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INTRODUCTION

Protists have long been recognized as fundamental
components of microbial food webs in oxygenated
marine and freshwater environments (reviews by
Sherr & Sherr 2002, Jürgens & Massana 2008).
 Photo trophic unicellular eukaryotes can contribute a
 significant fraction of primary production (Worden et
al. 2004), whereas phagotrophic protists, especially
heterotrophic nanoflagellates (HNF), regulate the
abundance, activity and composition of prokaryotic
communities (Jürgens & Matz 2002, Pernthaler 2005,
Montagnes et al. 2008). Additionally, they act as
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ABSTRACT: Interface zones between oxic and anoxic
water masses (pelagic redoxclines) host highly active
prokaryotic communities, mediating important biogeo-
chemical transformations. However, for marine pelagic
redoxclines almost no knowledge exists on the magni-
tude of the loss processes affecting these prokaryotic
communities. We assessed the importance of protist
grazing and viral lysis as prokaryotic mortality factors
for 2 central Baltic Sea redoxclines using a combination
of microscopy and experimental community manipula-
tion techniques. Our results demonstrate that protist
grazing dominated prokaryotic mortality at suboxic
(<30 µmol l−1 oxygen) and oxygen−hydrogen sulphide
interface depths, with 50 to 100% of prokaryotic stand-
ing stocks grazed daily, compared to 2 to 20% of virally
infected cells. Grazing was mediated by 2 different pro-
tist associations, viz. dinoflagellates and Strombidium-
like ciliates in the suboxic zone, and larger ciliates
(cf. Mesodinium, Metacystis spp., cf. Coleps and un -
identified morphotypes) at the oxygen−hydrogen sul-
phide interface. In contrast, heterotrophic nanoflagel-
lates (HNF) played a minor role, generally grazing <5%
daily of prokaryotic standing stocks. Thus, these redox
zones show major differences in microbial food web
structure when compared to surface waters, with ciliates
and dinoflagellates constituting the major bacterivores
instead of HNF. At sulphidic depths, grazing was below
the detection limit, and the frequency of virally infected
cells decreased, leaving the identity of the major pro -
karyotic mortality factor at these depths unresolved.
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Epifluorescence microscopy photograph of a ciliate (cf.
Strombidium) typically found at Baltic Sea oxic/anoxic inter-
faces. Scale bar = 10 µm. 
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important agents in nutrient remineralization and, as
prey, serve as a fundamental link to higher trophic
levels (Zöllner et al. 2009). However, their abun-
dance and ecological role in other environments,
such as sediments or suboxic (here defined as ≤30 µM
O2) to anoxic water masses, remains understudied.

One such environment of special interest is the
interface zone between oxic and anoxic/sulphidic
water masses, or pelagic redoxclines, in brackish and
marine systems. These redox zones are found world-
wide, e.g. in the Baltic and Black Seas (Grasshoff
1975, Yakushev et al. 2008) and the Cariaco Basin off
the coast of Venezuela (Taylor et al. 2006), and are
increasingly recognized as hot spots for prokaryotic
activity. The steep physico-chemical gradients found
in these transition zones are mirrored by different
modes of microbial physiology, with prokaryotes
playing important roles in biogeochemical processes
such as chemoautotrophic production (Taylor et al.
2001, Jost et al. 2008), denitrification and ammonia
oxidation (Hannig et al. 2007, Lam et al. 2007,
Labrenz et al. 2010) and sulphur cycling (Jannasch
et al. 1991, Jørgensen & Bak 1991). Estimated growth
rates for chemoautotrophic prokaryotes in these
zones are substantial, with doubling times in the
range of 1 to 2 d calculated for both the Cariaco
Trench (Taylor et al. 2006) and the Baltic Sea (Jost et
al. 2008). However, prokaryotic abundance tends to
remain relatively constant, implying loss processes
equivalent to new biomass production (Taylor et al.
2006). For oxic water masses, it is known that sedi-
mentation is generally negligible (Güde 1986), but
biological agents, such as protist grazing or viral
lysis, can be major loss factors for prokaryotic pro-
duction (Suttle 1994, Fuhrman 1999, Sherr & Sherr
2002). However, to our knowledge, only 3 studies to
date have experimentally measured (Detmer et
al. 1993, Lin et al. 2007) or estimated (Setälä & Kivi
2003) grazing rates on marine pelagic redoxcline
prokaryotic communities, and only one has meas-
ured the impact of viruses (Weinbauer et al. 2003).

The existence of protist taxa occurring primarily or
exclusively in suboxic or anoxic environments has
long been known (Lauterborn 1901, Fenchel et al.
1977). Classic microscopy-based studies conducted
both in marine and freshwater systems revealed an
increased protist abundance at oxygen−hydrogen
sulphide interfaces (Fenchel et al. 1990, Zubkov et al.
1992, Massana & Pedrós-Alió 1994) and changes in
the community composition throughout the redox
gradient, with the appearance of different taxonomic
groups compared to overlying oxygenated water
masses (Zubkov et al. 1992, Fenchel et al. 1995).

