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ABSTRACT: The reproducibility of tank experiments concerning unicellular marine algal 
development was analyzed by means of parallel experiments with cultures of Thalassiosira 
rotula and Skeletonerna costatum, using large flexible plastic tanks under semi-natural condi- 
tions. The tanks (3-4 m z, 4-5 m deep) were exposed in the German Bight at a station in the 
outer harbour of Helgoland. The water was obtained from the open North Sea in towable 
tanks; it was filtered (plate filter), enriched with nitrate (20-30 I~gat dm-Z), phosphate (1.3-2.3 
#gat dm -~5) and silicate (15-23/zgat dm -5) ~ nearly natural springtime concentrations in this area 

- and inoculated with 103-105 cells dm -5. The water was mixed with non-metal stirring equip- 
ment. Within 5 days, concentrations of 10~ cells dm -z in an exponential growth phase 
were obtained. In experiments with T. rotula a parallel development was achieved in spite of 
some contamination by surrounding water. This is the case for nearly all parameters analyzed 
(nutrient salts, phytoplankton, bacteria, C, N and particulate carbohydrates). The hetero- 
trophic bacteria, which were determined by means of the plate method, reached concentrations 
of up to 106 (T. rotula) and 105 (S. costatum) CFU cm -~, respectively. They showed a consi- 
stent retrograde development at diatom concentrations above a certain level. The crop did not 
increase again until the diatoms had reached the stationary phase. During exponential growth 
of T. rotula (G=8.9-11.7 h) a partially synchronous cell division was observed. There were 
also rhythms with respect to cell size (pervalvar axes) and chain length (number of cells). For the 
experiments with S. costatum (G=10-11.4 h) diurnal variations of cell size and chain length 
occurred. The present results indicate acceptable reproducibility of algal development and 
related phenomena in enclosed water bodies. 

I N T R O D U C T I O N  

One of the most critical aspects of in situ experiments with large tanks is 
reproducibili ty.  In parallel  experiments, phytoplankton,  measured as number of cells 
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or chlorophyll concentration, has shown strongly divergent (Stepanek & Zelinka, 
1961) as well as coincident (Kemmerer, 1968; McLaren, 1969; Takahashi et al., 
1975) development. In experiments with natural plankton populations, development 
in the tank was similar to that in the surrounding water, in lakes (Kemmerer, 1968; 
McLaren, 1969) as well as in marine bays (Takahashi et al., 1975). 

The experiments were performed in the outer harbour of Helgoland (North 
Sea). From an investigation on a natural phytoplankton population conducted i n  
1972 (Brockmann et al., in prep.) two of the numerous diatom species which occurred 
during the experiment, (Thalassiosira rotula and Skeletonema costatum) were 
isolated, kept in culture and served for inoculation in 1973 and 1975. Frequent 
samples were taken from these simplified systems for investigations on the develop- 
ment of plankton and nutrients. In addition, comparative in vitro experiments are 
planned. 

METHODS 

Construction and anchoring of the tanks (1 m diameter, 4-5 m depth, 
3-4000 dm ~) has already been published by Brockmann et ah (1974). Natural sea- 
water was pumped from a depth of about 5 in in an area 7 to 10 nautical miles west 
of Helgoland with a Vanton Flex-i-liner pump and transported to Helgoland 
harbour in flexible plastic tanks with a protective covering of Trevira. Here the 
water was filtered (p ~ 0.05 atm) into a 20 m 3 floating flexible plastic holding tank, 
using a plate filter (Seitz, Bad Kreuznaeh, type 2/1250, with an effective surface 
of 4 m~). A~er mixing the water was pumped into the experimental tanks. A germ- 
free filtration was avoided in order to preserve the natural bacterial population 
serving as protection against a one-sided development of particularly favoured 
contaminants. By means of stirrers, an upwelling current of about 3.5 c m  see -1 was 
produced (Brockmann et al., 1974) to insure a continuous mixing of the water in the 
tank. 

ARer enrichment with nutrients (nitrate, phosphate and silicate; see Table 1) to 
obtain springtime concentrations of the region (see data given in 'Jahresberichte der 
Biologischen Anstalt Helgo!and', 1967-1973) the tanks were inoculated with mono- 
cultures of equal cell numbers of the two diatom species isolated in 1973. The 
species had been precultured in a medium described by yon Stosch & Drebes (1964) 
at 15 ~ C and LD 16:8. 

