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The mauve stinger Pelagia noctiluca is a holoplanktonic oceanic jellyfish known for its painful sting and large
outbreaks at irregular intervals. As jellyfish field observations are almost exclusively limited to coastal regions,
there are many unknowns about the spatial and temporal dynamics of most species. We approach the problem
using a spatially explicit individual-based model for the mauve stinger in the Mediterranean Sea. The newly
developed module for the OpenDrift Lagrangian particle tracking tool includes diel vertical migrations, food-
dependent growth modeled on Michaelis-Menten kinetics, and custom mortality related to shallow waters and
stranding. In the first part of the study, we analyze the resulting parameter space searching for solutions that
ensure a stable Pelagia noctilucapopulation in the western Mediterranean Sea. In the second part, we conducted
several 21-year simulations. Despite its relative simplicity, the model reveals for the first time the dynamic
spatio-temporal distribution of Pelagia noctiluca. We demonstrate how spatially explicit individual-based model
can be used to generate a realistic spatio-temporal distribution of marine zooplankton, even with a limited set
of observations and loosely constrained parameters. The model code is easy to modify and freely available.
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1. Introduction

Pelagia noctiluca is one of the bloom-forming jellyfish (Scyphozoan)
species in the Mediterranean Sea. Due to its painful sting, abundance,
economical and ecological role it is often considered to be the most
important jellyfish species in this area (Daly Yahia et al., 2010; Canepa
et al., 2014). It consumes large volumes and variety of prey, primarily
zooplankton and including fish larvae (Malej et al., 1993; Gordoa et al.,
2013; Purcell et al., 2014; Tilves et al., 2016), importantly controlling
its abundance. Contrary to the large majority of scyphozoans, the
Pelagia noctiluca does not have an attached polyp phase in its life
cycle (Jarms and Morandini, 2019). Therefore, it is a holoplanktonic
(pelagic or free-swimming) species and does not require a solid sub-
strate for completing the life cycle. The impacts of Pelagia noctiluca
blooms on human activities are direct and indirect and affect tourism,
fisheries, aquaculture, energy and ecosystem functioning (Canepa et al.,
2014). The painful sting makes Pelagia noctiluca a factor of huge impor-
tance in coastal tourism. Swarms of jellyfish have been known to cause
significant harms in aquaculture where they damage the gills of farmed
fish (Baxter et al., 2011). They also cause significant losses to fisheries
when clogging fishing nets and damaging the catch (Long et al., 2024).

There is a growing evidence that jellyfish blooms could importantly
contribute to the biological carbon pump and therefore significantly
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influence the level of CO, in the atmosphere (Lebrato et al., 2019; Luo
et al., 2020; Wright et al., 2021; Tinta et al., 2023). It has also been
shown that jellyfish blooms importantly influence the structure of the
ecosystem and microbial community (Tinta et al., 2020, 2021, 2023).

Since we have no means available that would allow us to perform
direct large scale observations of jellyfish in the 3-dimensional ocean,
the large majority of available observations are performed from or near
the coast by human observers who scan the ocean surface. The black
dots in Fig. 1 show recorded observations of Pelagia noctiluca in the
Global Biodiversity Information Facility (GBIF, 2024). It is very obvious
that only a small part of observations are made in the open ocean. And
furthermore, only a fraction of these are performed with vertical hauls
of underwater cameras or zooplankton nets that give us information
of the jellyfish presence in the deeper water layers. Therefore, our
knowledge of Pelagia noctiluca distribution in the Mediterranean Sea
is largely derived from surface observations in coastal waters which is
a serious drawback.

Due to scarcity and difficulty of obtaining in situ data on the
occurrence of jellyfish, modeling is currently the only tool that can
give us a holistic view of their spatio-temporal distribution. Although
Pelagia noctiluca is one of the most studied jellyfish species, there
are major gaps in our understanding of its spatial distribution and
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phenology and Pelagia noctiluca presence in some areas seems to be
very variable (Daly Yahia et al., 2010; Kogovsek et al., 2010; Marambio
et al., 2021; Violi¢ et al., 2022; Bergamasco et al., 2022). Given the
available data, there is high likelihood of a permanent population in
the Western Mediterranean Sea, while presence in other areas likely
depends on environmental factors. These could be food availability,
temperature, predation and transport by currents.

Individual-based models (IBM, Jgrgensen and Fath, 2011; Grimm
and Railsback, 2013) have been in use in plankton ecology since the
80’s (Gentleman, 2002). In several instances IBMs were used to model
jellyfish dispersal and population dynamics. The most simplistic ap-
proach employs passive Lagrangian particle tracking to model jellyfish
dispersal (Dawson et al., 2005; Lee et al., 2013; JanRen et al., 2013;
Bergamasco et al., 2022). Prieto et al. (2015) added wind drift to
study Portuguese man o’ war (Physalia physalis) intrusions into the
Mediterranean Sea. Diel vertical migrations add an important feature
affecting the transport: Berline et al. (2013) studied the mechanisms
that bring the Pelagia noctiluca in the Western Mediterranean Sea from
the open sea to the coastal waters; Vodopivec et al. (2017) studied
the impact of offshore platforms on the moon jellyfish (Aurelia s.l.)
population in the Adriatic Sea. El Rahi et al. (2020) created a complex
Pelagia noctiluca IBM using the OpenDrift Lagrangian particle tracking
toolbox (Dagestad et al., 2018) to model different Pelagia noctiluca life
stages to test the role of marine canyons in jellyfish transport from
ocean depths to the nearshore.

The main idea behind the presented work is to construct a spatial
IBM that would faithfully reproduce the spatio-temporal distribution
of Pelagia noctiluca in the Mediterranean Sea. The goals are to identify
the geographical areas that are capable of supporting a permanent
population, the interannual variance in size of the population and
the geographical location of its core. If properly tuned, such a model
could maybe also explain the irregular blooms outside the permanent
population area, e.g. the sporadic occurrences (Malej and Malej, 2004)
in the northern Adriatic Sea (Fig. 1).

