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Abstract

In the northern Gulf of Guinea, little is known about the Diel Vertical Migration (DVM) of
Sardinella aurita (S. aurita) and its role in reaching suitable nursery sites from spawning
locations, as well as the connectivity between these nursery sites and spawning areas. In this
study, a biophysical larval dispersal model (Ichthyop), forced by the CROCO (Coastal and
Regional Ocean COmmunity) hydrodynamic model was applied, to investigate the impact of
DVM on the recruitment of S. aurita larvae. Several types of simulation experiments were
conducted. These types of simulation experiments were chosen based on previous studies. The
first simulation is based on Lagrangian (passive) transport without DVM, while the others
include DVM. The results of the simulations revealed that the areas and periods most favorable
for recruitment correspond to those identified in previous studies conducted in the region.
Additionally, the application of DVM leads to a significant reduction in the number of recruited
larvae compared to the simulation without DVM. The simulations indicate that the DVM at
different depths (0-25 m, 0-50 m, and 0-75 m) shows similar results, suggesting that S. aurita
larvae generally remain close to the surface. This is consistent with data showing that S. aurita
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spawns mostly in the upper 50 meters of the water column in the northern Gulf of Guinea. The
Lagrangian analysis also reveals connectivity between the Cape Palmas and Cape Three Points
regions, which is crucial for the conservation of S. aurita stocks in the northern Gulf of Guinea.

Keywords: Hydrodynamic model; Larval model; Diel Vertical Migration; S. aurita;
Recruitment; Connectivity.

1. Introduction

Sardinella aurita (S. aurita) is the dominant small pelagic species in the Ivorian-Ghanaian
upwelling ecosystems, and represents a crucial fishery for West African nations (Sarr et al.,
2019). The variability in recruitment for this species is primarily influenced by environmental

conditions, as well as spawning and larval behavior (Mbaye et al., 2015; Koné et al., 2017).
Traditional stock-based approaches are inadequate for modeling the dynamics of small pelagic
fish due to their short lifespan and the substantial fluctuations in their abundance. Integrating
a hydrodynamic model with an Individual-Based Model (IBM) is essential, as it accounts for
environmental heterogeneity and individual variations.

Numerous studies have employed these modeling approaches to analyze the dispersal and
recruitment success of small pelagic fish larvae (Dias et al., 2014; Mbaye et al., 2015; Santos
et al., 2018). However, in the northern region of the Gulf of Guinea, very few studies have
used this approach. Recently, Koné et al. (2017) applied a larval dispersion model to study the
growth of S. aurita larvae along the northern coast of the Gulf of Guinea, but they did not
account for the Diel Vertical Migration (DVM) of the larvae.

In this study, the DVM is incorporated to gain a more comprehensive understanding of S.
aurita larval dynamics, whose reproductive strategy is well adapted to the environmental
conditions of the Ivorian-Ghanaian ecosystem. The research is specifically focused on how the
DVM of S. aurita larvae influences their survival and the efficiency of their transport from
spawning areas to recruitment sites. The results of the simulations are then discussed in the
context of S. aurita reproduction in the northern Gulf of Guinea.

2. Materials and methods

2.1. Hydrodynamic model

The outputs of the Coastal and Regional Ocean COmmunity model (CROCO) are used as the
hydrodynamic model. CROCO is an oceanic model built on ROMS_AGRIF and the non-
hydrostatic kernel of SNH (Debreu et al., 2012), aimed at simulating high-resolution coastal
and regional ocean processes, such as coastal upwelling. It employs a generalized sigma
coordinate for the vertical grid (Djakoure et al., 2014; Koné et al., 2017; Amemou et al., 2020).
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Outputs from the hydrodynamic model were stored every three days for the northern Gulf of
Guinea. More detailed explanation of the implementation of the CROCO model is available in
a study by Amemou et al., (2020). These outputs were then used as forcing factors for the
biophysical larval dispersal model in an offline coupling approach.

