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INTRODUCTION

De 1995 à 1998, quatre projets dont le thème central était la dynamique du
recrutement dans les zones d'upwelling côtiers ont été réalisés à l'ORSTOM dans le
cadre de l'action incitative PNDR-GLOBEC. Le noyau de l'équipe est constitué de
trois chercheurs de l'ORSTOM (P. Cury-écologiste, H. Demarcq-biologiste et C. Roy
océanographe physicien); des étudiants (V. Faure, P. Penven et Y.J.Shin) et des
chercheurs des pays partenaires de l'ORSTOM ont contribué à la réalisation de ces
projets. Les quatre composantes ont été coordonnées par P. Cury en 1995 et ensuite,
de 1996 à 1998, par C. Roy.

Ces projets ont abordé, à travers quatre thèmes de recherche qui sont rappelés
dans le paragraphe suivant, différents aspects de la dynamique du recrutement. Ils
avaient en commun: 1)-un domaine: les principales zones d'upwelling côtiers et 2)
des espèces cibles (sardine, sardinelles et anchois) proches. Les deux premiers thèmes
se sont basés sur une approche comparative, entre espèces et entre régions, pour tenter
de généraliser certains traits particuliers de la dynamique du recrutement. Le troisième
thème a tout d'abord été focalisé sur un écosystème (le Sénégal) pour tenter de
montrer l'importance de certains processus spatiaux pour le déterminisme des
stratégies de reproduction et la variabilité du recrutement. Dans une deuxième phase,
un modèle hydrodynamique a été développé pour quantifier les processus de rétention
dans la principale nursery de poissons pélagiques de l'écosystème du Benguela. Le
quatrième thème avait pour objectif une étude de la variabilité à court terme de la
dynamique de la ponte des sardinelles au Sénégal, en relation avec la dynamique de
l'upwelling.

Des bases de données et des outils ont été développés pour soutenir ces actions
de recherche. Une base de données de température de surface couvrant l'ensemble de
l'upwelling sénégalais, de 1981 à 1995 a été mise en place à partir des données IR du
satellite METEOSAT. Ces données ont été rendues disponibles aux membres de
l'équipe. Différents outils de quantification de l'upwelling ont été développés et
rassemblés dans un logiciel intitulé CUSSI. Enfin un modèle hydrodynamique 3D a
été mis en place pour étudier les interactions entre l'upwelling et la topographie (effet
de cap).

Ces projets ont contribué au programme Climate and Eastern Ocean Systems
(CEOS) et plusieurs articles ont été publiés dans l'ouvrage édité par l'ORSTOM à
l'issue de CEOS (Durand et al., 1998). Une collaboration étroite a été établie avec le
programme international GLOBLEC-SPACC (Small Pelagic fishes And Climate
Change), l'équipe ORSTOM-PNDR a participé activement à l'élaboration de ce
programme et à la définition des thèmes des différents groupes de travail qui ont été
mis en place 1.

1 Hunter J.R. and J. Alheit (eds.). International GLOBEC Small Pelagie Fishes And Climate Change program.
Report of the first planning meeting, La Paz Mexico, June 20-24 1994. GLOBEC report n08, 72pp.
Hunter 1. et 1. Alheit (eds). 1997. International GLOBEC Small Pelagie Fishes and Climaet Change program.
Implementation plan. GLOBEC Report II, 1-36p
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1. RAPPEL DES THEMES PROPOSES

THEME 1: DYNAMIQUE DE L'EXPLOITATION DES POPULATIONS DE
POISSONS PELAGIQUES DES ZONES D'UPWELLING MONDIALES :
INCIDENCE DE LA VARIABILITE DU RECRUTEMENT.

Les espèces pélagiques côtières, telles les sardines, les anchois, les
maquereaux sont en majorité capturées dans les zones d'upwelling et représentent
environ 50 % des captures mondiales de poissons marins. L'exploitation a débuté au
début du siècle et les statistiques de pêche fiables sont disponibles depuis les années
cinquante dans les différents systèmes d'upwelling mondiaux (Afrique de l'ouest,
Afrique du sud, Californie, Pérou, Chili, Cote d'Ivoire, Ghana, Inde...). Aujourd'hui
ces ressources sont intensément exploitées et connues pour leur instabilité. La
variabilité du recrutement, liée principalement aux fluctuations de l'environnement,
affecte donc de façon notable la dynamique des pêcheries: nombreux sont les
exemples de pêches pléthoriques qui ont connu des effondrements de stocks brutaux
et parfois durables. Les questionnements scientifiques ont surtout tenté de définir les
causes de la variabilité du recrutement. Dans ce thème nous abordons deux facettes.
La première est celle des conséquences de la variabilité du recrutement sur la
dynamique des pêcheries. La deuxième est celle de la productivité des grands
systèmes d'upwelling au travers de la production pélagique et du recrutement des
poissons pélagiques (une des interrogations majeures étant les raisons de l'importante
productivité de l'écosystème péruvien).

THEME 2: LES STRATEGIES DE REPRODUCTION DANS LES UPWELLINGS
COTIERS : TENTATIVE DE GENERALISATION.

En Afrique de l'Ouest, un modèle unique permet d'interpréter de manière
cohérente, en fonction des caractéristiques environnementales, les différentes
stratégies de reproduction des espèces pélagiques côtières. Ce modèle peut être
résumé de la manière suivante: le calendrier de la reproduction des populations de
clupéidés est établi de manière à faire coïncider les saisons de reproduction avec les

périodes pendant lesquelles la vitesse du vent est voisine de 6m.s·), indépendamment
de la présence ou non d'un upwelling. Les quatre grands écosystèmes d'upwelling
(Courant des Canaries, du Benguela, de Californie et du Humboldt) forment un
ensemble aux caractéristiques écologiques comparables; on peut émettre l'hypothèse
que quelques processus clés, communs aux différents systèmes, contrôlent l'ensemble
de la dynamique. La question posée concerne la possibilité de généraliser le modèle
établi en Afrique à l'ensemble des écosystèmes d'upwelling.

THEME 3: DYNAMIQUE D'UNE ZONE DE RETENTION DANS UN
UPWELLING COTIER

Pour se reproduire, les espèces pélagiques côtières (sardines, anchois,
sardinelles) produisent un grand nombre d'œufs et de larves pélagiques. Dans des
milieux aussi dispersifs que les upwellings, une telle stratégie de reproduction est
éminemment risquée. En effet, la probabilité est grande de voir les œufs et les larves
entraînés au large en dehors de l'habitat côtier. Cela peut conduire à une dispersion
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des individus en dehors des zones favorables à leur développement et affecter la
cohésion de la population. Pour assurer le succès de la reproduction, on observe de
manière générale que les adultes quittent les zones productives que sont les zones
d'upwelling intense pour se reproduire dans des zones moins dispersives. Cependant,
dans certaines régions (Pérou, Sénégal, Sahara, Afrique du Sud), la reproduction se
concentre dans des zones où la résurgence présente un maximum local et où
l'advection est intense. Malgré des conditions a priori défavorables à la reproduction,
ces populations sont pérennes : elles sont exploitées depuis de nombreuses années et
parfois à des niveaux soutenus. Ces populations ont vraisemblablement tiré profit de
particularités locales permettant aux larves de rester piégées dans la zone côtière et
ainsi d'assurer le succès de la reproduction.

L'objectif de ce thème de recherche, est, dans une première phase, d'identifier
les processus physiques permettant de générer des structures favorables à la rétention
des œufs et des larves dans la zone côtière. La deuxième phase consiste à développer
un modèle hydrodynamique 3D pour étudier la dynamique de ces processus et
quantifier l'intensité de la rétention.

THEME 4: VARIABILITE DE L'UPWELLING COTIER ET DYNAMIQUE DES
PONTES DE DEUX ESPECES DE SARDINELLES

Ce thème vise à explorer l'hypothèse d'un déterminisme à court terme entre les
fluctuations de l'upwelling côtier au Sénégal et le déclenchement de pontes de la
sardinelle ronde (Sardinella aurita) et de la sardinelle plate (Sardinella maderensis),
sous l'influence de conditions environnementales momentanément favorables
(successions enrichissement-réchauffement par exemple).

Les chances de succès de ces pontes et leur participation au recrutement
devront être estimées à travers les données existantes. Les questions posées sont les
suivantes:

-Existe-t-il une relation déterministe en zone d'upwelling côtier entre un
stimulus environnemental et le déclenchement d'une ponte au sein d'une population
pélagique côtière (ou d'une fraction de celle-ci) à partir de l'exemple de Sardinella
aurira au Sénégal?

-Quelle est l'échelle (ou les échelles) de temps où une réponse peut être
observée (une semaine, un mois, une saison) ?

-Dans quelle mesure la dynamique de l'upwelling (en terme d'intensité et de
turbulence induite notamment) permet-elle ou pas de favoriser l'avenir de ces pontes?

-Si l'intensité des pontes et la survie larvaire s'avèrent largement dépendantes
de la dynamique de l'upwelling et de ses effets induits, un indice de recrutement peut
il être estimé qualitativement par cette seule dynamique?

- Cet indice a-t-il un effet mesurable en terme d'évolution démographique?
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2-RESULTATS OBTENUS

2.1-THEME 1: DYNAMIQUE DE L'EXPLOITATION DES POPULATIONS DE
POISSONS PELAGIQUES DES ZONES D'UPWELLING MONDIALES :
INCIDENCE DE LA VARIABILITE DU RECRUTEMENT.
(Rédaction P. Cury et C. Roy).

Les résultats de cette action de recherche ont été présentés au Symposium
Benguela Ecology Programe de décembre 1996 et rassemblées dans deux articles
publiés en 1998 et dans un rapport de DEA

Faure V. et P. Cury, 1998. Pe1agic fisheries and environmental constraints in upwelling areas:
how much is possible. In: Durand M.H., P. Cury, R. Mendelssohn, C. Roy, A. Bakun et D.
Pauly (eds). Global versus local changes in upwelling systems. Editions Orstom Paris. p391
407.

Cury P., Roy C et V. Faure. 1998. Pelagic fisheries and environmental constraints in upwelling
areas: the Peruvian puzzle. In: Benguela Dynamics. Pillar, S. C., Moloney, c., Payne, A. I. L.
and F. A. Shillington (Eds). South Mrican Journal of Marine Science 19.

Faure V. 1995. Caractérisation et comparaison des variabilités de l'environnement et des
populations de poissons pélagiques des zones d'upwelling mondiales. Rapport DEA Univ
Montpellier II. 37p.

La productivité halieutique en relation avec les variables environnementales
est analysée pour onze zones d'upwelling. Pour chacune de ces régions, la surface du
plateau continental a été calculée (tab. 1). Deux indices de productivité sont estimés à
partir des statistiques de captures disponibles depuis le début des pêcheries (tab.t);
elles sont assimilées à la productivité en poisson d'un écosystème

Time period Maximum Surface orthe Maximum productivity per
Upwelling areas considered pelagie fish catch shelr unit ofsurface (tonslkm2)

(103ton5) (103km2)

1 Califomia 1924-1991 609 101 6.0

2 Chile 1966-1993 3708 62 59.3

3 Spain and Portugal 1937-1989 368 59 6.2

4 Morocco 1950-1991 362 118 3.1

5 Senegal 1964-1991 194 32 5.9

6 Côte d'Ivoire-Ghana 1966-1993 270 54 5.0

7 Narnibia 1966-1992 1561 90 17.3

8 South-Africa 1950-1992 623 178 3.5

9 1ndia 1948-1988 448 70 6.4

10 Peru 1958-1993 12286 86 142.0

Tab. 1 : Captures maximales de poissons pélagiques, surface du plateau continental et
captures maximales par unité de surface pour les dix zones d'upwelling et les trois
principales espèces pélagiques (sardine, sardinelles etanchois) considérés (d'apres Cury et
al., 1998).

Cinq variables environnementales sont considérées pour chaque zone
d'upwelling : indice d'upwelling côtier et vitesse du vent, température de surface de la
mer, surface et longueur du plateau continental (tab. 1 et 2).
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Upwelling areas Coastal Upwelling index Wind mixing index
ml/sim ml

/5
3

1 Califomia 0.36 654

2 Chile 0.93 345

3 Spain and Portugal 0.36 627

4 Morocco 0.66 305

5 Senegal 0.59 150

6 Côte d'Ivoire-Ghana 1.04 103

7 Namibia 1.28 517

8 South-Africa 0.31 770

9 India 0.44 239

JO Peru \.20 224

Tab. 2 : Indice d'upwelling et indice de mélange dans les dix zones d'upwelling considérées.
considérés (d'apres Cury et al., 1998).

Il existe une disparité importante entre la productivité des dix écosystèmes. Le
Chili et surtout le Pérou sont deux écosystèmes dans lesquels la productivité dépasse
largement les valeurs observées ailleurs (tab. 1). La taille des écosystèmes, estimée à
partir de la surface du plateau continental, ne permet pas d'expliquer la disparité
observée entre les productivités en poissons pélagiques des différentes régions (fig. 1).
La productivité par unité de surface du Pérou reste extrêmement élevée, comparée à
celles des autres écosystèmes d'upwelling.
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Figure 1: Capture maximale par unité de surface (tonnesIkm2) pour les dix zones d'upwelling
considérées (d'après Cury et al.. 1998).

L'étape suivante pour tenter d'expliquer ces disparités et surtout de tenter de
comprendre pourquoi l'upwelling du Pérou est si productif, fut de comparer les
conditions environnementales dans ces différentes régions. Une méthode régressive
non paramétrique révèle qu'une combinaison de plusieurs facteurs environnementaux
est en effet nécessaire pour qu'une forte productivité soit réalisable. Les conditions
optimales sont les suivantes (fig. 2): un fort indice d'upwelling (proche de 1.3
m3/s l/m1

), un indice de mélange par le vent modéré (proche de 250 m3/s3
). Pour cette

analyse, les données du Pérou ne furent pas prises en compte.

6



0 4 1.2 •- • c 0.8 - •c 00
:; 2 - ~

0.4 - •E E •......
.2.2

VI - VI 00-CC • coco ... ."... t-t- o -,. -0.4 -

1 1 -0.8 1 1

0 5 10 15 0 0.5 1.0 1.5
, - Maximum total pelagie fish catch Upwelling index

(106tons) m3.s·1m-1

@4 04 ,..
c - • c -
0 0

~2-
~ •E 00- • •oB oB
VIVI - C - ,c (li(li •... t=t- O-•• -0 4 - •

1 1 1 1 1

o 5 10 15 0 250 500 750 1000
Maximum total pelagie fish catch Wind mixing index

(106tons) m3.s·3

Figure 2: Transfonnations empiriques optimales données par l'algorithme ACE avec pour variable
dépendante l'indice de productivité (captures maximales) et, comme variable indépendante: A)-I'indice

d'upwelling et B)-I'indice de mélange par le vent. Dans cette exemple, les données du Pérou ont été
exclues (d'après Cury et al., 1998).

Pour chaque écosystème, il est maintenant possible d'identifier le ou les
facteurs environnementaux qui limitent la productivité en poisson (le recrutement).
Au Chili et en Namibie, l'indice d'upwelling est favorable mais la production en
poisson serait limité par un mélange par le vent trop important. En Afrique du Sud,
Espagne et Californie, un mélange par le vent important et un faible indice
d'upwelling contribue à limiter la production en poisson. Ces résultats permettent
également de faire un diagnostic des changements consécutifs aux événements
climatiques futurs.

L'écosystème Péruvien s'avère être le seul qui regroupe l'ensemble des
conditions environnementales optimales. La forte productivité de l'écosystème
péfllvien serait donc le résultat d'un upwelling intense associé à un mélange par le
vent modéré.
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2.2-THEME 2: LES STRATEGIES DE REPRODUCTION DANS LES
UPWELLINGS COTIERS : TENTATIVE DE GENERALISATION
(Rédaction: C. Roy et P. Cury)

Les résultats de cette action de recherche ont été publiés dans un article paru
en 1998 et dans un rapport de DAA:

Shin y J., C. Roy et P. Cury. 1998. Clupeoids reproductive strategies in upwelling areas : a
tentative generalization. ln Durand M.H., Cury P., Mendelssohn R., Roy c., Bakun A. and D.
Pauly. 1998. Global versus local changes in upwelling systems. Orstom, Paris, 409-422.

Shin YJ. 1995. Stratégies de reproduction des Clupéoidés des zones d'upwelling côtier:
tentative de généralisation. Rapport DAA. ENSA Rennes.68p.

Une approche comparative est utilisée pour étudier la dynamique temporelle des
stratégies de reproduction des Clupéidés dans les écosystèmes d'upwelling, en
relation avec des processus environnementaux supposés affecter la survie larvaire.
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Figure 3: La reproduction des populaticns de sardines et sardinelles d'Afrique de l'Ouest en relation
avec la vitesse du vent et J'intensité des upwellings. Pour chacune des populations, les valeurs
mensuelles de la climatologie de l'indice d'upwelling sont tracées en fonction de la climatologie
mensuelle de la vitesse du vent; les périodes d'upwelling correspondent aux zones hachurées. Les
périodes de reproduction intense sont identifiées par les points noirs. On note: 1) qu'il n'y a pas de
relation entre l'activité des upwellings et la ponte; 2) que l'activité de reproduction se regroupe dans
chacune des zones, autour de vitesses de vent voisines de 6mJs qui est la valeur optimale du vent
mise en évidence par la FEO. (D'après Roy et al., 1992).

En Afrique de l'Ouest, l'intensité du vent est un des déterminants la
dynamique temporelle de la reproduction (fig. 3). Dans cette région, il n'y a pas de
relation entre l'intensité de l'upwelling et la ponte; l'activité de reproduction est
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associée à l'apparition de vitesses de vent voisines de 6mJs (fig. 3). Quand le vent ne
dépasse pas 6mJs pendant la saison d'upwelling, upwelling et reproduction peuvent
s'établir simultanément (Sénégal, Côte d'Ivoire); les caractéristiques topographiques
(baies, plateau large) sont alors mises à profit pour limiter l'advection des œufs et
larves vers le large. Dans d'autres régions (Maroc, Sahara), la vitesse du vent dépasse
6m.s-1 pendant la période d'upwelling, le calendrier de la reproduction se décale pour
s'établir au cours d'une période de vent plus faible de manière à limiter les effets
néfastes induits par un vent trop fort. L'objectif de ce thème de recherche était de
généraliser à l'ensemble des écosystèmes d'upwelling, le schéma établi en Afrique de
l'Ouest (Roy et al., 1992).

A travers une approche comparative incluant douze régions d'upwelling des
océans Atlantique, Indien et Pacifique, les stratégies de reproduction des sardines,
anchois et sardinelles sont étudiées en relation avec les processus environnementaux
majeurs affectant le succès du recrutement. Dans chaque région et pour chaque espèce
considérée, une revue exhaustive de la littérature permet d'identifier les principales
caractéristiques de la dynamique de reproduction. Les principales zones de ponte et
les mois correspondant aux pics de la saison de reproduction sont ainsi identifiés. Les
moyennes mensuelles de l'intensité de l'upwelling et de la vitesse du vent sont
calculées dans chaque zone de ponte à partir de la base de données COADS
(Comprehensive Ocean Atmosphere Dataset). Une comparaison des valeurs de ces
paramètres environnementaux entre les différentes zones d'upwelling étudiées durant
les pics de la saison de reproduction est effectuée. Au large du Pérou, la reproduction
a lieu lorsque l'intensité de l'upwelling est maximale (1.8 m3.s· l .m- I

). Au large du
Maroc, la reproduction est décalée par rapport au processus d'upwelling (l'intensité
de l'upwelling se situe dans l'intervalle 0.2-0.3 m3.s· t .m· t

). Le long des côtes de la
Namibie, du Chili et de la Californie, la ponte a lieu pour des valeurs intermédiaires
d'upwelling. Il apparaît que le calendrier de la reproduction des sardines, anchois et
sardinelles s'étale sur une large gamme d'intensité d'upwelling. Il n'y a pas de lien
apparent entre l'occurrence du processus d'upwelling et celle des pics saisonniers de
reproduction. Une analyse similaire est effectuée en utilisant les valeurs moyennes de
la vitesse du vent durant les pics saisonniers de reproduction. Il en résulte que pour les
sardines et sardineIles, la reproduction a lieu lorsque les moyennes mensuelles de la
vitesse du vent sont comprises dans une étroite fourchette de valeurs de 5.3 à 6.1 m3.s·
I.m-I pour dix des douze écosystèmes d'upwelling étudiés. Les deux exceptions sont
les populations de sardine du sud du Benguela et de la péninsule ibérique. Pour
l'anchois, il y a apparemment peu de correspondance entre le calendrier de la
reproduction et les valeurs de la vitesse du verlt.

Pour les sardines et les sardinelles, une généralisation du schéma obtenu en
Afrique de l'Ouest est possible. Pour ces deux espèces, les conditions
environnementales rencontrées lors de la ponte correspondent aux conditions
optimales pour le succès du recrutement définie par la "Fenêtre Environnementale
Optimale". Les deux écosystèmes (Afrique du Sud et Espagne) où la ponte se produit
dans conditions de vent fort possèdent des caractéristiques topographiques identiques:
une côte orientée nord-sud où se développe l'upwelling et une côte orientée est-ouest
où a lieu la ponte.
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Le déterminisme du calendrier de la ponte des anchois est différent de celui
des deux autres espèces. Il ne semble pas exister de relation entre les fluctuations
saisonnières de l'environnement et l'activité de reproduction.

Wind speed m.s-1

Figure 4 : Intensité de l'upwelling et vitesse du vent au cours des pics saisonniers de ponte des
populations de sardine dans les principaux écosystèmes d'upwelling (d'après Shin et al. 1998).

2.3-THEME 3: DYNAMIQUE D'UNE ZONE DE RETENTION DANS UN
UPWELLING COTIER (Rédaction: C. Roy et P. Penven)

Cette action de recherche s'est déroulée en deux phases successives. Dans un
premier temps, les travaux se sont concentrés sur l'upwelling du Sénégal afin
d'identifier des structures de rétention à partir d'images satellites. Dans la deuxième
phase un modèle hydrodynamique a été développé sur un site présentant des
caractéristiques similaires à celles du Sénégal : la partie sud de l'écosystème du
Benguela.

Les résultats de la première phase de cette action de recherche ont été
présentés au Symposium Benguela Ecology Programe de décembre 1996 et
rassemblés dans un article publié en 1998 :

Roy c., 1998. Upwelling-induced retention area: a mechanism to link upwelling and retention
processes. ln: Benguela Dynamics. Pillar, S. c., Moloney, c., Payne, A. 1. L. and F. A.
ShillinglOn (Eds). South African Journal of Marine Science 19.

Ils ont également été publiés, dans une version abrégée dans PNR information,
dans un document de la FAO et ils ont fait l'objet d'un rapport de DEA:
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Roy c., 1996. Upwellings et zones de rétention. In T. DoChi and D.A. Keifer eds. Report of the
workshop on the coastal perlagic ressources of the upwelling system of Northwest Africa :
research and prediction. FI:TCPIMOR/4556(A). Field document 1. FAO Rome.

Roy c., 1996. Upwelling et zones de rétention. PNDR informations, 25, pl-9.

Olivier F.1996. Dynamique d'une zone de rétention dans upwelling côtier: l'exemple de la petite
côte au Sénégal. Mémoire de DEA. Laboratoire de Physique des Océans-Université de Bretagne
Occidentale. 72p.