We developed a new Pleagia IBM module for OpenDrift (Dagestad
et al., 2018), which incorporates sun-synchronized diel vertical mi-
grations, food-dependent growth using Michaelis—-Menten kinetics, and
beaching mortality. These elements provide a more ecologically realis-
tic representation of Pelagia noctiluca compared to previous jellyfish
distribution models. The diel vertical migrations of Pelagia noctiluca
are well known (Arai, 1997; Berline et al., 2013), however other
traits such as feeding and mortality in the natural environment are
poorly constrained. Therefore, we follow the “as simple as possible,
but as complicated as necessary” approach (Sun et al., 2016; Jakeman
et al.,, 2024) in formulation of a few relatively simple principles that
provide satisfactory results without excessive complexity. We address
the ambiguity of model parameters by performing a 4-year calibration
run. The latter is used for rigorous parameter space exploration to
stabilize population dynamics. Knowing the approximate geographical
area of the permanent population, we use this knowledge to deduce
a set of realistic mortality and growth values. These are then used
in longer simulations which reveal the geographic distribution of the
species and its temporal variations.

Using the above-mentioned approach, we demonstrate how a rela-
tively simple individual-based model with poorly constrained param-
eters can be used in combination with relatively scarce field data
to obtain a realistic and holistic spatio-temporal distribution of ma-
rine zooplankton. Furthermore, the parameter space exploration and
calibration in combination with relatively scarce and descriptive knowl-
edge enabled us to quantify realistic mortality and growth values (Jake-
man et al., 2024). Such an approach and our model code could also be
used in future studies on the distribution of marine zooplankton and
the effects of climate change, in forecasting of blooms or as a part of
the digital twin of the ocean (Bauer et al., 2021).

Ecological Modelling 505 (2025) 111109
2. Methods

In this study we model the trajectories of virtual particles which rep-
resent large groups of Pelagia noctiluca jellyfish (super-individual; Schef-
fer et al., 1995). The particles are transported horizontally by ocean
currents while their vertical movement is programmed in accordance
with observed diel vertical migrations. This approach is based on the
assumption that large scale horizontal swimming is negligible, which is
supported by observed lack of oriented swimming in Pelagia noctiluca
individuals (Malej, 1989).

2.1. Transport and primary production models

Currents used for propagation of OpenDrift particles were ob-
tained from Copernicus Marine Service (CMEMS). Daily values of
Mediterranean Physics Reanalysis were used (MEDSEA_MULTIYEAR_
PHY_006_004) in the simulations. The model reanalysis by the Med
MFC (Escudier et al., 2021; Pinardi et al., 2003) provides currents at
141 vertical z levels in 1/24° (approx. 4.5 km) horizontal resolution.
Monthly primary production values (expressed as carbon per unit
volume in sea water) were also downloaded from CMEMS. The coupled
NEMO-BFM model reanalysis (Cossarini et al., 2021) of the Mediter-
ranean Sea biogeochemistry (MEDSEA MULTIYEAR BGC_006_008) is
available in 125 vertical z levels and at the same horizontal resolution
as the physics reanalysis. Primary production was used as a proxy for
food availability as zooplankton concentration values are not available
at the web service. This approximation is supported by observed
strong correlation of Pelagia noctiluca abundance with chlorophyll
concentration and primary production (Canepa et al., 2014; Ottmann
et al., 2021).

2.2. Lagrangian model

OpenDrift is a freely available highly modular Lagrangian particle
tracking tool written in Python programming language (Dagestad et al.,
2018). The clearly structured code encourages the creation of new
modules which modulate the behavior of individual particles. Such
an approach is highly suitable for the implementation of individual-
based models coupling transport physics with biological and ecological
interactions.

The timestep of particle propagation was set to 1 h, the particle-
coastline interaction was set to “previous” which allows particles to
“slip” along the coastline preventing beaching. As each particle repre-
sents a large group of jellyfish, the beaching was already accounted for
in increased mortality in shallow waters and proximity to dry land (see
Section 2.3).

2.2.1. Size of the group

The initial average distance between the neighboring particles in the
long runs (Section 2.5) is 14 km and when the particles mass exceeds a
preset threshold, it is split into several particles that are randomly dis-
tributed through an area of 0.5° (approx. 50 km) in size. The ‘nearshore’
value used for mortality due to stranding (Section 2.3.2) reaches its
maximum value when the particle is one grid cell (approx. 4.5 km)
away from the land mask and then falls linearly towards O at the next
‘wet’ cell (approx. 9 km away from land). When comparing model
results with observations in the northern Adriatic (Section 3.2.2) the
particle presence is matched with observations within an area roughly
200 km in size (red area in Fig. 1).

Based on the information given above, each particle represents a
group of individuals of all life stages with the size that spans from kilo-
meters to tens of kilometers and positional uncertainty that can reach
up to 100 km. As the size of the group matches the spatial resolution
of the ocean model there was no need to account for unresolved sub-
grid scale processes (Peliz et al., 2007) and no additional horizontal
diffusion was used.
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Fig. 1. Map of the Mediterranean Sea including the trajectories of the initial run (see Section 3.1). Only 0.5% of trajectories are shown. The initial release area is marked in light
blue color. The light red area marks the Northern Adriatic. Locations of observations recorded in the Global Biodiversity Information Facility (GBIF, 2024) are shown as black
dots. The blue line in the western part of the basin indicates the position of the Almeria-Oran front.

2.3. The individual-based model

A new PelagialBM module was written in Python programming
language and is freely available in the repository (see Software and data
availability section). Several additional scripts were written to perform
different runs and these are available in the repository as well. The
new IBM module introduces Pelagia noctiluca super-individuals, per-
forms diel vertical migrations, changes particle’s dimensionless biomass
according to food availability and mortality and avoids including exces-
sive details (Jakeman et al., 2024). The total Pelagia noctiluca biomass
in the Mediterranean Sea is unknown and therefore the biomass of a
particle cannot be scaled and we cannot make an estimate of how many
individuals are represented by each particle. All the calculations are
made in the units of initial particle mass or initial total biomass of the
population. Active horizontal swimming is negligible as in other similar
studies (Berline et al., 2013; JanBen et al., 2013; Vodopivec et al., 2017;
Bergamasco et al., 2022).

