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The Northwestern Mediterranean Sea is undergoing rapid environmental changes
driven by climate variability and intense anthropogenic pressure. To monitor and
understand the long-term impacts on marine ecosystems, the Mediterranean
Ocean Observing System for the Environment (MOOSE) program combines
multidisciplinary observations, including physical, chemical, and biological data
across temporal and spatial scales. This study presents a holistic assessment of
planktonic communities across the Northwestern Mediterranean using integrated
approaches—environmental genomics and high-resolution imaging—spanning
all plankton size fractions and depths. Data collected during three MOOSE-GE
cruises in 2017, 2018, and 2019 were analyzed to explore plankton diversity
patterns in relation to oceanographic features. Plankton assemblages were
primarily shaped by organism size and water column depth, with fractions of
0.2–3 and 3–180 µm in the surface and deep chlorophyll maximum layers
showing the highest alpha diversity. Fractions > 64 µm were dominated by
metazoans, particularly Arthropoda, whereas size classes collected by Niskin
bottles were dominated by protists such as Syndiniales and Rhizaria. Differences
among cruises and sampling periods were detected in Niskin bottle samples,
especially for diatoms and dino�agellates, while plankton tow samples exhibited
less pronounced temporal variability. Physical clustering of stations revealed clear
cross-shelf and basin-scale gradients, which aligned more closely with
community structure at �ne taxonomic resolution (OTU level) for small
plankton. Integrating imaging with environmental genomic data enhanced the
characterization of key taxa like Copepoda and Rhizaria, demonstrating the
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complementary strengths of each method. While imaging provided quantitative
data, environmental genomics captured cryptic and morphologically indistinct
taxa, emphasizing the value of molecular approaches for microbial plankton. This
study highlights the critical importance of combining high-resolution molecular
and imaging tools with detailed environmental context to unravel plankton
biodiversity patterns. It demonstrates that depth, size, and taxonomic
resolution are key dimensions for understanding community structure over
time. The MOOSE program proves effective for ecosystem-scale monitoring,
providing an essential foundation for future assessments of biogeochemical
processes and ecosystem responses to climate change and human-induced
alterations in the Mediterranean Sea.
KEYWORDS

Imaging, interoperability, Mediterranean Sea, metabarcoding, physics and
biogeochemistry variables, plankton diversity
1 Introduction

With approximately 160 million people living along its shores,
the Mediterranean Sea faces signi�cant human pressures, including
a very high concentration of tourism and intense maritime activity.
It is also considered a global “hotspot” for climate change (Cramer
et al., 2018; MedECC, 2020; Intergovernmental Panel on Climate
Change, 2023), with notable impacts on its average temperature.
These changes are likely to intensify heatwaves, droughts, extreme
storms, and other extreme events. The Mediterranean Sea can be
regarded as a “laboratory basin” for studying key processes in the
global ocean (e.g., deep convection and thermohaline circulation)
and responds quickly to climate change due to its small size
(Schroeder et al., 2016; Testor et al., 2018). Due to these
signi�cant pressures, many changes of key physicochemical
parameters (e.g., temperature, dissolved oxygen, nutrients) have
been observed in recent years (Coppola et al., 2018; Margirier et al.,
2020; Belgacem et al., 2021). The Mediterranean Sea is an
oligotrophic system with different blooming regimes (D’Ortenzio
and Ribera D’alcalà, 2009; Mayot, et al., 2017a; 2017b), for which
biological responses to climate change and anthropogenic pressures
(e.g., changes in nutrient inputs—Ludwig et al., 2010; PagŁs et al.,
2020) remain dif�cult to predict (Durrieu De Madron et al., 2011;
Aurelle et al., 2022) due to spatiotemporal observations that are too
sparse and intermittent, and obtained using a wide range of tools
(Siokou-Frangou et al., 2010; Lombard et al., 2019). Moreover,
studies have highlighted the signi�cant contribution of continental
inputs via the atmosphere and rivers to biogeochemical cycles from
the coast to the open sea (Ludwig et al., 2010; Cossarini et al., 2015;
Pasqueron De Fommervault et al., 2015; Moon et al., 2016; PagŁs
et al., 2020).

