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ABSTRACT An experimental laboratory set-up was used to study the influence of different grain size 
compositions and temperatures on the growth of benth~c cyanobacteria and diatoms, and on the com- 
petition between these 2 groups. Monospecific cultures of 3 species of cyanobacteria (Merismopedia 
punctata, Microcoleus chthonoplastes, Oscillatoria limosa), and of 2 species of benthic diatoms (Phaeo- 
dactylum Oicornutum and Nitzschia sp.) were used. The organisms were cultured in 100 m1 flasks filled 
with medium and 3 different kinds of sediment. (1) Sand (fine sand, 63 to 200 pm), (2) Mud-I (mixed fine 
sand and mud <63 pm in the ratio 80:20 wt %), ( 3 )   mud-I1 (mixed fine sand and mud in the ratio 5050 
wt %). Experimental temperatures were 10, 15 and 25°C. At 10°C and 15"C, both diatom species 
achieved the highest biomass on the sediments of the finest grain size (50 wt % < 63 pm) while cyano- 
bacteria achieved low biomass levels. Coarsening of sediments at the same temperature levels 
revealed a gradually lower biomass of the diatoms. Particularly on sand, the diatoms never reached the 
same concentrations of chlorophyll a as on mud. The cyanobacteria, on the other hand, had the highest 
biomass on sand at 15'C. In the competition experiments the benthic diatom species Njtzschla sp. dom- 
inated all types of sediments at 10°C and 15°C. The experiments at 25'C were dominated by the fila- 
mentous cyanobacterium M. chthonoplastes. This indicates the importance of abiotic conditions for the 
distribution and abundance of benthic phototrophic micro-organisms. 
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INTRODUCTION 

Coastal shallow areas are among the most produc- 
tive ecosystems in the world. Main primary producers 
in these systems are both planktonic and benthic 
cyanobacteria and diatoms. There is growing interest 
concerning the response of phototrophic communities 
to the increasing eutrophication in coastal areas. This 
has promoted an increasing knowledge of the ecology 
of phytoplankton organisms (Sommer 1994) and their 
benthic analogs (Krumbein et al. 1994). However, 

there is still a shortage of information about the ecol- 
ogy of microphytobenthic communities. One reason 
may be that there are still problems with the handling 
of benthic micro-organisms in batch and chemostat 
cultures. However, some publications suggested new 
culture designs (Fairchild & Lowe 1984, Pringle & Bow- 
ers 1984, Krumbein et  al. 1991, Sundback & Snoeijs 
1991). 

Several authors stress the importance of nutrient 
limitation controlling the presence or absence of phyto- 
plankton organisms (Tilman 1977, Sommer 1994). Sim- 
ilarly, it may be of interest to understand the factors 
controlling the composition and productivity of micro- 
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benthic primary producers. Admiraal(1977) and Colijn 
& van Buurt (1975) reported that benthic diatoms are 
the most important components of mud flats of the 
Ems-Dollart estuary. Studying mud flats of the Dutch 
Wadden Sea, Admiraal (1977) and Admiraal et al. 
(1982) found that nutrients (P, N,  Si) were not growth- 
rate limiting. These authors assumed that there was no 
direct relationship between the nutrient concentra- 
tion and the distribution of benthic diatoms. Meyer- 
Reil (1994) considered the high allochthonous and 
autochthonous input of organic matter into the Wad- 
den Sea and reached s~milar conclusions. However, 
the existence of nutrient limitation had so far only been 
shown experimentally for microalgae inhabiting sedi- 
ments (Sundback & Snoeijs 1991, Nilsson 1995) or 
growing on hard substrates (Hillebrand & Sommer 
1997). Till recently, mud flats have been the main 
study sites of benthic diatoms. It seems important to 
extend research to sandy deposits, which generally are 
more nutrient depleted than mud flats (Krumbein et al. 
1994). On intertidal nutrient-poor sandflats, photo- 
trophic micro-organisms with the ability for aerobic 
nitrogen fixation are most favoured. Cyanobacteria 
were found to be resistant to nutrient stress (Villbrandt 
et al. 1990, Villbrandt 1992) Schulz (1937) and Hoff- 
mann (1942) described the occurrence of cyanobac- 
teria in high-level sandy tidal flats. The term 'Farb- 
streifen-Sandwatt' derives from these studies. Gerdes 
et al. (1985, 1987) and Krumbein (1987) conducted var- 
ious studies on the 'Farbstreifen-Sandwatt' biotopes. 
Cyanobacteria, on the other hand, may also occur on 
mud flats, although information is scarce. Colijn & van 
Buurt (1975) mentioned in a subordinate remark 'only 
during the summer months do blue-greens occasion- 
ally occur'. Thus, little is still known about factors that 
may control the distribution and ecological response 
of both groups of microbenthic phototrophic micro- 
organisms, cyanobacteria and diatoms, in the deposi- 
tional environments of the Wadden Sea area. 

