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Prologo del IMARPE

Entre las multiples tareas de IMARPE, una de la mds importantes es aquella de proveer
asesoramiento cientifico concerniente a la pesqueria industrial, basada esencialmente en el
recurso anchoveta, una de las fuentes mas importantes de ingreso de divisas para el Perd.

El personal cientifico del IMARPE y el de su predecesor, el Instituto de Investigacién de
los Recursos Marinos (IREMAR), han estudiado la biologia, dindmica y habitat de la anchoveta,
desde los inicios de los afios 50. Los conocimientos obtenidos a través de estas investigaciones y
los informes emitidos, han ayudado a nuestro gobierno en la formulacién de regulaciones para el
manejo de la pesqueria peldgica durante esta turbulenta historia.

A lo largo de su historia, IMARPE ha albergado proyectos cooperativos de investi gacion
con instituciones extranjeras y ha acogido con beneplacito a cientificos del exterior. Ello ha
robustecido nuestra productividad y ha coadyuvado a afianzar los contactos internacionales, sin
lo cual hoy en dfa, no podrian conducirse investigaciones sélidas y profundas.

En los afios 80, nuestro principal colaborador del exterior ha sido el personal de la
Deutsche Gesellschaft fiir Technische Zusammenarbeit (GTZ), con sede en IMARPE a través
del Proyecto Cooperativo Peruano-Alemdn de Investigacion Pesquera (PROCOPA). Ellos, y sus
contrapartes peruanas, han producido desde 1982 a la fecha, alrededor de 90 contribuciones
sobre diversos aspectos de los recursos del sistema peruano de afloramiento (ver Apéndice II de
este libro}. Estamos muy complacidos con esta alta produccidn.

Este magnifico libro, que es el 4° volumen publicado por PROCOPA y que contiene 11
contribuciones de PROCOPA, representa un adecuado broche final del proyecto mds productivo
que IMARPE ha llevado a cabo en los ultimos anos.

Este libro, al mismo tiempo, inicia una nueva fase para nuestras investigaciones. Sobre la
base de los datos y andlisis que este contiene, asi como aquellos incluidos en su volumen
compariero publicado en 1987, hardn posible finalmente, desarrollar el modelo de simulacién
orientado al manejo de los recursos pesqueros del sistema peruano de afloramiento.

El International Center for Living Aquatic Resources Management (ICLARM), con
ayuda de GTZ, nos apoyardn en esta tarea.

A juzgar por el alto nivel alcanzado en la produccién de este libro y el de su predecesor,
y por la oportunidad en que se presentan, confiamos que este plan que producird un modelo de
simulacién para el manejo de nuestra pesqueria peldgica serd exitosamente implementado y
esperamos con gran interés su culminacién.

Deseo tomar esta oportunidad para expresar a nombre de IMARPE, nuestro
agradecimiento a GTZ e ICLARM por el esfuerzo puesto de manifiesto en este libro;
particularmente al Dr. Salzwedel, peniiltimo jefe de PROCOPA, por su apoyo al taller de trabajo
que condujo a la publicacién de este libro; al Dr. P. Muck, dltimo jefe de PROCOPA, por
nuestra fructifera cooperacion; a Jaime Mendo e Isabel Tsukayama, por su aporte cientifico y
editorial; a los participantes y observadores del taller de trabajo antes mencionado y habilmente
presidido por J. Csirke de FAO. Deseo agradecer también a los Drs. M. Bilio y W. Schmidt de la
sede central de GTZ por su incesante apoyo a PROCOPA, al US National Marine Fisheries
Service por las contribuciones de varios de sus cientificos, y por tltimo en orden pero no en
importancia, nuestro profundo agradecimiento al Dr. D. Pauly, por concebir el taller de trabajo
que generd este libro y por el impulso brindado a todo el equipo comprometido hasta finalizar
con las mds de 400 paginas de esta obra.

Jaime Sobero Taira
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GTZ Foreword

The pace of progress towards a comprehensive understanding of the Peruvian upwelling
ecosystem is astounding: after only a decade of intensive research efforts, a fourth book on the
subject can be published in the context of Peruvian-German cooperation in fisheries research.
The former books were:

i "El Nifio, Su Impacto en la Fauna Marina", edited by W. Arntz, A. Landa and J.
Tarazona (Bol. Inst. Mar Peri - Callao, Vol. extraord. 1985);

il. "The Peruvian Anchoveta and its Upwelling Ecosystem: Three Decades of Change”,
edited by D. Pauly and I. Tsukayama (ICLARM Studies and Reviews 15, 1987);

iil. "Recursos y Dindmica del Ecosistema de Afloramiento Peruano”, edited by H.

Salzwedel and A. Landa (Bol. Inst. Mar Peri - Callao, Vol. extraord. 1988).

The present volume is another example of the catalyzing effect of ICLARM on
international research cooperation, proving the effectiveness of a determined and
methodologically well-organized approach to a clearly defined goal.

The four volumes, as the more bulky parts of a total of over 90 scientific contributions,
are the most conspicuous evidence of the large written output produced by the Programa
Cooperativo Peruano-Aleman de Investigacién Pesquera (PROCOPA), funded by the German
Ministry for Economic Cooperation (BMZ) and executed jointly by the Deutsche Gesellschaft
fiir Technische Zusammenarbeit (GTZ) GmbH and the Instituto del Mar del Peri (IMARPE). It
is hoped that the wealth of information contained in these publications will be recognized and
used by the competent authorities for the purpose for which it was produced: to serve as an
indispensable management basis for a rational and sustained exploitation of the unique fishery
resources of the sea off Peru.

Scientific progress of today is pushed ahead by an ever increasing potential of
information analysis and interpretation through electronic data elaboration. Contrary to a former
tendency to publish only secondary (or elaborated) data, it appears now more useful to make the
entire sets of original data available to the scientific public in order to allow for future
possibilities of even more sophisticated or otherwise differently-oriented analysis. Many tables
of the present volume attest to the application of this principle, as was already the case in the
second book of the above list.

The compilation of the present volume is considered the last step before the development
of a simulation model for the management of the fishery resources of the Peruvian upwelling
system. To develop such a model, all relevant biological, ecological, fishery and economic
information will be integrated into one model, which will be parameterized using data sets now
available as well as data that will emerge in the near future. With the help of this system, it
should be possible to appraise at any time the advantages and disadvantages of different
management options, taking into consideration the current size and fishery potential of the
stocks, the ecological situation (and expected changes) in the distribution area, the requirements
of economical fishing-fleet management, the fish prices on domestic and international markets
and other relevant parameters. The task of making this concluding step has been entrusted to
IMARPE and ICLARM staff.

In the Peruvian-German cooperation in fisheries research, a considerable number of
internationally renowned scientists from countries other than Peru and the Federal Republic of
Germany have been involved. Substantial amounts of original data have been contributed by
researchers of the USA (see Pauly and Tsukayama 1987). In view of the extensive activities of
Soviet research vessels off the Peruvian coast, it would be of great importance to have public
access to pertinent data collected in research efforts made by the Soviet Union. This could
probably contribute to an even broader and more complete view of the ecosystem, in particular
by inclusion of additional information on the straddling stocks of mackerel and horse mackerel
living within and outside of the Exclusive Economic Zone (EEZ) and affecting the anchoveta
stocks as well.
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I conclude by thanking those at IMARPE, PROCOPA and ICLARM who organized and
ran the August 1987 workshop on "Models for Yield Prediction in the Peruvian Ecosystem"
which led to this book, as well as the editors of this magnificent volume.

Mgt %o

Martin Bilio



ICLARM Foreword

This book is the second volume produced by ICLARM dealing exclusively with Latin
American resources. Like its predecessor, ("The Peruvian Anchoveta and its Upwelling
Ecosystem: Three Decades of Change", edited by D. Pauly and I. Tsukayama, ICLARM Studies
and Reviews 15, 1987), this book presents studies based on long time series which are fully
documented in the form of tables included in each contribution. This volume goes beyond its
predecessor, however, in that all of its figures and tables have English and Spanish legends.
Also, the report of the workshop upon which this book is based, is presented in Spanish (see
Csirke et al., this vol.). We hope this will make this book more accessible than its predecessor to
our colleagues in Latin America and, in particular, Peru.

In addition, the editors have included as Appendix I of this book a brief documentation of
twelve 5-1/4" diskettes for MSDOS (i.e., IBM PC compatible) microcomputers, available to
outside researchers for a modest fee from ICLARM, and which contain all data used by the
authors of contributions included in this volume and its predecessor. The editors hope, as do we
at ICLARM, that this will encourage researchers in Peru and elsewhere to perform further and
deeper analyses of these data; such analyses will benefit them as much as it will benefit, in the
long term, the management of the Peruvian fisheries.

ICLARM is extremely pleased to have been able to contribute to the considerable efforts
which went into the production of this volume. Particularly, I would like to express our thanks to
Mr. Jaime Sobero Taira, Executive Director of IMARPE, and his predecessor, Mr. Rogelio
Villanueva, for their support of the August 1987 workshop which led to this volume, and of the
subsequent activities of this project; to Mr. Jaime Mendo and Ms. Isabel Tsukayama for their
scientific and editorial inputs; to the Deutsche Gesellschaft fiir Technische Zusammenarbeit
(GTZ), particularly Drs. H. Salzwedel, P. Muck, M. Bilio and W. Schmidt; as well as to Drs. A.
Bakun, R. Mendelssohn and R. Parrish of the US National Marine Fisheries Service for their
willingness to contribute to this effort.

We at ICLARM look forward very much to our future cooperation with IMARPE and
GTZ and hope that readers will find the present volume to be a useful contribution to the

literature on Latin American resources.

Ian R. Smith
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Abstract

A summary and the conclusions of 8 workshop on "Models for Yield Prediction in the Peruvian Ecosystem”, held on 24-28 August 1987 at
the Instituto del Mar del Pend are presented. Emphasis is given to those presentations and discussions which pertained to long time series and to
consistent data collection and 1o the key elements of a future model of the Peruvian upwelling ecosystem for use in fishery management.

Resumen

Se presenta un resumen y las conclusiones del "Taller de trabajo sobre modelos parz la prediccién del rendimiento en el sistema de
afleramiento peruano”, realizado el 24-28 de Agosto de 1987 en el Instituto del Mar del Peni. Se pone énfasis en aquellas presentaciones y

discusiones referentes a series de tiempo de largo plazo, recoleccion de datos y a los elementos claves para un modelo futuro del ecosistema de
afloramiento peruano para ser usado en el manejo pesquero.

*PROCOPA Contribution No. 86.
LLJ
Present address: Monterey Bay Aquarium Research Institute, P.O. Box 20, Pacific Grove, California 93950, USA.



Introduccién

La reciente publicacién del libro "The Peruvian anchoveta and its upwelling ecosystem:
three decades of change" (Pauly y Tsukayama 1987) pone a disposicién de la comunidad
cientifica internacional un gran voliimen de informacién a nivel mensual desde 1953 hasta 1982
sobre la poblacién y pesqueria de la anchoveta peruana y de las condiciones del ambiente marino
frente al Perd. Se incluyen ademds, algunos andlisis preliminares y otros mds detallados de los
datos presentados en el libro.

Como una primera accién de seguimiento del valioso esfuerzo que significé reunir en un
solo volumen datos de 30 afios de investigaciones, PROCOPA, ICLARM e IMARPE decidieron
convocar este taller de trabajo sobre "Modelos para la prediccién del rendimiento en el sistema
de afloramiento peruano" para lo cual se invit6 tanto a los autores que habfan contribuido con el
libro, asi como a otros expertos internacionales con el fin de discutir, ampliar y analizar la base
de datos disponibles a la fecha.

Los objetivos del taller de trabajo fueron:

i) revisar la base de datos disponsible sobre el sistema de afloramiento peruano y
discutir su utilidad para los fines de investigacién y ordenamiento pesquero;
ii) identificar modelos predictivos y métodos de ordenacién que, teniendo en cuenta

las caracteristicas especiales del ecosistema del afloramiento peruano, puedan ser
m4s adecuados que aquellos modelos de rendimiento en uso, donde por lo general
se asume que el sistemna est4 compuesto por stocks o unidades poblacionales
aisladas que podrian ser mantenidos en un estado de equilibrio;
iii) sugerir lineas de investigacién de mayor interés, tanto para el personal del
IMARPE, como el personal de PROCOPA vy otros grupos o agencias de asistencia
bilateral o internacional vinculadas al sector pesquero peruano, asi como a la
comunidad cientifica internacional.
El taller de trabajo se llevé a cabo en el Instituto del Mar, Chucuito, Callao, Perd, del 24 al
28 de Agosto de 1987 y conté con la participacién de cientificos de IMARPE, PROCOPA ¢
ICLARM como organismos auspiciadores, as{ como de otros organismos nacionales e
internacionales. La lista de participantes se presenta en Tabla 1. El taller se inicié el dia lunes 24
de Agosto de 1987 con las palabras del Blgo. R. Villanueva, Director Ejecutivo del IMARPE, a
cuya sugerencia se rindi6 homenaje a la fallecida Dra. H. Santander, guardando un minuto de
silencio. Sigueron las palabras del Dr. H. Salzwedel, en representacién de PROCOPA y del Dr.
D. Pauly, en representacién de ICLARM. El Almirante AP (R) R, Zevallos Newton, Presidente
del Directorio del IMARPE, di6 por inaugurado el taller de trabajo.
Por aclamacién se eligi6 al Blgo. J. Csirke, de la FAQ, como Presidente del Taller de
Trabajo y al Blgo. J. Mendo, del IMARPE como Relator, luego de lo cual se procedi6 con
las sesiones del Taller segin la agenda aprobada,
Las sesiones consistieron de dos fases. Los dos primeros dias se efectuaron las
presentaciones y discusiones de trabajos de investigacion y datos originales que amplian,
complementan o analizan los datos y resultados ya publicados en el libro, luego de lo cual se
procedi6 a formar dos grupos de trabajo con la finalidad de puntualizar dos de los aspectos
generales de mayor importancia para el Taller:
a) El muestreo, coleccién y andlisis de datos, que fue asignado al grupo que se reunié bajo
la coordinacién del Ing. J. Zuzunaga de IMARPE, actuando como relatora la Blga. G.
Cdrdenas, y

b) Desarrollo de modelos, asignado al grupo que se reunié bajo la coordinacién del Dr. P.
Muck de PROCOPA y donde actué como Relator el Dr. F. Chédvez, del Duke
University.

Luego de haber sido discutidas en plenario, las contribuciones de estos dos grupos de trabajo
fueron incorporadas como partes principales del presente Informe.

Trabajos Presentados

Dentro de las primeras actividades del Taller de Trabajo se programd la presentacién y
discusién de resultados preliminares y avances de trabajo donde se hubieran utilizado los datos



Tabla 1. Lista de participantes del Taller de Trabajo sobre Modelos para la Prediccidn del Rendimiento en el
Sistena de Afloramiento Peruano, IMARPE, Callao, 24-28 Agosto 1987.

Table 1. List of participants of the Workshop on Models for Yield Prediction in the Peruvian Upwelling
Ecosystem, IMARPE, Callao, 24-28 August 1987.

Participantes Observadores Personal de Apoyo
Aglero, Max1 Chirichigno, Norma3 Aranda, Carlos2
Alamo, Alejandro3 Chirinos de Vildoso, Aurora3 Bravo, Ricardo3
Antonietti, Emira3 Izaguirre, Luis10 Calisto, Rosela2
Bohle-Carbonell, Martin4 Martinez, Carlos11 Carbajal, Rogery
Cérdenas, Gladys3 Munaylla, Ulises10 Castillo, Janett3
Calienes, Ruth3 Rivera, Torcuato3 Chaparro, Cecilia2
Carrasco, Sulma3 Robles, Ulises3 Diez-Quificnez, Aida3
Csirke, Jorge5 S#nchez,Enrique 10 Huerta, Michael3
Chévez, Francisco® Soldi, Héctor8 Orué, Carmen3
Dicses, Teobaldo3 Véliz, Marfa3 Silva, Omar3

Espinal, Javierl2 Villanueva, Rogelio3

Espino, Marco3 Wosnitza-Mendo, Claudia2

Fuentes, Humberto3 Zuta, Salvador3

Goémez, Olga3

Lagos, Pablo”

Majluf, Patricia9
Mendieta, Armando3
Mendo, Jaime3
Muck, Peter2
Ochoa, Noemi3
Palomares, Maria Lourdes!
Pauly, Daniell

Peia, Nora3
Salzwedel, Horst2
Tovar, Humberto3
Zunmaga, Jorge3

IICLARM (International Center for Living Aquatic Resources Management), MC P.O. Box 1501, Makati,
Metro Manila, Philippines.

2PROCOPA (Programa Cooperativo Peruano-Alemén de Investigacién Pesquera), Instituto del Mar del Peni,
P.O. Box 22, Caliao, Peri.

3IMARPE (Instituto del Mar del Peni), Esq. Gamarra y Gral. Valle s/n, La Punta-Callao, Per.

Hnstitut fiir Meeresksunde, Troplowitzstr. 7, 2000 Hamburg 54, Repdblica Federal de Alemania.

50rganizacién de las Naciones Unidas para la Agricultura y la Alimentacién (FAO), via delle Terme di
Caracalla, 00100 Roma, Italia.

SDuke University, Marine Laboratory, Rivers Island, Beaufor, North Carolina 285 169721, USA.

TIGP (Iastituto Geofisico del Peni), Los Alamos 241, San Isidro, Lima, Perd.

8DHNM (Direccién de Hidrografia y Navegacién de la Marina), Gamarra 500, Chucuito, Callao, Perd.

9Large Animal Research Group, Dept. of Zoology, University of Cambridge, Cambridge CB3 ODT, Inglaterra.
Present address: Dpio. de Biologia, Universidad Cayetano Heredia, Apdo. 5045, Lirna 100, Peni.

LOMIPE (Ministerio de Pesquerfa), Paseo de 1a Repiiblica 3103, San Isidro, Lima, Perd.

11[FOP (Instituto de Fomento Pesquerc), Casilla 1287, Santiago, Chile.

12PESCA PERU, Av. Petit Thouars 115, Casilla 4682, Lima 100, Perd.

publicados en el libro editado por Pauly y Tsukayama (1987), asi como la presentacién de
nuevos datos que podrian ser considerados en las series de tiempo disponible.

La primera presentaci6n estuvo a cargo del Dr. Max Agiiero ICLARM), quien sustent6 su
trabajo anterior (Agiiero 1987) y en el que se trata de integrar en un modelo de programacién
matemdtica, los diferentes componentes del sector pesquero con el objeto de determinar el
rendimiento econémico 6ptimo en la explotacién de un recurso (por ejemplo la anchoveta).

Dicha presentaci6n hace una revisién de la evolucién de la pesqueria de la anchoveta desde
el punto de vista econémico, basado en los datos del libro antes mencionado.



La versatilidad del modelo est4 dada por la inclusi6én de diferentes curvas de rendimiento,
datos ambientales, variacién de precios, esfuerzo de pesca, etc.

En base a lo presentado por el Dr. Agilero, se llegé a la conclusién de que si se tiene como
objetivo maximizar el rendimiento econémico neto de la pesqueria, serd necesario ajustar
modelos como el propuesto donde se integra la parte biolégica y los aspectos econdmicos. Esto
darfa lugar a un trabajo conjunto entre las entidades que se dedican a la investigacién (i.e.,
IMARPE) y a las que planifican la economia en el sector pesquero (Instituto Nacional de
Planificacion, Ministerio de Economii y Finanzas, etc.).

La experiencia del colapso de la anchoveta en los afios setenta y la necesidad de evitar que
se repitan, nos obliga a €sta integracion, ya que por un lado se estard preservando el recurso y
por otro, se obtendr4 un rendimiento econémico superior.

La presentacién del Dr. M. Bohle-Carbonell sobre cambios temporales del sistema de
afloramiento peruano, analizando los datos de series de tiempo disponible, llega a la conclusion
que muchos rangos de variables independientes estan describiendo un camino fraccional al azar
(Bohle-Carbonell, este vol.).

Los anlisis espectrales de las series de tiempo muestran una variabilidad temporal de
mucho ruido ("noisy temporal changes") con una sefial estacional débil ("weak seasonal signal™).

As{ mismo, para rangos cubiertospor la variable independiente no se ha encontrado un
ajuste, por lo que los cambios de las variables dependientes son m4s complicados que lo asumido
por un modelo estad{stico simple.

La interpretacién geométrica indica que dentro de los datos observados existen rangos de
combinaciones de pardmetros improbables. Ciertos valores o combinaciones de valores de la
variable dependiente no son posibles de obtener. Desde el punto de vista biol6gico esto puede
significar que el sisterna se encuentra en multiples estados de equilibrio.

Esta presentacién sugiere que el modelaje y el andlisis de datos debe tratarse con un sentido
estadistico.

El Dr. E. Chévez (Duke University, Marine Lab.) contribuy6 con la presentacién de un
modelo para estimar el potencial de la nueva produccién primaria, usando series de tiempo
mensuales de 1953 a 1984. El se basé en datos de afloramiento y profundidad de la termoclina
publicados por Bakun (1987) y Brainard y McLain (1987), respectivamente. La profundidad de
la termoclina fue convertida a concentracién de nitrégeno a los 60 m usando una relacién entre la
profundidad de la termoclina y la concentracion de nitrato a 60 m.

Durante los afios de "El Nifio” aumenta el transporte vertical (afloramiento), pero la
concentracién de nutrientes en las aguas afloradas son bajas. Este incremento en el transporte
vertical hace que Ia produccién primaria estimada por el modelo durante los afios "El Nifio" sea
més alta de la esperada (Chévez et al., este vol.).

Este modelo simple puede ser muy itil para el cdlculo de los nutrientes en base a pardmetros
fisicos, sin embargo la parametrizacién de las variables debe mejorarse con el objeto de que el
modelo adquiera una mayor robustez (ver Mendo et al., este vol.).

Un resumen del estado actual de la investigacién cuantitativa del macrobentos en el Peri fue
presentado por el Dr. Horst Salzwedel (PROCOPA). La mayorfa de los trabajos cuantitativos se
publicaron después de 1980, siendo las dreas de mayor interés la Bahfa de Ancén (40 km al norte
de Lima) y la plataforma continental entre 1208 (Callao) y 3030’S (Ecuador). Para la Bahia de
Ancoén, existen series de tiempo de datos desde 1981 hasta la fecha, cubriendo as{ afios
normales y afios "Nifio". Para el sublitoral, m4s all4 de los 25 mde profundidad hay sélo tres
cruceros efectuados por el IMARPE (1981, 1983 y 1984) de los cuales el material ha sido
evaluado hasta el nivel de especies.

Una recopilacién de los datos existentes revela los siguientes resultados: Nifios moderados
(1976, 1987) suben la concentracién promedio del oxigeno y la temperatura de las aguas
cercanas al fondo sélo hasta los 9°S apréximadamente. Se encuentran con altas biomasas y
densidades y bajo niimero de especies, siendo ellas bien adaptadas a las bajas concentraciones de
oxigeno durante afios normales. Uniendo los datos del sublitoral de 3 m hasta 4,000 m de
profundidad resaltan desfases en las biomasas y las densidades en apréximadamente 80 m de
profundidad que por ahora no se han podido explicar por la cantidad limitada de datos evaluados.

Se concluye que los conocimientos cuantitativos del macrozoobentos son muy €scasos para
poderlos relacionar en forma adecuada con las largas series de tiempo que existen para otros
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datos abidticos y bibticos contenidos en el libro. Se recomienda continuar con las investigaciones
regulares en la Bahia de Ancén y ampliarlas a aguas m4s profundas.

La Dra. P. Majluf (Cambridge University), present6 algunos aspectos de la ecologia y
produccion del lobo fino (Arctocephalus australis) de Punta San Juan, Perd (15022°S) durante
1983 y 1987, asf como de la dieta, comportamiento alimenticio, reproduccién, crecimiento y
mortalidad de crias. Los resultados indican que los lobos consumen predominantemente
anchoveta adulta y que las variaciones en la disponibilidad local para la flota pesquera se reflejan
en la composicién y diversidad de la dieta.

Con referencia a otras especies de lobos del mismo género, las mortalidades encontradas
fueron altas, especialmente durante el fenémeno de "El Nifio" 1982-83 y en 1984-85. Las
mayores mortalidades de las crias (de 0-30 dias de edad) durante la temporada de reproduccién
(40%), se debi6 principalmente a la alta densidad de hembras en la playa donde se reproducen.
La mortalidad entre los 30 dfas y un afio de edad parece estar relacionada con cambios en la
disponibilidad de anchoveta adulta para los lobos (Majluf, este vol.).

El incremento de la poblaci6n de lobos coincide con un incremento en su proteccién; sin
embargo no se descarta el efecto de la disponibilidad local del recurso de anchoveta
principalmente para las madres.

El andlisis presentado por la Srta. Majluf, sugiere que se podria tomar a los lobos como un
indicador de la disponibilidad local de anchoveta y por lo tanto, como una medida de la captura
por unidad de esfuerzo.

Por otro lado, dado el dafio que provoca la poblacién de lobos a los pescadores locales, es
importante plantear la alternativa de utilizar a los lobos como un atractivo turistico. Esto
permitirfa el ingreso de divisas que compensarian las pérdidas de los pescadores en cuanto a
redes se refiere.

ElBlgo. A. Alamo (IMARPE), expuso un anélisis preliminar del contenido estomacal de la
anchoveta. En su presentacién hizo la comparacién de la dieta de la anchoveta bajo los efectos
de "El Nifio" y bajo condiciones normales. Durante "El Nifio" se increment6 la proporcién de
copépodos consumidos por anchoveta. Para la interpretacin de estos cambios, se sugirié que se
realice un andlisis multivariado tomando en cuenta variables tales como temperatura, hora, dia,
estacionalidad, variaciones interanuales, latitud, etc. Este estudio se podr4 llevar a cabo en el
futuro utilizando la base de datos disponibles sobre contenido estomacal (ver Rojas de Mendiola,
este vol., Alamo, este vol., Pauly et al, este vol.).

El Blgo. H. Tovar (IMARPE) present6 los resultados de un estudio sobre la predacién del
piquero (Sula variegata, Tschudi) sobre algunos recursos icticos del litoral peruano, sosteniendo
que en febrero de 1986, el piquero se alimenté principalmente de anchoveta (Engraulis ringens
J.) y en menor proporcién de otras especies como sardina (Sardinops sagax), jurel (Trachurus
murphyi), pejerrey (Odonthestes regia), cojinova (Seriolella violacea), anchoveta blanca
(Anchoa nasus) y de agujilla (Scomber saurus). Dentro de la discusién de éste tépico se
considero de interés el uso de los bolos alimenticios como un indicador local de 1a poblacién de
anchoveta y de su disponibilidad como alimento. Por otro lado, se enfatizé la necesidad de
continuar con la obtencién de informacién mensual de las poblaciones de aves guaneras, asf
como la realizacién de censos poblacionales para lo cual es necesario la coordinacién con la
Direccién de Fertilizantes de Pesca-Pert.

El Dr. P. Muck (PROCOPA), present6 una revisién general de las tendencias mostradas por
las poblaciones incluidas en el libro de Pauly y Tsukayama (1987). En su an4lisis, mostré que las
poblaciones de anchoveta, bonito y aves guaneras disminuyeron entre los afios 1960 y 1980, y la
flota bolichera a partir de 1970. Sin embargo la disminucion de la flota no fue suficiente para
evitar la drdstica disminucion de dichas poblaciones. La merluza (Merluccius gayi), jurel y
caballa se mantuvieron estables y la sardina y los lobos marinos aumentaron su poblacién
durante el perfodo cubierto por el estudio.

Se sefialé que la sobrepesca fue la principal responsable del descenso de las poblaciones
mencionadas en primer término. Por otro lado el jurel, merluza y caballa incrementaron sus
poblaciones ya que sufrieron capturas limitadas y no son dependientes de la disponibilidad de
anchoveta. El incremento del stock de sardina en cambio est4 asociado a la disminucién del
stock de anchoveta, la que preda los huevos de sardina y ademds compite con ella por el
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alimento. Por otro lado, el incremento de 1a poblacién de lobos marinos se debi6 principalmente
al incremento de la proteccién legal.

En general, los cambios biolégicos observados en el ecosistema peruano en los 20 afios, se
deben principalmente a los efectos directos e indirectos de la sobrepesca y al fenémeno de "El
Nifio" que actué solo como un factor agravante (Muck, este vol.).

La Blga. S. Carrasco IMARPE), present6 las variaciones de la biomasa del zooplancton en
el mar peruano en base a muestreos realizados por IMARPE durante el perfodo 1964- 1987. Los
resultados indicaron una disminucién notable de los valores de biomasa a través de los afios (ver
Carrasco y Lozano, este vol.). Se observa una similitud entre las variaciones en la biomasa de
zooplancton y la variacién en la biomasa de anchoveta, sugiriendo que en la década de los afios
60 existfa un ecosistema (no sélo en lo que se refiere a peces peldgicos) diferente al que existe
actualmente. Igualmente durante los afios "El Nifio" existen cambios en la distribucién de
zooplancton, en los que se observa que los méximos en la abundancia se encuentran mis
alejados de la costa que en condiciones normales y as{ mismo, una disminucién en la abundancia
de zooplancton. Se concluye al respecto la necesidad de estudiar las causas de ese decrecimiento
en relacién con el fitoplancton, el consumo de peces planctivoros, ete. Se hizo hincapié que atin
existen muchos datos histéricos que necesitan trabajarse. Se recomienda que esta informaci6n
sea extrafda, estandarizada y publicada.

El Blgo. J. Csirke (FAQ), present6 un andlisis de las fluctuaciones del coeficiente de
capturabilidad mensual para el perfodo comprendido entre el afio 1961 y el afio 1972, el cual serd
ampliado con nuevos datos disponibles en IMARPE para los afios m4s recientes (ver Csirke, este
vol.). Los resultados presentados muestran una clara estacionalidad en la fluctuacién del
coeficiente de capturabilidad, el que alcanza valores maximos en los meses de verano y
disminuye considerablemente en invierno. El resultado mds interesante €s que los datos muestran
una relacién inversa entre el coeficiente de capturabilidad y la biomasa de anchoveta, donde el
coeficiente de capturabilidad aumenta en forma exponencial a medida que la biomasa total
disminuye. Este tipo de relacién es semejante al encontrado en algunas poblaciones de peces
pelagicos pequefios en otras partes del mundo, y constituye una primera prueba de que en la
anchoveta peruana también se da este tipo de relacién depensatoria que implica un aumento de la
mortalidad por pesca a menor abundancia del recurso. Este hallazgo también refuerza la
observacién hecha a inicios de los afios setenta de que la capturabilidad de la anchoveta no era
constante, en base a lo cual se abandon6 la coleccién y uso de datos de captura por unidad de
esfuerzo para estimar fluctuaciones del recurso y para la aplicacién de modelos de produccion.
Los resultados presentados demuestran sin embargo que, al ser posible determinar la posible
relacién entre el coeficiente de capturabilidad y la biomasa total, es posible usar esta informaci6n
para corregir los valores de captura y esfuerzo. Se recomend6 por tanto que sé reinicie e
intensifique la coleccién de datos de esfuerzo usando en lo posible medidas alternativas del
poder de pesca, los cuales constituyen un medio til para monitorear las fluctuaciones de la
abundancia a bajo costo, los cuales sin embargo, se deberdn validar y complementar con
estimaciones hechas por otros métodos.

El Dr. P. Lagos (IGP) present6 un trabajo sobre la variabilidad estacional de la temperatura
superficial a lo largo de la costa del Perd. Usando las series de tiempo mensuales de calor neto
local, transporte Ekman y profundidad de la isoterma de 14°C, se ha llegado a pronosticar la
estacionalidad media de 1a temperatura superficial del mar.

El concluye que la estacionalidad media consiste de una variabilidad anual debida al calor
local, probablemente con un cambio pequefio de 1a amplitud y fase de afio a afio y de una
variabilidad semi-anual debido a la dindmica interna del ocedno.

Los resultados del estudio de balance del calor pueden ser usados en el desarrollo de los
modelos fisico-biolégicos que requieren las tendencias de las condiciones ambientales.

Modelaje del Ecosistema Peruano
Necesidad de un Modelo

En la actualidad los administradores de la pesca no disponen de un instrumento para
predecir las fluctuaciones anuales de la biomasa de recursos pesqueros. La pesquerfa peldgica
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frente a Per estd compuesta de miiltiples especies, cuya abundancia relativa es una funcién de la
pesquerfa y de los cambios biticos y abiéticos. Para tratar con un gran nimero de propiedades
que varfan con el tiempo y que afectan en forma diferenciada la abundancia de cada especie, es
necesario algun tipo de modelo computarizado capaz de simular el ecosistema pel4gico. Este
modelo ayudar4 a estimar el esfuerzo con que deberd explotarse cada una de las especies que
componen ¢l ecosistema. Por ejemplo, el modelo podrd mostrar como la biomasa de 1a especie A
podria afectar la biomasa de la especie B (para la costa peruana las especies A y B podrfan ser
anchoveta y sardina). El modelo podrfa tener no sélo valor predictivo sino también de
diagnéstico, por lo que podria utilizarse también para explorar posibles interacciones. En este
nivel, el modelo identificaria los componentes criticos del ecosistema (y sus funciones que la
deciden) lo cual requiere estudios més detallados. En el futuro, éste modelo también proveerfa
los datos requeridos en un modelo econémico.

Tipo de Modelo Necesario

Este tpico requiere de un amplio estudio. Se sugiere varios niveles o tipos de modelo que

pueden intentarse:

a) Un modelo de "anchoveta" que utilice la serie de tiempo disponible para predecir el
reclutamiento en base a las relaciones con los factores biéticos y abi6ticos para el manejo
de los recursos.

b) Un modelo de evaluacién de stock de peces que incluya sélo aquellos elementos de
magnitud suficiente como para alterar los stocks de peces. Por ejemplo, los mamiferos
que no predan peces a altos niveles deberdn ser excluidos.

¢) Un modelo del ecosistema que adicione al modelo de evaluacién del stock de peces
aquellos elementos del sistema peldgico que no fueron incluidos en el ejercicio previo.
Estos elementos (por ¢j. aves y mamiferos) no afectan la variabilidad de los stocks de
peces, sin embargo, son afectados por la variabilidad en los stocks de peces. Estos
elementos tienen valor socio-econémico y requieren ser tomados en consideracién.,

El desarrollo del modelo deber4 considerar siempre el gran objetivo, cual es definir el nivel

de explotacién de un stock y la especie preferida.

Validez del Modelo

El modelo contemplar, en base a la serie de tiempo disponible, (1) 1a entrada de datos para
el modelo, y (2) la verificacién de la validez del modelo. Un modelo predictivo y realistico
deberd captar la estructura esencial de la serie de tiempo existente.

A continuacién se presenta el concepto iterativo simple del desarrollo del modelo:

a) empezar con el modelo conceptual més simple,

b) desarrollar funciones de transferencia,

c) correr el modelo utilizando datos mensuales y comparar los datos observados, y

d) mantener o cambiar las funciones de transferencia para obtener un "mejor" dato

simulado.

Forma Conceptual del Modelo

El modelo conceptual deberd incluir: 1) producci6n primaria y secundaria, los peces
(anchoveta, sardina, jurel, caballa y merluza) y la pesquerfa como parte del componente biético;
y 2) temperatura superficial del mar, fuerzas metereolégicas locales y remotas y temperatura
subsuperficial como parte del componente abi6tico. El modelo de ecosistema incluird aves y
mamiferos (ver Fig. 1).

Las dos dimensiones predictivas importantes del modelo son el espacio y el tiempo,
requiriéndose también la componente geografica. La resoluci6n espacial deberd incluir el 4rea
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Fig. 1. Elementos a ser considerados en un modelo de simulacién del ecosisterna de afloramiento peruano. Notar el papel importante de la

temperatura superficial del mar (TSM) y los pardmetros derivados del viento.

Fig. 1. Elements to be considered in a simulation model of the Peruvian upwelling ecosysiem. Noie strong role of SST- and wind-dernived
paramelers.




principal de distribucién de la anchoveta, esto es 4-140S y 60 millas mar afuera, que de ser
necesario podria ser dividida.

Los Datos y sus Caracteristicas

La serie de tiempo existente, gran parte de la cual ha sido compilada y publicada en Pauly y
Tsukayama (1987) provee una base de datos suficiente para iniciar el modelaje de multiespecies.
Las series de tiempo de datos que aun faltan (por ej. zooplancton) deber4n reconstruirse
utilizando la literatura y datos no publicados de IMARPE y/o por funciones de transferencia a
partir de por €j., la produccién primaria.

El modelo deberd simular los cambios de los peces en cada paso. Ello significa que el
modelo deberd incluir efectos no lineales. Existen modelos que ya simulan pasos como cambios
en las poblaciones de peces, pudiendo incorporarse dichas ecuaciones en el presente modelo.

Los diferentes compartimentos del modelo deberdn mantener un grado similar de
complejidad de forma que sean compatibles. Por ejemplo, el compartimento de produccién
primaria deber4 ser compatible con el de produccién de peces.

La gran cantidad de caracteristicas oceanograficas deberd ser investigada, poniendo
particular atencion en los cambios que pudieran no haber sido observados en las estaciones
costeras. Un ejemplo es la distribucién de las aguas sub-tropicales superficiales (ASS) que
podrian definir €l tamafio del habitat de la anchoveta. Existen evidencias de cambios
sistemdticos en la distribucién de estas masas de aguas con anterioridad a la generacién de
perturbaciones que se propagan hacia el Este (ondas Kelvin) en el Pacifico Oriental (Bohle-
Carbonell, este vol.). La fuerza remota es responsable de los draméticos efectos de "El Nifio"; sin
embargo, los cambios que ocurren antes del fenémeno de "El Nifio" también pueden tener
efectos dramdticos sobre las poblaciones de peces. Se recomienda mantener comunicacién con
modeladores que trabajan a mayor escala (por ejemplo con aquellos que trabajan con la zona del
Pacifico Tropical de Australia a América del Sur).

Acciones Futuras

Deberd continuarse con el muestreo que provee los datos para la serie de tiempo existente.
Estos incluirdn datos de biomasa temporal y espacial, elementos biolégicos del modelo,
comportamiento de alimentacidn, tasas de explotacién (captura), asf como factores abiéticos
tales como viento y datos hidrogréficos. Los datos deberdn estandarizarse y analizarse en tiempo
real a fin de proveer las entradas de datos requeridas en el modelo. Se pondr4 especial atenci6n a
la coleccién de datos de composicion, biomasa y produccién del fitoplancton y zooplancton.

Para lograr el gran objetivo del modelaje, cual es el de crear un instrumento para el manejo
pesquero, IMARPE y PROCOPA deberdn formalizar un compromiso para este modelaje
mediante la conformacién de un grupo de trabajo.

Los esfuerzos para el modelaje deberdn iniciarse lo antes posible. La informacién compilada
y publicada en Pauly y Tsukayama (1987), en este volumen, asi como los datos de IMARPE atin
no procesados, son suficientes para iniciar el modelaje del ecosistema del mar peruano.

Andlisis y Coleccion de Datos

Las diferentes actividades que deben desarrollarse en el anlisis y coleccién de datos han
sido divididas de acuerdo a la necesidad de implementar nuevos datos de series de tiempo, al
procesamiento de €stos y a las prioridades que se deber4n tener en cuenta para el modelaje del
ecosistema. Estas se resumen de la siguiente forma:

A. Coleccion de Datos

Dentro de la gama de informacién factible de ser colectada se ha priorizado aquellas
indicadas en la Tabla 2 adjunta.
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Tabla 2. Coleccién de datos generales para los estudios de investigacion de IMARPE.

FRECUENCIA
TIPO FUENTE INFORMACION ESPACIO TIEMPO
ESPECIFICA
BIOLOGICO PESQUERIA Composicion por especies Ptos/Areas Mensual
Longitud Puerto Mensual
Peso Puerto Estacional
Edades Regién Estacional
Alimentacién Regién Estacional
Madurez Regién Estacional
Grasa Puerto Estacional
PROSPECCION Biomasa Regién Semestral
PESQUERA CPUE Regién Semestral
Longitudes Regién Semestral
Produccién Primaria Regién Estacional
Producci6n Secundaria Puerto
OTROS Poblacién aves Islas/Puntas Mes
Alimentaci6n aves Islas/Puntas Estacional
Poblacién mamiferos Estacional
ESTADISTICO PESQUERIA Captura Pro/Regién Mensual
Esfuerzo Flota Mensual
CPUE Flota Mensual
AMBIENTAL Estac. fijas Temp. Puerto Diaria
OCEANOGRAFICO Salinidad Puerto Diaria
Nivel del Mar Puerto Diaria
Exploracién Temp., 05 S %o Regitn Mensual
Nutrientes Regién Mensual
Satélite TSM, Corrientes Global Mensual
METEOROLOGICO CORPACy Vienios, temp. del aire Local Diario
Estac. fijas Presién atmosférica
Satélite Vientos, radiacién y nubes
ECONOMICO Playa, Precios Segiin diano/
Mayorista muestra semanal
Consumidor
MERCADO

B. Evaluacion de las prioridades y problemaética

Los datos colectados por IMARPE deben estar orientados al logro de dos aspectos

fundamentales:

- Optimizar el asesoramiento al gobierno, particularmente al sector pesquero en la
toma de decisiones para un mejor manejo de los recursos.
- Desarrollar modelos propios del ecosisterna aplicando metodologias que tengan
capacidad predictiva.

Para el logro de estos objetivos se sefiala la necesidad de resolver problemas referentes a:

- Alto costo que requiere la toma de informacién a través de las exploraciones en el
mar, muestreo de pesquerias, adquisicién y mantenimiento de equipos de laboratorio,
transporte, etc.

- Insuficiencia de recursos humanos y necesidad de capacitacién permanente del
personal existente que se encarga de la coleccién de datos.

- Deficiencia de coordinacién y apoyo de entidades estatales y privadas del sector

pesquero ¢ instituciones afines.
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C. Analisis de 1a Informaciéon

La informacién colectada deberd ser procesada y analizada utilizando los métodos
disponibles, enfatizdndose la necesidad de estandarizacién de los mismos y el uso méximo
de las computadoras disponibles en el IMARPE. El objetivo final deber4 ser la publicacién
de los resultados.

D. Politica de intercambio de datos
El intercambio de datos se plantea en dos niveles:

- Difusién inmediata de datos, sujeto simplemente a la culminacién de su recopilacién,
consistencia y procesamiento bdsico.
- Difusién mediata, con la elaboracién de informes cientificos e informes varios.

La oportuna difusién de la informacién en ambos niveles estard condicionada por las
facilidades de edici6n y publicacién de informes.

Conclusiones y Recomendaciones

En base a las presentaciones que se hicieron durante los dos primeros dfas del taller y
las discusiones sostenidas en Plenario y en los Grupos de trabajo, se llegé a las
conclusiones y recomendaciones siguientes:

a) El conocimiento cientifico acumulado hasta la fecha debe volcarse en un modelo
que permita predecir las fluctuaciones anuales de la biomasa de recursos
pesqueros, ademds de poder ser utilizado para explorar los resultados de distintas
alternativas de administracién o manejo pesquero.

b) Ademds del modelo del ecosistema del mar peruano se requiere un modelo que
integre tanto la parte biolégica, como los aspectos econémicos. Este tipo de
modelo serd particularmente itil si se tiene como objetivo maximizar el
rendimiento econémico neto de las pesquerias peruanas y requerird un trabajo y
colaboracién mds estrecha entre las entidades nacionales que se dedican a la
investigacién (IMARPE) y los que planifican la economia en el sector pesquero
(Ministerio de Pesquerfa, Instituto Nacional de Planificacién, Ministerio de
Economia y Finanzas).

¢) Los esfuerzos para concretar la formulacién de estos modelos deben iniciarse lo
antes posible, considerdndose que la informacién publicada en el libro editado por
D. Pauly e I. Tsukayama recientemente, la informacién incluida en €ste volumen
y los datos atin no procesados que posee IMARPE son suficientes para inciar el
modelaje del ecosistema del mar peruano.

d) Para permitir que este modelo pueda ser empleado en forma efectiva en el futuro,
se recomienda que se continiien los muestreos que proveen de datos para
actualizar las series de tiempo disponibles. Esto incluye datos sobre cambios de la
biomasa y las capturas, as{ como otros elementos biolégicos (alimentacién,
plancton, etc.) y factores abidticos (vientos, datos hidrogrificos, etc.).

e) Para lograr este gran objetivo de modelar el ecosistema del mar peruano, el
IMARPE deber4 propiciar la formacién de grupos de trabajo conformados por
cientificos altamente especializados del pafs y del extranjero, cuya participacién
en este ejercicio podrd ser canalizada en base a la cooperaci6n técnica bilateral e
internacional ya existentes u otros que podrian instituirse en el futuro. Dentro de
este contexto, PROCOPA ha jugado un rol catalizador muy importante que, en
opinién del Taller de trabajo, deberfa ser continuado y reforzado para apoyar al
IMARPE en la puesta en prictica ¢ implementacién de las otras recomendaciones
que se hacen en este Informe. Se consider6 que también se deberfa estimular la
participacion de otras agencias y organismos de asistencia técnica internacional,
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resaltdndose el apoyo recibido de ICLARM, asi como la participacién de la FAO
en este taller.

f) Con respecto al colapso de importantes pesquerias y la disminucién de algunos
recursos del ecosistema del mar peruano tales como la anchoveta, el bonito y las
aves guaneras, el taller concluyé que alin cuando los cambios del ambiente han
jugado un rol importante, fue la sobrepesca la causa principal del colapso y
disminucién de estas poblaciones. Otras poblaciones como jurel, merluza y
caballa han aumentado en los ltimos afios ya que han sido explotadas en forma
limitada y no dependen de la disponibilidad de anchoveta. En cambio el aumento
de la poblacién de sardina sf parece estar asociado con la disminuci6n de las
poblaciones de anchoveta, a nivel de predacién de huevos y competencia por
alimento.

g) En el taller se mostr6 que es posible encontrar una estrecha relacién entre el
coeficiente de capturabilidad y la biomasa total, lo cual permitiria corregir los
datos de captura por unidad de esfuerzo cuyo uso para fines de evaluacién de la
pesca se abandond a inicios de los afios 70 al constatar que la capturabilidad no
era constante. Dado que serfa posible corregir y usar los valores de captura y
esfuerzo, se recomienda que se reinicie y se refuerce la coleccién y procesamiento
de este tipo de datos, los cuales constituyen un medio iitil y de bajo costo para
monitorear las fluctuaciones de la abundancia del recurso, complementando asi
las estimaciones que se hacen con otros métodos. Esta informacién de captura y
esfuerzo podr4 también ser empleada en andlisis econémicos de la pesca.

h) El taller también acordé resaltar que hay informaci6n sobre la abundancia y
comportamiento de aves y mamiferos marinos que pueden ser empleados como
indicadores de posibles cambios en el ecosistema y en las poblaciones de peces.
Se acordé por lo tanto recomendar que se contintie con la coleccién y el andlisis
de la informacién mensual de la poblacién de las aves guaneras y que se prosiga
con los censos poblacionales en coordinacién con la Direccidn de Fertilizantes de
Pesca-Peri. Se recomienda asf mismo que se considere también la posibilidad de
emplear los bolos alimenticios de aves guaneras para obtener informacion sobre
estructuras por tamaiios y disponibilidad de anchoveta. Se sefialé también que los
lobos marinos podrfan ser empleados como indicadores de la disponibilidad local
de anchoveta.

i) En cuanto a otros datos biolégicos, se recomienda que se intensifiquen los
estudios de alimentacién de peces en sus diferentes estadios y, como parte del
sistema de coleccién de informacién en el mar, se recomienda que se establezcan
estaciones fijas para la coleccién de muestras y datos biolégicos en forma similar
a como viene haciéndolo el grupo de oceanografia del IMARPE para obtener
datos abiéticos.

j) Para mejorar la coleccién y andlisis de datos se recomend6 que se realicen
conversatorios periédicos para evaluar los sistemas de coleccién y procesamiento
de datos.

k) Se resalté que uno de los objetivos finales y principales de todo trabajo cientifico
es publicar los resultados de las investigaciones y se recomendo que los
cientfficos del IMARPE tengan esto como meta final. Para ello se requerird que al
preparar proyectos de investigacion se asegure la asignacion de fondos necesarios
para publicar los hallazgos del proyecto.
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Abstract

The behavior of the Peruvian upwelling ecosystem is shown to be determined to a large degree by random events which'make it oscillate
between multiple disjoint states. The mean characteristics of these nonstationary random processes were identified panly as resulting from a
correlated fractal noise process. Thus, any prediction of future changes of the Peruvian upwelling ecosystem must consider its stochastic nature.
Predictions relevant for management decisions for periods longer than some months ahead may be beyond reach. However, physical parameters
were identified which are most closely related to changes of anchoveta biomasses than those commonly observed 1o characterize El Nifio events.
This allows the development of new monitoring schemes and will lead to a better understanding of the dynamics of the interface between physics
and biology in the Peruvian upwelling system.

Resumen

Se demuestra que el comportamiento del ecosistema peruano de afloramiento esta determinado, en un alto grado, por eventos aleatorios
que lo hacen oscilar entre miiltiples esiados disjuntos. La media caracteristica de esios procesos aleatorios no eslacionarios fué identificado
parcialmente como un resultado de procesos correlacionados de ruido fractal. Es decir, una prediccion de futuros cambios del ecosistema peruano
de afloramiento debe considerar su naturaleza estocistica. Predicciones relevanies, para decisiones administrativas, de periodos mas allé de
algunos meses estan probablamente fuera de alcance. Sin embargo, fueron identificados pardmetros fisicos, los cuales esian mas cercanamente
relacionados a cambios de 1a biomasa de anchovela que aquellos comunmente observados para caracterizar los eventos de El Nifio. Esto permite
el desarrollo de nuevos esquemas de monitoreo y conducird a un mejor entendimiento de las dindmicas de la interfase entre fisica y biologia en el
sistema peruano de afloramiento.

Introduction

The Peruvian upwelling system is one of the most productive fishing grounds of the world.
Its fishery yields depend in a complex manner, as recently illustrated in a monograph edited by
Pauly and Tsukayama (1987), on physical and nonphysical conditions. However, a clear under-
standing of many of the underlying mechanisms is still lacking.

The question to be tackled here concerns the predictability of the Peruvian upwelling
system. However, no prognostic will be given; rather, the past will be investigated to determine
how much of the observed changes were due to random events. Thus, it is the degree of
stochasticity of the Peruvian upwelling system which is dealt with here. Less stochasticity will
be assumed to imply a high degree of predictability.

It may seem strange to attribute the label "stochastic” to an ecosystem, especially if, as
generally, each individual interaction in this ecosystem can be described in a deterministic way.
However a deterministic description of any system is no assurance against probabilistic
properties of that same system (Lasota and Mackey 1985). The prerequisite of stochastic
properties, or apparently chaotic behavior, is a nonlinear and dissipative dynamic system (Bohr
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and Cvitanovic 1987). This prerequisite is fulfilled with regard to the nonlinearity of the physical
laws of hydrodynamics and to most biological processes. The nondissipative character of the
system will depend on a special choice of the dynamic constants.

The physics of the Peruvian upwelling system are locally and remotely forced by
meteorological events. The local winds drive the upwelling and the remote winds over the
central Pacific trigger perturbations which may reach the Peruvian coast. The fluctuations of the
winds around the seasonal and diurnal average conditions are random. When the forcing is
stochastic, e.g., a white noise, the response of the forced system may quite well be deterministic,
if it is a well-tuned oscillator. But, does the Peruvian upwelling system function like a well-tuned
oscillator?

The Peruvian upwelling system is sensitive to El Nifio - Southern Oscillation (ENSO)
events. These events are understood as produced by the feedback of the ocean atmosphere
dynamics (Philander and Seigel 1985) leading first to a slow build-up of potential energy and
second to its quick release. How the release is triggered is not well understood (Kise 1985) and
even low-latitude volcanic eruptions cannot be disregarded as a triggering mechanism (Hofmann
1987). However, independently of the trigger, this auto-oscillation (D. Seidov, Acad. Sc.,
Moscow, USSR, pers. comm.) is only quasi-periodic and randomly forced sea surface
temperature anomalies may be the crucial trigger mechanism (Ponte 1986). Thus, the timing and
strength of El Nifio events are probably random occurrences.

Going up the hierarchy, the biology of the Peruvian upwelling system is, as anywhere, a
complex web of interactions between different species and the nonbiological environment. The
interactions may be known or hypothesized to exist, but are generally not evaluated with regard
to their relative importance. Thus, no theoretical estimate is available to evaluate if an ensemble
of external perturbations of the ecosystem will propagate deterministically or diffuse randomly
through it. Furthermore, no theoretical estimate can be derived to evaluate the influence of the
stochasticity inherent to the physical environment on the biology.

Some interactions of the species in and with the Peruvian upwelling system are known, e.g.,
the cannibalization of anchoveta eggs by anchoveta (Engraulis ringens) (see Pauly and Soriano,
this vol.). Historically, up to some months before the occurrence of the surface signal of the
1971-1972 El Nifio, a large stock of anchoveta had been supported by the Peruvian upwelling
system and this stock formed the base of the largest fishery in the world. After the collapse, the
stock never recovered to former levels. Evidently, it is a worthwhile task to identify "the
cause(s)" for the collapse and the nonrecovery of anchoveta, although this may imply a
knowledge of the degree to which the observed fluctuations were determined ...
"deterministically."

Thus, to summarize the previous considerations: the Peruvian upwelling system may exhibit
a variability - at least partly - which is stochastic in character. Furthermore, little is known on the
response characteristics of the biological components of the system to external perturbations or
to internal instabilities. Thus, it seems appropriate to investigate to which degree the observed
changes of the Peruvian upwelling system may be understood as random events. The degree of
randomness inherent to the Peruvian upwelling ecosystem will determine the predictability of
future changes.

In order to do so, several of the time series of 30 years monthly means, recently made
available by Pauly and Tsukayama (1987), will be used. First, some known features of the time
series will be interpreted with respect to the stochasticity of the underlying mechanisms. Then,
the theoretical background of the hypotheses adopted for further data analysis is given. This is
followed by methodological considerations concerning the technique for data analysis.

Preliminary Data Analysis

The following section refers mainly to results of time series analysis on physical parameters
as published by Brainard and McLain (1987), Bakun (1987) and Pauly et al. (1987). Most of
these time series cover about 30 years by monthly means, with some temporal interpolations.
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Seasonality and Anomalies

The parameters to be considered first are the temperature data and the related quantities,
such as heat content, isotherm depths and radiation flux. A well-defined seasonal signal is found
at the surface and at depths down to about 75 m. At greater depths, e.g., at the depth of the 14°
isotherm, the seasonal signal is not visible any longer.

These features are well described by the autocorrelation functions calculated by Brainard
and McLain (1987). Fluctuations of the spatially averaged sea surface temperature (SST) are
explained to 60% (autocorrelation extreme of about +/- 0.8) by the seasonal cycle. Fluctuations
of the local SST, e.g., La Punta and Talara, are explained to about 10% by the seasonal cycle. At
depth, e.g., at the depth of the 14° isotherm, 5% of the annual temperature extrema are explained
by seasonal fluctuations. This behavior shows that the seasonal signal is generally of limited
importance in these depths.

This lesson seems to contradict the impression gained by visual inspection, e.g., of the local
SST. However, visual inspection overemphasizes organized structures in terms of variance.
Thus, a relatively strong periodic signal superimposed by noise would clearly be seen by eye.

Autocorrelation functions calculated from the time series after subtracting the mean seasonal
signal decrease rapidly. The autocoherence drops to values below 0.2 for lags greater than 4 to
12 months, depending on the parameter, and does not increase significantly for longer lags (up to
48 months). The time series of anomalies displays events of the same sign of longer and shorter
duration. The amplitudes of these anomalies are, on the average, about one standard deviation.
Thus, aside from the seasonal cycle, no other quasi-periodic structure appears to be present in the
temperature time series.

The next group of parameters to be discussed concems wind forcing and sea surface level.
Local sea level, Southern Oscillation Index (SOI) and locally and spatially averaged winds show
a noticeable seasonal pattern which does not dominate the variance of the time series. Time
series of these parameters show, after suppression of the seasonal signal, no well-defined
periodic structure. In general, no qualitative differences between these time series and those of
the temperature-related parameters are found.

It is common to both groups of parameters that the autocorrelation drops to about 0.7, or
less, at a time lag of 2 months. Thus less than 50% of the variance in any month can be explained
by the observations 2 months before.

To date, the time series on biological parameters have not been subjected to any analysis
similar to those performed with the physical parameters. Visual inspection shows some biannual
variability for the anchoveta biomasses and several pulses starting from different background
levels. The overall impression is that of a more regular behavior than for the physical
parameters, combined with larger amplitudes of the fluctuations.

These observations suggest that most of the variability in the time series is caused by
relatively short, not-correlated events. Periodic, mainly seasonal signals, are present but are
submerged by a strong background noise. In order to test this, a statistically robust form of
spectral analysis has been applied (see below).

Data Preprocessing

Spectral and other analyses have been applied to the SST-related time series (spatial mean
temperature and local measurements at La Punta, Callao) as well as to other series: depth of the
14° isotherm, upwelling and turbulence indexes (calculated from spatially averaged winds),
offshore Ekman transport, SOI, absorbed solar radiation and VPA-biomass estimates of the
anchoveta length classes centered about 4.25 cm (recruits) and 16.25 cm (mature adult fish). It is
assumed that the two biological time series contain most physical and nonphysical influences
affecting anchoveta. Thus, they are taken as a measure of the integrated response of the
ecosystem to natural and anthropogenic (fishery-induced) perturbations.

Table 1 gives the sources of all time series discussed here; these sources provide detailed
descriptions of the time series and their derivation from raw data. The period considered, January
1953 to December 1977, excludes the extreme 1982-1983 El Nifio and its possible preludes from



17

Table 1. Monthly time series on the Peruvian upwelling ecosystem analyzed in this contribution.?
Tabla 1. Series de tiempo mensuales del ecosisterna peruano de afloramiento analizado en esta contribucion.

No.b Code Definition (units) Source
1 SST™ Spatially averaged sca surface temperature (°C) Pauly and Tsukayama (1987, Table 2)
2 SSTL Local sea surface temperature {°C) Brainard and McLain (1987, Table 3)
3 TUI Turbulence index (m3s-3) Bakun (1987, Table 7)
4 UPL Upwelling index (m3s-1m-1) Bakun (1987, Tahle 5)
5 D14 Depth of 14° isotherm (m~1) Brainard and McLain (1987, Table 7)
6 EKV Offshore Ekman transport (m3s-1m-1) UPL/D14
7 SOI Southem Oscillation Index (millibars) Brainard and McLain (1987, Table 1)
8 Q Absorbed solar radiation (watts m-2) Bakun (1987, Table 8)
9 A4.25 Biomass of 4.25 cm anchovela recruits (tonnes) Pauly et al. (1987)

10 Al16.25 Biomass of 16.25 cm adult anchoveta (tonnes) Pauly et al. (1987)

2All time series on a monthly basis, from 1953 10 1977.
bThe rate of change of any series is coded n’. Thus, e.g., rate of change of D] 4 is coded 5°.

the analysis. Furthermore, at least some of the time series on physical parameters seem to have
changed their behavior in the late 1970s, compared to the preceding period. Thus limiting the
analysis to the period 1953 to 1977 favors stationarity of the derived statistics.

