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Abstract

In the ocean the vast phytoplankton diversity, shaped by intricate water dy-
namics, remains poorly understood. In situ studies reveal fine-scale dynam-
ics affecting phytoplankton distribution, leading to abrupt shifts in abun-
dances and biomasses referred here as Phytoplankton Community Transi-
tions (PCTs). Using a simple NP2Z 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 envi-
ronment, respectively corresponding to the waters on both sides of a front
and to the frontal area itself. We evidence that PCTs between one commu-
nity 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.,
in the water masses) and pulsed nutrient supply (i.e., in the front). These re-
sults are consistent with in situ observations of biomass proportion on each
side of a front. This theoretical framework helps to better understand in
situ observations in oceanic regions characterized by fine-scale dynamics and
oligotrophic conditions.

Keywords: trophic interactions, fine-scales, phytoplankton ecology, NPZ
modelling, cytometry
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1. Introduction

The ocean displays dynamic movements that transport water masses from
one region to another across various spatio-temporal scales. Marine phyto-
plankton cells are particularly affected by ocean movements because of their
limited self-propelled movement ability. Understanding phytoplankton dis-
tribution is crucial for their pivotal role in the biological sequestration of
carbon with transfer to the higher trophic network, and thus in controlling
the ecological structure of the ocean ([Frederiksen et al. [2006). The phyto-
plankton’s diversity is vast, with a wide array of shapes, sizes, and ecological
traits, among others (Dutkiewicz et al., |2020). In nutrient-poor and low-
biomass oligotrophic conditions, acknowledging fine-scale dynamics (1-100
km, days—months) can boost primary production by 10 to 30% (Lévy et al.|
2001). Oligotrophic regions span 60% of the ocean surface (Longhurst} [1998)),
representing the planet’s largest cohesive ecosystems (Moutin et al. [2017)),
and are set to expand with future warming (Polovina et al., [2008)). As a
consequence, it is essential to understand phytoplankton dynamics at fine-
scales in oligotrophic regions in order to predict future changes in carbon
sequestration and ecosystems.

Fine-scales fronts are created by the encounter between water masses of
distinct origins with different characteristics such as temperature and salin-
ity (McWilliams, 2021)). 3D frontal dynamics impact biogeochemistry by
influencing transport, both by acting as horizontal barriers and by creating
vertical fluxes (Mahadevan and Archer|, 2000)). In particular, upward currents
bring nutrients, supporting more phytoplankton diversity and biomass (Lévy
et al. [2015; Clayton et al. [2017). Several studies examined how fine-scale
fronts affect biology (Hitchcock et al., [1993; [Yoder et al., [1987; Mahadevan,
2016} |Lévy et al., 2018 [Mangolte, 2022). The influence of frontal areas ex-
tends beyond the front itself as it shapes the surrounding environment. The
ocean landscape resembles a mosaic of patches and boundaries, with fronts
defined as the delineating boundaries between contrasting water patches,
marking regions of transition or separation (Acha et al. [2015). Despite its
importance, the role of fine-scale fronts on biology is still relatively unknown
because the small size of the front, their ephemeral characteristics and un-
certain dynamics make them challenging to observe in situ (Lévy et al.,[2012).

Only oceanographic cruises specially designed for fine-scale studies allow



plankton patches and their boundaries to be identified and tracked. The OS-
CAHR cruise in the Ligurian Sea combined high-resolution measurements
of both physical and biological variables, revealing the influence of physi-
cal dynamics on the spatial distribution of phytoplankton through an eddy
structure (Marrec et al) 2018). The SHEBEX cruise in the Balearic Sea
showed that the Lagrangian properties of the flow have important biologi-
cal consequences from phytoplankton to high ecological levels (Hernandez-
Carrasco et al., [2020). The PROTEVSMED-SWOT cruise performed in
the south-western Mediterranean Sea showed constrasted abundances of the
phytoplankton communities in two water masses on either side of a front: pi-
cophytoplankton (microphytoplankton) were more abundant in the southern
(northern) side of the front (Tzortzis et al., [2021)). These shifts of phyto-
plankton size across a frontal area also exist in others region (e.g. in the
California Current Ecosystem Sea, Taylor et al., [2012)). All these studies
underscore the intimate connection between fine-scale dynamics and abrupt
phytoplankton abundance and biomass shifts over relatively limited distances
and time periods that are referred to here as ”Phytoplankton Community
Transitions (PCTs)”. According to |[Lévy et al. (2018)), three sets of fine-
scale processes can elucidate observed PCTs: i) the passive process linked to
horizontal transport; ii) the active process linked to vertical transport; and
iii) the reactive process linked to biotic interactions, such as zooplankton
grazing. The first process creates so-called fluid dynamical niches (d’Ovidio
et all 2010). The second one influences nutrient transport, which affects
the bottom-up controls on phytoplankton (Clayton et al., |2014) and, conse-
quently, the trophic chain structure (Poggiale et al [2013). The third process
was shown to be another important component in the structuring of phyto-
plankton communities by several modelling studies (McCauley and Briand,
1979; |Adjou et al., 2012; Zheng et all 2022]).