In this context, a multidisciplinary environmental observation
system, Mediterranean Ocean Observing System for the
Environment (MOOSE), was established in 2010 as an integrated
regional network covering the Northwester Mediterranean Sea
(Coppola et al., 2019). Its overarching objective is to monitor and
identify long-term environmental anomalies, taking into account
seasonal and interannual variations as well as the impact of extreme
events on hydrological and biogeochemical processes and marine
02
biodiversity. The system relies on a set of �xed study sites, combined
with regular ship-based sampling and the deployment of
autonomous platforms. This approach captures a range of
temporal and spatial scales that are essential for understanding
the processes affecting the water column, from the surface to the
depths. It also enables the study of coastal–offshore exchanges, river
inputs, and air–sea interactions, encompassing disciplines from
physics to biology.

In the MOOSE program, regular ship visits (conducted monthly
at �xed sites and annually on the Northwestern basin) play a crucial
role in collecting chemical and biological samples from the surface
to deep water layers using standardized protocols (Coppola et al.,
2019). Since 2010, the annual large-scale MOOSE cruise (MOOSE-
GE) has systematically covered the Northwestern Mediterranean
Sea basin at a regional scale (Testor et al., 2010). This extensive
cruise spans 300,000 km2, sampling 110 to 130 locations over 24
days, enabling comprehensive annual monitoring of the
Northwestern Mediterranean Gyre, with a focus on water mass
physical and chemical properties.

The MOOSE-GE cruise provides observations at a resolution
suf�cient to resolve the cross-shelf gradient of the main water
masses’ properties: surface Atlantic Water (AW), Western and
Eastern Intermediate Water (WIW, EIW), and Western
Mediterranean Deep Water (WMDW) (Millot, 1999; Schroeder
et al., 2024). Stations along the slope are positioned according to
bathymetry, allowing �ne resolution of cross-shelf gradients, which
are pronounced in regions characterized by density fronts of surface
AW. The annual MOOSE-GE monitoring thus offers spatial
coverage of the main circulation features at the basin scale and
enables accurate interannual monitoring of water mass physical and
biogeochemical evolution in relation to the dynamics of the
Northern Gyre (Millot, 1999; Prieur et al., 2020).These cruises
include the biogeochemical response of the hydrodynamical
forcing (oxygen ventilation, nutrients contents, carbonate
chemistry, and acidi�cation trends), and biological components
have been integrated since 2014 (Donoso et al., 2017; Maillot et al.,
2017; Severin et al., 2017; Feliu, 2021; Dimier et al., 2024), with the
addition of an environmental genomics approach in 2017.
Zooplankton monitoring from plankton net tows in the area has
frontiersin.org
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revealed strong cruise-speci�c effects and interannual variations in
planktonic components (density, structure, and biomass). However,
most observations come from coastal sites (Berline et al., 2012;
Ferna�ndez De Puelles et al., 2014; Fernandez De Puelles et al., 2023;
Garcia et al., 2023), with the exception of the offshore DYFAMED
time series and the DEWEX cruises in the deep-convection area
(Donoso et al., 2017; Hunt et al., 2008; Severin et al., 2017).

Over the past decade, signi�cant progress has been made in the
development of environmental genomic approaches for surveying
plankton biodiversity across large spatial scales and, to a lesser
extent, through long-term time series (Karsenti et al., 2011;
Sunagawa et al., 2020; Caracciolo et al., 2022; Campese et al.,
2024). Integrated oceanic surveys that combine biodiversity
assessment across all plankton size fractions using both imaging
and molecular metabarcoding techniques have demonstrated their
value in capturing the complexity of marine ecosystems (Holland
et al., 2025). While metabarcoding provides primarily qualitative or
semiquantitative insights into community composition, imaging
and microscopy offer more quantitative assessments, including cell
counts and biomass estimates. Several studies have successfully
combined high-resolution imaging tools with DNA metabarcoding
methods (e.g., 18S rRNA gene sequencing) to characterize the
diversity and functional traits of plankton (Harvey et al., 2017;
Ibarbalz et al., 2019; Pierella Karlusich et al., 2022; Nef et al., 2024).
For instance, in the Sargasso Sea at the Bermuda Atlantic Time
Series, positive correlations were observed between metabarcoding
read counts and biomass or abundance measurements derived from
imaging tools for certain taxonomic groups (Perhirin et al., 2024).
Such integrative strategies offer valuable insights and should be
extended to encompass all microorganism size fractions.