Deeper anoxic zones were shown to harbour very
low protist abundance, with many taxa forming sym-
biotic relationships with prokaryotes (Fenchel et al.
1977). The subsequent application of 18S rRNA
gene-based techniques revealed an unexpected rich-
ness of anaerobic protist communities, and uncov-
ered the existence of novel, uncultivated taxa (e.g.
Stoeck & Epstein 2003, Behnke et al. 2006, Edgcomb
et al. 2011). However, the functional role and impact
of these protists on the prokaryotic communities
remains largely unknown. Two of the existing studies
assessing protist bacterivory at marine pelagic re -
doxclines, conducted in the Cariaco basin and the
Baltic Sea, respectively, point towards a low grazing
impact on the whole prokaryotic community (Setälä
& Kivi 2003, Lin et al. 2007). However, the third
study, where a single measurement of grazing at one
sulphidic depth in the Baltic Sea was carried out
(Detmer et al. 1993), and results from grazing studies
in freshwater and coastal saline lake redoxclines
(e.g. Bettarel et al. 2004, Gobler et al. 2008, Saccà et
al. 2009), indicate that the potential exists for a high
bacterivorous pressure in these zones.

Viral lysis, the other major potential biological
loss factor, is even more understudied for oxygen-
deficient systems. Existing estimates on mortality
due to viruses in freshwater systems are scarce and
variable, ranging from <5 to 50% of prokaryotic pro-
duction, sometimes even within the same study
(Bettarel et al. 2004). However, an increased impor-
tance of viral lysis in anoxic/sulphidic waters has
been observed in several studies (Weinbauer & Höfle
1998, Weinbauer et al. 2003). This, in combination
with studies in other environments, such as hot
springs (e.g. Breitbart et al. 2004), has led to the gen-
eral hypothesis that in more extreme environments
(with regard to abiotic factors such as oxygen or
salinity), a shift in the major prokaryotic mortality
factor from protist grazing to viral lysis occurs
(Pedrós-Alió et al. 2000).

Here we focused on the Baltic Sea, one of the
worlds’ largest brackish environments. A stable halo-
cline, situated at 60 to 80 m depth, limits vertical mix-
ing and separates the water column into an upper
oxygenated layer and a bottom oxygen-depleted
layer which becomes anoxic and sulphidic in the
deepest zones (Reissmann et al. 2009). The euphotic
zone of the Baltic Sea proper extends only to 10 to
30 m depth (Sandén & Håkansson 1996), with the
deeper oxic−anoxic transition zones of the central
basins therefore being located at aphotic depths. The
highly active prokaryotic communities of Baltic Sea
pelagic redoxclines have been well characterized
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(Grote et al. 2007, Labrenz et al. 2007, Glaubitz et al.
2009). However, scarce data exist on the composition
of the protist communities and viral assemblages
found there (e.g. Mamaeva 1988, Setälä 1991, Stock
et al. 2009), or on their impact on prokaryotic com-
munities (Setälä & Kivi 2003, Weinbauer et al. 2003).

The aim of the present study was to (1) determine
the bacterivorous impact of the protist community
throughout the oxic−anoxic transition zone of 2 Baltic
Sea basins with anoxic/sulphidic bottom waters
(Landsort and Gotland Deep), (2) analyse the impor-
tance of different protist groups as bacterivores and
(3) observe whether shifts occur along the oxygen
gradient in the relative importance of protist grazing
and viral lysis.

MATERIALS AND METHODS

Study sites, sampling and measurement of 
physico-chemical parameters

Sampling was conducted in the central Baltic Sea
at Landsort Deep (Stn 284; 58° 35.0’ N, 18° 14.0’ E)
and Gotland Deep (Stn 271; 57° 19.2’ N, 20° 03’ E) on
board the RV ‘Maria S. Merian’ in September 2009.
Water was collected in 10 l free-flow bottles attached
to a conductivity, temperature and depth rosette
(CTD) with a coupled oxygen sensor. Only the first 5 l
of each bottle were used for experimental purposes
to avoid oxygen contamination during emptying of
the free-flow bottles. Inorganic nutrients, oxygen and
hydrogen sulphide were measured immediately on
board according to standard methods (Grasshoff et
al. 1983). Whole water column depth profiling was
conducted at 10 to 50 m depth intervals from the sur-
face to just above the sediments, and high-resolution
redoxcline depth profiling was conducted at 2 to 5 m
intervals around the chemocline.

Determination of prokaryotic and viral abundance

Total prokaryotic abundance was quantified by
flow cytometry. Samples (5 ml) were fixed immedi-
ately after retrieval with a mixture of paraform -
aldehyde and glutaraldehyde (1% and 0.05% final
concentration, respectively), flash-frozen in liquid
nitrogen and stored at −80°C until analysis. For viral
counts, the same procedure was used, but employing
glutaraldehyde (0.5% final concentration; 2 to 4 ml
sample volume) as the fixative. Subsequently, thawed
samples were stained with SYBR Green I (Invitro-

gen-Molecular Probes), and abundance was deter-
mined by flow cytometry. For prokaryotes, cell counts
were determined on a FACScalibur (Becton Dickin-
son) flow cytometer as previously described (Gasol et
al. 2004), and data analysis was conducted on Cell
Quest Pro software (BD Biosciences). Virus abun-
dance was determined on a FACSAria II (Becton
Dickinson) flow cytometer as previously described
(Brussaard 2004), and data analysis was performed
using FACSDiva software (version 4.1; Becton Dick-
inson). Prokaryotic abundance is the result of single
measurements, while viral abundance is given as the
average of duplicate measurements.

Determination of protist abundance

For protists <10 µm in length (mainly HNF), 100 ml
samples were fixed immediately after retrieval in
brown glass bottles with a final concentration of 1%
particle free formaldehyde at 4°C for 2 to 24 h.
 Subsamples were filtered onto black polycarbonate
filters (Nuclepore, 0.8 µm pore size, Whatman) and
frozen until analysis. Upon thawing, filters were
stained with DAPI (0.01 mg ml−1 final concentration),
and a minimum of 100 cells filter−1 were counted
under an Axioskop 2 mot plus epifluorescence micro-
scope using filter set 02 (Carl Zeiss MicroImaging).

