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ABSTRACT 22 

Microzooplankton play an important role in aquatic food webs through their multiple interactions 23 

with other organisms and their impact on carbon export. They are major predators of phytoplankton 24 

and bacteria while being preyed on by higher trophic levels. Microzooplankton diversity 25 

(Dinoflagellates, DIN and Ciliates, CIL), community structure, interaction with phytoplankton and its 26 

potential in channeling carbon to higher trophic levels were studied in contrasting productivity 27 

regimes (off- and on-plateau, the latter been naturally fertilized by iron) around the Kerguelen islands 28 

in the Southern Ocean (SO). DIN and CIL diversity was sampled in late summer (February-March 29 

2018; project MOBYDICK) and at the onset-of the bloom (KEOPS2 cruise), and assessed by 30 

Illumina sequencing of 18S rDNA amplicons and microscopic observations. The diversity obtained 31 

by the two approaches could be compared at a relatively high taxonomic level (i.e., often to family 32 

level). In particular for DIN, relative abundances and ranking of dominant taxa differed between 33 

sequencing and microscopy observations. CIL were always recorded at considerably lower 34 

abundances than DIN, the median of their abundances across stations and seasons being 350 and 35 

1370 cells L-1, respectively. During late summer, DIN and CIL biomasses were about 1.5 times 36 

higher on- than in off-plateau waters, while community composition was spatially similar. The most 37 

abundant DIN at all stations and during both seasons were small Gymnodinium (<20µm). During late 38 

summer, ciliates Lohmaniella oviformis (<20µm) and Cymatocylis antarctica (20-40µm) dominated 39 

on- and off-plateau, respectively. Dilution experiments suggested significant grazing of 40 

microzooplankton on phytoplankton as phytoplankton net growth (k) was lower than 41 

microzooplankton grazing (g) at all stations (mean k= 0.16±0.05 d-1, g=0.36±0.09 d-1) in late summer. 42 

Despite having great potential as a phytoplankton grazer, microzooplankton occurred at low biomass 43 

and showed little temporal variability, suggesting that they were controlled by copepod predation. 44 

Microzooplankton are a key component of the SO as an intermediate trophic level mediating carbon 45 

transfer from primary producers to higher trophic levels. 46 

 47 

Keywords: dinoflagellates; ciliates; microscopy, metabarcoding, dilution experiments, Southern 48 

Ocean  49 

  50 
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1. Introduction 51 

Dinoflagellates (DIN) and ciliates (CIL) represent the most abundant microzooplankton groups in 52 

planktonic food webs, where they play a pivotal role as phytoplankton consumers, food source for 53 

mesozooplankton and contributors to nutrient remineralization (e.g., Calbet and Landry 2004; 54 

Irigoien et al. 2005; Sherr and Sherr 2007; 2009, Caron and Hutchins 2013; Steinberg and Landry 55 

2017 and references therein). The proportion of carbon produced by the phytoplankton that is 56 

ingested by microzooplankton is highly variable and can exceed mesozooplankton consumption (e.g., 57 

Calbet and Landry 2004, Schmoker et al. 2013; Menden-Deuer et al. 2018). Microzooplankton is 58 

able to closely track phytoplankton temporal dynamics because they overall share similar growth 59 

rates. Blooms, thus occur when particular phytoplankton taxa successfully escape microzooplankton 60 

control (Irigoien et al. 2005; Sherr and Sherr, 2009). At a global scale, predatory protists and 61 

phytoplankton biomass display a curvilinear relationship and the plateau observed at about 50 μg C 62 

L-1 for phytoplankton has been attributed to predation by mesozooplankton (Irigoien et al. 2005). In 63 

fact, mesozooplankton preferentially grazes on microzooplankton (e.g., Stoecker and Capuzzo 1990; 64 

Kiorboe and Wisser 1999; Calbet and Saiz, 2005; Vargas and Gonzalez 2004; Campbell et al. 2009; 65 

Sherr and Sherr 2009), releasing predation pressure on phytoplankton and favoring its blooming 66 

capacity (e.g., Grattepanche et al. 2011a). Due to the central position of microzooplankton in aquatic 67 

food webs and the direct interaction with primary producers, any change in community structure and 68 

activity can have marked implications for multiple trophic levels and carbon export. Such changes in 69 

carbon export are expected in the future, as modeling studies suggest that ocean warming will  70 

enhance loss of primary production to microzooplankton herbivory in chlorophyll rich waters (Chen 71 

et al. 2012). Trophic transfer of carbon produced by phytoplankton through microzooplankton rather 72 

than directly via mesozooplankton predation would result in lower C-export (Hall and Safi 2001; 73 

Smetacek et al. 2004). Despite several centuries of studies on protists, untangling the impact on 74 

carbon transfer of heterotrophic protists in plankton communities remains challenging due to their 75 

fragility, lack of direct methods to accurately measure their growth rate, and time-consuming 76 

identification and counting (reviewed in Caron et al. 2009; 2012; Caron and Hutchins 2013) 77 

In the Southern Ocean (SO), diatoms and haptophytes are usually identified as the major primary 78 

producers and their diversity and role in the C-cycle have been described in detail in previous studies 79 

(e.g., Smetacek et al. 2004; Poulton et al. 2007; Armand et al. 2008; Queguiner 2013; Wolf et al. 80 

2014, Lasbleiz et al. 2016, Irion et al. 2020 among many others). By contrast, microbial heterotrophs 81 

and, in particular, phytoplankton predators, have been far less investigated (Caron et al. 2000; Hall 82 

and Safi 2001; Saito et al. 2005; Henzes et al. 2007; Christaki et al. 2008; Poulton 2007, Christaki et 83 
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al. 2015; Morison and Menden-Deuer 2018 and references therein). In the SO, Kerguelen and Crozet 84 

islands are characterized by iron enrichment of surface waters. This results in large phytoplankton 85 

blooms in these waters that contrast with the surrounding HNLC (High Nutrients Low Chlorophyll) 86 

conditions (Blain et al. 2007; Pollard et al. 2007, 2009). The rare studies that have provided 87 

information on microzooplankton community structure in the Crozet and Kerguelen areas reported a 88 

prevalence of DIN over CIL biomass (Poulton 2007, Christaki et al. 2015). Microzooplankton were 89 

identified as a major consumer of phytoplankton during the onset and decline of Kerguelen blooms 90 

(Brussaard et al. 2008; Christaki et al. 2015) and an important player in iron regeneration (Sarthou et 91 

al. 2008).  92 

The present study was realized in the framework of the MOBYDICK project (Marine Ecosystem 93 

Biodiversity and Dynamics of Carbon around Kerguelen: an integrated view). MOBYDICK's aim 94 

was to trace C from its biological fixation and cycling within and across trophic levels at surface, as 95 

well as its export to depth under different productivity regimes of the Southern Ocean after the 96 

phytoplankton bloom, in late summer. The objective of this study was to provide information about 97 

the diversity and the community structure of microzooplankton (DIN and CIL) in relation to 98 

phytoplankton communities and to estimate their potential capacity for channeling carbon to higher 99 

trophic levels. The results obtained during the post-bloom period (MOBYDICK cruise) are discussed 100 

here along with observations from the onset of a previous bloom (KEOPS2 cruise). 101 

2. Material and Methods 102 

2.1 Study site, Sample collection 103 

The MOBYDICK cruise took place during the late Austral summer (from 19 February to 20 March 104 

2018), where samples were collected at four stations (M1, M2, M3, and M4. Figure 1). Station M2, 105 

above the Kerguelen plateau, was located in naturally iron-fertilized waters (Blain et al. 2007), 106 

characterized by intense phytoplankton blooms during spring and summer (Moserri et al. 2008; 107 

Cavagna et al. 2014). Stations M1, M3, and M4, situated off-plateau, were in an oceanic area of 108 

HNLC (High-nutrient, low-chlorophyll) waters (Cavagna et al. 2015). The sampling strategy 109 

included repeated visits at the different stations. Station M2 was sampled three-times at eight day 110 

intervals (M2-1, M2-2, and M2-3); stations M3 and M4 were sampled twice with two-week intervals 111 

(M3-1, M3-3, M4-1, and M4-2); and station M1 was sampled just once (Table 1). Samples were 112 

collected with 12L Niskin bottles mounted on a rosette equipped with CTD (SeaBird 911-plus).  113 

Pigments were analyzed using High Performance Liquid Chromatography (HPLC, Ras et al. 2008). 114 

