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The Kinetics of nitrate and ammonia uptake by natural
populations of muarine phytoplankton™

Jo0 Mactsaact and R Bucoaie:

CbEReveired 30 g 15

ftrogei18 tracer,
wned the ) fic sugiost that
foodpression for enzyme Hinetics, A

the concentrition. of nitrate or e nia

ke el both compounds Fofiows the : _
a, therefore, desoribos:the rek tenshin betwoen
piake of that nuirient, Sucha heperbola can be olained ciEsily in experiments with anmenia

anler sintable condifions, with aitrate,
fae vidue of Ky the nutrient concentration al which the maxinum upiske rate is reduced by pne-
prewrs 1o be related to the nutrient and productivity repinie of the region infbited by the
st By othe tropical oligofrophic arca mvestiyaied, Keenogy 7 02 pgeatomyl., while in
a8 7 PO peestonvl These vahies suggest that the phyto-

snding etitrephic regions, Kegr
©uton populations of olgotrephic regions are adapted 1o the low ambicent BT comventrttions
¢ Lore shie to take up nutrients at g higher rate under these comditions than would phytoplankton

sy chiracteritic of citrophic conditions and showing a ldgher vabue of A,

Fi0%

SONTROL of phytoplankton cellylny growth rate by limiting nutrient concentrations
+eritieal element in the repulation of aguatic productivity. However, the exaet
soeof the relationship between specific nutrient concentrations and instantanesis
th rates his remained eludive. The successfut application of Michz-{ci-i enen
1 problents of bacterial growlll in chemostats (Monep, 1942) fed DuGnare

=T340 apply this exXprossion to Hanvey's (1963, .96} data for Phosphate dptike
oivie, i Lo suggest that this expression eventuilly would he shown o hold fasr

~uptake of wutricnts by murine phiytoplankten populations. Parsons gnd
SeeRtaND {(1962) and Vaccaro gand Tasnascn (1966) previously had  shown
whe-Menten kineries ta he plicable i some cases to nutural populitions of

s heteratrophs, Wiian? and Hosm (1965} working witl; glucose and scetate

Jiwater, obtained comparable resulis for bacteria but interpreted their resylts
et meait that these kinetics did pot apply, The study of fitrate and AMmmon

Ao reported here was undertaken as a step i resolving this confusion regarding
wability of the Michaelis-Menten expression (o natural populations of

wenow phvtoplankion.
METHODS
P pesults discussed bodow were selected from experiments conducted in Aluskan
b waters and the northeastern tropica] Pacitic Ocean fhiz. 1. The Alika
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trations of aftrogen-1 3-Rabdded nitrate or ansnonis, incubating {or o period of

and anaivzng by muss spestrometry for enrichiment in the pordoeciaie nilrogen o
{Nirss, Duenar, Ducpaty and Gorrrsag, 19020 Doopane and Gostasg, je

Seawitter was gollected with furge-volume rontoxio sampliors and trunsferred 1o 4000
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Fig, 1. Stution focatiias from (AL deona cruises 3 and 1Y, (8 Thompaon cruise 26, and o ‘
Te Fega crume 13, .
experiments are from Stephen’s Passage near Juneau, on the University of Alash
R.V. Acona croise 8 i Apnl 1965, and near the tip of the Alaska Peninsula on Aees
eruisg Him July 1905, The tropical measuraments were made in Februury 1967
Stunford University's RV, e Fega cruise 13 and in January and February bed
on the University of Washington's RV, Thamus O Thampson Craise 26,
The busie cxpermmental dosign nvolves oxposing o populathon 1o several ¢
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Puren serum bottles. Four to six bottles were ne;mmd cach enriched with o diflerent
weniption of db{. ed nitrate or ammonia, These bottles usupily were incubated
6 24 e in seawater-covied incubutors exposed o full xuﬂlw i, Neutral-density