In this work we focus on fine-scale frontal dynamics and associated con-
trasts in phytoplankton abundances and biomass, exploring two hypotheses:
i) fronts influence nutrient fluxes through physical processes (bottom-up con-
trol), involving both active and passive processes, and ii) fronts affect biotic
interactions, including zooplankton grazing (top-down control), involving the
reactive process. We build our scientific questioning on the in situ observed
contrasted abundances by [Tzortzis et al.| (2021)), linked to contrasted growth
rates (Tzortzis et al., [2023). But a comprehensive explanation of the pro-
cesses associated to the observations is still lacking.



The aim of this article is to explain the processes leading to the observed
PCTs using a simple modelling framework. Several modelling studies have
explored issues of coupling between physics and biology, ranging from models
with very simple formulations (e.g. |Grover, |1990)) to models of great complex-
ity (e.g./Aumont et al.| 2015). NPZ (Nutrient, Phytoplankton, Zooplankton)
models are a common tool in oceanography for their ability to have simple
formulations, few parameters and various applications (Franks, 2002). In
this study we used a NP2Z model adapted to oligotrophic regions and ap-
plied in two scenarios: one with constant forcing simulating homogeneous
water masses, and another with pulsed forcing simulating the variable envi-
ronment of a frontal area.

The article is structured into three sections. The Materials and Methods
introduce the PROTEVSMED-SWOT cruise, in situ biomass calculations,
and the NP2Z model. The Results section displays findings from both in situ
data and model simulations, with the latter presented in two parts: constant
forcing and pulsed forcing. The Discussion section proposes a theoretical
framework for the observed PCTs.

2. Material and methods

2.1. In situ cruise and biomass calculation

During the PROTEVSMED-SWOT campaign (May 2018, south of the
Balearic Islands (Dumas| [2018)), we defined a sampling strategy to cross a
frontal zone separating different water masses. We conducted high-resolution
physical and biological measurements. We obtained surface data from a CTD
sensor mounted on a towed vehicle and a flow cytometer installed on the sur-
face water intake. Employing an adaptive Lagrangian sampling strategy,
we identified two water masses near a fine-scale frontal area with contrast-
ing abundances of nine phytoplankton clusters defined by flow cytometry
(Tzortzis et al., 2021). These two water masses were sampled along a des-
ignated ship route, with a focus on capturing the phytoplankton diel cycle.
Both water masses were continuously sampled along transects, defining the
region as the "hippodrome” between May 11 and May 13, 2018. The two
water masses are named here according to their respective location with the
front: the northern and southern water masses.



Observed contrasts was compared here with model results. To allow an
accurate comparison with the numerical model output and previous stud-
ies, phytoplankton abundances need to be expressed in terms of biomass.
Cell carbon content can be estimated from cell biovolume (corresponding to
the 3D space occupied by a cell), enabling measured abundances (cell m™?)
to be converted into biomasses (mmolC' m~3) (Menden-Deuer and Lessard,
2000). The biovolume (BioV [um?3/cell]) was calculated by converting op-
tical measurements by flow cytometry according to Eq. (Foladori et al.|
2008; Marrec et al., [2018; Tzortzis et al., 2023). The carbon content (Q.
[mmolC cell™]) was calculated according to Eq. (Menden-Deuer and
Lessard,, 2000). The biomass (BioM [mmolC m™3]) was then calculated for
each measurement 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 by cell size into three phyto-
plankton groups:

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

BioV = FWSPt . ¢~ (1a)
Q. = ap - BioV*"! (1b)
BioM = abundance - Q. (1c)

The term "FWS” represents the ForWard Scatter, an optical measure-
ment obtained by flow cytometry that is a proxy of the cell size. Sy and [
are the parameters of the log-log regression between the FWS and the bio-
volume, with values of fy = —5.8702 and f; = 0.9228 (Tzortzis et al.| [2023).
ap and oy are parameters of the log-log regression between the biovolume
and the carbon content (Table. [1]).

2.2. Model description

The NP2Z model was developed for oligotrophic waters and is applied to
the Mediterranean Sea. This simple model tests the bottom-up effect with



Table 1: Regression coefficients for the log-log relationship between biovolume and carbon
content from the Table. 4 of [ Menden-Deuer and Lessard| (2000).

Menden-Deuer and Lessard (2000) oy

PICO Protist plankton™ (line 1) 0.210 0.939
NANO  Protist plankton (line 2) 0.260 0.860
MICRO Diatoms (line 3) 0.287 0.811

a single nutrient to study species co-limitation, the top-down effect with
one zooplankton, and observes transitions with two phytoplankton. The
schematic diagram gives a pictorial view of trophic links between state vari-
ables and exchanges with the external environment (Fig. [I). The main
assumptions used to construct the equations are as follows:

1. One limiting nutrient: in the Mediterranean Sea, phosphate is the key
limiting nutrient (Moutin and Raimbault| 2002);

2. Fast organic matter dynamics and recycling: the detrital compartment
and storage within the plankton are absent, and the uptake equation
approximates Droop’s growth model (Droop, 1983) using a Monod
function (Monod, [1942)). Dead phytoplankton cells do not sink, but
are recycled directly into the phosphate compartment;

3. Two controls for the dynamics of phytoplankton: the growth limitation
induced by the nutrient (bottom-up control) and the grazing limitation
by zooplankton (top-down control).

