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ABSTRACT

The majority of shallow-water marine species have a two-phase life cycle in which
relatively sedentary, demersal adults produce pelagic larvae. Because these larval stages
are potentially subject to dispersal by ocean currents, it has been widely accepted that
local populations are open, with recruitment resulting from the arrival of larvae from
non-local sources. However, a growing number of studies indicate that larvae are capable
of recruiting back to their source population. Here, we review the evidence for self-
recruitment in demersal marine populations, drawing from studies of endemism, intro-
duced species, population genetics, stock-recruitment relationships, larval distributions,
populations at the limit of a species’ range, and applications of environmental and chemi-
cal markers. These studies indicate that self-recruitment can and does occur across spe-
cies representative of most life history traits and geographical localities. Thus, the ability
of larvae to recruit back to their natal population may be a pervasive phenomenon among
marine species. The mounting evidence in support of self-recruitment dynamics indi-
cates a pressing need for a reevaluation of the appropriateness of demographically-open
population models and their applicability to the management and conservation of marine
ecosystems.

Until the early 20th century, marine systems were considered analogous to many ter-
restrial systems that consist of groups of demographically-closed or self-recruiting popu-
lations in which reproduction by local adults gives rise to the next generation. For many
pelagic fisheries, it was believed that fluctuations in abundance were caused by adult
migration, with poor fishing years a result of few fish returning to the usual fishing grounds.
Hjort (1914) marked the beginning of a paradigm shift away from the migration theory to
the view that fluctuations in adult abundance might be caused by variable recruitment
(Sinclair, 1997). This shift in focus towards the early life history stages highlighted im-
portant differences in the life cycles of terrestrial and marine fauna.

The majority of shallow-water marine taxa have a bipartite life cycle in which rela-
tively sedentary, demersal adult stages produce larvae that develop in the pelagic envi-
ronment before recruiting to the benthos. Because many pelagic larval stages are too
small to contend with ocean currents, Thorson (1950) proposed that recruitment variabil-
ity was primarily determined by larval mortality resulting from advection away from
suitable settlement sites. If pelagic larvae are subject to transport by ocean currents away
from the parental population, local marine populations should be demographically open
with local recruitment resulting from the transport of larvae from non-local sources. Since
the 1950’s, the demographically open population model has gained wide acceptance (e.g.,
Roughgarden et al., 1985; Sale, 1991; see Caley et al., 1996 for a review).
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A variety of observations have been commonly cited in support of an open population
model:

(1) Most demersal marine species have evolved pelagic eggs and/or pelagic larvae

capable of dispersal over large distances (see Grosberg and Levitan, 1992).

(2) Pelagic eggs and young larvae are small and poorly developed, analogous to pas-
sive particles, and therefore subject to transport by currents (e.g., Williams et al.,
1984).

(3) Larvae have been found hundreds of kilometers away from suitable adult habitat
(e.g., Sale, 1970; Scheltema, 1986; Victor, 1987; Leis, 1991)

(4) Significant gene flow exists among isolated populations distributed over wide geo-
graphic regions (e.g., Winans, 1980; Nishida and Lucas, 1988; Doherty et al., 1995;
Shulman and Bermingham, 1995).

(5) Local recruitment is often highly unpredictable and uncorrelated to local produc-
tion (see Sale, 1991; Caley et al., 1996).

However, there are alternative interpretations to these findings that do not require an
open population model. First, the pervasiveness of pelagic larval development is not
necessarily a result of selection for non-local dispersal. For example, larval develop-
ment in the plankton could be a strategy to either: (1) minimize predation risk from
demersal predators, (2) increase accessibility to richer food resources, or (3) break para-
site cycles (see Strathmann et al., this issue). For these hypotheses, dispersal away from
suitable adult habitat is an occasional and unavoidable consequence of pelagic larval
development. Second, there is mounting evidence that larvae are not simply passive
particles, but in fact, exhibit a variety of behaviors which, alone or in response to local
oceanographic conditions, can strongly influence their dispersal (see Kingsford et al.,
this issue; Sponaugle et al., this issue). Third, while the capacity for long-distance dis-
persal exists in a variety of taxa, it is not known if larvae found far from suitable adult
habitat typically survive to recruit (e.g., Cowen et al., 2000) or whether long-distance
dispersal represents the predominant dispersal pattern among successful recruits. Fourth,
just a few migrants per generation can maintain genetic homogeneity of neutral genetic
markers among populations (Wright, 1951; Slatkin, 1985). This number is demographi-
cally trivial because recruitment events to local populations typically consist of orders
of magnitude more individuals. Also, in contrast to previous findings, a growing number
of studies using more sensitive molecular techniques have found gene frequency differ-
ences between neighboring populations of marine species, including those with pelagic
larval stages capable of significant dispersal (see Hellberg et al., this issue). Lastly,
decoupling between local production and recruitment can result from variability in lar-
val survival, independent of the sources of larvae (e.g., the poor predictive power of
many stock-recruitment relationships).