Each time series has been analyzed in four different forms: (i) in its original form but with
interpolated missing values, (ii) after transformation as described below, (iii) after differentiating
in time by central differences, (iv) after differentiating and transformation.

Differentiating eliminates linear trends, The transformation eliminates the seasonal signal of
the time series and normalizes the deviations from the seasonal signal. For transformation, the
median-seasonal cycles of the time series have been calculated. In order to get reliable and
independent estimates of the medians, three consecutive months were grouped into one season
(January, February, March = summer, etc.). Then each data point has been replaced by an index
(1,2, ... 12) indicating the twelfth-quantile (quantile width: 8.33%) to which it belongs. The use
of medians and quantiles instead of means and standard deviations is due to the need to calculate
robust statistical estimates from non-normally distributed data (Huber 1981). Twelfth-quantiles
are used because these describe directly some common statistics data sets. The 95% confidence
limits of the medians correspond to the 5/12 and 7/12 quantiles; also, two-thirds of the data are
between the 2/12 quantile and the 10/12 quantile.

Fig. 1 shows seasonal cycles of four parameters. The mean seasonal cycle is generally not
sinusoidal. Seasonal means of the spatial averaged SST are the same for the periods July to
September and October to December. The mean depth of the 14° isotherm is the same from
January to September. Upwelling has different strengths in all seasons and mean biomass of
mature adult anchoveta shows no seasonal cycle. Deviations from mean conditions dominate the
seasonal signal for all parameters. The amplitudes of the deviations from the medians are
asymmetric. Thus, means estimated by arithmetic averaging will lead to different estimates of
the seasonal cycle. The difference is due to the tendency of the arithmetic mean to minimize the
variance.
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Fig. 1. Examples of the mean seasonal signal shown by the normalized form of four parameters (see Table 1 for definition). The total ranges are
shown (top and left scale). The standard errors (bold) refer to the 95% confidence intervals of the medians (see right scale). The seasons (SFWS)
refer (from left to right) to months: January-March, April-June, July-September, October-December.

Fig. 1. Ejemplos de la sefial estacional media mostrados por la forma normalizads de cualro parametros (ver Tabla 1 para la definicién). Los
rangos totales son mostrados (ver arriba y escala izquierda). Los errores esidndares (linea gruesa) se refieren al 95% intervalo de confianza de
las medias (ver escala derecha). Las estaciones {SFWS) se refieren (de izquierda a derecha) a los meses: Enero-Marzo, Abril-Junio, Julio-
Septiernbre, Octubre-Deciembre.

Spectral Analyses

The technique used for spectral analysis, a modification of Nuttals' (1971) procedure of
short averaged periodograms was used to estimate Fourier transforms of 9 five-year long,
prewhited - recolored and 50% overlapping lags of the time series. Median power spectra and
their 95% confidence intervals were calculated, and the slopes of the median spectra were
estimated for periods ranging from 60 to 6 months.

The results obtained by the spectral analysis are summarized in Fig. 2 and Table 3. Bands of
high variance are identified as "peaks" if the confidence limits do not overlap. The widths of the
confidence limits show the variability on the time scales longer than 5 years. The spectra are
generally less structured. The variance is distributed continuously over a broad range of periods,
a feature typical for time series of random sequences of individual events. No important
changes in the main features of the spectra were found when the spectra of the time series
themselves were compared to their rates of change. Thus, the time series of the observed
variables and their rate of change are similar sequences of random events.

No significant peaks were found, except for absorbed solar radiation "Q" at a period of 12
months. Thus, only this parameter has a clear seasonal signal which covers broadly, including
the spectral bandwidths, the period range from 18 to 9 months. All spectra of original time series
show bands of high variance centered around a 12-month period. Several spectra show a steplike
decrease of variance to shorter periods at periods near to 12 months. Thus, the seasonal cycle is
relatively well represented, but cannot be statistically distinguished from the events which form
the background signal at neighboring periods. The seasonal fluctuations have high variances but
vary so much at longer time scales that they are not statistically different from fluctuations at
other periods.

Some spectra of the transformed time series show relatively high, but not statistically
different variances for the period range 45 to 25 months. This feature was found for SST,
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anchoveta biomasses, SOI, the turbulence index and to a lesser degree, for the upwelling index
also. This signal is most probably due to the mean time interval between two successive El Nifio
events. Therefore, it should be noted that the spectra of the transformed time series on the depth
of the 14° isotherm is flat for periods longer than 12 months. One result of this is that the
temporal changes of the temperature structure of the upper layer are different at depth and near
the surface. This corroborates similar results obtained by Brink et al. (1983) for motions on
shorter time scales.

To summarize: the spectra have properties which are inconsistent with the hypothesis that
the time series are composed of a small number of periodic signals. The spectra obtained
corroborate the suggestion that the variability of the Peruvian upwelling system should be
described as a sequence of random events. Periodic deterministic patterns are of little importance
and are probably restricted to the seasonal cycle.

Theoretical Considerations

The results of the preliminary data analyses suggest that a substantial part of the observed
changes in the Peruvian upwelling system are due to sequences of random events. Here a
mathematical tool will be developed to handle sequences of random events.

The general model

Y(x+t) = Y(X)+V *ta w.1)

was used (Turcotte 1988). Here, "Y" takes the place of any derived quantity, but could be the
observation itself; "x" is the value of the independent variable at the starting point and "t" is its
increment; "a" is a constant to be determined, and "V" is a stationary random variable taken from
a distribution with unknown moments which, likewise, have to be determined if the process (1)
is to be completely described. Thus, equation (1) defines Y by a random process which is
nonstationary in t if a is not equal to zero.

If E() is a linear estimator of the expectation, €.g., of the mean, then (1) may be rewritten:
E(Y(x+t)) =E(Yx)) + U *a w2.1)
U = EV) w2.2)

Averaging is done over an ensemble of Y values at different starting points x and same
increments t. Thus, E() is an ensemble average and its expected value varies with ta.
If E(Y(x)) is equal to zero, then

In(E(Y (x+1))) = In(U) + a * In(t) )]

holds. Equation (3) holds approximately for nonvanishing E(Y(x)) if U * t2 is sufficiently larger
than ECY (x)).

It can be expected that given values of a and of the statistical moments of V hold only for a
limited range of t values. Their lower and upper bounds give the range within which the process
(1) is correlated.

Equations (2.1) and (2.2) can now be interpreted on three different levels. First, the
equations give only an average power law dependence of Y as a function of t. Second, the
equations describe the average geometrical properties of Y as a function of t. Third, they
determine the nonstationary mean characteristic of the random process (1).

In order to illustrate the random process characteristics of the model, equation (1) may be
rewritten as

(Y() - YOO)/(®) =V )

(where the x has been dropped for convenience).
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Thus, the normalized increment of Y is a random variable. Equation (4) is identified as a
definition of a random walk, if a is equal to 1/2 and V is Gaussian. If a is zero and V is Gaussian,
then (4) describes a Gaussian white noise process. Thus, (1) is a generalization of a first order
stationary noise process.

The geometrical interpretation can be performed by comparing to the particular forms of (1).
First, the "new" value of Y is estimated in "one step™:

YT =Y(O)+V *Ta .5.1)
and second, the "new" value of Y is estimated in "several steps” (n):

Yn*¥)=Y(O)+ (Vi +V2+..V)ta wd.2)

Both forms of estimation of new values of Y lead to the same expected value of new Y, if

a = In(n)/In(T/t) ...0)

holds.

Equation (6) is the definition of the fractal dimension a. Here, a relates the ratio of the scales
of increments T and t to the number of repetitive use of the smaller scale to "measure the same
object". The object measured is the mean difference between old Y and new Y as a function of
the increment of the independent variable.

Using (6) in (5.1) gives the expectation of Y(T) as a function of the small increment t:

EY(M)=EX(O)+n*E(V)*1a w1.1)

In(n) =In(T/t) * a w.1.2)

Thus, the prognostic of Y(T) done by small steps of length, for example, "t = 0.1 * T" can be
done in 10 steps only if a is equal to one.

In consequence, (nearly) any ad hoc decomposition of the increment T of a given process
(1) into smaller increments will lead to different estimates of its mean characteristics. Commonly
used refinements of increments, such as "divide T in two parts of len gth T/2 each" will have no
influence on the estimate E(Y(T)) only if the process is stationary (a=0) or linear (a=1). Thus,
estimates, €.g., of the mean values will depend on the sampling frequency, for any quantity
varying with (1) if the statistical process is neither stationary nor linear.

Summarizing the properties of the model (1): If a is greater than zero and fixed for a given
interval of t, then (1) describes a correlated random process which has a mean fractal geometry
and is defined for the given interval of t. Thus the process (1) is a "correlated fractal noise
process” (CENP).

Methodological Considerations

The following section briefly discusses the quantities analyzed using the concept of a CENP,
as developed above. Furthermore, the main lines of interpretation and the questions to be
answered by the analysis are presented.

Estimates of the nonstationarity of the time series are considered first. Prognostics can be
given only if the degree of nonstationarity is known. Second, mean spectral slopes are relevant
because CFNP’s (time as independent variable) can be identified by their variance spectra
(Turcotte 1988). Thus, the contribution of noise processes to the observed fluctuations must be
considered. The last quantity analyzed involves the concept of the phase space and the
distribution of observations (the phase points) in this space. Here correlation over distance in the
phase space and its geometry is used to draw conclusions regarding the interdependence of
different parameters, e.g., SST and SOI
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Direct estimates of the exponent a of the CENP (2.1) are calculated by means of linear
regression (equation 3). The slope of the linear regression is evaluated for the widest (centered)
interval of the independent variable for which: (1) the square of the regression coefficient is
above 0.33 (i.e., explained variance is above 33%), (2) the regression coefficient is statistically
different from zero (95% confidence level) and (3) the interval of the independent variable for
which the regression holds can be divided in sub-intervals for which conditions (1) and (2) are
fulfilled.

Analyses of Nonstationarity

In order to estimate the degree of nonstationarity of the time series, three quantities have
been analyzed using the model (1): (i) the difference of mean values calculated from two lagged
fractions of the same time series as a function of the lag; (ii) the covariances of two lagged
fractions of the same time series minus the variance found for lag zero as a function of the lag;
(iii) the number of extrema (minima or maxima) during an observation period of given length as
a function of the observations period. Nonstationarity of the time series will show up either via
the difference of mean values and of covariances, which depend on the lag, or via the counts of
extrema (which do not increase linearly with the length of the observation period).

The variability of mean values and covariances of the time series for lags between 3 to 97
months was analyzed by a technique based on a procedure in McHardy and Czerny (1987). Two
fractions of the time series, each about 8 years long, were taken, which are separated by a given
lag. The difference of their means and the difference of their covariances are estimated. This
procedure is then repeated for about 100 starting points (see equation 1) along the entire time
series. The medians of these differences are analyzed as a function of the lag t.

If the averaging period is sufficiently long and if the process which generated the time series
has stationary means and covariances, then the differences should vanish (in the statistical
sense). The exponent a in equation (2.1) would thus be estimated as zero and Y(t) would be
identified as a stationary random variable. Any drift of the differences would reflect a trend, i.e,
a nonstationarity of the underlying process. If no functional dependence of the averaged
distances exists, then the process (1) cannot be used validly to describe the observed form of
nonstationarity.

The number of extrema above or below a given threshold has been counted for periods of
increasing length, from 3 to 97 months, as was the median counts for about 100 starting points.
The threshold has been defined by either the seasonal 2/12-quantiles or the 10/ 12-quantile (Fig.
1). Thus, extrema are counted relative to the mean seasonal signal. If the process generating
extreme values is stationary, then the counts should increase proportionally with time and a in
equation (2.1) should be estimated as one.

Spectral Slopes

The spectral analyses covers the time interval from 5 months to 5 years. Spectra have been
calculated as reported above. Then, the mean increase of the median variance as a function of the
period was analyzed. In order to do so, a power function was fitted to the spectra for the range of
periods from 60 to 6 months. The exponent (b) of the power function of the dependence of
spectral variance was related by Turcotte (1988) to the exponent a of the CFNP process (1) via:

b=2%a+1 )

A white noise process is described by a flat variance spectrum, while a random walk process
has a variance spectrum that increases in proportion to the period squared. Thus, the spectral
slope and the fraction of the explained spectral variance describe, for the interval of periods
analyzed, the mean characteristic and relative importance of the process by which the time series
has been generated. If no mean slope can be estimated, then CFNP of form (1) do not contribute
to the observed time series.
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Distribution of Phase Points

This analysis starts from the concept of the phase space. Two variables observed at the same
time or one variable and its rate of change can be plotted as a function of each other. The surface
defined by this procedure can be understood as a (two-dimensional) phase space. The observa-
tions are the discrete representation of the phase line (Fig. 3). A cyclically changing variable and
its rate of change or two variables which are out of phase but have a fixed phase lag would
define a closed loop (i.e., a phase cycle) in the phase space. Less well correlated variables would
define a cloud of points in the phase space. Here, only one case of a phase cycle has been found;
it pertained to absorbed solar radiation and its rate of change. All other clouds of phase points
scattered without structure over the phase space.

The mean geometrical structure of the clouds of phase points was analyzed using the
approach of Lovejoy et al. (1986). If two independent random variables aré plotted against each
other, then their scatter plot will show no internal structure. Furthermore, the phase points of two
parameters related in complex fashion will be scattered over their phase space likewise such that
no internal structure is apparent (Fig. 3). However, not all combinations of values of two such
parameters are possible. Thus, there are areas in the neighborhood of a given phase point which
will never include a phase point. Thus, the phase space is a patchwork of voids, forbidden
regions, and of phase lines along which the phase points are distributed. Therefore, subregions of
the scatter plot with high and low density of points will be found, and the number of points
found in the neighborhood of a given point will increase in proportion to the power of less than
two (i.e., the square of the distance). Thus the local dimension of the scatter plot of phase points
will differ from two.

The quantity to analyze, in accordance with the CFNP model (1), is the average number of
phase points within a circle of a given radius as a function of the radius. The phase space defined
by the observed minima and maxima of the parameter has been divided in M cells, M being
equal to the number of observations (N) squared. Thus, two parameters depending upon each
other in strictly linear fashion will tend to form a phase line along a diagonal of the phase space.
In this case, the number of points within a circle of a given radius increases proportionally to the
length of the radius. If, on the other hand, the phase points were distributed regularly on a
cartesian grid, counting the number of points within circles of increasing radius (large increase
compared to the grid spacing) would show that the number of points increases proportionally to
the square of the radius. Thus, if the distribution of phase points on the cartesian grid is done
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Fig. 3. Two examples of a two-dimensional phase space, as defined by two parameters each. Note the roughly circular structure of the phase
points of the phase space for rate of change of absorbed solar radiation vs. absorbed solar radiation, (Closed circles represent August observations;
open circles represent July and September observations; small dots represent the other observations).

Fig. 3. Dos ejemplos de un espacio de fase bidimensional, definido por dos pardmetros. Notar la grosera estructura circular de los puntos del
espacio de fase para tasas de cambio de radiacion solar absorbida contra radiacién solar absorbida (circulos llenos representan observaciones
en Agosio, circulos vacios representan observaciones en Julio y Septiembre; los punlos represenian otras observaciones).
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regularly (in the statistical sense), then the square dependence of the number of points within the
circle defined by a given radius will be recovered, on the average.

Two estimates of the mean dimension of the cloud of phase points are given here, one for
lengths of radius ranging from 0.1 * N cells to 0.9 * N cells (long radius, Rg), or "global”
dimension), and the second for the range 0.015 * Nto 0.15 * N cells dimension (short radius,
Rq,, or "local” dimension). In order to avoid strong border effects, the reference points from
which the counting procedure start are those phase points whose coordinates lie within the range
given by the seasonal 4/12-quantiles and 9/12-quantiles.

Comparing the (fractal) dimensions of phase spaces defined by different parameters then
shows which parameters are more closely related than others. The "global” and the "local"
geometry of the cloud of space points is estimated by the dimensions for long (Rg)) and short
(R,) radius lengths. Dimensions of about two will be found for space points which are evenly
distributed. The interpretation is that the investigated pair of parameters is not related and that
any combination of values is possible. Dimensions somewhere between about one and less than
two will be found for space points which are distributed along intersecting lines. The
interpretation is that many but not all combinations of a pair of parameters are possible.
Dimensions below one will be found for space points which cluster in disjoint patches. The
interpretation is that only few parameter' combinations can occur.

Results and Discussion

Stationarity

Table 2 gives the results of the six different tests of stationarity of the time series and their
rate of change which have been performed.

The overall ratio of "failed" to "passed" is 91 to 29. This ratio is biased toward "failed"
because some of the observed nonstationarities cause only small effects. Therefore, some
"failed" cases might be classified as "practically stationary". However, discussing this further
would involve arguments on the range of nonstationary changes which are acceptable. It seems
1o be reasonable to rely only on those criteria (for accepting a regression) which have been
presented above. Therefore, we conclude that temporal changes of the Peruvian upwelling
system are mainly nonstationary. Three details should be mentioned, however, which qualify this
statement:

(1) 8-year means are nonstationary for all time series and all derived time series,
whether they have been transformed or not (by eliminating the seasonal signal
and normalizing the fluctuations). Thus, stable mean values characterizing the
Peruvian upwelling system need averaging over periods considerably longer than
8 years to eliminate the influence of long-lasting anomalies.

(ii) the covariances of the transformed time series are generally stationary, the single
exception being absorbed solar radiation. The covariances of original time series
are stationary for all temperature-related series (SSTw, SSTL, D14), for upwelling
(UPI) and for the biomass of anchoveta recruits (A43s). Thus, covariances
characterizing the variability of the Peruvian upwelling system might be
estimated from 8-year-long records - at least after elimination of the seasonal
signal and normalization of the anomalies.

(iii) the least stationary parameter seems to be the SOI; only the covariance of its
transform is stationary. However, the frequency of "failed" cases varies only
slightly between all parameters beside local sea surface temperature (8§STL) and
biomass of anchoveta recruits; the latter is the most stationary parameter. The
stationarity of the least two parameters is documented, in spite of changing mean
values, by the occurrence of extreme values in the original series, in their rate of
change and in the covariances.
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Tabie 2. Results of tests of stationarity for six time series (upper rows) and their rate of change (lower rows).?
Tabla 2. Resultados de pruebas de estacionalidad para seis series de tiempo (renglones superiores) y su tasa de cambio (renglones

inferiores).
Test statistics® Ratio
No.b Varableb E+ E- M1 C1 M2 C2 failed:passed
1 SST™M 0 0 0 1 0 1 93
1 0 0 0 0
2 SSTL 1 1 0 1 0 1 15
0 0 0 0 1
3 TUI 0 1 0 0 0 1 9:3
0 0 0 0 0
4 UPI 0 0 0 1 0 1 10:2
0 0 0 0 0
5 Di4 0 0 0 1 0 1 10:2
0 0 a 0
6 EKV 1 0 0 0 0 1 10:2
0 0 0 0
7 SOIL 0 0 0 0 0 1 11:1
0 0 0 0 0 0
B Q 0 1 0 0 0 0 10:2
0 1 0 0 0 0
9 A428 1 0 0 1 0 1 6:6
1 0 0 1
10 Ag.25 1 0 0 0 0 1 9:3
0 0 0 0 0 1
Sum 14:6 14:6 20:0 15:5 20:0 8:12 91:29

a0 = test failed; 1 = test passed.

bSee Table 1 for definitions.

CE+, E-: frequency of extrema; mean and covariances of original M1, C] and transformed M3, C2 time series (sce text for
details).

Noise-like Temporal Structure

The spectra shown in Fig. 2(A-D) have previously been discussed in relation to the
importance of the seasonal signal and the variability on periods longer than 5 years. Here the
mean increase of variance in function of the period is discussed because these "spectral slopes”
are related to special forms of CFNP’s (Table 3). This type of model was used to qualify the
random events which contribute to the temporal structure of the time series. The CFNP is
accepted as relevant if it describes more than 1/3 of the variance of the time series.

It was found that no original time series of physical parameters fit the CFNP-concept (Figs.
2A and 2C), However, both VPA-biomass time series do, This is due to the seasonal si gnal
which appears more important in the physical data than in the biomasses. Transformed time
series of SST's, depth of the 14° isotherm (D, ), SOI and VPA-biomasses may be described by
CFNP’s (Fig. 2B and 2D). It should be noted that all physical parameters linked to
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Table 3. Confidence intervals of slope (b) and coefficient of determination (r2) of linear regressions analysis of
variance spectra in Fig. 2 (A-D), i.e., of linear plots of log (variance) vs. log period.a

Tabla 3. Intervalo de confianza de la pendiente (b) y el coeficiente de determinacion (72 ) del andlisis de
regresion lineal de especiros de varianza en la Fig. 2 (A-Dj, es decir, de grdficas lineales de log (varianza)
versus log (periodo).

Spectrum Confidence Coefficient of

in interval determination
Nob Variableb figure of sloped @)
1 SST™ 2B 0.25-1.55 0.52
2 SSTL, 2B 0.25-2.00 0.48
5 D14 2B 0.25-1.35 0.53
9 A4258 2C 0.50-2.50 0.56
10 A16.25 2C 0.50-2.00 0.66
7 S01 2D 0.15-1.45 0.42
9 A425 2D 0.20-1.90 0.42
10’ A16.25 2D 0.40-1.80 0.42

aResult in this table refers only to significant correlations (P < 0.05).
bSee Table 1 for definitions.

meteorological forcing, e.g., the upwelling index, show no structure which can be described by
CEFNP’s.

Overall, CENP’s describe about half of the variance (42%-66%) of the time series and all
spectral slopes are significantly different from zero. Consequently, the CFNP’s are different
from white noise processes which are characterized by a vanishing slope of the variance spectra.
The slopes of the different spectra are, due to the wide confidence limits (95% level), not
significantly different from each other and from a slope of one. Thus, details on the nature of the
CENP’s cannot be given beyond stating that it is near-brownian (fractal brownian in the notation
of Turcotte (1988)). Therefore, equation (1) may take for SST, 14° isotherm depth, SOI and the
VPA-biomasses the form:

Yt+x)=YX)+V *t?,a=0 .8

However, there is a tendency towards steeper spectral slopes for the VPA-biomasses
compared to the physical parameters; this may lead to slightly different exponents in equation

(8).

In summary, the main characteristics of the temporal behavior of the parameters analyzed
are: (i) parameters related to meteorological forcing (upwelling index, turbulence index, Ekman
transport and absorbed solar radiation) are characterized by seasonal variations and an
unspecified noise process; (ii) the parameters describing the thermal structure of the upper layer
of the Peruvian upwelling system (SST’s and depth of the 14° isotherm) are characterized by
seasonal variations and a correlated fractal noise process (CFNP) which is of near-brownian
nature; (iii) the biological parameters (VPA-biomasses of recruits and of mature adult fish) are
characterized by CFNP of near-brownian nature.

Interrelationships Between Paramelers

The interrelationship of parameters can be measured, as discussed above, by the dimension
of a cloud of phase points. Two estimates of the dimensions have been calculated, a "local”
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estimate (D(Ry)) for small regions and a "global” estimate (D(Rg)) characterizing the whole
phase space. These two dimensions (including confidence limits) characterize the cloud of space
points of each pair of parameters. Their values are used to define a "point" in a scatter diagram
of "global dimension vs. local dimension". Fig. 4 presents the possible pairs of parameters, as
ordered in three different groups.

Fig. 4A presents all pairs of parameters which are evidently a function of each other. These
pairs are: (i) "parameter against its rate of change"; (ii) "two parameters derived from the same
data"; and (iii) "mean SSTy vs. local SST.". In Fig. 4A, the global dimensions scatter between
0.25 and 1.5 and the local dimensions scatter between 1,00 and 2.00. This indicates that the
phase spaces are unevenly covered with phase points, voids are present, but subregions of some
phase spaces are found which are evenly covered by phase points (local dimension near two).

For example, the phase space defined by the absorbed solar radiation (Q) and its rate of
change (see Fig. 3A) has a global dimension of about 1.35 - 1.40 and a local dimension of about
1.75 - 1.80 (see Fig. 4A). The phase points in some small subregions of the phase space are more
evenly distributed than all phase points over the entire phase space. The corners and the central
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but referring to unrelated parameter pairs (different databases, no differentiating). C. Same as A, but for "biological” ws. "physical” parameter

pairs. Upper graph: physical parameters vs. biomass of anchoveta with length of 16.25 cm (“adults™). Lower graph: physical parameters vs.

biomass of anchoveta with length of 4.25 cm ("recruits™).

Fig. 4. Grdficas de la dimensién local (D(RL)) de varios pardmetros contra su dimensién global (D(RG)). Los insertos definen los rangos de

dimensién posibles, y el rango reaimente ocupado (recténgulos negros). Algunos recténgulos ylo cuadrados no estan rotulados, debido a

limitaciones de espacio. A. Pares de pardmetros fueron derivados de la misma base de datos (rectdngulos sombreados) o uno es la tasa de cambio
del otro (rectdngulos vacios). B. Lo mismo que en A, peré refiriendos a pares de pardmetros no relacionados (diferente base de datos, sin
diferenciacién). C. Lo mismo que en A, pero para pares de pardémetros “biolégicos” versus "fisicos”. Grdfica superior; pardmetros fisicos versus

biomasa de anchoveta con longitudes de 1625 ¢m ("adullos"). Grdfica inferior: pardmetros fisicos versus biomasa de anchoveta con longitudes
de 4.25 cm ("reclutas”).
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region of the phase space is nearly empty of phase points (see Fig. 3A). It is concluded that most
surface points of the phase space in the neighborhood of a given phase point are possible phase
points. The number of voids, or forbidden regions, is relatively small. Thus, future observations
of the amount of absorbed solar radiation and its rate of change will be most probably "anywhere
near" already observed combinations. However, very different values of one parameter should
often go together with different values of the other parameter. These features are expressed by (i)
the local geometry of the cloud of phase points - which is roughly a surface and (ii) a global
geometry i.e., network of multiple crossing phase lines and voids (forbidden regions).

The ensemble of phase space dimensions of the pairs "physical parameter against its rate of
change" in Fig. 4A has a clear main pattern: the global and local dimensions are about 1.0 and
1.8, respectively. These values characterize a phase space which is mainly void on the global
scale, but with phase points that are quasi-evenly scattered (local dimension near two) along
continuous phase lines (global dimension about one). Different characteristics are found for the
phase spaces of the anchoveta biomass, the turbulence index, absorbed solar radiation and
spatially averaged SSTw.

The highest local dimension is found for SSTy. This phase space is, on the local scale,
evenly covered by phase points {local dimension of two). The local geometry of the cloud of
phase points corresponds to a surface. Slightly different values of SSTy are compatible with any
slightly different value of its rate of change. The highest and lowest global dimensions for the
physical parameters are found for the absorbed solar radiation and the turbulence index,
respectively. The phase points of absorbed solar radiation (global dimension well above one) are
distributed along multiple crossing phase lines, but for the turbulence index (global dimension
less than one) the scatter is around disjunct subregions of the phase space, each indicating a
different level of turbulence (strength and rate of change).

The local dimensions of the phase spaces defined by the anchoveta biomasses and their rates
of change are relatively small (between 1.10 and 1.45). This suggests that the local geometry of
the cloud of phase points does not correspond to a surface, but to a mixture of crossing phase
lines and voids, forbidden regions. Thus, the rate of changes of the anchoveta biomasses depend
strongly on the biomasses and not all combinations are possible. The global dimensions of the
phase spaces defined by the anchoveta biomasses are less than one. This describes the global
structure, or geometry, of the cloud of phase points as composed of disjunct sub-clouds, each
indicating a different level of the anchoveta stock (biomass and its rate of change).

The combination of local and global features which distinguish the biological parameter
from the physical parameter are most pronounced for the biomass of mature adult anchoveta. It
might be suspected that the VPA-algorithm is the cause of this different behavior. This argument
may be partly correct, but it fails to explain the very different dimensions found for mature
anchoveta and anchoveta recruits. Thus, the small dimensions of the phase spaces defined by the
biological time series may not be an artifact.

Fig. 4A shows a second ensemble of dimensions, those obtained from parameters which are
linked through the data used for their estimation. Most estimates of local and global dimensions
scatter for these parameters around 1.75 and 0.90, respectively. These dimensions are smaller
than those obtained for parameter pairs which have no common database (in Fig. 4B). What
these dimensions measure, however, is the distortion caused either by the mathematical
procedure or by the combination of two independent data sources. The individual estimates, as
given in Fig. 4A, show: (i) the "blurring" of an unequivocal relation on the local scale (local
dimension greater than one) and (ii) a disruption of this relation on the global scale {global
dimension less than one). Lower local and global dimensions than those given above are found
for turbulence index vs. upwelling index. This is not surprising since both are closely related (via
the winds used to compute both) and do not depend on a third parameter.

Fig. 4B shows the local vs. global dimensions for phase spaces defined by two
independently determined physical parameters (of which an example is shown on Fig. 3B). The
local and global dimensions scatter around 1.85 and 1.10, respectively, which is not very
different from the dimensions of phase spaces defined by dependent physical parameters as
discussed above. However, the differences are important when individual pairs are considered.

@) local dimensions not statistically different from two are found for the parameter

pairs upwelling index versus 14° isotherm depth and mean SST vs. absorbed
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global radiation. Thus, for these parameter combinations, any point of the phase
space near a given phase point is a possible phase point, or conversely, there are
no voids in the neighborhood of any phase. Global dimensions for these two
parameter pairs are about 1.1 and 1.3. Thus, both phase spaces are covered by
phase points scattering evenly along multiple crossing phase lines separated by
voids. It follows from this that small changes of one parameter, e.g., upwelling
index, are consistent with any small change of the other parameter, e.g., 14°
isotherm depth (D, ).

(i1) small global dimensions (about 0.8), combined with relatively high local
dimensions (about 1.85), are found for the parameter pairs "turbulence index" vs.
"local SST" and "14° isotherm depth", respectively. Therefore, the geometry of
the clouds of phase points is determined by disjunct subclouds of nearly evenly
scattered phase points. Local geometries have only a small amount of voids, but
global geometries consist of disjunct states. Therefore, these two parameter pairs
best characterize different physical states (or large changes) of the system as a
whole.

(iii) small local dimensions (about 1.75) and relatively high global dimensions (about
1.25) are found for the parameter pairs absorbed solar radiation vs. 14° isotherm
depth and vs. SOI, respectively. Small local dimensions (about 1.75) and
relatively small global dimensions (about 1.1) are found for the parameter pairs
turbulence index vs. absorbed solar radiation and vs. SOI, respectively. The
geometry of these clouds of phase points is locally and globally a network of
multiple crossing phase lines separated by voids. Thus, these pairs of parameters
characterize best different physical states (or small changes) on the local scale.

The dimensions of the phase spaces for the parameter pairs anchoveta biomasses vs.
anchoveta biomass or each other vs. physical parameter are shown in Fig. 4C. The main feature
of Fig. 4C is that local and global dimensions are mostly above 1.75 or in the range 0.75 to 1.25,
respectively, and that the estimates for single pairs of parameters differ considerably.

The local and global dimensions of the phase space defined by the VPA-biomasses of adult,
mature anchoveta and of anchoveta recruits are about 1.65 and 0.85, respectively (Fig. 4C).
These estimates indicate on the global scale a pattern of different disjunct states. Different
combinations of biomasses are possible on the local scale, but forbidden combinations (voids) in
the phase space, are important. Indeed, they are more frequent than for all but one pair of
physical parameters. However, the combination of the VPA-biomasses on the local scale is not
unequivocal and the phase points scatter along multiple crossing phase lines.

The dimensions of the clouds of phase points for the parameter pairs VPA-biomass of
anchoveta recruits vs. physical parameter show a clear pattern (Fig. 4C). Highest local and global
dimensions, 2.0 and 1.2, respectively, are found in conjunction with S§Ty. The lowest local and
global dimensions, 1.85 and 0.8, respectively, are found in conjunction with the depth of the 14°
isotherm. All other combinations have dimensions between these two limits, which cover a
considerable range for the global scale (but not for the local scale).

Thus, on both the global and on the local scale, VPA-biomasses of anchoveta recruits are
related most closely to the depth of the 14° isotherm than to any other physical parameter. The
second best relation is found for the turbulence index. There, the global dimension is below one,
indicating that the phase space is composed of different disjunct states. One should remember
that both the 14° isotherm depth and the turbulence index are spatial averages. The least
pronounced relations between anchoveta recruits and a physical parameter occur in conjunction
with SOI, SSTy, absorbed solar radiation, SSTL, in this order..

The dimensions of the clouds of phase points for the parameter pairs "VPA-biomass of
mature, adult anchoveta"” vs. "physical parameter” show a more complex pattern than described
above. All local or global dimensions range between 1.75 and 1.95 or 0.6 and 1.1, respectively.
The highest or lowest local dimensions are found for SSTy or offshore Ekman transport and
SOI, respectively. The highest or lowest global dimensions occurred in conjunction with
absorbed solar radiation or turbulence index and offshore Ekman transport, respectively.

Thus, the VPA-biomass of the mature, adult anchoveta is most closely related to offshore
Ekman transport if global and local scale are considered. The weakest relation of local and
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global scales to physical parameters is found for SSTy. On the global scale, the relation is
closest or weakest for the turbulence index or the absorbed solar radiation, respectively.
Considering local scales, then the relation with anchoveta VPA-biomass is closest for offshore
Ekman transport or SOL.

Overall Summary and Discussion

The results relevant to the problem of predictability of the Peruvian upwelling ecosystem
can be summarized as:

(1)

(i)

(iii)

(iv)

)

(vi)

(vii)

The autocorrelations of the physical parameters describing the Peruvian
upwelling ecosystem decay rapidly if the seasonal signal is eliminated from the
data. On the average, less than 50% of the variance can be explained when the
time lag between the observations exceeds two months. This suggests that random
events are superimposed on the seasonal cycle.

The variance attributable, via spectral analysis, to the seasonal signal, is relatively
high only for physical parameters, but does not rise significantly above the
variance of the noisy background for all but one parameter - absorbed solar
radiation. Interannual variability and long periodic modulation of the seasonal
signal dominate over the seasonal signal itself.

The seasonal signal is the only quasi-periodic contribution to the time series.
Quasi-regular contributions on longer time scales, i.e., E1 Nifio events, were
noticed in some time series as a spectral band of high variances. This feature is
shown by the anchoveta biomasses, the SOI, the turbulence index and the SST but
not by the time series of the depth of the 14° isotherm. This indicates temporal
changes in the vertical structure of the upper oceanic layer which differ between
single El Nifio events. This is a feature which is corroborated by the observation
(J. Mendo, pers. comm.) that the composition of the multispecies fish stock off
Peru differs between single El Nifio events,

The characteristics of those noise processes which determine meteorological
parameters (upwelling index, turbulence index, Ekman transport and absorbed
solar radiation) were not identified, but these processes differ from white noise.
Noisy processes describing parameters relevant to the thermal structure of the
upper layer of the Peruvian upwelling system (SST’s and depth of the 14°
isotherm) are identified to be partly (50%) a correlated fractal noise process
(CENP) of near-brownian nature. The biological parameters (biomass of recruits
and of mature adults) are also characterized by a CFNP of near-brownian nature.
None of the time series can statistically be described as stationary. This implies
that the Peruvian upwelling system is unsteady in its major characteristics, at least
on medium time scales. An exception to this is recruitment of anchoveta, which
shows stationarity with respect to its mean variability (variance), the occurrence
of extreme increases or decreases and the occurrence of high values. This result
suggests an adaptation of the anchoveta to a nonstationary, variable environment.
The basic geometry of phase spaces (parameter and its rate of change) of all
physical parameters (except the turbulence index) is about the same. The phase
points scatter along multiple crossing phase lines separated mainly by voids on
large scales. A different geometry of phase spaces is found for the VPA-
biomasses and the turbulence index. There, the phase points scatter around
disjunct phase states and voids are found on all scales. That is, the number of
possible combinations of, e.g., anchoveta biomasses and its rate of change, is
smaller than combinations of, e.g., for SST and its rate of change. This implies
that anchoveta biomasses and turbulence index are more frequently "locked” in
some distinct phase states than the other parameter.

Different states of the physical subsystem of the Peruvian upwelling index are
best described by the parameter pairs turbulence index vs. local SST or depths of
the 14° isotherm, respectively, if large changes of the system are to be analyzed.
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For small changes, the pairs of parameters to be used should be absorbed solar
radiation vs. depths of the 14° isotherm or SOI, respectively. If both large and
small changes of the Peruvian upwelling system must be described, then
parameter pairs such as turbulence index vs. absorbed solar radiation, offshore
Ekman transport vs. absorbed solar radiation, and offshore Ekman transport vs.
SOI are most suitable.

(viii) The phase spaces defined by the biomasses of mature, adult anchoveta and of
anchoveta recruits have a geometry which, on the global scale, reflects disjunct
states. Local scale geometry is that of phase points scattering along multiple
crossing phase lines, separated by forbidden combinations or voids. The
interrelation of the two VPA-biomasses is strong if compared with those of most
physical parameters,

(ix) On the global and local scales, the biomasses of anchoveta recruits and of mature
adults are related most closely to the turbulence index (for both VPA-biomasses)
or to the depth of the 14° isotherm and the offshore Ekman transport,
respectively. Both VPA-biomasses are related most weakly with SSTy,.

Fluctuations of the Peruvian upwelling system occurring on time scales longer of more than
half a year are, in the mean, a mixture of a seasonal signal and of a nonstationary random process
with drifting means and variances. The random process has, in part, a fractal geometry (CFNP).

The analyses of the phase spaces defined by the available parameters yield two major
features describing the Peruvian upwelling ecosystem: (i) multiple disjunct states are most
characteristic of the dynamics of the anchoveta VPA-biomasses and (ii) physical parameters,
¢.g., the turbulence index, were identified which are most closely related to biological changes.
These parameters are not those which are commonly observed to characterize El Nifio, e.g., SST
and SOL

These results are consistent with those interpretations which have been developed by only
looking at the time series and inferring the basic principles of the underlying dynamics. The
theoretical background, mainly the fractal geometry of the noise processes, proved to be helpful
to describe the observations and to understand some principles of the relevant dynamics. The
detailed data analyses showed that 30 years of data may be a lower limit for the amount of data
needed to describe the Peruvian upwelling system. Thus, efforts should be done to extend other
existing, but generally shorter time series (e.g., on sardine or zooplankton biomasses) to a period
of at least 30 years.

The main lesson learned is that we can answer the question implied by the title of the book
edited by Pauly and Tsukayama (1987): "Why three decades of change?" The answer - "random
events determine, to an important degree, the changes of the physical properties of the Peruvian
upwelling system" - may restrict our ability to predict future changes.
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Abstract

Maps of the seasonal distribution of waters <17°C and of the 20°C isotherm off Peru were analyzed by planimetry. The resulting values
were used to derive a set of relationships linking sea surface tlemperature and size changes of the habitat of anchoveta (Engraulis ringens). These
analyses show that anchoveta density and hence availability to the fishery are closely correlated to the offshore and alongshore extent of waters
<17°C.

Resumen

Los mapas de distribucion estacional de las aguas frente al Peni con isotermas £17°C y las de 20°C fueron analizados mediante
planimetria.

Los valores resultantes fueron utilizados para derivar una serie de relaciones con 1a temperatura superficial del mar y los cambios en
1amafio del habitat de la anchoveta (Engraulis ringens). Estos andlisis muestran que la densidad de la anchoveta y por ende su disponibilidad a la
pesqueria estan estrechamente cerrelacionadas a las extensiones a lo ancho y a lo largo de la costa de las aguas <17°C.

Introduction

Sea surface temperature (SST) data have turned out to be rather helpful for modelling
biological response (metabolism, feeding, migration) of the principal species of fishes, sea birds
and sea mammals in the Peruvian upwelling ecosystem (Villavicencio and Muck 1985; Muck
and Vilchez 1986; Muck and Pauly 1987; Muck and Fuentes 1987; Muck and Sanchez 1987:
Muck et al. 1987). Moreover, the recently published catalogue of oceanographic data for the
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Peruvian coast (Urquizo et al. 1987) allows detailed, spatially structured analysis of temperature-
related parameters, such as area, size and geographical extension of water masses associated
with important biological features. One example of such analyses involves the dynamics of the
17°C and 20°C isotherms for describing the distribution area of anchoveta (Engraulis ringens)
and the inshore offshore migration of its most important predators, mackerel (Scomber japo-
nicus) and horse mackerel (Trachurus murphyi).

The waters <17°C are the cold and nutrient rich waters of the coastal upwelling ecosystem,
i.e., the habitat of the anchoveta. The 20°C isotherm is, on the other hand, the boundary of
relatively nutrient poor oceanic water masses of the outer part of the continental shelf, where the
bulk of the mackerel and horse mackerel biomass generally occurs (Muck et al. 1987).

Thus, seasonal and El Nifio-related changes in the location and/or extent of these different
habitats will result in changes of (i) anchoveta concentration, (ii) spatial overlapping of
anchoveta predators with their prey, and (iii) mixing of cold, nutrient rich with warm, nutrient
poor waters, affecting anchoveta vulnerability for predation and fishery, primary production and
temperature-related metabolic rates.

Fig. 1 presents false color satellite images showing SST during (a) a period when cold
waters stretched all along the Peruvian coast, and (b) during an El Nifio event. Such images,
although extremely instructive, are usually costly to obtain, analyze and manipulate. As an
alternative, the present contribution presents derivations of simple, linear SST-based models for
estimating (1) the size of the area < 17°C off Peru, (2) the offshore and alongshore extent of this
area and (3) the offshore distance of the 20°C isotherm, our aim being to provide a tool for
modelling purposes, €.g., to estimate the vulnerability of anchoveta.

Materials and Methods

The areas and offshore/alongshore distances have been estimated by planimetric analysis of
maps published in Urquizo et al. (1987), wherein oceanographic conditions (temperature,
salinity, oxygen) off Peru are described on a seasonal basis (i.e., for January-March, April-June,
etc.) for the period 1970-1985. Values referring to coastal stretches other than 4-14°S have not
been used for the correlation and regression analyses.

The monthly SST values in Pauly and Tsukayama (1987) for the area 4°-14° have been
updated (based on IMARPE, unpublished data) and used to compute seasonal means.

Results and Discussion

Table 1 gives seasonal means of SST for the entire Peruvian coast and the results of the
planimetric analyses of 48 temperature maps (Urquizo et al. 1987). Documented are the size of
the area <17°C, its offshore and alongshore extent and the offshore distance of the 20°C
isotherm.

The results of the correlation and regression analyses (Fig. 2 A-E and Table 2) demonstrate
that SST data can be used for estimating the location of the 17°C and 20° isotherms along the
Peruvian coast. Fig. 3 presents seasonal means of these parameters for the period 1970-1985.

The dynamics of the area of waters <17°C and the offshore/alongshore extent of the 17°C
and 20°C isotherms, are as follows: when the overall coastal sea temperature is high (summer,
i.e., January-March), the cold area is located at the center and the south of the Peruvian coast,
and has a minimum extent and an offshore limit of less than 10 nautical miles. The 20°C
isotherm similarly comes close to the coast about 25 nautical miles offshore.

During winter (July-September) most of the Peruvian coastal waters are cold (£17°C); this
zone has a mean offshore extent of 60 nautical miles and a total area ca. 50 times that occurring
in summer. The 20°C isotherm is far offshore (over 100 nautical miles). Spring and autumn have
characteristics intermediate between those of summer and winter.

During the El Nifio of 1982-1983 the normal seasonal pattern was disturbed. There was no
cold water area off Peru from spring 1981 to autumn 1983. During this period the 20°C isotherm
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Fig. 2. Grdficos de varias medidas de las extensiones de las masas de aguas frias a lo largo de la costa peruana conira el promedio de la
temperatura superficial del mar cerca a la costa frente al Perii (¢-14°S).
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Table 1. Sea surface temperature (SST), areas and offshore distances of the < 17°C and the 20°C isotherms.
Tabla 1. Temperatura superficial del mar (TSM), dreas y distancias hacia afuera de la costa de las isolermas <17°C' y las de 20°C.

Area Offshore distance Norh-south extent Offshore distance Mean
Extent of <17°C of 17°C isotherms (nm) of isotherms £17°C of 20°C isotherms (nm) SST
Year Season cruise (°S) C) nm2 n Min Max Mean *C) °S) nm n Min Max Mean Q)
1970 Autumn 3720°-12°58’ 16 7350 1 10 75 38 16 3920°-7°40° 260 i 6 60 34
17 12,850 2 32 118 50 17 3°10°-4°28' 78 18.5
17 §°20°-12°58" 278
Winter 3°25°-.18°30" 14 3,818 1 46 150 72 14 14°50-15°50" 60 1 16 94 42
15 11,781 2 90 168 135 15 5°17-5°53° 36
16 84,980 15 7900 -8°05" 65
17 12,544 15 13°58°-16°20" 150 16.9
16 5°12°-18°30° 798
17 3°10'-5°05’ 115
17 T°15"-9°30° 135
Spring 3°38°-18°38" 16 15480 1 18 82 40 16 7°12'-8°10° 58 1 16 70 34
17 27,146 16 11°14'-16°45" 331 2 108 139 118 17.2
17 5°20°-16°58" 698
1971 Autumn 3°28°-17°38’ 16 3,046 1 16 100 52 16 14°08’-15°15* 67 1 2 95 34
17 20,196 17 13°22-16°50" 208 2 62 172 96 18.8
Winter 4°32'-17°32" 14.5 8,226 1 21 161 50 14.5 14°21'-15°32° 71
15 18,733 145 16°38°-16°50° 12
16 24,573 15 13°52'-17°0%" 197
17 29,922 16 5°00°-7°07" 127
16 9°11°-6°59" 48 17.8
16 11°09°-12°45" 96
16 17°08°-17°51" 43
17 5°00'-12°01" 421
Spring 3°25°-17°38° 16 308 1 30 58 35 16 15°30-15°51" 21 1 11 108 78
17 37,233 2 31 66 35 17 5°23'-6°22’ 59 2 18 122 7 17.0
3 2 279 139 17 7°08’-9°50" 162
17 13°59".16%04’ 125
1972 Summer 3°30’-18°35° 17 923 1 19 36 25 17 14°227-14°46’ 24 1 11 70 37 20.3
Autumn 9°32'-17934° - - - 1 5 12 7
2 30 75 45 213
Winter 3°32'-18°36° 16 1,217 1 13 g2 36 16 13°10°-13°38° 28 1 20 80 30
17 11,858 17 14°29'-17°08" 159 2 27 267 121 20.0
3 13 296 135
Spring 3°26°-18°32° 16 647 1 10 36 24 16 16°20°-16°40° 20 1 23 - 23
17 1,294 17 16°14'-16°47 33 2 15 70 72 19.9
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LE



Table 1. Continued

Area Offshore distance North-south extent Offshore distance Mean
Extent of s17°C of 17°C isotherms (am) of isotherms €17°C of 20°C isotherm (nm) SST
Year Seagon cruise {°S) (°C) nm2 n Min Max Mean (°C) °S) nm n Min Max Mean °C)
1973 Summer 3°15°-17°37 1 11 50 25
2 5 11 7 2.5
Auvtumn 3°16’-18°30" 15 2,434 1 13 95 48 15 7°20'-9°46’ 146 1 17 70 31
16 10,472 2 21 43 34 16 5920"-6°01" 41 2 62 20t 80
17 26,125 16 7°11*-11°23* 252 3 61 184 83 i71.5
16 12°30'-14°14° 104
17 5°08’-15°50" 642
17 16°26'-16°52' 26
1974 Summer 4°30°-18°30" 16 187 1 6 17 10 16 10°31°-11°00° 29 1 10 91 40
17 3,674 2 16 28 14 16 15°42'-15°52" 10 2 20 56 32
3 4 26 14 17 9°33'.11°18* 105 179
17 14°09°-15°00° 51
17 15°38°-15°52 14
Autumn 4°26'-18°28" 16 3217 1 8 52 28 16 14°08°-15°25’ 77 1 19 130 59
17 5,549 17 13°48°-16°28" 160 2 105 125 121 18.9
3 38 154 98
1975 Surnmer 1°36°-12°38’ 1 19 59 40 18.6
Autwmn 1°35°-18°32’ 15 475 1 16 78 48 15 14°35°-15°15° 40 1 20 41 22
16 7,103 16 12°15°-13°10° 55 2 14 57 48
17 24,356 16 14°19°-15°40" 81 3 18 151 75 18.4
16 16°08'-17°58° 110
17 12°16°-18°21° 365
Winter 6°35'-12°35° 16 1,693 1 5 58 44 16 10°217-11°45° 84
17 11,571 2 12 48 26 17 6°20°-7°26’ 66 16.3
17 7°58'.12°25° 267
Spring 4°30"-17°38" 15 1,118 1 10 180 65 15 7°43'-9°14 91
15.5 6,568 15.5 13°22'-16°44° 202
16 23,182 16 6°16'-9°32' 196 16.0
17 59,733 16 11°58°-17°20" 322
17 5°21'-18°20" 779
1976 Autumn 11°38°-15°39° 1 55 119 64 19.8
Winter 3°25°-18°32° 16 9,035 1 i0 85 51 16 14°45°-16°43’ 118 1 17 18 75
16.5 15274 16.5 14°41°-17°04 143
17 9,156 17 14°117-14°48° 37 18.7
17 17°10°-18°00° 50
Spring 2°30'-15°28" 16 5,228 1 8 55 25 16 14°40°-15°50° 70 1 18 47 28
17 2,811 17 13°00°-14°32’ 92 2 13 62 33 18.9
3 20 68 42

Continued
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Table 1. Continued

Area Offshore distance North-south extent Offshore distance Mean
Extent of <17°C of 17°C isotherms (nm) of isotherms £17°C of 20°C isotherm (nm) SST
Year Season cruise (°S) C) nm2 n Min Max Mecan (°C) S) nm n Min Max Mean C)
1977 Summer 11°38°-16°16" 1 29 54 39 20.5
2 34 56 40
Autumn 4°28'-6"28" 1 56 151 66 19.3
1978 Summer 7°29'-8°46" 19.3
1979 Summer 3°24°-18°25° 1 19 34 29
2 10 24 17
3 7 26 18 18.7
4 7 47 21
Autumn 3°24'-12°30° 17 512 1 9 11 10 17 8°31'-9°16° 45 1 15 143 58 18.2
1980 Summer 4°31°-18°28" 1 10 41 25 18.6
Aummn 4°29'-12°28' 1 15 50 30 18.5
Winter 4°28'-17°58' 15 2,485 1 13 137 64 15 14°37-15°57" 80
16 25970 16 4°18’-6°13° 115
17 45341 16 8°05’-16°51" 526 17.0
17 4°46'-17°18’ 752
Spring 3°20"-12°30" 17 827 1 11 21 20 17 7°18'-7°52' 34 1 19 148 [ 17.0
1981 Summer 4°34'-19°35* 1 8 33 18
2 20 42 28 182
Autumn 12°38°-16°38' 16 3236 1 11 153 49 16 14°17°-15°52° 95 1 175 279 185 18.1
17 7,661 17 13°54'-16°29° 155
Winter 4°30°-17°38' 15 2,645 1 16 174 58 15 14°13°-14°54° 41 1 298 as1 292
16 19,018 15 16°20°-16°42° 2
17 62,284 16 6°12°-10°24" 252 16.6
16 13°24'-16°51° 207
17 5°12°-17°38%° 146
Spring 1°40°-10°39" 1 75 90577 17.0
1982 Summer 1°38°-13°30" 1 22 42 29 18.5
Spring 4°47°-17°32° 1 11 35 21 216
Continued
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Table 1. Continued

Arca Offshore distance North-scuth extent Offshore distance Mean
Extent of s17°C of 17°C isotherms (nm) of isotherms <17°C of 20°C isotherm (nm) SST
Year Season cruise (°S) (49)] nm n Min Max Mean C) S) nm n Min Max Mean (°C)
1983 Summer 1°39'-19°36" 252
Autumn 3°25°'-15736" 26.0
Spring 1°32'-18°32" 17 1,714 1 i8 42 24 17 14°20¢-14°31" 11 1 18 182 54
2 4 34 13 17 15°30"-15°58" 28 182
1984 Winter 3°25'-18°32' 16 668 1 6 74 40 16 8°18°-8°59" 41 1 14 82 52
17 28,645 16 10°22°-11°00° 38
16 14°32°-14°58" 26 16.9
17 5°21°-16°48' 687
1985 Summer 1°38°-18°34° 17 456 1 3 9 7 17 8°22'-8°52° 30 1 8 45 30 19.5
Autumn 1°36'-17°31" 16 1,969 1 13 106 58 16 16°20°-16°42’ 22 1 16 205 166
17 9,342 2 18 85 36 16 7°15°-8°01" 46 2 43 119 80
3 7 24 16 17 5°12'-5°59" 47
4 2 64 28 17 6°40°-8°28" 108 176
17 15°08°-15°41" 33
17 16°14°-16°48" 34
Winter 1°39°-18°35" 15 5116 1 25 272 84 15 8°13'-9°00° 47
16 30,478 15 15°10"-16°20" 70
17 56,132 16 4°20°-5°18° 58
16 6°24’-11°20° 296 16.6
16 11°48°-14°00° 132
16 14°48’-16°58" 130
17 4°20'-17°21" 781
Spring 3°30'-13°36’ 16 925 t 15 62 54 16 7°25°-8°15" 50 1 11 74 45
17 13,765 2 14 54 29 17 4°29°-5°49" 80 2 60 192 107
3 32 61 45 17 6°51'-10°35" 224 17.6
17 12°117-13°04° 53

n = The number of isotherms of 17°C and 20°C that were measured per season,

)4
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came steadily closer inshore, from 300 nautical miles offshore distance in winter 1981 to zero in
summer 1983.

We conclude that mean values of SST data referring to the entire Peruvian coast can be used
for estimating the location of the <17°C and 20°C isotherms, which have been considered as
characteristic for (i) the cold coastal upwelling area and (ii) the warmer oceanic waters of the
outer half of the continental shelf,

Referring to species habitats, 17°C represents the mean preferred sea temperature of
anchoveta and 20°C that of mackerel and horse mackerel (Zuta et al. 1983).

Increases in SST, during summer or El Nifio events, are correlated with:

e an onshore movement of the 17°C and 20°C isotherms;

e adecrease in the size of the area <17°C; and

* a southward shift of the northern boundary of the cold water area.

For purposes of ecosystem modelling, the regressions presented in Table 2 can be used to
assess the variation of the habitat size of anchoveta and its main predators.

Muck et al. (1987) put forward the hypothesis that changes in the spatial parameters area
(alongshore, extent, onshore-offshore distance) of the cold and warm water habitats off Peru
control - or at least influence - the migration and concentration pattern of anchoveta and of
mackerel and horse mackerel, resulting, e.g., in changes of anchoveta vulnerability to predation,
to egg and larval cannibalism and to the fishery.

This hypothesis is supported by Ware and Tsukayama (1981) who noted that anchoveta
concentration increases with positive temperature anomalies. A direct relationship between water
temperature and anchoveta density can also be shown to exist (Fig. 4).

18 —

Anchoveta density index (arbitrary unifs )

al | ] | L L I ! 1 ] |
16 18 20 22 24

Mean sea surface temperature along Peruvian coast (°C)

Fig. 4. Relationship between anchoveta density and SST off Peru (based on data in Table 3).
Fig. 4. Relacidn entre la densidad de la anchoveta y TSM frente al Peri (basados en datos de
tabla 3).

Changes in anchoveta density imply changes of anchoveta biomass and/or of the size of
anchoveta distribution area. Analysis of the data in Table 3 shows that the anchoveta distribution
area is significantly correlated (P < 0.05; r = 0.42) with the area of water <17°C, and with
anchoveta biomass (B) as well (P < 0.005; r = 0.62).
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Table 2. Statistics of linear relationships between sea surface temperature off Peru and some dependent variables (see also Fig. 2).2
Tabla 2. Estadisticas de relaciones lineales entre la temperatura superficial del mar frente al Perii y algunas variables dependientes
(ver también Fig. 2).

Correlation Degrees
Plot in Dependent variables Intercept Slope S.E. coefficient of
Fig. 1 (units) (a) b) of b ()¢ freedom
A Sea area (103 * Nm2)b 420 -21.4 437 071 26
<17°C
B Offshore extent 264 -12.5 3.06 0.63 27
of area <17°C (Nm)
C Alongshore extent 4,440 226 335 0.81 26
of area <17°C (Nm)
D Northern limit -46 3.03 0.42 0.85 23
of area £17°C (° South)
E Offshore extent 220 -8.74 222 0.64 24
of area £20°C (Nm)

aBased on seasonal means for 1970 to 1985 (in Table 1).
bHere and elsewhere, nm refers to nautical mile, i.e., 1,852 km.
cAll correlation coefficients are significant (P < 0.05).

Table 3. Data for establishing relationships between sea surface temperature off Peru and the distribution area and density of anchovera.
Tabla 3. Datos para establecer relaciones enire la temperatura superficial del mar frente al Peri y el drea de distribucidn y densidad
de la anchovela.

Sea area Anchovela Anchoveta Anchoveta
SSTa <17°Ch distribution area® biomassd density
Date (°C) (103 Nm2) (103 Nm2) (105¢) index€

Jan-73 23.2 0.0 105 2.9 9.2
Jan-76 17.2 36.8 31.3 16.4 8.3
Feb-69 19.0 9.3 12.2 9.1 119
Feb-71 19.1 7.8 287 169 6.3
Feb-72 20.6 0.0 13.8 5.3 104
Feb-73 23.0 0.0 5.9 35 13.5
Feb-74 18.2 215 21.5 3.8 56
Feb-75 18.1 23.1 16.3 3.2 6.8
Mar-68 18.5 169 34.8 14.7 6.1
Mar-70 20.0 0.0 19.7 159 8.7
Mar-76 21.3 0.0 14.3 5.1 17.6
Mar-77 20.6 0.0 5.4 1.0 15.1
Mar-79 19.2 19.2 10.1 23 -

Aug-66 162 52.1 246 15.5 73
Aug-67 15.4 64.3 21.5 20.5 7.3
Aug-68 16.0 55.2 342 13.0 8.1
Aug-70 16.9 41.4 14.9 14.4 8.5
Aug71 18.0 24.6 492 140 7.0
Aug-74 16.8 429 219 3.0 5.0
Aug-75 16.1 53.6 14.9 1.6 6.2
Aug-76 19.1 7.8 187 4.4 7.1
Sep-69 17.2 36.8 17.7 43 5.8
Sep-72 189 10.8 122 2.1 -

Sep-73 15.7 597 227 2.8 43
Sep-74 16.1 53.6 14.8 39 6.7
Sep-76 17.6 307 11.4 3.9 -

aFrom Pauly and Tsukayama (1987b), and pertaining to the Peruvian coast from 4° to 14°S.

bFrom Fig. 2A and corresponding regressions in Table 2; predicted areas < O were set = 0; 1 Nm2 =3.43 km?2.
CFrom Zuta et al. (1983).

dFrom Pauly et al. (1987).
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However, predictions can be markedly improved by combining three variables into a log-
linear model, e.g., into

logi1oA =0.8177 + 0.3492 log;oB + 0.1396 log1o(C + 1) w1)
where A is the anchoveta distribution area (in 103 Nm2) off Peru,
B the biomass of anchoveta (in t-106)
and C the area of water <17°C (in 10° Nm?)

