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Chapterr 5 

Dominancee of diatoms over cyanobacterial 
speciess in nitrogen-limited biofilms 
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Abstract t 

Publishedd observations, mainly on phytoplankton, suggest that (N2-fixing) 
cyanobacteriaa can outgrow diatoms under nitrate limitation. This study focused on 
thee competition for limiting nitrogen between 3 diatom species and 2 cyanobacteria 
speciess in biofilms. The potential of the diatom species Nitzschia perminuta (Grunow) 
MM Pergallo, Navicula trivialis Lange-Bertalot and Achnanthes lanceolata (Brébisson) 
Grunoww and the cyanobacterial species Leptolyngbya foveolarum (Rabenhorst ex 
Gomont)) Anagnostidis et Komarek and Cylindrospermum stagnate (Kützing) Rippka et 
ahah to grow in monocultures and in mixed cultures of a) the three diatoms and b) all 
fivee species was tested at nominal nitrate concentrations of 50 and 500 uM. 

Algall  growth in biofilms was measured using a PHYTO-PAM, which meas-
uredd fluorescence of biofilm suspensions, allowing simultaneous observations of 
diatomss and cyanobacteria in mixed cultures. 

Growthh of all diatom species and the cyanobacterium L. foveolarum was similar 
inn monoculture, reaching a maximum of 180 ug chl a l1 at 50 uM nitrogen and 950 
ugg chl a 1' at 500 uM nitrogen. Only the heterocyst forming cyanobacterium C. 
stagnatestagnate reached significantly higher densities, with about 800 ug chl a l1 at 50 uM 
nitrogenn and 1500 ug chl a l1 at 500 uM nitrogen. However, in the mixed cultures, 
N.N. perminuta outgrew all other algae under the low nitrogen treatment while L. 
foveolarumfoveolarum dominated at the higher nitrogen concentration. It is concluded that inter-
actionn between species may impair the capacity of individual species to exploit 
nitrogen. . 
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Introduction n 

Thee dominance of the main taxa of phototrophic algae in surface waters has 
beenn associated with several environmental factors. Huszar and Caraco (1998) 
summarizedd the literature on environmental conditions that might lead to the 
dominancee of major taxonomie groups in phytoplankton. Variables expected to be 
relatedd to biomass of taxonomie groups included temperature, light, pH, C02, 
nutrientss and nutrient ratios. 

Numerouss authors have found that nitrogen could be an important factor 
explainingg dominance of taxonomie groups. Cyanobacteria, mainly N2-fixing 
species,, are likely to dominate phytoplankton communities at low N availability or 
loww N:P ratios, while diatoms might dominate at higher N availability (Hu and 
Zhangg 1993, Smith 1983, Sterner 1989, Tilman etal 1986, Schindler 1977, Havens et 
alal 2003). 

Benthicc communities are also dominated by particular algal groups, yet 
revealingg the factors that determine this dominance in benthic communities has so 
farr almost exclusively been done in correlative studies (Stevenson et al. 1996 and 
referencess therein). For example, Sekar et al (2002) found a strong correlation of low 
N:PP ratios with the presence of heterocyst forming benthic cyanobacteria on artificial 
substratess in streams. 

However,, very few studies provide experimental evidence for the underlying 
mechanismss of dominance. In agreement with the competitive performance of taxo-
nomiee groups in phytoplankton, Sommer (1996) observed in a laboratory experi-
mentt with natural communities from a marine environment, that benthic diatoms 
becamee increasingly dominant under high N:P ratios and benthic cyanobacteria 
dominatedd at low N:P ratios. However, Watermann et al. (1999) found in an 
experimentall  study with mixed batch cultures that low temperature and fine sedi-
mentss favored diatoms and Van der Grinten et al (Chapter 3 and 4) found in a study 
withh defined mixed cultures that high temperatures and high phosphate regimes 
enabledd cyanobacteria to dominate. 

Despitee the observations on natural microphytobenthos and the experimental 
studiess above, it is not clear how N-limitation acts as a steering factor structuring 
microphytobenthicc species composition. Yet, species-specific differences in N-
requirementt or uptake efficiency are likely to play a key role. Although in theory 
changess in the ratio of substitutable resources (nitrate - ammonium) could be impor-
tantt (Tilman 1982), Sommer (1996) found that the nitrogen source did not have an 
importantt impact on the outcome of nitrogen competition. From the existing studies 
withh phytoplankton and benthic communities we hypothesize that N2-fixing cyano-
bacteriaa would dominate over diatoms in benthic communities at limiting nitrate 
concentration.. To test this assumption we compared the individual growth of three 
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diatomm species and two cyanobacterial taxa in monoculture with their growth in 
definedd mixed cultures at different nominal nitrate concentrations. 

