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Summary 

 

During the 1980s and 1990s, the Chilean artisanal fishery resources suffered a severe 

crisis. Since the crisis was driven principally by the lack of compliance with the central 

fishery agency, the new fisheries act of 1991 introduced the Management and 

Exploitation Areas (MEA), a form of co-management based on territorial use rights. 

This law restricts the co-management to one-by-one arrangements between a particular 

community and the fisheries authority, which results in the lack of any formal strategy 

for coordinating the management above the spatial scale of the individual fishers 

community. Since many important resources for the artisanal fishery form 

metapopulations, MEAs may greatly rely on larval transport from other MEAs or 

fishing grounds outside of their control, making the coordination among different 

MEAs imperative. However, the connectivities among local populations needed to 

implement this coordination are still unknown for the Chilean coast. Moreover, as 

connectivity is an emergent property of the natural-human system, an information 

system is needed that delivers information about the metapopulation to co-management 

institutions and that is sensitive to actions derived from co-management negotiations. 

The aim of the present study was to develop a preliminary modelling tool to support 

such a system for one Mesodesma donacium fishery in the central coast of Chile. 

 

Three major factors influencing connectivity were studied: 1) the coastal circulation, 2) 

the size and location of population patches in which the adult individuals are 

distributed, and 3) the size of stocks at each management unit. Ancillary time series of 

satellite sea surface temperature were used to track thermal features in successive days, 

obtaining some spatial patterns of currents. These patterns were summarized in simple 

rules that, applied to a realistic geometry of the coast, were utilized to generate idealized 

circulation fields. These fields were used to force the larval movement in a simple 

Lagrangean scheme. Literature records were combined with geographic information to 

delimitate location and size of suitable patches for local populations. The resulting 

larval transport was included into a matrix model of the metapopulation dynamics. 

Simulations with the model were used to enrich the discussion about the proposal of 

transforming the entire coast of central Chile in MEAs. 
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The results confirm the reported daily variability in the coastal circulation associated 

with changes in the alongshore wind. Furthermore, besides offshore dynamics 

associated with headlands in Lengua de Vaca and Punta Choros, the observed 

variability close to the coast is principally along the shore, and includes reversion of 

coastal currents. A single general regime of circulation applied to a realistic coastal 

geometry will produce a rich variety of larval transport patterns, which cannot be 

adequately reproduced by a single dispersion function for the whole coast. Current 

variability associated with coastal trapped waves are much more important for the 

connectivity than those associated with the upwelling circulation. Since the energy of 

coastal-trapped waves increases during El Niño events, the Niño/Niña cycle 

significantly changes the connectivities. The way in which this cycle modifies the 

connectivities depends on the actual annual mean of the currents. Based on the available 

information about the alongshore mean current, the two largest local populations of 

Mesodesma donacium (Coquimbo and Los Choros) are sources of larvae for the others, 

and are, therefore, the only ones that could be set aside as MEA under the present co-

management system. This also shows that under the current fisheries act both, the TAC 

and the co-management systems are compatible provided that the source/sink structure 

is known. Given the dependence of populations from imported larvae, the 

transformation of the entire coast of the IV region in MEAs requires the modification of 

the present co-management institutions to promote the coordination of management 

among the fishers communities. The system is highly sensitive to management options, 

being the effects of local changes in this management difficult to visualize a priori, 

without simulations such as those provided in this study. 
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Zusammenfassung 

In Chile gerieten in den 1980er und 1990er Jahren die Fischbestände, auf die die 

handwerklich betriebene, nicht industrielle Fischerei angewiesen ist, in eine ernste 

Krise. Als verantwortlich kann vermutlich eher eine Missachtung der Richtlinien der 

zentralen Fischereibehörde, als ein Fehler in den Richtlinien selbst angenommen 

werden. Die Legislative reagierte 1991 mit dem Erlass eines neuen Fischereigesetzes, 

welches Gebietsnutzungsrechte in Form eines Co-Managements für speziell 

ausgewiesene Gebiete, die sogenannten „Management and Exploitation Areas“ (MEA), 

einführte. Das neue Gesetz schränkte das Co-Management auf paarweise 

Vereinbarungen zwischen einer jeweiligen Gemeinde und der Fischereibehörde ein, was 

eine formale Strategie für eine überregionale Managementkoordination verhindert. 

Viele wichtige Ressourcen der nicht industriellen Fischerei bilden jedoch 

Metapopulationen: mehrere, aus sessilen adulten Individuen bestehende Populationen, 

die durch die Verdriftung der pelagischen Larven miteinander verknüpft sind. D.h. 

MEAs verschiedener Populationen könnten auf den Larventransport aus anderen MEAs 

oder von Fangplätzen außerhalb dieser Gebiete angewiesen sein, was eine 

Managementkoordination zwischen den verschiedenen Gemeinden unentbehrlich 

macht. Die biologischen Grundlagen der Verknüpfungen der einzelen Populationen sind 

für die chilenische Küste jedoch noch weitgehend ungeklärt. Außerdem handelt es sich 

bei diesen Verknüpfungen um emergente Eigenschaften des gesamten Systems, die 

nicht durch die Betrachtung der einzelnen Populationen erfasst werden können. 

Benötigt wird daher ein Modell, dass Informationen über die Metapopulation an die Co-

Management- Institutionen liefert, und das auf Maßnahmen, welche aus Co-

Management-Verhandlungen resultieren, reagiert. Ziel dieser Arbeit ist die Entwicklung 

eines solchen vorläufigen Modells für die Fischerei von Mesodesma donacium in 

central Chile. 

  

Drei wichtige Faktoren wurden untersucht, die die Verbindung zwischen den MEAs 

beeinflussen: 1) das küstennahe Strömungssystem, 2) die Größe und Lokalisation von 

Bereichen, in denen adulte Individuen verbreitet sind, 3) die Bestandsgröße jeder 

Management-Einheit. Serien von Satellitenaufnahmen der 

Meeresoberflächentemperatur wurden genutz um thermale Muster an aufeinander 

folgenden Tagen zu beobachten und um daraus räumliche Muster der Strömungen zu 
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ermitteln. Diese Muster wurden mittels einfachen Regeln zusammengefasst, und unter 

Berücksichtigung einer realistischen Küstenmorphologie in idealisierte 

Zirkulationsfelder umgesetzt. Diese Felder wurden dann benutzt, um die 

Larvenbewegungen in ein einfaches Lagrangesches Schema einzupassen. 

Literaturangaben wurden in Kombination mit geographischen Informationen dazu 

genutzt, Größe und Lokalisation passender Gebiete für die lokalen Populationen 

abzuschätzen. Der sich ergebende Larventransport wurde in ein Matrix-

Metapopulationsmodell eingegeben, um Populationsdynamiken zu untersuchen. Das 

dritte Kapitel beschäftigt sich mit dem Aspekt der Verknüpfung durch das Integrieren 

der Ergebnisse des zweiten Kapitels in ein Modell der Metapopulationsdynamik. Dieses 

Modell wurde verwendet, um Informationen zur aktuellen Diskussion der 

Umstrukturierung der gesamten Küste der IV-Region in MEAs beizutragen. 

 

Die Ergebnisse bestätigen die tägliche Variation der küstennahen Strömungszirkulation, 

die mit Änderungen der entlang der Küste wehenden Winde zusammenhängt. 

Abgesehen von den küstenfernen, mit den Landspitzen der Lengua de Vaca und Punta 

Chroros assoziierten Dynamiken sind die beobachteten Variabilitäten prinzipiell entlang 

der Küste orientiert und beinhalten auch die Umkehrungen der Küstenströmungen. Die 

Ergebnisse zeigen, dass ein Zirkulationsmuster, dass an einer wirklichkeitsnahen 

Küstenmorphologie eingesetzt wird, vielfältige Transportwege der Larven generieren 

kann, während eine gleichmässiger Verbreitungsfunktion solche Ergebnisse nicht 

reproduzieren kann. Strömungsveränderungen, die mit „coastal-trapped waves“ 

(Wellen, die aufgrund physikalischer Prozesse an die Küstenlinie gebunden sind) 

assoziiert sind, sind weit wichtiger für die Verknüpfungen zwischen MEAs als 

Dynamiken küstennaher Auftriebssysteme. Da sich der Energiegehalt von „coastal-

trapped waves“ mit dem Eintreten von El Niño Ereignissen verändert, verändern sich 

auch die Verknüpfungen mit dem Niño/Niña Zyklus. Die Art in der dies geschieht hängt 

vom jährlichen Mittel der Strömungen ab. Basierend auf der verfügbaren Information 

über die mittleren Strömungen entlang der Küste, konnten die zwei größten lokalen 

Populationen (Coquimbo und Los Choros) als Larvenquelle für die anderen 

Populationen identifiziert werden. Diese beiden sind somit von den anderen Gebieten 

unabhängig und könnten als MEAs unter dem bestehenden Co-Management System 

bestehen. Dies zeigt, dass unter dem derzeitigen Fischereigesetz die „total allowable 

catches“ (TAC) und das Co-Management-System kompatibel sind, vorausgesetzt die 
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source/sink Struktur des Systems ist bekannt. Da die meisten Populationen von 

importierten Larven abhängig sind, müssen für die Umwandlung der Küste der IV 

Region in MEAs die bestehenden Co-Management Institutionen stärker auf eine 

Managementkoordination zwischen den Gemeinden abzielen. Da das System stark auf 

die Feinheiten der Managementmaßnahmen reagiert, können die Ergebnisse lokaler 

Veränderungen des Managements ohne Simulationsmodelle nur sehr schwer im voraus 

eingeschätzt werden. 
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General Introduction 

 

Fishing is among the most important economic activities in Chile. In 2003, total 

landings exceeded 4.5 mill tons (the sixth largest in the world), and produced 2,446 mill 

USD, approximately 10 % of the total Chilean exports. Although the artisanal landings 

only represent 27.2% of the total, they involve the half of the employments in the 

fishing sector, which indicates its great socioeconomic importance (SUBPESCA, 2004). 

The artisanal fisheries have traditionally been based on benthic resources (i.e. species 

living associated to the sea bottom), particularly on the muriciid gastropod Loco 

(Concholepas concholepas). Stotz (1997), Castilla and Fernandez (1998) and more 

recently Orensanz et. al. (2005) have described the evolution of the Loco fishery over 

the last 30 years. Until middle of the 1970s, catches remained quite stable around 5,000 

tons. As new markets developed in Asia the catches increased sharply, peaking at 

25,000 tons in 1980. Catches remained high during the 1980s, but abruptly dropped in 

1988. Because of this drop in catches, the fishery was closed during the period August 

1989 – December 1992. Nevertheless, the main consequence of the closure was making 

the activity illegal, with disastrous repercussions for the fishing communities. 

 

The crisis forced a change, and in 1991 a new fisheries act was passed by the legislature 

in Chile (“Ley General de Pesca y Acuicultura” or LGPA). The LGPA introduced the 

“Benthic Extraction Regime” for resources designated as fully exploited. This 

extraction regime consists of a Total Allowable Catch (TAC) established for each of the 

12 regions in which the country is administratively divided. The TAC is split into 

individual quotas among registered fishers in each region. Additionally to the Benthic 

Extraction Regime, the LGPA contemplates another instrument based on territorial use 

rights, known in Chile as Management and Exploitation Areas (MEA). Territorial rights 

over these areas are vested on a fisher’s organization upon request, provided that it 

produces a baseline ecological study (ESBA) and a 2-year management plan (PMEA). 

This corresponds to a form of co-management, which can broadly be defined as an 

arrangement where management responsibility is shared between the government and 

fishing communities (Nielsen et al., 2004).  
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Like in many other cases, the introduction of a co-management arrangement in the 

LGPA was a response to the fact that the most important resources for the artisanal 

fishers were nearing over-exploitation (Castilla and Fernández, 1998). The management 

failure was driven probably more by the lack of compliance with the central fishery 

agency directives than by errors in the directives (Stotz, 1997; Orensanz et al., 2005). In 

fact, all over the world co-management has been functioning as a form of crisis 

management in which governments, observing the failure of their own management 

regime, take the decision to bring users into the management process (Sen and Nielsen, 

1996; Wiber et al., 2004). Two reasons explain this response. Firstly, experience has 

demonstrated that the most effective method for bringing fishing mortality under control 

is to implement appropriate rights-based systems in which conservation of the resource 

is in the individual fisher’s economic interest, an incentive that has been absent in the 

conventional top-down fisheries management (Hilborn, 2004; Mace, 2004). Secondly, 

since fishers contest both the science data sets and their interpretation by the central 

fisheries authority (Wiber et al., 2004; Orensanz et al., 2005), acceptance and 

compliance of management measures is assumed to be higher when users have been 

involved in the decision-making process (Nielsen et al., 2004).  

 

From the previous paragraph it seems that the genesis of the artisanal fisheries crisis is 

bounded to the socioeconomic sphere, and that solutions would also come from the 

same realm without any substantial contribution from natural sciences. Nonetheless, a 

fishery is really a transformation process in which a flow of natural resource input is 

transformed into a flow of product outputs (Costanza and Daly, 1992). This flow 

represents the most important way by which the biophysical system relates to the 

socioeconomic system, forming a highly complex natural-human system. This 

complexity arises from the topology of the system, i.e. the spatial structure of elements 

and their links, and the temporal change of this topology (Pickett et al., 2005). The 

simplest imaginable topology in benthic resources (the biophysical system) is formed by 

patches or local populations connected via migration of adults and larvae. Because of 

the sedentary nature of adults of most benthic resources, it is normally assumed that 

connections are restricted to larval transport, forming what Botsford et. al. (1994) called 

meroplanktonic metapopulations. Referred to the socioeconomic system, the LGPA 

does assume that the fishers’ communities are the minimal discrete units in which the 

‘stock of fishers’ is divided. It also restricts the co-management to one-by-one 
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arrangements between a particular community and the fisheries authority, which results 

in the lack of any formal strategy for coordinating managements above the spatial scale 

of the individual fishers community. Carley and Christie (2000) argue that if human 

organizations hope to be sustainable they are forced to build a range of alliances with 

other organizations that control the resources required for their survival. Applied to 

artisanal fisheries, this means that the fisheries agency and the fishers’ communities are 

organizations that must be able to address problems of resource access and shearing on 

a level higher than the single fishers community (Nielsen et al., 2004). Both, the identity 

of communities that should be included in a co-management institution and the 

bargaining process among them will necessarily rely on the topology of the local 

populations and/or the MEAs along the coast, i.e. the larval connectivities among local 

populations of the target species. Moreover, since the management is expected to 

modify the abundances at each particular local population, the members of this 

institution and the way they negotiate will also have to be dynamic.  

 

Although the necessity for coordination of management among fishers’ communities in 

Chile has already been stressed by Orensanz et. al. (2005), the larval connectivities that 

should guide the coordination are unknown for the Chilean coast. Furthermore, this lack 

of information will not be improved merely by a temporally discrete estimation of 

connectivity for some reasons:   

1) Larval movement is forced essentially by currents, which are variable in time 

and space. These temporal changes in larval transport will change the number of 

adults at each local population, which in turn influence the number of larvae 

supplied by each local population.  

2) The larval transport among management units (MEAs and areas managed by 

TAC) depends on the spatial configuration of these units, which is a matter of 

negotiation during the co-management process. Even under a constant coastal 

current regime, different configurations of management units will produce 

different connectivities.  

3) Decisions about the level of catch in the MEAs and in the areas managed with 

TAC will determine the number of spawning adults, which in turn will influence 

the transport of larvae by coastal currents, and the abundance of adults at each 

management unit. 
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In other words, connectivity is an emergent property of the natural-human system and 

not a single property of any of their elements. Consequently, quantification of the 

connectivity per se does not give the information required for co-management of a 

fishery based on meroplanktonic metapopulations. What is needed in this case is a 

system that describes the factors driving the metapopulation connectivity, and in which 

the time and space dimensions are explicitly incorporated. It has to deliver information 

about the metapopulation to co-management institutions and it has to be sensitive to 

actions derived from co-management negotiations. Such system is expected to generate 

‘what – if’ scenarios informing the bargaining process within the co-management 

institution. The aim of the present study is to initiate the development of this kind of 

system for artisanal fisheries in Chile. This is made, however, under the premise that it 

is possible to build a preliminary tool based on already existing information or from 

information accessible even for small national organizations. 

 

The gastropod Concholepas concholepas (Loco) is the most valuable resource for the 

artisanal fishery, and therefore the obvious resource to be the focus in this study. 

However, their larval ecology is poorly known and their adult distribution makes 

difficult to delimitate local populations. The fishery of the surf clam Mesodesma 

donacium in the IV region is a good alternative candidate. The biology of M donacium 

fits with the essential features of meroplanktonic metapopulations: is a burying bivalve 

with a limited adult mobility, and it has a relative long-lived pelagic larva. Contrary to 

Loco, the habitat patches are easy to identify because M donacium occurs in exposed 

sandy beaches that are relatively infrequent in the rocky shore of the Chilean coast.  
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Figure 1. Total landings in tons of Mesodesma donacium in Chile from 1984 to 2004. Modified from 

SERNAP (2004). 

 

Like in the case of Loco, landings of Mesodesma donacium increased during the 1980s 

due to the opening of markets in developed countries (fig. 1). In spite of inter-annual 

oscillations, landings have been decreasing since 1990, showing a fishery with serious 

management problems. Currently, the fishery of M donacium concentrates in the IV 

region and in the X region, which are separated by more than 1000 km. The coastal 

circulation in the IV region is dominated by the equatorward Humboldt Current, while 

the circulation in the X region is dominated by the poleward Cape Horn Current. 

