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Abstract

Marine protected areas (MPAs) are a common tool used worldwide to enhance the
protection of marine biodiversity. In recent years, MPAs and MPA networks have begun
to include the question of connectivity, which manifests through the movement of
juveniles and adults, in their creation with the goal to enhance population stability and
diversity in and out of MPAs. In this study, we investigate the connectivity of the current
MPA network located on the Mahé Plateau, Seychelles with the goal to identify the
dispersal dynamic of fish larvae and potential gaps in the network. To do so, we use a
three-dimensional ocean model, SLIM3D, over a seven-month period. We couple it with a
larval dispersal model based on the behaviour of Lutjanus sebae, a key commercial and
overexploited fish in the Seychelles. Larvae behaviour is divided into five main life stages:
egg, pre-flexion, flexion, post-flexion and settlement. We then conduct a connectivity
analysis on the MPAs and reefs located on the Mahé plateau. Our results suggest that the
varying dynamic of the currents has an impact on the direction of exchanges of larvae
between the inner islands and outer reefs of the plateau as well as on the percentage of
settling larvae which reaches a peak in January (12.5%). We find that the probability of
exchange between MPAs currently reach up to 2.8% and identify potential locations of
new MPAs on reefs with a high potential of exporting and receiving larvae around Mahé
island.
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Acronyms

ACA Allen Coral Atlas

ADCP Acoustic Doppler current profiler
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GEBCO General Bathymetric Chart of the Oceans

ID In-degree

IPCC Intergovernmental Panel on Climate Change
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LPT Lagrangian Particle Tracker

MP Mahé plateau

MPA Marine Protected Area
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OD Out-degree
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PLD Pelagic larval duration

RMSE root mean square error.

SLIM Second-generation Louvain-la-Neuve Ice-ocean Model
SLOMO Seychelles Local Ocean Modeling and Observation program
SR Self-recruitment

WCL Weighted connectivity length

WINDS Western INDian Ocean Simulation



1. Introduction

1.1 Consequences of climate change on marine ecosystems

Humanity relies on the services provided by the Earth’s ecosystems to support its well-
being, from the most basic needs like food and water to its cultural development
(Ecosystems and Human Well-Being: Biodiversity Synthesis 2005). Marine ecosystems, in
particular, have produced 177.8 metric tons of aquatic animals, mostly intended for
human consumption, through fisheries and aquaculture in 2020. Nowadays, the
livelihoods of an estimated 600 million people depend, at least partially, on fisheries and
aquaculture. (FAO 2022).

The negative effects caused by the pressure of human activities on those marine
ecosystems has been well documented. Overfishing and marine pollution are responsible
for the destruction of marine habitats and the loss of biodiversity, especially in the deep
ocean (Coleman and Williams 2002). Human activities have also been shown to have an
impact on the concentration of greenhouse gases (CO2, CH4, N20...) in the atmosphere
causing a general warming of the Earth’s surface and impacting both terrestrial and
marine ecosystems (Fig. 1). Climate change has had two main impacts on the state of the
ocean, firstly leading to a global increase of the ocean surface temperature which reached
0.88°C between 1850-1900 and 2011-2020 (Calvin et al. 2023) and, secondly, causing the
acidification of the surface layers of the ocean which acts as a sink for anthropogenic CO2
and absorbs around 30% of its emissions (Gruber et al. 2019).
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Figure 1 Main impacts of climate change on marine environments (Harley et al. 2006)



The changes in ocean conditions caused by this rise in temperature are predicted to have
an impact on the distribution of fish species and lead to local extinctions (Cheung et al.
2009; Pinsky et al. 2013) and even to a decrease in fish body weight (Cheung et al. 2013).
Those distributional and productivity changes could in turn negatively impact the
production of fisheries (Lam et al. 2016).

The impacts of acidification on marine organisms are difficult to quantify as the response
can vary between taxonomic groups. However, there seems to be a global decrease in the
survival, growth, development and abundance in a broad range of marine species
(Kroeker et al. 2013) and an negative impact on a large range of shell building organisms
(Doney et al. 2009; Guinotte and Fabry 2008).

Vegetated coastal habitats (seagrass meadows, mangroves, and salt marshes) are also
threatened by different stressors such as aquaculture, global warming and physical
disturbances. They play an important role as habitat and food source for commercial
fishery species as well as megaherbivores like green sea turtles (Orth et al. 2006).
Furthermore, those habitats, while covering less than 0.5% of the seabed, account for 50
to 71% of carbon storage in ocean sediments (Nellemann and GRID--Arendal 2009) giving
them the name of ‘blue carbon sinks’. This carbon storage happens through the
sedimentation of algal detritus reaching the seabed where it can remain for decades (Heck
et al. 2008). 2 to 7% of blue carbon sinks are currently being lost every year (Nellemann
and GRID--Arendal 2009).

1.2 Marine protected areas

As a consequence of the effects of climate change, it appears necessary to, not only limit
the emissions of greenhouse gases, but also to implement new ways to protect the Earth’s
ecosystem. A common tool to hamper the loss of biodiversity, let it be in terrestrial and
marine ecosystems, are protected areas. The general concept of protected areas is not a
recent one and can go back to the nineteenth century. However, those areas were
originally used to protect locations considered as “feats of nature” and of little importance
to the economy. It was not until the 1970s that the question of biodiversity conservation
and environment degradation became a concern for their creation (Fig. 2) (Dudley and
Stolton 2008; Watson et al. 2014).
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Figure 2 Growth of the modern terrestrial and marine protected area estate (Watson et al. 2014)

Marine Protected Areas (MPAs), specifically, can be defined as ‘areas that afford some
level of special protection to parts of the ocean of conservation purposes’ (Connell and
Gillanders 2007). This definition, however, allows for a wide variation in protection and
management of MPAs. The MPA guide established in 2021, as complement to the IUCN
Protected Area Categories, divides MPAs in four categories, from minimally to fully
protected (Fig. 3) (Grorud-Colvert et al. 2021).
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Figure 3 Level of protection based on maximum allowed impact of seven potential activities in
MPAs (Grorud-Colvert et al. 2021)
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MPAs have shown, to have a positive impact on the conservation and recovery of marine
species (eg. (Speed, Cappo, and Meekan 2018)). However, numerous factors, biological
and socio-economic, can influence the response of targeted and non-targeted species
making their effects uncertain even years after their creation (Babcock et al. 2010). Their
efficiency is, for example, highly dependent on their design and management; five key
characteristics have been recognized to improve greatly their conservation benefits : (1)
a no take policy, no fish or plant can be removed from the protected area, (2) good
enforcement, (3) being older than 10 years old, (4) being larger than 100 km2, (5)
isolation by deep sand or water (Edgar et al. 2014). Their management, after their
creation, should also not be overlooked : the budget allocated and the staff capacity (Gill
et al. 2017) as well as the local socioeconomic conditions (McClanahan et al. 2006) can
become constraints in their well-development.

The preoccupations leading the creation of PAs and MPAs have thus gradually changed
over time and now have to accommodate for the impacts of climate change which, in the
case of MPAs, include increasing temperature, sea-level rise and ocean acidification in
addition to previously known threats such as overfishing.

