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Abstract

Oceanic phytoplankton serve as a base for the food webs within the largest planetary ecosystem.
Despite this, surprisingly little is known about species composition, function and ecology of phyto-
plankton communities, especially for vast areas of the open ocean. In this study we focus on the mar-
ine phytoplankton microflora from the vicinity of the Marquesas Islands in the Southern Pacific Ocean
collected during the Tara Oceans expedition. Multiple samples from four sites and two depths were
studied in detail using light microscopy, scanning electron microscopy, and automated confocal laser
scanning microscopy. In total 289 taxa were identified, with Dinophyceae and Bacillariophyceae con-
tributing 60% and 32% of taxa, respectively, to phytoplankton community composition. Notwithstand-
ing, a large number of cells could not be assigned to any known species. Coccolithophores and other
flagellates together contributed less than 8% to the species list. Observed cell densities were generally
low, but at sites of high autotrophic biomass, diatoms reached the highest cell densities (1.26 � 104

cells L�1). Overall, 18S rRNA metabarcode-based community compositions matched microscopy-
based estimates, particularly for the main diatom taxa, indicating consistency and complementarity
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between different methods, while the wide range of microscopy-based methods permitted several
unknown and poorly studied taxa to be revealed and identified.
� 2023 Elsevier GmbH. All rights reserved.
Key words: diatoms; dinoflagellates; phytoplankton; marine protists; equatorial Pacific; Tara Oceans.
Introduction

The world’s ocean covers more than 70% of the
Earth’s surface and is by far the largest ecosystem
on our planet. Yet there is still a substantial lack of
knowledge about its functional components, which
is especially true for oceanic phytoplankton.
Regardless of their very small size, these organisms
play crucial roles as the base of oceanic food webs
and in the regulation of global biogeochemical, eco-
logical and climatic processes (Bowler 2013;
Worden et al. 2015; Abreu et al. 2022). According
to some estimates, marine phytoplankton are
responsible for about 50% of global primary produc-
tion, namely the generation of oxygen and fixation of
atmospheric carbon, and thus represent a major
component of the biological carbon pump (Field
et al. 1998, Ducklow et al., 2001; Sigman & Hain
2012).

Studying such a vast and complex ecosystem is
challenging for a range of reasons, including finan-
cial and logistical. Consequently, surveys of marine
phytoplankton biodiversity tend to be either non-
standardized, geographically restricted and/or do
not consider the complete size spectrum of plank-
tonic organisms (Caron et al. 2012). The 2009–
2013 Tara Oceans campaign was one of the first
to carry out a comprehensive worldwide sampling
collection with a coherent strategy to record addi-
tional contextual data to permit a holistic study of
the vast oceanic plankton ecosystem (Karsenti
et al. 2011). During the four year expedition, thou-
sands of samples along with numerous environmen-
tal measurements from 160 stations across the
tropical and temperate oceans were collected, and
were subsequently supplemented with 50 stations
sampled during a Polar Circle circumnavigation
(Pesant et al. 2015; Sunagawa et al. 2020).

Such a unique, global collection of over 40,000
samples promises to provide a comprehensive view
of the planetary oceanic ecosystem (Sunagawa
et al. 2020). It also allows a range of specific phe-
nomena to be explored more deeply. One such
example is the high primary productivity that has
been observed perennially in the ultraoligo- to olig-
otrophic waters in the vicinity of the Marquesas
Islands. This remote French Polynesian archipelago
is located in the central equatorial Pacific, with its
individual islands (10–25 km wide) rising steeply
from the abyssal plain at a depth of 4 km. The
islands are separated by 40 to 100 km wide chan-
nels, through which the strong South Equatorial Cur-
rent flows westward past the islands (Legeckis,
1977). The origin of this prominent phytoplankton
bloom, noted already in the 1960’s and visible by
ocean colour observations from space, was studied
by Signorini et al. (1999) and Martinez &
Maamaatuaiahutapu (2004), who proposed that it
may be caused by an islandmass effect. This effect,
apparently an important contributor to the productiv-
ity in the area, is formed by a combination of factors,
such as turbulent mixing and advection from the
South Equatorial Current, iron-enriched waters orig-
inating from land drainage, and hydrothermal fluxes
through old volcanic formations (Signorini et al.
1999).

The response of marine plankton communities to
iron limitation and resupply in this area has been
studied in great detail at four Tara Oceans stations
(Caputi et al. 2019). This complex study of the mass
effect of the islands in a stable ocean current
focused mainly on the characterization of the eco-
logical, ontological and transcriptomic responses
of the plankton assemblages to iron, the key limiting
micronutrient in the area. While millions of environ-
mental sequences of genetic markers were
obtained, most of themdid not match with taxa avail-
able in public reference databases and could not be
assigned to known species, while pigment composi-
tion only allowed taxonomic resolution at the higher
taxonomic group level, e.g., phylum or order. On the
other hand, microscopic techniques can provide a
wealth of otherwise missing information concerning
the diversity and distribution of planktonic organ-
isms, which is sparse for remote oceanic regions
such as the subequatorial central Pacific.

In this study we conducted a thorough taxonomic
assessment of marine phytoplankton in the Marque-
sas region of the equatorial Pacific by applying light,
electron, and confocal laser scanning microscopy
techniques to different samples collected in August
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2011. The aim of our investigation was to comple-
ment the study by Caputi et al. (2019) with detailed
taxonomic information on the phytoplankton taxa
found in this chronically understudied region. Fur-
thermore, a comparison between the metabarcod-
ing and morphological data was performed to
highlight advantages and limitations of these differ-
ent approaches.

Materials and methods
Study area

Phytoplankton samples collected during the Tara Oceans expedi-

tion in August 2011 from four sites surrounding the Marquesas

Islands (Fig. 1; Table 1) were examined in this study. The first

location (station TARA_122), situated approximately 30 km east of

the islands, represented a control station, unaffected by the island

mass effect. The following two stations (TARA_123, TARA_124)

were located in the area with the highest phytoplankton densities,

while the last one (TARA_125) was sampled approximately 250

km west of the islands, towards the periphery of the phytoplankton

bloom (Fig. 1).

Hydrographic features and satellite images of the area under

investigation were presented in Caputi et al. (2019) along with a

metabarcoding-based overview of the main planktonic groups in var-

ious size fractions, in relation with their responses to different iron

availability conditions. Here, we summarize some general features

of the area in order to better characterize the environmental and bio-

logical contexts of our results. Chlorophyll a (Chl-a) values integrated

over the water column varied among the sampled stations. Low con-

centrations (16.6 mg m�2) coupled with relatively high nutrient levels

were recorded at TARA_122, with conditions typical for a High Nutri-

ent Low Chlorophyll Region (Quéguiner 2013; Smetacek & Naqvi
Figure 1. Map of the Marquesas Islands in the
Equatorial Pacific with the location of the four stations
(TARA_122–125) sampled during the Tara Oceans
expedition.
2008). Maximum biomass values characterized TARA_123 in the

coastal waters of the Nuku Hiva island (33.6 mg m�2), where low

salinity values testified an impact of waters of terrestrial origin. Inter-

mediate chlorophyll values of 28.5 mg m�2 and 27.6 mg m�2 charac-

terized TARA_124 and TARA_125 stations, respectively. The former

was in a high-salinity small cyclonic eddy generated by high shear at

the southern side of the Nuku Hiva Island, while the latter, �250 km

downstream of the islands, still showed the presence of the chloro-

phyll patch.

Metabarcoding and flow-cytometry data showed that the smallest

phytoplankton size fractions were dominated by members of the

genera Synechococcus and Prochlorococcus (Caputi et al. 2019),

which matches previous observations (in particular from the BIO-

SOPE cruise) in a transect across the equatorial central Pacific

(Grob et al. 2007). In the same BIOSOPE cruise, 90% of the auto-

trophic eukaryotes were represented by cells smaller than 5 lm,

while near the Marquesas Islands the percentage of larger cells

was slightly higher (Masquelier and Vaulot 2008). In the TaraOceans

metabarcoding dataset, the smallest eukaryote size fraction (0.8-5

lm) was dominated by dinoflagellates followed by prasinophytes

and diatoms (Caputi et al. 2019).

Sampling

Sampling protocols and corresponding detailed information can be

found in Karsenti et al. (2011), Pesant et al. (2015), de Vargas et al.

(2015) and Sunagawa et al. (2020). Niskin bottle samples were

deployed using a rosette. Net-tow samples were collected with a

bongo net, concentrated and fractionated into four size classes

(0.8–5 mm, 5–20 mm, 20–180 mm, and 180–2,000 mm). Immediately

upon collection, phytoplankton samples were preserved either with

glutaraldehyde (1% final concentration [f.c.]), buffered formaldehyde

solution (2% f.c.), ethanol (95% f.c.) or a mixture of 1% formaldehyde

(f.c.) and 0.25% glutaraldehyde (f.c.). The following relevant environ-

mental data were available for the four sites and were used in this

study: depth [m], water temperature [�C], salinity [ppt], conductivity

[S�m�1], abundance [sigma-theta, kg�m�3], oxygen [mmol�L�1] and

nitrate [mg�L�1] concentrations. Iron concentration estimates [nmol]

calculated from the PISCES-v2model (Aumont et al. 2015) were also

available (Caputi et al. 2019).