Because the Humboldt Current System has been more studied, it seems more 

convenient to begin with the fishery in the IV region.  

 

The first factor driving the connectivity in marine metapopulations is the coastal 

circulation. It is widely recognized that the present knowledge of circulation off Chile is 

inadequate (Strub et al., 1998). Indeed, this argument has been used to avoid the 

inclusion of connectivity in studies of management contracted by the central fishery 

agency since the enforcement of the LGPA (González et al., 1997; González et al., 

1999; Moreno et al., 2001; Tapia et al., 2003). Based on the premise that the already 

available information is useful, the first chapter of the thesis reviews the state of the 

knowledge about coastal circulation, and attempts to gain the necessary understanding 

to estimate the connectivity along the central coast of Chile. This review indicates that 

coastal upwelling and coastal-trapped waves are the most important processes forcing 
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the variability of coastal currents (Shaffer, et al., 1999), and that these two processes 

produce a current variability with its major axis in the alongshore direction (Hormazabal 

et al., 2002). Since this information is based on a time-series obtained in a single 

mooring some kilometers offshore, the spatial variability of this pattern and their 

modifications near the coast remain unknown. Consequently, ancillary time series of 

satellite sea surface temperature were used to track thermal features in successive days, 

obtaining some spatial patterns of current. 

 

The connectivity is also influenced by the size and location of patches in which the 

adult individuals are distributed. In the second chapter, literature records are combined 

with the geographic information available on-line (www.sinia.cl) to delimitate location 

and size of suitable patches. The results of the first chapter are summarized in simple 

rules that, applied to a realistic geometry of the coast, are utilized to generate idealized 

circulation fields. Then, a simple Lagrangean transport scheme is applied in which these 

current idealizations force the larval movement among the identified patches.  

 

Finally, connectivity depends on the number of larvae spawned at each patch, and 

therefore on the stock sizes at each management unit. The third chapter explores this 

issue by integrating the results of the previous chapters with a model of the 

metapopulation dynamics. Simulations with the model are used to enrich the discussion 

about the proposal of transforming the entire coast of the IV region in MEAs.  
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Chapter 1: Upwelling and relaxation surface coastal 

circulation off central Chile (28°S to 31°S) derived from 

sea surface temperature imagery 

 

Introduction 

 

The coastal mesoscale [10 – 100 km] circulation along central and northern Chile is still 

poorly understood in comparison to other regions in the eastern Pacific (e.g. Peru and 

California) (Strub et al., 1998). Along the northern and central coast of Chile coastal 

mesoscale circulation patterns are related principally to atmospheric forcing (Bateen, 

1997; Leth and Shaffer, 2001; Mesías et al., 2001). The Southeastern Pacific 

Subtropical Anticyclone forces equatorward winds along the coasts of Chile and Peru 

that result in seaward Ekman transport and the coastal upwelling, which characterizes 

the region (Strub et al., 1998). Alongshore winds have maximum intensities near 15°S 

and 30°S and minima near 20°S. Maximum equatorward winds occurs in the winter 

north of 20°S, and progressively later toward the south, reaching the spring near 30°S 

and early summer south of 35°S (Shaffer et al., 1997; 1999). North of 35°S, however, 

this seasonality remains very weak (Carr et al., 2002). The intersection of the 

subsidence inversion associated to the Subtropical Anticyclone and the coastal 

mountains supports the alongshore poleward propagation of coastally trapped 

atmospheric waves (coastal lows) (Strub et al., 1998). These waves propagate 

southward with phase speeds of about 10 m s-1 and their influence extends along the 

coast from 20°S- 25°S to about 40°S (Shaffer et al., 1997; 1999). The period of these 

coastal lows is related to local wind variability with periods between 4 to 10 days. The 

wind variability in this synoptic band concentrates a significant proportion of the 

spectral energy, and consequently strongly influences the mesoscale surface circulation 

near the coast of north and central Chile (Rutllant and Montecino, 2002).  

  

The upwelling of colder and more saline water produces a depression of the sea level 

close to the coast. The cross-shore pressure gradient generated is balanced 

geostrophically and drives a coastal equatorward jet (Gan and Allen, 2002a; Largier et 
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al., 1993; Mesias et al., 2001). Along the Chilean coast north of 42°S, it is possible to 

recognize this feature within an equatorward surface current called Chile Coastal 

Current (CCC) (Strub et al., 1998). Direct current measurements at 23°S and 33°S show 

that its vertical extension involves only the first 30 m of the water column, with 

maximal velocities between 0.1 – 0.2 m s-1 (Johnson et al., 1980; Marín et al., 2001). 

According to Strub et al. (1998) this coastal current can be found within 100-150 km 

close to the coast. Beneath of it, over the slope and outer shelf, the poleward Peru 

Undercurrent (PUC) dominates the circulation with velocities that can reach 0.25 m s-1 

at 100 m depth (Johnson et al., 1980; Marín et al., 2001). As stated above, the synoptic 

variation in the alongshore wind stress represents a major factor driving surface 

circulation patterns within the CCC. A number of studies have reported that relaxation 

of upwelling favorable winds off Chile is followed by reversion of surface currents 

close to the coast (Ahumada et al., 1983; Johnson et al., 1980; Marín et al., 2001; 

Moraga et al., 2001), a situation similar to the more documented current reversions in 

the California Current System (Send et al., 1987; Largier et al., 1993). Additionally, 

irregularities in both the coastline and bottom topography can change the surface 

circulation patterns significantly. Simulation experiments and remote sensing studies 

have shown that these features anchor upwelling activity and cold filaments (Fonseca 

and Farias, 1987), and enhance the growth of meanders and eddies (Batteen et al., 1995; 

Batteen, 1997). The acceleration of the flow near a headland creates a local low-

pressure field and consequently an adverse pressure gradient downstream of the 

headland’s tip. As the pressure gradient and frictional drag produced by the bottom and 

coast are lower offshore, the fluid tends to separate from the coast (Signell and Geyer, 

1991). When the flow velocity is high and the curvature radius of streamlines small, the 

normal acceleration of the fluid near the headland can be strong enough to collaborate 

significantly to detach the flow (Penven et al., 2000; Mesías et al., 2003). Additionally, 

the separation process injects high vorticity fluid from the coastal region into the ocean 

interior, which can induce the formation of eddies downstream of a headland (Wolansky 

et al., 1984). 

 

Ship-born current measurements that take more than 24 h could involve important bias 

because the changes in flow patterns are controlled by wind forcing varying at daily 

scales. As a consequence, the area that can be covered by ship-born studies of the 

circulation dynamics is limited, and the alongshore variability in coastal geometry and 
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bottom topography cannot be adequately incorporated. An ideal methodology is like the 

one adopted by CODE in the California Current System (Beardsley and Lentz, 1987), in 

which a grid of anchored current-meters took the current data. However, the high costs 

of such research programs are difficult to cover in the context of present oceanographic 

programs in Chile. An alternative with a convenient cost/benefit balance is the use of 

satellite time series data. In this study, the feature tracking technique on NOAA-

AVHRR daily images is used to investigate the coastal circulation between 28°S and 

31°S (Fig 1). In this region, Acuña et al. (1989) suggested that two capes limit a large 

open bay (hereinafter referred as The Big Bay) in which a system of smaller bays can be 

found (Tongoy, Guanaqueros, Herradura, Coquimbo, Hornos, Chungungo). Both capes, 

Punta Choros in the north and Punta Lengua de Vaca in the south, have been described 

as areas of enhanced upwelling activity (Fonseca and Farías, 1987; Moraga, 1996). The 

spatial variability of currents associated to coastal geometry is described in order to 

improve the understanding of circulation dynamics in this zone. As the size scale of the 

capes in this section and the regime of wind forcing are comparable to those of CODE 

during the upwelling season (Winant et al., 1987), it is also investigated if some of the 

underlying mechanisms driving the spatial variability of circulation along Californias’ 

coast can be valid for the coast of central Chile.  

 

Methods 

 

The subjective feature tracking methodology developed by La Violette (1984) was used 

to study the coastal circulation. In this method, one operator subjectively identifies sea 

surface thermal features in a NOAA-HRPT image (i.e. small fronts or eddies) and looks 

for the same features in a posterior image of the same area. The displacement of the 

thermal features during the time lag is assumed to be a direct consequence of the surface 

current velocity. Emery et al. (1986) used the same principle, but the Maximum Cross-

Correlation method (MCC) to identify objectively the same thermal features in both 

images. As the maximum pixel size in a HRPT image is 1x1 km, the MCC method can 

only identify thermal features with size of tens of kms. The two principal capes in the 

study zone (Fig. 1) have a characteristic length of 20 km and we expect that features 

like eddies downstream of the capes have the same dimensions, that cannot be detected 

by the MCC method. Moreover, MCC is unable to detect deformation or rotation of 
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thermal features (Kamachi, 1989), and for this reason only the subjective method was 

applied. 

 

 

Figure 1. Map of the study area. The dotted lines show the bottom topography. Locations of Punta 
Lengua de Vaca (LVP), Tongoy Bay (TB), Guanaqueros Bay (GB), Punta Saliente (SP), Coquimbo Bay 
(CB),Punta  Teatinos (TP), Hornos (HO), Chungungo (CHU), Punta Choros (CHP), Sarco (S) and 
Huasco (HU) are shown. 

 

56 NOAA-AVHRR images from 2000 – 2002 were selected using the Comprehensive 

Large Array-data Stewardship System from the NOAA (http://www.saa.noaa.gov/). 

Clouds frequently cover the nearshore area of the study zone during the morning hours, 

thus just the evening pass each day (19 – 20 h local time) was used. It was assumed that 

the 24 h temporal lag between images integrate the effect of tidal and inertial 

movements (inertial period at 30°S ~24 h), and represent the residual surface circulation 

resulting from synoptic atmospheric forcing. Sequences of more than two consecutive 

images free of clouds within a coastal band of 50 km were prioritized. The selected 

images were obtained from the Center for Space Studies from University of Chile 

(http://www.cee.uchile.cl). The images were received as geometrically corrected 

ERDAS-IMAGINE files, containing temperature data with a precision of 0.1°C. Since 

thermal features more than absolute temperature were used, no intend to evaluate the 
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accuracy of the temperatures was made. Using the module Spatial Analyst© from 

ArcView GIS 3.2©, two consecutive images were displayed, and the position of the 

same thermal features in each image were identified. The initial and final position were 

saved and loaded into MATLAB 6© in order to calculate the displacement and velocity 

for each thermal feature. The resulting current vectors represent the net movement of 

the water between two consecutive images taken at 20 h of each day. As the resolution 

of HRPT images is 1 km, the minimum detectable velocity for a period of 24 h is 0.02 

m s-1.  

 

Velocity and direction of wind measured each 30 min at Punta Lengua de Vaca between 

2000 and 2002 was used to study the dynamics of the wind forcing during the image 

series (Fig. 2). At the coast, the prevailing southwesterly winds blow steadily in the 

afternoon and evening attaining maximum strength around 17:00-18:00 h (local time, 

see Fig. 2). At dawn and early morning, coastal winds usually vanish, reflecting the 

nocturnal land cooling. Off the coast this strong coastal diurnal cycle fades away, being 

almost negligible at about 12 km offshore. Therefore, while during the afternoon and 

evening upwelling progresses mainly due to Ekman offshore drift, at nightime and early 

morning upwelling continues on due to cyclonic alongshore wind-stress curl (Rutllant 

and Montecino, 2002). Since in both cases the upwelling stress is proportional to the 

afternoon wind speed along the coast, the daily alongshore wind forcing was calculated 

as the average alongshore pseudostress (hereinafter referred as PSV) between 12:00 and 

24:00. PSV was calculated as the multiplication of the north component of the wind and 

the vector module of the wind. The difference on PSV between successive days is 

referred as psv∆ , with positive values when the wind increase in the time and negative 

when the wind decrease.  
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Figure 2. North component (continuous line), daily averaged pseudostress (dot-

segmented line) and daily difference in averaged pseudostress (bars) of the wind 

measured at Punta Lengua de Vaca during (a) the first scenario, (b) the second scenario, 

(c) the third scenario and (d) the fourth scenario. 

 

Results 

 

Although many images viewed in the NOAA browser were cloud free, low-sparse 

clouds or the absence of any clear thermal feature made analysis often impossible. Out 

of 56 individual images, 12 days of feature tracking derived currents were successfully 

produced, grouped into four sequences of two or three consecutive days. The following 

results are based on these sequences or scenarios that are taken as a representation of the 

dynamical changes of the surface current field. This information was added to those 

images obtained from individual days to reinforce some findings obtained from the 

sequences.  

 

First scenario: 26
th 

and 27
th

 February 2000 
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The wind on February 26th was relatively weak (v = 4 m s-1) with PSV (28.7 m2 s-2) 

slightly weaker than the previous day (Fig. 2a). The next day, 27th February, the wind 

was very strong (v = 8.6 m s-1) resulting in the highest PSV and psv∆  (101.5 m2 s-2 and 

72.8 m2 s-2 respectively) registered in that year.  

 

 

Figure 3. Surface velocities derived from feature tracking technique on 25th – 26th February 2000 (left) 
and 26 - 27 February 2000 (right), and wind vectors measured at Pta Lengua de Vaca at the same dates 
(bottom). LV=Lengua de Vaca, TB=Tongoy Bay, GB=Guanaqueros Bay, PS=Punta Saliente; 
CB=Coquimbo Bay; PT=Punta Teatinos; HO=Hornos; CHU=Chungungo; PCH=Punta Choros; CHA= 
Chañaral de Aceituno; SA=Sarco. 

 

Between 25th and 26th February (Fig. 3), only the southern half of the Big Bay was cloud 

free. A weak current (0.05 m s-1) entered into it from Punta Lengua de Vaca, and tended 

to follow the coastline until it changed its direction to the west north of Punta Saliente. 

Off Ganaqueros Bay, however, within the 10 km close to the shore there was a 

southward flow, and north of this point a slow northward flow seemed to rotate to west 

north of Teatinos Point. The next day, the entire area was cloud free. The current speed 

was higher than 0.1 m s-1 in a great proportion of the area, and up to 0.3 m s-1 north of 

Punta Lengua de Vaca and off Punta Saliente. From Punta Choros to Sarco and 25 km 

south of Punta Lengua de Vaca, the water moved to NW with velocities up to 0.25 m s-

1. North of Lengua de Vaca, the flow followed more or less the coastal geometry, 

entering into the Big Bay with velocity close to 0.2 m s-1. Off Punta Saliente, this flow 
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separated in two branches, the offshore one turns to the west reaching velocities higher 

than 0.3 m s-1 and forming an anticyclonic eddy of radius ~25 km. The coastal branch 

continued moving to the north slowing down until Punta Choros, where it turns to the 

west (<0.05 m s-1).  

 

Second scenario: 3
rd

, 4
th

, 5
th 

May 2000 

 

On  May 3rd, the wind conditions were calm (v = 2.3 m s-1), the PSV was low (12.6 m2 s-

2) and psv∆  showed a strong negative value (-38.7) (Fig. 2b). On May 4th there was an 

increment in the wind velocity (v = 5.0 m s-1; PSV = 40.6 m2 s-2), resulting in a relative 

high positive psv∆ . The next day, the wind conditions were similar although the PSV 

was slightly weaker (37 m2 s-2). 

 

 

Figure 4. Surface velocities derived from feature tracking technique on 2nd – 3rd May 2000 (left), 3rd – 4th 
May 2000 (center), 4th – 5th May 2000 (right), and wind vectors measured at Pta Lengua de Vaca at the 
same dates (bottom). LV=Lengua de Vaca, TB=Tongoy Bay, GB=Guanaqueros Bay, PS=Punta Saliente; 
CB=Coquimbo Bay; PT=Punta Teatinos; HO=Hornos; CHU=Chungungo; PCH=Punta Choros; CHA= 
Chañaral de Aceituno; SA=Sarco. 

 

Between May 2nd and 3rd (Fig. 4), south of Lengua de Vaca and within the first 10 km 

close to the coast, there was a weak poleward flow (~0.05 m s-1). Offshore from this 

flow, the water moved to the northeast (~0.15 m s-1) entering the Big Bay. Within the 

Big Bay, between Tongoy Bay and Punta Saliente, the velocity decreased to ~0.05 m s-1 
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and currents turned clockwise to the south. North of Coquimbo Bay, the current close to 

the coast followed the coastline to the north. Close to the coast at Punta Choros, the 

velocity was less than 0.05 m s-1, but offshore the water flowed to the southwest at ~0.1 

m s-1. An anticyclonic eddy was observed 30 km northwest of Sarco, with a radius of 

~23 km. With respect to the previous day, between May 3rd and 4th, the water close to 

the coast south of Lengua de Vaca flowed in the opposite direction (equatorward) with 

velocity 0.15 m s-1, while offshore the speed increased jet with little alteration to 

direction. At Punta Lengua de Vaca the flow entering the Big Bay was more pronouned 

and faster compared to the day before, and only within Tongoy Bay the flow was 

directed to the southwest. North of Punta Teatinos, the coastal flow turned to west 

apparently as a result of a poleward flow that entered the Big Bay from Punta Choros. 

Approximately 25 km offshore of Punta Choros, there was a poleward flow that turned 

clockwise to the northeast, south of the point. North of Sarco the water flowed 

northward at 0.2 m s-1 maintaining the anticyclonic eddy observed the day before. 

