
e s t ima t e  the  amoun t s  o f  wa t er , an d P an d N forms transpor t ed in  
sub sur fac e flow , s t orm  f low , an d s t r eam flow  from t h e  c a t c hment  
u�d er s t udy . 

6 . 2 Ma t er ia l s  a�d Methods  

St ream f low samp l e s  were  co l l e c t e d  i mmedia t e ly upstr eam o f  
e a c h  o f  the c ompoun d w e irs  i n  t h e  c a t chmen t .  The samp ling int er -
v u l  var i ed  ac c or di ng t o  t h e  hydr ograph , b e ing as sma l l  a c  2m in  f or 
r a p i d  hydr ogruph c hang es  and as  lar g e  a s  1 2h for t h e  sub�ur fa c e  
c omponent o f  s tr eam flow . T h e  da ta pres ent ed  in t h i s  c hapt er 
r e l� t e  to samp les  c o l l e c t ed at t h e  lower w e i r  only . 

6 . 3  Result s and  D i s c us s i on 

f J nw . 

6 . 3 . 1 S t r eam flow  

6 . 3 . 1 . 1  R e l a t i onship b e tw e en pr e c ipi t a t i on and  str eam 
G t r cum f low in the c u t c hmont in c on s i d er e d  to o r i gina t e  

s o le ly fr om p r e c ipi tat i on b ecause  n o  sur fac e or sub s ur fac e wat er i s  
b e l i e v ed  t o  ent er the  c a t c hment  from out s i de  t h e  cat c hm en t  b oun dary . 
S t r eam  f low , however , i s  r e str i c t e d t o  t h e  c o oler , w i n t er months  
( May to  O c t ob er ) ,  when a pprox i ma t e ly 75% of  t h e  annual pr e c i p i t a t i on 
o c c ur s .  Dur i n g  t h e s e  m on t hs , t h e  propor t i on o f  pr ec i p i ta t i on appear 
ing a s  s t r eam f l ow in  t h e  cat c hment  dur i n g  t h e  two  y ears o f  st udy 
can b e  c a lc ula t e d .  T h i s  i n forma t i on i s  pr e s en t ed in  Tabl e  6 . 1 . 



Tab le 6 . 1 

1 4 2  

Amou� t s  o f  wat er en t er ing t he cat chm e n t  a s  pr ec i p i 
t a t i o n  a n d  t h e  p e r c en tage leaving t h e  c a t chment  as 

s tr eam flow in  ea c h  m o n t h  d ur i ne 1 974 and 1 975  

1 974 1 975 

Month  Pr ec ip i t a t i on Str eam £ l o w  Pr e c ipi tat i on S t r eam f low 

( mm )  % ( mm )  % 

January 31 0 37 0 

February  5 6  0 30 0 

Mar ch 2 1  0 5 3 0 

Apr i l  1 1 1  0 71  0 

May 1 2 1 8 . 1 1 30 6 . 0 

June 4 0  1 1  • 8 65 4 9 . 1 

J u ly 25 1 96 . 2 1 28 82 . 7 
August 82 39 . 2 1 6 1 8 7 . 4 

Sept emb er  1 1 6 79 . 1 56 4 5 . 2 

Oc t ob er 1 28 3 1 . 7  83 0 . 1 

N ovember  5 3  0 . 4 54 0 

Dec emb er 78 0 1 02 0 

T o t a l  1 088  970 32 . 2 

. I 
I 



I n  May , when s o i l  m o i s t ur e  i s  s t i l l  low  and t he amount s ,  and  
fr equ e n c y  of  pr e c i p i t a t ion ar e a l s o  usua lly low , a sma l l  p e r c e n t � g e  

o f  p r e c i p i ta t i on l e n v e c  t h e  c a t c h m e n t  u s  c t r e u m  f l o w . S i m i l a r l y , 

i n  Jun e , t h e  so i l s have  not  usun l ly r eu c h e d  f i e l d  capa c i t y  a n d  ar e 

s t i l l  c a pab le o f  r e ta ining a high proport i on o f  t h e  pr e c i p i t a t i on 

as  so i l  Hat er . Wten f i e ld capa c i t y  i s  r ea c h e d  in m i d - w in t er , how-
e v e r , d u e  t o  p r o l o n g e d  p e r i o d s o f  pr e c i p i t a t i on a n d  m inima l evapora
t i on l o s s e s  due to  low air and soil t empera t ur es , a h i gh propor t i on 
o f  t h e  wa t er ent er ing the c a t c hment l eav es  as  s t r eam flow . In  
J uly 1 974 and August 1 9 75 , a ma x i mum of  96 . 2 a n d  8 7 . 1 f�� . r e :--; p e c t i v e l y , 

o f  t. h r:  rn o r: th l y  pr e c i p i t n t j o n  c o·,J l d be n c c o l :n t e d  for l; y r; t r r; r. m  f l o vJ 

( Tab l e  6 . 1 ) . A l t hough s o i l t e�pe r a t u r e o  wer e l 8 w  during AuguR t , 
1 9 74 , t h e  sma l l  amoun t  o f  pr e c ipitat i on d u r i n g  t h i s  m o� t h p e r m i t t e d  

some drying o f  t h e  so i l ,  r e sult i ng i n  on ly a smal l pr opor t ion  o f  t he 
pr ec i p i t a t ion app ear ing as  s t r eam f lo�  ( 39% , Tab l e  6 . 1 ) . 

I n  lat e w i n t er an d ear ly spr i ng ( S e p t em b e r  t o  K o v cmb er ) t h e  
amolin t s  o f  �r e c i p i t a t ion ar e gra du a l ly d e c r ea s in g , wher eas s o i l 
t empera t ur es a r e  in cr eas in g . Cons e q u ently , t h e  m o i s t ur e  c o h t en t 
of  t h e  so i l  within t h e  c a t c hmen t  gra d ua l ly d e c r eas es , w it h  t h e  r e 
sult  that  an incr ea sing  propor t i on o f  pr e c i p i ta t i on i s  r e t a i n e d  in 
the s o i l  pr o fi l e . 

H e rnurkably s i mi lar proport i ons  o f  t h e  t o tal  pr e c ip i t u t ion 
fa l l i n g b e t w e e n  Muy un d N o v ernb cr c ould be a c c o ur. t c d for by  :s t r eam  
flow i n  1 974 ( 5 0 . 7% ) and  in 1 975 ( 5 1 . 2% , Tab l e  6 . 1 ) , even t hough a 
gr eat e r  amount o f  p r e c ipi tat ion f e l l  dur ing  t his  period  in 1 974 

C 791 mm ) ,  c ompar e d  t o  the same per i o d  in 1 9 75 ( 6 7 7mm ) . A s imi lar 
propor t i on of the ann ual  pr e c ipitat i on a l s o  appear ed a s  s t r eam flow  
in 1 974  ( 36 . 2% ) and in 1 9 75 ( 32 . 2% , Table  6 . 1 ) .  

O v e r s eas workers  hav e  r epor t ed a varying  propor t ion o f  the 
annua l pr e c ipi t a t i o n  appear ing  as  an nual s tr eam f low fr om c a t c hm en t s  
o f  s i m i lar ar ea , land s lop e , s o i l  typ e , and land use t o  thos e o f  
the Ma s s ey Cat c hmen t . For example , i n  a s tudy o f  a n  ephemera l 
stream in G e orgia  whi c h  f lowed for appr oxi mat e ly n in e  mont h s  o f  th e 
year , J a c kson � a l .  ( 1 9 7 3 ) r epor t ed that 47% o f  t he ann ua l pr e c ip i 
ta t i on ( 1 1 78mm ) appear ed as  s tr eam flow , wher eas B urwell  e t  a l . ( 1 974 ) 
c ould a c c o unt f or o n ly 1 7% o f  the  780mm o f  pr e c ipi t a t ion average d  
over f o ur y ear s , i n  a per enn ial  s t r ea m , i n  s o ut h-west  I owa . 



6 . 3 . 1 . 2 E f f e c t s  o f  gra z ing on t h e  c onc entrat i on o f  

p h o sphorus and n i t r ogen in s t r eam f l o w . In Ju ly 1 975 , 1 00 d�iry 
c a t t l e b l o c k-g ra z e d t h e  undrn ined  area  of  the  2 0ha sub c a t c hment  
i n  wh i c h  the s t r eam c hann el i s  s i t ua t e d  at a s t ock ing rat e of  25 

- 1 c a t t le ha for t en days . The gra z i n g  event  o c c urred  dur ing  a 
p er i o d  o f  sub s ur fa c e  f low  wh en th e c on c entra t i on s  of  b o t h  par t i c u 
lat e a n d  d i s s o l v e d  P a n d  N fo rms , and  s e dime n t  wer e  l o w  and  r e -
ma i n e d  r e la t iv e ly c on s t an t . The  c onc en trat i on s o f  DIP and par -
t i c u la t e  P ( F ig . 6 . 2 ) , an d s e diment  ( Fi g . 6 . 3 )  in  s tr eam f l o w  
i n c r eased  drama t i c a l ly following t h e  i n t r oduc t i on o f  c a t t l e  t o  
t h e  ar ea . At  t h e  sam e  t ime , the  c on c en t ra t i on o f  TN i n c r e a s e d  
o n l y  s l ight ly, whereas  t ta t  o f  N 0 3  i n c r e a s e d  a ft er one  day ( Fi g . 
6 .  3 ) .  

The most  dramat i c  increase  in  c o n c entrat ions  were  o b s er v e d  
f o r  par t i cula t e  P ( Fig . 6 . 2 ) and s e d i me n t  ( F i g . 6 . 3 ) , w h e r e  a n  

- 1 i n c r ease  o f  appr oxima t e ly 0 . 3 0  an d 3 00mg l , r e s p e c t iv e ly , wa s 
ob s er v e d  in  appr oxima t e ly 1 0h following t he on s e t  o f  graz i ng . 
T h e  e f f e c t  was l e s s  pr onoun c e d  for DIP c onc entrat i on , where  an  
i n c r ease  o f  appr oximat e ly 0 . 06mg 1- 1 was  o b s er v e d  in  the  same 
per i o d  of t i m e . A lt hough N03 c on c en trat i on s  rema i n e d  v ir t ua l ly 
c c n s t an t  for t h e  f i r s t  24h  a f t er t h e  s ta r t  o f  graz ing , t h e  s l i gh t  
i n c r ease in  TN  c on c entra t i on c ould b e  a t t r ib u t e d  t o  a n  i n c r e a s e  
i n  par t i c ulat e N . 

Because  sur fac e an d a c c e l erat e d  sub sur fac e run o f f  d i d  n o t  
oc c ur dur ing t h e  t im e  t hat  an ima ls wer e grazing  t h e  sub c a t c hm e n t  
and t he c onc entrat i on s o f  P a n d  N form s , and  s edimen t , measur e d  
a t  t he upper w e i r  i n  str eam flow ent ering t h e  sub c a t chmen t w e r e  
e s s e n t ia lly c on s t an t over  t h i s  p er i o d  ( Fig . 6 . 4  a n d  6 . 5 ) , t h e  
o b s e r v e d  in c r e a s e  i n  c on c en trat i on s  o f  P an d N forms c an b e  a t t r i 
but e d  t o  t h e  movement  o f  c a t t le i n  t h e  s t r eam c hanne l ,  s t irr i n g  
u p  b o t t om sedimen t s , a n d  d epo s i t ing excr e t a  in the  str eam . T h e  
i n c r e a s e s  i n  t h e  c on c entrat i ons o f  P an d N forms i n  t h e  s t r eam , 
howe v er , were  short - l i v e d  ( F ig . 6 . 2  and  6 . 3 )  and  w e r e  n o t  ma i n t a i n e d  
a t  t h e  init ia l ly h i gh c on c en t ra t i ons  dur i n g  t h e  who l e  p er i o d  o f  
gra z i n g . Aft er  t w o  days , t he c onc en t ra t i on s  o f  par t i c ula t e  P 
and s e d iment  had d e c r ea s e d  b y  appr oximat e ly 0 . 2 7  an d 1 70mg l- � 
r e s p e c t i v e ly . T h e  lac k o f  any sus t a i n e d  e f f e c t  o f  gra z i n g  i n  
ma i n t a ining high  c onc entrat i on s  o f  P and N forms , and s e d i m en t  
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in s t r eam f l o w  r e su l t s from t te fac t  t ha t  t h e  cat t le w e r e  graz e d  
in  b locks o f  approximat e ly 3ha , b e g inn ing a d j ac en t  t o  t he low8r 
w e i r  and gradua l ly moving up t h e  c a t c hment  over t h e  t en - day per i o d .  
C on s equen t ly , a s  t h e  d i s tan c e  b e t w e en t h e  area b e ing  gra z e d  and 
t h e  l ower w e i r  i n c r ea s e d , the  d e c r e e  of  s e t t l ing of  sus pen d e d  par 
t i c u la t e  �a t er ia l ,  an d p o s s i b ly t h e  r e s or p t i on o f  D I P  b y  suspended  
v � r · t i c u l u t e mu t er iu l  un d s t r e u m -b un k  mu t c r i u l  c s � c t i o n  8 . 3 . 3 ) , 
w o u l d  b e  expec t e d  t o  incr eas e . The  data  pr e sen t e d  c o n f irm  pr e v ious 

s ugge s t i on s  t ha t  in c r ea s e s  in  nut r i en t  an d s e d iment c on c en t ra t i ons 

i n  str eam bas e f low can r e su l t  from gra z in g  c a t t l e  ( Lusby � a l . , 

1 97 1 ; Mi nsha l l  .£.!. a l . , 1 969 ) . 

6 . 3 . 1 . 3 Amoun t s  o f  phosph orus and n i t r ogen transport ed 

i n  s t r eam f l o w . The mean co n c en trat i on o f  DIP and TDP ( ca lc ulat e d  

fr om t o tal  loadi ngs  an d t o t a l  f low ) wer e lower t han t h e  m ean c on 

c e ntra t i on o f  par t ic u lat e  P ,  dur ing 1 974 a n d  1 975 ( Tab l e  6 . 2 ) . 
B e c ause  N ana l y s e s  were  on ly c onduc t e d  t owar ds t h e  en d o f  1 9 74 , 
m e � n  r on r n n t r a t i n n s  a n d a n n ua l l on d i n � R  o f  N form s a r e  n o t  p r e s en t -
e d  for 1 974 . 

I t  was a ppar ent  from da ta ob t a in e d  1n t h e  s e c ond  year t ha t  
t h e  m ean c on c entrat i ons  o f  N forms w e r e  a lways gr ea t er  t han t h o s e  
o f  P forms . The  mean annua l  c o n c entra t i ons  o f  d i Gs o l v ed P forms  
( D I P  and  TDP ) w e r e  r emar kab ly s imi lar for both  1 974 and  1 975 
( Ta b l e  6 . 2 ) ,  a lt hough t h e  obser v e d  c on c en t ra t i on ran g e s  w e r e  
sma l l er i n  1 9 75 . The m e an c onc e n t ra t i on s  and ob s er v e d  c on c en 
tra t i on ran g e s  o f  par t i c u la t e  P ,  T P ,  an d s e d im ent , h ow e ver , w e r e  
sl i gh t ly gr ea t er in 1 975 t han i n  1 974 . T h i s  may r e sult  fr om t he 
fa c t  t ha t  h i gh - in t en s i t y  s t orm flow  wa s more  frequent  in  1 975 
t ha n  i n  1 974 ( 1 5 -m i n  r a i n fa l l  in t en s i t i es i n  1 975 exc e e d e d  t h e  
maximum in t en s i t y  ob s er v e d  dur i n g  1 974 ( 25mm 1 5min- 1 ) on t w e lv e  
o c c a s i ons ) . C on s equent ly ,  t he pot ent ia l for part i c u lat e mat er i a l  
a n d  par t i c ulat e P t o  b e  d etached  a n d  transpor t ed i n  s ur fa c e run o ff 
an d s tr eam fl o w  was grea t er in 1 975 . 

I t  was a ppar ent  t ha t  approx ima t e ly 60% o f  t he ann ual s t r eam  
d i s c harge of  P and  N forms , and  s e d iment  o c c urred dur i n g  t he 
m o n t h s  o f  h i gh e s t  s tr eam flow i n  b o t h  1 9 74 and 1 975 , alth ough 
the  annual  amoun t s  tran sport ed  were  lower i n  1 975 t han in 1 974  



Tab l e  6 . 2  Annua l am o �� t s  o f  wat er d i s c harg e d , an d P an d N form s , and s e d im en t  t r ans p o r t e d  in s t r eam f low 

dur ing  1 974 ar-d  1 975 

1 9 74 

Param e t er - 1  Conc en t ra t i on ( mg l ) 

Calc ulat e d  

D i sc harge 
3 - 1  - 1 

( m  ha y ) 

DI P 

TDP 

Par t i c u la t e  P 

'FP 

NO b 3 

TNb 

S e d i m e n t  

mean 

0 . 09 7  

0 . 1 31 

0 . 24 7  

0 . 378 

-

-

2 9 0  

Ob s er v e d  

ran g e  

0 - 1 . 05a 

0 . 0 1 3 - 0 . 7 1 6 

0 . 035 - 0 . 9 7 2  

0 . 0 1 0 - 0 . 98 4 

0 . 068 - 1 . 737 

-

-

1 1  - 2 1 00 

Loading  
-1  - 1  

( kg ha y ) 

4 030 

0 . 39 

0 . 53 

0 . 99  

1 . 5 2  

-

-

1 1 5 0  

a 3 - 1  O b s e r v e d  d i s c harge  r a n g e  expr e s s e d a s  m S e c  • 

1 9 75 

- 1  Con c e n tr a t i on ( mg l ) 

Ca l c u la t e d  O b s e r v e d  

m ean ra:1ge  

0 - 1 . 363 

0 . 098 0 . 01 9 - 0 . 44 6  

0 . 1 37 0 . 037 - 0 . 5 1 7 

0 . 276 0 . 005 - 2 . 24 6 

0 . 4 1 3 0 . 052 - 2 . 4 4 6  

3 . 24 1 .  0 - 9 . 3 

5 . 1 6  1 .  3 - 1 1 . 4 

31 0 2 0  - 2 6 5 0  

b N o  N ana l y s e s  i n  1 9 74 . 

=-.oa d i ng 
- 1  - 1  

( kg ha y ) 

3 1 00 

o. 31 

0 . 4  3 

0 . 8 7  

1 .  3 1  

1 o .  25 

1 6 . 32 

9 8 0  
-' 
\J1 0 



1 5 1  

( Table 6 . 2 ) . In 1 974  t h i s  was J uly , and  in  1 975 b o t h  J uly and 
Augus t . Dur ing t h e s e  mon t hs of high flow , par t i c ula t e  P c o n t r i 
but e d  7a� o f  t he TP t ran s por t e d . T h i s  c ontr�s t s  w i t h  the  dn ta 
ob tained  i n  the months o f  low flow ( May ) , where on ly 4 8% of t h e  
TP wa s i n  t h e  par t i c ula t e  form . I n  t h e  c a s e  o f  N ,  N03 c on t r ibuted  
7 3% of  t h e  TN  t ran spor t e d in  July  and Augus t 1 975 , wher eas  i n  t h e  
mon t hs o f  low  f low i t  c on t r i b u t e d  76% . 

Lower annua l l o s s e s  o f  DIP , par t i c u la t e  P ,  TP , N03 , and  TN 
- 1 - 1  ( 0 . 1 9 ,  0 . 2 1 , 0 . 45 , 0 . 1 9 , and 0 . 6 1 kg h a  y , r e s p e c t iv e ly )  from 

a pa stur e  a n d  c r opped c a t c hment  in  I owa , o f  s imi lar ar ea , s o i l  
type , an d land s lore  t o  those  in  t h e  pr e s e n t  study , wer e measur e d  
b y  I3urw e l l  � a l .  ( 1 974 ) , even t hough 

- 1 - 1  28kgP ha an d 1 27kgN ha were ma d e . 
l o s s e s  o f  TP , TN , an d NO � o f  0 . 2 3 , 1 . 4 5 , 

./ 

fert i l i z er applic a t i o n s  o f  
Harms � a l . ( 1 974 )  ob tained  

- 1  - 1  a n d  0 . 27kg ha y , r e -
spec t iv e ly , i n  a str eam dra i n in g  a sandy c lay loam un der pas t ure 
i n  east ern S outh Dakot a . I n  a simi lar s t udy in N or t h  C�r o lina , 
K i J m c r  � a l .  ( 1 974 ) r epor t ed 

- 1  
y , a n d  TN and N 03 l o s s e s  of  

- 1  par t i c u l� t e  P losses  o f  0 . 1 5kg ha 
3 . 28 a n d  2 . 36kg ha -

1 
y

- 1
, r e s pe c t i v e ly ,  

i n  str eam f l o w  from a c a t c hment which  inc luded cr opp e d  lan d an d 
- 1  - 1  h eavi ly-graz e d  pas t ur e t o  whi c h  48kgP h a  an d 1 1 2kgN h a  o f  

- 1  f er t i lizer w e r e  appli e d . Ev en when 1 92kgP ha was appl i e d , an 
- 1  annual par t i c ulat e  P l o s s  o f  only 0 . 2 7kg ha  was o b s erv e d , c ompa r -

e d  t o  a loss  o f  0 . 87kg ha- 1  y- 1  ( Ta b l e  6 . 2 ,  1 975 ) in  t h e  pr e s en t  
s t udy . 

In  add i t i o n , t h e  annua l  l o s s  o f  TDP in  s t r eam f l ow in  the  pre 
s e n t  s t udy ( 0 . 53 and 0 . 4 3kg ha - 1  y - 1 , f or 1 974 a n d  1 975 , r e spec t i v e ly , 
Tab l e  6 . 2 )  is gr eat er t han that f ound b y  Taylor � a l . ( 1 97 1 ) 
( 0 . 20kg ha- 1 y- 1 ) from a cat c hment  in Ohi o , o f  soi l type  s i lt 
loam , under perman ent  pa s t ur e  an d c r opp ing , t o  w h i c h  1 6 . 2kgP ha- 1  

w a s  added  as  f er t i l i z er over four y ears . 

6 . 3 . 2  Sub s ur fac e  f lo w  

6 . 3 . 2 . 1  I n t err e lat ionships b et w e en flow , c onc en tra
t i on ,  an d f lux o f  pho sphor us an d n i tr ogen in  sub sur fa c e  f l o w .  
R e la t i on ships b et w e en the  c on c en trat i o n  o f  P forms an d flow  ( Fig . 
6 . 6a and 6 . 7a ) and  t h e  c on c entra t i on s  o f  N f orms an d s e d im en t  and  
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Fig . 6 . 7 Var ia t i on in flow and ( a )  TP , TDP , and DIP c on c entrat ion s , 
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f low event 2 .  
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f l ow ( Fig . 6 .  6b and 6 .  7b ) ,  transpo r t e d  dur ing two sub sur fac e - flow  
ev e n t s, are pr es en t e d . R e la t ionships b e t w e en t h e  flux  of  P f orms 
an d f low ( F i g . 6 . 8b )  in the f ir s t  o f  t h e s e  two sub sur fa c e -r uno ff  
even t s  are  a l s o  g i v en . T h e  event s ar e r epresen t a t i v e  o f  t ho s e  
o b s erved  dur ing two  y ears o f  f i e l d  mon i t or ing . 

T he d i s c harge  ra t e  an d c onc entra t i on s  o f  DI P ,  TDP , T P , N 03 , 
and  T N  var i e d  w i thin narrow  l i m i t s , d e c reas ing gradual ly during 
b o t h  e v en t s . S li ght variat i ons in  t h e  conc entra t i on s  o f  P and  
N forms be t w e en t h e  even t s  ar e appa r ent 1 how e v er , due  t o  t h e  pre
c e d i n g  d i s c harge of  sur fac e, a c c e l erat ed  sub surfac e ,  a n d  s ubsur fac e 
r un o f f , and s o i l  mo i s t ur e  an d t empera t ur e  c o n d i t i ons . 

As  a r esult  o f  t he sma l l  var i a t i ons  in  t h e  c on c en t rat ion  o f  
P an d N forms , nnd  in  flow , t h e  c on c entrat i on s  o f  P a n d  N f orms wer e 
s i gn i f i can t ly c o r r elat e d  t o  s ub s ur fac e f low  ( Table 6 . 3, wh er e t h e  
d a t a  pr esent e d  r e lat e t o  even t 1 ) .  The  s i gn i f i c an t  c or r e lat ions 
o b t a i n e d  c ontra s t  with  t h e  muc h lower  c or r e la t ions  for  the  r e la t i o n 
s h i p  b e t w e en the  c on c en t ra t i on o f  P a n d  N form s , a n d  f low in  t h e  
o t h er r uno f f  types  s t udi e d , where  mark e d  c hanges  i n  c on c entra t i on 
o c c urred  w i t h  f low . For example , c orre la t i on c o e f f i c i en t s  o f  
r = 0 . 76 ,  0 . 75 , and 0 . 85 ( s i gn i f i cant  a t  t he 1 %  lev e l )  for TP 
c onc e n t rat i on ,  an d r = 0 . 1 1 ,  0 . 6 1 , and  0 . 97 ( s ign i f icant  a t  t h e  1 %  
l e v e l )  wer e  o b t a i n e d  for t h e  r e la t i onship b e t w e en DIP c on c entra t i on 
and f l o w  for sur fac e ,  ac c e l e r a t e d  subsur fac e ,  an d sub sur fa c e  run-
o f f , r e spec t iv e ly .  S i m i lar c onc e n t ra t i on - f l ow t r en ds hav e  b e en  
ob s e r v e d  by Min sha l l  � a l .  (1 9 69) and Gbur ek an d H e a ld ( 1 974 ) who  
also  ob s erved t ha t  P an d N co n c en trat i on s  at tained  r a t h er c on s t an t  
va lues  during  pr o l onged  p er i o d s  o f  sub sur fac e f low . T h e  i n t en s i t y  
a n d  dur a t ion o f  t h e  pr e c eding  s t orm , however , may r e su l t  in  c on
c en t ra t i on d i f f e r en c es b et w e en sub sur fa c e  flow even t s . 

The  flux o f  P and N f orms was s i gn i fican t ly ( 1 % )  mor e c lo s e ly 
r e la t e d  t o  f low t han to  c on c e n t ra t i on ( Ta b l e  6 . 3 ) .  The  f lux o f  
TN , however , had a s i gn i f i c ant ly  h igher squar e d  r egr e s s i on c o
e f f i c i en t  ( r  = 0 . 96 )  t han that  for T P  ( r  = 0. 72 ) when t h e  r elat ion -
ship  w i t h  flow was cons i der e d . B e cause  o f  t he highly s i g n i f i c an t  
c orr e la t i on c o e f fi c i en t s  b e tw e en t h e  c on c entrat i on s  o f  p a n d  N 

forms , and flow , t he r egr e s s i on c oe f f i c i ents  f o r  the  f lux o f  P an d 
N forms and sub sur fac e  flow  ( r  = 0 . 72 and 0 . 96, for T P  and  TN , 



-
'I u 

(j) C/) 

......., 

� 
0 
LL 

0·1 0 

0·08 

-
..-I 

u 
(j) 0·06 (/') 

("") 
E 

......_, 

� 0·04 

0 -
lL 

0·02 

b 

a 

1 

- F low 
• - •T P F l u x  
�T O P  F l u x  
-o l P  Fl u x 

2 
Time  (h)  

- Flow 

3 

F l u x  - N 0 3  
.. - • T N F l ux 
,._.Sed F l u x 

Ti me (days ) 

5 

-
..-I 

u 
<lJ C/) 
()) 

3 �  

-

'I 
u 
(j) 
C/) 

Ol 
E 

......., 

X 
:::J 
l.J... 
z 
1-

. 

>< 
:::::l 

lL 
a.. l-
a.. 
0 
l
a..· 
0 

(") 
0 
z 

-
..-

I 
u 
(j) 
(/') 
Ol 

..._., 

X 
:::::l 
lL 
....... c 
(j) 
E 
"'0 Q) 
ll) 

Fig . 6 . 8  Var iat i on in f low and ( a )  TP , T DP ,  and DIP f lux , an d ( b )  

TN , N 03 , and s e d im ent flux f or sub surfac e- f low event 1 .  



Table  6 . 3  Standa r d  par t ia l  r egr e s s i on c o e f f i c i en t s for t h e  
stan da r d  r egress i on o f  log1 0  f lux o n  l o g1 0  c onc en
tra t i on and log1 0  flo� and c or r e lat ion  c oe f f i c i en t s  
for c on c entrat i on w i t h flow f or P and N forms i n  
subsur fac e f low f o r  e v ent 1 

P or N Squar ed  s t anda� d part i a l  
form r egr ession c o e f f i c i e n t  for 

C orr e lat ion c o e f fi c i en t  for 
c on c entra t i on w i t h  flow  

Conc en trat i on Flow 

* * * * * *  
DIP 0 . 07 0 . 55 0 . 97 

* * * * * * 
TDP 0. 04 0 . 6 7  0 . 82 

* *  * * * *  
TP 0. 04 0 . 72 0 . 85 

"' *  * * .. * 
N03 0 . 03 0 . 9 2  0 . 54 

"' *  .. * * * 
TN 0. 01 0 . 96  0 . 66 

* *  
Va lue s signi f i c an t  a t  t h e  1 %  level . 
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resp e c t iv e ly )  w e r e  sign i fi cant ly high er t han for e i ther s ur fa c e  

( r=0. 53 and 0 . 8 2 , f or T P  and TN 1 r e spec t iv e ly ) or a c c e lera t e d  s ub 

sur fac e runo f f  ( r � 0 . 37 an d 0 . 77, for T P  and TN , respec t i v e ly ) .  

The soil-wa t er-sed ime nt syst em can b e  sa i d  to hav e  r ea c h e d  

a hy d r o logical e qui libr i um under t h e s e  l o w  f low condi t ion s , when 

ther e is no input o f  wa t er t o  the system  through pr e c ipitat ion and 

negligible amoun t s  of  suspended s e d iment in sub sur fac e  f low . In 

this stat e ,  P and N conc entra t i on s  ar e i n f lu enc ed  only by  the 

deep er c ubsoi ls t hr ough whi c h  sub sur fac e flow move s ,  and by  the 

str eam -bank and b o t tom s edimen t s  wh i c h stream flow co ntac t s .  

A s t eady sta t e  f or disso lv e d  P an d N output c o uld t h en b e  expe c t ed . 

The data s ugge st t hat it  i s  not  n e c e ssary to c ol l e c t  sampl e s  

o f  s ubsur fac e flow  as fr e quent ly a s  f o r  t h e  other run o f f  types  

t o  obtain  a s im i lar a c c uracy o f  loading est ima t e s .  This  ar i s e s  

b e c aus e o f  t h e  v er y  sma l l  var iat i on in  f low, and i n  the  c onc entra

t i on and flux of P an d N f orms , over long per iods o f  t im e . 

6 . 3 . 2 . 2  Sampling fr equency. The methods by  whi c h  

t h e  frequ�ncy o f  sumpling  o f  subsur fac e f low wno e s tab l i shed hav e  

b e en given in S ec t i on 3 . 5 .  Deviat i on s  in t h e  est imat e s  o f  load ings 

of P and N forms in sub sur fac e -run o f f  event 1 were low ( Tab l e  6 . 4 ) ,  

r e f l e c t ing the sma l l  var iabi lity in  the  rat e o f  c hange o f  P and N 

c onc en trat ions and flux e s . Fur t hermor e , an increase  in the sampl

ing int erval fr om 60 t o  720min had on ly a s li ght e ff e c t on the 

deviat ion of  loa ding est imat e s .  I n  c on tras t, an in c r ease  i n  the 

samp ling interval o f  sur fac e and a c c e lerat e d  subsur fac e  r unoff  

fr om 8 to  30 and 8 t o  24 0min , respec t iv e ly , r esult ed in  a drama t i c  

incr ease in t h e  deviat i on o f  loading est i mat es  ( Tab l es  4 . 3  a n d  5 . 2 ) .  
In c ontrast t o  s urface  an d acc e lerat ed  s ub surfac e runoff ,  i t  i s 

apparent that the  variab i li ty in loading est imate o f  DIP during  

sub s ur fa c e  flow  a t  a spe c i fi c  sampling i n t erval ( 1 2 . 9%  a t  1 44 0min , 

Tab l e  6 . 4 ) , was gre a t er t han t hat for TP ( 5 . 3% at 1 44 0min , Tab le 

6 . 4 ) .  Maximum sampling int ervals  o f  72 0min for P and N c on c entra

t i on s , and 1 5m i n  for wat er f low were foun d  t o  give deviat i on s  in 

est ima t e s  o f  P and N load ings within 1 5% ( Table 6 . 5 ) .  These  

sampling int
.
erva ls were thus  used  in lat er s tudi es . 



Tab l e  6 . 4  

Samp ling  
in t e r v a l  

( r.: i n ) 

6 0  
3 6 0  

7 2 0  

1 4Lt O 
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Deviat ion in load ing e s t ima t e s  o f  P an d N f orms , and 
s e d iment  in s ub s ur fa c e -f low event  1 

Numb er o f  Param e t er Dev ia t i on in load ing e s t imat e s  

Samp les  Repl i c a t e s  ( % )  

Mean C o n f i d en c e  int erva l  95% 

1 20 6 
1 20 6 DIP - 1  . 1 2  ( - 3 . 2 ,  1 .  02 ) 

T DP -0 . 8 9  ( - 3 . 2 , 1 . 4 5 ) 
T P  - 0. 94 ( - 2 . 1 , o . 24 ) 

N O �  -0 . 0 1 ( - 0 . 1 ' o . 08 ) 
:J 

TN 0 . 02 ( 0 .  0 1 , 0 . 03 ) 
S e d imen t 0 . 9  ( - 1 . 3 ,  3 . 1 ) 

1 0  6 DIP - 1 . 73 ( -4 . 5 ,  1 .  08 ) 

TDP - 0 . 8 9 ( -5 . 1 .? , 2 . 9 ) 
TP  -0 . 62 ( 2 . 39 , 1 . 1 5 )  
N 03 -0 . 03 ( - 0 . 1 9 , 0 . 1 3 )  
TN · 0 . 08 ( -0 . 1 4 , 0 . 3 0 )  
S ediment  1 .  6 ( - 3 . 0 , 6 . 2 ) 

5 6 DIP  - 3 . 2 ( -9 . 6 ,  3 - 3 
T DP - 1 . 4 2  ( - 7 . 1 , 4 . 3  
TP  - 0 . 73 ( - 3 . 4 , 1 . 9 
N 03 -0 . 03 ( -0 . 29 , 0 . 23 ) 
TN 0 . 1 7  ( - 0 . 25 , 0 . 6 ) 
S e d im ent  2 . 7 ( - 0 . 9 , 6 . 3 ) 



Tab le 6 . 5  

S e l ec t ed 
sampl i ng 
t im e  ( min ) 

720a 
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Deviat ion  i n  loading e s t i ma t e s  o f  P and N f o rms , 
and  s e d im e n t  i n  s i x  sub sur fac e -run o f f  even t s  s t u d i e d  

Parame t er Deviat ion  in  l oa ding e s t imat e s  ( % )  
Mean C onf i denc e i n t erva l 95% 

DIP 0 . 9 ( - 2 . 1 , 5 . 3 )  
TDP 3 . 1  ( 1 . 5 ,  1 2 . 7 ) 
TP 2 . 7  ( - 1 0 . 3 , 9 . 9 )  
N03 - 1 . 0  ( - 2 . 8 , 0 . 8 ) 

TN - 0 . 9 ( - 0 . 7 ,  2 . 5 )  
Sedi �n en t 1 . 3 ( - 1 . 4 ,  4 . 0 )  

a Flow dat a  at  1 5m i n t ervals us e d . 
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Amoun t s  o f  phosphorus an d n i trogen t ranspor t e d  

Sub sur fac e f low was e s t imat e d  using  hydr ograph 

r e s o lu t ion , as  d i s c us s e d  pr e v i ously ( Fig . 6 . 1 ) .  Two cr i t er ia were  

used  to  estab l ish  when t he hydrograph c ur v e  was  r e pr e s en t e d  by sub 
sur fac e f low a l o n e  ( po in t s  A and C ,  Fig . 6 . 1 ) .  The first  m e t h o d  

( : : uk_ ; c < iu e n t ly r e f e r r e d  t o  u s  M e t hod  1 )  in v o l v e d  e: �_; t i rn: t 1., j n t� l h e  p o i n t 
o f  gr e a t e s t  curva t u r e  on t h e  r e c e s s i on l j mb o f  t h e  hydr ogra ph 
( po in t  C ,  Fig . 6 . 1 ) ,  at  w h i c h  point the c a lc ulat e d  value of t h e  
ra t i o  of  dischar g e  at  one  t im e  t o  the  d i s c harge  o n e  hour ear l i e r  
b e c a m e  c ons tan t . Po i n t  A ( F i g . 6 . 1 )  was c ons idered  t o  b e  t h e  
po in t where  a n  in i t ia l  mar k e d  increase  i n  s t r eam f low  o c c ur r e d . 
In  the s e cond  m e t h o d  ( sub s e quen t ly r e ferr e d  t o  as  M e th o d  2 ) ,  p o i n t  
A ( F i g . 6 . 1 )  was taken  a s  the  p o i n t  when ac c e lera t ed subsur fac e 
flow s tar t e d  an d n a t ur a l  sub sur fac e flow  was  n o  l onger the  s o l e  
sour c e o f  str eam f low . S im i larly , point  C ( F i g . 6 . 1 ) wa s c on s i der-
ed  to  be  the  poin t wh en ac c e l erat ed  sub sur fac e run o ff s t opped and  
nat ura l sub sur fac e run o ff  was  the  sole  sour c e  of  s t r eam flow  again  
( po i n t  C ,  ¥ig . 6 . 1 ) .  

