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A B S T R A C T

The vast diversity of marine phytoplankton, shaped by intricate water dynamics, remains poorly understood in
the oligotrophic ocean. In situ studies reveal fine-scale dynamics affecting phytoplankton distribution, leading
to abrupt shifts in abundance and biomass referred here as ‘‘phytoplankton community transitions’’ (PCTs).
Using a simple nutrient–phytoplankton–zooplankton (NPZ) numerical model, our study proposes a theoretical
framework to explain PCTs observed during an oceanographic cruise in the Mediterranean Sea. We consider
both a homogeneous and a variable environment, respectively corresponding to the waters on both sides of a
front and to the frontal area itself. In the model, PCTs between one community of smaller phytoplankton and
one community of bigger phytoplankton are controlled by nutrient supply, but not directly: nutrient supply
affects all compartments of the model and creates PCTs by combining bottom-up and top-down controls.
This mechanism is observed for both constant (i.e., within a water mass) and pulsed (i.e., in the front)
nutrient supply. These results are consistent with in situ observations of biomass proportion across a front. This
theoretical framework helps to better understand and plan in situ observations in oceanic regions characterized
by fine-scale dynamics and oligotrophic conditions.
1. Introduction

Understanding phytoplankton behaviour and biodiversity is crucial
due to their pivotal role in the biological sequestration of carbon and
in controlling the ecological structure of the ocean (Frederiksen et al.,
2006). Phytoplankton exhibit vast diversity in shapes, sizes, species and
ecological traits, which impacts ocean biogeochemistry and contributes
to the stability of ecosystems (Dutkiewicz et al., 2020). Oligotrophic
regions (i.e., 60% of the ocean surface (Longhurst, 1998)) represent
the planet’s largest cohesive ecosystems (Moutin et al., 2017) and are
set to expand with future warming (Polovina et al., 2008). Small phyto-
plankton, which dominate the trophic base of oligotrophic regions, are
expected to be further favoured by rising temperatures (Morán et al.,
2010). While oligotrophic regions are nutrient-poor and low-biomass
on average, fine-scale dynamics (1–100 km, days–months) can boost
primary production there by 10 to 30% (Lévy et al., 2001) and enhance
phytoplankton diversity (Lévy, 2015). As a consequence, understand-
ing phytoplankton dynamics at fine scales in oligotrophic regions is
essential in order to predict future changes in carbon sequestration and
ecosystem structure.

∗ Corresponding author.
E-mail address: laurina.oms@mio.osupytheas.fr (L. Oms).

Fine-scales fronts are created by the encounter between water
masses of distinct origins with different characteristics such as tem-
perature and salinity (McWilliams, 2021). Frontal dynamics impact
biogeochemistry in 3D by influencing transport, both by acting as
horizontal barriers and by creating vertical nutrient fluxes (Mahadevan
and Archer, 2000) that support more phytoplankton diversity and
biomass (Marra et al., 1990; Li et al., 2012; Lévy et al., 2015; Clayton
et al., 2017). The influence of fronts extends beyond themselves as
they shape the surrounding environment, marking regions of transi-
tion or separation between contrasting water patches (Acha et al.,
2015). While several studies have highlighted the importance of fine-
scale fronts in affecting biology (e.g. Hitchcock et al., 1993; Yoder
et al., 1987; Mahadevan, 2016; Lévy et al., 2018; Mangolte, 2022) the
processes at play are still relatively unknown.

One reason is that the small size of fronts, their ephemeral char-
acteristics and uncertain dynamics make them challenging to observe
in situ (Lévy et al., 2012). Only oceanographic cruises specially de-
signed for fine-scale studies can identify and track plankton patches
and their boundaries. A large part of the ocean, characterized by
https://doi.org/10.1016/j.jmarsys.2024.104021
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oligotrophic conditions and moderate energy, has been understudied.
Most fine-scale biological observations were conducted in productive
and dynamic regions, such as Western Boundary Currents (WBC) and
Eastern Boundary Upwelling Systems (EBUS). Past and recent in situ
observations in these regions emphasized the mosaic-like nature of the
ocean surface, as evidenced by variations in phytoplankton size classes
and biomass across frontal areas in the California Current Ecosys-
tem (e.g., Taylor et al., 2012; Li et al., 2012; Gangrade and Franks,
2023). In the equatorial Pacific, large aggregations of diatoms were
found within a front (Yoder et al., 1994), and in the Middle Atlantic
Bight, increased phytoplankton growth has been linked to nutrient
enrichment conditions at fronts (Marra et al., 1990). Nevertheless,
the complexity of capturing fine-scale processes requires specialized
tools and strategies to achieve sufficient measurement resolution in
hese areas. Before the SWOT (Sea Water Ocean Topography) satellite

launched in 2022, localizing fine-scale structures was challenging. Fine-
scale structures could be observed in ocean colour and SST satellite
maps, but these measurements are strongly impacted by clouds, and
altimetry was cloud-free but too coarse. SWOT dramatically increased
altimetry resolution while remaining unaffected by clouds, thus en-
abling in situ sampling to accurately target fine-scale structures of the
order of 15 to 30 km (Morrow et al., 2019). An important challenge that
his work addresses is the lack of interpretation of pre-SWOT fine-scale
bservations in oligotrophic areas.

The Mediterranean Sea displays high biodiversity (Bianchi and
orri, 2000) and moderate energy oligotrophic conditions, along with

 thermohaline circulation, which make it a miniature model of the
global ocean (Bethoux et al., 1999). This contrasts with oceanic ar-
eas like WBC or EBUS, where intense dynamics and large nutrient
inputs can hide fine-scale coupled dynamics. The Mediterranean Sea
oligotrophy is mainly due to the very low concentration of inorganic
phosphorus, which is assumed to limit primary production (Moutin and

aimbault, 2002; Siokou-Frangou et al., 2010). The phosphate limita-
tion is driven by a combination of hydrological exchanges, biological
processes, and chemical interactions (Moutin and Raimbault, 2002).
However, a significant variability in surface phosphate concentrations
exists due to physical forcing, such as diapycnal fluxes (Pulido-Villena
t al., 2021). The Mediterranean Sea is particularly interesting because,

although the phytoplankton community is dominated by picophyto-
plankton, there is a highly dynamic mosaic of populations that vary
on temporal and spatial scales, due in part to its diverse physical
structure (Siokou-Frangou et al., 2010). The OSCAHR cruise in the
igurian Sea (Doglioli, 2015) combined high-resolution measurements
f both physical and biological variables, revealing the influence of

physical dynamics on the spatial distribution of phytoplankton through
cyclonic structure (Marrec et al., 2018). The SHEBEX cruise in the
Balearic Sea showed that the Lagrangian properties of the flow have
important biological consequences from phytoplankton to high trophic
evels (Hernández-Carrasco et al., 2020). The PROTEVSMED-SWOT

cruise performed in the south-western Mediterranean Sea showed con-
trasted phytoplankton communities in two water masses on either side
of a front: picophytoplankton (resp. microphytoplankton) were more
bundant in the southern (resp. northern) side of the front (Tzortzis
t al., 2021).

These studies underscore the intimate connection between fine-
scale dynamics and abrupt phytoplankton shifts over relatively lim-
ted distances and time, termed here as ‘‘phytoplankton community

transitions’’ (PCTs). The presence of PCTs indicates phytoplankton
heterogeneity and adaptation to fine-scale dynamics, allowing high
diversity even in oligotrophic regions. According to Lévy et al. (2018),
three sets of fine-scale processes can explain observed PCTs: (i) passive
rocesses linked to horizontal transport; (ii) active processes linked to
ertical transport and (iii) reactive processes linked to biotic interac-
ions, such as zooplankton grazing. Passive processes create so-called
luid dynamical niches (d’Ovidio et al., 2010). Active processes in-
luence nutrient transport, which affects the bottom-up controls on
2 
phytoplankton (Clayton et al., 2014) and, consequently, the trophic
chain structure (Poggiale et al., 2013). Reactive processes were shown
to be another important component in the structuring of phytoplankton
communities by several modelling studies (McCauley and Briand, 1979;
Mitra et al., 2007; Adjou et al., 2012; Zheng et al., 2022).