When well-managed, MPAs can help climate change adaptation through different ways.
MPAs help protect wetlands (mangroves, seagrasses and salt marshes) which can in turn
offer a safe habitat to different species as well as maintain carbon sequestration. They also
enhance the reproduction of populations making them more resistant to extinction and
prevent biodiversity loss by diminishing stressors caused by human activities. MPAs can
also provide refugia for species migrating because of a change in salinity or temperature
(Roberts et al. 2017) as well as promote genetic diversity within species allowing for a
better adaption and evolution to the impacts of climate change (Carr et al. 2017).

1.3 Connectivity

In its most general sense, connectivity refers to the processes that determine the
connections between populations, species, communities or ecosystems. More precisely,
ecological spatial connectivity refers to ‘the processes by which genes, organisms,
populations, species, nutrients, and/or energy move among spatially distinct habitats,
populations, communities, or ecosystems’ (Carr et al. 2017).
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Ecological spatial connectivity can be divided into four categories defined by Carr et al.
(2017) : (1) Population connectivity, the movement of individuals of a single species
among patchily distributed local or subpopulations which may be separated because of
unhabitable areas. Those movements influence the number of individuals as well as the
structure of the local population. (2) Genetic connectivity, the movement of genes and
their impacts on evolutionary processes within subpopulations of a single species. (3)
Community connectivity, the movement of multiple species among distinct ecological
communities formed by species that interact in particular habitats. (4) Ecosystem

connectivity, the movement of multiple species, chemicals, materials and energy in the
form of organisms (Carr et al. 2017; Lowe and Allendorf 2010).

Population connectivity can be studied through the exchange of eggs, larvae recruits or
other propagules, juveniles or adults that happen within subpopulations of a single
species (Palumbi 2003). This exchange can happen through passive dispersal (in the case
of fish larvae, eggs and spores carried by water currents) or active migrations (in the case
of adult and juveniles organisms) (Berkstrém, Wennerstrom, and Bergstrom 2022). The
distance crossed through passive dispersal varies from species to species : fishes and
invertebrates with a pelagic larval phase are able to disperse over long distances ranging
from tens to hundreds of kilometers (Kinlan and Gaines 2003), whereas macrophytes

might need to attach to floating objects to do so and travel smaller distances (Fig. 4)
(Winston 2012).
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Figure 4 Dispersal distances for spores and pelagic larvae from macropyhytes, invertebrates and
fishes in the Baltic Sea, Kattegat and Skagerrak. (Berkstrém, Wennerstrom, and Bergstrom 2022)
adapted from (Kinlan and Gaines 2003)

12



In the context of MPAs, connectivity manifests through the movement of juveniles and
adults from and to areas outside and inside of MPAs. Parts of MPAs rely on the arrival of
populations spawned outside of the MPA and others act as a source of populations for
areas outside the MPA. Those movements can in turn increase the stability, size and
diversity of populations inside the protected sites and in the surrounding waters.

To include connectivity into their creation and management, MPAs have to be considered
as MPA networks: “an organized collection of individual MPAs operating co-operatively
and synergistically, at various spatial scales and with a range of protection levels, to fulfill
ecological aims more effectively and comprehensively than individual sites could alone”
(Laffoley 2008). In a network, MPAs would need to function collectively to reach
biodiversity goals with connectivity being only one aspect of the MPA network creation.
The IUCN-WCPA sets five guidelines to ensure the creation of an effective MPA network
including connectivity (ecological linkages): (1) Include the full range of biodiversity
present in the biogeographic region. (2) Ensure ecologically significant areas are
incorporated. (3) Maintain long-term protection. (4) Ensure ecological linkages. (5)
Ensure maximum contribution of individual MPAs to the network. (Laffoley 2008)

In spite of its advantages, connectivity is still an overlooked process in the creation and
study of MPAs. A 2018 study showed that, among five countries with advanced marine
spatial planning (namely France, Australia, the UK, the US and Canada), only 11% of the
MPAs considered connectivity as an ecological criterion (Balbar and Metaxas 2019).
Software tools such as MARXAN (Ball, Possingham, and Watts 2009), which identifies
optimal PA and MPA networks for the lowest socio-economic cost, are more commonly
used during the planning process (Airamé et al. 2003; Green et al. 2009). MARXAN has
more recently implemented the use of previously established connectivity data (dispersal
model, genetics...) to establish and include connectivity metrics in its calculations through
Marxan Connect (Daigle et al. 2020).
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1.4 The Seychelles archipelago

The Seychelles archipelago is located in the Western Indian Ocean, north of Madagascar
(Fig. 5). It consists of 155 islands with most of its population (98-99%) living on the
central islands of the Mahé plateau, a shallow plateau of around 40 000 km? located in the
north-eastern part of the archipelago (GOS 2014).

The Seychelles Exclusive economic zone (EEZ) (Fig. 5), the area where it has jurisdiction
over natural resources (fish, offshore oil and gas) (Hannesson 2013), is one of the 25
largest in the world. and its biodiversity is at the base of its economy, supporting tourism,
fisheries and local livelihoods (Seychelles Marine Spatial Plan Initiative 2023).

Madagascar

Seychelles Islands 0 125250 500 Kilometers
[ seychelles EEZ boundaries N T N

Figure 5 Location and limits of the Seychelle’s Exclusive Economic Zone
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Following a six year plan set in motion in 2014 , the Seychelles has protected 30% of its
EEZ with MPAs (Fig. 6). Half of those areas are of high biodiversity protection where
almost no human activity is permitted. The other half is of medium biodiversity protection
and sustainable use, allowing for activities necessary to the Seychelles’ economy under
regulations. (Seychelles Designates 30% of its EEZ as Marine Protected Area 2020).
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Figure 6 MPAs of high and medium biodiversity protection located in the Seychelles’ EEZ
(Seychelles Marine Spatial Plan Initiative 2023)

1.5 Red snapper in the Seychelles archipelago

The Emperor red snapper (Lutjanus sebae) or ‘Bourzwa’ in Seychellois Creole is a tropical
and subtropical reef-associated fish. It has a wide geographical distribution spanning the
Western Pacific and Indian Ocean (Fig. 7) (Allen 1985). Adults are typically found in depth
between 10 and 100 meters in the vicinity of coral reefs (Allen 1985).
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Figure 7 Probability of occurrence of the Emperor Red Snapper (AquaMaps 2019)

The Emperor snapper is caught using handlines, traps and bottom trawls. It is considered
to be overexploited in the Seychelles where it is a key commercial fish along with the
Brownspotted grouper (Epenephelus chlorostigma). In spite of an expansion in fishing
grounds, catches have been declining since 1991 and immature fish smaller than 65cm in
length represented 43% of catches in 2013 (Advance Africa Management Services 2015;
GOS 2014). In particular, catches of red snappers between 2004 and 2011 were higher
than the sustainable yield previously established (GOS 2014).

1.6 Objectives

As mentioned above, the high biodiversity present in the Seychelles archipelago and its
reliance on fisheries as a driver of its economy make it a perfect candidate for the creation
of a MPA network. The connectivity of the current network, with a focus on the Mahé
Plateau, will be studied through the movement of the Emperor red snapper larvae in order
to assess the connection between potential spawning grounds and existing MPAs on the
inner islands. Modelling of the ocean currents is done using the 3D versions of the
unstructured mesh ocean model SLIM and is followed by the creation of a particle tracker
based on life characteristics of the Emperor red snapper larvae in order to simulate its
movement around the area. Several questions are to be answered : how can we
characterize the connectivity between reefs on the Mahé plateau and how do MPAs
contribute to the dispersal of larvae? Are there any gaps in the current MPA network?
which can be divided into four main objectives:

e Assessing the dynamic of larvae propagation on the Mahé plateau.

e Assessing which reefs are the biggest source of larvae for other reefs and which
reefs or seagrass patches are the biggest destinations of larvae.

e Investigate if those reefs or seagrass patches are located in MPAs and if MPAs
contribute to the propagation of larvae on surrounding reefs and seagrass patches.

