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Abstract.

Phytoplankton plays a major role in the ocean, being the basis of the marine food web and controlling the biogeochemical

cycles. Numerical simulation have shown that finescale structures such as fronts are often suitable places for the generation of

vertical velocities, transporting subsurface nutrients to the euphotic zone and thus modulating phytoplankton abundance and

community structure. Since several years, observations have concentrated on nutrient fluxes along these structures. Instead,5

direct in situ estimations of the phytoplankton growth rates are much less numerous ; although difficult to obtain, they pro-

vide a precious information on the ecosystem functioning. Here, we consider the case of a front separating two water masses

characterized by several phytoplankton groups with different abundances, in the southwestern Mediterranean Sea. In order to

estimate possible differences in growing rates, we used an adaptive and Lagrangian sampling strategy to measure the phyto-

plankton diurnal cycle in these two water masses. The use of a size-structured population model was then applied to these10

data to estimate the growth and division rates for each phytoplankton groups identified by flow cytometry, showing that these

two population parameters are significantly different on the two sides of the front, and consistent with the relative abundances.

Our results introduce a general method for estimating growth rates at frontal systems, paving the way to in situ exploration of

finescale biophysical scenarios.

1 Introduction15

Phytoplankton is essential for the functioning of the oceans and for the marine ecosystems. Its capacity to perform photosynthe-

sis influences the global carbon cycle, by fixing CO2 and exporting it either into the ocean depth or to the higher trophic layers

through the biological pump (Field et al., 1998; De La Rocha and Passow, 2007). That is why it is primordial to understand the

factors that rule its abundance and diversity, particularly in the actual context of climate change (Bates et al., 2018).
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Numerical simulations and remote sensing observations have demonstrated that finescale, i.e. ocean structures characterized20

by horizontal scale of the order of 1–100 km, with a short lifetime (days–weeks) can play a key role in phytoplankton biological

processes. Indeed, the phytoplankton temporal scale is of the same order of magnitude as the one of finescale processes such as

eddies, filaments or fronts, suggesting the possibility of a close coupling between phytoplankton growth and finescale forcing.

Previous studies have established that finescale frontal structures could induce vertical velocities (Rudnick, 1996), which could

modulate the light availability (a change in depth induces a change in irradiance) and drive nutrients in the euphotic layer,25

thus impacting the abundance and the distribution of phytoplankton communities (e.g. Clayton et al., 2014; Pidcock et al.,

2016; Mahadevan, 2016; Lévy et al., 2018). However, most of these works have focus on the estimation of nutrient fluxes

and much less is known about the phytoplankton dynamic across these frontal area. This is due to the rapid evolution of

phytoplankton communities across these ephemeral finescale structures, that makes them particularly difficult to sample in situ

with classical methods of observation. That is why, new sampling strategies were required to track these finescale structures.30

Some recent cruises have used remote sensing and numerical simulations to define the sampling strategy allowing to target

and measure finescale features with physical sensors at high frequency (Shcherbina et al., 2015; Pascual et al., 2017; Petrenko

et al., 2017). Concerning the biological variables, although some progress in the understanding of phytoplankton cell cycle has

been provided thanks to incubation or sample manipulation (Worden and Binder, 2003), these conventional methods cannot

be easily conducted at a daily frequency. A solution is to perform in situ measurements at high frequency (every 20 min) and35

resolution (1–10 km), thanks to automated analytical flow cytometry, in order to resolve these biological processes at time

scales relevant to the cells responses to their environment (Thyssen et al., 2008; Fontana et al., 2018).

The PROTEVSMED-SWOT cruise was performed in the southwestern Mediterranean Sea, south of the Balearic Islands

(Dumas, 2018; Garreau et al., 2020) with the aim to study the physical and biological coupling at finescale, adopting a La-

grangian adaptive sampling strategy. This approach consists in using remote sensing products (such as sea surface salinity40

(SSS), temperature (SST), chlorophyll a concentration ([chla]) and altimetry) to determine the position of oceanic features and

guide in quasi-real time the route of the ship and the sampling strategy across these structures of interest. Thanks to this strategy

it was possible to identify a moderately energetic front separating two distinct water masses and to highlight its influence on the

distribution of the phytoplankton abundances (Tzortzis et al., 2021). As these two water masses had a signature in temperature

and salinity, Tzortzis et al. (2021) identified two types of Atlantic Water (AW) at different stage of mixing, separated by the45

front. The first AW located South of the front, characterized by absolute salinity (SA) between 37 g kg−1 and 37.5 g kg−1 is

named "younger AW" and corresponds to AW more recently entered into the Mediterranean Sea. Whereas the second AW,

referred as "older AW", is found North of the front, and is characterized by a higher SA (37.5 g kg−1 to 38 g kg−1). Contrasted

phytoplankton abundances were observed in these two water masses, with the smallest phytoplankton such as Synechococcus

dominating south of the front.50

This study constitutes an important improvement in the understanding of the role of frontal structures at finescale on phy-

toplankton distribution. Nevertheless, open questions remain concerning the mechanisms generating the observed distribution.

