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Chapterr 4 

Phosphatee regime structures species composition in 
culturedd prototrophic biofilms 
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Chapterr 4 

Abstrac t t 

Thee effect of phosphate on species composition in biofilms was studied under 
threee different phosphate regimes (0.5, 5 and 50 uM) in two different multi-species 
communities:: one composed of the four diatom species Melosira varians, Nitzschia 
perminuta,perminuta, Navicula trivialis and Achnanthes lanceolata and one containing these 
diatomm species plus the two cyanobacterial species Leptolyngbya foveolarum and 
CylindrospermumCylindrospermum stagnate. 

Algall  growth in monocultures and mixtures was measured as chlorophyll a 
andd PAM fluorimetry was applied to document density and physiological condition 
off  the two main groups of photosynthetic organisms in mixed cultures. 

Inn phosphate-replete communities, a single species dominated the community 
{N.{N. perminuta in the diatom mixture and L. foveolarum in the all species mixture), 
whilee in the phosphate-deprived communities several species persisted for a longer 
time,, in spite of severe phosphate limitation. 

Wee conclude that high supply of phosphate enables the species L. foveolarum, 
andd to a lesser extent N. perminuta, to overgrow biofilm consortia, hypotheticalfy 
facilitatedd by their filamentous growth form, motility or the excretion of inhibitors. 
Thee longer persistence of several species under a low phosphate regime is explained 
byy a less intense interspecific interaction in low-density biofilms. This clarifies field 
observationss published previously. 
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Phosphate Phosphate 

Introductio n n 

Phosphoruss is an essential nutrient for photosynthetic organisms and can often 
bee the main limiting nutrient in freshwater environments (Home and Goldman, 
1994).. Different microalgal species require different concentration ranges of this 
nutrientt for their optimal growth (Reynolds 1997) and phosphate availability can be 
ann important factor determining phytoplankton species composition and abundance 
(Tilmann et al. 1982). Competition experiments with mixtures of two phytoplankton 
speciess grown under P-limitation confirm the supposed role of resource limitation in 
naturee (Spijkerman and Coesel 1996, Ducobu et al. 1998). For freshwater phyto-
plankton,, it is known that diatoms generally are superior to cyanobacteria as compe-
titorss for phosphate (Peterson Holm and Armstrong 1981, Tilman et al. 1986, Hu 
andd Zhang 1993). 

Inn the case of benthic microalgal assemblages, the role of nutrient competition 
determiningg species abundance is bound to be more complex than in phytoplankton 
becausee of the extreme gradients of nutrients that can develop in biofüms (Stevenson 
andd Glover 1993). Furthermore, the sources of nutrients for biofilm algae are more 
diversee than for phytoplankton because of internal recycling in biofilms via herbi-
voress (Mulholland et al. 1991, Steinman et al. 1995) and bacteria (Battin et al. 1999) 
andd supply from underlying substrates (Pringle 1990). In addition, some biofilm 
algaee have a relatively fixed position in the algal mat, which enhances the chance of 
nutrientss becoming limiting. To overcome this limitation, biofilm algae can display 
differentt growth forms that affect their utilization of different sources of nutrients 
(Steinmann etal. 1992). 

Thesee wide differences between phytoplanktonic and microphytobenthic envi-
ronmentss may preclude extending the interaction patterns observed in phyto-
planktonn to the benthos. However, Sommer (1996), working with marine micro-
phytobenthos,, concluded that the competitive performance of higher taxa, especially 
diatomss versus cyanobacteria, is comparable with that in planktonic communities. 
Severall  studies have focused on the effect of limiting nutrients on taxonomie compo-
sitionn and density of microphytobenthos in field experiments with nutrient enrich-
mentss (e.g. Fairchild et al. 1985, Carrick and Lowe 1988, Hillebrand and Sommer 
1997).. These enrichment studies have pointed to species-specific responses; further-
more,, correlative field studies show that the optimal nutrient conditions of benthic 
diatomss can differ among species (Pan et al. 1996; King et al. 2000). So far, these 
studiess have not differentiated between the responses of benthic species to nutrient 
concentrationn per se and the effects of an overall increase in algal density stimulated 
byy nutrients. This distinction is relevant, as the available experimental evidence sug-
gestss that resource competition (Hillebrand and Sommer 1997) as well as inter-
ferencee competition affect the interactions between benthic algal species (Chapter 3). 
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Chapterr 4 

Too fill  this gap, the present study aimed to determine the importance of phos-
phatee in structuring benthic microalgal communities. The phosphate regime limiting 
thee growth of 6 individual species was compared with the results of competition 
experimentss in multi-species biofilms under the same phosphate regimes. We inves-
tigatedd the persistence of diatom and cyanobacterial species with different growth 
formss in a synthetic community of four diatom species and a community of the same 
diatomss plus two cyanobacterial species. The factors responsible for the success of 
speciess in multi-specific communities are explored. 

