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Nitrate and ammonium depletion rates and 
preferences during a Baltic spring bloom 

Timo Tamminen 

Tvarminne Zoological Station, FIN-10900 Hanko, Finland 

ABSTRACT: Nitrate and ammonium depletion potential of the planktonic community was studied dur- 
ing a spring bloon~ off the SW coast of Finland in the Baltic Sea.  Depletion rates were measured after 
nutrient enrichments with different concentraQons and combinations of NO,, NH, and PO,. Depletion 
kinetics, N source preferences, mutual inhibition, utilization efficiency and P stimulation of N depletion 
were estimated. During the bloom peak, the community showed a depletion potential over 24 h equiv- 
alent to the total wintertime accumulation of inorganic nitrogen. A clear succession in N source prefer- 
ences, mutual inhibition and utilization efficiency illustrated the shift from NO, to NH, as the basis for 
nitrogenous nutrition of the community. The succession of these potential qualities was gradual, in 
sharp contrast to the abrupt depletion of NO, from the water column and to profound changes in the 
species composition of the phytoplankton community. This gradual succession allowed the community 
to effectively utilize both N o 3  and NH4 as N sources according to their availability. The relative pro- 
portions of new and regenerated production see111 therefore to be  regulated mainly by relative supply 
rates of NO, through physical transport and NH, through mineralization processes within the commu- 
nity, while inherent preferences of the community play a subordinate role. 

KEY WORDS: Phytoplankton . Nitrogen sources . Depletion rate . Preference Inhibition - Spring 
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INTRODUCTION 

The spring bloom in temperate dimictic waters is 
based on the physical conditions of the surface layer 
(Sverdrup 1952) and the wintertime accumulation of 
inorganic nutrients in the whole water body. Nitrate is 
the dominant form of inorganic nitrogen at the com- 
mencement of the spring bloom. Nitrogen is generally 
considered to be the limiting nutrient for marine and 
coastal planktonic communities (Ryther & Dunstan 
1971), and nitrate depletion during the bloom is obvi- 
ously a major cause of the rapid postbloom decline of 
planktonic biomass. 

Dugdale & Goering (1967) introduced the concepts 
of new and regenerated production, distinguished on 
the grounds of utilized nitrogen sources. Oxidized 
forms of N (nitrate, gaseous nitrogen) represent the 
basis for new production, and reduced N (ammonium, 
organic N compounds) the basis for regenerated pro- 
duction. These chemical categories reflect temporal 

and spatial differences in the nutrient supply of the 
community. 

Reduced nutrients represent immediate, autochtho- 
nous supply via regeneration within the planktonic 
community, and oxidized nutrients represent alloch- 
thonous supply, based on accumulation and/or trans- 
port over larger temporal and spatial scales (Dugdale 
& Goering 1967, reviews by Eppley 1981 and Gold- 
man 1984). The spring bloon? thus represents a typi- 
cal, dynamic outburst of predominantly new produc- 
tion. 

The preference order NH4 > urea > NO3 for nitroge- 
nous nutrients has been generally reported from sev- 
eral offshore (Eppley et al. 1971, 1973, 1977, Kanda et 
al. 1985), coastal (McCarthy 1972, Harvey & Caperon 
1976, McCarthy et  al. 1977, Paasche & Kristiansen 
1982a, Kristiansen 1983, Furnas et al. 1986, Sahlsten 
et al. 1988, Sorensson et al. 1989) and freshwater 
(McCarthy et al. 1982, Mitamura & Saijo 1986) envi- 
ronments, with the exception of the spring bloom 
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period, when nitrate usually dominates nitrogen 
uptake (e.g. Sahlsten et al. 1988). 

Most of these preference evaluations have been 
based either on direct comparisons of uptake rates of 
different nitrogen sources, measured with I5N tech- 
niques, or on the relative preference index (RPI) pro- 
posed by McCarthy et al. (1977). This index compares 
the fractions of a given form of N in uptake and in con- 
centration. 

This approach has revealed some surprisingly uni- 
versal features of nitrogenous nutrition of both marine 
and freshwater phytoplankton (McCarthy et al. 1982). 
The analysis of in situ uptake measurements and con- 
centrations is, however, hampered by (1) analytical dif- 
ficulties, due to the often extremely low nutrient con- 
centrations in surface layers (e.g. Eppley et al. 1977); 
(2) the fact that 15N uptake measurements often re- 
quire substrate additions which significantly affect 
ambient nutrient concentrations (e.g. McCarthy 1972, 
Eppley et al. 1973, 1977), thus producing results which 
represent something between natural uptake rates and 
the uptake potential of the community, if a kinetic 
assay on several nutrient addition levels is not per- 
formed; (3) the use of pool sizes of nutrients in the RP1 
equation. 

