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INTRODUCTION

For many coastal benthic invertebrates, dispersive
planktonic larvae represent a critical phase in their life
cycle (Thorson 1950). Settlement, defined here as the
transition between the planktonic larval phase and life in
the benthos, is followed by recruitment, i.e. the incor-
poration of new individuals into benthic populations.
Settlement is determined by the interaction of larval
characteristics (i.e. developmental mode, larval duration)
with oceanographic and geographic factors (i.e. coastal
circulation and coast-line configuration) (Archambault &
Bourget 1999). In contrast to terrestrial plants, for which

seed dispersal patterns are generally inversely propor-
tional to the distance from the parental sources (Nathan
& Muller-Landau 2000), it is thought that marine benthic
invertebrate larvae are transported extensively by ocean
circulation away from the parental population, there-
by decoupling local reproduction from recruitment
(Strathmann 1990, Caley et al. 1996). When released,
planktonic larvae of intertidal and subtidal species are
first driven by coastal currents and then possibly trans-
ported by the general oceanic circulation, sometimes
over long distances (Mileikovsky 1968, Scheltema 1971,
1986). During this period, ranging from a few days to
several months, losses due to predation or competition
for food are common (Sale 1990). The onshore migration
of competent larvae back to the adult habitat is a critical
period because regional or local oceanographic events,
as well as coastline configuration, may determine the
number of settlers and therefore the success of the
benthic population (Archambault & Bourget 1999, Incze

© Inter-Research 2002 · www.int-res.com

**Present address: Departamento de Ecología Costera, Facul-
tad de Ciencias, Universidad Católica de la Santí-
sima Concepción Paicavi 3000, Casilla 297, Concepción CP
4073978, Chile

**Corresponding author. E-mail: snavarre@bio.puc.cl

Temporal and spatial variation in the distribution of
epineustonic competent larvae of Concholepas

concholepas along the central coast of Chile

Elie Poulin, Alvaro T. Palma*, Germán Leiva, Eduardo Hernández, Pilar Martínez,
Sergio A. Navarrete**, Juan C. Castilla

Departamento de Ecología, Estación Costera de Investigaciones Marinas Las Cruces and Center for Advanced Studies in
Ecology and Biodiversity, Pontificia Universidad Católica de Chile, Alameda 340, Casilla 114-D, Santiago CP 6513677, Chile
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plankton collections from July 1999 to February 2000 with maximum abundance in September and
October. Settlement in artificial collectors deployed onshore on the lower intertidal zone showed the
same unimodal pattern with a settlement peak during October and November. Variation in larval
distribution among sampling dates was related to the occurrence of north-south winds. We found that
C. concholepas larvae were more abundant closer to shore after moderate southerly wind periods
than on calm days, probably because of the shoreward advection of the upper sea surface layer.
While sampling during a strong coastal upwelling event (produced by strong southwesterly winds),
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et al. 2000, Shanks et al. 2000). Coastal oceanic frontal
features, generated, for example, by internal waves or
upwelling dynamics, can play an important role in the
horizontal advection of larvae into coastal sites (Kings-
ford 1990,  Pineda 1991, 1999, Shanks 1995, Shanks et al.
2000). At the local scale, small physical and biotic en-
vironmental heterogeneity will determine settlement
patterns (Eckman 1983, Bourget et al. 1994, Miron et al.
1996, Guichard & Bourget 1998, Incze et al. 2000, Jeffery
& Underwood 2000, Navarrete & Wieters 2000). These
characteristics, in which local populations receive
propagules from distant sites, has led to the assump-
tion that populations of benthic marine species with
planktonic larval phase are open (Gaines & Rough-
garden 1985, Roughgarden et al. 1985, 1988, Pos-
singham & Roughgarden 1990, Caley et al. 1996). An
important consequence of such an open population
structure is that settlement rates are highly variable and
usually unpredictable in space and time. Therefore,
quantifying patterns of spatial and temporal variation
in settlement as well as identifying the processes re-
sponsible for such variation has become a central issue in
marine ecology.

