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Como un copo de nieve suspendido en el aire 

Tus alas temblaban por el dolor y el esfuerzo 

Pero eso no detuvo tu decisión de llegar 

Tan lejos como el viento te quisiera llevar. 

El tesón y la práctica perfeccionaron tu vuelo  

Y al fin conseguiste el control interior  

El balance en el ala y el rizo difícil 

La barrera invertida y hasta dormir en el aire. 
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Summary

 

The coastal upwelling ecosystems of the Humboldt Current are characterized by high 

biological production. This productivity originates in the lower trophic levels in 

response to the fertilization of the surface layers with nutrients that are brought to 

upper layers through wind-driven processes. Phytoplankton is mainly consumed 

mainly by zooplankton, which in turn is preyed on by small pelagic fishes. These 

groups of organisms are subject to large perturbations due to intrannual (seasonal) and 

interannual (El Niño Southern Oscillation ENSO) physical fluctuations in 

oceanographic conditions. The objective of this study was to describe and quantify the 

spatio-temporal variability in phyto-and zooplankton biomass, composition, and size 

class distribution off open shores (continental shelf off Callao) and inside a semi-

enclosed bay (Independencia Bay) in central Peru. An exhaustive review of the 

published and grey literature on the Peruvian coastal upwelling ecosystem, focusing 

specifically on zooplankton studies, concluded that there were still several information 

gaps and more research effort was needed. The present study investigated the vertical 

distribution and migration mechanisms that the dominant the zooplankton taxa have 

developed in response to the variability of the oxygen minimum zone (OMZ). 

Additionally research was carried out into the processes and factors that determine 

changes in zooplankton grazing and egg production for the dominant copepod species 

Acartia tonsa and how these processes are related to the ENSO. Furthermore, I present 

an exhaustive review of the published and grey literature on the Peruvian coastal 

upwelling ecosystem. 
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 The present study showed that the phytoplankton community underwent 

extreme changes in density and composition, with a huge change between different 

ENSO phases. Dinoflagellates, nanoflagellates, and diatoms dominated during 2006, 

including ENSO-neutral conditions in April 2006 and the moderate El Niño in July and 

August 2006. Diatoms dominated in 2007, including ENSO-neutral conditions in 

February and April 2007 and the strong La Niña event that impacted the area from 

May to August 2007. Zooplankton were found mostly aggregated at the nearshore, and 

in the well-oxygenated upper 20m layer during ENSO-neutral and La Niña conditions. 

During warm conditions, all zooplankton was more dispersed throughout the upper 50 

m due of the expansion of the OMZ depth. Acartia tonsa was generally the most 

abundant species, but its population was strongly reduced during the 2006 EN event. 

The study showed that A. tonsa ingestion rates and prey selectivity were modulated by 

the availability of phytoplankton in this area. The trophic impact of A. tonsa on the 

primary production during the period studies was also very variable. This wide 

variation in the trophic impact was caused by the asynchronous variability of primary 

production, A. tonsa abundance and ingestion rates. The results of this research show 

that the zooplankton community off Central Peru is strongly influenced by physical 

conditions. The most visible changes were associated with intrannual (seasonal) and 

interannual (ENSO) cycles. One fundamental physical factor that influences 

zooplankton distribution is the spatial variability in OMZ depth. 
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Zusammenfassung

Die Ökosysteme im Küstenauftrieb des Humboldtstrom-Systems zeichnen sich durch 

hohe biologische Produktivität aus. Diese Produktivität beginnt in den unteren 

trophischen Stufen durch die Düngung der Oberflächenschichten durch Nährstoffe, die 

durch windgetriebene Prozesse aus tieferen Schichten nach oben transportiert werden. 

Phytoplankton wird vor allem von Zooplankton konsumiert, welches seinerseits Beute 

für kleine pelagische Fische ist. Diese Organismen sind erheblichen jahreszeitlichen 

und interannuellen (El Niño Südliche Oszillation - ENSO) Veränderungen der 

ozeanographischen Bedingungen unterworfen. Diese Arbeit beschreibt und 

quantifiziert die räumlich-zeitliche Variabilität der Biomasse, Zusammensetzung und 

Größenverteilung von Phyto- und Zooplankton in einer Bucht (Bahia de 

Independencia) und vor offenen Küsten (Kontinentalschelf vor Callao) Zentralperus. 

Der Schwerpunkt lag auf der Untersuchung  der Mechanismen, die das Zooplankton in 

Bezug auf die Sauerstoff-Minimum-Zone (SMZ) entwickelt hat. Zudem untersuchte 

ich anhand der dominanten Copoden-Art Acartia tonsa die Prozesse und Faktoren, die 

das Ernährungsverhalten (Grazing)  und die Eiproduktion des Zooplanktons 

bestimmen, und wie diese Prozesse mit dem ENSO-Zyklus  in Verbindung stehen.  

 

Die Phytoplanktongemeinschaft zeigte extreme Veränderungen in Dichte und 

Zusammensetzung zwischen verschiedenen ENSO-Phasen. 2006 dominierten 

Dinoflagellaten, Nanoflagellaten und Diatomeen, auch während der ENSO-neutralen 

Bedingungen im April 2006 und während des mäßig starken El Niño im Juli und 

August 2006. 2007 dominierten Diatomeen, auch unter ENSO-neutralen Bedingungen 

im Februar und April 2007 und während des starken La Niña-Ereignisses, das von Mai 
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bis August 2007 auf das Gebiet einwirkte. Maximale  Biomassen und Abundanzen an 

Zooplankton wurden während normaler und kalter Bedingungen vor allem in 

Küstennähe und in der aeroben Oberflächenschicht oberhalb von 20 m Tiefe gefunden, 

abgesehen von wenigen Arten, die Vertikalwanderugen in de SMZ hinein zeigten. 

Während warmer Bedingungen war aufgrund der Ausweitung der SMZ das gesamte 

Zooplankton über die oberen 50 m verteilt. Der Copepode Acartia tonsa war im 

Allgemeinen die dominante Art, aber ihre Population war während des EN 2006 stark 

reduziert. Nahrungsaufnahmeraten und Selektivität wurden also durch das im Gebiet 

verfügbare Phytoplankton reguliert. Der Fraßdruck (trophic impact) von A. tonsa auf 

die Primärproduktion während dieser Studie war stark variabel. Diese große 

Variabilität wurde durch die asynchrone Veränderlichkeit von Primärproduktion, 

Abundanz von A. tonsa sowie Nahrungsaufnahme-Raten verursacht. Die Ergebnisse 

dieser Arbeit zeigen, dass die Zooplanktongemeinschaft vor Zentralperu stark durch 

die physikalischen Bedingungen beeinflusst wird. Die offensichtlichsten 

Veränderungen waren mir den jahreszeitlichen und interannuellen (El Niño Südliche 

Oszillation - ENSO) Zyklen verbunden. Ein fundamentaler physikalischer Faktor, der 

die Verteilung des Zooplanktons bestimmt, ist die räumliche Variabilität in der Tiefe 

der SMZ. 
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Resumen

 

Los sistemas de surgencia costera que se desarrollan en la Corriente de Humboldt 

presentan una alta productividad biológica que comienza en los niveles tróficos 

inferiores con la fertilización de las capas superficiales. El fitoplancton es consumido 

principalmente por el zooplancton y estos a su vez son consumidos por pequeños peces 

pelágicos. De esta manera el zooplancton cumple con una función de enlace entre los 

productores primarios y los pequeños pelágicos. Estos organismos deben enfrentar 

varios procesos y fuerzas físicas para mantener sus poblaciones y completar sus ciclos 

de vida en la zona costera del ecosistema. Con el propósito de conocer los mecanismos 

que las comunidades zooplanctónicas desarrollan para enfrentar estos cambios 

temporales y espaciales en la Corriente de Humboldt en la zona Central del Perú se 

desarrollo el presente estudio durante tres años, entre el 2005 y el 2007. Se analizó la 

distribución de las especies zooplanctónicas en la columna de agua y las estrategias 

que desarrollan para sobrevivir en la zona minima de oxigeno. Por ultimo se evalúo la 

importancia trófica del zooplancton, a través del estudio de las tasas de alimentación y 

producción de huevos de la especie más abundante Acartia tonsa. Además, se hizo una 

exhaustiva revision de la literatura gris y publicada sobre el sistema de surgencia 

costero Peruano. 

 

 El presente estudio mostró que la comunidad de fitoplancton presenta 

cambios substanciales en la densidad y composición entre las diferentes fases del 

ENOS (El Niño Oscilación del Sur). En condiciones normales y frías el sistema fue 

dominado por diatomeas pero cuando se presentó el ingreso de aguas calidas los 

dinoflagelados y nanoflagelados aumentaron sus abundancias y las diatomeas 

 v
 



disminuyeron drásticamente. En general el zooplancton se encontró en las estaciones 

cercanas a la costa y en las capas más superficiales por encima de los 20 m, cuando las 

condiciones imperantes son normales o frías, mientras que durante las situaciónes 

cálidas la comunidad se encuentra más dispersa debido al aumento de la profundidad 

de la capa de mínima de oxígeno por debajo de los 50 m de profundidad. Aunque el 

mayor agregado de especies permanece restringido a las capas superficiales 

oxigenadas, algunas especies como Eucalanus inermis que fueron encontradas en 

mayores abundancias en las estaciones fuera de la costa, desarrollan migraciones 

verticales utilizando como barrera natural la capa minima de oxigeno. La especie mas 

importante durante el estudio fue Acartia tonsa, que se vio afectada por la intrusión de 

aguas calidas en la zona durante el El Niño moderado del 2006. Esta especie presentó 

marcadas diferencias interanuales en su abundancia, tasas de ingestión y selectividad. 

Ademas el impacto trofico de esta especies sobre la produccion primaria fue muy 

variable durante el periodo de estudio. Esta gran variabilidad del impacto trófico se 

ocasionó por causa de la asincronía entre las variaciones de la producción primaria, de 

las tasas pastoreo, y de la abundacia de A. tonsa. 

 

 Los resultados de este estudio indican en términos generales que la 

comunidad de zooplancton esta fuertemente influenciada por las condiciones 

ambientales y que los cambios mas visibles se encuentran asociados a las variaciones 

estacionales y a las fluctuaciones anuales de los ciclos del ENSO. Uno de los factores 

físicos fundamentales que regulan la distribución de la comunidad en este sistema es la 

variabilidad espacial de la Zona Minima de Oxigeno (OMZ). 
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Thesis outline and overview 

Chapter 1. Background and scope of thesis 

 

This cumulative dissertation is essentially composed of four scientific papers 

as listed below. In addition, it includes a General Introduction, Methods and a 

Synoptic Discussion. This thesis was produced as a result of the cooperation between 

AWI and IMARPE in the context of CENSOR (Climate Variability and El Niño 

Southern Oscillation: Implications for Natural Coastal Resources and Management, 

www.censor.name), a multilateral project funded by the European Commission 

(INCO-FP6). It draws on major results of a sub-project (WP2) within CENSOR, 

which investigated pelagic-benthic processes off Peru and northern Chile. Additional 

funding for this thesis was provided by DAAD (Deutscher Akademischer Austausch 

Dienst) in the form of short-term fellowships. 

 

The central objective of this thesis is to quantify and analyze the spatio-temporal 

variability in zooplankton biomass, composition, feeding activity, and secondary 

production in the highly productive Central Peruvian marine waters. The main 

emphasis is on the effect of the ENSO cycle (El Niño Southern Oscillation) on these 

key parameters, which regulate the productivity of marine system. Processes and 

factors that determine changes in zooplankton grazing and their relation to ENSO are 

quantified, analyzed, and discussed. These objectives are addressed in four scientific 

articles (Chapters 5.1 to 5.4) that have been already published or have recently been 

submitted to scientific journals. The specific objectives related to each of these 

articles are summarized below. 

i) To summarize and review the current state of zooplankton research off Peru 

and identify important knowledge gaps.  
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ii) To quantify the abundance and composition of the zooplankton and identify 

seasonal and interannual changes in the zooplankton community structure 

at the continental shelf off Central Peru, and their relation to ENSO. 

iii) To describe and analyze the vertical distribution and diel vertical migration 

of the zooplankton community at the continental shelf off Central Peru, 

during different ENSO phases.  

iv) To evaluate the effects of ENSO on primary production, grazing rates, 

feeding selectivity, and egg production rates of the dominant copepod 

species in offshore shelf, nearshore shelf, coastal, and inshore bay habitats 

off Central Peru. 

 

 The history and current state of zooplankton research conducted in marine 

waters off Peru were analyzed and discussed in Chapter 5.1. This article reviewed 

zooplankton methodology, taxonomy, biodiversity, spatial distribution, seasonal and 

interannual variability, trophodynamics, secondary production, and modeling. These 

topics were analyzed and discussed in the context of ecological regime shifts to 

determine the responses of zooplankton to climatic variability (ENSO and multi-

decadal). The co-authors and I undertook the idea of this review in the context of the 

CENSOR project, drawing on ideas in a previous short report from the Instituto del 

Mar del Peru (Guzman and Carrasco, 1996). I defined the conceptual premises of the 

review, took part in the search of available literature resources and wrote the summary 

of the results.  This review was published in Progress in Oceanography 2008 (79): 

238-255.  
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The idea of the article presented in Chapter 5.2 was to analyze changes in 

zooplankton distribution, composition, and abundance in relation to changes in 

environmental conditions, during different ENSO phases. It explored the effect of 

seasons, the ENSO cycle and the distance from the coast on zooplankton community 

structure. I originally developed, proposed and organized this zooplankton sampling 

program, within the context of a larger-scale sampling program at IMARPE known as 

the fixed station monitoring program. I carried out 50% of the sampling on board R/V 

OLAYA, while the other 50% was undertaken by technicians from IMARPE. I 

identified and quantified the species from all samples, with supervision of P. Ayón. I 

performed the analyses of the results and wrote the manuscript, with scientific and 

editorial help from Dr. R. Schwamborn. The final version of the manuscript took 

account of the comments and recommendations received from of all the coauthors. 

 

One conclusion of the review was that Peruvian zooplankton has a huge time 

series with a consistent methodology. However, the adaptation to life in the Oxygen 

Minimum Zone (OMZ) is still poorly understood. In this context, Chapter 5.3 

describes and analyzes the vertical distribution and diel vertical migration of the 

zooplankton community at two stations on the continental shelf off Callao, Central 

Peru. I studied the different mechanisms, which the zooplankton displays in the water 

column and their response to changes in OMZ depth. This article was published in 

Helgoland Marine Research 2008 (62): 85-100. The authors are: Maria Isabel Criales-

Hernandez, Ralf Schwamborn, Michelle Graco, Patrica Ayón, Hans-Jürguen Hirche, 

and Matthias Wolff. I developed the concept for this study and conducted all sampling 

with assistance of Dr. R. Schwamborn, P. Ayón, and several volunteers and 

technicians. I performed the identification and quantification of the species with 
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supervision of P. Ayón. Finally, I analyzed and evaluated the results. Then, I wrote 

the manuscript with scientific and editorial help of Dr. R. Schwamborn. The final 

version of the manuscript took account of the comments and recommendations of all 

the coauthors. 

 

Finally, I studied the trophic link between phytoplankton and zooplankton, and 

its variability in relation to ENSO. These studies are still incipient in the Peruvian 

upwelling ecosystem (Chapter 5.1) and phytoplankton – zooplankton interactions in 

this area are still not well described. Furthermore, there are no previous studies on the 

effects of ENSO on primary and secondary production in this region. The article 

presented in Chapter 5.4 quantifies the grazing activity, feeding selectivity and egg 

production of the most abundant zooplankter (Acartia tonsa) at four stations in several 

habitats (offshore shelf, nearshore shelf, coastal area, inshore bay) off Central Peru 

during different El Niño Southern Oscillation (ENSO) phases in 2006 and 2007. I 

discussed how grazing activity, conversion efficiencies, and productivity by copepods 

have important consequences for the overall ecosystem. I performed all grazing 

experiments and analyzed all data from these experiments. Phytoplankton 

identification and counting was provided by “Area de Producción primaria” at 

IMARPE (Instituto del Mar del Peru). Additional data on primary production used in 

this study were provided by Dr. M. Graco, and data from egg production experiments 

were provided by P. Ayón. I wrote the manuscript with scientific and editorial help 

from Dr. H.-J. Hirche and Dr. R. Schwamborn. The final version of the manuscript 

takes account of comments and recommendations received from all co-authors. This 

manuscript has recently been accepted for publication in the Journal Plankton 

Research. 
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 In the synoptic Discussion (Chapter 6), the results of these articles are 

discussed. This chapter analyzes the importance of seasonal and interannual changes 

in environmental conditions on the composition and distribution of zooplankton in 

upwelling ecosystems and also evaluate the importance of trophodynamic interactions 

in the lower trophic levels. 



Introduction

Chapter 2. General introduction 

 The coastal zone of the Humboldt Current System (HCS) contains one of the 

world’s most productive aquatic ecosystems (Barber and Chavez, 1983). The 

phytoplankton bloom provide the food supply for the zooplankton, which in turn acts 

as a link in the trophic processes that sustain the largest single species fisheries of the 

world (Alheit and Niquen, 2004). HCS is characterized by a predominant northward 

flow of Surface Subantartic Waters (SSW) toward the Equator, by an offshore Ekman 

transport, and coastal upwelling of cold, nutrient rich surface waters (Hill et al., 1998; 

Chavez and Barber, 1987; Pizarro et al., 2002). This system shows seasonal 

variability but also marked interannual (El Niño Southern Oscillation, ENSO) and 

inter-decadal oscillations (Pacific Decadal Oscillation (Chavez et al., 2003). 