Some tanks were additionally inoculated at certain stages with streptomycin 
resistant mutants of bacterial strains which had previously been isolated from waters 
near Helgoland. The number of colony forming units (CFU cm -3) of heterotrophic 
bacteria was determined at 12h intervals using Marine Agar 2216 (Difco, Detroit, 
USA). For determination of the CFU of the streptomycin resistant strains, the 
Marine Agar was cooled to 50 ~ C and then mixed with streptomycin sulfate (50 #g 
cm-a). The cultures were started 30-60 min aRer sampling. 

Samples for nutrient determinations wer~ immediately frozen a~er filtration 
with a glass fiber filter (GF/C-Whatman 1.2 #m retention ability) and were analyzed 
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in the course of a few months with a Technicon Autoanalyzer R (Brockmann et al., 
in prep.). Residues on the glass fiber filters from 150-500 cm ~ samples were frozen 
and dried at 50 ~ C before analysis of particulate C and N by means of a CHN-  
Analyzer (F & M 180). 

For spectrophotometric pigment determinations 500 cm 3 samples were filtered 
over cellulose nitrate filters (Sartorius SM 11306) and extracted with 90 0/0 acetone 
(Strickland & Parsons, 1968). 

For analysis of total particulate glucose residues from 1 dm 3 water samples 
filtered over polyamid filter (Sartorius SM 11905) were frozen and stored at -20 ~ C. 
For analysis the samples were hydrolyzed and centrifuged. 100 mm ~ of the super- 
natant were diluted with 900 mm 3 of distilled water and, after adding 2 cm * 
anthrone solution at 0 ~ C (2 g anthrone" 1 dm 8 conc. H2SO~), samples were heated 
for 10 min at 100 ~ C. The extinction was measured at 620 nm, using glucose as 
standard. 

This investigation was carried out by: Mrs. K. Wandschneider (culturing and 
evaluation of Skeletonerna costaturn and Thalassiosira rotula in 1975), K. Eberlein 
(nutrient determinations), M. Gillbricht (evaluation of S. costaturn cultures), G. 
Hentzschel (microbiological work), H. Junge (station work), H. SchSne (culturing 
and evaluation of T. rotula in 1973), D. Siebers (determination of particulate 
glucose equivalents), H. Trageser (station work), A. Weber (pigment determinations), 
and U. H. Brockmann (coordination). 

RESULTS 

Due to the exposed location of the tanks in outer Helgoland harbour, some 
experiments ha.d to be terminated prematurely because of wave damage. However, 
experiments with a duration of up to 2 weeks could be carried out, to be discon- 
tinued after the stationary growth phase had been reached. In all experiments the 
inoculated cultures grew exponentially and reached a stationary phase within the 
planned duration of the experiment. 

T a n k s  F, G, H ( T h a l a s s i o s i r a  r o t u l a )  

The development in regard to cell numbers showed good agreement in the three 
experiments with T. rotula in 1973 (Fig. 1). The generation time was G = 11.7 + 
0.2h. The experiment which was conducted 2 years later produced similar results, 
however with a generation time of G = 8.9 h. Immediately after onset of the 
stationary phase in Tank G, the cell number began to decrease. In Tank H living 
cells were differentiated microscopically from dead ones. After about 2 days of the. 
stationary phase, the proportion of living cells in the total number of cells gradually 
diminished. 

A diurnal rhythm in the cell division could be recognized in all tanks, with a lag 
phase between 8.00 h and 12.00 h (Fig. 1). This periodicity was also observed for the 
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mean chain length and the pervalvar axis (Fig. 2). On the average, the pervalvar axis 
became shorter in the course of  the experiment. 

