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A B S T R A C T   

The sequestration of carbon in the deep ocean relies on the export of sinking particulate organic matter (POM) 
originating in the surface waters and its attenuation by organisms that reprocess and repackage it. Despite de-
cades of research, predicting the variability of POM to the deep ocean remains difficult as there is still a gap in 
the knowledge as to which and how organisms control or influence POM export. Here, we used DNA meta-
barcoding of the 16S and 18S rRNA genes to investigate the community in sinking particulates collected over 9- 
months (November 2016–July 2017) at Station M, located within the California Current ecosystem. Particle- 
associated communities were collected in sediment traps (3900 m and 3950 m), in aggregates that settled on 
the sea floor (4000 m), and in seawater from the overlying water column. For a majority of the deployment, 
particulate organic carbon (POC) fluxes were within the Station M long-term time series mean � σ (8.3 � 7.9 mg 
C m� 2 d� 1). In late June, a high flux event (>long-term POC meanþ2σ) was captured, accounting for 44% of the 
POC collected during the study. The rRNA genes within the sinking particles indicated highly variable eukaryal 
communities over time, including the export of oligotrophic autotrophs likely by various metazoan taxa during 
winter, the sporadic and dominant presence of diverse radiolarian orders, and the important role of coastal 
diatoms during seasonal increases in POC flux. Specifically, the onset of the high POC flux event in June was 
attributed to the export of a single coastal diatom species. A coincident increase in the relative abundance of 
metazoan sequences suggests that zooplankton grazing on the diatom community played a role in rapid transport 
of large quantities of POC to the deep sea. Analysis of the 16S rRNA gene community supported the presence of 
highly processed POM during winter due to the high relative abundance of deep sea Gammaproteobacteria, that 
transitioned to fresher, more labile POM with the arrival of a diatom bloom community. These observations 
support long standing paradigms of particulate export to the deep sea, including its origin and mechanisms of 
export mediated by a diverse community of organisms, and implicate rapidly exported diatom blooms as at least 
one source of the increasingly frequent episodic flux events that account for most POC sequestered in the deep 
ocean at Station M.   

1. Introduction 

Surface and abyssal ocean ecosystems are separated by thousands of 
meters of water but are strongly connected by the sinking of particulate 
organic matter (POM) (Conte et al., 2001; Lampitt et al., 2010; Smith 
et al., 2013, 2006; 2008; Wilson et al., 2013; Wong et al., 1999). The 
majority of POM that reaches the sea floor originates in the surface 
ocean (Ducklow et al., 2001; Turner, 2015), where the potential 
magnitude of POM export is largely set by surface phytoplankton pro-
duction (for review see Herndl and Reinthaler, 2013). Particles undergo 

numerous transformations during their descent from degradation by 
microbes (Cho and Azam, 1988; DeLong et al., 1993; Fontanez et al., 
2015; Nagata et al., 2010; Smith et al., 1992) to grazing and repackaging 
into fecal pellets by heterotrophic grazers (Belcher et al., 2019; Caron 
et al., 1989; Ducklow et al., 2001; Lampitt et al., 2010; Lampitt, 1992; 
Schnetzer, 2002; Steinberg et al., 2012, 2002; Stone and Steinberg, 
2016; Turner, 2015; Wilson and Steinberg, 2010) and transport via 
pelagic organisms (Hansen et al., 1996; Katija et al., 2017; Lebrato et al., 
2013; Robison et al., 2005; Smith et al., 2014; Steinberg and Landry, 
2017). POM escaping the upper ocean through sinking provides energy 
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and nutrients to abyssal ecosystems and plays a key role in the global 
carbon cycle by transporting carbon out of the surface ocean and 
sequestering it at depth. 

The quantity and quality of particles that reach abyssal depths is 
highly variable. Some of the variation is likely due to seasonality, ge-
ography, and vertical distribution of organisms within the water column 
that both produce POC and mediate its transformation (Alldredge and 
Silver, 1988; Francois et al., 2002; Henson et al., 2012; Riley et al., 
2012). In addition, POC export is dependent on the sinking rates of 
different types of particulates including marine snow (>0.5 mm), fecal 
pellets, phytodetritus, and rare, but large “dragon king” particles 
(Bochdansky et al., 2016; Buesseler et al., 2008; De La Rocha and Pas-
sow, 2007; Turner, 2015). Resolving the organismal composition within 
different types of sinking particles has the potential to identify both the 
ecological source and biological transformations that determine the 
quantity and quality of POM delivery to the sea floor. 

Organismal composition within sinking particles has been evaluated 
through the physical description of particulates collected in sediment 
traps, for example enumeration of different sources of fecal pellets 
(Silver and Gowing, 1991; Wilson et al., 2013) or identification of visible 
and intact phytoplankton cells (Beaulieu and Smith, 1998; Durkin et al., 
2016; Ebersbach et al., 2014; Rynearson et al., 2013; Silver and Bruland, 
1981; Silver and Gowing, 1991; Waite et al., 1992). These observations 
have been essential in identifying processes that affect sinking rates or 
how particular phytoplankton assemblages contribute to the biological 
carbon pump. However, these approaches can only resolve visible and 
intact particles and cells, while overlooking small microbes with 
ambiguous morphologies or organismal remains that cannot be distin-
guished within sinking detritus. Thus, important contributors that 
mediate POM entry into the biological pump may be missed by tradi-
tional microscopy observations. 

Recent studies have identified the origin, processing, and sinking 
mechanisms of POM through the nucleic acid signatures collected either 
by fractionation of water column samples or within sediment traps 
(Amacher et al., 2013, 2009; Boeuf et al., 2019; Eloe et al., 2011; Fon-
tanez et al., 2015; Guidi et al., 2016; Gutierrez-Rodriguez et al., 2019; 
Mestre et al., 2018; Xu et al., 2018). Even with caveats of using sequence 
data to infer community structure (Biard et al., 2017; Caron and Hu, 
2019; Kembel et al., 2012; Lin, 2011), these recent studies suggest that 
genetic approaches are useful for identifying influential ecological 
pathways of carbon export. For example, both sequence data and 
physical observations have identified rhizaria as major global contrib-
utors to POM export near the surface and to abyssal depths (Amacher 
et al., 2009; Biard et al., 2016; Decelle et al., 2013; Gutierrez-Rodriguez 
et al., 2019; Lampitt et al., 2009; Stukel et al., 2018a). It is still unknown 
how different taxa (e.g. diatom, radiolarian, or metazoan) impact the 
amount or quality of the POC reaching long-term sequestration depths 
and how those taxa affect weekly, seasonal, or annual variation in car-
bon export. 

Since 1989, the deep ocean ecosystem has been studied at Station M 
(35� 08.79750 N Latitude, 122� 58.43280 W Longitude, 4000 m deep), 
generating long-term observations of particulate carbon fluxes collected 
in sediment traps (Smith and Druffel, 1998). Due to its location within 
the California Current ecosystem, Station M has high seasonality in 
phytoplankton blooms and is influenced by both coastal and offshore 
processes. Particulate carbon flux is at its lowest in the winter months, 
increases in the spring, and remains elevated through the early fall. The 
seasonal cycle of carbon flux is punctuated by short duration, high 
magnitude flux events typically occurring between the spring and fall 
months. These episodic events can provide up to one half of the year’s 
particulate organic carbon (POC) flux to the ocean sea floor commu-
nities (Smith et al., 2018), but it is still unclear as to what organisms 
cause these events. Episodic flux events have been observed more 
frequently in recent years, driving a long-term increase in the measured 
POC flux at Station M (Smith et al., 2018). 

We used a combination of sampling methods (sediment traps, water 

column, and sea floor aggregate samples) to investigate the diversity of 
organisms that contribute to the seasonal cycle of POM flux observed at 
Station M from November 2016 to July 2017. Within the sediment trap 
time series, we captured the beginning of the 2017 summer POC flux 
event (Smith et al., 2018). The small subunit rRNA gene diversity (18S 
and 16S) determined from meta-barcoded amplicons was used to 
compare the different sampling methods and to identify genetic signa-
tures of organisms within sinking particulates over time, that contribute 
to and affect the attenuation of POM during average and high POC 
fluxes. 