Les résultats de la deuxième phase seront présentés lors du symposium PNDR
de décembre prochain.

2.3.1-Phase 1 : identification des processus de rétention.

Au Sénégal, une importante population de sardinelles (Sardinella aurita) a
colonisé le milieu et est exploitée par les pêcheries locales. Cette population présente
une stratégie de reproduction singulière qui ne correspond pas au schéma proposé par
Parrish et al. (1983). L'upwelling sénégalais s'établit à partir du mois de décembre et
reste dans sa phase active jusqu'au mois de juin. En suivant le schéma traditionnel, on
pourrait s'attendre à rencontrer une saison de ponte décalée par rapport à la saison
d'upwelling. Une ponte secondaire concernant les jeunes adultes est observée au coeur
de l'été et en automne, cependant l'essentiel de l'activité reproductrice des adultes se
situent en mai-juin pendant la saison d'upwelling. Bien que les niveaux de turbulence
induits par le vent restent dans une gamme de valeurs compatibles avec la survie des
larves, le processus d'upwelling devrait inévitablement conduire à une dérive des
larves en direction du large; cet effet néfaste pour le maintien des larves dans l'habitat
côtier et leur survie devrait conduire à un niveau de recrutement faible, difficilement
compatible avec la persistance sur le long terme d'une telle stratégie de reproduction.
La question posée est la suivante: Quels sont les mécanismes qui permettent à la
population de sardinelle du Sénégal de maintenir une telle stratégie?

Figure 5 :Champ thennique de surface en février d'après les images METEOS AT (moyenne 1983-1989,
source: UTISflSRA-ORSTOM) et courant de surface en saison d'upwelling (d'après Roy, 1998).
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L'activité de reproduction des sardinelles est inégalement répartie le long du
littoral; plutôt atténuée dans la région située au Nord du Cap-Vert ("Grande Côte"),
l'activité reproductrice se concentre au Sud du cap ("Petite Côte"), dans une zone où le
plateau continental s'élargit pour atteindre près de 30 milles dans sa partie la plus
étendue.
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Figure 6 : distribution en surface de la température, des nitrates et de la chlorophylle le long de radiales situées de
part et d'autre de la presqu'île du Cap-Ven (d'après Roy, 1998).

En période d'upwelling, le champ thermique superficiel présente dans cette
zone une structure particulière (fig. 5): alors qu'au Nord du Cap-Vert on observe le
schéma classique d'un upwelling côtier avec un minimum thermique à la côte et un
gradient régulier (positif) en direction du large, au sud du cap, on rencontre une
langue d'eau froide isolée sur le plateau, avec un minimum thermique au niveau du
talus continental et un maximum relatif dans la zone littorale. Les sels nutritifs et la
chlorophylle présentent aussi une distribution contrastée qui reproduit la structure
mise en évidence par la distribution spatiale de la température de surface (fig. 6). Les
fortes concentrations de chlorophylle observées dans la bordure côtière constituent un
élément remarquable. Cette accumulation du phytoplancton dans la zone littorale peut
être interprétée comme étant le résultat de processus de concentration. Des
interactions entre la topographie (un plateau large situé sous le vent d'un cap) et le
processus d'upwelling sont à l'origine de la formation des structures rencontrées sur la
Petite Côte.

Les différences constatées dans la distribution spatiale de paramètres physico
chimiques entre les régions situées de part et d'autre du Cap-Vert sont la clé pour
comprendre le déterminisme de la reproduction des sardinelles (S. aurita) au Sénégal.
La présence dans la bordure côtière au sud du Cap-Vert d'un maximum relatif de la
température de surface et d'un maximum de chlorophylle sont les indices de
l'existence d'une structure de circulation à double cellule sur le plateau (fig. 7):

-une première cellule, située à l'aplomb du talus continental, constitue
la cellule de remontée principale alimentant la résurgence;

-une seconde cellule, située dans la zone littorale à la périphérie de la
première, permet à une bande d'eau côtière d'être confinée et isolée du large; dans
cette cellule les conditions optimales sont réunies pour le développement d'une
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production planctonique: relative stabilité, alimentation en sels nutritifs, etc. Un tel
habitat est particulièrement favorable au développement larvaire.
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Figure 7 : représentation schématique de la circulation verticale sur la Petite Côte illustrant le mécanisme de
rétention dans la bordure côtière. (d'après Roy, 1998)

Sur la Petite Côte, le processus d'upwelling associé à des caractéristiques
topographiques particulières est le mécanisme pennettant l'établissement d'une zone
de rétention dans laquelle les conditions favorables à la reproduction sont réunies
(concentration, rétention et enrichissement). Au nord du cap, la structure unicellulaire
de l'upwelling entraîne des échanges continus avec le large, situation défavorable à la
survie larvaire. Au sud du cap, en dehors de la période d'upwelling, la cellule littorale
disparaît, et il n'existe plus de "barrière" limitant les échanges entre la côte et le large.

Au Sénégal, l'upwelling est à l'origine de la fonnation d'une zone de rétention
littorale, favorable au développement des œufs et larves. C'est une situation originale
dans le sens ou les processus d'upwelling et de rétention sont reliés positivement. La
situation décrite au Sénégal n'est pas unique. Dans d'autres écosystèmes (Afrique du
Sud, Pérou, sud-Maroc, Brésil, etc.), la reproduction de certaines populations de
poissons et le processus d'upwelling se déroulent, comme sur la Petite Côte, de
manière concomitante. Un trait commun à l'ensemble de ces régions semble
cependant émerger: elles se situent dans des zones où le plateau continental s'élargit.

2.3.2-Phase 2: modélisation des processus de rétention.

Pour la deuxième phase de cette action de recherche, des contraintes
logistiques et le développement d'un programme de coopération2 avec l'Université de
Cape-Town, le Sea Fisheries Research Institute et l'üRSTüM nous ont conduit à
choisir la région de la Baie de Sainte Hélène (partie sud de l'écosystème du Benguela)
pour implanter le modèle 3D (fig. 8). Cette région possède des caractéristiques
topographiques similaires à celle du Sénégal; c'est aussi une des principales zones de
nursery de la région.

2 Ce projet (VIBES) est t un programme de recherche appliquée destiné à l'obtention de nouveaux outils et d'infonnations pour
l'évaluation et la gestion régionale des ressources pélagiques côtières de l'écosystème du Benguela. L'objectif principal de
VIBES est d'étudier sur le long-tenne et à différentes échelles d'observation, les changements intervenus dans les pêcheries, le
recrutement et leurs processus spatiaux en relation avec l'environnement et l'abondance des poissons adultes.
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Figure 8. Carte de la température de surface (images AVHRRlNOAA du 16/0111998) dans la
partie sud du courant du Benguela (image communiquée par S. Week - Ucn

Dans la partie sud du Benguela, la baie de Ste Hélène, est le principal accident
topographique le long de cette côte. Dans cette zone, la présence d'un cap, d'une baie
et d'un plateau large modifient profondément la structure de l'upwelling: il se forme
une plume d'eau froide, décollée de la côte et s'étendant vers le nord sur une distance
d'environ 8ükm (fig. 8). En direction du large, la zone frontale marquant limite de
l'extension de l'upwelling est caractérisée par des filaments et des tourbillons,
structures classiques observées dans les autres régions d'upwelling.

La ponte des sardines et des anchois a lieu essentiellement au printemps et en
été, quand l' upwelling est actif. Le mélange turbulent induit par le vent et le transport
d'Ekman des eaux côtières vers le large créent un environnement défavorable à la
reproduction sur la côte Atlantique. Les sardines et anchois migrent vers le banc des
Aiguilles pour se reproduire où des eaux chaudes transportées par le courant des
Aiguilles créent un environnement stable et fortement stratifié (Parrish et al., 1983).

Les œufs et larves sont rapidement transportés vers le nord par un jet côtier
(fig. 9). Après quelques jours, ils atteignent la région d'upwelling de la côte ouest
(Hutching, 1992). Les distributions de taille obtenues lors des campagnes montrent
que les jeunes larves se trouvent alors au niveau du front de l'upwelling et les larves
plus âgées (1-2 mois) se concentrent à la côte. Quelques mois après la ponte, au début
du printemps, les jeunes recrues se concentrent dans la baie de Ste Hélène où une part
importante des captures annuelles est alors réalisée sur des individus âgés de moins
d'un an. Les mécanismes permettant, au niveau de la côte ouest, la "migration" des
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larves vers la zone côtière et leur rétention restent encore mal connus. Les faibles
capacités de déplacement de ces jeunes individus ne permettent pas d'envisager une
telle migration (entre 80 et 150 km suivant la saison). Des processus physiques
(filaments, pulsations de l'upwelling, plume d'upwelling ... ) ainsi que des aspects
comportementaux des larves (migrations verticales) ont alors un rôle majeur. Le
modèle 3D est développé dans le but d'étudier ces mécanismes permettant la
concentration et la rétention des larves dans la bordure côtière.
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Figure 9: Un modèle conceptuel du transport des œufs et larves du Banc des Aiguilles vers la côte ouest
illustrant le rôle joué par l'advection. (D'après Hutching, 1992).

Le domaine pris en compte par le modèle s'étend de 34°S à 31 oS et de la côte à
16°30'E, c'est un compromis permettant de conserver une résolution fine et des
performances acceptables avec les moyens de calculs disponibles localement (fig. 10).
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Figure 10: Domaine à prendre en compte par la modélisation des processus environnementaux affectant
le recrutement dans la partie sud du Benguela.
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L'implantation du modèle a démarrée en octobre 1997 au Laboratoire de
Physique des Océans (Université de Bretagne Occidentale-Brest) par un étudiant de
thèse( P. Penven) supervisé par Pr. A. Colin de Verdière. Ce modèle est basé sur le
code 3D SCRUM développé à Rutgers University. Ce code est particulièrement adapté
pour résoudre les équations de la dynamique des fluides géophysiques dans la zone
côtière englobant le plateau continental et le talus (Haidvogel et al., 1991). Pour le
cheminement de notre démarche, nous avons fait le choix de séparer les différents
processus physiques ayant un rôle au niveau de la rétention. Cela nous a conduit à étudier
tout d'abord les mouvements horizontaux pour ensuite aborder les phénomènes verticaux.
Les résultats présentés ici portent uniquement sur les mouvements d'ensemble des
colonnes d'eau, ce que l'on appelle la circulation barotrope.

Pour résoudre les processus à l'échelle de quelques dizaine de km, un pas de grille
de 5km a été choisi. La grille du modèle est régulière, de taille variant de 300 à 900 km
suivant les expériences réalisées. Pour la prise en compte des conditions aux limites, nous
avons opté pour un canal périodique où tout élément sortant d'un coté rentre de l'autre et
vice-versa. Ceci garantit une bonne stabilité du modèle aux frontières. Une bathymétrie
analytique a été développée afin de décrire la configuration générale de la côte et du
plateau (fig. 11).

bo"Y"'éIrie~. portIr do ETOPO 5

Figure 11: Comparaison entre les bathymétries réaliste et analytique.

Pour quantifier les processus de rétention, nous avons développé un traceur
barotrope qui permet une mesure quantitative des phénomènes de recirculation. Ce
traceur est inspiré de ceux mesurant le temps écoulé depuis le plongeon d'une masse
d'eau de surface dans les modèles à grande échelle.

Plusieurs expériences numériques ont été réalisées afin de tester le modèle, de
le valider et d'évaluer sa sensibilité suivant différents types de configuration
(influence de la friction du fond, de la taille du bassin, ...).
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Figure 12: Champ de vitesses et élévation de la sutface libre pour les jours 10, 20, 30 et 50. La solution
varie peu après le jour 30. Un tourbillon s'est formé en aval du cap.

Les résultats obtenus lors d'une expérience de référence sont présentés sur la figure
12. Plusieurs phénomènes intéressants apparaissent:

• La solution devient quasi-stationnaire à partir du trentième jour.
• Dès le jour 10, un tourbillon cyclonique se forme au niveau du coin gauche du cap

(x=50 km , y=100 km). C'est le phénomène de recirculation que nous voulons
analyser. Les vitesses en son centre sont quasiment nulles.
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• Les vitesses sont aussi très faibles sur la partie droite du plateau (x entre 150 km et

250 km et y < 75 km). Ceci semble dû à l'influence du cap de droite, cela peut
perturber le réalisme de la solution. Il faudra donc lancer d'autres expériences en
faisant varier la taille du bassin (surtout selon x) pour observer l'impact de cette
longueur sur les processus de recirculation.

• Les vitesses sur le talus paraissent peu influencées par la topographie. Elles
subissent tout de même une perturbation caractérisée par une courbe
anticyclonique et un affaiblissement des vitesses au large du cap (x= 100 km
y= 150 km). Ceci est associé à la circulation extérieure au cyclone. On peut
supposer que ce phénomène est dû à la compression des colonnes d'eau lors du
franchissement du talus.

Durant les trente premiers jours, le cyclone croît jusqu'à atteindre une extension
maximale d'une cinquantaine de kilomètres.

A partir de ces simulations, une analyse diagnostique a été réalisée. Ensuite,
des simulations ont été lancées afin d'évaluer la variabilité de la rétention en fonction
des conditions de forçage par le vent. Pour cela, nous avons lancé une dizaine

d'expériences en faisant varier la tension de vent de 0.2e-4 à 2.0e-4 m2/s2 et en
faisant varier la taille du bassin. La variabilité de l'age des masses d'eaux en fonction de la
tension du vent dans un domaine situé au large et dans le domaine côtier du modèle est
présentée sur la figure 13.
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Figure 13: Age moyen des masses d'eaux 1) dans un domaine situé au large et 2) dans le domaine côtier
près du cap. Les résultats obtenus en faisant varier la taille du bassin sont aussi présentés : bassin

simple (-), bassin double (*) et bassin triple(o).
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L'interprétation est la suivante:
r

• Pour -<0.6*10-4 m2/s2 , l'age moyen diminue suivant une loi inverse de la tension de
p

vent: la recirculation associée au tourbillon n'est pas encore suffisamment
importante. Le cyclone est plus petit que l'extension du cap vers le large, il n'a donc
pas d'influence sur l'âge moyen de l'eau.

• Pour un vent plus fort, l'age moyen augmente. Le tourbillon est plus grand que le cap
mais reste compris dans la zone d~ moyenne.

r
• L'age moyen atteint un maximum pour -=1.4*10-4 m2/s2 puis stagne ou diminue.

p
Ceci semble lié au choix de la zone de calcul de la moyenne. En effet, ce plafond est
atteint quand l'extension du cyclone dépasse cette zone. Ensuite, quand le vent s'accroît la
l'age moyen des masses d'eaux stagne ou diminue.

Un indice de rétention est ensuite obtenu en faisant la différence entre l'age
des masses d'eaux dans la zone côtière et l'age au large (fig. 14). Cet indice montre
que la rétention dans la zone côtière, sous le vent du cap, s'accroît avec vent jusqu'à
des valeurs de tension de vent de l'ordre de 1.5 m2/s2., se stabilise ensuite pour des
valeurs comprises entre 1.5 et 1.8 m2/s2 et décroît pour des valeurs supérieures à 1.8
m2/s2. La relation entre intensité de la rétention et intensité du vent est donc non
linéaire, la rétention atteint une valeur limite pour des tensions de vent de l'ordre de
1.8 m2/s2. Ce résultat suggère que des upwellings faibles à modérés ont, en tenne de
rétention, un effet bénéfique sur la survie larvaire en limitant les pertes par advection
en direction du large
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Figure 14: Variation de l'indice de rétention en fonction de la pseudo tension du vent.

Il est sans doute prématuré d'extrapoler ce résultat obtenu à l'aide d'un simple
modèle barotrope aux situations réellement observées sur le terrain. On peut
cependant remarquer que la relation non-linéaire entre la rétention et le vent est en
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accord avec le schéma de la "Fenêtre Environnementale Optimale" (Cury et Roy,
1989) et les relations existant entre des données de recrutement et de vent dans les
écosystèmes d'upwelling. Ce résultat est encourageant pour la suite de ce travail,
l'étape prochaine étant la prise en compte de la composante barocline dans le modèle,
étape qui permettra de se rapprocher du réel.

2.4-THEME 4: VARIABILITE DE L'UPWELLING COTIER ET DYNAMIQUE
DES PONTES DE DEUX ESPECES DE SARDINELLES (Rédaction: H. Demarcq)

Les résultats de la première phase de cette action de recherche ont été
rassemblés dans un article publié en 1998 :

Demarcq H. 1998. Spatial and temporal dynamic of the upwelling off Senegal and Mauritania:
local change and trend. ln Durand M.H., Cury P., Mendelssohn R., Roy C., Bakun A. and D.
Pauly. 1998. Global versus loca'l changes in upwelling systems. Orstom, Paris, 149-165.

Ils ont également fait l'objet des publications et rapports suivants:

Anneville O., 1996. Quantification de l'upwelling côtier sénégalo-mauritanien à partir de
l'information satellitale. Rapport de stage. Université de Perpignan .39 pp.

Demarcq H., Cury P. et C. Roy. 1997. La dynamique spatiale de l'upwelling sénégalo
mauritanien de 1984 à 1994 à l'aide de la télédétection. Géo Observateur, 7, p79-1 02.

Cette étude repose sur une utilisation avancée de l'information satellitale
comme indicatrice de l'environnement, par l'intermédiaire d'indices spécifiques
caractérisant l'évolution spatio-temporelle de l'upwelling côtier Ouest africain, de la
Mauritanie au Sénégal. Deux exemples sont traités, au Sénégal et en Mauritanie, pour
illustrer l'utilisation de ces indices sur les mécanismes intervenant dans la limitation
du recrutement de trois espèces.

Un logiciel spécifique d'utilisation de ces données satellitales a été développé.
Il permet la visualisation et la gestion simple de longues séries temporelles de "cartes"
de paramètres, tels que la température de surface de la mer (TSM) pour générer des
séries d'indices environnementaux directement utilisables pour de telles études.

2.4.1-Les données satellitales: traitements spécifiques et extraction d'indices.

Les paramètres identifiables et mesurables à partir des champs de TSM
satellitaux (figure 15) sont essentiellement un minimum côtier local de TSM et un
gradient maximal de TSM, situé plus au large. Les critères de détections sont
invariants sur la série et la détection automatique.

Le minimum de TSM correspond au lieu de remontée maximal de l'eau issue
de l'upwelling et dépend fortement de la bathymétrie locale. Sa détection fournit
également un indice de présence/absence objectif de l'upwelling. Le gradient maximal
délimite l'extension zonale de l'upwelling. Il dépend de l'intensité de l'upwelling et de
la direction du vent et des courants.
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Figure 15. Calcul du gradient E-W de TSM et détennination automatique d'un minimum local
de TSM et du gradient maximum vers le large

Un indice d'intensité de l'upwelling est proposé (Demarcq, 1998). Il est basé sur
le rapport entre: 1)la différence entre le minimum de TSM (TSMmin) et une
référence "chaude" (TSMmax), calculée à chaque latitude et 2) la différence entre la
référence "chaude" et la valeur initiale de la température de l'eau upwellée (TSMup),
soit 14°au Sénégal. L'indice peut s'exprimer suivant la fonnule :

Indice d'upwelling côtier =(TSMmax -TSMmin)/(TSMmax-TSMup)

Un indice original de rétention côtière est également calculé en chaque point de
côte par l'intégrale des TSM entre TSMmin et la côte. Il est ainsi proportionnel à la
distance de TSMmin à la côte ainsi qu'à la différence de maximale de TSM. Grâce à
la régularité d'échantillonnage, les discontinuités spatio-temporelles sont bien mises
en évidence, ce permet de réaliser un découpage spatial en entités écologiques
homogènes et de manière objective. Cet indice intègre les effets spatiaux complexes
liés à la topographie et permet de mettre en évidence d'importantes variations
régionales de la configuration de l'upwelling (figure 16).
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Figure 16. Dynamique Saisonnière moyenne des indices d'upwelling et de rétention côtière calculés à
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Côte sénégalaise) et une zone de rétention faible (Grande Côte sénégalaise).
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Figure 17. Exemple de variabilité interannuelle des indices d'intensité et de rétention côtière sur 4
années, de 1992 à 1996 pour les mêmes trois régions écologiques de la figure 2.

L'ensemble de la série (1984-96) montre nettement une succession de type
années froides/ années chaudes. La variabilité interannuelle des deux indices (figure
17) est très forte, aussi bien en terme d'intensité que de décalage saisonniers,
particulièrement dans les zones à topographie complexe (Banc d'Arguin et petite côte
Sénégalaise).

Les données utilisées ainsi que les indices présentés sont utilisables à travers
CUSSI (Coastal Upwelling Structures derived from Satellite images) un logiciel de
gestion, de visualisation et d'extractions d'indices environnementaux à partir de séries
chronologiques d'images de variables géophysiques, (telle que la TSM). Ce logiciel,
écrit en Java et donc multi-plateforme permet de gérer des séries temporelles
volumineuses, quelque soit le pas de temps.

2.4.2-Variabilité des pontes des sardinelles au Sénégal.

L'hypothèse d'un déterminisme entre la dynamique de l'upwelling et le
déclenchement des pontes est exploré. La pêche de ces deux espèces représente
environ 300 000 tonnes, soit 70 à 80% des captures nationales de la pêche artisanale.
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Le milieu physique a été caractérisé à partir des trois indices environnementaux
précédemment décrits. Les données biologiques utilisées pour les deux espèces sont le
rapport gonado-somatique (ROS), représentatif de l'activité de ponte et le facteur de
condition (FC).

Les fluctuations d'abondances sont importantes et très caractéristiques des
fluctuations généralement rencontrées dans les zones d'upwelling côtier pour les
espèces pélagiques côtières, ressources naturellement "instables". Les valeurs
moyennes de ROS des années à upwelling faible et à upwelling fort montraient déjà
une nette dépendance de l'intensité saisonnière moyenne de l'upwelling (Roy et al.,
1989). L'évolution détaillée (pas de temps de 15 jours) des ROS et FC a été examinée
pour les deux espèces de 1988 à 1990.

Les évolutions temporelles des deux variables (figure 18) montrent à la fois une
forte corrélation significative entre les deux espèces (r=.68), ce qui n'est pas le cas
pour l'évolution des ROS. De plus, les relations ROS/environnement montrent que les
deux espèces ne répondent pas de la même manière à la dynamique saisonnière, S.
aurita pouvant présenter des périodes de pontes avec un très faible saisonnalité alors
que les épisodes de pontes de S. maderensis sont très dépendants de la saisonnalité de
l'upwelling.

1.<4

2.0 ....,...---=---~...:.----,.~;..---r.-r""'"--------~-~....;;..,.-~2.2

1.8

1.8

1.7
'':'''An,',

1.8

1.6

1."

déc-89

....... !l~·.··. J."
.01. .' .

'i'. . ...
l

-S.àurlta

........ S. maderensls

oct-sa

0.8

0.8

0.4.

'0.2

0.0 .Jl-~_-'--__---:""-'--r":-;';"":',"","",,_---'1;;..;....;.,..II.-..,-"":"'-.:..Jt..-,----_--.lI'-..---....J

mars-88

Figure 18. Evolution des RGS et Fe de S. aurita et S. maderensis de mars 1988 à mars 1989

Les fortes fluctuations de l'indice suggèrent qu'il existe bien une dépendance
avec les facteurs environnementaux à plusieurs niveaux, depuis la saison jusqu'à la
quinzaine pour les deux espèces, mais avec une sensibilité à l'environnement très
différente.

