
1. Introduction
The biological carbon pump is an essential process for transferring CO2 from the atmosphere to the deep ocean 
(Honjo et al., 2014; Turner, 2015). Phytoplankton cells absorb and store carbon through photosynthesis, and this 
fixed carbon sinks as particulate organic carbon (POC) in various forms, including zooplankton fecal pellets 
(FPs), aggregates (marine snow), and zooplankton carcasses. In contrast, the grazing activity of protozoans such 
as ciliates and heterotrophic dinoflagellates converts large POCs to smaller particles including dissolved organic 
carbon (DOC). Therefore, heterotrophic protozoa are known as components of the microbial loop (Steinberg & 
Landry, 2017). POC and DOC that are not remineralized can be sequestered in the deep ocean or as sediments 
on the seafloor. Carbon is considered to be sequestered on climatically relevant timescales when it is stored away 
from the atmosphere for 100 years or more (IPCC, 2007). Therefore, investigating the complex processes of the 
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the particulate organic carbon flux at 50 m depths during the summer productive season) may be attributed to 
FLD carbon flux. This result suggests that FLD cells serve as potential contributors for carbon export, contrary 
to the knowledge that heterotrophic dinoflagellates had been known as one of the dominant microbial loop 
components. Studies on FLDs are essential to understand the Southern Ocean carbon cycle.
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biological carbon pump is crucial for a better understanding of the global carbon cycle and climate (Passow & 
Carlson, 2012; Turner, 2015).

The contribution of recognizable zooplankton FPs to the total POC export varies widely, ranging from <1% to 
almost 100% (Steinberg & Landry, 2017). Zooplankton FPs play a significant role in carbon export to deeper 
waters but with highly variable contributions due to degradation, fragmentation, and repackaging processes 
(Steinberg & Landry, 2017; Turner, 2015). Different types of FPs are produced by different organisms, such 
as cylindrical FPs by euphausiids, salps, and large copepods (Bathmann et al., 1990; Beaumont et al., 2001); 
ellipsoidal FPs by larvaceans such as chaetognaths and heteropods (Dilling & Alldredge,  1993; Taguchi & 
Saino, 1998; Wilson et al., 2008); oval pellets by pteropods, chaetognaths, and small copepods (Gonzalez, 1992; 
Manno et al., 2015); and minipellets (less than 60 μm in diameter) by zooplankton nauplii and heterotrophic 
protozoa (Buck & Newton, 1995; Gonzalez, 1992; Gowing & Silver, 1985). These FPs have different roles in 
carbon export because of their varying sizes, sinking rates, and fluxes.

Heterotrophic dinoflagellates, ciliates, and radiolarians have been known to produce minipellets (Beaumont 
et al., 2002; Gonzalez, 1992; Gowing & Silver, 1985). However, their contribution to carbon export was thought 
to be limited. Minipellets generated by Gyrodinium sp. are considered ineffective carbon carriers in the deep sea 
due to their low sinking rates, making them prone to remineralization in the epipelagic region (Saito et al., 2006). 
Moreover, heterotrophic dinoflagellates such as Gyrodinium dominans, G. spirale, and Protoperidinium spp. can 
feed on FPs produced by copepods (Poulsen & Iversen, 2008; Poulsen et al., 2011). Ciliates and dinoflagellates 
can degrade large copepod FPs (Svensen et al., 2012). Therefore, heterotrophic protozoa, including ciliates and 
heterotrophic dinoflagellates, are considered consumers of POC and DOC in the microbial loop, contributing to 
the attenuation of carbon flux.

Heterotrophic dinoflagellates play an important role in trophic links between phytoplankton or prokaryotes and 
higher-order consumers. A phagotrophic athecate dinoflagellate was observed in the floating sea ice and adjacent 
water column along the coast of the Weddell Sea (Buck et al., 1990). This dinoflagellate was identified as a poten-
tial minipellet producer based on the size and similarity between the food vacuoles of the dinoflagellate and the 
contents of minipellets. It was speculated that the release of the dinoflagellates and their FPs might significantly 
contribute to the POC available to higher-order consumers.

In our field observation, a time-series drifting sediment trap was deployed in the seasonal ice zone of the South-
ern Ocean. The drifting sediment trap captured a dinoflagellate resembling a zooplankton FP (more details are 
provided in the Results and Discussion). This dinoflagellate was named “fecal pellet-like dinoflagellate (FLD)” 
based on its appearance. The size of heterotrophic dinoflagellate cells can change due to grazing activity and 
FP production (Buck et al., 2005; Saito et al., 2006). However, whether dinoflagellates increase in size through 
grazing activity and sink themselves has not yet been reported. Owing to their appearance, these FLDs might have 
been misclassified as FPs rather than dinoflagellates, which could have led to an overestimation of FP carbon 
flux. Additionally, the role of FLD cells in the food chain and carbon cycle may have been overlooked. Thus, in 
this study, we aimed to identify FLD cells at the species level and examine their impact on the estimation of FP 
carbon flux. Here, we describe the identification of FLD cells at the species level and provide information on their 
FPs, potential sinking rate, and potential flux.