Aliquots of the preserved samples were obtained from the central

repository at the Station Biologique de Roscoff and analyzed during

the period from 2011 to 2015. In total, 45 samples from the four Tara

Oceans stations (TARA_122 to TARA_125) were studied in detail,

including samples from two depths, surface (S; 0–5 m) and deep

chlorophyll maximum (DCM or D; 150 m), Niskin bottle samples

together with three size-fractionated net-tow samples (0.8–5 mm, 5–

20 mm, 20–180 mm), and samples preserved in various fixatives

(Table 2). Phytoplankton were identified and counted using light

microscopy (15 samples), scanning electron microscopy (30 sam-

ples), and automated confocal laser scanning microscopy (7

samples).
Light microscopy

Niskin bottle samples and 20-180 mm net samples were analyzed by

light microscopy (LM) to estimate phytoplankton total abundance

(TA, cells L�1) and relative abundance (RA, %), respectively. For the

Niskin bottle samples, preserved in 2% buffered formaldehyde (f.c.),

50 ml were allowed to sediment in an Utermöhl chamber for 3 to 4

days, with calcofluor-white stain (1:100,000). This dye stains cellu-

lose, thus allowing for better detection and identification of thecate

dinoflagellates. Cells were identified and enumerated (Utermöhl,

1958) by examining half of the chamber bottom and concentrations

per litre (cells�L�1) were calculated.



Table 1.Locations and sampling dates of the four stations from the Tara Oceans expedition studied here.

Station number Latitude Longitude Sampling Date Start Sampling Date End

122 -8.9691 -139.3375 26-Jul-2011 29-Jul-2011
123 -8.8785 -140.3036 31-Jul-2011 2-Aug-2011
124 -8.9988 -140.5875 4-Aug-2011 5-Aug-2011
125 -8.8897 -142.6096 8-Aug-2011 9-Aug-2011

4 J. Veselá-Strejcová et al.
Samples from the 20 to 180 mm size-fraction samples from net-

tows were fixed with 2% buffered formaldehyde (f.c.) and were

examined with the objective of increasing the chances of encoun-

tering larger and less common species. Sample volumes of 1–3 ml

(depending on cell concentration) (Table 2) were placed in an Uter-

möhl chamber with calcofluor-white stain (1:100,000) and left to

sediment for a couple of hours. Sedimented cells from 2 to 4 tran-

sects across the chamber were identified and enumerated. The

entire bottom plate was also scanned for rare species. For these

samples only relative abundances were obtained (Note: TAR-

A_124_DCM was not available for this analysis).

The LM observations were conducted using inverted light

microscopes (Carl Zeiss Axiophot 2 and Leica DMI3000 B) at 400x

magnification. Whenever possible, identification was performed at

the species level. Taxa that could not be identified to the species or

genus level were assigned to suprageneric groups such as centric

diatoms, coccolithophores, cryptophyceans, dinoflagellates and

other phytoflagellates. For some analyses, autotrophic protists were

grouped into 4 groups: diatoms, dinoflagellates, coccolithophores

and other phytoplankton.

Scanning electron microscopy

In order to improve species identification, samples from surface and

DCM falling into the size classes 0.8–5 mm, 5–20 mm and 20–180 mm
were examined by scanning electron microscopy (SEM).

Formaldehyde-preserved samples were carefully filtered through 3

mm-pore size NucleoporeTM polycarbonate membrane filters using a

Swinnex filter holder (13 mm) screwed on a syringe and gravity

sedimentation. Samples were then washed with distilled water,

dehydrated in an ethanol series (25%, 50%, 75%, 95% and 100%)

and dried using a critical point dryer. Dried filters were mounted on

aluminum stubs, sputter-coated with gold-palladium, and observed

using Philips 505 and JEOL JSM-6500F electron microscopes.

Formaldehyde-, glutaraldehyde- and ethanol-preserved samples

were used for additional detailed examination using JEOL JSM-

7401F. Sample preparation varied based on the fixative chemical

and due to testing of various protocols. For cryo-sublimation, 1–2 ml

of a formaldehyde- or glutaraldehyde-preserved sample was care-

fully centrifuged in a MilliporeTM Ultrafree�-CL Centrifugal Filter Unit

with a PVDF membrane (pore size 0.1 mm) for 3 min at 1,000 rpm.

After that, the pellet was incubated for 5 min in 1 ml of sterile sea-

water, and again centrifuged for 2–3 min at 1,000 rpm. Throughout

the procedure, it was ensured that the filter did not get completely dry.

This washing step was repeated 3 times. Next, the sample was post-

fixed for 30 min with a mixture of 2%OsO4 in 0.5 ml sterile sea water

and centrifuged for 2min at 1,000 rpm. It was then washed 3 times as

described above. Finally, the centrifugation unit was cut open and the

membrane with the sample was quickly but carefully removed and

placed immediately into liquid nitrogen. Cryo-sublimation took place

in a cryo-attachment Alto2500 (Gatan) connected directly with SEM

or in amodified freeze dryer evacuated with a rotary pump for 5-6 hrs.

In the critical point drying protocol, the first steps were identical with

the cryo-sublimation procedure up to the post-fixation step with 2%

OsO4. Post-fixed samples were dropped onto coverslips coated with
polylysine and were dehydrated in an acetone series (30%, 50%,

70%, 80%, 90%, 95%, and 100%). Ethanol-preserved samples were

transferred directly into 100% ethanol and dried using a critical point

dryer machine. Regardless of the preparation method, dried filters

were mounted on aluminum stubs, sputter-coated with gold-

palladium and examined by SEM. For subsequent taxonomical

assessment, over 4,000 SEM images from 30 samples were gen-

erated, which are now publicly available along with their annotation

(Zingone et al., 2022; https://www.ebi.ac.uk/biostudies/bioimages/

studies/S-BIAD598).

Environmental high content fluorescence microscopy

Surface net-tow 5–20 mm samples preserved in a formaldehyde-

glutaraldehyde mixture, and assigned for high-throughput micro-

scopy, were quantitatively examined by environmental High Content

Fluorescence Microscopy (eHCFM), an automated confocal laser

scanning microscopy technique described in detail in Colin et al.

(2017). Key cellular features were labelled with various dyes: DNA/

nuclei (blue, Hoechst 33342); (intra)cellular membranes (green,

DiOC6); cell covers and extensions (PLL-AF546, a home-made con-

jugation between a-poly-L-lysine (PLL) and Alexa Fluor 546

(AF546)); chloroplasts (red, chlorophyll autofluorescence). The

image acquisition was conducted on a Leica TCS SP8 confocal laser

scanning microscope with a 40x water immersion objective. Five

channels were recorded for each encountered object, namely trans-

mitted light and four fluorescent channels (respectively for Hoechst,

DiOC6, AF546, and chlorophyll a). For detailed information about

methodology, see Colin et al. (2017). The resulting sets of images

(�1500–5000 images/sample), publicly available at the web-

database EcoTaxa (Picheral et al., 2017, Colin 2022; https://eco-

taxa.obs-vlfr.fr/prj/3330), were automatically classified based on

morphological similarities into morpho-taxonomical categories using

supervisedmachine learning predictions. However, a thorough visual

inspection was performed for curating the taxonomical assessment.

A final list of phytoplankton taxa identified in the examined samples

was compiled from all microscopic techniques (LM, SEM, confocal

microscope), including presence/absence data for each taxon.

Identification

Specimens observed in LM and SEM were identified based on

classic taxonomy textbooks (Cupp 1943; Rampi and Bernard, 1980;

Dodge 1982; Tomas 1997) complemented by numerousmore recent

papers concerning specific genera and species. To assure quality

and comparability of the phytoplankton taxonomic data, we followed

the procedures described by Zingone et al. (2015). In particular, the

encountered taxa were attributed a species name in all cases when

the attribution was based on the appropriate method (i.e., LM or SEM

when needed) and all images needed (e.g., full plate pattern in case

of dinoflagellates that require it for a reliable attribution). Otherwise,

the species or genus names were preceded by ‘cf.‘, meaning that

an unambiguous identification was not possible because of inappro-

priate method or missing morphological information. In case the spe-

cies was similar to but clearly different from a known taxon, the

https://www.ebi.ac.uk/biostudies/bioimages/studies/S-BIAD598
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Table 2.Schematic explanation of data sets D1–D3 used for statistical analyses. eHCFM = environmental high
content fluorescence microscopy, LM = light microscopy, SEM = scanning electron microscopy.

Data
set
code

Method
used

Procedure Type of sample
(size fraction)

Sample
acronym

Total
numbers
observed

Collapsed number of
taxa to higher taxon.
groups

D1 eHCFM taxonomic
count

net sample (5-20 mm) N5 209 taxa 81 genera

LM taxonomic
count

net sample (20-180
mm)

N20

D2 LM taxonomic
count

bottle sample
(unfractionated)

B 209 taxa 81 genera

D3 LM
+eHCFM
+SEM

presence/
absence
data

all of the above (N5
+N20+B) and SEM
data

ALL-M 288 taxa 4 gross taxonomic groups

5

species or genus name was preceded by ‘aff.‘ The use of these ‘open

taxonomy‘ qualifiers allows to disclose the uncertainty of the identifi-

cation without losing potentially useful morphological information

(Bengtson 1988). The valid species names were checked using

the WORM ‘match taxa‘ tool (https://www.marinespecies.org/aphia.

php?p=match) and the results were refined following the most recent

taxonomic literature. Finally, the high number of pictures taken during

microscopy observations to document identifications will allow for

their check and revisions in the future thanks to their availability in

the public repository BioImages (accession numbers S-BIAD598

and S-BIAD595) as commented in the next section.