In this work we focus on fine-scale frontal dynamics and associated
ontrasts in phytoplankton abundances and biomass by asking the
uestion: how do fine-scale dynamics explain PCTs? We explore two hy-
otheses: (i) fronts influence nutrient fluxes through physical processes
bottom-up control), involving both active and passive processes, and
ii) fronts affect biotic interactions, including zooplankton grazing (top-
own control), involving the reactive process. We build our scientific
uestioning on the in situ observed contrasted phytoplankton communi-
ies identified by Tzortzis et al. (2021). These were linked to contrasted

growth and loss rates (Tzortzis et al., 2023), but a comprehensive
explanation of the processes associated to these observations is still
lacking.

We address these hypotheses by using a simple model of phyto-
plankton dynamics. Models are powerful tools to investigate processes
where in situ observations are incomplete. Modelling studies have been
essential for investigating and understanding the connections between
fine-scale and phytoplankton dynamics (e.g. Franks, 1992; Lévy et al.,
2001, 2015; Barton et al., 2010). In addition, model results motivate the
implementation of dedicated oceanographic campaigns, play a pivotal
role in shaping their strategies, and help bridge the gap between the
feasible resolution of in situ observations and the small spatio-temporal
scales of marine ecosystem dynamics. The coupling between physics
and biology has been explored from models with very simple formu-
lations (e.g. Grover, 1990) to great complexity (e.g. Aumont et al.,
2015). NPZ (nutrient–phytoplankton–zooplankton) models are a com-
mon tool in oceanography for their ability to have simple formulations,
few parameters and various applications (Franks, 2002). Due to their
ow computational cost, 0D NPZ models can quickly test hypotheses
cross various scenarios, making them valuable for exploring different

environmental conditions. This efficiency complements observational
data by providing insights that are difficult to capture in situ. In this
tudy we used a NPZ model adapted to oligotrophic regions and applied
n two scenarios: one with constant forcing simulating homogeneous
ater masses, and another with pulsed forcing simulating the variable
nvironment of a frontal area. The NPZ model is conceived upon
ata and results from Tzortzis et al. (2021, 2023), which highlighted

significant shifts between two phytoplankton communities. We also
conducted further data analysis to enable comparison with the model
imulations. The observational data provide essential input for guiding
he model, which in turn helps elucidate the mechanisms behind the
bserved patterns.

The article is structured into three main sections. The Materials
nd Methods introduce the PROTEVSMED-SWOT cruise, in situ biomass
alculations, and the NPZ model. The Results section displays findings
rom both in situ data and model simulations, with the latter pre-
ented in two parts: constant forcing and pulsed forcing. The Discussion
ection proposes a theoretical framework for the observed PCTs.

2. Materials and methods

This study combines in situ observations with model simulations.
We utilize in situ data from an oceanographic cruise, in particular
flow cytometry measurements, previously analysed by Tzortzis et al.
(2021, 2023). Building on these studies, we developed our model and
reanalyzed the data by estimating biomass from abundances to enable
comparison with the model simulations.
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Fig. 1. Surface chlorophyll-a concentrations for 10-May-2018, overlaid by the ship’s
route. The red segment indicates the sampling from 11-May-2018 to 13-May-2018. The
inset map at the bottom of the figure displays the study region, with the red square
representing the sampling area.

2.1. In situ cruise and biomass calculation

The PROTEVSMED-SWOT campaign took place aboard the RV
Beautemps-Beaupré between 30-April-2018 and 18-May-2018, in the
southern Balearic Islands (Dumas, 2018). We crossed a frontal zone that
separates different water masses, which were indicated by contrasting
satellite chlorophyll concentrations (provided by CLS https://www.
cls.fr/, Fig. 1). Using an adaptive Lagrangian sampling strategy and
high-resolution data from a CTD sensor mounted on a towed vehicle
(SeaSoar), Tzortzis et al. (2021) identified two different water masses
separated by a front located at 38.5◦N: a colder and saltier one to
the north (hereafter ‘‘northern water mass’’) and a warmer and fresher
one to the south (hereafter ‘‘southern water mass’’) (Fig. A.10). Each
water mass was also characterized by contrasted abundances of nine
phytoplankton clusters identified by underway flow cytometry (Tzortzis
et al., 2021). Both water masses were continuously sampled along
a designated ship route, defining the region as the ‘‘hippodrome’’
between 11-May-2018 and 13-May-2018 (Fig. 1, red part) allowing
each water mass to be visited for a total of 24 h (daily cycle). It is
important to note that the front was crossed, but no high-resolution
samples were performed during the PROTEVSMED-SWOT cruise.

Phytoplankton abundances are reanalyzed here to be expressed in
terms of carbon biomass for comparison with the model. Cell car-
bon content can be estimated from cell biovolume (corresponding
to the 3D space occupied by a cell), enabling measured abundances
(cell m−3) to be converted into biomass (mmolC m−3) (Menden-Deuer
and Lessard, 2000). The biovolume (BioV [μm3∕cell]) was calculated
by converting optical measurements by flow cytometry according to
Eq. (1a) (Foladori et al., 2008; Marrec et al., 2018; Tzortzis et al.,
2023). The carbon content (𝑄𝑐 [mmolC cell−1]) was calculated accord-
ing to Eq. (1b) (Menden-Deuer and Lessard, 2000). The biomass (BioM
[mmolC m−3]) was then calculated for each sample by multiplying
phytoplankton measured abundances by their estimated average carbon
content. This method was applied to the nine phytoplankton clusters
characterized by Tzortzis et al. (2021). For the sake of simplicity, we
regrouped the nine clusters into three phytoplankton groups defined by
cell size:

1. Picophytoplankton, PICO (<2 μm)
2. Nanophytoplankton, NANO (>2 and <20 μm)
3. Microphytoplankton, MICRO (>20 μm)

BioV = FWS𝛽1 ⋅ 𝑒−𝛽0 (1a)

𝑄 = 𝛼 ⋅ BioV𝛼1 (1b)
𝑐 0

3 
BioM = abundance ⋅ �̄�𝑐 (1c)

The term ‘‘FWS’’ represents the ForWard Scatter, an optical mea-
surement obtained by flow cytometry that is a proxy of the cell size.
𝛽0 and 𝛽1 are the parameters of the log–log regression between the
FWS and the biovolume, with values of 𝛽0 = −5.8702 and 𝛽1 =
0.9228 (Tzortzis et al., 2023). The parameters 𝛼0 and 𝛼1 of the log–
log regression between biovolume and carbon content are specified as
follows: for PICO, 𝛼0 = 0.210 and 𝛼1 = 0.939; for NANO, 𝛼0 = 0.260 and
𝛼1 = 0.860; and for MICRO, 𝛼0 = 0.287 and 𝛼1 = 0.811 (Menden-Deuer
and Lessard, 2000).

2.2. Model description

The NPZ model was developed for oligotrophic waters and is ap-
plied to the Mediterranean Sea to investigate the observed shift be-
tween PICO and MICRO phytoplankton communities across the frontal
area. The schematic diagram gives a pictorial view of trophic links
between state variables and exchanges with the external environment
(Fig. 2). The main assumptions used to construct the equations are
as follows: there is only one limiting nutrient, with phosphate (𝑃 𝑂4)
being the key limiting nutrient in the Mediterranean Sea (Moutin and
Raimbault, 2002). Organic matter dynamics and recycling are fast,
meaning that the detrital compartment and storage within the plankton
are absent. Dead phytoplankton cells do not sink but are instead
recycled directly into the nutrient compartment. The uptake equation
approximates Droop’s growth model (Droop, 1983) using a Monod
function (Monod, 1942). The dynamics of phytoplankton are controlled
by two factors: nutrient-limited growth with a single nutrient (bottom-
up control) and grazing limitation by a single zooplankton group, which
has differential grazing rates on each phytoplankton group (top-down
control). The choice of a single nutrient and zooplankton group was
made to avoid the effects of nutrient co-limitation (Poggiale et al.,
2010) and to maintain simplicity.

