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ABSTRACT: Primary production was estimated during enclosure experiments in a southern Norwegian 
fjord during POSER in spnng 1979. The measurements were supplemented by analyses of phytoplank- 
ton from the fjord, enclosed natural plankton commumties, and nutrient enriched monocultures of the 
dominant diatoms 73alassiosira nordenskioeldii, Chaetoceros debilis and Skeletonema costafum. 
Phytoplankton activity in enclosed and free marine ecosystems showed good agreement. Five phases 
were characterized by different temperature and salinity regimes in the fjord. A sudden decrease in 
diatom biomass in upwelled continental coastal water could not be explained on the basis of the 
ecosystem factors investigated. In the fjord and in enclosures with mixed plankton communities 
sustained at low phosphate and silicate concentrations reduced phytoplankton activity was observed. 
We recorded long doubling times of biomass compared with generation times of the dominant species 
growing at optimal nutrient conditions. Assimilation rate (pg C pg Chla-' h-') in mixed plankton 
communities was normally below 1; in diatom cultures it exceeded 1. During a period of low water 
temperatures (1 to 3 "C), assimilation efficiency divided by incident light was significantly linearly 
correlated with temperature. 

INTRODUCTION 

In-situ enclosure experiments have become impor- 
tant instruments of experimental plankton ecology 
since McAllister et al. (1961). Enclosure experiments 
with natural plankton communities in stratified water 
columns can be carried out for extended periods of 
time under nearly natural conditions. Data obtained 
from such experiments can therefore be extrapolated 
more reliably to open sea conditions than those from 
laboratory experiments. Under identical conditions of 
temperature and light phytoplankton, dynamics reveal 
considerable parallelism in enclosure and ambient 
water. The present study aims to (1) characterize the 
plankton activity in fjord and enclosures on the basis of 
in-situ production measurements and biomass dis- 
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tribution of the phytoplankton; (2) document 
similarities of the 2 systems in terms of production and 
biomass distribution. 

MATERIAL AND METHODS 

Enclosures, their anchoring, filling as well as sam- 
pling procedures have been described by Brockmann 
et al. (1983) and Brockrnann and Hentzschel (1983). 
Measurements were carried out in a southern Norwe- 
gian fjord, Rosfjorden, during early spring (March 2 to 
April 6), 1979. 

Cultivation 

Unialgal, xenic cultures of the 3 locally dominant 
diatom species, Skeletonema costatum, Thalassiosira 
nordenskioeldii and Chaetoceros debilis, were started 
in separate bags during the first week of March. 
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Table 1. Inoculation of POSER-monocultures 

Bag Volume Length Inoculated diatoms Start Nutrient addition 
(m3) (m) (X 106 cells) (d) (pg moles dm-3) 

~ 0 ~ -  pod3- SiO, 

Y 15 20 1250 S. costaturn 18/3 12 0.7 4 
Z 15 20 125 T. nordenskjoeldii 18/3 11 0.7 8 
EE 4.5 10 225 C. debilis 26/3 9 1.2 6 

Clones were isolated from the fjord and grown in 5 1 
glass bottles at 15 "C in the shaded window of a 
laboratory to densities of (250, 25 and 25) . 106 cells 
dm-3; culture medium: membrane-filtered (cellulose 
nitrate, 0.45 p m  pore size) fjord water enriched with 
nutrients according to von Stosch and Drebes (1964). 
The filtered water within the bags was initially free of 
algae; it was enriched with nutrients (Table 1). 

For inoculation of the plastic bags, exponentially 
growing cultures were used, after 2 d adaptation to 
temperatures of 5 "C (Table 1). Microscopic investiga- 
tions revealed that the sudden change in temperature 
did not cause visible damage to the cells. 

