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ABSTRACT: Three species of intertidal diatoms were kept in unialgal and mixed cultures forming mats 
on the surface of clean sand. Interaction between the species was studied by 25 d incubation in serially 
diluted cultures, allowing natural population densities to be maintained. Abundance of species in 
mixed cultures was primarily determined by their capacities to thrive under inorganic carbon limita- 
tion (and associated conditions) and by their capacity to produce inhibitory substances. The range of 
physico-chemical conditions exploited by the test species narrowed considerably during interaction 
with a competitor. The relevance of the experiments for the interpretation of distribution patterns of 
estuarine diatom species is discussed as is the limited information available on mechanisms for carbon- 
fixation in these organisms. 

INTRODUCTION 

Estuarine intertidal flats are often inhabited by rich 
diatom communities. The structure of fresh-water 
diatom communities proved to be largely determined 
by available species pool, invasion rate, grazing 
pressure, parasitism and competition (Patrick, 1977). 
Some of these factors have been studied in detail in 
relation to benthic diatom species living on the surface 
of estuarine tidal flats. Among the many density-inde- 
pendent factors the influences of light intensity, tem- 
perature, nutrient levels, salinity and stress factors 
have been examined in the Eems-Dollard estuary 
(Admiraal and Peletier, 1980). 

It was found that most species generally survive and 
grow under broad ranges of physico-chemical condi- 
tions when grown in unialgal cultures, and yet they 
showed well-defined patterns of seasonal and spatial 
distribution (Colijn and Dijkema, 1981; Admiraal et 
al., 1984). The present study analyzes the question 
whether density-dependent factors might explain this 
apparent contradiction. A culture study on dense uni- 
algal mats of some of the dominant species (Admiraal 
et al., 1982) showed that photosynthesis was reduced 
because of insufficient supply of inorganic carbon, 
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mainly bicarbonate. Furthermore, in these dense films 
an inhibiting effect of oxygen was measured: this 
resulted in the high photosynthetic production of oxy- 
gen. Until now this 'crowding' effect has attracted little 
attention but it is thought to play an important role in 
determining species composition in natural popula- 
tions. 

Competitive interactions between micro-algae have 
almost exclusively been studied in phytoplankton cul- 
tures (e.g. Fedorov and Kustenko, 1972; Lange, 1974; 
Russell and Fielding, 1974; Elbrachter, 1977; Tilman, 
1978; Kayser, 1979; Sharp et al., 1979). The use of 
suspension cultures, as in these earlier investigations, 
is not applicable to benthic algae, where the packing 
of several cell layers itself is an essential prerequisite. 
A suitable culture technique was found in the serially 
renewed or semi-continuous culture (Admiraal et al., 
1984), in which the diatoms are allowed to develop 
their characteristic mats but can be kept at the prefer- 
red densities by a dilution regime, allowing a control- 
led increase in cell number. Mixed cultures of 3 
species kept under these culture conditions were sub- 
jected to a range of different conditions of salinity, 
temperature and supply of inorganic carbon. The 
responses of the individual species in mixed and unial- 
gal cultures are compared and from this the role of 
interspecific interaction in determining the distribu- 
tion of diatom species over the estuarine gradient is 
discussed. 
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MATERIAL AND METHODS 

Axenic cultures of Navicula salinarum Gr. and 
Nitzschia closterium (Ehr.) W. Sm., together with a 
non-axenic culture of Amphiprora cf. paludosa W. Sm., 
were used for experiments. Numbers of bacteria in 
cultures of the latter species always remained low. All 
organisms were isolated from sediments of the Eems- 
Dollard estuary. Mean cell volumes of N. salinarum, N. 
closterium and A. cf. paludosa were 600, 150 and 
3,000 pi3 respectively; their chlorophyll a contents 
under standard culture conditions are 2.1, 1.0 and 
5.2 pg c e l l 1  respectively. A synthetic seawater 
medium was prepared from a stock solution containing 
the following salts: NaCl 2,096.2 mM, MgC12.6H20 
241.1 mM, CaC12.2 H20 18.0 mM, Na2S04.10 H20 
122.1 mM and K2S04 24.4 mM. This stock solution 
(with a salinity of 168.5 %o) was diluted with 
demineralized water to obtain the desired salinity. To 
complete the medium the following nutrients were 
added: NH4Cl 0.25 mM, KN03 0.68 mM, NaH2P04. 
H20 0.02 mM, NaSi03.9 H20 0.12 mM and NaHC03 
1.1 mM. Trace elements and vitamins were added as 
described earlier (Admiraal et al., 1982). The pH of the 
medium was 8.0 to 8.3. To prevent precipitation the 
solutions of phosphate, silicate and trace elements 
were autoclaved separately and added aseptically. 
Fluorescent tubes (Philips TL-F 40 W/34) were placed 
above the cultures; they maintained a quantum 
irradiance of 125 pE m 2  s t  at the surface of the algal 
layers during the daily photoperiod of 8 h. Algae were 
grown on a 3 to 4 mm thick layer of analytically clean 
sand (Merck) under 5 cm of medium in 60 ml serum 
bottles. 