2.2. The Ichthyop tool

The dispersal of S. aurita larvae using Ichthyop (Lett et al., 2008) was studied. A Lagrangian
model designed to evaluate the impact of both physical and biological factors on
ichthyoplankton dynamics. Ichthyop has been extensively used in the Benguela, Humboldt,
and Canary upwelling systems to investigate the recruitment success of larvae from small
pelagic fish species (Brochier et al., 2011; Koné et al., 2013). Although Ichthyop has also been
employed to study the coastal retention of S. aurita eggs and larvae in the northern Gulf of
Guinea (Koné et al., 2017), it did not account for DVM as a factor influencing larval survival.

2.3. Simulations of larval dispersal

A series of experiments were conducted in which 5,000 virtual eggs were randomly released
over six spawning areas (Figure 1), based on field observations of S. aurita distribution (Binet,
1982 ; Roy et al., 1989 ; Kone et al., 2017) in the region :

o Cape Palmas inshore (CaPin, between isobaths 0-1200 m),

o Cape Palmas offshore (CaPoff, between isobaths 1200-2000 m),

o Cape Three Points inshore (CaTPin, between isobaths 0-1200 m),

o Cape Three Points offshore (CaTPoff, between isobaths 1200-2000 m),

e Mid-East Gulf of Guinea inshore (MEGGin, between isobaths 0-1200 m),

o Inshore area of the North-East Gulf of Guinea (NEGGin, between isobaths 0-1200 m).

To be considered recruited in the larval model, virtual particles had to be within the recruitment
area (Figure 1) and aged between 7 and 28 days. The 7-day threshold represents the average
age at which particles are thought to actively remain in a favorable area (Ditty et al., 1994).
The 28-day duration represents the average planktonic larval stage (Mbaye et al., 2015; Koné
etal., 2017).

Three DVM simulations were tested. The first simulation, based on Santos et al. (2006),
assumes that most actively migrating larvae ascend to the surface layer (0 m) at night, while
during the day, the majority are found at approximately 25 m (DVM25). Given the limited
depth range of this vertical migration, a second DVM simulation (DVM50) was explored,
where larvae migrate from 0 m at night to 50 m during the day (Olivar et al., 2001). The final
DVM scenario involves migration between 0 m and a deeper depth of 75 m (DVM75). The
baseline simulation represents a scenario where there is no DVM, while the second simulation
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accounts for DVM in S. aurita larvae. The hot letthal temperature in the study is T=25°C. The
survival rate of each cohort was determined after 28 days of transport (Mbaye et al., 2015;
Koné et al., 2017).
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Figure 1. The spawning zones of larvae on the northern coast of the Gulf of Guinea (2°N-6°N). (A)
Cape Palmas inshore (CaPin), (B) Cape Palmas offshore (CaPoff), (C) Cape Three Points inshore
(CaTPin), (D) Cape Three Points offshore (CaTPoff), (E) Mid-East Gulf of Guinea inshore (MEGGin)
and (F) North-East Gulf of Guinea inshore (NEGGin). Recruitment zones are (A) CaPin, (C) CaTPin,
(E) MEGGin and (F) NEGGin.

3. Results

The results of two simulations are represented in this section. A simulation that does not
account for DVM, and a simulation that incorporates the influence of DVM on the success of
larval transport.

3.1. Effect of spawning area of simulated larval retention

The results demonstrate that incorporating a DVM strategy significantly increases larval
mortality across all release zones (Figure 2 and Table 1). Recruitment rates show minimal
variation between DVM values of 25 m (DVM25), 50 m (DVM50), and 75 m (DVM75) in all
regions. In all cases and layers (DVM25, DVM50 and DVM75), the most favorable areas
consistently included the inshore regions of CaTPin, MEGGin, and CaPin. The lowest
reruitment value was observed for MEGGin across all DVM simulations, while CaPoff
exhibited the lowest retention in the simulation without DVM.
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3.2. Temporal patterns of simulated larval retention

Figure 3 shows the monthly evolution of simulated larvae recruited across different spawning
periods for all cases. As before, recruitment rates are higher in the simulation without DVM
than in those with DVM. The seasonality of recruitment rates follows a similar pattern in both
the simulation without DVM and across the different DVM values (DVM25, DVM50,
DVMT75). This consistency underscores the significant impact of DVM on recruitment
dynamics, highlighting a need for further investigation into the ecological implications of these
behavioral patterns.

