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The dilution technique was used to investigate microzooplankton grazing and phytoplankton growth in the
eastern English Channel during the diatom–Phaeocystis spring succession from January 2009 to June 2009.
Four periods were defined based on phytoplankton composition: Periods 1, 2 and 4 composed of distinct
diatom communities of small (5–20 μm length) to larger cells (20–120 μm) in colonies; Period 3 characterized
by the Phaeocystis globosa bloom. Dilution experiments were conducted before, during and after the P. globosa
bloom. Microzooplankton carbon consumption (from 18.1 to 360.9 μg C L−1 d−1) often equalled or exceeded
phytoplankton production (from 1.7 to 129.0 μg C L−1 d−1) in particular at the end of the P. globosa bloom
when microzooplankton grazed on previously formed phytoplankton biomass. Results of size-fractionated
dilution experiments, conducted with distinct grazer communities, suggested different roles for ciliates and
dinoflagellates. Ciliates appeared to be very efficient grazers of small diatoms (5–10 μm) and P. globosa free
cells, whereas dinoflagellates grazed on both larger diatoms (N10 μm; P1) and small P. globosa colonies.
Ciliates and dinoflagellates did not seem to compete for food resources, as they were oriented towards
different phytoplankton size classes.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

In the eastern English Channel, as in the Southern Bight of the
North Sea, phytoplankton spring blooms of high biomasses are
characterized by a typical diatom succession framing Phaeocystis
bloom (e.g., Grattepanche et al., 2011; Lancelot et al., 1998; Schapira
et al., 2008). In early spring, colony-forming diatoms (N100 μm) such
as Skeletonema costatum, Brockmaniella brockmanii and Ditylum
brightwelli, dominate the phytoplankton community, exploiting
winter nutrient stocks and increasing irradiance (Chan, 1980; Harris,
1978). This large diatom community is followed by Phaeocystis
globosa proliferation (Prymnesiophyceae) representing over 90% of
the phytoplankton biomass (Lamy et al., 2009; Lancelot, 1995) and a
shift of the diatom community towards Pseudonitzschia spp. and
Chaetoceros spp. The P. globosa bloom then abruptly collapses at the
end of spring (Breton et al., 2000; Seuront et al., 2006) and is followed
by summertime phytoplankton, characterized by the large fine-
walled diatoms Guinardia spp. and Rhizosolenia spp. (Schapira et al.,
2008). This succession is generally explained as one in high nutrient
coastal waters following a silicate, or alternatively, a light limitation of
diatom production (e.g. Gentilhomme and Lizon, 1998; Peperzak et

al., 1998; Rousseau et al., 2000). Thus, the intensity of the bloom, and
in particular the magnitude and the timing of P. globosa life stages
(flagellate cells, colonies, and free colonial cells, Rousseau et al., 2007)
are subject to important spatio-temporal variability (Gómez and
Souissi, 2008; Grattepanche et al., 2011; Sazhin et al., 2007; Schapira
et al., 2008). This in turn, may influence the phytoplankton–grazer
interactions (Verity, 2000).

Our study focused on the importance of microzooplankton grazing
(ciliates and dinoflagellates), which is generally considered as a main
factor in controlling phytoplankton dynamics (e.g. Calbet, 2001;
Calbet and Landry, 2004). Besides microzooplankton grazing, viral
lysis (Evans et al., 2003), parasitism (Chambouvet et al., 2008),
advective export (Levy et al., 1999), sedimentation (Crumpton and
Wetzel, 1982) and programmed cell death (Franklin et al., 2006) are
acknowledged to be also sources of phytoplankton mortality.

Laboratory experiments have shown that free cells and colonial
stages of P. globosa can support the growth and reproduction of
ciliates and dinoflagellates, but not of copepods (Jakobsen and Tang,
2002; Tang et al., 2001). A number of studies conducted in natural
environments dominated by P. globosa have shown that at later stages
of the bloom, microzooplankton grazing can largely exceed phyto-
plankton growth (Stelfox-Widdicombe et al., 2004; Weisse and
Scheffel-Möser, 1990). Microzooplankton most likely represents an
essential component of mesozooplankton and even icthyoplankton
diets, by repackaging and upgrading pico- to microplankton food
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particles for higher trophic levels (Calbet and Saiz, 2005; reviewed in
Montagnes et al., 2010).

Previous field studies focusing on the grazing impact of micro-
zooplankton in systems characterized by Phaeocystis blooms have
reported somewhat variable grazing rates on phytoplankton. For
example, in Norwegian fjords, microzooplankton grazed 47–78%d−1

of phytoplankton production (Archer et al., 2000) and in the North Sea
14–54%d−1 of the primary production (Stelfox-Widdicombe et al.,
2004 and references therein). Kuipers and Witte (1999), Nejstgaard
et al. (2007) and more recently, Calbet et al. (2010) conducted size-
fractioned dilutions assays in order to assess grazing on specific
community fractions and on different Phaeocystis life stages. In these
experiments, one of the reasons, which led to non-significant and/or
contradictory grazing rate results, was the high variance of apparent
growth rate among small phytoplankton (b5 μm).

This then, clearly has highlighted the need for further research to
clarify the relationships between phytoplankton and grazing com-
munity structures, and to quantify the impact of microzooplankton
grazing on phytoplankton in coastal systems characterized by
recurrent Phaeocystis blooms. In a previous study, involving a two
and a half year survey in the eastern English Channel (Grattepanche
et al., 2011), we related the stock and composition of micrograzers to
changes in the phytoplankton community. Here, we present the
results of microzooplankton grazing experiments, using a community
approach (dilution method; Landry and Hassett, 1982) during the
spring bloom in coastal waters of the eastern English Channel. We
hypothesized that phytoplankton community succession induced
changes in microzooplankton composition and its grazing activity on
different phytoplankton size classes. Grazing on specific phytoplank-
ton size fractions was examined in experiments that included
fractionated Chlorophyll a assays. Carbon fluxes between phyto-
plankton and micrograzers were then to be estimated, based on these
results.

