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ABSTRACT 

A b ioassay procedure for parti culat e-phase phospho rus (P ) , us ing 

Anabaena sub cyl indrica was deve loped and evaluated . Measurement s  o f  

chlorophy l l  c oncent rat ion and who l e  c e l l  alka l ine phosphatas e a c t ivity 

were estab lished as reliab le indi ces of biomass and algal P s t at us , 

respective ly . Algal P cont ent was found to  be dependen t on external 

P availab i l i ty and was direc t ly related to  biomass , only when P 

availab i l i ty was cons tant . The availab i l i ty o f  P to Anabaena was 

con t ro l led by cul turing Anabaena in systems containing P sorbed on 

hydrous ferric oxide ge l , satura t ed to varying proport i ons o f  the 

so rption maximum . By manipulat ing the amoun ts o f  P and gel , algae 

o f  s imilar P s t atus to  those grown in soil  systems were produc ed . 

The comb ined b ioassay-chemi cal f ract iona t ion procedure developed 

was used to  ch emi ca l ly characterize the amounts and fo rms o f  

bio logically-availab le particulate ino rgani c  P ( IP ) and o rganic  P (OP ) 
in potential  surface runo f f  f rac t ions f rom a wide range o f  s o ils . 

The s imul taneous f ract iona tion o f  Anab aena o f  s imilar P s ta tus t o  thos e 

in the b i oassay systems , enab led a c o rrec t ion to be made for  the algal-

P contribut ion to  extractab le soil + a lgal P .  In this way , the dep let ion 

o f  par ti culate IP and OP c ould b e  moni tored . Algal growth depleted P 

f rom the O . lM NaOH-so il-P fract ion only ; in severa l b i oassays , O . lM 

NaOH-soil -OP cons t i tuted the l arger p art o f  the P dep leted . For mos t  

o f  the mat erials s tudied , e xcep t a l lophanic materia l , O . lM NaOH-soi l-P 

was dep l e te d  by 70 to  100% during the growth of Anabaena . Extrac t ab i l i ty 

in O . lM NaOH sugge s t s  that b i o logical ly-availab le IP i s  present as 

surface-sorb ed IP . A s imi lar origin is probab le for part iculate-phas e OP . 

The amoun ts o f  particulate P e xtrac ted by pers ulphate diges t ion , a 



c ommonly-us ed extraction procedure , were greater  than tho s e  o f  

biologically-avai lab le p articulate P .  C onvers ely , the amount s  o f  

isotopical ly-exchangeab le P underes t imat ed those o f  biologically­

avai lable parti culate IP , as determined b y  the developed p ro cedure . 

Algal-so i l  contact was an import an t  fac tor influenc ing the 

( ii )  

dep l e t ion o f  s o i l  P .  Soluble , alga l-ex t race l lular products , act ing 

in isolat ion f rom the al gae , had l i t t l e  inf luence on part iculate IP 

deso rp t ion . Als o , the s imp le desorpt ion o f  parti cula t e  IP was unab l e  

t o  ac count f o r  t h e  release of large amounts o f  P to  t h e  algae . The 

ini t ial s olut ion P concent ration maintai ned by a part iculate P s ource 

mat erial cons ide rab ly influenced the amount of algal growth and the 

extent to  whi ch par t iculate P was s ubsequently deple t ed . 

Bio logically-availab le OP in two soil  materials was extrac ted 

with O . lM NaOH and the ext rac ts were s eparated into humic and fulvi c 

mat erial, which were f ract ionated by agar gel and Sephadex gel chromatog-

raphy , res p e c t ively . Mo s t  o f  the OP in the humic ext rac t was present 

as  high mo l ec ul ar weight organic  mat te r-Fe-P complexes . In the fulvic 

ext ract , b o th h igh and low mo lec ular weight o rganic ma t ter-Fe-P c omp lexes 

were iden t i f ied . Inositol  polyphosphates , both free and comp lexed , were 

ident i f ied b y  ion-exchange chromatography in the fulvic ma terial . 

A maj o r  obj e c t ive o f  the presen t  s tudy was the devel opment o f  a 

chemical t e s t  for est imating th e amount o f  b iologically-avai l ab l e  P in 

s tream sediment-source materials . Excep t for samp les containing 

a llophanic  mat eria l , the extract ion o f  a water samp le w i th O . lM NaOH 

is propos ed as a rapid and s impl e  tes t for  e s t imat ing the maximum 

amount o f  b i o logical ly-availab l e  P p resent in the samp l e . 
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INTRODUCTION 

The excess ive growth of algae and other aquatic plants has an 

obv ious adve rse e f fec t on the recreat ional va lue of wa ters (Lund , 1 9 72) . 

Thi s  feature and the de terioration in quality o f  domes t ic-water supplies , 

have p romp t e d  cons iderab le research into the causes of  increased b io logical 

produc tivity in wa ters . Evidence from these s tudies indicates that 

ext ernal inputs of plan t nutrients are inva riably the maj o r  con t ro l l ing 

fac t o r .  I n  many waters , pho spho rus ( P )  has been iden t i f ied a s  the 

"key" growth-limi ting nutrient . Consequen tly , inputs o f  biolo gically-

available P may b e  expected to  have a det rimental effe c t  on wat e r  quality . 

This is now we l l  recognized and in many cases the extent o f  algal 

p roduc tion has directly b een related to the input of avai lab le P .  

In terms o f  con t ro l l ing the amoun ts o f  available P ente ring wa ters , 

diffuse sources such as particulate P derive d f rom rural and urban runo f f ,  

p resent a much greate r  p rob lem than point sources such a s  sewage e f fluen t . 

Thes e dif fuse sources can con t ribute large amoun ts o f  total  P entering 

wat ers . A varying , but o f ten sub s t antial  part o f  the part iculate 

ino rganic P (IP)  and o rganic P (OP ) is not immediately biological ly 

availab le t o  a lgae . I t  has been sugges ted (Lee , 1 9 7 3 )  that the f rac t ions 

o f  p articul a t e  IP and OP that become avai lable in natural waters are 

ext remely imp o r t ant in des igning meaningful control programme s fo r d i f fuse 

sources . 

The fo rms and amounts o f  par t i culate IP  and OP can b e  determined 

emp irica l ly b y  chemical extrac t ion . I n  the case o f  IP , the relat ive 

availab il i t y  of the f ract ions can be e s t imated by sorpt ion-des o rp t ion and 

isotopic exchangeab i l i ty s tudies . The b io logical availab i l i t y  o f  particulate 
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P can be assessed directly by more time-cons uming , alga l bioassay 

procedures . Further , by the chemical fract ionat ion o f  part i c ulate P 

before , during , and af ter the growth o f  algae , i . e . , by us ing a comb ined 

b ioassay-P fract ionation procedure , i t  may b e  possible to es tab l ish the 

amoun ts and forms of biologically-available part iculate IP  and OP if an 

accurate correcrion for the con t r�b ution o f  a lgal P to the amoun t of P 

ext rac ted can b e  made . 

Al though s uch a comb ined p rocedure would p rovide useful informa t ion , 

it would be very t ime consuming , t hus making the chara cteri z a t ion o f  

bio logica lly-avai lab le I P  and OP i n  a large number o f  samp les a lab or ious 

task . By the care ful sele c t ion o f  a chemi cal ext rac t ion p rocedure i t  

may b e  possible t o  exclus ive ly ext rac t  the fra c t ions o f  par t iculate I P  

and OP that con s i s t en t ly exhib i t  high b i o logical availabil ity . The 

chemical ext rac t ion procedure could then p rovide a rap id me thod for 

e s t ima t ing the amount of b io logical ly-available P in pa rticulate materials . 

Th is method would b e  more convenient for the rout ine analysis  o f  large 

numb e rs of  d i f fuse runo f f  source materials , in order to as sess their 

po ten t ial impact on wa ter quality . 

The init ial purpose o f  th is s t udy was to characterize the amo un t s  

and forms o f  b io logically-available P i n  materials which cont ribut e , 

ac tua l ly and p o t en tially , to s t ream-sediment loads , by the development o f  

an e f fe c t ive b io as say-P f rac tionat ion p ro cedure . By s t udying a range o f  

particulate mate rials , the aim was t o  select  a chemi cal extra c t ion 

p roce dure that could b e  used rout inely t o  measure the amount s  o f  

b io logically-availab le P i n  particulate materials . I t  was also int ended 

to invest i ga t e  the mechanisms whi ch inf luence the biolo gical availab i l i t y  

o f  particulate P .  
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2 . 1  Eut rophication 

2 .  1 .  1 Phosphorus : 

LITERATURE REVIEW 

a key nutrient? 

Eutrophi cation i s  the nut r ient enri chment o f  waters whi ch resul t s  

3 

in the increased pro duc tion o f  al gae and mac rophytes , and the deterio rat ion 

of fisheries and water quality . 

they intertere with water us es . 

These e f fects  are unde s i rable in that 

In undis turbed lakes , eutrophi cat ion i s  

a natural aging process wh ich even tua l ly te rminates i n  the disappearance 

of the lake i t s el f .  Th is process may be acce lera ted great ly b y  man ' s  

activities , p roducing rapid changes in wa ter quality and the increased 

growth of a l gae in sur face wa ters . 

I t  i s  we l l  estab l ished that pho spho rus (P) is an impor tan t  nutrient 

wh ich may l imit algal growth in na tura l waters (Ohle , 1 95 3 ;  Vo l l enweide r ,  

1 968 ; Shapi ro , 1 9 70 ; Fuhs e t  al . ,  1 9 72; Lee , 1 9 73) . S ign i f i can t 

co rrel a t ions have b een found b e tween the amount o f  P avai lab le and the 

dens ity of al gal growth in 46 Swiss lakes (Vollenweide r , 19 70 ; c ited by 

Thomas , 1 9 7 3) . These findings are not suprising beca:use P compounds p lay 

a maj o r  role in ce l l  me tabol ism and , more importantly , a c t  as s to res and 

transpo r t  intermediates fo r the chemical ene rgy needed for life  processes . 

Since the s t udy o f  Vollenweider ( 1 9 70) , relat ionships between P l evels in 

water and a l gal produc tivity have been demonstrated for na t ural waters in 

laboratory s t udies (Maloney et a l . , 1 9 7 2 ; Mi ller et al . ,  1 9 74 )  and in 

field s t udies (Powers et al . 1 9 7 2 ) . Wood and Gibson ( 1 973)  concluded 

that in Lo ugh Neagh , one of the wo r l d ' s  mo s t  eut rophic lakes , P was the 

critical nut rient l imit ing the p ro duct ion of algae mainly b ecause disso lved 

inorgan i c  P (DIP) was virtua l ly undectab l e  in lake wa ter samp les during 
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pe riods o f  algal growth . In cont ras t ,  nit rate-N was p resent throughout 

the s ummer . I n  b ioassays o f  Lough Neagh water , Parr and Smith ( 1 9 7 6 )  

showed that addi t ions o f  N ,  P ,  and F e  s t imulated algal growth . Be cause 

N l imi tation co ul d be al leviated by algal fixa t ion of a tmospheric N ,  it  

was unl ikely that contro l of N inputs would s igni fican t ly decrease a lgal 

growth . Inputs o f  P a t t ributable to human a c t ivi ty , on the o ther  hand , 

could b e  con tro l led to some extent and would probab ly lead to reduc t ions 

in the algal populat ion , as shown by reduc t ions in P inputs to Danish 

(Ma thiesen , 1 9 70)  and Amer i can (Edmonson , 1 9 70)  lakes . Vo l lenwe i der 

( 1 968)  produced data to show how the t roph i c  s tates o f  a group o f  lakes 

could be re lated to the annual loading o f  P and lake depths . Thi s  

relationsh ip can b e  explained b y  s imp le models relating P input s  to algal 

leve ls ( Vollenwe i der , 1 96 9a; Dil lon and Rigle r ,  1 9 7 4 ; Bachman and Jon es , 

1 9 74 , Jones.and Backman , 1 9 7 6 ) . 

In a sho r t  review o f  the eut rophication prob lem , Lund ( 1 9 74 )  

emphasized that i n  many cases the prob lem was re lated to the inputs o f  P .  

To i l lustrate this , the wo rk o f  S ch indle r ( 1 9 74 )  on Canadian shield lakes 

•tlas used . Numerous small lakes allowed in vivo st udies o f  l ake 

fe rtiliz a t ion . Lake fertilization with C ,  N ,  and P caus ed a p ro l i f i c  

b loom o f  Anab aena spi roides , whe reas additions o f  C and N did no t produce 

any increases in algal biomass . Lund ( 1 9 7 4 )  and S ch indler ( 1 974 ) conside red 

that gene ral ly , N would be the second mo s t  impo rtan t nutrient re levant to 

the cont rol o f  eutro phi cation . The precise relat ionships found be tween 

algal s tanding crops and to tal P measuremen ts (Dillon and Rigle r ,  1 9 74 ; 

Jones and B ackman , 1 9 76 ) reinforce the sugge s t ion that P i s  the con t rolling 

nutrient in many lakes ; this also inc ludes lakes where low N:P rat ios 

should f avour N l imi t a t ion (Di llon and Rigler , 1 9 7 4 ) . Ano ther intere s t ing 
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feature o f  the l ake fert ilization experimen ts (Schindler , 1 9 7 7 )  was that 

on reducing the rat io of N : P  in the applied fert ilizer , N-fixing b l ue­

green algae bcame dominan t ove r the green algae which appeared at h igh 

N l evels . Cons equently , the f ixa tion of N accounted fo r a large part o f  

the N input and maintained the ra t io o f  total N to to tal P a t  leve ls 

similar to those in th e ful ly- fert i l i zed lakes . This further s t resses 

the importance o f  P as a growth-limi t ing nutrien t , when N-fixing b lue ­

green algae are presen t  in a body o f  wa te r .  

Fo l lowing on f rom these s t udies , S chindler ( 1 9 7 7 )  conc luded that 

the removal o f  N f rom inputs to many lakes may actually a f f e c t  wat e r  

quality advers ely , by caus ing low N : P  ra t ios which favo ur t h e  vacuo late , 

N-f ixing , b lue -green a lgae , that are mos t  obj ectionab l e  f rom a water-

quality s t andpoint . Convers ely , when P con t ro l  causes an inc reas e in the 

N : P  rat io s , the less obj ectionab le green algae domina t e  (Edmonson , 1 972a) . 

I t  app ears unl ikely that P limi t a t ion is as s impl e  as some wo rkers sugge st  

and , in f a c t , only ini t ial growth may be s t imulated by P ,  after  whi ch 

other l imi t a t ions may become importan t .  Edmonson ( 1 972b) sugge s t e d  that 

an intera c t ion between N and P may b e  of impo rtan ce in that the e f fe c t iveness 

of a given P supply may depend on the N con centration . 

Other nutrien t s  h ave also b een imp l i cated , such as carbon ( Lange , 

1 96 7 ;  S akamo to ,  1 97 1 ;  Kerr e t  al . ,  1 9 72)  and certain t race elements 

(Goldman , 1 9 7 2 ) , as importan t  growth-limi t ing nutrien ts . Inputs o f  P ,  

howeve r ,  h ave been shown to p roduce the greater numb e r  o f  pos it ive 

algal-growth responses in s tudies to -date . Mo re impo rtan t  is the fact 

tha t , unl ike N and C ,  some de gree of con t ro l  o f  the l evels o f  P ente ring 

waters is pos s ib l e . 
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2 . 1 . 2  Importance of  particulat e-phase phosphorus 

The metho dology for asses sing the P s t a tus and the po ten tial 

biopro duct ivity o f  a water body is gradually changing from one o f  measuring 

the concentrat ion of DIP and changes in algal standing stocks in wate rs , 

towards de termining the cont ributions made by inputs and DIP in source 

mat erials to the s up p ly of  b io logical ly-available  P in waters . Al though 

the a c t ual concen t rat ions o f  DIP immediately available for primary 

product ion may be very low , there is o f t en a subs tantial reservo i r  of P 

in the form of  particulate ma terial carried by rive rs and s t reams , and 

which may enter lakes . Part iculate mat erial may cont ribute up to 9 5% 

o f  the total P en t er ing s t reams f rom agricul tural land during s torm 

periods (Timmons e t  al . ,  1 96 8 ; Sharp ley , 1 9 7 7 ; Renne s ,  1 97 8 ) . The 

importance of the contrib ut ion made by parti culate P to b iologically-

avai lab le P ,  however , has b een disputed . The ab ility of  suspended 

sedimen t  in r ive r s  and o f  lake muds to reduce DIP concen trat ions to 

- 1  0 . 0 1  mg P 1 o r  less ( Gesner , 1960 ; L a t t e re l l , 1 9 7 1; Shukla e t  a l . ,  

19 7 1 ) , which is b e lieve d to be below the crit ical growth leve l for some 

algae ( Chu , 1 94 3 ; McGaughey et al . ,  1 96 9 ) , has been estab l ished . Thi s  led 

La t t erell e t  al. ( 1 9 71) to suggest  that neither sediment nor e roded s o i l s  

cont ribute s igni f i cantly t o  lake eutrophication . Macken thun e t  al . 

( 1 9 68) , however ,  repo rted an algal b loom in wa t ers containing no mo re 

1 - 1  
�han 0 . 0 1  mg P 1 - and leve ls o f  0 . 00 1  mg P 1 have been re corded a f t e r  

dep letion b y  a l gal growth ( Rodhe , 1 94 8 ; Mackereth , 1 9 5 3 ; Hutchinson , 

19 5 7 ; Me Co 1 1  , 1 9  72 ) . 

Soil and sedimen t P could be very impor tant sources o f  ava i lab le P 

th rough the des o rp t ion o f  adsorbed P .  The possibility that lake sedimen ts 

may function as  a rese rvo i r  o f  ava i lab le P in eutroph i c  lake wa t e rs has 
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long b een acknowledged (Mortime r , 1 94 1 ; Lund , 1 9 5 9 ) . Go ldman ( 1 960 ) 

stimulated algal growth by the addit ion of  a lake mud extract that was 

19 t imes higher in N and 1 1  t imes higher in P than the lake wat er in wh ich 

the growth took place . In a s imi lar s t udy , Gahler ( 1969)  found that 

re suspended lake s e d iments provided large amo unts o f  N and P for algal 

growth . Taking this a s tage further , Porce l la e t  al . ( 1 96 9 )  ob served that 

the extent of algal growth in microcosm s tudies was dire c t ly related to 

the amoun t of  P in d i f feren t sediments . I t  could be argued that the 

res u l t s  o f  thes e s t udies are of limi ted applicat ion because sediment s 

would not  be in d i rec t con tact  wi th the pho t i c  zone or the algae , except 

in ve ry shallow l akes . I t  has b een repo rted that lake sediments  separa ted 

from algae by dialys i s  tub ing failed t o  s t imula te algal growth (Fitz gerald , 

1 9 70 ; Go l terman , 1 9 7 3a) . Go lterman ( 1 9 7 3a) s ugges ted that d i f fusion 

through the dia lysis  memb rane was so s low that IP  was resorbed by the mud . 

Growth o ccurred in the control  flasks where mud-algae con tact was 

estab li shed . S agher and Harris ( 1 9 7 2 )  have shown that muds f rom the 

same l akes as tho s e  s tudied by Fitzgerald ( 1 970) suppo rted algal growth 

when no t enclosed by dialysis tub ing . Whereas the s tudy o f  lake s edimen ts 

in laboratory cult ures may p rovide ques t ionab le evidence o f  their P 

availability , b ecause o f  the art i ficial  condit ions invo lve d ,  Wilding et a l . 

( 1 9 74 , 19 7 7) have ob served dec reases in total sediment P ,  N ,  and C in 

open l ake experiments , co rresponding to a period of exponen t ia l  b lue -green 

algal growth during late spring and early s ummer .  There was also an 

indicat ion o f  sediment OP mine ral izat ion . In Lake Houston , Tex�s , Abb o t  

( 1 95 7 )  observe d that al though the lake supported phy tuplankton growth , n o  

dissolved P was detec table i n  the lake wa ter . A s t udy o f  colloidal c lay 

partic les , whi ch were derived f rom runo f f  in the watershed and we re 
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suspended in the lake , s uggested that the planktonic algae derived their 

P from the col lo idal mat e rial . A s imilar associat ion be tween part iculate 

mate rial and b ioproduc t ivi ty has been repo rted by Go ldman et al . ( 1 9 7 3) 

who found that the extent and intens i ty o f  the sediment plume p roduced 

by the Upp er Truckee r iver in Lake Tahoe , as de termined by aerial 

pho to graphy , was highly correlated with biological p roduc t ivity . Kluesner 

and Lee , ( 1 9 7 4 )  es t ima ted that app roximatley 80% of the annual total  P 

input into Lake Wingra , Madison , Wis consin , was from urban runo f f  and 

40% o f  that was particulate P asso ciated with the f ine solid f ract ion 

( < 4 3 � m) , which was only 5 . 9% of t o t a l  sol ids . Bioassays carried out 

with Selenas t rum capricornutum by Cowen and Lee ( 1 9 76)  indicated that the 

equivalent of 30% of the part i culate P was available for algal growth . 

I t  has also been shown that clays ext rac ted from topsa ils  are able to 

supply P for the growth of  Lemna mino r ( Healy and McCo l l , 1 9 7 4 ) . More 

recently McCol l (1 9 75 )  us ed a Chlorella sp . in bioassays to inve s t i gate 

the amo un t s  o f  "available" P in s ome New Zealand clays , s o il s , and lake 

sedimen t s . The c1ay f ra c t ion , whi ch may comprise a large p ercen tage 

of  the particulate ma terial in rural runo f f  (Sharpley , 1 9 7 7 )  was found to 

suppo r t  the larges t algal growth . 

Toge ther with the p revious s t udies on lake muds , the above s tudies 

with sus pended sediments an d topsoil c lays cons t i tute goo d  evidence that 

particula t e-phas e P ,  derive d f rom rural and urban runo f f , may play an 

impor tan t  role in the acce lerated e utrophication of  fresh waters . Th is 

has p a r t i cular importance for New Zealand , where superphosphate ferti lizer 

is app l ied t o  grazed hill-coun try pastures , f rom wh i ch runo f f  and e ros ion 

are a common feature (Rennes , 1 9 7 8 ) . In th is regard , Fish ( 1 9 6 9 )  



cons idered that P result ing from the t op dres s ing o f  agricu l tu ral land 

was the mo s t  important cause o f  eu t rophicat ion of lakes in the Ro torua 
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area ( New Zealand) . I f  measu res to con t rol the inpu ts o f  particulate P 

to wat erways are to be implement e d , then the various sou rce mat erials 

( i . e . , particulate  mat erial in ru ral and urban runo f f ) , and the bio logical­

avai lab i l i ty of P in these source materials requires invest igat ion . 

2 . 1 . 3  Transport o f  part i culate-phase pho sphorus in wa t ers 

S edimen t t ransported in flowing wat ers is primarily derived f rom 

farm lands (Lee , 1 9 70) . A loss of  1mm of  good t opsoil from 1000 ha 

cou l d  result  in 15  tonnes o f  P moving into wa ter courses ( Cooke and 

Wi l l iams , 1 9 7 3 ) . The amoun t s  o f  par t i cula te mat e rial ent ering st reams 

and rive rs are primarily dependent upon rainfall int� i ty, phys ical and 

chemi cal stab i l i t y  of the e rod ing soil , and the volume and energy of run ­

o f f  wat ers . Also , eros ion is a selective proce s s  wi th respect to 

p ar t i c l e  s i z e . The finer part icles ( e . g .  clays ) , wh i ch are predominan tly 

carried in runo f f , also con tain the h ighest amounts of P (Syers et al . ,  

1 9 6 9) . Greater sel ectivity o f  fines , and consequen t ly o f  particulate-

phase P ,  will o ccu r as the ene rgy of su rface runo f f  decreases (Ryden e t  

a l . ,  1 9 7 3) . Al though the P content o f  su rface runo f f  wil l increase as 

the energy de creases , this does no t p rodu ce an increase in part iculate P 

load , because to tal sedimen t loads dec rease as we ll . 

The part iculate ma terial carried in s t reams may be divided into 

bed load and suspended load . The b ed load may con tain resuspended 

s t ream-be d  sediment which moves close to the s t ream f loo r ,  whereas the 

sus pended load , cons i s t ing of c lay- and silt-sized parti c les , move s a t  

approximat e ly the same ve l o city a s  the wa ter and ,  the refo re , a s  disso lved 

P fo rms ( Johnson and Moldenhauer , 1 9 70 ) . Therefore , i t  would  appear that 
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suspended load , containing a high propo rtion of f ine r mat e rials enriched 

in IP  and OP , coul d b e  by far the mos t  import an t  potential con t r ibuto r 

of  b i o logically-avai lab le par t i cul ate P carri ed in s t reams . Not only 

does flowing wa t e r  preferen tially select  the P-rich fine material , but 

di fferent ial se dimentat ion in a lake or a s low- f lowing part of a s t ream 

or river wil l ens ure that the finer ma te rial is deposited las t , i . e . , a t  

the sediment-wat e r  interface , whe re i t  may b e s t  be used a s  a poten t ial 

source of biologi cal ly- avai lable P .  

2 . 2  Parti c ulate Phase Phospho rus 

2 .  2 .  1 O ri gin and fo rms 

2 . 2 . 1 . 1  Inorganic 

Pho spho rus is the eleventh mos t  abundant element in i gneous 

rocks and o c c urs in a large number of d i f ferent minera ls , of which the 

apa t i tes ( Ca 1 0 (Po4 ) 6 (0H , F ,  Cl , �co 3) )  are by far the mos t  abundant and 

impo rtant species  (van Waz er , 1 96 1 ) . 

P concentrat ions than i gneous rocks . 

Vo lcan i c  rocks usually have higher 

All se condary fo rms of P are 

init ially derive d by weathe ring , their ultima te des t ination being the 

o ceans . S e d imentat ion o f  P adsorb ed by aragonite ( Caco3) and p re s en t  

within biological de t r i t us has p roduced sedimentary rocks r i c h  i n  P .  

With the progress o f  t ime , these rocks have been up l i f ted and the wea thering 

process has cont inued . 

In s o il s , pa rticulate IP may convenien t ly be divided into p r imary 

and secondary forms . Primary IP refers to that in parent materials , such 

as apat i t e  and the less common mineral mona z i te , whereas se condary I P  

inc ludes I P  which i s  adsorb ed ( non-o c c luded) and absorbed ( o cc luded) by 

s o il comp onen t s . Unt il recen tly , discrete Fe and Al phosphates were 
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considered to b e  importan t  forms o f  secondary IP in non-cal careous soils 

(Co le and Ja ckson , 195 2 ; Kit t rick and Ja ckson , 1 9 5 6 ; Huf fman , 1 9 6 2 ) . 

I t  i s  generally now accep ted that these fo rms may only be impo rtant in 

highly- fe r t i l i ze d  soils (Huf fman , 1 96 9 ;  Syers and Williams , 1 9 78)  and that 

s e con dary IP exis ts in non-calcareous soi ls primarily as I P  adso rb ed and 

abso rbed by sho rt-range order ( amo rphous )  components such as oxides and 

hydrous oxides of Fe and Al (Saunders , 1 965 ; Syers et al . , 1 9 7 1 ;  Ryden 

e t  al . , 1 97 3 )  and aluminos i l icates (allophane , Cloos et al . ,  1 96 8 ) . 

Oxides and hyd rous oxides are very common in soi l s  (Hsu , 1 964) , their 

relat ive amounts depending on parent material composit ion , climate , and 

so il drainage condi t ions . 

on other soil componen t s . 

Also , they occur mainly as surface coa t ings 

Fo r examp l e ,  Ro th e t  al . ( 1 96 9) have reported  

their p resence on clay mine ral surfaces . Th i s  large surface area 

exposes many -OH and -OH2+ group s which can unde rgo l igand-exchange 

reactions wi th P ions ( chemiso rp t ion) and usually give s rise to a high 

P sorpt ion maxima . The re fo re , c lay f ra c t ions already high in P can 

further be enriched by the so rpt ion of added fertili zer IP and o f  o rgani c  

P es ters . 

S everal s t udies have shown that the so rption o f  IP i s  an ini t ially 

rap id process , whi ch is fol lowed by a much s lowe r reac t ion whi ch p rob ab ly 

resul t s  from the d i f f usion o f  IP  into the amo rphous oxides and hydro us 

oxides o f  Fe and Al (McLaugh l in e t  al . ,  1 9 7 7 ; Ryden et al . ,  1 9 7 7b ) . 

These amo rphous componen t s  are believed to retain soil IP in two main 

forms , namely , chemisorb ed IP and weakly-so rbed IP whi ch results  f rom a 

potent ial-de t ermining sorp t ion o f  a mo re-phys ical nature (refer re d  to as 

mo re-physical so rp t ion by Ryden et al . ,  1 9 7 7a) . The weakly-so rb ed IP i s  

revers ib ly held with respect  t o  so lut ion I P  concentrat ion . As expected , 



the amo un t s  o f  weakly-so rb ed IP  are considerab ly higher in f e r t i l i zed 

soils and in topsails compared to s ubso ils  ( Ryden and Syers , 1 9 7 7b ) . 

Because f iner-frac t ions , particularly c lay- and fine s il t-sized 

materials , represent by far the maj or particulate P carried in st reams 

(Scars e th and Chand ler , 1 9 38 ; Ryden e t  al . , 1 9 7 3 ) , the above ment ioned 
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forms o f  sorbed IP may play an impo r tan t ro le i n  determining the amoun ts 

o f  b iologically-available IP in s t reams . 

Ap atite may only be impor tant in st reams draining weakly-weathered 

soils (Will iams et al . 1969 ) . The low sol ubili ty o f  apat ite  in wat er 

- 1  
(0 . 0 3  mg 1 , a t  pH 7 ;  Ryden e t  al . ,  1 9 7 3 )  may l imi t i ts biological 

impor tance . In fertil i z e d , neutral o r  calcareo us soils , mo re soluble 

cal c i c  fe r t il izer react ion p ro duc ts may provide an impor tant source o f  

availab le P entering s t reams f rom runo f f . 

Because IP  ab sorbed by amo rphous soil componen t s  may be expec ted t o  

show l it t le b iological ava i lab ility and because apatite  i s  relative ly 

inso l ub le , i t  would appear that in any asses sment o f  the b iological 

availability  of parti cula te-phase IP  a t tent ion should b e  directed to the 

s t udy of  IP wh ich is adsorb ed by soil components . 

2 . 2 . 1 . 2  O rgani c  

Dif ficul t ies encountere d  i n  the ext rac t ion i n  a n  unaltered f o rm ,  

o f  o rgan i c  P (OP ) f rom soil s , have caused p robl ems wi t h  the iden t i f i c a t ion 

( of such compounds . In the pas t , the convenien t  s p l i t  between alko.h. - .so l uble 

/ , humic compo unds and acid-so lub l e  f ulvi c compounds has been used as the 

main crit erion for chara c t e ri z ing soil OP . The known OP cons tituents  o f  

so i l  have b een reviewed b y  Ande rson ( 1 96 7 ) . Many New Zealand gras s l and 

so ils cont ain relat ively large amoun ts o f  OP ; it i s  well estab l ished that 

OP level s  increase as pas t ure deve lopment proceeds ( De Turk , 1 9 38 ; 
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Jackman , 1 9 5 5 ; Walke r ,  1 956 ; Williams and Donald , 19 5 7 ; Walker and 

Adams , 1 9 5 8 ) . In the New Zealand s o i l s  s t udied by Walke r  and Adams 

( 1 958) , OP cons t ituted 74% of the topsoil P .  Ande rson ( 1 96 4 )  has shown 

tha t app roximat ely 50% of  the total  P in Scott ish agricult ural soils occurs 

in the organic form . Only app roxima t ely 5 0% o f  this soil  OP has been 

identif ied , howeve r ,  owing to the comp lex nat ure o f  OP associat ions y:ri th 

the humic and fulvi c acid comp lexes (Thomas and Bowman , 1 96 6 ; Moye r and 

Thomas , 1 9 70 ; Osomo t o  and Hi ld , 1 9 70 ; S chni t ze r  and Khan , 1 9 7 2 ) . The se 

polydispersed mixtures o f  higher mo le cular we igh t , s t ruc t ure less po lyanions , 

wh ich are mainly but not exclus ive ly fo rme d by reac tions o f  pheno l i c  and 

ni trogenous compounds ,  are known to form comp lex linkages wi th me tals 

(Leves que and Schni t z e r , 1 96 7a , 1 96 7b ; Leve sque , 1 96 9 ; Hawo rth , 1 9 7 1 ) . 

Such comp l exes are b elieved to retain IP and OP by so rp t ion and ion-

exchange reac t ions , as we ll as by bonding whi ch is s t ronger than that in p 

ester ar---J wh ich are no t subj ect  to a lkaline hydro lysis (Anderson and 

Mal co lm ,  1 97 4 ) . 

The maj or forms o f  OP i den t i f ied in so ils have been ino s i t o l  

phosphates (Ande rson , 1 96 7 ; Co sgrove , 1 96 7 ; McKercher , 1 96 8 ) , nuc leic 

acids (An derson , 1 96 1 ) , and other phosphate es ters , such as pho spho lip ids 

(Baker , 1 9 7 7 ) , sugar phosphates , and phosphop ro teins ( McKe rcher , 1 96 8 ) . 

The fo rms added to so i l  in the greates t amount s  from p lant and animal 

material are probably the nuc le i c  acids and the simple  sugar phosphates . 

These are qui ckly mineralized , however , o r  otherwise u t i l i z ed by s o il 

mic roo rganisms . Al though added in sma l l  quantit ies , o ther es t e rs , such 

as ino s itol  hexaphospha tes , are s tab i l ized in soils to the exten t that they 

may a c c umulate t o  form a large part o f  the OP presen t . Their accumulat ion , 

desp i t e  th e pres ence o f  so il phy tase , has been att ributed to the fo rmat ion 



o f  insoluble Fe and Al salts  in acid soils and insolub le Ca sal ts  in 

calcareous soils  (Jackman and Black , 1 95 1 )  and to their adsorpt ion by 

s o i l  components which inhibits hydrolytic enzymes :C Greaves and M eb ley , 

1 9 6 9 ) . 
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Ino s i t o l  po lyphosphat es may cons i t ute up t o  5 0% of  t h e  O P  i n  soils  

(Anderson , 1 96 7 ) ; th is value va r ies however from 0 to 6 2% when a wide 

range of s oils is  cons i dered (McKe rcher and Anderson , 1 96 8 ; Wi ll iams and 

Anderson , 1 96 8 ;  Mar t in , 1 9 70 ;  Osomo to and W il d , 1 9 70) . The sources 

of inositol  po lyphosphates are p lants , where i t  is the chief  storage 

form of b o th inosito l  and P in seeds , and animal t issue ( L ' Annuz iata , 

1 9 75 ) . There is no info rmat ion as to the quan t i t ies o f  so i l  ino s i t o l  

po lyphosphates whi ch a r e  syn thes ized b y  soil  microorganisms o r  derived 

from de composing t issue . The larger part o f  soil inos i t o l  polyphospha t e s  

cons ists  o f  the hexaphosphates (phytate) , present a s  myo - ,  chiro- , and 

s cyllo-inositol  isomers , with myo -inosito l h exaphosphate being the mos t  

abundant . The hydrolysis pro duc ts mono , di , t r i , t e t ra ,  and penta 

inositol  phosphates are p resen t  only in minor quantit ies (Anderson , 1 9 75 ) . 

The s cyl lo-isomer i s  bel ieved to be o f  mic rob i a l  origin b ecaus e i t  has not 

been found in an imal or plant tissue (Co s grove , 1966a) . 

The o ther P es t e rs comprise  only a small part o f  the soil  OP , with 

nuc leic acids accoun t ing for 5 - 10% and phosphol ipids , sugar phosphat es , 

and phosphop roteins less  than 1 - 2% (McKe rcher , 1 9 6 8 ) . 

I n  addit ion to associat ions wi th the humic and fulvic mat ter  o f  

soils ( Ande rson and Ranee , 1 96 3 ; Cosgrove , 1 9 66b) , OP can be sorb e d  

through t h e  phosphate group to the same F e  and Al oxides and hydrous 

oxides whi ch sorb IP ( Somrners et a l . , 1 9 72 ; Anderson et a l . , 1 9 7 4 ) . 

Anderson and Arl idge ( 1 9 6 2 )  have shown that the sorpt ion o f  inos i t o l  

phosphates increases with the numb er o f  pho sphate groups i n  the mo l e cule . 
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Thus s o rp t ion o f  O P  i s  primarily con t rol led by int eract ions o f  the 

phosphate group . Treatment o f  a soil  with o xalate to remove amo rphous 

Fe and Al greatly reduces the capacity of the soil to sorb inositol  

hexaphosphate ( Anderson and Arlidge , 1 9 62) . Pure c lay minerals and 

preparat ions of amo rphous Fe and Al hydrous o xides were also shown to 

sorb inos itol po lyphosphate , nucleic acids , and nuc leot ides s t rongly at 

l ow pH values (Goring and Bartho lomew , 1 952 ; Anderson and • Arl i dge , 1 962 ) . 

I n  fac t , six acid  soils in S cot land showe d a preferential adsorpt ion o f  

ino s i tol hexaphosphate over IP (Ande rson e t  al . ,  1 9 74) . This probably 

re sul t s  from the fact that the o rganic mo iety of the P e s t e r  can also be 

so rb ed by soil component s . Fo r examp le , nuc lei c  acids and nuc leo tides 

pro tonated a t  pH < 5 can d isplace exchangeable cat ions on clay surfaces 

(Jordan , 1 95 5 ) . Physical sorp t ion s uch as  van der Waa ls forces , ion-

dipole inte ra c t ions , and the hydrophili c-hydrophob ic nature o f  some o f  

the o rganic mol ecules can con tribute t o  the re t ention o f  larger mol ecula 

we ight organics  ( Green land , 1 96 5 ) . 

As with I P , the greater percentage o f  OP in soils is associated with 

the clay-and s il t-sized fract ions (Hi l l iams and Saunders . 1 95 6 : McDonnell 

and Walsh . 1 9 5 7 : Svers et al . •  1 9 6 9 ) . In a s tudy o f  part iculate P .  

c lay- and s il t - s i z ed fract ions appear t o  b e  by far the mos t  importan t  

contrib utors  to both o rganic and ino rganic s o i l  P .  

2 . 2 . 2  Chemical characterization 

2 . 2 . 2 . 1 Inorganic 

The charac terization of  s o i l  I P  has been a t temp t e d  by the use 

of a range o f  ext rac t ion procedures , o f ten used in a sequence . The 

reagent s  were originally selected ( Chang and Jackson , 1 9 5 7 )  fo r their 

abil i t y  to solubilize the IP con tained in minerals s uch as var is c i t e , 



s t rengi t e , and apat i t e . For exampl e ,  the mo dified Chang and Jackson 

procedure used by Peterson and Co rey ( 19 6 6 )  uses the following sequence 

of reagen t s : 1M NH4Cl t o  remove "eas ily-s olub l e  P "; 0 . 5M NH4F a t  pH 8 .2 
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to remove Al-P ; 0 . 1M NaOH to remove Fe-P ; 0 . 3M sod ium citrate and sodium 

di thionite  buffered with sodium bicarbonate t o  remove reduc tan t -so l ub le 

o r  occluded P (CDB-P ) ; and 0 .25M H2so4 to remove Ca-P . Mo re recent 

research , however , has shown tha t  the reagents in this procedure and o ther  

mo dificat ions are no t specific  for  individual I P  compounds as  first  

tho ugh t (Dalal , 1 9 7 3a) . There is  cons iderable eviden ce that a large 

percen tage of the IP  associated with oxides and hydrous oxides of Fe can 

be removed by NH4F ,  as well as any Al-P (B romf iel d , 196 7 ) . The h i gh pH 

(8 . 5 ) of  the reagent may resul t in the deso rp t ion o f  IP sorbed by Fe 

components (McLaughlin et al . ,  1 9 7 7 ) . Ext racted IP may also be resorb ed 

during the NH
4F extraction by soil Fe components (Fife , 1962 ; Wil l iams 

et a l . , 1 96 7) and by CaF2 fo rmed in cal careous soils (Syers e t  al . ,  1 9 72 ) . 

Th is resorbed IP , excep t i ng CaF2-P , i s  released during the s ubsequent 

0 . 1M NaOH extrac t ion . The CDB-P f ract ion i s  though t to be de r ived f rom 

IP held with in the matri ces o f  c rys tall ine iron oxides and hydrous oxides 

(Bauwin and Tyner , 19 5 7 )  and IP ab sorb e d  by amo rphous oxides and hydrous 

oxides o f  Fe ( Ryden e t  al . ,  1 9 7 7c) . In cal careous soils , the CaF2-IP 

formed during the NH4F ext ract ion appears as acid-ext rac tab le IP ( Syers 

et al . ,  19 72 ) . Ce rtain calcium-con t aining fertilizer rea c t ion p roduc t s  

may a lso appear in this fract ion . 

A s imilar type o f  chemical f ract ionat ion procedure has been used to 

characterize IP in lake s ediments (Harte r ,  1 9 6 8 ; Wil liams e t  al . , 1 9 7 1a ,  

1 9 7 lb) . These  s tudies , along wi th thos e comparing exchangeab le P leve ls 

in lake sediment s  (Li e t  al . ,  1 9 72 ,  1 9 7 3) and soils (Tandon and Kur t z , 1 96 8 ; 
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Ryden e t  al . ,  1 9 7 7b )  with chemically-chara c terized forms o f  IP , have 

p rovided an imp rove d understanding of th e forms o f  part i culate P in such 

mat er ials . I t  is  now bel ieved , howeve r ,  that chemically-charac te r i ze d  

P f ractions des cribe mo re t h e  "mode o f  occurrence" o f  s o i l  IP , ra ther than 

i t s  chemical nature . Fo r example , in a sequen t ial fract ionat ion s cheme 

the IP adsorbed a t  the su rface o f  hydrous me tal oxides and a l lo phane i s  

extrac ted by NH4 F and NaOH reagents and t h i s  h a s  been termed non-o c clu ded 

P ( Syers and Walke r ,  1 96 9) . The P retaine d  within or ab sorbed by 

amo rphous and c rystalline oxides and hydrous o xides of  Fe and Al has been 

termed occlude d  P and is extrac ted by a c i t rate-dithioni te-b icarbona t e  

reagent . Acid-extractable  P inclu des dis cre t e  phase IP , such as ap a t i t e  

and calcic f e r t il i z er-soil react ion produ c ts found i n  high ly- fert ilized 

soils . 

S everal o ther chemical ext rac t ion p rocedures have b een used as 

s ingle-solu t ion t es ts to extract soil IP  in an attempt to chara c t erize 

the amount of plan t-avai lable P in soils  (Truog , 1 930 ; Bray and Ku r t z , 

1 945 ; Olsen e t  al . ,  1 95 4 ; Ryden and Syers , 19 7 7b) . With the excep t ion 

o f  the procedu re deve loped by Ryden and Syers ( 19 7 7b ) , each of these 

p rocedu res extracts e i ther a mixture of the P fo rms des c ribed above , o r  

parts of  those  fo rms . Some o f  these p rocedures , including that for 

exchangeab le P ,  wil l  be discussed in S e c tion 2 . 2 . 3 . 

2 . 2 . 2 . 2 Organic 

Chemical characterization of OP has been l imited  by the inability 

to  ext rac t  much of the  soil OP in an unaltere d  form . Th is p rob lem is also 

�ompounded by the ext remely comp lex na ture o f  soil OP . Early wo rkers 

focussed their at t ent ion on the extra c t ion and measurement o f  total soil 

OP (Mehta e t  al . ,  1 95 4 ; S aunders and Wi l liams , 1 9 5 5 ; Walker and Adams , 
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195 8 )  and no t o n  t h e  ident i ficat ion of  specific  O P  compounds . An 

extract ion procedure whi ch involves an acid  pret reatment fol lowed by a 

co l d  and then a hot  alkali ext raction ( Meht a  e t  al . ,  1954) , has b e en 

adop ted , with minor mod i f i cat ions , as the standard method o f  ext ract ing 

OP from soils (Ande rson 1 960 ; Do rmaar and Webs ter , 19 6 3 ; Mar t in , 1 9 6 4a) . 

Other workers have experimented with reagents which are milder than 

the s t rong alkal i s , in at tempt s  to ext rac t OP compounds intact . Bo swall 

and de Long ( 1 95 9 )  ext racted 75 to 8 8% of the total OP f rom two s o i l s  wi th 

8 -hydroxyquino line in benzene , whereas ��cLean ( 1 965)  us ed a s ingle t reatmen t  

with NaHco3 , at p H  10 , and found that 9 8% o f  the OP removed b y  the Meh ta 

extraction procedure was ext rac te d .  Wi th a view to chemical analys i s  o f  

intact OP i n  the ext rac t ,  Halstead e t  a l . ( 1 96 6 )  used ace tylace tone and 

sonication o f  the ext ractan t -soil mixt ure to so lubil i z e  OP . The use o f  

this mi lde r extract ion procedure was success ful i n  reducing t h e  degree 

of hydrolysis  of the extrac ted OP compounds . 

Because the maj o r  part o f  s o i l  OP is extrac ted by alka l i  (Hal s t ead 

and Ande rson , 1 9 7 0 ; Anderson and Mal colm ,  1 9 7 4 ) , a cons ide rable numbe r 

o f  inve s t i ga t ions into the nat ure o f  soil  OP have been concerned with 

the frac t ionat ion o f  alka li ext racts  by either ion-exchange ch romato graphy 

( Cosgrove , 1 96 3 ;  Mart in ,  1 964a ; Ma rtin and Wi cken , 1 9 6 6 ; Hal s t ead and 

Ande rson , 1 9 70 ; Mar t in , 1 9 70 ; Ande rson and Malcolm , 1 9 7 4 )  or , mo re 

recen tly by gel chromatography ( S chnitzer  and Skinne r ,  1 96 8 ; Moyer and 

Thomas , 1 9 70 ; S t eward and Tate , 1 9 7 1 ;  Swi f t  and Posner , 1 9 7 1 ,  1 9 7 2 ) . 

Using these procedures i t  has b een found that alkal ine s o i l  ext racts contain 

mono-phosphorylated carboxylic acids ; inos itol polyphosphat es , nucleos i de 

phosphates , glycerophosphates , and several uniden t i f i ed e s ters ( Mar t in ,  

1964b ; Anderson and Mal colm, 1 9 74 ) , as well as fo rms o f  P which remain in 
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complex as sociations with humic acids (Anderson , 1 96 1 ;  Mart in ,  1 9 70 ; 

Mar tin and Mo lloy , 19 7 1 ;  Swi f t  and Posner , 1 9 7 2 ) . Most  o f  the wo rk 

involving ion-exchange f ra c t ionat ion of soil extracts has been dire c t ed 

specifica lly towards the iden t i f i ca t ion o f  ino s i t o l  polyphosphates , the 

charged phosphate groups of whi ch interac t readily with the res ins . 

Ion-exchange res ins , however , are no t su ited to the study o f  mo re comp le x  

phosphates . The technique o f  gel ch roma to graphy appears to b e  mo re 

p romi s ing for the mo re complex soil organic ma terial , al lowing the 

f rac t ionat ion and ident i ficat ion of OP according to mo lecular size . 

Thes e two proced ures and their use in charac te r iz ing particulate OP are 

discussed fu rther in S e c t ion 9 . 1 .  

A rather nove l me thod for charac t eriz ing solub le OP in lake wat e r  

was u sed b y  Herbes e t  al . ( 1 9 7 5 ) . The p resence o f  inos itol hexaphosphate 

in a high and in a low mo lecular we igh t  fract ion was determined by 

comparing the enzyme kinet ics invo lved in the release o f  IP , by wheat-b ran 

phytas e , f rom the lake -OP fract ions and from pure inositol hexaphosphate . 

The hydrolyzable OP , assumed to be ino s i t o l  hexaphospha te , was present in 

equal quan t i ties in b o th the high and low mo lecular weight fract ions . 

Al though the chemistry o f  soil IP  is reasonably we ll understood an d 

wel l  documented , the chemi s t ry and biochemis t ry o f  soil OP are mu ch less 

we ll es tab l ishe d . The excep t ions to this are the s impler su gar phos phates , 

nucleic ac ids , and o th er P es ters wh ich are ab le to oc cu r free o r  in less 

c lose  associat ion with more complex o rgani c  mate rial s .  

2 . 2 . 3  As s e s sment o f  b iological avai lability 

2 . 2 . 3 . 1 Inorgani c  

Several methods have been used to assess , dire c t ly and indire c t ly , 

the b io lo gical availabil i ty o f  part i culate  IP in soils and sedimen t s . These 
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are b riefly reviewed in this Sect ion . 

2 . 2 . 3 . 1 . 1  Sorpt ion and desorption . Or thophosphate ions 

in solution (DIP ) are c learly the mos t  direct ly avail ab le form of P in 

wat ers . The ab i l ity o f  a par t i culate P s ource to sustain a given l eve l 

o f  DIP is a maj o r  fac tor de termining the total  quant i t y  o f  P whi ch i s  

poten t ially avai lable for aquatic  p lant growth . The abi l i ty o f  erod ing 

s oil  mat erial to sorb DIP in st reams is also importan t (Wang and ·Brabec , 

1 9 6 9 ) . 

Seve ral wo rkers have used the da t a  ga ine d f rom IP sorpt ion s t udies 

to give an indi cat ion o f  the l ikely availabi l i ty of particulate IP  in b o th 

eroded soils ( Taylor , 19 6 7 ;  Taylo r and Kun ishi , 1 9 7 1 ; Ryden e t  a l . ,. 1 9 72a , 

1 9 7 2 b )  and lake sediment s  '( Mi ll iams e t  al . ,  1 9 70 ; Shukla e t  a l . ,  19 7 1 ) . 

As pointed out by Ryden e t  al . ( 1 9 72a)  , unless  soil : solution rat ios and P 

addit ions rea l i s t ic in te rms o f  th e s t ream envi ronmen t are adhered to , the 

data obtained are of limi ted value . Sharp l ey ( 1 9 7 7 ) has also s t ressed 

the importance of  selecting only the part i c le size fract ion whi ch is 

transported , when s tudying the sorp t ion characteristics of s uspended 

s t ream sedimen t source ma teria l s . In the work reported by Sharpley ( 1 9 7 7 )  

the < 30- llm fract ion accoun t ed f o r  90% o f  the particula te material in 

surface runo f f  f rom pas ture and this released eigh t times the amo un t of IP 

released by the s ame we igh t of whole surface soil (0 - S cm) . 

Both ero ding-surface soil  and s t ream-bank ma terial have been imp l icated 

as ma terials which influence DIP concen t rat ions in st reams (Kun i sh i  et a l . , 

1 9 7 2 ; Ryden e t  a l . ,  19 7 3 ;  Gburek and Heal d , 1 9 7 4 ) . Sharpl ey ( 1 9 7 7 ) 

repo rted that a l though eroded topsoil (surface-runo f f  mat erial)  released IP  

to solution , the resulting DIP concen t rat ion could be decreased on con t a c t  

with s t ream-bank material , whi ch h a d  a h i gher  P-sorb ing capac i t y . S imilar 
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ob s e rvat ions have b een made by Tay lor and Kun ishi ( 19 7 1 ) , Kunishi e t  al . 

( 1 9 7 2 )  and Ryden e t  al . ( 19 72 )  for who le s o i l  and source mate rial s . 

Kunishi e t  al . ( 1 9 7 2 )  showed tha t during periods o f  high and low flo1N , 

the relat ive p ropo rt ions o f  surface- runo f f  and s t ream-b ank ma terial , 

making up the sus pended l oad could be us ed to des cribe the concent ration 

of DIP p resent . 

Al though sorption-des orpt ion s t udies may b e  us ed to provide e s t ima tes 

of  DIP concentrat ions in runo f f  and s t reams , they do no t provide an 

ab so lute value for the amount of biological ly-avai lable P .  The data 

howeve r ,  do provi de an es t ima t e  o f  the l ikely amoun t of immediately­

available IP ; this is an impo rtant parame ter  in the ini t i a t ion o f  algal 

blooms (Vo llenwei der , 1 9 6 8 ) . Be caus e algal b looms can o c cur in the 

absence of detec t ab le leve ls of DIP (Abb o t , 1 9 5 7 ;  McColl , 1 9 72)  or , over 

the pe rio d of  grow th , may reduce DIP concen t rations to undetec table  levels 

( Thomas , 1 9 7 3 ; Woo d  and Gibson , 19 7 3) it  is obvious that b io lo gical ly­

ava ilab le P cons t i tutes a fraction whi ch is l arger than readily-de s o rb ab le 

IP . Furthermore , the f ree energy of  sorpt ion for P ions and s o i l  

components may b e  such that a va rying amo un t of  exchangeab le IP may remain 

on the so il , with essentially unde tec tab le l evel s  of IP appearing in 

solut ion . Because s urface-s orbed IP can b e  extracted by NH4F and NaOH 

it s eems likely that a cer tain propor t ion o f  NH4F- and NaOH-ext rac tab le 

IP may have a h i gh availab i l i ty for aqua t ic p lant growth . 

2 . 2 . 3 . 1 . 2  Isotopic exchangeab ility. In a t t emp ts t o  

quan t i fy the level o f  exchangeab le parti cula t e  P and to determine i t s  

inf l uence o n  t h e  P s tatus o f  surrounding wa ter , us e h a s  b een ma de o f  32P 

in i s o tope dilution studies . Work re levan t to the in fluence o f  exchangeable 

P on f reshwater DIP concen t ra t ions has been confined to the s tudy of estua rine 



and l ake s ediments (Hayes and Phi lips , 1958 ; Pome roy e t  al . ,  1 96 5 ;  Li 

et al . , 1 9  72 , 19 7 3) . Li  et a l . ( 1 9 73) demons tra ted that the leve ls o f  
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exchangeab le P were consis tent wi th th e leve ls o f  NaOH-IP measured in the 

lake sediments s tudied by Wil liams et al . ( 1 970) . In s imi lar wo rk with 

so ils , NaOH-IP was fo und to have a high degree o f  exchangeab i l i ty ( Dunbar 

and Baker , 1965) . Tandon and Kur t z  ( 1 9 6 8) fo und tha t mos t  o f  the 

iso topical ly-exchangeab le P in wide ly-di f ferent soils �..ras in the f ra c t ions 

extrac ted by NH4F and NaOH , whi ch we re assume d to be Al-P and Fe-P , 

respe c tive ly , ( s ee S e c t ion 2 . 2 . 2 . 1 ) .  The " Fe-P" fra c t ion was found to 

exchange more s lowly with 
32

P than the "Al-P" f rac tion . Thus i t  can b e  

assumed that i n  te rms o f  re lat ive exchangeab i lity , the "Al-P" fract ion i s  

mo re loos e ly bound and therefore has a grea ter po tential bio logical 

availab i l i ty than the "Fe-P" fraction . Reduc tan t-so luble I P  and acid-

extractab le IP show l i t t le exchangeabi lity ( Chu and Chang , 1 9 6 6 )  and 

therefore may be cons idered to be mo re ine r t . 

