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Abstract

Herbivory of microzooplankton is an emerging key factor of diatom mortality in the
ocean. As part of the microbial loop, protozoan grazers also feed on bacteria that
accelerate the degradation of diatom detritus. The potentially pivotal effect of
microzooplankton grazing on Si(OH), recycling was investigated with cultures of single-
celled diatoms, Thalassiosira pseudonana and Chaetoceros gracilis, and heterotrophic
protozoans, the dinoflagellate Oxyrrhis marina and the ciliate Strombidium sp. Both
grazers ingested diatoms and the bacteria in the non-axenic cultures. C. gracilis, whose
frustule is “armed” with setae, was less suitable as a prey than 7. pseudonana. Ingestion
rates of T. pseudonana were comparable for O. marina and Strombidium, but the
dinoflagellate produced two orders of magnitude more detrital bSiO, than the ciliate, due
to the higher abundance reached by O. marina. Total net release of Si(OH), was lower in
the grazing treatments compared to the control possibly due to the reduced bacterial
growth by microzooplankton bacterivory, and to the transient protection of detrital bSiO,
in discarded feeding vacuoles. Over the first 24h, microzooplankton grazing even led to
enhanced uptake of Si(OH), by diatoms, confirming the potential of grazing to influence
the silicification of diatom frustules. Subsequently however, the Si dynamics in bottles
with grazers turned rapidly from net uptake to net Si(OH), release. Protozoan grazers
hence tie Si(OH), recycling into the microbial loop by producing detrital bSiO,.
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Introduction

The grazing activity of zooplankton plays a central role in plankton ecology and in the
cycling of nutrients or trace elements in marine ecosystems (Barbeau et al. 1996; Barbeau
et al 2001; Hutchins and Bruland 1994; Lehman 1980; Twiss et al. 1996). Grazers
stimulate the microbial loop and the attendant bacterial growth by releasing dissolved
organic carbon (DOC) to seawater (Azam et al. 1983; Strom et al. 1997). In turn,
protozoan grazers are important consumers of bacteria in the ocean (Jeong et al. 2008;
Sherr and Sherr 1994) and there is increasing evidence that the grazing activity of such
microzooplankton can keep phytoplankton growth in check (Archer et al. 2000; Calbet
and Landry 2004; Irigoien et al. 2005).

Feeding strategies of microzooplankton on phytoplankton are diverse (Jacobsen
1999), yield high growth efficiencies (Tillmann 2004) and do not lead to the production
of heavy fecal material as is the case for larger zooplankton. Mesozooplankton grazers
such as copepods and euphausids crush diatom cells during feeding, assimilate the carbon
and condense the diatom debris in fast sinking fecal pellets (Cowie and Hedges 1996;
Honjo and Roman 1978). Once aggregated, biogenic silica (bSiO;) is protected from
dissolution and exported to deeper layers (Moriceau et al. 2007; Schrader 1971; Schultes
2004). Unicellular protozoan grazers also feed on diatoms (Drebes and Schnepf 1998;
Goldman et al. 1989; Naustvoll 2000) but either engulf their prey entirely or digest it
externally discarding empty diatom frustules with the feeding vacuole. Diatom detritus
emanating from protozoan grazing is susceptible to be degraded rapidly.

The recycling of Si(OH), is influenced by both biotic and abiotic factors. Bacterial
enzyme activity may accelerate the dissolution of diatoms by removing the protective
coating from the frustule and exposing the silica walls to seawater (Bidle and Azam
1999; Bidle and Azam 2001). Dissolution is then driven by physical and chemical
parameters such as temperature (Kamatani 1982) and ambient Si(OH)4 concentrations
(Greenwood et al. 2001; Truesdale et al. 2005).

The rate of bSiO, dissolution is crucial in alleviating growth limitation of diatoms
when upwelling of nutrient rich waters does not provide sufficient Si(OH)s for new
primary production as appears to be the case in the equatorial Pacific (Dugdale and
Wilkerson 1998; Leyneart et al. 2001). Diatoms from tropical waters have low cellular
Si:C ratios compared to highly silicified diatoms encountered in the Southern Ocean
(Bzrezinski 1985). Their high Si content is believed to result from reduced growth rates
under iron limitation (Hutchins and Bruland 1998) or light stress (Claquin et al. 2002)
and from a defense strategy against zooplankton grazing (Smetacek 2001). Also
morphological diversity in diatoms, such as setae extruding from the frustules or the
formation of colonies, are thought to protect the cells from predation (Verity and
Smetacek 1996).

Recently, Sherr and Sherr (2007) concluded that, in addition to ciliates, heterotrophic
dinoflagellates represent an important source of diatom mortality. The role of
microzooplankton grazing in Si(OH)4 recycling is however pivotal. Grazing and digestion
of diatoms may accelerate bSiO, dissolution, grazing on bacteria slow it down. Both
processes are likely to occur on similar time scales. The objective of this experimental
study is to explore the effect of microzooplankton grazing on changes in the availability
of silicic acid with grazing experiments in non-axenic diatoms cultures. The working



hypothesis is that microzooplankton grazing will increase the release of Si(OH)4 from the
diatom debris over the timecourse of the incubation.

Results

Changes in Cell Abundance

A representative example of the timecourse of changes in diatom abundance in the
control, and diatom and microzooplankton abundance in the grazing bottles is presented
in Figure la. For changes in the abundance of bacteria an example is presented in Figure
1b. Grazing on diatoms by microzooplankton occurred in all experiments, except when
Chaetoceros gracilis was fed to the ciliate Strombidium sp. Bacterial growth was
generally reduced in the grazing bottles compared to the control. In the following, results
on trophic dynamics will be presented for each experiment in terms of the calculated
growth rates and grazing rates plotted for every time interval sampled. Si(OH)4 dynamics
for each incubation are presented accordingly.

Dinoflagellate Grazing Experiments

Oxyrrhis marina Feeding on Thalassiosira pseudonana (Experiment 1)

Immediately after addition of the grazer Oxyrrhis marina, the dinoflagellate began
ingesting Thalassiosira pseudonana at an average rate of 27 + 20 diatom cells per grazer
per day (Fig. 2a). The ingestion led to immediate growth of the dinoflagellate during the
first 24h, at a growth rate greater than 1.5 per day (Fig. 2b). On the second day of the
experiment, the grazing activity on diatoms was reduced by a factor of 2 and no
significant growth for O. marina could be determined. After 48h of incubation and
onwards, O. marina did not appear to be grazing diatoms and the dinoflagellate
population slightly declined.

Bacterial growth was significantly reduced (Friedman and Tukey post-hoc test; Table
2) in the grazing bottles compared to the control bottles (Fig. 2c). Both treatments
showed growth of bacteria during the first 24h, whereas on the second day bacteria in the
grazing incubations began to decline. The decline in bacterial numbers after 48h was
significantly higher in the control than in the bottles with added grazers.

Net input of Si(OH), from the diatoms over the entire course of the experiment was
3.5 + 0.2 umol I"' in the control compared to 2.1 + 0.3 pmol I in the grazing treatment
(Table 3). Relative changes in the pool of Si(OH)s in the three time intervals were
significantly different between the treatments (Friedman x> = 14.18; p = 0.01). Control
and grazing bottles gradually turned from the removal of Si(OH)4 to accumulation (Figure
2d). During the first 24h, both treatments showed net removal which was significantly
faster (Mann-Whitney p= 0.04, Table 4) in the grazing bottles (-43 nmol Si(OH), ' dh
compared to the control (-400 nmol Si(OH), 1! d'l). Over the course of the second day,
some Si(OH)s still disappeared from the control, whereas the grazing bottles started to
release Si(OH),. From 48h onwards, Si(OH)4 concentrations increased in all bottles, with
significantly lower values observed in the grazing treatment.