This model, based on the data of Table 3, has a multiple correlation coefficient R = 0.794
and explains 62.1% of the variance in the data set. Both of its partial slope are significantly
different from zero (P < 0.01; d.f. 23).

As an alternative, one can replace the variable (C) in equation (1) by the SST values from
which the C-values were computed (see Table 3) and this yields

log,A = 3.23 +0.3483 log;oB - 1.797 log1o SST 2)

where R = 0.780 (R2 = 0.608) and where both slopes are significant (P < 0.01), and which
applies, as did equation (2), to the stretch of the Peruvian coast between 4° and 14°S.

The good fit of these models to the available data validates the concept of a Main Anchoveta
Area (MAR), first proposed and used as a constant by Muck and Sanchez (1987), and now
shown to be an SST-dependent variable.

The interrelationships between SST, anchoveta concentration and the spatial characteristics
of its habitat imply an increase of anchoveta mortality by predators and the fishery when the
distribution area of mackerel and horse mackerel overlaps with that of anchoveta (Muck and
Sanchez 1987), especially during El Nifio events.

This is also a time when the anchoveta schools are concentrated close to the coast and hence
highly vulnerable to the purse seiner fleet. Valdivia (1978) reports that during the El Nifio event
of 1971-1972 anchoveta were so concentrated that 170,000 t of them were caught in a single day,
in March 1972 (see also Csirke, this vol.).

When an El Nifio event, however, becomes so strong that the cold waters completely
disappear (as is nearly the case in Fig. 1 lower panel), anchoveta vulnerability to the fishery fleet
abruptly drops to near-zero values because of the vertical displacement of the pelagic schools out
of the purse seiners’ range. This has been observed during the last very strong El Nifio event of
1982-1983 and is also reported in Muck and Vilchez (1986).

Changes in the area of the cold water habitat also influence anchoveta recruitment. Csirke
(1980), who added to the standard stock/recruitment model of Ricker (1954) an "anchoveta
concentration index", found that an increase in the concentration of the parent stock during
spawning resulted in less recruits in the next year which suggests a density-dependent egg and
larvae cannibalism. Ware and Tsukayama (1981), who used a bioenergetics model of anchoveta
recruitment suggested that increases of anchoveta concentration during spawning cause reduced
egg production (via crowding effects) and/or lead to food competition between the spawning
stock and its progeny, which may result in reduced larval survival.

Thus, the dynamics of SST-related parameters such as the area of water £17°C, and the
onshore and alongshore extent of the 17°C and 20° isotherms for which several expressions are
given in the present contribution, appear to be of crucial importance for anchoveta population
growth and should be taken in account when modelling the Peruvian upwelling ecosystem.
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Abstract

The hypothesis that the poleward propagation of El Nifio events along the coast of South America is due 1o Kelvin waves lacks stringent
cenfirmation by observation. Observations are discussed which refute the Kelvin wave model. An altemative concept of poleward propagating
shock waves is proposed. Some of its basic featnres and advantages are discussed.

Resumen

La hipotesis que la propagacion de los fenomenos de El Nifio a lo largo de 1a costa de America del Sur es debido a las "ondas de Kelvin”
adolece de una confirmacién concluyente por medio de mediciones. Las observaciones que refutan el modelo des "ondas de Kelvin" estan
discutidas. Un concepto altemnativo de propagacién de "onda shock” es propuesto. Se discute algunas de sus caracteristicas bisicas y ventajas.

Introduction

Southern oscillation events are linked to equatorial Kelvin waves crossing the Pacific
towards South America (see, e.g., Cane 1983; Kiise 1985). The equatorial current system creates
Kelvin waves by shear instability (Philander et al. 1985). The South American coast acts as wave
guide for Kelvin waves of about 5 to 10 days period, more than 1,000 km wave length and 2.5
ms-! phase velocity (Romea and Smith 1983). Equatorial Kelvin waves, incident on the South
American coast, give rise to coastal Kelvin waves propagating poleward (Anderson and
Rowlands 1976; Brink et al. 1983).

El Nifio southern oscillation events propagate poleward along the coasts of Ecuador and
Peru with phase velocities similar to those of coastal Kelvin waves (Smith 1983). The problem to
be considered here is: are the dynamics of the southward propagating El Nifio events those of a
Kelvin wave as suggested by Cane (1983)? The Kelvin wave hypothesis seems to be acceptable
because it provides both a reasonable estimate of the mean speed of alongshore propagation of
the El Nifo events and also provides a triggering mechanism, However, observations and
theoretical considerations can be assembled which, together, indicate that the Kelvin wave
hypothesis may be too restrictive and should be replaced by a more general concept.

45
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Theoretical Considerations

A Kelvin wave has several main features which do not depend on the technique used to
derive the solutions from the governing equations. The current amplitude u decreases with
increasing offshore distance y (x is the alongshore distance, t the time). If H is the vertical
displacement of the isotherms, then the proportionality

ux,y,)=dy H(x,y,t) LD

holds. The alongshore propagation of the wave is like a gravity wave, thus there is a
proportionality such as

dfotu(x,y, )=dloxH (x,y,t) ...2)

The phase speed of the Kelvin wave is nondispersive. Thus its propagation speed is
independent of wave frequency. Therefore, a general-wave like solution of (1) and (2) may be
obtained by:

uxy,)=U()*F(x-ct 0.2 3)
HE,y,t) =H (y) *F (x-ct),

where ¢ is the phase speed and x - ct the phase (abbreviated below as s). From (3) and (2) follow
the proportionalities:

-c*U(y)* 9/0sF (s)~H (y) * 9/dsF (s)
orc = H(y)/U(y) o4

H (y) and U (y) differ by a constant factor, and, uding (1), are exponentially decreasing with
increasing offshore distance,

U (y )=exp (- y/1)
H (y) =~ exp (- y/1) )

The constant 1 can be identified as the Rossby radius of deformation (Krauss 1973).

Data off Peru to test these main characteristics of currents and isopycnal depths (equations
(1), (2), or derived proportionalities) are, to the authors’ knowledge, not yet available. Thus, the
Kelvin wave character of the motion is still hypothetical. However, the data from which Brainard
and McLain (1987) derived the monthly mean depths of the 14-degree isotherm may be
rearranged to test whether the proportionality of equation (6), which combines equation (1) and
(2), holds.

o/ox H (x, y, )=0/dt /ey H (x, y, t) ...6)

If this proportionality holds and if likewise the nondispersive character of the phase speed is
shown, then the linear Kelvin wave character of the El Nifio events along the coasts of Peru
could be demonstrated.

The linearity of the motion is implicit due to the form of equation (3). The linearity of the
wave may be questioned. The poleward increasing influence of the earth rotation causes an
increasing trapping of the wave energy against the shoreline. The Rossby radius decreases by a
factor of two from either 2.5°S to 5°S, or 5°S to 10°S, or 10°S to 20°S. Therefore, a longshore
gradient of the mean current amplitude will build up if not balanced by, e.g., frictional
dissipation. Otherwise the motions will be subject to nonlinear accelerations.
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Observational Considerations

Observations made during El Nifio events are presented below which do not agree with the
notion of one long, linear Kelvin wave propagating along the coast.

a)

b)

Posner (1957) reported that the 1953 El Nifio advanced twice and retreated twice
during the observation period from 10 March to 21 May 1953. Wooster and
Guillén (1974) reported for the 1972 El Nifio event "no systematic progression of
anomalous conditions southward along the coast"

Smith (1983) described the 1982 El Nifio event linked to a rapid, stepwise
increase of the currents (Fig. 1) in 100 m depth: "the alongshore current, averaged
over 1, 8, and 64 days before 7 October, was poleward at 18.9, 18.0, and 4.2 cm/s,
respectively. Mean alongshore current abruptly accelerated to 35.8 cm/s poleward
on 7 October, and current averaged over following 8 and 64 days remained
poleward at 30.1 and 25.3 cm/s."” Temperature (see his Fig. 2) increased steplike,
first in small (from early October to mid-November), then in large steps.
Furthermore, strong temperature changes were found in different depths (Knoll et
al. 1987: p. 33 - end of March 1983, p. 113 - October 1982, p. 117 - April and
May 1983) which neither occurred in phase nor had smooth forefronts. Both
features are not consistent with a Kelvin wave dynamic,

The sea level changes at Santa Cruz and Callao in 1982 and 1983 were fluctuating stepwise,
as shown by Cane (1983). Single steps may be smoothed to give the impression of a monotone
mean rise like Cane’s figure of the canonical El Nifio. However, an approximation by a stepping
function would probably be more appropriate (Fig. 2).
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Fig. 1. Averaged current speeds observed at 10°S in 100 m depth (bottom depth 150 m) by Smith (1983) around 7 October 1982. Horizontal bars
give the time intervals for which the mean values (vertical axis) have been calculated. Note the uneven scaling of the time axis. The broken line
indicates how the mean currents would change for an evenly scaled time axis (upper line).

Fig. 1. Velocidades de corriente promediadas a 10°S y 100 m de profundidad (profundidad del fondo 150 m) de Smith (1983) alrededor del 7 de
Octubre 1982. Las barras horizontales dan intervalos de tiempo del chlculo medio de las corrientes (linea vertical). Notar la desigualidad
regular de la linea del tiempo. La linea puntillada indica como las corrientes medias podrian cambiar para una escala de tiempo equidistante

(linea superior}.
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Fig. 2. Sea level changes at Callao (redrawn from Cane 1983). Superimposed is a suggestive stepwise
approximation, contrasting with the common interpretation of smooth changes.

Fig. 2. Variaciones del wivel del mar en Callao (redibujado de Cane, 1983). La linea superimpuesta es una
sugestiva aproximacién de pasos en contraste con la interpretacion comin de cambios suavizados.

Discussion

The observations presented above imply a motion expressed by nonlinear, steplike changes
and intermittence. These are features which do not match simple wave dynamics. Furthermore, a
stringent confirmation of the Kelvin wave hypotheses by observations is lacking. Thus, it seems
reasonable to suggest that the dynamic features of the El Nifio events off Peru should be
reanalyzed. Of special importance is the question whether the poleward propagating motion is a
single or a composed signal and how linear the event is. The latter characteristic would
determine to which degree locally remotely and remotely forced motions may interact, e.g.,
exchange energy.

A possible dynamic concept, including the Kelvin wave concept to a certain degree, is
implied in the nonlinear model developed by Nof (1987a, 1987b) and applied to various
hydrodynamic problems {(Nof 1987a, 1987b; Nof and Van Gorder 1987), and which implies the
possibility of boundary currents supporting propagating, frontlike disturbances, dissipating shock
waves, e.g., steplike increases of the surface layer depth or the current speed.

Results obtained for the Mediterranean outflow (Nof 1987a, 1987b) may apply, after proper
scaling, to the Peruvian Undercurrent. However, only the concept of shock waves itself needs to
be discussed here. The model predicts that these shock waves will more rapidly than a Kelvin
wave downstream from the front. An upstream Kelvin wave will catch up with the front. Thus,
the front does not disintegrate in alongshore direction and will be maintained against frictional
losses and offshore oriented Rossby wave dispersion by energy radiating from an upstream
source. The alongshore penetration length of single shock wave will depend on the relative
strength of the shock itself and on dissipation or dispersion. The generation of poleward
propagating shock waves may be due to the observed pulsation of the Equatorial Current System
(Lukas 1986). El Nino signals may be caused by these pulses especially if combined with the
downwelling stroke of the isopycnals occurring east of the Galapagos Islands in early autumn
and spring (Lukas 1986).
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The sequence of shock waves, eventually followed up by Kelvin waves, may serve as a
conceptual model. Each El Nifio event can be assumed to be built by a particular sequence of
shock waves. This would explain both the intermittence and the characteristics of particular El
Nifo events. Furthermore, the shock wave concept offers the possibility to analyze the observed
nonlinear kinematic features. The nonlinear dynamics of the concept suggest that a free
superposition of different motions may not be possible. Thus, a particular feedback between
locally forced motions and remotely triggered waves may be possible.
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Abstract

A model was used 1o estimate the potential primary production of the Peruvian upwelling ecosystem from 1953 to 1984. A monthly time
series of thermocline depth was converted 1o nitrate concentration at 60 melers using an empirical relationship between the depth of the
themmocline and the concentration of nitrate at 60 m. A time series of new production was created using the time series of nitrate concentration at
60 m and & monthly time series of upwelling rates coupled with a Redfield ratio conversion of nitrogen to carbon. The new production time series
was converted 1o primary production using the "f" ratio, 0.75 for the coast of Peru. The estimates of primary production were compared lo values
obtained using C-14 uptake and the results were similar. The interannual variability in new production generally followed the expected pattern,
with lower new production during El Nifio and higher new production during cool years. The level of new primary production of the Peruvian
upwelling ecosystem is substantially higher than previous estimates and has remained relatively constant through time. The overall results are
encouraging but the model still requires adjustment for the area over which the new production is realized.

Resumen

Se usé un modelo para estimar la produccién primaria potencial del ecosistema de afioramiento junto a la costa del Peni, entre 1953 y
1984. La serie de tiempo mensual de la profundidad de la termoclina fué convertida a concentracién de nitrato 8 60 metros usando una relacién
empirica entre la profundidad de la lermoclina y 1a concentracién de nitrato a 60 metros. Se calcul6 una serie de tiempo de nueva produccién
primaria usando la serie de tiempo de nitrato a 60 metros y una serie de tiempo de afloramiento, junto con una conversién Redfield de nitrégeno a
carbono. La nueva produccién primaria se convinti6 a produccion primaria total, usando un valor de "f" de 0.75. Se compararon los valores
estimados usando esta Lécnica con valeres obtenidos usando 1a incorporacién de C-14 por fitoplancton y los resultados fueron similares. La
variabilidad interanual de la nueva produccin primaria siguié generalmente el patrén esperado, con produccién mas baja durante El Nijio y mis
alta durante los afios frios. La magnitud de la produccién primaria del ecosistema de afloramiento junto a la costa del Peni es sustancialmente més
elevada que los estimados previos y s¢ ha mantenido relativamente uniforme con el tiempo. Los resultados preliminares son alentadores, pero el
modelo requiere mayor atenci6n a los aspecios fisicos que modulan el afloramiento y el drea que es afectada por este fenémeno.

Introduction

The southeastern tropical Pacific produces a significant proportion of the global pelagic fish
harvest (FAO 1983). The richness of living resources is a consequence of high levels of primary
production which result from abundant concentrations of inorganic plant nutrients at the surface
in a tropical setting (Ryther 1969; Cushing 1971). Primary production in the ocean, however, is
highly variable in space and time (Steele 1977). On the other hand, temporal and spatial
observations of primary productivity in the ocean are relatively few. Because of the high

*Present address: Monlerey Bay Aguarium Research Institute, 160 Central Ave., Pacific Grove, Califomnia 93950, USA.
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variability in primary productivity in space and time and the few direct observations of primary
productivity, it is important to develop indirect methods of estimating primary productivity
which integrate over space and time. One such indirect approach involves using upwelling
models (Chavez and Barber 1987).

New primary production is primarily supported by upwelling which provides the euphotic
zone with nitrate from below the thermocline (Dugdale and Goering 1967). The potential new
production of a region is therefore determined by the amount of nitrate upwelled into the
euphotic zone. An estimate of the potential new production can be made by estimating the nitrate
concentration of the upwelled water and estimating the volume of water upwelled. Wyrtki (1963)
estimated the volume of water upwelled for a region in the southeastern tropical Pacific from 6°S
to 24°S to be 1.0 x 10 m3/year. Using the Wyrtki (1963) estimate of the volume of water
upwelled and assuming a nitrate concentration of 25 pg-at./l in the source water, a potential new
production of 2.0 x 1014 gC/year was estimated (Chavez and Barber 1987). The calculation
assumes all upwelled nitrate is taken up by phytoplankton and uses a Redfield ratio conversion
of nitrogen to carbon.

As part of a multidisciplinary effort designed to study the variability of living resources
along the coast of Peru, long time series of monthly averages of physical and biological
parameters have been compiled (Pauly and Tsukayama 1987). The spatial domain over which
the multidisciplinary effort concentrates is the region along the coast of Peru from 4°S to 14°S.
The temporal domain is from 1953 to 1982 and in some cases until 1985. Following a logic
similar to that outlined below for the Wyrtki (1963) estimate of upwelling (Fig. 1) we have taken
the upwelling time series compiled by Bakun (1987)* and the thermocline depth time series
compiled by Brainard and McLain (1987) as part of the multidisciplinary study and converted
them to a time series of new primary production (sensu Dugdale and Goering 1967).

Wind Speed Depth of the
and Direction 14°C Isotherm

3

. Nitrate
Upwelling Rate
{m3/day/m of coast) at 60 Meters
{uM)
Nutrient Supply
to Euphotic Zone
{(uM sec1 m-1 of coast)
Redfield Ratio
(6.6 C/1 N/14 gN/mole)
Length of Coast
4°S to 14°S (m)
Area of Rossby Radius {m?)
Fig. 1. Flow chart showing the logic involved in converting wind speed and
direction and the depth of the 14°C isotherm 1o potential new production
Potential (PM =He - ac/l). , . - .
New Production Fig. 1. Carta de flujo mostrando la Idgica wiilizada en convertir la
(gC/m? /day) velocidad y direccién del viento y la profundidad de la isoterma de i4°C, a
nueva produccién potencial (WM = g - at /i).

aEditors’ note: The use of Bakun's (1987) series implies a slight bias, not likely to affect final results (see Bakun and Mendelssohn, this
val.).
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Materials and Methods

Barber and Smith (1981) have estimated that water upwelled along the coast of Peru comes
from between 50 and 75 m, therefore the nitrate concentration at 60 m is a good proxy for the
nitrate concentration of the upwelled water. During the period 1982-1984 the nitrate
concentration at 60 m at Paita, Peru (5°S) was found to be a function of sea level and
thermocline depth (Fig. 2). Long time series of nutrient concentrations for the coast of Peru do
not exist; however, a long monthly time series of thermocline depth (the depth of the 14°C
isotherm) has been compiled by Brainard and McLain (1987) from the US Navy Fleet Numerical
Oceanography Center (FNOC) Master Oceanographic Observations Data Set (MOODS). The
concentration of nitrate in the upwelled source water can be estimated by finding a relationship
between the depth of the 14° isotherm (a proxy for the depth of the thermocline) and the nitrate
concentration at 60 m. Using data collected on cruises during November and December 1981
and February, November, and December 1983, a significant relationship between the depth of
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Fig. 2. Relationship between sea level measured at a pier in Paita, Peru (5°03°S, 81°07'W) and (a) nitrate at 60 m, (b) sigma-t at 60 m,
and (c) temperature at 60 m measured at an offshore station (5°05'S, 81°15°W) during 1982, 1983, and 1984. Sea level was measured
continuously by David Enfield of Oregon State University. Daily values were smoothed with a normal filter (Holloway 1958) to
suppress frequencies of less than one week. The nitrate, sigma-1, and temperature were measured three times a week, interpolated to
daily values (Stineman 1980) and smoothed as the sea level.

Fig.2. Relacién entre el nivel de mar medido en el muelle de Paita, Perii (5%03'S, 81°07'W) y (a) nitrato a 60 m; (b) sigma-ta 60 my

(c) temperatura a 60 m medida en una estacién fuera de la costa (5°05°S, 81°15W) durante 1982, 1983 y 1984. El nivel de mar fué

medido continuamente por David Enfield de la Universidad del Estado de Oregdn. Los valores diarios fueron suavizados mediante un
filtro normal (Holloway 1958) para suprimir frequencias de menos de wna semana. El nitrato, sigma-1, y la temperatura se midieron
tres veces por semana, se interpolaron a valores diarios (Stineman 1980) y se suavizaron como los del nivel de mar.
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the 14° isotherm and the nitrate concentration at 60 m was found. The regression equation of
nitrate on the depth of the 14° isotherm was: nitrate = 44.15 - (0.20 x depth of the 14° isotherm)
with a regression coefficient of -0.82 and a slope which is significantly different from zero at P <
0.01. Using this equation, the long monthly time series of the mean depth of the 14° isotherm
created by Brainard and McLain (1987) was converted to concentrations of nitrate at 60 m.

There are several factors which have not been considered in the present analysis and could
potentially bias the calculations. No correction is applied for denitrification. Denitrification has a
similar effect on new primary production as El Nifio: it reduces the concentration of nitrate in the
upwelled water. Stations which exhibited strong denitrification were excluded from the
regression between nitrate at 60 m and the depth of the 14°C isotherm. In addition shortly after
the 1982-1983 EI Nifio waters of very high salinity and abnormal nitrate to temperature
relationship (i.e., low temperatures and low nitrate concentration) remained close to the coast.
These stations also were not considered in the present analysis.

The second parameter needed to estimate potential new production is the amount of water
upwelled. A long time series (1953-1984) of monthly upwelling rates has been constructed by
Bakun (1987). The upwelling rates are calculated from maritime measurements of wind speed
and direction (Bakun et al. 1974) and tlie units are m3/sec/m of coast. To see how the volume of
upwelling calculated from the upwelling rate compared to other estimates of the volume of water
upwelled along the coast of Peru (Wyrtki 1963) we estimated the mean volume of water
upwelled for the stretch of coast from 4° to 14°S using the upwelling rates. From the upwelling
time series we calculated a mean upwelling rate of 2.17 m3/sec/m of coast. The caleulated mean
volume of water upwelled for the length of the coast (4°S to 14°S) for the period from 1953 to
1984 is 7.6 x 1012 m3/year. The volume calculated here is very similar to that estimated by
Wyrtki (1963) using geostrophy, supporting this method of calculation of upwelling volume. A
potential bias of using upwelling models which depend solely on the wind (Bakun 1987) is that
there are times when upwelling favorable winds along the coast of Peru produce no upwelling
(Huyer et al. 1987). This happens at times during El Nifio and perhaps during summer months.

Following the logic outlined in Fig. 1, the long time series of nitrate concentration and
upwelling rate coupled with a Redfield ratio conversion of nitrogen to carbon were used to
construct a long time series of potential new production. Since the theoretical offshore dimension
of coastal upwelling is the Rossby radius of deformation (Yoshida 1967) an estimate of the area
affected by coastal upwelling between 4°S and 14°S can be made. Taking the total productivity
of the length of the coastline and dividing by the area we converted the production into daily or
yearly rates per m2 so that comparisons to productivities measured using other techniques could
be made (Table 1).

The thermocline depth time series was incomplete so that smoothing and time series
analysis could not be easily performed. In order to fill in the gaps we searched for relationships
between thermocline depth and other physical variables. A multiple regression using the mean
Peru SST and an index of the Southern Oscillation (Brainard and McLain 1987) gave a
regression coefficient of 0.63 which was significant (P < 0.001). The missing thermocline depths
were found using the multiple regression equation. With the complete series we were able to
smooth the data in order to suppress the annual cycle, using a 13-month runnin g mean,

In order to investigate the higher frequency variability, time series analysis was performed
on the long monthly time series. In order to determine seasonal cycles in the time series the long-
term means of individual months were calculated. Trend analysis was also performed on the time
series data in order to investigate long-term trends of the data. Spectral analysis was used to
identify the important frequencies of the time series.

Results

The grand mean concentration of nitrate at 60 m for the entire time series is 22.21 HM. This
together with the mean upwelling rate converts to a mean potential new production of 844
gC/m2/year. Chavez and Barber (1987) have estimated a mean total production of 834
gC/mz/year for 1983, 1984, and 1985 using C-14 carbon uptake experiments. Others (Walsh
1975, 1981; Cowles et. al. 1977; Shushkina et. al. 1978; Barber and Smith 1981; Chavez and
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Barber 1985; and Barber et. al. 1986) have also estimated total primary production for the
Peruvian upwelling system. In order to compare the new production estimates to total production
estimates it is necessary to convert new production to total production. Although new production
is a fraction of total production, for the coast of Peru this fraction is high and has been estimated
as 0.75 (Dugdale 1985). Using Dugdale’s (1985) estimate of the "f" factor (the ratio of new to
total production) for the Peruvian upwelling system, the potential new production was converted
to total production. Comparison of estimates made in this paper to estimates made using C-14
uptake (Table 1) shows the estimates made using the physical data and those from C-14
measurements are very similar. There is then good agreement between the estimates from the
physical data sets and those from C-14 uptake experiments.

Table 1. Comparison of published estimates of production for the Peruvian upwelling system to the estimales
made from our method of calculation. The potential new production was convered to total production using a
ratio of new to total production (the "f" factor) of 0.75 (Dugdale 1985).

Tabla 1. Comparacidn de estimaciones publicadas de produccién del sistema de afloramiento peruano con las
estimaciones obtenidas con nuestro método de calcudacion. La nueva produccién polencial fué convertida a
produccion total, usando una relacién entre la produccidn nueva y la total de 0.75 (el factor "f") (Dugdale

1985).
Productivit
ng'zday'
This
Date study Others Source
April 1969 3.35 4.82 (Chivez and Barber 1985)
April 1969 2.84 5.16 (Barber and Smith 1981)
June 1969 2.66 1.30 (Walsh 1975)
February 1974 4.10 4.16 (Shushkina et al. 1978)
April 1975 3.86 3.80 (Cowles et al. 1977)
April 1976 3.13 1.70 (Barber and Smith 19871)
August 1976 2.85 3.20 (Walsh et al. 1980)
April 1977 2.99 1.90 (Barber and Smith 1981)
November 1977 3.06 3.19 (Barber et al. 1986)
March 1978 3.27 4.30 (Barber and Smith 1981)
Nov 1983 - Sept 1987 (mean) 2.81 2.29 (Chavez and Barber 1987)
MEANS 3.18 3.26

Interannual Variability

The time series of depth of the 140 isotherm shows that the isotherm is deepest during
periods of El Nifio Southern Oscillation (see Fig. 3 and Brainard and McLain 1987). From 1956
through 1961 the depth of the 140 isotherm remained relatively constant at about 120 m, The
depth of the 14° isotherm during El Nifio ranged from 120 min 1957 to 160 m in 1983. The
average depth of the 14° isotherm during non-El Nifio years is about 100 m.

The nitrate concentration at 60 m, a mirror image of the depth of the 14° C isotherm, has
minima during the El Nifio years (Fig. 4). The lowest value occurred in 1983 where the
concentration of nitrate was about 13 uM. The highest concentration of nitrate occurred in 1971
at 27 UM. Just like the depth of the 14° isotherm, the nitrate concentration data had a relatively
constant value of about 21 uM between 1956 and 1961.

The time series of the rate of upwelling showed peaks during El Nifio years (Fig. 5)
supporting the observations of Enfield (1981) who first suggested that during El Nifio the coastal
winds which drive upwelling intensify. During normal time periods, the average upwelling rate
is about 2.0 m3/sec/m of coast. The lowest rate being about 1.5 m3/sec/m of coast occurred in
1959 and the strongest rate of 3 m3/sec/m of coast occurred in 1983. The range of upwelling rate
during El Nifio years is from 2 to 3 m3/sec/m of coast occurring in 1969 and 1983, respectively.

The time series of new production (Fig. 6) shows that production is lower than the mean
during El Nifio years except during part of 1957 when the production was about 2.6 gC/m?/day.
During the other El Nifio years, the production ranged from 1.7 gC/m2/day in 1983 to about 2.2
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Fig. 3. Time series of the depth of the 14° isotherm (m). The time series was smoothed using a 13-month
rumning mean and the tickmarks on the x-axis represent the middle of the year. The highest peaks on the
graph represent the deepest depths; these occur during El Nifio years. The 14°C isotherm is from Brainard and
McLain (1987). The periods of El Nifio are represented by darkened squares for strong and darkened circles
for weak El Nifio events.

Fig. 3. Serie de tiempo de la profundidad (m) de la isoterma de 14°C. La serie de tiempo fué suavizada
usando promedios méviles de trece meses y las marcas en el eje horizontal representan la mitad del aro. Los
picos mas altos en el grafico representan las mayores profundidades, estas ocurren durante los afios El Nirio.
La iscterma de 14°C es de Brainard and McLain (1987). Los cuadrados representan los Nifios fuertes y los
circulos representan los Nifios mds débiles.
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Fig. 4. Time series of the concentration of nitrate at 60 m (UM). The monthly time series was smoothed with

a 13-month running mean and the tickmarks on the x-axis represent the middle of the year. This graph shows
that during El Nifio years the nitrate concentration at 60 m is lower than nommnal (or cool) years. The filled
squares represent the periods of the strong El Nifio events of 1957-58, 1972-73 and 1982-83 and the filled
circles represent the periods of the weaker El Nifio events of 1965, 1969 and 1976.

Fig. 4. Serie de tiempo de la concentracion de nitrato a 60 m (\M). La serie de liempo mensual fue suavizada
usando promedios méviles de trece meses y las marcas en el eje horizontal representan la mitad del afo. Esta
grdfica muestra que durante los afios El Nifo, la concentracion de nitrato a 60 m es mds baja que en los asios
normales (o frios). Los cuadrados representan los Niios fuertes de 1957.58, 1972-73 y 1982-83 y los circulos
representan las Nifios mds débiles de 1965, 1969 y 1976.
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Fig. 5. Time series of upwelling rate (mslsedm of coast). The time series was smoothed using a 13-
month running mean and the x-axis tickmarks represent the middle of the year. This graph shows that
the upwelling rate is stronger during El Nifio events than it is during nommal conditions. The upwelling
rate is from Bakun (1987). The filled squares represent the periods of the strong El Nifio events of
1957-58, 1972-73 and 1982-83 and the filled circles represent the periods of the weaker El Nifio events
of 1965, 1969 and 1976.

Fig. 5. Serie de tiempo del indice de afioramiento {m3 Isegim de costa). La serie de tiempo fué suavizada
usando promedios méviles de trece meses y las marcas en el eje horizontal representan la mitad del
afio. Esta gréfica muestra que el afloramienio es mds fuerte durante los eventos El Nifio que durante
condiciones normales. El indice de afloramiento es de Bakun (1987). Los cuadrados representan los
Nifios fuertes de 1957-58, 1972-73 y 1982-83 y los circulos representan los Nifios mds débiles de 1965,
1969 y 1976.
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Fig. 6. Time series of new production (gC/mzlday) from 1953 to 1984. The time series was smoothed
using a 13-month running mean and the x-axis tickmarks represent the middle of the year. The 1957-62
negative anomaly is visible as arc the valleys of low production during El Nifio years except 1957. The
filled squares represent the periods of the strong El Nifio events of 1957-58, 1972-73 and 1982-83 and
the filled circles represent the periods of the weaker El Nifio events of 1965, 1969 and 1976.

Fig. 6. Serie de tiempo de nueva produccisn {gC/mz/day) desde 1753 g 1984. La serie de tiempo fué
suavizada usando promedios méviles de trece meses y las marcas en el eje horizonial representan la
mitad del afo. La anomalia negativa de 1957-62 es visible asi como lo son los valles de baja
produccidn durante los arios El Nifio excepto 1957. Los cuadrados representan los Nifios fuertes de
1957-58, 1972-73 y 1982-83 y los circulos representan los Nidos mds débiles de 1965, 1969 y 1976.
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gC/m?/day in 1965. Lowest production for the smoothed time series occurred in 1959 at 1.5
gC/m?/day and highest production occurred in 1973 at 3.1 gC/m2/day. There was a strong
negative anomaly in new production starting in late 1957 and ending in 1962. New production
dropped to its lowest rate of 1.5 gC/m?/day in 1959. The 1957-1962 anomaly was the result of
weak upwelling coupled with a relatively deep thermocline. The thermocline deepened during
the 1957 El Nifio and remained deep until 1962. ‘

Seasonal Cycles

The depth of the 14° isotherm fluctuates irregularly throughout the year. In January it is at
about 100 m and gets deeper in February and levels off at 120 m for March, April, and May. In
June it rises to 108 m and then drops to lower than 120 m in July. By August the depth of the 14°

isotherm rises to about 115 m. It Ievels off at 100 m for September, October, and November,
then it deepens to 110 m in December (Fig. 7).
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Fig. 7. Monthly plot of the depth of the 14° isotherm (m). The horizontal lines represent the average value
for the month and the vertical lines represent the difference from the average to the actual value for each
observation. The 14°C isotherm is from Brainard and McLain (1987).

Fig. 7. Representacién mensual de la profundidad (m) de la isoterma de 14°C. Las lineas horizontales
representan el valor promedio del mes y las lineas verticales representan la diferencia entre el promedio y &l
valor actual de cada observacién. La isoterma de 14°C es de Brainard and Mclain (1987).

The upwelling rate exhibits a more regular annual cycle. In January, upwelling is at its
weakest, about 1.4 m3/sec/m of coast. The upwelling rate steadily increases by about 0.2 to 0.4
m3/sec/m of coast every month until July. In July, August, and September the upwelling rate is
strongest at 2.8 m3/sec/m of coast. In October the rate decreases to 2.2 m3/sec/m of coast and
decreases steadily until it reaches 1.6 m3/sec/m of coast in December (Fig. 8).

New production is lowest in December, January and February when it has a mean of around
1.6 gC/m?/day. These months also appear to have the least interannual variability in new
production. Production increases steadily until it reaches 2.8 gC/m2/day in June. In July it
decreases to 2.5 gC/m?/day and is back to 2.8 gC/m2/day in August. By September, productivity
reaches its highest peak of 3.3 gC/m2/day. It then decreases steadily to reach 1.7 gC/m2/day in
December (Fig. 9).
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Fig. 8. Monthly plot of the upwelling rate (m>/sec/m of coast). The horizontal lines
represent the average value for the month and the vertical lines represent the differences
from the average to the actual value for each observation. The upwelling rate is from Bakun
(1987).

Fig. 8. Representacion mensual del indice de afloramiento (m‘;/seglm de costa). Las lineas
horizontales representan el valor promedio del mes y las lineas verticales representan la
diferencia entre el promedio y el valor actual de cada observacién. El indice de
afloramiento es de Bakun (1987).

New production (gC/m2/day)
4]
T

Month

Fig. 9. Monthly plot of new production {mgC/mZ/day). The horizontal lines represent the
average value of the month and the vertical lines represent the differences from the averages
to the actual value for each observation.

Fig. 9. Representacion mensual de la nueva produccion (mgC/rrtzldia)‘ Las lineas
horizontales represerdan el valor promedio del mes y las lineas verticales representan las
diferencias entre los promedios y el valor actual de cada observacion.
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Spectral Analysis

The annual cycle of the thermocline depth in the eastern tropical Pacific is apparently driven
by remote annual changes in the trade winds; however it is typically believed that the important
periodicities are annual and semi-annual (Myers 1979). The power spectrum for the depth of the
14° isotherm (Fig. 10) has strong variance peaks at 12 months, 4 months and 2.33 months and a
surprisingly weak peak at 6 months. Nutrient observations along 85°W also suggest that the
semi-annual cycle of the 14°C isotherm determined by Myers (1979) can be decomposed into
three deepenings (Chavez 1987a). The variation in the depth of the thermocline along the coast
of Peru may be a result of local (see below) and remote wind forcing.

The power spectrum of the upwelling rate (Fig. 11) has strong signals at 12 and 6 months.
The existence of a six-month cycle in the coastal winds is probably related to the large-scale
annual variations of the southeast trade wind field (Goldberg and O’Brien 1981). The power
spectrum of new production is very similar to the power spectrum of the upwelling rate (Fig. 12).
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Fig. 10. Spectral analysis of the depth of the 14° isotherm Fig. 11. Spectral analysis for the upwelling rate showing a
showing strong 12 months, 4 months and 2.3 month cycles. strong 6-month cycle and a stronger 12-month cycle.
Fig. 10. Andlisis especiral de la profundidad de la isoterma Fig. 11. Andlisis espectral del indice de afloramiento
de 14°C mostrando ciclos fuertes de 12 meses, 4 meses y 2.3 mastrando un fuerte ciclo de 6 meses y un ciclo de 12 meses
meses. aun mds fuerte.
Trends

The trend line equation for the depth of the 14° isotherm was 101.5 + 0.05T. The linear
regression of the depth on time (T) gave a regression coefficient of r = 0.26; this was significant
(P < 0.01) suggesting that over the course of the thirty-year period covered here the thermocline
depth had progressively deepened. A similar trend analysis was performed on the Southern
Oscillation index. The Southern Oscillation showed a significant long-term trend towards lower
values. The deepening of the thermocline may be a result of the weakening of the pressure
gradient which is believed responsible for maintaining the cross basin tilt in the thermocline
(Wyrtki 1975).
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fuerte ciclo de 6 meses y un ciclo de 12 meses avin mds fuerte.

The trend line equation for the rate of upwelling was 1.80 + 1.89T (in months). The linear
regression on time gave a regression coefficient of 0.28; this was also significant at the P < 0.01
level. Since upwelling along the coast of Peru is directly related to wind speed the long-term
trend is for stronger winds and stronger upwelling. These findings support the observations of
Whysall et al. (1987) who found a long-term trend of increasing winds in the eastern and central
Pacific. Again this appears related to changes in the Southern Oscillation.

New production had a trend line equation of 2,134 + 0.71T (in months). The new production
data were regressed on time and the resulting correlation coefficient was r = 0.09, which was not
significant (P < 0.05). The trend analysis shows that during the course of thirty years the depth of
the 14° isotherm and the upwelling rate increased with time, while new production remained
constant over this same period. The trends in thermocline depth and upwelling rate affect new
production in opposite directions. A deeper thermocline means less nitrate in the upwelled water
while stronger upwelling implies that a larger volume of water is upwelled.

Discussion

Potential new production depends on the depth of the thermocline (nutricline) and on the
upwelling rate. These two properties tend to be coupled temporally along the coast of Peru. They
vary in such a manner that variations in the amount of nutrients supplied to the euphotic zone,
and therefore potential new production, are minimized. When the thermocline is deep, such as
during El Nifio, upwelling is stronger and when the thermocline is shallow, during cool
conditions, then upwelling is typically weaker. Enfield (1981) has determined a physical basis
for these observations. When the thermocline is deep there is also warmer sea surface
temperature (SST), partially a result of the deeper thermocline (see Cane 1983 for a review of
the physical nature of El Nifio). During periods of warmer SST (and lesser cloud cover) the land-
sea temperature difference drives stronger coastal winds. Conversely periods of shallow
thermocline and cool SST would be associated with weaker coastal winds.
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The coastal wind scenario can be taken to the scale of the Southern Oscillation. The long-
term (thirty-year) trend in the Southern Oscillation and the thermocline depth is for a weaker
pressure difference and a deeper thermocline. The deeper thermocline (through increased upper
ocean heat content) would result in stronger coastal winds and stronger upwelling following the
logic of Enfield (1981). It is important to note that others (e.g., Rasmusson 1987) do not find a
similar trend in the Southern Oscillation and have suggested that the trends in the wind data
(Whysall et al. 1987) may be a result of changes in the methods of measuring winds. The trend
in the depth of the thermocline, the measurement of which appears free of systematic sampling
artifacts, supports the trend in the coastal winds.

The level of new production supported by upwelling along the coast of Peru has thus
remained relatively constant over the thirty-year period. Periods of deeper thermocline
(nutricline) are soewhat balanced by stronger upwelling. The combination of stronger winds
and deeper thermocline, however, raises questions regarding the size of the area over which the
new production is realized. The area calculated using the Rossby radius is the spatial domain of
vertical motion or upwelling. Stronger winds and greater offshore advection should increase the
area over which the new production is realized. Thus, although a similar quantity of nitrate is
upwelled, the primary production driven by the upwelled nitrate would probably occur over a
larger area. This would decrease the intensity (per m2) of primary production. The long-term
trend and the El Nifio condition would result in a decrease in the intensity of primary production
and therefore reduced fish production (Ryther 1969). Similarly during the winter months when
upwelling is strongest the method of calculating the intensity of primary production appears
biased toward larger values.

The species composition of the phytoplankton should also be affected by the long-term
trends and El Nifio. A deeper thermocline implies stronger poleward transport. Increased
poleward currents appear to favor small offshore organisms as opposed to diatoms.
Dinoflagellates are favored by weak winds (Chavez 1987b). The long-term trends suggest that
conditions unfavorable to diatoms and dinoflagellates are developing. Colonial diatoms are
considered the organisms which are most efficiently converted to fish production (Ryther 1969)
so the long-term trend would be for less efficient conversion of primary production into fish
production. The decrease in the abundance of dinoflagellates would lower larval anchoveta

Table 2. Potential primary production of the Peruvian upwelling ecosystem, 1953 to 1984 (in gC * year'1 * 10']2).
Tabla 2. Produccién primaria potencial del ecosistema de afloramiento peruano, 1953 a 1984 (en gC*aio1+1012),

Month

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1953 95 75 ”n 220 180 88 160 83 110 150 170 72
1954 65 110 25 120 150 120 140 250 250 74 89 55
1955 88 44 140 45 160 120 120 250 200 210 200 13
1956 51 69 170 220 210 130 140 120 170 130 95 100
1657 84 150 170 160 120 190 210 120 210 150 120 140
1958 2 87 100 130 110 110 100 160 140 120 76 94
1959 90 63 65 86 64 150 % 140 120 110 S 55
1950 06 62 74 9 110 110 120 130 160 130 87 8
1961 50 57 s 96 150 120 150 130 140 120 110 84
1962 130 94 130 150 150 170 140 120 190 170 170 64
1963 110 93 140 130 150 95 150 84 190 210 130 il
1964 120 110 120 190 190 170 150 210 240 210 130 130
1965 %0 95 85 120 190 140 120 170 230 130 110 83
1966 130 100 120 160 120 160 160 220 170 150 70 57
1967 110 89 65 7% 65 170 110 200 210 210 140 170
1968 50 130 9 81 89 180 170 140 130 150 150 100
1969 5 65 T! 110 87 190 120 190 160 110 67 60
1970 76 35 88 130 120 150 130 140 150 180 130 94
1971 56 96 80 150 110 230 110 210 190 250 140 160
1972 % 89 130 100 85 140 130 130 280 20 71 110
1973 130 68 140 150 150 150 190 350 280 200 160 98
1974 9 150 150 170 170 160 150 150 200 170 190 110
1975 110 90 160 170 170 180 150 240 220 160 130 110
1976 65 4 130 190 160 130 92 140 190 130 140 110
1977 76 100 74 120 98 150 180 190 120 110 130 120
1978 97 110 140 160 130 180 180 160 200 130 110 100
1979 120 140 130 140 140 230 120 120 180 160 130 84
1980 110 96 100 100 190 140 190 150 200 170 120 120
1981 140 68 90 110 10 190 190 160 230 110 140 86
1982 B8 110 100 62 110 200 140 81 220 180 110 100
1983 100 62 55 61 88 170 110 130 180 130 93 52
1984 63 98 160 65 180 210 100 140 170 160 210 170
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Fig. 13. Efficiency of transfer of primary production to anchoveta production (both in gCfyear) with monthly values
smoothed using a 13-month nnning mean. Note that transfer efficiency was 2-3% during the period of high anchoveta
biomass and production {j.e., the 1360s).

Fig. 13. Eficiencia con que la nueva produccién se convirtié a produccitn de anchoveta (ambos en gCladio) con los
valores mensuales suavizados usando promedios méviles de 13 meses. Nétese que la eficiencia de transferencia fué de 2-
3% durante el periodo de aita biomasa 'y produccién de anchoveta (¢j. los afios de 1960).

survival, since dinoflagellates are the preferred food of the larvae (Lasker 1978), and eventually
affect recruitment levels.

The results summarized in Table 1 suggest that the estimates of primary productivity
calculated using the methods developed here are accurate. The results confirm that the primary
production of the Peruvian upwelling system is substantially higher than that estimated by
Ryther (1969) and Cushing (1971) (Chavez and Barber 1985). With the more accurate monthly
estimates of primary production in Table 2 it is now possible to determine the proportion of pri-
mary production which was converted into anchoveta production for the entire time series. To
estimate production of anchoveta (P), we have multiplied the monthly anchoveta biomass (B,
wet weight) estimates of Pauly et al. {1987) by their estimates of total mortality (Z = fishing
mortality + natural mortality from all causes), and estimated productionas P =7 * B (Allen
1971). These estimates were then turned into carbon production estimates, using as conversion
factor the average of Ryther’s (10) and Cushing’s (17.85) factor of carbon to wet weight
(0.072gC = 1 g ww). The percentage that this represents of the total production is plotted in Fig.
13. This suggests that during the periods of maximum anchoveta biomasses, 2-3% of the total
primary production was converted to anchoveta production.

Assuming that the gross food conversion efficiency of anchoveta is between 10 and 20%
(Walsh 1981), the 2-3% converted to anchoveta flesh would correspond to between 10 and 30%
of primary production. However, this range which would have applied during the period of
maximum anchoveta abundance (in the 1960s) is realistic only if anchoveta fed exclusively on
phytoplankton (which is not the case, see Rojas de Mendiola, this vol., Alamo, this vol. and
Pauly et al., this vol.). Walsh (1981) suggested that the changes in anchoveta biomass which
occurred in the early seventies would result in increased carbon accumulation in the sediments.
However, the changes in the carbon flow from primary production to anchoveta production do
not appear to be of sufficient magnitude to support this hypothesis which was also rejected by
Henrichs and Farrington (1984), based on the lack of notable differences in the sediment organic
carbon deposition rates before and after 1971.
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Abstract

Different models of upwelling nitrate flux along the Peruvian coast are derived and compared. It emerged that realistic estimates of nitrate
flux, and hence of new primary production, can be obtained only if the selected model incorporates a realistic gradient of nitrate concentrations, a
variable upwelling depth and a variable widih of the upwelling area along the Peruvian coast. Model outputs, i.e., monthly estimates of primary
production for the period 1953 to 1982 are provided in tabular form for different parameterizations.

Resumen

Diferentes modelos para la surgencia de flujos de nitratos a lo largo dc 1a costa peruana son derivados y comparados. Se encontré que
estimaciones realistas de flujo de nitratos, y a partir de este de la de nueva produccién primaria, pueden ser obtenidas solamente si el modelo
seleccionado incorpora un gradiente realista de concentraciones de nitratos, una profundidad variable de surgencia y una anchura variable del area
de surgencia a lo largo de la costa. Los resultados del modelo, es decir, estimaciones mensuales de produccién primaria, para el periodo de 1953 a
1982 son proporcionados en forma tabular para las diferentes parametrizaciones.

Introduction

The primary production in the Peruvian upwelling system is known to fluctuate widely.
Estimates vary more than one order of magnitude (see, e.g., Guillén and Calienes 1981; Feldman
1986) and are not available on routine basis. However, routine measurements of physical
parameters, such as local wind speed, are available. Physical data recently made available by
Pauly and Tsukayama (1987) may be used to parameterize newly upwelling nitrate. Thus, based
on wind data and some ancillary data, Chavez et al. (this vol.) derived time series of the potential
new production of the Peruvian upwelling ecosystem, with a mean of about 3.2 gC m-2 day-1.
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Here we compare three models and two sets of physical parameters used to compute the
upwelling nitrate in coastal and oceanic zones off Peru. The approach of Chavez et al. (this vol.)
shall herein be referred to as Model 1.

Data

The physical data used are time series of monthly mean of upwelling index, sea surface
temperature, and depth of the 14°C isotherm. The upwelling indexes have been calculated from
wind measurements at Trujillo (8°S) on the Peruvian shore (Mendo et al. 1987) and ship
measurements in Peruvian coastal waters from 4°-14°S (Bakun and Mendelssohn, this vol.).
Local and spatially averaged SST are given by Pauly and Tstkayama (1987) and Bakun (1987)
respectively and isotherm depths by Brainard and McLain (1987) for coastal Peruvian waters.
The chemical data are measurements of nitrate concentration (and SST) taken on cruises carried
out by IMARPE during 1981-1987.

Theory

The parameterization of primary production relies on the assumption that the upwelled
waters contain a limiting nutrient (nitrate) required by phytoplankton. New primary production
will therefore be proportional to the upwelled water mass and the concentration of nitrate. The
first step in modelling new primary production is thus to parameterize the upward flux of nitrate.

The divergence-induced upwelling in depths of the Peruvian coastal current system is the
source of the upwelled water masses. Their actual upwelling to the surface is due to the wind-
induced Ekman pumping. Consequently, upwelling depths change as a function of the wind
(Guillén and Calienes 1981).

Model I relies on the correlation of the depth of the 14°C isotherm and nitrate concentration
in 60-m depth. Also, the time series of isotherm depths was interpreted as a measure of the mean
nitrate concentration of the upwelled water masses. The product of the upwelling index,
basically the square of the wind speed, and isotherm depth would thus be a measure of the
upwelled nitrate which may then be converted into an estimate of new primary production.

Our model of the vertical nitrate flux differs in three elements from Model 1. First, the
nitrate concentration above the thermocline changes with depth; it is lowest near the surface.
Second, the water masses upwelled to the surface originate from different depths depending on
the actual wind speed. Third, the width of the upwelling region, measured by the internal Rossby
radius of deformation, changes with the thermal stratification. This model, described below,
leads in contrast to Model I, to a measure of the vertical nitrate flux which is proportional to the
third power of the ratio of wind speed and depths of the 14°C isotherm divided by the surface
temperature,

The concentration of nitrate (M) at 60 m depth is, in Model I, linearly correlated with the
depth of the 14°C isotherm ("D, ,").

CN03=a-b*D14 D

where a =44.15 uyM and b=0.20 pyMm! and r =-0.82.2
The vertical nitrate flux per unit length of coast line as a function of the upwelling "Up"
(m3sec-lm-1) is:

FNO; =CNOs * Up )

The strength of the upwelling is proportional to the longshore wind speed squared. The
nitrate concentration at the surface is generally considerably less than in deeper waters (Calienes
and Guillén 1981). The difference is most pronounced during periods of warm anomalies, i.e., El
Nifio events. Thus it might be assumed, as a first approximation that the surface concentration is
negligible when compared to the concentration in deeper waters. However, it would be better to
parameterize the surface nitrate concentrations by the surface temperature. Using data collected

4Chavez et al. (this vol.) use micromolar (M) to express concentrations (i.e., pg-at./1); further below we use the equivalent mmol.m3.
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in the region 7°-10°S by IMARPE (during February and August 1981, December 1982, January
1983, February, July and August-September 1985, April-May 1986 and February 1987) suggests
the parameterization (Fig. 1):

log (C(0)) = log(A) - B * log(SST) . 3)
20r
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) Fig. 1. Regression of nitrate concentration in surface waters vs. SST off
o . N , ) Peru. Above: coastal zone. Below: oceanic zone.

1.2 1.3 1.4 1.5 Fig. 1. Regresidn de concentracién de nitrates en agua superficial vs.
Sea surface temperature { loglooc ) TSM frente a Peri. Arriba: zona costera. Abajo: zona ocednica.

where the units are mmol.m?3 and °C, and

where the parameters "a" and "b" vary with offshore distance, i.e.,

< 60 km offshore: log(a) = 8.57 b=-6.18
> 60 km offshore: log(a) = 9.48 b =-6.93
The 14°C isotherm generally occurs at depths around 120 m. Thus, taking the estimates of
nitrate concentration at the surface and at 60 m depth, the vertical profile of newly upwelled
nitrate above the thermocline may be approximated as

C(z) =C(O) +2 * (CNO3 - C(0))/D1a * z )
where z is the depth and which reduces, for vanishing surface concentration, to

C(z)=2* CNOyD1s * z - 5)

The upwelling of subsurface water takes place at the bottom of the wind driven Ekman
layer. Its thickness "DE" can be estimated as a function of the wind speed (U) using scaling laws
given by Csanady (1982):

DE=c*U ... 6)

Thus, the nitrate concentration in the upwelled water is

C(DE)=(C(O)+2 (@-b*Dys- C(O)Dra) *c* U )

with
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The vertical flux of nitrate per unit length of the coast line can be compared to equation (2):
FNO: = C(DE) * Up v 8)

The internal Rossby radius "Rj", the measure of the width of the upwelling zone, can be
estimated using different approaches, depending on the physics to be described. Here we use a
formula which assumes two-layered stratification: a warmer upper layer of thickness "h;"
extending from the surface down to the depth of the 14°C isotherm, and a colder lower layer of
thickness "h;" extending from the 14°C isotherm, down to the bottom. The interface is described
by its depth (D,,) and a normalized mean density difference "e" which is a function of the
temperatures of the top and the bottom layers. The first is understood as a function of SST and
the latter is set to 12°C.

Density differences depending on salinity changes are not incorporated because of lack of
data. The temperature and salinity ranges found offshore of Peru (Guillén et al. 1977; Zuta et al.
1978) indicate that density differences are mainly a function of temperature. However, the
estimate of the internal Rossby radius given below is nothing more than a first order
approximation formulated such as to vary with season and the occurrence of El Nifio events:

Rj = (g * e (h; * ho/h; + hy))12/f .. 9)
e = E* (Ta2-8°*Ta-4°*12°%
Ta = (14°+SST)2
hy = Dus
h2 = 250m - D14
E = 7.310%(°C?)
g = 9.81 (ms?2)
and f = 2.283 * 10-5 (rad s-1; at 10°S)

The mean reference bottom depth of 250 m has been chosen as reference value for the entire
region to which the model is applied. This value fits the nearshore (shelf) conditions but is too
low for offshore conditions over the continental slope.

Some comments on the Rossby radius should be made. It is a measure of the width of the
coastal upwelling zone, i.e., there is an exponential decrease of the upwelling to 25% over
distances of the order of one Rossby radius.

Estimates of the Rossby radius based on equation (9) are most sensitive to changes of the
interface depth if the reference bottom depth is about twice the interface depth. If the reference
bottom depth is several times larger than the interface depth, then estimates of the Rossby radius
of deformation are not too sensitive to different values for the reference bottom depth. Here, the
seasonal fluctuations of the Rossby radius as a function of the changing stratification is the
feature to be parameterized. Thus, the parameterization of the Rossby radius is set to mirror
temperature-dependant changes of stratification,

A constant estimate of Rossby radius derived from the phase speed (about 2.5 ms-1) of
internal Kelvin waves (Romea and Smith 1983) has been used in Model I. Estimates of average
Rossby radius for regions of large latitudinal extent in low latitudes, as in this case, must be very
approximate. The Rossby radius in 5° and 15°S is about 220 km and 73 km, respectively, if
derived from the internal phase speed of Kelvin waves. These estimates are several times higher
than those which will be used here (Fig. 2), because they rely on a dynamic (Kelvin wave) which
is sensitive to the abyssal depths off the continental margin. This would be meaningful if the
coastal upwelling is due to Kelvin waves and not due to deep divergence of the Peruvian coastal
current system and to Ekman pumping. However, in view of the latitudinal dependence of the
Rossby radius, any useful parameterization should be such that it is not too sensitive to the mean
value of the Rossby radius, but rather responds to its temporal, especially seasonal, changes (Fig.
2).
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Fig. 2. Time series of the mean Rossby radius of deformation for the area 4-14°S off Peru, as
estimated with local SST and depth of the 14°C isotherm.

Fig. 2. Series de tiempo del radio de deformacisn de Rossby medio para el drea 4°-14°5 frente a
Perd, calculadas con TSM local y profundidad de la isolerma de 14°C.

Upwelling decreases from the coastline. The latter is, in this context, the isobath for which
the surface wave field is not yet influenced by the bottom topography (this starts at about 50 m),
or the isobath which separates roughly the nonhydrostatic inshore from the hydrostatic offshore
dynamics. The strength of the upwelling will be about 5% of its maximum value, which occurs
at the coast line, at positions three times the Rossby radius seaward of the coast line. The
strength of the upwelling is measured by the upwelling index which gives the mass flux by unit
length of coast line. Thus, the nitrate flux per unit surface will be obtained for both models of the
nitrate flux per unit coast line (equations 2 and 8) via:

fNOs = FNO3/(Ri * 3) «. 10)

The estimates of nitrate flux per unit surface depends on (1) the model of the nitrate
concentration at depth and (2) the parameterization of the upwelling. The version of our model
following most closely that in Model I is characterized by homogeneous nitrate concentration
and a fixed upwelling depth. This model will be called here the "constant depth model" or
"CDM". Our complete model includes nitrate concentration which increases with depth and a
variable depth from which the water is upwelled by Ekman pumping. This model will be labeled
"variable depth model" or "VDM". Both models are used together with an upwelling zone of
variable width (three Rossby radii), thus incorporating lateral variability. In this context, Model I
is characterized as: homogeneous nitrate concentration, fixed upwelling depth and fixed width of
the upwelling region. The three models thus form a hierarchy of models of increasing
complexity (Model I < CDM < VDM).

Results and Discussion

In the following, the models of the vertical nitrate fluxes are compared, and differences due
to the use of two distinct descriptions of the wind field will be presented. In a second step, we
convert the nitrate fluxes to the new primary production of organic carbon by the Redfield ratio
and a global efficiency factor of 0.75. These estimates are then compared to independently
obtained measurements of primary production.
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In order to compare correctly, one has to consider (1) that the regressions between nitrate
concentration and temperature or isotherm depths are only crude estimates (the square of the
correlation coefficients is about 0.5, thus only 50% of the variance is explained), and (2) that the
model contains several more or less unknown parameters whose values may be selected such as
to "tune" the model to any preselected conditions. Therefore, even if we trust the model itself,
we cannot expect to find close agreement to observations. However, the key features of the
model outputs should be consistent with observations.

The time series of surface nitrate concentrations were estimated by regression (equation 3)
from the time series of the spatial mean SST and local SST (mean of values off Talara, Chimbote
and Callao). Fig. 3, which shows their long periodic variability (twelve-monthly running mean),
implies that the upwelling at the coast (<=60 km offshore) is stronger than in the oceanic zone
(>60 km offshore). Minima of the nitrate concentrations occur during periods of maximal SST
(El Nifo events). The difference in surface nitrate concentrations in the coastal and in the
oceanic zone appear to have increased since the late 1960s. This feature is due to the different
behavior of the time series of local and mean SST since the late 1960s (see Brainard and MclL.ain
1987).
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Fig. 3. Smoothed time series of nitrate concentration in Peruvian surface waters (coastal and oceanic zones, 4-
14°8). Note impact of El Nifio events (arrow).

