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D ecis io n s  a b o u t w h ich  o f  N  o r P lim its  th e  p ro d u c tio n  in  th e  m a rin e  en v iro n m en t, b a se d  on  
c o n c e n tr a tio n  ra tio s  o r e n r ic h m e n t e x p e r im e n ts ,  h a v e  as a  p re re q u is ite  th a t  c o n c e n tr a tio n s  
m irro r n u trien t availab ility . T his is an  assu m p tio n  th a t  lacks a  th e o re tic a l backg round .

W ith  the  a id o f  a  sim ple  hydrau lic  m odel it is po in ted  out th a t concentrations in  a  s teady  state 
f lu x  system , a t a  certa in  inpu t, depend  on  th e  m echan ism s th a t regu la te  the  tra n sp o rts  from  the 
sy ste m . In  a  c o a s ta l w a te r  th e se  m e c h a n is m s  fo r  th e  n u tr ie n t  f lu x  a re  w a te r  e x c h a n g e  and  
b io log ical activities. B ecause the  b io log ical activities are n o t the sam e fo r n itrogen  and phosphorus, 
th e  re s u lt in g  N  : P c o n c e n tra tio n  ra tio s  c an  n o t be  e x p e c te d  to  re p re s e n t th e  ra tio s  fo r  th e  
av a ilab ilitie s  o f  th e  nu trien ts . C onclusions  ab o u t N  as th e  lim itin g  n u trien t, w h ich  are b ased  on 
c o n ce n tra tio n  ra tio s , o r c o n c e n tra tio n  d e p en d e n t b io a ssay s , c an  th e re fo re  n o t be accep ted .

Exam ples from  the  m on ito ring  o f  coasta l w aters  in  Sw eden, show  that, in  accordance w ith  the  
R ed fie ld  concep t and  th e  Sm ith  & H ollibaugh  concep t o f  carbon  con tro lled  n itro g en  cycling , the 
sam e concen tra tions  o f  ino rgan ic  nu trien ts  appear in areas w ith  s im ila r e cosystem  struc tu re , b u t 
d iffe ren t n u tr ien t su p p lie s  and  d iffe re n t p r im a ry  p ro d u c tio n s . C o n cen tra tio n s  d ep en d  m o re  on  
eco sy s tem  s tru c tu re  th a n  on flu x  size.

Som e observations from  th e  Sw edish  w est coast on C : N  : P ra tios in  partic les  are described. 
T he co n c lu sio n  is th a t  f lu x  c a lc u la tio n s  in v o lv in g  R ed f ie ld  ra tio s  are m e a n in g fu l to o ls  in  th e  
a ssessm en t o f  th e  re la tiv e  ro le  o f  d iffe ren t nu trien ts  in  th e  flu x  o f  energy  and  m a tte r in coasta l 
ecosystem s. A n exam ple is described , w hich  explains the - seem ingly  incom patib le - sim ultaneous 
o c c u r re n c e  o f  s u p p ly  o b s e rv a tio n s  s h o w in g  n itro g e n  su rp lu s , a n d  c o n c e n tra tio n -e n r ic h m e n t 
o b serv a tio n s  sh o w in g  n itro g en  defic iency .

W ith  co n cen tra tio n  ra tio s  and  en rich m e n t ex p erim en ts  ru le d  o u t as m e th o d s fo r  d e te rm in in g  
w h ich  o f  N  and  P lim its p lank ton  p roduction  in  coasta l w aters, no  va lid  a rgum ents are left fo r N  
as the  lim iting  n u trien t in  S w edish  and  D an ish  w aters. D eliveries o f  nu trien ts  to  th e  B altic  Sea, 
and  the  Sw edish and D anish  coastal w aters o f  K attegat and Skagerrak, have a  p ronounced  surplus 
o f  n itro g en  in  re la tio n  to  th e  R ed fie ld  ra tio  fo r  p lan k to n . E v id en tly  p h o sp h o ru s  is in itia lly  th e  
lim itin g  n u trien t. T h is  fac t, to g e th e r  w ith  th e  g rea tly  im p ro v ed  k n o w le d g e  in  th e  la s t decades  
ab o u t the  p rocesses  in  th e  m arine  n itro g en  cycle, m akes it ev id en t th a t th e  expensive  m easu res 
a g a in s t  n i t r o g e n  o u tp u t, im p o s e d  b y  S w e d is h  an d  D a n ish  a u th o r it ie s  in  o rd e r  to  d im in is h  
e u tro p h ica tio n  in  th e  coasta l w a ters , are d o o m ed  to  fa ilu re.

J o h a n  S ö d ers trö m , B o x  3016, S -4 3 4  03 Valida, Sw eden .

K e y w o r d s :  N :P -ratios; b ioassays; flux  analysis.

IN T R O D U C T IO N

‘The distribution of inorganic nitrogen and phosphorus, 
and bioassay experiments, both show that nitrogen is the 
critical limiting factor to algal growth and eutrophication in 
coastal marine waters. About twice the amount of phos
phate as can be used by the algae is normally present. This 
surplus results from the low nitrogen to phosphoms ratio 
in terrigenous contributions, including human waste, and 
from the fact that phosphorus regenerates more quickly 
than ammonia from decomposing organic matter. Removal

of phosphate from detergents is therefore not likely to 
slow the eutrophication of coastal marine waters, and its 
replacement with nitrogen-containing nitrilotriacetic acid 
may worsen the situation’.

This abstract from the much cited paper of R y t h er  &  
D unstan  (1971 ) is still the best summing up of a concept 
that has dominated marine nutrient research and marine 
water management discussions for more than 20 years.