Table 1. Percentage of simulated recruitment obtained in the larval model for the different spawning
areas and the three layers

Areas
Simulations CaPin (%) CaPoff (%) CaTPin (%) CaTPoff (%) MEGGIin (%) NEGGin (%)
NO DVM 11 7 11.5 5.5 9.5 0.2
(0-25m)
DVM25 9 6 85 4.5 8.5 0
NO DVM 49 22 57 28 48 21
(0-50 m)
DVM50 8 5 12 9 11 0.2
NO DVM 69 46 82 60 73 69
(0-75m)

DVM75 8 5 12 10 12 0.2
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Figure 2. Mean percentage of simulated larvae recruited obtained in the larval model for the different
spawning areas and the three layers: (A) 0-25 m, (B) 0-50 m, and (C) 0-75 m. The black bars represent
simulations without DVVM, while the blue bars correspond to simulations with DVM.
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Figure 3. Mean percentage of simulated larvae recruited obtained in the larval model for the different
spawning months and the three layers: (A) 0-25 m, (B) 0-50 m, and (C) 0-75 m. The black bars represent
simulations without DVM, while the blue bars correspond to simulations with DVM.
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The first peak occurs during the minor upwelling period (January to March) in the simulation
without DVM. A second, more pronounced peak is observed during the major upwelling period
(July to September) across all cases. The surface layer (Figure 3A) exhibits the lowest retention
(45%), followed by the intermediate layer (Figure 3B) with a retention rate of 60%, while the
deepest layer (Figure 3C) shows the highest retention (80%).

3.3. Effect of spawning depth of simulated larval retention

As with the previous simulations without DVM, the recruitment is higher when eggs are
released from deeper depth (Figure 4 and Table 2). In the simulation without DVM, the deepest
level (0-75 m, Figure 4C) was the most favorable, with 67%, followed by the intermediate
zone (0-50 m, Figure 4B) at 35.5%, and finally, the surface layer (0-25 m, Figure 4A) at 7.5%
(Table 2). Recruitment rates show little variation across DVM values of 25 m (DVM25), 50 m
(DVM50) and 75 m (DVM75) (around 7 %).

Table 2. Percentage of simulated recruitment obtained from the larval model for the three layers.
Release Depth 0-25m 0-50m 0-75m

Simulations NODVM  DVM25 NO DVM DVMS50 NO DVM DVM75

Percentage 7.5 % 5.8 % 35.5% 7.6 % 67 % 7.8%

3.4. Simulated larval transport and connectivity

This concern is based on analyzing connectivity patterns along the northern coast of the Gulf
of Guinea, assessing the transport of eggs and larvae from their spawning sites to other
favorable coastal areas to the west or east.
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Figure 4. Mean percentage of simulated larvae recruited obtained in the larval model for the different
spawning depths and the three layers: (A) 0-25 m, (B) 0-50 m, and (C) 0-75 m. The black bars represent
simulations without DVM, while the blue bars correspond to simulations with DVM.

3.4.1 Larval transport along the eastern coast

The exchange of larvae between the two spawning areas in the western part of the domain
(CaPin and CaTpin) and the favorable coastal areas to the east (MEGGin and NEGGin) was
limited across all layers (Figure 5). The surface layer (Figure 5A) has the lowest percentage of
recruited larvae (3%). This exchange typically occurs between July and September (during
major upwelling) for all simulations. In all cases, simulations show that fewer than 7% of the
surviving individuals (those not advected offshore), released from CaPin and CaTpin (the
western region), were transported to the eastern area during summer (Figure 5). The surface
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layer (Figure 5A) has the lowest percentage of recruited larvae (3%). The deep layer (Figure
5C) has a recruitment percentage of 4.5%, while the intermediate layer (Figure 5B) exhibits
the highest percentage at 6.5% (Figure 5B).

