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THE MARINE PHYTOPLANKTON AND ITS NUTRIENTS : 

NITROGEN AND PHOSPHORUS. 



*INTRODUCTION * 

Growth of phytoplankton can go on r easonably with only 

very s mal l quantities of nutri ents amounting to a: few miJJigrams 

of phospnorus as phosphate per cubic me t er of sea water and 

usually a somewhat l a r ger a mount (about ei ght t i mes by weight ) 

of nitrate ni trog en o Thej_r remar kable growth a s compared with 

the growth of l and plants a t such grea t dilution i s partly 

explained by t he microscopic size of the phytoplankton cells , 

which makes for better diffusion of nutrients a s well as a 

greater surfac ~ to volume r~ti o which promotes absorptj_on . 

(Raymon t , 1 963 ) . 

In the t r opi cal regions of the ocean , and i n most parts of 

the temperate zones , however , the water above the thermocline 

contai ns l ow levels of dissolved ni trogen and phosphorus co111pounda , 

which may become limiting both in space and i n t i me . Different 

species of ph~rtopl ankton have differ ent nutrient reC1ui :r.ements . 

:ii1or exar.i:pl e , member s of Cyanonh:yeae are abl e to fix d:i_s sol ved 

molecul a r nitrogen , whereas members of other phyl a must satisf? 

their n eeds for this elemen t by usi.ng dissolved inorgar:d.c forms 

of the element, and t be heterotrophs can utj_lize oreanic ni troeen 

compound:::; . Di ssolved i norganic phosphate ion i s utili zed r e2.ciil y 

by a l l species of phyt oplankton , yet 0!1ly sor'e species can also 

t ake up phosphorus heterotrophicall y by using dissol ved or 

particulate -organic for ms of the element . 

Although wost species can grow rell at high concentrations 

of phosphorus ~1d nitrogen , (~ 20 times the maximum encounter ed 
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in t he oceans) , they will not ~row when the concentr ations of 

these micronutrients in t he mediuJTJ fall bel ov, critical l evels . 

Defi ciency of nutrients , especially nitrate , i s one of the main 

f a ctors limi t tng marine primary production . It hc.s been recently 

shovm t bat the relationship between phytoplankton e;rowth and 

t hese nutrient levels is an i mportant factor in deterT"lining 

s ~ecies succession , COJTJ})etition , and geogr aphical variations in 

natural populations . 

* 
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* THE DIS SOL VE.0 FORTl~S O? NITROGEN AND PHOSPHORUS * 

Although t he ocean contatns several dissolved forms of 

nitrogen and phosphorus which may be ut i li~ed b~ the plants , 

n itrate, ammonium and phosphate are the more i mportant forms . 

The following i s a discussion of various chemica l forms of 

tb.e tv10 elements . 

Ni trate , the most highly oxidized form of nitrogen in 

ocean, is usual ly the most abundant source of the element 

available to phytoplankton. 'l.1he concent ration of the ion varies 

considerabl y , both sea3onally a nd geogr a~hically . In general , 

it tends to be low on t he surface and rapidly increases to a 

maximum at intermediate depths of from 500- 1000 meters . The 

surface water is largely depleted of nitrate v,ith the phytopl ank

ton out-burst . The maximum amount of nitrate , usually 50- 100;1,J- 8.t/l, 

occurs in winter , due to its accumulation after the phytoplankton 

outburst comes to an er.din late autumn. In upwelling areas , 

the amount is greatly increased due to turbulence . :i!7or example, 

the wi nter maximum exceeds 300 J'0- at . /l and the summer minimum 

falls only to 200 PJ- at . /1 i n the Friday Harbour upwelling area . 

The depletion of nitrate is not so great in deeper wa ters ; and 

usually a small amount , e . g . lOPJ- at . /1 remain even durin6 the 

summer period . Nitrate is r egenerated in deep wa.ter mainly f rom 

nitrification by bacteria while rive~ effluent contribute a 

small a~ovnt to the ocean . 

Ammonium ion is the main inorganic form of fixed nitrogen 

in the ocean . In general , the upper strata of water (50 meters 
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depth) conta ins most of the ammoni um , thoue;h the extreme curface 

layer may show very little . For example , off the Nortlmest Pa

cific coast , the ma jority of the ammoni um occur in the upper 

1 00 meters layer v,here the averag e concentr8:tion was 20,PJ - ato/l ; 

in deep layer (1 500 meters depth) the average concentration was 

only 2 ,nr at./1 . Similar to the seasonal var iation of nitrate , 

the lowest ammonium values occur in spring, a.11d the amount reache~

a maximum during autumn/winter . (Ra ymont , 1 963 ) . The maximum 

concentration presumably arlses largely from the hacterial 

decomposi tion of the or gani c material produ c ed over the surnrn0r . 

Al though small quantities of ammonium are released durin:: ti.ie 

summer , especially in the upppermost layers with the e;:c:retion 

of the zooplariJ,;:ton , thj_s ammonium is taken up by 9hyt opla11Ji:ton 

immediately. 