Accessibility of images and annotations dataset

Both SEM and eHCFM image datasets with the taxonomical anno-

tations are publicly available. They can be explored and downloaded

at the BioImage repository (EBI), respectively at the URLs; https://

www.ebi.ac.uk/biostudies/bioimages/studies/S-BIAD598 (Zingone

et al., 2022), and; https://www.ebi.ac.uk/biostudies/bioimages/stud-

ies/S-BIAD595 (Colin, 2022). All image files and supplementary files

are listed individually in the main data table with the annotations and

the associated metadata. Using the search bar of the data panel, the

files can be filtered according to filename, the annotation, or several

metadata (station, depth, size range, sample barcode, fixative, imag-

ing method), and the selection can be downloaded or visualized

online.

The SEM dataset (S-BIAD598) can be explored taxonomically

from column 5 (finest annotation) and 6 (main taxonomic group) and

can be filtered according to the taxonomic names of these two col-

umns within the search bar. The eHCFM dataset (S-BIAD595) can

be explored the same way, and lineages can be used for filtering

within the search bar. Additionally, two important tables are located at

the end of the list. While the first one shows a quantitative summary

of the abundance within different taxomonical and morphological
Table 3.Total number of species and infraspecific taxa w
surface and D = deep chlorophyll maximum).

Taxonomic group 122 1

S D S

Bacillariophyceae 52 46 5
Dinophyceae 88 69 6
Prymnesiophyceae 3 2 5
Other phytoplankton groups 1 3 2
Total number of taxa 144 120 1
categories, the second table lists all these categories and their

parental relationship. Each name is a node of a hierarchical frame-

work. In order to promote interoperability with environmental

sequence dataset, the taxonomic annotations follow, as far as

possible, the taxonomic framework of the UniEuk/EukRibo project

(https://doi.org/10.1111/jeu.12414; 2022, https://doi.org/10.5281/

zenodo.6896896) (Berney et al. 2017), and Adl et al. (2019). While

the species names are not modified, the nomenclature of some

key taxonomic nodes can change, e.g. Bacillariophyceae (diatom

DI), Dinophyceae (dinoflagellate DN), and Coccolitophorea (coccol-

ithophore CO) become Diatomeae, Dinoflagellata, and Prymnesio-

phyceae, respectively.

Comparisons between metabarcoding
and morphological data

Metabarcoding data from the TARA V9 fragment of
the 18S rRNA sequences (V9) obtained and anno-
tated previously (de Vargas et al. 2015) were used
to compare phytoplankton composition between
the molecular and morphological data. For a com-
parison at the group level, relative abundance data
for the four main phytoplankton groups recognized
in LM were extracted from the V9 datasets of the
size fractions 5–20 mm and 20-180 mm and com-
pared with the morphological data obtained with
eHCFM and LM, respectively. At a lower taxonomic
level, the relative abundance data (RA) of diatom
taxa in the LM datasets of the 20-180 mm size
fraction was compared with read data from the
ithin individual taxonomic groups and their totals (S =

23 124 125

D S D S D

6 43 60 9 44 35
8 65 85 2 85 82

5 6 2 6 1
3 5 2 2 5

31 116 156 15 137 123

https://www.marinespecies.org/aphia.php?p=match
https://www.marinespecies.org/aphia.php?p=match
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Table 4.List of taxa encountered in samples from four stations (TARA 122–125) at two depths, surface (S) and deep chlorophyll maximum (D), with
presence (1) or absence (0) in the samples. ’cf.’: ambiguous identification; ’aff.’: similar to but clearly different from the taxon; ’spp.’ may also include a
species present in the list but not recognizable due to the limitation of the method used (i.e., key feature/s not visible).

Station 122 123 124 125

Depth S D S D S D S D

Bacillariophyceae
Actinocyclus intermedius Usoltseva & Khursevich 1 0 1 1 1 0 1 1
Actinocyclus sagittulus Villareal 1 1 0 0 0 0 1 1
Actinocyclus spp. Ehrenberg 0 0 1 1 0 0 0 0
Amphora sp. C.G. Ehrenberg ex F.T. Kützing 0 1 1 0 1 0 0 0
Arcocellulus cornucervis G.R.Hasle 1 0 0 0 0 0 0 0
Asterolampra marylandica Ehrenberg 1 0 1 0 1 0 0 0
Asteromphalus arachne (Brébisson) Ralfs 0 0 0 1 0 0 0 0
Asteromphalus elegans Greville 1 1 1 1 1 0 1 0
Asteromphalus flabellatus (Brébisson) Greville 0 0 1 0 1 0 1 0
Asteromphalus heptactis (Brébisson) Ralfs 1 1 0 1 1 0 1 1
Asteromphalus hiltonianus (Greville) Ralfs in Pritchard 1 0 0 0 1 0 0 0
Asteromphalus hookeri Ehrenberg 0 0 0 0 0 0 0 1
Asteromphalus hyalinus Karsten 0 0 1 0 0 0 0 0
Asteromphalus imbricatus G.C.Wallich 0 0 0 1 1 0 0 0
Asteromphalus parvulus Karsten 0 0 0 0 0 0 1 0
Asteromphalus sarcophagus Wallich 1 1 0 0 0 0 0 1
Asteromphalus stellatus (Greville) Ralfs in Pritchard 1 0 1 1 1 0 1 0
Azpeitia cf. antiqua (Pantocsek) P.A. Sims in Fryxell 0 0 0 0 1 0 0 0
Azpeitia barronii G. Fryxell & T. P. Watkins in Fryxell 1 1 1 0 1 0 1 1
Azpeitia nodulifera (A.W.F.Schmidt) G.A.Fryxell & P.A.Sims 1 1 1 1 1 1 1 1
Bacteriastrum elongatum Cleve 1 1 0 0 1 0 0 0
Bacteriastrum furcatum Shadbolt 0 0 0 1 0 0 0 0
Bacteriastrum hyalinum Lauder 1 1 0 0 0 0 0 0
Bacteriastrum spp. G. Shadbolt 1 1 1 1 1 0 0 0
Cerataulina pelagica (Cleve) Hendey 0 1 1 0 0 0 0 1
Chaetoceros atlanticus Cleve 1 1 0 0 1 0 1 0
Chaetoceros atlanticus var. neapolitanus (Schroeder) Hustedt 1 0 0 0 1 0 0 0
Chaetoceros bacteriastroides G.H.H.Karsten 1 1 0 1 1 0 0 0
Chaetoceros danicus Cleve 0 0 0 0 1 0 0 0
Chaetoceros dichaeta Ehrenberg 1 0 0 0 1 0 1 0
Chaetoceros didymus Ehrenberg 0 0 0 0 1 0 0 0
Chaetoceros diversus Cleve 0 1 0 0 0 0 0 0

(cortinued on next page)
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Table 4 (cortinued)

Station 122 123 124 125

Depth S D S D S D S D

Chaetoceros lorenzianus Grunow 0 0 0 0 1 0 1 0
Chaetoceros peruvianus Brightwell 0 0 1 0 1 0 1 0
Chaetoceros protuberans Lauder 0 0 1 0 0 0 0 0
Chaetoceros simplex Ostenfeld 0 0 0 0 1 0 0 0
Chaetoceros spp. C.G. Ehrenberg 1 1 1 1 1 1 1 1
Cylindrotheca closterium (Ehrenberg) Reimann & J.C.Lewin 1 1 1 1 1 0 1 1
Dactyliosolen spp. A.F. Castracane 0 0 1 1 1 0 0 0
Fragilariopsis doliolus (Wallich) Medlin & P.A.Sims 1 1 1 1 1 0 1 1
Fragilariopsis spp. F. Hustedt in A. Schmidt et al. 1 1 1 1 1 1 1 1
Haslea wawrikae (Hustedt) Simonsen 1 1 0 0 1 0 0 0
Haslea spp. R. Simonsen 1 1 1 1 1 0 1 1
Hemiaulus sp. P.A.C. Heiberg 0 0 1 0 0 0 0 0
Hemidiscus cuneiformis Wallich 1 1 1 1 1 0 1 1
Lauderia annulata Cleve 0 0 1 0 0 0 0 0
Leptocylindrus minimus Gran 0 1 1 0 0 0 0 0
Licmophora sp. C.A. Agardh 0 0 1 0 0 0 0 0
Lioloma delicatulum (Cupp) Hasle 0 0 1 0 0 0 0 0
Lioloma elongatum (Grunow) Hasle 1 0 1 0 1 0 1 0
Lioloma pacificum (Cupp) Hasle 1 0 1 1 1 0 0 0
Lioloma spp. Hasle 1 1 1 1 1 1 1 1
Navicula spp. J.B.M. Bory de Saint-Vincent 1 1 1 1 0 1 0 0
Other Naviculales 1 1 1 1 1 1 1 1
Neomoelleria cornuta (Cleve) S.Blanco & C.E.Wetzel 0 0 1 0 0 0 0 0
Nitzschia bicapitata Cleve 1 1 1 1 1 0 0 1
Nitzschia ikeanae Fryxell & Lee in Lee & Fryxell 0 1 0 0 0 0 1 0
Nitzschia longissima (Brébisson) Ralfs 1 1 1 1 1 0 1 0
Nitzschia longissima var. reversa Grunow 0 1 1 1 1 0 0 0
Nitzschia spp. A.H. Hassall 1 1 1 1 1 0 1 1
cf. Pachyneis R. Simonsen 1 0 0 0 0 0 0 0
Phaeodactylum tricornutum Bohlin 0 0 0 0 0 0 1 0
Plagiotropis lepidoptera (Gregory) Kuntze 0 1 0 0 0 0 0 0
Plagiotropis sp. E. Pfitzer 0 0 1 0 0 0 0 0
Planktoniella sol (C.G.Wallich) Schütt 1 1 1 1 1 0 1 1
Pleurosigma sp. W. Smith 1 0 1 1 1 0 1 1
Proboscia alata (Brightwell) Sundström 0 0 0 0 1 0 1 0

