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Resumen 

Las principales regiones oceznicas del mundo cnn corrientes marinas en 
sus confines orientales (i.e.. Sistemas de California. Peru, Canarias y 
Benguela) parecen comportar dinarnicas ambientales similares y contienen con- 
gregaciones similares de especies de peces pelggicos. En la medida en que 
especies correspondientes a diferentes sistemas funcionen como a_nalogos, 10s 
estudios comparativos interregionales pueden producir information relativa 
a 10s efectos del ambiente en el ;xito de  la reproduccion. Lo que de ctra 
forma serza dificil de obtener de un s6lo sistema regional. 

Los archivos historicos con informes' del clima marin: proporcionan una 

Estos forman la base para reconocer las difertsn- 
fuente de datos en formatos similares sobre la climatologla de procesos ocea- 
nicos en varias regiones. 
cias y semejanzas en las diversas ;reas de desove de especies correspondientes. 
La selection natural implica que 10s ha'bitos reproductivos en cada cas0 repre- 
sentan la adaptation a 10s factores ambientales ma's cruciales. 
10s patrones de  las relaciones de la reproduction y el ambiente sugieren la 
existencia de enlances de causalidad importantes. 

Por lo tanto 

Esta forma de deducir 10s factores ambientales que son cruciales puede 
dar una base racional para limitar las alternativas en cuanto a las variables 
our pueden explicar estos procesos. Permitiendo de esta forma el us0 mss efec- 
tivo de las series de datos en la formulaci6n de modelos donde el reclutamiento 
es dependiente de las conc!iciones ambientales. 
principales interacciones stock - ambiente puede proveer las bases para utilizar 
la experiencia que se gana en un sistema para predecir e l  resultado de acciones 
en otro sistema. 

Ademzs. el concentrarse en 10s 

Normalmente 10s datos sobre las variables causales primarias (alimento, 
predation, mortalidad dependiente de la densidad, etc) no estzn disponibles. 
Por lo tanto nos concentramos en varios procesos que pueden ser abordados 
usando datos del mar. 
en 10s estadios tempranos de la vida de 10s peces a1 alterar las variables 
causales primarias, particularmente e l  alimento. Estos incluyen: (1) mezcla 
por turbulencia generada por e l  viento, que puede dispersar las concentracio- 
nes de pequena escala de las partzculas de a1iment.o necesarios para que las 
larvas se alimenten por primera vez en forma exitosa; ('2) transporte mar 
afuera. que puede arrastrar 10s huevos y larvas planctonicos fuera de las 
;reas costeras que l e  son favorables; ( 3 )  afloramientos costeros, que pueden 
ser favorables si s e  presentan con un retraso apropiado pero son perjudiciales 
si coinciden en espacio y tiempo con e l  desove. 
causativa primaria por sus efectos directos sobre procesos fisiol6gicos. 

Se piensa que estos procesos pueden tener un impact0 

La temperatura es  una variable 
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Los cuatro principales sistemas de corrientes de 10s confines orienta- 
les del mar tienen mucho en corn&. La ribicacion y estacionalidad del maximo 
transporte Ekman mar afuera parece estar estrechamente relacionado con $1 
desp1a::nriiienLo Latitudinal y estacional de 10s sistemas de presion atmosfe- 
rica y con Las relaciones entre estos sistemas y la topografIa de 10s conti- 
nentes. Sin embargo, como se puede ver de las caracteristicas ambientales 
que se presentan, hay tambiGn grandes diferencias entre ellas. Por  ejemplo, 
10s cuatro sistemas tienen anomalias maximas de bajas temperaturas mar afuera 
mar adento, asociadas con el maxim0 transporte mar afuera de Ekman de varano. 
En estas regiones de Gximos afloramientos de verano se encuentran stocks de 
anchoveta y/o sardina con areas de desove desplazadas hacia el polo y hacia 
el ecuador. Los sistemas de California y de Benguela tienen, dmbos. una 
sola area con anomalcas superficiales de baja temperatura. En el sistema 
de California esta area est; ubicada en el area de msximo afloramiento de 
verano, mientras que el sistema de Benguela tiene un 
maxima de verano en Luderitz y un &ea de afloramiento maxim0 de invierno 
en Cab0 Fr io .  Los sistemas de Per; y las Canarias tienen cada uno dos areas 
separadas de anomalias superficiales de baja temperatura. 
tiene tin area localizada en el area de Gximo afloramiento de invierno (San 
Juan o Chimbote) y una segunda area en la zona de afloramiento frente a la 
parte central de Chile, que Kiene un maxim0 de verano en Talcahuano. El sis- 
tema de Canarias tiene un afloramiento maxim0 de verano frente a Lisboa y 
un segundo afloramiento maxino de verano entre Cab0 Sim y Cab0 Blanc. 
Durante el invierno la anomalia de aguas frias frente a1 noroeste de Africa 
se desplaza a1 sur y el maxim0 del afloramiento se extiende de Cab0 Blanc a 
Cab0 Vert. 

area de afloramiento 

El sistema peruano 

Los centros de afloramiento (caracterizados por un fuerte transporte 
mar afuera. intensa mezcla por turbulencia generada por el viento, y reducida 
estabilidad de la columna de agua) parecen ser evitados como parte de 10s 
habitos de desove. 
estar en las areas costeras donde el transporte y turbulencia inducidos por 
el viento son reducidos y la plataforma continental tiende a ser mas amplia. 
Las areas de desove de las poblaciones mas grandes tienden a estar corriente 
abajo (hacia el ecuador) con respecto a 10s centros de afloramiento. La 
poblacion de anchoveta (que ha sido el r&s grande de todos 10s stocks actua- 
les de sistemas de corrientes de 10s confines orientales del mar) desova en 
un area de fuerte afloramiento. 
ambiente costero particularmente amplio. y la dependencia de la profundidad 
de la capa de Ekman de la latitud y la estratificacion puede servir para 
reducir el efecto perjudicial del transporte superficial mar afuera de 
Ekman. 

Las areas de desove de anchovetas y sardinas tienden a 

Nuestra hipotcsis e s  que en este cas0 el 

Los patrones para evitar la mezcla por turbulencia y el transporte mar 
afuera en 10s habitos reproductivos sugieren que est02 procesos han ejercido 
un importante control sobre el zxito de la reproduccion. 
variables merecen ser consideradas a1 modelar las variaciones del recluta- 
miento. 
dentro de llmites fisiologicos, la temperatura no parece ser .un factor domi- 
nante a1 determinar el ambiente para el desove. 

Aparentemente estas 

En regiones donde las temperaturas caracteristicas se encuentran 

La capa minima de oxigeno frente a1 Per; es muy superficial en compara- 
cion con otras regiones. Se sugiere que est0 puede conducir a menor compe- 
tencia entre 10s stocks de peces pelagicos y 10s mesopelagicos. 
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INTROOUCTION 

In this work we have develooed climatological fields of oceanoqraphic and meterological doto 
for the four "classical" eastern boundary current systems (Wooster and Reid, 1963). We attempt, 
through pattern recognition, to define similarities and differences in the characteristic mviron- 
mental conditions in the spawninq grounds of the recognized stocks of pilchard (Sardina ond Sar- 
dinops) and anchovy (Enqraulis) in these systems. Our approach is similar to R e i d ' s w a n a l y s i s  of 
the oceanic environs of the qenus Enqroulis. He included the entire life cycle and described the 
range of surface temperature and salinity in which Enqraulis occurs. We hove limited our com- 
parisons to the environments in which the early l i fe history staqes occur (i.e., the spowninq grounds) 
and hove expanded the l ist of environmental variables. 

A rnajor motivation for international cooperation in fisheries research is the assumption that 
reseorch methods and/or results derived from studyina one population con be transfer to another. 
For example, the recently proposed "International Recruitment Experiment" ( I R E Y p i s  based on 
the hypothesis that the biological responses to mvironmentol conditions ore similar for separate 
stocks of closely reloted species. The IREX proposal identifies six variables which are thouqht to  
account for most of the biological variability observed in exploited fishes. These voriobles are 
temperature, turbulence, transport, food, predation, and oopulotion density. Population variations 
of stocks within a species group, or even in on individual stock, could be caused by any, or all, of the 
six variables. The hypothesis does not imply that different stocks of o given species qroup have the 
same environmental variable as their limiting factor. Rather it implies that the stocks have a 
similiar functional relationship to that environmental variable. 

In this work we are oddressinq o narrow subset within the IREX construct. The species groups 
considered are anchovies and pilchards, and we are limiting the analyses to comwrisons of the 
environments of their spowning qrounds in the four major eastern boundary currents. The regions of 
interest consist of the California Current off western North America, the Peru Current off western 
South America, the Canary Current of f  the Iberian Peninsula and northwestern Africa, and the 
Benquela Current off southwestern Africo (Fig. I). Doto which could be used to compare the 
predotion, food, and density voriables are not available for the spawning qrounds of most of the 
stocks in the California, Peru, Canary, and Cenguela Currents. We are therefore basing our com- 
parisons upon several processes which can be indicated by available maritime data. These processes 
are thought to have important impacts on the early l i fe history of the two species groups by altering 
the primarv causative variables, particularly food. From the point of view of the ut i l i ty of the 
study, results based on routinely available data offer the possibility of beinq followed in real tirne 
for manogement purposes. 