Determining the degree to which marine populations are sustained by self-recruitment
or dispersal of larvae from external sources is one of the greatest challenges facing ma-
rine ecologists today. Evaluating the origins of recruiting larvae has been limited by the
logistical difficulties in tracking individuals throughout a larval period that can range up
to several months. Because of the small size of most larval stages and the dynamic nature
of the pelagic environment, only a few taxa with very short larval periods (e.g., ascidians:
Olson, 1986; Young, 1986; corals: Willis, 1990) have been followed from release to settle-
ment. While larval tracking is the most direct method for identifying self-recruitment, it
is usually logistically infeasible. In the following sections, we discuss a variety of more
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widely applicable approaches for evaluating the prevalence of self-recruitment, review
the evidence for local larval retention, and highlight the diversity of life history character-
istics associated with self-recruitment in marine populations. The purpose of this review
is not to suggest that larval dispersal among populations does not occur, but to provide
evidence that, in many instances, recruitment may often result from the retention of lo-
cally produced larvae.

THE EVIDENCE

Enpemic Species.—Endemic species, by definition, represent closed systems. Of par-
ticular interest are species endemic to small regions, such as isolated islands and sea-
mounts, where recruitment over very long periods of time must have resulted solely from
local reproduction. Such local endemic species provide a unique opportunity to evaluate
not only what types of taxa are capable of self-recruiting but also the biological and life
history traits associated with self-recruitment.

On isolated islands and archipelagos, rates of endemism within many marine taxa are
often substantial. For example, within the shorefish fauna of the Central Atlantic and
Eastern Pacific islands, levels of endemism range from 3-25% (Robertson, 2001). Simi-
larly, within the molluscan fauna on isolated tropical Pacific islands and archipelagos,
levels of endemism range from 18-42% (Kay, 1979; 1991; Rehder, 1980; Brook, 1998).
If populations that colonize remote habitats are under stronger selection for local reten-
tion than less isolated localities, then we would expect small island endemics to exhibit
specialized life history traits that facilitate self-recruitment. Alternatively, if self-recruit-
ment is a general feature of most populations and the greater degree of isolation among
island endemics has simply led to speciation without any further selection for self-re-
cruitment, we would expect no consistent life history differences among endemics and
more widespread species.

What life history characteristics might be associated with endemism? Conditions fa-
cilitating self-recruitment may be temporally and spatially rare such that only popula-
tions with large reproductive potential are capable of producing some self-recruiting lar-
vae. In other words, self-recruitment may only occur by chance. Alternatively, self-re-
cruiting species may exhibit reproductive traits that increase the per capita probability of
local larval retention. Some measurable life history traits that could influence reproduc-
tive capacity and/or the probability of local larval retention are outlined in Table 1. Char-
acteristics that are likely to increase the numbers of self-recruiting larvae in the absence
of specific adaptations facilitating local larval retention include: adult traits that increase
reproductive capacity (increased longevity, large size, rapid growth, early maturation),
adult behaviors that increase fertilization rates and propagule survival (spawning syn-
chrony and aggregation), and reproductive traits that increase the number of young in a
brood (indirect development with small eggs). Characteristics that are likely to increase
the probability of self-recruitment by individual larvae include: increased spawning at
times and locations most favorable for larval retention, developmental modes that reduce
the risk of passive dispersal (absent or shortened pelagic stage, demersal rather than pe-
lagic eggs, rapid development of pelagic eggs), and propagule traits that increase active
control over dispersal (large hatchlings and recruits, increased swimming and/or sensory
capabilities).
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Robertson (2001) compared the biological characteristics of 88 endemic shorefishes
from seven of the smallest, most isolated islands in the tropical eastern Pacific and central
Atlantic. He found that the combined island-endemic fauna is representative of the re-
gional faunas in terms of relative species richness per family. As with the vast majority of
reef fishes, all endemics belonged to taxa that produce pelagic larvae. Furthermore, there
were no differences between the endemic and regional faunas in terms of the proportions
of species that produce pelagic versus demersal eggs. Among the endemic taxa, larval
size and form varied greatly and there was no evidence that the endemic species had
relatively short larval durations. If anything, the larval durations of the small-island
endemics of the tropical eastern Pacific were longer than the larval durations of the re-
gional congenerics (Victor and Wellington, 2000), a trend also observed in some Hawai-
ian endemic fishes (Cowen and Sponaugle, 1997). For adults, the endemics differed greatly
in size, but were near average-sized members of their genera. Since longevity generally
increases with body size among fishes, the longevity of endemics likely varied greatly
among genera but was near average within genera. Thus, within the endemic shorefishes
of the central Atlantic and eastern Pacific, none of the predicted life history traits were
clearly associated with self-recruitment (Table 1).

In a survey of faunal lists of the shallow water marine molluscs of Easter Island, and
the Hawaiian, Kermadec, and Galapagos archipelagos, Selkoe (unpubl. data) classified a
total of 460 endemic species from 113 families based on whether their larvae are likely to
be pelagic or non-pelagic (direct developers, demersal, or pelagic larvae with larval dura-
tions <3 d). Since direct information on larval development was lacking for most en-
demic species, she assigned development mode for each endemic species from data on
confamilial non-endemic species, limiting the analysis to families exhibiting only a single
development mode. If endemism in marine molluscs requires traits favoring larval reten-
tion, the majority of endemics should be representative of families with greater propen-
sity for non-pelagic development. However, from this analysis, 31% of the endemic spe-
cies were from families characterized exclusively by species with pelagic development.
In contrast, 15% came from families whose species characteristically lack pelagic devel-
opment. This result indicates that self-recruitment occurs quite commonly in molluscs
with pelagic larvae and suggests that pelagic larval development may facilitate coloniza-
tion of remote habitats (e.g., Scheltema and Williams, 1983; Leal and Bouchet, 1991; but
see Johannesson, 1988 for a counter example). Overall, the presumed dispersal charac-
teristics of endemic species and the total local molluscan fauna were indistinguishable
(31% of endemics and 32% of the total local fauna were from families with only pelagic
larval development).