The last mentioned property of the RP1 is clearly 
problematic, because availability of a given nutrient 
dunng regenerated production is more a function of 
supply of the nutrient through mineralization than of 
concentration as such. Measured nutrient stocks dur- 
ing summer periods would often be depleted within 
hours if effective mineralization did not occur (e.g. 
Paasche & Kristiansen 1982b, Furnas et al. 1986, 
Andersen et al. 1991). The RP1 exaggerates preference 
of the nitrogen sources which are rapidly supplied by 
mineralization, that is, regenerated N in the sense of 
Dugdale & Goering (1967). 

If different nitrogen sources are not equally avail- 
able and therefore cannot be freely selected from, 
true preference is difficult to establish. It could there- 
fore be argued that preference in a strict sense can be 
evaluated only experimentally, by manipulating nutri- 
ent availabil.ity. Experimental studies on nitrogen 
source preferences have been conducted mainly with 
algal cultures, and the preference of NH, over NO3 
and urea has usually been confirmed (e.g. Conway 
1977, Molloy & Syrett 1988a, b), as might be expected 
on energetical grounds. Experiments with natural 
phytoplankton are not as numerous, and usually un- 
naturally high nutrient additions have been utilized. 
McCarthy & Eppley (1972) showed that NH, additions 
suppressed both NO3 and urea uptake of marine 
phytoplankton and that urea and NO3 suppressed 
each other However, the experimental units were 
heavily enriched with nutrients. Successional experi- 

mental data on nitrogen source preferences are, to my 
knowledge, nonexistent. 

In this study, a very simple approach was used for 
the study of nitrogenous nutrition of the planktonic 
community during a spring bloom in the Baltic Sea. 
Depletion rates (change in concentration per unit time) 
were measured after nutrient enrichments. Nitrate and 
ammonium were added in experimental units in sev- 
eral concentrations to estimate depletion kinetics. 
Also, equimolar additions of nitrate and ammonium 
were used to evaluate uptake preferences of these 
nitrogen sources, and phosphate additions were used 
to study the dependence of nitrogen depletion on 
phosphorus availability. 

Net change in nutrient concentration is of course the 
combined result of nutrient uptake and mineralization. 
The depletion rate after nutrient enrichment thus rep- 
resents excess of uptake over mineralization. How- 
ever, during the spring bloom, which is initiated at 
near-zero temperatures in the Baltic, depletion rate is 
assumed to closely reflect nutrient uptake. This is 
supported by the observed succession of potential 
remineralizers (mesozooplankton, protozoa, hetero- 
trophic nanoflagellates and bacterioplankton), as well 
as by a study which calculated that ca 80% of primary 
production was based on NO3-N utilization during the 
study period (Lignell et al. 1993). Towards early sum- 
mer, depletion rates doubtless become increasingly 
affected by mineralization processes, therefore pro- 
ducing underestimates of uptake. 

MATERIAL AND METHODS 

Sampling. The study was conducted off the SW coast 
of Finland in the Baltic Sea, from 22 April until 16 June 
1988. The sampling station was located outside the 
outer archipelago zone, some 6 km off the Tvarminne 
Zoological Station (on the Hanko peninsula) at the 
entrance to the Gulf of Finland. The study was part of 
an ecological spring bloom dynamics study by the pro- 
ject PELAG, which covered hydrological, chemical and 
biological characteristics of the whole water column 
(depth 4 2  m). Part of these data are presented here as 
the background for experimental results of this study, 
by kind permission of various participants in the pro- 
ject (for a more detailed presentation of the carbon 
cycle see Lignell et al. 1993). Samples for nitrogen 
depletion experiments were taken from the surface 
layer (0.5 m). 