Vaccaro (1 963) eva luated the relative i mportance of 

ammonium in the Atle.ntic ocean off Nev1 En~land rll1 d demorn:::trated 

that when nitrate concentrations were very low in the late 

summer , ammonium was a ma jor source of avail able nitrog en for 

phy t oplankton growth . ThoQas (1 966 ) studied nitrog enous nutrients 

in the Northeastern tropical Pacific oce2.n and showed tbat the 

low nitra te concentration ( 512- at . /l) present proba bly limited 

the rate of grov1th of t lle dinoflaeellate Gymnodini um si1nple;~ . k 
Fie ::;uctZested ammonium should be includeci with nii,::-atc Ps a 

measure of the tot2.l ni tro.:_:cn a'rc.:i. le.r,l c to ~r•j,-t r,·r,la···•}--ton , ::incc 

the a rrmonium concentration TIUs ereater t h.::.n tha t of ni tr2.te in 

t he area . The conclusion was that a mr.onium r.:cy moderate the 

extr0··0 nitrogen deficiency if nitrate v1Cre c on sidered to be 
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t h e only source of ni trogcm . Dtlf.;dale and Goerine; (1 9F>7) c onclu ded 

tha t the algal cells do depend pri r~a r i l ~,r on 2_--:,rroni.ur1 a::; a source 

of nit rogen ; .vet onl y ner, s ources such as ni tra tc f rom deep 

v,:::i.ter or nitrogen fixat i on will allow increases in p opul ation 

size , because a., ir.onium is t he r esult of short- :~erm reeener ation 

of nitr ogen j_n the same area concerned . These proposals seem <J.ni te 

logical to me and I believe with more research on other par t s 

of the oceans , the conclusj.on wil l be v1idely recognised . 

The concentratlon of nitri. t e in a lmost all parts of t he 

ocean i n genera l tends to be l ov, , very much lower tban that of 

nitrate and usually considerably lov,er than that of a TTJn~onin: . 

Thomas (1 966 ) found nitrite conc entration v,cs alv,ays very l ow 

in the northeastern tropica l Pacific oce2-n and concluded thnt 

it would n ot serve as·-. an appr eciable source of nitrogen fo r 

phytopl2.1Jkton . 

i;i t rifica tion , t he oxidat1.on of aTl"monium to ni tr1 te al"l d 

then nitrate , rray be r epresented by t he f ollowing e(l lla t i ons 

(Cooper , 193 7) : 

and 

A G = - 18 . () Kcal . 

Both rea c tion s a r e exothermic and require only a ctiva tion 

to occur , This process .appear s to occur largely by a bacterial 

mechanism an d it takes place in t he mos t parts i mmed i ately 

below the photosynthetic zone in the ocean . Ho\7ever , rneaav.r ement s 

shov,ed t hat the r ate of oxidation wa s usuall y too s l ow to a ccount 

fo r the esti mated r ate of disappearance of ammoniuP'l in the ocean . 
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It is therefore believed that the process must also occur b:v 

other mechanism, which remain to be studied . The photochemical 

oxidation of ammonium to nitra te by solar ultra- violet radi ation 

was reported by Rakestraw and Hollaender (1 936 ) ~ Study on this 

mechanism had been i gnored until ]964 , when Hamilton re- evalu-

a ted the role of this process in the oceari , but r1t..s 1:ina ble to 

confirm the result , and thus concluded t hat the process \':as not 

likely to cause significant oxidation of ammonium . 1!.oreover , he 

observed that photor eduction of nitrate to nitrite took place 

rather easily, as in contrast to the i nabj_lity of the photooxid

ation process . In a discussion that t r e sea water used in his 

experiment contained low level of co~loidal silica, a catalyst 

needed for tl1e :nrocesR, Hamil ton believed the catalysi.s would 

not exert enough influence on the process . This conclusion does 

not a, pear to he a good one to rne since it is known tt.2.t cata

l ysis does in fact influence chemical reaction in gre2.t e:i:tent . 

Another problem is that in his experiment , the sample of solution 

was exposed to sunlight f or only 24 hours , which period rray be 

too short for the process to start in the absence of a necessary 

catalyst . A repeat of t~e experiment in the presence of a cata

l yst r,ould be very helpful ar d pro ha bl:· very interesting . 

iii troeen fixation is a source of nev, ni trot;en . 1;1 trogen

fi:;dne organlsrns occur in t he marine environr1ent . Hor;ever, -'me 

fl;{a.t-t.011 process is endotherric ar.d requires a plentiful su:nply 
! .t. 1~1-of·organic material as an ener gy source . It :i..s.}Hl:i-5 sugges~ed 1 ;t.,_r 

~ I 4/1"'( ljl,f/lli,,(rv>-u I 

it i s unlikely th::.t tl,ese organisms fix sie;nificant amounts of 

nitrogeu . In contrast , certain blue i~ccn alGac , e . ~. Triche-
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dc ::;1:1h i0 species have been chov;n to be capable of fi:-j_ne ni t:rogen 

on a l &rge sca le in tropical o.nd subtropical waters (Dugdale ct 

a l ., 1 964 ) even though the concentrations of oreanic watter a re 

l ow. I t wG.s poGtulated that these or6£:.nisrns obtaj_ned the energy 

from solar r adi ation , thus nitrogen fixation occurs only in the 

lie;hto D~dale a:n~ Goerine; (1 967) e r.pho si_7,cd the ir·nortancc of 

ni troe;en- fixing phytoplanJ.:ton in the oc ean , shoning that ni tro

g en f'Lca tion could support tl-,e growth of IT' r ichodesni u.m speci.es 

at rates r,hi ch are s imila r to those of species v,hich rely on 

nitrate . Al though there a r e otill J11an:r problen's ns to the signi

f ican e e of nitrificatJ_on a nd n itrogen fj_xation in the ocean , i t 
~i f/, 

~pears that these two processes have been believed to be the /~ 

main sources of' nitrogen . Rivers also contri bu.te nitrate to t:i1e 

oc ean but tI'-e arnou~t 

* 

is relativelv s mall . 
rw~ ,_ '1 ·- h--- r M' 

