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CHAPTER 15

Recruitment

MARK CARR AND CRAIG SYMS

Introduction: The Ecological Consequences
of a Bipartite Life History

The vast majority of demersal’ marine fishes have a bipartite
life history, in which benthic adults produce pelagic offspring
capable of dispersing great distances from their parental pop-
ulation (Sale, 1980; Leis, 1991; Booth and Brosnan, 1995;
Caley et al., 1996). Consequences of this life history for the
population and community ecology of marine fishes are strik-
ing. In marked contrast with the life history of terrestrial ver-
tebrates, whose young disperse short distances and contribute
directly to the replenishment of their parental populations,
the great dispersal potential of many marine fish larvae can
decouple the local production and recruitment of young to
that adult population (see recent arguments to this wide-
spread perception for coral reef fishes by Cowen et al., 2000;
Cowen, 2002; Leis and McCormick, 2002; Planes, 2002; Swearer
et al., 2002). Thus, at the scale of local populations, recruit-
ment of young fish from the pelagic larval phase to benthic
adult populations is the marine equivalent of births, but can
be largely dependent upon the production and dispersal of lar-
vae from parental populations elsewhere (fig. 15-1). By exten-
sion, events that influence larval production and dispersal
from one population can have strong influences on the
dynamics and structure of populations elsewhere. This con-
nectivity among local populations through the dispersal and
recruitment of pelagic larvae sets the spatial scale of ecological
interactions among fish populations.

Together, spatial and temporal variation in recruitment can
have profound effects on the distribution, dynamics and spa-
tial, size, age and genetic structure of reef fish populations. It
is not surprising, therefore, that the concept and study of
recruitment has long been central to our understanding of
demersal fish population and community dynamics and fish-
eries science. The purpose of this chapter is to explain what
fish recruitment is, why it is important, what we know about
it for nearshore fishes of California, what we do not know but

! Demersal refers to fishes that live in close association with the bottom
regardless of substratum type. The scope of this chapter is limited to demer-
sal species, excluding the many more highly mobile pelagic species that
inhabit the coastal waters of California.

need to know, and how this information is important with
respect to management and conservation.

What Is Recruitment and Why Is It Important?

Recruitment, broadly speaking, is any addition of new indi-
viduals to a population. As an ecological concept however, the
term has a range of different meanings. For ecologists, inter-
ested in the overall structure and dynamics of local popula-
tions, recruitment is conceptually equivalent to the addition
of new individuals as they enter a local population of demer-
sal juvenile and adult fishes. Recruitment of young to a local
population occurs at birth for most viviparous (i.e., live bear-
ing) species such as some sharks, rays and the surfperches
(family Embiotocidae), or at the transition from the pelagic to
the benthic environment (i.e., settlement) for some primitively
viviparous (e.g., rockfishes of the genus Sebastes) and most
oviparous and ovoviviparous species (fig. 15-2, settlement).
Because of the difficulty of accurately quantifying rates of
births and settlement (both of which often occur at night and
usually involve very small, transparent organisms), ecologists
often define recruitment operationally as the number of indi-
viduals recorded at some predefined stage subsequent to birth
or settlement, thereby incorporating post-settlement mortal-
ity and movement in that estimate (Keough and Downes,
1982; Levin, 1994a). One common application of this measure
of recruitment is to describe interannual variation in the num-
ber of individuals that have settled and persisted to accumu-
late at the end of each annual recruitment season (fig. 15-2,
Post-settlement). Moreover, the young of many fishes settle
from the pelagic habitat to spend time in “nursery” habitats
(sensu Beck et al., 2001) such as estuaries and coastal seagrass
and kelp beds (Baskin et al., 2003), before migrating to adult
populations, thereby recruiting first to nursery habitats, and
adult populations several months later (Love et al., 1991;
Gillanders et al., 2003). However, because the period soon after
settlement to the bottom is typically a time of high mortality,
the magnitude of recruitment under this definition is strongly
influenced by the time interval between settlement and meas-
urement of recruitment (Booth, 1991; Caley et al., 1996;
Hixon and Carr, 1997; Steele and Forrester, 2002). Fisheries



FIGURE 15-1 Consequences of offspring dispersal distances for the spatial structure of
demersal fish populations. For species that produce eggs or larvae capable of being trans-
ported long distances by ocean currents (e.g., the kelp bass, Paralabrax clathratus), replen-
ishment of local populations is determined by the survival, transport, delivery and settle-
ment of young produced elsewhere. Such populations are referred to as open populations.
In contrast, for those species that produce young that disperse little and remain within the
parental population (e.g., the black perch, Embiotoca jacksoni), replenishment is deter-
mined by local offspring production. Such populations are referred to as closed popula-
tions. The two examples illustrate extremes in the continuum of openness of populations,
which is also determined by the spatial scale at which populations are defined. The greater
the spatial scale at which a population is defined, and encompasses the scale of larval dis-
persal, populations become more closed (i.e., self-replenishing). By defining populations
(stocks) at these broader spatial scales, fisheries biologists manage large-scale, self-replen-
ishing populations.
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FIGURE 15-2 Recruitment can have a range of definitions. A typical demersal reef fish produces plank-
tonic larvae by releasing eggs into the water column, hatching demersal eggs, or extruding larvae (top
panel). Because of the great dispersal potential of planktonic propagules, these offspring often disperse
from parental populations to replenish populations elsewhere. The transition from the pelagic exis-
tence to a benthic existence often corresponds with metamorphosis of form in a phase known as set-
tlement. Ecologists have generally examined recruitment at some time subsequent to settlement (i.e.,
when the juveniles can be sampled). Recruitment can also be considered as the stage at which an indi-
vidual matures and joins the breeding population, whereas fishery biologists typically consider the
attainment of harvestable size as recruitment to a fishery. In advanced viviparous live-bearers such as
surfperches (lower panel), the young are extruded and immediately commence a demersal existence
within the same parental population (depicted by the continuous bar representing benthic habitat).
For such species, recruitment is equivalent to the terrestrial ecologists concept of births.

scientists often consider recruitment to be the stage at which In contrast with all of the above, population modelers inter-
a fish reaches a harvestable size, both because their interest is  ested in long-term dynamics might consider recruitment to
focused on the number of individuals entering a fishery as it  be the stage at which a fish reaches reproductive age and size
relates to forecasting future catch rates and because their esti-  and begins to contribute to subsequent generations (fig. 15-2,
mates are often reliant on fishery-dependent sampling. Reproductive maturity). Thus, recruitment, including births
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within a population as well as immigration of larvae or older
stages, is the addition of individuals to a population and is
countered by losses from mortality or emigration. It is critical,
therefore, that any discussion of recruitment clarify these
definitions.

Local Population Structure, Dynamics and Distribution

At the most basic level, recruitment of larvae or juveniles is
important because it is the principal source of population
replenishment, and without replenishment any population will
ultimately become extinct (excepting immigration at small spa-
tial scales). The importance of this recruitment to the structure
and dynamics of fish populations depends on a complex com-
bination of its magnitude and variability, the size and variabil-
ity of the benthic population, and the extent to which post-
recruitment processes dampen or modity recruitment variation.
Both the magnitude of and variability in recruitment will have
strong effects on adult population size and persistence (see arti-
cles cited in reviews by Doherty and Williams, 1988; Doherty,
1991, 2002, Olafsson et al., 1994; Caley et al., 1996; Armsworth,
2002; Forrester et al., 2002; Hixon and Webster, 2002; Osenberg
et al., 2002). If low and variable (relative to resource availabil-
ity), recruitment can limit and determine population size below
levels at which resources are limiting (i.e., recruitment limita-
tion, sensu Doherty, 1981; Victor, 1986a). However, if high
(relative to resource availability), recruitment can saturate
resources and density-dependent post-recruitment processes
contribute more to spatial and temporal variability in popula-
tion size. Thus, to understand the role of recruitment in deter-
mining or contributing to the spatial structure and temporal
dynamics of fish populations requires a full understanding of
recruitment (pre- and post-settlement) and post-recruitment
processes. Recognition of this is reflected in the growing num-
ber of conceptual and analytical models that explore the rela-
tionships among these processes (Armsworth, 2002; Doherty,
2002; Forrester et al., 2002; Hixon and Webster, 2002; Osenberg
et al., 2002, and articles cited therein).

