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Heavy metal toxicity and bioavailability of dissolved nutrients
to a bacterivorous flagellate are linked to suspended

particle physical properties
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Abstract

Many dissolved substances attach easily to sediment particles. In the presence of suspended sediments bioavailability of
dissolved substances is therefore, usually reduced and clays are even applied to “wash” natural waters upon pollution. In
organisms which feed on food organisms in the size range of these suspended sediment particles, however, bioavailability of
such substances may even increase. For microorganisms the interaction with dissolved substances and suspended sediment
particles so far has hardly been investigated. We specifically tested: (1) the importance of suspended particles as an uptake route
for dissolved substances; and (2) the significance of particle surface properties, i.e. surface load and mineralogy. As a model
system we used an axenically cultured strain of a widespread and often abundant flagellate (“Spumella-like” flagellate strain
JBM10). We tested the toxicity of cadmium (II) and mercury (II) as well as availability of dissolved organic matter (DOM)
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in the absence as well as in the presence of different natural clays, i.e. a kaolinite, a montmorillonite, and a mixed
of artificial silicate particles of different surface charge. When applied separately the presence of the heavy metals
and mercury as well as of suspended particles negatively affected the investigated flagellate but nutritive organics
growth of the investigated flagellate. Toxic stress response comprises behavioral changes including enhanced swimm
and stress egestion of ingested particles and was generally similar for a variety of different flagellate species. In co
with suspended particles, the respective effect of trace metals and nutritive substances decreased. Regarding the par
cadmium toxicity increased with increasingly negative surface charge, i.e. increasing surface density of silanol groups
product moment,P= 0.005). For mercury particle mineralogy still had a significant effect (P< 0.001) but surface load seems
play a minor role and for nutritive organics no significant effect of the investigated particle properties was found. We c
that: (i) flagellates are as sensitive as higher animals to heavy metal pollution; (ii) suspended particles decrease bioav
dissolved substances and ingestion of suspended particles probably play a minor role as uptake route for dissolved
and (iii) suspended sediment particle properties, i.e. surface charge and mineralogy, are key factors for the interactio
microorganisms and dissolved substances in the presence of suspended sediments.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction

Suspended sediments are ubiquitary distributed in
freshwater ecosystems: they are abundant in many low-
land streams and rivers (Ganges, Yellow River: e.g.Li
et al., 1998, 1999; Xu, 2000) and of general impor-
tance in all freshwater systems after precipitation or
flood events (e.g.Lenzi and Marchi, 2000). Suspended
sediment concentrations, i.e. especially sediments of
the clay and silt fraction, span the range of less than
10�g l−1 (open sea) to several hundred mg l−1 (coastal
area, rivers, lakes) and up to several hundred grams per
liter (Velegrakis et al., 1997; Xu, 2000, 2002; Brondson
and Naden, 2000; Orton and Kineke, 2001). Depend-
ing on the freshwater body about 10% to >80% of the
suspended sediment mass belongs to the clay fraction
(<2�m; for an overview seeWalling and Moorehead,
1989). Clays differ in chemical and physical properties
but show, in general, a comparatively high ion exchange
capacity of 5 to >50 mequiv. per 100 g clay (montmo-
rillonite > illite � kaolinite) and charged substances at-
tach easily to clay particles. Suspended sediments enter
freshwater ecosystems mainly by resuspension and by
surface flow from terrestrial ecosystems (Booth et al.,
2000; Evans, 1994; Walling, 1990) and are often loaded
with high concentrations of dissolved organic ma-
terial as well as xenobiotics such as pesticides and
heavy metals (Palanques, 1994; Yavuz et al., 2003;
Tarasevich and Klimova, 2001; Clausen et al., 2001;
Yu et al., 2000; Steegen et al., 2000; Friese et al., 1997).
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(e.g.Sanders and Gilmour, 1994). Similarly, suspended
sediments might be a pathway for the direct utilization
of dissolved organic carbon by protists. In fact, even
though protists select against clay particles during in-
gestion and digestion (Boenigk et al., 2001; Boenigk
and Novarino, 2004), a considerable amount of sus-
pended fine sediment particles is ingested. Chemical
properties, i.e. the mineralogical composition of clays,
have been hypothesized to affect aquatic organisms
(e.g.Cuker and Hudson, 1992). It is not yet clear to
what extent this finding is linked to surface-bound com-
ponents, i.e. toxins as well as nutritive biomolecules.
Suspended sediments may consequently either act as
sink for dissolved substances and make them less avail-
able for protists or in contrast, make them even more
available via ingestion of sediment particles (Weston
et al., 2000; Stecko and Bendell-Young, 2000; Pollet
and Bendell-Young, 1999).