For protists >10 µm in length (mainly ciliates and
dinoflagellates), 200 ml samples were fixed immedi-
ately after retrieval with acid Lugol’s solution (Willen
1962; 1% final concentration) and stored in brown
glass bottles at room temperature in the dark. Protists
were later concentrated by sedimentation of the sam-
ples fixed with Lugol’s solution in 100 ml sedimenta-
tion chambers for a minimum of 24 h (Utermöhl 1958)
and counted at a magnification of 200× under an
 Axiovert S100 inverted microscope (Carl Zeiss Micro -
Imaging). Half or the whole counting chamber was
enumerated, depending on protist abundance. Major
ciliate groups were distinguished during counting
based on morphological characteristics. However, due
to the difficulty of proper taxonomic identification in
samples fixed with Lugol’s solution, these represent,
in most cases, morphotypes resembling known groups
or taxa and in the following will be abbreviated with
‘cf.’. It should be noted that while fixative solutions
and quantification methods were selected based on
the available literature (reviewed by Sherr & Sherr
1993), the concentration of Lugol’s solution employed
in this study could have led to an underestimation
of the abundance of certain ciliates (Stoecker et al.
1994).
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Measurement of protist bacterivory

Protist bacterivory was measured for selected sub-
oxic, oxygen−hydrogen sulphide interface and upper
sulphidic depths at Landsort and Gotland Deep using
an approach based on the disappearance of fluores-
cently labelled bacteria (FLB) during incubation
(Marrasé et al. 1992). FLB were prepared before the
cruise from Brevundimonas diminuta cultures as pre-
viously described (Vázquez-Domínguez et al. 1999).
Sampling depths were determined based on oxy-
gen and turbidity profiles recorded during a prior
CTD cast. For the experimental set-up, acid-cleaned
500 ml bottles with narrow necks were filled directly
from the free-flow bottles upon arrival of the water
on deck, with at least 30 s of overflow. FLB were then
immediately added to a concentration of 10 to 20%
of in situ prokaryotic abundance (~30 µl of the FLB
stock solution; in situ prokaryotic abundance was
estimated from extensive existing data and later con-
firmed by flow cytometry in the laboratory), and the
bottles were quickly closed with glass stoppers,
avoiding any head space or air bubbles. Incubations
were performed approximating in situ conditions
(4°C and in the dark) for 24 h. To avoid oxygen con-
tamination during sub-sampling, separate sets of
triplicate bottles were prepared for the 2 sampling
points (0 and 24 h). Controls were carried out to test
for stability of added FLB under in situ physico-
chemical conditions and in the absence of grazers
(removed by filtration through a 1 µm pore sized
 filter; Nuclepore, Whatman) inside an anaerobic
chamber (Coy Laboratories; forming gas atmosphere).

Fixation for protist and prokaryote samples, and
protist quantification were carried out as described
above. Prokaryote and FLB enumeration was con-
ducted by epifluorescence microscopy. For this,
 subsamples were filtered onto black polycarbonate
filters (Whatman; pore width, 0.2 µm) and stained
with DAPI. Samples were then observed under a
Zeiss Axioskop 2 mot plus microscope, and a mini-
mum of 200 cells sample−1 or 50 fields were counted
at a magnification of 1000× using filter set 02 for
total prokaryotes and 09 for FLB (Carl Zeiss Micro -
Imaging).

Protist grazing rates on the natural prokaryotic
community were derived from the data following a
previously described exponential model (Salat &
Marrasé 1994), with slight modifications to account
for the fact that initial and final replicates stem from
different incubation bottles. First, an average net
pro karyotic growth (a) for the 3 replicates was ob -
tained at each depth as:

a = (1/t) × ln (Nt/N0) (1)

where t is the incubation time, and N0 and Nt are the
average initial and final prokaryotic abundance,
respectively, for the 3 replicates at each depth.

Next, a specific grazing rate on FLB (g) was ob -
tained for each replicate at each depth as:

g = −(1/t) × ln (Ft/F0) (2)

where t is the incubation time, F0 is the inoculated
FLB abundance, and Ft is the final FLB abundance
measured for each replicate. The inoculated FLB
abundance was obtained as the average FLB abun-
dance for all initial replicates at all depths. This latter
measure was possible since all flasks were inoculated
with the same volume from the same FLB stock, re-
sulting in the same average initial FLB abundance for
all 3 depths (analysis of variance, ANOVA; p > 0.05).

Since a =/ 0 (see Salat & Marrasé 1994), the grazing
rate on the natural prokaryotic community (G) was
obtained for each replicate at each depth as:

G = (1/t) × (g/a) × (Nt−N0) (3)

For each replicate, the corresponding g value for
the replicate and the a value for that depth were
used. G values were then transformed into prokary-
otes consumed ml−1 d−1, and the percentage of the
prokaryotic standing stock grazed per day was calcu-
lated for each replicate at each depth.

As an alternative approach for estimating protist
grazing impact, literature clearance rates were em -
ployed together with the protist abundance and bio-
volume data obtained throughout the redox gradient.
Protist biovolumes were calculated using geometric
models for representative cells of each distinguished
morphotype divided into size groups with 10 µm
intervals. For HNF, a clearance rate of 5 nl cell−1 h−1,
determined for HNF in Baltic Sea surface waters
(Kuuppo-Leinikki 1990), was applied to the abun-
dance at each depth. For dinoflagellates, a rate of
2.2 × 104 body volumes h−1 (Neuer & Cowles 1995)
was applied to dinoflagellate cell volume data. The
equation does not take shrinkage due to fixation into
account, but estimated clearance rates fell within val-
ues previously determined for dinoflagellates of sim-
ilar size (e.g. Strom 1991). For ciliates, a biovolume-
dependent equation to determine clearance rates (y),
established for Baltic Sea ciliates (Setälä & Kivi 2003),
was applied:

y = 0.1493x 0.906 (4)

where x is the equivalent spherical diameter of the
ciliate. The equation takes into account cell shrink-
age due to fixation.

