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INTRODUCTION 

Because organic nitrogen compounds represent both a nitrogen and 

an energy source for heterotrophic microorganisms in the sea, a dis-

cussion of the processes of their utilization and mineralization can 

bring insights either into spécifie aspects of the nitrogen cycle or 

into gênerai mechanisms of organic matter metabolism in the sea. 

This paper will be malnly devoted to the latter aspect. There are 

indeed sorae technical advantages in focusing on nitrogen instead of 

on carbon for studying organic matter utilization in the sea, owing 

to the greater sensitivity of analytical raethods for organic nitrogen 

than for organic carbon. However, parallellsm or lack. of parallelism 

between nitrogen and carbon utilization processes will be underllned. 

Many examples discussed in this paper originate from data 

obtained in the Southern Bight of the North Sea and in the English 

Channel. This area is dominated by a flow of Atlantic water directed 

to the north east. However, due to the influence of the Scheldt 

estuary there is a zone of longer résidence time of the water masses, 

of lower salinity, and of higher turbidity just in front of the 

Belgian coast. TViis zone receives important nutrient imputs from the 

land, so that the whole area offers a complète spectrum of situations 

from highly eutrophic in the Scheldt estuary to almost as oligotroph-

ic as Atlantic water in the central English Channel (Fig. 1). 

Existlng data and concepts related to heterotrophic utilization 

and régénération of nitrogen will be summarlzed under four main 
topics: 
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Figure 1. a. Spring distribution of sallnity in the Engllsh Channel 

and the Southern Bight of the North Sea (Pichot 1980). b. Total 

nltrogen concentrations in the Belglan coastal waters (Nlhoul and 

Boelen 1976; Hagel et al. 1973), 

(1) Forras and production processes of organlc nltrogen compounds 

in the sea. 

(2) Hydrolysls of macromolecular organlc nltrogen. 

(3) Uptake mechanlsms of direct nitrogenous substrates and 

compétition. 

(4) Nltrogen mlnerallzation by heterotrophlc mlcroorganisras. 

FORMS AND PRODUCTION PROCESSES OF ORGANIC NITROGEN COMPOUNDS 

IN SEA WATER . , . 

Dissolved Organlc Nltrogen in Sea Water 

Durlng the last décade. Intensive work. has been devoted to the 

characterization of dissolved organlc compounds in sea water, and to 

the geographlcal and seasonal variations of thelr concentration. 

Although most Information avallable Is based on organlc carbon 

analysls, the sarae major features also apply to organlc nltrogen: 

- Most organlc matter in the sea exlsts in the dissolved rather 

In the particulate phase. 

- An important fraction of dissolved organlc matter exlsts as 

hlgli niolecular weight compounds (Degens 1970; Ogura 1974; 

Wheeler 1976; Rama and Handa 1980). 

- A slgnlficant part of dissolved organlc matter is refractory 

to microblal attack and is defined as humlc compounds. 

- Direct organlc substrates for microblal growth make up only a 



HETEROTROPHIC UT IL IZATION OF N ITROGEN 315 

very small part of total dlssolved organic matter. 

Total Organlc and Inorganlc Nltrogen 

Total nltrogen concentration In sea water reflects the général 

level of nltrogen enrlchment and varies wldely frora estuarlne and 

coastal to open sea environments (see Table 1 and Flg. 1). Obvlous-

ly, In most situations, total nltrogen concentration does not dlsj^Lay 

seasonal variations (Flg. 2). 

Dlssolved organlc nltrogen makes up 25 to 80% of total nltrogen 

accordlng to the season; Its percentage Is at a maximum In late 

summer and at a minimum in the wlnter. 

Characterlzatlon of Dlssolved Organlc Nltrogen 

Nuroerous authors (Williams 1971, 1975) tiave polnted out that 

only a small fraction (10 to 30%) of the total dlssolved organlc 

Carbon In natural waters can be identlfied as well deflned compounds. 

As seen In Table 1 and Table 2, the same holds for total dlssolved 

organlc nltrogen. Only a small fraction of the dlssolved organic 

nltrogen Is compounds, such as free amino aclds, that are dlrectly 

usable by microbes. A much more Important part (16-50%, Tuschall 

and Brezonik 1980) of organlc nltrogen Is made up by dlssolved 

proteins and polypeptldes ("comblned hydrolyzable amino aclds") of 

high molecular weight. The remainlng fraction Is probably made of 

humlc compounds refractory to mlcrobial attack (Thomas et al. 1971). 

Several hypothèses concernlng the orlgln of thèse compounds have heen 

suggested Includlng reaction of phenollc compounds wlth protelnaceout. 

materlal (Sleburth and Jensen 1969) or Interaction between urea or 

amino aclds and metalllc ions (Degens 1970). 

Régional and Seasonal Variations 

Whlle total organic nltrogen varies a great deal from estuarlne 

and coastal to open sea environments, no large variations are found 

In the concentration of easlly usable organic nltrogen compounds 

such as free amino aclds. What is observed for régional variations 

seems also true for seasonal variations. Distinct seasonal varia-

tions In total dlssolved organlc nltrogen have been reported (Butler 

et al. 1979) which show accumulation of organic nltrogen compounds 

followlng the period of intense phytoplanktonic actlvltles. On the 

other hand, most authors who have studied the annual cycle of total 

free amino aclds concentration dld not find very clear évidence of 

Important seasonal change (Andrews and Williams 1971; Riley and 

Seagar 1970; Crawford et ai. 1974; Hlllen et al. 1980). Andrews and 

Williams (1971) concluded that if such changes dld occur, they were 

either small or short ilved. 
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Table 1. Typlcal values reported for total nitrogen and total 

dissolved organlc nitrogen in various marine envlronments 

(In p g - f i L N iiter~l). 

Total 

Dissolved 

Total Organic 

Knvironments Nitrogen Nitrogen Référence 

Es tuarles 

Rhine 420 

Scheldt 800 

Coastal Areas 

Nearshore North Sea 100 

Offshore North Sea 50 

English Channel 

Engllsh Channel , J,Z 

Open Océan (upper layers) 

North Atlantic 

Pacific 

IiiUiti.. 3̂ i;an 

Medlterranean 

Open Océan (deep layers) 

Pacific 35 

Pacific 

Pacific 

Indian Océan 

Medlterranean 

105 Van Bennekom 1975 

200 Van Bennekom 1975 

70 Nihoul and Boelen 1976 

20 Nihoul and Boelen 1976 

4.6 Banoub and Williams 1973 

6 Butler et al, 1979 

6 Holm-llansen et al. 1966 

8.2 Thomas et al. 1971 

7.5 Fraga 1966 � 

5.2 Banoub and Williams 1972 

4 Armstrong et al. 1966 

3.5 Holm-Hansen et al. 1966 

6.9 Thomas et al. 1971 

5 Fraga 1966 

3.3 Banoub and Williams 1972 
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Figure 2. Seasonal variation of the concentration of varlous classes 

of nltrogenous compounds In the water of the Western Engilsh Channel 

(composite data from Butler et al. 1979; Banoub and Williams 1973; 

Andrews and Williams 1971). 

Thls lack of change is lllustrated by data on amlno aclds In 

the Southern Blght of the North Sea, Although différences of two 

orders of magnitude exists at sorae seasons In the relative rate of 

heterotrophlc amlno acld utlllzatlon from the Scheldt estuary and 

the Belglan coastal zone to the Engilsh Channel (Flg. 3), no 

slgnlficant différences are found In the pool slze of amlno aclds in 

thèse three régions (Table 2). Thus the différence between 

eutrophlc and ollgotrophic waters lies in the concentration of hlgh 

raolecular welght organlc nitrogen ratlier than in the concentration 

of easlly usable substrates Ilke amlno aclds. 