Fig. 3. Series de tiempo suavizadas de concentracion de nitrato en aguas superficiales peruanas (zonas costera
y ocednica, 4°-14°§). Notar el impacto del evento El Nifio (flecha).

Thus, the time series of nitrate concentration behave reasonably and match concepts and
observations (Calienes et al. 1985). This result justifies the use of two different sets of upwelling
indexes, one for the coast (Trujillo upwelling) and one for the oceanic zone (Bakun’s upwelling),
to describe the vertical fluxes. Therefore, both models will be applied to two different regimes,
one determined by the coastal parameter setting (SST to NOj,, Trujillo winds) and the other
determined by the oceanic parameter setting (SST to NOs, Bakun’s winds). In both cases, the
same estimates of the Rossby radius (Fig. 2) have been used.

It should be noted that most of the variability of the Rossby radius is due to seasonal
fluctuations; the seasonal estimates differ roughly by a factor of 1.5; and minimum and
maximum values are about 20 km and 30 km, respectively. This means that the width of the
upwelling zone (equation 9) varies between 60 and 90 km. This seems to be a reasonable esti-
mate if compared to observations of the width of the coastal zone of high productivity (Calienes
et al. 1985) or low SST (Zuta et al. 1978). Also, the seasonal variability of the Rossby radius and
of the wind-induced upwelling is well reproduced in the monthly fluctuations of nitrate flux (Fig. 4).
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Fig. 4. Upper and central graphs: monthly estimates of upwelled nitrale off Peru, as obtained from "constant depth model” (CDM) and "variable
depth model” (VDM), for oceanic and coastal settings. Lower graphs: relationship between CDM and VDM estimates.

Fig. 4. Grdficos arriba y centro: estimaciones mensuales de nitratos frente al Perd, obtenido del "modelo a profundidad constante” (CDM) y el
"modelo a profundidad variable” (VDM), usando pardmetros oceanicos 'y costeros. Grdficos abajo: relacidn enire las estimaciones con CDM y
VDM.

The complete, variable upwelling depth model (VDM) vields nitrate fluxes which are
generally lower than those using the constant upwelling depth model (CDM) (Figs. 4 and 5).
Similar estimates obtained by the CDM are obtained for situations of high nitrate fluxes and this
feature is independent of the use of coastal or oceanic parameter setting.
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Fig. 5. Smoothed nitrate fluxes per unit sea area off Peru. Above: coastal zone (based on Trujillo upwelling index).
Below: oceanic zone (based on Table 1 in Bakun and Mendelssohn, this vol.). The right scale (see text) expresses
the same data as time series of new primary production.

Fig. 5. Flujos de nitrato suavizados por unidod de drea frente a Perii. Arriba: zona costera (basado en el indice de
surgencia de Trujillo). Abajo: zona ocednica (basado en Tabla I en Bakun y Mendelssohn, este vol.). La escala a
la derecha (ver texto) expresa los mismos datos de las series de tiempo de nueva produccién primaria.

Thus, seasonal variability is increased if nitrate concentrations as a function of depth and
variable upwelling depths are included in the model. The differences concern mainly lower
estimates of upwelled nitrate per unit surface for southern hemisphere summer. Calienes et al.
(1985) report ratios of mean seasonal surface concentration of nitrate summer to winter of about
1 to 3. This seems to be closer to the range given by the VDM, but the CDM does not fall off
significantly. Seasonal variability is slightly higher for the coastal than for the ocean parameter
setting.

The smoothed time series (twelve-month running mean) of the nitrate fluxes per unit surface
(Fig. 5) show that both models give the same mean estimate for well established "cool events”
but differ considerably for "warm events”, (i.e., El Nifio events) and this obviously also applies
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1o our estimates of new primary production which are mathematically nothing more than re-
scaled estimates of nitrate flux (see Fig. 5). The mean values of both models could have been
tuned to match each other by, e.g., plugging a higher constant "c¢" in the parameterization of the
depth from which the water is taken by Ekman pumping. However, this would only mask the
systematic differences between both models.

Fig. 5 also shows the net effects of the coastal and oceanic parameter setting. Mean levels of
nitrate flux or new primary production are higher for the coastal setting. However, the
differences are about 1 gCmr-2d-1, which is within the range of differences between the two
models. The sequence of peak and troughs in the time series differ, especially for the 1960s. This
indicates, if it is assumed that both parameter settings really depict coastal and oceanic
conditions, that nitrate upwelling and primary production have different temporal changes near-
and offshore. This, too, appears consistent with the spatial variability of the physics of the
Peruvian upwelling system (Brink et al. 1983).

Guillén et al. (1977) report a ratio of primary production between "normal” and the 1972 El
Nifo event of about 4 to 1. This ratio is higher than any modeled peak to trough ratio found for
the smoothed time series but could be met by the peak to trough ratios of the unsmoothed
monthly values. However, the mean values estimated by the model, about 4 gCm-2d-t or 2
gCm-2 d-1, are much higher than the observations (a problem which could be circumvented by
selecting a different factor for converting nitrate flux to primary production - see above).

Comparing both models in terms of monthly mean values of the daily new production per
m2 illustrates (see Fig. 4C, D) the features discussed above. The new primary production is
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Fig. 6. Estimates of primary production relationships between observed (C; 4 method) and predicted primary
production. The two regressions and their correlation coefficients refer to the two significant correlations of
models and observations. Some observations (in brackets) were not used in the regression (see text for details).
Fig. 6. Estimaciones de produccidén primaria: Relaciones entre valores observados (mélodo del C 14 Y
produccion primaria pronosticada. Las regresiones y sus coeficientes de correlacidn se refieren a las dos
correlaciones significantes de los modelos y observaciones. Algunas observaciones (en paréntesis) no fueron
wsadas en la regresién (ver texto para detalles).
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Table 1. Comparison of cbserved and modelled estimates of primary production in ng'zday'l
(unsmoothed) in the Peruvian upwelling system. Models have been used for two parameter settings
(coastal, oceanic) and rely on two hypotheses: (a) upwelling from fixed depth (CDM), and (b)
upwelling from variable depth and vertical profile of nitrate concentration (VDM). The potential new
production was converied to total production using a ratio of new 1o total production of 0.75
(Pugdale 1985). Dates marked "*" refer to measurements performed under conditions not
compatible with the models (see text for details).

Tabla 1. Comparacién de estimaciones de producciér primaria en gCm-2dia-I (no suavizadas)
observadas y modeladas en el sistema de afloramiento peruano. Se usaron modelos para dos
pardmetros (costero, ocednico) y se basan en dos hipdtesis: (a) Surgencia desde una profundidad
Sfija (CDM), y (b) surgencia de profundidades variables y perfiles verticales de concentracién de
nitratos (VDM). La prodiccidn nueva potential fue convertida a produccién total usando un factor
de conversién de produccion nueva a total de 0.75 (Dugdale, 1985). Fechas marcadas con "*" se
refieren a medidas hechas bajo condiciones no compatibles con los modelos (ver texto para

detalles).
MODELS
Oceanic Coastal
CDM VDM CDM VDM Observed
Date §y) 2) [€)] 1C)) valuesa

April 1966 5.60 4,05 6.12 4.56 4.82
April 1969 * 347 203 476 3.08 5.16
June 1969 . 6.11 4.80 5.09 3.15 1.30
February 1974 5.76 5.99 441 391 4,16
April 1975 5.08 3,97 531 4.51 3.80
April 1976 . 573 4.48 7.87 6.16 1.70
August 1976 4.40 3.25 537 3.73 3.20
April 1977 3.59 2.41 4.48 276 1.90
November 1977 4.92 3.49 4.87 3.64 3.19
March 1978 4.67 3.35 5.24 3.61 4.30
median {all obs.) 5.00 373 5.17 3.69 3.50
median {without *) 5.60 4.05 531 391 3.80

aFrom Table 1 in Chiivez et al. (this vol.)

generally about 1 gCm-2d-1 higher if parameterized via the CDM. The ratios of model estimates
scatter less for the coastal setting. This feature is reasonable because upwelling is strongest near
the coast and vertical gradients are therefore less pronounced. The VDM estimates the highest
production, about 1 to 2 gCm-2d-1 higher than the CDM does during pronounced cool events. A
spectacular difference of both model is found for the coastal setting in southern hemisphere
winter 1982. Both estimates differ by a factor of more than 2 for several months compared to an
overall ratio of about 1.5. This feature indicates important changes of the nitrate concentration
with depth and weak upwelling. Upwelling indexes at Trujillo are small, about 25% of their
normal values (Mendo et al. 1987), the 14°-isotherm is relatively deep (150 m), about 20 m
below normal, and SST is relatively high (16°C), about 1°C above normal (Brainard and McLain
1987). The nitrate profile corresponding to these values is steeper than normal and upwelling is
from depths above 60 m. Thus, the CDM should overestimate the vertical nitrate fluxes during
the onset of the 1982-1983 El Niiio event. CDM and VDM show no different estimates for the
oceanic setting, because winds are about normal (Bakun 1987).

Using Dugdale’s (1985) estimate of the "f" factor for the Peruvian upwelling system, the
new production was converted to total production in order to compare our estimates to estimates
made using C,, uptake reported in Chdvez and Barber (1987). Numbers are given in Table 1 and
refer to unsmoothed monthly estimates. Their relationships, compared to the expected slope of
one, are shown in Fig. 6. This figure shows estimated production vs. measured production. Any
good approximation of the measurements by the model should yield a scatter of points about a
line with slope one.

First, Model I (constant upwelling depth and fixed width of the upwelling zone) and our
models CDM and VDM used with coastal and oceanic parameter setting respectively, do not
describe the tendency found in the C,4 uptake measurements. (i.e., the linear regressions lead to
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Table 2. Monthly estimates (unsmoothed} of new production in gCl-n'zain)"l for the Peruvien upwelling system using coastal parameterization,
CDM (see text) and upwelling from Trujillo for 1953-1982.

Tabla 2. Estimaciones mensuales (no suavizadas) de produccién nueva en ng'zdia'
parametrizacién costera, CDM (ver texto) y surgencias de Trujillo para 1953-1982.

1 para el sistema de afloramiento peruano usando

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean
1953 3.22 2.38 2.62 338 4.20 286 251 242 330 4.63 4.48 492 34
1954 4.61 2.92 2.39 4.53 6.67 6.42 613 8.42 10.16 9.01 770 5.44 6.25
1955 4.13 518 5.63 6.00 8.26 6.46 6.87 8.13 9.13 10.87 893 715 n
1956 598 4.47 420 6.71 5.25 5.94 325 5.19 47 6.92 5.00 5.41 5.48
1957 516 4.44 3.84 3.67 3.52 4.78 4.85 434 114 6.29 8.05 5.09 5.10
1958 373 3.80 4.03 3.70 401 4.07 2.94 4.71 5.32 524 4.66 425 421
1959 4.35 275 2.26 3.57 4.06 4.08 387 517 5.04 5.86 4.53 4.36 4.16
1960 4.33 353 245 3.18 3.82 4.36 4.02 5.12 7.10 6.34 538 3.49 4.43
1961 3.54 230 2.42 3.24 4.52 5.18 3.86 4.52 6.66 7.19 722 5.69 470
1962 5.36 4.60 4.94 5.67 6.16 4.53 363 4.79 6.84 8.66 8.96 5.06 51
1963 7.67 2.89 3.86 535 504 4.06 3.81 2.88 4.96 6.66 4.44 3.86 4.62
1964 4.51 420 3.85 507 6.82 6.07 4.82 6.71 7.01 9.83 8.50 561 6.08
1965 4.51 3.08 4.16 335 2,99 364 287 3.14 527 4.07 3.59 2.74 1.62
1966 3.51 3.03 532 4.59 4.42 5.83 4.49 7.64 7.54 731 57 4.08 529
1967 4.11 372 3.75 4.50 4.00 544 467 8.87 5.38 9.42 9.43 6.75 6.17
1968 7.83 763 5.19 542 8.14 8.52 5.51 542 5.28 6.96 1.55 3.40 6.40
1969 392 5.75 2.96 3.57 3.19 3.82 3.09 5.04 4.97 5.84 481 3.59 421
1970 4.02 3.83 435 543 4.92 6.84 532 5.90 8.75 9.77 6.34 892 6.24
1971 6.82 390 3.00 376 4.65 793 3.84 579 872 9.19 6.70 593 5.85
1972 4.70 3.19 3.25 3.14 3.23 275 228 2.99 5.00 4.21 4.37 362 356
1973 4.15 293 3.10 4.46 491 543 5.56 8.50 8.57 8.03 6.06 4.32 550
1974 3.58 331 3.15 3.10 3.66 3.08 281 3.95 6.39 5.10 6.01 5.07 4.10
1975 4.26 3.20 2.67 398 5.36 1.69 295 8.21 11.61 9.80 1339 7.43 671
1976 574 2.69 3.74 590 4.55 4.25 278 4.03 5.25 3.98 4.99 3.30 421
1977 3.49 30m 3.50 3.36 3.07 3.01 kX12] 4.06 5.21 512 3.65 3.58 3.68
1978 4.67 4.23 3.93 4.00 347 4.52 294 3.65 5.13 3.82 37 4.00 3.96
1979 6.23 4.95 0.62 3.97 3.56 3.01 2.29 292 549 4.34 4.56 3.09 3.75
1980 4.43 3.26 2.81 3.17 290 3.07 143 2.93 4.94 490 470 3.66 3.52
1981 3.07 2.10 1.89 233 2.14 2.23 3.04 2.86 4.00 3.51 3.51 207 21
1982 214 2.4 1.37 113 1.26 L16 0.72 047 1.17 1.26 0.85 1.80 128
Mean 4.59 3.64 337 4.11 442 4.70 3.69 4.96 6.43 6.47 593 4.59

Table 3. Monthly estimates (unsmoothed) of new production in ng'zday'l for the Peruvian upwelling system using coastal parameterization,
VDM (see text) and upwelling from Trujillo for 1953-1982.

Tabla 3. Estimaciones mensuales (no suavizadas) de produccidn nueva en ng'zdia'I para el sistema de afloramiento peruano usando
parametrizacion costera, VDM (ver texto) y surgencias de Trujillo para 1953-1982.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean
1953 227 142 1.60 226 3.06 1.94 1.68 1.72 242 3174 3.57 394 247
1954 3.58 1.96 1.56 3.63 5.96 591 6.11 8.32 10.03 8,78 7.28 4.74 5.65
1955 337 4.51 4.95 5.48 833 5.98 6.43 796 9.30 11.78 9.38 6.80 7.02
1956 5.89 3.57 3.13 6.04 4.20 5.05 233 4.22 6.81 6.20 4.25 4.69 470
1957 4.35 3.92 275 2.51 239 3.79 391 339 6.56 5.53 758 4.16 4.24
1958 2.55 2.61 2.86 251 2.86 2.97 199 37 4.41 4.29 3.79 331 3.16
1959 332 1.68 1.28 242 2.82 2.90 312 4.27 424 4.61 3.51 32 3.1
1960 3.25 2.26 1.57 226 2.89 3.4 332 4.14 6.91 538 433 254 3.52
1961 236 1.34 1.55 234 321 4.00 3.01 3.86 5.86 1.06 6.46 4.81 3.82
1962 4.60 3.65 3.96 515 5.10 3.57 291 3.95 6.73 9.26 9.07 4.45 5.20
1963 7.31 2.07 274 4.72 3.54 3.15 299 217 4.09 5.75 3.61 287 374
1964 335 293 276 4.02 6.22 5.46 4.48 6.08 6.99 1175 9.00 495 5.66
1965 3.89 234 .69 217 1.77 247 1.81 2.20 4.13 2.96 256 1.83 257
1966 242 1.92 4.25 3.42 335 4.76 3.79 7.08 6.95 6.61 4.76 313 437
1967 3.13 2.64 251 3.66 3.22 4.58 4,14 8.48 9.01 9.15 9.14 6.59 552
1968 8.55 7.55 452 475 7.40 8.13 513 4.89 4.53 6.17 6.90 274 594
1969 292 4.44 i.82 231 1.98 236 230 4.11 4.23 477 392 2.63 3.15
1970 287 2.80 3.30 4.9 3.66 6.16 4.29 5.14 9.1 10.97 6.93 10.01 578
1971 6.55 2.80 203 2.68 3.97 7.03 298 5.13 7.69 10.22 6.61 5.53 5.28
1972 396 236 23 1.90 1.95 173 1.34 2.00 377 296 3.29 228 2.49
1973 2.83 1.69 1.96 332 3.64 4.77 5.03 839 8.10 725 4.77 3.32 4.59
1974 275 293 276 227 2.46 1.99 1.98 321 5.54 4.50 527 4.09 3.31
1975 338 236 172 3.38 4.25 6.87 252 7.85 11.76 10.13 1534 1.09 6.39
1976 4.80 1.96 3.25 462 3.18 3.08 1.83 2.80 4.09 3.00 3.56 212 3.19
1977 2.50 1.95 224 pA2) 1.95 2.07 2.17 312 441 4.06 273 2.59 2.66
1978 3.78 2.96 271 2.59 248 3.50 2.28 3.11 4.20 299 2.45 3.25 3.02
1979 4.88 3.52 075 272 2.37 215 1.67 221 4.29 341 3.53 216 281
1980 3.23 2.17 1.95 216 1.96 223 1.05 235 433 421 3.87 278 269
198] 225 1.34 1.24 1.53 1.35 1.57 2.26 225 3.40 278 2.60 1.49 200
1982 148 1.24 0.81 0.72 0.62 0.58 0.38 0.34 071 0.64 0.45 0.9 0.75

Mean 3.75 2.70 245 312 3.40 3.81 298 429 5.82 6.03 535 3.83
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Table 4. Monthly estimates (unsmoothed) of new production in ng“zday‘1 for the Peruvian upwelling system using oceanic parameterization,
CDM (see text) and Bakun's upwelling for 1953-1982,

Tabla 4. Estimaciones mensuales (no suavizadas) de produccién nueva en ng'za'ia"I para el sistema de afloramiento peruanc usando
parametrizacién ocednica, CDM (ver lexto) y surgencias de Bakun para 1953-1982.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec Mean
1953 2.56 1.63 1.84 434 430 2.0t 4.53 2.50 330 361 4.57 1.94 in

1954 1.61 2.80 0.73 3.72 457 4.43 4.89 9.12 9.24 255 3.65 1.78 4.09

1955 2.56 1.22 498 1.73 5.86 423 4.70 9.39 6.85 831 7.19 1.10 484
1956 1.62 1.81 4.06 5.59 547 3.85 3.85 3.95 5.57 4.36 EX 3.4 387

1957 2.41 3.14 3.47 338 2.39 4.28 5.96 422 5.99 4.34 341 3.53 388

1958 1.83 1.91 2.18 290 272 3.07 3.03 5.24 4.46 4.05 230 2.82 3.04

1959 2.39 1.50 1.50 2.14 1.66 3.83 2.53 5.37 162 3.01 2.09 1.45 259

1560 1.64 1.56 1.90 249 3.20 3.16 3.65 3.90 5.2 4.08 267 2.41 2.99

1961 1.40 1.23 1.90 2.46 383 3.56 4.44 391 4.61 6.83 355 262 3.36
1962 3.54 241 3.62 4.48 4.40 4.76 4.21 3.93 660 6.25 622 236 4.40
1963 n 2.4 3.58 3.64 4.03 p A 422 2.32 5.68 6.66 381 2.00 373

1964 316 2.62 3.07 4.94 6.31 593 512 7.38 .77 8.54 4.73 4.46 5.42

1965 2.83 2.36 1.95 266 4.16 3.56 2.96 434 657 393 3.08 223 338

1966 3.26 2.45 3123 4.20 339 4.75 4.91 1.27 5.98 5.48 234 1.66 4.08

1967 2.88 2.26 164 2.16 2.02 5.42 3.75 1.07 743 8.05 5.40 5.95 4.50

1968 1.57 4.01 277 2.40 2.80 6.15 5.62 4.57 4.24 5.01 490 281 3.90

1569 1.58 1.69 1.74 260 1.96 4.58 3.45 5.54 4.73 331 2.08 1.81 292

1970 1.94 0.68 212 331 332 4.48 3.9 4.20 5.03 637 4.52 351 361

1971 1.83 2.55 1.95 3.49 284 6.39 3.02 6.07 5.29 8.68 4.83 478 431

1972 2.50 1.92 269 22 1.84 3.04 3.8 3.23 127 238 2,04 267 2.97

1973 2.67 1.43 297 3.96 4.19 5.02 593 12.10 9.40 6.38 4.58 322 5.15

1974 3.20 432 4.15 430 4.28 3.86 4.06 4.56 6.98 5.95 6.17 3.82 464

1975 342 2.53 3.38 3.81 4.44 540 4.49 787 1.79 5.80 5.24 3.89 4.84

1976 2.11 1.02 2.82 4.30 3.78 10 229 3.30 5.37 imn mn 284 3.20

1977 1.81 2.26 177 269 2.44 379 5.00 529 4.02 345 3.69 117 3.29

1978 2.79 2.85 3.50 3.84 169 5.48 3.88 5.15 6.38 4.17 315 294 398

1979 3.29 3.56 0.66 4.43 7.10 6.28 334 4.30 5.96 476 3.93 2.44 4,17

1980 2.83 2.44 2.56 261 4.85 3.67 5.10 4.10 615 536 392 3.61 393

1981 3.81 1.69 2.45 3.00 2.95 5.29 5.40 4.70 T.44 3.29 4.23 238 388

1982 2.58 2.86 2.49 1.65 279 510 3.81 2.37 5.95 4.67 ERY | 2056 3.29

Mean 2.51 2.24 2.59 332 372 4.38 4.20 5.24 6.06 5.12 3.94 2.85

Table 5. Monthly estimates (unsmoothed) of new production in ng'zday'1

VDM (see text) and Bakun's upwelling for 1953-1982.
Tabia 5. Estimaciones mensuales (no swavizadas) de produccién nueva en ng’Zdia", para &l sistema de afloramiento peruano usando
paramelrizacion ocednica, VDM (ver texto) y surgencias de Bakun para 1953-1982,

for the Peruvian upwelling system using oceanic parameterization,

Year Jan Feb Mar Apr May Jun Jul Aug Sep O Nov Dec Mean
1953 1.67 0.88 1.01 3.4 3.4 1.15 3.45 1.54 232 2.82 3.44 111 217
1954 0.96 1.98 0.26 313 3.68 3.60 491 9.11 9.26 2.75 3.01 1.07 364
1955 1.86 0.69 4.85 122 542 k) 4.13 10.04 6.95 8.56 7.66 0.62 4.65
1956 1.09 125 3.4 4.89 4.59 2.89 2.81 321 478 364 2.06 2.08 3.04
1957 L.56 262 249 229 1.40 3.46 565 3.48 5.55 364 2.55 267 3
1958 L.05 1.06 1.30 1.87 1.66 2.07 197 4.64 375 3.40 1.58 1.81 2.18
1959 1.53 0.74 0.70 1.20 0.87 2.82 1.75 4.34 3.08 2.15 1.27 0.82 177
1960 0.91 0.77 0.97 1.49 232 22 275 3.00 4.83 3.24 1.69 1.46 2.14
1961 0.70 0.57 107 1.50 2.69 2.69 3.42 3.04 3.94 6.25 2.68 1.69 252
1962 2.83 1.61 267 3.90 3.8] 39 3.35 3.16 6.88 6.53 6.74 1.54 391
1963 341 1.45 251 2.82 3.04 1.93 3.46 1.54 5.00 6.86 2.86 1.14 3.00
1964 2.15 1.63 2.07 4.13 6.11 571 4.15 7.57 9.88 1098 4.94 390 5.27
1965 2.08 1.42 1.05 1.75 3.08 2.55 1.89 3.23 617 3.04 2.18 1.23 247
1966 218 1.40 238 3.04 2.26 379 3.81 134 533 5.04 1.56 0.88 3.25
1967 201 1.40 0.83 1.27 1.19 4.59 283 6.70 7.36 8.10 498 5.96 394
1968 1.06 3.70 1.85 1.50 1.99 5.46 461 3.76 323 4.03 421 1.73 3.09
1969 0.76 0.97 0.86 1.52 1.11 3.60 247 4.98 407 241 131 1.04 2.09
1970 1.09 0.3% 1.24 2.26 2.36 4.07 3.54 3.65 4.89 143 432 3.57 3
1971 1.48 1.70 1.18 2.62 2.00 1.24 223 5.87 493 11.13 4.81 4.6% 416
1972 1.84 1.25 209 1.26 0.98 210 250 2.14 6.85 1.53 117 175 212
1973 175 0.68 1.91 295 316 4,66 552 14.16 9.98 6.15 3.88 239 477
1974 2.51 4.49 3.89 3.4 319 294 305 3.81 6.69 5.18 5.47 2.69 3.95
1975 238 1.60 239 2.98 332 484 344 7.69 7.94 569 5.57 343 427
1976 142 0.52 1.99 336 27 2.29 1.35 2.44 4.39 267 2.65 1.86 230
1977 1.05 1.33 0.96 1.81 1.55 2.67 4.07 4.51 336 245 2.62 224 238
1978 1.89 1.91 258 2.79 2.58 4.5 311 4.33 5.87 318 2.13 1.88 3.06
1979 232 2.69 0.36 3.42 5.80 5.54 234 3.36 5.13 3.80 293 1.46 3.26
1980 1.83 1.45 1.54 1.57 379 272 3.85 3.16 574 4.49 2.93 266 298
1981 2.83 0.88 1.41 1.89 1.93 4.38 472 3.76 7.35 2.4 3.24 137 am
1982 1.58 1.82 1.45 0.88 1.74 4.22 272 1.70 5.24 169 1.80 1.14 233

Mean 1.73 1.50 1.76 241 2.78 162 3.33 471 5.69 4.78 3.28 2.06




76

slopes of about 0.1, while the correlation coefficients are about 0.6). Those are the best estimates
(minimum confidence interval for r) which may be achieved after dropping of extreme values.
Thus, no reasonable relation exists between measurements and model estimates.

Our models CDM and VDM used for the oceanic and coastal parameter setting respectively
match the observations relatively well (see Fig. 6). The correlation coefficients, while not high,
are in the order of those coefficients which relate the nitrate-temperature relationships. Also, the
computed slopes are less than, but not statistically different from one. The slopes are different
from slope zero at the 80% confidence level. However, care should be taken for any statistical
interpretation because the number of points is low. It seems that both models underestimate high
productivities and overestimate low productivities. This effect is stronger for the CDM, which as
in Model I, incorporates the idea of a constant upwelling depth along with a variable width of the
upwelling region. It is concluded that both variable upwelling depths and variable width of the
upwelling zone are important features which are needed for correct representation of the
processes described here.

Second, phenomena occurring in April and June 1969 as well as in April 1977 are outside
the range of phenomena described reasonably well by the models. Two events resulting in low
production were overestimated and one event in high production was underestimated.

Third, the model incorporating a variable width of the upwelling zone and a fixed upwelling
depth overestimates primary production by about 1 gCm2 d, whether production is high or low.
The median values (Table 1) of both models differ by about 1.6 gCm-2 d-1. This difference is too
low to be statistically significant, but the regression suggests systematic overestimation by the

model using a constant upwelling depth.
The estimate of monthly new primary production provided here as Tables 2 to 5 should be

used with the foregoing in mind.
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Abstract

Corrected values are presented for the monthly series of Peruvian alongshore stress presented in the previous volume of this series. The
series is updated through 1986. The faulty "old” and corrected "new" series are compared and found to have very similar properties. It is
concluded that studies based on the "old" series will not be significantly in error.

Resumen

Se presentan los valores corregides del esfuerzo del viento a lo largo de la costa peruana, para las serics mensuales dadas en el Yolumen
previo a este. La serie ha sido actualizada hasta 1986. Se compara la serie "antigua” defectuosa con la serie "nueva” corregida, encontrindose que
ambas tienen propiedades muy similares. Se concluye que los estudios basados en la serie "antigua” no contienen error significativo.

Introduction

Bakun (1987) presented monthly indicator series for a number of environmental processes
affecting the habitat off Peru. An error has been discovered in the computer program used to
generate one of the reported series, that of the alongshore component of wind stress on the sea
surface. Here we present corrected values for that particular series and also update the series
through 1986 (Table 1).

Alongshore wind stress is one of the most important forcing functions for dynamic
processes in the coastal environment. For periods of variation longer than a half-pendulum day
(2.9 actual days at 10° latitude), the offshore transport which is directly driven by the wind (the
offshore Ekman transport) is directly proportional to the equatorward alongshore wind stress, the
constant of proportionality (~3.95 x 10* sec. for the latitude range of this particular series) being
the reciprocal of the Coriolis parameter. To the extent that the flow divergence at the coast due
to offshore surface transport is not balanced by convergence of alongshore flow, the water
transported offshore is replaced by upwelling of deeper waters to the surface. Thus, variability in
alongshore stress is reflected in variability in intensity of locally wind-driven coastal upwelling.
Interyear variability in alongshore stress, often expressed either in terms of offshore Ekman
transport or in terms of an "upwelling index", has been found to correlate with recruitment
variability in a number of neritic fish populations (Bakun and Parrish 1980; Shepherd et al. 1984;
Bakun 1985).

The computations and procedures employed in generating the updated corrected series
(Table 1) are those outlined by Bakun (1987), except that the data for 1985-86 is from the
COADS dataset rather than from the TDF-11 dataset.
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Table 1. Alongshore component (positive equatorward) of wind stress on the sea surface. Units are dynes per square centimeter. Values in this
table multiplied by the factor 3.95 yield offshore Ekman transport in cubic meter per second across each meter width.

Tabla 1. Componente a lo largo de la costa (positivo con direccién ecuatorial) del esfuerzo dei viento sobre la superficie del mar. Las unidades se
dan en dinas por centimeiro cuadrado. Los valores de esta Tabla al multiplicarse por 3.95 dan como resultado el transporte Elman en metro
ciibico por segundo por cada metroo de linea costera.

Jan feb Mar Apr May Jun Iu Aug Sep Oct Nov Dec
1953 33 27 37 i) 70 2 63 n 4z 46 5 24
1954 2 37 (i)} a1 6 40 46 n 1% 21 32 19
1955 32 14 50 18 54 18 41 % 57 60 54 10
1956 15 va) 59 70 mn 44 59 52 57 47 Iy 39
1957 27 4 62 n a7 & 83 51 64 49 40 51
1958 36 38 40 51 48 41 a7 6 45 42 i) 34
1959 30 26 34 37 2% 55 13 6 45 38 7 20
1960 21 24 16 a2 % 18 51 a8 45 43 » 2
1961 19 22 34 41 59 44 s aQ 45 58 33 77
1962 38 » a1 4 43 49 52 44 53 a a5 23
1963 29 34 53 40 50 28 46 40 63 62 a5 N
1964 a3 38 44 57 52 50 53 6l 64 51 k1l 36
1965 26 35 34 46 79 50 53 70 76 58 as 43
1966 53 5 @ 6l st 53 64 65 53 a8 24 22
1967 34 32 25 26 3 a2 48 62 62 63 39 50
1968 13 35 £} 30 » 55 76 63 57 53 45 50
1969 26 23 39 a8 19 74 49 59 52 37 26 34
1970 29 1 35 50 9 45 49 45 41 a7 38 26
1971 16 k73 29 50 35 60 9 69 53 0 38 40
1972 25 27 45 47 35 58 1.00 70 114 44 35 65
1973 52 34 60 60 s7 47 58 98 85 0 49 33
1974 28 3s 9 57 &0 56 61 54 65 60 59 a2
1975 34 31 59 51 63 53 56 Tr 63 46 12 3
1976 19 15 42 62 61 a8 50 57 0 60 54 48
1977 2 a6 34 49 40 56 80 & 2 1 50 a6
1978 33 43 54 58 50 59 $3 59 63 48 45 41
1979 a2 as 48 59 91 6 55 i) 67 56 48 43
1980 39 40 a2 a2 n 46 81 57 63 56 a2 a1
1981 43 25 al 4% 45 T 64 52 g7} 37 49 34
1982 32 2 52 4% 57 16 6 54 80 76 84 57
1983 61 55 39 63 65 91 70 56 62 51 1 20
1984 23 56 i) 77 70 79 54 8 53 s 0 47
1985 27 27 16 65 48 38 50 50 65 6 52 34
1986 35 2 30 a1 44 56 58 68 85 75 74 4

Comparison and Reconciliation of the Two Series

Resolution of the alongshore component of the wind stress, T,, is according to
T. =01 - BT, W 1)

where T, and 1, are the respective northward and eastward stress components; ¢ = cos¢ and 8 =
sing, where ¢ is the angle, counterclockwise from true north, of the large-scale coastline trend.
For the Peruvian coast a compass direction of 332° (¢ = 28°) is chosen as the characteristic large
scale coastline trend (i.e., & = 0.8829, B = 0.4695).

In producing the series reported by Bakun (1987), the value 0.8829, appropriate to o, was
also erroneously assigned to B. Since the wind stress off Peru is generally from the southwest
(Bakun and Parrish 1982), Tx would generally have a negative value, Thus the magnitude of the
monthly estimate of T would tend to have been amplified by the error. The computation of the
onshore component of the wind stress and of the "wind cubed" index (Bakun 1987) are
unaffected by this error.

Thus the power spectra of the "old" series from Bakun (1987) generally has higher values
than the "new" corrected series (Fig. 1a). However, note that the shape of the spectra are quite
similar, with high peaks at the annual frequency and the familiar "red noise" spectral shape at the
low frequency end. Note also that the coherence (Fig. 1b) between the series is very high, being
nearly 1.0 over the spectral peaks and falling somewhat lower only in spectral "gaps" where very
little of the variance of the series is found. Also there is essentially no phase difference between
the two series over the entire spectral range (Fig. 1¢). Fig. 1 shows that the two series should be
nearly equivalent for most applications, except in terms of magnitude.
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For example, the seasonal pattern is very similar (Fig. 2), as are the major interannual
features in the two series (Fig 3). Both series indicate seasonal maxima in alongshore stress
during austral winter (peak in September) and minima in summer (lowest in January). Both
series show increases in alongshore stress associated with El Nifio episodes and some indication
of a general linear upward trend from the mid-1950s to 1982-83,

For readers who may be more comfortable with correlation coefficients than with coherence
spectra, regressing the "old" series on the "new" series yields a correlation of r = .975 and a
regression line slope of b = 1.14. Transforming the two series to "anomalies", by subtracting the

B Bokun (1987)
B corrected series

0.7
*
2 oe
P 08
Fig. 2. Seasonal pattern (long term 1953-84 mean monthly % g 0.4
values) of the "old" monthly series of alongshore component & S "
of wind stress reported by Bakun (1987) and of the "new" 92 03j
corrected series presented in Table 1. § 3 0.2
Fig. 2. Pairén esiacional (promedios mensuales a largo [ R
plazo 1953-84) de la serie "antigua" de la componente del (§ 0.1 F

esfuerzo del viento a lo largo de la costa reportada por

(=

Bakun (1987) y la "nueva” serie corregida presentada en la . : . .
Tablal. J FM A M J J A S ONUD
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Fig. 3. Low-frequency nonseasonal variations: 12-month running means of monthly time series values of the "old”
monthly series (dashed line) of alongshore component of wind stress reported by Bakun (1987) and the "new”
corrected series (solid line) presented in Table 1.

Fig. 3. Variaciones de baja frecuencia no estacionales: promedios meviles de 12 meses de los valores de la
“antigua” serie mensual (linea punteada) de la componente del esfuerzo dei viento a lo largo de la costa, reportada
por Bakun (1987) y la "nueva” serie corregida (linea solida) presentada en la Tabla I.

appropriate 1953-84 long term monthly mean from each monthly value, yields r = .962 and b =
1.12. Removing the seasonal variation and the long term linear trend by "12th-differencing” each
series (subtracting from each value the value for the same month one year earlier) yields r =.953
and b = 1.09. The regression line directly intersects the origin (intercept = 0.00) in all three
cases.

Bohle-Carbonell (this volume), in examining the fractal dimensions of several series related
to the anchoveta fisheries, uses the Bakun (1987) series. As discussed in Mendelssohn (this vol.),
there is a close relationship between fractal dimension and fractal differencing in time series.
Statistical estimates of the fractional differencing parameter d are determined from properties of
the observed and theoretical spectrum. As the "old" and "new" series have similar spectra, there
should be little change in these estimates, and the use of the "new" series should not affect
Bohle-Carbonell’s conclusions. (In fact, the estimate of fractional differencing for the "old"
series is d = .2212, while for the "new" series it is d = .2857, see Mendelssohn (this vol.) for
details).

Cury and Roy (1989) estimate optimal environmental windows for the Peruvian anchoveta,
as well as for species from other eastern boundary current regions, using a turbulence index
(wind speed cubed) as the environmental variable. Their study is unaffected by this correction, as
they use the Trujillo series of Mendo et al. (1987). It is expected that other studies that may have
used the earlier series will be similarly unaffected to any substantial degree.
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Abstract

Seasonally-averaged estimates of zooplankton volume (in mllms) for the nonthern, central and southem part of the Peru coast {up to about
170 km offshore) are presented, based on 6,658 hauls with a Hansen net of 0.33 m2 mouth arca. Highest zooplankion biomasses occur in spring
(October-December) in all three zones. Overall, zooplankton abundances are lowest off central Peru. There is a clear declining trend of
zooplankion biomasses from the mid-19603 to the mid-1980s. The impact of various Ll Nifio events on zooplankton abundance and compaosition
is briefly discussed.

Resumen

Se presentan las variaciones estacionales, promedio de los voltimenes de zooplancton (en ml/m3) para el drea nonte, centro y sur de la
costa peruana (dentro de 170 km de la costa). Esta contribucién se basa en 6,658 muestreos colectados con red Hensen de 0.33 m2 de 4rea de
boca.

Las biomasas de zooplancton mas allas se presentan en la estacién de Primavera (Octubre-Diciembre) en las tres zonas investigadas. En
general estos volimenes son menores en el 4rea central del Peni. Entre la década del 60 a la década de 80 se observa una clara tendencia decre-
ciente de los valores del zooplancton.

El impacto de diferentes eventos El Nifio sobre abundancia y composicién del zooplancten son discutidos.

Introduction

This contribution presents a time series, covering the years 1964 to 1987, of zooplankton
volumes off Peru and attempts to identify some of the causes for the observed changes.

During the initial period covered by this time series (1974-1969), only two mild El-Nifio
events occurred (1965, 1969); thus, one may use this period as reference for the general pattern
of zooplankton distribution off Peru. Subsequent El Nifio events, notably that of 1982-1983,
altered this pattern and reduced overall abundances (Carrasco and Santander 1988). The present
contribution provides previously unpublished background material on these changes.

Materials and Methods

The basic material consists of 6,658 samples collected during research and survey cruises of
the Eureka type, carried out by IMARPE from 1964 to 1987.
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Samples were obtained from vertical hauls between a depth of 50 m and the sea surface,
using a Hensen net of 0.33 m2 mouth area and 300 p mesh, and then fixed in 10% formaldehyde
buffered with Borax.

Large coelenterates were removed by filtration (using mesh sizes of approximately 1 cm)
prior to all zooplankton analyses. Then the fish eggs and larvae were set aside and the volume of
the remaining zooplankters was determined using the displacement method (Kramer et al. 1972).
All values are expressed in ml/m3,

The sampling area (Fig. 1) covers the Peruvian coastline from 3°30'S to 18°30'S, and up to
170 km off the coast. Considering the characteristics of its fish populations and its
oceanographic attributes, the Peruvian Coast has been divided into three zones:

Area " A" (03030°-05059°S), strongly influenced by equatorial surface waters (mainly in

spring and summer). The coastal zone is also subjected to mixing processes during summer.

Area "B" (06000’-13059°S), wherein a widening of the shelf is observed, and with an

upwelling area north of 090 S and another off Callao (120 S). The country’s main pelagic

fisheries are localized in this area.

Area "C" (14000°-18030°S), characterized by intense upwelling (Zuta and Guillén 1970)

and high biological productivity (phytoplankton, zooplankton).

As data collection was not continuous, the zooplankton volumes obtained have been
averaged by seasons: summer (January-March), autumn (April-June), winter (July-September)
and spring (October-December).
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Fig. 1. Definition of sampling areas: A (3°30°-5°59'S), B (6°-13°59°S) and C (14°-18°30°S) off
Peru. Seaward extension of sampling area is about 170 km on the average.

Fig. 1. Definicién de las dreas de muestreo frente a la costa peruana: A (3°30°-5°59'S), B (6°-
13°59'§) y C (14°-18°30°S). La extensidn hacia fuera de la costa del drea de muestreo es cerca de
170 km en promedio.
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Results and Discussion

The zooplankton volumes, averaged by season, are presented in Table 1. In general, it can
be seen that the volumes are higher during spring (see Fig. 2).

Comparatively, Area "A" (03°30°-05°59°S) presents the highest zooplankton volumes, a fact
attributable to the influence in this area of equatorial surface water, which carries larger
zooplanktonic organisms than the cold water of the coastal current.

The other matter to highlight with regard to these series is the notable reduction of the
zooplankton volumes along the Peruvian coast, very evident since the El Nifio event of 1972-
1973. Volumes for the period 1972-1987 represent, on the average, around 30-40% of those
observed for previous years (Fig. 3).

Carrasco and Santander (1988) pointed out that during the 1983 El Nifio and for the area of
060-1208§, copepod abundance decreased to 1/6 with respect to 1977 and 1981, and that
generally, zooplankton volumes decreased drastically.

Table 1. Seasonal means of zooplankton volume off Peru, 1964-1987.
Tabla 1. Promedios estacionales de los voli del zooplancion frente a la costa peruana, 1964-1987,

Area Area Area
A B C
(3°30"-5°59'S) (6°-13°59°5) (14°-18°30'5)

Year Jan-Mar Apr-Jun Jui-Sep Qct-Dec Jan-Mar Apr-fun Jul-Sep Qct-Dec Jan-Mar Apr-Jun Jul-Sep Oct-Dec
1964 1.14 0.70 1.44 243 0.90 0.75 0.66 1.00 - 0.25 236 350
1965 0.89 1.15 0.88 097 049 193 0.71 0.69 - 0.62 0.56 1.81
1966% 244 1.15 1.90 349 1.28 1.78 1.10 1.40 0.62 0.62 0.90 2.86
1967 1.75 146 1.21 5.12 0.41 02 0.53 273 0.40 0.32 1.62 5.37
1968 - - 039 - 0.46 - 083 - 0.93 - - -
1969 1.24 - 1.33 - 1.55 - 056 - - 0.34 - 0.75
1970 - 049 0.60 197 - 0.67 0.50 1.01 - - 0.60 0.64
1971 - 090 1.60 1.90 - 0.40 0.39 1.40 - 0.30 0.32 1.70
1972 141 - 1.09 0.80 1.36 - 0.54 0.84 1.43 - 121 -
1973 124 1.94 - - 1.16 0.75 0.77 - 0.86 0.48 - -
1914 0.13 - - - 0.14 0.91 0.18 - - 0.74 0.07 -
1975 - - 040 0.70 0.23 - 021 0.20 0.26 - 0.15 -
1976 0.35 022 - 0.29 0.19 0.11 - 0.15 0.30 - - -
1977 - - - - - 0.27 0.18 0.09 - 0.38 - -
1978 - - - 0.29 032 - - 0.22 0.38 - - -
1979 0.78 - - - 0.67 - - - - - - -
1980 - - 0.10 - - - 0.28 - - - 0.40 -
1981 0.31 - - - 022 - 0.10 0.51 0.16 - - 0.31
1982 - - 0.09 - - - 0.90 0.26 - - 065 0.34
1983 0.11 0.09 - - 0.16 0.40 0.32 031 0.58 0.25 041 -
1934 - 0.15 0.74 0.24 - 023 0.27 0.15 - 0.16 - -
1985 026 0.14 0.08 - 0.09 0.10 0.17 - - 0.12 003 -
1986 - 020 - - - 0.14 - 037 - - - 0.24
1987 0.53 - - - 0.30 - - - - - - -
Mean 090 0.72 0.86 165 0.58 0.5 0.48 0.71 0.59 0.38 071 1.75
o 14 i2 14 11 17 14 19 16 10 12 13 10
St. dev. 0.66 058 057 1.48 047 055 0.28 0.67 0.37 0.19 0.64 161

BYears used to flustrate seasonality of relative abundance (see Fig. 2).
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Fig. 2. Seasonal changes of z2ooplankton relative
10 abundance for the years 1966 and 1967 (i.e., the only
two years in Table 1 with samples from all seasons).
ol L | | n Fig. 2. Variaciones estacionales de la abundancia
Jan-Mar Apr-Jun Jul-Sep Oct-Dec relativa del zooplancton para los afos 1966 y 1967

(Enla Tabla 1, solo estos 2 afios presentan muestreos
Season (1966-1967) en todas las estaciones).
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Fig. 3. Trend of zooplankton abundance off Peru, 1964 to 1987. Note
strong decline in all three zones and overall lower biomasses in area B.
Fig. 3. Tendencia de la abundancia del zooplancton en el Perii, 1964 a
1987. Notar la fuerte disminucién de la biomasa en las tres zonas y los
valores mds bajos en drea B,
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The observed decline of zooplankton volumes, assuming that it reflects a real decrease of
zooplankton biomass, is probably related to the observed changes in the southeastern Pacific
ecosystem - coincidental with the 1972-1973 El Nifio - which led to a drastic decrease of the
anchoveta stock and to the associated increase of other species, such as sardine, horse mackerel
and mackerel (Zuta et al. 1983).

These changes in the ecosystem would have generated a greater zooplankton consumption
by these predator species. Muck and Sanchez (1987) showed that the contribution of anchoveta
to the diet of horse mackerel Trachurus murphyi and mackerel (Scomber japonicus) decreased
during the 1976-1982 period. Also, the results of stomach content analyses presented in Muck
(this vol.) suggest a switch from anchoveta to a zooplanton diet for both predators after 1980.
Hence, it 1s reasonable to assume that there has been a greater zooplankton contribution to the
diet of horse mackerel and mackerel during this period, leading to a decline of zooplankton
biomasses.
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Abstract

The diet and morphological parameters (mouth width, gut length, eye pigmentation and mouth function) of larval anchoveta (Engraulis
ringens) and sardine (Sardinops sagax) of the Peruvian upwelling system were studied, based on samples obtained in February/March 1982. The
relationships body length/mouth widih and body length/gut length show significant differences: an anchoveta has a larger mouth than a sardine of
the same size but a shorter gut; the two species algo differ in a number of morphological characteristics. Species and size composition of prey in
the guts of first feeding larvae (anchoveta: 3-3.5 mm; sardine: 4-4.5 mm) are significantly different: the former feeds almost exclusively cn a pure
phytoplankton diet (phytoflagellates, dinoflageilates; 30 um width) whilst the latier feeds almost exclusively on 200plankton (copepod eggs and
nauplii; 70 pm width).

These findings for first feeding larvae suggest a high larval mortality for anchoveta during El Nifio periods when primary production is
reduced drastically; they also agree with the hypothesis that differences in larval montality during El Nifio events are one of the decisive factors
for the transition from anchoveta to sardine in the Peruvian upwelling system.

For older anchoveta and sardine larvae (>5.5 mm), there is a wide diet overlap for all siages of calanoid copepods, and phytoplankion
becomes less important as'an energy source.

Resumen

Se estudia la dieta y los parimetros morfol6gicos (ancho de boca, longitud de intestino, pigmentacion de ojo, y funcién de la boca) de las
larvas de anchoveta (Engraulis ringens) y sardina (Sardinops sagax) del sistema de afloramiento peruano, basados en muestras obtenidas en
febrero/marzo de 1982. Las relaciones del cuerpo longitud/ancho de boca, longitud del cuerpo/longitud de intestino, muestran diferencias
significativas: una anchoveia tiene la boca mas larga que una sardina de ]a misma talla, pero un intestino corto; las dos especies también difieren
en un nimero de caracterfsticas morfol6gicas. La composicién de tamafio de presas y de especies en los intestinos de la primera alimentacién
larval (anchoveta: 3-3.5 mm; sardina: 4-4.5 mm) son significativamente difercntes: las anchovetas se alimentan casi exclusivamente de una dieta
pura de fitoplancton (fitoflagelados, dincflagelados: 30 ym de ancho) mientras que las sardinas se alimentan casi exclusivamente de zooplancion
(huevos de copépodos y nauplios: 70 um de ancho).

*PROCOPA Contribution No. 23. (An earlier version of this paper was presented at the International Symposium on the Larval History of
Fishes, 8th Annual Larval Conference, Vancouver, Canada, 6-10 May 1984).
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Estos resultados de la primera alimentacion de larvas sugieren una alta mortalidad larval para la anchoveta durante periodos de El Nifio
cuando la produccion primaria se reduce drésticamente. Ellos también concuerdan con la hipétesis de que las diferencias en la mortalidad larval
durante los eventos de El Nifio sea uno de los factores decisivos en la transicién de anchoveta a sardina en el sistema de afloramiento peruano.
Para las anchovetas vicjas y larvas de sardina (> 5.5 mm) hay un amplio traslape de dietas para todos los estadios de copépodos calanoides y el
fitoplancion s menos importante como fuente de energia.

Introduction

Survival rate during the larval stage of fishes has been suggested for over 70 years (Hjort
1914) to be a decisive factor controlling recruitment and thus the population density of stocks.

Studies on clupeoid fish larvae show that early stages can only survive approximately 1.5-
3.5 days without food (Lasker et al. 1970; Houde 1974, 1978; Rojas de Mendiola and Gémez
1980). This period, however, becomes much shortened when water temperatures become
abnormally high, as was the case in the upper 70 m of the Peruvian upwelling system during the
"El Nifio" event of 1982-1983, when temperatures of 26-30°C were reached (Villavicencio and
Muck 1983). Therefore, the chances of survival of the individual larval stages appear to be
largely dependent on strategy and efficiency of food uptake (May 1974). This applies in
particular to the first larval stages following the absorption of the yolk sac, whose feeding
success is often extremely poor (Braum 1967; Rosenthal and Hempel 1970; Blaxter and Staines
1971; Hunter 1972).

The aim of this study is to identify the food niches and feeding strategies of anchoveta
(Engraulis ringens) and sardine larvae (Sardinops sagax) by gut content analysis as well as
through the comparison of morphological parameters. This study follows up on contributions on
the feeding behavior of E. ringens larvae by Rojas de Mendiola (1974, 1980) and Ware et al.
(1981).

As sardine and anchoveta have widely overlapping distribution areas off Peru, the results
will be discussed with respect to food competition and to environmental changes such as caused
by El Nifio events.

Materials and Methods

Larvae were sampled during day and night at 45 stations along the Peruvian coast (18°04°S
to 3°23’S) during February and March 1982 by vertical hauls (50-0 m) of a Hensen net (0.33 m?
mouth area; 300 Lm mesh size). The larvae were preserved in ethanol (70%) and later analyzed
at the Instituto del Mar del Peru (IMARPE) with respect to (i) standard length, gut length, mouth
width, (ii) eye pigmentation, (iii) mouth function and (iv) diet composition.

The mouth of the preserved larvae was assumed to be functional either when it was found
open, or when it could straightforwardly be teased open. Fully pigmented eyes were considered
functional.

Diet organisms were removed from the gut, identified, counted and grouped into 37 size
classes of 10 Lm intervals by measuring the short axis of the food particles, the important
parameter limiting food ingestion.

Diet composition was described by reporting the percent frequency of occurrence (F(%)) of
the diet items by taxa, stage and/or size class and the percentage of the total number of diet items
(N(%)). As an index of the relative importance of each diet item the product of F% and N%
(Laroche 1982; Govoni et al. 1983) has been used.

The calorific content of various items was estimated from the equation

logjecal. =-9.416 + 3.026log;o width 1)

(width in um; r = 0.95) derived from data in Theilacker and Dorsey (1980) for phyto- and
zooplankton species, including different size classes of nauplii and copepodites.

Equation (1) was used to estimate (i) the importance of phytoplankton in the gut compared
to zooplankton and (ii) to estimate optimum prey widths, defined as the size class in a group of
food organisms representing the fraction with the highest calorific value in the gut of each larva.
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Results and Discussion

Size of First Feeding Larvae

As shown in Table 1, the minimum size for anchoveta with food in the gut was 3.02 mm and
for sardine 4.07 mm. These findings agree with the available data on mouth and eye function in
Fig. 1 which show curves obtained by grouping 1,077 anchoveta larvae ranging from 2 to 5 mm
and 106 sardine larvae ranging from 3.5 to 5 mm into six size classes of 0.5 mm width. For both
species, there is a close linkage between eye and mouth functions: larvae with completely pig-
mented eyes also had an open mouth. This development starts for anchoveta at around 2.7 mm,
and is completed at a length of ca. 4 mm. In sardine, this development starts below 4 mm and is
completed with 5 mm.

Table 1. Characteristics of samples used for the present study.
Tabla 1. Caracter(sticas de las muestras utilizadas para el presente estudio.

Characteristics Anchoveta Sardine
No. of samples2 33 22
No. of larvae 297 355
Size range (mm) 2.97-15.1 3.96-17.1
Mean size (mm) 4.97 799
S.D. of mean (mm) 1.94 2.89
No. of larvae with food in their guts 82 75
Size range (mm) 3.02-8.60 4.07-16.00
Mean size (mm) 4.08 6.07
S.D. of mean (mm) 123 2.00

aNumber of samples with both anchoveta and sardines = 10.
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Fig. 1. Relationship between mouth and eye functionality and body length in 8 anchoveta and sardine larvae. Note close match between mouth
and eye functionality.

Fig. 1. Relacién entre la boca y la funcionalidad del ojo y longitud del cuerpo en 8 larvas de anchoveta y sardina. Notar la similitud de los valores
entre la boca y la funcionalidad del ojo.
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Diel Feeding Activity

The diel feeding cycle of anchoveta and sardine larvae is shown on Fig. 2. Grouping the
available data (points) in four-hour intervals and computing means led to the solid line for
anchoveta and the dotted one for sardine. The lines suggest nocturnal feeding by anchoveta (as in
adults, see Pauly et al., this vol.) and a more diurnal feeding behavior in sardine. However, the
available data points are widely scattered and more data are needed to decide whether or not
species-specific differences do occur.
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Fig. 2. Data on the diel feeding activity of anchoveta and sardine larvae. Dots:
observations; lines: fitted by eye to 4-hourly means. Note suggestion of nocturnal
feeding in anchoveta and of diumal feeding in sardine larvae.

Fig. 2. Datos sobre la actividad de la dieta alimentaria de las larvas de anchoveta y
sardina. Lineas punteadas: observaciones; lineas: ajustadas al ojo para promedios de
cada 4 horas. Notar la sugestién de una alimentacibn nocturna y de una alimentacién
diurna en las larvas de anchoveta y sardina, respectivamente.

Diet Composition

Table 2 lists the diet organisms and their frequencies as estimated by gut analysis. The
highest values for the relative importance of a diet item (N(%) x F(%)) correspond, in the case of
anchoveta, 1o copepod nauplii (45-135 pm), 1o phytoflagellates (5-15 pm) and to copepod eggs
(45-75 um). In the case of sardine, the highest values of N(%) x F(%) pertain to nauplii (45-135
Km), copepod eggs (47-75 pm) and adult copepods (115-345 Hm).

Related to the total number of diet groups analyzed, the fraction of copepods (including their
eggs) is higher in sardine (92.2%) than in anchoveta larvae (46.2%). In contrast, we found algae
in 53% of the cases in anchoveta and in only 6% in sardine.
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Feeding Strategies

The clear differences presented above in the diet composition of both species are caused
mainly by the different feeding behavior of the first-feeding larvae. Of the anchoveta larvae
between 3.0 and 3.5 mm, 77% feed exclusively on phytoplankton, mainly flagellates with a

Table 2. Diet composition of anchoveta and sardine larvae. See Table 1 for details on samples; F(%) and N(%) refer to relative
frequency and relative occurrence of an item, respectively. (See text).

Tablz 2. Composicién de la dieta de las larvas de anchovela y sardina. Ver tabla 1 para detalles de las muestras; F(%) y N (%)
indican la frecuencia y la ocurrencia relativa de un itemrespectivamente (ver texto).

Engraulis ringens Sardinops sagax

Width range F N F
Food items (um) (%) (%) (%) (%)
Diatoms
Actinocyclus sp. 45-55 1.22 0.24 1.33 0.35
Rhizosolenia delicatula 10-20 1.22 0.48 0.00 0.00
Roperia tesseilata 40-70 1.22 024 0.00 0.00
Thalassiosira subtilis 15-25 4.88 1.43 0.00 0.00
Dinocflagellate
Exuviaella marina 15-35 732 476 4.00 035
Gymnodinium splendens 40-45 3.66 0.95 0.00 0.00
Gymnodinium sp. 15-35 488 2.38 1.33 0.35
Prorocentrum gracile 15-20 2.4 0.48 2.67 1.39
Prorocentrum micans 25-30 3.66 071 2.67 1.30
Pyrocystis lunula 50-60 3.66 071 0.00 0.00
cyst of dinoflagellate - 1.22 024 0.00 0.00
Small fiagellates
Phytoflagellate (round) 5-15 9.76 10.48 0.00 0.00
Phytoflagellates (stretched) - 2.44 071 0.00 0.00
Spores - .22 0.95 0.00 0.00
Flagellate cysts - 0.95 0.00 0.00 0.00
Monades 5-15 4.88 1.90 2.67 347
Coccolithophorids
Emiliania huxleyi 5-15 122 0.24 0.00 0.00
Ciliates
Codonellopsis contracia - 2.4 0.95 0.00 0.00
Epiplocycloides reticulata 45-65 3.66 0.72 1.33 0.35
Helicostomella subulata - 1.22 0.24 0.00 0.00
Tintinopsis levigata - 1.22 048 0.00 0.00
Copepods (mainly calanoids)
Eggs 45-75 15.8 5.24 13.3 4.87
Nauplii 45-135 58.6 18.8 105.0 52.0
Nauplii fragments - 3.66 1.43 133 0.69
Copepodits 105-215 0.00 0.00 2.66 0.70
Copepodit fragments - 0.00 0.00 1.33 0.69
Adults (entire) 115-345 0.00 0.00 799 278
Ostracods 122 0.24 0.00 0.00
Crustacean eggs 0.00 0.00 1.33 035

Unidentifiable remains 17:1 571 2.67 0.69




91

mean width of 29.6 um * 25.3, whilst the first feeding larvae of sardine (4.0-4.5 mm) had all
ingested nauplii, with a mean width of 72.1 pm + 16.6 (Table 3).

With increasing length, anchoveta larvae gradually shift towards a zooplankton diet. The
shift from phyto- to zooplankton starts at a standard length of ca. 4 mm. In contrast to this,
sardine larvae of all size classes are strongly specialized and have an almost pure zooplankton
diet; the average for the "mixed" and phytoplankton fraction is less than 10%.