2 . 2 . 3 . 1 . 3 B ioas say pro cedures . The mos t  p romi s ing 

technique fo r meas uring b io logically-avai lab l e  par ticulate P is that o f  

the b ioas say . In this procedure , all  o ther nutrients and condi t ions are 

favourab le for growth, and the rate o f  produc t ion or f inal b iomas s  val ues 

are rela ted s imply to the concen t ration of avai lab le P .  The b ioas say 

forma t  ( S e c t ion 2 . 3) is us ual ly s imilar to the P rovisiona l Algal As say 

P ro cedure (PAAP , Environmental P ro t e c t ion Agency , 196 9 ) . The par t i culate 

P material is introduced as the only source of P in an al gal cult ure 

f l ask , and the resultant g rowth is related to growth in so lutions o f  

known DIP concentra t ion . Chiou and Boyd ( 1 9 74 )  s tudied muds made f rom 

twelve types of so ils as the only source o f  P in cultures o f  S cene desmus 

dimorphus . The muds suppo rted a range o f  a l gal growth , f rom no growth to 
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- 1  
as much as that maintained by 0 . 5  mg 1 o f  DIP . Al gal growth was then 

correlated with the amounts o f  soils IP  wh i ch were ext rac ted b y : 

( 1 ) the P f ree nut rient media used ; ( 2 )  0 . 0 5N HCl + 0 . 0 25N H
2 so4 ; 

( 3) and ( 4 )  0 . 1N HCl + 0 . 3N NH4 F .  All 

co r relations we re signi ficant at the 1% level o f  prob ab i lity , but  b e t ter 

correlations were ob tained with reagent s  (3)  and ( 4) , than wi th ( 1 ) and 

( 2 ) . In a s imilar s tudy , Mc Coll ( 1 9 7 5 )  inves t igated the ab i l i t y  o f  

New Zealand topsoil clays , soils , and lake sediments to supply P for the 

growth of  Ch lore l la vulgaris . The amoun t o f  P cons idered to h ave b een 

supp lied by the c lay , when chlo rophy l l  pro duc t ion was compared to alga l  

growth on DIP , w a s  es t ima ted to b e  h i gher than wa t er-soluble IP  o r  

Truo g-IP and closer t o  0 . 5M H2so4-extrac tab le IP . Mc Co l l  then e s t ima ted 

tha t  an amount of P equivalent to b e tween 2 4  and 8 1% of the IP  ext rac ted 

by 0 . 5M H2so4 was depleted f rom tops oi l  clays ; approximately 2 5% f rom 

lake sediment ; and 0 . 3  to 1 . 0% f rom subs o i l s . Cowen and Lee ( 1 9 7 6 )  

carried o u t  b ioas says wi th Selenas t rum capricornutum ( Environmen tal 

P ro t e c t ion Agency , Algal As say P rocedure) on the f ine-particulate fract ion 

( < 4 3 �) of  urban runo f f  and found that equivalent to 30% o f  the particulate 

P was availab l e  for algal growth . On comp aring the e s t ima tes o f  

b io logically-avai lab le P ,  with operat ional ly-de fined fo rms o f  extrac ted 

- 1  particulate IP , name ly , acid ( 8 . 1ml cone . HCl  + 1 . 3ml cone . H2 s o4 2 1  ) ,  

base ( 0 . 1M NaOH + NaCl ) , and res in (20 - 30 mesh Dowex 1 x 8 anion-exchange 

resin) , Cowen and Lee ( 19 76 )  reported that the e s t imates we re c loser to 

the amount of I P  extracted by th e alka l i  and the resin than by the aci d . 

In the maj ority o f  s amp l es , b io logical ly-avai lab le P was higher  than that 

meas ured by the a lkal i .  Al though , th e ab ove s tudies demons t ra t e  c learly 

tha t  soils and muds are ab l e  to supp ly P f o r  algal growth , and that 



es t imates  o f  avai lab le P can b e  made f rom equivalent algal growth on 

DIP , they do no t p rovide informa t ion as t o  which chemi cal or  physical 
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forms o f  particul ate P are b io logically availab le . Also , by correlating 

the e s t imated amounts of  biologically-avai lab le particulate P t o  the 

amoun t s  of ext rac t ab l e par t iculate IP only , these studies have no t 

conside red the po tent ial b io logical availabil ity o f  part iculate OP . 

In an at temp t to iden t i fy fo rms o f  b io logi cally avai lab le 

part iculate IP , Go lterman e t  al . ( 1 9 6 9 )  b ioassayed Fe and Ca phosphates 

us ing S cenedesmus ob liquus . The Fe-P was utili zed comp l e tely in a 

medium containing sufficient NaHC0 3 to ma intain the pH a t  8 ;  under the 

same condi tions , 30% of the P in hydroxyapa tite was also dep leted . 

Subseq uen t ly , the same worke rs , inves t iga ted the avai lab i l i ty o f  " Fe -P "  

and " Ca-P" i n  Dut ch lake muds . From the chemi cal frac t ionat ion o f  the 

IP in the muds be fore and a f t er a l gal growth , and after corre c t ing for 

algal P con t rib ut ion (see S ec t ion 4 )  to those frac tions , i t  was found that 

8 to 4 4% of the O . lN NaOH-plus O . SN H2s o4 -ext rac tab le IP  was depleted . 

These f ra c tions were assume d to b e  Fe- and ea-bound , respe c t ive ly , even 

though IP added as Fe and Ca pho sphates could not be recove red quan t i t a t ivcly 

from th e sediment s  by these re agen ts . From a s imilar s t udy on Wis c onsin 

lake s ediments , S agh er and Harris ( 1 9 72 )  concl uded that a s ub s t antial  

propor tion of  the IP , in  a range o f  calcareous and non- ca lcareous sediments , 

coul d b e  u t ilized  by algae . Again , the mos t  availab le f o rm o f  IP was 

shown to be the O . lN NaOH f ract ion . In cont ras t to the wo rk o f  Go lterman 

et al . ( 1 96 9 )  ,. Ca-P IP ( ac i d  ext ractab le )  had a very l imi ted availab i lity . 

In mo re recent s t udies , Gol t erman ( 1 9 73b) has discarded the mo re class ical 

extra c tants for n i t rloace tic acid (NTA) . A O . O lN NTA solut ion ext rac ted 

amount s  of IP f rom sediment s  wh i ch we re equiva lent to thos e "bound by Fe 
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and Ca" . Us ing the Ca-NTA salt , i t  was pos s ible  to selec t ively extract 

Fe-P . This h as the advant age over NaOH or H2so4 in that the s ediment 

residue can b e  added to algal cul tures as the sole P source . The amount 

of  NTA-ext rac t able  IP was s imilar to the amount depleted by algal growth . 

Also a f te r  NTA t reatment , a s ediment was no t ab le to s upport algal growth . 

Thi s  apparent complete availab i l i ty of  "P bound by Fe and Ca" partly 

con t radi c t s  the earlier wo rk p ub l ished by Golterman and eo-workers 

( Go lt e rman et al . ,  1969)  and that of  S agher and Harris ( 1 9 72 ) . In a 

study o f  the P s tatus of  eutroph i c  lake-bot tom s ediments , Wildung e t  al . 

( 1 9 7 7) h ave related the reduct ion in the non-occluded IP fract ion o f  

sediment t o  b iological product ion and demand for P i n  s urface waters . 

By emp loying the serial extract ion t echnique of  Chang and Jackson ( 1 9 5 7 ) , 

as mo d i f i ed by Williams e t  al . ( 1 9 6 7 ) , sediment IP changes were found t o  

b e  p r imarily due t o  reductions in the quant ity of  I P  ext rac ted by NaOH and 

citra t e-di thionite . Wildung e t  al . ( 1 9 7 7 ) hypothes ized tha t thes e 

fract ions may s erve to de fine b iologi c a l ly-availab le P .  Th is wo rk 

par t ly complement s  the f indings o f  Gol terman et al . ( 19 6 9 ) , S agher and 

Harris ( 1 9 72 ) , and Go lterman ( 19 7 3b ) . In a previous s t udy o f  the same 

lake-bo tt om sediments Wildung e t  al . ( 1 9 7 4)  showed that decreases in total  

sediment OP occurred s imultaneous ly to the dec reas es in  sedimen t  IP whi ch 

they had r ela ted to demand for P in surface waters . In their later 

study (Wildung et al . ,  19 7 7 )  and in the s tudy o f  Gol t erman et a l . , ( 19 6 9 ) , 

howeve r ,  the avai lab i l i ty o f  s edimen t OP , whi ch was removed in the 

ext rac tan t s  us e d  to moni tor s ediment IP , was no t cons i de red . Residual 

sediment OP , whi ch remained a f t e r  th e ext rac t ion of s edimen t  IP , was 

measure d , b ut as expected this f o rm did  not appear to be depleted  by 

biological ac tivi ty . 

I f  a b io as say is comb ined wi th an appropriate p a r t iculate IP 
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fra c t iona t io n  s cheme , a mo re meaningful and quantitative dete rminat ion o f  

the relat ive availabil ity o f  particulate I P  forms can po ten tially be 

achieved . P roviding that problems inheren t in IP fract ionat ion s ch emes 

are reco gn i s ed , i . e . , the reagen ts used are no t spec i f i c  for dis t in c t  

chemical fo rms o f  part i culate IP , useful interpretations may b e  drawn 

f rom the data ob taine d .  Because o f  th e impo s s ib ility o f  being ab l e  to 

completely separate a lgae o r  bac t eria g rown on particulate P ,  methods of 

correc t ing for the algal contribution to the chemically-de f ined P f ra c t ions 

are require d . I t  is envisage d that i f  the amount of sediment OP al so 

removed by the extrac t ants used fo r par t i culate IP is also measured , this 

may provide valuable info rmation as to the bio logical ava i lab i l i ty o f  

s ediment OP . 

2 . 2 . 3 . 2  O rgan i c  

A s  d i s cussed i n  the p reY ious S e c t ion the results  ob tained b y  

Wildung e t  al . ( 1 9 7 4 )  suggest that l ake-bot tom sediment OP may be depleted 

during per iods  o f  b io logical pro duc t ivi t y  in the surface waters . There 

do es no t appear to be any pub l ished info rma t ion , howeve r ,  conc e rning the 

chemi cal charac t erizat ion of b iological ly-avai lab le par t iculate OP . 

The desorp t ion o f  sorbed OP f rom soil has no t been s tudied ext ens ive ly 

and in fact Hanapel e t  al . ( 19 6 4 )  reported  that mo s t  of the OP leached from 

soils was p resent in a particulate fo rm . Cons iderab le evidenc e  is 

availab le to s uggest  that particula t e  OP can b e  utilized for g rowth . I t  

has been shown that solub le alkal ine pho s phatase enzymes released large 

amounts of DIP f rom o rganic material sus pended in Lake Kinnere t t ,  in 

no rthern I s rael ( Berman , 1 96 9 ) ; the release was as sociated with a heavy 

a lgal b loom . Cooke and Williams ( 1 97 3) also suggested that e roded o r  

i lluviated s o i l  O P  may b e  hydrolyzed in a s imilar manner . S uch 
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phosphatase enz yme s , which act  extracellularly (Blum ,  196 5 ) , are capab le 

o f  hyd rolyz ing s everal organic and po lyphosphate compounds (Clesceri and 

Lee , 1965 ; Davis and Wi lcomb , 1 96 7 ;  Rei chardt , 19 7 1 ) . Organi c  P esters  

such as inositol  hexaphosphate and nucleic acids , have been shown to act  

as  P s ources for terres trial plants  grown in sand or  wa ter ( Wh i t ing and 

Heck , 1 926 ; Ro gers e t  al . , 1 9 40 ; Mar t in , 1 9 7 3) . The minera lizat ion 

of several OP compounds in soil has been reviewed by Cos grove ( 1 96 7 )  and 

it can prob ab ly be assumed that s imi lar reac t ions would oc cur in lak e  

sediments and suspended ma terial s .  The factors gove rning the rate and 

exten t  of sedimen t OP mineralization , howeve r ,  have yet to be define d . 

Obviously , o f  maj o r  impo rtance are the extracellular phosphatases and 

phytases whi ch are produce d p rolifically by nume rous plants , algae , and 

bac teria when DIP concentrat ions are very low . Under such. condi tion s , 

algae h ave b een shown to use inos itol po lyphosphates , glycerophopha tes  

( Ch u ,  1 946) , nucleos ide P (P rovaso l i  and McLaughlin , 196 3) , phos pho l ipid 

(Miyachi et al . , 1 96 5 )  and a variety of P -hased det ergents (Fosb erg e t  al . ,  

1 96 7 ;  S t ewart and Al exande r ,  1 9 7 1 ) . He rbes et al . ( 1 9 75 )  showe d  that 

50% o f  the s olub le OP in lake wa ter was hydrolyzab le by phytas e ,  and 

showed s imilar kinetics to the hydrolys is o f  myo-inosito l  h exapho sphate . 

The hydrolyzable  OP was present in bo th high and low mol ecular weight 

fract ions , separated on Bio-Gel P60 . I t  was proposed that th e low 

molecular weigh t  f ract ion was free ino s i t o l  polyphosphate and the h igh 

mo le cular we igh t  fract ion may have b een composed  of  ino s itol po lyphosphates 

bound t o  proteins , l ipids , o r  fulvic acids . I t  has b een shown , however , 

tha t  OP compounds are l ess readily hydroly zed when they are as sociated 

with f ine sedimen t (Phillip s , 1 964 ; Greaves and ·.'Web ley , 1 969 ; Ro del et  

al . , 1 9 7 7 ) . Greaves and Web ley ( 1 969 ) sugges ted tha t the decrease 
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i n  the hvdrolvs is o f  sediment-asso c iated mvo-inos i to l  h exaphosphate was 

caused by the adso rp t ion of bo th the sub s t rate and the enzyme by clay 

minerals . Other workers have shown an opposite effe c t , where 

concent ration of p ro t eoly t ic en zymes on kaol ini t e  (Estermann and McLaren , 

1959)  and on a cat ionic form o f  montmorillonite (Aomine and Kobayash i ,  

1 964)  appeared to increase hydrolysis . 

Al t hough there appears to b e  subs tant ial evidence to sugges t tha t 

both dissolved and sur face-so rb ed OP can b e  hydro lyzed in the aqua t ic 

environmen t ,  the amount s  and fo rms o f  avai lable OP in part i culates , and 

the mechanisms by whi ch they can be made avai lab le fo r p lan t growth , remain 

unc lear . 

2 . 3  Bioassays , as Analyt ical Too ls 

Rodhe ( 1 96 9) has discussed the historical use o f  nutrient concentrations 

and ra te o f  organic ma t te r  product ion as cri teria for classi fying the t roph i c  

status o f  lakes . Cons idering eutrophication as a resul t o f  nutrient 

enrichment ,  wi th low external carbon inputs , the pho t synthetic  po tential 

o f  the wa ter  becomes impo r tant . Cons equently , in order to measure the 

t rophic s t at e  o f  a wa ter  body , it is necessary to measure aqua t i c  algal 

o r  plan t  p roduct ion . 

2 .  3 .  1 Algal b ioassays 

Because algal growth is the mo s t  eas ily monitored form of primary 

p ro duc t ion and is the maj o r  mani festa tion of a eutroph i c  water  bo dy , P 

and other nut rient avai lability s t udies have come to involve algal b ioma s s  

p ro duc t ion as an index o f  nut rient avai lab il ity . Algal bioassays a re 

capable o f  p roviding far mo re s ensi t ive results for nutri ent concen t ra t ions 
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than chemical analyses , as we ll a s  providing a d irect meas uremen t o f  

b iological ly-availab le nutrien ts . B ioas says usually invo lve the 

addi t ion of a sele c t e d  alga to a nut rient sample ; nutrient availab i l i ty 

can b e  determined f rom the a lgal biomass p ro duced and the nut rit ional 

s tatus of the algae (PAAP , Envi ronmental P ro te c t ion Agency , 1 96 9 ; 

Fitzgeral d ,  1 9 7 2 ; Healey , 1 9 73) . Although other techniques have b •�en 

used for the b ioas say of wa ter samp les (Go ldman , 1 964 ; We t z el , 1 96 5 ; 

Chamberlain and Shapi ro , 1969 ; Fitzgera l d , 1 9 7 2 ; Cain and Traino r ,  1 9 7 3) 

the b ioassay o f  nutrient source ma terials , s uch as  part i culate mat e ria l , 

requires that the al gae are t reated as an analy t i cal extrac tant and , 

as such , mus t be s tandard ized . Al so , the a l gal parame t ers us ed to 

indicate nut rient availab i lity should be s t andardized . When s tandardiz ing 

a b ioassay pro cedure i t  is importan t  to cons ider the following : 

( 1 )  the tes t-species mus t be ab l e  to domina t e  all  algae indigenous t o  

t h e  sample , i f  non-sterile  samples are t o  be used ; ( 2 )  b loom-fo rming , 

b lue-green algae are particularly sui tab le f o r  P b ioassays . F i t z gerald 

( 19 72 )  has sugges t ed that tes t algae should be s e lected on the basis of 

the alga whi ch domina tes  the wa ter  body to b e  s t udied , o r  whi ch domina tes  

the water  body into  wh i ch the nutrient source mat e rials will  pass , b ecause 

no t all algae wi ll re spon d  to the same envio rnmen t ;  ( 3) pre- s t arva t ion 

of the ino cula is very importan t  b ecause nutrient s to res within the al gae 

may be large r  than the concent rat ion of nutrients in the samp le ( Ge rlo f f  

and Skoog ,  1 9 5 4 ) . Only p re-s tarvat ion can reduce the cell nutrien t s  to 

ins ign i f ic an t  quan t i t i es (Azad and Bo rchardt ,  1 9 70)  and ensure that all 

algal growth responses are the resul t o f  nutrien t s  in the samp le ; 

( 4 )  t h e  phys ical con di t ions o f  the b ioas say , s uch a s  l igh t inten s i t y , 

tempe rature , co2 suppl y , and mixing can be varied in o rder to measure 



e i ther  the nutrients availab le under condit ions similar to the natural 

environmen t ,  or  the maximum amount of available nut rien t  when opt imal 

condi t ions for algal growth are us ed . 
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Obvious ly , sample preparat ion is impo rtan t and there are argument s  

for s t e ri l i z ing samples ( Cain and Traino r ,  1 9 7 3 )  in order t o  s t andardize  

b ioassays , and arguments agains t b ecause s terilization cons iderab ly 

a f f e c t s  nutrient availabi l i ty wi thin the sample (Filip and Middlebrooks , 

1 9  7 5 ) . The s t imulat ion o f  b� c te r ial growth during a b ioassay can be 

a p rob lem but this may be l imi ted by the use of an N-fixing tes t al gae 

and the omis s ion o f  added n i t ra te . Bac terial growth on ly then become s 

a p rob l em in the latter s t ages o f  growth when nitrogenous , extracellular 

pro duc t s  f rom the algae may s t imulate hetero t rophic growth (Fogg , 1 9 6 2 ; 

Wa t t ,  1 96 9 ) . 

The measurement o f  the algal mas s produced by a nutrien t in a 

b ioas say is s ubj ect to p rob lems b ecause algal b iomass canno t be meas ured 

direc t ly . Thus , o ther cell  pa rameters whi ch appear to b e  closely 

re lated to c e l l  growth can be used (Vo l lenweider , 1969b ) . These inc lude 

packed cell vo lume (Kyl in , 1 9 6 4 ) , dry we i gh t  (Fi t z gerald , 1 96 6 ; Re ichard t ,  

1 9 7 1 ) , and t urb idity at a s e t  wave length (Parr and Smi th , 1 9 7 6 ) . These 

me thods , howeve r ,  canno t b e  used during the bioassay o f  particulates . 

Other me thods for the meas uremen t o f  algal b iomass in the presence o f  

p a r t i culates include cell coun t s  (Golterman e t  al . , 1969 ; Ca in and Trainor, 

1 9 7 3 ; Javo rni cky et al . ,  1 9 7 3 ; Sagher , 1 9 7 4 )  whi ch may b e  made us ing an 

automat i c  cell counter ( Chiou and Boyd , 1 9 74 )  i f  a non- f ilamen tous alga 

is use d , chlo rophyl l  concen t ra t ion of an ext rac t (McCo l l , 1 9 7 5 ; Go l t e rman , 

1 9 7 6 ; Jones and Bachman , 1 9 7 6 ; Paerl e t  a l . , 1 9 7 6 ) , and e s t imat ion o f  l ive 

b iomass using analysis o f  adenos ine t riphosphate (ATP ) concentration 
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ATP measuremen t would e s t ima te both bac terial and algal b iomass . Of the 

above methods , the determinat ion of chlo rophyl l  concentration in labo rato ry 

b ioassays is p erhaps the eas ies t to perform ,  and has the added advantage 

of b e ing independently re lated to nut rien t availab il i ty (Healey , 1 9 7 3 ; 

McCo l l , 1 9 7 5 ) . The inter ference f rom other pigment s only b e comes a 

prob lem when the amount o f  dying o r  de compo s ing cells  in a cul t ure become s 

h igh . For e s t imation o f  b iomass , the determinat ion o f  ch lorophyl l  

concent ra�ons i n  extracts  b y  measuring the abso rbance o f  chlo rophyl l  a 

a t  66 3-66 5nm appears to b e  a reasonab ly ac curate method ( Tal l ing and Drive r ,  

1 96 3) . 

Further info rmat ion on nutrien t  availab ility during a b ioas say may 

also be ob tained by the measuremen t  o f  changes in algal me tabol ism o r  

cel l ular nutrient con ten ts (Fi t z gerald and Nelson , 1 96 6 ) . Healey ( 1 9 7 3 )  

h a s  intensively s t udied these aspe c t s  fo r the symp toms o f  P deficiency in 

the b lue-green alga Anab aena var iab li s . The pos s ible use o f  such 

changes as lo s s  of  het erocys ts , inc reas ing alkaline pho spha tase activity , 

inc reas ing P -deb t ,  and decl ine in chlorophyll �.  p ro t e in , RNA , and cel lular 

P as  indica to rs of P de f i ciency have b een conside red . I n  a b ioas say o f  

part i culate material , where Anabaena and the par t i cula t e  material canno t 

b e  s eparated a f ter algal growth yet the measurement o f  the dep l e t ion o f  

s p e c i f i c  par t i c ulate P frac t ions is des ired , some o f  these algal c e l l  

changes could p rovide a useful me thod o f  comparing the P s ta tus o f  

Anabaena , grown o n  part iculate  materia l , with the P s t a t us o f  Anabaena in 

P grow th -con t ro l  flasks . Anabaena of s imilar P s tatus to those grown on 

the particulate mat erial could then be selected for P f ract ionation s tudies . 

Thi s  may provide a mo re accurate de termina tion o f  algal P con t ribution to 
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s o i l  P f rac t ions , than as s uming that algal P content is constant throughout 

growth (Go l te rrnan et al . ,  1 9 6 9 )  or  cons tant b e tween algae that have b een 

exposed t o  d i f ferent degrees of P availabil ity . The b ioas say o f  soil  

mat e rial precludes the use o f  boi l ing wat er-ext rac table  P ( Fi t z gerald and 

Nelson , 1 9 6 6 )  and inc re a s ing P deb t as meas ures of algal P s tatus , because 

o f  P sorp t ion by the soil . O f  the o ther measurements , ch lo rophyll a 

con centration and alkaline phosphatase activity can b e  performe d on small 

aliquo t s  taken from the b ioassay . Also , they are s imple and rap id 

de terminat ions wh ich could eas i ly be accommodated in a rout ine analysis  

p rogramme . Alkal ine phosphatase a c t ivity measuremen t has the advant age 

of us ing a s imp le rea c t ion which is mediated by a rather s tab le enzyme 

(hal f  l i fe 3 days at 1 8° C ;  Rei chardt e t  al . ,  1 9 6 7 ) . An inc rease in 

alkaline phosphatase ac t ivity appears to be spec i f i c  to P l imi tat ion 

(chlo rophyll � is no t )  in seve ral algae (Kuenzler and Pe rras , 1965 ; 

Heath and Cooke , 1 9 75 ) . Enzyme leve ls in Anabaena var iab lis (Healey , 1 9 7 3 )  

increased as P was depl e ted and b efo re growth rat e began to fall ; this 

indicates that alkaline pho sphatase was con t ro l led by the concen t rat ion 

o f  a P compound and was no t con t ro lled by growth rate . I t  also sug ge s t s  

t h a t  spe c i f i c  enzyme a c t ivity is direc tly re lated to avai lab le P 

concent rat ions in s ituat ions where no o ther nut rients are l imi t in g .  One 

disadvant age is that alka line phsophatase ac tivity does not respond to 

s udden addi t ions of P ,  e . g . , the inocula tion o f  P-s tarved algae into a 

P s olution , and the decrease in enzyme activity is gradual by the process 

of cell  dilution . S udden increas es in P would not  normally o c cur during 

a b ioas say , so th is i s  no t a real p roblem .  

As a n  e s t imate o f  b iomas s ,  chlorophyll a concent ra t ion i s  sus cep t ible 

to var ia t ions in nutrient availab i li t y  (Healey , 1 9 7 3 ) . Dur ing a b ioassay 



for P howeve r ,  when o ther nutrients are adequately supplie d ,  i t  may b e  an 

advantage that ch lo rophyll � concent ration is independen tly re lated to P 

availability , as we l l  as being a measure of  biomas s .  I f  alkaline 

phosphatase a c tivity is monitored simul t aneous ly with chlo rophyll � 

concentra tion during a bioassay , an increase in enzyme activity wo uld 

con firm that a decline in chlo rophyl l  a concent ration was the resul t o f  

reduced P availabi lity . 
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From the literature reviewed i t  may be conc luded that for bioas says 

of  particulate-phase P using Anab aena , the monitoring of chlorophyll � 

concentration and alkaline phosphatase a c tivity should give rela tively 

accurate de t e rrninations of algal biomass and algal P s tatus , respec tively . 

Further eva luation o f  the two pa rame ters , under the conditions invo l ved 

in a bioas say of particulate P require inves tigation . 

2 . 4  Conclusions 

Inputs to waters which result in increased availab le P concent ra tions 

are , in general ,  the maj o r  accelerants  o f  eut rophication . Particulate P 

source materials may play such a ro le . The nature o f  particulate IP is 

relatively well estab lished , whereas the nat ure of much of the par ticulate 

OP f raction remains large ly obscure . There is considerab l e  evidence for 

the varying availability of  partic ulate IP and OP for algal and bac t erial 

growth . I t  appears , however , that no bioas say study to date has measured 

the amount s  and forms of particulat e IP  and OP which are present in s t ream 

sedimen t  source mat e rials and are availab le for the growth o f  al gae in 

f resh water s . 

Only by s tudy o f  the bio lo gical availability o f  particulate IP and OP 

is  it possib le to de termine the potential impact o f  sediment loads on water 
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qua l i ty and , in turn , evaluate the importance o f  corre c t ive measures t o  

reduce s uch inputs . 



S ECTION 3 



GENERAL METHODOLOGY 

3 . 1 Algal Cul ture Procedures 

3 .  1 .  1 Bioas s ay o rganism 

The p lankton i c , blue-green alga Anabaena sub cylindrica , isola te d  
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and des c ribed by Ms . Catherine Lam ( Botany Department , Auckland University) ,  

was chos en for  the  s tudy for  the  following reasons: 

( 1 ) I t  is f r equently found as a dominant bloom- fo rming species i n  

New Zealand waters . 

( 2 )  I t  has b een found t o  b e  an ideal o rganism with whi ch t o  work , 

becaus e i t  i s  plank t onic and gives a homogeneous culture 

under lab o ratory condit ions . 

( 3) I t  is ab l e  t o  fix ni trogen (N) , avoi ding the need for an N 

source wh i ch may s t imulate the growth o f  indigenous b a c t er i a  

and algae . 

( 4 )  I t  has t h e  ab i l i ty t o  rapidly as s imi late solution phos pho rus 

( P ) , thereby p roviding opt imum cond i t ions for the dep l e t i on 

o f  a P source . 

( 5 )  S tock cul t u re s  can eas i ly and inexpensively b e  maintained o n  

agar s lopes . 

3 . 1 .  2 Media 

S to ck agar s lo p e  culture ( Gorham ' s  ASM- 1 ,  N- media ( Go rham e t  a l . , 

1964)  p lus 1 %  Davis Bac t e rial agar) were maintaine d unde r  peiodic ligh t ing 

0 ( 2000 Lux , cool, ,whi te f luores cent)  a t  1 5  C .  

every 6 weeks . 

New s lopes were prepared 

Liquid cultures ( Go rham ' s  ASM-1 , N- media)  were init ially adj us t e d  

t o  p H  7 ,  and maint ained under cont inuous l ight ing ( 4000 Lux , coo l , whi t e  



f luore s cent )  a t  2 8°C on a rec iprocating shaker ( 9 0  r . p . m . ) . 

3 . 1 . 3  Preparat ion o f  inocula 

Experimental inocula we re p repared in the fol lowing manner : A 
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- 1  2 - l i tre  Erl .;nmeyer f lask con t aining 1-li tre o f  P+ ( as 0 . 1 39 g  1 o f  K2HP04 ) 

media (ASM- 1 ,  N-) was inoculated wi th algae f rom the s t o ck agar sl opes . 

Ove r a period o f  2 weeks the algae were grown to a known chlo rophyll 

concen t ra t ion , harvested by centri fugat ion a t  6089 x G (Sorvall S uperspeed 

RC-2B)  for 1 0  min , and washed and res uspended in ASM- 1 , P- , N- media for 

10 days o f  P s tarvat ion under l iquid-cult ure growth condi t ions . Algal 

alkal ine phosphatase ac t ivity was moni tored during P s tarva t ion . When the 

approp r iate leve l of P s tarva tion was att ained the cells were harve s t ed 

again b y  cent r i fuga t ion an d resuspended in P- (ASM- 1 , N-) me dia t o  give an 

- 1  approximate cell concent ra t ion o f  1 5mg ml A samp le ( 10 ml) o f  th is  

suspens ion was used to ino cula t e  each experimental flask . During the 

later  s tages of experimentat ion , it was found that when 1 l i t re of P+ 

- 1  media ( ASM- 1 ,  N- , 0 . 8mg P 1 ) was ino culated with algae f rom stock s lopes , 

suf f i ciently P-s tarved algae we re produced a f t e r  3 weeks growth under 

l iquid c ul ture condi t ions . Al iquo t s  f rom th is culture were used to 

inoculate the experimen t al f lasks . 

3 . 1 . 4  B ioas say technique 

The growth media (ASM- 1 ,  P- , N-) had a negl igible influence on 

par t iculate P availab il i ty ( S ee Append ix Tab le I ) . 

S amp les ( 1 g) o f  the < 30-�m ma te rial o f  various soils and s t ream-

sedi ment source material were s uspended in 1 l i tre of growth media 

(ASM- 1 ,  P- N-) , whi ch was adj us ted to pH 7 ove r a period of 3 days . 

Each sys t em was duplicated and a non-ino cula ted , me rcuric-ch lo ride 

poisoned , control f lask for each ma terial was incubated over the algal 
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growth p eriod to ascertain whe ther there was any non-b i o lo gical t rans fer 

of  P b etween the d i fferent P fract ions . Al l f lasks were incubated ove r-

night at 2ffYc before being inoculated with P-starved algae . 

The particulate P sys t ems and the algal-growth control sys t ems 

( s ee S e c t ion 4) were then incubated unt i l  algal growth became P l imi ted ; 

deno ted b y  a decrease in chlorophyl l  pigment levels and confi rmed by the 

addition o f  500 � g P to re-es tab lish algal growth . Intermi t tent ly over 

the peri od of incub at ion , algal chlo rophyll , whole-ce l l  alkaline 

phosphatase activi ty , and algal and soil P f rac t ions were de termined . 

The data f rom the algal-growth cont rol flasks p rovided the neces sary 

correc t ions for the algal con t r ibut ion t o  the soil plus algal P f ract ions . 

This p ermi t t ed the rate and the ext ent of  depletion of  each soil P f ract ion 

to be c a l c ulated . 

3 . 1 . 5  Alkaline phosphatase ac tivi ty 

Who le cel l , alkaline-phosphatase activity was determined as follows : 

lml o f  the algal cul ture was incub a t ed with O . SM tris-hydroxymethy l­

-2 
methylamine ( 2ml) ( pH 8 . 6 )  and 10 M 4-n i t rophenyl disodium orthphospha t e  

( 2ml) in a 1 2-ml po lycarb onat e  cer t r i fuge tub e a t  30°C f o r  3 0  min . The ' 

cells were s epara t ed by centri fugat ion ( 2 700 x G ,  for 30 s e c )  and the 

absorbanc e  of the superna tant was measured against an incubated reagent 

blank at 4 10 nm on a Pye Unicam SP 1 800B spectrophotome t e r . Alkal ine 

phospha t a s e  activity was expressed in relat ion to b iomass as � mo l es 4-

- 1  - 1  nit rophenyl-disodium orthophospha t e  hydrolyzed hr � g chlo rophy l l  

( � moles pNP hr - 1  
� g - 1  chl) . 

3 . 1 . 6 Development and evaluat ion o f  b i omass measurements 

S everal methods f o r  es t imat in g  algal b iomass were considered 

( S ec t ion 2 ) . Because o f  the p re s en c e  o f  s o il mater ial in the algal sys t ems 



and b ecause a rapi d  metho d was required to f i t  into the rou tine analys i s  

programme , only two methods were evaluated ; namely ( 1 ) t h e  meas urement 

of organ i c  carbon , as a s tandard related to dry wei ght and ( 2 )  the 

determinat ion of chlorophyll concent ration . 

3 . 1 . 6 . 1 Organic carbon and dry weigh t  

38 

The acidi f ied po tas s ium dichroma te diges tion procedure o f  

Walkley and Black ( 1 9 34 ) , as mod i fied b y  B remner and Jenkinson ( 19 60 )  was 

used to oxidize the o rganic mat e rial present . When us ed fo r soils , a 

corre c t ion factor o f  1 . 3  is required to calculate organi c  carbon (C) 

levels . B remner and Jenkinson ( 1960) , howeve r ,  have repo rted that this 

facto r i s  not required for C assays on p lant ma terial . Be cause the 

method was required to measure increasing algal mas s , and b ecause soil C 

contribut ion remaine d  constant ove r the expe rimental period , the corre c t ion 

factor was no t use d . 

Us ing the procedure as pub l i shed ( B remner and Jenk inson , 1 9 60) on 

oven-dried algal s amp les , a direct  relat ionship could not be ob taine d 

between th e measured organic C and algal d ry wei gh t  (Tab le 3 . 1 ) . 

Tab le 3 . 1 Effect  o f  inc reas ing al gal mas s  on the amoun t  o f  

oxidi zab le algal carb on 

Algae (mg dry we igh t )  Carbon /dry we ight 

0 . 9  0 . 7 16 

1 . 8  0 . 6 75 

3 . 6  0 . 5 8 3  

4 . 0  0 . 36 8  

Incomp l e t e  oxi d ation o f  the large r algal samp l es was respons ib le f o r  the 

decreasing r a t ios . In o rder t o  faci litate complete oxidat ion o f  the 
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samples , the e f f e c t  o f  mo re rigo rous oxidizing condit ions was evalua te d .  

Four duplicate algal samp les and soil samp les were heated wi th acidi fied 

potassium dich romate for varying t ime periods . The resul t o f  heating 

the oxidiz ing mixture a t  100°C for periods up to 3hr are shown in Fig .  3 . 1 .  

The data indicate that on ly 50% o f  the algal C was oxidized wi thout 

heating ; th is produced a C/dry wt ratio of 0 . 36 8 .  The maximum reading 

for algal C was a t t ained only after 2hr of heating at 100° C ,  p roducing a 

C / dry wt rat io of  0 . 74 3 .  The meas ured level o f  soil organi c  C cont inued 

to increase , even up to 3h r of heat ing . At thi s  point the measured C 

val ue o f  the s o i l  was larger than unheated value by a factor o f  1 . 3 . 

indi cates that oxidat ion was essent ia lly complete . The a t tainment o f  

s tab ility o f  th e soil  C value was unimpor tant , b ecause i t  did  no t vary 

s ignificantly during an experimen t .  Heat ing did no t affect  the b lank 

Th is 

reading of the oxidi zing mixture . Cons equently , by hea t ing the oxi d i z ing 

mixture at 100° C for 3 hr it was pos s ib le to pro duce a reliab le va lue for 

algal C conten t . The heat ing proce dure was incorporated into al l 

s ub s equent C determina t ions . The procedure adopted was as fol lows : 

dup l icate 10-ml aliquo t s  o f  the algal cul t ure were dried overn igh t a t  

100° C i n  250-ml Erlynmeyer flasks . A 10 -ml aliquo t  o f  1N  p o t as s ium 

dich romate and 20ml o f  concen trated H2
so4 were added and the mixture was 

heated at 100°C for 3hr .  The cooled dige s t ion mixture was d i luted to 

2 00ml with dist i l le d  wa te r , 10 ml of syrupy phosphoric acid was added , and 

the res idual po tass ium dichromate determined by t i t rat ion wi th O . lN fe rrous 

ammonium sulphate . A 2 %  s olut ion o f  barium diphenylaraine s ulphonat e  was 

used as the end-point indicator . 

3 . 1 . 6 . 2 Chlo rophyl l  concen t ra t ion , o rganic carbon , 

and dry wei ght 

The measuremen t o f  chlorophy l l  a concen tration (hereaf ter  
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referred t o  as chlorophyll , o r  chl when abb revia ted) has been use d  in 

several s tud ies to es t imate the quant i ty o f  phytop lankton p resent (see 

S ec t ion 2 )  . As an e s t imate o f  algal mas s , i t  has advantages in tha t i t  

i s  quick and s imple t o  perform and s ens i t ive t o  small amounts o f  algae . 

Based on a review o f  the li terature , the me thod of  Tal ling and Driver 

( 19 6 3) was adop t e d . Th is allows fo r the cal culation o f  chl in an e thano l 

extract , f rom ab sorb ance in the region o f  6 6 3-6 65nm ,  by the approxima te 

relat ionship ch l ( lJg ml- 1  so lven t )  = 1 3 . 9  x n
665  

(path length cell 1 cm ,  

D = abs o rb an ce a t  6 6 5 ) . Thi s  me tho d was evaluated us ing Anabaena in the 

presence o f  soil ma terial . Al iquo t s  o f  Anabaena cells were co l l e c te d  on 

a memb rane filter ( 0 . 45 llm po re s i ze )  and extracted with 20ml o f  i ce-·cold 

ethano l containing 0 .  1 %  Mgco 3 for 24hr in the presence o f  0 .  5 g  of 30-·Jl m 

soil mat e rial . The results ( Tab le 3 . 2 ) show tha t 0 . 5 g o f  s o i l  material 

had no s i gn i f icant e f fect on the chl ext rac ted . Becaus e much smaller 

weigh t s  o f  s o il woul d b e  present in a l iquo t s  taken from culture f lasks , 

Tab le 3 . 2  E f fec t o f  inc reasing algal mass and soil 

on extrac tab le chlo rophy ll concen tration 

Aliquo t  o f  algae Ab s o rbance 
(ml) ( 6 6 3nm) (ll g 

1 0  0 . 0 78  

1 5  0 . 1 1 6 

2 0  0 .  1 5 3  

30 0 . 2 1 8  

0 . 5 g s o i l  1 0  0 . 0 75  

1 1  30 0 . 2 1 7  

1 1  0 0 . 00 2  

Ch lo rophyll 
1- 1 m s o lven t )  

1 . 0 8  

1 .  6 1  

2 . 1 3 

3 . 0 3 

1 . 04 

3 . 0 2 

0 . 0 2 



4 2  

the chl o rophy l l  extrac t ion pro cedure was seen to  ful f i l  the requi rements 

o f  an a lgal b iomass indicator for  the soi l-algal sys t ems . I t  was 

necessary ,  however , to further evaluate the app licab i l i ty o f  chl as an 

ind i ca t o r  o f  b i omas s , because c e ll pigment conten t woul d depend on the 

physi o lo gical condi t ion o f  the c el l ,  and also to determine wha t  f ur ther 

info rma t ion could be ob tained b y  the continuous moni toring o f  chl over a 

period o f  algal growth . Firs t ly ,  assuming algal C content to  be an 

ab solute measuremen t o f  b i omas s ,  una f fec ted by cell nut rition , a comparison 

was made between chl and C content during the e xponen tial growth phase o f  

the a l ga Anabaena sub cyl indrica , grown in a surplus o f  P .  Carbon level s  

were determined o n  20-ml aliquo t s  o f  the algal cul ture to enhance the 

accuracy of the me tho d .  A 5 -ml al iquo t  was us ed for chl determinat ion . 

The res ul t s  are shown in Fig .  3 . 2 .  A l inear rel a t ionsh ip was ob tained 

b e tween the two parameters over the period of exponential growth ( i . e . , 

up t o  the point b efore nutr ient deficiency (Healey , 1 9 7 3) ) . There fore , 

i t  was concluded that chl gave a reasonab le measure o f  algal pr�duc t ion 

under condit ions where growth was not nutrient l imi ted . 

Al gal chl was further inve s tigated under varying degrees o f  P 

l imit a t ion in o rder t o  evaluate i t s  us e with algal cultures where s o i l  P 

was the only sour ce o f  P .  Five P treatmen ts ( 0 , 0 . 24 ,  0 . 36 ,  0 . 60 , and 

- 1  
0 . 84 m g  P 1 ) we re duplicated in ten 2-litre cul ture flasks , c ontaining 

1 l i t re o f  ASM- 1 ,  N- media . These were adj us ted to  pH 7 and incubated 

ove rn i gh t  at 2 8° C ,  b efore b eing inoculated with minimally P-s tarved a lgae . 

The f lasks were incubated under l iquid cul t ure condi tions unt i l  algal 

growth ceased . Over the growth p erio d ,  chl , algal dry wei gh t , and 

alkaline phosphatase ac tivi ty we re monito re d  regularly . The resul ts are 

shown i n  Fig . 3 . 3a ,  b ,  and c .  B o th chl (Fig . 3 . 3a) and algal d ry we i gh t  

(Fig . 3 . 3b )  were c learly l imi ted b y  P concen t rat ion ; maximum yields we re 
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more affected than the rate o f  dry mat ter or chl produc t ion , especially 

- 1  a t  the higher P concentrat i ons o f  0 . 60 and 0 . 84mg P 1 The drama t i c  

inducement o f  who le-cell  alkaline phosphatase a c t ivity b y  P l imitat ion 

(Fig . 3 . 3 c )  is cons is t ent with the f indings o f  Healey ( 19 7 3) . Thi s  

induct ion was c learly seen i n  the 0 . 24mg P 1
- 1  

sys tem a f t e r  1 5  days and 

4 5  

- 1  in the 0 . 36mg P 1 a f te r  1 7  days . The algae in the 0 . 60 and 0 . 84mg P 1
- 1  

systems did no t apear t o  become a s  severely P s tarved during the 

experimental  period s tudied . I t  was hoped that in future s t udies , alkal ine 

phosphatase activity could be used to fol low the P sta tus of the test  algae 

during growth on part icula t e  mat erial s .  

In all  P treatmen ts , chl reached maximum levels (Fig . 3 . 3a )  and began 

to decrease before dry mat ter produc t ion decreased (Fig . 3 . 3b ) . Healey 

( 1 9 7 3 )  found the same response with P-limited Anabaena . Consequen tly chl 

was an earl ier indicator of P l imitat ion than d ry weight . When plo t t ing 

chl against algal dry weigh t for each treatment it was found that no s imp le 

relat ionship exis t ed b e tween the two parame ters over the period o f  algal 

g rowth ( Fig . 3 . 4 ) . There did , however , appear to be th ree dis t inct  

s tages , for each P treatment , during which separate linear relat ionships 

exis ted between chl and dry weigh t . Cons equen t ly ,  no general relat ionship 

could be found to relate chl to dry weight , except to say that chl 

appeared t o  b e  governed by two factors , algal mas s  and P availab il ity . 

When P availab ility was cons tant , a l inear relat ionship p robab ly exi s ted 

b e tween chl and a�al dry we i ght . 

For chl or  dry weight to b e  used as a b iomas s  indicator for P 

l imit ed s tudies , i t  was neces sary to determine whe ther maximum chl o r  

maximum dry weigh t  i n  each f lask was related to t h e  to tal  amount o f  

available P p resent . The chl or  maximum dry ma t ter produced was plot ted 

agains t the availab le P concentrat ion in each sys t em .  Regres s ion l ines 



Fig .  3 . 4  Variation in the chlorophyll conc ent rat ion-algae 

dry weight relat ionsh ip during the g rowth o f  

Anab aena in ASM- 1 ,  N- med ia at varying P 

concentrat ions ( A = 0 . 84 ,  B = 0 . 60 , C = 0 . 36 ,  
- 1  and D = 0 . 24 mg P 1 ) . 
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and the variance and correlat ion c o e f f ic ien ts were calculated f o r  each 

set of data ( Fig . 3 . 5 ) . There was a h igh correlation b e tween maximum 

chl and t o tal available P ( r  = 0 . 9 9 8 ) , and maximum dry wei gh t  and to tal 

availab l e  P (r = 0 . 9 95) . I t  was evident that the chl data were subj e c t  

t o  a s li ghtly  lower deviat ion f rom a direct relat ionsh ip , having a 

:1 1-'cf �ttl.:"l. 
variance o f  a =  0 .  30A, compared t o  the dry weigh t  data variance o f  

3 . 1 . 6 . 3  Adopted me thod o f  b iomass measurement 

Al tho ugh the rel iab il ity of the C determina tion was improved 

by hea t ing the d iges tion mixture , the lengthened proce dure was too t ime 

consuming to f i t  into a 4 8-hr samp l ing interval which invo lved a P 

fract iona t ion procedure and an a lkal ine phosphatase a c t ivity determina t ion . 

Also , an experimental cul ture volume of  1 l i tre dictated the necessity 

for small sample aliquo ts in o rder t o  allow a numb er o f  sampl ing events . 

Small aliquo t s  ( < 1 0ml ) would reduce the amount of  meas urab le C and 

there fore the accuracy of the t i tra t ions . For large concentrations o f  

algae t h e  method was s t i l l  reliab l e , but 1-g samples o f  s o i l  would not 

produce s u f f i c iently large amounts o f  al gal material . For the same 

reasons , algal dry weight was no t a reliab le indicator o f  b iomas s . In 

the presence o f  s o il , sub-sampl ing e rrors produced variable  weigh t  

recordings - b ecause the soil cons i tuted b y  f a r  the maj or part o f  the 

recorded weigh t . On the o ther hand , chl was easily measured and was mo re 

sensit ive to changes in algal mas s . For example , there was a 3 7 - fold chl 

- 1  inc rease in the 0 . 84mg P 1 sys tem ( Fig . 3 . 3a) but only an 8-fold 

increase in dry wei gh t  over the same growth period . The chl was easily 

determined in the presence of  soil and the data were highly c orrelated 

with the amoun t  o f  availab le P presen t ; this would allow growth on soil 

P to b e  c ompared with growth on known amounts o f  P .  Also , a samp le s i z e  
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o f  only 5ml was requi red to produce reliab l e  results and therefore several 

sampling event s  could be undertaken over the p eriod of algal growth 

without grea t ly reduc ing the cul t ure vo lume . Chlorophyl l  extrac t ion , 

- 1  - 1  measurement , and expression as � g  chlo rophyl l  ml culture ( � g chl ml ) 

was ado p t ed as a reliable indicator o f  algal mass up t o  the point o f  

pigment det erioration . 

3 . 2  Phosphorus Det e rminat ion 

Ino rganic P ( IP ) removed by a range of extractants was measured 

in neutral ized aliquo t s  of  each extrac t ant by the me thod of Murphy and 

Riley ( 19 6 2 ) . 

To tal  extractab l e  P (TP) was measured using the same me thod a f ter 

p ersulphate diges t ion (Envi ronmental Protec t ion Agency , 1 9 7 1 )  o f  a 

suitable  aliquo t  o f  each extrac t ant . Extractab l e  organic  P (OP) was 

calculated as the d i f f erence between extrac tab le TP and IP . The 

absorbance o f  the pho sphomo lybdate complex (Murphy and Riley , 1 9 6 2 )  was 

measured at 7 1 2 nm us ing a Pye Unicam SP 1 800B spect roph o tometer . 

3 . 2 . 1  De f ini t ion o f  terms 

The t e rm P generally refers to the orthophosphate ion , but  may b e  

qua l i f ied b y  the terms organi c  (OP) and inor ganic (IP) . Where the 

t e rm available-P or extractab le-P is used , P refers to b o th o r gani c 

and inorganic P .  

The t erm TP refers only to that P measured in the persulphate diges t ion 

o f  a s o i l  extrac t ( see S e c t ion 7 ) . 

The terms 0 . 1M NaOH-IP , 0 . 1M NaOH-OP e t c . refer to the amount o f  I P  or  

OP e tc . , extrac t ed by the named r eagent , in this case 0 . 1M NaOH . 

Th is t erm may b e  further qualified by the words algal o r  soil , 

thereby signi fying the source o f  the extracted IP , OP e t c . (e . g .  

O . lM NaOH-algal-P ) . 
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3 . 2 . 2  Phosphorus fract iona tion procedure 

3 . 2 . 2 . 1  S o l ution-P 

A 40-ml al iquo t was pipet ted f rom the cul ture f lask ( s o i l : 

solut ion rat io 1 : 1000 ) into a 40-ml po lypropylene , screw-top cen t r i f uge 

tube and centrifuged at 2 7000 x G for 1 0min at -4°C ( Sorval l  S up erspeed 

RC-2B) . I t  was found that the al gal cells fo rmed a more compac t residue 

at this low temperat ure . The supe rna tant s o lution was decanted th rough 

a memb rane filter ( Mi l lipore 0 . 45 �m) and IP and TP were determined on 

suitable  aliquo t s . 

3 . 2 . 2 . 2  S odium hydroxide-extrac tab le-P 

A 30-ml al iquot of a s olut ion containing 0 . 1M o r  1M ( NaOH + 

NaCl) was added to  the residue and the tube was shaken on an end-ove r-end 

shaker for 1 7hr at 2 4° C ,  centri fuged a t  2 7000 x G for 10min at 0° C and 

decanted  through a memb rane filter  (Mi l lipore 0 . 45�m) . The residue 

was washed with 20ml o f  1M NaCl , cent rifuged , and the washings comb ined 

with the NaOH extrac t s . The extracts were co loured to  differen t degrees , 

depending on the amount o f  humi c ma terial p resent in the s o i l . Thi s  

colour was found to  interfere with the development o f  the phosphomo lybdate  

b lue co lour and in s ome cases h umic prec ipitates  formed on addit ion o f  

the acidic Murphy and Ri ley reagent . In gene ral , the cloudy s o l utions 

gave h igher and o f ten non-rep roducible ab sorb ance readings . After  sho r t  

experimentat ion , i t  was found that adj us tment o f  the NaOH extrac t to  pH 1 

al lowed p recipitat ion o f  the humic acids , whi ch removed the int erference 

with phosphomolybdate development ,  and a f fo rded the grea tes t recovery o f  

I P .  A t  higher pH values ( pH 3 and 7 ) , I P  was also pre c ip i tated with the 

humic acids . The p ro cedure adopted for measur ing NaOH-IP was as f o l l ows : 

The pH o f  the f il tered NaOH e xt rac t ( 10ml) was adj usted to pH 1 with a 
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cal culated volume o f  lM HCl and immediately cen t r ifuged t o  avoi d  

pos s ible a c i d  hydro lys i s  o f  o rganic  P ;  this p recipitated a large quan t i ty 

o f  the humic acids , whi ch allowed a c lear phosphomolyb date b lue co lour to  

develop with maximum re c overy o f  IP . NaOH-TP was determined by 

persulphate d iges t ion of the filtered extrac t .  

3 . 2 . 2 . 3  C i t rate-dith ioni te-b icarbonat e  extrac tab le-P 

( CDB-P ) 

A 1 0-ml aliquot o f  0 . 2 7M sodium c i trate /O . l l M sodium hydrogen 

carb onate was added to  the res idue , which was heated to 80° C in an oven . 

S o d i um d i th ionite (0 . 3g ,  fresh , solid)  was added and the tub e  shaken for 

30sec and replaced in the oven for 2 0min ; the tube was shaken a t  5 -min 

intervals . The tub e  was cooled t o  room t empera ture , cent rifuged at 

2 7000 x G f o r  lOmin , and the superna tant solut ion was decanted into a 

100-ml polyproplene , pres s-cap cen t rifuge tub e .  The res idue was washed 

with lM NaCl ( 20ml) , centri fuged , and the wash ings comb ined with the 

CDB ext rac t and the vo lume adj us ted to  30 ml . An air-b ubb ling sys t em 

was p laced in each 100-ml tub e  and moi s t  air was b ubb led through the 

comb ined washings and ext ract fo r 4h r ,  o r  unt i l  an oxidi z ed s tate was 

achieved , as indicated by the c olour change f rom colourless to  yellow . 

The me thod o f  Weaver ( 19 74 )  was us ed to overcome c i t rate inte rference 

when determining the I P  concentrat ion of the ext rac t except that the Murphy 

and Riley reagent (Murphy and Riley , 1 9 6 2 )  was used ins t ead of reagen t B 

o f  Watanabe and Olsen ( 19 6 5 ) , fo r the colorime tric  determinat ion o f  IP 

c oncentrat ion . 

