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ABSTRACT 

Knowledge of patterns and processes underlying spatia-temporal variability in recruitment, as well as its relationship with the 
spawning stock size. is crucial to understand the dynamics of a population through time. In the case of benthic organisms, their 
complex life cycle often involves a planktonic phase affected by dispersal processes, which are responsible for high variability 
in recruitment. Exposed. high energy sandy beaches, constitute a distinct and well-defined ecosystem which fall into the 
category of physically stressed environments. In this sense. it has been largely considered that spatial and temporal recruitment 
patterns in exposed sandy beach populations should be fully explained by their adaptation to such a dynamic environment, 
being biotic interdepcndences mainly limited to low energy beaches. However. little is known about long-term recruitment 
variability in these populations and, with the exception of two recent examples given in this review, reliable predictions of 
recruitment from a given level of stock have not been demonstrated. Potential causes are: (I) the inherent difficulties in 
sampling and experimentally manipulating the generally small or mobile infauna: (2) the horizontal and vertical space 
partitioning of the habitat, which makes the recognition of biological interdependences very complex: (3) the general lack of 
long-term data sets directed to estimate such type of relationship; and (4) the absence of information about the scale-
dependence of processes and patterns structuring sandy beach populations. In this paper I review existing information about 
recruitment variability in sandy beach popuiations. Regulatory mechanisms causing population fluctuations in the long-term 
and at different spatial scales, and the biotic and abiotic processes responsible for it. are analyzed in comparison with 
invertebrates of rocky and soft. sheltered shores. It is unclear how the conclusions emanated from intertidal rocky and soft-
bottom sheltered habitats apply to exposed beaches. The lack of scientific knowledge emphasizes the need for additional 
observations on the natural history and long-term dynamics of exposed sandy beach populations. Recent results obtained from 
long-term studies suggest that the traditional designation of exposed sandy beach populations as physically structured seems 
incomplete. The definition of the relevant scales of analysis, which will vary according to the research question, and the 
recognition of a physical-biological coupling in different scales, shows an alternative approach concerning the study of 
population regulation and dynamics in exposed sandy beaches. 
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RESUMEN 

El conocimiento de Ios patrones y procesos que gobiernan la variabilidad espacio-temporal del reclutamiento, asf corno su 
relacion con el tamailo del stock desovante que lo genera. es crucial para entender la dinamica de una poblacion en el tiempo. 
En el caso de organismos bentonicos, su ciclo de vida complejo involucra una fase larval planct6nica que es afectada por 
procesos de dispersion. Ios cuales ocasionan una alta variabilidad en el reclutamiento. Las playas de arena expuestas constitu-
yen un ecosistema peculiar categorizado corno ffsicarnente estresante. En tal sentido, ha sido considerado que la variacion 
espacio-temporal en Ios patrones de reclutarniento de playas de arena expuestas serfa explicada en su casi totalidad por su 
capacidad de adaptacion a ese ambiente dinamico, estando !as interdependencias biologicas limitadas principalmente a playas 
de arena de baja energfa. A excepci6n de dos ejemplos recientes analizados en esta revision, se sabe poco acerca de la 
variabilidad en el reclutamiento de estas poblaciones en el largo plazo y no se ban cuantificado predicciones confiables del 
reclutamiento a partir de un nivel dado de stock parental. Posibles razones de esto son: (I) la dificultad de muestreo y 
experimentación de la generalmente pequeila y móvil fauna; (2) la particion tridimensional del habitat que dificulta el recono-
cimiento de interacciones intraespecfficas: (3) la alarmante carencia de estudios de largo plazo que permita estimar tal tipo de 
relaci6n, y (4) la ausencia de informaci6n acerca de estudios a diferentes escalas de espacio sobre Ios procesos y patrones que 
estructuran dichas poblaciones. En este trabajo presento una revision de la inforrnacion existente sobre la variabilidad en el 
reclutamiento en poblaciones de play as de arena. Analizo la importancia de algunos mecanisrnos regulatorios de la abundancia 
en el largo plazo. !as escalas de espacio relevantes y Ios factores bi6ticos y abioticos responsables de ellos, a traves de un 
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análisis comparativo con poblaciones de litorales rocosos y de fondos blandos protegidos. Considero que no seria adecuado 
extrapolar !as conclusiones detivadas de habitats rocosos y de fondos blandos protegidos a playas de arena expuestas. La 
carcncia de conocimiento cientffico sobre el t6pico hace imperiosa la necesidad de lograr observaciones adicionales acerca de 
la historia natural y dinamica de tales poblaciones. Sin embargo, resultados recientes sobre el t6pico, derivados de estudios de 
largo plazo, sugieren que la designaci6n tradicional de !as poblaciones de playas de arena como ffsicamente controladas es 
incompleta. La definici6n de !as escalas de analisis relevantes, !as cuales variaran con la pregunta en cuesti6n, asi como el 
reconocimiento de un acoplamiento ffsico-biol6gico en !as diferentes escalas de espacio y tiempo, parecen indicar una aproxi-
maci6n alternativa al estudio de la regulaci6n y dinamica de poblaciones de playas de arena. 

Palabras clave: escalas de espacio. interdependencias bi6ticas, largo plazo. 

INTRODUCTION 

The dynamics of a population is determined 
by the balance between increases in biomass 
due to recruitment, growth and immigration, 
and losses due to fishing and natural 
mortality, and emigration. In this context, 
knowledge of the relationship between stock 
size and subsequent recruitment is crucial to 
understand population variability through 
time. Recruitment variability includes the 
role of the probable response to perturbations 
such as harvesting, and the incidence of en-
vironmental stochasticity in its long-term 
dynamics and at different spatial scales 
(Orensanz, I 986, Fogarty, I 989) .. 