2. Material and methods

The sampling site was located at the inshore station (50°40′75 N,
1°31′17 E) of the SOMLIT network (French Network of Coastal
Observatories; Fig. 1). This site was chosen, as the physical and
hydrological properties encountered, are representative of the
inshore water masses of the eastern English Channel (Brunet et al.,
1992; Schapira et al., 2008). Sampling was always conducted at 3 m
depth at high tide. Water temperature (°C) and salinity (PSU) were

measured using a Seabird SBE 25 Sealogger CTD on each sampling date.
All experimental tubing, bottles and carboyswerewashedwith 10%HCl
and thoroughly rinsed with Milli Q water prior to water collection and
experiments. Seawater collection for natural prey and predator
assemblages for grazing experiments was coordinated with sampling
for nutrients, phytoplankton andmicrozooplankton analyses. Inorganic
nutrients concentrations were determined by the use of 100 mL
samples with an Alliance Integral Futura Autoanalyser II for nitrate
(NO3

−), nitrite (NO2
−), silicate [(SiO4)4−] and phosphate (PO4

3−)
following Strickland and Parsons (1972) and Aminot and Kerouel
(2004).

2.1. Phytoplankton community

For phytoplankton composition and biomass analysis, samples
were fixed with Lugol–glutaraldehyde solution (1% v/v; Breton et al.,
2006) and examined using an inverted microscope (Nikon Eclipse
TE2000-S; ×100 and ×200) after sedimentation in 5–25 mL Hydro-
bios chambers. Cells were counted on either one-half or the whole
slide resulting in a mean of 1932±1060 cells counted per sample
(from 529 to 3653 cells). For chain-forming diatoms, the number of
cells in each colony was counted. For Phaeocystis globosa, the cell's
number (C) in a colony was estimated from the colony volume (V;
mm3), following the equation defined by Rousseau et al. (1990)

log C = 0:51 log V + 3:67 ð1Þ

Diatom carbon biomass was calculated based on cell concentration
and specific biometry using the size-dependent relationship recom-
mended by Menden-Deuer and Lessard (2000). Carbon biomass of
P. globosa colonies was calculated from biovolume measurements
following Rousseau et al. (1990). The microphytoplankton was
further divided into two size groups: (i) phytoplankton 10–100 μm
(small colonies of P. globosa and diatoms) and (ii) phytoplankton
larger than 100 μm (large colonies of P. globosa and large diatoms). To
enumerate nanophytoplankton (b10 μm) 5 to 10 mL samples were
preserved using borax buffered formaldehyde (1% v/v). Samples were
filtered onto black Nuclepore filters (0.8 μm), stained with DAPI
(Porter and Feig, 1980) and enumerated using epifluorescence
microscopy (Leica FW4000; ×1000). To distinguish between photo-
trophic and heterotrophic cells, autofluorescence (chlorophyll) was
determined under blue light excitation (Band Pass 450–480 nm) and
a least 250 cells were counted per sample. Phototrophic nanoplankton
was almost entirely represented by free P. globosa cells. For biomass
estimates, biovolume was calculated based on the linear dimensions
of 300 cells (length and width) and converted to biomass according to
Menden-Deuer and Lessard (2000).

2.2. Microzooplankton community

For heterotrophic protists enumeration, samples (250 mL) were
placed in opaque glass bottles, fixed with acid Lugol's solution (2% v/
v). Samples further sedimented in 100 mL Hydrobios chambers were
enumerated (533±254 cells per sample were counted) using an
inverted microscope (Nikon Eclipse TE2000-S; ×200 or ×400).
Protists (ciliates and dinoflagellates) were identified based on their
morphology since Lugol preservation does not allow the assessment
of the trophic status of protists based on their fluorescence. Ciliates
and dinoflagellates were pooled in 3 main size classes: b20, 20–40
and N40 μm. Linear dimensions (length and width) for minimum 10
to maximum 300 cells, for rare and abundant morphotypes respec-
tively, were measured using an image analyser with a camera mounted
on themicroscope. Cells biovolumewascalculatedassuming thenearest
geometrical shape and converted to carbon biomass using a conversion
factor of 190 fg C μm−3 for ciliates (Putt and Stoecker, 1989) and of
0.760×volume0.819pg C μm−3 for dinoflagellates (Stoecker et al., 1994).Fig. 1. Location of the SOMLIT station (●).

88 J.-D. Grattepanche et al. / Journal of Experimental Marine Biology and Ecology 404 (2011) 87–97



Author's personal copy

Microzooplankton metazoans were also counted in the settled samples
to assess their relative contribution to the microzooplankton stock over
the study.

2.3. Microzooplankton herbivory via dilution experiments

Twelve dilution experiments were conducted before, during and
after the P. globosa bloom from January 2009 to June 2009 (Table 1).
Water for the dilution assays was collected with 30 L Niskin bottles at
3 m depth. Onboard, seawater was gently sieved into 20 L carboys by
slow overflow filtration through 200 μm immersed nylon mesh. (This
removed copepods and other larger grazers in order to take into
account microzooplankton grazing on b200 μm prey.) Care was taken
not to overload the mesh, particularly when P. globosa and diatom-
forming colonies were present. The 200 μm screened water was used
as whole seawater in setting up the dilution series, and brought back
to the laboratory within 2 h of its collection.

2.3.1. Dilution experiment design
Dilution experiments were carried out following the protocol of

Landry and Hassett (1982). While in the laboratory, preparation steps
were carried out in a temperature-controlled environmental chamber,
at in situ temperature. For dilutions, particle-free seawater (PFS; 0.2 μm)
was prepared by low-pressure filtration (b50 mmHg). PFS was added
to 1.2 L polycarbonate bottles using a set of bottles of known volume to
yield replicate treatments of 100%, 75%, 50%, 25% and 10% of whole
seawater (b200 μm). The carboy containing whole water was contin-
uouslymixed,whilewaterwas siphoned out to fill experimental bottles
and an additional 2 L bottle for initial samples. Clingfilm was placed on
top of each bottle prior to securing the cap, in order to minimize air
bubble introduction in the bottles, since protists reportedly can be lysed
in contact with air (Gifford, 1988). No nutrients were added to the
dilution treatments because the system is generally considered
nutrient-rich andmost previous dilution studies in the English Channel
and North Sea have not employed nutrient addition treatments
(Brussaard et al., 1995, 2005; Stelfox-Widdicombe et al., 2004; Weisse
and Scheffel-Möser, 1990). The possibility of nutrient-limitation in
dilute treatments was assessed following Gifford (1988) by comparing
estimates of phytoplankton growth (k) and microzooplankton grazing
(g) with and without the wholewater (undiluted) treatments. Nutrient
limitationwasnot apparent in any of the experiments (data not shown).
No feeding threshold was noted during our experiments.