Is it exclusively driven by the dynamics of the ocean currents ? What is the role of biological processes ? In the present study,

we attempt to explain the particular patterns of phytoplankton abundances observed by automated flow cytometry during the
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PROTEVSMED-SWOT in the frontal structure, using the size-structured population model of Sosik et al. (2003). This model55

is based on the reconstruction of the diurnal cycle of phytoplankton: during daylight, active individual cells increase in volume

due to photosynthesis. The model follows the cells size distribution, and determines the growth and division rates, for a specific

functional group determined by flow cytometry (Sosik et al., 2003; Marrec et al., 2018). Several studies have already used this

model, but most of them applied it only to Synechococcus or Prochlorococcus (Ribalet et al., 2010; Hunter-Cevera et al., 2014;

Marrec et al., 2018). An originality of our work is the attempt to apply this model also on the various phytoplankton functional60

groups identified by flow cytometry. Our approach implies that, except for Synechococcus which refer to a taxonomic group

(cyanobacteria), other flow cytometric groups refer to different range of sizes (estimated from light scatter) and fluorescence

intensities related to their photosynthetic pigment content. An other originality of our study is that, to our knowledge, our work

is one of the first to apply the model of Sosik et al. (2003) in a context of a Lagrangian sampling strategy to follow two con-

trasted water masses separated by a front and to study the temporal evolution of their respective phytoplankton communities65

and dynamics.

2 Materials and methods

2.1 The sampling strategy

The PROTEVSMED-SWOT cruise, dedicated to the study of finescale dynamics, has been conducted in the south of the

Balearic Island between April 30th and May 18th 2018, on board of the RV Beautemps-Beaupré (Fig. 1a). This site has been70

chosen in the scope of the future altimetric satellite SWOT (Surface Water Ocean Topography) will launch in 2023. This

region has the advantage of being at the cross-over of two tracks of the satellite during the so called fast-sampling-phase

dedicated to test and calval of the satellite (https://www.swot-adac.org, last access: September 27, 2022). Furthermore, the

Mediterranean sea is a high biodiversity hot spot associated to conditions of oligotrophy and moderate energy, unlike oceanic

areas as western boundary currents or eastern boundary upwellings that are largely explored and where the intense dynamics75

or the large nutrient input can mask the finescale coupled dynamics. The PROTEVSMED-SWOT cruise followed an adaptive

and Lagrangian strategy, measuring at high resolution several physical and biological variables with in situ sensors installed

both on board (Acoustic Doppler Current Profiler (ADCP), thermosalinograph (TSG), flow cytometer installed on the seawater

supply of the TSG) and on a towed vehicle (Seasoar). Tzortzis et al. (2021) provides the detailed description of all the in

situ measurements performed during the cruise. In the present study, as we focus on the biological aspects in two contrasted80

water masses separated by a front, the following description is focused on the sampling strategy as well as the measurements

performed by the TSG and the flow cytometer.

Our sampling strategy was both adaptive and Lagrangian, meaning that the vessel route was designed ad-hoc on the basis

of daily remote sensing dataset of altimetry-derived currents and ocean color observations to follow and sample the same

water masses for some days. In particular, maps of [chla] derived from satellite data allowed to identify two water masses,85

characterized by distinct [chla] values and separated by a zonal front at about 38° 30’ N (Fig. 1b). This front has also been

detected using the in situ horizontal velocities, temperature and salinity, as described by Tzortzis et al. (2021). Once the front
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localized, repeated transects were performed across the two water masses separated by the front adapting the temporal sampling

to the biological time scales in order to reconstruct the phytoplankton 24-hours diurnal cycle for each water mass (Fig. 1c).