Between May 4th and 5th, 10 km south of Lengua de Vaca and within 10 km close of 

coast, the water continued flowing equatorward with a velocity of ~0.1 m s-1. North of 

this point, however, the water decelerated drastically to below 0.05 m s-1. Within the 

Big Bay, all the area from Punta Saliente to Lengua de Vaca presented poleward flows 

that followed more or less the coastal geometry at ~0.1 m s-1. North of Punta Saliente 

the flow maintained the veering to the west. The flow close to the coast between Sarco 

and Chungungo decelerated to below 0.05 m s-1, although the veering to the west of the 

offshore poleward flow maintained its velocity and direction. The cyclonic eddy north 

of Sarco weakened with respect to May 4th, but maintained more or less its original 

position. 

 

Third scenario: 14
th

, 15
th

, 16
th 

November 2001 

 

On May 14th, the wind blew from the south with moderate intensity (v = 6.5 m s-1) (Fig. 

2c), but was preceded by two days with low wind intensity resulting in a positive psv∆  

(28 m2 s-2). On November 15th, the alongshore wind decreased (v = 5.9 m s-1; psv∆  = -

13.5 m2 s-2), and the next day, it decreased even more (v = 4.4 m s-1; 6.25−=∆psv  m2 s-

2). 
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Figure 5. Surface velocities derived from feature tracking technique on November 13th – 14th 2001 (left), 
November 14th – 15th 2001 (center), November 15th – 16th 2001 (right), and wind vectors measured at Pta 
Lengua de Vaca at the same dates (bottom). LV=Lengua de Vaca, TB=Tongoy Bay, GB=Guanaqueros 
Bay, PS=Punta Saliente; CB=Coquimbo Bay; PT=Punta Teatinos; HO=Hornos; CHU=Chungungo; 
PCH=Punta Choros; CHA= Chañaral de Aceituno; SA=Sarco. 

 

From November 13th to 14th (Fig. 5), the water off Lengua de Vaca and south of it 

flowed to the north and offshore with velocities between 0.1 m s-1 and 0.15 m s-1. North 

of Lengua de Vaca the flow accelerated to 0.25 m s-1 and turned to the northeast 

entering the Big Bay. Here, the water flowed mainly to the north until Coquimbo Bay, 

where it veered to the northwest. The next day, the flow south of Lengua de Vaca 

maintained its magnitude and general structure, but within the Big Bay the flow 

structure observed the day before was displaced offshore and presented velocities below 

0.15 m s-1, leaving between Lengua de Vaca and Punta Saliente an area with very low 

velocities (< 0.05 m s-1). Between November 15th and 16th, all the flows within the Big 

Bay and south of Coquimbo Bay have a poleward direction with velocities reaching 

0.15 m s-1. Close to the coast and south of Lengua de Vaca, the flow was very weak, 

with values inferior to 0.05 m s-1.  

 

Fourth scenario: November 8
th

, 9
th

 2002 

 

On November 8th (Fig. 2d), the wind was very strong (v = 8.7 m s-1; PSV = 105,1 m2 s-

2) and had a highly positive difference relative to the previous day ( 7.31=∆psv m2 s-2). 
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The next day the wind decreased significantly ( 6.23−=∆psv m2 s-2), but remained 

strong (v = 7.5 m s-1; PSV = 81.5 m2 s-2). 

 

 

Figure 6. Surface velocities derived from feature tracking technique on 7th – 8th November 2002 (left), 8th 
– 9th November 2002 (right), and wind vectors measured at Pta Lengua de Vaca at the same dates 
(bottom). LV=Lengua de Vaca, TB=Tongoy Bay, GB=Guanaqueros Bay, PS=Punta Saliente; 
CB=Coquimbo Bay; PT=Punta Teatinos; HO=Hornos; CHU=Chungungo; PCH=Punta Choros; CHA= 
Chañaral de Aceituno; SA=Sarco. 

 

From November 7th to 8th  (Fig. 6), the current off Lengua de Vaca was directed towards 

the northwest but offshore it turned to west with velocities close to 0.15 m s-1. Within 

the Big Bay the water flowed to the north from Lengua de Vaca to Punta Teatinos at 

~0.25 m s-1, where it turned to the west. Close to the coast, the current direction 

followed the coastline. North of Punta Teatinos, this coastal flow turned to the west 

away from the coast. North of Punta Choros the water flowed westward and turned to 

the northwest 20 km offshore. North of Sarco, the current followed the coastline with 

velocities close to 0.15 m s-1, but offshore it turned to northwest. The next day, current 

velocities in the whole area were weaker (< 0.1 m s-1). South of Lengua de Vaca the 

velocity fell down to less than 0.05 m s-1. The equatorward current north of Punta 

Lengua de Vaca observed the previous day was displaced offshore and the veering of 

this structure closed offshore to form an anticyclonic eddy outside the Big Bay. North of 

Chañaral within the 25 km close to the coast the water moved slowly (~0.05 m s-1) to 

the south, while it continued moving to the northwest further offshore. 
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Discussion 

 

The changes in magnitude and direction of the wind are related to changes in current 

velocity and direction in the area. Increases in wind velocity (e.g. days 25th – 27th 

February, 2000) are followed by increases in equatorward current velocities within 24 

hrs, and reductions in the wind velocity are followed by a reduction in current velocity 

(e.g. 8th – 10th November, 2002). Similar daily changes in surface current direction and 

magnitude associated to changes in wind forcing were reported by Moraga et al (2001) 

from hydrographic measurements off Lengua de Vaca Point (30°S), and by Johnson et 

al (1980) from direct current measurements along a cross-shore transect at 33°S. Indeed, 

these patterns coincide with rapid responses of alongshore surface currents to changes in 

wind stress reported for the California Current System (Winant et al., 1987; Largier et 

al., 1993).  

 

One of the most interesting findings during the CODE experiment in the Northern 

California Current System was the reversion of the currents when the wind stress 

approached to zero (Send et al., 1987). Reversion events off central Chile during 

relaxation of alongshore winds were observed in the studies of Johnson et al. (1980), 

Moraga et al. (2001), and the present study (e.g. 14th – 16th November 2001), but the 

poleward currents were appreciably slower than those reported for northern California. 

In the present study, the lowest daily values of the north component of wind were 

always > 2 m s-1, while the highest poleward current velocities were always < 0.1 m s-1. 

Since in our study zone low northward wind conditions are associated with increased 

cloud cover (Rutllant and Montecino, 2002), we would expect lower wind stress and 

higher poleward currents when the clouds impede the analysis. Nevertheless, our 

observations are consistent with the hypothesis of a coastal poleward flow in absence of 

equatorward forcing of wind for Northern Chile (Marín et al., 2001) and northern 

California (Winant et al., 1987). 

  

Compared to the CODE study, the incurved coastline of the Big Bay represents an 

important variation in coastal geometry. This complex coastal geometry seems to have a 

significant influence on the coastal circulation patterns and dynamics. Conditions of 
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enhanced equatorward wind in the southern end of both Punta Lengua de Vaca and 

Punta Choros, forced the water to flow northward (45° with respect to the coast) with 

velocity near to 0.2 m s-1. This coincide with previous observations in the same Points 

reported by Moraga (1996), and descriptions for other upwelling zones at 29°S, 33°S 

and 37°S (Marín et al. 2001; Johnson et al., 1980; Ahumada et al., 1983, respectively). 

Under the same wind conditions, just north of the two Points, where the coast bends to 

the east, the principal flow separates from the coast and continues to the north (e.g 7th – 

8th November 2002). Very close to the coast (over the shelf, <10 km offshore), the 

current follows the 200 m depth contour entering into the Big Bay. Marin et al. (2001) 

observed at 23°S the same kind of flow structure at a similar spatial scale, 

characterizing it as the most typical structure in the zone. The separation process at 

Punta Lengua de Vaca seem to occur only under strong equatorward wind stress, which 

force surface currents close to Lengua de vaca at > 0.1 m s-1 (Table 1), while lower 

alongshore wind stress force the flow to northeast into the Big Bay. According to the 

theoretical work of Signell and Geyer (1991), the abrupt change in the coast orientation 

at Punta Lengua de Vaca and Punta Choros, the high velocity of the water, and the very 

small extension of the shelf can be important factors for fluid detachment to occur. As 

suggested by Mesías et al. (2003) in simulation studies off Lavapie Point (37°S), the 

nonlinear effects represented by the normal acceleration of the fluid near the tip of the 

Lengua de Vaca Point can make an important contribution to detach the flow from the 

coast. 

 
Table 1. North component of wind, pseudostress, daily difference of pseudostress at Lengua de Vaca 
point, and flow characteristics for the days in which the current field was measured. 

Year/Julian 

day 

North 

component 

(m s
-1

) 

Pseudostress 

(m
2
 s

-2
) 

Daily 

difference in 

Pseudostress 

Flow separation 

at Lengua de 

Vaca Point 

Polar flow at 

some point in 

the Big Bay 

2000/124 2.3 12.6 -38.7 no yes 
2002/39 2.6 13.5 4.9 - yes 
2000/99 3.2 18.6 -1.8 no yes 
2001/320 3.7 25.7 -25.6 no yes 
2000/57 4.0 28.7 -0.2 no yes 
2000/126 5.0 37.0 -3.6 no yes 
2000/125 5.0 40.6 28 no no 
2001/319 5.9 51.3 -13.5 yes yes 
2001/318 6.6 64.8 28.4 yes no 
2002/314 7.5 81.5 -23.6 yes no 
2000/58 8.6 101.5 72.8 yes no 
2002/313 8.7 105.1 31.7 yes no 
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During episodes of strong northward wind we did not find eddies within the Big Bay 

and equatorward from Punta Lengua de Vaca and Punta Choros. Although the high 

current velocity close to the coast can potentially introduce vorticity when the flow 

separates from the coast (Wolansky et al., 1984), the small extension of the shelf within 

the south end of the Big Bay may result in a reduced influence of bottom friction on the 

fluid, explaining the absence of eddies during strong upwelling favorable winds 

(Penven et al., 2000). During the wind relaxation observed on November 14th – 16th 

2001, however, the equatorward current entering into the south end of Big Bay was 

replaced by a weak poleward flow extending over the south end of Big Bay between 

Lengua de Vaca and Punta Saliente. At the same time, offshore from this reversing 

current, the water continued to flow equatorward and since the current did not reverse 

north of Punta Saliente, a closed cyclonic circulation developed south of this point. A 

very similar sequence of changes during a relaxation event was observed by Johnson et 

al. (1980) at 33°S and by Moraga et al. (2001) at Lengua de Vaca. It seems likely that 

the succession of upwelling and relaxation events make possible a closed cyclonic 

circulation equatorward from a headland in the central and north coast of Chile, as was 

suggested by Marín et al. (2001) at 23°S and Mesías et al. (2001; 2003) off Lavapie 

Point, at 35°S.  

 

A nearshore poleward current and an equatorward flow offshore were observed during 

relaxation of winds in the CODE experiment (Huyer and Kosro, 1987), but both flows 

occurred along the entire study area and no evidence of a cyclonic surface circulation 

was found. It has been suggested that alongshore velocities in the coastal jet increase as 

the wind-forced coastal current flows around capes (Signel and Geyer, 1991). The 

geostrophic balance of these alongshore velocities creates local low-pressures at the 

coast equatorward from the capes and local high-pressures at the coast poleward of the 

capes. When the wind relaxes, the alongshore pressure gradient accelerates the water 

poleward (Gan and Allen, 2001). Alongshore variations in surface coastal velocities 

were also observed in our study (see figure 3), in which higher velocities occurred off 

Punta Lengua de Vaca in the southern extreme of Big Bay and lower velocities off 

Punta Choros at the northern end, coinciding with findings in California. Due to the low 

precision of our measures and variable coverage of the measurements (due clouds 

coverage) it is difficult to extract conclusive information from them, but at least we 

have evidence to suspect that a mechanism similar to that presented by Gan and Allen 
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(2001) in California could drive the poleward surface currents during the relaxation 

phase of upwelling. It will be interesting to further investigate the influence of this kind 

of processes in the area. 

  

In all scenarios studied, and particularly in the second one, some evidence of eddy 

activity offshore was observed that does not seem to be related to the high variability of 

alongshore currents close to the shore. Hormazabal et al. (2004) describes the zone 

between 30° and 38°S as having a significant eddy kinetic energy, which dominates the 

dynamics of circulation offshore. The same authors, however, note that this eddy-

dominated dynamic is generated by baroclinic instabilities of the coastal jet, and don’t 

share the same regime of variability observed in the first 50 km close to the coast. In 

this zone, strong intraseasonal variability of sea level, alongshore coastal currents and 

sea surface temperatures with periods of 40 – 70 days have been observed (Shaffer, 

1997; 1999). This variability is forced by wind along the equator that generates Kelvin-

like waves that travel eastward to the American coast and then are reflected south as 

coastal-trapped waves (Hormazabal et al., 2002). Close to the surface, this intraseasonal 

variability in alongshore currents would interact with the wind-forced upwelling 

circulation modulating the observed circulations patterns in this study. 

 

From our observations we can conclude that, 1) there is daily variability in the coastal 

circulation associated to changes in the alongshore wind, 2) the variability observed 

close to the coast is principally along the shore, and 3) this variability includes reversion 

of coastal currents at least in the south half of the Big Bay located between Lengua de 

Vaca and Punta Choros.   
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Chapter 2: Assessing the potential influence of coastal 

circulation on larval connectivity in a metapopulation of 

Mesodesma donacium in central Chile using a 

Lagrangean transport scheme 

 

Introduction 

 

There is a widespread awareness that increase in fishing effort represents a main threat 

to the long-term survival of marine capture-fishery resources and to the fisheries 

themselves (Pauly et al., 2002). This also holds for the particular case of the artisanal 

benthic fisheries in Chile, where the sustained use of marine resources is endangered 

due to a lack of effective control on fishing effort and/or the catches (Stotz, 1997). In 

contrast, some Pacific-island cultures, and also indigenous coastal communities in 

southern Chile, have sustained their marine resource harvest during hundreds of years 

without overexploitation. In these societies, each community has use rights in sections 

of the environment, where outsiders are not allowed to fish (Castilla and Fernández, 

1998). The Chilean authorities reacted to the critical condition of benthic fisheries, and 

in 1995 they enforced a management scheme similar to that found in the societies 

mentioned above. This scheme involves the traditional, open-access fishing grounds 

with limited total catch quotas, and novel Management and Exploitation Areas (MEA), 

consisting of exclusive nontransferable fishing rights granted to organized communities 

of small-scale fishers.  

 

The underlying assumption of MEAs is that catches will be better controlled, allowing 

the survival of enough adults to ensure a larval production that maintains the population 

within the MEA (Castilla, 1996). There is indeed some evidence of increasing adult 

spawning biomass of benthic invertebrates within a MEA after its implementation  

(Manríquez and Castilla, 2001). However, many marine invertebrates form 

metapopulations, linked by the dispersal of planktonic larval stages spawned from 

sedentary adults distributed along the coast (Botsford et al., 1994). Since the physical 
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environment affects the fraction of larvae that disperse and settle at various points along 

the coast, the persistence and dynamics of both local populations and the 

metapopulation as a whole are expected to depend strongly on the nature of the larval 

dispersal patterns (Roberts, 1997). This dependence would make the recovery of 

spawning biomass after establishment of MEAs not self-evident. 

 

In some local populations of a metapopulation, the number of larvae produced locally 

minus losses by mortality and transport away from parental local population could be 

enough to at least maintain the spawning biomass, a condition designated as source 

(Pulliam, 1988). But it is also possible that in other local populations the number of 

larvae produced minus losses of mortality and transport away from parental population 

would not maintain the spawning biomass, a condition designated as sink. Armsworth 

(2002) demonstrated theoretically that the existence of few self-recruiting local source 

populations within a metapopulation composed principally by sinks should guarantee 

the persistence of the whole metapopulation. James et. al. (2002), using a high 

resolution hydrodynamical model to estimate larval transport, showed that in a reef fish 

metapopulation, most local populations depend largely on externally supplied recruits, 

and that elimination of these few sources may critically affect the persistence of the 

whole metapopulation. Without information of larval connectivity, a manager could be 

tempted to place a MEA in areas of high recruitment or high density of adults, but if the 

area corresponds to a sink relying on the influx of immigrants from open-access 

sources, the overexploitation outside could have devastating effects also for the MEA 

(Allison et al., 1998; Tuck and Possinham, 2000). In the particular case of benthic 

artisanal fisheries in Central Chile, there are examples in which the biomass of the 

target species did not increase within a MEA (Stotz, 1997; Fernandez and Castilla, 

2000). These examples, viewed in the above context, led to suspicion that a mixture of 

open access areas and MEAs can be very risky in the long term (Tapia, et al., 2003). 

 

The metapopulation character of benthic marine invertebrates also serves as a base to 

the second assumption supporting MEAs as management tool, namely, that the 

enhanced larval production resulting from recovery within the area can be exported to 

surrounding open access zones and support sustainable fishing (Fernandez and Castilla, 

2000). Tuck and Possingham (1994), modeling a system of two local populations, 

showed that local populations which export a greater per capita number of larvae than 
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they import (relative exporters), should be exploited more conservatively than if they 

were managed as unconnected single populations or as if they were having a common 

larval pool for the whole metapopulation. Therefore, the explicit geographical 

identification of relative exporter local populations should be a prerequisite for both the 

spatial design of MEAs and the setting of catch levels within the MEAs and in the 

surrounding open-access areas. Recently, there have been some efforts to study the role 

of coastal circulation patterns on larval transport in Central Chile (Moreno et al., 1998; 

Poulin et al., 2002; Vargas et al., 2004), but these studies were focused on cross-shore 

larval transport, with no reference to connectivity between local populations along the 

coast. Nowadays, there is no published study about alongshore larval transport or 

connectivity of invertebrate populations in Chile. 