* * 

Di ssolved inorganic phospha.te , mainl:r ortl,onhosphate , is 

t 11e moot abunda.'1t form of phOST>horus in th0 sea. In salinity 
, 0 ' .z-

3 . 3?o at 20 C, 8 77,J of the orthophosphetc i s :nrcsent a!': liPO.f'.., 
. .?- -

with l C;o as P04 a11d 11v as H.z.P04- . Sillen (1 961) sur;3"ested t' ;at 

~he orthophosrihate i n dePp sen v1ater , v,i t11 out any l)j_o10 ,·tcnl 

in1·1ucnce , rni r ht be in equil ibri um \?ith h?drox~'{2-:patite , a 

mineral !)resent in marine sedirients . The c0uil i. bri. u ll1 reaction 

i s rcprc:Jci1tcd l1~i the fol lowi.n~ eovc.tion : 

+- Z.t- z-
Ca 5 (P04 ) .. 1 0H ( r::) + 4H ~ 5Ca -r ;HP04- -,.. E2 0 

This i dea .;n,:f_r sug,""est that phosphorus in sea v,ater co:., 
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come from marine sediments at t he bot t om of t h e ocean . 

Solorzano and Stricl-:l and (1 968 ) shorred that dis Gol Ycd 

organic phosuhorus car• be oxidized to orthophosphate under 

t h e i nfluence of dissolved oxygen a:rd ultra - vLolet :trradi nti_on . 

This mi ght indica te tnat the oxidation :pr ocess cnuld T1roct?E>d 

i n the euphoti.c zone of the ocean a~ d TT•)nld thus act c:s a 

r eeeneration for phosphorus in the oce2.n . 

The phosphorus cy cle is probably not a c om:pl etel:,r closed 

one . Unlike t he n i trogen cycle in r,t ich the 2ir- ::;ea i..riterfc.ce 

is involved, tDe sea- bott~m interface is t nvolv ed in the phos

phorus system. As dead organis ms s.i.nJr to the sea floor , much 

of' thei.r phosphoru s will be regenerated to the water , r;ostl? b;r 

bacterial action . Rock- weath erine; may contrj_ bute new pho::::phate 

to the ocea.!1 wh ile hydroxyapat:i.te in ma:ci.ne s edi.1nents could 

be cha}1e;ed to orthophosphate i f the e(}_ ll iJ.j_hri.u1l1 i s disturbed 

physicaliy or btologically . 
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·K· HUTRI ENT ASSIMILATION BY PHYTOPLlLl'TKTOlJ * 

Eo.:rly in 1 926 , H. \'I . Harvey d iscovc-,·on that t h e c once!'ltra

t :Lons of nitra t e and phosphate sal t s in t he sea wa ter were 

a pparently in a rat ·i.o in TTh i ch t h ey TTere a s Gi mila ted by the 

phytoplankton . Redf ield (1 934 ) showed t hat t here actual ly was 

an appro:drcately linea r correlat i on betvreen t he concent r ations 

of t he t wo salts for sea water fro m different geographical 

locations and different depths . 

Redfield found t hat the averag e nitrogen : phosphorus r atio 

(by a toms ) in a mixed e;roup of phytop l ankton and zoopl a,.;:: t cn "'a s 

1 8 . 7 : 1, which i s in a greemen t vri th t he c ons t ant r a tio of ?.O : 1 

for t he two dissolved nutri ents in sea v,a t er . The r atio wa s later 

corrected t o be 15 : 1 due to a salt e ::r:-r or in the expertme..n t . 

Th i s ratio of N: P is called t he I ass i milat ion r a tio 1 • Redfiel d 

(1 934) coP'.mented that ' it appears to 1J1ean t hat t he r elative 

quan t ities of nitrate and phospha t e occurr t n g in the oc eans of 

the v10rld are just t l10se t hat are r cq_nired for t he c ompos:i_tion 

of the ani mals and plants r,h ich live i n the sea ' "• (Quoted f r om 

Ketchum, 1 958 J. 

The r a t i o describes t he b1ological e ffects of both 

assir1i.lati on 2.nd regeneration of tlie nutrients . A nhenomcnon 

was n oted t hat ' if t h e N: P r a t j_o i n t he medium i s hip;h , t h e 

metabol i8m of the c ells b~ j_n t:; s tb.e :r-at:i.o closer to t:ue us·· a l 

one ; if the ratio is low, t he metabolis r1 of the cel ls increase s 

the orig inal der,arture f ro J11 the usuul :ta ti.o ' • (Quoted from 

Ketchum , 1 939 ) . '.ehe i rnplica t i. on v,as t:hat t••e rel ative changes 
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i n t he conceutrat i ons of inorganic nitrogen a nd phospl10rus 

in sea v,ater res t'..l tine; from t he biolo~i ca l ctanges s hould 

be directly related to the elementary compositton of the 

pl ankton . Th ere is evidence that phosphorus utilizat"i.on by 

phytop l ankt on continues after t he ni trate- ni. trog cn concer1trat:i.on 

has fallen belor, t h e detectable limit . Stefansson and Richards 

(1 963 ) observed that , in t he enphotic zone of the northeastern 

Pacific Ocean , nitrate was depl eted before the phosphate , end 

growth cont Lnued , ho\'/eirer , until t he p hocphortiS had a lso 

disa!)pear ed , i TTJ!)l y ing t)·,at t he nutrients 11ere uti.l i zed i n a 

N : P ratio hi£)1er t han it was :oresent in the water . This mo.~

represen t rec:vcling ·, of nitrate or t l1e add i t "i.on of traces of 

ni trog e· l compounds fro m otber s ources . 