Le paramètre le plus adéquat pour mettre en évidence ces dépendances est
l'indice d'upwelling et en deuxième lieu la rétention côtière associée dont la
dynamique semble moins liée à celle des pontes dans cette région.

Bien que réagissant de manière plus sensible aux fluctuations de
l'environnement, Sardinella aurita permet de tirer parti de fluctuations importantes,
contrairement à d'autres espèces à priori concurrentes mais qui colonisent des régions
d'upwelling soumises à de moindres fluctuations saisonnières.

2.4.3-La variabilité du recrutement du poulpe en Mauritanie.

A l'aide des mêmes indices environnementaux, les relations entre
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l'environnement et le recrutement du Poulpe (Octopus vulgaris) ont été étudiées en
Mauritanie (région du Banc d'Arguin) sur la période 1985- 1994. La Mauritanie
possède une pêcherie de poulpe parmi les plus importantes (52 900 tonnes en 1976, 20
000 tonnes en 1996). La zone d'étude est celle du banc d'Arguin, de 19 à 21 0 de
latitude Nord, zone très peu profonde, de ponte et de nourisserie pour de nombreuses
espèces pélagiques comme les sardinelles.

Le stade pélagique planctonique du poulpe dure un a deux mois après
l'éclosion avant le stade benthique. La faible espérance de vie, la croissance rapide, la
forte mortalité juvénile et l'absence de recouvrement temporel entre deux générations
annuelles expliquent le fort impact de l'environnement, ainsi que les très fortes
fluctuations d'abondance observées.

Après corrélation croisée des séries, les relations recrutement/environnement
sont principalement étudiées par le modèle GAM, pour explorer la forme des relations
entre recrutement et environnement.

Les variations du recrutement font état d'une forte variabilité (Figure 5). Les
indices de recrutement annuel varient de 22.3% (saison 1991/92) à 40 % (en 1988/89),
soit un facteur de deux sur la période d'étude.
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Figure 19 : Décomposition de l'indice de recrutement mensuel du poulpe en Mauritanie

La décomposition saisonnière de l'indice mensuel de recrutement (figure 19)
montre clairement deux maximums. Les individus pêchés en novembre sont
vraisemblablement issus de la génération de printemps et inversement, ce qui est
compatible avec les vitesses de croissances estimées du poulpe. Les écarts résiduels
(figure 19) correspondent le plus souvent à une anomalie de l'intensité des pics
saisonniers, parfois à un décalage temporel (cas de l'année 1990).

L'upwelling présente souvent un net décalage saisonnier (trois ans sur 10).
Comme pour les autres paramètres, la saisonnalité de la rétention est très forte, avec
un minimum non synchrone avec celui de l'intensité de ]'upwelling, du fait que le banc
d'Arguin est saisonnièrement envahi par de l'eau froide du large, ce qui fait chuter
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•

l'indice de rétention.

Les corrélations croisées entre les senes montrent un décalage moyen
significatif de -6 entre environnement et recrutement. Les pics de recrutement
d'automne et d'été sont donc significativement reliés aux conditions de l'upwelling
respectivement en mai-juin et décembre-janvier, périodes supposées d'abondance
planctonique maximale des larves de poulpe.

Les indices environnementaux sont donc divisés en deux périodes, de
printemps (mai-juin) et d'automne (novembre à janvier) en vue de tenir compte de ces
constatations dans les analyses qui suivent.

L'approche non linéaire (ACE) entre l'indice de recrutement d'automne et
chaque variable environnementale fait état de deux relations importantes:

2 , Il':.
Recrutement (au'omne) 1 •

o ••• • 0.$ Intensité (printemps)
... 0

-2 -0.5 ••

~œ B ~ ~ ~ ~ u ~ u ~
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Figure 20. Transfonnations optimales fournies par l'algorithme ACE pour les relations:
T.(recrutement) :::: T2(Intensité) r ::::0.50 a)
T,(recrutement) :::: T2(Rétention) r ::::0.72 b)

Les transformations (figure 20) montrent que les indices d'intensité de
l'upwelling et de rétention côtière de printemps sont corrélés respectivement
négati vement et positivement à l'indice de recrutement d'automne avec des
contributions respectives au recrutement de 50% et de 72% en tenne de variance
expliquée, pour seulement 12% à la turbulence.

L'indice original de rétention côtière calculé à partir de la donnée satellitale
apparaît comme un facteur clé dans la triade environnementale
IntensitélRétention/turbulence, confinnant des théories répandues (Sinclair, 1988). Il
est majoritairement structurant dans la zone Nord mauritanienne qui se présente
comme nettement inhibée par l'upwelling, suivant le concept de fenêtre
environnementale optimale (Cury et Roy, 1989).

Une forte analogie peut être suggérée entre le poulpe et les poissons pélagiques
côtiers qui sont tous deux contraints d'adapter leur stratégie reproductive à la
dynamique saisonnière de l'upwelling côtier ainsi qu'aux opportunités topographiques
locales qui constituent autant de chances de minimiser leurs pertes aux stades les plus
sensibles de leur cycle de vie.

Le banc d'Arguin pennet de passer outre cette sévère limitation, en optimisant la
délicate balance nécessaire à la réussite de la survie en zone d'upwelling côtier. Les
notions de concentration et de rétention, difficiles à quantifier peuvent
avantageusement être abordées par l'imagerie satellitale qui fournit une part
importante de réponse.

Les régions Nord mauritanienne et Sud sénégalaise sont deux très bons
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exemples de balance entre les trois termes enrichissement/concentration/rétention
proposés par Bakun (1996). La rétention côtière apparaît comme le facteur
prépondérant du déterminisme du recrutement dans la zone du banc d'Arguin (alors
que l'indice d'upwelling et la turbulence ont un effet faible et négatif), à l'inverse de la
région de la petite côte sénégalaise (zone d'upwelling modéré) où les facteurs
enrichissement et rétention sont tous deux corrélés positivement à la plupart des
mécanismes biologiques intervenant dans la réussite du recrutement.

On constate également importance des facteurs topographiques qui permettent à
une côte soumise à un upwelling côtier de maximiser les processus de rétention et de
tirer ainsi parti d'un upwelling côtier de manière optimale, en minimisant les effets
néfastes d'une trop forte dispersion.

De telles études montrent l'intérêt de pouvoir disposer de séries
environnementales sur les paramètres clé en région d'upwelling afin de pouvoir mettre
en évidence les relations fonctionnelles entre l'environnement et les paramètres
biologiques de la ressource à des échelles spatio-temporelles où l'action de
l'environnement a un poids réellement important.

Les atouts de la donnée satellitale dans le cadre de telles études sont:
• son abondance dans certaines zones marines comme les régions

d'upwellings côtiers (en raison de conditions atmosphériques favorables)
• la résolution spatio-temporelle atteinte (quelques jours et quelques

kilomètres), souvent plus proche des échelles de transfert d'énergie entre le milieu
physique et les premiers stades de la production biologique

• la régularité spatio-temporelle d'échantillonnage, permettant une excellente
évaluation de la dynamique des processus spatio-temporels (migrations par
exemple)
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CONCLUSION

Ces quatre thèmes de recherche ont exploré la dynamique du recrutement des
espèces pélagiques côtières à différentes échelles et suivant différentes approches. Les
thèmes 1 et 2 ont privilégié des approches comparatives entre les principaux
écosystèmes d'upwelling mondiaux et les espèces les plus abondantes. Les thèmes 3 et
4 ont abordé l'étude des processus environnementaux qui contrôlent le recrutement
dans deux écosystèmes: l'upwelling du Sénégal et la partie sud du Benguela. Des
outils de quantification (CUSSI et un modèle hydrodynamique 3D) et des bases de
données ont été développés.

Le thème 1 a permis d'identifier les paramètres de l'environnement qui limitent
l'abondance des populations dans ces écosystèmes. La taille des plateaux continentaux
ainsi que la température ne sont pas apparus comme des éléments essentiels.
L'intensité des upwellings et le brassage par le vent sont apparus comme étant les
contraintes environnementales majeures. Une méthode régressive non paramétrique
révèle qu'une combinaison de plusieurs facteurs environnementaux est nécessaire
pour qu'une forte productivité soit réalisable. Les conditions optimales sont les
suivantes: un fort indice d'upwelling (proche de 1.3 m3/s J/ml), un vent modéré
(proche de 5-6 mis). L'écosystème péruvien, qui est au niveau mondial l'écosystème
d'upwelling le plus productif en terme de ressource pélagique, s'avère être le seul
écosystème dans lequel ces conditions optimales sont regroupées. Ces éléments
permettent également de faire un diagnostic des changements consécutifs aux
événements climatiques futurs.

Dans le thème 2, une approche comparative est utilisée pour étudier la
dynamique temporelle des stratégies de reproduction des Clupéidés dans différentes
zones d'upwelling, en relation avec des processus environnementaux supposés
affecter la survie larvaire. Le schéma précédemment établi en Afrique de l'Ouest a pu
être généralisé pour les sardines et les sardinelles à l'ensemble des écosystèmes
d'upwelling. Ce modèle montre que, quelque soit l'écosystème considéré: 1) le
calendrier de la reproduction s'établit indépendamment de la présence ou non d'un
upwelling. 2) la ponte coïncide avec des vitesses de vent comprises dans une étroite
fourchette de valeurs de 5.3 à 6.1 m3.sol.mol. Cette gamme de vitesses de vent
correspond aux conditions optimales pour le succès du recrutement définies par la
Fenêtre Environnementale Optimale (Cury et Roy, 1989). Pour l'anchois, le
déterminisme du calendrier de la ponte est différent de celui des deux autres espèces.
Il ne semble pas exister de relation entre les fluctuations saisonnières de
l'environnement et l'activité de reproduction.

Au cours de la première phase du thème 3, des structures spatiales permettant
d'assurer la rétention des larves dans la zone côtière d'un upwelling ont été identifiées.
Elles sont le résultat de l'interaction entre le processus d'upwelling et la topographie.
En présence de telles structures, il existe un couplage positif entre les processus
d'upwelling et de rétention. En prenant comme exemple l'écosystème d'upwelling du
Sénégal, une quantification de la rétention à partir d'images satellites et de données
issues des stations côtières a été réalisée. L'intensité de la rétention est maximale à la
fin du printemps et minimale en été et au début de l'automne. Le pic saisonnier de la
ponte se produit en mai-juin quand l'intensité de la rétention est maximale. Ce
couplage entre le calendrier de la ponte des sardinelles et l'intensité de la rétention
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souligne l'importance de ces structures pour le succès de la ponte et le recrutement.
Dans la seconde phase, un modèle hydrodynamique 3D a été mis en place sur un site
de la partie sud du Benguela. Ce site est la principale zone de nursery des sardines et
des anchois de la région. Des simulations ont été réalisées avec une version barotrope
du modèle en faisant varier les conditions de forçage par le vent. Afin de quantifier les
processus de rétention, un traceur barotrope a été développé, il permet une mesure
quantitative des phénomènes de recirculation. Cet indice montre que la rétention dans la
zone côtière s'accroît avec le vent jusqu'à des valeurs de pseudo tension de vent de
l'ordre de 1.5 m2/s 2

, se stabilise ensuite pour des valeurs comprises entre 1.5 et 1.8
m2/s 2 et décroît pour des valeurs supérieures à 1.8 m2/s 2

• La relation entre intensité de
la rétention et intensité du vent est donc non-linéaire, la rétention atteint une valeur
limite pour des tensions de vent de l'ordre de 1.8 m2/s2

• Ce résultat suggère que des
upwellings faibles à modérés ont, en terme de rétention, un effet bénéfique sur la
survie larvaire en limitant les pertes par advection en direction du large. Cette relation
entre la .rétention et le vent est en accord avec le schéma de la "Fenêtre
Environnementale Optimale" et les relations existant entre des données de
recrutement et de vent dans les écosystèmes d'upwelling. Le développement du
modèle se poursuit et une version barocline (prise en compte de la stratification
verticale) sera mise en place début 1999.

Une base de données satellites et des outils de quantification de certains
processus spatiaux, à partir d'images satellites, ont été développés pour le thème 4.
Des séries temporelles de l'intensité de l'upwelling et de la rétention le long des côtes
du Sénégal et de la Mauritanie ont été construites. Ces indices ont permis d'explorer
les relations entre la dynamique de la ponte des sardinelles et celle de l'upwelling.
Dans la zone du Banc d'Arguin, la rétention côtière apparaît comme un des facteurs
prépondérants du déterminisme du recrutement de la population de poulpe exploitée
en Mauritanie.

Ces quatre projets ont exploré la dynamique de recrutement dans les zones
d'upwelling. Les thèmes 1 et 2 se sont appuyés sur des approches comparatives entre
les principaux écosystèmes d'upwelling. Les principaux facteurs limitant la production
des espèces pélagiques côtières dans les upwellings ont été identifiés dans le thème 1.
Dans le thème 2, il a été possible de généraliser un modèle mettant en relation le
calendrier de la ponte des sardines avec l'environnement. Ces résultats mettent en
évidence l'importance du vent comme facteur limitant du recrutement, ils viennent
conforter le schéma de la "fenêtre environnementale optimale" (Cury et Roy, 1989)
schéma proposé pour relier la variabilité du recrutement avec l'intensité des
upwelling. Les thèmes 3 et 4 ont mis l'accent sur l'étude des processus spatiaux qui
interviennent dans le déterminisme des stratégies de reproduction et au niveau de la
variabilité du recrutement. La modélisation des processus hydrodynamiques a
démarré et les premiers résultats obtenus montrent l'intérêt de telles approches. La
prochaine étape sera le couplage de ce modèle hydrodynamique avec un modèle
individu-centré pour simuler le dev('nir des larves en fonction de l'advection et
quantifier l'impact des processus spatiaux sur le recrutement.
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AN UPWELLING-INDUCED RETENTION AREA OFF SENEGAL:
A MECHANISM TO LINK UPWELLING AND RETENTION PROCESSES

C. ROY*

ln upwelling ecosystems, fisb tend to avoid spawning in areas dominated by strong offshore transport and
strong wind-mixing. Spawning grounds are usually located downstream of the main upwelling centres and
spawning is mostly tuned to avoid the peak of the upwelhng season. However, in areas such as Pero, Sene
gal and Côte d'Ivoire-Ghana, spawning and upwelling occur simultaneously. Wbat are the mechanisms that
allow such reproductive strategies to be successful? To attempt to answer tbis question, sorne environmental
charactenstics of the spawning ground of Sardinella aurila in the Senegalese upwelling system are investi
gated. S. aurila adults migrate nom Mauritania to Senegal in early winter, following the southward exten
sion of upwelling alonr; the coast. Intense spawning in late spring is concentrated south of Cap Vert. There,
the surface distributton 0" sever.al environmental parameters is quite unusual for an upwelling area. Sea sur
face temperature is minimum ovc:r the shelf and increases towards and away fiom the coast. Chlorophyll dis
tribution peaks nearshore. This DDique surface structure IS interpreted as the result of a "double cell" structure
in the upwelling vertical circulation: a frrst celllocated at the shelf break, the main upwelling cell that brings
cold and nutrient-rich subsurface water to the surface, and a second celllocated inshore of the shelf break. A
nearshore convergence tends to trap and retain phytoplankton and other biological components. Jn an up
welling system with a double-cd! circulation structure. the coastal cell represents a very favourable environ
ment for fish to reproduce: eggs and larvae do not spread offshore, but are retained in the productive and rel
atively stable coastal waters. Oearly. therefore, upwelling is not a1ways detrirnental for larval survival.
Rather, upwelling and retentioa cao occur simultaneously and together proville a favourable reproductive
habitat.

+
Coastal upwelling ecosystems are known to be

parts of the most productive oceanic regions (Ryther
1969, Cushing 1971). Many of these ecosystems are
able to sustain extremely large populations of pelagic
fish such as sardine and anchovy, and consequently
very important fisheries (Crawford etai. 1987, Pauly
and Tsukayama 1987, Cury and Roy 1991). Main
coastal upwelling ecosystems are characterized by
seasonal or permanent, strong, equatorward winds, a
contrasted vertical current structure (equatorwards at
the surface and polewards at intermediate depths)
and a persistent wind-induced drift of surface waters
offshore (Wooster and Reid 1963, Brink 1983). Up
welling ecosystems are indeed characterized by a
very high rate of primary production, but they are
also dispersive environments where particles tend to be
swept away from the coast by wind-induced offshore
drift. This major characteristic of coastal upwelling
ecosystems has strong ecological implications (Bakun
1996).

In a recent synthesis of the major environmental
processes affecting fish reproduction, Bakun (1996)
identified three major classes of processes that com
bine to yield favourable reproductive habitat for fish.
They are:

(i) enrichment processes (upwelling or mixing);
(ii) concentration processes (convergence. fronts.

stratification);
(iii) retention processes, that main tain eggs and

larvae in suitable habitats.

Because a coastal upwelling ecosystem is a disper
sive environment, adequate conditions to satisfy the
requirement of the third element of Bakun's triad
(retention) may be not as easy to find as suitable con
ditions for the first two elements of the triad. The
migrations that sorne of the major populations of
small pelagie fish undertake in order to find a suit
able reproductive habitat indicate that an upwelling
ecosystem can be an adverse habitat for fish to repro
duce (Hutchings 1992).

Small pelagic fish such as sardine and anchovy
produce tiny pelagic eggs and larvae. Consequently,
offshore drift of the surface water will tend to dis
perse eggs and larvae out of the favourable coastal
habitat. However, populations of small pelagie fish
have been quite successful: they are weIl known for
being able to develop commercially important biomass
in eastem boundary ecosystems. Comparative studies
between several upwelling ecosystems indicate that
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the reproductive strategies of small pelagies are tuned
in order to minimize the detrimental effects of the
environment on larval survival (Parrish et al. 1983,
Roy et al. 1992). Sardine, sardinella and anchovy
tend to avoid spawning in areas dominated by strong
offshore transport and strong wind-mixing (Parrish
et al. 1983, Roy et al. 1989). In the Califomia CUITent
ecosystem, pelagie fish migrate at the time of spawn
ing, sardines avoiding spawning in the upwelling
centre. They rather migrate into areas snch as the
California Bight, where topographical featUres mini
mize offshore transport and allow retention of eggs
and Jarvae in the favourable coastal habitat (Bakun
and P...rrish 1982). The central population of the Mo
roccan sardine (Sardina pilchardus) has adopted a
similar reproductive strategy. That sardine popula
tion avoids reproducing in the summer upwelling
centre off Safi-Essaouira and migrates farther south
during winter to an area where upwelling is minimal
(Belvèze and Erzini 1983, Belvèze 1991).

In other areas, fish spawn during the upwelling
season and sometimes even in places where upwelling
is at a local maximum. Spawning of the Peruvian
anchoveta Engraulis ringens peaks off northern Peru
during winter, which is the season of maximum up
welling and offshore transport (Santander 1981, Bakun
and Parrish 1982). However, Parrish et al. (1983)
showed that, when the increase in the depth of the
mixed layer off Peru in winter is taken into account, the
speed of surface offshore drift is minimal during the
spawning peak. They conclude that this pattern may
account for the coincidence between the spawning
peak of the anchoveta and the season of maximum
upwelling. Off Senegal, Sardinella aurita spawn
simultaneously with upwelling, in an area where up
welling is at a local maximum (Conand 1977, Fréon
1988). Off Côte d'Ivoire and Ghana, upwelling and
spawning of S. aurita also appear to be in phase.
Spawning is concentrated on the eastern side of Cape
Palmas and Cape Three Points, where the coastal up
welling is enhanced by the eastward flow of the
Guinea Current (ORSTOMIFRU 1976, Bakun 1978,
Pezennec and Bard 1992). Off the Sahara, between
Cap Bojador and Cap Barbas, S. pilchardus spawn in
late winter, in an area where upwelling is permanent
(F. A. O. 1985).

Such patterns of coincidence between spawning
and upwelling are not apparently in accord with the
conclusion of Parrish et al. (1983), namely that there
is a general tendency for small pelagie fish to avoid
reproducing in areas or during seasons characterized
by potentially crucial offshore surface drift. When
upwelling and reproduction are in phase.. eggs and
larvae will apparently be placed in an environment
characterized by maximum offshore drift, making the

eggs and larvae highly vulnerable to dispersion out
of the coastal habitat. By looking in sorne detail at
sorne spatial features of the upwelling and at the
reproductive strategy of S. aurita off Senegal, it may
be possible to identify the environmental processes that
allow such reproductive strategies to be successful.

REPRODUCTIVE STRATEGY OF S. AURITA
IN THE SENEGALESE UPWELLlNG SYSTEM

Off Senegal, upwelling occurs in winter and late
spring. It is at its max.;mum south of Cap Vert, down
wind of the peninsula, in a place where the continental
shelf extends more than 50 miles offshore (Fig. 1).
During summer, weak southerly winds prevail and
warm tropical waters extend over the whole shelf,
creating a relatively stable and stratified environment
(Rébert 1983).

S. aurita is an important component of the popula
tion of small pelagie fish off Senegal (Barry-Gérard
et al. 1994). The adults migrate seasonally from
Mauritania to Senegal (Boëly and Fréon 1979), a
migration related to the southward extension of up
welling in winter and spring. Following Parrish et al.
(1983), one would expect the spawning season to be
out of phase with the upwelling season for the fish to
take advantage of the stable summer environment.
However, the observed pattern of reproduction of
S. aurita is different.

The main spawning activity of S. aurita is simulta
neous with upwelling, from February to June, and it
is at its maximum in late spring (Conand 1977,
Boëly et al. 1982). There is also spawning of young
adults in late summer. Spawning is not continuous
along the Senegalese coast. There is low-intensity
spawning north of Cap Vert and intense spawning in
the upwelling core south of Cap Vert in late spring
(Fig. 1). Wind-mixing is moderate during the spawn
ing season and has little effect on larval survival
(Roy et al. 1989). Under such conditions, one would
expect feeding conditions for larvae to be adequate
and the requirements of the first two elements of
Bakun's triad to be met However, the main spawning
season and the spawning ground are characterized by
intense wind-induced offshore Ekman transport (Rébert
1983, Roy 1989). According to the third element of
Bakun's triad, this would represent an adverse environ
ment in which to reproduce successfully, so negatively
influencing recruitment success and the maintenance
over time of the reproductive strategy. However, during
the past 30 years, catches of S. aurita in Senegal show
a remarkable pattern: a constant graduai increase in
the landings without any signs of recruitment failure
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(Samba 1994).
Although sardine spawning and upwelling coincide

off Senegal, this reproductive strategy is apparently
successful. It raises the following question: what
retention mechanism is used by S. aurita to avoid the
loss of reproductive material offshore? A review of
the main features of the Senegalese upwelling system
may provide sorne indication of the environmental
processes that allOW this reproductive strategy to be
maintained over time.

SPATIAL STRUCTURE OF THE SENEGALESE
COASTAL UPWELLING SYSTEM

Sea surface temperature (SST) collected al two
coastal stations (Thiaroye and Mbour, Fig. 1) is used
to characterize the seasonal dynamics of upwelling
(Roy et al. 1985). Monthly means were calculated
from daily SST measurements made from 1966 to
1987. The offshore component of Ekman transport is
used as an index of upwelling activity (Bakun 1973),
an index calculated using three-hourly wind daIJl col
lected at the Yoff Airport meteorological station.
This station is located on the tip of the Cap Vert
peninsula, so the wind data are considered to be re
presentative of the wind-forcing over the shelf (Roy
1989). Surface nutrient and chlorophyll data collected
during several oceanographic croises (Deme-Gning
et al. 1990) are also used in the analysis.