4



Anderson et al.: Grazing and viral lysis in Baltic Sea redoxclines

Examination of protist food vacuole contents

The bacterivorous potential of different protist
groups was qualitatively assessed through the ob -
servation of presence/absence of FLB inside food
vacuoles at the end of the grazing experiments, and
through catalyzed reporter deposition-fluorescence
in situ hybridization (CARD-FISH), applied to filters
obtained from different depths throughout the
redoxcline and targeting prokaryotes inside food
vacuoles. FLB detection was carried out using the
microscopy samples employed for the quantification
of HNF (0.8 µm filters as described above; filter set
09 for detection, Carl Zeiss MicroImaging). Samples
for CARD-FISH (200 ml) were obtained in parallel
to the microbial profile sampling and fixed im -
mediately after retrieval with the alkaline Lugol’s
 solution-formalin-thiosulphate method (Sherr & Sherr
1993, Medina-Sánchez et al. 2005). The complete
volume was filtered onto polycarbonate filters
(Nuclepore, pore size 2.0 µm, 47 mm diameter,
Whatman) which were subsequently frozen. CARD-
FISH was carried out on thawed filters employing a
modified version of an established protocol (Med-
ina-Sánchez et al. 2005), which excluded the per-
meabilization step with achromopeptidase since it
severely damaged the protist cell integrity in our
samples. Bacteria were detected using probes EUB
338 I, II and III (1:1:1 mix; Daims et al. 1999), and
Crenarchaeota with probe Cren537 (Teira et al.
2004). We targeted Crenarcha eota since they are
dominant constituents of the redoxcline prokaryotic
communities in central Baltic Sea suboxic zones,
constituting up to 25% of total cell counts (Labrenz
et al. 2010).

Estimation of the frequency of virally infected
prokaryotic cells (FIC)

FIC was determined for different depths through-
out the redoxcline using a virus dilution approach
(Wilhelm et al. 2002). Specifically, water samples (2 l)
were filtered (Isopore, pore size 3 µm, 47 mm dia -
meter, Millipore) to remove larger planktonic organ-
isms. The prokaryotes contained in the filtrate were
then concentrated (45 to 60 ml final volume) using
a tangential-flow filtration device with a pore size of
0.22 µm (Vivaflow 200, polyethersulphone, Sartorius
Stedim). The viruses contained in this second filtrate
were subsequently removed using a tangential-flow
filtration device with a molecular weight cut-off of
100 kDa (Vivaflow 200, polyethersulphone, Sartorius

Stedim) yielding virus-free water. In order to esti-
mate FIC due to lytic viruses, duplicate aliquots of
the prokaryotic concentrate (10 to 15 ml) were dis-
pensed into tightly sealable polypropylene tubes and
filled-up to a total volume of 50 ml with virus-free
water from the same station and depth. FIC due to
lysogenic viruses was determined by inducing them
in a second set of duplicate experiments through the
addition of Mitomycin C (1 µg ml−1 final concentra-
tion; Sigma Aldrich). Incubations were performed in
the dark at 18°C for up to 30 h, and subsamples to
determine prokaryotic and viral abundance were
taken every 4 to 5 h.

Samples for virus abundance were fixed and enu-
merated as described above. Samples for prokaryote
abundance were fixed with glutaraldehyde (0.5%
final concentration) and quantified on a FACSAria II
(Becton Dickinson) flow cytometer as previously de -
scribed (Marie et al. 1999). FIC due to lytic viruses
was calculated based on the increase in viral abun-
dance in the unamended incubations, assuming a
burst size of 30 viruses per lysed prokaryotic cell for
suboxic waters and 90 for oxygen−hydrogen sul-
phide interface and anoxic waters (Weinbauer et
al. 2003, Winter et al. 2004). FIC due to lysogenic
viruses was calculated as the difference between
the results from Mitomycin C-amended and un -
amended incubations (Weinbauer et al. 2003). De -
tection of FIC due to lysogeny was only considered
significant when results for Mytomycin C treatments
were higher than results from unamended incuba-
tions (taking the variation of the duplicate estimates
into account).

RESULTS

Study site physico-chemical characteristics and
microbial abundance

Both Landsort and Gotland Deep had clearly strat-
ified water columns with anoxic/sulphidic bottom
waters (Fig. 1). Prokaryote abundance was highest in
surface waters and decreased strongly below 25 to
50 m depth (Fig. 1), with cell counts at the redoxcline
ranging from 5 × 105 to 14 × 105 cells ml−1 (Figs. 1 &
2). Protists were only quantified for the high-resolu-
tion redoxcline profiles (Fig. 2). HNF showed a max-
imum abundance at the oxygen−hydrogen sulphide
interface, but always remained below 800 cells ml−1

(Fig. 2). The community was represented equally in
terms of abundance by larger (3 to 6 µm length) and
smaller (1.5 to 3 µm) HNF (data not shown). Dinofla-
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gellates showed high abundances in the suboxic
zone (Fig. 2), and mainly consisted of rounded mor-
photypes with a diameter of 15 to 30 µm (major axis;
data not shown). When observed through epifluo -
resence microscopy, no autofluorescence could be
observed, suggesting a heterotrophic lifestyle for
HNF and dinoflagellates.