The model equations are:

dPO

74 = Poypply + €(1 —7)Z E 9i + E mp;P; + epmpZ — E i P; (2a)
dP;
7 = Mz‘jji — giZ — mpyiPi (2b)
dz
o Z~ E gi — mqZ2 —mpZ (2¢)

PO, stands for phosphate. P2 stand for two phytoplankton groups,
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)).
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Figure 1: 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 POy, light green for
Py, dark green for P, and cyan for Z, is used throughout this paper.



The growth rate of phytoplankton class i (y; [d71]) is calculated from a
Monod function:

PO,
i: A~ T maxi 3
M= 5o, 1 vaiu , (3)

The grazing rate of zooplankton on phytoplankton class i (g; [d7!]) is
calculated according to the Holling type II response :
Pl —'—P2 _i_KZ,igmax,z

(4)

gi

The detailed definitions of all parameters are provided in Table. Pa-
rameter values were chosen based on the literature. The two phytoplankton
size classes were parameterized to represent picophytoplankton (P1) and mi-
crophytoplankton (P2), which showed the highest contrast across the frontal
region (Tzortzis et al., 2021)). P;, as a community of small species, is spe-
cialized in nutrient uptake in low-nutrient conditions (Kp; < Kp2) while P,
as a community of larger species, is specialized in defense against predators
(Gmaz.1 > Gmaz2). This implies that P, should dominate the community in
nutrient-poor waters and P; should dominate the community in nutrient-rich
waters (Thingstad and Rassoulzadegan|, [1999; [Bohannan and Lenskil 2000).

Pyupply 1s the only external forcing in this study (Eq. . A total phos-
phate supply in the south-western Mediterranean Sea of 0.0002 mmol P m =3 d =1
was estimated during the 2017 PEACETIME cruise (Guieu and Desboeuts;,
2017)), corresponding to 0.03 mmolC' m=2d~"' (Pulido-Villena et al., 2021).
Given the limited availability of other in situ measurements in our study
region, we assumed a Py,pply range from a nutrient-poor to a nutrient-rich
water mass between 0.01 and 0.10 mmolC m=3d~!, respectively.

2.3. Analysis

We conducted two analyses of the NP2Z model using numerical simula-
tions based on Euler’s explicit numerical scheme, with a 0.1-day time step.
The first analysis focuses on constant forcing, examining equilibrium with
all state variables as constants (obtained at 2000-day simulation cf. Fig.
in Appendices). This helps elucidate factors influencing PCTs in each



Table 2: Model parameters with units, associated values and references

Symbol  Definition Unit Value Reference

Hmaz,1 Py maximum growth rate dT 1.9872 Baklouti et al.|(

fimaz2 P> maximum growth rate d—! 2.7648 Baklouti et al.|(2021]

Gmaz 7 maximum grazing rate on P; d— 3.89 Auger et al.|(2 11

Imaz,2 7 maximum grazing rate on P d-! 0.43 uger et al. 1

Kpy Py half-saturation constant mmolC m= 1 This article

Kpyu Half-saturation constant of Synecho. and small phyto resp. mmolC'm -3 1.82, 6.5 |Timmcrmans et al.l,lMunkcs et al.l
Kps P, half-saturation constant mmolC m™> 3 This article

Kpauu Half-saturation constant of A. formosa and diatoms resp.  mmolC m=3 2.6, 13 N

Kz, 7 half-saturation constant for Py mmol Cm™3 5 d al.|(2011)

Kz, 7 half-saturation constant for P, mmolC m™> 20 (2011

mpy Py mortality rate d-! 0.10 is article

mpauw  Mortality rate of P in litterature d-! 0.07, 0.16 |Bak outi et al.l, |Auger et al.l
mpa P, mortality rate d-! 0.2 This article

mpayie  Mortality rate of P in litterature d- 0.1, 0.10  |Baklouti et al. ,|Allgcr et al.l
My 7 natural mortality rate d! 0.10 Auger et al.|(Z

mg 7 quadratic mortality rate m?(mmol Cd)~!  0.061 Auger et al.

¥ Conversion coefficient from P to Z - 0.6 Auger et al.

€n PO4 Z natural mortality recycling coefficient - 0.3 This article

€ PO4 7 excretion recycling coefficient - 0.7 Baklouti et al.|(2021

Poypply  Phosphate supply mmolCm=3d~t /

water mass on either side of the frontal area, assuming a homogeneous envi-
ronment with a constant phosphate supply. The second analysis focuses on
pulsed forcing, examining the state variables response after a perturbation.
This helps to elucidate factors influencing PCTs in a variable environment,
considering a front and assuming pulsed phosphate supplies.