Zooplankton is one of the most aggregated communities that inhabitat the pelagic 

systems. Virtually all marine fish and invertebrate species spend at least one part of 

their life in the plankton. It is an important component of food webs. Furthermore, it 

is a good indicator of environmental changes (Batten and Welch, 2004; Hays et al., 

2005; Hoof and Peterson, 2006). 

 

My work focuses on the northern HCS, off the Central Peruvian coast. This 

area is characterized by strong and persistent wind-driven upwelling during the whole 

year, (Barber and Chavez, 1983; Nixon and Thomas, 2001; Pizarro et al., 2002). Peak 

biological productivity occurs between 5�S and 15�S, up to 100 Km offshore, where 

active upwelling sites are present (Calienes et al. 1985; Chavez et al., 1989; Nixon 

and Thomas, 2001; Pennignton et al., 2006). However, as in most of the HCS, 

productivity is strongly affected during El Niño events. El Niño has global 
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consequences (Siegert, et al., 2001; McPhaden et al., 2006), but changes are most 

drastic off northern Chile, Peru and Ecuador (Arntz and Fahrbach, 1991; Mullin, 

1995; Cane, 2004; Chen and Cane, 2008).  

 

2.1 The Humboldt Current system off Peru 

 The HCS extends along the western coast of South America from southern 

Chile (~42°S) to northern Peru (~5°S) and the Galapagos Islands (Hill et al., 1998). 

This ecosystem has been divided into four ecoregions, in accordance with climatic, 

oceanographic, and coastal morphological conditions, two of which two extend into 

Peruvian waters: (1) The Central Peru Ecoregion, which extends from 12°S to 5°S 

and (2) The Humboldtian Ecoregion, which extends from 12°S to 25°S and is 

characterized by a narrow shelf (Sullivan and Bustamante, 1999). Five areas of 

enhanced high upwelling and biological activity have been recognized inside the two 

ecoregions: (1) Paita, 5� S, (2) Punta Aguja, 6�S, (3) Chimbote, 9�S, (4) Callao, 12�S 

and (5) San Juan, 15�S (Zuta and Guillen, 1970) (Figure 1.2a). 

 

Primary production throughout the year is on average 2.04 g C m-2 day-1 in the 

HCS as a whole and between 4 and 6.5 g C m-2 day-1 in Peru (Barber and 

Kogelschatz, 1990; Barber and Chavez, 1991). As a result, a rich secondary 

production develops in the upper layers and nearshore zones, but part of this material 

cannot be recycled near the surface, and sinks to increase an extensive Oxygen 

Minimum Zone (OMZ), which may reach close to the surface (up to only 20 m depth) 

at the shelf and upper slope (Arntz et al., 2006).  
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Coastal oceanographic conditions along of the HCS are characterized by 

isotherms and isohalines in the upper ~100m tilted upward towards the coast, 

produced by upwelling. The temperature of water mass along the coast is constantly 

modified by the horizontal mixing of cold upwelling waters and ranges between 15°C 

and 19°C (Wyrtki 1966; Stevenson and Taft 1971; Enfield 1975). Four water masses 

can be distinguished in the coastal zone off Peru: Tropical Surface Water (TSW), 

Equatorial Surface Water (ESW), Subtropical Surface Water (SSW), and Cold 

Coastal Water (CCW) (Fig. 1.1b). The interaction of these water masses depends 

upon the interaction of the three fundamental currents that dominate the coastal waters 

off Peru (Fig 1.2b). The Peru Coastal Current (PCC) flows towards the equator, while 

the Peru- Chile Under-Current (PCUC) follows the shelf break towards the pole, and 

the Peru-Chile Counter-Current (PCCC) flows directly towards the south and veers to 

the west at around 15°S (Penven et al., 2005; Chapter 5.1, Fig. 1.1c). The flow of the 

PCC displays strong intrannual variability and is superimposed on mean seasonal 

patterns by the El Niño Southern Oscillation (ENSO) signal. 

 

Figure 1.1 (a) Location of the Humboldt Current System;(b), schematic distribution of characteristic 

surface water masses, figure adapted from Ayón et al 2008 (c). overview of the surface and under 

currents in the eastern South Pacific that comprise the main flows of the HCS, Ayón et al 2008 The 

approximate locations for main upwelling areas for nutrient-rich waters are indicated (“X”). Adapted 

from Murphy (1937), Gunther (1936), Wyrtki(1963, 1967), Zuta and Guillen (1970), Tsuchiya, (1985), 

Lukas (1986), Huyer et al. (1991), Strub et al. (1998), Schneider et al., (2003), Penven et al. (2005), 
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Croquette and Eldin, (2006), Kim et al. (2006), and Lucero et al. (2006), modified. Water masses in b: 

CCW: Cold Coastal Water and mixed waters under the influence of upwelled cold waters, SSW: 

Subtropical Surface Water, ESW: Equatorial Surface Water, TSW: Tropical Surface Water. Currents in 

c: EUC: Equatorial Undercurrent or Cromwell Current, PaC: Panama Current PCC:  Peru Coastal 

Current, Chile-Peru Current, or Humboldt Current, PCCC: Peru-Chile Counter-Current, PCUC: Peru 

Coastal Undercurrent, Poleward Undercurrent (PUC), or Gunther Current, POC: Peru Oceanic Current, 

Oceanic Chile-Peru Current, or Oceanic Humboldt Current. Figure adapted from Ayón et al 2008 

2.2 El Niño Southern Oscillation (ENSO)

 The El Niño–Southern Oscillation (ENSO) cycle is a fluctuation between 

unusual warm (El Niño) and cold (La Niña) conditions in the eastern Pacific. It is the 

most prominent year-to-year climate variation on earth (Philander, 1999; McPhaden 

et al., 2006). ENSO itself consists of an unstable interaction between sea surface 

temperature (SST) and the atmospheric pressure field. It results in variations in winds, 

rainfall, thermocline depth, circulation, and ultimate in biological productivity, 

modifying the feeding and reproduction of fish, birds and mammals (Fiedler, 2002, 

Yusunaka and Hanawa, 2005, Penington et al., 2006) (Fig. 1.2). The ENSO 

fluctuation between warm and cold events exhibits considerable irregularity in 

amplitude, duration, temporal evolution, and spatial structure (McPhaden, 2006). 

Evidence exists that the longer-waved Pacific Decadal Oscillation (PDO) may be 

modulated by ENSO (McPhaden, 2006). 

 

In general, the upwelling of cold, nutrient-rich waters is greatly reduced 

during El Niño events due to arrival of warm Equatorial Kelvin waves, causing a 

significant reduction in primary production, rise temperature, deeper thermocline, and 

an increase in dissolved oxygen (Wirtky, 1981; Arntz and Fahrbach, 1991; Arnzt et 
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al., 2006). In consequence, a dramatic impoverishment occurs in the entire HCS of 

marine biological communities (Arntz and Fahrbach, 1996; Escribano et al., 2004), 

which are maintained during La Niña and ENSO-normal conditions by effective 

upwelling of nutrient-rich deep water (Arntz, et al., 2006). During La Niña the 

thermocline rises drawing macronutrients into the euphotic zone. Productivity and 

biomass increase around the equator, but micronutrients are limiting and may produce 

a low chlorophyll condition in the system (Ryan et al., 2002).  

 

Geographically, the impact of El Niño and La Niña on the HCS is extended 

from the open ocean to the coast over the entire the Eastern Pacific off North and 

South America (McPhaden, 2006). Marked effects have been reported on pelagic as 

well as benthic communities (Arntz et al., 2006).  

 

 

a) b) c) 

 

Figure 1.2 Schematic diagram showing of the ENSO (El Niño Southern Oscillation) cycle. (a) Warm 

conditions El Niño, (b) Normal and (c) La Niña in the Pacific Ocean. The underlying blue layer 

denotes the relative depth of the thermocline. Decreased trade winds during El Niño allow the basin-

wide slope of the Pacific Ocean to relax. Surface waters flow back to the west during El Niño and the 

thermocline is pushed downward (figure taken from http://www.pmel.noaa.gov/tao/elNiño/el-Niño-

story.html) . 
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2.3 Zooplankton distribution in upwelling systems 

 

Zooplankton populations display specific patterns of distribution in the HCS, 

which are related to changes in oceanographic conditions and processes i.e. OMZ, 

Ekman transport, and upwelling intensity. Low OMZ depth constrains the plankton 

population in a narrow region of shallow water, especially during intensive upwelling 

(Judkins, 1980; Smith et al., 1981; Chapter 5.3). Ekman transport has an effect on the 

zooplankton distributions across the coast. This variable causes cros-shelf advection 

and different assemblages of species can be identified from nearshore to offshore and 

along the latitudinal gradient from north to south (Santander, 1981; Smith et al., 1981; 

Thiel, et al., 2007; Chapter 5.1). Thus, active upwelling and relaxation periods affect 

biological processes and determine rates of primary production, which in turn produce 

changes in secondary production, specially in the nearshore areas (Escribano and 

Morales, 2004; Echevin, 2004).  

 

Although the biodiversity of zooplankton varies along the coastal and cross-

shelf, copepods are a major component of zooplankton and the dominant grazers of 

phytoplankton throughout the HCS (Gonzales et al., 2000; Calbet and Landry, 2004). 

Nearly 60 species of copepods have been identified in the coastal zone of Chile (Thiel 

et al., 2007), and 150 species of copepods were identified in the coastal zone of Peru 

(Chapter 5.1). Copepods occupy a key position in pelagic food webs. They transfer 

organic matter produced by the phytoplankton to higher trophic levels such as pelagic 

fish stocks, marine mammals, seabirds and finally humans (Lenz, 2000).  
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In addition, zooplankton can respond to changes in external forcing. Previous 

studies have found strong correlation between ENSO phases and diversity, abundance 

and distribution of some taxa (Santander and Carrasco, 1985; Escribano, et al., 2004; 

Chapter 5.1).During EN conditions, the usually dominant copepods (Acartia tonsa, 

Paracalanus parvus, and Centropages brachiatus) are depleted and replaced by 

tropical species from equatorial regions (Centropages furcatus and 

cyclopoids)(Chapter 5.3; Aronés et al., 2009). In addition, there may be an increase in 

gelatinous species that could be preying upon meroplanktonic larvae and 

ichthyoplankton (Ayón et al, 2008) 

 



Study areas 

Chapter 3. Study areas 

3.1 Continental shelf off Callao 

 The shelf off Callao (12º S) is an open shore area located on the central 

Peruvian coast in the northern part of the HCS (Fig 3.1, 3.3). It is affected by strong 

upwelling, which persists for seven months between June to February (Zuta and 

Guillen, 1970; Zuta et al., 1978; Calienes and Guillen, 1981). A widening of the shelf 

is observed in this area (Carrasco and Lozano 1989). The Oxygen Minimum Zone 

(OMZ) here is the most intense in the world (Rossemberg et al., 1983; Arntz, et al., 

1991) and is notably shallower than at other latitudes off Peru (Gutierrez et al., 2008). 

Modulations in the OMZ show significant temporal variability with periods between 

30 and 50 days (Gutierrez et al., 2008).  

 

Figure 3.1 Continental shelf off Callao, satellite photo from Google earth 2009, left, and photo during 

typical sampling procedure, right (photo taken by Maria Isabel Criales). 

3.2 Independencia Bay 

Independencia Bay (14º06’-14º20’S; 76º00’-76º18’W) is a large, shallow bay 

situated within the Paracas National Reserve, near Pisco, Peru. (Fig. 3.2, 3.3). It is a 

semi-enclosed bay containing two large islands, La Vieja and Santa Rosa. La Vieja 
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Island (5.6 km long and 2.4 km wide) occupies most of the southern half of the mouth 

of the bay, with the longer side parallel to the coast (Fig. 3.2, 3.3). This area is located 

in the Humboldtian ecoregion and is close to an upwelling site. Levels of primary 

production are high all year round, but with peaks between June to November (Vélez 

et al., 2005). The bay is characterized by low surface temperatures (14-18°C) and high 

nutrient levels mainly arising from the run-off from guano bird colonies on La Vieja 

Island, disturbance of organic-rich sediments, and coastal upwelling at the adjacent 

shelf. Characterized by high biodiversity and abundance of seabirds, it is considered 

as a key ecosystem in Peru and is the site of one of the country’s most important 

artisanal fisheries (Tarazona, et al., 1989; Taylor et al., 2008).  

 

Figure 3.2 Independencia Bay, satellite photo from Google Earth 2009 with sampling sites labeled (T6, 

T5, T8), left, and close up photo of La Vieja Island, Peru, where sites T6 and T5 are located, right, 

(photo taken by Maria Isabel Criales).  
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Figure 3.3 Map of the continental shelf off Callao and Independence Bay. Experimental and sampling 

stations from 2006 and 2007 are indicated. Bi-monthly sampling occurred at four stations off Callao (1, 

2, 3 and  4), seasonal intensive sampling at two stations off Callao (2 and 5), and grazing experiments 

at three stations off Callao (at the IMARPE pier, not pictured, and stations 2 and 5) and one stations in 

Independencia Bay (T6).  
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Chapter 4 Synopsis of main methods employed 

  This chapter briefly describes the data sources and main methods used in this study. 

Detailed descriptions of the methods are found in the corresponding references. 

4.1 Sampling and Experiments 

Bimonthly sampling 

 I took samples of zooplankton every two months from February 2005 to December 

2007 off Callao (Fig.3.1). For the sampling of zooplankton I performed oblique tows with a 

60 cm of diameter Bongo net of 300 μm mesh size (Fig 4.1). I sampled at four stations along 

a transect off Callao perpendicular to the coast (Fig, 3.3, 4.1). Nets were equipped with 

calibrated flowmeters. To preserve all samples I used 4% formalin solution, buffered with 

sodium tetraborate. In the laboratory, I identified all copepod species were identified to the 

lowest taxonomic unit possible and counted them under a stereomicroscope. 

Figure 4.1 Photos from oblique tows with Bongo net during typical sampling procedure off Callao (photos taken 

by Maria Isabel Criales) 
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Seasonal intensive sampling (winter and autumn) 

 I sampled zooplankton at two stations off Callao twice a year at two stations off 

Callao between 2006 and 2007. Station 2 (93 m deep) and Station 5 (176 m deep) were 

respectively located on the nearshore shelf and the offshore shelf, close to the shelf break 

(Fig. 3.3). I took the samples over 24 hours periods at both stations. I took vertically stratified 

tows every 3 hours with a multinet (Midi model, 50 x 50 cm mouth size, Hydro-Bios, Kiel) 

equipped with five 300-μm-mesh nets (Fig. 4.2). Each of the five nets had calibrated Hydro-

Bios flowmeter, to later make individual estimates of filtered volume for each sample. Depth 

strata sampled with each net were: (1) maximum depth to 50 m, (2) 50–30 m, (3) 30–20 m, 

(4) 20–10 m, and (5) 10 m below the surface. I chose this sampling strategy was chosen to 

ensure a consistent sampling of the three main strata (oxygen minimum layer, oxycline, and 

upper layer) of the water column. At each station, I also took CTD profiles for temperature 

and conductivity data. Additionally, I sampled water samples were taken with a Niskin bottle 

to measure nutrient, chlorophyll a and oxygen measurements. In the laboratory, I identified all 

copepod species were identified to the lowest taxonomic unit possible and counted their 

abundances under a stereomicroscope. 

 

Figure 4.2 Photos from stratified tows with Multinet during typical sampling procedure off Callao (photos 

taken by Maria Isabel Criales) 
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Grazing experiments 

I carried out experiments to study mesozooplankton grazing in situ at four stations: 

three off Callao (at the IMARPE pier, and stations 2 and 5) and one in Independencia Bay 

(Fig. 3.3). I performed experiments in April, July, and August 2006, and in February, April, 

May and August 2007 (Fig. 4.3). For the in situ grazing experiments, I used the most 

abundant copepod species, Acartia tonsa. I calculated phytoplankton abundance and biomass 

in terms of density (cells ml-1) and carbon biomass (μgC l-1).  

 

I measured cell dimensions to calculate cell volumes by assigning specific shapes to 

each taxa in order to estimate carbon content (Sun and Lui, 2003, Hillebrand et al., 1999). I 

used Frost’s equations (Frost, 1972) to calculate ingestion rates. Grazing rate estimates were 

expressed for individual organisms and in relation to biomass (μg C). I compared the 

composition of A. tonsa diets to the composition of the food offered, and used the Chesson 

electivity Index (�) to asses for food selectivity (Chesson, 1983; Schwamborn et al., 2004). I 

performed additional primary production and egg production experiments at stations 2 and 5 

off Callao, simultaneous with the in situ grazing experiments. The results of these 

experiments allowed me to estimate gross efficiency, and observe the effect of grazing on 

primary production and its consequences of A. tonsa egg production rates. 

18 



Study areas 

 

Figure 4.3 Photos from primary production and grazing experiments. Steel basket used for in situ incubations, 

left, general set-up for grazing experiments onboard (photos taken by Maria Isabel Criales). 

4.2 Data analysis 

Temporal and spatial dynamics in community structure  

 For this section, I used the abundance data to determine potential changes in 

zooplankton communities. First, I built two separate Bray-Curtis Similarity matrices were 

built based on species abundance after appropriate transformation (ln x). I used these 

similarity matrices to perform cluster analyses by samples and by species, to test possible 

ruptures, abrupt changes in community structure, and the appearance of distinct communities 

appearing at different periods of time. Clustering was performed by group average linking 

(Grey et al, 1988). I also used ANOSIM (Analysis of Similarity) to test for significant 

differences (at � = 0.05) in community structure between sampling periods and stations 

(Clarke and Warwick, 1994). 