2.2 In situ measurements90

The sea surface temperature and salinity have been measured by a thermosalinograph (TSG) SeaBird Electronics (SBE) 45,

which is an underway sensor able to continuously pump seawater at 3 m (more details about the TSG sensor in Tzortzis

et al. (2021)). These two physical variables have been converted into conservative temperature (Θ) and absolute salinity (SA)

using the TEOS-10 standards of McDougall et al. (2012). To sample at high frequency the phytoplankton cells, an automated

CytoSense flow cytometer (CytoBuoy b.v.) was installed on board and connected to the seawater circuit of the TSG. A sheath95

fluid made of 0.1 µm filtered seawater stretched the sample in order to separate, align, center and drive the individual particles

(i.e. cells) through a laser beam (488 nm wavelength). Several optical signals were recorded when each particle crosses the

laser beam: the forward angle light scatter (FWS) and 90° side-ward angle scatter (SWS), related to the size and the structure

(granularity) of the particles. Two distinct fluorescence emissions induced by the light excitation were also recorded, a red

fluorescence (FLR) induced by chlorophyll a content and an orange fluorescence (FLO) induced by the phycoerythrin pigment100

content.

The CytoUSB software (Cytobuoy b.v.) was used to configure and control the flow cytometer and set two distinct protocols,

running sequentially every 30 min. A total of 1164 samples was analysed during the cruise. The first protocol (FLR6) was

dedicated to the analysis of the smaller phytoplankton, thanks to a FLR trigger threshold fixed at 6 mV, and a volume analysed

set up at 1.5 cm3. The second protocol (FLR25) targeted nanophytoplankton and microphytoplankton with a FLR trigger level105

fixed at 25 mV and an analyzed volume of 4 cm3. Data were stored in real time on a computer. Once recorded, they were

analyzed with the CytoClus software (Cytobuoy b.v.) which retrieves information from the 4 pulse shapes curves (FWS, SWS,

FLO, FLR) obtained for every single cell. These curves were then projected into distinct two-dimensional planes (cytograms)

by computing the curves integral. Using a combination of various cytograms (e.g., FWS vs. FLR, FLO vs. FLR) allows

to determine optimal clusters of cells sharing similar properties. These clusters have been demonstrated in the literature as110

Phytoplankton functional groups (PFGs) (Dubelaar and Jonker, 2000; Reynolds, 2006; Thyssen et al., 2008; Edwards et al.,

2015). The PFGs abundance (cells per cubic centimetre) and average variable intensities are extracted from each sample.

Finally, the information on each PFG is fetched in the appropriate protocol (e.g., nanophytoplankton in FLR25), resulting in

582 samples (1164/2). Considering the successive samples acquisition permit to monitor the PFGs dynamics over time and

space (Thyssen et al., 2008). The irradiance (wavelengths between 400 and 1000 nm) was also measured during the cruise by115

a CMP6 pyranometer (Kipp and Zonen; https://www.campbellsci.fr/cmp6, last access: September 27, 2022).

2.3 The size-structured population model

The size-structured population model described in Sosik et al. (2003) and adapted by Dugenne et al. (2014) was used to esti-

mate the phytoplankton growth and division rates of phytoplankton in situ. The cell cycle of phytoplankton alternates between

cellular growth during the interphase and division at the end of the mitosis. That is why the phytoplankton cells transit in dif-120
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ferent size classes following a circadian clock. The size-structured population model is based on this size classes distribution.

It stands on the assumptions that (i) cell growth is determined by light exposure, (ii) the probability of a cell dividing depends

on its size, (iii) all cells have the same probability to change to another size class, and (iv) a cell divides into two daughter cells,

each half the size of the mother cell.

125

To use the model, the light scatter signal recorded for each cell by the flow cytometer must be converted in a size (length)

and then in a biovolume (v), using a power law relationship between cell size and FWS (Sosik et al., 2003). The absolute

number of cells (N) and proportions of cells in the various size classes (w) were investigated during a 24 h period to follow the

transitions of cells in each size class for the m size classes defined in our study. The temporal transitions between size classes

are assumed to result from either cellular growth, supported by photosynthetic carbon assimilation, or asexual division (i.e.,130

mitosis). The number of classes m was chosen in order to cover the entire observed biovolume from vmin to vmax Eq. (1).

w =
N∑m

i=1 Ni|v=vi

(1)

with v1,2,...,i,...m denoting the size classes.

The increase in cell size occurring during the interphase is dependent of the proportion of cells that will grow between t and

t + dt, noted γ(t). This probability is expressed as an asymptotic function depending only on the light intensity necessary to135

the photosynthesis Eq. (2):

γ(t) = γmax · (1− e−E(t)/E∗
) (2)

with E the irradiance (i.e., the light intensity measured by the pyranometer), E∗ the irradiance scaling parameter, and γmax

the maximal proportion of cells growing between t and t + dt.

140

However, the decrease of cell size depends on the proportions of cells that will enter mitosis between t and t + dt. Indeed,

during mitosis, the division of one mother cell generates two daughter cells half the size their mother cell. The proportion of

cells entering mitosis is expressed as a function of both time and cell size Eq. (3).