Experiments. Each sample was divided into 2 l sub- 
samples in 2.5 1 glass bottles which were enriched with 
nutrients as shown in Table 1. The largest nutrient 
additions were selected to correspond to the initial 
bloom conditions in terms of inorganic N and P. Incu- 
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Table 1 Expenmental design for depletion rate measure- 
ments. Nutrient additions in pg N 1.' and pg P 1.' Units 12 
and 13 were included when phosphate deple t~on began In the 

water column (5 May] 

Unit NO,-N NH4-N PO4-P 

1 0 0 0 
2 5 0 0 
3 20 0 0 
4 50 0 0 
5 100 0 0 

6 0 5 0 
7 0 20 0 
8 0 50 0 
9 0 100 0 

10 2 0 20 0 
11 5 0 50 0 

12 5 0 0 20 
13 0 50 20 

bations started before noon, approximately 1 h after 
sampling. Nutrient additions were fresh dilutions of 
stock solutions of NH4C1, KNO, and KH,PO,. All glass- 
ware and plastic laboratory gear were acid-washed. 

Incubations took place outdoors, sheltered from 
direct sunlight, in order to follow the natural irradia- 
tion cycle. Irradiation level was ca 13 % of surface ii-ra- 
diance, corresponding to light levels at 3 to 4 m depth 
at the sampling location. Sampling times for nitrate 
and ammonium analyses were 7 and 24 h after nutrient 
additions. 

Analyses. Ammonium was analyzed manually using 
the indophenol blue method after Koroleff (1976), in 
duplicate with individual blanks for each unit (spec- 
trophotometer light path 70 mm).  A >0.5 pg NH,-N 1-'  
difference between replicates is exceptional with the 
procedure used in our laboratory. Phosphate was ana- 
lyzed according to the molybdate method (Koroleff 
1976). Nitrate analysis was based on the reduction of 
nitrate to nitrite in a copperized cadmium reductor and 
subsequent azo dye formation, and was performed 
with Flow Injection Analysis slightly modified after 
Johnson & Petty (1983). A Tecator 5020 FIAstar appa- 
ratus was used for the analysis. Duplicate measure- 
ments from duplicate or triplicate samples were per- 
formed to compensate for the shorter light path 
(10 mm) available in spectrophotometric detection. 
Chlorophyll a was measured fluoron~etrically with 
ethanol extraction, and primary productivity with 14C 
in situ incubations (for details see Lignell et  al. 1993). 

Depletion rates. Depletion rates were calculated as 
the difference between time-zero and sampling val- 
ues, divided by incubation time. Because of the drastic 

differences in depletion rates over the course of the 
study period, only the shortest sampling times and 
largest nutrient additions could be used in calculations 
during the bloom peak,  while the shortest incubation 
times did not always produce rellable differences in 
concentration during pre- and postbloom stages. 

Klnetic parameters for nutrient depletion were cal- 
culated with the so-called Lineweaver-Burk transfor- 
mation of Michaelis-Menten kinetics, as presented by 
Wright & Hobbie (1966), from Units 1 to 5 (NO3) and 
Units 1 and 6 to 9 (NH,; Table 1) .  

Nitrate and ammonium preferences were calculated 
by dividing the depletion rates for NO3 and NH, in the 
equimolar addition units by respective total N ( N o 3  + 
NH,) depletion rates in those units (Units 10 and 11; 
Table 1).  

Inhibition by the alternative N source was calculated 
by dividing depletion rates for each nutrient in the 
combined addition unit (Unit 11; Table 1) by corre- 
sponding rates in the single addition units (Units 4 and 
8; Table 1). Inhibition was expressed as % decrease 
from single addition unlts. 

Utilization efficiency of single nitrogen sources was 
calculated by dividing the depletion rates for NO3 and 
NH, In the single (100 pg N I- ' )  addition units by total 
N depletion rate in the combined (50 + 50 1-19 N 1 - l )  

addition unit (Units 5 and 9,  and Unit 11; Table 1) .  Val- 
ues over l00  % indicate dependence on a single nitro- 
gen source, 100 % represents equal efficiency regard- 
less of the N source, and values below 100% indicate 
inability to fulfil1 N requirements with the N source in 
question. 

Phosphate stimulation of N depletion rates was cal- 
culated by dividing the depletion values from phos- 
phate addition units (Units 12 and 13; Table 1) by val- 
ues from corresponding units without phosphate 
addition (Units 4 and 8;  Table 1). Stimulation was 
expressed as % increase relative to single addition 
units. 

RESULTS 

Nitrate and ammonium distribution 

Winter nitrate concentrations were approximately 
100 1-19 NO,-N I - '  in the whole water column, except 
for a thin layer of nutrient-rich water of low salinity 
(13%0) below the ice (Fig. 1).  This influence of outflow 
from the inner archipelago could not be detected at the 
sampling station after the break-up of the ice cover, by 
mid-April, when a salinity of 6.1% prevailed in the 
whole water column. 