Plankton organisms span an extensive size spectrum, from
viruses and bacteria to large zooplankton, making comprehensive
assessment challenging despite a relatively consistent size–
abundance relationship (Lombard et al., 2019). Collecting and
analyzing data across this broad and continuous spectrum
requires diverse sampling and analytical methodologies (often
implying arbitrary and pragmatic size fractionation) and
interdisciplinary expertise, which frequently leads to studies
focusing on speci�c organism groups or methodological
approaches (e.g., Lombard et al., 2019; Llopis Monferrer et al.,
2022). Molecular approaches are particularly appropriate for
s tudy ing smal le r phytop lankton groups (nano- and
picoplankton), many of which cannot be accurately identi�ed
through morphology-based microscopy alone (Slapeta et al., 2006;
Marin and Melkonian, 2010; Subirana et al., 2013). Integrating
complementary techniques, such as molecular and imaging-based
analyses, enhances our capacity for robust and holistic
characterization of plankton communities, even though the
combination and integration of heterogeneous data (imaging and
environmental genomics) is methodologically challenging and not
always feasible (Antonelli et al., 2019; Cordier et al., 2021). Such
integration allows calibration of molecular data against imaging-
derived metrics, increasing the reliability and comparability of
datasets (Andersson et al., 2023).

Beyond biological observations, a thorough understanding of
how plankton assemblage dynamics respond to the environment
Frontiers in Marine Science 03
requires coupling biodiversity observations with detailed
physicochemical characterization of water masses. Achieving such
interdisciplinary synthesis remains rare due to the complexity and
coordination across diverse scienti�c domains. The MOOSE
monitoring program provides a unique spatiotemporal platform
for advancing an integrated approach at the scale of the
Northwestern Mediterranean. Through its coordinated
interdisciplinary framework, MOOSE enables the alignment of
qualitative and quantitative biological data in an environmental
context and contributes to more comprehensive and actionable
insights into marine ecosystem dynamics.

Here, we aimed at developing an integrative approach to
address questions such as: how does the variation of the plankton
community correspond to bioregions de�ned by omics and imaging
tools in the Northwestern Mediterranean Sea basin? Does plankton
diversity re�ect the physical and biogeochemical evolution of water
masses? How can the water-mass distribution of the Northwestern
Mediterranean Sea and its general circulation (regional N/S, or
cross-shelf gradients) in�uence plankton biodiversity?
2 Materials and methods

The MOOSE-GE cruises network covers the northwestern
(NW) Mediterranean Sea, including the Gulf of Lion and
Ligurian Sea. The cruises in 2017, 2018, and 2019 were
conducted, respectively, from 31 August to 23 September, from
14 May to 06 June, and from 08 June to 01 July, with 16 biological
stations (BIO stations) in 2017, 15 in 2018, and 18 in 2019. At each
station, full-depth pro�les were carried out using a rosette equipped
with 21 Niskin bottles (12 L) and a Seabird Conductivity-
Temperature-Depth (CTD) package (SBE911+), measuring
biophysical variables (temperature, salinity, pressure, dissolved
oxygen, �uorescence). Discrete samples for biogeochemical
variables were taken at 21 standard depths for each cast
according to the MOOSE sampling strategy.

2.1 Station clustering based on
environmental variables

Data from the CTD sensors, as well as biogeochemical variables
from Niskin bottles, are freely available on the SISMER data server
(Testor, 2017; Testor and Coppola 2018; Coppola et al., 2019 ). For
each MOOSE-GE cruise considered in this study, stations were
grouped into environmental clusters according to their physical and
biogeochemical characteristics.

Biological samples were collected at three depths: near the
surface at 5 m (surface or SRF), at the deep chlorophyll
maximum (DCM), and at 2,000 m or shallower if the bottom
depth did not exceed this depth (DEEP). Given that the depth of the
DCM is located at around 50–100 m, SRF and DCM are likely both
in�uenced by upper ocean dynamics. Two clustering analyses were
therefore performed: one combining “SRF” and “DCM” and
another for DEEP.

Several variables were considered for the clustering, with the
aim of providing a set of physical and biogeochemical variables
frontiersin.org
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characterizing the environmental gradients of the NW
Mediterranean Sea driven by mean ocean circulation and its
associated horizontal and vertical gradients.