This paper presents resu1.t~ of studies on the growth 
and competition of benthic cyanobacterla and diatoms 
using different sedimentary grain sizes at different 
temperatures. The aim cf the studies was to contribute 
to a better understanding of factors controlling the 
distribution of benthic phototrophic micro-organisms. 
A further purpose was to test the hypothesis that 
diatoms preferentially colonize on mud-sized, and 
cyanobacteria on sand-sized, sediments. 

MATERIAL AND METHODS 

Test organism. Benthic cyanobacteria: The follow- 
ing species were used for experimental treatment: 
Merisrnopedia punctata (Strain 86), Microcoleus chtho- 

noplastes (Straln 11) and Oscillatoria limosa (Strain 
23). All these species occur on Mellum Island tidal flats 
(southern North Sea coast). M. punctata (Meyen) is a 
coccoid cyanobacterium that colonizes sandy tidal flats 
even in the lower intertidal zone. IM. chthonoplastes 
(Gomont) and Oscillatoria Lirnosa (Gomont) are fila- 
mentous species that mainly colonize the high eulit- 
toral zones of sandy tidal flats. Both species form mats 
(fibrous coatings on sedimentary surfaces; Krumbein 
1983). 0. limosa is a pioneer organism due to its nitro- 
gen-fixing capacity (Stal & Krumbein 1987). Paerl et al. 
(1996) assume that Microcoleus sp. is a nitrogen fixer 
and have shown that it can produce anaerobic micro- 
sites within bundles and layers of filaments. M. chtho- 
noplastes does not have heterocysts, but some authors 
indicate that this species is able to fix nitrogen under 
anoxic conditions (Krumbein & Stal 1991). The cyano- 
bacteria used for this study were isolated by the work- 
ing group of W. E. Krumbein, University of Oldenburg. 
All 3 species grew in liquid cultures in the medium 
ASN 111 (Rippka et al. 1979, Stal & Krumbein 1985, 
Palinska et al. 1996). 

Benthic diatoms: The species Nitzschia sp. and 
Phaeodactylum tncornutum were used for the experi- 
ments. Nitzschiaceae are very characteristic diatoms of 
the Wadden Sea. Specimens of Nitzschia sp. were iso- 
lated from a mud flat near Dangast, Jade Bay (southern 
North Sea coast) by the working group of W. E. Krum- 
bein. The agar plating technique was used (Medium 5, 
Schlosser 1994) to obtain monospecific cultures. P. tri- 
cornutum was supplied by the SAG-algae collection at 
the University of Gottingen. This species occurs in 
planktonic as well as in benthic communities (Round et 
al. 1990). All cultures used were non-axenic. All organ- 
isms were cultured in liquid medium prior to the 
experiments; thus no pre-adaptation to grain sizes 
occurred. 

Culture techniques. All experiments were per- 
formed with 3 replicates in an enriched sea water 
medium, based on Medium 5 (Schlosser 1994). Filtered 
North Sea water (salinity 30°&) was supplied with the 
following additions: 1.98 pm01 1-' KNO3, 0.1 pm01 1-l 
K2HP04 and 0.08 pm01 1-' MgSO, X H20.  To this solu- 
tion 5 m1 micronutrients (see ASN 111, Rippka et al. 
1979) and 30 m1 soil extract per litre were added. The 
pH value was 8. It is generally agreed that cyanobacte- 
ria prefer ASN 111 or BG 11 (Rippka et al. 1979, Stal & 
Krumbein 1985). However, to maintain comparable 
conditions Medium 5 was chosen for both cyanobacte- 
ria and diatoms. The successful growth of cyanobacte- 
ria on Medium 5 was detected in pilot tests (Water- 
mann 1996). 