δ(t) = δmaxf(µvσv
2)f(µtσt

2) (3)

with f the normal probability density, v the cell biovolume, δmax the maximal proportion of cells entering mitosis, µv145

the mean of the size density distribution, σv the standard deviation (SD) of the size density distribution, µt the mean of the

temporal density distribution, and σt the SD of the temporal density distribution. Note that the decrease of cell size controls

the population net growth rates Eq. (4).

µ(t) =
1
dt
· ln(1 + δ(t)) (4)
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The initial distribution of the cell size, N(0), is projected with a time step dt = 10/60 h, to construct the normalized size150

distribution, w(t), over a 24 h period Eq. (5), withˆstanding for model predictions.

N̂(t + dt) = A(t)N̂(t) and ŵ(t + dt) =
A(t)N̂(t)∑
A(t)N̂(t)

(5)

The tridiagonal transition matrix, A(t), contains:

1. the stasis probability, expressed as the proportions of cells that neither grew nor divided between t and t + dt (Sosik et al.,

2003),155

2. the growth probability (γ), expressed as the proportions of cells that grew between t and t + dt,

3. the division probability (σ), expressed as the proportions of cells that entered division between t and t + dt.

Depending on the set of optimal parameters (Table 1), the function θ Eq. (6) minimizes the Gaussian error distribution be-

tween predictions (ŵ) and observations (w). Their standard deviations are estimated by a Markov chain Monte Carlo approach160

that samples θ from their prior density distribution, obtained after running 200 optimizations on bootstrapped residuals.

θ = {γmax,E∗, δmax,µv,σv,µt,σt}= argmin(
∑

(θ)) (6)

with γmax and δmax the proportions of cells in growing phase and in mitosis, respectively, E∗ the irradiance scaling parameter,

µv and σv the mean and the SD of size density distribution, µt and σt the mean and the SD of temporal density distribution (cf

Table 1).165

∑
(θ) =

T1day∑

t=T0

m∑

i=1

(w− ŵ(θ))2 (7)

Ultimately, the equivalent of the temporal projection of proportions is conducted on the absolute diel size distribution (N)

with the optimal set of parameters to estimate population intrinsic growth rates (µsize) on a 24 h period, from which the hourly

logarithmic difference of observed abundances is subtracted to obtain the daily average population loss rates (l) Eq. (8).

µsize =
1

24 · 1
dt + 1

ln(
N̂(T1day)

NT0

) and l =

dt=1h∫
µsize(dt)− 1

dt
· ln(

N(t + dt)
N(t)

) (8)170

Since the model allows for any cell to grow, divide or be at equilibrium over the entire integration period (asynchronous

populations), the growth rates µsize superior to the median size ratio µratio = ln(vmax/vmin) (indicative of a synchronous

population) are assumed to be well represented.

6

https://doi.org/10.5194/egusphere-2022-1008
Preprint. Discussion started: 10 October 2022
c© Author(s) 2022. CC BY 4.0 License.



3 Results

3.1 Identification of the phytoplankton functional groups by flow cytometry175

Up to 9 groups of phytoplankton have been identified on the cytograms (Fig. 2), thanks to their light scatter (forward scatter

FWS, and sideward scatter SWS) and fluorescence intensities (red fluorescence FLR, and orange fluorescence FLO). These

groups have been called using the conventional names used by flow cytometrists, i.e., some groups relate to taxonomy (Syne-

chococcus, Cryptophytes) while others relate to a range of sizes (picoeukaryotes, nanoeukaryotes) as described by Sieburth

et al. (1978). Synechococcus (Syn on Fig. 2c) is a prokaryotic picophytoplankton that can be distinguished from the other180

picophytoplankton owing to its high FLO intensity, induced by phycoerythrin pigment content. Cryptophytes (Crypto on Fig.

2c) were also discriminated from the other groups as they also produce a characteristic orange fluorescence induced by phy-

coerythrin. Concerning the other phytoplankton groups, 4 eukaryotic picophytoplankton groups were put in evidence: Pico1

(on Fig. 2c) characterized by lower FLR and FLO intensities than Synechococcus, Pico2 and Pico3 (on Fig. 2d) with higher

FWS, SWS and FLR intensities than Pico1, PicoHFLR (on Fig. 2a) has a high FLR signal induced by chla. We defined 2 dis-185

tinct nanophytoplankton groups (SNano and RNano) according to their high FLR and FLO intensities. SNano exhibits higher

SWS/FWS ratio and SWS intensities than RNano (Fig. 2b and Fig. 2a). Finally, microphytoplankton (Micro) is characterized

by the highest FLR and FWS intensities (Fig. 2c).