2. Methods 

2.1. Collection of particulates in sediment traps 

Two McLane sediment traps (East Falmouth, MA, USA) were 
deployed on a single mooring at Station M to collect sinking particulates 
at 50 m above bottom (mab) and 100 mab from November 11, 2016 to 
March 23, 2017 and again from March 25 to July 23, 2017. Each sedi-
ment trap carried 20 sample bottles. Ten of the sample bottles on each 
trap were deployed with 250 ml of 0.1 μm filtered RNA-stabilizing buffer 
(density ~1.2 g ml� 1, De Wit et al., 2012) for nucleic acid preservation. 
These were interleaved with collection bottles containing a different 
fixative and open for only 2 h. Data from the other collection bottles 
were not presented in this study. A time series of 25 total samples were 
collected serially across two depths and over two deployments. Each 
bottle collected ~10.9 days of sinking POM. During the initial deploy-
ment, sample bottles were open at 50 mab from Nov. 11 to Jan. 16 and at 
100 mab from Dec. 14 to March 21. Sample bottles from the first 
deployment were recovered March 24 and the trap was redeployed. 
Samples were collected at 50 mab March 25-July 2 and at 100 mab July 
13–23. Only during the first deployment, from December 14 to January 
16, were sediment traps open at 50 mab and 100 mab at the same time; 
an overlap of three sample points. Upon recovery, nucleic acid traps 
were stored at 4 �C until processing. Zooplankton floating at the top of 
the sample bottle and the majority of the overlying RNA later were 
removed prior to subsampling. The volume remaining in the trap bottles 
was estimated prior to mixing and subsampling. Trap bottles were 
subsampled in triplicate (0.5 ml) using a wide tip pipet (5 mm ID) and 
collected onto 0.2 μm filters (GSWP, MilliporeSigma, Darmstadt, Ger-
many) using vacuum filtration. This method of subsampling selected 
against larger organisms (e.g. pyrosomes) within the collected particu-
late material. Filters were stored at � 80 �C until nucleic acid extraction. 

POC and mass flux measurements were made from POM collected in 
a separate, co-deployed sediment trap array at 50 mab containing 
formaldehyde. Detailed collection and analysis methods are provided in 
Smith et al. (2018). Briefly, cups were prefilled with 5% formaldehyde 
prior to deployment. Each cup was open for 10 days from November 15, 
2016–March 24, 2017 and 11 days from March 27-August 6, 2017. Upon 
collection, zooplankton were removed, and samples were freeze-dried, 
and analyzed for total and inorganic carbon content from which 
organic carbon was calculated (Smith et al., 2014). The twenty-two in-
tegrated trap samples were used to estimate the daily mass and POC 
fluxes. Because the formaldehyde containing trap was programed to a 
different sampling schedule than the trap designated for nucleic acid 
sampling, the daily fluxes corresponding to the collection dates of the 
nucleic acid traps were averaged to determine the POC and mass flux per 
sample. These data were compared to variation in community compo-
sition as determined by the sequence data. 

A high-resolution camera and a fluorescence imaging system 
mounted on the Benthic Rover (Sherman and Smith, 2009) were used to 
estimate sea floor detrital aggregate coverage and sediment-surface 
fluorescence resulting from chlorophyll excitation as previously 
described (Smith et al., 2014). 
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2.2. Water column sampling 

During servicing of sediment traps at Station M, November 10–11 
2016 and March 23–25 2017, eight water column samples (200 m, ox-
ygen minimum ~700 m, 1000 m, 2000 m, 3000 m, 3350 m, 3900 m, and 
3960 m) were collected in 5 L Niskin bottles during multiple dives of a 
remotely operated vehicle (ROV). Upon recovery of the ROV, seawater 
samples in Niskin bottles were drained into acid washed (10% hydro-
chloric acid) and autoclaved polypropylene carboys. We used serial 
filtration to selectively enrich for particle-associated and free-living 
organisms. Particulates in each seawater sample (approximately 3.5 L) 
were fractionated (>5 μm and 5 μm–0.2 μm) using separate inline filter 
holders (Avantec, Dublin, CA) containing 5 μm or 0.2 μm filters (PVDF, 
Millipore-Sigma) with peristaltic filtration (Masterflex L/S Series peri-
staltic pump, Cole Parmer, Vernon Hills, IL). Residual seawater was 
evacuated using a 10 cc syringe and filters were immediately frozen and 
stored at � 80 �C until processed. 

2.3. Sea floor aggregate sampling 

Many detrital aggregates (Supp. Fig. 1) were observed on the sea 
floor at Station M in March 2017, which we presume had arrived as 
sinking POM prior to our occupation of the site. Five representative 
aggregates were collected by the ROV using push cores on March 25 and 
26, 2017. Upon recovery of the ROV, sea floor aggregates along with 
minimal volume (<1 ml) of overlaying sediment seawater were removed 
using a plastic pipette with an opening of approximately 5 mm diameter. 
Samples were frozen at � 80 �C in cryovials until processed. 

2.4. Nucleic acid extraction 

Nucleic acids were extracted from filters containing particulates 
collected by sediment traps and by filter-fractionated water column 
samples using AllPrep PowerViral DNA/RNA Kit (Qiagen, Hilden, Ger-
many). Sample filters containing beads and lysis buffer with beta mer-
captoethanol (700 μl) were mechanically homogenized in a mini bead- 
beater (BioSpec, Bartlesville, OK) for 2 min using the Qiagen supplied 
bead tubes. The resulting lysate was then passed through a 13 mm, 0.2 
μm syringe filter (PVDF, Millipore) and 400 μl processed for nucleic acid 
purification according to the manufacturer’s instructions. Nucleic acids 
were eluted with 100 μL. The nucleic acid extracts were split into two 
aliquots and stored at � 80�C until used in PCR reactions for meta-
barcoding analysis. 

Five aggregate samples (0.2–0.7 ml) from the sea floor were lysed 
using PrepGem Tissue Kit (MicroGem, Charlottesville, VA). The total 
volume of each reaction varied to ensure the aggregate sample was only 
50% of the reaction volume. The extractions contained 1X green buffer 
and 1 μl per 100 μl reaction prepGem enzyme and 200 μg ml� 1 lyso-
zyme. Samples were incubated at 37 �C for 15 min, 75 �C for 15 min and 
heat inactivated at 95 �C for 5 min. Extracts were filtered through a 13 
mm 0.2 μm filter (Millipore). Filtered extracts were concentrated and 
rinsed with 1 ml TE buffer on a Centricon YM-30 (Amicon, Darmstadt, 
Germany) to a final volume of approximately 50 μl. 

2.5. Small subunit ribosomal RNA (rRNA) metabarcoding library 
preparation 

Recovered nucleic acids from sinking POM, sea floor aggregates and 
fractionated water column samples were used in PCR reactions to 
generate amplicon pools for Illumina sequencing of the V9 region of the 
18S rRNA and V4 region of the 16S rRNA. Each trap replicate was 
treated as a unique sample. To avoid inhibition, nucleic acids recovered 
from sinking POM collected from sediment traps were diluted by 0.01 
and sea floor aggregates by 0.1 using PCR grade water (MilliporeSigma). 
Fractionated water column samples were undiluted. PCR amplifications 
were performed in triplicate reactions for the water column samples, in 

6 replicate reactions for sediment trap samples, and in 9 replicate re-
actions for the sea floor aggregates. 

For 18S rRNA, metabarcoding library preparation followed guide-
lines of the Earth Microbiome Project without the mammal blocking 
primer (Thompson et al., 2017). Each 25 μl replicate PCR reactions 
contained 0.2 μM of each primer, Illumina_Euk1391f forward primer 
(AATGATACGGCGACCACCGAGATCTACAC TATCGCCGTT CG GTACA-
CACCGCCCGTC) and Illumina EukBr reverse primer with Golay barcode 
(CAAGCAGAAGACGGCATACGAGAT XXXXXXXXXXXX AGTCAGTCAG 
CA TGATCCTTCTGCAGGTTCACCTAC), 1x Platinum Hot Start PCR 
Master Mix (Thermo Fisher Scientific, Waltham, MA, USA), 2 μl DNA 
template, and PCR-grade water. Thermocycling conditions were as fol-
lows, initial denaturation at 94 �C for 2 min, followed by 30 or 35 cycles 
of 94 �C for 45 s, 57 �C for 60 s, 72 �C for 90 s, and a final extension at 72 
�C for 10 min. Thirty cycles were used for sea floor aggregates and water 
column samples and 35 cycles for sinking POM. 

For 16S rRNA, we added additional degeneracies (50-GGAC-
TACNNGGGTDTCTAAT-30) to the 806R primer from Apprill et al. 
(2015). Each 25 μl replicate PCR reaction contained 0.2 μM Illumina 16S 
515F forward primer with Golay barcode (AATGA-
TACGGCGACCACCGAGATCTACACGCT XXXXXXXXXXXX TATGG-
TAATT GT GTGYCAGCMGCCGCGGTAA; Parada et al., 2016), 0.5 μM 
Illumina 16S 806R primer (CAAGCAGAAGACGGCATACGAGAT AGT-
CAGCCAG CC GGACTACNNGGGTDTCTAAT; this study), 1x Platinum 
PCR SuperMix Hi Fidelity (Thermo Fisher Scientific), 1 μl template, and 
PCR-grade water. Thermocycling conditions were as specified by the 
Earth Microbiome project: initial denaturation at 94 �C for 2 min, fol-
lowed by 30 or 35 cycles of 94 �C for 45 s, 50 �C for 60 s, 68 �C for 90 s, 
and a final extension at 68 �C for 10 min. Thirty cycles were used for sea 
floor aggregates and water column samples, and 35 cycles for sinking 
POM. 

