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A b stra ct

This paper com pares two uptake ra te  models, Dugdale & G oering’s (D&G) 
model and Elskens’ model. The aim  is to  provide an insight into how estim ates 
of uptake processes, i.e. regeneration and loss rates from bo th  dissolved and 
particu la te  nitrogen pools, influence the to ta l uptake rates when the two models 
are com pared. The uptake ra tes of th ree nitrogenous nu trien ts (n itra te , am m onium  
and urea) from 15-N incubation experim ental d a ta  were com pared. The comparison 
indicated th a t the D&G model underestim ated n itra te  uptake rates by about 
34%, im plying a significant regeneration and loss ra tes of the nutrient. Elskens’ 
model further showed th a t the loss ra tes from the dissolved phase were about 
40% and 25% for the am m onium  and urea pools, respectively, indicating th a t the 
D&G model underestim ated  the experim ental uptake ra tes of the nutrients. On
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average, nitrification m ade up about 30% of the to ta l am m onium  uptake flux, 
whereas the sinks from particu la te  nitrogen and dissolved nitrogen were estim ated 
a t 36% and 56%, respectively. The D&G model sometimes overestim ated the 
/- ra t io  values to  about 60% and higher as a result of am m onium  and urea uptake 
ra tes underestim ation. This paper also shows th a t de tritus adsorption, bacterial 
uptake and cell lysis are equally im portan t processes.

1. In tr o d u ctio n

D ugdale & G oering (1967) developed a m odel, now in com m on use, 
for calcu lating  nitrogen  u p take ra tes by p h y to p lan k to n  in th e  m arine 
environm ent. B ased on th e  app lication  of th e  n itrogen  iso tope (15-N) 
by m eans of incubation  experim ents, th e  m odel was developed on th e  
assum ptions (Nees et al. 1962) th a t  (a) isotopic frac tiona tion  du ring  th e  
u p tak e  process is negligible, (b) n itrogen  is no t regenerated  or recycled 
du ring  th e  incubation  period, and  (c) th e  d isappearance of n itrogen  from 
th e  su b s tra te  pool is balanced by th e  appearance of an  equal am oun t of 
p a rticu la te  n itrogen. A p art from  these assum ptions, th e  concept of new 
and  regenerated  p rod u c tio n  (D ugdale & G oering 1967) was also recognised 
as being im p o rtan t in th e  n u tritio n  of phy top lank ton ; th is  im plies th a t  
regenerated  n itrogen  is no t negligible.

A lthough am m onium  was th e  identified regenerated  n u trien t, th e  con­
cept draw s a tten tio n  to  th e  im portance of n u trien t regeneration  processes. I t 
is w orth  no ting  th a t  decreasing th e  incubation  tim e has been recom m ended 
w hen using th e  D ugdale & G oering (D& G) 15-N incubation  m ethod  in 
order to  avoid n u trien t regeneration . B u t th is  is no t necessarily a good 
solution  given th e  uncerta in ties of th e  ana ly tica l m ethods, especially when 
th e  calculations involve concen tration  differences; as a result, random  errors 
m ay be extrem ely  large. B ecause of these lim itations, several o th er m odels 
have been developed w ith  th e  aim  of im proving th e  d e term in a tio n  of up take 
rates.

B lackburn  (1979) and  C aperon  et al. (1979) in troduced  linear differential 
equations for estim ating  ra tes  of am m onium  u p tak e  and  rem ineralisation  by 
considering isotopic balances in th e  dissolved phase. O verall, th e ir  equations 
p red ic t th a t  th e  biological p rod u c tio n  of un labelled  am m onium  w ith in  th e  
system  resu lts in an  exponential decrease of 15-N atom  enrichm ent w ith  
incubation  tim e. However, G libert et al. (1982) rep o rted  som e lim itations 
w hen am bient am m onium  is near th e  lim it of detection , or w hen th e  
concen tra tion  is no t significantly different a t th e  beginning or end of th e  
incubation . T hey  therefore in troduced  a correction m ethod  for isotope 
d ilu tion  of th e  am m onium  pool d irectly  into th e  D& G equation . A nother 
m odification was by G arside & G libert (1984), who used a com puter-based



Comparison of two models in the estim ation of nitrogen uptake 389

m odel to  consider isotopic balance in b o th  dissolved and  p a rticu la te  phases. 
In  practice, th is  com pu ta tional approach  essentially yields th e  sam e results 
as th e  calculations of G libert et al. (1982) b u t w ith  a num ber of advantages, 
th e  g reatest of th em  being its p redictive ability, which perm its  several 
experim ental designs to  be tes ted  before th e  ac tu a l experim ents are done.

