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Chapterr  1 

Generall  introduction 

"Benn je misschien wel eens in de grote bossen geweest 
enn heb je daar wel eens zo'n wonderlijk, 

zwartt meertje gevonden, diep verstopt tussen de bomen, 
toverachtigtoverachtig en bijna angstaanjagend? 

Hett is er helemaal stil, 
sparrenn en dennen staan dicht op elkaar 

enn vormen een zwijgende krans om het water. 
Eenn enkele maal buigen ze zich voorover. 

Maarr zo schuw en voorzichtig 
datt ze zich slechts schijnen af te vragen, 

watt er daar in de donkere diepte verborgen kan liggen... 

Ookk daar groeit een bos, 
gehuldd in dezelfde verwonderde stilte." 

Uit:: Het sprookje van eland Langbeen Springop en prinsesje Wollegras. 

HelgeHelge Kjettin, De sprookjeswereld van John Bauer, 1976 
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Chapterr 1 

Generall  introductio n 

Thee diverse aquatic habitats on earth, ranging from the arctic to the tropics and 
fromm fresh water sources to the open ocean, accommodate a myriad of microalgal 
communities.. The growth forms of microalgal species are equally diverse: some 
planktonicc species live as floating chains or colonies in the open waters, while 
benthicc species form grass-like mats, solid crusts or diffuse covers of migrating single 
cells.. Different solid substrates, such as rocks and sediments, but also macrophytes 
andd ice are colonized when daylight is available in sufficient intensity. Moreover, 
semi-aquaticc habitats of temporal pools and soils receiving a minimum of moisture 
havee been observed to contain benthic algae. 

Algaee are an evolutionarily diverse group of photo-autotrophic organisms, 
withh a taxonomie classification extending over 11 algal divisions, with as many as 
299 classes, and more than 26,000 species (Van den Hoek et al. 1995, Bold and 
Wynnee 1985, Raven and Johnson 1992). The distribution of large numbers of 
microalgall  species in natural habitats has been correlated to environmental factors 
(Roundd 1981). Observations in the field have triggered many questions. The main 
questionn asked by many algal ecologists is: what determines the success of individual 
algall  species in natural communities? This question is much in line with a major 
goall  of community ecology: to elucidate the mechanisms producing patterns that 
existt in associations of species in nature. 

Communitiess of microalgae have been observed to be dominated by one or a 
feww species; other communities consist of numerous species coexisting together. 
Also,, patterns of succession are observed. Examples of such succession are the typi-
call  seasonal development of phytoplankton consortia (Reynolds 1997) or the accrual 
andd loss cycles in microphytobenthic consortia in rivers (Biggs 1996). 

Traditionally,, many detailed questions on the success of individual algal 
speciess in multi-species communities have been tackled using phytoplankton. In 
suchh studies the role of resource competition has been emphasized as a major 
mechanism.. Early ideas were based on the principle of competitive exclusion (Gause 
1934):: when two species compete for the same resource (e.g. light or nutrients), the 
mostt proficient species survives. These ideas led to the "paradox of the plankton" 
(Hutchinsonn 1961), because of the apparent contradiction between the principle of 
competitivee exclusion and the species richness found in nature. Several explanations 
weree proposed for the seemingly inexplicable diversity in natural communities. Re-
ferringg to ecosystems in general, Connell (1978) postulated that temporal and spatial 
variabilityy in the environment restrains the progression of competitive exclusion and 
allowss for a higher species richness. Later, this concept was formalized as the 
"Intermediatee Disturbance Hypothesis", which was applied to phytoplankton by e.g. 
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GeneralGeneral introduction 

Padisakk et al. (1993). Following his studies on phytoplankton in the Great Lakes, 
Tilmann (1982) proposed the "Resource Ratio Hypothesis", which explains coexis-
tencee of algal species by a balanced resource supply so that different species are 
limitedd by different resources, providing stability to two-species or multi-species con-
sortia. . 

Huismann and Weissing (1999) merged the two previous approaches in a mod-
elingg study in which oscillations of resource concentrations inducing an internal 
environmentall  variability could explain the persistence of more species than limiting 
resourcess in communities. The studies of Tilman (1982) on planktonic diatoms, and 
moree recent studies by Spijkerman and Coesel (1996) on phosphate uptake by 
desmidss from oligotrophic and eutrophic lakes, could effectively explain the domi-
nancee of certain species in nutrient gradients by their different competitive ability for 
thesee resources. Recently, as for nutrients, light has been considered as a limiting 
resourcee for which planktonic algal species have been shown to possess species-
specificc differences in capacity (e.g. Huisman et al 1999). 

Despitee this advancement for well-studied planktonic communities, it has 
beenn notoriously difficult to provide experimental proof for the role of resource 
competitionn in determining dynamics of species composition in complex multi-
speciess systems. Reynolds (1997) proposed to classify community assembly (species 
composition)) in relation to the "habitat template", assimilating the early resource 
basedd differences of species and the species-specific loss rate due to grazing and 
sinking.. The "match" of capacity profiles with the profile of habitat characteristics 
wass suggested as the key to understanding species occurrence. Reynolds also reflec-
tedd on succession and disturbance as vital factors for phytoplankton species. 

Thesee factors in conjunction may also determine the species composition of 
benthicc algae. Even larger numbers of species have been observed in the benthos 
comparedd to the plankton. A higher number of benthic species may be related to a 
largerr spatial heterogeneity associated with benthic life. Hence, while identifying the 
manyy factors that potentially regulate species composition, it is essential to consider 
thee habitat and morphology of microphytobenthos in detail. 

Benthicc microalgae occupy a special niche in the aquatic environment. 
Becausee of the diversity of substrates, benthic microalgae have numerous different 
microhabitats,, as opposed to phytoplankton, whose environment is more homoge-
nous.. Benthic microalgae live in a vertically structured community that may be 
foundd in different arrangements and are referred to here as biofilms. A biofilm con-
sistss of a compact association of benthic algae, bacteria and inorganic particles 
mostlyy embedded in a mucus matrix. Biofilms colonize a wide variety of illuminated 
submersedd hard substrates (rocks or debris) or soft substrates (sand or silt deposits) 
andd are very important in the primary production of shallow lakes (Wetzel 1964) 
andd streams (Vannote etal. 1980). 
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Chapterr 1 

Thee term biofilm is traditionally used for algal communities that colonize hard 
substrates,, and also for microbial communities of non-phototrophic organisms living 
inn the dark. I choose in this thesis to use the term biofilm for benthic microalgal 
communitiess in general, also for the communities on sediments, which are com-
monlyy termed as microphytobenthos, to emphasize that benthic algal communities 
aree functional units. Sediment substrates with their "biofilms" can be easily dis-
ruptedd by water flow or animal activity, but may also be covered by cohesive mats of 
microalgaee that are easily visible. 

Thee architecture of a biofilm is very characteristic and depends on the degree 
off  development of the community and conditions of water and substrate. Biofilms 
cann range from a very simple flat single-cell layer, to a rainforest-like physiognomy 
withh firmly attached species at the bottom, and stalked and filamentous species that 
groww upright, with attached epiphytes (Biggs et al 1998, Johnson et al. 1997) and 
motilee species moving through the matrix. 

Forr benthic microalgal communities, the relation between the distribution of 
speciess and environmental factors has been subject of study already since the early 
explorationss that focused mainly on taxonomie aspects (Hustedt 1938, Van der 
Werfff  1975). In the course of the 20th century it was recognized that the distribution 
off  benthic algal species was tightly linked to environmental parameters (Patrick 
1977).. Subsequently, indicator species and classification schemes have been used for 
assessingg water quality e.g. for organic pollution (Lange-Bertalot 1979, Descy 1976), 
salinityy (Ziemann 1971) or pH (Battarbee 1984). 

Recently,, these traditional approaches have been refined processing large data-
setss with the more advanced computer facilities becoming available (Van Dam and 
Mertenss 1993, Dixit et al 1992). This prepared the foundations for expanding moni-
toringg of the ecological status of surface water (Kelly and Whitton 1995, Prygiel etal. 
1997).. The autecological spectra of species established during this development have 
alsoo found useful application in paleolimnology (Smol and Cumming 2000, Hall and 
Smoll  1996). In the mean time, numerous attempts have been made to develop a 
mechanisticc understanding of the processes affecting microphytobenthic species 
compositionn (Stevenson et al. 1996). 

Thee present thesis focuses on the mechanisms determining the species compo-
sitionn of microbenthic algal consortia. Such studies should on the one hand include 
thee responses of individual species to isolated main factors such as light, nutrients 
andd physical stress, but on the other hand cover the integrated sets of species' char-
acteristicss that make them effective in particular environments. For single factors 
theree is a substantial body of evidence, e.g. for temperature (DeNicola 1996), and 
lightt (Hill 1996). Integrated sets of species-specific characteristics have so far not 
beenn constructed for benthic algal species, whilst the "habitat template" concept by 

10 0 



GeneralGeneral introduction 

Reynoldss (1997) has already provisionally been tested for phytoplankton. 
Forr studies on microbenthic algae, the biomass accrual-loss model (Biggs 

1996)) is potentially very useful. This concept states basically that the factors control-
lingg benthic algae can be categorized into those regulating processes of area-specific 
biomasss accumulation, which is termed accrual, and those regulating the counter-
actingg processes of biomass loss. The main factor that regulates accrual is the rate of 
resource-limitedd growth, modulated by other factors such as temperature, oxygen 
andd pH that influence the rates of metabolism. The main factor leading to loss is 
disturbance,, often through sloughing or grazing, but density effects and mortality are 
importantt as well. 

AA clear pattern of short-term benthic algal accrual is evident in streams. 
Accruall  through colonization and growth on bare substrates dominates the early 
stagee in biofilm development. A succession of organisms often occurs, beginning 
withh the development of an organic matrix and bacterial flora followed by a transi-
tionn from small adnate diatoms to apically attached colonial diatoms, and finally 
leadingg to filamentous green algae extending as tufts into the overlying water. After 
settlement,, the colonizing cells undergo exponential growth at a rate dictated by the 
availabilityy of resources (e.g. nutrient and/or light) together with temperature. 

Laterr in the development, biomass accrual slows down when the loss rate 
approachess the rate of accrual. These losses can occur through a combination of 
deathh due to age, parasitism, disease, and removal by grazing. Very rapid loss often 
occurss as autogenic sloughing, when lower parts of the biofilm degrade because of 
senescencee induced by resource stress (nutrient and/or light depletion). Adhesion of 
thee upper layer deteriorates, making very thick biofilms vulnerable to sloughing. The 
relativee importance of the different loss processes mortality, sloughing and grazing is 
changingg depending on specific conditions. 

Onn the long term, temporal patterns in biomass are a result of interaction 
betweenn processes of biomass accrual and loss, with the disturbance regime being a 
fundamentall  determinant of the overall balance between these processes. After a 
majorr disturbance, like a flood, when grazer density is still low, benthic algal accu-
mulationn can proceed unhindered by grazing, allowing high biomasses to develop. 
However,, with increasing time from the last disturbance, losses due to both grazing 
andd autogenic sloughing can become significant. 

Thee accrual-loss concept is used here to consider main environmental factors 
thatt determine species composition of biofilms. Such factors can be tentatively 
groupedd as follows: 1) Essential resources (light or nutrients) penetrating in the 
benthicc biofilm layers, 2) Physical disturbance factors disrupting the biofilm and 
removingg material, and 3) Interaction of algae caused by their limited space for 
attachmentt and interference competition. These factors are briefly reviewed below. 

11 1 



Chapterr 1 

1.. The role of exploitative or resource competition determining species abun-
dancee in biofilms is bound to be more complex than in phytoplankton because of the 
extremee gradients of nutrients and light that can develop in biofilms (Stevenson and 
Gloverr 1993, Steinman etal. 1989). Furthermore, the sources of nutrients for biofilm 
algaee are more diverse than for phytoplankton because of internal recycling in 
biofilmss via herbivores (Mulholland et al. 1991, Steinman et al. 1995) and bacteria 
(Battinn etal. 1999) and supply from underlying substrates (Pringle 1990). In addition, 
somee biofilm algae have a relatively fixed position in the algal mat, which enhances 
thee chance of nutrients or light to become limiting. To overcome this limitation, 
biofilmm algae display different growth forms that may affect their utilization of dif-
ferentt sources of nutrients (Steinman et at. 1992) or access to light (Tuji 2000, Hudon 
andd Bourget 1983). However, experimental proof for specific differences in resource 
exploitationn of benthic species is weak. 

2.. External disturbance can modify the species composition, as was shown for 
(selective)) herbivory (Hunter 1980, Steinman 1996) and physical disturbance caused 
byy floods or storms (Peterson 1996). Disturbance dictates the period of time avail-
ablee for benthic algal accrual and has been well explored for river gravel beds. It was 
shownn that strong shear forces by floods revert the successional state of biofilms to 
thinn layers dominated by flat-celled diatom species. Disturbance regimes affecting 
microalgall  communities on freshwater sediments have hardly been explored. In this 
thesiss floodplain communities are studied and these are prone to shear forces caused 
byy seasonal floodwaters, deposition of new sediments and mixing-up of microalgae 
inn long stretches of the river. The input of floodwater also carries nutrients from the 
catchment.. The suite of events and stimuli to local communities has been described 
ass the "flood pulse concept" (Junk et at. 1989). When the river is flooded and the 
plainss are inundated, isolated lakes in these floodplains become all connected and 
afterr the flood they become isolated again. The lakes in these floodplains will have a 
rangee of sizes, depths, substrates, nutrient concentrations and flooding regime that 
wil ll  create strong gradients, allowing for spatio-temporal heterogeneity of micro-
habitatss to develop. This type of lakes has rarely been subject of phycological studies 
before. . 

3.. Interference competition occurs when the individuals of one species directly 
affectt the individuals of another species. An example of this kind of competition is 
competitionn for space for attachment or production of allelopathic compounds that 
inhibitt or kil l neighboring individuals belonging to other species (e.g. Keating 1978). 
Inn a biofilm, cells are packed together closely in space which makes it likely that 
interactionss between species, like interference competition, are stronger than for ex-
amplee in suspended phytoplankton communities. Strong interference interactions 
betweenn biofilm forming heterotrophic bacteria (Wimpenny et at. 2000) and between 
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GeneralGeneral introduction 

bacteriaa and algae (Murray et al. 1986) have been proven, however for interactions 
betweenn benthic microalgae knowledge is still scarce (Juttner 1999). 

ObjectivesObjectives  of  this  thesis 

Thiss thesis focuses on the microalgal communities colonizing the dynamic 
floodplainn sediments of the River Rhine and explores the mechanisms that deter-
minee their species composition. This thesis aims to: 
-- describe selective effects of environmental variables on consortia of benthic algal 

speciess in periodically disturbed sediments, 
analyzee selection of species in synthetic consortia composed of isolates of 
benthicc microalgae, and 
exploree the collective effect of environmental variables, biotic interactions 
betweenn different species, and periodic habitat disturbance on species composi-
tion. . 

OutlineOutline  of  this  thesis 

Too study the potential importance of environmental variables in the field, 
Chapterr 2 reports on the composition of natural biofilms in floodplain lakes of the 
Riverr Rhine. Biofilms were collected in gradients of irradiance, inundation-isolation 
frequencyy and season, and correlations between species composition and these fac-
torss were examined. 

Parallell  to the field study in Chapter 2, isolates originating from the floodplain 
lakess were grown in simplified synthetic mono- and multi-specific biofilms and used 
too study the persistence of species with changing environmental factors (Chapters 3-
6).. In Chapter 3, the role of temperature and irradiance in individual species per-
formancee and the effect of different temperature and irradiance levels on the inter-
actionss between one diatom species and one cyanobacterium are studied experimen-
tallyy with cultures originating from the floodplain lakes. These cultures were grown 
onn a layer of glass beads serving as artificial substrate. 

Inn Chapter 4 and 5, this approach is extended to synthetic biofilms containing 
upp to 6 species. The role of phosphate (Chapter 4) and nitrogen (Chapter 5) in 
determiningg species composition in synthetic multi-species biofilms is analyzed. 
Chapterr 6 reports on the effect of disturbance of biofilms through herbivory. The 
interactionn of copepod grazers with synthetic multi-specific consortia of phototrophs 
andd the capacity of these grazers to drive the species composition and structure of 
phototrophicc consortia is explored. 
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Chapterr 1 

Finally,, Chapter 7 analyzes and discusses the dynamics of species interaction 
usingg a model that approaches a biofilm as an interacting vertically structured sys-
tem.. Three cases are used to illustrate the role of species interaction, development 
time,, mat density and disturbance in the dynamics of species interaction in multi-
speciess biofilms. 
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Chapterr  2 

Distributionn of benthic microalgal species in 
floodplainn lakes of the River Rhine 

'Nergenss is de natuur zo mooi als buiten." 
Erwinn Kroll, 2003 
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Chapterr 2 

Abstrac t t 

Locall  gradients were selected in floodplain lakes to study the distribution of 
benthicc microalgal species in relation to selected environmental factors. We 
hypothesizedd that the community composition varies as a consequence of species 
specificc capacities to cope with these factors and that this community composition 
mayy be affected by co-occurrence of species. 

Gradientss were chosen in three dimensions: a vertical gradient to study differ-
encess in water depth and the consequent light attenuation, a horizontal gradient to 
studyy differences between lakes with varying inundation-isolation pattern, and a 
temporall  gradient to study the differences between seasons. 

Resultss showed surprisingly similar and highly diverse communities in all 
gradients.. Communities were characterized by the dominance of the non-attached 
diatomm genera Navicula and Nitzschia. 

Species-specificc trends of distribution could be linked to disturbance of com-
munitiess caused by the dynamic inundation-isolation patterns of the floodplains, 
regularlyy resetting the communities in the floodplains to a uniform species composi-
tion.. The highly dynamic nature of the floodplain environment is suggested to 
preventt predominance of species in parts of the environmental gradients, even at 
veryy high algal densities. 
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FloodplainFloodplain lake biofilms 

Introductio n n 

Thee species composition of benthic microalgal assemblages is known to corre-
latee strongly with environmental variables. Numerous analytical studies using mul-
tivariatee statistics were done on large datasets of species abundances from various 
sitess with distinct environmental characteristics to find the main factors that deter-
minee the species composition. Nutrients, temperature, conductivity, pollution, land 
use,, pH, substrate type, salinity, and turbidity were found to be key factors in differ-
entent studies on lakes (King et al. 2000, Hall and Smol 1992, Douglas and Smol 1993), 
streamss (Murm et al. 2002, Potapova and Charles 2003, Pan et al. 1996, Griffith et al. 
2002,, Hil l et al. 2001), and wetlands (Pan and Stevenson 1996). Many of these 
studiess put forward indicator species which are typical for certain environmental 
characteristics,, e.g. for its phosphorus concentration (King et al. 2000, Hall and Smol 
1992,, Pan and Stevenson 1996, Munn et al. 2002), conductivity (Pan and Stevenson 
1996,, Potapova and Charles 2003) or pH (Pan etal. 1996, Verb and Vis 2000). 

Itt has been assumed before mat species are distributed over resource gradients, 
withh abundances possibly highest at their physiological optima. Therefore it has 
beenn attempted in several cases to explain the variability in microalgal communities 
usingg selected man-made environmental gradients, e.g. a thermal pollution gradient 
(Lambertii  and Resh 1985) or a metal pollution gradient (Soldo and Behra 2000). 
Ensuingg the previous studies we can expect large differences in species composition 
off  benthic algal communities in strong natural gradients at specific sites, however the 
evidencee is scarce. 

Inn this study we set out to analyze the distribution of microphytobenthic 
speciess on soft-bottom substrates in floodplains of the River Waal, a branch of the 
Riverr Rhine. Floodplains of large rivers harbor strong gradients: they consist of 
assemblagess of different microhabitats, with different flood regimes that depend on 
thee connectivity to the mainstream river. When the river is flooded and the plains 
aree inundated, the lakes become all connected and after the flood they become isola-
tedd again, allowing for spatio-temporal heterogeneity of microhabitats to develop. 

Thee present study analyzes the impact of this heterogeneity on the distribution 
off  species of benthic diatoms, cyanobacteria and green algae. Therefore, strong gra-
dientss were chosen to study the divergence in species composition between different 
sitess at the same floodplain system. 

Gradientss were chosen in three dimensions: 1) a depth gradient (vertical) in 
onee floodplain lake to study the effect of differences in irradiance, 2) a spatial gra-
dientt (horizontal) incorporating lakes at different geographical position in the flood-
plain,, creating differences in inundation-isolation pattern, and 3) a seasonal gradient 
inn one floodplain lake including several flooding events. We hypothesized that the 
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Chapterr 2 

strongg gradients allow to detect consistent patterns of distribution in microphyto-
benthoss that help to identify the selective role of environmental factors. 

Method s s 

StudyStudy area 

Thee lakes sampled in this study are situated in floodplains of the river Waal, a 
branchh of the River Rhine in the Netherlands (Figure 2.1). They are partly used for 
grazingg by cattle and serve as a foraging and resting place for (water) birds. The 
floodplainsfloodplains are partially cultivated and represent a man-made semi-natural land-
scape.. They are embedded between a summer and a winter dike, leading to semi-
naturall  flood dynamics. 
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Figuree 2.2 

Timee course of the samplings and flood history of the river. The vertical lines indicate the sampling dates. 
Thee highest bars indicate the dates when the river water level is as high as or higher than the summer dike 
andd the floodplains are inundated. The lower bars indicate after-flood recovery and onset of isolation, the 
datess when river water level drops from flood-level to 1 meter below the level of the summer dike 
(originall  water level data were from Rijkswaterstaat 2003). 