Eostern boundary currents are characterized by equatorward surface flow and coastol up- 
welling. One result of these factors is that the eostern sides of the Oceans have a very extensive 
temperate zone. For example, the 20' and 10°C isotherms at 10 meters occur at lat. 27'N and 60°N 
in the eastern North Pacific, and in comparison they occur at lot. 40°N and 4S0N in the western 
North Pacific (Barkley, 1968). Another feature of eastern boundary current regions is the tendency 
for narrow continental shelves. Consequently the fisheries of eastern boundary currents are domi- 
noted by a small number of temperate oelogic fishes which can achieve very large populations. The 
physical environments of the four major eastern boundary currents ore quite sirnilar and therefore i t  
i s  not surprising that their fisheries ore dominated by very closely related, aeoqraphically isolated 
stocks or species (Table I). Pilchards, anchovies, jack mackerel (Trachurus), and hake (Merluccius) 
achieve the largest populations; mockerel (Scomber japonicus) and-=) also are important 
in the fisheries of the eastern boundary currents, although they don't attain the population size of 
the other four species groups. 

- 21 Report of Scientific Committee on Ocean Research (SCOR) and Advisory Committee of 
Experts on Marine Resources Research (ACMRR), Workinq Group 67 (Oceanography, 
Marine Ecology and Living Resources) developed in response to the Ocean Sciences in 
Relation to Living Resources (OSLR) resolution of the Intergovernmental Oceano- 
graphic Commission (IOC), I July 1982. 
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Fiqure 1. Geographical orientation of various summaries presented in this paper. 
Appendix maps are assembled from summaries within 1-degree areal segments of 
the four eastern boundary current regions indicated by diaqonal hatching. Along- 
shure vertical sections (Figs. 3-6) are arranqed along the dashed lines near the 
eastern ocean boundaries. 

TARLE I.  

CALIFORNIA C U R R E N T  

Engmutis m& 
Sordinops sagas 
Trachurus symnetricus 
Merluccius productus 
Scomber japonicus 
Sa& chitiensis 

Oominent anchovy, pilchard, h o n e  mackerel, hake, mackerrl, and bonito 
in  the fov major eastern bomdary currents (af ter  Bakvn and Parrish, 1980). 

P E R U  Cl JRRENT C A N A R Y  r U R R E N T  RENGUELA CURRENT 

Eitgmulis ringens Engraulis encmsicholus Engraulis capensis 
Sardinops sagas Surdina pilchardus Surdinops ocellatus 
Tmchurus symnetricus Trachuvs trachurus Trachurus trachwus 
Merluccius gayi Merluccius merluccius Merluccius capensis 
S c a b e r  japonicus Scomber japonicus Scomber japonicus 
Sarda chiliensis sarda sarda Sa& sarda 
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Fisheries for pilchards and anchovies are notorious for their extreme variability. A l l  four 
current systems at one time or another have had fisheries dominated by pilchards (Fiq. 2). The 
northern stock in the California Current system (Radovich, 1981) and the Namibian (Troadec, Clark, 
and Gulland, 1980) and South African (Cram, 1981) stocks in the Renauela Current system have 
collapsed under heavy exploitation. The Peru Current systern (Serra et al., 1979) and the Canarv 
Current system (FAO, 1978) have had recent increases in the sire of pilchard stocks, and lundims in 
these regions are presently dominated by oilchards. Conversely, anchovies nresently domirrate the 
landings in the Benquela and California Current systerns and aopear to be abundant, althouoh liqhtlv 
exploited in the Canary Current systern. The collapse of the Peru anchoveta stock under heavy 
exploitation is well known (Tamczak, i981). 

I 1.6 i? 

Fiqirc: 2. Yearly pilchard (TartlinP) l a n d i n q  from several e a d a r n  hnimdary currpnt 
stocks. 

The basis for our comparison is, l ike the IREX proposal, dependent upon the hypothesis that 
closely related stocks or species have similar early l i fe history requirements. This would suqqest 
that the environments of the various spawninq grounds are similar. That is, in the mean they should 
fall within the tolerance range of the species group. This does not imply that environmental con- 
ditions in the spawning grounds are optimal, only that stocks have recently maintained populations 
by spawning there. 
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tiow unreloted 'nay the s y k s  Se before this hypothesis hecomes ridiculous? Most fisheries 
hioloqists would prohohly a g r e e  that the present California stock of pilchard (sardine) has the 
satne ohysioloqical requirernents as the stock had in the 1930's before it collapsed. However, the 
oTesc.*'f remnant of the stock y a y  have a different qerie pool than the original. Most fisheries 
bioloqists wodd prohablv a q r e e  that, within a qiven soecies, physiology i s  nearly identical. Taxo- 
ncvnic distinctions at the species-qerirric level are quite plastic. The mackerel stocks of the eastern 
houndary currents are now considered to helonq to the same species, Scomber japonicus. Just a few 
veors uqa they were considered to he different species and the qenus was not Scomber but 
-_---- bnecmutophope. fiach easterri boundary current presently has a different species o f u u l i s .  
These "species" are very sifnilor and i t  takes considerahle expertise to tell them apart. *e 
2Mcl>owall (1962!, "There are qrounds for suspicion that this expertise i s  not possessed by the fish 
themselves... ." '+!e ore iissu:ninq that in the case of qeoqraphically separated stocks of closely 
related species the differences in the physioloaical requireinents of  the early l i fe history staqes are 
neqlioible. 

To provide a hosis for our compcirisons, historical subsurface oceanagruphic data and surface 
inorine weather abservrrtions are used to examine the larqe-scale spatial and seasonal patterns of 
several erivironinental parameters which appear to have had important effects on the spawnina 
habits of pelagic fishes in eastern boundary current systems. &r comparative studies are primarily 
focused on the atmosphere-ocean processes related to horizontal and vertical advection, vertical 
stability, ond temperature. Rakun and Psrrish (1980) discussed the rationale for selecting the par- 
ticular suite of oceanic and atmospheric properties described in this study. 

Characteristic annual mean distributions of oceanographic data and surnrner and winter clima- 
toloqies based on surface rnarine weather observations are oresented in the Appendix as charts of 
surface geostrophic flow, sea surface temperature and coastal temperature anomaly, surface wind- 
driven transport, an index of wind-qenerated turbulent rnixinq, and total cloud amount. The methods 
used to compile the climotolaqical data are summarized in the Appendix. The format of placing the 
charts in an appendix, rather than in the text, was selected to facilitate simultaneous intra- and 
interregional geographic and seasonul comoar isons of the larqe-scale oceanoqraphic and atmospheric 
properties. 

- 3/ A hedqe word is always necessary when discussing what fisheries biologists w i l l  agree 
upon. 

_I_-- - -- I- 
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REGIONAL ASPECTS 

The surface flow field in eastern boundary current systems, at least on the time and space 
scales affectinq reproductive success of fish stocks (Parrish, Nelson, and Bakun, 1981) can be con- 
sidered to be a combination of the surface Ekman dri f t  (Le., the transport of surface waters under 
the direct action of the wind) and the underlying geostrophic flow field. Hiqhly smoothed re- 
presentations of the geostrophic flow patterns in the four regional systems (Appendix Chart I) show 
major cammon features. Near the coast, large-szale flow i s  generally equatorward. At hiqh lati- 
tudes the tendency is poleward. Within several hundred kilometers of the coast, a component of 
large-scale geostrophic flow toward the coast is a common feature. The far offshore regions are 
characterized by flow toward the coast in the higher-latitude west wind drifts, weak equatorward 
flow at mid-latitudes, and flow toward the Ocean interiors in tropical regions. 

Coasial temperature anomaly patterns (Appendix Charts 5 and 6 )  indicate a qeneral tendency 
for cool coastal temperatures relative to those offshore. These patterns show local centers of 
intense cooling associated with coastal upwelling. There also are relatively warm areas within 
coastal indentations (responding to seasonal warming) and at  the hiqh latitude extremes of the 
regions (associated with warm advection in the poleward flows). 

Surface Ekman transport (Appendix Charts 7 and 8) i s  generally offshore, but becomes onshore 
a t  higher latitudes during the winter seasons. Wooster and Reid (1963) have demonstrated that the 
major geographical and seasonal features of eastern boundary coastal cooling can be related t o  
corresponding features in offshore Ekman transport. Major capes, markinq substantial changes in 
large-scale coastline trend, tend to be regions of maximum offshore Ekman transport and of as- 
sociated upwelling and coastal cooling. 

GEOSTROPHIC CURRENT CHARACTERISTICS 

The common large-scale features of the eastern boundary currents have been described by 
Wooster and Reid (1963). The surface flow in these larqe systems i s  predominantly in the sense of 
the prevailing winds, which is anticyclo ic about the mid-ocean atmospheric high pressure cells. 
The weak (typically less than 50 cm sec- ) equatorward geostrophic flow in eastern boundary cur- 
rents is  due to the baroclinicity of a relatively shallow layer, generally confined to the upper 500 m 
(Wooster and Reid, 1963). 

Another common feature of eastern boundary currents is a poleward flowing undercurrent, 
which is a subsurface current usually centered at 200-300 m near the continental shelf edqe. The 
waters transported poleward by the undercurrents appear to be enhanced by coastal upwelling and 
may contribute water to  the upwelling centers (Smith, 1978). A paleward countercurrent may occur 
seasonally at  the surface during the winter and during periods when the equatorward wind stress 
weakeqs. 