2. Materials and Methods
2.1. Study Site and Sampling

Field observations were conducted three times in the seasonal ice zone of the Indian sector of the Southern 
Ocean. In the first observation, a drifting sediment trap was deployed in 10 December 2016 during the icebreaker 
Shirase cruise of the 58th Japanese Antarctic Research Expedition (JARE). It was recovered in 3 January 2017 
during the Antarctic cruises of the training vessel (TV) Umitaka-maru of the Tokyo University of Marine Science 
and Technology. In the second observation, drifting sediment traps were deployed and recovered from 14 January 
2018 to 19 January 2018 during the Antarctic cruises of the TV Umitaka-maru. In the third observation, drifting 
sediment traps were deployed in 10 December 2019 and recovered in 16 Feburary 2020 during the icebreaker 
Shirase cruise of the 61st JARE. A drifter array, equipped with various sensors and time-series sediment traps 
(SMC7S-500, Nichiyu Giken Kogyo, Japan), was also deployed (Figures S1 and S2 in Supporting Information S1). 
Sampling cups (500 mL) were filled with filtered seawater supplemented with NaCl (final concentration, 5.0%) 
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and neutral Lugol's solution (final concentration, 10% or 20%, depending on the sampling duration). During the 
2016–2017 and 2019–2020 observations, temperature, salinity, oxygen concentration, and in situ chlorophyll 
fluorescence were measured at the deployment and retrieval sites using a conductivity-temperature-depth (CTD) 
device (SBE–9plus; Sea-Bird Electronics, Bellevue, WA, USA). During the observation in January 2018, these 
parameters were measured near the drifter using a CTD system comprising a CTD SBE9plus and a 24-position 
carousel water sampler provided by Sea-Bird Electronics, Inc. Niskin bottles (8 L) were mounted on the frame 
and used for sampling water.

2.2. Pre-Treatment of the Sediment Trap Samples

Prior to the analysis, the metazoans with sizes greater than 1.5 mm were removed as swimming zooplanktons 
from the sinking particle samples by using a stereomicroscope (Olympus SZX7, Olympus Inc., Japan). Notably, 
sediment traps also collect actively swimming zooplankton, but these were not included in the analysis as sinking 
particles (Michaels et al., 1990; Yokoi et al., 2018). After removing the swimming zooplankton, the sinking parti-
cle samples were split using a Motoda plankton sample splitter (Motoda, 1959). Each divided sample was used for 
morphological observation, high-throughput DNA sequencing, flux estimation, and POC analysis.

2.3. Morphological Analyses Using 4′,6-Diamidino-2-Phenylindole Stain

The FLD cells were isolated from the divided sample, and sodium thiosulfate was added to the FLD cells to 
remove Lugol's iodine solution. The treated samples were stained with 4′,6-diamidino-2-phenylindole (DAPI) at 
a final concentration of 1 μg mL −1. The samples were observed using a differential interference-contrast micro-
scope (Eclipse 80i, Nikon Co., Japan) with a UV-2a filter (excitation, 330–380 nm; barrier filter, 420 nm; Nikon 
Co.).

2.4. Morphological Analyses Using Electron Microscopy

Microscopic observations were conducted using electron microscopy. FLD cells fixed using 10% Lugol's solu-
tion were obtained and rinsed thrice with distilled water to remove salts from the samples. Each rinsed cell was 
placed in a clean Petri dish containing 0.001% Triton X-100 and mixed 10 times through repeated pipetting to 
remove any deposits, such as detritus, for better observation. Subsequently, each cell was attached to a carbon 
stub using double-sided tape. The cell on the carbon stub was rapidly frozen by applying a small copper column 
block (Cooling Unit FDC10, SUN Technologies, Japan) at −100°C. The cells were dehydrated using a freeze 
dryer (FD-6510, SUN Technologies). With the cell in place, the carbon stub was sputter-coated with osmium for 
5 s using an osmium coater (HPC-1SW, Vacuum Device Co. Ltd., Japan). The cell morphology was examined 
using a field-emission scanning electron microscope (JSM-7500F, JEOL, Japan).

2.5. Gyrodinium-Specific PCR Primer Design

A Gyrodinium-specific Polymerase Chain Reaction (PCR) primer set was designed for the 18S rRNA gene using 
the published sequences of the 18S rRNA genes of 12 species within this genus (Table S1 in Supporting Informa-
tion S1) and the NCBI primer basic local alignment search tool (BLAST) program (Ye et al., 2012). The specific-
ity of the primer set was analyzed using the Silva-TestPrime program (Klindworth et al., 2013).

2.6. PCR Amplification and Sanger Sequencing

Twenty-eight FLD cells (18 cells at 60 m depth and 10 cells at 150 m depth) were sorted from the sinking parti-
cles sampled in January 2019. The nuclei on the surface of the cells were separated from the cells using a needle 
and a stereomicroscope (Olympus SZX7, Olympus Inc.). The nuclear DNA of each cell was homogenized in 
5% Chelex® 100 using a hand-held pestle homogenizer (Nagai et al., 2012). Subsequently, the solutions were 
incubated at 100°C for 20 min (Peng et al., 2013). The partial 18S rRNA genes were amplified from the extracted 
DNA using the E562F/E1642R primer set (Wang et al., 2014) (Table S2 in Supporting Information S1) and the 
EmeraldAmp MAX PCR Master Mix (Takara Bio) under the following conditions: 94°C for 3 min; 35 cycles of 
94°C for 30 s, 67°C for 30 s, and 72°C for 70 s; and a final extension at 72°C for 5 min.
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In another set of samples collected between December 2019 and January 2020, 66 FLD cells (53 cells at 60 m 
depth and 13 cells at 150  m depth) were sorted from the sinking particles. The total DNA of each cell was 
extracted using 100 μL of lysis buffer (10 mM Tris-HCl, pH 8.0, 0.5% Polyoxyethylene (20) Sorbitan Monolau-
rate, 50 mM KCl, and 20 mg mL −1 proteinase K) under the following conditions: 65°C for 15 min and 95°C for 
15 min. The partial 18S rRNA genes were amplified from the extracted DNA using the Gyrodinium-specific 
primer set (Table S2 in Supporting Information S1) and the Emerald Amp MAX PCR Master Mix (Takara Bio) 
under the following conditions: 94°C for 3 min; 30 cycles of 94°C for 30 s, 56°C for 30 s, and 72°C for 2 min; 
and a final extension at 72°C for 3 min. The PCR product was purified using the Agencourt AMPure XP PCR 
clean-up kit (Beckman Coulter, California, USA), according to the manufacturer's instructions. Each PCR prod-
uct was sequenced by Eurofins Genomics (Eurofins, Japan) using Sanger sequencing technology.

