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Summary

1. Introduction 
 - Sardinella aurita in West African Waters!

2. Methods 
 - The biophysical model!

3. Results!
!  - Biomass predictions in the EEZs !

4. Discussion 
! - Comparing periods of low and high fish biomass
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figure 1. - Régions de pêche de Sardina 
pilchardus, Sardinella aurita et S. made- 
rensis, le long des côtes ouest africaines. 

Fishiiig areas of Sardina pilchardus, Sar- 
dinella aurita and S. maderensis along the 
West Afiican coasts. 
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1983). L'inverse ne se produit que lorsque les alizés 
faiblissent. 

Circulation subsuperficielle et profonde 

Le long de la côte ouest africaine, il existe égale- 
ment un ensemble de courants dirigés vers le nord, à 
l'opposé de la dérive générale des alizés. Ce système 
est situé en subsurface ou en profondeur, au-dessus 
du plateau ou du talus continental) (Jig.  4). I1 atteint 
parfois la surface. L'une des branches de ce sous- 
courant vient du fond du golfe de Guinée. Sur le 
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plateau ivoiro-ghanéen, le courant de Guinée, superfi- 
ciel, est dirigé vers l'est. Au-dessous, les eaux 
s'écoulent vers l'ouest. Ce sous-courant ivoirien est 
une veine de la circulation plus importante qui a lieu 
aux accores, ,vers 50 m de profondeur (Lemasson et 
Rébert, 1973). Au Sénégal, Rébert (1983) et Teisson 
(1983) observent sensiblement le même schéma au 
nord et au sud du cap Vert (Jig.  5); le noyau du sous- 
courant est situé vers 100 mètres. 

Plus au nord, le système s'enfonce et s'éloigne de 
la côte. Devant la Mauritanie, le contre-courant 
subsuperficiel est encore situé sur la partie externe du 

Main S. aurita fisheries in 
West Africa 
(Binet, 1988)



Introduction

• North-West Africa : Coastal Upwelling System!
• Permanent upwelling from 21 to 37°N!
• Seasonal (winter) upwelling from 12 to 21°N!
!

• Round sardinella (= Sardinella aurita): !
• Central rôle in the tropic net (‘wasp-waist 
ecosystem’)!

• Targeted by both industrial and artisanal fisheries!
• Food security: major proteins source for sub-
Saharan populations!

• Seasonal migration (north-south)
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(Boely and Fréon, 1979)



Methods : biophysical modeling approach

3D Environment from 1980 to 2009          +

Hydrodynamic!
(ROMS)

Biogeochemical!
(ROMS-PISCES)

= Schools

Individual Based Model for Sardinella :

ROMS-PISCES 3D simulation of the upwelling system 
(AGRIF-2 ways, 1980-2009)!

Auger P.A., Machu E., Gorgues T. (IRD, Brest)
Larve

Juvénile Oeufs

Adulte

➡ Monospecific, 
Full life cycle model

Processus :  
• Larval dispersal 
• Energy budget 
• Swimming  
• Spawning
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• Larval survival = retention in coastal 
areas!

• Lethal temperature for S. aurita 
larvae = 15°C!

• Rapid growth reduce mortality 
predation mortality

Methods : early life stage modeling
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Dynamic Energy Budget (DEB)

Bioenergetic model
Dynamic Energy Budget (DEB)

Environnemental forcing : SST 

& Food functionnal response
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Temperature flux corrections 
for the bio-energetic model

Input : Food and Temperature

Methods: bioenergetics



Methods: swimming

Movement algorithm: random + inertial component (Kinesis)!

Habitat quality index: Temperature x Food - Mortality

Food : functional response 

Mortality : offshore predation!

Temperature : imprinting (natal 
temperature)
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Example of fish distribution
Food functional response

Red = fish born in Senegal  -  
Blue = fish born in Mauritania
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Results : seasonality

Fish born in

S. aurita migrations 
(Boely and Fréon, 1979)

—> Fits with migratory 
scheme described in 1979 

from landings data



Results : time series

Investigating Sardinella aurita seasonal migratory 
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INTRODUCTION

- Round sardinella (Sardinella aurita) is a key species for both local economy and food security in  West Africa

- This species perform seasonal migrations from Morrocco to Guinea, a tipycal feature for several small pelagic fish species in this upwelling ecosystem