3 . 2 . 2 . 4  Ac i d-ext rac t ab le-P ( lM H Cl-P) 

A 10-ml aliquo t of lM HCl was added to  the res i due and the t ub e  

0 
shaken for 4hr on an end-over-end shaker a t  24  C .  The s up e rnat ant solution 

was de canted a f ter centri fuga t ion , and the IP concen trat ion was measured in 

a neut ralized aliquo t . 
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EFFECT OF PHOS PHORUS AVAILABILITY 

ON EXTRACTABLE ALGAL CELL PHOSPHORUS 

4 . 1  Introduc t ion 

In b ioassay studies which a t t emp t t o  determine the amount and 

forms of b iologically-available P in par t i culate material , the prob l em 

o f  no t being ab le to re-separate the tes t algae from the par t iculate P 
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source is encountered . I t  is therefore impossible to direc t ly determine 

those s oil P f rac t ions that have b een dep leted by a lgal growth , b ecause 

algal P is s imul taneously extrac ted wi th the soil P fract ions during 

chemi cal fra c t iona t ion procedures . Gol te rman e t  al . ( 1 9 6 9 )  a t temp te d  

t o  overcome t h i s  p roblem by assuming that the c e l l  P fract ion in Scenedesnus 

obliquus remained cons tant during growth . Cons equently , he equa ted the 

amount of P ext rac ted f rom a known biomass  ·.1h i ch was p roduced in a solution of 

known P concen t ra t ion , with the biomas s  produced by the P derived f rom 

l ake mud and then sub tracted the es t imated extrac table-algal P from the 

mud plus algae ext rac t i on value . Thi s  permi t ted the determina tion o f  the 

amount of P remaining in a specific soil  P frac t ion . Sagher ( 19 7 4 )  found 

that the cell P conten t o f  Selenas t rum capricornutum and No stoc  sp . 

decreased during growth for  all media P concen t rat ions . In o rder to  

c o rrect for algal P in sediment-algal sys t ems , a correct ion factor which 

was based on the extrac t ion o f  P from algae during the s tationary phase 

o f  growth was used . Dur ing the early s t a ges o f  growth , this would lead 

to an underes t ima t ion of the corre c t ion for algal P .  Because algal P 

c ontent is known t o  vary g reatly according to P availab i l i ty (Healey , 1 9 7 3 ; 

Keenan and Aue r , 1 9 74 ) , i t  is d i f f i cul t to  produce accurate algal 

correct ion f igures for the whole algal growth period , during whi ch P 



availabil i ty is believed to  decrease grea tly . In order t o  pro duce 

accurate corre c t ion data for al gal P ,  e sp ec ially for P-ass imi lat ing 

algae , the control sys t ems mus t  have a s imilar P environment to the 

particulate sys t em ,  i . e . , a low concent rat ion of solu t ion P whi ch is 

buf fe red t o  a large e xtent by P s o rbed at the s o il surface . Algal 

growth -con t ro l  f l asks contain ing P so lut ions do not adequately ful f il 

these requirement s .  Be cause the P would be dire c t ly avai lable , the 

al gae could rapidly and completely assimilate solution P .  Further 

5 3  

growth would be dependent o n  stored P ,  and no t o n  P be ing s lowly rel eased 

to so lut ion and thus available to the algae . 

I t  i s  wel l known that hydrous ferric oxide gel ( Fe ge l )  has P 

sorption characteristics  whi ch are q ualitat ively s imi lar to  those o f  

s oils (McLaugh l in e t  al . ,  1 9 7 7 ; Ryden e t  al . , 1 9 7 7a) . Theoret ically , 

there fore , P sorbed by Fe gel to g ive a certain sa tura t ion o f  the sorp t ion 

maximum could produce a s imil ar P envi ronment to that o f  a soil-solut ion 

sys t em . These sys tems could ful fil  the requirements o f  the algal growth-

control f lasks in s tudies of the availability o f  parti culate P .  Algae 

grown in a s imilar P enviro nment to  a parti cular soil c ould then be 

fract i onated chemically t o  provide mo re accura t e  e s t imates of the algal 

P c ont ribu t io n  to the P f ra c t ions of a soil-algal sys t em .  

This s e c t ion repo r t s  o n  the variab i l i ty o f  the cell P content o f  

Anabaena with changes i n  P ava i lab i l i t y  and evalua tes the po tent ial o f  

us ing Fe gel t o  contro l  P concent rat ions in algal growth s tudies . A 

mo d i f i cat ion o f  the s o i l  inorgani c P fract ionat ion procedure developed by 

Chang and Jackson ( 1 95 7 )  and modified by Will iams e t  al . ( 1 96 7 ) was to be used 

to  characterise and moni t o r  the deplet ion of soil P .  Gol te rman e t  al . (196 9 )  

h a d  p r eviously indicated that negl igible P was removed f rom a lgal material 

by the reagents used subsequent t o  the NaOH ext ract ion . Cons equent ly , 



5 4  

0 . 1M NaOH was u s e d  t o  s t udy t h e  extrac t ion o f  algal P ,  b ecaus e i t  was 

considered that this fract ion would probab ly contain the larges t a lgal P 

con tribut ion t o  the P extrac ted from s o il + algal sys t ems in later s tudies . 

4 . 2  Materials and Methods 

4 . 2 . 1 Preparat ion of Fe gel 

A so lut ion of 0 . 4M Fe (N0 3) 3 was adj us ted to  pH 7 wi th 1M NaOH during 

cons t an t  s t irring . S ubsequent addi t ions o f  0 . 1M NaOH were made over a 

period o f  1 hour t o  maintain a pH o f  7 .  The neut ralized solution was 

le f t  overnigh t  and the Fe gel recovered by centri fugation (2000 r . p . m .  

IEC UV Centrifuge) . The precipit ated gel was washed wi th d i s t i lled wa ter 

unt i l  the gel ceased to  flocculate during c ent r i fugation at 1 000 r . p . m .  

for 1 5  min . The volume of gel was adj us ted t o  give a sui tab l e  working 

- 1  concent ra t ion ( 10 mg ml ) .  Aliquo ts ( 1 0 ml ) of the Fe gel were shaken 

in 100-ml polyproplene t ubes with 5 ml o f  s t o ck (x 10 concentrat ion) 

ASM-1 , P- , N- media and different amount s of K
2

HP0
4 

in a total vo l um e  o f  

50 ml . The pH was a dj usted to  pH 7 unt i l  i t  was s table . Aft er 4 days 

the gel was separated from the supernatant s o l u t ion by cent ri fuga t ion . 

The P c oncentra t ion o f  the sup ernatant was determined and the amount o f  

P sorb e d  by the Fe g e l  was calculated . S everal samples o f  Fe gel to  

which di fferent amounts o f  P had b een added t o  give solut ion P concent rations 

s imilar to  those maintained by soils , were resuspended in 1 0ml of ASM- 1 , 

P- , N- media and washed into kno tted dialys i s  t ub ing wi th a furthe r 5ml 

o f  growth media . The d ialysis tub ing p lus Fe gel was then us ed as  a P 

source in algal-cul t ure flasks . The f lasks were shaken for  2 days p r i o r  

t o  the inoculat ion o f  al gae , to allow equilib r a t ion of t h e  sys t em and 

measurement of the l evel of P sustained in so lut ion by the phosphat ed ge l .  
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4 . 2 . 2  Soil ma terials 

The < 3041 m part i c l e  s i z e  frac t ions of Waiotu brown loam (0 -5 cm) 

and Manawatu s il t  loam (0-5 cm) were separated and recovered as desc ribed 

in S e c t ion 6 .  The soils  are also described mo re fully in S e c t ion 6 .  

S amp les ( 1 g)  of these ma terials were suspended in ASM- 1 , N- me dia as the 

s o le P s ource . The Manawat u  rive r  sediment was collec ted from the 

rive r during a flood and was conc en t ra ted by cont inuous centri fugation 

from a large volume ; no par ticle-size s eparates were removed and 1 g  

o f  t h e  whole sample was resuspended i n  ASM- 1 ,  N - media . 

4 . 2 . 3  Experiment al p rocedure 

Phosphated Fe gels were prepared to provide a range of so lut ion P 

concentrat ions encompass ing those sustained by the soil ma terial (soil : 

s olution ratio 1 : 1000) . The high ly-fert ili zed Manawa tu silt  loaR , 

howeve r ,  was no t ca tere d  fo r ,  being an extreme examp le ( Tab le 4 . 1 ) .  

In  the sys t ems without Fe gel , K2HP04 was added to give solu t ion P 

level s  whi ch were expected t o  be s imilar to the amount o f  b iologically­

avai lable s o il P (0 , 220 , 6 60 , and 8 80 � g P 1 - 1 ) .  Al l flasks were 

adj usted to pH 7 ,  shaken for 2 days , and the s o lution P concen trat ions 

determined ( Tab le 4 . 1 ) . The flasks were th en incubated a t  2 8° overnigh t 

b efore being ino culated with minimally P-s tarved Anabaena . Liquid 

cul t ure cond i t i ons were maintaine d unt i l  algal growth ceased . Ove r the 

growth per io d , who le cell  alkaline phosphatas e ,  chlo rophyll concen t ra t ion , 

and 0 . 1M NaOH-ext rac tab l e  TP leve l s  were moni tored . To confirm that 

algal growth had ceased due to P s t a rva tion , 500 � g  P (K2HP04 ) was added 

to re-estab l i sh growth . Th is was achieved in mos t  flasks where P 

s ta rvat ion had not b een s u f f i ciently seve re t o  cause death . Al though 

i t  c o uld no t be confirme d , i t  was as s umed that P s tarva t ion had caus ed 



Tab le 4 .  1 

Sys tem 

A 

B 

c 

D 

S olut ion IP concen t ra tions during the growth o f  Anab aena 

in Fe gel and soil sys t ems and in P solutions 

S o lut ion IP (ll  g l- 1
) a t  t ime 

P added (ll g) 0 1 5 

Fe gel 

0 < 1 < 1 < 1 

2496 2 < 1 < 1 

2990 5 < 1 < 1 

3460 36 7 < 1 

S o i l  

River sediment 7 < 1 < 1 

Waiotu 2 < 1 < 1 

Manawatu 1 26 6 1  < 1 

S o lut i on 

E 0 < 1 < 1 < 1 

F 220  2 2 1 40 < 1 

G 660 6 60 2 1 3 4 

H 880 850 36 1 4 

56 

( days )  

8 

< 1 

< 1 

< 1 

< 1 

< 1 

< 1 

< 1 

< 1 

< 1 

< 1 

< 1 



the cessat ion o f  growth in all f l asks b ecaus e all other nut rients were 

adequately s upplied . 

4 . 3  Resul t s  and Di scus s ion 

4 . 3 . 1 Solution P concentra t ions 

Although Fe gel ma intained low s o lution P concent rat ions , s imilar 

to those maintained by the River s edimen t and Waiotu soils , large 

amounts o f  P remained s o rbed by the Fe gels ( Table  4 . 1 ) indicating the 

s t rong P-b u f fering capacity o f  the sys t em .  These low disso lved P 
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concentra t ions were rapi dly depleted b y  the P-s tarved Anabaena . As 

dis cussed lat e r ,  however , the c ont inued increase in extrac tab l e  alga 1-TP 

( Fig . 4 . 1a)  confirmed the fac t that the Fe ge l was ac t ing as a res e rvoir , 

slowly releas ing P to  s o lut ion . In a l l  flasks , solution P was rap i dly 

assimilated by the algae . This has been referred to as luxury up take 

by Keenan and Auer , ( 19 74 ) , and as over compensation o f  P def i ciency 

b y  Kylin ( 1 9 6 4 )  and Healey ( 1 9 7 3) . Regardless of whe ther  this was 

a P storage response or a compensa t ion response , P was concen t rated in 

the cells to  levels far greater than the ext ractable P c on tent o f  

exponentially-growing c ells ( Fig . 4 . 1b ,  4 . 2b ) . In flasks G and H 

( Tab le 4 . 1 ) ,  whi ch h ad h i gher ini t i al P concent rat ions , a sec ond s l ower 

P uptake rate  f o llowed the ini tially rap id rate . In this cas e ,  i t  is 

p robable that the P uptake rate was b eing l imi ted by large P s t o res wi thin 

the algae (Azad and B or chard t , 19 70) . 

4 . 3 . 2  B iomass as measured by chlorophyl l  concent ration 

Overa l l , the algal chl c oncent rat i on data showed the t rends of growth 

dictat ed by di f ferent l evels of avai lable P .  All solut ion P cultures 
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Amount o f  a lgal 0 . 1M NaOH-TP over and above t h a t  i n  

the inoculum ( a) , amount o f  0 . 1M NaOH-algal-TP per 

unit biomas s  (b) , a lkaline phosphatase ac t ivity (APA) 

( c ) , and ch lorophyl l  concent rat ion (d)  during the 

growth of Anabaena in Fe gel sys t ems of increas ing P 

content ( A = 0 ,  B = 2 4 . 9 ,  C = 29 . 9 ,  and D = 34 . 6  
- 1 � g  P mg Fe gel) . 
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a 
H 

G 
F 

E 

b 

c 
0·3 

0·2 

0 · 1  

d 

4 
T i m e  (days ) 

Amount o f  algal O . lM NaOH-TP over and above 

that in the inoc ulum (a) , the amount o f  O . lM 

NaOH-algal-TP per uni t  biomass (b ) , alkal ine 

phosphatase ac t ivity (APA) ( c ) , and chlo rophyl l  

conc en t ra t ion (d)  , during the growth o f  

Anabaena in solut ions of increas ing P content 
- 1  

(E = 0 ,  F = 220 , G = 660 , and H = 880 � g  P 1 ) . 
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( F ,  G ,  and H ,  Fig . 4 . 2d) , had s imi lar init ial growth rates up to 5 days . 

B ecause mos t  o f  the solut ion P in each f lask had been assimilated by day 

5 ,  i t  could be ass umed that alga l  g rowth was no longer dependent upon 

solution P but on P s tored in the a lgae . Thus , initial growth rate 

may h ave been pure ly a function o f  the ra te o f  me tabolism o f  s tored P .  

I t  was no t iceab le that growth rates decreased ( Fi g .  4 . 2 d) as the 

extrac t able cell P content decreased ( Fig . 4 . 2b ) . The f inal amount o f  

growth ( chl produc t ion) was l inearly related to the total amount of P 

added t o  each f lask . Growth in the P-f lask E was the result o f  the 

algal inoculum no t being suf fi c i en t ly P s t arved . This became apparent 

once i t  was found tha t extrac table-alga l-TP in f lask E decreas ed from 

the t ime of inoculat ion ( Fi g . 4 . 2b ) . The phosphated Fe gel sys t ems did  

not  p ro duce similar initial growth ra t es . Growth rates and chl p roduc tion 

were p o s i t ively related to the amount o f  P p resent in the sys t em .  Only 

with the mos t  highly phosphated Fe gel (D) did the exponent ial growth 

rate reach that of the solut ion P systems F ,  G ,  and H .  Thus i t  could 

be assumed that in Fe gel systems B and C ,  growth was P l imi ted f rom as 

early as  day 1 .  This point was r einforced by the algal-TP content data 

( Fig . 4 . lb )  whi ch decreased to below that o f  the inoculum by day 2 .  

Growth in the Fe gel , P- flask (A) was consi derab ly less than in the 

solut ion P- flask ( E) and could h ave resulted from increas ed mechani cal 

shaking b ecause o f  the pres ence of the dialysis tub ing , o r  from the Fe 

gel s o rb ing nut r ients from the ASM- 1 media . These effects  did not 

prevent the algae from reach ing maximum growth rat es with high ly 

pho spha ted gel ( D) , however , and t hus they did no t affec t the p rinciple 

of the experiment . A part iculate  P source material , s uch as f ine s o i l  

partic les would also sorb ions from a nutr ient media , a n d  therefore the 



Fe gel may compensate  for this to s ome extent in the control grow th 

flask . 
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Anabaena grew rapi dly on the two s oils and s uspended river sediment ; 

t otal g rowth in all  three cases was far greate r  than growth wh ich could 

have b een sus t a ined by solution P l evels alone ( Fi g . 4 . 3a) . The g rowth 

rate of the Anabaena on the highly-ferti lized Manawatu s i l t  l oam 

exceeded the growth rates in the con t ro l  flasks and this s ugges t ed that 

the presence of other nut rients may have b een important . Growth c urves , 

for  the river s ediment and the Waio t u  s o i l  ( Fig . 4 . 3a) f o llowed s imilar 

pat terns to  growth in the Fe gel f lasks C and D (Fig. 4 . 1 c ) . 

4 . 3 . 3  Algal P s tatus 

The P s ta tus of  Anabaena during growth was evident f rom the 0 . 1M 

NaOH-algal-TP content and a lkaline pho s pha tase data ( Fig . 4 . lb and 4 . 1c ;  

4 . 2b and 4 . 2c ) . Although alkal ine phosphatase activity i s  not  a 

universally app l icable measure of  a lgal cell  P s t a tus (Keenan and Aue r , 

19 74) , i t  has b een shown that the enzyme does reflect to s ome extent the 

cell P s tatus for species of Anabaena (Healey , 1 9 7 3) . No s imp le cor relation 

exist s , howeve r , b e tween enzyme activity and algal P .  I n  Fig . 4 . 2a and 

4 . 2b ,  luxury P up t ake is c l early demons tra ted . Extrac tab le a lgal-TP 

rapidly reached a maximum l evel which r emained fairly s t ab l e  over the 

who le growth period ( Fig . 4 . 2a) . In  the case o f  flasks E and F ,  the 

increase in ext rac table P at the end of the growth period was associated 

with a loss o f  p i gmentat ion and a general deterioration o f  the algal 

cells . The ext rac table algal-TP data f o r  the P s olutions F ,  G ,  and H ,  

show that after  the init ial rapid  assimilat ion o f  P ( Tab le 4 . 1 ) ,  

sub s equent algal g rowth mus t be dependent on internal s to res o f  P .  The 

ext ractab le TP p er uni t  of biomass ( Fi g . 4 . 2b )  decreased rapi dly over the 
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0 4 8 12 1 6  20 
T i m e  (days) 

Chlorophyl l  c oncen t ration ( a )  and alkaline 

phosphatas e ac tivity (APA) during the 

growth of Anabaena on the < 30-�m ma terial 

from Manawat u  (A) and Waio tu ( B) s o ils , 

and on Manawatu River sediment (C) . 
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e xponential growth p e r iod , the s ta t ionary phase o f  growth b eing reached 

( Fi g . 4 . 2 c )  when ext rac table algal-TP c ontent reached a minimum l evel 

- 1  
between 0 . 0 9 1 and 0 . 2 2 � g  P�g chl . At this point , the who l e  cell 
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a lkaline phosphatase ac tivity increas e d  markedly . Several workers have 

already es t ab li shed that the induct io n  of the enzyme is related to P 

l imitat ion ( Pr i ce , 1 9 6 2 ; Kuenzler and Perras , 1965 ; Healey , 1 9 7 3 ) . 

Extra c tab le algal-TP (Fig . 4 . 1a)  increased at a much s l ower ra t e  

i n  the F e  gel sys t ems , than i n  t h e  solut ion P systems ( Fi g . 4 . 2a) . 

The ini tial rates for each individual P trea tment also varied , al though 

thes e t rends were les s  obvious with the solut ion P sys t ems . The dif ference 

in extrac t ab le-TP levels per uni t  of b i omas s  for the s eparat e Fe gel 

t reatments A ,  B ,  C ,  and D ( Fig . 4 . 1b) , was small compared to  that for the 

solut ion P t reatments E ,  F ,  G, and H ( Fig . 4 . 2b ) , indicating s ome control o f  

algal P up t ake . Having es tab l ished that Anab aena rapidly as s imilates 

dissolved P ,  as shown by the data ob ta ined f o r  the solut ion P sys t ems , 

i t  was c l ea r  that P s upply to the ino c ulated and growing algae was 

l imi ted by the rate o f  deso rpt ion and diffusion of P f rom the gel sy stem . 

The slower rates o f  accumulation o f  extrac tab le algal-TP ( Fi g . 4 . 1a)  

presumab ly des c rib ed the rate o f  release o f  P from the Fe gel sys t ems 

which , in turn , dicta ted the growth patt erns shown in Fig . 4 . 1 d .  

Although there was cons iderable  algal growth in the Fe gel sys t ems , 

growth was l imi ted from the time o f  inocula t ion , by the s upply o f  P .  

The alkal ine phosphatase data ( Fi g . 4 . 1c )  c learly demons trated th is 

feature b ecaus e in a l l  f lasks , the enzyme ac t ivity began to  increas e af ter  

the  f i f th day , at which point extrac table algal-TP per  uni t  of  b iomass 

was wel l  b el ow that o f  the inoculated algae (Fig . 4 . 1b ) . Thi s  reinforces 

the po int that mos t  of the algal growth in the Fe gel syst ems o ccurred 

under c ondi t ions of P limitat ion . 
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The alkal ine pho sphatase data reco rded for the soil cultures 

( Fig . 4 . 3b )  followed more c los ely the p a t terns exhib ited by the algae 

grown in the Fe gel sys t ems , than in the P solut ions . Enzyme a c t ivity 

in all soils b egan to increase a f ter 5 days . Because i t  has b een shown 

that enzyme ac t ivi ty was closely related to the level o f  extrac table  

algal-TP per unit  of b i omass , i t  was as s umed that the P content of  algae 

grown in a s o i l  system was more s imi lar to algae grown in an Fe gel 

sys tem .  I t  was also as s umed tha t the affinity o f  the soils for P 

would produc e  conditions where the availab i l i ty o f  P for algal growth 

was res tricted  to  some extent , as in the gel sys t ems . 

4 . 4  General Discuss ion 

The results ob tained clearly demon s t rate the P-as s imila t ing 

ab ility of the t e s t  algae Anabaena , and a lso that P availab i l i ty governs 

the amounts of algal cell  P .  Thi s  is in agreement with the findings o f  

Healey ( 19 7 3) and Keenan and Auer ( 1 9 7 4 ) . As also indicated by the 

results of Healey ( 1 9 7 3) , alkaline pho s phatase activity appeared to 

des crib e  the algal cell P s t atu$ quite e f fec t ive ly ; inc reases in activity 

were ob served when ext rac tab le algal c e l l  P d ropped be low approximately 

- 1  0 . 2 7 � g P � g chl In order to  ob t a in correct ion data for the 

f ract ionat ion o f  s oi l-algal mixtures , it is evident that the algae in 

the soil mixture and in the control  flask mus t  have simi lar P contents , 

otherwise inc o r re c t  es t imates o f  the a l gal c ontribution t o  s o il-algal 

ext rac t able  P would b e  made . I t  would appear f rom the data ob tained 

that algae wh i ch h ave s imilar chlo rophyl l  ( i . e .  b iomass )  and a lkaline 

phosphatase l eve l s , and are grown in s imi lar P environment s  wil l  have 

s imilar cell  P cont ent s .  The ini tial  s o lution P concen t ra t ions o f  the 
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Fe gel sys t ems were comparab l e  to  the diss o lved P concentrations 

maintained by the s oils . Consequently , the amounts of  P ini tially t aken 

up by the algae in the two sys t ems mus t be s imilar when the same weigh t  

o f  algae is present . On the o ther hand , algae grown in a P so lution 

init ially had large P s to res , because o f  luxury up take ( Fi g .  4 . 2b ) . 

Thus , whereas the algae grown in a P solution had s imilar b iomass 

( chlorophyll concentrat ion) to  the algae grown on the soil during the 

firs t 5 days ( Fig . 4 . 2 d ,  4 . 3d) , their internal P contents woul d b e  vas t ly 

differen t . I f  samples o f  the algae grown in a P so lut ion were used t o  

ob tain a correc t ion for algal P c ont rib ut ion to  the 0 . 1M NaOH-P frac tion 

of  soil-algal sys t ems during the ini tial s tages o f  growth , a gross over-

estima t e  would be made . The average P cont ent o f  algal cells during 

the s t a tionary phase  of growth was far less variable  than during the 

init ial growth phase  ( Fi g .  4 . lb ,  4 . 2b ) . The variab i l i ty was s t ill  

- 1  suffici ent ( 0 . 1 5  to  0 . 2 2 � g  P �g · chl ) for Fe gels and 0 . 09 1 to  0 . 2 2 �g  P 

- 1  � g  chl for P solutions ) to preclude the use o f  an average value for 

s ta tionary-phase P c ontent as an accurate correct ion for algal P 

cont ribut ion at the end of  algal growth . The algal P correct ion 

procedures employed by Golterman e t  al . ( 19 6 9 ) , who assumed cons tant algal 

cell P c ontent dur ing growth , and by S agher ( 19 7 4) , which was based on a 

const an t  value o f  s ta t ionary-phas e cell content b e tween cultures , would 

not p rovide accura t e  es t imates of the cell P c onten t  of Anabaena grown 

in soil  systems . 

The Fe gel sys t em evaluated here avoids the neces s i ty o f  adding 

h igh levels of P to growth-control flasks in o rder to produce the sa1ne 

b iomas s as a part iculate P s ource mat erial would support . Thi s  prevent s  

the luxury up take o f  P but  s t ill  allows large amounts of  P to  b e  re leased 
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s lowly for algal growt h , a s  would occur wi th soil  P .  This sys t em allows 

the contribut ion made by algal P to so il-algal extractable P to b e  

accurat e ly estimated th roughout the whole period o f  algal growth ; this 

in t urn enab les the ra t e  o f  deplet ion o f  soil P t o  b e  determined , rather 

than j us t  the total amount of soil  P deple ted . 

I n  conc lus ion , i t  appears th at by manipulat ing the degree o f  P 

saturat ion of  Fe gel and the amount o f  Fe gel us ed , it is possible to 

ob tain c ondi tions of P ava ilab i lity re levant to those of  a wide range 

of  s oils  and par t i culate P sources . The a l gal P frac tionat ion data 

ob tained us ing this sys tem would b e  mo re appli cable  to the bioas say of 

part iculate P than dat a  ob tained us ing P s o lut ions which are o f t en u:> ed 

in P b ioas say s tudies . 
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CHARACTERIZATION OF BIOLOGICALLY AVAILABLE 

PARTI CULATE PHASE PHOSPHORUS 

5 . 1  Int roduc t ion 

6 7  

Fol lowing the devel opment o f  s a t is fac tory p ro cedures for determining 

algal b iomass and P s tatus in the p resence of s oil material ( Se c t ions 3 

and 4 ) , a comb inat i on o f  the b ioas say technique and a soil  frac t i ona t ion 

procedure was a t temp ted . Several workers have already evalua ted the 

potential of us ing various extractan t s  for the predic t ion of p lan t­

available P ( Se c t ion 2 . 5 . 2 ;  Ol sen et  al . ,  1954 ; Saunder ,  1956 ; Chang 

and Juo , 196 3 ;  Dalal , 19 7 3b) and P availab l e  to algae in freshwater 

(Go lterman et  a l . ,  1969 ; Sagh er,  19 74 ;  Cowen and Lee , 1 9 7 6 ) . The l i t e ra ture 

s ugges ted that an NaOH-extractable  soil  P fra c t ion wo uld p rob ab ly b e  

use ful in as ses s ing biological ly-availab le P f o r  a system where opt imum 

condit ions for par t iculate P utilization were estab lishe d .  Initially , 

l M  NaOH was evaluated as a soil e xt rac tan t because it  was cons i dered 

tha t this would remove al l of the b iologically-availab le P fract ion . 

I t  was cons idere d  that b i o logical ly-avai lab le P would be held a t  o r  very 

clo se to the s urface o f  the soil  particle , by s orp tion ( imp lying adsorpt ion 

or ab sorp tion) mechanisms . When this amoun t had been quan t i fied i t  would 

be more convenient to dec rease the amoun t of s o il P extrac ted , by alte ring 

ext rac t ion t imes o r  c oncen t ra t ion , so that the amount of P e xt rac ted was 

s imilar to the amoun t of b iological ly-avai lab le P .  

In the p rel iminary experiment a s imp lified version o f  the mod i fied  

Chang and Jackson ( 1 95 7 )  soil P fra c t iona t ion p ro cedure (Will iams e t  al . ,  

1 9 6 7 )  was use d  to  chara c t erize the forms o f  algal and part i culate P ,  and 

to inves tigate whi ch frac t ions of part iculate P were depleted during algal 

growth . 
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The purpose o f  this phase o f  the s tudy was to  deve lop and evaluate 

an extra c t ion procedure whi ch would remove b iologi cally-avai lab le P from 

several po tential surface runo f f  materials . 

5 . 2 Mat e rials and Me thods 

5 . 2 . 1 Soils 

Two contras t in g  s o il types , Tokomaru s i lt  loam (Pol lok , 1 9 7 5 )  and 

Okaihau gravel ly c lay (New Zealand Soil Bureau , 1968)  we re us ed in the 

preliminary s tudy . The soils and thei r  lo cat i on are briefly desc ribed 

in Tab le 6 . 1 .  In each case the < 30-� m materia l ,  c ons idered to  b e  

potential su rface runo f f  material ( Sharpley , 19 7 7 ) , was separated b y  

dispersion o f  the who le topsoil  ( 0  - 5 cm) in distilled water and 

decantation after the appropriate s e t t l ing t ime ( Jacks on , 1968) . The 

< 30- � material was used for all  bioassay p ro cedures in this S e c t ion and 

is hereafter re ferred t o  as s o i l  or soil ma terial , unless specific 

emphas i s  with respec t  t o  par ticle size i s  requi red in which case the full 

des cription is given . 

5 . 2 . 2  Analyt ical me thods 

The methods used we re the same as tho s e  des crib ed in Sec tion 3 ,  

except tha t  the n i t ro gen (N)  analyses we re carried out using a Technicon 

Autoanalysis sys tem . To tal Kj eldahl N was de termined by the automated 

Kj e ldah l diges t ion of an un f i l te red aliquo t  of al gal cul ture ( Te rry , 1 9 6 6 ) . 

5 . 2 . 3  Experimental p ro cedures 

The algal cul t ure techniques were tho se des c rib ed in S e c t ion 3 .  

Because the amount s  o f  b iologically-available soil  P were unknown , 

estimates were made from the amounts o f  algal grow th tha t  occurred on the 
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s o il s  used in S e c t ion 4 .  With these e s t imat es in mind , the amount o f  P 

sorbed by the Fe gels used in the cont rol flasks , was adj us ted to  g ive a 

range of  solut i on P values close to  those sus tained by the s o i l . Mercuric 

- 1 chlo ride (HgC1 2 . 0 . 0 5 g  1 ) was added t o  non-ino culated soil cultures so 

that any non-b io l o gi cal changes in the soil P fractions could be 

d i s t inguished f rom b iological changes . 

In o rder to  determine the total amount of  potentially-avai lab le 

s oil P ,  all c ondit ions were optimi zed for P dep letion , e . g . , long cul ture 

p e ri ods ; P-s tarve d inocula ; and op timum light , tempera ture , pH and 

nut rient condi t ions for algal grow th . Also , a P-assimilating alga was 

use d  and the cult ures were shaken to o p t imize contact b e tween the al gae 

and part icul ate material , and to keep the cul tures wel l  aerated . 

The sequen tial fract iona t ion procedure init ially adop ted t o  

chemically charac te rize s o i l  P is shown i n  Fig . 5 . 1 .  The s ub s equent ly 

modified procedure incorporated a O . lM( NaOH + NaCl) extra c t ion a t  a s oi l : 

s o lution ra t io o f  1 : 1000 f o r  1 7hr b e fore the lM ( NaOH + NaCl) ext rac t ion . 

Be cause NaCl i s  only p resen t  in the comb ined reagen t to  aid the s edimentation 

o f  f ine clay part ic les , the extrac tan t s  are hereaf ter refe r re d  to  as 

O . lM NaOH and lM NaOH . 

5 . 3 Resul t s  and Discussion 

5 . 3 . 1 Comb ined b ioas say-phosphorus frac t ionation procedure 

5 . 3 . 1 . 1 Algal-growth chara c t eris t ic s  

The b ioassay procedure was cont inued f o r  29  days (Fig . 5 . 2 ) , a t  

whi ch point the algal pigmentat ion i n  the soil  culture turned yel low-green , 

indicat ing nutrient deficiency . Alkaline pho sphatase a c t ivity was rap idly 

increas ing a t  this point and the maj o r i ty o f  algal cel ls had f l o c culated . 



Fig .  5 . 1 Phosphorus fra c t iona t ion p rocedure 

40-ml aliquo t from cul t ure flask 

Centri fuge 2 7000 x G ,  -4°C ,  lOmin 

Filter 0 . 45 )lm 

Res idue 

lM (NaOH + NaCl ) 30ml 0 Shake 1 7h r ,  24 C 
Centri fuge 2 7000 x G ,  0°C ,  lOmin 

Filter 0 . 4 5 )l iD  

Res idue 

lM NaCl , 20ml 
Shake , 5min , 24°C 
Centrifuge 2 7000 x G ,  0°C ,  lOmin 

Fil ter 0 . 45 ).j ffi  

R s idue 

CB reagen t , lOml 
80° C 
Na2 s 2o6 0 . 5 g ,  s t i r , 20min 
Coo l  0 
Centri fuge 2 7000 x G ,  0 C ,  lOmin 

Decant 

R s idue 

lH NaCl , 20ml 
Shake , 5min , 24°C 
Cent rifuge 2 7000 x G ,  0°C ,  5min 

De cant 

lM HCl , 2 0ml 0 Shake , 4hr ,  2 4  C 
Centrifuge 2 7000 x G ,  0°C ,  lOmin 

Decant 

S upernatant 
Solution P 

S uperna tan t  

S upernatant 

S upernatant] 
Supernatan t  

Comb ine 
lM NaOH-P 

Comb ine , 
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CDP-P 

4hr 

Res idue S upernatant lM HCl-P 
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Fig . 5 . 2  

8 1 6  
T i m e  (days )  

24 32 

Chlorophyll concentrat ion (a)  and alkaline 

phosphatase ac t iv i ty ( APA) (b)  during the growth of  

Anab aena on Tokomaru soil  ( < 30 �m) ( S )  and on Fe 

gels containing increas ing amounts o f  sorb ed P 
(A = 0 ,  B = 1 6 · 4 ,  C = 1 8 . 0 ,  D = 20 . 5 ,  and 

- 1  E = 2 3 . 0  �g P mg Fe gel ) . Dashed l ine for C and 

D after day 1 6  represents period a f ter memb rane 

rupture . 
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A t  30 days , 500 � g P ( K2HP04) was a dded to  the s o i l  cul t ure and t o  control 

flask E ,  where the Anabaena had also  entered the s ta tionary phase o f  

growth . Algal pigmentation was res to red by day 3 1 .  This indicated tha t  

algal growth h ad b een limi t ed s olely b y  t h e  ab sence of availab le P ,  and 

therefore a l l  available soil  P mus t h ave b een depleted by day 29 . 

The Fe gel sys t ems we re us ed t o  p roduce the P control cond i t ions for  

algal g rowth . The P fract ionation resul ts for algae g rown in Fe ge l 

sys t ems showing s imi lar P s tatus t o  a l gae grown in soil syst ems , were 

then us ed to correct for algal P c on t r ibution to  the so il-algae P 

frac t ionat ion data ( Tab le 5 . 1  and 5 . 2 ) . In control sys t ems C and D 

( Fig . 5 . 2a )  the dialysis memb erane containing the Fe gel P s ource rup tured 

after 16 and 10 days , respec tively , th ereby rendering b o th cul tures useless 

as sources of correct ion data ( s ee l a t er) . Chlorophyl l ( ch l )  concen t ra tions 

measured over the ini tial s tages o f  the experiment , did no t reflec t well 

the concentrat ion o f  availab le P in each f lask (Fig . 5 . 2a) . Al though the 

chl measuremen t s , except in f lasks A, B ,  and E ,  were unpredic tab le and 

disappo inting , the alkaline phosphatase data ( Fig . 5 . 2b )  reflected  the P 

s ta tus o f  the algae ext remely well , even to  the extent o f  p in-point ing 

the t imes of rup ture o f  the dialys i s  tub ing in f lasks C and D .  The input 

o f  avai lab le P result ing f rom the contact b e tween the Fe gel and the algae 

caus ed repress ion of the enzyme product ion , as ob served by Healey ( 19 74 )  

and Keenan and Auer ( 19 74 ) , and a rapid  increase i n  algal growth . The 

inconsist ency o f  the chl concentrations and the s low algal growth during the 

first 1 5  days were p robab ly caused by the inoculum being acutely P s tarved . 

A high degree o f  P s tarvat ion can p ro duce more a c t ive algae for  the up t ake 

o f  P but if P starvat ion is carried too far , the cells may suffer 

irreversible changes . S tarvat ion b eyond this po int causes cell damage 



Tab le 5 . 1 Al gal P f ract ions during the growth o f  Anabaena in Fe gel systems 

containing dif ferent amounts o f  sorbed P 

Amount o f  p extracted - 1  (].l g 1 ) 

Time Fe gel sys tem S olution 1M NaOH CDB-IP H Cl-IP 
O l 

( days )  I P  TP IP TP 

0 A(P - ,  gel-) 6 5 2 7  1 1 7  < 1 < 1 

1 0  < 1 7 26 106 1 1  1 1  

2 9  1 3 5 9 1  1 1  1 1  

0 B ( 1 6 . 4 J.l gP mg - 1  gel) 2 < 1 2 1  1 80 < 1 < 1 

1 0  < 1 8 40 209 1 1  1 1  

29  < 1 < 1 2 7  1 1 8 1 1  1 1  

0 C ( l 8 . 0  J.l gP mg 
- 1  

gel )  < 1 < 1 26  1 8 1  < 1 < 1 

10 < 1 10 40 198 1 1  1 1  

29  < 1 < 1 2 2 3 1 746 1 
1 1  1 1  

0 D (20 . 5 ].lgP mg - 1  gel) < 1 < 1 2 1  1 80 < 1 < 1 

10 < 1 3 44 37 1 ' 
1 1  1 1  

29  < 1 < 1 7 1 7 1 
1 5 00 1 

1 1  1 1  

0 E ( 2 3 . 0 J.l gP mg - 1  
ge l)  2 < 1 2 5  1 80 < 1 < 1 

10 1 1 1  2 8  1 9 4  1 1  1 1  / 

2 9  < 1 < 1 92  2 75 7 1 1  -....! 
L.V 

1 
Abnormally high due to rup ture o f  dialys is t ub in g .  



Tab le 5 .  2 

Time 

( days)  

0 

1 0  

2 9  

0 

1 0  

2 9  

0 

1 0  

2 9  

j 

0 

1 0  I 

I 2 9  
I I 

t' d'(l l ... 'if � l"V\.tr. ��. f 

Al gal and soil  P fract ions a t  various t imes during the b ioassay o f  < 30- � m  material from Tokomaru soil  

Amqunt o f  

Sys tem Solution 

IP TP IP 

Soil  (HgC12 ) 2 1 2  100 

4 1 5  109 

5 5 104 

So i l-algae 2 7 1 5 5  

< 1  9 1 5 8  

< 1  < 1  . 1 6 1 

Al gal cont r ibut ion 2 - 2 5  
to  s oil-algae 

1 1 1  5 5  

< 1 < 1  1 0 7  

. .  

Corrected Soil  2 3 1 30 

< 1 < 1  10 3 

< 1 < 1 5 4  

,,,. (p re J"� G.< 

p extrac ted 

1M NaOH 

TP 

36 8 

387 

369 

644 

646 

56 1 

194  

2 2 8  

30 3 

450 

4 1 8 

2 5 8  

- 1  
( llg 1 ) 

-

• I 

- I 

- -

:! ' ·  

: I 

-

CDB-IP H Cl-IP 

2 7  2 1  

26 1 1  

19  8 

32 20 

33 1 1  

34 10 

< 1  < 1  

< 1  < 1  

7 < 1  

32 20 

33 1 1  

34 10 -....J � 



and resul t s  in long recovery periods (Azad and Borchardt , 1 9 6 8 ) . Th e 

0 . 1M NaOH-ext ractab l e  P (0 . 1M NaOH-P) value for the inocula was 

approximat e ly 0 .  2 )..l g P )..l g - 1  chl ,  which was wi thin the cell P limi t s  

- 1  (0 . 09 - 0 . 2 2 )..l g 0 . 1M NaOH-P )..l g ch l)  i n  the s tat ionary phase o f  growth 

( Sect ion 4 )  where algae we re showing signs of acute P s t arva t ion . 

Only in cul t ure E did the ge l-grown algae have a s imilar P s t a t us 

to the s oil-grown al gae , as indica t e d  by s imilar chl concentrat ions and 

alkaline phosphatase a c t ivi ties (Fi g . 5 . 2a ,  5 . 2b ) . Because only an 
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estima te o f  biologi cally-avai lab le part iculate P was required a t  t h i s  s t age , 

data f rom cul ture E ,  al though no t exactly s imilar to the s o i l  data , were 

used to  c o rrect for algal P c ont ribut ion . 

5 . 3 . 1 . 2  Algal phosphorus frac t ions 

Anabaena was capab le o f  reducing the concen t ra t ion of b o th 

inorgan i c  and organi c  solut ion P to  below detect ion l imi ts . Measuremen ts 

o f  s o lut ion TP after day 0 (Tab le 5 . 1 ) we re probably the resul t o f  lysis 

o f  Anabaena cells due to  death o r  mechanical pres sures caus ed by pip e t t ing , 

centri fugat ion , o r  memb rane f i l t ra t ion . The 1M NaOH reagent ext rac ted 

signific an t  amount s  o f  algal P ,  whe reas CDB and 1M HCl removed ne gligible 

amoun t s . Go l t e rman e t  al . ( 1 9 6 9 )  also found that subs equent to  a 

0 . 1M NaOH extrac t ion o f  S cenedesmus cells , 0 . 25M H2 so4 d i d  not  extract any 

addi t ional algal cell P .  The apparent rapid decrease in 1M NaOH-al gal -IP 

and 1M NaOH-alga l-OP in flasks A and B was a direct result o f  algal 

flo c culat ion and a dherence t o  the f lask walls , thus p roducing samp l ing 

errors . Flocculat ion was accompanied by a sudden increase in a lkaline 

phospha tase ac t ivity and a gra dual loss of pigmentation , indicat ing the 

onset  of acute P s tarvat ion (Fig . 5 . 1a ,  5 . 1b ) . The rap i d  increases o f  

algal growth and i n  algal I P  and O P  (Tab le 5 . 1 ) in flasks C and D a f t e r  



1.. 

76 

d ay 16  and 10 , respectively , were due to the increased availab il i ty of P 

to  the algae . Whereas the memb rane r up t ures were unfor t unate f rom an 

experimental s t an dpoint , the data are inc luded to show the acceptab ility 

of alkaline pho s phatase activity as an indicato r o f  Anabaena cel l  P :> t atus , 

and the usefulne s s  o f  these parame t e rs in sele c t ing algal data to  correct  

for algal P in s o il-algal cultures . 

5 . 3 . 1 . 3  S oil phosphorus fract ions 

- 1  
Solut ion TP cons tituted 3 %  ( 1 2 � g  P g soil)  o f  t h e  to tal 

- 1  
extractab le P f rom Tokomaru soil , only 2 � g  P g soil o f  this being IP 

(Tab le 5 .  2 )  . These low values sugge s t  that the soil had rece ived only 

small fer t i l izer  inputs .  Because i t  was possib le to monitor  so lut ion P 

(OP + IP) in the presence o f  the algae , this prec luded the use o f  a 

correct ion p rocedure . Solution P ,  however , was reduced t o  be low de tectab le 

concen tra t ions . Anabaena , there fo re , was able to  remove P f rom solution 

at a rate whi ch was as fas t and p robab ly fas ter  than it could b e  released 

from the s oi l . Because the rat e  o f  increas e o f  ch l concen t ra t i on was 

relatively s low in the soil cult ure ( F i g .  5 . 2a) , un like the rap id inc rease 

due to availab le P in cultures C and D (after memb rane rup t ure ) , the dat a 

indicate that s o il P was s t rongly s o rb e d  and only s lowly release d . The 

1M NaOH reagent removed 85% o f  the s o i l  P removed by a l l  reagents .  

Within expe r imen tal erro r ,  there appeared to  be l i t tle endo genous ) 

fluctua t ion o f  the IP and OP o f  the 1M NaOH-P frac t ion ( Tab le 5 . 2 ,  S o i l ) . 

There was an obvious algal P cont r ibut ion t o  the soil-algal data ( Tab le 

5 . 2 ) . Thus , the data f rom flask E were related t o  the chl concentrations o f  

the soil-algae sys t em and algal P cont r ibut ions t o  the extra c te d  P f ractions 

were calculated . Even without a corre c t ion for algal P ,  s o il-algal TP 

decrease d  over the 29 day incub a t ion , whereas algal TP cont inued to inc rease . 
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Thi s  may sugges t  that s ome soil P was c onverted into mic robial P forms , 

whi ch were not  removed by the ext ract an t s  used . Sampl ing errors due to 

flocculat ion o f  s o i l  and algae may have exaggerated this decreas e in TP . 

When a co rrec t ion was mad e  for the a l gal cont ribut ion , the data showed 

that 60% of  the IP and 43%  of  the TP extracted from soil by 1M NaOH had 

been used by Anabaena . By difference , 36% o f  the 1M NaOH-so i l  OP had 

also b een us ed . Ce rtain trends in the dep le t ion of  soil P we re also  

evident . In the firs t 1 0  days o f  algal growth only IP appeared to be 

deple ted . From day 1 0  - 2 9 , however ,  the dec rease in OP cons t i tuted 

70% of the P deple ted . I t  is po s s ib ly s igni f icant that only f rom day 1 6  

was there a notable incre ase i n  alkaline pho spha tase ac t ivity and t h i s  o r  

o th er phos phatases , produced in response to P s tarvat ion , could have been 

responsible f o r  ini t ia t ing the hydrolysis o f  soil  OP . The s l ow dep letion 

o f  soil P during the f i r s t  10  day s , and the fact that only IP was depleted , 

a dd wei gh t  t o  the hyp o thesis that the a l gal ino culum had b een s everely P 

s tarved . 

The CDB and 1M HCl ext rac t ions removed 6 %  and 5% , respec t ively , o f  

extrac table  s o i l  P (Table 5 . 2 ) . The CDB-P f rac tion did not  appear to  

decrease during the incuba t ion o f  the s oil-algal sys tem.  The 1M H Cl-P 

- 1  f ra c t ion appeared t o  decrease b y  1 0  � g  P g soil  during 2 9  days . This 

decrease also o c curred in the non-inoculated soil  culture and was therefore 

no t a biological effect . With e s s ent ially no algal P be ing ext rac ted by 

CDB and 1M HCl (Tab le 5 . 1 ) no co rre c t ion procedure was necessary to  s how 

that both t hese P fract ions had l i t t le or no biol c>gical availab i l i t y  

(Table 5 . 2 ) . 

5 . 3 . 1 . 4 Interpretati ons 

The data indicate that solution IP and OP were b i o logically 

available . Of  the lM NaOH-soil-TP frac t io n , 5 7% remained unutilized a f t e r  
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algal growth had ceased . Thus , 1M NaOH-TP was a considerab le over-

e s t imat e  o f  biologically-availab le P .  Taking into cons iderat ion the 

possible  e rrors inh e rent in the corre c t ion p rocedure , i t  is intere s t ing 

t o  no t e  the s igni fi cant contribution made by the OP of this s o il P 

frac t ion to  b iologically-avai lab le P .  O f  the s oil P used by Anabaena , 

6 0% was 0 . 1M NaOH-OP . This resul t , in conj unc t ion with the f indings o f  

Be rman ( 1 96 9 )  and Herbes e t  al . ( 1 9 75 ) , s ugge s t s  tha t par ti culate OP 

could play an importan t  role in aquatic p r imary produc t io n .  S o i l  P 

removed by CDB and 1 M  HCl apparent ly was o f  l i t t le or no biological 

s ignificance . The l ar ge r  amount o f  1M NaOH-OP in the corrected so i l ,  

a s  compared wi th the con t rol soil  (Tab le 5 . 2 ) , showed an apparent under­

es timation of the c on t r ib ut ion made by a lgal OP and to a lesser extent IP . 

This sugges ted that in s ubsequen t experiment s  care had to b e  t aken to  

p roduce algal material which was mo re closely related to  tha t grown on 

s o ils . I t  is there fore probab le that mo re than the cal culat ed 4 3% o f  

the 1 M  NaOH-TP frac t ion was ac tually use d  b y  the algae during growth . 

The data suggested that i f  a lowe r concentrat ion o f  NaOH o r  a sho r t e r  

ext raction t ime was employed , then i t  should b e  possib le to extrac t the 

4 3% o f  1 M  NaOH-TP that was biologically avai lab le . Be cause the soil P 

that was depleted b y  Anabaena included 60%  o f  the IP and only 36% o f  the 

OP in th e 1M NaOH f ra c t ion , it was c lear tha t the NaOH reagent emp loyed 

should ext rac t far less  soi l-OP than 1M NaOH . 

5 . 3 . 2  Mod i f i ca t ion o f  phosphorus fract ionat ion procedure 

Dalal ( 1 9 7 3b) h as shown that approximately 50% of 1M NaOH-IP i s  

ext ract e d  b y  0 . 1M NaOH from a calcareous soil . The 0 . 1M NaOH-IP f ra c tion 

has also given a h i gh c o rrela t ion with b io lo gi cally-avai lab le P in lake 

sediment s  ( Sagher ,  1 9 7 4 )  and urban runo f f  ( Cowen and Lee , 1 9 7 6 ) . No data 
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were availab l e  on the amount of soil  or sediment OP ext rac ted by 

0 . 1M NaOH , the re fo re a sho r t  s t udy of 0 . 1M NaOH-P from the Tokomaru soil 

was carried out . 

5 . 3 . 2 . 1  0 . 1M NaOH-ext ractab le soil  pho spho rus 

The < 30-;J m mat e r ial of Tokomaru soil  was shaken with 0 .  1M NaOH 

a t  a s o il : solution ra tio o f  1 : 75 0  fo r p eriods up to 1 7h r . The extraction 

of P agains t t ime curve s (Fi g .  5 . 3) indicated that there was an init Lal 

rapi d  release of P to 0 . 1M NaOH . App roximately 80% o f  the IP released 

in 1 6h r  was re leased after  1hr . Th is sugge s t s  the near complete removal 

o f  a form ,  or forms of soil IP tha t we re chemically or p o s i t ionally 

s imilar . Will iams and Walker ( 1 96 9b )  cons idered that 0 . 1M NaOH ext rac ted 

non-occlude d  I P . The release of  OP ( Fig . 5 . 3) showed s imilar t rends t o  

the release o f  IP . The ini t ia lly rapid release o f  OP could have resulted 

from OP s imilarly held at the s oil surface . Greaves and Web ley ( 1 969)  

and Anderson et  al . ( 1 9 74 )  have demonstra te d  that OP can be sorbed by 

so i l , p robably by the same Fe and Al hydrous oxides that sorb IP . 

An de rson and Arl idge ( 1 96 2 )  have shown that extrac t ion o f  Fe and Al from 

s o i l s  reduces the capac ity o f  a soil  t o  sorb ino s i tol hexaphosphat e . 

The f urther ( 1 - 1 7hr) s low release o f  OP (Fi g .  5 . 3) could have resulted 

f rom the s l ower dissolut ion of humic - and fulvi c-associated organi c  P 

(Ma r t in , 1 9 6 4b ; Ande rson and Mal co lm ,  1 9 74 ) . Of  the s o i l-IP extracted 

by 1M NaOH , 78% was ext racted by 0 . 1M NaOH ; for OP the co rresponding 

f i gure was 5 7% .  

5 . 3 . 2 . 2  Interp re t a t ions 

Concent rat i ons o f  NaOH above 0 . 1M extracted increased amount s 

o f  s o il OP , whe reas fo r IP only re latively small increases were ob taine d .  

Als o , 1M NaOH extracted far more s o i l  P than was biologically-available . 
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When O . lM NaOH was us ed as the ext ract an t , the amounts o f  IP and OP 

extracted were lowe r . Mo re important ly , the rat io of OP : IP ext racted  

was also  reduce d . Thus , the OP whi ch appea red to  be unavailab le wa::; not 

e xtracte d ,  whereas the IP wh ich had s hown grea ter avai lab i li t y  was s t i l l  

extract ed . Th e p re l iminary experimen t  showed that biologically-available 

P in Tokomaru soil ma terial was approximately 60% of the IP and 36% of 

the OP extract ed by U1 NaOH . I t  has now been shown that O . lM NaOH 

ext racted 78% o f  the IP and 5 1% of the OP e xtracted by lM NaOH . Because 

it i s  considered that the corre c t ion pro cedure may have overest ima te d  

t h e  algal P cont ribution to the soil-algal s ys tem i n  S e c t ion 5 . 3 . 1 ,  the 

amoun t o f  biologically-availab le soil P may have b een unde res t ima ted . 

Cons equently , the s o il P extrac ted f rom the Tokomaru soil mat erial by 

O . lM NaOH could b e  very s imilar to that P which appears to  be b io lo gically 

availab le under the conditions o f  the b ioas say . This i s  evaluated further 

in S e c t ion 6 .  

5 . 3 . 3  Eval ua t ion o f  the modi fied bioassay-phospho rus 

f ra c t i ona tion procedure 

To fur ther evalua t e  the chemical ext ractab ility o f  b io l o gically-

availab le soil P i t  was dec i de d  to repeat the fractiona t ion p ro cedure and 

to  insert the O . lM NaOH ext rac t ion b e fo re t he lM NaOH extract ion (Fi g .  5 . 1 ) .  

Before incuba t io n , c are was taken to ensure that the algae were n o t  in a 

condit ion o f  acute P s tarvat ion at the t ime o f  ino culat ion ( th e  0 .  lM NaOH-_P 

- 1  value for the inoculum was 0 . 895  � g P � g chl ) . I t  was hop e d  that this 

would reduce the l ag phase and the p rob lems that o ccurred in the init ial 

s t udy (Sect ion 5 . 3 . 1 ) .  Also , mo re care was t aken with the adj us tment o f  

the algal cont r o l  f lasks and the samp l in g  pro cedures . Tokomaru s o i l  

mat er ial was again used i n  the s tudy , w i t h  the contras t ing Okaihau s o i l  
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which had smaller NaOH- and HCl- extract ab l e  P fract ions but mo re CDB -P 

than the Tokomaru s o i l  mat erial ( Tab le 6 . 2 ) and a greater ab i l i t y · to  sorb 

IP . The same con d i t ions o f  the bioassay were maintained as  in Sect ion 

5 . 3 . 1 .  To tal Kj eldahl N was monito red in each system to  conf i rm that 

adeuqate supplies o f  N were b eing f i xed by Anabaena during the incuba t ion . 