Ciliates reached their maximum abundance just
above the chemocline (9 to 13 cells ml−1) and
showed clear changes in morphotype composition
throughout the oxygen gradient in both study sites
(Fig. 2). Cf. Strombidium (20 to 30 µm length)
dominated the suboxic zone, with abundances up
to 7 cells ml−1 in Landsort Deep and 2.7 cells ml−1 in
Gotland Deep. At very low oxygen concentrations
(<5 µmol l−1), before hydrogen sulphide levels
increased, the community was dominated by
Metacystis spp. (present as several different mor-
photypes, ranging from 20 to 150 µm in length),
cf. Mesodinium and cf. Coleps. Finally, in waters
with increasing hydrogen sulphide concentra-
tions, protist abundance strongly decreased (1 to
3 cells ml−1), and the protist community be came
numerically dominated by unidentified ciliates at
Landsort Deep and Metacystis spp. at Gotland
Deep.

Impact of protist grazing on redoxcline
prokaryotic communities

FLB experiments were carried out at
Landsort and Gotland Deep with water
collected at suboxic, oxygen−hydrogen
sulphide interface and sulphidic depths
(Table 1). The protist communities ob -
served in the incubations resembled
those seen in the profiles for zones of
 similar physico-chemical characteristics
(Fig. 2; and observations from previous
years, R. Anderson & F. Weber unpubl.
data), with the exception of suboxic
waters at Gotland Deep, where Meta -
cystis spp. were also detected (data
not shown). No significant changes in
protist abundance occurred during the
incubations, except at the sulphidic depth
at Gotland Deep, where a 50% reduction
in protist numbers was ob served (Student’s
t, p < 0.05), mainly due to a decrease in
Metacystis spp. abundance.

FLB quantification revealed significant
differences between the initial and final
cell counts at the oxygen−hydrogen
 sulphide interface of both study sites

and the suboxic depth of Landsort Deep (Table 2;
ANOVA, p < 0.05). In all 3 cases, calculated grazing
rates were high, resulting in the removal of an aver-
age 50 to 80% of the prokaryotic standing stock per
day. For the other 3 depths, the decrease in FLB
abundance was not significant due to small changes
in cell counts (suboxic and sulphidic waters at Got-
land Deep) or a high variability between replicates
at the final time point (sulphidic waters at Landsort
Deep). Control treatments showed no significant dif -
ferences between initial and final FLB abundance.
Net positive growth of the natural prokaryotic com-
munity during experimental incubations was only
observed for sulphidic depths (Table 2). In suboxic
and oxygen−hydrogen sulphide interface waters,
growth rates were negative, indicating a decrease
in pro karyotic abundance over time, or were close
to zero.

Estimated grazing rates based on literature clear-
ance rates for the different protist groups and in situ
protist abundances supported the measured grazing
rates (Fig. 2). At suboxic depths, estimated rates
ranged between 30 and >100% d−1 of bacterial
standing stocks and were dominated by dinoflagel-
lates and ciliates, while at the oxygen−hydrogen
 sulphide interface, grazing rates ranged between 30

6

Fig. 1. Whole water column vertical profiles for oxygen, hydrogen sulphide
and prokaryote concentrations taken at (A) Landsort Deep and (B) Got-
land Deep. The dashed line indicates the chemocline, or zone of first
 hydrogen sulphide appearance, and the shaded area represents the 

sediment
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and 90% and were dominated by ciliates. In sul-
phidic waters, estimated grazing rates were very low,
generally accounting for <10% of bacterial standing
stocks per day (Fig. 2). Estimated HNF grazing was
low throughout the redox gradient, with daily bac-
terivory rates generally below 8% of prokaryotic
standing stock.

To further assess the potential bacterivory of the
different protist groups, a qualitative assessment of
the presence versus absence of FLB, Bacteria and
Crenarchaeota inside protist food vacuoles was car-
ried out at both stations. High percentages of HNF
(22 to 63% of total HNF cells) had ingested FLB or
Bacteria and Crenarchaeota throughout all depths of

7

Fig. 2. High-resolution redoxcline profiles of (A) Landsort and (B) Gotland Deep showing changes with depth in chemical pa-
rameters, cell counts of the different microbial groups identified (prokaryotes, heterotrophic nanoflagellates [HNF], dinofla-
gellates and ciliates) and in the estimated grazing impact along the chemical gradient. The horizontal dashed line represents 

the chemocline. Protist sizes denote the cell length
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the redoxcline (Table 3). For ciliates and dinoflagel-
lates, not enough cells could be detected to obtain
accurate percentages of cells containing FLB or cells
labelled through CARD-FISH, but a qualitative as -
sessment could be made. In this sense, cf. Strombid-
ium and large unidentified ciliates (150 to 350 µm
long) detected at the oxygen−hydrogen sulphide inter -
face and sulphidic waters always contained large
numbers of FLB or Bacteria and Crenarchaeota in
their food vacuoles. Dinoflagellates generally con-
tained Bacteria and Crenarchaeota (FLB detection
was not possible due to rapid fading of the fluo-
rochrome signal and strong DAPI signal from the
dinoflagellates). Finally, cf. Coleps and Metacystis
spp. contained FLB or Bacteria and Crenarchaeota
less often in their food vacuoles, and none were ever
detected inside cf. Mesodinium. However, in this last
case, cells always contained large quantities of auto-
fluorescent pigments which could have masked the
fluorescence of ingested, labelled cells. Additionally,
large numbers of potentially symbiotic Bacteria and
Crenarchaeota were detected in most ciliates on
the surface and/or in the cytoplasm at the oxygen−
hydrogen sulphide interface and in sulphidic waters.