Oxyrrhis marina Feeding on Thalassiosira pseudonana (Experiment 2)

The experiment with the dinoflagellate feeding on 7. pseudonana was repeated and
results for the grazing and growth dynamics of O. marina (Figs. 3a, b) were very similar
to those observed in the previous experiment. Differences are noted for the bacterial
growth, which is again reduced in the grazing bottles compared to the control (Fig. 3c)
but in experiment 2 bacteria continued to grow in all bottles over the entire duration of
the incubation. Bacterial numbers at time zero were an order of magnitude lower in
experiment 2 compared to experiment 1.

Si dynamics were again significantly different in control and grazing incubations
(Friedman xr2 = 13.62; p = 0.02; Table 2). Total release of Si(OH)4 over the entire course
of the incubation was higher in the control than in the grazing treatment. A net amount of
0.3 £ 0.0 ymol I'" accumulated in the control compared to a net removal of -1.3 + 0.0
umol 1" observed in the grazing treatment (Table 3). Si(OH)4 disappeared from the
Si(OH)4 pool significantly faster in the grazing treatment during the first 24h (Mann-
Whitney p = 0.04, Table 4), whereas the control showed a slight release of Si(OH), into
solution (Fig. 3d). Comparable Si dynamics for both experiments are also observed on
day 2 when net removal of Si(OH)s occurred in the control bottles but net release was
observed in the grazing bottles. Although the Tukey post-hoc test does not indicate a
significant difference, this net release over the last two days was apparently higher in the
grazing incubation compared to the control where the Si(OH)4 pool remained unchanged
(Fig. 3d).

Oxyrrhis marina Feeding on Chaeotceros gracilis (Experiment 3)

In contrast to the two previous experiments, grazing of the dinoflagellate on Chaetoceros
gracilis increased, rising from 4 cells per grazer per day during the first 24h to 12 cells
per grazer per day from 48h onwards (Fig. 4a). Maximum ingestion rates for C. gracilis
were by a factor of 4 lower than those determined for Thalassiosira pseudonana (Figs.
2a, 3a). Moderate and variable growth of the dinoflagellate was observed during the first
day and increased to a maximum of 0.7 per day during the second day (Fig. 4b), slightly

lower than the growth rates obtained on a diet of 7. pseudonana (Figs. 2c, 3c).

Bacteria continuously grew in all incubation flasks with a gradual reduction in growth
rate from 0.8 to 0.1 per day in the control and from 0.5 to 0.1 per day in the grazing
bottles (Fig. 4c). Significantly lower bacterial growth in the grazing treatment can be
determined for day 1 (Tukey post-hoc test, Table 2).

Again, net removal of Si(OH)4 from solution was observed during the first 24h in the
control and the grazing bottles (Fig. 4d) but no statistical difference was determined
between treatments during this time interval (Table 4). For the entire duration of the
experiment, however, the Friedman test revealed significantly different Si dynamics
among treatments (sz = 14.0; p = 0.01). During the second day, low increase of Si(OH),
was measured in the control versus net removal of Si(OH), in the incubations with added
O. marina. Finally, the system shifted to a clear release of Si(OH), from 48h onwards, at
similar rates in control and grazing incubations. The total net accumulation of Si(OH), in
the control was 0.7 + 0.2 umol I"'. Contrary to the two experiments where O. marina was
feeding on 7. pseudonana, significantly (Mann-Whitney p=0.04) higher net accumulation
of 1.7 £ 0.3 umol I"" was observed in the grazing treatment (Table 3).




Ciliate Grazing Experiments

Strombidium sp. Feeding on Thalassiosira pseudonana (Experiment 4)

The ciliate Strombidium sp. fed on Thalassiosira pseudonana with ingestion rates
comparable to those determined for the dinoflagellate. Ingestion of 12 to 25 diatom cells
per grazer per day was determined during the entire incubation period (Fig. 5a). Ciliate
populations declined during days 1 and 2 before starting to grow from 48h onwards (Fig.
5b).

Bacterial populations declined in all incubation flasks, with the exception of some
growth that occurred during the first 24h in the control bottles (Fig. 5c). On the last two
days, bacterial numbers declined significantly more quickly in the control compared to
the incubations containing ciliates (Tukey post-hoc test, Table 2), comparable to the
observations made in experiment 1 where the dinoflagellate fed on 7. pseudonana
(experiment 1).

Also changes in Si(OH); concentrations were similar to the results obtained in
experiment 1. According to results from the Friedman test, overall Si dynamics in this
experiment were not significantly different between treatments (x> = 10.72; p = 0.06).
Yet, a significantly higher removal of Si(OH), from the Si(OH),4 pool during the first 24h
(Mann-Whitney p = 0.04, Table 4) could be measured in the grazing treatment compared
to the control (Fig. 5d). During the second day, slight net removal of Si(OH), was still
detectable in the control but the grazing treatment started to release Si(OH)4 to solution.
From 48h onwards the system also shifted to Si(OH), release in the control, but no
significant difference (Tukey post-hoc test) could be determined between the treatments.

Over the entire duration of the experiment, net changes in Si(OH)s concentrations
were balanced in the control (-0.1 £ 0.2 umol I'") and some net removal of -0.4 + 0.1
umol "' was determined in the grazing treatment (Table 3).

Strombidium sp. Feeding on Chaeotceros gracilis (Experiment 5)

In general, grazing and growth of Strombidium sp. were very low when the ciliate was
added to a culture of Chaetoceros gracilis. Diatom ingestion by the ciliate could be
calculated only for the second day with an average of 2 cells per grazer per day (Fig. 6a).
Nevertheless, low and very variable growth rates with maximum values of 0.2 per day
were observed for the ciliate during the first two days (Fig. 6b).

In all incubations, bacteria grew continuously (Fig. 6¢). Bacterial growth was
enhanced in both treatments on the second day, without significant difference (Tukey
post-hoc test) between control and grazing incubations.

As was observed in the experiment where the ciliate grazed on Thalassiosira
pseudonana, Si dynamics were not statistically different between control and grazing
treatments (Friedman sz =4.85; p = 0.43). Net removal of Si(OH), from the Si(OH), pool
was observed during the first 24h at without statistical difference among the treatments
(Fig. 6d), comparable to what has been observed when the dinoflagellate fed on C.
gracilis. During the second day, Si(OH), accumulated in both treatments, again without
significant difference between the two (Tukey post-hoc test, Table 2). In the final phase
of the experiment, slight Si(OH)4 net removal from solution was again observed in the
control, compared to some release of Si(OH), in the grazing treatment, but it has to be




acknowledged that changes in Si(OH), concentrations determined in this time interval are
close to detection limit and should be considered as constant.

Total change of Si(OH)4 was without significant difference among treatments (Mann-
Whitney p = 0.3; Table 3), with virtually unchanged concentrations in the control (-0.2 +
0.1 pymol 1"") and the grazing treatment (0.1 + 0.3 pmol I').