An a lte rn a tiv e  m odel for estim ating  th e  influence of am m onium  (from 
th e  process of am m onification) was developed by Lancelot & Billen (1985), 
who focused on bac teria l processes as sources of am m onium . Indeed, from  
m easurem ents of b ac te ria  p ro d u c tio n  and  p ro tozoa grazing ra tes, Goeyens 
et al. (1991) observed th a t  th e re  was an  agreem ent betw een th e  pred ic tion  
of th e  m odel and  th e  values m easured by th e  15-N d ilu tion  experim ent, 
im plying th a t  a large p a r t of am m onium  regeneration  was due to  bac te ria  
and  grazers ra th e r th a n  exudation  by p lankton .

Laws (1984) suggested o th er processes affecting th e  d e term in a tio n  of 
u p tak e  rates: n itrification , adso rp tion  to  th e  walls of po ly carb o n ate  con­
ta in ers  a n d /o r  clay suspended  partic les, and  th e  release of dissolved organic 
n itrogen  (DON) by p lank ton . L ite ra tu re  su p p o rts  th is  a rgum ent since th ere  
are  a num ber of field d a ta  suggesting th a t  an  average of 25 to  41% of th e  
dissolved inorganic n itrogen  (NH // and  NO/" ) taken  up by phy to p lan k to n  
are released as D O N  in oceanic, coastal and  estuarine  environm ents (B ronk 
& G libert 1991, 1993, B ronk et al. 1994, Slawyk & R aim b au lt 1995). Collos 
(1998) rep o rted  th a t  th e  effect of n itr ite  excretion in estim ating  nitrogen  
u p tak e  ra tes could be as g reat as or even g rea ter th a n  th e  effect of D O N  
release. F u rtherm ore , it is also recognised th a t  in n a tu re , several n itrogen 
sources m ay be present and  utilised  sim ultaneously  by p rim ary  p roducers 
du ring  incubation ; hence, th e  un labelled  nitrogen  could lead to  significant 
underestim ations of u p take ra tes  (Collos 1987).

T h e  processes m entioned in th e  above m odels are a series of im p o rtan t 
findings th a t  require th e  underly ing  assum ptions of 15-N m odels to  be re­
exam ined. Elskens et al. (2002) provided a general fram ew ork for study ing  
th e  p ropagation  of errors via num erical m odelling. T his approach  was used 
to  check th e  estim ation  perform ance of various m odels: D ugdale & G oering 
(1967), B lackburn  (1979), G libert et al. (1982), G arside & G lib ert (1984), 
and  Laws et al. (1985). It was concluded th a t  th e  accuracy of th e  estim ated  
N -flux ra tes, and  to  som e ex ten t th e ir precision, were b o th  poor. T h e  m ain 
reason is th a t  th e  m odels give insufficient consideration  to  bias, and  to  
conditions w hich could lead to  erro r m agnification.

I t  is clear th a t  a b e tte r  analysis of n itrogen  fluxes in th e  m arine 
environm ent requires th e  quantifica tion  of th e  largest possible num ber of 
processes. In  practice, however, quantify ing  these processes is unlikely to
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be a rou tine  procedure; therefore, evaluation of th e  d a ta  ob ta ined  from  th e  
classical 15-N -tracer experim ent is im p o rtan t. T his co n stitu tes  th e  m ain 
objective of th is  paper.

2. M a ter ia l and  m eth o d s

We exam ined d a ta  ob ta ined  from  15-N incubation  experim ents on th e  
basis of th e  perform ance of th e  Elskens m odel (Elskens et al. 2002). D a ta  
were used to  calcu late u p tak e  ra tes using b o th  th e  D & G m odel and  th e  
Elskens model.