The model equations are:
𝑑 𝑁
𝑑 𝑡 = 𝑁𝑠𝑢𝑝𝑝𝑙 𝑦 + 𝜖𝑒(1 − 𝛾)𝑍

∑

𝑔𝑖 +
∑

𝑚𝑃 ,𝑖𝑃𝑖 + 𝜖𝑛𝑚𝑛𝑍 −
∑

𝜇𝑖𝑃𝑖 (2a)
𝑑 𝑃𝑖
𝑑 𝑡 = 𝜇𝑖𝑃𝑖 − 𝑔𝑖𝑍 − 𝑚𝑃 ,𝑖𝑃𝑖 (2b)
𝑑 𝑍
𝑑 𝑡 = 𝑍 𝛾

∑

𝑔𝑖 − 𝑚𝑞𝑍
2 − 𝑚𝑛𝑍 (2c)

N stands for nutrient, 𝑃 stand for phytoplankton class i, and 𝑍 stands
for zooplankton. All state variables are masses expressed in mmolC m−3,
assuming a C:P molar ratio of 130:1 in phytoplankton in P-depleted
conditions (Pulido-Villena et al., 2021). We discretized the equations
with an Euler’s explicit numerical scheme, with a 0.1-day time step.

The growth rate of phytoplankton class i (𝜇𝑖 [d−1]) is calculated
from a Monod function:

𝜇𝑖 =
𝑁

𝑁 +𝐾𝑃 ,𝑖
𝜇𝑚𝑎𝑥,𝑖 (3)

The grazing rate of zooplankton on phytoplankton class i (𝑔𝑖 [d−1])
is calculated according to the Holling type II response :
𝑔𝑖 =

𝑃𝑖
𝑃1 + 𝑃2 +𝐾𝑍 ,𝑖

𝑔𝑚𝑎𝑥,𝑖 (4)

The detailed definitions of all parameters are provided in Table 1.
Parameter values were chosen based on the literature. The two phyto-
plankton size classes were parameterized to represent picophytoplank-
ton (𝑃1) and microphytoplankton (𝑃2). 𝑃1, as a community of small
species, is specialized in nutrient uptake in low-nutrient conditions
(𝐾𝑃 ,1 < 𝐾𝑃 ,2) while 𝑃2, as a community of larger species, is special-
ized in defence against predators (𝑔𝑚𝑎𝑥,1 > 𝑔𝑚𝑎𝑥,2). This implies that
𝑃1 should dominate the community in nutrient-poor waters and 𝑃2
should dominate the community in nutrient-rich waters (Thingstad and
Rassoulzadegan, 1999; Bohannan and Lenski, 2000).

https://www.cls.fr/
https://www.cls.fr/
https://www.cls.fr/
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Fig. 2. Model diagram. Model state variables are represented by boxes, biochemical processes by arrows and external forcing by an ellipse. All state variables are masses expressed
in mmolC m−3. Note that the colour code: magenta for 𝑁 , light green for 𝑃1, dark green for 𝑃2 and cyan for Z, is used throughout this paper.
Table 1
Model parameters with units, associated values and references.

Symbol Definition Unit Value Reference

𝜇𝑚𝑎𝑥,1 𝑃1 maximum growth rate d−1 1.9872 Baklouti et al. (2021)
𝜇𝑚𝑎𝑥,2 𝑃2 maximum growth rate d−1 2.7648 Baklouti et al. (2021)
𝑔𝑚𝑎𝑥,1 Z maximum grazing rate on 𝑃1 d−1 3.89 Auger et al. (2011)
𝑔𝑚𝑎𝑥,2 Z maximum grazing rate on 𝑃2 d−1 0.43 Auger et al. (2011)
𝐾𝑃 ,1 𝑃1 half-saturation constant mmolC m−3 1 This article
𝐾𝑃 ,1,𝑙 𝑖𝑡𝑡 Half-saturation constant of Synecho. and small phyto resp. mmolC m−3 1.82, 6.5 Timmermans et al. (2005) and Munkes et al. (2021)
𝐾𝑃 ,2 𝑃2 half-saturation constant mmolC m−3 3 This article
𝐾𝑃 ,2,𝑙 𝑖𝑡𝑡 Half-saturation constant of A. formosa and diatoms resp. mmolC m−3 2.6, 13 Grant (2014) and Munkes et al. (2021)
𝐾𝑍 ,1 Z half-saturation constant for 𝑃1 mmolC m−3 5 Auger et al. (2011)
𝐾𝑍 ,2 Z half-saturation constant for 𝑃2 mmolC m−3 20 Auger et al. (2011)
𝑚𝑃 ,1 𝑃1 mortality rate d−1 0.10 This article
𝑚𝑃 ,1,𝑙 𝑖𝑡𝑡 Mortality rate of 𝑃1 in literature d−1 0.07, 0.16 Baklouti et al. (2021) and Auger et al. (2011)
𝑚𝑃 ,2 𝑃2 mortality rate d−1 0.2 This article
𝑚𝑃 ,2,𝑙 𝑖𝑡𝑡 Mortality rate of 𝑃2 in literature d−1 0.1, 0.10 Baklouti et al. (2021) and Auger et al. (2011)
𝑚𝑛 Z natural mortality rate d−1 0.10 Auger et al. (2011)
𝑚𝑞 Z quadratic mortality rate m3(mmolC d)−1 0.061 Auger et al. (2011)
𝛾 Conversion coefficient from P to Z – 0.6 Auger et al. (2011)
𝜖𝑛 Z natural mortality recycling coefficient – 0.3 This article
𝜖𝑒 Z excretion recycling coefficient – 0.7 Baklouti et al. (2021)
𝑁supply Nutrient supply mmolC m−3 d−1 / /
e
t
f
t
s
a
v
i

a

𝑁supply is the only external forcing in this study (Eq. (2a)). A
total phosphate supply in the south-western Mediterranean Sea of
2.10−4 mmolP m−3 d−1 was estimated during the 2017 PEACETIME
cruise (Guieu and Desboeufs, 2017), corresponding to 0.03 mmolC m−3

−1 (Pulido-Villena et al., 2021). Given the limited availability of other
n situ measurements in our study region, we assumed a 𝑁supply range
rom a nutrient-poor to a nutrient-rich water mass between 0.01 and
.10 mmolC m−3 d−1, respectively.

2.3. Analysis

We conducted two analyses of the NPZ model. The first analysis
focuses on constant forcing, examining equilibrium at steady state.
 /

4 
This helps to elucidate factors influencing PCTs in each sampled water
mass on either side of the frontal area, assuming a homogeneous
nvironment with a constant nutrient supply. In the second analysis
he model is no longer in steady state and instead focuses on pulsed
orcing, examining the response of the state variables after a per-
urbation. This helps to elucidate the factors influencing PCTs in a
imulated variable environment, by considering a frontal system and
ssuming a pulsed phosphate supplies associated with ageostrophic
ertical velocities and/or turbulent mixing enhanced by frontal dynam-
cs (Mahadevan and Archer, 2000; McWilliams, 2021).

The software developed for this work, containing the NPZ model
s well as all the calculations mentioned below, is available at: https:
/github.com/OmsLaurina/toolbox_growthmodel.

https://github.com/OmsLaurina/toolbox_growthmodel
https://github.com/OmsLaurina/toolbox_growthmodel
https://github.com/OmsLaurina/toolbox_growthmodel
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2.3.1. Constant forcing
For the steady state analysis (i.e., constant forcing, with value of

𝑠𝑢𝑝𝑝𝑙 𝑦 between 0.01 and 0.1 mmolC m−3 d−1), we analysed the model
using a simpler version to understand its qualitative behaviour, specifi-
cally focusing on the role of 𝑁𝑠𝑢𝑝𝑝𝑙 𝑦. This simplified formulation was
achieved by assuming that concentrations are small relative to half-
saturation constants i.e., 𝑁 ≪ 𝐾𝑃 ,𝑖 so that 𝑁 + 𝐾𝑃 ,𝑖 ≃ 𝐾𝑃 ,𝑖, which
lets us approximate equations by removing the variable denominator
in the growth rate and grazing rate functions (Eqs. (5) and (6)).