For the SRF and DCM clustering of sampled stations, six
distinct variables were considered (four characterizing physical
variables and two characterizing biogeochemical variables): (1)
the upper-layer salinity (averaged between 25 and 50 dbar),
characterizing surface Atlantic Water. This water mass drives
important horizontal density gradients and follows the cyclonic
circulation of the basin (Millot, 1999); (2) the frontal intensity,
characterized by the horizontal density gradients in the 50–100-
dbar layer. The potential density �eld was �rst optimally
interpolated onto a regular grid with a correlation scale of 100
km offshore and a parameter accounting for the bathymetry
gradient and its in�uence on the mean circulation (Boehme and
Send, 2005). The frontal intensity was then interpolated at each
station; and (3) the barotropic vorticity, given by the f/h ratio (with f
being the Coriolis parameter and h the water depth). This variable
characterizes how bathymetry in�uences the mean barotropic
circulation; (4) the water column strati�cation, given by the 50-
dbar vertical density gradient around the DCM depth; (5) the DCM
chlorophyll a �uorescence, characterizing the maximum of
phytoplankton biomass (typically around 50 m) prevailing under
oligotrophic conditions in the NW Mediterranean Sea (in summer);
(6) the N/P ratio computed from water nitrate and phosphate
averaged within the 50-dbar layer centered at the DCM, as
nutrient stoichiometry can in�uence phytoplankton community
(Arrigo, 2005; Moore et al., 2013).

For the deep clustering, four distinct variables were considered:
(1) the depth of the Niskin bottle used for biological sampling
(2,000 dbar or shallower on the continental slope), as this has a
direct impact on the type of sample; (2) the potential temperature;
(3) the dissolved oxygen; and (4) the N/P ratio averaged in a 50-dbar
layer around the sampling depth, as a way to describe heterogeneity
in the deep water mass physical and biogeochemical properties.

The clustering method used was a k-means algorithm described
by Lloyd (1982), with improved initialization as described by
Arthur and Vassilvitskii (2007), to de�ne groups that maximize
the Euclidean distance in the parameter space. All variables were
normalized before applying the k-means algorithm for each year.
The optimal number of clusters (four for SRF/DCM and three for
DEEP) was selected as a compromise between error and over�tting
by examining the sum of intracluster distances as a function of the
number of clusters.

Data and scripts are available at https://gitlab.osupytheas.fr/
moose/clustering_moose-ge.

2.2 Biological sampling

At each biological station, samples were collected using
plankton nets and Niskin bottles, as described in Figure 1 and in
the sampling protocol (https://www.protocols.io/private/
7007EF8B81BE11F093E50A58A9FEAC02).

Plankton nets were equipped with a �owmeter in their 200 µm
nets. Each tow was wound at 1 m/s. The bongo net (opening
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diameter: 60 cm; 120 and 200 mm mesh sizes) was deployed
vertically from 200 m depth to the surface (Figure 1). Samples
intended for taxonomy and digital imaging (ZooScan) were
preserved in a 4% buffered formaldehyde solution. The triple net
(opening diameter: 60 cm; 64–200–500 mm mesh sizes) was
deployed vertically from 500 m depth to the surface (Figure 1).
Each sample was diluted in 4 L of 0.2-mm �ltered seawater and
divided into several subsamples. For the 200-mm cod-end, a 1.5-L
subsample was concentrated using a 180-mm sieve. The sieve
contents were poured into a 250-mL plastic bottle with 25–30 mL
tetraborax-buffered formaldehyde (4% v/v) and stored at room
temperature for later analysis with the ZooScan imaging system
(Hydroptic; Gorsky et al., 2010). For environmental genomic
analyses, 1 L of each cod-end (64, 200, and 500 mm) was �ltered
through a 10-mm polycarbonate �lter.

For Niskin bottles, a total of 20 L of seawater from two 12-L
bottles (Figure 1) was collected at the SRF, DCM, and deeper waters,
pre�ltered through a 180-mm mesh, and then �ltered onto 0.2 and 3
mm, 47 mm isopore polycarbonate �lters (GE Healthcare
Whatman, Chicago, Illinois). After �ltration, �lters from the
different size fractions were �ash-frozen in liquid nitrogen and
stored independently at � 80 °C until DNA extraction.

2.3 Molecular dataset (environmental
genomics)

2.3.1 DNA extraction, PCR ampli� cation, and
sequencing

Total DNA was extracted using a modi�ed protocol from the
NucleoSpin Plant II Mini or Midi kits (Macherey–Nagel, France),
depending on the planktonic size fraction. The DNA extraction
protocol is detailed in the online protocol repository, protocols.io:
dx.doi.org/10.17504/protocols.io.kxygxy5xdl8j/v1 (Romac,
S. (2024a)).