As far as can be judged from the few data available, urea 

behaves more Ilke an inorganic nutrlent than like an organlc 

substrate as it shows Important régional (Table 2) and seasonal 
(Flg, 2) variations. 
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Table 2. Typlcal values reported for différent classes of organlc 

nltrogen compounds dlasolved in Lhe water of varlous marine 

environments (fn iig-at N-llter~l). 

Total Free 

Amino Prlmary Ami no 

Rnvironments Acids* Aminés** Acids Référence 

Estuarles 

Scheldt 1.6 

Scheldt 

Pamlico River 

York River 

0.48 Lancelot, pers. comm. 

0.2 Billen et al. 1980 

0.2 Crawford et al. 1974 

0.4 Hobbie et al. 1968 

Coastal Areas 

North Sea 

North Sea 

EnglIsh Channel 

English Channel 

Knglish Channel 

Irlsh Sea 

Baltlc Sea 

Buzzards Bay 

0.4 

2.2 

2.4 Lancelot, pers. comm. 

0.51 Billen et al. 1980 

2.6 Lancelot, pers. comm. 

0.26 Andrews & Williams 1971 

0.72 Billen et al. 1980 

0.15 Riley & Segar 1970 

0.26 Dawson & Gocke 1978 

0.61 Siegel 6. Degens 1966 

Open Océan (upper layer) 

0.18 Atlantic 

Atlantic 

Atlantic 

Pacific 

Pacific 

Pacific 

Pacific 

0.5 

0.67 

0.7 

0.41 

0.025 Lee & Bada 1977 

0.26 Pocklington 1971 

Liebezeit et al. 1980 

0.045 Lee & Bada 1975 

0.072 Williams et al. 1976 

North 1975 

Hollibaugh et al. 1980 

Open Océan (deep layer) 

Atlantic 0.1 

Atlantic 

Atlantic 0.59 

0.025 
0.17 

Lee & Bada 1977 
Pocklington 1971 

Liebezeit et al. 1980 
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Environment Total Nuclelc Acid Référence 

Bombay Harbour Bay O.A Pillai 6, Ganguly 1970 

Environraents Urea Creatln Référence 

Estuaries 

Savannah River 6.8 Rerasen et al. 1972 

Coastal Areas 

Engllsh Channel 1.4 

Coastal N. Atlantic 1.29 

Peru upwelllng 3.5 

Peru upwelling 

Japan Sea 2.8 

0.1 

Butler et al. 1979 

Remsen 1971 

Rerasen 1971 

Whltledge & Dugdale 1972 

Mitamura & Saljo 1975 

Open Océan (upper layer) 

Atlantic 
Pacific 

Pacific 

0.45 

0.24 

1.8 

Remsen 1971 

McCarthy 1972 

Remsen 1971 

Open Océan (lower layer) 

Atlantic 0.5 Remsen 1971 

*Total amlno acids (free and combined) 

** Primary aminés (free a.a. and smaii pept.) 
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Figure 3. Utillzation rate of amlno aclds (protein hydrolysate) in 

%-h~i In the Southern North Sea (Aprll 1981). 

Supply of Organlc Nltrogen In the Sea 

Except In local near-shore situations, prlmary production is by 

far the most important source of organlc matter in the sea. More-

over, although rlvers can carry large amounts of organlc matter, 

most of it is degraded or sedimented in estuarine Systems; thus only 

a small fraction of the organlc matter, mostly made of compounds 

refractory to bacterial attack, Is dlscharged into coastal"zones 

(see e.g., Wollast and Billen 1981). 

The three main processes to be dlscussed with regard to produc-

tion of dissolved organlc nltrogen in the sea are: 

- extracellular release of dissolved organlc matter by phyto-

plankton; 

- spontaneous lysis or zooplankton splllage from phytoplank-

tonlc celle; 

- excrétion by zooplankton. 

Excrétion of Organlc Compounds by Phytoplankton 

Studies of extracellular release of organlc matter by natural 

phytoplanktonlc populations are numerous [see for instance the 

revlews by Hellebust (197A), Sharp (1977) and the more récent papers 

by Larsson and Hagstrom (1979), and Lancelot (1979)]. Although 

little agreement exlsts on the relative importance of thls process 
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wlth respect to total primary productivlty (estimations varying from 

a few to 70%), it is certalnly true that It represents a signlflcant 

source of dlssolved organlc matter avallable for bacteria, especiaily 

in ollgotrophic waters. 

The chemlcal composition of thls excreted material varies from 

species to specles (Hellebust 1965). In the Southern Blght of the 

North Sea, during the sprlng phytoplankton bloom domlnated by the 

specles Phaeocystls pouchetl, Lancelot (1982) demonstraced by uitra-

filtration of the -"^C-iabelled excreted material that organlc 

compounds of molecular welgVit hlgher than 500 d. represent 60-91% 

(raean 82%) of the total exudate. Nalewajko et al. (1976) report 

somewhat différent figures for fresh water phytoplankton: one third 

of the excréta was made of compounds with molecular weight hlglier 

tlian 5000 d. Wiebe and Smith (1977), working in an Australian 

estuary, reported that 95% of the excreted material Is of low 

molecular weight (i.e., lower than 3500 d.). 

The hlgh molecular weight fraction of excreted material is 

probably mostly polysaccharides but proteins would also h,- an 

important part. In the low molecular weight fraction, on the other 

hand, free amino acids are présent but they were found by Juttner 

and Matuschek (1978) to make up only about 10% of the total. Most 

authors also found glycolate, Krebs cycle acids and carbohydrates 

(i.e., non-nitrogenous compounds) as dominant constituents of 

extracellularly produced organlc matter. Only nltrogen fixlng 

blue-green algae were observed to excrète important amounts of free 

amino acids (Stewart 1963; Jones and Stewart 1969). Ail thèse data 

suggest that organic nltrogen excreted by natural phytoplankton 

communlties in the sea roainly consists of proteins and peptides, 

while only a sraall araount of free amino acid is dlre'ctly produced. 

Death and Lysis of Phytoplanktonic Cells 

Although it was thought in the past that the normal fate of 

phytoplankton cells in the sea is to be grazed by zooplankton and 
that only few slmply die (e.g., Harvey 19A5), it becomes more and 

more évident tliat in many aquatic Systems, particularly coastal 

marine ones, zooplankton grazing cannot explaln the variations 

observed in phytoplankton biomass and that an important spontaneous 
phytoplankton mortality occurs (Jassby and Goldman 197A; Joiris 
1977). 

When phytoplankton cells are disrupted or lyse, particulate 

détritus and dlssolved organlc matter are produced. Table 3 
summarizes some data on detailed nltrogen composition of phyto-
plankton cells. It can be inferred from thèse figures that mostly 

macromolecular nltrogen compounds are primarily produced on lysis of 
phytoplankton. Although data on the pool of free amino acids in 
algae is rather scarce. this n o o l a r i n f ^ a r c i-r. Ua ^tar-,, .. 
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Table 3. Detalled composition of phytoplankton nltrogen (calculated 

from data of Mayzaud and Martin 1975, and Reisner et al. 
1960). 

% dry welght % of total nltrogen 

Total nltrogen 4.3 100 

Protein nltrogen 3.65 83 

Non fiio.,̂ !.. ..Itrogen 0.6!> 15 

Free araino aclds 0.23 - 0.35 5 - 8 

only minute amounts of free amlno aclds are released by simple 
dJsruptlon of algal cells. 