16



1. Materials and methods

2.1 Area of interest

The Mahé plateau is located in the northern part of the Seychelles archipelago; in the
south-western tropical Indian Ocean (Fig. 8). It spreads over a surface of approximately
40.000 km?2 and has a depth of around 50m on average that reaches 1000m rapidly at its
limit (GOS 2014). The open ocean boundaries of the Mahé Plateau are set at the 400m
isobath. As of 2020, there are eight MPAs located around the inner islands of the plateau

(Fig. 9).

—— Plateau boundaries

Inner islands

Western Indian Otean

Figure 8 Mahé Plateau (Seychelles) location
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The ocean circulation on and around the plateau is driven by the seasonal monsoons
coming from the south-western Indian Ocean and divided into two periods:
northwesterly winds from December to March (austral summer) and southeasterly wind
from April to November (austral winter). The ocean circulation is mainly wind-driven at
the peak of the monsoon (from December to February and June to August) (Castillo-
Trujillo et al. 2021). Water temperature near the island of Mahé reaches its warmest in
April and May when it is above 29°C and its coldest in July and August when it is lower
than 26°C (Castillo-Trujillo et al. 2021).

The GEBCO! bathymetry shows the presence of a deep area (~700m) north of the plateau
(Fig. 10) which seemed unlikely because of the shallowness of the plateau. This was
corrected by combining bathymetry data from nautical charts with GEBCO data through
a buffer area of 2000m, allowing for a smooth transition between the two datasets (Fig.
11). Since nautical charts provide the water depth at low astronomical tide (LAT), we
added half the tidal range observed during a period of a year (around 1m) to derive the
bathymetry.

1 General Bathymetric Chart of the Oceans, https://www.gebco.net/
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2.2 General approach

This work is divided into two main parts. Firstly, the 3D hydrodynamic simulation of the
area of interest. Secondly, a study of larvae dispersion and connectivity over the area of
interest using a Lagrangian particle tracker built upon biological characteristics of fish
larvae. Both parts are carried out using the Second-generation Louvain-la-Neuve Ice-
ocean Model (SLIM)

2.3 Hydrodynamic modelling
2.3.1 SLIM model

SLIM is a hydrodynamic model that computes ocean currents by solving the equations
governing the ocean circulation on an unstructured mesh. The two versions used in this
work are SLIM2D and SLIM3DZ2. The 2D barotropic version of SLIM is well suited to
shallower environments where the water column is well-mixed as it computes depth-
averaged current velocities. It also has a smaller computational cost than 3D modelling,
allowing for a finer mesh resolution.

SLIM3D uses a vertical extrusion of the 2D mesh along the depth. There exist different
systems of vertical layers : the z-layers (a) remain at fixed depth, the o-layers (b) follow
the bathymetry (Fig. 12). Z-layers have constant depth levels but have the drawback of
producing a staircase representation of the seabed. o-layers, which are used in the current
version of SLIM3D, follow the seabed and usually better represent the hydrodynamics
when the bathymetry is not too deep . They can however be more prone to numerical
issues on areas with a steep slope.

(a) (b) (c)

Surface

———— —es—e e m_—

=
Bottom

Figure 12 Illustration of the (a) z-layers, (b) o-layers and (c) their combination

Z https://www.slim-ocean.be
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2.3.2 SLIM 3D : Model equations

SLIM3D solves the 3D hydrostatic equations and computes the sea surface elevation, the
3D current velocity, the salinity and the temperature on a domain () (Fig. 13) (Vallaeys
2018). The model equations are derived from the Navier Stokes equations under the
Boussinesq and hydrostatic assumption. The Boussinesq approximation sets that density
variations are neglected in all terms of the momentum equation, except the gravity term
whereas the hydrostatic assumption implies that the pressure in only dependent on the
height of the water column and its density.

Iy

Figure 13 Sketch of the 3D domain Q defined by its boundaries I'. (credit: P. Delandmeter)

The domain is defined by three dimensions : x and y (the horizontal components of the
position vector x) and z, the vertical component. The domain is limited by three
boundaries : the lateral boundary I'l (open waters or shorelines), the bottom boundary
['b (the seabed) and the top moving boundary I's(the surface of the water). h(x)y)
corresponds to the bathymetry, the seafloor is thus located at z= -h(x,y) whereas the top
surface is located at z= 1](t, x, y). The total water depth is therefore equal to H(t,x,y) =

h(xy) +1(t %, y).

The model equations which describe the fundamental processes driving ocean circulation
are as followed :

du dwu d du 1
E+Vh-(uu)+ = = V- (v, (Vpu)) + > <v£>— fe,anu — ™ VLo,
(1)
ow
Vh'll + E = 0,
(2)
1 1 g N
— Vpp = — Vypa + gVun + —Vhf (P = po) dz,
Po Po Po z
(3)
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(5)

where u is the horizontal velocity, w is the vertical velocity, V; is the horizontal gradient
operator, v, is the horizontal viscosity, T is the temperature, v is the vertical eddy
viscosity, ez is the vertical unit vector, po is the reference density, p is the pressure, pais
the atmospheric pressure, n is the sea surface elevation, p is the density, k; is the
horizontal eddy diffusivity, k is the vertical eddy diffusivity, Trel and Srel are the
temperature and salinity relaxation terms (Alaerts 2021; Vallaeys 2018).

The equations correspond respectively to : (1) the momentum equation, (2) the
continuity equation, (3) the pressure equation, (4) the temperature equation and (5) the
salinity equation. The momentum equation states that a change in momentum in a water
section is due to the forces acting on it. The continuity equation states that changes in
mass in a water section are equal to the difference between in and out mass fluxes. The
pressure equation describes the pressure as the sum of the atmospheric pressure, sea
surface elevation and baroclinic pressure.

The temperature and salinity equations are expressed through a relaxation term Srel (not
computed in those simulations) and Trel which are added in order to force the computed
values towards the salinity and temperature provided by a larger scale ocean model.

The relaxation of the salinity is computed as :
max((zs + z),0)

Srel = Sref — S
re T, * (Sre )

(6)

where zs is the relaxation depth, T, is the relaxation period, S is the salinity and Sref is the
value of the variable at the ocean surface as computed from a larger scale ocean model.

The relaxation of the temperature is computed as :
Azg (SSTref — SST)

Ts

Trel =
(7)

where Az is the surface layer thickness and SST the sea surface temperature. The SST is
measured through satellite data (European Union-Copernicus Marine Service 2015).
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Other parameters are needed to compute the equations such as the horizontal diffusivity
(xh) which is defined by the parameterization of Okubo (1971):
Kp = C A1.15'
(8)
where cis the Okubo coefficient and A the mesh size. The horizontal viscosity v;, is defined
through the Smagorinsky closure scheme (Smagorinsky 1963):

_ g A? Z(E)u)Z 42 ((’)V)Z N <6u+ 6v>2
VR = @ 0z dy dy ox/ '

where o is a non-dimensional constant and A is the square root of the surface of the

(9)

horizontal section of the 3D mesh element.