2.7. Homology and Phylogenetic Tree Analyses

Phylogenetic analyses of the 18S rRNA gene sequences were performed using the MEGA7 software (Kumar 
et  al.,  2016). A homology search was conducted using BLAST. A neighbor-joining tree, including bootstrap 
probabilities (1,000 replicates), was constructed using the published sequences of Gyrodinium species from the 
GenBank database and MEGA7. Multiple sequence alignment was carried out using the MUSCLE program, as 
implemented in MEGA7 (Edgar, 2004).

2.8. Size, Sinking Rate, and Flux Estimations

The cylindrical and ellipsoidal FPs, as well as FLD cells, were counted using a light microscope (Olympus IX71, 
Olympus Inc., Japan) based on morphological features such as the nuclei, protrusions, and grid-like patterns on 
the cell surface. The diameter and length of the FPs and FLD cells were measured using open-source image anal-
ysis software (Karasunpo, Katayama Hirofumi Mz, Japan). The sinking rates were obtained using the equation 
based on Stokes' law (Komar et al., 1981):

𝑉𝑉 = 0.079 ×
1

𝜇𝜇
× (𝜌𝜌FLD − 𝜌𝜌SW) × 𝑔𝑔 × 𝑑𝑑2

(

𝑙𝑙

𝑑𝑑

)−1.664

 (1)

where μ is the kinetic velocity of seawater (0.0189 g cm −1 s −1 that was measured value at 10 m and deep-chlorophyll 
maximum along 80°E transect; Seuront et al., 2010); ρFLD is the density of the FLD (three reported density values, 
including 1.09 g cm −3 for living Gyrodinium cells, 1.14 g cm −3 for Gyrodinium cysts, and 1.19 g cm −3 for spheri-
cal FPs, were used as the ρFLD) (Anderson et al., 1985; Atkinson et al., 2012; Kamykowski et al., 1992); ρSW is the 
density of seawater (1.028 g cm −3 that was maximum value at 60 and 150 m when drifting sediment traps were 
deployed and recovered); l and d are the FP length (μm) and diameter (μm), respectively; and g is the accelera-
tion  due to gravity (981 cm s −2).

 Fluxes were calculated using the following equation:

𝐹𝐹 = 𝑁𝑁 ×
1

0.019m2
×

1

𝑑𝑑
 (2)

where F (#FP or cells m −2 day −1) is the flux of the ellipsoidal FPs or FLD cells, N is the number of individuals 
or cells in each sample, 0.019 m 2 is the trap mouth area, and d is the interval space between each sample (2016: 
4 days, 2019: 1 day, 2020: 6 days).

The FP carbon content was calculated based on a conversion factor of 0.038, 0.03, and 0.02 mg C mm −3 for 
cylindrical FPs and 0.041, 0.038, and 0.034 mg C mm −3 for oval or ellipsoidal FPs (Gleiber et al., 2012; Manno 
et al., 2015; Rembauville et al., 2015). The FLD carbon content was calculated using various conversion factors 
for living dinoflagellates (Menden-Deuer & Lessard, 2000), G. dominans cells (Archer et al., 1996; Nakamura 
et al., 1992), and FP (Manno et al., 2015). Carbon fluxes were calculated using the following equation:

CF = 𝐶𝐶 ×
1

0.019m2
×

1

𝑑𝑑
 (3)

where CF (mg C m −2 day −1) is the carbon flux of the FPs or FLD cells, C is the total carbon content of individuals 
or cells in each sample, 0.019 m 2 is the mouth area of the trap, and d is the space between samples (2016: 4 days, 
2019: 1 day, 2020: 6 days).
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The trap samples were filtered using pre-combusted (450°C for 4 hr) Whatman GF/F filters for POC analyses. 
Filters were rinsed using a 0.25 mol L −1 sodium thiosulfate solution, desalted by short washing with distilled 
water, and dried at 60°C. POC was measured using an elemental analyzer connected to an isotope-ratio mass 
spectrometer (Flash 2000-ConfloIV-DeltaV advantage, Thermo Scientific). POC fluxes were estimated by divid-
ing the total mass per sample by the time interval and trap collection area.

2.9. Eukaryotic Community Structure Analysis

The ellipsoidal FPs (60 m depth: 7 ind.; 150 m depth: 7 ind.) and FLD cells (60 m depth: 10 cells; 150 m depth: 
6 cells) were sorted randomly from the sinking particles sampled in January 2019. The nuclei of the FLD cells 
were removed from the cells using a stereomicroscope (Olympus SZX7, Olympus Inc.). The FPs and FLD cells 
were homogenized in 5% Chelex® 100 using a hand-held pestle homogenizer, and the solutions were incubated 
at 100°C for 20 min (Nagai et al., 2012; Peng et al., 2013).