DNA was eluted with 100 mL Tris- EDTA 1 × pH 8 buffer and
quanti�ed using a Qubit 4.0 Fluorometer with dsDNA High-
Sensitivity Assay Kit (Invitrogen, Carlsbad (Californie)). The quality
of nucleic acid extracts was checked using a Nanodrop ND-1000
spectrophotometer. DNA extracts were then used as templates for PCR
ampli�cation of the V4 region of the 18S rRNA gene (� 380 bp) using
the primers TAReuk454FWD1 (CCAGCASCYGCGGTAATTCC,
Saccharomyces cerevisiae position 565–584) and TAReukREV3
(ACTTTCGTTCTTGATYRA, S. cerevisiae position 964–981)
(Stoeck et al., 2010), including Illumina adapters. These primers are
known to target most eukaryotic groups (McNichol et al., 2021),
although they do not perfectly match with sequences of haptophytes
and foraminifera (Balzano et al., 2015; Vaulot et al., 2022a). PCR
reactions (25 mL) contained 1 × Master Mix Phusion High-Fidelity
DNAPolymerase (Finnzymes; Thermo Fisher, Waltham,
Massachusetts, États-Unis), 0.35 mM of each primer, 3%
dimethylsulphoxide, and 5 ng of DNA. Each DNA sample was
ampli�ed in triplicate. The PCR program had an initial denaturation
step at 98 °C for 30 s, followed by 10 cycles of denaturation at 98 °C,
annealing at 53 °C for 30 s, and elongation at 72 °C for 30 s, then 15
frontiersin.org

https://gitlab.osupytheas.fr/moose/clustering_moose-ge
https://gitlab.osupytheas.fr/moose/clustering_moose-ge
https://www.protocols.io/private/7007EF8B81BE11F093E50A58A9FEAC02
https://www.protocols.io/private/7007EF8B81BE11F093E50A58A9FEAC02
https://doi.org/10.3389/fmars.2026.1755855
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Lescot et al. 10.3389/fmars.2026.1755855
similar cycles with annealing at 48 °C, and a �nal extension at 72 °C for
10 min. Polymerase chain reaction triplicates were pooled, puri�ed, and
eluted (30 mL) using the NucleoSpin Gel and PCR Clean-Up Kit
(Macherey–Nagel), and quanti�ed with the Quant-It PicoGreen
double-stranded DNA Assay kit (Invitrogen). Approximately 1 mg of
pooled amplicons was sent to Fasteris-GeneSupport (www.fasteris.com,
Plan-les-Ouates, Switzerland) for high-throughput sequencing
on a 2 × 250 bp MiSeq Illumina. Ampli�cation and library
Frontiers in Marine Science 05
construction are detailed on protocols.io: dx.doi.org/10.17504/
protocols.io.bzucp6sw (Romac, S (2024b)).

2.3.2 18S-V4 rRNA metabarcoding sequence
treatment

MOOSE-GE 2017, 2018, and 2019 datasets were demultiplexed
using cutadapt (Martin, 2011). The resulting paired-end read �les
FIGURE 1

Sampling strategy and devices used for biological samples, according to subsequent sample processing and analytical methods, during the MOOSE-
GE 2017, 2018, and 2019 cruises. The table shows the current status of data analyses.
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were uploaded to the ENA under Project Number PRJEB76575 (see
Data availability statementsection).

The three datasets were then processed with a metabarcoding
pipeline available at https://gitlab.osupytheas.fr/moose/moose-
pipeline. This pipeline is largely based on the SAMBA work�ow
(https://work�owhub.eu/work�ows/156) developed by the
SeBiMER Bioinformatics Facility (Cormier et al., 2021).
Bioinformatics analyses were performed using QIIME 2 (Bolyen
et al., 2019; version 2020.2). Amplicon sequence variants (ASVs)
were inferred from 18S rRNA gene amplicon data using DADA2
(Callahan et al., 2016) and distribution-based clustering (dbOTU3)
(Olesen et al., 2017) with default parameters following denoising
and error correction (see Supplementary Table 1 for details).

