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Chapterr  IV 

RESPONSESS OF BENTHI C ALGA L CONSORTIA TO COMBINE D 

EXPOSUREE TO METAL S AND NUTRIENTS: AN EXPERIMENTA L 

VERIFICATIO N N 

Abstract.. Numerous studies have reported high sensitivity of diatom species to selected environmental 

variabless in the field, but ignored complex interactions between these variables. The aim of the present 

studyy was, therefore, to investigate the joint effects of enhanced metal and phosphate concentrations en 

benthicc diatom communities. Microalgal biofilms from a relatively unpolluted stream were exposed in the 

laboratoryy to separate and combined concentrations of Zn, Cd and P as found at a polluted stream in the 

samee catchment. Pollution steered succession was observed and compared to community characteristics 

observedd in situ. Zn alone was found to cause a severe decrease of growth of the biofilm algae, but 

phosphatee totally compensated for this Zn effect. The effect of Cd alone was less pronounced as for Zn and 

alsoo compensated by P. However, P could not compensate for the combined effects of Zn and Cd. 

Communityy changes in treatments were evaluated using trophic indices for assessment of water quality, 

basedd on field derived assigned sensitivities of taxa to nutrients and organic pollution. Results indicated 

thatt P exposure caused, such as expected, an increase of the eutrophy rank (TDI), but also led to prominence 

off  pollution tolerant taxa (%PTV). The successional trends in experiments matched in general the observed 

differencee in microphyte communities at the reference and polluted river stations, but a simple interaction 

schemee of the three main factors (Zn, Cd and P) is insufficient to explain the species' role in detail. Also 

thee combinations of the three factors had no unequivocal effect on diatom ranking scores (TDI and %PTV). 

Too explain this, the biological interactions of species with different growth form are discussed. 

Tentativelyy the roles of adherent, erect and motile species and their variable abundance during different 

stagess of biofilm maturation is a major cause of complex, non-linear responses of multispecies biofilms even 

too simple factor combinations. 
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INTRODUCTIO N N 

Freshwaterr benthic diatoms are widely used to assess changes in water quality due to 

theirr specific preferences for a defined range of salinity, pH, inorganic and organic 

nutrientss (Lange-Bertalot 1979; Van Dam et al. 1994; Pan et al. 1996; Van de Vijver and 

Beyenss 1998; Vis et al. 1998). Diatom indices for evaluation of eutrophication and 

organicc pollution in European waters have been developed, compared and 

recommendedd (a.o. Descy 1979; Coste in Cemagref 1982; Descy and Coste 1991; Prygiel 

andd Coste 1993; Schiefele and Schreiner 1991; Kelly et al. 1995; Van de Vijver and 

Beyenss 1998; Kelly 1998; see also Prygiel et al. 1999). However, organic pollution often 

coincidess with the presence of a wide variety of toxicants (like pesticides, PAHs and 

metals)) and nutrients (Barreiro and Pratt 1994; Guasch et al. 1998; Stuijfzand et al. 1999; 

RIWAA 1997). Therefore, interactions between toxicants, nutrients and organic 

contaminantss wil l often occur (Barreiro and Pratt 1994; Guasch et al. 1998, Stuijfzand e t 

al.al. 2000). Diatom indices are, however, still based on selected sensitivities, such as 

organicc pollution or acidity. So far numerous studies have indicated the susceptibility 

off  diatom taxa in benthic communities to metal pollution (a.o. Leland and Carter 1984; 

Denisegerr et al. 1986; Genter et al. 1987; Gustavson and Wangberg 1995; Gray and Hil l 

1995;1995; Medley and Clements 1998; Ivorra et al. 1999; Ivorra et al. 2000; Paulsson et al. 

2000;; Sabater 2000), but interactions between metals and nutrients on intact 

microbenthicc diatom consortia under experimental conditions have not been 

investigated. . 