I t  was also  as sumed  tha t  the P and N c o n c en t r a t i ons o f  s ub 
sur fa c e  flow dur in g  s t orm f low  c hanged c on s t an t ly fr om the  s ub 
sur fac e flow c on c en tra t i on s  immedia t e ly pr e c eding s t orm  flow  ( po in t  
A ,  Fi g . 6 . 1 ) t o  t h e  c onc en trat ions  following  s t orm f low  ( p o i n t  C ,  
Yig . 6 . 1 ) .  The annua l am oun t s  o f  wat er d i sc h arg e d , P and N forms , 
and s e d iment  tran spor t ed in s ub surfac e flow  were  c a l c ulat ed  us ing 
both of the  ab ove  m e t hods . I t  c an b e  s e en that b o t h  m ethods  gave 
s imi lar e s t imat e s  of t he amoun t s  o f  P and N forms transpor t e d in  
sub s ur fac e flow ( Ta b l e  6 . 6 ) . The e s t i ma t e  o f  t h e  vo lume o f  wat er 
d i s c har g e d , howev e r , was s l i g h t ly gr eat er for  Met h o d  1 .  B ecause  
the  t w o  d i f fer en t m e t hods gav e simi lar e s t i mat e s  of  annua l l o s s e s  
o f  P and N ,  only t h e  data ob t a in e d  using  Me t hod 1 a r e  di s cu ss e d . 

T h e  m ean c o n c entrat i on s  o f  P forms in  sub sur fa c e  f low  w e r e  
appr e c iably lower t han t h e  c on c en tra t i on s  o f  N forms . For b o t h  
P a n d  N ,  a gr eat er propor t i on o f  t h e  amoun t s  transpor t e d  was in  
the  d i s s o lved  form ( 60 and  74% for TDP an d No3 , r e spec t iv e ly , 
Tab l e  6 . 6 ) . A l t ho ugh the  mean c on c entra t i o n  o f  d i s so lv e d  an d 
par t i c ulat e P in  s ub s urfac e flow ( 0 . 024  a n d  0 . 01 6mg 1- 1  for  T DP 
and par t i c ula t e  P ,  r espec t i v e ly ,  Tab le  6 . 6 )  wer e muc h  lower t han  
those  observed  i n  s ur fa c e  run o f f  fr om t h e  un fer t i li z ed plo t s  ( 0 . 24 8  



Tab l e  6 . 6  

Param e t er 

D i s c ha r g e  
3 - 1  ( m  ha 

DIP 

T DP 

Annua l wat er d i s c harg e  and amount s  o f  P and N 
forms, and s e diment  transpor t e d  in  sub s ur fac e  f low  
from  the c a t c hm en t  as meacur e d  by  hydr ograph r e 
s o lut ion 

M e t h o d  1 

- 1  Con c entrat i o� ( mg 1 ) Loadin g 

M e t h o d  2 

Loa d ing 

1 6 1  

Ca l c u la t ed Observed  ( kg ha- 1 y- 1 ) ( - 1  - 1  k g  ha y ) 
m ean range  

y- 1 ) 1 700 1 5 00 

0 . 01 5  0 . 01 9-0 . 044 0 . 03 0 . 03  

0 . 024 0 . 037- 0 . 070 o. 04 0 . 05 

Par t i c u la t e  P 0 . 01 6  0 . 005- 0 . 070 0 . 03 0 . 03 

TP o. 04 0 o .  05 2 - 0 . 1 4 0  0 . 07 0 . 07 

N03 4 . 73 1 • 1 -9 . 3  8 . os 8 . 1 8 

TN 6 . 39 1 . 3 - 1 1 . 4 1 o .  92 1 1 . 03 

S e d i m en t 2 1  2 0  - 67  40  3 0  



1 6 ? 

- 1  
a n d  0 . 278�g l f o r T � P  a n d  pa r t i c u la t e  P ,  r e s p e c t i v e l y ,  p l o t  5 ,  

7ab l e  4 . 6 ) , t h e  m ean . c o� c e n t rat i c n o f  N for ms  i n  s ub s ur fa c e flow  
- 1  

( 4 . 73 a n d  6 . 39�e l f o r  N0
3 

t r.an t h e s e  i n  s t:.r f a c e r u n o f f  

an d TN , r e s p e c t i v e ly ) w er e  gr e a t e r  
- 1  

( 0 . 35 a n d  1 . 1 5 mg l f o r  N07 a n d  TN , :; 
r e s p e c t i v e ly ,  p l o t  5 ,  7 a b l e  4 . 6 ) . 

T � e  � e an a n � u u l  c o � c e n t r a t i on s  o f  P a n d  N f o r m s  i n  s ub s ur i·ac e 
f J o l:.r ( T a b le 6 • 6 ) \v c · c '� l s o J o w e  r t ha n t he c o r re s p c  n d i n g c o t1 c er. t r a -
t i on s  i n  a c c e : eru � e d  sub s ur fa c e  r uno f f  ( Tabl e  5 . 7 ) . A r e d u c l i u n 

j. J t  t L t: c u r. L u c l t i rr: e  :J E: t \-/ e c n  t Lc .s o i l  c o h ; L j vn ar. cl : ;o i l  c o rn l · U l ; r· n L ; 

c a pab l e  o f  s or b ing in or �ani c P ( S e c t i o n 8 . 3 . 3 ) i s  e xp e c t e d for 

a c c e l e r a t e d  sub s ur fa c e r un o f f . T h i s  i s  b e c a u s e  t he dra i n a g e  sy s t em 

a c c e l er a t e s  t:: e m o v e m e n t  o f  wa t e r t hr o ugh t h e s o i l  pr o f i l e . For 

exump le , t h e  m ean D I P  c o n c e n t r a t i o n o f  s ub s ur fa c e fl o w ( T u b l e  6 . 6 )  
- 1  w a s  0 . 04 3m g l lower t han t h e  me an  c on c en t r a t ion o f  t h e  sam e P form 

in a c c e l e r a t e d  sub s ur fa c e r u n o f f  ( � a b l e  5 . 7 ) . 

I P.. c. : _e c a s e  o f  N f o r t:: s , t he l o •1 e r  me an f\ 0 7  c o n c en t r o. t i o r, i n  
J 

subsur fac e f lo w , c o m pa r e d  t o  ac c e lera t � d  sub s ur fa c e  f l o w , sug 0 e s t s  
d i lut i o n t y  i � c r eas e d  wa t er d i s c � a r s e  i n  sub s ur fa c e f l o w . T h e  

n u t r i e n t  c o n c en t r a t i on s  i n  a c c e l er u t e d sub s ur fa c e  r un o f f m ea s ur e d  

ll .Y h ·Ln· w c J J .:_:.!. 2l ·  ( 1 S' '/I I ) w e :r· t� c o n c.. L: t e:n t i y  u· ut l <·r t h rtn t h o :: e  i n  
s ub s ur fa c e f l o w  �am p l e s  c o llec t ed a t  the sam e t i m e . 

A l t h o u g t  t h e r e  wa s l i t t l e v ar i a t i on i �  t h e  P an d N c o� c en t r a t i on s  

w i t h i n  a pa r t i c �lar p er i o d o f  subs u� fu c e  f l o w , v a r i a l i o n o w e r e  u b s er v -
e tl b e t w e e n  fl ow p e r i o d s  d ur j n g t h e  year ( Ta b l e  6 . 6 ) . } 'or CXiH 1 p .l e  1 

- 1  DIP c o n c en t r a t i o � s  rang e d  fr om 0 . 01 9 t o  0 . 04 4mg l an d T P  c on c e n -

l r a t i o� s  fr om 0 . 05 2  t o  0 . 1 4 0mg 1 - 1 , wh e � e a s  a gr ea t er var i a t i on in 
N�� an d T N  c on c en t ra t i on s  w e r e  ob s er v e d  ( 1 . 1 to 9 . 3 and 1 . 3 t o  1 1 . 4 mg 

l , r e s p e c t i v e l y ) . 

Th e ran g e  i n  D I P  c onc en t ra t i o n  in  sub s ur fac e f low  ob s erv e d  i n  

t h e  pr e s en t s t u dy is  c on s i s t en t  wi t h  tha t  found by Cbu r e k  a n d  l l e a l d  

( 1 9 74 ) , from a sma l l  c a t c hmen t pr imar i ly und er c r opping and f o r e s t  
i n  P e nn sylvan i a  ( 0 . 0 1  t o  0 . 03mg l

- 1
) .  I n  a t hr e e  year s t u dy o f  

s ub s u r fa c e  f l o w  fr om a c r o pped  san d y  loam i n  G e orgia , Ja c k s on � a l . 

( 1 97 3 )  r epor t ed  a m e an a n n ua l  N0
3 

c onc en t rat i o n 
- 1  

c on c en t r a t i o n s  ranging fr om 5 t o  1 0mg 1 , w h e n  

- 1  
o f  8 . 92mg l , w i t h  

- 1  
1 6 8 kgN ha wa s 
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appli e d  ann ua lly a s  fert i l i z er . 

The annual amoun t s  o f  N forms transpor t e d  in  sub sur fac e flow 

were much gr eat er t han t he annua l amount s of P forms transpor t e d .  

An appr e c iab ly gr eater pr oport i on o f  t h e  T P  and T N  transported  in 

sub sur fac e  f low ( 60 and 74% for TDP , and N03 , respe c t i v e ly , Tab le 

6 . 6 )  wa s in the d i s solved form c ompar ed t o  surfac e run o f f  ( 56 an d 

30% for T DP , and N 03 , re spec t iv e ly ,  plot 5 ,  Tab le  4 . 6 ) .  Thus , 

the higher propor t i on o f  par t i c ulat e  P and N in sur fac e r unoff  

was a r esult of t h e  approximat e ly 20- fold great er quan t i t y  o f  

s ediment i n  sur fa c e  runoff  ( 64 0kg ha- 1  y - 1 , averag e o f  plot  5 and 
-1 - 1  6 ,  Tab l e  4 . 6 )  t han i n  subsur fac e flow ( 4 0kg ha y , Tab le 6 . 6 ) .  

These d i f fer en c e s  in  the forms o f  P an d N transpor t ed r e f lec t the 

di ffering c harac t er is t i c s  of the transpor t pr oc esses  involved in 

the  two r uno ff  type s .  The d i fferen c e b e tween the  amount s  o f  P 

and N forms transpor t ed in sub s ur fa c e  flow r esult from t h e  fac t  

that N03 i s  able t o  move fr e e ly t hr ough the s o i l  by di f fu s i on and 

mass wat er transport ,  whereas DIP i s  rap i d ly r emoved fr om s o lut ion 

by sorp t i on .  

A s im i lar amount ( 0 . 04 3kg ha - 1  y- 1 ) o f  TpP t o  t hat i n  the 

pr esen t  s t udy ( 0. 04 kg ha- 1  y- 1 ) was transp orted  in  bas e f low, equi

va lent to  s ub sur fa c e  flow in the  Massey Cat c hment, fr om a perennial 

str eam dra ining a c a t c hment of s i m i lar s o i l  type and slopes to 

those in t he Massey c at c hment ( Burwell  � !1· • 1 974 ) . Loss e s  of 
- 1  - 1  wer e  only 0 . 35kg ha y , N03 from t he same c a t c hment , however , 

in spi t e  o f  the fac t  that 1 27kgN ha- 1 was a pplied to  the c r opped 

S light ly h i gher annual los s e s  o f  TP and N03 ( 0 . 1 1  and 1 . 2 
- 1  

area . 

kg ha -1  y , r espe c t i vely ) were measured  b y  Minshall � al .  ( 1 9 69) 

in bas e flow from 36 drainage areas in sout h-west ern Wisc onsin , 

where the ar ea of c r opped lan d equalled  that under past ur e .  An 

even gr eat er di fferen c e  between the annual loss of DIP ( 0. 3kg ha- 1  

- 1 \ ( - 1  - 1) Y ; and No3 33kg ha y was ob s erved by Cart er � !1· ( 1 971 ) in 

s ub sur fa c e  flow from a croppe d  s i lt loam in  southern Idaho . 

6 . 3 . 3  S t orm flow 

6 . 3 . 3 . 1 Int err e lat i on ships b et ween flow , c o n c entra t i on , 
and flux o f  pho sphorus an d ni t r og en in s t orm flow. The r e la ti on-



1 64 

ship b et w e en c on c en trat i on an d f lux o f  P and N f orms , an d flow  
in s t or m  flow  for  a low- ( ev e n t 1 ,  F i g . 6 . 9a , b ,  F i g . 6 . 1 0a , b an d  
Fi g . 6 . 1 1 a , b ) ,  a m edium - ( ev e n t  2 ,  F ig . 6 . 1 2a ,  b ) , an d a high-
( ev e n t  3 ,  F i g . 6 . 1 3a, b) in t en s i t y  e v en t  are pr e s en t e d . The  even t s  

r epr e s en t  t h e  range o f  in t en s i t y  o f  s t orm flow ob s er v e d  dur ing 
two y ea r s  of f i e l d  moni t or in g . The c on c entrat i on of DIP in  t he 
ev en t o f  low - i n t ens i t y  ( F i g . 6 . 9a ) d e c r ea s e d  w i t h  an i n i t ia l  r i s e  
i n  f low . Dur ing  t 1 e medium- and h igh-in t e n s i t y  e v e n t s  ( F i g . 6 . 1 2a 
an d Fi g . 6 . 1 3a ) , however , n o  d e c r ea s e  in the  DIP c on c en tra t ion was 
o b s e r v e d  dur ing the init i a l  stages  of the ev ent . T hus , i t  app ear s 
tha t t h e  DIP  c on c en tra t i on o f  i n i t i a l  s t orm f low was 
higher in  t he low- i n t en s i t y  e v en t  ( 0 . 1 5mg l- 1 ) when co mpar ed t o  

- 1 the m e d i um- and high-int en s i ty even t s  ( 0 . 08 and 0 . 03mg l , r e-
sp ec t iv e ly ) . The  data s ugge s t , ther e f or e , that  when DIP  c on c en 
trat i on s  increase  pr ior t o  s t or m  f lo w ,  d i lu t i on o f  t h e  DI P conc en
trat ion  may o c c ur , depen d i n g  o n  the  DIP  c on c en t ra t i o n  of  the  in i t i a l  
run o f f  wat er . W i th a furth er i n c r e a s e  in f low , the  c on c entrat ion 
o f  D I P  showed s i m i lar var ia t i o n s  for the  low- , m e d i um - ,  a n d  high
int en s i t y  event s ,  where  DIP c o n c e�tra t i on incr ea s e d , rea c hing a 
max imum valu e  b e fore  peak f low . Sub s equent ly ,  c on c entra t i ons  
gradua l ly an d c o n s i s t ent ly d e c r ea s e d , and a s e c on dary flow  inc r ea s e  
was a c c ompa n i e d  b y  a s l i ght  r i s e  in  DI P conc entra t i on ( Fi g . 6 . 9a ) . 

I n  t h e  low - , medium- , a n d  h i gh-int ens i t y  even t s  ( Fig . 6 . 1 0a ; 
6 . 1 2b ;  and  6 . 1 3b , r e spec t iv e ly ) ,  TP  c on c en trat i on s  i n c r e a s e d  w i t h  
a r i s e  i n  flow a t  a pproximat e ly t h e  same ra t e  a s  t he rat e  o f  flow 
incr ea s e . The  T P  c on c en t ra t ion  r ea c h e d  a max imum value  b e for e 
peak f low  and sub s equen t ly d e c r ea s e d  a t  a much fas t er r a t e  t han  
fl ow . T h e  c on c e n trat i ons  of  DI P , TDP , and TP were  s igni fi c ant ly 
c orr e la t ed t o  flow  ( Tab le  6 . 7 )  d ur ing even t  1 ,  whi c h  was c on sider
ed t yp i c a l  o f  t ho s e  stud i ed . 

T h e  c on c en tr a t i o ns o f  N 03 d e c r ea s e d  gradual ly w i t h  an increa s e  
i n  f l o w  dur ing t h e  low- an d h i gh - in t en s i ty ev ents ( F ig . 6 . 9b an d 
F ig . 6 . 1 3a , r e spe c t iv e ly ) . Dur i n g  the  medium-in t en si t y  e v en t , 
however , N 03 c on c entra t i on i n c r e a s e d  s light ly w i t h  an ini t ia l  r i s e  
i n  flow , b u t  i n  a l l  events  d e c r ea s e d  a t  peak flow.  T h i s  was most  
marked f or the  low- and  hi gh- i n t e n s i t y  event s .  W i t h  t he r e c ess i on 
o f  flow , N 03 c on c entrat i on s  gradua l ly i n c r ea s e d  r eaching a c on c en 
tra t i on gr eat er t han that a t  t h e  b eginn in g  o f  th e ev en t . 
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Tab l e  6 . 7 Standard par t ia l  r egr e s s i on c o e f fi c i en t s  for the  
standar d r egr e s s i on of  log1 0  f lux on  log1 0  c on c en
t ra t i o n  and log1 0  flow , and c or r e lat i on c o e f f i c i ent s 
for c on c en tr a t i on w i t h  f low for P and N forms in  

s t orm event  1 

P or N Squar ed s tan dar d par t i a l  
form  r egr e s s i on c o e f f i c i en t  for  

Conc entrat ion F low  

* .. * *  
DIP 0 . 1 0 0 . 53 

* * * *  
TDP 0 . 1 4  0 . 48 

* *  * * 
TP 0 . 1 4  0 . 44  

" *  * .  
N03 0 . 30 0 . 32 

* *  * *  
TN 0 . 34 0 . 36 

* * 
Va lues s ign i fi c ant  a t  t he 1 %  l eve l . 

C or r e la t i on c o e f fi c i ent  for 
c on c entra t i on w i th flow  

* * 
0 . 84 

* * 
0 . 7 3  

* * 
0 . 84 

0 . 37 

0 . 29  
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I n  t he ini t i a l  stages  o f  t h e  low- , medium - , and  h i gh - in t en s i t y  
ev e� t s , t h e  c on c entrat i on o f  T N  showe d  s imi lar f luc t ua t i o n s  t o  t ha t  
o f  TP , increas ing rapidly w i t h  an inc rease  i n  f l o w  ( F i g . 6 . 1 0b , 
6 . 1 2b , and  6 . 1 3b ) . The maxi mum TN c on c en trat i on , how ever , was 

o b s e r v e d  ear l i er t han that of  TP . This d i f f er en c e r e su l t s  from 
the  fac t  t ha t  b ecaus e N03 c o n s t i t u t ed the ma j or propor t i on o f  t he 
TN transpor t e d , a decrease  i n  N03 c on c entrat i ons  w i t h  i n c r easing 
flow  due t o  d i lut ion , w i l l  b e  r e f l e c t e d in a c orre sponding  decr eas e  
in  T N  c on c en t r a t i on w i t h  i n c r ea s ing  flow . A minimum TN c onc en-

trat i on was  obtained  at  peak  f l ow . As the  flow d e c r ea s e d , TN  c on -
c entrat i on s  gra dua l ly in c r ea s e d 1 b ec oming grea t er t han a t  t h e  b e 
g inn in g o f  t h e  even t . I t  is appar ent from Tab l e  6 . 7 t hat  N03 
and TN c onc entrat ions w e r e  n o t  s i g n i f i can t ly corr e la t e d  t o  f l ow 
dur i n g  event  1 .  

I t  was ob served  pr evi ous ly ( S e c t i on 4 . 3 . 3 . 1 )  t ha t  N O ,  c onc en
..J 

tra t i ons  in sur fac e runo f f  w e r e  l o w  and that par t i cu la t e  N a c c o un t -
e d  f o r  th e ma j or pr opor t ion  o f  'l' N . In c on t ra s t , N O  c on c cn t r· :� t i on ::; 

3 
i n  a c c e l era t e d  ( S e c t ion 5 . 3 . 3 . 3 ) and na t ura l sub sur fac e r u�o f f  
( S e c t i on 6 . 3 . 2 . 3 ) wer e high , c on t ri b ut ing 8 0% o f  t he TN in  b o t h  
run o f f  t ypes . B e caus e  t h e  r e spon s e  o f  sur fac e f low  is  muc h more  
rap i d  t han t ha t  o f  e i t her  a c c e lera t e d  or na t ura l sub sur fa c e  f lo w , 
t he i n i t ia l  r i s e  in str eam f low  at  t he b eginning  o f  an event  w i ll 
b e  m a in ly t h e  r esult o f  s ur fa c e r un o f f .  Consequen t ly ,  t he in i t ia l  
var ia t i on in TN co n c en t ra t i on s  i n  s t r eam flow w i ll  b e  due mainly  
to  var iat ions  in  part i c u la t e  N . Sur fac e runo f f , ho w e v er , is  
norm a l ly o f  short  durat i on and par t ic u la t e  N c on c en t r a t i ons wi l l  
rap i d l y  decr ea s e . As t h e  c on t r ibut ion o f  sub s ur fac e flow  t o  
str eam f low i n c r ea s es , N03 w i l l  c o n t r ibut e t he maj or propor t i on 
o f  TN  in  s t r eam flow . The  var ia t ion s  in TN c on c e n t ra t i on f o llow-
ing p ea k  c on c en t ra t ion w i l l , t he r e f o r e , b e  mai n ly a r e su l t  o f  var i 
at ions  i n  N03 c onc entra t i on a n d  should show simi lar f low- c onc en 
tra t i o n  r e la t i onships t o  s ub s u r fa c e  r un o f f  ( S e c t ion  5 . 3 . 1  a n d  6 . 3 . 1 ) .  

The  conc entrat ion o f  s e d im en t  in  t he low - , m e d i um - , and h i gh
int en s i t y  even t s ( Fig . 6 . 1 1 , 6 . 1 2b ,  6 . 1 3b , r e s pe c t iv e ly )  increased  
wi t h  an i n c r e a s e  in f low , w i t h  maximum c on c entrat i on s  pr e c eding 
peak fl o w .  W i t h  a dec r ea s e  i n  f low , s e d imen t  c on c e n t ra t i ons 
gradua l ly and c o n s i s t en t ly d e c r ea s e d . A s e c ondary increase  in  
flow  r e sult e d  in  a furth er in c r ea s e  i n  s ediment  c o n c en t r a t ion . 
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Th e s e  var iat ions  in  s edi m ent  con c entr a t i on ar e par t ly due t o  the  
lar g e  c ontribut ion of sur fac e r un o ff to  s t r eam fl ow dur i n g  t he 
eur ly stages o f  an event and t o  an in c r ea s e  1n t h e  u r r:a o J' c r o d i n l!; 
bank c on t a c t e d  b y  the  s t r eam as s t r eam f low inc r ea s e s . 

As  was t h e  c a s e  for  T P , s e d i m en t  c on c en t ra t i on s  inc r ea s e d  a t  
a s i m i lar ra t e  t o  s t ream f low dur ing t h e  r i sing stag e , b u t  d e c r eas-
e d  muc h mor e rapi dly dur ing flow  r e c e s s ion . The  r e sult  i s  that  
for  a gi ven va lu e  of  d i s c harg e , s e diment a nd TP c o� c en t ra t i on s  
w e r e  h i gher on t h e  r i si n g  limb , t han o n  the  falling limb o f  t h e  
h y dr oo·aph . T h i s  �:;ugg e s t s  both  a d e c r e a s e  i n  t he n v a i Ltb i l i  ty  
of  s e diment  as  the  s t orm e v ent  c ont inue s , and  an  incr ease  i n  the  
c on tr i b u t ion o f  sub surfa c e  flow , co ntaining low  TP  a�d s e d i�ent  
c on c en t ra t i on s . I t  is  t hus appar ent  tha t  the  r e la t ionships  b e 
t w e en flow and P ,  N ,  a n d  s e d i men t  c o n c en t r a t i on s  dur i n g  s t or m  f low 
ar e c omplex , as a r e sult of b o th sur fac e and sub sur fa c e  run o f f  op
erat ing at  an d o v er dif ferent  por t i ons  of t h e  s t orm  hydr ograph . 

Par t ial r egr e s s i on c o e f f i c i en t s  from t h e  analysis  o f  event  1 
( Tab le 6 . 7 ) , however , i n d i c a t e that f low was sign i f i c a n t ly ( 1 % l e v e l )  
mor e impor tant i n  d e t ermin i ng t h e  f lux o f  P forms t han wa s c on c en
tra t i on , a l t h o u�h the  c o e f fi c i en t s  were  lower tha n those  o b t a in e d  

f o r  s ur fac e  runo f f  ( Tab l e  4 . 2 ) . I n  t h e  c a s e  o f  N ,  however , flow  
u u d  c o n c e n t r a t i o n  were  equa l ly impo r tan t i n  d e t e r m i n i n g  t b u  f l ux 
of  N forms ( Table  6 . 7 ) . 

Var i a t i on s  i n  TP an d TN c on c en t ra t ion s ,  simi lar t o  t h o 3 e  ob
t a i n e d  w i t h in an event  in  t he pr esent  s t udy , were  observed  by  Muir  
� a l .  ( 1 973 ) in  ma j or s t r eams i n  N ebraska , wh e r e  c on c en t ra t i on s  
inc r e a s e d  during  per iods  o f  maximum flow . I n  c ontras t , M c C o l l  
� a l .  ( 1 975 ) r e p or t ed  t ha t  t he ' ' s o lub l e  P "  conc entra t i on s  in 
str eam flow fr om a c atchment  under pa sture  in the Nor t h  I s land o f  
New Z ea land , d ec r ea s e d  duri ng  a flood  e v en t , mainly a s  a func t i on 
of  t he t i m e  e lap s e d  s inc e t h e  flood  s t ar t e d . Minor i n c r e a s e s  i n  
solub l e P c onc en t r a t i ons  wer e o b s er ve d ,  howeve r , a n d  w e r e  a s s o c i a t e d  
wi t h  an inc r ea s e  in flow ra t e . 

Variat ion s  in  P ,  N ,  and  s ed iment  c on c en trat i ons b et w e en c on 
s e c ut i v e  event s w e r e  appar ent  in t h e  pr e s en t  s t udy an d a l s o  in 
stud i e s  c onduc t ed b y  Walling  and F o s t e r  ( 1 975 ) in sout h ern  Englan d  
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and M c C o l l  et a l . ( 1 975 ) in N ew Z ealand . These  var iat i ons  a r e  

attr ibut e d  t o  t h e  t im e  int erval b et w e en e v en t s , such  tha t  a long 
per i o d  may a llow a larger po o l  o f  " leachable 1 1  nut r i en t s  to a c c umu
la t e, ant e c e den t m o i s t ur e ,  maximum str ea� flow , and the pr opor t i on 
of  s ur fac e and s ub s ur fac e r u� o f f  c on tr ibut ing  t o  s tr eam flow . 

The  var iat i on s  in s e d im e n t  c oncentra t i o� i n  t he pre s ent  st udy 
are  s i m i lar to t h o s e  obtained  i� c a t c hment  s t udi e s  ov ersea s , wher e 
an in cr ea s e  in s t r eam flow r e sult e d  in a c orrespo�1 d i ng in c r ea s e  
in  s e di �ent c on c e r- t rat ion  wh i ch p eake d b e for e flow  ( V i c e  e t  a l . , 

1 968 ; Guy and F erguson , 1 970 ) . Also  t he f in d ing  t ha t  m or e  par -
t i c ulat e  ma t er i a l  i s  c arr i e d  on the r i s ing  c o�par e d  t o  t � e  fu lling 
limb o f  the  hydr ograp� , at  a g i v en f low ra t e , i s  c on s i s t en t  w i t h  
t h e  w o r k  o f  Kunkle an d C orner ( 1 972 ) an d Wal ling ( 1 974 ) f o r  s t r eams 
drain ing perman en t  past ur e . 

6 . 3 . 3 . 2 Sampli ng fr equency. The pr o c edur e u s e d  t o  
inve st igat e t he fr e quency o f  samp l in g  o f  s t orm flow  has b e en  o u t 
l i n e d  in S e c t ion 3 . 5 .  

The  dev iat i on i �  e s t i ma t e s  o f  t he loading  o f  P an d N forms 
in  st orm flow ( in event 1 )  in c r ea s e d  as t he sampl i n g  in t erval in -
c r ea s e d  ( Ta b l e  6 . 8 ) . When t h e  sampling i n t erval e x c e e d e d  6 0min , 
t h e  errors  b ecame una c c eptably larg e . The  use  o f  flow measur e -
men t s  a t  1 5 -min  i n t ervals was foun d  t o  g i v e  less  t han  1 %  d e v ia t i on 
i n  e s t imat e s  of  t o t a l  wat er di s c har ge . As was t h e  c a s e  for sur -
fa c e  and  ac c elera t e d  sub sur fac e run o f f , i n c lusion o f  a samp l e  
c o llec t e d  a t  peak f lo w  sign i f i c an t ly dec r eas e d  the  deviat ions  in  
loading  e s t imat e s . 

B ec a us e  rap i d  f l ow and nut r i en t  c on c entrat ion c hang e s  o c c ur r e d  
b e for e p eak flow , m or e fr equent sampling should be  employed over  
t he i n i t i a l  stages . Similar f indi ngs wer e ob tain e d  w i t h  ac c elera t -
e d  sub sur fac e  run o f f  ( S e c t ion  5 . 3 . 2 ) .  B a s e d  on t h e s e  data an d 
t h e  sign i fi c an t  c orr e la t ion� ( Table  6 . 7 )  o f  c on c en t r a t i on upon 
flow , samples  wer e c o l l e c t e d  at a sampling - t im e  int erva l of 6 0min 
un t i l  ha l f-p eak flow was r ea c h e d  on  the  r e c e ss i on hydrograph . 
T h e  samp ling int erva l was sub s e quen t ly i n c r e a s e d  t o  1 20mi n  a s  f low 
and  c on c en tr a t i on var iab i li t y  d e c r eased . For  nin e r un o f f  event s ,  
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Sampling Numb er o f  Param e t er Devia t i on i n  loading e s t ima t es ------------------
in t erva l Samples R ep l i c a t e s  

( m i n )  Mean 

8 1 44 

30 36 4 DI P - 0 . 35 

TDP - 0 . 5 1  

T P  - 0 . 5 1  

N03 0. 1 0  

TN 0. 1 4  

S e d iment 0. 1 6  

6 oa 1 8  4 DIP 4 . 2  

TDP 1 • 1 

TP 8 . 0  

N03 3 . 6  

TN 7 . 0  

S ediment 6 . 9  

6ob 
1 7  4 DIP - 1 . 26 

TDP -2 . 6  

TP - 1 . 78 

N03 0 . 4 9  
TN o . o4 

S e d iment 1 2 . 62 

1 20b 9 4 DIP -2 . 3  

TDP -2 . 2  

TP -2 . 04 

N03 1 . 1 9  

TN 0 . 5 3  

S e d iment 50 . 7  

( % )  
Con fi denc e int erva l 95% 

( -2 . 7 ,  1 . 95 )  

( - 2 . 3 ,  1 . 30)  

( - 1 . 92 ,  0 . 90)  

( - 0. 03 ,  0 . 2 3 )  

( - 1 . 02 '  1 .  30)  

( - 1 . 34 ,  1 . 6 6 )  

( - 1 . 3 '  9 - 7  
( - 2 . 6 ,  4 . 8  ) 

( -2 . 3 ,  1 8 . 3  ) 

( - 2 . 0 ,  9 . 2 ) 

( -2 . 4 , 1 6 . 4  ) 

( - 0. 3 ,  1 3 . 1  ) 

( - 3 . 5 , 1 .  00 ) 

( - 1 0. 9 ,  5 . 7  ) 

( -4 . 8 ,  1 . 2 0 )  

( -2 . 1 8 ,  3 . 1 6 )  

( - 3 . 6 7 ,  3 - 75 )  

( -3 . 88 , 29 . 1 2 )  

( -6 . 3 , 1 . 8 

( - 31  2 6 . 2  ) 

( - 1 8 . 0 , 1 4 . 0  ) 

( 0 . 1 4 ,  2 . 24 )  

( - 7 . 63 ,  8 . 89 ) 

( 9 . 3 ,  92 . 1  ) 
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Tab l e  6 . 8 ( C on t inued ) 

�amp l in g  Numb er o f  Parame t er Dev iat ion  in  loadi�g e s t imat e s  ------------------
int erval  Samples  R epli c a t e s  

240b 4 4 DI P 

TDP 
T P  

N03 
TN 
S e d iment  

Samp l e  a t  peak f loA  not  inc lud e d . 

b Samp l e  at  p eak f low inc lud e d . 

( % )  
Mean C on fi den c e  int erva l 95% 

- 3 - 9 ( - 1 0 . 9 ,  3 . 0  ) 

- 1 2 . 6  ( -45 , 1 9 . 9 ) 
- 8 . 2 ( - 3 1  ' 1 4 . 3  

3 . 4 2  ( - 1 . 8 9 , 8 . 73 ) 
- 2 . 56 ( - 1 4 . 8 9 , 9 - 7 7 )  
9 1 . 7  ( 22 . 3 ,  1 6 1 . 1 )  



t h i s  sa�p l ing i n t erva l gav e  deviat i ons i n  the loading e s t i ma t e s  
o f  P a n d  N forms , and  sediment  o f  wi t h in 1 5% ( Ta b l e  6 . 9 ) . 

A lthough s e v era l s t ud i � s hav e i n v o l v e d  fr equent samp l ing  o f  

::.; t r e '-lrn flow ( l3urm e t  a l. , 1 968 ; Wa l l ing ilnd T e e d , 1 97 1 ; McC o l l 

e t  � 1 . , 1 975 ) i t  i s  e s s en t i a l  when c h o o s i ng  a samp ling  fr equency  
- ' 

to s t a t e not  on ly t h e  fr e qu en c y  and numb er o f  samp l e s  taken but  
a l s o  to  give  an i n d i c a t i on of  the a c c uracy  of  t he loa ding  e s t ima t e s  
ob t a in e d . W i t h  i n fr equen t samp ling o f  smal l  c a t c hm en t  s t r eams 
( S m i t h , 1 95 9 ; Taylor � a l . , 1 97 1 ) ,  howev er , t he da ta  r ep o r t e d  
for t he an nual  nut r i en t  loadings  ar e d i f f i c ult t o  int erpr � t . 
For e s t i �at es o f  t he nut r i en t  output i n  s t r eams over lon ger 
p er i o d s  o f  t ime ( up t o  20y ) , on e sample  per  week  was r epor t e d  a s  
b e ing s u f f i c i ent b y  E dwar d s  an d Thornes  ( 1 97 3 ) . 

6 . 3 . 3 . 3 
por t � d  i n  st orm f low . 

Amoun t s  o f  ph osphorus  and n i t ro�en t r a n s 

The annua l amoun t s  o f  P and  N forms , an d 
s ed im ent transpo r t e d  in  s t or m  flow were  c a l c ulat e d  as the d i f f er 
en c e  b e t w e en t he a nnual amoun t s  transpor t e d i n  the  str eam and  i n  
sub sur fa c e  f low ( Ta b l e  6 . 1 0 ) . The mean annual c on c en t ra t i ons o f  
b o th d i s s o lved  an d par t i c ula t e  P forms ( ob t ained  from  t o tal  Lni d 
i n gs an d t otal  f low ) w e r e  sub s tant ia lly grea t er t han those  i n  s ub 
surfac e flow ( Table 6 . 6 ) . For  exampl e , the  m ean DIP and par t i c u 
la t e  P c onc entrat i ons  i n  st o�m flow wer e  0 . 2 03 an d 0 . 58 0mg 1- 1 , 
r e spe c t i v e ly ,  compar e d  t o  0 . 0 1 5 an d 0 . 01 6mg 1 - 1 , r e spe c t i v ely , i n  
sub s ur fa c e flow . In  c ontras t , t he mean c onc entra t i on s  o f  TN and 
N 03 ( 3 . 7 1  an d 1 . 4 9mg 1-

1
, r e s p e c t iv ely ) wer e lower t han thos e in 

sub sur fac e flow ( 6 . 39  an d 4 . 73mg 1- 1 , r e spe c t i v e ly , Tab le 6 . 6 ) . 