The extracted DNA was used as a template for PCR amplification of the eukaryotic 18S rRNA gene using the 
eukaryotic universal primer set 1389F/1510R (Amaral-Zettler et  al., 2009) (Table S2 in Supporting Informa-
tion S1). Each 25 μL of the PCR mixture consisted of 2 μL of extracted DNA, 1.25 μL of 10 μmol·L −1 of each 
primer, and 12.5  μL of 2  ×  PCR Master Mix. PCR amplification was performed via an initial denaturation 
at 94°C for 2 min, followed by 30 cycles of 10 s at 98°C, 30 s at 56°C, 30 s at 72°C, and a final extension at 
68°C for 7 min. These amplicons were subsequently used as templates for indexing PCR to link the overhangs 
to Illumina sequencing adapters and indices for downstream sequencing. Each PCR mixture included 1 μL of 
amplicon, 1.25 μL of each of the index primers, 9 μL of diluted water, and 12.5 μL of 2 × PCR Master Mix. 
The PCR conditions followed were 94°C for 2 min, 8 cycles of 98°C for 10 s, 50°C or 59°C for 30 s, 68°C 
for 60  s, and a final extension at 68°C for 7 min. The PCR products were analyzed using a 2% agarose gel. 
Amplicons were cleaned and concentrated via silica column purification (NucleoSpin® Gel and PCR Clean-up, 
Macherey-Nagel, Germany), according to the manufacturer's instructions. The purified amplicons were pooled 
at equimolar concentrations.

2.10. High-Throughput Sequencing

The equimolar mix was sequenced using an Illumina MiSeq sequencing system at the Food Assessment & 
Management Center (FASMAC Co., Ltd., Japan). The quality of the demultiplexed raw sequences was analyzed 
using FastQC (v0.11.4; Babraham Bioinformatics). Unique sequences were aligned using Mothur software 
(version 1.43.0) against the Silva reference file version 138.1 (Schloss et  al.,  2009). Pre-clustering with a 1 
bp mismatch allowance was performed to remove the pyrosequencing error (Huse et  al.,  2010). The aligned 
sequences were sorted using splitting abundance (cut-off = 10) to check for possible errors. Chimeric sequences 
were detected using UCHIME (USEARCH v.11; Edgar et al., 2011) and were removed. The remaining reads 
were clustered into operational taxonomic units (OTUs), which are units for the number of species determined by 
DNA sequence similarities between the reads. According to the furthest-neighbor distance, all singletons at 97% 
similarity, defined as an out composed of one single sequence that only occurs once in the whole analysis, were 
removed to avoid any possible errors induced by the sequencing process. The taxonomic groups “Mammalia,” 
“Archosauria,” “Hexapoda,” “Arachnida,” and “Gyrodinium” were removed from the target lineage to remove 
contamination and compare the contents between FLD cells and FPs without nucleic DNA of Gyrodinium.

2.11. Statistical Analysis

Statistical analyses were performed using the vegan, heatmap3, and ggplot2 packages of the software R v.4.1.2 
(Oksanen et al., 2019; Villanueva & Chen, 2019; Zhao et al., 2014). Non-parametric multidimensional scaling 
(NMDS) and cluster analysis were based on the horn-Yamashita distance dissimilarity. Analysis of similari-
ties  (ANOSIM) was used to investigate the significance.

3. Results and Discussion
3.1. Morphological Features by Microscopic Observation

FLDs were sampled using time-series drifting sediment traps located in the seasonal ice zone of the Indian 
sector of the Southern Ocean during the austral summer (Figures S1 and S2 in Supporting Information S1).  
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The appearance of FLDs was similar to that of spherical FPs (Figure 1a). The cells were oval and had an average 
size of 146 ± 46 μm × 192 ± 59 μm (n = 807; Table 1). The size of the FLDs was 2.8 × 10 6 ± 2.7 × 10 6 μm 3 
(Table 1), which was similar to that of the FPs of the copepods Calanus finmarchicus (2.12 × 10 6 ± 0.82 × 10 6 
μm 3; Svensen et al., 2012) and Neocalanus cristatus (4.7 × 10 6 ± 8.9 × 10 5 μm 3; Stamieszkin et al., 2021). The 
nuclei of the cells were observed on the surface using DAPI staining (Figures 1b and 1c). A sulcus and spots, but 
no flagella, were observed on the cells using an electron microscope (Figures 1d–1f). Microscopic observations 

Figure 1. Microscopic observation of fecal pellet-like dinoflagellates (FLDs) and fecal pellets (FPs). (a) FLD cells and FPs among the sinking particles. (b, c) The cell 
and the cell stained with 4′,6-diamidino-2-phenylindole are observed under light and fluorescence microscopes, respectively. The red arrow indicates the nucleus of the 
cell. (d–f) The cell sampled at 150 m depth using an electron microscope. Yellow and black arrows indicate the sulcus and spots, respectively. The left side of the cell 
collapsed due to manipulation for detritus removal and/or due to the dry-freezing method. Scale bar: (a–c) 200 μm, (d) 100 μm, and (e–f) 10 μm.
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indicated that the FLD cells were dinoflagellates >100 μm in diameter having a sulcus and spots. Based on these 
morphological features (nuclei, sulcus, and spots), FLDs and oval FPs could be distinguished.

3.2. Identification of FLDs at the Species Level Using 18S rRNA Gene Sequencing

To identify the FLDs at the species level, their taxonomic and phylogenetic statuses were examined using the 18S 
rRNA gene sequences. The obtained sequences from all cells were divided into two major groups. The sequence 
similarity between the groups was 97%, and the genetic distance ranged from 0.021 to 0.023. The groups were 
clustered with Gyrodinium rubrum (AB120003.1) or Gyrodinium heterogrammum (KP790159.1), respectively 
(Figure 2). Sixty-four of the 66 cells collected from a depth of 60 m in the austral summers of 2019 and 2020 were 
identified as G. rubrum, and the remaining two were identified as G. heterogrammum. Conversely, 20 of the 22 
cells collected from a depth of 150 m in the austral summers of 2019 and 2020 were identified as G. heterogram-
mum, and the remaining two were identified as G. rubrum.