Excrétion of Organlc Nltrogen by Zooplankton 

A controversy existe in the literature concernlng the forma of 

dlssolved nltrogen excreted by zooplankton. Johannes and Webb (1965) 

and Webb and Johannes (1967) uslng high concentration of mixed zoo-

plankton found that considérable amounts of free amino acids were 

released, while Corner et al. (1965) and Corber and Newell (1967) 

concliided from experiments wlth much lower zooplankton concentrations 

that no significant amounts of nitrogenous substances other than 

ammonia were excreted. Jawed (1969) measured the followlng composi-

tion of soluble excrétion products of zooplankton: 76-82% ammonia-

nitrogen, 13-18% amino nltrogen, and about 1% urea. Eppiey et al. 

(1973) fcund much higher urea excrétion (about 50%). 

Soluble nltrogen excrétion by fishes was also measured by 

Vihiteledge and Dugdale (1972) on Peruvian anchoveta and consisted of 

about 50% ammonia, 25% creatine, 18% urea. 

. - I -.. 

EXOENZYMATIC HYDROLYSIS OF MACROMOLECULAR ORGANIC NITROGEN 

From the preceding section, It is apparent that an important 

part of both the stocks and of tlie fluxes of organlc nltrogen in the 

ri»;a is in the form of high molecular welght, polymerlc materlal 

(proteins or peptides), either particulate or dissolved. Such 

materlal normally cannot be dlrectly taken up by bacterla and can 

only be ultimately absorbed after exoenzymatic hydrolysls (Rogers 

1961). 
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Exoenzymes, and exproteases in particular, can therefore be 
inferred to play an important rôle in aquatic ecosystems. Unfortii-

nately, there is little information on their occurence and activity 
in the sea. 

Occurence of Exoproteases In Aquatic Environments 

Hydrolytic enzymes are présent inside and outside the cell. 

Exoenzymes, found outside the cell, may be bound to the surfaces, 

such as a cell, or may be free (Pollock. 1962). It is not easy to 

establish whether an enzymatic activity is intracellular or cell-

surface bound, but free exoenzymic activity can be demonstrated 

after séparation of the cells by gentle filtration. It is often 

difficult, however, to décide whether enzymes found free in the 

external médium have been liberated by healthy cells or have been 

llberated by cell disruption or autolysis. 

Use of synthetic protein-dye (AzocoH, Calbiochem) or chttln-

dye (Chitin-Red, Calbiochem) as substrates allowed some authocs to 

demonstrate the occurence of free proteolytic and chitinlasic exo-

enzymic actlvities in lake water, sea water and interstltial waters 

of marine sédiments (Reichardt et al. 1967; Kim and Zobell 1974). 

Another technique is to use aminoacyl derivatives of (Beta)-naphthy1-

amlne. Thèse give rise to fluorescent products upon enzymatic 

hydrolysis (Roth 1965) and have been found by Somvllle and Billen 

(1983) to be a very convenient and sensitive tool for studying 

exopeptidases in estuarlne and marine waters. Some results obtalned 

with this method in the English Channel, the North Sea and the 

Scheldt estuary are presented in Table A. A measurable proteasic 

activity is présent in ail freshly collected unflltered samples. 

In ail cases, autoclaved samples lose their activity. Results of 

proteasic activity détermination with or without prier filtration 

of the samples through 0.2 and 0.8 pm membranes show that some 

exoproteases may.exist as free enzymes in the eutrophic Belgian 

coastal zone, whlle in the more oligotrophic waters of the Channel, 

most of them are bound to partlcles between 0.8 and 0.2 pm. In the 

last case, exoenzymes are probably llnked to the external surface of 

bacterial cells, as demonstrated in some instances by Christison and 

Martin (1971). 

Control of Exoenyzymes Production by Environmental Factors 

Numerous studies of pure bacterial cultures have been coricerned 
with the physiological régulation of exoenzymes synthesis (see the 

review by Glenn 1976). The production of many exoproteases can be 
induced by the présence of peptides or proteins in the external 

médium; end production inhibition by free amino acids and catabolic 

repression (e.g., by glucose) has also been reported for most 
exoprotein producing bacteria. Unfortunately, it is not known to 
What extent t h è s e Dure culture o h a e r v a t i o n u oan h» «irrrj»nnl»i-«ï4 t n 
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natural aquatic envlronnients, and at which levels of substrate 

concentrations thèse physiological controls are operative. 

Moreover, besides thls "physiological régulation", some kind of 

"sociologlcal rugulalion" (Wuhrinann 1968) must be taken Into account 

when dealing wlth natural aquatic communlties of mlcroorganlsras. 

Martin and hianchl (Miirtln 1980; Martin and liianchi 1980; Blanchi 

1980), studylng the spécifie composition of bacterial communlties in 

various aquatic envlronraeiits, showed that strains whlch produced 

exoenzymes are selected when polymeric détritus is the most important 

Table A. Proteolytic activity of filtered and unfiltered water 

from various marine environraents (Billen and Somville, 

unpublished). 

Proteolytic activity 

Environments Sample 10"*̂  moles* liter"^ �min"-'-) 

ISelglan coastal zone 

(West Hinder, 

June 1981) 

unfiltered 

filtered through 0.2 pm 

0.A3 

0.38 

autoclaved | 

� , ; � 1 

P , � 

Kngllsh Channel 

(01 f Boulogne, 

June 1981) 

� , |: 

unfiltered . ; : , 

filtered through 0.8 ym 
0.48 

filtered through 0.2 pm 0.18 

autoclaved 

- . " \ '� - ' i 

Scheldt estuary 

(Doel, 

May 1981) ' 

t. 

unfiltered . ; 

filtered through 0.2 pm 

1.82 

0.27 

autoclaved ! � : 0 : 

filtered + autoclaved 
suspended matter 

0.27 

Amount of B-Naphthylamlde produced from L Leucyl B-Naphthylamlde 

per minute of incubation tLme (Roth 1965). 
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substrate available such as In senescent phytoplankton cultures, 

sédiments, etc. 

Kinetics of Détritus Hydrolysis 

Although no direct data are available concerning the kinetics of 

exoenzyraes action in sea water, indirect information can be obtained 

frora experlments on bacterlal dégradation of dead algal cells or on 

extracts of algal cultures, since It can be thought that exoenzymic 

hydrolysis is the first limiting step in the décomposition of thèse 

complex materials. 

Most authors found or assumed first order kinetics for the 

dégradation of détritus, the value of the kinetic constant dependlng 

on the nature of the material being degraded and on the environmental 

conditions. Table 5 shows the range of values reported for the 

Table 5. First order constant of the dégradation of various classes 

of complex organic nitrogen in aquatic environments. 

Nature of the Material 

Dead ptiytoplankton cells 

- as a whole 

k(day"l) 

0.04 - 0,1 

Référence 

Golterman 1972 

Von Brand et al. 1937 

Ots'uki and Hanya 1972 

Otsukl and Hanya 1972 

Otsuki and Hanya 1972 

Otsuki and Hanya 1972 

Kailov and Finenko 

1970 

0.038 - 0.056 

- soluble fraction 1 - 0.2 

(25% of total N) 

- Insoluble labile fraction 0.056 

(42% of total N) 

- refractory fraction 0.005 

(33% of total N) 

Dissolved macromolecular organic nitrogen 

- labile fraction 0.011 

- dissolved proteins (in 0.015 

the présence of natural 

suspended matter) 
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dégradation of several classes of partlculate or dissolved organic 

nltrogen. Otsuk.1 and Hanya (1972) In one ot: the more complète 

Htudles, suggested that nltrogen compounds in green algae may be 

dlvlded Into three fractions according to thelr résistance to 

décomposition: a first fraction (about 25% of total N) is made of 

fioluble, very easily degraded compounds (décomposition constant as 

high as 1-0.2 day"-^); a second fraction (about 42%) comprises labile 

ni4,terial with a décomposition constant of about 0.06 day"-'-; a thlrd 

traction (3J%) is refractory to dégradation (0.05 day"-'- or less). 