I t  wa s ob ser v e d  pr e v i ous ly ( S ec t i on 6 . 3 . 2 . 1 )  t hat  mar k e d  
f luc t ua t i ons  in the  c onc en t ra t i on o f  P forms o c cur r e d  wit hin  s t orm  
f l ow event s . The  c onc entrat i on of  DIP in  s t orm f l ow dur ing  t h e  
y ear var i e d  from 0 . 06 1  t o  0 . 4 4 6mg 1- 1 a n d  o f  par t i c u la t e  P fr om 
0 . 070 to 2 . 246mg 1- 1 • B ecause  o f  th e h e t e r o g en eous nat ur e  o f  
s t orm f low w i t h  r e sp e c t  t o  t h e  c o n tr ibut i on s  o f  t he r un o f f  types  
a n d  t he i r  markedly d i ffer ent c onc entrat i on s  of  P form s , var iat ions  
in  t he c o n c entrat i ons  o f  P forms in  s t orm f l o w  were  gr eat er t han 
t ho s e  i n  t he more  hom o g en eous s ub sur fa c e  f low . On t h e  o ther  han d , 
t he c on c en t ra t i on s  o f  N f orms d i d  not  vary a s  muc h a s  in  sub s ur fa c e  



Ta b l e  6 . 9 e v i � t i on in  l oa d i n g  e s t imat e s  o f ? an d N forms, and 
s e d i m ent i n  n i � e  st orm - flow e ven t s  s t u d i e d  

S e le c t e d  
samp l ing i n t erval 

( min ) 

60/1 20a 

Paramet er 

DIP  
T DP 
'l' P 
N 03 
T N  

S e d ime n t  

Deviat i on i n  l oa d ing e s t ima t e s  
( % )  

Mean C o n f i d en c e  int erva l 95% 

1 .  6 ( - 2 . 1 , 5 - 3 ) 
7 . 1 ( 1 . 5 ,  1 2 . 7 

-0 . 20  ( - 1 0 . ) , 9 . ') 
-0 . 41 ( - 3 . 07 , 2 . 25 )  

1 . 8 1 ( - 1 • 0') , 4 .  71  ) 
3 . 64 ( -4 . 59 , 1 1 . 87 ) 

Sample  at  p eak f low  i n c luded  an d f low d a t a  at  1 5m in int erva ls  
u s e d . 



Tab l e  6 . 1 0  

Param e t er 

Di s c harge  
C m3 ha- 1 y- 1 ) 

DIP 

TDP 

Par t i c ula t e  P 

TP 

N03 

TN 

S e d i m en t  

Annual wa t e r d i s c harg e d  and amoun t s  o f  P a n d  N 
f orms, an d s e diment  transpor t e d  in s t orm f low  

-1 C on c en t ra t i on ( mg 1 ) 
Ca lc ula t e d  Ob s er v e d  

m ean range  

0 . 203 0 . 06 1 - 0 . 446 

0 . 271  0 . 082- 0 . 5 1 7  

0 . 580 0 . 070- 2 . 24 6  

0 . 85 0  0 . 5 1 8 - 2 . 446  

1 . 49 1 .  0 -6 . 0  

3 . 71 1 . 3 . -7 . 3  

650 380  -265:)  

Loa d ing  
- 1  - 1 ( kg ha y ) 

1 4 00 

0 . 28  

0 . 39 

0 . 84 

1 . 24 

2 . 1 7  

5 . 4 0  

940 

1 78 
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run o ff . 

A l though t he annua l amoun t o f  wat er discharg e d  in s t orm  flow 

( 1 4 0 0m3 ha- 1  y- 1 , Tab le 6 . 1 0 )  wa s l e s s  t han in s ub surfac e f lo w  

( 1 700m3 ha- 1  y- 1 , �e thod 1 ,  Table  6 . 6 ) , the  amoun t s  o f  P f orms  

transpor t ed in s t orm  flow  were  appr e c iab ly gr eat er ( Tab le 6 . 1 0 ) . 
� 

1 1 - 1  For exam p l e , 0 . 28 and 0 . 03kg ha - y- D I P  and 0 . 84 and 0 . 07kg ha 
- 1  y T P  w e r e  transpor t e d annua l ly i n  s t orm and sub s ur fa c e  f low , -

r e spe c t iv e ly . In  addit ion 6 6% o f  t h e  TP tran spor t e d  in  s t or m  
flow wa s in the  pur t i culu t e  P form , c ompared  t o  only 4�), i n  sub 
sur fa c e  f low . The amoun t s  o f  TN and N 03 transpor t e d  in s t orm 

-1 - 1  6 ) flow ( 5 . 4 0  and 2 . 1 7kg ha y , r es p e c t iv e ly , Tab l e  . 1 0  w e r e  
- 1  - 1  lower t han tho s e  i n  sub sur fac e f l o w  ( 8 . 08 and 1 0 . 92kg h a  y 

r e s p e c t i v e ly , Tab le  6 . 6 ) . A l s o  t h e  pr oport ion o f  TN t ranspor t e d  
as  N 03 i n  s t or m  f low  ( 26% ) w a s  lower t han i n  sub sur fac e  f l o w  ( 74% ) . 
Th e s e  d i f f er enc e s  in the amo un t s  and f orms o f  P a n d  N transpo: t e d  
i n  s t orm a n d  sub sur fa c e  f low r e sult  from t h e  fac t t ha t  s t orm  flow 
inc lu d e s  sur fa c e runoff , wh i c h  has b e en sh own t o  t ransport larg e  
amoun t s  o f  D I P  an d par t i c �la t e  P ( Ta b l e  4 . 9 )  b u t  l o w  amoun t s  o f  
N03 , r e la t iv e  t o  sub sur fac e f low . I t  i s  apparen t , t her e f ore , 
t ! J; t L u. l t lwu gl1  lower  u.m o 'ln i s  o f  N forms u r e  c on t r .i.. l! u L c: u  t o  u. nn uu. l 
s t r e r1 m l a n d i n g s  by s t orm flow , t han b y  sub sur fac e fJ o w , s t orm flow 
c ontr ibut es  t h e  ma j or propor t i on of  the  annual P loading in the  
str eam . Sim i lar ob s erva t i on s  for P ,  but  contrast ing  in t h e  c a s e  
o f  N ,  w e r e  obta in e d  by  Olson � al . ( 1 973 ) an d Wa l ling  and  F o s t er 
( 1 975 ) , wh o foun d t ha t  s t orm f low c on t ributed  larg e  amoun t s  of P 
and N t o  sur fa c e wa t ers in  c a t c hment s t ud i e s  in N ebra ska an d 
southern Englan d , r e spec t i v e ly . 

T he r e la t i v e  c ontrib ut i ons  o f  sur fac e ,  a c c elera t e d  sub sur fac e, 
and s ub s ur fa c e  r un o f f  t o  str eam f low  a r e  discussed  in d e ta i l  in 
the n ex t  S e c t ion ( S ec t i on 7 . 3 ) . 

6 . 4  G en era l Di s c us s i on 

As  was the  c a s e  f or b oth sur fac e and  a c c elerat e d  sub sur fac e  
runo f f , t h er e  i s  a shor tag e o f  data for  t h e  lo sses  o f  P and N 
forms in  str eam flow  from c a t c hme n t s  in N ew Zealan d .  Fur t her -
more , l i t t l e  a t t empt has b e en ma d e  b o t h  in N ew Z ea land and o v er s ea s  



1 80 

t o  separa t e  s t ream flow  into  sur fac e an d sub sur fac e f low t o  inv e s t i 
ga t e  th e r e lat i v e  i mpor tanc e o f  t he s e  t w o  c omponen t s  t o  t h e  P and 
N loadings of s t r eams . 

A lt hough a gr ea t er amount o f  p r e c i p i tat i on f e l l  dur ing 1 974 
c ompar ed to 1 9 75 , a simi lar propor t ion  of the annua l pr e c ip i ta t ion 
left  t he c a t c hmen t  a s  s t r eam flow i n  b o t h  years o f  th e s t udy . When 
the  pr e s ent  data ar e compar ed with t ho s e  ob t a ined  in  o v e r s eas  s t ud i e s  
it  can b e  s e en tha t  d i f f erenc ec  in t h e  proport i on o f  pr e c i p i t a t ion 
which lea v e s  a cat chmen t as s t r eam flow , is  i n f l u enc e d  by  the  dra i n 
a g e  charac t er i st ic s  o f  t h e  s o i ls w i t h in t h e  c a t c h� en t . For  example , 
Tay lor � a l .  ( 1 97 1 ) calcula t e d  tha t an average o f  37% o f  t h e  8 7 0mm 
o f  prec i p i t at i on p er year appear ed a s  s t r eam f low in Oh i o  dur in g 
f o ur year s , fr om a c a t c hment  i n  wh i c h  a s hal low s o i l  man t l e  ( 1 . 5 t o  
2m ) ov e r la y  impermeab l e  b e dr ock . I n  a d d i t ion , Jackson � a l . ( 1 973 ) 
r epor t e d  that  47% o f  the  ann ua l p r e c ipi t a t i on ( 1 1 78mm ) appear e d  a s  
s tr eam f l o w  fr om a t i l e -drained  ca t chment . A c orr esponding s i t ua -
t i on i n  t h e  Ma ssey  Cat c hm en t  ex i s t s , whe r e  an impermeab l e  frag ipan 
( Pollok , 1 9 75 ) is pres ent at a depth  of appr o x ima t e ly 70c m and where  
approxima t e ly 5 �� o f  the  cat chmen t  i s  ar t i fi c ia lly dra i n e d . In  
these  s i t ua t i on s ,  s o i l  wat er will  m o v e  m o r e  r ea d i ly t o  t he s t r eam  
channel t han i n  the s i t uat i o n  wher e t h e r e i s  n o  dra inuge i m p e d �n c e  
or ar t i f ic i a l  dra i nage . Con s e quen t ly ,  a great er propor t i on o f  the 
pr ec ipi tat i on will appear as str eam f low . In  a cat chmen t i n  s outh-
w est I ov1a , c on ta i n i n g  a fr e e ly dra ining s o i l ,  B urwell  � a l .  ( 1 974 ) 
c ould a c c ount  for only  1 7% o f  t he 78 0mm o f  pr e c i p i ta t i on , a v eraged  
o v er 4 year s . 

Sub sur fac e flow  was chara c t er i s e d  by li t t le chang e  in flow 
or in the  c on c entra t i on o f  P and  N f orms , and s ediment . Dur ing 
p er i ods of  storm flow , howev er , fluc t uat i on s  in the c on c entra t i on 
o f  P an d N forms , and  s e d im en t  w er e  a ss o c i a t e d  wit h rap i d  c han g e s  
i n  str eam f low r e f l e c t in g  var iat i on s  in t h e  v o lume s  o f  sur fac e  a n d  
a c c e lerat e d  s ub sur fa c e run o f f  i nput i n t o  t h e  s t r eam . A l t h o ugh 
the  str eam dra in ing t he Ma ssey Cat c hm e n t  i s  ephemer a l , s im i lar 
c onc entrat i o n - f low r e la t i on ships hav e  b e en ob served  by M i n sha l l  
� a l . ( 1 96 9 ) and  Muir  � al .  ( 1 973 ) d ur i n g  per i ods o f  s ub sur fa c e  
f l ow and by Mc C o l l  � a l . ( 1 975 ) an d Wal ling an d Fo s t er ( 1 9 75 ) dur ing 
p er i o ds of  s t or m  f l ow in catchmen t s  dra i n e d  by per enni a l  s t r eams . 
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From s tudi es  o f  var iat i on s  in  nut r i en t  c onc entrat i on s  und  
f low , Fr er e ( 1 971 ) and  Tay lor et  a l . ( 1 97 1 ) c on c lud ed  t ha t  flow 
was t he mor e impor tan t var iab l e  t han c onc entrat i on for c omput ing 

nutr ient  l oadin g . Thi s i s  in  agr e emen t  w i t h  the  g en erally s i g-
n i f i cant c orr e lat i on s  b e t w e en flow  and c onc en trat i on o f  P an d N 
forms in the  pr esent  s t udy , i n d i c a t e d  by t he fac t  t ha t  s e le c t iv e  
samp ling for c on c er. trat i on based  o n  c hang e s  i n  s tr eam f low would 
g i v e  an impr oved e s t ima t e  o f  loa d ings . C on s equen t ly ,  the  sampl-
ing interval  n e eded  t o  o b t a in a c c urat e e s t ima t e s  o f  t h e  P ,  N ,  an d 
s e d i m en t loading o f  s t r 8am flow , wa s appr e c iably gr ea t er for s t orm 
f l o w  ( 6 0m in ) t han for subsur fac e f low ( 720min ) . 

From t he data pr e s e n t ed i t  appears t ha t  t h e  annua l amount s 
o f  N forms transpor t e d  in  s t orm and sub sur fa c e  flow  wer e muc h 
gr ea t er t han t h e  amoun t s  o f  P forms transpor t e d , e v en t hough t her e 
wa s an appr ox imat e ly 1 0- fo ld an d 20- fold gr eater  tran sport  o f  DIP 
a n d  TP, r e sp e c t i v e ly , in  s t orm c ompar ed to  s ubsur fac e  fl ow . A 
s im i lar d i f fer enc e in the  annual amoun t s  o f  P and N tran spor t e d 
i n  s tr eam f l ow ha s b e en o D s erved  in over s eas  c a t c hmen t s  o f  vary
ing lan d us e ( Minsha l l  � a l . , 1 969 ; Car t er � a l . , 1 97 1 ; Bur
w e l l !.!. al . , 1 974 ) . 

The annua l  amoun t s  o f  P and N forms t ranspor t e d in  s tr eam flow  
i n  t h e  pr e s ent  st udy wer e gr e a t er t hun t h o s e  meaour e d  in ma ny over
s ea s  stud i e s  from c a t c hme n t s  o f  s imilar s i z e , soil  t yp e , and land 
u s e  wher e fert i li z er P and N appli cat ion s  w e r e  ma d e  during the y ear 
o f  s t udy . The annua l l o s s e s  o f  DIP , par ti c ula t e  P ,  TP , N03 , and 
TN in  str eam f low from a c a t c hme n t  in I owa , r e c e iving f e r t i l i z er 

8 - 1  - 1  - 1  - 1  a pp l i cat ions  o f  2 kgP h a  y an d 1 2 7kgN h a  y ( Burw e l l  � a l . , 
1 974 ) , wer e only 6 1 , 24 , 34 , 2 ,  and 4% , r e s pe c t iv e ly , o f  t he annua l 
amoun t s  transpor t e d  i n  s tr eam flow  in the  Mas s ey c at c hmen t . 
S imi larly , t he annua l  l o s s e s  o f  par t i cula t e  P ,  N 03 , and TN obtained  
by  K i lmer et  al .  ( 1 974 ) fr om a c a t c hm ent  i n  �A� e.st'D'Y\ · W·e� COl't>t�� , 
whi c h  inc lude d  heav i ly graz e d  pas t ur e  t o  whi c h  4 8kgP ha- 1 and  1 1 2 
kgN ha- 1 o f  fer t ili zer  wer e appl i e d ,  wer e only 4 8 ,  2 3 ,  an d 2�� , 
r es p e c t i v e ly , o f  thos e o b t a in e d  in  t he pr e s en t  s t udy . In  s p i t e  
o f  a very much gr ea t er l ev e l  o f  f er t i li z er P ( 1 92kgP ha- 1 ) appl i e d  
i n  t he s t u d i e s  o f  K i lmer  � a l .  ( 1 974 ) ,  t h e  annual amoun t s  o f  
par t i cula t e  P transpor t e d  in s t r eam f low w er e  s i m i lar t o  t h o s e  in  
the  Massey Cat c hment . 



The much  great er loss  of  N 03 in  str eam flow in t h e  Mas s ey 

Cat chment t han in o v e r s eas studi es , p o in t s  t o  the importan c e  o f  

1 82 

N fixat ion b y  c lover  an d the  e f f e c t  o f  gra z i n g  an ima ls on t h e  l o s s e s  
o f  N 0 7 • T h e  r egular us e o f  fer t i l i z e r P in the past and t h e  i n t e n -

� 
s i v e  gra z i n g  o f  t he c a t c hmen t would  expla in  the  gr ea t er lo s s e s  o f  P . 
S i � i lar t h i nking  c o u l d  ap ply t o  N ew Zeala� d , wher e high rat e s  o f  P 

f er t i l i z er a pp l i cat i o n  an d gra z i�g  c ould  c ontribut e t o  a u n i q u e  
s i tua t i on in  t er m s  o f  t he tran spor t o f  P an d N i� str eam f low . 
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RELAT IVE S IGN IFICANCE OF THE RUN OFF TYPES AS  
SOURCES O F  PHOSPHORUS AND N ITROGEN TO THE STREAM 

7 . 1  I n troduc t i o n  

Li t t le i n forma t i o n  ha s b e e n  r eport ed  i n  the  l i t erature  on  
the  l o s s � s  o f  P or N f orms i n  run o f f  types  and  their  r e la t i v e  
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c on t r ib u t ion t o  s t r eam flow in  t h e  sam e  c a t c hmen t . Ex c e pt i o n s 

t o  t h i s  are the  s t ud i e s  o f  J a c kson � al .  ( 1 973 ) an d Burw e l l  � a l .  

( 1 9 74 ) . Var i ous r e v i ew er s  have drawn c onc lus ions r ega rd ing t h e  
r e la t i v e  c ontribut i on o f  s ur fa c e  an d sub sur fac e runo ff, a s  s our c e s  
o f  P and N forms t o  s t r eams using da ta  from d i ffer ent c a t c h� e n t s  
( Zub r i s ki � a l . , 1 971 ; Ryden � a l . , 1 973 ) . Such c onc lus i oa s , 

how e v er , must b e  t r ea t e d  w i t h  cau t i on , b ecause  o f  t he c on c i d e r a b l e  
var i at i on s  i n  t h e  amoun t s  o f  P a n d  N forms t ranspor t ed i n  t h e  run
o f f types from di f ferent  cat c hme n t s . 

T o  gain a b e t t er un derstand ing o f  t he t ranspor t and sub s e quent  

mod i f i c a t ions  o f  P an d N forms in run o f f  types  and str eam f low , 
t he r e la t ive  c on t r ibut i on o f  the  runo f f  t yp e s  t o  s t r eam flow  and  
t hus t h e  paths b y  whi c h  wa t er �eves  t hr ough the  c a t chm en t , mus t 
i n i t i a l ly b e  det erm i n ed . In  t h e  cat c hme n t  und e r  s t udy , su� fa c e 
an d a c c e lera t e d  s ub sur fa c e  r uno f f  wer e mon i t or ed in an i s o lat e d  
area , wher e  t h e  i�put a n d  output of s t r eam f low was a ls o  mon i t or e d . 

T h e  aim o f  t h i s  part o f  t he s tudy was t o  est imat e t h e  amoun t s  
o f  wa t er , P an d N f orms , and sedimen t  c on t r i bu t e d  b y  surfac e ,  
a c c e l erated  subs ur fac e ,  and subsur fac e run o f f  t o  s t r eam flow  i n  
t h e  sub c a t c hment . 

7 . 2 Mat er ials and M e t hods 

S t r eam flow was  c on t inuous ly mon i t or e d  at  two s i t e s  in  t h e  
c a t c hme n t , i s o la t i ng a 20-ha s ub c a t c hmen t  b e tw e e n  t h e  t w o  w e ir s .  
The  input o f  ru� o f f  from t h e  sub c a t c hment i n t o  the s t r eam c ould , 
ther e f or e ,  b e  mon i t or e d  c ont i nuously . W i t h i n  the  sub c a t chme n t , 
sur fa c e and ac c e lerat e d  sub s ur fac e r un o f f  w e r e c on t inuously m on i 
t or e d . In t h i s  way ,  i t  was poss ible t o  evaluat e  t h e  r e lat iv e 



s i g n i f i c anc e o f  r u� o f f  t yp e s  a s  sour c es o f  P and N f orms , and  
s e d im e n t  to  t he str eam . 

7 . 3 R e sults  nnd Di s c uss i on 

7 . 3 . 1 Amoun t s  o f  wat er d i s c harg e d ,  phosphorus and  n i t r ogen 
forms , and  s e d i m e n t  transpor t e d  i n t o  and  out of the 
sub caichment i n  s t r eam flow 

The  c ontr ibut ion of  sur f ac e ,  ac c e lera t e d  sub s ur fac e , and  
sub sur fac e run o f f  t o  the P ,  N ,  and s e dime n t  loading of  str eam f low 
in t h e  subcat chm ent was c a lc u la t e d  as the di f f e r en c e  b et w e en t h e  
P ,  N ,  and  s e d iment loading , r espe c t iv e ly ,  o f  str eam f low a t  t h e  
lower and  u�p er w e i r s  wh i c h  i s o la t e d  t h e  sub c a t c hment . Ther e 
wa s a n  i n c r ea s e  in  the  amoun t o f  wa t e r  d i s c harged an d P and  N form s ,  
a�d s ed i m ent  tran spor t e d  i n  s t r ea� flow fr om t he s ub ca t c hment a s  
a r e sult  o f  t he input o f  t he var i ous runo f f  t ypes  dur ing a l l  m o n t h s  
o f  s t r eam f low ( Ta b l e  7 . 1 ) .  T h i s  increase  wa s m o s t  mark ed  dur ing 
the months  o f  h i g hest  flow ( J uly and Augus t )  when 8 6% o f  t h e  t o t a l  
ann ua l  flow an d 96% a n d  85% o f  t h e  ann ua l  T P  an d T N  loading , r e 
spe c t iv e ly , w er e  tran spor t e d . An appr e c i ably gr eat er propor t i on 
o f  t h e  TP transpor t ed dur i n g  t h e  months  o f  highest  f low was i n  
the  par t i c ulat e form ( 7 1 %  i n  J u ly an d August , Tab l e  7 . 1 ) ,  c ompar e d  
t o  t h e  months o f  l ow f low ( 5 8% i n  May and S ept emb e r , Tab le  7 . 1 ) . 
The s e  obs erva t i on s  are d i sc u s s e d  lat e r  in r e la t i on t o  t h e  r e la t i v e  
input s o f  run o f f  t ypes  d ur ing t he s e  m on t hs . 

The  amount s  o f  DIP and T P  added  t o  t h e  sub c at c hm ent in  pr e 
c ip i t a t i on dur ing t he m o n t h s  o f  low s t r eam f l o w  ( Mny an d Sept ember ) 
were g r ea t er than the amoun t s  o f  DIP and TP d i s c harg e d  ·in t h e  run
o f f  types  from the sub ca t c hment ( Tab le  7 . 1 ) .  In c on t ras t , t h e  
amoun t s  o f  DIP a n d  T P  en t er in g  t h e  sub c a t c hme n t  i n  pr e c i p i t a t i on 
wer e l e s s  t han t h e  amount s  d i s c harged in  str eam flow  dur ing t h e  
mont hs  o f  c ont inuous stream fl ow . T h e  annua l  input o f  DIP  i n  
pr e c i p i t a t ion ( 1 . 55kg , Tab l e  7 . 1 ) was appr oxima t e ly f our t imes  
l ower than the DIP out put from t h e  sub c a t chmen t  in  s t r eam f low 
( 6 . 4 7kg ) . On t h e  other  han d , t her e wa s a n et ann ua l l o s s  o f  
3 1 . 6 2kg o f  T P  fr om t he sub c a t c hm en t  i n  str eam flow c ompar e d  t o  
the i n put o f  T P  i n  pr e c i p i ta t i on .  



Tab le  7 . 1 · Amoun t s  o f  wat er d i sc harg e d , and P a n d  N for� s , and s e d i men t  transpor t e e i n  run o f f  from t he 
sub c a t c hment t o  s tr eam flow , and amo u!: t s  o f  � I P  a�d TP a d d e d  t o  the  s ub c a t c �m e n t  i n  prec i pi-

t a t i on d ur i n g  1 975 

Mont h  D i s c ha r g e  

( m 3 )  

May 1 36 0  

J un e  6 3 3 0  

July  304 1 0 

Augus t 4 7 7 0 0 

S e p t ember 5 09 0  

Oc t ob er 1 0  

- 1  a T o t a l  ( kg y ) 90900 

T o t a l  per un i t  4550b 

- 1 - 1  a r e a  ( kg h a  y ) 
a U n i t s  m3 - 1 y 

DIP TDP TP 

0 . 07 0 . 1 9  0 . 2 6  

0 . 4 7  0 . 69 1 . 2 7  

2 . 7 7 5 - 74 2 0 . 73 

2 . 9 2  4 . 55 1 4 . 38 

0 . 2 3  0 . 8 3 2 . 1 5  

0 . 01 0 . 01 0 . 01  

6 . 4 7  1 2 . 01 38 . 8 0  

0 . 32 0 . 60 1 . 94 

b 3 - 1 - 1  Un i t s  m ha y 

N 0
3 

TN S ed i men t Pr e c ipi tat ion 
DIP ·rp 

( kg ) 

5 . 7 7 . 4 200 0 . 2 1  0 . 96 

1 8 . 6 24 . 2 64 0 0 . 2 6 1 . 22  

1 2 8 . 7 1 6 2 . 5  1 5 740 0 . 2 0 0 . 95 

1 2 2 . 9  1 54 . 6  8820 0 . 2 6 1 . 1 9  

1 5 . 5  2 3 . 1 2600 0 . 09 0 . 1 4  

1 . 0 1 . 4 1 0 . 1 3 0 . 6 1  

2 92 . 4 373 . 1 2802 0  1 . 55 7 . 1 8  

1 4 . 6 1 8 . 7 1 4 00 
-' 
m 
CJ\ 
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I n  a s i m i lar s t udy , Oln e s s  e t  a l . ( 1 9 75 ) foun d t ha t  s l i gh t ly - -
- 1  

m o r e D I P  a n d  T P  were d i s c har g e d  i n  s t r eam f l ow ( 0 . 1 3 and 1 . 2 7kg ha 

y
- 1 o f  D I P  an d T P , r e s p e c t i v e ly )  t h an were a d d e d i n  pr e c i p i t a t i o n  

( 0 . 2 0 a n d  0 . 3 2 kG �a - 1 y -
1 o f  D I P  an d T P , r e s pe c t i v e ly ) to  a c a t c t

m e n t  un d er pa s t ur e i n  Oklahoma , wh en n o  f er t i li z er  P was a d d e d . 

B e c a� .i e  o £  the  c han g e s  i n  t h e f o r m s  o f  P a d d e d  i n  p r e c i p i t a t i o n 

c ·._:._· ::. :·_ z .. : o ·.r e ::·. e ::l t  t hr o u :�:: th e c a t c h;:Je nt  � o w e v e r , i t  i s  d i f f i c ul t 
t o  e v a l ua t e  t h e  c f : � c t , o f  t h e  f o r m s  o f  P c a r r i e d  i n  pr e c ip i t a t i o n , 

on t he c orr eopo� o in c  l o� d i n g  o f  P forms in r un o f f . 

� h e  d i s c harg e  o f  w a t e r fr o m  t t e  2 0 - ha s u b c u t c h me n t  J u r i n g  
3 - 1  - 1  ) 1 9 7 5  ( 45 5 0m ha y , T�b l� 7 . 1 wa ::.; s l i gh t ly g r e a t er t han fr om 

3 - 1  - 1  
t h e  wh o l e c a t c h m en t ( 3 1 00m h a  y , Tab l e  6 . 2 )  d ur i ng th�  same 
p e r i o d .  � h i s  may b e  t h e  c o n s e q uen c e  o f  a g r e a t e r  p r o p or t i o n  o f  

t h e  sub c a t. :: : _:n er.. t ( 7 0';0 o e ing  a r t i f i c i a l ly dra i n e d  b y  m o l e  an d t i l e  
dr a in s , c or::par ed  t o  t � e  vJ� o l e c a t c hme nt ( 5 0% ) . I n  a d d i t ion , t h e  

lo s s e s  o f  T DP , T P , N 03 , TN , and  s ed im e n t f r o m  t h e  s ub c a t c �me n t  
( 0 . 6 0 , 1 . 94 , 1 4 . 6 , 1 8 . 7 , a :1 d  1 4 00kg hu - 1 y - 1 , r e s p e c t i v e:J y ,  Ta b l e  
7 . 1 )  i n  s tr eaM f l o w , wer e s l i g t � ly gr e a t e r  t han t h o s e  fr om  t he 

w h o l e c a t c hm e n t  dur i n g  t h e  same  y ear ( 0 . 4 3 , 1 . 3 1 ,  1 0 . 2 5 , 1 6 . 3 2 ,  

a n d  C) 8 0kg hu- 1 y - 1 , r e s p e c t i v e l y , T a b l e 6 . 2 ) , . wher e a s  l o s s e s  o f  
- 1  - 1  l) L l '  W l: l ' f; v e r y  ::.; i rn i lo.r ( 0 . :;: 1 .:.< re d  o . :;:2kg hu y fr o rn L lt c: : ; u tr i J r J f] 

wh o l e  c n t chmen t , r e s p e c t i v e l y ) .  T h e  d i f f e r e n c e s  i n  t h e  amoun t 

o f  P a n d  N forms , a n d  3 e d i �e n t  t rD n s p or t e d  c a n  b e  a t t r i b u t e d  t o  
t h e  d i f f e � en c e  in  t h e  am oun t o f  wa t er d i s c har g e d , b e c ause  t h e  m ean 

unnuul c o n c e n t r a t i o n s  o f  T DP , T P , N 0 3 , a n d  s e d i men t i n  wu t cr d i c,; -
- 1  c ha rg e d from t h e  sub c a t c hmen t  ( 0 . 1 3 2 ,  0 . 4 2 6 , 3 . 2 1 , a n d  308mg 1 , 

r esp e c t i v e ly ) were  r emarkably  s im i lar t o  t h o s e  from t h e  whole  
c a t chmen t dur ing 1 975 ( 0 . 1 39 ,  0 . 4 1 9 , 3 . 2 9 ,  an d 3 1 4mg 1- 1 , r e spe c t 
i v e ly ) . 

7 . 3 . 2  Est imat i on o f  the  inpu t s  o f  wa t er ,  pho sphorus and 
n i t r og en forms , and s e d im e � t  i �  t h e run o f f  t yp e 

t o  s t r eam f l o w  i n  t h e  sub cat chm en t  

7 . 3 . 2 . 1  Assu� �t i on s . The t o t a l  input o f  wa t er ,  P 
and N forms , and s ed i m e n t  in  sur fac e ,  ac c e l erat ed  sub sur fac e ,  
a n d sub sur fac e run o f f  t o  t he s t r eam can b e  e s t ima t e d  i f  a n ' .mb er 
o f  as sump t ions  ar e made . 
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I t  was as sumed tha t sur fac e runoff  o c c ur r e d  o n ly fr om t h e  
undra i n e d  ar ea in t he s ub c at c hm en t .  The  dra i n e d  a r e a  ( 1 4ha ) 

0 var i e d in s lope fr om 0 t o  1 and sur fac e run o f f  wa s o n l y  obs0rved  
when  heavy  r a i n  imm e d ia t e ly f o llowed  a gra z in g  event  ( 1 00 c a t t l e  
ha - 1  for 48h ) . The  un dra ined  area  o f  lan d ( 6ha ) i n  t h e s ub c a t c h 
men t had approximat e ly e qua l a r e a s  o f  0 t o  3° , 3 t o  8� an d 8 t o  
1 3° s lopes , w i t h  t h e  r un o ff p lo t s  lo c a t e d  on t he m e d i u� and maxi -
mum slopes  in the area . I t  mus t  b e  assum e d ,  how e v er , that  t h e  
amoun t s  o f  wat er d i s c harged  and P ,  N ,  and  s e d iment  transpor t e d  i n  
sur fac e runo ff  from t he p lo t s  ar e r e pr e s en t a t i v e  o f  t h o s e  fr om a l l  

par t s  o f  t h e  undra i n e d  ar ea . Fur t h ermor e ,  b e cause  approxima t e ly 
1 0 _ o 3 o f  t h e  und r u ined u r eu o f  t h e  sub c a t c hm en t hu d s l o p e s  of  t o  3 , 
from wh i c h  lit t le s ur fac e run o f f  or i g ina t ed , b a s e d  on ob s er va t i on s  
dur ing s t orm event s ,  i t  was assumed  tha t  � o f  t he un dra i n e d  par t 
o f  t he sub c a t c hment  would  c o n t r ibut e sur fac e runo f f , as  m easur e d  
by  t l1e  6° f ff  l t t t fl  T h  t sur a c e  runo p o s ,  o s ream · o w .  e s e  w o  assump-
t i ons  ar e pot en t i a l ly dan g er o us , as i t  is  w e l l  establi shed t ha t  
.sur fuc e -run o f f  plo t s  f r e q uent ly o v er - empha s i s e  nu t r i en t  loss  e r � . 
Thi s i s  a r e sult o f  t h e  fa c t  tha t f i e ld p l o t s  usua l ly ign o r e  r e 
d e po s i t i on of  suspended  par t i c u la t e  ma t er i a l  t hat  would oc c ur o n  
a c a t c hm en t bas i s , where  a d e c r e a s e  i n  t h e  ang l e  o f  s lope would 
c a us e a reduc t i on i n  the  v e lo c i t y  of  sur fac e flow . I n  add i t i on ,  
b ecause  v e g etat ion c ov er and s o i l  chemic a l  and phy s i c a l  proper t i es 
ar e n o t  c on s tan t wi t h  r egard t o  t h e  who l e  c a t c hmen t ,  the c ompos i t i on 
o f  s ur fac e run o f f  would  b e  exp e c t ed t o  b e  h i gh ly h e t er ogen e ous ( V i e t s , 
1 9 7 1 ; Hyden et  a l . , 1 97 3 ) . Cons cquen t ly , t h c s e  fac t or s  lead  t o  
errors  i n  nutri ent loading  e s t imat e s by a s sum i ng a c on s tant c ompo
s i t i on of sur fac e r un o f f . 

I n  t h e  case  o f  a c c e l erat e d  subsurfa c e r uno ff , i t  was a ssum e d  
t h a t  the  amoun t s  o f  wa t er d i s c harged  an d P ,  N ,  and s ed iment tran s 

p or t e d  in  t h i s  runo f f  type  fr om t h e  t wo m o ni t or e d  t i le lin es , wer e 

s im i lar t o  the amoun t s  transp ort e d  from t h e  e i ght unm on i t or ed t i le 

l i n e s . The  va l i d i t y  o f  t h i s  a s s umpt i on c anno t  b e  s ub s tan t ia t e d .  

7 . 3 . 2 . 2 Va l i d i ty o f  using sur fac e -run o f f  plo t s  t o  
e s t ima t e  sur fa c e -run o f f  i nput s i n t o  the s tr eam . The va li d i t y  o f  
e s t i mat ing  the amount s o f  wat er  d i s c harge d  and P ,  N ,  an d s ed i m en t  

t ranspor t e d  i n  sur fa c e r un o ff from the sub ca t c hment us ing sur fac e-
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run o f f  p l o t  data  was evalua t e d .  Thi s was c arr i e d  out  b y  c ompar ing 

est i ma t e s  of  the amoun t s  o f  wat er disc harged  and P ,  N ,  and s e diment  
tran spor t e d i n  sur fac e runo f f , o b t ained  b y  hy dr ograph analys i s  o f  
stream f low in t h e  sub c a t c hme n t, w i t h  t h e  amoun t s  c a l c u la t e d  from 
f i e ld p l o t  data , using the  pr e v i o us ly m en t i on e d  assump t i on s . 

The  fo l lowing equat ion was  used  t o  c a lc ulat e t h e  amoun t s  o f  

P N �n d s ediment  c o nt r i b ut e d  t o  s tr e�m flow in t h e  sub c a t c hm ent  
, , 

from sur fac e run o f f, by ac c ount ing for input s from a c c e lera t ed 
sub sur fac e and sub sur fac e runo ff : 

SRO = - B )  - ( ASRO + SSR O )  

T h e  symb ols  A an d B r e pr e s e n t  the  amoun t s  o f  wa t er d i s c harged 
and P ,  N ,  and s e d imen t trans port e d  in s t r eam f low a t  the  lower  and 
upper w e ir s , r e spec t iv e ly , dur ing the t im e  tha t  s ur fa c e  run o f f  was 
oc c urr in g . The t erm A - B , t h er e fo r e , i s  t h e  t o t a l  c on t r ibut i on 
of  surfac e ,  a c c e lerat ed  sub sur fac e ,  and sub sur fac e run o f f  t o  s t r ea m  
f low and P ,  N ,  an d s e dimen t  loadings o v er t h i s  per i o d  i n  t h e  s ub 
cat c hment . The  symb o ls , ASRO an d SSRO r epr esent the  amount o f  
wa t er d i s charg e d  a n d  P ,  N ,  a n d  s e dime nt transpor t e d i n  a c c e l era t e d  
sub sur fa c e  a n d  sub surfac e r un o f f , r espe c t i ve ly ,  o v er t h e  same per i od 
o f  t im e , when sur fac e r un o f f  wa s oc c urr ing . The amoun t s  o f  wa t er 
P and  N forms , an d s e dimen t c on t r ibut e d  by  a c c elerat e d  sub s ur fac e 
run o f f  wer e est ima t e d from t h e  data ob t a i n e d  from the  two  t i l e  
l in e s  in  t h e  sub c a t c hment , wher eas  the amoun t s  c on t ribut e d  b y  
sub sur fac e run o f f  w er e  e s t i ma t e d  b y  hydr ograph r e s o lut ion ( M e thod 
1 ) ,  d i s c us s e d  in  S e c t ions 6 . 1  and  6 . 2 . 3 . 2 . SRO , thus r epr e s en t s  
the  amoun t s  o f  wat er d i s c har g e d , and  P ,  N ,  a n d  sed im ent  c on tr ibut e d  
b y  sur fa c e r un o f f t o  str eam f low and nut r i e n t  loading i n  t h e  sub -
ca tchment . The s e  a r e  c on s i d e r e d  t o  r e pr e s ent  reasonable e s t imat e s  
o f  t h e  c o n t r ibut i o n  o f  sur fac e run o ff t o  str eam flow  a n d  P an d N ,  

and s e diment  loadings . The  amoun t s  o f  wat er d i s c harged  an d P ,  N ,  

a n d  s e d i m en t  transpor t ed in s ur fa c e  runo f f ,  est ima t e d  by t h i o  me t h od 
( r e ferr e d  t o  as " c a l c u lat ed"  i n  Tab le 7 . 2 )  and from f i e ld p l o t  dat a , 
ar e pr e s en t ed in  Table  7 . 2 .  