The vertical eddy viscosity v and diffusivity k are computed from a k-€ vertical closure
scheme.

2.3.3 Forcing data

Ocean currents are driven by steady and time-dependent external forcings. Those
forcings are the main drivers of the ocean circulation and are needed to simulate ocean
currents. Time-dependent forcings include the wind, the tides and the large-scale
circulation as well as the surface heat, salinity, and air temperature. Those forcings are
retrieved from models and measurements in several datasets.

Winds and atmospheric pressure forcings are collected from the ERA53 dataset (ECMWF
Reanalysis 5th generation) which provides data hourly on a 31km grid.

On its boundaries, the model is forced by a larger-scale ocean model and tides. Tidal
elevation and velocity are extracted from the TPX09 dataset (Egbert and Erofeeva 2002).
Simulation outputs of SLIM were compared using two different larger-scale ocean models
as open lateral boundary conditions for currents, temperature, salinity and sea-surface
temperature: the The Western INDian Ocean Simulation (WINDS) and NEMO (Nucleus for
European Modelling of the Ocean) (Madec et al. 2023).

WINDS is a regional ocean model with a current simulation of 1/50° (~2km) resolution
(Vogt-Vincent and Johnson 2023). WINDS outputs from 1993 to 2020 are available every
five days for the full 3D temperature, salinity and velocity fields, and every day for the
free-surface height and depth-averaged variables. WINDS uses forcings from the ERA-5
dataset (surface air temperature, sea-surface temperature...). Its lateral boundaries are
forced by a global ocean model of 1/12° resolution, GLORY12V1 and tides are extracted
from the TPX09-atlas dataset.

3 https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5
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WINDS outputs are available through the CEDA (Centre for Environmental Data Analysis)
website*. NEMO provides daily data on a 1/12° grid (~9km) over 50 layers of depth and
is available through the Copernicus Marine Service>.

2.3.4 Mesh

SLIM relies on unstructured meshes which allow for a finer resolution closer to the coast
or over regions of interest and bathymetry gradients. The mesh is computed using the
seamsh python library®. Nodes of the triangles correspond to the points where ocean
variables are computed (surface elevation, currents velocity, temperature, salinity, etc).
The equations are solved numerically with the discontinuous Galerkin finite element
method which does not require the solution to be continuous between neighboring
elements. The mesh used during simulations is refined closer to the coast and to coral

reefs (Fig. 14). It is extruded over 16 layers to form the 3D mesh.
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Figure 14 Mesh used for the simulations and containing 51.281 elements. The smallest element
resolution is ~200m and the largest one is ~5300m

4 https://data.ceda.ac.uk/bodc/U0X220077/
5 https://data.marine.copernicus.eu/
6 https://pypi.org/project/seamsh/0.3.3/
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2.4 Model Validation

Validation is done through the use of tide gauges as well as ADCP (Acoustic Doppler
current profiler) data collected on the Mahé Plateau which respectively record the sea
level and water current velocities (Fig. 15). The sea level measurements are provided by
the European Commission Joint Research Center’. The Seychelles Local Ocean Modelling
and Observation (SLOMO) program has carried out measurements on the Mahé Plateau
since 2015 which gives access to validation data through the presence of two ADCPs
(Scripps Institution of Oceanography et al. 2017) for the year 2017 (northern ADCP) and
2018 (eastern ADCP).

53°E

54°E S55°E 56°E 57°E S8°E

595;

——— Mahé Plateau boundaries

Seychelles Islands
op ADCP data collection
+ JRC elevation (Pt.LaRue)

53°E 54°E 55°E 56°E 57°E S58°E

Figure 15 Location of the ADCP installed for the SLOMO project on the plateau as well as the JRC
tide gauge (Seychelles-Pt. LaRue)

Because of the long computation time of 3D simulations and the size of the outputs, the
period used for all the comparison between simulations using WINDS and NEMO takes
place over two month and a half, between January 1 and the March 15, 2018. The data
recorded during this period at the eastern ADCP (ADCP-E) is used for the validation.

7 https://webcritech.jrc.ec.europa.eu/SeaLevelsDb/Device /925
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2.5 Circulation of fish larvae

2.5.1 Lagrangian Particle tracker

The step following the hydrodynamic modelling of the area is the simulation of the
dispersion of fish larvae. This process is achieved by using a Lagrangian Particle tracker
integrated within SLIM3D. A Lagrangian tracker coupled with SLIM 2D and 3D has been
repeatedly used before to model the dispersal of drifting material, including coral larvae
(Frys et al. 2020) or stone crab larvae (Alaerts et al. 2022). This method allows for each
particle to have its own characteristics and behaviors.

The 3D position of each particle is computed with the following advection-diffusion
equation:

dX(t) = (u+ V - K) dt + VZKdt - R(2),
(10)

where X(t) is the time-dependent 3D position vector, u the particle velocity (buoyancy
and current velocity), R(t) is a vector of random numbers with zero mean and unit
variance and K is the turbulent diffusivity tensor:

Kp 0 0
K= 0 Kp 0],
0 0 «k

(11)

The first part of the equation (u+ V - K) is related to advection and combines the
particle velocity obtained by summing its own buoyancy with current velocity with V - K
which includes a correction drift to prevent accumulations of particles in regions of low

diffusivity (Grawe and Wolff 2010; Scherpereel Colin 2022). The second part, v2Kdt, is
related to random diffusion.

Exchanges between sub-areas of the plateau are studied trough the computation of
connectivity matrices of which rows and columns correspond to sources and sinks (reefs
and seagrass patches) of particles (larvae in this case). An entry (i, j) in the connectivity
matrix corresponds to the number of larvae released from the area i to the area j. In this
case, the connectivity matrix is built by adding a value of 1 to the relationship between
two reefs every time a larvae settles.

2.5.2 Indicators

Graph-theory indicators can serve as tools to understand and highlight the connectivity
differences between areas. Graph theory has been used to study landscape connectivity
(Galpern, Manseau, and Fall 2011; Urban and Keitt 2001) as well as population
connectivity in marine conservation (Anadén et al. 2013; Treml et al. 2008) and to

implement the concept of connectivity in MPAn evaluation (Assis et al. 2021; Friesen et
al. 2019).
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Firstly, the In-degree (ID) and the Out-degree (OD) are computed on a non-normalized
matrix and respectively correspond to the incoming and outcoming edges of the
considered reef which would, in this case, correspond to the potential of a reefto receive
fish larvae or to send fish larvae to other reefs.

Secondly, the weighted connectivity length (WCL) computes the average distance
travelled by larvae from a given area. It is calculated through the following equation:

(12)

Where dij is the distance between habitats i and j and C~U is the normalized element of the
connectivity matrix (Alaerts et al. 2022; Dobbelaere et al. 2020).

Thirdly, the self-recruitment (SR) serves as way to measure the isolation of an area in
the network. It corresponds to the fraction of larvae that were produced in the area and
did not leave it. It corresponds to the following equation :

Cii

SRi = —,
i

(13)
where Cii is the element of the connectivity matrix.

Finally, the local retention (LR) is the fraction of larvae spawned by a reef that settled on
that same reef.

. Cii
LRi = -,
Si
(14)
where Cii is the element of the connectivity matrix and Si the number of seeded larvae.