Methods s 

AlgalAlgal cultures 

Thee five algal species used for the experiments were isolated as single cells or 
filamentss from the sandy sediments of three eutrophic floodplain lakes of the river 
Waall  in The Netherlands (51°N 5°E) using a dissecting microscope. Three benthic 
diatomss (Achnanthes lanceolata (Brébisson) Grunow, Navicula trivialis Lange-Bertalot 
andd Nitzschia perminuta (Grunow) M Pergallo) and one heterocyst forming 
(Cylindrospermwn(Cylindrospermwn stagnate (Kützing) Rippka et al.) along with one non-heterocyst 
formingg cyanobacterium {Leptolyngbya foveolarum (Rabenhorst ex Gomont) 
Anagnostidiss et Komarek) were selected for use in the competition experiments. A 
pilotpilot experiment showed vigorous growth of the cyanobacteria cultured in a nitrate-
deprivedd culture medium for three weeks, confirming the nitrogen fixing capacity of 
bothh cyanobacteria. However, there was a delay of 7 -10 days in development of the 
cyanobacteriumm cultures compared to a control culture with nitrate. 

Non-axenicc unialgal precultures were kept in sterile modified WC medium 
(Guillardd and Lorenzen 1972) using glass beads (0 490 - 700 urn) as substrate, 
generatingg a two-fold enlargement of the growth surface. Biofilms were allowed to 
groww without physical disturbance on this surface, from which algae were easily 
removedd for sampling by shaking on a rotating shaking device (350 r.p.m.), dis-
lodgingg the biofilm from the substrate and homogenizing the culture. Microscopic 
observationn of the beads after shaking confirmed the release of the majority of cells. 
Thee light:dark regime was 16:8 hours at a light intensity of 50  3 umol photons m'2 

s'11 at 20 °C (corresponding to spring and summer temperatures in the lakes) and the 
algaee were kept in optimal growth by regular dilutions. 

ExperimentalExperimental setup 

Thee microalgae were grown for 17 days in media containing 2 different initial 
nitratee concentrations in a) monocultures b) a mixture of all 5 species and c) a 
mixturee of the three diatoms. The high nominal start concentration of 500 uM 
nitratee (50% of original medium), amounted to probable maximum concentrations 
thatt occur after flooding in the floodplain lakes (the highest nitrate concentration 
measuredd in the field was roughly 300 pM). The N:P ratio of the medium in this 
treatmentt was 10:1, which is comparable to after-flood ratios in the field. The low 
nitratee regime, with a nominal start concentration of 50 uM nitrate (5% of original 
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medium),, was chosen to reflect conditions as found in the floodplain lakes during 
isolationn and was expected to be highly limiting. All other nutrients were the same 
inn the two different media (phosphate 50 uM, silicate 100 uM). 

Thee initial cell density (7 x 105 um3 ml'1) in the homogenized monocultures 
wass measured as total cell volume with the Coulter Multisizer II particle and cell 
sizee analyzer (Coulter Electronics, Mijdrecht, The Netherlands), to determine the 
densityy of the inoculum at the start of the experiments. Samples of the precultures 
weree taken to determine the chlorophyll a concentration. The mixed cultures 
containedd one-third of the inoculum of each of the algae in the monocultures, so that 
thee total initial algal biovolume in the diatom-only mixture was the same as the 
initiall  biovolume in the monocultures, while in the mixture of all species total initial 
biovolumee amounted to 1% times the initial biovolume in monocultures. For each 
species,, the starting inocula were taken from the same stock culture for all the 
experiments.. The precultures were adapted to the standard culturing conditions 
describedd above, at a saturating nitrate concentration (1000 uM) for two weeks. 

Thee experiment started with 12 replicate Erlenmeyer flasks per culture and 
treatment.. The inocula of each species were transferred to sterile 300 ml Erlenmeyer 
flasksflasks containing 100 ml fresh and sterile modified WC medium at pH 7.0 with the 
appropriatee nitrate concentration and 20 g of glass beads, and were closed with 
cellulosee plugs. The flasks were placed in a temperature controlled room (20 °C) at 
thee same light:dark regime as the precultures. The position of replicate flasks was 
randomlyy changed every other day, to eliminate any location effect due to minor 
changeschanges in external conditions. 
AA partial medium replacement of 30% took place 4 times during the 17 day-
experimentt (day 4, 7,10 and 14) as described in Chapter 4. 