E s t i ma t es o f  t he amoun t s o f  wat er d i s charged  and  d i s s o lv e d  P 
( DIP and  TDP ) t ranspor t e d  in s ur fa c e run o f f  from the  s ub c a t c hmen t 
dur ing e i ght  sur fa c e -run o f f  even t s ,  obtained  using sur fac e-r un o f f  



Tab l e  7 . 2 

Parame t er 

D i s c harge a 

DIP  

TDP  

TP 

T N  

S e di ment 

1 90 

Amoun t s  o f  wat er d i s c harged an d P and N f orms , an d 
sedime� t  transpor t e d  in sur fac e r u� o f f  a s  d e t erm i n e d  
usi ng s ur fac e -r un o f f  plots  ( measur e d ) a n d  by  hydr ograph 
analy s i s  ( ca lcula t e d )  for e i gh t  sur fac e-runoff  e v en t s  

- 1 ) Amount ( k g ha 
�lc u s ur e d  C.:.. lc ula t e d  

1 2 0 1 30 

0 . 02 0 . 02 

0 . 03 0 . 03 

0 . 08 0 . 07 

0 . 06 0 . 07 

3 - 7 3 . 6  

790 

Dev i a t i on Measur e d  e s t ima t e  
95% c . i .  

- 7 . 7  ( - 1 2 . 3 , 4 . 3 )  

0 ( - 8 . 4 , 8 . 4 )  

0 ( - 7 . 2 , 7 . 2 ) 

+ 1 4 . 3 ( - 1 6 . 8 , 4 . 8 )  

- 1 4 . 3 ( - 30 . 5 , 4 . 1 )  

+2 . 8 ( - 8 . 6 , 1 3 . 0 ) 

7 . 1 ( - 1 8 . 6 , 5 . 4 )  

a 3 . - 1 D i s c harg e  expr e s s e d  as  m na 
b 95% C on fi d en c e  int er va l . 
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p l o t s  ( m easur e d ) and b y  hydr o g r a ph analy s i s  ( c a lc u lat e d ) w e r e 

r emar kab ly s im i lar . For s e d i m e nt , h ow ever , t h e  f i e l d 

p l o t s  y i e ld e d  s li ght ly l o w er e s t ima t e s  t ha n  hydrograph ana l y s i s ,  
Q.f\.d. "t"P, 

w h e r eas t h e  r ev e r s e  was the c a s e  for TN L Dur ing i n d i v i dual 

e v en t s , e s t i�a t e s of the amoun t s  o f  wat er d i s c har g e d  an d P f or m s  

a n d  TN t r an spor t e d in sur fa c e  r un o f f  ob t a i n e d  u s i n g  f i e l d  p l o t s  

J ev i a t e d by a ppr o x i ma t e ly 1 5% f r o m  t h e  c a l c u la t e d  va l ue � . I n  
t h e  c a s e  o f  N O  , t h e  d i s c r epan c y  b e t w e e n  t h e  t w o  m e t ho d s , wa s 

3 
g r c ·  t e r  ( 35% , T a b l e  7 . 2 ) . B e c a u s e  t h e  amoun t s  o f  N0

3 
t r anspo r t e d 

i n  s ur fa c e  runo f f  wer e v ery low , c ompa r e d  t o  s ub s ur fa c e  r un o f f 

( T a b l e  4 . 6 an d 6 . 6 ) , t h i s  d i s c r epan c y  was c on s i der e d  un impo r t an t 

w i t h  r e sp e c t  t o  t he N 0
3 

loa d ing o f  t h e  s t r eam . I t  has b e en sug g e s t 

e d  t hu t s ur fac e - r uno f f  p l o t s  o v e r e s t i ma t e  t he c on t r ibut i o n  o f  cur 
fa c e  r uno f f  t o  t h e  P ,  N ,  a n d  s e d i m e n t  loa d in g  o f  s t r eam f lo w  ( � e c -

t i on 2 . 2 . 1 ) . This d o e s  n o t , however , appear to b e  the  c a s e  in  
t h e p r e s en t  s t u dy . B e c au s e  e s t i ma t e s  o f  sur fac e r un o f f  o b t a in e d  

b y  hydr ograph ana lys i s  d i d  n o t  e x c lude t h e  c on t r i b ut i o n  o f  P a n d  

N f orms , an d s e d i m e nt f r om s t r eam b an k  er o s i on , i t  i s  p o s s i b l e  

t ha t  t he sur fa c e-r uno f f p l o t s  o v er e s t i ma t e  t h e  amoun t s  o f  P ,  N , 

a n d  � e d i m c n t  c on t r ib u t e d  b y  s u r fa c e  r u n of f t o  s t r eam J' J o w  b y  o n  
amoun t  equal t o  that  c on t r i b ut e d  b y  s t r eam b ank er o s i o n . 

C ons equen t ly ,  t h e  s ur fac e- r uno f f  p l o t s  e s tab l i shed  in t h e  

s ub c a t c hm e n t  app ear t o  p r o v i d e  a c c eptab le e s t ima t e s  o f  th e amoun t s  
o f  wa t er d i s c har g e d  a n d  P ,  N ,  an d s e d i m e n t  t rans p o r t e d  i n  sur fa c e  

r uno f f  dur ing b o t h  in d iv i dua l  s ur fa c e - r un o f f  e v en t s  and o v er a 
n umb e r  of e v ent s . I n  a d d i t i on , t h e  data validat e t h e  a s s umpt i ons 

u s e d  t o  e s t ima t e  the c o n t r ib u t i on o f  surfac e r uno f f  f r o m  t h e  s ub 

c a t c hm en t  t o  s t r eam d i s c harge an d P ,  N ,  an d s e diment load i n g  o f  
t h e  s t r eam . 

7 . 3 . 2 . 3  Es t ima t i on o f  the  in put o f  wat er , P and N 
f o r m s ,  a n d  s e d i m e nt i n  s u b s u r fa c e r un o f f  t o the  s t r ea m  from f i e l d  
m o n i t or ing and hydr ograph ana lys i s  m e t hods . Be cause  i t  was  pas-
s i b l e  to  e s t ima t e  the annua l amoun t s  of wat er di s c harged  and P ,  N ,  

a n d  s ediment t ranspor t e d  in s ur fa c e a n d  a c c e lerat e d  sub s ur fa c e run
o f f  in the sub c a t c hm en t with so�e degr e e  of r e liab i li t y , t h e  d i f f er
enc e b et w e en t h e  sum  of  these  two  inpu t s  an d the t ot a l  amoun t s  t r an s 
p or t e d  i n  s t r eam f lo w  during  t h e  year , was c on s i d e r e d  t o  r e pr e s e n t  
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t h e  i n p u t  f r om s ub s ur fa c e  r un o f f  i n  t h e  s ub c a t c hme n t . R ema rkab ly 
s i m i lar e s t imat e s  o f  t h e  a m o un t s  o f  w a t er d i s charg e d  i n t o t he 

s t r eam a s  sub s ur fa c e  f l o w  w e r e  g i v en b y  t h e  thr e e  m e t h o d s , sugg e s t 

i n g  t ha t  t h e y  e a c h  m e a s ur e d  t h e  s a m e  p o r t i o n  o f  s t r e a m  f l o w  w i t h i n  

the  s ub c a t c hm e n t . T h e r e wa s s om e  d i s c r ep an c y , h o w e v er , b et w ee n  

t h e  amoun t s  o f  P ,  N ,  a n d  s e d i men t tran s po r t e d  i n  sub sur fa c e  r un o f f d e 

t er m in e d  b y  t h i �  m c· t ho d  a n d  t h e t w o  mE. t ho d .s o f  h y d r o c;r�1 r h  r c ::, o .L u t i o n o. �  

can  b e  s e en f r o m  t h e  d a t a  i n  Tab l e  7 . 3 .  T h i s  was m o s t  m a r k e d  f o r  

p a r t i c u la t e  P an d  s e dimen t , wher e an appr ox i mat e ly 20- fo ld gr eat er 

l o s s  in the  a n n ua l  amoun t s  t ran s por t e d  wer e observ e d  u s i n g  f i e l d  

d a t a  ( 2 1 . 35 a n d  2 0800kg y - 1
, f o r  par t i c u la t e  P a n d  s e d i m e n t , r e 

s p e c t i v e ly ) , c ompar e d  t o  hydr o g r a p h  a n a lys i s  ( 1 . 1 6  an d 1 1 00kg y
- 1  

f o r  pa r t i c u la t e  P a n d  s e d im en t , r e s p e c t i v e l h u s i n g  M e t ho d  1 ) . The  

d i f fer enc e s  b e t w e en t h e  m e t h o d s  w e r e g r ea t e s t  dur i n g  per i od s  o f  

h i gh f l ow ( J u l y  and Augus t � wher e a n  a p pr o x i ma t e ly 4 0- a n d  4 5- fo ld 

gr e o. t er a m o un t o f  par t i c u l a t e P a n d  s e d i m e n t , r e s pec t i v e ly ,  was 

t r anspor t e d  d ur i n g  t h e  t w o  m o n t hs i n  s ub s ur fac e r un o f f , o b t a i n e d 

b y  d i fferen c e  u s i n g  f i e ld da t a , t han t h os e measur e d  b y  h y dr o gr a ph 

a n a l y s i s  ( M e t h o d  1 ) .  l n  c ont r o. s t ,  d u r i n g  the m o n t h s  o f  low flow 

( May an d S e p t e m b e r ) o n ly a n  a ppr o x ima t e ly 3- an d 5 - fo l d  great er 

t r an s p or t  o f  p ar t i c u la t e  P and s e diment , r e s p e c t iv e ly , was o b t a i n -

e d  from f i e ld da t a  c om pa r e d  t o  h y d r o g r a pn ana ly s i s  ( Ta b l e  7 . 3 ) . 

F ur t h e r m o r e ,  d ur i n g  May a n d  S ep t emb er ,  the e s t imat e  o f  t h e  a m o u n t  

o f  D I P  tran spor t e d i n  s ub s ur fa c e r un o f f ,  o b t a in e d  f r o �  f i e l d  d a t a  

( 0 . 1 1 kg , T a b l e  7 . 3 ) , was l o w e r  t han t h e  a m ount e s t i m a t e d  fr om 

hy d r o gr aph ana l y s i s  ( 0 . 2 1 kg , by M e t h o d  1 ,  T a b l e  7 . 3 ) . T h i s d i f f e r 

e n c e  i n  t h e  a m o u n t  o f  D I P  t r a n s p o r t e d  may b e  a t t r i b u t e d  t o  P s o r p -

t i o n  b y  s u s p e n d e d  par t i c u la t e  m a t e r i a l  i n  t h e s t r e a m . I t  h a s  

b e e n s ugg e s t e d  ( Kun i s h i  � a l . , 1 972 ; R y d en � al . , 1 9 73 ;  Gb ur e k  

a n d  H e a l d , 1 974 ) t h a t  s u c h  a m o d i f i c a t i on o f  D I P  c on c en t r a t i on b y  

pa r t i c u la t e  ma t er ia l  may o c c ur dur i n g  s t r eam f l o w . 

T h e  d i f f e r e n c e , b e t w e en t h e  t w o  m e t ho d s , i n  t h e  a m oun t s  o f  

P f o r m s  a n d  s e d i m e n t  t r a n s p o r t e d  i n  s ub s ur fa c e  r un o f f  c a n  b e  a t t r i 

b u t e d  t o  t h e er o s i on a n d  r e s u s p en s i on o f  s t r eam b an k  a n d  b o t t om 

s e d i m e n t s  b y  s t r e a m  f l ow , w h i c h  i s  n o t  i n c lude d in t h e  e s t i ma t e s  

o b t a i n e d  b y  h y d r o gr a p h  an a ly s i s . Dur ing t he m o n t h s  o f  h i gh s t r eam 

f l o w , e r o s i o n  a n d  r e s u s p e n s i o n w i l l  b e  at a max i mum . A l s o , gr a z i n g  

c a t t l e  mov i n g  i n  t h e  s t r e a m  c h ann e l ,  dur i n g  t h i s  p e r i o d , w o u l d  

f ur t h e r  e n ha n c e t h e d i s c r e pa n c y . 
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To.b l e  7 . 3 Amou::1 t s  o f  wa t er d i s c harged an d P and N forms , and 

s e d iment  tran spor t ed annua l ly in  s ubsur fac e r un o f f  

i n  t h e  sub c a t c hm ent  fr om f i e l d  mon i t o� i ng und  h y u r o -
graph ana lys i s  me thods  

Amo un t s  i n  sub sur fa c e  runo f f  a s  est imat e d  b y  

Param e t er Hydrograph re s o lut i o n  B y  dif f e r en c e  from 

M e t ho d  1 Method  2 f i e ld m easur e m en t s 

kg 

May 
D i s c harge a 740 650 800 
D I P  0 . 04 0 . 03 0 . 03 
T DP 0 . 1 2  0 . 1 0 0 . 1 3  

TP  0 . 1 5  0 . 1 4  0 . 1 6  

N 03 5 . 8 5 . 4 2 . 3 
TN  7 . 2 6 . 7  2 . 3 

S e di ment 80  70 90  

J un e  
D i s c harge a 4 1 50 4 300 4 8 6 0  
DI P 0 . 3 0  0 . 25 0 . 34 
T DP 0 . 45 0 . 37 0 . 5 3  
T P  0 . 69  0 . 58 0 . 9 7  
N 03 1 6 . 7 1 4 . 3 1 2 . 1 
TN  2 0 . 9 1 8 . 2 1 4 . 0  
S ediment 200 1 50 4 70 

J u ly 
D i s c harg e  a 1 7700 1 64 00 1 8 000 
DIP 0 . 1 5  0 . 4 9  0 . 33  
T DP 0 . 26 0 . 8 9  1 . 69 
T P  0 . 7 1  1 . 32  1 3 . 4 8  
N 03 76 . 6 78 . 9 82 . 8 
TN 85 . 9 90 . 4 1 01 . 6 
S e diment 220 1 50 1 2600 



Tab l e  7 . 3  ( Co n t inued ) 

Amoun t s  1 n  sub sur fa c e  r un o f f  a s  e s t imat e d  b y  

Param e t er Hydro  graph 

M e th o d  1 

r e s o lu t i on 

M e t h o d  2 

B y  di f fe r en c e  from 

fi e ld measur ement s 

1 94 

-------------------------- kg----------------------

Augu st 
D i s charge 

a 344 00 j44 00 32300 

DIP  0 . 5 1  0 . 4 4  1 .  7 1  

TDP 0 . 83  1 .  01  2 . 5 7  

T P  0 . 92 1 .  39 1 0 . 65  

N 03 75 . 2 6 3 . 1 56 . 3  

TN 8 4 . 7 68 . 6 6 7 . 6 

S e d iment 1 8 0  1 4 0  54 00 

Sept emb er 

JJ i s c h<..tr t.; e  a 4 000 ;,6oo 2900 
DIP 0 . 1 7 0 . 1 0  0 . 08 

TDP 0 . 32 0 . 1 3  0 . 64  

'l' P 0 . 6 7  0 . 3j 1 . 65 

N 03 1 8 . 9  1 9 . 9  1 0 . 2  

TN 2 0 . 2 24 . 0 1 2 . 6 

S e d im ent 4 0 0  260  2300 

Annua l t o t a l  

D i s c harge a 
6 1 090 6 0200 58900 

DIP 1 . 1 7  1 .  31  2 . 4 9  

T DP 1 .  98 2 . 5 0  5 . 56  

TP 3 . 1 4  3 . 76 2 6 . 9 1 

N 0
3 1 90 1 8 0  1 70 

TN 220 2 1 0 200 

S e d im en t  1 1 00 780 208 00 

a 
D i s c harg e  expr e s s e d  as m3 . 



1 95 

I t  is  thus poss i b l e  t o  e s t ima t e  t h e  e f f e c t  o f  er o s i on and  
r e suspen s i on o f  s t r eam bank  and b o t t om s e d i m en t s  in  t erms of  the  
annua l amount s of  P and s e di m en t  transpor t e d in str eum f low a s  
a r e sult o f  t h e s e  proc e s s e s , by  t h e  d i fferen c e  b et w e en the  two  
�ethods ( fi el d  measur emen t s an d hydrog raph analysis , M e t ho d  1 ,  

Tab le  7 . 3 ) . U s ing t h i s  approach , i t  was c a l c ulat ed  that t her e 
was an annua l input o f  DIP , par t i c ulat e  P ,  T P , and s e d i m en t  o f  

1 . 32 ,  2 0 . 1 9 , 23 . 7 7 ,  a n d  1 9 700kg , r espec t i v e ly , in t o  t h e  sub cat c h 
m e n t  ( Table  7 . 3 ) , a s  a r e sult o f  t h e s e  er o s i on pr o ce s s e s . I n  

t h e  c a s e  of  par t i cula t e  P ,  TP , and s�diment , these  amoun t s  a c c o un t 
e d  for 79 , 64 , and 6 7% , r e spec t iv e ly ,  o f  th e annua l amoun t s  tran s 
p o r t e d  b y  the  s t r eam in  t he s ub c a t c hment  ( Table 7 . 1 ) . I n  add i t ion ,  
5 �b of  the  annua l DIP loading  o f  t he s t r eam  c o uld be  a c c ount e d  
for  b y  input s from the  r e lease o f  P fr om s uspended and  r e suspended  
par t i c ula t e  ma t er ial . 

7 . ) . )  C o n t r i b u t i on o f  the run o f f  t y p c c  t o  t h e  umoun t : ; o f  
wu t E:: r d i c c lwr g c d , u n d  P a n d  N forms , an d s e dime n t  
transpor t e d  i n  s tr eam flow  

'l'h e  c lw.n g e  i n  t h e  rute  o f  tl. i .s c hi.trg e: o f  ctreum  f J  o w  at  the  
two  w e i r s  an d of  sur fa c e  and a c c e l era t e d  sub sur fac e r un o f f  in 
the s ubcat c hm en t , along wi t h  t he i n t en s i t y  of prec i p i t at i on ov er  
the  same per i od o f  t im e , f or a t yp i c a l  s t orm even t  a r e  pr e s en t e d  
in  Fig . 7 . 1 . 

Sur fac e run o f f  o c c urr ed  shor t ly a ft er t h e  on s e t  o f  ra in fa l l  

( 1 5min ) . Furt her fluc t ua t i on s  in  pr e c i p i t a t ion int en s i t y  were  
q u i c kly fo l lowed  by  c or r e sponding f lu c t uat ions  in the  r a t e  o f  d i s 
c ha r g e  o f  sur fac e r un o f f . By t h e  t i m e  pr e c ipi tat i on h a d  s t opped , 
s ur fa c e  r un o ff had v i r t ua l ly d e c r e a s e d  t o  z er o .  I n  c on trast  t o  
s ur fa c e  r un o f f , the r e spon s e  o f  a c c e l era t ed subsur fac e run o ff t o  
f luc t uat i on s  in pr e c ip i t at i on int en s i t y  wa s not  a s  rap i d, an d m in or 
f l uc t ua t i on s  in pr e c ipitat i on i n t en s i ty d i d  not  r e sult  in a c or r e 
sponding flow  c hange . Ac c e lera t e d  s ub s ur fa c e  r unof f c on t inued 
for  a longer per iod  of  t im e  t han s urfac e run o f f .  

As  a r e su l t  o f  t h e  di ffer enc e in  f low paths o f  wat er a s  sur

fa c e  and s ub sur fac e  r un o ff , s tr eam fl ow  r e sponded mor e s lo w ly 
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t o  pr e c i p i t a t ion i n t en s i t y , and  r eached  a p eak a f t er b o t h  tha t  of  
sur fac e and ac c e lerat e d  sub s ur fac e runof f .  Due t o  the  pr o longed 
c on tr ibut i on of  sub sur fac e r u�off  to  str eam flow a f t er pr e c i p i t a t i o n  
has s t opped , the  r e c e s s i o n  l i mb o f  t h e  str eam hydr ograph d e c r ea s e d  
gradua l ly ( Fig . 7 . 1 ) .  Peak s t orm flow at  the  upp er  weir  pr e c e ded  
peak f low a t  t h e  lower w e i r . S i m i lar t r ends  wer e o b s er v e d  for 
st r eam f low at  the two w e i r s  and for sur fac e an d ac c el era t e d  sub 
sur fa c e  run o f f  for a l l  o ther  event s during  the st udy year . 

Du: ing t h e  t im e  t ha t  pr e c i p i t a t ion  i n t e n s i t y  e x c c e d G  t h e  
i n f i l t r a t ion  c apac i ty o f  t he s o i l , wat er mov es  o v e r  t he sur fa c e  
a s  s ur fa c e  r un o ff . When pr e c i p i t at i on c eases , wa t er dra in s fr om 
the s ur fa c e  and upper few  c en t ime t r e s  of the soi l w i t hin a short 
p e r i o d  of t i m e  an d t he rat e of sur fac e r unoff  d e c r ea s e s  dramat i cally . 
Movement  o f  exc ess  wat er in  t h e  soi l pr o f i l e  b y  gravi t y ,  however , 
c o n t inue s and a gradua l  r e c e s s i on o f  a c c e lera t e d  sub sur fa c e  runoff  
and s t r eam flow r esults . C on s equent ly , in the event  pr e s e n t e d  ( F i� - 7 - 1  
a gr ea t er amount of  wat er i � f i ltra t ed the  so i l  a n d  emerg e d  a s  
a c c e lera t e d s ub surfac e r un o f f  t han  flowed over the  sur fac e . I t  
wa s c a l c u la t e d  t ha t  sur fac e r u n o f f  c on t r i b u t e d  7% and a c c e l era t e d  
sub s u r fac e r�nof f 4 �� o f  s t r eam fl ow . 

The amoun t s  o f  wu t er d i s c harge d ,  und P un d N f orms , and s e d i 
m e n t  transpor t ed fr om the  sub c a t c hmen t , d uring  each  month o f  
s t r eam  flow ar e pr esen t e d  i n  Tab le  7 . 4 . The amoun t s  transp or t e d  
i n  s ur fac e an d ac c e lerat ed  sub s ur fa c e  r un o ff wer e e s t imat e d  using  
f i e l d  measur ement s ,  as  d i s c us s e d  pr evi ous ly ( Sec t i o n  7 . 3 . 2 . 1 ) .  
B ec a � s e  t he c on t r i b ut i on o f  subsur fac e run o f f  was e s t imat e d  fr om 
hydr o graph analy s i s  me thods , t h e  sum of t h e  c on tri but i on of t he 
run o f f  types  t o  str eam fl ow d o e s  n o t  equa l  the  t o t a l  amount t rans
por t e d  in str eam flow ( Tab l e  ? . 4 ) . 

The  amount o f  wat er d i s c harged  as sub sur fac e r un o f f  was 
gr ea t e r  t han t ha t  discharg e d  as  sur fac e and ac c e lera t e d  sub s ur fa c e 
run o f f  for al l months o f  s t r eam flow . This was t he c a s e  e v en 

though t he amoun t o f  wa t er d i s c harged  var i ed appr e c iably from 
mon t h  to  month . Of  the t o ta l  s ur fac e runo f f , 82% was d i s c harg e d  
dur i n g  July an d Augu s t . I n  a d d i t i on , the amoun t  o f  wat er d i s 
c harg e d  a s  a c c e l era t e d  sub sur fac e r unoff  dur ing e a c h  m o n t h  wa s 

appr oxi mat e ly t hr e e t im e s  great er than t ha t  d i s c ha r g e d  as  s ur fa c e 



T a b l e  7 . 4  E s t i � a t e d  m o n t h ly i n pu t s  o f  wa t e r , P an d N for m s , and s e d i men t f r o m  s ur fa c e a n d  a c c e l era t e d  

s ub s �r fa c e r un o f f  o b t a in e d  f r o m  f i e l d  = e a s uremen t s , a n d  fr om s u b s ur fa c e r un o f f  ob t a i n e d fr om 

hydr o gr ap h  an a ly s i s , t o  s t r eam f l o w  i n  t he sub c a t c h m e n t  
-

:S. un o f f  input s 

Param e t e r  D i f f er en c e b e t w e en S ur f a c e  A c c e l er a t e d s ub s ur fac e S ub s ur f a c e ---

t he t wo v1 e i r s  ( kg )  Load i n g  % Loa c ing % l o a d i n g  % 
( kg )  C o n t r i b ut i on ( kg )  C o n t r ibut i on ( kg )  Cor. t r i b u t i o n 

:•1ay 
D i s c ha r g e  

a 1 3 60 1 5 0  1 1  4 1 0  3 0  740 5 4  

D I P  0 . 07 0 . 01 1 4  0 . 03 4 3  0 . 03 43 

T D P  0 . 1 9 0 . 02 1 0  0 . 04 2 1  0 . 1 3  6 8 

T P  0 . 26 0. 04 1 5  0 . 06 23  o . 1 6  6 2  

N0 3 
5 - 7 0 . 1 2 3 . 4 6 0  5 . 8 1 02 

TN 7 . 4  0 . 8 1 1  4 . 3  5 8 7 . 2  9 7  

S e d i m e n t  2 1 0 2 0  1 0  1 00 4 8  8 0  38 

J u n e  

D i s c ha r g e  
a 

6 3 3 0  2 9 0  5 1 1 8 0 1 9  4 1 5 0 6 6  

DIP 0 . 4 7  0 . 07 1 5  0 . 06 1 3  0 . 3 0 6Lf 

TDP 0 . 6 9  0 . 08 1 2  0 . 08 1 2  0 . 4 5  65 

TP 1 . 2 7  0 . 1 2  9 0 . 1 3 1 0  0 . 6 9  54 

N 0
3 

1 8 . 6 0 . 2  1 6 . 3  34 1 6 . 7 9 0  

TN 2 4 . 2 1 . 0 4 9 . 2 3 8  2 0 . 9 8 6  -' 
'-.[) 

S e d i m ent 6 4 0  5 0  8 1 2 0 1 9 2 0 0  3 1  (X) 



'l' ab l e  7 . 4 ( C on t in u e d ) 

R ·.: n o f f  i r.. p u t s 

P a r am e t e r  D i f f e r e n c e b e t w e e n S ur fac e � c c e l er a t e d s �b s ur fa c e S ·...:c S '-11' fa c e  

t h e  t w o  w e i r s  ( kg )  L o a d i n g  % L o a d i n g  % L. o a d i r.. g =-!. r':J 

_ ( kg ) C on t r i b u t i o n  ( kg )  C o n t r i b u t i on ( kg )  C o n t r i b u t i o n  

J u ly 

D i s c ha r g e  
a 304 1 0  2 3 3 0  8 1 0C '+ O  3 3  1 7 700 5 8  

DI P 2 . 7 7 1 . 8 2  6 6  0 . 6 2  2 2  0 . 1 5  5 

T DP 5 . 74 3 . 1 4  5 5  0 . 9 1 1 6  0 . 2 6 5 

T P  2 0 . 7 3 4 .  74 2 3 1 . 50  7 o . 7 1  3 

N 03 
1 28 . 7 0 . 5  1 45 . 4 35 7 6 . 6 6 0  

T N  1 62 . 5 1 2 . 2  8 4 8 . 7 3 0  85 . 9 5 3 

S e d i m e n t  1 5 7 5 0  1 8 2 0  1 2  1 3 6 0  9 2 2 0  1 

Augu s t  

D i s c ha r g e  a 4 7 7 00 3070 6 1 2 34 0  2 6  34 4 00 7 2  

D I P  2 . 9 2 0 . 4 8 1 6  0 . 73 2 5  0 . 5 1  1 7  

TDP 4 . 5 5  0 . 9 1 2 0  1 .  07 24 0 . 8 3  1 8  

T P  1 4 . 38 1 . 75 1 2  1 .  97 1 4  0 . 9 2  6 

N 0 3 
1 22 . 9 1 .  2 1 64 . 4 5 2  75 . 2 6 1  

T N  1 54 . 6 9 . 2  6 7 7 . 3 5 0  8 4 . 7 5 5 

S e d im e n t  8 82 0 1 76 0  2 0  1 7 JO 1 9  1 8 0 2 
--' 
\.() \.() 



Tab l e  7 . 4  ( C o n t i n u e d ) 

Par am e t er Di f f e r e n c e b e t w e e n  

t he t w �  w e i r s  ( kg )  L o a d ing 

( kg )  

S ur f :  n e  
---

% 

Runo f f  i n p u t s 

A c c e l er a t e d  sub s u r fa c e  

L o a d i n g  % 
( kg )  C o n t r i b ut i o n  

Sub s u r f a c e 

Loa d in g  % 
( kg )  C o n t r i b u t i o n 

· -·-------;-----------------------------------

S ep t emb e r  

D i s c ha r g e  a 

DIP 

T DP 

TP 

N 03 
TN 

S e di m en t  

Oc t ob e r  

Di s c ha r g e  
a 

DIP 

T DP 

TP 

N 03 
TN 

S e d im e n t  

5 1 0 0 

0 . 2 3 

0 . 8 3  

2 . 1 5  

1 5 . 5  

2 0 . 1 

2 6 0 0  

1 0  

o .  01  
0 . 01 

0 . 02 

1 .  0 

1 . 4 

1 

a D i s c ha r g e  expr e s s e d  a s  m3 . 

5 1 0 1 0  

0 . 06 26 

0 . 07 8 

0 . 24 1 1  

0 . 1 1 

1 . 8 9 

1 50 6 

1 700 33 4 000 78 
0 . 09 39 0 . 1 7 74 
0 . 1 2  1 4  0 . 32 39 
0 . 1 6  7 0 . 6 7  3 1  

5 . 3 34 1 8 . 9 1 22 
8 . 7  4 3  2 0 . 2 1 00 

1 70 7 4 0 0  1 5  

1 0 1 00 

0 . 01  1 00 

0 . 0 1 1 00 
0 . 02 1 00 
1 .  0 1 00 

1 • 4 1 00 

1 1 00 

'\.' 
c 0 
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r un o f f . Numerous other s t u d i e s  hav e  a lso  r epor t e d  that s ub s ur fa c e  
flow  ( H insha l l  � a l . , 1 96 9 ; J ohns on and Moldenha uer , 1 9 70 ; 
B unv e l l  � a l . , 1 9 76 ) and ac c c le1· u t ed S '.lb .::ur fc..c e  an d sub sur fac e  

runo f f  ( Ca r t er � a l . , 1 97 1 ; J a c k s on � �. ,  1 973 ; Burvi e l l � a l . , 

1 974 ) , ca!l. c on t r i b u t e the maj or propor t i on  o f  f low in  'u o t h e p h 8 rn E: r u l  
and per enn i al  s t r earns . 

The d a t a  in d i c at e t hat  8 6% of  t he annua l  amoun t o f  wa t er d i s 

c h.:..:. r g e d  a s  s t r ea m  f low oc c urred  in the  mon t h s  o f  J uly a n d  il ugus t . 
I n  a d d i ti on , t h e  c a lcula t e d  � ean DI P ,  TP , and s ed i m e n t  c o n c entra
t i on s  dur ing t h e s e  two  �onths  increased  to  0 . 09 1 , 0 . 68 1 , and 5 1 8rng 

- 1  - 1 1 , re spec t i v e ly , from 0 . 074 , 0 . 1 92 , and 1 02mg 1 , r e spec t i v e ly , 
i n  June . C onsequen t ly ,  t he amoun t s  o f  P and N forms , and s e d iment  
t r an sport ed in  t h e  thr e e  r unof f types  wer e gr e a t e s t  during  J u ly 
and August . Ev en though t he propor t i on of  t he t o t a l  str eam d i s 
c harge c ontribu t e d  b y  t h e  t hr e e  run o ff t ypes  was s im i lar dur ing  
: 1 l l  m o n t h :-.;  u r· : : t r e :Hn fl ow , t h u r e  W iJ. S o n  i n c r <: < J rj e tl  c o n t r ·i b u t i. o n o f  
P forms t o  s t r ea m  f l ow fr om sur fac e r un o f f  duri ng J u ly ( 66% D I P  
and  22% TP ), 1t1 ith a sub s e q ue n t  d e c r e a 5 e  in  t he prop o r t ion o r· s ub 

sur fa c e  runo f f  ( 5% DI P and  3% TP ) c ompa r e d  t o  t he o t h e r  m on t h s 
( sur fac e r uno f f  c on t r ibut e d  1 4% DI}:l an d  1 5�� 'l' P , an d .sub s ur fa c e r un o f f  
4 3% DIP e-nd 62% 'l'P o f  t ha t  transport e d  i n  t h e  s t r eam i n  May ) . 
Fur t h ermor e , t h e  co n t r ibut i on o f  sur fac e run o f f  t o  t he s e d ime n t  
loa ding o f  the  s t r eam dur in g  July an d Augu s t was gr eat er t han 
th a t  fr o� a c c e lerat ed s ub sur fa c e  run o f f . Dur ing the  o t h e r  mon t h s  
o f  s tr eam f l ow , a c c e l era t e d sub sur fac e r un o f f  c o n t r ibut ed  a gr ea t er 
proport i on o f  t h e  s e diment  loa d  of  th e s t r eam t han sur fac e r un o f f  
( Ta b l e  7 . 4 ) . 

The  inc r ea s e d  propor t i on o f  par t i c u lat e P and sed iment  c on t r i 
but ed  b y  sur fac e run o f f  t o  t h e  loa d i n g  o f  t h e  s t r eam dur i n g  July  
and August can  be  a t t r ibut e d  to  a higher rain fa ll  in t en s i t y  dur ing 
th i s  pe r i o d  than during the r emain i ng mon t hs o f  str eam f low . 
The  pr e c ipi t at i on i n t en s i t y  exc e e d e d  2 . 5mm 1 5m i n- 1 on  t w e l v e  
o c c a s ions  dur in g  July an d August , whereas  i n  May , J un e , S ept ember , 
and  O c to b er , t h i s  va lue was o n ly exc e e d e d  on t hr e e  o c c a s i o n s . 
Fur t h ermor e ,  graz in g  o f  t he subcat c hm en t , dur i n g  July  caus e d  an 
i n c r ease  in the t ranspor t o f  par t i c ulat e P an d sed im en t  i n  s ur fac e 
r un o ff ( S e c t i on 4 . 3 . 3 - 3 ) . 
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A negligi b l e  propor t i on o f  the  N03 tran sp ort ed  in  str eam 

flow  was c ont r i b ut e d  by  s ur fac e run of f . A s l i ght ly gr eat er  pr o
port ion o f  par t i c ulat e  N t han N 03 was c on t r ibuted  by sur fa c e  r un
o f f  to  stream fl ow  during  a l l  mon t h s , with  ac c el era t e d sub sur fa c e  
a�d subsur fac e r un o f f  c on t ri b ut ing t h e  ma j or pr oport i ons  o f  N 
forms ( Tab l e  7 - � ) . Th e propor t i o n s  o f  N f orms c on t ri b ut e d b y  
sub sur fac e  run o f f  t o  str e am fl ow durin g  t h e  m onths o f  high s t r eam 
flow ( J uly an d Augus t ) w e r e  6 0/o N O; and 53'/o 'l'N , an d G 1 %  N U 3 .:.tnd 
55% TN , when the ma j or propor t ion of the annual sur fac e an d a c c e le-
rat e d  subsur fac e run o f f  was d i s c harg e d . The s e  pr opor t i on s  w e r e  
lower t han dur i n g  t h e  m o n t h s  of  low  s t r eam  fl ow ( 1 02% N03 a n d  97% 

TN in  May , Table  7 . 4 ) . 

The data i n  Tab le  7 - 5 indicat ed tha t  of  t he t hr e e  run o f f type s , 
sur fa c e  run o f f  was the  ma in sour c e  o f  b o t h  d i s solved ( 38% ) an d par -
t i c u lat e P ( 1 �� )  t o  t h e  ann ua l P loading of  t h e  str eam . S ur fac e 
r un o f f  c ontribut e d  appr oximat e ly t w i c e a s  muc h di s s o lv e d  and par -
t i c ulat e P a s s ubsur fac e run o f f . In  fac t , s ur fac e r un of f c on t r i -
but e d  a remarka b ly simi lar pr opor t i on o f  P ( 35% TDP a n d  1 8% TP , 
'T': i \ J ]_e  7 . � ) t u  th a t  c on t r i b ut e d  by a c c e l c ra t r :r.l c uh [jur fa c e  p 1 uA c uh 

sur fa c e  runo ff ( 35% TDP a nd 1 8% T P ,  Tab le 7 . 5 ) ,  even though sur fac e 
run o ff c ontribut e d  on ly a m in or pr opor t i on o f  the wa t er d i s c harged  
ann ua lly as str eam flow ( 7% ,  Tab le 7 . 5 ) . 

The ma j or pro port i o n  o f  t he annual N loading o f  the  s t r eam  
was contribut e d  b y  sub s ur fac e run o f f  ( b o t h  a c c e l era t e d  and n a t ura l ,  
Tab l e  7 . 5 ) . T h i s  i s  t o  b e  expec t e d  from the  fac t t ha t  N 03 c an 
move  fr e e ly wi t h i n  t he s o i l  in dra i nage  wat er s ,  a s  d i s c us s e d  pr e -
v i ous ly ( S e c t i o n  4 . 3 . 4 ) . I t  ha s frequen t ly b een r epor t e d  that  
t he ma j or propor t i on o f  P transpor t ed in  str eam f low fr om c a t c h 
m en t s  under var i e d  land u s e  i s  c o n t ri but e d  by  sur fac e run o f f ,  
whe r eas that  o f  N i s  c on tr ibut ed b y  sub sur fa c e  run o f f  ( Minsha l l  
� a l . , 1 969 ; Cart e r  � a l . , 1 97 1 ; V i et s ,  1 971 ; Burwe l l  � a l . , 
1 974 ; Baker e t  a l . , 1 9 75 ) . 