The Senegalese coastal upwelling region is the
southem part of the Canary Current ecosystem. Thus,
seasonality of upwelling off Senegal is related to the
meridional migration of the Azores High. South of
Cap Blanc (20°N), trade winds blow from early winter
to late spring (December - June). Along the coasts of
Mauritania and Senegal, these steady equatorward
winds generate strong seasonal coastal upwelling,
which removes from the coastal area the warm tropical
surface water that extends up to 200 N during SlDDD1er
(Wooster et al. 1976, Mittelstaedt 1983, Nykjaer and
Van Camp 1994).

The Cap Vert peninsula subdivides the Senegalese
ecosystem into two distinct regions. To its nortb the
continental shelf is rather narrow « 20 miles), but to
its south the width of the shelf increases, to more
than 50 miles offshore at 13°N (Fig. 1). The meri
dional orientation of the coast favours coastal up
welling when equatorward trade winds start to blow
in early winter. The onset of the trade winds in Octo
ber results in significantly increased offshore Etman
transport and upwelling along the coast and, conse
quently, a pronounced decrease in SST. Interannual
variability in the offshore component of Ekman trans-

port during the upwelling season explains a signifi
cant part of the coastal SST variability. There is a
negative correlation (r = 0.55) between mean
(January-June) coastal SST and the corresponding
mean offshore Ekman transport (Roy 1989). Less
intense wind-induced offshore Ekman transport
weakens the upwelling process and SSTs during the
upwelling season tend to he warmer. The counter also
applies, so clearly the wind is the dominant factor
responsible for upwelling off Senegal.

When there is upwelling, the structures of the surface
water on each side of Cap Vert differ (Fig. 2). On the
northem side where the shelf is narrow, the surface
thermal feld has a traditional upwelling-type structure:
SST is low at the coast and increases offshore (Fig. 2).
On the wider shelf south of the cape, the surface
structure of the thermal field is more distinct: the up
welling core is over the shelf, and SST is lowest on
the coastal side of the shelf break, increasing in both
offshore and coastal directions (Fig. 2). This dis
placement of the upwelling core towards the middle
of the shelf strongly influences the spatial structure
of the surface thermal field south of Cap Vert. A
tongue of cold water over the shelf isolates a coastal
band of warm water from the offshore area south of
14°20'N, and there is surface divergence associated
with the upwelling source over the shelf and conver
gence nearshore (Fig. 3).

This structure results from the interaction between
wind-induced upwelling and the local topography (a
wide shelf located downwind of a cape). A strong
wind-stress curl south of Cap Vert, resulting from a
positive wind-stress gradient in an offshore direction
(the windfield shows a local minimum nearshore), may
also be an important determinant of this structure.

SEASONAL AND INTERANNUAL DYNAMICS
OF THE UPWELLING STRUCTURE

The development of a tongue of cold water over
the Senegalese continental shelf south of Cap Vert is
a recurrent annual phenomenon that occurs during
the upwelling season. The seasonal development of
this spatial structure is summarized in Figure 2. Gen
erally, the tongue of cold water starts to develop in
January, reaches its maximum extension in March
and has almost disappeared by June. The relative
warming of SST nearshore, resulting from the dis
placement of the upwelling source towards the shelf
break, is highly noticeable from February to May on
the METEOSAT SST images (Fig. 2).

The manner in which development of the tongue
of cold water influences coastal SST is evaluated by
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looking at differences in SST between an area located
offshore of the continental shelf and that at two coastal
stations. One of those two (Thiaroye) is located on
the southern edge of the Cap Vert peninsula, in an
area where there is maximum cooling resulting from
the upwelling. The second (Mbour) is located farther
south. For the offshore area (13°30'-14°30'N,
17°4Ü'-18°00'W), the mean monthly SST was
extracted from the eOADS dataset (Woodruff et al.
1987) using the CD-ROM-based version of COADS
and the CODE program described in Mendelssohn
and Roy (1996).

Upwelling is fully developed from January through
May. Offshore Ekman transport reaches :ts maximum
(1.2 m3's- l 'm- l ) in April (Fig. 4), and SST at Thiaroye
remains <17.2°C. The difference in SST between the
offshore area and Thiaroye is nearly in phase with
the onset of wind-induced offshore Ekman transport,
it starts to increase in October and remains between
3 and 4°C until June (Fig. 4). On an interannual
scale, there is also a positive correlation (r==0.52)
between the strength of upwelling and the offshore
coastal difference in SST at Thiaroye during the
upwelling season. Thiaroye is located in the up
welling core and SST there is representative of
upwelling activily over the shelf.

A totally different situation is observed with the
Mbour SST data. Coastal temperatures at Mbour are
noticeably colder than the offshore SST in November
December. In January, the offshore-coastal difference
in SST suddenly decreases and remains below LOoe
from March to June (Fig. 4). This is an indication of
the effect of coastal warming resulting from the dis
placement of the upwelling source in the direction
of the shelf break. At Mbour, the offshore-coastal
difference in SST decreases with the development of
the upwelling. This relationship is also valid at an
interannual scale: as the upwelling intensity increases,
the offshore-coastal SST difference decreases
(r == 0.50). The seasonal and interannual fluctuations
in SST at Mbour are not representative of upwelling
activity. Rather, il appears that the SST at Mbour is
strongly influenced by the development of a band of
warm water nearshore.

Without the spatial information given by the satellite
images, the behaviour of the offshore-coastal SST
difference at Mbour would have been quite intriguing
for a coastal upwelling area where coastal SST would
be expected to be colder than offshore SST. At
Mbour, the absence of a significant offshore-coastal
SST gradient during the upwelling season can be
attributed to the displacement of upwelling activity
over the shelf south of 14°40'N, and to the occurrence
of a band of warm water along the coast. The off
shore-coastal SST difJerence decreases in phase with

the intensification of upwelling. The coastal warming
south of 14°3ü'N is positively related to the intensity
of the upwelling. As upwelling strengthens, its core
moves towards the shelf edge and coastal warming is
enhanced by the convergence occurring nearshore.
This pattern appears to be valid on both seasonal and
interannual scales.

UPWELLING·INDUCED RETENTION
RESULTING FROM A TWO-CELL

CIRCULATION STRUCTURE

The contrast between the structure of the Senega
lese upwelling system on each side of the Cap Vert
peninsula is the result of the interaction between the
upwelling process and topographical features (an
open, narrow shelf on the northern side, a wide shelf
downwind of a cape in the south). The surface distri
bution of nutrients is coherent with the SST distribu
tion (Fig. 5). South of the cape, nitrate concentration
is at its maximum over the shelf in the upwelling core,
decreasing both offshore and in a coastal direction.
The distribution of surface chlorophyll is somewhat
different (Fig. 5). North of the cape, the surface dis
tribution of chlorophyll is uniform, phytoplankton
seeming to be spread homogeneously in an offshore
direction. In the south, chlorophyll is at its maximum
nearshore, where the plankton distribution appears to
be strongly affected by the structure of the upwelling.
Physical mechanisms apparently concentrate phyto
plankton nearshore. There is a connection between
this accumulation of biological material and the loca
tion of the coastal band of warm water south of Cap
Vert.

The surface distribution of physical and biological
parameters suggests that the structure of the vertical
circulation is noticeably different in each area. North
of Cap Vert, the homogeneous distribution, with little
contrast between the coastal and the offshore area,
can be interpreted as the traditional upwelling-type
situation (a "one-cell structure"). South of the cape,
it seems that the observed surface distribution is the
result of a "double cell" vertical circulation structure,
as presented in Figure 6:

(i) the one cell located on the shelf break is the
main upwelling ceII that brings cold, nutrient
rich subsurface water to the surface;

(ii) another ccli located on the coastal side of the
shelf break, where upwelled nutrient-rich sub
surface waters have reached the surfacl1 and
drifted inshore. There is a convergence nearshore
and, with such a configuration of the vertical cir-
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culation, phytoplankton and other biological
components tend to be trapped and retained
along the coastal side of the shelf.

The proposed structure is considered to represent a
favourable environment for fish to reproduce. In the
case of a double-cell upwelling structure, the three
elements of Bakun's triad are combined in the coastal
cell (enrichment, concentration and retention), so
eggs and larvae can be retained in the productive and
relatively stable coastal environment. However, there
is one important consequence of a double-cell structure
of the vertical circulation in an upwelling system.
With such a configuratioll of the vertical circulation,
upweIling and retention are positively related and
can act simultaneously to provide a favourable repro
ductive habitat. Off Senegal, this is the structure that
is considered to a1low S. aurita to reproduce success
fuIly during the upwelling season and in the upwelling
core.

A simple index can he developed in order to quan
tify the retention process. The intensity of the ther
mal gradient between the tongue of cold water over
the shelf and the coastal waters can be used as an in
dicator of the strength of the retention process. SST
at Thiaroye is representative of the upweIling inten
sity and SST at Mbour is strongly intluenced by
coastal warming resulting from the displacement of
upwelling over the shelf. Therefore, a simple "reten
tion index" can he obtained by calculating the SST
difference between Mbour and Thiaroye. On a sea
sonal basis, the intensity of this retention index is
a1most in phase with the development of upwelling
from January to June (Fig. 7). It reaches its maximum
in May when the north-south coastal SST gradient
reaches >4.0°C. The interannual variability of the
retention index during the upwelling season is also
positively related to the intensity of the upwelling
process (Fig. 7). The timing of reproduction is in ac
cord with the seasonal variability of this retention
index: spawning is at its maximum in late spring,
when the retention index is a1so at its maximum.

CONCLUSION

Off Senegal, the surface structure of the thermal
field and the surface distribution of sorne chemical
and biological parameters provide evidence of a con
vergence in the nearshore area. This is interpreted as
the result of a double-cell vertical circulation structure
over the shelf, generated by the interactions hetween
the upwelling process and the topography. South of
Cap Vert and on the coastal side of the upwelling

core, the double-ceIl circulation structure creates an
"upwelling-induced retention area" in which particles
are trapped over the shelf. With such a configuration
of the circulation, upwelling and retention are posi
tively related and provide a favourable reproductive
habitat in which the three elements of Bakun's triad
(Bakun 1996) are combined. Conditions in this up
weIling-induced retention area alIow S. aurita to
reproduce successfully in the upwelling centre south
of Cap Vert.

Recruitment data are not available, but several
authors have found indications of a positive relation
ship between upweIling and the abundance of small
pelagie fish off Senegal when wind sr-~ed remains
moderate (Fréon 1988, Cury and Roy 1989). This is
in agreement with the positive relationship found
between the retention index and the intensity of up
welling: intensification of the retention process should
favour larval survival and later recruitrnent.

The existence of double-cell circulation structures
in upwelling areas was first suggested in 1975 by
SCOR Working Group 36 (Jacques and Tréguer
1986). The interpretation is derived from sorne ob
servations made off the Sahara over a wide and open
continental shelf. There, it was shown that, under
sorne conditions, the upweIling core moves over the
shelf break (Barton et al. 1977), resulting in two up
welling cells located each side of the shelf (see Fig. 6
in Walsh 1977). This is slightly different from what
is observed off Senegal where the two cells work in
opposite directions. There, the offshore cell is an up
welling ceIl and the coastal ceIl results in conver
gence nearshore.

There are also other regions (e.g. Côte d'Ivoire
and Ghana, the southern coast of Morocco, Brazi!)
where spawning and upwelling coincide. In those
ecosystems, physical processes, such as shelf-break
upwelling (Barton et al. 1977) or upweIling plumes
(BakUD 1993, Graham and Largier 1997), may a1low
also a positive coupling between upweIling and
retention.
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ENVIRONMENTAL CONSTRAINTS AND PELAGIC FISHERIES IN
UPWELLING AREAS: THE PERUVIAN PUZZLE

P. CURY* C. ROYt and V. FAUREt

Pelagic fish catch stalistics are used as surrogales to evaluate the potential fisb productivity in upwelling
ecosysterns. A comparison hetween 10 upwelling areas of the world shows that the Peruvian ecosystem is
three- to ten-fold more productive than the otheni. The size of the ecosystem, estimated by the surface of the
continental shelf, does not by itself explain the observed disparity. Upwelling sysrerns are characterized by
different combinations of two different environmental variables: the upweUing intensily and the mixing generated
by the wind. Using generalized additive models, an exploratory analysis is performed in order to identify the
environmental conditions that maximize the total pelagic fish catch productivity (maiDly sardine, sardinella and
anchovy). The analY3es consider fish catch as the dependent variable and the two euvironmental faetoni as the
independent variables. Optimal environmental conditions appear to he a combinatioa of: a high upwelling index
(- 1.2 m3·s-l.m-1) and moderate wind-mixing (-250 m3s-3). lbe Peruvian ecosystem is the only upwelling system
that has these characteristics, making it unique and singularly productive. These cmpirical results stress the
importance of considering a combination of environmental faetoni when explaining pelagic fish productivity in
upwelling systems.

1

+

Approximately 100 million tons of rlSh and shellfish
have been extracted annually from the sea and inland
waters since 1989 (F A.O. 1997). The total marine
fish catch represents 75% of that amount and approxi
mately one-third is pelagic fish. The most important
pelagic fisheries are located in the upweIIing areas of
eastern boundary currents, i.e. the Canary, the
Benguela, the Califomia and the Humboldt Current
systems. Two fisheries contribute most to the world
pelagic fish catch: the Peruvian and the Chilean
fisheries. Annually, the landings off Peru and Chile
reach millions of tons, whereas such countries as
Morocco, Califomia. South Africa and Ivory Coast
Ghana can contribute severa! hundred thousand tons.
The size of an ecosystem is an important factor when
considering productivity, but this may not be the
only factor affecting pelagie fish productivity. It may
be believed that large upwelling systems are able ta
sustain large fisheries. However, will a medium-size
upwelling system produce as much as a large one?
Pelagic fish stocks are weil known for their instability,
and numerous authors have exarnined the causes of
recruitment and catch fluctuations (Sharp and Csirke
1983, Pauly and Tsukayarna 1987, Pauly et al. 1989,
Cury and Roy 1991, Kawasaki 1992, Lluch-Belda et
al. 1992, Cury et al. 1995. Bakun 1996). Environ
mental factors such as wind-mixing, offshore trans
port and upwelling intensity play an important role in
recruibnent success or failure. Do environmental fac-

tors involved in fish population fluctuations also
cause the observed difference in pelagic fish produc
tivity arnong upweIIing systems?

The comparative approach is a powerful tool in
ecological science, because it makes it possible ro
establish the generality of phenomena (Bakun 1985,
1996) and, as mentioned by Maynard Smith and Hol
liday (1979 p. 7) "we must learn to treat comparative
data with the sarne respect as we would treat experi
mental results". However, whereas the comparative
approach is a method cmrently adopted in evolutionary
biology (Harvey and Pagel 1991), the method is seldom
used in ecology. A comparative method can lead to
an empirical understanding of the disparity in fish
productivity among upwelling systems by identifying
the responsible environmental factor(s) that contribute
to low or high productivity. In this paper, pelagic fish
productivity in 10 upwelling systems is compared
and the relationships widl the environment are exarnined
using variables such as the size of the continental
shelf, the upwelling intensity and wind-mixing.

IS BIGGER BETI'ER FOR ECOSYSTEM
SIZE?

Biological productivity of an ecosystem can be
estimated in many ways, through planktonic production,

• ORSTOM, Laboratoire Halieutique et Ecosyslèmes Aquatiques, BP 5045-34032 Montpellier Cedex 01, France; present address Sea
Fisheries Research Institute, Private Bag X2. Rogge Bay 8012, South Africa. Email: pcury@sfri.weape.gov.za

t ORSTOM, Centre ORSTOM de BREST, BP 70-29280 Plouzane, France; present address Sea FlSheries Research Institute. Private
Bag X2, Rogge Bay 8012. South Africa. Email: croy@pop.UCt.5c.za

:j: ORSTOM. Laboratoire Halieutique et Ecosystèmes Aquatiques, BP 5045-34032 Montpellier Cedex 01, France.
Email: faure@mpl.onitom.fr

Manuscript received: Decemher 1996



ICUry.J19* 8/10/98 11: 07 am Page 2

2

w
ü
<u.
cc:
::::> 15000-C\l

U.E
...J~

WC')
J:o
00:::- 100
...J<
j5w
zCC:
w<
z 50
~z
0
ü

South African Journal ofMarine Science 19 1998

Fig. 1: Size of the continen1al shelf for each of the 10 upwelling areas
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living matter turnover, energy transfer, fish biomass,
etc. However, long time-series of such indices are
not available in most upwelling systems and extended
comparisons are difficult to perform. Fish catch
statistics are the only data that have been collected in
most upwelling systems over long periods (most of
them from the beginning of the fisheries). These data
are biased for a multiple of reasons: changes in the
availability of fish, in the fishing effort, in the target
species, in the markets, etc. However, when used as a
surrogate, fishery data can provide a rough estimate
of biological productivity. Therefore, these values
can be considered adequate, because they give an

order of magnitude estimate of "what it is possible to
fish" in an ecosystem, ranging from several lhousand
tons to millions of tons.

A maximum pelagic fish catch "productivity
index" is used here, by considering the maximum
catch value observed during the whole time period of
a fishery. This value is used to track the carrying
capacity of pelagic fish in the ecosystem. This
productivity index is calculated for the main pelagic
species (i.e. sardine, sardinella and anchovy). Impor
tant catch-Ievel differences are observed between
pelagic fisheries (Table n. The Peruvian ecosystem
clearly distinguishes itself, with a maximum catch of

Table 1: Maximum pe,a8ic f1sh catch, surface area of the shelf and maximum pelagie fish catch per unit of surface area for
1 upwelling areas and for three main pelagie species (sardine, sardinella and anchovy).

Maximum pelagie Surface area Maximum
Upwelling Latitude Longitude Period fisb catch of the sbelf produetivilY per

areas cœsidered (10' tons) (10' km') unit of surface
area (tons·km')

Califomia 22-3soN - 1924-1991 609 101 6.0
Chile IsoN-43°S - 1966-1993 3708 62 59.3
Spain and Portugal 32-44°N 5-9°E 1937-19S9 368 59 6.2
Moroceo 21-36°N 2-00 E 1950-1991 362 liS 3.1
Senegal 12-16°N - 1964-1991 194 32 5.9
Ivory Coast-Gbana 2-soN O-soW 1966-1993 270 54 5.0
Namibia 16-28°S - 1966-1992 1561 90 17.3
Soutb Africa 28-36°S 18-26°E 1950-1992 623 178 3.5
India 8-15°N - 1948-1988 448 70 6.4
Pero 5-18°N - 1958-1993 12286 86 142.0
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Fig. 2: Maximum pelagie fish catch productivity indices (01s) v. the area of the continental shelf (km2) for the
10 upwellingareas

+ 12 millions tons, and only two other fisheries have
been able to catch more than one million tons within
a year: Chile and Namibia. The other areas have
never fished more than 623 thousand tons.

In order to quantify the size of the ecosystems, the
surface area of the continental shelf was estimated
(Fig. l, Table 1). The sizes of the continental shelves
vary from 32 887 km2 for Senegal to 178 315 km2 for
South Africa. South Africa, Morocco and Califomia
have large continental shelves (> 100000 km-)
whereas Spain-Portugal, Senegal and Ivory Coast
Ghana have mediurn-sized to small ones (<60 000 krn-),

The Peruvian and Chilean productivity indices are
the largest among the 10 estimated, whereas the
continental shelf surface areas of these countries are
medium in size (Figs l , 2). Conversely, the South
African and the Moroccan ecosystems have a wide
continental shelf and a poor fish productivity per unit
shelf area compared with the others (Figs 1,2). Even
when the productivity index is divided by the size of
the shelf, there is no c1ear relationship between the
productivity per unit area of the ecosystems and their
size (Fig. 3). Therefore, ecosystems with a large
continental shelf are not necessarily among the most
productive. Other environmental variables undoubtedly
play a role in the intrinsic pelagie fish production of
the upwelling ecosystems.

ENVIRONMENTAL CONSTRAINTS AND
FlSU PRODUCfIVITY

Environmental factors cause fish population fluctua
tions, because they are recognized to play a major
role in recruitment success (Parrish and MacCall
1978, Bakun and Parrish 1982, Cury and Roy 1989,
Uuch-Belda et al. 1989, Cushing 1990, 1995, Lluch
Belda et al. 1992). Two environmental variables
were selected for the analysis: a Coastal Upwelling
Index (CUl, m3·s· l·m·'), which is the offshore compo
nent of the w~nd-in~~ce~ Ekman transgort (Bakun
1973), and a wind-mixing index (y3, m'-s' ) calculated
lB the cube of the wind speed. A CD-Rom-based version
of the COAOS data (Comprehensive Ocean Atmos
phere Data Set), collected by merchant ships all
around the world oceans (Woodruff et al. 1987) was
used to build monthly time-series of wind data
(Mendelssohn and Roy 1996) and to calculate the
CUIand y3 indices. Mean values of the two indices
front 1946 ta 1990were then ca1culated for these indices
for the different upwelling areas (Table 11).

Upwelling indices vary from 0.31 m3·s· l·m·' for
South Africa to 1.28 mJ·s·1·m· 1 for Namibia. Three
areas exhibit strong upwelling indices: Namibia, Pero
and Ivory Coast-Ghana The wind-rnixing index varies
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Table Il: Environmental characteristics (coastal upwelUng and
wind-mixing indices) calcuIated from COAOS (mean
from the period 1946-1990) of the 10 upwelling
areas (latitude and longitude as in Table 1)

from 103 m3.s'3 for Ivory Coast-Ghana to 770 m3·s·J for
South Africa Classically, a high upwelling intensity IS

associated with a high wind-mixing intensity (in
Namibia and Chile), but in low-Iatitude ecosystems,
moderate wind-forcing can generate rather intense
upwelling because of the latitude-dependency of the
CUI. This is the case off Peru and Ivory Coast-Ghana,
which are characterized by a moderate wind-mixing
intensity but a fairly strong upwelling index. In the
same way, moderate upwelling indices can be associated
with strong wind-mixing in mid-latitude ecosystcms

Coaslal upwelling Wind-mixmg
index (mJ's+m-') index (ml's-J)

YV)=1:.b j X j V)+e(j) , (1)

T.(Y (j) = 1:. b j T;+. (Xj (j) + w(j) , f (2)

such as Califomia, Spain-Portugal and South Africa.
The relations~p between the productivity indices

and the two ~nvlronm.ental factors is e~plored using
non-parametnc regresslOn models. IteratIve algorithms
that ex~end line~ multiple regression analysis to
generahzed additive models provide a method to
expl~re the ~Iationship between the response and the
predictor vanables whe~ the forro of these relationships
IS unknown. Th~ n?~-hnearity of the relationships as
weil as the multIphclty of factors can be considered.
The Altemating Conditional Expectation (ACE) and
the Generalized Additive Interactive Modeling
(GAI~) statistical methods estimate optimal trans
formatIons for multiple regressions (Hastie and Tib
shirani 1990). The usual linear multiple regression
model for predicting a response variable Y from p
~redic~or variables.Xi,.i =1, ..., p and for n observa
tIons,] = l, ..., n, IS glven by:

where bi s are coefficients estimated by the model
and e(j)s are error terms and are independent.