Because of its high economic value and the import-
ant ecological role it plays in intertidal and subtidal
communities, the muricid gastropod Concholepas con-
cholepas (Bruguière 1789), locally known as ‘loco’, has
been intensively studied in the past 2 decades along
the coast of Chile (Castilla & Durán 1985, Moreno et al.
1986, Durán & Castilla 1989, Power et al. 1996, Castilla
1999, 2000). Consumed by humans since prehispanic
times (Jerardino et al. 1992), this species has suffered
from increasing exploitation since the mid-1970s.
At the beginning of the 1980s, it became the largest
gastropod fishery in the world (FAO 1982, Castilla &
Jerez 1986). However, at the same time, signs of it
being strongly overexploited were detected (Castilla
1995, Castilla & Fernández 1998).

The known geographic distribution of Concholepas
concholepas extends from central Peru to Cape Horn
including the Juan Fernández Archipelago (Beu 1970,
Stuardo 1979). Adult individuals live on rocky bottoms
in the intertidal and subtidal zones down to approxi-
mately 30 m in depth. This species is one of the top
predators in these systems, consuming a variety of
sessile filter feeders such as barnacles, mussels and
tunicates (Castilla et al. 1979, Guisado & Castilla 1983,
Moreno et al. 1986). In central Chile, C. concholepas
females lay egg capsules on low intertidal and shallow
subtidal rocky surfaces during the fall months (Man-
ríquez & Castilla 2001). After approximately 1 mo
of intracapsular development, small veliger larvae
(ca. 260 µm) are released and spend the next 3 mo in
the water column (Gallardo 1979, DiSalvo 1988). There
is evidence suggesting that C. concholepas veligers

stay near the bottom during at least the first week
of development, thereby probably decreasing disper-
sion (Moreno et al. 1993). Once the larvae become
competent, they dwell at the sea surface feeding on
plankton until they metamorphose on rocky intertidal
and shallow subtidal bottoms. Settlement of the epi-
neustonic competent lipped veligers has been well
documented in the low intertidal zone, where newly
settled individuals are generally found associated with
small barnacles and mussels (Castilla et al. 1979, Gal-
lardo 1979, Guisado & Castilla 1983, Rivas & Castilla
1987, Stotz et al. 1991). Although settlement has not
been quantified in the subtidal zone, newly settled C.
concholepas have been found at depths of up to 30 m
(Arias 1991, Stotz et al. 1991, Moreno et al. 1993).

Although the developmental sequence of Concho-
lepas concholepas larvae is well known, little has been
done to understand their spatial distribution, especially
in water masses near the coast. During the past de-
cade, 2 studies have investigated the relationships
between local wind forcing, large-scale oceanographic
phenomena such as El Niño Southern Oscillation
(ENSO), and C. concholepas settlement (Moreno et al.
1993, 1998). Evidence from these studies suggests that
settlement of C. concholepas could be related to the
dynamics of local surface winds over the ocean.
The authors hypothesize that alternate sequences of
southerly and northerly winds that generate successive
upwelling and relaxation events, respectively, may be
the principal mechanism by which competent larvae of
C. concholepas are advected towards the shore. This
onshore transport mechanism may be disrupted by
events such as El Niño and La Niña, apparently
explaining the species recruitment failure observed
during El Niño phenomena (Moreno et al. 1998).

In this study, we primarily attempt to investigate the
physical aspects that are most likely to affect the
spatial distribution of competent larvae of Concho-
lepas concholepas in waters adjacent to the shore
(<5 km), and which might be related to the subsequent
patterns of local recruitment. Specifically our objec-
tives were to investigate in nearshore environments:
(1) the annual variation in the abundance of larvae and
newly settled individuals; (2) the spatial variation of
larval abundance among sampling dates (monthly) in
relation to hydrographic factors, such as wind stress
and water column temperature; and (3) the pattern of
distribution and abundance of larvae during a strong
upwelling event.