Primary production 

Samples from fjord and enclosure (Bag U and CC). 
Borosilicate flasks (100 ml) were filled with water sam- 
ples taken from depths 0, 3, 10, 20, and 35 m at 7 a.m. 
and 1 p m .  between March 9 and April 2. Depending 
on plankton density, 4 or 8 pCi NaHI4CO, (0.3 or 0.6 m1 
solution) were added; and subsequently, the samples 
were returned to the respective depths. Three flasks (2 
light, 1 dark) were incubated at each level. Sampling 
depths were chosen according to the 1 % light depth at 
about 40 m. After 6 h incubation, samples were treated 
as follows: The whole volume of each flask was mem- 
brane-filtered (cellulose nitrate, 0.45 pm pore size) at 
low pressure (Strickland and Parsons, 1972). Mem- 
brane filters were then dissolved in 20 m1 toluol cock- 
tail (Pugh, 1973) and stored in glass scintillation vials 
until they were measured by a scintillation counter (Tri 
Carb Liquid-Scintillation Spectrometer, Packard). 

Samples from diatom cultures 

In the monoculture bags, Skeletonerna costatum pro- 
duction was measured between March 26 and April 4. 
The cultures of TBalassiosira nordenskioeldii and 
Chaetoceros debilis are represented by single primary 
production measurements only (on March 26, 30 and 
April 1). The samples were then lowered to the test 

depths, kept there from 9 a.m. to 6 p.m., and subse- 
quently treated as described above. 

Cell counts, chlorophyll and light measurements 

Cell numbers of sub-samples (10 ml) were counted 
with an inverted microscope, after fixation in 3 % for- 
mol. In addition, the morphology of living phytoplank- 
ton cells was investigated microscopicaliy. Cell sizes 
(20 cells of each species) were measured and the main 
volume per species was calculated using conversion 
factors from Hagmeier (pers. comm.) and Smetacek 
(1975). 

Chlorophyll measurements were carried out accord- 
ing to Lorenzen (1967). Incident light intensity was 
calculated using the data of upward directed 2 n-sen- 
sors (half spheres with selenium photo elements) sub- 
merged at a depth of 5 m and at the water surface. 

RESULTS 

During POSER, diatoms dominated the phytoplank- 
ton biomass. Fig. 1 to 7 show the distribution of species 
and biomass expressed as calculated phytoplankton 
carbon and measured chlorophyll concentrations in 
fjord and enclosures. Due to changing water masses, 5 
phases with different distribution of phytoplankton 
species and biomass (carbon and chlorophyll) can be 
discerned: 

Phase 1 (March 2 to 13) was characterized by the 
presence of a nutrient rich (Brockmann et al., 1981; 
Kattner et al., 1983) upwelled water with a salinity of 
S = 33 to 34 and relatively high temperatures (4 to 
5 "C) in the euphotic zone, but with low biomass con- 
centrations. The dominant phytoplankton species was 
Skeletonema costatum. 

Phase 2 (March 13 to 20) started with a sudden influx 
of colder Skagerrak water (of 0 to 2 "C) with a salinity 
below S 5 30 and low nutrient but high biomass con- 
centrations of mainly (? 70 %) 73alassiosira nordens- 
kioeldii. 

Phase 3 (March 20 to 26) was characterized by 
upwelling water again. This warmer (3 to 5 "C), saline 
(S = 32 to 34) and nutrient rich water appeared up to 10 
to 20 m, containing low biomass concentrations with a 
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Fig. 1. Biomass of diatoms and dinoflagellates in Rosfjorden during spring 1979 Concentrat~ons shown by isolines. Ordinate- 
depth (m); abscissa: time (d). Small circles: t ~ m e  and depth ot sampling 

Fig. 2 Percentage distribution (% of diatom biomass) of main diatoms In Rosflorden: Skeletonema costaturn, ThalaSsioslra 
nordenskioeldii, Chaetoceros debilis, Thalass~onema nitzschioides 

high percentage of Thalassionerna nitzschioides (25 to 
50 %) below 10 m depth. 

Phase 4 (March 26 to 30). At the beginning of this 
phase water masses below 10 m were replaced again 
by colder (2 to 3 "C), less saline (S <32) and nutrient 
poor water. 

