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Abstract.
Mesoscale dynamics have a determinant role in several ocean processes, not only in the transport of momentum, heat, mass
and particles but also in the provisioning of nutrients into the euphotic zone. Mesoscale processes can define niches where specific phytoplankton species flourish. However, this effect is not straightforward in coastal areas, which are submitted to a more
5

complex interplay between different oceanic processes. In this context, the ETOILE campaign surveyed the CapBreton canyon
area in the South-East of Bay of Biscay in early August 2017. The main objective of this study was to link the occurrence and
distribution of phytoplankton with the mesoscale ocean processes. On top of the remote sensing data available for this area,
such as High Frequency radar or satellite data, in situ discrete hydrographic measurements were carried out by a CTD and
a Moving Vessel Profiler. Likewise, multi-spectral fluorescence casts were performed in selected stations. Other parameters
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such as temperature, conductivity and in vivo multi-spectral fluorescence were also continuously recorded at surface. From
our observations, we discuss on the distinct effect and importance of different factors affecting the phytoplankton distribution.
Overall, salinity is the most important parameter modulating not only algae distribution but also the composition of the community in terms of spectral groups. Although below the mixed layer salinity still impacts significantly phytoplankton, vorticity
comes into play and becomes the dominant factor determining both distribution and composition. The present study brings
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into consideration the relevance of the dynamic variables in the study of phytoplankton, despite targeting only hydrographic
variables.
1

Introduction

The monitoring and characterization of mesoscale dynamics is determinant for the appropriate comprehension of marine
ecosystems. One the main factors modulating the ecosystem functioning, primary production, is crucially dependant on the
20

transport of limiting nutrients to the sunlit surface ocean. Although mesoscale events are confined in time and space, the time
at which they evolve and transport seawater properties -i.e nutrients- is similar to the phytoplankton growth timescales (Mahadevan, 2016). The production of organic matter from inorganic nutrients and carbon through photosynthesis also affects the
ocean’s carbon storage and its ability to regulate atmospheric carbon dioxide. Hence, eddies might actively contribute to the
1
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carbon export and regulate the fate of particulate organic carbon and the regions’ biogeochemical budgets (Mahadevan, 2014).
25

Even if it is known to affect the distribution of surface and subsurface chlorophyll rich waters in the South-Eastern sector of
Bay of Biscay (SE-BoB), in coastal areas the eddies interact with complex ocean dynamics and thus this link is not so straightforward (Caballero et al., 2016; Rubio et al., 2018). In addition, this cross-shelf transport has also implication in fields such as
plankton studies, fisheries and management, as it transports a wide variety of “particles”, such as phytoplankton, zooplankton
and fish egg or larvae (Irigoien et al., 2007).
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The BoB is a semi-open bay limited by the Spanish coast in the southern part and the French coast in the eastern part. South
of Cape Breton, the Cantabrian shelf is 10 km narrow, while to the north, the French shelf becomes wider, reaching 150 km
width in the Aquitaine coast. The ocean surface layer in this region is subjected to the seasonal variations the water runoff
from nearby rivers Gironde, Loire and Adour (Reverdin et al., 2013). The runoff occurs mainly from winter to spring and it
35

significantly modifies the water mass adjacent to the shelf (Caballero et al., 2016) creating turbid and dilution plumes, known
as Regions of Freshwater Influence (ROFI) (Sharples and Simpson, 1993). During winter, the runoff water mixes with the
coastal oceanic water and forms a frontal zone of intermediate salinity in the shelf break (Puillat et al., 2006). As the freshwater surface layer warms up in spring, it isolates from the bottom by a colder layer left from the previous winter water (Reverdin
et al., 2013). The river discharge acts as a nutrient source to the surface layers that sustains primary production in the region
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(Morozov et al., 2013).
The circulation in this area is complex and controlled mainly by the prevailing winds, on a wide range of timescales from
seasonal variations to high frequency processes associated with breezes (Solabarrieta et al., 2014). Although the general circulation pattern in the area is characterised by a weak anticyclonic circulation in the central region (Figure 1), coastal areas
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are much more dependent on wind conditions (Valencia et al., 2004; Pingree and Garcia-Soto, 2014). During autumn and winter, winds are mostly south-westerly, driving northern and eastern drift over the shelf. On the contrary, in spring and summer
the prevailing north-easterly wind results in west-southwest flow of the currents (Solabarrieta et al., 2014). This wind pattern
either reinforces or weakens the existing slope current, also known as the Iberian Poleward Current (IPC). Being a branch
of the Azores current, during autumn and winter, the IPC advects warm and saline water poleward, flowing eastwards in the
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Cantabrian shelf. On the contrary, during spring and summer this current weakens and even reverse, flowing southwards in
the French shelf, and westwards in the Spanish shelf (Rubio et al., 2013). When the IPC interacts with the abrupt bathymetry
the generated instabilities develop into Slope Water Oceanic eDDIES (SWODDIES) (Caballero et al., 2016). These have been
extensively studied (Caballero et al., 2014, 2016; Ferrer and Caballero, 2011; Garcia-Soto, 2002), mainly via satellite data due
to their surface signal recorded in Sea Surface Temperature (SST), Chlorophyll-a (Chl-a) and altimeter, as well as with in situ
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data. More recently, and since the installation of High Frequency Radar (hereinafter HF radar) in the South Eastern BoB, Rubio
et al. (2018) analysed the surface water velocities of these SWODDIES.
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Few studies provide the link between phytoplankton occurrence and physical processes in the BoB. Fernández et al. (1993)
described how the flow of the IPC over the Cantabrian shelf generates a shelf-break convergent front that separates the advected
60

high-salinity and warm waters from the cold fresher coastal waters. The vertical mixing associated to this frontal system had
a substantial influence on the whole planktonic community. More recently, Caballero et al. (2016) reported a Deep Chlorophyll Maximum (hereinafter DCM) in the centre of a SWODDIE induced by mesoscale eddy dynamics. This resulted from a
combination of quasi-geostrophic vertical velocities and eddy-wind induced Ekman pumping in the centre of the anticyclone.
Although not in the BoB, D’Ovidio et al. (2010) linked the different groups phytoplankton with the surface ocean dynamics