Coastal countercurrents are often part of semi-permanent eddy circulations, for example, the 
Southern California Eddy (Sverdrup and Fleming, 1941). A permanent cyclonic circulation over the 
continental slope and shelf between Cape Frio and south of Lijderitz in  southwest Africa has been 
postulated by Nelson and Hutchings (MS). In the Canary Current region a cyclonic circulation has 
been observed in the shallow Banc d'Arguin regim south of Cap Blanc (Mittelstaedt, 1974) and may 
be seen in the schematic diaarams of Rebert ( I  978). 

In addition to the narrow coastal currents and the poleward undercurrents, the large-scale 
surface Circulation in eastern boundary current systems is camolicated by the effects of bottom 
topography and coastline orientation. The advent of satellite infrared imagery of the sea surface 
and intensive hydrographic surveys in the upwelling regions have identified the existence of many 
eddy-like features or intense frontal zones associated with upwelling sites or downstream of capes 
and headlands (Bernstein, Breaker, and Whritner, 1977). 

1 
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Californio Current System - ~ - -  
The mojor features of the California Current system hove been described by Reid, Roden, and 

Wyllie (1958), Povlova (19661, ond Hickey (1979). The cool, low salinity waters of the west wind dr i f t  
diverge at obout tat. 45'N, one branch flowing north to feed the Alaskan Current ond the other 
hronch flowing southeostword to become the California Current. The equatorword flow between lot. 
45'N and 20° N and within about 500 km of the west coost encompasses the bulk of the Colifornio 
Current. Moximurn equatorword flow occurs approximately 200-400 km from the coost ond i s  
stronqest in the summer ond eorly foll. A portion of the California Current turns into the coost a t  
about lot. 30°N and is associated with neqotive wind stress curl in this regFn (Nelson, 1977). There 
is a relatively permanent northward flow near the coost between tat. 30 N and Point Conception 
(lot. 35'N) which forms the eostern portion of the Southern California Eddy in the Southern 
California Right. 

The California Undercurrent is o poleward flow of warm, relotively high salinity water at  
depths of opproximotely 250-300 m which lies close to the continental slope (Wooster and Jones, 
1970). This current is present alonq the coast from southern '3aja California to Vancouver Island 
(Reed and Yalciern, 1976). The northword flow at  the surface occurinq during the foll and winter 
alonq !he coast north of Point Conception is commonly called the Davidson Current. 

Peru Current System 

The north-northwestword flow north of lat. 40's has been labelled the Peru or Humboldt 
Current. Gunther ( I  936) first recognized two bronches of this current: a Peru Coastol Current and 
a Peru Oceonic Current. The northward flow qenerolly splits into the Coastal and Oceanic Currents 
at  about lat. 25'5 (Wyrtki, 1965). The annual meon geostrophic flow (Appendix Chort I )  shows this 
bifurcation at lot. 25OS, long. 76OW and a cornponent of the flow i s  directed onshore. Both the 
coastal and oceonic portions of the Peru Current oriqinote in the sub-Antarctic region and transport 
cold, relatively low salinity woter equatorword. 

The Peru Countercurrent flows southward at  about long. 8OoW between the Peru Coostol 
Current and the Peru Oceanic Current. It i s  primarily a subsurface current with the stronqest flow 
near 100 m. 

The Peru Coostol Current coincides approximately wi th the upwellinq region of f  Peru and 
Chile. Coostol bothyrnetry oppeors to have consideroble influence on the current. Eddiesoare found 
wherever the coastal current i s  deflected strongly from the coost, especially near lat. I 5  S (Cofion, 
1978). The annual mean surfoce geostrophic flow is greeted onshore north of lat. 15's and flows 
strongly onshore in  the coastal region between tat. IO S and 12'5. Wooster and Sievers (1970) noted 
that the surfoce dri f t  currents at  the coost showed a minimum in equatorword flow between lot. 
12's and 14'5 in all seosons, except summer. 

During the austral winter the southeast trade winds reach maximum intensity. From April to 
September the Peru Current appears stronger than in other months and the countercurrent virtuolly 
disappears. A t  this time the two bronches of the Peru Current coolesce and the contribution to the 
South Equatorial Current is the strongest. 

The Peru-Chile Undercurrent is a narrow southward flowing countercdJrrent beneath the Peru 
Coostol Current. It i s  found offshore north of lot. IS0S, but south of tat. I 5  S it follows close to the 
coost and can be identified as far os lot. 48"s (Silva and Neshyba, 1979). It is charocterized by a low 
oxygen content. 
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Canary Current System 

The large-scale geostro hic flow in the Canary Current region shows an equatorward corn- 
ponent between about lat. 36 N and 20°N. The Canary Current leaves the coast in the vicinity of 
Cap Blanc (lat. 2I0N), which i s  also the location of persistent upwelling. Cap Blanc is the site of a 
semi-permanent frontal zone between the North Atlantic Central '.Vater advected southwest by the 
Canary Current and a low salinity South Atlantic Central Water mass which flows northward alonq 
the coast (Hughes and Barton, 1974). 

During periods of we8k northerly winds, which occur Darticularly in summer and auturnn be- 
tween lot. 10°N and 20 N, a coastal northwest-flowinq countercurrent may be observed 
(Mittelstaedt, 1974). This coastal countercurrent gives rise to a cyclonic circulation over the 
shallow Banc d'Arquin south of Cap Blanc. The coastal countercurrent may be a response to the 
large discharge of fresh water during the summer from the Gambia and Seneqal rivers. 

Hughes and Barton (1974) found evidence of a northward flow at a depth of about 250 m 
extending from Cap Vert to Cabo Rojador. This poleward undercurrent was indicative of a narrow 
stream of cool, low salinity water flowinq parallel to the continental shelf edqe. 

Benquela Current System 

The major large-scale qeostrophic currents off southwest Africa are the equatorward flow 
between lat. 35's and about lat. 2OoS, which is called the Benquela Current, and the primarily 
westward flowing Agulhas Current, which flows along the coast of south Africa to approximately 
long. ZOoE where it is deflected to the south and east by the confluence with the west wind drift. A 
portion of the flow continues toward the northwest around Cape Agulhas and feeds a semi-per- 
manent coastal jet between Cape Aqulhas and Cape Columbine (Bang and Andrews, 1974). The 
principal features of the Benguela Current are described by Hart and Currie (1960). 

The Benquela Cgrrent co@ts of the cool upwelled water found within 150 kin of the west 
coast between lot. 15 S and 34 S (Shannon, 1970). In general, it flows northward, roughly following 
the isobaths between lat. 34'5 and 23OS, while north of lat. 23'5 it tends to veer away from the 
coast. Closer inshore a southward moving Countercurrent has been occasionally recorded. Hart and 
Currie (1960) deduced the presence of a southward undercurrent on the continental slope of f  the 
Namibian coast from the downwarping of the mid-depth isopycnal surfaces as they aporoached the 
continental slope. 

The existence of a relatively permanent cyclonic circulation over the continental slope and 
shelf regions between Cape Frio and a point just south of Liideritz has been noted by Nelson and 
Hutchings (MS). The cyclonic circulation is comprised of the northwesterly jet-like flow southwest 
of  Lt'deritz where the flow of the Benguela Current accelerates towards the qap in the Walvis 
Ridge, and a southward return flow neor the coast between Cape Frio and Lzderitz. The southward 
flow near the coast below 30 rn has been reported by many investigators. Surface dynamic to- 
pography patterns from a series of monthly hydroqraphic cruises in this area in 1959-61 showed 
many instances of cyclonic qyres in the reqion between lat. 25's and 2OoS and southward geo- 
strophic flow north of Lcderitz durinq spring and summer (Stander, 1964). 
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QISSOLVEO C)XYC,EN 

Minimum oxyqen layers are ossocioted with eastern boundory currents. These minimum layers 
w c  s?allo*wpst and ,nost pronounced in the lower latitudes and more extensive and pronounced in the 
Pacific than in the Atlantic (Fiqs. 3, G). For larqe-scale comparison of dissolved axyqen and its 
relationship to the upper mixed layer we developed annual dissolved oxyqen and density (sigma-t) 
sections froin data summarized hy I-deqree squares. The sections are situated several degrees 
offshore to allow continuous deep-water sections. This procedure introduces some bias in relotion to 
smaller scale, nearshore feutures. For example, coastal upwelling or other circulation processes 
may result in intrusions of low oxygen water. into shallower depths on the shelf, which ore not 
indicated by our offshore sections. These intrusions are most likely to occur in the lower latitude 
areas which w e  closer to the low oxygen sources. Such intrusions hove been reported in the Ben- 
guela (Stander und de Decker, 1969) ond Peru Currents (C,uiII&, 1980). 