MATERIALS AND METHODS

Study sites and sampling design. From July 1999
through June 2000, surface zooplankton samples were
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collected monthly during daylight hours in front of
2 localities along the central coast of Chile: El Quisco
(S 33° 23� 48.9�, W 71° 41� 40.5�) and Las Cruces (S 33°
30� 06.3�, W 71° 38� 02.0�), which are ca. 15 km apart
(Fig. 1). Samples were collected using a floating
neuston net with a 700 µm mesh size, (as described by
DiSalvo 1988), which has been especially designed to
collect premetamorphic larvae of Concholepas concho-
lepas in the top few centimeters of the water column.
The field sampling scheme utilized throughout this
study consisted of six and five 1.8 km long transects
parallel to the coast off El Quisco and Las Cruces,
respectively (hereafter referred as EQ and LC). The
distance of the transects from the shore ranged from
50 to 4000 m (see details in Fig. 1). Because the rectan-
gular mouth of this neustonic net is not totally sub-
merged, and because competent C. concholepas lar-

vae are suspended in the first centimeters of the water
column, larval abundance were simply expressed as
number of larvae per km towed. For each transect,
towed distance was directly measured from a flow
meter attached to the net. Plankton samples were pre-
served in a 5% buffered formaldehyde seawater solu-
tion. Larvae were then identified and counted in the
laboratory under a dissecting microscope. At the be-
ginning and end of each transect, surface to 25 m deep
profiles of several water column variables were mea-
sured (temperature, dissolved oxygen, salinity) using a
CTD profiler (Seabird-19).

To determine potential differences in larval dis-
tribution and abundance between day and night, 2
additional cruises were conducted during a night in
September and another in October of 1999 (period of
maximum larval abundance) at EQ. These collections
were made the night before the regular day surveys of
September and October off EQ at 3 transects (II, IV and
V in Fig. 1). To characterize larval distribution during
strong equatorward winds, an additional sampling
during day hours was conducted on November 5, 1999,
off EQ, on a day of strong southerly, upwelling favor-
able winds. Strong equatorward winds are here
defined as those that persist for a minimum of 3 to 4 d
with a constant speed of about 30 to 40 km h–1 during
the day, separated by lower wind speed at night. To
ensure that the area surveyed extended beyond the
coastal upwelled waters, the sampling scheme was
modified and consisted of seven 1 km long transects
parallel to the coastline at distances of 1, 2, 4, 6, 8, 10,
and 12 km from the shore.

Quantification of settlement rates of Concholepas
concholepas were made by deploying artificial col-
lectors (n = 20) in the low intertidal zone of LC. The
collectors were plastic scrubbing pads (Tuffy®) ap-
proximately 10 cm in diameter, which were fixed to
the rock surface using stainless steel screws (see
Menge et al. 1994). Between July 1999 and June
2000, collectors were surveyed approximately every
15 d, when they were replaced with new ones and
brought to the lab for analysis under a dissecting
microscope.

Larval spatial distribution. To compare larval spatial
distribution among the regular cruises, we calculated
the center of gravity G for each sampling date in LC
based on larval abundance in each transect and the
distance of transects to the shore:

G =  ∑(Nt*Dt)/∑Nt

where Nt is the number of larvae per km in transect t,
and Dt the distance of transect t to the coast. Thus,
G represents the average distance to the shore of all
larvae during a given cruise and is expressed in m.
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and the grid sampling design. Transects are 1 nautical mile
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Only data for LC could be used in this analysis because
spatial gaps in the data at EQ did not permit a mean-
ingful calculation of G.

Hydrography and larval distribution. Wind speed
and direction were recorded as vector averages every
10 min by a meteorological station located at the
Coastal Marine Research Station at Las Cruces
(ECIM). Sea surface temperature was measured with
temperature loggers (Stow Away® Tidbits) located
subtidally approximately 1 m below the extreme low-
water neap (Lewis 1964) in front of the 2 study sites.
These loggers recorded temperature at 30 min in-
tervals.

The potential relationship between wind speed and
larval spatial distribution (G-values) was investigated
through ordinary least-squares regression analyses.
Since the effect of wind on the upper sea surface,
and therefore on the distribution of epineustonic lar-
vae, can have a time delay, our analyses considered
the daily values of wind speed components (north-
south, east-west) registered at time lags between 0
and up to 4 d prior to larval sampling. Several re-
gressions were performed that accounted for the
average wind speed values obtained during the same
larval sampling date, and then the data for the previ-
ous 4 d were successively pooled. The same proce-
dure was performed for the daily wind speed max-
ima, which were successively averaged at different
time lags prior to the larval sampling dates. Each
wind speed value was associated with the corre-
sponding larval distribution G-value in order to find
the best fit.