The organisms were transferred to 3 different kinds 
of sediment (1) Sand (63 to 200 pm), (2) Mud I (mixed 
fine sand and Mud c63  pm in the ratio 80:20 wt %), 
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Table 1 .  Properties of sedirnents mixed for the experiments. The 3 mixtures (1967). For each replicate, chloro- 
(Sand, Mud I and Mud 11) consisted of different proportions of different size phyll a was determined in triplicate. 
classes expressed in phl values (negative logarithm of the bound dimensions of ~ h ,  pigments were extracted from 

grain size classes to the base 2) .  Proportional sand and mud fractions in wt % sediment in 90'% aceton and mea- 
sured spectrophotometrically at wave- 

Classification Medium sand Fine sand lengths of 665 and 750 nm before and 
Phi-values 1.0-1.5 1.5-2.0 2.0-2.5 2.5-3.0 3.0-3.5 3.5-4.0 4.0-4.5 01 43 32 20 after contents to counting, acidification. were with used errors The as an chlorophyll assumed alternative to a 

Mud I 
Mud I1 0 0 5 23 19 50  be high in sediment samples. In the 

competition experiments besides the 
chlorophyll a content the numbers of 

and (3) Mud I1 (mixed fine sand and mud in the ratio cells or trichomes were determined. Before counting 
5050 wt O/o) (Table 1). The sediments were dried, cell numbers, 10 m1 of the suspension from the cultures 
sieved and autoclaved. The sand was collected in the and the diluted sediment were treated in a sonication 
'Farbstreifen-Sandwatt' of Mellum and used in its nat- bath for 2 min (35 kHz). A defined amount dependent 
ural composition. The mud was collected from a mud on the sediment type was filled in counting chambers 
flat in the Jade Bay. It was sieved in order to produce and the cells fixed with Lugol's iodine solution. The 
single fractions. These were weighed and mixed into counting was done using an inverse microscope (Uter- 
the mud types I and I1 (Table 1). mohl 1958). Four hundred cells were counted (Lund et 

The non-axenic monospecific cultures of cyanobac- al. 1958) to reach a 95% confidence interval of 210%. 
teria and diatoms were cultivated in 100 m1 Erlen- Chlorophyll a contents were expressed as 1-19 per dry 
meyer flasks containing a 1 cm layer of sediment with weight of sediment. 
40 m1 of medium added. The liquid phase above the Statistics. Two-factor ANOVA was conducted with 
sediment was initially 2 cm. The monospecific cultures the chlorophyll a values at Day 20 for all monospecific 
grew in a semi-continuous system. They were diluted cultures (Software: Statistica 5.1), with sediment type 
every 5 d by suspending the cells in the medium and and temperatures as factors. To assess significant im- 
removing 40% of the suspension and the sediment pact of treatments, a Tukey-HSD test was performed 
(Admiraal et al. 1982). From one part of the removed for all monospecific cultures and for total biovolume of 
sediment the chlorophyll a content was measured; the all species in the competition experiments for every 
other part was diluted and the cell numbers were de- significant ANOVA-factor (Software: Statistica 5.1). 
termined. After resettling, medium and substrate were 
replaced. All work was done under a clean bench. 

The competition experiments were conducted in RESULTS 
Erlenmeyer flasks and inoculated with 5 species. Equal 
volume of a well-suspended culture of each species Effects of temperature and grain size on the growth 
was pipetted into the experimental flasks. Therefore of monospecific cultures 
the proportion of species was equal for each replicate. 
Sampling was done as in the monospecific cultures, The 3 species of benthic cyanobacteria grew very 
leading to 40% renewal of sediment and medium slowly at 10°C (Fig. l a  to c) on all the sediment types 
every fifth day. Cell numbers were determined in the used (Table 1). The set-up at 10°C revealed the lowest 
competition experiments by cells per ml. Later, cell values of all chlorophyll a concentrations measured. 
counts were transformed to biovolume by assigning The cyanobacteria showed a clear increase in chloro- 
nearest geometric shapes to the cells and measure- phyll a contents at temperatures of 15 and 25°C 
ment of 20 cells or trichomes in the microscope (Hille- (Fig, l a  to c). The chlorophyll a content of Microcoleus 
brand et al. 1999). chthonoplastes was less than l pg g-' at the end of the 