Inn a previous study Ivorra et al. (1999) found that differences in the diatom species 

compositionn of three lowland streams were steered by the extreme different metal 

concentrationss measured in the water of these streams. However, other factors could 

havee played also a role in structuring those communities. For instance, increased 

phosphatee concentrations could promote the growth of eutrophic species (McCormick 

andd Stevenson 1998). The consequent increase of biomass in microbenthic mats might 

alterr diffussion and ion penetration rates (Stevenson et al. 1991; Stevenson and Glover 

1993;; Ivorra et al. 2000). Also the binding to P in solution or inclusion to cellular 
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phosphatee and polyphosphate bodies might reduce metal toxicity (Rai et al. 1981; 

Walshh and Hunter 1992; Hashemi et al 1994). 

Inn this paper we aimed to study, under controlled conditions, how Zn, Cd and P 

togetherr can influence and modify the composition of the diatom community in 

microalgall  biofilms. In order to study metal-metal and metal-phosphate interactions, 

biofilmss were exposed to the three test substances separately and in combination. Zn, 

Cdd and P were added in concentrations as measured at the polluted field site (Ivorra et 

al.al. 1999) so that the previously observed changes in the diatom species composition in 

thee field could be verified. Existing diatom indices for water quality assessment were 

checkedd for their applicability under natural and experimental conditions. 

MATERIAL SS AND METHOD S 

Fieldd sampling 

Microbenthicc biofilms were colonised in a reference stream, the Keersop (The 

Netherlands)) a small tributary of the polluted river Dommel (Belgium / The 

Netherlands).. Biofilms were grown in the field, on etched glass discs (1.5 cm2) 

verticallyy submerged (at 20 cm depth and parallel to the current) in the stream in 

polyethylenee racks, for two weeks before collection and transport to the laboratory 

(accordingg to Ivorra et al. 2000). Physical and chemical characteristics of the Keersop 

andd the polluted river Dommel have been described previously (Admiraal et al. 1999; 

Groenendijkk 1999; Ivorra et al 1999; Ivorra et al 2000). 

Experimentall  conditions 

Inn the laboratory, glass holders containing colonised discs were placed vertically in 8 

glasss aquaria (170 discs per aquarium) containing 6 L of water from the Keersop stream. 

Thee aquaria had been pre-cleaned with an acid solution (1-2% HN03), rinsed with 

double-distilledd water and equilibrated overnight before the start of the experiment i n 

Keersopp water to which the chosen Zn, Cd and or P test concentrations were added in 

orderr to minimise the loss of metal and/or phosphate to the glass. Each aquarium 
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correspondedd with a different treatment: control, Zn, Cd, P, Zn+Cd, Zn+P, Cd+P, 

Zn+Cd+P.. Added metal and phosphate concentrations accorded with the mean 

concentrationss at the polluted river Dommel, downstream from the confluence with 

thee extremely metal polluted Eindergatloop stream (Ivorra et al. 1999; Ivorra et ah 

2000).. The nominal test concentrations were 1000 ng Zn-LA (as ZnCl2 Tritisol, Merck), 

644 Mg Cd-L1 (as CdCl2 Tritisol, Merck) and 283 /ig P L1 (as K2HP04 reagent grade, Merck). 

Thee Keersop water was filtered through a course sieve (100 nm) in order to remove 

plantt debris and small grazers. Keersop water was collected weekly from the stream 

andd water and metal renewal of the test solutions of the laboratory experiment was 

donee twice a week. 

Biofilmss were incubated in the aquaria for a period of three weeks at a temperature of 

100 °C (average winter temperatures), at a light intensity of ca. 130 jzmol photonm"2-s_1 , 

10/144 hours (light/dark regime) and under continuous water movement supplied by 

paddless at a speed of ca. 0.1 m-s \ 

Duringg the course of the experiment total Zn and Cd concentrations were determined 

usingg a flame and a graphite furnace atomic absorption spectrophotometer (AAS) with 

backgroundd correction. Total (TP) and soluble reactive phosphate (SRP) concentrations 

(Murphyy and Riley 1962) in the treatments were determined before and after each 

waterr renewal. Quality control of metal analysis was performed using reference 

materiall  (NIST [SRM 1643]: Trace elements in water, NIST, Gaithersburg, MD, USA); 

thee measured values deviated less than 10% from certified values. 