Before this paper arrived, the thinking expressed 
by R e d f ie l d  (1958) and R e d f ie l d  & al. (1963), was 
the basis for the then relatively few researchers in the
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Fig. 1. M onthly  w ater-colum n contents (m g  m ‘2 above the  pycnocline) in 1991 at one open-sea locality  (A . K oster, Skagerrak) and  tw o  
fjord  localities (B. G aitero and C. Byfjorden). The approxim ate depth  o f  the pycnocline is given in brackets on the x-axis. The seasonal 
D IN  : D IP w eigh t ratio  is g iven above the  bars. The annual m ean  D IN  : D IP  fo r the  th ree  localities w as 4.2 : 1, 9 .4  : 1 and  20 .7  : 1, 
respectively.
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field of marine eutrophication. The title from 1963, 
‘The influence of organisms on the composition of 
seawater’, comprises these authors' inspiring new ideas.

Against Redfield's opinion that fixation would counter
act deficiencies of nitrogen R y th er  &  D unstan  wrote: ‘It 
is certainly not effective locally or in the short run’. This 
was not based on measurements of the fixation, it was 
their logical conclusion since they interpreted low con
centrations of inorganic nitrogen as evidence of nitrogen 
deficit in relation to phosphorus. However, to cite 
H ow arth  (1990): ‘Unfortunately, N and P availabilities 
are not necessarily the same as concentrations’.

The new nitrogen thesis was adopted by a majority 
o f marine biologists. The same methods, comparison 
of concentrations, and enrichment experiments, are 
still widely used as ground for the opinion that 
nitrogen is the limiting nutrient and therefore should 
be the aim of water protection measures ( G r a n e l i &  
al. 1990, P e p e r z a k  &  P e e t e r s  1991).

From the beginning the concept formulated by 
R y t h e r  &  D u n s t a n  (1971)encountered criticism. A 
series of works by S c h in d l e r  (a summing up in 1988) 
might be mentioned in this connection. S m it h  ( 1984) 
and S m it h  &  H o l l ib a u g h  (1989) are important con
tributions. The reader is asked to observe that the 
controversy discussed here not is about which of 
nitrogen or phosphorus limits primary production, 
what is questioned is the conceptual framework, con
centrated in the phrase ‘twice the amount as can be 
used is present’ as an argument for limitation.

R y t h e r  &  D u n s t a n  (1971) assumed that the low 
N : P concentration ratios they observed were the re
sult of terrigenous contributions ( from New York waste 
water with N : P = 2.5 : 1 ). However, in multidisciplinary 
studies o f a tjord at the Swedish west coast, similar 
low N  : P concentration ratios, indicating nitrogen as 
the limiting nutrient, were found in the surface water

( D a n ie l s s o n  & al. 1975; S ö d e r s t r ö m  1976) but exten
sive studies of water exchange ( S v e n s s o n  1980) and 
nutrient deliveries to the tjord revealed a nutrient flux 
in which phosphorus clearly was the minimum nutri
ent. In Fig. 1 is shown DIN : DIP ratios near the 
Redfield ratio at the sea station, winter ratios at the 
tjord stations are high in accordance with the known 
deliveries o f N and P. Very high ratios in April at the 
tjord stations indicate phosphorus limitation of the 
spring bloom. All stations have in the summer DIN : 
DIP ratios well below the Redfield ratio. It was evi
dent that there was no simple correlation between deliv
ery of nutrients and Hie concentrations in the tjord. G raneli 
& al. (1986) found a surplus of N in the supply to the 
Laholm Bay, but DIN : DIP concentration ratios and 
enrichment experiments showed N as limiting. In the 
face of this dilemma they chose to rely on concentra
tions. It is not explained why they assumed the ob
served concentrations to show nutrient availability 
better than their flux computations.

R E L A T IO N S B E T W E E N  FL U X E S  A N D  C O N C E N T R A 
T IO N S IN  A  H Y D R A U L IC  SY ST EM

Fluxes in steady state systems, which is what constitutes 
ecosystems ( R ed fie ld  & al. 1963), result in concentra
tions which are functions of both delivery and export. 
Low N : P ratios in the delivery and simultaneous low 
ratios in the concentrations, must, until otherwise shown, 
be considered as a coincidence. Enough attention has not 
always been paid to this and some elementary discussion 
of tile relation fluxes/concentrations may be excused.

Fig. 2A shows a simple hydraulic model of a system 
where a continuous process is fed by fluxes of two fluid 
primary elements. The process is assumed to be constant. 
The primary elements are fed to the process through two

P R O C E S S

Fig. 2. A  s im plified  hydraulic  m odel w ith  a constant delivery  o f  tw o  elem ents (left, righ t c istern) and  a constant process 
u tiliz ing  the tw o  elem ents. A. Identical taps in  the  tw o  cisterns. B. D oubled  tap capacity  in the right cistern.
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cisterns which function as buffering intermediate pools 
in the flux. It is directly seen that the level in the cisterns 
can be controlled by the taps at the bottom. On the other 
hand, with the taps constant, the level might also be 
regulated through changes in the delivery or in the process. 
In Fig. 2B the deliveries and the process are unchanged, 
but there are two taps on the right cistern, symbolizing 
that the tap opening is doubled. What happens now is 
that the level in the right cistern sinks until the pressure 
on the taps is decreased so that the same amount flows 
through two taps as before through one. The flux system 
is unchanged. The only change is in the level in the right 
cistern, a function of the tap opening. It should be evident 
that one who concludes from the position of this level, 
‘the amount present’, that the flux in the right cistern is 
lower, is the victim of self-delusion. But this is just what 
is done when concentrations, directly or with bioassays, 
are used to determine which of nitrogen and phosphorus 
is lim iting the production, the carbon/nitrogen/ 
phosphorus fluxes, in an ecosystem.