In benthic invertebrates, recruitment va-
riability can be considered as the main factor 
affecting stock abundance, with random 
fluctuations in the physical environment 
generally outweighing the effects of stock 
size (Coe, 1956, Hancock, 1973, Connell, 
1985, Raimondi, I 990). Their complex life 
cycle (sensu Roughgarden et al., I 988) 
involves an early planktonic phase in which 
larvae are affected by dispersal processes on 
a variety of spatial and temporal scales 
(Tremblay & Sinclair, I 990, 1992). Subse-
quent settlement depends on finding available 
space on adequate substratum, possibly 
limited by the size of adult population. 

In the case of intertidal species living in 
habitats characterized by high environmental 
stress (sensu Menge & Sutherland, 1987) as 
exposed sandy beaches, changes in several 
environmental factors which may act simul-
taneously in small areas (e.g. a combination 
of temperature, salinity, humidity and oxy-
gen) introduce another source of variability 
(Brown & McLachlan, 1990). The observed 
large fluctuations in abundance of two-phase 
species (planktonic larvae and benthic adult 
stage), when compared to otherwise similar 
one-phase species, have led to their descrip-

tion as resurgent populations (Coe, 1953, 
1956, Mikkelson, 1981, Ansell, 1983). In 
this sense, it has been mentioned that "com-
munity and population patterns on exposed 
sandy beaches are the consequence of indivi-
dual responses to the swash climate, sand 
movement and liquefaction on the beach face 
and are not greatly controlled by biological 
interactions" (McLachlan, 1988). 

Adult-larval and adult-recruit interactions 
seem to have a greater potential on sheltered 
shores (Woodin, 1976, 1986, Peterson, 1979, 
Andre & Rosenberg, 1991), where there are 
many species more specialised and less op-
portunistic than in exposed sandy beaches 
(McLach1an, 1988). In exposed habitats there 
is no apparent shortage of food or space, and 
the extra depth dimension available favors 
habitat partitioning both horizontally and ver-
tically (Branch, 1984 ). However, regulatory 
mechanisms given by interactions between 
established adults and newly settled recruits 
have recently been suggested as an alterna-
tive way in structuring soft-bottom suspen-
sion-feeding populations of exposed sandy 
beaches (Defeo et al., 1992, Defeo 1993: see 
below). Hence, a physical and biological 
coupling might determine survival rates and 
could have a direct effect on recruitment. 

In this paper I review existing information 
about larval dispersal, settlement, recruit-
ment variability and the stock-recruitment 
relationship (SRR) in sandy beach popula-
tions. Regulatory mechanisms at different 
spatial scales, and the biotic and abiotic 
processes responsible for it, are analyzed in 
comparison with invertebrates of rocky and 
soft, sheltered shores. Some guidelines for 
future research are also given. 

LARVAL DISPERSAL 

Physical, chemical, and biological factors 
affecting long range dispersal of early 
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planktonic stages, may constitute key deter-
minants in explaining recruitment success 
and variability of coastal invertebrates. Since 
the early work of Thorson ( 1950), it has been 
recognized that pre-settlement processes 
influence the population dynamics of littoral 
invertebrates with pelagic larval phase. 
However, it was not until present that the 
role of larval recruitment on the population 
dynamics and community structure of 
benthic macrofauna is being the centre of ac-
tive empirical research (Grosberg, 1981, 
1982, Roughgarden et al., 1984, Caffey, 
1985, Connell, 1985, Gaines & Rough-
garden, 1985, Sutherland, 1990, Scheltema, 
1986, Menge & Sutherland, 1987, Hughes, 
1990, Menge, 1991). The majority of these 
studies have been focussed on rocky shores, 
and include mathematical models which 
deal with the interaction between the adult 
and larval phases in both space and time 
(Possingham & Roughgarden, 1990, Pascual 
& Caswell, 1991 ). 

Dispersal of planktonic larvae is highly 
variable among benthic species, both in 
spatial and temporal scales (Mileikovsky, 
1971, Mann, 1986; Scheltema, 1986), being 
conditioned by the length of the planktonic 
stage as well as the rate and direction of 
currents along coastlines that transport it 
(Oison, 1985, Strathmann, 1986, Hill, 1991 ). 
In relation to this, seasonal changes in the 
intensity and direction of coastal winds will 
determine the magnitude of horizontal 
transport of larvae (Botsford, 1986a, b, 
Scheltema, 1986, Roughgarden et al., 1988). 
As a result, some abiotic variables of a 
coastal system (e.g. salinity) may fluctuate 
according to circulation patterns and hence 
become important agents of larvae mortality. 
Variability in the short-term tide regime 
actillg as a passive transport agent, may also 
account for wide fluctuations in larval 
availability (Levin, 1984, 1986). The amount 
of suitable habitat and available space to 
settle are also factors that will determine the 
amount of larvae that will settle together in 
one place, hence determining the spatial 
landscape of the (benthic) adult population 
(Strathmann, 1974, Palmer & Strathmann, 
1981, Connell, 1985). 

Studies of larval dispersal of soft bottom 
macrofauna are less abundant than in their 

rocky counterparts, and are referred almost 
exclusively to sheltered shores (Woodin, 
1976, 1986). Little is known about dispersal 
of meroplanktonic larval phases of exposed 
sandy beach macrofauna (but see Efford, 
1970), and the mechanisms influencing 
larval distribution are still poorly understood. 
In a comprehensive review of the genus 
Donax, An sell ( 1983) reported the oc-
currence of a "bysso-pelagic phase" in which 
the byssus filament is used as a float, 
allowing resuspension, transport and the 
selection of substrate by early benthic stages. 
Brown (1983) suggests that in high energy 
beaches, habitat choice is critical at the end 
of larval development, and that it must be 
made repeatedly as migratory behaviour 
carries the animals to less favourable or 
unsuitable habitats. Several sandy-beach 
species explore the substratum before 
settling and may even delay metamorphosis 
until suitable conditions are found, depend-
ing on the sedimentology characteristics, 
including its organic content (Brown, 1983 ). 
Other environmental conditions (e.g. salinity 
gradients) are important in defining suitable 
areas with greater probability of successful 
recolonization (Efford, 1970, Defeo et al., 
1986). 