CHEMTAX analysis was performed with CHEMTAX v1.95 (Mackey et al. 1996) to estimate the 115 
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pigment:Chl a ratios for seven major phytoplanktonic groups: chlorophytes, prasinophytes, 116 

cyanobacteria, cryptophytes, diatoms, dinoflagellates, and haptophytes (detailed in Irion et al. 2020). 117 

Pigments and microzooplankton data (see below) from the onset of the bloom (early spring, October-118 

November 2011, KEOPS2 cruise, Georges et al. 2014, Christaki et al. 2015) were included here for 119 

comparison with post-bloom MOBYDICK period (this study); KEOPS2 pigments were analyzed 120 

with CHEMTAX as described above. 121 

 122 

2.2 Molecular analysis 123 

Water samples were collected at all stations (M1, M2, M3, and M4) at four depths (15 m, 60 m, 124 

125 m, and 300 m). The depths were chosen to correspond to the surface and the bottom of the mixed 125 

layer (ML), the transition between surface and deeper waters (125 m), and the deep nutrient rich 126 

waters (300m). After pre-filtering though 100µm mesh to remove most of the metazoans, ten liters of 127 

seawater from each depth were filtered successively through 20µm and 0.2µm using a peristaltic 128 

pump (‘large’ and ‘small’ size fractions, respectively). Filters were stored at -80°C until DNA 129 

extraction. The extraction, PCR procedure, and downstream analysis are described in detail in 130 

Sassenhagen et al. (2020). Briefly, extraction was realized with PowerSoil DNA Isolation Kit 131 

(QIAGEN, Germany) following standard manufacturer’s protocol. The 18S rDNA V4 region was 132 

amplified using EK-565F (5'-GCAGTTAAAAAGCTCGTAGT) and UNonMet (5'-133 

TTTAAGTTTCAGCCTTGCG) primers (Bower et al. 2004). Libraries were paired-end (2 x 300bp) 134 

Illumina MiSeq sequenced. The forward and reverse reads were demultiplexed using Qiime1 pipeline 135 

(Caporaso et al. 2010). The reads were further trimmed and filtered in the R-package DADA2 136 

(Callahan et al. 2016). The same package was used for identification of amplicon sequencing variants 137 

(ASV) and their taxonomical assignment based on the PR2 database (Guillou et al. 2013). ASVs 138 

affiliated to Metazoa, Streptophyta, as well as rare ones with less than 15 reads in the whole data set, 139 

were removed with the R-package ‘phyloseq’ (McMurdie and Holmes 2013).  140 

To investigate the phylogenetic relationship between the observed genera, the sequences generated in 141 

this study and additional sequences from the Genbank database were aligned using the software 142 

muscle 3.8.31 (Edgar, 2004) with default settings. The alignments were trimmed with the software 143 

trimAl v1.2 (Capella-Gutiérrez et al. 2009) applying a gap threshold of 0.6. Maximum likelihood 144 

trees were separately build for DIN and CIL with the software RAxML version 8.2.12 (Stamatakis, 145 

2014) using the substitution model “GTRCAT”. The RAxML settings included rapid bootstrap 146 

analysis, while the number of distinct starting trees was based on bootstrapping criteria. The tree was 147 

visualized with the online application iTOL (Letunic and Bork, 2016). 148 



 

6 

 149 

2.3 Microscopic analysis  150 

At each station, microzooplankton samples were taken from 10 to12 depths between the surface and 151 

300m. Sample volume was 500ml from surface to 200m, and 1L at 300m. Samples were fixed with 152 

acid Lugol’s solution (2% v/v). All samples were kept at 4°C in the dark until microscopy analysis. 153 

In the laboratory, samples were left to settle in graduated cylinders for four days, then the 100 ml 154 

bottom of each sample was transferred into settling chambers and left to settle for another 24h before 155 

examination under an inverted microscope (Nikon Eclipse TE2000-S; x400). DIN and CIL were 156 

identified based on their morphology at the lowest possible taxonomic level following (Tomas, 1997; 157 

McMinn and Scot 2005; Kofoid and Campbell, 1929; Schiller, 1931-1937; Petz, 2005; Georges et al. 158 

2014). DIN and CIL were also classified into six size classes (<20, 20–40, 40-60, 60-80, 80-100, 159 

and >100 µm). Linear dimensions were measured at x400 magnification using an image analyzer 160 

with a camera mounted on the microscope. Biovolume measurements were converted into biomass 161 

using a conversion factor of 190 fg C μm-3 (Putt and Stoecker, 1989) and 0.760 x voume0.819 pg C 162 

μm-3 , respectively (Menden-Deuer and Lessard 2000). 163 

2.4 Microzooplankton herbivory via dilution experiments 164 

Dilution experiments were conducted at all stations following the protocol of Landry and Hasset 165 

(1982). However, due to a change in shipboard operational procedure at station M3-3, a significant 166 

increase in incubator water temperature occurred. Although samples were analyzed, (phytoplankton 167 

growth almost doubled while grazing remained of the same levels) the results are not presented here. 168 

Fifty liters of subsurface seawater, representative of the mixed layer, were collected at 30 m depth 169 

with Niskin bottles and gently screened through a 200µm sieve to remove metazoans. Twenty liters 170 

of 0.2 µm filtered seawater (FSW) were prepared through low-pressure filtration (<50 mm Hg). Five 171 

different concentrations (10%, 25%, 50%, 75%, and 100%) were prepared by mixing <200µm and 172 

<0.2µm filtered seawater. For each treatment, three 2.4L polycarbonate bottles were filled to the rim 173 

by gently siphoning from the carboys. Light measurements prior to incubation indicated that 25% 174 

light was available between 19 and 35m (average: 25 ±6m) which matched with the sampling depth 175 

(30m) for the dilution experiment. Thus, 25% light was the best compromise between experimental 176 

constraints and field measurements. All 15 bottles were incubated for 24h in an on-deck incubator 177 

connected to the flow-through sea surface-water system and covered with a lid that let 25% of PAR 178 

light through (equivalent light condition to in situ surface waters). Additionally, 2.4L were set aside 179 

for immediate sampling at T0. For Chl a measurement at the end of the incubation, 500-700 ml from 180 
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each bottle were filtered onto 0.2 µm polycarbonate filters (ø 47 mm). After filtration, each filter was 181 

placed into 2 ml cryotubes, flash frozen in liquid nitrogen and stored at -80°C. Chl a concentrations 182 

were estimated by fluorometry (Lorenzen, 1966). Filters were extracted overnight in 90% acetone at 183 

4 °C. At the end of the extraction period, Chl a concentration was determined using a calibrated 184 

Turner Trilogy© fluorometer. Initial Chl a concentration for each dilution treatment was estimated by 185 

multiplying initial whole seawater Chl a concentrations by corresponding dilution factors. Assuming 186 

a phytoplankton exponential growth, changes in Chl a concentration over the experiment were used 187 

to calculate the instantaneous phytoplankton growth (k, d-1), and grazing mortality (g, d-1, Landry and 188 

Hasset 1982, Figure A1). Grazing pressure (% Chl a production d-1) has been calculated as the ratio 189 

between phytoplankton daily production (µg Chl a L-1 d-1) and microzooplankton daily consumption 190 

(µg Chl a L-1 d-1).  191 

2.5 Data analysis 192 

Co-inertia analysis (PCA-PCA COIA) was used to investigate the coupling between phytoplankton 193 

pigments and CIL and DIN communities (Dolédec and Chessel 1994, Dray et al. 2003). The 194 

abundances obtained through microscopic counts of the 16 most abundant genera (8 DIN and 8 CIL), 195 

representing >90 % of total abundance at each station were used. COIA differs from other ‘classic’ 196 

canonical models in utilizing partial least-squares regression, rather than multiple regression, to 197 

summarize common structure. Because COIA is based on partial least-squares regression, it places no 198 

restrictions on the number of variables that can be analyzed (unlike the classic canonical models). 199 

The co-inertia model is symmetric, and therefore descriptive rather than predictive (for more details 200 

Kenkel 2006). COIA defines axes that simultaneously explain the highest possible variance in each 201 

of the two matrices and describes their closest possible common structure. In a 'PCA-PCA COIA' as 202 

applied here, a PCA (principal component analysis) was performed on each matrix prior to applying 203 

a COIA analysis. 204 

A PCA (principal component analysis) was performed on each matrix prior to applying a COIA 205 

analysis (Dray et al. 2003). For PCA analysis, variables were standardized and PCA was performed 206 

using the R-package FactoMineR (Lê et al. 2008). COIA was carried out with the ‘ade4’ package in 207 

R-software (Dray and Dufour 2007). The  strength of the coupling between the two matrices, in 208 