Method s s 

AlgalAlgal cultures 

Thee six algal species used for the experiments were isolated as single cells or 
filamentss from the sediments of three eutrophic floodplain lakes of the river Waal in 
Thee Netherlands (51°N 5°E) using a dissecting microscope. The benthic diatoms 
selectedd for the experiments were Achnanthes lanceolata, Melosira varians, Navicula 
trivialistrivialis and Nitzschia perminuta. The cyanobacteria used were Leptolyngbya foveolarum 
andd Cylindrospermum stagnate (Table 4.1). 

Tablee 4.1 

Celll size of the test species in length (L) or diameter (D) <  SD) and biovolume calculated with the 
biovolumee equations proposed for each geometrical shape by Hillebrand et al. (1999). * Biovolume of a 
filamentt of 50 urn length. Coefficient of determination (J?2) in correlations between density measurements 
byy spectrophotometry and by PHYTO-PAM fluorimetry, with n = number of observations. 

Lengthh (L) or n . . k Agreement 
Speciess Growth form Diameter (D) Biovolume between biomass 

( u m jj (unv) measurements: R2 

(n) ) 

SKXJrS?11 Ad"ate L 12-1 <* 2"6> 139 <* 32> 8 6 <33> 
NitzschiaNitzschia perminuta 
(Grunow)) M.Peragallo 1903 Smalll motile L: 12.9 ) 90 ) 0.87(31) 

NaviculaNavicula trivialis , „., , ._ . , ... _. „ , „ „ , „ „ , 
Lange-Bertalott 1980 Large motile L: 40.1 (  23.0) 2319 (  223) 0.97(21) 

MelosiraMelosira varians 
Agardhh 1827 Chain-forming D: 9.1 (  0.9) 1259 (  132) 0.92 (29) 

Leptolyn$byaLeptolyn$bya foveolarum 
(Raberhorstt ex Gomont) Anagnostidis Filamentous D: 1.0 ) 40 (  0)* 0.90(30) 
ett Komarek 1988 

^SSSSST^f'^SSSSST^f' ™*™«»* * ™ * «-«J 341 (  21)* 0.93 (33) 
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Phosphate Phosphate 

Non-axenicc unialgal precultures were kept in 1000 ml Erlenmeyer flasks with 
3000 - 400 ml sterile WC medium (Guillard and Lorenzen 1972) modified as follows: 
thee concentration of 1.0 mg l1 H3B03 was lowered to 0.006 mg 1', and molybdenum 
wass added as sodium salt (same molybdenum concentration as in original WC 
medium).. HEPES (2-[4-(2-Hydroxyethyl)-l-piperazinyl]-ethanesulfonic acid) buffer 
wass used to stabilize pH at 7.0. 

Thee cultures were illuminated from above with fluorescent cool-white tubes 
followingg a light:dark regime of 16:8 hours at 50  3 umol m'2 s'1 PAR (photo-
syntheticallyy active radiation) at 20 °C and the algae were kept in optimal growth by 
regularr dilutions. A layer of 3 mm of glass beads (0 490 - 700 urn) was used as sub-
stratee for biofilm development, generating a two-fold enlargement of the growth 
surface.. The flasks were closed with cellulose plugs to allow C02 exchange with the 
air. . 

ExperimentalExperimental  set-up 

Thee microalgae were grown for 17 days in media containing 3 different initial 
phosphatee concentrations in a) monocultures b) a mixture of all 6 species and c) a 
mixturee of only the four diatoms. The highest phosphate regime used (100%) was 
thatt of the original WC medium, 50 umol l'1, representing a saturating concentration 
(thee highest concentration measured in the source lakes was 14.2 umol l'1). The 
intermediatee phosphate regime, 5 umol l"1 (10% of original medium) was based on 
thee concentration considered as the maximum admissible concentration (MTR) in 
Dutchh freshwater, 4.8 umol l1 (Ministry of Transport, Public Works and Water 
Managementt 1998). The lowest phosphate regime, 0.5 umol l1 (1% of original 
medium)) was expected to be highly limiting. All other nutrients were the same in the 
threee different media (nitrate 1000 umol l"1, silicate 100 umol l1). 

Thee initial biovolume (6.9 * 105 urn3 ml"1) in the monocultures was measured 
ass total cell volume with the Coulter Multisizer II (Coulter Electronics, Mijdrecht, 
Thee Netherlands), to determine the density of the inoculum at the start of the 
experiments.. Samples of the precultures were taken to determine the chlorophyll a 
concentrationn afterwards. The mixed cultures contained one-third of the inoculum of 
eachh of the algae in the monocultures, so that the total initial algal biovolume in the 
mixturee of all species and in the mixture of only the diatoms amounted to twice and 
VAVA times the initial biovolume in monocultures respectively. The starting inocula 
weree taken from the same stock culture for all the experiments per species, but for 
practicall  reasons there was a 3-week period between the monoculture and the 
mixturee experiments. The precultures were adapted to the standard culturing condi-
tionss and the saturating phosphate concentration (50 umol l"1,100%) for two weeks. 

Thee inocula of each species were transferred to sterile 300 ml Erlenmeyer 
flasksflasks containing 100 ml fresh and sterile modified WC medium with the appro-
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Chapterr 4 

priatee phosphate 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 
changess in external conditions. 