Viral abundance and impact on the prokaryotic
communities

Viral counts were highest in surface waters (Fig. 3),
coinciding with the maxima in prokaryotic abun-
dance (Fig. 1) and then decreased down to around
50 m depth, thereafter remaining relatively con-
stant. However, no significant correlations were
observed at Gotland Deep between prokaryotic
and viral abundance, and only a weak positive
correlation was observed at Landsort Deep (r =
0.410; Kendall’s tau p < 0.01). High-resolution pro-
files of the redoxcline showed no marked changes
in total viral abundance (Fig. 3), and again no sig-
nificant correlations were observed with prokary-
otic abundance. Virus to pro karyote ratios (VPRs)
ranged from 10 to 60 throughout the whole water
column, with highest values above the redoxcline.
At the redoxcline itself, VPRs remained relatively
constant (15 to 30).

The dilution experiments conducted in parallel to
the grazing studies only detected infection by lytic
viruses. FIC was highest at suboxic depths (average
of 19% in Landsort and 6% in Gotland Deep) and
then decreased to 2−3% in oxygen−hydrogen sul-
phide interface and anoxic depths at both study sites
(Table 2). Additional dilution experiments to deter-
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mine FIC at other depths throughout the redoxcline
showed similar results to those conducted in parallel
to the grazing experiments (Fig. 3). Lysogenic viral
infection was constantly below the detection limit,
and the frequency of virally infected cells was high-
est in suboxic zones (10 to 20%), and then decreased
to <5% at interface and anoxic depths.

DISCUSSION

Study site physico-chemical and microbial
 characteristics

Physico-chemical parameters obtained at both study
sites showed clearly stratified water columns with
anoxic bottom waters (Fig. 1). Both the physico-
chemical characteristics and prokaryotic cell counts
were in accordance with previous observations from
Baltic Sea redoxclines (e.g. Jost et al. 2008). How-
ever, it should be noted that in Baltic Sea redoxclines
lateral intrusion of different water masses and small-

scale mixing events occur (Lass et al. 2003), which
can produce physico-chemical conditions not nor-
mally found at the sampling sites and might affect
microbial assemblages. Likely examples of this phe-
nomenon were found at 105 and 110 m depth in the
Gotland Deep profiles (Fig. 2) and the suboxic depth
selected for the FLB experiment at Gotland Deep
(110 m; Tables 1 & 2), all of which presented anom-
alous physico-chemical and microbial characteristics.
Data from these specific anomalous depths will not
be considered further here.

To our knowledge, this study represents the first
high-resolution analysis on the distribution of differ-
ent broad protist groups (HNF, dinoflagellates and
ciliates) along the physico-chemical gradient of
Baltic Sea redoxclines. Some previous studies as -
sessed the protist community at Gotland Deep, but
these were mainly restricted to a few depths and
centred on the phylogenetic or morphospecies com-
position (e.g. Mamaeva 1988, Setälä 1991, Stock et
al. 2009). Our results show clear patterns in the dis-
tribution and composition of the protist community

9

Site Depth Zone Net prokaryotic Grazing rate Prokaryotic standing FIC (%)
(m) growth rate (d−1) (105 prokaryotes ml−1 d−1) stock grazed (% d−1)

Landsort 65 Suboxic −0.23 5.19 (1.82)* 80.8 (28.3) 19 (13−25)  
Deep 70 Interface −0.18 3.79 (0.80)* 51.5 (10.9) 3 (1.5−4) 

80 Sulphidic 0.14 4.58 (3.61)  38.0 (22.0) 2 (1.5−2.5)

Gotland 110 Suboxic 0.01 1.92 (1.66)  25.4 (22.0) 6 (5−7)    
Deep 125 Interface −0.19 3.32 (0.75)* 49.0 (11.1) 2 (1.5−2.5)

130 Sulphidic 0.31 1.15 (1.45)  14.0 (18.2) 3 (2.5−3.5)

Table 2. Protist grazing rates, frequency of virally infected cells (FIC) and prokaryotic growth rates measured at Gotland and
Landsort Deep. Grazing rates are given as the mean (SD) of triplicate measurements, while FIC is the mean (range) of dupli-
cate measurements. Asterisks indicate significant differences between initial and final fluorescently labelled bacteria (FLB) 

counts (t-test, p < 0.05)

Sampling Landsort Deep Gotland Deep
Depth (m) + FLB + EUB + Cren Depth (m) + FLB + EUB + Cren

Profile
75 – 63.7 (80) 57.5 (80) 100 – 39.2 (79) 38.8 (80)
80 – 58.7 (80) 41.2 (80) 117.5  – 37.3 (75) 30.3 (67)
87.5 – 56.2 (80) 38.7 (80) 125 – 52.5 (80) 45.0 (80)

120  – 57.5 (40) 21.9 (41) 132.5  – 45.0 (60) 32.2 (62)

FLB experiment
65 48.2 (83) – – 100 53.0 (83) – –
70 46.2 (80) – – 125 55.0 (80) – –
80 22.9 (61) – – 130 35.5 (76) – –

Table 3. Percentage of heterotrophic nanoflagellates (HNF) containing fluorescently labelled bacteria (FLB) or prokaryotes
hybridized with Bacteria- or Crenarcheota-specific CARD-FISH probes (EUB and Cren, respectively). The total number of 