Replicate sample amplicons were pooled, and purified with AMPure 
beads according to the manufacturer’s protocol (Beckman Coulter, Brea, 
CA, USA). The resulting purified pool was visualized on a 2.5% agarose 
gel and quantified using Quant-iT™ dsDNA Assay Kit (Thermo Fisher 
Scientific) according to the manufacturer’s protocol. Pools for each 
sequencing run contained an equal molar concentration of barcoded 
amplicons from 96 samples. Multiple sequencing runs for each small 
subunit rRNA gene were required to sequence all samples. Paired-end 
sequencing, 2 � 150 bp for 18S and 2 � 250 bp for 16S, was per-
formed at MSU Sequencing Facility (East Lansing, MI) on an Illumina 
MiSeq platform. 

2.6. Processing and analysis of sequencing data 

Amplicon libraries were analyzed using the software pipeline Qiime 
2.0 (version 2019.1, Bolyen et al., 2019; see Supplementary methods for 
additional information). De-multiplexed paired end reads were 
denoised, pair-ends joined, and chimeras removed using DADA2 (Call-
ahan et al., 2016) within Qiime 2.0. Prior to joining paired ends, 18S 
rRNA sequences were trimmed to 150 nucleotides (nt) by removal of 14 
nt and 8 nt from the forward and reverse reads respectively. Similarly, 
16S rRNA sequences were trimmed to 250 nt for forward reads (13 nt 
removed) and 232 nt for reverse reads (22 nt removed) prior to joining. 
Joined sequences were clustered into amplicon sequence variants (ASVs, 
100% similarity). ASVs identified in samples across multiple sequencing 
runs were merged. For 18S rRNA analysis, ASVs with less than 25 se-
quences were removed (144,640 sequences removed, 1.5% loss). For 
16S rRNA analysis, ASVs with less than 50 sequences were removed 
(209,985 sequences, 2.4% loss). The removal of rare ASVs was per-
formed to maximize detection of the most abundant ASVs before rar-
efying the data and to avoid biasing comparisons of ASVs among 
samples (see below) towards very rare sequences (ASVs containing 
<0.0003% of total sequences). Taxonomy was assigned to each ASV 
(Bokulich et al., 2018) using the SILVA_132_rep_set_all_99 database 
(Quast et al., 2012) for the 16S rRNA sequences and the PR2 database 
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(version 4.11.1, Guillou et al., 2012) for 18S rRNA sequences. Prior to 
assigning taxonomy, each database was trained using the respective 
rRNA sequencing primers. 

Filtered sequence data were rarified to 49,000 18S rRNA sequences 
per sample and 27,500 16S rRNA sequences per sample for subsequent 
analysis. The q2-diversity plugin was used for PERMANOVA and cluster 
analysis (Anderson, 2001; Faith et al., 1987; Katoh and Standley, 2013; 
Mantel, 1967; McDonald et al., 2012; McKinney, 2010; Pearson, 1895; 
Price et al., 2010; Spearman, 1904; Weiss et al., 2017). Cluster analysis 
by neighbor joining (1000 bootstraps) with Bray-Curtis distance and 
Spearman correlation was used to identify samples containing similar 
rRNA gene communities. Taxa at greater than 10% within a single 
sample were then identified using taxa bar plots created in Qiime2. If a 
taxonomic group was present at >10% in a lower taxa level (e.g. L1), it 
was further investigated at higher taxa levels (L2 to L7). An abundant 
group was identified at the level where its abundance in higher taxo-
nomic no longer exceeded 10%. 

Because the sediment trap samples provided a nearly continuous 
record of sinking POM in eleven-day intervals, we also investigated the 
number of ASVs shared between all and successive sediment trap sam-
ples using contingency-based filtering within Qiime 2.0 using the 
filtered, but non-rarified sequence data. These data were used to 
determine the timing of major transitions in the rRNA gene community. 

To identify organisms that may have originally produced the POC 
collected in sediment traps, we further classified the 16S rRNA se-
quences categorized as oxyphotobacteria (i.e. chloroplasts or cyano-
bacteria). Representative sequences of ASVs assigned to 
Oxyphotobacteria from unfiltered, non-rarified data were compared to 
the Silva 132 Ref 99 dataset using blastn (Boratyn et al., 2013) and the 
top 20 hits were used to determine the best taxonomic affiliation of each. 
ASVs were then classified as cyanobacteria, diatom, coccolithophore, 
chlorophyte, chrysophyte, euglenoid, dinoflagellate, or land plant. The 
relative percentage of each within the sediment trap samples was 
compared. 

To determine the diversity of diatoms contributing to the POM 
within sediment traps during average and high flux periods, 18S rRNA 
sequences classified as Bacillariophyta from unfiltered, non-rarified data 
were further compared to the PR2 database (Guillou et al., 2012) using 
blastn (Boratyn et al., 2013) and the top hit was used to assign sequences 
to genera. The percent abundance of the diatom genera was compared 
across all sediment trap samples. 

3. Results 

Amplicon sequencing of 18S and 16S rRNA genes was utilized to 
investigate the organismal diversity within POM obtained in fraction-
ated water column samples from two depth profiles (200 m to the sea 
floor), in sea floor aggregates, and in sinking POM collected in sediment 
traps over 9 months. From the 112 samples, 9.7 million 18S rRNA se-
quences and 8.4 million 16S rRNA sequences passed quality control and 
filtering. Across all sample types, the sequences passing quality control 
resulted in 10,922 and 4909 unique ASVs (100% similarity), in the 18S 
and 16S rRNA meta-barcoded libraries, respectively. Filtering rare se-
quences from the 18S rRNA data (ASVs containing less than < 25 se-
quences) removed 0.55–2.33% of the sequences from the water column 
samples, 0.02–3.58% of the sequences from the sinking POM, and 

2.34–7.58% of the sequences from the sea floor aggregates. Filtering 
rare sequences from the 16S rRNA data (ASVs containing less than < 50 
sequences) removed 0.62–5.9% of the sequences from the water column 
samples, 0.76–4.47% of the sequences from the sinking POM, and 
3.16–23.12% of the sequences from the sea floor aggregates. The 
sequence data were analyzed in several ways. Using the filtered and 
rarefied sequence data, we compared and clustered the samples, then 
looked for how the major taxa (ASVs representing >10% relative 
abundance in any one sample) were distributed within those clusters 
across different sample types and over time in the sinking POM. Using 
non-rarefied data, we looked for common ASVs across different sample 
types and between successive sediment trap samples to identify taxa 
(abundant and rare) consistently present. Lastly, unfiltered, non-rarefied 
sequence data were used to investigate the source of POC at abyssal 
depths. 

3.1. Comparison of particulate organic matter (POM) collected in 
different sample types 

Taxa within the eukaryotic communities of each sample type (frac-
tionated water column samples, sea floor aggregates, and sediment trap 
samples) contained similar eukaryotic supergroups at different relative 
abundances. Eukarya spanned different trophic levels and life strategies 
including autotrophs, heterotrophic protists, parasitic protists, 
zooplankton, gelatinous filter feeders and flatworms (Fig. 1). The ma-
jority of the sequences were affiliated with Radiolaria, Dinoflagellata, 
Metazoa, and Discoba. Radiolaria represented 35% of the total 18S 
rRNA sequences collected in sediment traps over the 9-month period, 
27.3% and 18.1% of the >5 μm and <5 μm–0.2 μm fractions from the 
two water column profiles, respectively, and 2.3% in the sea floor ag-
gregates. Dinoflagellata also accounted for a large proportion of the 
sequences, 12.2% in sediment traps, 26.8% in the >5 μm and 11.6% in 
the <5 μm–0.2 μm water column samples, and 12% in the aggregates. 
Metazoa from 17 phyla were also observed accounting for between 4 
and 11% of the total 18S rRNA sequences from each sample type 
(Fig. S2). The metazoan taxa accounting for more than 10% of the se-
quences within a single sample were crustacea (amphipods and co-
pepods), cnidaria, and platyhelminthes (Fig. 1). The fractionated water 
column samples and sea floor aggregates had greater relative abundance 
of Discoba (11.1% and 21.3%, respectively). All three sample types 
contained a large percentage (19%–38%) of unassigned 18S rRNA 
sequences. 