The recruitment of demersal fishes fluctuates at many scales
of space and time. Within a single breeding season, births, set-
tlement, or recruitment to the reef can occur in a single pulse,
a range of pulses or as an apparently chaotic or stochastic
process (Pfister, 1996; Dixon et al., 1999; Findlay and Allen,
2002; Davis and Levin, 2002; Steele et al., 2002). Recruitment
can also vary between seasons, even when the spawning stock
does not vary appreciably. The many examples of interannual
and decadal variation in recruitment of California fishes (e.g.,
Cowen, 1985; Stephens et al.,, 1986; Schmitt and Holbrook,
1990; Anderson, 1994; Carr, 1994a; Ralston and Howard, 1995;
Pfister, 1996; Holbrook et al., 1997; Love et al.,1998a; Hobson
et al., 2001), reflect the great temporal variability in recruit-
ment of marine fishes in general (Rothschild, 1986; Houde,
1987; Doherty and Williams, 1988; Sinclair, 1988; Doherty,
1991; see contributions in Chambers and Trippel, 1997).
Likewise, the variety of species for which recruitment has been
shown to vary markedly over scales of 10s of meters (Larson,
1980a; Ebeling and Laur, 1985; Behrents, 1987; Carr, 1989,
1991; Steele, 1997a,b; Steele and Forrester, 2002; Hartney and
Grorud, 2002; Findlay and Allen, 2002) to 100s of meters
(Larson, 1980a; Carr, 1994a; Anderson, 1994; Pfister, 1996) are
representative of the diverse fish fauna of California. This fine
scale variability in combination with larger dispersal scales is
likely to decouple local production from the number of juve-
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FIGURE 15-3 Larval durations of temperate rocky reef and tropical
coral reef fishes from the northeastern Pacific and indo-Pacific, respec-
tively. Differences in sample size reflect differences in larval duration
estimates between the two regions. With the exception of the vivipa-
rous surfperches, larval duration in temperate fishes is longer, imply-
ing greater dispersal potential. Larval duration estimates were com-
piled from Brothers et al. 1983, Brothers and Thresher 1985, Victor
1986b, Thresher et al. 1989, Wellington and Victor 1989, Cailliet

et al. 2000, and Krigsman 2000.

niles entering a local population. Consequently, stock-recruit-
ment relationships are unlikely to exist or be detectable at
scales less than typical larval dispersal distances. These points
emphasize the importance of broadening the spatial scale at
which ecologists typically study the relationships between
recruitment and other demographic processes.

Regional Population Structure, Distribution and Persistence

At larger spatial scales (10s-100s of km), regional populations
of benthic juveniles and adults are comprised of multiple local
populations, more or less connected with one another by the
dispersal and recruitment of larvae. Some evidence suggests
that larval dispersal is sufficient to exchange recruits among
local populations over a broad regional population. To the
extent that larval duration reflects realized dispersal distances,
the pronounced larval duration of many California marine
fishes suggests substantial connectivity (i.e., dispersal and
recruitment between local populations). Existing reviews of
larval duration suggest that, as a whole, larval durations for
California rocky reef fishes are shifted more toward longer dura-
tions than coral reef fishes (fig. 15-3). Three lines of evidence
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suggest that longer larval duration results in greater dispersal
distance. First, there is a general positive relationship between
estimates of larval duration and dispersal distance (Shanks et
al., 2003). Second, recruitment patterns are often correlated
with large-scale oceanographic features that have the poten-
tial to transport larvae great distances from source popula-
tions. For example, Cowen (1985) found that recruitment to
local populations of California sheephead (Semicossyphus
pulcher) in the northern portion of the Southern California
Bight corresponded with El Nifio events. He suggested that
northerly shifts in currents during these events transported
larvae from populations along Mexico to the northern portion
of the Bight. Finally, studies of the genetic structure of popu-
lations designed specifically to estimate dispersal distances
suggest long distance dispersal distances for many species, par-
ticularly for fishes (Kinlan and Gaines, 2003; Palumbi, 2003).
Nonetheless, a growing number of studies suggest that disper-
sal distances may be substantially shorter than predicted by
larval duration (Swearer et al., 2002) and tools to better esti-
mate the extent of realized dispersal distances are developing
rapidly, as are interdisciplinary approaches for determining
the physical and behavioral processes that determine dispersal
(Thorrold et al., 2002). With the advent of such tools and
approaches, the ecology of larval dispersal is clearly one of the
most exciting fields in marine fish ecology.

In combination, the heterogeneous spatial structure of
regional fish populations and larval connectivity among local
populations has important implications for how recruitment
and local population dynamics might scale-up to influence the
dynamics and persistence of regional populations (Chesson,
1981, 1996, 1998; Armsworth, 2002; Carr et al., 2002; Cowen,
2002; Forrester et al.,, 2002). This interest in the potential
influence of local-scale population processes on regional pop-
ulation dynamics stems from the growing theory on metapop-
ulations and other spatially-structured populations. Much of
this theory indicates that the extent to, and manner by, which
local population dynamics influences regional population
dynamics and regulation? is determined by the rates and dis-
tribution of larval connectivity among populations, temporal
asynchrony in dispersal, recruitment and mortality among
populations, and the strength of local density-dependence in
larval production and recruitment (Hanski and Gilpin, 1997;
Armsworth, 2002). Because larval production and recruitment
of at least some California fishes, like many coral reef fishes,
are spatially variable and density-dependent (see Post-settle-
ment Processes section) and dispersal distances of many species
appear to span the spatial scales of regional populations, the
persistence of regional fish populations may be strongly influ-
enced by local production, dispersal and recruitment.

Community Structure and Dynamics

The interactions between spatial and temporal variability in
larval fish recruitment is central to several models hypothe-
sized to explain the structure, dynamics and persistence of fish
communities. Several of these models are direct extensions of
models of population dynamics. For example, if population
sizes of species constituting a local community are each lim-

% Regulation refers to the maintenance of a population over time, within
limits set by demographic rates such as births and deaths that change in
magnitude as a function of population density. This relationship is referred
to as density-dependence.
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ited by larval recruitment (and early post-settlement mortality
is density-independent), such that their combined abundance
remains below that which saturates resources and induces
interspecific competition, then their combined and separate
population sizes will largely reflect temporal variation in lar-
val recruitment. This competition-free coexistence of a fish
assemblage can reflect limited larval supply, primary recruit-
ment limitation (Doherty, 1981), or early and rapid declines in
recruit density caused by post-settlement predation, second-
ary recruitment limitation (Victor, 1986a).

Two related lines of evidence that settlement can be limited
by larval supply are provided by studies of the recruitment of
kelp bass, Paralabrax clathratus, and opaleye, Girella nigricans,
at the Palos Verdes Peninsula in southern California. In 1987,
kelp bass recruitment was strongly and positively correlated
with giant kelp density at Santa Catalina Island, but recruit-
ment of kelp bass to kelp beds off Palos Verdes Peninsula was
almost nil (Carr, 1994a). Similarly, recruitment of pelagic juve-
nile opaleye occurred in rocky tidal pools along the coast
south of Palos Verdes but was not observed at the Peninsula
(Norris, 1963). Norris hypothesized that internal waves trans-
ported larval and post-larval opaleye onshore and speculated
that recruitment of opaleye at Palos Verdes was preempted by
offshore advection and the destruction of internal waves
caused by the persistent coastal upwelling characteristic of that
area. Not until 20 years later did Shanks (1983, 1988) cleverly
examine and support Norris’ hypothesis that internal waves
transport fish larvae onshore, providing some support for this
mechanism of limited recruitment of opaleye at Palos Verdes.
In addition, at least one study suggests that population densi-
ties of an assemblage of subtidal sculpins in the San Juan
Islands exist below levels at which resources (food or space)
are limiting (Norton, 1991). However it is unclear if these pop-
ulation densities are limited by larval recruitment or post-
settlement mortality.

Recruitment need not be limiting to structure fish assem-
blages. If recruitment rates are sufficient to saturate free space,
but free space is limiting and becomes available unpre-
dictably, and if there is little difference in competitive ability
between species, then community structure may appear to be
an unpredictable lottery. This lottery hypothesis (Sale, 1991)
predicts a cap on total number of individuals in a commu-
nity, but the relative abundance of species will vary unpre-
dictably over time, and is contingent on recruits being read-
ily available. Few studies have tested both the required
assumptions and predictions of this hypothesis for temperate
fish assemblages, but those that have looked at the relative
effects of variable recruitment, or the resilience or predictabil-
ity of assemblages have suggested a more deterministic assem-
blage structure (e.g., Pfister, 1996; Steele, 1997a, 1997b; Steele
et al., 1998; see studies reviewed in chapter 17, and Stephens
and Zerba, 1981).