We investigated the effect of cadmium, mercury and
dissolved nutritive organics on bacterivorous protists in
the presence and absence of suspended sediment parti-
cles. This study aims at the understanding of the rela-
tive importance of suspended sediments in natural lake
waters as an uptake route and for bioavailability of dis-
solved substances for protists. Specifically we tested
to what extend suspended particles and surface charge
of these particles change the positive/negative effect of
dissolved harmful as well as nutritive substances on
protists and whether the presence of suspended clay
changes the toxicity of the heavy metals cadmium and
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eavy metals (e.g.Barbier et al., 2000; Dobrovol’sk
999), several organic toxins (e.g. microcystin:Morris
t al., 2000), and nutritive biomolecules (e.g. peptid
u et al., 2000) are therefore often enriched in clays
factor of 100 to more than 10,000 compared to
ater.
Despite the central role of bacterivorous protist

quatic ecology (e.g.Azam et al., 1983; Jumars et a
989) and the presumably high impact of s
ended clay on protists (Boenigk and Novarino, 200
ngland et al., 1993) the significance of suspend
articles for availability of dissolved nutritive as w
s harmful substances to bacterivorous flagellate
ot been studied. The effect of (dissolved) heavy m
ls on protist communities is proven (e.g.Fernandez
eborans and Herrero, 1999) and it has been hypot
sized that loaded sediment particles are an impo
athway for the uptake of these substances in pro
ercury on bacterivorous flagellates. Both heavy m
ls are of quantitative importance in aquatic eco

ems, their binding properties to clays are comp
ively good investigated (e.g.Auboiroux et al., 1998
arbier et al., 2000), and general toxicity of thes
ubstances is well-known (e.g.Depledge et al
998).

. Methods

.1. Organisms, culture media, and clays

In most media and natural waters heavy metals
lied at higher concentration will precipitate as sa
his is the case specifically for microbiological me
s these are usually phosphate-buffered. We decid
se sterile filtrated lake water from Lake Mondsee
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8.1) instead of a phosphate buffered artificial medium.
Due to the carbonate content of the natural water pre-
cipitation cannot be excluded for high concentrations
of heavy metals but in contrast to the artificial media the
chosen set-up mimics natural conditions and therefore
allows for some conclusions on the field situation. Af-
ter filtration through 0.2�m the water was heated in the
microwave two times (∼90◦C) to kill bacteria which
may have passed filtration and to inactivate present
viruses and afterwards the water was carefully exam-
ined for bacterial growth. This treatment caused a slight
shift of pH, i.e., pH in the filtrated lake water increased
to pH 8.4. The “Spumella-like” bacterivorous flagellate
strain JBM10 was permanently cultured axenically in
an inorganic basal medium (NSY medium:Hahn et al.,
2003) fed with heatkilled bacteria (Listonella pela-
gia CB5). One week before the experiments
were carried out, the flagellates were subcul-
tured on sterile lake water originating from Lake
Mondsee.