65

by combining the use of a numerical algorithm called PHYSAT and altimetry data. They defined the so-called fluid dynamical
niches where the phytoplankton assemblages interact with distinct physiochemical environments, such as eddies. However, this
approach is only available for mesoscale to large scales dynamics due to the resolution of satellite products.
In order to the shed light on the coastal mesoscale dynamics and its effects on phytoplankton distribution in the most inner
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part of BoB, the ETOILE campaign surveyed the Capbretron Canyon area on early August 2017. In this campaign, various
hydrographic and hydrodynamic data were collected and compared to different phytoplankton pigmentary groups addressed
by multi-spectral fluorometry. The ETOILE campaign was part of different efforts that have been carried out recently in the
framework of JERICO-NEXT (H2020) European project, partially focused on the quantification of the potential impact of
the ocean transport on the distribution of plankton or other pelagic organisms in line with several MFSD main descriptors.
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Both JERICO-NEXT (2014 - on going) and its predecesor JERICO (2007–2013) assist on the improvement and creation of
coastal observatory networks as well as the applications of these for addressing European marine policies. Here we describe the
mesoscale processes that are present in the area of CapBreton canyon and we link the different hydrographic and hydrodynamic
variables to the occurrence and distribution of two main different pigmentary groups of phytoplankton, brown and green algae.

80

2
2.1

Material and Methods
ETOILE Campaign

In the framework of the European H2020 Joint European Research Infrastructure for Coastal Observatory - Novel European
eXpertise for coastal observaTories (JERICO-NEXT) project, the “Côtes de la Manche” research vessel (CNRS-INSU), surveyed the area of CapBreton canyon from the 2nd to the 4th of August 2017 during the Leg 2.2 of the ETOILE oceanographic
85

campaign (P.I. Pascal Lazure, IFREMER, DOI: 10.17600/17010800), aiming to undercover the mesoscale dynamics. The campaign consisted in six transects covering the continental shelf and slope, as well as the axis of the canyon, as showed in Figure
2. During east-west transects (T1, T3 and T5) a CTD (Sea-Bird) was deployed every 7 km, while during west-east (from
offshore to onshore) transects a Mobil Vessel Profiler (MVP200 operated by Genavir) was towed.

3
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During the campaign chlorophyll was estimated by a FluoroProbe (bbe Moldakenke) multi-spectral fluorometer, which measures fluorescence emission of chlorophyll after excitation through accessory pigments using LEDs with different wavebands.
It makes it possible to differentiate up to four algal pigmentary groups: “blue algae” (mainly corresponding to Cyanobacteria),
“green algae” (mainly Chrolorophytes but also Crysophytes, Prasinophytes and to some extent Haptophytes; Houliez et al.,
2012), “brown algae” (mainly diatioms, part of the dinoflagellates, part of the Haptophytes) and “mixed group” (Cyanobacte-
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ria, Cryoyptophytes, some Dinoflagellates). It estimates chlorophyll-a (chl-a) equivalent concentrations for these four groups
(as well as total chl-a) and also provides an estimation of the concentration of chromophoric dissolved organic matter (CDOM
or yellow substances). Up to 80 m depth in vivo fluorescence profiles were obtained. Unfortunately, this data could just be
gathered in the T3 and T5 transects due to technical issues with the instrument during T1. During the whole campaign salinity
and in vivo fluorescence were continuously measured on surface (3.5 m deep) by a thermosalinograph and a second automated
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multi-spectral fluorometer, respectively. Due to an instrumental bias and different measuring sensitivity, this data was excluded
from the posterior quantification. However, this continuous record at surface provided a valuable qualitative information, since
the resolution of satellite data is too low at the near-submesoscale.

2.2
105

Complementary operational remote sensing data

In addition to the in-situ data, remote sensing operational data was used to complete the picture obtained during ETOILE.
Ocean surface currents measurements were obtained by two long-range HF radar antenna located at Matxitxako and Higer
Cape and owned by the Directorate of Emergency Attention and Meteorology of the Basque Security Department. They emit
at a central frequency of 4.463 MHz and a 30-kHz bandwidth which integrates vertically the horizontal velocities in the first 1.5
m of the water column (Rubio et al., 2013). The receiving signal, an averaged Doppler backscatter spectrum, allows to estimate

110

surface currents over wide areas (reaching distances over 100 km from the coast) with high spatial (1-5 km) and temporal (≤1
h) resolution (Figure 2 lower left corner). In order to obtain the surface velocity data we followed the methodology of Rubio
et al. (2013). Velocity data is processed from the spectra of the received echoes every 20 minutes using the MUSIC (MUltiple SIgnal Classification) algorithm. Then, a centred 3h running mean average was applied to the resulting radial velocity fields.
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For this study, in order to visualize representative velocity fields we applied a low-pass 10th order digital Butterworth lowpass filter (Emery and Thomson, 2001) to both of the velocity components at each node (filtering out T<48 h). Therefore, HF
processes such inertial currents or tides were removed, as these are irrelevant for the purposes of this study and would have
eclipsed the mesoscale geostrophic and synoptic wind circulation patterns. Likewise, a Lagrangian Particle-Tracking Model
(LPTM) was applied to HF radar data to simulate the observed trajectories. Particles released within the HF radar coverage
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area are advected, at a low computational cost. The method used for the particle movement in this LPTM is based upon the 4th
order Runge–Kutta scheme (Benson, 1992). In this case, the particles are advected using the 2D hourly current fields given by
the HF radar. To describe mesoscale patterns, Lagrangian Residual Currents (LRC) were calculated following a methodology

4
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similar to that described in (Muller et al., 2009), using an integration time of 3 days.
125

Furthermore, satellite data prior and after the campaign was also analysed. SST and Chlorophyll-a data was retrieved from
the Visible and Infrared Imager/Radiometer Suite (VIIRS) sensor and water turbidity, from MODIS. In addition to these
datasets, hourly wind information of July and August was collected by the mooring buoy of Bilbao owned by “Puertos del
Estado” (available in www.puertos.es). Although its location is not exactly on our study area (Figure 2) it is considered close
enough for a general description of the wind regime in the bay.