NutrientNutrient  measurements 

Nitratee and phosphate concentration in the medium before and after renewal 
wass analyzed using capillary zone electrophoresis (CZE) with a Waters Quantum 
4000CEE Capillary Ion Analyzer (CIA) with Waters Millenniumi6 software (v.2.15) 
(Waterss Corp., Millford , Mass., USA). This method measured several nutrient 
concentrationss simultaneously and used only small aliquots of sample. The electro-
lytee buffer solution used was 5.0 mM sodium chromate (Na2Cr04) with 2.0 mM 
Tetrade(^ltrimethyl-amnioniumm bromide (TTAB) as an Osmotic Flow Modifier 
(OFM).. The buffer was adjusted to pH 11, following Alonso and Prego (2000). 

Sampling Sampling 

Att each sampling date (day 7, 10, 14 and 17) three replicate flasks were 
removedd for sampling. In each sampled flask, pH was measured with a glass 
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electrodee on the colonized bead surface and never rose above 8.47 in any of the 
experimentss (average  SD for all treatments: 7.37  0.23). The sampled flasks were 
subsequentlyy shaken for 20 minutes to obtain a homogeneous suspension of the 
culture.. Subsamples of the homogenized cultures were filtered (GF/C, 1.2 urn, 
Whatmann International Ltd, England) and chlorophyll was extracted from the filter 
overnightt with 90% acetone and measured with a Shimadzu UV-1601 spectro-
photometerr (Benelux, Den Bosch, The Netherlands) at 665 nm. Pheophytin 
correctedd chlorophyll a concentrations were calculated according to Lorenzen (1967) 
andd were expressed as ug l1; these values were used to calibrate the fluorescence 
measurements. . 

PulsePulse fluorimetry measurements 

Thee algal concentration was determined from the homogenous suspensions by 
fluorescencefluorescence measurements using a multiwavelength (650, 590, 525, 470 nm) 
PHYTO-PAMM fluorimeter (Walz, Effeltrich, Germany). The parameter fluorescence 
yieldd of dark adapted cells (F0) was described by Schreiber et al. (2002). For the 
mixtures,, the PHYTO-PAM distinguished between the two taxonomie groups of 
diatomss and cyanobacteria, but not between different diatom species or different 
cyanobacteriall  species. The calibration and deconvolution followed Van der Grinten 
tffl/.(2004). tffl/.(2004). 

Calibrationn was done separately for the 50 and 500 uM N treatments, because 
thee diatoms showed a marked difference in calibration slopes in these treatments 
(deconvolutedd F0: chl a ratio for the diatoms: 50 uM treatment: 18.4 (R2 = 0.66, n = 
36)) and 500 \iM treatment: 6.3 (R2 = 0.80, n = 36) cyanobacteria: 50 uM treatment: 
2.88 (R2 = 0.99, n = 23) and 500 ^M treatment: 2.3 (R2 = 0.73, n = 24)). For the 
mixturess the best fitting reference spectra were afterwards inserted using the 
PHYTO-PAMM software vl.07, to deconvolute the raw F0 signal from each wave-
lengthh to a mean F0 with the least possible error. Minimum fluorescence (F0) of dark-
adaptedd cells in 3 ml subsamples of the homogenized culture was measured in an 
acrylicc cuvette, with the probe at 10 mm distance from the bottom of the cuvette. 

AlgalAlgal counting 

Subsampless from all cultures were preserved with Lugol's iodine and the 
speciess composition in the mixtures was determined microscopically by counting at 
leastt 1000 cells or filaments in each sample at 400 x magnification using a Phycotech 
nannoplanktonn counting chamber. Cyanobacterial cells, being the smallest and 
formingg filaments, were counted by assessing the number of filaments of a known 
length.. After counting, biovolume assessment was conducted following the geo-
metricall  equations proposed by Hillebrand etal. (1999). 
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Statistics Statistics 

Differencess between treatments were tested for significance (p < 0.05) with two 
factorr analyses of variance with biomass concentration as the dependent factor and 
treatmentt and time as the independent fixed factors (GLM univariate procedure) 
usingg SPSS v. 11 software. 