What is frequently ignored in benthic ma-
crofauna of exposed sandy beaches is how 
the next generation is recruited to restock the 
parental population. Up to now, the unique 
research dealing with the study of the role of 
currents in the spread of pelagic larvae of 
such ecosystems is the one of Efford (1970). 
He attributed the regular occurrence of spe-
cies with pelagic larvae in certain areas to the 
existence of mechanisms for repopulation 
of the parental area despite the dispersal of 
planktonic phases. Efford suggested four 
hypothesis to explain dispersal mechanisms 
and settlement behaviour of sandy beach 
invertebrates, as exemplified by the sand 
crab Emerita analoga: 

I) The counter current hypothesis. Larvae 
would tend to remain near the coastline 
from which they came, as a result of the 
presence of coastal current and counter-
current running parallel to the shore. The 
hypothesis implies mixing and therefore 
no morphological cline. 
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2) The gyral hypothesis. A gyral regularly 
brings larvae back nearshore. 

3) The nursery area hypothesis. Larvae drift 
for a short time and, after moving off-
shore, spend the rest of their larval life in 
nursery areas. Larvae found in the 
plankton many miles offshore are destined 
to die or populate new beaches, but not 
those on their original coastline. Larvae 
populate beaches adyacent areas from 
which they came, thus determining mor-
phological differences between popula-
tions at the end of the distribution. 

4) The rearing current hypothesis. Species 
with restricted spawning areas produce 
planktonic eggs and larvae which are 
dispersed to another restricted but suitable 
area for settlement and recruitment. 

The point at which physical forces become 
sufficient to override any active component 
has not been adequately examinated. More-
over, there is not enough knowledge con-
sensus about which mechanism explain 
better the retention of larvae or spatial 
variability patterns in settlement of exposed 
sandy beach populations. Testing Efford' s 
hypotheses is considered a useful aid for 
analyzing the problem. 

SETTLEMENT 

In this review, settlement is defined as the 
termination of a pelagic larval phase and the 
assumption of a sessile or nonsessile seden-
tary life (Scheltema, 1974 ), and recruitment 
as the number of organisms that have attain-
ed a minimum size and have been resident 
in the benthic population for some time 
(Keough & Downes, 1982, Connell, 1985). 

Settlement variability of intertidal popu-
lations has been focussed mainly on hard 
bottoms, particularly on barnacles (Connell, 
1961, 1963, 1985, Denley & Underwood, 
1979, Grosberg, 1982, Caffey, 1985, Rai-
mondi, 1990, Possingham & Roughgarden, 
1990). Settlement has also been intensively 
studied in soft-sediment sheltered beaches, 
lagoons and estuaries (Caddy, 1966, Woodin, 
1976, 1986, Peterson, 1977, 1979, 1982, Ert-
man & Jumars, 1988, Andre & Rosenberg, 
1991 ). Because of the presence of pre-

settlement (i.e. larval dispersal of planktonic 
stages) and post-settlement stages, the im-
portance of each stage to the benthic species 
distribution and abundance in both space 
and time and the biotic and abiotic factors 
involved in such processes is often unclear 
(Underwood & Denley, 1984). 

Variability in settlement magnitude of lit-
toral populations has been related to (Rai-
mondi, 1990, and references therein): (I) 
pre-settlement mortality during dispersal, 
affected by winds, currents and tide variabil-
ity; (2) mechanisms affecting delivery from 
nearshore waters to the substrate (e.g. near-
shore turbulence); (3) factors affecting larval 
attachment to the surface, depending on the 
characteristics of the physical environment; 
and ( 4) larval-adult interactions at the time 
of settlement, which can increase or, in high 
densities, decrease settlement. Woodin 
( 1986) reviewed study cases in which se-
lective and non-selective settlement of soft 
bottom populations of sheltered shores were 
documented. Five patterns of settlement were 
identified: (I) gregarious settlement; (2) se-
lection of a site due to the presence of a posi-
tive cue rather than the presence of conspe-
cifics; (3) no obvious pattern of positive or 
negative selection; (4) rejection of sites be-
cause of the presence of a negative cue; and 
(5) passive entrainment of larvae. Woodin 
( 1986) stated that some of the cues used by 
larvae on hard substrata organisms may be 
different in infaunal systems, and much of 
the habitat modification through sediment-
mediated interactions that is so common in 
sedimentary systems (see e.g. Rhoads & 
Young, 1970, Rhoads, 1974, Wilson, 1991) 
has no direct parallel in hard bottoms. Which 
of the patterns is of greatest importance in 
determining settlement patterns, has been a 
source of controversy among workers of 
soft-bottom communities (Hall, 1983). 

Benthic macroinfauna of exposed sandy 
beaches has highly variable patterns in 
settlement, both spatially and temporally, 
among different species and subpopulations 
of the same species (Coe, 1953, 1956, Efford, 
1970, Ansell, 1983, Defeo et al., 1986, 1992), 
which has led to the concept of resurgent 
populations. As exposed, dissipative beaches 
are physically stressed environments, pop-
ulations and communities are thought to be 
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regulated mainly by physical factors 
(McLachlan et al., 1993). Hence, adaptations 
to abiotic factors are probably the best way 
of understanding settlement/recruitment 
variability in such systems (McLachlan, 
1983). Organisms often have special behav-
ioural adaptations to settle and live, which 
includes: motility and ability to burrow 
rapidly (Ansell, 1983, Brown, 1983), brood 
protection (Croker et al., 1975, Wooldridge, 
1981 ), sensitivity to water flow and current 
direction and a tidal migratory behaviour 
which involves movement on the beach 
following the swash zone (McLachlan, 
1988). Passive sorting by the "cusp circula-
tion" swash pattern and active selection of 
suitable areas have been mentioned as the 
underlying regulating factors in the spatial 
distribution of settlers, juveniles and adults 
(McLachlan & Hesp, 1984, Defeo et al., 
1986, de Alava, 1989, Donn, 1990, de Alava 
& Defeo, 1991 ). These would result in patchy 
distributions by ages/sizes, with zonation 
patterns subjected to temporal fluctuations 
due to predictable (movement and sorting 
by the swash) or unpredictable (storms) en-
vironmental factors (Barnes & Wenner, 
I 968. Cubit, I 969, Ansell, 1983, McLachlan, 
1983, Sastre, 1985, Donn, 1990). 