2.3.1. Constant forcing

We analyzed the model using a simpler version to understand its qual-
itative behavior, specifically focusing on the role of Pj,pp,. This simplified
formulation was achieved by assuming that concentrations are small relative
to half-saturation constants, which lets us approximate equations by remov-
ing the variable denominator in the growth rate and grazing rate functions

(Eq. |p| and Eq. @

Eq. 3] becomes:

PO,
i — - Mmax,i D
i = o Hmar, (5)
Eq. ] becomes:
P,
i — 7, Ymax,i 6
9 = g, Imar (6)

The full model was numerically analyzed to study the evolution of the
state variable depending on different constant values of Pypp,,. The equilib-
rium state was reached, for a 2000-days simulation, by applying a constant

9



PO4 Pl

05} b
_ 0.6}
T
g 04¢ 1 05F
©}
o
£ 03f ] 04 1
g 0.10
] — 0.3F ]
202 ! N
202l ] _
I} 0.2 in
0.08 |
= ke
0.1F 1 0.1¢ B ‘E
0 500 1000 1500 2000 0 500 1000 1500 2000 0.06 ©
P, z g
4 ; ; ; ; ; ; g
B 0sl ] 0.04 7
™ %
IE 3 L | D:,
0 06l ] 0.02
£ 2
g
- 0.4f 1
Q
21} ]
©
= /ﬁ o2l
ol A ]
0 500 1000 1500 2000 0 500 1000 1500 2000
Time [d] Time [d]

Figure 2: Temporal evolution of individual state variables, with lines colour-coded based
on their forcing parameter (Psyypply ), ranging from 0.01 to 0.10 mmolC' m=3d~! in 10
increments.

value of Pyuppry within the above-mentioned range initiated from the follow-
ing set of values : PO, = 0.5, P, = 0.6, P, = 0.1, Z = 0.6 [mmolC m™3].

We plotted the model’s temporal evolution to confirm its constancy within
the Py,ppry range. Fig. [2] shows equilibrium for 10 values of Pyyppiy -

The Jacobian matrices associated with each equilibria found for the sim-
plified model and the full model were calculated. The dominant eigenvalue
of the matrices (complex number, termed \,,,,) indicates the stability with
which perturbations propagate around an equilibrium. If the real part of
the dominant eigenvalues is negative, the equilibrium is stable, if not the
equilibrium is unstable. The calculation of eigenvalues for different values of
Pyppiy within the range defined above, were then used to construct bifurca-
tion diagrams, enabling us to explore how equilibria interact and evolve with
different values of Pjypp,. We focus solely on positive equilibria, ensuring
realistic values for state variables.

10



Several tests on the full model were carried out to justify the choice of
differential grazing on P, and P: A “No grazing” test, i.e. Z = 0 and
an “Equal grazing” test, i.6. Gmar1 = Gmazz = 3-89[d7'], Kz1 = Kzo =
5 [mmolC m™3]. Then, the “Differential grazing” test was implemented with
the parameters shown in Table. [2] for the simple and full models.

Full model sensitivity to parameters under constant forcing was tested
following the method used by Messié and Chavez| (2017). We examined the
effect of varying values of Upaz.i, Kpi; Gmari and Kz;, as these parameters
dictate bottom-up and top-down forcing on each phytoplankton, ultimately
controling their relative proportions. For each parameter, three runs were
performed using i) the default parameter value (Table. [2), ii) half of the
default value and iii) twice the default value, while maintaining the others
parameters 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 simula-
tion). A positive variation percentage signifies the second run’s value is higher
than the third run’s value, while a negative percentage indicates the oppo-
site. This analysis was conducted for the two values of Pyppiy defining the
nutrient-poor (Pisypply = 0.01 mmolC'm™d~') and nutrient-rich (Paypply =
0.10 mmolC' m=3d~1) water masses for a total of 8 (parameters) x3 (runs)
x2 (Papply ) simulations. Figures|D.13 and [D.14]in the Appendices show the
temporal evolution of state variables at each runs.

2.3.2. Pulsed forcing
To simulate fluctuating forcing within a front, a pulsed Pyypply was imple-
mented as:

Poppty(t) =b- (Ut —t1) — U(t — t2)) + Poupplyo (7)
where:
e b is the amplitude of the pulse
e t, is the start time of the pulse
e t, is the end time of the pulse

o Pupplyo is the value of Pyyppiy at t =0

11



e U(x) is the step function (or Heaviside function) defined as:

if
Ulz) = 0 ?x<0
1 ifxa>0

This analysis aims to assess the repercussions of a phosphate pulse on
PCTs in comparison to the constant forcing analysis. We investigate the ef-
fect of amplitude and number of pulses on the temporal evolution of the state
variables. The analysis started with the coexistence of both phytoplankton
species in equivalent proportion, obtained with Psupply, 0.

The software developed for this work, containing the NP2Z model as well
as all the calculations described above, is available on a GitHub repository:
https://github.com/OmsLaurina/toolbox_growthmodel.