 

Vertical distribution and migration in relation to the OMZ

 To evaluate vertical distribution of zooplankton. I used two approaches: i) changes 

in  weighted mean depth (WMD) (Roe et al., 1984 and Pillar et al., 1989) and ii) changes in 

the abundance percentage at the top oxygenated layer in relation to the total abundance per 
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haul (Poxy). The top oxygenated layer corresponds to the Multinet strata sampled above the 1 

ml.l-1 oxygen isopleths. The significance of differences in WMD and Poxy between day and 

night was tested to verify whether vertical migration occurred. Additionally, I used non-

parametric test to evaluate daily diel vertical migration of species, and to compare vertical 

distribution of different life history stages. In addition, Spearman rank correlation analysis to 

assess the effect of the environmental conditions on the vertical distribution. Statistical tests 

were performed using Statistica 6.1 

ENSO effect on primary production, grazing rates, electivity and egg production of A. tonsa

I used Spearman’s correlation analysis to test for significant relationships between several 

indicators of cell size (length along major axis, volume, equivalent spherical diameter ESD, 

and carbon content) and electivity (�). I performed these test for the entire data set, and 

separately for each time period (EN 2006, LN 2007, Neutral 2006-2007), and for each 

taxonomic group (flagellates, silicoflagellates, dinoflagellates and diatoms). I also performed 

Mann-Whitney U-tests to evaluate significant differences in � between time periods (EN 2006 

vs LN 2007) and taxonomic groups (dinoflagellates vs diatoms). I used Spearman’s rank 

correlation analysis to test for significant correlations between several variables, i.e. cell 

density, ingestion rates, and egg production. This analysis was used to verify how grazing and 

egg production by A. tonsa changed with food concentration and composition. Statistical 

analyses were performed with Statistica 6.1 and using the “R” language and environment (R 

Foundation for Statistical Computing). 

 



Results

Chapter 5. Results 

5.1 Scientific contribution
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Abstract

Factors affecting zooplankton distributions in the Humboldt Current System were 

investigated using data obtained along a transect perpendicular to the coast off Callao 

Central Peru (12�S), bimonthly from February 2005 to December 2007. The survey 

period corresponded to normal conditions in 2005, El Niño 2006, transition between 

El Niño 2006 to La Niña 2007 and La Niña 2007 at the Peruvian coastal upwelling. 

There was a pronounced temporal variability in zooplankton composition and 

distribution of the species in the area. Acartia tonsa was the single dominant species 

during all periods and on all stations. Although, its abundance was significantly 
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reduced during a moderate El Niño (EN) event from June to December 2006 (avg. = 

250 ind. m-³, 30% of total zoopl.), and increased during a strong La Niña event, from 

June to December 2007 (avg. = 874 ind. m-³, 44 % of total zoopl.). Other species, 

such as Oithona sp. increased in abundance during the moderate EN event (avg. = 32 

ind. m-³ during EN, avg. = 0.07 ind. m-³ during LN). Only few species displayed 

positive correlation with distance to coast. Copepods were the most abundant and 

species-rich group, with 179 species from 58 families. The three species Acartia tonsa 

(average = 674 ind. m-³, maximum = 4530 ind. m-³), Paracalanus parvus (avg. = 266 

ind. m-³, max. = 3710 ind. m-³), and Centropages brachiatus (avg. = 166 ind. m-³, 

max. = 1470 ind. m-³) were dominating and accounted together for 79 % of all 

organisms caught. Eggs and larvae of the anchovy Engraulis ringens (7% of total 

abundance, avg. = 6.9 ind. m-³, max. = 104.3 ind. m-³) were also frequent and 

abundant, together with several meroplankton taxa, such as polychaete, cirripedian, 

and decapod larvae. Gelatinous predators, such as chaetognaths and hydromedusae, 

were present at low abundances; with less than 0.1 ind. m-³. Our study suggests that 

zooplankton off Callao exhibits strong intrannual variability due to changes in the 

oceanographic conditions related with seasonal and ENSO fluctuations. 

 

Key words: Community structure, copepods, zooplankton, seasonal variation, ENSO, 

Humboldt Current system. 

 

 36



Results

Introduction 

 The shelf off Central Peru (12º S) is largely affected by strong upwelling 

during most of the year. The upwelling is usually persistent over seven months in 

spring, summer and winter (Zuta and Guillen, 1970, Zuta et al, 1978, Calienes and 

Guillen, 1981). Previous studies suggest that offshore advection due to active 

upwelling is an important factor that determines the spatial distribution of copepods 

(Boyd and Smith., 1983), and highly productive plankton assemblage. Although, the 

specific composition and biomass of the zooplankton are affect for many factors as 

biological and physical processes (Santander, 1981, Ayón et al., 2008). As result, 

temporal variations in zooplankton can occur at a given location in an upwelling 

region can occur as a result of both biological and physical processes (Smith et al. 

1981).  

 

 In such environments, particularly in upwelling ecosystems, the wide range 

of temperature, salinity and oxygen variations also contributes to the stability of the 

pelagic ecosystem. Physically, variations may occur as result of nearshore - offshore 

and alongshore advection, which generally has a dominant time scale of several days 

(Smith et al. 1981). The primary source of interannual of physical variability in the 

tropical Pacific Ocean is the El Niño Southern Oscillation (ENSO, Strutton and 

Chavez, 2000). 

 

The highly productive coastal upwelling zone off Central Peru sustains a 

strong fishery based on pelagic fishes (Alheit and Niquen, 2004). This high fisheries 

production makes necessary high secondary production to provide large amounts of 
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carbon to these fish populations (Ayón et al 2008, Escribano et al., 2007, Pauly et al., 

2002). Addicionally, interannual changes of zooplankton assemblages often reflect an 

integrated response of the ecosystem to hydro-climatic forcing (Beaugrand and 

Ibanez, 2004). Although the large fluctuations in abundance of anchovy and sardine 

are well documented for Peruvian coast (Alheit and Niquen, 2004; Bakun and Broad, 

2003; Chavez et al. 2003; Csirke et al., 1996; Swartzman et al., 2008), there are few 

studies on zooplankton dynamics and seasonal and inter-annual variability. These 

studies describe only spatial patterns, short time analysis or trends in zooplankton 

biovolumes (Ayón et al., 2004, Ayón et al., 2008). However, biovolume data alone 

are not sufficient to understand regime shifts and their consequences for higher 

trophic levels (Ayón et al., 2008).  

 

In this work, we investigate the relationship between temporal and spatial 

distribution of zooplankton and changes in environmental conditions over almost 

three years. The two main objectives of this study were: 1) to quantify the abundance 

and composition of the zooplankton and its cross-shelf distribution off Central Peru, 

and 2) to identify possible changes in the zooplankton community structure and their 

relation to ENSO.

Methods 
 

We had four fixed stations across the continental shelf off Callao (Central 

Peru, 12º S, 77ºW) along a transect perpendicular to the coastline (Fig. 1), at depths of 

50m (St 1), 94 m (St 2), 118 m (St3), 146 m (St 4). The stations were located at at 3 

nautical miles (St 1, 50 m deep), 8 nautical miles (St 2, 94 m deep), 13 nautical miles 

(St 3, 118 m deep), and 20 nautical miles (St 4, 146 m deep). We sampled 
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zooplankton bimonthly from February 2005 to December 2007 using a 300 �m mesh 

Bongo net. We equipped the net with a calibrated Hydro-Bios flowmeter. We used 

4% formalin solution to preserve the samples immediately after collection. The 

sampling involved three knots during daytime with oblique tows from the surface to 

100 m deep or, in the case of shallow stations, to 10 m above the bottom. We did a 

total of seventy one tows were conducted in total.  

 

We took water samples using Niskin bottles to measure oxygen and 

chlorophyll a from all stations at six depths (0, 10, 25, 50, 75, and 100 m). We also 

used a Seabird CTD to obtain vertical profiles of temperature, salinity and additional 

oxygen. We assessed the state of large-scale ENSO cycle, using the the monthly 

NOAA reports on SST anomaly data from the Niño 1+2 region, the closest region to 

the Peruvian coast among the regions considered by NOAA (www.cpc.ncep.noaa.gov 

/products /expert_assessment /ENSO_DD_ archive .shtml.). Furthermore, we used the 

Multivariate ENSO Index (MEI) in the analysis (Wolter and Timlin, 1988, data 

source: www.cpc.ncep. noaa.gov/ENSO/enso.current. htm/indeces). 

 

In the laboratory, we measured zooplankton biomass of each sample by the 

determination of displacement volume (Beers, 1976) and wet weight (Postel et al., 

2000). We identified all copepod species to the lowest taxonomic level possible and 

counted the abundance under a stereomicroscope. We also identified invertebrate 

larvae according to the available literature. Zooplankton samples were diluted to a 

suitable volume and while stirring small aliquots were poured into each of two 

beakers. This procedure was repeated two to five times until the samples were split in 
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halves (Hustman Marine Laboratory - HML beaker technique, Van Guelpen et al. 

1982). 

Data Analysis 

 
We examined species composition using all identifiable taxa across 71 

samples. Shannon diversity (H’) and Pielou's evenness (J) were calculated for each 

sample (Shannon and Weaber, 1949, Pielou, 1966), using all data. Differences 

between seasons, ENSO phases and stations were examined for the following 

zooplankton parameters, using a non-parametric Kruskal-Wallis ANOVA: 

zooplankton abundance, biovolume, wet weight, Shannon diversity, and equitability. 

Mann-Whitney test: ENSO extreme periods EN and LN and between onshore and 

offshore. Non-parametric Spearman rank correlation was used to explore the 

relationship between environmental parameters (MEI index, hydrological parameters 

for several depths, Oxygen Minimum Zone depth, and distance to the coast) and 

zooplankton parameters (Shannon diversity, equitability, and abundance of the most 

abundant species). These analyses were performed at � = 0.05 with STATISTICA 6.1 

(StatSoft Inc.). 

 
We used only the most frequent taxa (that occurred in at least 25% of the 

samples) to explore and analyze multivariate patterns in community structure. Prior to 

analysis, we standardized all data were standardized (divided by the total per sample) 

and made a 4th root-transformed transformation to reduce the contribution from 

numerically dominant species (Field et al., 1982). We calculated similarity between 

samples and taxa were calculated using the Bray-Curtis Index. 
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We examine similarities in zooplankton between samples doing a cluster 

analysis, non-metric multidimensional scaling (MDS) ordination and Analysis of 

Similarity (ANOSIM) (Clarke and Warwick, 2001). The dendrogram was cut to 

produce ecologically interpretable clusters. To verify our interpretation of the 

dendrogram, the result of the clustering was superimposed on an MDS plot generated 

from the same similarity matrix (Clarke, 1993, Clarke and Warwick, 2001). A low (< 

0.2) MDS Stress coefficient indicates that the multivariate similarity pattern is 

represented by the plot without much distortion (Clarke and Warwick, 2001). For 

ANOSIM and MDS plots, analyses were repeated, but using seasons, ENSO phases 

and stations as a priori factors. The existence of significant effects of these a priori 

factors on zooplankton community structure were then tested by ANOSIM at � = 0.05 

(Clarke and Warwick, 2001). We used the PRIMER 6.1.6 software (PRIMER-E Ltd., 

Plymouth, U.K.) for multivariate analyses. 

 

Results

Hydrography

Environmental conditions indicated a highly variable hydrography during the 

sampling period (Figure 2). Sea Surface Temperature (SST) ranged from 13�C to 

21�C (Figure 3). A strong variability in the depth of the OMZ was observed at the 

offshore St. 4, where it varied from 10 to 50m depth, whereas a much lower 

oscillation was observed at the onshore station (St. 1)(Figures 2, 4). SST was clearly 

influenced by season and ENSO phases (Figure 2, 4). Temperature maxima were 

observed during February 2006 and February 2007, coinciding with the austral 

summer, and the minima occurred during the austral winter (August) and spring 

(Oct/Nov). Strong interannual variability in SST and salinity was observed, more 
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likely linked to ENSO. ENSO-Neutral (i.e. close-to-average) conditions were present 

from February 2005 to April 2006. Thereafter, a moderate El Niño (EN) arrived at the 

coastal waters, as seen in the data from June 2006 to February 2007, followed by a 

short transition period (February and April 2007) and a strong La Niña (LN) period 

(June to December 2007).  

 

During the moderate 2006/07 EN event, SST, surface salinity and oxygen 

concentrations were clearly above seasonal average, while OMZ depth increased 

drastically. These conditions indicated the arrival of high-saline, well-oxygenated and 

warm Subtropical surface waters (SSW) waters in the region (Figure 2, 4).  

 

During the strong 2007 LN, SST dropped drastically, and was generally below 

15°C. Surface salinity also dropped considerably, as compared to the ENSO-Neutral 

period. Although OMZ depth increased drastically, sea surface oxygen concentration 

during LN was within average. These conditions indicated a strong upwelling of deep 

sub-Antarctic waters (SAW) under the influence of moderately oxygenated, unusually 

cold and low-saline waters that occupied all the shelf area under investigation.  

 

While there was no consistent horizontal gradient for most of the study period, 

there was an increase in SST towards offshore during February, July and November 

2005 (ENSO-neutral conditions) and during June, August, October, and  December 

2006 (moderate EN).  

 

Abundance, biomass, diversity and equitability

Total abundance, wet biomass, diversity and equitability of zooplankton 

varied strongly over in time (Table 2). Kruskal-Wallis ANOVA showed that there 
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was a significant effect of the factor ENSO on the variables total abundance (p = 

0.014), volume (p = 0.024), wet biomass (p = 0.011), diversity (p = 0.0003), and 

evenness (p = 0.0008). When comparing only the ENSO extreme periods EN and LN 

with Mann-Whitney tests, significant differences were found for all these parameters, 

with significantly higher total abundance (p = 0.032), volume (p = 0.038) , and wet 

biomass (p = 0.032), during LN, and significantly higher diversity (p = 0.006) and 

equitability (p = 0.002) during EN. Diversity and equitability also changed 

significantly between months and seasons. It was lower during the months of autumn 

in 2005 and 2006 and higher during the months of austral winter in 2005 and 2006. 

After June 2006, there was clear seasonal pattern, but showed strong monthly 

variation (Fig. 5). Regarding spatial variation was no consistent spatial gradient in any 

of these zooplankton community parameters. We did not observedsignificant effects 

among Stations.  

 

Community structure 

The most abundant group was the copepods, which presented the highest 

number of species with 179 species from 58 families. The three most abundant 

species were Acartia tonsa (average = 674 ind. m-³, maximum = 4530  ind. m-³), 

Paracalanus parvus (avg. = 266 ind. m-³, max. = 3710  ind. m-³), and Centropages 

brachiatus (avg. = 166 ind. m-³, max. = 1470 ind. m-³) representing 79 % of all 

organisms sampled (Table 1). Eggs and larvae of the anchovy Engraulis ringens were 

also abundant (7% of total abundance, avg. = 6.9 ind. m-³, max. = 104.3 ind. m-³) 

along with several meroplankton taxa, such as polychaete, cirripedian, and decapod 

larvae. Gelatinous predators, such as chaetognaths and hydromedusae, had low 

abundances or were absent, with less than 0.1 ind. m-³ overall average abundance.  
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There was a pronounced temporal and spatial variability in zooplankton 

composition. Although Acartia tonsa was the single dominating species during all 

periods and stations, its abundance decreased significantly reduced during the 

moderate El Niño (EN) event from June to October 2006 (avg. = 250 ind. m-³, 30% of 

total zooplankton). During the strong La Niña event the abundance of A. tonsa 

increased (avg. = 874 ind. m-³, 44 % of total zoopl.) (Mann-Whitney test p = 0.01) 

(Fig. 6). Another, less abundant species, such as Oithona sp., increased in abundance 

during the moderate EN event (avg. = 32 ind. m-³ during EN, avg. = 0.07 ind. m-³ 

during LN). The abundances of Eucalanus inermis and zoea of Pleuroncodes 

monodon were significantly higher offshore than onshore (Mann-Whitney test, p = 

0.007 and 0.025, respectively). In contrast, eggs and larvae of the Peruvian anchovy 

Engraulis ringens were significantly more abundant nearshore than offshore (Mann-

Whitney test p = 0.0002). Other species such as the copepods C. brachiatus, P.

parvus, and zoeae of the decapod P. monodon varied significantly with seasons. 

These taxa showed a significant effect of the factor “Season” on their abundance. 

(Kruskal-Wallis ANOVA p = 0.03, 0.0002, and 0.006 respectively). C. brachiatus 

was more abundant and frequent in winter (average: 297.9 ind. m-3), and less 

abundant and frequent in spring (average: 74.6 ind. m-3) (Fig 6). P. parvus increased 

its abundance in winter (average 653 ind m-3) and decreased in summer (average 46.5 

ind m-3). The abundance of Zoeae of P. Monodon increased in winter (average: 27.1 

ind. m-3) and decreased in spring (average 1.43 ind m-3).  

Zooplankton assemblages 

Our Spearman Rank Correlation analysis showed that the MEI index was the 

only environmental variable that explained the changes in abundance of A. tonsa, the 
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dominant species (r = -0.33, p < 0.005) (Table 1). The negative correlation between 

these variables confirms that A. tonsa was negatively affected by EN. Species that 

were more abundant over the OMZ, such as the copepods P. parvus, C. brachiatus, 

and E. inermis correlated positively with OMZ depth (Table 1). Conversely, the 

larvae of the polychaete Magelona sp. showed a negative correlation to OMZ depth. 