Corner ar d Dav:i. es (1 971) bel ieYed that regener ation of 

nitrogen could account for the c ontj_nued r;rov1th , . ,,h:i.le the 

remineralized f or ms were bei.ng used ur very r a!"'idly co t ha+ 

inorgaiiic ni. trogen c oncentrations v:ere not detect2,ble . J:!y 

doubt on this i dea is tha t i f t h e amount of t t e remi nerali zed 

f orm is und et ect abl e , it may n ot be suffic i ent f :,r t ~1e organj.s r:s 

to have a cont~nued Browth . Ketchum et al . (1958) t~ou ~h t that 

reminers.lizat;_on occurred at depth, and t! c ni trogc'1 ic r ctvTncu 

to the euphotic zone b~, eddy diffusion . V2cc2,:i:'o (1 963 ) c on8i -

dcrco the :presence of o.rnmoniurr- ni troicn 8-:::; the ca 118c f or t i1 c 

cont ; nued ::ir0duct i_on f :. "I'.' t l·ic •;;a ter. o::f t,;_1c r8·.-: E?:.,:lc:•··d c c2.::t . 

He argued that when am~onium- ni troc01 c )~c entration r:ms i nclnded 

in t he value , the atomic ratio of N: P in t he particul a t e ratt er 
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:J t; s:pcnded in t he euphotic zone \7ould be :::;j_il t l&r to t h e na :-- i -

riilation rnti.o . ~bi::; ::;ccr.s to be a GOOd c.Tr;ur cnt fo::r t.b.e ca::;c . 

* * 

' Apparent oxyeen utili7.ation' (fa.OU) in a con c ert related 

t o the study of biolog icall~r induced chc1nges in nu-;-:rten t levels . 

It i s ocl i.evod that a mass of water on ti e sea su.rfc:.c0 is in 

eq uili bri.um v,i t h t he atmosph er i c o.x;-.recn which has differen t 

solubility at different t emperature ar d s2.linity. The ozytsen 

c ontent of thi s r,1ass o f nater s hould be ti.10 sar'le v,J-, en it s ·nl:s 

belov, \·:aters of lo\'1er density. If the o:-~~rgcn c on+.el,t chnne;es , 

it is clue to ei thor o.:..:ye;en used for rer'1:i.ncrali 7.a tion of or.c-8-nic 

matter , or ox~rcen pr odt1 ced as a by- product dvring photos~-nthesis t. 

AOU would be positive for t he fo rmer case end n eeative for t he 

latter . It is 1,el jcved that oxy.1en , cnrl- 011 , nitroP,r-r , a '"d :phos

phor us are as ci .,., j_la ted and s v.l:se<1_ uentl~r regc>n e:ro. t ed in the sn r-e 

nto rnic r 2.tios : 

0 : C: N: P = 27(,: 1 06: 1 6 : 1 

If carbon i s assumed to be in ca rboh ydr 2.te f or r a11d 

nitrogen in the amino fo r ~ , the r atios will corres~ond to tte 

overall r eacti on of t l!O r es:piratory ay,a bi. och emicaJ de cornrosi tion 

of orgw1ic matter ,(Ricba rds, 1 965) : 

(CB2 0)10 , (r:H3 ),hHJPOf -t- 1 3802 = 106C0.z. +- 122E z.0 

l f'.;HN0~ +- H3 P04-

It i s assumed tha t the fi.rst s t e, of orc;ar ic d0.co1111 08i tion 
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+- .J -
is the hydro1 ytic rel cc.se of NH 4- EJ'1d P04- ions : t licn the oxi-

dation of CH2 o, represented b~.r the eqvati.ons : 

(GH z0) 10t,( Nli~)1 (. li :i P04 . 1 06CH.z,0 -r l ENH ~ +- H 1P04-

l06CH zO +- 1060 .z.. = 106C0...z.. +- l0FH..z..0 

16NH3 t- 320z. = 1 6HNO.j -t 1 6H.z.0 

The co rnr l etc oxidation of tl1e organ ic n1c:.ttcr associate d 

with one atom of phosphorus would req_ uire 276 atoms of oxygen, 

arid would be accompanied by the release o.i' one phosphate ion ~ 

16 nitrate ions , and 106 molecules of carbon dioxide t o the 

water . In the ocean , the i ntermediate steps are renresented 

hy the occurrence of a mnonium ar.d nitrite ions . 

There are f2.ctors causing deviations from the e}:pected 

oxidative r atio . One i s t hat , in the euphoti.c zone , ox:•een 

produced hy photos~111thesis n1ay resnl t in supersatvrotj_on of 

the surface l ayers , so that some oxyeen ,rnuld be lost to t 1 e 

atmosphere . Another main factor is that the v;ater rr:ass is 

likely to have contained some nutrients before it s·i nks , thus 

the total measvred nutrient will then conra.:;t of both the 

' pr eformed nutrient ' and the ' r egenerated nutrient'. The 

1 preformed nutrient ' is that amount of nutrj_ent t:iJ.at ho.s not 

been derived from the decomposit ion of organic n·aterial but 

v,2.s nresent in the d i ssolv ed inorf,anic form r,J1en the \':a ter 

sank l1elow t he surface . Both fa.ctors can result in a lower 

oxidative ratios . The second possibility of deviati ons w&s 

illlrntrated in BToenkow 1 s re:port on AOU values arid nutrieni; 
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c oncentra t ions in the Costa Ri ca Dome , a region of upw011ing 