In comparison to thèse studies of détritus, the décomposition of 

dissolved proteinaceous matter is much more subject to variations 

from one environment to the other, Kallov and Finenko (1970) have 

tound tliat détritus enhanced the dégradation of dissolved proteln, 

The rather low values of the rate constant of dégradation of 

polymeric nitrogeneous materlal and the fact that, as shown in the 

precedlng section, most of the organic nltrogen is supplled as 

macromolecules, imply that bacterlal acltlvity is buffered to a 

certain extent against short term variations in phytoplanktonic 

production by the large pool of nltrogen polymers. Whether such a 

buffer effect also exists for ail other classes of organic materlal 

is not clear, Some authors demonstrated a very close coupling 

between phytoplankton excrétion and bacterlal activity, the turnover 

tlme of excreted products being sometimes as short as a few hours 

(Nalewajko et al. 1976; Wlebe and Smith 1977; Iturriaga and Hoppe 

1977; Larsson and Hagstrom 1979). As shown above, however, those 

very rapidly used excretory products are not likely to contain 

nitrogenous compounds, but rather organic aclds and monosaccharldes. 

L'PTAKE MECHANISMS OF NITROGENOUS SUBSTRATES AND COMPETITION BETWEEN 

MICROBIAL SPECIES FOR THESE SUBSTRATES 

Physiologlcal Mechanisms of Nltrogen Uptake 

Ail heterotrophic microorganlsms need nltrogen compounds (either 

minerai or organic) for hiosynthetic purposes. In addition, most of 

them can use organic nltrogen compounds as substrates for energy. 

Algae use ammonium or nitrate as nltrogen source, but many specles 

have been demonstrated to be capable of autotrophlc growth wlch 

amlno aclds or urea as the sole nltrogen source. Flnally, ammonium 

is an energy source for the chemolithotrophic nltrlfylng bacterla. 

Minera]. Nltrogen Assimilation by Heterotrophic Bacterla and Algae 

At low concentration, ammonium is generally assimilated as well 

!n bacterla as in algae by the glutamine synchetase (GS)/glutamlne-

oxoglutarate amino transferase (GOGAT) System, involvlng ATP dépend-

ent synthesis of glutamine from glutamate and NH3 and NADPH-linked 

synthesls of two glutamates from glutamine and oxaglutarate (Tempest 
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et al. 1970; Brown et al. 1972; Falkowski and Rivkln 1977; Mlflin 

and Lea 1977). Thls System is much more efficient than glutamate 

deshydrogenase (CDU), which catalyses the direct glutamate synthesls 

from NH3 and oxoglutarate at liigh ammonium concentrations, 

When used as nitrogen source, nitrates are first converted into 

ammonium via nltrite before being asslmliated by the saine pathway. 

In algae, nitrate reductase (and perhaps the nitrate permease System) 

Is generally suppressed by ammonium concea' rations higher tlian abuut 

0 . 5 - 1 ymoles�liter"^ unless the cells are severely nitrogen depleted 
(Eppley and Solorzano 1969; Morris 1974; Conway 1977). Thls last 

régulation mechanism bas not been demonstrated in marine bacteria 

(Brovm et al. 1972), although It has often been observed that 

ammonium is preferentially taken up by heterotrophic microorganisms 

grown on both nitrate and ammonium (Alexander 1977). 

In 12 strains of marine pseudomonads, Brown et al. have shown 

that the GS/GOGAT System is repressed by the présence of amino acids, 

Indlcating that amino acids, when available in sufficient ainounts, 

are a preferred source of nitrogen for marine bacteria. When used 

also as source of carbon, amino acids are generally converted to 

thelr respective oxoaclds by transamlnation wlth oxoglutarate yleld-

ing glutamate whlch is then deaminated by GDH (Brown et al. 1972). 

Active Transport Systems 

Active transport Systems (penneases) for both minerai and 

organic nitrogen compounds have been demonstrated in bacteria and 

algae. Thèse System In algae for ammonium and nitrate are very 

efficient in terms of the half-saturation constant (T-.ible 6). 

Falkowski (1975) has suggested that nitrate uptake by marine phyto-

planktonic algae Is related to a N03~ actlvated ATPase assoclated 
wlth the cell membrane. Fewer studies exist on minerai nitrogen 

penneases la heterotrophic microorganisms, although two distinct 

ammonium uptake Systems have been demonstrated in Saccharomyces 

cerevisiae (Roon et al, 1975; Dubois and Grenson 1979). 

Permeases Systems for amino acids have been much more Intenstve-

ly studied. In most microorganisms Investigated (e.g., Kscherichia 

coll (Plperno and Oxender 1968; Brown 1971; Rahmanlan et al. 1973; 

Guardlola et al. 197A) Pseudomonas aeruginosa (Kay and Gronlund 1969, 

1971) Saccharomyces cerevisiae (Grenson et al. 1966, 1970; Grenson 

1966; Gits and Grenson 1967) several amino acld transport Systems 

wlth high affinity and high substrate specificity were demonstrated, 

each responsible for the uptake of only single or closely related 

amino acids. Often, multiple transport Systems exist for a single 

or a group of amino acids. 

In some cases, besides thèse spécifie very efficient permease 

Systems, an additional System wlth wider specificity was 



328 G.BILLEN 

Table 6. Transport constant (Kĵ ) for amlno acids, urea and minerai 

nltrogen (umoles/l) of différent species and stralns of 

heterotrophlc bacterla, pliytoplanktonic algae and nitri-
fytng bacterla. ("*" Values In hrackets refer to a second 
Lraimporl bytiLciu wttli iowor attliilLy.) 

Transport Constant for 

Amlno 

Organlsm Acid Urea NH4"*" N03~ 

Heterotrophlc inlcroorganisms 

Sacchiiromyces cerevisiae^ l-(20) ' ' 
Pseudomonas aeruglnosa^ Phe 0.4 

Tyr 0.5 

Try 1.4 

Alteromonas haloplanktls*^ Ala 4.6 

Heterotrophlc strain RP 303^ Fro 1.8 

Ollgotrophlc strain 486^ Pro 0.2 

Phytoplanktonlc algae 

Skeletonema costatum^ 4.25 

0.5-0.4 3.6-0.8 

Ditylum brightwellllf 0.20 0,6 1.1 

Dunaliella tertiolecta^ 1.4 0.1 

Platymonas subcordl formlsS Gly 5 

Meloslra nurarauloldes'̂  Arg 7.7 

Val . 

Navlcula pavillardl^ Glu 18 

Coccollthus huxleyi^ 0.1 0.1 0.1 

Cyclotella nana*" 0.3, 0.7 0.4 

0.21 

Nltrlfylng bacterla (Apparent transport constants based on oxldation 

rates by culture of nltrlfylng bacterla) 

Mlxed cultureJ 500 

Nitrocystls oceanus^ 150 

Nltrosomonas europaea-'- 86-715 

Knrichment culture from ™ 250 

the Scheldt estuary 

a Dubois and Grenson 1979; ^ Kay and Gronlund 1971; ^ pein and 

MacLeod 1975; ^ Akajl and Tage 1980; « Carpenter et al. 1972; 

' Eppley et al. 1969; f. N.-.rth and Stephens 1967; h Hellebust 1970; 

^ Lewln and Hellebust 1975; J Knowles et al. 1965; ^ Carlucci and 

Strlckland 1968; ^ Palnter 1977; ^ Somvllle 1980 
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The afflnlty of transport Systems of différent stralns and 

species of aquatic ralcroorganisms for amino aclds, urea, Nl-l̂"*" and 

N03~ are glven in Table 6. Frora thèse data, It can be seen that 

hu t orot rophlc bnctorln h.ive doviO o|icd nnilno ac.td transport syHteiiiH 

wlth lilgher afflnlty for substrates than have phytoplanktonlc algue. 