Discussion

In this experimental study, non-axenic cultures of two small, centric and single celled
diatoms were exposed to grazing by a dinoflagellate and a ciliate. Changes of Si(OH)4
concentrations were monitored during the incubations. Compared to nitrate, phosphate
and ammonia (e.g. Andersen et al. 1991; Goldman et al. 1985; Johannes 1965; Lehman
1980) very little attention has been given so far to the question of how trophic
interactions of herbivorous grazers and diatoms change Si dynamics. Si(OH), differs
from the other macro- and micronutrients in that it is required by diatoms but not taken
up and accumulated by zooplankton or bacteria. Any increase observed in the Si(OH),
concentrations during the incubation was presumably due to dissolution of diatoms
grazed by the microzooplankton and/or degraded by the bacterial assemblage in the batch
cultures.

Grazing Success of Microzooplankton on Diatoms

Differences in the ingestion rates of diatoms and the growth response of the
microzooplankton could be observed among the four predator-prey combinations. This
lends support the notion that not all diatoms are equally suitable as prey for protozoan
grazers (Naustvoll 2000; Verity and Villareal 1986). Thalassiosira pseudonana was
generally ingested at higher rates than Chaetoceros gracilis, by both predators. The
grazing response of O. marina when feeding on T. pseudonana strongly resembled the
dynamics described by Opik and Flynn (1989), with highest ingestion rates occurring
over the first 24h of the incubation. In comparison, C. gracilis was ingested with a
temporal delay and at reduced rates. The siliceous setae of C. gracilis were clearly visible
under the microscope in samples from time zero but were not observed after 24h when
ingestion by O. marina started to increase. As it appears, once the setae dissolved or
broke, C. gracilis became vulnerable to predation by O. marina. Virtually no ingestion of
C. gracilis by the ciliate Strombidium could be detected, but the ciliate ingested
T. pseudonana at rates comparable to those observed for the dinoflagellate. These results
point to a low suitability of C. gracilis as prey, potentially due to the setae on the frustule
as defense against protistan grazing (Verity and Villareal 1986).

The degree and timing of nutrient recycling may be affected by differences in the
ingestion and growth response of the grazer with respect to its prey. Feeding on
Thalassiosira pseudonana supported growth of both microzooplankton grazers at rates
consistent with previously obtained results (Goldman et al. 1989; Jeong et al. 2003;
Strom and Morello 1998). Growth of Oxyrrhis marina rapidly followed ingestion within
12 to 24h. Highest growth rates were hence observed on the first day when O. marina
was feeding on 7. pseudonana, and growth was consequently delayed when C. gracilis
was offered as prey. Strombidium sp. grew with a 48h delay despite continuous ingestion
of T. pseudonana (experiment 4). Mortality of ciliates in the acclimation phase of 48h has
been reported (Montagnes 1996 and references therein) and may explain the initial



decrease in ciliate abundance observed in experiment 4, although it is unclear then why
no mortality occurred when the ciliate was added to the culture of C. gracilis (experiment
5, Fig. 6b). Digestion of prey in the food vacuoles of microzooplankton is thought to be
rapid (e.g. 75 min in the study of Dolan and Simek 1997), but fusion of several food
vacuoles can prolong digestion and delay expulsion of undigested matter. First mini-
pellets, i.e. discarded feeding vacuoles with frustules surrounded by a thin membrane,
started to appear 6h after the start of the experiment (microscopic observation) when
O. marina grazed on T. pseudonana but were not observed in experiments with
Strombidium sp. These results indicate that digestion and assimilation of diatom carbon,
and possible recycling of bSiO, was very rapid for the O. marina compared to the
Strombidium sp..

Even more important though, the amount of bSiO, that was grazed and transferred to
the detrital pool was strikingly different among predator-prey combinations (Table 3).
Based on ingestion rates of diatoms, the oligotrich ciliate processed less than 1 % of the
diatom cells, whereas the dinoflagellate ingested and digested 4 % of the cells in the
experiment with C. gracilis and over 70 % of the bSiO, when grazing on T. pseudonana.
As has been discussed above, C. gracilis appeared to be unsuitable as prey and
consequently the lower ingestion rate led to lower detrital bSiO, production from
C. gracilis. In comparison, 7. pseudonana was ingested at similar rates by both
protozoans (Table 4). The observed differences in detrital bSiO, production from T.
pseudonana therefore arise from the respective predator concentrations in the
experiments. The one order of magnitude higher abundance of O. marina in the
experiments (Table 1) reflects the higher concentrations that this grazer reached in the
stock cultures (see Methods). Abundances of heterotrophic dinoflagellates and ciliates in
the field range from less then ten to several thousand cells ml™ during microzooplankton
“blooms” when top-down control by metazoan zooplankton is reduced (Jeong 1999;
Smetacek 1981; Tillmann 2004). Our results are therefore indicative of the large
differences that can be expected in the grazing impact of protozoan grazers, depending on
the diatom prey species and protozoan grazer abundance.

Growth Dynamics of Bacteria in the Experiments

Grazing on bacteria appears to be important for both Oxyrrhis marina and Strombidium
sp. The presence of grazers led to significantly different bacterial growth in all
experiments (Table 2). Bacterial growth rates in the grazing bottles were lower than in the
control in four of the five incubations. When bacteria started to decline in the control
incubations of experiment 1 and 4, however, this decline was less pronounced in the
grazing bottles (Figs. 2c, 5¢). Probably, the production of DOC by the microzooplankton
(Strom et al. 1997) continued to fuel bacterial growth. Strom et al. observed a general
increase in bacterial growth rate in the presence of grazers, except when O. marina was
added, who is known to ingest bacteria (Jeong et al. 2008). We therefore conclude that
grazing losses of bacteria to Strombidium and O. marina in our study generally
outweighed growth stimulation via DOC release in the early stages of the incubation.
During the last time interval, however, grazing acted to sustain actively growing bacterial
populations that can colonize and degrade diatom detritus.



Dissolved Silicate Dynamics under Varying Trophic Interactions

Three processes are likely to govern Si dynamics in the experimental system: the
magnitude of ingestion of diatoms, indicating the amount of bSiO, removed from the
suspension, the time of growth of microzooplankton representative of the complete
digestion of the ingested diatoms, and potential grazing or substrate limitation of bacterial
activity. Also for Si dynamics, three general patterns can be observed: net removal,
balanced systems and net release to solution.

Net Release of Si(OH)4to Solution

Highest release rates of Si(OH),4 in the system were generally observed in the third time
interval (Figs. 2d, 3d, 4d, 5d) after 48h of incubation. At this point in time, most
heterotrophic activity, i.e. bacterial growth, microzooplankton grazing and micro-
zooplankton growth, has already peaked and it can be assumed that release of Si(OH),
from bSiO, dissolution was then governed by chemical processes. Release rates of
Si(OH)4 were not distinctively higher or faster in the grazing compared to the control
incubations indicating that chemical dissolution rates were not influenced by the number
of trophic levels.

The working hypothesis of this study stated that total net release of Si(OH)4 would be
higher in grazing treatments due to the ingestion and digestion of diatoms by the
microzooplankton. This hypothesis (Ho: Sigrazing = Sicontrol 5 Hi: Sigrazing > Sicontrol ) Was
tested with Mann-Whitney statistics, and H1 was rejected for 4 out of 5 experiments
(Table 3). In experiments where over 70% of the Thalassiosira pseudonana cells had
been grazed by Oxyrrhis marina, on average 1.5 umol 1" less Si(OH), accumulated in the
grazing treatment compared to the control.