HNF cells analysed (n) is shown in parentheses
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along the redox gradient, similar to previous ob -
servations from Baltic Sea redoxclines (R. Anderson
& F. Weber unpubl. data) and from other suboxic to
anoxic marine and brackish systems (e.g. Zubkov et
al. 1992, Fenchel et al. 1995). Three zones could be
distinguished with regard to the protist commun -
ity composition: (1) suboxic: dominated by Strom -
bidium-like small ciliates and dinoflagellates; (2)
oxygen−hydrogen sulphide interface: dominated by
Metacystis spp., cf. Mesodinium and cf. Coleps; and
(3) upper anoxic/sulphidic, with very low protist
counts and dominated by Metacystis spp. and/or
unidentified ciliates. HNF showed highest abun-
dances at the oxygen−hydrogen sulphide interface,
but were always present at low abundances (100 to
800 cells ml−1), an order of magnitude lower than in
Baltic Sea surface waters (Kuuppo-Leinikki 1990,
Piwosz & Pernthaler 2010).

Protist grazing impact

The observed shifts in protist community composi-
tion were accompanied by changes in the estimated
and the measured grazing rates on the prokaryotic
community (Fig. 2, Table 2). The FLB experiments
revealed significant and high grazing at the suboxic
depth of Landsort Deep and at the oxygen−hydro-
gen sulphide interface of both study sites, account-
ing for respectively ~80 ± 30% and 50 ± 10% of
prokaryotic standing stock per day (Table 2). These
results were consistent with the estimated shifts in
grazing pressure based on protist abundance and
biovolume, which showed daily grazing rates rang-
ing from 30 to >100% of prokaryotic standing stock
in the suboxic zone, and from 30 to 90% at the
 oxygen−hydrogen sulphide interface (Fig. 2). These
bacterivory rates are considerably higher than those

10

Fig. 3. Viral abundance and virus to prokaryote ratio (VPR), shown with the corresponding oxygen and hydrogen sulphide val-
ues for each depth, for (A,D) the whole water column and (B,E) the redoxcline at high resolution at (A–C) Landsort Deep and
(D–F) Gotland Deep. (C, F) For the redoxcline, average frequencies of infected cells (FIC) were determined on different casts
(error bars represent the range), and are shown with the corresponding oxygen and hydrogen sulphide values for that depth
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estimated in a previous study at the Gotland Deep,
which used the same biovolume-dependent theo -
retical clearance rates as in the present study but
found lower ciliate abundances (<103 ciliates l−1;
Setälä & Kivi 2003). However, it should be noted
that Setälä & Kivi (2003) only employed data from
4 suboxic to anoxic depths, and protist abundance
tends to shift strongly within a short vertical dis-
tance in the Baltic Sea redox gra dient (Fig. 2 &
observations from previous years: R. Anderson & F.
Weber unpubl. data). Therefore, zones of high pro-
tist abundance and grazing impact could have been
missed in the study by Setälä & Kivi (2003).

Overall, the good agreement between the esti-
mated and measured grazing rates indicates that
they are within reasonable ranges for the in situ pro-
tist community found at the 2 study sites. This indi-
cates moreover that the results obtained do not seem
to have been significantly biased by the method
employed, e.g. through selection for or against FLB,
a known problem associated with this technique
(Landry et al. 1991, Mischke 1994), or incubation-
related biases, such as changes in protist activity dur-
ing the incubation. Thus, we conclude that protist
grazing can  constitute a major mortality factor for
suboxic and oxygen−hydrogen sulphide interface
prokaryotic com munities in Baltic Sea redoxclines,
similar to what has been seen for certain seasonally
hypoxic lakes (e.g. Bettarel et al. 2004, Gobler et al.
2008) and shallow oxygen minimum zones (Cuevas
& Morales 2006).

At upper sulphidic depths, estimated grazing rates
were very low and measured rates were low and
variable, with no statistical significance, and there-
fore below the detection limit of our methodology.
These results are in accordance with the low protist
abundance found at sulphidic depths of Baltic Sea
redoxclines in this and previous studies (Mamaeva
1988, Setälä 1991, Detmer et al. 1993), indicating that
the sulphidic zone could generally be a zone of
reduced protist grazing pressure. Detmer et al. (1993)
measured high protist bacterivory at one deeper
sulphi dic depth (gross prokaryotic production: 48%
d−1). However, the filtration procedure they em ployed
to obtain water for the dilution approach likely
altered the physico-chemical conditions of the water
(e.g. loss of hydrogen sulphide) and could have thus
from the start considerably altered growth conditions
for the prokaryotic community. Grazing estimates
from other sulphidic systems are scarce and show a
high variability. In  euphotic sulphidic water masses,
estimated grazing impacts range from very low (e.g.
Massana & Pedrós-Alió 1994) to an estimated 72% of

gross growth per day (Saccà et al. 2009). In the only
other aphotic sulphidic water mass studied, the
 Cariaco Basin, little impact of grazing on the total
prokaryotic abundance was observed, but shifts in
major phylogenetic groups could be de tected upon
removal of grazers, indicative of selective grazing
(Lin et al. 2007). This may also have occurred in our
study. However, it should be noted that Lin et al.
(2007) found high HNF abundances (1.5 to 3 ×
103 cells ml−1; ciliate and dinoflagellate data were not
available), which could have exerted a significant,
potentially selective (Jürgens & Matz 2002) grazing
pressure. In the present study, HNF abundance was
much lower (~100 cells ml−1), making such an impact
unlikely.