In the non-parametric model, the response variable
Yand the predictor variables Xl' X are replaced
by functions TI (Y) and Tl (XI) Tp-.(Xp):

654
345
627
305
150
103
517
770
239
224

0.36
0.93
0.36
0.66
0.59
1.04
1.28
0.31
0.44
1.20

Upwelling areas

Califomia
Chile
Spain and Portugal
Morocco
Senegal
Ivory Coast-Ghana
Namibia
South Africa
India
Peru

+
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Fig. 4: Optimal empirieal transformations from the ACE a1gorithm using (a) the maximum total pelagie fish
cateh (productivity index) as the dependent variable and the upwelling index as the independent variable
(r2 = 0.35), (b) the maximum pelagie fish cateh produetivity index as the dependent variable and the

wind-mixing index as the independent variable (r2 = 0.12)

where w(j) is an error tenn and T\(y) and T.{J() are
unknown and estimated by minimizing:

Severa! approaches exist to estimate Equation 3. ACE
includes the h, in the function T;(), whereas GAIM
estimates hi in order to perfonn analysis of deviance
tests on the parameters. GAIM produces an analysis
of deviance as weil as coordinates for plotting the
function estimates and their standard errors. The

algorithms converge to optimal solutions for a given
criterion because they have their own smoothers and
convergence criteria (see Cury et al. 1995 for a detailed
application to fishery data).

A regression analysis is done using the productivity
index as the response variable and the environmental
factors as the predictor variables. The shape of the
transfonnation is found by plotting the transfonned
values of a variable versus the original values. Re
sults given by the ACE algorithm are presented
below.
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The relationships between the produetivity index
and each individual environmental variable are first
explored. Optimal transformations (TI, 12) for the
multiple regression are calculated:

TI (Proouctivity index) = T2 (CUl) r = 0.35 (4)

TI (Proouctivity index) = T2 (y3) ,2 =0.12 . (5)

Although the methodologies produce non-linear
transformations for both dependent and independent
variables, in order to proouce a readily-mterpretable
result, the transformation was forced for the productivity
index (TI) to be linear. The transformation produced
for the upwelling index is linear and positive (Fig. 4a).
The wind-mixing index is transformed 10 a nearly
dome-shaped curve with a breaking point around
250 m3.s'3 (Fig. 4b).

Multivariate analyses are carried out by considering
simultaneously the two environmental variables in
the mooel. The optimal transformations (Tl, T2, T3)
for the multiple regression are calculated using the
proouctivity index as the response variable and wind
mixing and the upwelling index as the predictors in
Model 6 (Fig. 5).

TI (ProouctivitY index~ =T2 (CUI) + T3 (y3)
, = 0.43 . (6)

The transformation of the response variable is
again forced to be \inear (Fig. 5). The transformations
for wind-mixing and the upwelling index are similar
to those given by the univariate analysis: die upwelling
transformation is linear and positive and the transform
ation for wind-mixing is dome-shaped with a breaking
point around 250 m 3,s'3 (Fig. 5). The scale of the

transformed value gives an indication of the relative
contributions of the environmental variables to the
variance. It indicates a greater contribution by up
welling intensity than by wind-mixing. Both univariate
and multivariate analyses suggest similar patterns
that relate fish catch productivity to environmental
variables.

This comparative and exploratory analysis of the
relationship between estimates of fish productivity
and environmental characteristics in upwelling systems
revea1s that a combination of severa! factors is necessary
to promote a high fish productivity (Faure and Cury
1998). These "optimal environmental conditions"
that appear to maximize the pelagic fish catches in
upwelling areas are:

(i) a high upwellin~ intensity (the maximum
observed is 1.28 m 'S'I'S'l);

(li) a moderate wind-mixing (around 250 m3·m'3).

DISCUSSION

The Peruvian puzzle

The results of the statistical analysis must be
considered with caution, because important limitations
arise from using a comparative approach based on
only 10 data points. Consequently, the statistical
validity of the results is questionable as a result of
few degrees of freedom, particular1y for the multivariate
analyses. This is unavoidable because:

(i) the number of ecosystems with documented
pelagic fisheries and for which environmental
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data exist is limited;

(ii) the number of environmental factors that are
hypothesized to play a role in productivity is
large compared with the number of ecosystems
considered.

Nevertheless, the relationships between the fish
productivity and the environmental variables appear
to be in agreement with independent ecological
knowledge on ecosystem functioning. High upwelling
intensity as a source of food availability (Wroblewski
and Richman 1987, Cushing 1990) and small-scale
turbulence that increases the encounter rate between
food particles and larvae (Rothschild and Osborn
1988, Mackenzie and Leggett 1991) are thought to
he heneficial to larval survival. The positive relationship
hetween the upwelling intensity and the pelagic fish
catch could be related to these combined effects. In
contrast, intense wind-driven turbulent mixing that
disperses patches of larval food appears to he detri
mental (Lasker 1975, Peterman and Bradford 1987,
Cury and Roy 1989). Bakun (1996) identified a
"fundamental triad" of three major processes that
combine to yield favourable environmental conditions
for successful fish reproduction: an enrichment
process (e.g. upwelling, mixing), a concentration
process (e.g. water column stability, convergence)
and processes favouring retention within the appro
priate habitat. To sorne degree, the environmental
factors that have been selected here could he considered
as proxy variables that account for sorne of the pro
cesses involved in the "triad". For example, the
upwelling intensity determines the global enrichment
of the ecosystcm and wind-mixing is involved in the
processes that concentrate food for larvae.

From this analysis, it appears that the size of the
ecosystem does not strongly influence the productivity
index. In upwelling areas, the maximum pelagie fish
productivity depends on a combination of environ
mental factors with values within specific ranges.
The values should be maximum for the upwelling
index (1.28 m3·s· l·m·1) and moderate for the wind
mixing index (250 m3,s·3). These optimal values are
very close to those observed off Peru (1.2 m3·s·1·m·\
and 224 m3·s·3 respectively), which is the most produc
tive upwelling ecosystem and the only one that
combines these optimal environmental conditions.
Cao it he that these "optimal conditions" are responsible
for the very high productivity of the Peruvian eco
system?

The Peruvian data were included in the analysis
described above. As a consequence, it could he tauto
logical to explain the high productivity in that area
using data from it In other words, it must he questioned
whether the results are essentially derived from the
Peruvian values or not To avoid circularity in the study,
a similar analysis was performed without the Peru
vian data, giving almost identical results (Fig. 6); the
transformation of the upwelling index is linear and
positive and the transformation of the wind-mixing
index is dome-shaped. but with a breaking point
around 400 m3.s'3 (r =0.53). Removing the Peruvian
data point had little effect on the shape of the trans
formation, but a difference is observed when considering
the absolute value of the breaking point of the wind
mixing transformation. This result supports the previous
consideration: the high productivity of the Peruvian
upwelling ecosystem results from a unique combination
of intense upwelling and moderate wind-mixing. In
Chile and Namibia, the upwelling index is favourable,
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but is associated with a negative effect of too strong
wind-mixing. The same high upwelling index is
found off Ivory Coast-Ghana, but it is associated
with a low mixing index. Off South Africa, Spain
and California, the wind-mixing index is high and
associated with a low upwelling intensity, so limiting
productivity. In each upwel1ing area, except Peru, at
least one environmental condition differs from that
of the "optimal conditions" and consequently tends
to limit productivity. The Peruvian eeosystem
appears to be the only one that combines the optimal
environmental conditions.

CONCLUSION

Optimal environmental conditions that maximize
the pelagie fish catch in upwelling eeosystems have
been identified using a comparative approach with
fishery and environmental data from 10 upwelling
areas in the Atlantic. Indian and Pacific oceans. This
comparative analysis provides a framework for con
sidering the relative impact of several environmental
factors on fish productivity. It emphasized the relative
importance of limiting factors such as wind-mixing,
upwelling intensity or the size of the ecosystem, but
many others can play a major role in the recruitment
process (see Hutchings et al. 1998 for a review). The
present results should promote new insights of how
to relate environmental variables to fish productivity
in a multivariate context. Palaeoecological studies
reveal that pelagic fish populations have experienced
large natural fluctuations that were dearly unrelated
to fishing pressure, and that past abundance was
sometimes much higher than that during the Iast centwy
in Califomia or in Peru (Soutar and Isaacs 1974, De
Vries and Pearcy 1982, Baumgartner et al. 1992).
For Califomia, factors are identified that limit fish
productivity (low coastal upwelling intensity and
high wind-mixing), but this was impossible for Peru.
This stresses the limit of the approach presented
here, because it is clear that the Peruvian ecosystem
might be able to produce even more under other, but
still unknown, environmental conditions. Upwelling
regions of the world have short foodwebs, with only
one or two steps between phytoplankton, and are a
major source of food for man, whereas there are up
to six substantial trophic levels in ecosystems such as
coral reefs (Birkeland 1997). Productivity is DOt lirniting
in upwel1ing systems, but the efficiency with which
the foodweb is coupled is important. Many upwelling
systems appear to have large, organic-rich deposits,
which is suggestive of inefficient use of primary
productivity. A fundamental factor to consider appears

to be how to enhance the efficiency of the foodwebs.
To predict the effect of climate change on living

marine resources is a challenge for the scientific
community. At present, there is no reliable computer
generated, climate-impact scenario for the next several
decades, but generalizations derived from case-by-case
assessments of past and present experiences can be
used (Glantz 1992). Such assessments can provide
first approximations of how fisheries might respond
to environmental changes. The comparative analysis
constitutes a good base of information to begin an
assessment of the possible impacts of environmental
changes on fish productivity (Faure and Cury 1998).
Sorne scenarios for fish prod'lctivity under climatie
changes derived from previous study can therefore
be used to forecast by analogy (Glantz 1992). How
and how much will the productivity evolve if one or
several environmental variables change in upwelling
areas? The present comparative analysis provides a
framework for considering the relative impact of
several environmental factors on fish productivity.
Assume, for example, two simple scenarios. First, a
marked increase in the upwelling intensity, providing
more available nutrients, would probably improve
fish productivity in many ecosystems. The conse
quences could certainly be stronger in areas where
low upwel1ing intensity is the main limiting factor, i. e.
Morocco or Senegal. Second, with a decrease in the
wind-mixing intensity, a greater fish productivity
would be expected in areas where high mixing
appears to be an important limiting factor, i.e. Cali
fomia, Chile, Spain-Portugal, Morocco, Namibia and
South Africa The reality is more complex because
environmental factors change simultaneously. A
scenario involving one environmental variable is a
very simplified view of what might occur under climatic
changes. However, a qualitative approach allows one
to predict the increase or decrease of fish productivity
and can give sorne preliminary answers.
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AB5TRACT

Aspecifie processing chain applied ta the infrared data of
the Météosat series satellites has been elaborated. The high
repetinveness of the observations allows ta obtain 5 davs
synthesis 55T rnaps over West Africa at a 6 km resolution. The
resulting data set precisely describes the spatio-remporal
dynamic of the coastal upwelling, from Mauritania to Guinea
(21"N-9°N) , since 1984. The study area is dominated by the
seasonal coastal upweiiing which displavs important
interannual vanations. 111e study of thesuperficial thermal field
structure enables to link the mean position of the upwellecl
water to the topography of the continental shelf. Continuous
monitoring of 55T along the shelf allows the spatial estimation
ofan upwelling index and to characterize the seasonal dynarmc
of the upwelling via parameters such as the intensity and the
duration of the seasonal transition phase and its seasonal lags.
The example ofananomalous migration ofSardina pilcbardus
in Senegal leads ta the hypothesis chat neither the mean
seasonal intensitv nor the precocity of the upweIling is
sulficient to initiate an abnormal southward migration and thar
the seasonal transition leads may be a key parameter in this
process.



RÉSUMÉ

L'élaboration d'une chaîne de traitement spécifique aux données
infrarouge thermique des satellites de la série METEOSAT a été réalisée.
L'abondance des données satellitales liées à la répétitivité des
observations permetd'accéder à une résolution de 5 jours et 6 km, soit
très en deçà des méthodes d'investigation utilisables en routine en
océanographie côtière. La description spatio-ternporelle précise et
régulière de l'upwelling côtier de la Mauritanie à la Guinée est ainsi
accessible depuis 1984. La zone étudiée est soumise à la très forte
saisonnalité de l'upwelling côtier, lequel présente aussi de fortes
anomalies interannuelles. La connaissance de la structure des champs
thermiques superficiels permet de relier la position moyenne des zones
de remontée à la topographie du plateau continental. la détermination
de la TSM sur unebande continue centrée sur lemaximum de résurgence
permet le calcul d'indices d'upwelling spatialisés et de caractériser la
dynamique saisonnière de l'upwel1ing à travers des paramètres tels que;
intensité et durée mais aussi décalages saisonniers et progressivité des
transitions saisonnières. Apartir de l'exemple de Sardina pilcbardus au
Sénégal, on émet l'hypothèse que ni l'intensité saisonnière moyenne, nila
précocité de l'upwelling ne permettent d'expliquer à euxseuls certaines
migrations exceptionnelles de cette espèce, mais que la dynamique des
transitions saisonnières semble également déterminante.

INTRODUCTION

Rernote sensing ofseasurface provides synoptic and repetitive overviews, especially for large scale monitoring of
climatic pararneters. At a lower space and time scale, satellite infrared imagery allows satisfactory observation of
coastal areas. Due to their low cloud coverage, coastal upwelling areas may be particularly weil monitored via sea
surface temperature (SST) rnapping, at a time and a space scale adapted to their particularly high dynamic. Aspecifie
data processing chain has been developed from METEOSAT infrared data andships ofopportuniry data (Citeau and
Dernarcq, 1990; Dernarcq and Citeau, 1995) and tested inWest African upwellings.

The upwelling zone studied extends from North Mauritania to Guinea and corresponds to the seasonal zonal
displacement of the trade winds along the western African coast. Directly depending on this dynarnic, the seasonal
variability of the SST reaches 14°C (Rébert, 1983), and isoneof the largest in theworld. The high pressure regime of
the northern anticyclone which governs NE trades leads to weaker cloudiness (and permits better rernote sensed

150 Dynermcs of the Upwelling off Senegaland Mauritania



observations of55T) during thecold season (October toJune, depending on the latitude).

The enrichment of these coastal areas depends on beth intensity and variability of the corresponding upwellings.
Important fluctuations of pelagie fishes population abundance and particularly of Sardinella species, a major
resource for Senegal, have been recorded, in spire of the ability of these species ta tolerate sorne environmentaJ
fluctuations (Fréon, 1988; Cury and Fontana, 1988). The irreguJar presence ofspecies depending of geographically
neighboring stocks (as for Sardina pilchardus) is noticeable and may also berelated to environrnental fluctuations.

1. THE SPECIFIC DATA PROCESSING FOR SST RETRIEVAL

FROM METEOSAT INFRARED IMAGERY

In terms of radiometrie and spatial resolution, the accuracy permitted br geostationary satellites (OjOC and
5x 5 km subsatellite in the case ofMETE05AT infra-red channel) is lower than the accuracy currently obtained from
polar orbital satellites (0.12°C and 1 km for NOANAVHRR). Nevertheless, this lowest resolution is not reallv a
constraint, even incoastal areas, ifcompared with thesize of theocéanie structures observed at sea level, on theone
hand, and with the strong thermal gradients encountered, on the otherhand, On the contrary, the regularity of the
earth scan provided by METEOSAT allows a simpler processing for geometrie corrections, while its repetitiveness
(every 30minutes) aUows improvements indiscriminating theseafrom douds.

1.1. Pre-processing

Data pre-processing takes advantage of the half-hourly availability of earth scans by METE05AT. Each satellite
view of the earth is dassically calibrated (transformation of the energy ernined by the earth ta temperature by
inversion of Planck's Law). An extraction of the working area is then performed and the image is geomerrically
corrected ta a linear latitude and longitude projection.

In tropical areas, the infra-red radiance measured by the satellite sensor is systematically lower than the infra-red
rariance ernitted by the sea surface (except in the presence of suspended dusts), due to cold atmospheric water
vapor, Consequently, by assuming thar the55T isconstant over 24 hours, the48 images of theday are combined into
a new image synthesis, retaining foreach pixel the 'warmest' oneof the time series.

Cloud cover inwest Africa may strongly vary during oneday, especially when the(rade winds areweak. The efficiency
of the 'maximum temperature method' is shown for 27 days, from 5 to 31 May 1991 (Fig. 1) by comparing the
instantaneous doud cover at 12h00 GMT (generally low doud coyer) and the d3ily symhesis index. The advantage of
therepetitiveness ofobservations byageosrationarv orbit appears dearly.

This important benefit in term of usable pixels for 55T retrieval will also determine the performance of the sea-cloud
discrimination, the major stepof the processing in55T restitution.
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1.2. Sea-c1oud discrimination

Fig. 1: Reduction of the cloud caver (%)
on the daily thermal synthesis (solid line;
crosses) compared to the instantaneous
cloud caver (dotted line; open dots) at
12h00 GMT.

In rernore sensing processing, sen-cloud discrtrninations are very often based on visible/infra-red cornparisons.
Nevertheless, this technique has sorne constraints The major one for acquisition and processing is the large arnount
of data required, five rimes more in the case ri ~IETE05AT. Furthermcre, sorne low level clouds are strongly
absorbent in theIR channel and rernains transparent 111 theVI5 one. The visible/infrared algorithm is then unusable.

The rnethod wedeveloped for sea-cloud discrimination is based on a comparison ofa daily synthesis with the 'most
probable' real 55T field. This field is provided euher from a clirnatology of 55T or, more often, from a previously
processed S5T field. For adequate masking, this reference situation is chosenas close as possible to the daily
synthesis, in terms ofupwelling spatial extent.

Acomparison of the radiative temperature synthesis (Fig. 2a) with this reference is then performed and the values
with temperature deviation greater than a defirute threshold (around 3°C according to thesimilarities of both fields)
areconsidered to refer toclouds, andaremasked (inblack on Fig. 2b).

1.3. Atmospheric correction and SST restitution

The above resulting temperature field remains affected by atrnospheric absorption, mainly due to the
atrnospherical water vapor. In tropical area, the apparent thermal absorption generally lies between 2°C (tradewind
region) and5°C or more (equatorial region).

According ta the previous pre-processing steps (maximum temperature synthesis), and considering the difficulty ta

obtain direct information on atmosphere structure compatible with space and time resolution of the S5T fields (6 km
and 5 days inour case) the most adequate way ta correct this temperature field from the atrnospheric absorption is
to use an exogenous source of 55T data. The ships üf opportuniry data disseminated by the Global Transmission
System (GTS) in the '5HIP' meteorological messages (including 55T, wind, air temperature, etc.) andsynthesized in
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Fig. 2: Raw daily infrared synthesis on Oetober 20, 1994 (a) and after cloud masking (b) in the beginning of
the cold season. The SST decrease from dark grey to white while the cloudy area is displayed in black.

the COADS database (Roy and Mendelssohn,1994, this vol.) are rather convenient for this, by providing an adequate
density of SST measurements, especially in Mauritanian and Senegalese areas (Fig. 3). Note that Figure 3a
corresponds to the satellite situation displayed in Figure 2 and thar SHIP data would not allow to detect the presence
of the coastal upwelling inSouth Mauritania and North Senegal.

Because of theirgenerally irregular spatial distribution, theirpoorsampling of the coastal area, (especiaHy damaging
during the beginning and the end of the upwelling season) and theirrelatively high instrumental noise, the usefulness
of the SHIP in-situ data for precisely describing the SST field in coastal upwelling areas isgenerally very low.

The suspect SHIP data are ûrst eliminated from the original data set, initially by comparison with a global SST
climatology i.e., the Reynolds monthly SST climatology (Reynolds, 1982) or with our own climatology, preliminarv
cornputed from 1984 to 1989 (Demarcq and Citeau, 1995). Only values whose departure from the dimatology is
greater than SoC are removed given thestrong SST anomalies that areencountered in this upwelling area.

Despite the above limitations, the SHIP data provide a very satisfying estimation of the residual atmospheric
absorption field. The latterisobtained by coupling ship data with the uncorrected satellite data (Fig. 2b) in order to

give corrected SST field: the field of 'atmospheric correction' is then computed as the statistical departures of the
satellite synthesis from the in-situ SHIP SSTs. An example ofatrnospheric field and the resulting corrected satellite
SST field is displayed on Figure 4.

Standard SST processing was applied on a temporal basis of5 days from 1984 to 1995 During the upwelling season
offSenegal and Mauritania (from October ta] une), approximately 90% of the daily METEOSAT infrared synthesis can
be used. This percentage is in faet seasonally variable, and depends on the mean coastal nebulosiry, which is
inversely proportional to trade wind intensiry.
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Fig. 3: Typical examples of "SH1P" data distribution offshore Mauritania and Senegal during 5-days periods at the
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Fig. 4: Example of atmospheric absorption field (a) on 20 October 1994 (beginning of the upwelling season) and
the resulting corrected satellite SST field (b).
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Foreachdaily synthesis, the cloudy area is masked and a radiative temperature field is calculated bya 5 day period.
This field is then atmospherically corrected by adjusting the raw temperature values with the corrected 5HIP 55T
measurements asdescribed above.

2. COMPUTATION OF COASTAL UPWELLING INDEXES

FROM SST FIELDS OFF MAURITANIA AND SENEGAL

The upweJling structures observed off Mauritania and Senegal from October ta June are representative of a
complex spatial dynarnic, characterized by severa] local 55T minima, mainly depending on wind direction and local
bathyrnetry. TheSST contrast with offshore waters depends mainlyon thehistory of theupwelling in the preceding
few weeks and tends ta decrease during weak upwelling episodes. Superficial upwelling filaments moving offshore
are frequently observed and reveal theconcentratmg effect of theshelftopography.

Figure 5 displays some commonly observed features. The main differences in SST field are linked ta the large scale
wind field variation, in bath intensiry and direction. According ta Ekrnan's theory (Ekman, 1905), upwelling is
maximum along coast lines parallel ta the wind. Thelocalization of this maximum varies according ta wind direction
and is particularly visible during the beginning of an upwelling event (see for example Figure 5a, b). During more
intense phase of the trade winds, the cooling extent is continuous along the coast Iine, from 21°N ta lOoN
approximately (Fig. 5c). The southernmost extentoccurs around March, according to the most southern latitudinal
position of the ITCZltrades system which occurs in February and March (Citeau etal, 1989).

The localization of the maximum flow of upwelled waters at the sea surface can be defined by a continuous areaof
minimum SST. This area is relatively fixed andclosely Iinked to the local barhymetry (Fig. 6). SST at these locations is
related ta the instantaneous response of the upwelling system ta wind forcing. This local spatio-temporal signal does
not reflect the dilution effects due ta past upwelling events rhar would be reflected in the mean 55T calculated on a
larger spacescale.

An 55T based upwelling index is calculated bydifferencing the local S5T ('SSTsat) located at the minimum SST line
(see Fig. 6) and a reference offshore temperature at the same latitude, to avoid taking into account large scale SST
anomalies due ta planetary climatic anomalies, not reflected incoastal areas. This reference temperature ischosen as
theclimatic SST temperature (andnot theCUITent offshore SST), calculated from 1984 to 1994 in the tropical Atlantic
from a routinely eJaborated product calculated from METE05AT and5HIP data (Demarcq andCiteau, 1995; Demarcq
andSuisse de Sainte-Claire, 1995).