Finally, many taxa, such as the larvae and eggs of the Peruvian anchovy Engraulis

ringens, cirripedian nauplii and brachiopod larvae, porcellanid zoeae and the copepod 

Hemicyclops thalassius showed significant negative correlations between their 

abundances and the distance to the coast, confirming the importance of nearshore 

waters for this copepod species and for the development of larvae of anchovy and 

benthic invertebrates.  

 

Multivariate analysis with MDS and ANOSIM showed that community 

structure could be well explained by a priori defined spatio-temporal factors. 

ANOSIM showed there were significant effects of the factors “Station”, “Season”, 

“Year” and “ENSO” on community structure (ANOSIM, p = 0.1, 0.2, 0.1 and 0.1%). 

The effects of these four factors can also be visualized on the MDS plots, by the 

separation of samples according to these factors (Figure 7). Pairwise comparisons 

with ANOSIM showed significant differences in community structure between winter 

and the other seasons (p = 0.002). Pairwise comparisons for the factors “Year” and 

“ENSO phase” showed significant (p = 0.001) differences in community structure 

between 2006 and 2007, and between EN and LN.  

 

When examining the abundance of Acartia tonsa, Centropages brachiatus and 

Eucalanus inermis with MDS, species showed patterns associated to particular 
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variables (Fig 8). A. tonsa showed differences in abundance during ENSO phases, 

high abundances were found mostly during LN and Neutral phases (Fig. 8a). C. 

brachiatus showed differences between seasons, the highest abundance occurred in 

spring and winter.  E. inermis displayed the strongest spatial variability, with highest 

abundance at offshore stations 3 and 4 (Fig. 8c)  

 

Discussion

 

Our study shows that considerable seasonal and interannual changes occurred 

in the composition of the zooplankton community and their environmental conditions 

off Central Peru. These changes occurred mainly between ENSO phases and seasons. 

The oceanographic characteristics of this area were similar to the rest of coastal 

upwelling areas in the Humboldt Current System. Strong intra-annual variability was 

observed, which was superimposed by ENSO events (Thiel, et al., 2007). 

Comparisons of the results of the present study with time-series data from northern 

Peru (4�S, Arones et al., 2009) and northern Chile (22�S, Escribano and Hidalgo, 

2000) indicate that the weak 2002/2003 El Niño was less intense than the moderate 

2006/2007 El Niño, in terms of changes in hydrography and community structure. 

 

A strong decrease in salinity and increase in temperature were detected during 

previous two EN events, during April 1997 and April 2002. These changes may be 

explained by local effects such as river discharge, rainfall off northern Peru and by 

large-scale ENSO-related anomalies (Escribano et al., 2004, Gutierrez et al., 2005, 

Arónes et al., 2009). Oceanographic changes resulting from EN conditions in 2006 in 

the study area were first detected in August 2006 (Criales-Hernandez, 2008) and LN 
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conditions in May 2007. Our data show that the thermal structure of this area did not 

display any substantial disturbance across the ENSO cycle, as compared to the 

extreme positive anomalies (SST up to 29°C, Aronés et al., 2009) observed during the 

record-strength 1997/98 EN. Positive anomalies 16 to 19.8 °C were noted between 

June 2006 and February 2007, indicating a moderate EN. Negative anomalies of 13 to 

15 °C were detected between June and December 2007, indicating a strong LN.  

 

The oxygen concentration at 10 m depth and the vertical gradient in the OMZ 

displayed significant changes between ENSO phases. The average depth of the upper 

boundary of the OMZ (20 m) at our stations off Callao is similar to previous estimates 

for this area during Normal or Cold conditions (Zuta and Guillen, 1970, Criales-

Hernandez et al., 2008, Gutierrez et al, 2008). However, during EN conditions, the 

OMZ deepened down to 50 m depth (Criales-Hernandez et al., 2008, Gutierrez et al., 

2008). The observed increase in OMZ depth is probably related to a approach of SSW 

towards nearshore. SSW are usually located far offshore in oceanic areas during 

winter and project towards the coast during summer and during EN conditions 

(Morón, 2006). In addition, the seasonal variability in OMZ depth may be explained 

by factors such as wind mixing, non-linear interaction between winds, coastal 

upwelling and relaxation, and characteristics of the water masses (Bohle-Carbonell, 

1989, Graco et al., 2001, Sanchez and Delgado, 1996, Graco et al., 2007, Gutierrez et 

al., 2008).  

 

The main trends in zooplankton abundance, biomass and diversity can be 

related to the anomalies in SST and the high variability in the oxygen concentration. 

Strong variability in zooplankton density and biomass was found between ENSO 
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phases. During the 2006 EN event, zooplankton abundance decreased and diversity 

increased. An opposite pattern was observed during the 2007 LN event. Dramatic 

changes in zooplankton abundance and community structure had been reported 

previously during the strong 82/83 and 97/98 EN events, with abrupt declines in 

primary production and subsequent reduction of zooplankton (Santander and 

Carrasco, 1985, Carrasco and Santander, 1987, Hidalgo and Escribano, 2001, Carr, 

2003, Ayón et al., 2008, Aronés et al., 2009). Data off northern Peru display similar 

patterns (Gutierrez et al., 2005, Aronés et al., 2009). Zooplankton abundance declined 

and diversity increased during EN 97/98 and the EN 2002/2003 these processes may 

also be associated with pelagic productivity (Arones et al., 2009). Feeding efficiency 

of small pelagic fishes is strongly affected by changes in zooplankton abundance in 

upwelling areas (Cury et al., 2000)  

Many zooplankton taxa did not display any consistent nearshore-offshore 

gradient in abundance, possibly due to their highly aggregated distribution. 

Aggregation of zooplankton is usually associated with high concentrations of Chl-a in 

upwelling areas (Escribano, 1998, Hidalgo and Escribano, 2001, Behrenfeld et al., 

2001, Pennington et al., 2006, Kang et al., 2008). If we consider that copepods are the 

main group in upwelled waters (Peterson, 1998, Hutchings et al., 2006), they  may 

have developed a mechanism that allow them to  maintain a bulk of zooplankton 

abundance inside or near the upwelling zones (Barber and Smith, 1981, Peterson, 

1998). However, some species, such as Eucalanus inermis have consistently 

displayed higher abundance offshore than nearshore. This pattern can be due to the 

well known vertical distribution and migration behavior of this species, that is 

generally located between the low-oxygen waters below the oxycline. (Criales-

Hernandez et al., 2008, Hidalgo et al., 2005). Acartia tonsa presents an ontogenetic 
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migration pattern, with adults constricted to well-oxygenated upper layers and nauplii 

developing inside the OMZ (Criales-Hernandez et al., 2008). This species uses the 

advection flow to nearshore to maintain maximum densities in the coastal areas 

(Smith et al., 1981). Both mechanisms could help to minimize offshore transport by 

spending time below the offshore moving layers (Peterson, 1998, Criales-Hernandez 

et al., 2008). 

Two distinct communities were observed in this study. The nearshore 

community was characterized the copepods Acartia tonsa, Paracalanus parvus, 

Centropages brachiatus and by meroplankton.  Larvae and eggs of Engraulis ringes 

and porcellanid and brachyuran zoeae, cirripedia nauplii and larvae, and brachiopod 

larvae were often sampled in this zone. The offshore community was characterized by 

large holoplanktonic organisms such as the zoeae of Pleuroncodes monodon, 

euphausids and large copepods, such as Eucalanus spp. and Calanus sp.. Large, 

actively swimming organisms such as zoeae of Pleuroncodes monodon, euphuasiids  

and E. inermis are more independent and developed active swimming strategies and 

use current shear to keep their populations in place (Peterson, 1998, Antezana, 2002, 

Hidalgo et al., 2005, Criales-Hernandez et al., 2008). 

In the present study, most samples were dominated by  the copepods Acartia 

tonsa, Paracalanus parvus and Centropages brachiatus. These species are typically 

associated the nearshore continental shelf in the upwelling system (Santander, 1981, 

Ayón et al., 2008). Abundance of A. tonsa was high during Neutral and LN 

conditions, while during EN 2006 A. tonsa significantly decreased in abundance, and 

small species, such as Oithona sp. and cyclopoids increased. Similar patterns of the 

abundance and diversity have been found during EN events (Carrasco and Santander, 
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1987, Escribano et al., 2004, Arónes et al., 2009). Species composition of 

zooplankton has been shown to be shifting from large sized species, mostly 

herbivorous copepods that are typical in upwelling systems (Santander, 1981, 

Kleppel, 1993) towards small-sized species, mostly carnivores, during warm 

conditions (Gonzales et al., 2002, Escribano et al., 2004, Criales-Hernandez et al., 

2008).  

 

The upwelling off Peru is generally governed by seasonal variation. Peaks of 

abundance in some species were controlled by seasonal changes. Paracalanus parvus 

and Centropages brachiatus were most abundant during wintertime. This peak in 

abundance was attributed to the particular life cycles of these copepods in the 

upwelling zone (Santander, 1981, Escribano et al., 2007). Changes in OMZ depth 

could be determining the distribution of several zooplankton species. Our results 

showed a strong correlation between OMZ and abundance of the main taxa. When the 

OMZ was deeper (50 m deep), abundance of certain species increased, e.g. 

Centropages brachiatus, Paracalanus parvus, Eucalanus inermis, and Pleuroncodes 

monodon zoeae. Previous studies showed that Paracalanus parvus and Centropages

brachiatus were restricted to the well-oxygenated upper layers (Escribano et al, 2007, 

Criales-Hernandez et al., 2008). The increase of OMZ depth probably has  contributed 

to the extension of the habitat of these taxa. Other taxa, as such as Eucalanus inermis 

may live inside the OMZ, migrating temporarily towards its upper limit (Hidalgo et 

al. 2005).  

In conclusion, seasonal variability, superimposed by ENSO, are the key 

factors that govern zooplankton standing stock and community structure. Bulk 
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zooplankton biomass was aggregated in upwelling areas without any significant cross-

shore gradient, but species composition did display a consistent gradient, with 

characteristic, well-defined nearshore and offshore communities. Abundance of A.

tonsa, the dominant species in this study, was significantly correlated to the multiple 

El Niño index only, indicating that this species may be a sensible indicator for ENSO 

and for possible future changes in climate regime.  
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List of figures legends and table headers 

Table 1. Average, minimum and maximum abundance, Relative abundance (%) and 

frequency of occurrence of the most abundant taxa across the continental shelf off 

Central Peru, and Spearman rank correlation matrix between environmental variables 

and abundance of the major taxa. n.s. not significant at p<0.05. DC: Distance from the 

coast, OMZ: Depth of the Oxygen Minimum Zone, MEI: Multiple El Nino Index) 

 

Table 2. Results of the Kruskal-Wallis ANOVA used to test temporal effects on 

zooplankton abundance (ind. m-3), biovolume (ml m-3), wet biomass (g m-3) and 

diversity indexes during time series across the continental shelf off Central Peru. n.s. 

not significant at a = 0.05. 

 
Figure 1. Study area across the continental shelf off Central Peru. Isobaths are 

indicated in meters. Dots and numbers indicate sampling stations. 

 
Figure 2. Temporal variation of water temperature, salinity, and oxygen concentration at 

10 m depth and Depth of the Oxygen Minimum Zone (depth of the 1 ml l-1 oxycline) off 

Callao, Central Peru, from February 2005 to December 2007. 

 
Figure 3. Temporal and vertical distribution of temperature (°C), at the four sampling 

stations on the continental shelf off Central Peru.  

 

Figure 4. Temporal and vertical distribution of Oxygen (ml l-1), at the four sampling 

stations on the continental shelf off Central Peru. 

 

Figure 5. Time series of total zooplankton density, total species richness (S), Shannon 

diversity (H’), and Evenness (J’). H’ and J’ were calculated using densities of all 
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zooplankton taxa. Samples were obtained at four stations at the continental shelf off 

Callao, Central Peru, from February 2005 to December 2007.  

 

Figure 6. Times series of abundance (ind m
-3

) of the main taxa. Samples were 

obtained at four stations at the continental shelf off Callao, Central Peru, from 

February 2005 to December 2007. 

 
Figure 7. Multi-dimensional scaling (MDS) plot generated from the Bray-Curtis 

similarity between samples, calculated based on fourth-root transformed abundance 

data of the 63 most frequent taxa. Samples were obtained from daytime oblique bongo 

net tows at four stations off Central Peru. Symbol types denote Seasons (top left), 

ENSO phases (top right), Years (bottom left), or Stations (bottom right).  

 
Figure 8. Multi-dimensional scaling (MDS) plot generated from the Bray-Curtis 

similarity between samples, calculated based on fourth-root transformed abundance 

data of the 61most frequent taxa. Samples were obtained from daytime oblique bongo 

net tows at four stations off Central Peru. Circle diameters represent the abundances 

of three selected copepod species: (a) Acartia tonsa, (b) Centropages brachiatus, and 

(c) Eucalanus inermis.  
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Results

Table 2.  
 
Source of variation Independent Variable d.f. p Max Min

Season Density (ind m-3) 3 n.s
Bio volume (ml m-3) 3 n.s
Biomass (g m-3) 3 n.s
Evennes 3 0.04 Winter Autumn
Diversity 3 0.0257 Winter Autumn

ENSO Density (ind m-3) 2 0.0147 LN EN
Bio volume (ml m-3) 2 0.0242 EN LN
Biomass (g m-3) 2 0.0115 EN LN
Evennes 2 0.0008 ENSO Neutral ENSO Neutral
Diversity 2 0.0003 ENSO Neutral ENSO Neutral  

 

 56



Results

 
 

Figure 1.  
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Figure 2.  
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Figure 3.  
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Figure 4.
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Figure 5.  
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Figure 6.  
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Figure 7.  
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c) 
 
Figure 8.
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5.4 Scientific contribution 

ENSO effects on phytoplankton dynamics, grazing rates, selectivity, and egg 

production of the copepod Acartia tonsa off Central Peru 

M.I. Criales-Hernández1*, R. Schwamborn3, H-J. Hirche2, S. Sanchez1, P. Ayón1, M. 

Graco1 and M. Wolff4 

* Área de Evaluación Producción Secundaria, Instituto del Mar del Perú, Esquina 

Gamarra y General Valle S/N Chucuito- Callao, micriales@imarpe.gob.pe, tel: +51 

16250800 ext 230, Lima, Peru 
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2: Alfred Wegener Institute for Polar and Marine Research, Bremerhaven, Germany 

3: Zoology Department, Universidade Federal de Pernambuco, Recife, Brazil 
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Key words: Acartia tonsa, feeding selectivity, grazing impact, egg production rates, 

spatio-temporal variability, ENSO, Humboldt Current System

Abstract

Grazing rates, selectivity, and egg production rates of Acartia tonsa and their relation 

to phytoplankton density (abundance and phytoplankton carbon), composition, and 

primary production were studied at four stations off central Peru during different El 

Niño Southern Oscillation (ENSO) phases in 2006 and 2007. The phytoplankton              
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community showed extreme changes in density and composition, with a huge change 

between different phases. Dinoflagellates, nanoflagellates, and diatoms dominated 

during 2006, including ENSO-neutral conditions in April 2006 and during the weak 

El Niño in July and August 2006. Diatoms dominated in 2007, including ENSO-

neutral conditions in February and April 2007 and the strong La Niña event that 

impacted the area from May to August 2007. Several diatom, nanoflagellate and 

dinoflagellate species were readily ingested. Ingestion rates were correlated with 

phytoplankton density. A tonsa typically ingested prey according to its concentration, 

although several species including some highly abundant red tide forming species, 

such as Akashiwo sanguineum (previously known as Gymnodinium sanguineum) and 

several other dinoflagellate and diatom species were consistently rejected. Diatoms, 

nanoflagellates and dinoflagellates were effectively ingested only if cell size was < 

120 µm (major axis length). Selectivity significantly increased with cell size until a 

cell size of 120 µm. Egg production rates of A. tonsa were generally very low (0.6 to 

9.2 eggs female-1 day-1, average: 6.1 +- 2.3 eggs female-1 day-1). Based on 

simultaneously performed egg production and in situ grazing experiments, our results 

indicate a possible negative relationship between the ingestion of dinoflagellates and 

A. tonsa egg production. This paper presents a discussion on how phytoplankton 

composition may affect the grazing selectivity by A. tonsa, specifically the formation 

of red tides off central Peru. 

INTRODUCTION

The central Peruvian coast (12º S to 14ºS) is an area directly affected by extremely 

high variability in oceanographic conditions and productivity. Also, it is one of the 
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most productive areas within the Humboldt Current System (HCS) (Zuta and Guillen, 

1970; Guillén and Calienes, 1981). One of the dominant modes in this ecosystem is 

due to the El-Niño-Southern-Oscillation (ENSO) cycle. During El Niño (EN) phases, 

unusually warm waters appear in the coastal areas off Peru while La Niña (LN) causes 

the opposite effects. During the LN phase the trade winds and upwelling strengthen 

and cold water masses become more dominant (Chen and Cane 2008).  

The Peruvian coastal waters as part of the Humboldt Current System (HCS) support 

the world’s largest single-species fishery (Engraulis ringens) which is of central 

importance for Peru’s national economy (Nixon and Thomas, 2001, Chavez et al., 

2003; Hutchings et al., 2006). In this highly productive coastal upwelling system, 

copepods are a major component of mesozooplankton and the dominant grazers of 

phytoplankton (Gonzales et al., 2000; Calbet and Landry, 2004; Criales-Hernández et 

al., 2008; Ayón et al., 2008). Therefore their grazing rates should be critical in the 

transfer of matter and energy in this system (Pauly et al., 2002) 

 

It is generally assumed that copepods in upwelling ecosystems feed mostly on 

diatoms and their ingestion rates are directly proportional to diatom abundance 

(Vargas and Gonzalez, 2004 and Cowles, 1979). On the other hand, copepods that 

have been fed natural phytoplankton with a mixture of cell sizes have displayed 

complex feeding behaviour (Cowles, 1979; Paffenhöfer and Lewis, 1990; Kleppel 

1993; Kleppel et al., 1996; Paffenhöfer and Mazzocchi, 2002;Vargas et al., 2007). 