A total of 30.1 million paired-end sequences from 431 samples
were processed using Cutadapt for primer removal and DADA2 for
quality �ltering, denoising, merging, and chimera removal. This
yielded 13.2 million high-quality sequences, representing 82%
retention from trimmed reads. DADA2 identi�ed 16,434 ASVs,
which were further clustered into 6,559 operational taxonomic units
(OTUs) using dbOTU3, achieving a 60% reduction in feature count.
Detailed per-sample statistics are provided in Supplementary
Table 1. OTU relative abundances were computed using total
sum scaling (TSS) (Dillies et al., 2013).

Taxonomic assignment was carried out using IDTAXA (Murali
et al., 2018; www2.decipher.codes/Classi�cation.html; 50%
con�dence threshold to increase taxonomic depth while
maintaining conservative error rates, with no sequence similarity
threshold) and PR2 database version 5.0.0 (Vaulot et al., (2022b);
https://github.com/pr2database/pr2database/releases/download/
v5.0.0/pr2_version_5.0.0_SSU.decipher.trained.rds). The
bioinformatic pipeline could not assign a taxonomy identity for
2,023 OTU sequences. These uncharacterized sequences were then
compared using blastn (Altschul et al., 1997) against the “nt”
database from the NCBI (Martõ� et al., 2025). The tax ID of the
best blast hit sequence was then used to assign a taxonomy rank of
380 OTU sequences.

See the Data availability statementsection to download OTU
abundance and taxonomy tables for the three MOOSE-GE cruises.
2.4 Imaging dataset

2.4.1 Data acquisition of imaging samples

Samples for imaging were analyzed at the Quantitative Imagery
Platform of Villefranche-Sur-Mer (PIQv), which hosts several
quantitative imaging devices, such as the ZooScan (Gorsky et al.,
2010), enabling imaging of organisms from 300 µm to several
centimeters. Once the images were obtained, they were treated by
the ZooProcess Macro in ImageJ. The generated vignettes,
metadata, and data tables were imported into EcoTaxa (Picheral
et al., 2017; http://ecotaxa.obs-vlfr.fr) for semiautomatic
classi�cation using a prediction algorithm (Random Forest and
Deep learning), followed by manual validation by a human. Finally,
a tab-separated values (tsv) table containing sampling data,
acquisition data, morphometric data, and classi�cation data for
each image was exported and analyzed.
Frontiers in Marine Science 06
For each taxonomic group, the concentrations (in individuals
per cubic meter) were calculated as follows (Elineau and Picheral,
2018) in the Equation (1):

C � = � (N � M) ÷ V (1)

Where N is the number of identi�ed objects, and M is the
Motoda fraction of the scanned samples. Each sample was divided
(if needed) using a Motoda box to ensure an appropriate number of
objects per scan.

In the formula, V represents the total sampled volume.
Biovolumes (volume of individuals per cubic meter) were

calculated as follows in Equation (2):

BV � = � (SV � M) � ÷V � (2)

Where SV is the spherical volume, de�ned as follows with the
equation Equation (3):

SV � = � (4=3) � � P � �r3 (3)

With r being the radius of a circle as de�ne in equation
Equation (4):

r =
����������������
area=P

p
(4)

2.4.2 Morphology-based taxonomic analysis

Abundance (ind. m� 3) and taxonomic composition were
determined using a stereomicroscope Leica M165C. To facilitate
counting, the samples were divided into two fractions: 120–1,000
and > 1,000 µm. For each sample, the two fractions were split using
a Motoda box to count 300–600 individuals in the 120–1,000-µm
fraction and 100–300 individuals in the > 1,000-µm fraction. The
results of the two fractions were pooled to describe the samples.
Classi�cation was performed from phylum to species level,
including sex and developmental stages when possible, according
to Rose (1933); Tregouboff and Rose (1957); Razouls et al. (2025);
Ahyong et al. (2024), and WoRMS Editorial Board (2024).

See the Data availability statementsection for details on the
scripts used in this analysis.

2.5 Statistical data analyses

All statistical analyses were performed using R (version 4.2.3)
with the following packages: tidyverse (version 2.0.0), patchwork
(version 1.2.0), vegan (version 2.6.4), microbiome (version 1.20.0),
phyloseq (1.42.0), microViz (0.10.10), PCAtools (version 2.14.0),
indicspecies (version 1.7.14; De Ca�ceres and Legendre, 2009), and
rstatix (version 0.7.2). All code used in this analysis, as well as the
Snakemake work�ow �le (Mölder et al., 2021), are available at
https://gitlab.osupytheas.fr/moose/moose-�gures, along with the
complete version history of the project.