imd 287 dransmission nickel sereens® were used 1o reduce the anutural lght
::’cwt} in certain cxperiments: and artificial lighting was used i the experiments
s deona 8. After incubition the bottle contents were filtered onto plass liber filters
?2 shut 984H ultraditters) which were dried and held for mass spectrometry, The
mass spectrometry for the Alaska and Te Vega 13 cxperiments was done at the
fatitute of Marine Science, University of Alaska, with a Bendix 17-210 time-of-flight
sstrusmvent, and the Thompseon 26 experiments ware processed at sea with an Associated
Eletrical imhzxzru,x M? i{) m‘tcimw (1%(3 alzgttyzi*r, Segmporadiug), 1a alcoses the
. amples were 6{}2‘1‘%!‘{(;[1 16 ‘gus by the gm(mmud Pumas pmacc}urc éuar;bm by
- B AHSIATE it D»z,c, Al ::{1%3) : : :
e §nngum}s of th 1{: mtwy@n«i 5 mLiImé AYC COmMMmon Lo ini i!di.a.r work 10 some
fepree, but itis well 1o, peview them spéeifically as much of thi work discussed hiere

avolved conditions leading to minimal sénsitivity of the methed. The requirements
for optimal mass spectrometry include the following (1) The nitrogen compound

roubation the paruuzi&& m*ragcn (PN I .l(.liu}t of t%m m\mp ¢ should be enriched
by at least 19 mitragen-135. 3y The p;lﬂ%{.ULIEL sample sizg s muld contain at feast
ngwswms nitrogen to overcome background in the converting systen. The first
sondition pfu.kldu medasurements al natural pulrient concentrations, @ significant
eoklom when these concentrations are ow. Ordinarily the latter two conditions
sy be met, respectively, by extending the wncubation period sulliciently and by

wcreeang the sumple veltipe when practical, ~However,.in mensuring uptake ratey
_”,L,!ui o a;}mim nutrient meenimimm it s iipc
ke kept minimal to avoid significant depletion of ihe nutFient. In the work réported
btz st ;mpuhhom penerally were encountered in areas with low nutrient con-

centrations, and it is a consequence of the tracer-technigue restrictions that rates at
those stalions werd the most drf‘%wm?t 10 IRCHSURC, . '

The initial concentsations of nitrite and nitrate or- ammenia and particulate
sropen had to b determined for cach cxperiment. Nurite was megsured in ull
rases by the mothod of SNy (lf}ﬁi} cadmivimereduction columns were used to
Setormine nitrats, cadmium-mercuary anu zEs_f‘tm ((“ saSSHIOTE, 19641 in Alaska, and
cdmiunt-copper on Te Vega 13 and Thompsen 26 {WaO0D, ARMSTRONG and RICHARDS,
v Ammonin was *zwuw;mci by the Procuizrova (19647 extraction method.
particulate nitrogen was determined with a Coleman nitrogen anabvzer, Inthe tropics,
durd mxis. nitrate and tripticate ammonia samples were processed.

The Michaclis-Menten kinetic expression nay be found in most biochemistry
enns fo.g., Worrp, Hasouer, Surni and STETTIN, pp. 234-238, 19591
o VowS h
K - 8 o
where V- velocity of uptake of substrate {in this paper, units of pitrogen taken up
per upit time per nnit PN or time 0 Vo maximal velocity of uptake; § - con-
centrtion of substrate, or nutrient;

and A Sichaelis Menten comstunt and is

e pfarared Pronducts, boe, Moo 18G, S077; Mo, 407108, 2870

satially should: be enricl hed with the fabeled form by at fuast 1()‘,‘;;, {2) At the end of

At that the ineubation periad-
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that substrate concentration at which ¥ J 20 Rusher than using the dosianation
Ko Keoor U insport constant ™ {WRIGHT ar

w Hosite, 1960) is used to eniphasize

L

thatw mathematicad and not necesarily piochensical cquivalence 1o Michaet. Monten

kioneties is being considered here, Using a compuier program supplied by Dr, John
Caperon, ¥, and Ky were calealuted diveetly from o hyperhola fited 1o the duts
pomits by u foust syuares analysise In this program, the assumpiion s made tha
sore uptihe cocurs at zero concentrution. Al caleulations for the totope work en
Tahonipson 26 und all of the hyperboln caleulations and Plots presented bere were
pertormed on the Thompsen's shipbourd 1IBM 1136 computer und Calcomp 30-n,
nlotter,