3.2 Spatio-temporal distribution of phytoplankton abundances in the two water masses

The sampling strategy adopted during PROTEVSMED-SWOT enabled us to sample two water masses with different proper-190

ties. The map of the satellited-derived surface [chla] shows higher concentration in the Northern part of the sampling route,

corresponding to older AW, than in the the Southern part, corresponding to younger AW (Fig. 1b). Figure 3 shows the proper-

ties of the sea surface water as a function of time (from 11 May 00:00 to 13 May 12:00 UTC) along the sampling route. The

older AW is characterized by a colder temperature and higher values of salinity than the younger AW. Figure 3 also displays

the abundances of each phytoplankton group over these two water masses. Synechococcus and Pico2 are the most abundant.195

They present a clear surface distribution pattern, with high abundances in the warm and low salinity water, corresponding to the

young AW. A similar distribution is observed for Pico1, Pico3 and RNano but with lower abundances than Synechococcus and

Pico2. The abundances of SNano, PicoHFLR and Cryptophyte show less contrasts along the cruise than the previous groups,

nonetheless the highest abundances can be distinguished in the younger AW, in particular in the second and third passage (tran-

sect) across this water mass. Finally, microphytoplankton is the less abundant group, but it clearly shows a contrast between200

the two water masses, opposite to the one of the other phytoplankton groups.

3.3 Phytoplankton cellular growth and division in the two water masses

In addition to the cell abundances measured along the route of the ship, the phytoplankton diurnal cycle in the two water

masses was also reconstructed using the size-structured population model (Sosik et al., 2003) to address the phytoplankton
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dynamics. We talk about reconstruction because the ship did not spend 24 h in a row in each water mass but sailed along two205

routes, each forming a sort of racetrack passing alternately through the two water masses. This adaptive Lagrangian approach

allows sampling of the different functional groups of phytoplankton in each water mass (Fig. 1b). By eliminating the dates and

keeping the associated sampling times (Fig. 1c), the 24-hour nocturnal cycle can be reconstructed for each water body. That

relies on the hypothesis that the phytoplankton community and dynamics are the same on the two days, and that hydrology and

physics for each water mass remain alike during sampling. Figures 4, 5, 6 show the phytoplankton biovolume distribution over210

24 h for Synechococcus, RNano and SNano respectively. We have also reconstructed the 24-hour irradiance in the two water

masses represented by the red lines on Fig. 4, 5, 6. Indeed, one of the most important parameters of this model is irradiance,

since cell growth is dependent on light exposure due to photosynthesis. The reconstruction of the circadian cycle shows that

irradiance (i.e., the area under the curves on Fig. 4, 5 and 6) is almost the same in the two water masses, and the computation

of irradiance with a trapezoidal integration give intensities of 286 and 299 µE m−2 s−1 for the older AW and the younger AW,215

respectively (Fig. A1).

Furthermore, the comparison between the biovolume observed in situ and the biovolume predicted by the model is sound

and confirms that the model-predicted cell size distributions well recapitulated the diurnal cycle reflecting either growth or

cell division. From the biovolume predicted it is possible to derive a specific growth rate (µsize) and a loss rate (l) for both

populations in the two water masses. Table 2 summarizes the growth and loss rates found for the different phytoplankton groups220

in the two water masses. For Synechococcus, the older AW is populated by larger cells (mean biovolume vmean = 0.38 µm3)

than in the younger AW, (mean biovolume vmean = 0.21 µm3). Furthermore, in the older AW, the large cells of Synechococcus

have a growth rate µsize = 0.25 d−1 and a loss rate l = -0.64 d−1, whereas in younger AW the smaller cells are characterized

by a high growth rate (µsize = 0.71 d−1) and a low division rate (l = -0.21 d−1). Concerning RNano, the cell size distribution

between the older AW (Fig. 5a,c) and the younger AW (Fig 5b,d) is less contrasted than for Synechococcus (Fig. 4). Indeed,225

we cannot observe a significant difference between the biovolumes, which are equal to 61.9 µm3 and 59.3 µm3 in the older

AW and in the younger AW respectively. Furthermore, compared to Synechococcus, the RNano growth rates are generally low

(Table 2), but with a contrast between the two water masses. Indeed, the growth rate is higher in the younger AW (µsize = 0.04

d−1) than in the older AW (µsize = 0.01 d−1). However, the loss rates of RNano are high, especially in the younger AW (l

= -1.32 d−1) in comparison to the older AW (l = -0.87 d−1). The size distribution of SNano is similar to those of the other230

phytoplankton described previously. Indeed, the older AW is predominantly composed of large SNano cells (vmean = 84.8

µm3), compared to the younger AW (vmean = 60.6 µm3). Furthermore, the highest values of SNano biovolume and loss rate

are found in the older AW, as observed for RNano.