Phase 5 (March 30 to April 6). During the fifth phase 
water with a low salinity (S 5 3 2 )  and temperatures 
from 1 to 3 "C was found down to depths of 30 to 50 m. 
Chlorophyll occurred mainly in the euphotic zone 
(Fig. 7). Despite a decrease in diatom and dinoflagel- 
late biomasses, chlorophyll concentrations remained 
high, especially in the upper layers. 

Enclosure U was set up during the first phase. Until 
March 7/8 of this phase phytoplankton was mainly 

Fig. 3. B~omass of diatoms and naked flagellates in Enclo- 
sure U 
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- .  
."Up, i . . . . j  Yrs. : (Kattner et al., 1983). In this upper layer. at first 

diatoms were the dominant phytoplankton group with 
more than 20 pg C dm-3, but with a minor component 
of dinoflagellates (5 to 10 pg C dm-3) (Fig. 1 and 5). 

F- Alona with diatoms dinoflaaellates also contributed - - 
significantly to the phytoplankton in the fjord during 
the same time. A few days later, biomass of dinoflagel- 
lates exceeded 10 kg C dm-3 in Bag CC; at a depth of 
10 m, just above the lower layer it occasionally 
reached more than 20 kg C dm-3. As in the upper layer . -, - 

c:- - ,  ' of the fjord on March 21, the dominant diatom in 

r2 Enclosure CC was Thalassiosira nordenskioeldii 
accounting for more than 75 % of the biomass (Fig. 2 

n- 
and 6). In the lower layer at low phytoplankton con- 

F- 
3- I I centrations, Thalassionema nitzschioides - the main - t I . ,  . 7 - . -  

i ' l  6 , r- *: W: 2 $,a species - sometimes comprised more than 25 % of the 
i . r  : .X I .  > I  biomass. Chaetoceros debilis represented 10 to 30 % of 

the biomass within the upper layer around March 27. 
Fig. 4.  Biomass of diatoms in  Enclosure U. Percentage dis- 
tribution of main diatoms Skeletonema costaturn, Chaeto- However, after March 29 the concentrations of diatoms 

ceros debilis and 73alassionema nitzschioides and dinoflagellates decreased; chorophyll remained 

represented by Skeletonema costatum in the fjord. 
Subsequently, an increase of biomass of naked flagel- 
lates was observed. The diatom biomass decreased 
suddenly during this period (Fig. 3). S. costatum 
accounted for more than 60 % of the biomass during 
the phytoplankton maximum (Fig. 4). Chaetoceros 
debilis and ?iFlalassiosira nordenskioeldii contained 
20% and more than 10% of biomass, respectively. 
When diatom concentrations decreased to less than 
2 pg C dmP3 on March 8 (Fig. 3), the percentage of 
Thalassionerna nitzschioides in total biomass some- 
times amounted to 40 % (Fig. 4).  

Corresponding to natural stratification, Enclosure 
CC was filled on March 21 (third phase) with nutrient 
rich. saline water (Brockmann et al., 1981, 1982) below 
14 m and with Skagerrak water, rich in phytoplankton 
with low nutrient concentrations in the upper layer 

high, especially in the upper layers (Fig. 7). 
The 5 phases are characterized by different patterns 

of phytoplankton biomass and chlorophyll distribution, 
and as a consequence more or less distinctly by pro- 
duction (Fig. 8). With respect to primary production a 
nearly parallel development occurred in the Enclo- 
sures U and CC compared with the fjord, except on 
March 13 and 29 when the water masses changed in 
the fjord. 

The calculated phytoplankton biomass in the fjord 
was very low until the sudden exchange of water 
masses on March 12/13, yielding C/Chla ratios below 
10. Since March 14, C/Chla ratios reached 10 to 20, but 
were 60 % (average value) lower in comparison to the 
normal ratio range of 20 to 30. This was also true for 
Enclosure CC. Calculated doubling time (from 0 and 
3 m) of biomass only reached about 15 h in the fjord 
and in Tank U (Fig. 9). After March 14 the conditions 
changed. Biomass doubling times increased to about 

Fig. 5. Biomass of diatoms and di- 
noflagellates in Enclosure CC 
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Fig. 6. Biomass of diatoms in En- 
closure CC. Percentage distribu- 
tion of main diatoms 717alassiosira 
nordenskioeldii, Thalassionema 
nitzschioides and Chaetoceros de- 

bills 

50 h.  Here, too, parallelism between fjord and enclo- 
sure was evident. 