Dilution experiment bottles were incubated at in situ temperature
and light level following the light–dark cycle that mimics the natural
photoperiod over the season (45–390 μE m−2 s−1). Bottleswere placed
on a plankton wheel rotated at 1 rpm thus permitting homogenisation
of bottle content without settling of materials. The duration of dilution
experiments was tested in preliminary experiments for 48 h and 24 h

(data not shown). Results indicated that 24 h incubations would yield
adequate growth and grazing rates, and minimize bottle effects.

2.3.2. Dilution experiment sampling
Initial samples were taken from whole seawater samples for the

determination of chlorophyll a (Chla) concentrations. From 100 to
250 mL triplicate volumes were filtered onto Nuclepore 0.2 μm filters
(b50 mm Hg) for total Chla (CT).

For fractionated Chla assays, a first filtration onto 5 μm Nuclepore
filters permitted assessment of the [5–200 μm]Chla size fraction (C1). A
second filtration onto 5 μm filters after pre-sieving onto a 10 μm nylon
mesh was used to determine the [5–10 μm] Chla size fraction (C2). The
difference between total Chla (CT) concentrations and C1 was used to
estimate the [0.2–5 μm] size fraction (hereafter referred to as b5 μm).
The [10–200 μm] size fraction (hereafter referred to as N10 μm) was
taken as the difference between C1 and C2 concentrations. These size
classes (i.e. b5 μm, 5–10 μm and N10 μm) were chosen as they match
the size spectra exhibited by the distinct life stages of P. globosa i.e. 5–
10 μm Chla corresponded to colonial and large flagellated cells of
P. globosa whereas the b5 μm Chla essentially corresponded to small
flagellated cells (Guiselin et al., 2009).

Chla concentrations were estimated by fluorometry (Lorenzen,
1966). Filters were extracted overnight in 90% acetone at 4 °C. At the
end of the extraction period, Chla concentrations were determined
using a calibrated 10-AU Turner Designs© fluorometer. Initial Chla
concentration for each dilution treatment was estimated by multi-
plying initial whole seawater Chla concentrations (b200 μm; C0, μg
Chla L−1) and corresponding dilution factors.

2.3.3. Phytoplankton growth and microzooplankton grazing
Changes in the Chla concentration over the 24 h incubation

period were used to calculate the instantaneous phytoplankton
growth (k, d−1), assuming an exponential increase and grazing-
related mortality (g, d−1; Landry and Hassett, 1982). The co-
efficients k and g were determined from the best fit of the linear
model linking apparent phytoplankton growth (μ) versus the
fraction of whole water (Gallegos, 1989; Landry and Hassett, 1982).

Microzooplankton grazing pressure (Pμ;% Chla standing stock
d−1 hereafter %Chla ss d−1) was calculated following Pμ= Iμ /C0,
where Iμ is the Chla consumption by microzooplankton per day
(μg Chla L−1 d−1) calculated as Iμ=Cm×g. Cm is the mean Chla
concentration throughout the incubation, defined from Frost (1972;
μg Chla L−1).

The daily phytoplankton production based on Chla concentration
(Kμ, μg Chla L−1 d−1) was calculated as Kμ=Cm×k. A proxy for
phytoplankton carbon production (Kμcarbon) and consumption (Iμcarbon;
μg C L−1 d−1) for each experiment was calculated as:

KμCarbon = Kμ ×
B0

C0
ð2Þ

IμCarbon = Iμ ×
B0

C0
ð3Þ

where B0 (μg C L−1) and C0 (μg Chla L−1) are the initial phytoplank-
ton biomass and Chla concentration, respectively. Note that in size-
fractionated experiments, B0 and C0 were calculated for each size
fraction separately.

Microzooplankton clearance rates (CR, μL pred−1 h−1) were
estimated as:

CR =
Iμ × 106

Cm × Amicrozoo × 24
ð4Þ

where Amicrozoo is the initial microzooplankton abundance (ind L−1).

Table 1
Environmental parameters (at 3 m depth) from January to June 2009 in the coastal
waters of the eastern English Channel (SOMLIT station). nd: no data.

Period Date Temperature
(°C)

Salinity Nitrate+nitrite
(μM)

Phosphate
(μM)

Silicate
(μM)

P1 27 Jan 5.8 34.7 13.2 0.5 6.3
6 Feb 4.6 34.3 17.8 1.1 8.5
9 Feb 5.1 34.5 13.8 0.4 5.6
20 Feb 5.0 33.8 16.1 0.7 2.6

P2 25 Feb nd nd nd nd 0.7
2 March 6.2 33.8 nd 0.3 b0.5
11 March 6.7 33.9 13.3 0.2 0.5
16 March 7.3 33.6 nd nd 0.4

P3 30 March 8.3 33.8 8.7 0.2 0.9
7 April 8.6 34.0 6.3 0.2 0.9
27 April 11.6 34.0 0.1 0.3 3.4

P4 9 June 14.9 34.3 0.1 0.1 1.1
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2.4. Data analyses

For each dilution experiment, analysis of variance was used to
indicate variations in apparent phytoplankton growth (μ) versus the
fraction of whole seawater. The linear model of Landry and Hassett
(1982) was determined according to the least squared method. The
correlation coefficient (r) was then calculated between apparent
phytoplankton growth (μ) and the fraction of whole seawater.
Standard errors for slope and intercept of the regressions were
calculated with Excel-STAT.

3. Results

3.1. Environmental conditions

During 2009, salinity and seawater temperature ranged from 33.6 to
34.7 and from 4.6 to 14.9 °C, respectively (Table 1). Concentrations of
inorganic nutrients exhibited typical seasonal patterns for this temper-
ate coastal area (Gentilhomme and Lizon, 1998; Rousseau et al., 2002;
Schapira et al., 2008): highest concentrations were recorded at the end
of winter reaching 18.1 μM for (NO3

−+NO2
−), 1.1 μM for PO4

3− and
8.5 μM for (SiO4)4− (Table 1). Phytoplankton bloom development
started at the beginning of February and correspondedwith a decline in

nutrient concentrations, particularly for PO4
3− and (SiO4)4−. The lowest

concentration of NO3
−+NO2

− was recorded in June (0.1 μM).