Air and fresh medium were supplied to the cultures 
in various regimes: (1) Stagnant culture without aera- 
tion and medium renewal; (2) stagnant culture with a 
step-wise dilution of the medium and algal population 
(see below); (3) continuously aerated culture with step- 
wise dilution; (4) continuously aerated culture with 
continuous renewal of medium and step-wise dilution 
of the diatom population. The growth of the cultures 
kept under Regimes 2, 3 and 4 did not differ greatly. 
Therefore the simple Regimes 2 and 3 were chosen for 
our competition experiments. 

The culture regime used may be referred to as a 
semi-continuous culture, as it was based on the regular 
dilution of a batch culture. A period of growth lasting 3 
to 5 d was followed by the removal of 50 % of the 
diatom cells together with 50 % of the culture medium: 
they were replaced by an identical volume of fresh 
medium. Before this dilution the cells were suspended 
and after the new medium had been added the cells 
were allowed to settle again on the sand substrate. 
Aeration of the culture did not disturb the algal mat 

once it was established. Continuing this procedure for 
several periods resulted in a more or less constant 
growth rate of the algal population; its density and 
doubling frequency depended on the dilution rate and 
the length of the growth period. In this way it was 
possible to maintain density and growth rate at the 
desired levels. Unialgal and mixed cultures were sub- 
jected to a similar series of experiments, in order to test 
the effects of various temperatures (8, 12, 20Â°C and 
salinities (1 to 34 %o). Earlier experiments (Admiraal et 
al., 1982) had shown the importance of inorganic car- 
bon supply in dense cultures. Therefore we compared 
the effect of the standard supply of inorganic carbon 
with the effect of a lower supply and of an increased 
supply. To decrease the supply of inorganic carbon we 
lowered the initial NaHC03 concentration in the 
medium from 1.1 to 0.3 mM, whereas to increase the 
supply, we added 6 mM NaHC03 to the medium and 
enriched the airstream with 1 % C02. 

Population densities in the cultures were determined 
by cell counts. At least 200 cells were counted in a 
microscopic counting chamber (depth 0.1 mm). 

RESULTS 

Fig. 1 shows the effect of the incubation conditions 
on monocultures of the three diatom species. An 
increased supply of bicarbonate stimulated growth of 
the cultures, especially at higher population densities, 
confirming earlier observations on inorganic carbon 
limited growth (Admiraal et al., 1982). Step-wise dilu- 
tion of cultures led to population densities that fluctu- 
ated around a more or less stable value, although one 
of the Amphiprora cf. paludosa cultures seems not to 
equilibrate within the experimental period. This indi- 
cates that in most cases the conditions required for the 
late exponential and early stationary growth phase can 
be maintained over a long period of time in semi- 
continuous cultures. The mean growth rate under these 
conditions was 1 cell division per 3 d, whereas the 
populations complete more than 1 cell division per day 
at low densities. The population densities observed 
under step-wise dilution (Fig. 1) reached levels nor- 
mally found in well developed natural populations. 
Chlorophyll a content of these cultures ranged 
between 20 and 100 mg m 2 .  When cultured under 
similar conditions the 3 test species reached similar 
population densities, as measured by the chlorophyll a 
concentration. In the light and especially under ample 
supply of bicarbonate the diatom films developed gas 
bubbles, most likely composed of oxygen-enriched air. 
In the stagnant water layer over a dense mat of diatoms 
pH values up to 9.9 were measured. Hence, we must 
assume that the growth limitation in the step-wise 
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Fig. 1. Amphiprora cf. paludosa, Navicula salinarum, 
Nitzschia closterium. Growth curves of unialqal batch (A) and - . . 
serially diluted (B) cultures. e: Standard supply of inorganic 
carbon; 0: increased supply of inorganic carbon; D: decreased 
supply of organic carbon (see 'Material and Methods'). Temp- 