According to Jacques and Tréguer (1986), the upwelled water offMauritania and Senegal is essentially composed of
SACW (South Atlantic Central Water). Regular coastal measurernents inseveral oceanographie stations inSenegal (Roy
etal., 1985) show thar the extreme coldest events correspond to very stable values ofSST berween 14.0°C and 14.5 oc.
In this case, thesaliniry of the upwelled water (between 35.4%0 and35.5%0) confirms itsSACW origin.

According to the Ekman's theory and oceanographie coastal measurernents offSenegal, the departure of the SST
(measured as close as possible ta its arrivai location at the sea surface) from its minimum value (pure SACW) is
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Fig. 7: Offshore SST (SSTmax [lat.rnonthl) at
23"W off Mauritania and Senegal, calculated
for the upwelling season of the years 1984-94
from satellite c1imatology.
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direcrly linked ro rhe upwelling flow. On rhe orher hand, the maximum SST recorded From oceanographie coasrai
measuremenrs in upwelling season during very weak upwelling phases varies seasonally, andconverges towards rhe
offshore SST ar rhe same latitude, where rhe upwelling influence is negligible (because of rhe dilution of the
upwelled warerdue ra wind-generared rurbulence).

The minimum value of SST expeered ar the upwelling cenrers, nored SSTmin, is the temperature of SACW as it
reaches the surface. The maximum temperarure, noted SSTmax, isehosen as rhe offshore climatic SST reeorded ar
23OW. Figure 7 displays this mean seasonal signal, calculated From mesatellite climatology elaborated for rhe 198~

1994 period, from North Mauritania to Sourh Senegal. This offshore signal is representative of the mean offshore
upwelling influence. Fora given year, ir refleers themean 'seasona! past' of the upweUing in thecoastal area, but not
its eurrent intensiry.

As reported in the time series ofeoasral oceanographie measurements ofwind and SST, theseasonal variation of rhe
observed value of SSTsat refleers the faet that, for a definire level of wind forcing, SST eooling is greater at the
beginning or at the end of the upwelling season in a relarively warm environment than during rhe middle of rhe
season in colder surrounding waters (Teisson, 1982). This makes it possible ro compare the upwelling intensiry
during the whole season. The main difference with rhe Ekman index is the spatio-ternporal Integrating effeer
intrinsically linked toan SST based index andclearly displayed inFigure 8.

Important diserepancies rernain berween these two parameters (Fig. 8) partly due to rhe spotty sampling of rhe ship
data close to the coast (espeeially in the south Mauritania region), beeause of the ship roure loearions (see Fig. 3).
This faet is clearly shown aeross rhe differences in mean 5ST separately ealculated from SHIP data (by objective
analysis) and from satellite data over the same coastal area (Fig. 9). This difference leads ro a severe under-estimation
ofupwelling extent and intensiry calculated From theSHIP data. This under-estirnation ishigh at the beginning of the
upwelling season (when the offshore extent of the upwelling is generally weak, see for example Fig. 4 and 5d). In
addition this under-esnrnation isdifferent from one year toanother, depending on the rariabiliry in thedisrriburion
ofSHIP data.

From these observations, a relative SST-based upwelling index, ('SST!') was calculated from rhe deviations of rhe
loeally observed 55T from rheir extreme theoretical values, respeetively fixed and seasonally varying.

Totake into accouru theeffeet of thespatial dilution of theupwelled waters at thesurface mixed layer, the55TI may

H. OfMARCQ 757



25

15

4

3 ><
al

"C
s
c:
eu
E

.>C
2 UJ

il
ii
ii
"Il
"

1

~i l
'1. ~

1 i!! i'
! i il! 1;
H;~ l,~

, .. '1 Il'
!I! '~!!: Il' \
1 l'~ ~ 1
'i 1, ,

1

--satellite SST '"7~- •• Ekman indef',

!!i 1 ; !
Il' 1 l '1
.. 1 1 1 l,
III' i 1

1
III ii 1 i ' i

00 1 ~ '

19 00 1 ~i l ,~i, ~ii "' 1 ~ ';
1. 1 ~'~ l,,, \ l" HI' ~ '~i "~ , ~l~ ~II ' j,l JI'" 1 ~ ~,

~_ nH~ ),', t,. ~ 11\' ~!r.I" ~
- 00 I;f '1/1' 1 :1, '00' ~ '1/ '

1I~1 ~'I 1.,1 l' li~·, !I,!: Il ,~,j', !
1\ '\~ 1\ " '1 mi : 1 ! ,l, i' (I~; 11/ ',~~!,I ~
"'j,,IM, '! !II' ' i !i 'l' Il!' i !I,' ~ l 'Il" 'I~I!'I ~ II,
-j! !I; t 'i~i ri r '&,i,!! 'll i! )11' i, 11 1i il
1

! l 'vi \ , 1l' ,1' 1!A.'I i ' ,1 i ,i I~ 1 l,' l, ,
23 l'" il l ' : 1 l, I! " 1 1 1 ri, ~.' '1 i j' '1"" ~

, 1 l" \ l, r. i i!" ~! i!. Il
I,'!~ l' il'I~ 1 I,II

J
' ~ ~ l" Il ,i;1

li r ',\i~ 'l" l , ' 'i' l'
f l' ~ ,ff~! .1

1 f 1 \ 1 1 (

1 V

al

~ 21
al
a.
E
al

1-

19941992199019851986

27 +---~----r-_........__-r-__..-_---._---l~__....,.....__..-_---._....L 0

1984

Year

Fig. 8: Direct comparison of Ekman index and satellite SST(oC).

15
--satellite SST _.--.- ship SST

,,,.,,
1,,,,,
,
,,,,,

,,

,,
"",,,,,,,

, ', ', ,
, 0

l ',.,
,,

,,
, "...
: ~.,.,

,

, ,.", ", .. "

,,,,.
1,,

,,.
" ," ,1" 1.Il,'.
•• ' 1, .', ", ,, ,
: ',,,,,.,,,,

o,,·,,,
,,,,·,o ,, ,·,, '
"

o.

", ,00,
"',.. ,

: 1
1,,,,,,,,

o,,,,,
o
o

o.
,,,,,.,,,,,

o,
o,
o.,,,,,,
,
o.
o

"

,,,,,,,.,,,,,,,,,,
:;

',.
1

l'

':

,
,",.
": ', :
: ', ', 1,, ,
, :,···,···,,,,,·,,

o
o
,. ,, .
','.,

......,, .,
w··,·,·o

19 ,
'l"~',1"" ,, ,, ,, ,, ,

1

··,··,,,,,,,,,,,·,··,, ,.. ,..
.,',
1

17

23

25

1986 1988
Year

1990 1992 1994

Fig. 9: Simple SST-based index calculated from SHIP data only (dotted line) and from the satellite product (solid
line) in the south Mauritania region.

758 Dvnemics of the Upwel/ing off Senegaland Mauritania



be expressed by the relation:

SSTI = (SSTsa(SSTmax[lat.rnonthl) /(SSTmin-SSTma....Jbt,month])

Figure 10 shows the upwelling dynamic calculated using chis index for 4 areas (see also Fig. 6) From North Mauritania
to South Senegal for the 1984-1993 period. The 5-days time scale reproduces the short term dvnarnic of the
upweJling intensiry, Major bias (other than a systematic one) seem improbable, considering che large arnount of
input data and the processing hornogeneiry ofthe time series.
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3. TRENDS AND RELEVANT PARAMETERS IN UPWELLING

DYNAMIC

Thevery high seasonal upwelling dynamic off West Africa isclearly shown through theSST·based upwelling index
from 198-i to 1993 (Fig. 10) and is indirectly confirmed by the short scale spatial dynamics seen across the series of
daily satellite images which suggest a daily response ta the wind forcing, according to previous coastal measurements
of55T.

Relative bias seems avo.ded in such 55T satellite product, and no linear trend is obvious in term of upwelling
intensity change considering a period of 11 years. Nevertheless, groups of 'co/d' and 'warm' years areexhibited when
a polynomial adjustment of 5thdegree is used (Fig. 10, heavy lînes). The years 198-i and 1985 are the coldest of the
rime series and 1988, 1989 and 1992 the warmest. It is interesting ta note thar 1985 was a warm year in the tropical
Atlantic, due ra the impact of the 1982·83 El Niiio, andthat the intensification of thecoastal upwelling off Mauritania
may be a local effect of this warming.

The general similarity of the short term trends of S5TI is obvious for the four areas (Fig. 11). An interesting
observation is the case of the 89190 and 90191 cold seasons, forwhich an inversion of the trends is observed, from
warm years in North Mauritania ta cold years in South Senegal. The very regular North-South gradient of this
phenomenon allows to reject the hypothesis of a processing artifact and to think that a temporary change in the
zonal trade wind fields for this years did occur. This observation expresses a decline of the normal decreasing zonal
gradient of the upwelling-favorabie component of the trade winds, from Mauritania to Senegal, The temporal
evolution of the 55Tl (Fig. 11) shows thar a strengthening in the trade winds in this region is sometimes in phase (in
the case of the85-90 period) andsornetimes inopposing phase (inthecase of the 90-94 period). Ir has been shown
in this region thar the lntensiry of the zonal gradient berween the north ofMauritania and the Senegal enhances the
migratory response ofsevera! rnigratory species (Cury and Roy, 1988; Binet, 1988; Binet this vol.).
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Fig. 11: Zonal structure of 55TI trends from North Mauritania to South 5enegal (1984-93).
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Long terrn changes in upwelling imensiry have beenexamined from 19&1 to 1993 from 5HlP data. Bath Ekman CUI
(Fig. 12) and 55T (Fig. 13) show a weak increase of upwelling intensity. This increase seems coherent with the other
long-terrn observations in trade wind intensity (Bakun, 1990, 1992). Nevertheless, reducing potential impact on
coastal fish populations ta the unique long term trend due to the global warming would be restrictive, as it can be
shown that the amplitude of the rnedium-term interannual variations are severa! times greater (or inverse) than the
global wanning amplitude. Also, the upwelling intensity offSenegal measured from rernote sensed data presents a
weak decrease in the trade winds for the 84·93 period (seeFig. 10).

6

1 1

n 1 1

, M "
J~ " ~

~

~
1 'tI

o
1964 1966 1972 1976 1960

Year

1964 1966 1992

Fig. 12: Ekman CUI calculated from SHIP data in the Mauritania region, from 1964 to 1992.
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Also, reducing upwelling dynamic [Q its mean intensity terrn would be restrictive, as it is obvious that many
pararneters are required ta describe the upwelling dvnarnic at the different space and timescales involved. Among
these, the duration of the upwelling season seems to be a very cornplementary pararneter since no relation cari be
shown among upwelling intensity, season duration and seasonal timing, whether one uses satellite data or coastal
oceanographie rneasurerrents (Portolano, 1986).

Similarly, the importance of timing of the hydrological transition on the local fisheries has been shown in Mauritania
(Chavance eta/., 1991). Inomer upweUing regions, e.g., inCôte-d'Ivoire, thetrend inupwelling season duration appears to
have played a major role intherecoverv of theSardinella aurita fishery during the last years (Pezennec and Bard, 1992).

4. AN APPLICATION TO THE UNDERSTANDING OF

THE SARDINE MIGRATION OFF SENEGAL

Avery exceptional seasonal migration of Sardina pilcbardus (Walb.) occured in Senegal at the end of 199.1
(Binet, this vol., 1. Sow, pers. comm.), and represents the main event of the 93-94 fishing cold season for the local
srnall-scale fishery. It seems interesnng to examine sorne possible environmental causes for this anornaly, based on
the dynarnic of the upwelliog seasonaliry observed from satellite data.

Sardina pilcbardus is a pelagie species whose southem occurence (and the associared fishery) in West Africa was
extended gradually from north Morocco in the 1920s, to South Morocco and North Mauritania around the 1950s
(Belvèze, 1984). The southem exrenr of the fishery was estimared at 18°N in 1973 (Domanovsky and Barkova, 1981),
while specimens whereoœasionally fished in Senegal in 1974 (Conand, 1975) and 1976 (Fréon, 1988). This speoes
supports important flsheœs in Morocco since the 1950s, the main period of southern extension of the species. The
microphageous/phytoplarctonlc regime of this species enables itsdevelopment instrong upwelling ecosystems, as off
Morocco and Mauritania, where the food web is shortanddominated byphytoplanctonic production (Binet, 1991).

The long-term tradewinds' increase from 1964 was related to thesardine fishery changes from 26°~ to 14°N br Binet
(thisvol.). Thedynamic ofthe upwelling as depicted from satellite observation from 1984 to 1994 issynthesized in a
latitude/tirne diagram (Fig. 15), Binet's hypothesis.

Satellite observations show that the 1985·86 upwelling season was one of the coldest in terrnofboth mean upwelling
intensiry and duration. These mean characterisncs are confirmed by the SHIP observations, especially for the
duration parameter (Fig. 14), while the satellite data shows thar the cooling was particularly sudden and uniforrn
from 200N to 15°N (Cape Vert).

On the contrary, the 1992·93 coId season was characterized by a weak upwelling, associated with a rernarkable
regulariry in the seasonal southward cooling.

We hypothesize that this progressive dvnamic - induced by thesame regularly zonal propagation of the trade winds 
may have an 'attractive' effect on theseasonal migration amplitude ofSardina pilchardus, byreducing thenatural barrier
caused br the spatio-ternpœal discontinuities of SST it usually encounters. The 19·20oN upwel1ing discontinuity due to
the local upwelling unfavolilble coast line orientation (Fig. 5and Fig. 6)may consutute a thermal barrier to thesouthward
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migration ofS pilchardus. This discontinuity, very well evidenced bv satellite observations (Demarcq and Citeau, 1995),
reinforces the annual mean thermal gradient around 2üoN and may be related to the estirnated southern lirnit of
Spilcbardus, which fluctuates around 18°N to21°N since the 1970s.

Thus, the dynarnic of the seasonal southward cooling seems ra be one of the key parameters that affects the large
amplitude seasonal migration ofS pilcbardus. Thus, Binet's hypothesis appear validated.

CONCLUSION

Calculation of an 55T based coasta1upwelling index from satellite datamade it possible to describe the short-term
dynarnic of the coastal upwellings off West Africa. Parameters such as mean upwelling intensiry, long-terrn, trends,
short-term, variability, 55T zonal gradient, duration of the upweHing season, trends in seasonal variations and spatio
temporal modalities of seasonal transitions must be taken into account ra understand the key processes that govern
the biological cycles of fish species of economical importance in coastal upwelling areas. This is particularly true
regarding the seasonal migrations of small pelagie species in upwelling areas.which are affected by long-term
environrnental variations and exceptional seasorul conditions. These changes may beconsidered responsible for the
major species substitutions and aiternation generally observed in upwelling regions, independently of the effeets of
fishing effort.

The processed data set shows mat the informative potential of precise spatial and temporal rernote sensed information
would be ofgreat interest forwider areas (such asthewhole West African coast). Comparative studies should be conducted
toana1yze the impact of local environmental anorrahes on biological processes insimilar coastal upwelling ecosystems.
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AB5TRACT

The relations arnong fish productivity and five
environmental variables areanalyzed for eleven upwelJing areas
of the world. Three fish catch productivity' indices, cakulated
from fish catch sratistics. are used as surrogates for fish
producnvity in theecosysrerns, Five environrnenral pararneters
are considered in each upwelling areas. coasral upwelling and
turbulence indices, sea surface temperature, continental shelf
surface and length. On its own, thesize of the ecosvstern does
not explain the observed differences of the pelagie fish
producrivity indices. Using non-pararnetnc regression rnethods,
it lsshawn that a cornbination ofseveral environmenral factors
is required for high fish productivity. These optimal conditions
are a high upwelling index (around 1.3 m3/s/m), a moderate
turbulence (around 200-250 m3/s3) , a medium sea surface
temperature (15-16°C) and a relativelv large continental shelf
(around 100 000 krn-) The Peruvian ecosystem is the onlv
system which combines all of these environmenral conditions.
The environrnental factors which Iimit fish prcductivity are
identified in each upwelling zones; they can help to predict
changes under future clirnatic events. The limits of the analvsis
as weil as sorne possibly circular aspects of the analysis are
emphasized.



RÉSUMÉ

La productivité halieutique est analvsée en relation avec cinq variables
environnementales pour onze zones dupwelling mondiales. Trois indices de
productivité sont estimés à partir desstatistiques de captures disponibles; ils
sont assimilés à la productivité en poisson d'un écosystème. Cinq variables
environnementales sont considérées pour chaque zone d'upwelling : indices
d'upwelling côtier et de turbulence, température de surface de la mer, surface
et longueur du plateau continental. La taille d'un écosystème en elle-méme
n'explique pas la disparité observée entre les différentes productivités en
poissons pélagiques des zones d'upwelling. Des méthodes régressives non
paramétriques révèlent qu'une combinaison de plusieurs facteurs envi
ronnementaux est en effet nécessaire pour qu'une forte productivité en
poisson soit réalisable. Les conditions optimales sont les suivantes: un fon
indice d'upwelling (proche de 1.28 m3/s 1/m1) , une turbulence modérée
(proche de 200-250 m3/s3) , une température de surface moyenne (15-16 OC)
associés à un plateau continental relativement vaste (d'environ 100000 km-),
L'écosystème péruvien s'avère être le seul qui regroupe l'ensemble des
conditions environnementales optimales. Le ou les facteurs environnemen
taux qui sontsupposés limiter la productivité en poisson sont identifiés pour
chacune des zones d'upwelling ; ils peuvent aider à prédire les éventuels
changements consécutifs aux futurs événements climatiques. Les limites ainsi
queles aspects tautologiques de cetteanalyse sont soulignés.

INTRODUCTION

Approxirnatelyone hundred million [Onnes ofûsh and shellflsh are extracted every year from thesea and thein/and waters

since 1989 (Fig. 1). The total marine fish catch represents 75% and around onethird ofitIScomposed ofpelagie fish (Fig. 1).

Pelagie fisheries are mainJy located in the four main upwelling areas which are located in the eastern boundarv currents,

i.e., the Canary, the Benguela, the California andthe Humbolt currents. Two fisheries contribute most to the world pelagie

flsh catch: the Peruvian and the Chilean fisheries. Annually they land millions of tonnes whereas countries like Morocco,

the USA (California) or South Africa contribute hundred thousand of tonnes, while the catches inCôte-d'Ivoire or Ghana

rernain in theorderofa few thousand tonnes. It isnatural to think thar large upwelling systems areable to produce more

than smail ones. However is it correct to say thata large upwelling system will a/ways produce asmuch asa medium one?

This is not obvious: thesile ofan ecosysrem isan Important factor when considenng productivity, however it may not be
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Fig. 1: Marine and pelagie fish contribu
tions to world catches (FAO, 1995).

the only factor affecting pelagie ûsh producuvity. Pelagie ûsh StCXKS are known for their instability and numerous authors
have exarnined the causes of catch variations (Sharp and Csirke, 1983; Uuch-Belda et al., 1991; Kawasaki, 1992; Bakun,
1994; Cury et al., 1995). Environrnenral factors such as turbulence, upwelling intensity, offshore Ekrnan transport were
found to be responsible for recruitmem successes or failures, Do environmental factors involved in fish population
fluctuations also explain the observed difference in pelagie fish productiviry among upwelling systems? The comparative
approach constitutes a powerful tool in ecological science as ir allows to establish the generality of phenornena (Bakun,
1985). However, asstated byMaynard Smith and Holliday (1979) "we must learn to treat comparative data with the same
respect as wewould treat experimental results", Whereas it isa currently adopted method ineohnionarv biology (Harvey
andPagel, 1991), it isnot so frequemly used inecology. Acornparauve approach could lead toanempirical understandmg
of thedisparity between fish productivity among upwelling systems byidentifying the respoasibe environrnental factorts)
which contribute to a low or high productiviry. In this paper, the productivity ofpelagie flsh ineleven upwelling systems is
therefore compared and its relationship with theenvironmem exarnined, using variables such as the area and extent of
continental shelves, upwelling intensiry, turbulence, and seasurface temperature.

1. Is SYSTEM SIZE ENOUGH?

Numerous variables can be used to estirnate the biological production of an ecosystem, for exarnple planktonic
production, fish biomass, turn-over ofliving matter, etc. However, such measurements arenotavaiIable in most upwelling
systems, making their cornparison impossible. F"1Sh catch statistks are the only data thar have been collected in most
upwelling systems during long time periods (Table 1). These data are biased for multiple reasons: changes in the
availabihtv of ûsh, in the ûshing effort, in the targetspecies, in the markets, etc. However used asa surrogate, ûshery data
can give an approximate value for biological productivity which can be considered adequate ",hen cornparing extrerne
range ofvalues (from several thousand tomillionsoftonnes).
'Fish catch productivity' indices canbederived inseveral WJ)'s from catch data (Table 2):
- a 'mean fish catch productivitv index can be calculated by averaging the catch data for the period during which the

fishery was sustained;
. a 'maximum fish catch productiviry' index cari beestirnated from theobserved maximum catch value; and
- a 'maximum fish catch productivity per unit ofsurface' index can be calculated by dividing the maximum fish catch

productivity index by thesurface ofthecontinental shelf.
Ail of these threeoptions were used here.
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Upwelling areas Pelagie fish soecies Time oeriod Daia sou rees

Califorma Sardinops sagas 1879-1990 NMFS
Engraults rtngens 1928-1991 (Nanonal Manne Frshery Se" ice)

Scomber taoontcus 1926-1991
Peru Sardinops sagax 1950-1993 [MARPE

Engraulis rtngens 1950-1993 (Insruuro de! Mar del Perù )

Scomber tapomcus 1964-1993
Chile Sardtnops sagas 1964-1993 IFOP

Engraults rtngens 1952-1993 (lnsnnno de Fomento Pesquero)

Scomber taoontcus 1964-1993
Spain and Portugal Sardtna ptlchardus 1940-1988 FAO (Food and Agriculture

Engraulis encras/co/us 1968-1988 Orgamzanon of the Umted Natrons) 1995

Morocco Sardtna ptlchardus 1925-1991 FAO (1995)
Engraults encras/co/us 1964-1991 and ISPM
Scomber tapontcus 1964-1991 (Instrtut Sciennfique des Pêches Mantnnes)

Senega1 Sardtnella aurita 1966-1991 CROOT
Sardtnella maderensis 1966-1991 (Centre de Recherches Océanographiques de Dakar-Thraroye 1

Côte-d'Ivoire - Ghana Sardtnella aurtta 1966-1991 CROA (Centre de Recherches Océanologiques d'Abrdjan)

Sardtnella maderensis 1966·1991 andFRUB
Scomber iaponicus 1966-1993 (Fishenes Department Research and Unhsanon Branch)

Namibia Sardtnops ocellatus 1949·1992 Crawford el al. (1987) and Crawford (pers. comm.1
Enerauhs taponicus 1964·1992

South Africa Sardmops ocellatus 1950-1991 Crawford el al. (1987) and Crawford (pers. comm.
Scomber IGDOIlICUS 1963-1991

Venezuela Sardmel/a aurtta 1957-1989 Guzman el al. (in eress)
India Sardtnella long/ceps 1896-1989 Longhurst and Wooster (1990)

Rasterlliger kanagurta 1925·1989 and FAO (1995)
Anchovv nei 1963-1989

Table 1: Fishery data from eleven upwelling areas and for three main pelagie speeies (sardine, anehovy and
rnackerel) collected during different time period.

