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Abstract
The effect of mesoscale features on the distribution of planktonic organisms are well documented. Yet, the

interaction between these spatial features and the temporal scale, which can result in sudden increases of the
planktonic biomass, is less known and not described at high resolution. A permanent mesoscale front in the
Ligurian Sea (north-western Mediterranean) was repeatedly sampled between January and June 2021 using a
SeaExplorer glider equipped with an Underwater Vision Profiler 6 (UVP6), a versatile in situ imager. Both plank-
ton and particle distributions were resolved throughout the spring bloom to assess whether the front was a loca-
tion of increased zooplankton concentration and whether it constrained particle distribution. Over the
5 months, the glider performed more than 5000 dives and the UVP6 collected 1.1 million images. We focused
our analysis on shallow (300 m) transects, which gave a horizontal resolution of 900 m. About 13,000 images of
planktonic organisms were retained. Ordination methods applied to particles and plankton concentrations rev-
ealed strong temporal variations during the bloom, with a succession of various zooplankton communities.
Changes in particle abundance and size could be explained by changes in the plankton community. The front
had a strong influence on particle distribution, while the signal was not as clear for plankton, probably because
of the relatively small number of imaged organisms. This work confirms the need to sample both plankton and
particles at fine scale to understand their interactions, a task for which automated in situ imaging is particularly
adapted.

As drifters, planktonic organisms are strongly affected by
the conditions of their surrounding water mass (Hays
et al. 2005). Fluctuations in phytoplankton and zooplankton
concentrations occur as water conditions change over time
(e.g., seasons) and space (e.g., with water displacement). More
specifically, strong increases in productivity and plankton
concentration are referred to as “blooms” (Behrenfeld and
Boss 2014). Phytoplankton blooms typically occur in temper-
ate and polar regions at the end of winter, coinciding with the
cessation of deep convection and the onset of thermal stratifi-
cation, which replenishes surface water nutrients (Winder and
Cloern 2010; Behrenfeld 2014). Zooplankton blooms may fol-
low through aggregation or favorable conditions enabling an
increased growth rate (Graham et al. 2001). In the latter case,
the zooplankton bloom takes place slightly later than the phy-
toplankton bloom (Heinrich 1962). Plankton blooms also
impact the concentration, composition and morphology of
marine snow particles (Trudnowska et al. 2021), formed through
a combination of physical coagulation and zooplankton-
mediated processes (Kiørboe 2001; Burd and Jackson 2009).
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Physical coagulation involves particle collision due to Brownian
motion, differences in sinking velocity, or fluid shear; while
zooplankton-mediated processes include fecal pellets production
and mucus feeding webs (e.g., Appendicularia houses). Hence,
both plankton and particle distributions are affected by tempo-
ral processes, often interacting with mesoscale (� 10–100 km in
space, � 1–100 d in time) physical structures like eddies and
fronts.

Physical processes operate across various scales in the
oceans, from centimeters to thousands of kilometers
(Legendre and Demers 1984; Dickey 1991), shaping plank-
tonic ecosystems structure (Haury et al. 1978; Denman and
Powell 1984; Legendre and Demers 1984). Fronts and eddies,
in particular, play crucial roles in plankton and particles distri-
butions (Pinca and Dallot 1995; Turner 2015). Fronts, which
separate water masses with different properties, vary widely in
spatiotemporal scales: from a few hundreds of meters to tens
of kilometers and from ephemeral to permanent (Owen 1981;
Ferrari 2011; Lévy et al. 2018). These frontal zones are oceanic
hotspots of productivity and biomass across all trophic levels
(Owen 1981; McClatchie et al. 2012; Lévy et al. 2018).

In a frontal-jet system, characterized by a steady geostrophic
current associated with an along-current frontal structure and
horizontal density gradients (Niewiadomska et al. 2008), the
frontal structure can generate a submesoscale cross-frontal
ageostrophic circulation directed in the sense of flattening the
isopycnals (i.e., downwelling on the dense side of the front,
upwelling on the light side of the front, Lévy et al. 2018).
Submesoscale processes occur below the mesoscale, typically
around the kilometer scale (Lévy et al. 2018). Thus, enhanced
plankton biomass at the front can result either from passive
organisms aggregation (Graham et al. 2001) or active mecha-
nisms taking place after a few days, such as an increased
growth rate caused by the redistribution of nutrients by the
cross-frontal recirculation (Lévy et al. 2018).

This study focuses on the northern frontal-jet system of the
Ligurian Sea (north-western Mediterranean). The northern cur-
rent is a geostrophic jet flowing along the coast from north-west
to south-east, located about 20 km offshore and stronger
between the surface and 150 m, with an average speed of 30–
50 cm s�1 (Millot 1999; Niewiadomska et al. 2008; Prieur
et al. 2020). Associated with this current is a permanent meso-
scale front—the Ligurian front—delimited by the 38.2 and 38.8
isohalines (Boucher 1984) and going as deep as 200 m
(Niewiadomska et al. 2008). This front separates offshore colder
and saltier waters from coastal warmer and fresher water, delin-
eating three distinct zones: coastal, frontal and central (Prieur
et al. 2020). The Ligurian front and jet meander between
15 and 50 km away from the coast, moving at approximately
8 km per day (Piterbarg et al. 2014). Since planktonic organisms
are unable to swim against currents, their distribution should
be impacted by these physical features. Resolving such meso-
scale distribution of planktonic organisms and physical proper-
ties during the plankton bloom requires high-resolution spatial