in the eastern tropical Pacific Ocean wr,ere deep waters of 

higher than normal salinities and nutrient levels but lower 

oArygen conc en t1--ations are brought to t l"e surf8.ce . Broenkow 

(1 965) found that the N: P yal ue of 1 6 . 5 : 1 v,c.s i ndependent of 

d epth, r:hile the AOU: P r a tio v,a s - 274 : 1 for \'later al:iove 1 20 

meters a nd - 114 : 1 for water b0lo V1 t he depth. Si n c e he was able 

to show that loss of oxygen to t he atJ11osphere was signi f icant 

only i n the upper 20 meter -d epth , he explained that t he AOU : P 

r atio observed below the 120 meter depth r esults f rom a mixture 

of eq_uatorial subsurface r,a ter containing l it t le pr eformed 

phospha te and intermediate v1at0r contai.ninG large a r:otmts of 

preforrred :phosphate , r ather than fro ma cha ng e in the o:,::ida tion 

ratio . Hi s r eport sl:ows t hat the preforrned phosnhate content 

increases f r or, 0 . 65 to 1 . 25 ,tat . /1 . bet\'1een t h e 1 ?O J11e+er de!)th 

and tlie n1axi muJT1 sampling depth , whi ch wus 1 100 r,,e ters l:>elo\'r the 

sea surface . 

Broenkow furthe r showed the fac t ti!at the ratio JJ: P is 

consta11 t over the cor1plete r ange of observ ed depths support h i s 

idea v.rhich stated ' t h e change i n the AOU: P r elati onsi1i p i s canseci 

by ineq_11al i ties i n the :ore f ormed phosl"ha te distribution 1 • 

Al t h ough he gav e a ren:arkable eY::planation for the abJ:'v.pt 

cbane e in tbe r atio for the water at 1 20 meter depth , hj_s report 

cii..d not g ive dDta on t he r atio s for deeper r:at.er , v,}-• ic:h co:nt[.in 

hir;b e r values of preformed phosyhate , aY\d I suspect tl-,21 t there 

sh ould h ave an even ~i gger devi ation of the ratio . 
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Besldes deviations of ~ie oxidative ratio , sc~e recent 

data show doubt on f lemine; ' s original C: H: P r atios of 106:16 : 1 

(proposed by Fl eming in 1 940 ) ~s r epresentive of pl e.nkton . 

Par sono ct al . ll 9Gl ) m12.lyscd e l even :-;1 ocio:; of phytopl ankton 

,::;roi"m i n cul t11:re and found onl y tv;o cont aini ng H: P r atios nea r 

1 6 : 1 , vhile s i7 contained as low as 6: 1 ratios . An:tia et al . 

(1963) studied coastal phytopla11J1:ton a r d fm.md C: N: P ratios 

vary from 85 : 1 6 . 5 : 1 to 52: 13 . 5 : 1 . An oceanic population anal ysed 

gave ratios of 86: 17: 1 ,·,hen nit r ate v,as plentiful . The oxi.dati-re 

rati o 0 : P in t 11is case 1i·,ould be onl y - 240: 1 . These findings 

rernc:in to be eYr,lained , t hough many values have been consi.sten t 

with Fleming ' s rutios . 

U:pta:,-e of nitrogenous compounds by !)h~7 ·\;o!)lar1·:ton hes 

been studied eYtensively recentl y . Attention is directed 

rnostly tov,ards inorganic forms of ni tror;en ninc e the or~nric 

form s uch as amino a cids do not appear t o b e satisfactory 

nitrogen sour ces for phytopl ankton groTith . 

It i s bel i_ev od that before nitrogen i s incorporated i.nto 

the c el lular material , nitrate is reduc ed stepwise wi thin the 

pl ant cells throue;h nitrite , h ypon i trtte , h yd:roxylamine c.nd 

ammoni um. The r educti.on process is endotller mic , involving a 
0 

free 13ncrgy of 77 . ,1. Kea.ls/ mo l e at 25 C. Coo!)er (1 937 ) .,..,rote tho 

eouation ao follouo : 

I t can be eX)?ectcd that both a.mmon1u,:i a,,-d ni tratG a~a 

uresen t in cul tl,.re meciia , and ammoniuri is us ed. preferenti a l lr 
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by phytoplankton . Fi g . 1 illustra tes t he vnriat.i.on in thl:? con

centrati.ons of t he tv,o fo:rr:m of ni t:rogen duri.ng the gro\'1th of 

the dinoflagella te Cachonina nie i observed by Strickland et al . - -
(1 969) . The increase in ch lorophyll a res 11l t i ng from nlR.nt 

growth wa s a c compani.ed . in earl:r stages h:v a decrease in the 

a mmonium con c entration onl y ; and on the s 5.~·th day, nllen the 

ammoniu nitrogen had been reduced to about 1 pJ- at . /1 ., nitrate 

ru1 d ammoni ur, were both utilized . 

Using t he same cultures , Epple? e t al . (1 969) fom1d that --
nitrate assi milation was associated r,1 th production o f the en

zyme nitrate reductase within the cel l . Tbe enzyme was aooent 

at the heginni!lg , as the stock cul t,,.res ,!ere e;ro,m on nitrite o 

On t he eighth da~, , the cells were allowed to ni e;ratc to the 

surface by stopping t h e mi:dng; t hus it was able to replace 

most of the original c ' u tu.re medi..um by sec ·;·c!ter of l o\'/ nit.rate 

con t ent rri.thout l osi.ng t he phytoplankton . An al!l1ost comyilete 

disappearance of the nitrate reductase from the cells was no ted . 