Laboratory conditions. The cultures were grown in experiment at 10°C (Fig. lb) .  The sediment coarseness 
incubators at  10, 15 and 25"C, respectively. Extra cool indicated no significant growth differences with re- 
white fluorescent tubes (Philips TLD 18W/86) provided spect to low chlorophyll a contents. 
a quantum irradiance of 90 FE m-2 S-'. The experi- Chlorophyll a contents at 15°C of all tested species 
ments were performed under a light period of 16 h d-'. of cyanobacteria increased as compared to 10°C 
The monospecific cultures were grown either 20 or (Fig. l a  to c). Between the sediment types used, the 
25 d,  the competition experiments lasted for 30 d. growth revealed differences. Both filamentous spe- 

Biomass estimates. The chlorophyll a content of the cies showed higher biomass on sand compared to 
cultures was measured using the method of Lorenzen mud. In a relatively short incubation time, Meris- 
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Fig. I The influence of different grain sizes (see Table 1) and temperatures (10, 15 and 2.YÂ°C on growth expressed as chlorophyll a 
of benthic cyanobacteria and diatoms species (mean Â SD) 
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mopedia punctata and Oscillatoria limosa achieved ture developed better on sand than on mud (significant 
chlorophyll a increases. This may confirm the pioneer interaction term, Table 2). Both treatments had sub- 
state of 0. limosa (Stal & Krumbein 1987). M. chtho- stantial impact on the 2 diatom species (Fig. 2) which 
noplastes reached the highest concentration after performed better at  10 or 15OC than at 25OC, and better 
20 d (Fig. 1 a to c).  on the Mud I1 sediment compared to Mud I and Sand. 

At 25'C all 3 species achieved their highest chloro- Significant differences were confirmed for Nitzschia 
phyll a concentrations. Differences between the sedi- sp. for all 3 sediment types and for the lowest tempera- 
ment types still existing at 15°C disappeared (Fig. l a  to ture (Tukey HSD-test, p < 0.05), whereas 15 and 25°C 
c), indicating that at 25OC, grain size may not longer were not significantly different. Phaeodactylum tricor- 
control the growth behaviour of the cyanobacteria nutum showed significantly higher growth on Mud I 
tested; the substrate factor is apparently overruled by compared to Sand and Mud I1 at 15°C. 
temperature effects. 

At 10°C the 2 diatom species both grew fairly well on 
the mud types tested (Fig. Id toe).  Mainly for Nitzschia Effects of competition on the growth of selected 
sp., the difference between growth on sand and on microbenthic primary producers (mixed cultures) 
mud was significant (Fig, le) .  Phaeodactylum tricornu- 
tum lives under benthic as well pelagic conditions, re- The total chlorophyll a content of the sediments is 
vealed less clear differences. In general, the cultures of represented in Fig. 3, and the biovolume proportions of 
this species achieved a lower total chlorophyll a con- each individual species to the total biovolume are doc- 
tent, and the differences between the sediments were umented in Figs. 4 to 6. Total chlorophyll a content was 
lower compared to Nitzschia sp. Nevertheless, for this significantly dependent on sediment type and temper- 
species as well there was a clear chlorophyll a increase ature (Table 3) .  At 1O0C, the culture was dominated by 
visible for micro-organisms inhabiting mud sediments. Nitzschia sp. (Fig. 4 ) .  Phaeodactylum tricornutum sur- 

The results at 15OC were comparable to those of the vived in low cell numbers. All cells of the 2 species of 
10°C treatments for the 2 diatom species. All sediment filamentous cyanobacteria disappeared after 10 d. 
types revealed differences. In all measurements at Only low cell numbers of the coccoid cyanobacterium 
15"C, growth of organisms was lower if cultured on the Merismopedia punctata were still alive. The total 
sandy substrate (Fig. Id to e).  chlorophyll a content of the sediments indicates high- 