130

2.3

Computation of vorticity and vertical velocities

From hydrographic data alone, geostrophic circulation can be diagnosed, inferring various key dynamical variables such as
geostrophic relative vorticity (hereinafter referred to just as vorticity) or the vertical velocity from a 3D snapshot of the density
field. To compute vertical velocities, we assume quasi-geostrophic dynamics and a synoptic or steady state, where the Rossby
135

number is small and mesoscale features remain constant during the sampling (Gomis et al., 2001). As the time/space distribution of the observations are important, the use of the Moving Vessel Profiler (hereinafter MVP) allowed a more extensive and
quicker sampling suitable for small, rapidly evolving structures. In order to reduce the computational effort during the analysis of the data, the MVP transects were averaged every 5 km, considering it enough resolution or resolving (sub)mesoscale
structures, following the methodology in Gomis et al. (2001). An interpolation of the data allows to derive those key dy-
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namical variables and get a high-resolution image of the (sub)mesoscale dynamics. This was accomplished by merging the
CTD and averaged MVP profiles after verifying that no significant bias was present between the measurements of these two
instruments. Once having verified that data can be merged, the Optimal Statistical Interpolation (OSI) was performed by the
‘DAToBJETIVO’ software package developed by Gomis and Ruiz (2003), for the objective spatial analysis and the diagnosis
of oceanographic variables.
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For the interpolation in the sampling area a 11 x 33 output grid was used with a 0.031◦ x 0.033◦ resolution (Figure 2),
pursuing a compromise between providing a good representation of the scales that are able to be resolved by the sampling
and minimizing the effect of the observational error. This resulted in a coarse grid that allowed the correct representation of
the subsequent spatial derivatives of the analysed field Gomis et al. (2001). In the vertical, 98 equally-spaced levels were con150

sidered, from 4 to 200 m (every 2 m). In order to analyse and correlate the explanatory and the response variables, the same
interpolation was performed for the fluorescence data.
Once calculated the whole set of hydrographic and dynamic variables that describe the ocean physical environment, we
can compare them to fluorescence data, sharing a common grid. Two approaches were followed in order to understand the
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factors involved in the phytoplankton distribution. First we employed a set of General Additive Models (GAMs; Hastie and
Tibshirani (1990) for a first understanding of the covariance between the explanatory variables and phytoplankton. GAMs
5
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offer the possibilities of identifying non-linear relationship between variables by the inclusion of a smoothing function that
has no specific shape. These are a powerful tool for data exploration and have been successfully used for the spatial analysis
of phytoplankton (Llope et al., 2009, 2012). The presented GAMs were carried out by the R package “mgcv” (Wood, 2011).
160

In addition to the GAM analysis, and after identifying the key responses to be linear, we proceeded to what we think is a
better approach to disentangle the relative importance of each factor. We divided our dataset in progressively smaller subsets
in relation with the fluorescence and then use a linear regression to understand the main modulating factor in each of the subsets.

3
165

Results

3.1

Mapping coastal mesoscale hydrography and currents

In order to understand the hydrodynamic context in which the campaign took place, it was mandatory to determine the wind
conditions. As mentioned before, wind intensity and direction play a major role in determining the surface oceanographic
setting in the SE-BoB. Figure 3 shows the Progressive Vector Diagram (PVD) of the wind conditions. From the 21st to the
28th of July, the predominant wind had a marked north-westerly component with relatively high intensity. Then, it decreased
170

in intensity and reverse and started blowing from the north-east. The 7th of August the wind had again a north-west component
for few days. The wind conditions during the whole campaign remained relaxed, variable in direction but low in intensity.
The combined use of wind data and satellite imagery together with the HF radar provide a context of hydrographical and
dynamical regime in which the campaign took place. Figure 4 shows the SST, chl-a and turbidity. From turbidity we can locate
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the river plumes of the Adour and the Bidasoa rivers. The LRC derived from the HF radar give a high-resolution image of the
surface movement for the previous 3 days, encompassing two periods, July 26-29th and July 31th to August 2nd . The LRC
provide an essential insight about the time-evolving surface circulation and position of the river plume. The campaign took
place during a transitional stage, during the first period (Figure 4 – left column) with north-westerly winds the circulation is
somewhat chaotic. This circulation regime shows two cyclonic eddies, located in our sampling area (C17W at 43.7o N and
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2o W and C17E at 1.7o W). During the second period (Figure 4 – right column), the shift to north-easterly winds generate a
drastic transition to westward currents. At this moment, the eddies are not visible by the HF radar. And instead, in their position
we observe a meandering pattern that affects the distribution of the SST; as well as, the position of the river plumes and its
associated chl-a distribution. In addition, on August 2nd a sharp change in SST is observable close to the French inner shelf,
which is linked with the upwelling generated by the north-easterly winds.