7 . 4 G en era l Di s c u s s i on 

Alt hough t h e  amoun t s  o f  P and N f orms t ranspor t ed in s tr eam 
f lo w  from several  cat chme n t s  in  N e w  Z ea la n d  hav e  b e en e va l ua t e d  



Tab le 7 . 5  

Par am e t er 

Di s c harge 
a 

DIP 

TDP 

E s t i ma t e d  an n ua l  input s o f  wa t er , P and N f o r m s , ac d s e d i m en t  fr o� sur fa c e  and a c c e l e r a t e d  

sub sur fa c e  r u n o f f ,  o b t a i n e d  from f i e l d  m e a s �r eme n t s , a� d from s�b s ur fa c e  r un o f f ,  ob t a i n e d  

from hydr ogr ap� ana ly s i s , t o  s t r eam f l ow i c  t he s�b c a t c � m er. t 

RU!l O f f  inpu t s  

Di f f e r en c e  b e t we e n  S ur fac e A c c e l era t ed s ub sur fac e  Sub sur fa c e  

the  t w o  w e i r s  ( kg )  L oa d ing % o f  Lo ::. d i !! g  % o f  L o a d i ,-_ g % o f  

( kg )  d i f f er en c e  ( kg )  d i f f e r en c e  ( k g )  d i f f e r en c e  

9 0900 6 35 0  7 25660 28  6 1 090 67 

6 . 47 2 . 4 4  38 1 . 5 7 24 1 . 1 8  1 8  

1 2 . 01 4 . 2 2  35 2 . 24 1 9  1 . 9 8 1 6  

Par t i c u la t e  P 2 6 . 79 2 . 6 7  1 0  1 . 5 8 6 1 • 1 6  4 

TP 38 . 8 0  6 . 89 1 8  3 . 82 1 0 3 . 1 4  8 

N03 292 2 1 1 25 4 3  1 9 0 65  

TN 373 25 7 1 4 9  4 0  2 2 0  5 9  

S e d im en t  2 8 02 0  38 1 0  1 4  345 0  1 2  1 08 0  4 

a 
D i s c har g e  expr e s s e d  a s  m3 . 

[\; 0 \_-. 
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( F i sh , 1 969 ; Mi t c he l l , 1 9 7 1 ; Whi t e , 1 9 72 ; Mc C o l l  � a l . , 1 975 ) , 

n o  att empt has b e en ma d e  t o  inv e s t iga t e  the impor t an c e  o f  pr e c i 
p i t a t i on and the  r e la t iv e  c o nt r i but i on o f  run o f f  types  t o  the  loss e s  
o f  P and N . The n e t  loss  o f  P forms in s tr eam flow from t he 
Ma s s ey s ub ca t c hmen t  c ompar ed to the input in  pr ec ipi tat ion , was 
gr eat er t han that r epor t e d by Harms � a l .  ( 1 974 ) and Oln ess et n l .  ( � 975 ) 

from un fer t i li z ed  c a t ch m ents un der  pa s t ur e  i n  South  Dak ota  and 
Ok lahoma , r e spec t i v e ly ,  and b y  Tay lor � a l .  ( 1 9 7 1 )  from a fer t i -
l i z e d ( 1 6kgP ha - 1 ) c a t c hmen t unaer  pas t ur e an d c ropping in  Ohio . 
Fur thermor e ,  overseas  s t ud i e s  ha ve  shown t ha t  un d i s t ur b e d  f o r c c t  
c a t chment s ,  having n o  a d d i t ional input o f  P ot her t han i n  prec i 
p i t a t ion, a r e  c onserva t i v e  o f  P forms ( Hanway an d Laf len , 1 9 74 ;  

S c hr e i b er � a l . , 1 976 ) . The h i gh n e t  loss  o f  P forms i n  str eam 
fl o w  from the Mas s e y  Ca t chmen t , c ompar ed  to the input  in  pr ec ip i -
tat i on pr obably r e f l e c t s  t he r e c ent  add i t i on o f  P f er t i l i z er t o  
t he catchmen t  and gra z i n g . 

Although it  has fr e quent ly b e en sugg e s t e d  tha t s t r eam-bank 
ero sion  muy contr i b ut e s ign i f i cant  amoun t s  of P and s ediment  to 
str earn flow ( Kunishi  � a l . , 1 9 72 ;  Kunkle  and Corner 1 1 972 ; l�yden 

� al . ,  1 973 ; Gbur e k  a n d  Hea ld , 1 974 ) , t h e  dat a  in t he pr e s en t  
s t udy i n d i cat e t ha t  5 0 ,  79 , 6 4  and  6 7% o f t h e  DI P ,  par t i c ulat e  P , 
TP , an d s e diment , r e spe c t iv e ly ,  t ran spor t e d  annua l ly in str eam 
f lo w  from the sub c a t c hment , c an be a t t r ibut e d  to an i nput o f  
s t r eam -bank and s t r eam-b ed ma t er ial . The fa c t  that  5�� of  the 
annual DIP  loading o f  the str eam c ould be  a c c oun t e d for by  t h e  
r e l ease  o f  P from r e s uspen ded  and  in  s i t u  par t i c ulat e mat er ia l , 
sugges t s  t hat  t he r e l e a s e  of  P t o  so lut i on from par t i c ula t e  mat er i a l  
i s  more impor tant  t ha n  t h e  s orpt i on o f  P b y  par t i cu la t e  mat er ia l . 
Such  a proc e s s , wher eby suspe n d e d  par t i c ula t e  ma t er i a l  can modi fy 
b o t h  t h e  DIP an d par t ic u lat e P c on c en tr a t i on in t h e  str eam by  
s or p t i on and de sorpt i on o f  P, d e p en di ng on t he DI P , par t i c ulat e P ,  
and sedi m en t  c onc e n t ra t i on i n  t he str eam ' a t  any o n e  t im e , has 
fr e quen t ly b e en sugg e s t e d  ( Kun i sh i  � a l . , 1 972 ; Ryden  � a l . , 
1 97 3 ; Gburek an d H ea l d , 1 974 ; McColl  � a l . , 1 975 ) . 

The ma j or pr oport i on o f  s t r eam f low i n  the  Mas s e y  c a t c hment  
wa s c on t r ibut e d  by s ub sur fac e  flow  ( 67% o f  the  annua l  str eam di s
c harge ) . M inshn l l !! a l .  ( 1 96 9 ) observ e d  t hat  ov er a p e r i od of  

? �y , sub s ur fac e  runof f a c c ount e d - for 6�� o f  t h e  annual flow i n  
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t h e  P la t t e  R iver , W i s c on s in , wher eas Burwe ll  � a l .  ( 1 976 ) repor t ed 

t ha t  sub sur fac e runoff  c on t r ib ut e d  8 8% o f  the annua l s t r eam f lo w  

i n  a c a t c hm e n t  un d er pa s t ur e  i n  I owa . In a sma l l e r  c a t c hm ent , 

dra i n e d  by an ephemeral s t r eam, J a c k s on e t  a l .  ( 1 9 7 3 ) o b s er v e d  

t hat s u r fac e r un o f f a c c o un t e d f o r  8 lf� o f  the t o t a l  annua l run o f f . 

Be c aus e o f  t h e  int era c t i on b e t w e en par t i c u lat e ma t er ia l  and 

d i s s o lv e d  P a nd  N i n  s t r eam f l o w , an d t he s e t t l ing o f  sus pen d e d  

par t i c u la t e  ma t er ia l , t h e  amoun t s  o f  par t i culat e an d d i s s o lv e d  P 

and N en t er ing  t he s t r eam in sur fa c e ,  ac c e lerat e d  s ub s ur fac e ,  ar. d  

sub sur fac e runo f f  may b e  mo d i f i e d  duri ng trans por t t o  t h e  lower 

w e i r . C on s e q u e n t ly, e s t ima t e s o f  t he propor t i on o f  par t i c u la t e 

and d i s s o lv e d  P and N ,  c on t r i but e d  by the t hr e e  r un o f f  t yp e s  t o  

t h e  s t r eam l oa d ing in t h e  s ub c a t c hmen t ,  w i l l  b e  l e s s  r e l i a b l e  

t han t h o s e  o f  T P  and TN . 

B e c a u s e  o f  t he d i f f e r i n g  s o i l P and N r e t en t i o n  c n pn c i t i e n , 

sub s ur fac e run o f f  c on tr i but e d  t h e  ma j or propor t i on o f  N forms 

tra�sp o r t ed  annua lly i n  s t r ea m  f l o w  ( 65 an d 5 9% of  the  N0
3 

an d 

TN , r e s p e c t iv e ly ) . In c on t ras t , muc h sma l ler  propor t i o n s  o f  P 

forms ( 1 7  and 8% o f  t h e  TDP and  T P ,  r e spec t i v e ly ) w e r e  c o n t r ibut ed  

by sub s ur fac e r un o f f . S ur fa c e  r un o f f  con t r ibut e d  t h e  ma j or pr o 

por t i on o f  P f o r m s  ( 35 a n d  1 8% o f  t h e  T DP an d T P ,  r e s p e c t iv e ly )  

compar e d  t o  th e  o t her runof f t y p e s . S im i lar t r en ds have b e en 

o b s er v e d  b y  Burw e l l  � a l .  ( 1 9 74 ) i n  a cr oppe d ,  l ev e l - t erra c e d 

c a t c hm e n t  in I owa , where 78 an d 1 8% o f  the  N0
3 

and DI P ,  r e s p e c t i v e ly , 

d i sc ha r g e d  in s t r eam flow wa s c o n t r ib u t ed  by sub s ur fa c e  r un o f f . 

J a c k s on e t  a l . ( 1 973 ) found t ha t  99% o f  t h e  N03 transpor t e d  in 

t o t a l  r un o f f  fr om a c a t c hm en t in G e or g i a , p lan t ed in c orn , was i n  

the  f or m  o f  sub s ur fac e f lo w ,  w h e r e a s  in the Plat t e  R i v er , W i s c ons in, 

sub s ur fa c e  runo f f  c on tr i b u t e d  o n ly 1 ry� o f  t he TP l o s t  in sur fac e 

r �n o f f  a n n ua l ly ( Mi n s ha l l  � a l . , 1 96 9 ) . Minshall e t  a l .  ( 1 96 9 ) ,  howeve1 

pr e s e n t e d  data sh owing oppo s i t e  t r ends  for N, w i t h  sub sur fa c e  runo f f  

on ly c o n t r i bu t i n g  25% o f  t h e  N 0
3 

loadin g o f  the s t r eam . Thus , 

i t  a pp e a r s  fr om t h e  data o b t a in e d  in the  pr e s en t  s t ud y ,  an d fro� 

t h e  li t er a t ur e , t hat i t  i s  dan g er ous to  gen era li s e  about  the r e la -

t i v e  import anc e o f  t he run o f f  t yp e s  t o  t h e  P and N loa d i n g  o f  a 

s t r e a m  by the e x t rapo lat i o n  o f  data from one  c a t chme n t  t o  an o t her . 
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INTERACTION OF PHOSPHORUS SOURCES IN SURFACE 
RUNOFF AN D STREAM FLOW 

8 . 1 Intr oduc t i on 

The  po t en t i a l  s o ur c e s  of  s e d iment  tran spor t ed 

i n  s t r e a m  f lovl a r e  surfa c e  c o i l  ( Munn � a l . , 1 <)73 ) , f; t r eum

'oank ma t er ial  ( Kunkl e  an d C orn er , 1 972 ; Kun i shi � a l . , 1 972 ) , . 
and eart hworm c a s t s  depos i t e d on  the  soi l surfac e . The d e p o s i -
t i o n  a t  c er t a in t im e s  o f  t he year , of  lar g e  numb er s o f  ear t hworm 
cas t s  on the  s o i l sur fa c e  in  the  c a t c hmen t , and  t h e i r  d i sappearanc e  
a ft er heavy rainfa l l , s ugg e s t s t hat c a s t s  c ould b e  an important  
sour c e of  both  par t i c ula t e  ma t er i al  and P t o  sur fa c e  runo f f . B e 
c a u s e  ear t hworm c a s t s  may a l s o  b e  enr i ch e d  in "ava i lab le"  P 

( Ba r l ey , 1 96 1 ; Gupta nnd Sakal , 1 967 ; Gra f f , 1 97 0 ; V immer s t e d t  
an d F inney , 1 973 ) , i t  i s  po s s ib le t hat  t h ey may b e  a s ign i fi c an t  
po t en t ial  sour c e  o f  b o th par t ic u la t e  and d i s s o l v e d  P t o  run o f f  
wat er . N o  work ha s b e en r epor t e d , however , o n  the  c hemi c a l  n a t ur e  
o f  P i n  cas t s . A l t h ough large  amoun t s  o f  s o i l  c an b e  br ought t o  
the s ur fac e  in t h e  form o f  ear t hworm c a s t s, stud i e s  o f  the s ea s onal  
variat ion o f  c a s t ing ac t iv i t y  hav e large ly b e en based  on  eur thworm 
numb e r s  ( N i elson , 1 95 3 ;  Wat er s , 1 955 ; N i e lson and Hole , 1 964 ; 
Za j on c , 1 97 0 ) . L e s s  a t t e n t ion  has b e en d i r e c t e d  t owar ds sur fa c e  
cast  produc t ion a s  a n  index o f  eart hworm a c t i v i t y .  

I n  pr evi ous s e c t i on s , ear t hworm cast s w e r e  r e gard e d ,  for 
c on v e n i en c e ,  as  s o i l  mat er i a l  in  t h e  d i s c u s s i on o f  their e f f e c t  
o n  P l evels  i n  sur fac e run o f f  ( S ec t i on 4 . 3 . 3 . 1 ) . B e c a u o c  cur -
fac e  c a s t s  may b ehave di ffer en t ly fr om und e r lying s o i l  mat e r i a l s , 
in t erms o f  the uptake  an d r e lease  o f  inorgan i c  P ( IP ) , c a s t  
ma t er ia l  w i l l  sub s equent ly b e  d i s c us s e d  s epara t e ly . 

B a s e d  on lab orat ory sorpt i on s t udi e s  i t  has b e en  sugg e s t e d  
t ha t  s uspen ded  s t r eam par t i c ulat e mat er ia l  c an mod i fy DIP c on c en
trat i o n s  ( Kunishi � a l . , 1 972 ) . The high  leve ls  o f  added  i n or gan i c  
P and n arrow  s o lu t i on : s o l i d  rat i o s  used  i n  many s t udi e s , however , 
probab ly  do not  a d e qua t e ly s imula t e  t he s t r eam env ironmen t  ( Ry den 
� a l .  , 1 9 7 2a , b ) • 
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Pr e liminary lab ora t ory  data obtained  wi t h  the  same syst ems 
as  t h o s e us e d  for P sorpt i on s tu d i e s , and t h e or e t i c a l  c on si d er 
a t i on s  o f  t he in t era c t i on o f  N03 wi th s o i l  mat er ia l s , indi c a t e d  
tha t  n eg l i g i b l e  amoun t s  o f  N03 would  be  r emoved  
fr om  s o lut i on by  soil  mat er ia ls . C onseque n t ly ,  any mo_d i fica  t i ons  
in N 03 c onc en tr a t i on dur ing  N 03 mov emen t  in the  c a t c hmen t  ar e pr ob 
a b l y  a r e sult o f  b i o log i c a l tran s format i ons . Thus , on ly  da ta  
for  t he uptake and r e le a s e  o f  P a r e  pr e s en t e d  in this  s e c t i on .  

T h e  aims o f  this  par t o f  t h e  s t udy were  t o  i n v e s t iga t e  ( i )  
the  s ea sona l var iat i on s  in sur fac e-cast  pr oduc t io n  by  ear t hw orms  
and  t he amo�n t s  and r e leas e to  s o lu t i on o f  P f orms  i n  ear thworm 
ca s t s  and un d e r lying so i l  ma t er ia ls , ( i i )  t h e  c h e m i c a l na ture  o f  
IP  i n  c a st s , ( i i i ) t he ab i l i t y  o f  vari ous po t ent i a l  s ourc e mat er i a ls , 
wh i c h  c on t r i but e t o  suspen d e d  str eam and sur fac e - r un o f f  s e dimen t , 
t o  m o d i fy DIP  c on c entra t i on s  in s imula t e d  s y s t e m s , and ( i v )  t h e  
ab i l i t y  of  these  lab ora t ory sy s t ems t o  ade quat e ly s i mu la t e  t h e  
f i e l d  s i tuat i on , b y  c ompar i s o n  o f  d a t a  ob tained  f r o m  laborat ory 
s t u d i e s  with  data  ob tained  fr oo f i e l d  mon i t or ing s t ud i e s  und er 
var i o us flow c on d i t ions . 

8 . 2 Mat er ia ls an d Methods  

8 . 2 . 1 Mat er ia ls 

Sur fa c e  c a s t s  of  ear t hworm s ( d o�inan t ly A l l o l o b ophora 
c a l igin o s a )  wer e c o lle c t e d  a t  we ekly int ervals  from dup l i c a t e  
900cm? �lo t s  on e a c h  o f  6 a n d  1 3° s l opes  i n  the  c a t c hm 6n t . A t  
the same  t im e , approx ima t e ly 5 0g of  fr eshly - d epos i t ed casts  and  
un d e r ly in g  s o i l  ma t er ia l  ( 0- 1 0c m )  wer e c o llec t ed fro m  an a d j a c en t  
area , s i eved  ( <  2mm ) ,  and  fr o z en . 

I n  addit i o n , casts  w e r e  r em o v e d  and d i scarded  fr om t h e  s o i l  
sur fa c e a t  s everal  s i t e s  a d j a c en t  t o  the  undr a in e d  s ur fa c e -run o f f  
plo t s  i n  t h e  sub c a t ch�en t . Cas t s  deposi t e d  in  t h e  1 4h f o l lowing 
c learan c e  of  t h e  s i t es wer e c o ll ec t ed , bulke d , s i ev e d  ( <  2mm ) , and 
fr oz e n . So i l  mat er ials w e r e c o l l e c t ed a t  d epths o f  0-5 , 8 - 1 2 ,  
an d 1 8 -22cm  under lying t h e s e  s i t es a n d  t r ea t e d  simi lar ly . 



Fur t her s o i l  samp l e s  wer e c o l lec t e d  from the  sub c a t c hm en t  
for s imulat ed str eam s t u d i e s . Sur fac e s o i l  was sample d  a t  a 

d e p t h  o f  0-Scm . S t r eam -bank mat er ia l  wa c a l s o  � u m p l e d  a t  a 
depth  o f  1 0-20cm , d i scar din g t h e  out er 1 c m o f  mat e r ia l , wher e t h e  
bank was expos ed  whe n  t h e  str eam was not  f l o w ing . The  s o i ls 

w er e  p a s s e d  thr ough a 2-mm s i e v e , a ir dr i e d , and st o r e d  for lat er 
us e .  

A 2 2 -l samp l e  o f  s t r eam wa t er , wh i ch c on tained  a high s uspen d e d  
s e d iment  c on c entrat i on , was c o llec t ed a t  p eak flow dur ing a h i gh-

i n t ens i ty s t orm . S im i lar ly , a 22- 1 samp le  o f  sur fa c e  run o f f  was 
c o llec t e d  from on e o f  the r un o ff plots  in the st udy ar ea a t  maxi 
mum f low . I n  each case , t h e  s ediment  was c on c en trat ed b y  c on t in
uo us c en t r i fugat i on a t  1 5 , 000r ev . min - 1 , u s i n g  a S or va l l  RC -2B 
w i t h t h e  infl ow o f  t h e  s us p en s i on to t he c en t r i fug e c on t r o ll e d  s o  
that t he out flow was s e d iment  fr e e .  The  c o n c en t ra t e d s e d im en t  

0 wa s s t o r e d  as a s ludge  a t  4 C for lat er us e .  

8 . 2 . 2 Methods 

A sub - sample of  c a s t s  c o llec t e d fr om the  fi e ld plo t s  was 
dr i e d  at  1 05 °C an d w e ighed t o  d e t ermine  t h e  w e ekly produc t i on o f  
cas t s ,  o n  an oven -dr i e d  ba s i s . S ub -samp l e s  o f  under ly i ng s o i l  
and c a s t s  fr om t h e  a d j a c ent ar ea were  t r ea t e d  simi lar ly f or m o i s t ur e  
c ont ent  d e t erminat i on . Par t i c l e - s i z e  d i s t ribut ion was d e t er -
mined  b y  s i ev ing or d e canta t i on ( Ja c kson , 1 96 8 )  fo llowing wat er 
d i s p er s i on o f  sampl es  on  an end-over-en d  sha k er f or 24h a t  23°C .  
In  addi t i on ,  the amo un t s  o f < 4fm ma t er ia l  wer e det ermined  by  
c en t r i fugat ion fo l lo wing d i spers ion o f  separ a t e  samples  with 
s o dium h exametaphos pha t e . Samples  o f  the � 30fm frac t i on o f  sur -
fa c e  s o i l  and c a s t  mat er ial wer e i s o la t e d  b y  s e t t ling and d e c an t a 
t i on ( Ja ckson , 1 968 ) o f  t h e  whole sample , disper s e d  by  en d-over 
end  s hak ing in d i s t i lled  wat er for 1 h .  

T o t a l  P ( T P )  and  t o ta l  i norgan i c  P ( T IP ) in who le samples  
o f  cas t s ,  s o i ls , an d s e d imen t s ,  and  in par t i c le- s i z e  s epara t e s , 
obtained  by wat er disper s i on , were  det ermi n e d  by extra c t i on o f  
ignit e d  and non-i gn i t ed sampl e s  with  0. 5� H2so 4 ( Wa lker and Adams , 
1 95 8 ) , o r gan i c  P ( TO P )  b e in g  c a lc ula t e d  b y  d i f fer enc e .  

. I I I 
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T h e  r e leas e o f  IP  and organ i c  P ( OP )  by  c a s t s  and sur fac e  

so i l  t o  0 . 1 M  NaC l and t he r emoval  o f  IP  f r om 0 . 1� N aC l ,  d i s t i ll e d  
- 1  wa t e r , u nd f i l t e r e d  s t r eum wu t er c on t u i n i ng 0 . 1 m g P l a t  a 

s o lut i on : s o lid  rat i o  o f  400 : 1 o v e r  24h wa s a lso  d e t ermined  w i t h  

a v i e w  t o  e s tab l i shing a s u i t a b l e  s o lut i o n  phas e for s i �ula t e d  

sy s t em s t ud i es . S im i lar ly , t h e  r e lease  o f  IP an d O P  t o  0 . 1 M NaC l 

and t h e  remova l  of  IP fr om 0 . 1� NaCl  c on t a i n ing 1 mgP 1- 1 w e r e  

u s e d  t o  inv e s t iga t e  t h e  m e t h o d  o f  s t orage o f  earthworm c as t s . 
Samp l e s  o f  r e c en t ly - d epo s i t ed ( < 1 4h )  c a s t s  were r e t a in e d  in a 
fr esh c on d i t ion ( un t r eat e d ) , fr o z e n  and then  thawe d ,  or a ir dr i e d .  
Sampl e s  wer e shaken a t  a s o lut i on : s o l i d  rat io  o f  4 00 : 1 for vary ing 

0 per i o d s  o f  t ime on  an end- over - en d shaker at  23 C and  the  r e l e a s e  
o f  P inv e s t i gat e d . 

S ea s on a l  var i ati on in t h e  r e lease  o f  IP and OP from  fr e sh ly
depos i t e d  c a s t s  ( <  1 4h )  an d und e r lying s o i l  to 0 . 1 M NaC l wa s d e t er 
mined  by shaking t hawed samp l e s  a t  a s o lut i on : so l i d  rat io  o f  4 00 : 1 
for 24h o n  an  end-over- end shaker a t  23°C . 

The  amount s o f  exc hangeab l e  P in  cas t s  and un d er lying s o i l  
wer e d e t ermin ed a s  a fun c t i on o f  t ime  o f  shaking f o l lo w i ng t he 
addit i on of  2 . 0pC i  o f  c arr i e r - f r e e  32P . I n  addit ion , t h e  amoun t s  
of  rap i dl y - ex changeab le P (1 h) i n  c a s t s  and s ur fa c e  s o i l  w e r e  d e t er
mined by shaking th e s e  mat er ia ls w ith 0 . 1� NaC l  a t  a s o lut ion : 
s o l i d  rat i o  o f  4 00 : 1 . A f t er t he in i t ia l  24-h shaking p e r io d , 
2pC i  o f  carr i er - fr e e  32p was a d d e d  and shaking c o n t inued  for a 
furt her 1 h .  S o lut ion 32p c on c entrat ion was d e t ermined  by add ing 
a 3-ml a l iquot  of f i l t ered  superna tant t o  1 0m l  o f  Tr i t on - t o lu e n e  
sc int illatio n c oc k t a i l  for c oun t i ng with  a Pa c kard T r i c arb  s c i n
t i l lat i on spec trome t er . The  Tr i t on c o c kt a i l  was pr epar e d  by 
diss o lv in g  4 g  of PPO and 0 . 1 g  of MP

2
POPOP in 66?m l  of t o luene and 

then adding 333ml o f  Tr i t on X - 1 00 . B lank aqueous extra c t s  of  
eac h  s o i l  mat er ia l  were  used  f or quench c orr e c t ion . T h e  amoun t s  
o f  exc hang eab l e  P f or eac h t i m e  o f  shaking wer e d et ermin e d  fr om 
i s o t op e  d i lut ion t h eory .  

The r e leas e o f  IP and OP from fr eshly- d epo s i t e d ,  un froz e n  
c a s t s  a n d  sur fac e s o i l  i n c ubat e d  a t  1 6°C a�d 4 °C f o r  var y in g  
per i o d s  o f  t im e , was eva lua t e d  by extrac t i on ( 1 h )  wi t h  0 . 1 M N a C l  
at  a s o lut i on : so i l  r a t i o  o f  400 : 1 .  At  eac h  t ime o f  samp ling , 



phospha t a s e  a c t i v i t y  was d e t er m i n e d  on s eparate  sampl e s  by  t h e  
c a lor i me t r i c  est i ma t i on o f  t h e  p-n i trophenol  r e leased  fr om p 
n i troph e no l  phospha t e  substra t e ,  whe n  1 g  o f  s o i l  ma t er ia l  was 
incubat e d  w i t h  5ml o f  buf fer e d  ( pH 6 . 5 )  s o d i um p - n i t r ophenyl 

0 p�o sphat e s o lut i o n  and 0 . 25m l t o luene  a t  37 C for 1 h .  T h e  p -

2 1 1 

n i troph e n o l  r e lea s e d  was extrac t ed b y  1 ml of  0 . 5� CaCl2 and 4 m l  
of  0 . 5� N a OH . The  s table  c o lour d ev e lo p e d  was measur e d  s p e c t r o 
pho t om e t r i c a l ly a t  4 1 0pm ( Tabataba i and Br emn er , 1 96 9 ) . 

T o  i n v e s t i ga t e  t he c h e m i c a l  nat ur e  of  a dd i t ional  IP  
in cast s , t h e  r e leas e o f  IP f r om c a s t s  and  und er ly ing s o i l  t o  
0 . 5� NaHco3 ( pH 8 . 5 ), a t  a s o lut i on : s o l i d  rat i o  o f  5 0 : 1 ,  dur ing 
30min ( Ol s en � a l . , 1 954 ) ,  and in t w o  s equen t i a l  1 -h extrac t i ons 
with wat e r  ( R yden an d Syers , 1 977b ) at  a s o lu t i on : s o l i d  ra t i o  o f  
400 : 1 , was  a lso  eva luat e d . 

In o r d er t o  s t udy t he uptake and r e lease  o f  I P  under c on di t i on s  
simula t in g  t h e  run o f f  en v i r onmen t , ear t hworm c a s t s , s t r eum -bunk 
ma t eria l ,  sur fac e s o i l ,  sur fac e -run o f f  s e d iment , and s t r eam ced i 
men t were shaken i n  0 . 1� NaCl c on t a ining  varying l e v e ls o f  added  
I�  at varyin g  s o lut ion : s o l i d  ra t i o s and for di ffer en t  per i o d s  of  
t im e  on an end-over - end  shaker  a t  23°C . In the c a s e  o f  c a s t s  and 
sur fac e -runo f f  and s t r eam s e d i me nt , e quiva len t w e i gh t s  of oven - dry 
ma t er ia l  w e r e use d .  The s o l ut i on : so l i d  rat i o s  an d a d d e d  IP levels  
us e d  in all  cases  appr oxima t e d  the  maximum and  min imum va lu e s  ob
tained  f o r  DIP c o nc en trat ions  i n  s ur fac e ,  a c c e l era t e d  sub sur fac e ,  
and sub sur fac e run o f f  an d str eam wa t er pr e s ented  in  S ec t i on s  4 . 3 . 1 , 
5 . 3 . 1 , 6 . 3 . 2· 1 ,  and 6 . 3 . 3 . 1 , r e s pe c t iv e ly . 

8 . 3 R e s u l t s  and Di s c us s i on 

8 . 3 . 1 Ear thworm casts  

8 . 3 . 1 . 1 Cast  pr o d uc t i on . The  quan t i t y  o f  s ur fac e 
cas t s  produc e d  show e d  marked c hanges  dur i n g  1 975 ( Fig . 8 . 1 a ) .  
B e t w e en Oc t ob er an d May , cast  pr o duc t ion was neglig i b le . A sharp 
inc r ease  in  cast  pr o duc t i o� was ob s er v e d  i n  May and t h i s  r ea c h e d  
a maximum i n  early J un e . Sub s e quen t ly ,  c a s t  pr oduc t i on d e c r ea s ed 
s t eadi ly t o  a m i n imum in  mid-Augus t , aft er whi ch t ime  a s e c ondary 
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p eak  was ob s erv e d . Cas t  pro duc t i on on t h e  6° and 1 3° slopes  
wa s r e mar kab ly simi lar and t hus no  a t t empt has  b e en  mad e  in  F i g . 
8 . 1 a to d i s t inguish b e t w e e n  the  data for each  s l ope . The  t o t a l  
quan t i t y o f  c a s t s  pr o duc e d  dur in g  t h e  st udy year ( 1 975 ) was 25t onn e s  

- 1  - 1 - 1 h � t  • 'l'h i s  v a lue  i s  s i m i lur t o  t ha t  ( 30t onn e s  ha y . ) e s t ima t ed 
for  t h e  sam e experimen t a l  p l o t s  in  the  previ o us year . Gui l d  ( 1 955 ) 

- 1 - 1  gav e  an e s t imat e o f  s ur fac e cast  produc t i on o f  27t onne s  ha y , 
a va lue lower t han t ha t  ( up t o  6 2 t onn e s  ha- 1 y - 1 ) r ep or t e d  by 

Evans ( 1 948 ) for old pas t ur e  at  R o t hamst ed . 

S easonal var iat i on s  in t he gravim e tr i c m o i s t ur e  c on t ent  and 
t e mp er a t ur e  of the sur fa c e  s o i l  ar e shown i n  F i g . 8 . 1 b . The  dat a  
ind i c a t e  tha t in the warmer mon t hs pr e c eding  May , s o i l c on d i t i on s  
w e r e  t o o  dry for ear t hworm a c t iv i t y  at  t h e  s o i l  sur fa c e . A s  s o i l  
mo i s t ur e  lev e ls increas e d  d ur ing May , howev er , sur fa c e  cast  produc t i on 
a l s o  i ncr eas e d .  Max i mum c a s t  pr oduc t i on o c c urr e d  i n  ear ly Jun e  
an d t h i s  c o i n c i d e d  wi t h  high , a lth ough s l i ght ly d e c l i n ing s o i l  
t emp era t ur e  a n d  adequa t e  s o i l  m o i s t ure . A lt hough s o i l  mo i s t ur e  
l e v e l s  r ema i n e d  high  dur ing lu t e  June and  July , lower  s o i l  t emper -
a t ur e s  appear ed  t o  l i m i t  c a s t  produc t i on . When s o i l  t emperat ur e  
i n c r ea s e d  in August , an  inc r ea s e  in cast  pr o duc t i on w a s  obs e r v e d . 
T h e  g e n erally hi gher s o i l  t empera t ur e s  and lower s o i l  m o i sture  
c on t en t s  b etw een  O c t o b er an d t he f o l lowing Apr i l  were  asso c ia t e d  
w i t h  e s sent ia l ly z ero  cast  produc t i on during  t h i s  p er i o d . 

The  dat a suggest t hat  s eas ona l var iat i on s  in  s o i l  m o i s t ur e  

an d t empera t ur e  r esult e d  i n  opt i mum c ond i t i ons for s ur fac e c a s t  
pr o d uc t i on in ear ly Jun e , but  as s o i l  t emper a t ur e  d e c r ea s e d , c a s t  

pr o d uc t i on a l s o  decrea s e d .  S im i lar ob s erva t i ons hav e b e en mad e 

by C e r a r d  ( 1 96 7 ) , who r eport e d  t hat cas t i ng a c t i v i t y  wa s a f fe c t ed 

by  s o i l  t emperature when s o i l  m o i s t ur e  levels were  a t  f i e ld capa-

c i t y . Thi s may r esult fr om a r educ t i on in motor a c t iv i ty o f  

the ear thworm, c ount era c t ing t he l e t hal e f f e c t  o f  s o i l  t empera t ur e  

ext r em e s  on t h e  earthworm . Variat i on in the quan t i ty o f  f o o d  

ava i lab le t o  the  earthworm , s uc h  a s  dec ompo s ing r o o t s  ( L i ndqu i s t , 

1 94 1 ) an d plant l i t t er , c o uld also  b e  expe c t e d  t o  in fluen c e  earth

worm a c t iv i t y  and cast pro du c t i on ( Wat er s ,  1 955 ; Bar ley , 1 96 1 ) .  
A l t hough no quan t itat ive  data ar e avai lab le on the amount  o f  p lant 

d eb r i s  ava i lab l e  throughout the y ea r  in the s tudy a r ea , t h i s  

app ears t o  b e  at  a maxi mum in  the May-Jun e p er i o d .  Cons equen t ly ,  
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s o i l  t empera t ure  an d mo i st ur e  w i l l  b ot h  d i r e c t ly ( Evans and  Gui l d , 

1 �/f '? ; L e e ,  1 S).) ') ) an J i n J ir e c t ly a f f e c t ca d pr ocluc t. .i. on . 

8 . 3 . 1 . 2 Par t i c l e - s i z e  d i stri b ut i on and pho sph orus 
c on t ent of  casts  and un d e r lyi ng s o i l . Ear t hworm c a s t s  c on t a i n e d  
a higher pr oport ion o f  finer par t i c l e s  than under lying sur fa c e  
s o i l  ( Ta b le 8 . 1 ) . The  pr opor t i on o f  t he finest  fra c t i on r e c over -
e d  ( <  4rrn )  fol lowi:1g wa t er di sper s ion incr eased fr om 6% i n  t h e  s ur 
fac e  s o i l  ( 0-5cm ) t o  2 0%  i n  th e cas t s . The pr obab i l i t y  o f  increased  
aggregat e f orma t i on and wa t er stab i li t y  i n  casts  ( Dut t , 1 948 ),  due  
t o  the  pr o duc t i on o f  muc i lages  ( Rus s e ll , 1 9 73 ) or t o  t h e  pr e s enc e 
o f  funga l hyphae ( Par le , 1 963 ) ,  was invest i gat ed  us in g s o d ium h exa-
me tapho spha t e  as  t he di spersant . The  propor t i on o f  t h e  < 4pm 
fra c t ion  r e c ov er e d  fr om cas t s  d i sp e r s e d  i n  this  way i n c r ea s e d  t o  
32% , wher eas the  c or r e sponding v a lue  for sur fac e s o i l  was 1 3% . 
A l t hough dispersi on in  wat er s imula t es the sur fa c e  r uno f f  environ
men t mor e c lo s e ly t han does  d ispeY s i o n  in  sod iu� hexame taphospha t e , 
the  form er proc edur e und er e s t imat e s  t he enr i chmen t o f < 4pm ma t er ial  
in cas t s . The  higher proport i on o f < 4pm ma t er ial in  cas t s  may 
be a t t r i b ut e d  to t he s e lec t ive  f e e d i n g  by  the .  earthworm on f i n er 
s o i l  par t i c le s  ( Rus s e l l , 1 973 ) , an d t he me c han ical  br eakdown o f  
par t i c l e s  by  t h e  grinding  ac t i on o f  t h e  eart hwor�s gut ( Ba sal i k , 
1 9 1 3 ) . B lank and G i e se c k e  ( 1 924 . c i t ed b y  Bar ley , 1 96 1 ) showed  
that  aft er 2y in a c on t r o l l ed pot  exper i�en t t h e  amoun t 

o f < 2fm par t i c l es  i n  a loam s o i l  incr ea s e d  s i gn i ficant ly , whe r ea s  
t h e  proport i on o f  < 60pm ma t er i a l  dec r eas e d . 