Assimilation numbers (pg C pg Chla-' h-') plotted 
against light (Fig. 10) show an increase at lower depths 
in nearly all cases with increasing light intensity; most 
of the primary production took place above a depth of 
10 m. Particularly between March 14 and l ? ,  and 
between March 22 and 24 inhibition occurred; this was 
evident from surface measurements. Maximum assimi- 
lation rates, K,,, were calculated as means of near- 
surface values when productivity was reduced at the 
surface. K,,, rates were lowest on March 22 with 

0.15 pg C pg Chla-' h- ' ;  they did not exceed 0.75 
throughout the experiment (Fig. 11). 

Temperature dependence of productivity is shown 
best by calculating productivity and assimilation rates 
at  0 and 3 m, divided by corresponding light values; 
giving a highly significant linear correlation with 
water temperatures between 1 and 5 "C until March 26 
(Fig. 12). 

Contrary to the very low productivity of natural 
plankton communities, diatom bag cultures, especially 
Skeletonema costaturn (Bag Y), grew under optimal 
nutrient conditions. This species attained a biomass of 

Fig. 7. Chlorophyll a concentration (kg dm-3) in Rosfjorden and enclosures, shown by isolines as a function of depth (abscissa) 
and time (ordinate) 
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- -- 
. . , .  

Enclosure U ' 1 Enclosure CC 

Time (d) 

Time f d l  

Fig. 8. Primary productivity (mg C 
m"2 d-l) in Rosfjorden and Enclo- 

sures U and CC 

Fig. 9. Doubling times of biomass 
(phytoplankton without nanofla- 
gellates) from Rosfjorden and En- 
closures U and CC. Horizontal 
black bars: changes in water mas- 
ses. Crosses: 10 m values are not 

calculated 

Fig. 10. Rosfjorden and Enclosures U, CC and Y:  Productivity (pg C kg Chla-I h l )  plotted against daily means of incident light. 
Productivity values of Enclosure Y on a reduced scale. Values plotted with increasing depths (0,3, 10, 20,35 m) from right to left. 

Surface measurements are indicated by larger symbols. Only from lower depths were some measurements not performed 

more than 700 pg C dm-3 (35 106 cells dm-3) at the d-' (March 26) to 3000 mg C m-* d-' (April 3). This 
end of experiment (Fig. 13). Exponential growth stop- corresponds to a doubling time of 40 h (determined by 
ped first at the water surface (April 3). Maximum increase in cell number). Generation time near the 
primary production occurred at 0 and 3 m (Tab. 2). surface at light saturation was 34 h,  In the upper 
Within 8 d 5. costatum increased from 200 mg C m"2 depths, production (p,g C pg C h l a '  h l )  was in the 
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o C ~ I I ~ I I ~ ~ ~ ~ I I I I I ~ ~ I I ~ ~ ~ ~ ~ ~  
lW3 1573 233 25/3 30/3 1/4 4X 

Time Id) 

Fig. 11. Maximum assimilation numbers (G,) calculated as 
means of near-surface values from the fjord (straight line) and 

from Enclosures U and CC (hatched line) 

expected range of > 1 (Fig. 10). In contrast to S. co- 
statum, no light dependence of production occurred for 
Thalassiosira nordenskioeldii (Bag Z )  down to depths 
of 10 m (Table 2). 