Thus copepods often ingest large phytoplankton cells at a faster rate than small cells 

(Frost, 1972). On the other hand, some copepods feed selectively on size classes with 

highest relative abundance (Cowles, 1979; Kleppel, 1993; Broglio et al., 2003). 

Selectivity has also been observed with regard to different phytoplankton taxa 
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(Kleppel, 1993). Certain species are completely rejected, eventually due to 

palatability or toxicity (Broglio et al., 2003). Among these are some red tide forming 

species such  as  Prorocentrum minimun. Since red tides have increased in frequency 

recently along the Peruvian coast, they could affect secondary productivity and hence 

yield and quality of fisheries resources (Sanchez and Delgado, 1996). Rejection of red 

tide forming species by grazers could be a factor involved in the formation of red 

tides (Anderson, 1997; Turner et al., 1998; Turner and Borkman, 2005; Campbell et 

al., 2005). 

 

So far, in the waters off Peru, only few single grazing experiments have been 

conducted on few offshore stations during oceanographic cruises (Smith, 1978; 

Cowles, 1979; Boyd et al., 1980, Dagg et al., 1980; Paffenhöfer, 1982; Dagg and 

Cowles, 1982). These studies concentrated mainly on the feeding response and size 

selectivity by some offshore copepod species (Calanus australis, Centropages

brachiatus and Eucalanus inermis) (Cowles, 1979 and Dagg et al., 1980). Therefore, 

these studies could not consider the interannual and seasonal variability in grazing 

rates and selectivity. 

 

In the coastal upwelling zone off Peru, mesozooplankton is usually dominated by the 

copepod Acartia tonsa, which is concentrated in the upper well oxygenated layers of 

the nearshore zone (Criales-Hernández et al., 2008). This species is adapted to high 

food concentrations which it encounters in estuaries and upwelled waters (Paffenhofer 

and Stearn, 1988). In this study, we will evaluate the effects of seasonal and ENSO-

related interannual variability of phytoplankton composition and on primary 
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production on grazing rates, feeding selectivity, and egg production rates of A. tonsa 

in Peruvian inshore, bay, and shelf areas.  

MATERIAL AND METHODS 

Sampling

Sampling of water and copepods for grazing and egg production experiments was 

performed at four stations (Fig. 1) : 1.) Inside Independencia Bay (“Ind” Station), a 

shallow, semi-enclosed bay located 263 km south of Lima (Tarazona et al., 1989), 2.) 

At the Pier (“Pier” Station) of the Peruvian Marine Science Institute (IMARPE) in 

Callao 3.) At the nearshore shelf (“Station 2”, at 90 m depth) off Callao, 4.) At the 

offshore shelf (“Station 5”, at 176 m depth) off Callao. Experiments were conducted 

in April, July, and August 2006, and in February, April, May and August 2007. 

Monthly NOAA reports were used to asses the phases of the large-scale of the ENSO 

cycle during the study period, based on satellite-derived SST anomaly data from the 

Niño 1+2 region, the closest region to the Peruvian coast among the regions 

considered by NOAA (www.cpc.ncep.noaa.gov/products/expert_assessment/ENSO_ 

DD_archive .shtml.)  

 

Zooplankton was collected with a WP2 net (60 cm diameter, 300 μm mesh size) with 

a solid cod end towed obliquely between 5 m depth and the surface for 5 minutes. 

Water for incubation was collected with Niskin bottles at 5 m depth and was then 

gently filtered through a 100 μm mesh to eliminate all mesozooplankton. To 

determine the density of A. tonsa and other dominant copepods in the upper layer, we 

used available data from quantitative zooplankton samples collected simultaneously. 
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These samples were obtained with vertical multinet (Hydro-Bios, Kiel, Germany) 

hauls between 10m depth and the surface at the shelf off Callao, and with a WP2 net 

in Independencia Bay. Both nets were equipped with 300μm mesh nets and 

previously calibrated flowmeters. Environmental data were obtained with a CTD 

(Seabird model SBE 19) equipped with sensors for depth, temperature, salinity and an 

optical oxygen sensor (Aanderaa model 3830). 

2.2 Primary Production 

Primary production was measured using the 14C method (JGOFS, 2004). Water 

samples were collected from Niskin bottles from 5 m depth as a proxy for the upper 

layer productivity to compare with grazing activity. Samples were inoculated with 14C 

tracer in light and dark bottles and incubated in situ for 6 hrs that allow the samples to 

be exposed to the natural temperatures and light levels (both intensity and spectral 

quality). For in situ incubation one dark bottle and three light bottles were hooked and 

suspended on an in situ array from noon to sunset. After the incubation, samples were 

filtered through Gf/f filters (nominal pore size ~0.7 �m) to give total primary 

productivity. Filters were store frozen until the determination of radioactivity sample. 

Daily primary production was expressed as mgC m-3d-1.  

Grazing experiments 

Pre-screened water samples were gently homogenized and distributed in nine 

transparent of polyethylene flasks of 1L each. Three subsamples (250 mL) were 

immediately preserved in 2% formalin to determine the initial phytoplankton density 

and composition (t0 water samples). Six samples were then gently filled into 1l flasks. 

Copepods were then transferred into three of the six flasks (tg water sample), while 

three sample flasks were incubated without copepods to determine phytoplankton 
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growth in controls (tc water samples). Undamaged adults of A. tonsa were used for 

grazing and egg production experiments. Copepod densities in the experiments ranged 

from 75 to 95 ind. L-1. Grazing experiments were generally conducted in situ, except 

at the Pier station, where they were performed in the laboratory under simulated in

situ conditions and constant temperature. At the shelf and bay stations, the six flasks 

were firmly placed into a steel basket that was gently lowered to 5 m depth below a 

surface buoy that was fastened to the vessel by 20 m of rope to avoid shading. 

Grazing incubations were performed in situ during daytime for approximately 9 

hours. After incubation, the content of the flasks was screened through a 150 μm 

mesh. Water and plankton samples from the flasks (tc and Tg) were treated and 

preserved in the same way as the initial t0 samples. Phytoplankton was identified and 

counted using the Utermöhl method (Utermöhl, 1931). Microphytoplankton (> 20μm 

size along the major axis) was identified to species level if possible and measured, 

nanoplankton (2 to 20μm) was only counted and measured. 

Egg production experiments 

For each experiment, seventy single females of A. tonsa were pipetted into cell wells. 

5 mL containing pre-screened (20 μm) water from the same stations as the copepods. 

Samples were incubated for 24 hours at ambient temperatures. Eggs were not 

separated from the copepods because egg cannibalism by A. tonsa is rare (Kiørboe et 

al., 1985; Kleppel, 1992; Kleppel, 1996; Burkart and Kleppel, 1998; Kleppel et al., 

1998; Kleppel and Hazzard, 2000). Eggs were counted every six hours. After 24 h, 

females were removed and the eggs were incubated for further 24 hours to determine 

egg viability.  
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Data analysis 

Phytoplankton abundance and biomass was calculated in terms of density (cells mL-1) 

and carbon biomass (μgC L-1). Estimates of carbon content were based on measures 

of cell dimensions to calculate cell volumes by assigning specific shapes to each 

taxon (Hillebrand et al., 1999 and Sun and Lui, 2003;). Thereafter, cell volumes were 

converted to carbon units using taxon-specific factors and equations (Edler, 1979; 

Menden-Deuer and Lessard, 2000)  

The equations of Frost (1972) were used to calculate ingestion rates. To verify 

whether significant ingestion occurred, Mann-Whitney U-tests (Zar, 1996) were used 

to test for differences between tc controls and incubations with copepods tg. These 

tests were performed for the total final cell density per incubation flask (sum of all 

taxa), for the totals per taxonomic group (diatoms, dinoflagellates, silicoflagellates, 

phytoflagellates, etc.), and for each species separately. 

 

Mann-Whitney U-tests were only performed for the taxa that were present in at least 

two out of three of the initial replicates, and displayed average initial densities above 

300 cells l-1. Ingestion rates were then calculated for the phytoplankton groups only 

when significant differences between tc controls and tg treatments were detected at p < 

0.05, or when the mean density in tg treatments was less than 60% of the density in tc 

controls. Ingestion was calculated assuming exponential phytoplankton growth and 

constant ingestion rates (Frost, 1972; Kleppel, 1996; Meyer-Harms et al., 1999; 

Schwamborn et al., 2004). Ingestion rates are thus expressed as cells copepod-1 d-1.  
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Feeding selectivity was assessed by comparing the composition of A. tonsa diets 

(cells mL-1 d-1) to the composition of the food offered (cells mL-1), using the Chesson 

electivity Index (�) (Chesson, 1983, Schwamborn et al, 2004). The values of � were 

calculated for each phytoplankton species and experiment, and may range from -1 to 

1, where a value of zero means no selection (i.e. ingestion of a specific taxon in the 

same proportion as in the food offer), -1 means no ingestion, and positive values mean 

positive preference for a given taxon.  

 

The relationship of cell size and electivity (�) was analyzed in two steps: A.) 

Classification of the phytoplankton taxa into size classes, and calculation of the 

Portion Ingested (PI), i.e. percentage of taxa that suffered ingestion (ingestion rate > 

0) in relation to all taxa in a given size class. Size classes with low (PI of 15% or less) 

or zero ingestion were excluded from the data set prior to the next step. B.) Analysis 

of the size-selectivity was used to find a relationship for the taxa that occurred during 

the experiments, and their size classes, where ingestion occurred. Thus, a Spearman 

correlation analysis was conducted to test for significant relationships between several 

indicators of cell size (length along major axis, volume, Equivalent Spherical 

Diameter ESD, and carbon content) and electivity (�) for the whole data set, and for 

each time period (EN, LN, ENSO-neutral), and taxonomic group (nanoflagellates, 

silicoflagellates, dinoflagellates and diatoms) separately. Also, these data were used to 

test for significant differences in � between time periods (EN vs LN) and taxonomic 

groups (dinoflagellates vs diatoms), using simple Mann-Whitney U-tests.  
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Daily fecundity F (eggs female-1 day-1) (Bellantoni and Peterson, 1987) was calculated 

based on the egg production rates E: F = E/A, where E = number of eggs (maximum 

number of eggs during 24h in each cell), A = number of females in each bottle. At the 

end of the egg production experiments, prosome lengths of females were measured. 

Estimates of carbon content were based on prosome lengths. Thereafter, average 

prosome lengths of each experiment were converted to carbon units using length-mass 

equations (Berggreen et al., 1988). The gross efficiency of egg production, expressed 

in carbon units, was calculated as the ratio of carbon produced as eggs to that ingested 

as food (Kleppel, 2000). Egg carbon content was based on average egg diameter 

(Ayón and Hirche in prep) multiplied by 0.018 (Berggreen et al., 1988). 

 

In order to test if grazing and egg production by A. tonsa changed with food 

concentration and composition, Spearman rank correlation analysis was used to test 

for significant correlations between several variables, e.g. cell density, ingestion rates, 

and egg production. Spearman matrices were calculated for the total phytoplankton 

and for the main taxonomic groups (diatoms and dinoflagellates) separately. 

Statistical analyses were performed with Statistica 6.1 or using the “R” language and 

environment (R Foundation for Statistical Computing). 

RESULTS

Hydrography

The hydrographical conditions during the study period reflect three distinct ENSO 

phases, which resulted in different conditions during the experiments. (i) A moderate 

El Niño (EN) event in August 2006, which brought unusually high surface water 
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temperatures (up to 18.4 °C offshore, 17.1°C in Independencia Bay). (ii) A strong La 

Niña (LN) event in May and August 2007, characterized by low surface water 

temperatures (14.6 °C in Independencia Bay and 14.8 at station 2), and (iii) ENSO-

neutral conditions in April 2006 and from February to April 2007. During both 

ENSO-neutral phases, temperatures were close to seasonal averages (Table 1). 

 

The analysis of the large-scale state of the ENSO cycle based on satellite data also 

shows that ENSO-neutral conditions were present during April 2007 in the Niño 1+2 

region. Thereafter, moderate El Niño conditions started after July and lasted until 

February 2007. Then, a transition period with ENSO-neutral conditions was present 

from March to April 2007. Finally, conditions shifted toward La Niña in the Niño 1+2 

region, being evident since May 2007 and continued into 2008. 

Primary production and phytoplankton density, biomass, and composition  

Primary production rates in this study varied from 18 to 149 mgC m-3 d-1 (Fig. 2a). 

Primary production was very low during EN, not exceeding 29 mgC m-3 d-1. During 

LN, production was more than twice that during EN, but not significantly higher than 

during ENSO-neutral conditions in early 2006 and early 2007. Furthermore, primary 

production followed a consistent onshore-offshore gradient with maximum values at 

station 2 and inside Independencia Bay and low values at station 5. The maximum 

occurred during ENSO-neutral conditions in early 2007 at station 2 (209 mgC m-3 d-1) 

and the minimum occurred during EN at station 5 (15 mgC m-3 d-1). 
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Total phytoplankton density varied over a wide range, from 2920 to 94200 cells mL-1 

(Fig. 2, Table 2). Abundance clearly increased from EN towards LN. The lowest 

abundances were found during ENSO-neutral conditions in early 2006, with 2920 

cells mL-1 at station 2 and 3064 cells mL-1 at station 5. During 2007, phytoplankton 

cell densities were quite different and maximum values were found at station 2 

(75168 and 93200 cell mL-1, respectively) (Fig. 2b). This station showed the largest 

temporal change, with lowest abundance during ENSO-neutral conditions in early 

2006 (2920 cell mL-1) and highest abundance during LN 2007. At the Pier, total 

phytoplankton abundance varied from 11222 to 51775 cells mL-1. Moreover, in 

Independencia Bay, low abundance values were found during both ENSO-neutral 

phases, ranging from 3224 to 12269 cells mL-1 (Fig. 2b). 

 

The phytoplankton community showed extreme changes in density and composition 

between different phases (Fig. 2b). Dinoflagellates, nanoflagellates, and diatoms were 

important during 2006 in terms of abundance, while diatoms clearly dominated during 

2007 (Fig. 2b). Of the 139 taxa identified during all experiments, only 36 species 

were frequent, i.e. occurring at least 5 times. Skeletonema costatum and

Thalassionema nitzschioides are chain-forming diatoms, and occurred in at least five 

experiments, with high densities in 2007 (Table 3). Both of them were among the 

dominant species during two experiments conducted during LN, both with maxima at 

the Pier during May and at station 2 during August 2007, with 43308 and 75616 cells 

mL-1 for S. costatum, and 271 and 1470 cells mL-1 for T. nitzschioides, respectively) 

(Table 3). The red tide forming species Akashiwo sanguineum, (previously known as 

Gymnodinium sanguineum) was the most abundant dinoflagellate species in our 

experiments, with up to 3011 cells mL-1 during ENSO-neutral conditions in early 
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2006 (overall average: 560 cells mL-1) (Table 3). It occurred in considerable densities 

in six experiments. 

 

Phytoplankton carbon (PPC) varied from 279 μgC L-1 during EN at the Pier to 3056 

μgC L-1 during LN at station 2 (Table 1). The minimum and maximum PPC 

correspond to the extremes of the ENSO phase that occurred in this study, EN and 

LN, respectively. PPC changed more at station 2 (between 849 and 3056) and was 

more stable at station 5 with changes from 1744 μgC L-1 during ENSO-neutral 

conditions in early 2006 to 1052 μgC L-1 during ENSO-neutral conditions in early 

2007. At the Pier, biomass was generally high, varying from 1022 to 2212 μgC L-1. 

Conversely, low biomass values were found in Independencia Bay in two of three 

experiments during EN (July, 409 μgC L-1) and LN (May, 433 μgC L-1). The 

contribution of diatoms and dinoflagellates to PPC shifted from dinoflagellate-

dominated communities during 2006 towards diatom-dominated communities in 

2007. Dinoflagellates comprised most of the biomass during the experiments at 

station 5 and in Independencia Bay during EN. Furthermore, dinoflagellates were 

important at station 2 during ENSO-neutral conditions in early 2006 and in 

Independencia Bay during EN (July) (Fig. 3a). The only exception to the 

dinoflagellate dominance during 2006 was found at the Pier during EN, when the very 

low PPC consisted mainly of nanoflagellates. During ENSO-neutral conditions in 

early 2007 and the subsequent LN, diatoms were the dominating group in all study 

areas (Fig. 3a.).  
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The size range of phytoplankton was from 4.8 to 446 �m (length measured along the 

major axis) (Fig. 4). Cell densities clearly declined with increasing cell size, following 

a log-linear pattern. During LN, cell densities increased for most size classes except 

for the nanoplankton. Increase in density was highest for the largest sizes classes, as a 

result of the appearance of large diatoms during LN. 

Abundance of A. tonsa

A. tonsa was often the single dominant copepod species at the surface with up to 60% 

of the total zooplankton abundance. Maximum densities (9228 ind m-3) were observed 

during ENSO-neutral conditions in early 2007 at station 5 (Fig 5). With the onset of 

EN, its abundance showed a drastic decline (0.12 and 220 ind m-3 at stations 2 and 5, 

respectively). Low abundance of A. tonsa did not permit to set up grazing experiments 

at stations 2 and 5 during EN, nor at station 5 during LN.  