sampling over several months, which is not achievable with
ship-based sampling. Autonomous underwater vehicles, such as
gliders, can be deployed to sample continuously for weeks,
resolve submesoscale hydrologic features and integrate diverse
miniaturized sensors (Rudnick et al. 2004), meeting the require-
ments of such studies. Numerous studies have examined plank-
ton distribution across the Ligurian frontal-jet system. Early
studies highlighted the relation between the spatial distribution
of planktonic organisms and the physical structure of the front
(Boucher 1984; Boucher et al. 1987). More specifically, the front
seems to act as a barrier, constraining organisms whether in
coastal or offshore waters (Pedrotti and Fenaux 1992; Molinero
et al. 2008; Faillettaz et al. 2016). The front also affected the dis-
tribution of marine snow aggregates, constraining their distri-
bution on the coastal side of the front (Gorsky et al. 2000;
Stemmann et al. 2008). Finally, regarding vertical distributions,
copepod communities strongly vary between stratum (Gasser
et al. 1998); and the distribution of pelagic tunicates may reflect
the junction of frontal convection cells (Gorsky et al. 1991).
Within the Mediterranean Sea, the Ligurian Sea is one of the
locations experiencing a phytoplankton spring bloom (and
occasionally, a less intense autumn bloom, D’Ortenzio and
Ribera d’Alcalà 2009; Mayot et al. 2017; Mayot et al. 2020),
which subsequently propagates to higher trophic levels,
resulting in increased concentrations of zooplankton such as
copepods (Dolan and Raybaud 2020) or salps (Nival et al. 2020).

Evidence suggests that phytoplankton blooms are influenced
by the previously described frontal features. Goffart et al. (1995)
observed a more intense bloom at the front, with phytoplankton
transported downward by the frontal convergence following the
isopycnals. As described above, submesoscale frontal features can
influence phytoplankton distribution and growth (Lévy
et al. 2018). Glider surveys of the Ligurian front detected vertical
transport of surface waters enriched in chlorophyll, highlighting
such effect (Niewiadomska et al. 2008). Investigating how these
effects propagate to higher trophic levels (e.g., zooplankton, lar-
val fish) thus requires studying their distribution at the same res-
olution as phytoplankton. This fine-scale resolution captures
interactions between planktonic organisms, as well as interac-
tions with their physicochemical environment. Several studies
already targeted zooplankton distribution at such scales: Luo
et al. (2014) showed that the distribution of various gelatinous
organisms across a mesoscale front was driven by temperature,
depth, oxygen, or chlorophyll a (Chl a) concentration depending
on the taxonomic group. Similarly, Greer et al. (2015) showed
increased abundance of both zooplankton and larval fish on the
shelf side of a shelf-slope front. Finally, Greer et al. (2013) rev-
ealed the interaction between phytoplankton fine layers and zoo-
planktonic grazers. The common denominator between these
studies is that they rely on in situ imaging.

Traditional plankton sampling instruments (nets and
pumps) are inadequate for resolving the fine-scale distribution
of planktonic organisms in relation to their immediate envi-
ronment. They lack spatiotemporal resolution because they
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integrate organisms over tow distance and/or depth. Further-
more, plankton sampling is often performed separately from
environmental data recording (Cowen and Guigand 2008;
Lombard et al. 2019). In addition, fragile organisms can be
damaged during sampling, resulting in underestimated con-
centrations (Remsen et al. 2004). The development of in situ
imaging instruments overcame some of these limitations: they
resolve the fine-scale distribution of planktonic organisms
within their environment and allow the detection of physico-
biological relationships, while preserving organisms and
enabling in situ behavior observation (Mars Brisbin
et al. 2020; Orenstein et al. 2021; Vilgrain et al. 2021). How-
ever, this comes at the cost of some taxonomic resolution and
of a large data processing effort. The Underwater Vision Pro-
filer 6 (UVP6) (Picheral et al. 2021) is one of these in situ
imagers, targeting mostly zooplankton and large phytoplank-
ton colonies. Compared to the previous generation (UVP5)
(Picheral et al. 2010), the UVP6 is smaller and can be deployed
on autonomous platforms (e.g., float, glider).

In this work, we leverage in situ imaging collected by a
glider to tackle the following questions: what are the physical
and biological properties of the Ligurian front; what are the
dynamics of particles and plankton distribution across
the front during the spring bloom of 2021?

Materials and methods
Glider and UVP6

Sampling was performed with a Seaexplorer (Alseamar)
glider, an autonomous underwater vehicle taking advantage of
buoyancy variations to glide forward through the water in a
sawtooth-like pattern, surfacing periodically to ensure data
transmission and GPS positioning. The glider was fitted with a
set of sensors to record temperature, salinity, fluorescence, par-
ticles backscattering at 700 nm (BB700), color dissolved
organic matter (CDOM) and dissolved oxygen concentration.
The glider was also equipped with a UVP6-LP, consisting of a

main camera and a light unit illuminating a slice of water for
an image volume of 0.67 liter, with an adaptable imaging rate
of up to 1.3 Hz (Picheral et al. 2021). With a pixel size of
73 μm, it captures images of plankton and marine snow above
600 μm and counts particles above 80 μm in equivalent spher-
ical diameter (ESD). When embedded on a Seaexplorer glider,
the UVP6-LP is deployed in supervised mode and is controlled
by the glider using a preset configuration (out of 10 possible),
with the ability to update settings remotely. While the UVP6
operated both during downcasts and upcasts, sunlight inter-
ference is possible below the surface during daily and very
sunny upcasts. To mitigate this, black images were regularly
recorded to identify increased noise levels caused by sunlight.
Images acquired in such conditions were discarded, resulting
in the absence of data above �40 m during daytime upcasts.
Finally, depth-averaged current was estimated using naviga-
tion data from the glider: by comparing its estimated position
with GPS fixes upon surfacing, any deviation was attributed to
the depth-averaged current affecting the glider navigation.