Seaw ater was sam pled in 1996, 1997 and  1998 from  th e  N o rth  Sea using 
th e  norm al u p tak e  ra te  incubation  procedure in order to  determ ine th e  
u p tak e  ra tes of N O j", N H j/ and  u rea  by p hy top lank ton . T h e  experim ents 
were in itia ted  by determ in ing  th e  concen trations of N O j", N H j/ and  urea  
following th e  filtra tion  of th e  subsam ples th ro u g h  W h a tm an  glass-fibre 
filters (G F /F ) . T hree  2-litre po ly carb o n ate  bo ttles , one for each of th e  th ree  
n u trien ts , were filled w ith  th e  sam ple w ater, to  which labelled n u trien ts  were 
th en  added, i.e. NOj" (99.5% 15-N), N H j/ (99.8% 15-N) and  u rea  (99% 
15-N) a t concentrations of less th a n  10% of th e ir  corresponding  am bient 
concentrations. Incubations were done by using a shore-floating in cu b ato r at 
n a tu ra l light irrad iance for 24 hours. T he final concen trations of p a rticu la te  
m a tte r  (PM ) from  each of th e  incubation  b o ttles  were collected on W h a tm an  
glass-fibre filters (G F /F )  pre-com busted  a t 450°C. T h e  p a rticu la te  n itrogen  
(PN ) in th e  P M  was converted to  n itrogen  by a m odified version of D u m a’s 
m ethod  (F iedler & P roksch  1975) and  its 15N abundance was m easured 
by em ission sp ec tro m etry  using Jasco NIA-1 or N-151 15N A nalysers. 
C alib ra tion  was done w ith  certified s tan d a rd s  (Goeyens et al. 1985).

A t th e  end of each incubation  experim ent, th e  concentrations of each 
n u trien t were again analysed in order to  m on ito r th e  net change of dissolved 
n u trien t concentrations. N itra te  concentrations were determ ined  by an 
au to m ated  d iazo ta tion  m ethod  (D ’E lia  1983). T h e  am m onium  concen tra­
tions were determ ined  by th e  indophenol-blue m ethod  (Koroleff 1969), th e  
u rea  concen trations by an  ad ap ted  diacetylm onoxim e m ethod  (Goeyens 
et al. 1998). T he u p take ra tes of N O j", N Hj/ and  u rea  were calculated 
using th e  D & G  m odel. O th e r u p tak e  ra te  p aram eters  were estab lished  from 
th e  difference in concentrations before and  afte r th e  incubation  tim e, th a t  is, 
th e  to ta l concen tration  change divided by th e  to ta l incubation  tim e. T his 
was based on th e  original assum ptions of th e  m odel th a t  in th e  absence 
of ex ternal influencing factors (regeneration, n itrification , adsorp tion , etc.), 
th e  two m ethods for calcu lating  u p take ra tes would give sim ilar up take 
values. By using th e  sam e d a ta  th e  u p tak e  ra tes have been recalculated  
using th e  Elskens m odel.
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2.1. D ata  validation

B earing in m ind th e  lim ita tions of th e  D & G m odel in providing accu ra te  
u p take ra tes, th e  d a ta  were worked up using th e  Elskens m odel in order to  
take in to  account th e  following effects as sum m arised  in th e  scheme below:

(i) S im ultaneous u p take of th ree  different n itrogen  sources (n itra te , 
am m onium  and  urea);

(ii) R egeneration  processes of th e  dissolved nitrogen  pools;

(iii) Loss ra tes from  th e  dissolved and  p a rticu la te  n itrogen  pools

D N P N
sinksource

w here cq is th e  isotopic enrichm ent (ratios of 15-N:14+15-N) asso­
ciated  w ith  th e  corresponding  n itrogen  flux rates; R¡ =  regeneration , 
Ui =  uptake; L dní =  Dissolved nitrogen  (DN¡) loss and  L pn  
=  P a rticu la te  n itrogen  (PN ) loss.