5 . 3 . 3 . 1 General aspe c t s  o f  the b ioas say 

The minimally P-s tarved inoculum produced rap i d  algal growth 

with no obvious lag phas e (Fi g . 5 . 4a ) . and appeared to be mo re ab le to use 

P from Fe gel and the soil ma terial s , result ing in much b e t t e r  growth on 

these mat e rials than in the p revious bioas say (Section 5 . 3) .  Because o f  

the h ighe r  init ial P content o f  the inoculum there was also mo re growth 

in the P - ,  con t ro l  f lask (Fig . 5 . 5 a) , than with the acutely P-s tarved 

algae (Fi g .  5 . 1a) . The algal g rowth pat terns (Fig . 5 . 4a) o n  the two 

soils we re quite s imila r ,  as were the p a t t e rns of alkal ine phosphatase 

activity (Fi g .  5 . 5b ) . A s l i gh t ly greater  b iomass was p ro duced by the 

Tokamaru soil  than the Okaihau soil . Growth on bo th s o ils ceased a f t e r  

2 5  days (Fig . 5 . 5 . a) ,  when a decrease in algal pigmentat ion was observe d . 

The concentrat ion o f  N in all systems was s t il l  increas ing (Fi g .  5 . 6 )  a t  

the point  when growth had apparent l y  become P limi t ing. (algal 0 . 1M NaOH-P 

- 1  
was 0 . 1 1 �g P � g chl ) . There fo re , it  was concluded that a t  no s t age 

during the b ioassay was N l imit ing algal growth . S tewart  and Alexander 

( 1 97 1 )  have also shown that Anabaena i s  ahl e to  fix N under c ondi t ions o f  

P s ta rva t ion . 

The rapid increase in enzyme a c t ivity f rom 0 to 5 days was not  

cons idered t o  indicate acute a lgal P s tarva tion becaus e the ino culum had 

adequate P s tores and the s ame t rend was eviden t in the h i gh ly-phosphated 

Fe gel systems 4 and 5 (Fig . 5 . 5b ) . Be caus e the time 0 enzyme a c t ivity 
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Chlorophyll c oncent rat ion (a)  and 
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during the growth o f  Anabaena on Fe 
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- 1  

4 = 32 and 5 = 3 7  �g P mg Fe gel ) . 

Dashed l ine 4 + 3 ; 2  is calculated as 

the mean of  corresponding data f rom 

sys tems 4 and 3 .  
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Kj eldahl nitrogen concentrat ion in the cul ture 

sys tems during the growth of Anab aena on the 

< 30-�m ma ter ial f rom Tokomaru (A) and Okaihau ( B )  

soils , and i n  Fe gel system 4 ( Fig . 5 . 5a )  ( C ) . 



was measured immediately after  ino culat ion o f  the sys tems , any enzyme 

a c t ivity would have grea t ly been d il uted and woul d not  be indicative o f  

algal P s t at us . Ove r the exponential growth period (day 7 to  2 1 ,  

Fi& 5 . 4a) , a lkaline phosphatase a c t ivity remained constant (Fig . 5 . 4b ) , 

i ndicating that there was a reas onab le supply o f  available P for 
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Anab aena . The availab i l i t y  o f  this P source apparently decreas ed rapidly 

a f ter 20 days , as indicated by the drama tic inc reas e in alkal ine 

phosphatase ac tivity obs erved at 2 1  days (Fig . 5 . 4b ) . 

had also f lo c culated by 20  days . 

The algae and s o i l  

Algal growth on t h e  two s o i ls (Fig . 5 . 4a) fell  wi thin t h e  range 

p roduced by the Fe ge l c on t ro l  f lasks (Fig . 5 .  Sa) . \Vhen the algal 

chlorophyl l  and alkal ine phosphatase leve ls of the soil cultures were 

c ompared with those of the control cultures , the data for both soil  

cul t ure p arameters fell  be tween that o f  con trol systems 3 and 4 (Fi g .  5 . 4  

and 5 . 5 ) . I f  the da ta from sys tems 3 and 4 were summed and the mean 

values calculate d ,  i t  was found that the mean values closely approxima t e d  

t h e  soil values f o r  b o th c h l  and alkaline phospha tase ac t ivity . 

Ext ractab l e  P data we re t reated in the same manner and the mean data 

(Tab le 5 . 3) were used t o  corre c t  for  algal P cont r ibut ions to so il-algal 

e xt ractab le P .  

5 . 3 . 3 . 2  Ext rac t ab le-algal phosphorus 

Algal P was only ext rac ted in s igni f icant amo unts by the 0 . 1M 

and 1M NaOH reagents ( Tab le 5 . 3 ) . Solut ion TP on ly appeared during the 

init ial s t ages o f  algal growth and rap idly decreased to  below detec t able  leve ls 

(Table 5. 4 ) .  As ob tained p reviously ( S e c t ion 5 .  3 . 1 ) , 1M HCl and CDB removed 

negligib le amounts of P f rom the algal res idue . Consequentl y , as 

concluded in S ection 5 . 3 . 1 ,  the only s oil-algal P fra c t i ons in wh i ch algal 

P cons t i t uted a maj o r  par t , and for which corre c t i on was required , were the 



Tab le 5 . 3  Algal P fract ions calculated from the P fract ionation data ob tained from Fe gel sys tems 

Amoun t o f  P ext rac ted (�.t g  1- 1 ) 

Time Solut ion 0 . 1M NaOH 1M NaOH CDB-IP 

(days) IP TP IP TP 

0 5 5 3  249 3 1  42 < 1 

7 2 70 256 < 1 

10 1 7 7  2 5 5  34 54 < 1 

1 5  < 1 9 8  280 42 72  < 1 

2 1  < 1 1 1 1  3 3 1  4 1  6 1  < 1 

29  < 1 9 1  360 6 7  < 1 

Data ob tained from systems 3 and 4 ( Fi g .  5 . 5 ) . 

HCl-IP 

< 1 

< 1 

< 1 

< 1 

< 1 

< 1 

00 
-....J 



Tab le 5 . 4  

Time 

(days )  

0 

7 

10 

15 

2 1  

29 

Solution P concen trations for soil and soil + algal sys t ems during the b ioas say 

o f  Tokomaru and Okaihau s o ils ( < 30- Jl m material ) , and for the algal con t ro l  

Tokomaru 

Soi12 Soil  + algae 

TP TP 

1 0  6 

8 6 

7 3 

3 2 

3 < 1 

< 1 < 1 

- 1  1 
Concentration o f  P (J1 g 1 ) 

Okaihau 

S o i 1 2 Soil  + algae 

TP TP 

6 5 . 4  

1 1 

1 1 

< 1 < 1 

< 1 < 1 

< 1 < 1 

2 Al gal control 

TP 

5 

2 

1 

< 1 

< 1 

< 1 

1 
As 1g  o f  soil ma terial used per l i t re , amount o f  P is also equal to Jl g g- 1  for soil sys tems . 

2 
HgC1 2 adde d . 

CO 
CO 
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two NaOH f ract ions . In bo th the 0 . 1M and 1M NaOH fract ions , algal 

extractab le IP and TP increased wi th increas ing b iomass but as shown in 

S e c t ion 4 ,  the re was no s imple relat ionship be tween algal-ext rac tab le P 

and b iomass . At ino cula tion , the minimally-P s tarve d algae cont ributed 

50% o f  the 0 . 1M NaOH-P in the soil-algal sys tems (Tab le 5 . 5  and 5 . 6 ) . 

Al though health ier algal growth resulted from the algae b e ing less P 

s tarved , th is large addi t ion o f  algal P reduced the dependence o f  the 

algae on s o il P ,  and therefore growth responses were par tially due to the 

deple tion o f  stored P .  I t  was the re fore dif fi cul t to  p in-point changes 

in s o il P availab ility from the chl or alkal ine phosphatase data un t i l  

the end o f  the incubation period when stored P had been deple ted 

( Fig . 5 . 4 ) . The re duced P s tarvat ion o f  the ino culum did no t increase 

s o i l  IP utilization , as was ant i cipated from the b e t ter growth ob served . 

I t  may have been responsib le , however ,  for the increase in the amoun t o f  

s o i l  OP depleted in this b ioassay , a s  compared to  the prel iminary 

b ioassay ( S e c tion 5 . 3 . 1 ) . The amounts of  IP dep leted from the Tokomaru 

s o il in the firs t ( Tab le 5 . 2 ) and se cond (Tab le 5 . 5 ) incub a t ions were 

1 - 1  
7 6  � g  P g-

and 6 8  � g  p g , respe c t ively , whe reas the respect ive values 

- 1  - 1  fo r OP were 1 1 6 � g P g and 1 79 � g P g As mentioned p reviously , the 

f i r s t  incub a t ion value for s o i l  OP depleted was believed to be an under-

e s t ima te . 

5 . 3 . 3 . 3  Extrac t ab le-soil  phospho rus 

Flocculation o f  the soils and algae in the systems caused 

grea t e r  samp l ing errors as the incub a t ion experimen t  proceeded . I t  was 

no t iceable that this p ro duced fluc tua t ions in the P frac tiona t ion resul t s . 

Al l e f forts  were made to ob tain representative a l iquots , but the p rob lems 

caused by flocculat ion , and in some cases adherence to the flask , could 

no t b e  overcome . The variab i li ty seen in some results therefore , had t o  



Tab le 5 . 5  Amoun ts o f  0 . 1M NaOH-ext ractable P for soil and soil + algal sys tems , during the b ioas say 

o f  Tokomaru soil  ( < 30-�m mat erial) and for the algal control 

Amount o f  0 .  H1 NaOH-extrac tab le P ( �g 1 - 1
) 1 

Time S o i l
2 Soil  + al gae Algal con t rol 3 Correc ted soil

4 
--

( days ) IP TP IP TP IP TP IP TP 

0 9 3  24 1 1 2 5  5 0 3  5 4  249 7 1  254  

7 142  249  1 2 7  449 7 1  2 5 6  56  19 3 

1 0  1 0 5  2 6 2  1 2 8  359 79 2 5 8  4 9  10 1 

1 5  1 2 9  2 5 2  1 5 3  36 2 104 295 49  6 7  

2 1  1 5  7 2 6 7  154 356 1 1 1  32 2 4 3  34 

2 9  1 0 2  2 18 1 2 1  36 8 1 1 8 360 3 8 

1 As 1 g  o f  soil material used per l i t re , amount o f  P is also equal to  � g g- 1  for soil  sys tems . 

2 
HgC12 added . 

3 
Cal culated from fractionat ion o f  algae in Fe gel systems . 

4 
Corrected soil = ( algal + soil)  - algal contro l .  

5 OP = ( TP - IP) corrected values . 

oPs 

1 8 3  

1 3 7 

5 2  

1 8  

- 9 

4 

\0 0 



Tab le 5 . 6  Amounts o f  0 . 1M NaOH-ext rac table P for soil and soil+ algal sys tems during the b ioassay 

of Okaihau soil ( < 30-�m material) and for the algal cont rol 

Amount of 0 . 1M NaOH-extrac tab le P (� g 1- 1 ) 1 

Time Soil2 Soil  + algae Algal contro l  
3 

Correc ted soil
4 

--
( days )  IP  TP IP  TP IP TP IP TP 

0 1 4 1  242  1 34 4 2 7  5 3  249 8 1  1 78 

7 102 260 1 35 4 2 8  6 6  255 69 1 7 3  

10  1 14 249  1 30 376  73  256  5 7  120 

15  129 208 12 1 342 9 1  26 7 30 75 

2 1  1 40 254 122  354 104 295 18 59  

29  1 3 7 2 5 3  1 2 3  3 7 5  1 1 2 3 3 7  l l  38 

1 As 1 g  o f  soil material used per litre , amoun t o f  P i s also equal to � g  g- 1  
for soil sys tems . 

2 
HgC1

2 added . 

3 
Caclulated f rom f rac tionat ion o f  algae in Fe ge l sys t ems . 

4 Co rrected soil = ( al gal + soil)  - algal cont rol . 

5 OP = (TP - IP)  corrected values . 

OP
5 

9 7  

104 

6 3  

45  

4 1  

2 7  

"' ..... 
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be accep ted . The loss o f  f ine soil par t icles a t  each decantat ion in the 

sequen tial fra c t ionation , may also have b een a s i gni ficant source o f  

error , given the smal l quan t i ty ( 0 . 0 4g)  o f  < 30-� m ma terial used . 

Only solut ion TP was measured b ecause s olut ion IP was dep leted 

inrne diately after ino culat ion of  Anabaena . Solution TP ( Tab le 5 . 4 )  

dec reased to non-de t e c tab le concentrat ions in both the soil-algae and 

soil ( mercuric ch l o r i de- t reated) cultures of Okaihau and Tokomaru s o i l s . 

Thus , part of the dec rease mus t have b een caused by reso rp t ion o f  

dis s o lved OP b y  the s oils . I t  was evident , howeve r ,  that solut ion TP 

was ini t ial ly lowe r and de c l ined at a fas ter ra te in the inoculated 

cultures ; this indicated utilization o f  dissolve d OP by the al gae . 

- 1  
Solut ion TP ( 5  � g  P 1 ) was recorded in the a lga l control flasks 

immediate ly after ino c ulat ion . This TP could have been releas ed by dead 

cells in the inoculum or by the osmo t i c  shock caus ed when the old , 

estab l ished algal material was washed and ino culated into fresh growth 

media . Af ter 1 0  days , all t races of  solut ion TP had dissappeare d , e i ther  

because o f  re-assimi la t ion by the  al gae or  b ecause of  sorp t ion by the 

Fe gel . I t  was noted tha t the ini tial solution TP concent rat ion o f  the 

soil-a l gal sys tem was not equal to the sum of soil so lut ion TP p lus a lgal 

solut ion TP , being app roxima tely 60% of this value for the Tokomaru systems 

and 90% for Okaihau sys tems . The results sugges t that a ce rtain amoun t 

of  dis solved soil OP can rapidly be as s imilated by the algae . Becaus e 

the P c oncentra t ions measured were extremely low , and therefore s ubj e c t  t o  

error , i t  would be dangerous to place t o o  much emphasis o n  the interpre tation 

made . 

The amounts o f  O . lM NaOH-IP and -TP in th e Tokomaru and Okaihau soil  

sys tems containing mercuric chlo ride did no t vary grea tly over the  period 

of algal growth ( Tab le 5 . 5  and 5 . 6 ) . Even wi thout corre c t ing for the 
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algal cont ribut ion t o  0 . 1M NaOH-P i n  the s o i l-algal systems , 0 . 1M NaOH-TP 

decreas ed gradua l ly over 29 days . Extrac tab l e  IP , howeve r ,  did no t 

change s igni f icantly over this period . Th is s ugges ts that some o f  the 

OP in these systems was being converted to a fo rm wh i ch was no t removed 

from the soil-algal res idue (Fie . 5 . 1 ) by 0 . 1M NaOH . Some o f  thi s  OP 

may be extracted and hydrolyzed by the subsequent 1M NaOH ext rac t ion 

because 1M NaOH-IP , in these sys tems inc reases over the in cub a t ion 

period ( Tab le 5 . 7  and 5 . 8) ;  only a small inc rease was ob tained for 

1M NaOH-TP . When the a l gal cont rib ut ion to the soil-algal 0 . 1M NaOH-P 

f ract ion (Tab le 5 . 5 ) was sub t racted , i t  was found that algal P accoun ted 

for app roxima tely 97%  o f  the 0 . 1M NaOH-TP b e ing extrac ted f rom the 

Tokomaru soil-algal sys t em at 29 days . Therefore , by d i f ference a l l  but 

3% of the 0 . 1M NaOH-TP f ract ion of  Tokomaru soil had b een utilized by the 

a lgae . I t  is clear f rom the resul ts that OP made up the maj or par t ( 7 0%) 

of the 0 . 1M NaOH-P that was depl e ted (Tab le 5 . 5 ) . Al though soil IP  

decreased s lowly over the incubation period , soil  OP decreased rap i dly , 

part icularly b e tween 7 - 10 days . 

At this poin t , a lkaline phosphatase ac t ivi ty showed a maximum value 

wh ich p e rsisted during the exponen t ial growth period . The increas ing 

enzyme concentrat ion may have b een respons ib l e  for the mineralization o f  

s ome OP ; presumab ly o ther hydroly t i c  enzymes , s uch as phytase , could 

s imilarly have been induced , as indicated by the work o f  Re ichardt ( 1 9 7 1 ) . 

At the end of  algal g rowth , 0 . 1M NaOH-IP and -OP had b een dep leted by 

9 7 % and 9 8% ,  respec t ive ly . 

The 0 . 1M NaOH-P f ra c t ion was less avail ab le in the Okaihau soil , 

with only 86% o f  the IP  and 72%  o f  the OP being depleted . Mos t  o f  th e 

OP was again utili zed b e tween 7 - 10 days , whereas the soil  IP decreased 

s lowly ove r the who l e  g rowth period ( Tab le 5 . 6 ) . Less OP in the Okaihau 



---- -- -------

Tab le 5 .  7 Amounts o f  1M NaOH-extractable  P for soil  and soil + algal sys tems during the bioassay 

o f  Tokoll!aru soil ( < 30-f.lm material) and for the algal con t rol 

Amount o f  1 M  NaOH-extractable  P - 1  ( )Jg  1 ) 1 

Time S oil
2 

Soil + algae Al gal con trol 3 
Corre c ted soil

4 
--

( days )  I P  TP IP  TP IP TP IP TP 

0 39 104 49 19 1 3 1  50 56 1 4 1 

7 

1 0  42  196  8 1  200 32 55 49 1 5 5  

1 5  4 2  1 4 7  9 2  2 1 7  35 59  5 7  1 5 8  

2 1  4 7  109 90 1 85 42 6 1  4 8  1 2 4  

2 9  - 1 50 - 20 1 - 6 2  1 39 

1 As 1 g  o f  so il mat erial us ed per l i t re , amount o f  P is also equal to J.l g  g- 1  for soil systems . 

2 HgC1
2 

added . 

3 Cal culated f rom f ract ionat ion of  algae in Fe gel syst ems . 

4 Corrected soil = (algal + soil)  - algal contro l . 

5 OP = (TP - IP) corrected values . 

OP
5 

85 

106 

10 1 

76 

\0 .j:--



Tab le 5 . 8  Amo unts o f  1M NaOH-extractab le P fo r soil  and soil + algal systems during the bioassay 

of  Okaihau s o il ( < 30-�m material) and for the algal control 

Amount of 1M NaOH-ext ractab le P ( J.l g  1- 1 )
1 

Time S o i l
2 Soil  + al gae Algal control 3 

Corre c te d  soil
4 

--

( days ) IP TP IP TP IP  TP IP  TP 

0 62  69 64 155  3 1  5 0  3 3  1 0 5  

1 0  5 2  85 7 5  16  7 33 5 3  4 2  1 14 

1 5  85 9 8  108  187  40  56  6 8  1 29 

2 1  7 1  7 1  10 1 16 1 42 59  59  102 

29  - 8 7  - 16 1 - 6 2  - 99 

1 As 1 g  o f  soil material us ed p er l i t re , amount o f  P i s  also equal to J.l g g
- 1  for soil  systems . 

2 
HgC1

2 
added . 

3 Cal culated from fractionat ion o f  al gae in Fe gel sys tems . 

4 Corre c ted soil = ( algal + s o il)  - algal con t ro l . 

5 OP = ( TP - IP) corrected va lues . 

OPS 

7 2  

72 

6 1  

4 3  

"' 
\Jl 
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soil was present in the b iological ly-avai lab le fo rms which were found 

in the Tokomaru soil . I t  may b e  s igni fcant that the O . lM NaOH extract 

from the Okaihau soil  conta ined a much large r p roport ion o f  complex h umic 

acids ( see S e c t ion 6) . Th is is cons is tent wi th the darker co lour o f  the 

extra c t  and the large r  res idue of  acid-insolub le ma te rial , p recip i ta te d  

before the measurment o f  O . lM NaOH -IP , no ted a t  this s tage o f  t h e  s tudy . 

Minor fluc tuat ions in the amounts of  lM NaOH-IP and -TP were 

ob served during the incubation o f  soils containing HgC1 2 (Tab le 5 . 7  and 

5 .  8 ) . There was no signif i can t ne t increase or  net decrease in thes e 

forms over the incub a t ion period . When the co rre ct ion was made f o r  

algal P cont ribut ion to the soi l-algae lM NaOH-P , i t  was evident that 

within experimen tal error lM NaOH-IP for the Tokomaru s o il remained 

unchanged by the growth of al gae . The f luc t uat ions in lM NaOH-TP da t a  

made i t  difficul t to determine whe ther there h a d  been any increase o r  

decreas e  i n  s o i l  lM NaOH-OP . Any such increase or  decrease was o f  mino r 

impor t an ce , when compared to the amoun ts o f  P dep leted f rom the O . lM 

NaOH-P frac tion . The corre c ted data for Okaihau soil showed a s low 

increase in lM NaOH-IP during the incub a t ion . A s imilar increase was 

ob served wi th the s o i l  con taining mercuric chloride and th us this was no t 

an e f f e c t  of  algal growth . The corre c te d  soil  lM NaOH-OP value decreas ed 

dur in g the f ir s t  2 1  days . Because OP was ca lculated as the d i f fe rence 

be twee n  IP and TP , and because those two results were qui te variab le , i t  

was d i f f icult t o  e s t ab l ish whether the decrease i n  OP was an ac t ual algal 

e f f e c t  or  an artefact  of  the me thod . Taking the lM NaOH-TP data as  b e ing 

mo re r e l iable , b ecause they were a f fected by fewe r procedural variab les 

than the IP or OP dat a ,  i t  appears that there was no s igni f icant decrease 

in lM NaOH-P f rom the Tokomaru soil or  f rom the Okaihau soil ove r the 

algal -growth perio d .  
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Be caus e algal P made a negligib le cont ribut ion t o  CDB- or 1 M  HCl-P 

( Tab le 5 . 3) ,  i t  was no t necessary to us e the corre c t ion procedure 

(Tab le 5 . 9 ) . The amount o f  CDB-P for the Okaihau < 30-�m material was 

much lower than that repo rted by Williams and Walker ( 19 69a)  for the 

whole s o il . The Okaihau (whole) soil contains coarse i rons tone nodules 

which are p resumab ly the maj or source o f  CDB -P (Wi lliams and Walke r ,  1 96 9b ) . 

Such nodules were not pres ent in the < 30-� m  material us ed in this s tudy . 

The smal l  variations obs erve d in the CDB-P fract ions of the Tokomaru and 

Okaiha u  soils , for b o th the soil-algal sys tem and the sys tem containing 

HgC1 2 , are att rib uted to e xperimental erro r . Consequen tly , the CDB-P 

f rac t ion in both s o i ls had e f fec tive ly no b io logical avai lab i l i ty . The 

1M HCl-P data also showe� considerab le variab i l i ty for b o th soils . The 

amoun t s  o f  P extra c te d ,  howeve r ,  did no t appear to decrease during a lgal 

growth . With the Okaihau soil i t  was mo re no t iceable tha t  a low CDB-P 

value was as sociated with a high 1M HCl-P value , and vice versa . Th is 

sugge s t s  that 1M HCl was capab le of  ext rac t ing o c cluded P whi ch was no t 

removed by the CDB reagen t . 

no b io logical availab il i ty . 

As was the case for CDB-P , 1 M  HCl-P s howed 

5 . 3 . 3 . 4  General dis cussion 

The rap i d  algal growth ob served on b o th soils , whi ch p roduced 

doub le the b ioma s s  ob served in the P-control  f lask , clearly indicates that 

the < 30-� m mat erial ( po ten tial surface runo f f  mat erial) f rom Tokomaru and 

Okaihau so ils could provide sub stan t ial amoun ts of  P for algal grow th . 

The ab i l i ty o f  f ine suspended soil ma terial to provide P for algal growth 

has b een ob served in natural waters (Abbo t , 1 95 7 ; Go ldman e t  al . ,  1 9 7 3) . 

Thus , i t  is no t surp rising that under o p t imum al gal growth condi t ions , 

such a large quan t i t y  o f  soil  P was b iologi cally avai lab le . Cowen and 
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Tab le 5 . 9  Amounts o f  CDB- and HCl-ext ractab le IP f rom soil and soil + algal systems during the 

bioassay o f  Tokomaru and Okaihau soils ( < 30-�m material) 

-1 1 Amount o f  IP extracted (�g 1 ) 

Tokomaru Okaihau 

Time Soil
2 

Soil  + al gae Soil (HgC1
2

) S o i l  + algae 

( days ) CDB HCl CDB HCl CDB HCl CDB HCl 

0 40 1 1  50 1 3  - 1 3  - 1 3  

7 30 - 37  1 8  70 46 70 25 

1 0  40 1 3  2 5  19  1 10 1 1  95 9 

1 5  20 2 1  2 5  1 7  85 9 70 1 0  

2 1  30 2 8  30 1 8  85 1 5  90 1 7  

The phosphate concent ration in algal ext rac ts was < 1 �g 1
- 1  

1 As 1 g  o f  s o il material used per l i t re , amount of  P is also equal to � g  g
- 1  

fo r soil systems . 

2 
HgC12 added . 

\.0 
00 
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Lee ( 1 9 7 6 )  e s t imat e d  tha t 30% of  the part i c ulate IP  in a f ine f ra c t ion 

( < 4 3  � m) of  urban runo f f  was avai lab le for algal growth . In a s tudy o f  

s ome New Zealand so ils and lake muds , McCo l l  ( 1 9 7 5 )  repo rted  tha t 8 1% o f  

t h e  O . SM H2so
4

-ext ractable I P  o f  topsoil  c lays could be dep l e t ed b y  

algal growth . By s elec t ing the f ine material ( < 30 �m) for b ioassay 

in the present s tudy , the amounts of surface-so rbed OP and IP are present 

in grea ter amo un t s  than in a whole s o i l  sample . 

The 0 . 1M NaOH-P f ra c t ion , whi ch made up approxima t ely 5 0 %  o f  the 

t o tal extrac tab le P in both soils , appeared to be the only chemically-

ext rac ted P f r a c t ion wh ich was depleted by algal growth . The s ubs equent 

fract ions in the f ract ionat ion pro cedure showed no s igni fi cant b iological 

availab i l i ty . Sagher ( 1 9 74 )  has also shown that in Wis cons in lake 

sediments , 0 . 1 M NaOH-IP was depleted by algal growth , whereas there was 

l i t t le or no depletion o f  HCl-IP . In contras t ,  Go lte rman e t  a l . ( 1 969)  

h ave ob served H Cl -P dec reases in b ioassays o f  Dut ch lake muds . I t  is 

perhaps incorrect  to compare the resul t s  ob tained wi th soils to thos e 

ob tained with l ake sediment s ,  because the two materials are usual ly very 

d i f ferent in chemi cal compos i t ion . Also , soils are s ub j e c t  to continua l 

nutri ent loss , i . e . , weathering and leach ing , whereas lake sediments are 

s ites of  nut r i en t  accumulat ion by depo s i t ion of detri tus ( th i s  point. is 

dis cussed further in S e c t ion 6 . 4 ) . 

The h igh b iological availab i l i ty o f  0 . 1 M NaOH-OP i s  somewhat 

s urprising . For the Tokomaru and Okaihau soils , OP cons t i tuted 70% and 

5 0% ,  resp e c t ive ly , of the soil P u t i l i z e d  for algal growth . Although 

soil  OP u t i l i z a t ion has not b een s tudied extens ively , cons ide rab le evidence 

points to the p lant availab i l i ty of OP in f ine soil s uspensions . Alkaline 

phosphatases c an release IP f rom suspended material in l akes (Be rman , 1 9 6 9 )  

MASSEY UN IVERSiflj 
LIBRARY 
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and Cooke and Will iams ( 1 9 7 3) have sugges ted that eroded soil  OP may be 

hydrolyzed in a s imilar manne r .  Other workers have shown that s uch 

extracellular enzymes , whi ch can be produced pro l i fically in the ab s en ce 

o f  IP , are capab le o f  hydro lyz ing various o rganic P compounds in the 

aqua t i c  environment (Cles ceri and Lee , 1 9 6 5 ; Davis and Wilcomb , 1 96 7 ; 

Re ichardt , 1 9 7 1 ;  Herbes e t  al . , 1 9 7 5 ) , a l though their e f f e c t iveness 

appears to decrease when OP is sorbed by the particulate phase (Phi l ips , 

1 9 6 4 ; Greaves and Web ley , 1 969 ; Ro del e t  al . ,  1 9 7 7 ) . Only mino r 

decreases in l ake mud OP were obs erved by Go l te rman et a l .  ( 1 9 6 9 ) . The 

t e s t  alga (S cenedesmus ob l iquus ) used , however , was no t ab le to deplete 

so lut ion P to b e low de tec table levels , as was the case with Anabaena . 

Also the tes t alga was no t previous ly P -s t arved to encourage a lka line 

phosphatase p ro duc t ion and therefore OP mineralization . I t  appears that 

P-starved Anab aena , as used in the presen t  s t udy , is capab le of promo t ing 

the minerali z a t ion of  s o i l  OP . In  many non-eut rophic wa ters blue-green 

algae may be P-s tarved becaus e P has b een diagnosed as the growth-limit ing 

nutrient ( s ee S e c t ion 2 . 1 ;  S t ewar t  and Alexande r ,  1 9 7 1 ) . From this 

p rel iminary s t udy , it  can b e  seen that soil OP may have a sub s t an t ial 

role t o  p lay in cont ro l l ing the growth of blue-green a lgae in s t reams and 

l akes . 

The resul t s  ob tained f rom the incubation o f  the < 30-� m ma terial f rom 

Tokoma ru and Okaihau s o i l s  indicate that biologically-availab le P in these 

two s o i l  materials can b e  extrac ted almo s t  exclus ive ly by 0 . 1M NaOH . 

I t  i s  considered that this reagent extra c t s  surface-sorbed o r  non-occluded 

P ( Wi l liams and Walker ,  19 69b) f rom non-allophanic soils . I t  mus t be 

emphas ised that all  cond i t ions were b iased towards soil P dep l e t ion . 

Consequen t ly , the values for bio logically-available part iculate  P in 

these two so i l  ma terials should be regarded as maximum values . The 



0 . 1M NaOH reagen t could b e  used to assess the maximum concent ra t ions o f  

P whi ch are po t en t ially available for algal growth and p resen t  i n  the 

part iculate mat erial carried in surface runo f f  f rom, and in s t reams 

passing th rough , the Tokomaru and Okaihau soils . Further s tudies are 

required to assess  the applicab i lity of this procedure to o ther soil  

types . 

10 1 



SECTION 6 



AS S ES SMENT OF BIOLOGI CALLY-AVAILABLE PARTI CULATE 

PHASE P IN POTENTIAL S URFACE RUNOFF MATERIALS 

6 . 1  In troduc t ion 

1 0 2  

In t h e  p revious Sec t ion i t  was s hown tha t  for two soils , 0 . 1M NaOH 

e xtrac t e d  almos t excl us ively that P wh i ch was also availab le for the 

growth o f  Anab aena . In cont ras t ,  s o i l  P f rom the o ther chemi cal ly-

characterized f rac t ions was not deple ted . To de termine whe ther 

b iological ly-availab le soil P was limi ted to the 0 . 1M-Na0H extractab le P 

frac t ion in a range o f  soil mat erials < 30-v m ma terial f rom f ive New 

Zealand s oils , earthworm cas ts , and s t ream-bank material , plus surface 

runo f f  mat e r ial and a river sediment were b ioassayed us ing the comb ined 

b ioas say-P fractiona t ion p rocedure ( S e c t ion 5 ) . The soils were s e lected 

for their d i f f ering amounts o f  wa ter- , NaOH- , CDB- , and HCl-extractab le 

P frac t ions . Da ta p ub l ished by Williams and Walker ( 1 969a , 1969b ) , 

Syers e t  a l .  ( 1 969 ) , and New Zealand Soil  Bureau ( 1968) were us ed to 

selec t  the range of soils ( Tab le 6 . 1 ) .  I t  was necessary t o  carry out 

three separate incub a t ions for the shaken b ioassays o f  the soil ma terials 

b ecaus e only three materials and their respe c t ive Fe ge l growth-con t rol 

f lasks could b e  accommo dated in the incubator  a t  one t ime . Due to the 

pos s ib le variat ion in results caus ed by ino cula being derived f rom three 

separat e  algal s t o cks , a b ioassay of all soil ma terials was carried out 

us ing inoc ul a  de rived f rom the same algal s tock . From the data ob taine d ,  

the l evel o f  chlorophyll (chl) pro duc t ion was correlated w i th the amoun t  

o f  0 . 1M NaOH-P original ly p resent in each material . 

Sharp ley ( 1 9 7 7 ) s ugge s t ed that s tream-bank ma terial and par t iculates 

carried in surface runo f f  were the maj o r  s ources of  part iculate P in a 



Tab l e  6 .  1 Soils and s o il ma terials used in the s tudy 

Mat erials 

Egmont b lack loam 

Atawhai s teepland soil 

Waimakariri silt loam 

Waiotu brown loam 

Manawatu silt  loam 

Okaihau grave l ly clay 

Tokomaru s i l t  loam 
( S t ream b ank mat erial) 
( Surface runo f f  material) 
( Earthworm cas t s )  

Clas s i f i ca t ion and parent material 

Moderately-leached , yellow-b rown loam 
developed f rom Mt . Egmont vo l canic ash 
( andes i t i c )  

B rown granular loam de rived f rom mas s ive 
intrus ions of b asaltic  materials into 
s edimentary rocks ; consequently has 
complex parent materials 

Recent alluvium developed from 
greywacke det ri tus 

S t rongly-leached brown loam deve loped 
under mixed b roadleaf-podocarp or 
podocarp dominant fores t 

Recent alluvium developed from greywacke 
detritus ; has b een h eavi ly fert ili zed 

Very s t rongly leached brown loam , with 
irons t one nodules , derived from 
argil lised , o livine basalt 

Moderately gleyed , yellow-grey earth 
derived f rom loessial greywacke 

Location and vegetat ion cover 

Whareroa , Taranaki ; 

ryegras s pas t ure 

S outh-eas t s i de of  Sugar Loaf Hill , 
Nelson ; 

rough s c rub 

Waimakariri Rive r f lood plains , 
North Cant erbury ; 

c ropping land 

Waiotu , No r th Auckland ; 

ryegrass pas ture 

Manawatu Rive r levees , Te Matai Rd . , 
Palmers ton No rth . 

marke t gardening 

Okaihau , No rth Auckland 

s crub and bush 

Area studied by Sharpley ( 19 7 7 )  
Massey Univers ity : 

permanent pas ture 

...... 0 w 
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s t ream draining a dominant ly pas ture catchmen t adj acent to Mas s ey 

Univers i ty . I t  has also been sugge s t e d  that the contrib ut ion made by 

earthworm cas t s  to part iculate P in s urface runo f f  P ( Sharpley and Sy,ers , 

1 9 76 )  could b e  important because ear thworm cas ts  contain proport ional ly 

more f ine c lay par ticles , whi ch are p referent ially t ransported in sur face 

runo f f  ( Ry den et al . , 1 9 7 3) , and a h i gher concen t rat ion of P than th•:! 

underlying soil  (Barley , 196 1 ;  Gup ta and S akal , 19 6 7 ; Graf f ,  19 70 ; 

Vimmers t e d t  and Finney , 1 9 7 3) . 

To assess further the app l i c ab i l i ty of  using 0 . lM NaOH as an 

extrac tan t  f o r  biological ly-availab le P from s t ream sediment s ource 

materials , the f ine material from s ur face ear thwo rm cas ts ,  s t ream-bank 

material (b o th < 30 � m) , and actual s urface runo f f  ma terial , collec ted 

from the area s tudied  by Sharp ley ( 19 7 7) , were subj ected t o  th e b ioas say-P 

fract ionat ion procedure . 

The maj or b looms o f  blue-green algae appear in s t reams in the warm 

summer month s when low flow and less  turb ulent conditions p revai l ,  and 

suspended sedimen t concent rat ions are ve ry low .  Although the shaken 

bioass ay p ro cedure , deve loped in S e c t ion 5 ,  al lows the bes t possib le 

aerat io n  and mixing o f  the cultures in order to de termine the maximum 

amoun t o f  b iologically-availab le part i culate P ,  the extent to whi ch the 

res ul t s  are relevan t to depos i t e d  sedimen t remains unc lear . Chiou and 

Boyd ( 1 9 7 4)  have shown that muds which we re ab le to supply P for algal 

growth in shaken sys t ems we re also ab le to supply P for algal growth in 

unshaken systems . Al though i t  i s  app reciated tha t  close d-cul t ure sys t ems 

do not  rep roduce natural aqua t i c  c ondit ons , i t  was felt  that non-shaken 

cult ures may produce condit ions c loser to those  of the s umme r s tream o r  

lake environment .  Consequen t ly , in the f inal par t o f  this S e c t ion , the 
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b ioassay of  a l l  particulate ma terials p reviously s tudied , except 

earthworm-cas t and s t ream-bank mat erials , was investi gated in non-shaken 

sys tems where oth er condit ions were maintained as close as p o s s ib le to 

those of the shaken sys tems . The merits o f  0 . 1M NaOH as an ext rac t ant 

of  biological ly-availab le particulate P are dis cussed wi th respect  t o  b o th 

shaken and non-shaken systems . 

6 . 2  Mat er ials and Methods 

6 . 2 . 1 Soils  

The s o ils ( Tab le 6 . 1 ) we re s e l ec t ed to provide a range o f  d i f f e rent 

amounts and forms o f  part iculate-phase P ,  as shown in Tab l e  6 . 2 .  The 

poten t i a l  s urface runo f f  f rac t ion ( < 30�m) was separated f rom the surface 

horizon ( 0  - 5 cm) of each soil , as des crib ed in Sec t ion 5 . 2 .  Where 

necessary , < 30-� m suspens ions were concentrated by cent r i f ugat ion . Large 

volumes of surface runo f f  and Manawatu River s ediment suspens ions were 

concen t rated by c on t inuous cent rifugat ion ( S o rval l  Supers p eed RC2 B ) , 

par t i c le-size separates were not removed and 1 g  of  the who le samp l e  was 

resusp ended in ASM- 1 ,  P- , N- media ( 1 1 ) . Fo r all o ther materials except 

Egmont ,  < 30 -�m particle-s ize  f ract ions were resuspende d i n  ASM- 1 ,  P - , N-

- 1  media ( 1g 1 ) .  The Egmont < 30-� m material was s uspende d  a t  a c oncentrat ion 

of  0 . 3 3 g  1 - 1 , b ecause o f  its h igh P content (Table 6 . 2 ) , whi ch may h ave 

produce d  excess ive algal growth and sub s equent p roblems resulting from 

overpopulation . 

6 . 2 . 2  Expe rimental proced ure 

Ino cula of P-s tarved Anab aena were p roduced as desc rib ed in S e c t ion 3 .  

All a lgal inocula were P-starved to p romo t e  up take o f  P by the algae 

(Healey , 19 7 3) . This reduced the c ont r ibut ion made b y  algal P to s o i l  + 
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Tab le 6 . 2  Amoun ts o f  P ext racted f rom the < 30-�m material o f  several soils , Manawatu Rive r sediment , earthworm 

cas ts , s t ream-bank ma terial , and surface runo f f  material . I ron and alumium contents are included 

for some soils 

Amount o f  P ext rac ted - 1  ( � g p g ) 

S o lution 0 . 1M NaOH 1M NaOH CDB-IP HCl-IP Fe Al 

Material IP IP TP IP TP -- % --
--

Egmont 1 0  1 8 1 6  3 322 - 19 7 1  3 36 36 5 8
2 

Atawhai 1 1 2 3  348 8 1  209 5 40 5 0  8 1 5
1 

Waimakariri 7 l 1 5 3 1 9  3 3  1 2 0  1 98 72  

Waiotu 2 1 7 5 39 8 6 5  142 224 1 5  1 4  2 7
1 

Manawatu 56  754  944 1 80 266 290 4 34 

Manawatu River sediment 6 2 0 3  35 8 42 105 1 2 8  2 1 8 

Okaihau 3 8 7  2 10 38 60 70 1 5  1 8  1 6
1 

l l  1 02 

Tokomaru 5 9 3  2 4 1  46 1 20 4 0  2 0  0 . 6
3 

Earthworm cas ts 45 2 5 7  5 30 7 1  1 7 6  80 6 

S t ream bank 1 8 4  l 1 1  30 38 l 14 7 

Surface runof f  4 96 2 1 8 29  99 37 5 

1 
From Wil liams an d Walker ( 1 969a) . 3 From Hope ( 1 9 7 8 ) . 

2 
From Soils o f  New Zealand , Soil  Bureau Bul letin ( 1 968) . 

� 0 
0\ 



1 0 7  

algal-ext rac tab le P and also re duced errors i n  the corre c t ion procedure . 

The b.ioassay-P f ractionat ion procedure used to fo l low the deplet ion o f  

soil P ove r the p erio d of  algal growth has b een des c rib e d  i n  S e c t ion 5 .  

Algal ch l concen t rat ion and alkaline phosphatase activi ty were also 

recorded to  enab le correct ions for the algal contrib ution to soil-algal P 

to b e  made . Fo r the shaken b ioassay of  Waimakariri , Egmon t ,  and Atawhai 

so il mate rials ( 6 . 3 . 1 . 1 ) ,  the ino cula were pre-s tarved to an extrac tab le 

- 1  P value o f  0 . 1 5 �g o f  0 . 1M NaOH-TP �g chl . For the shaken b ioassay o f  

�funawatu River s edimen t and o f  Waiotu and Manawa tu soil materials (6 . 3 . 1 . 2 ) ,  

- 1  the inocula had an extrac tab le P value o f  0 . 38� o f  0 . 1M NaOH-TP �g chl , 

and the P frac t i ona t ion p ro ce dure was shor tened , omi t ting the 1M NaOH , 

CDB , and 1M HCl ext rac tions b ecause the soil P removed by these extractan t s  

had shown n o  b io logi cal-availab i lity i n  the previously-s tudied ma te rials . 

Fo r the b ioassay o f  s tream-s ediment so urce materials and earthworm-cas t 

ma terial ( 6 . 3 . 1 . 3) ,  the ino cula were p re-s tarve d to an ext rac tab le P value 

- 1  
o f  0 . 1 1  � g o f  0 . 1M NaOH-TP � g  chl . 

To correlate the amo unt s  o f  0 . 1M NaOH-ext rac tab le P and the amo unts 

o f  b io logi cal ly-available P in a range of  soil ma terials ( 6 . 3 . 1 . 4 ) ,  < 30-� m 

mat e r ia l  from a l l  soils , excep t Egmon t ,  we re b ioassayed with a P-starved 

ino c ulum . The initial comb ine d ( s o lut ion TP + 0 . 1M NaOH-TP ) concen t ra t ion 

was measured in each flask . The concent ra t ion o f  chl only was monitored 

during algal growth . 

In the b i oas say s t udy us ing non-shaken sys tems ( S e c t ion 6 . 3 . 2 ) , a 

' Temp e rzone ' p lan t growth cab ine t was us ed to incubate the sys tems under 

condi t ions s imilar to the sh aken s t udies . Before ino culat ion o f  the 

sys tem$ � an e s t imate of the amo unt o f  humic material present in each 

0 . 1 M NaOH s o i l  extract was · ob tained by measur i1ig the ab s o rb ance of  the 

ext ract  ( HA) a t  400nm . 
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All f lasks were ino culated with P-s tarved Anab aena ( 0 . 1 0 � g o f  0 . 1M 

- 1  NaOH-TP � g ch l ) . Only solution IP and 0 . 1M NaOH-IP and -TP were 

de termine d  during algal grow th . The concentrat ion o f  chl and alkaline 

phosphatase a c t ivity were measured at each samp l ing . The f lasks were 

swirled once each day in o rder to minimize floccula t ion and c l ump ing o f  

soil and algae , s o  that uni form samples could b e  taken . 

Fo r each b ioassay , Fe gel , P-con trol flasks we re also incubated in 

order to provid e  data for the e s tima tion of  the algal-P contribut ion to 

so il-algal P f ra c t ions . The data us ed to achieve this corre c t ion are 

referred to at the bottom o f  each Tab le and can be found in the Tab les in
l 

the Appendix . The term Corre c t ion Flask ( CF) Y (where Y = A ,  B ,  C ,  D ,  or  E) 
on Fig . 6 . 8  to 6 . 1 5 refers to the data ob tained f rom the frac t iona t ion o f  

algae g rowing i n  Fe gel system Y ( Tab le V ,  Appendix) , whi ch were us ed to 

corre c t  for the algal P contribut ion to 0 . 1M NaOH-P fo r tha t parti cular 

soil a l gal system.  

6 . 3  Res ult s  and Dis cuss ion 

6 .  3 . 1 Shaken bioas says o f  soil material 

6 . 3 . 1 . 1  Bioassay o f  the < 30-� m  ma terial f rom Waimakarir i ,  

Atawhai , and Egmon t  soils 

The very small amount o f  a l gal growth ( chl concen t ra t ion) that 

o c c urred in the P- , control f lask (Fig . 6 . 1 ) during the b ioas say showed 

tha t  there was negl igib le P s tored in the cells o f  the inoculum .  The 

period of al gal growth ( 1 1  days ) was relatively short when compared to 

that in the b io assays in S e c t ion 5 .  The decreases in t o t al algal growth 

and l i fespan were attributed to the lower amount of s tored P at the t ime 

o f  inocula t ion , b ecaus e this res ul t e d  in less P b eing avai lab le for algal 
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growth in each flask ( i . e . , the s um o f  algal s tored P + soil-availab l e  P ) . 

Because negliglib le growth occur red in the P- , control flask all 

a lgal growth in the s o i l  systems mus t  have result e d  f rom availab le soil 

P .  All s o ils produced l i t tle  algal growth over the first day o f  the 

experimen t  ( Fig . 6 . 1 ) ;  this was a t t ributed to  the l ag-phase o f  algal 

growth . The algae were s t i l l  ab le to ass imilate P from the soil , 

h owever ,  as indicated by the deplet ion of  soil 0 . 1M NaOH-P during this 

period ( Tab l e  6 . 3 , 6 . 4 ,  and 6 . 5 ) . Over the first  7 days , the rapi d  

increase i n  algal chl ( Fi g . 6 . 1 ) and the cons isten t ly low alkal ine 

phosphatase a c t ivity ( Fig . 6 . 2 )  in the f lask containing Egmont soil , 

indicate that algal g rowth was no t P limi ted and the soil P depele ted in 

th i s  period had a high degree of availab i l i ty . Once this form o f  readily-

avai lab le s o il P had b een depleted ( af ter 7 days) , alkal ine pho sphatase 

a c t ivity increased and chl pigmen t  rapidly de terio rated af ter 1 0  days ; 

these changes indicated tha t the soil P rema ining a f ter 7 days was 

relat ively unavailab le for algal growth . 

The algae growing on the Waimakariri and Atawhai soils showed more 

P l imitat ion of growth , becaus e al gal alkaline phospha tase ac t ivity 

increased f rom day 1 .  The slow ra t e  o f  increase in chl concentrat ion and 

alkaline phosphatase ac t ivity re f le c t  a gradual de crease in soil P 

availab i l i t y  in these two soil s . The amo un t o f  algal chl p roduce d by 

each soil  (Fig . 6 . 1 ) was l inearly related ( �g chl produced = 0 . 00 5 4  � g 

soil P dep leted - 0 . 35 )  to the amoun t o f  avai lab le soil  P ( Tab les 6 . 3 , 6 . 4 

and 6 . 5 ) . 

With each so i l ,  solution IP was rapi d ly a s s imi lated by Anabaena . 

There was also an ini t ially rap i d  decrease in s o i l  0 . 1 M NaOH-TP . whi ch 

p resumab ly resulted f rom the deso rp t ion o f  o rgan i c  P (OP )  and ino rganic  P 
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(IP)  tha t was weakly s o rbed by the soil . The ra tio of  0 . 1 M Na0H-OP : 0 . 1M 

NaOH-IP depleted f rom the Waimakariri and Atawhai soils during the f i rs t  

day o f  the incubat ion was th e same a s  the ra tio o f  the ori ginal amount s  o f  

0 . 1M Na0H-OP : 0 . 1M NaOH-IP presen t  in each soil . I t  has b een sugges ted 

(Williams and Walker , 1 9 6 9b) tha t  0 . 1M NaOH removes only the sur face·­

sorbed ( adsorbed) IP f rom soils no t containing al lophane o r  gibb s i te . 

Taking this into cons ide ration and the fact that the degree o f  saturat ion 

of the adsorp t ion complex would determine the amount of  weakly-ads o rbed P 

present at the surface ( Ryden e t  al . ,  1 9 7 7a) , then the s imi larity o f  the 

above r a t ios sugge s t s  that mo st  of the OP extracted from thes e two s o i l s  

by 0 . 1M NaOH is also i n  the form o f  OP compounds adsorbed at the s o i l  

surface . 

The uncorre cted  0 . 1M NaOH-TP data for the soil + algae (Tab les 6 . 3 , 

6 . 4 ,  and 6 . 5 )  de c reased in all soil cul tures . The almo s t  linear 

re lat ionship between the amoun ts of chl produce d in the cult ures and the 

amount s  by which the uncorre c ted 0 . 1M NaOH-TP values decreased , sugge s t  

that the increas ing amounts o f  non-extrac tab le TP had an algal origin ; 

al gal me tabol ism was r�esumab ly conve r t ing availab le soil p to this non-

ext rac t able  form . When the al gal cont r ibut ion to each chemi cally-extrac ted 

P f rac t ion had b een s ub t rac ted (Tab les 6 . 3 , 6 . 4 ,  and 6 . 5 ) , it became 

evident that th e a l gal growth had only dep leted P f rom the 0 . 1M NaOH-P 

frac t ion of each s o i l . Th is is cons is tent with the resul t s  ob tained with 

the Okaihau and Tokomaru soils in S e c t ion 5 .  The CDB-IP fract ion was not 

biologically available , even in the At awhai soil , where it cons t i tuted 50% 

of  t o t al -ext rac tab le P (Tab le 6 . 4b ) . 

Algal growth on the Waimakariri s o i l  depleted 70% o f  the 0 . 1M NaOH-

soil-TP (Tab le 6 . 3a ) . Two thirds of  the 0 . 1M NaOH-so il-TP was OP , and OP 



Tab le 6 .  3 Chlorophyl l  and solut ion IP concen t rat ions and algal and soil P fract ions at  various t imes 

during the b ioassay o f  < 30- � m  material f rom Waimakariri soil 

6 . 3a Ch lo rophyll and s olut ion IP concen t rat ions and data for 0 . 1M NaOH-extrac tab le P 

- 1  0 . 1M NaOH-ext ractab le P (�g 1 ) 

Time Chlo rophyl l Solut ion IP Inorganic Organic To tal 

( days )  - 1  - 1  1 . 12 ( �g ml ) ( �g 1 ) Soil  + algae Algae Soil  S O l  Soil  + al gae Algae 
-

0 0 . 248  1 2  126  1 5  1 1 1  2 25 36 3 37 

1 0 . 3 19 1 103 1 7  86 1 6 9  300 4 5  

7 1 . 0 80 1 82 22 60  76  2 7 1  1 35 

1 0  1 . 2 90 1 69 29  40 6 2  2 5  7 155  
f 

1 Algal P con tribut ions de termined from algal flask C data (Tab l e  I I , Appendix) . 

2 0 . 1M NaOH (To tal-Inorganic) P .  

1 Soil 

336 

255  

1 36 

102  

...... 
...... 
LV 



- -- - -·-

Tab le 6 . 3  con td . 

Time 

( days )  

0 

1 

7 

6 . 3b Data fo r 1M NaOH-TP and CDB- and HCl-IP 

1M NaOH-TP 

S o i l  + algae 

1 5 4  

1 7 1  

1 8 3  

1 
Al gae 

5 

7 

4 3  

Amoun t o f  P ext rac ted 

CDB-IP 

Soil  S o i l  + al gae 

1 49 207  

1 64 196  

1 40 196 

1 
Data f rom correct ion f lask C ( Tab le I I , Appendix) . 

(\l g 1- 1
) 

HCl-IP 

Algae Soil  + algae 

< 1 70 

< 1 72 

< 1 7 3  

Algae 

< 1 

< 1 

< 1 

,__. 
,__. � 
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also made the larges t  contribut ion to biologically-available  P ( 70 % ) . 

The O . lM NaOH-OP f ra c t ion was rap idly depl e t e d  f rom day 0 (Tab le 6 . 3a) . 

Alkal ine phosphatase ac tivity gradually increased f rom day 0 ,  indicat ing 

the lower availab i l i ty of IP . Inorgan i c  P comprised only 30% o f  the 

O . lM NaOH-soil-TP and did not show the same high avai lab i l i ty as O . lM 

NaOH-OP ; only 64% o f  O . lM NaOH-IP was dep leted by algal growth . 

The cons ide rab le dep let ion ( 70%)  o f  the O . lM NaOH-TP f rac t ion in the 

< 30-� m  material f rom Waimakariri soil  by al gae sugges ts that the amount 

o f  s o i l  P extrac ted  b y  O . lM NaOH woul d p rovide an approximate e s t imat e  

o f  th e amoun t o f  b io lo gically-available P pre sent . 

Atawhai s o i l  produced poor algal growth and the alkaline phos pha tase 

activi ty , which increased rapidly f rom day 0 ,  sugges ts that very l i t t le 

b iologically-avai l ab l e  P was pres ent . O rganic P and IP comp r i s ed 60% 

and 40% , respect ively , of the O . lM NaOH-s o i l-TP ( Tab le 6 . 4a) . The O . lM 

NaOH-soil -OP and O . lM NaOH-s o i l-IP were dep l e ted by 52%  and 5 5 % , respective ly 

during the b ioas s ay . These two P f rac t ions showed lower overall b iological 

availab i li ty than the same fract ions in the Waimakariri soil . Atawhai 

soil  contained a large quantity of CDB-IP (Table 6 . 4b) wh i ch was not used 

by the algae , whereas O . lM NaOH-IP was not s igni f icantly high e r , than in 

o ther s o ils s t udied . I t  i s  possib l e  that O . lM NaOH removes some o c cl uded 

P f rom th is so i l . The low solution IP concentrat ion maintained by the 

s o il implies tha t there is very l i ttle weakly-adso rbed surface IP . 

Ini t ial algal growth was probably restricted  by the lack o f  readi ly­

available P and in t urn a l ower concen t rat ion of alkal ine phos phatase was 

p ro duced . Cons equent ly , less hydro lysis o f  soil OP would have o c curre d . 