Mission design
The glider was deployed outside of Villefranche Bay

(43�3901800N, 7�1702400E, referred as to “coast”), heading
towards the Dyfamed point (43�2200200N, 7�5505900E). Sam-
pling consisted of repeated transects, crossing nearly perpen-
dicularly the Ligurian front. The glider performed round-trips
between the coast and Dyfamed, conduction 10 missions from
before (28 January 2021) to after (28 June 2021) the spring
bloom (Fig. 1). Each mission (12–14 d each) consisting of two
round trips from the coast. During outbound journeys, the
glider’s trajectory slightly adjusted into the current and it dove
down to 600 m to avoid the strong surface (< 150 m depth)
jet. On return trips, the target depth was reduced to 300 m to
increase horizontal resolution, with a median distance of
900 m between surfacing events. The UVP6 acquisition rate
was set to 0.2 Hz below 220 m and to 0.5 Hz above (1.3 Hz for
the last two missions), resulting in a sampling rate between

Fig. 1. Schedule of the 10 glider missions. Each mission consisted of 2 round trips; darker parts represent back transects on which we focused our analy-
sis. Stars show transects selected for a synthetic visualization in the rest of the paper.
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0.14 and 0.91 L s�1. During the 10 missions, the glider spent
2790 h at sea, the UVP6 capturing a total of 1,123,123 images.
However, 30% of these images were captured near the coast
when the glider was in virtual mooring (i.e., performing dives
but staying in a designated location, heading against the cur-
rent) before recovery.

Data processing
Positional data

First, each transect was separated into “out” and “back”
parts based on surfacing position and only back parts (with
higher horizontal resolution) were retained. The resolution of
“out” parts of transects (� 2 km between surfacing events) was
too low to investigate the effects of the front on plankton dis-
tribution. This resulted in a total of 20 transects (Fig. 1). As
each transect lasted more than 24 h, it is not always possible
to clearly determine whether a given signal is due to space
(e.g., frontal zone) or time (e.g., daytime vs. nighttime). GPS
positioning being available only when the glider was surfac-
ing, geographical coordinates were linearly interpolated dur-
ing dives, each consisting of a down and an upcast. Latitude
and longitude were then used to compute the distance from
shore (reference point at Nice cape, 43�410900N, 7�1801700E).

Plankton images
Images captured by the UVP6 during cruising (n = 785,405)

were first imported into the Morphocluster application
(Schröder et al. 2020) to quickly detect large clusters of similar
objects. This allowed sorting more than 400,000 objects, mostly
detritus, in a few hours. In a 2nd step, images collected during
back transects (the focus of this study, n = 434,129), were impo-
rted onto the EcoTaxa web application (Picheral et al. 2017)
with their Morphocluster label in order to be sorted into finer
taxonomic or morphological groups (marine snow, artifact,
badfocus, reflection, or unidentifiable) with the help of super-
vised machine learning. Still, sorting all 400k+ images would
have required a multiple-month effort and we instead decided
to rely on the predictions of a Random Forest (RF) classifier fed
with both handcrafted and deep (i.e., generated by the feature
extractor part of a convolutional neural network [CNN]) features
generated by a MobileNet V2 (Sandler et al. 2019) feature extrac-
tor previously finetuned on UVP6 data. We selected a RF classi-
fier because they tend to produce good classification probability
estimates (Niculescu-Mizil and Caruana 2005), are faster to train
than a full CNN stack and perform as well as a full CNN when
trained with deep features (E. Amblard pers. comm.).

Classification performance was assessed on an independent
test set (n = 42,595) not used for training. This test set was built
to be representative of the whole dataset by selecting 1 out of
10 profiles, equally distributed across the mission. Unsurpris-
ingly, the test set was dominated by detritus (n > 40,000) but
still contained around 100 objects or more per category for a few
taxonomic groups (Copepoda, Appendicularia, Rhizaria, Sal-
pida), allowing to compute reliable classification performance

metrics. This revealed relatively poor precision performance for a
few groups, including Appendicularia and Rhizaria (Supporting
Information Table S2). To improve precision, at the expense of
recall, and ensure that observed patterns were genuine, we
applied a probability threshold (Faillettaz et al. 2016) on classifi-
cation scores. This threshold, set independently for each class,
ensured that objects predicted in a given class with a score above
the threshold actually belonged to this class for at least 75% of
them (i.e., targeting a precision of 75%, Supporting Information
Table S3), discarding images with a prediction score below the
threshold. However, this approach strongly decreased recall for
Appendicularia and Rhizaria, impeding the detection of any dis-
tribution pattern. Consequently, the probability threshold was
not applied to these classes, that were instead fully inspected
and manually validated (n = 1500), resulting in 100% precision
(all objects assigned to one of these classes do belong to the
assigned class) without decreasing recall. Counts of objects per
taxonomic group and per particle size class were divided by
water volumes sampled to compute concentrations (# m�3)
within 5 m bins along the glider trajectory.