The 16S rRNA community from all sample types included photoau-
totrophs, chloroplasts of eukaryotic algae, known colonizers of partic-
ulates, those associated within or on eukaryotic hosts, chemoautotrophs, 
and free-living bacterioplankton (Fig. 2). The taxa comprising the 16S 
rRNA community in the water column were distinct from the commu-
nities in the sinking POM collected in sediment traps and in sea floor 
aggregates. Water column samples regardless of the size fraction had 
higher relative abundances of taxa normally associated with free-living 
bacterioplankton, including Thaumarchaeota (14.9%), SAR11 (8.7%), 
Thiomicrospirales (SUP05 8.0%), SAR 406 (6.1%), and SAR 324 (5.4%). 
Taxa associated with the origin of the POM or with a particle-attached 
lifestyle, were at higher relative abundances in the sediment trap and 
sea floor aggregate samples compared to the water column. Larger 
relative proportions of Bacteroidia (12%–33%) and 

Fig. 1. Beta diversity (A) and abundant ASVs (B) of Eukarya from water column (wc), aggregate (Agg) and sediment trap samples. Samples were grouped using 
cluster analysis by neighbor joining with Bray-Curtis distance and spearman correlation. Values on the tree branches represent the proportion of 1000 bootstrap 
replications (�0.5) that supported the nodes (A). The bar graph (B) only includes taxa that account for �10% of the sequences within a single sample. ASVs with less 
than 25 sequences were eliminated and analysis was performed on rarified data (49,000 sequences per sample). In blue are then names of the sinking POM samples 
collected nearest the date of the water column (wc) samples and in grey are the samples collected at the onset of the high flux event. Water column sample names 
(wc, open black box) include the depth, size fraction, and sample date. Sea-floor aggregate sample names (Agg, open black box) include the ROV dive number, push 
core number, and sample date. The sediment traps samples (orange shaded boxes) include the time span of the collection, depth in meters above bottom (mab), and 
the replicate number. Roman numeral numbered, orange-shaded boxes indicate sediment trap clusters of samples with bootstrap values � 0.9 and Bray-Curtis 
dissimilarity values < 0.82. Samples collected during the high flux event are indicated (* and sample names in grey). 
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Fig. 2. Beta diversity (A) and abundant ASVs (B) of Bacteria and Archaea from water column (wc), aggregate (Agg), and sediment trap samples. Cluster analysis was 
performed by neighbor joining with Bray-Curtis distance and spearman correlation (A). Values on the tree branches represent the proportion (>0.5) of 1000 
bootstrap replications that supported the nodes. The bar graph (B) only includes taxa that account for �10% of the sequences within a single sample. ASVs with less 
than 50 sequences were eliminated and analysis was performed on rarified data (27,500 sequences per sample). Sample types and names are as defined in Fig. 1. 
Numbered, greyscale boxes indicate clusters of samples with bootstrap values � 0.9. Samples collected during the high flux event are indicated (* and sample names 
in grey). 
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gammaproteobacteria from Alteromonadales (10%–47%), Nitro-
sococcales (0.1%–52%), and Cellvibrionales (3%–18%) were found in 
sediment trap samples and the sea floor aggregates. 

Sample relatedness based on the compositional dissimilarity (Bray- 
Curtis metric and using rarified sequence data) indicated that the sample 
types, sediment trap, Niskin, and sea floor aggregates captured different 
POM communities. The average Bray-Curtis dissimilarity between the 
sample types using the 18S rRNA gene sequences was >0.9 (Table 1), 
and using the 16S rRNA, >0.7 (Table 2). PERMANOVA for both the 18S 
and 16S rRNA data sets, indicated there was a significant difference 
between the communities collected in the different sample types (Ta-
bles 1 and 2). Cluster analysis of either rRNA gene using Bray-Curtis 
distance with Spearman correlation (Figs. 1 and 2) confirmed these re-
sults. In general, each sample type grouped together with two excep-
tions. The >5 μm fraction at 3960 m from November 2016 peripherally 
grouped with the sinking POM and sea floor aggregate samples based on 
the 16S rRNA sequences, and the sediment trap sample from May 30 to 
June 9 peripherally grouped with the fractionated water column sam-
ples based on the 18S rRNA sequences. 

For the POM collected in sediment traps, the 18S rRNA community 
was more variable within subsamples and between trap samples than the 
16S rRNA community. Subsamples (n ¼ 3) from 19 of 25 samples 
clustered together based on the 18S rRNA data (Fig. 1, Bray-Curtis 
dissimilarity of replicate samples 0.017 to 0.655), whereas the repli-
cate samples clustered together based on the 16S rRNA data (Fig. 2, 
Bray-Curtis dissimilarity of replicate samples 0.106–0.310). In addition, 
the Bray-Curtis dissimilarity observed among 18S rRNA sequence 
communities was 0.05–0.997, indicating that some samples were nearly 
identical while others harbored completely different communities. The 
Bray-Curtis dissimilarity range was 0.253–0.816 among 16S rRNA 
sequence communities, indicating more shared bacterial and archaeal 
ASVs compared to the eukaryotic ASVs among samples. 

3.2. Common amplicon sequence variants (ASVs) in sinking POM 

We identified a core sinking POM community within the sediment 
trap samples collected at 3900 m and 3950 m over nine months. Two 
eukaryal and 39 bacterial ASVs were found in every sediment trap 
sample collected (Table 3). The proportion of these taxa varied over 
time. The two eukaryal ASVs, radiolarians affiliated with RAD-A and 
Chaunacanthida, accounted for between 0.06% and 23% of the eukary-
otic sequences in each sample (Figs. 1 and 3A). The core 16S rRNA 
community accounted for 23%–52% (average 40%) of the sequences in 
each sample and spanned many different bacterial phyla. The majority 
were known colonizers of particulates (e.g. Alteromonadales, Fla-
vobacteriales, Rhodobacterales, and Oceanospirillales) and typically found 
at depth (Figs. 2 and 3B). Less abundant but still components of the core 
community were taxa associated with guts and surfaces of eukaryotes (e. 
g. Vibrio), the origin of POM (chloroplasts and cyanobacteria), and 
chemoautotrophs (e.g. SUP05). 

A low proportion of the core sediment trap POM community was 
present within the water column samples. In general, as the water col-
umn sample depth increased, the number of ASV types belonging to the 
core sediment trap bacterial community also increased. The relative 
percentage of total sequences in the water column samples that were 
members of the core sinking bacterial community averaged 10% (range 
3%–30%). The highest relative percentage was from the only water 
column sample containing all 39 ASVs: the >5 μm fraction from 3960 m 
collected in November 2016. Of the two eukaryal ASVs present in all the 
sediment trap samples, only one affiliated with Chaunacanthida was 
present at all depths in the two water column profiles. 

In addition, the deep-water column samples (>3000 m) and sedi-
ment trap samples had very few shared ASVs. The November 10–11, 
2016 water column samples in the >5 μm size fraction and deeper than 
3000 m depth shared 49 eukaryal ASVs with the sinking POM collected 
from November 11–21, 2016. These 49 ASVs were only 1.9% of the total 
ASVs from water column samples in the >5 μm size fraction at � 3000 m 
(2577 total ASVs) and 3.2% of the total sinking POM ASVs (1496 total 
ASVs). The relative percentage of sequences belonging to those ASVs in 
the deep-water column samples and sediment trap was 19% and 17%, 
respectively. The March 23–25, 2017 samples of the >5 μm size fraction 
and deeper than 3000 m had fewer eukaryal ASVs in common with 
sinking POM and those ASVs were at lower relative abundances. The 
water column sample had 26 and 8 eukaryal ASVs in common with the 
March 13–22, 2017 and March 25-April 4, 2017 sediment trap samples, 
respectively. These ASVs were �1% of the total ASVs from the >5 μm 
fraction below 3000 m (2494 total ASVs) and represented 13% (26 
ASVs) and 3% (8 ASVs) of total sequences in those samples. The shared 
ASVs were 1.5% and 2.7% of the total ASVs in the sinking POM traps 
collected before and after the water column samples, respectively. The 
trap sample before the water samples had a higher relative percentage 
(16%) of those sequences than the trap sample after (0.8%). 

The large light green sea floor aggregates collected in mid-March 
(Supp. Fig. 1) offered an opportunity to observe the community di-
versity of a specific category of POM. The dominant taxa within these 
aggregates included Apicomplexa (20% average relative abundance), 
Cercozoa (15%), parasitic dinoflagellates belonging to Syndiniales (9%), 
and Discoba (11%). Ochrophyta accounted for an average of 5% of 18S 
rRNA gene sequences. Pelagophyceae (1.7%) and Dinophyceae (1.2%) 
dominated over diatoms and golden algae (<0.5%). Accounting for the 
majority of 16S rRNA sequences were Gammaproteobacteria (average 
relative abundance 64%) belonging to Colwellia (22%), Cellvibrionales 
(11%) and Oceanosprilles (10%). Other groups included Bacteroidetes 
(15.8%), Thaumarchaeota (6%), Planctomycetes (3%), and chloroplast 
(1.3%) sequences belonging to green algae, pelagophyceae, and di-
atoms. Highly variable were the rRNA communities between these five 
sea-floor aggregate samples. They contained a total of 1572 eukaryal 
ASVs with an average of 690 ASVs per aggregate. Of those, 155 ASVs 
were found in all aggregates and accounted for nearly half of the se-
quences (46–49%). The 16S rRNA gene sequences within the aggregates 

Table 1 
Bray Curtis dissimilarity within and between different sample types using rarified 18S rRNA gene sequences (49,000 seqeuences per 
sample). 
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encoded 1200 total ASVs with an average of 608 ASVs per sample. 
Common among all aggregate samples were 205 16S rRNA ASVs ac-
counting for between 57 and 72% of the sequences in each aggregate 
sample. These common aggregate ASVs accounted for less than half (for 
18S rRNA 17–37% and for 16S rRNA 26–42%) of the ASVs in the sedi-
ment trap samples (November 11 to March 3) preceding the collection 
date of the sea floor aggregates. 