As a result of the above concepts, it has 
been suggested that such biotic mechanisms 
are mainly limited to low energy beaches 
(McLachlan, 1988, 1990). However, alterna-
tive explanations of settlement and recruit-
ment regulation resulting from food availa-
bility, interactions within age/size classes 
and a set of compensatory mechanisms (e.g. 
density-dependent fecundity, growth and 
survival rates) may also account for the 
space-time population variability (Croker & 
Hatfield. 1980, de Alava & Defeo, 1991, 
Defco et al., I 992). In this sense, the lack of 
scientific knowledge opens a question about 
the relative contribution of abiotic and biolo-
gical factors (e.g. larval-adult interactions) in 
determining settlement patterns. 

ADULT-LARVAL AND ADULT-RECRUIT 
INTERACTIONS. WITH SPECIAL REFERENCE TO 

SUSPENSION FEEDING BIVALVES 

Adult-larval and adult-recruit interactions are 
important regulatory mechanisms in dense 
assemblages of benthic fauna (Wilson, 

1991 ). The majority of the investigations of 
adult-larval interactions in invertebrates 
have been done on rocky (Raimondi, I 990) 
and soft-bottom -sheltered- shores (Peterson, 
1979, 1982, Hall, 1983, Black & Peterson, 
1988). Detection of intra and interspecific 
competition in benthic macroinfauna of soft-
bottom intertidal areas is comparatively 
uncommon (Dayton, 1984, Jensen & Kristen-
sen, 1990), primarily because of the inherent 
difficulties in sampling and experimentally 
manipulating the generally small or mobile 
infauna (Dayton & Oliver, 1980, Marelli, 
1990), and also because of the three-dimen-
sional structure of the habitat, which makes 
the detection of biological interdependencies 
very complex (Peterson, 1979, Branch, 1984, 
Wilson, 1991 ). 

Many field studies in soft-bottoms, carried 
out particularly with filter feeding bivalves 
and designed to test the effects of adults on 
settling larvae, have yielded variable results 
(Williams, 1980, Maurer, 1983, Andre & 
Rosenberg, 1991 ). Difficulties in discerning 
differential mortality of settling larvae with 
post-settlement dispersal and habitat selec-
tion (Woodin, 1986, Holm, 1990), and inad-
equate sampling design and statistical 
power of tests used (Ertman & Jumars, 1988) 
make that the significance of interactions 
between adults and larvae in structuring soft-
bottom communities has been strongly 
questioned (Black & Peterson, 1988, Ertman 
& Jumars, 1988, Olafsson, 1989). On the 
contrary, other studies suggest that adult-
larval and adult-recruit interactions in filter 
feeding organisms may play a major role in 
explaining growth, mortality and recruitment 
variability observed in the field (Thorson, 
1966, Woodin, I 976, Peterson, 1982, Moller, 
1986, Orensanz, 1986, Andre & Rosenberg, 
1991 ). In such cases, settlement is viewed as 
an active larval process to select a habitat 
(Osman et al., 1989), while resident adults 
have been found to: (I) reduce the settlement 
rate by either filtering settling larvae out of 
the water column or seizing available space 
(Woodin, 1976, 1986, Todd & Doyle, 1981, 
Crowe et al., 1987, Andre & Rosenberg. 
1991, Andre et al., 1993); (2) increase settle-
ment through gregarious responses (Crisp, 
1984, Raimondi, 1988); or (3) alter settle-
ment by influencing current flow or bottom 
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boundary layers (Butman, I 987). Concerning 
point ( 1 ), many studies conducted on filter 
feeders have shown that in cases of lower 
adult densities, an extensive recruitment 
occurs; and on the other hand, heavy abun-
dances of adults inhibit settlement when 
biomass or density are above a threshold 
(Hancock, I 973, Peterson, I 979, Williams, 
1980, Moller. 1986, Orensanz, 1986, Caddy, 
1989b, Defeo, 1993). 

Food and space have been considered as 
potential limiting resources in soft-bottom 
communities (Wilson, 1991, Peterson & 
Black, 1987, Olafsson, 1988, 1989), with 
indirect competitive mechanisms (exploita-
tive competition) governing the relationship 
between adults and recruits (Wilson, 1983, 
Frechette & Lefaivre, 1990). Sediment-
mediated interactions represent another 
source of variability, as the activity of soft-
sediment organisms can drastically modify 
the physical nature of the habitats (Wilson, 
1981, 1984, 1991, Brenchley, 1982). In sus-
pension feeders, the inhalant and exhalant 
currents produced by siphons provide a 
source of physical disturbance, because their 
activity when combined with water move-
ment tends to mobilize and passively ac-
cumulate sediment around projecting bivalve 
siphons, and hence preclude settlement 
(Peterson. 1979, Ertman & Jumars, 1988). 

In sheltered beaches, Hall ( 1983) found 
that successful recruitment of the Manila 
clam Tapes philippinarum depends partly on 
segregating and congregating forces between 
larvae attempting settlement and the adult 
population. The former may result in nega-
tive interactions between adults and larvae, 
which in turn generates a regular spacing be-
tween individuals as a result of competition 
for space and food. Density-dependent 
effects in growth and mortality of the newly 
settled cohort should be expected. 