(cortinued on next page) 7



Table 4 (cortinued)

Station 122 123 124 125

Depth S D S D S D S D

Pseudo-nitzschia aff. delicatissima (Cleve) Heiden 1 1 1 1 1 0 0 1
Pseudo-nitzschia aff. seriata (Cleve) H.Peragallo 1 0 1 1 1 1 0 0
Pseudo-nitzschia cf. fraudulenta (Cleve) Hasle 1 1 0 0 1 0 0 0
Pseudo-nitzschia cf. galaxiae N.Lundholm & Ø.Moestrup 0 0 0 0 1 0 1 0
Pseudo-nitzschia pseudodelicatissima (Hasle) Hasle 1 1 0 1 1 0 1 0
Pseudo-nitzschia spp. H. Peragallo in H. Peragallo & M. Peragallo 1 1 1 1 1 1 1 1
Rhizosolenia bergonii H.Peragallo 1 1 0 1 1 0 1 1
Rhizosolenia hebetata Bailey 0 0 0 0 0 0 1 0
Rhizosolenia spp. T. Brightwell 1 1 1 1 1 0 1 1
Roperia tesselata (Roper) Grunow ex Pelletan 1 0 1 0 1 0 1 1
Shionodiscus oestrupii (Ostenfeld) A.J.Alverson 1 1 1 1 1 0 1 1
Shionodiscus oestrupii var. venrickae (G. Fryxell & Hasle) A.J. Alverson 0 0 1 0 0 0 0 0
Skeletonema tropicum Cleve 0 0 1 0 0 0 0 0
Thalassionema bacillare (Heiden) Kolbe 0 0 1 0 0 0 0 0
Thalassionema frauenfeldii (Grunow) Tempère & Peragallo 0 1 1 0 0 0 0 0
Thalassionema nitzschioides (Grunow) Mereschkowsky 1 1 1 0 1 0 1 1
Thalassiosira aff. eccentrica (Ehrenberg) Cleve 1 1 1 1 1 0 1 1
Thalassiosira eccentrica (Ehrenberg) Cleve 1 0 1 1 1 0 1 1
Thalassiosira gravida Cleve 0 0 0 0 0 0 0 1
Thalassiosira profunda (Hendey) Hasle 1 1 1 1 1 0 0 0
Thalassiosira rotula Meunier 0 0 0 0 0 0 0 1
Thalassiosira subtilis (Ostenfeld) Gran 1 1 1 1 1 0 1 1
Thalassiosira spp. P.T. Cleve 1 1 1 1 1 1 1 1
cf. Thalassiosira P.T. Cleve 1 1 1 1 1 0 1 1
Thalassiothrix gibberula Hasle 0 0 0 1 1 0 1 1
Triceratium sp. C.G. Ehrenberg 0 0 0 1 0 0 0 0
Dinophyceae
Actiniscus pentasterias (Ehrenberg) Ehrenberg 0 1 1 0 0 0 0 0
Amphidoma languida Tillmann 0 0 0 0 0 0 0 1
Amphidoma cf. nucula Stein 1 0 0 0 0 0 0 0
Amphidoma cf. stenii Schiller 1 0 0 0 0 0 0 0
Amphisolenia bidentata Schröder 0 0 0 0 1 0 1 0
Amphisolenia clavipes Kofoid 1 0 0 0 0 0 0 0
Amphisolenia rectangulata Kofoid 0 0 0 0 1 0 0 0
Amphisolenia schroederi Kofoid 0 0 0 0 0 0 0 1

(cortinued on next page)
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Table 4 (cortinued)

Station 122 123 124 125

Depth S D S D S D S D

Archaeosphaerodiniopsis verrucosa Rampi 1 1 1 1 1 0 1 1
Azadinium caudatum (Halldal) Nézan & Chomérat 1 0 0 0 0 0 0 0
Azadinium spp. Elbrächter & Tillmann 1 1 1 0 1 0 0 0
Blepharocysta okamurae Abé 1 0 0 1 0 0 1 1
Blepharocysta splendor-maris (Ehrenberg) Ehrenberg 0 1 1 1 1 0 0 0
Centrodinium biconicum (Murray & Whitting) F.J.R.Taylor 0 0 0 0 1 0 0 1
Centrodinium cf. intermedium Pavillard 0 1 0 0 0 0 0 0
Ceratocorys armata (Schütt) Kofoid 1 1 0 0 0 0 0 0
Ceratocorys horrida Stein 0 0 0 0 0 0 1 0
Citharistes regius Stein 0 1 1 1 1 0 0 1
Cladopyxis brachiolata Stein 1 0 0 0 0 0 0 0
Corythodinium constrictum (F.Stein) F.J.R.Taylor 1 1 1 1 1 0 1 0
Corythodinium elegans (Pavillard) F.J.R.Taylor 1 0 0 0 0 0 1 1
Corythodinium milneri (G.Murray & Whitting) F.Gómez 0 1 0 0 0 0 0 0
Corythodinium strophalatum (J.D.Dodge & R.D.Saunders) F.Gómez 0 0 0 0 0 0 0 1
Corythodinium tesselatum (F.Stein) Loeblich Jr. & Loeblich III 1 1 1 1 1 0 1 1
Dinophysis amphora Balech 0 1 0 0 0 0 1 1
Dinophysis cf. ovum (F.Schütt) T.H.Abé 0 0 1 1 0 0 1 1
Dinophysis fortii Pavillard 1 0 0 0 0 0 0 0
Dinophysis hastata F.Stein 0 0 0 0 0 0 0 1
Dinophysis pusilla Jørgensen 0 0 0 0 1 0 0 1
Dinophysis similis Kofoid & Skogsberg 1 0 0 0 0 0 0 0
Dinophysis schuettii Murray & Whitting 1 0 0 0 0 0 1 0
Diplopsalis spp. Bergh 0 0 0 1 0 0 1 0
Dissodinium pseudolunula Swift ex Elbrächter & Drebes 0 0 0 0 0 0 1 0
Goniodoma polyedricum (Pouchet) Dodge 1 1 1 1 1 0 1 1
Goniodoma sphaericum Murray & Whitting 1 0 0 0 0 0 1 0
Gonyaulax birostris Stein 1 0 0 0 1 0 1 1
Gonyaulax ceratocoroides Kofoid 0 0 0 0 1 0 0 0
Gonyaulax cf. fragilis (Schütt) Kofoid 1 1 0 1 1 0 1 1
Gonyaulax turbynei Murray & Whitting 1 0 1 0 0 0 1 0
Gonyaulax fusiformis H.W.Graham 1 1 0 0 0 0 0 0
Gonyaulax monacantha Pavillard 0 1 0 0 0 0 0 1
Gonyaulax monospina Rampi 0 0 0 0 1 0 0 0
Gonyaulax polygramma F.Stein 1 0 1 0 1 0 1 1
Gonyaulax cf. reticulata Kofoid & Michener 0 0 0 0 1 0 1 0

(cortinued on next page)
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Table 4 (cortinued)

Station 122 123 124 125

Depth S D S D S D S D

Gonyaulax spinifera (Claparède & Lachmann) Diesing 1 0 1 1 1 0 1 1
Gymnodinium spp. F. Stein 1 1 0 0 1 0 1 1
Gyrodinium spp. Kofoid & Swezy 0 0 1 0 0 0 0 0
Heterodinium milneri (Murray & Whitting) Kofoid 0 1 0 0 1 0 0 1
Histioneis aff. gubernans Schütt 1 0 0 0 1 0 0 0
Histioneis cymbalaria Stein 0 0 0 0 1 0 0 1
Histioneis depressa Schiller 1 0 0 0 0 0 0 0
Histioneis elongata Kofoid & Michener 0 1 0 0 1 0 0 1
Histioneis hyalina Kofoid & Michener 0 0 0 1 0 0 0 1
Histioneis longicollis Kofoid 0 0 0 1 1 0 0 0
Histioneis milneri Murray & Whitting 0 0 0 0 1 0 0 0
Histioneis oxypteris Schiller 0 0 0 0 0 0 1 0
Histioneis panaria Kofoid & Skogsberg 1 0 0 0 0 0 0 0
Histioneis panda Kofoid & Michener 0 0 0 0 0 0 1 0
Histioneis pietschmannii Böhm 0 0 0 0 1 0 0 1
Histioneis rotundata Kofoid & Michener 1 1 1 1 1 0 0 0
Histioneis variabilis Schiller 0 1 0 1 0 0 1 1
Karenia spp. G.Hansen & Moestrup 0 1 0 0 0 0 0 0
Karlodinium spp. J.Larsen 1 1 1 1 1 0 1 1
Lingulodinium polyedra (F.Stein) J.D.Dodge 1 0 0 0 0 0 1 0
Lissodinium spp. Matzenauer 0 0 1 1 1 0 1 0
Mesoporos perforatus (Gran) Lillick 1 1 1 1 1 0 1 1
Ornithocercus carolinae Kofoid 0 0 0 0 1 0 0 0
Ornithocercus magnificus Stein 1 1 1 1 1 0 1 0
Ornithocercus quadratus Schütt 1 0 0 1 1 0 0 1
Ornithocercus steinii Schütt 0 0 0 0 1 0 1 1
Ornithocercus thurnii (Schmidt) Kofoid & Skogsberg 0 0 1 0 1 0 0 0
Oxytoxum caudatum Schiller 1 1 0 0 1 0 0 0
Oxytoxum crassum J.Schiller 1 1 1 1 1 0 1 1
Oxytoxum curvatum (Kofoid) Kofoid & J.R.Michener 1 1 1 1 0 0 1 1
Oxytoxum globosum Schiller 0 1 1 0 1 0 0 0
Oxytoxum laticeps Schiller 1 1 1 1 1 0 1 1
Oxytoxum sceptrum (F.Stein) Schröder 1 1 0 0 0 0 1 1
Oxytoxum scolopax Stein 1 1 1 1 1 0 1 1
Oxytoxum turbo Kofoid 0 0 1 0 0 0 1 0
Oxytoxum variabile Schiller 1 1 1 1 1 0 1 1
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Table 4 (cortinued)