 

On the other hand, there are a significant number of papers dedicated to various aspects 

of Marine Protected Areas (MPA). MPAs, like MEAs, are expected to affect fishing 

areas beyond their borders by displacing effort and exporting the resulting increased 

larval production to fishing grounds outside (Lauck et al., 1998; Gell and Roberts, 

2003). For this reason, the knowledge related to MPAs could be used to obtain insight 

about MEAs as a management tool in Chile. Even though there is empirical evidence of 

increasing density, biomass, and reproduction within reserves for fishes (Roberts et al., 

2001; Halpern and Warner, 2002), evidence concerning invertebrates is scarce (see 

Rowley, 1994; Halpern, 2003 for reviews), or even contradictory in some cases 

(McClanahan and Shafir, 1990; Edgar and Barret, 1999; Fenández and Castilla, 2000). 

On the other hand, it is very difficult to verify the effectiveness of a particular larval 

export reserve because there are no effective methods of tracking planktonic larvae 

(Rowley, 1994). This is a major reason why most of the literature related to larval 

export focuses on the larval characteristics of particular species and the oceanographic 

conditions required to enhance larval movement, rather than reporting evidence of 

export from reserves and subsequent recruitment (Ward et al., 2001). The models 

created to figure out the outcome of this biological-oceanographic interaction usually 

assume that larvae are so well mixed over the entire area occupied by the 

metapopulation that relative recruitment to MPAs and exploited areas is identical to the 

portion of each one relative to the total area. As a consequence, a MPA’s value is 

assessed in terms of reserve size as a proxy of larval contribution to the metapopulation 

(Polacheck, 1990; Sladek Nowlis and Roberts, 1999; Hastings and Botsford, 1999; 
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Pezzey et al., 2000). This assumption, however, is highly inappropriate and imposes 

significant biases to the model results (Largier, 2003). Other studies assumed larval 

dispersion decays exponentially in both directions of the coastline, and focus only on 

the mean dispersal distance (Botsford et al; 1994; 2001). But losses of larvae from the 

metapopulation, as produced by non-symmetrical alongshore dispersion, modify the 

sustainability conditions of the local populations (Botsford et al., 2004). Hastings and 

Botsford (2003) also assume symmetric larval dispersion and that larvae settling inside 

a reserve is at least as large as the fraction of coastline occupied by the reserve, but 

James et al (2002) showed that the proportion of larvae settling back to some parental 

local population could be lower than the total number settling on other populations of 

the metapopulation. Other studies used explicit hydrodynamical modeling of coastal 

circulation in the larval transport simulations to avoid such a bias (Tremblay et al., 

1994; Stockhausen, et al., 2000; Nahas et al., 2003; Marinone et al., 2004). In general 

terms, they show that the interaction between reserve location, size and hydrodynamic 

current pattern, or other factors affecting connectivity among sites, is usually complex, 

and it is therefore unlikely that successful MPA designs from one area will translate 

directly into successful design for another.  

 

From the above discussion, we can recognize significant gaps in our current knowledge 

that preclude implementing MEAs with full confidence of their success. These gaps are 

principally shortcomings in knowledge related to connectivity patterns (Gonzalez et al., 

1997; Sale et al., 2005). This study attempts to gain insight into some aspects related to 

these knowledge gaps for coastal marine invertebrates in central Chile. Attention is 

focused on the possible role of coastal circulation for the two key conditions required 

for MEAs (and also MPAs): the source condition and the exporter condition. As already 

seen, these conditions can only be studied when biological (a species) and physical (a 

geographic area with particular current patterns) constrains are explicitly identified. As 

a model organism we use the surf clam Mesodesma donacium because i) it is an 

exploited species that maintains a very important artisanal fishery in Chile, ii) it occurs 

on sandy beaches, that represent easily identifiable habitats along the normally rocky 

shore coast of Chile, iii) it has an extended period of larval dispersal in the water 

column - 30 days, and iv) larva have a relatively weak swimming capacity, simplifying 

the modeling of dispersal (Peredo et al., 1987; Jerez et al., 1999). We constrain the 

geographical domain of the problem to the Chilean coast between 28.5°S and 30.5°S.  
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Methods 

 

Larvae were considered as passive particles distributed within a surface layer of the 

water column affected by the wind. It is assumed that pelagic larvae of M. donacium 

remain in this surface layer, and that there is no vertical stratification in the horizontal 

flows within it (Johnson et al., 1980; Escribano and Hidalgo, 2001; Marín et al., 2001).  

 

Following the methods described in Nahas et al (2003), the particle tracking was based 

on a simple Lagrangean framework driven by the following equations: 
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The advective flow fields for the simulations were taken from idealized schemes created 

to study the influence of different physical factors on the resulting alongshore 
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where r is a random scalar perturbation distributed normally (mean 0 and variance 1) 

and K is the horizontal diffusivity in m2 s-1. Nahas et al (2003) estimate the horizontal 

diffusivity based on results of Okubo (1974), assuming that it reflects forcing 

mechanisms that operates on unresolved time and space scales 

33.14 *)10*1.1( LK −=  (5) 

In this study, L is the resolution reached in the estimation of advective velocities. Since 

different resolutions were obtained for each date with the feature tracking methodology 

(see chapter 1), the resulting K were ranged between 4.5 m2 s-1 to 23 m2 s-1. An 

intermediate value of 10 m2 s-1 was used to make this work easier to compare with 
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others (for example, Gaylord and Gains, 2000). All the borders of the simulation area 

were considered reflective. 

 

General effect of transport and coastal geometry 

 

Four highly idealized circulation schemes were used to study the general impact of 

assumptions about diffusion, alongshore advection, cross-shore shear of velocity and 

variability of advection on a realistic coastal geometry setting (Table 1). In the first, 104 

larvae were released at each point along the coast, selected to represent different 

configurations of the coastal geometry in the study area. The larvae were moved only by 

turbulent diffusion. The particle-tracking algorithm was run for 30 days and then the 

larvae located within the first km near the coast were considered available to settle. 

Diffusivities of 35 m2 s-1 and 50 m2 s-1 were used to figure out the effect of this 

parameter on the observed larval distributions. 

 
Table 1. Four basic schemes used to study the general effect of diffusion, alongshore advection, cross-
shore shear and periodically reversing flow on the transport of larvae in a realistic coastal geometry 
situation. 

Basic scheme Diffusion Advection Duration of simulation 

First scheme 10; 35; 50 m2 s-1 No advection 30 days 
Second 
scheme 

10 m2 s-1 Homogenous alongshore flow of 
0.01 m s-1 

30 days 

Third scheme 10 m2 s-1 Alongshore flow plus a cross-
shore shear 

30 days 

Fourth scheme 10 m2 s-1 Third scheme periodically rotated 
in 180° 

30 days; flow field rotated 
each 3.5 days 

 
For the second basic scheme, homogeneous alongshore flow was added to the first 

scheme. To build the flow field, the orientation of vectors was set parallel to the coast at 

the coastline, 1 km, 5 km, 10 km, 20 km, 30 km, and 60 km offshore. Buffers of the 

coastline generated in ArcView© at each distance were used to choose the parallel 

orientation to the coast. The magnitude of all vectors was set to 0.01 m s-1, 

corresponding to the close-shore mean velocity measured by Narvaez et al (2003) at Las 

Cruces (33.5°S). Although the mean flow measured in that study is directed to the pole, 

an equatorward flow was used additionally to help the interpretation of outputs from the 

fourth scheme. 
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The third basic scheme was used to study the influence of adding a cross-shore shear to 

the flow fields applied in the second one. The module of velocities in the flow field 

were modified respect to offshore distance from the coast as follow: 

01.0=v
&

 for kmx 2<  

xv *005.0=
&

 for kmxkm 102 ≥≥  

05.0=v
&

 for kmx 10>  

where v
&

is the module of the current, and x is the closest distance to the coast. 

 

The fourth scheme was designed to study the effects of an idealized upwelling – 

relaxation cycle. In this case, the direction of the flow field from the third basic scheme 

was periodically rotated by 180°. The period of this rotation was set to 7 days and both 

the equatorward and poleward fields sheared the same amount of time in a single cycle. 

 

Estimation of potential connectivities 

 

The results of the previous four basic schemes were used to understand the origin of 

patterns obtained in more complex simulations that follow. These simulations were 

designed to estimate a potential connectivity matrix for a Mesodesma donacium 

metapopulation in the study area. The potential connectivity represents the expected 

amount of larval exchange between the local populations given the factors considered in 

the model. The term “potential connectivity” is used to highlight the fact that 

connectivity is the result of a series of additional processes not considered in this study 

such as larval mortality, habitat availability, density-dependent influences on the 

settling process, and the dynamics of the local populations of adults (Johnson and Perry, 

1999; Armsworth, 2002). 

 

One basic assumption in all metapopulation models is that local populations can go 

extinct and can be reoccupied by migration of individuals from other local populations 

within the metapopulation. Therefore, it is possible to find some suitable habitats that 

are not occupied by a local population. A series of 1:70000 aerial photographs obtained 

from the website of SINIA-CONAMA (www.conama.cl) were used to localize all 

suitable areas for the development of local populations of M donacium. The photos 
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were geometrically corrected using the Image Analyst of ArcView©. Potential local 

populations were assumed to be areas of sandy coast where a visible surf zone occur. 

For each local population, an offshore extension of 1 km was assumed. The selected 

populations were: Tongoy, Guanaqueros, Totoralillo, Coquimbo, Caleta Hornos, 

Chungungo Sur, Chungungo Norte, Los Choros, Apolillado, Chañaral de Aceituno and 

Tetillas (Fig 1).  
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Figure 1. Geographic location of areas occupied by adult populations of M donacium in the IV Region of 
Chile. 

  
Although there are discrepancies about the starting date of the spawning season of M 

donacium in this region, previous studies (Peredo et al., 1987; Jerez et al., 1999) 

describe durations of approximately four months. The alongshore distribution of larvae 

available to settling at the end of reproductive season should thus be estimated 

considering all larvae released during a period of 120 days. Therefore, 100 larvae were 

liberated each day at each local population during 120 days. The release positions of 

these larvae were distributed regularly over the area occupied by each adult local 

population. Thirty days after the spawning, larvae within the first km close to the coast 

were considered as “available to settle”, while the rest were considered lost from the 

populations. Diffusion (K) was maintained constant at 10 m2 s-1.  
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The approach to the physical dispersal of larvae was based on the study of Largier 

(2003). He aggregated the problem in two parameters that can describe connectivity at 

the level of population dynamics. These parameters are the mean movement and the 

variability associated to the mean. Narvaez et. al. (2004) measured 5 months of near-

shore surface currents at Las Cruces (33.5°S), 500 km south of the study area. They 

found a weak mean poleward movement of water (0.01 m s-1). This observation was 

included as one simulated scenario in which the mean poleward current occurs as 

described in the basic scheme 3. Since there is no other long-term measurement of this 

type in Chile, a second possible scenario was implemented in which there is no mean 

movement of water. 

 

In addition to the mean current velocity, a variable current field that describes the 

second component mentioned by Largier (2003) was included to take into account 

current variability. The variability of currents was described as temporal changes in the 

current between two extreme circulation schemes (Fig, 2). These two idealizations were 

based on the results of chapter 1, and can be summarized as:  

1.- daily variability in the coastal circulation associated to changes in the alongshore 

wind.  

2.- variability of currents near the coast is principally in the alongshore direction 

3.- this variability includes reversion of coastal currents. 
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Figure 2. Idealized equatorward flow (Ueq + Veq, left) and poleward flow (Up + Vp, right) conditions of 
circulation used as extremes for the current variability simulations. 

 

As mentioned in chapter 1, intra-seasonal variability is supposed to be an important 

component of total variability in coastal currents (Shaffer et al., 1999; Hormazabal et 

al., 2001; 2002). Therefore, the transport simulation scheme used in the basic conditions 

(equations 1 and 2) was modified to include both the high-frequency variability in flow 

forced by the local wind (upwelling/relaxation cycle) and the low-frequency variability 

forced by oceanic coastal-trapped waves (CTW). The flow field applied at each time 

step is calculated as a weighted sum of the two extreme circulation fields defined in the 

figure 2, such: 
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Ueq, Veq are the Cartesian components of the equatorward current idealization, and Up, 

Vp are the Cartesian components of the poleward current idealization (see figure 2). 

VU , are the Cartesian components of the alongshore mean current. They are either the 

basic scheme 3 (a mean poleward current) or zero. u’, v’ are the Cartesian components 

of the turbulent diffusion already defined in equations 3 and 4 for the basic conditions. 

Weq and Wp are the weighting coefficients for the equatorward current and poleward 

current idealizations respectively. These weighting coefficients follow a function that 

combines two sinusoidal signals, corresponding to high and low frequency variabilities,  
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eqp WW −=1  (9) 

  

LH AA −=1  (10) 

 

AH is the fraction of total amplitude explained by the high-frequency oscillation and AL 

is the fraction of total amplitude explained by low-frequency oscillation. HP  is the 

period of the high-frequency oscillation. LP  is the period of the low-frequency 

oscillation. t is the time. The amplitude of the simulated current variability is equivalent 

to the difference between the two extreme ideal circulation fields, being constant for all 

simulations. The current variability itself, however, results from a particular 

combination of HA and LA . High values of HA represent a current variability dominated 

by high-frequency oscillations of current, and low values of HA represent a current 

variability dominated by low-frequency oscillations of currents. We study the influence 

of low- and high-frequency dominated variability on the source and exporter condition 

of each local population. These two conditions have to be fulfilled by a local population 

in order to have some confidence that it will work properly as MEA. We also study how 

the occurrence of a mean current can modify these influences (Table 2).  

 

The condition of source and exporter were analyzed using three variables calculated for 

each local population: larval retention rate, self-recruitment rate, and net number of 
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larval exports. Let lij the larvae released at local population j that are available to settle 

in the local population i, and Li the total number of larvae released in the local 

population i, then the retention rate R for the local population i is defined as  

i

ii
i

L

l
R =  (11) 

where, 10 ≤≤ iR . 

 

The retention so defined is independent of the absolute number of larvae released at a 

particular local population and from the number of larvae released at other local 

populations. For this reason, it is used to describe the general influence of circulation 

scenarios on the larval transport. 

 

In a metapopulation of θ local populations, the self-recruitment rate SR for the local 

population i is defined as 

∑
=

= θ

1j

ij

ii
i

l

l
SR  (12) 

where, 10 ≤≤ iSR . 

 

So defined, the self-recruitment is dependent on both the number of larvae produced in 

each local population and the larval connectivity among them. Since the transport of 

larvae by coastal currents was simulated without any attempt to model the dynamics of 

adult local populations, it is necessary to assume a number of larvae produced at each 

local population. The number of larvae released in a particular local population is 

assumed to be proportional to the habitable area. One important consequence of these 

assumptions is that source and sink conditions are defined exclusively by the self-

recruitment rate. A relative source is defined as a local population in which SRi > 0.5 

 

The same assumption about the number of larvae released at each local population is 

used to calculate the net number of larval exports E from a local population i as  

∑∑
==

−=
θθ

11 j

ij

k

kii llE  (13) 

A relative exporter is defined as a local population in which Ei > 0 
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Table 2. Parameter setting in the simulations to calculate the connectivity of the metapopulation. 

Mean current 
Type of current 

variability (AH) 

Duration of 

spawning season 

in days 

Phase in days of the spawning 

with respect to the current 

variability oscillations 

0 

 
 
 

120 
 
 
 

0 

Poleward 
0.01 m s-1 

(Basic scheme 3) 

0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 

30 

0 
5 
10 
15 
20 
25 
30 
35 
40 
45 

 

Results 

 

The four basic schemes of transport 

 

The pure diffusion transport scheme in a straight coast produces a Gaussian-like 

distribution of larval abundances along the coast, reaching up to 12 km away from the 

release point (Fig 3a). Higher diffusivities increment the variance of the alongshore 

distribution and the maximum distances reached by larvae, while they reduce the total 

number of larvae available to settling (not shown). They do not change, however, the 

shape of the alongshore distribution of settlers. The homogeneous field of poleward 

currents parallel to the coast moves the larval cloud and the mode of the alongshore 

larval distribution 25 km to the south, skewing it in the same direction (Fig 3b). A 

cross-shelf shear in the current intensity produces an increment in the skewness of the 

distribution to the south by stretching the larvae cloud (Fig 3c). The stretching is a result 

of increased poleward transport in the offshore part of the larvae cloud, which normally 

is located out of the first km close to the coast. When equatorward and poleward 

currents are successively used in a periodic way, the resulting alongshore larval 

distribution has a gaussian-like shape centered on the release point (Fig 3d). Both, the 
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distance dispersed and the number of larvae available to settle, are similar to the pure 

diffusion condition. 

  

 
Figure 3. Spatial distribution of larvae 30 days after their release at El Totoral (arrow) and the resulting 
alongshore distribution (numbers of larvae in the first km close to the shore) respect to the release point 
(a) when only diffusion operates, (b) when an homogeneous poleward current is added, (c) when an 
offshore shear is included, and (d) when equatorward and poleward flows alternate periodically. 
Accompanying bar graph shows number of larvae (y-axis) versus distance from release point (x-axis), 
where 0 denotes the release point, positive values indicate north direction, and distance is measured in 
km. 