The amoun t s  o f  TIP  and TOP in  c as t s  c o llec t ed in  ear l y  May 
o f  the  first  y ear of s t udy ( 1 974 ) wer e con s i derab ly great er  t han 
t ho s e  in und e r ly ing s o i l  c o llec t e d  at the  same t ime ( wh o l e  sample , 
Tab l e  8 . 2 ) . The  e nr i chmen t o f  TIP  i n  the  casts  was r es t r i c t e d  
t o  t he f i n e s t  ( 2 0-4 and < 4pm )  an d c oar s e s t  frac t i ons ( 2 000-250fm )  
s epar a t e d  b y  wa t er di spersi on , whereas  only the  finer  frac t i on s  
w er e  enr i c h e d  i n  TOP . 

Alt hough t h e  propor t i on o f  t h e < 2 0Jlm fra c t i on in  c ast s an d 
und er lying s o i l  ( a l l  depths ) was appr oximat e ly similar  ( Table  8 . 1 ) ,  

t h e  amoun t s  o f  TIP  and  TOP in  t h i s  fra c t ion  s eparat e d  fr om the  
cas t s  wer e appr e c iab ly higher t han in those  s epara t e d  fr om under-



Tab le 8 . 1  Par t i c l e - s i z e  d i s tr 1but io�  o f  wa t er - d i sper s e d  samp l e s  o f  c a s t s ,  un der lying s o i l , s t r e am -bank 

mat e r i a l , an d s u r fa c e - r un o : f  s e d i me n t  

Par t i c le s i z e  ?ar t i c l e  s i z e  d i s t r ib ut i c � ( % )  o f  

fra c t i on (pm )  S o i l  at  

Cas t s  0- 5 8- 1 2  1 8- 2 2 S t r eam-ha�� m a t e r i a l  Sur fa c e - r un o f f  

( c m )  ( c m )  ( c m ) ( 1 0 - 2 0c rn )  s e d im e n t  

2 000- 250 4 1 7  1 2  6 6 1 

2 5 0- 63 2 0  32 2 0  1 5  3 2  1 2  

6 3- 20 34  27  37 39 31 1 7 

-2 0-4 2 2  1 8  1 9  24 1 9 36 

< 4 2 0 ( 32 ) a 6 ( 1 3 )  1 2 ( 22 )  1 6 ( 24 )  1 2  34 

a 
N umb e r s  in par en t h e s e s  a r e  for sam� l e s  d i sper s ed w i t h  s o d i um hexame ta � h o spha t e . 

N -' 
\J1 



Tab le 8 . 2  

2 1 6  

Amount s o f  inorgan i c  and organ i c  P in who le sampl e s  

and i n  par t i c l e - s i z e  s eparates  o f  c a s t s  and under 

lying soi l ob t a i n e d  b y  wat er disper s ion 

-

Par t i c l e  s i z e  I norgan i c  p - 1  ( pg g ) in Organ i c  p - 1  ( pg g ) in  

fra c t i on Cym )  S o i l a t  ( c m ) S o i l  a t  ( c m ) 

Cas t s  0-5 8- 1 2  1 8-22 Ca s t s  0-5 1 2  1 8-22 

Who le  sample 4 6 1  257  1 3 7  80  352 24 6 2 1 3 8 9  

2 000-250 5 7 1  396 2 1 5 1 55 4 05 682  1 72 8 0  

25 0- 63 1 65 2 06 1 1 4 43  1 59 2 06 94 3 3  

63- 2 0  98 9 1  58 28 1 1 7  9 7  6 9  24  

20- 4 583 265 1 39 1 09 8 64 451  2 1 0 98 

< 4  971  4 2 7  200  69 1 370  73 1  31 0 1 73 
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lying s o i l  ( Table 8 . 2 ) . Thi s s ugg e s t s  i n c orpora t i on o f  P in t o  

c a s t s  dur ing passage o f  s o i l ,  p lant  ma t er ia l , an d p o s s i b ly dung 

thr ough t h e  ear thworm . For fra c t ions  c oa r s er t han 20pm 1 t her e 

was  l e s s  d i fferen c e  b e t w e en t he T IP and TOP c o n t e n t s  o f  c a s t s  and  

un d er lying soil  mat er ia l s . 

Dur ing the per i o d  o f  sur fa c e  cast ing in t he s e c o nd year o f  

s t udy ( 1 975 ) , t h e  TP c on t en t  o f  t h e  c a s t s  r emai n e d  rather c on stant  
( F i g . 8 . 2 ) . In  c ontras t ,  the  T I P  c on t en t  o f  c a s t s  gradually d e -
c r eased  fr om a max imum i n  Apr i l  and May t o  a minimum in  Augu s t . 
C o n s equen t ly ,  TOP lev e ls sho w e d  a r ever s e  t r end o v er t he sam e 
p er i od . Var iat ions  in t h e  amoun t s  o f  T I P  an d TOP in  the  sur fa c e  
s o i l  w e r e  v ery much l e s s  pr onoun c e d than i n  t h e  c a st s , i n d i c a t i n g  
t ha t  s easonal  c hang e s  i n  t h e  d i s tri but i on o f  P forms in t he under
ly ing  s o i l  c ould not explain t h o s e  obtain e d  f or the c a s t s . 

The pro gr es s i v e  d e c r ease  in  t he lev e l  o f  TIP  and the  c or r e spond
ing  increase  in  the l e v e l  o f  TOP in  casts  in  the  May -Aug ust p er io d  
an d t he sub s equent i n c r ea s e  in  t h e  propor t i on o f  i norgan i c  P ,  w i t h  
i n c r eas ing s o i l  t emper a t ur e  in  August  an d Sept emb er  ( F i g . 8 . 2 ) , 

m3 y b e  a t t r ibut ed t o  t h e  e f f e c t o f  t empera t ur e  on phospha t a s e  en-
zym e a c t i v i ty . I t  i s  w e l l  e s tab li shed that  en z ym e  c a t a ly s e d  r e -
a c t i ons  ar e t empera t ur e dependen t ( Skuj ins , 1 9 6 7 ) . Thus , t h e  
d c c r eu c e  in T I P  un d i n c r eu s e  i n  T O P  from m i J -Muy i �  prob a b ly d u e  
t o  a reduc t i on i n  t h e  c o n v er s i on o f  TOP t o  TI� b ecause  o f  lower 

m i c r o b i a l  and phospha t a s e  en z ym e  ac t ivity  a s  a r e sult o f  d e c l i n in g  
s o i l  t emperatur e  ( Fi g . 8 . 1 b ) .  

Alt hough s ign i f i ca n t  quan t i t i e s  o f  T I P  ( 9kg ha- 1 ) an d TOP 
- 1  

( 1 3kg h a  ) ,  r e spec t i v e ly , were  a c c umula t e d  i n  sur fac e c a s t s  during 
the s t udy y ear , i t  must be empha s i s ed t ha t  the TP c ont ent of t he 

c a s t s  c an n o t  b e  gr eat e r  t han t h e  T P  c ont ent o f  plan t l i tt er . I t  

has r e c en t ly b e en shown that t h e  ma j or pr opor t i on ( 5 9 -83% ) o f  T P  
i n  l i t t er f �om N ew Z e a land pas tures  i s  pr e s ent i n  t he inorgan i c  
f orm ( G i l lingham � al . , 1 976 ) . As the maj or propor t i on o f  p 
i n  the  cas t s  i s  organi c ,  there may , in fac t , b e  an i n c r ea s e d  c on 

v er s i on o f  I P  t o  OP a s  a r esult o f  passage o f  l i t t er , dung, and 

s o i l  thr o ugh the  eart hworm . 
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f i g .  8 . 2  S eas ona l var iat i on i n  amoun t s  of  t otal  P i n  cas t s  ( A ) , 

o f  organic  P i n  c a s t s  ( B ) an d in under ly ing ( 0- 1 0c m )  

s o i l  ( D ) , an d o f  t d ta l  i norgan i c  P in c a s t s  ( C )  and in 

underlying ( 0- 1 0c m )  s o i l  ( E ) . 
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8 . 3 . 1 . 3  R e lease  an d upt ak e o f  pho sphorus by c a s t s  

and s o i l .  Pr e li m i nary stud i e s  indicat e d  t h a t  t h e  P r e lease  and 

up take c hara c t er i s t i c s  o f  fr e s h ly-c o l le c t e d  casts  c hang e d  w i t h  

t im e ,  thus m e t hods o f  s t or ing cast  mat erials  w er e  evalua t e d .  A 

bu lked sample  o f  c a st s ,  st or e d  in a manner  which  would �ause  m i n i 

ma l c han g e s  in P r e l e a s e  an d uptake c harac t er i st i c s , wa s r equir e d  

f o r  t h e  experimen t s  d e s c r ib e d  s ub s e quen t ly .  O f  the  t wo me thods  
i n v e s t i ga t e d ,  fr e e z in g  i mmediat ely after  c o l le c t i on and  t hawing 
pr i or to use  was  fo un d  t o  give  comparab l e  r e su l ts , in  t erms of  P 
r e l ea s e  and uptak e , t o  fresh c a s t s  ( Tab l e  8 . 3 ) . C on s e quent ly , 

a b ulk samp le o f  fr e shly -c o ll e c t e d  cast s wa s fr ozen  an d sub - samples  
w er e  a llowed t o  t haw for  24h  a s  r equi r e d  b e fore  ana lys i s . Spe ir 
an d R o s s , ( 1 975 ) hav e  i n di ca t e d  that st orage  o f  f i e l d-m o i s t  samp l e s  
a t  4 °C i s  pr e f erab l e  t o  air - drying for r et a in ing pho spha t a s e  ac t i -
v i t y .  A s  discussed  lat er , t h e  t im e  o f  s t orag e  o f  non- fr o z en sampl e s  
a t  r o om t empera tur e  has  a c on s i d erable b earing  o n  t he amo un t s  o f  
I P  an d OP r e leas e d  t o  s o lut i on . 

B e cause the i n t e n t i on was to s t udy th e uptake and r e l ea s e  o f  I P  
b y  cast  mat er ia l  un d er c ond i t i on s  s imula t ing  t he r u� o f f  envir onmen t , 
i t  was n e c e ssary t o  us e a m e d i um wh i ch wa s r ea s onab ly s im i lur t o  
t ha t  o f  f i l t er e d  sur fac e run o f f  or str eam wa t er .  The u s e  o f  f i l -
t er e d sur fa c e  run o f f  or str eam wat er as t h e  s upp or t med i um pr e s e n t 
e d  pr ob lems in  ma i n t a in ing a c on stant  c h em i c a l  c omposi t i on , b o t h  
fr o m  t h e  st andpo int  o f  s t orage over long p e r i o ds o f  t im e  a n d  t h e  
var iat i on in  samp l e s  taken at  d i fferent  t im e s  o f  th e year . I t  
wa s observed  t hat  b o th e ar thworm casts  an d s ur fa c e  s o i l  r e l ea s e d  
v e r y  s i m i lar amoun t s  o f  I P  a n d  O P  t o  0 . 1 M NaC l an d fi lt er e d  s t r eam 
wat er ( Ta b l e  8 . 4 ) .  The use o f  di s t i ll e d  wat er a s  t h e  s upport 
m e d i um r e sult ed in  a gr e a t er r e lease  o f  I P  and  OP, an d lower r e 
m ov a l  o f  IP  from s o lut i o n  b y  c a s t s  a n d  s ur fa c e  s o i l  t han fr om f i l
t er ed s tr eam wat er ( Tab l e  8 . 4 ) .  Thi s i s  c on s i s t ent  wi th the  
e f f e c t  o f  i on i c  str engt h on t h e  s orpt i on ( Ry d en � a l . , 1 97 7 b )  and  
d e s orpt i on ( Ryden and S yers , 1 977a ) o f  P by  s o i ls .  Ther e f or e ,  
0 . 1 M  NaCl  was us e d  a s  t he support  medium i n  s ubse quen t s i mula t e d  
s t r eam an d run o f f  s t ud i e s .  

Although the  T I P  c on t en t  o f  cast s ( wh o l e  samp le s ) c o llec t e d  
i n  ear ly May , was appr ox imat e ly t w i c e  t ha t  o f  the underlying  s ur 
fac e  s o i l  ( Table 8 . 2 ) , t h e  r e lease  o f  I P  fro m the same c as t s  t o  



Tab le  8 . 3  R e lease  o f  i n organ i c  and organ i c  P ,  and uptake o f  

i norgan i c  P b y  c a s t s  fr om 0 . 1 M  N a C l  at  a solut i on : 

s o li d  rat i o  o f  4 00 : 1 dur ing 24h a s  i n f luenc e d  by  

metho d  of  s t orag e 

2C'O 

Storage  R e lease o f  - 1 
U ptake C )lg g ) 

m e t h o d  

Untr eat e d  ( fr e sh ) 

Fr o z en - thawed  

Air  dr i e d  

Inorgan i c  P 
- 1  (fg g ) 

31 . 4  

31 . 8 

28 . 4  

Organ i c  P 

Cpg g - 1 ) 

1 6 . 9 

1 6 . 2  

1 4 . 4  

o f  inorgan i c  Pa 

38 . 8 

54 . 6 

a 
4 

-1  - 1  A dd e d  P c onc entrat i on was OOfgP g , i . e . , 1 mgP 1 • 

. I 



221 

Tab le 8 . 4  Release  o f  inorga n i c  an d organ i c  P ,  and uptake o f  

inorgan i c  P b y  fr esh cas t s  an d sur fac e s o i l  fr om 

0 . 1� N a C l , di s t i lled  wat er, and f i lt er e d  str 8am water 

at a s o lut ion : so l i d  rat i o  of  4 00 : 1 dur ing 24h 

Suppor t 

m e d i um 

Cas t s  

0 . 1 M NaCl 

D i c t i l l e d  wa t er 

Fi l t e r e d-str eam 

R e lease o f  

I norgan i c  P 

wat er 

( - 1  
pg g ) 

3 1 . 5 

35 . 4 

32 . 6 

Organ i c  P 

( pg g- 1 ) 

1 7 . 0 

1 9 . 7 

1 7 . 6  

S o i l  Sur fac e  ( 0-5c m )  

0 . 1 M N a C l  8 . 3  9 - 3  

D i s t i lled  wa t er 9 . 4 1 0 . 1  

F i l t e r ed - str eam wa t er 8 . 6 9 . 2 

- 1  
U p take ( )lg g ) 

o f  inorga:1 i c  Pa 

36 . 7 

3 1 . 3 

34 . 9 

6 1 . 3  

5 7 - 3 

6 0. 1 

a Add  4 - 1  · 1 - 1  e d  P c onc entrat i on was OOpgP g , � . e . ,  mgP 1 • 
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0 . 1 M N a C l  a ft er 2 4 h  ( 32 . 1pgP g- 1
, lower h a l f ,  F i g . 8 . 3 )  was approx i mate

ly four t imes gr eat er than that from the surfa c e  so i l  ( 2 . 0ugP g - 1 , l o�r 

hal f  F i g .  8 . 3 ) . M o r e  t han ha lf o f  t h i s  in organ i c  P was r e l eased  

fr om the  casts  in  l e s s  t han 1h  ( Fi g . 8 . 3 ) . In c ontrast , c as t s  

remo v e d  less added  I P  fr om s o lution than under ly ing s urfa c e s o i l  

( upper par t  o f  Fi g .  8 . 3 ) . The d i fferenc e b etween the amoun t s  o f  

a d d e d  I P  r emoved from solut ion by  sur fac e s o i l  and c a s t s  was approx

imat e ly equal to the d i f feren c e  b etween the amount s  of IP re lea s e d  

t o  s o lution by the  ma t er ials for t imes  o f  shaking i n  exc es s  o f  8h . 

The gr eat er r e lea s e  o f  I P  ( F i g. 8 . 3 )  an d h i gher propor t i on o f < 4pm 

ma t er ia l  ( Tab l e  8 . 1 ) in c a s t s  r e la t i v e  t o  underly ing so i l ,  i n d i c a t 

ed  t ha t  t he d i f fer enc e in  T IP a n d  TOP d i s t r i b u t i on b e tween c a s t a  

and underlying so i l  mat er i a l  ( Tab le 8 . 2 ), i s  n o t  a dir e c t  r esult o f  

ma t er ia l  from lower d epths b e ing br ought t o  the sur fa c e  b y  t h e  

ear t hworm . 

A s  the  pr opor t ion o f  T I P  an d TOP i n  t h e  c a s t s  var i e d  dur i n g  

the  c a s t ing per i o d  ( F ig . 8 . 2 ) , the amoun t s  o f  inorgan i c  an d organ ic  

P r e leased  to  s o lu t ion may also  b e  expec t e d t o  vary . I t  was ob -

serv e d  that casts  depos i t e d  in  Apr i l ,  May , and most  o f  Jun e , r e 

lea s e d  appr ec iably  more  I P  than OP t o  0 . 1 M NaC l ( Fig . 8 . 4a ) .  

The d i fferen c e  b e tw e en the amoun t s  o f  IP and OP r e leased t o  s o lu

t i on increased unt i l  the b eg inn i ng of June , a ft er wh i c h  t ime pr o 

gr e s s i v e ly less I P  and more  OP was r e leas e d  t o  s o lut i on .  The 

r e l e a s e  o f  OP r ea c he d  a maximum va lue in  m i d-July . I t  i s  o f  

int er e s t  that t he amoun t s  o f  rapid ly exchangeab le I P  i n  c a s t s  

( Fi g .  8 . 4b ) show e d  s i m i lar t r ends t o  t h e  r e lease o f  T P  ( F i g .  8 . 4 a ) . 

The amounts  o f  rapi dly exchang eab le  P i n c r eased t o  a maximum in  

ear ly June and  then  d e c r ea s e d  gradua l ly an d r ema i n e d  fair ly c on 

stan t for the r ema i n d er o f  the cast ing s e a s on .  

I n  c ontras t , t h e  am oun t s  o f  I P  and O P  ( Fig . 8 . 4a ) r e l ea s e d  

to  0 . 1 M N a C l  and o f  r ap i d ly exchangeab l e  P i n  the sur fac e so i l  

( Fi g . 8 . 4b ) , wer e very  muc h lower t han t h o s e  r e leased from c a s t s  

and w e r e  essen t i al ly c onstant t hr oughout  t h e  year . 

Pr e liminary s t ud i es indicat e d  that t he rela t ive pr oport i on 

o f  I P  r e leased t o  s o lut i on b y  freshly-depos i t e d , unfro z en cas t s  

incr eased  with  t emperature and t ime  o f  s t orage . Subsequen t ly , 

t he r e lease of i n or ganic  and organ i c  P from fresh casts  a nd sur fac e 
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70 P Upt a ke or 
Re lease (_pg g1) 
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F i g . 8 . 3  - 1  Uptake o f  inorgani c P from 0. 1� NaCl c ontaining 1 mg 1 
( P adde d )  and r e lease o f  inorgan i c  P to  0. 1� NaCl ( no P 
added)  by  c a s t s  ( A )  an d under lying s ur fa c e  s o i l  ( B )  as a 

fun c tion o f  t im e  at a solution : s olid  rat io o f  400 : 1 .  
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Fig . 8 . 4  Seasonal var i a t i on i n  ( a )  the r e lea s e  t o  0 . 1 M  NaC l o f  

inorgan i c  P from cas t s . ( A )  and underlying s o i l  ( 0- 1 0c m )  

s o i l  ( C ) ,  and o f  organ i c  P from ca s t s  ( B ) dur ing 1 h  a t  

a solut ion : so l i d  rat i o  o f  400 : 1 ,  and ( b ) the amoun t s  

o f  rapi dly-ex c hangeab l e  ( 1 h )  inorganic P in c a s t s  ( A )  

and i n  underlying ( 0- 1 0c m ) soil  ( B ) � 

A 

8 
• 



22 5 

s o i l  t o  0 . 1� N a C l , a t a s o lut i on : s o l i d  rat i o  o f  400 : 1 , was e v a lua t e d  

as a fun c t i on o f  t em� era t ur e  of  i n c ubat ion a t  1 6 °C and 4 °C . I t  

wa s o b s erved t ha t  t h e  amount o f  I P  r e leas e d  fr om c a s t s  incub a t e d  

a t  1 6 ° c was gr eat er t han fo r a c orr espond i ng incubat i on a t  4 ° C 

( F i g . 8 . 5 ) . 0 Also  pho sphatase  a c t i v i ty i n  cas t s  incuba t e d  a t  4 C ,  

as i n d i c a t e d  b y  t h e  r e lea s e  o f  p - n i t r ophen o l , wa s appr ec iab ly lower 

t han t hat in the same mat er ia l  inc uba t ed a t  1 6°C .  I n  c on t ras t , 

the  r e lease cl IP and phosphatase  a c t i v i t y  in sur fac e s o i l  wa s 

li t t le a f fec t e d  by t empera t ure  o f  i n c uba t i on an d ,  ther efor e, t h e  

da t a  �r e not pre s e n t e d . 

The e f fe c t  o f  t ime o f  in c ubat ion on t he r e leas e o f  IP an d OP 

fr om fr esh c a s t s  and sur fa c e  s o i l  to 0 . 1 M Na C l  at a so lut i on : s o l i d  

rat i o  o f  50 : 1 was evalua t e d  a t  an inc uba t ion t empera t ur e  o f  1 6°C .  'l'he re 

leas e o f  t otal  P ( IP plus OP ) from fresh cas t s  t o  s o lut i on ( i n 24-h 

e x t r a c t ions ) was e s s en t ia l ly c onstan t  w i t h  t ime of incubat i on . 

I n  c ontrast , t h e  r e lease o f  IP fr om c a s t s  inc r eased  from a pprox-
- 1  - 1 60 ima t e ly 1 6pgP g t o  50pgP g a ft er inc ubat i on at 1 C for  5 days 

( F i g . 8 . 6 ) . Organic  P r e lease  d e c r ea s e d  syst emat i ca lly f r om a 

maxi mum value o f  59pgP g- 1 , mirroring t h e  increase in  I P  r e le a s e . 

I t  i s  s ign i f icant  t hat a ll o f  the IP  genera t e d  in t h e  c as t s  dur ing 

i n c uba t i on i s  r e l ea � e d  t o  s olut i on . Ph o s phatase a c t iv i t y  i n c r e a s e d  

rap i d ly to  a maxi mum f o l lowing i n c uba t i o n  f o r  1 8h ,  when t h e  amoun t  
- 1  o f  0� r e leased  t o  s o lut i on had d e c r ea s e d  fr om 59 t o  21 pg� g • 

I t  i s  o f  in t er e s t  t ha t  this  maximum r e lease  o f  p-n i t r oph en o l  pr e -

c e d e d  t h e  maximum value f or inorgan i c  P r e lease . The da t a  s uggest ,  

t h e r e f ore , t ha t  the  c onversion o f  OP t o  IP in  the cast s i s  t h e  

r e sult of pho sphatase  e n z yme  ac t i v i t y .  Alt hough t h e  sam e t r ends  

w e r e  observ e d  for the r e lease of  IP , OP , an d p-n i t r opheno l  fr om 

s ur fac e so i l ,  t hey wer e o f  appr e c i ab ly lower magn i t ude ( Fi g . 8 . 6b ) 

a n d  c ould n o t , ther e f or e ,  a c c ount for  t h e  d i f feren c e s  ob s er v e d  

w i t h  c a s t  mat er ia l . 

C ons equent ly ,  the pot en t ia l  o f  c a s t s  f o r  t he DIP enr i c hmen t 

o f  surfac e r un of f  i s  expec t e d  t o  b e  i n f luenc ed by the e lap s e - t ime  

b et w e en cast  d e po s i t i on an d the onset  o f  a rainfall event  r e sult ing 

in  the  r e lea s e  of IP . Under rain fa l l  c on d i t i on s  wh e r e  t he i n f i l-

t r a t ion rat e i s  n o t  exc e eded , however , IP c ould b e  leached  fr om 
t h e  c a s t s  int o t h e  un der lying s oi l .  In such s i t uat i on s ,  surfa c e  
c a s t s  may r epr e s en t  a s i gn i f i cant sour c e  o f  dir e c t ly-ava i la b le  p 
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Fig . 8 . 5  Release o f  inorgan i c  P t o  0. 1 M  NaC l from c a s t s  incuba t e d  
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funct ion o f  t �m e  o f  inc uba t i on a t  1 6°C o f  fr esh c a s t s  
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( a )  an d s ur fa9 e soi l ( b )  a t  a s o lu t i on : s o lid rat io of 50: 1 .  
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for p lant grow t h . 

The fac t  t ha t  t he s ea s onal var iat i on s  in the r e lease  o f  P 

t o  0 . 1� NaCl ( Fi g . 8 . 4a ) and the amoun t s  o f  rapid ly exchang eab l e  

P i n t he cas t s  ( Fi g . 8 . 4b ) w e r e  mor e c l o s e ly r e la t e d  t o. c a s t  

pr o duc t i on ( Fi g . 8 . 1 ) than t o  changes  in the  r e lat ive  amoun t s  o f  

I P  a n d  O P  i n  t h e  cas t s  ( F i g . 8 . 2 ) , indi c a t ed  a vary ing mobi l i t y  

o f  P whi c h  i s  larg e ly in d e p endent o f  t h e  amoun t o f  P pr e s ent . 

Th e data indi c a t e t hat the  impact  o f  earthworm cast ing on P c y c ling  

will  b e  great e s t  dur ing May  and  Jun e . Alt hough pho s phata s e  enzyme  

ac t i v i ty  d i d  n o t  vary dur ing the cast ing per i o d , t empera t ur e  hu d 

a pronoun c e d  e f f e c t  on pho sphatase  a c t i v i t y  i n  fr e sh ly -depo s i t e d  

c a s t s . The amo un t s  o f  I P  r e lea s e d  t o  s o lut i on ,  however , w e r e  

very much l e s s  i n f luenc e d  by  the t emperat ur e  o f  inc uba t i on . T hus , 

i t  would appear that t emperature d i ffer enc es , a lone , do n o t  expla i n  

t h e  s easona l var iat i on i n  t h e  amoun t s  o f  P r e l eased  t o  so lut i on 

( Fi g . 8 . 4a ) . S ign i fican t ly , n e i t her t h e  seasona l changes  in t he 

r e la t ive  amoun t s  o f  IP and  OP in cast s ,  nor t he ir r e lease  t o  s o lu

t i on , c an b e  a t t r ib ut e d  t o  simi lar s ea s onal var ia t i ons in t h e s e  

pa ramet er s in t h e  under lying so i l .  

8 . 3 . 1 . 4 Na t u r e  o f  inorgan ic phosphorus in ca s t s . 

I n f orma t i on r e la t in g  t o  t h e  natur e  o f  t h e  IP in  cas t s  wa s obta in e d  

fr om fur ther c h e mi c a l  extract ion an d  i s o t opi c exchangeab i li t y  

s t ud i e s . S e qu e n t i al extrac t i ons o f  c a s t s  and  un derlying so i l  

ma t er ia ls with  0 . 1 M NaC l prov i d e d  a dd i t i ona l in forma t i on on t h e  

kin e t i c s  o f  r e lea s e  o f  I P . In t h e  f i r s t  1 5 -min extra c t i on p er i o d , 

c as t s  r e leas e d  9pgP g- 1  ( F ig . 8 . 7 ), whereas t he under lying s o i l  

sur fa c e mat er i a l  r e leas e d  2 . 1pgP g- 1  ( Fi g . 8 . 7 ) . Appr e c iab ly 

sma l ler  amoun t s  of IP w e r e  r e leas e d  from the s o i l  at 8 - 1 2 a n d  

1 8- 22 c m  ( 1 . 7 and  1 . 2pgP g- 1 , respe c t iv e ly ) dur ing the  f irst  1 5-min 

extr a c t ion p er i od .  Dur ing e ight suc c e s s iv e  extrac t ions  over 3h , 

c a s t s  r e leas e d  
- 1 1 3fgP g 

- 1  
62rgP g , whereas t h e  surfac e soi l only rel eas e d  

The  rat e o f  r e leas e  o f  I P  fr om t h e  ca s t s  w a s  in i t ially great er 

t han that from un d erlying s o i l  mat er ia ls . The ra t e  o f  P r e l ea s e  

from t he cas t s , however , gradual ly decr eased and wa s s i m i lar t o  

that  from und er ly i ng s o i l mat erials  a f t er approximat e ly 2h . The 
' 
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rat e of  r e lease o f  I P  fr om the thr e e  soil  mat er ials wa s s imi lar . 

When t h e  rate  o f  I P  r e leas e was plot t e d  aga inst  cumula t iv e  r e le a s e  

( F ig . 8 . 8 ) , it  w a s  p o s s ib l e  t o  i d ent i fy thr e e  appar ent ly di st inc t 

r ea c t i ons for t h e  r e l ease o f  IP  from cas t s  and  two for the  un der -

ly ing s o i ls . W i t h  the e x c e p t i on o f  the  f i rst  r eac t i on _ r e la t in g  

t o  a r a p i d  r e lea s e  o f  IP  fr om the  cas t s , t h e  s lopes for t h e  four 

mat er i a ls wer e s i m i lar , suggest ing s imi lar r e lease  m e c han i sms . 

T h e  fac t  t ha t  cast s ,  but not und e r lying so i l ,  c on t a in a p o o l  

of l o o s e ly -boun d  inorgan ic  P1 whi ch i s  r ea d i ly r e l eas e d  t o  so lu

t i on, i mplies  a gr eat er i s o t opic  exchangeab i l i t y  o f  t he inorgan i c  

P whi c h  i s  inc orporat ed i n t o  t h e  cast s .  Alt hough the  amoun t o f  

inorganic  P in  t he c a s t s  was approx imat e ly twi c e  t ha t  pre s en t  i n  

t h e  s ur fac e s o i l  ( Table 8 . 2 ) , t h e  

thr e e  t imes  gr eat er ( 90 a n d  30pgP 

mat er i als when a 6 - day p er iod  was 

amoun t  o f  exchang eab l e  P was 
- 1 ) g , r e spec t ively for t he t w o  

u s e d  f o r  exchange ( F i g .  8 . 9 ) . 

Thus , the  IP in t h e  cas t s  ha s a higher  exc hangeab i l i t y  t han that 

:i. r1 the :.; u x· .fu.c c :.;; o i l .  I n  c on t ra :.; t , s o i l m u t � r ia l G  u t  8 - 1 2 a n d  1 8 -

22cm c on t a i n e d  v ery muc h lower amoun t s  o f  ex changeab le P .  I n  

add i t i on, the amoun t s  o f  rapi dly - e x c hang eab l e  ( 1 h )  I P  in  cas t s  

wer e appr e c iab ly gr eat er than i n  un derlying s o i l  ( Fi g .  8 . 4 ) . 

Bar ley ( 1 96 1 ) c on s i d e r e d  t ha t  the i n c r ease  in pH o f  ear t h

worm c a s t s  wa s r e sponsi b le for t h e  higher " so lub i li t y "  o f  nut r i en t s  

in c ast s .  The  p H  o f  c a s t s  used  i n  t he pr e s en t  study , how ev e r, was 

only s light ly gr ea t er t han t hat of the surfa c e  s o i l  ( 6 . 22 and 

5 . 8 6 , r e spec t iv e ly ) .  I t  is  g en er a l ly a c c ep t e d  t hat pH has only 

a sma l l  e ffec t o n  P sorpt i on by  s o i ls i n  the range o f  4 to  6 . 5  

( Ba r r ow , 1 97 0 ;  Ryden an d Syer s , 1 975 ) .  C onsequen t ly , t he r e  i s  

l i t t le r eason t o  b e l i e v e  tha t  a pH increase  o f  0 . 36 w ould drama-

t ic a lly a f f e c t the  desor p t i on o f  P .  The  gr eat er r e lease  o f  P 
fr o m  c a s t s  i s  m o r e  r eadi ly exp la i n e d  in  t erms o f  the  addi t i ona l 

P inc orpora t e d  i n t o  c as t s  hav ing a lower b inding energy, a s  i n d i c a t 
e d  by  a higher i s o t op i c  exchang eab i li t y .  In organ i c  P sor b e d  w i th 
a l ower b inding en ergy i s  mor e r ea d i ly d e s orbed  ( Ry d en an d S y er s ,  
1 9 7 7a ) .  

The amoun t s  o f  IP  extrac t e d  fr om c a s t s  at vary ing t im e s  o f  
t h e  y ear b y  t h e  O lsen b i carbona t e  r eagent  ( 0 . 5M NaHCO ) wat er - 3 , , 
an d 0 . 1 M  NaCl w er e very c l o s e ly r e la t ed ( Fi g .  8 . 1 0 ) . Mor e I P  
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was extra c t e d  by NaHco3 than by wat er from each  sample  of cast s .  

A l s o  v ery much mor e  I P  was extra c t ed b y  Na HC03 t han b y  0 . 1 M  NaC l .  

l• ' o r  e xa m p l e , t h e  amoun t s  o f  l .P  e x t ra c t e u from u curn1) l c  o f  ca c t e  
c o l l e c t ed i n  ear ly Jun e , 1 9 75 b y  0 . 5� NaHC03 , wat er , an d 0 . 1 M  NaCl 

- 1  wer e  1 57 ,  1 28 ,  an d 33pg g , r e spec t iv e ly . The very much gr eat er 

amounts of IP extrac t e d  fr om cast s by 0 . 5� NaHco3 than by 0 . 1 M  NaC l 

( F i g . 8 . 1 0 )  i s  attr ibut e d  t o  the  effec t o f  hydr o x y l  ions on the  

d e s orpt i on o f  P .  The pH o f  the 0 . 5� NaHC03 r eagent is  8 . 5 and 

t h i s  i s  apprec iably gr ea t er t han that of a susp ens i on o f  c a s t s  

i n  0 . 1 1'1 NaC l .  Sign i f i c an t ly1 less  IP was extra c t e d  b y  wa t er t han 

b y  0 . 5� NaHC03 an d this d i fference  ( appr ox imat e ly 

e s s en t ia l ly c ons tant t hr oughout th e y ear . Ryden 

- 1  ) 30yg g was 

and Syers ( 1 977b ) 

hav e  demonst rat ed t ha t  wa t er q uan t i ta t i v e ly r emov es  inorgan i c  P 

from s o i ls whi c h  i s  s orb e d  b y  a more -phy s i c a l  type o f  sorpt i on , 

whereas IP whi ch i s  c hemi sorb e d  i s  not extra c t ed .  C ons equen t ly , 
- 1  0 . 5� NaHco3 r emove d  appr oxima t e ly 30fg g o f  chemi sorb e d  P from 

c a s t s . Thi s chem i sorb e d  P would have a lower pot ent i a l  plant 

ava i lab i li t y  than t h e  mor e-phy s i c a lly sorb e d  P .  

The v ery muc h  lower amoun t s  o f  IP ext rac t ed from c a s t s  b y  

0 . 1 M  N a C l  than b y  wat er i s  cons i s t ent  w i t h  t he pot en t ial-de t er 

m i n ing m e chan ism involv e d  i n  t h e  mor e-phys i c a l  type  o f  sorpt i on , 

which  i s  i n f luenc e d  b y  i on i c  s t r ength ( Ry d en et a l . , 1 977b ). A 

pr ogr e s s i ve decrease  i n  the  ionic  s tr ength o f  NaC l  used  as an 

extrac tan t resu l t e d  in a corr espon d ing incr ease in the amount o f  

I P  extrac ted  fr om s o i ls ( Ryden an d Sy ers , 1 9 77b ) .  B ecause wat er -

extrac t a b l e  I P  a c c o unt s for approxima t e ly 90% o f  t h e  di f f er en c e 

b etween  TIP in th e c a s t s  an d underlying so i l ,  e s s en t ia lly a ll o f  

the  a d d i t ional I P  i n  t h e  c as t s  i s  sorbed  b y  a mor e-phy s i c a l  a orp-

t i on type . The h i gh i s o t op i c  exc hang eab i l i ty o f  P present in 

c as t s  is also c on s i s t en t  w i t h  this  ob s erva t i on b ecause a high 

i so t o p i c  exchangeab i l i t y  is  c hara c t er i s t i c  of m or e -phy s i ca lly 

s orb ed  P ( Ryden an d Syer s , 1 9 77a ) . 

8 . 3 . 1 . 5  I mpli c at i on s .  The implicat ions o f  t h e  r e sult s 

obta i n e d  for the par t i c le - s i z e  di stri but i on , t h e  forms and amoun t s  

o f  P ,  t h e  P r e l ea s e  and uptake c harac t er i s t ic s , an d t he nat ur e  o f  

P i n  ear thworm c a s t s, t o  the P enr ichm en t  o f  sur fa c e runoff  wat er s  

and p lant nutr i en t  ava i lab i l ity , a r e  s ev eral .  Cas t s  depos i t e d  on 
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the s o i l  sur fa c e  ar e more r ea d i ly t ransport e d  in sur fa c e  r un o f f  

t han i s  und er ly ing so i l . T h e  higher propor t i on in c a s t s  o f  

f i n er parti c le s  ( Table 8 . 1 ) , whi c h  are transpor t ed pr e f erent i a l ly 

in sur fac e r un o f f  ( Ryden e t  a l . , 1 973 ) ,  c oupl e d  w i t h  t h e i r  higher 

P c on t ent ( Table  8 . 2 ) , a c c en t ua t e  the  1 1 enr i c hment  rat i o�' e f f e c t  

f o r  par t i c ula t e  P i n  sur fa c e  run o f f  ( Massey a n d  Ja c ks on , 1 952 ; 

S t o lt enberg and Whi t e , 1 95 3 ) . I n  addit i on , the f i n d ing tha t  

c a s t s  r e lease  apprec iab l e  q uant it i e s  o f  IP an d O P  t o  s o lu t i on 

an d r emove less  I P  from s o lut ion ( F ig . 8 . 3 )  than und er lying s o i l  

ma t er ia ls , suggests  t ha t  c a s t s  may enhanc e  t h e  d i s s o lv e d  P l e v e ls 

in sur fac e  r uno f f .  