COIA is expressed by the multidimensional correlation coefficient (RV), and statistical significance 209 

was tested using a Monte Carlo permutation procedure with 1000 permutations. Finally, in order to 210 

define the variables that were the most important in structuring the COIA scatterplot, Pearson’s 211 

correlation coefficients were calculated between all variables and COIA coordinates. All statistical 212 
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analyses were based on abundances from microscopical counts to avoid the biases of the sequencing 213 

data (see results and discussion sections). 214 

 215 

3. Results 216 

3.1 Environmental Conditions and Phytoplankton composition 217 

The four stations sampled during MOBYDICK were situated in different hydrological conditions. 218 

Station M1, which was situated in Antarctic waters and influenced by the polar front, was 219 

characterized by a shallow ZML (27 m, Table 1, Figs. 1 and 2). Stations M2 and M4, which were 220 

situated south of the polar front in Antarctic waters, presented a characteristic temperature minimum 221 

at 200m and showed the lowest surface temperature (at M4: 4.5°C) (Table 1, Figs. 1 and 2). Station 222 

M3, which was situated in sub-Antarctic waters (SAZ), showed the highest temperature in the ML 223 

(5.6° C, Table 1). The ZML deepened at all stations following a storm on the 10th of March 2018. 224 

Phosphate and nitrate concentrations were high at all stations while silicic acid was overall higher 225 

off-plateau (Table 1). For comparison with early spring (KEOPS2 cruise), stations A3 (on-plateau) 226 

and R (defined as the reference station off-plateau) are also shown in Fig. 1 and Table 1. Briefly, A3-227 

1 was sampled in late October, just before the initiation of the bloom. A3-2 was explored about 3.5 228 

weeks later, during the onset of the bloom. During early spring, the ZML at these stations was >100m 229 

(Table 1, Christaki et al. 2014) . During MOBYDICK, Chl a in the ZML doubled between the first and 230 

the third visit at M2 (from 0.27 to 0.58 µg L-1). Chl a at the off-plateau stations ranged between 0.14 231 

and 0.35 (M3-3 and M1, respectively (Table 1, Fig. 1). The concentrations of group pigment 232 

signatures analyzed with CHEMTAX illustrated the phytoplankton community structure. Diatoms 233 

and prymnesiophytes were always the two major groups. Their respective proportions varied between 234 

seasons (early spring or late summer) and positions (on- or off-plateau). Diatoms were dominating 235 

during early spring (74-94% of total Chl a in on-plateau water; Fig. 3a, b) while Prymnesiophytes 236 

were the most abundant phytoplankton group during late summer (37-53% and 59-70% of total Chl a 237 

in on- and off-plateau, respectively ; Fig. 3a, b). The third group contributing most to the 238 

phytoplankton biomass were pico- planktonic Prasinophytes that accounted for up to 21 % of Chl a 239 

during early spring in HNLC waters (R-2) and up-to 16.5 % of Chl a on the plateau during late 240 

summer (M2-3).  241 

3.2 Microzooplankton communities 242 

3.2.1. Abundance, biomass distributions and morphological diversity 243 
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During MOBYDICK, microscopy observations allowed the identification, size measurement, and 244 

biomass estimation of dinoflagellates (DIN) and ciliates (CIL) (Fig. 4 a-f). Mean integrated 245 

abundance in the mixed layer showed that DIN were from 3 to 6 fold more abundant than CIL in the 246 

ML and varied between 0.29 and 2.3 × 103 and 0.28 to 0.45 × 103 cells L-1 for DIN and CIL, 247 

respectively (Fig. 4 a, c). During late summer, DIN were largely dominated by the <20 µm size 248 

fraction (63-85 % Fig. 4b) while CIL were mostly represented by the 20-40 µm and <20 µm size 249 

fractions (mean 50 and 32%, respectively, Fig. 4d). The biomass of DIN was higher than CIL by 250 

factors of 1.3-2.3 at five out of the eight stations. DIN and CIL had, however, equal biomass at M2-2, 251 

M1, and M3-3 (Fig. 4 e, f). The DIN+CIL biomass was slightly higher at M2 (mean 3.5 ± 0.2 µg L-1) 252 

than off-plateau (2.2 ± 0.3 µg L-1, Fig. 4e). The vertical profiles did not show any noticeable 253 

evolution over time at M2 or at the other stations (Fig. 5).  254 

A total of 40 morphotypes of DIN and CIL were identified by microscopy at the highest possible 255 

taxonomic level. The 23 identified DIN-morphotypes belonged to 13 genera. The genus 256 

Gymnodinium (<20µm in size) was the most abundant DIN and largely prevailed at all stations (Fig. 257 

6a). Other small sized DIN such as Scripsiella, Prorocentrum compressum, and Amphidinium were 258 

present and abundant at all stations. The larger size classes were represented by Tripos and 259 

Dinophysis, while a variety of Protoperidinium morphotypes belonged to small and larger size 260 

classes. As for abundance and biomass, DIN richness and community structure were similar at all 261 

stations on- and off-plateau (Fig. 6a). The 13 CIL-morphotypes covered 11 genera. Lohmaniella 262 

oviformis (<20µm in size) was the most abundant CIL at all stations, with the exception of M3 where 263 

the tintinnid Cymatocylis antarctica prevailed (Fig. 6b, Table 2). Leegardiella, Codonelopsis soyai, 264 

Salpingella acuminata, and Myrionecta were present at all stations at low abundances. Finally, the 265 

large mixotrophic Laboea was relatively abundant during the last two visits at M2, while it was rare 266 

at the other stations (Fig. 6b) 267 

3.2.2 Molecular diversity vs morphological diversity.  268 

Heatmaps illustrating sequencing richness and relative abundance of DIN and CIL are presented in 269 

Figure   6c, d. After downstream analysis and elimination of a few symbionts and parasites (e.g., 270 

Blastodinium and Chytriodinium), the class Dinophyceae was represented by 31 ASVs. (Fig. c). 271 

ASVs affiliated to Tripos were the most abundant ASVs among those affiliated to DIN (% of reads) 272 

in the large size fraction. In the small size fraction, Tripos and Gymnodinium ASVs were more or less 273 

equally represented (Fig. 6c). As in microscopy data, Gyrodinium and Prorocentrum were also 274 

among the most abundant in terms of proportions of reads. However, Scrippsiella and Amphidinium, 275 

which were abundant in microscopy, were not found in sequencing data (Fig. 6a, c). A maximum 276 
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likelihood tree (Fig. 7a) was constructed in order to visualize the relatedness of taxa identified by 277 

microscopy and sequencing. Besides sequences generated in this study, additional sequences from 278 

the Genbank database corresponding to missing genera observed only by microscopy (e.g., 279 

Amphidinium and Scrippsiella) were included. The DIN genera Oxytoxum and Katodinium, which 280 

were observed by microscopy, were not represented by sequences in the Genbank or in the PR2 281 

(Guillou et al. 2012) databases. They were therefore not included in the tree (Fig. 7a). Most DIN 282 

genera in the maximum likelihood tree did not cluster by order, which was especially evident for 283 

Gymnodiniales and Peridiniales (Fig. 7a). The abundance ranking of taxa differed between 284 

sequencing and microscopy (Fig. 6a,c).  285 

The ciliate ASVs were grouped into 40 approximate genera with often uncertain taxonomic 286 

affiliations below the class or order level (Fig. d). The maximum likelihood tree for CIL included 287 

sequences from this study and additional sequences from the Genbank database corresponding to 288 

missing genera observed only by microscopy (Myrionecta, Scuticociliatia, and Laboea). The CIL 289 

maximum likelihood tree was better resolved than the tree for the DIN with almost all genera 290 

clustering by order. The CIL Codonelopsis and Lohmaniella, L. oviformis were the most abundant 291 

taxa based on microscopy, but were lacking from the tree since they were not represented by 292 

sequences in public databases (Fig. 7b). At M3-1 and M3-3, an ASV affiliated to the tintinnid family 293 

Xystonellidae prevailed in the large size fraction (20-100 µm) while Cymatocylis calyciformis was 294 

the most abundant tintinnid in the microscopy dataset (Fig. 6 c, d). Myrionecta is a cosmopolitan CIL 295 

characterized by a particular morphology and also several morphotypes grouped into “scuticociliates” 296 

were observed by microscopy but were not retrieved by sequencing.  297 

3.3 Microzooplankton relation with pigment signatures.  298 

COIA analysis was applied to test for spatiotemporal relation in DIN+CIL community composition 299 

and phytoplankton pigments (Fig. 8a-e). Hierarchical clustering and PCA of DIN+CIL abundances 300 

applied as the first step of the COIA analysis revealed that the on- and off- plateau MOBYDICK 301 

stations grouped together (Fig. 8a, c). A3-1, sampled in early spring before the onset of the bloom, 302 

grouped with the reference HNLC station (R, sampled during the same cruise), while A3-2 was 303 

highly differentiated from all stations in the PCA (Fig. 8a, c). In fact, PCA suggested that station A3-304 