R  is no ted  th a t  R¡, L dní and  L pn involve a variety  of processes, th e  
im p o rtan ce  of w hich is closely dependen t on experim ental conditions. From  
th e  above scheme, th e  source te rm  is explained as represen ting  all processes 
giving rise to  th e  regeneration  of dissolved n u trien t pools du ring  incubation , 
such as excretion of n itrogen  (organic and  inorganic) by th e  p lanktonic 
com m unity, b ac teria l tran sfo rm atio n  from  one nitrogen  source to  ano th er 
(e.g. am m onification, n itrification), w hereas th e  sink te rm  represen ts all th e  
processes responsible for th e  n itrogen  lost du ring  th e  tim e of incubations. 
These m ay include th e  adso rp tion  of n itrogen  to  clay partic les a n d /o r  to  
con tainer walls, n itrogen  u p tak e  by b ac te ria  passing th ro u g h  th e  G F /F  
filters used in 15-N studies, and  th e  b reak-up  of cells contain ing  15-N as 
a resu lt of filtra tio n  stress. T h e  differential equations describing th e  system  
for b o th  14+15-N  and  15-N isotopes can be followed from  th e  m odel (Elskens 
et al. 2 0 0 2 ).

T h e  resu lts from  th e  Elskens m odel were ca lib ra ted  in order to  determ ine 
th e  interval of m athem atica lly  possible solutions for th e  u p tak e  ra tes from 
th e  ecological po in t of view by estab lish ing  m axim um  and  m inim um  values 
of possible solutions. Logically, all solutions (m axim um  and m inim um ) do 
no t have th e  sam e possib ility  of being correct values. Therefore, an  ex ternal
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calib ra tion  m ethod  was required  to  verify w hich of th e  m odel solution sets 
was a realistic pred ic tion . T his was achieved by com paring  th e  m odel results 
w ith  those of th e  14C incorporation  experim ents (V. R ousseau, personal 
com m unication) th ro u g h  th e  calcu lation  of C /N  u p take ratios. T he m ethod  
was applied to  th e  Í998 d a ta  only, since no resu lts of 14C incorporation  for 
Í996 and  Í997 were available.

3. R e su lts

3.1. U ptake rate analyses and validity

In  Fig. 1, th e  u p take of th e  th ree  n u trien ts  (am m onium , n itra te  and 
urea) ind icated  th a t  th e  D& G m odel p red ic ted  values were no t linearly  
correlated  to  th e  u p tak e  ra tes ca lculated  from  concen tra tion  differences 
(betw een in itia l and  final concen trations a t th e  end of th e  incubation  tim e). 
T his is add itional evidence for th e  inconsistency w ith  th e  assum ptions m ade 
u nder th e  m odel calculations. I t ind icated  th a t  th e  resu lts did no t fit th e  
m ass balance for b o th  dissolved and  p a rticu la te  n itrogen  pools. D uring  th e  
incubation  period  th e re  was a g reater decrease in n u trien t concentrations 
th a t  could no t be accounted for by th e  calculated  up take ra tes. I t  is clear 
from  th e  figure th a t  u p take ra tes  from  th e  D& G m odel were lower th a n

0 .0 8 -

U  0 .0 6 - 

§
A  0 .0 4 - 
Ü
§  0 .0 2 - 

0 -
0 0.02 0.04 0.06 0.08 0 0.004 0.012 0.020

0.4

A 0-3
S
A  0.2 
O
Q 0-1 

0
0 0.1 0.2 0.3 0.4 0 0.005 0.010 0.015 0.020

A -eone. [pM h '1] A -eone. [gM h '1]

F ig . 1. Scatter plot of some of the  observed divergence in the  uptake ra tes derived 
from Dugdale & G oering’s (D&G) and those derived from the differences between 
the initial and final concentrations of the nu trien ts (A-conc.) during incubation. 
The bisect lines indicate the expected linearity  of the d a ta  sets
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those calculated  from  th e  concen tration  differences, ind icating  th a t  th e  
D& G m odel did not account for som e of th e  processes th a t  lead to  th e  
d isappearance of th e  dissolved n u trien t pool. A lthough th e  divergence from 
th e  linear re la tionship  applied to  all th ree  n u trien ts , am m onium  up take 
ra tes  appeared  to  be below th e  po in ts of expected linearity. T h e  sca tte r 
of n itra te  u p tak e  ra tes was less com pared to  am m onium ; th e  ra tes of u rea  
u p tak e  displayed th e  w idest sca tte r.

W hile th e  use of th e  isotope d ilu tion  m odels explained in th e  in tro d u c­
tion  can help us to  account for am m onium  regeneration, Fig. f none th e  
less shows a lack of balance betw een in itia l and  final (after th e  incubation) 
concen trations even for n itra te  and  urea.