Dissolution may have been slowed down by the fact that diatom detritus left by
microzooplankton is aggregated in so called mini-pellets. Empty diatom frustules inside
feeding vacuoles were only observed in the experiments with O. marina and T.
pseudonana, supporting our hypothesis. The effect of microzooplankton grazing would
hence be comparable to that of mesozooplankton grazing (Schultes 2004). In similar
experiments with copepods and krill, bSiO, was protected from dissolution in fecal
material, which remained intact for several months at 4°C. The discarded feeding
vacuoles of microzooplankton, however, are likely to protect the diatom frustules for
considerably shorter time spans. At 15°C, Stoecker (1984) reported disintegration of
ciliate feeding vacuoles after a maximum of 6 days. Protozoan fecal pellets appear to be
robust enough to allow their occasional observation in sediment traps (Buck and Newton
1995; Nothig and von Bodungen 1989), but depending on the ambient temperature (Bidle
et al. 2002), settling rates of the mini-pellets and depth of the mixed layer, detrital bSiO,
from microzooplankton grazing will most probably be recycled by bacteria in the surface
layer.

Balanced Si Dynamics

Stable Si(OH)4 dynamics in the experimental system indicate either no recycling due to
low biological activity, or a tight coupling of processes driving recycling and uptake of
Si(OH)4. Results of experiment 5, in which no significant differences can be detected in
Si dynamics between treatments are indicative of the first possibility. The ciliate did not




ingest diatoms, and bacterial growth was comparable in control and grazing bottles. Since
no dissolution is observed in either of the treatments despite highest diatom cell numbers
of all experiments (Table 1), substrates other than carbon associated with biogenic silica
must have sustained bacterial metabolism.

Net Removal of Si(OH)4

A net removal of Si(OH), from the dissolved phase can be determined in all five grazing
experiments over the first 24h time interval. Unfortunately, only for experiment 2 bSiO,
concentrations are available to verify whether this loss can actually be attributed to
uptake of Si(OH), by diatoms. The decrease of Si(OH); concentrations by 2.2 pumol
Si(OH)4 in the grazing bottles (Fig. 3d) is indeed reflected by an increase in bSiO;
concentrations by 3.7 umol (Fig. 7). The precision of the alkaline digestion method is
close to 10%, compared to 2 % for the determination of Si(OH)4 on the auto-analyzer
(Ragueneau et al 2005). Considering bSiO, background concentrations of 17 pmol I'' in
experiment 2, the difference between Si(OH), loss and bSiO, uptake falls within the
analytical error of bSiO, measurements. It can be assumed with some confidence that the
increase in bSi0; is representative of the loss of Si(OH)4 from the solution.

When Thalassiosira pseudonana is offered as a prey to either the dinoflagellate or
the ciliate, uptake of Si(OH), is generally higher in grazing treatments than in the control.
This is not the case for incubations with Chaetoceros gracilis. Similar differences among
diatom species have been observed in grazing experiments conducted during May and
June 2000 (S.Schultes unpubl. data; results included in Table 4). The copepod Acartia
clausii was added to cultures of Thalassiosira weissflogii (§ pm) and Thalassiosira
punctigera (60 um) and allowed to feed for 24h in the dark. In both incubation
experiments, net uptake of Si(OH)s was observed. Uptake was similar in the control and
grazing treatment when A. clausii fed on T. punctigera, but differed by a factor of five
among treatments when 7. weissflogii was offered as prey. Potentially, the ingestion rate
with which the grazers feed on the respective diatoms plays a role in the stimulated
uptake. Ingestion rates of A. clausii for T. weissflogii were 1309 + 223 cells per grazer per
day compared to 42 cells + 24 per grazer per day for T. punctigera (Jansen 2002). In this
study, ingestion rates for 7. pseudonana were on average 30 cells per grazer and day,
compared to 4 cells per grazer and day for C. gracilis (Table 4). The significantly higher
Si(OH)4 uptake hence occurred in the grazing flasks with higher ingestion rates.

The apparent stimulation of uptake of Si(OH), of diatoms under grazing pressure
in dark incubations lends support to the hypothesis that high silicification is a protection
against grazing (Smetacek 2001). Higher Si:C ratios of diatoms grown in media which
previously contained grazing copepods have been reported (Pondaven et al. 2007). The
exact mechanism however, remains to be discovered, and the study of Pondaven et al.
(2007) indicates that it may not be the active ingestion but some chemical cue left by the
grazers leading to higher bSiO, per cell quotas. In this study, uptake of Si(OH), is
stronger in grazing flasks but also detected in the control for the first 24h. The diatom
batch cultures were taken from the culture room in the early light phase of the light:dark
cycle, the experiment set up and all incubation containers put to obscurity for the grazing
incubation. Uptake of Si(OH)s can occur in the dark since energy for silicification is
linked to respiration rather than photosynthesis (reviewed in Martin-Jezequel et al. 2000).
Granum and Myklestad (1999) demonstrated how the addition of NH,4" to diatoms placed




in the dark activates respiration based on glucan. It is therefore conceivable that the NH4"
excretion of grazers has the potential to interfere with silicification of the diatom (Fig. 8)
by activating diatom respiration and Si(OH)4 uptake. Future work should try to unravel if
the energetic specificity of silicon metabolism in diatoms combined with zooplankton
grazing activity which usually peaks during dusk and dawn are at the physiological origin
of the watery arms race (Smetacek 2001).

Pivotal Role of Microzooplankton Grazing

The relative importance of microzooplankton and bacteria in Si(OH)4 recycling may be
appreciated from our data but quantitatively the amount of released Si(OH), cannot be
clearly attributed to either of the two heterotrophic components present in the grazing
treatments. The crucial role of grazers is most probably not the direct dissolution of bSiO;
during digestion since the pH in feeding vacuoles tends to be strongly acidic (Fok et al.
1982) and bSiO, dissolves under alkaline conditions (Greenwood et al. 2001). Bacteria
hasten the dissolution of diatom detritus and have probably been responsible for most of
the Si(OH),4 release observed in this study. Assuming maximum bSiO, concentrations of
30 umol I"" - of which 70% can be considered detrital when the dinoflagellate grazed on
Thalassiosira pseudonana — and a turnover rate of 8% per day (table 2 in Bidle and Azam
1999) the increase of Si(OH)s in our experiments can be quantitatively attributed to
bacterial activity.

A qualitative interpretation of the results points to an accelerating role played by the
micrograzers in providing detrital bSiO, and allowing nutrients to be fed back into diatom
production. During the first two days of the dark incubation microzooplankton grazing
produced most detrital bSiO, but also reduced bacterial growth. Bacteria-mediated
dissolution of the fresh diatom detritus may therefore have been diminished by
microzooplankton bacterivory during the first 24h. If any dissolution occurred, the
Si(OH)s was immediately taken up again and could not be measured with our analytical
approach.

A decoupling of Si dynamics can usually be observed on the second day of the
incubation where control and grazing treatments display opposite Si dynamics i.e. either
net removal or net release to solution. In all experiments with the diatom Thalassiosira
pseudonana, the system in grazing bottles switches from strong uptake to release within
24 h. In experiment 3, where the ingestion of Chaetoceros gracilis by Oxyrrhis marina
was delayed, the switch takes place with equal delay, i.e. between the second and third
time interval. These observations indicate that when diatoms are ingested by
microzooplankton grazers, the system quickly starts to release Si(OH),. The importance of
microzooplankton hence consists in efficiently feeding on diatoms and producing easily
accessible and light weighed detritus, which can then be hydrolyzed by bacteria in the
microbial loop (Fig. 8). Field observations of stable and low, ambient Si(OH)4
concentrations despite strong bSiO, production and dissolution events (Beucher et al.
2004) exemplify the rapid interplay of microzooplankton and bacteria in regulating
Si(OH)4 availability. Further research will require an isotopic approach (for example
Fripiat et al. 2009) to quantify the role of both heterotrophic compartments and provide
rates for biogeochemical models.