Results s 

NutrientNutrient analyses 

Nitratee concentrations showed a saw tooth pattern in time for all treatments, 
withh the concentration decreasing after pulses caused by partial renewal of the 
medium.. In the monocultures, the nitrate concentrations in the nominal 500 uM 
nitratee regime decreased from 526 uM at the start of the experiments to 313  56 uM 
att day 17 for the diatoms and to 0 uM at day 14 for the cyanobacteria. In the 50 uM 
nitratee treatments, nitrate decreased from 44.4 uM at the start to 0 uM before 
renewall  on day 7 for all cultures, with very low concentrations during the rest of the 
experiment.. The dissolved nitrate concentration in the five species mixed culture 
followedd the trend of the cyanobacteria in monoculture: in the nominal 500 uM 
nitratee treatments nitrate decreased to 0 uM at day 14; in the mixed diatom culture it 
decreasedd to 309 uM at day 17, similar to the monocultures of the diatoms (Figure 
5.1). . 

Figuree 5.1 

Actuall nitrate concentration (uM) in 
thee water phase for the nominal 500 
uMM (solid lines) and 50 uM (dashed 
lines)) nitrate regimes for the all 
speciess mixtures (squares) and the 
diatomm only mixtures (diamonds). 

 All species mixture 50 uM 
—— All species mixture 500 uM 

-- -X- -  Diatom only mixture 50 uM 
—X-—— Diatom only mixture 500 uM 

Mixtures s 

15 5 
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Phosphatee concentration showed a similar saw tooth pattern, but at a higher level, 
andd was always above 15 uM (P04 concentration in the all species mixture at day 
17).. Phosphate was therefore assumed to be present in excess for phototrophic 
growthh in all cultures. 

PulsePulse fluorimetry measurements 

Thee calibration of the fluorescence signal F0 with chlorophyll values measured spec-
trophotometricallyy revealed a marked difference between the diatoms and the 
cyanobacteria.. In the former, it was dependent on the nitrate regime. As microscopic 
observationss confirmed, this nutrient dependence of the parameter for density did 
nott hamper the interpretation of the results from the mixtures, in which calibration 
wass done separately for each nitrate regime. If so, it more probably underestimated 
thee diatom dominance at the 50 uM nitrate regime. 

Monocultures Monocultures 

Al ll  species showed stronger growth at 500 uM than at 50 uM nitrate regime (Figure 
5.2),, confirming that the chosen nitrate regimes imposed different growth condi-
tions.. Cylindrospermum stagnate showed a much higher rate of chl a increase com-
paredd to the other four species at 50 uM nitrate treatments (Figure 5.2a); microscopic 
observationss confirmed the similar abundance of heterocysts in the filaments of this 
speciess in both treatments. 

500 uM 5000 uM 
8UUU -

6000 -

4000 . 

200--

00  \ 

( ( 

• — Nt t 

XX Al 

.--AA Cs 

 Lf 

)) 5 10 
Timee (days) 

* * 

x x 

15 5 55 10 
Timee (days) 

15 5 

Figuree 5.2 

Growthh of monocultures recorded as chlorophyll a increase, 
measuredd with PHYTO-PAM. Panel a; 50 uM nitrate treat-
ment,, panel b: 500 uM nitrate treatment. Dashed lines: 
cyanobacteria.. Solid lines: diatoms. Note the difference in 
scale.. Error bars: standard deviation (n = 3). 

Ntt = Navicula trivialis, 
Npp = Nitzschia perminuta, 
All = Achnanthes lanceolata, 
Css  Cylindrospermum stagnate, 
Lff = Leptolyn$bya foveolarum. 
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Mixtures Mixtures 

Cyanobacteriaa in the all-species mixture and diatoms in the diatom only 
mixturee showed stronger growth at 500 uM than at 50 uM nitrate regime (Figure 
5.3),, similar to observations in the monocultures. In the biofilms with all species a 
visuallyy clear difference in color between the 500 uM and 50 uM nitrate treatments 
developedd with a more blue green color at 500 uM nitrate and brown color at 50 u.M 
nitrate.. The ratio of biomass of cyanobacteria to diatoms in the 500 uM nitrate 
treatmentt was 2:1 while in the 50 uM nitrate treatment it was 1:2 (Figure 5.3). At 50 
u.MM nitrate in the all species mixture, growth of diatoms was similar to their growth 
inn the diatom only mixture, however in the higher nitrate regime, total diatom 
biomasss was lower in the all species mixture than in the diatom only mixture. 