2.3.1. Vertical migrations

The particle represents a whole group of individuals including all
life stages. Adult Pelagia noctiluca are known to perform pronounced
diel vertical migrations (Franqueville, 1970; Arai, 1997), while ephyrae
stay close to the surface (Pastor-Prieto et al., 2021). Diel vertical
migration of the particles was modeled following the behavior of adult
organisms (Berline et al., 2013) as these represent the majority of the
group’s biomass. The migration of each particle was synchronized with
local sunrise and sunset. The suncalc (https://github.com/kylebarron/
suncalc-py) Python class was used to determine the sunrise and sunset
timing at exact location of each particle. The particles vertical velocity
is set to 2 m/min (Arai, 1997). After sunrise particles dive until they
reach 500 m depth or stop 5 m above the bottom where the depth is
smaller than 500 m. After sunset they swim towards the surface until
they reach 2 m depth.

2.3.2. Growth and mortality

The change in biomass in relation to local primary production,
which is used as a proxy for food availability, is modeled using
Michaelsen-Menten a.k.a. Monod kinetics (Jgrgensen and Fath, 2011;
Strnisa et al., 2024). The principle is based on the assumption that
increased food concentration accelerates the growth of the group’s
biomass. However, this is valid only to a certain threshold (unknown
model parameter) above which other factors than food availability limit
the growth and reproduction. The maximum primary production value

in the water column at the location of each particle is used in the
equation. This is based on the assumption that the individuals feed in
the water layer where the concentration of prey is the highest.

An additional mortality term is added to the Michaelis-Menten
equation to represent combined predation and natural mortality of
the individuals. The mortality is constant and is reflected in reduction
of biomass of the super-individual. As the particle represents a large
group of individuals of all life stages, the mortality value is an estimate
for average mortality over the whole life span of Pelagia noctiluca.
Combining the Michaelis—-Menten growth and mortality, the equation
for the change in biomass can be written as:

am _ (kP
dt ~ \k,+P

)M—k3M @

where M is the dimensionless biomass represented by each particle, P
represents primary production obtained from the MedBFM model (in
mg m~3 day~!) and k,, k, and k; are the unknown coefficients that have
yet to be determined. k, is the growth rate, k, is the half-saturation
constant and k5 is the mortality rate.

An additional mortality term is added when the particle resides in
waters shallower than 200 m. This term represents increased mortality
due to inability to dive to deep waters to avoid predation, increased
concentration of predators and higher possibility of stranding. The mor-
tality coefficient k¢ was set to —0.03 day~! which halves the population
in about three weeks.

To account for stranding regardless of water depth, an additional
shore-proximity variable nearshore_mask was created and added to the
MED-MFC netCDF (Rew and Davis, 1990) mask file. All the MedMFS
(see Section 2.1) grid cells with at least one neighboring dry (land)
cell were marked with ‘nearshore’ value 1. The nearshore value of
each particle was multiplied by —0.05 day~!, to produce an additional
mortality coefficient kz due to beaching. Therefore the maximum
beaching mortality is kp = —0.05 day~!, which halves the population
in two weeks.

Conducting a sensitivity test for both kg and kp would be too
computationally expensive. Both values were chosen on the basis of
our field observations (Malej and Malej, 1992) and some of the ex-
perimental runs. We ran a few simulations using smaller kg and kp
values which produced unrealistically large populations in near-shore
areas (Marambio et al., 2021). We also ran four simulations using larger
values (kg = —0.05 day~!, k; = —0.10 day~!) but the results turned
out to be unstable in the longer runs. Large near-shore mortality meant
that the population could quickly go extinct when in vicinity of land.


https://github.com/kylebarron/suncalc-py
https://github.com/kylebarron/suncalc-py
https://github.com/kylebarron/suncalc-py

M. Vodopivec and A. Malej

At the same time the resulting growth was high to compensate for
the additional mortality, which meant that the offshore populations
exploded very quickly.

Including additional mortality due to shallow waters (kg) and
beaching (k) renders a combination of Michaelis-Menten equation
and three additional mortality terms:

kP
&:M !
dt ky + P
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2.4. Short run - model calibration

Initially we ran a 4-year simulation for 10 000 particles without
the growth/mortality calculations to obtain the particle trajectories and
corresponding food availability. At the start of the run particles were
equally distributed through the initial release area (blue area in Fig. 1)
and only the trajectories that ended within the same area were used
for further analysis. A large set of simulations was ran on these data
using MATLAB code (Section 3.1), daily time-step and different values
of k;,k, and k5 to find out which combinations render a stable Pelagia
noctiluca population in the Western Mediterranean Sea.

2.5. The long run

Long-term (21-year) simulations were performed using the new
OpenDrift module (PelagialBM). The k,k, and k; parameter values
were chosen from the set of successful 4-year runs (Section 2.4). With
no obvious clusters of favorable solutions (Section 3.1), we chose
several different coefficient combinations from the set of solutions to
run the 21-year-long simulations. Six parameter combinations were
chosen using the k-means (Arthur and Vassilvitskii, 2006) clustering
algorithm (C1 to C6; Fig. 2). Due to the curvature of the 2D surface, the
values of successful run closest to the cluster centroid were used (Fig. 2
and Table 1). The clustering algorithm was used in the hope there are
areas with higher density of stable solutions and as an alternative to
picking random points. After these six configuration ran for the whole
21-year period, another three points were hand-picked from the 2D
surface (C7 to C9; Fig. 2 and Table 1).

The mortality-growth dynamics (Eq. (2)) was implemented into
the new OpenDrift Pelagia IBM module, the biomass change, vertical
migrations and transport were calculated in hourly time-steps. Daily
output values were written into netCDF files.

The long-term simulations ran in yearly segments. In the beginning
of each year-long run the positions and biomass of particles were read
for the last time-step from the previous year output file. If the biomass
of the particle was smaller than 0.2% of the initial biomass, the group
represented by the particle was considered too depleted and the particle
was removed from the simulation. If the biomass of the particle was
larger than twice the initial biomass, the group represented by the
particle has grown to the extent that it should be represented by more
than one particle. In this case the particle was replaced by several
particles, each of them having the biomass equal to the initial biomass,
and an additional particle with a smaller biomass. The sum of biomass
of all the new particles matched the biomass of the particle that was
removed and replaced. E.g. a particle with biomass five-times the initial
biomass was replaced by five new particles. The latitude and longitude
of new particles was randomly perturbed for up to 0.5°. If the total
number of particles in the simulation fell below 50 or rose above 200
000, the total Pelagia noctiluca population was considered extinct or
exploded and the simulation was stopped.