2 was characterized by the presence of the diatom consumers Gyrodinium and Protoperidinium. In 305 

contrast, all MOBYDICK stations were featuring Gymnodinium, Leegardiella, Lohmaniella, 306 

Scripsiella and Tintinninds (Fig. 8c). Hierarchical clustering and PCA performed on pigment data 307 

indicated similar phytoplankton communities at off-plateau stations during the MOBYDICK cruise. 308 
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The PCA highlighted a gradual change in pigment signature during the three visits at M2 related to 309 

an increase in prasinophyte pigment concentrations. The station A3 was uniquely characterized by 310 

high concentrations of diatom pigments and Chl a (Fig. 8b, d see also Fig. 3). The COIA 311 

multidimensional correlation coefficient (RV) used to estimate the strength of coupling between the 312 

pigment concentration and microzooplankton abundance was significant (RV= 0.602, p=0.005) and 313 

the first two axes explained 85.65 % of the projected variance (Fig. 8e). All the pigments showed 314 

significant correlations (p <0.05, Table A1) with at least one of the three first axes, while ten out of 315 

the sixteen genera used for the analysis showed significant correlations : Gymnodinium, Gyrodinium, 316 

Scripsiella, Amphidinium, Tripos, Lohmaniella, Strombidium, Leegaardiella, Salpingella, and 317 

Myrionecta (Table A1). The COIA scatterplot indicated the station position relative to their DIN, CIL 318 

and pigment variables. On the COIA scatterplot MOBYDICK off-plateau stations formed one group 319 

with M1 being slightly differentiated potentially due to the influence from the Polar Front. The 320 

position of station M1 also changed most between the two PCA-Biplots, as its microzooplankton 321 

community strongly resembled the communities at the other off-plateau stations, while its pigment 322 

signature was more similar to station M2-2. The first two visits at M2 were close together, while M2-323 

3 was closer to the early spring reference station R, with which it shared a stronger prasinophyte 324 

signature. Station A3-2, uniquely representing typical bloom conditions with high diatom pigments 325 

and microphytoplankton grazers, was far apart from the other stations in this plot (Fig. 8e).  326 

 327 

3.4 Microzooplankton herbivory via dilution experiments 328 

In situ (10-20m depth) Chl a concentration measured at the beginning of the dilution experiment 329 

varied from 0.20 to 0.64 µg Chl a L-1 (M3-1 and M2-3, respectively). Dilution derived phytoplankton 330 

growth (k) and microzooplankton grazing (g) were significant at all stations (Table 2, Fig. A1). 331 

Phytoplankton growth rate (k) ranged from 0.08 ± 0.03 d-1 at M4-1 to 0.26 ± 0.03 d-1 at M2-3. 332 

Minimum microzooplankton grazing rates (g) were measured at station M1 (0.28 ± 0.03 d-1) and the 333 

maximum value was at station M2-3 (0.52 ± 0.05 d-1). Phytoplankton mortality due to 334 

microzooplankton grazing was always higher than phytoplankton growth, representeing 130 to 428% 335 

of phytoplankton daily production at M1 and M4-1, respectively. Overall, phytoplankton growth rate 336 

increased at station M2 (0.13 ± 0.03 to 0.26 ± 0.03 d-1) along with microzooplankton grazing (0.34 ± 337 

0.05 to 0.52 ± 0.05 d-1, Table 2).  338 

 339 

 340 

 341 
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4. Discussion 342 

The present study showed that ciliates were always recorded at considerably lower abundances than 343 

dinoflagellates. The diversity assessed by Illumina sequencing of 18S rDNA amplicons and 344 

microscopic observations  could be compared with microscopy at a relatively high taxonomic level 345 

(i.e., often to family level). In particular for dinoflagellates, relative abundances and ranking of 346 

dominant taxa differed between sequencing and microscopy observations. Dilution experiments 347 

suggested significant grazing of microzooplankton on phytoplankton as phytoplankton net growth (k) 348 

was lower than microzooplankton grazing (g) at all stations. Despite its great potential as 349 

phytoplankton grazer, microzooplankton occurred at low biomass and showed little temporal 350 

variability, suggesting that it was controlled by copepod predation. These important results are 351 

discussed below. 352 

4.1 Microzooplankton diversity - microscopy vs sequencing 353 

Massive sequencing technologies such as Illumina MiSeq gain in momentum (e.g., Pawlowski et al. 354 

2012) and are currently used to describe global patterns of plankton and even predict carbon export 355 

(e.g., Guidi et al. 2016, Obiol et al. 2020, among many others). The recent ASV approach is supposed 356 

to provide a more accurate image of the diversity by avoiding artificial similarity thresholds. 357 

Nevertheless, organisms differing by a few base pairs in their rDNA can belong to very different taxa 358 

and the threshold of differences in the rDNA sequence between species differs greatly from one 359 

taxonomic group to another one because of their evolution rate for example. Defining accurate 360 

taxonomy level based on the sequencing of rDNA remains a critical issue in microbial diversity 361 

investigations. In-depth sequencing and microscopy approaches are rarely confronted although they 362 

both 'miss' or 'misidentify' taxa due to the diverse biases inherent to each method (e.g., Medinger et al. 363 

2010; Bachy et al. 2012; Chavret et al. 2012; Stern et al. 2018 and references therein). We address 364 

this by combining high throughput sequencing with microscopic observations to assess DIN and CIL 365 

diversity. Although microscopy and sequencing heatmaps (Fig. 6a-d) cannot be directly compared 366 

(different size fractions and water volumes analyzed for the two approaches), the diversity and 367 

abundance data obtained by the two approaches can be assessed to determine whether these results 368 

are conflicting or complementary. DIN were represented by 23 morphospecies in microscopy and 31 369 

ASVs in sequencing data. Microscopic identification of dinoflagellates based on broad 370 

morphological features is challenging. On the other hand, amplicon sequencing does not provide 371 

accurate taxonomic resolution because of the lack of cultured representatives to provide a detailed 372 

phylogeny. This is the case for dinoflagellate taxa that are under-representated in databases, resulting 373 
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in approximate taxonomic identifications of sequences and diversity estimates (e.g., Bik et al. 2012). 374 

Most DIN genera did not cluster by order in the topologic tree, which was especially evident for 375 

Gymnodiniales and Peridiniales (Fig. 7a). This insufficient resolution of DIN phylogeny might be 376 

due to the limited length and low variability of the V3-V4 region in the 18S rDNA (Daugbjerg et al. 377 

2000; Mordret et al. 2018). A relatively good ‘correspondence’ was found between the two data sets 378 

in terms of diversity, but often at a higher taxonomic level, either at the family or order level (Fig. 6a, 379 

c). For example, the second most abundant genus found in microscopy identified as Scrippsiella was 380 

probably represented by the family level Thoracosphaeracea in sequencing data (Fig. 6a, c). However, 381 

no potential ‘relative’ for Amphidinium could be found in sequencing data (Fig. 7a). Sequencing 382 

complemented microscopy data in terms of diversity. Because the sample volume analyzed for 383 

microscopy counts is relatively limited, in contrast to the sequencing approach, low abundant taxa 384 

may not be observed by microscopy despite their characteristic morphological features. This was 385 

likely the case for the genus Ornithocercus (ASV 508) that was also retrieved in the vertically 386 

integrated plankton-net samples, where very large volumes of water were sampled (Karine Leblanc, 387 

https://plankton.mio.osupytheas.fr/mobydick-other-microplankton/). In addition, taxa relative 388 

abundance differed among sequencing and microscopy. It is well established that DIN are over-389 

represented in sequencing data (e.g., Georges et al. 2014 and references therein). The dominance of 390 

Tripos in sequencing data - even in the small fraction - (Fig. 6c) highlighted that, even within the 391 

DIN population, specific taxa can be over-represented. As a consequence, using relative abundances 392 

of DIN based on sequence data in numerical analysis and/or description of community structure 393 

might lead to biases. 394 

CIL were represented by 17 morphospecies in microscopy and 40 genera in sequencing data. The 395 

difficulty to accurately identify CIL based on broad morphology is exacerbated by the distortion of 396 

soft CIL due to chemical fixation. Only tintinnids having a lorica, preserve most of their features (e.g., 397 