Thesee floodplains are inundated several times a year, mostly in winter and 
spring,, following high discharges of the river that wash over the summer dikes, 
whichh protect the floodplain from the mainstream river. These inundations cause the 
lakess in the floodplains to become connected to each other and to the mainstream 
riverr and when water level in the river decreases, the lakes slowly become isolated 
again.. Each lake is affected differendy by these regimes of inundation and isolation, 
dependingg on its position in the floodplain. 

Threee lakes were selected in the research area. Lake Och5 is a relatively large 
lakee (ca. 800 m long, estimated average depth 2.5 m), which is permanently connec-
tedd to the mainstream river via an opening in the summer dike. The water level fluc-
tuatess with the water level of the river (no real flood events). The lake is open and 
exposedd to wind, inducing turbulence and wave action. The sediment is composed 
off  coarse sand. Lake DeOl is a shallow lake (average depth 2 m) with highly fluc-
tuatingtuating water levels caused by floodings, precipitation and evaporation, leading to 
highlyy variable dimensions of the lake. It is flooded during 2 - 20 days a year. In 
extremelyy dry summers the lake evaporates completely, whereas in high-water 
winterss it becomes connected to neighboring lakes. It is also exposed to wind but the 
sedimentt is composed of fine sand and silt. Lake De04 is a small (50 x 50 m, aver-
agee depth 2 m) low-lying lake surrounded by some trees that shelter it from wind 
exposure.. It is flooded during 50 - 150 days a year. The sediment is silty and rich in 
organicc matter and tends to be anoxic. This sheltered small lake is dominated by 
macrophytess in summer, but the present study concentrates on un-vegetated patches 
off  the lake. 
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Tablee 2.1 

Characteristicc data for each sampling site in the vertical (a, X and Y indicate different sets of samplings), 
andd the horizontal and seasonal (b: 1999, c: 2000) gradients. Time after last flooding indicates the number 
off days between the sampling date and the last date that the water level of the river was at or above the 
levell of the summer dike. For lake 0ch5 this was always 0 because it is permanently connected to the 
river.river. * Data adapted from Roozen et al. submitted. 

Verticall  2002 

a a 

Datee (m/d/y) 

Timee after last flooding (days) 

Temperaturee at sed. surf. 

pHH at sediment surface 

022 (mg 11) 

Oi(%) Oi(%) 

Conductivityy (mS m"1) 

%% of incidence irradiance 

Chii a mg m2 (  SD) 

) ) 

Y10cm m 
DeOI I 
spnng g 
2002 2 

04/22/02 2 

24 4 

17 7 

9.3 3 

14 4 

135 5 

36.8 8 

76.5 5 

1777 9 

Y75cm m 
DeOI I 
spnng g 
2002 2 

04/22/02 2 

24 4 

14.9 9 

9.3 3 

15.3 3 

151 1 

36.8 8 

13.4 4 

1155 3 

Y200cm m 
DeOI I 
spring g 
2002 2 

04/22/02 2 

24 4 

11.7 7 

9.12 2 

12.45 5 

118 8 

37.7 7 

0.47 7 

455 2 

X10cm m 
DeOI I 
spnng g 
2002 2 

04/24/02 2 

26 6 

20.2 2 

9.25 5 

14.9 9 

160 0 

36.8 8 

67.7 7 

1433  31 

X75cm m 
De01 1 
spnng g 
2002 2 

04/24/02 2 

26 6 

17.2 2 

9.36 6 

13.8 8 

145 5 

36.9 9 

5.4 4 

699 5 

X200cm m 
DeOI I 
spnng g 
2002 2 

04/24/02 2 

26 6 

15.2 2 

9.03 3 

11.25 5 

112 2 

38.1 1 

0.04 4 

433 6 

Horizontall 1999 / Seasonal 1999 

b b 

Datee (m/d/y) 

Timee after last flooding (days) 

Temperaturee at sed. surf. ) 

pHH at sediment surface 

Conductivityy (mS m'1) 

%% of incidence irradiance 

0ch5 5 
spring g 
1999 9 

04/21/99 9 

0 0 

11.3* * 

8.02 2 

69.0 0 

De04 4 
spring g 
1999 9 

04/21/99 9 

34 4 

13.6 6 

8.37 7 

56.1 1 

78.8 8 

DeOI I 
spring g 
1999 9 

04/21/99 9 

34 4 

12.8 8 

8.38 8 

43.2 2 

76.7 7 

DeOI I 
summer r 

1999 9 

07/01/99 9 

34 4 

18.9* * 

8.15 5 

46.0 0 

77.0* * 

DeOI I 
autumn n 

1999 9 

10/20/99 9 

145 5 

5.9 9 

8.75 5 

50.8 8 

65.3 3 

DeOI I 
winter r 

1999(00) ) 

01/26/00 0 

22 2 

1.9 9 

7.94 4 

51.1 1 

73.6 6 

Horizontall 2000 / Seasonal 2000 

c c 

Datee (m/d/y) 

Timee after last flooding (days) 

Temperaturee at sed. surf. ) 

pHH at sediment surface 

Conductivityy (mS m"1) 

%% of incidence irradiance 

Och5 5 
spring g 
2000 0 

04/25/00 0 

0 0 

12.8 8 

8.20 0 

76.2 2 

78.2 2 

De04 4 
spring g 
2000 0 

04/25/00 0 

44 4 

14.8 8 

9.2 2 

42.5 5 

72.0 0 

DeOI I 
spring g 
2000 0 

04/25/00 0 

44 4 

14.7 7 

8.51 1 

42.6 6 

81.8 8 

DeOI I 
summer r 

2000 0 

07/31/00 0 

141 1 

25.6 6 

9.4 4 

32.3 3 

80.2 2 

DeOI I 
autumn n 

2000 0 

11/06/00 0 

232 2 

7.3 3 

8.55 5 

40.7 7 

72.2 2 

DeOI I 
winter r 

2000(01) ) 

01/30/01 1 

19 9 

1.6 6 

8.04 4 

43.0 0 

80.6 6 
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Threee gradients were chosen to study changes in community composition of 
microphytobenthoss in the floodplain. Firstly, a vertical gradient in a single lake 
(DeOl)) was chosen to study spatial variation related to water depth (of 10, 75 and 
2000 cm, Table 2.1a). With the local water turbidity, the percentage of solar irradi-
ancee at the water surface reaching the sediment surface ranged from 77% at 10 cm 
waterr depth to < 0.5% at a depth of 200 cm. Temperature at the sediment surface 
rangedd from 12 - 15 °C during the day at deep sites to 17 - 20 °C at shallow sites. 
Thiss vertical gradient was sampled two times (X and Y) in spring 2002. 

Secondly,, a horizontal gradient (over different lakes) was chosen to study the 
effectt of differences in the frequency and duration of flooding. This was done by 
samplingg the three lakes with the different flooding regimes in the spring of 1999 
(Tablee 2.1b) and 2000 (Table 2.1c) at a preselected water depth of 10 cm. 

Thirdly,, a temporal gradient was chosen to study seasonal variation within one 
lakee (DeOl). The time between sampling and the latest flooding varied greatly 
betweenn the different seasons (from 19 to 232 days). Lake DeOl was sampled in 
everyy season for two subsequent years (1999, Table 2.1b; and 2000, Table 2.1c) at a 
waterr depth of 10 cm. As a result of water level fluctuations the exact sampling loca-
tionn varied between sampling dates. Water temperature at the sediment surface and 
pHH in the seasonal gradient ranged from 1.6 °C to 26 °C and from 8.0 to 9.4 respec-
tively. . 

Thee time course of the samplings of all these gradients and the flooding regime 
off  the river are illustrated in Figure 2.2. Floodplains are mostly flooded in winter 
andd spring of each year. Although high water levels in the river result in flooding of 
alll  three sites in the same period, the exact geographical location causes differences 
inn time and duration of isolation. The spatio-temporal characteristics of the impact 
off  different flooding regimes are reflected in the dynamics of e.g. nutrients and con-
ductivity.. The mixing and separation of lakes are regulated by floodings (Figure 2.3). 
Thee two southern lakes (DeOl and De04) become N03 and Si02 depleted when 
theyy are isolated and are replenished when the plains are flooded. The connected 
lakee (Och5) follows the river dynamics. 

Sampling Sampling 

Att each sampling date conductivity, pH, temperature and light attenuation 
weree measured at the appropriate sites and depths. In both winters, a thin layer of 
icee covered the lake, which was broken with an axe to access the sediment. SCUBA 
diverss took the deep samples in the vertical gradient. 

AA single composite algal sample was collected from each site at the appropriate 
samplingg dates and depths. To achieve this, replicate cores were taken from the 
sedimentt using topped-off polypropylene syringes with a sharpened edge (Terumo®, 
diameterr 1.5 cm, volume 50 ml), at a distance of 10 - 30 cm from each other. The 
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coress were completely filled with sediment and water and closed with a stopper and 
transportedd to the laboratory in cooled containers. In the laboratory, slices of the top 
33 mm of the sediment in the cores were cut after pushing the sediment upwards with 
thee syringe stopper. Slices of 3 to 6 replicate cores were pooled and composite 
sampless diluted (200 ml filtered lake water per slice). This slurry was stirred with a 
magneticc stirrer and aliquots of homogenized slurry were fixed with Lugol's iodine 
orr formaline. In the vertical gradient 6 extra cores per site and depth were taken and 
chlorophylll  a was measured in the top 3 mm slices of each of them according to 
Lorenzenn (1967). 

De011 De04 Och5 Lobith 

Figuree 2.3 

Concentrationss of Si02 (panel a) and N03 (panel b), and conductivity (panel c) in the three floodplain lakes De01, 
De044 and Och 5 (connected) from 1998 to 2000 (data from RIZA, adapted from Roozen et at. submitted) and for 
thee mainstream river at Lobith (bold black line, data from Rijkswaterstaat 2003). The black bars at the top of the 
figuree indicate the dates that the river inundated the floodplains. 
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IdentificationIdentification  and counting 

Thee fixed samples were first examined at a magnification of 1000 x with a light 
microscopee (Olympus BH2) and species were identified as intact cells. Diatoms were 
identifiedd using Cox (1996), a key to identify diatom cells from live or formalin-
preservedd material. A list of the common genera and if possible species was made. 
Forr some diatom taxa, similar shaped dead/clean frustules were used to help con-
firmfirm species identification. The principal taxonomie reference texts were Cox (1996), 
Bourellyy (1966-1970), Krammer and Lange-Bertalot (1986-1991) Anagnostidis and 
Komarekk (1988). A number of species was combined into a single taxon because 
Cox'ss key did not allow us to discriminate, e.g. for Nitzschia we distinguished several 
sizee groups rather than all individual species. 

CWorophyU-containingg algal cells that were alive when sampled were counted 
forr each sample on temporary slides at 400 x magnification. Single-celled taxa were 
enumeratedd and for filamentous cyanobacteria and chlorophytes a 50 um length of 
filamentt was counted as one individual. Algal cells were identified to the lowest 
taxonomiee level possible and recorded. Per sample 4 - 8 subsamples were counted, 
addingg up to a total of 500 - 600 single cells or filaments. These identifications and 
countingss were used to compare series of sub-sites rather than to give a full taxo-
nomiee description of the microphytobenthos. 

Calculations Calculations 

Relativee abundances of taxa were expressed as percentages of number of cells 
orr filaments (see appendix). Species richness (R) was expressed as number of taxa 
identified.. The exact species number of a community cannot be estimated from 
samples.. However, R can easily be compared if it is based on a standardized sample 
size,, which was the case in this study. The Shannon-Weaver diversity index (Hf) of 
thee assemblages was calculated from the original relative abundance data using the 
expression n 

# ' = - £ >,, *lnj?, (2-1) 

Wheree p{ is the contribution of taxon i to the total number of cells in the sample. 
Maximumm diversity is calculated as In R (Shannon and Weaver 1963). Even-

nesss /'(Pielou 1966) was calculated using the expression 

r=r=J*LJ*L ==2£-2£- (2.2) 

Thee Bray-Curtis similarity index S' (Bray and Curtis 1957, according to Clarke and 
Warwickk 1994) was calculated for all pairs of samples in each gradient and between 
alll  pairs of samples in similar seasons of different years using expression 2.3. 
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^^ = 100* 
SKK  -y*\ 

i--& i--& (2.3) ) 

Withh /(«) = number of taxa, j = community j , k = community k, y$ - fraction of 
taxonn / in community j , yik = fraction of taxon i in community k, S'jk = similarity 
valuee between communities j and k. S' can range from 0% to 100% for communities 
withh no and all taxa in common, respectively. Values of > 60% generally are regar-
dedd as indicating replicate samples (Engelberg 1987, Gauch 1982). 

Results s 

Microphytobenthicc communities were quite diverse: a total of 96 taxa was 
identifiedd in this study. Diatoms always dominated the communities (64.0 - 99.2%), 
exceptt for the winter sample of 2001 (43.9%). Diatoms were complemented with 
loww abundances (0 - 26.4%) of cyanobacteria and chlorophytes (see appendix). 
Hardlyy any community was clearly dominated by one or a few taxa: the highest rela-
tivee abundance of a single taxon was 43.7% while the mean of highest relative abun-
dancess in all samples was 22.1  10.7%. (see appendix). In general, diatoms were 
mainlyy represented by members of the motile Nitzschia and Navicula genera. In all 
exceptt one sample the taxon Navicula capitatoradiata / gregaria was present at more 
thann 5% abundance, and was the most abundant taxon in 11 of 18 samples. Genera 
likee Achnanthes and Gomphonema that grow attached to solid substrates were scarcely 
represented,, except in the sites with long isolation time (e.g. Gomphonema in summer 
2000,, see appendix). Despite the general similarity between all samples, the selected 
gradientss in this study revealed small shifts in species composition. 

Inn the vertical gradient irradiance was strongly attenuated at the sediment sur-
facee (from 77 to < 0.5%) and chlorophyll a concentration declined from 160  24 at 
thee shallow sites to 44  1.4 mg chl a m"2 at the deep sites (Table 2.1a). Despite the 
largee differences in chlorophyll a between depths, differences in species composition 
weree not obvious (Figure 2.4), resulting in similarity indices > 44 (Table 2.2a). Even 
att the highest density communities (shallow sites) there was no clear dominance by 
onee or a few species. However, we did find a slight decrease in similarity when com-
paringg sites of increasing difference in depth in the two replicate ranges (average 
similarityy between 10 and 200 cm samples decreased to 48.4  6.0, Table 2.2a). Also, 
smalll  increases in diversity (from 1.3  0.05 to 1.5 + 0.05) and richness (from 45 + 4 
too 58  4 taxa) correlated positively with increasing depth (see appendix). The rela-
tivee abundance of planktonic diatoms in the communities (e.g. centric diatoms, 
Asterionetta,Asterionetta, Fragilaria) increased with increasing depth (from 14.3  2.2% at 10 cm to 
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2626 A  0.4% at 200 cm). Also, the relative abundance of chlorophytes increased with 
depth.. The similarity indices between the two sampling dates were quite high, with 
valuess between 58 and 78% (Table 2.2a) between replicate depths. 
Inn the horizontal gradient, communities in these rather different lakes were very 
similarr to each other, especially in 1999, with similarities of 53 - 58% (Table 2.2b). 

Inn 2000 similarity was somewhat lower, between 32 and 46%. This may be 
relatedd to a longer time of isolation compared to 1999 (44 and 34 days respectively, 
Tablee 2.1b). Nevertheless, some species have their highest abundances in one 
specificc lake (e.g. Figure 2.5 for 2000). For example Surirella brebissonii (18 and 2.4% 
inn 1999 and 2000) and Navicula lanceolata / rhyncocephala (5.4 and 8.2%) in Och5. 

Inn the seasonal gradient, similarity indices ranged between 24.4 and 60.3% 
indicatingg that most communities were rather similar (Table 2.2c). An exception is 
thee winter 2000 sample that was dominated by resting cells of chlorophytes (relative 
abundancee of 44.5%). 

Y100 De01 spring 2002 Y75 De01 spring 2002 Y 200 De01 spring 2002 

AutacoseiraAutacoseira I Metosira " 1 
CycloteltaCyclotelta I Stephanodiscus 

AchnanthesAchnanthes spp. 
AmphoraAmphora libyca 

AsterioneltaAsterionelta formosa 
CocconeisCocconeis ptacentula 

CraticuiaCraticuia i Caloneis 
CymCym atop leura soiea I elliptka 

Cymbellaspp. Cymbellaspp. 
Diatomaspp. Diatomaspp. 

EpithemiaEpithemia spp. 
FragilariaFragilaria spp. 

Gomphonemaspp. Gomphonemaspp. 
GyrosigmaGyrosigma acuminatum 

HantzschiaHantzschia amphioxys 
LuticolaLuticola mutica 
NaviculaNavicula small 

NaviculaNavicula capitata 
NaviculaNavicula capitatoradiata I gregaria 

NaviculaNavicula sp. 1 
NaviculaNavicula large 

NaviculaNavicula lanceolata I rhyncocephala 
NaviculaNavicula sp. 2 

NitzschiaNitzschia small 
NitzschiaNitzschia intermediate 

NitzschiaNitzschia large 
NitzschiaNitzschia "needle" shape 

PinnulariaPinnularia spp. 
SurirellaSurirella brebissonii 

SurirellaSurirella spp. 
SynedraSynedra spp. 

OtherOther diatoms 
AnabaenaAnabaena I Pseudoanabaena 

Merismopedia Merismopedia 
OsciltatoriaOsciltatoria tenuis 

OtherOther cyanobacterial filaments 
Desmidiaceae Desmidiaceae 

PediastrumPediastrum spp. 
ScenedesmusScenedesmus spp. 
OtherOther chlorophyta | 

ceilsceils in resting stage 

Figuree 2.4 

200 0 10 20 0 10 

Numberr of cells (% of total number of cells) 

Relativee abundance of species (based on cell numbers) in the vertical gradient. Data from the summary 
tablee in the appendix. Y10, 75 and 200 refer to the sampling depth in cm. 
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Similarityy between locations decreased with increasing period of isolation: e.g. 
betweenn spring and summer and between summer and autumn of 2000 no flooding 
occurredd and similarity between spring and summer decreased to 24.4 and between 
summerr and autumn to 43.9, respectively. 

Despitee the overall similarity of microphytobenthic communities in different 
seasons,, we did find small trends of seasonal differences in species composition (see 
appendix).. In winter Hantzschia amphioxys (abundance of 18 and 8% in 1999 and 
2000)) and Luticola mutica (abundance 7 and 1.2%) are typical, only occurring in very 
smalll  abundances in the other seasons (< 0.8%). Amphora libyca had its highest 
abundancee in autumn of both years (0.6 and 2.1%). Gomphonema spp. had its highest 
occurrencee in both summers (5.7 and 9.1%»). 

De011 sprin g 2000 De044 sprin g 2000 Och 5 sprin g 2000 

AutacoseiraAutacoseira I Metosira 
CycloteilaCycloteila I Stephanodiscus 

AchnanthesAchnanthes spp. 
AmphoraAmphora libyca 

AsAs terionella formosa 
CocconeisCocconeis placentula 

CraticutaCraticuta I Catoneis 
CymCym atop leura solea I etliptica 

CymbeltaCymbelta spp. 
Diatomaspp.Diatomaspp. ** 

EpithemiaEpithemia spp. 
FrasitariaFrasitaria spp. 

GomphonemaGomphonema spp. 
GyrosigmaGyrosigma acuminatum 

HantzschiaHantzschia amphioxys 
LuticolaLuticola mutica 
NaviculaNavicula smalt 

NaviculaNavicula capitata 
NavicutaNavicuta capitatoradiata I gregaria 

NaviculaNavicula sp. 1 
NavicutaNavicuta targe 

NaviculaNavicula lanceolata t rhyncocephata 
NaviculaNavicula sp. 2 

NitzschiaNitzschia smalt 
NitzschiaNitzschia intermediate 

NitzschiaNitzschia targe 
NitzschiaNitzschia "needle" shape 

Pinnulariaspp. Pinnulariaspp. 
SurirellaSurirella brebissonii 

SuriretiaSuriretia spp. 
SynedraSynedra spp. 

OtherOther diatoms 
AnabaenaAnabaena I Pseudoanabaena 

Merismopedia Merismopedia 
OscillatoriaOscillatoria tenuis 

OtherOther cyanobacterial filaments 
Desmidiaceae Desmidiaceae 

PediastrumPediastrum spp. 
ScenedesmusScenedesmus spp. 
OtherOther chtorophyta 

cellscells in resting stage 

Figuree 2.5 

200 0 10 20 30 0 10 

Numberr of cells (% of total number of cells) 

Relativee abundance of species (based on cell numbers) in the horizontal gradient in the floodplain lakes 
De01,, De04 and 0ch5 in 2000. Data from the summary table in the appendix. 
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Tablee 2.2 

Bray-Curti ss  similarit y indice s (5') in the thre e gradients . For calculatio n see method s section . 
-- = not calculated . 