Grazing rates 

In all grazing experiments, we found significant ingestion for many phytoplankton 

taxa, and there was no negative grazing for any taxonomic group. Furthermore, 

mortality of A. tonsa during the experiments was always low (1 to 5 %). Ingestion 

rates ranged widely, from 0.04 to 28.2 �gC copepod-1 day-1 (Fig. 3b) dependent on 

food concentration and composition (Table 2). Ingestion rates increased with 

increasing food concentration during the experiments and did not show any saturation 

at high phytoplankton densities (Fig. 6). The total amount of phytoplankton grazed by 

A. tonsa ranged widely, from 0.001 to 37693 cells copepod-1 h-1 (Fig. 6).  
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A. tonsa fed predominantly on diatoms, except during EN, when dinoflagellates were 

more intensively ingested, specifically in Independencia Bay. Nanoflagellates were 

the most important food source during EN at the Pier. During 2007 (ENSO-Neutral 

and LN), they were not very abundant but were frequently ingested. In terms of 

carbon units, they were more important as an additional food source than 

dinoflagellates (Fig. 3b). During ENSO-neutral conditions in early 2007, A. tonsa 

ingested 100% of the dominating diatom Skeletonema costatum at the Pier, but during 

LN only 23% was ingested at station 2 (Table 3). Total ingestion had a synchronous 

interannual pattern at stations 2, 5 and at the Pier, with higher total ingestion rates 

during 2007, when diatoms dominated.

Food selection

A tonsa were not ingested 47% of the total phytoplankton taxa that occurred during 

the experiments, including 44% of diatoms, 54% of dinoflagellates and the 

heterotrophic flagellate Leucocryptos marina. The dinoflagellates Ceratium tripos, 

Protoperidinium excentricum and the diatoms Asterionellopsis glacialis, Scripsiella

trochoidea, Dytilum brightwelli were present at least 5 times during the experiments 

and were always rejected (Table 4). Among the rejected taxa, the diatoms 

Asterionellopsis glacialis (up to 1590 cells mL-1) and Rhizosolenia setigera (up to 439 

cells mL-1) were the most abundant species (Table 4). The red tide species Akashiwo 

sanguineum, the most abundant dinoflagellate, was consistently rejected in 5 

experiments, and only ingested at negligible rates (0.7 cells copepod-1 h-1) with 

positive selectivity (� = 0.7) during EN (Table 3). Prorocentrum micans, another red 

tide species, was ingested only in one out of six experiments where it occurred, and 

then with low selectivity (� = 0.3) (Table 3).  
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Phytoplankton cell size covered a wide range (Fig. 7). Classification of the 

phytoplankton taxa into size classes and calculation of the Portion Ingested (PI, i.e. 

percentage of taxa that suffered ingestion in relation to all taxa in a given size class) 

showed that in the size range of 10 to 120 μm (length along major axis) there is no 

clear pattern of decline or increase of PI with size. However, there is a clear decrease 

for cells larger than 120 μm, indicating that A. tonsa can not effectively handle larger 

cells (Fig. 7). Therefore, cells larger than 120 μm were not considered in the 

subsequent analyses of the size-selectivity relationship (Fig. 7).  

 

When considering only taxa that actually were ingested (� > -1, cell size < 120 μm), 

and all taxonomic groups and experiments, we found a significantly positive 

correlation between selectivity and all size-related variables (length, ESD, volume, 

and carbon content), indicating a preference for larger cells (Fig. 7). Furthermore, we 

found significant differences in ��between ENSO phases, with higher selectivity 

during EN than during LN, and between taxonomic groups, with higher selectivity for 

dinoflagellates than for diatoms (Fig. 8). 

Selectivity patterns were related to changes in food concentration when only taxa 

ingested (� > -1) were considered (Fig. 6). The selectivity for the chain-forming 

diatoms Skeletonema costatum and Thalassionema nitzschioides changed between 

different ENSO phases, following the trend in relative importance. Both species were 

negatively selected or totally rejected during 2006, but were positively selected during 

2007, (� = 0.3 and 0.2 and � = 0.3 and 0.6 respectively), when their abundance 

increased. Pleurosigma sp. (a pennate diatom) occurred in six experiments and was 
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ingested 4 times, including the high food density during LN, with neutral (� = 0.2) to 

positive (�= 0.6) selectivity (Table 3). Dinoflagellates were an important part for the 

diet of A. tonsa mostly during 2006, when this group was more abundant. Ceratium

furca occurred in eight experiments and was selected only during ENSO-neutral 

conditions in early 2006 at all stations. Nanoflagellates occurred in all experiments 

and were positively selected 6 times (� = 0.2 to � = 0.63) (Table 3). The remaining 

non–ingested taxa were found at low abundance, mostly below 10 cells mL-1. The 

data suggest strongly that A. tonsa is highly selective during EN, when food is less 

abundant, and when dinoflagellates dominated, and closer to non-selective feeding 

when food is highly abundant, i.e. during LN.  

Egg production rate 

Egg production of A tonsa varied remarkably between experiments and did not show 

any consistent spatial, seasonal, or interannual pattern. Egg production rates during 

our experiments varied between 0.6 and 9.2 eggs female-1 day-1 (Fig. 9), and were 

lowest during LN and highest during EN at the Pier, opposite to the abundance of A.

tonsa. Egg production rates did not show significant correlations with total food 

concentration (phytoplankton biomass or abundance) nor total ingestion rates. The 

only significant correlation was found with dinoflagellate ingestion, where we found a 

negative correlation with egg production rates (Fig. 10). 

 

Since ingestion rates increased drastically from 2006 to 2007, the gross efficiency 

dropped from 30 to 16 % during 2006 to only 2 to 6% during 2007. Egg viability 

varied over a wide range from 0.4 % to 100%, and was lowest during LN at station 2 
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and highest during ENSO-neutral conditions in early 2007 at the Pier, without any 

clear seasonal or interannual pattern (Table 1). 

DISCUSSION 

Oceanographic conditions and phytoplankton dynamics 

It is well known that ENSO has a strong impact on primary production and plankton 

community composition in Eastern Pacific upwelling ecosystems (Fiedler et al., 1992; 

Escribano, 2004; Pennington et al., 2006). Primary production and phytoplankton 

abundance has been reported to drastically decrease in the East Pacific as a 

consequence of strong EN events (Chavez et al., 2003, Escribano et al., 2004, Iriarte 

et al., 2000). Increased SST and sea-level anomalies are a clear indication of EN, as 

Cold Coastal Water (CCW) is replaced by Subtropical Surface Waters (SSW, Moron, 

2002). SST and sea-level data from satellite observations showed three different 

ENSO phases during the 2006 and 2007, supporting the findings of the present study  

(www.cpc.ncep.noaa.gov/ products/expert_assessment/ ENSO_DD_ archive .shtml). 

Although according to the MEI index the 2006 EN event was only moderate, the 

consequences of this event for the plankton were drastic: primary production and PPC 

decreased at offshore and nearshore stations and inside Independencia Bay, and 

nanoplankton became the most abundant phytoplankton group at stations 2 and 5 and 

on the Pier in Callao. Similarly, Iriarte et al., (2000) observed changes in 

phytoplankton size distribution and a shift from chain-forming diatoms to 

nanoplankton in coastal and oceanic areas off Antofagasta, northern Chile.  
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In May and August 2007, low surface temperatures ere (< 15.6) at all stations and 

strengthened winds across the central Equatorial Pacific 

(www.cpc.ncep.noaa.gov/products /expert_assessment/ ENSO_DD_archive.shtml) 

indicate a strong LN event. The increased winds may have triggered high primary 

productivity rates leading to a large increase of phytoplankton biomass, which 

consisted mainly of diatoms inshore and dinoflagellates offshore. A similar 

phytoplankton bloom has been reported during LN conditions in late 1998 off 

northern Chile and in the eastern tropical Pacific, which was related to increased wind 

strength, upwelling and an unusually shallow thermocline (Ryan et al., 2002; 

Escribano et al., 2004; Pennington, 2006).  

 

Despite similar hydrographic conditions, the composition of the phytoplankton 

community changed drastically between ENSO-neutral phases in 2006 and 2007. 

While during ENSO-neutral conditions in 2006 dinoflagellates dominated in biomass 

and in the diet of A. tonsa, diatoms were clearly dominating in abundance, biomass, 

and contribution to A. tonsa diet during ENSO-neutral conditions in early 2007. It is 

not yet clear, which environmental clues are responsible for the shift from 

dinoflagellate to diatom-dominated regimes. One possible explanation is that the 

active upwelling and intermediate conditions in between the extremes winter-summer 

and EN-LN were more favourable for phytoplankton productivity and the formation 

of diatom blooms nearshore in early 2007 than in early 2006. It could be possible in 

2007 that nutrients were not advected offshore, hence the blooms started nearshore 

(Echevin et al., 2004; Echevin et al., 2008). During ENSO-neutral conditions in early 

2006, the primary production values were in the range for the area (Zuta and Guillen, 

1970), however chlorophyll a was in the low range (0.14 to 1.61, Echevin et al., 
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2008). Our observations show clearly that oceanographic conditions at the Central 

Peruvian coast can be highly variable and confirm earlier studies, that the ENSO state 

strongly affects phytoplankton composition and the magnitude of primary production 

in the ecosystem (Iriarte et al., 2000; Escribano et al., 2004; Pennington et al., 2006). 

Acartia tonsa abundance and grazing 

ENSO also affected the composition of the zooplankton community and the 

abundance of A. tonsa. During ENSO-neutral conditions in early 2006, the 

zooplankton community reflected the typical situation for neritic waters of the HCS 

characterized by low to moderate diversity; A. tonsa was the dominant herbivorous 

copepod species in the upper 10 m accompanied by Paracalanus parvus and 

Centropages brachiatus (Smith, 1978; Santander, 1981; Hidalgo and Escribano, 2001; 

Criales-Hernandez et al., 2008). During EN, A. tonsa decreased drastically off Central 

Peru and was replaced by other small copepods such as Paracalanus parvus, Oithona

spp. and Corycaeus sp. (Criales-Hernandez et al., 2008). A similar reduction of 

zooplankton biomass off Peru was also observed during EN 1982-83 by Barber and 

Chavez (1983) and Carrasco and Santander (1987). Phytoplankton composition and 

feeding behaviour may explain why A. tonsa virtually disappeared during EN and 

during LN at station 5, when small cells dominated. Under these nanoplankton-

dominated conditions, A. tonsa may not be able to feed efficiently, as evidenced by 

the increase in electivity with cell size observed in our study. Similarly, trophic 

processes may explain the persistence of the A. tonsa population in Independecia Bay 

during EN, where diatoms persisted through this EN event, probably due to the 

resuspension of nutrients in this shallow bay.  
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In our study, A. tonsa did not reduce its clearance rate with increasing food 

abundance. Ingestion rate was directly related to food concentration following a log-

linear function without any evidence of asymptotic satiation. Similar relationships 

were found in other studies performed under natural food conditions and higher food 

levels (Turner and Tester, 1989). Comparison of ingestion rates of A. tonsa during 

different ENSO phases shows that it had low ingestion rates when phytoplankton 

abundance was low, such as during EN, and displayed ingestion rates that were by 

several orders of magnitude higher when phytoplankton concentration increased 

during the transition from EN to LN. Clearly, this species is not adapted to 

environments with low food concentrations as often found offshore, but is extremely 

successful in nearshore eutrophic environments such as estuaries and coastal 

upwelling areas with high chlorophyll a concentrations (Paffenhöfer and Stearn, 

1988; Escribano and Hidalgo, 2000). 

 

In Northern Chile, Hidalgo and Escribano (2001) did not find such a clear negative 

impact of EN on the zooplankton community. Instead, the dominant copepod Calanus 

chilensis increased in abundance. Furthermore, Hidalgo and Escribano (2001) did not 

find differences in phytoplankton availability between EN and neutral periods, and 

suggested that these copepods always found enough food. Time series data from 1991 

to 1998 showed little changes in the population size of Calanus chilensis during EN 

and LN, suggesting that other factors than temperature may regulate interannual 

differences in population size in this region (Escribano and Hidalgo, 2000).  
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Diet composition and food selection 

Zooplankton can exhibit a different functional response for each resource when that 

resource is the only nutrition available (Gentleman et al., 2003). According to studies 

with A. tonsa and other calanoids, several feeding strategies have evolved to optimize 

the nutritional gain obtained from the food environment (Kleppel, 1993). Changing 

from diatoms to dinoflagellates is an example of how copepods can respond to 

variations in food composition.  

 

The diet composition of A. tonsa off Peru followed closely the composition of the 

phytoplankton community, as found in earlier studies (Ambler, 1986; Gifford and 

Dagg, 1988; Kiørboe et al., 1996; Gentleman et al., 2003). Accordingly, during 

ENSO-neutral conditions in early 2006, A. tonsa fed mainly on dinoflagellates, 

thereafter, during EN, it consumed dinoflagellates and nanoflagellates, however in 

very low amounts. During 2007, when diatoms dominated the system, A. tonsa fed 

intensively on diatoms and to a minor degree on nanoflagellates and dinoflagellates. 

Our finding that diatoms were more important for A. tonsa during LN, is in line with 

the concept that upwelling systems could be switching from microbial food webs 

during EN phases and more linear, diatom-based food webs during ENSO-neutral and 

LN phases (Gonzales et al., 2000; Escribano et al., 2004; Cuevas and Morales, 2006; 

Bötjer and Morales, 2007). In the present study, the shift from a dinoflagellate- to a 

diatom-dominated regime occurred in February 2007, several months before the LN 

event became tangible in the physical data. The possible anticipation of the 2007 LN 

event by plankton communities off Central Peru may hint at a response of plankton 
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populations to subtle climatic signals, which could serve as a future indicator of 

climate change (Taylor et al., 2002; Ayón et al., 2008) 

A. tonsa shows a size-selective feeding behaviour for phytoplankton between 0.5 μm 

to 120μm cell size, but does not consume effectively larger cells. Pagano et al., 

(2003) found that largest sizes ingested by A. tonsa are 72.1μm. Size selection is a 

behaviour that offers a good compromise between reducing handling times and 

optimizing food quality and quantity (Frost, 1972; Meyer-Harms et al., 1999; Meyer 

et al., 2002). During upwelling periods, phytoplankton is generally dominated by 

large cells (> 20 μm), but also smaller cells (< 20 μm) can be a significant part of the 

system during both upwelling and relaxation periods (Peterson, 1988; Slaughter et al., 

2006; Gonzalez et al., 2007; Böttjer and Moreno, 2007). In the present study we 

found ingestion of nanoflagellates but low electivity on this group. Ingestion of small 

phytoplankton provides the food source for A. tonsa when food is scarce. Low 

selectivity of small phytoplankton may be a strategy to overcome the potential 

deficiency of exclusive diatom diets (Kleppel et al., 1991). Cowles (1979) 

demonstrated that copepods off Peru fed size-selectively when food is abundant, and 

non-selectively when food is scarce. In contrast, we found that A.tonsa was size-

selective in both cases. Previous studies have shown that selection of specific modal 

size ranges within the spectrum of available natural particles occurs in A. tonsa 

(Pagano et al., 2003; Libourel and Roman, 1987). 

 

A. tonsa displayed a strong negative selection towards certain taxa. From a total of 

139 phytoplankton taxa, 66 were not ingested during any experiment, including the 
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red-tide forming species of Akaschivo sanguineum and Prorocentrum micans. These 

species may be of low nutritional quality for A. tonsa. Accordingly, Dam and Colin 

(2005) found that Prorocentrum minimum is nutritionally insufficient for A. tonsa. In 

their experiments, A. tonsa ingested P. minimum cells, but egg production was 

relatively low. Studies by Libourel and Roman (1987), and Roman et al., (2006) with 

A. tonsa found similar results with other dinoflagellates.  

 

It is noteworthy that A. tonsa consistently rejected the bloom-forming phytoplankton 

species Asterionellopsis glacialis and Rhizosolenia setigera, which formed blooms 

during ENSO-neutral conditions in early 2006 and early 2007, respectively. As these 

species have a major axis length of 105μm and 196μm, respectively, A. tonsa is 

probably unable to feed on these taxa. In coastal upwelling areas, these blooms are 

common during the whole year (Smith, 1978; Gárate and Martínez, 1997; Escribano 

and Castro, 2004; Martínez-Lopez et al., 2008). We hypothesize that the rejection for 

specific taxa may be an important factor in the initial formation of phytoplankton 

blooms. However, more studies are necessary to explain the role of zooplankton in the 

formation of red tides and other phytoplankton blooms. 

Egg production  

Egg production rates found in this study are low compared to other performed with 

this species (Dagg, 1977; Kiørboe et al., 1985, Ambler, 1986). On the other hand, 

they are consistent with results from Kleppel and Hazzard (2000) obtained for A. 

tonsa in Florida Bay. We expected to see differences in egg production rates and food 

abundance during the study period due to different ingestion rates and feeding 

selectivity. We did not find any clear relationship between egg production rates and 
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gross environmental parameters such as total phytoplankton abundance.  Based on 

simultaneously performed egg production and in situ grazing experiments, our results 

indicate a possible negative relationship between the ingestion of dinoflagellates and 

A. tonsa egg production. However, only few egg production experiments were 

performed simultaneously with grazing experiments. The possible negative influence 

of dinoflagellate ingestion on egg production could be attributed to food quality and 

toxins which may affect egg production rates. Lincoln et al., (2001) found that some 

nutrients in toxic or non-toxic phytoplankton could be producing low egg production 

rates.  