The lottery model (vs. lottery hypothesis) and storage effect
are extensions of the original lottery hypothesis (Warner and
Chesson, 1985). With similar assumptions regarding limiting
resources, this model posits that changing environmental
conditions favoring recruitment of each species relative to
others maintains coexistence despite their competitive equal-
ity. The model is similar to Hutchinson’s gradual change
hypothesis, but focuses on the changing relative strengths of
larval recruitment over time to keep each species from becom-
ing competitively excluded. Assuming that favorable recruit-
ment conditions occur sometime during the lifespan of adults
and that larvae can be produced to take advantage of favorable



recruitment conditions (i.e., the potential for larval recruitment
is stored from one favorable recruitment event to the next over
the lifespan of adults), species persist in that assemblage
between bouts of larval replenishment. One possible scenario
by which this mechanism contributes to coexistence of kelp
forest fishes is the ever-changing composition of macroalgal
assemblages on rocky reefs (in time and space) and observed
differences in recruitment strength of these species in response
to different states of these algal assemblages (Carr, 1994a).
Some species recruit to dense canopies of giant kelp, others to
sparse stands, and others to the algal understory that flourishes
in the absence of giant kelp (Carr, 1989; Anderson, 1994). If
not excluded by interspecific competition, these species persist
between replenishment events associated with changes in algal
composition caused by storms and other disturbances.

In contrast with these non-equilibrial hypotheses, in which
species composition varies unpredictably over time in response
to temporally stochastic recruitment events, are hypotheses
that predict stable assemblage structure reflecting predictable
relative magnitudes of recruitment. The niche diversification
hypothesis assumes that each species is competitively superior
in specific niches (particular combinations of environmental
conditions and resource states). In the context of recruitment,
this hypothesis predicts that recruits of a species will exhibit
competitive advantages (or at least differential survival) over
recruits of other species under certain environmental condi-
tions, resulting in a partitioning of limited resources (and dif-
ferences in recruitment) within the assemblage. Tests of this
hypothesis are few because of the requirements of demon-
strating interspecific competition and resource partitioning
(see chapter 17) among recruits. In some cases, where recruit-
ment directly reflects adult distributions (e.g., the young of
live bearing surfperches), putative patterns of partitioning
may reflect resource partitioning of adults. The depth-related
zonation of adult striped seaperch, Embiotoca lateralis, and
black perch, E. jacksoni, where these two species co-occur in
sympatry results in similar zonation of their newborn young
(S. Holbrook, pers. comm.). In contrast, where the two com-
mon gobiids, Rhinogobiops nicholsii and Lythrypnus dalli, co-
occur experimental manipulations indicate no substantive
effects on the recruitment of one another (Steele, 1997a).
Differences in the timing of recruitment, largely driven by
the timing of reproduction, might reflect temporal partition-
ing of limited nursery resources among species. Year-to-year
constancy in the seasonal order of parturition and recruit-
ment of juvenile rockfishes to kelp canopy habitats, in which
coppet, Sebastes caurinus, gopher and black and yellow (S. car-
natus and chrysomelas, respectively), and kelp (S. atrovirens)
rockfish exhibit lagged peaks in recruitment over the dura-
tion of the recruitment season may reflect temporal parti-
tioning of the canopy habitat (Anderson, 1983; Carr, 1991),
although such temporal patterns may reflect other ecological
processes as well.

Our understanding of the role of recruitment in structuring
temperate fish assemblages lags far behind that of coral reef
fish ecologists, where the role of recruitment has been a cen-
tral focus (Sale, 1991, 2002). Further tests of these alternative
hypotheses and how their applicability varies across varying
environmental conditions in time and space is an enormously
fertile direction of study in temperate fish assemblages.
Determining the sources of variability in recruitment and how
their contributions vary and interact in time and space is fun-
damental to understanding population persistence and com-
munity structure and dynamics.

Processes that Contribute to Spatial and Temporal
Variation in Recruitment

Variability in recruitment has been demonstrated to be impor-
tant in both theoretical and empirical studies. Spatial and
temporal variation in the distribution and rate of replenish-
ment of demersal populations will reflect environmental and
ecological processes that act prior to the delivery of potential
recruits to a population (the pre-settlement phase), during the
transition from pelagic to benthic existence (the settlement
phase) or at any point subsequent to settlement (the post-
settlement phase; Richards and Lindeman, 1987). Moreover,
processes occurring in one phase of the recruitment process
can interact synergistically with those operating during other
phases to generate patterns that might be difficult or impossi-
ble to explain by studying each phase in isolation. The diffi-
culty in understanding recruitment dynamics reflects not only
the complexity of the life history of demersal fishes, but also
the diversity of factors that cause variation in recruitment
and the multitude of spatial and temporal scales over which
these processes act (fig. 15-4). To understand the absolute and
relative effects of the many biotic and abiotic processes that
influence larval production, pelagic dispersal and survival, set-
tlement and post-settlement survival requires research pro-
grams that examine these processes at spatial scales from
meters to 100s of kilometers and temporal scales from hours
to centuries.

Pre-settlement Phase: Sources of Variation in the Dispersal
and Delivery of Potential Recruits

Prior to settlement to the adult population, processes that
contribute to spatial and temporal variability in the distribu-
tion and magnitude of recruitment include larval production,
dispersal, mortality and condition of eggs and larvae in the
pelagic environment (fig. 15-1).

SPATIAL AND TEMPORAL VARIATION IN LARVAL PRODUCTION

As a source of recruitment variation, larval production has
received little attention. One reason for this has been the per-
ceived decoupling of local production and recruitment, par-
ticularly given the disparate scales of local variation in adult
fecundity, and the scale at which the larval pool is thought to
replenish local populations. Another reason is that estimated
relationships between stock and recruitment in the fisheries
literature are frequently weak, suggesting that the high and
variable mortality of pelagic eggs and larvae obscure any rela-
tionship between production and recruitment. Additionally,
the relative magnitude of year-to-year variability in larval pro-
duction is thought to be much less than that of recruitment,
suggesting that other sources of variation are more influential.
Recent studies, however, indicate that production might in
fact be more important than previously thought.

The perception that variability in local larval production
does not scale to or reflect variation in the size of the larval
pool from which local recruitment is received, is contingent
on the spatial scale of processes that influence larval produc-
tion and recruitment. If larval production is in fact either
autocorrelated or forced by large-scale processes, then esti-
mates of production at the local scale can reflect larger scale
variation in production. Although very few studies of temper-
ate fishes have explored this approach, one example of its
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FIGURE 15-4 The multitude of biotic and abiotic processes that influence larval production, pelagic dispersal and survival, settlement and post-
settlement survival of demersal fishes act across a daunting array of spatial and temporal scales. Physical oceanographic and geomorphological
features, along with species interactions, influence both the productivity and resources available across benthic habitats, which in turn influ-
ence larval production and the settlement and post-settlement survival of recruits. Likewise, physical-biological coupling in the pelagic environ-
ment causes variation in the transport and survival of eggs, larvae and pelagic-juveniles.

potential merit has been demonstrated for coral reef fishes
(Robertson et al., 1988). Evidence that larval production is
influenced greatly by regional scale climatic events comes from
responses of both local and regional production to episodic and
longer-term large-scale environmental variability. For example,
during episodes of low productivity corresponding with the El
Nifio events of 1982-1983 and 1992-1993, both fecundity
and recruitment of some rockfishes in central California were
greatly depressed (Lenarz and Echeverria, 1986; Lenarz et al.,
1995; VenTresca et al., 1995). Likewise, both fecundity and
recruitment of an intertidal sculpin, Clinocottus analis, in south-
ern California were depressed during the 1997-1998 El Nifio
(Davis and Levin, 2002). Long-term (one or more decades)
effects of climatic change and corresponding responses of
both biological productivity and larval production may also
explain decade-long periods of poor recruitment. For example,
long-term declines (from the late 1970s to the early 1990s) in
recruitment of many reef fish species throughout the southern
California Bight are thought to reflect negative trendjs in
coastal productivity, resulting in declines in larval production
and survival (Holbrook et al., 1997; Love et al., 1998a,b; Brooks
et al., 2002).

Concurrent with these environmental sources of decline in
larval production were declines in some spawning stocks that
have been attributed to fishing (Love et al., 1998b). Because
species with more northern distributions (e.g., rockfishes)
responded more strongly to these causes of decline than those
with more southern distributions, the structure (i.e., relative
abundance) of fish assemblages changed over this period. For
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example, on a rocky reef in the Santa Barbara Channel,
recruitment of species with cooler water affinities such as blue
rockfish, Sebastes mystinus, gradually declined over a period of
warming from 1977 through 1982, while recruitment of a
warmer water species, the blue chromis, Chromis punctipinnis,
increased (Ebeling and Hixon, 1991). Similarly, long-term
(8-year) patterns of recruitment of two species of rockfish to
soft bottom habitats in southern California were inversely
related to one another, leading investigators to conclude that
years of cooler water temperatures favored recruitment of one
species, Sebastes saxicola, while warmer years favored recruit-
ment of the other, S. dalli (Mearns et al., 1980). Although
these large-scale patterns of recruitment confound larval pro-
duction and dispersal processes, that they may reflect region-
wide temporal patterns in larval production is suggested by per-
sistent large-scale (e.g., latitudinal) differences in larval produc-
tion (Eldridge and Jarvis, 1995), which likely explain persistent
regional patterns of larval abundance along the California coast
(Moser and Boehlert, 1991).