 
The coastal geometry around the release point modifies the outcome of the diffusion 

process (first basic condition), increasing the number of larvae available and the 

maximal dispersion in the concave sections of coastline relative to convex ones (Fig. 4). 

This can modify the position and number of modes in the distribution of available 

larvae along the coast.  
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Figure 4. Spatial distribution of larvae 30 days after their release at different points along the coast and 
the resulting alongshore distributions (numbers of larvae in the first km close to the shore) respect to the 
release point when only diffusion operates. The horizontal axes of bar graphs are like in the figure 3. 

 

When homogeneous flow is added to diffusion (basic condition 2), the geometry of the 

coast passed by the larval cloud further modifies the final distribution of the larvae 

along the coast (Fig 5a and b). Moreover, applying a northward or southward current 

results in totally different alongshore distribution and number of available settlers (not 

shown). Like for the straight coast, adding a shear to the flow field produces a stretching 

of the larval cloud (Fig 5c). However, irregularities of coastal geometry increase this 

stretching by spreading the cloud offshore, where the current velocity is higher. These 

offshore larvae can reach the coast when they are intercepted by a headland, creating 

new modes in this distribution, increasing the number of larvae available in the 1 km 

coastal zone and increasing the maximal distance of dispersion. According to Largier 

(2003), the cyclic stretching of the larval cloud during the larval development should 

produce an increment in the dispersion of larvae but no displacement of the mean 

distance of the cloud. In fact, when the flow fields move the larval cloud in a cycle 

where equatorward and poleward currents have the same duration and intensity, the 

resulting alongshore distribution is centered on the release point, as in the simple coastal 



______________________________________________________________Chapter 2 

42 

geometry case (Fig 5d). Nevertheless, the modifications of the larval cloud in each of 

the cyclic bending of the flow change the shape of the alongshore distribution of larvae.  

 

 
Figure 5. Spatial distribution of larvae 30 days after their release at Guanaqueros (arrow) and the 
resulting alongshore distribution (number of larvae in the first km close to the shore) respect to the release 
point (a) when only diffusion operates, (b) when an homogeneous poleward flow is added, (c) when an 
offshore shear is included, and (d) when equatorward and poleward flows alternate in a periodically way. 
Accompanying bar graph shows number of larvae (y-axis) versus distance from release point (x-axis), 
where 0 denotes the release point, positive values indicate north direction, and distance is measured in 
km. 

 

At the end of a spawning season of 120 days, during which larvae are moved by an 

oscillating flow field with a period of 7 days (Fig. 6a), the alongshore distribution of 

settlers is slightly modified with respect to the single-day spawning pulse situation (Fig 

5d). The particular changes depend on the location of the release point, but normally an 

increase in the offshore dispersion of the larval cloud with respect to a single spawning 

event is observed. Increases in the period of oscillation are associated with increases in 

alongshore dispersion and, consequently, with reductions in the number of larvae 

retained in the local populations (Fig. 6b). As expected from results obtained under the 

second and third basic conditions, the inclusion of a poleward mean flow leads to a 

larval cloud displacement to the south, increases somewhat the extent of alongshore 

distribution of larvae, and reduce the number of larvae reaching suitable habitat (Fig 
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6c). Like in the no mean current case, the period of the cycle has a clear dominant 

influence on the alongshore extension of settlers (Fig. 6d). But, contrary to the no mean 

current situation, long periods tend to compensate to a certain extent the transport 

derived from a poleward mean current.  

 

 
Figure 6. Cumulative spatial distribution of larvae released at Guanaqueros after the end of a spawning 
season lasting 120 days. The larvae are subjected to a current field oscillating with period (a) 7 days and 
no mean current, (b) period 50 days and no mean current, (c) period 7 days and poleward mean current, 
(d) period 50 days and poleward mean current. S denotes the fraction of the coast where the spawning 
occurs. 

 

Factors affecting the larval retention rates 

 

The figure 6 shows that the frequency of oscillation of the current variability can modify 

the larval retention, and that the mean current determines the specific nature of this 

influence. In the case of a current variability that includes both low- and high-frequency 

oscillations, the retention rate will be determined by the amount of variability explained 

by each oscillation. If the mean current is 0, the retention rate is higher in high-

frequency dominated current variability (high AH). Contrary to that, if there is a 

poleward mean current, the retention rate is higher in low-frequency dominated current 
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variability (low AH). On the other hand, the addition of a poleward mean current reduces 

the retention rates by almost one order of magnitude. 

 

If under a particular current variability scheme (constant AH) the duration of the 

spawning season is varied, differences in retention rates can be observed (Fig. 7 at phase 

0). These differences are related to the degree of matching between the current 

variability, the duration of spawning, and the phase of the spawning season (e.g. the 

particular state of the current in which the spawning season starts). When the spawning 

season is long, the phase of the spawning has only a small influence on retention rates. 

This is because a spawning season of 120 days includes more than 2 cycles of the low-

frequency component of the current variability. Therefore, changes in the alongshore 

distributions of settling larvae due to the date of release are integrated as variability 

within the season. On the other hand, when the spawning season is short, the phase of 

the spawning becomes a major factor affecting the retention rate both when there is a 

poleward mean current and when the mean current is 0. This occurs because the low-

frequency component of current variability (a coastal-trapped wave of period 50 days) 

cannot be integrated within the spawning season and the oscillation itself affects the 

mean transport of larvae (e.g. position of the alongshore larval distribution). In that 

case, the retention rate will increase or decrease with respect to a long spawning season 

depending on the phase of the spawning. 

 

 
Figure 7. Simulated larval retention rate R at different duration and phase of spawning season (a) with no 
mean current, and (b) with a poleward mean current of 0.01 m s-1. The current variability is described by 
a combination of two sinusoidal signals with period 7 and 50 days and constant AH = 0.5. 

 
The influence of phase is dependent on the mean current (Fig. 8). If the mean current is 

0, some phases increase the retention while others worsen it, modulating the general 
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effects of current variability (Fig 8a). In contrast, if a poleward mean current is added, 

some phases make the retention impossible, reducing the range of phases in which the 

already described modulation of retention occurs (Fig. 8b). 

 

 
Figure 8. Simulated larval retention rate R at different phase of spawning and current variability AH  (a) 
when no mean current is added, and (b) when a 0.01 m s-1 poleward current is added to the current 
variability. Current variability is described by a combination of two sinusoidal signals with 7 and 50 days 
of period. The duration of spawning period is 30 days. 

 

Connectivity in the Metapopulation 

 

The larval contribution of each particular local population to the rest of the 

metapopulation is usually restricted only to a subgroup of local populations (Fig. 9). If 

there is no mean current, this contribution is usually to the nearest neighboring 

populations to the north and south of the release population. However, when a poleward 

mean current is applied, this subgroup is composed almost exclusively of populations 

located south of the release population. This implies that there is no common larval pool 

for the entire metapopulation. On the other hand, each local population shows a 

different allocation of larvae to neighboring populations. Moreover, these changes in 

larval allocation do not correlate purely with the distance between local populations. A 

consequence of these results is that neither a single neighborhood size nor a single type 

of larval dispersal is suitable to describe the connectivity of this metapopulation.  
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Figure 9. Fraction of larvae released in a particular local population (Release population) going to each of 
the local populations of the metapopulation (Receiver), (a) when the mean current is zero, and (b) when 
there is a poleward mean current. The phase is 0, the spawning season extends 120 days, the periods are 7 
and 50 days for high- and low-frequency cycles respectively, and AH  is 0.5. Populations are ordered 
alphabetically from south to north and their separation is proportional to the distance between them. The 
diagonal in the horizontal plane marks the retention rates, bars above of it indicate exports to the north 
and below of it exports to the south. Key for population names: a-Tongoy, b-Guanaqueros, c-Totoralillo, 
d-Coquimbo, e-Hornos, f-Chungungo Sur, g-Chungungo Norte, h-Los Choros, i-Apolillado, j-Chañaral 
de Aceituno, k-Tetillas. 

 

Source and exporter condition when the spawning season lasts 120 days  

 

The self-recruitment rates reflect the same general patterns described for the retention 

rates in response to current mean and current variability. However, the particular values 

of self-recruitment as well as the number of larvae exported differ greatly among local 

populations (Figs. 10 and 11). When the mean current is zero, only three local 

populations do not show the relative source condition. In the remainder local 

populations, the exports are very low at current variabilities in which source condition is 

fulfilled. In the poleward mean current situation, the exports are slightly higher, and 

only two local populations fulfill the source condition.  
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Figure 10. Self-recruitment SR (gray) and standardized net export of larvae E (black) against the current 
variability regime AH in local populations, when the mean current is zero.  

 

 
Figure 11. Self-recruitment SR (gray) and standardized net export of larvae E (black) against the current 
variability regime AH in local populations, when a poleward mean current is applied. 
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Source and exporter condition when the spawning season lasts 30 days  

 

The phase modulates the influence of current variability on self-recruitment the same as 

with the retention rate (see fig. 8), but the phase at which the increases and decreases 

occur differs between local populations (fig. 12). When the mean current is zero, the 

most important source local populations are also extremely weak exporters or show the 

exporter condition under very restricted situations, like in Los Choros (fig. 13). On the 

other hand, since in short spawning seasons long-period dominated variability 

contributes to the mean alongshore larval transport (see fig. 7), a particular spawning 

phase means also transport in a particular direction. In this case, Tongoy, Coquimbo, 

Hornos, Chungungo S and N, and Ch. Aceituno are relative exporters to the north, while 

Guanaqueros, Los Choros, Apolillado and Tetillas are relative exporters to the south 

(fig.13). Only four local populations show the relative source condition when a 

poleward mean current occurs, but only Coquimbo and Tetillas are also relative 

exporters (not shown). 



 

 

 
 

Figure 12. Self-recruitment rate SR against current variability regime AH and phase of the spawning. The spawning season lasts 30 days, and there is no alongshore mean flow 
is acting additionally to the oscillations. Over the semi-transparent plane the populations are relative sources.  



 

 

 
Figure 13. Standardized net export of larvae E (surface) and self-recruitment rate SR (color) against current variability regime AH and phase of spawning season. The 
spawning season lasts 30 days and no alongshore mean flow occurs. Over the semi-transparent plane the populations are relative exporters.
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Discussion 

 

Basic biological assumptions 

 

The most important biological assumption we made to simulate the larval transport is to 

consider the larvae of Mesodesma donacium as passive particles. While the Veliger 

larvae of bivalves have some cilia in the velum that can be used for locomotion, their 

swimming ability is limited and has little importance for the horizontal transport (Chia 

et al., 1984; Shanks, 1995). However, in a water column with well-stratified flows, a 

vertical movement that brings the larvae in a different current can influence their final 

horizontal distribution. There is no estimation of vertical migration ability of M 

donacium larvae, but current measurements in the study area (Moraga et. al. 2001) and 

other locations along the Chilean coast (Johnson et al., 1980; Escribano and Hidalgo, 

2001; Marín et al., 2001) do not show any stratification of currents in the first 40 m of 

the water column. Therefore, it is unlikely that the swimming behavior of veliger larvae 

change the transport resulting from surface currents. Larval mortality has not been 

included in the connectivity estimation, but applying a mortality rate would make little 

difference, since retained as well as externally supplied larvae would be exposed to 

roughly the same mortality before settling (James et al., 2002). However, the same rate 

of daily larval mortality could have higher impacts on the final number of settlers when 

the larval development is longer. One of the principal factors influencing the velocity of 

larval development is the water temperature. As shown in the first chapter, the 

temperature fields are highly variable in time and space. Therefore, the only way to 

include this factor in the model is to model also the physical dynamics of the coastal 

ocean, which represent the obvious next step to improve our understanding of 

connectivity in the region. 

 

According to simulations, the local populations occupying the largest areas have the 

highest retention rates. This occurs because areas encompassing a higher uninterrupted 

portion of the coastline integrate a higher dispersion of the larval cloud than the smaller 

ones. This is an important factor influencing the connectivity within a single 

reproductive season. However, when the connectivity matrices calculated with our 
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simulations are used to study the metapopulation dynamics, the need of an additional 

assumption arises. The grouping of individuals in discrete local populations implies the 

assumption of homogeneous mixing of recruits within each local population before they 

enter the spawning stock. In other words, recruits available to settle at the extremes of 

the alongshore extension of one particular local population have to be able to move 

though the whole local population. There are some hypotheses about juvenile and adult 

movements in M donacium (Gonzalez et al., 1997), but the only direct evidence comes 

from a mark-recapture experiment of Jerez et al (1999), where movements of 2 –3 km in 

one month were observed. This movement rates will homogenize local populations 

extending 10 km along the coast in the two years before the first reproduction. For this 

reason there is still some bias for the largest local populations (up to 15 km of coast), 

but they will have a relatively small influence on the metapopulation dynamics. In 

strictly sessile organisms, the redistribution of juvenile and adults is not possible. 

Therefore, the enhancement of retention observed in more extended local populations 

will not operate and a simulation structure based on grouping individuals by local 

populations will be erroneous.  

 

Simulation results 

 

In the supply-side ecology (Roughgarden et al., 1985), the amount of larvae available to 

settle is assumed independent of the local population dynamics. Usually, this 

assumption is made to reflect the situation in which the population of interest is small 

compared to the total population producing eggs and larvae, decoupling the input of 

larvae from local reproduction. It has been proposed that this assumption can be 

avoided by simply expanding the spatial scale of the model to include all the local 

populations contributing to reproduction (Botsford, 1995). That was the rationale to 

assume a common pool of larvae for the whole metapopulation in many models 

studying MPA design (Roughgarden and Iwasa, 1986; Polacheck, 1990; Sladek Nowlis 

and Roberts, 1999; Pezzey et al., 2000). However, the connectivity matrices obtained in 

this study, show no common pool of larvae for the entire metapopulation. Rather, it 

reflects a series of neighborhoods around particular local populations in which the larval 

exchange is possible. Other studies avoid the assumption of a common larval pool by 

modeling alongshore dispersion as a symmetrically decreasing function of distance 

respect to the spawning point (Botsford et al., 1994; 2001). While results of the present 
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study seem consistent with this assumption in a linear coastline, the same current 

patterns implemented on more complex coastal geometry could modify greatly the 

alongshore distribution of larvae. Even if only diffusion moves the larvae, they will 

concentrate more in a bay compared to those spawned in capes. Alongshore currents 

will change the Gaussian-like outcome of the diffusion process, and adding a shear to 

this alongshore velocity will change even more the resulting larval distribution. 

Therefore, applying simple assumptions of circulation (i.e. flow parallel to the 

coastline) to complex coastlines (i.e. the coast of the IV Region in central Chile) would 

make invalid the use of a single type of larval dispersal for all local populations of the 

metapopulation. 

 

To a certain extend the conclusion of the previous paragraph could also be made by 

simply using the evidence presented in the introduction (Tremblay et al., 1994; 

Stockhausen, et al., 2000; Nahas et al., 2003; Marinone et al., 2004). According to that, 

a consistent measure after the enforcement of the MEAs in 1995 should had been the 

study in situ of connectivity before MEA implementations. However, after 10 years of 

the MEA application, there is no study for any species at any point of the more than 

5000 km long coast of Chile. It is obvious that previous appeals in the literature were 

not heard, and that more evidence is necessary to convince scientists, managers and 

policy-makers in Chile. The results of this study give more weight to the arguments 

found in the literature by using a numerical example for an important resource of the 

artisanal fishery. Moreover, this study is an example to show that connectivity studies 

are feasible and not necessarily unaffordable, because it examines the influence of very 

simple, already known circulation features on the potential connectivity of local 

populations distributed in a realistic coastal geometry.  

 

Although there are many processes forcing the ocean circulation, it has been shown that 

two, the wind-forced surface circulation and currents forced by oceanic coastal-trapped 

waves (CTW), can explain the largest proportion of variability of coastal currents in 

central Chile (Shaffer et al., 1997; 1999; Hormazabal et al., 2001; Narvaez et al., 2003). 

In this study, they are operationally conceptualized as sinusoidal oscillation of currents 

with 7-days and 50-days periods, respectively. Different types of current variability are 

simulated by changing the amount of variability explained by each type of oscillation. 

Because the actual total amplitude of surface current variability near the coast of the 
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study region has not been quantified, the simulations cannot be directly used as 

forecasts of transport along the coast. However, the simulations still retain the ability to 

show the influence of current variability (i.e. upwelling and coastal-trapped waves) on 

the connectivity. Since there is only one reported measurement of mean surface current 

near the coast (Narvaez et al., 2003), the extreme situation of mean zero is used to 

figure out the possible outcomes in case of bias in the mean current.  

 

During El Niño events, higher amplitude of the CTWs has been observed (Shaffer et al., 

1997), while the daily wind oscillations forcing the upwelling/relaxation circulation are 

not significantly modified (Ruttlant and Montecino 2002). These changes are described 

in our simulations by increments in the amount of current variability explained by 50-

day oscillations (e.g. a decrease of HA ). Simulations made in the present study show 

that these 50-day current oscillations have a strong influence on larval retention rates R. 