On the 13th day , nitrate r.::::.s added to the culture , canning a 

drama~ic rise in enzyme a c t ivi ty . 

A sug6estion wr_._s made tiiat nitrate wo.s consun1ed l ater than 

ammoni um because the forwation of nitrate reductase was represred 

by the levels of ammonium initially present in the culture me-

d i.um . In the case of t h e ocean , a mmoni1.1m conccntrati.on i s ucu2.l l~i 

s o l ow that repres sion does not occur. l:,"!J!)J c:· et~• (1969) 

showed tl1ut synthesis of ni tr~.te reduct[lse occurred d u.rinG 

arn~on i um assi ~ilation in t bree experirrents , wi.th levels of 

ar~1.o:1ium approxi rr,atelJr 0 . 5 , 1 . 0 a nd Q,, 5 )J- nt . /l . , w' 1ich a r c 
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probably t ypical of oceanic water . It t hus appears unlikel y 

that ammonium assi milation commonly r epresses nitrate reductnse 

synthes i s i n marine phytoplarikton . I would believe thi s repre

ssion does occur in t he Atlantic Oceari off Ne\'! Engl a r1d in t he 

l ate summer , when the ammonium level v,as higher than that of 

nitrate , 8.s described by Vaccaro (1 963 ) . Epple~' et al . (19G9) - -
emphasized t he importance of the enzvme a.ssa:r in s t ud~~il1g 

the time couroe of phytoplankton blooms hecause i t provides a 

sensiti ve measure of the i nitiation and cessati.on of nitrate 

assimilation . 

Un der riatural condi tbns , the simultaneous upta :e of 

ammoniuJ"ll and nitr a te raa~r be expected . Duedale and Goerine 

(1967 ) , usinG [15N] l abelline , follow.td t h e ass :.i.:rri.lati.011 of t bese 

nutrients by phytopl ankton populations ohto.ined f r om several sea 

areas . I n a ll cases , both nutrients were t~ren up r i rrultaneousl y 

and the average of· the speciftc rates of da :d: and li[rht nitrate 

up t ake , V N03 was a lv,ays l ower than t}'le a v erar:;e of the s:nec i. fic 
-f 

rates of arnmoniu111 upta.1:e V NH4- • These obse:cvati.on8 s u.rirort 

the idea that ammonium in t he ocean i s !)rol-abl:/ a rn.ther i r1:por

tant source of nitrogen for !)hytopl a:nkton. It was a l so observed 

that the relativ e increases in nitrate assinilatj_on occurred 

during periods with h i gh nitrate c onc entrations i n the eunhotic 

zone , ,1hich 111~.y be caused b~r a hi~her ni trc.te reduct2..sc 2i::t:Lvi_t ~

induced by the high nitrete l e rel~ . 

nutrient assi r.ii l ation took _place in the darlr at a 10,.1c:r 

rat e than in the light . For tropical phytopla11kton , t be specific 

r ate of ammonium uptake i n the dark v1as only 60o/; of the light 
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value, a rid that of n i trate v;c~ 30y~. Epriley and Coat::morth 

(1 968) shor;ed tliat light iG involved in nitrate reduction 

within p l al'.'t cells . Cul t ures of Di tylurn hri,c:htr.1ell:Li containing 

little nitrate reductase wQs observed . In the d~rk , the rate of 

uptake decreased over a period of two hours and 841; of tbc o ccu

rnulat ecl. ni trF.1te wo.s recovered fron the cells . In the light , the 

rate rcmo..l.ned c onstan t and only ~-~% could be reco~.rcrf!d . J;o 

nitrite vta.s detected thus it wPs concluded t!"at a light-indvced 

r educti.on wa~ occurring. This study appears to show that the 

effect of lieht on :!;h~rtopl anl-:ton e;rov;t h is not: only related to 

the rat e of rhotosynthe s is in the plai,t cells bu t 21 s o to the 

rate of nutricn t upta':e by tbe org2:nis rrs . t,.ecn1,:ti.l e , it s eer:is 

to me that thi.s 1nj_r:;ht show t hat the ro..tc of' nhotosynthesi.s :ts 

directl y rel ated to t:b e rate of nu tr:i.ent uptalre . 

* 
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* THE HYPERBOLIC RELATIONSHIP* 

The absorption of phosphate and nitrate by pure cuitures 

of a marine phytopl ankton Nitzschia closteriu~ was studied by 

Ketchum to determi ne what effec t its growth n,j_ght have. upon 

the r a t io of the nitrate and phosphate ions in the wat er . Ketchum 

(1 939) observed that the rate of a bsorption of both ni tratc and 

phosphate are dependent upon the nitrate concentrations i n the 

medium with a hyper bolic r elattonshi p . Thnt i s t o say, the nu

trient is t aken up ver y fast a t low c oncentrat;_on and slowly 

at high concentration . Recently , it has been shovm thD.t thi s 

relationshi p appli es to ni trite and nitrate ass i milatlnn hy 

Di tylum bright wellii , and to ni trate arid airrroni uTT! by a v:ide 

r ange of species in culture , (Eppl ey et al . , 1 969)., It has 

been demonstrated tha t thl.s applies in t he case of u.ntake of 

nitrate and amnoni um by natural phytoplarikton communities . 

'.lhe relationshi p i s described i n an eo t1ation : 

v = - dS _ VnNS 
cft°- K,i + S 

Exper imental results a r e illustrated in Fi g . 2 and 3 . 

In t he eq nation : v-= rate of r emoval of nutr Lent from tl e 

medium . 

S = concentr a t ion of nutrient . 

N =cell population . 