Several clays were used in this study: a kaolinite-
dominated clay (84% kaolinite, 3% other clay min-
erals; zeta potential−47 mV) originating from a clay
pit in the Eifel, Germany (cf.Boenigk and Novarino,
2004), a montmorillonite-dominated clay (IKOMONT
WB90, IKO Minerals GmbH, Neuss, Germany: >85%
montmorillonite,∼10% other clay minerals; zeta po-
tential−40 mV), and a kaolinite-montmorillonite clay
(40% montmorillonite,∼60% kaolinite; zeta potential
−26 mV) originating from a clay pit in the Eifel, Ger-
m
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2.2. Behavioral response to exposure to heavy
metals

High-resolution video microscopy was used for
live observations of protist behaviour and feeding (10
replicates each). The use of an inverted microscope
equipped with 100× oil immersion objectives has
proved to be suitable for the investigation of several
flagellate species (seeBoenigk and Novarino, 2004).
All observations were recorded on S-VHS tapes and
have been analysed directly from the monitor. We fol-
lowed the general set-up byBoenigk and Novarino
(2004)and all experiments were carried out at room
temperature (19–22◦C) at moderate illumination. Af-
ter transfer to the petri dishes the organisms were
adapted for at least 30 min. Hg2+ and Cd2+ were applied
in concentrations of 0.01 mg l−1, 0.1 mg l−1, 1 mg l−1,
10 mg l−1, and 50 mg l−1 and 500 mg l−1 at the start
of the experiments: Ten-fold concentrated stock solu-
tions were prepared in distilled water and an aliquot was
mixed with sterile lake water in a volume ratio of 1:10
immediately before the experiments were started. The
time interval between the addition of toxic substances
and the first visible reaction was noted for all observed
individuals. In addition, cell death was noted when ever
possible. In addition, toxic stress responses were in-
vestigated qualitatively for several protists of different
taxonomic groups, includingOchromonas(strain DS),
Bodo saltans,Monosiga ovatausing mercury chloride
as a model substance.
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In addition, artificial silicate particles (sicastar®, mi-

romode:∅ 0.8�m; zeta potential−61.5 mV) were
sed as standardized basis particles. Silicate bead
ess a silanol-surface and therefore, show a s
egative surface charge as it is also the case in
ral clays. In contrast to natural particles the sur

ayer of these particles and their chemical comp
ion is defined. For testing the effect of surface cha
hese particles were coated with acrylate yieldin

zeta potential of−38.4 mV (medium charge) an
6.2 mV (low charge), respectively. The respons
Spumella-like” flagellates to suspended particles
lready been studied byBoenigk and Novarino (2004.

n order to investigate the response to toxification
pplied live observation techniques as well as gro
xperiments using the “Spumella-like” flagellate strain
BM10.
-

.3. No observed effect concentration (NOEC)
nd LC50

The median inhibitory dose (IC50) was determine
or the axenic strain JBM10 for the heavy metals m
ury and cadmium. Experiments were carried ou
00 ml flasks using overhead shakers (Stuart Scie
TR 4) rotating at 10 rotations min−1. Volume at the
tart of the experiment was 30 ml and heavy me
ere added to final concentrations of 0.05 (0.75, 3
0, 200, 800, 2500, 10,000 and 40,000)�g l−1 for Hg2+

nd of 0.039 (0.156, 0.625, 2.5, 10, 40, 160, 640, 2
nd 10,240)�g l−1 for Cd2+, respectively. The effe
f the kaolinite-dominated clay and of the standard
ilicate particles on heavy metal toxicity was teste
arallel treatments following the same general se
sing additions of 10 mg l−1 kaolinite as well as add
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tions of 10 mg l−1 silicate beads (Micromod). In addi-
tion, control treatments without heavy metals were run
in triplicate.