3.2. Phytoplankton composition

Four periods were distinguished based on community composition
(Fig. 2a, b; Table 2): Period 1 (P1, January 27 to February 20)
corresponded to the dominance of small diatoms (5–20 μm length;
Skeletonema costatum and Thalassiosira levanderi) either isolated, or in
forming colonies (10–100 to N100 μm), and phytoplankton abundance
peaked at 7.9×106cells L−1. During this period the N10 μmsize fraction
dominated, reaching75%of total Chla (Fig. 2a). Period 2 (P2, February 25
to March 16) coincided with the highest Chla concentrations
(22.9 μg Chla L−1), and the phytoplankton community was dominated
by largerdiatoms (20–120 μm) forming colonies (N100 μm;Chaetoceros
spp., Pseudonitzschia spp. and Ditylum brightwellii; Table 2, Fig. 2b).
Phytoplankton abundance was around 3.0×106cells L−1, while bio-
mass increased to a peak of 351.4 μg C L−1. Period 3 was characterized
by the occurrence of the P. globosa bloom(P3;March30 to April 27). The
relatively low Chla concentration recorded during this period (Fig. 2a)
reflects the high C/Chla ratio of P. globosa colonies. This P. globosa bloom
was first characterized by large colonies (N100 μm), with the diatoms
Pseudonitzschia spp. and Chaetoceros spp. contributing to the N10 μm
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Chla size fraction (March–April; Fig. 2a andb). Following this, during the
later stage of the bloom (end of April), colony senescence released
flagellated P. globosa cells leading to the increase of the b5 μm
phytoplankton size fraction (Fig. 2b). The last sampling date (hereafter
referred as P4; June 2009) corresponded to the post-bloom period and
the spring to summer transition (Table 2; Fig. 2b). The phytoplankton
community was characterized by fine-walled diatoms (Leptocylindrus
danicus, Guinardia spp.) forming large colonies (N100 μm) and small
phytoplankton cells (b5 μm) such as cryptophyceans (roughly 50% of
total phytoplankton abundance). Chla concentrations remained around
5 μg Chla L−1 (Fig. 2a and b).

3.3. Microzooplankton composition

The microzooplankton community was mainly composed of
ciliates and dinoflagellates. Microzooplanktonic metazoans (cirriped
larvae and copepod nauplii) appeared in low concentrations, except at
the end of January (780 ind L−1, Table 2). Heterotrophic protist
biomass and abundance ranged from 6.3 to 57.6 μg C L−1 and from 3.2
to 14.5×103cells L−1, respectively (Fig. 2c; Table 2). Ciliates mainly
comprised Strombidium spp. (ESD=38.7±16.1 μm) and Tontonia sp.
(ESD=39.0±15.0 μm), whereas dinoflagellates were essentially
composed of ≈40 μm individuals of the species Gyrodinium spirale
and Protoperidinium spp. For example the ciliates Tontonia sp., Laboea
strobila, Strombidium acutum and S. capitatum, which are known as
mixotrophic ciliates, were present in our samples and represented 6
to 70% of the ciliate biomass. Regarding the dominant genus/species of
dinoflagellates encountered in our samples, Prorocentrum micans,
known to be mixotrophic (Schnepf and Winter, 1990), represented
less than 4% of dinoflagellate biomass and abundance. The heterotro-
phic dinoflagellates Gyrodinium spirale, Spatulodinium pseudonoctiluca
and Protoperidinium spp. (Gómez and Souissi, 2007; Gribble and
Anderson, 2006; Hansen, 1992) represented over 90% of dinoflagel-
late biomass and abundance. Dinoflagellates dominated the protozo-
an standing stocks throughout the study period, except duringmost of
P1 and at the end of the P. globosa bloom (P3, Table 2). In fact,
throughout P1, the dinoflagellates to ciliates abundance ratio
averaged 1:1, whereas ciliates dominated by a factor of 2 to 3 in
biomass (Table 2). From the end of P1 (20 February) and during the
diatom–Phaeocystis succession (from March to April; P1 to P3),
dinoflagellates noticeably dominated in terms of both abundance and
biomass, with a dinoflagellate to ciliate abundance and biomass ratio
of 0.9 to 5.8 and of 3.1 to 14.4, respectively. At the later stage of the
P. globosa bloom (i.e. colony disruption, end of P3), ciliates temporarily
dominated and were twice as important as dinoflagellates in terms of
biomass while abundances were still comparable (Table 2; April 27).

3.4. Whole seawater (0.2–200 μm) dilution experiments

Significant slopes and positive microzooplankton grazing was
observed in 11 out of the 12 dilution experiments conducted on total
Chla (Table 3; Fig. 3). Microzooplankton grazing pressures on total Chla
ranged between 24.2 and 77.2%Chla ss d−1. The daily consumption of
phytoplankton biomass was between 18.1 and 360.9 μg C L−1 d−1,
whereas the estimated phytoplankton production ranged from 1.7 to
129.0 μg C L−1 d−1 (Fig. 4). During P1 when large colonies of small
diatoms dominated, phytoplankton growth rates (k) equalled, or were
up to 2.7 times higher than microzooplankton grazing rates (Table 3)
ranging from 0.533 to 0.828 d−1. From the end of February to mid-
March (P2)microzooplankton grazing rates (up to 0.640 d−1) equalled
or exceeded phytoplankton growth rates (0.024 to 0.446 d−1). Notably,
from the end of P1 and during P2 the increase in biomass of the
heterotrophic protists was due to dinoflagellates (Table 2; Fig. 2c) and
coincided with the shift of the phytoplankton community from small
(5–20 μm length) to larger (20–120 μm) colonial diatoms. During the
P. globosa bloom (P3), microzooplankton grazing rates were always
higher than phytoplankton growth (Table 3), which decreased from
0.51 to 0.014 d−1 through this period. Finally, although protozoan stock
was relatively high (Fig. 2c), no significant grazingwas recorded during
the last dilution experiment (9 June, P4). Estimates of grazer-specific
clearance rates followed the same trendas grazing rates and varied from
0.84 to 8.62 μL pred−1 h−1 (Table 3). The highest value was observed
during the wane of the P. globosa bloom when ciliates dominated.