In contrast with region-wide coherence in environmental
conditions and larval production, smaller scale variation in
environmental conditions contributing to differences in pro-
duction and quality of offspring between local populations
can be substantial. One example is the strong differences in
production of young among local populations of both striped
seaperch and black perch along the coast of Santa Cruz Island
(Schmitt and Holbrook, 1990). These differences were thought
to reflect responses of adult fecundity of each species to varia-
tion in local prey availability, related to differences in the local



macroalgal assemblages at each site. Similarly, variation in the
nutritional components (e.g., protein, lipids, esters) of yellow-
tail and shortbelly rockfish eggs and larvae at birth varied 2-3
fold between populations inhabiting three submarine canyons
off northern California (MacFarlane and Norton, 1999). Thus,
while episodic or long-term variation in recruitment at the
regional scale may reflect region-wide coherence in responses
to changes in productivity and larval production at that scale,
differences in environmental conditions and larval productiv-
ity between local populations may result in marked differ-
ences in their relative contributions to the regional larval pool
within and between years. Our understanding of the extent,
causes and potential consequences of this variation has been
hampered both by the paucity of studies that have examined
it, and by the difficulty of decoupling larval production and
mortality in the plankton to determine the relative effects of
these temporally co-varying processes on the magnitude and
variability of recruitment.

SPATIAL AND TEMPORAL VARIATION IN LARVAL DISPERSAL,
MORTALITY AND CONDITION

Most temperate demersal fishes produce vast numbers of larvae
(see chapter 19), and the disparity between this tremendous
production of larvae with the few number of young actually
delivered to adult populations implies very high pre-settlement
mortality (Hjort, 1926; Doherty, 1991; Doherty and Williams,
1988; Leggett and DeBlois, 1994). Small changes in mortality
rate over the period that fish larvae spend in the pelagic envi-
ronment can cause huge changes in the number of young
available to replenish local or regional populations (Houde,
1987). Therefore, processes that influence larval loss have
been a central focus of fisheries science (Sinclair, 1988; Heath,
1992; and contributions in Chambers and Trippel, 1997). One
approach to understanding the importance of variable sur-
vival in the plankton is to compare the relationship between
successive stages of the recruitment process. For example,
Ralston and Howard (1995) compared year-to-year variation
in the number of late-stage, pelagic juvenile, rockfish collected
in mid-water trawls offshore with that of young recruits
observed on shallow rocky reefs along the north coast of
California. The strong positive relationship between these two
stages suggest that interannual variation in recruitment of
young-of-year to populations inhabiting inshore reefs is estab-
lished early in the larval stage, prior to stages collected by the
offshore pelagic juvenile trawls. How this variation in recruit-
ment to reef-associated populations is ultimately manifested
in the size and structure of demersal populations and numbers
of adults are pressing directions of study (see Post-settlement
processes that can modify or diminish settlement patterns section).

The dispersal of fish eggs and larvae influences recruitment
dynamics in two fundamental ways; as a source of mortality
and as a source of spatial and temporal variation in delivery to
adult populations. Physical processes that advect larvae far off
shore, precluding their return to adult populations, are thought
to be a major source of larval mortality. These processes are
especially important along coastlines at the western edge of
continents, like California, where coastal upwelling can be
strong and persistent (Parrish et al., 1981) and where the influ-
ences of the California and Davidson Currents and coastal
longshore currents shift on and offshore from year-to-year
(Hickey, 1979). Large-scale changes in currents coincident
with climatic events (e.g., El Niflo and La Nifia) are also impor-
tant determinants of larval delivery. For example, Cowen
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FIGURE 15-5 Relative abundance of midwater complex rockfish
recruits (light gray bars above the line) relative to benthic complex
rockfish recruits (black bars below line). El Nifio conditions favor
recruitment of the benthic complex, whereas La Nina favors recruit-
ment of the midwater complex. During normal years, abundances are
more equitable.

(1985) used otoliths (ear bones) to age and back-calculate the
year of larval recruitment of California sheephead
(Semicossyphus pulcher) at sites throughout northern Baja
California and the Southern California Bight. From these
recruitment estimates, he ascertained that rates of recruitment
shifted among sites in accordance with changes in the
California Current. Populations in the northern portion of the
species range appear to be replenished during El Nifio episodes
when northward flowing currents transport larvae produced
by parental populations along the coast of Mexico.

Rockfish recruitment along central and northern California is
also strongly affected by climatic events, and different
responses of species to these events can lead to strong differ-
ences in relative rates of species replenishment, and the struc-
ture of local assemblages. For example, during the 1992-1993 El
Nifo event, the relative magnitude of recruitment of two rock-
fish complexes (genus Sebastes) varied markedly (Lenarz et al.,
1995). The complex of more solitary benthic species, including
kelp, gopher, black and yellow, copper, China, grass and quill-
back rockfish, are characterized by 1-2 month pelagic dura-
tions, whereas the mid-water aggregating complex, including
widow, yellowtail, olive, black and blue rockfish have pelagic
durations of 3-4 months. Preceding the 1992-1993 El Nifio,
recruitment was predominated (70-90%) by the mid-water
aggregating complex. In sharp contrast, during the 1992-1993
El Nifio, the solitary benthic complex recruitment was predom-
inant (60-80%). This pattern was repeated during the more
recent 1998 El Nino (fig. 15-5). We monitored recruitment of
these two species complexes using diver surveys during the
one-year El Nifio event, the following La Nifia event (1999) and
a more typical La Nada condition the following year (2000). As
observed during the previous event (1992-1993), the benthic
complex dominated recruitment during the El Nifio, the mid-
water aggregators dominated the La Nifla event, and both com-
plexes recruited in more equitable numbers during the more
typical La Nada year (fig. 15-5). Knowledge of what life history
(e.g., timing of spawning, larval duration) and behavioral
attributes (e.g., vertical stratification, thermal preference) con-
tribute to how species respond to differing oceanographic
events is key to understanding and predicting recruitment
dynamics (e.g., Sakuma and Larson, 1995; Sakuma and Ralston,
1995, 1997; Sakuma et al., 1999; Bjorkstedt et al., 2002).

RECRUITMENT 417



Smaller scale features (1-10s of kilometers), including wind
stress, localized upwelling and relaxation events, offshore jets,
eddies, internal waves, tides, tidal bores and others, all may con-
tribute to spatial and temporal variation in larval delivery.
Moreover, some of these features (e.g., coastal upwelling, off-
shore jets, eddies) can be spatially consistent, associated with
particular coastal geomorphological features (e.g., angle of the
coastline to prevailing wind patterns, headlands, underwater
topographic features and bathymetry) and as such, establish
persistent spatial patterns of larval delivery (Boehlert and
Mundy, 1988; Cowen, 2002). One excellent example of the
effect of persistent features is the coast-wide pattern of recruit-
ment of purple sea urchins associated with offshore jets and
eddies up current and down current of headlands, respectively
along the northern coast of California (Ebert and Russell, 1998).
Behavioral (e.g., differential responses to environmental cues)
and mechanical (e.g., relative volume and density) responses of
pelagic stages and how these responses change with ontogeny
influence greatly the relative effects of physical processes on dis-
persal and onshore transport (Boehlert and Mundy, 1988; Moser
and Boehlert, 1991; Larson et al., 1994; Sakuma and Ralston,
1995, 1997; Cowen, 2002). Of particular importance is the ver-
tical stratification of larvae at different stages of development
and how position in the water column influences exposure to
transport mechanisms (Boehlert and Mundy, 1988; Cowen,
2002; Findlay and Allen, 2002). Moreover, differences in verti-
cal stratification may determine the depth stratification of set-
tlement and recruitment of different species (Love et al., 1991).

Another example of the interaction between behavior and
environmental cues is the well-documented association of
late-stage pelagic juveniles of several species with biotic struc-
tures (e.g., drift macroalgae) associated with physical features
(e.g., fronts, slicks, internal waves; Boehlert, 1977; Kingsford,
1993, 1995; Bjorkstedt et al., 2002). Furthermore, behavior
independent of environmental features can influence patterns
of dispersion (i.e., aggregation) of pre-settlement larvae prior
to settlement. Although best documented for a temperate goby
in Chesapeake Bay (Breitburg, 1989, 1991), some California reef
fishes are known to aggregate prior to settlement to the bot-
tom including gobies (Lethops connectens), clinids (Heterostichus
rostratus, Gibbonsia spp.) and sculpins (Marliave, 1986; Carr,
1989, pers. obs.). All of these mechanisms of physical and
biological coupling contribute to variation in the delivery of
potential recruits to demersal populations.