 

While the ingestion rate of A. tonsa depended on food concentration, egg production 

was food independent through ENSO phases, egg production did not show a clear 

relationship to ingestion rates. In addition, we found that gross efficiency was 

uncoupled from egg production. Similar results were found by Kleppel, (1992), 

Kleppel and Hazzard (2000). Possibly, the increase in ingestion rates (mainly of 

diatoms) during LN was not converted to enhanced secondary productivity and thus 

not passed to upper trophic levels.  

 

The gross efficiency range of egg production by A. tonsa for the entire study was 

between 0.04 to 30 %. These values are low to the gross efficiency of 43% given by 

Kiørboe et al (1985) for this species under near optimal laboratory conditions. Still, 

the processes leading to an uncoupling of feeding and egg production are to be 

investigated, and may be related to the biochemical composition of the food or to 

environmental stressors, such as the shallow oxygen minimum zone. 
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Conclusions

The extremely high variability of the oceanographic conditions off Central Peru is a 

factor that strongly effects on primary production and phytoplankton composition. 

These changes greatly modify the availability of food for the grazers in the area and 

could be controlling the abundance of A. tonsa. 

 

The trophic impact of A. tonsa on the primary production during this study was also 

widely variable. The percentage of the primary production daily consumed by A.

tonsa was low during 2006 (7% approximately) and increased in 2007 up to 47% and 

89% respectively. This large difference was caused by the asynchronous variability of 

primary production, A. tonsa abundance and ingestion rates. High trophic impact 

values during LN show that this species is well adapted to highly productive (diatom-

rich) environments, where it may reach huge densities, thus causing an important 

impact on primary production and the phytoplankton composition. 

 

Acartia tonsa plays an important role in the pelagic food web off Peru, especially 

nearshore and during non-EN periods. However, the population dynamics and 

ecology of copepods of the highly productive HCS are still widely unknown. More 

efforts are necessary to better understand the relationship between phytoplankton 

blooms, primary production and zooplankton dynamics in upwelling systems. 
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Results

List of figure legends and tables headers 

Table 1. Hydrographic conditions, primary production at 5m depth, egg production rates 

(.egg female-1 day-1), viability of eggs (Percentage of Nauplii as egg fecundity per 

female) and Gross Efficiency (Percentage of carbon produced as eggs to that ingested as 

food) by Acartia tonsa in 2006 and 2007. “Ind”: Independencia Bay, St2 and St5: stations 

2 and 5 on the continental shelf off Callao, “Pier”: at the Pier of the Instituto del Mar de 

Perú (IMARPE) in Callao. �

Table 2. Acartia tonsa. Ingestion rates in relation to food concentration of the main 

phytoplankton groups in terms of density (cell mL-1) and biomass (μgC L-1) during 

experiments conducted in 2006 and 2007. 

Table 3. Taxonomic composition (cell ml-1) of the most abundant and frequent 

phytoplankton taxa and Acartia tonsa ingestion rates and electivity (�) during 

experiments. a) Diatoms b)Dinoflagellates, silicoflagellates and nanoflagellates.

 

Table 4. Phytoplankton density (cell mL-1) and cell size (major axis legth, �m) of the 

rejected taxa by Acartia tonsa during the experiments off central Peru.  

 

Fig. 1. Map of the study area indicating the stations where experiments were conducted 

off Callao and inside Independencia Bay.  
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Fig. 2.  Primary production at 5 m depth (a) and phytoplankton concentration by groups 

(b) at experimental stations off Callao and Independencia Bay in 2006 and 2007. The 

shaded area indicates experiments performed during El Niño and La Niña. Star indicate 

no available data. 

 

Fig. 3. Changes in phytoplankton biomass (μgC L-1) and composition (a) and A. tonsa 

ingestion rates (μgC copepod-1 day-1) (b) during the experiments performed off central 

Peru. The shaded area indicates experiments performed during El Niño and La Niña . 

Stars indicate no data. 

 

Fig. 4. Specific phytoplankton concentration for all sizes found during the experiments. 

Squares represent species that occurred during El Niño in 2006, filled black squares 

represent species that occurred during the La Niña in 2007, and grey filled triangles 

represent species that occurred during ENSO-Neutral 2006, 2007. Each data point 

represents average size (major axis length, μm) and average concentration for one 

phytoplankton species during one experiment. 

 

Fig. 5. Abundance of Acartia tonsa (ind m-3) at experimental stations off central Peru 

from 2006 to 2007, obtained with 300μm-mesh plankton nets. These data were obtained 

from vertical multinet (Hydro-Bios, Kiel, Germany) hauls between 10m depth to surface 
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at stations 2 and 5 off Callao, and at surface with a WP2 net at Independencia Bay. The 

shaded area indicates experiments performed during El Niño and La Niña conditions. 

 

Fig. 6. Acartia tonsa. Ingestion rate (cells copep.-1 day-1) (a) and Selectivity (�) (b) in 

relation to phytoplankton cell density throughout the experiments performed during 2006 

to 2007. Each data point represents one phytoplankton species during one experiment. 

 

Fig. 7. Relationship between Selectivity (�) of Acartia tonsa and cell size (major axis 

length, μm). Selectivity was calculated for each phytoplankton species and experiment, 

where a value of zero means no selection, -1 means no ingestion, and positive values 

mean positive preference for a given taxon. Each data point in the central graph indicates 

one value for one taxon during one single experiment.  The upper graph gives the 

percentage of ingested taxa (Electivity > -1) in each size class.  

 

Fig. 8. Relationship between Selectivity (�) of Acartia tonsa off central Peru, Size along 

major axis, Taxonomic group, and ENSO phases. Each data point in the graphs on the left 

side indicates one value for one taxon during one single experiment. Selectivity was 

calculated for each phytoplankton species and experiment, where a value of zero means 

no selection, -1 means no ingestion, and positive values mean positive preference for a 

given taxon. Lines in the left graphs indicate locally weighted scatterplot smoothing 
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(LOWESS) for each data set, using span = 0.5. Data with Selectivity = -1 or Size > 

120μm were excluded from the data set prior plots and analyses.  

 

Fig. 9. Acartia tonsa egg production rates during experiments conducted in 2006 and 

2007. The shaded area indicates experiments performed during El Niño and La Niña 

conditions. Stars indicate no data. 

 

Fig. 10. Acartia tonsa egg production rates as a function of density of diatoms (black 

squares) and dinoflagellates (white squares) during experiments throughout 2006 and 

2007. 
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Table 1 �

Date/ Station ENSO Phase SST (°C)
Oxygen at 
5m depth 
(mL L-1)

Salinity
Chl-a

(µg L-1)

Primary 
Production at 
5m depth (mg 

m-3 d-1)

Egg 
Production 
rate (μgC 

female-1 d-1)

Egg 
viability 

(%)

Gross 
Efficiency 

(%)

April 2006/ St2 Neutral 2006 15.8 2.6 35.00 0.14 77.66 0.02 25.92 3.11
April 2006/ St5 Neutral 2006 16.6 4.1 35.10 1.61 23.63 0.02 26.39 2.96
April 2006/ Ind Neutral 2006 15.1 3.2 35.10 0.35 39.59 - - -
July 2007/ Ind EN 2006 17.1 4.7 35.10 2.22 18.08 - - -
August 2006/ St5 EN 2006 18.4 5.5 35.00 1.16 29.79 - - -
August 2006/ Pier EN 2006 16.9 2.3 35.00 - - 0.03 58.43 1.62
Febraury 2007/ Pier Neutral 2007 18.6 2.5 35.06 - - 0.05 89.82 0.12
April 2007/ St5 Neutral 2007 18.6 4.7 35.02 12.50 103.57 0.03 6.06 0.62
May 2007/ Pier LN 2007 15.6 - 35.05 35.02 - 0.00 67.44 0.00
May 2007/ Ind LN 2007 14.6 3.1 35.00 3.10 148.36 - - -
August 2007/ St2 LN 2007 14.8 2.5 35.00 6.48 74.97 0.02 0.38 0.04  

Table 2. �

Group
Abr-06 

St2
Abr-06 

St5 Abr-06 Ind Jul-06 
Ind Aug-06 Pier Feb-07 

Pier Abr-07 St5 May-07 Pier Aug-07 St2

Food offer (cell mL-1) Diatoms 1851.0 36.0 5796.0 2269.2 1148.6 11537.5 10019.4 45504.6 87789.2
Dinoflagellates 828.3 2774.6 1629.9 759.8 17.8 1.3 245.3 262.0 1002.5
Nanoflagellates 241.2 253.9 156.9 195.6 10056.5 739.7 1779.5 6008.5 5026.3
Total phytoplankton 2920.5 3064.4 7582.8 3224.6 11222.8 12278.5 12044.2 51775.1 93818.0

Food Offer μgC L-1 Diatoms 468.6 4.5 290.7 182.1 89.5 1011.5 736.5 2002.5 2789.6
Dinoflagellates 377.5 1736.3 1245.9 224.2 49.4 0.3 291.8 122.2 170.6
Nanoflagellates 3.3 3.5 2.2 2.7 140.4 10.5 24.6 89.9 96.2
Total phytoplankton 849.5 1744.2 1538.8 409.0 279.3 1022.3 1052.9 2214.6 3056.4

Diatoms 1316.5 523.1 114722.9 45.7 3406.5 37576.8 26433.5 1026662.1 524893.6
Dinoflagellates 1041.1 149.8 26034.8 45.1 16.6 4.8 35.0 3067.3 8211.3
Nanoflagellates 0.0 3140.3 0.0 0.0 66927.3 31970.5 24310.2 85886.4 43115.9
Total phytoplankton 2357.5 3813.2 140757.7 90.8 70350.3 69552.1 50778.7 1115615.8 576220.9

Diatoms 0.05 0.07 4.60 0.02 0.16 13.54 1.78 26.49 15.15
Dinoflagellates 0.40 0.22 20.06 0.03 0.01 0.00 0.03 0.55 0.36
Nanoflagellates 0.00 0.04 0.00 0.00 0.92 0.44 0.34 1.19 1.44
Total phytoplankton 0.45 0.33 24.67 0.05 1.09 13.98 2.15 28.22 16.94

Ingestion rate (cells 
copepod-1 day-1)

Ingestion rate (μgC 
Copepod-1 d-1)
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Table 3.  

a) 

Diatoms / Avg Carbon content Abr-06 St2 Abr-06 St5 Abr-06 Ind Jul-06 Ind Aug-06 
Pier

Feb-07 
Pier Abr-07 St5 May-07 

Pier
Amphiprora sp. Food offer (cell mL-1) 1.44 0.16 0.53 0.85 1.60 4.48 35.47
117.3 pgC Ingestion rate (cell copepod-1 h-1) 1.46 0.00 0.00 0.31 1.13 0.00 0.00

Electivity (�) -0.23 -1.00 -1.00 -0.86 0.55 -1.00 -1.00
Chaetoceros sp. Food offer (cell mL-1) 625.22 4.21 365.34 35.52 86.99
24.4 pgC Ingestion rate (cell copepod-1 h-1) 509.62 0.00 122.55 0.00 0.00

Electivity (�) -0.10 -1.00 -0.86 -1.00 -1.00
Cyclotella sp. Food offer (cell mL-1) 2.08 5.65 1.39 26.93
30.3 pgC Ingestion rate (cell copepod-1 h-1) 0.00 6.92 0.00 17.96

Electivity (�) -1.00 0.56 -1.00 0.12
Detonula pumila Food offer (cell mL-1) 0.00 4.27 6.40 11.95 17.07
78.7 pgC Ingestion rate (cell copepod-1 h-1) 1.65 0.00 0.00 5.16 9.00

Electivity (�) 0.54 -1.00 -1.00 0.54 -0.17
Eucampia zoodiacus Food offer (cell mL-1) 0.80 1.17 0.21 1.44 172.89 41.75
155.2 pgC Ingestion rate (cell copepod-1 h-1) 0.52 1.05 0.00 0.00 0.00 24.87

Electivity (�) -0.46 0.81 -1.00 -1.00 -1.00 -0.03
Guinardia delicatula Food offer (cell mL-1) 0.27 18.09 691.54 2749.87 4003.56 234.43
89.7pgC Ingestion rate (cell copepod-1 h-1) 0.00 12.48 0.00 0.00 798.31 126.11

Electivity (�) -1.00 0.13 -1.00 -1.00 0.03 0.00
Hemiaulus sinensis Food offer (cell mL-1) 0.32 0.75 3.63 23.47
116.6 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 0.92 13.19

Electivity (�) -1.00 -1.00 0.11 -0.06
Carbon contain (pgC) 120.22 120.22 114.19 114.19

Lithodesmium undulatum Food offer (cell mL-1) 0.85 0.00 21.75 0.11 21.33
228.8 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 0.00 1.12 0.00

Electivity (�) -1.00 -1.00 -1.00 0.89 -1.00
Pennata Food offer (cell mL-1) 37.28 1.12 2762.31 0.00 264.44
46.8 pgC Ingestion rate (cell copepod-1 h-1) 12.49 0.00 3221.44 0.00 0.00

Electivity (�) -0.72 -1.00 0.47 -1.00 -1.00
Pleurosigma sp. Food offer (cell mL-1) 0.85 1156.92 299.02 3.36 34.13
109.2 pgC Ingestion rate (cell copepod-1 h-1) 0.84 0.00 371.15 0.00 23.44

Electivity (�) 0.46 -1.00 0.52 -1.00 0.11
Skeletonema costatum Food offer (cell mL-1) 30.77 620.92 791.04 43308.92
34.0 pgC Ingestion rate (cell copepod-1 h-1) 25.14 0.00 0.00 37694.87

Electivity (�) -0.19 -1.00 -1.00 0.29
Thalassionema nitzschioides Food offer (cell mL-1) 1.76 0.32 4170.63 3.20 60.80 360.45 44.58 271.40
35.2 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 1541.18 0.00 0.00 0.00 0.00 277.26

Electivity (�) -1.00 -1.00 -0.14 -1.00 -1.00 -1.00 -1.00 0.31
Thalassiosira angulata Food offer (cell mL-1) 2.40 28.16 2.45 1.71 304.67
109.5 pgC Ingestion rate (cell copepod-1 h-1) 0.00 12.93 0.00 0.00 262.90

Electivity (�) -1.00 -0.82 -1.00 -1.00 0.13
Thalassiosira subtilis Food offer (cell mL-1) 0.00 0.64 3283.75 405.03 467.99
50.0 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 0.00 0.00 1060.77

Electivity (�) -1.00 -1.00 -1.00 -1.00 0.42
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b) 

Dinoflagellates and other taxas / 
Avg Carbon content Abr-06 St2 Abr-06 St5 Abr-06 Ind Jul-06 Ind Aug-06 

Pier
Feb-07 

Pier Abr-07 St5 May-07 
Pier

Akashiwo sanguineum Food offer (cell mL-1) 345.77 3011.91 1.39 0.00 1.28 2.45
621.7 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 0.00 0.00 0.69 0.00

Electivity (�) -1.00 -1.00 -1.00 -1.00 0.70 -1.00
Ceratium furca Food offer (cell mL-1) 0.64 1.17 1.28 7.09 3.20 0.21 3.60
5909.9 pgC Ingestion rate (cell copepod-1 h-1) 0.00 1.23 0.80 0.00 0.00 0.00 0.00

Electivity (�) 0.87 0.60 0.25 -1.00 -1.00 -1.00 -1.00
Ceratium fusus Food offer (cell mL-1) 6.51 1.60 0.43 0.53 1.49 0.75 12.80
6166 pgC Ingestion rate (cell copepod-1 h-1) 6.17 0.00 0.00 0.00 0.00 0.00 0.00

Electivity (�) 0.30 -1.00 -1.00 -1.00 -1.00 -1.00 -1.00
Diplopelta asymmetrica Food offer (cell mL-1) 0.16 2.75 1.97 0.32 0.96 3.60
413.1 pgC Ingestion rate (cell copepod-1 h-1) 0.13 4.46 0.00 0.00 0.67 0.00

Electivity (�) 0.80 -1.00 -1.00 0.71 -1.00
Gymnodinium lohmanii Food offer (cell mL-1) 1.67 0.00 1.39 17.07
608.1pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.59 0.00 0.00

Electivity (�) -1.00 0.82 -1.00 -1.00
Prorocentrum gracile Food offer (cell mL-1) 0.83 0.27 2136.39 185.93 45.02
768.4 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 1081.34 0.00 0.00

Electivity (�) -1.00 -1.00 0.32 -1.00 -1.00
Prorocentrum micans Food offer (cell mL-1) 509.96 8.85 0.21 769.83 0.43 4.27
244.9 pgC Ingestion rate (cell copepod-1 h-1) 419.99 0.00 0.00 0.00 0.00 0.00

Electivity (�) 0.30 -1.00 -1.00 -1.00 -1.00 -1.00
Protoperidinium mendiolae Food offer (cell mL-1) 0.00 0.11 0.43 8.53
13863 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 0.00 8.78

Electivity (�) -1.00 -1.00 -1.00 0.39
Protoperidinium steinii Food offer (cell mL-1) 0.33 0.37 0.96 0.32
2426 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 0.59 0.24

Electivity (�) -1.00 -1.00 0.74 0.53
Eutreptiella gymnastica Food offer (cell mL-1) 0.09 14.19 1.11 36.10
186.2 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 0.00 0.00

Electivity (�) -1.00 -1.00 -1.00 -1.00
Monadas Food offer (cell mL-1) 255.38 282.71 142.46 147.33 9354.90 768.20 1945.24 5824.63
13.8 pgC Ingestion rate (cell copepod-1 h-1) 0.00 130.85 0.00 0.00 2788.64 1332.11 1012.93 3578.60

Electivity (�) -1.00 0.40 -1.00 -1.00 0.40 0.63 0.60 0.02
Dictyocha fibula Food offer (cell mL-1) 2.00 1.33 0.67 4.69 7.47 10.99 1.07 17.40
4.92 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 0.00 0.00 0.00 14.69 0.00 16.10

Electivity (�) -1.00 -1.00 -1.00 -1.00 -1.00 0.56 -1.00 0.26
Octactis octonaria Food offer (cell mL-1) 0.05 0.64 1.07 0.53 1.28 27.84
2795.4 pgC Ingestion rate (cell copepod-1 h-1) 0.00 0.00 0.00 0.92 0.00 22.