Environmental data
First, abnormal values (e.g., negative fluorescence) were dis-

carded. Density was computed from temperature and salinity
using the “gsw” R package version 1.1.1. For each variable, out-
liers were detected according to deviation around the median
(Leys et al. 2013) and removed. Oxygen concentrations were
adjusted by subtracting a 52 μmol kg�1 offset, derived from
comparisons with values recorded simultaneously at Dyfamed.
Data were linearly interpolated at 1 m resolution to fill in miss-
ing values. Each variable was smoothed using a moving average
within a window size of 25 m. Data were then binned over 5 m
to match the plankton and particles data bins.

Data analysis
Particles

First, particle concentrations for 13 size classes between 102 μm
(the 1st class entirely above the detection threshold of 80 μm) and
2.05 mm (larger classes contained too few particles and were thus
noisy) were averaged onto 10 m � 1 km bins to reduce noise and
normalized with log-transformation to avoid very high values. A
principal component analysis (PCA) was then performed to sum-
marize these concentrations, scaled to unit variance so that each
size class equally contributed to the construction of the factorial
space. Supplementary variables (biogeochemical variables and
metadata)—not used to compute the PCA space—were projected
onto the PCA space to help with the interpretation. Finally, scores
of objects were visualized on transects.

Plankton
A PCA was also performed to synthesize plankton concen-

trations. Because of the scarcity of the plankton compared to
the > 80 μm particles, plankton concentrations were first aver-
aged across 30 m � 5 km bins, resulting in a median water vol-
ume of 373 liters (Q1 = 183 liters, Q3 = 573 liters) per bin.
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Still, many bins lacked plankton, resulting in a zero-inflated
distribution. To address this, only bins where plankton was
present were considered, and the average value for each vari-
able (i.e., concentrations of plankton groups) was assigned to
empty bins to ensure they did not distort PCA space. All con-
centrations were log(n + 1)-transformed to normalize them
and standardized by subtracting the mean and dividing by the
standard deviation (Legendre and Legendre 2012), so that
each taxon contributed equally to the construction of the PCA
space.

This PCA (Supporting Information Fig. S8) highlighted the
importance of a few taxonomic groups: Copepoda and
Eumalacostraca emerged on PC1, Salpida, Mollusca and
Appendicularia on PC2, and multiple Rhizaria subgroups on
PC3. We decided to focus our analyses on four groups based
on their abundance (Supporting Information Fig. S7) and their
importance in the PCA: Copepoda, Appendicularia, Salpida,
and Rhizaria other than Collodaria and Foraminifera (since
this group of other Rhizaria taxa was the most abundant and
was representative of all three Rhizaria groups, since they had
close projections in the PCA space).

Visualization
Four transect representatives of the dynamics of the bloom

(Fig. 1) were chosen from the available 20 to offer a condensed

view in the main manuscript. However, supplementary mate-
rial includes all 20 transects (Supporting Information Fig. S1,
S5, S8, S9, and S10).

All analyses were conducted with R version 4.1.2. Data
processing and interpolations were performed with packages
dplyr and akima, respectively. Plots were generated with ggplot2
using the color-blind friendly viridis and cmocean color scales.

Results
Dataset composition

During the back transects, the UVP6 imaged 434,129, of
which 305,294 were confidently predicted and retained after
probability thresholding. After discarding marine snow particles,
imaging artifacts and unidentifiable objects, 12,824 images of
planktonic organisms, sorted into 10 taxonomic groups, were
retained. Copepods dominated the dataset, followed by Rhizaria,
Appendicularia, and Salpida (Supporting Information Fig. S7).

Environment
Transect maps (Fig. 2) show that the Ligurian current was

stronger in late winter and early spring, and weakened later in
the spring. Although globally oriented NE to SW, changes in
current direction on 20 March 2021 (top-left panel in Fig. 2)
highlights the presence of a meander.

Fig. 2. Map of four representative transects, showing depth-averaged current across the water column. Transects started around the Dyfamed point
and aimed toward Nice. Dyf = Dyfamed.
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The first presented transect (starting on 27 February) rev-
ealed a rather homogeneous temperature over the water col-
umn (Fig. 3; Supporting Information Fig. S1). At the surface, the
front was located between 20 and 30 km offshore, and

separated fresher waters inshore from saltier waters offshore, as
expected. Fluorescence highlighted an intense bloom at the sur-
face in offshore waters. Chlorophyll-enriched water was detected
down to 300 m, well below the photic zone, thus corresponding