At the beginning of the 25°C experiment, the diatom est values for Mud 11, the muddiest sediments used. 
species grew well on the fraction of the finest grain size This is due to the dominance of Nitzschia sp., which 
(Fig. Id  to e).  But after 10 d ,  the biomass decreased, developed higher chlorophyll a concentrations, as can 
although the total chlorophyll a content on Mud I1 was be seen in the unialgal cultures (Fig. l e ) .  The pattern 
the highest relative to all values 
obtained. At the end of the incubation 
time, the content was almost the same Table 2. Results for the experiments with unialgal cultures as analyzed with 

for all treatments, -l-hus, a compa~son  2-factor ANOVA with sediment type and temperature as independent factors 
and chlorophyll a concentration on Day 20 as the dependent vanable. The table of the sediment types showed that lists species name, variable and the mean squares and degrees of freedom of the 

the differences in the c h l o r O ~ h ~ l l  a measured effects. F-ratio is given with significance level (ns: not significant, 
concentrations almost disappeared at " p < 0.01, "' p < 0.001) 
25°C. 

coarseness of the sediment favoured I Temperature 122.233 2 1.130 18 108.20 "' 1 

After 20 d,  the monospecific cultures 
showed significantly different biomass 
values with respect to temperature 
and sediment type (2-factor ANOVA, 
Table 2).  The cyanobacteria were gen- 
erally favoured by higher tempera- 
tures (Fig. 2), especially distinct for 
Oscilla toria lirnosa and Microcoleus 
chthonoplastes (significant Tukey HSD- 
test for all 3 species, p < 0.05). The 

species Variablc MS effect df h/lS error df F-ratio 

Merismo~edia Sediment 0.0004 2 0.115 18 0.004 ns 
punctata Temperature 3.617 2 0.115 18 31.553 "' 

Interaction 0.330 4 0.115 18 2.880 ns 
Oscillatona Sedment 0.384 2 0.206 18 1.868 ns 
limosa Temperature 10.659 2 0.206 18 51.837 "' 

Interaction 1.119 4 0.206 18 5.441 " 
MicrOcO1eus Sediment 9.580 2 0.068 18 140.45 "' 

chthonoplastes Temperature 26.328 2 0.068 18 386.04 "' 
Interaction 4.961 4 0.068 18 72.749"' 

, ~ i ~ ~ ~ ~ h i ~  sp. Sediment 244.529 2 1.130 18 216.46 "' 

M. chthonoplastes at every tempera- 
ture, but had no significant effect on 
M. punctata and 0. limosa, although 

~nte rx t ion  49.570 4 1.130 18 43.881 "' 
Phaeodactylum Sediment 70.870 2 2.001 18 35.442 "' 

tncornutum Temperature 28.419 2 2.001 18 14.203 "' 
Interaction 15.954 4 2.001 18 7.973 "' 

for the latter the low temperature cul- 
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0 1 I 
Sand Mud1 Mud2 
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of species development was similar between the unial- 
gal cultures of both diatom species and their perfor- 
mance in the competition expenrnents at thls and the 
other temperatures. 

At 15"C, the cultures were shll dominated by 
Nitzscha sp. The growth rate was highest on Mud 11, 

M~crocoleus chthonoplastes 

Sand Mud1 Mud2 

sediment 

Phaeodactylum trlcornutum 

l 8  8 

01 I 
Sand Mud1 Mud2 

sedlment 

Fig 2 Chlorophyll a concentration in monospecif~c cultures of 
5 species, measured at Day 20 of the experiments. Concentra- 

tions are given as mean t SE 

and lowest on Sand (Fig. 3). Concerning the cyano- 
bacteria, only Oscillatona lunosa was never observed 
following Day 5, although it was inoculated. Micro- 
coleus chthonoplastes slightly increased on the sandy 
substrate at the end of the experimental time, however, 
at a much lower density than Nitzschia sp. (Fig. 5). 
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MS effect df MS error df F-rat10 

Sediment 7.68 E13 18 10.25" 
Temperature 2 07 E15 2 7.68 E13 18 26.92"' 
Sed X temp interaction 9.86 E14 4 7.68 E13 18 12.84'" 

Table 3.  Results of the competition expenn~ents  as analyzed with 2-factor There was a positive correlation between 
ANOVA on total chl a concentration on Day 20 as dependent on the factors the low chlorophyll a content in the competi- 

sediment type and temperature. For details see Table 2 tion experinlent and the low content in the 
experiments with mono-specific cyanobacte- 
rial cultures. As a result of increased temper- 
ature, indications of substrate-specific growth 
disappeared (Figs. 4 to 6).  This had already 
been observed for the mono-cyanobacterial 
cultures of Microcoleus chthonoplastes at the 
same temperature. 