3.3. Time series of POC and sinking POM 

Changes in the magnitude of particle flux over time collected in 
sediment traps at 50 mab from November 2016 to July 2017 (Fig. 3) 
were similar to concurrent observations from a 600 mab trap at Station 
M and captured two different POC flux periods (Smith et al., 2018). 
From November 2016 to mid-June 2017, POC flux was average, 6.9 �
2.1 mg C ∙ m� 2 ∙ d� 1, which is within the 29-year average � σ at Station 
M for the 50 mab sediment trap (8.3 � 7.9 mg C ∙ m� 2 ∙ d� 1). From June 
21 to July 24, the POC flux exceeded the long-term mean þ 2 σ, indic-
ative of an episodic pulse event. The high flux event from June 21-July 
25 accounted for 44% of the POC collected during this study. Coinciding 
with the high-flux period shown here, a pulse event at 600 mab followed 
a period of high net primary productivity and modeled changes in export 
flux out of the surface by 10 days (Smith et al., 2018). 

The assemblage of eukaryotic organisms within the particles 
changed more frequently over the nine-month period than the assem-
blage of organisms detected by their 16S rRNA genes, as defined by the 
cluster assignments based on community composition (Figs. 1–3). 
Eleven transitions were observed among the eight distinct 18S rRNA 
communities over time (Fig. 3). These communities differed primarily 
by their relative abundance of metazoans, radiolarians, and diatoms 
(Bacillariophyta, Figs. 1 and 3). Seven transitions were observed among 
the four distinct 16S rRNA communities (Fig. 3). These communities 
differed primarily by their relative abundance and presence of various 
Gammaproteobacteria, Bacteriodia, cyanobacteria, archaea, and 
Alphaproteobacteria (Figs. 2 and 3, see below). Below, we assess how 
transitions from one particle-associated community to another related to 
the magnitude of POC flux from winter to early summer. 

3.3.1. Sinking POM during winter to early spring 
The months from November 2016 to late March 2017 were charac-

terized by average POC flux with no or very little accumulation of POM 
on the sea floor (Fig. 3). The eukaryal community during this period 
transitioned seven times and the 16S rRNA community transitioned 
three times. During most of this period, the eukaryal community alter-
nated between 18S-I or 18S-II clusters (Figs. 1 and 3C). Samples within 
these clusters contained most total detected metazoan rRNA sequences 
(Fig. 1, Fig. 3A and Suppl. Fig. 2), including amphipods, copepods, 
cnidaria, ctenophores, anthozoa, gastropods, larvaceans, annelids, and 
flatworms. Clusters 18S-I and 18S-II also contained the greatest pro-
portion of the radiolarian orders RAD-A and Chaunacanthida, respec-
tively. The dominance of these two community assemblages was 
interrupted twice (January 17–27 and February 19-March 1) by as-
semblages composed primarily of radiolarians that were present for a 

much shorter duration (11 days each, Fig. 3). Neither of these in-
terruptions in the 18S rRNA assemblage corresponded to a change in the 
16S rRNA sample cluster (Fig. 3). The eukaryal communities were 
dominated by different Polycystinea radiolarians, first by Collodaria 
(24–57% of 18S rRNA sequences, cluster 18S-III) and then Spumellaria 
(>65% of 18S rRNA sequences, cluster 18S-VII). 

The 16S rRNA cluster 16S-3 (Figs. 2 and 3) was present for the 110 of 
131 days of the winter to early spring period. Samples within this cluster 
contained the highest relative abundances of Gammaproteobacteria 
(>55% of the sequences), specifically, Nitrocococcales and Colwellia. 
Only once and for 22 days was cluster 16S-1 present and its appearance 
coincided with a change to the 18S-II community on December 3, 2016. 
The bacterial community of these samples contained lower relative 
percentages of Nitrosococcales and Cellvibrionales and higher relative 
percentages of group II archaea, OM183, and Bacteroidetes (Fig. 3B). 
During this short period when 16S-I cluster was present, detrital ag-
gregates appeared on the sea floor and remained present for a brief time 
after the transition back to 16S rRNA cluster 16S-3. No change in POC 
flux was observed. 

Despite many transitions between the various community assem-
blages during the winter period, 35 18S rRNA ASVs and 51 16S rRNA 
ASVs were present in every single 11-day sample from November 11 to 
March 22. Consistently present were 18S rRNA ASVs affiliated with 
Rhizaria (Chaunacanthida, RAD-A, and Cercozoa), Diplonemea, Dino-
flagellata (Syndiniales and Dinophyceae), Metazoa (Nanomia and Cteno-
phora), and Stramenopiles (Bacillariophyta, Chrysophyceae, and 
Oomycota). In addition to the core 16S rRNA community (31–52% of the 
sequences, Table 2), ASVs consistently present included marine group II 
euryarchaea, Gracilibacteria, Polaribacter, and Marinicella, and 
Profundimonas. 

3.3.2. Sinking POM leading up to the high-flux event 
In March, when POC flux was still within the time-series average, a 

community dominated by Collodaria radiolarian sequences (Cluster 18S- 
VI) persisted for 33 days, initially at relative abundances over 99% and 
decreasing to 65.5% by mid-April (Fig. 1). The transition to this 
radiolarian-dominant community was rapid. Only a 4-day gap in sedi-
ment trap sampling coinciding with its servicing, occurred between the 
March 13–21 (18S-II) and March 25-April 4 (18S-VI) samples. The 
dominant ASV affiliated with Collodaria was not detected in the previous 
trap sample nor was it detected at any depth in the March 2017 water 
column samples. During the period when Collodaria dominated, the 16S 
rRNA community transitioned twice. The16S rRNA cluster 16S-2 was 
present for the first 22 days and contained different relative abundances 
of Moritella and Colwellia compared to previous timepoints and the 
highest relative abundances of green algal 16S rRNA chloroplast se-
quences observed over nine months (Figs. 2 and 4). The 16S rRNA 
community then returned to cluster 16-3 (Fig. 3) when the eukaryal 
community became relatively more diverse (Figs. 1 and 3). 

When POM began to accumulate on the sea floor in late April, a new 
16S rRNA community (cluster 16S-4) was observed that dominated the 
remaining days of the deployment (Fig. 3). The 16S rRNA community 
(cluster 16S-4) contained higher relative abundances of Bacteroidetes, 

Table 2 
Bray Curtis dissimilarity within and between different sample types using rarified 16S rRNA gene sequences (27,500 seqeuences per 
sample). 
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Table 3 
Taxa identity and proportion of ASVs found in all sediment trap samples.  

Librarya Phylogenetic Affiliation of Amplified Sequence 
Variants (ASVs) 

Number of ASVs in 
all sediment trap 
samples 

Number of sequences 
represented by ASVs in all 
sediment trap samples 

Proportion of reads of ASVs in 
all (average and range) per 
sample’s total reads 

Proportion of 
in all ASVs per 
total reads of 
ASV’s 
phylogenetic 
affiliation per 
sample 

average max min max min 

18S 
rRNA 

Total Eukaryal ASVs found in All Sediment Trap 
Samples 

2 4,99,539 0.0782 0.2301 0.0006 na na 

18S 
rRNA 

Eukaryota; Rhizaria; Radiolaria; RAD-A; RAD-A 1 1,50,118 0.0231 0.1173 0.0001 1 0.220 

18S 
rRNA 

Eukaryota; Rhizaria; Radiolaria; Acantharea; 
Chaunacanthida 

1 3,49,421 0.0550 0.2195 0.0004 1 0.966 

16S 
rRNA 

Total Bacterial ASVs found in All Sediment Trap 
Samples 

39 22,92,050 0.4011 0.5221 0.2303 na na 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Colwelliaceae; Colwellia 

6 6,15,925 0.1067 0.2584 0.0409 0.898 0.408 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Nitrosococcales; Methylophagaceae; Marine 
Methylotrophic Group 3 

1 2,08,724 0.0424 0.2957 0.0001 1 0.096 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Moritellaceae; Moritella 

1 2,17,330 0.0368 0.2361 0.0031 1 0.989 

16S 
rRNA 

Bacteria; Bacteroidetes; Bacteroidia; 
Sphingobacteriales; KD1-131; uncultured organism 

1 1,16,551 0.0209 0.0642 0.0020 1 0.969 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Shewanellaceae; Psychrobium 

1 1,18,601 0.0207 0.0453 0.0013 1 0.860 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Psychromonadaceae; Psychromonas 

1 1,18,434 0.0197 0.0509 0.0068 1 0.774 

16S 
rRNA 

Bacteria; Epsilonbacteraeota; Campylobacteria; 
Campylobacterales; Arcobacteraceae; Arcobacter 

2 1,02,012 0.0190 0.0761 0.0035 0.963 0.552 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Cellvibrionales; Spongiibacteraceae; BD1-7 clade 