3.4.2 Larval transport along the western coast

Similarly, larval transport is low here, as in the previous cases (Figure 6). In all cases, less than
12% of the eggs released in the eastern area (MEGGin and NEGGin) were transported
westward, and this transport occurs during the summer (Figure 6). Once again, the surface
layer (Figure 6A) has the lowest percentage of recruited larvae (3%). The deep layer (Figure
6C) shows a recruitment percentage of 9.5%, whereas the intermediate layer displays the
highest recruitment at 11.5% (Figure 6B).

3.4.3 Larval transport between the two Capes

This section shows the larval transport between the two upwelling zones (CaPin and CaTPin)
located in the northern region of the Gulf of Guinea.

1) From CaPin (spawning area) to CaTPin (recruitment area)

The transport of larvae and eggs from the spawning area (CaPin) to the recruitment area
(CaTPin) is similar across all cases.

This process typically occurs during the summer (major upwelling period), with a maximum
value of recruited larvae (30%) for the surface layer (0-25 m, Figure 7A). Another period of
recruitment is also observed during the minor upwelling season in the simulations without
DVM, for the intermediate (0-50 m, Figure 7B) and deep (0-75 m, Figure 7C) layers.

2) From CaTPin (spawning area) to CaPin (recruitment area)

In all cases, simulations show that fewer than 15% of the surviving individuals (not advected
offshore) released in the CaTPin region were transported to the CaPin region in summer
(Figure 8). During the minor upwelling season, an additional retention period is observed in
the simulations without DVM, particularly for the intermediate (0-50 m) and deep (0-75 m)
layers. In this case, the surface layer (0—25 m) has the lowest recruitment (0.8%).
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Figure 5. Monthly evolution of the mean percentage of simulated larvae recruited obtained in the larval
model for the two spawning areas (CaPin and CaTPin), two favorable areas (MEGGin and NEGGin)
and the three layers: (A) 0-25 m, (B) 0-50 m, and (C) 0-75 m. The black bars represent simulations
without DVM, while the blue bars correspond to simulations with DVM.
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Figure 6. Monthly evolution of the mean percentage of simulated larvae recruited obtained in the larval
model for the two spawning areas (MEGGin and NEGGin), two favorable areas (CaPin and CaTPin)
and the three layers: (A) 0-25 m, (B) 0-50 m, and (C) 0-75 m. The black bars represent simulations
without DVM, while the blue bars correspond to simulations with DVM.



Research in Marine Sciences 679

(A)

15 | 8

(%) of Recruitment

T

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

(%) of Recruitment

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Month
18 T T 4 T T T T T T v T
16 ©
14
Tt 12
s
5
S 10
<
&
— 8
=
e g
A
i I I
- ) . - - . . =i 0 ‘ |
Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nowv Dec
Month

Figure 7. Monthly evolution of the mean percentage of simulated larvae recruited obtained in the larval
model for the spawning area (CaPin), the favorable area (CaTPin) and the three layers: (A) 0-25 m, (B)
0-50 m, and (C) 0-75 m. The black bars represent simulations without DVM, while the blue bars
correspond to simulations with DVM.
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Figure 8. Monthly evolution of the mean percentage of simulated larvae recruited obtained in the larval
model for the spawning area (CaTPin), the favorable area (CaPin) and the three layers: (A) 0-25 m, (B)
0-50 m, and (C) 0-75 m. The black bars represent simulations without DVM, while the blue bars
correspond to simulations with DVM.

4. Discussions

All DVM simulations have little effect on the spatial retention pattern but slightly increase the
offshore transport of larvae. Including DVM significantly decreases the spatial amplitude of
simulated larvae recruited in all spawning areas (Figure 2). This can be explained by the fact
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that larvae primarily remain in the neuston layer (0 m), where wind effects and offshore
transport are more significant (Mbaye et al., 2015; Santos et al., 2018). The areas most
favorable to larval recruitment generally remained the inshore regions (CaTPin, CaPin, and
MEGGin), while areas with much lower retention included CaPoff and NEGGin (Figure 2).
These findings are consistent with previous studies (Roy et al., 1989; Koné et al., 2017;
Amemou, 2021), which highlight that these regions are particularly conducive to egg and larval
recruitment and survival due to eddies that prevent offshore advection and loss. DVM25 shows
a lower recruitment rate compared to the other simulations (DVM50 and DVM75) due to the
spawning areas being in the 0-25 m depth range, where high offshore advection of eggs and
larvae occurs because of the Guinea Current (GC). This current can reach velocities of up to 1
m/s in the surface layers (Richardson and Reverdin, 1987). The velocity of the current
decreases with depth, resulting in more favorable conditions for coastal retention in the deeper
layers.