- Such transboundary migrations make complicate the fishing management policies since migration routes and the existence of sub-populations are not 

well known

- Here we adress the question of adult mediated stock connectivity between areas corresponding to South Senegal (12-15°N), North Senegal (15-

17°N), Mauritania (17-21°N) and the Sahara Bank (21-27°N)

METHODS
We have developped a biophysical model linking the following processes : 

Hydrodynamic and Biogeochemical 
ROMS-PISCES 3D simulation of the upwelling system (AGRIF-2 ways, 1980-2009) Dynamic Energy Budget (DEB)

• Growth, development and Reproduction as a fonction of food and temperature

• Derived individuals properties : fish length, weight, gonado-somatic index, batch 

fecunity

Natural Mortality & Competition 
Describe Super-Individuals (SI) internal fish number and total population size closure

RESULTS & DISCUSSION

• Maximum number of recruit per continental shelf 

unit surface set so that 10 SI can be recruited each 

day all along the coast. This is a computer-time 

limitation

Swimming behavior
Extended Kinesis 
(adapted from Okunishi et al., 2012 and 
Watkins et al, 2013)

Temperature correction 

for energy flux. 

f = X/ (X+ X
K
)

X = Σ(surface plankton carbon)

X
K
 = half saturation constant

Seasonality of food fonctional 

response (f, top) and SST 

(bottom) off Cabo Blanco (21°N, 

17.5°W) and Cap Vert (14.7°N, 

17.5°W) 

School depth distribution 

from field observations in 

Sénégal (Brehmer et al, 2007)

Temperature preference for a Topt 

= 20°C, for ages ranging from 1 

month (inner curve) to 10 years 

(outer curve), with 3 month interval. 

The range of tolerance was 

assumed to increase with the log of 

the body size :

Validation of the seasonal and interanual patterns

Sea Surface Temperature averaged 

on  December 2007 (a) from Satellite 

(MODIS) and (b) from model output 

(present configuration)

• Athmospheric forcings : CFSR (Climate Forecast System Reanalysis), NCEP-NOAA

• Boundary conditions : North-Atlantic NEMO-PISCES simulation (T. Gorgues, pers. Comm.)

• Plakton : 2 Phyto, and 2 Zoo compartments (Aumont et al., 2003)

Predicted spatial connectivity : 

Seasonal fish biomass scattered by 

fish origin (birth area) over the 

continental shelf (>10cm)  of the 4 

studied areas. The biomass 

magnitude was related to the number 

of super individuals used.

Mean fish migration direction : 

distances crossed each month 

northward (red) and westward 

(blue). The southward migration 

from october to may deplete the 

Saharan bank stock in June. 

Offshore movement are found in 

Septembre, when the upwelling 

relax on the whole area.

Larval survival criterion: retention 

over the continental shelf (Mbaye et 

al.,in revision). Three main nursery 

area (a) are, from north to south: (1) 

the Sahara Bank (not shown), (2) 

Arguin Bank, and (3) Southern Senegal 

with different retention seasonality (b)

Size-dependant 

predation (c): 

M = 0.189 x e(-L/2.468) and 

senescence mortality (M = 

10-13 x t3) leads to maximum 

life time <10 years (d)

(a)
(b) (c)

(d)

Density-dependant mortality set so that th 

maximum size of SI cannot be more than 

500 tons (e)

(e)

(a)

(b)

(c)S.aurita abundance 

index in Mauritanian 

waters during 1991- 2001, 

from Industrial fishries 

data (reproduced from 

Braham et al., 2014)

CONCLUSIONS
South and North Senegal : 

• The model predicted similar fish biomass levels in both areas, while the data clearly show less abundance in the north. This could be related to an increased catchability in the southern area 

due to more intense spawning activity and easy conditions to deploy purse seine (quiet sea and shallower area)
• More sardinella abundance off south Senegal could be explained by a pool of fish reproducing near Guinea Bissao ; such sub-population was very partly covered by our model due to the limit 

of the ROMS configuration (10°N). 
• The much lower variability in abundance index in the northern area abundance index could be due to the fact that catch is less limited by fish abundance than it is in the southern area.
• Fish originates from all areas until Sahara Bank ; however the migration of Mauritanian fish explain most of the seasonal abundance variations 

Mauritania :  
• The model predicted biomass levels one order of magnitude higher than in senegal, mostly Mauritanian born fish (fig. k). Althought Senegalese fish are largely in minority, they are slightly more 

abundant than in senegal all year round, attracted by the higher food avaibility due to the permanant upwelling favorable wind in this area and to the convergeance process in the Cape Verde 

Frontal Zone which concentrate food patches. 
• The predicted biomass seasonality(fig. k) show a max in july consistent with CPUE data near th Arguin Bank (fig. c) 
• Predicted biomass seasonality (fig. k) show a minimum in September which does not appear in the CPUE data (fig. c), which could be due to an increase of catchability due to repoduction 

activity at this period, as suggested by Braham et al., 2014.