Though poorly documented, the above 
mentioned biological interactions had been 
thought to be unimportant on exposed, high 
energy beaches (McLachlan, I 988, but see 
Croker & Hatfield, 1980, Defeo et al., 1992, 
Defeo, 1993). It was argued that the inability 
of competitors to crush or undercut in the 
sediment, the extra depth dimension 
available, the improbability of starvation and 
no shortage of resources makes biological 

interactions less important than in rocky 
shores (Branch, 1984, McLachlan, 1988). 
Nonetheless, it is clear that the presence and 
degree of biological interactions across the 
wave exposure gradient requires further 
study, as its real ecological significance has 
not been adequately assessed (see Mc-
Lachlan & Bate, 1983). 

SPATIAL PATTERNS OF RECRUITMENT: 
ECOLOGICAL HETEROGENEITY AND THE 

IDENT!FICA TION OF THE ADEQUATE 
SCALES OF ANALYSIS 

It has been commonly mentioned that the ob-
served regular patterns in physical processes 
determine the persistence of natural popula-
tions (Sinclair, 1987). However, many popu-
Iations undergo predictable or unpredictable 
fluctuations associated with spatial and 
stochastic heterogeneity of the environment. 
A growing body of evidence suggests that 
spatial and temporal distribution of marine 
invertebrates and the surrounding environ-
ment are not homogeneous. Benthic habitats 
can be seen as a mosaic of environmental 
quality produced by spatia-temporal var-
iability in physical conditions, which, in turn, 
are responsible for the clumped distribution 
of macrofauna observed in the field (Crow) 
& Schnell, 1990, Thrush, 1991, Barry & 
Dayton, 1991; Giinther, 1992). 

Any relation between stock size and 
recruitment in benthic invertebrates is the 
result of diverse processes decoupled in dif-
ferent spatiotemporal scales (Orensanz, 
1986). Recruitment is decoupled from local 
reproduction by larval dispersal processes 
of variable intensity, which introduce an 
important source of variability in the pop-
ulation dynamics of a species (Loosanoff, 
1966, Pascual & Cas well, 1991 ). As a result, 
benthic populations usually take the form of 
mega or metapopulations, i.e. self-reproduc-
ing local aggregations with widely separated, 
hydrographically defined geographic loca-
tions, interconnected by variable degrees of 
larval dispersal and genetic flow (Orensanz, 
1986, Sinclair, 1987, Caddy, 1989a). 

It has been mentioned that recruitment to 
local beaches may be dependent on the local 
density of the spawning stock (De Villiers, 
1975, Defeo et al., 1992, Defeo, 1993). 
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However, the existence of a common larval 
pool of several beach populations (i.e., mega 
or metapopulations) might also contribute to 
explain recruitment variability through time 
(Wade, 1968). These studies emphasize the 
importance of a clear definition of spatial 
and temporal scales in order to identify 
sandy beach population patterns and the 
processes that determine them (see Orensanz 
et al., 1991 for a clear definition of spatial 
scales). Space-time scales for biological and 
physical processes operating on sandy beach 
populations could not always be the same. 
For example, stochastic, episodic environ-
mental events, may alter spatial and temporal 
patterns of abundance (Arntz et al., 1987), 
whereas regular climatic variations over 
years to decades might also result in inter-
annual changes of distribution and abun-
dance, as ob;erved for other benthic popula-
tions (Caddy, 1979, Botsford, 1986a). 

As in their rocky counterparts, distribution 
of the macroinfauna in sandy beaches and 
other soft-bottom habitats depends on envi-
ronmental heterogeneity, life history charac-
teristics and biological interactions among 
community members, all of them operating 
at different spatial scales (Crowe et al., 1987, 
Thrush, 1991, Defeo, 1993 ). For example, 
while patterns of larval dispersal depend on 
processes occurring at large spatial scales (i.e. 
tens of kilometers), active larval selection 
occurs at spatial scales of centimeters. Physi-
cal cues, biological interactions and biogenic 
environmental changes (Brenchley, 1982, see 
review in Barry & Dayton, 1991) contribute 
to micro-scale heterogeneity and patchiness. 

For sandy beach organisms, the quality 
of the site affects settlement and hence the 
distributional pattern of a population (Hall, 
1983 ). The existence of well defined macro 
(alongshore) and micro (intertidal) environ-
mental gradients conform the general frame-
work of habitat suitability (Bally, 1983a, b, 
Defeo. 1993, Jaramillo et al., 1994), and pro-
duce clear distributional patterns at a variety 
of spatial scales (i.e. geographic patterns and 
zonation: Bally, 1983b, Jaramillo, 1987a, b). 
The characteristics of the site chosen for 
settlement include the magnitude of the adult 
stock present on the beach, which may 
constitute an evidence of good conditions for 
survival (Defeo et al., 1986). 

STOCK-RECRUITMENT RELATIONSHIP: 
THEORY AND APPLICATION FOR SANDY 

BEACH POPULA TIONS 

Traditional models. There are two classic 
approaches which determine the stock-
recruitment relationship (SRR). The simplest 
is the first one of Beverton & Holt (1957), 
which states that between hatching and 
recruitment there are two components of 
mortality, density independent and density 
dependent: 

aS 
R= 

fi+S 

where R is recruitment, S is spawning stock 
(both expressed in numbers or biomass), a 
expresses the density-dependent mortality, 
and fl the density-independent mortality. In 
this model recruitment is asymptotic to 
stock. 

The second formulation is that of Ricker 
(1954): 

R = ase-hS 

in which the stock-dependent mortality, b, is 
generated by mechanisms such as canniba-
lism, aggregation of predators and competi-
tion for limiting resources. a is a parameter 
representing the density-independent morta-
lity. This model is dome-shaped. 