All experiments were carried out at 16◦C at perma-
nent illumination. Organisms were adapted to the ex-
perimental conditions, i.e. shaking and satiating food
concentrations using heat-killed strain CB5, for 48 h
before the experiment started. At the start of the exper-
iment flagellate abundance was adjusted to 4000 flag-
ellates ml−1 and food concentration was adjusted to
2× 107 heat-killed bacteria ml−1. Growth of the pro-
tists in the different treatments was then monitored for
24 h. Subsamples were stained with DAPI, filtered onto
black nucleopore filters and checked under the epiflu-
orescence microscope using filter set 01 for UV exci-
tation (Zeiss no. 488001-0000).

2.4. Bioavailability of nutritive molecules

An artificial complex medium was used as stan-
dardized organic medium containing equal amounts
of nutrient broth, soyotone, peptone, and yeast ex-
tract (NSY; all obtained from Difco). Flagellates were
pre-cultured on heat-killed bacteria. 24 h before the
experiments the flagellates were stepwise adapted to
the NSY-concentrations used in the experiments and
6 h before the experiment the flagellates were trans-
ferred to the final concentrations of NSY and adapted
to the experimental conditions, i.e. over head shaking
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2.5. Effect of clay mineralogy and particle surface
charge

The effect of clay mineralogy on heavy metal toxic-
ity and availability of organic molecules was tested us-
ing clay suspensions (10 mg l−1 final concentration) of
a kaolinite, a montmorillonite and a mixed clay. Three
sets with four different treatments each were run con-
taining one of the three particles at a concentration of
10 mg l−1 or no particles (control). In the first set one of
each treatments was supplemented with 0.1 mg ml−1 of
organic NSY final concentration and control treatments
were set up without addition of NSY. In the second
and third set one of each treatment was supplemented
with 1500�g l−1 cadmium and 40�g l−1 mercury, re-
spectively. Controls were run without addition of dis-
solved substances. In the second and third set flagellates
were fed with heat-killed food bacteria which were ad-
justed to a concentration of 2× 107 bacteria ml−1. All
experiments were run in triplicate. The flagellates were
adapted to the experimental conditions for 24 h and ex-
periments were run at 16◦C in the light in 100 ml flasks
using overhead shakers (Stuart Scientific STR 4) rotat-
ing at 10 rotations min−1.

The effect of particle surface charge on heavy metal
toxicity and availability of organic molecules was
tested, in addition, using the same principle set-up but
using artificial silicate beads with a surface charge of
−61.5,−38.4 and−6.2 mV (zeta potential). Growth
of the protists in the different treatments was then
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TR 4) rotating at 10 rotations min−1. Volume at the
tart of the experiment was 30 ml. Total concentrat
f NSY of 0.001 mg/ml (0.005, 0.02, 0.05, 0.2, 1
0, 20, 30, 40, 50, and 70 mg/ml) with and with
0 mg l−1 kaolinite-dominated clay were tested. C

rol treatments containing no additions of NSY as w
s the treatments containing 30 and 40 mg ml−1 NSY
ere run in triplicate. Clay was added to the tre
ents at the start of the experiment and initial fla

ate abundance was adjusted to 5000 flagellates m−1.
ackground concentration of heat-killed food bact
as below 104 bacteria ml−1 and was therefore ne

igible. Growth of the flagellates was monitored o
4 h. Subsamples were stained with DAPI for 30 m
ltered onto black nuclepore filters and counted un
he epifluorescence microscope.
onitored for 24 h. Subsamples (0 h, 24 h: 5 ml) w
tained with DAPI (2 ml), filtered onto black nucle
ore filters and checked under the epifluorescenc
roscope. The effect of suspended particles and
olved substances on growth was tested using two
NOVA. Further the effect of particle surface cha
as tested by correlation analysis of the differenc
rowth rate (growth in the presence of dissolved s
tance− growth in the absence of dissolved substa
alculated for each particle type against surface ch
f the respective particle type.