Eq. (3) becomes:

𝜇𝑖 =
𝑁
𝐾𝑃 ,𝑖

𝜇𝑚𝑎𝑥,𝑖 (5)

Eq. (4) becomes:

𝑔𝑖 =
𝑃𝑖
𝐾𝑍 ,𝑖

𝑔𝑚𝑎𝑥,𝑖 (6)

Equilibrium state was reached, following a 2000-day simulation,
with constant forcing value of 𝑁supply (between 0.01 and 0.1 mmolC

−3 d−1). For both the simplified and full models we determined ana-
ytical steady state solutions, except in cases of coexistence of 𝑃1 and
2 , where the solutions are obtained numerically by running 2000-day
imulations (Fig. B.14).

The stability of steady state solutions was analysed for the simplified
and full models by calculating the Jacobian matrices associated with
these solutions. The dominant eigenvalue of the matrices (complex
number, termed 𝜆𝑚𝑎𝑥) indicates the stability with which perturbations
propagate around an equilibrium. If the real part of the dominant
igenvalues is negative, the equilibrium is stable, if not the equilib-
ium is unstable. The calculation of eigenvalues for different values of

supply within the range defined above, were then used to construct
ifurcation diagrams, enabling us to explore how equilibria interact and
volve with different values of 𝑁𝑠𝑢𝑝𝑝𝑙 𝑦.

We evaluated bottom-up forcing on the model outputs using sim-
ulations with varying 𝑁supply values and top-down forcing with sim-
ulations with varying grazing configurations. Grazing configurations
were: first, excluding grazing (‘‘no grazing test’’, 𝑍 = 0), second,
dentical predation (‘‘equal grazing test’’, with parameters based on 𝑃1 ,
.e. 𝑔𝑚𝑎𝑥,1 = 𝑔𝑚𝑎𝑥,2 = 3.89 d−1, 𝐾𝑍 ,1 = 𝐾𝑍 ,2 = 5 mmolC m−3, and third,
ifferential predation (default configuration, see Table 1).

Full model sensitivity to parameters under constant forcing was
ested following the method used by Messié and Chavez (2017). We

examined the effect of varying values of 𝑢𝑚𝑎𝑥,𝑖, 𝐾𝑃 ,𝑖, 𝑔𝑚𝑎𝑥,𝑖 and 𝐾𝑍 ,𝑖,
as these parameters dictate bottom-up and top-down forcing on each
phytoplankton, ultimately controlling their relative proportions. For
each parameter, three runs were performed: first, we used the default
parameter value (Table 1); second, half of the default value; and third,
wice the default value (others parameters were maintained at their

default value). The percentage of variation represents the difference
between the outcomes of the third and second runs, divided by the
result of the first (average value of the last 200 values in a 2000-day
simulation). A positive variation percentage signifies the second run’s
value is higher than the third run’s value, while a negative percentage
indicates the opposite. This analysis was conducted for the two values
of 𝑁supply defining the nutrient-poor (𝑁supply = 0.01 mmolC m−3 d−1)
and nutrient-rich (𝑁supply = 0.10 mmolC m−3 d−1) water masses for a
total of 8 (parameters) x3 (runs) x2 (𝑁supply) simulations. Figs. B.16 and
B.17 in the Appendices show the temporal evolution of state variables
t each runs.

2.3.2. Pulsed forcing
To simulate fluctuating forcing within a front, a pulsed 𝑁supply was

mplemented as:
𝑁supply(𝑡) = 𝑏 ⋅ (𝑈 (𝑡 − 𝑡1) − 𝑈 (𝑡 − 𝑡2)) +𝑁supply,0 (7) m

5 
where b is the amplitude of the pulse, 𝑡1 and 𝑡2 are respectively the
tart and end time of the pulse, and 𝑁supply,0 is the value of 𝑁supply at
= 0. U(x) is the step function (or Heaviside function) defined as:

𝑈 (𝑥) =
{

0 if 𝑥 < 0
1 if 𝑥 ≥ 0

We investigated the effect of amplitude and number of pulses on
the temporal evolution of the state variables. The analysis started with
he coexistence of both phytoplankton species in equivalent proportion,

obtained with 𝑁𝑠𝑢𝑝𝑝𝑙 𝑦, 0.

3. Results

3.1. In situ observations

Fig. 3 displays the biomass of phytoplankton groups presenting a
clear contrast across latitude 38.5◦N, which was identified as the posi-
ion of a front between two water masses of different origins (Tzortzis

et al., 2021). The biomass contrast across the front was quantified for
each phytoplankton size group by calculating the ratio 𝑓𝐵 𝑖𝑜𝑀 ,𝑗 between
the average biomass south (𝐵 𝑖𝑜𝑀𝑆 ,𝑗 [mmolC m−3]) and north (𝐵 𝑖𝑜𝑀𝑁 ,𝑗
[mmolC m−3]) of the front (Eq. (8)). If 𝑓𝐵 𝑖𝑜𝑀 ,𝑗 > 1 the biomass in
the south is greater than the biomass in the north, and vice versa if
𝐵 𝑖𝑜𝑀 ,𝑗 < 1.

𝑓𝐵 𝑖𝑜𝑀 ,𝑗 =
𝐵 𝑖𝑜𝑀𝑆 ,𝑗
𝐵 𝑖𝑜𝑀𝑁 ,𝑗

(8)

where 𝑗 = 𝑃 𝐼 𝐶 𝑂 , 𝑁 𝐴𝑁 𝑂 , 𝑀 𝐼 𝐶 𝑅𝑂.
The result indicates that the PICO group was more represented in

southern waters (𝑓𝐵 𝑖𝑜𝑀 ,𝑃 𝐼 𝐶 𝑂 > 1), while the MICRO group was more
represented in northern waters (𝑓𝐵 𝑖𝑜𝑀 ,𝑀 𝐼 𝐶 𝑅𝑂 < 1) (Fig. 3). Patterns
were inconsistent between the 2 subgroups comprising the NANO
group: NANO1 was higher south of the front (𝑓𝐵 𝑖𝑜𝑀 ,𝑁 𝐴𝑁 𝑂1 = 1.6),

hile the larger NANO2 remained similar on both sides of the font
𝑓𝐵 𝑖𝑜𝑀 ,𝑁 𝐴𝑁 𝑂2 = 1.0) (Fig. A.11). The lack of contrast for NANO across

the front justifies our choice of parameterizing the model based on
ICO and MICRO. In the following 𝑃1 was considered to represent both
ANO1 and PICO, and 𝑃2 the remaining groups (MICRO and NANO2).