Shepherd ( 1982) introduced a three-para-
meter recruitment model expressed by the 
following equation: 

aS 
R= 

1 + (SikJ'' 

where R and S are defined as above, a is a 
positive scaling factor or fecundity constant 
with no density-dependence, b is a density-
dependent parameter or compensation coef-
ficient and k is the threshold population size 
above which density-dependent processes 
predominate (Cushing, 1988, Saila et al., 
1988). 

Some knowledge of the possible mech-
anism underlying the nature of the SRR 
could be used to decide which theoretical 
curve is employed (Cobb & Caddy, 1989). 
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More complex or alternative shapes of 
models were developed (see Hilborn & 
Waiters, 1992), but the three mentioned 
above capture most of the biological features 
underlying population variability through 
time. That is, the three models consider in a 
different extent the relative importance of 
density-dependent, compensatory mech-
anisms in regulating populations (Cushing, 
1988). A compensatory mechanism is a 
process by which the effect of one factor on 
a population tends to be counteracted or 
compensated by a consequential change in 
another factor (Cooke, 1984: p. 342). On the 
other hand, the mechanisms underlying the 
Ricker model are stock-dependent (Hilborn 
& W alters, 1992) and lead to overcompensa-
tion, i.e. the decrease of total recruitment at 
large spawning stock sizes. 

The traditional approach to estimate the 
parameters of these SRR models has been 
deterministic. Fogarty ( 1989) and Fogarty et 
al. ( 1991) emphasize the need to develop 
stochastic models in order to characterize the 
dynamics of exploited populations. In these 
models, mortality rates during the planktonic 
phase may be treated as random variables 
with no explicit linkage to environmental 
factors. This is particularly valuable in the 
case of exposed sandy beach populations 
with high fecundity, variable periods of 
planktonic larval phase and high variance in 
recruitment. 

In spite of the important theoretical de-
velopments in understanding recruitment 
dynamics, there is little specific evidence for 
a direct SRR in invertebrates (Caddy, 1989b, 
Cobb & Caddy, 1989, Caputi, 1993), al-
though larval-adult interactions can lead to 
compensatory or overcompensatory mecha-
nisms, and hence to statistical relationships 
similar to those described by Ricker ( 1954) 
(Hancock, 1973, 1979). The type of specific 
compensatory mechanisms involved depends 
on the characteristics of the species and type 
of habitat (Caddy, 1986). The passive filter-
ing of planktonic larvae by established adults 
or potential competition for food could 
prevail in soft bottoms. However, the dif-
ficulties in detecting density-dependence 
from field sampling (Solow, 1990), and the 
lack of observations of specific regulatory 
mechanisms at appropriate spatial and tern-

poral scales, often frustrate the delineation of 
a clear SRR. 

The combined role of environmental forc-
ing and density-dependence can also account 
for recruitment variability in invertebrate 
populations (Botsford, 1986a, 1986b, Caputi, 
1993 ). In this sense, Tang (1985) integrated 
environmental variables to the stock-recruit-
ment models above described, an approach 
which has been succesfully applied to in-
vertebrates (Penn & Caputi, 1986, Phillips & 
Brown, 1989, Penn et al., 1989); however, 
this approach must be treaten with caution, 
as a SRR constructed from catch data would 
merely reflect spurious correlations derived 
from the relationship between catch success 
and environmental variability (Botsford, 
1986b, see also Hilborn & Waiters, 1992). 

Novel approaches. The above mentioned 
models were developed to outline factors 
controlling the long-term dynamics of the 
population, rather than to provide short-term 
recruitment forecasting. The spatial structure 
of the population is not considered in these 
approaches. Recently, Gaines & Rough-
garden (1985), Roughgarden & Iwasa 
(1986), Roughgarden et al. (1985, 1988) and 
Possingham & Roughgarden ( 1990) develop-
ed detailed models of the coupling between 
hydrodynamic processes, habitat structure 
and abundance of larvae and adults, in order 
to predict the spatial population dynamics of 
rocky shore organisms with two-phase life 
cycle. The models thus generated couple 
processes occurring at different habitats (i.e. 
planktonic and benthic) with dissimilar time 
scales (Roughgarden et al., 1988). Pascual & 
Cas well ( 1991) extended Roughgarden' s 
deterministic models to benthic populations 
classified by size, and found that processes 
freeing space in the system, such as low 
settlement and high mortality, promote 
stability, whereas higher growth and settle-
ment rates have a destabilizing effect. The 
relevance of the cited models, in which 
recruitment is completely decoup1ed from lo-
cal reproduction, depends on the scale of 
larval dispersal, the mobility of the orga-
nisms under study, and the scale selected for 
observation. In this context, intrinsic charac-
teristics of the life history of sandy beach 
organisms might be considered in order to 
apply or construct such kind of models: a 



RECRUITMENT VARIABILITY IN INVERTEBRATES 623 

regular mobility with tides and the possibility 
of vertical and horizontal stratification 
diminish the probability of space limitation. 
Moreover, as many of these ecosystems are 
often characterized by high primary pro-
duction, food depletion is not expected to be 
severe (McLachlan, 1980). 

An approach to model the spatial com-
ponent of a SRR in intertidal clams of 
sheltered beaches, was done by Hall ( 1983). 
He integrated the spatial variability of the 
population subcomponents with respect to 
the height of the tidal level, also considering 
three major components which affect the 
settlement/recmitment process (Hall, 1983: 
pp. 107-111): congregating (density inde-
pendent) and segregating (density dependent) 
forces between stock and recmitment, and a 
site component which defines the quality 
of the habitat and its effects on adults and 
recmits. However, this work is intended to 
primarily reflect the effects of small-scale 
spatial distribution of adults and recmits 
from a snapshot study, rather than to 
establish a traditional SRR from a long data 
senes. 