Thee representation of the species as percentage of biovolume in both mixtures 
iss presented here on day 0 and day 10 (Figure 5.4); after day 10 only very small 
changess in species distribution were observed. The unequal distribution of bio-
volumee between species at day 0 in both mixtures is due to a discrepancy between 
biovolumee measurements (a Coulter Counter was used to calculate inocula concen-
trationss and afterwards biovolumes were determined microscopically). 

Thee diatoms in both mixtures at both nitrate regimes were dominated by N. 
perminutaperminuta (> 89%) on day 10, while the rest of the diatoms were always represented 
att very low percentages (Figure 5.4). The cyanobacteria at the 500 uM nitrate treat-
mentt were dominated by L. foveolarum (> 90%, Figure 5.4), while at the 50 uM 
nitratee treatment both cyanobacterial taxa were more evenly represented (Figure 
5.4).. These different nitrate consumption patterns for the two algal groups were 
similarr to the phosphate consumption patterns observed earlier for the two algal 
groupss (Chapter 4). 

Figuree 5.3 

50|jM M 

55 10 
Timee (days) 

5000 uM 

55 10 
Timee (days) 

Growthh of the diatoms in both types of mixed cultures (solid lines) and 
off the cyanobacteria in the all-species mixture (dashed lines) recorded 
ass chlorophyll a increase measured with PHYTO-PAM. Panel a: 50 uM 
nitratee treatment, panel b: 500 uM nitrate treatment. Note the dif-
ferencee in scale. Error bars: standard deviation (n = 3). 

Cyanobacteriaa (all species) 

-Diatomss (allspecies) 

-- Diatoms (diatom-only) 
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DAYY o 
Diatom-onlyy mixture AH species mixture 
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Diatom-onlyy mixture 
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Alll species mixture 

Diatomss Cyanobacteria 

500 uM 

5000 uM 

500 uM 

5000 uM 

Figuree 5.4 

Representationn of species in the mixed cultures on day 0 (a, b) and day 10 (c-h) in percentage of biovolume 
determinedd microscopically (n > 500). Panels a and b: distribution of biovolume at the start of the 
experimentss in the diatom only mixture (a) and the all species mixture (b). Panels c and f: species 
distributionn in the mixtures of three diatoms, panels d and g: distribution of diatoms in the mixture with six 
species,, and panels e and h: distribution of cyanobacteria in the mixture with six species. Note that panels 
dd and e, and g and h come from the same culture. Abbreviations of species names as in Figure 5.2. 
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Discussion n 

PulsePulse fluorimetry 

Thee observed difference between the F0: chlorophyll a ratio of the two taxo-
nomiee groups (diatoms and cyanobacteria) has been observed and explained before 
(Campbelll  et al 1998). However, the difference of this ratio between nitrogen starved 
andd nitrogen replete diatoms has not been observed before and, moreover, this 
nutrientt dependence of the F0 : chlorophyll a ratio has not been reported for 
phosphoruss (Chapter 4). 

Bergess et al. (1996) suggested that the major effects of nitrogen limitation in 
threee algal species occur in PSII due to a limitation of the synthesis of the PSII 
reactionn centre protein Dl . They observed that there was a clear contrast in fluores-
cencee between a diatom species, which was severely affected because of its relatively 
abundantt PSII centres, and the PSI-dominated cyanobacterium, which appeared to 
bee much less affected by nitrogen starvation. A possible explanation for the nitrogen 
effectt on fluorescence of the diatoms could be that there is a shift in the ratio of pig-
mentss in the algae, due to a decline in chl a and an increase in other pigments. 
Becausee of such a shift, the relative contribution of pigments other than chl a to the 
deconvolutedd F0 signal increases, and the ratio between F0 and chl a also increases. 

Alternatively,, a change in the antennae size of PSII could be an explanation 
forr the differences. These physiological changes may be important for the different 
capacitiess of diatoms and cyanobacteria to cope with nitrogen depletion, but are not 
affectingg the fluorimetrical registration of biomass. 

DominanceDominance of species 

Publishedd observations on phytoplankton and benthic communities pointing to 
cyanobacteriall  dominance in low N (or at low N : P) habitats were not confirmed in 
thee present study. Contrary, the diatom N, perminuta dominated at low nitrate 
regimee and the (N2-fixing) cyanobacteria dominated at the higher nitrate concentra-
tion. . 