3.2. Numerical simulations with constant forcing

Analytical calculations and numerical simulations were carried out
to study the stability of the model equilibria. Fig. 4 shows the bi-
furcation diagrams for both the simplified and full models. With the
simplified model (Fig. 4a.) we analytically found two equilibria, each
one corresponding to the absence of one of the two phytoplankton
roups. The first equilibrium �̄�1 (𝑃2 = 0) is stable up to a value of
supply of 0.055 mmolC m−3 d−1 (i.e. the bifurcation point), while the

econd equilibrium �̄�2 (𝑃1 = 0) is unstable up to 0.055 mmolC m−3 d−1.
his bifurcation, where two equilibrium points exchange stability as
arameters change, is called a ‘‘transcritical bifurcation’’. Using the
ull model (Fig. 4b.), we analytically identified two equilibria, each

associated with the absence of one of the two phytoplankton groups.
The first equilibrium 𝑌1 (𝑃2 = 0) is stable up to a value of 𝑁supply of
0.140 mmolC m−3 d−1 (i.e bifurcation point), while the second equi-
librium 𝑌2 (𝑃1 = 0) is never stable. Additionally, we numerically
determined one equilibrium representing the coexistence of both phy-
oplankton groups. The coexistence equilibrium is always stable, but

negative for 𝑁supply < 0.045 mmolC m−3 d−1 (irrelevant to our investiga-
ion). The positive equilibrium is achieved when 𝑁supply exceeds 0.045
molC m−3 d−1.
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Fig. 3. In situ measurements of PICO (left panel) and MICRO (right panel) biomass across the ‘hippodrome’ sampling segment during the PROTEVSMED-SWOT campaign. The
coral line represents the estimated position of the front. The value of the biomass factor 𝑓𝐵 𝑖𝑜𝑀 ,𝑗 of each group is reported at the top of each subplot. The larger dots represent the
transect analysed by Tzortzis et al. (2021) and corresponding to the sampling period 11-May-2018 02:00 to 11-May-2018 08:40.
Fig. 4. Bifurcation diagrams representing the dominant eigenvalue 𝜆𝑚𝑎𝑥 calculated for nutrient supply 𝑁supply ranging between 0.01 and 0.40 mmolC m−3 d−1. Panel a. shows the
results of the simplified model: the light green line represents the first equilibrium (�̄�1) and the dark green line represents the second equilibrium (�̄�2). Panel b. shows the results
of the full model: the light green line represents the first equilibrium (𝑌1), the dark green line represents the second equilibrium (𝑌2) and the turquoise line represents the third
equilibrium (𝑌3). The dotted red lines represent 𝜆𝑚𝑎𝑥 = 0. Equilibria are stable when curves are below this red line (𝜆𝑚𝑎𝑥 < 0), and unstable when curves are above this red line
(𝜆𝑚𝑎𝑥 > 0). Bifurcation points correspond to the intersection between the curves and the red line.
3.2.1. Bottom-up vs. top-down controls
We explored the role of bottom-up and top-down controls by cal-

culating the equilibrium values of the system after 2000 days of sim-
ulations within the 𝑁supply range from 0.01 to 0.10 mmolC m−3 d−1

(Fig. B.14), and defining the R-ratio as:

0 ≤ 𝑅 =
𝑃1

𝑃1 + 𝑃2
≤ 1 (9)

By definition R-ratio is equal to 0 if 𝑃1 = 0 and equal to 1 if 𝑃2 = 0.
Fig. 5 shows the Monod curves representing the phosphate uptake

kinetics of 𝑃1 and 𝑃2. The growth rate of 𝑃2 is higher than for 𝑃1 only
for 𝑃 𝑂4 > 0.03 mmolP m−3. This implies that PCTs would happen at
unrealistic high nutrient concentrations not only higher than repre-
sented by the model (shaded area) but also higher than measured in
situ concentrations (dashed red line) (Pulido-Villena et al., 2021).

The ‘‘no grazing test’’ demonstrates the importance of the presence
of zooplankton for observing PCTs. Without zooplankton grazing, 𝑃
1

6 
increases indefinitely, no equilibrium is reached and R-ratio is al-
ways equal to 1 (Fig. B.12). With the same grazing pressure on both
phytoplankton groups, we obtained an equilibrium, but no coexis-
tence. Indeed, 𝑃2 disappears very rapidly and R-ratio becomes equal
to 1 (Fig. B.13). These tests demonstrate that differential grazing is
necessary to reach equilibria with 𝑃2 survival (R-ratio < 1).

Fig. 6 shows the influence of 𝑁supply on system equilibria using the
R-ratio and now considering the differential grazing pressure. With
low (resp. high) values of 𝑁supply , 𝑃1 (resp. 𝑃2 ) largely dominates
and R-ratio tends to 1 (resp. 0). The transition point, i.e. the value
of 𝑁supply where R-ratio = 0.5, is reached for 𝑁supply equal to 0.050
mmolC m−3 d−1. Note that all state variables increase with 𝑁supply .

3.2.2. Sensitivity analysis
Fig. 7 illustrates the model’s sensitivity to each of the model’s

main parameters. This is represented by the relative variation of each
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Fig. 5. Theoretical Monod curves representing the growth rates of 𝑃1 and 𝑃2 as a
function of 𝑁 concentration. The shaded area in light red depicts the portion of Monod
curves that is constrained by model-predicted values of 𝑁supply ranging from 0.01 to
0.10 mmolC m−3 d−1, the resulting concentrations of 𝑁 range from 7.10−4 to 0.002
mmolP m−3. The dashed line in dark red corresponds to the average concentration
of 0.013 mmolP m−3 measured by Pulido-Villena et al. (2021) in the south-western
Mediterranean Sea.

Fig. 6. R-ratio as a function of different values of 𝑁supply . The colour bar represent the
total biomass (𝑃1 + 𝑃2). The dashed red line corresponds to the value of 𝑁supply where
the R-ratio is closest to 0.5 (i.e. when 𝑃1 and 𝑃2 are in close proportions), and the
dotted grey line correspond to the phosphate supply measured by Pulido-Villena et al.
(2021).

state variable 𝑁 , 𝑃1 and 𝑃2, as well as the derived variable R-ratio,
as a function of changes in parameter values. 𝑁supply being the only
external forcing, we separate the figure in two plots corresponding to
the extreme values of 𝑁supply used in this work. Z is not displayed in
the figure because its steady state value results from the equilibrium
between 𝑁supply and the three sink terms (fecal pellets, sinking and
quadratic mortality) that are controlled by parameters not investigated
in Fig. 7.

For low values of 𝑁supply (left panel), the relative variation of 𝑁
is positive for 𝐾𝑃 ,1 and 𝑔𝑚𝑎𝑥,1 and negative for 𝜇𝑚𝑎𝑥,1, which is the
most sensitive parameter, and 𝐾𝑍 ,1. By contrast, the relative variation
of 𝑃1 is negative for 𝑔𝑚𝑎𝑥,1 and positive for 𝐾𝑍 ,1. For high values of
𝑁supply (right panel), 𝑁 and 𝑃1 generally show a much lower sensitivity
with respect to 𝑃2 and, as a consequence, R-ratio. The relative variation
of 𝑃2 is mainly negative for 𝜇𝑚𝑎𝑥,1 and 𝐾𝑃 ,2. R-ratio is sensitive to
all parameters except 𝑔𝑚𝑎𝑥,2 and 𝐾𝑍 ,2; the others parameters generate
variations of over 1000%, i.e. 20 times more than the default value.
7 
Details of each parameter’s effect for each run are outlined in Figs. B.16
and B.17. Oscillations around the equilibrium value were observed for
𝑁 when 𝑃supply = 0.1 mmolC m−3 d−1 (Fig. B.17).

3.3. Pulsed forcing

To simulate the frontal region, where the 3D fine-scale dynamics
can generate vertical nutrient injections, we introduced one to three
𝑁supply pulses with varying intensities and we analysed state variables
and the R-ratio over a 90-day simulation. Initial conditions were set to
the model steady state outputs corresponding to 𝑃1 and 𝑃2 coexisting
in equivalent proportion (𝑃𝑠𝑢𝑝𝑝𝑙 𝑦,0 = 0.050 mmolC m−3 d−1, Fig. 6).

PCTs were observed for moderate pulsed fluxes and/or multiple
pulses (i.e., all situations except for the case of a single very weak
pulse), with 𝑃2 becoming dominant over time. For all three simulations
(from one to three pulses), 𝑁 increases after each pulse and then
sharply decreases as it is consumed by phytoplankton (Fig. 8, top
panels). At the end of the simulations, both phytoplankton groups
still coexist, but 𝑃2 is dominant. The dominance by 𝑃1, as summa-
rized by the R-ratio, depends on the pulse amplitude (Fig. 8, middle
panels). However, the timing of transitions remains similar across a
range of pulse amplitudes: 𝑃1 dominates until about 20 days, with a
peak concentration just after 𝑁supply pulses, then the system switches
from 𝑃1 to 𝑃2 from 20 to 40 days. The presence of additional pulses
shortens the transition phase, leading to stronger 𝑃2 dominance, while
𝑃1 tends to return to its initial concentration (Fig. 8, middle and top
panels). Zooplankton biomass is always maximum during the periods
of transition from 𝑃1 to 𝑃2 (Fig. 8, bottom panels). The minimum R-
ratio value and the maximum Z biomass achieved after pulses are both
enhanced with increasing pulse amplitude.