Station 122 123 124 125

Depth S D S D S D S D

Oxytoxum spp. Stein 0 1 1 1 0 0 1 1
Palaeophalacroma unicinctum J.Schiller 1 1 1 1 1 0 1 1
Palaeophalacroma verrucosum Schiller 0 0 0 0 0 0 0 1
Pentapharsodinium tyrrhenicum (Balech) Montresor 0 0 0 0 0 0 1 0
Phalacroma doryphorum Stein 1 1 0 1 1 0 0 0
Phalacroma parvulum (Schütt) Jörgensen 0 0 0 0 1 0 0 0
Phalacroma rotundatum (Claparéde & Lachmann) Kofoid & J.R.Michener 0 1 1 1 1 0 1 1
Podolampas bipes Stein 1 1 1 0 1 0 1 1
Podolampas elegans Schütt 1 1 1 1 0 0 0 0
Podolampas palmipes Stein 1 1 1 1 1 0 1 1
Podolampas spinifera Okamura 1 1 1 1 0 0 1 1
Pronoctiluca spp. Fabre-Domergue 1 1 0 1 1 0 1 1
Prorocentrum balticum (Lohmann) Loeblich III 1 1 1 1 1 0 1 1
Prorocentrum compressum (Bailey) T.H.Abé ex J.D.Dodge 1 1 1 1 1 0 1 1
Prorocentrum dentatum Stein 1 1 1 1 1 0 1 1
Prorocentrum cf. hoffmannianum M.A.Faust 1 0 0 0 0 0 1 0
Prorocentrum micans Ehrenberg 1 0 1 1 0 0 0 1
Prorocentrum minimum (Ostenfeld) J.D.Dodge 1 1 0 1 0 0 1 1
Prorocentrum cf. nux Puigserver & Zingone 1 0 1 0 1 1 1 0
Prorocentrum triestinum J.Schiller 1 0 1 0 0 0 0 0
Protoceratium areolatum Kofoid 0 0 0 0 0 0 0 1
Protoceratium reticulatum (Claparède & Lachmann) Bütschli 0 0 0 1 0 0 0 1
Protoceratium spinulosum (Murray & Whitting) Schiller 1 0 0 0 1 0 1 0
Protoperidinium abei (Paulsen) Balech 0 0 0 1 0 0 0 0
Protoperidinium brevipes (Paulsen) Balech 0 0 1 1 0 0 0 1
Protoperidinium conicum (Gran) Balech 1 1 1 1 1 0 1 0
Protoperidinium crassipes (Kofoid) Balech 0 0 0 0 0 0 1 0
Protoperidinium depressum (Bailey) Balech 1 0 0 0 0 0 1 0
Protoperidinium diabolus (Cleve) Balech 0 1 1 0 0 0 1 0
Protoperidinium globulus (Stein) Balech 1 0 0 0 1 0 0 1
Protoperidinium cf. granii (Ostenfeld) Balech 1 0 0 0 0 0 0 0
Protoperidinium latissimum (Kofoid) Balech 1 1 0 0 0 0 0 0
Protoperidinium cf. leonis (Pavillard) Balech 0 0 0 1 1 0 0 1
Protoperidinium oceanicum (VanHöffen) Balech 0 0 0 0 0 0 0 1
Protoperidinium oviforme (Dangeard) Balech 1 1 1 0 0 0 1 1

(cortinued on next page) 1
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Table 4 (cortinued)

Station 122 123 124 125

Depth S D S D S D S D

Protoperidinium ovum (Schiller) Balech 0 0 1 1 0 0 0 0
Protoperidinium pallidum (Ostenfeld) Balech 0 1 0 0 0 0 0 0
Protoperidinium pentagonum (Gran) Balech 0 1 0 0 0 0 1 0
Protoperidinium pyriforme (Paulsen) Balech 1 0 0 1 1 0 1 1
Protoperidinium pyriforme var. breve (Paulsen) Balech 0 0 0 1 0 0 0 0
Protoperidinium quarnerense (B.Schröder) Balech 1 0 1 1 1 0 1 1
Protoperidinium cf. sinaicum (Matzenauer) Balech 0 1 0 0 0 0 0 0
Protoperidinium cf. sphaericum (Murray & Whitting) Balech 0 0 1 0 0 0 0 0
Protoperidinium cf. steinii (Jørgensen) Balech 0 0 1 1 1 0 1 1
Protoperidinium cf. thulesense (Balech) Balech 1 0 0 0 0 0 0 0
Protoperidinium cf. tuba (Schiller) Balech 0 1 0 0 0 0 0 0
Protoperidinium spp. Bergh 1 1 1 1 1 0 1 1
Ptychodiscus noctiluca Stein 0 0 0 0 0 0 1 0
Pyrocystis elegans Pavillard 1 1 0 1 1 0 0 1
Pyrocystis fusiformis C.W.Thomson 0 0 0 0 1 0 0 1
Pyrocystis gerbaulti Pavillard 0 1 0 0 1 1 1 1
Pyrocystis hamulus Cleve 0 1 0 0 0 0 0 0
Pyrocystis lunula (Schütt) Schütt 1 1 1 0 0 0 1 1
Pyrocystis obtusa Pavillard 1 1 0 0 1 0 1 1
Pyrocystis robusta Kofoid 1 0 0 0 0 0 1 1
Pyrophacus steinii (Schiller) Wall & Dale 1 0 1 1 0 0 0 0
Scrippsiella acuminata (Ehrenberg) Kretschmann 1 0 0 1 0 0 1 1
Scrippsiella spp. sensu lato Balech ex A.R.Loeblich III 1 1 1 1 1 0 1 1
Spiraulax jolliffei (Murray & Whitting) Kofoid 0 0 0 0 1 0 0 1
Tripos arietinus (Cleve) F.Gómez 1 0 0 0 0 0 1 0
Tripos azoricus (Cleve) F.Gómez 0 0 1 0 0 0 0 0
Tripos brevis (Ostenfeld & Johannes Schmidt) F.Gómez 1 0 1 1 1 0 1 1
Tripos candelabrus (Ehrenberg) F.Gómez 1 0 1 1 0 0 1 1
Tripos carnegiei (H.W.Graham et Bronikovsky) F.Gómez 0 0 0 0 1 0 0 0
Tripos carriensis (Gourret) F.Gómez 0 0 0 0 0 0 0 1
Tripos cephalotus (Lemmermann) F.Gómez 0 0 0 0 0 0 0 1
Tripos concilians (Jørgensen) F.Gómez 0 0 1 0 0 0 1 0
Tripos contortus (Gourret) F.Gómez 0 1 0 0 0 0 0 0
Tripos declinatus (G.Karsten) F.Gómez 1 1 0 1 1 0 1 1
Tripos digitatus (F.Schütt) F.Gómez 0 0 1 0 0 0 0 0
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Table 4 (cortinued)

Station 122 123 124 125

Depth S D S D S D S D

Tripos euarcuatus (Jørgensen) F.Gómez 0 0 1 0 0 0 0 0
Tripos furca (Ehrenberg) F.Gómez 1 1 1 1 1 0 1 1
Tripos fusus (Ehrenberg) F.Gómez 1 1 1 1 1 0 1 1
Tripos gibberus (Gourret) F.Gómez 1 0 1 0 0 0 1 0
Tripos gravidus (Gourret) F.Gómez 0 0 0 0 1 0 0 0
Tripos kofoidii (E.G.Jørgensen) F.Gómez 0 0 1 0 1 0 0 0
Tripos limulus (Pouchet) F.Gómez 1 0 1 1 1 0 1 0
Tripos cf. lineatus (Ehrenberg) F.Gómez 0 0 0 1 1 0 1 0
Tripos longipes (Bailey) F.Gómez. 0 1 0 0 0 0 0 0
Tripos longirostrum (Gourret) Hallegraeff & Huisman 0 1 0 1 1 0 0 0
Tripos macroceros (Ehrenberg) F.Gómez 1 0 0 0 1 0 0 1
Tripos massiliense (Gourret) F.Gómez 0 0 0 1 1 0 1 0
Tripos minutus (E.G.Jørgensen) F.Gómez 1 0 1 0 0 0 1 1
Tripos muelleri Bory de Saint-Vincent 1 0 0 1 1 0 0 0
Tripos muelleri var. atlantica (Ostenfeld) F.Gómez 0 0 0 0 1 0 1 0
Tripos muelleri f. parallela (Schmidt) F.Gómez 0 0 1 0 0 0 0 0
Tripos cf. pacificus (Schröder) F.Gómez 0 0 0 0 1 0 0 0
Tripos paradoxides (Cleve) F.Gómez 0 0 0 0 1 0 0 0
Tripos pentagonus (Gourret) F.Gómez 1 1 1 1 1 0 1 1
Tripos protuberans (G.Karsten) F.Gómez 1 0 0 0 0 0 0 1
Tripos setaceus (Jørgensen) F.Gómez 1 1 1 0 0 0 0 0
Tripos symmetricus (Pavillard) F.Gómez 0 0 1 0 0 0 0 0
Tripos teres (Kofoid) F.Gómez 1 1 1 1 1 0 1 1
Tripos trichoceros (Ehrenberg) Gómez 0 0 0 0 1 0 1 1
Prymnesiophyceae
Calcidiscus leptoporus (G.Murray & V.H.Blackman) Loeblich Jr. & Tappan 1 0 0 1 1 1 1 0
Calciosolenia spp. Gran 0 0 1 0 1 0 1 1
Emiliania huxleyi (Lohmann) W.W.Hay & H.P.Mohler 0 1 0 0 1 1 1 0
Gephyrocapsa oceanica Kamptner 1 0 1 0 1 0 1 0
Michaelsarsia elegans Gran 0 0 1 0 0 0 0 0
Oolithotus antillarum (Cohen) Cohen & P.Reinhardt 0 0 0 1 0 0 1 0
Pontosphaera syracusana Lohmann 0 0 0 0 1 0 0 0
Syracosphaera pulchra Lohmann 0 0 0 1 0 0 0 0
Umbellosphaera spp. Paasche 1 1 1 1 0 0 0 0
Umbilicosphaera sibogae (Weber Bosse) Gaarder 0 0 0 0 1 0 1 0
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corresponding diatom V9 dataset obtained previ-
ously (Malviya et al. 2016).