Our findings place the grazing activity of heterotrophic protozoans on diatoms in the
center of attention for future research on Si(OH), recycling in pelagic systems (Fig. 8).
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Protozoan herbivory will lead to fast recycling and sustain regenerated diatom growth in
areas where primary production is Si-limited. In comparison, mesozooplankton grazing
on diatoms or protozoans will extract C and Si from this regenerative system (Wassmann
1998). Results further demonstrate that the effect of protozoan grazers on Si(OH)y4
dynamics varies depending on the grazer and diatom species who are engaged in the
trophic interaction. Finally, this study adds evidence to the notion that top-down effects
can influence the growth dynamics of diatoms and the structure of pelagic ecosystems
(Verity and Smetacek 1996).

Methods

Incubation Experiments and Culture Conditions: Five grazing experiments were
conducted during 2006 and 2007. Representative of two major taxonomic groups in
aquatic systems, the heterotrophic dinoflagellate Oxyrrhis marina (SAG strain B21.89;
“Sammlung von Algenkulturen, Universitdt Gottingen™), and an oligotrich ciliate of the
genus Strombidium sp. (isolated from the Bay of Brest) were chosen as grazer models and
added to late exponential or early stationary phase cultures of Thalassiosira pseudonana
(CCMP strain 1015) and Chaetoceros gracilis (obtained from the IFREMER aquaculture
station in Argenton, France). Both prey diatoms are single-celled and of small size
(approx. 5 um). The setae on C. gracilis cells represent a major morphological difference
between both diatoms which may affect prey suitability and ocean biogeochemistry
(sensu Smetacek et al. 2004; Verity and Smetacek 1996).

Control and grazing treatments were incubated in triplicate, in 500ml polycarbonate
bottles, at 20°C and in the dark for up to 7 days. Sub-sampling took place after 24h, 48h,
and 96h or 168h respectively. Details on experimental conditions are presented in Table
1. Variations in the respective initial abundance of predator, prey and bacteria in the set-
up reflect differences in the growth of diatoms, grazers and bacteria previous to the start
of the experiment. It has been tested whether the initial abundance of diatoms, grazers or
bacteria influenced final net changes in Si(OH)s; concentration but no correlation
(Pearson, bilateral test, p<0.05) between the parameters could be detected.

All phytoplankton cultures were grown as batch cultures under a 16h light: 8h dark
cycle, in f/2 medium (Guillard and Ryther 1962). Dissolved silicate concentrations in the
f/2 medium were, however, reduced to 30 pM. In preliminary incubations, both diatoms
used in this study showed similar initial exponential growth rates at 100 uM (i.e. the full
Si(OH)4 addition of the f/2 medium) and at 10 uM, but reached lower cell densities in the
10 uM treatment (data not shown). An addition of 30 uM Si(OH), to the cultures in the
final experimental set-up allowed to reach sufficient diatom cell densities but kept the
Si(OH)4 background concentrations low (< 5 uM; see Table 1) in order to measure
differences in the temporal evolution of Si(OH); concentrations between experimental
treatments.

Microzooplankton cultures were reared on batch cultures of the chlorophyte
Dunaliella salina, grown in f/2 medium without silicate addition. Stock cultures reached
densities of 5000 cells mI™" (Oxyrrhis marina), and 400 cells ml™" (Strombidium sp.).
These concentrations are comparable to thoses reached in other studies (Dolan and Simek
1997; Jeong et al. 2003). Protozoans were not fed in the last 48h before the start of the
experiment. This assured minimal transfer of D. salina into the grazing treatments.

11



Chemical Analysis of Si: For the determination of silicic acid (Si(OH)4) a 20-50 ml sub-
sample of the experimental volume was filtered through a 0.6 um polycarbonate
membrane and the filtrate was analyzed on a Technicon Autoanalyser according to the
method of Tréguer and Le Corre (1975). The filter was frozen at -20°C for the later
determination of biogenic silica (bSi0;) following the protocol proposed by Ragueneau
and Tréguer (1994). For the alkaline digestion of bSiO; the filter is resuspended in 4 ml
NaOH (0.2 M), digested for 40 min at 100°C, neutralized with 1 ml HCI (1 M) and
Si(OH)4 concentrations determined accordingly.

Cell Abundance of Bacteria, Diatoms, Dinoflagellate and Ciliate: Abundances of the
ciliate were estimated from samples fixed with Lugol’s solution and counted on an
inverted microscope (Utermohl 1958).

Cell abundance of bacteria, diatoms and the dinoflagellate were determined on sub-
samples fixed with glutaraldehyde (0.5 % final concentration) and analyzed by flow
cytometry. Methods were adapted from routine protocols (Marie et al. 1997; Marie et al.
1999) developed and used at the neighboring marine station in Roscoff (France) to
estimate plankton and bacterial abundances in sea-water by flow cytometry. The protocol
used in this study was established in our laboratory for bivalve cells analysis (Delaporte
et al. 2003; Lambert et al. 2003; Lambert et al. 2007). Preliminary experiments were
performed in order to test flow cytometry reproducibility and to compare diatom counting
obtained by microscopy to flow cytometry analysis. As a result, repeated analysis (n=14)
of the same sample by flow cytometry showed a very low variation coefficient of 1.32%.
Comparison of diatom counts obtained with microscopy and flow cytometry (5 sampling
dates x 3 replicates) showed no significant differences in the standard deviation for each
sampling date (F-test, 95% confidence level) and no difference in the mean value of four
out of five sampling dates (t-test, 95% confidence level). Also for O. marina, mean cell
abundance estimated with the microscope and with flow cytometry were not significantly
different over the time course of the experiment (t-test, 95% confidence level). Around
1 ml of each individual fixed sample was filtered through an 80um-mesh and transferred
into two separate tubes for flow cytometry (12x75 mm, 5 ml polystyrene round bottom
test tube, BD Falcon™ ref 352052). The first one was analyzed without delay to estimate
the diatom concentration. A DNA-specific dye, SYBR green I 10,000X in dimethyl
sulfoxide (Molecular Probes, USA) was diluted by a factor of ten with filtered, sterile
seawater (FSSW), divided into aliquots, and then stored at —20°C. This working solution
was added at 1% final concentration (v/v) to the second tube, which was used to estimate
dinoflagellate as well as bacterial concentrations after 30 min incubation in the dark at
room temperature, which allowed the dye to penetrate the cells.

Analyses were done using a FACSCalibur flow cytometer (Becton Dickinson, San
Diego, CA, USA) equipped with a blue laser (argon, 488 nm) and using PBS azide as
sheath fluid. Settings of the flow cytometer were adapted to the various cell types
(bacteria, diatoms, and dinoflagellates): a 30 second analysis per sample at a low flow
rate (~ 15 pl min™) for bacterial cell count, and 60 second analyses at a high flow rate (~
60 ul min™) for diatoms. Due to their lower concentration, dinoflagellates were analyzed
at high rate until one hundred cells had been detected. The chlorophyll a red fluorescence
of the diatoms was measurable on the FL3 detector (> 630 nm) of the flow cytometer,
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allowing distinction of algal cells from other particles. The SYBR Green fluorescence,
related to the DNA content of bacteria and dinoflagellate, was measurable on the FL1
detector (green) of the flow cytometer at 500-530 nm allowing detection of the selected
target and calculation of the number of individual cells. Finally, based on the flow rate of
the cytometer calculated according to Marie et al. (1999), the total concentration of
diatoms, bacteria and dinoflagellates was estimated in cells ml.