Five sized fractionated dilution experiments conducted during P1
and P3 permitted the estimation of microzooplankton grazing on
specific phytoplankton size classes (Table 4). In order to assess the
reliability of fractionated dilution measurements, the sum of micro-
zooplankton consumption for each size fraction was compared to the
total microzooplankton consumption estimated from whole water
dilution experiments (Table 3). A Wilcoxon signed rank test was
applied to the two estimation of microzooplankton consumption, but
did not reveal any significant differences (n=5, α=0.05, p=0.313).

During P1, N10 μmwas the dominant Chla size fraction (75% of total
Chla, Fig. 2a) and contributed to around 90% of total phytoplankton
growth (91.1 to 112.6 μg C L−1 d−1; Fig. 4). The grazingpressure on this
fraction compared well to the values obtained from whole seawater
experiments (Table 4) and reached approximately 50% of the Chla ss
d−1 and from 71 to 90% of microzooplankton consumption (50.6 to
91.8 μg C L−1 d−1; Fig. 4). During this period the 5–10 μm size fraction,
which represented only 11–15% of Chla (Fig. 2a), was consumed with
grazing rates (0.770 and 1.211 d−1) exceeding phytoplankton growth
(0.482 and 0.960 d−1). The 5–10 μm size fractions' contribution to the
carbon fluxes through microzooplankton grazing ranged between 15

Table 2
Predators and prey stocks from January to June 2009 in the coastal waters of the eastern English Channel (SOMLIT station). Auto- (phytoplankton) and heterotrophic protists
abundance (A; cells L−1) and biomass (B; μg C L−1), relative biomass (% total phytoplankton) of diatoms and P. globosa and microplankton metazoans abundance (ind L−1, inferred
from 100 mL settled samples) at 3 m depth.

Period Date Autotrophic protists Heterotrophic protists Microplankton
metazoans

Ciliates Dinoflagellates

A (106 cells L−1) B (μg C L−1) % diatoms % P. globosa A (103 cells L−1) B (μg C L−1) A (103 cells L−1) B (μg C L−1) A (ind L−1)

P1 27 Jan 7.9 74.5 65.3% 30.9% 4.3 9.0 5.5 4.8 780
6 Feb 7.8 123.7 72.4% 17.2% 5.7 12.6 4.9 4.6 80
9 Feb 4.2 208.8 95.5% 3.5% 5.5 10.3 4.8 4.6 20
20 Feb 2.7 113.7 86.6% 5.2% 2.7 5.4 11.8 14.6 20

P2 25 Feb 3.0 224.7 95.4% 3.4% 2.3 3.8 7.3 12.5 40
2 March 2.0 351.4 98.2% 1.3% 1.3 2.4 6.9 7.3 40
11 March 2.2 239.7 96.3% 3.1% 3.0 10.1 6.8 30.1 80
16 March 3.6 83.7 91.5% 7.6% 0.5 0.8 3.6 11.7 20

P3 30 March 0.8 70.7 25.5% 73.7% 0.8 3.5 5.1 28.2 120
7 April 12.6 66.3 32.7% 66.7% 2.1 5.7 11.2 51.9 180
27 April 20.8 637.7 4.3% 95.7% 1.3 4.2 1.9 2.1 30

P4 9 June 2.0 123.7 88.7% 8.1% 1.0 3.5 7.6 13.0 0
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and 31 μg C L−1 d−1 (Table 4). The grazing pressure on the b5 μm
fraction was not significant during this period (Table 4).

During P3, the b5 μm and N10 μm size fractions represented from
36 to 50% and from 34 to 45% of total Chla, respectively (Fig. 2a,
Table 4). The size-fractionated dilution experiments revealed high
grazing rates on both fractions. At an earlier stage of the P. globosa
bloom (30 March), grazing largely exceeded growth for the N10 μm
size fraction (Table 4) with the highest value recorded for this size
fraction during our study (0.855 d−1). At the end of the bloom (27
April), the grazing rate was the highest on the b5 μm reaching up to
2.255 d−1 and a grazing pressure of 166.2%Chla ss d−1, representing
a phytoplankton consumption of 420 μg C L−1 d−1 (Table 4).

4. Discussion

The primary aim of this study was to quantify the consumption of
phytoplankton by microzooplankton during the diatom–Phaeocystis
spring succession in the eastern English Channel. We focused on
phytoplankton community succession and its relation with micro-
zooplankton composition and grazing activity particularly regarding
different phytoplankton size classes.

The phytoplankton succession observed during our study was
similar to previously reported studies in the eastern English Channel
(Schapira et al., 2008) and the coastalwaters of the SouthernBight of the
North Sea (e.g. Lancelot et al., 1998; Rousseau et al., 2000; Stelfox-
Widdicombe et al., 2004). The phytoplankton growth rates we
estimated, ranging from 0.01 to 0.83 d−1, are congruent within those
studies using dilution experiments in systems with Phaeocystis blooms
(e.g. Nejstgaard et al., 2007; Sherr et al., 2009; Stelfox-Widdicombe et
al., 2004; Table 5). However, theywere generally lower than those rates
reported in systems dominated by diatoms (Leising et al., 2005; Yang
et al., 2008; Table 5). Our mean phytoplankton growth rate (0.365±
0.261 d−1)was also lower than the one reported in the reviewbyCalbet
and Landry (2004) of 0.67±0.05 d−1, for coastal areas (Table 5), where
a small number of microzooplankton grazing studies focusing on
Phaeocystiswas included (Archer et al., 2000; Gifford et al., 1995).