2 1,08,523 0.0187 0.0628 0.0019 0.681 0.184 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Thiomicrospirales; Thioglobaceae; SUP05 cluster 

2 78,813 0.0134 0.0411 0.0021 1 0.860 

16S 
rRNA 

Bacteria; Cyanobacteria; Oxyphotobacteria; 
Chloroplast; Prasinoderma coloniale; Prasinoderma 
coloniale 

1 75,761 0.0121 0.0818 0.0006 1 0.974 

16S 
rRNA 

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; 
Flavobacteriaceae; Flavicella 

1 65,206 0.0105 0.0454 0.0005 1 0.203 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Cellvibrionales; Cellvibrionaceae; Umboniibacter 

1 50,380 0.0089 0.0281 0.0005 1 0.981 

16S 
rRNA 

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; 
Flavobacteriaceae; Psychroserpens 

1 41,687 0.0072 0.0299 0.0007 1 0.191 

16S 
rRNA 

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; 
Flavobacteriaceae 

1 39,573 0.0066 0.0164 0.0004 0.703 0.077 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Vibrionales; Vibrionaceae; Vibrio 

1 34,114 0.0058 0.0318 0.0005 1 0.141 

16S 
rRNA 

Bacteria; Cyanobacteria; Oxyphotobacteria; 
Synechococcales; Cyanobiaceae; Synechococcus 
CC9902 

1 34,516 0.0057 0.0184 0.0013 1 0.610 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Alteromonadales; Pseudoalteromonadaceae; 
Pseudoalteromonas 

1 30,586 0.0055 0.0136 0.0017 1 0.625 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Cellvibrionales; Spongiibacteraceae; Sinobacterium 

1 27,727 0.0050 0.0212 0.0007 1 0.316 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Oceanospirillales; Oleiphilaceae; Oleiphilus 

1 27,787 0.0047 0.0116 0.0007 1 0.088 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
OM182 clade; hydrothermal vent metagenome 

1 20,611 0.0037 0.0115 0.0005 1 0.993 

16S 
rRNA 

Bacteria; Lentisphaerae; Lentisphaeria; 
Lentisphaerales; Lentisphaeraceae; Lentisphaera 

2 17,479 0.0033 0.0147 0.0004 0.729 0.056 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Oceanospirillales; Saccharospirillaceae; Oleispira 

1 19,419 0.0032 0.0094 0.0004 1 0.863 

16S 
rRNA 

Bacteria; Proteobacteria; Alphaproteobacteria; 
Rhodobacterales; Rhodobacteraceae 

1 18,072 0.0031 0.0081 0.0011 1 0.241 

16S 
rRNA 

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; 
Flavobacteriaceae; Pseudofulvibacter 

1 16,740 0.0029 0.0090 0.0006 1 0.306 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
Gammaproteobacteria; Marinicella 

1 17,382 0.0029 0.0081 0.0004 1 0.376 

16S 
rRNA 

Bacteria; Bacteroidetes; Bacteroidia; Cytophagales; 
Cyclobacteriaceae; uncultured 

1 15,437 0.0028 0.0079 0.0006 0.408 0.018 

16S 
rRNA 

Bacteria; Planctomycetes; Planctomycetacia; 
Pirellulales; Pirellulaceae; Rhodopirellula 

1 15,774 0.0027 0.0059 0.0008 1 0.583 

1 16,775 0.0026 0.0074 0.0002 1 0.584 

(continued on next page) 
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archaea, and chloroplasts (Figs. 2–4). The corresponding change in the 
eukaryal community was present for 44 days from April 27 to June 20 
and contained a mixed eukaryal community of radiolaria and alveolates 
with smaller contributions from various metazoans relative to winter 
samples (Figs. 1 and 3). For 10 days from May 30-June 9, the POM 
community transitioned back to a radiolarian dominant community 
(Cluster 18S-VIII). Radiolaria from the order Collodaria represented the 
majority of the sequences (98%) and were present in the sample previ-
ous to and after the May30-June 9 sample. The 16S rRNA community 
also transitioned to 16S-3 for these 10 days. 

Part of the community observed in the April 16–26 sample (Cluster 
18S-VI and 16S-3) persisted through the end of June indicating that this 
sub-community had a lasting influence on the sinking POM. The two 
samples collected between April 16 and May 7 shared 152 18S rRNA 
ASVs and 197 16S rRNA ASVs. Those ASVs represented 48% of total 18S 
rRNA sequences and 75.5% of the total 16S rRNA sequences in the 
sample collected April 27-May 7 (Cluster 18S-V and 16S-4). Of those, 73 
eukaryal ASVs were still present until June 20 (excluding the radiolarian 
dominated, May 30-June 9 sample), accounting for 21% of the 18S rRNA 
sequences. The taxa of the eukaryal sub-community were affiliated with 
Rhizaria (Collodaria, Chaunacanthida, RAD-A, RAD-B, and Cercozoa), 
Diplonemea, Stramenopiles (Bacillariophyta and Labyrinthulea), Dino-
flagellata (Syndiniales and Dinophyceae), Chlorophyta, and Metazoa 
(Nanomia and Ctenophora). During the same period (April 16-June 20), 
112 16S rRNA ASVs were still present accounting for 57% of the se-
quences. Taxa included the core 16S rRNA community (34–46% of the 
sequences, Table 2) along with group II euryarchaea, Thaumarchaeota, 
Actinobacteria, Bacteriodia (Chitinophagales, Cryomorphaceae, marine 
groups NS7 and NS9, and Sphingobacteriales), Lentisphaerae, Patescibac-
teria, Gammaproteobacteria (Arenicellaceae, Nitrinocolaceae, and Sac-
chrospirllaceae), Verrucomicrobia, and green algal chloroplasts from 
Prasinoderma. 

3.3.3. Sinking POM during the high-flux event 
With the onset of the high flux event (June 21), sea-floor aggregate 

coverage reached 99% and sea-floor fluorescence was the highest 
observed during this study (Fig. 3). The particles sinking during this 
period were composed of phytoplankton, radiolaria, and parasitic pro-
tists (cluster 18S-IV) during which time the samples contained highest 
relative abundance of diatom sequences (Figs, 1 and 4). Only two 
samples were collected during this high flux event because the sinking 
POM clogged the trap opening. The samples were separated by 10 days 
and collected at different trap depths (50 mab then 100 mab). The two 
high POC flux samples shared 225 16S rRNA ASVs and 155 18S rRNA 
ASVs. The core 16S rRNA community accounted for a lower relative 
percentage (23%) of the sequences during the onset of the high flux 
event. Some of the ASVs common between the two samples included 

taxa associated with phytoplankton blooms including SAR116, Rose-
obacter NAC11-7, OM27, OM43, OM60 (NOR5), and SAR86. Common 
18S rRNA ASVs were affiliated with Rhizaria (Collodaria, Spumellarida, 
Acantharea, RAD-A, RAD-B, and Cercozoa), Diplonemea, Stramenopiles 
(Bacillariophyta, Dictyochophyceace, Pelagophyceae, Oomycota, MAST-1C, 
and Labyrinthulea), Dinoflagellata (Syndiniales and Dinophyceae), Chlor-
ophyta, Streptophyta, Metazoa (Apolemia, Nanomia and other Hydrozoa). 
The community of the high flux event was significantly different than 
those associated with average POC flux during the study period. Pair-
wise PERMANOVA using Bray-Curtis dissimilarity of the high flux trap 
samples versus non-high flux samples were significant for 18S (pseudo-F 
3.5363, p-value 0.001, 999 permutations) and 16S (all sequences ¼
pseudo-F 7.903, p-value 0.001, 999 permutations and eukarya removed 
pseudo-F ¼ 7.914, p-value 0.001, 999 permutations) rRNA sequences. 

3.4. Genetic identification of primary producers in exported carbon 

Over the nine-month period, we observed a seasonal shift in the 
relative influence of autotrophic phytoplankton within the sinking 
particles, with low percent contributions to the total sequence reads in 
the winter months and increasing to more than 15% of the total reads 
during the high flux event (Figs. 3 and 4a). The most frequently detected 
autotrophs generating the exported POC at Station M included Syn-
echococcus, chlorophytes, and diatoms; each having a different relative 
contribution over the season. In the early winter, the majority of se-
quences from photosynthetic organisms were affiliated with either 
cyanobacteria, primarily Synechococcus, or diatoms (Fig. 4b). In 
January, the relative abundance of chlorophyte sequences began to in-
crease, accounting for up to 75% of the oxyphotobacteria 16S rRNA 
sequences through March. Almost all chlorophyte chloroplast sequences 
were most similar to Prasinoderma. Beginning mid-April, chloroplast 
sequences from diatoms increased in relative abundance and were often 
more dominant than chlorophyte sequences. When the high POC flux 
event occurred in June, most photoautotropic 16S rRNA sequences were 
associated with diatom chloroplasts (92%); the majority assigned to the 
genus Lauderia (78% of diatom chloroplast reads), a member of the 
Thalassiosirales diatom lineage. 