At 25"C, chlorophyll a contents were relatively low 
(Fig. 3) compared to the measurements at  lower tem- 
peratures. The culture was dominated by the fila- 
mentous cyanobacterium Microcoleus chthonoplastes 
(Fig. 6).  The diatom species Phaeodactylurn tricornu- 
turn was not observed. Nitzscha sp. was still observed 
after 20 d on the mud fractions (Fig. 6) but disappeared 
after 30 d. 

- . Competition experiment 110°C 

Competition experiment I 15°C 

T T 

t 
Competit~on experiment 125°C 

0 5 10 15 20 25 30 

Incubation time [days] 

& Sand - - & - . M u d 1  Mudo  

Fig 3.  Total chlorophyll a concentration (mean t SD) of the 
competition expenrnent at 10, 15 and 25°C for different sedi- 

ment types 

DISCUSSION AND CONCLUSIONS 

One major aim of the present study was to test the hy- 
pothesis that benthic diatoms prefer muddier sedments  
(Colijn & van Buurt 1975, Admiraal 1977), and cyano- 
bacteria prefer coarser sedunents for colonization (Krum- 
bein et al. 1994). The results confirm that grain sizes play 

Corn~etition eweriment 11 O0C/sand 

5 10 15 20 25 30 

lncubat~on tlme [days] 

M puncram D P. rricornururn 

0 I chrhonopla.rres Nirsschia sp. 

m 0 1i,,a 

Flg. 4 .  Proportion of species in terms of biovolume in compe- 
tltion experiments at  10°C for different s edmen t  types 
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an important role for the distribution and abundance of 
rnicrobenthic primary producers. Besides grain size tem- 
perature is also an important factor. Apparently, this is 
particularly important for species of the epipelon and 
was a very important factor determining the distnbution 
of benthic cyanobacteria and &atoms. The importance of 
these abiotic conditions for sediment-inhabiting species 
becomes evident from the significant interaction term of 
ANOVA (Table 2) The growth-enhancing effect of low 
temperature for Nitzschia sp. becomes less obvious if the 
sediment type is unfavourable. On the other hand, 
favourable temperature conditions and favourable 
sediment types show synergistic effects on the growth of 
Microcoleus chthonoplastes. It became obvious that the 
chlorophyll a concentration of the sediment in the mono- 
specific cyanobacteria cultures (Fig. 2) was less than in 
comparable diatom cultures. In the competition experi- 
ments as well, lower total chlorophyll a was measured 

Comoetition emeriment 11 5"CI sand 

Fig 

where cyanobacteria were dominant (Fig. 3).  
Since the 3 cyanobacteria species did not grow well 

at 10°C, even in monospecific cultures, the results of 
the experiments with all 5 species together may not 
indicate competition (negative influence). Further- 
more the higher chlorophyll a content of the Nitzschia 
monocultures compared to the competition experiment 
at 10°C indicated the influence of factors other than 
competition. However, results of the experiments at 15 
and 25°C do indicate competition between cyanobac- 
teria and diatoms, because all species were able to 
grow on the 3 kinds of sediment at 15 and 25°C in the 
monospecific cultures (Fig. l a  to e).  This was also con- 
firmed by the observation that in the monospecific 
cultures both cyanobacteria and diatoms build visually 
detectable biofims. A biofilm is defined as being com- 
posed of cells and extracellular polymeric substances 
[EPS] immobilised at a substratum and additionally 

Com~etition emeriment 125"CIsand 

Com~etition emeriment I25"CI mud I 

Competition eperiment/l5"C/mud II 

5 10 l5  20 25 30 

Incubation lime [days] 