185

The first meters of the water column were characterized by a high spatial variability (Figure 5). Although the river plume
is not visible anymore in the salinity fields at 14 m, a filament-like layer of relatively fresh water (<35.1 psu) is located in
the inner continental shelf (1.6 – 1.7o W). It is surrounded by saltier waters of the open ocean on the east and slightly saltier
at the west, leading to a surface salinity front. At 60 m depth (Figure 5 top-right, a second salinity front is observed, this time
6
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coinciding with the shelf break, located approximately along the - 250 m isobath. The salinity range in the shelf break front is
much smaller than in the surface front.
The presence of the cyclones depicted in Figure 4 is also evidenced at deeper layers. While it is not appreciated in the
temperature fields, their existence is clearly represented by vorticity and geostrophic velocities. Interestingly, their position is
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similar to the one observed by the HF radar during the period 26th -29th of July, just before the campaign. The disappearance
of the C17W and C17E in the LRC fields during the campaign period coincides with a change in wind the wind pattern and
this might be masking the geostrophic circulation at surface. The meandering pattern already described might be resulting
from a combination of both the cyclonic circulation and the surface ageostrophic currents generated by the wind. Few days
after, once the wind pattern changes again back to a north-west component, C17W is observable again in the HF radar (See
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Supplementary Material Figure A1), displaying a persistent nature. Noteworthy, the vorticity fields also show an anticyclone
(A17) the NW part of the domain (centred at 43.80o N 2.25o W), however this is not observed in the HF radar fields. At greater
depth the cyclones are still noticeable, although they become progressively weaker. In addition to the anticyclone A17, a region
of anticyclonic vorticity is well defined in the fontal area between the cyclones. At 60 m the cyclonic eddies present a negative
temperature anomaly and relative higher salinity values. The eddy A17 is associated to a positive temperature anomaly and
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higher salinity. Associated to the frontal areas in the two dipoles (A17-C17W and C17W-C17E) we observe main upwelling
areas (positive vertical velocities) which maxima have a relatively constant position throughout the water column.
From the cross-section at 43.77o N we can observe the vertical extension of both the low salinity surface front and the shelf
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break salinity front (Figure 6A). The surface salinity front has a vertical extension of ∼20 m while the location of the shelf
break front ranges from ∼50 to 110 m. The uplift and depression of the isopicnal lines (black contours) is coherent with

the presence of mesoscale structures of different polarity, mostly following the temperature distribution. These two variables
contribute to the water density and the position of the seasonal pycnocline at ∼25 m, primarily conditioned by the warming

of surface waters in summer. The pycnocline is slightly uplift in the western side of the domain, while the isopycnals located
deeper below are depressed. These are spatially correlated with the position of the salinity maximum and the A17 eddy. From
215

the vorticity field and the geostrophic meridional velocities (Figure 6 lower left and contours), it is noticed that the position of
the anticyclonic frontal area between C17W and C17E coincides with the shelf break (1.9o W) and its strength decreases with
depth from a maximum at 25 m. The onshore area is dominated by a southward flow while in the offshore area northward flow
is predominant. As in Figure 5, the highest vertical velocities are located in the periphery of the eddies, there where the largest
vorticity gradients are located. Both magnitude (O(1-10) m/d) and location of the calculated vertical velocities are consistent
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with already reported results (Mahadevan et al., 2008; Lévy et al., 2012; Caballero et al., 2016).
3.2

Observed phytoplankton distribution

During the campaign the phytoplankton distribution the SE-BoB is heterogeneous both spatially and temporally. Rivers provide dissolved river-borne nutrients that boost primary production. At the same time, coastal chl-a is highly dependent on the
7
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seasonality of river discharge (Guillaud et al., 2008). The fluorescence and salinity data collected at surface by the continuous
225

recording system provides a synoptic distribution of the phytoplankton during the sampling period (2 - 4th of August 2017).
Figure 7 illustrates how the phytoplankton distribution is spatially dependent on the position of the river plume at 3.5 m depth.
The maximum fluorescence is observed around the salinity minimum, decreasing to the NW (and with the depth) in accordance
with the increase of salinity.
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Performing a cross-section at the same location as for the hydrographic and hydrodynamic data, provides an image of the
spatial distribution of the phytoplankton community (Figure 8). The distribution is complex, two Deep Chlorophyll Maximum
(DCM) are observed, one at the inner shelf at 30-50 m, and the second located at the shelf edge at 50-65 m, below the pycnocline. At the same time, the shallow DCM seems to be split into two cores, although its morphology is hard to asses due to the
limited spatial coverage of the sampling. However, this patchy distribution correlates at some extent with the areas of minimum
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vorticity, where the deepest DCM at the shelf break is located at anticyclonic frontal area between C17W and C17E. Regarding
the composition of the DCMs, a major fraction of the total fluorescence is resulting from the brown algae, the dominant group.
The maximum is again centred in the anticyclonic frontal area, particularly between C17W and C17E. Green algae, however,
follow a different pattern and is distributed slightly deeper, following the salinity contours at waters saltier than 35.49. The ratio
between brown algae and green algae (B:G), logarithmically normalized, provides an even clearer image of how the different
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phytoplankton communities are distributed. There is a sharp transition between the brown algae dominated area around the
anticycloninc frontal area and the green algae dominated area below the 35.55 halocline. A cross section at the 43.70 o N (See
Suplementary Material Figure A2), out of the core of the anticyclonic frontal area, revels that this pattern is not ubiquous. Here
there is not a clear dichotomy among the groups nor a deeper maximum of green algae.