Therefore, El Niño/La Niña cycle can modify the larval retention rates through changes 

in the regime of current variability. However, the mean current determines the nature of 

this influence. If the mean current is zero, high-frequency dominated current variability 

allows higher retention rates compared to low-frequency dominated variability. For this 

reason, the capacity of self-recruitment of local populations will reduce during El Niño 

years. On the other hand, if there is a poleward mean current, high-frequency dominated 

current variability reduces larval retention compared to low-frequency dominated 

variability. In this case, El Niño will increase the self-recruitment capacity of local 

populations. Largier (2003) has stressed the important role of current variability on the 

larval transport and connectivity. This process, when viewed in the framework of El 

Niño/La Niña cycle, would represent a source of inter-annual variability in recruitment 

of M donacium and may be also for other coastal benthic invertebrates in central Chile.  

 

In spite of El Niño/La Niña phenomena, larval retention rates will be near one order of 

magnitude higher when the mean current is zero. These retention rates allow that only 

three local populations do not fulfill the relative source condition. In fact, Tongoy, 

Guanaqueros, Coquimbo and Los Choros show that condition under all of the simulated 

current variability regimes. These local populations will function more as 

demographically autonomous units (closed populations sensu Roughgarden et al., 

1985), in which the results of local management will not be affected by the outcome of 

the management in other local populations. For this reason, they would be appropriate 
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candidates to become MEAs. However, their impact as larval suppliers on adjacent 

areas would be negligible, as can be inferred from the low amount of larvae they export 

to the rest of the metapopulation.  

 

A poleward mean current acting on a metapopulation arranged along the central coast of 

Chile would tend to wash out one by one the local populations. In this uni-directional 

connectivity scheme, the principal factor allowing the viability of the metapopulation is 

the self-recruitment capacity of some local populations and their ability to supply larvae 

to the rest of the metapopulation (Armsworth, 2002). Simulations made in the present 

study show that only Coquimbo and Tetillas fulfill the relative source condition. This 

relative source condition is related directly to the amount of variability of currents. This 

variability ensures that while most larvae are carried downstream, some larvae 

experience zero net displacement and can settle back at their origin (Gaines et al., 2003; 

Largier 2003), which in the case of central Chile would be directly related to the energy 

of the coastal-trapped waves. Coquimbo and Tetillas are also relative exporters in all the 

range of current variability simulated. The character of relative sinks showed by the rest 

of the local populations implies that they are directly or indirectly dependent on these 

two sources. Therefore, they are probably the most important local populations for the 

persistence of the whole metapopulation. Besides their relative demographic autonomy, 

ensuring low impact of management policies from other local populations, the 

management in Coquimbo and Tetillas will have crucial impacts on the rest of local 

populations. 

 

The published studies describing the reproductive activity of M donacium estimate a 

spawning season lasting approximately 120 days (Jerez et al., 1999). As the simulations 

show, these long spawning seasons integrate the two most important sources of current 

variability and, hence, the specific date on which the spawning starts does not play an 

important role in retention rates and connectivity (Largier, 2003). However, some field 

observations suggest very short spawning events (Stotz, unpublished data). Spawning 

seasons lasting less than 50 days do not integrate variability corresponding to Coastal-

trapped Waves (CTW). Therefore, the phase of the spawning season will influence not 

only the alongshore spreading of the larval cloud, but also its position, like the mean 

current does. The simulations show that in the same local population differences in 

phase will drive differences in self-recruiting and also differences in the amount and 
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destination of exported larvae. Since the physical and chemical properties of the water 

are principally associated to the high-frequency upwelling/relaxation cycle, an effective 

mechanism to evaluate the phase of the 50-days current oscillations would lack, and the 

date of the spawning will be not associated to them. Under these circumstances, the 

spawning would occur at different phases in different years, producing an inter-annual 

variability in recruitment to the local populations. But even within a year, the spawning 

would also occur at different phases in different local populations, generating spatial 

variability of transport and retention. 
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Chapter 3: Impact of larval connectivity for the 
metapopulation dynamics of Mesodesma donacium in 
Central Chile and some of its consequences for the 
management based on territorial use rights 

 

Introduction 

 

Although artisanal fishery landings represent only 25% of the total landings in Chile, 

they account for 42% of the total employees generated by the fishery sector (SERNAP, 

2003), having a central socio-economic role for the country. During the past three 

decades, the sustainability of these fisheries has been endangered principally due to a 

lack of effective control on fishing mortality (Stotz, 1997; Orensanz, et al., 2005). It has 

been demonstrated that the most effective method for bringing fishing mortality under 

control is to develop and implement appropriate right-based management systems, 

which give the users a greater incentive to conserve the fishery resource for the future 

(Mace, 2004). Based on this evidence, a new management scheme was enforced in 1995 

that involves a) open-access fishing grounds with limited Total Allowable Catch (TAC) 

split into individual quotas among registered fishers, and b) Management and 

Exploitation Areas (MEA), consisting of exclusive nontransferable fishing rights 

granted to organized communities of small-scale fishers (Castilla, 1996; Castilla and 

Fernández, 1998). The latter is a co-management agreement in which the central 

fisheries authority negotiates the management of a MEA on a one-by-one basis with the 

individual organizations (Orensanz, et al., 2005). The community itself is in charge to 

select the geographic limits of a new MEA. Usually, features like high recruitment or 

high density of adults of the target species are used as criteria for this first step. After 

that, technical advice is called for a base line assessment and the development of a 

management plan for the selected area. The technical guidelines for these activities refer 

only to the area within the MEA, implicitly assuming that the resource dynamics within 

the MEA is independent of the resource condition outside. 

 



______________________________________________________________Chapter 3 

63 

Several of the most important species on which the Chilean artisanal fishery operates, 

form meroplanktonic metapopulations (Botsford et al., 1994). The term refers to a group 

of local populations distributed along the coast that are linked by dispersal of their 

planktonic larval stages. In such metapopulations, the larvae arriving at a particular 

local population can be produced locally as well as in other populations (Swerer et al., 

1999; Warner et al., 2000), and the fraction of locally and remotely originated 

recruitment can be modified by the variability of water flow along the coast (Gaylord 

and Gaines, 2000). Based on this fraction, it is possible to differentiate between those 

populations that are able to replenish themselves, called relative sources, and those that 

are not, called relative sinks (Pulliam, 1988; Tuck and Possingham, 1994). Armsworth 

(2002) demonstrated theoretically that the existence of a few self-recruiting local source 

populations within a metapopulation composed principally by sinks should guarantee 

the persistence of the whole metapopulation. The existence of this source/sink structure 

stress the possibility that a high number of localities eligible as MEAs could be actually 

sinks relying on the influx of immigrants from open-access sources. In that case, an 

increase in fishing mortality outside the MEAs, where the control of fishery is more 

difficult, could have dramatic effects on the MEA itself (Allison et al., 1998; Tuck and 

Possinham, 2000). For this reason, a reduction of the fishing mortality through the 

implementation of a MEA will not necessarily benefit the stock biomass, as has already 

been observed for some cases in central Chile (Stotz, 1997; Fernandez and Castilla, 

2000). A mixture of open access areas and MEAs in such a source/sink structure is 

considered very risky in the long term (Tapia, et. al. 2003), which is also used to argue 

in favor of transforming the whole coastline in MEAs.  

 

For relative source local populations, even if a source/sink structure occurs, the presence 

of open-access areas does not represent a problem to be considered for the management 

plan of the MEA, being the transformation of adjacent open-access areas to MEAs 

unnecessary. On the other hand, even if all fishing grounds in the metapopulation were 

MEAs, there is no guarantee of successful management, because it is uncertain if the 

reduction of stock in the relative exporter MEAs will reduce the stocks in the relative 

sinks MEAs. It seems, therefore, that the appeal of Tapia et. al. (2003), though based on 

the acknowledgment of metapopulation connectedness, overlooks a more critical issue. 

It is not the presence of adjacent open-access areas which by itself would endanger the 

MEAs, but the implicit a priori assumption of independency, that is neither evaluated 
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before their implementation nor considered in formulation of the management plans. In 

fact, the lack of any formal strategy for coordinating management plans above the 

spatial scale of the MEAs has been pinpointed as one of the more serious problems in 

the Chilean MEA system (Orensanz, et al., 2005). 

 

Although scientists do not have to decide if all the coastline of Chile has to be 

transformed into MEAs or if the MEA normative has to be changed to allow the 

coordinated management of MEAs and open-access areas, they should provide the 

information on which such decisions could be made. After 10 years of MEA 

application, there is as yet no study of connectivity for any species at any point of the 

Chilean coast. The principal reason mentioned by scientists, managers and policy-

makers is the lack of data, particularly regarding the coastal circulation and the spatial 

variation of individual demographic rates. In such uncertainty situations, Botsford et. al. 

(1999) suggested to use formal decision analysis. Its simplest form involves, first, 

evaluating how the system of interest responds to various management options under a 

variety of reasonable assumptions regarding the possible states of nature. Then it 

compares how well each decision performs across the range of possible states of nature. 

In the present study, we adopt this approach and evaluate how the source/sink structure 

of the metapopulation and local stocks of the Macha resource (Mesodesma donacium) 

respond to management options (MEAs and Total Allowable Catch) under a range of 

possible circulation regimes (mean and variability of current). This evaluation is based 

on numerical simulations oriented to answer the following questions:  

1) Do the Macha populations along the coast have a source/sink structure? 

2) If yes, under which conditions the current MEA system could be safely applied? 

3) Under which management and circulation regimes the implicit assumption of 

independency among local populations represents a hurdle for effectiveness of 

MEAs? 

4) Is the transformation of the whole coastline of a metapopulation into MEAs a 

solution? 

 

The surf clam Mesodesma donacium is used because i) it is an exploited species that 

support a very important artisanal fishery in Chile, ii) it occurs on sandy beaches, that 

represent easily identifiable habitats along the normally rocky shore coast of Chile, iii) 

it has an extended period of larval dispersal in the water column, which suggest an 
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important role of migration, and iv) larva have a relatively weak swimming capacity, 

simplifying the modeling of dispersal (Peredo et al., 1987; Jerez et al., 1999). We 

constrain the geographical domain of the problem to the Chilean coast between 28.5°S 

and 30.5°S, where the 50% of the catch occurs. 

 

Methods 

The model 

 

The local population dynamics was described using an age-structured matrix model 

(Caswell, 2001), of the form: 

)()1( tt Ν⋅Μ=+Ν   (1) 

where, 



















=Ν

ωn

n

n

t �
2

1

)(   is the vector containing the number n of individuals in each age at time t  

 























=Μ

−

−

000

000

000

1

2

1

121

ω

ωω

s

s

s

afafafaf

�
�����

�
�
�

 is the Leslie matrix 

 

where, 

ω ��LV�WKH�PD[LPXP�QXPEHU�RI�DJH�FODVVHV� 
if  is the number of larvae produced per individual of age i 

is  is the proportion of individuals of age i that survive to the age i+1 

a  is the proportion of larvae that return to the population at the end of the larval period. 

It corresponds to the retention rate discussed in chapter 2, and aii in the equation (3). 

 

Although no study about density-dependence in the survival of Mesodesma donacium 

recruits has been done, Brazeiro and Defeo (1999) reported it for the related species 
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Mesodesma mactroides in Uruguay. A post-dispersion density-dependency (sensu 

Botsford et al., 1994) was included in the model as a Beverton-Holt stock-recruitment 

function. Following Botsford et. al. (1999) and McCann et. al. (2003) this function 

relates the number of settling larvae S to the number of settlers that survive to the age n1 

as: 

KS

S
n

/11 +
=   (2) 

 

where, K determines the carrying capacity for the n1 age class. 

 

 
Figure 1. Geographical location of local populations of M. donacium in the study area.  

 
 
To describe the metapopulation dynamics in the study area (fig. 1), the dynamics of the 

local populations were linked using the scheme of Armsworth (2002). If aij is the 

proportion of larvae produced on local population j that is transported to local 

population i, the connectivity matrix for θ local populations was defined as 
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The transition matrix for the metapopulation Mmet has dimensions θωθω ⋅×⋅  
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where, 

Μi  is the Leslie Matrix for population i  

Qij  is an ωω ×  square matrix with the top line ),,( 1 ωffa jj

ij �⋅ and 0 elsewhere. It 

represents the larval transport from local population j to local population i 

 

The metapopulation vector Nmet at t+1 is given by 
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Parameter values 

 

The instantaneous rate of larval mortality (ml = 0.187 day-1) was taken from field 

estimates of Rumrill (1990) for non-decapod planktotrophic larvae. The adult natural 

mortality of Mesodesma donacium (ma = 0.59 year-1) was taken from Jerez et al. (1999), 

and from the same study, the potential fecundity (f) was calculated as a function of total 

longitude (LT), so that  

 

LTf ⋅+−= 434192120688   (6) 

 

The form of the density-dependency function describes the habitat quality at each local 

population, which might be different in different local populations (Shima and 
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Osemberg, 2003). Since the goal of this study is to evaluate the potential influence of 

coastal currents on the metapopulation dynamics, we assumed no difference in habitat 

quality between local populations. Because the matrices in the model consider absolute 

number of individuals, the value of K (the saturation number of recruits) had to be 

modified according to the size of each local population. A saturation density of 200 

ind/m2 was assumed for all local populations, corresponding to the highest recruit 

densities found by Ortiz and Stotz (1996) in the study area. This is a very conservative 

value given the adult densities reported by previous studies (abundances between 30-

200 ind/m2, with a mean close to 40 ind/m2 reported by Alarcon and Navea, 1992, and 

Olguin et al., 1997), which are probably biased due to the patchy distribution of 

individuals in the field (Jaramillo et al., 1994). The first 500 m measured from the coast 

in offshore direction were assumed to be the area available for recruitment within each 

local population. The corresponding values of K were calculated based on these areas 

(Table 1). 

 
Table 1. Area and corresponding K parameter of the post-dispersal density-dependency function for each 
local population in the study region.  

Name of Population Area (m2) K (x 106 ind) 
Tetillas 681709 2.727 
Chañaral de aceituno 1135015 4.540 
Apolillado 1127806 4.511 
Los Choros 7570105 30.280 
Chungungo Norte 691981 2.768 
Chungungo Sur 540875 2.164 
Hornos 1187458 4.750 
Coquimbo 7912880 31.652 
Totoralillo 1275807 5.103 
Guanaqueros 5881358 23.525 
Tongoy 5403232 21.613 

 
The relative source and relative exporter condition of each local population define the 

source/sink structure of the metapopulation and give the necessary information to 

evaluate if a particular local population will work properly as a MEA. To evaluate the 

relative source and relative exporter conditions we used the self-recruitment rate and the 

net number of exports respectively. The self-recruitment rate SR for the local population 

i was defined as, 
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where, a, n and f are defined in equations (3), (5) and (6) respectively. A relative source 

was defined as a local population in which SRi > 0.5.  

 

The relative exporter definition of Tuck and Possingham (1994) was modified by using 

in the calculations the net number of exported larvae E from the local population i 

defined as,  
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A relative exporter was defined as a local population in which Ei > 0. 

 

Simulation of the current regime 

 

The influence of the current regime on the relative source and relative exporter 

conditions was simulated by changing the connectivity matrix A defined in the equation 

3. Different connectivity matrices were calculated using a Lagrangean particle-tracking 

algorithm (see chapter 2 for details) for a particular set of mean and variability of 

currents (table 2). The mean current estimate of Narvaez et. al. (2004) at Las Cruces 

(33.5°S) was used, but as there is no other long-term measurement of this type in Chile, 

we considered also a second possible scenario in which the mean current was zero. 

Coastal upwelling and Coastal Trapped Waves (CTW) are the most important processes 

forcing the variability of coastal currents (Shaffer, et al., 1999). The upwelling 

circulation is forced by high-frequency (period around 10 days) variability of winds, 

while CTW are forced by low-frequency (period around 50 days) equatorial 

atmospheric perturbations (Hormazabal et al., 2002). Consequently, the amplitude of 

the simulated current variability was assumed constant, but the actual current variability 

resulted from a particular partition of this amplitude among high-frequency oscillations 

AH and low-frequency oscillations AL. In this scheme, high values of AH represent a 

current variability dominated by high-frequency oscillations of the current, and low 

values of AH represent a current variability dominated by low-frequency oscillations of 

currents. 
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Table 2. Parameter setting in the simulations to calculate the connectivity matrices A. 

Mean current 
Type of current 

variability (AH) 

Duration of spawning 

season in days 

0 

0.01 m s-1 

poleward 

0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 

 
 
 

120 
 
 
 

 
Source/sink structure without MEAs 

 

In the model, the natural mortality ma was assumed constant (0.59) for all simulations. 

For this reason, changes in total mortality Z represented modifications in the fishing 

mortality, and the way in which the management intervened in the system. To figure out 

the impact of Total Allowable Catch (TAC) management on the source/sink structure of 

the metapopulation without MEAs, exporter and source conditions of each local 

population were evaluated at Z (TAC Z) values between ma (no fishing) and 3, a bit 

beyond the maximum Z described for M. donacium (Arntz et al., 1997). Note that by 

using Z the actual TAC is estimated for each local population separately. The current 

regimes used are shown in table 2. 

 

Metapopulation impact of MEA implementation in one local population at a time 

 

Then was studied how mortality that results from TAC management (TAC Z) and the 

regime of currents can modify the impact of a MEA implementation. This impact was 

evaluated comparing the equilibrium stocks obtained without MEAs with the 

equilibrium stocks when one particular local population is set aside as MEA. The stock 

was defined as the number of individuals in age classes with LT over the minimum 

legal length of capture (n3, n4, n5, n6). It was assumed that within an MEA there is an 

effective control of catches, and hence, Z is lower than for the rest of the 

metapopulation, which maintains the TAC Z. In order to figure out the maximum 

potential benefit from a MEA (in terms of spawning stock), Z within a MEA was set 

equal to the natural mortality ma, which is equivalent to the expected benefit of a Marine 

Protected Area. The current regime was varied according to Table 2. 