The C1 to C9 runs started with the initial population of 2000
particles limited to the western Mediterranean Sea (blue area, Fig. 1).
The idea was that the initial population will spread quickly through-
out the Mediterranean Sea and establish permanent presence where
the conditions would prove suitable. The C7 configuration was cho-
sen as most suitable and in accordance with good modeling practice
(GMP, Jakeman et al., 2024) several runs were performed using the

Ecological Modelling 505 (2025) 111109

same parameters (C7a, C7b and C7c) to analyze the model uncer-
tainty. An additional simulation was performed with the initial po-
sitions throughout the whole Mediterranean Sea (configuration C7M,
Table 1). 8000 particles were released to keep the initial particle
density the same as in the other runs. The C7a, C7b and C7c simulate
how an initial localized permanent population spreads throughout the
basin, while C7M simulates where permanent populations would be
established from an initial population that inhabits the whole basin.
If the connectivity throughout the Mediterranean is high enough, the
end distribution should be similar in all the C7 runs.

3. Results
3.1. Calibration of model parameters

10 000 particles were released from predetermined area that was
chosen as the approximate location of permanent Pelagia presence
(blue area in Fig. 1). The simulation ran with hourly time-step for
four years from 2000 to 2003 and particle locations and maximum
primary production value at each location were recorded every 24 h
into an output netCDF file. At the end of the simulation 1605 particles
were located inside the release polygon (blue area in Fig. 1). With the
assumption that the biomass in the starting area is more or less constant
— ensuring a permanent population — the trajectories of these particles
were used for parameter space analysis.

A replicate IBM in MATLAB was written for parameter space anal-
ysis. The MATLAB code used the daily PP, depth and shore proximity
values recorded in the output netCDF file to simulate the growth and
mortality using Eq. (2). A range of values was used for each of the
coefficients (minimum value : step : maximum value):

k; €[0.001 : 0.002 : 0.2] day™!
ky €[0.1 : 0.05 : 7Jmgm~> day ™" 3)
ky €0.07 : 0.002 : 0.15] day™"

The mortality rate range k; was set according to Wright et al.
(2021), Acevedo et al. (2013) and Malej and Malej (1992).
While Acevedo et al. (2013) and Malej and Malej (1992) cite a mor-
tality rate between 0.006-0.026 day~!, Wright et al. (2021) used a
much higher value of 0.12 day~! to achieve best fit of model data
to observations. The growth parameter range k; was set on a wide
interval (0.1% day~! to 20% day~!) to balance the mortality. The half-
saturation coefficient range k, was chosen to cover typical primary
production values in MedBFM model.

This resulted in 1 542 900 runs for 1605 particle trajectories for
4 years using daily output values. The coefficients that produced the
end total biomass that matched the initial total biomass inside the
polygon with less than 20% difference, were recorded in the aim to
search for parameters values that ensured the stability of the initial
population. 1894 runs matched this criteria. We present this values
in the k;,k,, k3 space in Fig. 2. The aim was to identify clusters of
parameter values that would ensure a stable population. However, the
resulting dots in the parameter space form a 2-dimensional, slightly
curved plane. The inclination of the plane in relation to k; and k; can
be easily explained. Greater mortality (k;) demands greater growth (k)
in order to keep the population stable. The half-saturation constant (k,)
is determined by these two values and follows accordingly.

3.2. Long runs

We ran the chosen parameter configurations (Table 1, Figs. 2 and
3) for a 21-year period from 2000 to 2020 and three of them stopped
before reaching the final year. The C1, C5 and C6 populations exploded
before reaching the end of the run. Others ran the whole length of
the simulation. The C7 gave most promising results and therefore we
ran the same configuration two additional times, to test the sensitivity
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Fig. 2. The parameter values (k;, k, and k;) that result in a stable population in the area of initial release in the 4-year run (blue dots). The red dots mark the chosen values

for the long runs — C1 to C9 respectively.
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Fig. 3. The growth-mortality curves for the C1 to C9 experiments based on Eq. (2).
Table 1 ky =3.7 mgm™~ day™' “
Parameter configurations used in the 21-year simulation (N - initial number of 1
particles). k3 =0.036 day
Run name Release area N ki ka ks The total biomass of the whole population (Fig. 4) shows high
Cl W Med. 2000 0.041 1.9 0.028 interannual variations and seasonal oscillations with maximums in the
c2 W Med. 2000 0.029 5.2 0.014 summer months (usually August) and minimums in the winter months
c3 W Med. 2000 0.087 5.0 0.050 b here is high | vari ith .
c4 W Med. 2000 0.167 s 0.126 (January or February). There is high seasonal variance with sometimes
cs W Med. 2000 0.107 1.7 0.082 more than 2-fold increase of the total biomass in the summer. There
c6 W Med. 2000 0.159 5.5 0.092 is considerable difference between the runs, although the dynamics is
C7 (a,b,0) W Med. 2000 0.059 3.7 0.036 the same. Therefore there is considerable sensitivity of the population
M Med. 8000 0.059 8.7 0.036 size to slight changes in positioning of the particles. The highest total
[¢] W Med. 2000 0.109 6.2 0.058 . . . . .
co W Med. 2000 0.093 4.0 0.058 biomass during the simulation was reached in summer 2010 when the

of the results to the uncertainty introduced when each year massive
particles are split into smaller ones (Section 2.5) - new particles are
randomly distributed inside a 0.5° area and their positions differ each
time the model is run. We present the results marked as C7a, C7b
and C7c. The last of the runs was C7M, which uses the same C7
parameters but with the initial release of particles throughout the whole
Mediterranean Sea. The rest of the results are available in the repository
(see Software and data availability section). The C7 parameters:

k, = 0.059 day™"

population for C7c grew up to 52 times the initial mass. The C7M
run reached a higher maximum mass but started with 4-times the
usual initial population (8000 particles instead of 2000 particles) and
unsurprisingly maintained a slightly higher total biomass. However,
it exhibits the same dynamics. Although the total biomass seems to
stabilize between 10 and 20-times of the initial mass after 2013, it starts
to grow again after 2019.