The smaller amount o f  algal b iomass may have also reduced the s ub s equent 

depletion of  s o il I P . Only 5 3% o f  the O . l M NaOH-soil-TP was used during 



Tab le 6 . 4  Ch lo rophyl l  and solut ion IP concentrat ions and algal and soil P f rac t ions at  various 

Time 

t imes during the bioassay o f  < 30-�m mater ial from Atawhai soil 

6 . 4a Chlorophyl l  and solution IP concentrat ions and data for 0 . 1M NaOH-ext ractab le P 

Chlorophyll S olut ion IP Inorganic 

- 1  0 . 1M NaOH-ext rac tab le P ( � g 1 ) 

Organic 

( days ) - 1  - 1  Soil  + algae Al gae 
1 

Soil . 12 ( � g ml ) ( �g 1 ) S O l  Soil  + algae 

0 0 . 24 8  3 1 29 1 4  1 1 5 1 8 3  335 

1 0 . 3 1 9  < 1 1 06 1 6  90 1 5 0  2 8 5  

7 0 . 69 2  < 1  86 19 6 7  1 0 5  256  

1 0  0 . 850 < 1  74 22 5 2  89 2 4 3  

1 Algal P contrib ut ion de termined from algal f lask D data ( Tab le I I , Appendix) . 

2 0 . 1M NaOH ( To tal-Ino rganic) P .  

Total 

Algae 

37 

4 5  

8 4  

102  

1 Soil 

298  

240 

1 72 

14 1 

..... 
..... 
"' 



Tab l e  6 . 4  contd . 

6 . 4b Dat a  for lM NaOH-TP and CDB- and HCl-IP 

Amount of P ext racted - 1  ( Jl g 1 ) 

Time lM NaOH-TP CDB-IP 

( days ) S o i l  + algae Al gae 1 S o i l  S o i l  + algae Algae 

0 2 14 5 209 544  < 1 

1 225  7 2 1 8  5 5 6  < 1 

7 2 5 5  29  226  578  < 1 

1 Data from corre c t ion flask D (Tab le I I , Appendix) . 

HCl-IP 

Soil + al gae 

5 1  

4 8  

5 5  

Al gae 

< 1 

< 1 

.,:: 1 

...... ...... -....J 



the b ioassay . Therefore under the cond i t ions o f  the b ioas s ay , the 

amount o f  0 . 1M NaOH-soil-TP was no t a good e s t imate of biologically­

availab l e  P in the < 30-).lm f ract ion of Atawhai so i l . 

1 1 8 

Unlike th e soils s tudied p revious ly , the larger part (5 7%)  o f  the 

0 . 1M NaOH-TP fract ion from the Egmont soil  was unavai lab le fo r the growth 

of Anabaena . In terms o f  the amount o f  P deplete d ,  however ,  the Egmon t  

soil  p rovided much mo re P for algal growth than the o ther s o i l s  (Tab le 

6 . 5 a ) . Of the 0 . 1M NaOH-s o i l-TP rema in ing after algal growth , 92%  

was p res ent as  IP ; only 1 5 %  o f  th e 0 . 1M NaOH-s oil-OP remained . The 

CDB- and 1M HCl-IP fract ions were no t depleted during algal growth 

(Tab le 6 . 5b ) . 

Init ially , the amo un t o f  0 . 1M NaOH-so il-IP decreas ed rap idly , and 

thi s  was followed by a slo<tJ e  r rate over the remainder of the growth 

pe riod . The 0 . 1M NaOH-so il-OP ini tially decreased s lowly and then a t  a 

fas ter rate b e tween 1 and 1 0  days , when alkal ine phsophatase act ivity also 

inc reased (Fig . 6 . 2 ) .  The initial repre s s ion o f  enzyme ac t ivity 

(Fi g . 6 . 2 ) , sugge s t s  that there was an amount of readi ly-ava ilab le I P  

originally p resen t  in the Egmont s o i l . The rap i d  dep le t ion o f  0 . 1H 

NaOH - soil-IP confi rms this sugge s t ion ( Tab le 6 . S a) . Overall , only 

2 7% of the 0 . 1 M NaOH-soil-IP was availab le for the growth of Anabaena . 

Thi s  c ould b e  explained by the fact that NaOH i s  known t o  dissolve allophane 

( Jackson , 1 9 6 8) ,  releasing IP occluded within i t  (Williams and Walker , 1 9 69b) . 

Because o f  i t s  h igh P content ( Fig . 6 . 2 ) , the allophanic E gmont i s  expec ted 

t o  contain s ub s t an t ial amoun t s  of o c c l uded P .  The o c c luded-P almos t 

certainly originates f rom nat ive s o i l  and fertilizer IP wh i ch has d i f f us ed 

into allophani c  material . The 0 . 1M NaOH-IP fraction f rom Egmon t s o i l , 

th ere fore , may b e  expected  t o  con t a in a cons iderab le p ropo r t ion o f  o c c luded-



Tab le 6 . 5  Chlorophyll and solut ion IP concentrations and algal and soil P f ract ions at  various 

Time 

t imes during the b ioassay o f  < 30-�m material f rom Egmont soil  

6 . 5a Chlorophyl l  and s olut ion IP concentrations and data  fo r 0 . 1M NaOH-ext rac tab le P 

Chlorophyll Solut ion IP Inorganic 

- 1  0 .  1M NaOH-extractab le P ( � g 1 ) 

O rganic 

( days ) - 1  - 1  S o i l  + algae Algae 
1 

Soil . 1 2 
Soil  + algae ( �g ml ) ( �g 1 ) S O l  

0 0 . 2 4 8  6 . 6  6 8 7  1 9  6 6 8  2 5 5  9 6 8  

1 0 . 2 75  < 1 6 39 2 7  6 1 2 244 9 2 3  

7 2 . 006  < 1 5 70 4 3  5 2 7  85 8 1 7  

1 0  2 . 1 4 0 < 1 5 36 4 8  488  40  763  

1 Al gal P cont rib ut ion determined f rom algal f lask E data ( Tab le I I , Appendix) . 

2 
0 . 1M NaOH (Total-lnorgani c) P .  

Total 

Algae 

45 

6 7  

205 

2 35 

1 Soil  

9 2 3  

856 

6 1 2 

5 2 8  

...... ...... \0 



Tab le 6 . 5  cont d . 

T ime 

(days)  

0 

1 

7 

6 . 5b Data for 1 M  NaOH-TP and CDB- and HCl-IP 

1M NaOH-TP 

S o i l  + algae 

362  

375  

424  

1 
Algae 

5 

7 

6 5  

- 1  Amo unt o f  P ext racted (� g 1 ) 

CDB-IP 

S o il S o il + algae Algae 

35 7 1 1 2 < 1 

36 8 109 < 1 

359 1 1 3 < 1 

1 Data from corre c t ion f lask E (Tab le I I , Appendix) . 

HCl-IP 

S o i l  + algae 

12 

1 5  

1 8  

Algae 

< 1 

< 1 

< 1 

....... N 0 



P not available  to  Anab aena . I f  only surface-b ound P is ava�lab le for 

algal growth , th is may s ugges t that in the Egmont s o il only 2 7% o f  the 

0 . 1M NaOH-IP fract ion i s  derived f rom sur face-bound IP , whereas 7 3% is 

derived from occluded-IF . 

Th e 0 . 1M NaOH-OP frac t ion from Egmont soil showed a higher 

availab i l i ty to Anab aena than the IP fract ion . The h igh degree o f  

organic P availab i l i ty i n  the Egmont soil was s imi lar to that obtained 

1 2 1  

for the Tokomaru , Okaihau (Sect ion 5 ) , and Waimakariri s o il s . The reasons 

why soil  OP appears to show a h ighe r availab i l i ty than IP for algal growth 

are dis cus sed in S e c t ion 6 . 4 .  

I t  i s  evident f rom the data that although the Egmont soil  p rovides 

a large amount of P for al gal growth , the amount of b iologically-available  

P is overes t imated by 0 . 1M NaOH ext raction . The OP ext racted by 0 . 1M 

NaOH , however , provides a close es t imate o f  b i ologically-availab l e  OP 

present in this soil . 

6 . 3 . 1 . 2  Bioas say o f  the < 30� m material f rom Manawatu and 

Waiotu soils , and Manawatu River s ediment 

Init ially , rapid algal growth o c c urred on all  three ma terials 

(Fig . 6 . 3) and this growth , in par t , resul ted from P s to res remaining 

within the inoculum . Growth in the P- , f lask illus t rated this point . 

The maximum amount o f  chl p roduced by each s o il cul ture was l inear ly 

rela t ed to the amount o f  soil P depleted by algal growth (Tab les 6 . 6 ,  6 . 7  

and 6 . 8) .  Thi s  relat ionship ( � g chl p roduced = 0 . 0065  �g s o i l  P dep leted 

- 0 . 35 )  was s l i gh t ly different f rom the relationship found b e tween the 

same data for the p revious incub a t ion . Th i s  indi cates the nece s s i ty o f  

using control f l asks with every b ioas s ay , so  that difference i n  growth 

caus ed by the condit ion o f  the inoculum can be compensated for . The 
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rep res s ion o f  alkaline pho s phatase a c t ivity (Fi g .  6 . 4 )  indicates that the 

Manawatu soil was ab le to  s up p ly readily-availab l e  P for up to 5 days . 

Manawatu River sediment and the Waio t u  soil did no t contain s imilar 

amount s  of  readily-availab le P ,  b ecause enzyme activity increased 

rapi dly from day 1 in both cul tures . 

Although vigorous growth occurred in each culture , the large al gal 

biomas s  produced caused sampl ing p rob lems after appro ximately 12 days , 

when the algae and soil b egan to f lo c culate . At this point , growth 

c eased in the fl asks containing Manawatu soil , whereas growth on the 

other two mat erials cont inued for 5 mo re days . Rapid deteriorat ion of  

the a lgal p i gmentat ion o c curred in the f lasks containing the Manawatu 

s o i l , which p robably resulted from the h igh cell densities p roduced by 

e xp onential growth . In the Waio tu s o il and the River sediment f lasks , 

whi ch had lower algal ch l concentrat ions , the culture decompo s i t ion was 

much slower . The solut ion IP maintained by all  three mat e rials was 

rap idly ass imila ted by the Anabaena (Tables 6 . 6 ,  6 . 7 ,  and 6 . 8 ) . The 

e xt ractab le-soi l + algal P resul t s , when corre c t ed for algal cont ribut ion , 

indicated that the 0 . 1M NaOH-IP and -OP fract ions in all three mat e r ials 

were almos t comp letely available , b eing 90 to 100% depeleted by algal 

growth . S o i l  IP and OP showed a higher availab i l i ty in this b ioassay 

than in the previous one . A maj o r  factor causing the increased dep letion 

of soil P was probab ly the more vi gorous ini t ial algal g rowth resul t ing 

f rom P s to re d  within the inoculum ;  ( the ino culum had suff ici en t  s tored P 

to increas e i t s  biomass f ive-fo ld , Fig . 6 . 3) .  

The validity o f  the correct ions used fo r algal P contrib ut ions to 

ext ractab le s oil-algal P could b e  que s t ioned in this b ioas say , b ecaus e the 

f lo cculation of the soil plus algae and the a lgae in the control cul tures 

had caus ed samp l ing errors . The flocculated al gae in the Fe gel control 
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Tab le 6 . 6  Chlorophyll and s olut ion IP c oncent rat i ons , and algal and soil  P fract ions at various t imes 

during the b ioassay of < 30 -ll m mater ial from Manawatu soil  

-1  0 . 1M NaOH-ext rac tab le P (� g 1 ) 

Time Ch lo rophyll So lut ion IP Inorgani c  Organi c  To tal 

( days ) - 1  ( �g ml ) 
- 1  

( �g l ) Soil  + al gae Al gae 
1 

Soil  s o i l  Soil  + algae Algae 

0 - 1 26 2 754  190  

1 0 . 5 2 6 1  75 1 10 1 6 60 140 1 1 44 354 

5 3 . 02 < 1 36 7 1 3 1  2 36 39 965  690 

8 5 . 1 2 < 1 34 8 1 70 1 7 8 1 4  1 0 5 7  865 

12 7 . 6 3 < 1 286 220 66 1 4  10 10 9 30 

1 9  4 . 9 8 < 1 2 7 3
3 885 3 

1 Al gal P contribut ion determined from f lask D data ( Tab le I I I , Appendix) . 

2 B e fo re ino culation . 

3 Sampling e rror due to so i l-algal clumping . 

1 Soil  

944  

790 

275  

1 9 2  

80 

...... N lJ1 



Tab le 6 .  7 Chlo rophyll and s olut ion IP concen t rations , and algal and soil  P fract ions at various t imes 

during the bioassay o f  < 30-�m ma terial from Waiotu soil 

- 1  0 . 1H NaOH-ext rac table P ( f.!  g 1 ) 

Time Chlorophyll S o lut ion IP Ino rganic Organic  Total  

( days )  
- 1  ( f.l g  ml ) 

- 1  ( f.l g  1 ) Soil  + algae Algae 1 Soil  soil  S o i l  + al gae Al gae 

0 2
2 1 75 2 2 3  

1 0 . 4 8 < 1 2 36 7 8  1 5 8  2 30 646 258 

5 2 . 6 3 < 1 1 7 5  70 105 102  5 7 7  3 70 

8 3 . 3 1  < 1 1 70 90 80 - 1 3 3 54 7 490 

12 4 . 1 7 < 1 16 1 1 2 7  34 3 5 36 5 10 -

19  5 . 08 < 1 1 6 5  14 1 2 3  
3 5 8 8  600 -

2 2  5 . 1 3 < 1 1 5 1  1 3 5  16  3 5 4 7  5 5 7  -

1 Algal P contribut ion determined f rom f lask C data ( Tab le I I , Appendix) . 

2 Be fore inoculat i on . 

3 
Sample errors due to  s oil-algal clumping . 

1 Soil  

39 8 

388 

207  

57  

26 

- 1 2  

- 1 0  

,...... N o-, 



Tab le 6 . 8  Chlo rophyll and s olut ion IP c oncentrat ions , and alga l and soil  P f ract ions at various t imes 

during the b ioas say of Manawa tu River s ediment 

- 1  
0 . 1M NaOH-extractable  P (� g 1 ) 

Time Ch lorophyll Solut ion IP Inorganic Organic Total 

(days ) - 1  (� g  ml ) - 1  (� g 1 ) S o il + algae Algae 1 Soil  soil Soil  + algae Algae 

0 7
2 

203  155  

1 0 . 4 5 < 1 2 2 5  7 3  1 5 2  1 3 3  5 2 7  242  

5 1 .  9 6  < 1 1 6  7 5 3  1 1 4 4 3  4 9 2  3 35 

8 2 . 80 < 1 1 6  7 80 8 7  
3 

4 7 3  4 10 -

1 2  2 . 7 3 < 1 1 6 5  1 10 5 5  3 494 5 1 5 -

1 9  4 . 7 1 < 1 1 2 1 1 20 1 3 564  5 6 1 -

2 2  4 . 65 < 1 1 3 7
3 

4 1 9
3 

1 Algal P cont ribut ion determined f rom flask C data (Tab le I l l , App endix) . 

2 Before ino culat ion . 

3 Sampling error due to  soi l-algal c lump in g .  

1 S o il 

35 8 

285 

1 5  7 

6 3  

- 1 9  

3 

1-' N -.J 
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syst ems (Tab le Ill , Appendix) had a higher ratio o f  0 . lM NaOH-TP : 0 .  l H  NaOH-

IP during the latter s t a ges of the b ioas say , than in previous bioas says ; 

the reasons for this are un clear . The discrepancies between calculated 

0 . 1M NaOH-so il-IP and -TP in the Waio tu soil and Manawat u  River sediment 

we re probab ly the resul t o f  overes t imat ion of  O . lM NaOH-algal-TP . 

I f  the Anab aena had rea ched their lowest meas ure d O . lM NaOH-P content: 

- 1  
(Sec tion 4 ,  0 . 096  �g o f  0 . 1M NaOH-TP � g ch l ; Fig . 4 . 2b )  during the 

s ta t ionary phas e of algal growth on Waiotu s o i l  and Manawatu River 

sedimen t , then the O . lM NaOH-so i l -TP f rac t ions would s t i l l  have been 

depleted by 70% and 8 7 % , respectively . Obvio us ly , the e rro rs in the 

corre c t ion for algal P do not grea tly affec t the result s .  

The resul ts ob tained from th e bioassay o f  the Manawatu Rive r sedimen t  

and the < 30- �m mater ial f rom Manawat u  and Waiotu soils indicate  that 

under the c ondit ions o f  the b ioas say , 0 . 1M-NaOH-IP and -OP f rom these 

ma t erials p rovides a c l o s e  es t ima te o f  the amo unt s  of so il=IP and -OP whi ch 

are b io lo gi cally availab l e . 

6 . 3 . 1 . 3  B ioas say o f  s t ream-sediment source ma te rials and 

the < 30� m mat erial f rom ear thwo rm cas t s  

The lack o f  c h l  product ion i n  the P- , control flask sugge s t s  

that, i n · the f lasks containing parti culate mat erials, algal growth resul t s  only 

f rom availab le part iculate P ( Fi g . 6 . 5 ) . Alkal ine pho sphatase a c t ivity 

(Fig. 6 . 6 ) increased at a relative ly s low rate in the flask con tain ing 

earthwo rm cas t s , indi cat ing the h i gh availab i l i ty of IP in the cas t s . 

The alkaline phosphatase  data f o r  surface-runo f f  and s t ream b ank ma terial 

indicate much lower part i cula t e  P availab i l i ty . The lower enzyme act ivity 

in the flask containing surface-runo f f  mat e r ial showed that the P in this 

ma terial , however , was mo re availab le than that in s t ream-bank mat e r ial . 

·�. 
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The rates o f  ch l p roduct ion ( 1  t o  7 days ; Fig . 6 . 5 )  refle c t  the s ame trends 

in P availab il i ty as the alkal ine phos phatase data . The maximum leve ls 

o f  chl recorded for each flask demonstrate that ear thwo rm casts supp lied 

far mo re P for algal growth than either sur face-runo f f  or s t ream-bank 

ma terial . Again , a linea r relat ionship was ob taine d between the amoun t 

o f  s o i l  P dep le ted ( Tab les 6 . 9 ,  6 . 10 and 6 . 1 1 ) and the maximum concentration 

- 1  o f  ch l p r oduce d ( ]..J g ml chl = 0 .  00 7 7  ]..J g soil P dep leted - 0 .  48)  . 

S olution IP maintained by all  the ma terials was rap idly assimilated 

by Anabaena ( Tab les 6 . 9 ,  6 . 10 ,  and 6 . 1 1 ) ,  including the relat ive ly h i gh 

concentration maintained by the cas ts  ( Tab le 6 . 9 ) . When the a lgal P 

con t ribut ion to 0 . 1M NaOH-s o i l  + algal - P was sub tracted , it  became 

evident that b o th 0 . 1M NaOH-OP and 0 . 1M NaOH-IP f rom cas t s  had a high 

availab ility . Anabaena a s s imilated a large amount o f  IP f rom the cas t s  

during the f i rs t day o f  t h e  incubation , whereas O P  from t h e  c as t s  wa:> no t 

used over this period , even tho ugh OP made the l arger contrib u t ion to the 

0 . 1H NaOH-TP fraction . Th is may be explained in the f o l l owing way . 

Sharp ley and S yers ( 1 9 7 6 )  have shown that cas t material conta ins a l&rge 

pool o f  loos ely-b ound IP , whi ch shows a high degree of isotopic  exchange-

ab i l i t y , and which maintains a high solut ion IP concentrat ion , as shown in 

Tab le 6 . 9 .  Th is P ,  which is readily assimi lated by the Anabaena , would 

be exp e c ted to repress the synthes i s  o f  a lkal ine phos phatase ( Fig . 6 . 6 )  

and p erhaps o ther phosphatases . Th is initial  low concen t r a t ion o f  

hydrolyt ic enzymes was p robab ly respons ib le for the s low utilizat ion o f  

cas t -OP at  t h e  beginning o f  the b ioassay . The vigo rous alga l  growth 

p ro duced by this readily-availab le form o f  P was ab le to  deplete 0 . 1M NaOH-

cas t -OP during the remaining period o f  the b io as s ay . Ove ral l ,  79%  o f  the 

0 . 1M N aOH-TP , from earthwo rm casts , was deplet ed during the period o f  algal 



Tab le 6 .  9 Ch lo rophyll and solu t ion IP concentra t ions , and algal and soil  P fractions at various t imes 

during the b ioassay o f  <30-�m mat erial from earthworm cas ts  

- 1  0 . 1M NaOH-ext rac tab le P ( �  g l ) 

Time Ch lorophyll S o lution IP 
Ino rganic Organic Total 

( days )  - 1  ( � ml ) - 1  
( � g  l ) S o il + al gae Algae 1 

Soil  soil Soil + algae Algae 

0 0 . 26 45 2 2 5 7  2 7 3  

1 0 . 32 < 1 20 3 33 1 70 26 7 5 4 7  1 10 

3 1 .  2 1  < 1 1 9 7  8 2  1 15 146 5 39 2 7 8  

7 2 . 65 < 1 194 142 5 2  

1 0  3 . 38 

1 4  3 . 26 < 1 203 1 7 1  32 84 542  426 

1 Al gal P contribut ion de termined from fl ask D data (Tab le I V ,  Appendix) . 

2 Before inoculat ion . 

1 
Soil  

5 30 

4 3 7  

2 6 1  

1 1 6 

...... w N 



growt h ; this indi cates that the amount o f  b iologically-availab le P in 

earthwo rm cas t s  and 0 . 1M NaOH-TP in ear thworm cas ts  is ve ry s imilar . 

1 33 

A h igh degree o f  availab i l i ty ( 86%)  was also shown by the 0 . 1M NaOH-

TP f ract ion o f  surface-runo f f  material (Tab le 6 . 10 ) . The maj o r  part o f  

th is f ra c t ion was OP , whi ch was depleted to a greater extent (95%)  than 

the ext rac tab le IP ( 75%) . The ra te o f  dep let ion o f  the 0 . 1M NaOH-IP 

f rac t ion was rapid ove r the f i r s t  day , followe d by a much s lowe r rate o f  

dep l e t ion ove r the remainder o f  the b ioassay . The dep let ion o f  the 0 . 1M 

NaOH-OP f ract ion showed s imilar trends , except that the rate o f  dep l e t ion 

of OP increased in the l a t t e r  s tages of the bioassay ; this was a t trib uted 

to the high a c t ivi ty and concen t ra t ion o f  alkal ine phospha tase measured 

a t  this t ime , (Fig . 6 . 6 ) . The almo s t  complete utilization o f  the 0 . 1M 

NaOH -OP frac t ion , which was not ob served wi th the earthwo rm cas ts  (Tab le 

6 . 9 ) , was a t tributed to the presence of higher enzyme ac t ivity throughout 

the b ioas say o f  surface-run o f f  mat erial . The availability o f  the 0 . 1M 

NaOH-TP fra c t ion ( 75% , Tab le 6 . 10 )  was low� r in the ac tual surface-r uno f f  

ma t e rial f rom Tokomaru s i l t  loam ,  than the po t ent ial runo f f  f ract ion 

( < 30-� m ma terial) from the sur face soil  (96% , Tab le 5 . 4 ) . Only approxima tely 

90% of the particuates in the ac tual surface-runo f f  ma terial are be low 

30 � m in diameter (Sharp l ey , 1 9 7 7 ) . Consequen t ly the sma ller ave rage 

particle  s i z e  in the po ten t ia l  runo f f  frac tion ( < 30� m) would have a larger 

surface area and this may have resulted in a greater dep l e t ion of P .  

The minimal ly-P s tarved i no culum used in Sect ion 5 . 3 . 3  p roduced mo re 

vigo rous grow th , wh ich would a lso have promo ted the dep let ion of s o il-P . 

The s imi lari ty in the amounts o f  biological ly-avai lab l e  P in actual 

s urface-runo f f  material f rom Tokomaru silt loam and the s imulated ( < 3� m) 

s urface-runo f f  mat erial s eparated f rom the surface soil  s uggests  that the 



Tab le 6 . 10 Chlorophyl l  and solution IP concentrations , and a lgal and soil  P f ract ions a t  various t imes 

during the b ioas say of surface -runo f f  ma terial 

Time Chlorophyll S o lution IP Inorganic 

( days ) - 1  ( )Jg ml ) - 1  (J.l g  1 ) Soil  + algae Algae 

0 0 . 2 6 4 2 

1 0 . 4 2 < 1 84 16 

3 0 . 5 8 < 1 7 5  2 2  

7 1 . 0 1  < 1 64  4 1  

1 0  1 .  15  

1 4  0 . 7 9 < 1 

1 

- 1  0 .  lH NaOH-ext rac tab le P ( Jl g 1 ) 

Organi c  

Soil  soil  S o i l  + algae 

9 3  1 1 1 

6 8  7 6  20 1 

5 3  5 1  194  

23  5 1 79 

1 Algal P cont r ibut ion determined from fl ask B data ( Tab le IV , Appendix) . 

2 Be fore inoculation . 

To tal 

Algae 

5 7  

9 0  

1 5 1 

1 Soil 

204 

144 

104 

2 8  

,_. w � 
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latter  p rovides a reasonab le simulat ion o f  the former . 

The s t ream-bank mat e r ial showed low P availability ; only 5 7% o f  

the 0 . 1M NaOH-TP f rac t ion was depleted during algal growth (Tab le 6 . 1 1 ) .  

As expec ted , OP was only a mino r par t o f  the 0 . 1M NaOH-TP fract ion in 

this sub soil material .  Immedia tely a f ter the inoculation o f  the algae , 

the 0 . 1M NaOH-s o i l-OP fract ion inc reased . Th is was the resul t o f  algal 

OP b e ing unde res t imated , the algal TP conten t  in the stream-b ank flask 

being high er than the algal-TP content in the control flask . The low 

s olution P main tained by the st ream-bank ma t erial (Tab le 6 . 1 1 ) ,  the low 

amoun t o f  0 . 1M NaOH-IP ,  and the high amo unt o f  CDB-IP (Tab le 6 . 2 ) all 

indicate that s t ream-b ank ma terial containe d a small amount of weakly-

adsorbed P .  I t  fol lows that any sur face-so rbed P would b e  s t rongly h el d . 

The lack o f  readi ly-availab l e  P probab ly resul t e d  in the poor ini t ial 

a lgal growth observed on the s t ream-bank mat e rial . In turn , the poor 

algal growth would  have resulted in the dec reased utilizat ion of  the more 

s t rongly-sorbed port ion o f  the 0 . 1�1 NaOH-s o il-P f raction . Other workers 

have repo rted on the low extrac tab i lity  of P in s t ream-b ank mat e rial which , 

b e ing subsoil  mat e rial , o f t en has a high P sorp t ion capacity (Tay lo r  and 

Kunishi , 1 9 7 1 ; Sharpley , 1 9 7 7 ) capab le o f  reduc ing solut ion P concent rations 

to low levels in an aqua t i c  environment . The p resent s t udy indicates that 

al though the quantity o f  biologically-avai lab le P in s t ream-bank ma terial 

may be small , e ro ded s t ream-b ank ma terial is s t ill  capab le of suppo r t ing 

a lgal growth under cond i t ions favouring the u t i l izat ion o f  par t i c ulate P .  

B i o logically-availab le P in s t ream-bank mat e rial was cons iderab ly over-

e s t imated by the amount of P ext rac ted by 0 . 1M NaOH . This may be exp e c t ed 

b e cause the amount s  o f  weakly-ab sorbed IP would b e  much lower in subsoil  

than in sur face-so i l  material and thus the amount o f  readi ly-ava i lab le P 



Tab le 6 . 1 1  Chlorophyll and s olut ion IP concentrat ions , and algal and soil P f rac tions at various t imes 

during the bioassay o f  the < 30- �m material f rcm s t ream- b ank material 

- 1  O . lM NaOH-ext rac tab le P ( �  g 1 ) 

Time Chlo rophyl l  Solution IP Inorganic Organic Total 

( days ) - 1  ( �g ml ) - 1  ( �g 1 ) S o i l  + algae Algae 1 S o i l  soil  S o i_ l  + algae Algae 

0 0 . 26 
. 2  8 3  2 4  1 

1 0 . 3 1 < 1 80 1 2  6 8  45 14  7 34 

3 0 . 40 < 1 5 2  2 2  30 20 105 5 1  

7 0 . 50 < 1  5 5  24 3 1  16 99 5 2  

1 Algal P contrib ut ion dete rmined f rom flask A data ( Tab le I V ,  Appendix) . 

2 Befo re inoculation . 

1 Soil  

10 7 

1 1 3 

50 

4 7  

,...... 
(..o..l 
0' 
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presen t  i n  the 0 . 1M NaOH-P fract ion would b e  smaller . This would r e s ul t  

i n  an apparent decreased utiliza tion o f  0 . 1M NaOH-P . In fact the res idual 

amount o f  0 . 1M NaOH-soil-P remaining a f t e r  algal growth was only s liE;ht ly 

grea ter  (Tab le 6 . 1 1 ) than in the surface runo f f  ma terial (Tab le 6 . 1 0 ) . 

For the materials containing subs tantial amounts o f  weakly-so rb ed P 

( ea rthworm cas t s  and surface-runo f f  mat erial ) , b iologically-availab le P 

could b e  characterized by 0 . 1M-Na0H ext ract ion . 

The resul ts c learly demons t rate that both sur face- runo f f  and s t ream­

b ank mat erials can act as sources o f  biologically-availab le P under 

condit ions favouring parti culat e-phase P dep letion . Ear thwo rm cas t s  appear 

to con t a in a re latively large amount of biologically-availab l e  P .  Their 

susce p t ib i l i ty to transpo r t  in surface-runo f f  ( Sharpley and Syers , 1 9 76 )  

sugge s t s  that they may b e  an impo rtan t  source o f  availab le part i culate­

phase P entering s t reams in areas wh i ch have s igni fican t quan t i t ies of 

sur fa ce-runo f f  and where s ur face-cas t ing ear thwo rms are a c t ive . 

6 . 3 . 1 . 4 Co rre lat ion be tween the amounts o f  biolo gically­

available P and 0 . 1M NaOH-extractab le P in a range 

of soil mate rials 

The 0 . 1M NaOH reagent appeared to ext ract , almo s t  excl us ive ly , 

b i o lo gi cally-avai lab le P f rom the Tokomaru , Okaihau , Waimakariri , Waio t u ,  

and Manawat u  < 30- �m materials , and f rom earthwo rm-cas t ma terial , sur face­

runo f f  material , and Manawatu Rive r sediment , but no t f rom the Egmont and 

Atawhai < 30 -�m materials nor f rom s tream-bank material . The extent t o  

wh i ch varia t ions in t h e  b i o logical-availab ility o f  the 0 . 1M NaOH-P fract ion 

were due to the varying phy s io logical condit ion of the ino cula is uncer tain . 

I t  was dif f icult to p roduce i dentical inocula for each b ioassay . 

To ob t a in an overall correla t ion between the amo un t o f  0 . 1M NaOH-P 
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and P ava i lab le f o r  algal growth ; i t  was there fore necessary to incubat e 

all s oi l s  wi th algal cells derived f rom the same inoculum , in order t o  

minimi ze the other variables . Only 1 5  f lasks could be p la ced in the 

reciproc a t ing incub a t ion at any one t ime , whi ch did not a llow Fe gel , 

algal-grow th cont rol flasks t o  b e  incubated s imultaneous ly . The exac t 

fract ion o f  soil P depleted could no t therefore be determined , but  the 

maximum amount of chl produced in a part icular soil sys t em could be 

related t o  the amount o f  0 . 1M NaOH-soil-TP ori ginally present . 

The 0 . 1M NaOH-TP values for the soil  suspens ions were corrected for 

the amo un t  o f  soil removed for analysis t o  give a value for the t o t al 

amount o f  0 . 1M NaOH-TP presen t  in each f lask (Tab le 6 . 1 2 ) . Af ter  

monito ring chl  concentration during algal growth , the  maximum chl  

concentrat ion a t t a ined in  each culture was plotted agains t the  original 

amount o f  So lut ion TP + 0 . 1M NaOH-TP p resent in each flask ( Fi g . 6 . 7 ) .  

A corre l a t ion coe f f icien t o f  r = 0 . 9 89 was ob tained for the rela t ionsh ip in 

Fig . 6 .  7 .  Chlo ro phyll produc t ion was , therefore , l inearly related to the 

amo unt of S olut ion TP + 0 .  1M NaOH-TP for all the < 30"'11 m mat erials evaluated . 

When data for the mat erials not s t udied in this bioassay , but  in p revious 

bioassays , were inc luded in Fig . 6 . 7  ( s t ream-bank material , Manawat u  River 

sedimen t , and earthworm cas t s ) , the same relat ionsh ip was ob taine d . 

B e cause i t  h as been shown that chl produc tion in a c losed sys tem is 

l inea rly related to the amount of available P p resent ( Se c t ion 2 ) , it may 

be assumed that fo r shaken , incubated b ioassays , the amount o f  S olut ion -

TP + 0 . 1M NaOH-TP is ve ry closely related to the ac tual amount o f  

biological ly-ava i l able P present i n  the materials evaluated . The high 

correlat ion ob tained confirms the earli e r  f indings with shaken b ioassays , 

which used separa t e  inocula , where the maj o r i ty o f  the 0 . 1M NaOH-TP f rom 



Tab le 6 . 1 2 Maximum chlo rophyll concentration and amo un t of  0 .  Hi NaOH-ext ractable  rf in a b ioas say 

o f  < 30 -�m ma terial from a range o f  soils 

- 1  Amo un t  o f  TP ext racted (� g g ) 

0 . 1M NaOH 

Haximum S o lution TP Ini tially Removed (A + B) 1 - C 
Material chlorop��ll - 1  in flask ( B )  f o r  analysis ( C) 

( � g  ml ) ( � g l ) (A) 

Hanawatu 6 . 8 7 1 35 756 64 82 7 

Tokomaru 1 .  2 2  12 2 35 1 8  2 2 9  

Atawhai 1 .  50 4 344 24 324 

Waimakariri 1 . 6 6 10 309 2 2  29 7 

Okaihau 1 .  2 3  2 2 10 1 5  19 7 

Waiotu 2 . 40 5 4 39 32 4 1 2 

1 Solut ion TP included in 0 . 1M NaOH-extrac tab le TP . 

,_. 
U-l 
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Relat ionship b e tween maximum chlorophyll concentra t ion 

p roduced during the grow th of  Anabaena on a range o f  

s o i l  materials ( < 30 �m) and the amo unt o f  extrac tab le 

TP in each sys tem ( given by the sum o f  so lut ion-TP and 

O . lM NaOH-soi l-TP b efore a l gal growth ) . 

A Tokomaru , B = Waimakariri , C = Manawa tu , 

D earthworm cas ts , E = s t ream-bank , F = Manawat u  

River sedimen t , G = Okaihau , H = Atawhai , and 

I = Waiotu . Da ta for C ,  E ,  and I were ob tained f rom 

1 40 

a p revious bioassay and were not used for the calculat ion 

o f  the correl a t ion coe f f i c ient ( r) . 
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mo s t  o f  the ma terials s tudied was used for algal growth . 

6 . 3 . 2  Non-shaken bioassay o f  < 30- � m  material f rom all 

source ma t erials 

During th is bioas say , floc culat ion of algae and clump ing of soil  

and algae were mo re no t i ceable  than in the  shaken s tudies . The algae 

no longe r remained planktonic but were as sociated wi th the sedimen t layer 

at the b o t tom of each flask . The re was no apparent relat ionship be tween 

the ab so rbance (HA) o f  a 0 . 1}1-NaOH ext rac t and the amount o f  OP in that 

extra c t  (Fig . 6 . 8 to 6 . 1 5 ) . I f  the ab sorbance reading is a valid measure 

of humic c onten t , then it  may be assumed that mos t  of the 0 . 1M NaOH-OP 

f rom the s oil mat erials is no t associated with humic mat erial . 

The f inal amoun ts o f  chl ( Fi g .  6 . 8  to 6 . 1 5 )  produced on e ach s oil 

material and in the Fe gel , P cont rol flasks we re lowe r than those produced 

by the s imilar shaken s tudies ( S e c tion 6 . 3 . 1 ) and the corresponding growth 

ra tes were also s lowe r . The 0 . 1M NaOH-algal-P data (Tab le V Appendix) 

showed that Anab aena had ass imi lated large amount s  o f  P f rom the Fe-ge l 

sys tems , even though th is did no t result in high chl concen t ra t ions . The 

reas ons for the lack o f  algal growth are no t clear . The only d i f ference 

in the c ondit ions b etween this and previous b ioas says was the s uspension 

o f  the a lgae and soil by shaking . Cons equen t ly , i t  can be assumed that 

shaking induced greater algal growth by b e t t er aeratio n  of the cul t ure , 

mechani cally aiding the separa t ion o f  growing algal filamen t s , o r  by 

allowing mo re e f f i c ient use o f  the l ight s ource . The low amount o f  algal 

growth whi ch resulted in these unshaken flasks was no t P l imi ted because 

the An abaena had h i gh amoun ts o f  extrac table cell P (Table V Appendix) . 

The a lkaline phosphatase a c t ivi t ies recorded for the s o i l  cul t ures over 

the period of algal growth were s li gh t ly lowe r than in the shaken systems . 
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Neve rtheless , similar t rends in enzyme a c t ivity were ob serve d . In a l l  o f  

the soil sys tems , alkaline phosphatase activity b egan to increase when 

the inital ly rap id rate of 0 . 1M NaOH-IP deplet ion f rom the s o i l  decre ased 

( Figs . 6 . 3 t o  6 . 15. ) .  A fur the r increase in enzyme ac t ivity was alsc· 

observed a t  the end o f  the exponen tial growth-phas e ,  when the rate o f  

depletion o f  0 . 1M NaOH-soil-TP decreased . The data in Tab le 5 (App endix) 
were used t o  determine the algal P con tribut ion to ext ractab le-soil-algal 

P .  The ext ractable P data for algae in Fe gel , control flasks , having 

similar a lkaline phosphatase activity to al gae in the soil  sys t ems , were 

plot ted against the corresponding chlo rophyll concentrations . In this 

way , es timates of extrac tab le-algal P in the soi l-algal systems could be 

ob tained from the measured chlorophy l l  concentrat ion . Co rrect ion curves 

o f  b iomass ( chl conc entrat ion) agains t extrac tab le-algal P we re then 

produced to cove r algal growth on all  soils ( i . e . , to cove r algal growth 

under condi t ions of varying P availab i l i ty) . 

With a l l  s o ils , excep t Egmon t ,  the 0 . 1H NaOH-IP f ra c t ion showed a 

s l i gh t ly h igher b iologi cal availab i l i ty than the corresponding 0 . 1M NaOH-

OP fract ion ( See Sect ion 6 . 3 . 1 . 1 ) .  I t  was particularly evi dent tha t 

0 . 1M NaOH -s o i l -OP exhib ited lower b iological availab i lity in soils where 

the 0 . 1M NaOH extract contained a h ighe r  amount of  humi c material ( as 

indicated by co l our) ; namely Okaihau , Waio t u , Waimakariri , and Atawhai 

soils ( Figs . 6 . 9 , . 6 . 1 0 ,  6 . 1 1 ,  and 6 . 1 5 ) . Th is suggests  that humic-

associated P in these so ils shows low availab i l ity and that it may have 

cons t i tuted the maj or part of the non-avai lab le , 0 . 1M NaOH-soi l-OP that 

remained a f ter  the b ioassay of  Waimakariri and Atawhai s o i l  ma terials 

( S e c t ion 6 . 3 . 1 . 1 ) .  Vigorous algal growth , wh i ch resulted f rom the 

minimally P-s tarved ino culum in the b ioassay of \vaiotu soil  ma t erial 



( S ec t ion 6 . 3 . 1 . 2 ) , h owever , appears t o  b e  conducive to the use o f  this 

more-resis t an t  OP f o rm as a P so urce . 
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The reduced ava i lab ility o f  O . lM NaOH-soil-OP in this s tudy 

c ontras ted wi th the resul ts from the shaken s tudies , in whi ch O . lM NaOH­

s oil-OP showed a s li gh t ly higher avai lab i l i ty , in general ,  than O . lM NaOH-

soil-IP . Th is diffe rence may have resul ted from the dif ferent 

concentrat ions o f  alkaline phos phat4Be and perhaps other hydroly t i c  en zymes 

in the two sys tems , i . e . , the greater algal growth in the shaken sys tems 

resulted in h igh er concent rat ions o f  alkaline phosphatas e ,  whi ch presumab ly 

would enhance the hydrolysis of soil  OP . 

Bio logical ly-availab le P in al l systems , except tho se containing 

< 30-�m ma terial f rom Egmont ( Fig . 6 . 1 2 )  and Atawhai ( Fig . 6 . 1 5) soils , 

accounted f o r  7 3  to  100% of the O . lM NaOH-soi l-TP frac t ion . The low 

availab i l i ty of the O . lM NaOH-IP fract ion f rom the · allophanic Egmont soil  

and the a lmo s t  comp l ete depletion of  O . lH NaOH-s oil-OP are  cons is tent 

wi th the f indings reported in S e c t ion 6 . 3 . 1 . 1 .  

The O . lM NaOH-TP f raction o f  the Atawhai soil showed low b iolog ical 

availab i l i ty as ob t a ine d in the previous b ioassay ( S ec t ion 6 . 3 . 1 . 1 ) .  As 

repo rted p revious ly ( S e c t ion 6 . 3 . 1 . 1 ) ,  OP was the maj o r  contribut o r  to 

that par t of the O . lM NaOH-TP whi ch was not  utilized in the Atawhai s o i l . 

A numb e r  o f  fac tors prob ab ly con t r ib ute to  p roduce a poor envi ronment for  

soil-P u t i l i zat ion in the Atawhai soil ; these are discus s e d  in S ections 

6 . 3 . 1 . 1  and 6 . 4 .  

I n  general , the data for the non-shaken b ioas says conf i rm tho se 

for the shaken b ioas says . I t  appears that even with minimal ly-disturb e d  

sediment , t h e  amount o f  biological l y-avai lab le particulate  P in a l l  

ma terial s ,  excep t that f rom Egmon t soil  and to a lesser extent Atawhai 



soil , can essentia l ly be equa ted w i t h  that P extracted by 0 . 1M NaOH . 

6 . 4  Gene ral Discuss ion 

Al though a t t emp ts have been made to quanti tativel y  measure and 

characterize the amounts of b iologically-availab le par t i culate phase IP  
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in lake sediments (Go l te rman e t  a l . ,  1969 ; Go lterman , 19 7 3b ; Sagher , 

1974) , the few s t udies o f  soils and runo f f  ma terials have b een l imi ted to 

b ioassays , which have only al lowe d es timates of  b io logical ly-availab le P 

to be made , but have not permi t t e d  characteriza t ion of  the avai lab le f o rms 

(Healy and McColl , 1 9 74 ; McCo l l , 1 9 75 ; Cowen and Lee , 19 76 ) . The 

development , in the p resent s tudy , o f  procedures for the comb ined b ioassay­

chemi cal f rac tionat ion o f  particul a t e  P and for the s imul t aneous 

fractiona t ion o f  algae , which we re grown in s imi lar P environmen ts t )  those 

maintained b y  soil materials , has a l lowed a mo re accurat e  determina tion of 

the algal P cont r ibut ion to soil-al gal extrac ts and has made i t  possib le 

to fo l l ow more clo sely the depletion of  chemical ly-charac t e r ized soil P 

fract ions . 

S o luti on IP main tained by a l l  ma terials  was comp le te ly availab le for 

algal growth . In mos t  cases , s o l u t ion IP was as simi lated during the 

first 1 to 3 days of a b ioas s ay . The s imilar deplet ion o f  S o lut ion IP 

by algal grow th has been mentioned by s eve ral o ther wo rkers ( Rodhe , 1948 ; 

Mackereth , 1 9 5 3 ; Hut ch inson , 19 5 7 ; McCo l l , 19 72 } . S o l u t ion OP , where 

monitore d  (Tokomaru and Okaihau s o i l s , S e c t ion 5) required a longer t ime 

for depl e t ion by Anabaena . The availab il i ty o f  dissolved OP has b een 

l i t t l e  s tudied , al though Herb es et a l . ( 1 9 75 )  have shown that 5 0% of the 

solub le organic P in lake water  was hydrolyzed by phytas e . Also , a l kal ine 

phosphatase has been shown to release large amounts of DIP from organi c  
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material i n  Lake Kinnere t t , in no rthern Is rael ( Berman , 1 9 6 9 ) . 

Over the wide range of soil  ma t e rials b ioas sayed in thi s  study , only 

the 0 . 1M NaOH-IP and -OP frac t ions were dep leted by algal grow th . The 

same form o f  part iculate IP , referred to as non-o c cluded IP , has been 

shown to b e  depleted f rom lake s edimen ts when biolo gical product ion and 

demand for P in surface waters were h i gh (Wildung et al . ,  1 9 7 7 ) . Th e 

work of  S a gher ( 1 9 74 )  and Go l t e rman e t  al . , ( 1969) , as discus s ed in 

S ect ion 5 . 3 . 3 . 4 ,  has also shown that NaOH-extractab le IP has a h igh 

b iological ava i labil ity  in lake muds . Altho ugh they did no t meas ure the 

dep letion o f  par ticula te-phas e P ,  Cowen and Lee ( 1 9 76) also found that 

estimates of b iological ly-availab le P in the f ine sedimen t of urb an runo f f  

we re mo re c losely correla ted t o  those  amounts of  I P  ext ra c ted b y  0 . 1� NaOH 

and an anion-exchange res in than by an acid extrac tion . 

In the p resent s t udy , the partic ulat e-phase OP , which is extrac ted 

by 0 . 1M NaOH , was foun d  to be an impor tant source of b iologically-availab le 

P .  Dur ing vigorous algal grow th on the < 30 -� m  materials and on river 

and runo f f  sediments , OP supp lied mo re P to Anabaena than par t i culate IP . 

I t  is poss ib le that part of  the 0 . 1M NaOH-soi l-IP may have arisen f rom 

occ luded s o i l  I P . In general , in soils  with higher amount s  o f  Fe and 

Al components , the 0 . 1�1 NaOH-s o i l-IP f rac t ion showed a lower b iological 

availab il i t y  (e . g . , Wa iotu , Egmont , and Atawhai , F i g .  6 . 10 ,  6 . 1 2 ,  and 6 . 1 5 ,  

respective ly) . Occluded soil IP is probab ly unavailab l e  for algal grow th , 

as dis cus sed in Sect ion 6 . 3 . 1 . 1 .  The above ment ioned factors could 

p artly explain why 0 . 1M NaOH-s o il-OP , which p robab ly arises s olely f rom 

surface-bound OP , gene rally shows a greater p ercentage availab ility than 

0 . 1M NaOH-so i l-IP under condit ions o f  vigo rous algal growth . 

Although , as dis cus sed in S e c t ion 5 . 3 . 3 . 4 ,  much evidence points  to 
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the indire c t  availabil ity o f  s o i l  and s edimen t OP t o  higher p lants and 

algae , the amo unts and fo rms o f  OP whi ch are poten t ially avai lab le have 

no t p revious ly b een determined . Organic P i s  p robab ly largely surface 

ads orb ed b e caus e the o rganic  moiety would hinder the dif fus ion o f  OP into 

amorphous s oil component s . In addi t ion , the comb ined hydrophob ic-

hydrophyllic  nature o f  the OP mo lecule may encourage surface coating rather 

than the development o f  concent rated areas of  OP . At the soil surface , 

OP may b e  sorb ed by the s ame Fe and Al oxides and hydrous oxides whi ch 

sorb IP ( S ommers et al . ,  1 9 72 ;  Anderson e t  a l . ,  1 9 7 4)  o r  comp lexed with 

humic and fulvic acids ( S e c t ion 9 ;  Swi f t  and Posne r ,  1 9 7 2 ; Veino t and 

Thomas , 1 9  72) . A h i gh proport ion o f  this OP is p robab ly sus cep t ib le to 

enzymatic  hydro lysis , which could account for its high availab il i ty under 

condi t ions of vigorous algal growth . 

The b iolo gical availab i l i ty o f  soil OP is governed by the hydro ly t i c  

conditions impo s ed by the a lgae o r  o ther microo rganisms . Th is is 

demonst rated by the fact  that when a large ino culum was added , or  when 

init ial a l gal growth f rom either P s tored in th e ino culum or readily­

availab le solution P ,  produced a l arge quan t i ty o f  algae and h igh er 

concentrat ions of  alka line phos phatas e ,  grea ter amounts of soil OP were 

deple ted b y  algal growth . In the shaken s t udies , where algal growth was 

no t vigorous , OP was not as readily hydrolyze d .  This was parti cularly 

obvious wi th s o ils having a lar ge amount o f  humic material associated 

with the 0 . 1M NaOH extrac t .  As ment ioned p reviously , this sugge s t s  tha t  

humic-asso ciated P may b e  mo re resis t ant t o  enzymatic hydro lys is . Thi s  

ma y  be expected becaus e i t  is known that IP and OP ass ociated with humic 

material are involve d  in high mo lecular wei gh t , organi c-ma t t e r  comp lexe s  

( Thomas and Bowman , 1 9 6 6 ; Levesque , 1969 ; Swi f t  and Posne r , 1 9 7 2 ) . 



O rganic P held in these  complexes may wel l  have greater protec tion f rom 

hydrolyt ic enzyme ac t ion .  

Hos t  o f  the < 30-]..lm ma terials showed a s li gh t ly lower availab i l i ty 
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o f  0 . 1M NaOH-TP in the non-shaken , than in the shaken sys t ems . The data 

f rom b o th s tudies are generally s imi lar and show that b e tween 70 and 100% 

of 0 . 1M NaOH-soil-TP is dep leted by a l gal growth on the maj o ri ty o f  soil 

materials . The excep t ions to this are the allophanic Egmont soil , for 

reasons explained in Section 6 . 3 . 1 . 1 , and to a lesser exten t  the Atawhai 

soil . The Atawhai soil  prob ab ly cont ains a ve ry small amo un t  o f  weakly-

adsorb ed P ,  as discus s ed in Sect ion 6 . 3 . 1 . 1 .  The 0 . 1M NaOH-TP fraction 

of the Atawha i  soil s hows a lowe r avai lab i l ity than that o f  the o ther 

basal t i c  s o i l s ; this could b e  exp lained by the fol lowing . The At mvhai 

soil has a lower NaOH-IP : P-sorbing componen ts ( Fe and Al) ratio than the 

o ther two basaltic  s o ils , Waio tu an d Okaihau (Wi l liams and Walker ,  1 9 6 9a ) . 

Th is may suggest  that surface IP is mo re s t rongly sorbed in the At awhai 

soil and i s  less -readily desorb e d  a t  iso-pH (Ryden and Syers , 1 9 7 7b )  to 

provide P t o  ini t iate algal growth . A comparison of  the fract ionat ion 

data with that of Wil liams and Walke r ( 1 969a)  indi cates that by selecting 

< 30- ]l iD  ma terial f rom the Okaihau an d Waio tu soils , the amount o f  CDB-P 

per uni t  wei gh t  o f  s o i l  decreas e d  but , with the Atawhai soil  i t  inc reased . 

The CDB-P f rac t ion i s  there fore as s o c iated with the finer ma t erial in the 

Atawhai s o i l  and th is would tend to l ead to an increas ed extractab i l i ty 

in NaOH . Thus the 0 . 1M NaOH-P fract ion f rom the Atawhai s o i l  may contain 

mo re I P  derived from occluded s o i l  P ,  than for th e other s o i l s . Thus , 

becaus e o c cluded IP  would b e  exp ec t e d  to have a low b io lo gical availab i l ity 

0 . 1M NaOH-TP would overes timate b io lo gically-avai lab le P in the Atawhai 

soil . 
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The CDB -IP and 1M HCl-IP frac tions i n  the < 30- � m materials s t udied 

did not appear to b e  utilized by Anabaena , even under the opt imum 

condi t ions that exis te� for a l gal growth and soil  P deple t ion . The non-

availab i l i ty of these IP fract ions contradicts  the resul ts ob tained by 

Go lte rman et al . ( 1 9 6 9 )  with Dut ch lake muds ( discussed in Section 5 . 3 . 3 . 4 ) . 

Ac id-extrac tab le P ,  however , accoun ted for no mo re than b e tween 1 and 26% 

of the extrac tab l e  P in the < 30 - � m ma te rial s t udied here whereas in the 

muds s tudied by Go l t erman e t  a l .  ( 1 9 6 9 )  i t  accoun ted for 50% of  the 

extrac tab le P .  In addit ion , the latter  samp les we r,e supersaturated with 

respe c t  to calc ium phosphates . I t  is pos s ib le that this system wo uld 

maint ain a higher solution IP concent rat ion than the acid-extractab le P 

in the < 30- � m  mat e rials us ed here . 

The chemi cal characteri zat ion o f  the s o i l  IP  that is avai lab le for 

the g rowth o f  Anabaena has provided a b e t t e r  understand ing o f  the fo rms 

o f  s o il IP  wh i ch a re b iolog ical ly availab le .  Firs tly , P o c cluded within 

oxides and hydrous me tal oxides ( c ry s tal line and amo �phous fo rms ) and 

present within calc ium phosphates can largely be discounted as fo rms o f  

biological ly avai lab l e  s o i l  IP , because 1M NaOH-P , CDB-P and 1 M  HCl-P 

fract ions ( Sect ion 2 . 2 . 3 . 1 )  were li t t le a f f e c ted by algal grow th . The 

large amount of 0 . 1M NaOH-IP wh ich remained a f t e r  algal growth on the 

allophanic Egmont s o i l  ( S e c t ion 6 . 3 . 1 . 1 ) indicates tha t  IP  occ luded wi thin 

amorphous aluminos i l i cates may also be exp e c ted to have a low b io logical 

availab i l i ty .  The maj o r  f o rm o f  IP extrac ted by 0 . 1M NaOH , f rom non-

allophanic s o il s , probab ly cons i s t s  of P which is sorbed at the s urface 

of F e  and Al componen ts in s o il (,'\-Jil l iams et al . , 1 967 ; McLaugh lin et al . ,  

19 7 7 ) . The resul ts ob tained in this S e c t ion s uggest that th is form o f  

s o i l  I P  i s  a lmos t completely bio logically availab le . S l igh t  overeG t imates  



o f  the amount o f  b iological ly-available  IP pres ent in a particulate 

material were b e l i eved to result f rom the extrac tion o f  small amount s  o f  

occluded I P  by 0 .  1 M  NaOH f rom < 30- 11 m ma terials . 