Levels of endemism on seamounts can also be substantial (e.g., 29-34%) and there can
be very little overlap in community composition between seamounts separated by less
than 1000 km (Richer de Forges et al., 2000), suggesting limited dispersal between popu-
lations. Parker and Tunnicliffe (1994), in a survey of demersal invertebrates on Cobb
seamount, found greater percentages of non-endemic species with either short-lived or
no pelagic larval stages relative to the regional fauna. They hypothesized that these life
histories were more favorable for larval retention in seamount-generated flows (e.g.,
Mullineaux and Mills, 1997) with adult rafting on kelp mats the likely mode of initial
colonization. What remains to be investigated is whether seamount endemics also show a
bias towards direct development or short-lived larval stages compared to the regional
continental shelf fauna.
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Table 1. Predicted biases in life history traits of endemic species relative to resident non-endemic species.

Character Increased production of self-recruits Increased success of self-recruits
Prediction Evidence? Prediction Evidence?
Developmental mode Indirect— Fishes— no Direct— reduced transport Fishes— no
more young/brood Molluscs— no away from source Molluscs— no
Larval biology
Initial propagule type  Pelagic egg— Fishes— no Larva— greater control over  Fishes— no
more young/brood dispersal
Egg size Smaller— No data Demersal: larger— greater No data

control over dispersal
Pelagic: smaller— faster
hatching for greater control
over dispersal

more young/brood

Hatchling size No prediction _ Larger— greater control over No data
dispersal
Recruit size No prediction _ Larger— greater homing No data
capacity
Larval duration No prediction _ Shorter— reduced transport Fishes— no
away from source
Swimming capability No prediction _ Higher— greater homing No data
capacity
No prediction _ More developed— greater
Sensory capability homing capacity No data
Adult biology
Longevity Higher— buffers Fishes— no? No prediction _
recruitment failure
Growth Faster— earlier maturity, No data No prediction
greater per cap.
fecundity o
Size Largerf greater per cap. Fishes— no No prediction .
fecundity
Abundance Higher— greater pop. Fishes— no? No prediction o
fecundity
Synchronous spawning Higher— increased fert./ No data Higher— reproducing at No data
propagule survival times favorable for
retention
Aggregative spawning Higher— increased fert./ No data Higher— reproducing at No data
propagule survival locations favorable for
retention

Overall, the evidence suggests that there has not been strong selection for retention-
favorable life history characteristics among these isolated endemic species. However,
this does not preclude the possibility that retention-favorable life history traits may not
enhance self-recruitment in other populations. In isolated habitats, colonization likely
favors species capable of long-distance larval dispersal. Local populations may then be-
come established because of circulation patterns (see Sponaugle et al., this issue) and/or
larval behaviors (see Kingsford et al., this issue) that facilitate retention. Thus, while the
lack of retention-favorable traits among isolated endemics may reflect the legacy of se-
lection for colonization, it is clear that self-recruitment can and does occur even in the
absence of such traits.

INTRODUCED SPECIES.—The initial establishment of non-native taxa, whether intention-
ally or unintentionally, can only result if the invasive population is self-recruiting; it is the
only source of local recruits. Like endemic species, successful introductions provide an
opportunity to evaluate the life history characteristics and geographical settings associ-
ated with self-recruitment. In particular, within-species comparisons of successfully and
unsuccessfully established populations could be used to determine the environmental
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conditions favorable for self-recruitment. Unfortunately, information on the release of
the same species across numerous locations is limited because (1) intentional release is
rare in marine systems and (2) the actual means of introduction is often unknown and
may greatly influence the success of the introduction.

Among-species comparisons of successfully and unsuccessfully established popula-
tions at the same locality could indicate the life history traits that facilitate self-recruit-
ment. However, detailed knowledge of larval supply (i.e., the number of larvae per trans-
fer and the frequency of transfer) for all species is uncommon. In situations where data
are available, the optimal approach would be to evaluate locations with only a single
applicant pool, or source of potential introductions, and identify those taxa that were
successful. This requires that all species have equal opportunity for establishment. In
other words, each species in the pool must have access to the transfer mechanism or
vector, as well as sufficient post-settlement resources.