Vertical l 

a a 

X10cmm DeOI sprin g 2002 

X75cmm DeOI sprin g 2002 

X200cmm De01 sprin g 2002 

Y10cmm DeOI sprin g 2002 

Y75cmm DeOI sprin g 2002 

Y200cmm DeOI sprin g 2002 

X10cm m 
DeOI I 
sprin g g 
2002 2 

X X 

73.8 8 

44.1 1 

58.3 58.3 

--
--

X75cm m 
DeOI I 
sprin g g 
2002 2 

X X 

54.0 0 

77.7 7 

--

X200cm m 
DeOI I 
sprin g g 
2002 2 

X X 

--
--

67.5 5 

Y10cm m 
DeOI I 
spnn g g 
2002 2 

X X 

59.0 0 

52.6 6 

Y75cm m 
DeOI I 
sprin g g 
2002 2 

X X 

66.8 8 

Horizonta l l 

b b 

DeOII sprin g 1999 

De044 sprin g 1999 

Och55 sprin g 1999 

DeOII sprin g 2000 

De044 sprin g 2000 

Och55 sprin g 2000 

DeOI I 
sprin g g 
1999 9 

X X 

58.3 3 

52.6 6 

60.3 3 

--
--

De04 4 
sprin g g 
1999 9 

X X 

58.2 2 

--
53.9 9 

--

Och5 5 
sprin g g 
1999 9 

X X 

--
--

30.5 5 

DeOI I 
sprin g g 
2000 0 

X X 

45.6 6 

31.6 6 

De04 4 
sprin g g 
2000 0 

X X 

46.4 4 

Seasonal l 

c c 

DeOII sprin g 1999 

DeOII summe r 1999 

DeOII autum n 1999 

DeOII winte r 1999(00) 

DeOII sprin g 2000 

DeOII summe r 2000 

De011 autum n 2000 

DeOII winte r 2000(01) 

X100 cm DeOI sprin g 2002 

Y100 cm DeOI sprin g 2002 

DeOI I 
spring g 
1999 9 

X X 

50.0 0 

57.1 1 

43.7 7 

60.3 3 

--
--
--

63.9 9 

63.5 5 

DeOI I 
summe r r 

1999 9 

X X 

54.6 6 

49.3 3 

--
34.7 7 

--
--

--
--

DeOI I 
autum n n 

1999 9 

X X 

46.3 46.3 

--
45.5 5 

--

--
--

DeOI I 
winte r r 

1999(00) ) 

X X 

41.4 4 

--
--

37.4 4 

--
--

DeOI I 
sprin g g 
2000 0 

X X 

24.4 4 

55.5 5 

20.2 2 

53.1 1 

55.1 1 

DeOI I 
summe r r 

2000 0 

X X 

43.9 9 

16.2 2 

--
--

DeOI I 
autum n n 

2000 0 

X X 

23.2 2 

--
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Bothh years showed similar seasonal variation of species composition, which 
suggestss reproducible seasonal trends. This was confirmed by comparing the 
similarityy of the two samples from DeOl at 10 cm in 2002 and the samples from 
DeOll  at 10 cm in 1999 and 2000 (53 - 64%, Table 2.2c). 

Discussio n n 

Remarkably,, despite the strong local vertical, horizontal and seasonal 
gradients,, representing large differences in irradiance, substrate and period of isola-
tion,, the algal communities were very similar in this study. Most of the similarities 
andd differences between communities observed in this study may be linked to distur-
bancee of communities caused by the dynamic inundation-isolation patterns of the 
floodplains,, regularly resetting the communities in the floodplains to a uniform 
speciess composition. 

Thee overall dominant algal groups in this study, Nitzschia and Navicula, are 
unattachedd diatoms, which are susceptible to displacement (Cattaneo and Kalff 
1978,, Peterson et al. 1990); they are suspended easily and resettle rapidly. In these 
dynamicc environments that are disturbed several times a year by flooding, these 
unattachedd species characterize the fioodplain lakes. 

Thee species Hantzschia amphioxys and Luticola mutica were found only in winter. 
Thesee species are known as a cosmopolitan aerophylious species mainly occurring 
ass soil diatoms in prolonged dry, temporarily wet environments (Krammer and 
Lange-Bertalott 1988, Van de Vijver and Beyens 1999, Flechtner et al. 1998). The 
presencee of these species is indicative of terrestrial sediment being washed into the 
lakee basins (Medioli and Brooks 2003). It may well be that these species are not so 
muchh typical winter species as might appear from our observations, but that they are 
moree characteristic for recent post-flood conditions, which coincided with the two 
winterr samples in our study. De Fabricius et al. (2003) found H. amphioxys and N. 
muticamutica (a synonym of L. mutica) abundant in summer, coinciding with high flow 
conditions. . 

Thee observed lower similarity between the three lakes in spring 2000, com-
paredd to spring 1999, may be explained by a longer isolation time after the last 
floodingg in 2000, providing communities with more time to develop towards site-
specificc communities. 

Itt is frequently observed that many species share the same habitat, and in our 
studyy many different species could coexist at low and high densities and only a small 
negativee correlation between density and diversity was found. Underwood (1994), 
Thorntonn et al. (2002) and Colijn and Dijkema (1981) however, found that at high 
densitiess microphytobenthic communities were clearly dominated by one or a few 
speciess (relative abundance of > 65% in Thornton et al. 2002). In dense communities 
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thee most competitive species would indeed be expected to drive less competitive 
speciess to extinction, and resources are partitioned among species whose require-
mentss do not overlap completely. However, this general ecology principle assumes 
prolongedd interaction, ignoring variation in time (like disturbance) and herewith 
ignoringg the basic role of temporal heterogeneity in communities (Begon et al. 1996). 

Itt is known that disturbance can greatly influence the patterns of benthic algal 
distributionss e.g. physically through wave action (Cyr 1998), or biologically by 
grazingg (Tuchman and Stevenson 1991, Chapter 6). However, the direction in which 
diversityy is steered by disturbance is yet unclear. For example, wave disturbance is 
usedd as an explanation for the occurrence of both high (Stevenson and Stoermer 
1981)) and low (Hoagland and Peterson 1990) diversity. 

Inn the highly dynamic landscape of large river floodplains, a high level of dis-
turbancee may explain the similarity among spatially separated communities. 
Becausee of the physical disturbance of floodplain lakes by inundations and changes 
inn connectivity, species could have been redistributed over the floodplain and the 
river,, leading to similar communities. Furthermore, because of the frequency of this 
disturbance,, succession of communities towards distinct assemblages could have 
beenn set back repeatedly, preventing divergence of community composition. 

Communitiess can be regarded as being inoculated uniformly during seasonal 
floodingss involving a large section of the river, and time to selective outgrowing of 
speciess specialized on parts of these habitats is limited. Additionally, disturbance 
mightt have led to a decrease in interactions between species, which could have led to 
thee high diversity of algal communities in this study. Disturbance (on different 
scales)) could have played an important role in allowing such diverse communities to 
existt in the floodplains, despite the extreme environmental gradients present in the 
floodplains. floodplains. 

Inn conclusion, the redistribution of species in this highly dynamic environment 
iss likely to be substantial because of thee floodings, and this structuring force for algal 
communitiess appears to overrule any effect of the strong environmental gradients 
thatt might act as selective force of microphytobenthos in these floodplain lakes. 
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Chapterr 2 

Appendi x x 

Summaryy table of relative abundance of taxa based on cell numbers. This table is a condensed account 
fromm the original dataset. Richness (/?, number of taxa), Evenness (J') and Shannon's diversity (H') are 
givenn at the bottom, they were all derived from the original dataset. Calculations are explained in the 
methodss section. Achnanthidium spp. group consisted of A. minutissima Kütz. and/or A. lanceotatum Breb. 
CraticulaCraticula I Catoneis group consisted of Craticula cuspidata (Kütz.) Mann, Cratkuta ambisua (Ehrenb.) 
Mann,, Caloneis amphisbaena (Bory) Cleve or Catoneis sp.. Cymbella spp. group included mainly C. minuta 
Hilse.. Diatoma spp. group consisted of D. tenuis Agardh, 0. vulgaris Bory and some D. mesodon (Ehrenb.) 
Kütz... Gomphonema spp. group was mainly represented by G. parvulum Kütz. and some G. acuminatum 
Ehrenb.. and G. truncatum Ehrenb.. Lutkota mutka (Kütz.) Mann is synonym for Navicula mutka (Kütz.). 
Thee taxon Navicula capitatoradiata Germain / gregaria Donkin consisted of the two hardly distinguishable 
species.. Navicula small group (length < 20 urn) consisted mainly of N. veneta Kütz., N. menisculus 
Schumannn and N. cincta (Ehrenb.) Ralfs in Prichard. Navicula targe group (length > 30 ^m) consisted of N. 
cryptocephalacryptocephala Kütz. and N. digitoradiata (Gregory) Ralfs. Nitzschia smalt group (length < 35 urn) included 
smalll Nitzschia species a.o. N. sociabilis Hustedt, N. perminuta (Grunow) Pergallo and N. tevidensis (Smith) 
Grunow.. Nitzschia intermediate group (length between 40 and 80 urn) consisted of intermediate sized 
speciess like N. constricta (Kütz.) Ralfs and N. dissipata (Kütz.) Grunow. Nitzschia large group (length > 80 
urn)) consisted of large species like N. flexa Schumann and N. fibulafissa Lange-Bertalot. Nitzschia "needle" 
shapee group consisted of a.o. N. ackularis (Kütz.) Smith, N. diversa Hustedt and N. gracilis Hantzsch. 
SurireltaSurirelta spp. group consisted of S. minuta Breb., S. linearis Smith or S. elegans Ehrenb.. Other diatoms 
groupp included Meridion circulare (Greville) Agardh, Tabellaria sp., Rhopatodia gibba (Ehrenb.) Muller, 
EunotiaEunotia sp., Rhoicosphaenia spp., Diptoneis oculata (Breb.) Cleve, D. ovalis (Hilse) Cleve, 0. puetla 
(Schumann)) Cleve, Setlaphora sp., Stauroneis sp.. Other cyanobacterial filaments included Spirulina, other 
chlorophytess included Monoraphidium, Actinastrum, Oedogonium, Chlorococcales. 
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FloodplainFloodplain lake biofilms 

Appendi x x 
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Chapterr  3 

Temperaturee and light dependent performance of the 
cyanobacteriumm Leptolyngbya foveolarum and the diatom 

NitzschiaNitzschia perminuta in mixed biofilms 

33 3 



Chapterr 3 

Abstrac t t 

Thiss paper investigates the role of species interactions as a mechanism deter-
miningg the changing seasonal abundance of microphytobenthic species. Different 
kindss of interactions can occur between benthic algal species, e.g. interference com-
petitionn (a species directly hindering the growth of another) or resource competition. 
Iff  such interactions are strong, the capacity of species to exploit parts of the seasonal 
spectrumm of temperature and light conditions could be greatly affected. 

AA model system of two freshwater benthic algae, the cyanobacterium 
LeptolyngbyaLeptolyngbya foveolarum and the diatom Nitzschia pertninuta, was used to study the 
capacityy of each species to grow in ranges of temperature (7, 15 and 25 °C) and light 
(5,, 40 and 200 nmol m'2 s'1) conditions in single-species and two-species cultures. 

Growthh was followed for 14-17 days by measuring chlorophyll a and maxi-
mumm photosynthetic capacity using spectrophotometry and PAM fluorimetry. A 
PHYTO-PAMM fluorimeter facilitated simultaneous observations in mixed cultures 
onn the two species. 

Inn mixed cultures, the diatom appeared to be a "cool season species" (low 
temperaturee and low light intensity) and the cyanobacterium a "summer or autumn 
species""  (higher temperature and light intensities). This is different than predicted by 
monoculturee experiments, where a wide range of optimal growth conditions was 
found. . 

Two-speciess biofilm tests indicated inhibitory effects of the cyanobacterium on 
thee diatom species, especially under conditions favorable to the cyanobacterium. 
Highh or low light intensities, increase of local pH caused by depletion of inorganic 
carbon,, and limitation of other inorganic nutrients (resource competition) were 
examinedd as factors contributing to diatom inhibition, but none provided an accept-
ableable explanation for observed growth patterns. Our results pointed towards inter-
ferencee competition. 
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Introductio n n 

Thee seasonal succession of micro-algal communities in the temperate zone 
showss distinct patterns of species abundance and of taxonomie groups, such as 
diatoms,, green algae and cyanobacteria for both plankton (e.g. Pick and Agbeti 
1991)) and benthos (e.g. McCormick and Stevenson 1991). Experimental studies of 
thiss phenomenon have often been focused on species-specific differences in the 
capacitiess of microalgae to exploit a certain range of conditions defined by e.g. 
nutrientt concentration or light regime (Reynolds 1997). However, if interspecific 
interactionss between species are strong, the physiological capacities of the species to 
exploitt parts of the seasonal spectrum of conditions could be greatly affected. 

Itt is well established that the exploitation of nutrients, the availability of which 
variess strongly through the seasons, differs among species and thus might generate 
successionn (Tilman 1982). However, competition for resources may be modified by 
directt biotic interactions leading to 'interference competition' (sensu McCormick 
1996):: competition in which one species directly kills, overgrows, or inhibits another 
species.. Interference competition between microalgal species is likely to be more 
importantt in benthic communities where cells are packed together tightly on the 
surfacee of the substrate, than in planktonic communities. Strong interactions 
betweenn biofilm forming heterotrophic bacteria (Wimpenny et al 2000) and between 
bacteriaa and algae (Murray et al 1986) have been proven, however for benthic 
microalgaee such knowledge is still lacking. 

Inn this study, we investigated if interference competition could be one of the 
mechanismss determining changing seasonal abundance of algal species in a biofilm. 
Too test this hypothesis, we chose as a model system two freshwater benthic photo-
trophicc species, the cyanobacterium Leptolyngbya foveolarum and the diatom Nitzschia 
perminuta.perminuta. We studied their coexistence under a range of light and temperature con-
ditions,, knowing that microalgal species exhibit a large flexibility  to these environ-
mentall  factors (Eppley 1972, Reynolds 1997). 

Thee model algae were observed in single species and two-species cultures to 
establishh their capacity to persist in ranges of light or temperature, reflecting the 
rangee of seasonal changes. A novel application of a method for recording the abun-
dancee and photosynthetic efficiency of the two species in mixed culture was applied. 
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Methods s 

AlgalAlgal cultures 

Twoo benthic freshwater microalgae were used for the experiments: the motile 
pennatee diatom Nitzschia perminuta (Grunow) M. Peragallo and the filamentous 
cyanobacteriumm Leptolyngbya foveolarum (Rabenhorst ex Gomont) Anagnostidis et 
Komarek.. These algae were collected from coarse sandy sediments at two floodplain 
lakess of the river Rhine at a water depth between 10 and 50 cm. They were isolated 
ass single cells and filaments under a dissecting microscope. 

Non-axenicc unialgal stock cultures were kept in 100 ml Erlenmeyer flasks on 
755 ml nutrient-rich WC medium (Guillard and Lorenzen 1972) modified as follows: 
thee concentration of 1.0 mg l'1 H3B03 was lowered to 0.006 mg l"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. The flasks were closed with cellulose plugs to allow 
forr C02 exchange with the air. 

Thee cultures were illuminated from above with fluorescent cool-white tubes 
(TLL Philips 65W/33 or Massive 36W/33) following a lightidark regime of 16:8 
hourss at 35  5 umol m2 s"1 (measured with a LICOR LI-185B) in a temperature 
controlledd chamber at 20 °C. An inoculum of the stock culture was transferred bi-
monthlyy to new medium to ensure continuous growth. 

Too obtain enough biomass for the experiments, inocula from the stock were 
transferredd to 1000 ml Erlenmeyer flasks with 300 - 400 ml of medium, using glass 
beadss as substrate for biofilm development. From preliminary experiments, it was 
concludedd that a layer of ca. 3 mm of glass beads (0 490 - 700 um) was a more suit-
ablee artificial substrate for benthic algae for this kind of growth experiments com-
paredd to other sizes of beads, glass discs or analytically clean sand. Both algae grew 
welll  on this substrate, which provided enough space for the algae to colonize (gener-
atingg a two-fold enlargement of the growth surface). Algae were easily removed 
fromfrom the substrate for sampling by shaking the flask for 20 min (350 r.p.m.) homo-
genizingg the culture. 

MeasurementsMeasurements on cultures 

Inn pilot experiments comprising wide ranges of temperature and light, the 
growthh of the two test algae in monocultures was recorded with three techniques: 
celll  number and cell volume (Coulter Counter), pigment determinations (spectro-
photometry)) and PAM fluorimetry (PHYTO-PAM). 
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Celll  number and cell volume were measured as follows: after homogenizing 
thee culture, triplicate subsamples were stabilized with 30 ul Lugol's iodine to avoid 
stickingg of the benthic algae to the vials. Subsequently, these subsamples were di-
lutedd with a saline solution and cell densities (ml1) and total cell volume (um3 ml"1) 
weree determined using the Coulter Multisizer II (70 um aperture). Total cell volume 
wass used to ensure uniform inoculation at the start of the experiments. 

Pigmentss were measured as follows: chlorophyll a and phaeopigments were 
extractedd overnight with 90% acetone from filtered (GF/C, 1.2 um) subsamples of 
thee homogenized cultures and measured with a Shimadzu UV-1601 spectro-
photometer.. Pheophytin corrected concentrations were calculated according to 
Lorenzenn (1967) and were expressed as ug l"1 chlorophyll a. 

PAMM fluorimetry was used as a measure of chlorophyll a concentration and 
maximumm photosynthetic capacity. In vivo chlorophyll fluorescence was determined 
usingg a PHYTO-PAM (pulse amplitude modulated fluorimeter) equipped with a 
speciall  fiberoptics-Emitter-Detector-Unit PHYTO-EDF and PhytoWin software 
vl.03bb (Walz, Effeltrich, Germany). The special EDF-unit features a 50 mm long, 5 
mmm 0 quartz rod, which allowed measurement on surfaces (Schreiber et al 2002) as 
welll  as in homogenized cultures. 

Thee fluorescence parameters used in this study were: FQ, the minimal fluores-
cencee signal of dark-adapted cells and Fm, the maximal fluorescence signal after a 
saturatingg light pulse in dark-adapted cells. These two parameters allow the calcula-
tionn of the maximum quantum yield of photosystem II (#<,), which is a measure of 
thee maximum photochemical efficiency of PSII, using the equation <P0 = (Fm-F0)/Fm. 
Thee fluorescence nomenclature is in accordance with Van Kooten and Snel (1990). 
<P<P00 can be used as an indicator for the general level of fitness of the photosynthetic 
organismss under non-steady state conditions (Kolber and Falkowski 1993, Schreiber 
etaletal 1995, Parkhill tf Ö/. 2001, Lippemeiertf */. 1999). 

Thee PHYTO-PAM fluorimeter can distinguish between differently pigmented 
algall  groups (such as diatoms, cyanobacteria and green algae) by applying 4 different 
excitationn wavelengths (650, 590, 525 and 470 nm). This allows a separate measure-
mentt of the fluorescence signal of each algal group in a mixture. Fluorescence sig-
nalss from the four wavelengths were deconvoluted to the two algal groups, using 
referencee spectra from the two test species. The reference spectra were recorded in 
high-densityy suspensions, this allowed differentiation of the fluorescence signal in 
thee mixtures. 

Becausee the F0 values from the PHYTO-PAM are relative units, a calibration 
usingg actual chlorophyll a concentrations was performed for each species, using F0 

andd spectrophotometrically derived chlorophyll a values from monocultures. With 
similarr deconvoluted fluorescence, chlorophyll a values for L. foveolarum were 1.5 
timess the chlorophyll a value of N. perminuta for our PHYTO-PAM. 
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Tablee 3.1 

Surveyy of experimental conditions for the temperature experiments and the tight experiments (PAR: Photo-
syntheticallyy Active Radiation during the light period of 16h per day). Initial cell densities in each Erten-
meyerr flask are given as biovolumes and added up for two species in mixed cultures. 

Experiment t 

Temperature e 

Light t 

Culture e 

Mono o 

Mono o 

Mixed d 

Mono o 

Mono o 

Mixed d 

Species s 

N.N. perminuta 

LL foveotarum 

Both h 

N.N. perminuta 

LL foveotarum 

Both h 

Experimentall conditions 

) ) 

7,15,25 5 

7,, 15,25 

7,, 15, 25 

20 0 

20 0 

20 0 

PAR R 

(umoll m"2 s"1) 

355 5 

355 5 

355 5 

5,, 40, 200 

5,, 40, 200 

5,, 40, 200 

Initiall cell density 

(Mm11 ml ' ) 

2.70*105 5 

2.70*105 5 

5.40*105 5 

6.90*105 5 

6.90*105 5 

1.38*10* * 

Samplingg days 

4,, 7,10, 12, 14 

4,, 7, 10, 12, 14 

4,, 7, 10, 12, 14 

3,, 8, 10, 14, 17 

3,, 8, 10, 14, 17 

3,, 8, 10, 14, 17 

Thee detection limit of the PHYTO-PAM was 13.5 and 15 ug chlorophyll a l1 

forr L. foveolarum and N. perminuta respectively. Maximum photosynthetic capacity, 
(&(& 00),), of all N. perminuta cultures was significantly higher than &0 of the L. foveolarum 
cultures,, but these values were not corrected for species-specific differences, as <P0 

valuess are independent of biomass. 

ExperimentalExperimental  setup 

Thee algae were precultured at all different temperature and light conditions, 
duringg 9 and 11 days (in the temperature and light experiments respectively) prior to 
thee start of experiments. Part of the medium was replaced in these precultures every 
33 - 4 days to avoid nutrient limitation. 

Thee initial algal density in the monocultures was measured as total cell 
volume,, as described above. The mixed cultures contained the same inoculum of 
eachh of the two algae, so the initial algal density on the basis of biovolume was twice 
ass high as biovolume in the monocultures (Table 3.1). The inoculum size was such 
thatt biofilms were kept thin during the time span of the experiments to minimize 
formationn of extreme gradients within the biofllm. The start inocula from the mono-
andd mixed cultures were taken on the same day from the same preculture, but at 
differentt times for the temperature and the light experiment. 

Adaptedd cells of each species were transferred to sterile 300 ml Erlenmeyer 
flaskss with cellulose plugs containing 100 ml fresh and sterile modified WC medium 
andd 20 g glass beads. Both species were grown simultaneously as monocultures and 
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mixedd cultures of the two species for a period of 14 to 17 days. The experiment 
startedd with 15 replicate flasks per treatment and at each sampling date three flasks 
perr treatment were removed to sample for chlorophyll a and maximum photo-
syntheticc capacity measurements (Table 3.1). The position of replicate flasks was 
randomlyy changed every other day to eliminate any location effect due to minor 
changess in external conditions. 