Fig. 3. Evolution of environmental conditions across four transects representative of the dynamics during the bloom. Each column is labeled according
to the starting date of the transect, which began offshore, on the right. Each transect lasted about 2 d and gray rectangles in the plot background repre-
sent night time. (A) Temperature; (B) salinity with the 38.2 and 38.3 isohalines delimiting the front; (C) potential density anomaly with the 28.6, 28.8,
and 29 isopycnals; (D) chlorophyll; (E) oxygen; (F) CDOM; (G) BB700; and (H) chlorophyll to BB700 ratio. Plots for all transects are presented in
Supporting Information Fig. S1.
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to a downwelling of water enriched in chlorophyll that seemed
to follow the front. This feature was also clearly visible on salin-
ity, oxygen and CDOM, strongly suggesting a movement of a
whole water mass. Finally, inshore waters were well oxygenated
down to 300 m. The 2nd transect (20 March) displayed similar
features except for fluorescence: an important mixing event was
detected, down to 200 m, where no photosynthesis can take
place. This event was also visible on oxygen and CDOM concen-
trations. This mixing event was likely caused by strong winds
the day before (Supporting Information Fig. S3). On the 3rd tran-
sect (22 April), a weak stratification appeared in coastal waters
and the 38.2 and 38.3 isohalines delimiting the front became
more horizontal. Fluorescence was lower at the very surface than
in the waters below, hinting at the formation of a deep chloro-
phyll maximum (DCM). A lens of colder and fresher water was
located 50 km offshore, between 150 and 300 m depth, and was
also characterized by higher oxygen and lower CDOM. Finally,
on 24 June, the water column was well stratified, with sharp
thermocline and pycnocline. The isohalines, and thus the front,
were nearly horizontal. The DCM was well established between
50 and 100 m (also visible on BB700), with higher chlorophyll
concentration and higher chlorophyll to BB700 ratio offshore,
indicating a higher concentration of phytoplankton cells. Oxy-
genated waters were restricted to the surface, above the DCM.
These features are emblematic of the oligotrophic environment
during summer in the Ligurian Sea.

Particles distribution
For particles, the first two axes of the PCA captured 83.9%

of variance, most of it (60.2%) being on the 1st axis (Fig. 4A).
This axis separated high particle concentrations, associated
with coastal waters characterized by high BB700, oxygen and
fluorescence, from low particle concentrations, associated with
offshore, deep, salty, and dense waters. The 2nd axis discrimi-
nated between size classes. PC1 projections (Fig. 4B)
highlighted a decrease in particle concentration decrease over
time, while PC2 projections (Fig. 4C) revealed contrasted pat-
terns in particle size. On 27 February and 20 March, coastal
areas exhibited greater particles abundance, with larger parti-
cles correlating with the downwelling event detected on fluo-
rescence (Fig. 3). Particles were larger offshore than inshore
(Fig. 4C). On 22 April, particle concentration was much lower,
except in very coastal waters, highlighting the near absence of
particle export. Large particles were present in the 0–100 m
depth layer, around the forming DCM, but not below. Finally,
on 24 June, the DCM was associated with abundant small par-
ticles, likely phytoplankton cells or particles produced through
biological activity; while a rain of larger particles was detected
offshore, below the DCM. The circadian cycle did not seem to
affect neither particle distribution nor size in any transect.

Plankton distribution
Concentration plots for the selected taxa highlighted

changes in the zooplankton community (Fig. 5; Supporting

Information Fig. S10). Copepods and appendicularians domi-
nated close to the surface in February, especially offshore. In
March, copepod abundance intensified, while appendicularians
declined, replaced by salps at the top of the water column on
the offshore side of the front. A 2nd peak in Appendicularia
abundance occurred in April, while salps were still present. In
June, rhizarians became more abundant in the entire water col-
umn while copepods, appendicularians and salps were less
abundant. Finally, at the considered scale, no effect of the cir-
cadian cycle could be detected.

Discussion
Plankton and sampled volumes

Due to the low sampling rate (≤ 0.9 L s�1), very few plank-
tonic organisms were imaged, with just 13,000 being confi-
dently predicted for analysis. Thus, many sampled bins
lacked, resulting in a weaker signal compared to particles data.
Overall, only 17,000 objects were predicted as plankton, such
that manual validation of all plankton groups would have
only added 4000 organisms (+30%), likely not affecting our
results. Still, we cannot exclude that planktonic organisms
were predicted as detritus, necessitating the inspection of
> 400,000 images. Despite an increased sampling rate towards
the end of the mission (from 0.35 to 0.91 L s�1, the maximum
achievable for the UVP6-LP) in the 0–220-m layer, this was
still insufficient to investigate fine scale plankton distribution.
To resolve such scales, the UVP6-LP would need to be run at
its highest rate of 1.3 Hz instead of 0.2 and 0.5 Hz during this
experiment (the last two deployments were indeed run at a
sampling rate of 1.3 Hz); or a UVP6-HF (high frequency, Pic-
heral et al. 2021) capable of sampling at 20 Hz, albeit with
higher energy consumption and reduced glider autonomy
(e.g., only one round-trip per deployment). Still, our work
confirms the effectiveness of autonomous underwater vehicle
such as glider fitted with in situ imager to sample both the
environment, particles and plankton at fine scale over
extended durations. Nonetheless, as mentioned above, atten-
tion to sampling resolution, particularly that of the imager, is
crucial for achieving research objectives.

However, it should be noted that our study area, being oli-
gotrophic, has relatively low concentrations of the planktonic
organisms targeted by the UVP6. For instance, the expected
average concentration for Centropages typicus, a very common,
large (� 1 mm) copepod of the Ligurian Sea (Dolan and
Raybaud 2020), is about 30 ind m�3, while the UVP6 sampling
rate was � 0.9 L s�1 (or � 20 min m�3). While insufficient to
resolve fine-scale plankton distribution in such oligotrophic
conditions, this sampling rate could have been adequate in
richer areas.