245

3.3

Exploring bio-physical interactions

From satellite imagery and continuously recorded surface salinity and fluorescence data (Figure 4 and 8), we identify salinity as
the main modulating factor for phytoplankton distribution in the surface-most layer. However, the deeper we go the more factors come to interplay and the less importance salinity has modulating phytoplankton distribution. The presence of a seasonal
pycnocline determines the mixed layer depth and the occurrence of two dynamically different sections that need to be analysed
250

separately in order to constrain the different dynamical environments. Above the pycnocline the geostrophic processes have
a reduced relevancy as can be covered by non-geostrophic processes related to wind-driven currents (e.g. offshore advection
of coastal waters during upwelling-favourable winds) which show decreasing intensity with depth. Thus, below pycnocline,
we could expect geostrophic currents progressively become the main driver for particle advection. These two sections are also
different regarding the nutrient supply. Typically, waters above the mixed layer are depleted in nutrients, whereas below, the
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phytoplankton would benefit from the nutrient supply by ocean deep waters in combination with maximum light penetration
in summer(Cullen, 2015). This can also lead to different phytoplankton communities with different nutrient requirements.

8
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The different environments among the water column motivated us to divide the dataset between the two different dynamics
areas of the section “Above the pycnocline” and “Below the pycnocline”. These two sections were modelled separately through
260

the GAMs.
3.3.1

Bio-physical interaction at the surface layer

The GAMs shown in Figure 9 correspond to the section “Above the Pycnocline” where low salinity values exert a potentially
greater impact in fluorescence and in phytoplankton accumulation and growth. As the salinity increases, the fluorescenceestimated chlorophyll concentration decreases, as a result high fluorescence values are observed in the area of influence of the
265

river run-off close to the surface. Brown algae present the highest concentrations around the halocline of ∼35.1 psu, while

green algae follow a similar curve as the total fluorescence, but it flattens where brown algae are more dominant. The positive
relation at the edges of the temperature range may correspond to two different communities. One at the most surface layers
where water is warmer and phytoplankton concentration is higher. And a second that is favoured by the colder and nutrient
rich water, describing the positive effect at low temperatures. Green algae again follow a similar pattern as total fluorescence.
270

Brown algae, however, do not present so high concentrations at surface warm and saltier water. Besides, our vorticity estimates
seem to slightly impact the occurrence of phytoplankton as well, the more cyclonic is a water parcel the highest its fluorescence.
Noteworthy, for the two major phytoplankton pigmentary groups, brown and green algae, only salinity and very extreme
temperatures exerts a differential response and shapes their distribution. The core of temperature values (20 - 23o C) have very
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little effect on the distribution of phytoplankton. The B:G ratio clearly represents the distinctive response of these two pigmentary groups, the higher the salinity, the more favour (disfavoured) are the green (brown) algae. However, the relation of the
B:G ratio is non-significant. It is also worth remarking that vertical velocities were calculated as well, nonetheless, due to the
necessary boundary condition at surface for the calculation, its relations with fluorescence were not realistic and therefore not
included in Figure 9.
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3.3.2

Bio-physical interaction below the pycnocline

The GAM covering the section below the pycnocline shows rather different behaviour (Figure 10), the positive impact of salinity on phytoplankton is only limited to the lower values in the salinity range (35.4 – 35.6 psu). Although this is the case for the
total fluorescence and the brown algae, increasing values of salinity have a positive linear effect on green algae. Noteworthy,
285

the dominant group in these layers is the composed by brown algae and, therefore, its responses almost mimic the ones of
the total fluorescence. The response of phytoplankton to temperature is strong, but highly dependent on the location of the
DCM in the water column and does not represent a causative relation. Unlike above the pycnocline, here vorticity yields an
opposite response for brown and green algae; the more cyclonic is a water parcel, the more beneficial it is for green algae,
while an anticyclonic regime would favour the occurrence of brown algae. Against expectations, the vertical velocities do not
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have a clear impact and the response is rather flat. This is counter-intuitive, since positive vertical velocities -i.e. upwelling- are
9
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responsible of bringing nutrients to the euphotic zone, and negative velocities -i.e downwelling- might drive the phytoplankton
to deeper leves. Rather, it seems that the distribution and phytoplankton community composition depend on the interplay of
salinity and vorticity, as suggested by the relation of the B:G ratio where salinity and vorticity have the major effects.

295

4

Discussion

The hydrographic and hydrodynamic regime of the South-Eastern corner of BoB during the ETOILE campaign, despite being
spatio-temporally highly variable, were not exceptional and similar conditions have been already recorded. The surface salinity
front we encountered onshore has been observed and reported before by Reverdin et al. (2013) on early May 2009. They described a fresher (34-35 psu) and deeper (∼30 m) freshwater layer, which signal weaken towards August by increasing salinity
300

to ∼35 psu as a result of vertical mixing and offshore advection by Ekman transport. This surface front is observable on the

cross section shown in Figure 6. We consider the low salinity water filament boundary at 35.1 psu, in coherence with the limit
used in Puillat et al. (2006) to describe low water lenses in the area. Given this boundary value, we describe a vertical extension
of 18 m (34.98 - 35.1 psu), and a horizontal extension over 20 km. In addition to the surface front generated by the river runoff,
a second saline front was observed at subsurface (50-120 m), located over the shelf break. Here the fresher water (<35.5 psu)
305

occupy the totality of the water on the shelf, in comparison with the oceanic water at the slope (>35.6 psu). This shelf break
front seems to correspond to a persistent feature in the study area due to the differences between the waters over the French
shelf and Landes Plateau and those located over the Spanish shelf and slope (Valencia et al., 2004).
Furthermore, the dipole-type structures have also been observed before in the BoB, yet in a larger scale (Caballero et al.,
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2016; Pingree and Garcia-Soto, 2014; Solabarrieta et al., 2014; Rubio et al., 2018). While the cyclones are detected by the
HF radar before the campaign, these vanish when the circulation changes due to the change in wind regime. Their intermittent
signature in the HF radar surface fields is explained by the interaction of the geostrophic and wind induced flow. A similar situation was described using an analytical model in the Florida current by Yonggang et al. (2015), showing a surface meandering
flow as a result of the overlap between a coastal jet and a eddy dipole field. This is coherent with our observations, where, with