Ass the total pool of nutrients in the medium was sufficient to reach very high 
celll  densities, the medium was not replaced during the experiments, allowing the 
growthh of an undisturbed biofilm. As a consequence of high algal densities, pH 
(measuredd with a glass Sentix 41 pH electrode on the colonized bead surface) rose 
towardss the end of the experiments (first observed in the temperature experiment). 
Therefore,, the Erlenmeyer flasks were swirled gently to neutralize the C02 gradient, 
too slightly lower the pH without breaking up the biofilm. This was only done when 
pHH exceeded 8.5 in the light experiment. 

Onn each sampling date, maximum photochemical efficiency of photosystem II 
(&(& 00)) of the algae was measured in triplicate in the Erlenmeyer flasks 1 mm above the 
glasss bead surface, after dark adaptation for 30 min at 20 °C, using the PHYTO-
PAMM signal, calibrated and deconvoluted as described above. Because it was 
difficultt to position the PAM measuring fiber exactly 1 mm from the glass bead 
surface,, these measurements were used only for the biomass independent &0 calcu-
lations.. For more accurate biomass estimation, the F0 data from homogenized 
sampless were used, although F0 data from both methods compared reasonably well. 

Too dislodge the biofilm from the substrate and homogenize the culture as a 
suspension,, cultures were shaken for 20 min on a rotating shaking device (350 
r.p.m.),, efficiently removing both algal species from the glass beads. Algal density 
wass determined by fluorescence measurements with the calibrated PHYTO-PAM. 
Minimumm fluorescence (F0) of a dark-adapted 3 ml subsample of the homogenized 
culturee was measured in triplicate in an acrylic cuvette, at a distance of 10 mm from 
thee bottom of the cuvette to obtain a reliable chlorophyll a estimation of the whole 
culture.. Subsamples of homogenized cultures were analyzed for chlorophyll a with 
thee spectrophotometer as described above. 

DataData analyses 

Maximumm specific growth rates (fi^ were calculated as: 

MmaMma = ln(Bt/B0)/At (3.1) 

wheree B0 is the density of chlorophyll a at the start of the exponential phase, Bt is the 
densityy at time t in the exponential phase and At is the time interval. Values of / w 
aree given as mean specific rate of increase of chlorophyll a (d])  standard error. 
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Dataa points belonging to the exponential growth phase were selected from the log-
linearr regression plots of the whole growth curve for each treatment individually. 

Differencess between treatments (species, temperature, light, mono- or mixed 
cultures)) were tested for significance (p > 0.05) with two-factor analyses of variance 
(ANOVA),, with biomass concentration as dependent factor and treatment and time 
ass fixed factors (GLM univariate procedure). Decrease of maximum photosynthetic 
capacityy was tested using linear regression and analysis of variance. Statistical analy-
sess were done using SPSS v. 11 software. 

Result s s 

Figuree 3.1 shows growth curves of Leptolyngbya foveolarum and Nitzschia 
perminutaperminuta in monocultures, measured as chlorophyll fluorescence (PHYTO-PAM) 
andd extracted chlorophyll a. 

a a 

1000 0 

800 0 

U))  60 0 

•22 40 0 
o o 

200 0 

0 0 

Figuree 3.1 

L.L. foveolarum 

PHYTO-PAM M 

55 10 
Timee (day) 

Spectrophotometry y 

15 5 

55 10 
Timee (day) 

15 5 

-40 0 

N.N. perminuta 

55 10 
Timee (day) 

15 5 

55 10 
Timee (day) 

0—200 0 

15 5 

Growthh curves of Leptolyngbya foveolarum (panels a, c) and Nitzschia perminuta (panels b, d) in 
monoculturee at the three light intensities (5, 40 and 200 umol m"z s"1), measured as chlorophyll 
fluorescencee (PHYTO-PAM, panels a, b) and extracted chlorophyll a (Spectrophotometrically measured, 
panelss c, d). Averages  SD (n = 3). 
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Growthh was measured under widely different light intensities that led to differ-
entent pigment concentrations per cell. N. perminuta contained 0.025, 0.013 and 0.005 
pgg chl a um"3 at respectively 5, 40 and 200 umol m2 s'. For L. foveolarum, chlorophyll 
contentt averaged to 0.010  0.004 pg chl a um'3 for the three light intensities, with 
largee margins of uncertainty due to difficulties in counting filaments with the Coulter 
Counter. . 

Despitee variable chlorophyll a concentration per volume, PHYTO-PAM-
derivedd and spectrophotometer-derived chlorophyll a showed almost identical 
growthh curves in monocultures for both species (Figure 3.1), which is in accordance 
withh previously found positive correlations between fluorescence and biomass in 
fieldfield studies (Serodio et al. 1997, Honeywill etal. 2002). Despite variable chlorophyll 
aa contents of adapted algae, similar growth curves can effectively be established with 
bothh methods. Species-specific growth in mixtures can only be measured with 
PHYTO-PAM,, therefore only the observations made with PHYTO-PAM were pre-
sented. . 

EffectEffect of temperature 

Thee growth of the cyanobacterium L. foveolarum and the diatom N. perminuta in 
monoculturee differed between species grown at different temperatures (Figure 3.2). 
Thee cyanobacterium showed its highest maximum growth rate (0.40  0.01 d"1) in 
monoculturee at 25 °C, decreasing to 0.19  0.03 (d1) at 15 °C and marginal growth 
att 7 °C. Similarly, increase of algal biomass was highest at 25 °C, lower at 15 °C and 
minimall  at 7 °C (Figure 3.2a, b, c). 

Thee diatom showed its highest maximum growth rate in monoculture at 25 °C 
(0.655  0.14 d1). Although this rate was lower at 15 °C (0.30  0.10 dl ), two-way 
ANOVAA showed no significant differences between these two treatments (Figure 
3.2e,, f). In contrast to the cyanobacterium, the diatom grew well at 7 °C di  ̂ 0.26
0.033 d'1). However, the lag phase was extended and as a result, the incubation period 
off  14 days was too short to obtain a full growth curve (Figure 3.2d). 

Thee overall differences in growth between the species were larger when they 
coexistedd in a mixture (Figure 3.2), than when grown in monoculture. On the one 
hand,, the density of L. foveolarum was unaffected by coexistence at 15 and 25 °C but 
decreasedd earlier at 7 °C compared to its monocultures (Figure 3.2b, c, a). On the 
otherr hand, the diatom response was significantly different in the mixture than in 
monoculture:: at 25 °C the growth of N. perminuta was terminated after 7 days in the 
mixture,, while at 15 °C it still showed continuous growth but at lower densities than 
inn monoculture (Figure 3.2f, e). At 7 °C, this species reached significantly higher 
densitiess than in monoculture (Figure 3.2d). 
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Temperaturee experiment: changes of biomass in time recorded as fluorimetrically measured chlorophyll a 
increase.. Chlorophyll a values in the mixtures derived simultaneously for N. perminuta and L. foveolarum from 
PAMM fluorimetry (see Methods). Panel a, b and c represent data from L foveolarum, panel d, e and f represent 
dataa from N. perminuta. Closed symbols represent monoculture data; open symbols represent data from mixed 
cultures.. Averages  SD (n = 3). 
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EffectEffect of tight 

Observationss from pilot experiments with monocultures showed similar 
growthh of both species at 20 °C. Therefore this temperature was selected for experi-
mentss on light. 

Inn monoculture, the cyanobacterium densities were not significantly different 
att the three light intensities (Figure 3.3a, b, c) however, the calculated maximum 
growthh rates at 5 and 200 umol m2 s"1 (0.22  0.03 and 0.21  0.01 d1 respectively) 
weree lower than at 40 umol m2 s"1 (0.30  0.02 d'). The diatom showed a signifi-
cantlyy lower increase in density at the highest light intensity (200 umol m2 s'), com-
paredd to the two lower light intensities (Figure 3.3d, e, 0- Nevertheless, maximum 
growthh rates at 5 and 200 umol m2 s"1 (0.28  0.03 and 0.29  0.02 d' respectively) 
weree lower than at 40 umol m2 s"1 (0.39  0.04 d'). 

Inn mixture, the cyanobacterium was unaffected (no significant differences) by 
thee coexistence at the two higher light intensities (Figure 3.3b, c), however, at 5 
umoll  m2 s"1 the growth was slightly but significantly lower than in monoculture 
(Figuree 3.3a). The growth of the diatom was significantly affected at all light inten-
sitiess in the mixture, compared to the monoculture. At the highest light intensity, the 
growthh of the diatom stopped in the mixture after some initial growth. A decrease in 
chlorophylll  a concentration was detected during the remaining nine days of the 
experiment. . 

Thee time course of suppression of K perminuta by L. foveolarum under high 
lightt (Figure 3.3f) resembled the suppression that occurred at high temperature 
(Figuree 3.2f). At very low light intensities the growth of both species was signifi-
cantlyy lower in mixed cultures than in monocultures (Figure 3.3a, d). Specific 
growthh rates at these low light intensities were also lower compared to the mono-
culturess (0.22  0.03 to 0.17  0.01 d1 for L. foveolarum and 0.28  0.03 to 0.21
0.022 d"1 for N. perminuta). 
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Lightt experiment: changes of biomass in time recorded as fluorimetrically measured chlorophyll a 
increase.. Chlorophyll a values in the mixtures derived simultaneously for N. perminuta and L foveolarum 
fromm PAM fluorimetry (see Methods). Panel a, b and c represent data from L foveolarum, panel d, e and f 
representt data from N. perminuta. Closed symbols represent monoculture data; open symbols represent 
dataa from mixed cultures. Averages  SD (n = 3). 
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pH pH 

Inn monocultures of N. perminuta, pH never exceeded 8.4 in the temperature 
experimentt and 7.8 in the light experiment (results not shown). In contrast, in 
monoculturess of L. foveolarum pH rose up to 9.7 at 25 °C and to pH 8.5 at 200 umol 
m22 s'1 (results not shown). Figure 3.4 shows the development of pH in the mixed 
cultures. . 

Thee pH was measured with a macro-electrode and thus might have under-
estimatedd the extreme pH values developing within the biofllm. Yet, it is clear that 
extremee pH values (over 9) concurred with cyanobacterial dominance in the 
temperaturee experiment (Figure 3.4a), while values between 7.9 and 8.9 accompa-
niedd such events in the light experiment (Figure 3.4b). 
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Figur ee 3.4 

pHH values measured in the culture medium on the colonized 
beadd surface during the experiments in the mixed cultures. 
Panell a: temperature experiment, panel b: light experiment 
withh light intensities of 5, 40 and 200 umol m"2 s"1. 
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MaximumMaximum photochemical efficiency (<P0) 

Underr optimal temperature conditions (25 °C, Figure 3.2c) the average values 
off  <P0 in the cyanobacterial monoculture showed no significant change in time 
(rangingg from 0.17  0.08 on day 4 to 0.24  0.03 on day 14), while wider variations 
weree observed at low densities in monoculture (e.g. at 7 °C from 0.25  0.15 at day 4 
too 0.34  0.01 at day 14, not significantly different). In accordance with published 
observationss (e.g. Campbell et al. 1998) the diatom showed higher <P0 values 
(betweenn 0.57 and 0.72 for all treatments), with only minor differences between the 
temperaturee and light conditions tested and hardly changing in time. 

Thee <P0 values of diatoms and cyanobacteria in mixed cultures were measured 
simultaneouslyy and were compared to their respective monocultures. N. perminuta, 
inn coexistence with L. foveolarum at 25 °C, showed average <P0 values of 0.60, with 
onlyy 0.05 unit change in time. Thus, the consistent inhibition of growth observed for 
thee diatoms (Figure 3.2d, e, f) did not result in a decrease of the maximum photo-
chemicall  efficiency. Similarly, inhibition of diatom growth at 200 umol m2 s'1 

(Figuree 3.3f) was not matched with any systematic change in &0. For L. foveolarum 
suchh changes were not evident either. 

Discussio n n 

Thee present study, together with Watermann et al. (1999), shows that cyano-
bacteriall  dominance at high temperatures (25 °C) can be mimicked in synthetic 
multi-speciess biofilms. Diatoms have shown large increases in density, both at high 
temperaturee in monocultures in laboratory experiments (this study, Admiraal 1977) 
andd in the field in a population composed only of diatoms (Blanchard et al. 1997). 

Nevertheless,, our observations in mixtures of a diatom and a cyanobacterium 
fullyy agree with previous studies showing diatoms as "cool season species" and 
cyanobacteriaa as "summer or autumn species" in natural mixed communities (e.g. 
Davisonn 1991, Snoeijs 1990, Coles and Jones 2000). We also showed that even 
thoughh our diatom has the capacity to grow at a wide range of light intensities, high 
lightt intensities promote cyanobacterial dominance in mixture. Therefore it can be 
concludedd that diatoms are potentially able to grow well at high temperatures and 
lightt intensities, but cannot compete well with cyanobacteria. 

Thee mechanisms responsible for seasonal distribution of diatoms and cyano-
bacteriaa are still subject of discussion (Shapiro, 1990). Most of the arguments for the 
succeedingg consortia of diatoms and cyanobacteria stem from observations of 
phytoplankton:: resource competition (e.g. for light and nutrients, Reynolds 1997, 
Tilmann 1982) is assumed to be a dominant mechanism, but interference competition 
iss probably also strong, especially in benthic algae consortia. Experimental proof of 
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interactionss caused by interference competition in benthic algal assemblages is still 
lackingg (McCormick 1996). 

Resourcee competition could be one explanation of the interactions found in 
thiss study. Resource competition for temperature is not possible, but competition for 
lightt could have promoted cyanobacterial dominance at high light intensities in this 
study.. Although it is known that several planktonic cyanobacteria prefer lower light 
intensitiess (Scheffer et al 1997) and photoinhibit sooner than diatoms (Coles and 
Joness 2000, Litchman 2000), benthic algae generally have higher photoacclimation 
parameterss (/*) than planktonic algae (Barranguet et al. 1998). This allows them to 
groww at much higher light intensities, as was shown for L. foveolarum in this study. 

Iff  light were the key factor in these interactions, it should be limiting for one of 
thee two species. Yet, the excess dose of light in our study had larger consequences 
thann a limiting dose: low light permitted N. perminuta to reach optimum growth and 
too coexist with L. foveolarum, while excess light enabled L. foveolarum to dominate. 
Becausee algal density at low light intensity was lower for both species in mixture 
comparedd to in monoculture, self-shading could have occurred, favoring the success 
off  the dominant species in mixed culture when algal density increased. However, at 
veryy low algal density in the initial exponential growth phase, where self-shading 
wass improbable, specific growth rates were also lower compared to growth rates in 
thee monocultures. Therefore, light as a limiting resource could not explain the 
dominancee of the cyanobacterium found at high light intensities. 

Competitionn for nutrients could be another explanation for cyanobacterial 
dominance.. At high cell densities (at high temperature and high light intensities) the 
inorganicc carbon resources were depleted as indicated by the rise of pH. The capa-
cityy of cyanobacteria in general (and also the present L. foveolarum) to exhaust DIC 
couldd have deprived coexisting diatoms from essential substrate. The prominent role 
off  C02 and pH for cyanobacteria in general is advocated by Shapiro (1990), 
particularlyy in the case of plankton. Earlier observations of coexisting diatom species 
(Dee Jong and Admiraal 1984) showed the relevance of C02 to diatom films, while a 
biofilmm model predicted the key role for diffusion of carbon substrates and their 
differentt exploitation by cyanobacteria and diatoms (Ludden et al 1985). The 
presentt observations indicate that pH values over 9 concur with the "loosing" of the 
diatomm (in the temperature experiment) but inhibition of the diatom could already be 
seenn on day 7, where pH was not that high and hence not under conditions of 
carbonn limitation. Moreover, in the better-mixed light experiment pH values of 7.9 -
8.99 provoked a similar inhibition. 

Althoughh biofilms were kept thin during the experiments to diminish the 
chancee of strong gradients within the biofilm, environmental conditions within the 
biofilmm were not measured; this would have required micro-electrodes. Barranguet et 
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al.al. (1997) found spatial replacement of diatoms by cyanobacteria at high tempera-
turess in tidal sediments without extreme increase of pH. 

Moreover,, maximum photochemical efficiency did not decrease, indicating no 
prooff  of limitation for other inorganic nutrients like nitrogen, silicate or phosphorus 
(Parkhilll  et al. 2001, Lippemeier et al. 1999). Thus, it cannot be concluded that com-
petitionn for a depleted resource is the key factor for the exclusion of the tested 
diatomm species. 

Benthicc algal species occupy space that cannot be used for settlement of co-
existingg algae. Tuji (2000) demonstrated that successional stages of biofilms harbor 
morphologicallyy different forms (enabling vertical structures in the biofilm) differing 
inn their exploitation of limiting light. The vigorous growth of a filamentous alga, 
suchh as L. foveolarum, may create overstories expanding the overall space of the 
biofilmm (Steinman et al 1992). At the same time, the gelatinous structures, produced 
byy dominant phototrophic organisms may limit the options for settlement of co-
existingg species (Chapter 6). 

Thee present experiments provide proof of inhibitory effects of a cyano-
bacteriumm on a diatom species, especially under conditions that favor the cyano-
bacterium.. An explanation of these effects could not be found in the concept of 
exploitativee competition. It is possible that in our case interference competition 
playedd an important role. It is tempting to suggest that allelopathic interaction is 
involved,, in accordance with many reports of anti-microbial compounds released by 
cyanobacteriaa (Von Elert and Juttner 1997, Smith and Doan 1999, Ray and Bagchi 
2001);; the impaired cell multiplication, which was shown in our experiments already 
fromm day 7 on, possibly points towards a chemical warfare between two 
phototrophs. . 

Underr natural conditions, earlier observations (De Jong and Admiraal, 1984) 
off  the effects of salinity on estuarine benthic diatoms in monoculture and mixed 
culturee indicated that the physiological range at which maximum growth rates 
occurredd in mixed cultures was greatly restricted compared to monocultures. In the 
presentt study, the coexistence of two phototrophic species led to a similarly 
restrictedd range of conditions permitting dominance: i.e. low light, low temperature 
forr the diatom and high light, high temperature for the cyanobacterium. 

Fromm our results it appeared also that ranking species according to their 
physiologicall  range for temperature and light does not allow an accurate prediction 
off  their seasonal occurrence in mixed biofilms. Other mechanisms, like interference 
competition,, may seriously impair a more detailed reconstruction of the seasonal 
successionn in the microphytobenthos. 

48 8 



TemperatureTemperature and light 

Inn summary, while it is quite possible that interference competition rules the 
interactionn of the cyanobacterium L. foveolarutn and the diatom N. perminuta in a 
modell  system, with possible consequences for their seasonal distribution, caution is 
stilll  needed in concluding on a single key factor ruling microalgal coexistence in 
biofilms:: chemical warfare, competition for the resourcess light and DIC or space. 
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Phosphatee regime structures species composition in 
culturedd prototrophic biofilms 
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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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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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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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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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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 

11.55 Mg l 

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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Dominancee of diatoms over cyanobacterial 
speciess in nitrogen-limited biofilms 
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Abstrac t 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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Introductio n 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. 

Method s 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. 

Result s 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). . 

Figur ee 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. 
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Figur ee 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). 

Figur ee 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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Figur ee 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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Discussio n 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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Trophicc interactions between benthic copepods and 
phototrophicc biofilms: a laboratory study 
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Abstrac t t 

Meiofaunaa is potentially capable of controlling microphytobenthic biomass. It 
iss hypothesized that intense grazing leads to succession towards less edible algal 
speciess with consequent effects on copepod survival and growth. 

Monospecificc biofilms of three benthic diatom species and one benthic cyano-
bacteriall  species and multi-specific biofilms with these species were offered to adult 
AttheyellaAttheyella trispinosa and the changing abundance of phototrophic species was 
observedd during 17 days. The survival and development rate of nauplii of A. 
trispinosatrispinosa and Bryocamptus minutus were measured during incubations with a similar 
rangee of biofilms supplied as food. 

Feedingg by A. trispinosa decreased the density of the diatom Nitzschia perminuta, 
whilee biomass of all other diatom species was generally unaffected. The biomass of 
thee cyanobacterium Leptolyngbya foveolarum was either unaffected or was slightly 
enhancedd by copepod feeding. Yet, the architecture of the biofilm changed and the 
cyanobacteriumm was ingested and partly digested by the copepod that was able to 
developp on this diet. 

Cyanobacteriaa alone or combined with diatoms reduced the survival and 
developmentt rate of A. trispinosa nauplii and diminished copepodid size. Similar 
observationss were made for B. minutus. It is concluded that phototrophic species 
exertt a strong effect on harpacticoid copepods. 

Specificc effects of copepod grazing on multi-species phototrophic consortia 
weree to a large extent masked by the interaction among phototrophic species. In 
contradictionn to our hypothesis, grazing of copepods on cyanobacteria altered the 
physiognomyy of biofilms and promoted the persistence of (edible) diatom species 
otherwisee overgrown by the less nutritious cyanobacteria. 
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Introductio n n 

Thee forces structuring algal communities have received broad attention from 
ecologistss and there is controversy on the importance and degree of influence of 
nutrientss and other bottom-up factors (e.g. Persson etal 1988 and references therein) 
versuss grazing or other top-down factors (e.g. Shapiro and Wright 1984). It is 
acceptedd that grazer taxon, grazer biomass and periphyton accrual influence the 
magnitudee of the effect exerted by grazers on periphyton (Feminella and Hawkins 
1995).. Macro-invertebrates clearly influence periphyton as grazers and are able to 
controll  periphyton biomass and diversity (Hillebrand 2002, 2003, Hillebrand et al. 
2002). . 