A coastal water receiving nutrients from land functions 
in the same way. A continuous delivery of nutrients builds 
up a concentration gradient towards the surrounding areas 
until the specific water exchange makes possible a nutri
ent transport from the recipient of the same size as the 
delivery. This is exemplified in Scandinavian waters by 
the w inter situation w ith its higher nutrient 
concentrations. However, in the spring concentrations 
decrease rapidly because a biological ‘tap’ is added to 
the hydrological. The flux through this tap is influenced 
by concentrations in a similar way as flux and pressure 
interact in the cisterns in Fig. 2. There is a feed-back 
system between biological activities and concentrations. 
With a constant nutrient flux the concentrations at steady 
state vary with the conditions for the biological exports. 
If  biological exports function sufficiently at low con
centrations, the result will be low concentrations in the 
am bient w ater, i f  they only function  at high 
concentrations the ambient water gets high concentra
tions. Concentrations can consequently not be used as 
parameters for the availability of nutrients in an eco
system. When biological transports function in the sys
tem the ambient concentrations can only show the 
relative availability of two nutrients if they have identical 
biological processes. The nitrogen cycle includes unique 
processes, as biological fixation and denitrification, and 
the relation flux/concentration can therefore not be the 
same as in the parallel phosphorus flux.

P R O D U C T IO N  V E R SU S G R O W T H  O F 
P H Y T O P L A N K T O N

One factor behind the nitrogen/phosphorus controversy 
is a diffuse distinguishing between production, the total 
flux from inorganic to organic forms, and the relative growth 
of plankton cells. This terminological problem was intro
duced already by R y th er  &  D u nstan  (1971) when they 
combined limitation of algal growth with eutrophication. 
T hingstad  &  Sakshaug  ( 1990) recommended the term con
trol, as distinguished from limitation, when whole sy stems 
are considered. The word control also suits the concept of 
growth. Growth is related to ambient concentrations in a 
way that usually is described with a so called Michaelis- 
Menten (or Monod) equation involving a half saturation 
coefficient (Ks) ( D u g dale  &  G oering  1967, E ppley  &  
T h om as 1969, K ilham  &  H ecky  1988). There is thus a 
gradual change in growth rate, not an absolute limit in the 
way that the amounts of necessary elements limit the 
quantity of biomass produced from the same elements. 
H ecky  &  K ilham  (1988) begin a discussion of the concept 
of limitation with a generalized equation for population 
growth rate. I should prefer to call this control of growth 
rate. I am certainly not prepared to follow them when 
they declare that cellular growth rate is a function of light, 
temperature and nutrient supply. The correct word here is 
nutrient concentration, and that must also in fact be what 
they mean since they refer to the Monod equation. The 
aim of the present paper is, however, to discuss questions 
of importance for practical decisions, the management of 
polluted waters. In that case we are concerned with negative 
effects of the production, e.g. anoxia in bottom waters 
caused by sedimentation of the organic material produced 
in the surface layer. This does not depend on the growth 
but on the net (export) production in absolute numbers. 
For this there is also an absolute limit, expressed as the 
rate of delivery of new nutrients.

For general comparisons of the relative importance of N 
and P for plankton production the Redfield ratios (R edfield  
& al. 1963) are commonly used. No doubt the N : P ratios 
in phytoplankton populations vary both with species 
composition and conditions in the environment (R yther  
&  D unstan  1971; Sakshaug  &  O lsen  1986). Nevertheless 
the Redfield ratios, by atoms C : N : P = 1 0 6 : 16:1 and by 
weight (used in this paper) ca. 41 : 7.2 : 1, ‘has withstood 
the test of time well’ (H e c k y  &  K ilham  1988). However, 
when uptake rate, or growth, is discussed they have no 
meaning and one should instead consider the concept of 
half-saturation coefficients, K .̂ The significance of Ks as a 
physiological characteristic of plankton populations, con
trolling ambient nutrient concentrations, and the use of 
Redfield ratios in flux studies, will be discussed in the 
following with the aid of examples from an extensive moni
toring of the coastal water at the Swedish west coast.
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A  M O N IT O R IN G  PR O G R A M  AT T H E  S W E D ISH  
W E S T  C O A S T

A monitoring program for the coastal water of the 
province o f Göteborg and Bohus, Swedish west coast, 
was gradually started in the years 1 9 8 2 - 1 9 8 6  and the 
final presently ongoing program (A x e l s s o n  &  R y d b erg  
1 9 9 3 )  comprises 2 0  sampling stations along the coast 
of the province (Fig. 3 ). Samples are collected once a 
month from 0 .5 ,  2 ,  5 , 1 0 , 1 5 , 2 0 ,  and where possible 
also from 3 0  and 4 0  m depth. Conventional parameters 
(S 96o , C °, O,, DIP, TP, N 0 3, NO,, NH4, TN, S i03, 
and Chl-tf) are analyzed in all samples, particulate 
carbon (POC) and particulate nitrogen (PON) in the 
samples from 5 and 2 0  m depth. Five m corresponds 
roughly to the depth limit for light saturation at noon 
in the summer. Twenty m is below the compensation 
depth (defined as the depth with an irradiance of 
IO15 Q cnv2 s'1), and also mostly below the pycnocline. 
The pycnocline is a result of the north going current of 
Baltic brackish water and a major characteristic of the 
coastal water along the Swedish west coast (cf. S vansson  
1 9 8 4  for a detailed description of the hydrography).

Chlorophyll-a has been analysed in every sample and 
thus tile vertical distribution is well known for each oc
casion. A special computer program has been designed 
for the calculation of daily carbon flux from vertical chlo
rophyll -a profiles, daily irradiance, length of day, tem
perature and secclii depth. The program uses carbon up
take : chlorophyll ratios according to W ill ia m s  &  M u rd o c h  
( 1 9 6 6 ), cf. also S ö d e r s t r ö m  &  R e x  ( 1 9 7 4 ) and G a r g a s  &  
al. (1 9 8 0 ) .  Saturation light, (IK) is calculated as a function 
of temperature mainly from measurements in Danish wa
ters (G. Ærtebjerg-Nielsen, pers. conium). The principles 
were described in S ö d e r s t r ö m  ( 1 9 8 6 )  cf. also C o le  &  
C l o e r n ( 1 9 8 7 ) .