3.2.1. Spatial distribution

The average biomass distribution for C7a (Figs. 5 and 6; it is almost
identical for C7b and C7c - plots are available in the repository) shows
that the majority of Mediterranean Pelagia noctiluca population resides
in the Northwestern Mediterranean Sea — from Catalan coast to Ligurian
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Fig. 4. Total Pelagia noctiluca normalized biomass throughout the simulation for C7a, C7b, C7c and C7M. The biomass shown is units of the total biomass of the initial population
inside the blue area in Fig. 1.
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Fig. 5. Distribution of average Pelagia noctiluca biomass throughout the 21-year long simulation (C7a). Average biomass in units of initial particle mass per deg’ is shown.
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Fig. 6. Same as Fig. 5 but in logarithmic scale.

Sea in the north and from Balearic Islands to Sardinia in the south. with observations (Goy et al., 1989; Bernard et al., 2011; Ottmann
However, the simulation shows large interannual variations in total et al., 2021; Daly Yahia et al., 2023). Yearly biomass distribution plots
biomass (Fig. 4) and its distribution in this area which is in accordance are available in the repository (see Software and Data Availability
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Fig. 7. Distribution of median Pelagia noctiluca biomass (in units of initial particle mass per deg?) throughout the 21-year long simulation (C7a).
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Fig. 8. Distribution of standard deviation of Pelagia noctiluca biomass (in units of initial particle mass per deg?) throughout the 21-year long simulation (C7a).

section) and show that the core of the population is moving inside the
above-mentioned area. The median distribution plot (Fig. 7) shows a bit
different picture with the core centered a bit more eastward and a bit
more dispersed throughout the area. The distribution of the standard
deviation (Fig. 8) confirms that the average distribution was heavily
influenced by the position of the core in the years when the population
was at its maximum.

Throughout the rest of the Western Mediterranean the biomass den-
sity is somewhat lower but still considerable. It decreases significantly
towards the Gibraltar strait and through the Strait of Sicily towards the
Eastern Mediterranean. As expected, the Eastern Mediterranean proves
to be too oligotrophic to support a significant Pelagia noctiluca popula-
tion. According to biomass density plots, the Pelagia noctiluca was not
able to establish a permanent population in any other location besides
the release area. The Adriatic and Aegean Sea show extremely low
biomass concentrations. Again, the observations qualitatively support
the results for the Adriatic Sea, where Pelagia is somewhat frequent in
the SE part of the basin, whereas sightings in other parts are relatively
rare (Kogovsek et al., 2010; Violi¢ et al., 2022).

The average distribution produced by C7M is virtually indistin-
guishable from C7a (plot in the repository). This demonstrates that the
connectivity throughout the Mediterranean is quite high and that an
initial population would quickly spread to areas where the conditions
are favorable.

3.2.2. Comparison with observations in the northern Adriatic Sea

Total normalized biomass (sum of biomass of all particles divided
by the initial mass of single particle) of all particles within the northern
Adriatic area (red area in Fig. 1) is shown in Fig. 9. We decided to count
the particles north of the Ancona-Zadar line as this should roughly
match with the area of observations. Red dots represent the sightings
index (Pestori¢ et al., 2021; Violi¢ et al., 2022; Malej et al., 2022) of
Pelagia noctiluca in this area for the same period (own observations).
There is significant difference between the results of the three simula-
tions (C7a, C7b and C7c) although the model configuration was exactly
the same (Eq. (4)). The solutions show high sensitivity to randomness
in particle positioning when accounting for growth (Section 2.5). This
is less surprising, given the length of the simulation and the distance
of the northern Adriatic from the release area.

However, there are some prominent similarities. All the three sim-
ulations fail to produce Pelagia noctiluca presence before the autumn
2006. It is reasonable to assume that the initial population has to reach
sufficient size to migrate to far areas of the basin and this could be
considered as a spin-up time of the model. The prominent peak in the
autumn 2006 and the peaks in the beginning of 2012 and 2018 are
present in all three simulations and match well with the observations.
This indicates that in these situations the circulation was strongly
favorable for the transport of Pelagia noctiluca to the northern Adriatic.

There are other observations (2008, 2011 and 2013) that are
matched with peaks in two out of three runs. This indicates that these
intrusions are likely a consequence of more random processes.
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Fig. 9. Total normalized biomass within the Northern Adriatic area (see Fig. 1 - light red color) drawn in blue. All the results were obtained using the C7 configuration. Top
to bottom: C7a, C7b, C7c. Red dots represent sightings index as in Pestori¢ et al. (2021) and Violi¢ et al. (2022): 1—sporadic occurrence of individual organisms; 2—frequent
occurrence of individual jellyfish specimens and/or small aggregations; 3—frequent occurrence of large jellyfish aggregations/blooms.

On the other hand, there is a peak in winter 2015 present in all
three runs with no matching observations. These peaks could be caused
by underestimated mortality in shallow waters (kg) or beaching (kp).
However, such events are not necessarily model errors. It has to be
emphasized that jellyfish observations are difficult to perform and
scarce. In large majority of cases they are limited to the surface of the
water column and coastal waters. Therefore, the lack of observations
does not necessarily imply lack of presence of Pelagia noctiluca in that
period. It is completely possible that Pelagia noctiluca were in the area
without being noticed.

4. Discussion

Contrary to our initial expectations, the solutions that ensured a
stable population in the Western Mediterranean Sea did not form
isolated clusters in the 3-dimensional parameter space. Such cluster
or several clusters would indicate that only isolated set or sets of pa-
rameters maintain permanent Pelagia noctiluca presence in the Western
Mediterranean Sea. This would allow us to speculate about the true
interactions between Pelagia noctiluca and its environment related to
our parameter constraints.