Shannon diversity indices were compared using the Kruskal–
Wallis test (function “kruskal_test()” of the rstatix package), with
eta-squared (h2) as the effect size (function “kruskal_effsize()” of the
rstatix package), post-hoc pairwise comparisons using Dunn’s test
(function “dunn_test()”), and Benjamini–Hochberg p-value
adjustment. Normality (Shapiro–Wilk test, function “shapiro_test
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()”) and homogeneity of variances (Levene’s test, function
“levene_test()” were assessed prior to testing.

To determine the signi�cance of different cruises (year) or
physical clustering in explaining variation in community
composition, permutational multivariate analysis of variance
(PERMANOVA) was performed using the “adonis2()” function
of the vegan package with 999 permutations. Multivariate
homogeneity of group dispersion was tested using betadisper (999
permutations, pairwise = TRUE) for each factor to verify the
assumptions of PERMANOVA.

Pairwise associations between distance matrices were tested
using a Mantel test (function “mantel()” of the vegan package
with Spearman correlation with 9,999 permutations), applying
Spearman’s rank correlation to Bray–Curtis dissimilarity matrices
to evaluate matrix concordance.

2.5.1 Analysis of alpha diversity indices

To de�ne the alpha diversity within each sample and answer the
question: “How many different taxa are present, and how evenly are
they distributed?”, the Shannon diversity index was computed for
each imaging and environmental genomics sample. For ZooScan
and stereomicroscopy data, Shannon diversity indices were
calculated from the concentration tables of each taxonomic group
by sample (see https://gitlab.osupytheas.fr/moose/moose-�gures for
code description and data tables).

Before applying the Kruskal–Wallis test to compare the
signi�cance of Shannon diversity indices across samples, data
were �rst tested for normality using the Shapiro–Wilk test and
for homogeneity of variances using Levene’s test. These preliminary
checks were performed to justify the use of nonparametric methods,
as violations of normality or homoscedasticity would render
parametric tests inappropriate. When signi�cant differences were
detected (Kruskal–Wallis, p < 0.05), pairwise comparisons were
performed using Dunn’s post-hoc test with Benjamini–Hochberg p-
value adjustment.

For the ZooScan, a morphological index was also calculated. To
achieve this, a principal component analysis (PCA) using all
morphological features was performed, and the coordinates of
each organism on the �rst two PCA axes were extracted. A k-
means clustering was then applied to generate 15 groups, and the
Shannon diversity indices were computed by considering each of
the 15 clusters as a morph, i.e., a group of morphologically similar
individuals (Beck, et al., 2023). For each sample, the sum of the
concentrations of all individuals in a morph was calculated to
obtain the concentration of each one.

2.5.2 Standardization of taxonomic resolution
and community composition analysis

To ensure consistent taxonomic resolution across environmental
genomics and imaging data, taxa were aggregated at the “class” level.
For environmental genomics, taxonomic classes not identi�ed as
eukaryotes in the PR2 database were labeled as “unclassi�ed”.
Similarly, for imaging data from stereomicroscopy and ZooScan,
taxa were formatted to their PR2 equivalents at the class rank, and
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missing values were replaced by unclassi�ed. Relative abundances
were calculated for environmental genomics, while relative
concentrat ions and biovolumes were determined for
stereomicroscopy and ZooScan data, respectively. This
standardized approach allowed meaningful comparisons of
community composition across methods and sample types. The
most abundant taxonomic groups were retained—initially the top
40, later re�ned to the nine most abundant across the three sampling
campaigns—while less common groups were grouped under a
category labeled “other”. A Hellinger transformation was applied
to account for relative proportions in community composition,
followed by a PCA to summarize the correlation between
taxonomic groups and samples in a reduced-dimensional space.