Electivity (�) -1.00 -1.00 -1.00 0.66 -1.00 -0.05
43

 

Table 4 �

Abr-06 St2 Abr-06 St5 Abr-06 Ind Jul-06 Ind Aug-06 
Pier

Feb-07 
Pier Abr-07 St5 May-07 

Pier

Asterionellopsis glacialis 313.6 105.20 1586.42 0.00 2.29 28.87 8.33 251.85
Coscinodiscus perforatus 1902 137.20 5.44 8.53 10.67 0.32
Cylindrotheca closterium 47 36.20 4.16
Ditylum brightwellii 4943 120.00 0.11 0.32 8.96 56.80 4.00
Rhizosolenia setigera 622 196.00 0.00 3.84 431.45 150.67
Guinardia striata 88.1 30.00 0.16 0.53 7.68
Thalassiosira anguste-lineata 173.3 36.00 0.00 0.00 21.33 170.00
Ceratium tripos 10613 225.40 0.21 0.21 0.85 0.32 8.53 8.00
Dinophysis acuminata 581.7 45.00 0.11 0.75 0.11
Protoperidinium conicum 7839.3 70.40 0.16 0.11 0.32
Protoperidinium excentricum 165.3 46.25 0.21 7.33 0.75
Protoperidinium minutum 2315.1 27.70 0.50 0.00 0.43
Protoperidinium obtusum (ACF) 65194 63.75 0.00 0.11 0.43 2.13 0.21
Scrippsiella trochoidea 2401.4 30.00 0.50 0.00 66.33 8.53 6.33 0.32
Leucocryptos marina 1.33 4.80 0.00 3.26 127.33 0.54

Food concentration (cells mL-1)

Avg Carbon 
content (pgC)

Avrg Size 
(�m)Taxa
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Synoptic discussion 

Chapter 6. Synoptic Discussion 

The results of this research show that the zooplankton community off Central 

Peru is strongly influenced by environmental conditions. The most visible changes 

were associated with intrannual (seasonal) and interannual (ENSO) variability. ENSO 

modulates the large scale circulation patterns and hence influences the productivity of 

the upwelling ecosystem.  A fundamental physical factor that influences zooplankton 

distribution is the spatial variability of the depth of the Oxygen Minimum Zone 

(OMZ). Its oscillations between 20m and 50m depth determine which group of 

zooplankton is either confined or able to disperse in the upper oxygenated layer 

during different times of the year. However, some taxa (e.g. Eucalanus inermis) are 

capable of vertical migration into the OMZ, which serves as refuge against predation, 

during ontogenic development and adult stages (e.g. Acartia tonsa). Productivity was 

highest in the nearshore waters, where zooplankton aggregate around phytoplanktonic 

blooms. Drastic changes in phytoplankton composition caused a decline in the 

abundance of the dominant copepod A. tonsa during the 2006 EN event. The 

following discussion focuses on zooplankton community structure, its vertical 

distribution, grazing and egg production of the dominant species (A. tonsa) during 

different ENSO phases, under the impact of changes in rates of primary production 

and environmental conditions.  
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6.1 Review and knowledge gaps 

The extensive review of published and grey literature provided perspectives 

for the future and identified areas where more research efforts is needed. Considerable 

effort has been made to understand the relationship between climate, environmental 

factors, and productivity. However, more data on the dynamics of the system and 

integrative information is still needed. The results of the review showed that the 

relation between oceanographic processes and the dynamics of key species is still not 

fully understood. There is a large gap in the knowledge of the life history and ecology 

of many zooplankton species and their relation to other components of the system. 

Knowledge of dispersal and retention mechanisms of fish and invertebrate larvae in 

these highly advective areas was shown to be very limited. Studies of vertical 

distribution and zooplankton grazing in Peruvian waters are still at an incipient stage; 

however the results of earlier research provides the basis for understanding some 

adaptations of zooplankton to the spatial variability of the OMZ.  

6.2 Oceanographic conditions and phytoplankton dynamics

General oceanographic conditions and phytoplankton dynamics off Callao 

have the characteristics of a coastal upwelling. Among these characteristics are the 

predominance of predominantly cold upwelled coastal waters, a strong and shallow 

thermocline and oxycline, and a high Cholorophyll-a concentration and primary 

productivity, mainly concentrated in the nearshore. Temperature values in this study 

showed a wide range, due the interaction and mixing of distinct water masses during 

the year (Zuta and Guillen, 1970; Graco et al., 2007; Echevin et al., 2008). These 
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patterns have been observed in other locations along the Humboldt Current System 

(HCS), e.g. off Paita (northern Peru, Aronés et al., 2009), off Pisco (Central Peru, 

Tarazona et al., 1989), and off Bahia de Mejillones (northern Chile, ,Escribano et al., 

2002) 

 

Seasonal variation in hydrography is associated with changes in the intensity 

of trade winds, which strengthens in the austral winter and diminishes in summer 

(Bakun and Nelson, 1981). Trapped coastal waves from the equator can propagate 

warm water masses along the coast as far south as 40�S during summer and EN events 

(Ulloa et al., 2001; Bonhomme et al., 2007; Echevin et al., 2008). The hydrographic 

conditions found in this study reflect this seasonality. SST was higher and the depth 

of the 15�C isotherm became much deeper during summer and autumn (February to 

May). In winter and spring the 15 �C isotherm rose and SST fell sharply in the upper 

layers. The depth of the oxygenated zone is also highly variable between seasons. It is 

often extremely shallow (< 20m) during winter and becomes deeper (> 50m) towards 

summer (Chapter 5.2, 5.3).  

 

Upwelling in the HCS can be greatly modified by intrannual and interannual 

variability in the wind field and the distribution of water masses, mainly due to ENSO 

(Arntz and Fahrbach, 1996; Morón, 2000). The observed variations in temperature 

and depth of the OMZ clearly showed the occurrence of three different ENSO phases. 

ENSO-neutral conditions prevailed detected from February 2005 to April 2006, and 

also from February to May 2007, while moderate EN conditions were recorded from 

June 2006 to January 2007. Strong La Niña event occurred from were evident from 

February to December 2007. Satellite data of sea surface temperature (SST) and sea 
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level corroborate these findings (www.cpc.ncep.noaa.gov/ products 

/expert_assessment / ENSO_DD_ archive .shtml). Data from our own monitoring 

stations revealed that oxygenation increased during EN conditions in comparison with 

LN conditions  (Chapters 5.2 and 5.3). The increased depth of the OMZ during EN 

was caused by the intrusion of SSW towards the coast. During LN, the upper limit of 

the OMZ rose(<20 m) due to the poor oxygen content, and there was  high rates of 

biological activity induced by active upwelling (Bohle-Carbonell, 1989; Sanchez and 

Delgado, 1996; Graco et al., 2001; Graco et al., 2007; Gutierrez et al., 2008). 

 

The variability in hydrographic conditions between different ENSO phases 

caused drastic changes in phytoplankton community structure and abundance. Neutral 

and La Niña conditions were characterized by high phytoplankton abundance, and the 

dominance of diatoms, especially nearshore. By contrast, during EN conditions, 

phytoplankton biomass decreased and the community was dominated by 

nanoflagellates and dinoflagellates near and offshore (Chapter 5.4). Phytoplankton 

during Neutral conditions is dominated by diatoms due to the high availability of 

macronutrients such as nitrate, phosphate, and silicate in surface waters (Rojas de 

Mendiola, 1981). Extensive phytoplankton blooms occur, especially nearshore 

stations, while offshore waters tend to be dominated mostly by nanoflagellates and 

dinoflagellates (Gonzales, et al., 2000, Chapter 5.4). These changes are associated 

with regimes characterized by reduced availability of iron, high nitrate concentrations 

and lower than expected chlorophyll (Brunald et al., 2006). Thus, the seasonal 

patterns of phytoplankton biomass and potential productivity at different locations are 

governed by the circulation of the water masses (Car and kearns, 2003). However, is 

still not clear yet which environmental drivers are responsible for the shift from 
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dinoflagellate to diatom-dominated regimes (see discussion in Chapter 5.4). The 

decrease of diatoms during EN could be linked to the intrusion of Subtropical Surface 

Waters (SSW), inhibiting the advection of nutrients from upwelled waters (Echevin et 

al., 2004; Echevin et al., 2008). Overall, the major peak of phytoplankton production 

(i.e. diatoms blooms) was observed nearshore, specially during the transition from EN 

to LN (Chapter 5.4) 

6.3 Horizontal distribution of zooplankton  

The planktonic ecosystem of the HCS shows marked seasonal and interannual 

changes in the distribution of water masses and zooplankton species. The neritic and 

coastal zooplankton is dominated by common upwelling species that are typical for 

Cold Coastal Waters (CCW). Species distribution is influenced by processes of 

advection, Ekman transport and the intensity of upwelling (Escribano and Morales, 

2004; Thiel et al., 2007). At the continental shelf off Callao, many species were 

distributed along the nearshore-offshore gradient (Chapter 5.2, 5.3). The nearshore 

community was composed mainly of Acartia tonsa, Centropages brachiautus, 

Paracalanus parvus, and meroplanktonic invertebrate larvae. Euphausiids, 

Pleuroncodes monodon zoeae and large copepods such as Eucalanus inermis were 

principal components of the offshore community (Chapter5.2). Similar results were 

obtained from another upwelling area off Peru between 14°S to 16°S (Santander, 

1981).  

 

The temporal variation of zooplankton abundance occurs on daily, intrannual 

(seasonal) and interannually (ENSO) timescales. Our data confirmed the strong effect 
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of changes in the intensity of upwelling and the impact of the intrusion of warm 

waters masses during the 2006 EN on community structure and the abundance of the 

dominant species. For example, the dominant copepod Acartia tonsa decreased 

drastically in abundance during the 2006 EN and was replaced by other small 

copepods such as Paracalanus parvus, Oithona spp. and Corycaeus sp. (Chapter 5.2, 

5.3, 5.4). In addition, zooplankton species of subantartic water masses are 

occasionally recorded, mainly during the 2007 La Niña event (Escribano, 2004). 

Zooplankton have been shown to be a potential indicator of climate change and could 

be used in long-term monitoring in upwelling areas (Hays, 2005;Chapter 5.1). 

 

6.4 Vertical distribution of zooplankton  

The present study revealed several adaptations of zooplankton to a shallow 

oxygen minimum layer (Rogers, 2000). In our study, the bulk of the zooplankton was 

always in the upper, well-oxygenated upper layer 20 m layer (Chapter 5.3). Specific 

vertical distribution and diel vertical migration patterns were detected for selected 

taxa, and were related to hydrographic parameters and life history strategies (Chapter 

5.3). A conceptual models was developed (Fig. 6.1) summarizing the five main 

vertical distribution patterns found in the coastal upwelling off Callao. One of the 

main results from our data was the high variability of OMZ depth. The present study 

showed that this plays a significant role in the vertical distribution of zooplankton.. 

This calls into question the view of  Thiel et al. (2007) that the OMZ cannot be a 

factor constraining the vertical distribution of zooplankton, because several species 

may use OMZ as their habitat, either, temporarily or permanently. The results of the 

present study showed that the OMZ is a natural border in upwelling areas. Although 
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the bulk of zooplankton is found in the oxygenated layer, some specific species have 

developed strategies that enable them to live in the OMZ. These strategies could have 

a number of advantages: i) in helping to maintain the species population in the 

upwelled waters, i.e through diel vertical migration (Peterson et al., 1979), ii) by 

enhancing larval dispersal or larval survival, as in the cases of Magelona sp. and 

brachyuran zoeae (Chapter 6.2), iii) by enabling species to use the upper boundary of 

the OMZ as a refuge against predators that are confined to the oxygenated layers 

(Chapter 5.3). 

 

 

Figure 6.1 Schematic diagram showing five vertical distribution and migration patterns in relation to 

the oxygen minimum layer observed off central Peru in 2006, from left to right :1. Always above (e.g. 

Oikopleura sp.), 2. Ontogenetic vertical migration (Acartia tonsa adults, nauplii, and copepodites), 3. 

Always below (e.g. Eucalanus inermis), 4. Daily Vertical Migration (DVM, e.g. Paracanus parvus at 

station 5), and 5.) Inverse Daily Vertical Migration (IDVM, larvae of the polychaete Magelona sp.). 

The shaded area indicates the deep hypoxic layers.  
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6.5 A. tonsa feeding strategy

 

Zooplankton can exhibit different functional responses for each resource when 

a given resource is the only food available (Gentleman et al., 2003) and the 

community structure of the phytoplankton determines the food spectrum (Escribano et 

al., 2004). In this study the dominant copepod Acartia tonsa was used to evaluate the 

trophodynamic link between phytoplankton and zooplankton in this ecosystem. The 

composition of A. tonsa’s diet closed mirrored the composition of the phytoplankton 

off Peru (Chapter 5.4). These results were similar to those of earlier studies (Ambler, 

1986; Gifford and Dagg, 1988; Kiørboe et al., 1996; Gentleman et al., 2003). During 

ENSO-neutral conditions in early 2006, A. tonsa fed mainly on dinoflagellates. 

During EN, it consumed dinoflagellates and nanoflagellates, however in very low 

amounts. During 2007, when diatoms dominated the system, A. tonsa fed intensively 

on diatoms and to a minor degree on nanoflagellates and dinoflagellates (Figure 6.2, 

Chapter 5.4). A. tonsa shows a size-selective feeding behaviour for phytoplankton 

between 0.5 μm and 120μm cell size, with strong positive electivity for larger cells 

within this size range, but does not effectively consume cells larger than 120μm. In 

addition, A. tonsa showed strong negative preference selection towards certain taxa. 

These taxa are red-tide forming species of Akaschivo sanguineum and Prorocentrum

micans and bloom-forming phytoplankton species Asterionellopsis glacialis and 

Rhizosolenia setigera. These results revealed that A. tonsa could be playing a role in 

controlling the abundance of the dominant autotrophic components, chain-forming 

diatoms, during Normal and La Niña conditions and of red-tides, during El Niño 

conditions (Chapter 5.4).  
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Large differences in primary production, A. tonsa abundance and ingestion 

rates produced an asynchronous variability in daily consumption rates, that were 

extremely low during 2006 (only approx. 2% of total phytoplankton population 

growth, mainly due to low A. tonsa abundances) and increased in 2007 (to between 4 

% to 6.7 % of total phytoplankton population growth). High trophic impact values 

during LN show that this species is well adapted to highly productive (diatom-rich) 

environments, where it may reach huge densities, thus causing an important impact on 

primary production and phytoplankton composition (Chapter 5.4). Such variability 

may have important consequences for the trophic structure in the coastal upwelling 

system (Escribano, et al., 2004; Vargas and Gonzales, 2004). 

 

Figure 6.2 Conceptual model of the trophic interactions between Acartia tonsa adults and the dominant 

phytoplankton taxa in the coastal upwelling area off central Peru during moderate El Niño (August 

2006) and strong La Niña (August 2007) conditions. Mean standing stocks (�gC l-1) are shown for each 

taxonomic group. Dinofl.: Dinoflagellates; Nanofl.: Nanoflagellates. Numbers on arrows represent 

mean ingestion rates (�gC ind-1 d-1). Input data were derived by using data from the present study 

(Chapter 5.4). 
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6.6 Outlook 

This thesis revealed new aspects in the food web dynamics of the coastal 

upwelling off central Peru during different ENSO phases. New knowledge was 

generated about the dynamics of zooplankton in this part of the HCS and its relation 

to phytoplankton was gained. Yet, many new questions emerged, for example 

regarding the physiological processes leading to the low trophic efficiency of A. tonsa 

and possibly deleterious effects of the ingestion of certain algal species that may have 

caused low egg production rates. In addition, many other aspects of the zooplankton 

ecology in Peruvian waters need further investigation, such as the role of euphausiids, 

carnivorous zooplankton, microzooplankton, and processes related to the microbial 

loop.  

 

Taxonomy of zooplankton in this area is still an area for work. It will be 

necessary to combine morphological and genetic studies and to compare species with 

synonyms in other parts of the world ocean. The horizontal, vertical, and temporal 

distribution of Acartia tonsa and its feeding strategy are now well identified for this 

system. Its egg production was found to be at the low edge of the range for this 

species, in comparison to other areas. The most urgent priority is to know more about 

the autecology of the most important species in these highly productive areas. Little to 

nothing is known about the development stages and larval ecology of holo- and 

meroplankton. Basic knowledge of their life cycles is lacking, for example about 

generation times and growth rates, reproductive biology, starvation potential, and life 

cycle strategies such as dormancy and resting eggs. 
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The present study reveals new aspects of the food web dynamics of the coastal 

upwelling off central Peru in different ENSO phases. One main contribution of this 

work consists in new concepts and data on the interactions between the phyto- and 

zooplankton dynamics in this region of the HCS.  
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