The estimuate of P velocity of uptake, is influcnced by mitrogen-conlalning detritus
in the manner discussed by Dudpate and Gorrine (1967), Briefly, detritus of this
natare ditutes the phytoplankton nitrogen, thereby reducing the estimate of the
nitregon-18 nivrozen- 14 ratio and of . 1o experitient using the same sample of
seavwater, ail vabtes of + will be redueed n the same proportion and 1, will be
gnderestimated to the same degrec, The value of Ay however, Fs unatfected as it
dépends only apon the ratios of ¥ and Vo whether they are apparent or geal
This cun be seen by rearrunging cquation (1) :

1 A

f'rm:a\ . ]\‘!. A -
Lt v,

tapipefenty

- S
k [BHES REEREALTH el i

where Cis o dilution factor due to detritus then

{_W - ll’e.lsﬂp,uczii} - S
. - Vn%;zxﬁ,!;"i‘.s}'fi‘sf; Af - K”
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I spite of the straiebtforward experinentad method, i was not possible 1o obtais
coihistent resudts at fow nubrient voneentration untit Thompson 26 and even this might
rot have heen possible witheot shipbourd mass spectromciny and the opporlunity
to adiust experiments with the previous results in mind, On the Thospsan, 1 2- w
3-day fug between experiment and result was stfl the best that could bo nunaged,

ructerized by
fevel vuar 70w and with extremicly fow

Stations 613 (Fias Ih) were located in an unproductive region. cln
: i
concaitrations of the major mutrients, Surface nitrate values of loss Urn 0.05 Au-alam

very deep euphotie zone with the

[T
I
i i

4

Nk -NGL were obserned. Considerable patchiness of biologiond ad physicu
pararaciors Wi cncountered o the sauih, but gencraliy speaking niore productive
WU

noat St 1o and continued through the last nitrogen-15 CXPUrinats at

St 38 The wuter was productive with the {7 feht fevel occurring as ~hallow as 20

¢ i
and with autreni-onriched woiter close to the surfice,

Fhe water wied on Tonipson 26 nornnty was tihen from the 257 or S0V gl

deptin sinee o appression of eptake of nitregen vombeunds sameihines oecurs in

apen ocean suclice water (RO D0Gnane, wipubished datad similar 1o the NEPTO-
st hnewn for carbon fxation, I areas of sirong upswehing und bigh productivity,

Vo, hro

R N TR Y R RT3 ,




St

et
Mgy

et e A S

A

s R 5 - PR
e
£ i
&

sowiws of pitrate and ammenia uptake by miturs! popalations of marine phyvtenlankion 4t
- eppression is not observed and thus shallower depths were selecied near the
¢ Rica Dome, Stas, 36 and 358, (o aveid the nutrient-luden water close beneath,
§ e sl guestion ay o the best Bpht intensity te use in meubuting subsurlace
o Wikie st wan necessary that livht not be Hmiting in these experiments, there is
fence that surface-Hght intensitios may suppress nitrogen uptake by deeper water
the open ocean (R O Ducpare, unpublished dat), Neutrabdensity sereens
sonr SOT) transmission were thus used through Sta. 15, However, un experiment
DS i which 2397 Hight depth water was incubated with 250300, and 00"
“ondiented posignificant differences in uptake with the different fight intensitios
Soand it was assunied that tull light could be used safely in the productive

red for the remainder of the crufse.
'mb _m of the mtrmmsf‘? miethod mzda,r wsuiumﬂ\ 0§ a furge and active
sustrated by the. cx;mnmcm at Sta. o The lack of

: mzmi{: ;mraﬁm pooi iy dem
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[}
v enrrchmient concentration,

significant differences mmong the respomses o the three light intensities resolis ia
exsenfindly triplieate detorminations of upfahe rute at cach on
and their agreement is pood,

RESLLUS

The results of two nitrate-uplake experiments fram o ipsern 26 are plotted in
Pig. 3. Station 7is an example from the clipotrophic region while Sta. 38 is from the
eutrophic area associated with the Costa Rica Dame. In both cases a hyperbola
described by the Michaelis=Menten cauation agrees very well with the data points,
The differences between the two curves appear to be associated with the regional
differences in overall productivity,
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Fig, 3. Representative response curves fur sy a% a function of nitrale cancentration, showing
the churacteristios of Michuelis-Menten kinctics,