2.5.3 Larvae behavior
Life stages and characteristics of the larvae were based on the work of Zhou et al. (2024)

which modelled the larval dispersal of the Red Snapper (Lutjanus campechanus) in the
Northern Gulf of Mexico. The pelagic larvae duration (PLD) is divided into five stages with
specific characteristics (Fig. 16): (1) Egg, (2) Pre-flexion stage, (3) Flexion, (4) Post-
flexion, (5) Settlement.
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(0-1 day) (1-13 days) (13-16 days) (16-26 days) (26-30 days)
S— \ . )
Buoyancy Horizontal swimming

Figure 16 Pelagic larval stages and duration of Lutjanus campechanus, based on (Leis 2020, 20;
Zhou et al. 2024), images from (Drass et al. 2000)

The presence of a positively buoyant egg stage has shown to lead to more field-accurate
results while modelling the dispersal of fish larvae as it allows eggs to reach the surface
water and move downwind (Leis 2020). The positive buoyancy is a result of the water
density and the anatomy of the egg which impacts its density. The buoyancy of the Red
snapper egg is calculated using the following Stokes equation (Paris et al. 2013):

pwater — pegg

Wh =g xdxd X 184

(15)

where Wb is the buoyancy vertical velocity (m/s), g is the gravitational acceleration
(m/s?), d is the egg diameter (m), pwater and pegg are the density of the water and egg
(kg/m3) and p is the water molecular viscosity (kg/m*s) computed as follows:

pu= 1,88-10"3—(T*4-107°)
(16)

where T is the temperature of the water (°C), here fixed at 27°C

Bourque and Phelps (2007) measured a d value of 0.08cm for the Lutjanus campechanus.
Sundby and Kristiansen (2015) set that pelagic eggs have an density comprised between
0.001 and 0.006 g/cm3 with most of them being between 0.001 and 0.002g/m3 less than
medium seawater. The value used here is 0.0015 g/m3.

Emperor red snapper spawning on the Mahé plateau happens all year round with peaks
in March and September (Advance Africa Management Services 2015). Simulations are
thus done over the first six months of 2018, from January to June and in September.
Spawning happens every 24 hours at the depth of the coral reefs during the first ten days
of each month except in January when it happens as one batch on the tenth to account for
the spin up period of the simulation. Larvae are spawned at a density of 50 larvae per km?
everyday which totals to around 105> larvae each month.

28



Aggregations and spawning of snappers are known to happen on the Mahé plateau but
little information is known about their exact location apart from the fact that they take
place around the inner islands and on certain offshore areas (Grandcourt et al. 2008). The
hypothesis is thus made that spawning happens from reefs located on the plateau as
Emperor red snappers are known to be present in their vicinity (Allen 1985). Coral reefs
are extracted from the UNEP global distribution of coral reefs data set (UNEP-WCMC et
al. 2010).

Fish larvae develop horizontal swimming abilities during the notochord flexion stage. The
speed of fish larvae increases during the flexion speed to reach its maximum set at 41
cm/s (Fisher et al. 2005; Zhou et al. 2024). This allows fish larvae to swim towards
seagrass meadows and reefs which are within a detection distance of less than five
kilometers.

Larvae can settle when they are above reefs or seagrass patches with a settling velocity of
0.0002 m/s. They are considered ‘settled’ once they reach a depth of 1m above the reefs.
After the duration of the pelagic state, 30 days, larvae are removed from the simulation.

2.5.4 Coral and seagrass location

Spawning takes place from coral reefs located on the plateau. Two sources were
considered for the location of the coral reefs, the Allen Coral Atlas (ACA) (Lyons, Larsen,
and Skone 2022) and The Global Distribution of Coral Reefs established by the
UNEP World Conservation Monitoring Centre (UNEP-WCMC) and the WorldFish Centre
(UNEP-WCMC et al. 2010). Both datasets show similar coral reefs repartitions with the
ACA dataset displaying a larger number of smaller offshore reefs (Fig. 17). The number of
entities present on both datasets varies : the UNEP-WCMC dataset counts 115 polygons
whereas the ACA counts 13309, many of them being smaller sized (4437 being smaller
than 25 square meters) (Fig. 18).
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Figure 17 Comparison of coral location between the UNEP and ACA datasets on and around the
Mahé plateau
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Figure 18 Comparison of coral location between the UNEP and ACA datasets around Mahé island

The UNEP dataset was finally used as spawning grounds and reef polygons were used to
create squared entities of 500m x 500m (the size of the smallest reefs) in order to have
consistent-sized reef, leading to a final number of 779 polygons considered.

30



Larvae are able to settle on reefs and on seagrass meadows which are located around the
inner islands (Fig. 19). The number of larvae settling on reefs and on MPAs is recorded
during the entire simulation. MPA locations established by the Seychelles Marine Spatial
Plan8 were provided by the Amanda Port-Louis (Ministry of Agriculture, Climate Change

& Environment) and seagrass location data by Dr. Jéréme Harlay (University of
Seychelles).
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Figure 19 Seagrass and MPA location around the inner islands

8 https://seymsp.com/
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3. Results

In this section we present the results obtained. First we compare the output of SLIM3D
using two different large-scale oceanic currents forcing (i.e. WINDS and NEMO). Then we
present the output of the hydrodynamic model obtained over seven month, from January
to June and in September 2018. Finally, we present the results of the connectivity analysis
performed on the reefs and MPAs of the Mahé plateau.

3.1 Model validation

3.1.1 NEMO and WINDS comparison

Before the final hydrodynamic simulation of seven months, we first validated the
simulated velocity field with respect to ocean currents velocity measurements at ADCP-E
(seelocation in Fig. 15) from January 1 to March 15, 2018. As we have two different large-
scale oceanic currents forcing (i.e. NEMO and WINDS), we ran simulations with SLIM3D

forced by each of these models on the open boundaries.

B : : s s p : S < s - : < s ¥ o < <
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Figure 20 Simulated (top row) and observed (middle row) current speed (m/s) profiles between

Jan. 1 and March 15, 2018 when forcing SLIM with CMEMS/NEMO (left) and WINDS (right) on the

open boundaries. The last row shows the difference between the observed and simulated current
speed.
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The simulated current speed is closer to the observed current speed when using NEMO
than when using WINDS on the open boundaries (Fig. 20). NEMO seems to better
represent the variations in current speed with a period of a few days observed during the
first half of the simulated period. However, in both cases the current speed is lower below
20m than it is in the observations. Similar results are observed in the current direction
(Fig. 21).
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Figure 21 Simulated (top row) and observed (middle row) current direction profiles between Jan. 1
and March 15, 2018 when forcing SLIM with CMEMS/NEMO (left) and WINDS (right) on the open
boundaries.