Dolan et al. 2012). As for DIN, comparison of sequencing and microscopy data was challenging, in 398 

particular at the genus level, but could be attempted at higher taxonomic levels. Although, the CIL 399 

maximum likelihood tree had a better resolution than the topology of DIN, CIL sequencing and 400 

microscopy data could only be globally compared at a higher level than the DIN data (i.e., family, 401 

order, or class level). For example, Lohmanniella oviformis, which was the most abundant species in 402 

microscopy, was probably represented by Leegardiella in sequencing data (family Leegaardiellidae, 403 

Lynn and Montagnes, 1988). Strombidium was the second most abundant genus in both data sets. At 404 

M3-1 and M3-3, the family Xystonellidae, order Tintinnida prevailed in the large size fraction (20-405 

100 µm) according to sequencing data. At the same stations, the dominant tintinnid in microscopy 406 
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data was identified as Cymatocylis calyciformis that belongs to a different family (Ptychocylididae) 407 

but to the same order (Tintinnida) (Fig. 6 b, d). The organisms grouped into ‘scuticociliates’ in 408 

microscopy data probably belonged to different families or classes. Within the CIL populations, there 409 

was no evidence of over-representation of specific taxa and the ranking of the different taxonomic 410 

groups obtained by sequencing corresponded more or less to the one by microscopy. The taxonomic 411 

resolution obtained by sequencing was lower than the one obtained by microscopy (Fig. 6b, d).  412 

As a conclusion, applying both sequencing and microscopy analyses to DIN and CIL can 413 

complement and enrich our view on the population diversity. However, if available, microscopy 414 

based abundances seem more reliable for numeric analysis. Using DIN relative abundances (retrieved 415 

from sequencing data) for numerical analysis could lead to misinterpretations of the importance of 416 

different taxa for ecosystem functioning. Therefore, morphological metadata can and should be 417 

collected in parallel to sequencing of DIN and CIL. 418 

4.2 The relation of late summer microzooplankton communities to phytoplankton  419 

Microzooplankton community structure and the biomass quantity are expected to relate to shifts in 420 

phytoplankton community composition (e.g., Grattepanche et al. 2011a; Laurence and Menden-421 

Deuer 2012).  Although other components of the microbial food web showed > 2-3 fold higher 422 

abundance and activity on the plateau, and remained highly dynamic during the MOBYDICK cruise 423 

(Christaki et al. 2021; e.g., 2-fold increase in Chl a concentrations to 0.58 μg L-1 during the third visit 424 

to M2, Table 1), the DIN and CIL biomass was only ~ 1.5 x higher on-plateau (M2) compared to off-425 

plateau and showed little temporal variability (e.g., Fig. 4). As a result, stations clustered differently 426 

based on pigment or microzooplankton data (Fig. 8a-d). The variability of the abundance of 427 

prasinophytes at M2, A3-1, R and the diatom increase at A3-2, were highlighted by the same analysis 428 

(Figs. 8c, d). The rapid increase in prasinophytes and diatoms on the plateau (M2 during 429 

MOBYDICK) was likely driven by changes in environmental conditions, such as NH4 concentrations 430 

(Irion et al. 2020, Sassenhagen et al. 2020), which the microzooplankton community did not follow 431 

in the observed time frame. However, considering all data, the COIA analysis showed that there was 432 

an overall significant relationship between microzooplankton abundances and pigment concentrations 433 

(p=0.005, Fig. 8e).  434 

The maximum abundance of dinoflagellates and ciliates was often observed at the base of the ML 435 

(Table 1, Fig. 5, Christaki et al. 2008, 2015) and coincided with the formation of the deep chlorophyll 436 

maximum (DCM) (Lasbleiz et al. 2014). The formation of a DCM is described as a recurrent feature 437 
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in the Southern Ocean, and is explained by the accumulation of inactive, though living, algal cells, 438 

mainly composed of diatoms (Uitz et al. 2009 and references therein).  439 

The correlation between DIN biomass and phytoplankton abundance was especially noticeable 440 

during the onset of the diatom bloom on the plateau (Lasbleiz et al. 2016, Figs. 3 and 8, KEOPS2). 441 

The abundance and biomass of DIN increased 8 and 7 fold, respectively, within 3.5 weeks between 442 

the visits at station A3. In particular, large dinoflagellates such as Gyrodinium (40-60 µm), 443 

Amphidinium (20-40µm) and Protoperidinium, which feed on diatoms and can ingest prey cells of 444 

more than 10 x their own size (e.g., Saito et al. 2006, Grattepanche et al. 2011b), occurred in higher 445 

abundance after the intensification of the bloom (Figs. 6a, 8, Christaki et al. 2015). 446 

During MOBYDICK, a common feature of DIN and CIL communities was the relative importance of 447 

small cells (<40µm) which was particularly pronounced for DIN (Fig. 4b). Small sized Gymnodinium 448 

were the most abundant DIN taxa at all stations and during both seasons (<20µm, see also Christaki 449 

et al. 2015). Gymnodinium can grow in a wide range of environmental conditions due to two 450 

particular traits. Their mixotrophy allows them to switch between photosynthesis and grazing 451 

depending on present nutrient, prey and light conditions, while they can also feed on a wide range of 452 

prey (including other DIN, CIL, and bacteria) (e.g., Strom, 1991; Bockstalher and Coats, 1993; Sherr 453 

and Sherr, 2007; Sherr and Sherr, 2007; Jeong et al. 2010, 2018; Lee et al. 2014). 454 

CIL abundances were considerably lower than those of DIN, the median for all stations and seasons 455 

being 350 and 1370 cells L-1, respectively (Figs. 4a, c, Fig. 5). DIN can graze on almost all 456 

planktonic organisms and are recognized as major microplankton predators (Sherr and Sherr, 2007). 457 

In contrast, naked CIL prefer prey of the 5-25 µm size-class (Hansen et al. 1994) and can also feed 458 

on bacteria (Sherr and Sherr, 1987; Christaki et al. 1998; 1999). The most abundant CIL during 459 

MOBYDICK was Lohmaniella oviformis belonging to the <20 µm size class. CIL abundance and 460 

biomass were higher after the bloom than during the onset of the bloom. This pattern was likely 461 

related to the increase in abundance of their nanophytoplankton preys. However, while pico- and 462 

nanophytoplankton increased by about 15-fold between the onset and the post bloom periods in 463 

Kerguelen plateau waters (Christaki et al. 2014; Irion et al. 2020), CIL abundance increased only by 464 

about 1.4 and 2.5 on- and off-plateau, respectively (Fig. 4c). Also, during MOBYDICK, pico- and 465 

nanoplankton showed a 2.6-fold increase between the first and the third visit at M2 (Irion et al. 2020), 466 

while CIL slightly decreased (Fig. 4c). The overall CIL abundance was always relatively low and 467 

never exceeded 450 cells L-1. The absence of any clear relation between the abundance of CIL and 468 

their favorite prey was likely the result of the double top-down control on ciliates by both 469 

dinoflagellates and mesozooplankton (Calbet and Saiz, 2005; Franzé and Modigh, 2013). CIL have 470 

not been shown to effectively feed on large or chain-forming diatoms (Sherr and Sherr, 2007). Only 471 
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tintinnid CIL can feed on a large variety of small diatoms (Gowing and Garrison, 1992; Armbreght et 472 

al. 2017). The tintinnids located in the Antarctic zone, delimited by the average location of the Polar 473 

Front, contain a large portion of wide-mouthed forms (Dolan et al. 2012). The ability of relatively 474 

large tintinnids, in 40-60 µm and 60-100 µm size-classes, to ingest small diatoms is probably an 475 

advantage that allows them to form dense populations in SO (e.g., Alder and Boltovskoy 1991; Buck 476 

et al. 1992; Dolan et al. 2012). Indeed, Cymatocylis antarctica was the second most abundant CIL 477 

and was particularly present at the HNLC M3-station where small diatoms (<20 µm) were also 478 

enhanced (Fragilariopsis, Pseudo-nitzschia, Thalassiosira and Chaetoceros, Irion et al. 2020).  479 

4.3 Potential role of microzooplankton in carbon transfer in planktonic food webs  480 

Comprehensive assessment of grazing in natural phytoplankton communities is still very challenging 481 

and relies on many assumptions. One widely used approach is the relatively simple dilution method 482 

which estimates grazing rates based on phytoplankton growth in a gradient of grazing pressure. 483 

Among the criticisms of the dilution method are that dilution experiments may provide inconsistent 484 

results , i.e., abnormally high and/or null grazing rates (e.g., Dolan and McKeon 2005, Calbet et al. 485 