Microzooplankton grazing pressures (24 to 77%Chla ss d−1) and
mean grazing rates (0.481±0.186 d−1) on total Chla are congruent
with the ranges of values generally reported for coastal and estuarine
ecosystems of 47.3 to 78.7%Chla ss d−1 (Calbet and Landry, 2004;
Table 5). Dilution experiments allowed the measurement of the
grazing impact of the whole community of protists on phytoplankton,
without identifying the proportion of grazing due to heterotrophs
and/or to mixotrophs. On the subject of dinoflagellate mixotrophy, a
number of heterotrophic dinoflagellates are known to retain the
plastids of their preys (kleptochloroplasts or algal endosymbionts;

Jakobsen et al., 2000; Eriksen et al., 2002). It appears that, when food
is limiting, dinoflagellates have an alternative carbon source (through
photosynthesis), to enhance their growth and survival (Jakobsen et
al., 2000; Skovgaard, 1998). Inversely, photosynthetic dinoflagellates
have their own plastids, but can often supplement their nutrition by
preying on other cells. For most mixotrophic dinoflagellates, the
relative importance of photosynthesis, uptake of dissolved inorganic
nutrients, and feeding are unknown (Stoecker, 1999). However,
dinoflagellates appeared to be the major consumers of phytoplankton
including P. globosa colonies (Grattepanche et al., 2011) which is
considered as an unsuitable prey for most grazers (Nejstgaard et al.,
2007; Tang et al., 2001). Our data suggest that microzooplankton
carbon consumption (18.1 to 360.9 μg C L−1 d−1) often equalled or
exceeded phytoplankton production (1.7 to 129.0 μg C L−1 d−1) in
particular at the end of the P. globosa bloom when microzooplankton
grazed on previously accumulated phytoplankton biomass (Fig. 4).

Dolan and Mc Keon (2005) advanced the hypothesis that dilution
experiments may overestimate microzooplankton grazing, being
detectable by unrealistic high clearance rates. These authors suggested
as a maximum ciliate clearance in the field of 10 μL ciliate−1 h−1.
Reports on dinoflagellates clearance rates are rare. Maximumpublished
values for Gyrodinium spirale and Protoperidinium depressum in culture
are 5.3 and 28.3 μL pred−1 h−1 respectively (Kim and Jeong, 2004;
Lessard and Swift, 1985). The clearance rates estimated during our
study, which ranged from 1.0 to 8.6 μL pred−1 h−1 (Table 3) support
the idea that grazing rates obtained in our dilution experiments are
realistic ones. Additionally, the absence of significant differences
between phytoplankton carbon consumption in total and as a sum of
size-fractionated experiments (Table 4) suggests our estimates are
robust.

By applying detailed microscopical counts we were able to define
four periods in phytoplankton succession characterized by distinct
communities of diatoms and/or P. globosa. The different periods
defined and the possible prey–predator relations are discussed below:

During P1, dominance of small diatoms forming colonies, represent-
ing 69.5 to 76.5% of the total Chla, supported high growth rates (from
0.53 to 0.83 d−1). During P1, grazing rates clearly increased from0.20 to
0.58 d−1. The two size-fractionated experiments showed that the
grazing pressure was the highest on the 5–10 μm size fraction (80–
150%Chla ss d−1). This grazing impact canbe attributed to thepresence
of ciliates which generally dominated the grazer community during P1
(Table 2), and are known to consume small sized prey such as
nanoflagellates (e.g. Calbet et al., 2008) and small diatoms (e.g. Leising
et al., 2005; Nejstgaard et al., 2007). Co-existing heterotrophic di-
noflagellates during P1 were most likely consuming prey that were too
large for ciliates (e.g., Hansen et al., 1994) such as larger diatoms (e.g.,

Table 3
Summary of 0.2–200 μm dilution experiment results from January to June 2009 in the coastal waters of the eastern English Channel (SOMLIT station). Standard error for
phytoplankton growth and microzooplankton grazing rates are presented within brackets.

Period Date Chla
(μg L−1)

Phytoplankton
growth rate (d−1)

Microzooplankton
grazing rate (d−1)

Correlation
coefficient (r)

Grazing Pressure
(%Chla ss d−1)

Microzooplankton consumption
(μg C L−1 d−1)

Microzooplantkon Clearance
Rate (μL pred−1 h−1)

P1 27 Jan 3.65 0.533 (0.008) 0.198 (0.127) 0.58⁎ 24.2 18.1 0.84
6 Feb 8.62 0.625 (0.009) 0.359 (0.046) 0.94⁎⁎⁎ 45.6 56.4 1.41
9 Feb 9.16 0.537 (0.009) 0.540 (0.106) 0.93⁎⁎⁎ 62.2 129.7 2.18
20 Feb 6.00 0.828 (0.027) 0.579 (0.098) 0.95⁎⁎⁎ 77.2 87.7 1.66

P2 25 Feb 11.37 0.446 (0.005) 0.465 (0.041) 0.97⁎⁎⁎ 58.3 133.0 2.02
2 March 22.96 0.206 (0.003) 0.637 (0.065) 0.98⁎⁎⁎ 60.0 211.4 3.24
11 March 12.60 0.293 (0.002) 0.297 (0.069) 0.84⁎⁎⁎ 31.9 76.6 1.26
16 March 6.78 0.024 (0.001) 0.640 (0.144) 0.85⁎⁎⁎ 55.2 46.2 6.50

P3 30 March 3.21 0.510 (0.030) 0.572 (0.210) 0.74⁎⁎ 39.2 27.8 4.04
7 April 2.06 0.035 (0.001) 0.677 (0.106) 0.93⁎⁎⁎ 56.5 37.4 2.12
27 April 4.89 0.014 (0.000) 0.662 (0.174) 0.81⁎⁎⁎ 56.6 360.9 8.62

P4 9 June 2.06 0.326 (0.005) 0.150 (0.093) NS NS NS NS

NS: not significant at the Pb0.05 level.
⁎ Significant at the Pb0.05 level.

⁎⁎ Significant at the Pb0.01 level.
⁎⁎⁎ Significant at the Pb0.001 level.
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Putland, 2000; Sherr and Sherr, 2007). Microplankton metazoans
(cirriped nauplii) showed high abundance (780 ind L−1) on a single
date (27 January, Table 2). However, their presence coincided with the
lowest grazing pressure during this period suggesting a trivial
contribution to total microzooplankton grazing. For P1 we can conclude
that almost all of the 5–10 μm phytoplankton (80–150%Chla ss d−1)
and about half of the N10 μmphytoplankton stock (50–60%Chla ss d−1)
was consumed by microzooplankton. Microzooplankton consumption
(87.7 μg C L−1 d−1) never exceeded phytoplankton production
(125.4 μg C L−1 d−1; Fig. 4). Thus, the moderate increase of phyto-
plankton biomass during P1 suggests additional phytoplankton loss via
copepod grazing and/or sedimentation.