The spring was characterized by rapid and thorough 
depletion of nitrate in the whole water colun~n during 
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early summer period, with low levels of 
nutrients and phytoplankton biomass and 
production (Fig. 3).  Succession of the 
phytoplankton community (Heiskanen 
1993) was dominated by dinoflagellates 
(60 to 80% of phytoplankton biomass) 
until late May. Peridiniella (= Gonyaulax) 
catenata was abundant throughout the 
bloom and dominant during the rising 
phase, while Glenodinium sp. showed a 
peak in mid-May. In the rising phase of 

JUNE the bloom, cold water diatoms (Achnan- 

Fig. 1. Nitrate distribution in the water column (pg NO3-N I-'), Baltic Sea 

The study period covered the spring bloom from its 
initiation, when winter nitrate levels prevailed, to the 

thes taenia ta, Chaetoceros holsaticus, C. 
wighamii) were also important (ca 30 % of 
total biomass), and they were replaced by 

o Skeletonema costatum during the declin- 
5 ing phase. In early June, S. costatum was 

10 the dominant species, replaced by 
A Eutreptiella spp. and small flagellates in 
E j 5  
V 

mid-June. 
20 

During April, high nitrate concentra- 
5 25 
a tions still prevailed in the surface layer 
e) 30 (Fig. 1).  Consequently, nitrate additions 
U 

35 did not affect nitrate depletion rates, indi- 
40 cating that nitrate was being depleted at 

45 the saturation level of the community 

APRIL MAY JUNE (Fig. 4A).  At the time of the first experi- 
ment, ammonium additions were not 

Fig. 2. Ammonium distribution in the water column (pg NH,-N I- ' ) ,  Baltic depleted at alll and maximum depletion 
Sea rate was low at the end of April (Fig. 4B). 

During the bloom peak (May dates), both 
the first 2 wk of May, although the depletion in the sur- nitrate and ammonium were depleted very effectively, 
face layer had already started on 22 April, and the and depletion rates could be approximated with 
uppermost 10 m was depleted after the first week of Michaelis-Menten kinetics (Fig. 4A, B). 
May (Fig. 1). In the latter half of May, thermal stratifi- In the early summer stage, depletion rates decreased 
cation started to develop in the upper water column, drastically (note the difference in scales between 
leading to a thermocline around 10 to 15 m at the end Fig 4A, B and 4C, D), and depletion did not follow 
of May (data not shown). This development coincided Michaelis-Menten kinetics, except for ammonium on 2 
with an upwelling of more saline (7.0%0), nutrient-rich June (Fig. 4C, D). Otherwise, the largest additions led 
water. The upwelling resulted in a nutricline around 25 
m which persisted until early July (Fig. 1). 

With the exception of high values immediately under 

Fig. 3. Chlorophyll a and primary productivity in the surface 
layer (0.2 m) 
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Fig. 4.  Nitrate and ammonium depletion kinetics during the experimental period. (A) Nitrate, April and May; (B) ammonium, 
April and May; (C) nitrate, June; (D) ammonium, June. Symbols represent averages of replicates. The saturation curves (May) are 
based on kinetic parameters derived from linear transformation (turnover time, T, vs substrate addition, A) of Michaelis-Menten 

kinetics. April dates: 24 h incubations; May dates: 7 h incubations. Note the different scales in upper and lower graphs 

to decreased depletion rates. This was especially pro- ing depletion rates, but 24 h depletion increased 
nounced with ammonium in mid-June, when depletion (Fig. 6). After this date, nitrate depletion was approxi- 
was clearly more effective with moderate ammonium mately linear over time, in contrast to ammonium, 
additions (Fig. 4D). which showed consistently higher depletion rates in 

The maximum depletion rates (V,,,,,) for both nitrate shorter incubations (Fig. 6). 
and ammonium were very high during the bloom peak 
(Fig. 5).  Although the depletion rates measured with 
the largest additions (100 pg N l-l) were slightly higher 
for N o 3  than for NH, (Fig. 4 ) ,  different uptake kinetics 
already produced a higher maximum depletion rate for 
ammoniunl on 5 May (Fig. 5). During the bloom suc- 
cession, maximum depletion rates for ammonium 
clearly exceeded those for nitrate (Fig. 5; values for 
June are the highest rates recorded in the June exper- 
iments, due to the poor fit of Michaelis-Menten kinet- 
ics; see Fig. 4). 