Challenges posed by temporal and spatial variabilities
Overall, the data collected by the glider consist of repeated

� 50 km transects over several months. However, these
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transects, averaging 51 h, do not always allow clear differentia-
tion between spatial and temporal features, for example,
whether a signal is caused by the diel cycle or by location rela-
tive to the front. To detect purely spatial effects, transects

should be sampled as snapshots, as permitted by towed instru-
ments such as the In Situ Ichthyoplankton Imaging System
(ISIIS) (Cowen and Guigand 2008), which can cover several
dozen kilometers in a few hours. Furthermore, such

Fig. 4. Evolution of particles distribution. (A) PCA performed on log-transformed particle concentrations. Definition of size classes: Class 21: 102–
128 μm, Class 22: 128–161 μm, Class 23: 161–203 μm, Class 24: 203–256 μm, Class 25: 256–323 μm, Class 26: 323–406 μm, Class 27: 406–512 μm,
Class 28: 512–645 μm, Class 29: 645–813 μm, Class 30: 813–1020 μm, Class 31: 1020–1290 μm, Class 32: 1290–1630 μm, Class 33: 1630–
2050 μm. Maps of the projections of bin scores on PC1 (B) and PC2 (C), for the four representative transects. The 38.2 and 38.3 isohalines delimiting the
front are represented as continuous black lines; the 28.6, 28.8, 29 isopycnals are represented as dotted black lines. Gray rectangles in the plot back-
ground represent night time. PC1 and PC2 projections for all transects are presented in Supporting Information Fig. S5.
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instruments are little affected by water movement, whereas
gliders can be strongly affected by currents, leading us to
reconsider our original sampling strategy of sampling 0–200 m
during backward transects. However, continuous sampling for
5 months is not feasible with a towed instrument, while
gliders offer reasonable human costs. Conversely, for purely
temporal effects, fixed-positions timeseries are required. Glider
sampling lies between these two extremes views (space vs
time), offering better spatial resolution than timeseries but
falling short of snapshot transects’ spatial resolution. Never-
theless, repeated transects offer temporal insight of observed
features, which is much more difficult with single-transect
approaches (Niewiadomska et al. 2008). External clues also aid
interpretation (e.g., relating the downwelling observed on
20 March to preceding wind event).

Moreover, spatial features also evolve temporally: the inten-
sity of the Ligurian current varies seasonally (more intense in
winter) while meandering induces variability (Millot 1999).
Finally, another difficulty arises from the short-lived nature
(usually < 1 d) of targeted submesoscale features. Although we
detect two submesoscale coherent vortices (SCV, discussed
below), including one that was sampled twice, such events are
sporadic, likely missing many other opportunities. The same
goes for plankton and particle distribution, we did capture
some spatial and temporal features but presumably missed
many others.

Effects of the diel cycle
Space and time variations could not be disentangled. How-

ever, the PC projections did not seem affected by day/night vari-
ations, indicating little influence from the diel cycle. Two tests
were performed to assess this hypothesis. First, average plankton
concentrations along glider yos were computed, and differences
between day and night yos were investigated with a Wilcoxon
test. This highlighted day/night differences in average concen-
tration over 0–300 m for several taxa (Supporting Information
Fig. S11A). Then, average vertical distributions on 30-m bins
were computed for day and night and compared with a
Kolmogorov–Smirnov test, revealing significant differences for
Foraminifera only (Supporting Information Fig. S11B). The
UVP6 (former version of the sensor) being dazzled by the sun-
light in the upper part of the water column (depth < 40 m)
when ascending, no concentration of particle or plankton were
computed in this zone. As no data are available to compare with
night values at these depths, even though many taxa are known
to migrate within this depth range, we tested the relative effect
of both environmental variables and a binary day/night variable
on plankton concentration in the 30–60 m depth range, using a
nonlinear model (Boosted Regression Trees). For each of the four
taxa, the day/night effect explained less than 8% of total vari-
ance. Overall, the little effect of the diel cycle on plankton distri-
butions likely results from the low number of detected
organisms and the averaging across relatively large bins.

Fig. 5. Evolution of plankton distribution for the four selected groups: (A) Copepoda, (B) Appendicularia, (C) Salpida, and (D) Rhizaria. The 38.2 and
38.3 isohalines delimiting the front are represented as black lines. Gray rectangles in the plot background represent night time. Note that color scales are
log-transformed and different for each taxon. Scale bars represent 2 mm. All transects are presented in Supporting Information Fig. S9.
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Dynamics of plankton and particles during the bloom
Surface Chl a data in the area covered by the glider show a

sudden increase on 23 February (Supporting Information
Fig. S2), likely corresponding to the beginning of the phyto-
plankton bloom. UVP6 data indicate that the zooplankton
bloom began somewhere between 20 February and 27 Febru-
ary, although precision is limited by our data, but the zoo-
plankton bloom typically following the phytoplankton
bloom, the latter part of this interval is more likely. Nonethe-
less, a physical aggregation of zooplankton could have
occurred earlier than the start of the “true” bloom, that is,
increased growth rate. As described below, variations observed
in particle abundance and size seems to indicate that particu-
late organic carbon (POC) export was affected by the composi-
tion of the plankton community, as previously reported by
numerous studies (Boyd and Newton 1995, 1999; Guidi
et al. 2009, 2016). Indeed, zooplanktonic organisms are
directly involved in POC production (Turner 2015; Steinberg
and Landry 2017). Four phases emerged from the analysis par-
ticle and plankton distribution and are discussed below.