erature: 20Â°C salinity: 15 'XW 

diluted culture is determined by a combination of 3 
related factors: depletion of substrate H C O o ,  accumu- 
lation of high concentrations of 0, and rise of pH (for 
discussion see Admiraal et al., 1982). In the present 
experiments these conditions were tested in 3 grada- 
tions, introduced arbitrarily by varying the supply of 
bicarbonate and carbon dioxide. 

A series of competition experiments was carried out 
by maintaining mixtures of species under step-wise 
dilution for at least 25 d under a series of different 
conditions. Fig. 2 shows the results for one combina- 
tion of species, Amphiprora cf. paludosa and Navicula 
salinarum, under several of the test conditions. Such 
conditions either resulted in co-existence or the almost 

complete exclusion of one species. For example, A, cf. 
paludosa became clearly dominant at a temperature of 
20 OC and at a salinity of 34 %o. N. salinarum predomi- 
nated at the low salinity and low temperature. 

Fig. 3 summarizes the observations of the competi- 
tion experiments for the 3 test species and shows how 
specific the interactions are. Navicula salinarum was 
able to co-exist with Nitzschia closterium under a few 
conditions, as with Amphiprora cf. paludosa, and 
reached dominance at a low salinity and also at a low 
temperature. In contrast, in experimental series with 
various supplies of bicarbonate, N. salinarum is out- 
numbered by N. closterium, This may be a density- 
dependent effect of N. closterium populations; as soon 
as the population reached a density of 2.106 cells c m 2 ,  
the population of N. salinarum collapsed. A. cf. palu- 
dosa was dominant in all combinations with N. clos- 
terium. 

Monocultures of these diatom species were grown 
under the same sets of conditions as the mixed culture. 
Fig. 3 gives cell division rates in exponentially grow- 
ing monocultures for comparison with the results of the 
competition experiments. Only under one condition, a 
salinity of 1 %o, the outcome of the competition seems 
to be caused by the inability of 2 species, Amphiprora 
cf. paludosa and Nitzschia closterium, to grow under 
this condition. In most other cases the outcome of the 
competition is not predictable from the division rate in 
the exponential growth phase of monocultures. Even 
more, there are apparent discrepancies such as the 
dominance of the slowly dividing species, A. cf. palu- 
dosa over the more rapidly dividing N. salinarum and 
the invariable dominance of A. cf. paludosa over N. 
closterium. 

It is evident from Fig. 3 that in addition to several 
cases of coexistence of species, there is also a strong 
tendency towards segregation of species. 

Three observations indicate the existence of an 
inhibitory substance in the case of the competition 
between Amphiprora cf. paludosa and Nitzschia clos- 
terium. Firstly, extracts of A. cf. paludosa cultures 
caused microscopically visible deterioration of N. clos- 
terium cells within a few hours. Secondly, addition of 
extract interrupted the growth of N. closterium cultures 
for approximately 2 d. Thirdly, the dominance of A. cf. 
paludosa over N. closterium had a clear threshold of 
population density. When a competition experiment 
with the 2 species was started with 20-fold numerical 
dominance of N. closterium the other species, A. cf. 
paludosa, developed slowly (Fig. 4). As soon as the 
numbers of the latter species exceeded ca. lo6 cells 
c m 2 ,  the population of N. closterium deteriorated. 
This competition experiment is also compatible with 
the postulated chemical nature of the interspecific 
interaction between A. cf. paludosa and N. closterium. 
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Fig. 2. Competition between Amphiprora cf. paludosa (a) and Navicula salinarum (a) in serially diluted mixed cultures. Cultures 
kept at various salinities at a fixed temperature of 12 O C  and under standard CO, supply (A), at various temperatures and a fixed 

salinity of 15 %O and under standard C02 supply (B), and incubated at 3 gradations of CO, supply at 12 'C and 15 YM (C) 

A pal x N.sal. N sal x N.clos N. c 10s x A.pal 

condition day"' day"' day"' day" 

1 %o s 0.0 0.8 0.0 

8 % o S  0.5 0.9 0.5 0.5 

15 %oS 0.4 0.9 0.6 0.4 

34 %o S 0 5 0.8 0.6 0.5 

low C0205 0 5 

standard C0207 0 7 

high C02 08 08 08 08  

A cursory examination showed that N. closterium had 
a similar chemical effect on N. salinamm. However, 
this interaction was somewhat less pronounced and 
did not prevent N. salinarum from becoming dominant 
in some of the mixed cultures with N. closterium 
(Fig. 3). 