Vm = the maxi rnal spec i fic upto.ke rate 
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V,l'\ = v/N when S ~ K • 

" K.r"" the half- saturatj_on cons t ant . 

K: has a value of S for an uptake r a.te of on e half the 

maximal va lue . It provides a quantitative measure of the poten

tial of a phytoplankton species to assimilate nutrients , especi

all} at low concentrations . 

Using a linear transformation of t he equation, we can 

obtain values of t he two constants : 

S = NVrn (S/v) - K; . 

It can be shown i n the equation that for a consta11t N, 

S/v against S should be linear , t he intercer t on the abscissa 

corresponding to - K; . Several features were suggested : 

(1) a high K ; value for nitrate upt ake is usually asso

ciated with a high. value for am1J1onium uptake . 

(2) l arger species , which tend to grow more slowly , 

usually have higher KJ values . 

(3) oceanic S!)ecies usua lly have l ow K f values , nhich 

would be in accord with t heir need to assi milate 

nutrients at t he low concentra t ions pr esent away 

from the l and . 

The features appear t o appl y in general , i llustrating the 

useful appl ication of the haJ.f- saturation constari t . Hov,ever , I 

find a contradiction in the da ta from Eppl ey et al . (1 969) . The 

report showed that . the diatom Rhizosolcnia robusta of 8 5 ;« cell 
t) 

diameter has a Ks value of 9. 3 for amr..1011ium u:p t ake wLlile the 
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l arge s j_zed Coscinodiscus v1ai 1 esi i of 21 0 p cell diameter has 
/,/ 

a Ks value of 5'. 5, wh ich is in contradiction to his (2) sug-

gestion'~ This devia tion mi ght hav e shown that t he feRture may 

not hold fo r very lar ge sized species , while it eprlies well 

f or the species of cell size f ·,:-om 5 to 50 p in diameter ., 

The study for tl1e uptc::.l:e of :phosphorus compound::: by ph~1to

p lankton is not as detailed . It was noticed t hat !)hyto!)l an'k:ton 

in culture medi1111) where the :phosphate concentration i s limit ing 

c ont inue to gTOTI for a l ong t ·i r,1e after the nutri ent has been 

stripped from solution . Thus cells are able t o accurmlate 

phosphate in excess of their i mmediate r eq uirements , so that 

they can utilize t 1-: e storage at times of nutrient depletion i n 

the external mediu J'TI . 

Unlike the nitr ogen upta1:e , in which orga11ic forms do 

n(])t pla.y a role, organic phosphate esters ma~, also nrovide as 

a s ource in phosphate uptake , (Chu; 1 94G) . It has been r ecentl:r 

found that _!)hytoplankton cells \7111 produce an enzyr·e n.l}:aline 

phos:phc. tase under phosphate- deficient condi t .;_ons , and the en

z~rrne is suppr essed v,hen the external phospba te level is ade

quate for growth . This enzyme i s r esponsibl e i n enabling the 

assi milation of the :9hosphate portion of stich esters . Glucose-

6-phos~hate , adenosine monophosphate r and al ~lycero~hosphate , 

three types of es ter , v,ere found to be ta1<:en a t the same rate 

by a given phytoplankton S:!)ecies , suggesting that tbere ic 

a similar uptake mechanism. This ability in utilizj_ng orr;anic 

phosphate i nd:i. cates tbat the r ecy-cling rate of phosphate in 

the ev.photic zone would be greatly enhm1 ced :::,i_nce co--rplete 
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remineraliza tion r,as unnecessary . I wovld su,o;gest tl1is idcn hel::1s 

explain why phosphorus is less often a l i miting factor for fihyto

plankton growth . 

Two interestine; demonstrations were made in the early 

work of Ketchum (1 939) . One i s that the quantitative relationship 

between the rate of phosphate uptake by phytoplankton and the 

concentrations of the nutrient i n sea vmter is also hyperbolic 

in form. The second one shows the phosphate uptake rates are 

also hYJ'erbolically r el ated to the nitrate concentratj_on in 

the medium. Hov,ever , these two relationships have not yet been 

elaborated, o therwise they mi ght have been of much use in 

generalizing the hyperbolic relationshi ~ . 

* * * 

Variati on in the rate of upta\:e of nitrate by marine 

phytoplankton with nitrate concentrat Lon f oll ows a hyperbola . 

Eppley a_l') d Thomas (1969 ) showed t:nat the growth rates o l' Aste

r i onella juponica 8nd Chaetoceros gracile also vary h yperlJolical ly 

v,i th the nitrate level in the culture medium. This variation 

i n specific grov,th r a te with nutri ent concentration is probably 

an i mportant characteristic of species l ivlng in lo\'l nutrient 

envi ronments , s uch as phytoplankton in the ocean , and may 

determine the geoeraphical and seasonal d ·i.stri but ion of species . 

If the sneci.fic rates of nutrient uptal~e Y, urid of cell growtn , 

,)I, are both described to be hyperbolic functions of the nutrient 

concentra tion in the medium, i . e . 
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V = VmS 
K 11 + 1 s 

and )l "" .,it,,, S 
K' +- 1 s 

Then the rel ationshi p between the s pecific growth r ate 

and the cellular nutrient conten·t depends upon t he relative mae;

n i tudes of tbe half- saturation constant for U!)take K; ard for 

growth Kf . Usj_ng the steady state relati onship V -= /< Q r,.ri ere 

Q i s t he cellular nutrient content , hypothetical curves illus

trating this were constructed (Fi g . 4) . The gr aph shows that the 

s pecific grov:th r a te i s i ndependent of the cell ular nutrient 

conten t only when the h a l f - saturation consta11ts are en11_al . 