Early bloom—February
In February, the early phase of the zooplankton bloom was

characterized by the presence of Appendicularia, including
both inhabited and discarded houses, mostly in the 0–200-m
layer. Appendicularia—filter-feeding pelagic tunicates—grow a
mucopolysaccharides and cellulose house used as an external
mucous filter to collect food particles (Alldredge and
Madin 1982). The house is disposable: when filters obstruct, it
is discarded and renewed (up to several times a day, Sato
et al. 2003), contributing significantly to marine snow aggre-
gates (Alldredge and Silver 1988). These large (3 mm ESD on
average) particles have a relatively low sinking velocity (20–
50 m d�1) during the 1st hour, which then increases to 100 m
per day after their initial deflation (Lombard and
Kiørboe 2010). High Appendicularia abundance was previ-
ously linked to increased export of large particles, mostly
through discarded houses (Alldredge et al. 2005). Thus, the
displacement event of large particles, along the isopycnals
(Fig. 3) could correspond to these discarded houses, or fecal
pellets, from Appendicularia.

Mid bloom—March
In a 2nd phase, copepods dominated the 0–200-m layer

while salps occupied the 0–100-m layer. Large particles,
though fewer than in February, were primarily offshore.
Strong wind was recorded a few days before this transect
(Supporting Information Fig. S3), causing a mixing of the
water column and a redistribution of phytoplankton (likely
responsible for the lower Chl a concentration than in
February, through dilution effect), particles (Figs. 1DG, 3BC)
and possibly zooplankton (see pattern of copepods in Fig. 4A).
Such events have previously been reported during spring and
can result in community changes both for phytoplankton

(Thyssen et al. 2014) and zooplankton (Romagnan
et al. 2015).

Late bloom—April
In April, the concentration of appendicularians increased,

while that of copepods decreased. This gelatinous bloom could
be the result of favorable conditions following the wind gust
2 weeks earlier (20 March), aligning with findings by Ménard
et al. (1994) who found that wind promoted blooms of salps,
although this result could not be confirmed by Licandro
et al. (2006). Concurrently, stratification began in coastal
waters and the DCM started to form. The water column was
mostly depleted in particles (except for very coastal waters).
Particles present in the 0–100-m layer were rather big, a result
of a decline in small particles concentration (Supporting Infor-
mation Fig. S6). Further analyses showed that only 10% of
objects in the 1–2 mm size range were living organisms, con-
firming that these large objects are indeed particles and not
planktonic organisms such as appendicularians, more abun-
dant in the same depth range. These large particles, distributed
along the isopycnals, raised questions regarding particle
dynamics. A 1st hypothesis could be a lack of aggregation, so
that organic matter would remain in the form of small parti-
cles (< 80 μm) undetected by the UVP6. However, backscatter-
ing measurements (targeting particles around 10 μm), also
show low abundance in the water column on 22 April
22 (Fig. 2; Supporting Information Fig. S1), challenging this
explanation. Alternatively, the decrease in small particles
might be caused filter-feeding tunicates such as salps and
appendicularians in the water column. Both taxa contribute
to particles (1 μm to 1 mm) removal (Alldredge and
Madin 1982) and aggregation into larger sinking particles,
explaining the relative dominance of large particles. While
fecal pellets produced by salps are relatively large (� 5 mm)
and fast sinking (� 2000 m d�1, Bruland and Silver 1981),
recently discarded houses of appendicularians (containing
fecal pellets) sink very slowly (< 50 m d�1, Lombard and
Kiørboe 2010). These particles are thus much likely to reside
in the water column, by sitting on density gradients.

After bloom—June
Finally, both stratification and DCM intensified while zoo-

plankton concentration decreased (Fig. 2). Rhizaria dominated
the zooplankton community, with some of them being
mixotrophic and typical of oligotrophic environments (Biard
et al. 2016). We mostly detected small unidentifiable Rhizaria
and solitary Collodaria. The analysis of a time series of the
complete plankton assemblage from net samples collected in
Villefranche Bay highlighted a peak of Rhizaria in July
(Romagnan et al. 2015), in oligotrophic conditions that are
comparable with our transect at the end of June. The fine-scale
distribution of these organisms during the oligotrophic sum-
mer was previously studied across the Ligurian front, using
the ISIIS, an in situ imager with very high sampling rate
(> 100 L s�1) (Cowen and Guigand 2008). Solitary Collodaria
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precisely followed the DCM, while Acantharia were mostly
found on the coastal side in the upper 50 m of the water col-
umn (Faillettaz et al. 2016). Such patterns could not be
resolved with the UVP6, mostly because of its lower sampling
rate (< 1 L s�1), which required to aggregate observations into
broader taxonomic groups and onto a much coarser spatial
grid. Particle distribution revealed more abundant and smaller
particles around the DCM, which could correspond to large
phytoplanktonic cells (> 100 μm) or the accumulation of parti-
cles related to biological activity.

Mesoscale features
Particles

Previous studies reported a strong influence of the front on
the distribution of particles with small aggregates being more
abundant in coastal waters while large aggregates were
more abundant in the frontal zone, likely formed through
physical coagulation or biological transformation (Gorsky
et al. 2002; Stemmann et al. 2008). Moreover, large particles
being more abundant in surface waters suggests local forma-
tion before downward export (Stemmann et al. 2002). Our
study corroborates these findings, with small aggregates more
abundant in coastal waters and the front acting as a barrier to
particles spreading offshore, a consistent pattern throughout
the blooming phase. Furthermore, mean aggregate concentra-
tions (0.75 L�1 in 512 μm to 1.02 mm; 0.09 L�1 in 1.02–
2.05 mm) closely matched previous observations (Stemmann
et al. 2002). However, while large aggregates were sometimes
more abundant under the frontal zone, this was not consis-
tently observed (Supporting Information Fig. S5).