In Fig. 4  is shown the calculated primary production for 
six stations in the monitoring program. The results for mean, 
minimum and maximum production demonstrate the 
influence of light on short time variations. The stations, 
‘ Valö’ and ‘Koster’ are open to Kattegat (Valö)and Skagerrak 
(Koster). ‘Valö’, to the south of Göteborg, is seldom 
influenced by waste water from Göteborg, due to the 
prevailing current system. Five stations (among them ‘Instö 
Ränna’) are situated in or nearby the two estuaries of the 
river Göta Alv (the biggest river in Sweden, TN : TP about 
5 0  : 1 ) and represent influence from the sewage treatment 
plant o f Göteborg on a descending scale. The 
capacity of this plant is equivalent to Hie waste water from 
6 0 0  0 0 0  people. Since 19 8 4  it combines biological treat
ment with chemical phosphorus precipitation and the out
going water has a TN : TP ratio of 30  : 1 . After the estuary 
mixing tile delivery to the coastal surface water has a TN : 
TP ratio around 15 : 1 (S ö d erström  19 8 6 ). The station
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‘Gaitero’ is located to monitor effects of waste water (TN 
: TP = 50:1 ) from Hie industrial community of Stenungsund 
(petrochemical industries, inhabitants 20 000). The nearby 
station ‘ Stigfj orden’ is shallow and has very little direct 
nutrient input. From the station ‘Gaitero’ an average net 
current of 50 m3 s4goes northwards through a series of 
sounds in which Hie station ‘Havstens fjord’ is situated. 
Tile station ‘Byljorden’ represents a true fjord (S vensson  
1980) connected with ‘Havstens fjord’ through a narrow 
and shallow sound, and eutropliicated by the waste water 
(TN : TP = 118 : 1) from the town of Uddevalla (Mixed 
industries, inhabitants 50 000). The water exchange is 
restricted as the tide in this area has an amplitude of only
0.1-0.2 ni. Barometric changes are more important than the 
tide for the water exchange. In the area anoxic situations in 
tile subpycnocline water occur regularly. Though known 
since tile 1890s (P ettersson  &  E k m an  1897), anoxia in the 
bottom water has obviously increased after 1950 together 
with a decreased transmittance in the surface water 
(S öderström  1971). ‘Byfjorden’ showed the highest pro
duction in .Time whereas the other five stations had low 
production, probably due to an unusually dark period in 
.Time 1991. Further north along the coast, pollution is con
sidered to be of less importance. However, and especially in 
late spring, water from Norwegian rivers occasionally reaches 
down to ‘Koster’, causing temporary increased nutrient 
concentrations, particularly of nitrate (S ö derström  1988).
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K s AS A  FA C TO R  IN  T H E  C O N T R O L  O F A M B IE N T  
N U T R IE N T  C O N C E N T R A T IO N S

The relation between growth rate (v) and ambient nutrient 
concentrations (S) has been described in relative terms 
with a Michaelis-Menten equation ( E p pley  & al. 1969, 
K ilh a m  &  EIeck y  1988).

v= V -S/iS + K J
m ax v S-'

Values for K„ and V vary in the literature. For nitrate
S max J

and ammonium values from 1.5 pg f 1 to more than 100 pg 
f 1 exist (E ppley  1969; E ppley  & al. 1973; R ö m er  1983). 
For the discussion in this paper the essential is that the 
uptake rate of a nutrient by plankton algae decreases at 
specific concentrations. In this meaning the Ks concept 
has been used e. g. for comparisons of interactions between 
ammonium and nitrate uptake (D ortch  1990).

There is unfortunately very little information on Ks for 
uptake of phosphate. From a work of M callister  & al. 
(1964) it seems to be below 1 pg P litre-1. The same is 
indicated by conditions at the station ‘Koster’ (S öderström  
1988). The ratio KSN : Ksp* could thus have values from 
2 : 1 and upwards. This implies that ambient DIN : DIP 
ratios as low as 2 : 1 sometimes represent neutrality be
tween N and P for the growth A PON: A POP = 7: l.The 
DIN : DIP ratios must be compared with the specific ratio 
K ^  : Kgp, not with the Redfield ratio, before anything can 
be said about which of N and P controls the growth of the 
cells.

According to the Redfield principle, one should con
sider Ks not as a concentrationcontrolling the activity of 
algae, but instead as an inherent physiological quality, 
that is a critical part of the mechanism for the biological 
regulation of the ambient nutrient concentrations.

The spring bloom in Scandinavian waters is triggered by 
the return of light. The high nutrient concentrations (S) 
built up during the winter imply that the algae are able to 
grow at Vmaj¡ for the actual light conditions. The biomass 
(M) increases rapidly and simultaneously the production 
(v • M) and the biological export (E). When v • M has 
increased to a size that represents a bigger flux of nutrients 
than the continuous external delivery (D) to the produc
tion layer, the process goes on for a while using the store 
represented by the high winter concentrations of inorganic 
nutrients. A period of decreasing concentrations follows. 
When S approaches for the current planktonpopulation,
v decreases until the biological flux is in balance with the 
continuos delivery, D = v • M.

Any reference to concentrations, for an estimate of po
tential production, is meaningless in this state. As shown 
in Fig. 1 the ‘amount present’, e.g. of DIP in April, is only

enough for some few days of a normal summer production 
between 500 and 1000 mg C m-2-day-1, i.e. 12-24 mg 
P m-2 day-1 .