The reverse seeras to be true for nitrlte and ammonium, although few 

data are avallable for rainerai nltrogen uptake by bacterla, The K(. 

values of phytoplanktonic algae for urea are of the same order of 

magnitude as for minerai nltrogen. In contrast, the K,- values of 

nltrlfying bacterla for ammonium are at least two order of magnitude 

higher than those of algae. When comparing thèse figures however, 

It must be remembered that for bacteria, considérable différence can 

exlst between the value of Kj. of an organism In natural water and 

the value measured after isolation and cultlvation of thls orgfinism. 

For example, Jannasch (1968) showed that the half saturation constant 

of growth of several bacteria increased 2 to 10 fold durlng repeated 

transfers in média enrlched In organlc substrates. 

In situ Détermination of Half-Saturatlon Constant for the Uptake of 

Nitrogenous Compounds 

Following the work of Wright and Hobbie (1966), numerous 

measurementa of the uptake kinetlcs of various substrates by intact 

natural communities of aquatic microorganisms have been reported. 

In most situations, the uptake was found to obey a Michaelis-Menten-

Monod relatlonshlp: 

V � i vi ^ V„ax S/(S + Kt) (1) 

where V Is the total rate of uptake, Is the rate of uptake by 

population 1 in the mlcrobial communlty, V̂ ĵ̂  is çhe maximum total 

rate of uptake, S is the substrate concentration, and Kj- is the 

half-saturatlon constant of uptake. 

The validity of thls approach when dealing with heterogeneous 

mlcrobial communities has been dlscussed in détail by Williams 

(1973). He showed that the validity of relation (1) is better when 

the communlty becomes less diverse (in terms of the values of K̂ ĵ  of 

the various populations). Indeed, some cases of departure from 

Mlchaells-Menten-Monod kinetlcs have been reported for the uptake of 

some substrates by natural population of microorganisms (Vaccaro and 

Jannasch 1966; Hamllton and Preslan 1970; Barvenlk and Malloy 1979); 

they concern generally very oligotrophlc envlronments where it Is 

known (Martin and Blanchi 1980) that mlcrobial diverslty is more 

important. In ail the other cases the validity of relation (1) 

Indicates elther that one single mlcrobial strain dominâtes ail the 

others in the utillzatlon of the substrate, or that ail the stralns 

utilizlng the substrate have a very similar value of K f Therefore. 
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tlie K,- value obtained from thls klnd of measurement wlth natural 

lomniuiiltles characterlzes the affinlty toward the substrate of the 

dominant tnlcrobial populations. 

For Buljstrates used purely for energy, Ilke glucose and acétate, 

there appears to be a relatlonshlp between the Kj- value of the 

iiiicrobial community and its natural rate of substrate utilization; 

t)ie lower the flux of the substrate, the lower the K,- value (Fig. A 

and 5). Since the rate of utilization of a substrate (rather than 

Us concentration) is the best index of the "richness" of an environ-

inerit in terois of this substrate, tliis trend eau be interpreted as 

relLecClng the compétition between microorganisms for their 

�iubstrates; the lower the avallablllty of a substrate, the higher 

the sélective pressure for developing sophlsticated and expensive 

permease Systems wlth great affinity for this subBtrate. 

The «same relatlonshlp holds for minéral nitrogen substrates as 

shown by the data of Mclsaac and Uugdale (1969) and Paasche and 

Krlstiansen (19tt2) from ollgotrophlc and eutrophic marine areas 

(Fig. 6). Thèse data show K,- values less than 0.2 pmoles* liter"! in 

ollgotrophic waters and higher than 0.5 ymoles�liter"^ in eutrophic 

waters. 

Such a relatlonshlp, however, cannot be demonstrated for amino 

acids. The values found in a whole range of environinental situa-

tions, from ollgotrophlc océan area to organic rlch sédiments, always 

are very low, ranglng from 0.02 to 1.5 pmoles�liter"^ (Fig. 7). Per-

haps tlie double nature of amino acids as both a carbon and a nitrogen 

10 
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iMjun- A. Half saturation constant for glucose uptake measured in 

various aquatlc envlrunments plotted against the glucose utilization 

rate. (Data from Jananese marine and brackish environments, and 

from Canadian lakes, Seki et al. 1975, 1980a,b). 
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Figure 5, Half-saturatlon constant for acétate uptake measured in 

various aquatlc envlronments plotted agalnst the acétate utlllzation 

rate. (Data from Sekl et ai. 197A, 1980; Strayer and Tiedje 1977; 

Stanley and Staley 1977; Russel and Baldwin 1979; Billen et al. 

1980; Billen, unpublished . ) 

source for mlcroorganlsras explains the fact that compétition for thera 

is always very severe even when their total flux is Important. 

Comparing the range of the K,. values found I_n̂  situ for natural 

mixed niicrobiological communities (Fig. 6 and 7) with those found 

for pure species of tnicroorganisms (Table 6), suggests the following 

conclusions concerning the compétition conditions of the various 

mlcroorganlsras for each class of organic nltrogen compounds. 

(i) Amino acids uptake seems to be dominated by bacteria rather 

than by algae. This conclusion is supported by the work of Williams 

(1970) and Derenbach and Williams (1974) showing by differentlal 

flltratlon following incubation with labelled amlno acids that most 

of the radloactivity incorporated was associated with particles 
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^Mgure 6. Half-saturation constant for nitrate and ammonla uptake 

in oligotrophic and eutrophlc marine Systems plotted agalnst the 

total rate of nitrate or ammonia utillzatlon. (Data from Mclssaac 

and Dugdale 1969; Paasche and Krlstlansen 1982.) 
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Fleure 7. Half-saturation constant for alanlne uptake in varlous 

i i'iatlc envi ronment s plotted against the alanlne uti.LlzaCion rate. 

(Data from Sekl et al. 1974, 1980; Crawford et al. 197A; Christensen 

and Blackburn 1980.) 
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smaller than 8 m. Thèse works were crlticized however by Wheeler 

et al. ( 1 9 7 7 ) who emphaslzed the possibillty of artifact due to 

postfiltration; usiiig dlfferential filtration prlor to incubation 

and autoradlography thèse authors found that phytoplankton were 

soDietimes responslble for up to bOZ of glycine uptake. On the other 

hand, Schell ( 1 9 7 ^ ^ ) using '�̂ N-labe lied glycii.e and glutamate, showeil 

that thèse amino acids only contrlbute a very small part of the 

nitrogen requirements of phytoplankton. 

The situation is différent for urea whlch has been shown to 

contrlbute appreciably to nitrogen uptake by phytoplankton, both by 
1 5 N 

studies (McCarthy 1972) and by dlfferential filtration methods 

(Remsen et al. 1 9 7 2 ; Mitamura and Saljo 1 9 7 5 ) . The same studies 

indlcate that the contribution of bacteria to urea décomposition Is 

mlnor compared to that of phytoplankton. 

(il) Minerai nitrogen uptake in open water is probably domi-

nated by phytoplankton, although no data are available concerning a 

possible ammonium uptake by heterotrophlc bacteria. In most situa-

tions in the photlc layer, autotrophic nitrifying bacteria are unable 

to compete with algae for NĤ "*" uptake. Thèse bacteria are only 

active In situations where, owlng to Intense ammonium production or 

reduced phytoplankton uptake, ammonia accumulâtes. Accordingly, 

active nltrification is found in sédiments (Billen 1976; Henriksen 

1 9 8 0 ) , in the water column below the photic layer (Gundersen and 

Mountain 1 9 7 3 ) , or In polluted estuaries (Blllen 1 9 7 5 ; Somvllle 

1978) but no convincing évidence of active nltrification in the 

photlc layer of unpolluted seas has been obtained so far. 