4. Discussion

The cytometry measurements conducted during the PROTEVSMED-
SWOT cruise showed contrasted phytoplankton abundances in two
distinct water masses (Tzortzis et al., 2021, and Fig. 3). Here, we
developed a NPZ model based on the observed contrasts to understand
the community dynamics and better explain the observations. We cate-
gorized the phytoplankton into two size groups: small phytoplankton
𝑃1 and large phytoplankton 𝑃2. We hypothesized that fine-scale dy-
namics, involving hydrodynamic barriers and variations in phosphate
flux pulses, generate spatial and temporal PCTs on 𝑃1 and 𝑃2. We
considered two scenarios: a homogeneous environment representing
distinct water masses on each side of the front (Section 4.1) and a
variable environment representing the narrow frontal area separating
the two water masses (Section 4.2). From the in situ data we calculated
the biomass factor (𝑓𝐵 𝑖𝑜𝑀 ) and the in situ R-ratio, which provide a
more detailed quantification of biomass change along the hippodrome
transects, allowing comparison with the model output for the ho-
mogeneous environment scenario. In the following, we successively
consider hypotheses of bottom-up and top-down controls on PCTs in
each scenario.

4.1. Driving mechanisms in homogeneous environments

Our simulations show that 𝑁supply drives PCTs (Figs. 4 and 6). A
bottom-up control via changes in nutrient fluxes thus seems like a
logical hypothesis to explain PCTs. However, Monod curves indicate
that increased 𝑁supply within a realistic range for the oligotrophic
ocean promotes 𝑃1 growth but does not allow PCTs (Fig. 5, shaded
red area). Note that the modelled 𝑁 concentrations are lower than
observed, possibly due to the absence of a detrital compartment in
the model (Edwards, 2001). Grover (1990) demonstrated in a nutrient–
phytoplankton model that homogeneous environments are always en-
tirely dominated by the species with the lowest resource requirements.
However, our model results and field observations suggest a more
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Fig. 7. Sensitivity analysis of key parameters on state variables. The left panel corresponds to the simulations with 𝑁supply equal to 0.01 mmolC m−3 d−1, and the right panel
corresponds to the simulations with 𝑁supply equal to 0.10 mmolC m−3 d−1. The colours represent the percentage of the relative variation from the default value of the state variables.
The white colour for 𝑃2 represents NaN values due to division by 0 (𝑃2 is equal to 0 for all runs at 𝑁supply equal to 0.01 mmolC m−3 d−1).

Fig. 8. Response of state variables and R-ratio to a different number of pulses and different amplitudes of 𝑁supply over 90-day simulations. The results of the simulations with
one, two and three pulses are shown in the left, middle and right columns, respectively. The upper row shows the time evolution of state variables for a pulse amplitude
𝑏 = 0.08 mmolC m−3 d−1. The middle row shows the R-ratio as a function of the time and the pulse amplitude. The bottom row is the same as the middle one but for Z. The dotted
grey lines correspond to the simulation with a pulse amplitude 𝑏 = 0.08 mmolC m−3 d−1.
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Fig. 9. Top panel: the in situ R-ratio, calculated by dividing the biomass of the PICO and NANO1 cytometry groups by the total biomass at each measured points, is plotted as a
function of the latitude. The colours represent the chlorophyll concentrations. The dotted red line represents the position of the frontal area (Tzortzis et al., 2021). Bottom panel:
the schematic illustrates the proposed mechanism explaining the observed phytoplankton distribution in the two adjacent water masses.
Fig. A.10. Temperature-Salinity diagram of data collected along the hippodrome
transects from May 11 to May 13. The colour bar represents latitude. The front, marked
in cyan, corresponds to a latitude of 38.5◦N (Tzortzis et al., 2021).

frequent occurrence of coexistence with a switch in dominance rather
than competitive exclusion. Taken together, these results indicate that
the observed PCTs on either side of the front cannot be solely attributed
to bottom-up control.

Therefore, we explored the top-down process of zooplankton graz-
ing. Top-down processes were explored by running experiments with
no grazing or equal grazing. We found that grazing was necessary
for our model to reach equilibrium, leading to stable concentrations
and the coexistence of 𝑃1 and 𝑃2. Grazing is known to play a pivotal
role in stabilizing the model and allowing coexistence, while nutrient
limitation restrain coexistence (Ward et al., 2014). When grazing rates
9 
are equal, the model only attains one equilibrium, resulting in the
complete dominance of 𝑃1 (Fig. B.13).

To reproduce the observed PCTs, differential grazing rates need to
be introduced. Different grazing forcing configurations are a key factor
in creating phytoplankton successions and structuring communities
during blooms (Prowe et al., 2012). The simplified model (including
differential grazing) shows a transcritical bifurcation for 𝑁supply equal
to 0.055 mmolC m−3 d−1 (Fig. 4a.). This latter value, identified analyt-
ically, is called the ‘‘dominance threshold’’. A similar value of 0.050
mmolC m−3 d−1 was found numerically for the full model (Figs. 4b. and
6). With the full model we also identified a threshold value of 0.045
mmolC m−3 d−1, called the ‘‘coexistence threshold’’, above which both
phytoplankton coexist in the system. These results show that differ-
ential grazing is key to obtaining PCTs, and that 𝑁supply is the main
control parameter. This means that, in a homogeneous environment,
PCTs are determined by the interplay of bottom-up and top-down
controls.

4.2. Driving mechanisms in a variable environment

To assess the effectiveness of combined bottom-up and top-down
controls in a variable environment, we simulated pulsed nutrient fluxes.
Our results show that one or multiple pulses generate temporal suc-
cessions between 𝑃1 and 𝑃2 leading to both short-term and delayed
temporal PCTs (Fig. 8). This is consistent with freshwater systems
where nutrient pulses also cause different species-dependent responses
in the phytoplankton community (Yamamoto and Hatta, 2004). The
temporal transitions between 𝑃1 and 𝑃2 are linked to the pulse char-
acteristics, such as the amplitude and the number of pulses. We can
then transpose our results to the case of fine-scale frontal areas, where
the predominance of fast-growing groups like 𝑃2 is explained by nutri-
ent enrichment (Mangolte et al., 2023). However, because the domi-
nance threshold coincides with the zooplankton peak, we attribute the
end-of-simulation dominance of 𝑃 to the ‘‘shared predator’’ concept
2
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Fig. A.11. In situ measurements of NANO1 (left panel) and NANO2 (right panel) biomass across the hippodrome during the PROTEVSMED-SWOT campaign. The coral line
represents the estimated position of the front. The value of the biomass factor 𝑓𝐵 𝑖𝑜𝑀 ,𝑗 of each group is reported at the top of each subplot. The larger dots represent the transect
shown by Tzortzis et al. (2021) and corresponding to the sampling period 11-May-2018 02:00 to 11-May-2018 08:40.

Fig. B.12. Temporal evolution of state variables and R-ratio as a function of different values of 𝑁supply for the ‘‘No grazing’’ test. The middle panel shows the evolution of the R
ratio as a function of the range of 𝑁supply values. The left and right panels show the temporal variation of state variables for a specific 𝑁supply value of 0.01 mmolC m−3 d−1 (left)
and 0.10 mmolC m−3 d−1 (right), indicated by the grey dotted line in the middle graphs.