In the 100 pg N 1-' additions there were differences 
in the time course of depletion rates at different stages 
of the bloom. During the highest peak in primary pro- 
ductivity (Fig. 3), nitrogen depletion rates were far 
higher during the 7 h compared to the 24 h incubations 
(Fig. 6). During the subsequent chlorophyll maximum 
(Fig. 3), shorter incubations already produced decreas- 
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Fig. 5. Maximum depletion rate (V,,,,,) of nitrate and arnmo- 
nium, and surface nitrate concentration during the experi- 
mental period. May dates: 7 h incubations; others: 24 h incu- 
bation~. For May dates, values are calculated kinetic rates, for 

others, the highest rates obtained in those experiments 
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Fig 6. Depletion rates of nitrate and ammonium in 7 h and 
24 h incubations, measured wlth 100 pg N I - '  additions 

10- 

8 

- 
i 6.- 
7 

z 
0 4.- 
1 

2 

0 7 

N source preferences, utilization efficiency and 
inhibition 

0-0 NO3 (7h) 

0 0-0 NHq (7h) 
-- 

0--.-0 NO3 (24h) 
@--.-m NH4 (24h) 

-- 

Depletion rates in the equimolar addition units 
(Units 10 and 11; Table 1) revealed a clear succession 
in nitrogen source preferences (Fig. 7). During the ris- 
ing phase of the bloom, nitrate was highly preferred 
over ammonium, during the peak both nitrogen 
sources showed equal preference, and during the de- 
clining phase ammonium preference increased 
steadily until no nitrate was depleted if ammonium 

APRIL MAY JUNE 

was present (Fig. fA). The pattern was identical irre- 
spective of added concentrations (20 or 50 pg N 1-' 
each) or incubation times used (Fig. ?B) .  

During the bloom peak (5 to 12 May), utilization effi- 
ciency of both N sources was practically loo%, indi- 
cating that N depletion was uniform regardless of the 
N sources available (Fig. ?C). In the inltial phases of 
the bloom, nitrogen was depleted far more efficiently if 
it was available as nitrate only, whereas during the 
decreasing phase, the opposite was observed (Fig. 7C). 
Ammonium showed almost a mirror image except for 
the last date. N depletion in the combined addition unit 
(50 + 50 pg N I - ' )  consisted then entirely of ammonium 
depletion, but the larger ammonium addition (100 pg 
N 1-l) did not lead to more effective utilization 
(Figs. 4D & ?C) .  

During the first experiment, nitrate was abundant in 
the water column and completely inhibited ammonium 
uptake. Thereafter only a slight and diminishing inhi- 
bition of ammonium uptake by nitrate was observed 
(Fig. ?D). In contrast, increasing inhibition of nitrate 
depletion by the presence of ammonium was observed 
during the decreasing phase of the bloom (Fig. ?D). 

This was also observed transiently during the rising 
phase (28 April; Fig. ?D]. At that point, nitrate was still 

APRIL MAY JUNE APRIL MAY JUNE 

APRIL MAY JUNE 
.- 

APRIL MAY JUNE 

Fig. 7 Nitrate and ammonium preference, utilization efficiency and mutual inhibition. (A) Preference (Yo of total depletion in 
combined addition units) and chlorophyll a succession. Incubation time 7 h, additions 50+50 pg N I-';  (B) preference in all ex- 
periments. Open symbols: ? h incubations; filled symbols: 24 h incubations. Circles: 50+50 pg N I - '  addition units; triangles: 
20+20 pg N 1-' addition units. (C) Utilization efflclency of nitrate and ammonium (depletion rate for each nutrient in sing1.e 
100 pg N I- '  addition unit as % of respective rate in combined 50+50 pg N 1-' addition unit). (D) Inhibition by alternative N source 

(% decrease in depletion rate from single addition unit) 
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Fig. 8. Depletion rates on 28 April, 24 h incubations. Nitrate 
depletion as  a function of nitrate additions (O ) ,  ammonium 
depletion as  a function of ammonium additions (A), nitrate 
depletion as a function of ammonium additions (m), and total 
N (N03+NH,) depletion as a function of ammonium additions 

( A ) .  Ambient nitrate concentration was 61 pg NO,-N 1-' 

abundant in the water column (Fig. l),  and nitrate 
depletion rates were unaffected by nitrate additions 
(Flgs. 4 & 8). However, ammonium significantly inhib- 
ited nitrate depletion even at 5 yg NH4-N 1-' addition 
levels (Fig. 8). Although ammonium depletion in- 
creased with increasing NH, additions, this was not 
sufficient to compensate for the lowered nitrate deple- 
tion, and total N depletion decreased steadily with 
increasing ammonium additions (Fig. 8) .  