SRR in exposed sandy beach populations. 
Studies of the coupling between physical and 
biological processes at different spatial 
scales are not found in the "exposed sandy 
beach literature". However, Defeo (1993, see 
also Defeo, this volume) and de Alava 
( 1993) recently provided some insights to de-
termine the form and nature of the SRR in 
two exposed sandy beach populations. 

Defeo ( 1993) showed one of the earliest 
evidences of the presence of strong intra-
specific interactions of a bivalve population 
inhabiting an exposed sandy beach environ-
ment, on the basis of a long-term analysis. 
The yellow clam Mesodesma mactroides of 
an exposed sandy beach of Uruguay display-
ed a significant overcompensatory relation-
ship between spawning stock and recmitment 
density, with two definite trends: I) larger 
adult densities originated during a human 
exclusion experiment (see Defeo, this 
volume) produced extremely low recmit-
ments; 2) maximum recruitment densities oc-
curred from moderately low and medium 
sizes of spawning stock. Thus, the SRR was 
best explained by the Ricker and Shepherd 
models (see Fig. 1 b in Defeo, this volume). 

Predicted recruitment by both curves (non-
linear fitting) dropped when adult density 
was above 110-130 ind/m2, which means that 
level of adult density above which overcom-
pensation occurs. Both models have a strong 
biological meaning: for example, the slope at 
the origin a in the Shepherd model expresses 
the maximum number of recruits per unit 
adult density of (mean ± SE) 8 ± 3 recruits/ 
adult, suggesting a strong resilience of the 
yellow clam population in the presence of 
low spawning stock densities. The value of b 
was greater than I, thus indicating intense 
overcompensation in the yellow clam pop-
ulation. The value of k was 132 ± 37 ind/m2, 

which means that density-dependent proc-
esses operate mainly above this mean level 
of adult density (Shepherd, 1982, Cushing, 
1988). A potential (non demonstrated) com-
pensatory mechanism of pre-settlement, 
density-dependent mortality, could be the 
filtering of larvae out of the water column. 
Sediment-mediated interactions through the 
feeding activity may also change adjacent 
physical properties of the sediment, thus 
inhibiting settlement. This regulatory mech-
anism underlying larval survival and recmit-
ment success is consistent with those 
mentioned as possible causes of overcom-
pensation in stock-recruitment theory (De-
feo, 1993). 

The results of this long-term research also 
showed different trends in the population 
according to the spatial scale considered: 
whereas at a transect scale, a common distri-
bution pattern of adults and recmits was 
quantified, at a quadrat scale, high densities 
of recruits were never coincident with high 
densities of older clams (see also Defeo, this 
volume). The recognition of a certain maxi-
mum width of the clam bed, and also of the 
total area covered by the stock, suggested a 
limitation of available space at an adult 
density close to 120 ind/m2, augmenting the 
probability of occurrence of compensatory 
mechanisms. This value was consistent with 
the results of the SRR. 

De Alava (1993), working in the same 
exposed beach of Uruguay in a long-term 
study of the sympatric and unharvested 
wedge clam Donax hanleyanus, found that 
the long-term recruitment variability had no 
relationship with the magnitude of the 
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parental stock; recruitment could be explain-
ed by a monotonically decreasing expo-
nential function of the density of juveniles + 
adults of the yellow clam Mesodesma 
mactroides (see Defeo, this volume), i.e. 
there exists an "interspecific stock-recruit-
ment relationship" (sensu Pauly, 1980). The 
same picture as in the yellow clam example 
was observed: at a transect scale a common 
distribution pattern of adults and recruits was 
quantified, whereas at a quadrat scale high 
densities of recruits were never coincident 
with high densities of older wedge or yellow 
clams (de Alava, 1993). However, the rela-
tionship mentioned above was valid only for 
years 1983 to 1988, whereas for years 1989 
and 1990 highest densities of both popu-
lations eo-occur, as a result of the exclusion 
of humans in harvesting the yellow clam. 
This in turn suggests that temporal variations 
in recruitment could be explained by a 
technological-side interdependence given by 
the amount of fishing effort exerted over 
Mesodesma mactroides. In fact, a strong 
inverse relation between the mean density of 
recmits for the entire beach and the yellow 
clam catch or effort was detected for the 
eight years studied (Defeo & de Alava, 
1995). Even though the above, the relatively 
short time series of the two examples given 
in this review precluded powerful statements. 
One-step-ahead forecasts and predictive vali-
dation of recruitment strength for subsequent 
years will be necessary to evaluate with 
higher degree of confidence the level of 
certainty attached to the SRR. 

Recruitment variability and management 
of sandy beach stocks. Forecasting the size 
of year-classes recruiting to an area or a 
fishery is of fundamental importance in 
fisheries management. The accuracy and 
reliability of a robust stock-recruitment rela-
tionship (SRR) could enable predictions of 
year-class sizes to be made with a specified 
degree of confidence and help to optimize 
yield for a given level of recruitment 
(Sissenwine et al., 1988). However, the 
relatively weak SRR observed is considered 
one of the major uncertainties in invertebrate 
fisheries (Caputi, 1993). 

In the case of exploited invertebrates of 
open coasts, management is complex due to 
the easy access to the resource by the recre-

ational and commercial harvesters (Hall, 
1983, Defeo, 1989, Lasiak, 1991). Thus, a 
major susceptibility to stock depletion relat-
ed to the sessile or sedentary habit of these 
species, and the ease with which collectors 
can remove clumps of individuals, increase 
the probability of recruitment failure. This 
fact is often aggravated when the fishery is 
open-access, unmanaged, or even restricted 
by an overall catch quota (Defeo, 1987, 
1989). Moreover, the possibility of larval im-
migration from adjacent refuge populations 
produces "noise" in the search for an overall 
SRR, limiting the application of traditional 
population models and providing with more 
uncertainty in the management process. 