2011; Calbet and Saiz 2013). The dilution experiment estimated grazing by the whole heterotrophic 486 

community < 200 µm, including heterotrophic nanoflagellates. During MOBYDICK, heterotrophic 487 

nanoflagellates and their grazing on picoplankton were quantified. The nanoflagellates grazed almost 488 

exclusively on heterotrophic bacteria (Christaki et al. 2021). Thus, the high grazing rates measured in 489 

the dilution experiments were most likely dominated by microzooplankton grazing. This is in line 490 

with the finding that the small sized phytoplankton community was dominated by nano-sized 491 

Prymnesiophytes (Irion et al. 2020); and that small phytoplankton cells, which are the preferred 492 

microzooplankton prey (prymnesiophytes, prasinophytes and small diatoms), were actively growing 493 

(0.22-0.37 division d-1, Irion et al. 2021).  494 

One potential caveat with the dilution experiment is that photoacclimation of phytoplankton to stable 495 

light conditions in the incubator may have resulted in reduced Chl a concentrations compared to T0 496 

and underestimation of growth rates, (Ross et al. 2011). 497 

Another potential caveat with the dilution experiment is reduced phytoplankton growth due to 498 

nutrient limitation over the course of the experiment. However, measurements of macro-nutrient 499 

concentrations at all stations during the cruise did not suggest any limitations and the noticeable 500 

increase in phytoplankton biomass at M2 indicated sufficient iron concentrations even in late summer 501 

after the decline of the bloom. Depletion of nutrients to limiting levels over the short duration of the 502 

experiments (24h) was therefore unlikely. The phytoplankton growth rate (µ) and the 503 

microzooplankton grazing rate (g) measured during MOBYDICK in the dilution experiments were 504 
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within the range of previous studies in cold waters (e.g., Menden-Deuer et al. 2018; Schmoker at al. 505 

2013 and references therein). Phytoplankton growth was lower than microzooplankton grazing at all 506 

stations (Table 2). Our data add to the surprisingly high variability of estimates of standing stock of 507 

phytoplankton grazed by microzooplankton in the Southern Ocean, (from 0 to >100 %, median ≈ 508 

50 %, Schmoker et al. 2013).  509 

 510 

Given the limitations and assumptions of the dilution method, these estimates of phytoplankton 511 

consumption by microzooplankton were compared with the CD (Carbon Demand) of DIN and CIL as 512 

a proportion of GCP (Gross Community Production) and NCP (Net Community Production).  The 513 

CD was calculated based on their biomass stocks applying a conservative growth rate µ = 0.2 d-1 (e.g., 514 

Bjørnsen and Kuparinen, 1991; Verity et al. 1993; Neuer and Cowles, 1994; Karayanni et al. 2008; 515 

Rose et al. 2013) and a growth efficiency (GE) of 30% (e.g., Straile, 1997; Strom, 1991; Strom and 516 

Fredrickson, 2008). According to these estimates, the carbon demand of DIN and CIL accounted for 517 

5 and 3 % of the GCP on- and off-plateau, respectively, in late summer. It was, however, 518 

considerably higher on the plateau during the onset of the bloom where it accounted for 18 % of the 519 

GCP (station A3-2, Table 3). The proportion of carbon corresponding to CD changed when NCP 520 

(Net Community Production) was taken into account due to the variability in DCR (Dark Community 521 

Respiration) among stations. Thus, the amount of NCP needed to cover the DIN+CIL carbon demand 522 

varied between 5-46 % (Table 3). To note, that these estimations of CD and NCP should be 523 

considered as conservative since they were based on stocks and literature conversion factors.   524 

 525 

The low abundance of microzooplankton despite high grazing rates could also be explained by intra-526 

guild predation which is common for these mixotrophic and heterotrophic organisms (e.g., Franzé 527 

and Modigh 2013) and strong top-down-control through mesozooplankton such as copepods. 528 

In particular, after the end of the bloom (MOBYDICK), the low nutritional quality of phytoplankton 529 

probably further enhanced top-down control on microzooplakton by copepods (Sherr et al. 2009; 530 

Tsuda et al. 2007). During MOBYDICK, two observations lend support for mesozooplankton top-531 

down control on microzooplankton. First,  mesozooplankton abundance showed large variability, 532 

ranging between 207 ind. m-3 at M2-1 to 1636 ind. m-3 at M4-1, and in particular at M2 where it 533 

showed a 7-fold increase between the first and the second visit (1473 ind. m-3) at this station. 534 

Secondly,  grazing experiments showed that there was insignificant grazing of copepods on 535 

phytoplankton and that their respiration requirements were never covered by phytoplankton ingestion 536 



 

18 

(Delegrange et al. MOBYDICK unpublished data) suggesting that they were primarily grazing on 537 

microzooplankton. 538 

 539 

In conclusion, the present study provides two interesting observations: (i) dilution experiments 540 

indicated high microzooplankton grazing capacity on phytoplankton; and (ii) microzooplankton 541 

biomass remained low, suggesting a top-down feeding impact by copepods. We suggest that DIN and 542 

CIL activities, and thus their roles in the trophic web of surface SO waters, are highly dynamic, 543 

however, this is not necessarily reflected in their stock variability. Microzooplankton can apparently 544 

not prevent phytoplankton bloom initiations (Sherr and Sherr, 2009), likely due to substantial 545 

zooplankton predation on microzooplankton (Stoecker and Capuzzo, 1990). Our observations 546 

highlighted the decoupling between microzooplankton stocks (abundance and biomass) and activities 547 

(C-transfer) in SO surface waters. Estimations of carbon transfer solely based on microzooplankton 548 

stocks will thus likely lead to incorrect results. The strength of the microzooplankton-549 

mesozooplankton relationship is rarely considered in plankton studies (e.g., Foreman et al. 1996; 550 

Calbet and Saiz, 2005) and typically neglected in the construction of carbon budgets. The question is 551 

therefore: How do we parametrize microzooplankton in ecosystem models? Strom and Fredrickson 552 

(2008) recommended to parametrize microzooplankton grazing as a ‘sometimes-on, frequently-off’ 553 

response, rather than a low average. Microzooplankton biomass increases typically during brief 554 

periods of time before copepod populations establish, as seen during the onset of the bloom when 555 

high DIN biomass was correlated with large diatom grazers on the plateau (Fig. 4, second visit at A3, 556 

Christaki et al. 2015). We suggest, that outside this period, when microzooplankton biomass remains 557 

low, it continues to play a crucial role as they ‘repackage’ and ‘enrich’ phytoplankton carbon for 558 

higher trophic levels, and also contribute to nutrient and Fe regeneration (Sarthou et al. 2008).  559 

 560 
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Figure legends 968 

Figure 1. Location of stations Surface Chlorophyll a concentrations during MOBYDICK are the 969 

monthly means for March 2018 at a resolution of 4 km (Copernicus Marine Service, 970 

http://marine.copernicus.eu/). The black lines denote 1000 m bathymetry. The approximate position 971 

of the highly dynamic polar front (PF, blue line) during February-March 2018 was also drawn 972 

according to Pauthenet et al. (2018), gray zone around the polar front indicates variations in its 973 

trajectory. The position of the on-plateau A3 and reference HNLC R stations sampled during early 974 
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spring (KEOPS2 cruise, October-November 2011) are also indicated on this map. KEOPS2 station 975 

A3 was named M2 during the MOBYDICK cruise and has the same coordinates. 976 

 977 

Figure 2. Mean profiles of Temperature (°C), Salinity and Chl-a (derived from in vivo fluorescence) 978 

calculated from all the CTDs of each visit to a station. Shadows are standard deviations around the 979 

mean of all CTDs sampled at each station. 980 

 981 

Figure 3. Mean contribution and relative contribution of pigments to total Chl. diat=diatoms, 982 

prymn=prymnesiophytes, pras=prasinophytes, crypt=cryptophytes, syn=Synechoccocus, 983 

chlor=chlorophytes. A3-1, A3-2 and R: correspond to early spring data (KEOPS2, cruise). Late 984 

summer: MOBYDICK cruise. 985 

 986 

Figure 4. Mean integrated abundances and relative abundance of dinoflagellate (DIN) size classes (a, 987 

b). Mean integrated abundances and relative abundance of ciliates (CIL) size classes (c, d) Mean 988 

integrated biomasses of DIN and CIL (e) and relative biomasses of DIN and CIL (f), in the mixed 989 

layer (ML).  990 

 991 

Figure 5. Vertical profiles of dinoflagellates (DIN) and ciliates (CIL) during the MOBYDICK cruise. 992 