The f o rms o f  soil OP avai lab le for  algal grow th are less-eas i ly 

ident i f ie d . The nature o f  OP c ompounds in soil  remains largely ob s cure 
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and , i n  addition , 0 . 1M NaOH extracts a l arge amount o f  very complex 

o rganic  ma terial (Ande rson and Malco lm ,  1 9 74 ) . Apart f rom the f un c t ional 

group s , this mater ial remains un iden t i f ied . Further inve s t igat ions into 

the nature o f  b io logically-avai lab le soil  OP are des cribed in S e c t ion 9 .  

The addi t ional , mo re spe c i f i c  informat ion gained b y  us ing a 

comb ined b ioassay-chemical f ract ionation p rocedure can b e  i l lus t rated for 

one mate rial s t udied , Egmont b l ack loam , for which i t  i s  possib le to  

compare the resul ts o f  this s t udy wi th those ob tained by McCo l l  ( 1 9 7 5 ) . 

From the ob served growth o f  Chl o re l la vulgari s , McColl e s t imat ed that 

1 12 5  llg P g- 1  in the clay f rac tion of Egmont soil  was availab le for algal 

growth . He was no t ab le to  characterize the form o f  so il P us ed , apart 

from es tab lishing tha fact that it was equivalent to 32% of 0 . 5M H2 so4-soil­

IP , whi ch gives no  indication of  the impo rtant role played by OP as  a 

b io l o gi ca lly-ava ilable P form in th is soil (Fig . 6 . 1 2) .  By us ing 0 .  5M 

H
2 so4 as  the s o i l  IP extrac tan t  it is also impos s ib le to determine the 

o r ig in o f  the available IP , b ecause 0 . 5M H2so4 is capab le of removing 

varying amount s  o f  all forms o f  s o il IP , some o f  which h ave b een shown to  

be b io l og ically unavailab le in the present s t udy . Al t hough s l ight l y  

large r particle-size material was used i n  the present s t udy , a s imi l a r  

amount ( 1 1 85 11 g  g - 1 ) o f  Egmont s o i l  P was availab le for  algal growth . 

By u s ing the combined b ioassay-P fract i onat ion p ro cedure and by corre c t ing 

for  a l gal P cont rib ut ion to s o i l -algal extrac ts it has been possib le to  



show that the availab le P cons is ted o f  6 4 5 � g  o f  s o il OP and 540 � g o f  

s o i l  IP , whi ch p robab ly o riginated solely f rom surface-s orb ed s o i l  P .  

The data ob tained in S e c t ion 6 . 3 . 1 . 3  clearly demonstrate that the 

ab ility o f  s t ream-b ank ma te rial to supply P for algal growt h  is low 

c ompared to surface-runo f f  mat erial . S urface-runo f f  contributed only 

14% of the annual sedimen t  load in the s t ream whi ch drains the gen t ly­

s loping catchment , from which these materials were collected ( Sharpley , 

1 9 7 7 ) . The remainder o f  the sediment load (86%)  originated f rom a 
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small amoun t ( 1 6% )  of sedimen t carried into the s t ream by sub surface f low 

(mo s t ly from t ile drainage) and f rom large inpu ts (70%) of s t ream bartk 

and resuspende d s t ream-b ed ma terial . I f  it  is assumed that the 

b io logical availab ility of particulat e-phase P in st ream-bank mat e rial 

is s imilar to  that in sub s urface f low and s t ream-b ed ma terial , then by 

direc tly relat ing the sediment loads to the amoun ts o f  P in each mat erial 

i t  can be s een that although only s upplying 1 4% o f  the s t ream-sedimen t 

load , surface-runo f f  ma terial provides 33% o f  the biologically-available  

part iculate phase P carried by  the  s t ream . Cons equen t ly , wh ile i t  is 

impossib le t o  c ont rol sediment inpu�s f rom s t ream bank and re sus pended 

s t ream bed mat e rial , the control o f  topso i l  e ro s ion , even in gent ly-· 

s loping cat chment s ,  may considerab ly reduce the amount s  o f  b iolo gically­

availab le P entering s t reams . 

Be fore any s chemes for the c on t ro l  o f  P inputs into wat e rs can b e  

deve loped i t  woul d be des i rab le to  i den t i fy tho s e  sources o f  p ar t i c ulate 

P which have a h i gh b i o l o gi cal availab i li ty . I t  has been shown that the 

e xtract ion o f  a water sample conta ining f ine s o i l  mat erials with 0 . 1M 

NaOH p rovides a rapid and s imple procedure for e s t imat ing the amount o f  

P in the s amp le that i s  potent ial ly avai lab le for  algal growth . Using 
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th is p ro cedure i t  should b e  pos s ib le to  determine t h e  b iological 

avai lab i lity of sediment loads ente ring a lake . To ach ieve this , the 

fol lowing procedure ia proposed . To a 35-ml aliquo t  o f  unf i l tered s t ream 

water add 5 ml o f  0 . 8M (NaOH + NaCl ) . After a sui tab le extra c t ion t ime 

(long p eriods o f  ext ract ion are not required , S e c t ion 5 . 3 . 2 . 1 ) , the I P  

determined fol lowing ammonium persulphate diges t ion would p rovide an 

e s t ima t e  o f  the P which has a ve ry h i gh po tential b iological availab i lity . 

I f  allophanic  s o i l  ma terials were present , care would b e  required in 

the interpre t a t ion of the resul ts . 



SECTION 7 



COMPARI SON OF ALTERNATIVE METHODS 

FOR THE DETERMINATION OF 

BIOLOGICALLY-AVAILABLE PARTICULATE P 

7 . 1  Introduct ion 

In the previous S e c t ion i t  was es tab l ished that the amo un t o f  P 

ext rac ted f rom poten tial surface runo f f  ma terials and s t ream-sedimen t 

source mat erials by 0 . 1M NaOH was essentially the same as tha t  which 
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could be used by  Anab aena under the b ioassay cond i t ions employe d .  T,�e 

purpose o f  this Sec t ion is to c ompare this frac tion of soil P wi th o ther 

e s t ima tes of soil P whi ch have been used to assess b iological availab i l i ty . 

O ' Conno r and Syers ( 1 9 7 5 )  inves tigated the forms o f  par ticulate P ext rac ted 

by diges t ion with ammonium persulpha te and found that the P in the soil 

resi due a f ter diges t ion was largely in the oc cl uded form . The persulphate 

dige s t ion , therefore , ext racts mainly o rganic P and non-occluded IP  fo :C"ms 

and apa t i t e  if present . Thus , i t  may be expec t e d  tha t the P recovered 

by persulpha te dige s tion has a high b io logical availab i l i ty . I f  so , i t  

would p rovide a simple and rap id me thod for det ermining the amo un ts o f  

potentially b iologically-availab le P in a wa ter samp le conta ining 

par ticulate s . A s imple comparison b e tween the amo unts o f  P extrac ted by 

persulpha t e  digest ion and 0 . 1M NaOH f rom four rep resentat ive s o i ls was 

carried out . 

Iso tope dilution s tudies have widely b een used for the es tima tion 

and s tudy of plant -availab l e  IP in soils ( Talibudeen , 19 5 7 ; Ame r ,  19 6 2 ; 

Jose and Krishamoorthy , 1 9 7 2 ; Ryden and Syers , 19 7 7b ) . The amount o f  

"lab ile"  I P  i s  usually defined a s  the s um o f  solution I P  and iso topically­

exchangeab le o r  surface IP tha t exis ts in equilib rium with the soil s o lut ion . 



I t  may be exp ec te d  that this form o f  P i s  readily availab l e  for  algal 

growth ( Li et al . ,  1 9 7 2 ) , whe ther in a lake or a runo f f  envi ronment .  

The second part  o f  this S ec t ion i s  concerned wi th a comparison o f  the 

amounts of i s o t opically-exchangeab le P and 0 . 1H NaOH-IP in s o i l s  in an 
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a t temp t to  charac terize further the nature o f  0 . 1H NaOH-soil-IP . Also , 

the extent t o  whi ch val ues o f  exchangeab le soil  P re flec t the amo un t o f  

soil  P avai lab le for algal growth during the b ioas say procedure , previous ly 

employe d ,  is evaluated . Previous work by Dunb ar and Baker ( 1 9 6 5 ) and 

Tandon and Kur t z  ( 1968) has shown that s oil IP ext rac ted in a s ingle 

NaOH extrac t ion shows a high degree of exchangeab ili ty . Li e t  al . ( 19 7 3) 

also demons t ra t ed that the amounts o f  exchangeab le P in lake sediment 

were closely related to  the amoun t s  of non-o c c luded IP . Thus , i t  may be 

expec ted that the amoun t  of 0 . 1H NaOH-TP would overes t ima te the amount of 

exchangeab le s o i l  P ,  due to the ext rac t ion , by NaOH , of forms of P with a 

low exchangeab i l i ty ( e . g . , organic P and possib ly discre te fo rms o f  �e 

and Al phosphates ) . I t  is likely , h owever , that exchangeab le soil  P 

val ues derived f rom long-term incub a t ion s tudies and val ues for nat ive 

sorb ed P ,  calculated by the me thod o f  Ryden e t  al . ( 19 7 7a) , may approach 

the values o f  O . lH NaOH-so ll -IP . S uch values may provide an a l ternative 

me thod for  e s t ima ting the amoun t o f  s o i l  IP ava ilab le for algal growth . 

7 . 2  Ha terials and He thods 

The < 30- )..1 m ma te r ial from the topsails of Hanawat u ,  Okaihau ,  

Tokomaru , and Egmont , was used in the s t udy comparing the amo un t s  o f  P 

ext rac ted by persulpha t e  diges t ion and 0 . 1M NaOH . In the c omparison 

b e tween i s o t opically-exchangeab le P and 0 .  1M NaOH-IP , the < 30-)..1 m ma terial 

f rom the abo ve ment ione d four s o i l s , Waio t u ,  Atawhai , and Hairiakariri , 

soils and ear thworm cas ts  was us e d . 



7 . 2 . 1  Ammonium persulphate d i ges tion 

The s o i l  ma terials were s uspended in d i s t i l led wa ter ( 1g / 200ml ) 

us ing a magn e t ic s t i rrer . Aliquo t s  ( 2 5ml ) were pipet ted into three 

50-ml Erlenmeyer flasks . Each sample was acidi f ied wi th 0 . 5ml o f  

concen t ra te d  H
2

so
4

, 0 . 3g o f  ammonium pers ulphate was adde d , the flask 

1 6 2  

sealed w i th aluminium foil , and aut o c lave d at 1 20°C for 4 5min . The cooled 

digest was washed wi th dis t il led wa ter in to a 40-ml polypropylene , s c rew-

cap cen t r i fuge tub e  and the soil  separated by centrifuga t ion . The 

superna tant solut ion was decanted into a 50 -ml volumetric  flask , 

neutra l i z e d  with 5N NaOH ( p-nit rophenol was used as the indicator) , and 

made up t o  volume with dis t il le d  water . The P concent rat ion was de te rmined 

on a sui t ab le aliquo t . 

A s imilar p ersulphate diges t ion was also performed on the res idue 

that remained after the soil ma terial had been extrac ted with 0 . 1M NaOH . 

The 0 . 1M NaOH extra c t ion is describ e d  in Sect ion 3 .  B o th I P  and TP 

concen t ra t ions were measured in the comb ined ext rac t and 1M NaCl wash ings . 

7 . 2 . 2  Isotopic exchangeab i l i ty 

The amount of  soil P whi ch was exchangeab le in 30 min was determined 

using so il s uspended ( 0 . 1 g / 40ml ) in 0 . 1M NaCl containing mercuric chlori de 

- 1  (HgC1 2 , 5 0mg 1 ) ,  that had b een p re shaken for 40h r .  Carrier-free 32P 

was added in a 1 -ml aliquo t  t o  trip licate samp les o f  the s uspended 

materia l s . Af ter  30 min contact  b etween added 32P and the soils , the 

tubes we re centrifuged and so lut ion IP concen t ration was determined . 

Solut ion 32P concentration was determined by adding 10ml o f  Tri ton- �o luene 

scin t i l l a t ion cocktail 1 to a 0 . 2-ml aliquo t  o f  the aqueous extrac t in a 

1 
The Tri ton cocktail was p repared by dissolving 4g of  PPO and 0 . 1 g o f  

MP2POPOP i n  66 7ml o f  toluene and making up t o  1 litre wi th Tri ton X- 100 . 
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vial and coun t ing in a Be ckman LS 350 Liquid S c intil lat ion Spectrome ter . 

B lank aqueous extracts o f  each soil  were used for quench correct ion . 

Exchangeab le P was calculated f rom iso tope dilut ion theory . Soil  P was 

extracted with 0 . 1M NaOH . Extrac tab le-IF was determined as des cribed in 

S e c t ion 3 and ext rac table 32P was de termined as ab ove . Blank 0 .  1M NaOH 

ext rac ts of each soil were us ed for q uench correc t ion . 

An e s t ima te o f  nat ive s o rbed IP was determined graph ically from 

values o f  exchangeab le P for  32P-soil  contac t times o f  3 ,  4 ,  5 ,  and 6 days 

( Ryden and Syers , 1 9 7 7a) . Each sys t em was shaken for the same period o f  

t ime b ecause 32P was added 6 ,  5 ,  4 ,  and 3 days before the measuremen t o f  

s o lut ion 32P and I P  and 0 . 1M Na0H-s oil- 32P and -IP . Solu tion 
32p meas ured 

at each t ime in terval was plo t ted against the re c iprocal of time and the 

1 /  resul t ing l inear relat ionship was ext rapolated t o  t 

. . f ' l ' b . 32P to g1ve an e s t 1mate o equ1 1 r1um concen t rat ion . 

0 ( infini te t ime ) 

Us ing iso tope 

dilution theory , native excl t Hngeab le P at equilib rium was calculate d .  

The value ob taine d was assuTied t o  b e  an es tima te o f  nat ive sorbed IP 

(Ryden and Syers , 1 9 7 7a) . 

7 . 3  Resul t s  and Discus s ion 

7 .  3 .  1 Particulate P extrac ted by persulphate dige s t ion 

Wi th the excep t ion of the Egmont soil , f rom which 0 . 1N NaOH would 

b e  expected  to  extrac t P o c c luded wi thin allophane , pers ulphate dige s t ion 

o f  the ma terial s extrac t e d ' approxima tely twice the amoun t of TP removed by 

the 0 . 1M NaOH extract ion ( Tab le 7 . 1 ) .  Fo llowing a 0 . 1M NaOH extrac tion (A) , 

persulphate dige s t ion (B ) o f  the residue extrac t e d  1 10 ,  6 5 , 99 , and 24% o f  

0 . 1M NaOH-TP f rom the Manawa t u ,  Okaihau , Tokomaru , and Egmont soils , 

res pe c t ively . The comb ined amoun t  o f  TP removed by b o th extrac tants 



Tab le 7 . 1 

Mate rial 

Manawatu 

Tokomaru 

Oka ihau 

Egmont 

Amounts of P ext racted by persulphate dige s t i on ,  0 . 1M NaOH , and reagents of the 

f rac t ionation s cheme ( to tal ext ractab l e  P)  from < 30-� m material o f  four so ils 

Amoun t o f  p ext rac ted - 1  (� gP g ) by 

Persulphate Total P 

Persulphate 
0 .  1M NaOH (A) 

diges t ion o f  extrac ted Total ext rac table P 

digest ion IP TP res idue from A ( B) (A + B) (A + lM NaOH + CDB + HCl ) 

185 1 790 9 5 5  1060 20 1 5  1945 

4 1 5 84 242  240 4 82 422  

403  108  2 5 5  16  7 422  400 

4 2 72 2 1 90 3282 789 40 7 1  4 2 30 

..... 
0\ 
.!>-
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(A + B )  was s imilar t o  the amount of  s o i l  T P  recovered by a s ingle 

persulphate dige s t ion fo r all  soils . This sugges ts that the TP remove d 

by persulphate digest ion includes the same TP ext racted by 0 . 1M NaOH . 

I t  is reasonab le to expec t  that the hydrous oxides o f  Fe and Al , wh ich 

are invo lved in the sorp t ion of  P ,  would b e  a t tacked by th e acid  in t h e  

persulphate dige s t ion rea gen t . The s t rong oxidi z ing condit ions o f  t.he 

dige s t ion woul d also remove soil OP , inc luding 0 . 1M NaOH-soil-OP (Menzel 

and Corwin 1 1 9 6 5 )  . 

When the amo un t s  o f  P extracted subsequen t to the 0 . 1M NaOH 

extract ion in the fractiona t ion procedure ( Table 6 . 2 ) were added to the 

amo unts extracted by 0 . 1M NaOH (Tab le 7 . 1 ) ,  the to tal ob tained was ve ry 

s imilar to the amoun t of P extrac ted by persulphate dige s t ion . The 

results sugge s t  that persulphate dige s t ion is capab le o f  removing all the 

forms of soil P that are ext rac ted by the f ract ionat ion procedure 

( Tab le 6 .  1 ) . 

7 . 3 . 2  Exchangeab le part icula te phase P 

In short-term incub a t ions invo lving H gC1 2 addition , 32
P would be 

expected to exchange only with soil IP , and not with soil OP . The 

amounts  of soil IP p revious ly shown to b e  po ten t ially availab l e  for algal 

growth ( i . e . , 0 . 1M NaOH-ext ractab le-IP) we re therefore compared with the 

amounts  of iso top i ca l 1y exchangeable P .  

The amoun t  o f  soil IP which was exchanged in 30min was only 4 - 10%  

of  the amoun t of  IP extrac ted f rom the s o i l  by 0 . 1M NaOH ( Tab le 7 . 2 ) . 

Three so ils ( Okaihau , Waio t u ,  and Atawhai ) ,  however ,  showed a greater 

p ropor t ion o f  exchan geab le P ,  but this pos s ib ly resulted f rom a procedural 

error which is dis cussed later in th is S e c t ion . Within exp e rimental  erro r, 

32 after  a 30-min exchange per iod there was t o tal recovery o f  P f rom the 



Table 7 . 2  Amounts o f  0 . 1M NaOH-ext ractab le IP and o f  exchangeab le P as a function t ime al lowed for 

exchange in < 30- �m ma t erial o f  several soils 

0 .  1M NaOH- - 1  Exchangeab le P (�g g ) at 

Material 
- 1  ext rac tab le I P  (� g g ) 30 min 3 days 6 days 

Tokomaru 90 9 5 4  6 1  

Manawat u  746 56  226 30 7 

Okaihau 1 10 32 298 3 1 8  

Egmont 2 340 107  589  750 

Waiotu 1 50 25 1 30 2 7 3  

Atawhai 140 19 87 1 4 1  

Waimakariri 156 1 1  5 2  6 7  

Earthworm cas ts  4 2 2  36 162  242  

1 Es t imate o f  nat ive sorbed IP . 

E · 1 · b . 
1 qu1 1 r1um 

70 

4 1 8 

337  

1050 

39 30 

292 

87  

4 10 

1-' 
0'\ 
0'\ 
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soil by 0 . 1M NaOH ( Tab le 7 . 3) .  Th is indicated that the soil  IP 

characterized b y  30min exchange i s  a f ra c t ion o f  0 . 1M NaOH-IP and that 

in o rder for such rap i d  exchange t o  take place , this IP mus t b e  very 

weakly held a t  the s o i l  surface (Ryden and S yers , 19 7 7b ) . 

The Okaihau , Waio t u ,  and Atawhai soils maintained lower s o lut ion IP 

concen t rat ions (Tab le 7 . 3) than the Tokomaru o r  Wairiakariri soils  b ut 

convers ely , had higher levels o f  exchangeab le P ( Tab le 7 . 2 ) . These  three 

32 
soils have a higher P sorp t ion capac i ty and there fore added P may be 

sorbed rather than exchange d .  Al s o , as shown later , the de t e rmina t ion 

of solution IP may we l l  overes t imate the true concent rat ion o f  solut ion 

IP and the amount o f  s o lut ion IP capab le o f  undergoing exchange . This 

would lead t o  an inco r re c t , calculated value for exchangeab le soil I P .  

When the data for 0 . 1 M NaOH-IP were p l o t ted (Fig . 7 . 1 ) agains t 

tho se for  30-min exchangeab le P ( data re fle c t ing surface exchangeab le P 

and no tracer o cclus ion) , a c lose relat ionship was only ob t ained when the 

allophanic Egmont soil  and the three basal t i c  soils were exclude d ; that 

is when the mineral compo s i t ion o f  the soils  was s imilar . Thi s  result 

suppo rts the thinking that 0 . 1M NaOH-IP is de rived from surface-sorbed 

IP , b ecaus e for soils  o f  s imilar mineral composition a dire c t  relat ionsh ip 

would b e  expec ted b e tween the amoun t of  to tal surface sorbed  IP  and the 

amoun t o f  weakly-sorb ed sur face IP . The da t a  for  the basa l t i c  s o i l s , 

wh ich contain varying amounts o f  P - s o rb ing components (Williams and 

Walker , 1 9 6 9 a ) , do no t show this rel a t ionship . As men t ioned earlier , i t  

i s  bel ieved that the resul ts for the b asal t i c  soils we re sub j e c t  t o  erro r .  

When l onger p er iods o f  t ime we re allowed for  exchange ( 3  days and 

6 days , Tab le 7 . 2 ) the values ob tained for exchangeab le P were s t il l 

considerab ly l ower than the amoun ts o f  0 . 1 M NaOH-soi l-IP , e xcep t for  the 



Tab le 7 . 3  Comparison b e tween amount o f  measured solution IP and solut ion IP cal culated by us ing the rat io o f  solution 

32P : so il 
32P at equi l ib rium ,  and the e f f e c t  of exchange t ime on the recovery o f  soil 32P by O . lM NaOH 

Mat erial 

Tokomaru 

Manawa tu 

Okaihau 

Egmont 

Waio tu 

Atawhai 

Waimakariri 

Earthworm cas ts  

S 1 . 
32p . 1  32p o ut1.on : s o l.  

at equil ib rium 

0 . 1 6 3  

0 . 289 

0 . 002 

0 . 006 

0 . 0002 

0 . 0 1 3  

0 . 20 3  

0 . 0 75 

Solut ion IP ( �gP g
- l  

soil) 

Meas ure d Calculated 

1 1 . 4  1 8 . 2  

1 2 1  2 1 5 

_ Q . 6 2  0 .  1 9 8  

6 . 0 1 3 . 3 

0 . 9 5 0 . 0 3 

2 . 8  l .  82 

1 7 . 8  3 1 . 6  

3 1  3 1 . 6  

Percentage o f  soil 32P ext racted 
by O . lM NaOH after 

30 min 3 days 6 days 

lOO 95  93  

96  96  93  

lOO 94 92 

lOO 9 7  95  

lOO 9 3  89 

lOO 86 8 3  

9 7  9 1  9 1  

lOO 96 92  
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Fig . 7 . 1 Relat ionship b e tween amounts o f  0 . 1M NaOH-IP 

and exchn ngeab le P ( 30 min) for the < 30-�m 

ma terial f rom Tokomaru ( A) , Waimakariri ( B ) , 

Manawa tu (D) , Atawhai ( E ) , Waio t u  ( F )  and 

Okaihau ( G) s o ils , and f rom earthworm cas t s  

( C ) . Line d rawn only through points A ,  H ,  

C ,  and D .  
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basa l t i c  s oils . At these longer periods o f  incubat ion i t  was no t possib le 

32 to  recove r , by 0 . 1M NaOH extrac tion , th e total amount of P sorbed by 

the s o i l  and the percentage recovery decreas ed with inc reased t ime of 

contac t  ( Tab le 7 . 3) .  This phenomenon has also b een ob s e rved by Ryden 

32 et al . ( 1 9 7 7b ) who only ob tained c omplete recovery of P sorb ed by 

soils , Fe ge l , and natural goe thite , when CDB and 1M HCl extract ions we re 

made s ub sequen t to NaOH . Th is implied that 32P had d i f fused into sho rt-

range order hydrous ferric oxides , b ecoming ab sorb ed or o c c luded 

(McLaughl in e t  al . ,  1 9 7 7 ) , f rom where it could not be extrac ted by 

0 . 1M NaOH . I t  has previous ly been shown ( S e c t ions 5 and 6 )  tha t  th is 

form of o c cluded P is b io logically unavailable . The fact  that ab s orb ed 

or o c cl uded 32P is not extracted by 0 . 1M NaOH con f i rms the theory that 

very l i t t le native soil IP o c cluded wi thin hydrous ferric oxides is 

ac tual ly extracted by O . l M NaOH . Ano ther intere s t ing fea ture o f  the 

32 
P re cove ry data ( Tab le 7 .  3) is that for the Egmont s o i l , where i t  �..,as 

sugge s t e d  that O . lM NaOH dissolved allophane and there f o re ext rac ted IP 

occluded within i t  (Sec t ion 6 ;  Wi l l iams and Walke r ,  1 9 6 9 b ) , the 

32 percentage of P re covered was higher than for the othe r non-allophanic 

soils . I t  is also no ticeab le that the Atawhai soil  whi ch had the highe s t  

value f o r  CDB-P ( Tab le 6 . 2 ) a l s o  gave the lowes t value for 32P recovered 

in O . lM NaOH , s ugges ting that 32P abs o rp tion may be related to the amoun t 

o f  hydrous ferric oxides p resent in a soil . 

The exchangeab le P values calculated for the Okaihau , Waio t u ,  and 

Atawh a i  s oils are subj ect to erro r , as shown by the ve ry high values 

calcula ted for native sorb e d  IP ( Tab le 7 . 2 ) . All three s o i l s  gave a low 

32 32 recove ry of P after 6 days ( Tab le 7 . 3) ,  whi ch s ugges t s  tha t P was 

b e ing ab sorbed as we ll as exchanged . This would result  in the over-
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es t imat ion o f  exchangeable soil  P .  The amoun t o f  ab sorb ed tracer i s  

not suf ficient , howeve r ,  t o  accoun t  f o r  t h e  large overes timate o f  

exchangeab le P .  When extrapolated to infini t e  time , the val ue ob tained 

for the ra t io o f  solut ion 32P : s oi l  32P s hould correspond to  the equilib r i um 

ra tio o f  s olut ion I 3 1P : total exchangeab le soil  I 3 1P .  At this point i t  

would b e  expec ted that all sur face sorbed I P  woul d be exchangeab le . 

Consequently , the va lue o f  0 .  1M NaOH-IP could be taken as an e s t ima t ·� o f  

3 1  total e xchangeab le I P at equilib rium .  Ryden and Syers have used b o th 

exchan geab le P a t equilibrium ( 1 9 7 7a) and 0 . 1M NaOH-IP ( 1 9 7 7b )  to  e s t ima te 

the amount o f  na tive sorbed IP present in a soil . Us ing 0 . 1M NaOH-IP as 

an es t imate of exchangeable P at equilib rium and the dis t rib ution ratio 

f 32p . f "  . . ; t  " b l  1 1 h . 1 1 o a t  �n �n� te t �me , � was pass� e to ea cu a te a t eo ret�ca va ue 

for s olut ion IP sustained by the soils . The data indicate that , f o r  the 

maj ori ty o f  soil s , 0 . 1M NaOH-IP ove res t imates exchangeab le P at equilib rium ,  

as shown in Tab le 7 . 2 .  Thus , the ca lcula ted solut ion IP values also 

exceed the measured s o lut ion I P  in all cases , excep t for the Okaihau , 

Waio tu , and Atawhai s o ils , for which the calcula ted solu t ion IP i s  

cons iderably lowe r than the measured value . Thi s  may s ugges t that the 

meas urement of s olut ion IP in these soils  overes tima tes the actual amoun t 

of IP in s olution which can f reely exchange with the sur face . Ove r-

estima t ion o f  solut ion IP may o ccur with all  soils but i t  wo uld cons t i tute 

a larger error with these three so ils which maintain par ticularly low 

solution P concen t ra t i ons . The error could result  f rom the .acid  

hydro lys is o f  s o l ub le OP  in the  Murphy and Ri ley reagen t (Murphy and 

Riley , 1 9 6 2 )  or f rom P as so ciated wi th colloidal Fe ma terial tha t  had 

passed  through the 0 . 4 5 �m memb rane filter . I t  may be s igni ficant tha t all  

three soils contained higher p ropo rtion of  NaOH-extrac tab le OP and of  Fe 

component s  than the o ther s o i l s  s t udied ( Tab le 6 . 2 ) .  Rigler ( 19 6 8 )  has 



also s ugges ted that dissolved OP compounds are hydrolyzed during the 

determina t ion of o rthopho sphate in lake water samples by the molyb denum 

b lue me thod and that th i s  leads to ove res t imation o f  the o rthopho sphate 

concentration . 
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Other than f o r  the three b asaltic soils , the calculated value s f o r  

nat ive sorb ed I P  appear to b e  reas onab le , (Tab le 7 .  2 ) , presumab ly b e cause 

with the higher s o lut ion IP concent rat ions maintained by these s o i ls , the 

p ercentage e rror in solution IP measurement woul d be lower . The vaJ.ues 

for 0 . 1M NaOH-IP are higher than the cal culated nat ive sorbed IP va lues 

( Table 7 . 2 ) . As suming th e resul ts are val id , this sugges ts that a 

certain amount o f  th e 0 . 1 M NaOH IP fract ion , whi le b eing b iologically 

availab l e ,  is non-exchangeab le with 32
P .  Because i t  was suggested 

earlier in the Sec t ion and by Wi ll iams e t  al . ( 1 96 7 ) that , 0 . 1M NaOH 

extrac ts ve ry lit t le P o ccluded wi thin hydrous ferric oxides , this 

non-exchangeab le IP may be in the form of discre te P compounds with low 

P exchangeab ili ty , whi ch are so lub i lized by NaOH , or organic  P \vhich is 
' 

' 

hydrolyzed during the extrac tion (see S e c t ion 9 ) . I t  is further p o s s ib le 

that some o f  the s o i l  IP is preven ted from exchange by b eing complexed 

with i ron in soil o rgan i c  components , wh i ch are removed by the NaOH 

extrac tion . Tokomaru s o il and ear thworm cas ts  derive d from the Tok omaru 

s oil showed a much c l o s e r  relationship be tween calculated nat ive s o rbed-

IP and 0 . 1M NaOH-IP , s ugges t ing that less non-exchangeab le , 0 . 1M NaOH-IP 

i s  pre sen t in the Tokomaru s o il . I t  may b e  s i gnificant that the Tokomaru 

soil  con tains low prop o r t ions o f  NaOH-extractab l e  OP and sho rt-range o rder 

hydrous ferric oxides ( Tab le 6 . 2 ) .  

Wi th the errors involved in the calcula t ion o f  exchangeab le P ,  the 

values ob tained for n a tive sorb ed-IP can not b e  cons ide red to b e  any thing 

mo re than app roximate e s t ima tes of surface-b o und-IP . 



7 . 4  Gene ral Discuss ion 

At th e low soil : s olut ion ra t io us ed in this presen t  s t udy , the 

amount of P removed f rom < 30-�m ma terial by persulphate dige s t ion 

approached the to tal amount o f  part i cul ate P present . O ' Conno r and 

Syers ( 1 9 7 5 )  have shown that persulphate digest ion extracts mo re than 
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80% o f  the t o tal P p resent in < 6 3- �m material wh en low soi l : solut ion ratios 

are employe d , and that the pe rcentage of P extrac ted inc reases as the 

part icle s ize decrease s .  The resul ts presented in Tab le 7 . 1 suggested 

that persulphate diges t ion removed all  the forms o f  chemically-frac tiona t ed 

soil P ( Tab l e  6 . 2 ) ,  even occ luded P ext rac ted by the CDB reagen t . Although 

O ' Connor and Syers ( 1 9 7 5 )  found that CDB-P showed low extrac t ab i l i ty in 

pe rsulpha t e  d iges ts , very li t t le CDB-extractab le P remaine d  in the 

residues f rom small q uan t i t ies o f  thei r finer soil frac t ions . Be cause 

persulphate di ges t ion extracts fo rms o f  P f rom <30 -�m ma terial wh ich have 

a limi ted o r  no b io l o g ical avai lab il i t y , namely , those forms o f  P 

ext racted b y  1M NaOH , CDB , and 1M HCl subsequent to  a 0 . 1M NaOH ext rac t ion , 

then i t  would not be a suitab l e  ext rac t ion procedure for the e s t imat ion o f  

b io logically-avai lab le P in a runo f f  o r  s t ream sample containing par ti culates.  

If  the d i ge s t ion procedure involves th e same ratio o f  p ersulphate to 

suspens ion as used in this study , however , then the amount of P ext rac ted 

f rom an un f i l te red s t ream o r  lake sample containing a low concen t ration o f  

f ine parti cula tes ( <  30 �m) may b e  cons idered a s  a reasonab ly accurate 

es tima t e  o f  the to tal amount of P in the sample that could be extracted by 

the chemical f ract i ona t ion pro cedure used herin . 

S eve ral authors have used short- term incuba t ion s t udies to s t udy 

exchangeab le P ,  plant -availab l e  P ,  and labile  pools o f  P in s o i l s  

( Talib udeen , 1 9 5 7 ; Ivanov and S tanev , 1 9 7 2 ; J o s e  and Krishnamoo rthy , 1 9 72 ; 
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Ryden and Syers , 1 9 7 7b )  and exchange ab le P in lake sedimen ts ( Li e t  al . ,  

1 9 7 3) . Longe r incubat ion times are consi dered to  l ead to  s ide rea c t ions 

such as c rys tal  growth (Arner , 1 96 2 )  and o c c lus ion of the radioa c t ive P 

( Ryden e t  al . , 1 9 7 7b ) . From the experimental data obtained in this 

s t udy i t  is evident that whereas , 30-min exchangeab le IP would be readily 

avai lab l e  for  algal growth , this amount o f  P would cons iderably under-

es timate that avai lab le during a bioass ay . Al though sho rt-t erm 

exchangeab le P values do no t ind i ca t e  ove ral l  soil P availab i l i t y  to  

algae , the 30-min values i f  added to  the s o lution P concentrat ion va lues 

could p rovide a use ful e s t ima te of P availab le for immediate up take by 

an a ] gal popula t ion . Ryden and S yers ( 1 9 7 7b )  have shown tha t  the 

amoun t s  of 30-min exchangeab le s o i l  P and wa te r-ext rac tab le P are s imi la r .  

I t  i s  shown in Sec t ion 8 tha t this readi ly availab le form o f  P i s  ve r:y 

impo rtan t  b o th in the developmen t o f  algal b loom and in the even t ual 

amount o f  part icul a te P utilized s ubsequen tly by algae . B e cause only 

4 - 10% o f  the 0 . 1M NaOH-soil-IP ( i . e . , tha t  soil  IP wh i ch is po tentially­

b iologically avai lab le)  is in the form of lab ile soil IP characterized by 

exchange with 32P during 30min , me chanisms o ther than s imp le deso rp t ion 

mus t be responsib le for the de p l e t i on of s o i l  IP during a b ioas say 

( Sec t ions 5 and 6 ) . 

The results in Tab le 7 . 2  suggest that the values ob tained for  

exchangeab le P are  sub j ect  to  c ons i derab le e rro r with poorly- f e r t i l i z e d  

s oils , namely Okaihau , Waio tu , and At awhai soil s . As dis cussed 

p revious ly , the error is bel ieved t o  arise f rom the overes t imat ion o f  the 

low s olut ion-IP concen tra t ions . The ac curate determina t ion o f  s o lut ion 

IP i s  e s s en t ial for the de termina t ion of exchangeab le P .  Talib udeen ( 19 5 7 ) 

employed ve ry low concentra t ions o f  cit ra t e  ions (0 . 00 1  M) to raise the 



1 7 5  

so lution P concen t ration o f  low P s tatus s o i l s , without affecting the 

meas urement of lab ile P (exchangeab le P ) . For soils with high P 

s o rp t ion capac i t ies , s uch as Okaihau , Waio tu , and Atawhai , where so lut ion 

P is very low and the ratio o f  solut ion P to soil P i s  ve ry small , a small 

e rror in the measuremen t o f  solut ion P would pro duce a large error in 

the calculat ion of exchan geab le P .  Mc Conaghy e t  al . ( 1 96 6 )  have also 

ob tained very h igh est ima tes of lab i le P for some basal tic soils  wi th 

high P sorp t ion capac i t ies . Amer e t  al . ( 1 9 6 9 )  observed that th is error 

was accen tuated when 32P trace r was used in the absence o f  a 
3 1

P carrier 

so lut ion . In the latter  s tudy , the labile P pre sent in soils o f  high P 

sorp t ion capacity had a higher spe c i f i c  a c t ivity than the P remaining 

in so lut ion a t  the end o f  the iso tope exchange reac t ion . Th is l ed to an 

e rror in the cal culat ion of  exchangeab le P because for acc ura te determina tions 

o f  total exchangeab le P ,  the a c t ivit ies for solid  and solut ion phase 

exchangeab le P mus t b e  the same a t  equi l ib ri um .  Amer e t  al . ( 1 96 9 )  

explained t h i s  32P enri chment o f  surface P by t h e  recrys tall i z a t ion o f  Fe 

phosphates and s ugge s t e d  that th i s  acco unted for the error in calculated 

exchangeab le P values . The time o f  tracer-soil contac t ,  howeve r ,  was only 

30min , during wh ich t ime it  is unl ike ly that s uf f i c ien t re c rys tal l i z a t ion , 

i f  i t  in fact  o ccurs , o r  ab sorpt ion could have taken p lace to ac coun t  for 

such large errors . I t  would seem mo re l ikely that the lowe r spe c i f i c  

activity o f  solution P ,  when compared w i t h  surface P ,  was due t o  ove r­

es t imat ion of the solution 3 1P by the Murphy and Riley me tho d . The fac t 

tha t the e rror was s i gnificant ly decreased by the addit ion o f  carri e r  3 1P 

with the t racer s upports this theory . C . 3 1P ld  . h arr�er wou �nc rease t e 

solut ion P concent rat ion and would therefore reduce the percen tage error 

invo lve d  i n  the determina t ion of so lut ion P .  On the o ther  h and , the 
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3 1 
addit ion o f  carrier  P would no t decrease the rate o f  re c rys talliz a t ion 

of any P at the s u r face . Long-term incub a t ion o f  s oils o f  high P 
sorpt ion capac i t i e s  would give even grea ter  p roblems because the 

adso rp tion o f  32P would give rise to a decreas ing solution P concen t ration , 

which toge ther wi th the increased spe c i f i c  ac tivi ty o f  soil  P ,  woul d 

int roduce much grea t e r  errors into the cal culat ion o f  soil exchangeab le P .  
Where solut ion IP concentrat ions are such that they al low reasonab ly 

accurate exchangeable soil P values to b e  calculated , the values ob tained 

probab ly provide a reasonab le es t ima t e  of the soil IP wh ich i s  h i ghly 

avai lab le for algal g rowth . These val ues , howeve r ,  cons iderably under-

es t imate the amount s  o f  s o il IP tha t can b e come avai lab le for  algal grow th 

in the longer t e rm and do no t provide any e s t imat e  o f  s o il o rganic  P 
availab i lity . Long-term incubat ions are also compl icat e d  by ab s o rp t ion 

o f  32P , yiel ding a form o f  s oil P wh ich has been shown to  have l i mi t ed 

b i o lo gi cal avai l ab il i ty .  



SECTION 8 



FACTORS INFLUENCING THE AVAILAB ILITY 

OF PARTICULATE PHASE PHOSPHORUS 

8 . 1 Introduction 
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I t  i s  apparent from the re sults ob tained in Sections 5 and 6 ,  and 

f rom o ther s t udies ( Go l  te rman et al. , 1969 ; Sagher, 1 974 ; Mc Co l l , 19 7 5 ;  Cowen 

and Lee , 19 76 ) , that the amount of P which becomes availab l e  for algal 

growth can c onsti tute a c onsiderab le proport ion of the total P present 

in a par ticulate P s ource . Consequently , the release o f  this P to algae 

cannot reasonab ly be explained by the s imp le desorpt ion o f  P f rom the s o i l  

o r  lake mud . The f inding , in Sect ion 7 ,  tha t lab ile IP cons t i tuted 

only 4 - 10%  o f  the soil IP availab le to algae during the b ioas say 

procedure , also sugges ts tha t s imp le desorp tion plays only a minor role 

in determining the availab i l i ty of s oil P to algae . 

The aim o f  this Sec tion is to evaluate some o f  the factors and 

mechanisms which are po t en t ially impor tant in the utilizat ion o f  

part iculate P b y  algae . I t  is b elieved that only by ob taining a b e t t e r  

understanding o f  such interac t ions can control procedures , which wil l 

l imi t the ab ility of particulates t o  supply P for algal growth, be develope d . 

The init ial part o f  this aspec t o f  the study is concerned with 

determining whe ther solub le ,  extracellular algal produc ts play any role in 

the deso rp t ion or hydro lys i s  o f  part iculate-phase P .  Chelat ing agen t s  

(Fogg and Wes t lake , 1 9 5 5 ; Murphy and Lean , 1 9 7 6 )  and hydrolytic enzymes 

(Be rman , 1 9 6 9 , 19 70 ; Fogg , 19 7 3 ; Heath and Coo� 1 9 7 5 )  p ro duced by 

algae could be important in the utilization of particulate-phase P by algae . 

Init ial results sugges ted that algal cell-par ticulate phase P c ontac t was 

an importan t  fac tor in the u t i l i z a t ion of par ticulate phase-P . Th is 
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aspec t ,  along with the effect  o f  ini t i a l  so lut ion P concen t ra t ion and the 

e f fec t  of s t eril iz ing the parti culate material on soil P avai lab i l i ty to 

algae , were s tudied . 

8 . 2  Ma terials and Me thods 

8 . 2 . 1 Desorp t ion s tudies 

The < 30 -� m  par t i c le s ize fract ions of Manawa tu s il t  loam and 

Okaihau grave lly c lay were used in this s t udy , being examp les of the 

extremes o f  P s tatus ( Manawatu s i l t  loam = h i gh ; Okaihau = l ow) . The 

soils were s uspended a t  a soil : s o lut ion ra t io of 1 : 200 in 2 50-ml , screw-

capped , po lypropylene centri fuge tub es . Four experimental sys tems were 

estab l ished in duplica te for each s o i l  type : 

( 1 ) S o il s uspended in ASM- 1 ,  P- , N- media 

( 2 )  Soil + Fe gel ( 1 5mg , pH 7 ,  enclosed in dialys i s  

tub ing) suspended i n  ASH- 1 ,  P- , N - med ia 

( 3) Soil + Fe gel ( 1 5mg , pH 7 ,  enclosed in dialysis 

tub ing)  suspended in the f i l t rate from a P-s tarved 

algal culture 

( 4 )  S o il s uspended i n  the f i l t rate from a P-starved 

algal cul ture 

The f i l t rate ( < 0 .  45 �m Mil lipo re) was from a 2-week o l d  algal 

cul ture tha t  h ad reached the s ta tionary phase of growth b e cause of P 

deficiency . The so l ub le alkaline phospha tas e activi ty o f  the f i lt rate 

- 1  - 1  was 0 . 0 8 � moles p n i trophenol h r  ml All sys tems were o riginally 

adj usted to pH 7 .  S o lution IP and 0 . 1M NaOH-so il-IP and -TP were 

de termine d on a suitable aliquo t immediately a f te r  the estab l ishment o f  
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the sys tems . The t ubes were shaken on an end-over-end shake r for 7 days 

at 24°C in the dark . After shaking , solut ion IP , 0 . 1M NaOH-soil-IP and 

-TP , and pH were determined . 

To further inve s t igate the e f fe c t  o f  s o lub le ,  algal extracellular 

produc t s  on the desorp t ion of  soil I P , a sequential extrac t ion procedure , 

us ing ASM- 1 ,  P - ,  N- , me dia and the fil trate from a P-s tarved algal 

cul ture , was employed to desorb P f rom Manawa tu,  Tokomaru , and Okaihau 

soil ma terial s . Quadruplicate samp les of  each soil ( 0 . 04g o f  < 30-� m 

material)  were shaken for three cons e cut ive 1 7-h r periods in 20-ml 

aliquo ts of the extrac tants . The f i ltrate from P-s tarved algal cul tures 

was f reshly f ilt ered from a cul t ure in s t at ionary phase before each 

extrac t ion . The ave rage solub le alkal ine phospha t ase a c t iv i ty o f  the 

- 1  - 1  filtrate was 0 . 09 � moles p nitrophenol hr ml Af ter each extra c t ion , 

the supe rna tant solut ion was removed by cen trifugat ion and f i l t ra t ion , 

and solut ion IP concen tration de termined . 

8 . 2 . 2  Al gal -soil contact s t udy 

The des ign of  the dif fus ion ce lls whi ch were use d  to s eparate soil 

and algae y e t  al low the free movemen t o f  soluble ma terial and solution 

be tween the two , is il lustrated in Fig . 8 . 1 .  Ini tially the d i f fus ion 

cells we re clamped toge ther us ing galvanized s teel bolts . In preliminary 

experimen tal s t udies the bolts  were found t o  adversely a f f e c t  algal growth , 

caus ing loss of  pigmen tation and death a f t e r  only a few days o f  incubat ion . 

The b o l t s  quickly b ecame co rroded , deve loping a grey powde r-like coating 

within a week . The bolts  were rep laced by PVC , peris talti c-pump tub ing , 

the elas t i c i ty o f  which enab led the cell components to b e  f i rmly c la.mped 

togethe r .  The PVC t ub ing had no e f fe c t  on algal grow th . Ear thworm cast 

material ( lg )  was pipet ted in a s lurry into a dif fus ion cell ( Fig . 8 . 1 )  
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which was c lamped f i rmly to  a bench wi th the lower membrane fil t er and 

end-window in posi t ion b u t  the uppermo s t  end-window removed . The 

' Perspex ' t ub ing was f i l led up t o  the b rim wi th ASM- 1 ,  P- , N- media , 

1 8 1  

pH 7 ,  b e fore the second memb rane f i l ter was care fully placed over the t ube 

end , ens uring the ab sence o f  any air b ubb les . By p ulling firmly on the 

second , ' Perspex ' end-window the PVC t ub ing , connec t ing it to  t he end-

window al ready in place , was s t re t ched allowing the second end-window to 

pass over the end of the perspex t ub ing and be dropped int o  place where 

it  firmly clamped the s e cond Mi llipore f i l t e r . Two duplica t e  d i f fus ion 

cells were prepare d . The d i f fus ion cells we re then suspended in 1-l i t re 

o f  ASM- 1 ,  P- , N- grow t h  media , pH 7 .  The unas semb led components o f  a 

diffus ion cell and 1 g  o f  ear t hwo rm cas t s  were also added t o  two o ther 

cul t ure flasks con tain ing growth media . Af t e r  a shaking for 2 4h r , a t  2 8° C 

in the dark , all cul t ures including a P- con t rol were inocula t e d  w i th 

- 1  P-s t arved al gae ( 0 . 1M NaOH-extractable P = 0 . 1 2 8  � g  P � g  ch l) . The 

cul t ures were incub a t e d  under rout ine l iquid cul t ure condi t ions . Chl o rophyl l  

concen t ra t ion and alkal ine pho sphat ase ac t ivity were moni t o re d  in all 

flasks . Algal 0 . 1M NaOH-ext rac t able TP was monit o red in the assemb led 

di f fus ion-cell cul t ures only . 

8 . 2 . 3  Solut ion P concent ra t ion s tudies 

The amoun t s  of P added to Tokomaru s o i l  ma terial are described in 

Sec t io n  8 . 3 . 3 .  The rout ine b ioas say procedure described in S ec t io n  3 was 

used . The ext rac t ab le P con tent  o f  the P-s t arved al gal ino culum was 

- 1  0 . 204 � g  0 . 1M NaOH-P � g  chl . 

The same proce dure was used fo r the b i o assay o f  the ear thwo rm cas t 

mat erial , f rom which solu t ion P had b een removed by a series o f  1 -h r  wat e r  

extra c t ions ( s oi l : solution , 1 : 40 )  o n  a n  end-over-end shaker a t  2 4° C .  



The e xtractable P con ten t o f  the P-s tarved algal ino culum used for  the 

b ioas say was 0 . 1 30 � g 
- 1  

0 . 1M NaOH-P � g chl . 

8 . 2 . 4  S te r i l i zation o f  Tokomaru s o i l  ma terial 

Fo ur cul ture flasks cont aining 1 g  o f  Tokomaru soil material in 

900ml o f  dis t illed water were prepared . Two flasks were s terilized  by 

autoc laving at 1 20°C for two periods of 15min , 1 day apart . A 100-ml 
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aliquo t  o f  sterile ASM- 1 , P- , N - s to ck me dia (x 1 0  concen t ra t ions ) , p H  7 ,  

was added to all  f lasks . So lut ion IP and 0 . 1M NaOH-ext rac tab le IP and TP 

we re then determined before the cultures we re pre-incubated a t  2 8° C and 

- 1  ino culated wi th P-s tarved algae ( 0 . 2  � g 0 . 1M NaOH-P � g  chl ) . Chlo rophyl l 

concentration was monitored ove r the algal growth period ; s terile pipet tes 

were used to samp le the ste rilized flasks . 

8 . 3  Results and Dis cussion 

8 . 3 . 1 E f f e c t  of al gal -ext race l lular p roduc ts on the deso rpt ion 

of s o i l  phospho rus 

Dur ing the 7-day incub a t ion period , 0 . 1M NaOH-extrac tab le soil  OP 

increased in all s o i l  syst ems ( Tab le 8 . 1 ) . A cer tain propor tion o f  the 

decrease in 0 . 1M NaOH-extrac tab le soil  IP , therefore , was assumed tc b e  

the resul t  o f  mi c rob ial convers ion o f  s o i l  IP t o  mi crob ial OP . Greater 

increases in OP o ccurred in the Manawatu soil systems than in the e quivalent 

Okaihau systems ; this was probab ly due to the large r quan t it ies o f  

avai lab l e  I P  i n  the Manawatu sys tems . \fuen filtered algal-cul t ure media 

was added to the Manawatu and Okaihau sys tems , no t i ceab ly lower amounts 

o f  microbial OP were produced ;  th is sugges t s  tha t algal extracellular 

p roducts had inhib ited the rate o f  mic rob ial OP produc t ion . Murphy e t  al . 

( 1 9 76 ) have rep o rted tha t b lue-green al gae can p roduce hydroxama t e  chelators , 



Tab le 8 . 1 Amount s o f  solut ion IP and 0 . 1M NaOH-ext rac tab le IP and TP , o rganic P increase , and pH for Manawat u  and 

Okaihau soils (bo th < 30�m) as inf luenced by the culture media (M) , the algal cult ure filt rate ( C )  in the 

p resence and ab sence of Fe gel 

- 1  
S o lut ion IP ( �g g ) - 1  0 . 1M NaOH-ext rac table P ( �g g ) 

Sys t em and at IP TP Organic P Final 

(number) Day 1 Day 7 Di f fe rence Day 1 Day 7 Difference Day 1 Day 7 Di f ference increase 1 pH 

Manawatu soil  

Soil  in M ( 1 )  4 1  38 - 3 798  7 75 - 2 3  92 1 9 2 7  - 6 29 6 . 0  

Soil  + Fe gel 
in M ( 2 )  36 5 - 3 1  798  5 79 -2 19  933  754 - 1 79 40 6 .  1 

Soil  + Fe gel 
in C ( 3 )  3 1  5 -26 79 3 5 5 8  -2 35 950 7 38 -2 1 2  2 3  6 . 2  

S o il in C ( 4 )  3 3  37 + 4 787  75 1 -36 904 887 - 1 7  19  6 . 2  

Okaihau soil  

Soil  in  M ( 1 ) 6 2 - 4 6 6  5 4  - 1 2 1 50 1 50 0 1 2  5 . 8  

S o il in Fe gel 
in M ( 2 )  < 1 < 1 0 6 8  5 8  - 10 15 1 1 4 4  - 7 3 6 . 3  

Soil  + Fe gel 
in C ( 3) < 1 < 1 0 7 3  56  - 1 7  1 5 2  1 4 6  - 6 1 1  6 . 5  

Soil  in C ( 4 ) < 1 < 1 0 6 8  60  - 8 1 5 1 1 4  7 - 4 4 6 . 0  

1 Calculated f rom the d i f ference between TP at days 1 and 7 ,  and IP at days 1 and 7 .  ...... CP w 
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which can inh ib i t the growth o f  o th er species . 

From the resul t s  in Tab le 8 . 1 i t  can b e  calcula ted that 2 7% o f  the 

0 . 1M NaOH-ext ractable IP in Manawatu soil  material would be made avai lab le 

for as similat ion by algae through the s imple desorp tion of IP f rom the 

s o il . The role played by the dialys is tub ing containing Fe ge l is 

c learly illus trated , because 2 10 � g I P  was removed from the soil s o lution 

and soil by s o rp t ion by the Fe gel .  In the ab sence o f  Fe-gel the sys tem 

remained in e quilib rium with only a small conve rs ion o f  IP to microbial 

OP . Cons equen t ly , the Fe ge l plays a s imi lar role to the algal ce l .L ;  

b o th are able to deple t e  solut ion IP to non-detec table level s . Ove r the 

7 -day incub a t ion period , pH values in all sys tems decreased by only 

0 . 75 - 1 . 0  of a pH uni t ;  this rather small pH change was cons i dered to 

have lit tle e f f e c t  on the desorp t ion of IP f rom the soils . 

The poorly- fertili zed Okaihau s oil lo s t  l i t t le IP through desorp t ion , 

only 1 3  � g  P b eing sorb e d  by the Fe gel . On the add i t ion o f  Fe ge l ,  the 

already low s o lut ion IP concent rat ion sustained by the Okaihau so il was 

reduced to a non-de tec tab le level . 

In the Manawatu sys tems wi th added , fil tered , algal-cul ture media , 

2 38 � g  IP was desorbed f rom the soil . Th is value was higher t han the 

amount of  IP desorbed in the ab sence of solub le ,  algal-ext racel lular 

p roduc ts ( i . e . , by fresh media) . In the Manawa tu control sys tem ( 4 ) , the 

addit ion o f  f i l t e red , algal-cult ure media resul ted in a decrease in 

s olut ion IP concentra t ion ; th is suggested that so lution IP was conve rted 

to a form ,  which woul d not pass thro ugh the memb rane f i l t e r  or  whi c h  

would not rea c t  w ith the molyb dat e  reagent i n  the subsequent P determinat ion . 

Fogg and Wes t l ake ( 19 5 5 )  have shown that a solub le polypeptide p roduced by 

Anabaena can complex w i th phosphate ions . Al ternatively , algal products 

c ould have in ter fered wi th the forma t ion of  the phosphmo lybdate comp lex . 
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S imilar trends we re ob s e rve d in the Okaihau sys t ems . Because o f  the 

e f f e c t  f i l tered , algal-cul ture media appeared to have on solution IP 

c oncent rat ion , i t  was d i f f i cult to ascertain whe th er so luble , algal-

ext racellular produc t s  had any e f f e c t  on the des o rption o f  s o i l  IP . 