These productiviry indices are calculated for rwo main pelagie species (sardine andanchovy), andfor the pelagk specrcs
total (sardine, anchovy andmackerel) (Table 2).

Importanr differences are observed among pelagie fisheries (Table 2). Three fisheries catch more than one million tonnes.
Peru, Chile and Namibia. The Peruvian ecosystern has a maximum total pelagie catch productiviry weil above thar for ether
systems. Species productivity is also different from onegeographie zone to another, For Venezuela maximum catch for
sardine isaround 80 000 t whereas more than 2 million t are caughr inChile. The anchovy inMorocco never reached more
than 19 000 t andmore than 12 million t were landed inPeru.

Large ecosvsterns should a priori be able ta produce more fish than small ones. ln order ta quantify the size of the
ecosystems, the lengtb and the surface of the continental shelf were measured. The surfaces of the continental shelves
vary from 17 000 km2 for Venezuela to 178300 km- for South Africa (Table 3). South Africa, Morocco andCalifomia have
large continental shelves (higher than 100 000 km2) while Spain-Portugal, Senegal, Côte-d'Ivoire-Ghana or Venezuela have
medium ta small ones(lower than 60 000 km-).

The Peruvian and Chilean total pelagie catch producrivity arethehighest among theothers whereas theircontinental shelf
surfaces are of medium sizes (Fig. 2a). On the other hand, the South African and theMoroccan ecosystems have a wide
continental shelt and a poor fish productiviry compared ta theothers (Fig. 2b). Thus, areas with a large continental shelf
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Sardine 'catch productivlly' Index Anchovy 'catch producllVlty' Index Total pelagie 'catch productlvlly' Index

Upwell mg areas
Tune penod Mean Maximum Maximum Tune period Mean Maximum Maximum Trrne penod Mean Maximum Maximum

considered (t/year) (t/year) per unit of surface consrdered (t/year) (t/year) per umt of surface considered (t/year) (t1year) per urut of surface

(t/km'Iyear) (tlkm'/year) (tlkm'Iyear)

Cahfornia
1924-1990 130919 572661 156 1970-1991 141316 310811 1419 1924-1991 200901 609979 60

2 Pcru
1978-1993 2068449 3470422 434 1960-1993 4486294 12277022 216 1958-1993 5299183 12286264 1420

3 Crule
1978-1993 1528795 2709926 15.5 1962-1993 571572 1350626 4.2 1966-1993 1540109 3708071 59.3

4 Spain-Portugal
1927-1988 161752 241000 5.7 1968-1988 30988 66700 3 1 1937-1989 331839 368893 61

Morocco
1950-1991 169858 338100 39 1965-1991 3552 19124 1.1 1950-1991 192885 362023 3 1

6 Senegal
1974-1991 101008 194693 5.9 1964-1991 77234 194693 5.9

7 Côte-d'Ivoire - Ghana
1966·1993 74809 172977 32 1966-1993 52007 92988 1.7 1966-1993 7188405 270570 50

8 Namibla
19r>3-1992 371720 1400100 4.0 19bJ-I'J'J0 1r>1'J'iO 37()UUO 1.1 19()/l-1992 507663 1561300 173

9 South-Afnca 1960-1991 113916 410200 2.9 1969-1992 234752 596000 02 195U-1992 274312 623200 35

10 Venezuela
1957-1989 38032 80079 47 1957-1989 38032 80079 47

II Indra
1956-1989 190523 274772 23 1963-1989 35529 79655 33 1948-1988 249382 448206 64

Table. 2: Fish catch productivity indices of eleven upwelling ecosystems.
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Fig. 2: a) Maximum total pelagie catch productivity per unit of surface (t/km2) for the studied upwelling areas;
b) the same as Fig. 2a, but without the Chilean and Peruvian values.

arenotnecessarily among {he most productive. Other environrnental variables than surface area undoubtedly play a role 10

theintnnsic production ofupwelling ecosystems,

2. How MANY ENVIRONMENTAL FACTORS?

Environmental parameters cause fish population fluctuations mainly through their raie in the recrunment pracess
(Parrish andMacCalJ, 1978; Bakun and Parrish, 1982; Cury and Roy, 1989; Iluch-Belda etal., 1989; Cushmg, 1990; Cuslui.g,
1995). Five environrnental parameters were selected for the analysis. coastal upwelling index (Cül in m3/s/m) using
standard assurnptionsl, turbulence index Cf3 inm3/s3), seasurface temperature (SST in "C) andcontinenral shelf Iength or
surface (CSI in kmand CSs in km2) . The turbulence index was calculated by averaging all thecubed wind measurernents.
The COADS data (Comprehensive Ocean Atmosphere Data Set) collected by rnerchant ships ofopportunity ail around the
world oceans were used (Roy and Mendelssohn, this vol.). As they areobtained in a similar fashion in ail areas, they are
strictlycomparable and they also provide a data base which is compatible in time with the fishery data. Mean
environrnental values were calculated for thedifferenr upwelling areas (Table 3).Upwelling index varies from 0.36 m3/s/m

for Spain-Portugal co 1.28 m3/s/m for Namibia. Three areas exhibit strong upwelling indices: Namibie, Peru and Côre

d'Ivoire-Ghana. Turbulence index varies From 103 m3/s3 for Côte-d'Ivoire-Ghana tO 723 m3/s3 For South Africa. A high

1 CUI = rCdV2 / 2Q,in q, with V2 wind component perpendicular ta coast, r air density (0.0012 g.cmè), il angular

velocity of earth rotation, q, latitude, Cd roughnesscoeffiCient at interface air!sea.
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Geographie characteristrcs Environrnental parameters

(mean from 1946 to 1990)

Upwellings areas Latitude Longitude Continental shelf Upw, index Turbulence Sea surface

surface (km') leneth (km) (m'/s/m) (m'/s') temperature (OC:

1 Califomia 22°_38°N 101167 1778 0,54 654 15,6

2 Peru 5°_18°N 86523 1444 1,20 225 19,1

3 Chile 18°N-43°S 62516 2778 0,93 346 16,5

4 Spain and Portugal 2°_44°N 5°_9° 59864 1667 0,36 628 16,3

5 Morocco 21°·36°N 2°·0° 118539 1667 0,66 306 19,6

6 Senegal 12°_16°N 32887 445 0,59 150 23,7

7 Côte-d'Ivoire - Ghar.i 2°_8°N 0°_8° 54647 667 1,04 103 27,1

8 Namibia 16°_28°S 90508 1334 1,28 517 16,8

9 South-Africa 28°-36°S 178315 1778 0,65 723 16,9

10 Venezuela 8°·ll oN 62°·65.5" 17000 389 332 27,1

Il Indra 8°·15°N 70135 778 0.40 240 28.1

Table 3: Environmental characteristics of the eleven upwelling areascompared in this study.

upwelling intensiry is c1assicaJly associared with a high turbulence intensity (in Narnibia and Chile), bur sornetirnes, ir
corresponds ra a moderare turbulence index (in Peru and Côte d'Ivoire-Ghana). In the same way, rnoderate upwelling
indices may beassociated with srrong turbulence indices (in Califomia, Spain-Portugal, Sourh-Africa). The mean seasurface
temperature ranges between 15.6°C forCaltfornia and28.1°C forIndia,

The relationship berween fish catch productivity and environrnental factors is explored using non-pararnetric regressive
models. Iterative algorithms that exrend Iinear multiple regression analysis to generalized additive models provicle a
rnethod ra explore the relationship berween rheresponse andthe predictor variables when thefonn of these relationships
are a priori unknown. The non-linearity of the relationships as weil as the rnultipliciry of factors canbe considered. The
ACE (Alternating Condirional Expectation) and the GAIM: (Generalized Addirive Interactive Modeling) statistical rnethods
estimate optimal transformations formultiple regressions (Hastie andTibshirani, 1990).

TheusuaJ linear multiple regression model for predicting a response variable Yfrom p predictor variables Xi> i =1,... , Pand
forn observations, j = 1,... ,n, isgiven by :

eïj) areindependent

Theresponse variable Yand the predictor variables X1... ..Xp in the nonpararnetric mode! arereplaced by functions Tl(Y)
andT2(XI)....Tp-l(Xp) :

SCi 0)) =L bj Ti (Xi0)) + wU)
S(Y) andTi(X) areunknown andestimated by rninimizing: E((Tl(Y)' L Ti+l (X0)2) Ivar (Tl(Y»

Severa! approaches exlst ta estimate the last equation. ACE includes the~ in the function TiO, while GAIM estirnates the bi's
in order ra perform analysis of deviance tests on the pararneters. GAIM produces an analysis of deviance as weil as
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coordinates for plotting thefunction estimates and their standard errors. The algorithms converge tooptimal solutions for a
given criterion as they have therr own smoothers and convergence cmerion (See Cury et al., 1995 for adetailed apphcation).

Aregressive analvsis is done using the fish catch producnvity index as the response vanable and five environrnenral
pararneters as predictor vanables. The transformation shape is found by plotting the transformed values of a variable
versus theoriginal values. Results using theACE algorithm arepresented.

2.1. Maximum total pelagie catch productivity as a response
variable

The relanonships berween fish catch productiviry index andevery environmental variable are first explored. Optimal
transformations (Tl,TI) for the multiple regression were calculated using maximum total pelagie catch productiviry index
as the response variable and the upweUing index, the turbulence index, seasurface temperature and/or continental shelf
surface as thepredictor.

Tl (maximum total pelagie catch productivity) =TI (CUI) R2 :0,34 (1)

Tl (maximum total pelagie catch productivity) =TI (V3) R2:0.11 (2)

Tl (maximum total pelagie catch produetivity) =TI (SST) R2 :0.49 (3)

Tl (maximum total pelagie catch prcductivity) =TI (CSs) R2: 0.93 (~)

The transformations forthemaximum total pelagie catch productivîty arepositive andlinear in models (1) and (2) (Fig. 3a
and 3b) and are close to a log transformation in models (3) and (4) (fig. 3c and 3d). On the whole, the upwelling
transformation is linear and positive (fig. 3a). The turbulence is transforrned to a nearly deme shaped curve, It first
increases to a value around 200 m3/s3 then decreases strongly (Fig. 3b). The transformation for the sea surface
temperature decreases strongly and linearly (Fig. 3c). The esrimated transformation ofcontinental shelf surface is close to
logarithrnic inform, with a breaking point around 100 000 km2(Fig. 3d). The R2 value for model (4) isvery high; however
when the response variable isforced to be linear, itsvalue decreases to0.17.

Multivariate analyses are realized by considering severa! environrnental variables sirnultaneously in the mode!. Results
which combine threeenvironrnenral predicrors arepresented on figures 4and 5.

Optimal transformations (Tl, TI, T3, T4) formultiple regression were cakulated using first maximum total pelagie catch
productivirv index as theresponse variable and turbulence, sea surface temperature and upwelling index as predictors in
mode! (5) (Fig. 4) or the upwelling index, the turbulence and thecontinental shelf surface as the predictors in model (6)
(Fig. 5). Thus, wehave

Tl(maximum total pelagie catch productivity) =T2 (V3) + 1'3 (SST) + T4 (CUD R2: 0.59 (5)
Tl(maximum total pelagie catch productivity) =T2 (CUD + 1'3 (V3) + T4 (CSs) R2: 0.44 (6)

The response variable transformation isforced tobe linear (Fig. ~a). Bath transformations of turbulence and ofseasurface
temperature are linear and negative (Fig. 4b and4c). On the whole, the upwelling transformation is linear and positive,
particularly above a value around 0.7m3/s/m (Fig-id).
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Numbers identify ecosysterns (see Tab. 2 and 3).

V. FAURE AND P. CUIN 399



Fig. 4: Optimal empirical
transformations from the ACE
algorithm using maximum total
pelagie catch productivity as the
dependent variable and
turbulence, upwelling index and
sea surface temperature as
predictor variables. The
transformation of the response
variable is forced to be linear.
Rb 0.59. Numbers identify
ecosystems (see Tab. 2 and 3).
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The producnvlty index transformation can be forced ta be linear (Fig. 5a). Generally, a linear and positive relationship
appears between upwelling intensitv index and the productivirv index (Fig. 5b), particulary above a value around
0.7 m3/s/m. The transformation of the turbulence is dorne-shaped wuh a breaking point around 250 m3/s3 (Fig. 5c). The
transformation of the continental shelfsurface is close to a log transformation Fig. 5d). It first increases, then srabilizes
beyond a value around 100 000 km2.

The transformed value scale gives indication ofthe relative contributions of the environmenral variables to the variance. Ir

indicates a higher contribution either of turbulence andseasurface temperature formodel (5) or ofupwelling intensity for
model (6). The percentage of the observed variance in the total pelagie catch producnvity (R2) are: 59% and 44% for
mode!s (5) and (6), respectively.

2.2. Maximum sardine catch productivity as response variable

Optimal transformations (Tl, TI, n, T4) for multiple regression were calculated using the maximum sardine catch
productivity versus upwelling index, turbulence index andseasurface temperature, i.e.,

Tl (maximum sardine catch productivity) = TI (CUI) + T3 (V3) + T4 (55T) R2: 0.74 (7)

Theestirnated transformation ofmaximum sardine catch productivity aswell as the transformation of the upwelling index
are linear and positive (Figs. 6a and 6b). The turbulence transformation has a flat top then decreases linearly beyond
200 m3/s3 (Fig. 6c). The sea surface temperature transformation is strongly negative and linear (Fig. 6d). The resultmg
mode! explains 74% of the observed variance ofmaximum sardine catch producnvirv.
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2.3. MaxirTium anchovy catch productivity as response variable

Optima! transformations (Tl, n, T3, T4) for the multiple regressive model (8) were calculated using the maximum

anchovy catch producnviry index versus upwelling index, continental shelfsurface and turbulence index, i.e.,

Tl (maximum anchovy catch producnvity) =TI (CUI) + T3 (CSs) + T4 (V3) R2: 0.40 (8)

The transformation of maximum anchovy catch productivity is forced to be linear (Fig. 7a). The upwelling index
transformation is on the whole linear JI1d positive, particularily beyond a value around 0.-:- m3/s/m (Fig. lb). Conrinenr.il

shelfsurface is transformed ra a nearIy log shaped curve with a breaking point around 100 000 km2(Fig. 7c).Turbulence -s
trausforrned to a linear and negative transformation (Fig. 7d). The mode! expla.ns 40% of the observed variance Il
maximum anchovy catch productivity.

Similar results are found whenusing continental shelflength instead ofitssurface. A1so, using meanfish catch producnvirv

instead of maximum fish catch productivity indices provide sirnilar results (nor shown). Results using the GAIM algorirhrn

instead of theACE aJgorithm aresirnilar asweil (Fig. 8).

Bath rnonovariare and mulrlvariate analyses suggest similar patterns for the relations among fish catch producrivity and
environmental variables:
-thetransformation of the upwelling index is mostly hnear and posinve;
-thetransformation of the turbulence index isclose to beIinear andnegative parriculary mer a value around 200·250 m3/s·1.
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· the transformation ofseasurface temperature islinear andnegative; and
· thetransformation ofcontinental shelf surface isclose toa log transformation with a breaking point around 100 000 km2.

The comparative and exploratory analysis of the reJationship among estimates of fish producnvity and environrnental
features ofupwelling systems reveals thar a combination ofseveral factors is necessary for high productivity:
· a high upwelling intensity (near ta 1.28 m3/s/m)j

-a rnoderate turbulence (around 200-250 m3/s3);

· a medium seasurface temperature (l5'16°C);
· a relatively large continental shelf (approxirnately 100 000 km2) .

The results ofourstatistical analysis must beconsidered with caution, however, asimportant limitations do exist:
- the cornparisons are based on onlyeleven data points, and consequently, the statistical validity of the results is

questionable due to thelow number ofdegrees offreedom;
-onesystem with extrerne values (Peru) plays animportant role inail analyses.
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Tlus represents Important lirrutation in ourcomparative analysis, However, it isalso true thar:
- thenumber ofecosysterns with adocumented pelagie fisheries and for which environmerual data exist are lirnited; and

. the number of environmental factors which have been hypothesized impact on productiviry is large compared to the

number ofecosvsterns thar can becompared.

Nevertheless, the present analysis gives sorne valuable informanon and cues. First, ir appears thar the size of the
ecosvstern IS nat the onlv pararneter thar influences its fish catches. Upwelling strength, turbulence, and sea surface
temperature also play an important raie. Only a combination of several environmental factors ensure a high fish
productivitv. Therelationships between ûsh catch productiviry andenvironrnental variables appears to be inagreement
with independent ecological knowledge on ecosystem functioning. High upwelling intensities as source of food
availabilitv lWroblewski and Richman, 1987; Cushing, 1990) and srnall-scale turbulences that increase theencounter rate
between food particles and larvae (Rothschild and Osborn, 1988; MacKenzie and Leggett, 1991) are thought ta be
beneficial to larval survival, The positive relationship between upwelling intensitv and fish catch productiviry couId be
related to thesecombined effects. In contrast, intense wind-driven turbulent rnixing thatmixes up patches of larval food
appears to bedetrirnenral (Lasker, 1975; Peterrnan and Bradford, 1987; Cury andRov, 1989). Bakun (this vol.) identified
a fundamental triad' of three major processes that combine to yield favorable environrnental conditions for fishes: an
enrichment pracess (upwelling, mixing...), a concentration process (water column stability, convergence...) and
processes favoring retention wirhin appropriate habitat. In sorne degree, the environrnental pararneters we selectcd
may be considered as proxy variables that account for sorne of the processes involved in such triad. For exarnple, the
size of rhe ecosystem combined with upwelling Intensity determines global enrichrnent of the ecosystern while
turbulence IS involved in processes tharconcentrate and retain food and larvae.

Acomparison of the environmental values of the upwelling areas with the 'optimal environmental values' is presented on
Figure 9 andthe Iimiting factorïs) to productivity areidentified (Table 4).

First, it is apparent thar the Peruvian ecosystem is the oniy one which combines ail theoprimai environmental conditions
(Fig. 9). In Chile and Namibia, the upwelling index is favorable; however, it is associated with an excessively high turbulence
index. The same high upwelling index isfound offCôre d'Ivoire-Ghana, but isassodated with low turbulence. In South Africa,
Spain and Caiitomia, the turbulence index ishigh and associated with a low upwelling intensity, therefore limiting producuvirv

In every upwelling areas, except Peru, ar least one environmental condition differs from the 'optimal conditions' and
consequently tends to limit productivity. But what will happen under changes ofoneor severa! environmental factors?

Theeffect ofa gradual or a rapid climatic change on living marine resources isa challenge as numerous pararneters are
involved. There is no reliable cornputer-generated climate impact scenario about the next several decade, but
generalizations derived from case-ta-case assessrnents of past and present experiences can be used (Glantz, 1992).
Such assessrnents can indeed provide first approximations on how fisheries might respond to environrnenral changes.
Comparative analysis constitutes a good base of information ta begin such assessrnent of possible impacts of
environrnental changes on fish productivity. Sorne scenarios forfish productiviry underclimatic changes derived from
previous studies (Fig. 9) cari rhus be considered for forecast by analogy (Glantz, 1992). How and how much Will

productivitv evolve If one or several environmental parameters change? Let's assume for example two simple
scenarios. First, a drastic increase of upwelling Intensity tharprovides morenurrienrs wouId probably improve the fish
productivity in major ecosysrerns The consequences may be stronger in areas where low upwelling lntensitv is the
main Iimiting factor: Morocco, Senegal and Venezuela (Table 4). Secondly, under a decrease of the intensity of
turbulence. a higher fish productivitv may be expecred in areas where high turbulence is Iirniting factor. Cahfornia,
Chile, Spain-Portugal, Morocco, Namibia, South-Africa and Venezuela (Table 4).
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The reality isobviously more complex as environmenral factors change simultaneously. Ascenario involving oneenvironmental
parameter is thus only a very simplified view ofwhat might occur under chmatic changes. However, a qualitative approach
aIlows topredict theincrease or thedecrease ofthefish productiviry and can give sorne prelirninaryanswers,
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UpwelliOlz areas Limitinafactors

1 Califorma V3+ CUI - SST-

2 Peru SST+

3 Chile V3+ CUI -

4 Spain-Portugal V3+ CUI -

5 Morocco CUI· V3+ SST+
Tab. 4: The limiting factor(s) to

6 Senegal CUI - SST+ V3-
productivity in upwelling areas. The
signs (+ and -) indicate negative or 7 Côte d'Ivorre > Ghana SST+ V3· CUI·

positive deviation from the 'optimal 8 Narrubia V3+ CUI+

environmental values'. The Iimiting 9 South Africa V3 + CUI - SST+
factors are noted in decreasing order 10 Venezuela CUI· SST+ V3+
of deviation.

11 India SST+ CUI- V3+

3. OPTIMAL ENVIRONMENTAL CONDITIONS IN THE

PERUVIAN ECOSYSTEM: REALITY OR TAUTOLOGY?

ft is possible ta compare environmental variables in a given upwelling area to what appears ta be the optimal
environmental conditions. These, however, were largely derived from the Peruvian ecosystem's values. Peters (1991)
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defines a tautology as "purely logical constructs that descnbethe implication ofgiven prernises and neverreveil more than
those premises contam", As Peru IS known to be the most productive upwelling area, it IS clear thar using our approach rt

will define the optimal environmental combination of factors. Thus, our results may be regarded as a tautology of poor

sciennfic value. However, our comparative analysis did provide a framework forconsidering the relative impact of several
environrnental factors on fish productivitv. It ernphasized the importance of hmiting factors such as turbulence, upwelling
mtensity or size of the ecosystern. This should promote new insights of how to relate environmental vauables ta fish

productivuy in a rnultivariate context. Paleoecological studiesreveal that pelagie fish populanonsexperienced large natural
fluctuations which were clearly unrelated ta fishing pressure and thar past abundances in California or in Peru were

sometimes much higher thanduring the last century(Soutar and Isaacs, 1974; DeVries and Pearcy, 1982; Baurngartner et
al, 1992). For Califorrua, we identified factors that Iimit fish producnvuy but whithou t ~IlY reference point; this was nat
possible for Peru. This stresses the lirnit ofour approach as it may be thar the Peruvian ecosvstern isable ta produceeven

moreunder other, but still undefined, environrnental condiuons.
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AB5TRACT

Using a comparative approach, [he reproductive strategies
ofsardines, anchovies andsardinelbs in rwelve upwelling areas
over the Atlantic, Indian and Pacifie Oceans are investigated 10

relation with major environrnentai processes affecting
recruitrnent success. The main reproductive habits are
identified, in each area and for each species, based on an
extensive survey of the literature, From this, the main spawning
grounds and the months correspœding ta the peaks of [he
spawning season are identified. The monthly mean values of
upwelling intensity and of wind speed are cakulated in each
spawning grounds using data from me Comprehensive Ocean
Atmosphere Dataset (COAOS). Aœmparison, berween areas,
of the value of these environmenral parameters during the
peaks of the spawning season is performed. Off Peru,
spawning occurs when the inrensity ofupwelling ismaximum

(1.8 m3/s/m). Off Morocco, reproduction is out of phase with
the upwelling process (upwelling intensity is in the range of
0.2-0.3 m3/s/m). Off Namibia, Chile and California, spawning
occurs ar intermediare values. It 3Jlpears thar the timing of
the reproduction of sardines, sardinella or anchovies occurs
over a wide range of upwelling inteasity, There is no apparent
link berween the timing or the inrensity of upwelling and the
occurrence of theseasonal spawning peaks. Asirnilar analysis is
performed using the monthly values of wind speedduring the
seasonal spawning peaks. It turns out that for sardine and
sardinella, reproduction occurs when the monthlv values of



Pour l'anchois, il.ya apparemment peude correspondance entre lecalendrier
de la reproduction et les valeurs de la vitesse du vent. Les résultats sont
discutés à la lumière duconcept de la ~ Fenêtre Environnementale Optimale.
de P. Cury et C. Roy, et unegénéralisanon desstratégies de reproduction des
petits poissons pélagiques dans les zones d'upwelling estprésentée.