AA partial medium replacement of 30% took place four times during the 17 day-
experimentt (day 4, 7, 10 and 14). A 60 ml syringe with a Terumo Neolus 20 G (0.9 
mm)) hollow needle was inserted in the Erlenmeyer flask and 30 ml of medium 
(withoutt algae) was carefully extracted just below the air-water interface. This 'old' 
mediumm was filtered through a GF/C 1.2 um filter (Whatman International Ltd, 
England)) and was used to determine the nutrient concentration before medium re-
newal.. The chlorophyll a content on the filter was analysed to calculate biomass loss 
duringg renewal, which never exceeded 1% of total biomass in the flask. With a clean 
syringee and needle, 30 ml of fresh medium with the respective phosphate concentra-
tionn was gently poured down the sides into the Erlenmeyer flask to avoid disruption 
off  the biofilm. Twenty minutes after adding the new medium and a minimum of 
swirling,, a 2 ml sample was taken from the Erlenmeyer in the same way, to deter-
minee the nutrient concentration after medium renewal. 

NutrientNutrient  measurements 

Phosphatee concentration in the samples was determined spectrophoto-
metricallyy (Murphy and Riley 1962, as modified by Valderrama 1995). Nitrate 
concentrationn in the medium was analyzed using capillary zone electrophoresis 
(CZE)) with a Waters Quantum 4000CE Capillary Ion Analyzer (CIA, Waters 
Corp.,, Millford , Mass., USA) with Waters Millennium^ software (v.2.15). 

Sampling Sampling 

Thee experiment started with 12 replicate flasks per culture and treatment; on 
eachh sampling date (day 7, 10, 14 and 17) three of these replicate flasks were 
removedd for sampling. In each sampled Erlenmeyer flask, pH was measured with a 
Sentixx 41 glass body combination electrode (WTW, Weilheim, Germany) on the 
colonizedd bead surface and never rose above 8.1 in any of the experiments (average 
forr all treatments: 7.3  0.2). 

Maximumm quantum yield of photosystem II (<P0) was measured on intact biofilms in 
triplicatee in the undisturbed flasks, 1 mm above the glass bead surface, after dark 
adaptationn for 30 minutes at 20 °C, using a multiwavelength PHYTO-PAM 
fluorimeterr (Walz, Effeltrich, Germany) equipped with a special fiberoptics-Emitter-
Detector-Unitt PHYTO-EDF. The special EDF-unit features a 50 mm long, 5 mm 0 
quartzz rod, which allowed measurement on surfaces (Schreiber et al 2002) as well as 
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inn homogenized cultures. The PHYTO-PAM fluorimeter can distinguish between 
differentlyy pigmented algal groups (such as diatoms and cyanobacteria) by applying 
fourr different excitation wavelengths (650, 590, 525 and 470 nm). This allows a 
separatee measurement of the fluorescence signal of each algal group in a mixture. 
Fluorescencee signals from the four wavelengths were deconvoluted to the two algal 
groups,, by inserting the best fitting reference spectra from the test species afterwards, 
usingg the PHYTO-PAM software v. 1.07. Fluorescence parameters used (F0, f™,) 
weree as described by Schreiber et al. (2002). 

Culture e 

A.A. lanceolata 

N.N. perminuta 

N.N. trivialis 

M.M. varians 

LL foveolarum 

C.. stagnate 

Diatoms s 
(diatom-onlyy mix) 

%P %P 

1 1 

10 0 

100 0 

1 1 

10 0 

100 0 

1 1 

10 0 

100 0 

1 1 

10 0 

100 0 

1 1 

10 0 

100 0 

1 1 

10 0 

100 0 

1 1 

10 0 

100 0 

Maximumm photosynthetic 
capacityy 0o 

Initial l 

0.58(0.01) ) 

0.63(0.01) ) 

0.58(0.01) ) 

0.511 (0.02) 

0.233 (0.04) 

0.300 (0.04) 

0.611 (0.05) 

Final l 

0.43(0.01)" " 

0.344 (0.05)* 

0.28(0.01)" " 

0.388 (0.03)" 

0.55(0.01)" " 

0.60(0.01) ) 

bdl l 

0.600 (0.04) 

0.600 (0.03) 

0.111 (0.09)* 

0.399 (0.05)* 

0.211 (0.01)" 

bdl l 

0.15(0.02) ) 

0.15(0.03) ) 

bdl l 

0.244 (0.04) 

0.233 (0.07) 

0.422 (0.04)" 

0.611 (0.02) 

0.622 (0.00) 

11 0.53 (0.03)* 

1000 0.55 (0.04) 

11 bdl 

1 00 0.22 (0.06) o.21 (0.05) 

1000 0.19 (0.03) 