An informative comparison can be made of the shorefish introductions to the Hawaiian
islands. Since the early 1900s, at least 33 species of marine and salt-water tolerant fish
have been introduced, both intentionally and unintentionally, with at least 16 species
(48%) establishing self-recruiting populations (Table 2). This percentage is most likely
an underestimate of the likelihood of establishment because some introductions failed
either due to environmental requirements not found in the islands (e.g., salmonids) or
because fish were introduced in numbers potentially too small to establish a resident
breeding population. Although we cannot refute the possibility of unrecorded and unsuc-
cessful introductions, which would result in an overestimate of the probability of estab-
lishment, many such attempts were likely unlicensed introductions and may have failed
as a result of small numbers of fish released (i.e., inviable population sizes). Among the
established species, there are no common life history traits. Although many of the species
have life history characteristics that likely facilitate self-recruitment (e.g., viviparity, de-
mersal eggs), there are genera (e.g., Lutjanidae) with pelagic eggs and moderately long
larval development periods that have also become established. Interestingly, the groupers
and rock cods (Serranidae), which have similar reproductive characteristics to lutjanids,
were only marginally successful (1 out of 7) at establishing breeding populations. Many
groupers are solitary but migrate, repeatedly and consistently, to traditional spawning
localities (Thresher, 1984). The failure of most species of groupers to establish breeding
populations in Hawaii could have resulted from the lack of established spawning loca-
tions that facilitate aggregation of reproductively active individuals. Thus, within the
shorefish introductions to the Hawaiian islands, (1) established species do not show con-
sistent life history traits distinct from non-established species and (2) the failure of cer-
tain species to become established likely resulted from constraints other than the ability
of larvae to self-recruit.

Another informative characteristic of successful introductions is the rate of spread,
which can be used as a measure of demographically important larval dispersal and there-
fore, the scale at which populations may be self-recruiting. For example, Crisp (1958)
documented the rate of spread of the Indo-Pacific barnacle, Elminius modestus, through-
out Great Britain and Europe. From an introduction occurring sometime during World
War 11, Crisp estimated that Elminius spread at a rate of 20-30 km yr'. Although the rate
of secondary spread indicated that some larvae were dispersing moderate distances, the
rapid decline in density with increasing distance from the main population suggested that
the majority of larvae were self-recruiting at relatively small spatial scales (<30 km), a
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scale much smaller than would be predicted given the species’ moderately long pelagic
larval development period (17-34 d: Geller, 1994). Similarly, the European green crab,
Carcinus maenas, introduced into San Francisco Bay in 1989/1990 has spread at a simi-
lar rate (Grosholz, 1996). Grosholz and Ruiz (1995) documented the appearance of C.
maenas in several bays and estuaries within 70 km north of San Francisco Bay that re-
sulted from the settlement of a single larval cohort. They concluded that these popula-
tions persist primarily through self-recruitment with episodic northward dispersal result-
ing in the establishment of new populations. Most striking is the rate of spread of the
intertidal mussel, Mytilus galloprovincialis, in South Africa. McQuaid and Phillips (2000)
estimated that the maximum effective dispersal of larvae was on the order of 100 km.
However, over 4 yrs after the introduction, 90% of the recruitment occurred within 5 km
of the parent population. Thus, the distribution and age structure of recruits of these intro-
duced species are indicative of extensive self-recruitment.

PopuLaTtioN GENETICS.—As little as one migrant moving between populations each gen-
eration can hinder the genetic divergence of populations (Wright, 1951). Furthermore,
populations that are no longer demographically linked may remain genetically homoge-
neous until sufficient time passes to evolve genetic differences (generally hundreds to
thousands of generations). Given this sensitivity to migration and the possibility of long
time lags, genetic heterogeneity at a neutral genetic marker should indicate significant
reproduction isolation. Thus, population genetic studies can provide compelling evidence
for long-term local retention (see Hellberg et al., this issue).

Predictably, species whose larvae lack pelagic development (e.g., a reef fish: Doherty
et al., 1994; prosobranch gastropods: Hoskin, 1997) often show gene frequency differ-
ences among populations. Population subdivision is also apparent in situations where
larval dispersal is physically constrained by physical barriers (e.g., estuarine fish: Johnson
et al., 1994; oysters: Hare and Avise, 1996). However, genetic studies have also revealed
some surprises. For example, copepods inhabiting high intertidal splashpools separated
by as little as 10 km exhibit strong population subdivision, despite having larvae capable
of pelagic dispersal (Burton and Feldman, 1981; Burton, 1998). The larvae of abalone are
capable of moderate dispersal over their 7-10 d pelagic development period, yet Jiang et
al. (1995) found fixed mtDNA differences between populations of Haliotis diversicolor
separated by just 10s of km. Reef associated fishes (Planes et al., 1996, 1998) and sto-
matopods (Barber et al., 2000) with even longer larval periods (weeks to months) can
show genetic differentiation at similarly small spatial scales. In these instances, larval
behavior and the timing of reproduction may limit the degree of dispersal relative to
expectations based on assumptions of passive transport.