INTRODUCTION

Locared in the tropical or subtropical zones, coastal upwelling ecosystems represent less than 0,1% of the enure
oceanic surface butarepart of the most productive oceanic regions and are able to produce berween 20 and 30% of the
worldwide annuai âsh catches (Cushing, 1969; Ryther, 1969; Paulv and Tsukayarna, 1987). Coastai upwelling ecosystems
are mainly colonized by smalJ pelagie fishes such as anchovies, sardines or sardinellas. These fish populations are
charactenzed by important annual fluctuations of their abundance. For instance, after a peak of production in 1970, the
Peruvian anchoveta stock collapsed in 1972-1973 (Valvidi:l, 1978; Pauly and Tsukayama, 1987); similarly, Pacifie sardine
suddenly disappeared from the fishery in the 1950s (lasser and MacCall, 1983). A1though these populations are usually
submitted to strong fishing pressure, these variations ofabundance appear mainlv due ta recruitment failure related to
changes in the marine environment (Kawasaki, 1983; Shepherd elal., 1984). Upwelling ecosystems arecharacterized bya
very high rate ofprimary production. An upwelling ecosysem is aIso a dispersive environrnenr where partides tend to be
swept away from the coastal environment by the wind-induced offshore drift. Persistent equatorward winds also induce a
strong and continuous mixing of thesurface water column. These are sorne ofthe major characterisnc ofcoastal upwelhng
ecosysterns; they can have strong ecological implications.

In a recent synthesis of the major environmental processes affecting fish reproduction, Bakun (1996) identified three
major classes of processes that combine to yield favorable reproductive fish habitat. They are: 1) enrichment processes
(upwelling or mixing); 2) concentration processes (convergence, fronts, stratification) and 3) retention processes thar
maintain eggs and larvae in the suitable habitat. Despite the high rate ofproduction, the triad indicates that theoffshore
flow and the intense wind mixing thar characterize upwelling ecosystems can create adverse conditions for larval survival
and subsequent recruitment success. The migrations thar sorne of the major small pelagie fish population undertake in
order to find suitable reproductive habitat confirm thar an upwelling ecosystem can be an adverse habitat for fish ta

reproduce (Hutchings, 1992; Bakun, 1996). However, small pelagie fish populations are quite successful: they are weil
known forbeing able to develop very important biomass ineastern boundary ecosystems. Comparative studies, insevera]
upwelling ecosystems, of the reproductive strategy of fishes helped identify common key environrnental processes for
small pelagie fish reproductive strategy. sardine, sardinella and anchovy tend to avoid spawrung in areas dominated by
strong offshore transport and strongwind mixing (Parrish etal., 1983; Roy et al., 1989). Reproductive strategies ofsmall
pelagies appear tobe tuned tominimize thedetnmental effeets oftheenvironrnent on larval survival (Bakun, 1996).

The Optimal Environmental Window concept (OEW; Cury and Roy, 1989) provides a simple model for relating the
upwelling process ta Iarval survival and recruitment success. Roy etal (1992) used the OEW ta accouru for the difference
berween reproductive strategies of smail pelagie fishes observed in several areas within the Canary Current upwelling
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ecosystem. These authors showed that off Wesr Africa, there is no apparent relationship berween the upwelling process
and reproduction, but rather a striking correspoodence between the timing of reproduction and the occurrence ofwind

speed of about 5-6 mis. This range of wind speed corresponds to the optimal wind conditions defined by the OEW. We
present here an atrernpt to generalize the results of Roy et ai. (1992) to other upwelling areas such as the Benguela
Current svstern, theCalifornia Current system, the Humboldt Current system and the Malabar coastal upwellmg ecosysrern
off India. These upwe11ing areas constitute a unique opportunity ta develop a comparative approach. Thel' share
fundarnental charactenstics: wind is the driving fœce of the upwelling process in these areas; they arecolonized bvcloselv
related species, such as anchovies, sardines and sardinel1as (Table 1), which are all small-sized, and have fast growth, a
short Me span, anearly maturation andvery high fecundity.

System
Canary Current

Benguela Current

California Cucrent

Hurnbddt Currœt

India,Malabar Cœst

Dominant c1upeoids

Sardina pllcbardus
Sardine/fa aurùa

Sardine/fa maderensis
Engrau/is encrasicdus

Sardinops ocellatus
Engrau/is capensis

Sardinops caeruleus
Engrau/is mordax

Sardinops sagax
Engraulis tingens

Sardinella /ongiceps
Sardinella fimbnata

Table1: Speciesof eoastal pelagie fishes studïed in eaeh upwelling area.

1. BIOLOGICAL AND ENVIRONMENTAL DATA

Areview of the literature provides Informaœn on the reproductive seasons and locations for each spawning area and
each speoes, Table 2 summarizes the informatioo gained through this review, The identification of thespawrung seasons
resuhs from a compromise berween [he information collected. It can be considered as being, in average, valid for [he
period covering the 1950s ta the 1990s. Insomecases, datado notextend ona sufficiently long time interval. Then, sorne
particular vears arechosen ta compare biologicâ information and environrnental data (Table 3).

Environrnental data arederived from the Comprehensive Ocean Atrnosphere Dataset (COAOS; Woodruff et a/., 1987)
using the software and CD-Rom produced for CEOS (Mendelssohn and Roy, 1996; Roy and Mendelssohn, this 1'01.).
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ECOSYSTEMS
Spawnlnggrounds Spawnlng seasons References

SARDINES

OOlfORNL\CURRENT
Sardinops am-u1eus
Southem Cahforrua Bight M .i ~ l Ahlmom (1960), Rosa and UeI'JSIU (I<)(JJ). Ahlstrorn
(3O-}jOj,) (1%7), Parns il el al (1981. 1983).
Baja Cahfornia (2&3ü°N) Ô. S Ahlstrorn (1967)

CANARY CURRENT
Sardma p Ik:bardus
Spam, Bay of Biscay M Ô. M ~~'a[[ and Pérez-Gandaras (1989), Sola (1987), lago de

Ianzoset al. (1988). Sola et al. (1992).
Portugal (37-41°N) E M N Il Ré (1981). Réet al (1982). Figueiredo and Miguel

Santos (1988), Cunha and Figueiredo (1988). Ré el al (19'Xl).
Morocco (28-30oN and 32-}4°N) l f Il Fumesun and Furnesun 11959), PJ11ish et al. (1983\

Donnnevskv and Barkova (1976), FAO (198)).
Western Sahara r.2-26°N) M A M Q ~ Il

HUMBOLDT CURRENT
Sardinops sagaz
Peru (6- H°5) F .i S 0 Sharp (1980), Parnsh et al (1983), Muck et al. (1987).

Parrish et al (1983).
Chile, Arica (l8-2.j°5) l Ô. S 0

BENGUELA CURRENT
Sarr/Jnops OQI//Qbu
Walvis Bal' (2O-2.j°5) l E M S 0 N Mallhews (1960), Pamsh et al. (1983). Le Clus (1990),

Hutchmgs (199!).
Weslern Agulhas Bank l E S 0 N D Delager(1960), Rosaand UeI'JSlU (1960).
()4-36"S, 18-20"5) Pamsh et al (1983).

SARDINELW

<:ANARY CURRENT
StlI'dJnelJa tIIIrlta
Mauritania, Banc d'Alguin (18-22°N) Ô. S Conand (1977). Boëly et al. (1982), Fréon (1988).
Southern Senegal (12- WN) M l 0 N Conand (1977), BoOl' et al. (1982), Fréon (1988).
INDL\
SardinfIla lo"g#œps
Malal:llrCoasl (B-16°N) l Ô. S Nair (1959, 19(0), Rosaand UeI'JStu (I<)(JJ), Antony Raja

(196-1),
Longhurst and Woosler (19'):)).

ANŒOV!ES

OOIfORNL\CURRENT
E"grrwltsmordaz
Southern Califomia Bighl E M Ô. Humer(1977), Iaskerand Smith (1977), Smith and
(3O-34°N) Richardson (1977), Smith and l..1sker (1978), Pamsh et al

(1981, 1983, 1986).
Baja Califomia (26-3O"N) F M A M Sharp (1980).
Southern Baja Califomia (22-26"N).1 F M A Parnsh et al. (1983).
<:ANARY CURRENT
E"grrwltsmcrasico/lU
Moroceo (28-30oN and 32·}4°N) l l .i Fumestin and Fumestin (1959).
HUMBOLDT CURRENT
E"graulis rlngeru
Peru (6-14°5) F M Ô. S Q Vallidla (1978), Sharp (I~), Cushing (198!). Parnsh et al

(1983), Alhol et al. (198-1), Pauli' and Sonano(1987),

Chile, Arica (18-24°5)
Muck (1989), Senocak et al. (1989).

Ô. S 0 Parnsh et al (1983).

BENGUELA CURRENT
E"graults coperuls
Wal,is Bay (20-24°5) l E M Il Pamsh et al (1983), Le Clus (19'):)), Hutchings (1992).
Western Agulhas Bank l F Q ~ Il Sheiton and Hutchings (1982), P:II1ish et al. (1983).
()4-36°S, 18-2O"E) Hutchings (1992), \'('aJdron et al. (1992).

Table 2: Spawningseasons of sardines, sardinellas and anchovies in upwelling areas. The months corresponding
to the peaks of reproduction are underlined.

Y]. SHIN, C. RoyAND P. (URY 413



Baja Ca lifornia
Spain
Portugal
Chile. Anca

SARDIr-.t5

1952-1959
1980-1990
1970-1990
19"0·1990

A..NCHOVIFS

Southern Baia California
WalvIs BJI'
Agulhas Bank

1970-1990
1970-1990
1970-1990

Table 3: Years considered in the study of biological and c1imatological data. by species.

Monthly time series of scalar wind speed and wind-stress, from 1950 to 1990, were constructed in each spawning areas
(Table 2). ACoastal Upwelling Index (CUI) was calculared from the wind stress data following Bakun (1973). This index of
thestrength of the upwelling process is theoffshore component of thewind induced Ekrnan transport. From themonthly
rime-series ofscalar wind speed and CUI, a mean monthlv cycle was calculated.

ln most cases spawning grounds and nursery groun.ls have a sirnilar location. This is not the case for the spawning areas
located on theAgulhas Bank (Benguela) andin the Bay ofBiscay (Spain). In these rwo areas, spawning occurs outside the
upwelling area andeggs, once spawned, areremovcd from thespawrung grounds and carned by coastal .ets [0 thenursery
grounds located in the upwelling (Shelton and Hutchings, 1982; Cabanas et al., 1989). Consequently, for thèse two
examples, environmentaJ data corresponding ta the nursery grounds are considered: the Galician Coast (Spain: ~2-4~O~)

andthearea surrounding StHelena Bay (Benguela: 30-34°S).

2. RESULTS

Theduratianof the upwelling season varies from oneecosystem to theother(Fig. 1): it isa year-round process off Peru
and South Africa but limited to spring and summer offCalifornia and Morocco. There is no apparent relationship berween
the timing of reproduction and the upwelling process (Fig. 2): for instance, off Morocco, sardine reproduces outside the
upwelling season; on thecontrary, in theCalifomia Bight oroffPeru, spawning occurs when the upwelling isactive.

Following Bakun and Parrish (1982) and Parrish et al. (1983), we try to characterize the environrnental conditions
prevailing during the spawrung season by using CUI and wind speed. These two environrnental parameters are used as
proxy-variables ta estirnate thestrength ofseveral environrnental processes such asmixing by thewind, enrichment by the
upwelling and offshore drift by the wind induced Ekman transport. These wind related processes are thought to be the
key environmental processes to be considered when addressing the effect of the environment on fish population in
upwelling areas (Iasker, 1975; Parrish etal., 1981; Cury and Roy, 1989; Bakun, 1996). Since the observed spawning habits
reflect thenetadaptive response ta a history ofannual successes or failure inreproduction, one may expect thatspawning
habits would be seasonally and geographically tuned in order to provide a compromise between the environrnental
processes affecting recruitment success (Bakun etal., 1991).
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s o ~ D J F MAM J J A S o N D
CALIFORNIA CURRENT
Southern California Bight •
Baja California • • •
HUMBOLDT CURRDIT
Pern • • • • • • •
Chile, Arica • • • •
CANARY CURRENT
Western Sahara • • •
Morocco • • • • •
Spain •
Portugal • • • • • • •
BENGUELA CURRENT

." i AWalvis Bay • •
Agulhas Bank • • •.-. -.

Fig. 1: Temporal relationships between sardines reproduction seasons and upwelling seasons. Spawning periods
are represented by black points, upwellingseasons are in light grey, and upwelling peaks in dark grey (references
for upwelling seasons : Cushing, 1971; Chesney and Alonso-NovaI, 1989).

Themean rnonthly values of rhe rwo paramerers during thesardine peak spawning season ineach ecosysrem areseJecred
and plorred against each orher (Fig. 2). Each ecosystem ischaracterized by different CUI values, eitherhigh or low. Iwo
groups can be clearly disringuished. Afirsr onecorresponding to the sardine population offCalifornia, Morocco, Wesrern
Sahara, Peru, Chile andNarnibia, for rhis group thewind speed values reported during thespawmng seasons areclusrered
within a narrow band ofwind speed, berween j and 6 mis. The second group corresponds to thelberian Peninsula (Spain,
Portugal) andthe Agulhas Bank; inrhese ecosysrems, the sardine populations do nor follow thesame pattern, wind values
reported during thespawning season reach 7to9mis.

We follow the same procedure for rhe anchovy and sardinella populations. For anchovv, there is no clear pattern of
correspondence berween spawning and wind speed. Reproducrion occurs within a wide \Vin<! range: data points are
scarrered berween wind speed values of j and 8 mis (Fig. 3). For the West African and Inden sardinella populations,
spawning appears to be resrricred to a range ofwind speed between 5and6.8 mis (Fig. 4). However, one should nore that
the number ofdata points for sardinella is rather Iimired.

3. DISCUSSION

Through thestudy ofclupeoid reproductive strategies, rwo categories ofecosysterns can beidemifted:
- Ecosvsterns of Jow latitudes: the main upwelling ecosystems of the world are part of this group: California, Wesr Africa

(Morocco, Sahara, Mauritania, Senegal), Peru, norrhern Chile, Narnibia andIndia (Malabar Coas).
- Ecosvsterns ofmid latitudes. thesouthern Benguela (Sourh Africa) andtheIberian Peninsula (Spain andPortugal).
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Fig, 2: Plots of spawning peaks of sardines against monthly means of wind speed and of coastal upwelling index
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3.1. Law latitude ecasystems

In these ecosystems, a generalization of Roy et ai. 's (1992) results is possible for the sardines and sardinella
population. The timing of reproduction for these rwo species coincides with theoccurrence of 5-6 mis winds. This range
ofwind speed values is inaccordance with the 'Optimal Environmental \'\'indow' defined bv Curv and Roy (1989). There is
no apparent relationship berween spawning and upwelling intensity. Spawnlng occurs sometimes during the upwelling
season and sometimes outside theupwelling season.

The coincidence between spawning and theoptimal wind range defined bv the OEW suggests thar reproductive strategies are
strongly influenced by theseasonal fluctuations ofthewind regime. Reproductive strategies appear ta beseasonally tuned in
order ta coincide with the wind value that maximizes recruitment success. The wind value corresponding ta theseasonal
occurrence of thespawning peaks isconstant over a wide range of latitude: from 5°N for Peru to 33°N for Morocco .. This
apparent constancy of the 'ideal' wind intensity around which the spawnlng activity ofsardines and sardinella IS maximum
and is remarkabJe in view of the strong latirudinal dependence ofsorne ofthekey environmental processes and scales thar
cao beexpected to beinvolved (Bakun etal., 1991; Bakun, 1996). The magnitude oftheenrichment by theupwelling and of
theoffshore drift by the wind-induced Ekman transport are bath related to theintensity of thewind, but are also latuude
dependent processes. Wmd generated turbulent mixing isestimated to be proportional tothethird power ofthewind speed,
and is a process independent of latitude. The apparent constancy of theoptimal wind intensity over severa' ecosysterns
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located at different latitudes, can therefore be interpreted asan indication of the dominance ofwind mixing in theseasonal
adjustment ofsmall pelagie fish reproducure straregy in upwelling areas. This mav leave the choice ofanadequate spawning
location asanavailable rneans for deaIing with limiting factors such as offshore transport and ennchment.

The cluration and the intensitv ofthe upwelling process appears to have a limited effect on the timing of the reproduction.
However, offshore Ekrnan transport can he detrimental for larva] survival and the fare ofa fish population. Fish may have
toselect anadequate location for spawning inorder ta avold thedetrirnenral effect ofwind-induced offshore drift. Inthese
mid-Iantude ecosysterns, the spawning grounds are located in bays or in coastal indentations, downstrearn of intense
upwelling centres (Parrish et al., 1983; Roy et al., 1989). Off Walvis Bay, the upwelled waters coming from the Lüderitz
upwelling centre, are carried away by the main current, diffuse in the bay und supply the nursery with nurrients. The
advection of cold waters in the bay induœs at the same time the formation of convection cells, reducing larval offshore
drift (Bakun, 1996). Furthermore, the larrae are sheltered from strong mixing bv thewind. Thewidth of the conunental
shelf is also an important characrerisric. Awide continental shelfenables the formation of retention eddies (Brink, 1983;
Nelson and Hutchings, 1987). As theretennon process applies also ta plankton, a wide continental shelf may allow a better
coupling between primary and secondary productions. The inshore side of upwelling plumes also provide adequate
locations for larvae retention (Graham and Iargier, 1997; Roy, in press).

3.2. Mid-latitudes ecosystems

There are rwo ecosystems for which theseasonal spawning isnot related to theoccurrence of the optimal wind value
defined by theOEW (Fig. 2). These ecosvstems arethelberian Peninsula andthesouthern Benguela. In these ecosvsterns,
reproduction occurs during time period charactenzed by an intense wind regime. One also notes that the spawning
grounds and nursery grounds are spatiaDy distinct. In these rwo areas, the configuration of the coasrline is quite sirrular
with a North-South coast where the upwelling develops and an East-west coast loœted poleward and up-wincl of the
upwelling area, This configuration of the coast provides a unique opportunitv for the fish populations to avold the
reproductive difficulties inherent inanexposed upwelling cOJSt (Bakun, 1996). In boIh cases, the spawrung grounds are
located outside the upwelling coast andrather concentrate poleward along the East-West oriented coast (theAgulhas Bank
offSouth Africa andthe Bay ofBiscay offSpain).

Eggs laid in theBay of Biscay arecarried bv a coastal jettowards theGalician Coast, intheNorth-west ofSpain (Cabanas et
al., 1989). Unlike most cases, eggs aremus laid upward the upwelling centres asregards ta the main surface circulation. As

spawning occurs outside the upwelling zone (Garcia etal., 1991), early larval stages are not subjected to the detnmental
effects of dispersion linked to Ekrnan transport. Furthermore, they probably take advantage of the spnng bloom. Tbis
seasonal primary production peak indeed favors larval survival. After being transported along the Galician Coast, they can
take advantage of the upper layers enrchrnent by the upwelling process. Moreover, :It this stage of development, larvae
are more mobile; therefore, their surviYa.l issupposed ta dependless on concentratiœ (pursuit and auack behavior) and
retention processes (horizontal andvertical displacernent).

The reproductive strategies ofsardine and anchovv in the southern Benguela follow asirnilar pattern. Sardine and anchovy
eggs are laid on the Agulhas Bank, upward the upwelling centre, andare thencarned lJy a coastal jet toward the west COJSt
upwelling area, North of Cape Columbine (Iargier etal., 1992). Shelton andHutchings (1982) have estimared that the time
for theeggs to be transported ta west coast upwelling isinarderofdays. Along thewestcoast, StHelena Bay is thougbt to be
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an important nursery ground. It is a place where biological production can benefit fram the inpur of nutnent by the
upwelling. The upwelling plume that develops down-wind Cape Colombine creates a physical barrier :illowing retennon [0

occur within StHelena Bay (Graham and Iargier, 1997). This area constitutes aplace aprion favorable for a nursery graund.

In these rwo ecosystems, thequestion oftheevolutionary advantage ofdeveloping such a strategy, i.e. tospawn outside the
upwelling area during urne period characterized by intense wind induced rruxing remains anopen question. Inbath places,
the spawning graunds seem [0 be characterized by a srong vertical stratification which rnav counteract the derrirnenral
effect ofwind rnixing. Over theAgulhas Bank, warm waters advected from theIndian Ocean by the Agulhas Currenr overlie
cooler and dense water fram the Atlantic (Shannon, 19(5). This allows to form a protected stable layer where fish can
successfully reproduce under energetic wind conditions lParrish etal., 1983). ~gg developmenr is also sronglyaffected by
temperature. The colcl temperature encounrerecl along the west coast upwelling may also be animportant element in favor
ofspawning inthewarm waters off theAgulhas Bank. In me Bay ofBiscay, spawning occurred inspring and isinphase wuh
theannual planktonic bloom, this might be animponanrdemenr favoring lame survival wirhin theBay.

CONCLUSION

The timing of sardine and sardinella spawning in low latitude upwelling ecosystems appears to he linked with the
occurrence ofwind speed within a range of5 to6 mis. There isnoapparent relationship berween spawning and upwelling
lntensity. Thus, itwas possible to extend Roy et al. 's (l992) results to the major low latitude upwelling ecosystems of the
world. This optimal wind range is inaccordance with theOEW (Cury and Roy, 1989) which defines 5-6 mis wind as being
the optimal condition forsmall pelagie fish recruitment success in upwelling areas. The constancy over a wide range of
latitude of theoptimal wind range isan indication of the dominance ofwind mixing in theadiustmenr ofsrnall pelagie fish
reproductive strategy to seasonal upwellings. This may love the choice ofan adequate spawning location as an available
means for dealing with Iimiting factors such asoffshore tr.mspon and ennchrnent.

There are two outliers for which the spawning is not related to the occurrence of the optimal wind value. These
ecosysterns are the Iberian Peninsula and thesouthern Benguela. In these areas, spawning grounds and nursery grouncls
are also spatially distinct. They bath share sirnilar topogrsphlcal characreristics with a North-South oriented coast where
the upwelling develops (the nursery grounds) and an F.:1st-West oriented coast located poleward and up-wind of the
upwelling area (thespawning grounds). This conâguranœ ofthe coast provides a unique opporruniry for fish population
to avoid thereproductive difficulties inherent inanexposai upwelling coast.

Anchovy reproductive strategy appears to be quite distinct from sardine and sardinella srraregies. There is no apparent
relationship between the upwelling indices or the wind intensity and thé. timing of anchovy spawning. This rernains an
openquestion.
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