2.5.3 Diversity at different taxonomic resolutions:
focus on Copepoda and Rhizaria

To compare taxonomic diversity inferred from environmental
genomics and imaging approaches, analyses were restricted to
Copepoda, a taxonomic group abundant in both datasets. For
imaging data (ZooScan biovolumes, ZooScan concentrations, and
stereomicroscopy data), only Copepoda taxa were retained, and
Shannon diversity indexes were calculated per sample. For
environmental genomics data, samples collected with 64 and 200
mm nets were analyzed by retaining OTUs assigned to Copepoda
and aggregating them at the OTU, species, and genus levels prior to
Shannon index calculation. To harmonize taxonomic resolution
between approaches, environmental genomics were considered at
the class level from PR2, while imaging data were considered at the
phylum level using WoRMS (https://www.marinespecies.org,
Ahyong et al., 2024), resulting in 15 taxonomy groups. Finally,
Pearson correlation coef�cients were used to compare Shannon
diversity indices between methods.

A second focus was on Rhizaria, an abundant group in the
environmental genomics data. For this purpose, Rhizaria were
extracted at the subdivision and class levels from the taxonomic
table. The nine most abundant taxa were then selected for each
sample according to size fraction and depth.
3 Results

3.1 Ocean physics and station clustering

Clustering of the stations based on water column physical
parameters identi�ed �ve distinct SRF/DCM clusters across the
investigated regions (Figure 2). Among these, a “frontal” cluster is
linked to the cross-shelf gradients and the boundary circulation,
while a “coastal” cluster is associated with the stations closest to the
shore. Cluster af�liation of each station does vary across the
sampled cruises. Clustering of the DEEP samples, on the other
hand, reveals no clear structure apart from the cross-shelf gradient.
We summarized this using three clusters: “shelf”, “continental
slope”, and “deep basin”. Details and maps of the different
physical variables are shown in Supplementary Figures S1-S12.
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3.2 Alpha diversity analysis of planktonic
communities, from microbial to
mesozooplankton

According to the Shannon diversity index, communities by
Niskin sampling (i.e., 0.2–3 and 3–180 mm), assessed using an
environmental genomics approach, are the most diverse (Figure 3).
Among these samples, the upper water column (i.e., SRF-DCM)
exhibits Shannon diversity index values higher than those of deeper
samples. Plankton-size communities collected by net tows show
lower diversity values regardless of the analytical method used,
whether environmental genomics or imaging.

To provide statistical support for these observations, a Kruskal–
Wallis test was performed on the three MOOSE-GE cruises,
followed by pairwise comparisons using Dunn’s post-hoc test with
p-value adjustment. Table 1A shows that the factor cruise has a
signi�cant effect on Shannon diversity in two out of 10 subsets
(samples marked by stars in Figure 3). The strongest cruise
differences were observed for stereomicroscopy (net > 120 mm at
200 m depth) and environmental genomics (DEEP: 0.2–3 µm)
samples, both showing highly signi�cant Kruskal–Wallis results (p
< 0.001) and multiple signi�cant pairwise differences between
campaigns (Table 1B). Moderate “cruise/year” variation was
detected in environmental genomics (net > 200 µm at 500 m
depth) (p = 0.0419, see Table 1A), though post-hoc comparisons
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were not signi�cant. However, no differences between cruises and
sampling period effects were found in the remaining subsets,
including ZooScan Morphology (ZM), ZooScan Taxonomy (ZT),
and SRF-DCM environmental genomics samples, highlighting the
selective in�uence of this effect depending on mesh size and
depth considered.

This pattern also holds when considering the Shannon diversity
index according to physics clustering (see Supplementary Figure 13
for environmental genomics data only).

Regarding temporal variability, diversity indices do not show
strong variations across the sampled period for environmental
genomics samples, except for the notable case of June 2019,
which shows lower diversity for the two Niskin size fraction
samples (0.2–3 and 3–180 µm) at SRF-DCM and DEEP depths
(Supplementary Figures 13A–D) and higher diversity for the three
net size fractions (Supplementary Figures 13E–G).

3.3 Overall eukaryote diversity in the NW
Mediterranean Sea

Overall, at a broad level of taxonomic assignment for
eukaryotes, the main diversity shifts occur according to size
across the samples collected (Figure 4). Notably, metazoans,
particularly Arthropoda, overwhelmingly dominate the samples
collected by net tows, whereas samples collected by Niskin
FIGURE 2

Clustering of MOOSE-GE stations based on physical and biogeochemical parameters: (top row) SRF/DCM and (bottom row) DEEP clustering. Each
column represents a particular cruise. Among the ca. 100 stations performed at the basin scale, �ve “SRF/DCM” clusters and three DEEP clusters
were identi�ed. Large dots represent the ca. 15 stations where biological samples were collected.
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