The relationship between wind speed and sea
surface temperature (SST) during the period when
competent Concholepas concholepas larvae were
present in the water (July 1999 to February 2000) was
studied through a cross-correlation analysis (Box &
Jenkins 1976). This analysis was done using the daily
mean temperature, and the daily mean and maximum
wind speed components. Since temperature increased
steadily during this period, due to summer heating,
values were detrended. To determine whether daily
changes in SST were coupled between sites, we
looked at the degree of correlation of mean daily SST
between LC and EQ. Ekman transport (Mx) was
estimated (m3 s–1 km–1) following equations in Mann &
Lazier (1996, p. 145):

Mx = −τ/f

where τ is the north-south wind stress component at
the surface and f is the Coriolis parameter at the stud-
ied latitude. The Mx daily mean values were related to
daily mean sea surface temperature to detect whether
high Mx values were associated with a subsequent
decrease in sea surface temperature.

RESULTS

Patterns of larval distribution and 
post-settlement abundance

Competent Concholepas concholepas larvae were
found in surface waters between August (beginning of
austral spring) and March (end of austral summer).
Monthly larval abundance followed a unimodal pat-
tern, with a maximum in September and October at EQ
and LC (Fig. 2a,b).

No competent Concholepas concholepas larvae
were found in the 2 nocturnal sampling cruises
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Fig. 2. Concholepas concholepas larvae. Monthly abundance
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conducted in September and October, while relatively
high larval concentrations were observed at the same
3 transects the following day (127, 175, and 45 in
transects EQII, IV, and V respectively in September,
and 54, and 11 in EQII, and IV respectively in October).
No changes in the properties of water masses (CTD
data) were detected between the above day/night
surveys.

The temporal pattern of settlement of Concholepas
concholepas in artificial collectors followed the same
general unimodal pattern observed in larval abun-
dance off LC and EQ (Fig. 2c). The maximum num-
ber of newly settled individuals occurred from
September to December, a few weeks after the maxi-
mum larval abundance was observed in coastal
waters (Fig. 2a,b).

At LC, the spatial distribution of larvae in transects at
different distances from the shore varied considerably
over time (Fig. 3). For this analysis, we only considered
the 7 mo of sampling in LC, when larvae were most
abundant (>1 larva km–1). In some cases like in
October 1999 and in January 2000, larvae were mainly
or totally found in transects closest to shore. In August
and November, however, nearly all larvae were
collected further offshore (Fig. 3).

Relationship between wind speed and larval 
distribution

Regression analyses detected no statistically signi-
ficant relationship between the east-west component
of the winds and larval spatial distribution (G-values).
However, there was a positive and significant relation-
ship between the north-south wind component and
larval distribution, indicating that larvae were closer to
shore on days of moderate southerly winds (daily
average <10 km h–1) than on calm days. The relation-
ship was stronger when the maximum daily values
of the north-south wind component included the 1 and
2 d delay before the larval sampling (1 d: r2 = 0.80, p =
0.01; 2 d: r2 = 0.72, p = 0.02). This relationship was also
significant using daily mean values of the north-south
wind component with a 2 d delay (r2 = 0.61, p = 0.04;
Fig. 4). In all cases, there was a positive correlation
between north-south wind and larval distribution
when the mean and the maximum wind speed values
were calculated using a 2 to 5 d delay prior the sur-
veys. This was not the case when only maximum or
mean wind data for the same day of larval collection
were considered (r2 = 0.1, p = 0.49; r2 = 0.03, p = 0.71,
respectively).

No correlation was found between the east-west
wind speed component and the detrended sea surface
temperature. However, the same analyses using the
north-south wind speed component showed significant
positive correlation for each time lag between 1 and
9 d (p < 0.05) for daily mean and maximum values,
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indicating that north-south winds were correlated with
SST drops. The cross-correlation coefficient r was
computed following the standard formulas, as
described in most time series references (e.g. Box &
Jenkins 1976).

Larval distribution during coastal 
upwelling conditions

The daily mean variation in Ekman transport during
the 7 mo of high larval abundance (July to January)
showed that the highest values of Ekman transport
were soon followed by conspicuous drops in sea

surface temperature (Fig. 5), suggesting that
coastal upwelling was occurring in the study
area. However, significant drops in tempera-
ture between December and February were
not necessarily associated to intensification of
upwelling favorable winds (Fig. 5). The cross-
correlation analysis of sea surface tempera-
ture between the 2 study sites (EQ and LC)
was highly significant at a time lag of 0 days
(r = 0.756, p < 0.001).