In a closed system, as e.g. a bottle experiment, a continuos 
nutrient delivery would cause continuously increasing con
centrations. An open system, with dominant biological 
flux and a delivery D, strives towards a steady state when 
D = v • M = E. Since v is a function of S, steady state 
implies a specific S.

In the early spring sinking of algal cells is the main 
biological export besides the export through water exchange. 
With decreasing S the water exchange export decreases, 
and sedimentation becomes the important factor. With a 
low sinking rate, M must be correspondingly bigger to 
make E = D possible and v must decrease to make 
v-M  = D. I f v - M > D  still more of the nutrient store must 
be used with lowered S, and finally v, as the consequence. 
If the sinking rate is high a smaller M is sufficient to keep 
E = D and v must be proportionally higher to make 
v • M = D. Two physiological qualities of the plankton 
thus combine in a spring bloom to control the ambient 
nutrient concentrations at a continuous nutrient delivery, 
the quality and the quality sinking rate (E ppley  & al. 
1968, L ännerg  ren  1979, B ie n f a n g &  H a r r iso n  1984).

If D increases, but the active population has unchanged 
qualities, an increase in S and thus in v • M, could at first 
balance the bigger D. However, when biological export 
dominates, the requirement E = D can only be met with 
by an increased M. Increased D should thus generate a 
new  steady state system  w ith increased M, but 
unchanged S in the neighborhoud of Ks.

In the summer the system becomes apparently more 
complicated by the introduction of a production based 
on nutrients from regeneration in the production layer. 
However, the basic requirements for steady state are 
unchanged. To sinking rates, as a factor for E, is now 
added the growth of grazers, and their fast sinking pellets. 
Effective grazers may keep E = D in a situation with high 
v and low M. The increase in v may be brought about 
either by increased S or by a change of the phytoplankton 
composition to species with a higher v at the same S. 
This is a main factor in the competition strategies 
discussed by S a k sh a u g  &  O lsen  (1986).

For the present discussion the important fact is that 
the ambient nutrient concentrations in a steady state flux 
are functions of physiological qualities of the organisms 
in the produced biomass, and thus cannot be expected to 
correlate with the delivery.

*Ksp =  K s fo r phosphorous; K SN = K s fo r nitrogen.
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Fig. 5. C oncen tration  o f  n itrate , am m onium  and  inorganic phosphate (D IP ) in th e  surface w a ter (0-5 m  depth) during  the productive 
season in 1986, 1991, and  1992. L im its fo r K s (n itrogen) according  to  E p p l e y  & al. (1969 and  1973) and  the expected  value fo r K s 
(phosphate) are show n. A. The K attegat station V alö and  the eutrophicated  t]ord s tation  Gaitero.
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T E S T  O F T H E  D E S C R IB E D  M O D E L

The practical test of the described concept can not be 
made with the aid of experiments. The whole ecosystem, 
including hydrographical conditions, must be present. One 
possible test is to compare S in water areas with different 
nutrient delivery buta reasonably similar structure in their 
ecosystems due to geographic location. Such a test is shown 
in Fig. 5, based on data from the monitor program. As 
expected there are small differences between the 
eutrophicated fjord stations and the unpolluted stations 
during the steady state period. The comparisons are com
plicated by the simultaneous presence of ammonium and 
nitrate. There are reports that the algae under some condi
tions prefer ammonium as a nitrogen source (R önner  1983, 
D ortch  &  C onway 1984, C a r pe n te r  &  D u n h a m  1985, 
S a h lsten  1987) but the inhibition of nitrate uptake is sel
dom complete (D ortch  1990). However, it is evident that 
ammonium and nitrate must be treated separately and not 
together as DIN. Some very low concentrations of nitrate 
are not necessarily the result of uptake through photosyn
thesis. They could instead mirror conditions for other fluxes 
in the nitrogen cycle, nitrification, reduction of nitrate to 
ammonium, or denitrification. It is more and more evident 
that nitrate reductions are important activities also in well 
oxygenated surface waters ( M c C a r t h y  & al. 1984, 
S öderstr ö m  1988). The DIN : DIP ratio in the field is 
clearly not a simple result of delivery and plankton pro
duction.

It is evident that concentrations can not be parameters of 
nutrient availability or of potential production. One must 
therefore try to calculate the real availability (the delivery 
flux from all sources) of both P and N to the production 
layer. With some knowledge of the terrestrial and atmos
pheric nutrient inputs, water exchange, average nutrient 
concentrations, and a use of the Redfield ratios C : N : P for 
a 14C-determined production, it should be possible to get an 
insight into the nutrient fluxes in the phototrophic layer, 
and understand which nutrient is limiting. Such a task may 
be difficult, and perhaps even require some guessing, but it 
is under all circumstances a more reliable way to understand 
the relative importance of N and P in the plankton

production, than the principally wrong way of direct judging 
from ever so exactly measured concentration ratios or 
statistically controlled bottle experiments.

P O C  : P O N  : O P RA TIO S IN  T H E  C O A S T A L  W ATER, 
P R O V IN C E  O F G Ö T E B O R G  A N D  B O H U S

There is a good correlation (r = 0.92 and 0.97, respec
tively) between POC and PON concentrations in the 
two categories of sampling sites (Fig. 6A, B) and the 
intercept of the regression lines is below 50 p.g C litre4. 
The slope o f the regression lines show A POC : A PON 
ratios of 5.4 and 5.1 by weight, only slightly lower than 
the expected Redfield ratio of 5.7.

Unfortunately particulate phosphorus has not been 
measured together with particulate organic nitrogen. OP, 
the difference between total phosphorus and DIP, has 
been tried as a substitute (Fig. 6C, D). The amount of 
DOP that is excreted from growing algae varies (K uenzler  
1970). From the north Pacific O rret  &  K arl  ( 1987) report 
that DOP comprised 18 - 40 % of the total dissolved 
phosphorus pool. Production of DOP was highest in the 
lower part of the photic layer. OP may not represent 
POP very well. However PON and OP are not so 
independent of each other as Fig. 6C, D indicates. The 
variations during the spring follow a regular pattern that 
can be biologically understood (Fig. 6E, F).