In the California, Canory, and Benguela Currents the minimum oxygen level i s  altered sig- 
nificuntly in the vicinity of the subtropicol convergences. The low latitude boundaries of these 
reqions (ire marked by sharp siqrna-t qradients associated with the subtropical converqences (Figs. 5 ,  
6 ) .  They occur at about lot. 3'5 in the Peru Current, lot. 17's in the Benguela Current, lat. 22'N 
in the Conary Current, and lat. 25'N in the California Current. The upwelling reqions of the eastern 
boundory currents are also aDparent in the density sectiox; there are few sigma-t surfaces inter- 
cepting the surfoce in the upNellinq regions. Equotorword of the convergences there is a sharp 
dissolved oxyqen gradient associated with the thermocline and low dissolved oxyqen values occur 
very near the surfoce. In the Canary and Oenguela systems the ininimum oxygen layers deepen and 
disappear in the vicinity of the subtropicol convergences (i.e., at  about lot. 20aN and 2OoS). In the 
California Current system the minimum oxygen layer deepens significantly near the subtropical 
canverqence; however, an extensive minimum oxygen layer extends throuqhaut tp entire system. 
Throuqhout the California Current system low oxyqen levels (i.e., less than 2 mL L- occur at obout 
300 m and the oxygen minimum layer occurs at 700-900 m. 

The Peru Current is significantly different from the other three currents with respect to 
dissolved oxyqen. The subtroDica1 converqence occurs much closer to the equator and the low 
oxyqen loyer expands and shoals in the vicinity of the canverqence. The oxyqen minimum i s  at about 
300 m throughout the Peru Current system. Off Chimbote, very low dissolved oxygen levels occu 
just beneath the upper mixed layer. 2 mL L- 
occur at  about 300 m; this i s  similar to the California Current situation. 

r However, at  Coquimbo oxygen concentrations of 

Law oxygen concentration could affect reproduction of pelagic fishes through reduction of 
growth rates of either larvae or adults (Pauly, 1981). It could also increase mortality rates by 
concentrotinq the adults or larvae to narrow layers near the surfoce where they might be more 
susceptible to predation. However, the "worst" dissolved oxygen conditions occur in the spawning 
areas of the Peruvian stocks which, at least in the case of Enqraulis, lie in the most productive 
region. The other areas most likely to be influenced by low oxygen concentrations are the spowning 
areas of the Namibian stocks near Polqrave Point in the Renguela Current, and the Chilean stock, 
which has spawning grounds near Arica. These two areas are the next most productive regions after 
Peru. 

We see two possible explanations for the association of low oxyqen concentration and high 
peloqic fish productivity. Low oxyqen concentration i s  associated with high nutrient concentrations. 
Low oxygen concentrations near the thermocline miqht therefore be associated with high primary 
production; more primary production, hence more fishery production. The other explanation con- 
cerns competition. Extensive egg and larval surveys hove been mode off Peru and Colifornia. 
Ahlstrom (1965) showed thot mesopelaqic fishes and hoke accounted for about 22 percent and 17 
percent, respectively, of the total larvae taken off California during the 1955-58 surveys. Both 
mesopelagic fishes and hake have their qreatest abundance below the thermocline (Ahlstrom, 19591. 
Off Peru mesopelagic fishes and hake comprised only 4.1 and 0.37 percent of the larvae token during 
1966-68 (Sontander and de Castillo, 1979). Anchovy larvae comprised 37 percent of the larvae in the 
California surveys and 92 percent in the Peruvian surveys. The very low oxygen levels just beneath 
the thermocline of f  Peru would be expected to severely l imit the habitat space for hake ond meso- 
pelagic fishes. Hobitat space far mesopelagic fishes in the California and Canary systems and most 
of the Benguela system is extensive and large stocks in these areas would be expected to be in 
competition with epipelaqic fishes for food. 
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1 Figure 3. Dissolved oxygen (rnL L- ) vs. depth alonq the eastern boundary of the 
Pacific Ocean. The orientation of the section is shown in Figure 1. Initials at the 
top of  the diagram indicate the latittidinal positions of locations discussed in detail 
in Section 111 OF this paper. 
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1 Fiqure 4. Dissolved oxygen (rnL L- ) vs. depth along the eastern boundary of the 
Atlantic Ocean. The orientation of the section is shown in Figure 1. Initials at the 
top of the diagram indicate the latitudnal positions of locations discussed in detail 
in Section 111 of this paper. 
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Fiqure 5. Sea water density (sigma-t) vs. depth along the eastern boundary of the 
Pacific Ocean. The orientation of the section is shown in Fiqure 1. Initials at the 
top of the diagram indicate the latitudinal positions of locations discussed in detail 
in Section 111 of this paper. 
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Figure 6 .  Sea water densi ty  (si ma-t) vs.  depth along the eastern boundary o f  
the  Atlant ic  Ocean. 
Figure 1 .  Lines a t  the top o f  the diagram indicate  %e l a t i tud ina l  
positions o f  locat ions discussed i n  de ta i l  i n  Section 111 of t h i s  paper. 

?he or ientat ion o f  the  sect ion i s  shown in 
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SUBREGIONAL ASPECTS 

The charts presented in the appendix are a subset of a considerable volume of material pro- 
duced and examined in this study. In order to make "cuts" of this material for presentation we have 
chosen several fixed locations in each eastern boundary region which appear to exemplify the ranqe 
of environmental characteristics encountered in the near-coastal environments. These locations are 
labeled in terms of a recognizable feature of coastal geography (i.e., a coastline feature or a coastal 
city) and appear on the appendix maps and on Fiqure 7, and are listed in Tables 3 to 

Tables 2 and 3 briefly summarize information available on the qeoqraphy and seasonality of 
sardine and anchovy spawning in the four eastern boundary current systems. The quality and quon- 
t i t y  of information available varies widely among regions and within regions. Thus a fully consistent 
and complete synthesis is not available to us at  this point. Tables 2 and 3 thus should not be 
considered to be "hard" data, and should not be cited as authority. They are presented as aids to 
recognition of patterns in the environmental summaries we have assembled (i.e., from the point of 
view of exploratory data analysis and hypothesis generation rather than of hyoothesis testing). Our 
attempt at preliminary synthesis is intended to qenerate feedback from workshop particioants and 
others with more specific knowledge of local situations. A discussion of the backqround and ref- 
erences to Tables 2 and 3 for the California and Peru systems are available in Bakun and Parrish 
(1982); major references for the Canary system are Bravo de Laguna, Fernandez, and Santana (19761, 
F A 0  ( I  978), and'Belvkze and Bravo de Laquna ( I  980); major references for the Renguela system are 
King (1977), LeClus (19791, Badenhorst and Boyd ( I  9801, Crawford (I 9801, and Crawford, Shelton, and 
Hutchings ( I  980). 

Table 4 lists characteristic sea surface temperature values for 2-month seqments of the annual 
cycle. These values were selected from bimonthly maps of long-term mean summaries which are 
described in the Appendix and from similar displays of the standard errors of the estimated mean 
values, in such a way as to characterize the shoreward 50 k m  of ocean or the locality over which 
spawninq occurs. For example, in the Columbia River Plume, spawning occurs at distances of 100 
km or more from the coost and so our presentations attempt to reflect conditions at that location, 
rather than directly adjacent to the coast. 

Figure 7 displays the offshore component of surface Ekman transport plotted against the cube 
of the wind speed (indicating the rate of addition of turbulent mixing energy to the water column). 
Table 5 l ists values of mixed layer depth obtained from bathythermograph data (Husby and Nelson, 
1982). Sparsity of available data restricts this presentation to the California Current locations and 
the three northern locations in the Peru Current region. Profiles of stability structure for three 
Benguela locations based on hydrographic data, which lack the vertical resolution provided by bathy- 
thermograph traces, are shown in Figure 8. Table 6 contains the widths of the adjacent continental 
shelver. 
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Table 5. Mixed layer depths (meters) from historical bathythermoqraph records. 

JAN-FER MAR-APR M A Y - J C M  JLL-AUG SEP-OCT NUV-OEC ----______ 

V l L l J M B l A  R. 103 118 10 10 16 43 

CAPE MENDOCIN0 91 42 28 54 21 

5. CALIF.  RIGHT 37 25 I1 10 14 20 

5. RAJA SALIF .  45 23 18 9 20 34 
PUNTA HAJA 37 26 18 12 14 26 

J t h - A l  JC SEP-OCT NOV-DEC: JAN-FER U A R - A P R  M A Y - J U N  ___--___-- 

CHlMRf lTE 

SAN JOAN 

A R E A  

40 23 12 7 12 29 

R 9  87 19 29 20 73 

14 18 9. 5 5 10 

Table 6. Approximate width" of continental shelf (km) 

COLl JMRlA R. 54 

CAPE MFNnnClNfl 21 

S. CALIF.  BIGHT 168 

W N T A  RAJA 29 

S. RAJA CALIF. 71 

CHIMROTE 132 

SAN J U A N  21 

ARICA 53 

cowlMBo 10 

TALCAHUANO 44 

46'5 93 

LISRflN 43 

CASABLANCA 56 

CAP SIM 38 

lFNl 39 

C .  ROJAOOR 40 

C A P  B L A N C  62 

C A P  VERT 32 

C A P E  FR lO 32 

PALGRAVE PT. 73 

LrnERITZ  40 

C. COL~JMBINE 7 5  

C. AGULHAS 128  

'Distance from coast to  ZOO-m contour (in t k  case of 5. Calif. Biqht, distance 
is to the 200-rn contour at the seaward edge of the continental borderland). 
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1 Fiqure 8. Static stability (m- ) VS. depth for 2-month s e F e n t s  (for which there 
are sufficient hydrographic data to assemble a representative profile) Of the 
seasonal cycles at three locations in the Benguela Current reqion. Depths are in 
meters. A scale for maqnitude of stability appears to the riqht on the middle 
panel. 
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From these sources and the Apoendix maps, the following cornpressed summary was con- 
j:r*xted. 