DISCUSSION 

Depletion of inorganic carbon 

The depletion of CO, among planktonic algae has 
often been demonstrated for freshwater communities 
(e.g. Goldman, 1973; Tailing, 1976; Jaworski et al., 

Fig. 3. Numerical abundance 
(%) of individual species after 
a 25 d period of incubation in 
mixed cultures. Environmen- 
tal conditions as in legend of 
Fig. 2. Numbers refer to divi- 
sion rates ( d l )  in the expo- 
nential growth phase, realised 
by species in monocultures 
kept under the same incu- 
bation conditions. Hatched: 
Amphiprora cf. paludosa; 
cross-hatched: Navicula 
salinamm; dotted: Nitzschia 

closterium 

1981). It is less likely that CO, will be depleted in 
estuarine and marine environments because there are 
usually large amounts of inorganic carbon in seawater. 
In communities of freshwater and estuarine benthic 
diatoms respectively, McIntire (1968) and Admiraal et 
al. (1982) have demonstrated carbon-limited growth. In 
nutrient-rich conditions this kind of nutrient limitation 
seems to prevail over the more commonly investigated 
shortage, e.g. of phosphate and nitrogen. Hence, we 
expect the fixation of inorganic carbon by benthic 
diatoms to be a critical factor in the competition in 
dense mats. 

Morris (1980) distinguished 2 processes in carbon 
assimilation: (1) fixation in the Calvin Benson cycle; 
(2) p-carboxylation of Cy compounds, forming TCA- 
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cycle intermediates. Marine algae show a spectrum of 
metabolic types based on the degree to which the 
Calvin Benson cycle is supplemented with the so- 
called C4-metabolism (Morris, 1980). In addition, 
uptake of anorganic carbon varies among species: 
some use CO-, exclusively, others utilize both CO, and 
HC03-, and some species prefer H C 0 3  (Beardall et 
al., 1976; Mukerji et al., 1978; Morris, 1980). A few 

D a y s  

Fig. 4. Competition between Amphiprora cf. paludosa (0) and 
Nitzschia closterium (0) in serially diluted cultures inoculated 
with ratios of 1 : 99, 5 : 95, 25 : 75, 50 : 50, and 5 : 95. ' dead 

cells observed. Temperature: 12OC; salinity: 15 %O 

indications on the nature of carbon fixation by benthic 
diatoms are reported by Glover, Zingmark, Griffith and 
Morris (1979, unpubl.). They showed a parallel utiliza- 
tion of extracellular CO, and H C 0 3  in Amphiprora cf. 
paludosa, Surirella ovata and Navicula pelliculosa. In 
addition, a conspicuous activity of the phosphoenolpy- 
ruvatecarboxylase and C4-type fixation patterns was 
found in these diatoms. Unlike N. pelliculosa the first 
two species did not show increasing C4-characteristics 
in dense cultures. We hypothesized that this might be 
related to their partly planktonic way of life: A. cf. 
paludosa, S. ovata (and Nitzschia closterium) are easily 
suspended species, frequently found in estuarine 
plankton. Navicula species, in the present work N. 
salinarum, more often form dense mats on intertidal 
muds and might therefore be adapted to a variable 
supply of inorganic carbon. This hypothesis was not 

unequivocally supported by the present observations: 
A. cf. paludosa and N. closterium were able to co-exist 
with N. salinarum. 

Revsbech et al. (1980) showed that the oxygen con- 
centration in the top layer of marine sediment fluctu- 
ates from very low values to supersaturation. Ludden et 
al. (1984) explored how cells might cope with large 
fluctuations in oxygen saturation, inorganic carbon 
concentration and pH in the micro-habitat of an algal 
film. Observations by Revsbech et al. (1980) and Lud- 
den et al. (1984), together with our observations, reveal 
the need for new experiments on carbon fixation in 
diatom species that dominate the intertidal habitat. 