M. puncraro ( P. rmcomurum 

0 ,W. chrhonoplosrcs Nirischio sp. 

m O. llrnnrci 

. 5. Proportion of species in terms of b~ovolume In compe- 
tition experiments at 15°C for different sediment types 

Comoetition emeriment 125"CI mud II 

.2-,.-,-.r . I  .-- 
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M. puneroro ( P. meornurum 

m M. dtlhonopla~res Nilzschto sp. 

m 0. timam 

Fig. 6. Proportion of species in terms of biovolume in compe- 
tition experiments at 25°C for different sediment types 
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(Characklis & Marshal1 1990). In the competition 
experiment, however, Nitzschia sp. was more success- 
ful at 15°C (80 to 90% of total biovolume), whereas 
Microcoleus chthonoplastes dominated the biofilm at 
25°C (97 to 98 % of total biovolume). 

The results of the con~petition experiments corre- 
sponded to the patterns seen in the monospecific cul- 
tures, with cyanobacteria favoured by high tempera- 
ture and coarser sediment and diatoms dominating at 
low temperatures and on mud. The preference of epi- 
pelic diatoms for smaller grain size may be due to their 
mobile lifestyle. With larger grain size, the increased 
interstitial space of the sediment may be too large to 
support raphe-based gliding. Both cyanobacteria and 
diatoms have high migration rates. Round (1971) 
reported migration rates for 'slow' diatom species of 
1.0 to 5.2 pm S-' and for 'fast' ones of 120 to 140 pm S-'. 

Studying migration rates of the cyanobacterium M. 
chthonoplastes, Whale & Walsby (1984) measured a 
net migration rate of 0.08 pm S-', and Carius (1990) 
one of 0.04 pm S-'. The flaky texture of muddy sedi- 
ments may play a decisive role for the motility of pho- 
totrophic micro-organisms. Paterson (1994) empha- 
sized that epipelic diatoms usually are motile, whlle 
epipsammic diatoms live attached to the substratum. 
Filamentous cyanobacteria such as those used in this 
paper may be hindered by the texture and the small 
grain sizes of mud in both attachment and migration 
to the sediment surface. Cyanobacteria are photo- 
(Hader 1987) and chemotactic organisms (Richardson & 

Castenholz 1987). Geotactic responses are not known 
for cyanobacteria (Whale & Walsby 1984). Diatoms 
show photo-, chemo- and geotaxis (Admiraal 1984). 

Another factor correlated with grain sizes is light 
penetration into sediments. Depending on the grain 
size and organic content, light irradiance in sandy 
sediments decreases to 1 percent at a depth of 2 to 
3 mm (Rasmussen et  al. 1983). On the other hand, in 
fine estuarine mud the same light absorption can 
be observed In a considerably thinner surface layer 
of 0.14 mm (Admiraal 1984). Thus, light irradiance 
rapidly disappears with depth in mud. Since light is the 
major limiting factor for primary production, benthic 
photosynthesis in muddy sediments is limited to a very 
thin photic zone ( c 2  mm; Pinckney 1994). Hence, due 
to their high migration rates, geotaxis and high cell 
division rates, the diatom species studied in this paper 
have an advantage for occupying the muddy sediment 
habitats, particularly at lower temperatures. 

Our experiments clearly showed the influence of 
grain size and temperature on microbenthic species 
composition. However, it should be kept in mind that 
the outcome of competition between these species 
might be influenced by other factors as well. Grain 
size is correlated to nutrient content of the pore water 

In situ, whereas in our experiments all sediments were 
washed and nutrients were supplied only with liquid 
media. Washing and autoclaving the sediment also 
altered other sediment properties (e.g. physicochemi- 
cal gradients) which may be important in the field. 
Furthermore, natural sediments are influenced by 
water movement, w h ~ c h  was excluded in our experi- 
ments. Finally, competitive dominance in the natural 
habitat is also determined by biotic interactions, e .g .  
herbivory. 