4 Discussion

4.1 The phytoplankton diurnal cycle235

Although it has been clearly demonstrated that phytoplankton plays a fundamental role in the ocean ecosystem functioning,

numerous questions remain open about their population dynamics in relation with the finescale structures.

8
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Coupling high-resolution in-situ flow cytometry measurements performed with an adaptive and Lagrangian sampling strat-

egy, with the size-structured population model developed by Sosik et al. (2003) allowed us to characterize the structure of

phytoplankton and to reconstruct the diurnal cycle during which cell growth and division alternate over a 24 h period in240

two contrasted water masses separated by a finescale front. The values of growth rates (µsize) and loss rates (l) found for

Synechococcus in our study are of the same order of magnitude as the results of Marrec et al. (2018), who also applied the

size-structured model of Sosik et al. (2003) in the northwestern Mediterranean Sea. In section 3.3, we have shown that the

largest cells of Synechococcus are dominant in the older AW. These Synechococcus cells are characterized by a larger range of

biovolume, a lower growth rate and a higher loss rate than those located in the younger AW (Table 2). This is due to the fact245

that the older AW is composed of Synechococcus cells transiting in all the cell cycle stages all day long (Fig. 4a, c). The cells

are in average larger than in the younger AW as they grow slower at the population scale (lower growth rate). Conversely, in

the younger AW the distribution of the Synechococcus biovolume is narrower, which could be explained by cells more active,

more homogeneous in terms of size (biovolume) and better synchronized, leading to a smaller spread of the cell biovolume

(Fig. 4b,d) with a dominance of Synechococcus small cells (Fig. 3). That explains why the patchiness of Synechococcus size250

distribution in the older AW (Fig. 4a, c) is more extensive than in the younger AW, where the size distribution is narrower (Fig.

4b, d). That also explains why higher abundances of Synechococcus are found in the younger AW (Fig. 3).

The patchiness of size distribution of RNano and SNano (Fig. 5 and 6) is similar to those of Synechococcus (Fig. 4), with

more extensive distribution located in the older AW, especially for SNano. As for Synechococcus, the nanophytoplankton

patchiness could explain the distribution in terms of abundances in the two water masses (Fig. 3).255

We have also modeled the diurnal cycle for the picophytoplankton groups i.e., Pico1, Pico2, Pico3, PicoHFLR, (cf Fig. 2).

However, we obtained very noisy size distributions and couldn’t obtain a valid measurement, hence these distributions are

not considered further in this study. A possible explanation is that picophytoplankton is often characterized by an important

biodiversity (Siokou-Frangou et al., 2010) with potentially different dynamics. Indeed, except for Synechococcus and Cryp-

tophytes which are taxonomic groups, the other phytoplankton groups are ataxonomic and defined only based on their size260

class estimated by the light scattering measured by the flow cytometer. These populations are gated out based on the expertise

of the flow cytometrists. Obviously, additional analysis such as metabarcoding should have been done to address the biodi-

versity and test this hypothesis, but as the samples were analysed online, no sample was brought back to the laboratory to

perform further investigation. On the contrary, a clear pattern was found for the nanophytoplankton group probably because

the nanophytoplankton is mostly dominated by diatoms in the Mediterranean Sea (Siokou-Frangou et al., 2010), especially in265

frontal systems (Claustre et al., 1994). Finally, as microphytoplankton and Cryptophytes were not abundant enough to allow a

reliable determination of their abundances and cell cycles, they were not considered in this study.

4.2 The influence of the frontal system on the phytoplankton dynamics

Oceanic finescales (typically 1-100 km) have relatively short lifetimes from days to weeks. However, due to the strong gradients

created by their energetic dynamics they critically affect both ocean physics and ecology. These gradients are associated with270

strong vertical velocities at the origin of a vertical transport connecting the ocean’s upper layer to its interior. Furthermore,
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the temporal scale associated with this dynamics (both horizontal and vertical) is in the same order of magnitude than many

important oceanic processes including biogeochemical cycles and biodiversity. This suggests the possibility of a close coupling

between the finescale forcing and the phytoplankton distribution and growth. In our previous article Tzortzis et al. (2021)

provided a description of the hydrodynamics and the hydrology in the same of the area of the present of the region South of275

the Balearic Islands corresponding to a cross-over of the next SWOT satellite (Fig. 1). In the following, we attempt to establish

the potential link between these different physical forcings and the particular distribution of phytoplankton in terms of cells

size and abundances. Figure 7 summarizes the physical forcing evidenced in this area in the previous publication during the