The decrease in the concentrations of the nutrients nitrate, silicate and 
phosphate was parallel in Tanks F, G, t-I (Fig. 3). The total utilization amounted to 
26 ~Mol  dm -3 for nitrate, 18 ~Mol  dm-a for silicate and 1.6 /zMol dm -3 for phos- 
phate. In all tanks the phosphate concentration reached a first minimum value on the 
5th day, while silicate first reached its minimal concentration on the 6th day and 
nitrate on the 8th or 9th day. 

cells/I THALASSIOSIRA ROTULA 
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Fig. 1: Number of cells dm -3 of Thalassiosira rotula. The proportion of living cells was only 
determined for Tank H. In order to emphasize the division rhythm, the most distinct retarda- 

tion phase was marked 
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Thalassiosira rotula, Tanks F, G and H (1973) 



206 U. H. Brockmann et al. 

The concentrations of chlorophyll a and total carotenoids were in good agree- 
ment for Tanks F, G and H, however, increasing with a time delay of 6 h between 
Tanks F, G and H (Fig. 4). The greatest chlorophyll concentrations were reached in 
Tank F, with 31 #g dm -3, while Tank H with 25.4 and G with 22.2 #g dm -3 lagged 
behind. The carotenoid concentrations behaved similarly. At the concentration 
maximum, the ratio of carotenoids/chlorophyll was 2.9:1. 
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Fig. 3: Average daily concentrations of nitrate (a), nitrite (b), ammonia (c), silicate (d) and 
phosphate (e), from the second day (June 28) of the experiment on, for Tanks F, G and H 

with Thalassiosira rotula (1973) 

A similar tendency was observed in the concentrations of particulate C and N 
(Fig. 5). A distinct time lapse occurred only in Tank H. The nitrogen concentrations 
remained constant atter the greatest value had been reached, with the exception of 
Tank G, in which the concentration of particulate nitrogen decreased again soon 
thereafter. In the decomposition phase the populations exhibited great divergences, 
showing similar patterns for C and N concentrations. 

Particulate bound carbohydrates followed a time lag pattern in Tanks F, G and 
H similar to C, iN and pigments (Fig. 6). Here the greatest divergences could also be 
observed during the decomposition phase, also with about the same time lag. 
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Fig. 4: Chlorophyll a and total carotenoids in ~tg dm -3 for Tanks F, G and H inoculated with 
Thalassiosira rotula (1973) 
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Fig. 5: Particulate carbon and nitrogen concentrations determined with a CHN-Analyzer, 
as daily average. Tanks F, G and H inoculated with Thalassiosira rotula (1973) 
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A nitrogen balance was drawn without consideration of dissolved organic 
nitrogen compounds for Tanks F and H. In Tank G a nitrogen deficit of 17 #gat 
dm -a was found with respect to the initial value. 
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Fig. 6: Average daily particulate carbohydrate concentrations, given as glucose equivalents. 
Tanks F, G, H with Thalassiosira rotula (1973) 
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Fig. 7: Development of heterotrophic colony forming bacteria units (CFU). The streptomycin 
resistant bacteria are presented on a shifted scale. Tank G was additionally inoculated with 

streptomycin resistant bacteria on June 30th (1973) 
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Heterotrophic bacteria (CFU cm -8) showed a parallel development in Tanks F, 
G and H (Fig. 7). During the exponential algal growth phase bacterial numbers 
decreased and increased again during the stationary phase. This tendency was also 
observed in Tank S. 

T a n k s  K, M, O, P ( S k e l e t o n e m a  c o s t a t u r n )  

The tank experiments with S. costatum also revealed good agreement with 
respect to cell numbers (Fig. 8). Tanks O and P were inoculated with a higher initial 
cell concentration (Table 1), causing a shi~ in the time axis. 
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Fig. 8: Logarithms of the cell numbers plotted versus time. Tanks K, M, O and P were 
inoculated with Skeletonerna costatum (13 l~m ~).  Tanks K and M were contaminated with 

Nitzschia Iongissima; Tank O with a smaller size class of S. costatum (5 ~tm r (1973) 

On the third day trace metals which inhibited cell division (Fig. 8) were added 
to Tank P. Tank K had to be given up prematurely due to damage. The experiments 
with Tanks O and M were terminated at about the same time. Tanks K and M 
contained Nitzschia longissirna (up to 3 0/0 of the biomass) along with Skeletonema 
costaturn; the development of the two species ran nearly parallel. 