Some marine populations exhibit patterns consistent with genetic exchange occurring pri-
marily between neighboring populations; nearby populations are more genetically similar
than distant ones (Kimura and Weiss, 1964). Species with limited larval dispersal capabili-
ties often exhibit such patterns (e.g., solitary coral: Hellberg, 1995). However, some species
with greater larval dispersal potential also show patterns of isolation by distance (e.g., aba-
lone: Brown, 1991; urchins: Palumbi et al., 1997; cod: Pogson et al., 2001). A correlation
between genetic differentiation and distance may appear only at intermediate spatial scales,
with no differentiation at smaller scales and genetic disequilibria dictated by historical de-
mography ruling at larger scales (solitary corals: Hellberg, 1995; crabs: Lavery et al., 1995;
surgeonfish: Planes et al., 1996; see Hellberg et al., this issue).
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Temporal sampling can strengthen the inference that populations showing strong ge-
netic differences are closed. In the simplest case, such sampling can demonstrate that
strong differences remain constant over time (Lessios et al., 1994; Burton, 1997). In the
presence of genetic differences among local populations, similar gene frequencies across
multiple age classes within a population indicate persistent self-recruitment (e.g., scal-
lops: Lewis and Thorpe, 1994). The extent of larval retention can also depend on local
population density. Benzie and Stoddart (1992) found genetic divergence increased with
geographic distance for low density populations of the crown-of-thorns seastar, but not
for rapidly increasing populations, suggesting that self-recruitment was greater (or ge-
netic drift was stronger) in low density populations.

Over the long term, larval retention may reproductively isolate populations and facili-
tate the formation of new species. Although geographical ranges may shift over time,
most closely related pairs of marine species often have abutting, or even overlapping,
geographical ranges (shrimp: Duffy, 1996; gastropods: Hellberg, 1998; rockfish: Johns
and Avise, 1998; barnacles: Wares et al., 2001). The isolation leading to speciation may
thus have occurred at small spatial scales (100s rather than 1000s of km), implying that
larval retention for each of the incipient species must have occurred at an even smaller
scale. Paleontological studies further support this notion. For example, Cheetham and
Jackson (1996) traced geographic patterns of cladogenesis using the detailed fossil record
of Caribbean bryozoans and found that species of the genus Metrarabdotos formed within
restricted geographical regions (on the order of 100s of km). To date, this pattern of
sympatric sister species appears only in coastal species. Future work on insular taxa should
reveal whether this is a general pattern in the ocean or one particular to continental mar-
gins.

STock-RECRUITMENT RELATIONSHIPS.—Stock-recruitment relationships observed over
small spatial scales (e.g., 10s of km) are consistent with self-recruitment and have been
documented for species exhibiting a wide range of pelagic larval development periods:
corals (1-7 d: Johnson, 1992; Hughes et al., 2000), abalone (7—10 d: Shepherd and
Partington, 1995), alpheid shrimp (1-2 wks: Knowlton and Keller, 1986), scallops (1-2
wks: Arnold et al., 1998), mussels (4—5 wks: Harris et al., 1998), and reef fishes (2.5-5
wks; Robertson et al., 1988; Doherty, 1991; Meekan et al., 1993). However, temporal
concordance between production and recruitment is not conclusive evidence of self-re-
cruitment as it may arise from a variety of alternative mechanisms such as: (1) positive
temporal covariation between local and global reproductive output (cf Hunt von Herbing
and Hunte, 1991; Robertson et al., 1999), (2) settlement cues provided by local conspe-
cific adults (e.g., Sweatman, 1985), and (3) positive spatial covariation between local
reproductive output and suitable resources for recruits (Dye et al., 1997). Also, a lack of
concordance does not negate self-recruitment since pelagic processes can interject con-
siderable variability into the timing and magnitude of recruitment.

Stronger evidence for self-recruitment based upon stock-recruitment relationships may
be derived from studies that quantify local recruitment following localized stock enhance-
ments subsequent to large-scale mass mortality events. Such manipulations uncouple
local from global reproductive output and can be used to evaluate the role of self-recruit-
ment in the replenishment of local populations. Restocking by addition of adults has been
attempted for collapsed populations of bay scallops (4rgopecten irradians, pelagic larval
duration of 1-2 wks, Sastry, 1965) on the Atlantic coast of the U.S. Two studies of the
effects of this program indicated substantial larval retention as evidenced by elevated
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local recruitment at the restocked sites (Tettelbach and Wenczel, 1993; Peterson et al.,
1996).

Another useful approach may be to evaluate stock-recruitment relationships over a
range of spatial and temporal scales. McGarvey et al. (1993) used time series data to
generate stock-recruitment relationships for sea scallops within and among sub-regions
of the Georges Bank. Based upon stronger stock-recruitment correlations within sub-
regions and/or among neighboring sub-regions, the authors concluded that self-recruit-
ment occurs primarily at the sub-region scale for this species. Similarly, Hughes et al.
(2000) used a hierarchical sampling design to explore relationships between the repro-
ductive output and subsequent recruitment of acroporid corals over spatial scales ranging
from meters to 100s of kilometers. Their results indicate the strongest correlations be-
tween fecundity and recruitment within individual reefs (a few km) and among reefs
separated by 10s of km, suggesting acroporid corals are likely self-recruiting at these
scales.

Again, such correlations are not definitive evidence for self-recruitment as they may
result from numerous alternative mechanisms. In some cases, alternative hypotheses may
be refuted with the implementation of creative sampling methods or focused field experi-
ments. For example, Knowlton and Keller (1986) surgically manipulated fertility of adult
pairs of alpheid shrimp to uncouple local reproductive output from settlement cues po-
tentially arising from the presence of conspecific adults. Interestingly, they observed en-
hanced recruitment of alpheid shrimp within 6 m of fertile adults (relative to pairs that
were rendered infertile), suggesting recruits may settle extraordinarily close to parents.