D a n iel sso n  &al.(1975) measured particulate nitrogen 
and phosphorus in ‘Havstens fjord’ and ‘Byfjorden’ at 
20 occasions from January 1973 to June 1974. For the 
surface (1 m depth) they found a considerable variation 
in the PON : POP ratios but the mean value was near the 
Redfield ratio.

In Fig. 6C, D the lowest OP concentrations occur si
multaneously with PON between 10 and 20 pg N litre4. 
This is deducted as phosphorus depleted detritus. The 
mean PON : OP ratios obtained thus are from 3 : 1 to 6 :
1. If, as an average, 1/3 of OP is assumed to be DOP, the 
ratio PON : POP would be from 4.5 : 1 to 9 : 1 and thus 
cover the Redfield ratio of 7.2 : 1 by weight.

Fig. 6. (nex t page) H ydrochem ical data  fo r the  period  January-June 1993 from  seven stations in  the  v ic in ity  o f  G öteborg  (A, C, E, G, 
I, K ) and six fjord stations (excluding anoxic w ater) north  o f  G öteborg  (B, D, F, H, J, L). A, B. A m bient PO C  concentration  at 5 and 20 
m  depth  as a fu n c tio n  o f  PO N  concentration  (open c ircles) and  the  corresponding PO C  : PO N  ratios (sm all dots). A: y  =  36.4 +  5.4 x; 
n  =  59; r  = 0.92. B: y  =  37.5 + 5.1 x; n  = 60; r  = 0.97. C, D. A m bient PO N  concentration (open circles) a t 5 and 20 m  depth  as a  function 
o f  O P concen tration  and the  corresponding  PO N  : O P ratios (sm all dots). C: y  =  33 + 1.9 x; n  = 45; r  =  0.46. D: y  =  30 + 1.35 x; n  = 
39; r  = 0.45. E, F. M onthly concentration o f  O P and PO N  at 5 m  depth. G, H. M onthly concentration o f  chlorophyll a  in the  0-5 m  layer 
(m ean o f  0 .5 ,2  and 5 m  depth). I, J. M onthly concentration o f  D IP (open circles) and TP (open squares) in the 0-5 m  layer (m ean o f  0.5, 
2 and 5 m  depth). K, L. M onthly concentration o f  am m onium  (open circles) and nitrate (open squares) in the  0-5 m  layer (m ean o f  0.5, 
2 and 5 m  depth).
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TP 44.95 
DIN 160.35

Fig. 7. The basis fo r the  calcu lation  o f  vertical and  horizontal 
nu trien t transports in the  Laholm  Bay. M ean values fo r M arch- 
A ugust 1982-84.

The sanie pattern for changes in OP (Fig. 6E, F) ap
pears in tile two areas, the vicinity of Göteborg and the 
tjords, in spite of a difference in the spring bloom. In the 
Göteborg area a classical spring bloom was observed at all 
stations as a distinct chlorophy 11-a maximum in the month 
of March (Fig. 6G; FI). In the tjords the chlorophyll-a 
concentrations increased slowly to a maximum in May. 
The decrease in the pools of DIP and DIN also shows a 
later development of the plankton in the tjords (Fig. 61, J). 
Both areas showed about the same apparent uptake of 
nutrients. This uptake had an N : P ratio of about 10:1.  
However, considering Hie simultaneous deliveries, hydrological 
exports, and j»ssible dénitrification (R ydberg &  S undberg 
1988), it is permissible to assume that the periods real uptake 
in plankton followed Redfield ratios.

Based on these results the biogenic particles at the 
Swedish west coast may be estimated to have an average 
weight ratio C : N : P 3 5 : 6 . 8 : 1 .  This is close enough to 
the Redfield ratios to allow the conclusion that they may 
be used for computing average nutrient fluxes in Swedish 
coastal water.

A  ST E A D Y -ST A T E  F L U X  B U D G E T  F O R  T H E  
L A H O L M  B A Y . S O U T H  K A T T E G A T

According to ambient DIN : DIP concentration ratios be
low 7 : 1 ,  and results of bioassays, the Laholm Bay was 
considered to be nitrogen limited in spite of supply ratios 
N : P of tile magnitude 10-20 : 1 ( G ran eli & al. 1986 ). A 
flux analysis shows that a conclusion that P is the limiting 
nutrient not is contrary to the low concentration ratios 
(S öderström  1988).

Transports of nutrients in the bay have been computed 
on the basis of informations about mean concentrations 
for TP, DIP, and DIN for the period March-August 1982- 
1984 (G ran eli & al. ibid. ), and water exchange in the bay 
(R yd b erg  &  S u n d b er g  1986a, b) (Fig. 7).

The external deliveries of N and P are reported by 
R ydberg  &  S und b er g  (ibid.) and by S tibe &  F leischer  
(1986). 14C-detenninations of Hie primary carbon flux were 
made by E dler  ( 1986 ). Input of phosphorus includes TP 
from rivers, waste water plants, transport from the deep 
water, and precipitation. All delivered phosphorus is sup
posed to be available in the time scale of the scheme. The 
flux budget (Fig. 8 ) indicates that remineralized P accounts 
for 80 % of tile flux through phytoplankton. Witti this 
rate of remineralization more than 90 % of the new delivery 
of total P should be available on a 24 hour time scale. At 
least tile use of total P does not underestimate tile delivery.

Total N includes some fonns of N probably not avail
able for plankton photosynthesis, e.g. humic substances, 
but also fonns that might serve as nitrogen sources for 
plankton, e.g. aminoacids and urea (B r o n k  & al. 1994). 
However, only tile sum of nitrate and ammonium (DIN) 
was obtainable for tile scheme and the delivery of usable 
N is most probably underestimated.