Tank O contained cells of the same size as those in all other tanks (@ 12.7 #m) 
as well as smaller ones (@ 5.3 #m), which divided more quickly than the larger cells 
and accounted for up to 25 ~ of the biomass. Both size classes could be easily dist- 
inguished from each other and showed parallel developments. Contamination by 
other cells, as manifested by a great species diversity, was particularly evident in 
Tanks P and O. However, the concentrations of these cells were four orders of 
magnitude lower than those of Skeletonerna costaturn. 
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Fig. 9: Length of the cells of Skeletonema costatum (pervalvar axis) and percentage of cell 
chains with 3 and 6 cells (1973) 
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Fig. 10" Daily average concentrations of nutrients for Tanks K, M, O and P With Skeletonerna 
costatum (1973) 

A diurnal periodicity with respect to the length of S k e l e t o n e m a  cos ta tum cells 
(pervalvar axis) could also be observed in Tank M (Fig. 9). This periodicity was 
particularly evident in the percentage distribution of the cell chains with 3 and 6 
cells/chain. 
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Fig. 11: Chlorophyll a concentrations for Tanks K, M, O and P total carotenoids for Tanks 
M, O and P (daily averages) (1973) 
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Fig. 12: Along with the number of heterotrophic colony forming bacteria units (CFU) in 
Tanks O, P and K, M, the number of Skeletonema costatum cells in Tanks M and O are 
present in a shifted scale. Streptomycin resistant bacteria are shifted by one order of magnitude 

relative to the other heterotrophic bacteria in the presentation (1973) 

The development of  the nutrients in Tanks K, M and P ran parallel during the 
short period of comparison for all nutrients, while the nutrients in Tank O decreased 
much more rapidly (Fig. 10). In Tank M phosphate reached a minimum first (on the 
9th day), followed by nitrate and silicate. In the stationary phase all nutrients 
showed a slight increase at the same time, becoming exhausted shortly thereaf{er. 
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The concentration of chlorophyll a 
Tanks K, M and P (Fig. 11). In Tank 
maximum concentration on the 5th day. 
maximum concentrations was 2.5-3.0 : 1. 

The development of heterotrophic 

and the carotenoids also ran parallel for 
O the pigments had already reached their 
The ratio of carotenoids to chlorophyll at 

bacteria showed good agreement in both 
experimental series - K 'and M as well as O and P (Fig. 12). Tank M had been 
inoculated with streptomycin resistant bacteria on July 16th; their concentration 
however, had already begun to increase before inoculation. Streptomycin resistant 
bacteria also occurred in Tank K, reproducing parallel to the other heterotrophic 
bacteria. Shortly aPcer the beginning of the experiment - 12 h a~er addition of the 
Skeletonerna costaturn cultures - Tanks O and P were inoculated with coloured, 
streptomycin resistant bacteria. These accounted for a large proportion of the CFU 
at the beginning and continuously decreased therea~er. The quantities of bacteria 
in Tanks O and P differed by one order of magnitude. 

DISCUSSION 

The results of the experiments conducted with Thalassiosira rotula demonstrate 
that a convergent development of diatoms under nearly natural conditions can be 
obtained. In such experiments with open flexible plastic tanks a slight contamination 
by organisms from the surrounding environment cannot be ruled out. A parallel 
development appears to be particularly favoured when the inoculated ceils have a 
short generation time in comparison to other algae introduced into the tanks (for 
instance by spray contamination). The results indicate that these foreign cells, which 
are represented by numerous species in some cases, do not play a significant role in 
the development of biomass. 

As related to biomass, this is also true for cells introduced into the tanks at the 
beginning of the experiment, which was observed for Nitzschia longissirna (Tanks K 
and M, Fig. 8). These contaminations may have occurred during tank installation 
under unfavorable weather conditions in the case of experiments K, M, O and P. 
The  filter plates had been previously tested to insure that they were impervious to 
diatoms. 

T h a l a s s i o s i r a  r o t u l a  ( T a n k s  F, G, H ,  S) 

The generation time of Thalassiosira rotula amounted to 8.9 h (Tank S) and 
11.7 h (Tanks F, G and H). In July/August 1972 we obtained a generation time 
of G = 10 h (Brockmann et al., in prep.). 