However, the resulting homogeneous 2-dimensional surface indi-
cates an infinite range of stable solutions (Fig. 2). The results of the
C7 run which form a realistic pattern throughout the Mediterranean
Sea (Figs. 5 and 6) starting from a very limited area in the Western

Mediterranean, indicate that the model has reached a certain level of
realism.

Observations in the northern Adriatic in years 2006, 2012 and 2018
are matched with modeled presence in this area in all three C7 runs.
This indicates the presence of circulation patterns that strongly favor
transport of Pelagia noctiluca towards the northern Adriatic. Observa-
tions in years 2008, 2011 and 2013 were matched only in two out of
three C7 runs. This indicates that the circulation was less favorable and
the presence in these years was likely more random.

The discrepancies in the first part of the run likely stem from the
model spin-up. One also has to keep in mind that the observations
are scarce and only partially reflect the true concentration of jellyfish
in a given area. Given the above, it seems very plausible that the C7
configuration provides realistic k;, k, and k; values. The mortality
rate in the presented C7 long-term simulation (Eq. (4)) is k3 = 0.036
day‘1 and is closer to values obtained (Malej and Malej, 1992) (0.006
day~! to 0.02 day~1) than those by Wright et al. (2021) (0.12 day1).
This seems reasonable as the former were obtained from a Pelagia
noctiluca Leslie matrix model (Leslie, 1945), while the latter are from a
global biogeochemical model with a single jellyfish plankton functional
type that represents all jellyfish species. Lilley et al. (2014) observed
maximum laboratory growth of 0.015 day~! to 0.04 day™! for adults
and 0.3 day~! for ephyrae, while Rosa et al. (2013) observed maximum
growth of 0.04 day~! for adults in the Straits of Messina (Central
Mediterranean Sea). Since a particle in the simulation represents a
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Fig. 10. Schematic representation of the BiOS mechanism. Left: anticyclonic phase, right: cyclonic phase. In the anticyclonic phase the water entering the Adriatic Sea is coming
from the western Mediterranean Sea, while in the cyclonic phase the water is coming from the eastern Mediterranean Sea.

Source: The image was adapted from Figure 6 in Civitarese et al. (2023).

large group of individuals of all life stages, the obtained value of
maximum growth rate k; = 0.059 day~! matches incredibly well with
observations. Taking in consideration the simplicity of the theoretic
foundations our model is based on, the results are truly impressive.

4.1. Pelagia noctiluca and Mediterranean circulation

The multiyear presence of Pelagia noctiluca in the northern Adriatic,
followed by long periods of absence, resembles the BiOS (Adriatic-
Ionian Bimodal Oscillating System; Fig. 10) mechanism (Gaci¢ et al.,
2010; Civitarese et al., 2023): water from the eastern Mediterranean
Sea is carried into the Adriatic Sea when the circulation in the north-
ern Ionian Sea is cyclonic, while in the anticyclonic phase the water
from western Mediterranean Sea is transported into the Adriatic basin.
Therefore, the anticyclonic phase should favor the transport of Pelagia
noctiluca from the western part of the Mediterranean basin into the
Adriatic Sea as was observed for some other organisms (Civitarese
et al.,, 2010). The north Ionian circulation was primarily cyclonic
throughout the simulation period, except for the 2006-2009 period
when it was anticyclonic (Mihanovi¢ et al., 2021; Denamiel et al.,
2022). This does not match with our Pelagia noctiluca sightings (Fig.
9). However, the processes involved are more complex and it is possible
that the jellyfish travel through the eastern part of the Ionian Sea before
entering the Adriatic. Furthermore, Denamiel et al. (2022) observed a
1-2 year lag in Adriatic water properties following the transition of
BiOS. The relation between BiOS and Pelagia noctiluca in the Adriatic
Sea is beyond the scope of this paper and should be studied more
thoroughly.

The model shows surprisingly small concentration of Pelagia noc-
tiluca in the Alboran Sea (the western-most part of the Mediterranean
Sea; area westward from the green line in Fig. 1) which is in stark
contrast with frequent observations in the area (Bellido et al., 2020;
Dobson et al., 2023; Gutiérrez-Herndndez and Goémez, 2023). The
Alboran Sea is under strong influence of the Atlantic water flowing in
through the Strait of Gibraltar. The Atlantic inflow forms two large
anticyclonic gyres in the Alboran sea and the convergence of the
Atlantic and Mediterranean water masses forms the Almeria-Oran front
(green line in Fig. 1; Tintore et al., 1988) which likely prevents the
particles to enter this area from the east. This is in accordance with
observed genetic divergence between other species on both sides of the
front (Patarnello et al., 2007; Garcia-Cisneros et al., 2018; Pérez-Portela
et al., 2019). Therefore, we can assume that the Alboran Pelagia noc-
tiluca population is mainly influenced by the inflow from the Atlantic
and that the inflow from the Mediterranean population is very limited.

4.2. Model limitations

As emphasized in the introduction, the model accounts only for
vertical migrations, food availability and stranding. As such it cannot
be used to test the impact of marine canyons on Pelagia noctiluca
transport (Canepa et al., 2014; Benedetti-Cecchi et al., 2015; El Rahi
et al., 2020) or other complex interactions between environment and
different life stages (Bergamasco et al., 2022). Mortality in this study
is kept constant (k;) with additional mortality in shallow waters (k)
and in proximity to dry land (kp). Therefore the model does not
account for spatially and temporally variable predation or the effects
of temperature on growth and mortality (Malej and Malej, 2004).

Primary production was used as a proxy for food availability
(Fig. 11). This might seem far fetched, as gut content and stable isotope
studies have shown that the main diet of Pelagia is mesozooplank-
ton (Malej et al., 1993; Sabatés et al., 2010; Rosa et al., 2013; Milisenda
et al.,, 2018). However, zooplankton concentration reanalysis is not
available at the CMEMS web service. Using primary production as
a proxy is supported by observed and modeled correlation between
mesozooplankton and chlorophyll a (Mazzocchi et al., 2014; Liu et al.,
2024) and observed strong correlation of Pelagia noctiluca abundance
with chlorophyll concentration and primary production (Canepa et al.,
2014; Ottmann et al., 2021).