Control of Substrate Concentration by Rapidly Growtng Mlcroorganisnis^ 

The purpose of thls section is to Investlgate tJie relations 

exlstlng in natural waters between the uptake characteristlcs of 

mlcroorganisms dlscussed in the preceding sections and the concen-

tration of dlrectly usable substrates, such as amino acids, urea or 

Inorganlc nitrogen specles. 

General Theory 

The concentration of a partlcular substrate results from the 

balance between the rate production of thls substrate (e.g., by 

phytoplanktonlc excrétion, exoenzymatlc hydrolysls, etc.) and the 

rate of uptake by the dominant mlcroorganisms population. If thls 

population Is limited by the substrate and is able to grow fast 

enough to malntain a steady state between substrate production and 

uptake, the concentration of the substrate is Independent of Its 

rate of production and dépends only on physlological characteristlcs 

of the mlcroorganisms (Blllen et al. 1 9 8 0 ) . 

Thls can be shown in the followlng way. The rate of change of 
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substrate concentrât ton (S) can be written: 

dS/dt = P - Vni,jxS/(S + Kt)B (2 ) 

Whert! \' is the rate of production of the substrate, B Is the mass 

of organisais utillzlng S, V̂ ,̂ ^ is the maximum rate of uptake par 

organism, and K(. Is Lhe transport constant of S by the organism. 

On the other hand, Lhe rate of change of the biomass of the 

organisms can be written: 

dB/dt - B(YV„ax S)/(S + K^) - kjB (3) 

wliere Y is the yield constant, i.e., the mass of organisms fonned 

per unit of substrate taken up and k̂ j is a first order mortality 

constant. 

At stationary state the solution (2) and (3) is 

S = Kt/((YV„,ax/kd)-l) (M 

B = (Y/kd)P (5) 

showing that at steady state only the biomass of mlcroorganlsms is 

affected by the rate of production of the substrate. The concentra-

tion of the substrate dépends only on the transport constant, and on 

the ratio between the maximum growth rate (ŷ iax ~ ^^max) ̂ ""̂  ̂ ^̂ ^ 

death rate of the organisms. 

The question is of course to know how closely a steady state Is 

approached by natural aquatic Systems. It has been shown by very 

simple simulations (Billen et al. 1980) that the time required for 

reaching a steady state, or for restoring it after a sudden perturba-

tion, is about 1/kjj, that is, of the order of the génération time of 

the mlcroorganlsms at steady state. Thus bacteria, having short 

[jeneratlon tlmes, effectively control the concentration of the 

substrates they use predominantly. In contrast, algae, having 

relatlvely long génération tlmes (and moreover, being limited by 

other factors like llglit Intensity) are not always able to malntain 

the concentration of their substrates at a stationary state. 

The validity of équation (4) for organic substrates predominant-

ly used by bacteria can be tested wlth expérimental concentration 

and K,- data for glucose and acétate reported in the literature for 

various aquatic environments (Fig, 8). Both sets of data agrée well 

for thèse substrates, showing that thèse Systems are close to being 

in a steady state, and that the control of substrate concentration by 

the uptake of mlcroorganlsms la effective. The relation obtained in 

both cases Is S ^ Kjn/3 whlch suggescs that in ail the environments 

considered the ratio Pniax''̂ d about 4, 
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Acétate 

10% 

1 
% Glucose 

K m . ^Jmoles/l. 

Figure 8, Relation between the natural concentration of glucose and 

acétate and the half-saturation constant of uptake In various 

aquatic envlronraents. (Data from Seki et al. 1974, 1980; Walker and 

Monk 1971; Russel and Baldwin 1979; Stanley and Staley 1977; Kaspar 

and Wuhrraann 1978; Blllen et al. 1980.) 
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Figure 9. Relation between the natural concentration of alanine and 

its half-saturation constant of uptake in various aquatic environ-

raents. (Data frora Seki et al. 1974, 1980; Crawford et al. 1974; 

Chrlstensen and Blackburn 1 9 8 0 . ) 

Application to the Case of Nltrogenous Substrates 

Based on the information given above, it appears that amino 

acids are prédominantly taken up by bacteria whiLe urea and minerai 

nitrogen specles are mostly used by phytoplankton. This division is 

consistent with the Ideas presented above that the rapldly growing 

microbes can actively control the concentration of substrates. Thus, 

ainlno acld concentrations do net change significantly over the 

seasons in contrast to the wide fluctuations of urea and inorganic 

nitrogen. 

Figure 9 shows, as an example, the relation observed between 

concentration and the half-saturation for uptake of alanine. The 

theoretlcal relatlonship (équation 4) does not fit the data as well 

as It did for glucose and acétate (Fig. 8). This can be explained 

by the fact that no microorganlsm- is likely to be limlted by a 

single indivldual amino acid. Nevertheless indivldual amino acld 

concentrations in natural water are well within the range of 

experlmentally déterrained transport constants. 

NITROGEN MINERALIZATION BY HETEROTROPHIC MICROORGANISMS 

In the precedlng part of this paper, the gross utlllzation of 
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organic nltrogen compounds by heterotrophlc mlcroorganisms has been 

dlscussed without concern for the fate of the compounds. After 

uptake by the microbes, organic nltrogen compounds can be elther 

Incorporated Into blomaas or excreted as ammonia. In the classlcal 

conception, the latter process Is thought to be the most Important, 

and mlcroorganisms are vlewed as direct mlnerallzers of organic 

raatter. Some authors however (Rlttenberg 1963; Johannes 1968) have 

stressed the possible importance of the former process, claiming 

that the bacterla account directly for only a minor fraction of 

nutrlent régénération and may even compete wlth algae for minerai 

nltrogen. Thls question of organic nltrogen incorporation versus 

mineralization can now be reexamined in the llght of récent 

physiologlcal and ecological data. 

Mineralization of Individual Organic Nltrogen Substrates 

Most of the information available on microbiological mineraliza-

tion of individual organic compounds has been obtained by �'�̂C tracer 

studies and therefore strlctly refers to carbon mineralization even 

when organic nltrogen compounds are Involved. By simultaneously 

measuring respiration and incorporation of labelled compounds, it is 

possible to deflne a growth yleld ratio (ratio of incorporation to 

total uptake) or its complément the C-mlneralization ratio (ratio of 

respiration to total uptake). For amlno acids, the latter ratio 

varies frora 0.15 to 0.60. Thls variabillty Is much lower, however, 

when conslderlng a single amlno acld. 

Crawford et al. (1974) and Wright (1974) have shown that amlno 

acids can be dlvided into three groups: the first (including Glu, 

Asp, Asn, Pro, Arg) has hlgh ratios for mineralization (often equal 

or hlgher than 0.50), the second (including Leu, Isoleu, Lys, Phe, 

Val) has low values for the mineralization ratio (about 0.15), and 

the third (Ala, Ser, Tyr) has intermedlate values for the mineraliza-

tion ratio (0.20-0.50). Amlno acids of the first group are those 

which are the most directly metabollzed into Krebs' tricarboxylic 

acld cycle. They are also those for which the maximum rates of 

uptake are the hlgher (Wright 1974). 

The values just dlscussed of the C-mlneralization ratio are for 

short term (2-5 hr) experiments. They probably do not reflect the 

natural steady state metabollsm of amlno acids by bacterla. In 

long-term incubation experiments (about 100 hr) Williams and Gray 

(1970) and Hollibaugh (1978) found much hlgher values of the 

C-mlneralization ratio, from 0.65 to 0.70. 