LarvaL DistriBuTions.—That pelagic larvae of shallow-water fauna are not lost at sea
was recognized long ago because the vast majority of larvae occur over continental shelves,
where they were spawned, rather than in the ocean basin (Mileikovsky, 1968; Makarov,
1969). Thus, the extent to which larvae tend to remain near their source population may
be related to the magnitude of self-recruitment. The concept is simple; the closer that
larvae remain to the source population, the greater the probability of recruiting back to
the same population.

Some of the most compelling indirect evidence supporting this hypothesis comes from
isolated habitats such as islands and estuaries. If habitat associations are obligate for
demersal adult stages, larvae originating from these environments must return at the end
of the larval period in order to survive. Because islands and estuaries are often patchily
distributed, larval dispersal of many taxa may be limited to ensure successful settlement
into appropriate demersal habitats at the end of the pelagic development period. Around
islands, distinct larval assemblages are distributed along an onshore-offshore gradient
(Boehlert and Mundy, 1993). Some species may be most abundant in bays and lagoons,
and at least some species of coral reef fish are capable of completing their life cycles
within lagoons (Leis et al., 1998). Other species may be most abundant nearshore, often
associating with topographic features that may reduce advection away from settlement
habitat (e.g., Lobel and Robinson, 1986; Kobayashi, 1989; Brogan, 1994). For these lar-
val assemblages, studies documenting the presence of all larval developmental stages
within these nearshore environments provide strong evidence for self-recruitment.

More work has been conducted in estuaries than on islands, but similar conclusions
have been reached. Depending on the species, larvae are: (1) released in estuaries and are
retained there throughout development, (2) released in estuaries and develop in coastal
waters before returning to estuaries to settle, or (3) released on the continental shelf and
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postlarvae enter estuaries before juveniles return offshore to mature and spawn (Epifanio,
1988; Laprise and Dodson, 1990; Morgan, 1995; Rothlisberg et al., 1995). For species
that live in estuaries as adults, larval retention increases the likelihood of self-recruit-
ment, whereas larval export may decrease the probability of self-recruitment. However,
in contrast to expectations, larvae that develop on the shelf may recruit to adult popula-
tions as reliably as do larvae of retained species (Hovel and Morgan, 1997; Christy and
Morgan, 1998). This suggests that reliable onshore/offshore transport mechanisms exist
and that larval production and recruitment may be coupled, regardless of the extent of
larval migration between adult and larval habitats. Thus, at the scale of the local popula-
tion, the distance of the larval center of distribution from the source population may be an
important indicator of self-recruitment, and evidence is mounting that many species have
larval distributions closer to the source populations than previously thought.

PopuraTiONs AT EDGES OF A SPECIES” RANGE.—Under unidirectional flow regimes, popu-
lations at the upcurrent edge of a species’ range must be sustained by self-recruitment
(e.g., Cowen and Castro, 1994). Many marine species are distributed over areas subject
to predominantly unidirectional currents that frequently intersect the boundaries of their
geographic ranges. Although limits to the range of a species might result from physical
barriers to dispersal and colonization (Cowen, 1985; Gaylord and Gaines, 2000), habitat
limitation (e.g., Brown, 1984) or physiological tolerance (Suchanek et al., 1997), popula-
tions at the upcurrent limit of the geographic range will be extremely transitory unless
they have some capacity for self-recruitment.

Metapopulation theory (sensu Hanski, 1991) holds much promise for understanding
population persistence in marine systems. Applications of spatially-explicit models are
currently limited, however, by the lack of empirical data on rates of larval exchange
among populations. Using information on the direction and strength of surface currents,
Roberts (1997) characterized Caribbean islands based on the likelihood that they might
act as larval suppliers and/or larval catchments. However, models that assume passive
larval dispersal and net larval transport to down-current populations cannot explain the
dynamics of many natural marine populations, unless there is self-recruitment in at least
some sub-populations (Jones et al., 1999). Certain source locations in the Caribbean,
such as Barbados, are very likely to be self-sustaining because there are no substantial
upcurrent reef systems. Such populations will obviously go extinct without self-recruit-
ment because they have no alternative supply of larvae (Cowen and Castro, 1994; Gaylord
and Gaines, 2000) unless currents occasionally reverse providing opportunities for larval
dispersal from typically downcurrent populations (e.g., Cowen, 1985).

Increasing information on the length of larval life, current speed and direction, and
mortality rates suggest that long distance transport may be too irregular to sustain local
populations of marine fishes (Cowen, 1985; Schultz and Cowen, 1994; Cowen et al.,
2000). Hence, Roberts’ (1997) model may over-emphasize the importance of connectiv-
ity among reefs. Similarly, hydrodynamic models are providing increasing evidence that,
where currents are not strong or unidirectional, a significant proportion of larvae may not
be transported far from their natal reef (Black et al., 1991; Black, 1993; Porch, 1998;
Polovina et al., 1999; Cowen et al., 2000). Even without physical mechanisms, larvae
may exhibit behaviors that can facilitate retention near natal populations (see Sponaugle
et al., this issue; Kingsford et al., this issue). If such behavioral mechanisms can ensure
self-recruitment in populations with no up-stream source, then such mechanisms can



262 BULLETIN OF MARINE SCIENCE, VOL. 70, NO. 1, SUPPL., 2002

potentially operate in all sub-populations (see Armsworth et al., 2001 for a theoretical
evaluation of the effects of larval behavior on dispersal and self-recruitment).