As the recruitment pattern is erratic and 
complicated by the coupling of different 
spatial scales, short and long-term mana-
gement decisions become more complex 
(Hilborn, 1986). In this sense, experimental 
management strategies with contrasting 
fishing effort levels, including human ex-
clusion experiments (Cobb & Caddy, 1989, 
Castilla, 1990, Peterson, 1990, Defeo, 1993, 
this volume, Defeo et al., 1993) will be 
needed to provide a broad range of spawning 
stock sizes, to determine the approximate 
shape of a SRR, and thus to attenuate un-
certainty in the management process. The ex-
perimental manipulation of fishing effort and 
the population through the closure of areas 
appears to be a major step forward in under-
standing the dynamics of coastal invertebrate 
populations (Castilla & Duran, 1985, Oliva 
& Castilla, 1986, Peterson & Summerson, 
1992, Defeo, 1993, this volume), including 
those inhabiting exposed sandy beaches. 

SOME BASIC QUESTIONS TO BE 
ADDRESSED IN THE NEAR FUTURE 

The few works dealing with recruitment in 
exposed sandy beaches have been con-
centrated on short-term studies and at local 
spatial scales. However, the recent studies 
dealing with recruitment variability and its 
relation with the spawning stock suggest that 
the designation of exposed sandy beach pop-
ulations as physically structured is inappro-
priate, or, at least, incomplete. Defeo (1993), 
de Alava (1993) and Defeo & de Alava 
( 1995) showed that patterns and processes in 
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exposed sandy beaches appear to be scale-
dependent (sensu Wiens, 1990), i.e., pop-
ulation variability in one scale (i.e. larger 
scale, overcompensation mechanism) may 
not lead to significant variability on some 
intermediate scale (i.e. transect scale, posi-
tive spatial bivariation of adults and recruits), 
but it could be reflected at the smallest scale 
(i.e. quadrat scale, spatial seggregation be-
tween adults and recruits). Because the scale 
dependence, studies in exposed sandy beach 
macroinfauna should be designed to incor-
pm·ate a number of hierarchical scales (sensu 
Brown & Alien, 1989) in order to better 
understand its distribution patterns (i.e., 
long-term databases, larger spatial scales). 

A physical - biological coupling given by 
the variability in reproduction and delivery 
of propagules, hydrodynamic conditions 
(waves, turbulences, currents, temperature, 
salinity and nutrient gradients), topography 
and substratum features (grain size, sorting 
and organic content), and biological inter-
dependencies (competition, predation), is 
expected to generate significant spatial and 
temporal variation in pre and post-settlement 
mortality of sandy beach populations. How-
ever, the differential role of such processes in 
understanding recruitment dynamics of 
sandy beach populations (Defeo, 1993) has 
not been adequately assessed. Once again, 
the explicit inclusion of different space-time 
scales, shows an alternative approach con-
cerning the study of population regulation 
and dynamics in exposed sandy beaches. 

The study cases above mentioned also 
showed the critical role that humans could 
also play in explaining long-term patterns of 
harvested and unharvested stocks; these 
human-induced disturbances must be con-
sidered when evaluating the long-term 
variability of exposed sandy beach popula-
tions and communities (Defeo, this volume, 
Defeo & de Alava, 1995). 

There are no explanations about the cau-
sative mechanisms that could potentially 
explain recruitment variability. For example, 
there is not enough information to verify the 
proposed mechanism of passive filtering of 
larvae out of the water column (Defeo, 
1993). Because of the scarcity of field and 
laboratory experiments and the general lack 
of data, it is unclear how the conclusions 

emanated from intertidal rocky and soft-
bottom sheltered habitats apply to dissipative 
beaches. These facts emphasize the need for 
additional observations on the natural history 
and long term dynamics of exposed sandy 
beach populations, in order to confirm the 
significance of adult-larval interactions. 

The dispersive abilities of planktonic 
larvae of the sandy beach populations are 
still unknown. The role of near-shore hydro-
dynamics in settlement/recruitment processes 
deserves more in depth studies in populations 
of sandy beaches. Studies of the planktonic 
component of the life cycle are particularly 
important to determine the scales at which 
the population dynamics is to be considered 
as an open process (see also Wade, 1968, 
Ansell, 1983, Defeo, 1993). This topic has 
crucial importance to define if exposed sandy 
beach populations could be considered as 
self-sustaining, with relative isolation of the 
rest of the species distribution. The inclusion 
of physical-oceanographic information relat-
ed to larval dispersal would be of importance 
in this context. 

It will be desirable to evaluate the inci-
dence of environmental variables in explain-
ing recruitment variability through space and 
time. Up to now, the absence of long data 
series and the intricate combination of regu-
latory mechanisms make the evidences only 
fragmentary. A time series of recruitment 
and spawning stock estimates, together with 
a set of appropriate environmental variables 
that may affect this relationship, may be 
useful to predict recruitment levels. 

Multivariate analyses traditionally per-
formed in studies of sandy beach populations 
and communities only provide a framework 
within which to focus on those variables that 
are most likely to be important in under-
standing the observed patterns of the species 
distribution, but not a cause-effect relation-
ship between stock and recruitment abun-
dance and environmental variables. Scale-
dependent experimental manipulations of 
population density are needed to test specific 
questions on this important topic. 

Fisheries development in exposed sandy 
beaches might determine a considerable 
amount of technological effects that impact 
not only the targeted species, but also the 
magnitude and strength of ecological 
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interdependencies as well (Defeo & de 
Alava, 1995). Thus, it will be desirable to 
know about by-catch processes and 
ecological-side effects of fishing, as well as 
the magnitude of habitat modification as a 
result of the harvesting process. Ecological 
field experiments, including the exclusion of 
humans as top predators, will be needed to 
quantify these effects. 
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