By P2, silicates decreased by 10-fold and diatom community
structure shifted from colonies of relatively small diatoms to colonies
of relatively large diatomswith a parallel decrease in growth rate (from
0.4 to 0.02 d−1). The g:μ ratio, used as a proxy of microzooplankton
impact on phytoplankton (Calbet and Landry, 2004), increased from0.7
to 27 throughout P2. It may be that there was an increase of top-down
control of microzooplankton on phytoplankton stocks before the P.
globosa bloom. During P2, a shift from ciliate to heterotrophic
dinoflagellate dominance was observed with a ratio of dinoflagellates:
ciliates biomass increasing from 3 to 14 (Table 2). As a result,
heterotrophic dinoflagellates may have been the major phytoplankton
consumers and were most likely consuming ciliates too. In fact, they
require relatively high prey concentrations (N3×106cells L−1) to
support rapid growth (Hansen, 1992; Strom and Morello, 1998). The
ciliate community during this periodwasdominatedby themixotrophic
Tontonia spp. (1.78×103cells L−1, 56% of ciliate biomass). Tontonia spp.
is reported to be anefficient consumer of nanoplankton (e.g. Christaki et
al., 2009 and references therein). Mixotrophs have also been recently
shown to be an excellent food source enhancing the production of
Acartia clausi in theNorth Sea (Dutz and Peters, 2008). During our study
A. clausiwas the dominant copepod species (51% of total copepods and
39% of total mesozooplankton abundance; Grattepanche et al., 2011)
and its abundance increased fromMarch to the end of April suggesting
top-down control on microzooplankton. During P2, the mean grazing
pressure on phytoplankton was 50±13%Chla ss d−1 thus, at least half
of thephytoplanktonwas available to direct grazing by copepods and/or
export through sedimentation. Microzooplankton consumption (46 to
211 μg C L−1 d−1) equalled or exceeded phytoplankton production (2
to 127 μg C L−1 d−1) triggering a decrease in available phytoplankton
biomass (Fig. 4).

P3 was marked by a sharp increase in growth rate (from 0.02 to
0.5 d−1) at the beginning of the bloom of P. globosa and by a sharp
decrease (down to 0.01 d−1) towards the end (Table 3). During P3,
microzooplankton grazing largely exceeded phytoplankton growth
with a g:μ ratio increasing up to 47.3. The size-fractionated
experiments showed that the grazing pressure at the beginning of
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Table 4
Summary of size-fractionated dilution experiments from January to June 2009 in the coastal waters of the eastern English Channel (SOMLIT station). For the sake of clarity, results
from 0.2 to 200 μm dilution experiments (Table 3) are also indicated. Standard error for phytoplankton growth and microzooplankton grazing rates are presented within brackets.
Note that microzooplankton consumption from 0.2 to 200 μm dilution experiments is not significantly different from the sum of values obtained with size-fractionated experiments
(values within brackets; Wilcoxon signed rank test, n=5, α=5%, p=0.313).

Period Date Size
fraction (μm)

Chla
(μg L−1)

% total
Chla

Phytoplankton
growth rate (d−1)

Microzooplankton
grazing rate (d−1)

Correlation
coefficient (r)

Grazing Pressure
(%Chla ss d−1)

Microzooplankton
consumption (μg C L−1 d−1)

P1 6 Feb b200 8.62 0.625 (0.009) 0.359 (0.046) 0.94⁎⁎⁎ 45.6 56.4 (81.9)
b5 1.63 18.9 NS NS NS NS NS

5–10 0.99 11.5 0.482 (0.014) 0.770 (0.236) 0.79⁎⁎⁎ 82.2 31.3
N10 5.99 69.5 0.760 (0.017) 0.422 (0.064) 0.92⁎⁎⁎ 56.9 50.6

9 Feb b200 9.16 0.537 (0.009) 0.540 (0.106) 0.93⁎⁎⁎ 62.2 129.7 (111.1)
b5 0.78 8.5 NS NS NS NS NS

5–10 1.37 15.0 0.960 (0.144) 1.211 (0.217) 0.89⁎ 149.7 19.3
N10 7.01 76.5 0.493 (0.014) 0.402 (0.102) 0.88⁎ 46.7 91.8

P3 30 March b200 3.21 0.510 (0.030) 0.572 (0.210) 0.74⁎⁎ 39.2 27.8 (48.1)
b5 1.64 51.0 NS NS NS NS NS

5–10 0.44 13.7 NS NS NS NS NS
N10 1.13 35.2 0.023 (0.002) 0.855 (0.312) 0.64⁎⁎ 69.4 45.5

7 April b200 2.06 0.035 (0.001) 0.677 (0.106) 0.93⁎⁎⁎ 56.5 37.4 (21.6)
b5 0.75 36.4 0.374 (0.010) 0.844 (0.188) 0.82⁎⁎⁎ 83.3 1.7

5–10 0.37 18.0 0.472 (0.043) 0.775 (0.296) 0.70⁎⁎ 52.2 2.7
N10 0.93 45.1 0.392 (0.013) 0.387 (0.165) 0.65⁎⁎ 29.2 17.2

27 April b200 4.89 0.014 (0.000) 0.662 (0.174) 0.81⁎⁎⁎ 56.6 360.9 (452.5)
b5 1.77 36.2 0.255 (0.071) 2.255 (0.545) 0.80⁎⁎⁎ 166.2 418.9

5–10 0.92 18.8 NS NS NS NS NS
N10 2.20 45.0 NS NS NS NS NS

NS: not significant at the Pb0.05 level.
⁎ Significant at the Pb0.05 level.