G. rubrum cells sampled in Otaru Bay of Japan have a cell size of 35.8–63.2 μm in diameter and 84.9–140.4 μm 
in length (n = 8) (Takano & Horiguchi, 2004). G. heterogrammum cells sampled in Port Phillip Bay of Australia 
were 24–30 μm in diameter and 32–35 μm in length (n = 16; Larsen, 1994). In contrast, the FLD cell sizes are  
distinctively larger than the reported Gyrodinium cell sizes (Larsen, 1994; Takano & Horiguchi, 2004). Large  
Gyrodinium cells have been reported in previous studies (Buck et  al.,  2005; Gómez et  al.,  2020; Saito  
et al., 2006). Field observation in the North Pacific Ocean reported that Gyrodinium sp. fed on diatom chains with 
sizes up to 12 times their length (1.99 × 10 5 μm 3 in volume) after a diatom bloom (Saito et al., 2006). A previous 
study reported that an athecate phagotrophic dinoflagellate (Gyrodinium sp.) ingested chain-forming diatoms and  
was abundant in Monterey Bay, California (Buck et  al.,  2005). Large G. spirale were observed in the North  
Sea after a Phaeocystis bloom (Gómez et al., 2020). Taken together, the FLD cells (large G. rubrum cells and G. 
heterogrammum cells) observed were likely to be hypertrophied cells stuffed with prey.

3.3. FLD Cells Were Oval Pellet Producers Not Minipellet Producers

Gyrodinium species also produce diatom-containing minipellets (Buck & Newton,  1995; Saito et  al.,  2006).  
Interestingly, during manipulation using a microneedle under a microscope, an object similar to an oval FP 
emerged from an FLD cell (Movie S1). This finding suggests that FLD cells excrete oval FPs with a 100–300 μm 
diameter. The FPs emerging from FLD cells were larger than the minipellets generated by Gyrodinium (Buck 
& Newton,  1995; Saito et  al.,  2006). If FLD cells live and generate oval pellets, their FPs may be more  
effective carbon carriers than the reported minipellets (Buck et  al.,  2005; Saito et  al.,  2006). To confirm  
whether oval FPs were excreted by FLD cells, their flux correlation and eukaryotic community structures were 
investigated.

The FLD cells and oval or ellipsoidal FPs in the sinking particle samples were counted, and their diameters,  
lengths, and fluxes were measured and calculated. The diameter and length of oval or ellipsoidal FPs were 
151 ± 76 and 197 ± 95 μm, respectively (Table 1). We investigated the correlation between the flux of oval or 
ellipsoidal FPs (excluding those whose size exceeded the 95% confidence level of the cell size of FLDs for either 

FLD cells Oval and/or ellipsoidal FPs

Diameter (μm) Length (μm) Volume (μm 3) Diameter (μm) Length (μm) Volume (μm 3)

Average 146 192 2.8 × 10 6 151 197 4.7 × 10 6

Standard deviation 46 59 2.7 × 10 6 76 95 1.8 × 10 7

Median 143 188 2.1 × 10 6 144 191 2.1 × 10 6

Range 348 386 3.0 × 10 7 889 1,111 4.8 × 10 8

Minimum 35 36 2.2 × 10 4 11 31 1.9 × 10 3

Maximum 382 422 3.0 × 10 7 900 1,143 4.8 × 10 8

Table 1 
Diameter, Length, and Volume of Fecal Pellet-Like Dinoflagellate (FLD) Cells and Oval and/or Ellipsoidal Fecal Pellet 
(FP) Sampled in the Seasonal Ice Zone of the Southern Ocean
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the diameter or length) and the flux of FLD cells; a strong positive correlation (R 2 = 0.81) was observed between 
the flux of FPs (considered as FLD's FP based solely on size, not morphological features) and the flux of FLD 
cells (Figure S3a in Supporting Information S1). The correlations between the flux of FLDs and the flux of FPs 
that were smaller and larger than the FLD size based on the 95% confidence level were 0.63 and 0.67, respectively 
(Figures S3b and S3c in Supporting Information S1). These values were lower than the correlation between the 
flux of FPs generated by FLDs and the flux of FLD cells. These results support the hypothesis that the FLDs 
produced these oval FPs. To confirm this, the eukaryotic community structures in the food vacuoles of FLD cells 
(16 cells) and the contents of the oval and/or ellipsoidal FPs (14 individuals) were analyzed and compared. A 
total of 2,522,738 reads of the 18S rRNA (V9 region) gene were obtained and clustered into 738 OTUs with 97% 
similarity, of which 317 were shared OTUs. The FLD cells had 312 specific OTUs, whereas the FPs had 109 
specific OTUs. The differences in eukaryotic community structures were analyzed using NMDS based on OTU 
composition (Figure S4 in Supporting Information S1). The 95% confidence interval between the FLD cells and 
FPs overlapped, and no significant difference was observed (ANOSIM, p = 0.09). The differences in eukaryotic 
community structures between the FLD cells and FPs were also visualized using a cluster map (Figure 3). The 
most abundant species were Fragilariopsis sublineata, uncultured Dinophyceae, and Thoracosphaeraceae. Four 
major clusters were formed due to differences in the eukaryotic community structure between FLDs and FPs. In 
samples where Fragilariopsis sublineata was  relatively abundant, no apparent differences in eukaryotic commu-
nity structure were observed between the prey in the food vacuoles of FLD cells and the contents of ellipsoidal 

Figure 2. Neighbor-joining phylogenetic tree of the genus Gyrodinium based on the partial 18S rRNA gene sequences. GenBank accession numbers are provided. 
Bar: 0.01 substitutions per nucleotide position. Numbers at the nodes indicate the bootstrap probabilities (among 1,000 samples). The red text corresponds to the Fecal 
pellet-like dinoflagellates (FLD) samples.
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FPs. These results suggest that the sinking particles captured by the sediment 
trap, which included oval or ellipsoidal FPs, also contained FPs produced by 
FLDs.