Tablee 4.2 

Maximumm photosynthetic capacity <t>0 (SD) in 
eachh culture in the three phosphate regimes. 
Forr the initial value in each monoculture (P 
1,, 10, 100%) the value of <*>0 from the stock 
culturee is given. For the initial value in the 
mixturess a mean value from the stock 
culturess is given for each algal group. 
Initiall = day 0 and Final = day 17. The final 
valuee was significantly lower than the initial 
valuee when indicated with " P < 0.01 or * P < 
0.05.. bdl = fluorescence parameters below 
detectionn limit. 
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Thee cultures were subsequently shaken for 20 min on a rotating shaking device 
(3500 r.p.m.) to dislodge the biofilm from the substrate and to obtain a homogeneous 
suspensionn of the culture. The algal concentration was determined from these homo-
geneouss suspensions by minimum fluorescence (F0) measurements with the 
PHYTO-PAMM in a dark-adapted 3 ml subsample of the homogenized culture. To 
obtainn a reliable biomass estimation of the whole culture, measurements were made 
inn triplicate in an acrylic cuvette, at 10 mm distance from the bottom of the cuvette. 
Minimumm fluorescence (F0) was converted to chlorophyll a using a calibration with 
spectrophotometricallyy derived chlorophyll a values from monocultures. The agree-
mentt between spectrophotometrical and fluorescence biomass measurements is 
givenn per species in Table 4.1. 

Subsampless of the homogenized cultures were filtered (GF/C, 1.2 um) and 
chlorophylll  was extracted from the filter overnight with 90% acetone and measured 
withh a Shimadzu UV-1601 spectrophotometer (Shimadzu Benelux, Den Bosch The 
Netherlands)) at 665 nm. Pheophytin corrected chlorophyll a concentrations were 
calculatedd according to Lorenzen (1967) and were expressed as microgram per litre. 
Subsampless from all cultures were preserved with Lugol's iodine and the species 
compositionn in the mixtures was determined by counting at least 500 cells or fila-
mentss in each sample at 400x magnification using a Phycotech nannoplankton 
countingg chamber of known volume. Cyanobacteria cells, being the smallest and 
formingg filaments, were counted by assessing the number of filaments of a known 
length,, and multiplying afterwards by the average number of cells within this length 
(cf.. Ibelings et at 1998). After counting, biovolume assessment was conducted 
followingg the geometrical equations proposed by Hillebrand et al. (1999). Size values 
weree determined based on measurements of a minimum of 10 cells from the pre-
culturescultures of each diatom species and a niinimum of 10 filaments for the cyano-
bacteriumm species (Table 4.1). 

DataData analyses 

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). 
Differencess between <P0 were analyzed using t-tests. SPSS v. 11 software was used for 
alll  analyses. 

Ann attempt was made to fit  all available biomass growth data for each mono-
culturee through the Monod model, which estimates the relation between phosphorus 
concentrationn and biomass growth but because of small data sets, no significant 
differencess between parameters were found between species. 
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Result s s 

NutrientsNutrients in the water phase 

Inn all the phosphate regimes, phosphate concentrations dropped substantially 
inn the course of the 17 days of the experiment. Data are shown for L. foveolarum, and 
N.N. perminuta as an example of the monocultures (Figure 4.1a-c), and of the mixtures 
(Figuree 4.1d-f). Despite the medium renewal, concentrations of phosphate decreased 
alsoo in the 100% phosphate treatment, but were never depleted except during late 
growthh stages in the presence of cyanobacteria. The intermediate phosphate regime 
wass marked by a rapid depletion from the very first day onwards, and the partial 
replenishmentt of medium only introduced a short spike of this nutrient. 

Timee (days) 

O-O- Lf - » - Np 

1566 P 

00 5 10 15 
Timee (days) 

—ö—— Atl species —*— Diatoms only 

Figuree 4.1 

00 5 10 15 
Timee (days) 

-D—— All species — Diatoms only 

00 5 10 15 
Timee (days) 

—O——O— All species — Diatoms only 

Phosphatee concentration (pM) in the water phase for the 100% (a, d), 10% (b, e) and 1% (c, f) phosphate 
regimess for the monocultures of Leptolyngbya foveolarum (Lf, white symbols) and Nitzschia perminuta 
(Np,, black symbols) (a, b, c) and for all species (white symbols) and diatoms only mixtures (d, e, f) (black 
symbols).. Note the different vertical scales. 
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Thee low phosphate regime also showed depletion but in all treatments the concen-
trationss after the start of the experiment were very close to the detection level (Figure 
4.1c). . 

Althoughh nitrate concentration at the beginning of the experiments was 1000 
jiMM in all treatments, the nitrate concentrations in the three phosphate treatments 
didd not show the same temporal pattern (results not shown). Whereas in the 1% 
phosphatee regime for all species no significant decrease in nitrogen concentration 
couldd be observed, in the 10% treatment the onset of a saw-tooth pattern was 
observed,, as for phosphate in Figure 4.1, decreasing the nitrogen concentration 
slightlyy to an average for all species of 818  149 fxM. In the 100% phosphate 
regime,, nitrogen concentrations followed a similar saw-tooth pattern as that of 
phosphatee in Figure 4.1a, d, with the same difference observed between diatoms and 
cyanobacteria.. The average nitrate concentration at day 17 was 791  18 uM for the 
diatomss and 171  242 uM for both cyanobacteria. 

Thesee observations confirm the expectation that the 100% phosphate regime 
wass phosphate and nitrate replete, the 10% phosphate regime was nitrogen replete 
andd mostly phosphate depleted. The 1% phosphate regime was very low in phos-
phatee and had a vast surplus of nitrate. 