PROTEVSMED-SWOT cruise, superimposed with the biovolumes and the abundances of the different phytoplankton groups

sampled in situ by the automated flow cytometer.280

Physical hydrodynamics and, in particular, vertical velocities play a key role on phytoplankton dynamics as vertical velocities

modulate nutrients availability and irradiance of phytoplankton (intensity and quality vary with depth), two essential variables

for phytoplankton growth (Lévy et al., 2001; Pidcock et al., 2016; Mahadevan, 2016). The computation of the vertical motions

in the frontal area, as represented in Fig. 7 (see also Fig. A2), show that in the frontal area upwellings and downwellings occur

with different intensities. Indeed, the area north of the front, corresponding to the older AW, is characterized by a more intense285

upwelling than the younger AW south of the front. That could explain the special distribution of phytoplankton size classes

and abundances in the two water masses, observed during our cruise. Indeed, the older AW is characterized by larger cells

of Synechococcus and nanophytoplankton with low abundances, whereas the younger AW is dominated by small cells with

high abundances. Furthermore, microphytoplankton (i.e., high phytoplankton size) is more abundant in older AW than in the

younger AW. Previous studies have shown that picophytoplankton are more abundant in oligotrophic regions (Zhang et al.,290

2008; Cerino et al., 2012). Indeed, their better surface:size ratio due to their small size confers them a better capacity to inhabit

areas with very low nutrient concentration compared to larger phytoplankton (Kiørboe, 1993; Marañón, 2015, e.g.,). As far as

nutrients are concerned, Bethoux (1989) and Schroeder et al. (2010) have observed that the older AW is more enriched with

nutrients than the younger AW because during its circulation across the Mediterranean basin, the older AW receives nutrient

inputs from continent (river discharges, rain, wind). If in our study we do not have nutrient data, we can suppose that the295

nutrient distribution across the two water masses should be similar to the one measured during the previous studies of Bethoux

(1989) and Schroeder et al. (2010). In addition, the distribution of phytoplankton cells size and abundances in the two water

masses is in agreement with the study of Jacquet et al. (2010) and Mena et al. (2016) in the Alboran Sea and in the southern

part of the Balearic Island, respectively. They also found the highest abundances of the small phytoplankton (Synechococcus

and picophytoplankton) in the most oligotrophic waters, i.e., the younger AW. Some studies have attempted to highlight a link300

between hydrological condition and the phytoplankton dynamic (Qasim et al., 1972; Marañón et al., 2012, e.g.,). However,

their results showed that the influence of these hydrological parameters on the phytoplankton growth and distribution was

difficult to estimate, compared to the effects of nutrient availability and radiation exposure.
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5 Conclusion and perspectives

Phytoplankton structure and dynamics are a complex result of many interacting biological and physical phenomena. Biological305

processes can be either intrinsic, such as cell growth, or extrinsic such as cell death by viral lysis or grazing. Physical forcings

in particular at finescales are also important, because they can influence the nutrient and irradiance, both parameters being

fundamental for primary production by photosynthesis.

In this study, we have focused on a frontal structure separating two distinct water masses both in terms of hydrology and

phytoplankton abundances. The reconstruction of the diurnal cycle for several phytoplankton groups in these two water masses,310

under the influence of physical conditions met in situ provides a better understanding of the particular distribution of the

phytoplankton groups in this area. The estimates of specific growth rates for the various phytoplankton groups is a key to better

understand and quantify their respective biogeochemical and ecological contributions in oligotrophic ecosystems, where they

play a major role. Furthermore, direct integration of growth rates in biogeochemical models (Cullen et al., 1993) should be

taken into account for a better assessment of the biogeochemical contribution of phytoplankton in oligotrophic ecosystems and315

to better forecast its evolution in the context of global change.

This work paves the way for the future cruise which will provide a unique opportunity for a more detailed study of physi-

cal–biological finescale coupling. Indeed, we plan future experiments again in the South western Mediterranean in spring 2023,

after the launch of the SWOT satellite which will provide high resolution altimetry-derived current. Involving high-resolution

nutrient measurements (and also high-precision ones, considering the oligotrophy of the Mediterranean Sea), coupled with320

metabarcoding (to address the biodiversity of phytoplankton), zooplankton and virus sampling, we will improve the under-

standing of zooplankton grazing and viral lysis on the different phytoplankton groups. Furthermore, we aim to explore how

biogeochemical and ecological role of the finescales in regions of weak circulation are different from the ones more docu-

mented in highly energetic regions like boundary currents. In the Mediterranean sea, the low nutrient content is indeed the

perfect condition when addressing this question, because even weak horizontal or vertical nutrient redistributions associated325

with the finescale circulation are likely to result in a biological response (Talmy et al., 2014; Hashihama et al., 2021).