3.4. Sinking Rate of FLD Cells Based On Stokes' Law

The sinking rates of the FLD cells were examined using Stokes' law. The 
reported densities for living Gyrodinium cells, Gyrodinium cysts, and FPs 
were used as the FLD density (Table 2; Figure 4a). If FLD cells were live, 
the average sinking rate of the FLD cells was 57  ±  35  m  day −1 (range: 
2.7–325 m day −1; Table 2). The maximum and average values were higher 
than those of the Gyrodinium cells sampled in Monterey Bay, California, 
in the North Pacific (Buck et  al.,  2005; Saito et  al.,  2006). These values 
were also higher than the sinking rates of various phytoplankton (Bach 
et al., 2012). If FLD cells were cysts, the average sinking rate of the FLD 
cells was 102 ± 63 m day −1 (range: 4.8–586 m day −1; Table 2). This value 

Figure 3. Comparison between fecal pellet-like dinoflagellates (FLDs) and oval or ellipsoidal fecal pellets (FPs). Heatmap of taxonomic species composition. 
The heatmap represents relative abundance of the abundant taxonomic species (>1%). Both the taxa and the samples were clustered. Color intensity in the cluster 
dendrogram corresponds to the relative abundance.

FP a Cyst b Living cell c

Average 202 102 57

Standard deviation 178 90 50

Median 126 63 35

Range 1,152 582 322

Minimum 10 4.8 2.7

Maximum 1,161 586 325

 aDensity value for sphere FP used: 1.19 g cm −3 (Atkinson et al., 2012).  bDensity 
value for Gyrodinium cyst used: 1.14 g cm −3 (Anderson et al., 1985).  cDensity 
value for living Gyrodinium cell used: 1.09 g cm −3 (Kamykowski et al., 1992).

Table 2 
Sinking Velocity of Fecal Pellet-Like Dinoflagellate Cells Using Reported 
Density of Fecal Pellets (FPs), Cysts, and Living Cells
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was 9–17 times higher than the sinking rate of dinoflagellate cysts (Anderson et al., 1985). At least, the average 
sinking rate of FLD could be higher than that of other protozoa and dinoflagellate cysts, irrespective of whether 
the FLDs were living cells or cysts.

If the density of FLD was the same as that of FP, the average FLD sinking rate was 202 ± 126 m day −1 (range: 
10–1,161 m day −1; Table 2). Surprisingly, the maximum sinking rate of FLD cells was higher than those of 
copepod- and euphausiid-produced FPs, although the FLD cells were smaller than the metazoans (Figure 4b). 
The sinking rates of the FPs produced by Antarctic krill and salps in the Antarctic Peninsula were 233.4 ± 154.3 
and 586.0 ± 692.0 m day −1, respectively (Pauli et al., 2021). The sinking rate of large copepod FPs sampled in the 
northeastern tropical Atlantic was 115.9 ± 52.6 m day −1, according to Stokes's law (Yoon et al., 2001). The FLD 
average sinking rate was comparable to that of the Antarctic krill FPs sampled in the Antarctic Peninsula (Pauli 

Figure 4. Differences in the sinking rate and a schematic diagram of cell or body sizes. (a) The sinking rate of the fecal pellets (FPs) produced by metazoans and 
protozoa (Buck et al., 2005; Saito et al., 2006; Turner, 2002, 2015). Fecal pellet-like dinoflagellate (FLD) sinking rates were calculated using three densities: those of  
living cells, cysts, and FPs. The light yellow and blue bars indicate the maximum and minimum sinking rates, respectively. The red bar indicates the maximum sinking  
rate of FLDs. The sinking rate of FLDs was estimated based on Stokes' law. (b) Schematic diagram of the differences in cell or body size between euphausiids, 
copepods, and FLDs.
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et al., 2021). The sinking rate of the FPs generated by the FLD cells was comparable to that of the FLD cells, 
assuming that the size of the FPs was similar to the FLD cell size. If their FPs have a high density, they will likely 
function as carbon carriers, as effective as the metazoan FPs, owing to their high sinking rate.