More recently, efforts to understand both the spatial and
temporal patterns of larval supply and the physical processes
that determine delivery of potential recruits to a demersal
population have focused on sampling delivery at or adjacent
to adult populations. An important attribute of this approach
is that patterns of delivery of potential recruits to collectors
positioned up current of demersal populations and standard-
ized by their size and location sample delivery and settlement
independent of benthic habitat features that vary spatially
(among reefs) or temporally (among years). In contrast, esti-
mates of delivery and settlement to benthic habitats
(e.g., macroalgae), confound patterns of delivery with patterns
of habitat quality and availability. An increasingly common
approach employed for coral reef fishes has been light traps.
These devices exploit the behavioral response of competent
pelagic larvae or juveniles for light and entrap individuals
attracted to the light. Although this method continues to be
explored for sampling temperate reef fishes, it has met with
mixed success, presumably because of the lower visibility and
ability of larvae to detect the light (Steele et al., 2002).
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Alternatively, collectors designed to exploit the thigmotaxic
(i.e., attraction to physical structure) behavior of fishes has
proven to be very useful (Carr, 1991; Ammann, 2001; Findlay
and Allen, 2002; Steele et al., 2002). This approach involves
suspending structurally complex structures in the water col-
umn, and enveloping the structures (and recruits) in fine
mesh nets when they are collected for sampling. A third
approach has been to construct isolated benthic habitats (typ-
ically, these are small artificial structures or reefs constructed
of rocky substrate) that are enclosed in cages that exclude
predators to prevent post-settlement predation from altering
patterns of settlement. All three approaches (light traps, sus-
pended or benthic structures) require frequent sampling both
to minimize post-settlement processes from altering settle-
ment patterns and in order to relate patterns of delivery with
physical features (e.g., internal waves and tidal flux). Frequent
sampling is particularly important for the structural collectors
to minimize the possibility of post-settlement emigration of
recruits from the structures. Two examples of this approach
for determining physical processes that contribute to larval
delivery and the importance of delivery in determining pat-
terns of recruitment have been applied to kelp bass, Paralabrax
clathratus, at Santa Catalina Island off southern California
(Findlay and Allen, 2002 and Steele et al., 2002, respectively).
Delivery of kelp bass larvae onshore was found to be associ-
ated with tidal bores but patterns of larval supply were not
reflected in subsequent patterns of recruitment in the reef
environment.

In addition to physical forcing, prey availability and preda-
tion are thought to be major sources of temporal variability in
recruitment (Lasker, 1981; Bailey and Houde, 1989; Sinclair,
1988; Cushing, 1990, 1995; Mullin, 1993). The literature on
this subject is too vast to summarize comprehensively here. In
addition to determining rates of loss in the plankton, prey
availability can affect the size and physiological condition of
larvae at settlement, influencing their susceptibility to preda-
tion and post-settlement performance and mortality (Searcy
and Sponaugle, 2001). Positive interannual relationships
between larval mortality and the abundance and distribution
of pelagic predators, both invertebrate and fishes, including
cannibalism, attest to the potential importance of predation
prior to recruitment (e.g., Butler, 1991). These critical biotic
interactions are not independent of the many physical
processes mentioned in this section and one of the most excit-
ing directions of fisheries ecology is identifying how the spa-
tial and temporal patterns of biotic interactions are coupled
with physical features that influence the strength of and vari-
ation in these interactions.

Settlement Phase: Transition from the Pelagic
to the Demersal Existence

Having survived the vagaries of mortality and dispersal in the
pelagic realm, larvae and pelagic juveniles must next survive
the transition into an entirely new environment to recruit to
nursery or transition habitats or directly to adult populations.
Not surprisingly, settlement is one of the least understood
phases in the process of recruitment. Because the transition
from the pelagic to the demersal existence is brief, often
occurs at night and involves small and cryptic individuals,
study and knowledge of this process has been extremely lim-
ited. Factors likely to influence settlement include 1) hydro-
dynamic processes, 2) probabilities of encountering suitable



habitat or environmental cues 3) behavioral responses to envi-
ronmental cues, and 4) interactions with resident organisms,
including predators.

Small-scale hydrodynamic features (1-10s of m) are likely to
influence the distribution of fish settlement. The susceptibility
of larvae delivered onshore by hydrodynamic features (e.g.,
winds, tides, tidal bores) suggests that larvae will continue to
be influenced by nearshore hydrodynamic features during set-
tlement. Strong tidal currents capable of pushing entire kelp
stands well below the surface could clearly influence the abil-
ity of fish to maintain position above the bottom. Strong swell
and wave action are also likely to influence the ability of shal-
low species (especially intertidal fishes) to settle to the bottom.
Such small-scale effects are manifested by the accumulation of
recently delivered or settled individuals in eddies of physical
structures, including rocky outcrops, kelp stands, even indi-
vidual plants (Breitburg, 1989, 1991).

One of the least explored aspects of settlement is how the
spatial distribution of larval delivery and settlement habitat
(including cues) influence encounter rates of larvae and their
settlement habitat to determine spatial patterns and the over-
all magnitude of recruitment. Two important aspects of this
are the combined effects of patterns of dispersion of larvae
and settlement habitat, and temporal variability in availability
of settlement habitat. Many of the physical processes described
in the Physical-biological processes that determine dispersal and
larval delivery section create highly aggregated patterns of lar-
val dispersion as they are delivered to the benthic habitat.
Varying patch sizes of larval aggregations have been well doc-
umented, but how patch size interacts with the number, dis-
tribution and size of individual settlement habitats to deter-
mine overall settlement rates has been mostly neglected. One
example is Levin's (1993, 1994a) experimental assessment
of the effect of dispersion patterns (random versus clumped)
of algal patches on settlement and recruitment of cunner,
Tautogolabrus adspersus, an east coast temperate reef fish.
Cunner settlement was initially greater in randomly distrib-
uted patches, but subsequent recruitment was similar across
the two patterns of dispersion. More locally, the presence of
giant kelp is known to increase local settlement of several
California reef fishes (Carr, 1989, 1991, 1994a,b). This effect is
most pronounced for species whose larvae occur in the mid-
to-upper portions of the water column, where kelp is a major
structure that larvae might encounter as they move along
shore.

The shape of a kelp bed and density of plants may have
strong effects on whether larvae moving alongshore or
onshore encounter a kelp stand or individual plants. Similar
conditions exist for species that recruit to any benthic habitat
that is distributed non-uniformly. The effects of dispersion of
seagrass habitat, as well as other plant characteristics (e.g.,
plant height and density), have received much attention in
temperate estuarine habitats. Several studies provide evidence
that attributes of seagrass habitats influence the relative den-
sity of recruits within a bed (see references in Valle et al.,
1999). However, while these attributes appear to influence the
local density of recruits (i.e., for a given level of larval supply),
at broader spatial scales patterns of distribution of seagrass
beds, such as their proximity to open coast, are better predic-
tors of relative levels of recruitment (Bell and Westoby, 1986;
Bell et al., 1987, 1988; Valle et al., 1999).

Similarly, the size, density and species composition of
macroalgal assemblages and seagrass beds vary greatly in
response to climatic condition, storm disturbance, sediment

movement, grazing and disease. For example, the highly
dynamic and spatially variable stands of kelps can influence
variation in settlement and recruitment within and among
reefs, both for species whose larvae settle from the plankton as
well as live bearing species whose young are born directly into
kelp habitats (Larson and DeMartini, 1984; Ebeling and Laur,
1985; Holbrook et al., 1990a; Bodkin, 1988; Carr, 1989, 1991,
1994a,b; DeMartini and Roberts, 1990; Anderson, 1994; Nelson,
2001). Similar effects have been documented for reef fishes
recruiting to non-kelp macroalgal habitats in temperate reefs
around the world (Jones, 1984; Choat and Ayling, 1987; Carr,
1989; Levin, 1991, 1993; Levin and Hay, 1996) as well as fishes
that recruit to seagrass stands in embayments (Orth and Heck,
1980; Orth et al., 1984; Sogard et al., 1987; Heck et al., 1989;
Ferrell and Bell, 1991; Levin et al., 1997; Valle et al., 1999).
Those studies that have examined the influence of such set-
tlement habitats both at local (1-100s of meters) and more
regional (1-100s of kilometers) spatial scales (Carr, 1994a;
Levin et al., 1997; Steele et al., 2002) suggest that large-scale
patterns of larval supply become more influential in deter-
mining recruitment patterns at larger spatial scales.