3. Results

3.1. In situ observations

Fig. [3|displays the biomass of the three phytoplankton size groups at each
sampling point. Contrasted biomasses are observed across latitude 38.5°N,
which was identified as the position of a front between two water masses of
different origins (Tzortzis et al., 2021).

For each three phytoplankton size group we calculated the ratio between
the average biomass in the south (BioMg; [mmolC'm~?]) and the north
(BioMy ; [mmolC m™3]) with respect the front position to determine the ob-
served increase/decrease biomass factor (fgion; [/]) (Eq. . If fpion; > 1
this means that the biomass in the south is greater than the biomass in the
north, and vice versa if fpion; < 1.

Biols,
JBionts BioMy, (8)

Where j = PICO,NANO, MICRO.
The PICO group was more represented in southern waters ( fgionprco > 1),

while the MICRO group was more represented in northern waters ( fpionrmrrcro < 1).
However, the NANO group was almost as well represented in the south as in

12
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Figure 3: In situ measurements of PICO (left panel), NANO (middle panel), and MI-
CRO (right panel) biomasses across the hippodrome during the PROTEVSMED-SWOT
campaign. The coral line represents the estimated position of the front. The value of the
biomass factor fgionr,; 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 sam-
pling period 11-May-2023 02:00 to 11-May-2023 08:40.

the north (fpionm,nvano close to 1). The NANO biomass comprises two groups:
NANO1, more abundant in the southern frontal zone (fgionr vano1 = 1.62),
and the larger NANO2, which does not show a particular distribution ( fgion vavo2 =

1.01).

3.2. Numerical simulations with constant forcing

Analytical calculations and numerical simulations were carried out to
study the stability of the model equilibria. Fig. shows the bifurcation
diagrams for both the simplified and full models.

With the simplified model (panel a.) we analytically found two equilib-
ria, each one corresponding to the absence of one of the two phytoplankton
groups. The first equilibrium X; (P, = 0) is stable up to a value of Pyuppiy of
0.055 (i.e. the bifurcation point), while the second equilibrium X, (P, = 0)
is the opposite. Using the full model (panel b.), we analytically identified
two equilibria, each associated with the absence of one of the two phyto-
plankton groups. The first equilibrium Y; (P, = 0) is stable up to a value

13
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Figure 4: Bifurcation diagrams representing the dominant eigenvalue \,,q, calculated for
phosphate supply Piupply ranging between 0.01 and 0.40 mmolC m~3d~!. Panel a. shows
the results of the simplified model: the light green line represents the first equilibrium
(X1) and the dark green line represents the second equilibrium (X,). Panel b. shows
the results of the full model: the light green line represents the first equilibrium (Y7), the
dark green line represents the second equilibrium (Y3) and the turquoise line represents
the third equilibrium (Yg). The dotted red lines represent Ap,q. = 0. Equilibria are stable
when curves are below this red line (A0 < 0), and unstable when curves are above this
red line (Apq. > 0). Bifurcation points correspond to the intersection between the curves
and the red line.

of Paypply of 0.140 mmolC'm~d~! (i.e bifurcation point), while the second
equilibrium Y5 (P, = 0) is never stable. Additionally, we numerically de-
termined one equilibrium representing the coexistence of both phytoplank-
ton groups. The coexistence equilibrium is always stable, but negative for
Pappty < 0.045 mmolC m=3d~" (irrelevant to our investigation). The positive
equilibrium is achieved when Piypply exceeds 0.045 mmolC' m=3d~!, with the
initial set of state variable values (section [2.3.1).

3.2.1. Bottom-up vs top-down controls

We explored the role of bottom-up and top-down controls by calculating
the equilibrium values of the system after 2000 days of simulations within
the Puypply range from 0.01 to 0.10 mmolC m™3d~!, and defining the R-ratio
as:

OSRZLS
P+ PR

By definition R-ratio is equal to 0 if P, = 0 and equal to 1 if P, = 0.

1 (9)
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Figure 5: Theoretical Monod curves representing the growth rates of P, and P, as a
function of PO, concentration. The shaded area in light red depicts the portion of Monod
curves that is constrained by model-predicted values of Py,pply ranging from 0.01 to 0.10
mmolC m~3d~!. The concentrations of PO, range from 7.10~* 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.l [2021)) in the south-western Mediterranean Sea.

Fig. |5/ shows the Monod curves representing the nutrient uptake kinetics
of P, and P,. The growth rate of P is higher than for P, when the PO, con-
centration is above 0.03 mmol P m~3. This implies that PCTs would happen
at PO, concentrations much higher not only than the modeled ones (shaded
area) but also than ones observed by |Pulido-Villena et al.| (2021) (dashed red
line).