Unfortunately, there is too little information on temporal variability in the geographic
range of marine species and the behavior of populations at the edge of the range to evalu-
ate fully the degree to which they are open or closed. Temporally variable geographic
ranges might suggest that range limits can be controlled by sporadic dispersal events
(e.g., Cowen, 1985), while static ranges might argue that they are maintained by mecha-
nisms of self-recruitment. However, exactly where we draw the limits to the range of
most marine species is seldom known and our estimates of boundaries are often too broad
to measure anything but dramatic changes in a species’ range. In addition, detailed knowl-
edge of small-scale oceanography may be required to assess properly the potential for
larval transport to what are perceived to be upcurrent populations.

Clearly more information is needed on the behavior of peripheral populations to assess
the potential importance of self-recruitment. While it is intuitively obvious that verified
upcurrent source populations can only persist with some level of self-recruitment, ex-
actly how much and at what spatial scales self-recruitment occurs requires further inves-
tigation. It could be that the estimates of approximately 30% given for reef fishes by
Jones et al. (1999) and Swearer et al. (1999) are sufficient to explain the persistence of
metapopulations in the regions examined.

ENvIRONMENTAL AND CHEMICAL MARKERS.—Except for particular groups of organisms
such as endemics and introduced species, direct evidence for self-recruitment has proved
difficult to collect. It is challenging to follow even the large pelagic stages of reef fishes
for more than 30 min (Leis et al., 1996), and the prospects of following an individual
larva for the entire duration of its pelagic life appear remote. Tagging approaches would,
therefore, appear to be the only direct method of quantifying the extent of self-recruit-
ment in marine populations (see Thorrold et al., this issue). Although simple in concept,
the reality is more problematic. Not only is it necessary to tag millions of eggs or early-
stage larvae, but also sufficient numbers of marked individuals must be recaptured to
provide a reliable estimate of the extent of self-recruitment.

A recent study by Jones et al. (1999) has shown that it is indeed possible to conduct tag-
release studies of pelagic larval stages in the marine environment. The success of this
study was predicated on the development of a method for tagging large numbers of devel-
oping embryos of a damselfish, Pomacentrus amboinensis. The otoliths of millions of
developing embryos, spawned on plastic tiles, were labeled by immersion in oxytetracy-
cline at Lizard Island, in the northern Great Barrier Reef. Light traps were deployed (20—
30 d later) to intercept late-stage pelagic larvae immediately before settlement into reef
habitats. Otoliths from a total of 5000 settlement-stage fish were examined for a fluores-
cent mark, indicating the presence of oxytetracycline. Of these fish, 15 labeled individu-
als were found. Based on estimates of the proportion of the island’s larval production that
they tagged, Jones et al. concluded that between 15-60% of the recruits were locally
produced. The study not only confirmed, for the first time, that pelagic larvae of reef fish
return to their natal reef, but also that returning larvae may contribute substantially to
local recruitment.

Environmental markers have proved useful natural tags of larval origin in both fish and
invertebrate populations. Such markers have an advantage over conventional tags since
every individual within a certain area is labeled without any handling artifacts (Thorrold
et al., this issue). Calcified structures such as otoliths in larval fish may provide informa-



SWEARER ET AL.: SELF-RECRUITMENT IN MARINE POPULATIONS 263

tion on growth rates and ambient water chemistry, both of which may be useful as envi-
ronmental markers. Swearer et al. (1999) identified, a priori, a number of characteristics
of bluehead wrasse (Thalassoma bifasciatum) larvae that were considered indicative of
local retention in the vicinity of the island of St. Croix. Due to coastal enrichment of
primary and secondary production, they reasoned that larvae retained close to St. Croix
would have higher growth rates than larvae that spent a significant amount of time in less
productive oceanic waters. Similarly, nearshore enrichment of trace elements in seawater
would result in elevated trace element concentrations in whole otoliths of retained larvae.
Based on the prevalence of these ‘retention signatures’, Swearer et al. (1999) concluded
that at least 50% of the larvae recruiting to St. Croix during major settlement events most
likely were spawned locally.

Gaines and Bertness (1992) found that competent larvae of the barnacle Semibalanus
balanoides that were spawned and developed within Narragansett Bay, Rhode Island,
were ~25% larger than larvae that developed in coastal waters outside the bay. Size-
frequency distributions of settlers within Narragansett Bay in each of three years were
characteristic of individuals that had spent their entire larval period within the bay, indi-
cating little influx of larvae from open coast areas. Larvae settling into open coast habi-
tats outside the bay were more variable in size, suggesting that perhaps as many as 50%
of those settlers were produced in Narragansett Bay in years when it was well flushed.
This finding is supported by recent estimates of gene flow between bay and open ocean
populations (Brown et al. in press) that indicate that these populations are panmictic.
Thus, while levels of retention may be quite high within the bay on ecological time scales,
sufficient larval exchange between populations must occur reasonably frequently to pre-
vent genetic differentiation.