CALIFOYNIA cumErJr s Y s r E M  

-- colvmbio River. -- Anchovy spawning reqion (only in summer, moderate biomass); moderate con- 
tinental s!ielf width; intense wind-generated turbulent mixing, relaxing during summer; stable upper 
ocean s:ructurc? ifurinq summer due to lens of fresh woter at the surface; onshore Ekman transport 
?Jrinq winter--weak offshore FTkman transport during summer; l i t t le onshore-offshore temperature 
cnritrist except very near the coast. 

- Cape Mendmino. Primary upwelling center; narrow continental shelf; intense offshore Ekman trans- 
pori, except in winter; intense tllrhulent mixinq throughout the year; intense summer cold coastal 
temperature ariomnly; small biomass of locally spawninq fish oooulations; feedinq grounds of adult 
pe1ac)i.c fishes spawning elsewhere. 

Southern California Riqhi. The major spawninq grounds of pelaqic fishes of the California Current; 
rlnchovy spawninq region (entire year, peaking i.1 winter-sprinq; large biomoss); sardine spawning 
reqion (sorinq, pre-collapse landings 800,000 t); weak offshore Ekman transport; wide continental 
shelf; moderately weok tlJrblJlent inixinq; relatively stable upper Ocean density structure; worm 
coastal temperature anomalies extending very near to coast; semi-enclosed inshore gyral circulation 
pat tern. 

Punta Boio. Secondary upwelling center; narrow continental shelf; strong offshore Ekman transport, 
peakinq in sprinq; moderate wind-generated turbulence; lies between two gyral circulations to the 
north and south and divides areas occupied by seporate subpopulations of pelogic fishes. Some 
spawninq occurs (often reqarded as contiguous with Southern California Bight soawninq populations). 
Weak negative coastal ternoerature anomaly. 

- Southern Raia California. Anchovy spawning region (winter-sprinq peak, moderate biornass); sardine 
spawning reqion (entire year, spring peak--moderate biomass); moderate continental shelf width; 
strong offsllore Ekman tronsport; weak to moderate turbulent mixing; relatively stable uoper Ocean 
density structure; tendency for qyral circulation oattern; warm coastal temperature anomaly. 

PERIJ CURRENT SYSTEM 

Chirnbote. Anchovy spawning reqion (sprinq peak, very large pre-collapse biomass); sardine 
spawning region (winter-spring); wide continental she1 f; strong offshore Ekman transport and up- 
welling; weok wind-qenerated turbulence; very intense coastal coaling. 

San Juan. Upwelling center; intense offshore Ekman transport, particularly in winter; narrow con- 
tinental shelf; Turbulence level is low in summer, moderate in winter. Less stable stratification 
than in adjoining areas; very intense coastal cooling; reduced spawning of pelagic fishes relative to  
neighboring coastal areas (onchovy spawning appears to be intermediate in timing between Chimbote 
and Arica). 

Arica. Anchovy spawning orea (winter peak, larqe pre-collapse biomass); sardine spawning region 
(winter peak, large biomass); very low turbulence; weak offshore Ekman transport; moderate shelf 
width; extensive warm coastal temperature onamaly with a norrow band of cooling directly adjacent 
to the coast; gyral coastol circulation pattern. 

Coquimbo. Upwelling center; intense offshore Ekman transport; extremely narrow continental shelf; 
cold coostal temperature anomalies extending hundreds of kilometers offshore. Turbulence level is 
moderate in summer, high in winter. No reported pelagic fish spawning. 

Talcahuono. Seasonal upwelling (summer); moderate continental shelf width; turbulence level 
highest in spring; definite spatial minimum in fall and winter turbulence distributions. Anchovy 
spawning i s  reported (fall and winter only). Sardine eggs have been found. 

- 46'5. 
California Current region; no reported anchovy or sardine spawning. 

Extreme wind-generated turbulent mixinq-much higher than at the same latitude in the 
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CANARY CURRENT SYSTEM 

Lisbon. Moderate upwelling; moderate to high wind-generated turbulence; lnoderatelv cool coastal 
temperature anornaly; moderate continental shelf width. 

Casablanca. Sardine spawning region (peak in winter; secondary peak in summer); low turbulence 
levels (maximum in spring); low Ekman transoort; moderate continental shelf width; sliqhtlv wurtn 
coastal temperature anomaly. 

cap Sim. 
turbulence (minimum in fall); cold coastal temperuture anomaly (intense in surnrner). 

- Ifni. Sardine spawninq region (peak in winter, secondary peak in summer); moderate offshore Ekrrton 
transport (strongest in summer); moderate continental shelf width--shelf widens to the irnmediote 
south; local minimum in wind qenerated turbulence. 

Cabo Roiador. Strong surnrner offshore Ekman transport--moderate offshore transport during the 
remainder of the year; fairly narrow continental shelf; turbulence levels moderate to hiqh (summer 
rnaximurn); substantial cold coastal temperature anomaly. 

Cap Blanc. Ilpwelling. center (intense offshore tkman transport throughout the year); moderate 
continental shelf width; strong negative coastal temperature anornaly; moderate turbulent mixing in 
winter--stronger in summer. 

Cap Vert. Highly seasonal upwellinq; strong offshore Ekman transport in winter, relaxinq qreatlv in 
summer; turbulence levels low in late surnrner and in fa!l--high in winter and spring; cold corlstal 
temperature anomaly in winter--warm anomaly in summer. Summer and fa1 I temperatures exceed 
27OC. 

Upwelling center (stronqest offshore Ekman transport in surnrner); high wind-generoted 

HENGUELA CURRENT SYSTEM 

Cape Fria. 
winter to early sprina; stronq coastal temoerature gradients. 

Pal rave Point. Anchovy and sardine spawning grounds (summer); substantial offshore Ekman trans- -5- port although much weaker than in the adjacent reqions to the north and south--weakest in the 
summer); fairly wide continental shelf; weak to moderate turbulent mixinq--weakest in sutnmer 
(definite local minimum in the spatial distributions of wind-generated mixing energy production); 
stable density structure in summer. 

Liideritz. Upwelling center; very intense offshore Ekman transport; moderately narrow continental 
shelf; intense turbulent mixing--peak intensity in summer; intense cold coastal temperature anomaly 
throughout the year; low stability in the water column. 

Cape Columbine. Sardine spawning grounds (summer--some anchovy spawning); seasonal upwelling; 
strong offshore Ekman transport in summer, vanishing in winter; moderate continental shelf width; 
moderate to stronq turbulent mixinq (spring maximum, fall minimum). A local minimum of tur- 
bulent mixing energy production lies within the coastal indentation just to the north of the cape. 

Cape Aqulhas. Anchovy and sardine spawning grounds (spring-summer); onshore Ekman transport; 
wide continental shelf; intense turbulent mixinq, moderating somewhat in summer; stable ocean 
structure resulting from a thin lens of warm clear surface water from the Indian Ocean which 
overlies denser, more productive waters at depth ( 50-75 m). 

Upwelling center; intense offshore Ekman transport throuqhout the year, extre ne in 
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PATTERN RECOGNITION 

Our analyses of the climatological fields and information on spawning grounds suggest the 
followinq patterns. UDwelling centers, churacterized by strong offshore Ekman transport, intense 
*ind-generated turbulent mixing, reduced water column stability, and narrow continental shelves 
appeur to be ureas in which anchovies and sardines do not spawn. Spawning grounds tend to  lie in 
coastal indentations where wind induced transport and turbulence are reduced and continental shelf 
width tends to be greater. The spawninq grounds of the largest populations tend to be located 
downstream (equatorward) of upwelling centers. Smaller Dopulations (e.q., Columbia River, 
Talcahuano) are located at the poleward extreme of upwelling regions where the upwelling is highly 
seasonal, and spawning occurs when vnrious circumstances may reduce the effects of offshore trans- 
port and of mixing of the surface layers by the wind. 

Temperature 

Sea surface temperature i s  a better index for establishing cold temperature tolerance than 
warm temperature tolerance (i.e., it i s  a qood index of the warmest water available but colder 
water is  always available at qreater depths). The physiological response of pilchard and anchovy 
eggs and larvae are best known for the stocks which spawn in the Southern California Right. Lasker 
(1964) has shown that pilchard eggs and larvae developed normally between 13' and 21 C; however, 
larval mortality increased in experiments below I4OC. Incubation time decreased with increasing 
temperature and early qrowth was qreatest at 16°-170C. Anchov e s and larvae developed 
normally at I I°C (Lasker, 1964) and early growth was areatest at 21 C in the laboratory (Kramer 
and Zweifel, 1970). 

As long as it does not approach the physioloqical limits, ambient temperature, at  least in so 
far as it is reflected in sea surface temperature distributions (Table 4 and Appendix Charts 3 and 41, 
does not appear to exert any obvious control on reproductive habits. For example, seasonal 
spawning peaks of f  2outhern Daja California and Cape Agulhas correspond to bimonthly temgerature 
values o,f nearly 19 C, while at Talcahuano peak anchovy spawning occurs in winter at 13 C, even 
though warmer condi-tions are available at other seasons. Certainly, temperature conditions ex- 
ceeding physiological tolerances would preclude occurrence. For example, it i s  probable that no 
anchovy spawning would occur in winter of f  the Columbia River (i.e., at 9OC) even i f  other con- 
ditions were favorable. However, in the regions where the temperatures are within physiological 
limits, the particular temperature appears not to be a dominant factor in determining spawning 
habits. 