Both simulations lead to the following root-mean-square error (RMSE) values:

Component SLIM forced with NEMO SLIM forced with WINDS
u (m/s) 0.134 0.159
v (m/s) 0.209 0.330
uv (m/s) 0.152 0.185
uv dir (°) 16.961 22.485

Table 1 RMSE values of outputs calculated between the 01/01/2018 and the 15/03/2018
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The simulated velocity field at a five-meter depth, obtained when forcing SLIM with NEMO
represents most but not all variations in speed direction recorded at the ADCP-E, notably
around mid-January (Fig. 22).
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Figure 22 Current velocity (m/s) and direction recorded by the ADCP-E (top) and output by SLIM
(bottom) at the ADCP location for a depth of 5 meters between 01/01/20108 and 15/03/2018
using NEMO as larger scale ocean model
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To explain this difference, winds from the ERA-5 model were compared to wind velocity
measurements at the Seychelles Airport located on Mahé. It appears that the measured
wind velocity was almost twice as high as the velocity predicted by the ERA-5 during the
month of January (Fig. 23). We tried to double the amplitude of the ERA5 wind forcing
used in the SLIM simulations but it did not lead to significant changes in the simulation. It
however suggests that using a regional atmospheric model with a spatial resolution finer
than the global ERAS dataset might improve the model results.

a) Seychelles Airport
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Figure 23 Wind field measured at the Seychelles Airport (top) compared with the ERA5 wind
(bottom) at the same location.

3.1.3 Hydrodynamic simulation

The final hydrodynamic simulations take place over two periods of time: from January 1
to June 31 and from August 20 to October 10, 2018, leaving a spin up period of 10 days
before the spawning of larvae in September. The first 10 days of January are not
comprised in the following results to account for this spin up period.

As stated previously, the ocean circulation over the Mahé plateau is influenced by two
monsoon seasons. The northwest monsoon season happens during the austral summer
(between December and March) when winds are southeasterly and the southeast
monsoon during the austral winter (between April and November) during which winds
are northwesterly. The SLIM3D model simulates northeasterly currents from January to
March which shift northwesterly during the month of April (Fig. 24).
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Figure 24 Monthly averaged surface current speed and direction from January to June 2018
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The month of September was also simulated in order to have an idea of the currents
direction and velocity later in the year during another month of peak spawning. Currents
simulated with SLIM3D mostly flow north-westward (Fig. 25).
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Figure 25 Averaged surface current speed during the month of September 2018

As stated previously, water temperatures around Mahé island are known to reach more
than 29°C in April and May and less than 26°C in July and August. The output of SLIM3D
at the ADCP-E location (see location in Fig. 15) shows temperatures in qualitative
agreement with that trend. The simulated temperature can reach 31°C near the surface in
February and are above 28°C through the entire water column in March. Those
temperatures stay above 29°C from April to the middle of May when they begin lowering
to reach 25°C at the end of June (Fig. 26). The water temperatures and salinity (Fig. 27)
are mostly constant over the depth and show limited vertical stratification, although there
is some in February when surface waters warm up the most.

30

N N
[e2] [te]
Temperature [°C]

N
~

Figure 26 Temperature profile obtained with SLIM3D at the ADCP-E location
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Figure 27 Salinity profile obtained with SLIM3D at the ADCP-E location

South-east of the ADCP-E, 80km away from Mahé , where the depth is higher (~85m), the
vertical temperature and salinity profiles are more stratified (Fig. 28, 29). There is
especially a difference above and below 50m where the temperatures drop from around
25°C to around 20°C. Temperatures rise at the beginning of March and lower at the
beginning of May but stay above 26°C at the surface during the entire simulation. In both
locations, salinity rises during the second half of March.

N
[}

N
=
Temperature [°C]

N
N

B © 1
&St o> o0 o o S\
10\‘ qp\' 'LQ\' 1_0\' 'LQ\' 10\'

Figure 28 Temperature obtained with SLIM3D profile at coordinates [ 56.00, -5.3]
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Figure 29 Salinity profile obtained with SLIM3D at coordinates [ 56.00, -5.3]

The sea-surface elevation during the six months can be compared to the sea-surface
elevation recorded at the JRC Pt. LaRue tide gauge (see location in Fig 15.) The RMSE
computed over the six months is 0.057m. The simulated values replicate the observed
values well, however, the observed value have a slightly larger amplitude than what is
obtained through the simulation (Fig. 30).

Seychelles - Pt.LaRue - RMSE = 0.057 m
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Figure 30 Sea surface elevation modelled by SLIM and measured at the JRC Pt. LaRue tide gauge

3.2 Larvae dispersal

This section presents the results obtained with the LPT model using hydrodynamic
simulations spanning from January to June and September 2018. As stated previously,
larvae are spawned during the first ten days of each month at a density of 50 larvae per
km? , which amounts to a total of ~105 larvae released per month. We assessed the
sensitivity of our results to the presence and absence of a positive buoyancy during the
‘egg’ stage. The connectivity between MPAs and between reefs on the MP was then
investigated through the use of connectivity indicators.
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3.2.1 General settlement

Larvae are spawned on reefs during the first ten days of each month and leave the plateau
at a high rate (Fig. 31), especially during month where the current velocity is higher,
namely January and March (Fig. 24). In January and March as well as in June and
September, when currents have shifted northwesterly, most larvae have left the MP about
10 days after their spawning hence before developing active swimming. The lowest
percentages of larvae leaving the MP are observed in February and May.

100+

804

60

20+

% of larvae that left the plateau

January February March April May June September
Month

Figure 31 Percentage of larvae spawned during each month and leaving the Mahé plateau.

Larvae can settle on reefs and seagrass patches. The lowest settling percentage (i.e. the
percentage of spawned larvae that settled on reefs during a particular month) happens in
June when it reaches only 0.5% while the highest settling rate occurs in January, reaching
12.5% (Fig. 32).
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Figure 32 Percentage of larvae settling on a reef during their PLD

3.2.2 Impact of buoyancy

In order to quantify the impact of the positive buoyancy on the propagation of larvae, the
same simulations were carried out without buoyancy during the first 27 hours. The
difference in larvae leaving the MP is lower without buoyancy during all months but
March (Fig. 33). This difference lies between 2 and 10%. The impact of buoyancy on
leaving larvae is however variable with less larvae settling for all months but February,
April and June (Fig. 34).
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Figure 33 Percentage of larvae leaving the MP with and without positive buoyancy during the first
27 hours
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Figure 34 Percentage of larvae settling with and without a positive buoyancy during the first 27
hours

3.2.3 Connectivity of the current MPA network

Firstly, we spawned and let larvae settle only on MPAs to establish the current
connectivity existing between them, while still having larvae be capable of swimming
actively towards reefs and seagrass patches. For ease of use, the distinction between
Marine national parks and Special reserves will not be made and MPAs will only be
referred to with their name. The probability of exchange (ie. the likelihood of larvae to
move from one reef to another) was computed for all seven months simulated with
SLIM3D by dividing the connectivity matrix by the number of larvae seeded on each reef.
MPAs are seen to be already connected through exchanges of fish larvae. The highest
probabilities of exchange are observed from Curieuse (Fig. 35, MPA 0) and the Ile Coco
(MPA 6) and from Port Launay (MPA 3) and Baie Launay (MPA 7) with respectively 2.1
and 2.8%. The mean probability of exchange between all MPAs is 0.47%.
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Figure 35 Probability of exchange between MPAs and associated matrix. MPAs are numbered as
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Baie Ternay

With the connectivity matrix built during larvae dispersal, we computed connectivity
indicators for each MPA : the weighted connectivity length (WCL), the self-recruitment
(SR), the proportion of larvae settled and the local retention (LR) (Fig. 36). The proportion
of settled larvae is lower than 5% for most MPAs and is the highest in Baie Launay which
also has the highest percentage of local retention (Fig. 36, d). WCL values of MPAs range
from 1 to 48 km. The WCLs of Port Launay and Baie Ternay are the lowest (<10km) as

they mostly provide larvae to each other and themselves.