315

predominant NE winds the wind-driven circulation over the eddy field results in a meandering structure. Indeed, as the wind
weakens the cyclones signature is again observed in the HF radar fields .
The observed field during the ETOILE campaign could be resultant of the dominance of non-linear terms in frontal system
(Lévy et al., 2001), response from the interaction of the IPC and the abrupt bathymetry (Rubio et al., 2018). Moreover, the

320

structure A17 has the characteristics of the SWODDIES, i-.e., an uplift of the seasonal pycnocline while deeper isopycnals are
depressed and a salinity maximum in the core. Nevertheless, it is not straightforward to discern the triggering processes behind
the generation of the observed structures. The closeness to the shore and the frontal system itself might alter the eddy circu-
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lation and results in a complex eddy field to interpret. In addition, the sampling is limited both in temporal and spatial coverage.
325

The described hydrographic and dynamic conditions affect significantly the phytoplankton distribution, although the interplay between phytoplankton and physics seems to vary significantly depending on the location in the water column. The surface
layer in the SE corner of BoB is a Region of Fresh Water Influence (ROFI), mainly modulated by the presence of a riverine
freshwater source in the area that highly shapes phytoplankton distribution through river-borne nutrient supply. Ultimately,
the location of the Adour and Bidasoa river plumes is dependant of the wind conditions, which controls the non-geostrophic

330

surface circulation as shown by the LRC. Our results agree with the observed general pattern in which westerly winds push
the turbidity plume towards the coast (Figure 8 left column), while northerly winds promote an offshore expansion (Figure
8 right column) (Petus et al. (2014)). Salinity is the main modulating factor from the surface-most layer of the ROFI to the
pycnocline. The impact of the ROFI is extended via the presence of the low salinity filament. The effect of salinity on phytoplankton distribution is maintained as we go deeper in the water column, although the GAM analysis also shows a dependence
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with the vorticity. While relatively weak, the response of the brown algae to vorticity above the pycnocline is opposite to the
one observed below – i.e higher abundance at more cyclonic location. We believe this relation reflects the potential of eddies
to modify the low salinity -and nutrient rich- filament position at surface.
Given that the conditions at the DCM would be in theory optimal for phytoplankton growth, we followed an approach that

340

let us decouple the relative effect that salinity and vorticity have in modulating phytoplankton community. This is done from
a synoptic perspective, without trying to explain the triggering factor given the interdependence of salinity and vorticity. We
decreased the size of the dataset located below the pycnocline by omitting the points in which the total fluorescence value
is lower than a certain filter value. The filter value ranges from the fluorescence minimum to its maximum, and it increases
subsequently at each iteration. Thereby, we filter out points with low fluorescence values, reducing the dataset in size while

345

maintaining its 3-D complexity. At the same time, each iteration the dataset is more and more confined to DCM values. At each
selected filter value, we carried out a Pearson’s linear correlation between green and brown algae (Figure 11 - left) and the B:G
ratio (Figure 11 - right) and the affecting factors salinity and vorticity. Note that only correlation coefficients with significant
values (p-value<0.05) are present in Figure 11.

350

At very small iteration numbers most of the data is conserved, generally small and uncorrelated values add “noise” and
decrease the value of coefficient. With this approach we were able to filter out this noise and understand the factors underlying
in the DCM. Although in general, when a small or no filter has been applied the correlations are weak, this is not the case for
brown algae. The strong negative correlation points suggest that in general brown algae are highly conditioned by the salinity
range. This relation was also observed in the GAM for below the pycnocline, where the magnitude of the effect of salinity was

355

higher in brown than green algae. The relation between the B:G ratio with either of the analysed factor at small filter values is
inexistent. Once all the points below 0.7 have been filtered out, the correlations of the B:G ratio towards salinity and vorticity
increases, resulting from the differential responses of brown and green algae. While the correlations for green algae increase
11
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at similar pace, the salinity is less and less correlated with brown algae. When the value of the filter is set at 1.5, the dataset is
only representative of the DCM. Here, there is the minima in the correlation between vorticity and salinity and brown algae.
360

A negative correlation imply that the more negative the vorticity values (or the more anticyclonic) the highest the fluorescence
(or the phytoplankton abundance). In opposition, the correlation coefficient between brown algae and salinity shifts towards
more neutral values. Although this is also shown in the GAM, this approach describes how vorticity is the major modulating
factor for the brown algae under the pycnocline. At this point there is also a change in the correlation of the B:G ratio, at 1.5 the
vorticity is more strongly correlated than what salinity is. Therefore around 20% of the data (Figure 11 – right), corresponding
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to the DCM, is mainly condition by a dynamical factor such as vorticity.
Vorticity stands out as a main conditioning factor of the observed fluorescence distributions, whereas vertical velocities show
no direct effect. This could be counter-intuitive at first, frontal regions are characterized by the presence of sub-mesoscale processes that could have a key role in modulating mixing conditions and nutrient provision and thus creating a favourable environ-
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ment for phytoplankton growth. Our observations show that vertical velocities are maximum at the cyclonic eddy’s peripheries,
in agreement with several studies, which relate this vertical velocities to (sub)mesoscale physical processes (Lévy et al., 2001;
Mahadevan et al., 2008; Caballero et al., 2016). However, the highest phytoplankton concentration does not coincide with the
areas of vertical velocities. Even if upwelling does bring nutrient rich waters to the euphotic zone, the phytoplankton concentration that these waters carry could be very low. And in order to grow and multiply, algae need time during which the
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water parcel might be transported away from the upwelling area (Omta et al., 2008). This would explain the lack of correlation
between the vertical velocities and the phytoplankton occurrence is observed during ETOILE. Therefore we argue that there
must be a third process that mediates between the provisioning of nutrients by the vertical velocities and the phytoplankton
distribution. This process should also explain the relation of vorticity and fluorescence.