Starting witti tile known carbon flux the simultaneous 
uptake of N and P is calculated from Redfield ratios (Fig. 
8). The difference between the requirements of P and the 
total external input, is the size of tile remineralization in 
the 10-15 in deep production layer.

Exports of TP and DIP are calculated from reported 
concentrations and water exchange (Fig. 7). The export 
through sedimentation (also including other possible 
biological exports) is derived from tile difference between 
input o f TP and export through water exchange. 
Sedimentation of N is then calculated from this value witti 
tile Redfield ratio. Unfortunately neither particulate P nor 
dissolved organic P were measured in tile bay. The division 
of tile organic P had therefore to be estimated from oilier 
parts of tile coast (cf. also O rret  & K a rl  1987).

A mass balance for total N made from data in R ydberg  
& S u nd b er g  ( 1986a) implied a N : P weight ratio for sink
ing particles as low as 4.5 : 1. This should have resulted in 
a still higher N surplus and denitrification in tile scheme, 
than tile use of tile Redfield ratio for tile sedimentation. 
The export of TN is therefore calculated from tile DIN 
data. All delivered P passes tile plankton photo synthesis 
and tile export flux of 1.43 mg/nr2 day4 TP should thus 
have a parallel TN flux of 10.37. However tile DIN export 
calculated this way is less than the one directly calculated 
from tile water exchange. The difference is added as a 
separate export directly from tile input.

There is now an unaccounted rest of N in tile flux of 
5.34 mg N nv2 day4. This is explained as denitrification. 
S ahlsten  &  SöRENssoN (1986) reported 3.5 mg N nr2 day
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1 from sediments at a depth of 17-20 m. R y d b er g  &  
S u n d b er g  ( 1988) computed dénitrification in the Laholm 
area in March 1984. They report 26 mgN nv2 day4. The 
denitrification in the flux scheme is about 20 % of the 
total input. S e it zin g e r  ( 1988) reports 20-50 % as normal 
for American estuaries.

A parallel arrow in the remineralization, corresponds 
to tile requirements of organic material as energy source 
for denitrification ( R ich a r d s  & al. 1965), and completes 
tile scheme. In the scheme denitrification uses 1 % of the 
primary production. The same has been reported from 
Tómales bay, California, by S m ith  &  H o lliba u g h  (1989).

The average weight ratio DIN : TP for the total new 
delivery to the Laholm Bay during the period in question is 
in tile scheme 10.3 : 1, and for DIN: DIP 16.6 : 1 .G r a n e l i  

& al. (1986) report the N : P ratio in the total nutrient 
supply for tile period May-August to be 11.2 : 1 while the 
concentration ratio DIN : DIP averages 5 : 1 and in July- 
August goes down to nearly 1:1. These low concentration 
ratios (which, as pointed out above, still may represent 
neutrality between N and P for a growth with 
A PON : A POP = 7 : 1 ), accordingly result in enrichment 
experiments indicating nitrogen limitation. Concentrations 
imply an average deficit of N relative the Redfield ratio of 
about 25 % (and even as much as 80 % in the middle of Hie 
simmier period) while the flux scheme, built on Hie same 
data, points to an average N-surplus of 30 %!

Replacing the dénitrification with hydrological transport 
implies for retained flux balance that Hie mean DIN concen
tration in tile bay (Fig. 7) has to be increased from the 
reported9.1 to 12.9, with the DIN : DIP ratio then changing 
from 4.6 : 1 to 6.6 : 1. With this presumption the 
DIN : DIP ratio would thus be close to the Redfield ratio, 
and enrichment experiments would no longer show N as 
limiting. It is not export p er se, but export just as 
dénitrification, that in the Laholm bay causes the lowN : P 
ratios mistakenly interpreted as showing N-limitation and 
giving N-limitation as the false result of bottle experiments.

It is easy to criticize Hie proposed flux scheme in details. 
What is important is, however, not the reliability of the 
data emanating from the research in the Laholm bay, but 
tile fact that the same data generate completely opposite 
conclusions if they are used directly as concentration ra
tios or indirectly for a flux analysis. The low DIN : DIP 
ratios and the results of enrichment experiments are not 
contrary to the P-limitation shown by the flux calculation, 
they are the necessary result of the nature of the biological 
processes which constitute the flux system.

C O N C L U S IO N S.

Tile nitrogen-phosphorus controversy has two sides. One 
is about tile Redfield thesis that biofixation of N, counter-

DENITRIFICATION
i I

INPUT N (Terrestrial and Atmospheric) INPUT P 

i DIN 20.55 TP 1O0N , 5.34 I DIN 20.55 i r i . u u  i
2 I (0.4 DIP)

7 [ ¿ “  " i
f/Red F »  <  r 3-40— <■ /  A  I K í n  m n Í**( r v t 2  J. r f - i nmgC/m2

c h 2o ) Í {¡¡(Ñh¡>,16h 3p o 4

DIN 2.74 R E M IN E R A L IZ A T IO N
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DIN 3.90 DIP 0.54 
PP 0.57 

DOP 0.32
PN 4.16

DON 2.31 SEDIMENTATION 
PN 8.52 PP 1.18

P Y C N u -CLINE

/ \  
DIN 6.41 TP 1.61

DEEP WATER

Fig. 8. C alcu lated  average nutrient fluxes (m g m"2 day4 ) in the 
L aholm  B ay during  the  period  M arch-A ugust 1982-1984. (R e
draw n from  S ö d e r s t r ö m  1988).

acts any deficiency of nitrogen in relation to the availabil
ity of phosphorus (R e d fie ld  1958). R y ther  &  D unstan  
( 1971 ) opposed Redfield on basis of observations of DIN 
: DIP concentration ratios below the Redfield ratio. With 
tile coupling concentration-availability rejected, there is 
no reason not to follow S m ith  (1984) who showed, for 
lagoons where the delivery hadN : P ratios well below the 
requirements of plants, that fixation made phosphorus 
Hie limiting nutrient. Smitii concluded: ‘The minimum time 
scale for phosphorus limitation in tile marine environment 
remains unclear, but it is short enough to be significant to 
tile understanding and management of marine ecosystems’.