BiofilmBiofilm  growth  under  phosphate  limitation 

IndividualIndividual phosphate requirements 
Biofil mm growth in monocultures is shown as changes of biomass in time 

measuredd spectrophotometrically (Figure 4.2), as variance in replicate measurements 
withh this method was smaller than variance in growth measurements with the cali-
bratedd PHYTO-PAM. The lowest phosphate regime (1%) had a marked limiting 
effectt on the growth of all species in monoculture (Figure 4.2); in this highly limiting 
phosphatee regime, A. lanceolata showed the highest increase of all species (Figure 
4.2a).. Under the 10% phosphate regime, most diatoms could reach the same growth 
ass achieved in the 100% phosphate regime (Figure 4.2a-d). Diatoms showed specific 
differencess in their growth patterns under phosphate limitation; A. lanceolata and N. 
perminutaperminuta showed the highest diatom biomass increase at the 100% phosphate 
regimee (Figure 4.2a, b), while M. varians only achieved a limited biomass increase in 
thee 10 and 100% phosphate regimes towards the end of the experiment (Figure 4.2d). 

Thee biomass reached by the cyanobacteria in the 10% phosphate regime is 
comparablee to that of the diatoms in 10 and 100%. However, in the 100% phosphate 
regimee the cyanobacteria showed their highest growth, which indicated a limiting 
effectt of phosphate at 10%, not found for the diatoms (Figure 4.2e, f)- Growth of C. 
stagnalestagnale was slightly but significantly stronger in the 10% phosphate regime than the 
otherr cyanobacterium, but in the 100% phosphate regime L. foveolarum reached a 
significantlyy higher biomass than the other cyanobacterium. 
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Diatoms s 

AchnantesAchnantes lanceolata NitzschiaNitzschia perminuta 

' -- 400-

600 0 

5-r-- , j JO 
Timee (days) 

NaviculaNavicula trivia Us 

-*-\% -*-\% 
- * - 1 0 % % 

% % 

200--

600 --

400 --

200--

—-—-
-*--
"" --

MelosiraMelosira varians 

w w 
10% % 

100% % 

_ ^ ^ 

Timee (days) Timee (days) 

1500--

Cyanobacteria a 

LeptolyngbyaLeptolyngbya foveolarum

Timee (days) 

Figuree 4.2 

2000--

22 1000-

CylindrospermumCylindrospermum stagnate 

Changess of biomass with time for the monocultures under the three phosphate treatments (diamonds: 1%
0.55 uM; triangles: 10% = 5 uM; and squares: 100% = 50 uM phosphate) recorded as chlorophyll a, measured 
spectrophotometrically.. Panels a-d: diatoms; panels e and f: cyanobacteria. Note that the scale is different 
forr the two taxonomie groups. Symbols are averages and error bars indicate SD (n = 3). 
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Maximumm photosynthetic capacity (&0) was in general higher for the diatoms 
(0.577  0.08 under optimal conditions) than for the cyanobacteria (0.26  0.05 under 
optimall  conditions) (Table 4.2), in accordance with Campbell et al. (1998). A signifi-
cantt decrease in time of &0 in the 1% phosphate regime was observed for N. 
perminuta.perminuta. For A. lanceolata an unexpected overall decrease in all treatments was 
observed,, which probably reflected the physiological decline of the culture more 
thann an effect of nutrient limitation, as it was observed in all phosphate treatments 
andd the stock culture as well. The cyanobacteria did not show a significant decrease 
forr 3>0in any of the phosphate regimes investigated (Table 4.2). 

EffectsEffects of coexistence 
Too discriminate between the cyanobacteria and the diatoms in the mixed 

cultures,, the changes of biomass through time were followed with the PHYTO-PAM 
fluorimeterr (Figure 4.3). Total algal densities in the all-species mixture (not shown, 
butt separated in Figure 4.3a and b) followed the same patterns observed in the two 
cyanobacteriaa when grown individually (Figure 4.2e, f). 

Diatomss in diatom-only mix Diatomss in all-species mix 

1500--

1000--

- 1 % % 

-10% % 

-100% % 

55 10 
Timee (days) 

Figuree 4.3 

Changess of biomass with time for the diatom-only 
mixturee (a) and for the all-species mixture (b, c) 
underr the three phosphate regimes (diamonds: 1% = 
0.55 |iM; triangles: 10% = 5 nM: and squares; 100% = 50 
uMM phosphate) recorded as chlorophyll a increase 
measuredd with PHYTO-PAM and calibrated using the 
spectro-photometrically-measuredd monoculture data. 
Panelss a and b: diatoms; c: cyanobacteria. Averages 
andd SD (n = 3). 