Of the many potential environmental cues that have
attracted attention of ecologists, two physical cues have been
considered; water temperature and physical structure. Using a
clever combination of both field surveys and laboratory tests
of thermal preference, Norris (1963) demonstrated a positive
relationship between density of opaleye, Girella nigricans,
recruits and increased water temperature in rocky tidepools,
and that recently settled opaleye moved to the warmest water
temperature available when exposed to a thermal gradient. To
determine if settling kelp bass, Paralabrax clathratus, preferred
particular macroalgae, Carr (1991) conducted both field and
laboratory experiments. He suspended replicate clumps of
four common species of macroalgae of comparable volume
and at similar depths in the water column and recorded the
number of recruits that had settled to each algal species. He
found significantly greater densities of settlers on the most
structurally complex alga (Sargassum palmeri), but because the
frequency of censuses was at intervals of several days, observed
patterns confounded settlement with post-settlement survival.
In the laboratory, recently settled kelp bass (9-14 mm TL) were
released into large tanks (3 m®) with discrete clumps of four
species of macroalgae and the initial choice and percent of
time spent among algal species were recorded. He did not
detect preferences (initial choice or percent time) among the
different algae, but all four algae were structurally complex,
and all individuals associated immediately and consistently
with algal structure rather than open portions of the tank.
Recruitment of bluebanded gobies (Lythrypnus dalli) increased
with experimentally manipulated densities of shelter holes
(Berhents, 1987; Steele, 1999) and sea urchins (Hartney and
Grorud, 2002). Because this relationship existed even when
predators were excluded from reefs, Steele suggested that this
response might reflect behavioral preferences for shelter at or
soon after settlement. The ability of structural collectors and
drift macroalgae to accumulate larvae and pelagic juveniles
attests to the strong affinity settling fishes have for physical
structure (Kingsford, 1993).

The behavioral response of competent (i.e., ready to settle)
larvae and pelagic juveniles at settlement, either in the form of
attraction to or avoidance of conspecifics, or avoidance of
potential competitors and predators, has received increasing
attention from coral reef fish ecologists (e.g., Sweatman, 1983;
Booth, 1992; Almany, 2002), but tests of this behavior for
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temperate reef fishes are rare. This is surprising, given the
increasing evidence from coral reef systems of both strong pos-
itive and negative effects of conspecifics, and the large number
of temperate species whose recent settlers form dense aggrega-
tions (e.g., Chromis punctipinnis, Heterostichus rostratus, many
species of Sebastes). Steele (1997a) found that recruitment of
bluebanded gobies (Lythrypnus dalli) was greater in the presence
of adults compared to similar habitats from which he had
removed adults. This difference may reflect settlement facili-
tated by larvae responding to adult cues. In contrast, similar
comparisons of recruitment of blackeye gobies (Rhinogobiops
nicholsii) were equivocal, and suggested that resident adults
were more likely to have a negative effect on recruitment
(Steele, 1997a). For both species, no effect of the density of
adults on recruitment of the other species was detected. The
exclusion of predators also increased the density of L. dalli
recruits (but not R. nicholsii) but because post-settlement mor-
tality occurs quickly and is density-dependent (Steele, 1997b),
it is difficult to decouple any of these potential settlement
effects from post-settlement losses attributable to predation.
Responses to cues provided by prey have not been examined
either. Such cues may be directly associated with prey species
themselves, or indirectly, associated with habitat attributes that
are correlated with prey availability (e.g., water flow for plank-
tivores, macroalgal or other substrate types for epibenthic prey).

Although the effects of predators both as settlement cues (to
avoid) and especially as sources of post-settlement mortality
have received increasing attention, their role in inflicting mor-
tality during settlement has received less attention. The great
potential of planktivorous fishes and some invertebrates (e.g.,
anemones) to prevent successful settlement is clear from the
diversity and abundance of temperate planktivorous fishes
(Ebeling and Bray, 1976; Hobson and Chess, 1976, 1986,
2001). The few studies that have compared zooplankton den-
sity up current and down current of planktivores (Bray, 1981;
Gaines and Roughgarden, 1987; Kingsford and McDiarmid,
1988) suggest that they can strongly alter plankton density.
Such studies have mostly examined diurnal planktivores
whose effects on larvae that arrive to reefs at night, especially
ichthyoplankton, are less clear. Only one study, conducted on
coral reefs, has begun to look at rates of predation during settle-
ment at night and concluded that it can be high (Holbrook and
Schmitt, 1997). This rapid effect of predators on settlement pat-
terns is suggested by studies documenting very early (i.e., within
24 hr.) post-settlement mortality (Steele and Forester, 2002).

Post-settlement Phase: Benthic Processes that Contribute
to Patterns of Recruitment

Ecological processes that occur subsequent to settlement to the
benthic environment can act to reinforce, alter, or entirely
mask patterns of recruitment created in the pre-settlement and
settlement phases. Thus, understanding how and under what
conditions post-settlement processes have such effects is critical
to understanding the relative importance of each phase of the
recruitment process. Three ecological processes that occur sub-
sequent to settlement can have pronounced effects alter pat-
terns of larval settlement—movement, growth and mortality.

POST-SETTLEMENT MOVEMENT

The extent to which fish move subsequent to settling to a ben-
thic habitat varies greatly among species. Extremes vary from
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those species that appear to establish life-long territories on
the order of meters at settlement, to the many species that set-
tle into coastal or estuarine nursery habitats and migrate 10s
to 100s of kilometers to adult populations offshore (Love et
al.,, 1991; Gillanders et al., 2003). For example, recruitment
(very likely reflecting patterns of settlement) of many rock-
fishes (genus Sebastes) occurs at depths shallower than those
typically occupied by their adults (Boehlert, 1977; Love et al.,
1991). For those species that move substantial distances
between nursery and adult habitats, individuals essentially
recruit to populations associated with each habitat type and
the duration that individuals inhabit nursery or transition
habitats or migrate between habitats varies on the order of
days to years (Gillanders et al., 2003). For such species that
recruit to a variety of habitats between initial settlement and
recruitment to the adult population, understanding the con-
sequences of habitat use and the relative contribution of dif-
ferent juvenile habitats to individual growth and survival are
fundamental to understanding the overall structure and
dynamics of a population (Beck et al., 2001). For example,
although recently settled California halibut, Paralichthys cali-
fornicus, in southern California occur in shallow sand bottom
habitats along the open coast, the vast majority appear to
occur within estuarine and lagoonal embayments, and those
that settle on the open coast migrate to embayments (Plummer
et al., 1983; Allen, 1988; Allen and Herbinson, 1990; Kramer,
1991). Although recently settled individuals exhibit little dif-
ference in growth rates between the open coast and embay-
ments, mortality from predation appears to be lower for those
that recruit to estuarine habitat and older juveniles may grow
faster there (Kramer, 1991). The higher productivity and water
temperature in embayments may enhance juvenile growth,
while vegetation and lower predator densities may enhance
survival, both bearing on the eventual contribution to recruit-
ment to offshore adult populations. Temperature related size-
specific differences in growth efficiency can explain not only
the advantages to smaller fish of inhabiting warmer embay-
ments, but also why older fish move to cooler water as they
grow (Boehlert and Yoklavich, 1983).

For species that tend to remain in the habitat to which they
settle, the presence of conspecifics and other species may
influence post-settlement movement. One example of inter-
specific effects is the greater rate of post-settlement emigration
of recruits of one tide pool sculpin, Clinocottus embryum, in the
presence of recruits of another, C. globiceps (Pfister, 1995).
Moreover, for both of these species the per capita rate of emi-
gration from tide pools was related to the density of con-
specifics (Pfister, 1996). Although territorial gopher (Sebastes
carnatus) and black and yellow (S. chrysomelas) rockfishes
appear to tolerate the presence of recently settled juveniles of
either species, with increasing size and competitive interac-
tion recruits eventually emigrate from established territories
(Larson, 1980a,b). The greater larval recruitment of painted
greenling, Oxylebius pictus, in areas where territorial adults
were experimental reduced relative to unmanipulated controls
may reflect post-settlement movement in response to adults
(DeMartini, 1976). For species whose young recruit in greater
density in the presence of algal structure, affinity for this
structure declines with fish size and is manifested by more
equitable densities of older size classes among algal habitats,
presumably reflecting post-settlement movement (Ebeling and
Laur, 1985; Holbrook and Schmitt, 1984; Holbrook et al.,
1990a; Carr, 1989, 1991, 1994a; Anderson, 1994). Thus, local
patterns of settlement can be modified by post-settlement



emigration in response to a variety of environmental features,
including interspecific interactions with competitors and
predators.

