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Chapterr I 

GENERALL INTRODUCTION 

Microbenthicc algal consortia are organised in multilayered structures that cover the 

surfacee of illuminated submersed substrates with a so-called biofilm (Blum 1957; Lock 

1981;; Rott 1991; Patrick 1961; Stevenson and Pan 1999). Biofilms are compact 

associationss of microbenthic algae with bacteria, detritus floes and inorganic particles, 

embeddedd in polymeric secretions and sustaining an intricate network of functional 

interactionss (Wetzel 1993; Decho 1990; Hoagland et al. 1993; Sobczack 1996). Diatoms 

commonlyy constitute the dominant group of algae in river biofilms. Diatoms (or 

Bacillariophyceae)) are represented by a large number of species and play a fundamental 

rolee in the food web and in the geochemical cycles of silica and carbon in rivers and 

streamss (Lamberti 1996; Newbold et al. 1981; Mullholland 1996; Patrick 1961; Round et 

al.al. 1990; Stevenson and Pan 1999). Their ubiquitous distribution, well-known 

taxonomyy and high representativeness in benthic consortia have made them a 

valuablee and widely used tool to assess the variable environmental conditions 

characteristicc of aquatic systems (Stoermer and Smol 1999). 

UseUse of diatoms for water quality assessment 

Correlationss between aquatic physico-chemical conditions and the occurrence of 

planktonicc and benthic diatom species in the field have been used traditionally to 

interprett the preference of taxa to single selected environmental factors and, likewise, 

thee distribution of diatom taxa has been used to infer certain environmental 

characteristicss of aquatic systems (Hustedt 1938-1939; Birks et al. 1990; Ter Braak and 

vann Dam 1989; Kouwe and van der Aalst 1991; Agbeti 1992; Anderson et al. 1993; van 

Damm et al. 1994; Kelly and Whitton 1995; Stevenson and Pan 1999). Indicator values for 

pH,, salinity, P, organic nitrogen enrichment, organic pollution, oxygen levels, etc. 

havee been given to hundreds of freshwater diatom taxa (Hustedt 1938-1939; Cholnoky 
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1968;; Lange-Bertalot 1979; Sladecek 1986; van Dam et al. 1994; Kelly and Whitton 1995; 

Kellyy 1998). Such species-specific indicator values of taxa have been included in 

autoecologicall  indices currently used to evaluate water quality (e.g. eutrophication, 

organicc pollution) in European and North-American rivers (Whitton et al. 1991; 

Whittonn and Rott 1996; Prygiel et al. 1999; Charles 1996; Stevenson and Bahls 1999). 

Similarly,, classifications and statistical correlations of diatom species according to their 

occurrencee in waters differing in acidity are proved to be consistent, and are used for 

re-constructingg and inferring pH and acidification in standing and flowing waters (Ter 

Braakk and van Dam 1989; Birks et al. 1990; Schiefele and Schreiner 1991; van Dam and 

Mertenss 1995; Coring 1996; Lancaster et al. 1996; Pan et al. 1996; Battarbee et al. 1999). 

Thee use of weighted-averaging and canonical correspondence analysis between diatom 

speciess and nutrients (TP and TN) in lakes and streams has been found to allow 

generall  conclusions on the trophic state of waters (Pan et al. 1996; Winter and Duthie 

2000). . 

Thee above mentioned diatom based methods for biological monitoring are subject to 

developmentt and standardisation for application to all kinds of waters in different 

countriess (Prygiel et al. 1999; Hil l et al. 2000). Yet, interactions may affect the 

distributionn of taxa and may therefore be a source of discrepancies between studies 

(Wintherr and Duthie 2000; Cox 1991). This is most probably due to two main reasons, 

firstlyy the different diatom indices and methodologies do not integrate parameters in 

thee same way (Prygiel and Coste 1993; van de Vijver and Beyens 1998). And secondly, 

thee autoecology of taxa has been rarely verified by experiment (Cox 1991; Cox 1993; 

Winterr and Duthie 2000; Van Dam et al. 1994). Cox (1993) concluded from culture 

experimentss with four freshwater benthic diatom taxa grown under contrasting light, 

temperaturee and pH conditions that the physiological ranges were not consistent with 

thee field distributional data of the species, which indicated different capacities of the 

species.. Thus, although the assessment of water quality with diatom indices might 

fulfi ll  some of the objectives for environmental management, i.e. deriving overall 

indicationss for the ecological quality of surface water, field observations should be 

verifiedd by experimental research to gain specificity. 
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OutdoorOutdoor and mesocosms experiments with benthic diatoms 