Additionally,, total and dissolved organic and inorganic carbon concentrations (TOC-

DOCC and TIC-DIC) of the renewal water and the pH of the different treatments were 

measuredd using a total carbon analyser (model 700 C, OI, College Station, TX, USA) 

duringg the course of the experiment. 

Biofilm s s 

Biofil mm discs were collected at the start of the experiment and after 1, 2 and 3 weeks of 

exposuree for determination of dry weight, chlorophyll a, metals (Zn and Cd) and 

identificationn of diatom species from the different treatments. To standardise results to 

thee etched front surface of the glass discs only (1.5 cm2), the sides and back of the 
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selectedd discs were cleaned with a tissue. The discs were were immersed in double 

distilledd water and biofilms were detached from the discs by sonication in the cold 

priorr to determinations. 

Suspensionss of at least 10 discs per treatment were freeze-dried for dry weight (DW) 

determinationn at the beginning and end of the experiment. DW values are expressed 

ass mg DW-cm"2. 

Metall  concentrations in biofilms were determined at the end of the experiment from 3 

freeze-driedd biofilms per treatment, after digestion in 70% HNOa (Ultrex, Baker, Paris, 

KY,, USA) using a microwave oven equipped with a temperature and pressure control 

programm (MDS-200, CEM laboratories, Matthews, NC, USA). Metal analyses were 

performedd with Flame and Graphite Furnace AAS. Quality control of metal analysis 

wass carried out by analysing digestion blanks and reference material (NIST [SRM 2704]: 

Buffaloo River Sediment, NIST, Gaithersburg, MD, USA). The measured values 

deviatedd less than 10% from the certified values and digestion blanks were near 

detectionn limits. Metal concentrations are expressed as \ig metalg"1 DW. 

Algall  density 

Microbenthicc suspensions from at least 6 discs per treatment were filtered through 

glasss fiber filters (pore size: 1.2 ^m) and Chlorophyll a (Chi. a) was extracted with 80% 

ethanoll  according to the Dutch standard procedures (Anonymous 1981). Chi. a 

concentrationss are expressed as Mg Chi. fl-cm"2. 

Diatomm taxa 

Threee discs per treatment were used to enumerate diatom cells at the end of the 

experiment.. Organic material was eliminated with 30% H202 and KMn04 according to 

Vann der Werff (1955), and cleaned diatom frustules were mounted in Naphrax 

(refractivee index: 1.69). At least 300 frustules were identified following Krammer and 

Lange-Bertalott (1986-1991) and counted for each different slide. The relative abundance 

(%)) of the diatom species in the biofilms was determined. 
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Trophi cc Diatom Index (TDI ) and percent of Pollution Tolerant Valves (%PTV) 

Thee values of the Trophic Diatom Index (TDI; Kelly and Whitton 1995; Kelly 1998), 

developedd to monitor eutrophication in lowland rivers using benthic diatom taxa, 

weree determined for each treatment. Treatments were considered as "sites" with a 

differentt pollution degree. TDI values range from 0 to 100 (low to very high nutrient 

concentrations).. The TDI was calculated using the equation: 

TDI=(WSMx25)-25 5 

wheree WSM is the weighted mean (Zelinka and Marvan 1961) sensitivity, calculated 

as: : 
n n 

2aA v> > 
WSMM = ^ 

| a ' v ' ' 

wheree a- is the abundance (proportion) of species ;' in the sample, s; is the empirically-

derivedd pollution sensitivity value (1-5) of species j , and v; is the indicator value (1-3) 

off  species/, according to Kelly (1998). Planktonic diatom taxa, such as Stephanodiscus 

spp.,, Aulacoseira spp. and Asterionella spp., that were occasionally present in our 

biofilmss were not included. 