Thiss observation was found to contradict the high growth potential of one of 
thee cyanobacterial species (Cylindrospermum stagnate) in nitrate-depleted mono-
culture,, and the capacity of both cyanobacterial species to grow in medium without 
nitrogenn observed in pilot experiments. Results would not have been affected if even 
higherr N concentrations than 500 uM nitrate were used, as Van der Grinten et al. 
(Chapterr 4) found at a nitrate concentration of 1000 uM that diatoms in similar 
mixturess were dominated by N. perminuta (> 89%) on day 10, while the cyano-
bacteriaa at 1000 uM nitrate treatment were dominated by L. foveolarum (> 90%), 
whichh is similar to the results in our highest nitrate treatment. 
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AA possible explanation for diatom dominance at low nitrate regime was given 
byy Sommer (1996), who pointed out that silicate might play a role as well in the 
dominancee of benthic diatoms over benthic cyanobacteria under nitrate-limiting 
conditions.. He found an increase of diatoms with increasing Si : N ratios as was 
reportedd from experiments with marine phytoplankton (Sommer 1986, 1994). It is 
possiblee that silicate limitation played a role in our experiments in the highest 
diatomm biomass cultures, but this does not explain why in the lowest nitrate treat-
ment,, the diatoms take over in the all-species mixture, despite the observed growth 
potentiall  of C. stagnate in monoculture at low nitrate regime. 

Thee outcome of interaction in mixed cultures was unpredictable from the 
intrinsicc growth potential of species and was in contrast with some clear trends 
foundd in earlier studies. Besides nutrient competition, the success of species has also 
beenn explained by chemical interaction, referred to as allelopathy (Keating 1978, 
Inderjitt and Dakshini 1994). In our experiments interactions between species may 
havee modified the expected outcome of dominance in the mixed cultures, although 
directt proof of the secretion of substances is lacking. 

Thee characteristic traits of C. stagnate should place it in an advantageous posi-
tionn when competing for nitrogen with other species, if this potential is not 
suppressedd by the presence of the other species. C. stagnate is known to produce 
allelopathicc substances against grazers, inhibiting glucosidase enzymes (Juttner and 
Wessell  2003), but in our study its potential was restrained by the presence of 
diatoms,, which might have had a suppressive effect on the growth of C. stagnate in 
thee lowest nitrate treatment. Diatoms can inhibit other species by chemical inter-
actionn (Rijstenbil 1989, Voltolina et at. 1999). Yet, it can not be ruled out either that 
L.L. foveolarum, although not dominant in this lowest nitrate treatment, had a negative 
impactt on C. stagnate, preventing it to use its nitrogen fixing capacity as observed in 
monoculture. . 

Juttnerr and Wu (2000) concluded that chemical protection could be regarded 
ass a widespread phenomenon for successful survival of cyanobacteria. L. foveolarum 
iss suspected to be able to inhibit growth of other phototrophs under nutrient satura-
tionn (Chapter 4), which might explain the dominance of this species in the high 
nitratee treatments. In agreement with these earlier indications of allelopathic activity 
byy L. foveolarum against diatoms, the present study provides further evidence of its 
abilityy to inhibit growth of several other phototrophic species, although the mecha-
nismm behind the inhibition remains unclear. 

Ourr cultures were not axenic, which means that bacteria also could have 
playedd an undetermined role in interactions and in nitrogen metabolism in our 
study.. Our experiment was not intended to rnimic exact field conditions, but to 
studyy how intrinsic growth potential of individual species is expressed when growing 
inn multi-species mixtures. However, the species chosen for this experiment do occur 
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togetherr in the field. Furthermore, algal densities found in our experiments (maxi-
mum:: 1500 ug chl a l l for C. stagnate in the 500 uM nitrate treatment, converted to 
areaa this would be ca. 26 mg chl a m2) are in the lower range of densities found in 
thee field (10 -1200 mg chl a m2, Chapter 2 and 4). 

Interactionss between species were shown to play a role in detennining the out-
comee of competition in biofilm consortia. Undoubtedly, similar interactions may 
occurr in field communities, and the evidence provided here is relevant for a further 
criticall  analysis of the correlations between the dominance of cyanobacteria and low 
nitratee conditions, especially in dense algal mats. 
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