The role of temperature was also evidenced by the 
results of the competition studies. At 1O0C, the results 
were unequivocal. Growth rates of the cyanobacteria 
were low and those of diatoms high. Only after 10 d 
was Microcoleus chthonoplastes detected in the sand 
cultures while the diatoms dominated all 3 kinds of 
sediments. These results correspond to observations in 
the field (Watermann unpubl.), and may contribute to 
explaining the high biomass of diatoms observed in 
spring and autumn (Underwood & Paterson 1993). For 
diatoms it seems possible that they utilize high temper- 
atures for active photosynthesis, but require a lower 
temperature (at night) to complete cell division at high 
rates (Admiraal 1977). This condition was not given in 
the experiment at 25OC in which the temperature was 
constantly high. 

Microcoleus chthonoplastes dominated all 3 kinds of 
sediments used in the 25°C experiments, indicating 
increased growth rates. Con~petitive dominance of 
cyanobactena at higher temperatures has previously 
been found in phytoplankton (Tilman et al. 1986) and 
microphytobenthic studies (Sundback & Snoeijs 1991). 
The dominance of M. chthonoplastes was independent 
of the substrate type at highest temperatures. In the 
competition experiments the temperature effects over- 
rode the effects of the sediment type, although there 
was a significant interaction between both factors In 
monospecific cultures (Table 2). The in vitro results 
corresponded with field observations presented by 
Colijn & van Buurt (1975), who observed a bloom of 
cyanobacteria on mud in summer. Normally every 12 h 
the intertidal sediments of the Wadden Sea become 
flooded and cooled by the tides. Especially M. chtho- 
noplastes is prone to survive at  high temperatures and 
salinity in extreme summer conditions. 

Several cultures growing at high temperatures 
showed a decrease of total biomass at  the end of the 
experiments. Since our cultures were not axenic, it can 
be assumed that under high temperatures nutrient 
limitation was achieved more quickly and induced 
bacterial degradation of biomass. 

Microcoleus chthonoplastes may replace the diatoms 
at high temperatures by sealing of the sediment sur- 
face. The filamentous cyanobacteria M. chthonopla- 
stes and Osclllatoria limosa are true microbial mat 
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builders. Microbial mats are defined as fibrous coat- 
ings of sediments and rocky surfaces, which by their 
morphology, physiology, and arrangement in space 
and time interact with the physical and chemical envi- 
ronment to produce a laminated pattern (Krum- 
bein 1983). The characteristic patterns of laminated 
biomass intertwined with siliciclastic grains is a typical 
phenomenon of sandy deposits, which however is usu- 
ally lacking on mud. Here, the filamentous cyanobac- 
teria only build surficial biofilms (Paterson 1994). 

Due to their EPS production and motility, the diatoms 
also produce a biofilm that coats the mud. Such a 
biofilm is relatively resistant to disturbances (Madsen 
et al. 1993), and stabilizes the substrate (Paterson 1989, 
Krumbein et al. 1994). Compared to the grain size of 
sand, the size of diatoms is relatively small so that 
diatoms usually form biofilms around single grains. 
This stabilizes sedimentary surfaces less effectively 
against erosion than the filamentous network of cyano- 
bacteria. In the competition experiments at 15"C, 
Microcoleus chthonoplastes appears on sand towards 
the end of the experiment. This is not surprising since 
the mono-specific cyanobacterial cultures of M, chtho- 
noplastes at 15°C also show higher growth rates on 
sand. This suggests that M. chthonoplastes has an 
advantage on sand, probably due to its production of 
EPS in the form of homomers. In contrast, the diatoms 
produce a heteropolymer (Underwood & Paterson 
1993). The mats dominated by cells and EPS of M. 
chthonoplastes effectively stgbilize the sand. 

In conclusion, these experiments strengthen the im- 
portance of abiotic conditions for sediment-inhabiting 
phototrophic micro-organisms. On the other hand, 
nutrients have not been tested in these expenments. In 
other expenments with epilithic microflora (Hillebrand 
& Sommer 1997) or with nutrient enrichment of sedi- 
ments and the water column (Sundback & Snoeijs 
1991) it was shown that nutrient supply can control the 
biomass and species composition of benthic auto- 
trophs. The dependence of the growth of phototrophic 
micro-organisms on grain size, temperature and nutri- 
ent content has to be tested independently, in order to 
be sure that results of nutrient experiments are not 
caused by the abiotic conditions used. 
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