43

107!

F10-2

F10-3

<le-04

10-2

= 10—2

L 10—3

- <107*

Probability of exchange



Two groups of MPAs seem to appear : (1) Silhouette, St. Anne, Port Launay, Baie Ternay
and (2) Cousin, Curieuse, Aride and Ile Coco with exchanges between the two groups
being provided by the MPAs with WCLs higher than 30km. The self-recruitment of St.
Anne and Curieuse is the highest (55%) which means they are more isolated than other
MPAs.
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Figure 36 Connectivity indicators of MPAs : WCL (a), proportion of larvae settled (b), self-
recruitment (c), local retention (d)

3.2.4 Connectivity among individual reefs

Snapper larvae swim around the MP from reef to reef creating connections between reefs
in and out of MPAs. In this part, those connections are analyzed through the use of
connectivity indicators.

The out-degree (OD) is based on the non-normalized connectivity matrix and reflects the
out-going connections of a reef. ODs range from 0 to 93 (Fig. 37). Reefs located on the
coast of Mahé island have the highest ODs of the plateau. Small outer reefs (b and c)

located around 100 km away from the inner islands also present ODs ranging from 10 to
20.
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The in-degree (ID) illustrates the incoming connections of a reef or a seagrass patch and
can reach a value of 440 around Mahé. Main destinations of settling larvae are located
around the inner islands (Fig. 38) while outer reefs have a non-existent ID. It is notable
that important destinations of larvae are already located in MPAs, namely Silhouette, Baie
Ternay, Curieuse and Aride.
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Figure 38 In-degree of the squared reefs and seagrass patches located around the inner islands
obtained by intersecting the 500x500m squared reefs with UNEP polygons. Red squares highlight
reefs located in MPAs and having a high- in-degree (>100)

The movement of fish larvae forms a tight network between the inner islands. Those
connections change through the season and are influenced by the directions of the
currents. In April, when currents have been seen to flow towards the northwest,
connections between Mahé and Praslin have little to no probability of happening in
contrary to connections From Mahé to Silhouette (Fig. 39). When currents are westward,
in September, outer reefs supply the inner islands at a higher rate. Connections between
Praslin and Mahé have a higher probability of happening in February when current flow
towards the north-east. The reefs located around the island of Mahé supply each other
during the entire year. Seagrass patches have an average in-degree of 22.42 while reefs
have an average in-degree of 33.41.

46



-3.8 38 _#,
-4.0 4.6

-4.2 - —421

-4.4 B —44{ B

- A L] - R * -
4 (‘ 2 =40 '-:J A 10—
<o - R ? - \-_\ ¥
g8 o s
-4.8 -4.8 Ny 4
T

55.2 55.4 55.6 55.8 56.0 56.2 56.4 55.2 55.4 55.6 55.8 56.0 56.2 56.4

£
C b
-
£
v
L)
-
-
5
Probability of exchange

—-3.81 J
-4.0 1
1071
Q
o
&
—4.2 1 » 5
¢ x
o E) f_J
/ e 1072 ©
X >
-4.4- ' r 2
Q - g
e
N % a
~4.61 . - -
Jo
£
—4.8 1 e e
. "

Ll <104

552 554 556 558 560 562  56.4
Figure 39 Probability of exchange between the reefs in April (left), September (right) and February

(bottom) and main direction of connections (blue arrow)

We compute four indicators based on the connectivity matrices between reefs : the WCL,
the SR, the proportion of larvae settled and the LR. It appears that the reefs north of Mahé,
while having high ODs, have the lowest WCLs which are generally around 20 km (Fig. 40).
Those reefs mainly export larvae to other reefs on the coast of Mahé. Reefs around
Silhouette have WCL values around 60km as they export larvae to MPAs located around
Praslin. Outer reefs have the highest WCL (115km). However, even if larvae from offshore
reefs reach the inner islands, connections that cover distances greater than 60km form
only 5% of all connections observed in the simulations and the mean WCL for all reefs is
28km. SR and LR are generally low on all reefs around the plateau. Self-recruitment peaks
at 10% on reefs of the southern coast of Mahé. The proportion of larvae settled is higher
around Mahé where it is on average 10%.
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4. Discussion

In this section, we discuss the results of the hydrodynamic simulation as well as the
results obtained with the Lagrangian particle tracker.

4.1 Hydrodynamics

As explained in the previous sections, the current velocity and direction of SLIM3D
generally follow observed currents measured at the validation point (ADCP-E). However,
the simulation does not record all variations in current velocity and direction which can
happen over the course of a few days. This might be due to the lack of an atmospheric
model with a spatial resolution finer than the global ERA-5 dataset, which uses a grid with
a 31 km resolution

Currents modeled during each month (Fig. 24) seem to follow the pattern observed by
Castillo-Trujillo et al. (2021) and Hanuise (2022) with currents flowing towards the
northeast in January, February and March. Currents in May, June and September seem
however to have a stronger westward component. Variations in temperature modelled by
SLIM3D follow the trend observed by Castillo-Trujillo et al. (2021) with peaks in April and
Mays (>29°C) and lower temperatures at the end of June (<25°C).

4.2 Larvae dispersal

This study highlights the current connectivity between Marine Protected Areas located
on the Mahé plateau as well as the connectivity between reefs.

Firstly, we demonstrated that current velocity and direction impact the propagation of
larvae. The monthly rate of larvae leaving the plateau was especially high (>90%) in
March, June, and September. This could be due to the north-westward currents in June
and September and higher surface current velocity in March. High rates of particles being
carried out of the Mahé Plateau were also observed by Hanuise (2022) while studying the
propagation of seagrass fragments.

The amount of larvae leaving the MP was shown to be influenced by buoyancy and
lowered by 2 to 10% when no buoyant stage was considered except in March when it rose
by 2%. Buoyancy showed a variable impact on the rate of larvae settling: in four months
out of seven (January, March, May and September), a buoyant stage led to a rise in settling
larvae while it lead to smaller settling rates in February, April and June. Buoyancy of fish
eggs has, however, been seen to lower settling rates in other studies. For example, in the
case of the Lutjanus campechanus in the Gulf of Mexico, successful settling rates dropped
by 20% when adding a buoyant stage to passive larvae (Zhou et al. 2024). Buoyancy has
been seen to raise dispersal lengths (Leis 2020) which could explain why larvae leave the
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plateau at a higher percentage with a buoyant stage. The dispersion of larvae from the
Seychelles archipelago at the scale of the Western Indian Ocean has also been observed
by Gamoyo, Obura, and Reason (2019) who showed that passive larvae spawned by reefs
on the Mahé plateau spread at distances of 101 + 63 km which could correlate with the
high percentage of larvae leaving the MP in our simulations.

Secondly, the connectivity study of MPAs showed that the probability of exchange
between MPAs was at most 2.8% and 0.47% on average. Probability of exchanges
obtained here are in line with what was observed by Burt et al. (2024) in a connectivity
analysis of the islands of the Seychelles archipelago through the movement of coral larvae
and which found a transport probability between the inner islands of ~10-3. Results were
however lower when considering the probability of exchange between all reefs which
was, on average, 8*10-5.