Differencess in lotic microbenthic algal assemblages due to differing environmental 

conditionss are supported by experimental results obtained from artificial streams and 

mesocosmm studies. In these studies, the shifts in algal (diatom) species usually 

constitute,, in addition to other functional community parameters, an important 

endpointt for establishing effects of different water quality parameters. These 

experimentall  approaches allow the response of intact microbenthic biofilms to single 

factors,, such as effects of varying light intensity (Steinman et al. 1990), nutr ient 

concentrationss (Bothwell 1985; Pringle 1987; Bothwell 1989; Guasch et al 1995), grazing 

pressuree (Sarnelle et al. 1993) and current velocity (Peterson and Stevenson 1992) to be 

assessed.. Factorial design of experiments enable the study of interactions between light 

andd grazing pressure (Wellnitz et al. 1996; Steinman et al. 1995), light, physical and 

chemicall  stress (Blenkinsopp and Lock 1994; Gray and Hil l 1995), nutrients and grazing 

pressuree (Rosemond et al. 1993; Pan and Lowe 1994; Mulholland et al. 1991; 

McCormickk 1994; Walton et al. 1995), nutrients and current velocity (Humphrey and 

Stevensonn 1992) and also between acidity and metal toxicity (Genter and Amyot 1994; 

Genterr 1995). 

Experimentall  species-specific responses of diatom taxa in communities to a given 

factor,, may not always conform inferred autoecological sensitivity of taxa, nor agree 

withh other experimental studies. For instance, experimental results show that A. 

minutissima,minutissima, which is considered to be an indicator species of nutrient-poor waters 

(Lange-Bertalott 1979; Kelly and Whitton 1995), appears to prefer a nitrogen or 

phosphorus-enrichedd environment (Borchardt 1996; Pringle and Bowers 1984; 

McCormickk and Stevenson 1989; Peterson and Grimm 1992). It seems therefore, that 

changess in the abundance of species under natural conditions may occur 

independentlyy of whether taxa are presumably nutrient-limited or not (i.e. Fairchild 

andd Sherman 1993; Humphrey and Stevenson 1992; Johnson et al. 1997). External 

factors,, such as nutrient thresholds, light penetration, pH and temperature in the 

waterr column may not exert an equally direct effect on all biofilm algal species. Algal 

biofilmss may often be many cells thick (Johnson et al. 1997). Consequently, even under 
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optimall  external conditions, the abundance and micro-distribution of taxa might be 

affectedd by species specific immigration or emigration rates, differences in growth rate 

andd motility of taxa (Goldsborough 1994). Confounding relationships could be 

explainedd by modifying biotic and abiotic properties of biofilms. It is here, therefore, 

suggestedd that an advanced knowledge of the abiotic and biotic interactions, notably of 

thee spatial organisation of biofilms may aid the understanding of dominance or 

exclusionn of taxa under environmental conditions. Such knowledge would help to 

explainn the responses of taxa to natural variables and man-made (chemical) stress. 

DevelopmentDevelopment of diatom consortia 

Biofil mm development on submersed surfaces starts with development of an organic 

andd bacterial matrix, followed by the settlement of mainly small adnate diatoms. The 

diatomm settlement rate is known to be determined by the cell propagule pool in the 

aquaticc system, cell dispersal characteristics (cell size and morphology), substratum 

type,, water velocity, temperature and light (Bothwell et al. 1989; Stevenson and 

Petersonn 1989; Stevenson and Peterson 1991; Biggs 1996). Recruitment and succession 

off  taxa, after settlement, is governed by the exponential growth rates of taxa according 

too temperature, availability of resources and modes of reproduction of taxa (Bothwell 

1989;; Borchardt 1996; Hil l and Knight 1988; Hil l 1996; Biggs 1996). As biofilm 

developmentt proceeds, algal biomass, density and metabolism in biofilms may 

increase.. An increase of complexity, during biofilm maturation, may induce a reduced 

dependancee of taxa on external physical and chemical factors. For instance, understory 

cellss might be more protected against mechanical erosion by water velocity changes 

(Stevensonn and Glover 1993; Roemer et al. 1984), but also more likely to be affected by 

reducedd resource availability than in the upperstory of biofilms (Stevenson et al. 1991; 

Pringlee 1990). The sensitivity of biofilms and the inhabiting taxa to chemical stressors 

mayy also be related to its biotic and abiotic characteristics. The role of polymeric 

secretionss and organic and inorganic particles in immobilizing and reducing difussion 

off  metals has been suggested (Rose and Cushing 1970; Freeman and Lock 1995). 
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Whetherr maturation exerts also a protective role to taxa against chemical stressors is 

stilll  subject of speculation. 

MetalMetal induced species selection in biofilms 

Thee structure of diatom consortia in rivers may be affected by elevated levels of 

inorganicc chemicals in addition to natural resources. Metals are still one of the most 

commonn sources of environmental contamination, and, like organic pollution, 

originatee from both diffuse atmospheric deposition, as well as from several point 

sourcess such as mines and foundries (EEA 1994). The susceptibility of freshwater 

diatomm communities to metals has been reported under both field and laboratory 

conditionss (Say and Whitton 1981; Leland and Carter 1984; Deniseger et al. 1986; Genter 

etet al. 1987; Gustavson and Wangberg 1995; Gray and Hil l 1995; Genter 1996; Medley and 