Co-existence of species 

Apparently, co-existence of 2 diatom species, as 
found in several of the present serially diluted cultures, 
contradicts the microbiological axiom that only one 
organism becomes dominant under a given set of con- 
ditions. Basically, the observed co-existence over the 
ecologically relevant time span of 25 d can be 
explained by the fact that the environmental condi- 
tions imposed were neither constant in time nor in 
space. Firstly, the nature of the limiting factor, inor- 
ganic carbon supply, is accompanied by related factors 
such as a variable pH and oxygen saturation. The 
species might show responses to the intercorrelated 
factors, which differ from the response to a single 
limiting substrate. Secondly, the distribution of the 
cells over the bottom of culture flask was patchy. The 
spatial heterogeneity thus formed allowed separation 
of species and gave them the opportunity of shaping 
their own microniche (McIntire, 1968; Levin, 1974). 
Thirdly, the populations were subjected to light-dark 
cycles and were diluted only at intervals. The tempo- 
rally heterogenous conditions might lead to periods of 
favourable conditions for one species alternating with 
periods favourable for another species. In the same 
way Turpin and Harrison (1979) showed the influence 
of the irregular addition of a single limiting nutrient. 
When culturing two phytoplankton species at a 
growth-rate of 0.3 d 1  in continuous culture, they 
found that the regime of nutrient addition altered the 
relative abundance of species, allowing the co-exist- 
ence at intermediate nutrient 'patchiness'. 

Assemblages of benthic diatoms by their mode of 
life are likely to show much temporal and spatial 
heterogeneity even under experimental conditions. 
This heterogeneity, and the supposed microniches 
associated with it, might be responsible for the large 
numbers of species that are usually found in the same 
assemblages from intertidal flats and for the very large 
numbers of benthic diatom species in general. 
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Effects of interspecific competition on the distribution 
of species 

The present experiments reveal which relatively 
simple interactions cause density-dependent factors to 
interfere with the distribution of species over environ- 
mental gradients. The existence of density-dependent 
factors in nature is indicated by the negative correla- 
tions between the species diversity and the density of 
benthic diatom populations (Brown and Austin, 1973; 
Colijn and Dijkema, 1981; Admiraal et al., 1984). 
Another indication is provided by the similarity 
between the population density in our step-wise 
diluted cultures and that in well developed natural 
communities. A clear example of the severe impact of 
interspecific competition is found by the response of 
Navicula salinarum. This species forms monocultures 
on a brackish mudflat during the colder seasons 
(Admiraal et al., 1984). In monocultures it grows 
rapidly at temperatures of 20 OC and salinities of 34 %O 

and higher. Nevertheless, in competition with the 2 
other test species it was only dominant under condi- 
tions at which it reached its dominance in nature. The 
other species, Nitzschia closterium (and an uniden- 
tified Amphiprora species), are mentioned as warm 
water species by Smayda (1980). Generally the ecolo- 
gical range of the 3 diatom species was appreciably 
narrowed when they were confronted with severe com- 
petition for inorganic carbon and also had to cope with 
very high concentrations of oxygen in the immediate 
vicinity of the cells. 

A special case may be interaction of antibiotic sub- 
stances produced by individual diatom species. The 
direct packing of several cell layers in the populations 
increase the likelihood of allelopathetic interaction 
occurring among the species, whereas in the phyto- 
plankton a large volume of water may dilute the active 
substances. Our experiments demonstrate how selec- 
tive this interaction can be. Nitzschia closterium died 
in mixed cultures with Amphiprora cf. paludosa, 
whereas Navicula salinarum was able to coexist with 
A. cf. paludosa and hence seemed to be insensitive to 
the antibiotic factor produced by the latter species. The 
inhibitory effect exerted by A. cf. paludosa could have 
been modified or even been effected by the bacterial 
contaminant in this culture, but the clear relation 
between the concentration of A. cf. paludosa cells and 
the inhibitory effect did not indicate this. However, it is 
clear that the interaction of benthic diatom species and 
diatom bacteria interaction should be investigated col- 
lectively in future studies. So far it is not possible to 
compare the present observations on allelopathy in 
cultured diatom species with their distribution in na- 
ture. 
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