Fig. B.13. Temporal evolution of state variables and R-ratio as a function of different values of 𝑁supply for the ‘‘Equal grazing’’ test. The middle panel shows the evolution of the
R ratio as a function of the range of 𝑁supply values. The left and right panels show the temporal variation of state variables for a specific 𝑁supply value of 0.01 mmolC m−3 d−1 (left)
and 0.10 mmolC m−3 d−1 (right), indicated by the grey dotted line in the middle graphs.
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Fig. B.14. Temporal evolution of individual state variables, with lines colour-coded based on their forcing parameter (𝑁supply), ranging from 0.01 to 0.10 mmolC m−3 d−1 in 10
increments. Simulations are initiated from the following set of values : 𝑁 = 0.5, 𝑃 = 0.6, 𝑃 = 0.1, 𝑍 = 0.6 [mmolC m−3].
1 2
Fig. B.15. Trajectories of plankton biomass in a 3D phase space for a 2000-days
simulation. The colour of each trajectory represents the parameter 𝑁supply within the
range of 50 values between 0.01 and 0.10. The black star represents the initial
conditions, so this figure shows that, depending on 𝑁supply , different equilibrium
solutions are calculated.

by Mangolte et al. (2022) where increased phytoplankton biomass,
following nutrient input, raises the common phytoplankton predator’s
biomass. During the dominance threshold time, 𝑃1 is more grazed than
𝑃 , favouring the latter and creating PCTs. Our results also showed a
2

11 
lack of competitive exclusion: both phytoplankton groups coexist for all
three sets of simulations. Previous in situ observations showed that the
front increases the biomass of several phytoplankton groups and not
just diatoms (Mangolte et al., 2023). Our study reveals that even in a
variable environment PCTs are influenced by the synergy of bottom-up
and top-down controls which also act as a function of the number of
pulses and their intensity.

4.3. A theoretical framework for fine-scale observations

Fig. 9 summarizes both in situ observations (top panel) and mod-
elling results (bottom panel). The in situ R-ratio was computed from
PROTEVSMED-SWOT cruise data by dividing the biomass of the smaller
cytometric groups (PICO and NANO1, higher in the south of the front)
by the total biomass at each sampled point. The scatter plot clearly
depicts the shift from smaller phytoplankton dominance in the south
to larger phytoplankton dominance in the north. The steepest gra-
dient is located at latitude 38.5◦N, identified as the position of the
front (Tzortzis et al., 2021). In the south, there was fresher Atlantic wa-
ter that recently entered the Mediterranean, while the north exhibited
saltier surface water from the western Mediterranean circulation. This
circulation is known to enrich the surface water in nutrients (Millot and
Taupier-Letage, 2005). Despite the absence of nutrient measurements
during the PROTEVSMED-SWOT cruise, our model, linking nutrient
supply to the transition to larger phytoplankton, generally explains the
observations well, except for the in situ total biomass which is lower
in the north, contrary to observations. We attribute this discrepancy
to limitations of the cytometry methodology, as flow cytometers are
known to provide less accurate counts of large cells (Cunningham
and Buonnacorsi, 1992; Peperzak et al., 2018). This leads to an un-
derestimation of the abundance and size of the MICRO group, which
makes a significant contribution to biomass. Satellite-derived chloro-
phyll surface concentration was higher in the north (Fig. 9, top panel),
in agreement with the model results.

Despite its simplifications, the model allows us to better understand
the mechanisms underlying the observations, as illustrated in Fig. 9
(bottom panel). In nutrient-poor waters (left side), 𝑃1 dominates due
to its higher growth rate at low nutrients concentrations. By increasing
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Fig. B.16. Sensitivity test with 𝑁supply equal to 0.01 mmolC m−3 d−1. The different colours of the curves represent the parameters tested. Solid curves represent execution with half
the default value (run 2), and dashed curves represent execution with twice the default value (run 3). The dotted red line represents the default value.
𝑁𝑠𝑢𝑝𝑝𝑙 𝑦, the model reaches a level allowing the emergence of 𝑃2 , i.e. the
coexistence threshold. Zooplankton then controls both phytoplankton
groups, with a higher grazing pressure on 𝑃1. Both phytoplankton
groups thrive more at a higher value of 𝑁𝑠𝑢𝑝𝑝𝑙 𝑦, but 𝑃1 is grazed
more, leading to the dominance of 𝑃2 beyond the dominance threshold.
This result underlines that fronts have a significant role on PCTs, as
the effect of grazing is significantly amplified by fine-scale dynam-
ics (Rivière and Pondaven, 2006). Weak environmental gradients lead
to dramatic shifts in phytoplankton communities, evident by the steep
slope near the dominance threshold in (Fig. 9), making fronts regions
of sharp phytoplankton distribution gradients (Taylor et al., 2012). Our
results confirm the structuring effect of fine-scale fronts on the plankton
community created by both pulsed nutrient supply and separated fluid
dynamical niches (Lévy et al., 2018; d’Ovidio et al., 2010).

The proposed mechanism offers valuable insights into understand-
ing PCTs, suggesting that diversity in oligotrophic regions is maintained
by the patchy nature of the ocean. In oligotrophic environments, like
the Mediterranean Sea, this patchiness allows different size classes of
phytoplankton to thrive under varying conditions despite low nutrient
availability. Even minor variations in nutrient fluxes can significantly
influence phytoplankton community structure by varying the ratio
between the different size classes. Shifting this ratio towards criti-
cal thresholds, such as dominance and coexistence thresholds, helps
maintain biomass production and promote diversity. Previous work
12 
also highlighted the importance of these minor variations of nutri-
ents. For instance, orthophosphate addition in the Cyprus Gyre (East-
ern Mediterranean) shifted the microbial community composition to-
wards larger organisms and the food web towards heterotrophic organ-
isms (Flaten et al., 2005). Thingstad (2005) observed that phosphate
limitation in the Mediterranean Sea is transmitted to higher trophic
levels through a rapid predator response following phosphate addition.
Findings of Flaten et al. (2005), Thingstad (2005) and Tzortzis et al.
(2023) and this study suggest that, in response to nutrient addition
potentially induced by fine-scale processes, the physiological state of
primary producers and the plankton community composition change,
which could lead to PCTs in oligotrophic regions. These fine-scale
contrasts resemble large-scale contrasts, as biotic interactions across
large-scale transition zones are also influenced by gradients in resource
supply (Dutkiewicz et al., 2024).

4.4. Model caveats

Our study of PCTs intentionally relies on a strongly simplified model
which overlooks key aspects of phytoplankton ecology required for re-
alistic simulations. Our model does not account for phytoplankton’s in-
trinsic dynamics such as photo-acclimation and variable stoichiometry,
which improve agreement with observations, especially in oligotrophic
conditions (Ayata, 2013). Our 0D model lacks spatial heterogeneity,
missing important gradients and localized variations in environmental
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Fig. B.17. Sensitivity test with 𝑁supply equal to 0.10 mmolC m−3 d−1. The different colours of the curves represent the parameters tested. Solid curves represent execution with half
the default value (run 2), and dashed curves represent execution with twice the default value (run 3). The dotted red line represents the default value.
factors such as light availability, nutrient concentrations, temperature,
and mixing processes, which can lead to significant differences in
phytoplankton growth rates and community composition (Mahadevan,
2005). An obvious limitation of our model is the restricted number of
state variables instead of more complex modelling with multiple plank-
ton groups and nutrient pools. Previous studies developed complex
models incorporating the effects of temperature as well as the dynamics
of the microbial loop (e.g. in the Mediterranean Sea, Auger et al.,
2011; Aumont et al., 2015; Baklouti et al., 2021). Nevertheless, simple
models are able to represent the global ecosystem features described by
a complex model (Raick et al., 2006) with the advantage of being easier
to interpret. Indeed, foundational principles are identical and qualita-
tive behaviours are similar in both simple and complex models (e.g.
Behrenfeld and Boss, 2014). Moreover, our results are consistent with
results obtained from more complex models, including the fact that the
composition of the community structure is explained by the synergy
of bottom-up and top-down controls (e.g. Sailley et al., 2013). More
recently, Mangolte et al. (2023), using an ecosystem model including
multiple functional groups and sizes of plankton and coupling it with
a circulation model, showed that the planktonic ecosystem response
to enhanced nutrient supply at fronts is more complex than the pure
bottom-up response because of ecological interactions such as shared
predation, as we found with our simplified model.