 993 

Figure 6. Heatmaps illustrating microscopy (a, b) versus sequencing (c, d) diversity and abundance 994 

data for dinoflagellates (DIN) ciliates (CIL) during MOBYDICK.  DIN and CIL microscopy data 995 

values are the mean integrated abundances of cells in the ML (cells L-1) (a and b, respectively). DIN 996 

and CIL sequence data illustrate relative abundance of reads in the 0.2-20 and 20-100 µm size 997 

fractions in the class Dinophyceae (c) and, the relative abundance of reads in the 0.2-20 and 20-100 998 

µm size fractions in the division Ciliophora (d). 999 

 1000 

Figure 7. Maximum likelihood trees for dinoflagellate (DIN)(a) and ciliate (CIL)(b) genera. 1001 

Bootstrap values >50 are indicated on branches. Tree scales refer to the length of branches and 1002 

indicate the mean number of substitutions per site. Genera are coloured by order. a) DIN topology. 1003 

Purple = Noctilucales, blue = Gymnodiniales, green = Peridiniales, orange = Gonyaulacales, red = 1004 

Dinophysiales, black = individual orders for each genus. b) CIL topology. Green = Tintinnida, red = 1005 

Choreotrichia, purple = Colpodea, orange = Hypotrichia, blue = Strombidiida, black = Cyclotrichiida 1006 

(Myrionecta), Scuticociliatia, Euplotia (Diophrys, Aspidisca). 1007 

 1008 
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Figure 8. Co-inertia analysis (PCA−PCA COIA) between the 16 most abundant DIN+CIL genera and 1009 

characteristic pigments. The two Hierarchical Clustering Factor Maps and the two PCA applied to 1010 

each table are the intermediate steps of the analysis before the final COIA-Biplot. They are presented 1011 

here in order to better follow the text of Section 3.3. Hierarchical Clustering Factor Maps indicate 1012 

station groupings according to the DIN and CIL dominant genera (a) and pigments concentrations (b). 1013 

Also presented are the results of the Principal Component Analysis (PCA) of DIN+CIL (c) and 1014 

pigments (d) with their contribution to the first two principal components,  and finally the 1015 

synthesized COIA results (e). The x-axes show projections of the first 3 PCA components from the 1016 

pigments while the y-axes show those of the genera (e). The circles represent a view of the rotation 1017 

needed to associate the 2 datasets. P-values were calculated using Monte Carlo permutation tests 1018 

(1000 permutations). The sample scatterplot shows how far apart the samples were relative to their 1019 

pigment and taxonomic variables (e). The beginning of the arrow shows the position of the sample 1020 

described by the pigments, and the end by the microzooplankton genera. RV: correlation coefficient 1021 

between the 2 tables (‘R’ for correlation and ‘V’ for vectorial) (e) 1022 

Supplementary Material 1023 

Fig. A1. Dilution experiment plots of apparent phytoplankton growth (µ, d-1) as a function of the 1024 

fraction of bulk seawater (sieved on 200µm) in the dilution series for each station. Linear models 1025 

have been associated to their 95% confidence interval (dark grey area). Calculated parameters are 1026 

detailed on the plot (Ex). Apparent phytoplankton growth (µ) was obtained from measured chla 1027 

concentrations at each dilution by using the equation µ = 1/t *ln(Cf/C0) where t is the duration of the 1028 

experiment (d), Cf and C0 are the final and the initial chl a concentrations. The coefficients k and g 1029 

have been determined from the best fit of the linear model linking apparent phytoplankton growth (µ) 1030 

versus the dilution factor of whole seawater, g (microzooplankton grazing) being the negative slope 1031 

and k (phytoplankton growth rate) the intercept of the linear model. 1032 
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Table 1. Station description, coordinates and depth of the CTD "stock". The depth of the mixed layer (ZML) is based on a difference in sigma of 0.02 to the 

surface value. The mean ZML and Ze (Ze=1% light depth) of all CTD casts performed during the occupation of the stations is given. For the rest of the 

variables the mean±SD is given for the mixed layer. EARLY SPRING: Onset of the bloom , KEOPS2 cruise (KErguelen Ocean and Plateau compared 

Study project, 2011), LATE SUMMER post-bloom MOBYDICK cruise (2018) on the plateau and ocean area of Kerguelen. The mean ML depht (ZML) of 

all CTD casts performed during the occupation of the stations is given. For the rest of the variables the mean±SD is given for the mixed layer except for 

GCP and NCP which is an integrated value in the ML. KEOPS2 station A3 was named M2 during the MOBYDICK cruise and has the same coordinates (cf 

Fig. 1). KEOPS 2, data from: Blain et al. 2015, Closset et al. 2014, Christaki et al 2014, Lasbleiz et al. 2016. MOBYDICK data of GCP and NCP for from 

Christaki et al. submitted. NA: not available 

 EARLY  

SPRING 

  LATE 

SUMMER 

       

 On-plateau  Off-plateau On-plateau   Off-plateau     

            

Station A3-1 A3-2 R M2-1 M2-2 M2-3 M1 M3-1 M3-3 M4-1 M4-2 

dates 

20 Oct 16 Nov 26 Nov 6-8 Mar 16-17 Mar 8-9 Mar 3-5 Mar 18-20 Mar 28 Feb- 3 

Mar 

12-14 Mar 6-8 Mar 

Long-Lat (°E,°S) 72.1-50.6 72.1-50.6 50.3-66.7 72.0-50.4 72.0-50.4 72.0-50.4 74.5-49.5 68.0-50.4 68.0-50.4 67.1-52.3 67.1-52.3 

Depth (m) 475 528 2450 520 519 527 2723 1000 1700 4186 4300 

ZML (m) 105 168 105 62 61 68 27 65 79 49 87 

Ze (m) N/A 38 38 92 92 64 61 58 80 93 107 96 100 

Chlorophyll a 

 (µg/L) 

0.62±0.17 2.03±0.33 0.28±0.04 0.27±0.02 0.30±0.04 0.58±0.02 0.35±0.040 0.20±0.02 0.14±0.00 0.18±0.01 0.21±0.00 

NO3- + NO2- (µM) 29.7 ± 0.5 26.2 ± 0.4 26.0 ± 0.2 21.9±0.12 21.79±0.38 21.9±0.08 25.2±0.56 23.75±0.31 23.34±0.12 25.7±0.05 24.8±0.27 
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PO4
3- (µM) 2.00 ± 

0.03 

1.78 ± 

0.03 

1.83 ± 0.03 1.47±0.03 1.50±0.04 1.50±0.00 1.71±0.11 1.65±0.05 1.08±0.92 1.70±0.02 1.71±0.01 

Si(OH)4 (µM) 23.7 ± 0.8 18.9 ± 0.5 12.3 ± 0.3 1.36±0.41 1.72±0.79 2.75±0.27 8.38±2.93 2.89±1.01 2.31±0.04 4.36±0.35 4.80±0.00 

GCP (mmol C m-2) N/A 344 134 105 213 83 121 nd 132 187 129 

NCP (mmol C m-2) N/A 237 57 30 100 44 52 nd 15 88 106 
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Table 2 : Dilution experiment derived phytoplankton growth and microzooplankton grazing parameters. 

 On-plateau   Off-plateau    

Station M2-1 M2-2 M2-3 M1 M3-1 M4-1 M4-2 

Initial Chl a (10-20m depth, µg L-1) 0.30 0.36 0.64 0.35 0.20 0.20 0.26 

Phytoplankton growth rate (d-1) 0.13 ± 0.03 0.15 ± 0.02 0.26 ± 0.03 0.22 ± 0.02 0.17 ± 0.12 0.08 ± 0.03 0.18 ± 0.09 

Microzooplankton grazing rate (d-1) 0.34 ± 0.05 0.37 ± 0.04 0.53 ± 0.05 0.28 ± 0.03 0.50 ± 0.20 0.38 ± 0.05 0.43 ± 0.15 

Dilution determination coefficient (r2) 0.86*** 0.90*** 0.81*** 0.89*** 0.35* 0.83*** 0.45* 

Phytoplankton daily production (µg Chl a L-1 d-1) 0.04 ± 0.009 0.05 ± 0.008 0.17 ± 0.02 0.08 ± 0.006 0.03 ± 0.02 0.02 ± 0.006 0.05 ± 0.02 

Microzooplankton daily consumption (µg Chl a L-1 d-1) 0.08 ± 0.01 0.13 ± 0.01 0.33 ± 0.03 0.10 ± 0.01 0.10 ± 0.04 0.07 ± 0.008 0.10 ± 0.04 

Grazing pressure (%Chl a production d-1) 213.10 231.68 194.06 130.05 287.48 427.88 219.86 

*** p<0.001 ; ** p<0.01 ; * p<0.05  
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Table 3. Summary of seasonal characteristics above the plateau of Kerguelen and in HNLC waters calculated for  the mixed layer (ML). GCP and NCP: Gross and Net  

community production (cf. Table 1), phytoplankton , dinoflagellates (DIN),  ciliates  (CIL) dominant genera.  