Knowledgee on the role of meiobenthic copepods in freshwater foodwebs is 
moree limited (Gladden and Smock 1990, Sarvala 1998) although meiofauna impor-
tancee in food webs is recognized (Schmid-Araya et at. 2002, Hulebrand et al. 2002). 
Evidencee from marine environments show that the benthic microalgal biomass may 
bee controlled by harpacticoids (Carman et al. 1997) and that the diel variation of 
microalgall  biomass is influenced by meiofaunal grazing (Buffan-Dubau and Carman 
2000). . 

Benthicc harpacticoid copepods are often an important component of the meio-
faunaa both in the littoral and profunda! zones of lakes. The main food sources for 
harpacticoidd copepods are assumed to be detritus, algae and bacteria (Hicks and 
Coulll  1983, Dole-Olivier et al. 2000). Although each of the meiobenthic copepod 
speciess may exploit microalgal resources differently (Buffan-Dubau et al 1996, Pace 
andd Carman 1996), the spatial distribution of copepods is often directly correlated 
withh the patchy distribution of microalgae, particularly of diatoms (Long and Ross 
1999,, Sandulli and Pinckney 1999). There are also indications that certain harpacti-
coidd copepods preferentially feed on some diatom species over other diatom species 
(Lee(Lee etal. 1977). 

Inn general, harpacticoids are reported to avoid the ingestion of cyanobacteria 
(Dechoo and Castenholz 1986, Buffan-Dubau and Carman 2000), although a number 
off  harpacticoid species are able to ingest (Miliou and Moraitouapostolopoulou 1991) 
andd assimilate (O'Neal 1998) certain cyanobacterial species. These indications imply 
thatt meiofauna represent an important link between microalgal primary production 
andd higher trophic levels and may have the ability to drive succession from the 
ediblee to the less edible microalgal species. 

Foodd quality has been observed to affect the growth and development of both 
calanoidd and cyclopoid copepods (Vijverberg 1989, Twombly and Burns 1996, 
Koskii  et al. 1999) and when food is of insufficient quality, growth and development 
mayy be arrested (Hart and Santer 1994). Although the growth, development and 
reproductionn of harpacticoid copepods has been less studied, it has been hinted that 
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foodd quality and quantity may have a similar effect in this group of copepods 
(Powlikk et al. 1997, Pinto et al 2001), though development may continue during 
somee instars in the absence of food (Weiss et al 1996). 

Benthicc harpacticoid copepods, intensively exploiting biofilms provide a good 
testt system to explore the interaction of grazers with multi-specific consortia of 
phototrophs.. In this study, we intend to investigate: 
1)) whether the freshwater harpacticoid copepod Attheyella trispinosa (Brady 1880) 

hass the ability to drive the species composition of phototrophic consortia 
towardss less edible cyanobacteria when nutrients are not limiting algal growth 
andd conversely, 

2)) how the specific composition of biofilms influences the development and 
survivall  of the harpacticoid copepods A. trispinosa and Bryocamptus minutus 
(Clauss 1863), especially when a cyanobacterium is present. 

Method s s 

Biofilms Biofilms 

Thee benthic diatoms Achnanthes lanceolata ((Brébisson) Grunow 1880), Navicula 
trivialistrivialis  (Lange-Bertalot 1980), and Nitzschia perminuta ((Grunow) M. Peragallo 1903) 
andd the benthic cyanobacterium Leptolyngbya Jbveolarum ((Rabenhorst ex Gomont) 
Anagnostidiss et Komarek 1988) were obtained from non-axenic cultures kept in the 
laboratory.. All algal species were isolated from sediment samples collected in 1999, 
att the littoral zone of small lakes in the floodplains of the River Waal (a branch of 
thee River Rhine). 

N.N. trivialis (Length = 38  SD 3 um) and N. perminuta (L = 12  SD 1 urn) are 
motilee diatoms that move in close contact to the substrate while A. lanceolata (L = 13 

 SD 1 um) is a sessile diatom with a size similar to that of N. perminuta and whose 
cellss firmly attached to the substrate, sometimes by erect gelatinous stalks. The fila-
mentouss cyanobacterium L. jbveolarum (Diameter = 1  SD 0 um) never formed 
heterocystss during the experiment. 

AA total of eleven young biofilms of different specific composition (see Figure 
6.1),, were allowed to grow during 10 days on sand blasted glass discs (area =1.5 
cm2)) in Petri dishes at 20 °C under a light intensity of 50 umol m"2 s'1 and a 16:8h 
lightidarkk regime. The biovolume of the algal inocula placed in the Petri dishes was 
1.77 x 107 um3 cm"2 for the diatom biofilms and 8.5 x 106 um3 cm'2 for the cyano-
bacteriumm monoculture biofilms. 

Eachh of the diatom species in the multi-specific diatom films contributed to the 
totall  inoculum with an equal biovolume. For the biofilms with one diatom species 
pluss the cyanobacterium, each inoculum consisted of 8.5 x 106 um3 cm"2 diatom and 
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4.255 x 106 um3 cm"2 cyanobacterium. The inocula were allowed to settle in 30 ml 
Petrii  dishes containing the glass discs and WC medium (modified from Guillard and 
Lorenzenn 1972). Half of the growth medium was renewed every 3 days and 
nutrients,, in the amount present in fresh medium, were added daily from day 7 to 
dayy 10. A minimum of 10 days of biofilm incubation was necessary to obtain suffi-
cientt algal biomass for in vivo chlorophyll a fluorescence measurements. 

Afterr 10 days of incubation, the glass discs with the young biofilms were trans-
ferredd to 1.5 cm diameter wells (24 well polystyrene clusters) filled with 2 ml 
medium.. Modified WC medium was used in the first set of experiments (Grazing 
experiments)) to test the ability of the harpacticoid copepod A. trispinosa to alter the 
growth,, species composition and physiognomy of simple biofilms through grazing. 

M44 Elendt medium (Elendt 1990) was used in the second set of experiments 
(Experimentss on post-embryonic development) to test the effect of food quality 
(biofilmm specific composition) on the post-embryonic development time, growth and 
survivall  of copepods. Previous experiments have shown that M4 Elendt medium is 
moree suitable for copepod growth and development compared to modified WC 
mediumm while algae grow only at a slightly lower rate than on modified WC 
medium.. All experiments were run in duplicate. 

1.. Grazing experiments 

Forr each algal assemblage, two replicates of the young biofilms were kept 
withoutt copepods (control) while a set of 15 unfertilized female copepods of A. 
trispinosatrispinosa was placed in each of two other replicates. The copepods had been cultured 
inn the laboratory for several generations, after collection from experimental ponds at 
thee university campus. Prior to the experiments, female copepodids at stage 5 were 
isolatedd from the stock cultures and allowed to develop to adult stage in 4 ml wells 
(22 cm diameter) filled with M4 Elendt medium and a mixture of N. perminuta and N. 
trivialistrivialis  (1:1) at a final concentration of 1 x 107 urn3 cm'2. 

Thee sets of 15 newly moulted adult females were transferred to the 2 ml wells 
alreadyy containing the discs with the microalgal assemblages and the modified WC 
medium.. Concentrated nutrient stock for algal growth was added daily to every well. 
Chlorophylll  a (CHLa) biomass and the capacity of fluorescence emission were 
measuredd by a non-destructive method, during the 17 days of the experiment. 

FluorescenceFluorescence measurements 

Thee in vivo chlorophyll fluorescence of the biofilms on glass discs was 
measuredd with a PHYTO-PAM fluorimeter (Pulse Amplitude Modulation, Heinz 
Walzz GmbH, Effeltrich, Germany) equipped with an array of light-emitting diodes 
featuringg 4 different wavelengths: 650 nm (red), 620 (orange), 535 (green), 470 (blue) 
andd to differentiate between the contribution of the main algal groups with different 
pigmentt composition (Bacillariophyceae and Cyanophyceae). 
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Algaee were kept in the dark for 30 min before measurement of the fluorescence 
variabless F0, Fm, F, and &0. In accordance with Schreiber et al. (1994), F0 is the 
fluorescencee level following dark incubation (all PSII electron acceptors fully 
oxidized,, reaction centres open), Fm is the maximum fluorescence level with all PSII 
reactionn centres closed (assuming negligible non-photochemical quenching), F, is the 
maximumm variable fluorescence of a dark adapted sample (F0 - Fm) and <P0 is the 
maximumm quantum yield (F„/  Fm) of PSII photochemistry. 

FF00 values were calibrated for CHLa biomass for each monospecific algal 
assemblagee with spectrophotometric data. As the calibration curves of the three 
diatomm species were not significandy different (F2]40 = 2.59, p > 0.05), diatom data 
weree pooled to calculate the curve used to calibrate the F0 values for multi-specific 
diatomm assemblages. 0O was calculated to obtain a measure of the maximal 
efficiencyy of electron transport of each type of microalgal assemblage (Schreiber etal. 
1995),, which is independent of CHLa biomass. 

00 3 6 9 12 15 18 0 3 6 9 12 15 18 

Timee (days) 
Figuree 6.1 

Growthh curves of mono-specific and multi-specific biofilms grown in the absence (Control) and in the 
presencee (Copepoda) of copepods during the grazing experiment. Error bars indicate  1 SD of the mean, n 

 2 for all biofilms except for N. perminuta, N. perminuta + A. lanceolata and L. foveotarum where n = 4 
(dataa was pooled with the biofilms obtained from an inoculum of the same algal species plus N. trivialis, 
seee methods). 
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MicroscopicMicroscopic observations 
Too assess the relative abundance of diatom species in the multi-specific diatom 

assemblagess two replicate discs at the beginning (t = 0) and at the end of the experi-
mentt (t = 17 days) were individually placed in a 10 ml vial with 1 ml of distilled 
waterr and 40 ul of Lugol's iodine and stored at 4 °C for later cell counting. Before 
counting,, the vials were sonicated for 30 sec to detach the algae from the discs 
(Sonifierr 2210, Branson Ultrasonics). When A. lanceolata was present at t = 0, the 
discss were previously scraped with a scalpel before sonication since this species 
firmlyfirmly  attached to the discs. 

Inn order to check whether the copepods digested the diatoms and the cyano-
bacterium,, a fluorescence microscope (Olympus BH-2, Japan, 40x magnification) 
wass used to examine the presence of live algae in the faecal pellets from four sets of 
155 newly moulted adult females feeding on monospecific biofilms during 12 hours. 

CalculationsCalculations and statistics 
Thee variation in the CHLa biomass of mono and multi-specific biofilms 

growingg in the presence of copepods was compared to the variation in the CHLa 
biomasss observed for control biofilms using a repeated measures test (Zar 1999). 
Becausee N. trivialis didd not grow in the multi-specific biofilms containing N. 
perminutaperminuta (no visual observations at t = 0) and was detected together with the cyano-
bacteriumm on only one date, the analyzed data set contained 4 replicates for the 
mono-specificc biofilms of N. perminuta and L. foveolarum and the bi-specific assem-
blagee of TV", perminuta + A. lanceolata. 

Alll  other analyses were applied on 2 replicates for each biofilm. Repeated 
measuress analysis was used to testt the effect of the cyanobacterium on N. perminuta 
andd A. lanceolata. As A. lanceolata biomass data violated the assumption of sphericity 
(Huynhh and Feldt 1970) required to perform repeated measures analysis, ANCOVA 
wass applied on LN transformed biomass data, using time as covariate. 
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Figuree 6.2 

Algall biomass increments of a diatom 
biofilmm growing in the absence (filled 
squares)) and presence (open squares) 
off copepods. 
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Thee growth rate (u) of algae growing in the absence of copepods was calcu-
latedd from CHLa biomass variation in time. The CHLc biomass was calibrated to 
carbonn biomass for each algal assemblage to enable comparisons among algal 
assemblages.. The carbon content of a set of biofilms growing under the experimental 
conditionss in the absence of copepods was measured using a T.O.C. Analyzer 
(Modell  700, O.I. Co., USA) after measuring chlorophyll fluorescence and significant 
regressionss were derived from these data. 

Inn order to account for biomass changes in the biofilms ascribed to autogenic 
factorss and not to herbivory (Peterson and Renaud 1989) the algal biomass incre-
mentt between adjacent dates of fluorescence measurement ascribed to copepod 
herbivoryy was calculated by subtracting the observed increment from the expected 
biomasss increment in the absence of herbivory. The expected increment for any 
givenn algal biomass was derived from statistically significant regressions obtained 
fromm control data. 

ANOVA'ss were applied to compare the observed biomass increment of micro-
algaee (2 replicates for each biofilm type) to the expected increment in the absence of 
copepodss at each date of fluorescence measurement. ANOVA was applied to carbon 
incrementt data from day 3 to day 6, using the type of biofilm as factor to test if 
copepodss removed different amounts of carbon from different biofilms. 
Multicomparisonn of the means (Tukey HSD, 5% error probability) was performed to 
establishh differences between pairs of biofilm types. 

ANOVAA was applied to test the effect of copepod presence on the relative 
abundancee of N. perminuta in the multi-specific diatom biofilms on day 17. The same 
testt was applied to N. trivialis growing together with A. lanceolata. It was observed 
thatt N. trivialis was absent from multi-specific biofilms containing N. perminuta at t = 
0.. Thus, the results from the biofilm N. perminuta + A. lanceolata + N. trivialis were 
pooledd with those from N. perminuta + A. lanceolata biofilms (4 replicates). 
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Figur ee 6.3 

Estimatedd daily amount of 
cyanobacteriall (a) and diatom 
(b)) carbon removed per 
copepod,, between day 3 and 6, 
fromm biofilms containing the 
cyanobacteriumm L foveolarum 
(Cyano)) and the diatoms N. 
perminutaperminuta (Np), N. trivialis (Nt) 
A.A. lanceolata (Al). 
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2.2. Experiments on copepod post-embryonic development 

Inn order to obtain nauplii for development experiments, 24 ovigerous females 
orr mating pairs of A. trispinosa and B. minutus were transferred from the stock 
culturess and individually placed in 4 ml wells (2 cm diameter, 12 well polystyrene 
clusters)) filled with M4 Elendt medium and a mixture of N. perminuta and N. trivialis 
(1:1)) at a final concentration of 1 x 10' um3 cm2. After hatching, ten 24h - 48h old 
naupliii  were transferred to each 2 ml well already containing the discs with the 
severall  microalgal assemblages and 2 ml of M4 Elendt medium. Previous observa-
tionss have revealed that 24 - 48h nauplii endure handling better than nauplii younger 
thann 24h. 

Halff  of the medium was replaced every 2 days and concentrated nutrient stock 
forr algal growth was added on the intermediate days. Naupliar development time 
wass established by the time taken for half of the naupliar population to moult into 
thee first copepodid stage and copepodid development time was the time required for 
halff  of the population to moult into the adult stage. Copepod development stage was 
checkedd daily with a binocular microscope. After the last moult, adult length was 
measuredd from the anterior end of the cephalothorax to the posterior end of the 
abdomenn (without the furcal rami). 

Naupliarr and copepodid development times and survival data were subjected 
too ANOVA followed by a posteriori test (Tukey's B, a = 0.05) to identify groups of 
biofilmss with similar influence on these parameters. ANOVA were also applied to 
dataa of female and male length of both copepod species to assess the influence of 
biofilmm type on body growth. Unplanned comparisons Hochberg's GT2 tests 
(becausee of unequal sample size) were used to identify homogeneous sub-sets. 

Figur ee 6.4 

Fractionn of each diatom species 
inn multi-specific diatom biofilms 
att the beginning (t = 0 days) and 
att the end (t = 17 days) of the 
experiment. . 
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Result s s 

1.1. Grazing experiments 

Thee copepods generally had a negligible effect on the biomass of the tested 
diatomm biofilms with a clear exception for N. perminuta whose biomass was signifi-
cantlyy reduced in the presence of copepods (F16 = 20.43, p < 0.01, Figure 6.1). The 
biomasss of the cyanobacterium L.foveolarum was not negatively affected by the pres-
encee of copepods (maximum F, 6 = 0.38, p > 0.05). From day 10 onwards, L. 
foveolarumfoveolarum attained even higher biomass in the presence of copepods. 

Thee presence of the cyanobacterium significantly decreased diatom biomass in 
bi-specificc biofilms during biofilm formation (see values at t = 1, Figure 6.1) and that 
trendd continued throughout the experiment: AT. trivialis was only detected on day 13; 
thee biomass of N. perminuta was lower than in mono-specific biofilms ( Fu = 18.65, p 
<< 0.05), decreasing below the limit of detection level by day 10 in the absence of 
copepodss and A. lanceolata registered an overall reduced biomass relative to when 
growingg alone (ANCOVA F,,2I = 216.90, p < 0.001). 

A.A. lanceolata exhibited a particular feature when growing with the cyano-
bacteriumm i.e. on day 6 of the experiment, a thin film of A. lanceolata was visible near 
thee surface of the medium. On day 10, A. lanceolata was no longer detected in the 
biofilmm attached to the glass disc, but was forming a distinct, brownish film floating 
nearr the surface of the medium. 

Exceptt for N. trivialis, all control biofilms have shown a decrease in maximum 
quantumm yield of PSII photochemistry throughout the experimental period. After 
dayy 10, 5 - 20% higher photosynthetic capacity was observed in the presence of the 

Figuree 6.5 

Meann survival rate of the copepod 
speciess grown on the several 
biofilmss (see legend of Figure 6.3). 
Errorr bars indicate  1 SD of the 
mean,, n = 2. Means that are not 
significantlyy different (Tukey com-
parisons,, a = 0.05) are indicated 
byy the superscript letters. 
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Duringg most of the time intervals and for all algal assemblages, the removal of 
algaee by the copepods (i.e. decrease in algal increment relative to the control) was 
nott statistically significant. After day 10, the negative trend on daily increments was 
reversedd to a positive trend (Figure 6.2) as carrying capacity was being approached 
inn the controls. The copepods removed generally more cyanobacterial carbon from 
thee biofilms containing the cyanobacterium relative to diatom carbon from the 
biofilmss containing only diatoms (F9>10 = 3.15, p < 0.05, Figure 6.3). However, 
multicomparisonn tests failed to find any significant paired differences. The removal 
off  cyanobacterium carbon biomass was not dependent on the specific composition 
off  the biofilm (F34 = 1.54, p > 0.05, Figure 6.3a). 

Whenn A. lanceolata was present however, the copepods removed smaller 
amountss of the cyanobacterium. The copepods showed a clear preference for staying 
on/underr the floating A. lanceolata film instead of staying in/on the cyanobacterium 
layer.. In the absence of copepods, the cyanobacterium grew in vertical tufts. In the 
presencee of copepods, the cyanobacterium formed a compact three-dimensional 
networkk of threads that grew in all directions forming a cohesive film. 
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N.N. perminuta exhibited the highest maximum growth rate (u = 0.58 day1) 
relativee to A. lanceolata and N. trivialis that had similar maximum growth rates (p = 
0.333 and 0.35, respectively). N. trivialis failed to establish a population in the 
presencee of N. perminuta (0.47% of total abundance at t = 0; 0% at t = 17) and was 
poorlyy represented in the presence of A. lanceolata (Figure 6.4). N. perminuta was 
removedd from the bi-specific biofilms by the copepods (Figure 6.4) enabling A. 
lanceolatalanceolata to be represented at a higher percentage than in the absence of copepods 
(F188 = 64.3, p < 0.01). However, because N. perminuta was the most abundant 
diatomm in the biofilm, the copepods seem to have been using the food in the same 
proportionn as it was available. 

Thee abundance of N. trivialis growing with A. lanceolata decreased throughout 
thee experiment regardless of the presence of copepods (Fj 4= 0.99, p > 0.05). A. 
lanceolatalanceolata growing with other diatoms was always very closely attached to the glass 
discs,, especially in the presence of copepods (visual observation). 

Microscopicc examination of faecal pellets indicated that copepods digest 
diatomss well but have some difficulties digesting the cyanobacterium. Diatoms were 
representedd by empty frustules or single diatom valves, while more than half of the 
cellss in the centre of the filaments of the cyanobacterium (up to 20 cells in length) 
survivedd gut passage. 

2.2. Copepod post-embryonic development 

Thee specific composition of the biofilm influenced significantly the survival of 
bothh A. trispinosa (F9|10 = 7.17, p < 0.01) and B. minutus (F910 = 7.89, p < 0.01) (Figure 
6.5).. The survival of both copepod species was lower when growing on biofilms 
containingg the cyanobacterium or the diatom N. trivialis and higher when growing 
onn biofilms containing A. lanceolata or N. perminuta (Figure 6.5). 

Figuree 6.7 

Femalee (filled circles) and 
malee (open circles) total body 
lengthh of copepods grown on 
thee different biofilms (see 
legendd of Figure 6.3). For A. 
trispinosa,trispinosa, females F3i5o = 
14.69,, p < 0.001 and males 
F3,i3== 13.47, p< 0.001. ForB. 
minutusminutus females F36o = 0.19, 
pp > 0.05 and males F32o = 
2.05,, p < 0.10. Error bars 
indicatee  1 SD of the mean. 
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Thee naupliar development time of both A. trispinosa and B. minutus was significantly 
longerr when growing on the cyanobacterium monoculture relative to any other 
microphytobenthicc assemblage (F9,i0 = 14.43, p < 0.001, Tukey's B, a = 0.05 and 
F9il00 = 24.70, p < 0.001, Tukey's B, a = 0.05, respectively, Figure 6.6). 

Thee copepodids developed significantly faster when feeding on any diatom diet 
containingg N. penninuta and slower when feeding on any algal assemblage con-
tainingg the cyanobacterium or N. trivialis (Figure 6.6). Both males and females of A. 
trispinosatrispinosa have shown significantly larger total body length when feeding on a 
mixturee with N. penninuta and A. lanceolata compared to when feeding on other 
biofilmm types (Figure 6.7). 