1000--

- 1 % % 

-10% % 

-100% % 

55 Time (days)0 1 5 

Cyanobacteriaa in all-spedes mix 

5Time(days)10 0 
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Thee highest biomass increase was observed in the 100% phosphate regime. 
Despitee the total initial density in the all-species mixture being twice that of the 
monocultures,, biomass accumulation in this mixture was about 70% of the maxi-
mumm achieved in monocultures, confirming some limitation in the final stage of 
growth.. In the all-species mixture, growth was similar for cyanobacteria and diatoms 
inn the 1% phosphate regime, but the growth of cyanobacteria in the 10 and 100% 
phosphatee regimes was much higher (four and six times respectively) than that of the 
diatoms. . 

Inn the diatom-only mixture (Figure 4.3c) the patterns were similar to those 
foundd in the diatom monocultures (Figure 4.2a-d): low growth in 1% and similarly 
highh growth in the 10 and 100% phosphate regimes. However, the total density was 
lowerr in this mixture than what could be expected from the monocultures growth, as 
wass observed for the all-species mixture. Compared with the diatoms in the all-
speciess mixture, the diatoms in the diatom-only mixture showed a significantly 
higherr biomass increase in all phosphate regimes. 

Maximumm photosynthetic capacity (<£0) hi the diatom-only mix only showed a 
significantt decrease in the 1% phosphate regime, not in the 10 and 100% phosphate 
regimess (Table 4.2). In the all-species mixture, the maximum photosynthetic ca-
pacityy of the diatoms decreased significantly in the 1 and 10% phosphate regimes. 
Forr the cyanobacteria, no significant decrease could be observed in any of the phos-
phatee treatments, although the dark-adapted parameters in the 1% phosphate regime 
weree too low to determine (Table 4.2). 

Thee contribution of each species to the biomass of the mixture, determined by 
microscopicc observations, was expressed as percentage of the total biovolume within 
eachh taxonomie group (Figure 4.4) and not as number of cells to avoid discrepancies 
becausee of different cell sizes and shape. The microscopically determined abundance 
off  the algal species in the two mixtures at the start of the experiment showed a 
slighdyy uneven presence of each species because nominal biovolumes were deter-
minedd by Coulter Counter (Figure 4.4a). The two cyanobacteria, both filamentous, 
weree equally represented in the all species mixture at the start of the experiments 
(Figuree 4.4b). 

Thee distribution of the species on day 10 is presented here, because towards the 
endd of the experiment (day 14 - 17) the growth became obviously limited and bio-
masss reached a plateau in many cases (Figure 4.1). The diatom-only mixture was 
dominatedd by N. perminuta in the 10 and 100% phosphate regimes on day 10 (> 
95%,, Figure 4.4f, i), while the rest of the diatoms were always represented at very 
loww percentages. Under die 1% phosphate regime on day 10 in this mixture, the 
biofilmm was more diverse than in the higher phosphate regimes, with more species 
occupyingg a larger part of the community and with A. lanceolata representing 62% of 
biovolumee (Figure 4.4c). The diatom distribution on day 10 in the all-species mix-
turee was similar to that in the diatom only mixture. 
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Diatomm only mixture Alll species mixture 
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Diatomm only mixture 

1% % 

366.33  9.2 pg I ' 141.66 1 29.2 Mg I 476.33 i 36.3 [jg l ' 

Figur ee 4.4 

Representationn of species in the mixed cultures on day 0 (a, b) and day 10 (c-k) 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, f, i: species 
distributionn in the mixtures of four diatoms. Panels d, g, j : distribution of diatoms in the mixture with six 
species.. Panels e, h, k: distribution of cyanobacteria in the mixture with six species. Note that panels d 
andd e, g and h, j and k come from the same culture. In the lower left corner of each panel the mean total 
chlorophylll a concentration measured spectrophotometrically is given in microgram per litre  SD. 
Mvv = Melosira varians, Np = Nitzschia perminuta, Nt = Navicula trivialis, Al = Achnanthes lanceolata, 
Lff = Leptolyngbya foveolarum, Cs = Cylindrospermum stagnate. 
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Inn the 10 and 100% phosphate regime a clear dominance of N. perminuta (> 
92%,, Figure 4.4g, j) was shown and in the 1% phosphate regime more species occu-
piedd a larger part of the community and A. lanceolata dominated the diatoms in this 
mixturee with 58% at day 10 (Figure 4.4d). The distribution of the cyanobacteria in 
thee all species mixture showed a clear dominance of L. foveolarum over C. stagnate at 
thee 10 and 100% phosphate regime. However, in the 1% phosphate regime the two 
cyanobacteriaa were still equally abundant at day 10 (Figure 4.4e). 

Discussio n n 

SuccessSuccess of species under different phosphate regimes 

Thee present study showed that the persistence of many species in mixed 
biofümss was quite low in high and intermediate phosphate regimes resulting in an 
almostt unispecific community, while most species coexisted in low phosphate 
regimes.. This trend may oppose older views that a very limiting resource would 
alloww only a single, most efficient, species to survive (Petersen 1975), but confirm 
manyy field observations on natural microphytobenthos in which a decrease in diver-
sityy with nutrient enrichment was observed. 