3.2. C alibration o f results

By using th e  Elskens m odel various u p take p aram eters  were recalculated  
for com parison w ith  values in itially  calculated  by th e  D& G m odel. W hen 
th e  C /N  ra tios were p lo tted  (Fig. 2a) th e  m inim um  estim ates were th e  m ost 
likely correct values, a lthough  w ith  th e  lim ited d a ta  available, th e  points 
flu c tu a te  along a m ean of 8.5, slightly  above th e  Redfield ra tio . I t  should 
be no ted  th a t  m ost of th e  d a ta  lie betw een th e  w arn ing  lines, d raw n two 
s tan d a rd  errors from  th e  m ean (sem =  ct/ tJ vl) a t 2.7 and  26.1 respectively, 
w ith in  th e  varia tions of C /N  ra tios (3-20) usually  rep o rted  for m arine 
p h y to p lan k to n  (C aperon  & M eyer 1972, Laws & W rong 1978) and  th e  ra tios 
of th e  suspended  m a tte r  (6 - 1 2 ) of our sam ple from  th e  sam e s tu d y  area over 
th e  period  1996-1999. W hen  considering th e  C /N  ra tios corresponding  to  
th e  m axim um  estim ates (Fig. 2b), th e  po in ts flu c tu a te  along a cen tre  line of 
1.3 w ith  w arning lines draw n a t 0.2 and  6.9. C o n tra ry  to  appearances, th e  
p robab ility  of ob ta in ing  such a value estim ated  by th e  binom ial d is trib u tio n  
is only 0.18. T hese resu lts lead to  th e  rejection of th e  m axim um  estim ates 
in favour of th e  m inim um  values. N ote th a t  th is  does no t m ean th a t  th e  
m inim um  estim ates of th e  Elskens m odel are ‘t ru e ’ up take ra tes, ra th e r  th a t  
th ey  m erely provide reasonable values given th e  expected variab ility  in th e  
C /N  u p tak e  ratios. In  th is  context, two in teresting  observed p a tte rn s  m erit 
our a tten tion :

(i) T h e  C /N  u p tak e  ra tios in Fig. 2a display an  inverse re la tionship  w ith  
th e  n itrogen  concen tration  (Table 1), being low a t th e  h ighest am bient 
levels of n itrogen  (> 1 8  /xM) and  increasing w ith  n itrogen  dim inishing 
to  0.1 ¡J.M.

(ii) In  A pril, th e  C /N  up take ra tio  was su b stan tia lly  h igher th a n  th e  range 
usually  rep o rted  in th e  lite ra tu re  (3-20).
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F ig . 2. C alibration of 
Elskens model results 
using m inim um  (a) and 
m axim um  estim ates (b) of 
the  solution locus in 
calculating C /N  uptake 
ratios. Note th a t a log 
scale was used on the 
y-axis because the sam ­
pling distribu tion  of the 
C /N  uptake ratio  is ap­
proxim ately log-normally 
distributed. UW L -  upper 
w arning line; LWL -  lower 
w arning line

T able 1. Concentrations of individual nu trien ts m easured during experim ents and 
the corresponding to ta l N concentrations

C oncentration [jtM]

D ate NH4" U rea NO./ NO,/ Total N concentration

19 M arch 1998 1.25 0.32 19.02 0.39 20.98
27 M arch 1998 0.39 0.24 17.41 0 . 0 0 18.04
18 April 1998 0.27 0 . 2 1 0.13 0 . 0 0 0.61
05 May 1998 1 . 0 2 0.74 0 . 0 0 0 . 0 0 1.76
10 June 1998 0 . 8 6 0.37 0.19 0 . 0 0 1.42