We assessed the influence of top-down forcing performing simulations
without grazing (“no grazing test”) and without differential predation (“equal
grazing test”) (Fig. The “no grazing test” demonstrates the impor-
tance of the presence of zooplankton for observing PCTs: without zoo-
plankton grazing, P, increases indefinitely, no equilibrium is reached and
R-ratio is always equal to 1. With the same grazing pressure on both phy-
toplankton groups, we obtained an equilibrium, but no coexistence. Indeed,
P, disappears very rapidly and R-ratio becomes equal to 1. These tests
demonstrate that differential grazing is necessary to reach equilibria with P
survival (R-ratio < 1).
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Fig. @ shows the influence of Py,ppy on system equilibria using the R-
ratio and now considering the differential grazing pressure. With low (high)
values of Psypply » P1 (P ) largely dominates and R-ratio tends to 1 (0). The
transition point, i.e. the value of Pyy,p1y where R-ratio becomes inferior to
0.5, is reached for Pyyppry equal to 0.050 mmolC' m=3d~". Note that both PO,
and Z increase with Paypply -

3.2.2. Sensitivity analysis

Fig. [ summarizes the results of the sensitivity analysis of the state vari-
ables POy, P; and P,, together with the derived variable R-ratio, to the main
model parameters. Py,pply being the main driving parameter, we separate the
figure in two plots corresponding to the extreme values of Pyyppiy used in this
work. Note that at steady state Z is independent of parameters and only
function of Pyypply due to the equilibrium between Py,ppiy and the three sink
terms, fecal pellets, sinking and quadratic mortality, hence Z is not shown in

Fig. [7]
For low values of Pysyppiy (left panel), the percentage variation of POy is

positive for Kp; and ¢pqz,1 and negative for fiymq, 1, which is the most sensible
parameter, and Kz;. Instead, the percentage variation of P; is negative for
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represent the absolute percentage variation from the default value of the state variables.
The white colour for P, represents NaN values due to division by 0 (P2 is equal to 0 for
all runs at Payppry equal to 0.01 mmolCm=3d™1).

Gmaz,1 and positive for K ;. For high values of Piyppiy (left panel), POy
and P, generally show a much lower sensitivity with respect to P, and, as
a consequence, R-ratio. The percentage variation of P is mainly negative
for fmaes1 and Kpy. R-ratio is sensitive to all parameters except gqq,2 and
K z5; the others parameters generate variations of over 1000%, i.e. 20 times
more than the default value. Details of each parameter’s effect for each run
are outlined in Fig. and Fig. Oscillations around the equilibrium
value were observed for POy when Py, = 0.1 [mmolC' m=—3d™!] (Fig. [D.14).

3.8. Pulsed forcing

To simulate the frontal region, where the 3D fine-scale dynamics can gen-
erate vertical nutrient injections, we introduced one to three Pyyp,p1y pulses
with varying intensities and we analyzed state variables and the R-ratio over
a 90-day simulation. Initial conditions were set to the model steady-state
outputs corresponding to P; and P, coexisting in equivalent proportion (ob-
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tained with Pyyppiy0 = 0.050 [mmolC' m=3d ).

Except for the case of a single weak pulse with very low fluxes, moderate
impulsive fluxes or/and multiple pulses generate transitions with P, becoming
dominant with time. For all three simulations (from one to three pulses), the
concentration of PO, increases after each pulse and then sharply decreases as
it is consumed by phytoplankton (Fig. , top panels). At the end of the sim-
ulations, both phytoplankton groups still coexist, but P, is dominant. The
dominance by P;, as summarized by the R-ratio, depends on the pulse am-
plitude (Fig. [8 middle panels). However, the timing of transitions remains
similar across a range of pulse amplitudes: P, dominates until about 20 days,
with a peak concentration just after Pypp1y pulses, then the system switches
from P; to P, from 20 to 40 days. The presence of additional pulses shortens
the transition phase, leading P, to dominate more, while P1 tends to return
to its initial concentration. (Fig. 8| middle panels). Zooplankton biomass
is always maximum during the periods of transition from P; to P (Fig. ,
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 and biomasses
in two distinct water masses separated by a front, with the smaller (larger)
phytoplankton dominating south (north) of the front (Tzortzis et al. 2021,
and Fig. . Using a size-structured population model, Tzortzis et al.| (2023)
showed that observed contrasted abundances across the front were associ-
ated with different growth and loss rates. However, open questions remained,
mainly due to the lack of both nutrient and grazing measurements. Here,
we developed an NP2Z model to understand the community dynamics and
better explain the observations. We categorized the phytoplankton groups
identified by cytometry in two size groups: small phytoplankton P, and large
phytoplankton P. We hypothesized that fine-scale dynamics, involving hy-
drodynamic barriers and variations in phosphate flux pulses, generate spatial
and temporal PCTs on P, and P,. We considered two scenarios: a homoge-
neous environment representing water masses on each side of the front and a
variable environment representing the frontal area. In the following, we suc-
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Figure 8: Response of state variables and R-ratio to a different number of pulses and
different amplitudes of Psupply 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~3d~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=3d~1].
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cessively consider hypotheses of bottom-up and top-down controls on PCTs
in each scenario.