. Results

.1. Behavioral response to exposure to heavy me

At undisturbed conditions most flagellates w
ttached to surfaces and feeding on bacterial w
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were propelled towards the cell body (seeBoenigk
and Arndt (2000)for a detailed description of the be-
haviour of undisturbed cells). For a Hg2+ concentra-
tion of 10�g l−1 as well as for Cd2+ concentrations
of 100�g l−1 and below the flagellates showed no ir-
ritations and no stress reactions. However, cell divi-
sions were only observed during the initial 30 min of
an experiment. First visible reactions at non-lethal con-
centrations were irregularities in flagellar beating, i.e.
short interruptions, and spining movements of the cell
body which often resulted in detachment and swim-
ming away of the cell. These behavioral responses do
also occur in undisturbed cells (cf.Boenigk and Arndt,
2000) but the frequency of these responses increases
and disturbance/toxic effects can therefore be identified
on the population basis even though the behaviour of an
individual cell may not be conspicuous. At concentra-
tions of 100�g l−1 Hg2+ (1 mg Cd2+) a concentration
of visible food vacuoles at one side of the cell was
often observed and after about 10 min stress egestions
were observed, i.e., a simultaneous egestion of the con-
tents of all visible food vacuoles including nearly undi-
gested bacteria occurred (Fig. 1). The “normal” eges-
tion could easily be distinguished from the stress eges-
tion, as egestion of all the different food vacuoles does
not occur simultaneously in healthy organisms. Despite
this behavioral stress reaction, the flagellates survived
for more than 24 h, i.e. no lethal effects were noted
during the observation interval. For further increasing

concentrations of toxic substances, the movement of
the flagella became weaker and irregular after a while
the cell shape became deformated and finally the cell
died. For instance, at concentrations of 1 mg l−1 Hg2+

(10 mg l−1 Cd2+) cells became irritated within min-
utes and started to swim away. Some cells burst, how-
ever, without showing the typical shrinkage (Fig. 1).
At highest concentrations of toxic substances (above
10 mg l−1 Hg2+; above 50 mg l−1 Cd2+) the flagellates
burst within minutes.

The qualitative observations of other flagellates ex-
posed to mercury showed that, in general, this stress
reaction was similar for other flagellates as well. The
general toxic stress response ofOchromonaswas the
same as for the “Spumella-likef̈lagellate, but due to the
larger cell size an addition of toxic substances was sur-
vived for a longer time. Behaviour ofBodo saltansalso
was generally comparable toSpumella, but the cells did
not swim away. In contrast they became irritated and
jerked at high frequencies. This led often to detachment
of the flagellates (resulting in swimming away) or even
to loss of the flagellum. Stress egestion was also noted.
ForMonosiga ovataincreased movements of the cell
compartments after addition of toxic substances within
the cell were observed. After several minutes the flagel-
lum contracted irregularly and repeatedly stopped beat-
ing for about 0.5 s. Finally the flagellates died and the
flagellum was straight visible. Stress egestion seem to
occur, i.e. cells which did not contain any visible food

F w toxic s (A4)
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ig. 1. Behavioral response ofSpumellasp. to toxic stress. At lo
re observed. At medium toxicity activity of the cells increases
bserved. Finally the cells die and either shrinkage or bursting
nd the cells burst after a while.
ity (A) the cells usually do not swim away but stress egestion
e cells usually swim away (A3), stress egestions (A4) are also
ells is observed. At high toxicity (B) the cells are irritated withi
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particles were observed in clouds of small particles
which may be the remains of formerly ingested par-
ticles. The egestion process itself, however, could not
yet be identified.