Thee percentage of pollution tolerant valves (%PTV) is defined as the sum of benthic 

diatomm taxa generally regarded as tolerant to organic pollution according to Kelly and 

Whittonn (1995) and Kelly (1998). These tolerant taxa are Gomphonema parvulum, 

NaviculaNavicula gregaria, N. lanceolata, small Navicula (such as N. minima, N. atomus, N. 

seminulumseminulum in our study ), Sellaphora spp. (such as S. pupula in our study) and 

NitzschiaNitzschia spp. Increased concentrations of suspended solids and ammonia and reduced 

oxygenn concentrations are characteristic of organic polluted environments and are 

usuallyy cross-correlated with P concentrations. A percentage of pollution tolerant 

valvess below 20% is interpreted as absence of significant organic pollution; a 21-40% as 

somee evidence of organic pollution; a 41-60% as organic polluted. And a percentage of 

pollutionn tolerant valves above 60% in a site is interpreted as heavily contamination 
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withh organic pollution. Results from TDI and %PTV were plotted in a two 

dimensionall  chart according to Kelly (1998). Vertical movement on the chart is 

interpretedd as resulting from eutrophication changes. Horizontal movement on the 

chartt indicates changes not only due to P but to other associated factors. Diagonal 

movementt results from a combination of factors affecting the diatom communities. 

Statistics s 

Significantt differences between treatments (considered as different "sites") were tested 

withh student-t tests (Sokal and Rohlf 1995). 

RESULTS S 

Concentrationss of dissolved compounds 

Thee background concentrations (mean ) of Zn (48 6 Mg-L"1), Cd (0.2 1 fig-L1), 

totall  P (61 7 MgL"1) an d S RP (7 3 Mg'L"1) of the stream water used in the experiment 

weree relatively low and constant, throughout the experimental period. The 

concentrationss of TIC (15.4 7 mg-L1), DIC (14.8 5 mg-L1), TOC (8.6 7 mg-L1) and 

DOCC (7.1 4 mg-L"1) were also stable. 

Thee concentrations of metals and phosphate in dosed aquaria were close to the 

nominall  concentrations chosen to mimic conditions at the polluted station in the 

samee river system; values did not differ significantly between similar treatments. 

Actuall  concentrations were 957 ) j/g Zn-L"1, 46 ) Mg Cd-L1, 291 ) TP jig-L1 and 

1711 (  9) SRP P Mg-L*1. 

Thee pH in the water of the aquaria after renewal ranged from 7.3 ) in all Zn 

treatmentss to 7.5 ) in control and other treatments. A slight pH increase was 

observedd after incubation in stream water, ranging from 7.6 ) in the Zn treatments 

too 7.8 ) in control and other treatments. 
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Biofilm s s 

Thee mean DW of the biofilms 0.2 (+0.06) mg-cm"2 increased strongly throughout the 

threee weeks exposure in the laboratory to mean values between 0.8 l ) 

mg-cm"22 in all biofilms. The DW of biofilms exposed to Zn and Zn+Cd was significantly 

(p<0.05)) lower than the DW of control biofilms (results not shown). 
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Figur ee 1. Mean Zn and Cd concentrations measured in the biofilms of the different treatments after three 

weekss of laboratory exposure. Error bars: standard deviation. 

Metall  concentrations in biofilms reflected their exposure history. Biofilms exposed to 

Znn and/or to Cd sequestered similar Zn and Cd concentrations per DW unit, 
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independentlyy of the phosphate concentrations in the river water and independently 

off  the presence of the other metal (Fig. 1). 
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Figur ee 2. Mean Chlorophyll a concentrations in the biofilms of the different treatments after 1, 2 and 3 

weekss of laboratory exposure. Error bars: standard deviation. 
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Algall  density 

Thee biofilms had initial Chi. a concentration of 0.15 ) /ig-cm"2 after two weeks of 

colonisationn in the field. These concentrations increased strongly after three weeks 

exposuree in the laboratory to 2.71 ) fig-cm'2 (maximal control values). Differences in 

Chi.. a concentrations between control and other treatments, albeit not significant, were 

observedd already after 1 wk of incubation in the laboratory (Fig. 2). 