⁎⁎ Significant at the Pb0.01 level.
⁎⁎⁎ Significant at the Pb0.001 level.
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the P. globosa bloom was the highest for the N10 μm size fraction
(70%Chla ss d−1, Table 4) suggesting that dinoflagellates are efficient
grazers of small P. globosa colonies. The increase in colony size at the
later stage of the bloom (7 April; Fig. 2b) paralleled a decrease of
grazing on the N10 μm size fraction, most likely due to the colonies
becoming too big to be ingested by heterotrophic dinoflagellates.
Interestingly, Jakobsen and Tang (2002) suggested that increases in
colony size could be induced in the presence of micrograzers through
the release of infochemicals (Tang, 2003). At a later stage of the
P. globosa bloom (27 April), following colony disruption, the
phytoplankton community was composed by large amounts of free
P. globosa cells, and phytoplankton stocks increased up to 638 μg C L−1.
The b10 μm size fraction represented 56% of total Chla and 90% of
phytoplankton abundance (Fig. 2a, b). Fractionated dilution assays
revealed a major grazing pressure on b5 μm prey (166%Chla ss d−1;
Table 4) during the later stage of the P. globosa bloom, while the ratio of
ciliates:dinoflagellates biomass increased from 0.1 to 2.0 (Table 2).
Grazing of ciliates on P. globosa free cells has been well-established
(Jakobsen and Hansen, 1997; Jakobsen and Tang, 2002; Verity, 2000)
and reached 420 μg C L−1 d−1 i.e. more than 50% of the phytoplankton
stock (Table 4).

It was apparent during our study, that when consumption largely
exceeds production, protists graze on previously accumulated
phytoplankton biomass, as for example at the end of the P. globosa
bloom (27 April, Fig. 4). Accordingly, as Irigoien et al. (2005) have
pointed out, although strong coupling between phytoplankton and its
potential grazers exist, blooming species are those which are able to
escape the control of microzooplankton; at least temporarily.

The silicate depletion over the study period led to a second shift
towards larger fine-walled diatoms in June (e.g. Guinardia spp.;
Schapira et al., 2008). No significant results were obtained during our
last experiment (9 June, P4), as observed in many studies using the
dilution technique, as not all experiments give interpretable results
(e.g., Agis et al., 2007; Calbet et al., 2010; Dolan et al., 2000; Sherr et
al., 2009; Worden and Binder, 2003). In our case, large fine-walled
diatoms forming large colonies, which dominated the spring–summer
transition in phytoplankton community, were probably unsuitable
food for small sized ciliates and heterotrophic dinoflagellates
(b40 μm). However, no conclusion can be put forward as only a
single experiment was carried out.

5. Conclusion

During this study, different phytoplankton and micrograzer
communities with specific grazing interactions were identified. Size-
fractionated dilution experiments allowed further characterization of
the phytoplankton size groups, which were particularly subject to
grazing by the micrograzer community. Ciliates and dinoflagellates
did not seem to compete for food resources during the diatom–

Phaeocystis spring succession, as they were clearly oriented towards
different phytoplankton size classes. In fact, ciliates were occasionally
very efficient grazers of P. globosa free cells (later stage of the bloom;
P3) whereas dinoflagellates seemingly grazed on both diatoms (P1–
P2) and small P. globosa colonies (early stage of the bloom; P3). Our
study showed the importance of dinoflagellate grazing in a system
characterised by Phaeocystis blooms and underlines the need for

Table 5
Phytoplankton growth (k; d−1) and microzooplankton grazing (g; d−1) in various dilution experiments during Phaeocystis and diatom blooms in different ecosystems. The review
by Calbet and Landry (2004), which did not focus on Phaeocystis studies, is also presented for comparison.

Study site Method Chla
(μg L−1)

Phytoplankton growth
rate (k; d−1)

Microzooplankton grazing
rate (g; d−1)

References

Eastern English Channel DilutionN0.45 μm
Fractionated dilution

−1.17–0.24 0.61 or NS

2–8 μm: NS or −1.14 NS Nejstgaard et al., 2007a

5–99 μm: 1.34 or NS 1.24 or NS
North Sea coastal Dilutionb200 μm 0.8–2.4 0.9–4.2 Weisse and Scheffel-Möser, 1990a

Southern of the north sea (mesocosm) Countingb 0.3 0.3–0.65 Brussaard et al., 2005a

Southern of the north sea (offshore) Dilutionb200 μm 1.9±1.3 0.35–0.67 0.37–0.59 Stelfox-Widdicombe et al., 2004a

Southern of the north sea (nearshore) Dilutionb200 μm 9.5±3.0 0.13–0.41 0.3–1.14 Stelfox-Widdicombe et al., 2004a

Southern Bight of the North Sea Dilution 2–60 0.4 0.6 Brussaard et al., 1995a

Fjords of northern Norway Dilutionb200 μm 0.29–0.5 0.18–0.36 Archer et al., 2000c

North Atlantic (47°N. 18°W) Dilutionb200 μm 0.4–4.0 −0.05–0.97 0.21–1.09 Verity et al., 1993c

Western Arctic Ocean Dilutionb200 μm 0.15–18.0 −0.105–0.425 0–0.169 Sherr et al., 2009c

Gyeonggi Bay. Yellow Sea Dilutionb200 μm 1–66.4 0.39–0.68 0.23–0.48 Yang et al., 2008d

western South China Sea Dilution 0.08–0.32 0.50–2.80 0.08–2.19 Chen et al., 2009d

Dabob Bay Dilution 0–19.8 0.2–1.8 −1–2.7 Leising et al., 2005d

Arctic Ocean Dilution 0.31–8.97 −0.24–0.15 −0.35 to −0.13 Calbet et al., 2010c

N5 μm 0.15–5.01 −0.39–0.49 −0.97–0.12

Oceanic area Dilution 0.58±0.03 0.59±0.02 0.39±0.01 Calbet and Landry, 2004
Coastal area Dilution 3.06±0.53 0.67±0.05 0.40±0.04
Estuarine area Dilution 13.0±1.8 0.97±0.07 0.53±0.04
Temperate area Dilution 5.18±0.66 0.69±0.03 0.41±0.02

Eastern English Channel coastal Dilutionb200 μm 2.06–22.9 0.014–0.828 0.150–0.677 This studya

Fractionated dilution
b5 μm 0.75–1.77 0.255–0.374 0.844–2.255
5–10 μm 0.37–1.37 0.472–0.960 0.770–1.211
N10 μm 0.93–7.01 0.023–0.760 0.387–0.855

a Phaeocystis globosa.
b Counting stands for dilution experiments obtained by flow cytometric analyses.
c Phaeocystis pouchetii.
d Diatom blooms (S. Costatum. Thalassiosira spp. Chaeotoceros spp and Eucampia zodiacus).
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further studies on the composition and activities of this key
component within the trophic food web.
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