Fhe results obtained at Sta, 7 are exceptionally good when compared with other
easurements i the unproductive arcis cncountered on botlh Thempson 26 and
Te Fega 13 The combination of small pepulations and low uptake rates at the
oligotrophic stations produced isotepe enrichments that approached the Hmit of

s = e
e = . T
s :
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g~ atoms/liter
b 4. Fwoy as a function of pitrate concentration, not clearly defined by Michaelis-Menten
Kingtics,

4w peetrometer seasitivity, The data from Thempson 26 Sta. 13 (Fig. 4) itlustrate
v imeonelusive results frequently obtained under these conditions. But if it may be
sommed that there is only one uptake mechanism involved at all concentrations of
puteient, and that zero uptake occurs at least at zero nutrient. then even with these
¢ -, 4 curvilinear relation between concentration and uptake must occur. The vilue
o b at St 13 s indieated by several points, but it is difficult 1o determing a value
L T ically fitted hyperbota in Fig. 4rindeed maay define the lrue Ao,
o that vilue, 00T pgeatony NOy =N, is extremily low: Altheugh there I an
Cder of magnitude difference between the K for Sy, 7. 0021 pg-atom NOj N
o that for the Sta. FA even small errors in the isotoy c-ratio measurements woukd
povount Tor this differénce,

Dranart {1967 bias disedssed another condition that would lead to the under-
sation of Ky, 11, at some point below P the uptake of the nutrient under
cveignlion hooomes -Em.éiic;} by the concentrution of another nutrient, Le., becomes

e Timited:s only the portion of the curve at the very low end wiil be described
v, wichuclis -Menten Rinctics. This condition ts Hustrated in Fig. 50 Ttis not alwiys
soible to distinguish between poor data and poor hyperbole fit. and ifa K is
Cioeted from an unrecognized other-limited curve. it will be underestimated.

e contrasiing environment of the more productive regions ul feviates the probloms

& with mass spectrometry, but introduces other complications, Thempson 26
Sp 3% (ke 3y reprosented ideal experimental conditions with its Inrge and healthy
~steplinkton ponulation and low ambient nitrate concentration, The same situation

q uf St 16 (Fig. 23, but the enrwhmont concentrations were not made high
4 to detect the Vo, platesu. More frequently, areas sunporting dense phy-
kion populations have high pitrate levels, Under these conditions there s no

vt mensure uptinke at the low arate concentrations where uptake rate depen-

Coee iooapt e occur, Puperient 1o geosg % is shown in Figo 6 to Hlustrate the
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Fig. 7. Inhibition of F~oy, with Increasing nitrate concentration.
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Represestating curves for Fairg as a function of ammaonia concentration, showing the

Ag-atoms Fiter

charsctersiios of Michaohs - Menten kinotas,
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restults from a notoientrich area, While £ iv well established in this case, o
hyperbala can be fitted to the points and Ay conpot be caleeiated.

There have been several instances in which, rather than & positive or neatrad
influence of nitrate concentration on upitke rate, an actual suppression has been
chserved, An csampie of this tvpe of rospomse is Thoipren 26 Sta, 28 shown in Fig. 7
Similar resulis were obtained in the Pera Current (R0 C Durapare, unpublished
observationss, Conumon to both of these locutions were amumaonia concentrations of
araund | ugentom NHy =N/, considerably above those of adjacent wrcas. In some
prefiminary work, H. L Corway and B, M. Ganss (personal communication) have
demenstrated an inhibiting offect of high levels of ammenia on nitraie uptake,
dependent 1o some degree on the concentrations of both compounds, Although the
critical range for the onset of this inhibitien was 1-5-2-0 pg-atoms NH-NL
their experiments, ammonia controt of the aitrate uptake must be considered as a
fikely explanation of the results at Thempsan 26 Sta. 28 and the Peru Current station.

Pxamples of the ammonin-uptake curves are shown in Fig. % Voriations similar
o those of the nitrate hyperbolie (Fig. 37 appear in the ammonin curves and again a
correlution of this characteristic with regional productivity 15 suggested.