 

Impact of the Niño/Niña cycle on population dynamics 
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As seen in the chapter 2, the major role of current variability on metapopulation 

connectivity is based on the low-frequency oscillations associated to Coastal Trapped 

Waves (CTW). Since these low-frequency oscillations have more energy during El 

Niño, this cycle was suggested to be a source of inter-annual recruitment variability. 

The effect of El Niño events on local populations dynamics was studied by arbitrarily 

alternating 7 years of a high-frequency dominated current variability (AH = 0.8) with a 

low-frequency dominated current variability (AH = 0.2) during the 8th year. This current 

regime was applied over a time span of 185 years to allow the system to reach 

equilibrium, and then the next 16 years were used to describe the metapopulation 

dynamics. 

 

Impact of MEA implementation under a Niño/Niña cycle 

 

The impact of a MEA implementation was reevaluated under the Niño/Niña cycle. 

Instead of management before the MEA implementation, we evaluated the impact of 

different management options after the implementation. Therefore, TAC Z was 

maintained constant at 1. Total mortality outside the MEA was varied between ma and 

3, while within the MEA it was varied between ma and 1, i.e. the TAC Z. Instead of the 

stock sizes at year 200, the mean of the stocks between year 185 and 200 was used to 

calculate the stock differences with and without a particular MEA 

 

Results 

 

The highest retention rates calculated in chapter 2 gave positive, but relatively low 

values of intrinsic population growth when they were used in the density-independent 

version of the local population model. Using the same retention rates, a total recruitment 

failure in a local population with density-dependency produced changes that can be 

tracked at least for 10 years. This suggests that the local populations described with the 

matrix model are sensitive to the connectivity matrices used to force the metapopulation 

dynamics. It also shows that transient behavior of population dynamics after a non-

periodic perturbation will last for at least 10 years. Therefore, the following analyses 

were made at equilibrium conditions of the system, assumed to be the state after 200 

years of simulation. 
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Source/sink structure in a fishery managed only with TAC 

 

Under the same current regime there were clear differences in self-recruitment (SR) and 

net exporting (E) rates among local populations, which indicates the occurrence of 

source/sink structures (fig. 2 and 3). However, these structures changed under different 

mean and variability of current. Applying a poleward mean current resulted in lower SR 

compared to a zero mean current, being the influence of current variability dependent on 

the mean. In the case of a zero mean current (fig. 2) SR increased when the current 

variability was dominated by high frequency oscillations, while in a poleward mean 

situation (fig, 3) SR was higher at low-frequency dominated current variabilities.  

 

On the other hand, when the mean current was zero (fig. 2), local populations showed 

the relative exporter condition just in a fraction of the parametric space in which the 

source condition occurred, and even then, the amount of exported larvae was very small 

related to the other local populations. This suggests a tradeoff between the relative 

source and relative exporter conditions. When a poleward mean current was applied 

(fig. 3), the net larval exports were higher for all local populations compared to those 

simulated with zero mean current (excluding the downstream limit of the 

metapopulation). The effect of current variability regime, however, was very different 

among local populations (compare Guanaqueros and Coquimbo in fig. 3).  

 

Changes in Z applied to the entire metapopulation (TAC Z), did not modify 

significantly the already described patterns. However, high values of TAC Z reduced SR 

in Hornos, Apolillado, Ch. de Aceituno and Tetillas when the mean current applied was 

zero (fig. 2). The effect of TAC Z on the net export of larvae (E), on the other hand, was 

very specific for each local population and each current regime. Nevertheless, it can be 

said that, in general, the higher the TAC Z the lower the number of larvae exchanged. In 

spite of that, the clearest effects of TAC Z changes were related to the persistence 

conditions for local populations. Compared to a zero mean current situation, the 

occurrence of a poleward flow reduced notably the maximum levels of TAC Z at which 

the persistence of local populations was possible (fig. 2 and 3). These levels were also 

modified by the current variability regime, but the way in which these modifications 

occur did depend on the mean current. When a zero mean current was applied (fig. 2), 
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current variabilities dominated by high frequency oscillations allowed local population 

persistence at higher TAC Z. On the other hand, in the case of a poleward mean flow 

(fig. 3), population persistence at higher TAC Z was reached with current variabilities 

dominated by low-frequency oscillations. These persistence thresholds were determined 

by the persistence of few upstream local populations. In fact, Tetillas determined the 

persistence downstream until Apolillado, Los Choros downstream until Hornos, and 

Coquimbo determined the persistence in the local populations left further downstream. 



 

 

 
Figure 2. Net export of larvae E (surface) for each local population and their respective self-recruitment rate SR (surface color) as a function of current variability regime AH 
and TAC mortality Z. The mean current is zero. SR and E are calculated at equilibrium (t = 200 years). 



 

 

 
Figure 3. Net export of larvae E (surface) for each local population, and their respective self-recruitment rate SR (surface color), as a function of current variability regime AH 
and TAC mortality Z. A poleward mean current is applied. SR and E are calculated at equilibrium (t = 200 years). 
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Effects of MEA implementation in one local population on stocks and source/sink 

structures 

 

A MEA did increment the values of SR within the local population in which it was 

implemented. In the case of a zero mean current, the magnitude of these increments was 

enough for MEAs to become sources, being SR relatively insensitive to current 

variability regime (fig. 4). When a poleward mean was applied, increments in SR within 

the MEA were smaller, allowing the source condition only under particular current 

variability regimes (fig. 5). On the other hand, when a zero mean current was applied, 

SR within the MEA showed sensitivity to TAC Z only in some of the smallest 

populations, while in the poleward mean current situation, TAC Z had significant 

influence on the resulting SR in all local populations. 

 

The metapopulation-aggregated differences in stock produced by a MEA 

implementation in one local population were similar for the zero mean and the poleward 

mean current situation. At some regions of the simulated parametric space (TAC Z v/s 

AH), there were clear reductions of benefits in the poleward mean situation compared to 

the zero mean one (i.e. Los Choros) or no gains at all (i.e. Tongoy). In the poleward 

mean situation (fig. 5), the high TAC Z kept down the local stocks upstream the MEA, 

and high-frequency dominated current variabilities reduced the exports from these 

populations to the MEA. Because of this, although the MEAs had lower and constant 

mortality, at high-frequency dominated current variabilities some MEAs were unable to 

retain the larvae needed to obtain benefits, or even to persist. This dependence from 

upstream inflows explains why the benefits inside and outside the MEAs were 

comparable in magnitude, contrary to zero mean current situation in which the benefits 

inside the MEA were always one order of magnitude higher (fig. 4). 



 

 

 
Figure 4. Difference in equilibrium stock in the metapopulation when a MEA is implemented at one local population as a function of current variability regime AH and TAC 
mortality Z. The multicolored surface shows the difference within the MEA, and the brown surface the aggregated difference outside the MEA. The mean current is zero. The 
differences are calculated at equilibrium (t = 200 years). 



 

 

 
Figure 5. Difference in equilibrium stock in the metapopulation when a MEA is implemented at one local population as a function of current variability regime AH and TAC 
mortality Z. The multicolored surface shows the difference within the MEA, and the brown surface the aggregated difference outside the MEA. There is a poleward mean 
current. The differences are calculated at equilibrium (t = 200 years). 
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In general terms, the benefits in stock size increased with the level of TAC Z, but while 

the benefits within the MEA became asymptotic, those outside the MEA decreased 

again at higher TAC Z (fig. 4 and 5). This point of inflection coincided with the 

extinction point of the population managed only with TAC (figs. 2 and 3). In the case of 

zero mean current, the benefits outside of a MEA decreased at high-frequency 

dominated current variabilities (fig. 4), while in a poleward mean situation, they 

decreased when the current variability was dominated by low-frequency oscillations 

(fig. 5). 

 

Because the area covered by Coquimbo and Los Choros is roughly the same and K is 

assumed proportional to that area, their population sizes at equilibrium are expected to 

be similar. However, the implementation of a MEA in Coquimbo had smaller outside 

benefits than one implemented in Los Choros (fig. 4 and 5). Actually, the benefits for 

populations outside did not follow a single pattern, as expected from the single 

perturbation represented by the increased stock size in a MEA (fig. 6). The additional 

transport received from the MEA implementation in one season is expected to modify 

the stock size of a recipient local population two years later, when these additional 

individuals mature. At that time, the increased spawning stock in this second population 

will have an impact on its own neighborhood. However, as seen in chapter 2, the 

geometry of the coast, the size of the neighboring populations, and the distance among 

them, make the transport of larvae be different at different points along the coast. 

Because of this, the impact of the MEA will be modified by the local transport 

conditions for the neighboring populations. Indeed, the original signal (increased 

transport) from a MEA implementation will be modified at each local population, and 

that explain why the same signal (a MEA in Coquimbo or Los Choros) had very 

different effects at the same local population. For the same reason, besides the 

occurrence of a poleward net transport, MEAs in upstream local populations did not 

necessary show higher outside benefits than in downstream local populations, like in the 

case of Tetillas and Chungungo Norte (fig. 7). 



 

 

 
Figure 6. Difference in equilibrium stock size at each local population when either Coquimbo (green surface) or Los Choros (red surface) were set aside as MEA. Differences 
are shown as a function of current variability regime AH and TAC mortality Z. Mortality within MEA is 0.6. The mean current is zero. Within MEA stock differences are not 
shown. 



 

 

 
Figure 7. Difference in equilibrium stock size at each local population when either Chungungo Norte (green surface) or Tetillas (red surface) is set aside as MEA. Differences 
are shown as a function of current variability regime AH and TAC mortality Z. Mortality within MEA is 0.6. A poleward mean current is applied. Within MEA stock 
differences are not shown. 
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Impact of the Niño/Niña cycle on population dynamics 

 

In chapter 2 it was shown that, if the mean current is zero, lower retention rates are 

expected during El Niño years, while if a poleward mean current occurs, higher 

retention rates will be expected during El Niño events. The resulting temporal 

recruitment variability produced stable cycles of the stocks in both mean current 

situations (fig. 8 and 9). In the case of a zero mean current, the cycles occurred at 

mortalities higher than 1, and were proportionally stronger at higher mortalities (fig. 9). 

Alternatively, in the poleward mean current case, the oscillations always occurred, but 

were smoothed out downstream of the first relative source local population (fig. 9). 

 

As a consequence of the tradeoff between retention and export functions, in the zero 

mean situation, the relative source populations decreased their stocks when El Niño 

events occurred, while the relative sink populations actually increased their stocks (fig. 

8). On the contrary, in the poleward mean situation, the relative source populations 

increased their stocks during El Niño events, while the relative sinks reduced their sizes 

(fig. 9). For this reason, the population dynamics of some local populations appeared to 

be negatively correlated (e.g. Los Choros and Chungungo). 

 

Since in the zero mean case relative sink populations relied on the increased larval 

imports during El Niño to maintain their abundance, the longer the period of Niño/Niña 

cycle, the higher the stock size decrease between El Niño events. In the poleward mean 

case, the maximum stock in relative sink local populations occurred in these inter-niño 

periods in spite of the increased self-recruitment rates. For this reason, local populations 

persisted at higher total mortalities when the frequency of El Niño events was higher. 
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Figure 8. Normalized stock (y-axis of each graph) during an interval covering 2 events of El Niño (x-
axis) at each local population when the variability of coastal current is modified to represent the 
Niño/Niña cycle and the mean current is zero. During La Niña conditions AH = 0.8, and during El Niño 
conditions coming each 8th year, AH = 0.2. Each column represents a particular value of TAC mortality Z 
and the rows correspond to local populations. 
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Figure 9. Normalized stock (y-axis of each graph) during an interval covering 2 events of El Niño (x-
axis) at each local population when the variability of coastal current is modified to represent the 
Niño/Niña cycle and a poleward mean current is applied. During La Niña conditions AH = 0.8, and during 
El Niño conditions coming each 8th year, AH = 0.2. Each column represents a particular value of TAC 
mortality Z and the rows correspond to local populations. 

 

Effects of MEA implementation under a Niño/Niña cycle 

 

Implementation of MEAs when the mean current is zero and the variability is driven by 

the Niño/Niña cycle did result in an increase of stocks within the MEAs, provided that 

Z within the MEA is lower than TAC Z. These higher spawning stocks, in turn, resulted 

in SRs that were high enough to buffer the impacts of Z outside the MEA (fig. 10). 

Conversely, the efficiency of MEAs when a poleward mean current is applied was 

strongly influenced by changes in mortality in the rest of the metapopulation (fig. 11). 

From the viable local populations, only Los Choros was completely independent of 

external imports in the pure TAC situation. In this population, increments in Z outside 

after implementation of a MEA should not affect the eventual management plan. On the 
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other hand, in the pure TAC situation, a significant fraction of recruitment in Coquimbo 

was originated outside. For this reason, increment in Z outside the MEA reduced these 

imports and, hence, the stock in the MEA. These reductions occurred until Z outside 

reduced the other populations such that import was zero. If the dependence from outside 

is not considered, a MEA in which Z is over 0.9 will not guarantee the stock level 

previous to MEA implementation. Although a MEA in Guanaqueros was viable without 

the rest of the metapopulation, the stock at which this independence was reached was 

always lower than the pre-MEA stock size. Finally, Tongoy, Totoralillo, Hornos and 

Chungungo were all absolute sinks, and therefore their stocks were absolutely tied to 

the stocks outside. These populations will not persist in scenarios in which Z outside the 

MEA increase. 



 

 

 
Figure 10. Mean stock size within the MEA population as a function of total mortality (Z) inside and outside of MEA when the mean current is zero. The color of the surface 
indicates the self-recruitment rate of MEA (SR). The white plane show the mean stock size before the MEA implementation with TAC Z = 1. The variability regime of coastal 
current is modified to represent the cycle Niño/Niña. During La Niña AH = 0.8, and during El Niño coming each 8th year, AH = 0.2. The connectivity matrix used in the 
calculation of SR corresponds to La Niña situation. The spawning season lasts for 120 days. 



 

 

 
Figure 11. Mean stock size within the MEA population as a function of total mortality (Z) inside and outside of MEA when there is a poleward mean current of 0.01 m s-1. 
The color of the surface indicates the self-recruitment rate (SR). The white plane show the mean stock size before the MEA implementation when TAC Z = 1. The variability 
regime of coastal current is modified to represent the Niño/Niña cycle. During La Niña AH = 0.8, and during El Niño coming each 8th year, AH = 0.2. The spawning season 
lasts for 120 days
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Discussion 

 

Do the Macha populations along the coast have a source/sink structure? 

 

Besides the obvious spatial structure represented by availability of suitable areas for the 

settlement and development of recruits, the model does not consider any difference in 

demographical rates (survival, growth or fecundity) along the coast. However, it is clear 

that populations with larger areas have higher values of retention rate, no matter the 

regime of currents used for the simulations (see chapter 2). In the present study, these 

retention rates correspond to the diagonal elements (aii) of the connectivity matrix, 

which together with the population sizes of the metapopulation give the necessary 

information to calculate the self-recruitment rates (SR). For this reason, these 

differences in area represent the basis on which the source-sink structure observed in 

this study is build upon, explaining why populations with larger areas are always more 

prone to be sources. In spite of that, it should be said that this area-effect is associated 

with the use of a connectivity matrix as approach to the problem of larval dispersion in 

metapopulation models. The grouping in discrete local populations implies 

homogeneous mixing of recruits within each local population before they enter the 

spawning stock. There is some empirical evidence supporting the homogeneous mixing 

assumption when the areas of local populations encompass not more than 15 km of 

coastline (see chapter 2). However, the connectivity matrix approach should be applied 

with caution in metapopulations where the area of local populations is high relative to 

the movement of juveniles. It should be avoided when no juvenile movement occurs. 

 

Although the simulations show differences in SR and E among the local populations that 

constitute source/sink and importer/exporter structures, the study shows also that these 

structures are not permanent. In the model it is assumed that, no matter the actual value 

of Z, a management based on a Total Allowable Catch (TAC) will produce 

homogeneous Z for the whole metapopulation. In that case, the source/sink structure 

will be determined essentially by the influence of the current regime on the connectivity 

matrix. Due to a tradeoff between SR and E the importer/exporter structure will be also 

determined principally by the currents regime. Nevertheless, higher Z reduces the 

stocks, and consequently, the number of larvae transported among populations. In that 



______________________________________________________________Chapter 3 

89 

case, small relative sources are more affected by the increase of Z and will show a 

reduction in SR. At the same time, the SR/E tradeoff will also change the condition of 

these populations from relative exporter to relative importer. On the other hand, 

reductions in Z for a particular population, like those expected from a MEA 

implementation, will increase SR and E in that population. Indeed, a MEA will produce 

more larvae, which in turn decrease SR and E in the populations outside. The mean 

current controls the magnitude of changes in SR and E within a MEA. In the case of a 

zero mean current, the MEA always becomes a source, while in the case of a poleward 

mean, the impact is not enough to ensure this condition for all MEAs. Due to the SR/E 

tradeoff, in a zero mean current situation the impact of MEAs on the source/sink 

structure outside is very low compared to the effects when there is a poleward mean 

current. 