99 

Turbulence 

Spawning rarely occurs in areas of strong turbulent mixing of the upper water column. 
Spawning grounds are characterized by weak to moderate values of the mean cube of the wind 
speed, which is an index of the rate of addition of wind-generated turbulent energy to the water 
columg (Husby and Nelson, 1982). Spawning grounds generally lie directly within spatial minima in 
the W (wind speed cubed) distributions (Appendix Charts 9 and IO). Spawning habitats are charac- 
terized by increased stability in the internal density structure of the upper water column (Table 5, 
Fig. 8) that would resist dispersion of fine-scale food strata by turbulence events related to storms. 

Where spawning grounds occur in regions of moderate wind-generated turbulence, other 
factors influencing stability may be favorable to spawning. For example, o f f  the Columbia River 
the anchovy population spawns only in the sumrner (if., directly out of phase with other California 
Current anchovy populations). At  this season, the W index falls to moderate values (Fig. 7) and the 
subsurface stability is enhanced by the thin lens of less dense Columbia River Plume water at  the 
sea surface. At  Talcahuano, where turbulence conditions are not greatly lessened during summer, 
anchovy spawning remains generally in phase with other Peru Current populations; reference to  
Appendix Charts 9 and IO  wil l  show that turbulent mixing in coastal areas north of Talcahuano is 
actually less in the winter downwelling season than in the summer upwelling season. Off Cape 
Agulhas, both anchovy and pilchard populations spawn under conditions characterized by substantial 
wind-generated mixing. However, this is a situation where particularly strong internal water column 
stability builds during the summer spawning season (Fig. 8), which may be due to an influx of warm 
Indian Ocean surface water (Darbyshire, 1966). 
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Transport 

Areas of intense offshore transport conditions, where reproductive products might be lost from 
the vicinity of the coast, are characterized by minimum spawning of anchovies and pilchards. In 
many cases, the effects of transport and turbulence are confounded since stronq wind driven 
offshore transport and strong wind-generated turbulence tend to coincide in eastern boundary 
upwelling systems. However, adaptations which result in the avoidance of offshore loss of re- 
productive products appear to be very widespread in fish species successfully inhabiting the 
California Current region (Parrish et al., 198l), indicating that transport must exact an important 
control on reproductive success. Note that in two situations where spawning takes place under 
relatively strong turbulent conditions (Le., Talcahuano and Cape Agulhas) surface Ekman transport 
is directed onshore. In addition, Shelton and Hutchinqs (1982) have shown that a coastal jet between 
Cape Agulhas and Cape Columbine aids transport of larvae from the spawning grounds to the inshore 
nursery grounds. At  Chimbote an enormous anchovy population has spawned in a situation charac- 
terized by strong offshore transport (Fig. 7); this situation i s  discussed in detail below. 

DISCUSSION 

The information presented in this analysis suggests thot temperature, transport, and tur- 
bulence patterns greatly influence the timing and location of spawning grounds of anchovies and 
pilchards in eastern boundary currents. Furthermore no single feature has overriding control. It 
appears that individual stocks have adapted their reproductive strategies to achieve local optimum 
solutions to these three physical factors. We assume that this also applies to the three factors of 
the IREX equation which we have not addressed: The 
question of how good individual optimum solutions are, is probably best judged by the sire of the 
stocks. 

food, predation, and population density. 

The four major eastern boundary currents have a great deal in common. The locations and 
seasonality of maximum offshore Ekman transport appear to be closely related to the seasonal 
latitudinal shifts of the atmospheric pressure systems, intensification of the large-scale pressure 
gradients, and the relationships between these systems ond the lorqe-scale topography of the con- 
tinents. However, as can be seen in the environmental features presented here, there are also large 
differences among them. For example, all four systems have maximum cold inshore-affshore tem- 
perature anornolies associated with summer maxima of offshore Ekman transport. These summer 
"maximum upwelling regions" have anchovy and/or sardine stocks with spawning grounds poleward 
and equatorword of them. The California and Benquela systems each have a single area with cold 
sea surface temperature anomalies. In the California system this area is locoted in the summer 
upwelling maximum, whereas the Benguela system's area includes the summer upwelling maximum 
at Liideritz and a winter upwelling maximum at Cape Frio. The Peru and Canary systems each have 
two separate areas of cold sea surface temperature anomalies. The Peru system has an area located 
at the winter upwelling maximum (San Juan to Chimbote) and a second area in the upwelling region 
of f  central Chile which has a summer maximum near Talcahuano. The Canary system has o summer 
upwelling maximum of f  Lisbon and a sec6nd Summer upuelling maximum between Cap Sim and Cap 
Blanc. During the winter the cold water anomaly off northwest Africa shifts south and the up- 
welling maximum then extends from Cap Blanc to Cap Vert. 

We have noted that spawning of anchovies and pilchards does not occur in the summer u p  
welling maximum regions, which are characterized by extensive offshore Ekman transport and hiqh 
wind speed cubed values. Summer mean sea surface temperature values in these upwelling maxima 
vary from 12OC at Cape Mendocino to I8OC at Cap Sim and Lisbon. Spawning grounds and different 
stocks generally occur "upstream" and "downstream" of these summer maxima. This suggests that 
one way to classify the stocks is by their location with respect to upwelling maxima. 

Our three classes would be (I) stocks poleward of the summer upwelling maxima, (2) stocks 
equatorword of the summer upwelling mxima, and (3) stocks equatorward of the winter upwelling 
maxima. Note that very l i t t le is known of the stocks in the lower latitudes of the Canary Current. 
This classification system also works reasonably well in describing potential fishery yields. 
Maximum annual yields observed in the higher latitude stocks range from 100,OO~ to 400,000 tons. 
Maximum yields in the second group are between 800,000 and 2,000,000 tons. The only stock in the 
third group, the Peruvian anchoveta, yielded in excess of 10,~0,000 ton$. 
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The stocks with spawninq qrounds equatorward of the summer upwellinq naxima, with the 
excmtion of the stock spawning near Palqrave Point, have a number of features in common. Their 
qmwninq grounds (i.e,, the Southern California Riqht, Arica, Casablanca, and Ifni) are in biqhts with 
weck offslwre Ekman transport, l i t t le insliore-offshore temperature anomaly, and low wind speed 
c h e d  values. The unchovy stocks tend to spawn in the late winter - early spring and peak pilchard 
snawninq IS either at the same time or just after the anchovy peak. The Palgrave Point spawninq 
grounds occur within an area with a cold inshore-affshre temperature anomaly and spawninq in this 
rrqion occurs in surnmer wlien offshore transport and turbulence are at a local minimum. Mean sea 
surface temperature i s  in the 14°-180C ranqe durinq the spawninq season in all of spawning grounds. 

The hiaher latitude \tricks (i.e., those with spawninq grounds near the Columbia River, 
Talcahuuno, and Cape Aoulhas) ore in areas In which turbulence (wind speed cubed) varies seasonally 
from moderate to hiqh. 'Ye have not hnalyred the hiqh latitude region of the Canary Current. 
Ekman transport is onshore dorinq the soawninq season in the Talcahauna and Cape Agulhas 
spawninq qrounds. The Columbia River region has weak offshore transport durinq the spawning 
season and onshore transport durinq the rest of the year. The Columbia River and Cape Agulhas 
stocks spawn in the suinrner when wind speed cubed is at a minimum and spawning occurs in areas 
where the stability of the water column is increused by intrusions of different water masses (e.q., 
Columbia River water and Aqulhos Current water). The Talcahauno anchoveta stock spawns in the 
early winter (Jorda'n, 1980) instead of in the summer when sea surfuce temperature is at  a maximum. 
We do not know the exact location of this stock's spawninq qrounds, however, a reqian of minimum 
wind speed cubed lies just north of Talcahouno in the early winter. 

THE PERUVIAN ANOMALY 

The anchoveta stock, spawninq in the area centered near Chimbote, has been by far the largest 
stock in the world. We have noted that this area stands out as an anomaly arnonq the major 
spawninq reqions in that i t  is characterized by strong offshore Ekman transport (Fiq. 7). Several 
factors could conceivably he actinq to minimize associated offshore loss of reproductive products 
horn this area. 

Huyer (1976) has indicated that the offshore extent of coastal upwellinq regions may be ex- 
wnded in regions of wide continental shelves; the continental shelf of f  Chimbote is much wider than 
of f  other upwelling centers (Table 6). Also, the Rassby radius of deformation, which is the intrinsic 
coastal boundary layer width scale (Mooers and Allen, 1973), i s  inversely dependent on the sine of 
the latitude. Thus the Rosshv radius at Chimbote (lot. 9'5) is about twice that at Arica, Palqrave 
Paint, or Cap Blanc, more than 3 times that at Coquimba, Punta Baja, ar Ifni, and about 4 times that 
at  Cape Mendacina or Lisbon. 