Table V. Summary of fickd datu, cxperimental conditions. und resufis for the
aftrate-aptake experiments,

fnitial Hivits
NOG-NOOPNGN Demth Bation
fr"g !ﬁ‘g ( “‘; { ne; f’m.l\ J f -‘I!?"H;%H(‘]HF
Crugse Sracion atomsil) atoms/L) fighn light} (he % (g atom’l) period (hn
Thosmnpson 26 i 403 {-87 28 A {020 04 24
7 HEH 0-87 25 50 [REE G- AN
ks G447 17 23 0 06010 G0 24 "a
13 -2 0-82 23 50 G0y a4 23 L2
Te Lega 13 042¢ 0 08y 59 50 0l
H45% 341 (336 03 0 [ERY I31¢] SRR R e
647 ] 053 53 50 60074 G-14 G
13 K
Thompson 26 té 802 473 25 30 atfeast 47 16 )
100 2
34 12 432 160 100 [SRRTET Oy 6 f‘”f"
%
-
Acona Exp. | 2010 367 160 artificial GO0 6 3
Exp. 2 T2 577 i artiisd 0163 $-2 5

*The hourly uplike velocity s based o the towd Incubution penod and oo attcmpt s been
sunde to correct for the affect of reduced uptake during darkness in the longer esperiments,

tCulculated together.

I8y be underestimalod.

T Table Toa summmrey of the Bield dida, oxporimenial conditions, and V,,, and
Reowhere endeuluted 8 presented for all the mitnte experiments. Acoording to the

characteristios of the aren where el vecurred, the stattons have bBoen dessgnared
chgotrephic or cutrophic, and similarfy designated sations bave boen grouped

tozether. Table 2 continy (he experimental anumenis datn in sivalur Torn

iz

D 0 B A
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Table 2 Suf;;me:r_i' af field data, experinental conditions, and results for the
ammonia-uptake experiinents.

Fritial
NHe - PN-N ky
(pg (K Depth Tocahation Vi (g Incubation
Crasie Station  atoms/L) stomsAN 7 ki () !z}:;‘zu (hr ik atoms/ | ) f:'riﬂi! thri
Pyompon 26 18 020 056 23 0 G-005% a1 57, 4
k! 345 1-K5 20 13 00087 G55 ES L %i
fedepall 65fea 008 077 10 0 0-008% 063 61 O5
fomald129% 030 t00 100 . 61 B
@it 033 1950 100 46362 XTI 4 j g

*The }m{:riy nptakc vcim.rw is bascd Y rm %m:d ;nmbxtmn pcrmd arsd il wswmpf hm, been |
wade to corivet fof the effect of reduced. uptake durmg darkne“ n tm, tonger experinents.

tCaloniated together..
DISCUSSION

The duta given above offer convineing evidence that the uptake of ammonia and
~irate by natural marine phytoplankton populations is dependent on the concentra-
ons of these elements at their Jower natural abundances. The possibility that the
idependence of uptake rate at higher concentrations is actually a repression of uptake
zpered by some parameter other than nitrate or ammenis concentration has been
reamined in terms of light and other nutrients, It was established carlicr in the
~sper that nontimiting lghting was used throughout, with the possible exception of the
srutwindly illuminated nitrate experiments in Alaska, The problem of other nutrients is
ek g c.xs;hf resolved, us. it is” difficult to. gxmmhzn ubout the supply of ¢ Gmﬁﬂtx
voaable i all sitaations: but the uptake results from pure culture exgeriments

wolving 2 highly enriched medium deseribe a hyperbola apparently related only to
warste or ammonia concentration (L 1. Macisaac, unpublished observations).
s+ another experiment, the 24-hr rate of nitrate uptake at o netrient-rich station

Tuble 3. Effect of other nutrients on the uptake of NOy—-N ar Thompson 26,
Se 30, §mowater. Basic addition of 078 g atom NOy -UN made 1o cach

-experintest,
Approvimate Awbient concentration
Y atrient adlition {ng atoms/L} Fihe?y
ffzg a!{)ms’! i
3y - N {control) G- :8 306 30082
e 4-5 - 30* 0070
PR 10 014 0082
LI 551 ;zg’{'.
Thusming RE! 684
Hia G-Gi6
Pastrny -3
fra e metals {without Feyt 0088
a1t ghase ennichments plus Fed {ag above) 0033

%y ahees taken from hydrocast chemistry ot 10 m.