Data availability. The data are open access and available at https://www.seanoe.org/data/00512/62352/ (last access: September 27, 2022)

(Dumas, 2018).
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Figure 1. (a) Route of the RV Beautemps-Beaupré during the PROTEVSMED-SWOT cruise. The box in purple represents the area where

we performed a Lagrangian strategy. (b) Map of [chla] of the 11 May 2018 superimposed on the route of the Lagrangian sampling across

the older AW (in dark blue) and the younger AW (in light blue). (c) Dates of the transects across the older AW and the younger AW, used to

reconstruct a day of 24 h period in each water mass.
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Figure 2. Cytograms obtained with the CytoSense automated flow cytometer. Synechococcus are in dark blue (Syn), the picophytoplankton

with lowest FLO in orange (Pico1), the picophytoplankton with intermediate FWS in light blue (Pico2), the picophytoplankton with highest

FWS in purple (Pico3), the picophytoplankton with a high red fluorescence in pink (PicoHFLR), the nanophytoplankton with high SWS/FWS

ratio in yellow (SNano) and higher SWS intensities than the other nanophytoplankton (RNano) in green, the Cryptophytes in grey (Crypto)

and the microphytoplankton in red (Micro). The flow cytometry units for both fluorescence and light scatter are arbitrary (a.u). Figure

extracted from Tzortzis et al. (2021).
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AW (a, c) and the younger AW (b, d), superimposed with the irradiance (µEm−2 s−1).
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Figure 5. Observed (a, b) and predicted (c, d) hourly normalized cell size distribution, i.e., biovolume (µm3) for RNano in the older AW (a,

c) and the younger AW (b, d), superimposed with the irradiance (µEm−2 s−1).
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Figure 6. Observed (a, b) and predicted (c, d) hourly normalized cell size distribution, i.e., biovolume (µm3) for SNano in the older AW (a,

c) and the younger AW (b, d), superimposed with the irradiance (µEm−2 s−1).
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Figure 7. Distribution of phytoplankton biovolumes and abundances in the frontal area. Figure adapted from Tzortzis et al. (2021).
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Table 1. Model parameters.

Parameters Definition Interval Units

dt Time step 10
60

hours

γmax Max proportions of cells in growing phase [0,1] ∅

E∗ Irradiance scaling [0,∞[ µEm−2 s−1

δmax Max proportions of cells in mitosis [0,1] ∅

µv Mean of size density distribution [vmin,vmax] µm3

σv Standard deviation of size density distribution [10−06,∞[ µm3

µt Mean of temporal density distribution [1,24 1
dt

+1] hours

σt Standard deviation of temporal density distribution [10−06,∞[ hours
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Table 2. Means of biovolumes (vmean in µm3), growth rates (µsize, µratio in d−1) and loss rate (l in d−1) values for the phytoplankton

groups, in the older and younger AW. µsize represents the PFG intrinsic growth rates (d−1) and mean size ratio µratio = ln(vmax/vmin)

was calculated to provide an indication about the model performance and the synchronicity of populations (Dugenne et al., 2014).

Synechococcus RNano SNano

Older AW vmean = 0.38 ± 0.27 vmean = 61.9 ± 20.6 vmean = 84.8 ± 43.4

µsize = 0.25 ± 0.91 µsize = 0.01 ± 0.00 µsize = 0.04 ± 0.26

µratio = 0.59 µratio = 0.17 µratio = 0.11

l = -0.64 l = -0.87 l = -0.32

Younger AW vmean = 0.21 ± 0.13 vmean = 59.3 ± 21.2 vmean = 60.6 ± 35.3

µsize = 0.71 ± 1.40 µsize = 0.04 ± 0.28 µsize = 0.06 ± 0.06

µratio = 0.63 µratio = 0.33 µratio = 0.24

l = -0.21 l = -1.32 l = -0.82
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(a)

(b)

Figure A1. Reconstruction of irradiance during 24 h in the older AW (a) and the younger AW (b). Computation of trapezoidal integration of

irradiance, in the older AW, E1 = 286 µEm−2 s−1 and in the younger AW, E2 = 299 µEm−2 s−1.
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Figure A2. Vertical velocities at 25 m (a) and 85 m (b), calculated with the omega equation. Figure extracted from Tzortzis et al. (2021).
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