Steady-state and pulsed forcing simulations also have their specific
limitations. The advantage of the constant forcing analysis is that it
13 
allows for a clear understanding of the steady state model behaviour,
which will facilitate its integration into a more complex framework,
such as spatially- and temporally-resolved simulations. However, the
model solutions (including in steady-state) strongly depend on the
parameter values (see Fig. 7), and there are significant uncertainties
regarding these parameters due to the challenges in obtaining accurate
in situ measurements. The pulsed forcing analysis omits critical aspects
of the complex coupling between physical processes and biological
responses. For instance, the timing of phytoplankton growth is a crucial
factor that varies with seasonal cycles, phytoplankton life cycles, flow
dynamics, and nutrient availability. Simplifying these interactions with
a step function assumes a temporally regular environment, whereas in
the ocean, these processes are far less predictable and more irregular.
As a result, the model does not fully capture the nuances of how phys-
ical variability influences biological dynamics in natural conditions,
especially considering the mismatch between the scales of physical
fronts and biological processes (Franks, 1992).

5. Concluding remarks and perspectives

Within a theoretical framework, we explored the phytoplankton
community transitions (PCTs) observed during the PROTEVSMED-
SWOT cruise. The question, ‘‘How do fine-scale dynamics explain
PCTs?’’, is answered by fine-scale dynamics shaping the nutrient
seascape and creating PCTs via cascading effects of nutrient transfer
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through the plankton food chain. The phytoplankton uptake at different
nutrient supply levels, combined with the grazing forcing, generates the
coexistence and dominance thresholds. PCTs occur at the scale of water

asses, where constant 𝑁supply conditions lead to spatial PCTs, and also
t the scale of fronts, where variable 𝑁𝑠𝑢𝑝𝑝𝑙 𝑦 conditions lead to temporal
CTs. Comparison with in situ data validates the use of such a simple
odel to study PCTs in terms of qualitative behaviours. These results,
erived from simple formulations, help us to understand the much
ore complex behaviour of phytoplankton cells adapted to fine-scale
abitats. This work also informed the planning of the BioSWOT-Med

cruise (Doglioli and Gregori, 2023), where high-resolution measure-
ments of nutrient concentration and plankton diversity were taken
across a front, along with a mesocosm experiment to measure zoo-
lankton grazing. In future studies, this model will be spatialised and
nhanced with high-resolution data from the BioSWOT-Med cruise,
ow benefiting from high-resolution SWOT data. The goal will be
o study the fine-scale dynamics of plankton communities using a
agrangian framework, adapting the growth-advection method (Messié
t al., 2022) for oligotrophic areas like the Mediterranean Sea.
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Appendix A. PROTEVSMED-SWOT cruise

Fig. A.10 shows the data from the SeaSoar towed vehicle, which
nabled (Tzortzis et al., 2021) to identify two surface water masses on
ither side of a zonal front, whose position is estimated at 38.5◦ N (cyan
ots). The change in latitude clearly distinguishes the southern water
ass (warmer and less salty) from the northern water mass (colder and

altier). Below the 28.5 isopycnal, intermediate waters are observed.
14 
Appendix B. Model

B.1. Grazing experiments

We present here the results of different configurations for grazing
pressure.

B.1.1. ‘‘No grazing’’
When grazing rates are set to 0 in the complete model, no equilibria

ere identified. Fig. B.12 illustrates that in the absence of grazing,
the 𝑃1 biomass increases infinitely over time for 𝑁supply values of 0.01
and 0.10 mmolC m−3 d−1. The same figure highlights that coexistence
is unattainable without grazing, evidenced by a constant R-ratio of 1
across the entire 𝑁supply range.

B.1.2. ‘‘Equal grazing’’
When grazing rates are set equal for 𝑃1 and 𝑃2 in the complete

odel, equilibria were identified. Fig. B.13 illustrates that in the pres-
ence of equal grazing, all masses reaches equilibrium over time for

supply values of 0.01 and 0.10 mmolC m−3 d−1. However, the same
igure highlights that coexistence is unattainable with equal grazing,
s evidenced by a constant R-ratio of 1 across the entire 𝑁supply range.

B.1.3. ‘‘Differential grazing’’
When 𝑍 is differentially set for 𝑃1 and 𝑃2 in the complete model

with a preference for 𝑃1 ), equilibria were identified. Fig. B.15 illus-
rates in the phase space that in the presence of differential grazing,
he system reaches equilibrium across the entire 𝑁supply range, allowing
or coexistence between 𝑃1 and 𝑃2 . The values of these equilibria
ary based on the 𝑁supply value. Fig. B.14 shows that, for 10 values
f 𝑁supply , the equilibrium state is reached for a 2000-days simulation
ime.

B.2. Sensitivity tests

The sensitivity analysis indicates that specific parameters exert
notable effects on state variables, with a more pronounced effect ob-
erved when 𝑁supply is set to 0.10 mmolC,m−3 d−1. These results are
ssociated with the interplay between nutrient availability, 𝑃1 uptake,
nd 𝑃2 uptake.

Fig. B.16 illustrates the temporal evolution of eight parameters
across three runs, with 𝑁supply set to 0.01 mmolC,m−3 d−1. Notably,
changes in parameter values primarily impact only 𝑁 and 𝑃1 among
he state variables.

When 𝑢𝑚𝑎𝑥,1 is halved, it leads to a higher 𝑁 value compared to
its default and double values, resulting in a negative percentage of
variation. Doubling 𝐾𝑃 ,1 results in a higher 𝑁 value compared to its
default and halved values, leading to a positive percentage of variation.

Halving 𝑔𝑚𝑎𝑥,1 results in a higher 𝑃1 value and a negative percentage
f variation. Simultaneously, this leads to a lower 𝑁 value compared
o its default and halved values, resulting in a positive percentage of
ariation.

Doubling 𝐾𝑍 ,1 results in a higher 𝑃1 value and a positive percentage
f variation. Conversely, halving 𝐾𝑍 ,1 leads to a higher 𝑁 value com-
ared to its default and double values, causing a negative percentage
f variation.

Fig. B.17 depicts the temporal evolution of eight parameters across
three runs, with 𝑁supply set to 0.10 mmolC,m−3 d−1. Notably, changes in
parameter values significantly influence the state variables, particularly
𝑃2 and the R-ratio.

When 𝑢𝑚𝑎𝑥,1 is halved, it leads to a higher 𝑃2 value compared to
its default and double values. This results in a negative percentage
f variation and a positive R-ratio percentage of variation. Similarly,

halving 𝑢𝑚𝑎𝑥,2 results in a higher 𝑁 value compared to its default and
double values, causing a negative percentage of variation. Conversely,

https://www.swot-adac.org/
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the percentage of variation of 𝑃1 is negative, leading to a positive
-ratio percentage of variation.

Doubling 𝐾𝑃 ,1 leads to a higher 𝑃2 value compared to its default
and halved values, resulting in a positive percentage of variation and,
consequently, a negative R-ratio percentage of variation. Conversely,
halving 𝐾𝑃 ,2 results in a higher 𝑃2 value compared to its default
and double values, leading to a negative percentage of variation and,
onsequently, a positive R-ratio percentage of variation.

When 𝑔𝑚𝑎𝑥,1 is halved, it leads to a higher 𝑃1 value and a negative
ercentage of variation. However, a lower 𝑃2 value compared to its
efault and double values results in a positive percentage of variation

and, consequently, a negative R-ratio percentage of variation.
Doubling 𝐾𝑍 ,1 results in a higher 𝑃1 value and a positive percentage

f variation. Conversely, doubling 𝐾𝑍 ,1 leads to a lower 𝑃2 value com-
ared to its default and halved values, causing a negative percentage
f variation.

Data availability

The GitHub repository containing the data and code is available at:
https://github.com/OmsLaurina/toolbox_growthmodel.
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