Af ter the app ropriate c or re c t ions had b een made , us ing resul t s  from control 

system ( 4 ) , the addit ion of fil tered , al gal -culture media to  a suspension 

o f  Manawat u  soil  material increased desorp tion by only 8% , which was not  

considere d  to b e  a s igni f i cant change under the experimental condi t ions 

used .  F iltered , algal-cul ture media had no e f fe c t  on the deso rp t ion o f  

IP from the Okaihau s o il under thes e  experimental cond i t ions . 

Th ese resul ts ind i ca te that the deso rp t ion o f  IP from a we ll-ferti l�ed 

s oi l  plays an importan t  role in the overall b io lo gical availab il i ty o f  

s o il IP . The fac t that a large amo un t o f  IP wh i ch had p revious ly been 

shown to  b e  used by a l gae ( Section 6 ) , was no t desorbed f rom Manawa t u  s o i l  

ma terial and that very l i t tle I P  was desorbed f rom the Okaihau s o i l  :na terial , 

s ugges t that the a�ailab i l i ty o f  s o i l  IP is not  governed so lely by s imp le � 

desorp tion . The da t a  s uggest th at soil IP i s  desorbed f rom the s o i l  by 

algal-cont rolled mechan isms . Be cause o f  the inc rease in extrac t ab le OP 

in all sys tems , it  could not  b e  de termined whe ther  there was any desorp t ion 

of soil OP or any e f f e c t  of algal-ext race llular p roduc ts on the desorpt ion 

o f  soil OP . The algal-extracel lular produc t s  p resent in the al gal cul ture 

med ia appeared to have l i t tle influence on the desorption o f  soil  IP in 

this expe r imental sys t em .  Because al gae we re n o t  present in the s o i l-

cul ture media s uspens ion and were not ab le t o  maintain the concent rat ion 

o f  any chelating agent s  o r  extrace llular enzyme s , any extended des o rp tion 

of soil P could not be ach ieved . I t  is pos s ib l e  that any chelat ing agent s  

and enzymes , added i n  the filtrate a t  day 1 ,  we re imme diately s orbe d  b y  
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s o il particle s , possib ly releas ing small amoun t s  o f  soil P and then 

h aving no further e f fe c t . To evaluate this further , the two soil  

materials p reviously s t udied and the  Tokomaru soil material were extracted 

with f reshly-fil tered media f rom a P-s tarved algal cul t ure and the amount 

o f  IP desorb ed in three cons ecut ive 1 7-h r extract ions was compared to the 

amo un t of IP desorbed in ASM- 1 ,  P- , N- media . The results  are shown in 

Tab le 8 . 2 .  During the 1 7 -hr extrac tion , the alkaline phosphatase ac t ivity 

of the f i l t ra te decreas ed by app roxima t ely 30% in both the Manawat u  and 

Tokomaru sys tems , and by approximately 60% in the Okaihau sys tems . This 

decrease in enzyme a c t ivity was assumed to be the resul t o f  s o rp t ion of 

the en zyme b y  the soil . Th is conf i rme d the sugges tion that the enzyme 

ac t ivity in a f iltered extract added to soil woul d no t h ave a sus tained 

effect  over an incubat ion p eriod of  7 days . 

Mo re I P  was extrac t ed f rom all soils b y  the fil tered , algal-culture 

med ia than by the fresh ASM- 1 media , al though this was only ma rginally so 

in the case of the Tokomaru and Okaihau soil materials . Consequently , 

i t  appears p rob ab le that solub le , alga l-extracel lular p roduc t s , including 

alkaline phosphatase , were respons ib le for the increased release of  P from 

the soil materials . 

8 . 3 . 2  I mpor tanc e  o f  algal cell-soil contac t to 

soil phosphorus availab il i ty 

The f a c t  that s o lub le , algal-ext race llular pro duc ts caused only a 

small increase in the amo un t o f  P released f rom the soil  ma terials s tudied , 

and that the t otal amount o f  P released was only a sma l l  f ra c t ion o f  

b io logical ly-availabl e  soil P ( S e c t ion 8 . 3 . 1 ) sugges t that the comb ined 

p resence of the soil and algae , if no t an int imat e  contact b e tween the two , 

i s  required b e fore the maximum amo unt of  soil  P can b e  used b y  the algae . 



Tab le 8 . 2  

Mat erial 

Manawa tu 

Tokomaru 

Okaihau 

Effect  o f  a lgal cult ure media and algal culture filtrate 

on the re lease o f  IP f rom < 30- � m  material f rom three 

soils at a s o i l : solution ra tio of 1 : 5 0 0  

- 1  1 Amoun t o f  IP (� g g ) release d  

Algal cult ure media
2 

Algal culture filtrate2 

1 34 1 4 7  

1 39 1 5 2  

5 8 

4 7 

2 4 

3 4 

1 Total amount o f  IP ext rac ted in three cons e cut ive ext ractions . 

2 Adj usted to  pH 7 .  

1 8 7  
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An experimen tal sys tem was devised to assess the impor tance of 

a lgal-soil contact  in relat ion to the amoun t of soil P found to be 

b iologically availab le . The appara tus and cul t ure proce dures are described 

in Sec t ion 8 . 2 . 2 .  Mi llipore f il ters (< 0 . 4 5 �m) , rather than dialys i s  

t ubing , were u s e d  t o  enclose the parti culate P source ma terial ( <30- � m 

ma terial from ear thwo rm cas ts ) , b ecause their larger pore s i ze woul d 

probab ly al low algal-ext racel lular pro duc ts , s uch as alkal ine phospha tase , 

to pass f rom the algal culture media through t o  the ear thworm cas t m� terial . 

Dialysis memb rane , which is often used fo r the removal o f  inorgan i c  cations 

f rom enzyme preparations woul d probab ly no t have allowed s uch d i f fus ion . 

The res ul t s  are p resented in Fig . 8 . 2 .  The chl concen t ra t ions 

p roduced by , and the alkaline phosphatase a c t ivity o f ,  the individual 

cultures ind icate the relat ive P avai lab i l i ty in each flask . The lack of 

growth ( ch l p ro duc tion) and high alkal ine pho sphatase ac t ivity in the P- , 

control culture confirm that the chl concentrat ion and alkal ine phosphatase 

data directly re flected the availab i l i ty of  the external P source , rather 

than internal algal P s tores . The enclosure o f  the ear thworm cas t 

ma terial by memb rane fil ters grea t ly re duced the availab i l i ty o f  the 

p articulate P to the algae al though a small amo un t of P was re leased to 

the algae over the first  1 1  days of the cul ture . The rate o f  P release 

to the algae was prob ab ly limited by the deso rp t ion of  P f rom the casts  

because i t  had been shown p revio us ly tha t there was rap id d i f f us ion o f  P 

through the memb rane f i l ters . The fact  tha t O . lM NaOH-algal-TP increased 

by 2 2  �g a f t e r  4 days and by 5 2  �g a f te r  1 1  days , clearly illus t rates that 

P was ab le to d i f fuse through the memb rane f i l t ers . At 1 2  and 1 3  days 

the memb rane fil ters in the duplicate flasks rup tured , al lowing con t a c t  

b e tween the c a s t  material and the al�ae ; an immediate increase i n  ch l 
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concen t rat ion occurred with a s imultaneous decrease in alkaline phos phatase 

activi ty . This ini tial increase in ch l concentra t ion was fol lowed by a 

more rapid increase in algal growth , which confirme d that no e f fe c t  o ther  

than the  separation of  the  algae f rom the  cast material had  p reven t e d  the 

utilizat ion o f  ear thworm cas t P by algae . The reason for the rup t ure o f  

the memb rane filte rs is no t c lear . I t  appears that movement o f  th e 

unclamped central area o f  the f i l ter had caused the filter to  tear a t  the 

clampe d  edge . The period during wh ich the f i l ter was intac t ( 1 2 days)  

was sufficient for P d i f fus ion to  have o c curre d . The rup ture o f  the 

filter , however , did no t adve rsely af fec t the experimental result s .  The 

results show that a maximum amount o f  particula te P is b iologically 

availab l e  only when there is contac t be tween the algae and the s o i l . 

8 . 3 . 3  Effec t o f  solution phospho rus concentration on the 

availab i l i ty o f  p ar t icula t e  phas e phospho rus to algae 

Examinat ion o f  the b ioassay data f rom S e c tions 5 and 6 indicate  that , 

in gene ral ,  algae whi ch had o r  were ini tially p resented wi th a readily-

availab le P supply ( i . e . , high P content o f  th e algal inoculum o r  the 

par t iculate P source ma intaine d a re lat ively high solution P concen t ra t ion) 

we re capab l e  of eventua lly depleting mo re soil  P than were mo re severely 

P-s tarved algae . To inve s t igate this further , two b ioassays were carried 

out . Soil  material f rom Tokomaru s i l t  loam , a poo rly-fertilized s o i l , 

was equilib rated in ASM- 1 , P- , N- me dia with 3 dif ferent P addi t ions 

- 1  0 (50 , 100 , and 1 50 u g  P 1 ) for 2 4hr at 2 8  C ,  and was then sub j e c t e d  to  

the routine b ioas s ay p rocedure . 

Tokomaru s o i l  ma terial sorbed mos t  o f  the P added to each cul t ure 

(Fi g . 8 . 3) ;  
- 1  

the a ddi t ion o f  50 , 100 , and 1 50 u g P 1 resulted in 

- 1  
solution I P  concen t ra t i ons o f  2 1 ,  40 , and 6 8  u g  P 1 , respec t ive ly . 
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Anabaena on Tokomaru soil ( < 30 �m) to which P had 

been added (A = 1 50 , B = 100 , C = 5 0 , and 

D = 0 �g P ) . 
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During the f i rs t  9 days , th e rate o f  chl product ion was positive ly related 

t o  the solut ion P concen t ra t ion . The increases in to tal algal produc t ivi ty,  

caused by the addi tion o f  P to  the s oil , were no t un iformly related to the 

amount o f  P adde d .  In fact the ra tio o f  inc reased algal chl : � g P added 

increased from 0 . 004 to  0 . 009 , to 0 . 0 1 4 for 50 , 100 , and 150 � g  P 

addit ions , respec t ive ly . The results s uggested two pos s ib le reasons for  

t his . Firs t ly , a spe c i f i c  amoun t o f  P was being sorbed irreve rsib ly by 

the Tokomaru soil material , making it unavai lab le for algal growth . 

Con sequently , the grea ter the amo unt o f  P added , the greater the amo un t 

wh ich remained in the availab le form .  Secondly , the grea ter and heal thier 

al gal b iomas s ,  p roduced by the addit ion o f  readi ly-avai lab le P ,  was 

capab le o f  utilizing mo re s o il P .  Thus , the grea ter the amoun t o f  added 

P ,  the larger the algal product ion and the greater the demand on so il P .  

I t  has p reviously b een shown ( Sec tion 7)  that afte r  6 days o f  incubat ion , 

only 7% o f  added IP was no t extracted by 0 . 1M NaOH from Tokomaru soil  

mate rial and that 9 7% o f  0 . 1M NaOH-ext rac tab le soil  P was ava ilab le for  

a l gal growth (Sec tion 5 ) . Thus , s o rpt ion o f  P by Tokomaru soil  ma terial 

would not appear to p reven t mo s t  o f  the added IP f rom b e ing used for algal 

growth . 

From the data ob tained in S e c t ion 3 ,  i t  would be expected that the 

addit ion of 50 , 100 , and 150 �g P 1
- 1  

to minimally P-s tarved algae would 

p roduce inc reases in ch l concen t ra t ion of app roximately 0 . 30 ,  0 . 85 ,  and 

- 1  1 . 4 2 � g ml , respe c t ively . In this experimen t 0 . 20 ,  0 . 9 0 , and 2 . 0 5  � g  

- 1  - 1  
chl ml we re p roduced by addit ions o f  50 , 100 and 1 50 � g  P 1 , res pe c tive ly , 

t o  the Tokomaru culture . Apart f rom the 50 � g P 1 - 1  addi t ion , it  appears 

that the h i gher P addi t ions resulted in addit ional amoun ts o f  P being made 

availab le for algal p ro duc t ion . The source o f  this addit iona l P mus t b e  

the so il , wh ich indicates that the second s ugges t ion i s  prob ab ly correc t .  



I n addi t ion t o  creating a greater demand for IP , the inc reased 

concen t rat ion of hydrolytic  enzyme s ( e . g . , alkal ine phospha tas e )  

associated w i t h  t h e  grea ter algal b iomass ( Fi g .  8 . 3) may have b een 

ins trument al in hydro ly z ing increas ed quantities of soil OP . S imilar 

1 9 3  

f indings have b een rep o r ted by McCo l l  ( 1 9 75 ) , who found that t h e  up take o f  

s oil P b y  Chl ore l la increased when s o i l  mate rial was added t o  P solutions . 

S imilar t rends in the relat ionsh ip between the ini tial amoun t o f  

readily-available P and to tal algal growth were obs erved in the b io as say 

data for  ear thwo rm cas t material , from wh ich varying amoun ts of P had b een 

r emoved by wa ter  extrac tion (Fig . 8 . 4 ) . Ryden and Syers ( 1 9 7 7b ) have 

shown that two consecutive extra c t ions with wate r ,  each o f  1hr dura t ion , 

remove only that soil P which is mo re-physically sorbed and whi ch shows 

100% isotopi c  exchangeab i l i ty during 30 min . Cons equen tly , water 

e xtrac t ions can be cons idered to remove a form of P from the ear thwo rm 

cast mater ial wh i ch would normally b e  readily available for  algal growth 

and p robab ly rapidly ass imi lated by the Anabaena during the init ial s tages 

o f  a b ioassay . 

A greater decrease in to tal algal growth per uni t  o f  s ol u t ion P 

removed was ob served ( Fi g .  8 . 4 ) as the amoun t o f  P removed f rom th e soil  

increased ( e . g . , depl e t ion o f  the  re adi ly-availab le soil  P by 20 and 

- 1  3 3  � g  P caus e d  b i omass de creases o f  0 . 5 4 and 1 . 20 � g chl ml , respective ly) . 

The resul t s  s uggested that a decreas e in the amount o f  readily-avai lab le 

s oil P resul t e d  in less total soil  P b e c oming availab l e  for  algal g rowth , 

and also indicated that the greater the reduc t ion o f  readi ly-avai lab le P ,  

the greater the decrease in the amoun t o f  soil  P tha t b ecame avai lab le for 

a lgal growth . The initial availab i l i ty o f  P t o  the algae ( p lo t t e d  as 

the re ciprocal of alkal ine phospha tase a c t ivi ty , Fig . 8 . 4 ) was much lower 

a f te r  wa ter-extractab le P had b een removed f rom the ear thworm cas t s  ( F ig . 8 . 4 ) ; 
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as more water-extractab l e  P was removed s o  P availab i lity dec reas ed . The 

c ul tures exhib i t ing higher ini t ial P availab il i ty produced larger amount s  

o f  algal b iomass in t h e  early stages o f  t h e  incubat ion , which resul ted in 

cons ide rab le di f ferences in algal b iomas s  and in the concen t ra t ion o f  

alkaline phos phat ase a c t ivity b y  day l l .  From day l l  onwards ,  the 

dif ferences in algal b iomass and in the concent ration of e nzyme ac t ivity 

b e tween the three cult ures increased . I t  appears that the greater  the 

algal b ioma s s  and alkal ine pho sphatas e concentrat ion in the latter s t ages 

of growth , the greater the amoun t of P that can be remove d  f rom the soil  

by deso rp t ion o f  IP  and possib ly by hydrolys is of  soil  OP . O ther 

hydro lyt i c  enzyme s and chelat ing agents would also have h igher concen t ra tions 

a t  higher levels of algal populat ion an d thus would be mo re e f fec t ive in 

the deple t ion and the utilization o f  s o i l  P .  The work o f  Miyach i  e t  al . 

( 1 965)  indicates tha t Chlorella elips o de a  is capab le o f  deacylating 

pho�pholipids and us ing the released P .  I t  appears , however , that the 

relative availab i l i ty of soil P to  al gae is no t increas ed ; only the 

amounts o f  P dep leted f rom th e s o i l  are inc reas e d .  Th is point is ma de 

clear by the P availab i l i ty data (Fi g .  8 . 4 ) , whi ch indicate that during 

the lat ter  s t a ges o f  growth , P availab i lity to the algal population was 

very s imilar in al l f l asks . 

8 . 3 . 4  Algal growth on s terile s o il 

To s tudy the p o s s ib le role p laye d  by bac teria and o ther soil  

microorganisms in the  avai lab i lity of  particulate P to  algae , s te r i lized 

and non-s t e r i l i zed samples o f  Tokomaru soil  ma teria l were b ioassaye d . 

The resul t s  are shown in Fig . 8 . 5 .  Unfo rtunately , the s te r i lizat ion 

p ro cedure increased  the concen t ra t ion of solut ion IP maintained by the soil  

material (Tab l e  8 . 3) ,  but decreas ed the  amount s  o f  O . lM NaOH -so i l-lP and 

-OP (TP - IP ) , the l arges t decreas e b eing ob t ained wi th the OP f ra c t ion . 
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Tab le 8 . 3  E f fe c t  o f  s teril izat ion on solution IP and 0 . 1M NaOH-

extrac t able P in Tokomaru soil  material 

T rea tmen t 

Non-s terile soil  

S te ri lized soil  

- 1  Extractab le P ( J.l g g ) 

So lution IP 0 . 1M NaOH 

IP 

6 1 10 

30 106 

1 9 7  

TP 

26 1 

246  

I t  appears that autoclaving caused the hydro lys is o f  some soil  OP . Th is 

result c on t ras t s  wi th the f indings of Filip and Middleb rooks ( 1 9 7 5 )  who 

reported tha t s olut ion IP dec reased in autoc laved samples o f  pond water and 

feed-lot r un o f f  and s ugges ted that this occurred b ecause o f  the forma tion 

of insolub le salts . 

B ec ause o f  the above resul t s , the ob se rved inc rease in algal b iomass 

ob tained wi th the s terilized soil (Fi g .  8 . 5 ) could no t b e  a t t rib uted sole ly 

to the remova l o f  microb ial comp e t i t i on for soil P .  The inc rease in 

solution IP may have been respons ib l e  for the increas ed algal p roduct ion 

as exp lained in S e c t ion 8 . 3 . 3 .  The small increases in algal b i omas s  

produced b y  lake muds , whi h we re s terilized b y  UV rad iation ( Go l t e rman 

e t  al . ,  1 9 6 9 )  sugges t that algae no rma l ly have to compete for avai lab le 

sedimen t P ,  rather than being dependent on bac te ria for the mineralization 

of s e d imen t  P .  Filip and Middleb rooks ( 1 9 7 5 ) , however ,  showed that in 

pond water  and feedlot runo f f , s teriliza t ion by UV rad ia t ion increased the 

solut ion P concent ration . I f  a s imilar e f fe c t  occurred with lake muds , 

then the increase in algal biomas s  could b e  accounted for  by the inc rease 

in s ol u t ion P .  



8 . 4  General Discuss ion 

Solub l e , algal-ext racellular produ c ts were ab le to increase the 

desorp t ion o f  small amo unts of particula te-phas e P ,  presumab ly by the 

ac t ion o f  e i ther  chela t ing agent s  or hydrolyt i c  enzymes . Th is e f f e c t , 

however , appears to be negligib le unless high concentrations o f  s uch 

1 9 8  

so luble products can b e  maintaine d .  The ab i l ity o f  Anabaena to p ro duce 

an ext racel l ular hydroxama te chelator c apab le o f  chelating Fe , and extra­

cel lular pep t ides whi ch complex Fe and P ,  has b een repo rted b y  Murphy 

et al . ( 1 9 76 )  and Fogg and Wes t lake ( 19 5 5 ) , respe c t ively . I f  present in 

the cult ure media , these compounds would increase the releas e of soil  P 

to solution . S imple phosphomonoes t e rs may also have been hydro lyzed by -

alkaline phosphatase (Fit zgerald , 1 9 6 6 ; Heath and Cook , 1 9 7 5 ) . Al tho ugh 

Herbes e t  al . ( 1 9 7 5 )  showed that alkaline pho sphatase did no t release any 

IP from soluble OP compounds in "concentrated" lake wa te r ,  subs trates for  

alkal in e  phosphatase are likely to  have al ready been rap i dly degraded or  

remove d f rom solut ion by  sorp t ion on parti culates . Consequent ly , this 

is no t cons idered as evidence agains t the e f fec tiveness of alkal ine 

phosph a t as e . A lack o f  sub s t ra tes , howeve r ,  may reduce the ecolo gical 

signif i cance of alkal ine phospha tase produced by algae . Heath and Cooke 

( 1 9 75 )  reported that s olub le phos phomonoes ters were presen t  in lake wa ter 

in the parts per  b i ll ion range . Wh ile alkal ine ' phospha tas e may have 

l imi t e d  e f f e c t  on soil  OP hydro lys is , b lue-green al gae are capab le o f  

p roducing several dif ferent pho s phatases and other hydro lyt i c  enzymes , as 

shown by thei r  ab i l i ty to use s eve ral d i f feren t OP compo unds as P s ources 

( Re i chardt , 1 9 7 1 ;  S tewart and Alexander , 1 9 7 1 ) . 

By far the mos t  impor tan t  fac t o r  gove rning the availab i l i t y  o f  

p a r t i c ulate-phase P t o  algae was algal contact with the particulate ma terial . 
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Contact increased the depletion of P from ear thwo rm cas t ma terial by a 

factor o f  appro ximate ly n ine . I t  is p o s s ible  that the high concen t ra t ion 

of chela t ing agents and hydrolyt i c  enxymes , which is cons i dere d  to  be 

required t o  e f fect  soil P deple t ion , can be maintained when there is 

int imate con ta c t  b e tween the algae and the particulate ma terial . 

Fit zgerald ( 1 9 70 )  has demons trated that lake muds contained in dialysis 

tubing were no t ab le to act as P sources for algal growth . Fi t z gerald 

conc lude d that these lake muds we re not a readily availab le source of P .  

Their inab i l i ty to  s upply P for algal growth , however , would appear to be 

partly a result of the condi t ions imposed by the dialys i s  t ubing 

(Golte rman , 1 9 7 3a) , ra ther than by the phosphate chemi s t ry of the lake 

sedimen t s . S aghe r  ( 1 9 7 4) has also shown that muds taken f rom the same 

lakes as  those s t udied by Fi t z gerald ( 1 9 70 )  suppo rted algal g rowth when 

not enclosed in d ialysis tub ing . Fo r b ioas says which require the separation 

of P s ource and algae , memb rane f i l t ers may provide enc lo s ures which al low 

greater p e rmeab i l i ty than dialys i s  t ub ing . Earthworm cas ts  obvious ly 

sus t a ined a sufficiently high solution P concentration to facil itate P 

dif fus ion through the memb rane f i lte r . 

The importance of algal-sedimen t  contact for the maximum utilization 

o f  s e d iment P ,  potentially  has cons i de rab le ecological s igni f icance . 

in shal l ow water , where turb ulen t mixing oc curs , �ould there b e  such 

Only 

con t a c t  b e tween algae and sediment in an envi ronmen t al lowing pho to syn th e t i c  

p roduc t ion ( i . e . , the pho t i c  z one) . Al though iuc r�ased b i.ologicbl � c t ivity 

is o f te n  asso c ia ted wi th shal low areas of lakes , whi ch i s  the result o f  a 

numb e r  o f  f a c t o rs , including l i gh t  int ensity and wa ter  t emperature , i t  i s  

pos s ib le th at t h i s  is also , in part , a response to t h e  c lo ser associat ion 

b e tween p ar t i c ulate-phase nutrien t s  and microbial l i fe in the surface wa ters . 
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The resul ts of ��ilding e t  al . ( 1 9 74 )  i l lus t ra te this point . These  

workers h ave reported that dec reases in  b o t tom sediment P concent rat ions 

in a s hallow lake co rresponde d to p eriods of high biolo gical produc t ivity 

in the surface wat e r . In deeper waters , c lay-s ized materials whi ch 

remain s uspende d  f o r  longer periods o f  t ime in the pho tic zone may be 

the only s igni ficant source of P ( Abbo t ,  195 7 ) . Go l dman e t  al . ( 1 9 7 3 )  

have shown a high co rrelat ion between the extent o f  the s edimen t  plu�e o f  

the Upper  Treckee rive r in Lake Tahoe (California) and b io l o gical 

produc t ivi ty . 

Be caus e part iculate P avai lability  to algae appears to  be dependent 

on int ima te conta c t , there is a real pos s ib i l ity that algal b looms could 

be greatly reduced and wat e r  qual ity imp roved by the removal of s uspended 

par t i c ul a t e  mat erials . The sed iment a t ion o f  part icula tes , howeve r ,  may 

no t b e  c ompletely effective in p reven ting the utilizat ion o f  part iculate 

P by algae . Fitzgerald ( 1 9 7 2 )  has sugges ted that Microcys t i s  sp . may 

as cend f rom the nutrient rich sediment-wa ter int erface with suffi cient 

nutrients to  b loom in the surface wa ters . 

The res ults ob tained from the bioas says o f  Tokomaru s o i l  ma te rial 

wi th added solution P ,  and from the b ioassay of ear thwo rm-cas t ma ter ial 

f rom which varyin� &���� r s  o f  water-extractab le-P had b een removed ,  

il lus t rate the importance o f  an ini t ial , readi ly-available r � ��� l y  to a 

b l ue-green a l gal popula t ion . Mo re vigo rous , P-suf f i c ient algal growth , 

for  reasons ment ioned above , may result in the deple t ion o f  mo re particulate­

phas e P by the al gae , with the even tual produc t ion o f  a grea ter amount o f  

a lgal b iomas s . Gol t e rman e t  al . ( 1 9 6 9 )  have s ugges ted that for th e 

green alga S c enedesmus , nutrien t  con d i t ions a t  the beginning o f  a c ul t ure 

is the main factor  controlling algal growth rate . With a P-as s imi la t ing , 
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blue-green algae , s uch as the Anab aena spec ies used in this experiment , 

i t  is t o  b e  expe cted  that the ini t ial solut ion P concentra t ion will 

in fluence popula t ion developmen t considerably more than the slow release 

o f  P f rom a particulate P source . The resul ts sugges t that the reduc t ion 

of diss olved P concent ration in wa ters wi l l  prob ab ly reduce the s ubsequent 

growth of algae which resul ts f rom the util iza tion of par t i c ulate-phase P .  
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CHARACTERI ZATION OF BIOLOGI CALLY-AVAILABLE 

ORGANI C PHOSPHORUS IN TWO SOILS 

9 . 1  I�t roduct ion 

9 .  1 . 1 Aims o f  Study 
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The c omb ined bioas say-so i l  P fract ionat ion procedure ( S e c t ions 5 and 

6 )  revealed that a large propor ti on o f  soil OP ext rac ted by 0 . 1M NaOH 

was avai lab le for algal growth unde r the experj cnental condit ions emp loyed . 

The resul t s  f o r  the Tokomaru ( F i g .  6 . 9 ) and Manawa tu (Fi g .  6 . 1 4 )  soils  

showed tha t there was complete utili zat ion of  0 . 1M NaOH-OP in these soils  

b y  Anabaena . Consequently , the fo rms o f  soil  OP ext rac ted by 0 . 1 M NaOH 

were cons i dered to be biologically availab le . Any attemp t to i den t i fy 

these fo rms o f  biological ly-avai lab l e  OP mus t necessarily invo lve 

characterizat ion of the OP c ompounds pres ent in the 0 . 1M NaOH extrac t . 

In this S e c t ion , such an a t t empt i s  made . 

Alt hough mos t  workers have u sed NaOH ext rac t ion in a t t emp ts to 

charac terize  the fo rms of s o i l  OP (Sec t ion 2 . 2 . 3 . 2 ) , NaOH may modify 

s everal of the soil OP compounds by hydrolysis and oxidation (B remner ,  

1950) , and by condensat ion rea c t i ons between amino c ompounds and aldehydes 

and pheno lics (Tins ely and Salam , 196 1 ) . Ribonucleic acids and s impl e  

sugar pho sphates are par t icularly susceptib le to  alkaline hydro lys i s  

(Bake r , 1 9 74) . Al though S chni t z er and Skinner ( 1 9 6 8) have reported that 

humic and fulvic acids show very l i t t le modification during alkali extract ion 

Veino t and Thomas ( 19 7 2 )  have s hown that p rec ipitat ion of the humic mat e rial 

f rom an al �line extract can l ead to  an approximately 25% mineralization 

o f  the o rganic P .  O r t i z  de S era and S chni t z e r  ( 1 9 7 2 )  have also found 

tha t  alkaline ext ract ion partially degrades humic acids . I t  may b e  

argue d , however , that any ext ractan t  o f  s o i l  OP would invariab le mo d i fy 

OP compounds during removal f rom the s oi l .  
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Ext ra c ti on with 0 . 1M NaOH a t  room temp erature i s  cons i dered t o  b e  one o f  

the more mil d  ext ract ion procedures that have b een used ( S e c t ion 2 . 2 . 3 . 2 ) 

and i t  would b e  expected that the compounds extra c te d  would b e  lit t le 

modi f ie d .  

Because hydrolysis and o th er reactions may prevent the quanti tative 

i den t i f icat ion of spe c i f i c  s o i l  o rgani c  P compounds in alkal ine extracts  

i t  was decided to charac terize the OP  by separa t ion into humic and fulvic 

fract ions ( acid inso luble and acid soluble , respect ively) and to s tudy 

the mo l ecular weight fra c t ions o f  each by gel chroma to graphy . As sociat ion 

of inos i t o l  phosphate with the fulvic fract ions was stud J e d  because 

Baker ( 1 9 74 )  has shown tha t  inositol  hexaphosphate is particularly 

res istan t  to hydrolysis . Oth er workers ( Cos grove , 19 6 3 ,  1966 ; Mar t in 

and Wicken , 1 9 66 ; Anderson , 19 6 7 ;  McKe rcher and Anderson , 1968)  have 

shown that inositol  polyphospha tes may cons ti tute a large propo rt ion o f  

soil  OP ( Se c t ion 2 )  . 

9 . 1 . 2  Techniques 

Gel chromatography has b ecome a widely-accepted technique for  the 

isolat ion , purificat ion , and fract iona tion of s o i l  o rganic compounds . 

The maj o ri ty o f  s t udies have involved the use o f  Sephadex G gels ( P o sne r , 

19 6 3 ;  Ferrari and De ll ' Agnola , 19 6 3 ;  Butler and Ladd , 1966 ; L indquvi s t , { 

196 7 ;  S chni tzer and Skinner , 19 6 8 ; Ladd , 1969 ; Bulter and Ladd , 1 9 6 9 ; 

Moyer and Thomas , 19 70 ; S teward and Ta te , 19 7 1 ) . I deally , separa t ion o f  

the o rganic compounds acco rding to  mo lecular s i ze should be achieved . 

I t  has b een found , however , that with S ephadex gels , which carry a small  

negati ve charge , adsorp t ion e f fe c ts ( Ge lo t te , 1960 ; Posner , 1 9 6 3 ; 

Gj e s s ing , 1 9 6 5 ; Swif t  and Posner , 19 7 1 ) due to  interac t ions b e tween the 

gel and aroma t i c , phenolic , and he tero cyc l i c  compounds present in humic 
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acids ( Swi f t  and Posne r ,  19 7 1 ) and anion exc lusion e f fects  due to charge 

interact ions between the gel and ionic compo unds of low mo lecular weigh t  

( s uch as inos i tol poly-phosphates)  ( S teward and Tate , 1969) , p revent a 

true f rac t ionat ion acco rding to  mo le cular s i ze . Swi f t  and Posne r ( 19 7 1 ) 

found that b y  packing and eluting S ephadex G ge ls with t ris-HCl buffer the 

maj ority of adsorption interact ions were reduced s o  tha t  an ac cura t e  

separa t ion o f  humic acid ma terial , according t o  mo lecula r s i ze , coul d b e  

achieve d . Swi f t  and Posne r  ( 1 9 7 1 )  conc luded that whereas Sephadex G ge ls 

were sui tab le for low and intermedia te mo lecular weigh t  humi c acids , 

agarose based gels provi d ' d a b e t ter media for s eparation according t o  

!o�Olecular s i ze , i n  t h e  f rac t iona t ion o f  higher mole cular weight humic acids . 

S t rongly alkaline e l uan ts ( pH 1 3) have been shown to  increase the 

degree of exc lusion of low mo lecular weigh t  ioni c  compounds f rom S ephadex 

G-2 5  ( S teward and Tate , 1 9 6 9 ) . Use o f  0 . 1M alka li with the mo re-lo osely , 

cross-l inked dext ran gel S ephadex G-5 0 has been f ound to  al low the 

partial inclus ion of inos itol  po ly-phospha tes , while more comp lex ma terial 

remains excluded ( S t eward and Ta te , 1 9 7 1 ) . S teward and Tat e  ( 1 9 7 1 )  s ugge s t  

that t h i s  o f fers a use ful alternat ive to humi c a c i d  precip i tation and 

hypob romi te oxida t ion for the removal of mo re complex organi c  ma t te r  during 

the i s o la t ion of ino s i t o l  po lyphospha tes . 

The ionic charge o f  the phosphate ion o f  OP es ters allows f o r  the i r  

separation using anion exchange res ins . Ha rk on the s eparation o f  pure 

pho spha te es ters ( B a r t le t t ,  1 9 5 9 )  h as led to the use of two main sys tems ; 

res ins in the chlo ride form eluted with HCl and res ins in the forma te 

form e luted wi th formic acid o r  ammonium formate . Elution o f  the ch loride 

res in f o rm with HCl , howeve r ,  does no t al low for  the separat ion of I P  f rom 

sugar phos phates ( Bartle t t , 19 59)  but does p e rmit s ugar phosphates  to be 

grouped and separa ted f rom nucleot ides and coenzymes (Lerner and 

1 ( 4 1 4ml of 1M, 2-amino-2 ( hydroxymethyl) -propane- 1 , 2  dial + 50ml 1M HCl 1 ) . 
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S ch epar t z , 1 9 6 8 ) . Us ing the formate resin form with formic acid as the 

e luant , Bartle t t  ( 1 9 5 9 )  was ab le to  separa te s ugar phosphates f rom each 

o ther and f rom IP . Improved separat ions o f  s o i l  OP , such as ino s i t o l  

po lyphosph ates , are achieved when the OP compounds have b een isolated 

f rom the more complex mat erial p re sen t in soil extracts b y  pre c ip i t a t ion 

as barium salts (Hals t ead and Ande rson , 19 70)  prior to their c onve rs ion 

to free e s ters and addition to ion exchange res ins . Who le soil  ext rac ts , 

however , may be added to ion exchange res ins (Mar t in , 19 64a) . 

I on-exchange ch romat ography has been used extens ively to  s t udy the 

forms and amoun ts of ino s i tol po lyphospha tes in soils ( Co sgrove , 1 9 6 3 ;  

Anders on , 1964 ; Mar t in and Wicken , 1966 ; Ande rson , 19 6 7 ;  McKercher 

and Ander son , 1968 ; Moyer and Thomas 19 70 ; Osomoto and Wild , 19 70 ; 

Anderson and Malcolm ,  1 9 7 4 ) . S everal comb inat ions of resin form and 

eluan t h ave b een used . Gradien t e lut ion o f  the ch loride form o f  resin 

with H Cl ( Co sgrove , 1 96 3 ;  Moyer and Thomas , 1 9 70 )  invo lves the least 

number of s t eps and p rovides an e f f e c t ive separa t ion o f  ino s i tol p o ly-

phosphates . Osomo to and Wild ( 1 9 70 )  have s l igh t ly mo di fied the me thod o f  

Cosgrove ( 1 96 3) t o  ob tain 7 inos itol P fract ions from a soil extrac t .  

Inos i to l  po lyphospha tes are usually iden t i f ied by the comparison o f  the i r  

elution position with the elution pos i t ion o f  known ino s i t o l  polyphospha t es 

on the s ame res in column . The s tandard myo-ino s i to l  po lyphophates used 

can be i denti f ied by the ra tio o f  P to ino s i t o l  present in a pure 

p recip i tate . Ino s i t o l  conten t may b e  determine d by b ioassay us ing 

S chizos accharomyces pombe , f o r  which the myo-isomer o f  ino s i t o l  is an 

es sential growth fac t o r  ' (Norris and Darbre , 1 9 5 6 ) . 



9 . 2  Mat e rials and Me tho ds 

9 .  2 .  1 Soil  e xtrac ts 

The 0 . 1M NaOH ext rac ts f rom the < 30 -�m ma t erial o f  Tokomaru s i lt  
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loam and o f  Manawatu silt loam were used throughout this s tudy . The term 

"soil" there fore refers to  < 30-�m ma terial in this Sect ion . The hu:ni c 

and fulvi c f rac tions we re immedia tely separa ted from the filtered 

(Millipore , < 0 . 45 � m) , 0 . 1M-NaOH soil  extracts  by the fol lowing me th :J d : 

( 1 ) The pH o f  the extrac t was adj us ted to  pH 2 with concen t rated 

HCl  which was store d  ove rni gh t  a t  4° C .  

( 2 ) The precipi tated humic ma terial was separated by centrifuga t ion 

( IEC UV Centri fuge , 2500 rpm for 2 0min) and decan t a t ion of the 

acid-solub le fulvi c material , whi ch was adj us ted to pH 7 .  

( 3) The humi c ma terial was redissolved in 0 .  H1 NaOH and s teps 1 

and 2 repeate d .  

( 4) The humic mater ial was adj us ted to pH 7 wi th 0 . 5M NH40H to  

give the ammonium salt , whi ch was recovere d by f reeze-dry ing 

and s t o red a t  4°C .  

( 5 )  The large vo lume o f  fulvi c ma terial was concen trated b y  f re e ze 

drying and the samp le s tored a t  - 1 5 °C .  

9 . 2 . 2  Gel chroma tography 

Agar gel ( Oxo i d , Ionagar No . 2 ,  12%)  was prepared according to the 

me thod of Andrews ( 1 9 6 2 ) , and was ground us ing a ro tating blade h omogeniser  

to  pass a 250-� m  sieve . The s i � ved granules we re tho roughly washed in 

dis t i l led water and then in a carb ona te-b i carbona te buffer , pH 8 . 5  

- 1  ( 4 . 6 8 g  NaHC0 3 + 0 . 50 6 g  Na2 co 3 1 ) .  An agar gel column (50 x 2 . 5 cm) was 

p repared by pouring agar gel granules , whi ch we re suspended in the 



carbonate-b icarbonate buffer , into a vertical glass chroma tographi c  

c o lumn a n d  al lowing the buffer to  flow through under gravi ty . 

2 0 7  

S ephadex G- 10- 1 20 ,  G-2 5 -80 , and G-5 0-80 were a l l  p reswollen in the 

eluant to be used b e f o re the columns were es t ab l ishe d .  Details o f  

column s iz e  and eluant s  us ed are given i n  the p resentat ion o f  resul ts . 

Blue dextran and tri t iated wa ter ( 3H
2o) were used to determine the vo i d  

( Vo)  a n d  internal (Vi) vo lumes o f  the gel beds for  the cal culat ion o f  

K d  val ue s  (Determann , 1 9 6 8 )  . Cons tant flow-ra tes were maintained in 

both S ephadex and ion-exchange chromato graphy by the use of a Tech i c on 

Auto-analyser pump . The IP and TP concentrat ions of al l fract ions , 

eluted from agar gel , S ephadex G ,  and ion-exchange co l umns , were determined 

in the respect ive e l uants , as des c ribed in S e c t ion 3 .  The relat ive 

concent ration o f  o rganic ma terial present in the f rac t ions from the agar 

gel and S ephadex G columns was determined by measuring the ab sorbance o f  

the f rac t ions a t  400nm ( Unicam S P  1 800B Ult raviolet S pec tropho tome t e r )  

( Swi f t  and Posner , 19 7 1 ) . 

To tal Fe concen t rat ion in the fract ions , ob tained from agar gel and 

S ephadex G chroma t ography , were determined us ing a Perkin-Elmer 306 a tomic 

ab s o r p t ion spe c t ropho tome ter . 

9 . 2 . 2 . 1 Frac t ionat ion o f  humi c ma terial 

Free ze-dried ammonium humate ( 0 . 0 3g) was dissolved in 2ml o f  

carb ona te-b icarb onate b uf fe r  o f  pH 8 . 3  ( Swi f t  and Posne r , 19 7 2 ) . With 

the aid of a f ine pipette the huma te solution was care f ul ly added to  the 

agar gel column ( 5 0 x 2 . 5 cm) b efore elution wi th carbonate-b icarb onate 

buf f e r . Fra c t ions ( 3 . 5ml) were collected unt i l  the ab sorbance o f  the 

eluate a t  400nm returned to  i t s  pre-elut ion value . To tal Fe and P 

conc en trat ions o f  the fract ions were then determined in s ui tab le al iquo ts . 
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9 . 2 . 2 . 2  Frac tionat ion o f  fulvic ma terial 

Becaus e of the high NaCl content of the · concen t rated f ulvic 

ext rac t ,  p reliminary inves tigations into the elut ion pat tern of ino s i t o l  

hexaphosph ate i n  t h e  p resence o f  a s imi lar NaCl concentrat ion t o  the 

fulvic extract we re carried out . The NaCl concent ration pres ent had no 

s igni f icant effect  on the elut ion of inos i t o l  hexapho sphate f rom S ephadex 

G-5 0-80 by 0 . 1M NaOH . The me tho ds o f  S teward and Tate ( 1 9 7 1 ) we re used 

for the e lution of the concen trated fulvic extract f rom S ephadex G-25-80 

and G-5 0 -80 , by 0 . 1M NaOH . 

S ephadex G- 10- 1 2 0  was used in a later s t udy o f  small mo lecular 

weigh t f rac t ions c o l l e c ted f rom the elut ion of the fulvic ext ra c t  f rom 

Sephadex G-50-80 . In all cases , the sample was washed into the gel bed 

with the minimum amoun t o f  eluan t befo re e l ut ion wi th 0 . 1M NaOH . 

De tai l s  o f  sample s i ze added and fract ion s i z e  collec ted are given in the 

app ropriate Figure . Elut ion o f  the S eptadex columns was cont inued un t i l  

the ab sorbance o f  the eluate had returned to its  p re-e lution value . 

To tal Fe and P concen t rat ions o f  the fract ions we re determine d  in s ui tab le 

aliquo t s . The P peaks < ' n the e lution c urve were then iden t i fied an d 

the respec t ive f ract i ons we re bulked and concentrated by partial freeze 

dry ing , for the deterima t ion o f  ino s i t o l  po lypho spha te concentrat ions in 

ma terial f rom each peak .  

9 . 2 . 3  De te rminat ion o f  inositol  po lyphosphates 

Ini t ially , inos i tol po lyphosphates were precipi tated f rom the fulvic 

ext ract of Tokomar u  s il t  loam by the f o l lowing me thod ( Baker , 1 9 7 7 ) : 

( 1 ) The f ulvic extra c t  was adj us ted to  pH 9 with NH40H 

( 2 ) Al l P c ompounds were precipitated by adding 10ml o f  1 5 %  BaC1 2 

f o l l owed by 2 vo l umes o f  e thano l . 

a t  4 °C overnigh t . 

The mixture was main tained 



( 3) The pre c i p i tate was r emoved by cent r i fuga t ion a t  2 7000 x G 

( Sorva l l  S uperspeed RC2 B )  and washed twice wi th 50% e thanol 

and once with ab so lute e thano l . 

( 4 )  E thano l was evaporated o f f  a t  room t emp , leaving a s li gh t ly 

mois t p recipitate . 

( 5 )  The phos phates were then conve r ted t o  thei r acid form b y  

st irring the barium precipita te wi th Amberlite I R  1 2 0  (H+) 

res in in a small volume of dis t illed wa ter . 
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( 6 )  The s o lu t ion o f  aci d-so lub le phosphates was s epara ted from the 

res in by f i l t ra t ion (Whatman No . 1  f ilter  paper) and s tored at 

- 1 5°C .  Al iquo t s  of this solut ion were f rac t ionated us ing a 

micro-co lumn ( 10 x 0 . 2cm) o f  Dowex-AG 1 x 8-200 �hloride fo rm) and 

eluting wi th an HCl gradien t .  

S odium ino s i to l  polyphosphates we re p repared from the S ephadex G-5 0  

f ract ions b y  the purificat ion pro cedure o f  Moyer and Thomas ( 1 9 70 ) . The 

condensed solut ions were s t o red at - 15 °C .  Aliquo ts o f  these solut ions 

were f rac t ionate d  us ing the micro anion-exchange column pro cedure also 

des c r ib ed by Moyer and Thomas ( 1 9 70) . De tails o f  samp le s ize , col uiT� 

dimens ions , and e lua te f rac t ion s ize are given with the res ul t s . The TP 

concentration o f  e ach f rac t ion was determined . The elut ion p a t t e rn o f  

the s o i l  ino s i t o l  phosphates was compared with the elution p a t t e rn o f  a 

hydrolysate o f  s odium ino s i to l  h exaphosphate , whi ch was prepared f rom 

calcium ino s i t o l  h exaphosphate ( S igma Chemical s )  by the me thod of Cosgrove 

( 1 9 6 3 )  and hydrolyzed by the method o f  Desj ob ert and Petek ( 1 9 5 6 ) . 

Ino s i t o l  polyphosphates were i dent i f ied in the eluted peaks , from the 

fract ionat ion o f  the hydrolysate , by compari son to the elut ion pat terns 

ob tained by Moyer and Thomas ( 1 9 70 )  and by the inos i tol : P  rat io in the 



f rac t ion o f  each peak that had the highest  P c oncent ration . 

The inos i t o l  concentrat ion was de termined by the bioas s ay me thod 

o f  Norris and Darb re ( 1 956) , as mo di fied by Paranj apye e t  al . ( 1 9 6 5 ) . 

9 . 3  Results and Dis cuss ion 

2 10 

O f  the OP p resent in the 0 . 1M NaOH extract f rom the Tokomaru s o i l  

(based on the ge l-ch romatography fract ionat ion results , discussed b e low) , 

35% was humic-OP and 65% was f ulvi c-OP . 

9 . 3 . 1  Fract iona tion o f  humic material 

The elution pa ttern of the organic ma t ter ( absorbance at 400nm) 

and th e Fe and P contents o f  the fra c t ions co llec ted from the agar-gel 

chroma tography of the humi c acid f ract ion of Tokomaru s i lt  loam are shown 

in Fig . 9 . 1 .  The re sults indicated that there was total recovery o f  humic-

P f rom the column . I t  i s  thought that the fract iona t ion technique us ed 

here , allows cont inuous fract ionat ion th roughout the mo lecular weight 

distrib ution ( Swi f t  and P osner , 1 9 7 2 ) . By direct  comparison with the 

work of And rews ( 19 6 2 ) , the mo lecular we i ght of the humi c ma terial appears 

to ran ge from below 1 0 , 000 to ab ove 70 , 000 , with the maj o r  o rgan i c  ma t t e r  

f ract ion having an approximate mo l ecular wei gh t  o f  1 0 , 000 . Higher TP 

concen t ra t ions we re asso c ia te d  wi th the h igher mo lecular wei ght ma terial , 

whi ch appeared as a shoulder ( frac t ions 2 8  and 2 9 )  to the main peak (Fig . 

9 . 1 ) .  The TP concen tration per uni t  o f  organi c  material for  thes e 

fract ions was considerab ly higher than in any o f  the o ther f ra c t ions 

eluted . In f a c t  TP concentrat ion per uni t  o f  o rgani c  material decr eased 

as the mo lecular weigh t  o f  the h umic material decreased . A s imi lar t rend 

was ob served for  the association o f  Fe with the organi c  ma t t e r  (Fig . 9 . 1 ) . 

High concen t ra t ions o f  Fe were only associated with the higher mo lec ular 
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weigh t  f ract ion s . I t  was also no t i ceable  that mos t  of  the TP was only 

associated wi th the o rganic matter f rac t ions containing Fe . I t  was 

assumed that the Fe , organi c  ma t ter , and P were part of the same complex 

b ecause Fe i s  re t aine d b y  the gel (espec ially under alkal ine cond i t i on s )  

unless it  is comp lexed with organ i c  ma t ter ( Plumb and Lee , 1 9 7 3) . Al though 

in the presence o f  NaOH , the hydroxofe rrate ion may fo rm ( S cholder , 1 96 5 ) , 

i f  present i t  should b e  eluted after the organi c  materia l ,  b ecause i t  is 

suffi cient ly small to e as ily dif fuse into the agar gel . Consequen t ly , 

the re sul ts s uggest  that a humic-Fe-P complex is a maj or form o f  humi c-P 

ext rac ted from Tokomaru soil mate rial by 0 . 1M NaOH . 

9 . 3 . 2  Fractiona t ion of  the fulvic extract  from Tokomaru soil 

9 . 3 . 2 . 1  Us ing Sephadex G-25-80 

The data in Fig . 9 . 2  show the elution patt erns o f  o rgan i c  

mat t er , Fe , TP , and I P  ob tained f rom t h e  fract ionation o f  the 0 . 1M-Na0H 

extract o f  th e soil us ing Sephade x G-2 5 . Th e elution vo lumes o f  dext ran 

b l ue ( Vo )  and t ri t iated wa ter ( Vi + Vo) thro ugh th e same co lumn allowed 

the calcul a t ion of  dis t ribution coe f f i c ien t s  (Kd) for the P p eaks f rom 

their elut ion volume ( Ve) : 

Kd (Ve - Vo ) I Vi 

TI1 e e l u t ion pat t erns of  organic mat t e r  and TP were clos ely related , 

al though the o rganic mat t er peak (Kd = 0 . 8 3) e luted las t was not associated 

with OP but  was eluted s imultaneous ly with the maj or IP fract ion . Very 

lit tle Fe was associated wi th the excluded organic ma tter  (Kd = 0 ) , although 

Fe concen t r a t ion did p eak s ligh t ly in f ra c t ions 8 and 9 .  The maj o r  Fe 

peak ( Kd = 0 . 7 4 )  appeared to b e  as sociated with a small organi c  ma t ter peak 

with wh ich OP , but large ly IP , was also  e l ut e d . Because there was partial 

separation of the f inal organi c mat t e r  (Kd = 0 . 8 3 )  and the Fe (Kd = 0 . 74 )  
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peaks , the two were no t cons i dered t o  b e  as so cia ted with each o ther 

(see S e c t ion 9 . 3 . 3 . 2 ) . 

2 14 

The resul t s  indicate that the maj o r  form o f  OP present in the 

fulvi c a c i d  ma terial extrac ted f rom Tokomaru s i l t  loam is exc luded from 

Sephadex G-2 5 and can there fore b e  c ons ide red to have a mo lecular we igh t  

> 5 , 000 ( s ee S e c t ion 9 . 4) . The remainder o f  the OP o ccurs as a s l igh t ly 

inc luded f ra c t ion ( a  shoulder to the main peak , fract ions 15  - 1 9 )  and 

small OP molecules of mo lecular we i ght � 1000 , that are eluted j us t  before 

(Kd = 0 . 74 )  and s imul taneously to  I P . 

associated with Fe . 

The OP (Kd = 0 . 74 )  appears to be 

9 . 3 . 2 . 2  Us ing S ephadex G-50-80 

The OP f ract ions excluded f rom S ephadex G-2 5 and the s li gh t ly 

inc lude d o rgani c P fract ions ( A in Fig . 9 . 2 )  were bulked , concentrated 

by f reeze dry ing , and f rac t iona ted using S ephadex G-50 and 0 . 1M NaOH as 

the eluan t . The elut ion pat tern is shown in Fig . 9 . 3 . Total recove ry 

o f  the TP eluted through the column was ob taine d .  Some o rgani c  ma tter  

was excl uded f rom the gel (Kd  0 . 0 2 ) ; OP which prob ab ly cons i s t e d  o f  

ma terial having a mo lecular we i gh t  > 30 , 000 , was also as s o c iated with 

this p eak . The maj ority o f  o rgani c  mat ter  was sl igh tly included 

(Kd = 0 . 1 7 ) , s uggest ing a mo lecular wei gh t o f � 30 , 000 . Thi s  o rganic 

ma t ter was as so ciated with OP peaks having Kd values of  0 . 26 and 0 . 40 . 

As with the S ephadex G-25 fract ion a t ion , the f inal peak o f  o rganic ma tter  

was highly coloured and was eluted  with a large amoun t of  IP and a small 

amount of OP . This indicated th e presence o f  OP ma terial o f  mo lecular 

wei gh t  � 1 000 , which may have arisen par t ly from the b reakdown of higher 

molecular wei gh t  OP material during the c oncentrat ion s t eps involved in 

p reparing the mat e rial for f rac t i onat ion on S ephadex G-5 0 . 
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The e lu tion pat tern o f  TP did no t show a dis tinctive peak indicating 

the presence o f  inos i t o l  po lyphosphates ; this would be expec ted to appear 

with a Kd = 0 . 40 ( S teward and Ta te , 1 9 7 1 ) . A small peak did appear wi th 

Kd 0 . 40 but  as this only differed f rom the fract ions in close p roximi ty 

- 1  by 0 . 3 �gPg soil , i t  was no t considered s igni ficant . In o rder to 

confirm the ab sence or presence o f  ino s i t o l  po lyphosphates in the O . l M NaOH 

extrac t ,  the fulvic ma terial , wi thout the S ephadex G-25 p re treatmen t , 

was f ra c t ionated using a l onger co lumn o f  S ephadex G-50 . The el ut ion 

pat tern is shown in F i g .  9 . 4 .  There was to tal re covery o f  TP eluted 

through the column . A greater s epara tion b e tween excluded , partially 

included ,  and to tally included P forms was achieve d .  Als o  the f inal peak 

o f  organ i c  mat ter , whi ch in previous f ract ionations had b een eluted w i th 

the IP , was now eluted s l ightly b e fore IP . The OP material o f  low 

mo lecular we ight was s t ill eluted with the IP . Al tho ugh greater separa tion 

of the f ract ions was achieved , the results s ugges ted that only a small 

amount of  the OP in the fulvi c frac t ion cons is ted o f  f ree ino s i to l  

polyphosph ates , b e cause only a small peak appeared with a K d  o f  0 . 4 .  