 

The changes in the connectivity matrix are associated to modifications in coastal 

circulation, which in this study are described by the mean and variability of currents 

(Largier, 2003). Since each reproductive season is explicitly simulated, the mean current 

is a descriptor for one particular year, and the variability accounts for changes in 

currents occurring within this particular year. The only continuous measurement of near 

shore currents report a poleward mean of 1 cm/s (Narvaez et al., 2003), which could 

prevent the necessary settlement to offset adult mortality, and may cause a slowly slide 

downstream to extinction (Armsworth, 2002). In fact, using this mean value the first 

three populations from the upstream side are unable to persist, even if there is no fishing 

mortality. Theoretical studies of Gaylord and Gaines (2000) and Gaines et. al. (2003) 

suggest that downstream losses in recruitment driven by an alongshore mean current 

can be counteracted by occasional reductions or reversals in flow. Such inter-annual 

changes in mean current have not been described for Central Chile, but strong changes 

in the intra-seasonal variability of currents are associated to the Niño/Niña cycle 

(Shaffer et al., 1997; 1999; Hormazabal el. al., 2002). According to our simulations, 

during inter-Niño years only Los Choros shows the relative source condition, while the 

stronger low-frequency oscillations that occur during El Niño events allow also 

Coquimbo to show this condition. However, this cycling does not modify the 

persistence conditions (Z at which the population is viable) of these two sources. The 

persistence conditions for the more numerous sinks are determined by the persistence 

condition for the closest upstream source. Moreover, the periodic changes in SR result 
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in stable cycling in abundance of source populations, which due to the tradeoff between 

SR and E will drive negatively correlated oscillations in the sinks. This structure and its 

patterns of change are coherent with the findings of James et. al. (2002) who suggested 

that a few local populations play a crucial role in sustaining the whole metapopulation. 

 

Contemporary models of coastal marine invertebrate metapopulations often use 

symmetric probability distributions to describe the dispersion of larvae along the coast 

(Lockwood et al., 2002; Botsford et al., 2004). These probability distributions imply a 

zero mean current like the one used in this study as an alternative to the measured 

poleward mean. In that case, the whole metapopulation showed the relative source 

condition in the inter-Niño periods, and four local populations (Tongoy, Guanaqueros, 

Coquimbo and Los Choros) during El Niño events. This depicts a metapopulation 

composed by relatively independent local populations that increase their connectivity 

only during El Niño events. Contrary to the poleward mean current case, the four 

populations that maintain the source condition reduce their stocks during El Niño, while 

the others increase them. Additionally, all populations are viable and persistence can 

occur at higher Z compared to the poleward mean current.  

 

Under which conditions the present MEA system could be safely applied? 

 

A MEA is a co-management agreement between the central fisheries authority and one 

individual fisher’s organization. The one-by-one negotiation that characterizes these 

agreements is based essentially on the assumption of population dynamics 

independency from other areas outside the MEA. Nonetheless, this kind of negotiation 

is also a by-product of the need for more effective control of catches. In the praxis, a 

MEA passes on the responsibility of enforcement of catch regulations from the central 

authority to the fisher’s organization. Because individual organizations only take control 

over their own areas, the existing MEA system reduces the spatial scale of analysis not 

only in the technical aspects of the management, but also in the political ones, 

preventing a coordination of management at levels above the local population 

(Orensanz, et al., 2005). Under this legal framework, MEAs could be safely applied 

only on relative source populations. 

 



______________________________________________________________Chapter 3 

91 

As discussed above, this study shows that SR, and hence the source condition, is not an 

inherent property of each local population, but a phenomenological feature emerging at 

the metapopulation level. It is the whole metapopulation, represented by the 

metapopulation vector Nmet, confronted with the environmental conditions, represented 

by the connectivity matrix A, which generates the source/sink structure necessary to 

evaluate the MEAs viability and performance. Implementation of one particular MEA in 

a metapopulation managed with TAC is feasible when the mean current is zero. 

However, if one uses the empirical poleward mean current, a MEA is practicable only in 

Coquimbo and Los Choros. What is more, because the performance of a MEA in 

Coquimbo will be significantly affected by changes in Z outside, only Los Choros could 

be managed as a MEA with total independence of the state of the other populations. Of 

course, the implementation of more than one MEA or its implementation in a 

metapopulation with spatially structured Z (it means M or F) will change the 

source/sink structures obtained in this study and the consequences of a new MEA policy 

would need to be evaluated with additional simulations. For this reason, even more 

important than the current state of a population, is to know why the source or sink 

condition occurs, and how the circulation and management within and outside of this 

population will affect this condition over time. 

 

Is the transformation of the whole coastline of a metapopulation into MEAs a 

solution? 

 

If the mean coastal current is zero, because the local populations basically behave as 

independent units, the local changes of Z will have marginal impacts on the stocks in 

the reminder populations. Therefore, application of MEAs to the entire coastline will 

provide a better control on fishing mortality than a central fishery agency by using a 

TAC system. The few empirical data indicate, however, the occurrence of a non-zero 

alongshore mean current. This circulation regime results in an increased connectivity for 

the metapopulation in which many relative sink populations are highly dependent from 

two relative sources. Being rigorous, one should not implement the present MEA 

system in local populations other than these two sources, in which case the mixed 

system of TAC and MEAs will be a safe alternative to improve the control of fishing 

mortality. 
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One can argue that MEA implementation in ill-controlled TAC systems will probably 

decrease Z within the population intervened. In that case, our results show that, even if 

the local population is a relative sink in a coast where a non-zero alongshore mean 

current occurs, a MEA will be always beneficial provided that Z outside does not 

increase after its implementation. Implementation of a full coverage MEAs system 

under these circumstances will reduce Z in all local populations, besides probable 

spatial differences owing to the local-scale nature of management. Nevertheless, Tuck 

and Possingham (1994) demonstrated that relative exporter populations will be over-

fished if single-unconnected population fishing theory guides the management of the 

stock, while relative importer populations will be under-fished. Moreover, they found 

that if there is an exporter/importer structure in the metapopulation, the total fishing 

mortality has to be lower than if such structure does not exist. Our results show this 

exporter/importer structure for M. donacium, that MEAs produce stock changes outside 

of magnitudes comparable to the stock changes within them, and that outside impacts 

occur not only in directly connected populations but all over the metapopulation. 

Therefore, a full cover MEA system without coordination at the metapopulation level 

will be, at least, inefficient. 

 

The present study shows that impacts of local changes in Z (e.g MEA implementation) 

do not necessarily decrease away from their origin. The spatial distribution of these 

impacts is highly sensitive to modifications in the coastal circulation and the spatial 

structure of Z in the metapopulation. Because of this, a static description of mortality, 

stock sizes, source/sink structure and exporter/importer structure, will not give any 

relevant answer in an eventual coordination at the metapopulation level. These “what-

if” type questions can only be answered by using a model that describes how all the 

variables and factors discussed above are related. This is a strong argument to continue 

the study of connectivity by modeling the transport of larvae in spite of promising 

contributions of genetics in this field. Although these genetic studies could give 

estimates of larval flows, they tell us very few about how the connection occurs and 

what are the factors controlling this connection (Waples, 1998). 

 

Our work illustrates the dramatic consequences arising from different circulation 

regimes for the metapopulation dynamics of M. donacium and its management. The 

model is able to generate useful “what-if” scenarios for inter-annual changes in current 
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variability, but those scenarios for the mean current just advocate for a first 

measurement in the region of such parameter. Time series of the nearshore water flow 

should have priority in the research agenda if reliable information for decision-making 

is asked for. Finally, just like the impact of connectivity matrix on the metapopulation 

dynamics, patch quality (survival, fecundity) for each local population has to be 

evaluated, which include also studies about density-dependence in recruitment. 

 

References 

 
Alarcon, E. (1979) Informe sobre el recurso Machas (Mesodesma donacium) de la IV 
Región. Centro de Investigaciones Submarinas, Universidad del Norte – Coquimbo. 
 
Alarcón, E., M. Navea (1992) Estudio sobre el recurso de Machas (Mesodesma 

donacium) en la IV Región. Universidad Católica del Norte – Sede Coquimbo.   
 
Allison, G., J. Lubchenco, M. Carr (1998) Marine reserves are necessary but not 
sufficient for marine conservation. Ecol. Appl. 8(1) Supplement: S79-S92. 
 
Armsworth, P. (2002) Recruitment limitation, population regulation, and larval 
connectivity in reef fish metapopulations. Ecology 83(4): 1092-1104. 
 
Arntz, W., T. Brey, J. Tarazona, A. Robles (1987) Changes in the structure of a shallow 
sandy-beach community in Perú during El Niño event. South African J. Marine Science 
5: 645-658. 
 
Botsford, L., C. Moloney, A. Hastings, J. Largier, T. Powell, K. Higgins and J. Quinn 
(1994) The influence of spatially and temporally varying oceanographic conditions on 
meroplanktonic metapopulations. Deep-Sea Research II 41: 107-145. 
 
Botsford, L., D. Lockwood, L. Morgan, J. Wilen (1999) Marine reserves and 
management of the northern California red sea urchin fishery. CalCOFI Rep. 40: 87-93. 
 
Botsford, L., D. Kaplan, A. Hastings (2004) Sustainability and yield in marine reserve 
policy. American Fisheries Society Symposium 42: 75-83 
 
Brazeiro, A., O. Defeo (1999) Effects of harvesting and density dependence on the 
demography of sandy beach populations: the yellow calm Mesodesma mactroides of 
Uruguay. Mar. Ecol. Prog. Ser. 182: 127-135. 
 
Castilla, J.C. (1996) The future Chilean marine park and reserves network and the 
concepts of conservation, preservation and management according to the national 
legislation. Revista Chilena de Historia Natural 69: 253-270. 
 
Castilla, J. and M. Fernández (1998) Small-scale fisheries in Chile: on co-management 
and sustainable use of benthic invertebrates. Ecol. Appl. 8(1)Supplament: S124-S132. 



______________________________________________________________Chapter 3 

94 

 
Caswell, H. (2001) Matrix Population Models: construction, analysis, and 
interpretation. 2nd edition by Sinauer Associates, Inc., Sunderland USA, 722 pp. 
 
Fernández, M., J.C. Castilla (2000) Recruitment of Homalapsis plana in intertidal 
habitats of central Chile and implications for the current use of Management and Marine 
Protected Areas. Mar. Ecol. Prog. Ser. 208: 157-170. 
 
Gaines, S., B. Gaylord, J. Largier (2003) Avoiding current oversights in marine reserves 
design. Ecological application 13(1) Supplement: S32-S46. 
 
Gaylord, B. and S. Gaines (2000) Temperature or transport? Range limits in marine 
species mediated solely by flow. The American Naturalist, 155(6): 769-789. 
 
Hormazabal, S, G. Shaffer, O. Pizarro (2002) Tropical Pacific control of intraseasonal 
oscillations off Chile by way of oceanic and atmospheric pathways. Geophys. Res. 
Letters 29(6): 10.1029/2001GL013481. 
 
James, M., P. Armsworth, L. Mason, L. Bode (2002) The structure of reef fish 
metapopulations: modeling larval dispersal and retention patterns. Proceedings of Royal 
Society of London B 269: 2069-2086. 
 
Jaramillo, E., M. Pino, L. Filun, M. Gonzalez (1994) Lonshore distribution of 
Mesodesma donacium (Bivalvia: Mesodesmatidae) on a sandy beach of the south of 
Chile. The Veliger 37(2): 192-200. 
 
Jerez, G., L. Ariz, V. Barros, A. Olguin, J. Gonzalez, J. Oliva, V. Ojeda, E. Díaz (1999) 
Estudio biológico-pesquero del recurso macha en la III y IV Regiones. Informe final 
FIP 97-33. Available on-line at www.fip.cl 
 
Largier, J. (2003) Considerations in estimating larval dispersal distances from 
oceanographic data. Ecological Applications, 13(1) Suppl: S71-S89. 
 
Lockwood, D., A. Hastings, L. Botsford (2002) The effects of dispersal patterns on 
marine reserves: does the tail wag the dog? Theo. Pop. Biol. 61: 297-309. 
 
Mace, P. (2004) In defence of fisheries scientists, single-species models and other 
scapegoats: confronting the real problems. Mar. Ecol. Prog. Ser. 274: 285-291. 
 
McCann, K., L. Botsford, A. Hastings (2003) Differential response of marine 
populations to climate forcing. Can. J. Fish Aquat. Sci. 60: 971-985 
 
Narváez, D., A. Valle-Levinson, M. Piñones, S. Navarrete, J.C. Castilla (2003) 
Corrientes submareales sobre la plataforma interior de Chile central. Resúmenes 
Segundo Taller sobre Circulación Oceánica en la Región del Pacífico Suroriental. 
 
Olguin, A., J. Gonzalez, C. Leon, C. Cortez (1997) Evaluación banco de machas playa 
Los Choros – Informe Final. IFOP-SERCOTEC.  
 



______________________________________________________________Chapter 3 

95 

Orensanz, J.M., A. Parma, G. Jerez, N. Barahona, M. Montecinos, I. Elias (2005) What 
are the key elements for the sustainability of “S-fisheries”? Insights from South 
America. Bull. Mar. Sci. 76(2): 527-556. 
 
Ortiz, M., W. Stotz (1996) Distribution of early settlement of Mesodesma donacium 
(Lamarck, 1818) (Mollusca: Bivalvia: Mesodesmatidae) in three bays of the fourth 
region, Chile: physical and chemical characterization. Biología Pesquera (Chile) 25: 27-
40. 
 
Peredo, S., E. Parada, I. Valdebenito (1987) Gametogenesis and reproductive cycle of 
the surf clam Mesodesma donacium (Lamark, 1818) (Bivalvia: Mesodesmatidae) at 
Queule beach, southern Chile. The Veliger 30(1): 55-68. 
 
Pulliam, H. (1988) Sources, sinks and population regulation. The American Naturalist 
132(5): 652-661. 
 
Rumrill, S. (1990) Natural mortality of marine invertebrate larvae. Ophelia 32: 163-198. 
 
SERNAP (2003) Informe consolidado del sector pesquero nacional, Subsecretaría de 
Pesca de Chile. http://www.subpesca.cl/ 
 
Shaffer G., O. Pizarro, L. Djurfeldt, S. Salinas, J. Rutllant (1997) Circulation and low-
frequency variability near Chilean coast: remotely forced fluctuations during the 1991-
92 El Niño. J. Phys. Ocean. 27: 217-235. 
 
Shaffer G., S. Hormazabal, O. Pizarro, S. Salinas (1999) Seasonal and interannual 
variability of currents and temperature off central Chile, J. Geophys. Res. 104(C12): 
29.951-29.961. 
 
Shima, J. and C. Osenberg (2003) Cryptic density-dependence: effects of covariation 
between density and quality in reef fish. Ecology 84(1): 46-52. 
 
Stockhausen, W., R. Lipcius and B. Hickey (2000) Joint effects of larval dispersal, 
population regulation, marine reserve design, and exploitation on production and 
recruitment in the Caribbean spiny lobster. Bulletin of Marine Science 66(3): 957-990. 
 
Stotz, W. (1997) The management areas in the fishery law: first experiences and 
evaluation of utility as a management tool for Concholepas concholepas. Estudios 
Oceanologicos 16: 67-86. 
 
Swerer, S., J. Caselle, D. Lea, R. Warner (1999) Larval retention and recruitment in an 
island population of coral-reef fish. Nature 402: 799-802. 
 
Tapia, C., J. González, A. Wilson, J. Garrido, J. Orensanz (2003) Ordenación espacio-
temporal de la actividad extractiva artesanal entre la I y IV regiones. Informe final FIP 
2001-25, available on-line in www.fip.cl 
 
Tuck, G. and H. Possingham (1994) Optimal harvesting strategies for a metapopulation. 
Bull. Math. Biol. 56: 107-127. 
 



______________________________________________________________Chapter 3 

96 

Tuck, G. and H. Possingham (2000) Marine protected areas for spatially structured 
exploited stocks. Marine Ecology Progess Series 192: 89-101. 
 
Warner P R, S E Swarer, J E Caselle (2000) Larval accumulation and retention: 
implications for the design of marine reserves and essential fish habitat. Bulletin of 
Marine Science 66: 821-830. 
 



_____________________________________________________General Conclusions 

97 

General Conclusions 

The results of the tracking of thermal features on satellite images confirmed the reported 

daily variability in the coastal circulation associated to changes in the alongshore wind. 

Furthermore, besides offshore dynamics associated to headlands (one in the southern 

limit and one in the northern limit of the metapopulation), the observed variability close 

to the coast was principally along the shore, and included the reversion of coastal 

currents. 

 

The results of the second chapter confirmed that a single general regime of circulation 

applied to a realistic coastal geometry could produce a rich variety of transport patterns, 

which cannot be adequately reproduced by a single dispersion function for the whole 

coast. Current variability associated to coastal-trapped waves are much more important 

for connectivity than those associated to the upwelling. Since the energy of coastal-

trapped waves changes during El Niño events, the Niño/Niña cycle will also change the 

connectivities with the time. The way in which this cycle modifies the connectivities, 

however, will depend on the annual mean of the currents, which should be object of 

more detailed investigation. 

 

The third chapter showed that, based on the available information about alongshore 

mean current, the two largest local populations (Coquimbo and Los Choros) are sources 

of larvae for the others, and are, therefore, the only ones that could be set aside as MEA 

under the present co-management system. For this reason, the management based on 

TACs should be maintained in the rest of the metapopulation. On the other hand, given 

the dependence of populations from imported larvae, the transformation of the entire 

coast of the IV region in MEAs requires the modification of the present co-management 

institutions to promote the coordination of management among the fishers communities. 

The system is highly sensitive to management options, and the effects of local changes 

in this management are difficult to visualize a priori, without simulations such as those 

provided in this study. 

 