3.5. Flux of FLD Cells Examined Using Various Carbon Conversion Factors

If FLDs are cysts or dead cells, their carbon flux could be due to passive sinking. In contrast, if FLDs are living 
cells, they can descend and ascend, so the abundance in traps might not be a passive sinking flux. However, 
the FP generated by FLD cells might be through passive sinking flux. Therefore, it is essential to consider the 
status of FLD cells when estimating their carbon flux. Gyrodinium cysts have two transparent layers (Kobayashi 
et  al.,  2001; Kojima & Kobayashi,  1992; Moestrup et  al.,  2014). Although the outer transparent layer could 
collapse during sampling, no outer layer on FLD cells (G. rubrum and G. heterogrammum) was observed. More-
over, it was thought that there is no need to resist starvation because phytoplankton, such as diatoms, were 
observed inside the cells (Figure S5 in Supporting Information S1). At least, FLD cells were not considered to be 
cysts. Although there was no certainty as to whether the FLDs are living cells, the range of FLD carbon fluxes 
was estimated using various carbon conversion factors for dinoflagellate cells and oval FPs (Archer et al., 1996; 
Gleiber et al., 2012; Manno et al., 2015; Menden-Deuer & Lessard, 2000; Nakamura et al., 1992; Rembauville 
et al., 2015) (Tables 3 and 4). The ranges of FLD carbon flux were 0.0046 to 16 mgC m −2 day −1 using the conver-
sion factor for heterotrophic dinoflagellate cells (Menden-Deuer & Lessard, 2000), 0.0046 to 12 mgC m −2 day −1 
using the conversion factor for total dinoflagellate cells (Menden-Deuer & Lessard, 2000), and 0.0029 to 25 mgC 
m −2 day −1 using the conversion factor for G. dominans cells (Archer et al., 1996; Nakamura et al., 1992). The 
maximum FLD carbon flux/the total POC flux was 45%, 32%, and 78%, respectively. If the FLD cells were dead, 
their passive flux could contribute to a maximum of 12 mgC m −2 day −1 (32% of total POC flux). In contrast, if 
FLD cells were alive, not all cells would be sequestered in the deep ocean because they could sink and ascend 
owing to cell size changes due to feeding and excretion. In other words, if FLD cell flux was not a passive sinking 
flux, a maximum of 32% of total POC flux might be overestimated. Although the flux of FP generated by FLD 
cells could form an additional flux, this flux was not estimated because of little information on their FP (only the 
size was known). Further studies on FLD will be needed to reveal their contribution to carbon export.

As previously described, FLD cells might be overlooked in POC export evaluations because their appearance was 
similar to that of oval FPs. If carbon conversion factors of oval FPs were used for estimation of FLD flux, the 
ranges of FLD carbon flux were 0.0018 to 16 mgC m −2 day −1 using the conversion factor for total FP including 
oval and spherical FPs (Rembauville et al., 2015), 0.0021 to 18 mgC m −2 day −1 using the conversion factor for 
FPs sampled from austral autumn to summer of the Scotia Sea in the Southern Ocean (Manno et al., 2015), and 
0.0019 to 17 mgC m −2 day −1 using the conversion factor for FPs sampled in the Western Antarctic Peninsula 
(Gleiber et al., 2012). The maximum values of the FLD carbon flux/the total POC flux obtained using three 
carbon conversion factors were 56%, 53%, and 63%, respectively. Carbon fluxes of oval or ellipsoidal FPs were 
also estimated using carbon conversion factors (Manno et al., 2015) (Table S3 in Supporting Information S1). The 
oval or ellipsoidal FP carbon flux ranged from 0.14 to 56 mgC m −2 day −1. If FLD cells were considered as FP and 
their flux was estimated in the same manner as FP flux, the FP carbon flux may be overestimated by a maximum 
of 18 mgC m −2 day −1. The contributions of FLD cells and their oval FP are unknown because no information is 
available on whether FLD cells are alive or dead. However, at least the contributions of FLD cells and oval FPs 
to carbon export were found to differ. Therefore, distinguishing between FLD cells and oval or ellipsoidal FPs 
among sinking particles is essential for accurately estimating POC flux.

4. Conclusion
In this study, we reported on FLDs captured by drifting sediment traps in the east Antarctic seasonal ice zone. The 
FLD cells were identified at the species level, and their FPs as well as FLD carbon flux were investigated. The 
current results indicate that FLDs were (a) heterotrophic dinoflagellates G. rubrum and G. heterogrammum, (b) 
producers of larger oval FPs than minipellets, and (c) potential contributors to carbon export.

In biogeochemical cycle research and future predictions for carbon sequestration, metazoans such as Antarctic 
krill and copepods have been highlighted due to their high biomass and considerable contribution to carbon 
export (Cavan et al., 2019; Flores et al., 2012). Our results suggest that FLDs serve as potential drivers for 
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biological carbon pumps, although heterotrophic dinoflagellates have garnered considerable attention in stud-
ies on carbon flux estimation because they are thought to act as POC and DOC consumers in the microbial 
loop, contributing to carbon flux attenuation. FLDs have not been considered in models such as the Biogeo-
chemical Elemental Cycle model embedded in the Community Earth System Model and the Regulated Ocean 
Ecosystem Model (Danabasoglu et al., 2020; Hauck et al., 2013; Schourup-Kristensen et al., 2014). Moreover, 
the response of Gyrodinium species to future climate changes due to global warming and ocean acidification 

Date Depth (m) POC flux (mgC m −2 day −1)
FLD flux (HDF) 

(mgC m −2 day −1) a
FLD flux (TDF) 

(mgC m −2 day −1) b
FLD flux (Gd) 

(mgC m −2 day −1) c

10–13 December 2016 50 25 7.1 4.9 14

14–17 December 2016 62 16 12 25

18–21 December 2016 30 14 9.7 24

22–25 December 2016 11 0.19 0.16 0.23

26–29 December 2016 17 1 0.79 1.5

30 December 2016 to 2 January 2017 10 2.7 2 4.6

3–8 January 2017 13 2.2 1.6 3.6

14–15 January 2019 60 39 3.9 2.8 6.2

15–16 January 2019 34 n.d. n.d. n.d.

16–17 January 2019 26 4.2 3.1 6.4

17–18 January 2019 57 5 3.8 7.1

18–19 January 2019 35 2.2 1.6 3.4

19–19 January 2019 96 5.7 4.5 7.4

14–15 January 2019 150 6.4 0.82 0.65 1

15–16 January 2019 13 0.11 0.1 0.089

16–17 January 2019 17 0.1 0.092 0.088

17–18 January 2019 25 0.81 0.68 0.87

18–19 January 2019 27 0.83 0.65 1.1

19–19 January 2019 130 1.2 1 1.2

10–15 December 2019 60 70 n.d. n.d. n.d.