Plankton
Many studies detected an effect of the front on planktonic

organisms distribution, either an increase in abundance or
biomass at the front (Boucher 1984; Boucher et al. 1987;
Molinero et al. 2008; Licandro and Icardi 2009) or different
concentrations of certain taxa on either side of the front
(Pedrotti and Fenaux 1992; Molinero et al. 2008; Faillettaz
et al. 2016). Such effects were less evident in our data. First,
the coarse spatial resolution imposed by the UVP6-LP sam-
pling rate made it difficult to identify processes “at the front.”
As mentioned above, the use of a UVP6-HF with a higher sam-
pling rate could have enhanced the detection of front-related
effects on plankton distribution. Second, the coarse taxo-
nomic resolution may have hidden some underlying differ-
ences within broad taxonomic groups (e.g., copepods).
Finally, the proximity of the current to the coast for most of
the study period resulted in limited sampling of coastal com-
munities, making them difficult to contrast with offshore
ones. Still, the concentration of several taxa was higher in the
offshore region than in the current or in the coastal one: cope-
pods in February and March, appendicularians in February
and April, salps in March and April (Fig. 4), which is compati-
ble with a potential barrier effect of the front.

Fine-scale features
Submesoscale coherent vortices

During the back transect on 22 April, a SCV (referred here-
after as L3) was identified. Spanning 9 km � 200 m, located
between 46 and 55 km offshore and at depths from 130 to
� 300 m, it consisted of cold, freshwater with high oxygen
and low CDOM concentrations, but was barely visible on den-
sity and BB700 (Fig. 3). Similar structures were looked for in
the whole dataset, including outgoing transects. The same
structure, albeit smaller (5 km width, labeled L2 in Supporting
Information Fig. S4), was crossed 17 h earlier on the outgoing
transect on 20 April. Another similar structure (L1), closer to
the coast, was detected on the same outgoing transect but not
captured before during the previous back transect, performed
25 h before. This provides insight into its drift speed, esti-
mated at 5–10 cm s�1, assuming the same dimension in x and
y axes. Previous detection of SCV in the area (Bosse
et al. 2017) highlighted differences in physico-biogeochemical
properties (more oxygen, less nutrients) compared to sur-
rounding waters, affecting the phytoplankton community and
highlighting reduced lateral exchanges between the core of
the SCV and the surroundings (Bosse et al. 2017). However,
no significant effect of the SCV on particle concentration or
size was detected (Supporting Information Fig. S5), suggesting
a limited barrier effect for particles. While changes in the phy-
toplankton community inside the SCV are likely to propagate
to zooplankton, the sampling resolution of planktonic organ-
isms was insufficient to detect such effects.

Subducting water mass
On 27 February, a water mass with high chlorophyll, high

oxygen, low salinity, low temperature and low CDOM was
recorded down to a depth of 300 m (Fig. 2; Supporting
Information S1). This layer, about 3.8 km in width and 20 m
in height, was sinking toward the coast, following the iso-
pycnals along the front. This is coherent with a convergence
event (Boucher et al. 1987) and was already observed by
Niewiadomska et al. (2008) from glider data collected on a
similar transect across the Ligurian front in January. They
detected a similar water mass, 4 km wide, subducting to
180 m depth. Analogous features were reported during spring
in the Corsican side of the Ligurian current: phytoplankton
produced in the surface layer was carried downward along the
isopycnals, forming a plume of chlorophyll down to 100 m
(Goffart et al. 1995). Here, we additionally demonstrate that
this instability-driven sinking water mass also carried more
and bigger particles from the surface toward the depth, while
it was previously only suggested that particles could be trans-
ported downward by the frontal circulation along the iso-
pycnals (Gorsky et al. 1991).

Conclusion
In conclusion, repeated sections across the Ligurian front

conducted with a glider allowed us to resolve submesoscale
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hydrological features. A clear link emerged between the envi-
ronment, the distribution of particles and, to some extent,
that of planktonic organisms, for example, in a subducting
water mass and during a mixing event. Moreover, the accumu-
lation along isopycnals creates the DCM in April and July,
reflected in the distribution of particles. Strong changes were
detected in plankton distribution during the blooming period,
with a succession of different zooplankton communities
throughout the bloom. These changes were also related to
changes in the abundance and size of marine snow particles.
Although the front exhibited a consistent influence on marine
snow particle distribution throughout the sampling period,
the signal was coarser for planktonic organisms, probably due
to the low sampling rate, resulting in a limited number of
imaged organisms. Overall, these results confirm the need to
study physics, biogeochemistry and biology at the same scale,
by sampling both the environment, particles and plankton at
fine scale using in situ imaging. This approach should allow to
better understand the biological responses to submesoscale
hydrological forcings.

Data availability statement
Data supporting this study is available on SEANOE: https://

doi.org/10.17882/95806. Code to perform data processing and
analyses is made available at https://github.com/ThelmaPana/
glider_uvp6.
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