In only 10 of the 45 hauls did the two species co-occur, with a total of 161 anchoveta and
1735 sardine larvae. Co-occurrence occurred from 5°15' to 15°00'. Analysis of these data is
difficult due to the low number of larvae with food in their guts (25% in anchoveta, 29% in
sardine). Nevertheless, a comparison of their diet composition showed the same tendency (Table
3): almost exclusive feeding on zooplankton by sardine larvae whilst about 50% of the anchoveta
diet is mixed food and pure phytoplankton:

anchoveta (4-8 mm) : pure zooplankton = 47.6
mixed diet = 429
pure phytoplankton = 9.5
sardine (4-8 mm) : pure zooplankton = 93.0
mixed diet = 4.6
pure phytoplankton = 23

The mean total calorific gut content for different larval size classes, for samples collected 5°
and 20°’S, mainly around 13° (Table 4), was calculated using equation (1) to identify possible
differences in feeding efficiency. The results suggest no differences for larvae >5 mm but

a
Table 3. Diet characteristics of different size classes of anchoveta (Engraulis ringens) and sardine (Sardinops sagax)
Tabla 3. Caracteristicas de la dieta de las diferentes clases de tamarios de anchoveta (Engraulis ringens) y sardina (Sardinops sagax).

Anchoveta Sardine
Mean cal. Mean cal.
Mean conlents Mean contents
Size class Pure Pure Mixed width of Pure Pure Mixed width of
(mm) n phytoplankton  zooplankton diet (im) phytoplankton n  phytoplankion zooplankion  diet {pm) phytoplankton
3034 22 713 136 9.1 29.6 79.5 - no feeding
3.5-39 29 29.2 375 333 53.2 292
4.04.4 11 20.0 40.0 40.0 67.8 13.2 7 166 834 0.0 72.1 16.6
4549 12 0.0 63.6 364 85.1 03 11 18.2 81.8 0.0 75.6 10.0
40-54 0 - - - - - 23 0.0 875 12.5 84.1 0.0
255 8 0.0 66.7 333 62.6 0.5 31 32 90.3 6.5 83.9 00

8All values {(except n end widihs) expressed as percentages.

Table 4. Mean energy contents (in cal ) of the gut contents of larval anchoveta and sardine.
Tabla 4. Promedio del contenido de energla (en calorias) del contenido intestinal de larvas de anchovela y sardina.

Standard
length Engraulis ringens Sardinops sagax
(mm) n cal. s.d. n. cal. s.d.
3.0-3.9 21 0.00063  0.0011 - nofeeding -
4049 21 0.00283  0.0061 17 0.00057  0.00085
5.0-69 8 0.00170  0.0019 40 0.00150  0.00270

7.0-89 0 - - 10 0.00310  0.00280
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differences of a factor of 5 for larvae in the 4-5 mm size class. These differences are most
probably caused by the low feeding success of first-feeding sardine larvae.

To quantify the importance of phytoplankton as food resource from a bio-energetic view-
point, equation (1) has been used to estimate the total calorific content of the phytoplankton
fraction in the gut of each larva as a percentage of total calorific content (=100%). These values
were averaged for the individuals of each size class (Table 4) and plotted (Fig. 3).
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Fig. 3. Contribution of phytoplankton (in % of the gut contents, in cal.) in the diet of
larval anchoveta and sardine.

Fig. 3. Contribucién de fitoplacton (en % del contenido intestinal, en calorias) en la dieta
de las larvas de anchoveta y sardina,

First feeding larvae of anchoveta mainly use phytoplankton (80%) as an energy resource.
Phytoplankton, however, becomes negligible when the anchoveta larvae are larger than ca. 4.5
mm. For sardine, phytoplankton is of little importance (16%) for the youngest larvae and tends
towards zero in larvae larger than 5 mm.

Regression and Correlation Analyses

The results of the regression and correlation analyses of morphological and functional
characteristics are given in Table 5.

The relationships standard length/gut length and standard length/mouth width are signi-
ficantly different between species: an anchoveta of 10 mm has a shorter gut (5.99 vs. 7.03 mm)
but a wider mouth (0.65 vs. 0.60 mm) than a sardine larva of the same standard length.

For the relationships length/minimum, prey width, length/maximum prey width and
length/optimum prey width, positive correlations were found for both species. These were
associated, however, with low values of the correlation coefficient (r). Therefore, species-
specific differences cannot be derived using the available data set. An exception seems to be the



Table 5. Results of regression and correlation analyses on larval anchoveta and sardine.®
Tabla 5. Resultados de los andlisis de regresidn y correlacién sobre las larvas de anchoveta ¥ sardina.
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Size range Correlation Confidence limits (95%)
Relationship Species n {mm) coefficient Equationb Intercept Slope
Length/length anchoveta 297 2.97-15.1 0.95 Y =-0.0879 + 0.6075X  -0.065 0111 0.63 0.59
of the gut sardine 358 3.96-17.1 0.99 Y =-03316+07361X 0311 -0.331 0.74 0.73
Length/mouth anchoveta 297 2.97-15.1 0.96 Y =0.0628 + 0.0585X 0.065 0.061 0.061 0.056
width sardine 358 3.96-17.1 0.96 Y =-0.0249 + 0.0631X  -0.023 -0.027 0.065 0.061
Length/minimum  anchoveta 82 3.02-8.64 0.23 Y=-4.819+3575InX 2888 -38.52 69.45 2.05
prey width sardine 76 4.07-16.0 0.38 Y =13738-0.1154X 4.9 4.86 0.05 -0.18
Length/maximum  anchovela 82 3.02-8.64 0.44 Y=-59.58+97.89InX -14.86 -104.3 142.6 532
prey width sardine 76 4.07-16.0 0.33 Y =52.09 + 7.135X 56.88 47.29 11.92 234
Lengthfoptimum ~ anchoveta 82 3.02-8.64 041 Y=-5375+88.15ImX -998 9748 131.9 444
prey width sardine 76 4.07-16.0 0.08 - - - -

gOnly the last relationship (sardine larval length vs. optimum prey width) was not significant (a1 95% level).
Four types of equations were tested in each case (linear, exponential, logarithmic and power function); those reported here gave the best fit.

length/minimum prey width relationship. For anchoveta, the minimum size of the ingested food
particles increases with increasing larval length, while for sardines, there is a weak negative

relationship.

Fig. 4 presents the results of Table 5 to allow comparison of the specific difference on the
interrelationships between larval length, mouth width and particle size.

0.6

Mouth width { mm}

Prey width (mm)

Standard length {mm)

Fig. 4. Differences in mouth and prey width in larval
anchoveta and sardine,
Fig. 4. Diferencias en el ancho de la boca y de la
presa en larvas de anchoveta y sardina.
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Discussion

Overall, the analysis of the available gut content data is hindered by the relatively low
number of larvae with food in the gut. With respect to the daytime hauls, this seems to be more a
question of sampling technique than of larval feeding behavior. Stress often induces defecation
in fish larvae and probably a vertical haul from a depth of 50 m is sufficient to trigger off the
defecation process. Therefore a gentler treatment such as using MOCNESS surface tows
(Govoni et al. 1983) would be a more adequate technique.

Comparably low number of larvae with food in their guts were reported for Engraulis
mordax, Sardinops sagax and Limanda ferruginea (Arthur 1976; Smith et al. 1978).

The most important result based on the data sampled in February/March 1982 is undoubt-
edly that anchoveta larvae in their first feeding period are almost exclusively phytophagous
whilst the first feeding sardine larvae are mainly zoophagous.

Additional data from a cruise conducted in September 1982 show a similar tendency with
respect to the anchovy phytoplankton diet for larvae smaller than 4 mm (n=30): 37% pure
phytoplankton, 33% mixed diet, 30% pure zooplankton.

This food niche separation of the early larval stages corresponds to field data about
distribution and environmental conditions. Rojas de Mendiola and Ochoa (1980) reported a
strong correlation between phytoplankton abundance and the spawning centers of adult
Engraulis ringens. Similar findings were reported by Walsh et al. (1980).

In contrast to anchoveta, sardine spawn relatively far offshore (35-70 km off the Peruvian
coast, see Santander and de Castillo 1977) where zooplankton is more abundant than inshore
(Walsh et al. 1980).

Even where both species co-occurred for a given size class, a higher percentage of
anchoveta larvae had a pure phytoplankton or a mixed diet in the guts than did sardine larvae.

Because there is almost no overlap of the food niches of first-feeding anchoveta and sardine
larvae, their survival rates will be different in periods of low phytoplankton availability, such as
during El Nifio events (Guillen and Rondan 1974; Guillen 1983) or when there is a southward
displacement of the spawning stock to less productive areas (Walsh 1978; Walsh et al. 1980).
Spawning in the sardine appears to occur earlier during El Nifio years (Walsh et al. 1980).
However, even if spawning in both species were to occur at the same time, sardine larvae would
have a higher chance of survival during the initial phase of an El Nifio event because of the time
lag between reduced primary production and decreased zooplankton biomass. But with respect to
the El Nifio event of 1982-1983, which was probably the strongest since the beginning of this
century, larvae of both species did not appear to have any chance of survival when hatched
during the peak of this event (January-March 1983): compared with values based on normal
years (Rojas de Mendiola 1981; Rojas de Mendiola et al. 1983), total planktonic biomass
decreased by an average factor of 15 along all of the Peruvian coast and the temperature in the
upper 70 m reached values between 26 and 30°C (Villavicencio and Muck 1985). Using a larval
feeding and growth model (P. Muck, unpublished data) for E. ringens and S. sagax, Villa-
vicencio and Muck (1985) estimated survival to be zero for both larvae during the peak of the
1982-1983 El Niflo event.

Walsh et al. (1980) state that the high larval mortality of anchoveta, caused by the poor food
conditions during the El Nifio of 1965, 1972 and 1976, together with overfishing of the adult
population, were the main reasons for the collapse of the Peruvian anchoveta stock and the
partial replacement of anchoveta by sardine.

Niche separation for first feeding larvae is not directly related to difference in mouth width.
Zoophagous sardine larvae of 4 mm feed on items with a mean particle width of 0.07 mm and
have a mouth width of 0.23 mm. Phytophagous anchoveta larvae of 3 mm, on the other hand,
which feed on items with a mean particle width of 0.03 mm have a mouth width of 0.24 mm.

The fact that sardine larvae have a longer gut than anchoveta of the same size does not
appear to be of much ecological relevance because the gut diameter of sardine is smaller than
that of anchoveta and thus the entire gut volume is more or less the same (B. Rojas de Mendiola,
pers. obs.).
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Fig. 4 suggests a second food niche separation for larvae larger than 9 mm. However, the
correlation coefficients associated with the regression equations are low and the wide confidence
limits for the regression coefficients (Table 5) prevent firm conclusions to be drawn.

With increasing length of anchoveta larvae, their mean maximum prey width and mean
minimum prey width increase. This is also the case with the relationship length/optimum prey
width, defined as the size of the group of diet organisms with the highest calorific value (see
above). These findings correspond to those of optimal foraging theory (Eggers 1976), which
implies a switch to larger food particles with increasing body size. This also agrees with the
findings of Rojas de Mendiola (1981) on E. ringens and with data on other marine fish larvae
(Sardinops sagax and Engraulis mordax, Arthur 1976; Sardinops sagax, Herrera and Balbontin
1983; Leiostomus xanthurus and Micropogonias undulatus, Govoni et al. 1983), Hunter (1977)
found similarly that, when larval Californian anchovy E. mordax are fed exclusively with
dinoflagellate Gymnodinium splendens (a mean width of 50 pm), growth becomes asymptotic at
about 6 mm. Vlymen (1977) predicted similar results based on a feeding/growth model of
Californian anchovy.

Using the formula for the length/minimum prey width relationship (Table 5) identical results
are obtained: a 6 mm, growing anchoveta larvae consumes organisms not smaller than 60 um
(mean minimum particle size).

The relationship length/minimum prey width for sardine shows a weak downward trend,
similar to what has been reported in the literature for larvae of Brevoortia patronus (Govoni et
al. 1983), Trachurus japonicus and Scomber spp. (Yokota et al. 1961).

Thus overall, our results show a good agreement with those of other researchers working on
various clupeoid and other species of pelagic fishes.,
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Abstract

A brief review of past research on the food and feeding habits of the Peravian anchoveta (Engrauwlis ringens) is presented, with emphasis
on studies published by the author and her collaborators. The methods used in these studies are recalled and an appended database is introduced,
consisting of 3,682 records of individual anchoveta stomach contents, sampled from November 1953 to August 1974 and providing full details as
to sampling location, time and hour, size, sex, maturity stages and other ancillary variables.

Resumen

Se presenta una breve revision de las investigaciones realizadas sobre el alimento y hébitos alimenticios de la anchoveta peruana
{Engraulis ringens) dando énfasis a los estudios publicados por el autor y sus colaboradores. Se mencionan nuevamente los métodos utilizados en
estos estudios y se anexa una base de datos que provee informaci6n individual sobre el analisis del contenido estomacal de 3,682 anchovetas
muestreadas desde Noviembre de 1953 a Agosto de 1974, e incluye ademds datos en detalles sobre localidad de muestreo, fecha, hora de
coleccién, sexo, madurez sexual, longitud de las anchovetas, peso y otras variables.

Introduction

The Peruvian anchoveta Engraulis ringen (Jenyns) supported for many years the largest
single-species fishery of the world, and its population biomass estimates ranged between 20 and
30 million tonnes (Longhurst 1971).

It is unarguably the high phyto- and zooplankton production of the Peruvian upwelling
system which made such stock sizes possible. Besides, being extremely fecund, anchoveta are
able to switch easily from phyto- to zooplankton, and from filtering to particulate feeding. This
ability to switch between trophic levels in relation to environmental conditions is certainly one of
the reasons for the persistence of this species in its highly variable environment. Schaefer (1965)
correctly pointed out, however, that the high abundance of anchoveta off Peru is primarily a
result of its predominantly phytophagous habits.

The feeding adaptations of anchoveta cannot totally prevent it from being negatively
affected by environmental fluctuations. In fact, as noted by Frost (1974) the fishes of pelagic
ecosystems tend to be strongly affected by fluctuations of the lower elements of the food web.
Changes of species and size composition of their food organisms not only have a strong impact
on the survival and individual and population growth of pelagic fishes, but also induce change in
the geographic location of the stocks themselves.

Outside of the spawning season, the Peruvian anchoveta is generally concentrated at an
average distance of 75 km from the coast, which is where phytoplankton concentrations are

*Present address: 7488 Andorra Place, Boca Raton, Florida 33433, USA.

97



98

highest (Rojas de Mendiola 1981). Spawning occurs closer to the coast, in colder waters
(Santander 1981).

Rojas de Mendiola and Gémez (1981) stressed that certain phytoplankton species are of
great importance for anchoveta, i.e.,that this herbivore does not feed on whatever happens to be
in the water. Rather, anchoveta largely select the phytoplankton species they consume.
Conversely, different kinds of phytoplankton affect the development and growth of anchoveta
differently.

Thus, for example in November 1975, in conjunction with the first stage of the El Nifio
event of 1976, a change occurred in the composition of the phytoplankton along the northern
coast of Peru, which resulted in very high abundance of the dinoflagellate Gymnodinium
splendens, normally not a food item of adult anchoveta (but see Muck et al., this vol., with
regard to larval anchoveta). In May and June 1976, G. splendens had produced widespread
blooms. Tsukayama and Alvarez (1981), unsurprisingly, reported a decline of the growth rate of
anchoveta during the 1976 spring seasons: specimens of 15 months of age had reached only 12.5
c¢m and weights almost 30% less than normal. They attributed this to a scarcity of appropriate
food items and/or to a reduction of their quality.

The behavior of anchoveta varies widely between day and night. Johannesson and Vilchez
(1981) demonstrated how schools, formed in daytime, dissolve at night and how the fish move
into deeper water. Mathisen (this vol.) related such daily migration to the feeding behavior of
anchoveta.

It is thus obvious that food and feeding are among the most important factors affecting
and/or regulating fish populations. Consequently, different purposes can be achieved from the
analysis of fish stomach samples: they can be used to obtain general information on a food chain,
on competition between species, on seasonal habitat changes, etc. Also geographical differences
of feeding can be studied, and related to differences of growth rate, abundance, migration
patterns, etc. Thus, in fishes, food and feeding habits studies can contribute to elucidating the
causes of variations of stock abundances in space and time.

The first information on the food and feeding habits of anchoveta to become available were
published by Vogt (1940), Sears (1941) in Peru, and Schneider (1943), Mann (1954) and de
Buen (1958) in Chile.

This author began her studies of the food and feeding habits of the Peruvian anchoveta in
the early 1950s (Rojas 1953), and the bulk of her further studies were reported in Rojas de
Mendiola (1959, 1966, 1969, 1971, 1973, 1974, 1979, 1981), Rojas de Mendiola and Gémez
(1981), Rojas de Mendiola and Ochoa (1973, 1981), Rojas de Mendiola et al. (1969), Ware et al.
(1981) and Muck et al. (this vol.). The key points that emerged from these studies are as follows:

e the food and feeding habits of anchoveta change with length in relation to changing
physiological requirements. Anchoveta larvae ingest round diatoms which do not form
chains, and dinoflagellate such as Gymnodinium splendens (see Muck et al., this vol.).
Postlarval anchoveta feed on zooplankton and prefer copepod eggs and nauplii. Juvenile
anchoveta are largely zooplanktivorous, while the adults - at least off central and northern
Peru - are almost exclusively phytoplanktivorous;

e with regard to adult food preference, distinct latitudinal differences are apparent.
Anchoveta from the south of Peru and the north of Chile feed almost exclusively on
zooplankton while those of the north are phytoplanktivorous. These latitudinal
differences are matched by related differences in branchiospine number, length and
spacing and relative gut length (see Palomares et al., 1987), as well as by different
vertebral counts. This suggests the existence of at least two different stocks along the
southeastern Pacific coast;

e changes in environmental conditions such as the El Nifioc events of 1972-1973 greatly
alter the distribution patterns of the two anchoveta stocks. Thus, the reduction of suitable
phytoplankton in the north of Peru led to the almost total disappearance of anchoveta in
that area, and the few that were encountered had empty stomachs, or had ingested
euphausids. In the south of Peru, on the other hand, anchoveta were found which had
relatively long guts, a large number of gill rakers and their stomachs full of
phytoplankton, suggesting that a north-south migration had taken place;
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* during such environmental changes, cannibalism appears to increase, wherein both eggs
and larvae are ingested in larger amounts than during other periods (for example, a single
anchoveta of 16 cm had ingested at least one hundred eighty 15-mm larvae).

The overwhelming majority of the contributions which led to these generalizations were,
however, descriptive studies, which do not provide the type of quantitative information needed,
e.g., for modelling purposes.

This paper makes available to a wider scientific community the bulk of the raw data,
covering the years 1953 to 1974, upon which earlier studies were based. Together with the data
of Alamo (this vol.), covering the years 1974 to 1982, these data can be used to answer questions
such as:

i)  have the quantity and the quality of the food of the Peruvian anchoveta changed in the

last decades?

ii) if such changes occurred, can they be related to changes of (a) individual, (b)
population growth rates and (c) the maturation and reproduction of anchoveta?

iii) what is the extent of food size selection by anchoveta; e.g., does anchoveta consume the
larger or the smaller representatives of the phyto- and zooplankton?

iv) if anchoveta become particulate feeders and concentrate on zooplankton when
appropriate phytoplankton is scarce, does it imply a greater consumption of anchoveta
eggs and larvae and does this impact on subsequent recruitment?

v) are there one or several populations of anchoveta, and if the latter applies, are they
distinguishable by their food and feeding habits?

It is likely that answers to at least some of these questions, and of other related questions that
may be formulated, will be obtained from detailed analysis of the data presented below.

Materials and Methods
Sources of Samples

The material presented here stems from different sources and were collected from 19
November 1953 to 8 August 1974. The anchoveta samples of 1953 and early 1954 were obtained
on board Danish vessels especially contracted by the "Compaiiia Administratora del Guano",
which needed basic information on anchoveta, the major food item of the guano birds (see Tovar
1987 and Muck and Pauly 1987 for an account of their biology). From mid-1954 to 1958, the
principal source of samples was the reduction (i.e., fish meal) plants, especially those in the
Chimbote area (see Castillo and Mendo 1987 for an account of anchoveta meal production).
From 1960 to 1975, samples were obtained from a number of sources, notably scientific and
"EUREKA" surveys organized by the Instituto de Investigicién de Recursos Marinos
(IREMAR) and its successor, the Instituto del Mar del Perii (IMARPE). Some samples were also
obtained during this period by foreign scientific vessels operating in Peruvian waters.

Analytical Procedures (General)

The anchoveta samples generally consisted of about 100 specimens, taken randomly from
the catch. They were immediately put into a plastic bag, into which a 20% formalin-seawater
solution was poured such as to entirely cover the anchoveta sample and to stop all further
digestion process. A label with details on the sample was then put into each bag. This label
included the following information: date and hour of sampling, location (or fishing area, see Fig.
1), depth (if more than 16 fathoms) and sea surface temperature (in ©C). Whenever possible, a
plankton sample was also taken, using a net with a 75 pm mesh size.

Upon working up those samples, it emerged after about one year that within-sample
differences of stomach content weight and composition were rather small. It was therefore
decided to take at random subsamples of 20 specimens from the original samples of 100
anchoveta.
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Fig. 1. Sampling location and density of data included in database described in text. Leiters and numbers
refer to the code used by the author to locate samples along the Peruvian coast.

Fig. 1. Lugar de muestreo y densidad de los datos incluidos en la base de datos que se describe en el
texto. Las letras y los niimeros indican el cédigo usado por el autor para localizar los muestreos a lo
largo de la costa peruana.

In the laboratory, the following information were recorded for each intact individual
anchoveta:

i) total and/or standard length (in mm)

ii) total wet weight (in g).

The body cavity was then opened and the following were recorded:

iii) sex and sexual maturity

iv) stomach fullness and stomach contents.

Details on the various procedures of scales used for items (iii) and (iv) are given below,

Recording of Reproduction-Related Information

The scale in Table 1, adapted from Clark (1954) and Einarsson et al. (1966), was used to
describe the various maturation stages of the sampled anchoveta.
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Table 1. Maturity scale for anchoveta, adapted from Clark (1954) and Einarsson et al, (1966).2
Tabla 1. Escala de madurez para la anchoveta, adaptada de Clark (1954} y Einarsson et al.

{1966).
Stage Definition
I Immature <8 cm TL
I Immature or recuperating 28 cm TL
m Maturing; prespawning phase
Ivb Mature; spawning phase
Ve Partially spent
VIc Spent; postspawning

aEditors’ note: this scale was derived at a time when anchoveta and other clupeoids were
assumed 1o spawn only once or twice during a spawning season. The recent finding that anchoveta
and other clupeoids may spawn once a week during the spawning season (see Lasker 1985) does not
detract from the utility of the older scale as a descripiive tool (see other contributions in this vol.).

bMaturity stage IV is used at IMARPE to separate the adult from the juvenile stock (see also
Pauly and Soriano 1987).

cColor differences are used to differentiate stages V and VL.

Recording of Food and Feeding-Related Information

The digestive tract of each anchoveta was removed, and gently extended. Its length was then
measured (in mm, from the pylorus to the anus).
Then, the stomachs (gastric and pyloric parts) were separated from the rest of the gut, and

weighted (to the nearest mg). Their degree of fullness was then determined according to the scale
in Table 2.

Table 2. Scale used for quantifying the fullness of anchovela stomachs.
Tabla 2. Escala wilizada para cuantificar la llenura de los estémagos de anchoveta.

Percent

Fullness Original definition fullnessa
full ("llens" or "repleto™) Stomach is full and distended 100
almost full ("semilleno" or "mesollenc") Stomach is more than 70% full 60
almost empty ("semivacio" or "poco’™) Food fills up to 30% of stemach 40
empty ("vacio") Stomach is empty 0

8See Pauly et al. (this vol.) for details on the derivation of this new scale, which was also used for the
contents of the pyloric parts of the stomachs (see text).

The stomachs were then cut open, their contents separated from the stomach walls and
added to flasks partly filled with 10% formalin solution. The empty stomachs were weighed and
the weight of the stomach contents determined by subtraction. The state of digestion of the
stomach contents was then assessed, using the scale in Table 3.
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Table 3. Scale used for quantifying the state of digestion of anchoveta food organisms.
Tabla 3. Escala usada para cuantificar el estado de digestibn de los organismos en el conlenide estomacal de las
anchovetas.

Corresponding
State Definition percentaged
whole ("entero™} organisms intact 100
almost whole ("casi entero™) organisms almost intact 70
halfdigested ("semidigerido” organisms broken into parts but still easily identifiable 50
or "semientero")

almost digested ("casi digerido") only parts of organisms are identifiable 25
digested ("digerido™) food contents consists of a paste and/or organisms

are totally unidentifiable 0

aFditors’ note: assumed values, used to allow some quantitative analysis of what originally were qualitative data.

Until 1958, stomach contents were routinely identified and reported at the species level. For
phytoplankton, all identification and counts were based on an aliquot, drawn from the thoroughly
mixed material of each stomach sample. For zooplankton, the entire samples were counted, with
each still identifiable head providing a count of one. All identifications were performed with a
compound microscope. This type of detailed analysis was replaced, starting in 1959 and in the
early 1960s by a less detailed analysis, i.e., all identifications were still performed at the species
level, but without counting the single cells of aliquots or the individual zooplankton in the whole
sample. Rather, a qualitative scale was used, as follows:

+++ very abundant
++ abundant
+ present

Fish eggs and fish larvae were always counted; the identification of the anchoveta eggs was
facilitated by their rather unique elliptical shape.

Finally, the whole stomach sample was put into a Petri dish, and the overall ratio of phyto-
to zooplankton was assessed subjectively, using a stereomicroscope.

Tabulation and Computerization of Results

Tabulation of the information described above occurred in three major phases:

i) initial tabulation on raw data sheet (by the author and her associates), including counts
or relative abundance of all taxa identified as food items. This process occurred from
1953 to 1974 and formed the basis for the author’s various publications on anchoveta
food and feeding habits, listed above;

ii) retabulation in 1987 by the author of a large fraction of the data in (i) reduced as
follows: '

a)  only 1/5 of all fish from each sample were taken (at random), such as to reduce
the number of fish collected at the same place, date and hour;

b) only the 4 or 5 most abundant food items reported from each stomach were
inciuded (the overall list of items still includes over 259 entries, see Pauly et al.,
this vol.)

iii) creation, in 1988, at ICLARM, of a computerized database including the data in (ii) and
those of Alamo (this vol.). This part of the work was performed by Ms. Susan "Tuttay"
Luna working under the supervision of Dr. D. Pauly and using the DBase III Plus pro-
gram implemented on an IBM XT-compatible microcomputer. Finally, Ms. Astrid Jarre
performed quality and logic checks on the entries.
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Results and Discussion

The database reported upon here includes data on 3,682 specimens of anchoveta, sampled
from 11 November 1953 to 8 August 1974, Fig. 1 illustrates the spatial distribution of these
3,682 specimens along the Peruvian coast, as well as the code used to record the sampling
locations.

Further details on the contents and organization of this database, which also includes the
anchoveta stomach content data of Alamo (this vol.) may be found in Appendix I of this volume.

A very preliminary analysis of some aspects of this database is presented in Pauly et al. (this
vol.). Readers are welcome to probe further.

Acknowledgements

The author would like to take this opportunity to thank her collaborators, notably former
coauthors for their cooperation over several decades of work on the food of the Peruvian
anchoveta. Sincere gratitude also goes to GTZ/PROCOPA for support of the work leading to this
contribution, to Dr. D. Pauly for his translation and editing of the original Spanish-language draft
and to Ms. S. Luna and Ms. A. Jarre for their assistance with the computerized version of the
database presented here.

References

Castillo, S. and J. Mendo 1987. Estimation of unregistered Peruvian anchoveta (Engrawulis ringens) in official catch statistics, 1951 to 1982, p.
109-116. /n D. Pauly and I. Tsukayama (eds.) The Peruvian anchoveta and its upwelling ecosystem: three decades of change.
ICLARM Studies and Reviews 15, 351 p. Instituto del Mar del Perd (IMARPE), Callao, Peri; Deutsche Gesellschaft fiir Technische
Zusammenarbeit (GTZ), GmbH, Eschbom, Federal Republic of Germany; and International Center for Living Aquatic Resources
Management (JCLARM), Manila, Philippines.

Clark, F.N. 1954. Biologia de 1a anchoveta. Bol. Cient. Cia. Admin. Guano 1(1): 98-132.

de Buen, F. 1958. Peces de la superfamilia Clupeoidea en aguas de Chile. Rev. Biol. Mar (Valparaiso) 8(1/3): 83-110.

Einarsson, H., F. Flores and J. Mifiano. 1966. El ciclo de madurez de la anchoveta peruana (Engraulis ringens I.), p. 128-135. In I Seminaric
Latinoamericano sobre el Océano Pacifico Oriental. Univ. Nacional Mayor, San Marcos, Lima, Peni.

Frost, B.W. 1974, Feeding processes at lower trophic levels in pelagic communities, p. 59-77. In C.B. Miller (ed.) The biology of the Oceanic
Pacific. Proceedings of the 33rd Annual Biology Colloquium. Oregon State University Press, Oregon.

Johannesson, K. and R. Vilchez 1981. Notes on hydroacoustic observations of changes in distribution and abundance of some common pelagic
fish species in the coastal waters off Peru, with special emphasis on anchoveta, p. 287-323. In G.D. Sharp (ed.) Workshop on the
Effects of Environmental Variations on the Survival of Larval Pelagic Fishes. IOC Workshop Report No. 28. UNESCO, Panis.

Lasker, R., Editor. 1985. An egg production method for estimating spawning biomass of pelagic fish: application to the northem anchovy,
Engraulis mordax. NOAA Tech. Rep. NMFS 36. 99 p.

Longhurst, A.R. 1971. The clupeoid resources of tropical seas. Oceanogr. Mar. Biol. Ann. Rev. 9:349-385,

Mann, G.F. 1954, La vida de los peces en aguas chilenas. Universidad de Chile, Valparaiso.

Muck, P. and D. Pauly 1987. Monthly anchoveta consumption of guano birds off Peru, 153 to 1982, p. 219-233. In D. Pauly and I. Tsukayama
(eds.) The Peruvian anchoveta and its upwelling ecosystem: three decades of change. ICLARM Studies and Reviews 15, 351 p.
Instituto del Mar del Perii IMARPE), Callao, Perii; Deutsche Gesellschaft fiir Technische Zusammenarbeit (GTZ), GmbH, Eschborn,
Federal Republic of Germany; and International Center for Living Aquatic Resources Management (ICLARM), Manila, Philippines.

Palomares, M.L., P. Muck, J. Mendo, E. Chiman de Flores, O. Gémez and D. Pauly. 1987. Growth of the Peruvian anchoveta ( Engraulis
ringens), 1953 to 1982, p. 117-141. /n D. Pauly and I. Tsukayama (eds.) The Peruvian anchoveta and its upwelling ecosystem: three
decades of change. ICLARM Studies and Reviews 15, 351 p. Instituto del Mar del Peni IMARPE}, Callao, Perd; Deutsche
Gesellschaft fiir Technische Zusammenarbeit (GTZ), GmbH, Eschbom, Federal Republic of Germany; and International Center for
Living Aquatic Resources Management [CLARM), Manila, Philippines.

Pauly, D. and M. Soriano 1987. Monthly spawning stock and egg production of Peruvian anchoveta (Engraulis ringens), 1953 to 1982, p. 167-
178. In D. Pauly and I. Tsukayama (eds.) The Peruvian anchoveta and its upwelling ecosystem: three decades of change. ICLARM
Studies and Reviews 15, 351 p. Instituto del Mar del Peri MMARPE), Callao, Perti; Deutsche Gesellschaft fiir Technische
Zusammenarbeit (GTZ), GmbH, Eschbom, Federal Republic of Germany; and Intemational Center for Living Aquatic Resources
Management (ICLLARM), Manila, Philippines.

Rojas, B. 1953, Estudios preliminares del contenido estomacal de las anchovetas. Bol. Cient. Cia. Admin. Guano 1(1): 32-42.

Rojas de Mendiola, B. 1959. Breve informe sobre los habitos alimenticios de la anchoveta (Engraulis ringens 1.) en los afios 1954-1958. Informe
presentado a la Cia. Admin. del Guano el 30 de Abril de 1959. (Unpublished MS).

Rojas de Mendiola, B. 1966. Relacion entre la cosecha estable del fitoplancion, el desove y la alimentacién de 1a anchoveta (Engraulis ringens 1.),
p- 60-69. In I Seminario Latincamericano sobre el Oceano Pacifico Oriental. Univ. Nacicnal Mayor, San Marcos, Lima, Peri.

Rojas de Mendiola, B. 1969. The food of the Peruvian anchovy. J. Cons. CIEM 32(3): 433-434.

Rojas de Mendiola, B. 1971. Some observations on the feeding of the Peruvian anchovy (Engrawlis ringens J.) in two regions of the Peruvian
coast, p. 417-440. In J. Costlow (ed.) Fentility of the sea. Vol. 2. Gordon and Breach Science Publ., New York.

Rojas de Mendiola, B. 1973. El alimento de 1a anchoveta (Engraulis ringens J.) en un drea de afloramiento (Sén Juan). Informe Inst. Mar Perd-
Callao (49): 1-15.



104

Rojas de Mendiola, B. 1974. Food of the larval anchoveta Engraulis ringens 1., p. 277-285. In I.H. Blaxter (ed.) The early life history of fishes.
Springer Verlag, Bedin.

Rojas de Mendiola, B. 1979. Red tide along the Peruvien coast, p. 183-190. /n D.L. Tayler and H.H. Seliger (eds.) Toxic dinoflagellate blooms.
Elsevier-North Holland, New York.

Rojas de Mendiola, B. 1981. Summary of the studies about food and feeding habits of the anchoveta (Engraulis ringens 1.), p. 221-231. In G.D.
Sharp (ed.) Workshop on the Effects of Environmental Variations on the Survival of Larval Pelagic Fishes. IOC Workshop Report No.
28. UNESCO, Paris.

Rojas de Mendiola, B. and N. Ochoa 1973. Observations on the food and feeding habits of the anchovy Engraulis ringens Jenyns made during
cruise 6908-09, p 457-461. In R. Fraser (ed.) Oceanography of the South Pacific. New Zealand Commission for UNESCO,
Wellington, NZ.

Rojas de Mendiola, B. and N. Ochoa 1981. Fitoplancton y desove de la anchoveta (Eagraulis ringens J.), p. 241-253. In G.D. Sharp (ed.)
Workshop on the Effects of Environmental Variations on the Survival of Larval Pelagic Fishes. IOC Workshop Report No. 28,
UNESCO, Paris.

Rojas de Mendicla, B., N. Ochoa, R. Calienes and O. Gémez. 1969. Contenido estomacal de anchoveta en cuatro areas de la costa Pervana. Inf.
Inst. Mar Peni-Callac 27. 30 p.

Rojas de Mendiola, B. and O. Gémez. 1981. Primera alimentacién, sobrevivencia y tiempo de actividad de la larvas de anchoveta (Engraulis
ringens 1.), p. 72-79. In 1. M. Dickie and 1.E. Valdivia (eds.) Investigacién Cooperativa de 1a Anchoveta y su Ecosystema (ICANE)
entre Pert y Canada. Bol. Inst. Mar Pers-Callao, Volumen Extraordinario.

Santander, H. 1981. Fluctuaciones del desove de anchoveta y algunos factores relacionados, p. 255-274. In G.D. Sharp (ed.) Workshop on the
Effects of Environmental Variations on the Survival of Larval Pelagic Fishes. IOC Workshop Report No. 28. UNESCO, Paris.

Schaefer, M.B. 1965. The potential harvest from the sea. Trans. Am. Fish. Soc. 94:123-128.

Schneider, O. 1943. Catilogo de los peces marinos del litoral de Concepeién y Arauco. Museo de Concepcién, Chile.

Sears, M. 1941, ;Qué es el plancton y por qué debemos estudiarlo? Bol. Cient. Cia. Admin. Guano 17.

Tovar, H., V. Guillen and M. Nakama. 1987, Monthly population size of three guano bird species off Peru, 1955 1o 1982, p. 208-218. /a D. Pauly
and I. Tsukayama (eds.) The Peruvian anchoveta and its upwelling ecosystem: three decades of change. ICLARM Smdies and
Reviews 15, 351 p. Instimto del Mar del Pend IMARPE), Callao, Peri; Deutsche Gesellschaft fiir Technische Zunsammenarbeit
(GTZ), GmbH, Eschborn, Federal Republic of Germany; and International Center for Living Aquatic Resources Management
(ICLARM), Manila, Philippines.

Tsukayama, L and M. Alvarez 1981. Fluctuaciones en el stock de anchoveta desovantes durante los ciclos reproductivos de primavera 1964-1978,
p- 233-240. In G.D. Sharp (ed.) Workshop on the Effects of Environmental Variations on the Survival of Larval Pelagic Fishes. JOC
Workshop Report No. 28. UNESCO, Paris.

Vogt, W. 1940. Una depresidn ecologica de la costa Peruana, Bol. Cient Cia. Admin. Guano 16(10).

Ware, D.M., B. Rojas de Mendiola and D.S. Newhouse. 1981. Behavior of first-fecding Peruvian anchoveta Engrawlis ringens ]. Rapp. P.V.
Réun. CIEM 147: 467-474.



Stomach Contents of Anchoveta
(Engraulis ringens), 1974-1982

ALEJANDRO ALAMO
Instituto del Mar del Perii
P.O. Box 22, Callao, Perit

ALAMO. A. 1989. Stomach contents of anchoveta (Engraulis ringens), 1974-1982, p. 105-108. in D. Pauly, P. Muck, J. Mendo and .
Tsukayama (eds.) The Peruvian upwelling ecosystem: dynamics and interactions. ICLARM Conference Proceedings 18, 438 p.
Instituto del Mar del Peri (IMARPE), Callao, Peri; Deutsche Gesellschaft fiir Technische Zusammenarbeit (GTZ) GmbH, Eschbom,
Federal Republic of Germany; and Intemational Center for Living Aquatic Resources Management ICLARM), Manila, Philippines.

Abstract

A darabase on anchoveta (Engraulis ringens) stomach contents covering the pericd from 3 September 1974 to 18 October 1982 is
presented which complements a similar database initiated in 1953 by B. Rojas de Mendiola. Most of the available 6,053 individual records
include information on sampling location and time (data and hour), length, weight, gonad weight and maturity stage, as well as on food and
feeding (stomach contents in weight and by taxa). Seme ancillary information and a brief review of the sampling methods are provided.

Resumen

Se presenta la base de datos sobre contenidos estomacales de anchoveta (Engraulis ringens) que abarca el periédo del 3 de Septicmbre de
1974 al 18 de Octubre de 1982 como complemento a la base de datos iniciados en 1953 por B. Rojas de Mendiola. La mayoria de los 6,053
registros individuales incluyen informaci6n sobre 4rea y tiempo del muestrco (fecha y hora), longitud, peso, peso de gonada y estadio de madurez,

asi como alimento (peso de contenido estomacal por grupo taxondmico). Se incluye una breve informacién complementaria y una breve revision
sobre los métodos de muestreo.

Introduction

The large fluctuations of abundance of Peruvian marine fish stock have prompted a series of
investigations aimed at explaining these changes in terms of the peculiarities of the Peruvian
upwelling system.

Food and feeding habits studies form a significant part of these investigations. Rojas de
Mendiola (this vol.) gives a brief review of such work with regard to the anchoveta (Engraulis
ringens).

These previous studies and that of Alamo (1981) indicate that anchoveta is a planktivore
which relies, as shown on Fig. 1, on both phytoplankton (e.g., diatoms) and zooplankton (e.g.,
copepods) and that its diet varies with size, maturity stage, area, season, water temperature, etc.
Particularly important are the facts that anchoveta also consume fish eggs and larvae - including
its own - and that such cannibalism (and predation with reference to the other species) can be
assumed to have a strong impact on stock sizes (Santander et al. 1983).

Detailed analysis of the database accumulated so far, however, cannot proceed without the
data being computerized and should not proceed without reference to the related database of
Rojas de Mendiola (this vol.).

105
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Fig. 1. Food composition of 500 anchoveta sampled in Scptember 1982, during the 1982-1983 El Nifio event. (Black dots represcnt sampling
stations: redrawn from Sinchez de Benites et al. 1985).

Fig. 1. Composicion del alimento de 500 anchovetas muestreadas en Septiembre de 1982, durante el evento El Nifio 1982-1983 (los puntos
negros representan las estaciones muestreadas; redibujado de Sdnchez de Benites et al. 1985).

Materials and Methods

Sampling Procedures

The data presented here were collected from 3 September 1974 to 18 October 1982, and
consist of records for 6,053 specimens of juvenile and adult anchoveta caught off Peru between 4
and 18°S.

All fish samples were preserved in 10% formalin and the sampling data and hour were
recorded. Sampling locations were reported as 1° Marsden squares (during computerization, the
Marsden square numbers were replaced by the longitude and latitude corresponding to the center
of each square, see Fig. 2), and the sea surface temperature noted.

Overall, sampling procedures resembled those of Rojas de Mendiola (this vol.).

Analytical Procedures

In the laboratory the specimens of each anchoveta sample were analyzed individually, and
the following information noted:
1) total length (in cm),
ii) total wet weight (in g),
1ii) sex and maturity stage,
1v) amount of visceral fat,
V) stomach content weight (in g),
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Fig. 2. Distributions of individual anchoveta sampled along the Peruvian coast, as included in the database discussed here. The numbers refer to
Marsden squares, used for initial coding of the origin of anchoveta samples. [Note that all fish caught within a given square were attributed the
longitude and latitude of the center of that square (for example, square #307/99 = 9°30°S and 79°30°W)].

Fig. 2. Distribucién de anchovelas muestreadas a lo largo de la costa peruana, incluidas en la base de datos discutidos en este trabajo. Los
nimeros se refieren a cuadrados Marsden usados en las muestras originales de anchoveta. [Notar que, todos los peces capturados dentro de un
cuadrado fueron atribuidos a la longitud y latitud del centro del cuadrado (ejemplo, cuadrado #307/99 = 9°30'S y 79°30'W)].

vi) stomach fullness,
vii) state of digestion, and
viii) relative abundance of food items.

The scale used to assess maturity stages was the same as that of Rojas de Mendiola (this
vol.); Table 1 was used to assess the amount of visceral fat present in each anchoveta.

The anchoveta stomach contents were separated into their phytoplanktonic and
zooplanktonic components by means of a 130 m filter. The identification of zooplankton
organisms was performed with a grooved "Bogorov" counting tray (Newell and Newell 1963)
and a stereomicroscope.

The phytoplankters were identified from a drop of the stomach content sample using a
microscope; their relative abundance was expressed through the following scale:

+ + + very abundant
+ + abundant
+ present

The fullness of anchoveta stomachs and the state of digestion of the various food items were

assessed using scales presented in Rojas de Mendiola (this vol.).

Results and Discussion

This contribution serves as a background for a database and not as a presentation and
analysis of available information.

An example of the type of analysis that could be conducted with this database is the strong
association of various taxa occurring in anchoveta stomach contents with different water
temperature ranges.
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Table 1. Scale used for rapid visual assessment of the amount of visceral fat in anchoveta.?
Tabla 1. Escala usada para la evaluacidn visual rdpida de la grasa visceral en anchovelta.

Stage Definition
0 no fat is visible along digestive tract
1 only a thin thread of fat is visible along intestine
2 visceral fat is abundant but does not entirely surround intestine
3 intestine 1s entirely surrounded by fat

aEditors’ note: this scale corresponds to that developed by Johan Hjort for herring (see Suworow 1959, p. 427 and
Nikolsky 1963, p. 211). A Spanish version is given in Tresierra and Culquichicon (1982).

Thus, diatoms are generally associated with low temperatures, and this often involves the
genera Asterionella, Chaetoceros, Coscinodiscus, Rhizosolenia, Thalassionema and
Thalassiosira, among others.

Conversely, dinoflagellates tend to be associated with high temperatures and this often
involves the genera Ceratium and Peridinium.

Other groups - particularly zooplankters such as Calanus, Eucalanus, Oncea, Centrophages
or Euphausids are common at various temperature regimes, while anchoveta eggs occur mainly
in spawning areas during the spawning seasons, and thus can help defining these in the absence
of other information.

Details on the contents and organization of the database presented here, and which can be
used to answer such questions are provided in Appendix I of this volume.

A very preliminary analysis of some aspects of this database is presented in Pauly et al. (this
vol.). Readers are welcome to probe further.
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Abstract

This contribution presents the results of a first analysis of a compuierized database on the food and feeding habits of the Peruvian
anchovela (Engraulis ringens) for the years 1953 10 1982, besides serving as (partial) documentation for the same database, which documents,
on an unaggregated basis, nearly 10,000 anchoveta stomach contents and ancillary information. Detailed phylogenic "trees” were graphed whose
"branches" represent different food iterns and whose frequency of occurrence is reported. The diel periodicity of mean stomach contents in over
5,000 anchoveta was used to estimate their food consumption. Feeding starts near noon and is continuous until near midnight. A ration of 0.45 g -
day”™" (mixed phyto- and zooplankton) was estimated from anchovela with a mean live weight of 20.4 g- This implies, given a mean total mortal-
ity of Z = 4.5 year-1, a relative population consumption rate of 3.3%/day. The fraction of zooplankton in the mixed phyto- and zooplankton diet
of anchovela was found to increase with distance from the coast, southem latitude and temperature.

Resumen

En esta contribuci6n se presentan los resultados de un primer anélisis de la base de datos computarizada sobre el alimento y hibitos
alimenticios de la anchoveta peruana (Engraulis ringens) para los afios 1953 a 1982, los que ademas sirven como documentacion (parcial) para la
misma base de datos, cuyos documentos sobre una base desagregada, llegan casi a los 10,000 contenidos estomacales de anchoveta y adicicnal
informacion. Se grafican "drbeles” filogenéticos cuyas "ramas” representan los diferentes items alimentarios y cuya frecuencia de ocurrencia es
reportada. La alimentacién cmpieza cerca del medio dia y se continda hasta cerca de la medianoche. Para estimar cl consurno de alimento se
uulizé la periodicidad diaria del contenido estomacal promedio de mis de 5,000 anchovelas. Se estimé una racién de 0.45 g-dia-1 (mezcla de fito-
y zooplancion) para anchovetas de un peso promedio de 20.4 g. Esto significa que, dado un promedio de mortalidad de la poblacion de Z = 4.5
afio-1, la tasa de consumo de la poblacion es de 3.3%j/dia. La fraccién de zooplancton en una dieta mixia de fito- y zooplancton se incrementa con
la distancia de la costa, con la latitud hacia el sur y con la temperatura.

* ICLARM Contribution No. 505.
** Present address: 7488 Andoma Place, Boca Raton, Florida 33433, USA.
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Introduction

This contribution presents a preliminary analysis of the food types and food consumption of
the Peruvian anchoveta (Engraulis ringens), based on the data of Rojas de Mendiola (this vol.)
and Alamo (this vol.), covering the years 1953 to 1982. No attempt will be made here to extract
all information contained in the now computerized Rojas/Alamo database. Rather we aim at
providing a framework for future, more detailed studies on the feeding habits of anchoveta in
relation to fluctuations of the Peruvian upwelling system.

This contribution consists of three parts:

i) presentation and partial reduction of the taxonomic diversity of anchoveta food
items;
ii) testing of some extant hypotheses on the spatial and temporal variations of the

zooplankton fraction (ZF), i.e., the ratio zooplankton/(zooplankton + phytoplankton )
in anchoveta stomach contents; and

iii) estimation of the daily ration of an "average" anchoveta and of the relative food con-

sumption of the entire population.

Part (i) serves three purposes: (a) to illustrate the wide range and the frequency of
occurrence of food items recorded from anchoveta stomachs, (b) to identify the taxonomic
affinities of these food items and (c) to assign these food items to a small number of
taxonomically homogeneous groups, such as needed for future quantitative analyses.

The hypotheses involved in Part (ii) are: (a) that anchoveta in the north of Peru have lower
ZF values than those in the south, (b) that anchoveta sampled inshore should have a lower ZF
than anchoveta sampled offshore (Vinogradov 1981), (c) that high sea surface temperatures
(SST) are associated with higher ZF and (d) that anchoveta in the 1950s and 1960s had higher
ZF than in the following decades (Palomares et al. 1987).

Finally, we shall present in Part (iii) the first rigorous attempt to estimate the daily ration of
anchoveta based on stomach content data. Our aim here is to allow comparison with and a
calibration of ration estimates based on metabolic considerations (Villavicencio 1981;
Tsukayama and Sanchez 1981; Palomares et al. 1987), and eventually, to allow quantitative
modelling of the transfer of primary production off Peru (Chavez et al., this vol.; Mendo et al.,
this vol.) to higher trophic levels.

For general orientation, we present a photo of an anchoveta (Fig. 1.) and, in Figs. 2, 3 and
Table 1, some key anatomical features of anchoveta that are related to food capture and
processing.

Fig. 1. Thawed, 13-cm specimen of anchoveta Engraulis ringens (Photo:
Mark Prein).
Fig. 1. Anchoveta de 13 cm, especimen descongelado (Foto: Mark Prein).

Gastric part

Anchoveta stomach
Esophagny |

* Pyloric part
Fig. 2. Stomach of an anchoveta, slightly distended through injection of
water. Note gastric and pyloric parts of the stomach (Photo: Mark Prein).
Fig. 2. Estdmago de anchoveta ligeramente distendido después de
inyectdrsele agua. Nétese la parte géstrica y pilorica del estémago. (Foto:
Mark Prein).
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(b)y [c)
(e)

Fig. 3. Anatomical features of anchoveta related to its food and feeding habits: (A) The inferior mouth of anchoveta. (B) The same,
open. (C) Villiform teeth (a) superior maxilla, (b) inferior maxilla. (D) Gill rakers (a) a single, enlarged gill raker, (b) the filtering
apparatus. (E) The siomach and the thick-walled pylorus (see also Fig. 2). (F) The intestine. (G) Larval organs (a) head,(b) foreguL,(c)
ductus pneumaticus, (d) caudal part of gas bladder, (e} stomach. (Adapied from Vegas-Velez 1981; Harder 1957, 1960)
Fig. 3. Caracteristicas anatémicas de Iz anchoveta relacionadas con su alimento y hibitos alimenticios: A. Boca de la anchoveta; B.
la misma abierta; C. Dientes de apariencia vellosica a) maxila superior, b) maxila inferior; D. Branquispinas a) una sola
branquispina ampliada, b) aparato filtrador, E. Estémago y las paredes gruesas del piloro (ver también Fig. 2); F. Intestino; G.
Especimen larval a) cabeza, b) conducto alimentario, c) tubo newmitico, d) parte caudal de la vejiga natatoria, e) estémago.

{Adaptado de Vegas-Vélez 1981 ; Harder 1957, 1960).

Table 1. Selected information on the intestinal tract of anchoveta Engraulis ringens.?
Tabla 1. Informacion seleccionada sobre el tracto digestivo de la anchoveta Engraulis ringens.

Mean
Mean in %
Trem Measurement value of S.L.
Standard length from tip of snout 10 end of hypural bone 108 100
Height maximum height of fish between dorsal and 20.0 18.5
ventral edge of body
Width maximum width of fish 12.5 11.6
Visceral cavity length of visceral cavity 43.2 40.0
"Branchial gut” from tip of snout to begin of esophagus 305 282
"Foregut” from begin of esophagus 10 begin 16.5 153
of stomach (bulge)
Stomach from begin of stomach to pylorus 120 11.1
Intestine from pylorus to anus 125 116
All digestive tract from tip of snout 10 anus 184 170

aAdapu:d from Harder (1960), based on three specimens collected near Guafiape, Peru, in 1954, by staff of the Inter-American Tropical Tuna

Commission,; all lengths are in mm.
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Materials and Methods

The data used for Part (i) of this contribution are the raw data sheets of Rojas de Mendiola
(this vol.) and Alamo (this vol.), which include, for each anchoveta sampled, up to six of the
most abundant food items. Each of these food items was listed, and the total number of
occurrences was recorded (no distinction was made between the periods covered by the data of
Rojas de Mendiola, this vol., and those of Alamo, this vol.). Then, the taxonomic affinities of
each item were identified, using standard references (e.g., Bougis 1976; Mann 1978 or Barnes
1980) and phylogenetic "trees” were constructed which included only organisms recorded as
anchoveta food item. Finally, fifteen groups of food items were defined, whose boundaries
represent compromises between taxonomic homogeneity and the need for a roughly similar
number of occurrences within each group.

Part (ii) is based on analysis of the ZF values in the Rojas/Alamo database. Fig. 4 presents
the geographic distribution of entries in this database, as well as definitions for:

(a) the northern, central and southern sections of the Peruvian coast (all locations north

of 9°59°S, 10°00° - 13°59°S and all locations south of 14°00°S, respectively), and

(b) the inshore, intermediate and offshore parts of the coastal strip inhabited by

anchoveta.

With regard to hypotheses (c) and (d) above, the three temperature ranges selected are <17,
>17 to €19.9 and =20°C, while the three periods considered are 1953 to 1974, 1975 to 1978 and
1979 to 1985. The cutoff points used for hypotheses (a) to (d) were selected such as to allow
enough entries to be represented in each of the three groups used for the comparisons, and also
such as to be consistent with an earlier subdivision (that between northern, central and southern
anchoveta stock and/or substock, pertaining to hypothesis (a)). All analyses involving ZF values
were performed after application of an arcsine transform, which has the effect of normalizing
percentage values (Sokal and Rohlf 1981; Sachs 1984), a fact which we confirmed for the data at
hand. Differences in mean transformed ZF values were tested for significance using t-tests
(Sachs 1984).

Paita :
inshore waters

| intermediate waters

§°s

L oftshore water J

North

Chimbaote

10°8

156°8

San Juon

South anchoveta samples (see text).

20°5 | i i texto).
85°W a0°w 75°W To°W

Fig. 4. Definition of the southem, central and northem zone of
the Peruvian coast, and of inshore, intermediate and offshore
waters as used in this contribution. All shaded squares contain

Fig. 4. Delimitacion de las zonas Sur, Centro y Norte de la
costa peruana, y de las aguas costeras, inlermedias y afuera de
la costa, como se presentan en esta contribucion. De todos los
— cuadros sombreados se obtuvieron muestras de anchoveta (ver
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Part (iii) of this contribution was performed in a number of steps best presented jointly, then
discussed separately in more detail:

(1) Establishment of a quantitative relationship between degrees of fullness and relative
stomach content weight in those anchoveta for which both types of entries were
available;

2) Estimation of relative stomach content weight using the relationship above in all
anchoveta for which only the degree of fullness was available, and transformation of
absolute weight of stomach content into relative weight of stomach content in all
anchoveta for which both stomach content weight and body weight were available;

3) Computation of mean relative weight of stomach content of anchoveta cau ghtin
different parts of a 24-hour cycle; and

4) Application of the model of Sainsbury (1986) for estimation of daily ration from the
data in (3).

The scale expressing degree of stomach fullness used by Rojas de Mendiola (this vol.) and
Alamo (this vol.) has four steps: "empty", "half empty"”, "half full" and "full”. Two of these are
straightforwardly reexpressed as % values: "empty” = 0% and "full" = 100%. Rojas de
Mendiola’s definition of "half empty" differs from that of "half full”, however, and these two
categories could therefore not be set equal to each other and to 50%.

We have, therefore, used an iterative approach, i.e., identified the % value for "half empty"
(and hence also the % value of "half full" = 100 - half empty) which maximized the correlation
between (transformed) relative stomach weight and degree of fullness. Also, we have estimated
the parameter b in the relationship:

\/(stomach content weight) * 100 = b*(% fullness) D
body weight

where the square root transformation was used to normalize the variance (the corresponding
linear regression had an intercept not significantly different from zero, hence the reduced form of
equation (1)).

Once the optimal % values for "half empty" and "half full" and the corresponding version of
equation (1) were identified, relative stomach content weights (S )) were derived for all
anchoveta for which only fullness values had been available and a file was created which also
included S, values computed directly from weight of stomach contenybody wei ght data pairs.

To describe a diurnal cycle of mean stomach content weights, the available S, values were
then grouped into 16 classes of 1.5 h each, i.e., 00h01' - 01h30' (mid-point 00h45"), 01h31' -
03h00' (mid-point 02h15"), etc. These groupings appear optimal given the relatively low number
of nighttime observations, and the need to use an appropriate number of classes, i.¢., between
about 12 and 20 (Sokal and Rohlf 1981).

In view of the non-normal distribution of the S, values within each temporal class, we
abstained from using the arithmetic mean as a measure of central tendency. Rather, we used

X =0.33 (D, + X +Dy) )

where D; and Dy are the 1st and the 9th deciles, respectively, and X the median, i.e., the 5th
decile (Sachs 1984). The corresponding estimate of standard deviation is

s.d. = 0.39 (D, - Dy) o))

Standard errors (s.e.) were computed from

s.e. =s.d.*va )

The model used here for the estimation of food consumption (i.e., daily ration, or Ry) from
the diurnal dynamics of stomach contents is the simpler of two models presented by Sainsbury
(1986).
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The model assumes that the 24-hour diurnal cycle can be split into two phases:

(a) a feeding phase, during which feeding occurs at a constant rate, while a constant
fraction (c) of the stomach content is (simultaneously) being evacuated, and
(b) a nonfeeding phase, during which only stomach evacuation takes place.

If, for a 24-hour cycle

t s the "physiological time," measured from the beginning of feeding period (in hour),
St the mean weight of the stomfch content at time1,

o the feeding rate (in g - hour™?),

¢ the evacuation rate (in hour1),

T,, the duration (in hour) of the feeding period, and

S, the residual stomach content at the beginning of feeding period,

then the mean weight of stomach content can be calculated as

a (S
Sg= —+ ect
c c .. Sa)

during feeding time when O < ¢ < T, and

o (cS-0)
ST = —+ e<T, | ect- Tm) e Sb)

C Cc

during nonfeeding time when T, <t < 24 hours,
wherein
a(e-c(24h-Tm) _e.c“’24h)

S, = ... 5¢)
c(l-c-c*24h)

The daily ration of food consumed is calculatedas R4 = a T .

Fitting of equation (5) to our data was performed after smoothing the data over three time
intervals, using a BASIC program implemented on an MS-DOS computerd, and representing a
modified version of a FORTRAN listing kindly supplied by Dr. K. Sainsbury (CSIRO, Hobart,
Australia, pers. comm.)

Estimation of the gross food conversion efficiency of anchoveta (K, = growth
increment/food ingested, see Ivlev 1966) was based on the equation

K, = (dw/di)/Rg .. 6)

with growth increment (= growth rate) obtained from
dw/dt = 3KW (Woo/W)13 - 1) v 7)

2 Awailable from the first author.
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i.e., from the first derivative of the von Bertalanffy Growth Function (VBGF). The VBGF has,
for growth in weight the form

W, = Woo (1-eKtt))3 .. 8)
where W, is the weight at age t
Weo the asymptotic weight
K a growth constant, and
t, the "age" at weight zero.