South Morrocco (Sahara Bank):
• Most of the predicted biomass comes from Mauritania, and the biomass levels are of the same order of magnitude than in Mauritania exept in April-July : this area was deserted at this period 

which explain the increase in biomass in Senegal at this time, consistent with the mean southward migration from January to June (fig. l,m). 

(d)

(e)

Time-series of S. aurita biomass  for 

Mauritania : CPUE data (d), present 

model (e,f) and for CPUE suprposed 

with model biomass for Noth Senegal (g)

(f)

Offshore predation mortality 

cue :  simulate the avoidance 

of the offshore large predators 

in th swimming bahavior

Habitat quality index :
I
H
 =  δ  + (1-δ) G – δM

G = I
T
 x f       M = Offshore Predation Cue

In the present simulation δ = 0.2  20 % of the Habitat →
quality rely on being on the continental shelf

Bioenergetic Model

Kooijman, 2010

• Spawning strategy : at the moment, we assumed a « nul » strategie, i.e. Individuals simply spawn when the level of energy 

accumulated is enough, without impact on swimming behavior

(m)

Braham et al., 2014

Migration and Connectivity patterns

Field data vs model 

simulation. Field 

data are index 

abundances 

calculated from 

industrial fisheries 

CPUE off (a) south 

and (b) north 

Senegal. Series were 

normalised by th 

average value off 

south Senegal. R = 

0.6 (South) and 0.72 

(North)

(g)

(h)

Snap-shot of spatial 

distribution of the super-

individuals, colored 

following birth place

(i) (j)

(k) (l)

Emerging spawning seasonality 

in each area, for 1991-2009, 

consistent with field observations in 

Senegal, to be validated for 

Mauritania and South Morocco

(a)
(b)

Surface Chlorophyll a averaged for 

1998-2009 (a) from Satellite (SeaWiFS) 

and (b) from model output (present 

configuration)

CPUE from 
IMROP

Model 
Mauritania
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Comparons les périodes 1995-1999 et 2000-2004



Comparing Low and High S.aurita 
biomass periods

Mean annual biomass per country

Predicted biomass reduction due to decrease in recruitment 
or in fish growth?

   38.2541 
   42.3171 
   64.6406

-38%

-42%
-65%



Decrease in annual mean SST :

Stronger upwelling favorable wind during 2000-2004 : 

Along shore wind (ROMS forcings) 

Senegal : -0.1°C!
Mauritania : -0.4°C!
South Morocco : -0.5°C

—> Impact on the continental shelf :

Increase in annual mean plankton biomass :
Senegal : +9%!
Mauritania : + 20%!
South Morocco : +14%

Comparing Low and High S.aurita 
biomass periods



Mean annual recruitment Mean annual Growth

Lower recruitment in Morocco during 2000-2004

Comparing Low and High S.aurita 
biomass periods

+36%

+5%

-50%
-8%

- 20%

-8%

Lower growth during 2000-2004



Conclusions

L’intensification de l’upwelling en 2000-2004 pourrait avoir eu un 
effet négatif sur la reproduction de S. aurita au Sud Maroc

Par le jeu des migrations, la diminution du succès de reproduction au Maroc 
entraine la diminution des biomasses de S. abrita en Mauritanie et au Sénégal

Il faudra comparer d’autres exemples de périodes d’upwelling 
contrasté pour s’assurer de la robustesse de ce résultat

Des études de terrain et du data-mining sont nécessaire pour 
valider la théorie proposée.

Le présent modèle théorique pourrait ensuite permettre 
d’évaluer l’impact des projections climatiques



1995-1999 : !
(High biomass)

2000-2004 : !
(Low biomass)

Comparing fish biomass seasonality 





Seasonality during 
1995-1999

Recruitment
Seasonality during 

2000-2004

Growth
Seasonality during 

1995-1999
Seasonality during 

2000-2004

Annual Mean

Annual Mean

Lower recruitment and growth in Morocco during 2000-2004