The diversity of sequences (18S rRNA) assigned to diatoms (i.e. 
Bacillariophyta) changed seasonally over the 9-month deployment 
(Fig. 4c) and with the onset of the high flux event. Winter diatom se-
quences were primarily composed of Chaetoceros (C. didymus, 
C. neogracile, C. socialis, C. sp.) and a raphid pennate. These raphid 
pennate sequences most likely belong to small Nitzschia bicapitata-like 
cells readily observed by microscopy (CAD, personal observation). A 
major change in the diatom community occurred in May while POC 
fluxes were still low but when aggregate cover on the sea floor increased 
(Fig. 3). Thalassiosira, Minidiscus, and Actinocyclus were the major genera 

Table 3 (continued ) 

Librarya Phylogenetic Affiliation of Amplified Sequence 
Variants (ASVs) 

Number of ASVs in 
all sediment trap 
samples 

Number of sequences 
represented by ASVs in all 
sediment trap samples 

Proportion of reads of ASVs in 
all (average and range) per 
sample’s total reads 

Proportion of 
in all ASVs per 
total reads of 
ASV’s 
phylogenetic 
affiliation per 
sample 

average max min max min 

16S 
rRNA 

Bacteria; Proteobacteria; Alphaproteobacteria; 
Sphingomonadales; Sphingomonadaceae; 
Erythrobacter 

16S 
rRNA 

Bacteria; Proteobacteria; Gammaproteobacteria; 
UBA10353 marine group; uncultured organism; 
uncultured organism 

1 14,441 0.0025 0.0060 0.0009 1 0.741 

16S 
rRNA 

Bacteria; Bacteroidetes; Bacteroidia; Flavobacteriales; 
Crocinitomicaceae; Salinirepens 

1 7,670 0.0013 0.0049 0.0002 0.591 0.054 

na ¼ not applicable. 
a Total 18S rRNA sequences in trap samples ¼ 6,100,209; total 16S rRNA sequences in trap samples ¼ 5,747,599. 
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present during this period, along with the coastally-associated genera 
Skeletonema and Ditylum. When the high POC flux event occurred in late 
June, diatoms contributed a greater percentage of the total 18S rRNA 
sequence reads (Figs. 1 and 4a). During this period, 64% of the diatom 
18S rRNA sequences were assigned to Thalassiosira aestivalis, a species 
not detected in any previous sample. 

4. Discussion 

Carbon export and sequestration to the deep ocean is influenced both 
by the photosynthetic organisms that produce POC in the upper ocean 
and the heterotrophic organisms that intercept and reprocess that POC 
in the water column as it sinks. Here, we use the genetic signature of 
organisms (small subunit rRNA gene) retained within POM (1) to 
compare communities within particulates collected using different 
sampling methods and (2) to identify ecological processes that influence 

deep POC export in the California current. Although not discussed in 
detail here, many major taxonomic groups previously identified as 
important contributors to POC flux were indeed present in the data over 
the 9 months (e.g. Haptophytes, Ciliates, Salps, Firmicutes, Vibrio) but 
sporadically or at lower relative abundances. We focused on discussing 
those taxa that were either at high relative abundance (>10% relative 
abundance in a single sample) or were represented by ASVs common 
within and between successive sediment trap samples. 

4.1. Comparison of sample collection methods 

Many previous studies have utilized Niskin sampling followed by 
serial filtration to enrich for the particle attached community (Ganesh 
et al., 2013; Gutierrez-Rodriguez et al., 2019; Liu et al., 2018; Mestre 
et al., 2018; Peoples et al., 2018; Xu et al., 2018). However, studies that 
sample sinking particles in traps typically find that POM responsible for 

Fig. 3. Nine-month time series of a subset of eukaryal (A), bacterial and archaeal (B) taxa, the 18S and 16S rRNA sample clusters (C) and measurements of particulates at 
50mab and the sea floor (D). Orange-scale (18S rRNA) and greyscale (16S rRNA) boxes specify the sample cluster group of the sinking particulates (see Figs. 1 and 2). 
POC flux (D, blue line, left axis) were made from sinking material collected in traps deployed at 50mab containing formaldehyde. For the majority of the deployment the 
POC flux was within the 29-year long term average � σ (C, open blue box) until the onset of a high flux event on June 21 (solid blue box). The chlorophyll fluorescence of 
particulates on the sea floor (D, black dashed line) and the percentage of the sea floor covered by detrital aggregates (D, grey line) were determined from sea floor images 
collected from the ROVER. 
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bulk export process is not represented by water column samples 
(Amacher et al., 2013; Boeuf et al., 2019; Fontanez et al., 2015). We 
found similar results comparing the small subunit rRNA communities of 
two fractionated water column depth profiles collected within a few 
days of sinking POM collection in sediment traps. PERMANOVA, cluster 
analysis, and comparisons of common ASVs (100% identity) indicated 
different taxa comprising the community in both small subunit rRNAs of 
the >5 μm water column fraction, often considered the “particle 
attached” community, versus the sinking POM collected in sediment 
traps. Differences among the 16S rRNA gene libraries were more strik-
ing. The sample types shared few rRNA ASVs (100% identity) and 
groups indicative of bacterioplankton (SAR324, SAR406, SAR11, 
SUP05, planctomycetes, and archaea) rarely identified within the sink-
ing POM collected in sediment traps compared to water column samples. 
Another indication that sinking particle communities were not well 
represented in samples from the water column was the absence of the 
Collodarian taxon in the water column that composed >95% of the se-
quences in the following sediment trap sample. This is likely due to 
patchy distribution of sinking particulates (McGill et al., 2016; Padilla 
et al., 2015) or organisms that form colonies (e.g. Collodarians, Stoecker 

et al., 2009), and the instantaneous sampling and limited sample volume 
(Padilla et al., 2015) collected by the Niskin bottles (5L) used here. In 
addition, whole water sampling collects all particulate types (sinking, 
buoyant and neutrally buoyant) compared to sediment traps that spe-
cifically target sinking POM. Thus, utilizing fractionated water column 
samples to predict the proportion or type of particulates that represent 
sinking POM is problematic. 

Sea-floor aggregates collected here likely represent so called 
“dragon-king” particles, large and rare particulates that deviate from the 
normal size spectrum and likely provide unique habitats (Bochdansky 
et al., 2016). These large aggregates were enriched with benthic cer-
cozoa and heterotrophic protists and contained a distinct community 
from sinking POM in sediment traps. Individual sea floor aggregates 
contained a large percentage of very rare ASVs (<0.003) and only 
shared a small percentage of common ASVs. These results may indicate 
variability in the degree to which samples were contaminated by sur-
rounding seawater or sediment, and/or represent the variability of real 
changes in community composition (e.g. particles colonized by different 
organisms). 

Fig. 4. Relative abundance (A) and taxonomic affiliation of 16S rRNA gene sequences belonging to oxyphotobacteria (B) and 18S rRNA gene sequences affiliated 
with Bacillariophyta (diatoms, C). 18S rRNA sequences belonging to land plants, chrysophytes, euglenoids, and coccolithophores were grouped into an “other” 
category due to their low (<1%) individual contributions to the total oxyphotobacteria dataset. All unassigned 16S rRNA gene sequences (7%) were excluded from 
analysis. Diatom genera contributing <1% of the relative abundance were grouped into the category “other”. Timing of the high flux event is indicated by the blue 
bar at top. 
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4.2. Sources and attenuation of sinking POM at station M 

We relied on the sediment traps to provide a nearly continuous re-
cord of the organismal diversity of sinking POM (11-day integrated 
samples) reaching abyssal depths at Station M. Our results were similar 
in many ways to a study characterizing the sinking POM community at 
Station ALOHA (Boeuf et al., 2019), but also provided evidence of sea-
sonality and organisms driving episodic high POC flux events in a 
coastally influenced environment. We also found the eukaryal commu-
nity in the sinking POM to be much more variable and sporadic over 
time than the bacterial community (eight 18S rRNA clusters versus four 
16S rRNA clusters, Figs. 1–3). The 16S rRNA clusters often did not 
change during sporadic and large inputs of radiolarian or metazoan taxa. 
Rather, the community change depended on the relative abundances of 
deep sea gammaproteobacteria and groups associated with phyto-
plankton blooms. At Station M, the particle communities changed over 
time, including the transition to spring conditions (beginning late 
March) and with the onset of a high POC flux event (June, Fig. 3). 
Changes in the eukaryotic community revealed which taxa were major 
contributors to attenuating the POM during those transitions (e.g. 
zooplankton, gelatinous filter feeders and heterotrophic protists). The 
16S rRNA community provided a clearer indicator of changes between 
more-attenuated (processed) and faster sinking POM than the 18S rRNA 
gene community and 18S rRNA community was more informative as to 
the mechanism of export. Both rRNA data sets were important in 
determining the source of the POC. Below we highlight the potential role 
of organisms at Station M whose influence on POC flux is well estab-
lished (e.g. diatoms, zooplankton), and also those organisms whose in-
fluence has more recently gained attention but are still poorly quantified 
(e.g. rhizaria, cyanobacteria, and chlorophytes). 