Phosphate stimulation 

Phosphate was not depleted from the water column 
as rapidly as nitrate (Fig. 9). During May, phosphate 
additions did not affect nitrate or ammonium depletion 
rates, but towards early summer, significant stimula- 
tion occurred for both nitrogen sources (Fig. 9). Ammo- 
nium depletion rate more than doubled due to phos- 
phate addition on 16 June. 

The inorganic N:P ratio (DIN = NO, + NH,) was close 
to the Redfield ratio (w:w = 7) before depletion from 
the water column started in late April. Because of 
faster depletion of nitrate, the ratio decreased to 
extremely low values throughout May, and it increased 
towards early summer, when phosphate stimulation of 
N depletion emerged (Fig. 9).  

Relations to chlorophyll a and primary productivity 

The general succession of nitrogen depletion poten- 
tial (Figs. 5 & 6) was mainly related to phytoplankton 
succession (Fig. 3).  When N depletion rates were nor- 

I 
NH4 depl - 

/ -20 5 

\., a 53 -- '.. - - S  z 
:: 
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APRIL MAY JUNE 

Fig. 9 Phosphate concentration (pg PO4-P I - ' )  and N:P ratio 
(\v:w, N = N03+NH4) in the surface layer, and stimulation of 
nitrate and ammonium depletion rate due to phosphate addi- 
tion (20 pg PO4-P 1-'). Stimulation is expressed as % of corre- 

sponding unit without phosphate 

malized against phytoplankton parameters, a clear 
nutrient-specific succession was observed (Fig. 10). 
Nitrate was depleted most effectively per unit chloro- 
phyll during the bloom peak, and the efficiency de- 
creased steadily towards early summer (Fig. 10A). 
Ammonium depletion per unit chlorophyll increased 
remarkably during the study period, and early sum- 

0 

APRIL MAY JUNE 

APRIL MAY JUNE 

Fig. 10. Nitrate and ammonium depletion rates (100 pg N 1-' 
addition units) per (A) chlorophyll a and (B) in situ primary 

productivity 
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mer values were clearly higher than those for either 
nitrate or ammonium during the bloom peak 
(Fig. 10A). 

When related to primary productivity, the ammo- 
nium depletion potential of the early summer commu- 
nity was even more pronounced (Fig 10B). The N:C 
values do not represent direct assimilation ratios 
because the primary productivity results originate 
from non-enriched in situ incubations, but they clearly 
indicate the qualitative difference between the spring 
bloom community, dominated by dinoflagellates and 
diatoms, and the early summer community, dominated 
by small flagellates. 

DISCUSSION 

Stages of nitrogenous nutrition 

Three distinct stages in the nitrogenous nutrition of 
the community were detected: bloom initiation, bloom 
peak and postbloom stages all showed specific charac- 
teristics of nitrogen utilization. 

The bloom started during a period of high nitrate 
concentrations, and nitrate was highly preferred over 
ammonium (Fig. 7A) as long as elevated nitrate con- 
centrations prevailed (Figs. 1 & 5) Nitrate utilization 
efficiency was accordingly very high (Fig. ?C), indicat- 
ing dependence on nitrate as the N source. The com- 
munity was so clearly adapted to the postwinter nitrate 
abundance that complete inhibition of ammonium 
uptake was observed in the first experiment (Figs. 4B & 

?A). 
However, ammonium additions already inhibited 

nitrate uptake during the rising phase of the bloom 
(Figs. ?D & 8).  This shows that although the community 
was adapted to nitrate assimilation and still showed a 
clear preference for nitrate (Fig. 7A), the sudden intro- 
duction of energetically more favourable ammonium 
caused a reorganizatlon of prevailing nitrogen assimi- 
lation patterns, and resulted temporarily in lowered 
total nitrogen uptake (Fig. 8). This occurred with a 
time lag, as nitrate preference was lower in 24 h incu- 
bations compared to 7 h incubations (Fig. TB). The time 
lag could be seen in NH4 depletion rates as well, as 
only on 28 April did 24 h incubation produce higher 
depletion rates than 7 h incubation (Fig. 6). This stage 
resembles the ammonium inhibition of nitrate uptake 
reported from a permanently high-nitrate environment 
by Wheeler & Kokkinakis (1990). 