16–21 December 2019 100 1.8 1.4 2.5

22–27 December 2019 87 3.5 2.6 5.2

28 December 2019 to 2 January 2020 62 3.5 2.7 5.3

3–8 January 2020 38 0.31 0.25 0.39

9–14 January 2020 91 0.61 0.51 0.7

15–20 January 2020 39 3.7 2.8 5.7

10–15 December 2019 150 17 0.0046 0.0046 0.0029

16–21 December 2019 150 n.d. n.d. n.d.

22–27 December 2019 160 0.0089 0.0085 0.0068

28 December 2019 to 2 January 2020 53 0.0049 0.0049 0.0031

3–8 January 2020 29 0.0071 0.0068 0.0052

9–14 January 2020 100 0.047 0.04 0.051

15–20 January 2020 29 0.18 0.14 0.21

Note. “n.d.” indicates no detection.
 aConversion factor for heterotrophic dinoflagellate (HDF) cells used (Menden-Deuer & Lessard, 2000).  bConversion factor for total dinoflagellate (TDF) cells used 
(Menden-Deuer & Lessard, 2000).  cConversion factor for Gyrodinium dominans (Gd) cell used (Archer et al., 1996; Nakamura et al., 1992).

Table 3 
Variation in Fecal Pellet-Like Dinoflagellate (FLD) Carbon Flux Using Three Conversion Factors for Dinoflagellate Cells
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has not been clarified. A better understanding of the physiological and ecological roles of two described 
Gyrodinium species will be urgently required in future predictions of carbon sequestration in the Southern 
Ocean.

Conflict of Interest
The authors declare no conflicts of interest relevant to this study.

Date Depth (m)
POC flux (mgC 

m −2 day −1)
FLD flux (0.052) (mgC 

m −2 day −1) a
FLD flux (0.041) (mgC 

m −2 day −1) b
FLD flux (0.038) 
(mgC m −2 day −1) c

10–13 December 2016 50 25 13 10 9.5

14–17 December 2016 62 23 18 17

18–21 December 2016 30 22 17 16

22–25 December 2016 11 0.21 0.17 0.16

26–29 December 2016 17 1.4 1.1 1

30 December 2016 to 2 January 2017 10 4.3 3.4 3.1

3–8 January 2017 13 3.4 2.7 2.5

14–15 January 2019 60 39 5.7 4.5 4.2

15–16 January 2019 34 n.d. n.d. n.d.

16–17 January 2019 26 6 4.7 4.3

17–18 January 2019 57 6.6 5.2 4.8

18–19 January 2019 35 3.2 2.5 2.3

19 January 2019 96 6.9 5.5 5.1

14–15 January 2019 150 6.4 0.95 0.75 0.69

15–16 January 2019 13 0.082 0.065 0.06

16–17 January 2019 17 0.081 0.064 0.06

17–18 January 2019 25 0.81 0.64 0.59

18–19 January 2019 27 1.0 0.81 0.75

19 January 2019 130 1.1 0.87 0.8

10–15 December 2019 60 70 n.d. n.d. n.d.

16–21 December 2019 100 2.3 1.8 1.7

22–27 December 2019 87 4.8 3.8 3.5

28 December 2019 to 2 January 2020 62 5.0 3.9 3.6

3–8 January 2020 38 0.36 0.28 0.26

9–14 January 2020 91 0.65 0.51 0.47

15–20 January 2020 39 5.3 4.2 3.8

10–15 December 2019 150 17 0.0027 0.0021 0.0019

16–21 December 2019 150 n.d. n.d. n.d.

22–27 December 2019 160 0.0063 0.005 0.0046

28 December 2019 to 2 January 2020 53 0.0029 0.0023 0.0021

3–8 January 2020 29 0.0048 0.0038 0.0035

9–14 January 2020 100 0.047 0.037 0.035

15–20 January 2020 29 0.20 0.16 0.15

Note. “n.d.” indicates no detection.
 aConversion factor for ovoid pellets in the Scotia Sea (Manno et  al.,  2015).  bConversion factor for ovoid pellets in the Western Antarctic Peninsula (Gleiber 
et al., 2012).  cConversion factor for total fecal pellets (Rembauville et al., 2015).

Table 4 
Variation in Fecal Pellet-Like Dinoflagellate (FLD) Carbon Flux Using Conversion Factor for Fecal Pellets
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Data Availability Statement
DNA data for the 18S rRNA gene of FLDs generated in this study are available in DDBJ/EMBL/GenBank (Acces-
sion number: LC732348–LC732435, https://www.ncbi.nlm.nih.gov). The high-throughput DNA sequencing data  
are available in the DNA Data Bank of Japan DDBJ SRA (Accession number: DRR415046-DRR415075, https://
ddbj.nig.ac.jp/search). The size, sinking rate, and flux of FLD and zooplankton FP data that support the findings 
of this study are available in the Arctic Data Archive System, managed by the Research Organization of Informa-
tion and Systems, Polar Environment Data Science Center, National Institute of Polar Research, Japan (https://
doi.org/10.17592/001.2022102001). Source data for NMDS analysis and cluster map are available in a GitHub 
repository (https://github.com/Ryo-Matsuda-17/Matsuda_etal_2023_JGR_BG).

Software Availability Statement: Phylogenetic tree and other figures were made using MEGA 7 (https://www.
megasoftware.net) and R version 4.1.2 (https://www.r-project.org). Analysis of high-throughput DNA sequence 
data was performed using Mothur (https://mothur.org). R code for NMDS analysis and cluster map is available in 
a GitHub repository (https://github.com/Ryo-Matsuda-17/Matsuda_etal_2023_JGR_BG).
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