 Productivity 

regime (GCP) 

Community 

Respiration 

DIN+CIL 

biomass 

Phytoplankton  DIN CIL DIN+CIL carbon demand* 

as a % of GCP and NCP 

Kerguelen 

Bloom 

mmol C m-2 d-1 % of GCP mmol C m-2     

Early spring 

 

High1 

(344) 

 

Low1 

30% 

 

High 

(116) 

Chaetoceros 

Thalassiosira  

some Phaeocystis 

colonies 3,4 

Gymnodinium, 

Protoperidinium 

Gyrodinium4,6 

 

Strombidium 

Acanthostomella 

norvegica Codonellopsis 

soyai4,6  

18 % GCP 

25% NCP 

(A3-2) 

Late summer 

 

Moderate 

(134) 2 

Moderate2 

57 % 

low 

(15.4) 

Corethron,  

Phaeocystis free cells 

Micromonas 5 

Gymnodinium 

Gyrodinium 

Prorocentrum 

Lohmaniella oviformis, 

Strombidium 

5.3±2.4% GCP  

14±9.8% NCP 

(mean±sd of the 3 visits at 

M2) 

 

HNLC        

Early spring 

 

Moderate 

(59) 1 

Moderate1 

57% 

low 

(17) 

Phaeocystis  

 Fragilariopsis 3,4 

Gymnodinium 

Gyrodinium 

Scripsiella4,6 

Strombidium 

Codonellopsis soyai4,6 

3 % GCP 

8% NCP 

(R) 

Late summer 

mean±sd of 

Moderate 

(132) 2 

High2 

89% 

low 

(16) 

Phaeocystis free cells 

small diatoms 

Gymnodinium 

Scrippsiella 

Cymatocylis antarctica, 

Lohmaniella oviformis 

3.9±1.8 % GCP 

6.8±2.2% NCP 
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M1, M4-1, 

M4-2  

and M3-3  

 Pelagophytes 5 Gyrodinium (mean±sd of M1, M4-1, 

M4-2)  

 

5.2% GCP  

46% NCP 

(M3-3) 

*Carbon demand is estimated based on biomass, 30% growth efficiency o (Bjørnsen and Kuparinen, 1991; Verity et al. 1993; Neuer and Cowles, 1994; 

Karayanni et al. 2008) and µ=0.2 d-1 corresponding roughly population generation time of about 3 days (Bjørnsen and Kuparinen, 1991; Verity et al. 1993; 

Neuer and Cowles, 1994; Karayanni et al. 2008).  

1.Christaki et al. 2014; 2. Christaki et al. submitted; 3. Lasbleiz  et al. 2016; 4. Georges  et al. 2014;  5. Irion et al. 2020; 6. Christaki et al. 2015 

 

 

 

 

 

Table A1. Significant Pearson correlation between co-inertia axes and variables are highlighted with bold letters (p<0.05)  

        axe1    axe2    axe3 

Gymnodinium   -0.50563510  0.304129663  -0.67727811 

Gyrodinium   0.49828359  0.481226933  -0.45085253 

Scrippsiella  -0.91491628  -0.003383030  -0.12224026 

Prorocentrum  -0.52196271  -0.100576427  -0.46555616 

Amphidinium   0.12412553  0.694065230  -0.10313589 

Katodinium   -0.56273600  0.207027089  -0.35686930 
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Protoperidinium  0.35535326  0.706082523  0.29514842 

Tripos     0.15099031  -0.389365386  -0.66223964 

Lohmaniella   -0.73329229  -0.319589603  -0.54423781 

Strombidium   -0.27722418  0.564209822  -0.64544930 

Cymatocylis   -0.41318569  0.168130159  0.21346582 

Leegaardiella  -0.59748443  0.008128098  -0.65963309 

Codonelopis   -0.07381567  -0.392015027  -0.33990282 

Salpingella   -0.73867635  -0.083404745  0.02006962 

Laboea     0.14926345  -0.375836980  -0.59724940 

Myrionecta   0.72419475  0.532171341  0.07215646 

 

   axe1    axe2    axe3 

diat  0.9076259  -0.08972795  -0.20646614 

prymn  -0.1780910  -0.71742385  -0.34364613 

pras  0.5544056  -0.83415468  -0.01453556 

crypt  0.8845281  -0.45060719  -0.13261950 

Syn  0.7408795  -0.03714631  -0.71035252 

chlor  0.3045928  0.44763322  -0.81309706 

Chla  0.9186115  -0.17271963  -0.24602134 
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ASV 659 Strombidiida G

ASV 979 Strombidiida A

KX602142.1 Uncultured Myrionecta

ASV 2737 Colpodea-1

ASV 234 Strombidiidae Q

ASV 1140 Pelagostrobilidium

ASV 3331 Halteria

ASV 1667 Spirotrichea

ASV 2688 Strobilidiidae B

ASV 839 Strombidiida

ASV 2028 Bergeriella

KJ762418.1.1772 U Laboea strobila

ASV 725 Strombidiida F

ASV 427 Strobilidiidae I

ASV 816 Rimostrombidium A

ASV 3275 Aspidisca

ASV 1712 Colpodea

KJ759103.1.1772 U Laboea sp.

ASV 3096 Diophrys

ASV 1312 Tintinnida

ASV 87 Strombidium M

ASV 2875 Tintinnopsis 03

ASV 113 Tintinnidae

ASV 1570 Undellidae

ASV 21 Dictyocystidae

LN870030.1 Scuticociliatia sp.

ASV 56 Tontoniidae A

ASV 1317 Tintinnidium

ASV 255 Strombidiida

ASV 1572 Tontoniidae B

ASV 114 Strombidiidae H

ASV 2556 Oxytrichidae

ASV 505 Strombidiidae G

ASV 3336 Colpodea

ASV 197 Leegaardiellidae A

ASV 274 Eutintinnidae

ASV 3317 Strombidiidae

AY587129.1 Myrionecta rubra

ASV 591 Strombidiida B

ASV 2474 Discotricha

LN869943.1 Scuticociliatia sp.

ASV 400 Strombidiida C

ASV 198 Salpingella

ASV 6 Xystonellidae

ASV 118 Leegaardiella

ASV 379 Ciliophora

ASV 1032 Strombidiidae B

ASV 85 Pseudotontonia

ASV 191 Amphorellopsis

ASV 3981 Cymatocylis

ASV 922 Choreotrichida

ASV 541 Hypotrichia

ASV 1491 Strobilidiidae J

ASV 1799 Tintinnida
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ASV 422 Thoracosphaeraceae

ASV 1628 Dinophyceae

ASV 253 Gyrodinium

ASV 508 Ornithocercus

AB103389.1 Amphidinium sp.

ASV 2944 Kareniaceae

ASV 340 Goniodoma

ASV 1540 Woloszynskia

ASV 1481 Dinoflagellata

ASV 568 Gymnodiniaceae

ASV 336 Prorocentrum

ASV 1664 Thoracosphaeraceae

ASV 1 Tripos

ASV 133 Phalachroma

ASV 220 Gymnodinium

AB183671.1.1756 U Scrippsiella acuminata

ASV 467 Heterocapsa

ASV 3080 Margalefidinium

ASV 917 Gonyaulax

ASV 95 Peridiniales

EF057407.1 Amphidinium carterae

ASV 1359 Diplopsalidaceae

ASV 742 Pentapharsodinium

ASV 448 Gonyaulacales

ASV 1314 Dinophysis

ASV 433 Kofoidinium

ASV 512 Torodinium

ASV 318 Balechina

ASV 3045 Lessardia

FJ888596.1 Podolampas elegans

KR535601.1 Scrippsiella trochoidea

ASV 2446 Karenia

ASV 1450 Islandinium

ASV 1829 Karlodinium

ASV 3480 Azadinium

ASV 4097 Biecheleria

ASV 1509 Fragilidium

ASV 998 Gymnodiniales

ASV 696 Noctiluca

ASV 710 Abedinium

FJ888595.1 Podolampas bipes

ASV 107 Protoperidinium
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