Att the end of the three weeks exposure, the Chi. a concentration in the Zn, Zn+Cd and 

Zn+Cd+PP biofilms was significantly (p<0.05) lower than in the control biofilms and the 

otherr treatments (Fig. 2). The Chi. a concentrations in the Zn, Zn+Cd and Zn+Cd+P 

treatmentss were not significantly different from each other (Fig. 2). Addition of P to Zn 

(Zn+PP treatment) and to Cd (Cd+P treatment) resulted in a significant (p<0.05) increase 

off  the Chi. a concentrations compared to the Zn and Cd treatments, reaching Chi. a 

valuess equal to those of control biofilms (Fig. 2). 

Diatomm taxa 

Aboutt 35 different benthic diatom taxa were identified in the biofilms. The distribution 

patternss of abundant taxa (Fig. 3) are described here. 

MelosiraMelosira varians had a significant (p<0.05) higher abundance in the P and Cd+P 

treatmentss and a significant (p<0.05) lower abundance in the Zn and Zn+Cd 

treatmentss than under control conditions. Also the abundance of Navicula capitata i n 

thee P and Cd+P treatments was significantly (p<0.05) higher than in the control and 

thee other metal treatments. Navicula gregaria performed significantly (p<0.05) better 

inn the P, Cd+P and Cd treatments than in the Zn and Zn+Cd(+P) treatments. G. 

parvulumparvulum had, with exception of the P treatment, a significant (p<0.05) lower relative 

abundancee in all treatments. Still, significant higher (p<0.05) relative abundances of 

thiss taxon were found under Cd+P and Cd exposure than under any treatment with 

Zn.. Despite of the rather big variability between treatments, Nitzschia spp. (cf. N. palea, 

N.N. linearis, N. capitellata, N. perminuta) showed a similar trend. Nitzschia spp. was 

significantlyy (p<0.05) less abundant in the Zn than in the P treatment. 
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Figur ee 3. Mean relative abundance of diatom taxa in the communities of the different treatments after three 

weekss of laboratory exposure. Error bars: standard deviation. Notice different scales of y axis. 
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Inn contrast to the preceding taxa, the abundance of Achnanthes lanceolata did not 

significantlyy increase under P exposure and also did not decrease under combined 

metall  exposure. A. lanceolata was significantly (p<0.05) more abundant in the 

Zn+Cd+PP treatment than in the control treatment. However, this taxon was still more 

(p<0.05)) abundant in Cd, P, Cd+P and Zn+Cd+P than under single Zn exposure. 

Thee taxa Achnanthes minutissima, Fragilaria capucina var. vaucheriae, F. capucina 

andd F. pulchella showed trends opposite to M. varians, Navicula spp., G. parvulum 

andd Nitzschia spp. The abundance of A. minutissima was not reduced by Cd nor by Zn 

exposure.. Its abundance in the Zn and Zn+Cd+P treatments was higher (p<0.05) than 

underr control conditions. However, A. minutissima was significantly (p<0.05) less 

abundantt in the P and Zn+P treatments than in the other metal treatments. F. 

capucinacapucina var. vaucheriae reached a higher (p<0.05) abundance in the Zn, Cd and 

Zn+Cd+PP treatments than in the P treatment, and was even more abundant (p<0.05) 

inn the Zn+Cd+P treatment than in the control biofilms. F. capucina had significant 

lowerr (p<0.05) abundance in the Cd, Cd+P, Zn+P treatments than in the control, Zn 

andd Zn+Cd+P treatments. The relative abundance of F. pulchella decreased 

significantlyy (p<0.05) only after exposure to P and Zn+Cd+P. 