Althoughh the smallest individuals were the copepods grown on the cyano-
bacterium,, a posteriori multicomparison test revealed that the length of these 
copepodss was not significantly different from the length of copepods growing on N. 
perminutaperminuta alone. Both females and males of B. minutus tended to be consistently 
smallerr when feeding on biofilms containing the cyanobacterium although the 
differencess were too small as to be significant (Figure 6.7). 

Discussio n n 

Thee copepods were found to exert a generally low grazing pressure mat 
allowedd the algal populations to grow and equilibrate at a high biomass as 
previouslyy reported for other meiofaunal grazers (e.g. Admiraal et al. 1983). Indeed, 
aa low grazing impact has been demonstrated to result from a small number or a 
smalll  biomass of herbivores relative to the available algal biomass (Bott and 
Borchardtt 1999) or from the presence of high nutrient levels that enabled the algal 
populationss to outgrow their losses (Hillebrand et al. 2000). The impact of grazing on 
thee biofilm may have been further reduced by an enhancement of algal biomass 
throughh removal of decaying algal cells and accompanying bacteria, thus allowing 
forr stimulated algal growth. 

Ourr observation on copepods grazing on cyanobacteria confirm the coupling 
off  consumption and stimulation. As in Schaffher et al. 1994 copepods were found to 
grazee on filaments by biting off portions in addition to consuming entire filaments 
andd forage unsystematically on the clipped trichomes. On the one hand, there is 
releasee of nutrients by this 'sloppy' feeding through the mechanical breakage of cells 
andd by copepod excretion while grazing (O'Neil et al. 1996). On the other hand, 
non-ingestedd clipped trichomes may continue to grow, enabling the growth of the 
cyanobacteriumm in various directions thus altering the architecture of the cyano-
bacteriall  film and enabling filaments to be fully exposed to light. A higher maximum 
quantumm yield (i.e. healthier cells) registered after day 13 for all biofilms with 
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copepodss relative to controls, is consistent with a positive effect of grazing on 
biofilmm algae. 

Differentt harpacticoid species have been shown to specialize on the use of the 
availablee microbial sources (Carman and Thistle 1985) and to exhibit particular 
feedingg techniques that determine the ability to use different diets (Marcotte 1984). 
AA similar role has been suggested for amphipods that may favor an increase of the 
numberr of epiphyte taxa (Jernakoff and Nielsen 1997). Hence, copepods, through 
removall  of more edible food species, such as N. perminuta, may be responsible for an 
impactt on species composition of microphytobenthos rather than on biomass. 

However,, the potential effects on the phototrophic species that differed widely 
inn substrate adherence and digestibility were apparently overruled by the direct 
interactionn of algal species. In fact, the biofilms after incubation (at t = 0) have 
shownn that AT. trivialis was unable to establish a large population in the presence of 
anyy other diatom species and the cyanobacterium prevailed over any diatom species. 

Duringg biofilm incubation and during the experiment, N. perminuta showed the 
highestt growth rate of all diatom species and was thus the most successful diatom in 
multi-specificc assemblages. Cyanobacteria grow well at and above 20 °C when 
nutrientss are available and this trend has been indicated for both marine (e.g. 
Watermannn et at 1999) and freshwater species (Chapter 3). 

Thee better performance of A. lanceolata relative to the other diatom species 
growingg in the presence of L. foveolarum may result from a modified growth strategy 
switchingg from firm adherence to floatation of cells, an adaptive response of a 
diatomm species that is, to our knowledge, new to the literature. The floating diatom 
filmfilm  may have profited from mitigated inhibitory effects by the cyanobacterium 
(Abarzuaa et al. 1999) and decreased shading by its filaments. It is remarkable that the 
copepodss feeding on the mixed A. lanceolata-L. foveolarum biofilms enhanced the sur-
vivall  of the diatom relative to control biofilms thus contributing to the survival of the 
mostt edible food species. 

Althoughh our study did not have the purpose of estimating carbon consump-
tionn rates, our attempt to estimate biomass removal by the copepods suggested that a 
higherr biomass of L. foveolarum was ingested relative to that of diatoms. Grazing 
ratess for meiofauna organisms in general and harpacticoid copepods in particular are 
scarcee in the literature. Perlmutter and Meyer (1991) have estimated a grazing rate 
off  0.03 - 0.47 ug C ind"1 day"1 for Attheyella spp. on bacteria. 

InIn situ grazing rate measurements of meiofauna (copepods, nematodes and 
ostracodes)) of 0.042 ug bacterial C and 0.53 ug algal C ind' day'1 during the summer 
weree reported by Montagna (1984). Admiraal et al. (1983) measured an average 
nematodee grazing rate of 0.165 ug diatom C ind' day1. Our estimated values for 
cyanobacteriumm carbon removal were close to the low bacterial carbon requirement 
(11 ug C copepod] day1) estimated for the harpacticoid Heteropsyllus pseudonunni by 
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Rieperr (1978). Cyanobacteria are generally considered to be nutritionally inadequate 
(Gulatii  and DeMott 1997) and the present observations confirm earlier indications 
onn copepods ingesting large quantities of cyanobacteria to compensate for their poor 
nutritionall  value (Chen and Folt 1993, Koski et al. 1999). 

Althoughh being able to grow and develop on an exclusive cyanobacterial diet, 
bothh B. tninutus and A. trispinosa took longer to develop and experienced a higher 
mortalityy rate relative to the copepods feeding on diatom diets (this study). 
Harpacticoidd copepods are highly flexible in their uptake of microalgae, bacteria or 
detritus,, which makes them an important link in aquatic food webs representing 
alternativee pathways to larger predators (Schmid-Araya et al. 2002). The ability to 
survivee on poor diets may be an important asset for harpacticoid copepods that 
thrivethrive in variable environments dominated by detritus as previously pointed by 
Weisss etal. (1996). 

Whenn feeding on both A. lanceolata and N. perminuta, the copepods experienced 
thee shortest development times and reached larger body length than when feeding 
exclusivelyy on either N. perminuta or A. lanceolata. The availability of an extra algal 
speciess may further enrich a nutritious diet since dietary diversity may contribute to 
obtainn a nutritionally complete diet (Kleppel and Burkart 1995, Schmidt and 
Jonasdottirr 1997). 

Thee copepods had difficulty in digesting the cyanobacterium (half of the cells 
inn the ingested trichomes were not digested), which may have led to nutrition 
deficiencies.. When N. perminuta or A. lanceolata were present in small quantities in 
thee biofllms with the cyanobacterium, the copepods developed at a rate similar to 
thatt of copepods feeding on the diatom assemblages thus suggesting again that the 
cyanobacteriumm is nutritionally deficient as sole food resource. 

Thee poor quality of the cyanobacterium as food was especially severe on B. 
minutusminutus that failed to develop beyond copepodid stage four in one of the replicates. 
Foodd of low quality causes reduced moulting frequencies of copepods (Vijverberg 
1989,, Pinto et al. 2001) and when food lacks essential nutrients, growth and 
developmentt may be arrested (Hart and Santer 1994). 

A.A. trispinosa and B. minutus copepodids had a longer development time than the 
naupliarr stages, in accordance with data from Sarvala (1979) for Attheyella crassa and 
BryocamptusBryocamptus echinatus, respectively. In the present study, A. trispinosa feeding on 
diatomss had a development time similar to that of the marine harpacticoids Tigriopus 
californicuscalifornicus growing at 18 - 20 °C (Powlik et al. 1997) and Amphiascoides atopus 
growingg at 23 °C (Sun and Fleeger 1995). B. minutus developed faster than the 
relatedd species B. zschokkei at 18 °C (O'Doherty 1985) and it seems to be surpassed 
onlyy by fast developing Tisbe species (Battaglia 1957, Gaudi and Guerin 1977). 

Inn general, naupliar development time seems to be less affected by the quality 
off  food than later development stages. Twombly and Burns (1996) have found a 
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similarr trend for the calanoid copepod Boeckella triarticulata. In the present study, the 
naupliii  may have benefited from diatoms still in the biofilms also containing the 
cyanobacteriumm in the first days of the experiment. Additionally, the earlier naupliar 
stagess carry stored nutrients obtained from maternal source that may enable them to 
overcomee food deficiencies in the earlier development stages. 

Thee present study shows that 
1)) harpacticoid copepods feed on widely different algal species, albeit the ingestion 

ratee of algal species may differ. However, a clear top-down control of overall 
microphytobenthicc biomass was not evident in the absence of nutrient limitation 
forr algal growth, and 

2)) the various algal species have distinct effects on the survival, growth and 
developmentt of juvenile stages of the copepods and a combination of diatom 
speciess was shown to provide the best food for the two copepod species. 

Ourr hypothesis that intense copepod grazing leads to non-edible microphytobenthos 
wass not confirmed. On the contrary, feeding of copepods on multi-species consortia 
off  cyanobacteria and diatoms may affect the architecture of biofilms and break up 
dominantt cyanobacterial mats, thereby allowing diatom species of a high nutritional 
valuee to persist. 
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Abstrac t t 

Thee dynamics of species composition in natural photoautotrophic biofilms is 
knownn to be governed by factors like development time, mat density, interactions 
betweenn species and disturbance of communities, however these dynamics have not 
beenn analyzed together with an overall biomass accrual-loss model. This study 
approachedd biofilm communities as vertically structured systems, in which selective 
conditions,, interactions between species and time scale all play defined roles in 
determiningg the wax and wane of species in relation to biofilm thickness. 

AA model of phototrophic biofilms was implemented with the software package 
AQUASIMM and simulated the progression of the biofilm thickness and the vertical 
distributionn and development in time of various components like algal cells, bac-
teria,, extracellular polymeric substances (EPS) and organic particulates in a biofilm 
ass a function of transformation processes. 

Thee role of interspecific interaction as a competition mechanism in micro-
phytobenthicc communities was analyzed by testing the effects of a mild inhibition of 
onee algal species on growth of another algal species, and it was shown that even 
suchh weak direct interactions between species play a steering role for algal species 
competingg in biofilms. 

Thee long-term coexistence of several species with different presumed 
growth/losss characteristics was tested using an eight-species algal-biofilm model. 
Thiss coexistence was found not to reach an equilibrium state but rather demon-
stratedd the successive changes progressing up to 200 days after settling of the biofilm. 

Thee role of catastrophic disturbance was simulated through succession of 
microphytobenthicc multi-species consortia interrupted by two types of disturbance 
lastingg for 10 days. After a "storm" event, different species dominated the commu-
nityy than after a "flood" event, and both disturbance events markedly affected the 
developmentt of species composition compared to the undisturbed control run. These 
differencess persisted for more than 100 days, despite of the short duration of the 
actuall  disturbance of only 10 days. 

Thesee simulations of dynamics of species composition provide explanations for 
fieldd observation on fioodplain microphytobenthos as well as experiments on multi-
speciess synthetic consortia of representative species. 

Thee model-results on long term shifts in species composition during 100 - 200 
dayss match with the observed temporal and spatial stability of natural species con-
sortia,, while rapid shifts (within 10 days) due to interactions were evident in both 
modell  runs and experiments. 
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Introductio n n 

Chapterss 3-5 of the present study demonstrated that the numerical abundance 
off  species in consortia of microalgal films may change on a time scale of days in 
syntheticc consortia in the lab, whereas field observations (Chapter 2) showed a 
speciess composition that proved to be almost stable over a time span as long as a 
year.. The growth kinetics of individual benthic algal species in cultures and the rate 
off  development of species composition in natural algal biofilms have not yet been 
compared.. Also, the individual characteristics of micro algal species were shown to 
predictt only part of their success in multi-species communities (Chapters 3-5, De 
Jongg and Admiraal 1984, Watermann etal. 1999, Underwood and Provot 2000). 

Ann important factor confounding such predictions is that algal cells in well-
developedd biofilms may not grow under controlled conditions. The essential 
resourcess of algae in biofilms may be limiting growth in other ways as in algal cells 
suspendedd homogeneously in the water i.e. as in phytoplankton. Attachment to a 
solidd substrate leads to a limited space for individual cells and spatial differentiation 
off  growth forms with a different exposure to light and nutrients (Tuji 2000, Steinman 
etal.etal. 1992, Hudon and Bourget 1983). Thus interspecific and intraspecific interaction 
off  species is likely to be prominent and may be marked by competition for resources 
ass well as by interference competition. Indeed, earlier studies (Chapters 3-5) argued 
thatt interaction between species may play an important role in structuring synthetic 
microbenthicc algal communities. 

Att high algal densities (under nutrient replete conditions) interference competi-
tionn might be more important because of the packing of cells in the dense algal mat 
(Corvess and Juttner 2000). Density dependent interactions could even be stronger in 
naturee than in cultured biofilms, because higher densities were found in the field 
(Chapterr 4). A trend of decreasing diversity with increasing density has been 
observedd in estuarine microphytobenthos (Thornton et al. 2002, Underwood 1994, 
Colijnn and Dijkema 1981) and, although this was a subtle trend, in floodplain 
microphytobenthoss (Chapter 2). Thus, density dependent interaction needs to be 
analyzedd further. 

Previouss research on temporal patterns in microphytobenthos in rivers had led 
too a clear working hypothesis. Following the concept of biomass accrual and 
biomasss loss (Biggs 1996), a dynamic view on stream algae has been developed. A 
universall  pattern of short-term benthic biomass accrual has been observed on many 
baree substrates. These growth dynamics are mimicked in cultures of benthic micro-
algaee (Chapters 4-6). The accrual phase is followed by dominance of loss processes 
throughh death, emigration, sloughing and grazing in later phases. Occasionally, 
degenerationn of deeper layers leads to autogenic sloughing (Biggs 1996). 
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Inn addition to short-term patterns of accrual, Biggs (1996) distinguished a long-
termm pattern of microphytobenthic communities developing essentially through the 
seasons.. Also these patterns are considered as expressions of interaction processes of 
biomasss accrual and loss, with the disturbance regime being a fundamental deter-
minant. . 

Inn the well-studied North American gravel bed streams there may be a window 
off  time immediately after a major flood when invertebrate grazer densities are still 
low.. At such times benthic algal accumulation can proceed largely unconstrained by 
grazing,, allowing high biomasses to develop (e.g. Power 1992). However, with 
increasingg time from the last disturbance, losses due to both grazing (Power 1992) 
andd autogenic sloughing (e.g. Biggs and Close 1989) can become significant. Thus, 
theree appears to be a shift from "abiotic" to "biotic" control of biomass until a 
furtherr flood resets the sequence (Fisher and Grimm 1991, Power 1992). 

Parallell  observations in the same gravel bed systems clarified that growth 
formss of micro-phototrophs are linked to overall seasonal patterns. Growth forms of 
flat-celledd diatoms attach firmly to solid substrate and survive scour during high 
waterr discharge, while larger filamentous and erect growth forms of green algae and 
cyanobacteriaa were observed mainly during calm summer conditions. Such seasonal 
dynamicss occur typically in enriched spring-fed and lowland streams (e.g. Moore 
1977,, Sand-Jensen et al 1988), those in Mediterranean climatic zones (e.g. Power 
1992,, Sabater and Sabater 1992), and tropical/subtropical streams (e.g. Necchi and 
Pascoalotoo 1993). 

Thesee observations may also apply directly to communities growing on 
sediment.. This substrate can be seasonally unstable, such as for silt deposits, or even 
highlyy dynamic on very short term, such as on beaches and in river sand bars. The 
instabilityy of the substrate is counteracted by motile algal species, for example on 
floodplainss (Chapter 2). Despite the difference between stable rocky substrata and 
sedimentt substrata there is no reason to assume that a biomass accrual-loss model 
doess not apply to sediment systems. 

Thee cycles of dominance of benthic phototrophic species are probably tightly 
linkedd to the overall phenomena of accrual and loss. Numerous indications from the 
literaturee do suggest so (Passy etal. 1999, Hillebrand 2003, Hillebrand and Sommer 
2000).. A quantitative testing of the presumed accrual and loss processes has not been 
attemptedd for individual species. Mclntire et al. (1996) have simulated the develop-
mentt of diatoms, cyanobacteria and chlorophytes according to a system of parti-
tioningg of gross photosynthesis that depends on conditions, while loss was simulated 
uniformly.. Species based models accounting for the individual growth and loss 
factorss are not available for microphytobenthos. Yet, such models may be essential 
too test observed dynamics of microalgal species in the laboratory and in nature. 
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Disturbancee can play an important role in allowing dominance or coexistence 
off  species. Mil d disturbances, like low grazing pressure, may influence the biomass 
off  the community and change community composition (Sommer 1999, Lamberti et 
alal 1987, Mulholland et al 1991, Tuchman and Stevenson 1991, Chapter 6). Some 
herbivoress appear to demonstrate selective grazing on benthic algal taxa (Steinman 
1996),, whereas some algal taxa appear to be more easily digested by certain grazers 
(e.g.. Peterson et al. 1998, Chapter 6). 

Catastrophicc disturbances like storm or flood events may set back succession 
patternss allowing a diverse community to exist or may select for disturbance 
resistantt species and induce dominance (Biggs and Smith 2002, Collins et al 1995, 
Eloseguii  and Pozo 1998, Luttenton and Rada 1986, Peterson et al 1994, Chapter 2). 
Time,, density, disturbance and interactions are very important factors for explaining 
speciess distribution and deserve an integrated analysis. 

Thee dynamics of species composition of phototrophic biofilms may be 
analyzedd as an interacting vertically structured system, in which selective conditions, 
interactionss between species, mat density and time scale all play defined roles. Such 
ann analysis is facilitated by an existing biofilm model in which basic processes are 
mimicked.. Extensions of this model have been constructed. Three cases are 
describedd here in an attempt to explain the dynamics of species distribution in space 
andd time. 

Firstlyy it is attempted to test a quantitative expression for interspecific inter-
actionn (e.g. allelopathy) to explore the potential role of this competition mechanism 
inn microphytobenthic communities. 

Secondly,, an expanded model of multi-species biofilms is developed and the 
dynamicss of dominance or disappearance of species with different attributed charac-
teristicss will be described. 

Thirdly,, the role of disturbance regime in structuring microphytobenthos in 
simulatedd multi-species consortia is mimicked and the time dependent effect of semi-
naturall  catastrophic events is analyzed. 

Biofil mm mode l 

AA basic model of phototrophic biofilms (cf. Admiraal, Barranguet and 
Sommeijer,, in prep) is used. This model simulates the progression of the biofilm 
thicknesss and the spatial distribution and development in time of various compo-
nentss like algal cells, bacteria, extracellular polymeric substances (EPS) and organic 
particulatess in a biofilm as a function of transformation processes. The biofilm is 
dividedd into a free liquid phase and a solid matrix consisting of particulate compo-
nentss with their water envelope. 
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Thee model simulates the vertical distribution of particulates in time, which is 
describedd by a system of partial differential equations. This system has been solved 
byy the software package AQUASIM (Reichert 1994). AQUASIM is based on the so-
calledd Method of Lines approach, i.e. first the spatial discretization has been 
performedd (by means of a first-order upwind scheme) and next, the resulting system 
off  ordinary differential equations is integrated in time (by implicit Backward Differ-
entiationn Formulas). The particulate variables forming the biofilm in this model are 
algall  cells (Algae 1 and Algae 2 in the basic two-species model), bacteria, extra-
cellularr polymeric substances (EPS) and particulate organic carbon (POC). The 
particulatess all have a fixed density (p, ug C mm3), and the distribution of different 
typess of particulates in time and biofilm depth is expressed as relative volume frac-
tion,, keeping the water interspace always 80%. Figure 7.1 shows a scheme of the 
basicc model used in this study with the state variables and processes. Table 7.1 
showss the expressions used for each process. 

Growthh of respectively Algae 1 and 2 as a function of their specific growth 
rate,, light availability and their specific light efficiency are represented by processes 1 
andd 2. Light is attenuated in the biofilm according to an attenuation constant and 
surfacee light has a day-night rhythm. Light has been chosen as the only limiting 
resourcee in this model. For the present application of the model nutrients are also 
candidatee as a resource. However, in artificial culture systems nutrients diffusing 
fromm water into biofilms under these conditions was assumed to lead to more or less 
similarr expressions for resource limitation. 
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Naturall  mortality of the algae is proportional to biomass (processes 3 and 4). 
EPSS production by the algae is related to algal biomass (processes 5 and 6), and EPS 
productionn by bacteria (process 7) is directly dependent on the bacterial growth as 
definedd in process 9. Production of bacteria from POC (process 9) is accompanied 
withh a loss factor a, representing respiration. Process 10 represents bacterial mor-
tality.. EPS loss represents its transfer to the degradable POC (process 8). 

Tablee 7.1 

Processess and variables in the basic simulation model. 