The periodicity in cell divisions of Thalassiosira rotula was observed consistently 
in all tanks (Fig. 1). Apparently this reflected a diurnal rhythm, since a great number 
of cells divided a~er a retardation of cell division between 8.00 h and 12.00 h. 
A less marked retardation in cell division was observed between 22.00 h and O.00 h, 
corresponding to a generation time of G = 11.7 h. The cell division phase which 



Marine: diatom cultures in plastic tanks 213 

began after 0.00 h is also evident in a temporary reduction by more than 10 ~ in the 
average pervalvar axis (Fig. 2), which can also be observed after 12.00 h. During the 
entire experiment a gradual reduction in the pervalvar axis could be observed, 
decreasing after 6 divisions from 15.2 to 12.2 #m. The mean chain length also 
changed in the same rhythm as the cell divisions, since the chains fall apart when the 
cells begin to divide. These results reveal synchronous divisions for a considerable 
proportion of cells. 

Phosphate was the first nutrient with minimum concentrations in Tanks F, G 
and H (Fig. 3). Since the algal populations reached the stationary phase simul- 
taneously, phosphate must be regarded as a limiting factor. Along with nitrate, 
nitrite was presumably also used as nitrogen source, reaching a minimum value at the 
same time as nitrate. The phosphorous concentration per cell remained constant since 
July 1st. This was also valid for nitrogen and silicon (calculated from phosphate 
respectively silicate decrease), thus preserving an approximately constant ratio of 
elementary cell composition: P : N : Si = 1 : 18 : 11. 

The concentrations of C, N, glucose, chlorophyll a and carotenoids in the 
particulate matter (Fig. 4, 5 and 6) show good agreement between the individual 
tanks; however, the developments are more divergent than might have been expected 
from nearly identical cell numbers in the exponential growth phase (Fig. 1). It is 
primarily due to the difference in the volumes of the three tanks (Table 1) that the 
final concentrations of particulate matter were greater in the 15 0/0 smaller Tank F 
than in Tank H. 

The development of Thalassiosira rotula in Tank G was apparently disturbed 
after June 30th, since the concentrations of all particulate substances remained below 
those in the other tanks. It must be questioned, if the inoculation with strep- 
tomycin-resistant bacteria on June 30th is a reason for this retardation. Only the 
development of pigment concentrations (Fig. 4) until July 1st consistently .cor- 
responds to the different tank volumes for all three tanks. The differences attained 
up to 20 ~/0 of the maximum values and can hardly be attributed to contamination 
by Skeletonema costaturn, the highest concentrations of which were 3 �9 106 dm -a, 
corresponding to 2 ~ of the biomass of T. rotula in Tank F. 

As has been frequently observed, the average C/N weight-ratio shifted in all 
tanks after the nitrogen sources had been exhausted (from 6.2-6.5 to 8-9.0). 

The proportion of particulate carbohydrates in the particulate carbon also 
increased from 20 to over 40 ~ (by weight) on the 7th day (July 3rd) (cf. Antia 
et al., 1963), rapidly decreasing again thereafter, as did the values for the pigments 
(Fig. 4) and the number of living cells (Fig. 1). 

The decrease in particulate carbon can exclusively be explained by the reduction 
of particulate carbohydrates. From June 29th to July 3rd the average particulate 
carbon concentration per cell amounted to 1.6 ng. For an average cell volume of 
18.000 #m a, this corresponds to 1.5 ng C per cell as calculated from Mullin's 
specifications (1966). 

The nitrogen content per cell, which was calculated from the particulate 
nitrogen and the decrease in nutrients, was consistent in all tanks and remained 
approximately 0.18 ng in Tanks F and H after the 5th day (July 1st). 
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The development of heterotropbic bacteria (Fig. 7) showed a tendency opposite 
to that of phytoplankton during the exponential growth phase. After a concen- 
tration of about 105 cells din-3 had been achieved for Thalassiosira rotula, the growth 
of the bacteria was inhibited, increasing again shortly before the stationary plankton 
phase began. A possible explanation may be based on inhibitor substances released 
by the diatoms. These substances are probably no longer produced during the 
stagnation of the cell division, but remain partially active, since the bacteria do not 
again attain their previous concentration. 