The estimate of K, was then used to estimate the parameter B in the equation:

K;=1-(W/Woo)B - 9)
through
B =logy, (1 - K1)/logie (W/W o) . 10)

Using B and K, food consumption (Q) per unit biomass (B) of an age-structured population
(Q/B) can be estimated using a simplified version of the model of Pauly (1986), of the form

j-° (dw/dt) e 2t

Q/B= ° 1D
f WieZat) dt

where K1 is the gross conversion efficiency as a function of fish age (obtained by
combining equations (8) and (9)), Z is the exponential rate of total mortality in the
population studied, and
W, is obtained from equation (8).

Transfer efficiency (E,) was obtained, finally, from E, = Z * (B/Q), i.e., by multiplying the
inverse of the relative food consumption by the production biomass ratio (because Z = P/B under
steady-state conditions, see Allen 1971).

Results and Discussion

Figs. 5 and 6 present taxonomic "trees” of anchoveta food items listed in the raw data sheets
of B. Rojas de Mendiola and A. Alamo, along with number of occurrences. Figs. 7 to 9 provide
details on three important "branches" of these trees, the Protozoa (with emphasis on the
dinoflagellates), the Chrysophyta (i.., the diatoms), and the crustaceans (with emphasis on the
copepods). Altogether 259 different food items were identified, from nearly 10,000 individual
anchoveta, and this number would have been far greater had it not been for the fact that only the
5-6 most abundant food items were recorded from each stomach examined.

An approach is presented in Table 2 to arrange these food items into 15 more or less
homogeneous groups with roughly comparable numbers of occurrences (ratio of smallest to
largest = 1:27, i.e., 1.43 log units). Of these 15 groups, 14 are used for the food type fields (I-V)
in the computerized database of Rojas de Mendiola (this vol.) and Alamo (this vol.). (The 15th
group, i.e., anchoveta eggs, is listed separately, see below.) Table 3 gives details on the
"miscellaneous items" of Table 2.



116

Rhizosolenineae
602
Surirellineas Actinodisceae
1055 paviculinene B
Tabellarigas Blddulphinese
n Misc. Centrales 1934
622
: Amphiproreas
Fragilariaceae Misc. Pennales 1
Pennajes Centrales === Coscinodiscineas
2787
Dinofiageliala Chrysophyta
1
Slllcoflnqellaml
86 \
Mastigophora
IZM
Salcodlna
: Msparon
C|I|ala Algae
Prmozoa

Fig. 5. Taxonomic "tree” for single cell organisms
ingested by Peruvian anchoveta, 1953 10 1982
(numbers indicate occurrences; see aiso Fig. 6).
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Table 4 and Fig. 10 present the results of the tests of four different hypotheses relating to

changes in the zooplankton fraction (ZF) in the diet of anchoveta.
These results suggest (a) that anchoveta in the northern/central part of Peru rely on

zooplankton less than do their counterparts on the south of Peru, (b) that mean ZF significantly

Table 2. Taxonomic and other grouping used to describe the food of Peruvian anchoveta.
Tabla 2. Grupas taxondmicos usados para describir el alimento de la anchoveta peruana.

Group Taxa No. of
number included Details in occurrencesa
1 Miscellaneous items Table 3 485
Phytoplankion
2 Fragilariaceae Fig. 8 1,643
3 Surirellineae Fig. 8 1,044
4 Misc. Pennales Fig. 8 473
5 Coscinodiscineae Fig. 8 3,487
6 Biddulphineae Fig. 8 1,646
7 Misc. Centrales Fig. 8 608
8 Mastigophora Fig. 7 621
Zooplankton
9 Sarcodina + Ciliata Fig.7 1,069
10 Misc. invericbratesb Fig. 6 149
11 Malacostraca Fig. 9 688
12 Copepoda Fig. 9 3,998
13 Misc. crustaceansc Fig.9 285
14 Misc. chordatad Fig. 6 442
15 Anchoveta eggse Fig.6 -e

#These numbers do not match those in Figs. 6-9 because for those, the component taxa of all groups (1-15)
were counted separately, as recorded on the raw data sheets of B. Rojas de Mendiola and of A. Alamo, while for
this wble, only group occutrences in the computerized database were counted.

bincluding Coelenterates, Chaetognaths, Polychaetes, Mollusks and Brachiopods.

¢Including Ostracoda and Branchiopoda,

dIncluding wnicates, small fish, anchoveta and other fish larvae, fish scales and non-anchoveta fish eggs.
€Not included as food item 15 in the Rojas/Alamo database; listed separately as "no. of eggs per stomach™.

Table 3. Reported occurrences in anchovets stomachs

of iterns not artributable to any definite taxon.a

Tabla 3. Relacion de las ocurrencias en los estomagos
de anchovela de ilems no atribuibles a un definido

grupo laxondmico.

Item Occurrences (in %)
Invertebrate eggs 24.1
Invertebrates 1.7
mucus 3.5
Unidentified material 128
Organic material 0.6
Plankton 1.5
Phytoplanktonb 29.5
Zooplankton 17.5
Algae 1.7
Detnitus 5.0
Fibers 04
Chromatophores 1.7

Total number of occurrences 485

2These items are listed as "miscellaneous items” in

Table 2.
bIncluding 2 occurrences of Cyanophyta.
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PROTOZOA

l

Mastigophora Sarcodina Cillata
(Rhizopoda) (Clilophora)

f
Dinotlagellata 19
- Apodinium sp. 3 Chrysomonadina
- Ceratium bucephalum 8
- Ceratium furca 45
- Ceratium lineatum 6
- Ceratium tripos 1
- Ceratium spp. 180
- Dinophysis acuminata 2
- Dinophysis caudata 8
- Dinophysis sp. 143
- Dinophysis tripos 7
- Diplopsalis lenticula 33
- Diplopsalis sp. 83
- Gonyaulax longispina 4
- Gonyaulax sp. 8 [ 1
- Gymnodinium sp. 5 Actinopodea Foraminifera
- Oxyphysis oxytoxoides 5 | 22
- Peridinium cerasus 1 |
- Peridin S
e copesaan &
- Peridinium marielobourae 1 spicules 13 133
- Peridinium oceanicum 1
- Peridinium peruvianum 7
- Peridinium Foseum 1 Spirotricha
- Peridinium curvipes 13 - Tintinnopsis sp. 1
- Podolampa sp. 3 - Tmf!ﬂnlds 55
- Pyrocystis iunula 1 - Helicostomella sp. 1
- Pyrocystis sp. 23 -H. jonga 16
- Pyrophacus sp. 14 - H. subuiata 22
- Pyrophacus gracile 3 - Tintinnicola 2
- Prorocentrum micans 94 - Codoneliopsis sp. 10
- Prorocentrum sp. 273 - C. pusilla 7
- Protoperidinium divergens 22
- Protoperidinium pentagonum 9
- Protoperidinium sp. 118
- Protoperidinium pellucidum 5
- Peridinopsis sp. 2

Silicoffagellata 1

- Dictyocha sp. 80

- Dictyocha fibula 3

- Distephanus speculum 1
- Distephanus sp. 1

Fig. 7. Protozoan laxa ingested by Peruvian anchoveta, 1953 to 1982 (numbers indicate occurrences; see also
Fig. 5).

Fig. 7. Protozoos ingeridos por la anchoveta peruana, 1953 a 1982 (los nidmeros indican la ocurrencia; ver
tambien Fig. 5).

increases with offshore distance, (c) that more zooplankton is consumed when SST is high and
(d) that the mean ZF values were different in the three sampling periods considered here.

Interpretation of these results is straightforward in the case of (a), (b) and (d). In the case of
hypothesis (b), we have indeed a rather stunning confirmation of the process described by
Vinogradov (1981) wherein a plume of upwelled water enriches itself with zooplankton as it
moves "downstream" (i.e., offshore, in the case of a coastal upwelling).

Fig. 11 shows the relationship between the linearity of equation (1), expressed by means of
its coefficient of determination, and different values for reexpression (in %) of "half empty” and
“half full". As might be seen, 40% for half empty and 60% for half full best linearizes equation
(1), given the data at hand. Fig. 12 shows the resulting plot of transformed stomach contents and
fullness index.

Fig. 13 and Table 5 summarize the results of the application of Sainsbury’s model I (i.e.,
equations 5a, 5b and 5¢) to the stomach content/fullness data in the Rojas de Mendiola/Alamo
database.



CHRYSOPHYTA

Baclllariophyceae (Diatomae)

{
Pennales (Pennatag)

r T —
Amphiproreae Naviculineae Fragilarineae
Surirelineaa
Tabellarieae {Nitzschieae)
- Amphiprora sp. § Naviculacoase

- Traprdoneis 5p. 1

- Naviculs sp. 203
- Trapidonsis fepidopters 7

- Gyrsigma sp 25
Plourcsigma sp. 243
+ Plourosigma glongamum 5

- Grammatophare sp. 10

Nitzschiaceae
- Grammarophora marina 1

- Nitzschia Jongissima 8

- Nitzsehia pungens 19

- Nizschia americans &

- Nitzschia closterium 6

- Nitzschia deficatissima 28
- Nitzschia pacifica 13

- Nitrschia seniata 24

- Nizschia 5p. 776

Dlatomaceae

Fragllarlaceae
Plagiagramma sp. 2

1
Centrales (Centricae)

T
Rhizosolenineae
{Solenoidineae)

Actinodisceae

Coscinodiscineae

Biddulphineas
- Actinaptychus sp. 15
- Actinoptychus splenderns 2
- Actinoptychus urtdulatus 3
RI C
Rhvzosolania alata 31 - Coseinochscus contralis 52 - Biddulphia alternans 4 - Chasloceros affinis 13
- Rhizosolenia calcar avis 4 - Cosci 3. auritg - Chaarooeros concavicornis 2
- Rhizasolera deicatula ¥ - Coscinodiscus granii | - Graduiphia lang 19 - Chaatoogros consmctus 28
- Rhizosolema imbricata 3 - Coscinodhscus linsanss 2 - i -Ci costanss 3
- Rhwzosolerma robusta 3 -G 7o sp. 82 - Chamtacaros decipiens 13
- Rnirosolersa setgera 23 - Coscinadiscus nitidus 6 - Chastoceros dutymus 20
. sp. 200 P2 orft 169

. - Chastosaros laews 1

sp. 24
dedicatuia 257

- inod radatus § - Chaeloeors lorenzianus &

- Coretvon sp. 1
- Leplocylindrus danicus 53
-D. 50.2

- Malosira sukata f
- Cyciomita 5p. 5

- Chaetoosros poruvanus 3
- Chaatoceros socals 107
- Chastooares sp. 971

- Asterionalia japonica 69

- Astorionatia kariana 2
- Astarionalia sp. 25

- Synedra sp. 1
- Synedra undhiata
- Fragiara sp. 3

3

Thalassionema sp 1131

- Thalassionema nitzschioides 228
Thalassionema bacitars 63

- Thalassiothrix sp. 224

Pseudoeunctia sp.

4

- Pseudopunate dololus §

- Lioophora sp. 10

- sp. 241 - Bacteriastrum sp. 3
- Skelelonema costarum 191 - Bacmriasrum delicantum 7
- Thelassioswa condensala 4

- Hovtiauhis 5p. 2

- Evcampia sp. 33

- Eucampiz zocdiacus 34

- Lithodesmium sp. 293

- Lithadesmium ungulanim 223
- Bitylum sp. 1

- Thalassiosira sestivaks 1
- Thelassiosra sg. 1330

- Thalassiosita subbiis 532

- Thalassiosira dacipians B3
- Stephancpyxis sp. 21

- Stephancpyxis turrs 56

- Goscinosita sp. 1

- Plankmmigita sol 7

- Plankmonigiie s0. 24

- Astarolampra sp. 18

Fig. 8. Diatom species ingested by Peruvian anchoveta, 1953 to 1982 (numbers indicate occurrences, see also Fig. 5.).
Fig. 8. Especies de diatomeas ingeridas por la anchoveta peruana, 1953 a 1982 (los néimeros indican la ocurrencia, ver también F. ig. 5).

ARTHROPODA

Crustacea 98
eggs 19
larvae 10

megaloi\a 5

Malacostraca

I
Copepoda 2377
eggs 16

larvae 2

Decapoda

Euphausiacea 566
larvae 3

Bggs 3

larvag 6

calyplopis 30
- Euphausia mucronaia @

Mysld

Amphipoda 43 Isopoda 11

Dendrabranchiata Pleocyemata

Penaeldae

Sergestoidea Caridea7 Brachyura 4

megalops 5
Sergestidae 2

Anhomura

Thalassinoldea
- Catianassa sp.
(zoeay T
Hippoidea
- Emama sp. 2
Emertia analoga 5
Ercioideas sp. T
- Emenita {farvaay 1
Emerita (zoea) 2

Galatheoidea
larvas 1

zoaa 1

Porcellankdae

Branchliopoda

acea 12

Harpacticoida 48

Ostracoda 105
- Oclonara sp. 17

- Microseieiia rosea 4

- Microserelia sp. 53
Eutergina sp. 29

Cladocera
- Cladoceros sp. 22

- Euterpina acutdrans 4
+ Glytemnestea sp, 1
- Podopiea sp. 1

Calanoida

- Acartia conifera 1

- Acartia danee 6

- Acartia sp. 88

- Acartia mnsa 30

- Calanus australis 38
- Calanus sp. 582

+ Calanidag 1

- Candacia sp. 24

Cyclopoida

- Corycaeus sp. 363
- Oithona setigera 3

- Githona sp. 28

- Oncasa conifera 12
- Oncasa media 12

- Oncaan sp. 731

- Oncaea venusia 1

- Centropages brachatus 247

- Contmpages sp. 154

- Gentropages typicus 1
- Evcalanus bradyii 7

- Evcalanus elongatis 17
+ Evcalanus sp, 100

- Euchasia manira 1

- Euchasta sp, 6

- Paracalanus parvus 30
- Paracalanus sp. 127

Ahincalanus sp. 1

- Temora discaudata 3

- Temora sp, 18

- Temara styfifara 1

Temaridae 1

- Seolacitrix sp. 4

- Scolecithix bradyii 2

- Ctenocalanus sp. 1

- Pseudocalanus sp. 19
- Clausocalanus aquicornis 1
- Clsusocatanus sp. 16
- Lueicutia sp.
- Lucicutia favicornis 1
- Lusicutidas 1

- Piauromamma abdominaiis 1

- Plguromamma sp. 5

- Aetideus sp. 10

- Eugetideus sp, 11

- Euaetideus bradyi 12

Fig. 9. Arthropod taxa ingested by Peruvian anchoveta, 1953 to 1982 (numbers indicate occurrences, see also Fig. 6).
Fig. 9. Artropodos ingeridos por la anchoveta peruana, 1953 a 1982 (los nimeros indican la ocurrencia, ver lambién Fig. 6).
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Table 4. Results of test of comparison of the mean zooplankton fractions in Fig. 10 (see also text).
Tabla 4. Resultados del test de comparacion de los promedios de las fracciones de tooplancton de la Fig. 10 (ver también texto).

Degrees
of Significant?
Ttemns tested 1 freedom (. <0.05)
North/South
<10°S vs.  10-13°59'S 12.66 4,063 yes
<10°8 vs. 14°S 9.21 3,924 yes
10-13°59'S  vs. 14°S 332 4,487 yes
Temperature
<17°C vs. 17-19.9°C 1.56 5,296 no
<17°C vs. 220°C 7.24 3,644 yes
17-19.9°C vs. 220°C 8.29 3,676 yes
Time
<1975 vs. 1975-1978 5.99 4,613 yes
<1975 vs. 1979 3.04 3,842 yes
1975-1978 vs. 1979 9.13 4,022 yes
Distance from shore
Inshore vs. intermediate 4.84 6,158 yes
Inshore vs. offshore 11.32 120 yes
Intermediate  vs. offshore 9.36 133 yes

Information on stomach contents and exact sampling time were available for 5,245
individual anchoveta (mean wet weight 20.4 g); their mean sampling year was 1977 and their
mean stomach content (as obtained by direct weighting or through conversion) are plotted as a
function of time in Fig. 13, and further statistics are given on Table 5.

Sainsbury’s model fitted these data extremely well (mean sum of squared residuals = 0.008),
and this led to the following parameter estimates (all converted from relative to absolute stomach

content):
a = 0.0340 g.hour!, i.e., an ingestion rate of 0.034 g-hour-1 during the feeding
period
T; = 10.92 hours, i.e., anchoveta starts feeding at 10:55 a.m.
T, = 12.81 hours,i.e., the feeding period is of 12.81 hours and lasts until 11:45 p.m.
and ¢ = 0.1518 hours-l, i.e., anchoveta evacuate 15.2% of their stomach content per
hour.

This leads to a daily ration estimate of Ry = 0.448 (g . day-1), and hence a relative daily food
consumption (% BWD) of 2.27%.

The mean growth rate, for anchoveta of 20.4 g live weight was computed based on We. =
61 g, K = 1.05 year-1 and to = 0 (i.e., using estimates of Loo, K and t, for 1977 in Palomares et al.
1987, and based on the conversion of Loo =21 ¢cm to W, using a mean condition factor of 0.661
based on the mean of the 12 monthly values given for 1977 in Tsukayama and Palomares 1987).

The resulting growth rate was dw/dt = 0.0772 g - day-! and hence

K. =0.0772/0.448 = 0.2075

which leads, given equation (10) to B = 0.173.

These parameter estimates, led, when used in conjunction with Z = 4.5 year-! (Pauly and
Palomares, this vol.) and equation (11) to an estimate of Q/B = 3.30% (daily), i.e., the anchoveta
population would consume 12.1 times its own weight per year (at a mean SST of 17.1°C).

These results correspond well with previous estimates obtained from metabolic studies.
Palomares et al. (1987), based on Villavicencio (1981) and Villavicencio and Muck (1983a,
1983b, 1985), had estimated ration of adult anchoveta (in % BWD) to range between 3.50%
("1950" conditions) and 2.6% ("1980" conditions), thus bracketing our estimate of 3.30%/day.
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Table 5. Data for the estimation of ration and feeding periodicity in anchoveta. (Source: Rojas/Alamo database, see text).

Tabla 5. Datos para la estimacién de la racidn alimenticia y periodicidad de alimentacion de la anchoveta (fuente de informacion: base de datos
de RojasiAlamo, ver texto).

Relative Standard Observed Estimated
Time stomach content error stornach contenta,b stomach contentb
(hours) n (% body weight) (% body weight) (g) (g)
075 50 1.32 0.133 0.191 0.1696
225 95 0.46 0.038 0.135 0.1351
3.7s 76 0.21 0.018 0.074 0.1076
525 170 0.43 0.034 0.063 0.0857
6.75 484 0.29 0.013 0.068 0.0682
8.25 832 0.28 0.010 0.067 0.0543
975 7713 0.41 0.015 0.074 0.0433
11.25 694 0.40 0.014 0.067 0.0516
12.75 379 0.17 0.003 0.051 0.0867
14.25 369 0.17 0.005 0.099 0.1146
15.75 373 1.1r 0.054 0.177 0.1369
17.25 353 0.88 0.041 0.181 0.1546
18.75 216 0.68 0.025 0.173 0.1687
20.25 241 0.99 0.056 0.152 0.1799
21.75 53 0.57 0.076 0.177 0.1889
23.25 87 1.04 0.101 0.199 0.1960
Total 1,948 Mean 0.12175

aRefers to an average body weight of 20.37 g calwlated from 1,948 individual anchoveta and to a running average over three time

intervals,

bSee Fig. 13.
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Fig. 10. Trends in zooplankton fraction (ZF) of anchoveta diet off Peru. The solid lines illustrate significant
changes. (P < 0.05), while the doited line links means that #re not significantly different; the number of
observalions are given under each mean.
Fig. 10. Tendencias de la fraccion de zovplanton (ZF) en Ia dieta de la anchoveta en la costa peruana. La
linea sélida muestra cambios significartes (P < 0.05), mientras que la linea entrecortada une promedios
que no son significativamente diferentes; el niimero de observaciones se anotan debajo del promedio.
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Reexpression of “half full” (in %)

100 90 80 T0 60 30
| — T T T T 1

0r0

{r2)

0.65

Fig. 11. Relationship between linearity of equation (1) - as expressed
by the coefficient of determination - and different % values for the
0.60 | quantitative reexpression of "half empty” and "half full* as fullness
indices of anchoveta stomach (see text and Rojas de Mendiola, this
vol.).

Fig. 11. Relacidn entre la linearilidad de la ecuacién (1) - expresada
por el coeficiente de determinacion - y los diferentes valores
0.33 porcentuales para la reexpresion cuanlilativa de “semivacio” y
! "semilleno”, como indice de lenura del estbmago (comtenido
7 | estomacal) de anchoveta (ver texto y Rojas de Mendiola, este vol.).
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Fig. 12. Relationship between transformed stomach contents and their fullness index in 1,604 anchoveta for
which pairs of values were available. Note linearity of relationship achieved by reexpression of "half empty” as
0.4 and "half full" as 0.6 (see text and Rojas de Mendiola, this vol.).

Fig. 12. Relacion entre los contenidos estomacales transformados y su indice de Hlenura en 1604 anchovetas en
las que estuvieron disponibles pares de valores. Notese la linearilidad de la relacion obtenida para la
reexpresién de "semivacio” como 0.4 y para “semillens” como 0.6 (ver lexto y Rojas de Mendiola, este vol.).



123

Q.20

T

o.18 .

T

0.16
Feeding

O.14r period

0.12
Q.10
0.08
006

0.04

Mean stomach content {g)

0.02 - Ty T+ T
0 \_/\li 1 1 L L i I 1 1
12 15 18 21 24 03 06 09

Time {h)

Fig. 13. Dynamics of stomach contents in Peruvian anchoveta, 1953 1o 1982 (n = 5,245). Note marked diurnal
feeding cycle, with shape consistent with Sainsbury’s (1986) feeding model (see also Table 5 and text).

Fig. 13. Dindmica (cambios) del contenido estomacal de la anchoveta peruana, 1953 a 1982 (n = 5245). Notese
un marcado ciclo diurno de alimentacidn, compatible con el modelo de alimentacién de Sainsbury (1986) (ver
también Tabla 5 y texto).

Tsukayama and Sanchez (1981), based on Villavicencio (1981), and on experiments in
which they fed fish flesh to anchoveta, estimated a daily consumption of 4% BWD for anchoveta
of 10 g.

Cushing (1978) suggested that "the daily ration as percentage of body weight for a fish as
small as the anchoveta is likely to be nearer 5% than 1%. If the mean length were 12.5 cm, a
reasonable daily ration would be equal to 0.66 ml, which is 10 times the weight of algae in the
guts".

Equations (6) to (11), applied to Cushing’s estimate of ration for 12.5 cm anchoveta (i.e., of
13 g), and assuming 1 ml = 1 g, the same growth and mortality as used above, leads to Q/B =
6.34%/day. This is markedly higher than our estimate of 3.30%, and also higher than the
estimate of 2.6 to 3.5% reported in Palomares et al. (1987). However, these lower estimates are
based on mixed zoo- and phytoplankton diet (mean ZF for data used to estimate Ryq = 49.6%, see
Villavicencio and Muck (1983a, 1983b, 1985)). If one assumed, with Brett and Groves (1979),
that zooplankton provides about four times more net energy than the pure phytoplankton diet
considered by Cushing (1978), one can estimate as Q/B = 3.95%/day value, had he considered an
equal proportion of zoo- and phytoplankton in the diet of anchoveta. This is close enough to our
estimate, considering that it actually was a "guesstimate".

Our value of E, = 0.373 is, on the other hand, higher than the previously estimated "growth
efficiency of 0.093 ("1950") to 0.239 ("1980", see Palomares et al. 1987), and also higher than
the range of 0.10-0.20 used by Chavez et al. (this vol.). However, this high value is in line with
Muck (this vol.) who suggests that anchoveta has a higher growth (i.e., trophic) efficiency than
sardine, for which values of up to 0.185 have been proposed (Lasker 1973).
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Abstract

Monthly mean fat content data of adult Peruvian anchoveta (Engraulis ringens) sampled off Chimbote and Callao, Peru during 1964 1o
1986 are presented. The observed seasonal and inter-year fluctuations of fat content are related 10 the condition factor of anchoveta and to sea
surface temperatures.

Resumen

Se presentan datos mensuales del contenido de grasa en ejemplares adultos de la anchoveta peruana (Engraulis ringens) de las localidades
de Chimbote y Callao, Perd, durante 1964-1986. Se analizan las variaciones estacionales e interanuales en relacién con lag variaciones
de la temperatura superficial del mar y el facior de condicién.

Introduction

Numerous monthly time series, covering both oceanographic and biological factors were
presented in the volume edited by Pauly and Tsukayama (1987) as part of a multidisciplinary
effort to identify the factors which determine the recruitment of the Peruvian anchoveta (Engrau-
lis ringens).

The opportunity is taken here to add to this database a time series of monthly fat content
data, representing one of the factors likely to impact on reproduction, and hence on recruitment
(Pauly 1987).

The literature on bioenergetics makes abundantly clear that somatic growth, gonad matura-
tion and reproduction occur only when the energy intake of fish exceeds their maintenance
requirements (Hoar 1969; Philipps 1969; Brett 1979; Ware 1980). In adult fish, however, when
maturity is attained, growth is reduced, and the bulk of the energy intake is used to build a fat
reserve, which is subsequently used to form gametes. These processes are strongly influenced by
environmental conditions, notably positive temperature anomalies, which increase routine
metabolism. This is illustrated here by the results of studies on adult Engraulis ringens which
show that at 15°C the maintenance ration is 2.3% body weights per day (%BWD), but increases
to 5% BWD at 23°C (Tsukayama and Sanchez 1981; Villavicencio and Muck 1985).

Thus, studies of fat content dynamics, and more precisely, a model to predict the fat content
of anchoveta from environmental and other data would be useful to unravel the population
dynamics of anchoveta. The present contribution is an attempt to derive such predictive model.
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Materials and Methods

The fat content data used for the present contribution stem from four sources:

i) the report of Lam (1968) for the years 1968 to 1972,

ii) from field stations ("Laboratorios Costeros") of IMARPE for the years 1968 to 1976,

iii) from the archives of the state fishing enterprise PESCAPERU and from various
EUREKA cruises for the years 1977 to 1986.

iv) some of the data of Alamo (this vol.) on visceral fat stages of anchoveta for the years
1974 to 1982 were also analyzed, with emphasis on their relationship to the percentage
fat content data which form the bulk of the present contribution.

The time series reconstructed from the data in (i) to (iii) has some noticeable gaps. Some of
these could have been filled by pooling the data from Chimbote (9°05°S) and Callao (12°00’S),
but this was not done, due to clear differences in the fat content of anchoveta from these two
sampling sites (see below).

The fat content data presented here refer to either of three size groups:

i) anchovetaof 12 to 14 cm TL

ii) anchoveta= 14 cm TL

iii) "average" adult anchoveta, i.e., the mean of the values in (i) and (ii).

The available fat content data, averaged on a monthly basis were plotted against time and
other variables with which they could be expected to correlate. Following a suggestion of D.
Pauly (pers. comm.) a multivariate model was also derived for prediction of fat content given the
condition factor (c.f.) of anchoveta (c.f. = W-100/L3; TL in cm, weight in g), SST anomaly (in
°C) a dummy variable (loc.) expressing the sampling location (Callao = 0, Chimbote = 1), and
11 additional dummy variables expressing the month of the year (only 11 such variables are
needed, i.e., when all are set at zero, the 12th month is implied).

This model had the form:

% fat cont.=a+b1(c.f.)+b2 (temp.anom.)+b3 (loc.)+bs ;5 (month) ..1)

and was fitted using the multiple regression option of the Lotus 1-2-3 spreadsheet program.

Of the data of Alamo (this vol.) only 1,381 individual records were used (23% of the total
file), pertaining to anchoveta > 12 cm LT ("adult anchoveta") and stemming from 8°00’ to
9°59°S ("Chimbote") and 11°00’ to 12°59’S ("'Callao").

The mean monthly SST data used here for Chimbote and Callao are reproduced here as
Tables 1 and 2. The c.f. data stem from Tsukayama and Palomares (1987); only actual values
were used, i.e., values estimated from SST were not included in the analyses.

Results and Discussion

Tables 3 and 4 present the available monthly time series of fat content of adult anchoveta for
Chimbote and Callao, respectively. A subset of these data, pertaining to the years 1964-1976
only, is presented as Figs. 1 and 2 in the form of averaged seasonal patterns. As might be seen
from these figures, anchoveta caught off Chimbote have a higher fat content than those caught
off Callao, particularly from April to June.

Fig. 3 depicts the seasonal trend of fat content of anchoveta expressed by the data of Alamo
(this vol.). As might be seen, this trend is roughly similar to those in Figs. 1 and 2,

The basic similarity between the data in Tables 3 and 4 and those of Alamo (this vol.) is also
illustrated by Fig. 4, which allowed derivation of the empirical relationship

log o(%fat content) = 1.28 + 2.21logio (c.f.) .2)

Fig. 5 illustrates the positive relationship between the condition factor of anchoveta and its
fat content. This relationship is also expressed by

logo (% fat content) = 1.28 + 2.21 logyo (c.f.) .3)
which, with r = 0.426 and d.f. 206, is significant (P < 0.01).
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Table 1. Mean monthly sea surface temperature off Chimbote, Peru (9°05'S, 78°31'W); °Celsius. (Data courtesy of Dr. P. Lagos).
Tabla 1. Promedios mensuales de temperatura superficial del mar frente a Chimbote, Peru (9°05'S, 78°31'W); °Celsius. (Datos
cortesia de Dr. P. Lagos).

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1956 20.2 206 2.0 19.7 18.8 18.8 179 17.7 17.1 17.4 18.3 18.2
1957 18.8 232 2.8 230 2315 219 21.8 20.2 19.1 19.4 19.6 222
1958 240 21.2 239 2.1 19.6 19.2 193 17.7 18.5 19.1 19.5 19.5
1959 23.0 231 21.5 211 19.1 19.7 18.0 17.9 18.6 20.8 19.6 240
1960 20.7 222 210 19.8 18.7 17.5 17.3 17.7 17.6 18.0 18.4 193
1961 19.9 21.8 210 205 19.4 18.8 17.0 17.6 17.3 17.4 17.9 18.7
1962 19.8 217 210 202 20.0 17.9 17.1 17.1 17.5 17.1 17.9 18.1
1963 18.6 19.1 20.1 193 189 18.2 17.8 17.5 18.2 18.5 18.5 19.8
1964 20.1 213 218 19.3 17.5 16.6 16.6 16.9 17.3 17.6 17.7 17.7
1965 18.8 20.5 20.5 211 210 20.5 0.7 18.8 18.6 18.6 18.9 19.5
1966 21.5 225 220 215 20.0 18.0 17.0 16.0 15.0 16.4 18.0 20.1
1967 21.8 236 21.6 18.2 i7.1 14.3 15.6 14.6 16.0 14.8 15.6 17.6
1968 186 18.6 20.3 19.0 17.2 15.4 14.8 14.7 16.0 16.6 15.8 17.0
1969 18.8 185 19.6 20.1 21.0 20.3 17.9 18.0 18.1 17.8 16.2 17.2
1970 19.8 219 22 220 21.9 206 19.4 19.0 19.2 19.3 19.5 19.4
1971 19.3 19.4 20.3 21.7 21.5 21.0 213 21.6 204 18.8 18.1 18.7
1972 19.4 19.6 20.1 216 21.7 221 22 21.1 19.5 19.6 19.5 20.7
1973 246 247 2.2 19.0 18.4 17.0 16.1 15.9 17.0 16.6 19.2 17.9
1974 19.3 20.2 20.5 209 20.2 20.2 18.5 17.9 17.1 17.5 18.6 18.8
1975 20.5 210 242 212 21.1 18.7 17.6 17.0 16.8 17.0 17.3 18.8
1976 19.2 217 23.5 21.3 21.0 203 19.5 19.9 19.1 19.4 20.1 n7
1977 233 234 23.5 219 20.8 18.6 18.7 18.1 186 19.0 19.3 185
1978 19.9 221 25 208 19.0 174 17.9 17.4 17.7 8.1 19.4 194
1979 2.4 213 215 21.6 19.9 18.1 18.8 18.8 18.7 19.1 19.9 209
1980 214 21.7 23 21.5 20.9 20.3 19.8 18.6 18.6 19.1 19.7 209
1981 21.1 223 208 21.3 213 193 18.1 18.4 18.1 19.0 19.3 19.3
1982 19.4 19.6 200 20.4 19.4 19.7 19.2 19.0 19.9 0.8 234 26.1
1983 285 282 - - - - - - - - - -
Means 20.81 2161 2162 20.74 19.96 18.90 18.37 17.97 17.99 18.25 1871 19.67

Table 2. Mean monthly sea surface temperature off Callao, Peru (12°00°S, 77°07'W); °Celsius. (Data courtesy of Dr. P. Lagos).
Tabla 2. Promedios mensuales de temperatura superficial del mar frente a Callao, Perd (12°00'S, 77°07'W); °Celsius. (Datos
cortesia de Dr. P. Lagos).

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1956 17.0 17.5 18.2 18.0 16.7 16.5 16.1 15.8 154 14.9 152 15.5
1957 15.9 19.1 20.2 20.0 204 199 19.0 17.5 16.5 166 16.1 18.4
1958 19.9 21.0 20.0 18.9 18.1 17.0 17.1 15.9 15.5 154 164 15.7
1959 15.8 18.4 18.8 18.1 17.7 16.5 16.0 15.5 15.2 15.2 15.7 156
1960 16.7 17.2 17.6 16.9 16.2 16.1 156 15.6 154 15.1 152 158
1961 16.2 17.6 17.9 17.1 17.2 159 156 15.7 155 15.4 15.1 153
1962 16.8 17.8 16.5 16.1 15.7 16.3 16.0 15.6 15.5 154 15.2 15.7
1963 15.6 153 18.1 17.3 17.1 17.3 16.9 16.5 16.2 15.6 15.9 158
1964 17.3 18.2 17.3 16.7 15.8 14.7 13.5 14.7 14.6 14.3 145 14.9
1965 154 165 19.9 19.6 18.6 18.6 17.8 18.0 16.4 15.9 16.6 174
1966 179 18.1 17.6 16.5 16.1 15.9 15.6 15.1 14.8 14.9 148 14.4
1967 15.6 15.5 17.0 17.0 17.0 15.5 15.3 14.0 143 14.0 14.1 146
1968 153 154 17.6 15.5 14.9 14.6 14.6 15.0 15.1 15.1 154 16.4
1969 17.8 194 20.5 19.0 20.8 18.2 16.7 17.6 16.7 16.9 18.0 17.7
1970 16.7 169 16.8 16.1 15.8 15.3 149 14.5 14.4 14.7 14.1 14.7
1971 15.5 163 15.1 16.0 16.3 15.8 15.6 15.5 153 14.8 148 15.3
1972 16.0 17.6 19.5 19.4 19.7 19.4 19.3 18.8 18.2 17.4 18.2 19.0
1973 21.1 20.5 19.0 16.6 16.2 151 152 14.4 14.4 14.4 144 14.8
1974 15.3 15.8 16.7 16.7 17.3 16.9 16.3 15.5 14.7 14.6 15.6 14.9
1975 153 15.6 18.6 17.6 16.6 15.1 15.2 14.6 143 13.8 14.7 14.9
1976 14.8 16.8 184 18.2 18.5 18.9 18.0 18.6 15.8 16.6 16.9 18.2
1977 17.8 18.3 18.1 18.7 18.3 16.5 164 16.0 15.6 15.2 16.0 16.4
1978 16.2 17.7 18.6 19.0 16.4 155 15.5 15.1 14.7 15.1 15.5 16.2
1979 17.0 17.7 19.4 179 17.6 16.2 16.1 16.1 15.8 15.4 15.7 17.2
198¢ 16.3 169 18.9 186 17.3 16.7 16.4 15.6 153 147 15.7 15.6
1981 15.5 166 15.7 169 17.6 16.7 15.7 15.4 14.1 149 15.4 15.5
1982 15.6 16.6 17.3 16.9 17.5 17.3 17.1 16.6 16.7 17.4 19.1 214
1983 23.7 238 24.0 24.2 23.8 240 19.7 - - - - -

Means 16.79 17.65 18.33 17.84 17.54 16.87 16.33 15.90 15.42 1532 1571 16.20
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Fig. 1. Monthly changes of fat content of anchoveta off Chimbote,
Peru (based on data for 1964-1976 in Table 3).
Fig. 1. Cambios rnensuales en el contenido de grasa de anchoveta

Jrente a Chimbote, Peri (basado en datos de 1964-1976 de la Tabla
3).
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Fig. 2. Monthly changes of fat content of anchoveta off Callao, Peru
(based on data for 1964-1976 in Table 4).

Fig. 2. Cambios mensuales en el contenido de grasa de anchoveta
frente a Callao, Perii (basado en datos de 1964-1976 de la Tabla
4).

Fig. 3. Monthly changes of visceral fat index of Peruvian anchoveta
based on data for 1974-1985 in Alamo (this vol.).
Fig. 3. Cambios mensuales del Indice de grasa visceral de la

anchoveta peruana (basado en datos de 1974-1985 de Alamo, este
vol.)
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Fig. 4. Relationship between % fat content data in Tables 3 and 4 and mean monthly
visceral fat index values extracted from data in Alamo (this vol.).

Fig. 4. Relacion entre el % del contenido graso de las Tablas 3 y 4, y los promedios
mensuales del indice de grasa visceral extraido de los datos de Alamo (este vol.).
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Table 3. Monthly values of fat content (%) of Peruvian anchoveta (Engraulis ringens), Chimbote, 1964-1986; adult specimens with sizes 212 ¢cm
T.L.

Tabla 3. Valores mensuales del contenido de grasa (%) de la anchoveta peruana (Engraulis ningens), Chimbote 1964-1986, ejemplares adultos
con tatlas 212 cm L.T.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1964 6.55 6.10 6.34 14.23 15.53 13.13 13.27 9.99 4.40 6.38 8.81 10.13
1965 13.55 - B.18 7.84 7.40 8.24 6.65 - 3.45 .94 498 5.68
1966 7.04 9.11 1034 12.64 17.17 - 7.40 7.50 4.30 6.29 - 12.63
1967 13.23 - 7.15 9.20 10.84 12.65 7.64 5.86 5.10 8.65 9.70 12.72
1968 11.07 12.10 12.13 12.68 11.22 - - - 5.22 5.27 7.50 8.43
1969 12.80 - 9.52 11.88 11.94 - - - - 3.20 6.90 9.30
1970 - - - 10.10 13.35 - - - 7.62 10.45 - -
1971 - - 10.75 9.05 8.80 7.10 - - 8.20 9.40 16.60 18.80
1972 - - 14.50 12.90 7.10 4.80 3.00 2.41 3.24 4.19 - -
1973 5.53 - - - - - - 4.98 632 - 7.74 -
1974 10.54 - 9.55 - 6.14 - - 261 - - 1037 -
1975 - 11.88 - 8.58 10.52 - - 4.00 5.16 8.60 - -
1976 6.41 - - - - - - 1.45 - - - -
1977 - - - 571 - - - - - - - -
1978 - - - - - - - - - - - -
1979 - - 7.11 - - - - - - 2.82 473 -
1980 - - - - - - - - - - - 12.27
1981 - - - 5.74 417 4.58 - - - 6.50 9.13 10.80
1982 - 13.30 13.30 13.00 13.66 13.29 - - 6.81 4.97 3.19 3.20
1983 2.60 270 - - - - - - - - - -
1984 - - - - - - - - - - - -
1985 - - - - - - - 8.40 7.60 7.10 7.20 7.60
1986 10.70 11.60 10.70 13.30 - - - 7.90 6.40 6.30 - -

Table 4. Monthly values of fat content (%) of Peruvian anchoveta (Engraulis ringens), Callao, 1964-1983; adult specimens with sizes >12 cm
T.L.

Tabla 4. Valores mensuales del contenido de grasa (%) de la anchoveta peruana (Engraulis ringens), Callao 1964-1983; ejemplares adultos 212
emLT.

Year Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec
1664 8.14 5.64 6.82 8.35 9.34 11.55 6.67 4.85 4.00 7.31 591 7.03
1965 4.67 8.14 7.79 8.03 1.59 7.48 6.54 3.92 3.08 4.95 6.73 798
1966 5.02 6.75 8.26 9.84 12.61 13.02 9.90 6.47 5.28 5.95 8.17 10.54
1967 7.05 6.54 7.67 8.15 9.68 8.93 7.39 8.40 4.64 6.14 8.09 10.89
1968 9.20 9.43 9.08 11.43 1131 11.21 8.20 5.56 3.97 3.97 5.58 7.99
1969 425 7.62 8.81 10.48 11.79 7.60 6.52 492 393 4.14 721 10.87
1970 11.03 7.90 10.95 10.42 10.73 11.98 7.88 5.96 5.95 5.80 10.17 11.53
1971 8.93 9.46 9.85 9.32 9.53 9.75 7.40 5.16 6.02 7.15 1238 14.05
1972 14.09 15.71 15.91 12.24 - 170 4.61 2.56 3.35 571 - -
1973 5.59 4.43 6.91 8.51 - - - 6.52 5.95 - 8.57 -
1974 13.48 12.89 11.47 - 8.71 - - 4.21 6.68 - 9.67 -
1975 - 16.86 12.07 1141 11.98 - - 5.99 9.49 - - -
1976 9.49 - 430 472 5.48 5.65 - 2.10 - 3.53 5.84 8.89
1977 - - - - 8.30 - 3.23 - 329 5.05 - -
1978 - - - 5.57 4.90 4.12 338 - 471 - 6.22 7.64
1979 - - 8.46 8.65 - - - - 3.10 - - -
1980 - - 7.88 12.51a 442 4.30 - - 5.60 - - -
1981 - - - 537 7.46 7.14 - - - 7.47 827 12.31
1982 - 13.21 13.92 13.76 7.30 12.32 - - 9.71 2.33 3.06 3.87
1983 325 238 - - - - -

aNot used for Fig. 5.
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Fig. 5. Relacién entre el factor de condicion
de la anchoveta peruana y su contenido de
grasa. Notese la amplia dispersién de los
datos debido a la inclusion de datos de
diferentes meses y de periodes con allas
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Table 5. Partial regression cocfficients of equation (4) expressing the impact of time of the year (ie.,
month) on the fat content of anchoveta (see also text and Fig. 6).
Tabla 5. Coeficientes de regresion parcial de la ecuacidn (4) expresando el impacto de la época del
afo (es decir, mes) en el contenido de grasa de la anchoveta (ver tambien texto y Fig 6).

Partial regression s.e. of by
Month coefficient (bj} values
January ©) -
February +0.987 0.892
March +1.110 0.781
April +1.346 0.753
May +0.689 0.771
Tune +0.712 0.841
July -1.660 1.077
August -3.155 1.340
Sepicmber -3.830 0.847
October -3360 0.841
November -1.670 0.855
December +0.774 0.824
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Fig. 6. Monthly change in fat content of Peruvian anchoveta, £
as expressed by the values of the monthly partial slopes (b)) § -2t
of equation (4). See also text and Table 5. 5
Fig. 6. Cambios mensuales en el contenido de grasa de la %
anchoveta peruana, expresada por los valores mensuules de > 2r
la pendiente parcial (bj) de la ecuacion (4). Ver tambien £
lexloyTabla 5. = wglt ' L L L L IS i I
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However, the wide scatter of this plot suggests that prediction of fat contents from condition
factors alone would be very unreliable,

More useful here is the relationship

%fat content = 11.2 + 28.8 (c.f.) - 0.24 (temp. anom.) + 1.02 (loc.) + b; (month) d)

which has a multiple correlation coefficient R = 0.708 (d.f. = 187) and whose values of b; are
given in Table 5 and on Fig. 6 as well. These coefficients reproduce quite faithfully the seasonal
oscillation of anchoveta fat content, and hence equation (4) can be expected to provide
reasonable results when used for predictions.
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Abstract

Time series of gonad maturity stages of Peruvian anchoveta (Engraulis ringens) are presented; they cover the period 1961-1987 and the
area from 6 to 18°S. An increasing trend of mean gonad slage is demonstrated which is panicularly strong for the stock south of 14°5. The
seasonality of gonad maturation is discussed with reference to stage, anchovela size (age) and sampling location.

Resumen

Se presentan las series temporales del estadio de madurez gonadal de la anchovela peruana (Engraulis ringens) del drea 6 a 18°S para el
periodo 1961 a 1987. El estadio de madurez promedio muestra una tendencia a incrementarse particularmente en el stock al sur de 14°3. Se
discute 1a estacionalidad de 1a madurez gonadal con referencia al estadio, tamafio (edad) de la anchoveta y al lugar de muestreo.

Introduction

The Peruvian anchoveta (Engraulis ringens), constituted the base of the Peruvian fish meal
and oil industry during the 1960s and 1970s. In view of this, the Instituto del Mar del Pera
(IMARPE) and its predecessor, the Instituto de los Recursos Marinos, directed their research
towards this resource, accumulating biological information on this species from the 1950s to
date.

Part of this information has been analyzed and published in the book "The Peruvian
Anchoveta and Its Upwelling Ecosystem: Three Decades of Change" (Pauly and Tsukayama
1987a).

The objective of the present work is to contribute to the biological data time senes published
in the above-mentioned book, by presenting and analyzing data on the sexual maturity of
anchoveta sampled from different regions of the Peruvian coast.

*PROCOPA Contribution No. 93.
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Materials and Methods

For this study, data on sexual maturity stages obtained through biological sampling of the
landings of the industrial fishery have been used. The samples were grouped into three regions:
north (06°-9°59°8), central (10°-13°59°S) and south (14°-18°30’S) (Fig. 1).

Sexual maturity stages were obtained by macroscopic observation of the gonads, according
to Einarsson et al. (1966) who used a 6-stage scale (see also Rojas de Mendiola, this vol.):

Stage I Immature

Stage II Immature or recuperating

Stage III Maturing

Stage IV  Mature

Stage V  Spawning, and

Stage VI Spent; postspawning

Latitude (°S)

Fig. 1. Delinition of northem, central and southern areas off the
Peruvian coast, as used in this contribution.

Fig. 1. Delimitacién de las dreas norte, centro y sur de la costa
peruana usadas en ésta contribucion.

Longitude {°W)

Analysis and Data Processing

The frequencies (number of individuals) for each maturity stage per length and month were
raised separately to the total catch of anchoveta from the northern/central region (6°-13°59°S) -
the main distribution area for this species - and from the southern region, where a different stock
occurs (IMARPE 1973; Pauly and Tsukayama 1987b). These raised data were used to obtain the
monthly mean sexual stages by length class.

Unaggregated mean monthly maturity stages by length, sex and by region are presented for
the 1961-1987 period in Pellén et al. (1988), and the data presented here represent a subset of
those compiled in that paper. Particularly, we do not report here our results on a length-class
basis.
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Results and Discussion
Variation of the Mean Maturity Stages

Table 1 and Figs. 2 and 3 show the monthly mean values of sexual maturity in the
northern/central and southern stocks of adult anchoveta (2 10.25 cm), for the 1961-1987 period.
As might be seen, these values tend to increase through time, especially so in the south.

The highest mean maturity stages generally occurred, for both stocks, during the spring and
summer months, when stages 1V, V and VI predominate (see Table 1).

Y -
g
o I¥-
—
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z
= mb ‘ ‘
2 Fig. 2. Trend of mcan annual maturity stage of anchoveta,
[ 1961-1987 off northem/central Peru (based on data in
E South Table 1 with missing months replaced by the appropriate
c Ior Y= -100.03 + 0.0523X monthly means before averaging).
3 df=22; r=0.843 Fig. 2. Tendencia del estadio de madurez promedio anual
2z de la anchoveta del drea nortelcentral del Perid para
1961-1987 (basado en datos de la tabla 1, para los meses
Lea e tev v b e bevr e L Ll sin datos se usaron el promedio mensual antes de
1960 1965 1970 1973 1980 1985 promediar el valor anual).
Year
-
>
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Fig. 3. Trend of mean annual maturity stage of £ North and Center
anchoveta, 1963-1987 off southem Peru (based on data in ol Y=-22.17T + 0.013X
Table 1 with missing months replaced by the appropriate g dt. =25;r-0.418
monthly means before averaging). g
Fig. 3. Tendencia del estadio de madurez promedio anual
de la anchoveta del drea sur del Peripara 1963-1987 T T e I A N
(basado en dotos de la Tabla 1, para los meses sin datos 1960 1965 1970 1975 1980 1985

se usaron el promedic mensual antes de promediar el

valor anual). Year

Variation of the Maturity Stages

Both the northern/central and the southern stocks show a large fraction of individuals to be
in stage T during the 1960s and 1970s. Additionally, low values were observed in the
northern/central stock in 1961-1963 and from 1971 to 1987, except for 1976, and in the southern
stock in 1968-1969 and from 1971 to 1987, except for 1981 (Table 2).

Table 3 gives the percent values of stages Il + III. These oscillated markedly during 1963-
1966, especially in the southern stock. The lowest values in this stock are obtained during 1963-
1966 and 1979-1984, and the highest in 1967-1977 and from 1986 on; for the northern/central
stock, the lowest values belong to the 1971-1967 period, which was followed by relatively high
values from 1968 on. Both stocks generally have their highest values in the winter months.
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Table 1. Mean monthly sexual maturity stage of adult female and male anchoveta (210.25 cm TL) in the northemn/central and southern areas of
Pem, 1961-1987.

Tabla 1. Valores mensuales promedios del estadio de madwrez sexual para anchovela, hembras y machos adultos (21025 ¢m LT) del stock del
norieicentro y sur dei Perii, 1961-1987.

Year January February March April May June
1961 -1 - -1 - 3.06/ - 3.52/ - 4.18/ - 3.36/ -
1962 3.98/ - 3.48/ - 3.45/ - 3.66/ - 339/ - 247/ -
1963 3.29/ - 3.7/ - 3.4273.12 3.00/3.86 2321265 2,14/ -
1964 3.62/2.66 3.62/2.44 3.182.25 2.89/2.25 2.55/1.93 2.32/2.50
1965 3.35/ - 3.50/3.19 3.39/2.96 2.8312.08 2.41/1.75 2.50M1.78
1966 3.34/3.00 3.4312.91 3.39/3.59 2.573.17 1.65/3.44 - -
1967 3.24/2.48 2.86/2.13 2.76/2.01 2.65/1.57 2.30/1.58 2.00/1.86
1968 3.79/3.02 4.0512.15 4.30/2.15 2.66/1.84 22572.08

1969 3.50/3.37 -3.55 3.30/2.22 2.81/1.78 2.38/1.79 -/193
1970 2.64/3.94 3.28/3.31 3.08/3.06 2.6112.43 2.48/1.77 3.27/1.98
1971 -/ - -1 - 235317 2.05/2.81 2.26/3.06 233/ -
1972 -1 - -3.14 2.713.09 272 - 3.0/ - 3.64/ -
1973 -1 - - - 3.42/2.82 3.712.72 -3.93 -1A73
1974 -12.9 -3.41 3.46/2.93 3.34/2.40 2.40/ - -1 -
1975 2.9773.79 3.06/3.70 298/3.52 2.593.05 2.55M3.11 -/ -
1976 3.77/2.64 3.27/2.66 2.93/2.57 3.86/2.42 3.65/2.38 3.16/2.67
1977 3.793.24 -3.16 -3.15 2.96/3.26 2.73/2.86 -13.48
1978 -/4.03 -13.70 -1 - 2.60/ - 2.562.77 2.92/2.91
1979 -13.76 -13.51 25173.71 264236 -12.51 -13.99
1980 -/4.21 -/3.96 -/3.58 3.01/3.66 3.00/3.45 3.10/4.03
1981 -A3.13 -f3.78 -3.67 3.54/4.52 3.57/3.69 4.27/4.42
1982 -/3.86 4.2512.98 4.15/3.28 3.37/4.00 3.08/3.32 323/ -
1983 -1 - -/ - -l - -1 - -1 - -f -
1984 -/ - -/4.41 -/ - -13.718 3.46/ - 2.91/4.07
1985 1.61/3.52 3.86/4.21 391/ - -12.65 -7 - 3.27/4.93
1986 3.21/5.52 3.11/ - 3.2013.27 3.07/2.54 3337243 3721320
1987 4.63/5.36 4.02/4.76 3.10/3.46 3.32/4.00 3.57 - 3.64/4.72
Means 3.30/3.58 3.30/13.35 3.09/3.03 2.88/2.90 2.7112.66 2.86/3.33
Year July August September October November December
1961 277 - 2.88/ - 4.15/ - 3.72/ - 4.19/ - 5.26/ -
1962 2.38/ - 2.96/ - 3.53f - 3.54/ - 327 - 391/ -
1963 2.44/2.56 3.39/2.99 3.47/3.41 3.81/3.02 421/2.15 3.66/2.39
1964 3.09/2.59 3.71/3.78 4.80/3.80 5.10/3.84 4.90/2.74 3.3812.00
1965 3.42/2.68 -/ - 3.24/3.34 3.55/3.66 3.4113.57 3.10/2.68
1966 -/ - -1 - 4.12/4.46 4.12/3.89 4237238
1967 -f - -1 - 4.62/3.05 4.67/4.38 4.47/3.72 4.30f -
1968 -/3.62 - 14.76 422/3.98 4.18/4.58 4.63/ - 4.24/4.97
1969 -12.19 -/ - 4.47/4.65 4,54/4.52 3.76/4.59 2.48/4.18
1970 -12.26 -1 - 4.16/4.44 431/4.14 3.86/4.09 4.33/4.09
1971 -/ - -1 - 3.78/4.48 3.85/4.2 3.14/3.90 2.76/3.52
1972 -/ - -/ - -/ - -/ - -13.42 3.84/3.79
1973 -/4.29 -l - -1 - -1 - -/4.47 -3.91
1974 -f - -/ - -1 - 4.65/4.15 4.70/4.99 -1 -
1975 -/ - - - -1 - 4.64/5.04 - /5.06 3.773.54
1976 2.99/ - 3.23/ - -1 - -/4.20 4.01/3.69 3.60/3.34
1977 -/4.63 -14.74 -/5.06 -/5.08 - /4.89 -13.81
1978 3.03/4.89 2.00f - 3.66/4.69 3.79/4.44 3.68/4.49 3.26/5.30
1979 -/3.89 -1473 -/5.24 -/4.79 -/4.42 -/4.28
1980 -/ - -/ - -14.73 - 4.63 -15.02 -1324
1981 -13.99 - /467 -/4.93 -14.55 4.79/4.09 3.84/3.57
1982 3.52/4.22 -/448 -/ - 5.17/4.66 5.19/ - -1 -
1983 -l - -1 - -1 - -/ - -f - - -
1984 3.17/4.46 -1 - -1 - -14.97 -/ - -/ -
1985 3.94/4.67 4.57/5.71 4.95/4.85 4.80/5.28 3.29/5.26 2.83/4.54
1986 4,29/ - 5.30/3.20 5.18/4.74 5.37/4.59 4.40/3.74 4.36/3.86
1987 4.49/4.71 -/4.81 -/4.85 4.50/4.64 -/4.35 4.31/5.49

Means 3.043.71 3.12/4.39 3.89/4.39 4.12/4.42 3.88/4.13 3.5713.76
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Table 2. Relative frequency (%) of sexual maturity stage I of male and female anchoveta (6.25 - 19.25 cm TL) in the northem/central and southern
areas of Peru, 1961-1987.

Tabla 2. Frecuencia relativa (%) del estadio de madurez sexual | para anchoveta machos y hembras (625 - 1925 c¢cm LT) en las dreas
nortel/centro y sur del Perii, 1961-1987.

Year January February March April May June

1961 -/ - -/ - 242 - 127/ - 20.8/ - 29.4/ -
1962 3.0/ - 15.8/ - 201/ - 8.9/ - 277/ - 279/ -
1963 11.4f - 44/ - 21.1/19.2 332/ - 34.0/ - 42.5/ -
1964 29.5/84.2 45.711.7 52.6/65.1 47.8/60.1 41.8/43.6 37.6/16.8
1965 49.7/ - 40.4/61.9 30.0/69.7 33.4/13.5 39.1/51.5 38.2/76.7
1566 73.2/75.7 83.6/46.2 719.712.2 72.4/53 58.1/76 - -
1967 50.6/68.1 71.6/76.6 58.3/19.6 447/ 1.8 69.8/21.5 58.2/10.7
1968 52.9/26.0 62.2120.7 367/ - 39.3/16.4 45.8/12.2 -/ -
1969 68.5/10.5 -/8.0 50.9/6.7 16.2/36.9 12.4/39.0 -/11.2
1970 61.8/19.5 25.6/16.5 4.1/16.4 11.5/62.0 73230 -/8.0
1971 -/ - -/ - 35.6/9.6 32.4/1.1 219/1.6 7.0/ -
1972 -/ - -/10.6 1.2/3.8 21/ - 6.3/ - 6.6/ -
1973 -1 - -/ - 14.5/ - 1. - -/09 -/ -
1974 -/ - -/ - 17.6/19.6 20.5/ - 6.6/ - -/ -
1975 13.5/ 8.6 6.7/2.1 44/ - 51/14 2.5/0.7 -1l -
1976 23.6/34 39.2/14.1 56.8/3.4 74.9/5.4 47.8/3.4 52.6/0.5
1977 252/26 -/0.2 -i122 4.3/08 3.3/16.7 -/4.1
1978 -/18.6 -12.4 -/ - 35.2/ - 29.7/ - 14.5/ -
1979 -/00 -/0.5 63/04 10.0/1.1 -/22 -1 -
1980 -/88 -N7.6 -/10.2 -/1.4 0.1/ - 0.1/ -
1981 -/54.2 -1318 -1R219 -/12.0 1.0720.6 -l -
1982 -/14.8 -13.2 -10.4 -/ - 0.1/ - -I -
1983 -/ - -/ - -/ - -/ - -/ - -1 -
1984 -1 - -/ - -/ - -/ - -f - -1 -
1985 -125.5 -/8.8 -/ - -13038 -/ - L3/ -
1986 -/ - -/ - -/ - -/15.0 -/ - -f -
1987 -/ - -/ - 13/ - -/ - 0.7/ - 0.6/ -
Year July August September October November December
1961 6.5/ - 3.3/ - -/ - 8.2/ - 5.3/ - -/ -
1962 27.5/ - 4.5/ - 2.1 - 7.9/ - 42/ - 0.2/ -
1963 14.1/16.1 12.3/5.6 42/24 1.6/ 1.7 8.4/18.8 34.4/72.1
1964 259/6.8 5.4/2.7 -/7.8 -115 0.5/0.4 17.6/23.9
1965 26.7/69.5 -f- 71/70.6 0.8/63.6 8.1/64.0 31.0/89.0
1966 -/ - -/ - -10.2 09/0.8 -1 - -32.0
1967 -/ - -/ - -/ - -/ - 0 - 04/ -
1968 -/ - -/ - 0.8/ - 02/ - -f - 11.2/18.8
1969 -16.5 -/ - -/ - -/103 26.5/11.2 64.5/68.6
1970 -121.5 -/ - 02/0.3 -113 -/169 -/47.8
1971 - - -/ - -f - 0.1/ - -/109 -f5.1
1972 - - -f - -f - -/ - -/12.9 147/8.4
1973 -/ - -/ - -/ - -/ - -/ - -/ -
1974 -/ - -/ - - - -/01 -/ - -1 -
1975 - - -/ - -/ - -/ - -1 - 59/33
1976 38.4/ - -/ - -/ - 0.1/ - -10.1 0.4/29
1977 -/ - -/ - -/ - - - -/ - -/183
1978 19.7/ - -/ - 1.1/ - -1 - -/0.0 0.0/ -
1979 -/1.0 -f - -/ - -/ - -/ - -/ -
1980 -1 - -I - -1 - -f - -/ - -/45.5
1981 -/0.1 -1 - -/ - -f- - - -329
1982 -/ - -f - - - -/ - -/ - -/ -
1983 -f - -1 - -1 - -f - -/ - -l -
1984 - - -/ - -1 - -1 - -/ - -1 -
1985 -f - - - -1 - -f - - - -l -
1986 - - -/ - -1 - -/ - -1 - -/ -
1987 03/ - -/ - -1 - -f- -/ - - -
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Table 3. Relative frequency (%) of sexual maturity stages IT and III of malé and female anchoveta (6.25 - 19.25 em TL) in the northem/central and
southern areas of Peru, 1961-1987.