Too some extent such trends of persistence and subsequently of changing diver-
sityy are predictable from the growth capacities of individual benthic microalgal 
species.. For example, the adnate-growing species, A. lanceolata, grew more rapidly in 
monoculturee than any of the other species under the low phosphate regime. Under 
suchh a regime, A. lanceolata was dominant over three other diatom species and with-
stoodd cyanobacterial growth. This observation matches an earlier report of a marine 
AchnanthesAchnanthes species, that was prominent in phosphate-poor agar plates, whereas other 
speciess dominated on nutrient-replete plates (Sommer 1996). Also the vigorous 
growthh of the cyanobacterium L. foveolarum under high phosphate regime (10 - 50 
uMM P) did result in a dominance of this species in mixtures with five other photo-
trophicc species. Other aspects of mixed culture were not predictable from the mono-
cultures.. N. perminuta and N. trivialis grew well in monocultures in intermediate and 
highh phosphate regimes, but the first species overgrew the other diatom competitors 
andd the latter almost vanished in mixed cultures in higher phosphate regimes. 

Thee short incubation time (17 days) that we used for mixed cultures was suffi-
cientt to see the divergence of numerical abundance of species in relation to the 
phosphatee regime. Certainly this period of time in a batch culture does not provide a 
homogeneouss test condition and it is well known that late successional stages pro-
ducee decreased diversity (Valiela 1995). Density and developmental stage of the 
biofilmm are apparently significant factors co-determining the outcome of competition 
inn addition to an external factor such as phosphate supply. 
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Thee condition of algal cells in the process of interaction with other species is 
noww verifiable via the application of PAM fluorimetry. We checked for a decrease in 
maximumm photosynthetic capacity (<P0), which indicates nutrient limitation under 
non-steadyy state conditions (Lippemeier et al. 1999, Parkhill et al. 2001). A signifi-
cantt decrease in <$0 of 0.25 units illustrated clearly that the growth of N. perminuta in 
monoculturee in low phosphate regimes was limited, while the N. perminuta cultures 
inn the highest phosphate regime were not limited in growth. It is unlikely that the 
algaee were nitrogen limited, as this nutrient was never depleted. 

Itt is also unlikely that the diatoms were limited by silicate because the biomass 
inn the 100% phosphate treatment, and with that the silicate use, was much higher 
thann that in the lower phosphate treatments, while only in the lower phosphate 
treatmentss a decrease in &0 was observed. In the mixtures, silicate limitation is also 
unlikelyy because in the diatom-only mixture biomass was much higher than the 
biomasss of diatoms in the mixture with all species and both mixtures started with the 
samee silicate concentration and the diatoms are the only users of this nutrient. 

Itt is tempting to attribute the decrease in <P0 for the diatoms in the mixture with 
alll  species, which we observed in the intermediate and low phosphate regimes, to a 
phosphatee limitation of the diatoms because of a more rapid uptake of phosphate by 
thee cyanobacteria. However, this difference in uptake rate could not be determined 
fromm the nutrient data because the decrease from maximum phosphate concentra-
tiontion to zero for both algal groups in the lower phosphate treatments took place 
betweenn the first two measuring days (day 0 and 4). 

Anotherr possible explanation of the cyanobacterial dominance is that the 
diatomss were limited by C02 in the all species mixture. The prominent role of C02 

andd pH for cyanobacteria in general was advocated by Shapiro (1990), particularly 
inn the case of plankton. The highest pH values were found in the L. foveolarum 
monoculturee and the all-species mixture towards the end of the experiment. Limita-
tiontion of C02 cannot be ruled out completely because, although the pH measured was 
neverr extremely high (maximum 8.1), these measurements were made on top of the 
biofilmm and might have underestimated pH values developing within the biofilm. 

InIn the highest phosphate concentration no decrease in &0 was observed for the 
diatomss in either of the mixtures, but the diatoms were clearly inhibited by the 
presencee of the cyanobacteria, which was unrelated with nutrient limitation. Un-
doubtedlyy other interactions besides nutrient competition must have an important 
role,, for example competition for light (Tuji 2000) or allelopathy (Keating 1978, 
Juttnerr and Wu 2000). 
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InterspecificInterspecific  and intraspecific  interaction  in  phototrophic  biofilms 

Biofilmss are condensed sites of biological activity and interspecific and intra-
specificc interactions are bound to play an important role in shaping their communi-
ties.. At high community density, these interactions could be expected to become 
moree important because of the packing of cells. Under the low phosphate regime in 
ourr experiment, communities were very thin and biomass increase was slow, while 
inn the intermediate and high phosphate regimes, algal concentration in the commu-
nitiess rapidly reached high densities. Different types of interaction could have been 
importantt under these different phosphate regimes. As stated previously, competi-
tionn for phosphate would have been severe in the low phosphate regimes, but could 
havee minimized other types of interactions, which could be more important in the 
communitiess at a higher density. 

Too minimize negative interactions in dense communities, species may exploit 
uniquee traits to enhance their success and avoid the negative consequences of living 
inn a dense community, like self-shading or lack of space. A specialized growth form 
couldd be an advantage in acquiring nutrients or access to light. Cyanobacteria like L. 
foveolarumfoveolarum and C. stagnate grow in filaments on the bead surface but, unlike C. 
stagnate,stagnate, the filaments of L. foveolarum acquire a vertical orientation above a certain 
densityy threshold, which would give L. foveolarum an advantage to access light or 
nutrientss from the overlying water. Nitzschia perminuta is a small motile species, 
whichh could enable it to escape the strong nutrient gradients within the biofilm and 
reachh nutrient pools sessile species cannot (Burkholder et ah 1990). 