R uss ell  ( 1 973 ) has emphas i s e d  that t h e  c onsequenc e o f  earth-

worm c as t ing on the d i s t r i b u t i on o f  plant n u t r i ent s in  the s o i l  

ha s r e c e i v e d  l i t t l e  a t t en t i on . The dn t.:1 pr e s en t e d , however , 

sug g e s t  tha t  a high prop o r t i on o f  the  IP  in  casts  i s  ava i la b l e  

t o  p lan t s  f o l lowing d e s orpt ion . B ecause o f  the rap i d  r e lease  o f  

I P  fr om cast s t o  solut i o n , the rat e  o f  desorpt ion i s  n o t  expe c t e d  

t o  b e  a limit ing s t e p  in  d e t ermin ing the p la n t  ava i lab i l i t y  o f  I P  

i n  c a s t s . I t  must b e  n ot e d ,  however , tha t  the  c on s i d erab le  

var i a t i on i n  the r e la t i v e  propor t i ons o f  I P  and OP in  casts  dur ing 

t h e  p e r i o d  of cast ing a c t i v i t y , i n d i c a t e  t ha t  adequa t e  c o n s i d e r 

a t i on should b e  g i v e n  t o  t he t i m e  of samp l i ng in s t u d i e s  r e la t ing 

to P forms in ca sts . 

Sur fac e cast ing ac t i v i t y  in the st udy area o c c ur s  dur ing t he 

a u t umn t o  spr ing per i o d . Sign i f i can t ly , t h i s  c o inc i d e s  w i t h  t h e  

the  p er i od when sur fa c e r unoff  o c c ur s ,  nam e ly in the  months o f  

�pr i l  t o  S ept emb er . I n  a ddi t i on , the fac t  tha t  p eak sur fa c e  c a s t  

p r o d uc t ion ( Fig . 8 . 1 a ) c o in c i d e s  with max imum r e lease  o f  I P  t o  

s o lu t i on ( Fig . 8 . 4a ) , sugges t s  t hat the  importan c e  o f  s ur fa c e 

c a s t ing ear thworms i n  t h e  cyc ling o f  P i s  g r eat e s t  a t  this  t im e . 

Thi s i s  sub stan t i a t e d  b y  the fac t  t hat b o t h  the mean DIP and  s e d i 

m en t  c onc entrat ions ( t o t a l  load d i v i d e d  b y  t otal  flow ) o f  ind i v i 

dual sur fac e -r un o f f  even t s  from un fert i li z e d , ungr a z e d  p l o t s , 

dur ing the  cast ing per i o d , showe d  s imi lar s easonal var iat ions  t o  

c a s t  pr o du c t i on ( Fi g .  4 . 6 ) . 

Furt h er evi d en c e  f o r  t he c ontr ib u t i on o f  c a s t s  t o  t h e  loading 

of par t iculat e mat er ia l  in  sur fac e  r uno f f ,  and b y  inferen c e  t o  
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the  loading o f  par t i cula t e  P ,  has b e en obtained  fr om t h e  s i m i 

lar i t y  i n  par t i c le - s i z e  ana lys es o f  d i s c harge c o llec t e d fr om 

�ur· fa c e -r un o f f  p l o t s  and of ear t hworm c as t s . The mu j or pr oper -
t i on ( 8 �fo )  o f  par t iculat e mat er i a l  ca rr i e d in sur fac e r un o f f  wa s 

l e s s  than 6 3pm ( Table  8 . 1 ) ,  as was t h e  c a s e  for sur fac e -c a s t  

ma t er ial ( 76% ) i n  c ompar i son t o  under ly ing s o i l  ma t er ia l ,  where 

on ly 51% wa s less than 6 3pm .  

A lthough t he data ind ic a t e  t ha t  s ur fa c e - cast ing earthworms 

may be a pot e n t ially important sour c e  of b o t h  par t i c ulat e ma t er ial 

an d part icula t e  P in sur fac e run o f f ,  t h e  ac c e l erat e d  inc orpora t i on 

o f  plant li t t er i n t o  t he s o i l  by  ear thworms may r em ov e  a p o t ent i ally 

gr ea t er sour c e  o f  DIP t o  sur fac e r un o f f  t han t hat pr e s e n t  i n  cast  

mat er ial . F ur ther work pr e s en t ly b ei ng carr i e d out a t  Ma s s ey 

U n i versity , sugge s t s  t ha t  t h i s  in  fac t may b e  t h e  ca s e . Fur t her 

more , Stoc kd i ll ( 1 966 ) has shown t ha t  in the  absen c e  o f  ear thworms , 

a thick  mat o f  p lant l i t t er can b u i ld up a t  the sur fa c e  o f  s o i l s  

un der pas tur e in Otago , consequen t ly r e duc ing infiltra t i on rat e s .  

The ma j or r o le  o f  sur fa c e -ca s t ing ear thworms in d e compo s i ng and 

m ix ing p �nt mat erial  with t he s o i l ,  thus a c c e lera t i ng t he ra t e  o f  

c y c l ing o f  P i n  the pas t ur e  s i t ua t ion , cannot .  b e  ignor e d . 

8 . 3 . 2  E f fe c t s  o f  solut i on : s o l i d  rat i o  on the  r e leas e  an d 

uptake o f  in or ganic  pho sphorus by pot ent ia l par t i cu

la t e  sour c e  mat er ia ls 

The r e leas e o f  IP from s o i l  surfac e ,  stream-bank , a n d  earth

worm cast  ma t er ia l  to  0 . 1 M  NaCl with t ime showed a d e p e n d en c e  

upon so lut i on : solid  rat io  ( Fi g . 8 . 1 1 ) . As the solut i on : so l i d  

ra t i o  decr ea s e d  ( s e d iment c on c entra t i on increases ) ,  m o r e  I P  was 

r e leased to s o lut i on . I t  was o b s erved  t hat this  r e la t i onship 

was not linear . B e low a s o lut i on : so li d  rat i o  o f  1 000 : 1 ,  var ia t ions 

in the rat i o  had a gr ea t er e f f e c t  on  P re lease t han a t  w i d er 

ra t ios ( Fi g . 8 . 1 1 ) . This e f f e c t  was most  mar k e d  for  c a s t  mat erial  

( Fi g . 8 . 1 1 a ) . I t  wa s ca lculat e d , however , tha t  t he r e lease  o f  

I P  t o  s o lu t i on per un i t  w eight o f  s o i l  incr eas ed a s  t h e  s o lu t ion : 

solid  rat i o  inc r ea s e d . Work r ep o r t e d  by  Lars en and C our t ( 1 96 0 ) , 

F ordham ( 1 96 3 ) , and Whi t e  ( 1 966 ) a ls o  showe d  that a t  d i s equilibr ium , 

r e l ease  o f  I P  to s o lut i on fr om s o i l  mat er ia l  was dependen t  upon 
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s o lut i on : s olid rat io . Hope  and syers ( 1 976 ) have r e c en t ly shown 

t ha t  solu t ion : soli d r a t i o  e f f e c t s  on P sor p t i o n  ar e k in e t i c  in  

or igin . I t  is  r ea s onab le t o  suggest that a s imilar explanat ion 

applies t o  t he r el ea s e  or  d e s orpt ion o f  P .  

f 0 2 d 0 5 P l- 1 , t he W i t h  i n i t ia l  P c onc entra t i ons o • an • mg 

data i n d i c a t e d  that a s  the s o lut ion : s o li d  rat i o  in c r eas ed , sorpt i on 

o f  IP b y  sur face so i l  material  d e c r eas ed , w i t h  the r esult that 

the fina l s o lut i on P c on c entrat ion increased  ( F ig . 8 . 1 2 , c ur v e s  

b and c ,  r e spec t iv e ly ) .  S i m i lar t r ends wer e observed for s t r eam-

bank an d cast  ma t er ia l  and the data ar e ,  t h er e for e, not pr e s en t e d . 

The d e c r ease  in P s or p t ion w i t h  an in c r e a s e  in  solu t i on : s o l i d  rat i o  

r e sul t s  from the fac t  that a s  the s o luti on : s o l i d  rat io  inc r ea s e s , 

the numb er o f  P sorbing  s i t es  in the  sys t em d e c r ea s es, whereas  t h e  

s o lut i on P c onc en t ra t i on r emains c on s tan t . The s orpt i on o f  P per 

un i t  w e ight of s o i l  was gr eat er as the  s olut ion : s o li d  rat i o  inc r ea s 

ed . 

U nder low s t r eam- f lo w  c ondit i ons , t her e fore , wh en s e d i m en t  

c onc entra t i ons ar e a l s o  low , r e lea s e  o r  uptake o f  IP by  susp e n d e d  

par t i c ula t e  mat er i a l  wi ll  b e  at a min imum . In c ontras t , under  

high s t r eam-flow c on d i t ion s , when s e d i m en t  c onc entra t i ons ar e h i gh , 

an ext en s ive  mod i f i c a t ion o f  DIP c on c entrat i ons i s  l ike ly . 

I n  the pr e s en t  s tudy , P was added  t o  systems o f  vary ing s olu

t i on : s o l i d  rat i o s , such t ha t  t he i n i t ia l  s o lut ion P c onc en tr a t i on 

was t h e  same in each  sy s t em , irr esp e c t i v e  o f  the  amount o f  s o i l  

ma t er ia l  pr esent . This was done in  order  t o  i nve s t iga t e  the  e f fe c t  

o f  s e d im ent  c on c en trat ion o n  the D I P  c onc e ntrat i ons o b t a i n e d  fr om 

s t r eam mon i t or ing s t udi e s . In c o n tra s t , howe v er ,  Hope an d S y e r s  

( 1 97 6 ) a dded d i f fer ent l ev e ls o f  P t o  obta in the same in i t ia l  p 
c on c entrat ion p e r  unit w e i ght o f  s o i l  in t h e  systems  studi e d ,  w i t h  

t h e  r e sult t ha t  a t  narr ower solut i on : s o l i d rat i os t h e  i n i t ia l  s o lu -

t i o n  P c oncen t r at ion was high�r than at  the  w i d er rat i o s .  I n  do ing 
so , t h e s e  worker s were  able to i s o lat e the e f f e c t  of so lut i on : so l i d  
rat i o  fr om that o f  ini t ia l  s o lut i on P c onc entra t i on . 

The fac t  t hat  sur fa c e s o i l  was able  t o  s orb more P per  
un i t  weight o f  solid  mat er ia r  at w i d er solut i o n : s o l i d  rat i o s  ar i s e s  
fr om t he fac t  t ha t  a s  t h e  rat i o  i n c r eas e s , t he ini t ial  s o lut i on p 
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t o  0. 1� NaCl c ontaining 0 ( A ) , 0 . 2 ( B ) , and 0 . 5mg 1- 1 ( C )  

o f  IP , a s  a funct i on o f  time at  a solut ion : £olid  rat i o  

of  1 00 : 1 ( a ) ,  800 : 1 ( b ) ,  and 4000 : 1 ( c ) .  
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con c entrat i on p er un i t  w e i ght o f  s o i l  in the sys t em i n c r eas e s . 

Cons equen t ly ,  t he r e  i s  a c or r e sponding inc r ease  in the am oun t o f  

P p e r  u n i t  numb er o f  sorpt i on s i t es .  

The  data suggest t hat as t h e  solut ion : s o l i d  rat i o  ftecr ea s e s , 

a s  W Ju ld o c cu� w i t h  increa s in g  stream flow , the ra t e  and  e x t ent 

of m o d i f i cat ion of DIP  c o n c entrat ion b y  suspended par ti c ulat e  

mat e r i a l  in the  s t r eam w i l l  incr eas e . U n der low s t r eam- f lo w  

c ond i t i ons , howe v er , a st eady s t a t e  o f  D I P  c on c entra t i on would 

occ ur . 

I t  would app ear from t h e  data pr esen t e d  in  F i g . 8 . 1 1  t ha t  

t h e  s i mula t e d  sy s t ems a r e  n o t  a t  equ i l ib r i um b ecause o f  t h e  c o n-

t i n u e d  r e lease o f  P t o  s o lut i on a f t er 24h . This i s  in agr e ement  

with  w ork of Ryden and  Syers  ( 1 9 75 ) who also  sh owed tha t  true  

equi l i b r i um c o uld  only b e  e s t ima t e d  by  extrapola t i on of  k in e t ic 

da t a  t o  an infin i t e  shaking t im e . Over the  shor t er shaking t i m e s , 

whi ch are  r e l e vant  to  the c on ta c t  t ime  b e t ween s o i l  ma t er ial and 

run o f f  wa t ers in the  fi e ld s i tua t i on , a more s t ea dy s ta t e  in  t erms 

of s o lut i on P c on c entra t i on is a t t a i n e d  a f t er a shor t er p er io d  o f  

t i m e  a t  w ider so lut ion : s olid rat ios . · 

8 . 3 . 3  R e lease and upt ake o f  inorgani c  phosphorus in s imula t e d  

run o ff oyst ems 

In add i t i on t o  inve s t iga t ing the  P uptake an d r e lea s e  c harac t er 

i s t i c s  o f  str eam and  sur fa c e -runo ff s edim ent s ,  s i m i lar exper imen t s  

were  c ar r i e d  o u t  using t h e  sour c e  mat er ia ls o f  t h e s e  suspended 

s e d im en t s . The pot en t ia l  s o ur c e  mat er ia ls co n s i d e r e d  w e r e  sur -

fa c e  s o i l ,  cast s ,  and str eam-bank mat er i a l .  

8 . 3 . 3 . 1  Po t en t ia l  sour c e ma t er ia l s .  T h e  am o un t  and 

rat e of IP r e leas e from c a s t  ma t er ia l  to 0 . 1� NaCl c on ta in ing no 

P ,  was  appr e c iably great er t ha n  t hat fr om e i t her sur fa c e  s o i l  or 

s t r eam-bank mat er ial at s o lut i on : s olid  rat i o s  o f  4 0 0 : 1 and 2000 : 1 

( Fi g . 8 . 1 3  and  8 . 1 4 ) .  A ft er 4h , c a s t s  had r e leas e d  four t imes  

m o r e  IP  than s ur fac e s o i l  an d five  t imes  mor e tha n  str eam-bank 
mat er i a l .  
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Fig .  8 . 1 3  Release and uptake o f  IP from 0 . 1� NaCl ( no added IP ) 
by  str eam-bank mat erial  ( a ) , sur fa c e  soil  ( 0-5cm ) ( b ) , 

pr ewashed ear thworm casts  ( c ) ,  untreat e d  ear t hworm 

casts  ( d ) , suspended -str eam sed iment ( e ) , � 30 pm 

sur fac e soil  ( f ) , suspended sur fa c e -runoff s ediment 

( g ) , and � 30 �m ear t hw orm cas t s  ( h ), as a func t i on o f  

t ime a t  a s olut ion : solid  ratio o f  4 00 : 1 .  
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fig .  8 . 1 4  R elease and uptake o f  IP fr om 0 . 1� NuC l ( no added  IP ) 
by str eam-bank ma t er ia l  ( a ) ,  surfa c e  soil ( 0-5cm ) ( b ) ,  

prewashed ear thworm casts  ( c ) ,  untr eat ed ear thworm 

casts ( d ) , suspend e d -str eam sediment ( e ) , < 30 pm �ur fac e  
s oil ( f ) ,  suspended sur fac e-runoff sediment ( g ) , and 

� 30 pm ear thworm c a s t s  ( h ), as a func t i on of t im e  at 

a solut ion : solid  r a t i o  of 2000: 1 .  
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Appr oxima t e ly 8�� o f  the I P  r e leas ed t o  s o lut i on fro m sur 

fa c e  s o i l  and stream-ban k  mat er ia l  a f t er 4h was r e l ea s e d  i n  t h e  

f ir s t  hour a t  soluti on : so lid rat ios o f  4 00 : 1 and  2 000 : 1 ( Fi g .  8 . 1 3 ,  

8 . 1 4 ,  r espec t iv e ly ) .  Ev en a ft er 30min , approxima t e ly 75% o f  t h e  

r e l ease  o f  IP aft er 4 h  w a s  at tain e d . Thi s rapid  r e le�s e  o f  I P  

i s  expec t ed t o  b e  import ant , c o� s i dering t h e  s hor t c on t a c t  t im e s  

b e tween  sur fac e-run o f f  wat ers a n d  t�e s o i l  s ur fac e ,  and b e t w e en 

s t r eam wa t er and s tr eam-bank ma t er ial . Although appr ec i ab ly mor e 

I P  wa s r e leased t o  s o lut i on fr om c a s t s  t han fr om und er ly ing s o i l  

mat er ia ls , only 5 6% o f  t h e  I P  r e l eased  a f t er 4 h  was r e leased a ft er 

1 h .  

When casts  w e r e  pr ewash e d  w i th 0 . 1� NaCl  to r emove r ea d i ly 

extrac table  P ,  a s i t ua t i on whi c h  would oc c ur i n  t h e  sur fa c e -r un o f f  

envir onmen t , and t hen s haken w it h  0 . 1 M  Na Cl c ontai n ing no  I P , t h e  

amount o f  IP r e l ea s e d  t o  solut i on was r educ e d  only slight ly r e la

t ive to  th e unwa shed  casts  ( F i g . 8 . 1 3  and 8 . 1 4 ) . 

Both  untr ea t e d  and prewa shed cast s r e l ea s e d  I P  t o  0 . 1 M  NaCl  

cont ain ing 0. 1 mgP 1- 1 a t  s o lut i on : s o l i d  rati os  of  400 : 1 an d  2000 : 1 

( Fig . 8 . 1 5 ,  8 . 1 6 ,  r e spe c t iv e ly ) . The r at e  of r e lease o f  I P  t o  

so lut i on , however , d e c r eas e d  w i t h  t ime  c ompared t o  the rat e  o f  r e -

lea s e  in  t h e  ab s en c e  o f  added  P .  A t  t h e  narrower rat i o  ( 4 00 : 1 )  

c a s t s  sustained higher DIP levels ( Fi g . 8 . 1 5 )  t han at t he w i der 

rat i o  2000 : 1 ( Fig . 8 . 1 6 ) .  In c on t ra st , sur fac e s o i l  and s tr eam

bank mat erial r emoved  IP from s o lut i ons  c on tain ing 0 . 1 mgP 1- 1 a t  

solu t ion : s olid  r a t io s  o f  4 0 0 : 1 and 2 000 : 1 ( Fig.  8 . 1 5 and 8 . 1 6 ,  

r e spe c t i v e ly ) .  The  rat e o f  I P  r em ova l by  both surfa c e  s o i l  and 

str eam-b ank mat er ia l  at a s o lut i on : s o l i d  r a t i o  o f  400 : 1 was gr eat er 

tha n  a t  2000 : 1 .  For examp l e , sur fa c e s o i l  and str eam-bank mat er -

8 - 1  ial s or b e d  0. 009 and 0. 05 mgP l , r espe c t i v e ly ,  during 4 h  a t  

4 8 - 1 0 0 : 1, wh er eas at 2 000 : 1 ,  0 . 004 an d 0 . 01 mgP 1 , r esp e c t i v e ly , 
was s orb e d  in t h e  same t im e .  

The data sugg es t  tha t  th e r e lease  o f  I P  fr om s ur fa c e s o i l  and 

cast mat erial may oc c ur i n  surfac e r un o ff in v i ew of the  low DIP 

c o�c entra t i on in pr e c ip i t a t ion . I f  s ur fac e run o f f  d i d  

n o t  c on tr ibut e t o  s t r eam f low , b ecaus e o f  a r educ t i o n  i n  lan d 

slop e , but  j o i n e d  s ubsur fac e  flow , t hen subs o i l  mat e r i a l  ( c orr e spond

ing to  s tr eam-bank mat er i a l )  would be  able  to r emove IP fr om s o lu t i on 
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R e lease and uptake of IP from 0. 1 M  NaCl c ontain ing 

0. 1 mg 1-1 of IP by stream-bank ma�erial ( a ) , sur fa c e  

soil  ( 0-5c m )  ( b ) , pr ewashed eart hworm casts  ( c ) ,  un

treated  earthworm casts ( d ) , suspended -str eam sedi

ment ( e ) , < 30 pm sur fac e soil  ( f ) , suspen ded  sur fac e 
runoff  sediment ( g ) , a n d  < 30 pm earthworm c a s t s  ( h ) , 

as a func t ion o f  t ime a t  a solution : solid ratio  o f  

4 00:  1 .  
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- 1  Re lease an d uptake of  I P  fr om 0. 1� NaCl c onta in ing  0. 1 mg l 

o f  I P  by str eam-bank ma t er ial ( a ) , sur fac e soil  ( 0-5cm ) 

( b ) , prewashed earthworm casts ( c ) ,  suspended- stream sedi

ment ( d ) , untr eat ed  eart hworm casts ( e ) , <:. 30 ym sur fac e  

soi l ( f ) ,  suspended sur fac e-run o f f  sedimen t ( g ) , < 30 pm and 

eart hworm casts ( h ) , as a func t i on of time at  a s o lut ion : 

s o lid ratio  of  2000 : 1 .  
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r e sult ing in  low DIP c on c entrat i on s  in s ub s ur fa c e  flow ( S ec t ion 

6 . 3 . 2 . 1 . 

When t h e  po t en t i a l  sour c e  mat erials w er e  shaken wi t h  0 . 1 M  

N a C l  c on tai n ing 0 . 25mgP 1- 1  o f  DIP at s o lut i o n : s o l i d  rat io s  o f  

4 00 �1 and  2000 : 1 ,  a l l  r emoved I P  fr om s o lu t i on ( Fig . 8 . 1 7  an d 8 . 1 8 ,  

r e sp ec t i v e ly ) . The rat e o f  sorp t i on o f  I P  was muc h  gr ea t er for 

stream -b ank mat er i a l  t han fo r sur fa c e  s o i l  o r  c ast s . When t he 
- 1 i n i t i a l  0 . 1 M NaCl s o lut ion c ontained  a P c on c entra t i on o f  0 . 25mg l , 

25% o f  th e added P was sorb e d  aft er 30min a t  a solut i on : s o l.id r a t i o s 

rat io  o f  400 : 1 ( Fi g . 8 . 1 7 ) . A ft er t h e  same time , how ever , sur fac e 

s o i l  sorbed  only 8 %  and  c as t s  4% o f  t h e  a d d e d  P ( Fig . 8 . 1 7 ) . 

Furthermor e ,  st r eam -bank ma t eri al ha d an appr e c iab ly gr ea t er 

capa c i ty t o  sorb I P  fr om s o lut i on than s ur fa c e  s o i l  or c a s t  mat er ia l . 

wer e 

When the po t en t ia l  sour c e  mat er ia ls an d susp end e d  s e d im en t s  

shaken in 0 . 1� N a C 1  containing 0 . 5mg 1- 1  o f  IP a t  s o lu t i on : 

solid  rat ios o f  4 00 : 1 an d  2000 : 1 ,  s i m i lar t r ends for t he uptake 

an d r e lease of IP  were observed  ( Fi g . 8 . 1 9  and 8 . 20, r e sp e c t i v e ly ) 
- 1  a s  wi t h  0 . 25mgP l o f  a d d e d  I P  ( Fig . 8 . 1 7  an d 8 . 1 8 ) . Even a t  

- 1 ) the h igh i n i t i al I P  c onc entrat ion ( 0 . 5mgP l . , whi ch wa s r e c o r d e d  

only o c c a s i ona lly in  run o f f  wat er s , I P  was r e leased by th e < 30pm 

fra c t ion  of cast s ( 0 . 07mgP 1- 1 r e lea s e d  a ft er 4h , F i g . 8 . 1 9h )  and 
- 1 suspen d e d  sur fac e -runoff  s e d i ment ( 0 . 06mgP l r e leased  a ft er 4h , 

F i g . 8 . 1 9g ) at a s o lut ion : so l i d  ra t i o o f  4 00 : 1 . In c ontra s t , 

s t r eam-bank mat er ia l ,  sur fa c e  so i l ,  and  untr eat ed cast s w er e  a b l e  

t o  r em ove  4 0 ,  1 2, an d 8 %  o f  the added  IP , respe c t iv e ly, und er c or r e -

spending c ondit i on s . S i m i lar observa t i ons wer e ma d e  at the  w i d er 

rat i o  o f  2000 : 1 ,  where t h e -< 30pm fra c t i on o f  c a s t s  and susp e n d e d  

s ur fa c e -runoff  s e d iment r e leased 0 . 029 and 0 . 02 6mgP 1- 1 , r espec t i v e -

l� ( Fi g . 8 . 2 0h and 8 . 20g , r e spec t i vely ) , whereas str eam-

bank , s urfac e s o i l ,  and c a s t s  removed  1 6 ,  9 ,  and 4% o f  t h e  a d d e d  

I P .  Thus , t h e  data  ind i c a t e  the  p o t en t ial o f  the  < 30pm fra c t i o n  

o f  cast  mat er ia l  and suspended sur fac e -run o f f  sedime n t  t o  r e lea s e  

IP  t o  solut i on a n d  o f  s tr eam-bank a n d  s ur fac e - so i l  mat er i a l  t o  r e 

m o v e  IP fr om s o lut i on s  c on t a in ing high I P  c on c entra t ion s .  

I t  i s  appar ent , t her e for e ,  t ha t  i f  run o f f  o c c ur r e d  when t h e  

s t r eam was at low flow , c hara c t er i s ed by l o w  D I P  and s e d im en t  c on 

c entration s  ( S e c t i on 6 . 3 . 2 . 1 ) ,  t h e  par t i cula t e . mat er ia l  ( sur fa c e  
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Fig . 8 . 1 7  R e lease an d uptake of  IP from 0 . 1 M  NaC l c ontaining 

0 . 25mg 1-1 of IP by  str eam-bank ma t erial  ( a ) , sur fac e 

soi l ( 0-5cm ) ( b ) , prewa shed ear thworm casts  ( c ) ,  un

treated  ear thworm casts ( d ) ,  suspended -str eam sediment 

( e ) ,  < 30 pm surfac e soil  ( f ) , suspende d sur fa c e -runoff 

s ediment ( g ) , and  < 30 pm earthworm casts  ( h ) , as  a 

function of  t im e  a t  a solution : solid ratio  of  400 : 1 .  -
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F i g .  8 . 1 8  Re lease and uptake of  IP from 0 . 1 M  NaC l  c ontaining 

0 . 25mg 1- 1 of IP by str eam-bank mat er ial ( a ) , suspended

str eam sediment ( b ) ,  sur fac e  soi l ( 0-5cm ) ( c ) ,  pr ewashed 

earthworm casts ( d ) ,  untreated  ear t hworm casts  ( e ) ,  < 30 

pm sur fa c e  s o i l  ( f ) ,  suspended sur fac e-runo ff sediment 

( g ) , and < 30 pm eart hworm casts ( h ) � as a fun c t ion of 

t im e  at  a solut ion : solid  rati o  of  2000 : 1 .  
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Fig . 8 . 1 9 R e lease and uptake o f  IP from 0. 1� NaCl c ontai n ing 

0 . 5 0mg 1-1  o f  IP by str eam-bank mat erial ( a ) ,  suspended

str eam sediment ( b ) , sur fac e soil ( 0-5cm ) ( c ) ,  pr ewashed 

earthworm cants ( d ) , un treated eart hworm casts  ( e ) , < 30 

fm sur fac e  soil ( f ) ,  suspended sur face-runoff  se diment 

( g ) , and <30 �m earthworm casts  ( h ) ,  as a func t ion of 

t ime a t  a solut ion : s olid ratio o f  400: 1 .  
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F i g .  8 . 20 R e lease and upt ake o f  IP from 0 . 1 M  NaCl c ontain ing 0 . 5  

m g  1 - 1  o f  IP b y  str eam-bank mat er ia l  ( a ) , s urfa c e  soil  

( 0-5cm ) ( b ) ,  pr ewa shed  earthworm casts  ( c ) ,  suspended

stream sediment ( d )  un tr eat ed earthworm casts  ( e )  � 30 

?m sur fa c e  �o i l  ( f ) , suspended sur fa c e-runoff s ediment 

( g ) , and < 30 pm ear t hworm casts  ( h ) ,  as a func t ion o f  

t ime  at a solu t ion : so lid rat i o  o f  2000 : 1 .  

250 
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s o i l  and cast  mat er ial ) c on t ri but ed in sur fac e r uno f f  w ould r e lease  

IP  t o  so lut i on .  B e c a u s e  the  conc entrati on o f  DIP  i n  sur fac e  run-

o f f  from un fert i l i z e d , ungr a z e d  pas tur e  i s  low  ( Sect ion 6 . 3 . 3 . 1 ) ,  

t h e  observed  r i s e  in DIP c on c en trat i on , w i t h  a unit r i s e  in  s tr eam 

f low ( Se c t ion  6 . 4 )  may b e  a t t r i b u t e d  to  a r e lea s e  o f  IP  from sus-

pen d e d-par t i c ulat e  mat er ia l . I n  c on tras t , under c on d i t i on s  o f  

high str eam f low an d i n c r eas e d  D I P  c onc entra t i on , in  s i t u  str eam-

bank and  suspended- s t r eam s e d imen t  der iv e d  from bank e r o s i on 

( S e c t i on 7 . 3 . 2 . 3 ) , s h o u l d  r emov e s ub G tun t iu l  amoun t s  o f  IP from 

s o lut i o n .  

U s ing po t en t i al s o ur c e  mat er ials fr om a c a t chment in  Penn

sy l vania in sys t em s  s im u la t ing f i e l d  c o n d i t i on s ,  Tay lor and K un i shi  

( 1 97 1 ) obtained  simi lar r e sult s t o  thos e i n  t he pr es ent s t udy , al

t hough the  amoun t s  of  IP  r e leas e d  t o ,  and sorbed  from solut ion were  

d i ffer en t , due to  the  d i ffering extrac tab l e  soil  P levels of  the  

p o t en t i a l  sourc e ma t er i a ls .  The s e  worker s w ere ab l e  t o  show that 

s t r eam-bank mat er i a l, an d to a lesser ext e n t  s ur fa c e  soi l ,  had a 

v ery large  capac i t y  t o  sorb  I P  from the  s t r eam . The ab i li t y  o f  

s orpt i on - desorpt i on s tu di e s , u s ing po t en t ia l  sour c e  mat er ials  

from the  Massey Cat c hm en t , to  provide  r ea sonab le e s t ima t e s  of  DIP 

conc entrat ions i n  t h e  str eam under vari ous f low c on d i t i on s ,  i s  

d i s c us s e d  in a lat er s e c t i on ( Se c t i on 8 . 3 . 4 ) . 

8 . 3 . 3 . 2 Suspended s t r eam and sur fac e-runoff  par t i c u

la t e  mat er ial . The  uptake an d r e lea s e  o f  I P  b y  suspended  s t r eam 
an d s ur fac e-run o f f  s e d im en t s  wer e i nv es t iga ted  using the same 

syst ems  as tho s e  u s e d  for pot ent ia l  s our c e mat er ia ls . S t r eam 
sediment  susta i n e d  higher DIP c on c en trati on s  in 0 . 1 M NaCl in t h e  
ab s en c e  o f  add e d  I P ,  than di d any o f  t h e  o t her t hr e e  sour c e  mat er 
ials ( Fi g .  8 . 1 3  and 8 . 1 4 ) .  A t  high er i n i t ia l  P conc entrat ions  
( 0 . 5mg 1- 1 ) and t l t · 4 a a so u � on : so l i d  rat i o  of 00 : 1 ,  c a s t s  and 

s t r eam s e d iment b ehave d  s im i lar ly .  

Sur fac e-r un o ff sediment r e leas e d  s ub stan t i a lly mor e I P  t o  
0 . 1 M  NaCl c on t a i n i n g  no  IP , t han d i d  c as t s  ( Fi g .  8 . 1 3  a n d  8 . 1 4 ) . 
A f t er 4h at 4 00 : 1 ,  sur fac e -r un o f f  s e diment r e leased  0 . 28mgP 1- 1 , 
wher eas c a s t s  r e lea s e d  only 0 . 067mgP 1- 1  ( Fi g . 8 . 1 3 ) . S i m i lar 

t r en d s  wer e a ls o  o b served  at t h e  wi der  ratio  o f  2000 : 1 ,  a l though 
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t h e  sur fac e -runoff  s ed i m e n t  c on c entra t i on s  ob s erved  in  f i e ld

moni t or ing s tudi e s  s e ldom fell b e low 5 00mg 1- 1 ( 2000 : 1 s o lu 

tion : solid rat io ) .  From t h e  data pr e sent e d , i t  appears  t ha t  t h e  

P uptake and  r elease  c harac t e r i s t i c s  o f  t h e  s ur fa c e  s o i l  an d c a s t  

ma t er ia l  ar e  n o t  analogous t o  thos e o f  sur fac e -run o ff � e diment . 

Sur fac e -runoff s e d iment , how ev er , c ontain e d  n o  mat er ial gr eat er 

t han 250ym ( Table 8 . 1 ) and 7 �� was less  than 2 0pm .  C ons e quen t ly , 

t he P upt ake and r e lea s e  chara c t er is t i c s  o f  t he < 30fm fra c t i on 

o f  c a s t s  and sur fa c e s o i l wer e inv e s t i ga t e d . The < 3 0y-m fra c t i on 

o f  c a s t s  r e leased s li ght ly more  I P  t o  0 . 1 M N a C l  aft er 4h t ha n  sur 

fac e -r un o f f  sedimen t a t  all  levels  o f  a d d e d  I P  and at b o t h  s o lut i on : 

s o lid r a t i o s  ( F ig . � . 1 3 to 8 . 1 8 ) . In i t ia lly , how ever , the  rat e 

of r e lease  o f  I P  t o  s o lut i on fr om sur fa c e -run o f f  s e d iment was gr ea t 

er t han tha t  from < 30pm cast  ma t er ia l .  

Appr ox imat e l y  2 5  a n d  5 �� o f  the  who l e  sample o f  s ur fa c e s o i l  

an d cas t s , r espe c t ive ly, was < 30ym .  C o n s e quent ly , in  sys t ems  

using t he < 30pm frac t i on t her e would  b e  a four - an d t w o - f o ld gr eat er 

amount o f < 30pm ma t er i al t han in t he syst em using who le  samples  o f  

sur fa c e  s o i l  and c a s t  mat er ia l ,  r e spec t iv e ly .  This , c oupled  w i t h  

t h e  fa c t  t hat t h e < 3 0pm s i z e  fra c t ion  i s  en riched  in  I P  c ompar e d  

t o  t h e  mor e c oar s e  frac t i ons  ( Tab l e  8 . 2 ) , would l e a d  t o  t h e  < 30p.m 

mat er i al sustain ing an appr ec iab ly h i gh er D I P  c on c en tra t i on t ha n  

who l e  samples . This  i s  the  c a s e , even t hough I P  r e l ea s e  would hav e  

o c c ur r e d  dur ing the  s eparat i on of < 3 0ym from the  s ur fac e s o i l  and 

c a st s .  

The dat a  ind i c a t e  t hat < 30fm s ur fac e  s o i l  a n d  
c a s t  mat erial , an d suspended  s ur fac e- r un o ff and str eam s e diment , 
ma intains h i gher D I P  c on c en t rat i on s  than who l e  sur fac e s o i l or 

cast mat er ia l  samp les. This provi d e s  a b et t er un d erstan d ing of the e o• 

nc e n t ra t i ons  o f  D I P  ob s erved  in  s ur fa c e r unoff  ( as d i sc us s ed in a 

la t er s e c t ion , S e c t ion 8 . 3 . 4 ) .  Although Taylor an d Kun i s h i  ( 1 9 7 1 ) ,  

Kun i shi !! a l .  ( 1 972 ) , and Ryden e t �· ( 1 972a , b )  c o n d uc t e d o i m i 
lar exper im en t s  us ing who l e  sampl e s  o f  sur fa c e a n d  sub s o i l  ma t er ia l ,  
n o  work has b e en r eport e d  which eval ua t e s  the  s or p t i on an d d esorp
t i on of I P  by c er tai n size frac t i ons of par t i c ula t e  sour c e  mat er ials 
c ontr ibut ing to  s ur fa c e -run o f f  an d s t r eam s e d im en t . 
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M i xt ur e s  o f  po t en t ia l  sourc e ma t er ials i n  

sur fac e runoff . B e c ause sur fac e -runof f s e d i ment is pr i mari ly 

der i v e d  fr om casw and sur fac e so i l ,  mixtur e s  of the s e  two mat er ials  

wer e shaken in  0 . 1 M NaCl  c ontainin g  n o  added  IP  at  a s o lu t i on :  

s o l i d  rat io o f  4 00 : 1 in order t o  inve s t iga t e  th e ab i li t� o f  s ur fac e 

so i l  to sorb IP r e leased . 

I t  has pr e v i o u s ly b e en shown t ha t  c a s t s  r e leas e  mor e I P  t o  

s o lu t i on an d r emove  less  I P  from s o lut i on t han sur fa c e  so i l . 

As t h e c ontr ibut i on o f  c a s t s  increas e d , t h e  amount s o f  P r e l ea s e d  

to 0 . 1 M NaC l  i n c r eased c orr espondingly ( Fi g . 8 . 21 ) . The i n c r ea s e  

in D I P  c oncentrati on a f t er 4 h  was not  d ir ec t ly pr oport i on a l  t o  

t he increase  in  the  perc en tage  o f  c a s t  mu t cr ia l  i n  the m i x t ur e . 