*‘wgmws‘ ately 925 mih of the following trace metal soiution mﬁtuc up in 1 liter : 2%y
s % g MeChSFLO, 018 g Na tartrate, 303 myg CoSOy- SR, 208 mg ZnCle - 21103,
g Cof B - aHL0, 252 myp Nae Mo, - 2H '},

g TeSOy - TH=O added pur ey of semple.
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hompsen 260 Sta, 30 was pet clearly dnftucnced by additionad enr

varians nutrients, The data from this SAperient dre shown in Table 3 Thes

results from eulture and nmatore do oot psa.-cé[:\'f-:_‘ the \ili‘?‘ weslon of uptake by other

o N
hmitations under diferent conditiens or af the sbilions o Hscussedd Bore, bt they do

indicute that the processes of nit rrte and amimronin optabe can be regifated selely by
Cﬁnm‘mr;:' ons of these compotingds,

AR u{; it

Phe characierization of uptake by o low A would be of compeiitive ; Hagwe Lo

spectes found in nutricnt-poor walers, and espevially for mitraie {Tuble 1) wuch o
stittion is found, The associated medasiicinentis of F e alse fow . The cutrophic
stations are all churacterized by higher A and 1 " faws. The role of detritus in
feading to underestimation of should be kept i msx!.

s dnteresting 10 pote Uiat the Ar sidues {or mitmie mensured in tiboratory
culiures correspond 1o those given here for the cislé‘ng‘,hic regions, for example, in
preliminary experiments mmu pitropen-135, o A} for uptake by (”;'f‘f'weiff’fz tattice ol
about 18 pgaatoms NOg o3 doand a VL of approsinuitely 002 hr U have been
deterimined, and u Ay for uptithe of 2:64 pp-itoms NO; N1 can l‘ru c;u_cz;}:i{cd from
Ketenests (1939) data with Pledactvlion ricopnnm:, i a chenrostt sindy of
lsmm; sis galbanea, Cavrpon SO5) mensured AL mms far prowth of 213 and 283
a-atoms NOy =N and respective ¢ vibues of 0083 and 0026 hy 1 Phe diverse
seurees of these data preclude more than tieir casuad comparison, but the general
agreement between untnke and growth Ay and . valees is encour: LTS Lfm%cr low
sroduactivity conditions, uplke vates may be determined with

fir proarer sensitiviry
than mrowth rites interns of coll members, and i wonld he advuntazeons w estiblich
the relation between these fwo micx‘.

As can be seen from Table 2. the amn wonia data abo indicate o distribution of Ay
correlated with regional produ vty Thempson 26 St 3, i spate of s focation in
the Costa Rica Dome, actnally e the appearance of un sproductive situation,
judaing from somie nitrale- upt.

ahe date assochuted with other work, s it ix no
doult the deptls m£ thesaniple st 7e Fega 13 St 650-a that m dhes it appear unproduc-
tve it an otherwis o productive area. The shaotute varh hility ol the unumonia nptahe
salues bs 8ot so great us for nitrnte u ploke and nuy be relited (o the relatin ¢ consliney
of ammioniz concentrations i the CHpholic 7one over most of the occas,

Accordivg 1o the theo vy of pulrient Bmitition advanced by Dicagpars (1967,
the duta here may he interpreted o indicate (he prosence or ahscnce of Hmitation of
piyteplanktion uptake or grawth rates hy the mahémi mtrle er ammenia levels,
Atstations where uptike rte determiined by the notricnt level in the WAL v 1 proint
slong the plarcan of the avperoobi that uulz'k:m iy b assunied nonlimiting. Such
icondition s Hiustriged clearty by the ninmie exporiment from feana 8 shown in
Flg. 0 When the wshient nuirient lev ebeheterimines o rate Found o !

) .

dOnY e \iﬂg (8
e hyperbola, that concentrution nray be consilered wihe of that nutricm
I
¢

teplankion, The SGHE ARl ey

Phis situndion,

and Hhmtation by nitrae is sgerested te Pepa ound at Hhampsan 76

Stis, 7,16, and 3%, At Hiose oo emg

s
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