Because amlno acids can be very easlly dearalnated at early 

stages of thelr metabollsm in mlcroorganisms, the fate of nltrogen 

after amlno acld uptake is not necessarlly slmllar to that of the 

carbon skeleton. Using parallel and 
14c labelling experiments, Schell (1974) demonstrated that the nltrogen of glycine was 
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preferentially Incorporated wlth respect to carbon (C uptake/N uptake 

ratio = 0.6) while the reverse was true with glutamate (C uptake/N 
uptake = 2.6). The mean ratio o£ ammonium release to total uptake 

of araino N was 0.74 in long-temi Incubation experlments with added 
amino acids (Hollibaugh 1978). 

Mlneralizatlon of Complex Substrates 

In natural situations, heterotrophic microbial populations do 

net assimilate a single indlvidual compound but rather a mixture of 

several substrates. The balance between N-mineralization and 

Incorporation will then dépend on the C:N ratio of the total organic 

matter utllized. The amount of ammonia released (ANH4) per unit 

carbon taken up (AC) is given by the following relation: 

where Y La J..^ ̂ ...owth yield ratio, (C/N;s -i-s the C:N in the 
substrate, and (C/N)B is the C:N of bacterial blomass. 

The expérimenta of Hollibaugh (1978), Somville (1980) and Blllen 

(unpublished), who supplemented natural sea water with mixtures of 

organic substrates and followed the consuraption of the substrates and 

the release of ammonia, permit a test of the validlty of relation (6) 

(Flg. 10). Although the data corne from two différent environments 

anci were obtained with différent organic substrates, a very good fit 

Is obtained, with _Y_ = 0.1 gN/gC. 

If 4 gC/gN is taken as a reasonable estiraate for (C/N)B, Y can 

be evaluated as 0.4 in good agreeraent with the values cited above 

for C-assimilation ratio in long-term experlments. 

Relation (6) and Fig. 10 also show the lack of parallellsm 

between the rôle of bacterla In carbon and nitrogen cycling. When 

the (C/N) ratio of the organic matter used by bacterla increases, 

an:monlum release decreases and, for (C/N)5 higher than 10 gC/gN, 

uptake instead of release can even occur during organic matter 

dégradation. The rôle of bacterla ^as nitrogen mineralizers thus does 

net necessarily parallel their rôle as carbon mineralizers. A strik-

ing example is provlded by data obtained by Joiris et al. (1982) and 

BiLlen (unpublished) in the Belgian coastal zone, the Engllsh Channel 

and the Scheldt estuary (Table 7). Total heterotrophic actlvity 

Ihrouj'hout the year was estlmated by measuring the concentration and 
the relative rate of bacterial uLllizatlon of the three main classes 

of direct organic substrates (free araino acids, monosaccharides, and 

glycollate). From thèse data, ammonium remineralizatlon can be cal-

culâtes according to équation (4). As seen, the raost important 

(6) 



Table 7. Annual means of rate of organic substrate uptake and calculated rate of ammonium 

release in three marine environments. 

Heterotrophlc Activity 

Eastern Channel 

(off Boulogne) 

Belgian 
(off 

Coastal Zone 
Ostend) 

Scheldt Estuary 

(Har.sweert) 

Amlno acld uptake* 3.1 2.A 6.5 

Monosaccharlde uptake* 2.6 4.4 16.3 

Glycollate uptake* 0.3 1.2 15 

Total* 6 8 37.8 

C/N of organic 

taatter taken up 6 10 17 

NH^ release** 0.4 0.08 -0.115 

* mg C'iiter �'��yr 

** mg N-liter~-'-*yr~ 
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Figure 10. Release or uptake of ammonia per unit carbon taken up by 

mlcrobiological comraunities of marine environments suppleraented with 

mlxed substrates of varlous C/N ratio. (Data from Hollibaugh 1978 

(A). Somvllle 1980 (�), Billen, unpubllshed (�)). 

ammonium release occurs in the Western Channel, where heterotrophlc 

Carbon utllization is the lowest. In the Belgian coastal zone, the 

ammonium régénération by bacterla is limlted because the most 

Important substrates for heterotrophlc actlvlty are carbohydrates 

whtch in part corne from the mucopolysaccharides excreted by 

Fliaeocystls poucheti (Lancelot 1982). In the heavlly polluted 

ScUeldt estuary there is actually net ammonium uptake due to the 

high C/N ratio of the terrigenous organlc materlal being degraded. 

Relatlve Rôle of Bacterla and Zooplankton In Nitrogen Mineralizatlon 

\n_thf Sea 

There are a few récent studies which Indlcate the relative rôle 

of bacterla, net plankton, and mlcroplankton in providlng nitrogen 

for phytoplankton (Table 8). Net/zooplankton excrétion has been 

meatiured by varlous authors after concentration by filtration through 

180 or 100 pm mesh net. The results suggest a clearcut différence 

between oce.iiilc environments, wViere net zooplankton excrétion 

accounts for 36-100% of N-requlreraents of primary producers, and 

coiistal (and upweiling) environments, where zooplankton excrétion 

ou'y ropresents a small fraction (less than 20% and often less than 

ol [jliyLuplaiikLon nitrogen uptake. 

Direct measurements by a isotope dilution technique of 



Table 8. Relative rôle of various minerai nitrogen sources in meeting the requirements of 
primary producers in différent marine environments. 

Environments Period N requirement (Net)* (Micro) Bacterial 
for net primary zooplankton zooplankton mineralization 
production excrétion excrétion 

(mg-at N-m~^'day) (% of phytoplanktonic N requirements) 

Coastal Areas 

Washington coast^ 

Southern Californla Bight^ 

Saanich Inlet^ 

(CEPEX enclosure) 

North Sea Southern Bight 

- Belgian coastal zone^ 

- offshore zone'̂  

Open Océan Areas 

Pacific off Oregon^ 
Sub-tropical Pacifie 
central gyre 

- station 1 (0-75 M)*̂  

- station 2 (0-75 H)^ 

June-July 

Mar ch 

September 

June-July 

November 
Novepber 

(4.6)** 

2.4 

16.6 

Annual budget (5.2) 

Annual budget (5.6) 

(1.6) 

1.8 
3.0 

3 

7.5 

11 

(20) 

(18) 

36 

40 
110 

( 3 3 ) 

101 

(91) 

a Jawed 1973; ^ Harrison 1978; ^ Billen 1978; <̂  Eppley 1973 

* Separated by filtration through 180 - 100 pm mesh net according to the authors. 

** Values in brackets are indirect estimations based on C œeasureraents. The other data resuit 
from direct nitrogen flux measurements. 
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nitrogen remlneralizatIon In coastal areas have been reported by 

llirrJson (1978). By dlrferential filtratlon, he showed that only 

10% of the total ammonium régénération actlvlty was assoclated wlth 

partlcles greater than 3'5 vm, ^OX passed a 1 ym fllter, and the 

remalnJng 50% fell between 1-35 pm. Free bacterla are probably 

responslble for ammonium production In the < 1 ym fraction and 

attached bacterla for a part of the actlvlty Jn Lhe other fractions. 

!n the latter, however, other organlsmK couXd have a slgnlflcant 

rôle. 

Mlcrozooplankton (elther cillâtes or flagellâtes), whlch graze 

on bacterla, are known as efficient mlnerallzers with hlgh spécifie 

ammonla excrétion rates. Fenchel (1980), however, showed that 

bacterlvorous cillâtes cannot play an Important rôle as grazers at 

the low bacterlal densltles normally encountered in marine environ-

ments. Avallahle estimâtes (Harrison 1978) of NH4 production by 
"Ifcrozooplankton Indicates that they produce a maximum of 1/3 of the 

total ammonia. 