As already noted, the western part of the Mediterranean basin is
more productive than the oligotrophic eastern part and unsurprisingly
there are certain similarities between the average primary production
distribution (Fig. 11) and the Pelagia noctiluca distribution produced
by the model (Figs. 5-7). The core of the population is located in the
area of high primary production between the Catalan coast, Ligurian
Sea, Balearic Islands and Sardinia. There are also obvious differences
— e.g. in the coastal areas where the primary production is high, but
the increased mortality and ocean dynamics prevent the existence of
large populations.

The surface-averaged primary production (Fig. 12) shows peaks in
the summer months as does the total Pelagia noctiluca biomass (Fig. 4).
However, the former peaks between April and July, while the latter
reaches its maximum with a bit of a delay (usually in August). The
use of primary production introduces some additional uncertainties, but
should suffice to serve the purpose of this study, namely to elucidate
the Pelagia noctiluca distribution in the Mediterranean Sea.

Our model ignores the effects of temperature on growth, repro-
duction and mortality of jellyfish, which has been implemented in
some other models (Vodopivec et al.,, 2017; El Rahi et al., 2020;
Wang et al., 2025). El Rahi et al. (2020) also used OpenDrift to
study Pelagia noctiluca in the Mediterranean Sea. However, the focus
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Fig. 12. Surface-averaged monthly primary production value (in mg m~3 day~!). Maximum primary production in the top 500 m is used.

of the study was different from ours and so was the model design. The
IBM included different life stages, vertical migrations and temperature-
dependent development. The study area was much smaller and the
simulation spanned 8 months. The implementation of stage-specific
behavior benefited the model which was developed to study Pelagia
noctiluca stranding events in the Mediterranean Coastal waters of Spain.
In our case, the geographical domain is much larger and the time span
much longer and for our purpose of studying the long-term geograph-
ical distribution, food-dependent growth is of primary importance and
a different modeling approach is needed.

The importance of jellyfish in the ecosystem, and therefore the
need to study their ecological role and distribution, was demonstrated
by Calhoun-Grosch et al. (2024) who used a depth-resolved food web
model to study the trophic dynamics of the oceanic Gulf of Mexico.
Increased biomass of large jellyfish in the model decreased the biomass
of most other forage functional groups. Such modeling approach gives
no insight into spatial distribution of jellyfish, however it includes
feedback between predator and prey biomass, which is missing in our
model.

This study is based on the assumption that the population in the
Western Mediterranean is stable. This is supported by frequently ob-
served presence in this area (Goy et al., 1989; Ferraris et al., 2012; Rosa
et al., 2013; Prieto, 2018; Daly Yahia et al., 2023; Canepa et al., 2014).
However, the model does not account for possible exchange of Pelagia
noctiluca between the Atlantic Ocean and the Mediterranean Sea (Lican-
dro et al., 2010; Stopar et al., 2010; Glynn et al., 2016; Pastor-Prieto
et al., 2021). The exchange might have significant influence on their
abundance in the Western Mediterranean Sea.

One limitation of our simulations is the removal of particles with
small biomass and splitting of particles with high biomass that happens
in the beginning of each year-long run segment (Section 2.5). This ap-
proach was necessary because OpenDrift does not allow changes in the
number of particles during a simulation. Ideally, removal or splitting
should occur as soon as a particle reaches the threshold biomass.

10

Despite relative simplicity of the PelagialBM model (Sun et al.,
2016; Jakeman et al., 2024), the emerging distribution is very re-
alistic and matches very well with expectations. The partial match
with observations in the Northern Adriatic is encouraging. The most
obvious further steps will be to employ zooplankton biomass instead
of primary production for food-related growth. The model could be
further improved with the effects of temperature on reproduction,
mortality and growth, which are particularly important to study the
effects of climate change on some jellyfish species.

Using PelagialBM in combination with a thorough parameter ex-
ploration and calibration has provided impressive insight into Pelagia
noctiluca distribution in the Mediterranean Sea and produced new
growth and mortality estimates. Our code and approach can be ex-
tended to other zooplankton species that exhibit similar behavior. The
model could help forecast species distributions under future climate
scenarios (especially with the addition of temperature effects) or be
used in marine resource management (fisheries management, jellyfish
bloom forecasting, etc.). The encouraging results confirm the value of
integrating biological traits into particle tracking simulations, forming
individual-based models, to study the spatial distribution of organisms.

5. Conclusions

We present a novel individual-based model (IBM) to simulate and
elucidate the spatio-temporal distribution of Pelagia noctiluca (mauve
stinger) in the Mediterranean Sea. The model addresses significant gaps
in the field observation data that traditionally limit jellyfish popula-
tion studies. Previous research has shown substantial limitations in
understanding Pelagia noctiluca distribution, largely due to the scarcity
of in situ data from the open ocean. A custom OpenDrift module
introduces sun-synchronized diel vertical migrations, food-dependent
growth modeled on Michaelis-Menten kinetics, and custom mortality
parameters. The model produces a realistic representation of mauve
stinger dispersal and population dynamics and provides new growth
and mortality estimates.
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A 21-year simulation revealed a very clear geographical distribution
of Pelagia noctiluca population in the Mediterranean Sea, with a strong
core in the northern part of the Western Mediterranean Sea, between
the Catalan coast, Balearic Islands, Corsica and Gulf of Lions. The simu-
lation also shows strong seasonal and interannual variations in the total
biomass of Pelagia noctiluca population, which confirms the conclusions
deduced from spatially very nonhomogeneous in situ observations. The
core of the population is also constantly moving, but stays within the
above-mentioned area limits.

The model partially reproduces the sightings in the northern Adri-
atic. While the pattern of occasional intrusions into the area is repro-
duced by the model, the timing and intensity exhibit high sensitivity to
small randomness introduced in positioning of the particles. This is not
surprising given the large distance from the permanent population.

Our work demonstrates how spatially explicit IBMs can model
complex ecological phenomena in marine environments with limited
in situ data by dynamically integrating environmental and behavioral
factors in a high-resolution spatial context. The model addresses previ-
ously identified shortcomings by realistically replicating jellyfish move-
ment and also capturing interannual variations and potential ‘“hotspot”
regions that align well with observed Pelagia noctiluca distribution.