The additional survey of November 5,
which was conducted to assess larval distrib-
ution during strong local upwelling condi-
tions (Fig. 6a), corresponded to the second
major daily mean Ekman value during the
time period considered (Mx = 964, see arrow

in Fig. 5). In the thermal section obtained during this
cruise, the water column showed a cold-water wedge
(10 to 12.5°C) that reached the surface between the
shore and 6 to 8 km offshore (Fig. 6a), the same area
where all larvae were found during this cruise. The
same pattern was also observed for dissolved oxygen
concentration, with the values at the sea surface for the
first 8 km ranging between 5.0 and 6.5 mgl–1. In a sim-
ilar fashion, salinity values were higher in the coastal
zone ranging from 34.2 to 34.35%º. In contrast, during
the regular November 28 cruise in EQ, the water col-
umn showed the typical vertical stratification follow-
ing a period of moderate wind regime (non-upwelling
condition, Fig. 6b).
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DISCUSSION

This study confirms that epineustonic competent
Concholepas concholepas larvae are rare components
of the coastal surface plankton of Chile (Knickmeier
& Stotz 1991, Moreno et al. 1993, DiSalvo & Carriker
1994, Peña et al. 1994). Maximum larval abundance
occurs during the spring months off Las Cruces and El
Quisco, as observed in other studies in north-central
Chile (Knickmeier & Stotz 1991, DiSalvo & Carriker
1994). This evidence also confirms that the reproduct-
ive cycle of C. concholepas follows a seasonal pattern
(Ramorino 1975, Castilla 1979). In our study, C. conc-
holepas larval abundance and settlement also follows
a seasonal pattern. Although the timing of maximum
larval occurrence and subsequent settlement may
differ in other regions of Chile, it still shows a seasonal
pattern, and seems to follow a latitudinal gradient
(Lépez & Moreno 1988, Moreno et al. 1993, 1998, Peña
et al. 1994).

In addition to the monthly variations in larval
abundance, this study shows evidence of larval spatial
variability among sampling dates in the nearshore area
considered (Fig. 3). Because recruitment of Con-
cholepas concholepas occurs only in the intertidal and
shallow subtidal zone (down to 30 m deep, Arias 1991,
Stotz et al. 1991), and given the steep shelf character-
istic of these sites, successful settlement probably
occurs only within a few hundred meters from shore
(Transects II and III on our sampling grid in LC, and
I and II in EQ, see Fig. 1). Thus, when larvae were
mostly or totally found in the transects further offshore,
no settlement would be expected to occur. Settlement
pulses probably only happen when C. concholepas
larvae are located within approximately 500 m from
the shore. Unfortunately, because of the naturally low
density of C. concholepas larvae in the plankton, it was
not possible to verify this hypothesis through a daily
monitoring of settlement in artificial collectors. Indeed,
the maximum settlement rate in artificial collectors did
not exceed 2 to 3 settlers per collector per 15 d. This
low settlement rate, as well as the delay observed
between larval abundance and settlement peacks,
could be a consequence of the broad sampling time
interval.

Effect of moderate southerly winds on 
larval distribution

There was a positive relationship between the north-
south wind speed component and the spatial distri-
bution of larvae off LC (Fig. 4). Indeed, the southerly
component of the wind speed correlates with the pres-
ence of larvae near the shore. The strongest relation-

ship occurred when we considered a time lag of more
than 1 d between wind speed and larval distribution.
This agrees well with the fact that the wind forcing has
a delayed effect on the dynamics of water masses
(Marín et al. 1993, Wing et al. 1995a). Our results
suggest that southerly winds advect competent larvae
of Concholepas concholepas towards the shore. The
effect that wind-driven currents have on the dispersal
and transport of larvae depends on the depth at which
these larvae reside. Since competent C. concholepas
larvae thrive at the surface, they are subject to be
transported nearly downwind and at around 3% of
the wind speed (Shanks 1995). Thus, after moderate
southerly winds, larvae were probably entrained in
waters near the shore of LC, which is oriented in a
north-west to south-east direction (see Fig. 1).