Considering all reefs, we found that connections between reefs were mainly at distances
less than 60 km, resulting in a deeply intertwined network around the inner islands of the
MP. In those simulations, connections from outer reefs to the inner islands represented
less than 5% of all connections. This does not mean however that outer reefs should not
be considered as potential sources or sinks of larvae as only nine individual outer reefs
were considered in those simulations and actual sources of larvae are not known.

The monthly variations in connectivity patterns highlight that larvae dispersal on the MP
is highly influenced by monthly currents. For example, in April, northwest currents
reduce connectivity between Mahé and Praslin, while September's westward currents
enhance connections from outer reefs to inner islands. Similar results were obtained by
Vogt-Vincent, Mitarai, and Johnson (2023) for coral dispersal in the tropical southwest
Indian Ocean which highlighted the variation of connectivity on a week to week and even
daily basis.

Finally, potential gaps in the current MPA network would depend on the goal of the
chosen MPA. Reefs that have a higher out-degree and settling rate but a low WCL, like seen
on the coast of Mahé Island, have the potential to supply larvae to other reefs or seagrass
patches which are also located on Mahé island. Reefs with a high out-degree and a high
WCL, like seen north of Silhouette, on the other hand would favor longer-distance
dispersal. The in-degree showed key destinations of larvae around the inner islands, with
some already being part of MPAs, which could provide protection to fishes having just
finished their pelagic larval stage.
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However, this study has limitations. Larval dispersion is a complex process and the results
of this study are dependent on chosen model parameters and larvae behaviors. A
potential vertical ontogenetic migration process, which can entail daily movement of the
larvae from and to the bottom of the ocean as well as vertical movements following food
sources like phytoplankton was not taken into account and has been seen to have a
positive impact on settling rates (Hernandez et al. 2023; Zhou et al. 2024). Model
parameters such as main life stages were also based on the Letjanus campechanus which,
while being in the same genus, might not fully apply to the Lutjanus sebae. Assumptions
were also made about the potential spawning and settling grounds which at this time, are
not known.

Another limitation of this study is the length of the simulations which only last seven
months and are not expected to be a fully accurate representation of ocean circulation on
the Mahé plateau. This could explain the difference with results obtained by Castillo-
Trujillo et al. (2021) which were computed between 1993 and 2009. This time period
also did not allow for a full exploration of the dispersal dynamics of fish larvae as the
ocean circulation of the plateau is highly dependent on the northern and southern
monsoons. Longer simulation periods might be necessary to develop a better
understanding of the larvae dispersal around the plateau. However, the use of a 3D model
did however allow for an exploration of the impacts of vertical movements lead by water
currents and buoyancy but did cause a diminishing in horizontal resolution as modelling
the full 3D ocean circulation is more computationally heavy than modelling 2D currents.

Connectivity is also not the only criterion to be taken into account while planning the
creation of an MPA network and not an end in itself. According to the IUCN (Laffoley
2008), MPAn should, for example, take into consideration the economic and social
situation of their location, as they can impose a financial and social burden on local
populations. As previously stated, connectivity is also only part of one guideline out of five
set by the IUCN in 2008 for the design of resilient MPA network which should also include:
(1) a variety in habitats to represent all ecosystems and habitats in the region (2)
ecologically significant areas like nurseries or spawning aggregations (3) long-term
protection (4) the maximum contribution of individual MPAs to the network.

51



5. Conclusion

MPAs are a common tool used worldwide to enhance the protection of marine
biodiversity and have begun to include the question of connectivity in their creation with
the goal to improve the movements of marine species from and to MPAs thereby
enhancing the diversity and stability of marine populations. In this study, we tried to
investigate the current connectivity of MPAs located on the MP in the Seychelles
archipelago and identify potential locations of MPAs.

The first step to estimate movements of fish larvae around the MP was to simulate the
hydrodynamics of the area using SLIM3D over a seven-month period (January to June and
September 2018). The output of SLIM3D was then coupled with a LPT to simulate the
movement of fish larvae around the plateau. Simulations were done by dividing the life of
the fish larvae into five main stages : egg, pre-flexion, notochord flexion, post flexion and
settling between 26 and 30 days of age. Connectivity indicators were then used to
investigate the connections between reefs and MPAs.

This modelling approach allows us to answer the questions set at the beginning of this
study : how can we characterize the connectivity between reefs on the Mahé plateau and
how do MPAs contribute to the dispersal of larvae? Are there any gaps in the current MPA
network?

Results suggest than the connectivity between reefs and MPAs of the MP is highly
influenced by the direction and velocity of the currents which varies from month to month
and impacts the amount of larvae leaving the MP as well as settling on reefs. Settling rates
reached a peak in January with 12.5% but were seen to be really low in months with
north-westward currents like in June. Outer reefs located east of the inner islands have
the potential to supply them with larvae, however their probability of exchange is highly
dependent on westward currents.

Currently, two groups of MPAs seem to appear, one around Mahé and Silhouette and the
other around Praslin and La Digue. Exchanges between these two groups are provided by
the MPAs with WCLs higher than 30km, namely the Silhouette Marine national park and
the Aride special reserve. Other MPAs mainly exchange larvae with MPAs closer than
30km.

Connectivity between reefs has the potential to influence the implementation of new
MPAs by favoring reefs with the chosen characteristics. Reefs with high IDs and ODs,
especially around Mahé could be could suppliers and receivers of larvae however, their
impact is mostly limited to other reefs located around the island or themselves which is
seen through their higher local retention and higher weighted connectivity lengths. Reefs
around Praslin, while having lower in-degrees, could be good suppliers of larvae to other
reefs.

52



[tis notable that important destinations of larvae are already located in MPAs, namely the
Silhouette Marine National Park, the Baie Ternay Marine National Park, the Curieuse
Marine National Park and the Aride Special Reserve as seen through their higher in-
degrees.

The results of this study could be improved with better data on larvae behavior as well as
longer simulation periods. However, they offer insight on the connectivity of reefs located
on the Mahé plateau and the potential dynamic of larvae exchanges which could offer
important data for the potential implementation of new MPAs . The good results obtained
with SLIM3D also show its potential, especially in this region.
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Assessing the Response of Seychelles Fish Biodiversity
to Protection Status and Seascape Conditions

Marie Jacquemin

Marine protected areas (MPAs) are a common tool used worldwide to
enhance the protection of marine biodiversity. In recent years, MPAs and MPA
networks have begun to include the question of connectivity, which manifests
through the movement of juveniles and adults, in their creation with the goal
to enhance population stability and diversity in and out of MPAs. In this study,
we investigate the connectivity of the current MPA network located on the
Mahé Plateau, Seychelles with the goal to identify the dispersal dynamic of
fish larvae and potential gaps in the network. To do so, we use a three-
dimensional ocean model, SLIM3D, over a seven-month period. We couple it
with a larval dispersal model based on the behaviour of Lutjanus sebae, a key
commercial and overexploited fish in the Seychelles. Larvae behaviour is
divided into five main life stages : egg, pre-flexion, flexion, post-flexion and
settlement. We then conduct a connectivity analysis on the MPAs and reefs
located on the Mahé plateau. Our results suggest that the varying dynamic of
the currents has an impact on the direction of exchanges of larvae between
the inner islands and outer reefs of the plateau as well as on the percentage
of settling larvae which reaches a peak in January (12.5%). We find that the
probability of exchange between MPAs currently reach up to 2.8% and identify
potential locations of new MPAs on reefs with a high potential of exporting
and receiving larvae around Mahé island.
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