Rate Calculations: Ingestion rates (I) for Oxyrrhis marina and Strombidium sp. grazing
on diatoms and bacteria were calculated from differences in cell concentrations between
control and grazing bottles according to Strom et al. (1997). On few occasions, grazing
coefficients determined for a replicate bottle during a specific time interval were negative
due to “net growth™ of cells in bottles with grazers. For these replicates ingestion was
considered zero in the calculation of average rates and standard deviation.

Growth rates (u; doublings d') of bacteria and microzooplankton were estimated
from changes in cell concentrations (C) between two sampling points (t; and t) assuming
exponential growth (Verity and Villareal 1986; Strom et al. 1997).

p=(InCy-1nCy) * (1/t5-t))

Loss rates and accumulation rates in nmol Si(OH)4 per liter and day were calculated
as
Ac = (c[Si(OH)4]i2 - ¢[Si(OH)4]u1)/ (t2-t1)

with c[Si(OH)4];; and c¢[Si(OH)4]i», being the Si(OH); concentrations measured the
beginning (t;) and the end of the time interval (t,), respectively.

Statistical Tests: Differences of bacterial growth rates, Si(OH)s net removal and net
release between control and grazing treatments over all three sampling intervals were
tested with a repeated measures analysis of variance of ranks (Friedman test). The origin
of the differences was determined with the Tukey post-hoc test. Whether
microzooplankton grazing increased recycling of Si(OH)s compared to the control was
tested with Mann-Whitney statistics.

Acknowledgements

We thank U. Tillman (AWI) for providing the culture of Oxyrrhis marina and for the
introduction to working with microheterotrophic zooplankton. G. Sarthou (LEMAR)
provided much helpful advice for laboratory and culture work. Figures were prepared for
publication by M. Briand (LEMAR). Constructive comments of C. de la Rocha and H.
Stibor substantially improved the quality of the manuscript. This study was funded by the
Marie Curie Intra-European Fellowship no. 010882 (ZOOPALIS) to S.S. and O.R. and a
CNRS post-doc fellowship (project VICOFLUX).

13



References

Andersen T, Schartau AKL, Paasche E (1991) Quantifying external and internal
nitrogen and phosphorus pool, as well as nitrogen and phosphorus supplied through
remineralization, in coast marine plankton by means of a dilution technique. Mar Ecol
Prog Ser 69: 67-80

Archer SD, Verity PG, Stefels J (2000) Impact of microzooplankton on the progression
and fate of the spring bloom in fjords of northern Norway. Aquat Microb Ecol 22: 27-
41

Azam F, Fenchel T, Field JG, Gray JS, Meyer-Reil L-A, Thingstad F (1983) The
ecological role of water-column microbes in the sea. Mar Ecol Prog Ser 10: 257-263

Barbeau K, Kujawinski EB, Moffet JW (2001) Remineralization and recycling of iron,
thorium and organic carbon by heterotrophic marine protists in culture. Aquat Microb
Ecol 24: 69-81

Barbeau K, Moffet JW, Caron DA, Croot PL, Erdner DL (1996) Role of protozoan
grazing in relieving iron limitation of phytoplankton. Nature 380: 61-64

Beucher C, Treguer P, Corvaisier R, Hapette AM, Elskens M (2004) Production and
dissolution of biogenic silica, and changing microplankton dominance in the Bay of
Brest (France). Mar Ecol Prog Ser 267: 57-69

Bidle KD, Azam F (1999) Accelerated dissolution of diatom silica by marine bacterial
assemblages. Nature 397: 508-512

Bidle KD, Azam F (2001) Bacterial control of silicon regeneration from diatom detritus:
significance of bacterial ectohydrolases and species identity. Limnol Oceanogr 46:
1606-1623

Bidle, KD, Manganelli M, Azam F (2002) Regulation of oceanic silicon and carbon
preservation by temperature control on bacteria. Science 298: 1980-1984

Brzezinski MA (1985) The Si:C:N ratio of marine diatoms: Interspecific variability and
the effect of some environmental variables. J Phycol 21: 347-357

Buck KR, Newton J (1995) Fecal pellet flux in Dabob Bay during a diatom bloom:
Contribution of microzooplankton. Limnol Oceanogr 40: 306-315

Calbet A, Landry MR (2004) Phytoplankton growth, microzooplankton grazing, and
carbon cycling in marine systems. Limnol Oceanogr 49: 51-57

Cowie GL, Hedges JI (1996) Digestion and alteration of the biochemical constituents of
a diatom (Thalassiosira weissflogii) ingested by an herbivorous copepod (Calanus
pacificus). Limnol Oceanogr 41: 581-594

Claquin P, Martin-Jezequel V, Kromkamp JC, Velduis MJW, Kraay GW (2002)
Uncoupling of silicon compared with carbon and nitrogen metabolisms and the role
of the cell cycle in continuous cultures of Thalassiosira pseudonana
(Bacillariophyceae) under light, nitrogen, and phosphorus control. J Phycol 38: 922-
930.

Delaporte M, Soudant P, Moal J, Lambert C, Quere C, Miner P, Choquet G,
Paillard C, Samain JF (2003). Effect of a mono-specific algal diet on immune
functions in two bivalve species - Crassostrea gigas and Ruditapes philippinarum. J
Exp Biol 206: 3053-3064

Dolan JR, Simek K (1997) Processing of ingested matter in Strombidium sulcatum, a
marine ciliate (Oligotrichida). Limnol Oceanogr 42: 393-397

14



Drebes G, Schnepf E (1998) Gyrodinium undulans Hulburt, a marine dinoflagellate
feeding on the bloom-forming diatom Odontella aurita, and on copepod and rotifer
eggs. Helgoldnder Wissenschaftliche Meeresuntersuchungen 52: 1-14

Dugdale RC, Wilkerson FP (1998) Silicate regulation of new production in the
equatorial Pacific upwelling. Nature 391: 270-273

Fok AK, Lee Y, Allen RD (1982) The correlation of digestive vacuole pH and size with
the digestive cycle in Paramecium caudatum. J Protozool 29: 409-414

Fripiat F, Corvaisier R, Navez J, Elskens M, Schoemann V, Leblanc K, André L,
Cardial D (2009) Measuring production-dissolution rates of marine biogenic silica
determined by *°Si isotope dilution using a high resolution sector field inductively
coupled plasma mass spectrometer. Limnol Oceanogr Methods 7: 470-478

Goldmann JC, Dennett MR, Gordin H (1989) Dynamics of herbivorous grazing by the
heterotrophic dinoflagellate Oxyrrhis marina. J Plankt Res 11: 391-407

Goldmann JC, Caron DA, Andersen OK, Dennett MR (1985) Nutrient cycling in a
microflagellate food chain : 1. Nitrogen dynamics. Mar Ecol Prog Ser 24: 231-242

Granum E, Myklestad SM (1999) Effects of NH4" assimilation on dark carbon fixation
and f-1,3-glucan metabolism in the marine diatom Skeletonema costatum
(Bacillariophyceae). J Phycol 35: 1191-1199