9 . 3 . 2 . 3  I dentification o f  ino s i t o l  polyphosphates  by 

ion-exchange chromatography 

In order to fa cilitate ident i f i c a t ion of ino s i t o l  p o lypho sphate 

peaks in the TP elut ion patterns of the S ephadex G-50 fractions elut ed 

f rom the ion xchange column , ino s i t o l  po lyphospha tes were i den t i f i e d  in 

the TP elut ion pattern ob tained from the frac tionation of an inos i t o l  

hexaphosphate hydro lyzate . The me thod is des cribed in Sec t ion 9 . 2 .  

Th e bioas say o f  inos i tol gave the P : :Lnosit o l  ratios shown in Fig .  9 . 5 .  

Reliab le results were only ob tained when the phosphates o f  each frac tion 

were f i rs t  p recipi ta ted as barium phospha tes b e fore the hydro lysis and 
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Fract ionat ion of the 0 . 1M NaOH fulvic extrac t from 

Tokomaru soil ( < 30 �m) on S ephadex G-50 us ing 0 . 1M 

NaOH as the e luant (sample s iz e  

40 x 2 . 5cm,  and frac t ion vo lume 

1 5  ml , column = 
5ml) . 
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Fra c t ionation of ino s i t o l  h exaphosphate hydrolyza t e  on 

i on-exchange resin ( lOO - 200 mesh , chloride form) using 

gradient elution wi th HCl (- -) ( sample volume = 0 . 4ml , 

c o l umn = 10 x 0 . 2 cm ,  and fract ion volume = l . Sml) . 

+ = ratio o f  P : inos ito l .  The p eaks are numb ered 1 - 6 

f o r  comparison with o ther elution patterns and are 

d i s cuss ed in the t ext . 
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b ioassay procedures . From the ra t ios ob tained i t  was only p o s s ib l e  to 

rel iab ly i dent ify peaks 4 ,  5 ,  and 6 as inos i t o l  tetraphosphate ( iP4 ) ,  

inositol  pentaphosphates ( iP5 ) ( two p eaks ) , and inos itol hexaphosphate ( iP6 ) .  

Peak 2 appeared t o  contain inositol  contamina ted by IP ; peak 3 may have 

been a mixture of inos i tol diphosphate ( iP 2 ) and ino s i to l  triphosphate 

( iP 3) .  Peak 1 was identi fied as IP f rom the elut ion of  KH2Po4 b ut also 

appeared t o  c ontain s ome inositol . Os omo to and Wild ( 1 9 70 )  have reported 

the presence o f  iP 1 , iP2 , and iP 3 in this frac t ion . 

Ini t ially , ino s i t o l  po lyphos pha tes prepared from the who le fulvi c 

fract ion by the me thod o f  Baker ( 19 7 7) we re frac tiona ted us ing the ion-

exchange res in . The TP elut ion pat tern is shown in Fi g .  9 . 6 .  A large 

amount of c omp lex OP was s t i l l  present in the extract and was not adsorbed 

by the ion-exchange res in , b eing freely e lu ted from the column by di s t i l le d  

water ( fract ions 1 - 4 ) . Cons ide rab l e  amounts o f  IP ( peak 1 )  and TP 

( peak 2 ) , though t to  be a mixture o f  iP 1 , iP2 , and iP 3 , appeared in che 

eluted frac t ions . Only small TP p eaks , equivalent to p eaks 3 ,  4 ,  5 ,  and 

6 of the standard elut ion pat tern , were d i s t inquishab le above the b ackground 

levels  of TP . 

In o rder to ob tain clear e l ut ion p a t terns , from wh ich ino s i to l  

polypho sphates could b e  iden t i f ie d , i t  was decided to  s t udy the higher 

mo l ec ular weigh t OP ma terial separately f rom the lower mo l ecular we igh t  OP 

material and to puri fy the pho sphate forms by the procedure o f  Moyer and 

Thomas ( 1 970) . Therefore , the fulvic OP excluded from S ephadex G-5 0  

( frac t ions 7 - 2 2 ,  Fig . 9 . 4 )  and fra c t i ons 23  - 37 , corresponding to  th e 

theo re t i cal pos i t ion of  ino s i t o l  po lyphosphate ( Kd = 0 . 4 ) , ( S t eward and 

Tat e , 19 7 1 )  were bulked and p re pared by the method o f  Moyer and Thomas 

( 19 70 ) , for i on-exchange chromat ography . 

The resul ts o f  the i on-exchange ch roma tography a re shown in Fig . 9 . 7  
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Fract 1on n u m b e r  

Fract ionat ion o f  ino s i t o l  po lyphosphates , p repared f rom the 

0 . 1M NaOH fulvic extra c t  of  Tokomaru soil ( <30 � m) by the 

me thod of Baker ( 19 7 7 ) , on ion exchange resin ( 100 - 200 

mesh , chloride form) us ing gradient elution with HCl (sample 

70 

s iz e  = 1ml , c o lumn 1 0  x 0 . 2cm , and fra c t ion volume = 1 . 4ml ) . 

The numb ered peaks are dis cussed in the t ext . 
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and Fig . 9 . 8 .  During the prepara tion o f  the samples , ove r 70% o f  the 

OP was hydrolyzed , h ence the results are expres sed as � g  P per f ra c tion , 

rather than - 1  
� g P g soil . 

The hydro lyzate o f  the OP excluded from S ephadex G-50 gave elut ion 

TP peaks ( Fi g . 9 . 7) corres ponding to all the peaks ident i fied in Fig . 9 . 5 .  

Relat ive ly mo re o f  the lower inositol  P es ters (peaks 2 ,  3 ,  and 4 )  were 

p res ent than iP5 and iP6 ( peaks 5 and 6 ) , whi ch appeared only in t race 

amounts . I t  i s  p robab le that the puri fication procedure caused some 

hydrolysis o f  iP6 (Moyer and Thomas , 19 70 ; Osomo t o  and Wil d , 19 70) , which 

p rob ab ly resul ted in the ove res t imat ion o f  th e lower es ters o f  ino s i t o l  

po lyphosphate . The puri fication proce dure was suc cess ful in removing 

amounts of  the mo re comp lex OP becaus e the amount of  P no t adsorb ed by 

the resin was cons iderab ly reduced . Th e TP peak ( 7 ) , eluted af ter the 

peaks assumed to be iP6 , may have b een due to the s cyllo-isome r of iP6 

(Moyer and Thomas , 1 9 70 ; Osomo t o  and Wild , 1 9 70 ) . 

The TP elution p a t tern ob tained for the ion-exchange chromatography 

of Sephadex G-50 , frac t ions 23 - 37 (Fi g .  9 . 8) c learly shows large peaks 

( 2  and 3) , assumed to be iP 1 , iP 2 , and iP 3 ; only trace amounts o f  iP4 and 

iP5 were de t e c t e d .  Al though i t  i s  p robab le that iP6 exis t s  in this 

frac t ion , t he c ons iderable hydro lysis o ccurring during the purificat ion 

procedure s ugge s ts it is likely that iP6 was hydro lyzed to form the lower 

inosito l  po lyphospha t e  es ters and IP . Us ing the same p ro cedure , Moyer 

and Thomas ( 1 9 70) found that the recovery o f  s t andard ino s i t o l  

hexaphosph a t e  after puri fication was only 34 % .  

9 . 3 . 3  Frac t ionat ion o f  the fulvic extrac t from Manawa t u  s o i l  

9 .  3 .  3 . 1 Us ing S ephadex G-·50 -80 

The elut ion patterns of o rgan i c  matter , TP , and IP f rom the 
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10  70 
Fract 1on n umber 

F rac t iona t ion o f  inositol  po lyphosphates , p repared f rom 

S ephadex G-50 fract ions 7 - 22 by the method o f  Moyer and 

Thomas ( 1 9 70 ) , on ion-exchange resin ( 100 - 200 mesh , chloride 

form) us ing gradient elution with HCl ( samp le s i z e  1ml , 

column = 1 0  x 0 . 2 cm , and f ra c t ion vo lume = 1 . 6ml ) . The 

numb ered p eaks are discussed in the text . 
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F r a c t i o n  n u m b e r  

Fract ionat ion o f  ino s i t o l  po lyphosphates , prepared f rom 

S ephadex G- 50 fract ions 23 - 37 by the me thod o f  Moyer and 

Thomas ( 19 70 ) , on ion-exchange res in ( lOO - 200 mesh , 

chloride fo rm) us ing gradient elut ion with HCl ( samp l e  size  

= lml , column = 1 0  x 0 . 2cm , and fract ion vo l ume = l . Sml ) . 

The numbered peaks are discus s ed in the text . 
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fractiona tion o f  th e f ulvic material us ing S ephadex G-50 and 0 . 1M NaOH as 

the elutant ( Fi g . 9 . 9 )  were s imilar to the pa t terns for the Tokomaru 

f ulvic mat erial . Much larger amo unt s  o f  IP were presen t , howeve r ,  and 

a s igni fi can t OP peak was eluted wi th a Kd o f  0 . 40 ;  this was assume d to 

be inos i t o l  polyphosph a te ( S teward and Ta te , 1 9 7 1 ) . Compared to the 

to tal amount of P p resen t  only a small amo un t of OP was excluded fror1 the 

ge l (Kd = 0 ) , s howing that the maj ori ty of OP had a mole cular weight 

< 30 , 000 . The fract ions were b ulke d as fol lows : 8 - 1 7 ,  1 8 - 2 8 ,  and 

29  - 35 , reduce d in vo lume by part ial freeze d rying , and p urified by the 

me thod of Moyer and Thomas ( 1 9 70 ) . Al iquots  of the puri fied fract ions 

were eluted through columns of ion-exchange resin . 

9 . 3 . 3 . 2  I dent i ficat ion o f  ino s i t o l  po lyphos phates by 

ion-exchange ch roma tography 

The TP elut ion patterns of the puri fied Sephadex G-50 fract ions , 

ob taine d  us ing ion-exchange chroma to graphy , were compared to the TP 

elut ion p a t tern in Fi g .  9 . 5 in o rder to identify the p resence o f  inositol  

polyphosph ates . When the OP whi ch had been excluded f rom S ephadex G-50 

( f r ac t ions 8 - 1 7 ,  Fig . 9 . 9 )  was eluted from the ion-exchange column , the 

TP e lution pat tern contained peaks equivalen t to t race amoun ts o f  all  the 

inosito l  p o lyphosphate esters ( Fig . 9 . 10) . A large amo un t o f  comp l ex 

OP was not  adsorbed b y  the resin and was eluted with dis tille d  water 

( fract ions 1 - 4 ,  Fig . 9 . 10 ) . The large IP peak ( 1 ) indicated that 

cons ide rab le h ydro lys i s  of OP h ad oc curred during the purificat ion 

pro cedure . The elut ion of a TP p eak ( 7 ) a t  fraction number 72  suggests  

the pre sence of  a sma l l  amoun t of  th e s cyllo-isomer o f  iP6
. 

The TP e lution patt ern ( Fi g .  6 . 1 1 ) o f  the Sephadex G-50 fract ions 

1 8  - 2 8 , whi ch were t hought to include free inos itol polyphos phates , 

indicat e d  the presence o f  larger amoun ts o f  all inosi t o l  po lyphosphates , 
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Fract ionation o f  t h e  O . lM NaOH f ulvic ext ra c t  f rom 

Manawatu s o i l  ( <  30 �m) on S ephadex G-5 0  us ing 

O . lM NaOH as the e luant (sample s ize = lOml , 

column = 38  x 2 . 5cm , and f rac tion volume = 4 . 5ml ) . 
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F r a c t i o n  n u m b e r  

Fract ionation o f  ino s i t o l  polyphosphates , prepared from 

S ephadex G-50 fract ions 8 - 1 7  by the method of Moyer 

and Thomas ( 1 9 70 ) , on ion-exchange resin ( 100 - 200 

mesh , chloride f o rm)  us ing gradient elutio n  wi th HCl 

( s ample s ize 2ml , column = 10 x 0 . 2cm,  and f rac t ion 

vo lume = 1 . 5  ml) . 

the t ext . 

The numbered peaks are discus s ed in 
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Fig . 9 . 1 1 Frac t ionat ion o f  ino s i t o l  po lyphosphates prepared f rom 

S ephadex G-50 f ract ions 1 8  - 28 by the me tho d o f  Moyer 

and Thomas ( 1 9 70 ) , on ion-exchange resin ( lOO - 200 

mesh , chloride form) us ing g radient e lution with HCl 

( sample size = 2ml , c o l umn = 1 0  x 0 . 2cm,  and fraction 

volume = 1 .  Sml ) . 

the t ext . 

The numb e red peaks are dis cussed in 
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including th e s cy llo-isomer o f  iP6 , than were p resent in the excluded 

f ract ion ( 8 - 1 7 ,  Fi g .  9 . 10 ) . Again a large amount o f  OP appeared to  

b e  comp lexed and was not ads orbed by the res in . 

228  

The Sephadex G-5 0  f ractions 29 - 35 , containing OP of  lowe r 

mo lecular we i gh t  than the p revious Sephadex G-50 frac tions , gave a TP 

elution pattern that indicated the p res ence o f  a small amount o f  comp lexed 

OP and la rge amounts o f  iP 1 , iP2 , and iP 3 (peaks 2 and 3 ,  Fig . 9 . 1 2 ) . 

Smaller peaks equivalen t to iP4
, iP5 , iP6 , and the scyllo-isome r o f  i?

6 

were also presen t . 

In s ummary , the TP elution pa t te rns ob tained using ion-exchange 

ch romatography sugges t that iP
6 

and its scy l lo-isomer and lower ino s i tol 

polyphosphate esters are present in the OP fraction excluded f rom S ephadex 

G-50 , in the OP f ractio n  (Kd = 0 . 40 ) eq uivalent to free ino s i t o l  poly­

phosphates , and in th e OP f ract ion eluted f rom Sephadex G-5 0  s l igh t ly 

ahead o f  IP . The cont r ibu tion made by the lower es ters to  the amo un t s  

o f  inositol po lyphosph ate p resent i n  each f rac t ion i s  probab ly overe s t ima ted 

because it i s  l ikely that certain amounts of the lowe r es ters o r i gina te 

from the hydro lysis o f  iP6 during the puri f i c a t ion procedure ( Osomo to and 

Wi ld , 1 9 70 ) . 

9 . 3 . 3 . 3  The as sociation o f  i ron with the low mo lecular 

wei gh t  organic phos phate fractions ob t ained us ing 

Sephadex gel chromatography 

A 10-ml aliquo t  of the fulvic ext rac t from the Manawatu �: oil  

was fract ionated us ing S ephadex G-50 . The elution pat terns o f  o rganic 

mat ter , TP , I P , and Fe are shown in Fig . 9 . 1 3 .  As with the f ra c t ionation 

o f  the Tokomaru fulvic extract on S ephadex G-2 5  ( Fig . 9 . 2 ) , Fe was 

ass o ciated with the o rganic ma t ter and OP f ract ions ; the h ighes t  

concentration o f  Fe , again , was eluted with the low mo lecular weigh t  OP 



,........._ 
Ol 
::X. 

.....__... 

a.. 
-
0 

....... 
c :::l 
0 
E 

<! 

Fig . 9 . 1 2 

3 

Frac t i o n  n u m b e r  

Fract iona t ion o f  ino s itol po lyphosphates  prepared f rom 

S ephadex G-50 f rac t ions 29 - 35 by the method of Moyer 

and Thomas ( 1 970)  us ing gradient elut ion wi th HCl 

( s ampl e  s i ze = 3ml , column = 10 x 0 . 2  cm, and f ra c t ion 

vol ume = 1 . 4ml ) . 

the t ext . 

The numb ered peaks are dis cus s ed in 
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Fig .  9 . 1 3 Fract iona t ion o f  the O . lM NaOH fulvic extract f rom 

Manawatu s o i l  ( < 30 � m) on S ephadex G-5 0  us ing O . lM 

NaOH as the eluant (sample s iz e  lOml , column 

2 8  x 2 . 5 cm ,  and fract ion vo lume 5 . 5  ml) . 
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and IP f ract ions . To determine the nature o f  this ass o ciation o f  Fe 

wi th P ,  f rac t ions 2 7  - 32  (Fig . 9 . 1 3) were b ulke d  and an aliquo t  

frac t ionated using S ephadex G- 1 0 . The elution patterns o f  o rganic  

mat ter , TP , IP , and Fe  are  shown in  Fig . 9 . 1 4 .  Total recove ry o f  TP , I P ,  

and Fe f rom the gel co lumn was ob t ained . The e lut ion pos i t ion o f  b J_ue 

dext ran suggests th a t  the small OP mo lecules and IP in the TP peak were 

excluded from the ge l b y  charge e f fects ( S teward and Ta te , 1 9 6 9 ) . Only a 

small amo un t  of  OP was p resent in the samp le and this was eluted 

s imul taneously with the IP . The Fe peak was dis tinct from the large 

amo unts of  o rgani c  mat te r  and TP eluted f rom the column . Small amount s  

of  Fe , h owever , were p res en t in al l frac t ions containing o rganic ma t ter 

o r  P .  A very s ma l l  amount o f  OP was associa ted with the maj o r  Fe peak . 

The re sults s ugge s t  that the maj o r  amount o f  Fe is p resent in a 

form wh i ch is no t associated wi th organi c ma t te r , b ecause o rganic ma t te r  

concent rat ion does n o t  increase wi th increasing F e  concent rat ion . Th e 

Fe , however , may b e  assoc ia ted with small amounts o f  OP . 

9 . 4 General Di scuss ion 

The approximat e  values ob taine d ,  by agar gel chromato graphy , for 

the mo le cular we igh t range of humic acids in the 0 . 1H NaOH extrac t f rom 

Tokomaru s oil compare favourab ly with the mo lecular weigh t  range of humi c 

acids extrac ted from Aus t ralian soils ( Swi f t  e t  al . ,  19 70) . High 

molecular weigh t  h umic acids containe,d the highes t TP concen t ra t ions 

and the TP content p e r  uni t  wei ght of o rganic  mat erial dec reased as 

molecular weigh t  d e c reased . Swi f t  and Posner ( 1 9 72 )  have also s hown 

that P contents are greates t in high mo lecular wei gh t  frac tions and dec rease 

considerab ly with decreas ing h umic acid molecular wei gh t . 
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The assoc iat ion b e tween high mo lecular weigh t  organic mat te r  ( OM) 

Fe , and P ,  ob taine d in this s tudy , has also b een reported by S inha ( 1 9 7 1 ) . 

Th is wo rker found that humic acids extracted from soils by alkal i ,  cc•uld 

only f o rm s tab le comp l exes with IP when Fe or Al were also comp l exed . 

The p resence o f  OM-Fe-P comp lexes in s oils has b een repo rted by Levesque 

( 1 969 ) , who showed that whereas me tal ions were necessary fo r b r idging P 

and f ulvic acid , P may in turn have bridged the fulvic aci d-me tal uni t s . 

The re sul ts presen ted in the present s t udy s uggest  that OM-Fe-P comp lexes 

are the maj o r  forms o f  h umi c-associated TP in the Tokomaru soil . Humi c-P 

compl exes , without Fe , may exis t in the soil  but are possib ly less  s t ab le 

dur ing extrac t ion . I t  is not  possib l e  to e s tab l ish the exact amount o f  

humic-me tal-phosphates p resen t  in the Tokomaru s o i l , b ecaus e such 

complexes may fo rm in alkaline solut ions ( Jamb u et al . ,  1 9 72)  and during 

the c oncent ra t ion of OM extracts ( P lumb and Lee , 19 73) . The fac t tha t 

s imi l ar high mo lecular weigh t  OM-me tal-P comp lexes have b een ext rac ted 

from soils by chel a t ing res ins ( Levesque and S chnitzer , 196 7a) , howe ve r , 

indi c ates that compl exes such as those found in a lkaline soil  extrac ts 

do exis t in soils . Levesque and S chni t zer ( 1 96 7b )  sugges ted that an 

appreciab le port ion o f  s o il P exis ts in the form of such comp lexes . In 

addi t ion to IP , smal l OP mo lecules may be associated with these comp lexes 

because Moyer and Thomas ( 1 9 70) , Veino t and Thomas ( 1 9 7 2 ) , and Hong and 

Yamane ( 1 976)  have reported the p resence of ino s i to l  polyphospha tes in 

humic acids, a lthough they may be l imi ted to ass o c iations with the medium 

mo l ecular weigh t ( 1 , 000 - 5 0 , 000) fra c t ions (Moyer and Thomas , 1 9 70) . 

The essent ially complete availab i li ty o f  the 0 . 1M-Na0H P f ra c t ion 

in Tokomaru soil , during a b ioassay with Anab aena (Sec t ion 5 ) , s ugges ts 

that humic-me tal-P complexe s p resent in the Tokomaru soil  are b io lo g i cally 
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available under conditions o f  th e b ioas say . The ab ility o f  humic-

mat er ial to p romo te al gal growth has long been known (Pringsheim , 1 9 1 2 ) , 

and the growth o f  nuisan ce b looms o f  blue green algae have b een as sociated 

w ith the p re sence o f  aqua t i c  humus ( Shap iro , 19 5 7 ;  Lange , 1 9 70 ) . l t  has 

in fact b een sugges ted that the p romo t ion o f  algal growth is due to the 

ab i l i ty of h umic acids to chelate t race elements (P rakesh et al . ,  1 9 7 3 )  

a n d  there fore increase their avai lab i lity to algae , or to the removal o f  

toxic sub s t ances inhib i t ing a l g a l  growth . de Haan ( 1 9 7 2 ) , however , 

showed that an Arthrobac ter sp . iso lated from lake wa ter , was ab le to grow 

s l owly on h umus as the only carbon source . The results presented in the 

p re sent s t udy sugges t that the availab i l i ty of the humic-as sociated P 

may also p lay a part in p romo t ing the growth o f  bac teria and blue-green 

al gae . 

Fract iona tion o f  the f ulvic ma terial f rom Tokomaru so il us ing 

S ephadex G-2 5 ( Fig . 9 . 2 )  indicated tha t small OP mo lecules , of approxima te 

mo le cular weigh t  < 1000 , we re presen t  in the 0 . 1M NaOH extrac t . Moyer 

and Thomas ( 1 9 70 )  have also shown that organic P of s imilar mo lecul a r  

weigh t  can b e  ext rac ted f rom Canadian soils us ing milder me thods o f  

extrac t ion . These workers have also reported the presence  o f  a dark-

co loured , o rgani c  mat t e r  fract ion containing very l i t t le OP wh ich was 

eluted las t  f rom Sephadex gel ,  as shown in this s t udy . The fact that in 

their s t udy , the dark f ract ion was eluted af ter the IP peak led them to 

s uggest tha t  adsorpt ion of the o rganic ma t te r  by the gel had o ccurred and 

that the p eak prob ab ly cons isted  of aromatic  material . S teward and Ta te , 

( 19 6 9 )  s howed that IP was partially excluded f rom S ephadex G ge ls , and 

thi s  may therefore complicate  such interpre tations . Elution with 0 . 1M 

NaOH as use d  in the p re sent s t udy , appears t o  have partially eliminated 
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adsorp t ion e f fects and has no t apparently increased the exclus ion o f  IP . 

S imilar partial el iminat ion o f  adsorpt ion e f f e c t s  by alkaline eluan t s  

h a s  b een demons t rated by Swi f t  and Posner ( 1 9 7 2 ) . 

Be cause of  the charge exclus ion e f f e c t s  b e tween small , ionic 

o rganic phosphates and th e Sephadex G gels , it i s  impos s ible t o  re liab ly 

ident i fy the molecular weight o f  the OP fract ions ob tained us i ng 

S e phadex G-50 ; an examp l e  is iP6 which was eluted with a Kd o f  0 . 40 when 

i t s  molecular s ize sugges ted that it should have a Kd value o f  1 .  The 

mo re comp lex OP compounds , whi ch have been shown to be non-ionic f rom 

their non-adsorp tion by ion-exchange res ins , probably have elut ion 

pos it ions related to thei r mo lec ular s ize . Only small amounts o f  i nos i to l  

polyphosphates app eared t o  be associated with the OP ma terial excluded 

f rom S ephadex G-50 ( F i g . 9 . 7  and 9 . 10) , which presumab ly has a mo lecular 

wei gh t  > 30 , 000 . Th is appeared to cons t i t ute only a small amount o f  

the OP i n  the 0 . 1M NaOH fulvi c ext rac ts f rom the two soils . The f ract ions 

apparent ly containing me dium mo lecular we igh t  OP compounds , which were 

p artially included in the gel , also containe d  larger amoun ts of ino s itol  

polyphosphates (Fig . 9 . 8  and 9 . 1 1 ) than the exc l uded OP  fract ions . I t  

was there fore d i f f i cult t o  determine accura tely the amo unts o f  comp l exed 

OP of  medium mo lecular we ight p resent in the fulvic ext ract b ecause 

smaller mo le cular wei gh t , ioni c  P compounds were also eluted in the 

respe c t ive S ephadex G - 50 .  fract ions . Ion-exchange chromato graphy o f  the 

medium mo le cular wei gh t , S ephadex G-50 frac t ions of the Manawatu soil 

extrac t (Fig . 9 . 1 1 ) , s uggests tha t  the maj ori ty o f  OP p resent in these 

f ractions i s  in the f o rm of complexed OP , rather than f ree ino s i t o l  

po lyphosphates . 

The method o f  S teward and Tate ( 1 9 7 1 )  appeared to b e  e f f e c t ive in 
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the e s t imat ion o f  free inos i t o l  polyphos phates in alkaline-s o i l  extra c ts . 

The met ho d indi cated that small amounts  o f  inos itol  polyphosphates we.re 

p re sent in the Tokomaru extrac t with s li gh t ly higher amounts in the 

l1anawatu extrac t . These fact s  were confirmed by the small amoun ts o f  

inos itol  polyphosphates i dentified  i n  these fract ions b y  ion-exchange 

chromatography . I t  was evident ,  however ,  that the to tal amo un t o f  

ino s i t o l  polyphosphates p resent i n  the extracts may b e  s igni f i can tly 

higher than the amount estimated by the me thod o f  S teward and Tate ( 1 9 7 1 ) , 

because inos ito l po lyphosphates comp lexed with low and h igh mo lecular 

wei gh t  material we re no t eluted in the main ino s i to l  polyphos phate 

peak (Kd = 0 . 4 ) . S imilar as s o c iations be tween c omp lex OM and inos itol 

phosphates have been repo rted by Moyer and Thomas ( 1 9 70) , Osomo to and Wild 

( 1 9 7 0 ) , and Hong and Yamane ( 1 9 7 6 ) . 

The nature o f  the OM-Fe-P associations in the lower mol ecular 

weight f ulvic f rac tions has b een clari f ied by thei r  fra c t ionat ion us ing 

S ephadex G- 1 0  ( Fig . 9 . 1 4 ) . The maj o r i ty o f  Fe was part ially included in 

the gel , whil e  the IP and OP were exc luded , prob ab ly by charge exclus ion 

e f f e c ts , which inc rease as the degree o f  cross-linking in the gel increas es 

( S t eward and Tate , 1 969) . A small amount of  OP was associated with the 

Fe peak ( Fig . 9 . 2  and 9 . 1 4 ) , whi ch is consis tent with the f indings o f  

Plumb and Lee ( 1 9 7 3) . These workers sugges ted that for Fe t o  pass 

through the gel co lumn , the Fe h as to  be complexe d  wi th o rgan i c  c ompounds . 

Because the elution pattern for the so l uble hydroxoferrate ion on 

S ephadex G gels is no t known , the p resence of hydroxo ferrate in the elut ion 

p eak canno t b e  ruled out . In a s t udy o f  the OM in lake wat e r  us ing 

S ephadex G- 75 , Gj essing ( 1 965)  found that a large concentrat ion of Fe was 

eluted s li gh tly ahead of the las t OM peak .  As shown i n  Fig . 9 . 2 ,  this 
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also occurs i n  the fractionation o f  s o i l  fulvic extrac t s . These  resul t s  

sugges t that Fe is no t associated with the h i gh ly- coloured OM . Thi s  is 

confi rmed b y  the S ephadex G- 10 frac t ionat ion resul t s  (Fig . 9 . 1 4 )  wh i ch 

also sugges t tha t  Fe is only as sociated with a sma ll amoun t o f  OM , wh ich 

is no t h ighly col oure d , and wi th wh ich a small amoun t of OP is also 

associated . The reversal of  the e l ut ion pos i t ions of the Fe and OM , 

when us ing S ephadex G- 10 (Fig . 9 . 1 4 )  instead o f  Sephadex G- 25 ( Fig . 9 . 2 ) , 

suggests that the OM has a molecular weigh t  < 1000 (b elow the s eparat ion 

range o f  S ephadex G-2 5 )  and > 700 ( ab ove the s eparat ion range o f  

S ephadex G- 1 0 ) . 

The fo rms o f  OP ext racted from the Tokomaru and Manawat u  soils  by 

0 . 1M NaOH can be summa rized as fol lows : 

Humic OP ( fo r  the Tokomaru soil only) c onsisted o f  

OM-Fe-P complexes with mo le cular weights  10 , 000 - 70 , 000 . 

Fulvi c  OP cons t i tuted the maj o r  amo un t o f  OP in th e extract and 

cons isted of a small amoun t o f  OP with a mo l ecular we igh t  

> 30 , 000 , with wh ich only s mall amounts o f  Fe and ino s i t o l  

polyphosph a tes were asso c i a ted ; a medium mo l ecular wei gh t  

comp lex OP frac t ion wh ich was as sociated with F e  and may have 

contained ino s i tol polyphosphates ; a small amount o f  free 

ino s i t o l  p o lyphosphates ; and a low mo lecular weight comp lex 

OP f rac t i on whi ch was ass o c iated wi th high concen t ra t i ons o f  

F e  and con taine d ino s i t o l  p o lyphosphates . 

Th e  b ioassay s tudies in S e c t ions 5 and 6 indicated that for the 

Tokomaru and Manawatu soils , the maj o r ity of the above-men t ioned OP forms 

are availab le for the growth o f  Anab aena unde r the bioas say cond i t ions 

emp loyed . Other s tudies which may indicat e  humic P availab il i ty were 
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discussed  previous ly . Th ere appears to b e  no pub l ished reports concerning 

the avai lab ility o f  soil fulvic OP to mi croorganisms . de Haan ( 19 7 7) , 

however , has shown that fulvic acid isolated from lake water can a c t  as 

the sole  carbon source for an Ar throbacter sp . P resumab ly , the 

degradat ion of the fulvic ma terial by bac teria would also release some o f  

the assoc iated P .  

Al though the b i o logical availability o f  f ulvic OP has no t b een 

studied , several OP compounds , some of which have b een shown to be 

associat ed with fulvic comp lexes , can act as P sources for mi croo rganisms . 

Bacterial utilization o f  inositol  hexaphosphate as both carb on and P 

sources has b een shown by Greaves and Web ley ( 1 9 6 9 )  and Greenwoo d  and 

Lewis ( 1 9 7 7 ) . Ro del e t  al . ( 1 9 7 7 )  have repo rted the mi crob ial hydro lys is 

of glycerophosphate and nucleot ide phosphates s orb ed on lake sedimen t s . 

Also , Re ichardt ( 1 9 7 1 ) has found that seve ra l OP compounds can b e  u t i l i zed 

by b lue -green algae as P sources and that the e f f iciency of use o f  the OP 

compounds was increased when al gae were previously P s tarved ; surp ris ingly , 

the b l ue-green alga Aphani zomenon sp . was found to grow b et ter with 

ino s i t o l  hexaphosphate as a P s ource , than with dissolved IP . I t  i s  

general ly viewed t h a t  whereas so luble O P  compounds can a c t  a s  availab l e  P 

sources for microorganisms , ins olub le forms such as Fe and Al inos itol  

hexapho sphates , and forms sorbed by soils  ( Greaves and Web ley , 1 9 6 9 ) o r  

lake sediments ( Rodel e t  al . ,  19 7 7) are no t easily hydro lyzed b y  extra-

cellular enzymes of microo rganisms . The part ial ly soluble Ca sal t o f  

ino s i t o l  hexapho sphate , however ,  can b e  hydro lyzed considerab ly b y  s o i l  

yeasts ( Greenwood and Lewis , 1 9 7 7) . Al though the resul ts o f  Greaves 

and Web ley ( 1 969)  s ugge s t  that soil OP may not b e  expec ted to show the 

high d egree of availab i li ty ob tained in this s tudy , the maj or d i f fe rences 
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in experiment a l  p roced ure and tes t o rganisms may accoun t  for the contras t ing 

results . The much lower soil : solut ion ra tios used in the p resen t  

incubat ions would l ead t o  a greater desorp tion o f  I P  (Hope and Syers , 

1 9 7 6 )  and p re s umab ly o f  OP from the soil . In the present s t udy a complete  

nutrient media , which woul d s t imulate the pro duc t ion o f  biomas s  and create 

more vigorous condit ions for OP deple t ion (S e c t ion 8) , was added to the 

incubat ions of soil mate rial . 

by Greaves and Web l ey ( 1 96 9 ) . 

S uch was not  the case in the wo rk reported 

Al so , rela t i vely large inocula o f  P-s tarve d 

Anabaena , with a known increased p roduc t ion o f  hydrolytic enzymes 

(Section 6 . 8 ;  Healey , 1 9 7 3) were a dded to the soil ma terials ( OP source ) 
in this s tudy , whereas in the s t udy o f  Greaves and Web ley ( 1 9 6 9 )  the OP 

was added to soil systems that presumab ly had low microo rganism populat ions 

due to nat ural nutrient limi ta t ions . Ha re impor tant ly , Anab aena species 

are known to produce hydroxamate che lating agen ts capab le o f  chelat ing Fe 

(Murphy and Lean , 19 76 ; Section 8) . Presumab ly ,  because o f  the c lose 

associa t ion b e tween Fe and OP noted in· the fulvi c extrac ts f rom these 

soils , the chelat ion of Fe woul d  re sult  in OP b eing s imul t aneous ly released 

to solut ion , where it is mo re sus cep t ib le t o  hydro lys is . 

The above ob s e rva t ions may exp lain \vhy under condi t ions favouring 

the deple t ion of soil OP and vigorous algal growth , the b l ue-greeen alga , 

Anabaena , can use the 0 . 1M NaOH-OP f ract ion from the Tokomaru and Manawa tu 

soil ma t erial s .  Th is ab ility may b e  aide d  cons iderab ly b y  increased 

bac terial decomposi t ion of the f ulvi c ma terial . Come tabo lism,  whi ch is 

the microb i a l  degradat ion of a res i s tant subs tance in the p resence of 

readily-degradab l e  s ub st rate , o f  fulvic acids has been shown by de Haan 

( 1 974) . The extracel lular n i t rogenous compounds produced by b lue-green 

algae h ave a lso b een found to s t imul ate the growth o f  some b a c teria 



( Fogg , 1 96 2 ; Wat t ,  1969 ; Wh it ton , 19 7 3) , and may act as the readily­

degradable sub st rate . 
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The data ob tained in this study indicate tha t  OP in f ine parti culate 

material can be an impor t ant source of b iologi cal ly-available  P .  

Consequently , in any s t udy of the b io logi cal availab i l i ty o f  part i culate 

phase P in waters , close a t tent ion should be paid to the amount and nature 

o f  particulate -phase OP . 
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SUMMARY AND CONCLUSIONS 

The work p resented in this thes is may be summarized as f o l lows : 

1 .  A review o f  the l i t erature indicated  that very few a t t emp t s  h ave 

been made to chemically charac terize the amounts and forms o f  

b iologically-availab le particulate P in soils and sedimen t s . 

Such s tudies h ave b een concerned only with l ake sediment s  and 

there appear to be no published data relating to the chemical  

charac teri z a t ion o f  b iological ly-avai lab le P fo rms in  s t ream 
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sediment and in surface-runo ff mat erials . Furthermore , p revious 

s tudies have not evaluated the importance o f  part i culat e  o rganic 

P (OP) as a b io logically-avail ab le P form .  

2 .  Procedures for the bioas say o f  part iculate P us ing Anabaena 

sub cylindrica were developed and evaluated . The measurement o f  

chlorophyl l  concent rat ion and who le cell  alkaline phosphatase  

activity we re estab l ished as  reliab le indices of b iomass and alga l  

P s tatus , respectively . Al gal P content (as  det e rmine d  by 

ext rac tion with 0 . 1M NaOH) decreased a s  exte rnal P avai lab i l i ty 

decreas ed and , therefore , was direc t ly related to b iomass  only 

when P availab ility was cons tant . By culturing Anabaena in sys t ems 

containing P sorbed on Fe gel i t  was p os s ib l e  to cont ro l P 

availab i l i ty t o  the algae , and t o  pro duce Anabaena of s imilar P 

s t atus to Anabaena grown in soil and sediment sys tems . 

3 .  A comb ined bioassay-P fract ionat ion procedure was developed and 

preliminary evaluat ion s tudies with T okomaru soil ( <  30�m) indicated 

that a cons ide rab le p roport ion o f  NaOH-s o il-P was availab le for 



a lgal growth . Anab aena p roduced in Fe gel sys t ems and having 

s imilar P s tatus to Anab aena in the soil  systems , was chemically 

fract ionated and p rovided es timates o f  the algal P contribution 

t o  extractab le s o il-algal P .  In this way the deplet ion o f  soil 

P was calculate d . The amount o f  bio logically-availab le P was 

less than the amo unt of lM NaOH-soi l-P . S ubsequent mo dification 

and evaluat ion of the P fract ionat ion procedure indicated that 

for the Tokomaru and Okaihau soils (< 30�m) , O . lM NaOH-ext rac ted 

almos t exc lus ively , the part iculate P whi ch was biologically 
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availab le ,  o f  wh ich the larger part was particulate OP . The soil  

P fo rms ext rac t e d  by lM  NaOH CDB , and HCl  subs equent to a O . lM 

NaOH extract io n  were not avai lab le for algal growth . 

4 .  High biological availab i l i ty was exhib ited  by the O . lM NaOH-OP 

fraction for a l l  materials s t udied , under conditions favouring the 

depletion o f  particulate P .  For soils o f  low P s ta tus wi th a 

high P sorp t ion capacity , O . lM NaOH-soil-IP tended t o  overes t ima te 

b io logical ly-avai lab le IP . The amoun t  o f  O . lM NaOH-soil -P i n  

allophanic mat e rial considerab ly overestimat ed t h e  amount o f  

b io logically-avai l able P b ecause t h e  P ab sorbed by allophane was 

ext racted by O . lM NaOH . The data sugges t ed that IP and OP a ds o rbed 

by soil components had high b iological avai lab i lity , whereas IP 

ab sorbed by these materials and present in apatite  exhib i ted very 

low or no biologi cal avai lability . In non-shaken , minimally-

dis turbed b ioassays , Anab aena was s t i ll c apab le o f  depleting l arge 

amount s  of O . lM NaOH-soil-P . The extra c tion o f  a water s amp le 

containing p a r t i c ulates with O . lM NaOH was proposed as a method for  

es t imating the maximum amount of b io logically-avai lab le P presen t  

in the sample . 
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5 .  Part iculate OP was found t o  b e  a source o f  b iological ly-availab le 

P .  The incr eased u t i l izat ion o f  this form in the presenc e o f  

increased a l gal biomas s  and increased alkaline phosphatase a c t ivity 

suggested that ext racellular enzymes p lay an important role in i t s  

depletion . In several materials , O . lM NaOH-OP was dep leted t o  a 

greater exten t  than O . lM NaOH-IP . 

6 .  The amount s  o f  biologically-ava i lab le P ,  es t imated by the deve loped 

procedure , in soil materials (< 30�m) were much smaller than the 

amounts of soil P ext rac ted by p ers ulphat e  d iges tion . The amoun t s  

o f  particulate I P  exchangeab le with 32P during 3 0  min appeared t o  

provide es t imates o f  the amoun ts o f  soil  IP that could b e  rap idly 

ass imilated by algae . As with exchangeab le P values determined 

for longe r p eriods o f  exchange , these amount s  were cons iderab ly 

smaller than the amount of soil IP shown to be bio logically 

available . 

7 .  The simple  d esorpt ion o f  P accounted for only a small amount c f  the 

particulate P us ed for algal growth . With a h ighly fertilized  soil , 

containing a greater  amount o f  readi ly-desorbable P ,  this mechani sm 

appeared to b e  more importan t . Algal-soil contact was requi red 

for the maximum amo un t  o f  part icula t e  P to b ecome availab le for 

algal growth . 

8 .  Increase s  in s olut ion P concen trat ion enhanced the ab i l i ty o f  

Anabaena to deplete part iculate P .  Dec reases in solution P 

concen trat ion produced the reverse e f f ec t . Init ial avai lab i lity 

o f  par t i c ulate P was  found t o  b e  importan t  in  governing the extent 

of sub sequent algal growth and par t iculate P deplet ion by Anab aena . 

This ob s e rvat ion has direc t relevanc e  t o  the effect  o f  the initial 

concen t ra t i o n  o f  b iologically-ava i lab le P on algal growth in natural 

waters . 
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9 .  B i o logically-availab le OP in two s oils was extrac ted by O . lM NaOH 

and was charac terized by separation int o humic and fulvic ext rac t s  

and their sub sequent fract ionation o n  agar g e l  and Sephadex ge:L 

columns , respec t ive ly . Humic OP c ons i s t ed mainly o f  h igh mo lecular 

weight organic  mat t er-Fe-P c ompl exes . The f ulvic ext rac t s  

cons t i tuted t h e  maj o r  p a r t  of  the O . lM NaOH-OP and contained both 

h i gh and low mo lecular weigh t  organic mat t er-Fe-P complexes . 

I nositol po lyphospha t es , both free and c omplexed , were also 

i dent ified in the fulvi c ext racts by ion-exchange chromatography . 

10 . The data ob t ained in this s t udy demons t rate that soil  and sediment 

mat erial can a c t  as  a maj o r  source of  IP fo r the growth o f  a lgae 

under cond i t i ons favouring the opt imum depletion of P .  In  addit i on , 

i t  has been demons t ra ted that par ticula t e-phase OP can be an 

equally or more imp o rtant source of P for algal growth ; an 

ob s ervation whi ch does not appear to have been reported p revio us ly . 
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The e ffect  o f  growth media ASM- 1 ,  P- , N- ( Go rham e t  al . ,  1 9 6 4 )  

o n  solut ion P concen tration 

It i s  conceivab le tha t the p res ence of certain anions and the 

chelating agent EDTA in the ASM- 1 ,  P- , N- growth media may cause the 

des orp t ion of P from the soil and , therefo re , increase P ava i lab i l i ty 

during algal g rowth t o  an artif ically high level . To inves t i ga t e  this 

possib i l i ty s o il : solution P relat ionships we re compared in dis t i l led 

water and ASM- 1 medi a . The < 30-� m  f ract ion ( 1 g) of Tokomaru s il t  loam 

2 74 

(0 - S cm) was shaken for 3 days in f lasks containing 1 l i t r e  o f  dis tilled 

water o r  1 l i t re of ASM- 1-media . Af ter shaking , aliquo t s  o f  suspens ion 

from each flask were chemically fract ionated using pro cedures des c r i b ed 

in Sect ion 3 .  The results o f  the P f rac t ionat ion are shown in Tab le I .  

The di f ference between the P f rac tions recovered from Tokomaru 

s ilt  loam s us pended in water and in the growth medium was ve ry small . 

The same finding appl ied to the concentrat ion o f  P sus tained in s o lution 

( des ignat e d  Solution in Tab le I) a f t er 3 days by both sys t ems ; this very 

small di f ference in S o lution c oncentration would be unimp o rt an t  for al gal 

growth . 

I t  was conc luded that the ASM- 1 growth media had no d i rec t , 

measureab le effect  on the avialab i l i ty o f  particulat e  P .  E s t ima tes 

made o f  b io l ogical ly-availab le P would therefo re be the result of algal 

or bacterial act ion , rather than any che la t ing effect o f  the growth 

media . 
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Tab le I 

Extrac t  

Solution 

0 . 5M NH
4

Cl 

lM NaOH 

CDB 

1H H Cl 

E f fect  o f  ASM- 1 , N- , P- nutrien t  media on so lut ion P 

concen t ra tion and on the amounts o f  extrac tab le-soil 

P f rom Tokomaru soil  ( < 30- 1.1 m) 

- 1  Amoun t o f  P ext rac ted ()J g P g ) by 

ASM- 1 , P- , N- Dis t illed wa ter 

IP 5 . 3  3 . 8  

TP 1 3 . 8  1 4 . 0  

IP 4 . 8  4 . 8  

TP 7 . 4  6 . 4 

IP 78 7 7  

TP 320 3 1 2  

IP 25 2 8  

IP 15 1 3  

2 75 
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Tab le I I  Chlorophyll concen t ra t i on , alkal ine phosphatase ac t ivity ( APA) , 

and extractab le-algal P dur ing the grow th o f  Anab aena in Fe ge l 

sys tems 

Fe ge l 

sys tems 

P-
A 
B 
c 
D 
E 
F 

P-
A 
B 
c 
D 
E 
F 

P-
A 
B 
c 
D 
E 
F 

P-
A 
B 
c 
D 
E 
F 

P-
A 
B 
c 
D 
E 
F 

Time ( days )  

0 1 7 1 0  

Ch loroEhyl l  concen trat ion - 1  ( �g ml ) 

0 . 25 0 . 25 
" 0 . 2 7 
" 0 . 2 7 
" 0 . 2 8 
" 0 . 28 
" 0 . 26 
" 0 . 25 

APA ( � mo les ENP 

0 . 1 2 0 . 1 6 
" 0 . 1 6 
" 0 . 1 5 
" 0 . 1 4 
" 0 . 1 2 
" 0 . 09  
" 0 . 0 6 

0 . 1M NaOH-algal-IP 

14 18 
" 1 4  
" 1 6  
1 5  1 7  
1 1  20 
" 2 3  
" 2 7  

0 . 1M Na0H-a1gal-TP 

3 7  4 7  
" 3 1  
" 38 
" 38 
36 49 
4 5  6 6  
4 7  84 

0 .  35 
0 .  35 
0 . 6 7  
0 . 99 
1 . 64 
1 .  78  
1 . 9 2 

- 1  - 1  h r  � g chl 

0 . 7 1  
0 . 64  
0 . 5 3 
0 . 4 3 
0 . 2 3 
0 . 1 2 
0 . 0 5  

- 1  
( � g 1 ) 

2 2  
1 6  
19 
20 
2 3  
36 
4 1  

- 1  ( � g 1 ) 

5 5  
5 8  
7 7  

1 2 3  
1 35 
1 8 1  
2 70 

1M NaOH-algal-TP ( �g 1- 1 ) 

2 2 1 6  
2 36 
5 7 2 7  
5 7 39 
4 7 5 3  
5 7 76 

2 3  1 16 

0 .  36 
0 . 4 7  
0 . 9 2  
1 .  3 7  
2 . 2 8 
2 . 50 
2 . 7 3 

0 . 7 8 
0 . 4 4 
0 . 4 1  
0 . 38 
0 . 32 
0 . 2 2 
0 . 1 2 

1 8  
1 8  
2 5  
3 1  
4 1  
5 7  
6 8  

5 3  
5 6  

1 1 2 
1 6 6  
250 
2 7 3  
29 3 
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Tab le I l l  

F e  gel 

sys tem 

A ,  P -
B 
c 
D 

A,  P-
B 
c 
D 

A,  P-
B 
c 
D 

A ,  P-
B 
c 
D 

Chloro phyl l  concen trat ion , alkaline pho sphatase a c t ivity 

(APA) , and extrac tab le-al gal-P during the growth o f  

Anabaena in Fe gel syst ems 

Time ( days ) 

1 5 8 1 2  

Chlorophyll concentration - 1  ( ).l g ml ) 

0 . 40 1 . 0 3 
0 .  38 0 . 86 
0 . 4 1  1 .  25 
0 . 44 1 . 44 

APA ( J.l mo les pNP 

0 . 04 0 . 0 7 
0 . 04 0 . 0 6 
0 . 04 0 . 0 2 
0 . 0 3  0 . 0 1  

O . lM NaOH-algal-IP 

8 7  94  
6 7  4 1  
6 7  5 1  
85 103 

O . lM NaOH-algal-TP 

200 24 1 
2 1 6 245 
2 2 1 3 1 5  
300 46 3 

1 .  1 2  1 .  2 5  
1 . 2 8 1 . 46 
2 . 1 5 2 .  89 
2 . 50 3 .  7 3  

- 1  - 1  
h r  J.l g chl) 

0 . 2 2 0 . 3 7 
0 .  1 7  0 . 34 3  
0 . 0 5  0 . 06 
0 . 0 1  0 . 0 2  

( Jl g 1- 1 ) 

7 2  75  
48  6 5  
5 6  8 7  
6 3  1 1 2  

- 1  ( ].lg 1 ) 

2 1 8  2 4 3  
2 5 4  326  
34 3 4 45 
6 10 800 

19 2 2  

1 . 1 3  
1 . 60 1 . 6 3  
3 . 59 4 . 6 5 
4 . 2 2 6 . 1 3 

1 .  3 7  
1 . 0 6 
0 . 2 3 0 . 26 
0 . 06 2  0 . 10 

6 3  
7 3  

100 122 
16 7 1 7 4  

245 
344 
5 2 8  5 5 7  
85 4 889 

2 7 7  

26 

4 .  30 
6 . 7 3 

122  
2 2 3  

5 84 
9 20 
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Tab le IV Chl orophyll c oncentra tion , alkaline phosphatase ac t ivity 

(APA) , and extractab le-algal-P during the growth o f  

Anab aena in Fe gel sys tems 

Fe ge l 

system 

P-
A 
B 
c 
D 

P-
A 
B 
c 
D 

P-
A 
B 
c 
D 

P-
A 
B 
c 
D 

Time ( d ays ) 

0 1 3 7 

Chlo rophyl l  concentrat ion 
- 1  ( )..1 g ml ) 

0 . 26 0 . 3 7 
1 1  1 1  

1 1  1 1  

1 1  0 .  35 
1 1  0 .  32 

APA ( )..1 moles pNP 

0 . 0 1 5 0 . 1 6 
1 1  0 .  1 2  
1 1  0 . 0 8 
1 1  0 . 0 2 
1 1  0 . 0 2 

O . lM NaOH-algal-IP 

1 1  
1 2  
1 3  
2 2  
3 7  

O . lM NaOH-algal-TP 

30 
40 
5 0  
5 0  
9 9  

0 . 3 7 0 . 39 
0 .  38 0 . 6 3  
0 . 40 0 .  9 1  
0 . 4 3 1 . 4 6 
0 . 56 1 .  9 9  

- 1  - 1  h r  )..1 g chl) 

0 . 4 3 0 . 79 
0 . 38 0 .  70 
0 . 3 3 0 . 6 1  
0 . 06  0 . 2 4 
0 . 09 0 . 19 

- 1  ( JJg 1 ) 
9 1 3  

1 2  2 2  
1 5  32 
2 2  8 3  
5 2  1 1 5 

( )..1 g 1
- 1

) 

30 2 8  
4 9  6 5  
7 8  1 35 

1 2 8  2 2 1  
1 6  7 2 72 

10 14 

0 . 3 3 
0 . 6 8 
0 . 9 8 1 . 1 1 
1 .  5 1  0 . 50 
2 .  1 8  1 . 4 1  

1 .  37 2 . 0 4 
1 . 0 2 1 . 6 6 
0 . 6 8  1 . 29 
0 . 46 0 . 9 5 
0 . 2 8 0 .  7 3  

1 3  
2 5  
4 8  
9 6  

159  

2 7  
103  
1 74 
3 7 5  
4 35 

2 7 8  
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APPENDIX 

Tab le V Chlorophyll concen t ra t io n , a lkaline phosphatas e ac t ivity 

(APA) , and extrac tab le-algal-P during the growth o f  

Anab aena i n  Fe gel sys t ems 

Fe gel 

system 

P-
A 
B 
c 
D 
E 
F 
G 

P-
A 
B 
c 
D 
E 
F 
G 

P-
A 
B 
c 
D 
E 
F 
G 

P-
A 
B 
c 
D 
E 
F 
G 

Time ( days )  

1 7 10 1 5  

Chlor ophyll concen t ra t ion 
- 1  

(J:! g ml ) 

0 . 2 7 5  0 . 2 20 
0 . 2 7 5  0 . 264  

0 . 2 8 3  
0 .  30 5 
0 . 3 1 9  
0 . 3 32 
0 . 2 9 7  
0 . 340 

APA ( J.l mo les pNP 

0 . 0 38  0 . 8 36 
0 . 0 2 2  0 . 338 
0 . 0 2 1 0 . 3 1 5 
0 . 0 2 0  0 . 2 9 1  

0 . 24 4  
0 . 1 9 7  
0 .  14 1 
0 . 045  

0 . 1M NaOH-algal-TP 

16  12  
2 1  35 
2 3  4 7  
26 59 
40 85 
54 1 1 2 
5 7  1 36 
9 3  19 3 

0 . 1M NaOH-algal-IP 

6 4 
7 1 2  
7 1 4  
8 16  
9 2 5  

1 0  3 5  
1 1  4 1  
2 0  5 2  

0 . 15 2  0 .  7 79 
0 . 29 1  
0 .  305 
0 .  3 19 
0 . 324 
0 . 332  
0 . 332 
0 .  389 

- 1  - 1  
h r  ).lg chl )  

1 . 47  1 .  78 
0 . 4 2 7  0 . 680 
0 .  354 0 . 480 
0 . 2 82 0 . 2 8 1  
0 . 16 4  0 . 1 6 3  
0 . 046  0 . 04 1  
0 . 0 20 0 . 0 1 4 
0 . 004 0 . 022 

- 1  ( ).lg 1 ) 

( l! g 1- 1
) 

1 7  2 7  

0 . 109 
0 .  359 0 . 4 36 
0 . 3 7 3  0 . 44 1  
0 . 38 7  0 . 444 
0 . 38 7  0 . 45 8  
0 . 389 0 . 4 7 1  
0 . 359 0 . 4 7 1  
0 . 4 2 2  0 . 5 26 

2 . 5 7 3 . 00 
0 .  704  0 .  704 
0 . 5 2 1  0 . 56 4  
0 .  3 36 0 . 4 2 8  
0 . 20 7  0 . 389 
0 . 0 79 0 .  35 1 
0 . 0 6 2  0 . 0 75  
0 . 0 34 

34  
9 4  

10 1 1 19 
1 38 1 5 8  
1 9 8  2 36 
2 5 8  3 1 4  
3 1 5  4 1 2 
5 2 4  6 5 2  

1 8  
3 6  
4 6  5 4  
5 7  65  
6 9  8 1  
8 1  9 8  
9 1  1 19 

1 1 3  1 4 1  

2 79 
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