For example , an increase  in t h e  DIP c on c entrat ion o f  0 . 01 3mg 1- 1 

wa s obtained when t he �mount o f  c a s t  mat erial  in the  m i x t ur e  was 

inc r eased from z er o  t o  1 0% . W i t h  each s ub s equent incr ea s e  o f  20% 

in the pr oport i on o f  cast  ma t er ia l  in  t he m i x t ur es up  to  9 0% , t h e  

i n c r ease  i n  D I P  conc en t rat i on main t a i n e d  b ecame sma ller  ( Fi g . 8 . 21 ) .  

For  example , an increase  in DIP c on c entrat i o n  o f  0 . 01 1 mg 1- 1 at  4h 

was obtain e d  when t he pr opor t i on of c a s t s  in the mixture  wa s in

c r eased  fr om 10  to  3Cf% , whereas an inc r ease  o'f on ly 0 . 005mg 1 - 1 

a t  4h was ob served  when the  propor t i on o f  cast mat er i a l  was in

c r eased  from 70 t o  9�� ( Fi g .  8 . 2 1 ) .  Sur fac e s o i l  can appa r ent ly 

only buffer the  r e lease  o f  IP by  c a s t s  when t he amount o f  I P  r e 

l ea s e d  by the  c a s t s  i s  gr eater than a valu e whi c h  r e s u l t s  in  P 

sorpt ion by  the  sur fac e so i l  and s upr ess i on o f  P r e lea s e .  

The r em oval o f  I P  fro� s o lu t i on b y  m i xtur es o f  ca s t s  an d 

sur face  s o i l  was s imi lar ly inv e s t i ga t ed us ing a shak ing t i m e  o f  

30min an d a s o lut i on : s olid  rat i o  o f  4 00 : 1 .  The data a r e  pr e s ent

ed  in the  form o f  a nomogram ( Fi g . 8 . 22 ) , dev e loped b y  plot t ing  

sorp t i on i so t herms for  a rang e of  ratios  o f  cast  and sur fac e s o i l  

mat er ia l .  This appr oac h  was u s e d  b y  Ryden � al . ( 1 972b ) t o  in-

vest iga t e  and pr e d i c t  the  pot ent ia l o f  s o i l  hor i z on s  for the P 

enr ichm ent o f  s t r eams . Ryden !! a l .  ( 1 972b ) c onstruc t e d  paralle l 

lines  t hr ough p o i n t s  c orr esponding t o  the same i n i t ia l  P c on c entra

t i on on a l l  i sotherms , b ec aus e t he solu t i on : s o l i d  ra t i o  was c onstant 

( 4 00 : 1 ) . These lines  cross e d  the ab c i �sa at  a final s o lut i on P 

c on c entrat ion  equal t o  the i ni t ia l  P c on c en trat i on ; that i s ,  wher e 

t here  was no n e t  c hange o f  P b e tw e en the  so l i d  and a qu eous phases . 
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Fi g .  8 . 21 R e lease of IP from mixtur e s  of earthworm c a s t s  ( A )  and 

sur fa c e  soi l ( B ) t o  0. 1 M  NaCl ( no added IP ) as  a func t ion 

o f  t ime at a solut ion : s olid· ratio of 4 0 0 : 1 .  
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f i g .  8 . 22 U p take o f  IP by 1 . 0  t o  0 . 0  ( a ) ,  0 . 9  t o  0 . 1 ( b ) , 0 . 7  t o  

0 . 3 ( c ) , 0 . 5  t o  0 . 5  ( d ) , 0 . 3  t o  0 . 7  ( e ) ,  0 . 1 t o  0 . 9 ( f ) , 

a n d  0 . 0  t o  1 . 0 ( g )  m i x t ur e s  o f  c a s t s  an d sur fa c e  s o i l ,  

fr om 0 . 1 M  NaCl c on t a in ing 0 ,  0 . 1 ,  0 . 25 ,  an d 0 . 5mg 1- 1  

o f  a d d e d  IP a f t er 3 0min , a t  a s o lut i on : s o li d  ra t i o  

o f  4 00 :  1 .  



C on s e quen t ly , i t  is  pos s i b l e  t o  pr edi c t  the  e f f e c t s  o f  var y ing 

m ix t ur es o f  c a s t s  and sur fa c e  s o i l  on t h e  DIP c on c entra t i on at 

d i fferent i n i t ia l  P c on c en trat i on s , und er exper imental c on di t i on s  

s imulating sur fac e run o f f .  

I t  was ob served  t ha t  t he gra d i en t s  o f  t he c onstruc t ed lin e s  

r epr esen t in g  the  same  ini t ia l  P c on c en t ra t i on ( dashed , Fig . 8 . 2 2 )  

were  equal  t o  400 : 1 , t huE b eing propor t i onal t o  the s o lu t i on : s o l i d  

ra t i o .  T hus , by c on s truc ti ng lines o f  vary ing slope , i t  i s  p o s s -

i b l e  t o  e s t ima t e  t he D I P  c onc entrat ion a ft er a c ontact  t ime  o f  3 0min 
b e t ween par t i culat e ma t erial and the so lut i on a t  spec i f i ed i n i t ia l  

P c on c en tra t i ons , s o lu t i on : s o l i d  rat i o s , and m i xtur es  o f  c a s t  and 

soil mat er ial . The s e  e s t ima t e s  ar e only val i d  i f  t he P sorpt i on 

i sotherms for the range of s o i l  m i x t ur e s  d o  n o t  change r e lat iv e  t o  

one anot h er wit h a c hange in solut i on : s o l i d  rat i o  ( Ryden � a l . , 

1 972b ) .  

B y  c on struc t i ng a line equiva l en t  to  a s o lut i on : so l i d  rat i o  

o f  2000 : 1 1 i t  i s  pr e d ic t ed tha t  sur fac e s o i l  mat er ial  can sorb 

1 . 8pgP g- 1 soi l ( 0 . 001 mg l- 1 ) from an in i t i a l  P conc entra t i on o f  
1 - 1  0 . 1 0mg l- a f t er 30min . I t  was observed  ear li er t ha t  2 . 0fgP g 

- 1 
( 0 . 001 mg l ) was sorbed by  sur fac e s o i l  ( Fi g . 8 . 1 6 )  from 0 . 1 M Na C l  

after 30min a t  a s o lut ion : so li d  rat i o  o f  2 000 : 1 .  I f  the  data from 

simu lat e d stud i e s  us i ng mixtur e s  of the d i f ferent pot ent ia l  s o ur c e  

mat er i a ls c on t a i n ed i n  s ur fa c e  r un o f f  o r  s tr eam f low are pr e s e n t e d  

a s  a nomogram, i t  should b e  pQ ssib le  t o  e s t i mate  t h e  e f f e c t  o f  t h e s e  

mixtur e s  o n  the  D I P  c onc entra t i ons o b s er v e d  in sur fa c e  run o f f  a n d  

str eam f l o w  at var i ous s olut i on : so l i d  r a t i os by  extrap o la t i on fr om 

the nomogram for  on e ra t io .  

I t  has b e en shown t ha t  str eam and sur fac e-run o f f  s e d i m en t  and 

pot en t ial s e d i m ent- sour c e  mat erials  exh i b i t  w i d e l y  d i f fering P 

r e lease and upt ake chara c t er i s t i c s  ( F i g .  8 . 1 3  t o  8 . 1 8 ) . I n  t h e  

c a s e  o f  sur fac e r un of f ,  sur fa c e  s o i l  a n d  cas t s  r e leas e d  s i gn i f i cant 

quan t i t i e s of I P  to s o lut i ons c on t a i n ing negli g i b l e  DIP c onc entrat i ons , 

such  as those  in pr ec i p i ta t i on .  The c on c en t ra t i on o f  DIP , however , 

w i ll b e  mod i f i e d  further during  p e r i o ds o f  h i gh s t r eam flow d ue t o  

t h e  high P sorpt i on c apa c i t y  o f  str eam-b ank mat er i a l  opera t ing in 
s i tu or t ransport ed i n . suspension ( Se c t i on 7 . 3 . 2 . 3 ) . 
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8 . 3 . 4 Compar i s on o f  fi eld and s imula t e d  syst ems dat a  

In an a t t empt t o  e s t imat e and explain  t he changes  i n  DIP 

c on c en trat i on s  dur ing str eam flow , th e dat a  obtained from f iel d 

mon i t oring s t ud i e s , un der var i ous s tr eam flow condi t ion� , w e r e  

c ompar ed w i t h  t ho s e  obta ined from s imulat ed syst ems . 

Dur ing t h e  high- intensity  s t orm descr ib ed ear l i e r  ( ev en t  3 ,  

Sec t i ons 5 . 3 . 1 and 6 . 3 . 3 . 1 , for a c c el era t e d  sub sur fac e and st orm 
- 1  flow , respe c t i v e ly ) a DI P c onc en t rat i on o f  0 . 1 mgP l was observed 

in  a c c elera t e d  sub sur fac e runof f en t er ing the str eam following  

peak  tile  d i s c harg e  ( F ig . 5 . 5a ) . On e hour lat er, a DIP  conc en

trat ion o f  0. 1 6mgP 1- 1 
was ob served  in str eam f low ( F i g . 6 . 1 3a ) . 

The sediment c onc entrat ion o f  s tr eam flow , however, on ly d e c r e a s e d  
- 1 l from 2 000 t o  1 750mg l ( a  s o lu t i on : so l i d  rat io o f  approxima t e  Y 

500 : 1 )  over t h i s  period  ( Fi g . 6 . 1 3b ) . I t  was shown in  t he pr evious 

s ec t i on tha t when str eam sediment was shaken with  0 . 1 M NaC l c ontain

ing 0 . 1 0mgP 1- 1  of  added IP a t  a s o lut ion : s olid ra t i o  of  4 00 : 1 
- 1 - 1  ( 25 00mg l ) ,  a DIP c on c en t ra t i on o f  0 . 1 5mgP l was ma i n t a i n e d  

aft er 1 h  ( Fi g . 8 . 1 5 ) . Cons i d e r i n g  that i n  s i tu s t r eam-b ank ma t er -

i a l  w i l l  r emove s om e  IP from so lut i on ,  the DIP c on c en t ra t ion ma in

ta ined in the s imula t e d  syst em is r emarkab ly sim i lar to t ha t  fr om 

f i eld o b s erva t i ons . 

Sur fa c e runoff pr imar ily or i g i nat e s  d i r e c t ly fr om pr e c i p i t a t i on 

w i t h  minor amoun t s  o f  s ub sur fa c e f low em erging a t  the sur fa c e  and 

c ontribut ing to sur fac e  runo f f  ( Dunn e and B lac k ,  1 97 0 ) . I t  can 

be as s um e d , ther efore , that s ur fa c e -r uno ff wat er i n i t ia lly has a 

low DIP c on c entrat i on ( 0 . 008mgP 1- 1 , S e c t ion 4 . 3 . 3 . 1 ) b e fore  c on

tact  w i t h  t he sur fa c e  s o i l .  Dur i ng a high - int en s i t y  s t orm ( Fi g .  

4 . 3b ) , a max imum s edimen t c on c en trat i on o f  2000mg 1- 1 was observed 

in sur fa c e  r uno f f , whereas very  l i t t l e  var i a t i on in  the DIP c on

c en trat i on o f  0 . 1 8mgP 1- 1 ( Fi g .  4 . 3a )  was observed  d ur i ng the even t . 

By r e fer en c e  t o  t he simula t e d  s ys t em ,  i n  which s ur fac e -run o f f  

s edimen t  w a s  shaken w i t h  s o lu t i on s  c onta ining 

so lut i on : so lid rat i o  of 4 00 : 1 ( 25 00mg l- 1 ) ,  a 

o f  0 . 1 8mgP 1-1 was measur e d  a ft er 30min ( Fig . 

n o  add e d  I P  a t  a 

D I P  c onc entra t i on 

8 . 1 3 ) . The dat a  

indica t e  t ha t  the  experimen t a l  c ondi  t i on,s used i n  t h e  laborat ory 

s t udi es  adequat e ly simula t e  t h e  s ur fac e-runoff  env ir onmen t ,  a l

though t he c ontac t t ime b e t w e en s ediment and wat er o f  3 0min i s  
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arb i t rary , and shor t e r  or longer c on t a c t  t imes  may o c c ur in t h e  

f i e l d . Romken s and N el s on ( 1 9 74 ) also ob t a in e d  s i m i lar dat a  

for t he conc en tra t i on o f  DIP in sur fac e runoff  and the c o n c en t r a 

t i on ma intain e d  b y  surfa c e  s o i l  mat er ia l  from s ur fac e -r un o ff  

plo t s , when shaken w i th 0 . 1 M  NaCl at  a so lut i on : so l i d  rat i o  o f  

5 0 : 1 f or 1 6h .  

In a storm event  ( event 1 ,  Sec t i on s  5 . 3 . 1  and 6 . 3 . 3 . 1 ,  f or 

ac c e lera t e d  sub s ur fac e an d st orm flow , r e spec t ively ) o f  lower 

str eam d i scharge rat e t han in the f i r s t  e v ent disc ussed  ( ev en t  3 )  

a DIP c onc en trat i on o f  0 . 1 mgP 1- 1 i n  ac c e l erat ed s ub sur fa c e  r un o f f  

was o b s erved dur ing the d e c r ease  i n  f lo w  ( Fig . 5 . 1 a ) . On e hour 

lat er , a DIP c on c entrat i on of  0 . 08mgP 1- 1 wa s o� served in s tr eam 

flow ( F i g .  6 . 9a ) , whereas over this p er i o d  the  sedimen t  c on c entra

t i on o f  str eam flow  decr eased  from 500 to  300mg 1- 1 (a  mean s o lut i on : 

s o l i d  rat io o f  2000 : 1 ) .  The low con c en t rat i on o f  s usp end ed  s e d i -

ment  in the str eam w i ll m o d i fy DIP c onc e nt ra t i ons t o  a sma l l  ext ent 

only ( F ig . 8 . 1 6 ) .  When str eam-bank mat er ia l  was shaken w i t h  0 . 1 M 
- 1  N a C l  c ontain ing 0 . 1 0mgP l o f  added I P ,  a t  a solut ion : s o l i d  rat io  

o f  2000 : 1 a DIP c on c entrat ion o f  0 . 09mgP 1-1  was a t tained  a f t er 1 h  

( F i g .  8 . 1 6 ) . 

I f  sub s ur fac e runo f f , w i t h  low s us pe n d e d  sediment c on c ent ra

t i on , i s  assum e d  to or i g inally hav e a s i m i lar DIP conc entra t i on 
- 1 t o  that o f  sur fa c e  runo f f  ( av erag e o f  appr oxima t e ly 0 . 1 0mgP l 

from unfer t i li z e d , ungraz ed p lo t s  i n  t h e  mon i t or ing s t ud i e s , S e c t i on 

4 . 3 . 3 . 1 ) the uptake an d r e l eas e o f  IP b y  sub soil  mat er i a l  ( st r eam

bank ma t er ial ) c an ac c ount for t he c on c en t rat i on of DIP ob s erved 

in  s ubsur fac e f low . Duri ng one sub s ur fac e flow event ( Fi g .  6 . 3a ) , 
- 1 t h e  DIP c on c en trat i on only var i e d  b et w e en 0 . 030 an d 0 . 035mgP 1 

an d the suspend e d  s ediment conc en t rat i on r ema ined negligi b le o v er 

a p er i o d o f  n i n e  days . The DIP c o n c en t rat i on o f  sub sur fac e flow 

i s , therefor e ,  i n f luenc e d  by  the  s ub s o i l  thr ough whi c h  the  wat er 

moves , and t he str eam-bank ma t erial  and b o t t om sedimen t s  that the 

s t r eam c ontac t s  dur ing i t s passag e . S t r eam -bank mat eria l ( sub 

s o i l  exposed a t  t h e  str eam-bank ) was ab l� t o  support a DIP  c onc en-
- 1  

trat ion o f  0 . 035mgP 1 at  the  narr ower so lut i on : s olid  rat i o  ( 400: 1 )  

a f t er a 4-h shaking per i o d  ( Fig . 8 . 1 5 ) . 

Taylor and Kunishi ( 1 971 ) wer e also  ab le t o  c lo s e ly simula t e  
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D I P  c on c entra t i ons dur ing base flow of a str eam dra in ing a sma l l  

agr i c ultural cat chment i n  Pennsy lvania , using P s orpt i on data ob 

t a i n e d  w i t h  p o t e n t i a l  s o urc e ma t e r ials  from t h e  c a t c hme nt . They 

ob s er v e d  tha t  DIP c on c en trat i ons dur ing bas e f low of the  str eam 

6 
-1  

w e r e  in the range o f  0. 04 0  to  0 . 0 Omg 1 , c onc entra t ions  c lo s e  

t o  t h o s e  pre d i c t e d  from P sorpt i on stud i es u s i n g  str eam-bank an d 

sub s o i l ma t er ia l .  Furth er wor k by  Kun i shi  � a l .  ( 1 972 ) on the 

same c a t c hment showed t hat  eroded str eam-bank mat e r i a l  exhib i t e d  

a h i gh P- sorpt ion capa c i t y  which r esult ed i n  a decrease  i n  the  

DI P c oncentra t i on in str eam flow under c ond i t i ons o f  high wat er 

f low and mixing . 

C ons equent l� s imula t e d  syst ems using pot ential  s ourc e mat er ia ls 

and suspen d e d  se diment , at solut i on : so l i d  rat i o s  an d in i t ia l  IP 

c onc entra t i ons simi lar t o  those ob served in the  f i e ld , can to a 

larg e  ext ent acc ount for t h e  c hanges in  DI P c on c entrat i on s  ob served  

in  the f i e ld .  

8 . 4  Gen era l Discus s i on 

·rhe  da ta  ob tained  for the s easonal var iat ion in  eart hworm 

a c t i v it y , and for t he amo unts  an d r e lea s e  t o  so lut i on of P forms 

fr om ear thw orm cast s , hav e  b een d i scussed ear l i er ( Sec t i on 8 . 3 . 1 . 5 ) ,  

a long w i t h  the chem i c a l  natur e o f  I P  in cas t s , in t erms o f  the  

pot en t ia l  c on tribut i on of  cas t s  t o  the load in g  of  P f orms an d 

s e d imen t  in sur fa c e  r uno f f . In the following d i s c uss i on , however , 

c a s t s  w i l l  b e  evalua t ed a long w i th surfac e s o i l and s t r eam-bank 

mat erial  a s  potent i a l  s o urce  and s i nk mat er ia l s  of IP under c on-

d i t i ons whi c h  simulat e the r un o ff environmen t . In t erms o f  t h e  

str eam environment , s ur fa c e-run o f f  and str eam s e d iment , a n d  stream

bunk ma t e r ia l  wer e used  as the  s o l i d  mat er i a ls in t he s imula t e d  

s y s t ems . 

As emphasised  b y  R yden � al .  ( 1 �72a ), and a s  i s  apparent fr om 

t h e  pr esent  s t udy , t he levels  o f  IP add e d  an d so lut i on : s olid  rat i o s  

used  in s imulated  syst ems a f f e c t  th e c onc entrat i on o f  I P  ma in t a in e d  

in solu t i on b y  p o t en t i a l  s our c e  mat er ials . When t he so lut i on : 

so l i d  rat i o  was incr eas e d  ( s e dimen t c on c entra t i on d e c reased ) ,  t h e  

r a t e  o f  P s orption an d d esorpt i on d e c r ea s e d  muc h mor e rapi d ly and 



260  

t hus, a st eady- stat e P c on c entra t i on was  ma inta ined  in  a shor t er 

per iod o f  t ime for s ur fa c e so i l ,  cast , and s t r eam-bank ma t e ria l .  

A depen d en c e  o f  the amount o f  I P  r e leased to s o lut ion on the 

s o lut i on : s olid  rat i o  was also  found by  several workers us ing 

var i ous s o i ls ( Larsen and C ourt , 1 960 i For dham , 

1 963 ; Whi t e ,  1 966 ) . W ork b y  Hope and Sy er s ( 1 976 ) , however , 

ha s sh own that the  r e lat ionship b et w e en s olut i on : so li d  rat i o  and 

IP sorpt i on is kin e t i c  in o r i g in . 

t hinking appli es t o  P r e lea s e .  

I t  i s  c on c eivable  tha t  simi lar 

In  syst ems s i mu lat ing the runoff  envi c onment , cast s r e leas e d  

more IP than sur fa c e so i l ,  wh i c h  in turn r eleased mor e  than str eam-

bank mat er ia l .  T h i s  s equen c e  was rever s e d , howev er , w i t h  r espe c t  

t o  t h e  ab i l i t y  o f  t h e  mat e r i a ls t o  r emove I P  from s o lut i on .  T h e  

data suggest , ther e f or e , tha t  the IP  whi c h  i s  r el ea s ed by  c a s t  and 

sur fac e - s o i l  mat er ia l  t o  s o l u t i on un der c on d i t i ons which s imula t e 

the sur fa c e -run o f f  environmen t , can b e  r emoved  fr om s olut i on b y  

str eam -bank mat er i a l  und er c onditi on s whi c h  s imula t e  t he str eam 

en v ir onment . Ot her workers have r eport e d  that s ub s o i l  or ma t er i a l  

expos e d  a t  the s t r eam -bank i s  abl e t o  r emov e I P  r e lea s e d  b y  s ur fa c e  

so i l  ( Taylor and K un i shi , 1 97 1 ; Ryden � a l . , 1 972b ) . 

In  contrast , sur fac e -r un o ff s e diment was ab l e  t o  maintain 

higher IP c onc en t rat i ons than pot en t i a l  so ur c e  ma t er i als . L i t t le 

work has b een r eport e d ,  however , on the  ab i l i t y  o f  s uspen d e d  par

t i c ula t e  mat er ia ls to  mod i fy the c o nc en t ra t i on o f  DI P und�r c ond i t i ons 

s i mula t ing the s t r eam and sur fac e-run o f f  environment s . Kun i shi  

� a l .  ( 1 972 ) demonstrat ed  t ha t  s uspended- str eam sed im ent s or b e d  

IP  f r om s o lut i on in  amoun t s  t ha t  were  c on s i s t en t  wi th t h e  upt a k e  

and r el ease charac t er i s t i c s  of  the  pot ent ia l  s our c e  ma t er ia ls . 

In a st udy o f  the s orpt i on of  IP b y  s uspen ded part i c ulat e 

ma t er i al from t h e  I l lino i s  and Spoon r 1vers in I llino i s ,  Wang 

( 1 974 ) ob served t ha t  the rates of IP s orp t i on by the t wo s e diments  

wer e essent ially t h e  same at simi lar initial P c onc entrat i on s .  

Par t i c ulat e mat er ial fr om t he I l lin o i s  r iv er , however , was ab l e  

t o  s orb appr oxima t e ly s ev en t imes more I P  p er unit  w eight o f  

mat er ia l  than t hat fr om the Spoon r i v er . Thi s  was attribut e d  
t o  a dissimi lar ity  in part i c l e  s i z e ,  min eralogy , and organ i c  mat t er 

c on t en t  of  t he mat eria ls . 
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At t empt s  to  a c c o unt for th e c on c en trat i ons o f  DIP  in s ur fac e 

and subsur fac e r un o f f  and in str eam flow, using data for t h e  up take 

an d r e lease of IP by  suspended s ur fac e-run o f f  an d s t r eam s e diment  

and po t en t i al sourc e mat erials , w e r e  r easonably suc c e ss ful . In  the 

case o f  s ur fac e run o ff , a r emarkab ly s i m i lar conc en trat �on o f  IP  

was main t a i n e d  by s uspended s ur fac e -r uno f f  sediment, aft er only a 

short per i o d  o f  c ontac t w i th a s o lut ion o f  n egligi b le i n i t i a l  IP  

c onc en trat i on ,  to t he DIP c on c en trat ion ob tained  in  f i e ld s t u d i e s .  

I t  i s  o f  int er est  t hat  R omkens and N elson ( 1 9 74 ) were  a b l e  t o  e s t i 

mat e  the c on c en t rat i on o f  DIP i n  s ur fac e runoff  from a f er t i li zed  

s i lt loam us i ng sor pt i on-desor p t i on s t ud i e s .  

The ab i li ty o f  sub s o i l  o r  s t r eam-ban k  ma t er ia l  t o  r emove  large 

amounts  o f  IP  from s o lut i on i s  c o n s i s t ent wi t h  the low DI P c on c en

trations ob served i n  s ubsur fac e f low wh en the  only par t i c ula t e  mat er -

i a l  in  c ontac t w i t h  str eam f l ow was str eam-bank mat erial . Th i s  can 

be a t t r i b u t ed  to a lower sat urat i on of t h e  P sorpt i on c omplex in 

stream-bank ma t er ia l  than in t he o t h er po t ent ia l  sour c e  an d suspended

sediment mat erials us e d .  

A s im i lar agr e emen t b e t w e en the  c on c entrat ion o f  IP maintained  

by  sub s o i l  ma t er ia l  and tha t  ob s er v e d  dur i n g  str eam-ba s e  flow was 

found by Tay lor an d Kuni shi ( 1 971 ) .  W i t h  an i n c r ease  in  str eam 

flow , however , a more  c ompl ex s i t uat i on ar i s es  w i t h  t h e  var iable 

c ontr i b ut i on o f  p o t ential  sour c e  mat eri a l  t o  suspen de d-str eam s e d i -

ment . Even s o ,  i t  was poss i b le in the  pr e s en t  s t udy , t o  a c c oun t  

for a c hang e in  t h e  c onc en t ra t i on o f  D I P  i n  the a c c e l erat ed  s ubsur

fac e run o ff input into str eam flow  a f t er a c ertain per i od o f  t ime , 

c onsi d er ing the uptake and r e leas e  o f  I P  by susp end e d - s tr eam s e d i -

ment and s t r eam- bank ma t er ia l .  Kun i s h i  � al . ( 1 9 72 ) a l s o  observed 

that t he suspended  sedimen t  from a s t r eam at high f low in  Pennsyl

vania sus t a in ed h igher DIP c on c entrat i ons than suspen ded  s ed iment  

from t he s tream a t  low flow.  This  d i fferen c e  wa s a t t r ibut e d  to  a 

much h i gher pr opor t i on o f  t o p  s o i l  in  the  s uspen d e d  mat er i al from 

t he h i gh - f low e v ent c ontribut e d  by  sur fac e  run o f f , g i v ing a c ompo s i t e  

sample o f  lower P - s orbing c apa c i t y  t han i n  the  low-flow even t . The 

very h i gh sorpt i on capa c i t y  o f  s uspended mat er ia l  from the low - flow 

event is  cons i s t ent wi th the  pr e s en c e  o f  a high pro por t i on o f  s t r eam

bank mat er ia l .  Furthermor e ,  t h e s e  worke·r s sugg e s t e d  from s orpt ion

desorpt i on s t ud i e s  t ha t  s ur fa c e  run o f f  from agr i c ultural land c an 



262 

-1  c onta in 0 . 05 to  0. 20mgP 1 DI P ,  but  w i th mov ement down str eam and 

m ixing with s e d i m ents  derived  from subso i l  or str eam-banks , these  

c onc entra t i on s  ar e r e duc e d  t o  0 . 01 0  t o  0 . 01 5mgP 1- 1 • 

The data obtained i n d i c a t e that IP s orpt i on and des9rpt i on b y  

po t en t ia l  sour c e  mat erials and  suspend e d  s e d ime n t , using in i t i a l  

P c on c entrat i on s  and so lut i on : so l i d  rat i os s i m i lar t o  tho s e  obtained  

i n  f ie ld moni t or in g  s t u d i e s ,  prov i d e  a m ean in g ful evaluat i on o f  

t he m o d i fic a t i on o f  D I P  c on c entra t ion in sur fac e a n d  stream f lo w .  



SUMMARY 

The  work pr e s en t e d  in t h i s  thesi s  may b e  summar i s e d  a s  

f o llows : 
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1 .  A review of t he l i t era tur e  in d i c a t ed t hat li t t le da t a  

have b e en r epor t e d  on the sour c es  and amoun t s  o f  P and N forms 

transport ed in r un o f f  types ( sur fac e ,  a c c e lerat ed sub sur fa c e ,  and 

sub sur fac e runo f f ) and in s t r eam flow from c a t c hments in N ew 

Zea land . Furthermor e ,  l i t t le at t empt has b e en made t o  evalua t e  

the r e la t i v e  c on t r i b u t i on o f  r un o f f  types  t o  the  P and N loadings 

of str eams dra ining  cat chmen t s  both  i n  N ew Zealan d and o v er s ea s . 

2 .  A lthough r e lat i on ships  b et w e en f low and c onc entra t i on 

o f  P and N forms var i ed b e tween t he d i f f er ent run o f f  t ype s , flow 

was t he more imp o r t an t  var iab l e  in  d e t erm i n ing the P and N loa d-

ings in each run o f f  type . A s  a r e sult o f  mor e rapid fluc t ua t i ons 

in the  c onc entra t i on o f  P an d N form s , an d  in f low dur ing sur fac e  

and a c c e lerat ed s ub s ur fa c e  r uno ff , and i n  st orm flow in t he s t r eam 

dra in ing a dominant ly pa s t ur e  cat c hmen t , a gr eat er freque n c y  o f  

sampling o f  thes e r uno f f  types  wa s required  t o  obtain r e liable  e s t i 

ma t e s  o f  P an d N loadings , than was t h e  c a s e  for sub s ur fac e  r un o f f .  

3 .  The a pp l i c a t ion o f  f e� t i l i z er P ( 50kgP ha - 1 ) t o  surfa c e 

runo f f  plo t s  i n  t h e  cat c hm ent i n  J u n e 1 975 , dramat ica lly incr eased  

the  c o n c entra t i on s  and amount s o f  P forms transpor t e d  i n  sur fa c e 

runo f f .  The amoun t s  o f  P forms transpor t ed in sur fa c e  r un o f f  

from b o th unf er t i l i zed  and fert i l i z e d  pa stur e i n  t h e  pr e s ent  s t udy 

were  greater t han t hose r epor t e d  i n  s i� i lar over s eas s t ud i e s . 

Low amo unt s o f  d i s s olve d  N forms w e r e  t ranspor t ed in s ur fa c e  r un 

o f f . 

4 .  Although grazing w i t h  dairy c ows r esult e d  in a s igni fi cant 

i nc r ease in t h e  t ranspor t o f  P forms in sur fac e run o f f , t he e ff e c t  

o f  grazing was n o t  a s  sust a in e d  a s  t ha t  due t o  f er t i l i z er appl i 

c a t i on .  In t he c a s e  o f  N ,  however , grazing r e s ult e d  i n  a greater 

loss  of  N forms t han that repor t e d  in sur fa c e  r un o f f  s t u d i e s  over 

s e a s , inc luding s everal whic h  have i n v o lv e d  f er t i l i z er N app l i 

c a t i ons . 



5 .  Highly s i gn i fican t  c orr e la t i on s  w e r e  obtained  b et w e en 

the c onc entra t i on o f  DIP in sur fa c e  run o f f  and the amoun t s  o f  

extrac tab le P in t h e  sur fa c e  s o i l  ( 0-5cm ) o f  un fer t i l i z e d  and 
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fer t i l i z e d , dra i n e d  and undrained  sur fa c e -r unoff  plot s .  R emark -

ably s imi lar r egr e s s i on equa t i ons , pr e d i c t ing the los s e §  o f  D I P  

i n  sur fac e runo f f , wer e o b t a i n ed for all  t r eatmen t s  exc ept the  

fer t i li z e d , undra ined  s i t ua t i on . The data obtained sugg e s t  

that t h e  soil- samp ling pro c e dure u s e d  c ould b e  impr o v e d . The 

use of the  lab ora t ory extrac t i on pr o c e dur e for pr e di c t ing t h e  

lo �ses  o f  D I P  in  sur face run o f f  from a surfa c e  s o i l , d i ffering 

gr eat ly in the  amoun t s  of  extractable  s o i l  P ,  appears to  be  a 

feas i b l e  pr opo s i t i o n .  

6 .  Appli c a t ions o f  urea to  t h e  dra i n e d  area o f  t h e  sub 

cat chment r esult e d  in a drama t i c  in c r ea s e  in the loss o f  N forms 

in a c c e lera t ed s ub s ur fac e r u�o ff . The c on c entra t ion s  o f  b ot h  P 

and N forms , in t h i s  run o f f  t ype also  incr eased  f o llowing gra z ing , 

although the e f f e c t  o f  gra z i ng on N c on c en trat i ons was less  than 

that of  ur ea app l i c a t ion . In a d d i t ion , t i le discharge was  drama

ti c a l ly r e duc e d  f o l lowing gra z ing , as a r e sult of sur fac e  pugg i ng . 

7 .  S igni f i c an t  corr e la t i on s  were  o b t a ined  b et w e en the  c on 

c entrat ions o f  D I P  and N0
3 

in acc e l e ra t e d  sub sur fa c e  r unoff  and 

the amoun t s  o f  e x trac tab le s o i l  P and N 03 in the  sub s o i l  a t  4 0-50cm . 

This depth c or r e sponded t o  tha t  o f  t h e  mole  c hann e ls . 

8 .  Apprec iably  gr eat er amoun t s  o f  N forms than P forms w e r e  

transpor t e d  annua lly in s t r eam f l o w  fr om t h e  Massey Cat chment . 

The amoun t s  o f  P and N forms transpor t ed ,  however , wer e gr eat er 

t han t ho s e  r epor t e d  in overseas s t u d i e s ,  e ven though i n  many c a ses  

higher fert i l i z e r  P and N appli cat i on rates  wer e used  t han in t h e  

pr e s en t  study . 

9 .  The amoun t s  o f  wat er d i s c harg e d  and P and N form s , and 

s e d ime n t  transpo r t e d  in s t r eam flow w e r e  s epara t ed i n t o  t h o s e  

transpor t ed dur i n g  subsur fa c e  a n d  s t orm f low using hydrograph 

ana ly s i s .  A l t hough a g r ea t er amount o f  wat er and N forms was 

d i s c harged  annua l ly in subsur fac e f lo w  t han i n  s t orm f low , a 

larg e r  amount o f  P forms was tran spor t ed in  s t or m  f lo w . This  

is  a t tr ibut e d  to  t h e  appr e c iably high e r  pr opor t i on of  TN  o c c ur r ing 



i n  t h e  d i ss o lv ed form . 

1 0 . O f  the t hree  run o f f  types , surface  r uno f f  contr i b u t e d  

t h e  ma j or pr opor t i on o f  the  annua l P loading o f  the  str eam i n  

the  sub ca t c hmen t , whereas s ub sur fac e r un o f f  c on t r i b ut e d _ t he ma j or 

pr opor t i on o f  the wa t er d i s c harg e d  and the  annual N loading . 

I t  appears , however , that s t r eam-bank er o s i o n  and the r esuspens i on 

o f  b o t t om s e dimen t s  c ontr ibut ed  the  ma j or pr oport i on o f  the  annual 

load ing of P f orms an d s e diment  in the s t r eam . 

1 1 .  �ar thworm c a s t s  c ontained an appr e c iably gr e a t er amount 

of IP and OP than . under lying s o i l  mat er ial from whi c h  the c a s t s  

w e r e  derive d . The addi t i onal  IP in  the  cas t s  wa s sorb e d  by  a 

more -physi c a l  sorpt ion t yp e  and , a s  a c ons equenc e ,  was r e leased 

mor e r ea d i ly t o  s o lut i on t han the IP in und er lying s o i l . The 

importan c e  of ear thworms i n  i n c r eas ing the r a t e  of P c y c ling in 

a s o i l  under pasture is i n d i c a t e d . 

1 2 . The fac t  that peak  cast  produc t i on c oi n c i d e d  w i t h  per iods  

o f  inc r eas ed sur fac e r un o f f  sugg e s t s  tha t  ear thworm casts  may  b e  

a po t en t ia l  sour c e  o f  b o t h  par t i c ula t e  mat er ial and par t i c ulat e  

P t o  sur fa c e  run o f f .  

1 3 . T h e  ab i l i t y  o f  t h e  po t en t ia l  sour c e s  o f  par t i c ula t e  

ma t er ia l  i n  t h e  s t r eam ( sur fac e so i l ,  stream-bank ma t er ia l ,  and 

ear thw orm cas ts ) to s orb I P  from s o lut i on and r e lease I P  to 

s o lu t i on , under c on d i t i on s  wh i c h  s imula t e  the sur fa c e -r uno ff  

env ir onment , var i e d  appr e c iably . Ear thworm cast s , and t o  a 

l e s s er ext en t  s ur fa c e  s o i l ,  r e leas ed  IP t o  solut i on ,  wher eas a 

rapid  and extensive s orp t ion o f  I P  by  str eam-bank mat er ia l  indi 

c a t e d  a possible  buffer ing during transport in  t h e  s t;eam o f  t h e  

I P  r e leas ed  t o  s o lu t i on i n  the  sur fa c e -run o f f  environment . 

1 4 .  A study o f  the  s orpt i on and r e lease  o f  I P  b y  po t en t ia l  

s o ur c e mat erials and susp ended- s t r eam and surfa c e -run o f f  s e diment s  

w i th t im e , a t  spec i f i e d  s o lu t i on : � o l i d  rat i o s  and amoun t s  o f  

a d d e d  IP , appear ed t o  s im u la t e  reasonab ly w e ll t h e  m o d i f i cat i on 

o f  I P  c on c entra t ions in b o th s ur fac e runo f f  and s t r eam f l o w .  
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