Proces s s 

11 & 2 

3 & 4 4 

5 & 6 6 

7 7 

8 8 

9 9 

10 0 

11,, 12, 
14 4 

13,, 15 

Expressio n n 

Alga ll  growt h = p x x [  Aisae \ 

H+1H+1 L J 

/(z>t)) = W e ( t )xe- - ( t - z | 

U ( ( )) = 'mod  x {cos(2;rf ) +1} / 2 

Alga ll  mortalit y = ƒ„  x [Algae] 

Alga ll  EPS productio n = tax [Algae] 

Variable ss (unit ) 

ƒƒ = ligh t (umo l mm' 2 d'1) 
pp = specifi c productio n rate (d'1) 
HH = half saturatio n constan t (umo l mm 2 d ') 
[At$ae][At$ae]  = biomas s of algae (ug C mm' 3) 
YY = attenuatio n constan t (mm' ) 
LL = biofil m thicknes s (mm) 
zz - vertica l space coordinat e (mm) 
tt  = tim e (d) 
lincidlincid  = irradianc e on biofil m surfac e 

(umo ll  mm' 2 d'1) 

ii aa = specifi c mortalit y facto r (d'1) 

E„„  = specifi c productio n facto r (d'1) 

Bacteria ll  EPS productio n eb = 20% of growt h as define d in proces s 9 

EPSS loss - (, x [EPS] 

Bacteria ll  growt h = k x [POC] x (1 - a) 

Bacteria ll  mortalit y = lb x [Bacteria ] 

Externa ll  loss - loss rate (z) x [Particulate ] 

losss rate (z) = A * 

II V b 

(ic(ic + EPS_vol_frac) 

Externa ll  loss = loss rate (z) x [Particulate ] 

losss rate (z) = X x 
filfil  + Z 

ll ee = specifi c loss facto r (d' ) 
[EPS]]  = biomas s of EPS (ug C mm' 3) 

kk = growt h rate (d'1) 
[POC]]  = biomas s of POC (ug C mm" 3) 
aa = respiratio n facto r = 0.5 (-) 

ii bb = specifi c mortalit y facto r (d'1) 
[Bacteria ]]  = biomas s of EPS (ug C mm' 3) 

[Particulate ]]  = biomas s of Algae (a) or 
Bacteri aa (b) (Mg C mm" 3) 

AA  = specifi c externa l loss facto r (d1) 
\i\i  = half saturatio n constan t (mm) 
v„v„ :b:b  = specifi c sensitivit y facto r for 

externa ll  loss (d1) 
KK = mathematica l scalin g facto r (-) 
EPS_vol_fracEPS_vol_frac  = EPS volum e fractio n ) 

[Particulate ]]  = biomas s of EPS or POC 
(pgg C mm' 3) 

AA = specifi c externa l loss facto r 
(constan tt  for EPS and POC) (d"' ) 

\i\i  = half saturatio n constan t (mm) 
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Processess 11 to 15 represent an external loss factor (mimicking grazing or 
sloughing),, which is regulated via a half saturation factor that indicates how the 
strengthh of the external force reaches into the biofilm. A specific loss factor is 
assumedd to be constant for EPS and POC (Process 13 and 15), but for algae and 
bacteriaa external loss is a function of the specific sensitivity, affected by the fraction 
off  EPS present (Process 11,12 and 14). 

EPSS was assumed to form a protection against loss by increasing sediment 
stabilityy (Yallop et al. 2000) or by protecting against grazing (Pajdak-Stos et al. 2001). 
Thee state variables EPS, POC and Bacteria are part of the simulations described 
later,, but only the observations on algae will be shown. 

Interactio nn of specie s 

Aquaticc photoautotrophs compete for limiting resources such as light or 
nutrients.. Besides resource competition, interference competition has been suggested 
too play an important role in determining species distribution. Interactions between 
organismss may arise from their competition for solid substrate for attachment, which 
iss an absolute requirement for the formation of biofilms. 

Juttnerr (1999) suggests that this competition may involve biochemicals deter-
ringg the competitor. The available surface for photoautotrophs to colonize is essen-
tiallyy restricted to the parts receiving sufficient light to allow growth. The limitation 
off  the essential resource light is the driving force for the development of such dense 
packagess of photoautotrophic organisms at the exposed surface. Several species have 
developedd a chemical strategy to compete with other species for settlement: they can 
producee compounds that inhibit or kill competitors (e.g. Juttner and Wu 2000). 
Compoundss that exhibit such features are called allelopathic analogous to such 
compoundss in higher plants (Rice 1984). Keating (1977, 1978) and Bagchi et al. 
(1990)) provided convincing evidence that allelopathy could affect phytoplankton 
seasonall  succession. Smith and Doan (1999) indicated that allelochemical pro-
ductionn is very common among cyanobacteria. 

Tablee 7.2 

Algaee variables used in case 1: basic 2-species model. 

Algaee 1 

Algaee 2 

Growt hh rate 

Pid'1) ) 

1.0 0 

0.7 7 

Mortalit y y 
rate e 

Ud-1) ) 

0.1 1 

0.07 7 

Halff  sat. const , ligh t 

Harrio tt  mm 2d 1) 

2.5 5 

2.5 5 

EPSS prod , rate 

«.(d' 1) ) 

0.2 2 

0.05 5 

Externa ll  loss 
sensitivit y y 

vv aa (d
1) 

0.1 1 

0.07 7 

108 8 



SimulationSimulation  model 

Inn benthic microalgal communities, the role of interference competition could 
bee a powerful strategy, because the proximity in space allows for more direct contact 
betweenn cells. Strong evidence for the involvement of allelochemical interaction in 
rnicrophytobenthoss is provided by the fact that most of the chemically characterized 
allelochemicalss from cyanobacteria have been isolated from benthic species (Gross 
1999). . 

Muchh less is known for benthic eukaryotic algae, however also these species 
weree found to be involved in chemical interactions, as Voltolina et al. (1999) showed 
forr benthic diatoms. Also, benthic diatom or cyanobacterial biofllms were shown to 
havee chemical defense mechanisms against grazers (Juttner 2001, Juttner and 
Wessell  2003). Although there was no direct evidence of interference competition, it 
wass strongly suspected that this mechanism played a role in deterrnining the species 
dynamicss in cultured freshwater biofilms in this study (Chapter 3-5). The model 
describedd above is used here to explore the potential role of interference competition 
inn photoautotrophic biofilms. 

Variable s s 

'imrww (MmoL mm" 2 d"1) 

YY (mm 1) 

Ebb (bacteria l EPS production , d'1) 

J,, (EPS loss , d 1) 

kk  (bacteria l growt h rate , d'1) 

ll bb (bacteria l mortality , d'1) 

VV (all particulates , mm) 

KK  (algae, bacteria , -) 

vv bb (bacteria l externa l loss sensitivity , d'1) 

AA  (EPS, POC, d 1) 

Pa,b.pPa,b.p  (densit y of Algae , Bacteria , POC, ug C mm' 3) 

pp tt (densit y of EPS, Mg C mm' 1) 

Initia ll  biofil m thicknes s (mm) 

Initia ll  biomas s each Algae (vol frac , ) 

Initia ll  Bacteria l biomas s (vol frac , -) 

Initia ll  EPS biomas s (vol frac , -) 

Initia ll  POC biomas s (vol frac , -) 

Timee of simulatio n (d) 

Basicc  Z-specie s 
mode l l 

30 0 

4 4 

0.1 1 

0.2 2 

1.0 0 

0.1 1 

0.5 5 

0.5 5 

0.1 1 

0.1 1 

25 5 

5 5 

0.01 1 

0.1 1 

0 0 

0 0 

0 0 

200 0 
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Thee basic model described above was used to simulate growth of two algal 
speciess in a biofilm for an extended period of time and to test the strength of direct 
interactionn between algal species. The characteristics of the two algal species were 
chosenn so as to represent two species with different growth strategies. Algae 1 is the 
fasterr growing species, with also higher death rate and higher EPS production, but is 
moree susceptible for external loss. Algae 2 is typically a slower growing species, but 
producess also less EPS, has a lower death rate and is less sensitive for external loss 
(Tablee 7.2). 

Simulationn runs were started with an equal amount of both algal species, 
whichh amounts to 10% of total biofilm volume for each species. Other variables and 
initiall  conditions are given in Table 7.3. The first run of the (standard) model is 
withoutt direct interaction between the two algal species. In the second run Algae 2 
negativelyy influences Algae 1 and therefore a reduction factor on the growth of 
Algaee 1 caused by the presence of Algae 2 was introduced. This was done by 
reducingg the specific growth rate (p) of Algae 1 through a reduction factor (£ƒ): 

Algae2_vol_fracAlgae2_vol_frac X\ (1 Y\ 
TotalTotal _ particle _ vol_ fracj) 

wheree pmax is the original maximum growth rate (d'1), 
Algae2_yol_fracAlgae2_yol_frac is the volume fraction of the inhibitory algae, and 
Total_particle_volJracTotal_particle_volJrac is the volume fraction of all particles (Algae, Bacteria, EPS and 
POC)) together. For this simulation of negative interaction a mild reduction factor Rf 

== 0.2 was chosen, which means that the growth rate of Algae 1 can be reduced to 
80%% when Algae 2 dominates. 

Forr the third run the roles of the Algae 1 and 2 are reversed, now Algae 1 
negativelyy influences the growth of Algae 2 in the same way as described above. The 
resultss of these three simulations are shown in Figure 7.2. Panel a shows the rapid 
increasee in biofilm thickness in the three runs until approximately day 30, after 
whichh the biomass thickness stabilizes. Biofilm thickness in run 1, without inter-
action,, levels out rapidly, while thickness in run 3 decreases gradually and thickness 
inn run 2 levels out at a slightly higher thickness than in the other two runs. 

Figur ee 7.2 

Resultss of simulations with the basic 2-species model. Panel a: development of biofilm thickness in time for 
thee simulation without interaction (1), for the simulation with Algae 2 as inhibitor (2), and for the simula-
tionn with Algae 1 as inhibitor (3). Panel b (Algae 1) and c (Algae 2): timeslices of biomass distribution (in 
unitss of relative volume fraction) in biofilm depth for the simulation without interaction. Panel d (Algae 1} 
andd e (Algae 2): timeslices of biomass distribution (in units of relative volume fraction) in biofilm depth for 
thee simulation with Algae 2 as inhibitor. Panel f (Algae 1) and g (Algae 2): timeslices of biomass distribution 
inn biofilm depth for the simulation with Algae 1 as inhibitor. Numbers in Panels b-g indicate simulation 
timee (days). Notice that in panels b-g, the horizontal axis represents the spatial coordinate running from 0 
(thee substrate) until the biofilm thickness corresponding to the particular point in time. 
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Figuree 7.2 

Legendd see previous page. 
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Inn Figure 7.2b-g time slices of each algae are shown that represent the distribu-
tionn of Algae 1 and 2 in the depth of the biofilm at several points in time. In the first 
runn without interaction it is shown (Figure 7.2b, c) that during simulation time (200 
days)) neither of the algae completely disappears and changes in distribution take 
placee very slowly. Without interaction both species can coexist for an extended 
periodd of time. 

Whenn either of the two algae is assigned a mild inhibition potential on the 
growthh of the other species, the inhibited species becomes extinct in the second part 
off  the simulation period, from day 100 on. The typically slower growing species 
Algaee 2 determines the slightly higher thickness of the biofilm and Algae 1 the 
slightlyy lower thickness. These simulations confirm the view that even weak direct 
interactionss between species play a steering role in algal species competition in 
biofilms. . 

Simulate dd multi-specie s consorti a 

Microphytobenthicc communities are essentially multi-species consortia, com-
posedd of many species. Floodplain sediments were observed to harbor ca 90 taxa 
(Chapterr 2). A single sample typically contained 20 species making up 90% of the 
totall  algal cell numbers. The species composition of microphytobenthos also shows 
littl ee variation in time. In the floodplain waters such a stability extended throughout 
thee seasons and environmental gradients (Chapter 2), changes in the numerical 
abundancee of species being gradual. 

Certainly,, species composition in other habitats have been shown to be more 
variable.. Variability was manifest in lake sediments on a time scale of weeks 
(Hillebrandd and Sommer 2000) and months (Hillebrand 2003), in estuarine mudflat 
diatomss (Admiraal et al. 1984) on the time scale of several months, and in streams 
onn a time scale of weeks (McCormick and Stevenson 1991). These temporal changes 
inn natural communities are less prominent than in experimental manipulations. 

Thee few examples of synthetic communities of four to six benthic phototrophs 
(Chapterss 4-6) showed distinct succession within one or two weeks dependent on 
testt conditions. Also, translocated inocula of natural communities of marine micro-
phytobenthoss diverged strongly in periods of time between three to four weeks 
(Sommerr 1996). The relative stability of microphytobenthic species composition in 
naturee may seem to contradict the observed dynamic response of individual species 
too artificial conditions. Therefore the dynamics of multi-species consortia is analyzed 
usingg the simulation model. 

Thee basic two-species model as described above (without interaction) is 
expandedd to an eight-species model, where hypothetical species were generated as 
typee 1 species (Algae 1 from the basic model) or type 2 species (Algae 2 from the 
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basicc model). Two groups of different growth type of four species with each its own 
specificc characteristics were formed (Table 7.4). Each species was assigned specific 
characteristicss in an arbitrary procedure. A sub-family of "shade species" was 
createdd assuming that a lower half saturating constant for limiting light is associated 
withh a lowered maximum growth rate. Thus some trade-off mechanism for indi-
viduall  species has been adopted, however, without a rigorous procedure. If a species 
iss more resistant to external loss, it produces relatively more EPS as a protection 
mechanism,, but consequently has a lower growth rate. Natural loss (death) and EPS 
productionn are coupled to growth rate and change accordingly. Table 7.4 gives an 
overvieww of the eight test species and their sets of dynamic characteristics. 

Simulationn runs with the eight species started with the same initial biomass, 
amountingg to 2.5% of total biofilm volume for each of the eight species. Figure 7.3a 
showss biofilm thickness development in time, which is similar to that of two-species 
models.. Figure 7.3b-f show the species distribution in the vertical of the biofilm for 
alll  eight species at different moments in time. It is evident that already after five days 
thee share of individual species in the biofilm is changing where species that were 
assignedd higher growth rates become more prominent. However, with an advancing 
densityy these shifts were reversed and "shade species" take over. Succession con-
tinuess also after the highest density is reached. 

Tablee 7.4 

Multi-specie ss variable s for the extende d simulatio n mode l wit h eigh t species . 

Algaee 1 

Algaee 2 

Algaee 3 

Algaee 4 

Algaee 5 

Algaee 6 

Algaee 7 

Algaee 8 

Growt h h 
rate e 

PP (d1) 

1.0 0 

0.7 7 

1.06 6 

0.73 3 

0.83 3 

0.6 6 

0.92 2 

0.64 4 

Mortalit y y 
rate e 

Ud 1) ) 

0.1 1 

0.07 7 

0.106 6 

0.073 3 

0.083 3 

0.06 6 

0.092 2 

0.064 4 

Halff  sat . const , ligh t 

HH (umo l mm' 2 d'1) 

2.5 5 

2.5 5 

2.5 5 

2.5 5 

1.25 5 

1.25 5 

1.25 5 

1.25 5 

EPSS prod , 
rate e 

Eoo  (d" 1) 

0.2 2 

0.05 5 

0.18 8 

0.045 5 

0.166 6 

0.045 5 

0.184 4 

0.045 5 

Externa ll  loss 
sensitivit y y 

v.v.  <d-') 

0.1 1 

0.07 7 

0.14 4 

0.09 9 

0.1 1 

0.07 7 

0.14 4 

0.09 9 
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Betweenn 20 and 100 days Algae 3 was reaching dominance over the other 
algaee in the upper part of the biofilm, but after 200 days Algae 2 is about to take 
over.. This experimental run of an eight-species model shows that simulation of long-
termm coexistence of species is possible. This coexistence is never an equilibrium state 
butt rather reflects the successive changes following the settling of the biofilm. The 
earlyy stages of the simulations (up to 20 days) may reflect aspects of multi-species 
growthh tests in the lab, while later stages with a quasi-equilibrium of growth and loss 
mayy be more representative of natural microphytobenthos. Minor differences of 
(lightt limited) growth rate lead to rapid succession of the species' abundance. In 
experimentss this succession may be modified by interaction (as argued before). 
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SimulationSimulation model 

Thee balance of biomass growth and biomass loss has been adopted as a vital work-
ingg model for microphytobenthos (Biggs 1996). The present model runs indicate that 
speciess with different growth/loss characteristics may coexist in variable (shifting) 
densities.. These observations also explain that selective loss, e.g. preferential uptake 
byy grazers, is not easily detected (Chapter 6). 

Disturbancee of multi-species consortia 

Catastrophicc disturbances like storm or flood events may set back the succes-
sionn of microphytobenthos allowing a diverse community to exist or may select for 
disturbancee resistant species (Biggs and Smith 2002, Collins etal. 1995, Elosegui and 
Pozoo 1998, Luttenton and Rada 1986, Peterson etal. 1994, Chapter 2) 

Too simulate the long-term effects of a disturbance event on species compo-
sition,, two kinds of disturbance were incorporated in the multi-species model 
describedd above. Both disturbances were implemented for day 20 to 30 of a standard 
runn (0 - 200 days). Before that period of time and after 30 days, the settings are 
returnedd to normal. 
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Chapterr 7 

Inn a first run, a "storm" event was simulated in which disturbance becomes so 
strongg that all species are affected evenly (species-specific sensitivity to external loss, 
v,, for all algae and bacteria and X for EPS and POC are all elevated to 0.5) and the 
wholee depth of the biofilm is affected (half saturation constant of external loss, //, for 
thee whole biofilm is set to 0). 

Inn a second run, a "flood" event was simulated in which it was assumed that 
duringg the 10 days of "flood" not only external loss is elevated but, because of a 
higherr water column above the biofilm, also the incident irradiance for the biofilm is 
lowerr and therefore the simulated light input to the biofilm was lowered from 30 to 5 
umoll  mm"2 d'1 during the event. This type of disturbance affects the whole depth of 
thee biofilm (half saturation constant of external loss, //, for the whole biofilm was set 
too 0) but species-specific sensitivity for external loss (v, X) is maintained. 

Thee simulated events "storm" and "flood" produced a set back in the overall 
densityy of biofilms (Figure 7.4a, b), very much in accordance with the biomass 
accrual/losss model (Biggs 1996). After the simulated disturbance the biofilm thick-
nesss returns to levels as in the runs without disturbance (Figure 7.3a). Is the distur-
bancee event causing a different species composition as compared to a non-disturbed 
development?? Several days after the disturbance the "storm" event has induced a 
greaterr prominence of Algae 3 than under undisturbed conditions and also sub-
dominantt species rank differently. This species distribution is maintained for the rest 
off  the 200-day simulation (Figure 7.4c). After the "flood" event two algal species 
(Algaee 6 and 8) dominated the biofilm and Algae 3, dominant in the reference run 
(Figuree 7.3e), played only a subordinate role. The "shade species" 6 and 8 took 
advantagee of the relatively short period of "flood" that attenuated the light. This 
positionn was still manifest 70 days after the event (Figure 7.4d). 

Thesee results show that relatively short disturbance events can alter commu-
nityy composition and the direction of change depends on the type of disturbance and 
aree strongly supporting the suspected role of disturbance for species composition of 
microphytobenthoss (Biggs and Smith 2002, Luttenton and Rada 1986, Peterson etal. 
1994).. The observations on species composition of microphytobenthos in the flood-
plainss of the River Rhine suggested a very strong reset of species composition after 
floodingg events (Chapter 2). The species composition after these events was diversi-
fyingg only very slowly depending on local conditions. These field observations and 
thee present simulated effects of "floods" and "storms" are consistently indicating 
thatt development of species composition is markedly affected by rare catastrophic 
events. . 
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SimulationSimulation model 

Inn conclusion, these simulations of algae dominated biofilms provide a mecha-
nisticc framework for analyzing species composition in relation to the highly dynamic 
processess of growth and disturbance. Development time, mat density, interactions 
betweenn species and disturbance of communities were shown to be important factors 
explainingg patterns in the occurrence of algal species in simulated biofilms. Such 
patternss arise from hypothetical species-specific characteristics. An integrated defini-
tionn of individual growth and loss factors for species and their interaction proved to 
bee essential in combination with the concept of a biofilm as an interacting vertically 
structuredd system. 

Thee long-term model simulations showing slow shifts in species composition 
(100-2000 days) matched with observations in the field on the prolonged coexistence 
off  benthic microalgal species, while observations of shifts in species composition due 
too interspecific interactions were evident in both model runs and experiments. 
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Summar y y 

Thee present thesis focused on the mechanisms determining the species com-
positionn of microbenthic algal consortia. Analysis of these mechanisms require on 
thee one hand knowledge on the responses of individual species to isolated main 
factorss such as light, nutrients and physical stress, but on the other hand cover the 
integratedd sets of characteristics of species that make them effective as colonizers at 
substratee water interfaces. Microalgal communities inhabiting dynamic floodplain 
sedimentss were used as a model system to explore the factors that determine species 
composition. . 

Thee aims of this thesis were 
1.. to describe selective effects of environmental variables on consortia of benthic 

algall  species in periodically disturbed sediments, 
2.. to analyze selection of species in synthetic consortia composed of isolates of 

benthicc microalgae, and 
3.. to explore the collective effect of environmental variables, biotic interactions 

betweenn different species, and periodic habitat disturbance on species com-
position. . 

Too study the distribution of benthic microalgal species in relation to environ-
mentall  variables, local gradients of irradiance, inundation-isolation frequency and 
seasonn were selected in floodplain lakes of the River Rhine (Chapter 2). The species 
compositionn of natural biofilms from different sites in these floodplain lakes was 
highlyy diverse, but surprisingly similar between sites. The species-specific trends of 
distributionn could be linked to disturbance of communities caused by the dynamic 
inundation-isolationn patterns of the floodplains, regularly resetting the communities 
inn the floodplains to a uniform species composition, preventing predominance of 
singlee species, even at very high algal densities. 

Parallell  to this field study, isolates of species originating from the floodplain 
lakess were grown in simplified synthetic mono- and multi-specific biofilms on a 
layerr of glass beads serving as artificial substrate, and were used to study the persis-
tencee of species with changing environmental factors. A fluorimeter (PHYTO-PAM) 
whichh can distinguish between different taxonomie algal groups was used to meas-
uree density and physiological conditions of species. 