Tabla 3. Frecuencia relativa (%) del estadio de madurez sexual Il y Il para anchoveta machos y hembras (625 - 1925 cm LT) en las dreas
norte/centro y sur del Peri, 1961-1987.

Year January February March Apni May June

1561 -/ - -1 - 40.3/ - 254/ - 222/ - 33.8/ -
1962 15.2/ - 3.0/ - 21.0/ - 34.1/ - 351/ - 61.4f -
1563 3.6/ - 323/ - 25.1/40.9 35.5/56.4 47.3/81.2 51.4/ -
1964 15.7/11.0 26.6/24.9 30.3/28.5 36.4/31.3 48.9/48.0 49.9/65.2
1565 12.9/ - 13.7/21.5 14.0/24.0 42.2/78.6 41.1/48.1 45.1/22.8
1966 8.9/22.6 5.3/44.0 5.8/42.9 14.1/58.5 41.2/59.2 -/ -
1967 117219 18.0121.7 25.5/80.4 43.498.0 27.1/18.5 37.2/88.8
1968 21.0/68.4 8.9779.1 28.0/98.8 50.4/83.4 50.4/87.2 -/ -
1969 11.0/49.7 -/58.4 42.7/85.7 75.9/63.1 84.9/61.0 - /883
1970 33.6/46.2 58.3/63.2 85.0/67.8 83.0/35.8 90.3/77.0 83.6/89.8
1971 -f - -/ - 60.5/75.9 66.5/96.5 78.1/716.7 92.0/ -
1972 -f - -19.2 89.1/50.1 91.6/ - 75.1 - 56.1/ -
1973 -/ - -/ - 55.7/97.0 45.5/85.4 -111.6 -/46.8
1974 -/81.1 -/59.8 33.7/1.1 38.1994 66.7/ - -/ -
1975 59.4/61.4 79.8/73.8 71.2/88.0 79.2/88.4 75.0/81.0 -/ -
1976 43.392.9 9.4/83.9 33.1820 20.5/1.6 46.4/95.3 42.8/979
1977 23.6/63.3 -/65.1 -165.9 67.7/86.2 80.6/76.7 =113
1978 -/63.2 - /69.6 -/ - 61.5/ - 66.091.2 79.2/69.5
1979 -/26.8 -13.0 82.3134.9 78.7/18.0 -1 -/43.8
1980 -/44.1 -/65.9 - /50.5 71.1135.7 80.3/61.0 67.4/28.6
1981 -/398 -/48.3 - /50.7 49.9/42.4 51.3/59.1 26.3/31.9
1982 -/50.3 B.6/85.2 22,7748 65.0/63.7 56.4/40.9 58.1/ -
1983 -/ - -/ - -/ - -/ - -1 - -1 -
1984 -/ - -126.1 -/ - - /389 60.0/ - 95.0/17.4
1985 46.3/40.1 46.0/51.1 65.8/ - -/55.5 -f - 90.6/2.3
1986 91.3/22 97.7/ - 96.3/65.5 97.0/81.2 82.0/90.5 53.2/84.6
1987 13.8/11.0 40.0/21.7 67.1/58.1 66.8/49.4 42.3/ - 10.9/23.1
Year July August September October November December
1961 67.6f - 63.1/ - 32.0/ - 13.9/ - 9.2/ - 6.7/ -
1962 63.4/ - 64.2/ - 40.9/ - 3790/ - 357/ - 275/ -
1963 77.4/46.0 45.8/41.6 45.3/20.1 37.6/58.4 14.4/69.9 5.9/19.1
1964 41.3/579 233/11.2 0.9/12.2 2.4/21.6 8.6/77.1 17.8/71.1
1965 52.4/16.0 -f - 81.8/17.8 59.022.8 44.1/16.4 30.4/10.1
1966 -/ - - - 29.1/18.4 29.5/46.9 -/ - 18.4/60.6
1967 -/ - -f- 0.4/84.6 8.824.7 16.6/62.5 271/ -
1968 -/69.4 -/14.1 15.9/47.3 7.6/24.8 8.3/ - 6.1/5.7
1969 -1932 - - 20.1/7.1 19.7114.7 0.7/20.7 26.9/15.7
1970 -f18.5 - - 7.824.5 12.3125.1 50.2/24.9 31.8/16.5
1971 -1 - -/ - 47.0/33.6 43.7/71.1 81.4/48.5 92.8/12.6
1972 -/ - -/ - -/ - -f - -/46.8 22.9/45.1
1973 -32.0 -1 - -/ - -/ - -/28.9 -/42.3
1974 -/ - -/ - -!- 5.5/44.6 21.9/19.0 -/ -
1975 -/ - -/ - -1 - 5.4/222 -/16.6 41.2/472
1976 49.4/ - -/ - -f - 18.6/48.7 27.0/54.0 38.6/47.3
1977 -/18.7 -f24.0 -/33 -/49 -19.7 -/515
1978 63.1/9.5 -/ - 18.3/6.1 6.3/41.1 59.2830.1 85.5/10.3
1979 -319 - 1207 -/1.1 -/12.1 -16.1 -156
1980 -f- -/ - -/6.9 -/1.6 -/83 -/515
1981 -/19.2 -/34 -/45 -/154 1.9736.0 9.9/46.2
1982 60.9/15.6 -f - -/ - 1.1/12.1 -/ - -l -
1983 -f - -/ - -/ - -/ - -/ - -1 -
1984 68.2/6.7 -/ - -1 - -/3.1 -1 - - -
1985 28.6/12.7 4.4/ - 1.7/33 10.1/7.0 85.3/8.4 96.4/8.0
1986 12.8/ - -/88.8 0.3/20.8 24/93 20.0/35.2 29.5/44.9

1987 7.3/13.8 -/13.2 -23.9 11.0129.0 -28.5 0.6/ -
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Stage IV (Table 4) shows no large fluctuations in the northern/central stock, except for 1978
and 1987. The highest values are generally observed in spring and summer, and the lowest
during the autumn and early winter months. The southern stock shows greater fluctuations than
the northern/central stock, with low values during 1963-1974. From 1975 on, an increase can be
observed, and a maximum is reached in spring 1982.

In both stocks, the highest values occur in spring and the lowest in autumn-winter.

The mean values of stages V and VI (Table 5) in the northern/central stock were relatively
constant during 1961-1971, while high values occurred in 1962, 1965, 1968-1969 and 1985-
1987. The maximum values occur in the spring months and the minimum in autumn.

The southern stock does not present marked tendencies and the mean values show similar
variations through time.

The highest values tend to occur in the spring months, and the lowest in autumn and early
winter.

Annual Cycles of Maturity Stages

Fig. 4 shows the seasonal cycles of maturity stages I to VI for the 1960s and 1970s for the
northern/central stock, while Fig. 5 shows the corresponding data for the southern stock.

As might be seen, the monthly variations and the annual cycles of the different maturity
stages confirm the results obtained by other authors on maturation and spawning of the Peruvian
anchoveta (Mifiano 1958, 1968; Jorddn and Chirinos de Vildoso 1965; Einarsson et al. 1966;
Santander and Sandoval de Castillo 1969; Jord4n 1980; Santander 1981; Pefia and Carrasco,
MS).
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Table 4. Relative frequency (%) of sexual maturity stage IV of male and female anchoveta (6.25 - 19.25 cm TL) in the northem/central and
southern areas of Peru, 1961-1987.

Tabla 4. Frecuencia reilativa (%) de! estadio de madurez sexual IV pare anchoveta machos y hembras (625 - 1925 cm LT) en las dreas
nortelcentro y sur del Perd, 1961-1987.

Year January February March April May June
1961 -1 - -f - 4.0/ - 0.1/ - -/ - 0.6/ -
1962 153/ - 4.9/ - 8.1/ - 04/ - - - 0.3/ -
1963 6.8/ - 5.0/ - 1.9/11.3 0.4/0.3 0.2/ - 1.3/ -
1964 4.8/0.7 4.0/ - L6/ - 0.5/02 0.5/03 2.1/5.0
1965 09/ - 3.3/ - 03/ - -/ - 0.2/ - 2.1/ -
1966 4.7/0.8 1.4/2.7 2.1/86 0.5/6.4 03/1.4 -/ -
1967 2.2/2.9 25115 44/ - 0.8/ - 0.0/ - -/ -
1968 3.2/01 0.4/02 0.2/ - 0.1/0.1 -/ - -/ -
1969 1.0/ - -1 - -/ - 0.1/ - -1 - -/04
1970 3.1/0.2 8.4/ - 1.5/ - 1.2/ - 04/ - 15.6/22
1971 -/ - -/ - 29/ - 0.2/ - 0.0/ - -/ -
1972 -1 - -/ - 0.9/0.2 1.9/ - 5.4/ - 7.3/ -
1973 -1 - - - 20.3/0.1 25.9/0.3 -1 - -/13
1974 -/23 -/101 12.6/ 0.8 57/03 -1 - -/ -
1975 3.9/5.0 6.8/3.9 4.1/17.3 31742 2.3/9.0 -/ -
1976 3.6/08 0.1/1.0 2.0/07 0.1/09 0.3/0.3 1.8/0.4
1977 28.6/10.8 -119 -152 14.1/3.5 14.0/3.7 -/87
1978 -/56 -/84 -1~ 1.1/ - 1.2/6.1 1.2/149
1979 -/86 -10.6 8.6/7.2 3.4/37 -/14 -/8.4
1980 -1 -/6.2 -162 14.5/5.1 12.1/5.5 24.6/25
1981 -/23 -/8.4 -119 25.9/4.2 14.1/4.7 3351179
1982 -189 31.8/17 25.3/6.7 8.6/2.4 24.220.0 270/ -
1983 -/ - -/ - -/ - -1 - -1 - -l -
1984 -/ - -359 -1 - -/42.4 202 - 5.01209
1985 33.2/18.8 32.4/15.0 31.8/ - -1719 -l - 6.9/41.9
1986 3.9/18.0 1.5/ - 2.8/26 2.1/1.8 103/2.7 26.7/53
1987 5.0/3.7 9.2/18.5 8.8/6.1 7.2722.3 15.9/ - 17.7/39.3
Year July August September October November December
1961 14.7/ - 21.5/ - 41.1 - 16.4/ - 3.5/ - 42/ -
1962 6.1/ - 253/ - 34.2/ - 26.0/ - 11.5/ - 9.9/ -
1963 15217 19.5/38.4 16.7/24.3 16.9/14.3 14.4/ 4.3 7.9/1.0
1964 9.4/23.8 266/18.8 13.1/0.6 9.7/ - 2.7/ - 32/34
1965 3.5/8.9 -/ - 1.5/0.6 6.1/ - 17.1/ - 21.4/03
1966 -/ - -/ - 21.3/2.1 13.1/ - -f- 31.3/36
1967 -/ - -/ - 19.5/14.8 13.3/1.8 5.9/ - 127/ -
1968 -195 -11.0 25.2/1.6 12.9/ - 8.7 - 9.5/ -
1969 -/0.1 -/ - 28.8/30.6 23.3/8.4 45/14 6.0/0.1
1970 -/ - - - 366/5.0 25.8/0.5 17.1/4.0 1LY -
1971 -/ - -!- 24.1/ - 9.2/ - 7.0/ - 1.3/1.0
1972 -/ - -/ - -/ - -l - -14.9 9.2/1.2
1973 -147 -/ - -f- -1 - -14.7 -/33
1974 -/ - -/ - -1 - 17.0/ 1.7 11/1.6 -/ -
1975 -/ - -1 - -/~ 14.8/3.8 -/15 5.9/18.8
1976 5.8/ - -/ - -/ - 30.3/6.1 423/13.7 36.9/15.4
1977 -/19.2 -117.5 -16.2 -/11.2 -113.6 -182
1978 9.9/18.4 -/ - 62.4/21.9 84.8/3.7 19.2/6.2 10.2/9.0
1979 -1234 -115.5 -/16.6 -/N7.6 -342 -384
1980 -/ - -/ - -/9.1 -22.8 -N5.9 -/13
1681 -/19.6 -36.7 -213 -23.9 20.3/21.2 34.5/5.6
1982 24.2/45.0 -/513 -/ - 14.2136.4 18.9/ - -/ -
1983 -/ - -1 - -/ - -l - -1 - -/ -
1984 3L8R1T -f - -/ - -/363 -1 - -/ -
1985 39.4/24.0 40.2/11.0 8.9733.0 24.0/13.4 4.4/21.6 3.6/46.7
1986 27.6/ - 5.1/9.1 12.7/5.5 4.4/23 .4 37.6/10.2 9.9/14.9

1987 12.1/12.7 -f122 -/10.3 48.8/12.2 -N1.7 T1.1714.3
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Table 5. Relative frequency (%) of sexual maturity stages V and VI of male and female anchoveta (6.25 - 19.25 cm TL} in the northem/central and
southem areas of Peru, 1961-1987.

Tabla 5. Frecuencia relativa (%) del estadio de madwrez sexual V 'y VI para anchoveta machos y hembras (625 - 19.25 ¢cm LT) en las dreas
nortelcentro y sur del Peri, 1961-1987.

Year January February March April May June
1961 -/ - -/ - 315/ - 61.8/ - 57.11 - 36.1/ -
1962 66.5/ - 56.3/ - 509/ - 56.6/ - 373/ - 10.4/ -
1963 45.2/ - 58.3f - 51.9128.6 30.9/43.3 18.5/18.8 48/ -
1964 50.0/4.1 23.7/3.4 15.6/6.4 15.3/84 8.8/8.1 10.4/13.0
1965 36.5/ - 42.7/10.6 55.8/64 24.4/79 19.7/04 146/ 0.6
1966 13.2/0.9 9.7/172 12.4536.3 13.0129.8 0.4/31.8 -/ -
1967 35.5/11 7.9/0.2 11.8/ - 11.1/02 3.0/ - 4.6/0.5
1968 29/55 28.5/ - 351712 10.2/0.1 3.7/06 -1 -
1969 19.6/39.8 -33.6 6.4/7.6 7.8/ - 27 - -/ -
1970 1.5134.2 7.7120.3 9.5/15.8 43/22 1.4/ - 0.8/ -
1971 -f - -/ - 1.0/14.6 05/2.5 -21.7 1.0/ -
1972 -f- -/10.2 8.8/5.9 4.5/ - 13.2/ - 30.0/ -
1973 -f - -/ - 9.4/2.9 27.0/43 -127.5 -/51.9
1974 -/16.6 -/30.0 36.0/8.5 35.6/0.3 26.7/ - -/ -
1975 23.2/25.0 6.7/14.2 20.2/4.7 12.6/6.1 20.2/94 -f -
1976 29.6/2.9 513/09 8.1/3.9 4.1/21 5410 29/12
1977 22.523.3 -1269 -26.8 13.9/9.5 2.1/2.8 -199
1978 -/126 -/19.5 -f- 2.3/ - 3.1/2.6 5.2/15.6
1979 -/64.6 -/55.9 27/515 7.9/17.1 -/18.8 -/47.9
1980 -36.0 -/10.2 -133.1 13.8/57.8 7.4/33.6 7.9/68.9
1981 -137 -/11.4 -N3.5 24.2/41.4 33.7/15.7 40.2/50.2
1982 -125.9 59.5/9.9 48.0/18.1 26.4/33.9 19.3739.1 14.9/ -
1983 -/ - -/ - -/ - -f - -/ - -/ -
1984 -/ - -38.0 -/ - -/18.8 19.8/ - -/61.7
1985 20.5/15.6 21.6/25.2 2.4/ - -157 -/ - 1.1/55.7
1986 4.8/79.8 0.8/ - 0.9/11.9 09/1.9 7.1/6.8 20.2/10.1
1987 §1.2/85.3 50.8/59.9 22.8/35.7 26.0/28.2 41.2/ - 70.9/37.6
Year July August September October November December
1961 1.2/ - 12.1/ - 26.8/ - 62.5/ - 82.0/ - 89.1/ -
1962 2.9/ - 6.0/ - 22.9/ - 29.1/ - 48.7/ - 62.4/ -
1963 1.0/16.1 22.0/14.4 33.9/53.2 43.9125.6 62.8/7.1 51.8/79
1964 23.4/11.5 44.7/67.3 86.0/79.5 §7.9/16.9 88.2122.4 61.3/1.6
1965 17.4/5.6 -1 - 9.6/11.0 3421136 30.8/19.6 17.2/0.6
1966 -/ - -/ - 49.6/79.3 56.6/52.3 -/ - 50.3/3.8
1967 -f - -f- 80.1/0.6 7191135 77.3/31.5 59.8/ -
1968 -212 -/849 58.0/51.1 79.2115.2 83.0/ - 7327155
1969 -103 -1 - 51.1/62.3 57.0/76.6 68.3/66.8 2.6/15.6
1970 -f - -/ - 55.5/102 61.9/67.2 32.7/54.2 57.035.7
1971 -f - -/ - 28.9/66.4 47.0/28.9 11.6/40.6 5.921.3
1972 -f- -/ - -/ - -f - -135.4 53.2/45.3
1973 -/63.3 -f - -1 - -/ - -/66.4 -/543
1974 -f - -1 - -/ - 77.5/53.5 71.0/719.5 -l -
1975 -f- -/ - -/ - 75.8/74.0 -158 47.1/30.6
1976 6.4/ - -/ - - - 51.0/45.2 30.8/32.3 24.1734.4
1977 -/62.1 -/585 - /80.5 -/83.9 -/16.6 -121.9
1978 7.3/12.2 -f- 18.2/72.0 8.9/55.2 21.6/63.7 4.2/80.7
1979 -/43.7 -/63.8 -/82.3 -/10.4 -/597 -/55.9
1980 -f - -f- -840 -(15.7 -/15.8 -7
1981 -/61.1 -159.9 -/68.1 -160.7 77.8/38.4 55.7/15.3
1982 14.9/39.4 -142.7 -f - 84.7/51.5 81.1/ - -/ -
1983 -/ - -1 - -/ - -/ - - - -/ -
1984 -7 -/ - -/ - - /60.6 - - -/ -
1985 32.0/63.3 55.4/89.0 89.4/63.3 65.9/79.6 10.3/70.0 -/45.4
1986 59.6/ - 94.9/2.1 87.0/73.7 93.2/67.3 42.2/54.5 60.6/40.2

1987 80.2/73.5 -114.6 -165.8 40.1/58.9 - /599 28.3/85.7
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Consistent differences between the northern/central and the southern stock did not appear.
Maturity stage I showed its highest percentages during the 1960s, a period in which a large
quantity of juvenile fish were caught (IMARPE 1965).
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Abstract

This contribution is based on the detailed analysis (resoluticn: half-degree squares) of 90 maps of anchoveta (Engraulis ringens) egg
standing stock off Peru (4-14°S), published in 1987 by H. Santander (IMARPE, Callao, Per). It pertains to surveys conducted from 1964 10
1986. Monthly means were computed for each half-degree square using 3x3x3 running averages, i.e., involving all adjacent squares of a given
month and square, and the adjacent squares of the preceding and following months. Monthly maps of egg distribution are presented, averaged
over the periods 1964 to 1971 and 1972 to 1986, which are the phases preceding and following the 1972-1973 El Nifio and the coincident stock
collapse, respectively.

Itis shown that the center of gravity of anchoveta egg production has shifted to the south along the coast. Also, the relationship between
the two egg production seasons (August-October, January-March) has changed: egg production was much higher in spring than summer from
1964 10 1971, but was, from 1972 to 1986, slightly higher in summer. Qverall, mean daily egg production was reduced from about 3.13 x 1013 in
1964-1971 to about 2.2 x 1013 in 1972-1986.

Resumen

Esta contribucién se basa en un anilisis detallado (resclucién: cuadrado de medio grado) de 90 mapas de produccién de huevos de
anchoveta (Engraulis ringens) frente a Peni (4-14°S), publicados en 1987 por H. Santander (IMARPE, Callao, Peni). Estos se refieren a
prospecciones realizadas de 1964 a 1986. Los promedios mensuales fueron calculados para cada cuadrado de medio grado usando promedios
moviles de 3x3x3; esto es, involucrando todos los cuadrados adyacentes de un determinado cuadrado y mes, y los cuadrados adyacentes del mes
precedente ¥ siguiente. Se presentan mapas mensuales de distribuci6n de huevos, promediados para los periodos 1964 a 1971 y 1972 2 1986, que
son las fases precedente y siguiente al Nifio 1972-1973 y el coincidente colapso del stock, respectivamente.

Se muestra que el centro de gravedad de la produccién de huevos de anchoveta se ha desplazado al sur. Asimismo, la relacién entre las dos
estaciones de produccion de huevos (Agosto-Octubre, Enero-Marzo) ha cambiado: la produccién de huevos fué mucho mas alta en primavera que
en el verano de 1964 a 1971, pero fue ligeramente mas alta en el verano de 1972 a 1986. En general, el promedio diario de produccién de huevos
se redujo de alrededor de 3.13 x 1013 en 1964-1971 hasta alrededor de 2.2 x 1013 en 1972-1986.

*ICLARM Contribution No. 503.
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Introduction

The anchoveta (Engraulis ringens) once supported off Peru the largest single-species fishery
of the world (Tsukayama and Palomares 1987). The collapse of this fishery, coincident with the
1972-1973 El Nifo, has been, in earlier years, attributed to this hydrographic anomaly but the
data presently available suggest that the purse seine fishery was the main culprit {see Muck, this
vol.). The need to better manage this resource makes it particularly important to identify the key
factors which determine recruitment of anchoveta. The present study is concerned with a process
most likely to belong to these factors: the apparent rate of production of eggs by the anchoveta
stock. The word "apparent”, which will be omitted henceforth, refers to the fact that the rates of
egg production derived and presented further below do not account for egg mortality, which is
covered by Pauly and Soriano (this vol.).

Also, the geographical distribution of this egg production will be presented. However, due to
limitations of the available data, the pertinent maps will refer only to monthly ‘climatological’
averages for two periods - 1964 to 1971 and 1972 to 1986. This division of the available data
into two sets was chosen to cover two crucial phases: one of high anchoveta biomasses, lasting
from the beginning of egg survey work to the 1972-1973 El Nifio, and of generally low, but
highly variable biomasses, lasting from 1972 to 1986 (see Pauly and Palomares, this vol.).

Materials and Method

The present contribution, extracted from Senocak (1988), is based entirely on the 90 maps
of egg distribution in Santander (1987), pertaining to the area off Peru comprised between 4 and
14°S and based on surveys conducted from 1964 to 1986. Santander (1987) provides details on
these surveys. Of this information, only the map number, the year and the month are reported
here (Table 1). Sampling was performed from 50 m to the surface with a Hensen net 175 cm
long, 70 cm aperture diameter and 300 mm meshes.

Table 1, Within- and between-year availability of anchoveta egg distribution maps used for this contribution.? L
Tabla 1. Disponibilidad dentro de afos y entre afios, de mapas de distribucion de huevos de anchoveta usados en esta contribucion.

Total No.

Year Jan Feb Mar Apr May Jun Tul Aug Sep Oct Nov Dec of maps
1964 1 2 3 4 5 5
1965 6 7 8 9 4
1966 10 i 12 13 4
1967 14 15 16 3
1968 17 18 19 3
1969 i 21 pal 3
1970 23 24 25 26 4
1971 27 28 29 k]
1972 30 31132 33 3405 36 37 8
1973 38 39 40/41 42 43 44 45 8
1974 46 47 48 49 50 5
1975 51 52 33 54 4
1976 55 56 57 58 4
1977 59 60 61 62/63 64/65 7
1978 66 67 68 ] 4
1979 70 71 72 73 4
1980 74 75 2
1981 6 77 78 79 4
1982 80 81 82/83 4
1983 0
1984 84 83 2
1985 86 87 88 89 4
1986 90 !
Total Ne.

of Maps 4 9 5 5 6 3 9 9 17 6 9 ] 90

2 Numbers for different months and ycars refer to the map numbers in Santander {£987).
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The original station records were not accessible to the authors; hence, this work is based on
the maps of egg abundance assembled since 1964 by H. Santander and colleagues at IMARPE,
of which all had been redrawn at ICLARM, Manila, using a base map and standardized labeling
schemes (Table 2).

The surveys documented through Santander’s maps did not all cover the investigation area
as defined in Fig. 1. However, no large-scale interpolation or extrapolation were undertaken here
to compensate for this deficit. Rather, strict rules were applied for small-scale (within half-
degree square) interpolations (Fig. 2), i.e., larger areas not covered during a given survey were
not included in any of the analyses.

Each half-degree square included in the analysis was divided up into 100 subunits and the
egg abundance (d) estimated for each subunit, based in class means in Table 2.

Table 2. Class limits and assumed class means of anchoveta egg abundance
maps in Santander (1987), in eggs/m2.

Tabla 2. Limites de clase y clase media asumida de los mapas de densidad de
huevos de anchoveta presentados por Santander (1987), en huevosint.

First group of maps Second group of mapsa
Class intervals Means Class intervals Means
1- 100 s0
1- 500 250 101 - 500 300
501 - 1000 750 501 - 1000 750
1001 - 4000 2500 1001 - 2000 1500
>4000 50000 >2000 3000

4 Refers only to map nos. 8, 20-24, 28, 31 and 40,
b Used here instead of 5013 in Santander (1987).

Longitude (°W)
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Fig. 1. Investigation area off Peru (4-14°S) showing
towns mentioned in the ext and numbering system for
the 182 half-degree squares used to digitize information
in the 90 egg distribution maps of Santander (1987).
Area includes only half-degree squares covered during
at Jeast one egg survey from 1964 to 1986.
Fig. 1. Area de investigacién frente a Peri (4-14°5),
mostrande los lugares mencionados en el texto y el
sistema de numeracidn para los 182 cuadrados de
medio grado, usados para registrar la informacién de
; los 90 mapas de distribucion de huevos reportados por
14 Santander (1987). El area incluye sélo a los cuadrados
6 7 8 9 10 11 12 13 14 18 16 17 B8 B 20 de medio grado donde se realizé por lo menos una
prospeccidn de huevos de 1964 a 1986.

Latitude

Code of half - degree square

Code of half-degree square
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Fig. 2. Schematic representations of rules for interpretation of maps in Santander (1987). A: In cases
where half-degree squares without observation (o) were surrounded by zero observation (e), the encircled
squares were assumed 1o also contain a zero observation. B: When isolines of egg densities along the coast
were clearly delimited by zero values, seaward squares without observations were assumed to contain no
eggs. C and D: Interrupted isolines in maps, due to missing stations, were extrapolated or interpolated by
eye, following the trend of the lines within the half-degree squares.

Fig. 2. Representacién esquemdtica de reglas para Ia interpretacién de los mapas de Santander (1987).
A: En los casos donde el cuadrado de medio grado sin observacién (o) esta indicade por observacién
cero (), se asume que el cuadrado circunscrito también contiene observacién cero. B: Cuando las
isolineas de densidades de huevos a lo largo de la costa estdn claramente delimitadas por valores cero, se
ha asumido que los cuadrados hacia la costa y sin observaciones lampoco contiene huevos. C y D: Las
isolineas interrumpidas en los mapas, debido a estaciones ausentes, fueron extrapoladas o interpoladas al
ojo, siguiendo la tendencia de las lineas dentro del cuadrado de medio grado.

The mean abundance of eggs per m2 (Ej) in a given half degree during a given survey and
square (j) was then estimated from:

Ej = (Zn,d)Nj1 )

where Nj is the number of subunits in square (j), n; the number of subunits of a given egg
abundance level (see Table 2), and d; the mean number of eggs per m2 for that group of subunits.
Note that directly under the coast, squares with N < 100 were rather frequent (see Fig. 1).

The estimated development time of anchoveta eggs were taken, for the years 1964-1982
from Table 3 in Santander (1987). For the following period, which lasted to the end of 1986,
development time (D, in days) was estimated from

log oD = 6.953 - 4.09 logio (T + 26) 2)

where T is the sea surface temperature (SST, in °C), and which was derived by Pauly (1987)
from equation (5) in Pauly and Pullin (1988) and from empirical data in Santander and Sandoval
de Castillo (1973). The temperature used to represent the Peruvian coast from 4 to 14°C south
for the years 1982-1986 are means of the monthly temperatures for Talara, Paita, Chimbote and
Callao (see Table 2 and Figs. 3 and 4).



Table 3. Mean monthly sea surface temperature at Talara, Paila, Chimbote and Callao (Peru), 1984-1986, in °C.2
Tabla 3. Promedios mensuales de la temperatura superficial del mar en Talara, Paita, Chimbote y Callao (Perit), 1984-1986 (en °C).
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Talara Paita Chimbote Callao
Month 1984 1985 1986 1984 985 1986 1984 1985 1986 1984 1985 1986
Jan (19.9) (18.9) 208 199 189 215 05 19.5 200 16.0 15.0 147
Feb (23.5) (21.0) 235 3.5 210 23 20.2 18.8 212 162 15.2 170
Mar @25) @mn 196 225 27 20.7 19.7 203 200 17.0 156 159
Apr (19.8) (19.5) 18.8 19.3 19.0 1.1 19.9 18.5 19.5 180 150 154
May (18.0) 163 189 17.4 160 180 18.8 176 183 163 149 153
Tun (17.6) 18.1 179 17.0 17.% 169 11.8 176 17.8 15.6 149 15.5
Tl 7.1y 169 19.1 16.5 164 17.9 18.9 171 17.8 155 15.1 155
Ang (16.9) 16.6 18.5 163 157 17.5 18.0 17.1 187 153 14.7 16.1
Sep (7.1 16.7 112 16.5 159 160 18.0 175 186 1.7 145 157
Oct ann 169 189 16.5 161 184 188 18.2 18.0 146 14.6 15.0
Nov a7.6) 167 20.0 17.0 167 196 19.0 18 203 151 143 15.8
Des (17.6) 187 20.5 170 18.1 20.0 193 19.1 215 148 147 16.5

A Estimates in brackels derived from regrestion in Fig. 4 and from Paita values; values for 1983 were not needed, given the absence of egg maps in that year.
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Fig. 3. Mean monthly sea surface temperature at Talara and Paita, Peru, 1985 and 1986 (from IMARPE,
unpublished data).

Fig. 3. Promedios mensuales de temperatura superficial en Talara y Paita, Peri, 1985 y 1986 (de
IMARPE, datos no publicados).
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Fig. 4. Regression of sea surface temperature at Talara vs, sea surface lemperature at Paita
(May-December 1985 and May-December 1986), as used to predict missing SST values for
Talara.

Fig. 4. Regresion de la temperatura superficial del mar en Talara vs. temperatura superficial del
mar en Paita (Mayo-Diciembre 1985 y Mayo-Diciembre 1986), wiilizada para predecir los
valores ausentes de la temperaitura superficial del mar de Talara.
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Daily anchoveta egg production per m? (Pd) was then computed, for each half-degree square
(j) and each survey/month using

Pdj=Ej* D, - 3)

The resulting maps turned out to have numerous gaps and were rather difficult to interpret.
Therefore, a 3x3x3 interpolation scheme (see Fig. 5) was used to smoothen the data. This
resulted in the elimination of gaps while simultaneously leading to the emergence of
interpretable spatial patterns. Without missing values, the smoothing scheme in Fig. 5 will not
lead to biased means, but to reduced variance (Sager 1971).

After smoothing, the monthly values of Pdj were averaged for the periods 1964 to 1971 and
1972 to 1986.

Santander’s maps were Mercator projections, i.e., the east-west extent (e.g., in km) of a one-
degree "square" changes with latitude (see Table 4). These values were used to convert the
smoothed egg production estimates per m? within each half-degree square into production
estimates per total area.

Finally, the geographic center of gravity of the anchoveta egg production was computed for
each of the 12 months in the two periods by multiplying the production in each half-degree
square by the latitude and longitude of its center, then computing the (weighted) average
latitudes and longitudes by month.

Yo degree iongitude
P

Table 4. Relationship between degree of
latitude and km equivalent at 4-14°5.2

Tabla 4. Relacién entre grado de latitud y su Month {t-1)}
equivalencia en km de 4-14°S.

Latitude Km. equivalent of
o H d
(°South) one degree longitude Month (1)
X
4 112.04 | NN
5 110.89 /2 degree
6 110.70 latitude
7 110.48
8 110.23 Month(t +1)
9 109.95
10 109.63
11 109.27
12 108.89
}3 iggg; Fig. 5. Schematic representation of 3x3x3 smoothing scheme in

space and time. This scheme was also used for interpolation of

missing values, but only when observations were available for at

least 2 out of the 27 half-degree squares.

Fig. 5. Representacion esquemdtica del arreglo emparejade de
3x3x3 en el espacio y tiempo. Este esquema también fue empleado
para interpolar valores ausentes, pero sélo cuando se dispuso por lo
menos de observaciones en 2 de los 27 cuadrados de medio grado.

4 From Klein (1894).

Results and Discussion

The smoothed "climatological” maps of monthly anchoveta egg production obtained here
for the periods 1964 to 1971 and 1972 to 1986 are presented here in Figs. 6a, 6b, 6¢ and 6d. As
might be seen, maximum egg production generally occurs in a single band right along the coast,
although there are indications in certain months (e.g., February or October, first and second
period) of two distinct spawning "centra” (sensu Mathisen, this vol.), one at about 8°S, the other
at about 13°S.

The center of gravity for both series (1964 to 1986) and all months combined is 9°42°S,
which is very close to the value of 9°48°S that can be estimated from Table 2 of Santander
(1987). This implies that Santander’s large-scale extrapolation of limited surveys (and maps) to
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the whole of the northern-central coast of Peru (4-14°S) did not lead to any bias that would shift
the north-south balance.

Fig. 7 presents the center of gravity of anchoveta egg production off Peru on a monthly
basis, for each of the two periods distinguished here. As might be seen, spawning of anchoveta in
1972-1986 involved more seasonal changes than it did in 1964-1971.

Also, a shift southward along the coast appears to have occurred. This may be in line with
the "southernization" hypothesis of Palomares et al. (1987), which states that Engraulis ringens
off northern/central Peru have become, over the last decades, more similar to their southern
counterparts - in terms of various aspects of their biology - than they were earlier.

Fig. 8 presents, finally, monthly averaged estimates of total anchoveta egg production off
Peru (4-140°S) for the two periods considered here. The similarity between the two curves
involves:

i) evidence of two peaks per year, one lasting from January to March ("summer"),

the other from August to October ("spring™) and

8
1964 - 1971 1972-1986
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Fig. 7. Location changes of center of gravity of anchoveta egg production along the Peruvian coast, 4-14°S (1-12=

January-December). Left: monthly changes from 1964 o 1971. Right: monthly changes from 1972 to 1986. (Note
wider range and southeastem shift in later period.}
Fig. 7. Cambios en la ubicacién de los centros de gravedad de produccién de huevos de anchoveta a lo largo de la

costa peruana, 4-14°§ (1-12 = Enero-Diciembre). Izquierda: Cambios mensuales de 1964 a 1971. Derecha: Cambios
mensuales de 1972 a 1986. (Nétese para los dltimos afios una mayor ampiitud y wn cambio hacia el sur).
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i1) a production minimum in May-June ("fall").

However, it is the difference between these two curves which strikes us most. In the first
period (1964-1971), the spring peak was much larger than the summer peak, while both peaks
are more or less equal in the second period (1972-1986).

A number of hypotheses could be presented to explain this large difference (Senocak 1988).
However, as pointed out in the Introduction, the egg production rates estimated here are
apparent rates, i.e., they do not account for egg mortality. We shall, therefore, abstain from
suggesting here a cause for the change reflected in Fig. 8. The reader is invited, however, to
consult Pauly and Soriano (this vol.) for a follow-up on anchoveta egg production and mortality.
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Abstract

The egg production of anchovela was estimaied by month from 1953 to 1985 based on estimates of mature female biomass batch fecundity
and related factors for the period 1953-1985 off Peru (4-14°S). These theoretical estimates of production were related to empirical estimates
derived from egg surveys conducted from 1964 to 1985. This yielded estimates of egg mortality; a multiple regression model including parent
stock size, sardine biomass, SST and SST anomaly explained a large fraction of the variance of these egg mortality estimates, However, how
results suggest parent concentration (rather than parent stock size) to be the key parameter affecting anchoveta egg mortality, a hypotheses which
will have to be tested in a future contribution.

Resumen

Se estimd la produccion de huevos mensual de 12 anchoveta peruana (4-14°S) de 1953 a 1985 basado en estimaciones de la fecundidad
biomasa de hembras maduras y factores relacionados para el periodo 1953-1985 frente a Peni (4-14°S). Estas estimaciones de produccién teéricas
fueron relacionadas con estimaciones empiricas obtenidas de cruceros de evaluacién de huevos realizados de 1964 a 1985, Esto proporciond
estimaciones de moralidad de huevos; un modelo de regresién miltiple que incluye el tamatio del stock de padres, biomasa de sardina, TSM y
anomalias de TSM, explicé una gran parte de la varianza de estos estimados de mortalidad de huevos. Sin embargo, como los resultados lo
sugieren, la concentracién de padres (mis que el tamafio del stock de padres) es el pardmetro clave que afecta la mortalidad de huevos, una
hipétesis que deberd ser probada en una contribucién futura,

Introduction

Recruitment to a stock depends on (i) the size of the spawning stock and (ii) the survival of
the eggs and larvae. Within fishery biology, an immense literature exists on how to forecast the
recruitment of fish stock given a knowledge of spawning stock size, i.e., from the "top-down"
(reviews in Ricker 1954; Cushing 1988). There have also been numerous attempts to approach
the recruitment problem from the "bottom-up", i.e., through detailed analyses of the factors
controlling the survival of eggs and larvae (see, e.g., papers in Sharp 1980 and Rothschild 1986).

While generally, "bottom-up” approaches have been more costly, more data intensive, yet
less successful than "top-down" approaches in providing management advice, it is nevertheless
clear that management of important fish resource species should be based on an understanding of
all aspects of their life history, including the early stages.

In the case of the Peruvian anchoveta, sufficient data are available on the dynamics of the
parent stock, and on the distribution and density of the eggs to justify an attempt to identify the
major causes of anchoveta egg mortality.

S
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Materials and Methods

Two sources of data were tapped for this contribution:

i) length-structured biomass estimates obtained by VPA (Pauly and Palomares, this vol.)
and which were used to estimate parent biomass, mature female biomass and egg
production, by month, for the period January 1953 to July 1985, using a model to be
briefly described further below; and

ii) Ninety maps of anchoveta egg distribution based on egg surveys conducted from 1964 to
19835, and which were published and subjected to preliminary analyses by Santander
(1987) and Senocak et al. (this vol.).
The model used here to estimate the monthly reproductive output (RO), i.e., egg production,
of anchoveta has the form:

n
RO = X Bij' ij'Aj'Sk'PFj-RF .1
=1

where j is the number of length classes for which, in a given month i, anchoveta biomass
estimates are available (see Table 1 for the definition of the other terms).

Fig. 1 gives an example of the type of maps published by Santander (1987) and the first five
columns of Table 2 summarize the key information pertaining to or extracted from these maps.
Most important here is the fifth column, i.e., the estimates of egg standing stock, derived by
planimetry (Santander 1987). [Some of these maps represented surveys which had covered less
than the 4-1408S stretch of the Peruvian coast used here as reference. The estimated egg standing
stocks for these maps have been, in these cases, extrapolated to the whole reference area using a
procedure documented in Santander (1987). The detailed planimetry of Senocak et al. (this vol.),
which did not involve any large-scale extrapolation, shows that no detectable bias was
introduced by Santander’s extrapolation procedure.]

Table 1. Specifications of the multiplicative model used by Pauly and Soriano (1987) to estimate the egg production of Peruvian anchoveta (equation 1), by
manth (i), based on biomass data by length class (j)a.

Yabla 1. Especificaciones del modelo multiplicativo usado por Pauly y Soriano (1987) para estimar ia produccion de huevos de anchoveta
{ecuacidn 1) por meses (i) basado en datos de biomasa por clase de longitud (j).4

Variable Remarks and/or
or constant Definition (units) source of estimate
Bjj Biomass of male and (tonnes) From VPA III output of Pauly and
female anchovela Palomares (this vol.)
Pjj Fraction of mature fish (dirmensionless) Derived from logistic curve with shape and
position varying with SST (see Pauly and
Soriano 1987)
Aj Size-specific factor relating (dimensionless) See Tables 2 and 3 in Pauly and
anchoveta fecundity per unit Soriano (1987)
weight to length
Sk No. of spawnings per month, (1) From Table 3 in Pauly and Soriano (1987),
k=1 (January); k=12 based on Jordan (1980)
(December)
PF;j Fraction of females (dimensionless) From Fig. 4 and Table 3 in Pauly and
in parent stock Soriano (1987), based on Clark (1954),
Mifano (1958) and Jordan (1959)
RF Relative batch fecundity (eggs/e) Value of 596/g female 1aken from
Santander et al. (1984)
109 Factor for adjusting (dimensionless) Used, but not given in Equation (1)
gram 1o tonne
n Number of length classes (dimensionless) Variable between months
used in month (i)

8 See Pauly and Soriano (1987) for further details on model derivation and specification and on data sources.
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Fig. 1. Anchoveta egg distribution off Peru (4-14°S),

in early October 1981. Details on this map (No. 79 in

Santander 1987), given here as an example, are

provided in Table 2.

e 4 Fig. 1. Distribucidn de huevos de anchoveta frente al
p P rucusona Perii (4-14°S) a comienzos de Octubre 1981, Detalles

Map no. 79 I - l? e de e’f‘te mapa (Nlo. 79 en Santander 1987), presentado

: M e g ore aquf como un ejemplo, se dan en la Tabla 2.

Pauly (1987) had attempted to estimate anchoveta egg mortality by relating theoretical egg
production (as estimated via equation 1), to the egg standing stock in Santander’s maps.
However, the model he used to calculate egg mortality (his equation 4) produced biased
estimates when egg mortality was low (J.A. Gulland, pers. comm. to D. Pauly, December 1987),
and his whole section on "the cannibalization of anchoveta eggs" (inclusive of his Table 2 and
Fig. 4) is thus erroneous.

We used instead an approach suggested by J.A. Gulland (pers. comm.). Defining N{ as the
egg standing stock at the end of period D, and R as the initial size of a "cohort" of anchoveta
eggs, it follows for that cohort, that:

Nd = Re-ZD e 2)

where Z is the egg mortality from spawning/fertilization to hatching and D (days) is the egg
development time. The parameter D can be estimated from:

log,,D = 6.953 - 4.091og;o(T+26) )

where T is the sea surface temperature (SST, in °C) and which was derived by Pauly (1987)
based on data in Santander and Sandoval de Castillo (1973) and equation (5) in Pauly and Pullin
(1988).

Under steady-state condition (assumed here to prevail shortly before, during and after a
given egg survey was conducted and/or during a period of one month), equation (2) implies a
mean standing stock (N) whose value can be estimated from:

1 D
N = — f ReZD )
D %
or
N=22 (1.em) .5

ZD
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Table 2. Summary of data on anchoveta egg surveys cenducied from 1964 to 1985 off Peru (4-14°S)3, with added ancillary information and some

derived statistics.
Tabia 2. Resumen de los datos de los cruceros de evaluacién de huevos de anchoveta llevados a cabo de 1964 a 1985 frente al Peri (4-14°S) con

alguna informacidn adicional y estad(isticas derivadas.

Map Daily Anchoveta Sardine Egg Estimated
Running Map standing stock reproductive output parent biomassc development VA Z
no. ne. Year Month (egg x 10120 (ege x 1012)b stock (1 x 106)b (1x 106) time (day)d (day-1)e {day- 1
1 1 1964 Mar 74 163 5.0 032 1.53 - 0.238
2 2 Apr 17.0 335 3.19 031 194 - 0.251
3 3 Jun 129 471 1.04 030 202 - 0076
4 4 Sep 137.0 68.8 1.54 031 2.10 0,049 0.555
5 H Dec 603 (189) (0.532) 034 202 - 0.138
6 6 1965 Mar 514 35.8 136 0.36 137 - 0.248
7 7 Apr 8.03 7.20 8.26 037 1.27 0.206 0373
8 8 Tl 513 207 330 038 1.55 - 3457
9 9 Nov 4.0 603 3.07 035 1.72 1.212 3396
10 10 1966 Feb 162 197 6.55 033 137 0.822 0.249
n 1 May 494 119 3.10 031 178 - 0528
12 12 Sep 4180 74.4 1.44 030 2.14 - 0.407
13 13 Nov 97.4 1230 2.50 030 1.96 1139 1.001
14 14 1967 May 636 0.704 133 0.30 1.89 . 0.162
15 15 Sep 292.0 49.1 0598 030 2.19 - 0.250
16 16 Nov 116.0 524 1.09 030 225 0.018 0.108
17 17 1968 Feb 50.2 320 270 030 177 0.134 0.100
18 18 Sep 169.0 185.0 21 030 1.98 0921 1.524
19 19 Dec 155 127.0 2.16 031 1.85 1722 0723
0 20 1965 Jan 220 165 235 031 160 0.225 0.462
21 21 Tub 9.42 19.5 172 032 1.80 2. 1155
2 2 Sep §2.3 69.4 .77 032 1,84 0.527 2422
23 23 1970 May 221 538 14.10 030 1.61 2130 1741
pZ} 24 Scp 820 (2590 ) (3.60) 0.30 1.89 1104 2.866
25 25 Oct 26 (2530 ) (3.60) 030 1.82 10.989 3.581
% 26 Nov 9.05 (1350 ) (3.60) 0.30 1.87 13.369 1.956
27 27 1971 May 1070 1.24 3.02 @30 1.60 - 0.697
28 28 Aug 127 954 3.83 0.47 170 7.353 5.493
29 29 Nov 293 178.0 k% r) 0.98 1.85 6006 1385
308 30 1972 Feb 2.08 ¢ 443) (2.59) 1.50 1.21 20,6618 0.233
31 3132 Jul 132 (331) (177) 2.18 1.29 2.385 2755
32 13 Aug 238 (798 ) (1.38) 218 142 3,324 6717
13 34735 Sep 719 {1200 ) (1.12) 2.18 1.57 15924 8.129
34 36 Get 547 (106.0 ) (0.946) 2.18 1.55 2£.505 6.810
35 37 Dec 623 9.70 234 218 1.26 - 0347
36 38 19713 JTan 352 ( 5.06) (3.05) 2.18 1.08 - 0.094
37 39 Mar 413 (107 ) (3.07) 218 1.27 . 6.181
38 40/41 Jun 198 ( 275) (471 2.18 194 - 1.244
39 42 Jul 189 (204 ) (9.53) 218 206 0915 1.880
40 43 Aug 109.0 (235) (444) 2.18 2.16 - 1139
41 4 Sep 60.9 (524) (6.70) 217 212 0634 0.616
42 45 Nov 0.7 (170.0 ) (228) 2.17 1.85 2.43 3395
43 a6 1974 Feb 86.4 (69.5 ) @27) 215 1.67 0.381 0.257
LY 47 May 344 (279) (1.55) 213 1.61 034 0954
45 48 Aug 85.2 (173.0 ) (1.58) 214 191 1.967 2.540
46 49 Sep 64.7 (116.0 ) 0.364) 215 2.04 1.766 1.155
a7 50 Nov 296 (937 ) 0941 217 1.85 3.183 1.169
a8 51 1975 Feb 40.7 (293 ) 1.73) 220 1.69 0.243 0.210
49 52 Aug 56.0 (1050 ) (137) 220 204 1.841 1.167
50 53 Sep 556 (196.0 ) (178) 218 2.06 3,465 1610
5 54 Dec 67.4 40.5 178 212 1.98 0.1%2 0.694
52 55 1978 Jan 17.0 (50.8 ) 222) 2,10 1.84 3.007 0.447
53 56 Jul 53.8 28 193 1.98 1.50 - 4.768
54 57 Aug 536 573 206 2,03 1.54 0.705 8.885
55 58 Nov 19.2 81.2 216 218 1.64 4352 6.748
56 59 1977 Mar 459 ( 9.30) (168} 2.37 1.35 - 0.191
57 &0 Apt 313 ( 270) (1.53) 2.42 135 - 0.402
58 61 Jul 28.0 (238) (0.821) 252 177 0.507 1.832
59 62163 Aug 25.4 (49.0) 0.632) 2.48 187 1.85 1.823
&0 64165 1977 Oct 17.1 25 3.13 2.39 1.94 2433 0.997
61 66 1978 Apr 2.67 ( 0.501) (1.19) 2.42 1.54 . 0.448
62 67 Tut 64.7 (483) (0394 252 1.94 - 0.538
63 68 Oct 6.44 (222) 031 239 1.94 3432 L116
64 69 Dec 25.5 (554) 0621y 2.24 1.82 - 0.833
65 70 1979 Feb 216 135 114 232 163 0.025 0,193
6 7 Tut 30.1 102 0492 2.49 1.80 - 1175
67 7 Sep 66.2 26.7 0.385 2.50 187 - 1.786
68 73 Nov 69.8 15.8 0283 252 1.66 . 1.256
69 74 1980 Tan 218 372 0461 253 1.58 - 0372
170 75 Sep 68.2 289 0360 257 194 . 1219
n 76 1981 Feb 213 212 1.63 2.57 1.58 0217 0.268
72 ” Apr 103 439 189 2.57 1.66 - 0.454
73 78 Sep 18.1 111.0 1.16 257 232 6.188 1.651
74 79 Oct 74.5 158.0 1.59 257 1.87 2097 3915
75 80 1982 Febr 86.4 6.7 236 257 1.58 0329 0.336
76 81 Sep 6 127.0 0.782 298 1.78 4.01 4.220
kil 82/83 Dec 9.79 9.96 0412 3.60 1.03 0.10 0.060
78 84 1984 Sep 49.6 27 08394 376 208 - 0.174
79 85 Dec 856 1.06 0.114 321 1.96 - 0.173
80 86 1985 Feb 962 3.66 0269 2.84 1.93 - 0.029
8l 87 Mar 1.76 433 0603 265 178 - 0.076
82 88 Aug 47.4 0.1 0.602 212 2.10 0.289 0.491
83 2 Sep 8.0 (129 ) (0.187) 215 208 - 0.361

84 90 1986 May 108 ( 0.163) (0.327) 234 191 - 0.174

& Adapred from Santander (1987, Table 3).

b From (pan of) equation (1) and biomasses estimated by Pauly and Palomares (this vol. 1.

€ From Table 1 in Muck (this voi.), with monthly values interpolated between annual means (used from Junc/July}; these estimates are very crade and need refinement, based on futute VPA estimates of sardine biomasscs.
d Fram equation (3) and SST in Pauly and Tsukuyama (1987) for 1953 1o 1982, and from Senocak et al. (this vol.) from 1983 to 1985.

€ From equation (6).

{ From equation (3).

& Guther, net used for esti of of i (&) and (9.
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Both N and R can be turned into egg production rates through division by D, i.e.,

N/D 1-e¢-2D
= .. 0)
R/D ZD

N/D then corresponds to the above-mentioned map standing stock estimates divided by egg
development time (see also Senocak, this vol.), while R/D corresponds to the output of equation
(1), reexpressed on a daily basis.

Various plausible multiple regression models were then applied to the data of Table 2, our
aim being to identify biologically acceptable factors explaining the observed variability in egg
survival. The Rojas/Alamo database on anchoveta food and feeding habits (see Rojas de
Mendiola, this vol.; Alamo, this vol.; and Pauly et al., this vol.) was also tapped for data on
anchoveta egg cannibalism and the results were used to help interpret the output of our egg
mortality models.

Results and Discussion

Parental Biomass and Egg Production, 1953 to 1985

Fig. 2 and Tables 3, 4 and 5 present the results obtained by applying equation (1) to the
biomass data generated by Pauly and Palomares (this vol.). The estimates of parental biomass in
Fig. 2 resemble those published earlier by Pauly and Soriano (1987). As was the case earlier, the
lone independent estimate of parental biomass obtained for August/September 1981 using the

egg production method (Santander et al. 1984) is very close to our estimates of parental biomass
for that period (see also Table 3, footnote).

24 -
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(oo +dd)
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. |4 —
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Fig. 2. Total biomass, parent {=mature) stock and biomass of mature female anchoveta off Peru (4-14°S), January 1953 to July 1985. Note
strong, regular seasonal oscillations and very good match with independent spawning stock estimate in August/ September 1981 by Santander et
al. (1984).

Fig. 2. Biomasa total, stock de padres (=maduros) y biomasa de anchovelas hembras marluras frente al Perd (4-14°5), Enero 1953 a Julio 1985.

Notar la fuerte y regular oscilacion estacional y una muy buena concordancia con la estimacién independiente del stock desovante en
Agostol Septiembre 1981 de Santander et al. (1984;.
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Table 3. Estimated biomass of mature female and male anchoveta (Engraulis ringens) off Peru (4-14°S), January 1953 to July 1985 (in tonnes). Note that
estimates for the early/mid-1970s tend to be biased upward (see text).

Tabla 3. Biomasa estimada de anchovetas maduras (Engraulis ringens) hembras y machos frente al Peri (4-14°S), Enero 1953 a Julio 1985 (en
toneladas). Notar que los valores para comienzos y mediados de 1970 tienden a estar sobreestimados (ver lexto).

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

1953 2,324,629 3,687,629 4,255910 3,354,697 1,780,670 759,621 675923 444 180 322,403 192,221 236,800 325,083
1954 778,346 1,190,877 958377 470370 306,811 214,251 343,315 130,482 150,946 163,288 306,942 1,397,974
1955 4,628,339 3,299,281 1,448,142 2,109,215 862,341 784,263 705,329 466236 584,753 421,088 670,558 1,086,364
1956 2,511,945 4,049,643 4,450,385 2,986,737 2,341,447 1,952,697 1,820,396 1,424 517 973275 780,623 884357 73,870
1957 1,407,115 7,022,473 6,651,020 6,078,912 5,823,122 4335316 2,842,668 1,079,831 547,811 707,394 752,574 3,120,840
1958 3,280,197 3,526,073 3371224 1,882,582 1,072,449 699,824 624 921 195,383 227,089 286,092 432,654 276,945
1959 606,482 2,214,714 1,807,238 1,372,257 869,253 640,095 422,105 383,747 334,340 376378 519,242 1,166,015
1960 608,823 1,402,145 1,602,622 1,021,144 699,377 840,562 702,382 869 485 838,234 802,908 811,071 1,797,878
1961 4,050,912 6233816 4,684,939 4,031,832 3,236,062 1977297 1,307,135 1,285,905 1,260,206 1,342,832 1348,396 1,685,565
1962 4,776,121 4,918,827 3,830377 2,923,596 3214,620 2,279411 1,895,947 1,781,146 2,094,791 1,494,146 1,863,795 1,777,456
1963 2,136,645 3,503,178 4,254,088 2,913,276 4,657,700 1,355,650 1,478,852 1,184,660 1,131,397 1,059,453 1,182,109 1,909,215
1964 3,845,888 4974556 5,426,498 3,193,788 1384392 1,041,111 971,146 1,462,987 1,542,929 1,852 280 525536 703,178
1965 4,154,754 6,281,776 7,360,888 8,261,310 6,437,582 4,036,225 3,297,160 2,580,483 1,687,431 2,063,787 3,068,186 4,878,389
1966 4,440,739 6,549,658 4,728 831 3,409,429 3,102,499 2,081,105 1,899,162 1,929,042 1,435945 2,241,601 2,504,874 2,933,097
1967 4,057,425 4,122205 4,176,276 2,099,257 1334,167 1,031,783 1,123,584 836,175 97957 961,965 1,089,122 2,658,287
1968 3,197,645 2,702,713 4,174,045 2,097,710 1,860,501 1,145 809 1,632,899 2,107,437 2,744,281 2,007 21% 2,155,906 1,964,527
1969 2,345,165 2,763,932 6,324,308 6,935,128 7,895,689 4,133,864 1,715978 1,760,900 1,771,295 1,660,915 1582342 2,133.276
1970 6,310,363 10,787,530 14,137 810 11,135920 9,698 282 7130761 4,779,425 4,848,070 4773541 4,473 689 3,000,746 2543317
1971 1,895,066 3,194,843 5,098,249 4,817,334 3,015,614 2,350,503 3,121,872 3,827,084 3466583 3.018,70t 3,724,288 3,800,192
1972 5,886,226 6,889,323 7,445,824 4,767,073 3,136,134 2,713,880 2,138,707 1.690,730 1,348 869 1,227,993 1,140,384 2,337,956
1973 3,768,454 3.882,752 3,840,114 1,524,991 815,748 582377 1,175,937 541,483 816,565 1,341,442 2,163,379 1,972,436
1974 2,597,888 3,543,061 4,410,033 4,155,136 3,360,099 3,040,496 2,408,332 1,971,782 1,441,163 1,611,421 1,676,850 1,126,649
1975 1,010,533 2,187,394 5,053,889 4,045,153 2,830,089 1,514,035 1,496,137 1,264,570 1,304,127 1,410,340 1279203 1,710,247
1976 2,127,963 4,190,732 5,050,645 2,679,496 2,930,559 2,578,082 1,934,089 2,059,849 1,234,449 1,582,157 2,160,741 3,214,625
1977 1,913,159 2,460,301 2,663,668 2,557,887 1,853,953 1,374 297 1,053,084 752210 506,851 313,111 128,175 195377
1978 245908 806,537 1,063,143 833.0T1 425,599 207,846 273,494 247411 332,788 505281 734,338 869,859
1979 1,002,829 1,138,779 1,388,163 1,118,577 618,940 463,546 491,525 480,336 384,936 330,773 283,047 363351
1980 461,452 523,174 705,087 545,491 635,123 518,55 528,168 419273 360,454 356,880 382,628 480,753
1981 929,657 1,630,146 1,708,486 1,804,618 2,128,345 1,604,501 1,382,503 1,434,416 1,160,744 1,590,016 1,568,468 1,849,099
1982 2,031,170 2,363,049 2,525,817 2,195,488 2,184,578 1,476,403 1,481,406 838,298 781,703 790,185 670,058 412,029
1983 120318 23,904 5454 7,087 17,376 21,052 8,318 3,638 3271 4,106 5,000 6,446
1984 9,966 14,545 29,025 42,545 62,900 35,087 41,590 42,797 39,407 65,037 96,077 113,573
1985 197 855 268,764 603,246 406,172 445338 498,387 391,979 - - . - -

aThe mean of the values for August and Seplember is (1434416 + 1160744)/2 = 1.297580, or 1.3 106 tonnes, very close to the independent estimate of 1.2 x 100 tonnes of Santander et al. (1984).