The bloom peak showed equal preference for the 2 
nitrogen sources (Flg. ?A, B).  Consequently, nitrogen 
utilization efficiency was not affected by the N sources 
present (Fig. ?C) .  Nitrogen depletion rates were uni- 
formly high (Figs. 5 & 6), indicating a capacity of the 

bloom peak community to deplete nitrogen over 24  h 
in amounts corresponding to the total winter accumu- 
lation of nitrate (ca 100 pg N I-'). 

The decreasing bloom was characterized by increas- 
ing ammonium preference (Fig. ?A). In the late bloom 
situation (19 May), ammonium utilization efficiency 
clearly exceeded that of nitrate (Fig. 7C), and maxi- 
mum depletion rate for ammonium was more than 
double the V,,, for nitrate (Fig. 5). Nitrate utilization 
efficiency decreased steadily towards early summer 
(Fig. ?C), when the presence of ammonium completely 
inhibited nitrate uptake (Fig. ?D). 

Phosphate addition did not stimulate nitrogen deple- 
tion during May (Fig. 9), indicating that the bloom was 
essentially nitrogen limited. This is supported by 
extremely low inorganic N:P ratios (Fig. g), and the 
observation is in accordance with our experimental 
results from the area (Kivi et al. 1993). 

The emerging phosphate stimulation of N depletion, 
as well as the succession of inorganic N:P ratios, indi- 
cates colimitation by N and P in the early summer 
stage, which is also in accordance with previous exper- 
imental results on nutrient limitation in the area (Kivi 
et al. 1993). 

Preference, inhibition, utilization efficiency, and 
availability 

In this study, nitrogenous nutrition was studied with 
enrichments which exceeded ambient nutrient levels. 
The results therefore illustrate potential qualities of 
community nutrition. 'Preference' was defined as 
selection of a given form of N in equal presence of the 
N sources compared. 'Inhibition' was defined as 
decrease in utilization of a given form of N due to pres- 
ence of the other. 'Utilization efficiency' of a given N 
source was defined as dependence of total N utiliza- 
tion on availability of the N source in question. 

These 3 qualities produced successional results 
which agreed in their main respects (Fig. 7) - each 
described an aspect of the shift from nitrate to ammo- 
nium as the basis for nitrogenous nutrition of the com- 
munity. However, they were not identical, and concep- 
tually the differences between the 3 qualities are 
important. For exam.pl.e, on 2 8  April nitrate was highly 
preferred (Fig. ?A), but ammonium inhibited nitrate 
depletion - not vice versa (Fig. 7D). 

It is noteworthy that the abrupt removal of nitrate 
from the surface layer (Figs. 1 & 5) was followed by 
much slower succession in the nutritional characteris- 
tics of the community. 

Dynamic peaks of activity rates (primary productiv- 
ity, nutrient depletion potential; Figs. 3 & 5) were 
recorded immediately after the disappearance of accu- 
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mulated nutrients. The phytoplankton biomass (chlor- 
ophyll) peak followed in succession (Fig 3). Changes 
in nitrogen source preferences, inhibition and utiliza- 
tion efficiency (Fig. 7) all showed much more gradual 
succession, which started at the onset of the bloom, 
reached a clear culmination point in the relation 
between nitrate and ammonium during the biomass 
peak, and continued without abrupt changes through- 
out the study period. The only exception was the fast 
disappearance of complete ammonium-uptake inhibi- 
tion at the bloom initiation (Fig. 7D). 

An especially interesting feature was that the grad- 
ual nature of this succession differed clearly not only 
from the dynamic succession of activity rates, but also 
from the profound changes in species composition of 
the phytoplankton community during the bloom suc- 
cession (Heiskanen 1993). 

It is obvious that these potential qualities of nitroge- 
nous nutrition (preference, inhibition, utilization effi- 
ciency, as well as depletion potential per unit chloro- 
phyll or primary production) were not directly related 
to in situ nutrient availability, but followed the succes- 
sion of availability with considerable time lags. 