In the simulation without DVM, the primary spawning periods observed along the northern
coast of the Gulf of Guinea occur during the two upwelling seasons. The first occurs from
January to March, with a peak in February during the minor upwelling, while the second, more
pronounced peak takes place from July to October during the major upwelling, as highlighted
in previous studies (Koné et al., 2017; Amemou, 2021). In the simulations with DVM, a peak
is observed during the main upwelling season, although its amplitude is lower compared to the
simulations without DVM (Figure 3). During the upwelling season, there is an abundance of
food and a favorable temperature for larval growth. Consequently, it can be concluded that S.
aurita larvae adopt a DVM strategy, driven by both food availability and temperature (Olivar
et al., 2001; Santos et al., 2006). However, the main objective of this study is not to investigate
larval survival in relation to food availability, this topic will be explored in future research.

In simulations without DVM (Figure 4), the simulated larvae recruited incease with the depth
as in Koné et al. (2017). However, the retention does not increase with the depth and the
amplitude remains low in the differents layers for DVM simulations (Figure 4). This implies
that the larvae are not being held more effectively at greater depths and larvae’s movements
are confined and not highly variable across different depths. The similarity of the results for
DVM at different depths (25 m, 50 m, and 75 m) indicates that the larvae do not typically
migrate deeper than 75 meters. This reinforces the idea that the larvae stay within a relatively
shallow range of the water column, and are not found at deeper depths. The results align with
the findings of Boely and Fréon, (1979), who demonstrated that S. aurita primarily spawns in
the upper 50 meters along the northern coast of the Gulf of Guinea. In the Senegal-Mauritanian
upwelling system, the study by Mbaye et al. (2015) suggests that S. aurita spawns at depths of
up to 50 meters.

In all cases, the exchange of larvae between the western regions (CaPin and CaTPin) and the
eastern regions (MEGGin and NEGGin) is limited. This indicates that larvae are not being
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transported extensively between these areas (Figure 5 and Figure 6). The fact that the larval
exchange is weak and only observed during the major upwelling suggests that the upwelling
might not be consistently strong enough to drive significant larval movement across regions.
During the major upwelling period, the exchange of larvae between the regions of CaPin and
CaTPin is greater from CaPin (western side) to CaTPin (eastern side), which indicates that
larvae are being transported eastward, from the western region towards the eastern one (Figure
7 and Figure 8). The larval exchange occurs primarily in the surface layer (0-25 m). This
suggests that the transport mechanism driving the eastward movement of larvae is likely related
to principal surface current (GC), which are more influential at these shallower depths. The
increased exchange of larvae in the surface layer during the major upwelling period can be
linked to the intensification of the Guinea Current, which flows from west to east along the
northern coast of Gulf of Guinea (Bourlés et al., 1999; Lumpkin and Garzoli, 2005; Bosson et
al., 2023). During the upwelling period, this current strengthens, which could enhance the
eastward transport of larvae. The current likely acts as a primary mechanism for moving larvae
across the regions, particularly within the surface layer where the current has its most direct
effect.

Conclusion

The aim of this study is to assess the impact of DVM on the recruitment of S. aurita larvae in
the northern Gulf of Guinea. DVM plays a crucial role in larval mortality, with the recruited
larvae typically remaining near the surface. The results revealed connectivity between the two
upwelling zones, particularly in the west-to-east direction, driven by the Guinea current. Future
work will incorporate a bioenergetic model for larval growth, accounting for different vertical
migration regimes based on larval size. This will enable a more detailed investigation into the
biological effects on reproductive success, further exploring how variations in migration
behaviors, influenced by larval size, affect growth and overall reproductive outcomes.
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