Greenwood JE, Truesdale VW, Rendell AR (2001) Biogenic silica dissolution in
seawater - in vitro chemical kinetics. Prog Oceanogr 48: 1-23

Guillard R, Ryther JH (1962) Studies of marine planktonic diatoms. I. Cyclotella nana
Hustedt and Detonula confervacea Cleve. Can J Microbiol 8: 229-239

Honjo S, Roman MR (1978) Marine copepod fecal pellets: production, preservation and
sedimentation. J] Mar Res 36: 45-57

Hutchins DA, Bruland KW (1994) Grazer-mediated regeneration and assimilation of
Fe, Zn and Mn from planktonic prey. Mar Ecol Prog Ser 110: 259-269

Hutchins DA, Bruland KW (1998) Iron-limited diatom growth and Si:N uptake ratios in
a coastal upwelling regime. Nature 393: 561-564

Irigoien X, Flynn KJ, Harris RP (2005) Phytoplankton blooms: a 'loophole' in
microzooplankton grazing impact? J Plankt Res 27: 313-321

Jacobson DM (1999) A brief history of dinoflagellate feeding research. J Eukaryot
Microbiol 46: 376-381

Jansen S (2002) Silikatlosung von Diatomeen durch Zooplanktonfrafl. Diplomarbeit.
Universitit zu Koln, Koln

Jeong HJ, Seong KA, Kim TH, Kang NS, Kim S, Park JY, Kim SJ, Kim GH, Song
JY (2008) Feeding and grazing impact by small marine heterotrophic dinoflagellates
on hetertrophic bacteria. J Eukaryot Microbiol 55: 271-288

Jeong HJ, Kim JS, Yoo YD, Kim ST, Kim TH, Park MG, Lee CH, Seong KA, Kang
NS, Shim JH (2003) Feeding by the heterotrophic dinoflagellate Oxhyrris marina on
the red-tide raphidophyte Hetersigma akashiwo : a potential biological method to
control red tides using mass-cultured grazers. J Eukaryot Microbiol 50: 274-282

Johannes RE (1965) Influence of marine protozoa on nutrient regeneration. Limnol
Oceanogr 10: 434-442

Kamatani A (1982) Dissolution rates of silica from diatoms decomposing at various
temperatures. Mar Biol 68: 91-96

15



Lambert C, Soudant P, Choquet G, Paillard C (2003) Measurement of Crassostrea
gigas hemocyte oxidative metabolism by flow cytometry and the inhibiting capacity
of pathogenic vibrios. Fish Shellfish Immunol 15: 225-240

Lambert C, Soudant P, Dégremont L, Delaporte M, Moal J, Boudry P, Jean F,
Huvet A, Samain J-F (2007) Hemocyte characteristics in families of oysters,
Crassostrea gigas, selected for differential survival during summer and reared in
three sites. Aquaculture 270: 276-288.

Lehman JT (1980) Release and cycling of nutrients between planktonic algae and
herbivores. Limnol Oceanogr 25: 630-632

Leynaert A, Tréguer P, Lancelot C, Rodier M (2001) Silicon limitation of biogenic
silica production in the Equatorial Pacific. Deep-Sea Res 1 48: 639-660

Marie D, Partensky F, Jacquet S, Vaulot D (1997) Enumeration and cell cycle analysis
of natural population of marine picoplankton by flow cytometry using the nucleic
acid stain SYBR Green 1. Appl Environ Microb 63: 186-193

Marie D, Partensky F, Vaulot D, Brussaard CPD (1999) Enumeration of
phytoplankton, bacteria, and viruses in marine samples. In: Robinson JP,
Darzynkiewicz Z, Dean PN, Orfao A, Rabinovitch P, Stewart C, Tanke HJ, Wheeless
L. (Eds.), Current protocols in cytometry. John Wiley and Sons, Inc., New York.
N.Y., pp. 11.11.11-11.11.15.cece

Martin-Jézéquel V, Hildebrand M, Brzezinski MA (2000) Silicon metabolism in
diatoms: Implications for growth. J Phycol 36: 821-840

Montagnes DJS (1996) Growth responses of planktonic ciliates in the genera
Strombilidium and Strombidium. Mar Ecol Prog Ser 130: 241-254.

Moriceau B, Garvey M, Ragueneau O, Passow U (2007) Evidence for reduced
biogenic silica dissolution rates in diatom aggregates. Mar Ecol Prog Ser 333: 129-
142.

Naustvoll L-J (2000) Prey size spectra in naked heterotrophic dinoflagellates.
Phycologia 39: 448-455

Nothig E-M, von Bodungen B (1989) Occurrence and vertical flux of fecal pellets of
probably protozoan origin in the southeastern Weddell Sea (Antarctica). Mar Ecol
Prog Ser 56: 281-289

Opik H, Flynn KJ (1989) The digestive process of the dinoflagellate Oxyrrhis marina
Dujardin, feeding on the chlorophyte, Dunaliella primolecta Butcher: a combined
study of ultrastructure and free amino acids. New Phytol 113: 143-151

Pondaven P, Gallinari M, Chollet S, Bucciarelli E, Sarthou G, Schultes S, Jean F
(2007) Grazing-induced changes in cell wall silicification in a marine diatom. Protist
158: 21-28

Ragueneau O, Tréguer P (1994) Determination of biogenic silica in coastal waters:
applicability and limits of the alkaline digestion method. Mar Chem 45: 43-51

Ragueneau O, Savoye N, Del Amo Y, Cotten J, Tardiveau B, Leynaert A (2005) A
new measurement of biogenic silica in suspended matter of coastal waters: using
Si:Al ratios to correct for the mineral interference. Cont Shelf Res 25: 697-710

Schrader HJ (1971) Fecal pellets: Role in sedimentation of pelagic diatoms. Science
174: 55-57

Schultes, S (2004) Role of mesozooplankton grazing in the biogeochemical cycle of
silicon in the Southern Ocean. Doctoral dissertation. Universitaet Bremen. 167 pp.

16



Sherr EB, Sherr BF (1994) Bacterivory and herbivory: key roles of phagotrophic
protists in pelagic food webs. Microbial Ecol 28: 223-235

Sherr EB, Sherr BF (2007) Heterotrophic dinoflagellates: a significant component of
microzooplankton biomass and major grazers of diatoms in the sea. Mar Ecol Prog
Ser 352: 187-197

Smetacek V (1981) The annual cycle of protozooplankton in Kiel Bight. Mar Biol 63: 1-
11.

Smetacek V (2001) A watery arme race. Nature 411: 745

Smetacek V, Assmy P, Henjes J (2004) The role of grazing in structuring Southern
Ocean pelagic ecosystems and biogeochemical cycles. Antarctic Science 16: 541-558

Stoecker DK (1984) Particle production by planktonic ciliates. Limnol Oceanogr 29:
930-940

Strom SL, Benner R, Ziegler S, Dagg MJ (1997) Planktonic grazers are potentially
important source of marine dissolved organic carbon. Limnol Oceanogr 42: 1364-
1374

Strom SL, Morello TA (1998) Comparative growth rates and yields of ciliates and
heterotrophic dinoflagellates. J Plankt Res 20: 571-584

Tillmann U (2004) Interactions between planktonic microalgae and protozoan grazers. J
Eukaryot Microbiol 51: 156-168

Tréguer P, Le Corre P (1975) Manuel d'analyse des sels nutritifs dans I'eau de mer:
utilisation de l'auto-analyseur Technicon II, Ed 2nd. Universite de Bretagne
Occidentale, Brest, 110pp.