4.1. Driwing mechanisms beyond Py, in homogeneous environments

Our simulations show that Pyyppy drives PCTs (Fig. fland [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 Psypply within
a realistic range for the oligotrophic ocean promotes P; growth but does not
allow PCTs (Fig. [f], shaded red area). Note that the modeled PO, concentra-
tions are lower than observed, possibly due to the absence of a detrital com-
partment in the model (Edwards| [2001)). |Grover| (1990) demonstrated in a
Nutrient-Phytoplankton model that, in a homogeneous environment, species
with the highest maximum growth rate dominate in competition when re-
sources are sufficiently abundant. However, our field observations suggest a
more frequent occurrence of coexistence 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 grazing.
Adding grazing, our model reaches equilibrium, leading to stable concen-
trations and the coexistence of P, and P,. Indeed, grazing is known to play a
pivotal role in stabilizing the model and allowing coexistence, while nutrient
limitation restrain it (Ward et al., |2014). When grazing rates are equal, the
model attains only one equilibrium, resulting in the complete dominance of
Py while P, goes fast to 0 (Fig. in Appendices).

To reproduce the observed PCTs, differential grazing rates need to be
introduced. Different grazing forcing configurations are considered as a key
factor in creating phytoplankton successions and structuring communities
during blooms (Prowe et al.; 2012). We introduced the differential grazing in
the simplified model that shows a transcritical bifurcation for Py,pp1y equal to
0.055 mmolC m—3d~! (Fig. ) This latter value, identified analytically, is
called the “dominance threshold”. A similar value of 0.050 mmolC m=3d*
of dominance threshold; was found numerically for the full model (Fig. [4p.
and [6). With the full model we also identified a threshold value of 0.045
mmolC m~3d~! above which both phytoplankton coexist in the system, called
the “coexistence threshold”. These results show that differential grazing is
key to obtaining PCTs, and that Py,ppiy is the main control parameter. This

20



means that, in a homogeneous environment, PCTs are determined by the
interplay of bottom-up and top-down controls.

4.2. Driwving mechanisms beyond Pg,,p, in a variable environment

To assess the effectiveness of combined bottom-up and top-down con-
trols in a variable environment, we simulated pulsed nutrient fluxes. Our
results show that one or multiple pulses generate temporal successions be-
tween P and P, leading to both short-term and delayed temporal PCTs (Fig.
. This is consistent with freshwater systems where [Yamamoto and Hatta
(2004)) showed that nutrient pulses also cause different species-dependant re-
sponses in the phytoplankton community. The temporal transitions between
P, and P, are linked to the pulse characteristics, 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 P, is
explained by nutrient enrichment (Mangolte et al., [2023). However, because
the dominance threshold coincides with the zooplankton peak, we attribute
the end-of-simulation dominance of P, to the “shared predator” concept by
Mangolte et al.| (2022)) where increased phytoplankton biomass, following nu-
trient input, raises the common phytoplankton predator’s biomass. During
the dominance threshold time, P; is more grazed than P, favoring the latter
and creating PCTs. Our results also showed a 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.

4.8. A theoretical framework to fine-scale observations

Fig. [9|summarizes both in situ observations (top panel) and modelling re-
sults (bottom panel). The in situ R-ratio was computed from PROTEVSMED-
SWOT cruise data by dividing the biomass of PICO and NANO1 cytomet-
ric groups by the total biomass at each sampled point. The scatter plot
clearly depict the shift from smaller phytoplankton dominance in the south
to larger phytoplankton dominance in the north. The steepest gradient is
located at latitude 38.5°N, identified as the position of the front separat-
ing two different water masses (Tzortzis et al., 2021). In the south, there
was Atlantic water that recently entered the Mediterranean, while the north

21



exhibited saltier surface water from the western Mediterranean circulation.
This circulation is known to enrich the surface water in nutrients (Millot and
Taupier-Letagel 2005). Despite the absence of nutrient measurements dur-
ing 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, con-
trary to observations. We attributed this discrepancy to limitations of the
cytometry methodology, causing an underestimation of the abundance and
size of the MICRO group, which makes a significant contribution to biomass.
Indeed, flow cytometers are known to provide less accurate counts of large
cells (Cunningham and Buonnacorsi, |1992; |Peperzak et al.| 2018). Satellite-
derived chlorophyll surface concentration was higher in the north (Fig. |§],
top panel), in agreement with the model results.

Despite its simplifications the model allows us to better understand the
mechanism underlying the observations, illustrated in Fig. |§] (bottom panel).
In nutrient-poor waters (left side), P, dominates due to its higher growth
rate at low nutrients concentrations. By increasing Py, it Teaches a level
allowing the emergence of P, i.e. the coexistence threshold. Zooplankton
then influences both phytoplankton groups, with a higher grazing pressure
on P;. Both phytoplankton thrive more at a higher value of Py, but
Py is grazed more, leading to the dominance of P, beyond the dominance
threshold. This threshold is positioned close to the part of the curve where
the slope is maximal, aligned with the observation that fronts are regions
of strong gradients. 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). These fine-scale contrasts resemble large-scale contrasts. Indeed, the
research by Dutkiewicz et al. (2024) demonstrates that biotic interactions are
influenced by gradients in resource supply and the ratio of multiple resource
supplies across large-scale transition zones.