3.2. No observed effect concentration (NOEC)
and LC50

Heavy metal toxicity increased with concentration
both in the presence of suspended particles and in
the absence of suspended particles. Growth rates were
significantly negatively correlated with heavy metal
concentrations for mercury (Spearman rank correla-
tion: −0.893,P< 0.001; −0.75, P= 0.038; −0.821,
P= 0.014 without particles, with beads, and with clay,
repectively) and for cadmium (Spearman rank corre-
lation:−0.652,P= 0.014;−0.398,P= 0.173;−0.862,
P< 0.001 without particles, with beads, and with clay,
respectively). Only for the cadmium-bead treatment the
correlation was not significant for the tested range of
cadmium concentrations. No observed effect concen-
tration (NOEC) for mercury was 10�g l−1 indepen-
dent of the presence of silicate beads and clay, re-
spectively. LC50 (24 h) for mercury was 182�g l−1;
and 232�g l−1 and 174�g l−1 in the presence of clay
and silicate beads, respectively. In these treatments
a strong negative effect of the suspended particles
was observed (when corrected for that, an increase
in LC50 is observed also in the presence of beads).
For mercury concentrations above 800�g l−1 no liv-
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but a positive effect at concentrations above 5 g l−1.
Positive growth was observed for organics concentra-
tions of up to 50 g l−1 and only in the 70 g l−1 treatment
the flagellates died back.

3.4. Effect of clay mineralogy and particle surface
charge

3.4.1. Effects in the absence of dissolved
substances

In general, the presence of particles, natural clays as
well as artificial silicate beads, decreased significantly
the flagellates growth rates (ANOVA,P= 0.03). This
finding was independent on the presence or absence of
dissolved substances. Particle surface charge did not
significantly modify flagellate growth rate in the ab-
sence of dissolved substances. This was consistently
found in treatments with low (Pearson’s product mo-
ment, correlation coefficient =−0.241,P= 0.335) and
high abundances of food bacteria (Pearson’s product
moment, correlation coefficient =−0.374,P= 0.126).

3.4.2. Effects in the presence of dissolved organics
The presence of dissolved organics, in general, sig-

nificantly increased growth rates (two-way ANOVA,
P= 0.003). For the tested concentration of organics
(0.1 mg l−1) there was no significant general impact of
suspended sediments and further there was no signifi-
cant difference in the effect of dissolved organics ad-
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ng cells were detected after 24 h in any of the tr
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entration (NOEC) was 600�g l−1 independent of th
resence of silicate beads and clay, respectively.50
24 h) was 5500�g l−1 and decreased to 3900�g l−1

nd 3500�g l−1 in the presence of clay and silica
eads, respectively.

.3. Bioavailability of nutritive molecules

Regarding the dissolved organics, the effect of
ended particle addition (�r = growth without organ

cs− growth with organics in the presence of
espective particle) was significantly positively c
elated with the concentration of organics (Sp
an rank correlation for log transformed�r: 0.621,
= 0.022). For organics concentrations below 5 g−1

he suspended clay had a negative effect on growth
itions between the different particle types (two-w
NOVA, P= 0.087); regarding the investigated p

icle properties, i.e. surface load, no consistent t
as found (Pearson’s correlation, correlation co
ient =−0.145,P= 0.399;Fig. 2).

.4.3. Effects in the presence of heavy metals
The addition of mercury significantly decreas

rowth rates (two-way ANOVA,P< 0.001) and the e
ect of mercury addition depended significantly on
ype of particle (two-way ANOVA,P< 0.001;Fig. 2).
owever, again surface load was not correlated
ercury toxicity (Pearson’s correlation, correlation
fficient =−0.088,P= 0.868;Fig. 2).

Presence of cadmium, in general, significantly
reased the flagellates growth rates in the presen
ell as in the absence of suspended particles (two
NOVA, P< 0.001). In contrast to mercury and d



J. Boenigk et al. / Aquatic Toxicology 71 (2005) 249–259 255

Fig. 2. Significance of suspended particle surface charge (zeta poten-
tial) for availability of dissolved substances, i.e. dissolved organics,
mercury(II), and cadmium(II). The effect of suspended particles on
availability of suspended substances is indicated by the difference
of growth rates in the absence and in the presence of the respective
substance for each of the different particles. Negative values indicate
a decreased growth rate in the presence of the dissolved substance for
a given particle whereas positive values indicate an increased growth
rate in the presence of the dissolved substance. Black symbols rep-
resent charged silicate beads, white symbols represent natural clays,
i.e. kaolinite (square), montmorillonite (triangle), and mixed clay
(diamond).

