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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 introduction 

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 
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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. 
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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. 

14 4 