Data analysis

Altogether, four independent datasets were
obtained from various microscopic approaches: LM
counts from the bottle samples (further referred to
as B), LM counts from net-tow samples (20–180
mm size class, further referred to as N20), eHCFM
counts from net-tow samples (size class of 5–20
mm, further referred to as N5) and acquired pres-
ence/absence data from a combination of all SEM
and other microscopic examinations (LM + eHCFM
+ SEM, further referred to as ALL-M; Table 2; Suppl.
Table 1). Almost no taxa were noted during exami-
nations of the smallest size fraction (0.8–5 mm). After
checking that the absolute counts were proportional
in both filtered datasets, data acquired from counting
the two larger size fractions (N5 and N20) were
summed (Table 2; Suppl. Table 1) to adequately rep-
resent a total count for each sample. In addition, the
summed counts were each adjusted from the origi-
nal, most detailed taxonomic assessment (datasets
B and N5+N20, each with 209 taxa, ALL-M with 288
taxa) to a dataset with taxa aggregated at the gen-
eric level (N5+N20 = dataset D1, and B = dataset
D2, each containing 81 taxa) or collapsed into four
gross taxonomic groups (ALL-M = dataset D3). This
aggregation was performed to reduce noise in the
data and the high number of response variables.

The resulting datasets were used to examine
variation in phytoplankton communities between
sampling depths and among sampling stations, as
well as to assess the effects of environmental
parameters. Moreover, an assurance test of
whether the summed dataset of N5+N20 sample
counts provided coherent information in comparison
with the B samples was performed. Counts of indi-
vidual cells and/or taxonomic richness were ln-
transformed and standardized to a unit norm in all
samples before the analyses. Principal components
analysis (PCA) was performed in R, using the R
package vegan (Oksanen et al., 2007). The full code
as well as the data used to perform the analysis can
be found in Supplementary Material 1.
Results

Diversity

In total, 289 planktonic protist taxa were identified in
pelagic samples collected in the vicinity of the



Table 5.Acronyms and complete names (in grey) used in the ordination diagrams. DI = diatom (Bacillario-
phyceae), DN = dinoflagellate (Dinophyceae), CO = coccolithophore (Prymnesiophyceae), OT = other phyla.

Acronym Phylum Taxon name Acronym Phylum Taxon name

Actinocy DI Actinocyclus Navicula DI Navicula
Azadiniu DN Azadinium Nitzschi DI Nitzschia
Bacteria DI Bacteriastrum Oxytoxum DN Oxytoxum
Calciosl CO Calciosolenia Palaeoph DN Palaeophalacroma
CentDiat DI centric DI PennDiat DI pennate DI
Chaetocr DI Chaetoceros Prorocen DN Prorocentrum
Dactylio DI Dactyliosolen Pseudont DI Pseudo-nitzschia
Dictyoch OT Dictyocha Pterospr OT Pterosperma
DinfNakd DN naked DN Rhizosol DI Rhizosolenia
DinfThec DN thecate DN Shionod DI Shionodiscus
Dinophys DN Dinophysis Thal-nema DI Thalassionema
Gymnodin DN Gymnodinium Thal-sira DI Thalassiosira
Haslea DI Haslea Umbellos CO Umbellosphaera
Lioloma DI Lioloma UndCoc CO undetermined CO

15
Marquesas Islands. The most species-rich groups
were dinoflagellates (phylum Myzozoa, class Dino-
phyceae), with 174 species belonging to 41 genera,
and diatoms (phylum Ochrophyta, class Bacillario-
phyceae), represented by 93 taxa falling into 37
genera (Table 3). The most diverse genera within
the dinoflagellates were Tripos (35 species), Pro-
toperidinium (24), Histioneis (13) and Oxytoxum
(10), while for the diatoms these were Chaetoceros
(12), Asteromphalus (11) and Thalassiosira (7)
(Table 4). Only 10 species of coccolithophores (phy-
lum Haptophyta, class Prymnesiophyceae) and two
other prymnesiophytes were identified, each
belonging to different genera. The ‘other phyto-
plankton’ group (dictyochophytes, prasinophytes,
cyanophytes and xanthophytes) contained lower
numbers of identified species, contributing a total
of 10 taxa to the final count. Acronyms and complete
names used in ordinary diagrams are listed in
Table 5.

The number of taxa present in each sample var-
ied from 116 to 156 species, apart from one case
(TARA_124-D) with much lower numbers (Table 3).
While there were small differences between the sur-
face and DCM layers, somewhat higher numbers of
specieswere observed in the surface layer (Table 3).
The highest species richness was observed in the
surface samples from the bloom station TARA_124
(156 taxa) and the pre-bloom station TARA_122
(144 taxa). The lowest number of species occurred
in the deeper layer at TARA_124 with only 15 taxa
observed, which was a result of the low number of
identified taxa in the bottle sample and the lack of
net samples.
When the different approaches to sample obser-
vations were compared, bottle samples examined
by LM yielded 63 taxa, which is only 22% of the
288 taxa observed in this study. Examination of
N20 by LM provided 140 taxa (49% of the total),
whereas 126 taxa (44% of the total) were found dur-
ing the eHCFM analysis of N5. Finally, SEM was
most comprehensive, documenting the presence
of 181 taxa (63% of the total), of which approxi-
mately 50 were not recognized by other methods.
This comparison shows that a combination of multi-
ple microscopy methods is able to document much
higher species richness than each method alone.
We encountered a significant number of unknown
yet abundant diatoms and dinoflagellates. Promi-
nently, an unknown robust centric diatom similar
to, but probably not belonging to the genus Thalas-
siosira, was frequently observed in most samples
(Figs 2a, b; 3a). Moreover, several species appar-
ently belonging to the genus Thalassiosira were
noted by SEM, but we were unable to identify them
using the available literature (Fig. 2c–f). A very inter-
esting member of the genus Fragilariopsis, forming
linear colonies and having rectangular girdle views,
was also commonly observed (Figs 2g, h; 3). Simi-
larly, many dinoflagellates could not be identified.
Among themwere two smallOxytoxum species very
similar in shape to Oxytoxum crassum, although
both with a different and distinct surface pattern
(Figs 2i, j; 3c), and a round Prorocentrum species
with a smooth surface and few large pores
(Fig. 2k). Finally, we encountered the dinoflagellate
Archaeosphaerodiniopsis verrucosa (Figs 2-l; 3d)
described in 1943 (Rampi 1943) and unreported



Figure 2. Examples (SEM images) of unidentified diatom (a–h) and dinoflagellate (i–k) taxa encountered in
phytoplankton from around Marquesas Islands, and an extremely rare taxon (l). a, b: cf. Thalassiosira (a: valve
view, b: girdle view), c, d: Thalassiosira sp.1, e, f: Thalassiosira sp. 2, g, h: Fragilariopsis sp. (colony of 4 cells
in girdle view), i: Oxytoxum sp.1, j: Oxytoxum sp.2, k: Prorocentrum sp., l: Archaeosphaerodiniopsis
verrucosa. Scale bars 1 mm (a, b, i–l) and 10 mm (c–h).
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ever since. Only very recently Carbonell-Moore
(2017) re-discovered this extremely rare taxon in
the Central Equatorial Pacific, which corroborates
our findings. Surprisingly, this species was encoun-
tered in all samples examined by us (Table 4).
Distribution

Phytoplankton abundances were in all cases con-
siderably low, ranging between only 200 cells�L–1
and �18,000 cells�L�1 (Fig. 4). The highest cell



Figure 4. Abundance of the main phytoplankton
groups in Niskin bottle samples (LM counts) from four
Tara Oceans stations (122–125). S = surface, D =
deep chlorophyll maximum. Relative abundances
from the same data are represented in Fig. 6
(columns marked “B”).