solved organics, cadmium toxicity was correlated with
suspended particle surface charge and the type of sus-
pended particles had a significant effect on the flag-
ellates growth rates (ANOVA,P< 0.001). The investi-
gated particle character, i.e. particle surface load, was
significantly correlated with cadmium toxicity: With
increasingly negative surface load (in terms of zeta-
potential) the effect of cadmium addition was increas-
ingly negative (Pearson’s product moment, correlation
coefficient−0.937,P= 0.0056;Fig. 2).

4. Discussion

4.1. The sensitivity of “Spumella-like” flagellates
to mercury and cadmium is comparable to those of
other freshwater organisms

Mercury and cadmium are important environmen-
tal pollutants due to their highly toxic nature and
widespread occurrence in aquatic systems (Tsui and
Wang, 2004; Tchounwou et al., 2003; Koch, 1995).
No observed effect concentration in the growth experi-
ments correspond well with the results of the live obser-
vations (∼10–100�g l−1 Hg2+; 0.1–1 mg l−1 Cd2+).
This implies that the decreasing growth rate at low
concentrations of heavy metals is due to behavioural
changes (less efficient feeding behaviour). For the in-
vestigated flagellate the 24 h LC50 was 174–232�g l−1

for Hg2+ and 3500–5500�g l−1 for Cd2+. These ob-
s orted
f than
t C
f nge
o
1
a a-
t e-
b p to
s ng
t es
a
d the
r
c t
s
v been
r

erved lethal concentrations are in the range rep
or other organisms even though somewhat higher
he lowest reported values. For instance, the 24h E50
or Daphnia has been reported to be in the ra
f 15�g l−1 for mercury (II) (Bringmann and K̈uhn,
982) and around 160�g l−1 for cadmium (Bellavere
nd Gorbi, 1981). In general, mercury (II) concentr

ions of 5–100�g l−1 are toxic to freshwater invert
rates and fish but cadmium concentrations of u
everal mg l−1 are often tolerated without observi
oxic effects (Koch, 1995). Studies on microbial speci
re, however, rare. For freshwaters, the 24 h LC50 for
ifferent ciliate species exposed to mercury was in
ange of 4.3 to 190�g l−1 Hg2+ with Uronema nigri-
ansas the most sensitive andEuplotes affinisthe leas
ensitive organism (Madoni et al., 1992). The 24 h LC50
alues of cadmium for several ciliate species have
eported to be in the range of 205–2650�g l−1 at pH 7.4
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with Colpidium campylumthe most sensitive andEu-
plotes patellathe least sensitive (Madoni et al., 1992).

Heavy metal toxicity is difficult to extrapolate be-
cause presence of organic matter and suspended matter
can decrease their toxicity, and fluctuations in nutri-
ent levels may affect heavy metal toxicity (Fernandez-
Leborans and Novillo, 1995). Depending on the water
chemistry toxicity of the investigated heavy metals for
flagellates must be assumed to be potentially higher
than observed in our study. For instance, highest tox-
icity of cadmium has been reported for pH around 7
(Skowronski et al., 1991) and is therefore expected to
be lower at the pH realized in the lake water used in
our study (pH 8.4). Furthermore, Lake Mondsee is lo-
cated at the border of the northern limestone Alps and
consequently the lake water contained high amounts
of carbonate ions. Only a minor fraction of cadmium
and mercury can therefore, be assumed to be dissolved
and toxicity may consequently be higher in freshwater
bodies situated in basement rock.