380

Different physical processes can provide the link between vorticity and phytoplankton occurrence in the centre of anticyclonic structures. McGillicuddy et al. (2007) attributed the existence of a DCM in the centre of the anticyclones to eddy/wind
interactions; whereby, the wind stress varies on diametrically opposite sides of the anticyclone driving a vertical nutrient flux
through Ekman Pumping. This has been more recently observed by Caballero et al. (2016), associated to a larger scale SWODDIEs in the BoB during winter. Although the anticyclone A17 at 2.25o W presents the characteristics of a SWODDIE like
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eddy, no fluorescence measurements were collected as far as this longitude. In addition, due to the strong summer pycnocline
observed in our case, it is considered that the effect of wind at depths of the DCM was negligible, and thus another process
must trigger the phytoplankton maximum.
Besides, various models have obtained similar results to the ones we observed. Using a numerical model Mahadevan et al.
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(2008) reported that although upwelling and new production are more pronounced in the periphery of the eddies (frontal areas),
phytoplankton gathers up in the centre of anticyclones, showing a clear decoupling between upwelling and the associated primary production and phytoplankton accumulation. Even if the largest vertical velocities occur at the periphery, a small radially
12
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inward component of velocity causes plankton to be transported towards the eddy centre. Our vorticity observations agree with
the proposed bio-physical interaction, the anticyclone frontal area observed between the two cyclones may provoke the advec395

tive accumulation of phytoplankton in its centre. And in addition, it could also provide a fluid dynamical niche with the right
conditions of nutrient and turbulence where brown algae can flourish and outcompete the green algae. Therefore, the largest
concentrations of plankton can build up in the eddy centre even with nutrient supply at the periphery (Mahadevan et al., 2008;
Lévy et al., 2012).

400

It is also important to remind that the formation and maintenance of the DCM is not only depend on nutrient availability
but also rely strongly on photo-acclimation of pigment content that could lead to elevated chlorophyll concentration relative
to phytoplankton biomass at depth (Cullen, 2015), which could, together with variable fluorescence to chlorophyll ratios (?),
amplify the accumulation signal recorded. All these features, including different swimming behaviour and/or buoyancy control, can lead to specific aggregations of phytoplankton in layers which, in turn, are subject to differential grazing and physical
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control (Cullen, 2015; Latasa et al., 2016). Most likely, our results encompass an interplay of different bio-physical interactions. According to Latasa et al. (2017), diatoms ocurring in canyons areas should be well adapted to thrive the pulsing and
dynamical environment and could manage to stay above their theoretical depth if just constant nutrient diffusion takes place.
During our cruise, brown algae, which often showed show indeed a maximum depth shallower than green algae, were mostly
represented by diatoms but also by dinoflagellates (Gómez, unpubl. Data). The latter can easily regulate their optimum depth
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by altering their swimming behaviour. Concerning the green algae group, Cabello et al. (2016) in a similar system, found that
chlorophytes were able to show a broad vertical distribution with a not very pronounced peak at the DCM and sometimes two
maximas separated by several meters within this layer, suggesting the presence of different segregated populations of chlorophytes in the DCM layer. Moreover, they remind that pelagophytes are known to be able to use the low-light high-nutrient
conditions typical of this layer. These studies confirm that different phytoplankton groups of different ecological needs and

415

traits are well adapted to the potential different microenvironments characterising this DCM layer of strong abiotic gradients
(Latasa et al., 2017).
It is worth remarking the main limitations encountering during this study, especially focusing in the ETOILE campaign. The
area covered by the sampling was insufficient for completely resolve some of the observed structures. Similarly, having just a

420

synoptic image of the processes and lacking temporal information (despite operational and remote sensing data) makes challenging to derive a cause-consequence relation, especially regarding the evolution of the system. Although we could quantify,
to a certain extent, different phytoplankton pigmentary groups, no further classification was carried out as no phytoplankton
counts nor pigment analysis were effective at different depths, which might have help correlating spectrally-defined groups
to real pigmentary groups and/or taxa. This is an essential issue to be considered, since Fluoroprobe factory fingerprints are

425

determined on mono-specifical cultures or target micro-algae which are not necessarily representative to our shelf and ocean
system. In addition, these fingerprints show a relatively important variability amongst species of a single spectral group and
even amongst population of the same species (?). No nutrient or light measurements where taken either, and therefore we
13
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cannot explicitly describe any inter-species competition which will help us understanding the ecological consequences of these
(sub)mesoscale processes. In any case, vorticity creates a dynamical niche that plays a major role shaping the phytoplankton
430

community. A distinct community structure was anyway detected, compared to the surrounding water, which could potentially
be extent through the trophic web and even affect top predator’s foraging behaviour (Cotté et al., 2015; Tew Kai et al., 2009).
Thus, the combined effects of (sub)mesoscale features, even though a relatively small fraction of the total area, may be disproportionately important to biological dynamics.
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Understanding the dynamical fluid niches is essential for the correct comprehension of the ecosystem. Certain algae may
find their niches not only in surface, as pointed out by D’Ovidio et al. (2010) but also at the ocean interior. Assessing group
specific bio-physical interactions are also of high relevance for developing and constraining the “Plankton Functional Types”
(PFTs) used in ocean biogeochemistry and climate prediction models (Le Quere et al., 2005). In addition, if among these algae
we include the species causing Harmful Algae Blooms, the correct evaluation and monitoring of these structures as well as their
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effects in different phytoplankton species becomes critical for the ecosystem and human health.Previous studies have report
similar hydrographic conditions in the same area, suggesting that the processes we have identify might be at least seasonally
recurrent (Fernández et al., 1993; Valencia et al., 2004). Consequently, and given the economic importance of the fisheries sector in the adjacent coastal areas of Spain and France, we address the need of a more exhaustive study in the area, highlighting
the importance of crossing plankton and dynamic data.
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5 Conclusions
In the present study we conducted a joint analysis of remote and operational together with discrete data to reconstruct the
mesoscale and submesoscale processes and the influence exerted on the phytoplankton community (followed at high spatial
resolution by multi-spectral fluorometry) in the South-Eastern Bay of Biscay. Satellite imagery provides information about the
450