Table 2. Primary productivity, expressed as mg C 104 cells-' 
h-' of diatom monocultures (Enclosures Z, EE and Y) 

Depth T. nordenskioeldii C debilis S. costaturn 
(m) Z EE Y 

0 2.5 0.32 2 0.03 0.08 f 0.02 
3 2.1 f 0.5 0.37 f 0.03 0.07 f 0.03 
10 2.25 - 0.03 + 0.01 
15 - - 0.02 f 0.00 

DISCUSSION 

It is well documented that there are plankton spring 
blooms of Skeletonerna costatum in temperate north- 
e m  coastal regions similar to those observed in the first 
phase and of Thalassiosira nordenskioeldii popula- 
tions dominating at lower temperatures (Hitchcock 
and Smayda, 1977; Paasche and Bstergren, 1980). 
These observations were confirmed during the change 
of water masses on March 12/13 with decrease of 
temperature and increase of T. nordenskioeldii cell 
numbers (Fig. 2). 

Comparison of photosynthesis rate per Skeletonerna 

0 0  L 0  
9/3 12/3 1513 1813 22/3 26/3 #1/3 1/4 U4 

Time (dJ 

Fig. 12. Water temperature (straight line) and assimilation 
efficiency per unit light (ng C pg phytoplankton-C-' h-'/nE 
cm-2 S-') (hatched line) in Rosfjorden. Means of 0 and 3 m 
measurements were smoothed forming runnlng means of 

3 values each 

costatum cell in the bag cultures at 2 to 3 "C (Table 2) 
with the photosynthesis rate from the fjord (March 5 to 
7) at 4 to 5 'C when S. costatum was dominant (0.25 
[0.4 max] mg C 10-' cells-' h-') indicates an underes- 
timation of production in the fjord caused by neglec- 
tion of nanoflagellates. This is due to a 2-fold increase 
in productivity which could be expected from the 
linear correlation of productivity and temperature 
resulting from mixed plankton without S. costaturn 
(Fig. 12). Nanoplankton should account for 20 to 30 % 
of the total phytoplankton biomass. This is confirmed 
by coulter counter countings (Kuiper et al., 1980) and 
by microscopic observations of the living plankton. 

Fig. 13. Skeletonerna costatum. 
Biomass in Enclosure Y 
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Nanoplankton also seemed to be responsible for a 
productivity-increase in the fjord during the last phase 
of experiment (Fig. 8). The decrease of diatom biomass 
during this period was caused by grazing losses (Katt- 
ner et  al., 1983). This does not explain, however, the 
sudden decrease of diatom numbers in both fjord and 
Bag U during the first phase (Fig. 2 and 3). Nutrient 
limitation is unlikely. The influence of heavy metals 
was discussed in this regard because upwelling water 
was found in the fjord at this time (Brockmann et al., 
1981). However, Skeletonema costatum had achieved 
a cell number of 4 X 105 cells dm-3 before the 
observed decline in living cells. The increase of naked 
flagellates (Fig. 3) with concomitant decrease of 
diatom numbers indicates the end of a phytoplankton 
bloom as reported by Skjoldal and L w e r g r e n  (1978), 
limited by factors other than macronutrients. 

The results of the period between the second and 
fifth phase show no prolonged exponential growth of 
phytoplankton. Comparison of doubling times of 
biomass with generation times of the dominating 
species established in laboratory cultures (Table 3) 
partly reveals a significant decrease in phytoplankton 
activity in the fjord and in Enclosure CC. The major 
cause appears to be a more or less persistent nutrient 
deficiency. In this regard the second phase in the 
nutrient-depleted upper layer (Brockmann et al., 1981, 
1982) (0 and 3 m) in the fjord can be compared with the 
conditions in continuous cultures with limiting nut- 
rient concentrations. Longer doubling times of the 
biornass were found from depths around 10 m. The 
results from the culture experiment with 73alassiosira 
nordenskioeldii show that there was light saturation in 
10 m depth (Tab. 2). About 14 % (7 nE cm-' S-') of the 
surface light which is saturating for generation times at 
these low temperatures were measured at  a depth of 
10 m (Durbin, 1974; Baars, 1981). The influence of the 
daylength can also be of great importance (Durbin, 
1974), but detailed microscopic observations showed, 
beginning on March 21 in the fjord, a high percentage 
of dead cells within the chains at a depth of 10 m. 
These cells were probably sedimented from the nut- 
rient depleted upper layers. At the 10 m level the 
nutrient concentrations increased at  this time (Brock- 

mann et al., 1981). Sinking rates of some meters per 
day, especially of damaged cells, have been reported 
(Smayda, 1970). Therefore it can be considered that 
calculation of doubling times at 10 m depth revealed 
reduced activity due to the high number of dead cells 
at this depth. 