Nearshore larval retention during coastal 
upwelling conditions

In our study area and during most of the period when
competent Concholepas concholepas larvae were pre-
sent, the water column was stratified with a fairly con-
stant thermocline found between 10 and 15 m below
MLW (Fig. 6b). However, during the study period we
found evidence for the occurrence of several coastal
upwelling events. These events result from the off-
shore movement of the upper sea surface layer of
the water column (above the well-established ther-
mocline), lifting colder and relatively shallow water
masses towards the shore. Moreover, the depth range
for onshore movement in the Peru-Chile upwelling
system is particularly shallow, probably as a result of
the extreme narrowness of the shelf (Tomczak &
Godfrey 1994, p. 144). Our direct evidence for the
occurrence of shallow coastal upwelling events is
based on different and independent measurements:
(1) the significant relationship between equatorward
winds and the drop in sea surface temperature at LC;
(2) high values of Ekman transport (Mx > 500 m3 s–1

km–1) were associated with abrupt drops in sea surface
temperature (Fig. 5); (3) the similar temporal pattern in
sea surface temperature variation between EQ and LC,
demonstrates that the phenomenon occurs simultane-
ously over 10s of kilometers; and (4) the shape of the
thermal section on the transects sampled on November
5 (period of strong upwelling index) indicates that
upwelling was occurring close to shore. As repre-
sented in Fig. 6a, the temperature section shows a
clear pattern of cold water being upwelled near the
coast with the thermocline breaking the surface
between 6 and 8 km from the shore.

A hypothesis based on local upwelling has been
frequently proposed to explain offshore and inshore
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advection of larvae that live at or near the surface
(Roughgarden et al. 1991, Wing et al. 1995a,b, Miller &
Emlet 1997). It assumes that during upwelling events,
larvae in the neuston are transported offshore as a con-
sequence of the horizontal displacement of the surficial
waters. During periods of relaxation, the upwelling
front would transport larvae back toward the shore,
thus favoring their settlement. Occurrence of such a
phenomena has been elegantly demonstrated by
Shanks et al. (2000) along the coast of North Carolina.
The authors showed that different types of inverte-
brate larvae, including gastropods, were transported
shoreward by the front during the relaxation phase of
the upwelling event. Based on this model, we would
then expect to find competent Concholepas concho-
lepas larvae distributed offshore and concentrated at
the front during strong upwelling favorable southerly
wind conditions. On the contrary, in our study area,
characterized by intermittent upwelling events (Strub
et al. 1998), competent C. concholepas larvae were ex-
clusively found between the upwelling front and the
shore (Fig. 6a). Since offshore transport is expected to
be strong during upwelling conditions, C. concholepas
larvae must find a way to remain in nearshore up-
welled waters. The absence of larvae at the sea surface
during our night surveys suggests that this species
could be potentially capable of reverse vertical migra-
tion (migration down into the water column at night). If
so, at night, larvae would reach the cold deeper layer
below the thermocline (ca. 15 m depth) and would then
be transported shoreward by the upwelled waters. For
example, there is evidence showing that reverse verti-
cal migration can play a role in the net shore advection
of crab larvae, taking advantage of inshore-offshore
sea breezes (Shanks 1986). Although there are some
laboratory observations on behavioral and physical
characteristics of competent C. concholepas larvae that
would support their vertical migration capabilities,
they are not conclusive. The presence of a byssal
thread (DiSalvo 1988, DiSalvo & Carriker 1994) and
the observations of a bubble capture mechanism (P. H.
Manríquez pers. obs.) by these larvae support our sug-
gestion of vertical migration.

CONCLUSIONS

This study demonstrates how southerly winds,
dominant for this region during spring and summer
time (Reyes & Romero 1977, Sievers & Silva 1979,
Avaria et al. 1989, Rosales & Balbontín 1994), can
affect the spatial distribution of competent larvae of
Concholepas concholepas. On the one hand, moderate
southerly winds may favor the direct advection of
larvae towards the coast (surficial downwind transport,

Shanks 1995). On the other hand, when southerly
winds are strong enough to provoke upwelling, the
reverse vertical migration of competent C. concho-
lepas larvae could allow their retention between
the upwelling front and the shore. Further evidence
supporting the existence of this potential retention
mechanism should guide future research efforts,
particularly those concerning the role of vertical
migration affecting larval transport, toward settlement
habitats.
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