The strong increase in streptomycin resistant bacteria in all three tanks after the 
5th day indicates a greater specific rate of division relative to the total population. 
A competitive inhibition caused by a phosphate deficiency, as determined by Rhee 
(1972) for bacteria and Scenedesmus sp., could not be detected. 

Since nitrogen in Tanks F and H remained in an equilibrium condition in the 
particulate form, immediate remineralization processes can be excluded. Antia et al. 
(1963) could not detect nitrification in a tank with natural phytoplankton even after 
75 days of darkness. It can therefore be assumed that particulately bound bacteria 
were responsible for the utilization of organic matter produced by the phytoplankton, 
as was also shown by Hollibaugh (1976). 

S k e l e t o n e r n a  c o s t a t u r n  ( T a n k s  K, M, O, P) 

In spite of contamination by Nitzschia longissima and a Skeletonerna costaturn 
population of diminished cell size (Table 1), a development of the inoculated 13 #m 
long S. costatum was observed, which was consistent in all four tanks during the 
exponential growth phase (Fig. 8). In a tank experiment in 1972 with natural 
plankton the simultaneous occurrence of S. costatum and N. longissima had already 
been found, suggesting a non-competitive affinity for similar environmental 
conditions. The intrinsic rate of natural increase (r) determined for natural plankton 
communities including zooplankton of r = 1.5 + 0.2 day -1 for S. costatum was 
lower than the cell division rate of # = 2.1-2.4 day -1 determined here with mono- 
cultures. The same was also true for N. longissima, which had values of r = 0.9 + 
0.1 day -1 and # = 2.7 day -1. These differences could be due to the absence of grazing 
in this experiment, since light and temperature conditions were comparable in 1972 
and 1973. The values determined for S. costaturn are somewhat greater than those 
obtained from laboratory experiments under comparable conditions: # = 2.0 day -1 at 
17 ~ C (Paasche, 1975) and # = 2.4 day -1 maximum at 16-26 ~ C (Jitts et al., 1964). 

Because of differences in biomass, which arose from the influence of foreign cells 
in Tanks K, M, O and P, the nutrient development could only be directly compared 
in Tanks K and M (Fig. 10). Increasing concentrations of nitrate in Tank K seem to 
result from incomplete mixing following nutrient addition. In this experiment phos- 
phate also appeared to be the limiting factor, since the phosphate concentration first 
reached a minium value in Tank M. 

The concentration variations of the pigments were comparable, due to the 
dominant role of Skeletonerna costaturn (Fig. 11). The concentrations of chlorophyll 
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a per cell in Tank M of 0.8 pg correspond to values given by Eppley & Sloan (1966) 
and Paasche (1973). 

The development of heterotrophic bacteria ran parallel in both experiments 
(K and M as well as O and P), although the concentrations in Tanks O and P were 
greater than in K and M (Fig. 12). 

Aflcer a concentration of about 106 cells dm -3 Skeletonerna costatum had been 
reached, a distinct reduction in the quantity of colony-forming units could be ob- 
served (K and M). This however, was only followed by a naturally occurring strep- 
tomycin resistant strain in Tank K afLer a delay. The growth of the streptomycin 
resistant strain which was inoculated into Tank M stagnated a~er a short time. The 
streptomycin resistant mutants which were inoculated into Tanks O and P at the 
beginning of the experiment also showed a retrograde development, contrary to the 
naturally occurring mutants. A retrograde development due to S. costatum probably 
did not take place in Tank P because of the above-mentioned addition of trace metals 
on July 21st, which arrested the growth of S. costatum. 

In this publication, some of the results on the development of two marine 
diatom species in enclosed water bodies are presented and discussed under particular 
consideration of reproducibility. Aspects of dynamical interactions will be presented 
in future communications. 

The reproducibility of parallel tank experiments in regard to algal development 
(cell numbers, cell division rates, chain lengths and size), nutrient utilization, devel- 
opment of heterotrophic bacteria and bacteria:diatom interactions emphasizes the 
importance of enclosed water bodies for marine ecological research. 

Tank experiments therefore constitute a useful link between laboratory experi- 
ments, with their controllable but usually unnatural boundary conditions, and field 
observations, with their complicated hydrodynamic influences. Results obtained from 
such experiments under nearly natural conditions improve the interpretation of 
laboratory experiments and field observations. 
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