surface-most layer, which is highly conditioned by the run-off of Adour and Bidasoa rivers. The location of the plume depends
on the surface currents, which are ultimately conditioned by the direction of the wind. In addition, wind can also affect the
phytoplankton distribution by the creation of low salinity lenses via coastal upwelling and their subsequent offshore transport.
From top to bottom salinity plays a major role shaping the phytoplankton community. It acts as a conditioning factor in the
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community, having contrasting effects for the different phytoplankton groups that compose it. While above the pycnocline, the
only affecting the community composition is salinity, below the pycnocline the geostrophic processes gain relevance. Vorticity
is the most correlated factor affecting not only the spatial location of the Deep Chlorophyll Maxima, since it is associated with
the anticyclonic circulation, but also affecting the spectral composition of the community. This research brings into consideration the relevance of the dynamic variables in the study of phytoplankton, decoupling the processes at surface and subsurface,
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as well as the interest of observing phytoplankton at high spatial resolution. We also address the importance of in situ data of
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these characteristics in order to construct the complete 3D picture of the distribution and composition of the phytoplankton
community. Further investigations on the fine structure of the DCM will help to better identify the ecological and functional
traits of phytoplankton groups. It is clear that the vertical alignment of phytoplankton groups preclude considering the DCM
as a homogeneous layer.
465

Appendix A: Supplementary Material
A1

Observation of eddies after ETOILE

After the change in wind regime on August 7th the eddy C17W is again visible in the HF radar. Its has moved southwards with
respect its location on July 29th . Meanwhile, C17E has vanished although it might be just masked by the surface currents since
470

a meandering is still visible in its former location at 1.7o W.
A2

Phytoplakton Observations at T3

A cross section at the 43.70 o N (See Suplementary Material Figure A2), out of the core of the anticyclonic frontal area, revels
that this pattern is not ubiquous. Here there is not a clear dichotomy among the groups nor a deeper maximum of green algae.
Rather, there is a uniform layer of brown algae.
475
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Figure 1. Circulation in the Bay of Biscay. The general circulation is characterized by a weak anticyclonic circulation in the central regions.
Costal areas are subjected to a seasonal slope current that, when interacting with the bathymetry results in the generation of eddies.
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Figure 2. At uneven transects (T-) black stars mark the CTD stations where vertical casts of temperature, salinity and in vivo multi-spectral
fluorescence were collected. At even transects, white stars mark the location of the point at which MVP data has been averaged, these are
located every 5 km. White dots represent the grid at which these measurements were interpolated and the black dashed line mark the crosssection analysed in the Results Section. The zoomed out map in the lower left corner shows the HF radar grid, where the blue dot is the
location of the oceano-metereological buoy used for the wind data and the black square is the study area.
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Figure 3. Wind direction and intensity at Bilbao’s mooring buoy represented on a Progressive Vector Diagram (PVD).
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Figure 4. Hydrographic and hydrodynamical context. SST (A), turbidity (B) and Chl-a (C) corresponding to July 29th (left column) and
August 2nd . Black lines show the LRC calculated for the previous three days, encompassing to periods; July 26-29th and July 31th to August
2nd . The black box show the study area where the sampling took place.
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Figure 5. Hydrographic and hydrodynamical context. From top to bottom: salinity, temperature, vorticity and vertical velocity fields. Each of
the variables is mapped at 14, 30 and 60 m (left to right). Black arrows correspond to the geostrophic velocities and black contours represent
the shelf break. Negative (positive) vorticity values represents anticyclonic (cyclonic) circulation.
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Figure 6. Cross section at 43.77o N (location marked by dashed lines in Figure 5 and 2), representing salinity (A), temperature (B) with
isolines (black contours), vorticity (C) and vertical velocities (D) with meridional geostrophic velocities (black contours). Negative (positive) vorticity values represents anticyclonic (cyclonic) circulation. Positive (negative) values for geostrophic velocity represent northward
(southward) current.
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Figure 7. Surface fluorescence recorded by continuous measurements at 3.5 m, white contours represent the salinity field while the black the
continental shelf.
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Figure 8. Cross section at 43.77o N of total fluorescence(A), brown algae (B), green algae (C) and the brown:green ratio logarithmically
normalized (D). White lines represent salinity contours and black solid (dashed) lines represent positive (negative) vorticity values.
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Figure 9. General Additive Model (GAM) for the section above the pycnocline. From top to bottom: Total fluorescence, brown algae, green
algae and the brown:green ratio. Shaded area represents the confidence interval of 95%. Non-significant correlations are marked by (*).
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Figure 10. General Additive Model (GAM) for the section below the pycnocline. From top to bottom: Total fluorescence, brown algae, green
algae and the brown:green ratio. Shaded area represents the confidence interval of 95%.
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Figure 11. Iterative correlations for brown and green algae (left ) and brown:green ratio as well as the percentage of remaining data (right).
Only significant correlation are plotted (p-value<0.05).
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Figure A1. LRC for the period of August 6th to 9th , the persistent C17W eddy is still visible after the change in wind regime.
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Figure A2. Cross section at 43.70o N of total fluorescence(A), brown algae (B), green algae (C) and the brown:green ratio (D). White lines
represent salinity contours and black solid (dashed) lines represent positive (negative) vorticity values.
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