Figure 3. Examples of images of several diatoms (a, b) and dinoflagellates (c, d) taken by confocal
microscopy (eHCFM). Each object was depicted in 6 different views (from the top left to the bottom right):
purple – surface, blue – DNA/nuclei (it also stained surface in dinoflagellates), black-and-white – light view,
green – membranes, red – chlorophyll autofluorescence, all colors – integrated image from all signals. a: cf.
Thalassiosira (girdle view), b: Fragilariopsis sp. (colony of 3 cells in girdle view; see also Fig. 10 g, h), c:
Oxytoxum sp.1 (see also Fig. 10 i), d: Archaeosphaerodiniopsis verrucosa (see also Fig. 10 k, l). Scale bars 5
mm.
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abundance was observed in the surface of
TARA_123 and TARA_124, both localities with the
highest biomass values. When compared to the
other locations, the TARA_122 surface sample
had intermediate total abundance values of 7,000
cells�L�1, whereas the minima were recorded at
TARA_125, far away from the area where blooms
generally occur, and where relatively high chloro-
phyll a values were due to higher abundance of
picoplankton (Caputi et al. 2019). The deep samples
had generally lower abundance (below �2,000
cells�L�1), but TARA_123 was characterized by rel-
atively high densities (below 12,000 cells�L�1), due
to the dominance of small coccoid cells and flagel-
lates (up to 10 mm in size), which we were unable
to assign to any phytoplankton group. Bacillario-
phyceae were relatively abundant in all bottle sam-
ples and dominated at TARA_123 and TARA_124
stations (Fig. 4). Species composition was similar
among all the samples, yet the relative abundance
in individual samples varied among stations and
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with depth. Undetermined centric and pennate dia-
toms, Cylindrotheca closterium, as well as Chaeto-
ceros and Pseudo-nitzschia species were the most
abundant diatoms. Pseudo-nitzschia species had
higher abundance in all surface samples from
TARA_122-124, but were not found in the surface
sample of TARA_125. Chaetoceros species had
higher abundance only at TARA_122 and 124 (both
depths), while their abundance was close to zero in
the other stations. Undetermined centric diatoms
and C. closterium showed the highest abundance
in surface samples fromTARA_123, while undeter-
mined pennate diatoms showed similar abundances
in all samples (Fig. 5).Gephyrocapsa oceanica was
the most abundant coccolithophore at the sub-
surface of TARA_123.

Relative abundances of taxa from the net-tow
sample counts (size fractions 5–20 mm and 20–
180 mm) (Fig. 5) were generally similar to each other
and to those obtained from Niskin bottle samples
(Fig. 6), despite the fact that they were counted from
differently collected (bottle vs. net) and processed
samples (LM vs. eHCFM). Most of the counted
net-tow samples were clearly dominated by dia-
toms, usually with a contribution of over 50% to each
count.

The smaller size fraction (5–20 mm) of both sam-
ples from TARA_125, the post-bloom station, was
an exception (Fig. 5). Dinoflagellates represented
Figure 5. Relative abundances of the main phytoplankt
mm (N5, using eHCFM) and 20–180 mm (N20, using LM
coding of the groups is the same as in Fig. 4. Values
phytoplankton cells counted in each sample. Sample TA
enumeration.
�10–25% of the plankton in all net-tow samples,
excluding the alreadymentioned small size fractions
of TARA_125, in which dinoflagellates dominated,
with over 40% of the counted cells. These two sam-
ples also contained the highest proportion (� 30%)
of small phytoplanktonic coccoids and flagellates
from the group “Other phyla”. Furthermore, the deep
bottle sample count of TARA_125 seems to com-
pletely miss any representatives of the otherwise
common group of dinoflagellates, although only 10
encountered cells could be considered (Fig. 6).
Finally, coccolithophores occurred in much smaller
abundances (Fig. 5) in the net-tow samples com-
pared to the bottle sample counts (Fig. 6).

SEManalysis of the size fraction 0.8–5 mmdid not
yield any results, as no protists were encountered,
except for just three cells of a tiny unknown
Amphora species (Bacillariophyceae) observed in
the TARA_124 surface sample. This taxon was
not encountered anywhere else. Since the smallest
size fraction did not contain any significant numbers
of phytoplankton cells for counts, the size fractions
5–20 mm and 20–180 mm were together considered
to account for an adequate representation of the
whole sample, and the summed counts were com-
pared to the bottle sample counts (Fig. 6). Several
samples showed a very good match in community
composition evaluated by different methods (e.g.,
eHCFM and SEM in both depths of TARA_122).
on groups in net-tow samples, size fractions of 5–20
). S = surface, D = deep chlorophyll maximum. Color
at the base of each bar represent the number of

RA_124 D was not available in either size fraction for
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On the other hand, several samples did not even
contain the same higher taxonomic groups, such
as the already mentioned deep TARA_123 sample.
A similar situation was found in the deep TARA_125
sample, although this result was apparently skewed
by only 10 encountered objects in the un-
concentrated bottle sample. Altogether, community
composition across the net-tow and bottle samples
was similar; diatoms clearly dominated, since in
most cases this group represented over 50% of
the counted cells. The post-bloom TARA_125 sta-
tion showed a slightly different pattern with diatoms,
dinoflagellates and other phytoplankton being more
equally represented (Fig. 6).

Comparison of morphological and molecular data

Comparison of the V9-based estimates of commu-
nity composition with the eHCFM- and LM-based
estimates at the surface and DCM revealed that
the V9 data constantly magnified the contribution
of Dinophyceae and lessened that of Bacillario-
phyceae, regardless of the fraction, the station or
the depth (Fig. 7). Moreover, the relative weight of
the two other categories herein taken into account
(namely Prymnesiophyceae and “other phytoplank-
ton groups”) was higher when eHCFM was used for
the 5-20 lm fraction. In the 20-180 lm fraction, the
relative weight of the “other phytoplankton groups”
Figure 6. Comparison of relative abundances acquired
size fractions 5–20 and 20–180 mm, i.e., N5+N20 from Fig
= surface, D = deep chlorophyll maximum. Values a
phytoplankton cells counted in each sample. Net-tow
counting.
as estimated from the V9 and LM datasets were
consistent. Trends in the percentage composition
of Bacillariophyceae estimated from the V9- and
microscopy-based methods strongly correlate at
both the surface and DCM (Figs 5 and 7). However,
no correlation was observed for Dinophyceae (sur-
face) and Prymnesiophyceae (DCM) when LM
was compared with the V9 data, while V9 vs. LM
trends in the same fraction were strongly negatively
correlated (Figs 5 and 7).

Considering that the diatoms were the only group
for which the taxonomic information was sufficient
from both morphological and molecular data, the
20-180 lm size fractions were selected for compar-
ison at a lower taxonomic level, (see Discussion).
Since a direct comparison of the RAs showed many
discrepancies between the two LM and V9 datasets
(data not shown), a sample-by-sample adjustment
of the data was required, whereby the RAs of
selected taxa were extracted from the V9 dataset
based on their presence in the LM dataset. Further-
more, reads lumped into the generic groups in the
V9 dataset were reassigned to specific genera.
For example, the V9 RA of ‘Radial centric basal
Coscinodiscophyceae’ was matched with LM RAs
of Asterolampra, Asteromphalus and Hemidiscus
that were not found in the V9 dataset, for the sam-
ples where the latter genera were abundant in the
LM. Similarly, the V9 sequences labeled as ‘raphid
from cell counts of concentrated net-tow samples (N,
. 5) and un-concentrated Niskin bottle samples (B). S
t the base of each bar represent the number of
samples from TARA_124-D were not available for
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pennates’ were attributed to either Pseudo-nitzschia
or Fragilariopsis based on the RA of these taxa in
the LM dataset. After these manipulations, the two
datasets showed a comparable composition (Fig. 8).
Discussion

The present study provides a detailed description of
the phytoplankton community composition from four
sites around the Marquesas Islands, including a
species list, absolute and relative abundances
based on several different microscopic techniques,
comparison with 18S rRNA metabarcoding data,
and characterization of phytoplankton community
variation using an ordination method.

The Marquesas Islands are surrounded by olig-
otrophic waters of the southern subtropical Pacific
Ocean. A combination of several environmental fac-
tors, also known as the island mass effect, cause
perennial higher primary productivity westward from
the islands (Signorini et al. 1999; Legeckis et al.
2004; Martinez & Maamaatuaiahutapu 2004). With
respect to phytoplankton composition, the study
area is one of the least investigated areas in the glo-
bal ocean, with only a handful of qualitative (Rampi
1952; Hasle 1960) or quantitative studies (Hasle,
1959; Gomez et al. 2007) conducted in the tropical
Central Pacific. Our findings show generally low cell
abundances in the collected samples, which are
Figure 7. Relative abundances of phytoplankton V9 re
(N20). S = surface, D = deep chlorophyll maximum. C
TARA_124 D was not available in either size fraction fo
comparable to or higher than the surrounding
phytoplankton-poor equatorial oceanic waters
(Iriarte and Fryxell, 1992), but lower than those
found in the Marquesas area during the Biosope
expedition in late October (3.1 � 104 cells L�1)
(Gomez et al. 2007) or north of the equator and
about 6,000 km north of our sampling area in March
(up to 7.0� 104 cells L�1) (Hasle, 1959). However, it
is not possible to judge whether these differences
result from spatial or temporal differences among
these sampling cruises. In spite of the documented
lower cell densities matching the very low chloro-
phyll values, it is clear that TARA_123 and the sur-
face layer of TARA_124 showed higher
phytoplankton densities as compared to the pre-
algal-bloom (TARA_122) and post-algal-bloom
(TARA_125) stations (Fig. 4).

Our results show diatoms dominating the cell
counts, despite being represented by a smaller
number of species compared to dinoflagellates.
Another large-scale study, the Malaspina-2010
expedition, reported a diatom/dinoflagellate cell
abundance ratio of 2.5 from the subtropical olig-
otrophic ocean (Estrada et al. 2016), i.e., around
two times lower than in our study (mean 5.7). Based
on collections at 145 oceanic stations during that
expedition from the Atlantic, Indian and Pacific
Oceans, the contribution of diatoms was only
important in regions with shallow nutriclines
ads, size fractions of 5–20 mm (N5) and 20–180 mm
olor coding of the phyla is equal to Fig. 4. Sample
r enumeration.
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(i.e., nutrient-rich layers near the surface), such as
the equatorial upwelling regions. This seems to be
similar to the case of the algal bloom in the vicinity
of the Marquesas Islands, where diatoms appar-
ently also play a key role.