A more speculative set of considerations concerns the dependence of Ekman layer depth an 
latitude. The expression for the Ekman depth scale (Ekman, 1905) contains the square root of the 
sine of the latitude in the denominator. Thus, for comparable vertical eddy viscosities, the Ekman 
depth at  Chimbote would be twice that at Cape Mendocino or Lisbon, for exarnde. For a given 
magnitude of offshore transport, therefore, the corresponding averaqe offshore velocity of the 
Ekman layer of f  Chimbote would be one-half that of f  Cape Mendocina or Lisbon. Opposing this 
effect would be the expectation that increasinq turbulence input at the higher latitude locaticns 
would tend to increase the vertical eddy viscosity which is in the nuineratar of the Ekman depth 
expression. 

Bakun and Parrish (1982) noted that the peak spawning of f  Chimbote in winter occurs during 
the season of strongest offshore transport and hypothesized avoidance of detrimental effects of 
intermittent El Ni& events as a possible reason. An alternate hypothesis concerns Ekman depth 
which tends to be limited by sharp density discontinuities due to inhibition of vertical eddy viscosity, 
such that the layer above the discontinuity tends to slide over the denser lower layer which wil l be 
relatively unaffected (Neumann and Pierson, 1966, p. 196). The mixed layer depth (Table 5) of f  
Chimbote is m ch I ss (7 m) durinq s u y e r  t p  in winter (40 m). Averaqing the corresponding 
summer ( 1 . 1  m sec- and winter (1.8 m sec- Ekman transports (Fig. 7) ovef these depth layers 
yields-qveraqe of fshye Ekman speeds of approximately 0.04 m sec- (3.5 4m d- in winter and 0.16 
m sec (14.0 km d in summer. Planktonic reproductive products within the mixed layer would 
thereby be dispersed offshore four times as rapidly during summer than during the winter spawning 
peak. 

Y e  
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IMPLICATIONS FOR POPULATION MODELING 

Fishery time series are generally quite short and often contain only one to several realizations 
of major shifts in trend (e.g., Fig. 2). The result is that there are often insufficient degrees of 
freedom far purely empirical approaches to be effective in defininq relationships with multiple 
environmental factors. Thus it is important to incorporate as much accessory information as can be 
gleaned independently from the actual time series data. Accessory information can come from 
process-oriented experiments or from various deductive approaches such as the one we have pre- 
sented in this paper. 

The most straightforward way to incorporate this sort of information i s  in the choice and 
formulation of the explanatory variables. By choosing a very limited set of variables which ad- 
dresses only those processes which appear to be the most crucial and by formulating these variables 
specifically according to the manner in which they appear to affect the populations, the degrees of 
freedom available in the time series can be expended with the greatest likelihood of qenerating 
beneficial information (Bakun and Porrish, 1980). 

In this study we have compared seasonality and geography of reproduction with corresponding 
features in the environment. Since natural selection implies adaptation of reproductive strateqies 
to the most crucial processes affecting reproductive success, patterns of correspondence may illu- 
minate the environmental linkages. 

We have noted that spawning tends not to occur in regions characterized by wind conditions 
which would generate intense turbulent mixing of the upper water column. This would tend to 
support Lasker's ( 1  978) mechanism for larval mortality caused by wind-generated turbulent dis- 
persion of fine-scale strata of food particles appropriate for first-feedinq. Sorne degree of in- 
formation on surface wind conditions is  generally available. In view of the hypothesized mechanism, 
the average turbulence qeneration over monthly or longer intervals is  probably not the ideal way to 
formulate this variable. Rather, the frequency and duration of periods where wind speeds do not 
exceed a critical threshold, above which i t  would breakdown the underlyinq water colurnn stability, 
may be more pertinent considerations (Husby and Nelson, 1982). No specifics of such a formulation 
have been proposed. 

Another pattern in reproductive strategies is the absence of spawning in regions characterized 
by strong offshore transDort whereby reproductive products are lost. This mechanism tends to be 
confounded with the turbulence mechanism in the situations we are examining. For example, in 
upwelling centers, strong offshore transport coincides with intense turbulence qeneratian. However, 
we have noted indications that the transport mechanism i s  actinq (i.e., in certain situations where 
characteristic transport is not directed stronqly offshore, spawning occurs under conditions which 
appear to by typified by substantial wind-generated turbulence). We have also speculated that the 
seasonality of spawning at Chimbote is tuned so as to minimize offshore dispersion of reproductive 
products, rather than to minimize turbulent mixing. 

As is the case for the turbulence indices, estimates of offshore Ekman transport (e.g., Bakun, 
1973) can also be generated from wind information. However, the two mechanisms imply distinctly 
different time scales. The turbulence mechanism acts to cause larval starvation on a time scale of 
a few days; it is non-linear in that water once mixed is not unmixed by reversing the action of the 
wind. The transport mechanism acts on much longer time scales and may indirectly couse mortality 
of late larvae and juveniles by displacing them from the favorable coastal environments. Transport 
is linearly additive; a period of offshore transport could be counteracted by a later period of onshore 
transport. 

No pattern has emerged to indicate that reproductive strategies are strongly influenced by an 
optimum temperature. Obviously, the physiological temperature limits of the organisrns provide 
barriers to reproduction in extreme cases. This analysis suggests that the effective way to in- 
corporate temperature data in an empirical recruitment model may be simply as an indicator vari- 
able which has a value of "one" for a range of temperatures within which spawning can amur and 
"zero" beyond that range. An additional temperature effect, which may become significant once the 
variance due to the indicator variable is accounted far, may occur due to increases in physiological 
rates, etc., by increases in temperature within the generally favorable range. 
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APPENDIX 

OCEANOGHAPHIC DATA 

To assemble characteristic distributions of the large-scale oceanographic features in the four 
boundary current regions, we used existing global summaries of subsurface data. Objectively 
analyzed fields of annual mean temperature, salinity, and oxygen at standard depths were provided 
by Sydney Levitus of the National Oceanic and Atmospheric Administration's (NOAA) Geophysical 
Fluid Dynarnics Laboratory (GFDL). Data sources and analysis methods and selected horizontal 
distributions and vertical sections are described in detail by Levitus and Oort (1977) and Levitus 
(1982). 

The annual mean qeostrophic flow at  the surface was constructed from the analyzed fields of 
temperature and salinity defined on a grid of I-dcgree latitude by I-deqree lonqitude in each of the 
eastern boundary current regions. Dynamic topoqraphies relative to the 1000 db level (approxi- 
mately 1000 m) were computed following LaFond (1951). The computation points far surface ve- 
locity are offset from the values of dynamic heiqht by a half-degree in bath directions (i.e., cal- 
culated velocities ure centered on the whole deqree of latitude and longitude). Therefore, a velocity 
vector for each I-degree square was calculated from the gradients defined by dynamic height values 
at the corners of each square. To clarify the presentations shown in Chart I ,  vector symbols are 
only plotted for alternate I-degree squares in both latitude and longitude coordinates. Contours of 
dynamic height (in dynamic meters, with a contour interval of 0.04 dyn m) are superimposed on the 
vector fields as an aid to interpreting the flow direction and strength (i.e., the surface geostrophic 
flow is  parallel to contours of dynamic heiqht and the current speed is inversely proportional to  the 
contour spacing and to the sine of the latitude). Directions are defined such that higher values of 
dynamic height lie to  the right (left) of the current in the northern (southern) hemisphere when 
facing in  the direction of flow. 

The analyzed fields from which these velocity calculations have been made were designed for 
global, rather than regional studies of ocean circulation. Well recognized seasonal variations in 
surface current features are not depicted in the annua! mean distributions. For example, where 
speeds represented in Chart I vary from 2 to  IO cm sec- , typical seasonal ranges may be up to an 
order of maqnitude larger. The results are rather smooth representations in which much of the 
temporal and spatial detail available in finer scale summaries (Wyllie, 1966; Hart and Currie, 1960; 
Robles, 1979) has been filtered out. No attempt has been made to extraDolate the dynamic heiqht 
calculations into shallow coastal regions (i.e., bottom depths less than 1000 m). Where these sum- 
maries do not depict major circulation features near the coast, the predominant flow directions have 
been indicated by shaded arraws (e.g., over the Agulhas Bank and in the Southern California Bight). 

Characteristic vertical sections of oxygen (Figs. 3,4) and density (Figs. 5,6) along predomi- 
nantly meridional axes of the eastern boundary current systems were also constructed from the 
large-scale analyses. The locations of the sections are shown in Figure I. Although the sections l ie 
up to several hundred kilometers from the coast, the general features (e.g., ox gen minima) are felt 

depths between the surface and 1700 m are contoured with an interval of 0.5 mL L' . Oxygen 
minima (values less than 1.0 mL L- ) are indicated by cross-hatching. Analogous sections of density 
(sigmc-t) were derived from the annual mean values of temperature and salinity in the upper 500 m 
of the water column. Values of sigma-t are contoured with an interval of 0.2. On each vertical 
section, the latitudinal locations associated with prominent coastal features (e.g., capes and coastal 
cities) are designated by simple letter abbreviations. The reader is directed to Figure I and to 
Chart I for proper orientation of each section. 