4.4. Model caveats

Our study of PCTs relies on a strongly simplified model. Another ap-
proach could have used more complex modelling with multiple plankton
groups and nutrient pools. These models incorporate the effects of tem-
perature as well as the dynamics of the microbial loop, among others (e.g.
in the Mediterranean Sea, |Auger et al [2011; |[Aumont et al., 2015} [Baklouti
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et al., 2021). Nevertheless, simple models are able to represent the global
ecosystem features described by a complex model (Raick et all [2006) with
the advantage of being easier to interpret. Indeed, foundational principles
are identical and qualitative behaviors are similar in both simple and com-
plex 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 multi-
ple 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.

5. Concluding remarks and perspectives

Within a theoretical framework, we explored the phytoplankton commu-
nity 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 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 masses, where constant Pyuppiy conditions lead to
spatial PCTs, and also at the scale of fronts, where variable P;,,;, conditions
lead to temporal PCTs. Comparison with in situ data validates the use of
such a simple model to study PCTs in terms of qualitative behaviors. These
results, derived from simple formulations, help us understand the much more
complex behavior of phytoplankton cells adapted to fine-scale habitats. In fu-
ture studies, this model will be spatialized and enhanced with high-resolution
data from the BioSWOT-Med cruise (Doglioli and Gregori, |2023). The goal
will be to study the fine-scale dynamics of plankton communities using a La-
grangian framework, adapting the growth-advection method (Messié et al.,
2022)) for oligotrophic areas like the Mediterranean Sea.
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Appendix A. “No grazing”

When Z is set to 0 in the complete model, no equilibria were identified.
Fig. illustrates that in the absence of grazing, the P; biomass increases
infinitely over time for Pyppy values of 0.01 and 0.10 mmolC' m=3d~!. The
same figure highlights that coexistence is unattainable without grazing, evi-
denced by a constant R-ratio of 1 across the entire Fy,pp1y range.

Appendix B. “Equal grazing”

When Z is set equal for P, and P in the complete model, equilibria
were identified. Fig. illustrates that in the presence of equal graz-
ing, all masses reaches equilibrium over time for Py,ppiy values of 0.01 and
0.10 mmolC m=3d~t. However, the same figure highlights that coexistence
is unattainable with equal grazing, as evidenced by a constant R-ratio of 1
across the entire Py,pp1y range.
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Appendix C. “Differential grazing”

When 7 is differentially set for P, and P, in the complete model (with
a preference for Py ), equilibria were identified. Fig. illustrates in the
phase space that in the presence of differential grazing, the system reaches
equilibrium across the entire Py,ppiy range, allowing for coexistence between
Py and P, . The values of these equilibria vary based on the Py, value.

Appendix D. Sensitivy test

The sensitivity analysis indicates that specific parameters exert notable
effects on state variables, with a more pronounced effect observed when
Paupply 18 set to 0.10 mmolC,m™3d~'. These results are associated with the
interplay between nutrient availability, P, uptake, and P, uptake.

Fig. illustrates the temporal evolution of eight parameters across
three runs, with Paypply set to 0.01 mmolC, m—2d~!. Notably, changes in pa-
rameter values primarily impact only PO, and P, among the state variables.

When e, is halved, it leads to a higher PO, value compared to its
default and double values, resulting in a negative percentage of variation.
Doubling Kp; results in a higher PO, value compared to its default and
halved values, leading to a positive percentage of variation.

Halving ¢nas1 results in a higher P, value and a negative percentage of
variation. Simultaneously, this leads to a lower PO, value compared to its
default and halved values, resulting in a positive percentage of variation.

Doubling Kz results in a higher P, value and a positive percentage of
variation. Conversely, halving Kz, leads to a higher PO, value compared to
its default and double values, causing a negative percentage of variation.

Fig. depicts the temporal evolution of eight parameters across three
runs, with Papply set to 0.10 mmolC, m~3d~*. Notably, changes in parameter
values significantly influence the state variables, particularly P, and the R-
ratio.

When 44,1 is halved, it leads to a higher P, value compared to its default
and double values. This results in a negative percentage of variation and a
positive R-ratio percentage of variation. Similarly, halving w,q, 2 results in
a higher PO, value compared to its default and double values, causing a
negative percentage of variation. Conversely, the percentage of variation of
P, is negative, leading to a positive R-ratio percentage of variation.
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figure shows that, depending on Psypply , different equilibrium solutions are calculated.

28



Doubling Kp; leads to a higher P, value compared to its default and
halved values, resulting in a positive percentage of variation and, conse-
quently, a negative R-ratio percentage of variation. Conversely, halving Kps
results in a higher P, value compared to its default and double values, leading
to a negative percentage of variation and, consequently, a positive R-ratio
percentage of variation.

When gy,42,1 1s halved, it leads to a higher P; value and a negative per-
centage of variation. However, a lower P, value compared to its default and
double values results in a positive percentage of variation and, consequently,
a negative R-ratio percentage of variation.

Doubling Kz results in a higher P; value and a positive percentage of
variation. Conversely, doubling Kz, leads to a lower P value compared to
its default and halved values, causing a negative percentage of variation.
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