POST-SETTLEMENT GROWTH

Variation in growth subsequent to settlement is ultimately
manifested as an individual’s longevity or cohort’s rate of
mortality and/or future reproductive contribution, including
susceptibility to disease. Post-settlement growth rates are influ-
enced directly by such variables as quality (i.e., species com-
position, size and condition), quantity (i.e. density and abun-
dance) and availability (distribution and susceptibility) of prey,
temperature, and water flow (the energetic cost of searching or
maintaining position to feed) as well as indirect effects of
intra- and interspecific competitors and predators (e.g., inter-
ference or risk). Because these variables vary temporally, tim-
ing of recruitment can also influence post-settlement growth,
survivorship and rate of maturity (Pfister, 1997). Moreover,
there is some suggestion that condition of larvae at the time
of settlement may influence their post-settlement growth per-
formance. Early juvenile growth can vary markedly and in
response to food limitation, even for temperate planktivorous
fishes (e.g., Schmitt and Holbrook, 1990; Love et al., 1991;
Woodbury and Ralston, 1991; Sogard, 1992; Anderson and
Sabado, 1995; Levin, 1994b; Levin et al., 1997). The few stud-
ies of temperate fishes that have examined effects of recruit
density (Davis and Levin, 2002) and older residents (Steele,
1997a, 1998; Szabo, 2002) on early post-settlement growth or
competition for food have found negative effects of conspe-
cific density. Ultimately, these effects on growth can prolong
the period that young fish are susceptible to predation and
influence the size of a cohort’s contribution to the structure
and growth of a population (Pfister, 1997; Sogard, 1997; Davis
and Levin, 2002).

POST-SETTLEMENT MORTALITY

The importance of post-settlement mortality either as a source
of recruitment variation or density-dependent amelioration of
such variation, has become a topic of intense interest. Post-set-
tlement modification or dampening of variable larval supply
can have strong effects on subsequent population structure and
dynamics (Shulman and Ogden, 1987; Sissenwine, 1984;
Rothschild, 1986; Holm, 1990; Levin, 1998; Warner and
Hughes, 1988; Caley et al., 1996; Forrester et al., 2002; Hixon
and Webster, 2002). Post-settlement mortality of temperate
fishes can be high and most observational studies documenting
this mortality have suggested predation as the cause (Lockwood,
1980; Hallacher and Roberts, 1985; Myers and Cadigan, 1993b;
Bailey, 1994; Adams and Howard, 1996; Hobson et al., 2001).
Based on a rapid growth in experimental studies over the past
decade, there now exists many examples of the substantive
causal effects of predators on the survival of early post-settle-
ment juvenile coral reef fishes (reviewed by Hixon and Webster,
2002), as well as a variety of temperate marine species
(DeMartini, 1976; Carr, 1991; Steele, 1997a, 1997b; Berhents,
1987; Levin et al., 1997; Steele et al., 1998; Anderson, 2001;
Steele and Forrester, 2002; see chapter 16). Environmental dis-
turbance, such as storms and episodes of hypoxia, can also
induce substantial post-settlement mortality (Hobson and
Howard, 1989; Breitburg, 1992, respectively) and these environ-
mental factors can interact with rates of predation (Breitburg
et al., 1994). Because susceptibility is strongly size-dependent,

factors that influence growth also influence survivorship,
including seasonal variation in settlement (Pfister, 1997).

DENSITY-DEPENDENCE

The extent to which per-capita rates of movement, growth or
mortality are dependent on the density of recruits or resident
conspecifics can vary substantially in space and time. If such
post-settlement or post-recruitment processes are sufficiently
strong and density-dependent, much of the effect of variation
in larval supply and settlement on population size, growth
rate and reproductive potential can be greatly dampened.
Because this topic is treated in greater depth by Steele and
Anderson (chapter 16), we mention it briefly as it relates to the
greater recruitment process. A growing number of studies
examining post-settlement mortality provide increasing evi-
dence that the per capita rate of mortality of demersal fishes
can be strongly density-dependent (see recent reviews by
Hixon and Webster, 2002; Osenberg et al., 2002; Steele and
Anderson, chapter 16). Evidence of this density-dependent
post-settlement mortality for temperate fishes comes from
three sources: 1) observations of strong positive spatial or tem-
poral relationships between the magnitude of recruitment and
limiting resources (especially refuge from predation), 2) obser-
vational tests of the relationship between the size of recruiting
cohorts and their per-capita rate of mortality, and 3) experi-
mental tests of the effect of density on per-capita mortality of
recruiting cohorts. One example of the first case is the strong
relationship between recruitment of recently settled kelp bass,
Paralabrax clathratus, and plots of manipulated densities of the
giant kelp, Macrocystis pyrifera (Carr, 1994a). The positive rela-
tionship generated across interspersed replicate kelp density
plots suggest that under comparable levels of larval supply,
settlers or recruits experienced density-dependent mortality,
limiting their eventual numbers to the availability of refuge
from predation. Thus, the many examples of positive rela-
tionships between recruitment and recruitment habitat such
as shelter holes (Berhents, 1987; Steele, 1999) may reflect
density-dependent mortality set by the availability of limiting
resources. However, as in the case of the kelp bass-giant kelp
example, this indirect evidence does not distinguish post-
settlement mortality from differential settlement related to
encounter rates of larvae with increasing density of plants.
Hence, observations of actual rates of per-capita mortality pro-
vide stronger evidence for density-dependent mortality.

With few exceptions (Tupper and Boutilier, 1995; Sano,
1997; Pfister, 1996; Davis and Levin, 2002), the majority of
observational studies of post-settlement density dependence
come from the fisheries literature (e.g., Lockwood, 1980; Myers
and Cadigan, 1993b; Adams and Howard, 1996). These studies
document the occurrence of early post-settlement density-
dependent mortality at broader spatial and temporal scales
than can be examined experimentally. Only a handful of these
observational studies have been conducted for California fishes.
Adams and Howard (1996) detected significant positive inter-
annual relationships between the strength of recruitment of
blue rockfish, Sebastes mystinus, to kelp forests along northern
California and rates of cohort mortality. In contrast, a 4-year
study of recruitment and population dynamics of an intertidal
sculpin along the coast of southern California found that
early post-settlement mortality rates were density-independent
(Davis and Levin, 2002). Similarly, Pfister (1996) found that
early post-settlement survival of three species of intertidal
sculpins at sites along the coast of Washington State was largely
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density-independent, resulting in positive relationships
between the total number of recruits in the summer and num-
ber of adults the following winter for two of the three species.
Recruitment events could be detected in adult populations for
short periods of time. Post-recruitment survivorship, however,
dampened seasonal recruitment pulses and adult population
growth rates were more sensitive to post-recruitment processes.

Such observational studies have motivated experimental
assessments of post-settlement density-dependent mortality.
In a series of experiments examining the relative contribu-
tions of larval supply and post-settlement predation and com-
petition for two species of gobies at Santa Catalina Island,
Steele (1997a,b, 1999) Steele et al. (1998), and Steele and
Forrester (2002) concluded that variable post-settlement mor-
tality of Lythrypnus dalli and Rhinogobiops nicholsii caused by
predation was very strong and occurred very quickly (e.g.,
92% mortality within 24 hr of settlement for C. nicholsii) and
was sufficiently density-dependent to greatly obscure patterns
of larval supply and settlement. However when these effects,
detected at spatial scales of tens of meters, were examined at
larger spatial scales (100s-1000s of meters) patterns of recruit-
ment were still related to larger-scale variation in larval supply
and settlement. This observation underscores the importance
of examining the relative roles of pre- and post-settlement
processes with a combination of observational studies at
broader spatial and temporal scales and experimental tests at
smaller spatial scales to elucidate the actual mechanisms and
sources of variation in density dependence. Another elegant
example of experimental evaluation of density dependence is
Anderson’s (2001) manipulations of the density of young kelp
perch, Brachyistius frenatus, in the presence and absence of
predators. This work demonstrated that the post-parturition
density-dependent mortality experienced by young kelp perch
was a result of combined functional and aggregative responses
of its primary predator, the kelp bass. To determine if the pres-
ence and strength of density-dependence varied as a function
of habitat complexity, recruit density was manipulated across
a range of habitat complexity. This experiment demonstrated
that the direction (positive or negative), presence and magni-
tude of density dependence are strongly influenced by struc-
tural complexity of the habitat (e.g., kelp). Surveys of per-capita
mortality of kelp perch occurring at a range of densities across
reefs at Santa Catalina Island demonstrated patterns concor-
dant with the density-dependent mortality detected in the
experiments. This work demonstrates the broader implica-
tions of variation in habitat attributes as they influence post-
settlement processes that contribute to density-dependence
(e.g., predator and refuge abundance), and more generally as
sources of variation in recruitment.