TDII  and %PTV 

Differencess in the diatom consortia were analysed with the Trophic Diatom Index 

(TDI)) and the percentage of Pollution Tolerant Valves (%PTV) (Fig. 4). The TDI and 

%PTVV values from the field diatom communities as previously observed (Ivorra et al. 

1999)) were calculated. These field derived values were plotted together with the 

experimentall  values obtained in this study (Fig. 4). Previously measured phosphate 

andd metal concentrations (78 jig TPL"1, 27 ug SRPL1, 97 ng Zn-L'1, 0.2 ^g CdL *) in the 

referencee Keersop stream were similar to those concentrations measured in the 

referencee water during the performance of the present experiment. The TDI and %PTV 

valuess of the field diatom communities in the Keersop stream were also close to those 

off  the control treatment communities (Fig. 4). The TDI value of both the field and the 

laboratoryy reference communities was quite high (>60%) and was indicative of a water 

ratherr rich in P. Their %PTV values (between 20-40%) might indicate some organic 

pollutionn (Fig. 4). 
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Thee TDI value of the diatom communities at the polluted site in the river Dommel 

wass lower than that at the reference stream. Yet, the mean TP (1185 ing-L"1) and SRP 

(5411 fig-L'1) concentrations measured at the polluted site were much higher (15 to 20 

fold)) than those measured at the reference stream, and also higher (3 to 4 fold) than 

thosee later measured in the same river and used for addition in treatments of the 

presentt study. The metal concentrations (661 /jg Zn-L1, 41 /ig Cd-L"1) at the polluted 

riverr Dommel were, however, similar to those added to the different treatments in the 

laboratory.. The TDI value of the Zn+Cd+P treatment, that was posed to mimic the 

conditionss at the polluted field site, was similar to the TDI of the polluted river 

communitiess and thus much lower than the TDI of the control and reference diatom 

communities. . 

PercentPercent of taxa tolerant to organic pollution (% PTV) 

00 20 40 60 
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, Z n n 

•• «Zn+Cd+P 
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Figuree 4. "Look-up" chart (according to Kelly, 1998) in which the Trophic Diatom Index (TDI) values of 

treatmentss are plotted in combination with the corresponding percentage of Pollution Tolerant Valves 

(%PTV)) values. ) Experimental diatom community ranking. (0) Ranking of the field diatom communities from 

thee relatively unpolluted Keersop, the metal polluted Dommel and the extremely metal polluted 

Eindergatloopp streams. 
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Greaterr differences due to P concentrations or to other related factors, between the 

communitiess of the Dommel and the Zn+Cd+P treatment were only apparent from 

theirr biased %PTV values. Based on the TDI and %PTV values, the Zn and Zn+Cd 

exposuree of the reference diatom communities in the laboratory had a similar effect 

thann the exposure to Zn+Cd+P. The %PTV values of these three treatments were near 

thosee indicative of communities free of organic pollution (s20%). 

Thee TDI of the diatom community of the extremely Zn (3147 Hg-L"1) and Cd (282 jUg-L"1) 

pollutedd Eindergatloop was the lowest, although the mean TP (301 Jig-L"1) and SRP (84 

^g-L"1)) concentrations in the water of this stream, recorded during the sampling period, 

weree higher than in the reference stream and similar to the experimental phosphate 

amendment.. No indication of enhanced P concentrations and organic pollution in the 

Eindergatloopp communities, as compared to the reference communities, was evident 

fromm its %PTV value. 

Inn the laboratory, the addition of P resulted in an increase of the TDI index and led also 

too an increase of taxa considered as pollution tolerant (mainly Nitzschia spp. and 

NaviculaNavicula gregaria) (Fig. 4). The TDI and %PTV values of diatom communities from 

thee Zn+P and Cd treatments were similar to the control values (Fig. 4). The exposure 

off  the communities to Cd+P led to an even higher TDI value than the single exposure 

too P, but not to an increase of the %PTV. 