4. D iscu ss io n

I t  has been a trad itio n  to  em phasise am m onium  regeneration  in order 
to  explain th e  balance of n itrogen  betw een th e  dissolved and  p articu la te  
pools. However, in th e  presen t study, th is  was insufficient to  explain th e  
balance betw een concen trations before and  afte r incubation , no t ju s t  for 
am m onium , b u t also for n itra te  and  urea. D ugdale & W ilkerson (1986) 
drew  a tten tio n  to  a sim ilar problem , and  although  th ey  m anaged to  correct
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th e ir  resu lts for iso tope d ilu tion , th ey  were unable to  provide a balance 
for th e  differences betw een th e  in itia l and  final concentrations. In  fact, th is  
problem  has also been tackled by o ther au th o rs  (Laws 1984, P rice et al. 1985, 
W illiam s & F isher 1985, W ard et al. 1989). However, it has been assum ed 
h ith e rto  th a t  th e  lack of balance is due to  com bined effects, including th e  
release of n itrogen  by th e  p lan k to n  com m unity, regeneration , grazing and 
bac teria l up take. E lskens’ m odel was applied  to  th e  d a ta  in order to  explain 
th e  possible cause of these observations. A pplication  of th e  m odel gives two 
sets of u p tak e  ra tes, m axim um  estim ates and  m inim um  estim ates.

T he ca lib ra tion  of resu lts favoured th e  m inim um  estim ated  values. 
However, two poin ts have been highlighted as a resu lt of com paring C /N  
u p tak e  ra tios in Figs 2a and  2b. F irstly , th e  fact th a t  th e  ra tios were inversely 
re la ted  to  th e  n itrogen  concen trations can be explained as being th e  resu lt of 
a general physiological a d a p ta tio n  of p hy top lank ton . T his was d em onstra ted  
by L ancelot & M ath o t (1985), who rep o rted  th e  resu lts of unicellu lar 
algae growing in nitrogen-deficient conditions, w here as an  ad ap ta tio n , th ey  
synthesised reserve p ro d u c ts  w ith  low n itrogen  conten t. T he second poin t 
was th e  abnorm ally  high C /N  ra tio . T his can be explained in re la tion  to  th e  
predom inance of Phaeocystis sp. in th e  ph y to p lan k to n  assem blages during  
th e  period. P rim ary  p rod u c tio n  was excessively high, as it coincided w ith  
th e  bloom  period  of Phaeocystis sp. From  th e  lite ra tu re , it is known th a t  
no bloom  of single cells has ever been reported ; ra th e r, th e  bloom  was of 
a colonial form  of Phaeocystis sp. (Lancelot et al. 1998). F u rth er, during  
th e  bloom  m axim um , L ancelot et al. (1987) estim ated  th a t  th e  m ucilaginous 
m a trix  m akes up  approx im ate ly  90% of th e  colony’s biom ass. Because 
m ucilage is polysaccharide in n a tu re  (Van Boekei 1992, Lancelot & R ousseau 
1994), Phaeocystis sp. m ust require m ore carbon  du ring  th e  bloom  period. 
T his m ay have raised th e  C /N  ra tio  above th e  Redfield p roportion .

4.1. Significance and validity lim its o f th e  D& G m odel

Since th e  D& G equation  does no t consider processes such as regeneration  
and  loss ra tes, th e  m ajo r questions are therefore by how m uch up take ra tes 
are  biased and  w hat th e  resu lting  im pact on th e  N -up take p aram eters , e.g. 
/- ra tio s , will be. T he resu lts of th is in tercom parison  exercise are sum m arised 
in Fig. 3. It ap p ears  th a t  estim ates of u p tak e  ra tes by th e  D & G equation  
are consisten tly  und erestim ated  (paired  t-te s t)  w ith  respect to  th e  o u tp u t 
of th e  Elskens m odel. However, b o th  m odel resu lts show a sim ilar seasonal 
tren d . In  add ition , it is no ted  th a t  th e  p a tte rn  of underestim atio n  varies 
from  one n itrogen  source to  ano ther.



396 C. Tungaraza, N. Brion, W. Baeyens

0.08 -, 1996

0 .04-

&  0 .0 2 -

March April May

0.25 n 1997

March May June Sept. November

0.16 -, 1998

0 .08-

& 0 .04-

March April May June

  D & G  min

F ig . 3. Trends of TN uptake ra tes calculated using Dugdale & G oering’s model 
(D&G) and m inim um  estim ates from Elskens’ model