Intra- and interspecific interactions (competition, predation,
facilitation) interact with habitat features (e.g., shelter avail-
ability) to increase the complexity and variability in how either
habitat or species interactions influence recruitment. For
example, Behrents (1987) sampled recruitment of bluebanded
gobies, Lythrypnus dalli, to artificial habitats on which she
orthogonally manipulated the presence/absence of conspecific
adults and small shelter holes for recruits. In the absence of
small shelter holes, the presence of adults reduced larval
recruitment, while in the presence of small shelter holes, there
was no effect of adults on recruitment. Moreover, this effect of
adult conspecifics was opposite to the effect of enhanced
recruitment that Steele (1997a,b) detected (see Settlement phase
section above). The different effects do not seem to be attrib-
utable to differences in the presence of predators (Steele,
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1997a,b) and exemplify the complexity of these interactions.
Another source of complexity is the role of macroalgae and
other biogenic sources of habitat structure in moderating
species interactions in temperate systems. These sources of
habitat structure provide young fish with refuge from preda-
tion as well as modify the abundance and availability of their
prey. Macroalgal assemblages are highly variable in space and
time and these changes create a variable environment within
which species interactions take place. Understanding how
post-settlement interactions vary in response to these changing
conditions is critical to understanding spatial and temporal
patterns of recruitment (Holbrook et al, 1990b; Schmitt and
Holbrook, 1990; Levin, 1993; Carr, 1994a,b; Anderson, 2001).

Implications of Recruitment for the Management
and Conservation of Marine Fishes

Our understanding of the causes and consequences of the vari-
able replenishment of fish populations underpins all past and
current approaches to managing and conserving these species
as well as the ecosystems that support them. The importance
of variable recruitment to the dynamics and management of
marine fisheries has been recognized since the dawn of fisheries
science. It has been both the Holy Grail that fisheries scientists
have endeavored to understand or predict, as well as a bane of
their ability to accurately forecast population dynamics. As a
fundamental source of uncertainty, it has often impeded tradi-
tional management approaches based upon stock-recruitment
relationships. While this uncertainty has compelled scientists
and managers to consider additional approaches to complement
traditional management (e.g., hatcheries, marine reserves),
recruitment remains a critical consideration for the potential
contribution and uncertainty of these schemes as well.

The temporally variable, often episodic, recruitment of
marine fishes influences the frequency at which populations
are replenished. The availability of adults to produce potential
recruits during such windows of favorable recruitment condi-
tions is critical to the persistence of a population. This storage
effect (sensu Warner and Chesson, 1985) implies that reducing
the longevity of adults to durations less than intervals between
successful recruitment events can jeopardize the persistence of
a population. Similarly, if some level of larval production
and recruitment is necessary to maintain populations through
periods detrimental to their maintenance (e.g., detrimental
climatic regimes), additional fishing mortality during such
periods may incapacitate buffers in population size critical to
larval production. Thus, identifying the temporal patterns of
recruitment and the environmental processes that explain
those patterns is critical to understanding and predicting the
temporally variable effects of reducing the age and number of
adults incurred from fishing mortality. Temporal patterns of
recruitment also inform mangers of the relative consequences
of fishing mortality during periods of differing rates of replen-
ishment. Reducing rates of fishing mortality during prolonged
periods of reduced rates of recruitment may be necessary to
maintain stocks at levels capable of rebounding with the
return of environmental conditions favorable for recruitment.

The spatial scale of larval dispersal and recruitment sets the
scale of influence of a population and, by extension, can
determine the spatial scope of human impacts. Local extirpa-
tion of adults can act both to preempt recruitment to popula-
tions elsewhere, and, to the extent that local recruitment is
influenced by the presence of adults, prevent replenishment



of that local population where adult density has been altered
(Raimondi and Reed, 1996). Similarly, localized human activi-
ties that alter the dispersal patterns or survival of fish larvae as
they encounter altered environments can have regional
impacts well down current of such activities (Kingsford and
Gray, 1996; Nisbet et al., 1996). Examples include the poten-
tial entrainment of larvae by power plants, or discharge
plumes of altered salinity, temperature, turbidity, or toxicants.
Thus, knowledge of the processes that determine dispersal
and the relationships between larval production, survival
and recruitment are critical to understanding and predicting
the scale and magnitude of human impacts on these three
processes.

The spatial scale of dispersal and recruitment also sets the
spatial scale at which populations interact with one another.
As such, dispersal and recruitment are fundamental to the pur-
pose, design and evaluation of spatially explicit management
approaches such as marine reserves. Several studies have dis-
cussed the implications of larval dispersal for the potential
role of marine reserves as sources of replenishment of exploited
populations and the importance of dispersal distance for the
design (size, spacing and location) of reserve networks (Plan
Development Team, 1990; Carr and Reed, 1993; Roberts, 1997;
Planes et al., 2000; NRC, 2001, contributions in volume S13 of
Ecological Applications, 2003). The extent to which larval
retention enhances local recruitment determines the extent to
which populations within reserves are self-replenishing.
Alternatively, the apparent reliance of local populations on
larval transmission among populations (i.e., connectivity) is
the basis for the necessity of reserve networks. With better
understanding of dispersal processes, we are more likely to
design true networks of reserves whose replenishment and
sustainability are independent of less protected populations
outside reserves. Spatial patterns of larval production, disper-
sal and population connectivity also determine the relative
contribution of local populations to the replenishment and
persistence of broader regional populations that constitute
metapopulations or exploited stocks. Knowledge of such con-
tributions, measured as per-capita survival, larval production,
dispersal and realized recruitment to the regional population,
identifies potential source and sink populations. Identification
of such populations can be useful for targeting populations
for protection in reserves or for predicting or assessing the
potential or realized benefit of artificial reefs for augmenting
regional fish populations or mitigating for habitat loss (Carr
and Hixon, 1997; Grossman et al., 1997; Holbrook et al., 2000).

The degree to which density-dependent post-settlement
processes (e.g., competition, predation) and resource limita-
tion determine recruitment to a fishery or an adult population
will greatly influence the potential value of propagation (e.g.,
hatcheries) and habitat enhancement (e.g., restoration and
artificial reefs) for augmenting populations. Thus, knowledge
of the relative contributions (and constraints) of each phase
of the recruitment process (production, pelagic survival and
dispersal, settlement and post-settlement performance), will
inform decisions of alternative or complementary manage-
ment approaches.

Future Directions

Four future research areas, each essentially complementary to
the others, emerge from this review of our understanding of
fish recruitment and population ecology. First is the growing

recognition of the necessity to conduct comprehensive studies
that examine the entire recruitment process from larval pro-
duction, supply, through the post-settlement phase to recruit-
ment to the adult population. To date, there are many well-
studied pieces of the puzzle, but they provide an incomplete
understanding of the overall recruitment process. Without a
more complete picture for a subset of model species representa-
tive of key life history traits (e.g., reproductive mode, fecundity,
larval duration), our understanding of the relative importance
of each phase of the recruitment process and how this varies
among oceanographic and other environmental conditions,
will continue to impair our ability to predict both recruitment
dynamics and its consequence to the structure and dynamics of
demersal fish populations and the communities they constitute.

Second is the shift from the current focus on single, local
populations to multiple regional-scale populations. Included
with this broader perspective are explorations of larval disper-
sal and connectivity among populations. Only through a
greater understanding of the spatial scale of dispersal and pop-
ulation interaction and how this varies among species and
oceanographic conditions can our science begin to under-
stand how processes acting at the scale of local populations
scale-up to regional, metapopulation, scales. Only with this
larger scale understanding will we understand processes that
contribute to the persistence of both local and regional popu-
lations and develop the capacity to inform spatially explicit
management and conservation efforts.

In order to do this effectively will require the third direction
of research; a more interdisciplinary effort that brings to bear
the tools and insights of genetic, physiological, oceanographic
and other disciplines to address these complex questions.
Genetic and chemical signatures and analytical approaches will
be required to determine patterns of dispersal and these are
being developed rapidly. Concomitant oceanographic studies
will be required to interpret dispersal and recruitment patterns
generated from the use of such signatures. Multidisciplinary
efforts examining processes of dispersal and recruitment in
coastal oceans are critical to our understanding of how larger
scale processes (e.g., the California Current) interact with
coastal processes (e.g., tidal bores, upwelling and its relaxation)
to influence recruitment dynamics and population connec-
tivity along the west coast of North America and upwelling-
dominated ecosystems throughout the world.

Finally, there is a need to formally integrate these different
levels of inquiry into explanatory and predictive frameworks
that relate local scale processes, such as post-settlement den-
sity dependence, to regional scale dynamics such as metapop-
ulation structure and persistence. These frameworks need to
provide a means by which scientists can both understand the
dynamics of fish populations and communities, and provide
resource managers with predictions and forecasts about out-
come of conservation and management actions. The tremen-
dous research capacity along the West Coast has long been
poised to provide models for this type of effort, and recent
assessments of fish populations indicate that the need for
these kinds of programs is greater now than ever. These are
very exciting and important times to pursue such endeavors.
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