The degree to which populations are self-recruiting in marine species that undertake
significant adult migrations is determined not by larval retention, but rather by the level
of homing of breeding adults to natal spawning areas. Thorrold et al. (2001) assessed
such natal homing in weakfish, Cynoscion regalis, using stable isotope and trace element
signatures in otoliths as a natural tag of natal area. They found that spawning site fidelity
to natal estuaries along the east coast of the United States ranged from 60-81% in 2-yr-
old weakfish. Strikingly, a concurrent study of microsatellite and intron DNA variability
in the same individual fish failed to detect any genetic differences among the relatively
isolated populations throughout the 1000 km range of this species (Cordes, 2000). These
data are easily reconciled with the results of the otolith chemistry analyses, since there is
sufficient exchange, even among those estuaries with the highest levels of natal homing,
to prevent genetic divergence. It does, however, serve to highlight the inability of sensi-
tive genetic techniques to detect demographic isolation on ecological time scales.

CONCLUSION

Evaluating where the pelagic larval stages of demersal marine species disperse to and
how these larvae manage to successfully recruit back to adult populations is not only
critical for understanding the evolution of early life history stages and the dynamics of
marine populations, but also in the development and implementation of management and
conservation efforts. Marine ecologists have gained limited insight into the ‘black box’
during more than 170 yrs of investigations into larval biology (Young, 1990). But as we
have reviewed here, there are a number of tools, both recent technological advancements
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and conceptual approaches, that can or have been applied to measure larval dispersal
distances, the extent to which local marine populations are self-recruiting, and the life
history traits and geographical settings associated with self-recruitment.

Apparently, the ability to self-recruit does not require particular life history traits and
probably occurs routinely across many faunal groups. Based on the numerous examples
presented, there is a diverse set of life history traits associated with species capable of
self-recruiting. In comparisons between endemic and non-endemic species as well as
between successfully and unsuccessfully established introduced species, there were no
detectable differences in life history traits between groups. Evidence based on genetic
studies, tagging studies, and local stock-recruitment relationships came from a wide range
of species with varying larval development periods and initial propagule types. However,
the life history information available for these comparisons is limited and future research
should be directed towards evaluating the pervasiveness of self-recruitment among spe-
cies with differing life histories.

Much of the evidence for self-recruitment comes from insular and estuarine popula-
tions. For species resident in such patchily distributed habitats, there may be strong selec-
tion for local larval retention since the chances of finding suitable settlement habitat
greatly diminish if larvae disperse away from the parental population. In these environ-
ments, larvae may only receive sensory information about the location of where to settle
from a single source. In contrast, species resident in more continuous habitats along con-
tinental shelves have greater opportunities for encountering settlement habitats beyond
the local source population. Even with significant along-shore dispersal, larvae in these
habitats can potentially receive continuous sensory information regarding the location of
appropriate settlement habitat and therefore, may only attempt to limit offshore dispersal.

This hypothesis is generally supported by the distribution of sister species in the Indo-
Pacific where insular species tend to have more restricted distributions compared to their
sister species along continental margins (see Hellberg, 1998). However, this does not
preclude significant levels of self-recruitment in populations along extensive coastlines.
Along continental margins, suitable post-settlement habitat can be discontinuous. In a
recent study, Rinos and Nachman (2001) found that populations of the rock-dwelling
blennioid fish, Axoclinus nigricaudus, that were separated by patches of sand were more
genetically distinct than populations along continuous rocky shorelines, indicating that
habitat patchiness along continental shelves can lead to limited larval exchange among
populations. Also, several of the examples presented here (see Introduced species, Popu-
lation genetics, and Stock-Recruitment sections) indicate local larval recruitment and
limited dispersal over moderate spatial scales (10s of km) even in continuous habitat.
Clearly, dispersal and consequent gene flow occur in many systems over large distances
(100s of km) at temporal scales that evolutionary biologists regard as frequent (10s—100s
yrs). However, considering these populations to be demographically open could have
disastrous effects if management and conservation decisions ignored the likelihood that
most recruitment over ecologically relevant time scales (1-20 yrs) may result from local
reproduction.

To some extent, a geographical bias in the evidence for self-recruitment may be a his-
torical artifact. More evidence for self-recruitment in insular and estuarine environments
may simply reflect the attention these habitats have received in studies of larval transport
and recruitment. In such habitats, larval sources and recruitment sites are limited and
readily identifiable in contrast to coastlines where habitats are less restricted, with nu-
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merous potential source populations and recruitment areas (e.g., large reef matrices). In
addition, our knowledge of larval dispersal and retention in other marine habitats (e.g.,
the deep sea, polar regions) is even more limited. Now that we have the means to detect
self-recruitment under a variety of circumstances, these environments need to be revis-
ited in order to develop a general understanding of the biological and geographical condi-
tions associated with self-recruitment in marine populations.

The current evidence suggests that self-recruitment can occur across a wide variety of
taxa and geographical settings. However, several studies that have documented self-re-
cruitment (e.g., Jones et al., 1999; Swearer et al., 1999), also detected larval inputs from
non-local sources. These studies suggest that marine populations are likely to consist of
networks of variably connected populations within a metapopulation (e.g., Thorrold et
al., 2001). Thus, both dispersal and retention are likely larval transport pathways in many
marine systems. What remain unknown are the temporal variability and the intensity of
these connections among populations and their importance relative to self-recruitment in
structuring local marine populations.
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