ImplicationsImplications  for  field 

Thee general temporal pattern of species succession found in biofilm algae in 
loticc environments has been reviewed by Biggs (1996). Diatoms tend to be the 
dominantt community at the start of the growing season, and filamentous green algae 
andd cyanobacteria in late summer. Such a succession is also seen as a regular 
maturationn of the biofilms. In the floodplain lakes from which the test species in this 
studyy originated, diatoms dominated in early spring and cyanobacterial abundance 
wass observed during late spring and summer, coinciding with the highest phosphate 
concentrationss and with high temperature and light intensity (Van der Grinten et al. 
2000).. A partial explanation for these changes in abundances was found to be the 
changee in temperature (Chapter 3), but the results from the present study suggest 
thatt species interactions, like diminished phosphate competition and an increased 
interferencee competition, must have playedd a role. 

Thee phosphate regimes in this study were chosen to represent both phosphate-
richh and phosphate-deprived conditions. In the lakes from which the species origi-
nated,, peak phosphorus concentrations were found in late spring and summer, and 
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thee highest concentrations were around 14 pM, which lies between the intermediate 
andd high phosphate regimes used in our experiments. The lowest concentrations in 
thee field were below 1 nM. 

Somee of the results from the present study, such as the prominence of A. 
lanceolatalanceolata at low phosphate regimes, are consistent with literature reports of the op-
timall  concentrations for these species in the field (Table 4.3). However from these 
fieldfield studies it also becomes clear that for each species wide ranges are found in 
differentt studies, indicating that these preferences of species are not an intrinsic 
capacityy of the species, but emerge from the other environmental factors and the 
interactionn with coexisting species. 

Highestt biomass values at high nutrient loadings for lotic substrates can range 
fromfrom 300 - 400 mg m"2 chlorophyll a for diatoms and cyanobacteria (Bothwell 1989, 
Hornerr et al. 1990) to > 1200 mg m"2 chlorophyll a for filamentous green and chryso-
phytee algae (summarized by Biggs 1996). Biomass values on the lake sediments from 
whichh our algae originated ranged between 10 and 1200 mg m"2 chlorophyll a in 
summerr and spring. When the highest biomass in our experiments (L. foveolarum at 
thee highest phosphate regime: max. 2000 ug chl a l"1) is converted to area, it would 
bee approximately 35 mg m'2, which falls in the lower range of concentrations in our 
lakes. . 

Tablee 4.3 

Optima ll  ranges of tota l phosphoru s (TP) recorde d in the fiel d taken fro m availabl e literatur e and compare d 
too the specie s used in these experiments . 

Optimu m m 

TPP (ug/L ) Locatio n n Reference e 

A.A.  lanceolata 

N.N. perminuta 

N.N. triviatis 

M,M, varians 

Diatom s s 

Cyanobacteri a a 

Blue-gree nn filament s 

12.60 0 

31.622 ) 

12.500 ) 

>300 0 

47.200 - 86.05 

14.50 0 

127.966 184.37 

50.000 (  2.49) 

11.10 0 

16.755  1.90) 

aa 15.5 

>> 155 

13.20 0 

466 Britis h Colombi a lakes (Canada) 

22 loti c sites souther n Ontari o (Canada) 

177 lakes Englis h Lake distric t (England ) 

700 loti c sites (England/Scotland) : 
Trophi cc Diato m Index (TDI) 

499 loti c sites Mid Atlanti c Highland s (US) 

177 takes Englis h Lake distric t (England ) 

499 loti c sites Mid Atlanti c Highland s (US) 

22 loti c sites souther n Ontari o (Canada) 

177 lakes Englis h Lake distric t (England ) 

22 loti c sites souther n Ontari o (Canada) 

Culture ss fro m floodplai n lakes 

Culture ss fro m floodplai n lakes 

177 lakes Englis h Lake distric t (England ) 

5 5 

3 3 

5 5 

2 2 

3 3 

2 2 

thi ss  stud y 

thi ss  stud y 

3 3 

1::  Hall and Smol 1992, 2: Winte r and Duthi e 2000, 3: King et al. 2000, 4: Kell y and Whitto n 1995, 5: Pan et 
aLaL  1996 
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Hence,, density-correlated interactions could be even stronger in the field, 
wheree algal density can be higher, but the spatial arrangement of algal cells in 
naturall  sediments and in our artificial substrate of glass beads could have led to 
differences.. Nevertheless, earlier experiments on nutrient-dosed natural micro-
phytobenthoss demonstrated a decrease in diversity with nutrient enrichment 
(Fairchildd et al 1985, Carrick and Lowe 1988, Hillebrand and Sommer 1997, 2000), 
andd the same trend was found in our laboratory experiments. Hence experimentally 
grownn biofilms can be considered relevant model systems for natural biofilms. 
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