InIn Chapter 3, the role of temperature and irradiance in individual species 
performancee and the effect of different temperature and irradiance levels on the 
interactionss between the diatom species Nitzschia perminuta and the cyanobacterium 
LeptolyngbyaLeptolyngbya foveolarum were studied. In monocultures, a wide range of optimal 
growthh conditions was found for both species, but in mixtures, the diatom appeared 
too be a "cool season species" and the cyanobacterium a "summer or autumn 
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species".. Results suggested interference competition, where the cyanobacterium 
inhibitedd growth of the diatom under favorable growth conditions, but not so under 
sub-optimall  conditions. 

Chapterr 4 and 5 focused on the role of nutrients in determining species com-
positionn in synthetic multi species biofilms. The simple two-species model system 
usedused in Chapter 3 was extended to synthetic biofilms containing up to four diatoms 
(Nitzsehia(Nitzsehia perminuta, Achnanthes lanceolata, Navicula trivialis and Melosira varians) and 
twoo cyanobacteria {Leptolyngbya foveolarum and Cylindrospermum stagnate). Mixtures 
weree composed of either all species, or only the diatoms. 

Inn phosphate-replete mixtures (Chapter 4), a single species dominated the 
community:: N. perminuta in the diatom mixture and L. foveolarum in the all species 
mixture,, while in phosphate-deprived communities, several species persisted for a 
longerr time. The ability of these species to overgrow biofilm consortia was hypothe-
sizedd to be facilitated by their filamentous growth form, motility or excretion of 
inhibitors,, while persistence of several species was explained by less intense inter-
specificc interaction in low-density biofilms. 

Inn Chapter 5, the diatom N. perminuta dominated communities grown under 
loww nitrogen regimes, while the cyanobacterium L. foveolarum dominated at higher 
nitrogenn concentration, despite the potential high growth in monoculture of the 
nitrogenn fixing cyanobacterium C. stagnate. It was indicated that interaction between 
speciess might impair the capacity of individual species to exploit nitrogen. 

Inn Chapter 6, the effect of herbivorous copepods on biofilm community com-
positionn and structure was studied in synthetic mono- and multi-specific consortia of 
microbenthicc algae grown on glass discs. Although the copepods were found to exert 
aa generally low grazing pressure, feeding of the copepod grazer Attheyella trispinosa 
deceasedd the density oïN. perminuta biofilms. 

Biomasss of L. foveolarum biofilms was unaffected or slightly enhanced by 
copepodd feeding, even though the cyanobacterium was ingested and partly digested 
byy the copepods. However, survival and development of the copepods were reduced 
byy a diet containing the cyanobacterium. Architecture of biofilms containing the 
cyanobacteriumm was changed because of clipping of filaments by the copepods and 
thee co-inhabitant diatom species A. lanceolata showed a modified growth strategy 
switchingg from adherence to floatation of cells. 

Inn Chapter 7, the dynamics of species interaction was analyzed and discussed, 
approachingg biofilm communities as vertically structured systems. A model was 
usedd which simulated the progression of biofilm thickness and vertical distribution 
off  species and in which selective conditions, interactions between species and time 
scalee all play defined roles. The success of species in biofilms was tested using three 
casess in which the dynamics of species distribution in multispecies biofilms is simu-
lated. . 
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Firstly,, it was shown that even weak direct interactions between species play a 
steeringg role for algal species competing in biofïïms. Secondly, it was demonstrated 
thatt long-term coexistence of several species represented the successive changes of 
speciess with different presumed growth/loss characteristics. Finally, it was shown 
thatt short disturbance events (10 days) markedly affected the development of species 
compositionn compared to undisturbed communities, but the type of disturbance 
("flood-like""  or "storm-like") determined which species dominated the communities 
onn the long term. These simulations provided explanations for the long-term 
temporall  and spatial stability observed for floodplain microphytobenthos as well as 
forr the shifts due to interactions observed in synthetic multi-species consortia. 
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Hett onderwerp van dit proefschrift zijn de gemeenschappen van eencellige 
algenn (consortia van microalgen) die het sediment in uiterwaardpiassen koloniseren, 
bijvoorbeeldd diatomeeën en cyanobacteriên. Deze op substraat groeiende of 
vastzittendee algen worden bentisch genoemd. Een gemeenschap van microbentische 
algensoortenn die een ruimtelijke structuur vormen met anorganische deeltjes, slijm 
enn bacteriën, wordt een biofilm genoemd. Het onderzoek richt zich op de processen 
diee de soortsamenstelling van deze bentische algengemeenschappen bepalen. Een 
diversee gemeenschap (veel verschillende soorten) wordt als gewenst ervaren bij 
waterbeheerderss en recreanten en bijvoorbeeld giftige soorten zijn ongewenst. Om 
inzichtt te krijgen in de processen die de soortsamenstelling van deze 
gemeenschappenn bepalen is kennis nodig. In het bijzonder kennis over de respons 
vann individuele soorten op afzonderlijke milieu factoren zoals licht, voedingsstoffen 
(nutriënten)) en mechanische stress, maar ook moet de ontwikkeling en handhaving 
vann hele gemeenschappen op de nogal variabele sediment-water grenslaag 
geanalyseerdd worden. 
Dee doelstellingen van deze studie waren: 

1.. het beschrijven van selectieve effecten van milieufactoren op consortia van 
bentischee algensoorten in periodiek verstoorde sedimenten, 

2.. het analyseren van soortselectie in synthetische consortia samengesteld uit 
isolatenn van bentische algen, en 

3.. het onderzoeken van het gezamenlijke effect van periodieke habitat-
verstoringg en interacties tussen verschillende soorten op de soort-
samenstelling. . 

Omm de verspreiding van microbentische algensoorten in relatie met milieu-
factorenn te bestuderen werden lokale gradiënten van lichtintensiteit, overstromings-
cycluss en seizoen geselecteerd in uiterwaardpiassen van de rivier de Waal, een tak 
vann de Rijn (hoofdstuk 2). De diversiteit van soorten in de gemeenschappen van 
natuurlijkee biofilms van verschillende locaties in deze uiterwaardpiassen was zeer 
hoog,, maar verrassend uniform. De trends in de verspreiding van enkele soorten 
kondenn worden geassocieerd met de verstoring van gemeenschappen door de 
overstromingg van de uiterwaarden en de daarop volgende isolatie van plasjes. De 
gemeenschappenn werden tijdens overstroming teruggezet naar een uniforme 
soortsamenstellingg en daarmee wordt locatie-speciefieke differentiatie van de 
soortsamenstellingg voorkomen (hoofdstuk 2). 

Parallell  aan deze veldstudie werden isolaten van bentische microalgen 
afkomstigg uit de uiterwaardpiassen gekweekt in versimpelde synthetische een- en 
meersoortigee biofilms (hoofdstuk 3-5). De algen werden gekweekt op een laag van 
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glasparelss die diende als kunstmatig sediment. Deze kweekproeven werden gebruikt 
omm de persistentie van soorten te bestuderen onder veranderende milieufactoren. 
Eenn fluorimeter (PHYTO-PAM) die onderscheid kan maken tussen taxonomisch 
verschillendee algen groepen werd gebruikt om de dichtheid en fysiologische toestand 
vann soorten te meten. 

Inn hoofdstuk 3 wordt beschreven wat de rol is van temperatuur en licht-
intensiteitt voor het succes van twee individuele algensoorten. Ook wordt het effect 
vann verschillende temperatuur en licht niveaus op de interacties tussen deze twee 
soortenn bestudeerd. Als model algen werden de diatomee Nitzschia perminuta en de 
cyanobacteriee Leptolyngbya fbveolarum gebruikt. In monocultures (kweken van één 
soort)) werd een brede range van optimale groeicondities gevonden voor beide 
soorten,, maar in mengsels van beide soorten bleek de diatomee een "koel seizoens-
soort""  en de cyanobacterie een "zomer- of herfstsoort" te zijn. Resultaten suggereer-
denn dat er sprake was van interferentie competitie: de cyanobacterie remde de groei 
vann de diatomee onder gunstige groeicondities, maar niet onder minder gunstige 
condities. . 

Inn hoofdstuk 4 en 5 wordt gerapporteerd over de rol van nutriënten bij het 
bepalenn van de soortsamenstelling in synthetische meersoortige biofilms. Het 
simpelee twee-soorten systeem gebruikt in hoofdstuk 3 werd uitgebreid naar synthe-
tischetische biofilms die maximaal 4 diatomeeën (Nitzschia perminuta, Achnanthes lanceolata, 
NaviculaNavicula trivialis en Melosira varians) en twee cyanobacteriën (Leptolyngbya foveolarum 
enn Cyïindrospermum stagnate) bevatten. Mengsels bestonden óf uit alle soorten óf uit 
alleenn de diatomeeën. 

Inn fosfaat verzadigde mengsels (hoofdstuk 4) was het een enkele soort die de 
gemeenschapp domineerde: N. perminuta in het diatomeeën mengsel en L. foveolarum 
inn het mengsel met alle soorten: terwijl in fosfaat arme gemeenschappen verschil-
lendee soorten wat langer standhielden. Verondersteld werd dat het vermogen van 
dezee soorten om biofilm consortia te overwoekeren werd vergemakkelijkt door hun 
filamenteuzefilamenteuze (draadvormige) groeivorm, mobiliteit of uitscheiding van remmers, 
terwijll  het standhouden van verschillende soorten verklaard werd door minder 
intensee interactie tussen soorten in biofilms met een lage algendichtheid. 

Waarnemingenn in hoofdstuk 5 laten zien dat gemeenschappen die groeiden bij 
lagee stikstof condities gedomineerd werden door de diatomeeënsoort N. perminuta, 
terwijll  de cyanobacterie L. foveolarum juist bij hogere stikstofcondities domineerde. 
Ditt ondanks het groeivermogen wat de stikstof fixerende cyanobacterie C. stagnate in 
monoculturess het zien bij afwezigheid van stikstof in het medium. Deze waar-
nemingenn geven aan dat de soortspecifieke verschillen om stikstof te benutten 
werdenn overheerst door de interactie tussen soorten. 

Inn hoofdstuk 6 wordt verslag gedaan van het effect van herbivore copepoden 
(algen-etendee roeipootkreeftjes) op de samenstelling en structuur van biofilm 
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gemeenschappen.. De algen werden bestudeerd in synthetische een- en meersoortige 
consortiaa van microbentische algen gekweekt op glazen schijfjes. Hoewel gevonden 
werdd dat de copepoden over het algemeen een lage graasdruk uitoefenden, vermin-
derdee de dichtheid van N. perminuta biofilms door graas van de copepode Attheyella 
trispinosa. trispinosa. 

Dee biomassa van L. foveolarum biofilms werd óf niet beïnvloed óf zelfs licht 
gestimuleerdd door graas van copepoden, terwijl de cyanobacterie toch wel werd op-
genomenn en gedeeltelijk verteerd door de copepoden. De ruimtelijke structuur van 
biofilmss waarin de cyanobacterie voorkomt werd veranderd door begrazing van 
filamentenn door de copepoden. De coëxisterende diatomeeënsoort A. lanceolate Het 
eenn veranderde groeistrategie zien waarbij deze overging van vasthechtende naar 
drijvendee cellen. 

Inn hoofdstuk 7 werdt een model gebruikt aan de hand waarvan de dynamiek 
vann interacties tussen soorten werdt geanalyseerd en bediscussieerd. In dit model 
werdenn biofilm gemeenschappen benaderd als verticaal gestructureerde systemen. 
Hett model simuleerde de progressie van biofilm dikte en verticale verspreiding van 
soortenn in de tijd, waarbij selectieve condities, interacties tussen soorten en tijds-
schaall  allemaal een gedefinieerde rol speelden. Het succes van soorten in biofilms 
werdd beschreven door gebruik te maken van drie cases waarin de ontwikkeling van 
soortenn in mengpopulaties werd gesimuleerd. 

Tenn eerste werd aangetoond dat zelfs een zwakke directe interactie tussen 
soortenn een sturende rol kan spelen voor algensoorten die concurreren in biofilms. 
Tenn tweede werd aangetoond dat successieve veranderingen van soorten met 
verschillendee groei- en verlieskarakteristieken relatief traag kunnen verlopen in 
vergelijkingg met de lengte van het groeiseizoen. Tenslotte werd aangetoond dat korte 
verstoringsgebeurtenissenn (< 10 dagen) de ontwikkeling van de soortsamenstelling 
opp lange termijn (ca. 100 dagen) duidelijk beïnvloedden in tegenstelling tot onver-
stoordee gemeenschappen, maar het type verstoring ("overstroming" of "storm") 
bepaaldee welke soorten op de lange termijn de gemeenschappen domineerden. Deze 
simulatiess leverden zowel verklaringen op voor relatieve stabiliteit op de lange 
termijnn zoals waargenomen in het veld als voor de verschuivingen in soort-
samenstellingg veroorzaakt door interacties zoals waargenomen in synthetische 
meersoortigee consortia. 
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Dee invloed van omgevingsfactoren op 
hett succes van het individu 

"Aff  en toe komt de eland terug, 
blijf tt staan en kijkt naar haar [...], 

maarr met hem teruggaan wil ze niet meer, 
datt kan ze niet meer, 

zoo lang als ze in de greep van de betovering is. 
Dee betovering ligt in de diepte. 

Heell  ver in de diepte ligt een verloren hartje." 

Uit:: Het sprookje van eland Langbeen Springop en prinsesje Wolkgras. 

HelgeHelge Kjellin, De sprookjeswereld van John Bauer, 1976 
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Hulpbronne n n 

Voorr ieder individu geldt dat deze pas goed kan functioneren wanneer in de 
basisbehoeftenn voor levensonderhoud wordt voorzien. Verschillende externe hulp-
bronnenn zijn van belang voor het succesvol functioneren in een gemeenschap. 
Hogeree licht intensiteit en temperatuur waren tot op zekere hoogte ook voor mij 
stimulerendd voor de productiviteit. Ook heb ik aan den lijve mogen ondervinden dat 
nutriëntenn onontbeerlijk zijn voor een goede groei en gezondheid van het individu, 
toenn bleek dat ik zelf geen vitamine B12 op kan nemen. 

Inn onze wereld als aanvoerders van de voedselketen zou het vinden van eten 
nogg niet zo moeilijk zijn geweest als je daar geen geld voor nodig had. Een baan is 
duss onmisbaar voor het verzamelen van geld om in andere levensbehoeften te 
kunnenn voorzien. Gelukkig kreeg ik van Wim de uitnodiging om vanuit 
Wageningenn terug te keren naar mijn roots in Amsterdam, om daar te beginnen aan 
eenn belevenis waarvan het eindprodukt nu voor u ligt. 

OokOok ruimte speelt een belangrijke rol als randvoorwaarde voor goed 
functioneren.. Huisvesting was voor mij een groot probleem toen ik naar Amsterdam 
terugkeerdee om aan het AiO-schap te beginnen. Gelukkig mocht ik tijdelijk mijn "3e 

dooss links onder de brug" parkeren bij Renee en daarna bij Ingrid (dames: bedankt!), 
totdatt ik, mede dankzij mijn ouders, naar mijn eigen stulpje in het Vierwindenhuis 
kon.. In dit filosofisch opgezette "dorp-in-de-stad" vond ik een thuis. 

Interactie s s 

Natuurlijkk geldt ook voor ieder individu dat externe hulpbronnen niet de enige 
omgevingsfactorenn zijn die het welslagen van dit individu kunnen verklaren. Inter-
actiess met andere individuen van dezelfde soort, maar ook met andere soorten (mijn 
lievee Lou en Nico bijvoorbeeld) bepalen het uiteindelijke functioneren van een 
individu. . 

Samenn met Wim heb ik dit project tot een goed einde mogen brengen. Ik kon 
voorr allerhande hulp bij hem terecht. Zeker in het laatste jaar toen hij naast 
promotorr ook als dagelijks begeleider en adviseur optrad. Hij voorzag mij regelmatig 
vann de nodige inhoudelijke feedback en adviezen. Maar ook voor andere dingen kon 
ikk bij hem terecht, zo ging hij mee op veldwerk om de bus te rijden en metingen te 
verrichtenn (dit heeft nog mooie plaatjes opgeleverd!). Wim, hartelijk bedankt voor je 
substantiëlee bijdrage in deze onvergetelijke belevenis! Ook wil ik hierbij de overige 
ledenn van de promotiecommissie bedanken voor het lezen van het proefschrift en het 
gevenn van commentaar en Ben Sommeijer voor de introductie van en uitleg over het 
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model.. Maria-José, thanks for your contribution to this thesis in the form of Chapter 
66 and for your warm friendship. 

Ookk op het werk had ik een thuis: onze Groene Kamer. Daar stalde ik mijn 
plantenn voor de periode dat ik dakloos was, maar ze werden te groot om mee terug 
tee gaan en zijn altijd gebleven. Met Harm mocht ik deze kamer meer dan 5 jaar 
delenn (het lustrumfeestje gaan we nog inhalen!) en gelukkig niet alleen dat, maar ook 
konn ik bij hem terecht in moeilijke, gezellige, praktische, leuke, serieuze en aller-
handee andere momenten: dat heb je als je bij elkaar op de kamer zit! We hadden 
iederr seizoen een andere kamerstijl, zoals de kerst- of paasversiering, de mooie 
franjelampenn of Jan des Bouvrie, of helemaal leeg toen we voor een paar weken 
verhuisdenn vanwege de asbestsanering. Met layouten kreeg ik veel hulp van hem en 
ookk het kaffie is van zijn hand. Ik ben blij dat je me als paranimf ook bij de aller-
laatstee loodjes zult steunen. Hierbij draag ik officieel de voogdij over de Groote 
Plantt over aan jou en hoop dat je er goed voor zult zorgen! Harm, bedankt voor 
alles! ! 

Eenn heleboel (ex)AEE-ers hebben ook een bijdrage geleverd aan het succes van 
ditt individu. Miriam is een super collega en fijne vriendin die nooit nee kan zeggen, 
watt ook weer bleek uit de praktische hulp bij de laatste proeven. Gelukkig konden 
wee samen de stress weg trommelen en/of sporten. Christiane, thanks for your 
involvementt in the project. Iedereen die meeging naar het veld: chauffeurs Annelies, 
Harmm (5x), Jaap, Joost, José, Michiel (2x), Tineke (2x), Wim; duikers Ami, Harm, 
Jeroen,, Kim en Robbie; en de hulptroepen: Alice, Ami, Barry (3x), Bart (2x), Bas, 
Corlisa,, Elske (3x), Eric (6x), Evelyn, Frank, Heather, Helen, Kim (3x), Maria-José 
(3x),, Marjanka, Robbie, Sam, Simone en Suzan: allemaal bedankt voor julli e inzet! 
Inn het begin ben ik met name door Gerdit wegwijs gemaakt op het lab en door Nüria 
inn de algenwereld, bedankt voor die vliegende start!. De lezers Harm, Wander, 
Heather,, Saskia en Viridiana: dank julli e wel voor julli e hulp, gracias! Mij n vier 
stagee studenten Arni, Kim, Marlies en Stefan, dankzij julli e heb ik de meeste 
experimentelee hoofdstukken kunnen schrijven, het waren grote proeven en er zijn 
ookk heel wat weekends gesneuveld, bedankt voor julli e inzet!. De hele (ex)afdeling: 
bedanktt voor de gezelligheid, taart, gekkigheid etc. 

Ookk negatieve interacties zijn mij natuurlijk (direct of indirect) niet bespaard 
gebleven.. De ophefFingsperikelen van onze afdeling, vertrek van begeleiding en 
gebrekk aan goed onderhoud op het lab hebben ertoe geleid dat ik meer geleerd heb 
dann wetenschap alleen: ook de betekenis van vakbond en OR, de beeldspraak van 
Wimm en de werking en montage van een V-snaar zijn mij nu duidelijk! 

Dee steun en afleiding van mijn familie en vrienden waren onmisbaar en 
zorgdenn ervoor dat er ook een leven was naast het werk. Mijn ouders wil ik 
bedankenn voor him onvoorwaardelijke steun op allerlei momenten, van het vinden 
vann een huis tot het lezen van de samenvatting. Onno zal mij als paranimf terzijde 
staann tijdens de verdediging en ik ben blij dat ik op deze manier een stukje van mijn 
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wereldd met hem kan delen. Onno en Jill, mijn broer en "zus", dank julli e wel voor 
julli ee steun! Ook de rest van de familie wil ik bedanken voor de interesse en steun. 

Hett laatste jaar was om allerlei redenen een geen makkelijk jaar, gelukkig dat 
ikk deze tijd speciaal gesteund werd door Tom, die me op een of andere manier steeds 
weerr uit de modder hielp met tips over behang, de +8 wekker en andere trucs. Er 
wass altijd tijd voor goede gesprekken, pepSMSjes of brainstormen over de 
vormgeving.. Tom, je gaf me het gevoel dat ik er niet alleen voor stond, dank je wel 
voorr je steun! 

Dee etentjes met mijn (ex)AiO vriendinnen Ingrid en Evelyn (ja ik ben de 
laatste!)) en de zondagmiddag dates en uitjes en vakanties met mijn vriendinnen J, J, 
enn J (José, Jeltje en Judith) waren een welkome afwisseling. Allemaal bedankt voor 
julli ee steun, bijklets-momenten en gezelligheid. 

Ookk in de salsa-scene vond en vindt ik een gezonde dosis inspanning en 
ontspanning.. Wat is het heerlijk om na een week (of nacht) hard werken naar een 
feestt te gaan en te kunnen zeggen datje na twee nummers dansen helemaal ontladen 
bentt en weer met een frisse blik de wereld in kijkt. Net zo is het met de Samba 
trommelaars:: fantastisch om alle stress zo lekker ritmisch weg te kunnen trommelen 
mett z'n allen. All e salseros, salseras en trommelaars bedankt voor deze (onbewuste?) 
steun,, ook julli e hebben zeker bijgedragen het succes van dit individu en daarmee 
aann het welslagen van dit project. 

Esther r 
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