There has been a reversed version of this discussion in 
Sweden (G ran eli & al. 1986) where tile failure to detect 
fixation in tile Laholm Bay has been put against tile use of 
S m it h ’s thesis of phosphorus limitation. However, unless 
one interprets low DIN : DIP ratios to show N limitation 
in spite of tile reported N-surplus in tile nutrient supply, 
there is no reason to expect fixation in the Laholm Bay.
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The biological compensation process to be expected in the 
nutrient fluxes in the Laholm Bay, as well as in the Baltic 
and the coastal waters of Kattegat and Skagerrak, is not 
fixation but denitrification. There is no controversy about 
the fact that the N : P ratios of the deliveries to these areas, 
even when all sources are counted, are significantly above 
the Redfield ratio (G ran eli & al. 1986, 1990; W u l ff  &  
S t ig e b r a n d t  1989). N or is there any doubt that 
denitrification in coastal waters and estuaries has about 
the same time scale as the delivery of nitrogen (R önner  
1983, S eitzinger  1988). The delivery of nutrients to the 
waters discussed here, with a N : P weight ratio usually 
about 15:1,  thus forces two dominant biological nitrogen 
fluxes, one through photosynthesis and one through 
denitrification. Compare this with Fig. 2B. There the 
buffering store, ‘the amount present’, is determined by 
the physical laws for the relation pressure/tap-opening/ 
flux. In the same way the store of DIN is determined by 
the biological laws for the relation concentration/Kg/flux, 
Ks here used in a broad sense for specific physiological 
qualities of the organisms controlling their interactions with 
ambient conditions. The low DIN : DIP ratios in the ambient 
concentrations are accordingly not signs of a nitrogen deficit 
relative the phosphorus flux, on the contrary, they are the 
unavoidable result of a surplus in nitrogen availability in a 
productive water which favours denitrification. 
Denitrification does not cause or enhance N limitation 
(G ran eli & al. 1986), it is a flux showing a surplus of N in 
relation to P. The dénitrification functions in low ambient 
DIN concentrations, and causes the low ambient 
concentrations in the same way as the double tap in Fig. 
2B causes a lowered level in the cistern. This does not 
change the availability of nitrogen for photosynthesis. 
Though low enough to result in DIN : DIP ratios much 
below the Redfield ratio, the DIN concentrations are not 
low enough, in comparison with Ks for nitrate and 
ammonium, to be a serious hindrance for an uptake in the 
algae corresponding to the availability of phosphorus.

This whole concept is based on R ed field  (1958,1963) 
and is also in accordance with the carbon controlled ni
trogen cycling described by S m ith  &  H o lliba u g h  (1989). 
It is true that the last mentioned describe dénitrification 
as causing N limitation of primary production, but it is 
an apparent limitation, not a real. Their recommendation 
for water management in such cases as the Swedish and 
Danish coastal waters exemplify, is not to reduce nitrogen 
loading, but to reduce organic loading, either directly or 
by reducing DIP loading.

Enrichment experiments make the other side of the con
troversy. Such experiments, when performed in isolated 
volumes, cannot show anything more than what is related 
to the concentrations in the original sample. This is a fun
damental restriction that is valid either one uses small vol
umes or bigger, eventually called ‘mesocosm’ (Kivi & al.

1993) or ‘microcosm’ ( F o n g  & al. 1993). If concentration 
ratios lie about the availability ratios, enrichment experi
ments must also be ruled out as arguments for which of N 
and P limits production in a water area.

In aquatic ecosystems there are several biological proc
esses which reduce an imbalance between N and P 
availabilities relative to the needs of plankton ( B rattberg  
1980; B ronk  & al. 1994; D ortch  &  C onway 1984; D yrssen 
&  G u n d ersen  1976/77; H ow arth  1990; Me C arthy  & al. 
1 9 8 4 ;N iem i 1 9 7 9 ;P aerl  1985;PAERL&al. 1 9 8 7 ;R önner 
1983; S chindler 1988; S eitzinger 1988; S mith  1984; S mith 
1990; W ood  1965). W illiam s & von B o d ung en  (1989) 
report from a group work on ‘new production’ : ‘We now 
realize that cyanobacteria are ubiquitous in the sea - Have 
we seriously underestimated N2-fixation -’. B r o n k  & al. 
(1994) declare with reference to K a rl  & al. (1992) that 
rates of N fixation are increasingly recognized as higher 
than previously thought. The coupling between 
phosphorus availability and fixation by Cyanophyta was 
given a practical demonstration in the 1970s for the archi
pelago of Stockholm (Baltic sea, brackish water) (B rattberg 
1980). 75 % decrease in the phosphorus load was fol
lowed by 90 % decrease in heterocyst activity. However, 
with N-surplus in the supply to Swedish coastal waters, 
dénitrification should normally be expected, and without 
doubt it is a major process in the Baltic (R ö n n er  1983).

Coastal ecosystems thus have built-in possibilities to 
regulate the nitrogen availability, while forphosphoms they 
are completely dependent on the terrigenous deliveries. 
Considering the surplus of nitrogen in the nutrient deliver
ies to Swedish and Danish coastal waters, as well as the 
whole Baltic area, and the nature of the biological nitrogen 
transformations, the recommendation to remove nitrate, from 
waste water and influx to rivers, in order to counteract 
eutrophication, has no tenable scientific basis.
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