DISCUSSION N 

Ourr laboratory experiments demonstrated that exposure to Zn, Cd and P 

concentrationss as found at the polluted field station of the river Dommel strongly 

affectedd biomass and succession of diatom taxa in microalgal biofilms. Also the 

inducedd changes in ecological diatom scores (TDI, %PTV) were substantial and were 

similarr to the differences found between reference and polluted sites of the river 

Dommel.. However, complex interactions among environmental factors and the many 

speciess involved were indicated. 
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Znn alone had a more pronounced effect on biomass and diatom species composition, 

andd eutrophication ranking in our study than Cd. It should be noted, however, that a 

directt comparison between the Zn and the Cd treatments is hard to make, because 

muchh more Zn than Cd was added. A rough extrapolation from ECgo values based on 

short-termm 14C photosynthetic incorporation in biofilms of the reference stream 

exposedd to Zn and to Cd (Lehmann et al. 1999), indicated that the Zn concentration 

usedd in our study was about 16 times more toxic than the Cd concentration. The 

similaritiess found between the Zn and Zn+Cd exposed communities also indicated 

thatt Zn was responsible for most of the observed toxicity rather than the tested Cd 

concentration.. However, a comparison between the Zn+P, Cd+P and Zn+Cd+P 

treatmentss indicated that the toxic role of this Cd concentration should not be 

underestimated.. In agreement Say and Whitton (1977) found that addition of Cd to Zn-

exposedd cultures had an opposite effect to that of P addition, and the metal mixture 

hadd a more toxic effect than the single Zn-exposure on the growth of the filamentous 

greenn algae Hormidium rivulare (now Klebsormidium rivulare). In our study, the 

toxicityy of Zn and of Cd was also modified by phosphate. P compensated for the 

decreasee of Chi. a and to some extent for the observed decrease of relative abundance of 

taxaa caused by Zn. This indicated that metal exposure was probably reduced by 

complexationn by P in the water column or in the biofilm. Correlations between 

increasedd dissolved P concentrations and decreased toxic effects of single metals on 

growthh of planktonic algae have been reported (Chen 1994). Both Zn and Cd might be 

similarlyy inactivated by accumulation and intracellular binding to P in algal (Bates et 

al.al. 1985) and bacterial cells (Macaskie et al. 1987) and retained by algal and bacterial 

exudatess and inorganic particles (Rose and Cushing 1970; Ivorra et al. 2000; Loaëc et al. 

1997;; Ferris et al. 1989). Studying Zn-exposed periphyton communities from an 

oligotrophicc river system, Paulsson et al. (2000) suggested that the strong reduction of 

biomasss (Chi. a) and biomass related parameters observed at low Zn-doses was caused 

byy the low P concentration (6.2 fig-L"1) in the water. They concluded that a Zn-mediated 

reductionn of nutrient availability had taken place and that Zn toxicity was P threshold 

dependent.. Likewise, we may conclude that the joint Zn and Cd thresholds in this 

study,, and the even higher concentrations recorded at the field polluted stations 
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(Ivorraa et al. 1999; Ivorra et al. 2000), exceed by far the toxicity thresholds at which the 

observedd P concentrations might mitigate toxicity or exert a protective role. 

Diatomm community structure was affected by both nutrient and metal exposure and 

thee response of taxa to P was generally in contrast with their response to metal 

exposure.. Phosphorus promoted an increase in relative abundance of Melosira, 

Navicula,Navicula, and Gomphonema and Nitzschia to a lesser extent. This increase of 

Melosira,Melosira, Navicula, Gomphonema and Nitzschia, species which had higher values in 

thee eutrophy ranking than Achnanthes minutissima and Fragilaria species (Kelly 1998) 

consequentlyy resulted in higher TDI and %PTV values of the diatom community of 

thee P treatment. Reversely, the biased and lower index values for the Zn and 

Zn+Cd(+P)) treatment reflected the reduction observed in the relative abundance of 

thesee taxa and the relative increase of other taxa such as A. minutissima and Fragilaria 

species.. Although, both under field and laboratory metal polluted conditions, indices 

didd not respond according to predictions based only on trophic considerations (Kelly 

1998;; Kelly et al. 1995; Sabater 2000), their application illustrated the degree, direction 

andd strength of the interaction of these compounds on the succession of the diatom 

taxa. . 