Usua l l y K ~ > K! , a nd a hyperbolic relationsl1 i:9 occurs . The 

i ntercept corresponding to zer o growth rate represents the 

mi nimum cellul ar nutrien t content wh ich will permi t cell di-

vision . 

Phytopl ankton succession wa s explained by the a 11:rlicatj_on 

of half- s a turatj_on constants·. Assuming tha t va lue s of K ~ are 

the same a s their rree.s u.red values of Kf, t he:v ca lculated how 

the speci.fic growth rates of f our phytopla nl.< ton s pecies 'i'1011ld 

va r y wi th the ava ilable nitrate and a mmoniur:1 c oncentrc:.tions 

(Fig. 5) . For examrile , the data show that a t lon nutri.e11t 

levels , the g r owth of Coccolithus huxl evi would be favor ed ; 

r.11'1ile a t h i P;;h l c-.rels , t h e dia toms ,,.,ould pr edomine.te . The 

hypothesis wa s aupported as they actuall~ oh ~~rved chang es in 

trie phy toplankton in a greement off Southern Ca l i fornia , w} cre 

upwelling increa ses the nitrate l evels of t he surfa ce watero . 

The half- oaturation constants attc::.i n their i mpor tant 

role in exr,l u1nin£:; species succession c.i' d n-orc ev i denc e riil l 
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be needed to pr ove of i ts gener a l use . 

* * * 
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As for the utilization of n i trogenous r,,aterial hy !)hvto

p l 2J1kton , a mmonium and nitrate ions Rre taJ-:en up vlitl1 coJPT>arable 

rates . Gener a l ly speakine, ammonium seems to be the preferred 

form . Recent r,or k s uggests that ammon ium i s a n irrroortant ni tro

~en sourc e servin[( to maintain the phytoplankton cell in a 

heal thy state nnd provide much of t he nitroeen uoed in r epro

duc tion when nitrate leve ls are low , wher eas n i trate and nitrogen 

f i xation are the mos t i mportant parameters wi th res:pect to 

nitrogen liwitat ion of primar ; product~vity . It seems t hat the 

i mportance of aPJmonium for phytopl ankton erm1th i s go i nf to he 

widely r ecogni sed , as opposed to the early belief that only 

nitrate and ni tr:L te are the major sources of nitrogen in ti1e 

ocee>..n . Phosphoru s is l ess often a limi t i nt:; nutJ'.'ient . Unlike 

the nitroeen cycle , organic phosphorus esters t~re nart i n the 

biocycle , resulting in a higher recycling r 2.te . 

The assi mtl ation ratio , orj_ginall~r 11rorosed b;v :i!1J..emi 11e in 

1 940 , has lonr: 1:-ecn r ecogni sed . The ratio de3cri bes the biologico.J. 

effects of assimilatl on and regener a tion of the nutrients . The 

fact that marine organisms contain in their protoplasr•, nitrogen 

a~d phosphorus in approxi mat e l y the same ratio 2..s trey a :re founcl 

i n the ocean would then be attributed to t 1 e adaptive ability 

of the biological system. The nearlJ co Npl e t e assir ilation of 

nitrate from t1.e surface waters sugc;ests tL2.t it r(8.? be an 

i mportan t nutrient l in,itation to the growth of :phytopl u..nkton . 

Pbophorus i s alwa~rs prc~ent in some execs::; in the occc.n , thus 



it v,ould not be J.imi tine; . 

Ketchum f-Lrst found the hyper bolic relations1 ,ip between 

the r ate of nitrate uptake 2.1,d the nitrate con centration in 

t he cul tur e medium . Demonstrations have been mada to s how its 

v:ide a pplication to ni trate , n:Ltri te o.;-1d aT"lmonium upt al-:e b~r 

u:any s9ecies of ph~rtopl o.]"\kton . 

In the studies on thi s hyperbolic relationcl"l j_:ri ~ 1 the b2.lf

saturatlon constant ' i s recently i ntroduced, (E:p:0ley 2!1d Thonias ~ 

1 969) , ·with which ex!)l anation o:f phyi.opl c:-.pl~ton s uccession 

could lJe riade . The application of th:i.s constant ea.ins its 

significant advantage , since the r.ieas11rerrentc of upto.1-e rnte 

are E1uch rr.ore ec.sily c2.rr i ed out than gro;r'ch rat e deterr.1i nn t ions . 

* 
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The rate of nitrate uptake (v) by Coscinodisous lineatus 

as a function of the nitrate concentration (S) in the medium. 
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The rate of ammonium uptake (v) by Rhizosolenia robusta 

as a function of the ammonium concentration (S) in the medium. 
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Fig . 4. This illustrates how the relationship between the specific 

growth rate ,;, and the cellular nutrient content , Q, depends upon 

the relative magnitudes of the half- saturation constants for 

nutrient uptake,~ and for growth, Kf . /Awas assumed to vary with 

the nutrient concent r ation in the rnedium ,S , according to the 

equationjli11,,.S/(K/ +S) where jl,.,-0 .02 h- 1 and K]= 10/<M. The 

equation used for the rate of uptake was V•V,.,S/(KJ + S) with 

(A) 
_, 

V,., - 1 h and ~ 
K"' = l /J M, 

(B) v,,, -1 
_, 

h and " KJ .. 2 / M, 

(C) 
_, 

K~ • 5 / M, Vri,., 1 h and 

Only when K[~K1 is the value of )' independent of Q; for K" >-K,-s ~ , 

a 'hyperbolic relationship between; ru1d Q resul ta . 
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