The question which nutrient or which combination 
of nutrients caused a limitation effect on the plankton 
activity may be approached by observation of cell 
morphology. In fjord and Bag CC, cells of 73alassiosira 
nordenskioeldii were closely packed in the chains. 
Thomas et al. (1980) observed similarly structured 
chains, for instance during silicate deficiency of T. 
nordenskioeldii. As the cells showed no chlorosis dur- 
ing the POSER experiment, nitrate or an enhanced 
phosphate deficiency was unlikely (Holmes, 1966). In 
the upper euphotic zone phosphate and silicate con- 
centrations were below 0.1 and 1.0 pg at dm-3, respec- 
tively (Brockmann et al., 1981, 1982), leading to a Si : P 
ratio (wt/wt) of 10. This was the nutrient consumption 
ratio of Skeletonema costatum in the bag culture 
(Eberlein et al. 1983). Sander and Moore (1979) sug- 
gested silicate to be limiting at S i :P  ratios (wt/wt) 
below 25. 

Often the chloroplasts of the diatom cells were dark- 
ish brown, indicating a higher pigment content (for 
review see Werner, 1977) which can rise by a factor of 2 
at silicate depletion, as could be shown at the begin- 
ning of the stationary phase of Thalassiosira norden- 
skioeldii cultures (Jahnke, 1982). In spite of the con- 
comitantly increasing carbon content, the CIChla ratio 
of such cells would be lowered by 30 %. Data by Dahl 
et al. (1983) indicate that at least phosphate was a 
limiting nutrient. Therefore a limitation of both, sili- 
cate and phosphate, or a frequent changing of limita- 
tion between these 2 nutrients is suggested. 

Due to lacking nutrients the low assimilation rates 
below or near 1 are not surprising. At low tempera- 
tures, assimilation rates between 1 and 4 can be 
expected (Saijo and Ichimura, 1962; Platt and Rao, 
1970; Durbin et al., 1975; Takahashi et al., 1978). This 
is well confirmed by the data from the bag culture of 
Skeletonema costatbrn at sufficiently high nutrient 
concentrations. Direct influence of low temperature on 

Table 3. Generation times at light saturation of diatom species in laboratory cultures 

Species Temperature ("C) 

S. costaturn 48 (4) 32.1 (29.7-34.8) l6 (2): 24 (4) 
T. nordenskioeldii 35-55 (1) size dependent 30.0 (28.3-31.9) 20-30 (1) size dependent 
C. debjlis - 39.4 (34.5-45.9) 
7. nitzschioides 4 2  (3) 

(1) Baars (1981); (2) Falkowsb (1977); (3) reviewed by Schone (1977); (4) Yoder (1979); other data from Jahnke (1982) 
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phytoplankton activity was well documented here by 
controlled experiments under natural conditions, as is 
seen from a highly significant correlation between 
water temperature and productivity. A linear relation 
was also reported to be  acceptable by Harrison and 
Platt (1980) who found temperatures influencing most 
dominant assimilation rates. 

The present investigations show that the spring 
bloom processes at the Norwegian south coast could be 
very complex. Coastal currents will bring along water 
bodies with plankton populations at  different stages of 
development. Due to changes of air pressure, wind 
forces and direction, upwelling water will be brought 
in between coastal water masses interrupting proces- 
ses of a steady spring bloom, as was observed in the 
open sea at  nearly the same latitude during April 1976 
(FLEX) (Wandschneider, 1983). Decrease in incident 
light and temperature may also retard exponential 
phytoplankton growth during early spring. Influences 
of water exchange and different weather regimes on 
plankton development in an  open fjord could be distin- 
guished by enclosing parts of the different water 
masses in bags. 
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