Thee deviating responses of diatom taxa to the simple factor combinations puts the 

valuee of such indicators of water quality under questions. For instance, Zn and Zn+Cd 

favouredd the abundance of A. minutissima, which is otherwise considered as an 

indicatorr of good water quality (Lange-Bertalot 1979; Palmer 1969; Kelly and Whitton 

1995).. A. minutissima may become a dominant (>50%) species under extreme metal 

pollutedd field and laboratory conditions (Deniseger et al. 1986; Ivorra et al. 1999; Ivorra 

etet al. 2000). Therefore, water quality assessments based on the abundance of this taxon 

mayy not be valid in waters insulted by metal effluents. M. varians, N. gregaria, F. 

capucinacapucina var. vaucheriae and F. pulchella, have all been considered to be equally 

tolerantt to organic pollution (Lange-Bertalot 1979). However, these species showed a 

differentt response to P and to metal additions in our study. According to the sensitivity 

rankingg of A. lanceolata in UK waters (Kelly 1998), this taxon might reach optimal 

abundancee under highest P (>300 ^g SRP-L"1). However, other authors have described 

thiss taxon as characteristic of more oligotrophic waters (Shoeman 1973; Sabater and 



Combinedd exposure to metals and nutrients 79. . 

Sabaterr 1988). Such contradictory field characterisation of taxa hinders the 

interpretationn of responses and their classification. The present study demonstrates the 

needd of experimental research, in addition to traditional field surveys, for verification 

off  classification of taxa. 

Thee successional trends in experiments matched in general the observed difference in 

microphytee communities at the reference and polluted river stations, but a simple 

schemee of interaction between the three main factors (Zn, Cd and P) is insufficient to 

explainn the present findings. We have previously demonstrated that the stage of 

biofil mm maturation strongly influenced sensitivity to metal exposure (Ivorra et al. 

2000).. It is hypothesised here that an additional explanation for deviations from a 

simplee metal-P interaction scheme may be found in the growth form and location of 

thee individual species in the biofilm. Big filamentous diatoms, such as M. varians, 

whichh are usually late colonisers might respond more directly to substances i n 

solution,, both to metals (Medley and Clements 1999; Ivorra et al. 1999; Ivorra et al. 

2000)) and nutrients (Burkholder et al. 1990; Pringle 1990), than other diatom taxa 

deeperr in the biofilm matrix. In fact, increased algal size has been positively correlated 

withh trophy in streams (Cattaneo et al. 1997) and reduced size with chemical (Cattaneo 

etet al. 1998) and physical stress (Stevenson 1990). Therefore, the proliferation of early 

colonisingg taxa, such as A. lanceolata and A. minutissima under Zn and Cd polluted 

conditionss found in the present study and by Medley and Clements (1998) and Ivorra et 

al.al. (2000) could be partly attributed to their small size, firm fixation and rapid 

replication.. Motile taxa, such as Navicula and Nitzschia spp., might directly profit 

fromm migration in the upperstory of biofilms to exploit light and nutrient gradients 

fromm water column and biofilm (Cox 1984; Hil l 1996; Pringle 1990) and elude grazers 

(Wellnitzz and Ward 1998). Dominance of these taxa may be responsible for increased 

dependancee of understory taxa on the nutrient concentrations within the biofilm 

(Pringlee 1990). However, the motility and the interface position of taxa is likely to 

makee them more vulnerable to increased concentrations of toxicants, as observed in 

thee present study, than sessile or understory taxa. Therefore, the present study 

tentativelyy concludes that a relationship exists between the response of taxa to 

nutrientss or to metal exposure and their growth form, position, colonisation traits and 
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size,, causing complex non-linear responses of multi-species biofilms even to simple 

factorr combinations. 
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