Truesdale VW, Greenwood JE, Rendell AR (2005) In vitro, batch dissolution of
biogenic silica in seawater — the application of recent modelling to real data. Prog
Oceanogr 66: 1-24.

Twiss MR, Campbell PGC, Auclair J-C (1996) Regeneration, recycling, and trophic
transfer of trace metals by microbial food-web organisms in the pelagic surface
waters of Lake Erie. Limnol Oceanogr 41: 1425-1437

Utermohl H (1958) Zur Vervollkommnung der qualitativen Phytoplankton-Methodik.
Mitt. Int. Theor. Angewandte Limnologie 9: 1-38

Verity PG, Smetacek V (1996) Organism life cycles, predation, and the structure of
marine pelagic ecosystems. Mar Ecol Prog Ser 130: 277-293

Verity PG, Villareal TA (1986) The relative food value of diatoms, dinoflagellates,
flagellates, and cyanobacteria for tintinnid ciliates. Arch Protistenkd 131: 71-84

Wassmann P (1998) Retention versus export food chains: processes controlling sinking
loss from marine pelagic systems. Hydrobiologia 363: 29-57.

17



Tables

Table 1. List of incubation experiments performed in this study. Predator-prey combinations,
initial cell abundances and Si(OH), concentrations are presented. Numbers represent the mean
of three replicates and the standard deviation from the mean.

Experiment ~ Treatment Diatoms Grazer Bacteria Si(OH)4
P (cellsml™)  (cellsml™) (cellsml")x 10° (umol1™)

Thalassiosira 95289 +

| pseudonana 5871 1.80 +£0.50 2.61 £0.07
f)x;’jfhffﬁjflfl; ooy T 729£20 253008 2.90 +0.07
Thalassiosira 99600 +

) pseudonana 12900 0.25 +£0.03 1.28 £0.07
f)x;’jfhffﬁjflfl; et 8272129 089£0.05 4.14 +0.05
g:;cﬁ;iosceros }2%3(1)8 * 1.14 £0.10 2.18 £0.15

3 .
G e dass | HM2EST LT22004 1942025
Thalassiosira 346943 +

4 pseudonana 10544 2.43£0.10 1.46 +£0.27
ST 3oy 4726 1962009 176006
gcr}z,iei;ioscems ;‘g?géo * 0.39 +0.02 136 £0.10

5 .
G o llsos | TAE19 0465002 1242021
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Table 2. Results of the statistical analyses to determine significant differences between control and grazing
incubations. Friedman test results ()°) and probability (p) are presented for differences in bacterial growth rate and
changes in Si dynamics. For individual time steps differences between control and grazing treatment are presented
based on the Tukey post-hoc test. s = significant, ns = not significant. Symbols in the last column indicate strong
(%), weak (*) or no (-) grazing on diatoms during the respective time interval.

Experiment Friedman Tukey post-hoc Grazing
u Bacteria A [Si(OH)4] Time interval p Bacteria A [Si(OH)4]
T. pseudonana + v2=14.76  y2=14.18 0-24 h S S s
O. marina (exp 1) p=0.01 p=0.01 24-48 h N ns *
48-168 h s ns -
T. pseudonana + v2=13.81 12=13.62 0-24 h ns S sk
O. marina (exp 2) =0.02 =0.02 24-48 h S s .
' P = = 48-96 h ns s )
C. gracilis + v’=14.19 v’=14.0 0-24 h s s
O. marina (exp 3) =0.01 —0.02 24-48 h ns ns
' b p= = 48-168 h ns s o
T. pseudonana + v =13.62 %2=10.72" 0-24 h s S
Strombidium sp. (exp 4)  p=0.02 =0.06 24-48 h ns ns
PSP PR = 48-96 h s ns
C. gracilis + %2:14‘38 Xr2:4_85n5 0-24 h ns ns -
Strombidium sp. (exp 5)  p=0.01 =0.43 24-48 h ns ns ]
rombidium sp. (exp p=0. p=0. 206 L e ns :
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Table 3. Net change in silicic acid concentrations (mean concentration and standard deviation)
for control and grazing treatments of the five experiments. The estimated percentage of bSiO,
that has been ingested by the grazers, and the probability (p) for Mann-Whitney comparison of
median values are indicated for each experiment. n=3

Experiment ~ Diatom Treatment Net C?Sglgofi ?}gOHh ‘ﬁgbessi(e);
U peeudonana O marina 10 751096
2 ;f:;ZiﬁZZZa gz;;i;)zlzs marina _01?;, ((%%)) 71.3 0.96
: g:ﬁ;gcems g?(;lt’l;’(;’llls marina (1); Egg 3.6 0.04
e TN 1. B T
S et Stombidiumsp. o103 06 033
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Table 4. Change in silicic acid concentration and ingestion rate of diatoms by the grazer over
24h of the incubation. Experiments 1-5: this study; experiments A, B: S. Schultes unpubl. data.
Probability (p) of the Mann-Whitney comparison of median values is indicated for each
experiment. n=3 (exp 1-5), n=4 (exp A, B). Numbers represent the mean and the standard
deviation of the mean.

A [ Si(OH),] nmol 1" d!

Ingestion rate

Expt Treatment ~ontrol erazing p T
1 g' ijfr‘i‘;"“”“ T 4331190 -400 (217) 0.04 27 (20)
2 gﬁfﬁioa’m”a T en 2153(182) 0.04 34 (14)
3 3 i’jf;flf " -537(136)  -86(359) 0.81 4(4)
4 EéiiZ?ZZZlZ‘; 110255 -633(15) 0.04 25 (24)
> Sirii:?llecl;zit; sp. 95 (247) -247 (136) 0.39 no grazing
A Zi vcvleaiigiogii ' -632(729)  -3038 (158) 0.02 1309 (223)
B X Z‘;Lfgig”“ T 2093(922) 2427 (224) 0.56 42 (24)
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Figure legends

Figure 1: Example of changes in the abundance of diatoms (circles), the micrograzer
(squares; both in panel A) and bacteria (panel B) in the grazing (open symbols) and
control (full symbols) incubations. Values represent the mean of three replicates; error
bars indicate the standard deviation.

Figure 2: Grazing of Oxyrrhis marina on a culture of Thalassiosira pseudonana (Exp I).
Ingestion of diatom cells by the dinoflagellate (A), growth of the dinoflagellate (B),
growth of bacteria (C) and changes in silicic acid concentrations (D) are presented.
Values represent the mean of three replicates of the control (black) and the grazing
treatment (grey). Error bars indicate the standard deviation.

Figure 3: Grazing of Oxyrrhis marina on a culture of Thalassiosira pseudonana (Exp II).
For legend see Fig. 2

Figure 4: Grazing of Oxyrrhis marina on a culture of Chaetoceros gracilis (Exp III). For
legend see Fig. 2

Figure 4: Grazing of Strombidium on a culture of Thalassiosira pseudonana (Exp IV).
For legend see Fig. 2

Figure 6: Grazing of Strombidium on a culture of Chaetoceros gracilis (Exp V). For
legend see Fig. 2

Figure 7: Changes in bSiO; concentrations over three time intervals in experiment 2.
Mean values for three replicates and the standard deviation are present for the control

(black bars) and grazing treatment (grey bars).

Figure 8: Schematic representation of the grazing and microbial processes involved in Si
cycling.
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Figure 3
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Figure 4 :
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Figure 5
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Figure 6
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