Table 4. Estimated biomass of mature female anchoveta (Eagraulis ringens) off Peru (4-14°S), January 1953 to July 1985 (in tonnes). Note that estimates
for the early/mid-1570s tend to be biased upwand (see Table 3 and text).

Tabia 4. Biomasa estimada de anchovetas (Engraulis ringens) hembras maduras frente al Perii (4-14°S), Enero 1953 a Julio 1985 (en toneladas). Notar
que los valores para comienzos y mediados de 1970 tienden a estar sobreestimados (ver Tabla 3 y texto).

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

1953 1,321,212 2014939 2275717 1,801,389 965,765 426,267 389,939 265,458 185,938 110,709 139,214 184,368
1954 429,495 650,656 536,331 276,803 189,279 139,294 219.618 85,966 94,424 101,666 189,623 828,052
1955 2,522,634 1,819,346 829,857 1,193,904 503,620 464,845 426,699 289324 365,414 272,767 443,084 707374
1956 1,526,926 2,352,075 2,572,280 1,817,512 1,450,474 1,251,817 1,203,284 986,455 662,526 550,157 623,856 559,713
1957 818,338 3,698,823 3,510,480 3,232,838 3,049771 2,288,889 1,502,866 585,645 299,382 389275 414,063 1,630,828
1958 1,896,764 1,502,070 1,817,655 984,118 592,998 391 414 355,133 118,092 138,124 174,493 262,950 161,936
1959 333,331 1,156,546 959,563 753,630 484,261 370,056 253,137 234677 193,313 217,767 300,051 651279
1960 365,556 736,150 861,472 580,851 419,607 515,849 450,584 564,575 552,077 531,202 526,173 1,115,724
1961 2,373,017 3,538,035 2,700,905 2,368,130 1,928,769 1,224 675 828,860 823,744 815,505 872,37 869,044 1,064,992
1962 2,832,774 2,896,403 2,348,297 1,840,781 2,015,436 1,469,378 1,252,760 1,198,712 1,411,393 1034031 1,268,713 1,204,870
1963 1,375,350 2,123,551 2,511,024 1,795,522 2,939,777 841,235 913,842 735298 696,602 652,689 744 581 1,158,849
1964 2,146,985 2,715,533 2,997,359 1,850,239 848,986 659,378 630,918 960,219 1,015,379 1,227 516 294,556 403,778
1965 2,676,725 3,818,796 4,353,884 4,648 581 3,580,680 2,269,759 1,850,283 1,469 941 977,384 1207475 1,776,023 2,762,433
1966 2,406,010 3,478,431 2,574,854 1,930,134 1,836,428 1,290,514 1,215,856 1,268,462 977,172 1,536,607 1,754,989 2,092,552
1967 2,759,539 2,538,842 2,559,680 1,327.411 822,522 643,145 710,856 545855 661,927 656376 752256 1,813,840
1968 2,090,197 1,756,402 2,580,961 1,419,964 1,257,604 801,035 1,147,133 1,406,569 1,959,417 1,456,828 1.570,893 1,404,380
1969 1,516,585 1,627.485 3,472,801 3,835,018 4,309,745 2,339,228 1,054,600 1,097,834 1,122,922 1,057,294 1,0i2,820 1,299,171
1970 3,555,944 6,043,169 8,022,568 6,647,045 6,075,676 4,744 813 3,377,803 3,478,003 3,479,941 3,216,208 2,171,110 1,795.029
1971 1,265,653 1,964,446 2971928 2,685,583 1,758,190 1,401,111 1,872242 2334,0713 2,227,656 2,056,919 2555923 2,618,777
1972 4,050,227 4,809,750 5271819 3,316,578 1,981,685 1,692,488 1,387,116 1,174,567 1,027.277 924213 787335 1,341,532
1973 1,990,209 2,110,506 2,155432 923,170 514,383 386,946 851,625 391,547 605,030 1,018,524 1,650,892 1,583,212
1974 2,099,287 2,792,510 3,459,558 3,257,313 2,653,672 2,363,980 1,955,769 1,632,632 1,186,710 1,354,742 1,342,611 877,815
1975 775,308 1,464,269 3,113,251 2,593,830 1,923,235 1,118 888 1,129,588 989,220 1,039,252 1,148,818 1077513 1,451,570
1976 1,811,819 2,795,350 2,998,613 1,700,991 1,801,625 1,530,117 1,145,651 1,234,141 792,898 1,012,637 1,390,817 1,920,117
1977 1,110,230 1,402,801 1,574,778 1,605,820 1,253,189 1,002,394 806,196 600,132 416,590 260225 95,584 124,228
1978 146,899 431,767 569,676 458,174 250,568 121,332 171,093 62,729 222,000 341,871 499,929 589,969
1979 637,459 731,523 895,537 731,496 406,464 321,374 341,140 335,095 215,129 236,665 201,065 241,088
1980 308,531 343,108 446,921 347,099 411,600 344,778 364,262 303,403 266,986 268,496 288,103 355,013
1981 652,317 1,051,476 1,112,970 £,196,661 1,420,186 1,124,657 1,015,496 1,068,897 896,331 1210,731 1,217 515 1,457,802
1982 1,606,276 1,851,687 2,006,827 1,771,793 1,762,474 1,206,989 1,215,206 713321 676,012 672,629 565089 339,891
1983 88,086 17,161 2987 3,630 9,161 11,052 4,735 2,420 2304 2,804 3,370 4,260
1984 6246 9,086 18,053 25,778 41,675 24,282 28,511 30,013 27,958 45221 64,723 75,672

1985 128,788 175,265 376325 265,785 301,652 342,614 273,543 - - - - -
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Table 5. Estimated monthly reproductive output by the anchoveta stock off Pera (4-14°S), January 1953 to July 1985, in billion eggs (i.e., x 10%). The
values for the early/mid-1970s are overestimates (see Tables 3, 4 and text).

Tabla 5. Estimacion mensual de la produccion de huevos del stock de anchoveta frenfe al Peri (4-14°S), Enero 1953 a Julio 1985, en billones de huevos
{es decir x 109). Los valores para comienzos y mediados de 1970 estdn sobreestimados {ver Tablas 3,4 y texto).

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

1953 223,001 417,595 277,665 56,483 1127 50,263 151,742 279,131 217,516 149,058 156,856 34,823
1954 60,900 137,709 102,567 17,793 5,183 37,383 140,422 148,742 163,292 194,956 259,385 191,144
1955 315,471 403,509 174,539 56,349 9335 73,434 208,382 361,279 618,567 603,340 792,571 250,866
1956 374,074 758,040 607,044 135692 3709 296,72 904,731 1,981,312 1,561,567 1,632,756 1,381,554 280,881
1957 155591 517,390 381,124 94,086 23,095 156,332 300,852 357,408 244,835 380,447 299,984 141,887
1958 518,700 445,033 339,109 23393 8,296 49,545 142,436 163 321 253,806 361,256 384,722 34,239
1959 44,404 146,000 114313 30,434 6993 54,097 128 467 294,425 226,150 295,232 305,874 110,823
1960 29,557 101,636 115,909 29071 9226 101,566 301,887 910,650 1,241,628 1,422,102 1,076,289 388,551
1961 528,572 1,079,356 597202 139,173 40,253 239,320 502,711 1,185258 1,589,138 1,954,018 1,402278 324,524
1962 608,424 969,642 693,496 145,039 52,135 336,026 882,237 2,065,840 3,172,399 2,892,567 2,501,054 480,932
1963 420,475 835,661 634,301 131410 77,138 168,788 506,827 952,468 1,125 873 1,206,342 1,110,459 305,934
1964 323,521 561,300 501,471 100,526 20,036 141,186 418,582 1,499,760 2,063,507 2,895,659 242,803 77,668
1965 794,962 1,487,000 1,110,642 216,088 51,141 281229 640,907 1,279,788 1,186,701 1,750,467 1,810299 505,548
1966 288,570 551,604 385,616 91,841 16,815 252,329 756,715 1,982,197 2232726 4,068,163 3,710,504 953,446
1967 1,016,306 1,120,565 832,521 118,315 21812 138,367 452,102 897,621 1,471914 1814239 1,571,817 731,381
1968 662 502 894,911 834,520 154,923 45590 258,786 1,050,496 3,229,639 5549850 5,038,703 3,950,467 665,776
1969 510,700 606,165 616,716 174,754 56,303 312,715 603,249 1,494,839 2,081,500 2217373 1,627,657 357,585
1970 594,626 1,577,838 1,666,492 436,584 163,688 1,269,115 3,088,409 7,588246 10352370 10,445,460 5413273 875,599
1971 481,033 961,559 855,984 134,621 38304 259,789 982,472 2,958,945 4,479,487 5,702,904 5347169 1,133,995
1972 1,602,956 3,296,360 2,867,123 428,504 64,60 443,638 1,236,406 3,015,993 4,355,195 4,285,281 1,942,809 300,584
1973 193,709 420,375 416,083 63,714 13875 101,969 779,360 886,931 1915416 3,897,503 4,827,496 1,115,445
1974 1,412,494 3,040,711 2,869,610 679,645 188,187 1,325,242 3,395,300 6,711,189 5,785,994 7,996,841 5,022,691 631,701
1975 499,349 1,039,876 1,202,590 273,601 79,166 461, 409 1373,710 3,009,560 4,306,292 5,679,465 4,381,157 1,254,503
1976 1,506,248 2362314 1,217,878 219,638 64,788 354,618 706,656 1,7759%7 1,755,170 2,376,781 2,434723 512,852
1977 230978 422,197 424,021 134,950 45,766 368202 952,937 1,808,994 1,765,965 1316274 296,443 49,160
1978 40,253 82,948 78,159 18,911 5278 25,020 104,061 275,860 508,464 923,167 1,030,519 245475
1979 193,182 376,880 351,158 74,649 14,198 106,376 317,198 709,652 801,274 767,934 473,503 93,963
1980 115,443 196,023 168,802 32,054 13,022 94,896 319,551 706,241 867 625 1,040,662 841,643 203,865
1981 295,708 594,822 478,298 131,578 52,624 381,288 1,106,638 2,774,401 3,323,482 4,888,765 3874244 997,701
1982 1,030,399 1,951,983 1,644,554 366,554 120,343 679,860 1,926 211 2943836 3,818,172 4,287,944 2,659,675 308,748
1983 46,929 14,002 527 3 s 708 2,161 4972 7,098 9,153 8319 2,066
1984 2,177 4,870 6,674 1,986 1427 1,769 25,091 65,242 81,401 143,562 141249 32,941
1985 46,425 102 543 134229 29575 11,480 108,643 255221 - - - - -

However, the parental biomass estimates, and hence, the estimates of reproductive output
for some months (especially during the early 1970s), are different from the values than would
have been estimated based on available independent estimates of biomass (Pauly and Palomares,
this vol.). Thus, in order for our estimates of egg mortality to be as accurate as possible, we have
replaced, in Table 6, the VPA-based estimates of parental biomass (and reproductive output) by
proportionally adjusted independent biomass estimates (and by the corresponding estimate of the
reproductive output, respectively) in all cases when two biomass estimates for the same month
differed by more than 5%. The adjusted estimates are given in brackets in Table 2.

The Evidence for Egg Cannibalism in Anchoveta

Fig. 3A presents a plot of In(N/(D-P)) vs. parental stock size (P) for the period 1964 to 1985.
As might be seen, there is a strong negative correlation between the egg survival index
(In(N/(D-P))) and parent stock, suggesting a strong impact of parental stock on egg mortality
rate. This confirms an earlier plot of Santander (1987) based on maps covering the period 1964
to 1982 and on the parental biomass estimates of Pauly and Soriano (1987).

However, parental biomass is not the only factor affecting anchoveta egg survival, and we
have derived, to illustrate this, the model:

In(N/(D-P)) = 33.23-2.15log, ,P-2.50T+0.063T2 )

where T is the SST in °C and where R? = 0.594 (see also Fig 3B and Table 6). Fig. 4 shows that
the residuals of this model lack structure, as required for multiple linear regression. Equation
(7), it must be realized, is only one of the many possible models, and should not be taken as
representing final identification of factors affecting anchoveta egg survival.

Interesting here is Fig. 5 which shows the dependent variable of equation (7) as a function of
temperature. As might be seen, some curvature is apparent, as implied by the significant squared
term in equation (7).
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Fig. 3. Evidence of density-dependence in anchoveta egg survival.

A. Bivariate plot, as used to derive Ricker-type stock-recruitment relationships.

B. Plot of the residuals of equation (7) vs. the line linking the index of egg survival (Y -axis) and parental stock. Note markedly improved fit
over Plot A, resulting from the inclusion of SST and SST2 as variables (see text).

Fig. 3. Evidencia de la densodependencia en la sobrevivencia de huevos de anchovetg.

A.  Ploteo bivariado, tal como es usade para derivar la relacién stock-reclutamiento de Ricker.

B.  Ploteo de residuales de la ecuacién (7) vs la linea que relaciona el indice de sobreyivencia de huevos (eje Y) y el stock de padres. Notar el
mejor ajuste en relacidn al ploteo A, a consecuencia de la inclusién de TSM y TSM*“ como variables (ver texto).

Table 6. Statistics of multiple regression linking anchoveta egg survival index and its predictor
variables (equation 7; degrees of freedom = 80, R = 0.771).

Tabla 6. Datos estadisticos de la regresién milltiple que relaciona el indice de sobrevivencia de
huevos de anchoveta y sus variables predictoras (ecuacién 7, grados de libertad = 80; R = 0.771).

Standard

Varisbles {Units) Estimates errors®

In N/(D-P)) (eggs 109/ (independent 0.952
days - tonnes) variable)

log;g parent stock (tonnes) 2147 0.257
Sea surface Q) 0.250 0.942
temp (SST)
(SSTR °Cy2 0.0627 0.0245

a Standard error of Y-estimate

Taking the partial derivative of equation (7) with respect to temperature:

3ln (N/(D-P))
= 2 (0.0663)T - 2.50 .. 8)

OT

and setting it equal to zero allows estimation of the temperature (T, ) at which In (N/(D-P)) is.
minimum, i.e., Tpyin = 19.8°C.

Thus, our analysis of Santander’s maps provides evidence for:

i) parental cannibalism on anchoveta eggs; and

ii) a parabolic relationship between egg mortality and SST, with maximum close to the

upper limit of the optimal temperature range of anchoveta (about 15-20°C).

One multiple regression model we derived, using the data in Table 2, to explain variability

of our estimates of egg mortality, is:

logioZegg = -23.7 + 0.608logoP + 0.37910g)0S
+ 0.505AT +2.4T - 0.0751T2 )]
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Fig. 4. Selected features of model represented by equation (7). A-C: residuals of equation (7) linking egg survival index and its predictor
variables. Note absence of structure. D: plot of observed vs predicted values of the egg survival index.

Fig. 4. Caracteristicas seleccionadas del modelo representado por la ecuacién (7). A-C: residuales de ecuacion (7) relacionando el indice de
sobrevivencia de huevos y sus varigbles predictoras. Notar la ausencia de estructura. D: ploteo de valores observados vs valores predictivos del
indice de sobrevivencia de larvas.

Egg survival index

SST (°C)

Fig. 5. Relationship of egg survival index and SST; note curvature, suggesting a minimum at 19.8°C.
Fig.5.Relacidn entre el indice de sobrevivencia de huevos y TSM; notar curvatura, sugiriendo un minimo a 19.8°C.
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which has an R2 = 0.562 and whose statistics are given in Table 7. Fig. 6 shows that this model
gives a particularly good fit to SST and SST anomaly, and a lesser fit to the biological variables
(parent stock and sardine stock). Again, SST has a parabolic relationship with egg mortality.
Taking the partial derivative of equation (9) with respect to T gives:
5108, Zegs
—_ = 24-2000751)T .. 10)
ST

which set equal to zero and solved for T gives T, = 16.0°C.
Thus, we find again that anchoveta egg mortanfity has a peak within the range of temperature
that is optimal for anchoveta.
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Fig. 6. Relationship between anchoveta egg monality and its predictor variables. The solid lines of Plots A-D represent the axes of equation (9),
with intercepts set at the mean of all other variables; the dots represent the residuals, plotted from the solid lines. Plot E shows the predicted vs.
the observed mortalities. Note overall good fit of equation (9) to the data, the absence of structure in the residuals, and the strong relationship
between monrtality, SST and SST anomaly.

Fig. 6. Relacidn entre la mortalidad de huevos de anchoveta y sus variables predictoras. Las lineas sslidas de los ploteos A-D representan el eje
de la ecuacion (9), con interceptos fijados al promedio de todas las otras variables; los puntos representan los residuos, ploteados de las lineas
sdiidas. El Ploteo E muestra la mortalidad estimada vs la observada. Notar el buen ajuste general de la ecuacion (9) a los datos, la ausencia de
estructura en los residuos y la fuerte relacién entre mortalidad, TSM y la anomalia de TSM.
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Table 7. Statistics of equation (9), relating anchoveta egg montality and its predictor variables
(degrees of freedom = 43; R = 0.751).

Tabla 7. Datos estadisticos de la ecuacién (9), que relaciona la mortalidad de huevos de anchoveta
y sus variables predicloras (grados de libertad = 43; R = 0.751).

Standard

Variables (Units) Estimates errors®
log 1 egg montality (day-1) (indep. variable) 0.4937
log 1 parent stock (tonnes) 0.6078 0.2851
log g sardine stock (tonnes) 0.3788 0.2160
SST anomaly (AT) o) 0.5049 0.0758
Sea surface temp. (SST) °C) 2.4007 0.6881
(SST)2 {°C)2 -0.0751 0.0185

4 Standard error of Y-estimate.

Fig. 6D, which shows the positive partial correlation between anchoveta egg mortality and
SST anomaly, suggests, however, that the observed parabolic relationship between SST and egg
mortality do not reflect a causal linkage. Rather, SST, which fluctuates seasonally, is lowest in
September-October (see Fig. 8 and Bakun 1987), during a period when anchoveta concentrate
under the coast for spawning (Jordan 1971; FAO 1981; Csirke, this vol.).

Anchoveta feed during the spawning season and hence, the peak consumption of anchoveta
eggs by adult anchoveta occurs in September-October (Fig. 7; Table 8). This could explain the
apparent relationships between SST and egg mortality. As for SST anomaly, we assume that it is
linked with anchoveta egg mortality via two mechanisms: (1) increased predation on anchoveta
eggs by zooplankton and other predators not included in our models, and whose metabolic rate
and hence, food consumption, can be expected to increase when the SST anomaly increases and
(2) increased concentration of anchoveta within the small inshore patches of low SST waters that
remain during high SST anomalies (Muck et al., this vol.).
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Fig. 7. Mean number of anchoveta eggs in the stomach of anchoveta sampled from 1953 to 1982 by Rojas de Mendiola (this vol.) and Alamo (this
vel.), as extracted from their database (see Table 8 for details). Note strong seasonality, with a major peak during the major spawning season
(September/ October) and a minor peak during the minor spawning season (February/March). The scale on the right side provides an approximate
conversion 1o egg consumption rate (see Table 8).

Fig. 7. Nimero promedio de huevos de anchoveta en el estdmago de anchoveta muestreada de 1953 a 1982 por Rojas de Mendiola (este vol.) y
Alamo (este vol.), extraido de su base de datos (ver tabia 8 para detalles). Notar la fuerte estacionalidad, con un pico mayor durante la estacién
de desove principal (Septiembre/Octubre) y un pico menor durante Ia estacién de menor desove (FebreroiMarzo). La escala del lado derecho
proporciona una conversidn aproximada de la tasa de consumo de huevos (ver Tabla 8).
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Equation (9) predicts, for anchoveta eggs in August/September 1987, a value of Z =2.13
day-1; this is much higher than the value of 0.91 day-1 presented by Santander et al. (1984).

Data are available which might allow resolving this discrepancy, and testing of the
hypotheses presented above. Notably, a detailed analysis of the Rojas/Alamo database on
anchoveta stomach contents emphasizing seasonal and interyear variations of egg cannibalism
(i.e., going beyond the mean seasonal cycle in Fig. 8), and combined with corresponding
estimates of anchoveta concentration, could contribute toward elucidating the role of egg
cannibalism in anchoveta population dynamics.

Table 8. Data for quantification of egg canmibalism in anchoveta, as extracted from the Rojas/Alamo database (see Rojas
de Mendiola, this vol.; Alamo, this vol.; Pauly et al., this vol.).

Tabia 8. Datos para la cuantificacidn del canibalismo de huevos de anchoveta, extraidos de la base de datos de
Rojas/Alamo (ver Rojas de Mendiola, este vol.; Alamo, este vol.,; Pauly et al., este vol.).

No. of anchoveta No. of Mean

with sampling anchoveta with Total no. eggs per Daily

Month month and record eggs in the of eggs anchoveta Anchoveta
for eggs stomach in stomach stomach egg consumption®

January 616 38 126 0.205 0.051
February 769 7 1000 1.300 0.325
March 852 22 379 0.445 0.111
April 633 17 60 0.095 0.024
May 409 7 17 0.042 0.010
June 266 6 34 0.128 0.032
July 589 23 401 0.681 1.170
August 996 204 1632 1.639 0410
September 1698 520 10935 6.440 1.610
October 869 99 1664 1.915 0.479
November 1057 112 1469 1.390 0.348
December 971 53 188 0.194 0.048

a Approximate daily anchoveta egg consumption per g body weight of anchoveta (see also Fig. 7), as computed from
the daily ration of 0.448 g estimated by Pauly et al. (this vol.) for anchoveta of about 20 g live weight, and a mean stomach
content of 0.122 g. The quotient of mean stormach content over ration is = 3.7, but this estimate of tunover rate was
increased to 5 to account for the facts that (1) most stomachs with eggs were sampled early momings, when stomach
contents are less than average and (2) that eggs are more rapidly digested than other food items.
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Fig. 8. Solid line: annual cycle of mean monthly anchoveta egg mortality, 1964 10 1985, based on map-specific Z values in Table 2, or or
estimates from equation (9) when these could not be computed via equation (6); monthly means were smoothed over 3 months. Note strong
summer peak, coincident with peak occurrence of eggs in anchoveta stomachs (see Fig. 7). Dotted line: mean seasonal cycle of sea surface
temperature, as derived using only SST values for the months represented in Table 2, and smoothing over 3 months.

Fig. 8. Linea sdlida: ciclo anual del promedio mensual de la mortalidad de huevos de anchoveta, 1964 a 1985, basado en valores de Z obtenidos
de mapas especificos de la Tabla 2, o en estimaciones de la ecuacidn (9) cuando éstos no pudieron ser computados por la ecuacién (6); los
promedios mensuales fueron suavizados mediante promedio corrido de 3 meses. Notar el fuerte pico de verano, coincidente con la ocurrencia del
picode huevos en los estdmagos de anchoveta (ver Fig. 7). Linea interrumpida: ciclo estacional promedio de la temperatura superficial derivado
usando solo valores de TSM para los meses presentados en la Tabla 2, y suavizados con promedios corridos de 3 meses.
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Abstract

Time series of sea surface temperature (SST) of nine shore stations along the entire Peruvian coast (4-17°S), available on a monthly basis
for the period 1950-1988, were analyzed with reference to the spatial and temporal variability of SST and related standard deviation, and dis-
cussed with regard to the spawning strategies of the Peruvian anchoveta (Engraulis ringens).

Resumen

Se presenta un anilisis de las series de tiempo de la temperatura superficial del mar (TSM) para nueve estaciones costeras del Peri (4-
17°S) para el periodo 1950-1988. Los resultados son analizados con respecto a la variabilidad temporal y local de 1a TSM y su respectiva
desviacién estandar, y es discutido con respecto a las estrategias de desove de 1a anchoveta (Engrawlis ringens).

Introduction

Time series of spatial means of sea surface temperature (SST) for the area 4-14°S have been
reported in Pauly and Tsukayama (1987) and Bakun (1987), and have become important infor-
mation for modelling purposes (e.g., Muck and Pauly 1987; Muck and Fuentes 1987; Muck and
Sanchez 1987; Muck a, b, this vol.; Muck et al., this vol.; Mendo et al., this vol.; Pauly and
Soriano, this vol.)

Priority is given in these studies to the analyses of temporal changes in SST (seasonality, El
Nifio events) expressed as mean values for the whole area (4-14°S). However, little has been
reported on the spatial (e.g., north-south) distribution of SST and the temporal and spatial vari-
ability of that distribution.

SST provides information on physical conditions of the ecosystem (temperature, upwelling,
turbulence,primary production, see e.g., Medina (1979); Enfield (1981); Muck et al. (1987);
Mendo et al. (this vol.)). On the other hand, the SST-standard deviation (SST-SD) of a number
of simultaneous (monthly) measurements of SST values taken along the coast refers to its
stochastic nature.

It might be the latter one which determines the degree of distinctness in evolutionary adapta-
tions of life cycle strategies.
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Data Acquisition

The monthly SST time series analyzed here, pertaining to nine shore stations, cover a period
of 38 years (1950-1988) and are documented in Muck et al. (1989).

The nine shore stations are: Talara (04°34’S); Paita (05°05°S); Puerto Chicama (07°43’S);
Chimbote (09°05’S); Don Martin (11°02°S); Callao (12°04°S); Pisco (13°40’S); San Juan
(15°21°S); and Ilo (17°38’S).

The missing values in the original data set (= 24%. referring almost exclusively to the first
decade (1950-1960)) were linearly interpolated by Muck et al. (1989) in all cases where only one
or two months were missing, or estimated by linear regression between the time series of
neighboring stations when the missing sequence was of three months or more (Muck et al. 1989).
The SST-SD values used throughout this contribution express the standard deviation of the nine
measurements available for each month from 1950 to 1988.

Diskette 1 (see Appendix I) provides the uncorrected SST time series for the nine shore
stattons.

Results and Discussion
The SST-anomalies derived from the data presented above show the typical oscillation
between abnormally warm periods (El Nifio events) and abnormally cold periods. Between 1950
and 1987, there were five periods with positive anomalies >1°C, eight periods with positive
anomalies >0.5°C, five periods with negative anomalies <-0.5°C and one period with a negative
anomaly <-1°C (Fig. 1).
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Fig. 1. Time series of mean annual sea surface temperature anomaly off Peru, 1950-1987.
Fig. 1. Serie de tiempo de los promedios anuales de anomalias de la temperatura superficial del mar frente a Peri,
1950-1987.

The curve of the annual anomaly of the SST-SD-values (Fig. 2) shows a pattern similar to
that of Fig. 1: years with SST-anomalies were also years with SST-SD-anomalies. In other
words, the differences of SST between the nine shore stations along the Peruvian coast are
hi%(liwr during years with El Nifio events than during normal ones, and conversely lower during
cold years.
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Fig. 2. Time series of anomalies of mean annual standard deviation of sea surface temperature from nine coastal stations off
Peru (4-17°S).

Fig. 2. Serie de tiempo de anomalias de los promedios anuales de las desviacidnes estandar de la temperatura superficial
del mar, en nueve estaciones costeras frente a Perii (4-17°S).

Comparing the curves of Fig. 1 and Fig. 2, it is notable that during the 1972 and 1976 El
Nifio events, the positive SST-SD-anomalies occur well before the SST-anomalies.

Indeed, a detailed analysis of the spatial and temporal pattern of SST-anomalies during the
very strong El Nifio in 1982-1983 shows a clear north-south propagation of SST-anomalies and
also shows that the maximum SST-anomaly occurs in the south of Peru (near San Juan-Ilo) about
three months later than in the north (near Talara-Paita).

Plotting the mean monthly SST-SD-values from 4-17°S, we obtain Fig. 3, which shows
clearly two periods with different regimes: a period of very high SST-SD-values between April
and July (autumn, early winter) and a longer period of low SST-SD between August and March
(mid-winter, spring, summer).

Low values of monthly SST-SD means that during the 38 years covered here, the tempera-
ture variations within a given month were low (=high stability). Thus, the spatial mean of all
monthly SST-SD-values in Fig. 3 can be interpreted as an index of the spatial homogeneity of
SST. In other words, the high values of the mean monthly SST-SD occurring in May and June
indicate low spatial homogeneity of SST, while the very low SST-SD-values during August-
October suggest that during this period, the whole area covered here (4-17°S) has very similar
characteristics (i.e.; is very homogeneous).

Thermal variability can be assumed to reflect the dynamics of other physical properties of
the pelagic ecosystem such as upwelling, turbulence, primary production, and depth of the mixed
layer. Thus, generalizing my interpretation of the dynamics of SST-SD, I suggest that the curve
given in Fig. 3 expresses changes from periods of environmental stability to periods of environ-
mental perturbations, or with reference to the communities within the ecosystem, from periods of
low to periods of high environmental uncertainty.

When comparing Fig. 3 with Fig. 7 in Pauly (1987) on the seasonal cycle of anchoveta
spawning behavior, I found a surprising coincidence: maximum spawning activity (October)
generally falls in the month with the lowest environmental perturbations and almost no spawning
occurs during May-June, when the SST-SD-values are highest. The same match is found when
one compares the second smaller spawning peak of February-March with the corresponding
SST-SD-values.
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Fig. 3. Mean standard deviation of SST between nine coastal stations off Peru (4-17°8), monthly averages based on data for the years 1950 o
1987. High values suggest lack of homogeneity along the coast and hence low predictability of reproductive success. Note low values during
August-November, i.e., the major spawning season of anchoveta.

Fig. 3. Promedios de desviaciones estandar de la TSM en nueve estaciones costeras frente a Peri (4-17°5}, promedios mensuales basados en
datos de los arios 1950 a 1987. Los altos valores sugieren falia de homogeneidad a lo large de la costa y por la tanto bajo poder de prediccion del
éxito reproductivo. Nétese los bajos valores durante Agosto-Noviembre, es decir, durante la estacién principal de desove de anchovela.

Plotting monthly data of the fraction of mature females from Callao and Chimbote samples
(Jordan 1980, in Pauly and Soriano 1987) vs. the SST-SD for these areas (Table 1) led to Fig. 4.
This indicates a strong negative correlation between the percentage of mature females in catch
samples and the values of SST-SD for the corresponding months.

I interpret these findings as an expression of a long-term evolutionary adaptation of ancho-
veta spawning to seasons with different environmental uncertainty: the main spawning event
occurs during periods when there is a high probability that environmental conditions will be "as
always" (i.e., differing little from the long-term mean values).

While seasonal spawning peaks occur, it must also be noted that some anchoveta spawn
throughout the year. Paulik (1981) wrote on this:

"The anchoveta, with 2- or 3-year classes in its population, cannot afford the luxury of

gambling on the weather. Lack of spawning success in a single year could be disastrous. So

anchoveta hedges its bet by spawning over the entire year and increasing its chances of
encountering favorable conditions during some part of the extended spawning season”.

Thus, the question arises: Are there two different spawning strategies of two genetically
different anchoveta (sub)populations, one spawning mainly from September to November, the
other throughout the year?

Fig. 5 shows the trend of October values of SST-SD (i.e., during the main spawning season)
from 1950 to 1987. In this graph, low SST-SD-values imply that spawning in October was the
"right" thing to do, while high values of SST-SD indicate that spawning over the whole year was
the better strategy. As might be seen, this graph suggests that from the mid-1960s to the mid-
1980s, spawning over the whole year was the better strategy. This should have led to a reduced
fitness of the fish adapted to spawning mainly from September to November, and hence to a
reduction of their proportion in the overall population, relative to anchoveta with a tendency to
spawn year-round. The findings of Senocak et al. (this vol.) support this hypothesis.
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Table 1. Monthly mean SST (°C) and SST-standard deviation of nine shore stations along the Peruvian coast for the period 1950-1987.*
Tabla 1. Promedios mensuales de la TSM (°C) y de la desviacién estandar de la TSM de nueve estaciones costeras a lo largo de la costa peruana
para el periodo 1950-1987.

Talara Paila Chicama Chimbote D. Martin Callac Pisco S. Juan Do
04°M'S 05°05°S 07°43'S 09°05°S 11°02'S 12°04'S 13°40's 15°21'S 17°38'S
SST sd SST d SST u SST u SST d SST d SST " SST 1% SST d
Jan 204 1.6 20.1 1.3 176 19 208 17 179 18 169 19 29 13 15.7 1.6 16.8 14
Feb 217 21 217 18 188 19 217 1.6 188 16 17.7 1.8 23 1.0 163 17 171 14
Mar 215 20 21.6 19 18.7 17 21.7 17 189 1.7 18.3 17 24 12 161 1.5 168 14
Apr 20.1 23 197 23 179 21 21.0 1.7 180 1.7 178 1.8 220 13 15.6 1.1 16.5 12
May 18.7 38 18.2 33 174 22 19.5 37 169 13 173 1.7 214 1.2 14.8 26 137 28
Jun 185 a7 178 EE) 17.1 2.0 185 36 163 13 163 32 202 1.2 14.4 26 153 27
Jul 183 1.9 173 2.0 167 1.3 18.6 16 164 1.5 163 13 19.8 13 14.5 13.0 153 1.0
Aug 17.7 09 16.7 13 162 09 183 13 160 14 159 12 19.6 1.1 14.2 1.1 14.9 1.0
Sep 1.7 0.9 17.0 1.5 15.9 07 18.0 11 155 10 15.5 1.0 197 [i%) 13.7 08 147 0s
Oa 179 1.0 17.0 1.4 158 08 185 11 158 1.0 15.5 11 200 07 139 08 15.0 0%
Nov 18.2 14 17.5 15 160 12 19.1 12 163 12 158 13 204 08 143 0.9 155 1.0
Dec 18.6 18 183 1.7 16.6 1.7 198 15 17.0 1.5 16.4 1.6 2.2 10 14.9 13 163 14
Annual
meam 191 20 18.6 21 171 1.5 19.6 18 170 17 166 16 209 11 149 1.4 158 14

“Baged on the SST-time series given in Muck et al. (1989).
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Fig. 5. Trend of October SST-SD anomaly; values > 0 imply that October conditions along the coast of Peru are highly variable (unpredictable)
and that hence, the optimum spawning strategy would be to spawn year-round.

Fig. 5. Tendencia de la anomalia de la desviacién estandar de TSM de Octubre, los valores > 0 implican que las condiciones a lo largo de la
costa peruana son altamente variables (no predecibles) y que por lo tanto, la 6ptima estrategia para el desove seria desovar dwrante todo el afo.
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Abstract

Marking experiments were conducted with fingerlings of anchoveta (Engraulis ringens), sardine (Sardinops sagax), silversides (Odonthes-
tes regia) and Atlantic menhaden (Brevoortia tyrannus) using tetracycline baths or injections, or through feeding the experimental fish with
Artemia salina previously held in tetracycline. The resulting marks on otoliths, scales and vertebrae are clearly visible in ultraviolet light, stable
under long-term storage conditions, and hence can serve for validation of age and growth studies or for aging of tropical fishes. Data to estimate
the relationships between mark visibility, fish mortality and dosage are given for three of the investigated fish species.

Resumen

Se han realizado experimentes de marcacién de juveniles de anchoveta (Engraulis ringens), sardina (Sardinops sagax), pejerrey
(Gdonthestes regia } y Atlantic menhaden (Brevoortia tyranaus) usando baiios o inyecciones de tetraciclina o a través de experimentos de
alimentacién con Artemia saling, previamente marcada con tetraciclina. Las marcas resullantes en otolitos, vertebras y escamas son claramente
visibles en luz ultravicleta, estables y con capacidad de almacenamiento de larga duraciém, y por lo tanto sirven para validar estudios de edad y
crecimiento o para estimar la edad de peces tropicales. Datos para la estimacién de 1a relacién entre visibilidad de marcas, mortalidad de peces y
dosis son dados para tres de las especies de peces investigados.

Introduction

The antibiotic known as tetracycline can be used to mark vertebrate bones. Marked bone
tissues fluoresce in golden yellow, whereas unmarked bones show only a weak, pale blue
fluorescence (Harris 1960). Thus, tetracycline can be used to resolve problems associated with
age validation of temperate/cold water fishes (Beamish and McFarlane 1983) or with aging of
tropical species.

Example of studies based on these techniques are those of Weber and Ridgway (1962) on
sockeye salmon (Oncorhynchus nerka), king salmon (Oncorhynchus tshawytscha) and rainbow
trout (Salmo gairdneri), Kobayashi et al. (1964) on Carassius auratus, Jones and Bedford (1968)
on Gadus morhua, Holden and Vince (1973) on Raja clavata, Casselman (1974) on Esox lucius,
Nagiec et al. (1983) on Coregonus lavaretus, Smith (1984) on Triakis semifasciata, and Dekker
(1986) on Anguilla anguilla. Unpublished experiments were also conducted in 1970 on
anchoveta (Engraulis ringens) by A. Malaga of IMARPE, Perii and K.M. Wilbur of Duke
University, USA. Table 1 summarizes data from some of these studies. As might be noted, they
usually do not indicate the optimal dose for marking the species studied.
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Table 1. Tetracycline doses used in varieus fish marking studies.
Tabla 1. Dosis de tetraciclina usada en varios estudios de marcacion de peces.

Doses

Type of (mg/g
Species Source tetracycline fish) Medium
Engraulis Mélaga and Wilbur Acromicyn 0.8 Seawater
ringens (unpublished)
Gadus Jones and Bedford Acromicyn 0.025 Saline solution
morhua (1968) 0.05 Saline solution
0.1 Saline solution
Esox lucius Casselman (1974) Tetracycline -
hydrochloride
Raja clavara Holden and Vince Tetracylcine 0.05 Isotonic solution
(1973) hydrochloride 0.1 Isotonic solution
Carassius Kobayashi et al. Acromicyn 0.05 Isotonic solution
auratus (1964) 0.1 Isotonic solution

A strong dose of tetracycline usually results in mortality and in a wide and diffuse band,
whose central area, corresponding to the exact time of marking, is difficult to locate. Small
doses, on the other hand, result in marks (rings) that are difficult to detect; these doses, however,
protect the fish against infections associated with the insertion of, e.g., individual tags. In this
study, therefore, a wide range of doses were administered to enable identification of the optimum
dosage.

Materials and Methods

The marking experiments reported upon here were conducted on 240 juvenile individuals of
four species and three families of pelagic fishes: anchoveta (Engraulis ringens, Fam. Engrauli-
dae), sardine (Sardinops sagax, Fam. Clupeidae), Atlantic menhaden (Brevoortia tyrannus, Fam.
Clupeidae) and silverside (Odonthestes regia, Fam. Aetherinidae).

These experiments were conducted in Peru in January 1975 and May 1977 with the three
Peruvian species, and at the Marine Laboratory of the US National Marine Fisheries Service
(NMES) in Beaufort, North Carolina in May 1976. Some reading and photographing of labelled
material were done at the MAFF in Aberdeen, Scotland, in October 1976-April 1977.

The fish used for the experiments were either scooped from commercial purse seines
(anchoveta and sardine) or caught with gill nets (silverside and menhaden).

Only fish not affected by netting (i.e., which had survived for 35 days) and which had been
feeding actively for at least 20 days were used for the tetracycline marking experiment (Fig. 1).
They were kept either in oxygenated 4,000-1 tanks, or in floating live boxes anchored off San
Lorenzo Island, near Callao, at water temperature of about 15°C. In the latter case, which applied
to some anchoveta and silverside, the fish consumed food naturally produced in the boxes. The
anchoveta, sardine and silverside in the tanks were fed minced fish flesh supplemented with a
commercial fishmeal-based poultry feed, or in some special cases, tetracycline-labelled Artemia
salina. The menhaden were fed commercial pellets such as generally used at the Beaufort
Laboratory of NMFS.

Prior to administration of tetracycline, the individual fish were:

1. exposed, until the respiratory movements slowed down, to a solution of the anesthetic MS
222 (at a concentration of about 1:10,000 in seawater) or of Quinaldine (about one drop per
liter of water);

2. measured to the nearest 0.5 cm;
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Fig. 1. Schematic representation of the experimental design used for 1etracycline marking of anchoveta and other small pelagic fishes. Group A Q
marking) = 25 fish; Group B (2 markings) = 25 fish; Group C (control, no marking) = 10 fish.

Fig. 1. Representacidn esquemdtica del disefio experimental usado para la marcacion con tetracicling de la anchoveta y otros peces peldgicos.
Grupo A (1 marcacion) = 25 peces; Grupo B {2 marcaciones) = 25 peces; Grupo C (conirol, sin marcacidn) = 10 peces.

3. weighted to the nearest 0.5 g (the weights were used to compute the required dose of
tetracycline);

4. tagged with an individually coded spaghetti tag, inserted into the dorsal muscle just anterior
to the first dorsal fin. Internal (magnetic) tags were also inserted into the ventral cavity of
anchoveta and sardine.

5. returned to seawater (fish which lost the spaghetti tags administered in (4) were not further
considered).

The tetracycline used for the experiments was either chlortetracycline, oxytetracycline or
pure tetracycline. No attempts were made to distingnish between possibly different effects of
these compounds.

Administration of tetracycline was performed as follows:

i. through intraperitoneal injection of tetracycline-laced hot gelatin into a spot anterior to
the pelvic fin, such as to leave the intestine and liver unharmed by the needle (performed
between steps (4) and (5) above in the form of a unique dose (0.005, 0.05 and 0.1
mg/g/fish); ‘

ii. through a bath in water with 20 mg of tetracycline per liter for periods lasting from 1 to
10 days (as in Hettler 1984);

iii. force-feeding of pill boxes containing a dose of tetracycline; cumulative doses (0.025-
1.000) mg/g fish;

iv. feeding from 1 to 10 days with adult Artemia saling that had been kept for 6 days in
tetracycline solution (50 mg/1) after a starvation period of 2 days or with larval Arzemia
that had been hatched in 500 mg/1 tetracycline solution.

Marked scales, otoliths and vertebrae were kept for occasional reexamination, to assess the

stability of the markings under storage conditions.

Results and Discussion

As illustrated in Fig. 2A with regard to anchoveta, tetracycline-induced mortality depends
on dose; a 50% mortality within two weeks after marking is induced by a cumulative dose of
0.63 mg/g, administered over a period of 3-5 days. Visibility of tetracycline markings is also
strongly dependent on dosage (see Fig. 2B).

The results for the three other species of fishes investigated here were similar, and are
summarized in Table 2. Anchoveta and sardine kept in 50 mg/l tetracycline solution bath as well
as those fed with Arternia previously immersed in tetracycline solution were the ones with the
highest percentage of visible markings. In the case of small menhaden (L. =3.5cm, W =6 g), 2
tetracycline bath produced very visible marks while feeding of Artemia larvae hatched in
tetracycline solution produced only a weak fluorescence.



100

0} - ————

Mortality (%)

Fluorescence
(°/o of sample)

C 0l 02 030405 06 07 08 09 10

Tetracycline dose

(mg/g fish)

177

Fig. 2. Response of anchovewa (Engrawlis ringens) to cumulative
tetracycline exposure of 3-5 days (see Table 2 for larger exposures).
A. Mortality as a function of dose; 50% montality occurs at about
0.63 mg/g fish. B. Visibility of marks as a function of dose; 50% of
marked samples will have strong marks at a dose of 0.25 mg/g fish.

Fig. 2. Reaccién de la anchoveta (Engraulis ringens) a la exposicion
acumulada con tetraciclina por 3-5 dias (ver tabla 2 para
exposiciones mas largas). A. Mortalidad como una funcién de ia
dosis;, 50% de mortalidad ocurre acerca de 0.63 mgl/g pez. B.
Visibilidad de las marcas como funcibn de la dosis; 50% de las
muestras marcadas tendréin marcas fuertes a la dosis de 025

mgig pez.

Table 2. Relationship between cumulative dose of tetracycline, duration of exposure, montality and visibility of marks in (A)
anchoveta (T= 11.2 om; w = 13.0 g), (B) sardine (I = 14.5 cm; w = 16.8 g), and (C) Atlantic menhaden {I = 18.0 am, w = 20.0 g).

Tabia 2. Relacidn enire la dosis acwmilada de tetraciclina, duracion de la exposicion, mortalidad y visibilidad de las marcas en (A)
anchoveta (I = 11.2 cm; w=13.0 2),(B) sardina (= 14.5 cm: w = 16.8 £) ¥ (C) Atlantic menhaden (T: 180 cm, w=200 g).

Fluorescence

Cumulative Duration of Fish (% of sample)
dose exposiure mortality (%) None Weak Strong
(mg/g fish) (days) A/B/C A/B/C A/B/C A/BIC
0.025 10 37212 §5/80/90 1520/10 0/0/0
0.050 5 5/4/1 90/50/83 10/40/17 0/10/0
0.050 10 4/3/1 71/40/80 30/47120 0/13/0
0.100 5 4/5/1 20/25/45 66/35/35 14/4020
0.150 10 5/412 10721128 70/49/40 20/30/32
0.200 5 5/512 6/5/10 62/50/50 32/35/40
0.250 10 5/512 5K/5 45/40/45 50/60/50
0.300 5 5/1012 10/5 39/30/30 60770/65
0.400 3 15/23/4 102 31730738 68/70/60
0.500 3 35/40/5 0/0/3 22/22/47 ’ 78/78/50
0.600 3 40/55120 0nn 7714122 93/85/75
0.700 4 69/59/40 1272 9/8/23 900775
0.800 5 87/0/65 02/0 21/10120 79/88/80
1.000 5 100/100/80 1100 20/5/0 79/95/100

Introperitoneous injection of two different doses of tetracycline (0.05 and 0.1 mg/g) led to
small differences in the width of the markings, but the smaller dose is better, because the

mortality induced is smaller.

The Artemia larvae fed to the experimental fish were all strongly fluorescent. All fish fed for
six days with these larvae got fluorescent marking of their hard structures.
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Overall, fluorescence occurred in all hard structures (scales, otoliths, vertebrae) of all fish,
after 24 hours when they had been injected a dose of 0.5 mg/g or after 48 hours when they had
been injected a dose of 0.05 mg/g.

Tetracycline marks on material kept in storage tend to fade, but the process is slow, and
marks can be observed on scale, otoliths or vertebrae two years after marking. When vertebrae or
otoliths are embedded in plastic, the fluorescent mark keeps at least eight months, although the
vertebrae (but not the otoliths) may require some polishing for the marks to regain their former
intensity.

These results suggest, overall, that tetracycline marking can be used to test various
hypotheses concerning growth of fragile, smal! pelagic fishes such as investigated there, and to
validate age readings based on counts of annual or daily (Pannella 1971) otolith rings, or the
analysis of length-frequency data.
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Abstract

The growth of anchoveta (Engraulis ringens) off Ilo, Pera, was determined using otolith interpretation and length-frequency analysis. The
suitability of otclith interpretation for anchoveta growth determination is demonstrated. The use of length-frequency methods, jointly with age
data, and the correction of length-frequency for recruitment and gear selectivity are discussed.

Resumen

El crecimiento de 1a anchoveta peruana frenie a Lo, Pend, fué determinado utilizando la interpretacién de los otolitos y los andlisis de
frecuencia de tallas. La adecuacién de los otolitos para determinar el crecimiento de la anchovela peruana fue probada. El uso conjunto de los
andlisis de frequencia de tallas con los datos de edad y la comeccién de los sesgos producidos por el reclutamiento y la seleccién del ane en las
frecuencias de tallas son discutidos.

Introduction

The Peruvian anchoveta (Engraulis ringens) occurs off the coast of Peru, with heaviest
concentrations along the northern and central areas. Anchoveta adult distribution (Villanueva
1975) and their egg distribution (Santander 1987) suggest the presence, during the spawning
periods, of isolated groups which may correspond to genetically distinct subpopulations
(Mathisen, this vol.). Anchoveta morphological features (Rojas de Mendiola 1971; Tsukayama
1966) and tagging experiments support the hypothesis that the anchoveta resources in the
Peruvian southern area (Atico-Ilo) constitute a stock distinct from the northern/central stock
documented in Pauly and Tsukayama (1987).

The growth of the northern/central stock has been studied by Pauly and Tsukayama (1983)
and especially by Palomares et al. (1987), who also reviewed earlier studies. In contrast with the
northern/central stock, little is known on the growth of the southern stock. In this contribution,
the growth of the latter stock is determined by means of otolith interpretations and length-
frequency analysis based on otoliths and length-frequency data collected in the southern region
of Peru in 1979,
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Materials and Methods

The length-frequency data used for this analysis were collected monthly during 1979 by
IMARPE staff along the southern coastal area comprising the harbors of LLa Planchada, Atico,
Mollendo and Ilo. A subsample of one pair of otoliths for each 0.5 cm total length interval was
obtained from the Ilo samples (n = 163).

The otoliths were studied with a compound microscope following the standard methods
developed for temperate water fishes. The pericdicity of ring formation was determined based on
the progression, during the course of the year, of the ring in the margin of the otolith and by
comparing the number of daily increments in the otoliths with the age determined from the rings.
For this last method, a subsample of otoliths (n = 18) covering a wide range of ages was
prepared for light microscopy, which was performed by applying otolith preparation techniques
modified from Brothers (1987).

Age was assigned using the 1st of July as arbitrary birthdate, and an annual age-length key
was constructed. The parameters of the von Bertalanfty growth function (VBGF) were estimated
by means of the ETAL I program (Gaschiitz et al. 1980). As the age-length key does not reflect
seasonal changes in growth, the growth curve was fitted without accounting for seasonality.

Fitting of the growth curve to the length-frequency data was done by using the ELEFAN I
program (Pauly and David 1981; Pauly 1987; Palomares et al. 1987). Here, the length-frequency
data are used to estimate the growth parameters Lo, K, C (amplitude of the seasonal growth
oscillations), and WP (time of minimum growth) of the VBGF modified to include seasonal
growth oscillation (Pauly and Gaschiitz 1979). Also, Modal Progression Analysis or MPA
(George and Banerji 1964; Sparre 1987), as included in the Compleat ELEFAN program
package of Gayanilo et al. (1988), was used to determine the mean length and associated
statistics of each presumed age group in the available length-frequency samples. These means
were then interlinked in a fashion thought to reflect growth.

The MPA routine of the Compleat ELEFAN uses the method of Bhattacharya (1967) for
decomposing length-frequency samples into their component (normal) distribution. For
comparison, the method of Cassie (1950), was also applied to the data of Table 2.

The growth increments resulting from MPA were treated as if they were tagging/recapture
data, using each of the successive mean lengths as if they were tagging (length at age t) and
recapture lengths (length at age t+ At). The age-at-length data obtained by reading the available
otoliths were also used to derive growth increments (i.e, "tagging/recapture” data). This was
achieved: (i) by using only the increments between year groups and counting twice the increment
between age 1 and 2, which is well represented in the samples (see Table 2) and (i1) by using the
appropriate routine of the software documented by Brey et al. (1988). The two sets of growth
increment data so obtained were entered, along with that obtained from MPA, into the
appropriate routine of the Compleat ELEFAN package, and the latter used - along the lines
suggested by Morgan (1987) - to estimate growth parameters by simultaneous analysis of length-
frequency and growth increment data (Gayanilo et al. 1988).

To correct for the bias introduced by incomplete recruitment and gear selection, the original
length-frequency data were corrected using the methods described in Pauly (1986, 1987). As the
probabilities of capture in the southern stock can be assumed to be similar to those in the
northern/central stock, the probabilities of capture of Palomares et al. (1987), pertaining to the
northemn/central stock, were used for the correction. All length-based analyses were then
repeated using the corrected length-frequencies.

Results
Otolith Interpretation

Anchoveta otoliths are small elongated bodies with a sharp rostrum and well-developed
antirostrum. When observed with a compound microscope and reflected light against a dark
background, a concentric pattern of bright (opaque) and dark (translucent or hyaline) rings
appeared. The definition of the rings improved when the otoliths were immersed in a dense
medium (glycerin). The presence of faint false rings obscured in some cases the otolith
interpretation,.
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Orolith interpretation is a dual process consisting of (1) growth ring identification and
interpretation and (2) determination of ring periodicity and validation of results.

To assess the objectivity of the interpretation, the otoliths were read three times; a level of
94% coincidence was obtained which showed consistency in the interpretation. Moreover, in a
comparative reading exercise between an expert sardine otolith reader without experience in
anchoveta otolith interpretation (Ms. G. Cardenas, IMARPE) and the author, an agreement of
86% was achieved. Thus, anchoveta otolith interpretation was considered reliable.

The determination of the periodicity of the ring formation was made difficult by the thinness
and transparency of the otolith margin. Some error might have occurred in the identification of
the ring formed in the edge, principally when the opaque ring was in its initial development.
Nevertheless, when plotting the monthly percentage of hyaline rings in the otolith edge along the
year, the formation of one hyaline ring per year was evident (Fig. 1).

Under the light microscope, the otoliths showed a recurrent pattern of light and dark rings
(Pannella 1971) laid down with daily periodicity (Rojas de Mendiola and Gémez 1981). The
increments were enumerated along the posterior otolith radius and the number of increments
versus the number of hyaline rings in each otolith were plotted (Fig. 2.). The correlation between
both variables was not very high (r = 0.81). This might be due to the bias introduced by the long
spawning period of anchoveta (up to 6 months) and to the failure of the light microscope in
detecting the thin increments (0.5 - 0.7 um) laid down in the hyaline rings of fish older than one
year (Morales-Nin 1988). Nevertheless, the age in days and in years for age 1 was close enough
to validate the periodicity of the first annulus. Therefore, the two validation methods used here
provided sufficient evidence of the annual formation of the rings and it can be concluded,
therefore, the the age determinations by means of annuli are essentially correct.

Table 1 presents the validated age-length key derived here.
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Table 1. Age-length key for the southem anchovets (Engraulis ringens) stock. (Otoliths collected off
Tlo during 1979).

Tabla 1. Clave talla-edad para el stock sur de la anchoveta (Engraulis ringens). (Los otolitas fueron
colectados en Ilo durante 1979).

Total Age groups
length (cm) 0 1 2 3
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Total 24 57 50 32 163
Mean length 10.56 13.20 16.29 16.84 -
s.d. 1.00 1.15 1.29 1.06

Length-Frequency Analysis

The length-frequency distribution showed notable monthly difference in structure (Table 2).

The analysis of these data using Cassie’s (1950) probability paper method and modal
progression analysis (MPA) usually suggested the presence of four age groups. However, a fifth
group appeared in June (Fig. 3.). The mean lengths obtained-for ages 0, 1 and 2 were similar to
the means from otolith reading. The mean length of age 3 was different, probably due to
overlapping in the length-frequencies caused by the low growth rate of old fishes (Table 3).
MPA showed the presence of young fishes following the months of maximum spawning and
clear seasonal growth oscillations in the age groups 1 and 2 (Fig. 3).

When the length-frequency data were corrected for recruitment and gear selection, the
growth parameters obtained using ELEFAN I showed a clear change and a better fit (Fig. 4B)
than without such correction (Fig. 4A, Table 6). The main change was the increase of K, which
was higher (Pauly 1986) and hence, closer to the values obtained from otolith readings.

The mean lengths obtained of various age groups estimated by the Bhattacharya method
(Fig. 3) and converted into growth increments using MPA are given in Table 4, along with the
two sets of growth increments derived from otoliths.

The three sets of growth increment data were analyzed jointly with the length-frequency to
improve the fit of the growth parameters. Two independent calculations were done for each set
of growth increments, one using the uncorrected length-frequency data, and the other relying on
the length-frequency data corrected for incomplete recruitment and gear selection (see Table 5).
Table 6 presents the results.
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Table 2. Length-frequency of anchoveta catches from the southem area (La Planchada-To) in 1979.
Tabla 2. Frecuencia de tallas de las capturas del drea sur (La Planchada-ilo) en 1979.

Mean length
(TL, cm) Jan Feb Mar Apr May Jun Jul Aug Sep Oa Nov Dec
6.0 26
6.5 26 59
1.0 0 152
15 465 59
8.0 2,339 358 59
8.5 635 1,331 2 269 0 12 334
9.0 4,087 4,723 596 650 1,470 214 0 0
95 1,799 3,563 897 2,654 5431 0 115 118
10.0 10,631 6,539 1,813 7,040 9,353 214 0 1,827
10.5 12,789 6,741 4592 13253 15867 219 51 5N
11.0 23515 10,515 8,005 23,768 31943 1,628 691 332 84 4,082
11.5 28,184 19225 13202 39,022 44,593 3,749 1,248 195 51 12,883
12.0 29,031 25508 24953 58571 S5573 12361 1822 1,563 103 9,316
125 44,726 37996 41290 75625 72,225 28274 5,102 911 629 12,667
13.0 35103 35,129 41975 54403 50,777 35651 6221 88 2,060 983 6,751
13.5 33,093 54,105 57634 B4212 47,198 40,784 6,857 213 4,360 1,502 4,016
14.0 19,608 28,695 43,634 54698 38734 32,394 872 288 294 4,076 2,248 5,693
145 8,541 15695 248% 63568 64,382 28354 4259 6064 1214 10,621 5911 24259
15.0 27,809 19297 11,652 41,547 69,676 11,615 2,145 756 687 14,737 5,810 98,468
155 105,762 93242 26,358 147417 131,337 19,329 2,054 7229 23538 59,890 21,379 318,947
16.0 349988 310,547 77335 276927 234,495 25153 3918 41408 73,087 246328 88,131 261227
16.5 638,572 625519 166,697 417280 357390 65,038 9249 136202 164,063 T19565 195309 130,130
17.0 464,199 403,130 139,961 259,760 230,170 51,920 12,852 104367 99,386 585850 141,604 11,338
175 174952 128,482 45736 88,570 105576 25,087 6484 53726 32,140 278,621 38,554 226
18.0 28,441 684 5,165 6722 12318 3,012 1,108 4,779 2,181 32,432 6,160
185 1,705 319 305 2 318 551 2283 348
19.0 21
Sum 2,044,509 1,831,541 736393 1,716,285 1,579,163 384351 65,847 350,271 396,590 1,963,824 508,984 902,853
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Table 3.