In addition to the above assessments, the bacteriv-
orous role of different protist groups in Baltic Sea
redoxclines was analysed through the examination of
food vacuole content and theoretical considerations.
The analysis of food vacuole content revealed that
nearly all observed protists had the potential for bac-
terivory, although some of the larger ciliates (e.g.
Coleps cf.) contained prokaryotes less often, poten-
tially indicating a more predatorial role on smaller
protists (e.g. observed FLB could belong to the food
vacuoles of protist prey). For HNF, the consistency of
the percentage of flagellates containing FLB or Bac-
teria detected by CARD-FISH indicates that around
50% of HNF were active grazers at most depths
(Table 3). However, their low abundance excludes
them from being major predators (Fig. 2). Thus, as
opposed to surface waters where grazing is domi-
nated by small bacterivorous flagellates (Sherr &
Sherr 2002, Jürgens & Massana 2008), ciliates and,
under suboxic conditions also dinoflagellates, would
constitute the major grazers of Baltic Sea oxic−anoxic
transition zones.

Relative importance of protist grazing and viral
prokaryotic mortality

The analysis of the frequency of virally infected
prokaryotic cells showed that lysogeny remained
below detection throughout the redoxcline. Lytic
infection was highest in the suboxic zone (up to 25%
of prokaryotic abundance), and decreased to <5% at
the oxygen−hydrogen sulphide interface and in sul-
phidic zones (Fig. 3). Thus, viral lysis did not appear
to constitute a major prokaryotic mortality factor at
the water depths examined. The rationale behind the
virus dilution approach (Wilhelm et al. 2002) is to dra-
matically reduce viruses and therefore prevent new

11



Mar Ecol Prog Ser 467: 1–14, 2012

viral infections during the incubation. Thus, an
increase in viruses is only due to viral infections
which had already occurred in the source water prior
to the start of the incubation and is not an artefact of
the incubation itself. However, this methodology
requires the water to be filtered, and, for redoxcline
samples, every filtration alters the in situ physico-
chemical conditions (e.g. oxygen or hydrogen sul-
phide concentrations). Thus, FIC estimates may have
suffered from this disturbance. However, prokaryotic
abundance in the incubations was stable over time,
exhibiting no drastic decreases in abundance such as
would occur through a strong toxic effect of oxygen.
Additionally, FIC from suboxic and oxygen−hydrogen
sulphide interfaces should be less impacted than for
sulphidic depths.

A previous study conducted at Gotland Deep
(Weinbauer et al. 2003) detected similar or slightly
higher FIC for suboxic zones, but also found in -
creased FIC (up to 25% of prokaryotic abundance) in
the anoxic/sulphidic zone. Weinbauer et al. (2003)
did not reduce viral abundances through dilution,
which excludes the problem of oxygen contamina-
tion. However, new viral infection during their par-
ticularly long incubation times of up to 3 d may have
increased their estimates in all zones. This is espe-
cially important in the Mitomycin C-induced treat-
ments used to determine the impact of lysogenic
viruses. Mitomycin C causes DNA damage affecting
DNA replication and cell division, resulting in
greatly elongated cells. Because viral contact rates
increase with the size of host cells (Murray & Jackson
1992), estimates of FIC due to lysogenic viruses by
Weinbauer et al. (2003) may be higher than in situ.

Overall, prokaryotic mortality decreased from sub-
oxic to upper anoxic/sulphidic depths, with the re -
duction in bacterivorous pressure not being accom-
panied in the depths analysed by a corresponding
increase in viral to prokaryote ratios or FIC. This
could also be observed in the net prokaryotic growth
rates, which were negative or close to 0 in suboxic
and oxygen−hydrogen sulphide interface waters, but
positive for upper sulphidic zones (Table 2).

Baltic Sea upper sulphidic layers have been shown
to exhibit high chemoautotrophic productivity (Jost
et al. 2010), but no observable increases in prokary-
otic abundance occur compared to overlying suboxic
and oxygen−hydrogen sulphide interface depths
(Figs. 1 & 2) (Grote et al. 2007, Labrenz et al. 2007).
However, neither protist grazing nor viral lysis
appeared to be major prokaryotic mortality factors
in this zone. A similar phenomenon has been ob -
served for some stratified lakes where summed

mortality in the metalimnion and seasonally in the
hypolimnion remained below 50% of prokaryotic
production (Bet tarel et al. 2004). This observed dis-
crepancy between prokaryotic production and mor-
tality rates in upper sulphidic zones is a major open
question requiring further study. Potential biases in
the measurement of productivity and mortality
should be determined, along with the assessment of
other potential mor tality factors (i.e. physical, e.g.
sedimentation, or  biological, e.g. apoptotis, pro-
cesses). A significantly higher grazing impact than
measured here is un likely at these depths, due to
the very low protist abundance (Fig. 2), but viral
lysis could have been underestimated (as discussed
above). Additionally, it should be considered that
for some prokaryotic groups, specific mortality by
selective protist grazing or viral infection might
result in sig nificantly higher losses than averaged
for the total prokaryotic community.

CONCLUSIONS

In the present study, we showed a clear and consis-
tent shift along 2 Baltic Sea redox gradients in both
the protist community composition and the grazing
pressure exerted on the prokaryotic community. Pro-
tist bacterivory dominated prokaryotic mortality at
suboxic and oxygen−hydrogen sulphide interface
depths, but decreased strongly in sulphidic zones. In
contrast, viruses did not appear to constitute a strong
loss factor for prokaryotic communities at either
study site. Thus, for upper sulphidic depths there is a
discrepancy between the high prokaryotic produc-
tivity previously measured for these zones and a low
estimated mortality. Finally, we uncovered differ-
ences in the redoxcline food web structure when
compared to surface waters, with HNF playing only a
marginal role, and ciliates and dinoflagellates acting
as the major bacterivores.
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