4.2.1. Photosynthetic community and potential export process 
The consistent presence of sequences associated with Synechococcus, 

chlorophytes, and diatoms over the time series, supports the growing 
evidence that these groups are influential contributors to the generation 
of exported POC that reaches abyssal depths (Agusti et al., 2015; Boeuf 
et al., 2019; Karl et al., 2012; Lomas and Moran, 2011; Sohrin et al., 
2011; Tr�eguer et al., 2018). Although all three groups appeared to 
contribute to POM during average POC flux at Station M, diatoms were 
observed to have a greater effect during periods of increasing POC flux. 

During winter when POC flux at Station M was low but within the 
time series average, more oligotrophic (cyanobacteria and rhizaria) 
communities dominated, with some contribution of diatoms and chlor-
ophytes. The photoautotrophic community was at its lowest relative 
abundance during winter. Based on the high relative abundance of 
crustacean and cnidarian sequences, we infer that zooplankton grazers 
were influential in POC transport during this period by repackaging 
particles into dense fecal pellets while also attenuating POC flux in the 
water column. During this period, the 16S rRNA community (16S-3) 
contained some of the highest abundances of Nitrocococcales (Methyl-
ophaga) and Alteromonadales (Colwellia), groups implicated in utilizing 
labile DOM released from the breakdown of sinking POM (Fontanez 
et al., 2015; McCarren et al., 2010), suggesting the POM is more pro-
cessed. Thus, we hypothesize that winter fluxes were generated by low 
production, oligotrophic communities that are transported more slowly 
to abyssal depths and attenuated in the water column by microbial 
degradation and repeated cycling through pelagic heterotrophic food 
webs (e.g. grazing and filter feeding). 

Diatoms were an important contributor to changes observed during 
increased POM and POC delivery to the sea floor. Relatively more 
diatom sequences in both the 18S and 16S rRNA datasets and a greater 
abundance of diatom genera typical of coastal blooms, such as Skel-
etonema and Ditylum, were present in early spring when particulates 
with fluorescence began to accumulate on the sea floor. During this 
period, greater abundances of heterotrophic protists including radio-
larians were observed compared to metazoans. These data illustrate the 

potential importance of coastal blooms of diatoms fueling POM accu-
mulation on the sea floor even during periods of POC flux within the 
long-term average. 

Most striking was the major contribution of a single diatom species at 
the onset of the high POC flux event. A species closely related to Tha-
lassiosira aestivalis, not detected earlier in the time series, appeared to be 
the producer of the POC that was exported from the euphotic zone to sea 
floor rapidly (~10 days, Smith et al., 2018) and lead to >99% coverage 
of the sea floor. As the flux event continued, a more mixed community of 
autotrophs was observed. The 16S rRNA particulate community during 
this period was quite different than previous samples and contained 
many bacterioplankton taxa often associated with phytoplankton 
blooms (SAR116, Roseobacter NAC11-7, OM27, OM43, OM60 (NOR5), 
and SAR86). This indicates injection of larger, faster sinking diatom-rich 
particulates which corroborates evidence that this event reached abyssal 
depths within days (Smith et al., 2018). In addition, the relative abun-
dance of metazoan, copepod and cnidaria sequences also increased, and 
we hypothesize that these organisms grazed upon and repackaged the 
bloom community into fast sinking fecal pellets, efficiently transporting 
large quantities of relatively fresh POC to the deep ocean. 

4.2.2. Influence of heterotrophic protists 
Like other studies (Amacher et al., 2009; Boeuf et al., 2019; Fontanez 

et al., 2015), sequences belonging to heterotrophic protists dominated 
the library. Most heterotrophic protists were consistently present, 
showing some changes in relative abundance among sample clusters or 
across seasons. For example, heterotrophic and parasitic protists (Ra-
diolaria, Dinoflagellatea, Apicomplexa, Excavata, and Oomycota) were 
consistent contributors to POC degradation of sinking particles regard-
less of season or particle composition. In particular, radiolarians at times 
dominated the 18S rRNA sequences and were represented by diverse 
radiolarian orders (see below). The consistent and dominant presence of 
diverse groups of heterotrophic protists reflects their importance on 
attenuating particles reaching abyssal depths. 

During the 9-month sediment trap deployment, diverse radiolarian 
orders Acantharea, Polycystinea, Collodaria, RAD-A, RAD-B, RAD-C 
were present accounting for 5–99% of the sequences in samples over 
the time series. Two orders, RAD-A and Chaunacanthida were present in 
every single sediment trap sample (Table 3) and two Polycystinea ra-
diolarians, Collodaria and Spumellarida, accounted for more than 50% 
of the sequences (Fig. 1) for 60 days of the 220-day time series. These 
orders were found within sinking POM in an upper water column study 
in the California current (Gutierrez-Rodriguez et al., 2019), thus our 
finding of highly variable radiolarian taxa exported to abyssal depths is 
not surprising. 

Despite their consistent presence, periods where radiolarians domi-
nated did not correspond with increasing POC flux or an accumulation of 
aggregates on the sea floor. The apparent dominance of radiolarians in 
the particle community is likely inflated by the large quantities of DNA 
encoded in each cell (Biard et al., 2017), biasing their apparent influence 
on overall particle quantity or quality. Our data suggest that radiolaria 
play a key role in the ecological dynamics of sinking particles, but do not 
provide evidence for driving large changes in the magnitude or quality 
of POC flux to the sea floor. This is in contrast to a study in the Northeast 
Atlantic (Lampitt et al., 2009) implicating radiolarians as the driver of 
high flux events. 

Some Collodaria, Spumellarida, and Acantharia are known to harbor 
photosynthetic symbionts (Biard et al., 2016; Decelle et al., 2013; 
Stoecker et al., 2009) as well as parasites (Bråte et al., 2012). The ma-
jority of chloroplast sequences affiliated with chlorophytes were repre-
sented by a single ASV, present in every single sediment trap sample 
collected (Table 2). Interestingly, its highest relative abundance was 
observed March 25-April 15 when the Collodaria were most abundant 
(>95% sequences), though we acknowledge that ecological relation-
ships other than symbiosis could also be responsible for this corre-
spondence. If carrying autotrophic symbionts, radiolarian fluxes could 
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be an important export source of freshly generated organic matter to the 
sea floor during otherwise low POC flux periods. 

4.2.3. Methodological considerations 
It is critical to appreciate the strengths and biases of this molecular 

approach to accurately interpret results. This approach cannot detect the 
influence of phytoplankton whose DNA was degraded but whose organic 
material remains. Moreover, known PCR amplification biases and 
primer mismatches prevent the detection of some taxa (Apprill et al., 
2015; Caron and Hu, 2019). For example in this study, coccolithophore 
sequences were detected in such low abundance that they did not qualify 
as a quantifiable group by our statistical standards, but they are 
observed by microscopy in high abundance (CAD, personal observa-
tion). In contrast, dinoflagellate sequences were relatively abundant in 
most trap samples even though they are typically not abundant when 
quantified by microscopy (CAD personal observation and Durkin et al., 
2016). This mismatch is likely caused by the high ribosomal copy 
numbers per cell in dinoflagellates (Lin, 2011) and poor preservation of 
intact cells, two biases that also affect radiolarian taxa (Biard et al., 
2017). Lastly, the ecological importance of taxa with low sequence 
abundance may be underappreciated. For example, some taxa (e.g. 
Nanomia and Ctenophora) although low in sequence abundance per-
sisted for a long time (during winter, ~131 days) and thus they may 
have an appreciable impact on repackaging POM as it sinks to abyssal 
depths if integrated over time. In spite of these biases, molecular tools 
enable us to detect the influence of organisms that are difficult to 
observe by microscopy, such as collodarians, chlorophytes, bacteria, 
archaea and degraded cells. 

5. Conclusions 

Together these observations of particles at abyssal depths support 
long standing paradigms of plankton and particle dynamics that deter-
mine POC flux at the sea floor and further resolve biological details that 
help explain mechanisms of export. Episodic POC flux events at Station 
M have been increasing during the last decade, which implies that the 
processes controlling carbon flux are changing (Smith et al., 2013, 
2018). These data from the onset of a single high flux event indicate that 
export of relatively unprocessed POC from diatom blooms, potentially 
transported within zooplankton fecal pellets, may be one mechanism 
driving these long-term changes. More frequent export of coastal diatom 
blooms at Station M could be driven by offshore transport by coastal jets 
or meanders in the California Current (Barth et al., 2002; Stukel et al., 
2018b, 2017); physical processes driven by large scale climate dy-
namics. Observed increases in coastal production (Kahru et al., 2009) 
could also drive increasing POC export. Integrating 
biologically-resolved observations like these into the long-term moni-
toring of sinking particles is needed to determine the biological drivers 
of changing POC export into the deep ocean. 
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