4.2. Suspended sediments reduce heavy metal
toxicity and availability of nutritive molecules for
protists

Suspended sediments have been shown to affect
growth of protists negatively, even though these effects
are weaker as in metazoans (Jack and Gilbert, 1993;
Boenigk and Novarino, 2004; Pfandl et al. in prepa-
ration). Suspended sediments also play a crucial role
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Main uptake of heavy metals directly from the water
(e.g. in the musselMytilus galloprovincialis; Fisher et
al., 1996), as well as main uptake from particulate mat-
ter (e.g. from food in the crustaceanHyalella azteca:
Stephenson and Turner, 1993) has been demonstrated.

As expected, both suspended fine sediments as well
as heavy metals had a significantly negative effect on
the flagellates growth rate but dissolved nutritive or-
ganic molecules supported flagellate growth. In com-
bination with suspended particles, the respective effect
of trace metals and nutritive substances generally de-
creased. Regarding the heavy metals NOEC was not
significantly affected by sediment addition but LC50 in-
creased for mercury indicating a positive effect of sus-
pended sediments. In contrast, LC50 decreased for cad-
mium when suspended sediments were present indicat-
ing a higher mortality of the flagellates. However, the
negative effect of cadmium, i.e. the decrease in growth
rate relative to treatments without cadmium addition,
was generally lower in the presence of suspended sedi-
ments compared to treatments without suspended sedi-
ments. Thus, the generally negative effect of suspended
sediments on flagellate growth may overlay its positive
effects, i.e., heavy metal sorption.

Regarding the organics, only for high concentration
of dissolved nutritive organics the suspended sediments
had a positive effect. Binding of organics to clay may
decrease the concentration of freely dissolved organics
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flagellates at total concentrations exceeding the optimal
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2004). The different findings may be due to an
irect effect, i.e., bacterial stimulation in the study
oenigk and Novarino (2004)whereas in the curre
tudy axenic cultures were used and such indirec
ects therefore did not occur.

It can be concluded that suspended fine sedim
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article attached substances.
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4.3. Surface charge and mineralogy are key
components for protist-suspended
sediment–dissolved substance interactions

In general, heavy metal ions are sorbed by cation ex-
change (Barbier et al., 2000) onto clay minerals. Sorp-
tion of heavy metals on clays has been studied for mont-
morillonite (Barbier et al., 2000), illite (Echeverria et
al., 2002) and kaolinite (Coles and Yong, 2002; Sarkar
et al., 2000). Sarkar et al. (2000)suggested that silanol
groups are responsible for the bulk of mercury retention
in kaolinite and the charged silicate beads used as arti-
ficial clay particles are therefore assumed to be suitable
model particles. We investigated the effect of mineral
characteristics, especially that of surface charge, using
different natural clays as well as artificial silicate beads
with a silanol surface.

Montmorillonite shows generally a higher sorption
of heavy metals than kaolinite (Barbier et al., 2000).
We expected therefore montmorillonite to reduce avail-
ability of dissolved heavy metals stronger than kaolin-
ite. This was, however, only observed for the cadmium
treatment. In the organic treatment particle type had
no significant effect; mercury toxicity was even least
reduced in the montmorillonite treatment. The silanol
groups or the surface charge in terms of zeta potential
may therefore be of a minor importance regarding the
availability of these substances. Only in the cadmium
treatment we found a significant correlation with par-
ticle surface charge (zeta potential). Surprisingly, we
f ition
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pect has to be further investigated. However, particle
characteristics such as mineralogy and surface charge
significantly alter the availability of dissolved compo-
nents to a bacterivorous flagellate.

5. Conclusions

Our results indicate that: (i) the sensitivity of the in-
vestigated flagellate, i.e.Spumellasp. to heavy metal
pollution is in the range reported for other organisms;
(ii) particle associated substances are less available than
dissolved substances forSpumellasp. and suspended
particles act as a sink for dissolved substances with
regard to the investigated flagellate; and (iii) particle
properties, i.e. surface charge and mineralogy, signifi-
cantly affect bioavailability of dissolved substances.
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