The model’s ability to generate realistic spatial patterns and interan-
nual variations indicates that it has reached a high level of realism even
with initially poorly constrained parametrizations. The initial parame-
ter space analysis ensures the model’s robustness and flexibility. The
model code is freely available, enabling interested users to adapt and
extend the model to other marine species and environmental scenarios.
The presented spatial individual-based model could be improved with
further Pelagia noctiluca traits and adapted to different locations. As
demonstrated, PelagialBM is capable of explaining the distribution
of jellyfish and therefore also forecast jellyfish blooms which should
prove invaluable in tourism and fisheries management. With suitable
modifications it can be used for other zooplankton species and with
adequately modulated release of particles also for other jellyfish species
that originate from attached polyps.

Software and data availability

The PelagialBM code, adjacent scripts, land proximity mask and
plots of simulation results (C1-C9) are freely available. Due to ongoing
development, the updated version of the code is available on GitLab:
https://gitlab.com/mvodopivec/pelagiaibm

Supplementary plots, step by step guide and the code used for the
production of figures in this article are available on Figshare: https:
//figshare.com/articles/software/PelagialBM/27605307.

Mediterranean Sea Physics Reanalysis
(MEDSEA_MULTIYEAR _PHY_006_004) was obtained from Copernicus
Marine Service: https://doi.org/10.25423/CMCC/MEDSEA_MULTIYEA
R_PHY_006_004_E3R1

Mediterranean Sea biogeochemical reanalysis
(MEDSEA_MULTIYEAR _BGC_006_008) was obtained from Copernicus
Marine Service: https://doi.org/10.25423/cmcc/medsea_multiyear_bg
¢_006_008_medbfm3
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Appendix. Code description

In line with Janssen et al. (2020) and Jakeman et al. (2024) the
PelagialBM, adjacent scripts and some of the results are freely available
(see Software and data availability section). The repository includes a
README file with detailed description on how to use the OpenDrift
module, run the simulations and perform the analysis of results. The
code and run scripts are written in Python programming language and
users are encouraged to modify them according to their own needs or
new findings about jellyfish-environment interactions. The repository
also includes the MATLAB scripts that were used for the analysis of the
results and plotting the figures.

A.1. PelagiaBM

PelagialBM.py is an OpenDrift (Dagestad et al., 2018) module and
should be placed in the ‘models’ directory inside the OpenDrift folder.
It introduces a ‘PelagiaElement’ class which extends the native La-
grangian3DArray class. All the variables of each super-individual are
defined here. These will also be stored in the output netCDF files in
form of 2-dimensional arrays, the first dimension being the number
of individuals and the second the time. ‘biomass’ is the dimensionless
biomass of the particle; ‘p_production’ is the highest primary production
value in the water column at the location of the particle; kb’ is the kp
parameter value (mortality due to beaching); ‘ks’ is the kg parameter
value (mortality due to shallow water):

variables = Lagrangian3DArray.add_variables ([
(’biomass’, {’dtype’: np.float32,
’units’: ’?,
’default’: 10000.03}),
(’p_production’, {’dtype’: np.float32,
’units’: 7,
’default’: 0.03}),
(°kb’, {’dtype’: np.float32,
’units’: 7,
’default’: 0.0}),
(°’ks’, {’dtype’: np.float32,
’units’: ’’,
’default’: 0.0})]1)

The second class is ‘Pelagia IBM’ that extends the native OceanDrift
class and governs the behavior of the particles. It contains the following
functions: ‘diel_vertical migration’, ‘update_pelagia_state’ and ‘update’.

The ‘diel vertical migrations’ function sets the vertical position of
each particle. The beginning of downward and upward migration can
be determined by the clock or the position of the sun at the location of
each particle, or completely omitted by setting the ‘MigrationType’ pa-
rameter. Here you can set also the vertical swimming speed, maximum
depth and minimum distance from the sea floor.

The ‘update_pelagia state’ function calculates the biomass of each
particle using the modified Michaelis—-Menten kinetics:

dM kP
=M — kM —kgM —kzM Al
dt <k2+P 3 S B A1)
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The group of jellyfish represented by the particle gains mass (M) in
areas with higher primary production (P) and looses mass due to the
mortality terms (ks3, kg, kp). The kgM and kz M terms are calculated
separately using the bathymetry and near-shore mask respectively. For
in depth description see Section 2.3.

The ‘update’ function is the main function of the class and calls the
functions that change the location and properties of the particles.

A.2. OpenDrift run scripts

Three run scripts are included: Run_baserun.py, Run_pelagia.py and
Restart_pelagia.py. The first is used for the 4-year run that is needed for
the calibration of model parameters (Section 3.1). It runs the model for
the 2000-2003 period using 10 000 particles. The second executes the
first year of the long simulation (year 2000) using 2000 particles. The
third executes each following year of the long-term simulation (from
2001-2020). This one includes the code for removal of particles with
the biomass below the threshold and multiplication of particles with
biomass above the threshold.

Each of the scripts is well commented and the commentaries should
provide enough information to guide the user through the code. A bash
script Longrun.sh was used to run the long-term simulation. It invokes
the Run_pelagia.py first, followed by a sequence of Restart_pelagia.py
calls. Longrun.sh is also included in the repository.

Data availability

The PelagialBM code, adjacent scripts, land proximity mask and
plots of simulation results (C1-C9) are freely available. Due to ongoing
development, the updated version of the code is available on GitLab:
https://gitlab.com/mvodopivec/pelagiaibm Supplementary plots, step
by step guide and the code used for the production of figures in this ar-
ticle are available on Figshare: https://figshare.com/articles/software/
PelagialBM/27605307. Mediterranean Sea Physics Reanalysis (MED-
SEA_MULTIYEAR PHY_006_004) was obtained from Copernicus Marine
Service: https://doi.org/10.25423/CMCC/MEDSEA_ MULTIYEAR PHY_
006_004_ E3R1 Mediterranean Sea biogeochemical reanalysis (MED-
SEA_MULTIYEAR BGC_006_008) was obtained from Copernicus Ma-
rine Service: https://doi.org/10.25423/cmcc/medsea_multiyear_bgc_0
06_008_medbfm3.
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