Clementss 1998; Paulsson et al. 2000), but the number of studies adressing this issue is 

stilll  lagging behind. Species-specific sensitivities to metals may be also reflected in 

changess in the relative abundance of species in communities. A prolonged exposure to 

aa toxicant may cause a replacement of sensitive algal species by more tolerant ones and 

ultimatelyy induce adaptation of individual species (Blanck et al. 1988). In this way, 

accordingg to Blanck et al. (1988), the tolerance of the whole community wil l increase 

(Pollutionn Induced Community Tolerance, PICT). This concept has been validated in 

estuarinee communities for various chemicals (Blanck and Wangberg 1988a,b; 

Molanderr et al. 1990; Blanck and Dahl 1996) using physiological tests on the algae and 

bacteriaa communities. The PICT approach has also recently been applied to freshwater 

periphytonn communities subjected to metal stress (Gustavson and Wangberg 1995; 

Paulssonn et al. 2000; Soldo and Behra 2000), although with varying success. Even 

thoughh the reasoning behind the PICT concept relies on selection of taxa or strains of 

differentt sensitivity, the application of the PICT concept focuses on the overall 

functionall  responses of communities as the main endpoint. Independent experiments 

onn mono-cultures indeed show large differences in metal tolerance between algal 

strainss of the same species from metal contaminated and uncontaminated 

environmentss (Jensen et al 1974; Say and Whitton 1977; Foster 1982; Takamura et al. 
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1989).. It is argued here that the understanding of biofilm development under metal 

stresss would benefit from culture experiments linked to the simultaneous study of 

structurall  and functional responses of intact communities. 

Objectives Objectives 

Thee main objective of this thesis is to analyse the structure and functioning of biofilms 

developingg in rivers under different degrees of metal stress. Is metal contamination in 

suchh rivers steering algal succession towards more tolerant algal taxa and strains? It is 

hypothesisedd that metals, but also other factors, such as nutrient concentration, affect 

thee algal succession in communities. Hence, metal and nutrients may interact in 

modulatingg algal density and diatom species composition. Algal growth form and 

biofilmm characteristics are put forward as factors modifying the response of individual 

algall  cells to environmental stressors, hence the role of architecture and maturity of 

biofilmss wil l be assessed in relation to water quality parameters. 

OutlineOutline of the thesis 

Thee present study analyses the characteristics of microphytic river biofilms in situ and 

underr experimental conditions. This study departs from an in situ evaluation and 

characterisationn of the biotic and abiotic components and of the physiology of 

microphyticc biofilms in river sites (River Dommel), mainly differing in their Zn and 

Cdd concentrations. The River Dommel has been exposed to enhanced Zn and Cd 

concentrationss for more than a century due to the activities of a former Zn foundry 

locatedd in its catchment. Factors interacting and determining the physiognomy and 

responsee of microphytic biofilms in the field are identified. The ecological role of 

speciess and structural characteristics of biofilms determining the response to external 

factorss is here investigated experimentally. 
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Chapterr II explores tools for the study of freshwater biofilms subjected to varying levels 

off  metal contamination in streams. This study is mainly focused on the physiological 

responsess of micro-benthic communities to metal pollution and detection of metal-

inducedd tolerance with short-term algal (14C incorporation) and bacterial (3H-

thymidinee incorporation) tests. Both natural (epipsammon) and artificial substrate 

grownn assemblages are studied. Key factors that may determine the response to metal 

contamination,, such as metal complexation, organic enrichment, cell-packing and 

speciess adaptation, are discussed. 

Inn Chapter III a more detailed in situ diatom community analysis is performed to 

investigatee the natural succession of the diatom species in the microphytic biofilms 

fromm the streams through the seasons. To study how diatom succession is affected by 

changess in metal concentrations in the streams, translocations of intact communities 

fromm the reference stream to the metal polluted stream and vice versa are carried out. 

Metalss are not the only variables structuring microphytic consortia in the field. In 

orderr to disentangle the roles of nutrients (Chapter IV), maturity of communities and 

exposuree history (Chapter V, VI) in steering succession under natural metal 

contaminatedd and uncontaminated conditions, these factors are investigated separately 

inn the laboratory. 

Inn Chapter IV effects of combined exposure to nutrient and metals on diatom 

successionn in intact biofilms from the reference stream were compared to single 

exposuress to Zn, Cd and P concentrations as found at the polluted stream. The species-

specificc responses to these factors in relation to growth-form and position in biofilms 

aree discussed. 

Inn chapter V the characteristics of biofilms of different age (developmental stage, 

growth-formm of species, cell-packing, density, algal and bacterial secretions) are 

investigatedd in the laboratory. The possible protective role of mature biofilms to algal 

photosynthesiss and resilience to metal-induced succession is analysed. 

Inn Chapter VI the selection pressure of metal contamination in the field on an 

individuall  diatom taxon is investigated. The clone specific sensitivity to Zn of the 

diatomm Gomphonema parvulum isolated from two streams differing in Zn and Cd 

concentrationss is studied in the laboratory. 
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Inn chapter VII (concluding remarks) the main findings of this thesis are discussed and 

conclusionss are drawn. 
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