Phytoplankton ammonium excrétion is probably of mlnor impor-

tance, although there is some évidence supporting the occurrence of 

the process (Prochazkova et al. 1970; Schell 1974). 

Most of the planktonlc mineralizatlon, at least in coastal 

areas, is thus the resuit of bacterlal actlvlty. Direct rainerallza-

LLon of amlno acids have been shown by Holllbaugh (1980) to account 

for abouL 60% of the observed flux of ammonia production. 

CONCLUSION 

Accordlng to the precedlng discussion, nitrogen cycling in the 

phoric layer can be vlewed as represented in Flg. il. Prlmary pro-

duction requires maInly minerai nitrogen (or urea), part of whlch 

cornes from the subphotlc layer or the benthos ("new production", 

iJuj'.Hale and Goerlng 1967), and the other part comes from remineral-

îzatlon inechanlsms in the photlc layer ("regenerated production"). 

There are three fates of the phytoplanktonic material produced. One 

fraction slnks to the subphotlc layer or the benthos. A second 

inaction Is grazed by zooplankton, initlatlng the food chain leading 

to lish. The third fraction (coijftprlsing ail dissolved material 

produced and part of the particulates produced) is available for 

bacterlal utlllzation. This Involves two steps: (i) exoenzymatic 

hydrolysis of the macromolecules which form the bulk of the organic 

nitrogen; (11) rapid uptake of the hydrolysis products (mainly amlno 

acfflh), the concentration of whlcli are niaintalned at a constant 

l'.'Vîrl. The organic nitrogen taken up is partly remineralized as 

ammonium and partly incorporated into bacterlal blomass, according 

to the C/N ratio of the organic matter taken up. 
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Figure 11. Schematlc représentation of nitrogen cycllng In the 

upper layer of the océan. (RP Is N régénération in the photlc layer 

(corresponding to "regenerated production") RB is régénération in 

che lower layer and the benthos (corresponding to "new production")). 

Table 9. Estimation of planktonlc nitrogen régénération in the 

photlc zone by water type of the world océan. Data from 

Eppley and Peterson (1979). 

Prlmary 

Production 
(g C-m-^-yr-i) 

% New 

Production 

m 

Planktonlc N 

Régénération 

in the 

Photlc Layer"*" 

(g N-m~2'yr~-'-) 

Ollgotrophlc waters from 

anticyclonic eddles 

25.6 4.1 

Transitlonal waters 51 7.7 

1 

Equatorlal divergence 

and subpolar zones 

73 18 10.5 

Inshore waters 124 30 15.1 

Neritlc waters 365 46 34.6 

"�"CaJculated from the Redfleld ratio for prlmary production. 



344 G. BILLEN 

Bearing In mlnd thls plcture of the nltrogen cycle In sea water, 

It Is possible to examine the coherency of the various expérimental 
raeasurements of nltrogen related microbloJ.oglcal actlvitles in the 

world océan. Eppley and Peterson (1979), summarizlng the data avail-
able on new and regenerated production froni ' measurements, 
proposed an estimate of global new primary production 

data, planktonlc nltrogen régénération in the photic 

caiculated by water types from the world océan (Table 

From thelr 

zone can be 

9). 

Table 10. Measureraents of the rate of utillzation of 

heterotrophic mlcrobial communities in the 

various marine environments. 

amlno acids by 

photic layer of 

Envlronmont Référence 

Turnover 

time (hours) 

Pamlico River estuary Crawford et al. 1974 35 

Scneldt estuary Billen, unpublished 32 

Tokyo Bay Seki et al. 1975 i. X J 

î j t i j . i uuu< i n d y oeK-X e u a x . Ly i j 

Belglan coastal zone Joins et al. 1982 DO DU 

Florlda Strait Williams 1975 24 - 50 

Eastern English Channel Billen, unpublished . 100 

Coastal Eastern Pacific Williams 1975 60 - 2400 

Pacific off Callfornia Williams et al. 1976 40 - 70 

Medlterranean Wlllalms 1975 7 o ou 

Kuroshlo current Seki et al. 1972 3100 

Subarctlc Pacific Seki et al. 1972 3000 

NW Pacific central waters Seki et al. 1972 9000 

NW Pacific central waters 1 Seki et al. 1974 4000 
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Another type of data, measurements of the annual mean turnover 

tlme of total free amlno aclds in différent marine envlronments, is 

also avallable (Table 10), As discussed earlier, total free amino 

acid concentration in each of thèse water types is maintained near 

to steady state by the microbial population and does net vary a lot. 

From the data of Table 2, the concentration can be grossly estlmated 

as 0.5 pg-at N*llter~^ in coastal and neritic waters and 0.05-0.025 

ug-at N'iiter"-'- in oligotrophic oceanic areas. Combining thèse esti-

mations with those of Table 10, it is possible to calculate the rate 

of amlno acid utlllzation by water types in the océan (Table 11). 

The data in Tables 9 and 11 can be used for further calculattons 

by taktng a mean value of 0.75 for the nltrogen mlnerallzatlon ratio 

of amino aclds (Hollibaugh 1978) (although this ratio bas been shown 

in Fig. 10 to dépend on the C/N ratio of the organlc substrates taken 

up by bacterla). The calculations clearly show that bacterlal 

mlnerallzatlon of amino aclds is responsible for most of the plank-

tonlc nltrogen régénération in the photic zone in the neritic and 

coastal zones, but that in oligotrophic waters zooplankton excrétion 

must play the dominant rôle. This is in agreement with the data of 

Table 7 and conflrms the idea of Jolrls (1977) and Joiris et al. 

(1982) that a fundamental différence exlsts between planktonlc food 

Table 11. Amino acid utlllzation by bacterlal communitles by water 

type of the world océan. 

Turnover 

Tlme 

(hr) 

Concentration 

(pg-at N-liter'"^) 

Utlllzation 

Riite"*" 
(g N'O-r^.yr-l) 

Oligotrophic waters 

from antlcyclonlc 

eddies 

AOOO - 9000 0.05 0.06 - 0.15 

Transitional waters 1000 - 3000 0.25 1 - 3 

Equatorlal divergence 

and subpolar zones 

3000 0.25 1 

Inshore waters 100 - 150 0.5 20 - 30 

Neritic waters 25 - 100 0.5 30 - 122 

Calculated by considering a photic zone of 50 m for neritic and 

Inshore waters and of 100 m for oceanic waters. 
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clialns In oceanlc Systems domlnated by grazing and coastal Systems 

dominated by the actlvity of ralcroorganlsms. 

The amlno acid iitilizatlon data In Table 11 also represent araino 

acld production through macroraolecular organic nltrogen hydrolysis. 

In nerttlc waters, where the mean concentration of total proteins and 

peptldes probably ranges between 2.5 and 5 yg-at N-llter"-'- (Table 2), 

thls implles a first order rate constant of dégradation of about 

0.2-0.02 day~^. This Is In reasonable agreement wlth the range found 

experlraentally for fresh, phytoplankton-derlved, organic nltrogen 

(Table 5). In ollgotroplilc areas, on the other hand, the concentra-

tion of dissolved, comblned amlno aclds Is about 0.3-0.5 Ug-at 

N-liter"-'̂  (Table 2), Implylng a first order dégradation constant 

smaller than 0.0015 or at least two order of magnitude lower than 

the values found for phytoplankton-derived organic nltrogen. This 

suggests that an Important part of comblned amlno aclds dissolved in 

thèse waters conslsts of refractory compounds. 
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