Historical mechanical bathythermograph (MET) profiles and hydrocast data (temperature and 
salinity versus depth) archived in the Master Oceanographic Observation Data Set (MOODS) at  the 
U.S. Navy's Fleet Numerical Oceanography Center (FNOC) in Monterey, California were used to 
calculate indices of mixed layer depth (Table 5) and selected profiles of vertical stability (Fig. 8). 
Mixed layer depths (in meters) were defined and calculated as described by Husby and Nelson (1982). 
The vertical gradient of siqma-t was used as an index of the static stability (E) of the water column, 
as suggested by Hesselberg and Sverdrup (1915; citeg in Sverdrup, Johnson, and Fleming, 1942). 

three locations in the Benguela Current system (Fig. 8). 

to be representative of the coastal regimes, as well. Values of oxygen (mL L -T 1 defined pt standard 

Bimonthly vertical profiles of static stability (E x 10 m- I ) in the upper 300 m are displayed for 
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SURFACE MARINE DATA 

The climatological distributions of sea surface temperature, coastal-oceanic temDeroture con- 
trast, surface layer Ekman transport, wind-generated turbulent energy production, and total cloud 
amount presented in this appendix are based on summaries of data contained in the National 
Climatic Center's (NCC) file of surface marine observations (Tape Data Family-I I). The total f i le 
contains in excess of 50 million individual ship reports dating from the mid-19th century through 
1979. Over 3.3 million of the reports are from the area of the Canary Current system. Summaries 
for the California and Benguela Current regions are based on 1.9 million and I million individual 
reports, respectively. The area off western South America contains an order of magnitude fewer 
surface weather observations (0.3 million). 

Long-term composite summer and winter distributions of surface atmospheric properties were 
compiled by I-degree latitude and longitude quadrangles within the four qeographicol regions out- 
lined in Figure 1. The boundaries of the summary grids ore defined as follows: 

California Current - extends from lat. 20' N to 50°N and from the coast to I S  degrees of 
longitude offshore. 

Peru Current - extends from lot. SOo S to 4's and from the coast to 14 degrees of 
longitude offshore. 

Canary Current - extends from lat. 5' N to 45'N and from the coast to 15 deqrees of 
longitude offshore. 

Benguela Current - extends from lat. 39's to 8's and from long. 35' E to 2' E; off the 
southwest coast, the data extend from the coast to I I degrees of longitude offshore. 

In each case, the data grid parallels the coastline configuration and each I-degree quadri- 
lateral is centered on a whole degree of latitude and longitude. A l l  observations available in the 
TDF-I I f i le within the summary regions were averaged over six, two-month periods. Therefore, a 
mean value for each two-month period and square is formed from a data set which is independent of 
all other months and squares. Although all six bimonthly distributions were examined, we selected 
the January-February and July-August fields to represent the characteristic distributions for sum- 
mer and winter seasons in the respective hemispheres. 

The observations contained in the TDF-I I file vary markedly in methods and precision of 
measurement due to the changes in instrumentation, sampling techniques, and reporting procedures 
over the consider@le time period covered by the data base. Based on the documentation far the 
TDF-I I data f i l e ,  a sinqle pass editor was used to remove grass errors in the data, including 
erronems position reports, and observations of sea surface temperature, wind speed and direction, 
and cloud amount exceeding extreme value limits. Detailed discussions of the sources of meas- 
urement errors and techniques for more refined data editing may be found in Bakun, McLain, and 
Mayo ( I  9741, Nelson (I 9771, and Nelson and Husby (1983). 

The cpatial distributions of surface marine observations are known to be biased to the coast- 
wise and transoceanic shipping lanes between major seaports. Chart 2 shows the distribution of 
total numbers of observations per l-degree quadrangle in each boundary current region. A contour 
interval of 5,000 has been used and values exceeding 10,000 observations per I-degree square are 
shaded. However, note that for the Peru Current region, the contour interval is 500 and values 
greater than 1000 observations per I-degree square are shaded. .In most cases, the highest density of 
reports lies within 300 km of the coast, except off  southwestern Africa, where the narrow main 
shipping lane diverges sharply from the coast north of Cape Columbine. The numbers of reports per  
I-degree square range from fewer than 50 off Peru and Chile to more than 40,000 in the Southern 
California Bight and off the Iberian Peninsula. Summer and winter averages are most reliable within 
the well traveled shipping lanes, but less precise in the offshore regions. Some temporal bias may 
also exist, since approximately 60-80 percent of the total reports have been taken since 1950. 

I. 

2. 

3. 

4. 

- 4/ National Climatic Center, Tape Data Family I I, NOAA/EDIS/NCC, Asheville, N.C. 
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The composite distributions are based on independent I -degree square sample means. Detail 
within a single squure which i s  not supported by similar values in surroundinq squares reflects 
samplinq error. Therefore, when contoured fields have been used to display the results of this study, 
the mean distributions have been machine contoured, subjectively smoothed, and recontwred to  
remove extrerne values which were not supported by data in directly adjacent squares. Typically, 
'bull's-eyes" in the contoured fields reflected a paucity of ship observations or inadequate sampling 
of extreme events. 

Sea Surface Temperature- Charts 3 and 4 

Summer and winter distributions of sea surface temperature (OC) are contoured at intervals of 
Seasonal cycles of sea surface temperature at  selected coastal locations in each boundary I°C. 

current are listed in Table 4. 

Coastal Temperature Anomaly - Charts 5 and 6 

Summer and winter distributions of coastal temperature anornaly were constructed from the 
corres?onding fields of sea surface temperature as follows. A smoothed offshore temperature ref- 
erence was constructed by successively applying, at  each I-degree latitude increment, a Edegree 
latitude by 3-degree longitude moving-average fi l ter centered at the tenth I-degree square from the 
coast. Sampling irreqularities were reduced by discarding the three highest and three lowest values 
of the fifteen sample averages covered by the fi l ter at each step, and averaging the remaininq nine 
values. The value of this offshore reference temperature at the proper latitude was subtracted from 
each I degree averaged sea surface temperature. The coastal temperature anomaly, therefore, is 
the difference between the sea surface temperature at each location and the large-scale tempera- 
ture offshore. The method is similar to that used by Biihnecke (1936; cited in Wooster and Reid, 
1963) to describe the Canary Current and Benguela Current upwelling systems, in that it attempts to  
fi l ter the basin-wide meridional temperature gradient, thereby highlighting local effects. 

Temperature anomalies (OC) are contoured with an interval of I°C. Anomalies less than -2OC 
are shaded. Cross-hatchinq designates positive anomalies greater than I 'C. Negative anomalies 
indicate that the mean sea surface temperature is colder than the offshore reference temperature; 
positive values indicate the opposite. 

Ekman Transport - Charts 7 and 8 

Surface wind reports from the TDF-I I data fi le were used to construct summer and winter 
distributions of surface layer Ekman transport in each of the eastern boundary current regions. 
Ekman transport is  calculated as the ratio of ttz wind stress magnitude to the local value of the 
Coriolis parameter, and is directed 90° to  the right (left) of the surface wind stress in the northern 
(southern) hemisphere. The method of calculation is described by Bakun et al. (1974). To clarify the 
presentations, vector symbols are only plotted for alternate I-degree squares in both latitude and 
longitufe cioordinates. Ekman transport is plotted in units of metric tons per second per meter 
( t  sec- m- ), and vector symbols are scaled according to the key on the charts. 

Scatter diagrams of Ekman transport versus the cube of the wind speed (Fig. 7) are used to 
distinguish between regimes characterized by strong surface layer transport and those dominated by 
wind-generated turbulence. A t  selected locations along each coast, vector means were resolved into 
components perpendicular and parallel to the coast. Coastline angles were determined by visually 
f itt ing a line to the dominant trend of the coast. Estimates of the offshore (onshore) directed 
component of Ekman transport are plotted against the cube of the wind speed in Figure 7. 
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W i d  Speed Cubed - Charts 9 and I O  

The rate at which turbulent kinetic enerqy of the wind is added to the upper ocean and 
becomes available to mix the stable thermocline layers i s  proportional to the third power, or "cube" 
of the wind speed (Niiler and Kraus, 1977). Mean summer and winter distributions of the cube of the 
surface wind speed were compiled from the TDF-I I surface wind rep rts f llowing the methods of 

interval of 250 m sec- . One-deqree means of wind speed cubed ot selected locations in each 
boundary current are plotted against offshore (onshore) Ekman transport in Figure 7. 

Husby and Nelson~1982$ Mean values are plotted in units of 1000 m 3 9  sec- and contoured with an 

Total Cloud Amount - Charts I I and 12 

Mean distributions of total cloud amount were assembled from the TDF-I I data fi le followinq 
procedures modified from Nelson and Hushy (1983). Mean volues are plotted in units of tenths of sky 
obscured and the contour interval is one-tenth. Based on the general patterns of cloud cover, 
certain inferences may be made about the expected distributions of net insolation. In particular, it 
should be noted that the summer distributions (Chart 1 1 )  show relative cloud cover minima at 
coastal locations characterized as centers of upwelling (e.g., Cape Mendocino, Cap Blanc to Cabo 
Bojador, Talcahuano, and Cape Columbine to Lt'deritz). One implication of these distributions is 
that higher levels of incoming shortwave radiation reach the sea surface in the highly productive 
upwelling regions than elsewhere in the eastern boundary current systems (Bakun and Nelson, 1977; 
Nelson and Hushy, 1983). 
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Chart  1. Annual mean surface geostrophic f low (O/lOOO dh, crn sec") and 
dynamic topography (dyn m). 
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Chart 11. Summer distributions of total cloud amount (tenths of sky obscured). 
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