T h e range of deviation  for n itra te  was less th a n  th a t  of am m onium  
or u rea  (Fig. 4). T he respective n itra te , am m onium  and  u rea  m axim um  
underestim ations were 34%, 78% and 95%. In  general, th e  u nderestim ation  
m edian  ranges for all n u trien ts  lay below 60%. T h e  values (Fig. 3) 
collectively im plied th a t  w ith  regard  to  am m onium  and urea, u p tak e  ra tes 
con trib u ted  significantly to  th e  u n d erestim atio n  of n itrogen  up take ra tes by 
th e  D& G m odel. However, in th e  to ta l u p tak e  tren d s th e  underestim ation  
is m asked by higher u p take ra tes for n itra te  th a n  for am m onium  and  urea. 
T his is d em o n stra ted  by th e  tren d  of / - ra tio s  (Fig. 5) in which th e  ra tios 
ob ta ined  from  th e  Elskens m odel ind icated  th a t  by using th e  D& G m odel,
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F ig . 5. Com parison of /- ra tio s  and variations for the up take ra tes calculated by the 
D&G model and for the m inim um  estim ated  uptake rates obtained using Elskens’ 
model

th e  s ta tu s  of n itra te  and  its im p o rtan ce  in p rim ary  p rod u c tio n  is som etim es 
considerably  overstated , for exam ple, by 64% on 3Í M ay Í996 and  by 6 6 %) 
on 25 A pril Í997 (calculated  from  th e  ra tio  differences). O th e r calculations 
ind icated  overestim ation  of / - ra tio s  over a range of ab o u t 1—40%).
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4.2. N itrogen  fluxes

T he Elskens m odel provided estim ates of u p tak e  ra tes to g e th er w ith  
regeneration  ( R ¡ ) ,  loss ra tes from  th e  dissolved ( L d n í )  and  th e  p articu la te  
(Lpn) n itrogen  pools. Synopses of these ra tes are  illu s tra ted  in Fig. 6 . 
Overall, these resu lts can be sum m arised thus:

(i) R egeneration  and  loss ra tes were not negligible in re la tion  to  up take 
ra tes  for m ost of th e  15-N trac e r experim ents.

(ii) N itrogen  dem and  exceeded regeneration  in all experim ents, im plying 
th a t  changes in n u trien t concen trations w ith  tim e (9t NH)jb Ô4 N O 3 and  
churea) < 0  over th e  incubation  period. T he average ra tios of p roduc tion  
to  consum ption  were 0.96, 0.22 and  0.32 for am m onium , n itra te  and  urea, 
respectively.

(iii) Loss ra tes from  th e  dissolved n u trien t pools represen ted  a significant 
fraction  of th e  to ta l n itrogen  consum ption  fluxes w ith  average values of 40, 
33 and  25% for am m onium , n itra te  and  urea, respectively. Since physico­
chem ical adso rp tion  is likely to  be m inim al for n itra te  and  urea, these results 
suggested an  im p o rtan t role for b ac te ria  during  th e  incubation  experim ents 
v ia d irect assim ilation a n d /o r  tran sfo rm atio n  reactions from  one n itrogen 
source to  an o th er (e.g. am m onification, n itrification , etc).

(iv) T h e  loss ra te  from  th e  u rea  pool was 4.8 nM  h - 1 . T his is assum ed to  
be indicative p a rtly  of an  am m onification ra te  which was in fact com parable 
to  th a t  calculated  from  th e  m odel of Lancelot & Billen (4985) -  an  average 
value of 4.5 nM  h - 1 . I t  is no ted  th a t  b o th  estim ates are su b stan tia lly  
lower th a n  th e  average am m onium  regeneration  ra te  of 34.5 nM  h - 1  

provided by th e  m odel, w hich suggests th a t  d irect excretion of am m onium  
by Zooplankton was th e  m ost im p o rtan t process during  th e  experim ents. 
N ote also th a t  th is  process is m ainly  responsible for u rea  regeneration  (Cho 
& A zam  4995). Hence, it is estim ated  th a t  am m onium  and  urea  excretions 
respectively represen ted  49% and 44% of th e  loss ra te  from  th e  p articu la te  
n itrogen  pool.