Regarding the species composition of phyto-
plankton around the Marquesas Islands, the propor-
tion among groups differed from that observed in
cell abundance data. The most species-rich taxo-
nomic groups turned out to be dinoflagellates, repre-
senting 60% of the total 289 documented
phytoplankton taxa, followed by diatoms accounting
for 32%. A similar proportion between the number of
dinoflagellate and diatom species was described in
Figure 8. Comparison between the relative abundanc
metabarcodes (V9) in the 20-180 mm size-fraction.
samples from nutrient-enriched and likely more pol-
luted Black Sea environments, where microscopic
examination revealed 71 species consisting of
58% of dinoflagellates, 25% of diatoms, and 17%
of members of other groups (Agirbas et al. 2017).
The limited representation of the other phytoplank-
ton groups is largely influenced by the fact that
microscopy methods mainly address the diversity
of groups having distinct morphological features
even in fixed samples, while all the groups mainly
consisting of tiny and naked cells require specific
identification techniques. Interestingly, several
species previously found to be dominant or wide-
spread in the subtropical and equatorial Central
e of diatoms in light microscopy counts (LM) and
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Pacific, namely the diatoms Pseudo-nitzschia cf.
delicatissima, Planktoniella sol and Rhizosolenia
bergoni, and the dinoflagellatesOxytoxum variabile,
Histioneis spp. and Tripos spp. (Hasle 1960; Gomez
et al. 2007), are the same as those found in our
study. Such a correlation indicates relatively stable
species associations in this area across the sea-
sons, despite the paucity of information. However,
the list of species found in the present investigation
at four sites is longer than those previously reported
for the tropical Central Pacific. For example, Rampi
(1952) documented 210 species (170 dinoflagel-
lates, including varieties and forms) and 40 diatoms
from a considerably wider equatorial area. In the
same study, Planktoniella sol was seen to be
attached to the tintinnid Eutintinnus lusus undae
(Rampi 1952). We did not note any of these associ-
ations, nor that between tintinnids and Chaetoceros
daday, also reported by Rampi (1952), nor between
Fragilariopsis doliolus and other tintinnids seen in
the Tara Oceans samples from the south Atlantic
Ocean (Vincent et al. 2018), although partner spe-
cies of these associations were present in our
samples.

In terms of diversity, it is necessary to keep in
mind that the sample volume used can predeter-
mine the outcome of its assessment. Cermeño
et al. (2013) pointed out that although microorgan-
isms usually attain high population densities, it
should not be assumed that the observation of sam-
ples of a few tens of millilitres suffices to completely
characterize the species assemblage. It was further-
more shown that marine phytoplankton communi-
ties have been particularly under-sampled in
ecosystems of low productivity (Cermeño et al.
2013), thus leading to biases in the patterns of pre-
viously reported diversity. This is a serious problem.
Because our samples originated from a region with
generally low productivity, we used multiple tech-
niques (LM, eHCFM and SEM), large volumes,
and sometimes several replicates of the same sam-
ple tomaximize the number of encountered species.
Thus, despite the observed low cell densities, the
obtained species richness was much higher com-
pared to similar studies. However, species richness
and its changes should not be considered alone, as
environmental changes may affect ecosystem func-
tions without altering species richness, most notably
by affecting population densities and community
composition (Spaak et al. 2017). Indeed, species
richness is just a single variable reflecting the state
of the environment. Therefore, both cell densities
and detailed community composition should be
taken into account.

The applied ordination methods shed some light
on the variation in community composition, and the
community response to several environmental char-
acteristics. Unfortunately, the deep sample from
TARA_124 was not available for most counts, and
was thus excluded from the statistical analyses,
decreasing the already small number of counts
available for testing and diminishing the robustness
of the tests. Based on the results fromPCA, diatoms
and coccolithophores showed a preference, albeit
not significant, for surface layers, whereas dinoflag-
ellates and other groups tended to be prevalent in
deeper waters.

Surprisingly, there is still very little information
available about the species composition of marine
phytoplankton, especially when one realizes how
key the role of this organismal assemblage is for
the wellbeing of our planet. Fortunately, within the
last few years the situation has improved thanks to
high throughput analyses of large datasets collected
by global oceanic expeditions (Karsenti et al. 2011;
Duarte 2015; Sunagawa et al. 2020). The abun-
dances of individual protist groups were mostly
derived from the V9 and/or V4 metabarcodes of the
18S rRNA (Massana et al. 2015; Le Bescot et al.
2016; Malviya et al. 2016; Flegontova et al. 2018;
Flegontova et al. 2023), and since billions of these
sequences from thousands of samples have been
analyzed, a general picture is slowly emerging.While
inmostaspects themoleculardataare ingoodagree-
ment with other methods, typically frommicroscopy-
based analyses of phytoplankton (de Vargas et al.
2015), there are also significant incongruences. A
prominent example is that of diplonemids, a group
of euglenozoan protists which was until very recently
not encountered by light and electron microscopy.
However, their dominant presence inV9-baseddata-
sets (Flegontova et al. 2018; Flegontova et al. 2023)
has now been confirmed by other molecular
approaches (Tashyreva et al., 2022).

A direct comparison between datasets obtained
with optical methods and metabarcoding surveys
is hard to achieve yet very important (Karlusich
et al. 2022). At high taxonomic level, the group for
which microscopy and molecular data are less
coherent is represented by Dinophyceae. This is
not unexpected, since organisms belonging to this
group possess large genomes with multiple copies
of 18S rRNA genes (Prokopowich et al., 2003;
Gong & Marchetti 2019), which leads to an overes-
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timation of Dinophyceae by molecular approaches.
Conversely, Bacillariophyta show the best correla-
tion and similarity between the different approaches.
At lower taxonomic level the comparison is even
harder, especially for poorly known areas of the glo-
bal ocean, because the molecular and morphologi-
cal approaches have different resolution powers
for both identification and detection. A first limitation
stems from the scarce availability of reference
sequences for tropical oceanic species, which have
rarely been cultivated and characterized molecu-
larly. This bias prevents the identification of a high
number of sequences from the environment. In the
case of the Tara Oceans samples from the Central
Pacific analyzed in our study, more than 60% of
the diatom reads could not be attributed to any
known genus (Malviya et al. 2016).

From the diversity point of view, the molecular
dataset has a higher detection power and hence
includes a higher number of less abundant or rare
taxa that are hardly found in the small seawater vol-
umes that are generally observed in microscopy
analyses. Moreover, many naked forms of dinoflag-
ellates and small flagellates, which often represent
the most abundant protists in oligotrophic areas,
cannot be identified in fixed samples used for light
microscopy. On the other hand, in many cases
molecular tags cannot be assigned to known spe-
cies, while the optical methods allow assignments
to many taxa that have only been described based
on morphology. A comparison is possible only for
diatoms, which are identified relatively well both in
microscopy and molecular data, but even in this
case the data need to be interpreted taking into
account the limitations of both approaches. For
example, whole diatom genera such as Asterolam-
pra, Asteromphalus and Hemidiscus are completely
missing from the reference dataset of the V9 frag-
ment which, in addition, often lacks the adequate
resolution to distinguish between closely related
genera, such as Chaetoceros and Bacteriastrum,
and Thalassiosira and Shionodiscus. In the case
of the present data, the comparison worked rela-
tively well for microplankton samples (20-180 lm)
of diatom taxa identifiable both via LM and their
molecular signatures. These included the Chaeto-
cerotaceae Chaetoceros and Bacteriastrum and
Planktoniella sol, as well as Pseudo-nitzschia spe-
cies and Fragilariopsis doliolus, which showed sim-
ilar relative abundance patterns across samples,
once the results between the morphological and
molecular data were adequately lumped and
interpreted. This quite good match, also observed
in other diatom studies (Malviya et al. 2016;
Piredda et al., 2018), suggests that microscopic
and genetic approaches can be highly compatible,
reinforcing the idea that rich and curated reference
databases and well-defined diagnostic characters
are both crucial for reconciliation of molecular and
morphology-based taxonomy. Hence, it is obvious
that both molecular- and morphology-based meth-
ods need to be used in the study of planktonic pro-
tists, as they are, despite significant differences,
complementary. Consequently, only their combina-
tion will eventually lead to the emergence of a
robust, complex and stable view of the composition
of oceanic plankton (Karlusich et al. 2022).

To some, microscopic examinations might seem
as a coarse and insufficient tool for the description
of phytoplankton assemblages. The method may
indeed be inadequate for the characterization of
picoplankton cells, as observed by Estrada et al.
(2016), or of those falling in the size fraction 0.8–5
mm as in our study. However, although tedious, time
consuming and requiring the increasingly scarce
taxonomic expertise, microscopy remains irreplace-
able.With thefloodofmolecular data,wepredict that
it will actually be increasingly important for matching
them with morphological properties. While the
results on group composition obtained frommolecu-
lar data largely matched those obtained with mor-
phological methods, the latter allowed us to dissect
species composition in detail and to assess environ-
mental preferences of taxonomic groups, highlight-
ing the complementarity of the two approaches.
Themorphologicalmethodscanbeparticularly infor-
mative in remote areas, where the number of unas-
signed environmental sequences is higher
because of the prevalence of uncultivated species
that are not represented in reference datasets. This
approach allowed us to dissect species composition
in detail and to assess environmental preferences of
taxonomical groups. We believe that the present
study illuminatesa fraction of themarine phytoplank-
ton flora from around the Marquesas Islands and
provides a small but solid base for future ecological
and biogeographical studies of global marine biota.
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Adriana Zingone: Data curation, Writing – original
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