The ecological benefits of 'delayed' succession of 
nutrition potent~al are evident: the spring bloom sea- 
son is characterized by unstable physical conditions, 
and repeated upwellings commonly occur in the area, 
providing new inputs - especially of nitrate - and 
consequently triggering several successive blooms 
(Niemi & Astrom 1987). In spite of the energetic cost of 
maintaining the nitrate reductase system, gambling on 
fresh nitrate inputs is most likely a feasible strategy for 
spring bloom species. The probability of winning the 
gamble slowly diminishes with increasing stability of 
the water column, and the share of gamblers dimin- 
ishes likewise. 

The potential nutritional characteristics of the com- 
munity thus extend beyond the actual situation of the 
succession at any particular point, ensuring oppor- 
tunistic flexibility for the assemblage in responding to 
sudden environmental changes which affect nutrient 
availability. The experimental nlanipulation of nutrient 
availability produced some eloquent illustrations of 
this flexibility, which could not be interpreted as direct 
adaptations to prevailing - or preceding - nutrient 
conditions. 

During the bloom peak, the community was able to 
utilize both nitrate and ammonium extremely effec- 
tively, whichever was made available (Figs. 5 & 7C); 
during the early summer period, dominated by ammo- 
nium according to all the measured characteristics, the 
community could still utilize nitrate relatively effec- 
tively if it was made available (Figs. 7C & 10). Neither 
of these situations could be explained by the nutrient 
history of the water colun~n (Figs. 1 & 2). 

Exploring the potential characteristics of nutrient 
uptake is obviously essential to understanding the 
competition strategies of different species and assem- 
blages, which shape the actual characteristics of suc- 
cession. These potential characteristics can be studied 
only experimentally, by manipulating nutrient avail- 
ability into alternative directions to prevailing in situ 
conditions. 

New and regenerated production 

The succession of preference during the spring bloom 
(Fig. ?A) illustrates the general transition of the cornmu- 
nity from new to regenerated production modes. Dug- 
dale & Goenng (1967) have already stressed the neces- 
sity of distinguishing between the relative importance of 
ammonium and nitrate as nitrogen sources for the 
phytoplankton cell and for the community as  a whole. 
New and regenerated production are community quali- 
ties, which have been widely used to study the depen- 
dence of planktonic production on nitrogen sources ex- 
ternal or internal to the euphotic zone. The potential 
features of nitrogenous nutrition presented in this study 
naturally are community characteristics, but they de- 
scribe responses at the cellular level. 

The preference and mutual inhibition patterns 
between nitrate and ammonium depletion were ob- 
served in treatments with nutrient additions whlch 
exceeded concentrations normally encountered during 
the postbloom period. It is obvious that these patterns 
relate to cellular nutrient assimilation mechanisms, but 
only exceptionally to natural situations during the suc- 
cession. 

Despite the dominance of ammonium in preference 
and inhibition measures during the early summer 
period when regenerated production prevailed, nitrate 
depletion potential per unit primary production was 
higher than during the bloom peak (Fig. 10A). This 
suggests that even during regenerated-production 
periods the community has the capacity to respond 
effectively to sudden nitrate supply. The basic conclu- 
sion is thus that, with the exception of bloom initiation, 
when nitrate concentrations were still at winter levels 
in the water column, both ammonium and nitrate could 
be effectively utilized as the nitrogen source for phyto- 
plankton. 

Consequently, the relative proportions of new and 
regenerated production should depend mainly on the 
relative availability of nitrate and reduced N (ammo- 
nium, dissolved organic N), with the exception of 
blooms of nitrogen-fixing algae. The inherent prefer- 
ences of the phytoplankton community play a subordi- 
nate role, because of the community's flexible nutrient 
utilization capacity. 
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The availability of different nitrogenous nutrients is 
regulated by processes of very different temporal and 
spatial scales; for nitrate, mainly by physical transport 
processes, and for reduced N, mainly by community 
metabolism. It is therefore hardly to be expected that 
during N limitation, momentary ambient concentra- 
tions could reflect the relative availability of these 
nutrients, as the application of the Relative Preference 
Index (McCarthy et al. 1977) presumes. 

If preference for alternative N sources is to be stud- 
ied, experimental manipulation of nutrient availability 
is obviously necessary. In the study of causalities 
behind new and regenerated production, preference 
experiments should be connected to investigation of 
nutrient availability, that is, to studies of physical trans- 
port in the water column and mineralization processes 
within the planktonic food web. 
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