(v) T he source-sink processes were estim ated  on an  average basis to  be 
57% and  43% of th e  to ta l n itrogen  loss ra tes (Ldní +  L p n ). A s a lready  
poin ted  out, loss ra tes from  th e  dissolved and  p a rticu la te  n itrogen  are 
source-sink processes w ith  respect to  th e  equation  for N -m ass conservation: 
th e  source te rm  represen ts all processes giving rise to  th e  regeneration  of 
n u trien ts  during  th e  incubation  period, while th e  sink te rm  represen ts th e  
n itrogen  lost w ith in  th e  tim e of incubation , as a resu lt of e.g. bac teria l 
up take, adsorp tion , cell lysis and  m ortality .
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regeneration ra tes of the three nu trien ts

sum  of uptake, loss and

(vi) F inally, th e  p a r ticu la te  n itrogen  sink was estim ated  to  be 36% 
of th e  L pn  flux, which s tan d s in agreem ent w ith  th e  range of values 
usually  rep o rted  in th e  lite ra tu re  (25 to  41%); B ronk et. al. 1994), w hereas 
th e  dissolved n itrogen  sink term , w hich is required  to  close th e  m ass 
balance equation , would th en  represen t 56%) of th e  to ta l L dní fluxes.

T hese exchanges betw een th e  dissolved and  p a rticu la te  n itrogen  pools 
are  sum m arised in Fig. 7. I t is im p o rtan t to  stress th a t  15-N tracer 
experim ents were no t perform ed in th e  replicates owing to  p ractica l 
hand ling  lim itations. Hence, th e  low num ber of degrees of freedom  im pedes 
significance testing , and  th e  values given in Fig. 7 are therefore only 
indicative of th e  general behav iour of th e  system  and  th e  variab ility  of 
th e  two m odels. T h e  varia tions in corresponding  fluxes are as shown in 
Fig. 6 . T hey  illu s tra te  th e  com plexity  of th e  system  to  be tackled by th e  
oversim plified approach  of D ugdale & G oering m odel (1967).
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Dugdale & Goering (1967) and (b) the  Elskens model (2002). N itrogen flux rates 
are presented as m ean estim ated  values expressed in nM h _ 1

5. C on c lu sion

From  th is  com parison, it is ap p a ren t th a t  th e  15-N technique for 
m easuring  u p take ra tes  needs refinem ent in order for m ore p aram eters  to  be 
accom m odated  in ro u tin e  m easurem ents. Similarly, u p tak e  ra tes calculated 
by th e  D& G m odel need to  be corrected  if precise values are to  be used. 
T he u n d erestim atio n  seems to  be im p o rtan t as regards th e  u p tak e  ra tes 
of am m onium  and  urea, and  th is  explains why th e  /- ra tio s  estim ated  by 
th e  D& G  m odel were higher th a n  those  estim ated  by th e  Elskens m odel. 
N evertheless, th e  u n d erestim atio n  does not affect th e  seasonal tren d  of 
u p tak e  ra tes, and  /- ra tio s  suggesting th a t  any conclusion m ade based on th e  
tren d  of concentrations are acceptable. G rea t em phasis has com m only been 
placed on am m onium  regeneration , b u t as th is  d a ta  com parison has shown, 
we canno t neglect u rea  regeneration  and  nitrification . Likewise, we cannot 
ignore th e  loss ra tes of dissolved n itrogen  th ro u g h  d e tritu s  adsorp tion , 
bac teria l up take, and  th a t  possibly escaping th ro u g h  th e  G F /F  filter and 
cell lysis.

W ith  reference to  th e  1998 results, it is shown th a t  we need to  
estab lish  biological p aram eters  (m ore th a n  flux rates) of th e  phy to p lan k to n  
com m unities in th e  environm ent u nder investigation, for exam ple, th e  
variable P O C :P O N  ratios a t different grow th stages of p hy top lank ton . T his 
is im p o rtan t especially for a dynam ic environm ent like th e  N o rth  Sea, w here 
th e  two m ajo r phy to p lak to n  com m unities (d iatom s and  Phaeocystis sp.)
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display significant physiological differences and  behave qu ite  differently in 
th e  sam e environm ent. E ven w ith in  th e  Phaeocystis sp. th e re  are  known 
differences depend ing  on th e  developm ent stage w hich show th a t  organic 
carbon  derived from  Phaeocystis colonies has a C /N  ra tio  of ab o u t 27, 
w hereas th e  ra tio  from  so litary  cells is ab o u t 7 (S. B ecquevort, pers. com m .).
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