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ABSTRACT: The California sheephead Semicossyphus pulcher and the kelp bass Paralabrax clathratus are members of a suite of nearshore reef species that have subtropical taxonomic affiliations and
important fisheries in the Southern California Bight (SCB). This suite shows high interannual fluctuation in recruitment success in the SCB, with no known cause. One hypothesis gaining mention in
management literature is the idea that recruitment booms in the SCB originate from larvae swept
poleward from Mexico during El Niño flow-reversal events. If true, SCB stocks may be reliant on
Mexican sources. We used 3 diverse sources of data to investigate the likelihood of El Niño-driven
recruitment success and connectivity for S. pulcher and P. clathratus. Time series of larval abundance
revealed that neither species shows synchrony with El Niño Southern Oscillation (ENSO) cycles that
would suggest influx of Mexican larvae during El Niño flow reversals. P. clathratus age structure data
show that recruitment strength is unrelated to ENSO cycles but correlates to spring sea surface temperature in the SCB, indicating that local environmental factors drive interannual variation in local
production. Genetic analyses of 14 populations of P. clathratus with 7 microsatellite loci revealed distinct patterns of genetic structure in the SCB and Baja California that reflect localized connectivity
patterns and contradict patterns that would be expected if dispersal primarily occurred during
El Niño flow reversals. While these results support the importance of protecting local sources in the
SCB, continued study of dispersal and recruitment at large scales will help characterize the causes of
interannual variation and the exact scale of cross-border connectivity.
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In many areas of the world, international borders cut
across continuous habitats and ecological communities. These areas are often managed independently
despite the possibility that connectivity between them
may be extensive for many species. The adjacent
nearshore marine ecosystems of Southern California,
USA, and Baja California, Mexico, are a prime example of this scenario. In Baja California, small-scale artisanal fisheries harvest nearshore rocky reef and kelp

forest fauna and represent a considerable fraction
of the economic value of Mexico’s fisheries (RosalesCasian & Gonzalez-Camacho 2003). Across the international border, the same species support recreational
and commercial fisheries in the Southern California
Bight (SCB). Roughly 3 million recreational fishing
trips targeting nearshore fishes and invertebrates
are made yearly in Southern California, generating
≥ $300 million yr–1 in revenue (Thomson & Crooke
1991). Species shared between the Mexican and US
fisheries include rockfishes in the genus Sebastes,
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California sheephead, ocean whitefish, kelp and sand
basses, California halibut, urchins, and California
spiny lobster. Because most of these species have
planktonic larvae capable of dispersing tens to hundreds of kilometers before settlement, it is possible that
population connectivity across the border is extensive
and vital for the continued sustainability of local fisheries in one or both countries.
California’s Marine Life Management Act (MLMA)
acknowledges potential reliance on Mexican populations for contributions to stock replenishment in its
MLMA Master Plan, which explains that ‘warm waters
that flow north in an El Niño carry the larvae of sheephead and lobster from the heart of their geographic
range in Mexico into the waters off California’
(www.dfg.ca.gov/marine/masterplan). The 2004 National Marine Fisheries Management Plan for the California sheephead Semicossyphus pulcher likewise
acknowledges that ‘there could be cross-border movement … influenced by environmental events such as
El Niño’ (Methot et al. 2004). If the transport of young
from natal sites in Mexico plays an important role in the
dynamics of US populations, the need for close international coordination in management of these fisheries
would be critical. However, despite repeated statements of this hypothesis in both scientific and management documents, its validity remains largely untested.

As mentioned in the quotes above, the key mechanism for allowing significant connectivity is El Niñodriven flow reversals. Without El Niño conditions, the
basic patterns of regional coastal circulation during
summer months (June to September, when larvae of
most nearshore reef species disperse) suggest low connectivity across the international border. In these ‘normal’ summers, a large cyclonic eddy stretches from just
south of the international border to the Santa Barbara
Channel, encapsulating the SCB into what may be a
largely closed system (Hickey 1998) (Fig. 1a). The SCB
is divided from northern Baja California by an eastward flowing arm of the California Current (CC) that
impinges on the coast north of Ensenada (Fig. 1a), producing divergent flow and a boundary in temperature
and productivity called the Ensenada front (Haury et
al. 1993, Perez-Brunius et al. 2006). The front has been
characterized as a faunal boundary for some pelagic
taxa (reviewed in Haury et al. 1993). Along the coast of
northern Baja California, linear equatorward flow
dominates, further enhancing the obstacle to poleward
transport of larvae from Baja California to the SCB
(Fig. 1a).
The rationale for a potential dependency on Mexican
source populations for California stocks arises from the
very different basic circulation pattern that occurs
ephemerally under El Niño conditions. In strong

Fig. 1. Mean large-scale flow along the study region, reproduced from Hickey (1998) and Durazo & Baumgartner (2002). Black
arrows: California Current. (a) ‘Normal’ (non-El Niño) summer flow conditions. Southern California Eddy: 5 counterclockwise
curved arrows; d: Paralabrax clathratus genetic sampling sites. (b) El Niño conditions; gray arrows show a warm-water poleward
current. d: P. clathratus age structure sampling sites. Islands: San Miguel (MI), Santa Rosa (RO), Santa Cruz (CR), Anacapa (AN),
Santa Barbara (BA), San Nicholas (NI), Santa Catalina (CA), San Clemente (CL)
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El Niño events, a warm-water poleward current runs
inshore up the Pacific coast of Baja California, through
the SCB and occasionally as far north as Oregon and
Washington, pushing the equatorward flowing CC far
offshore (Durazo & Baumgartner 2002, Perez-Brunius
et al. 2006) (Fig. 1b). Documented flow reversals in surface waters are associated only with El Niño conditions
(Chelton 1981). Since many reef species are believed
to have recruitment peaks in the SCB following
El Niño (Johnson 1960, Cowen 1985, Pringle 1986,
McGowen 1993, Carr 1994, Pondella & Stephens 1994,
Lenarz et al. 1995, Moser et al. 2001), poleward larval
transport across the US–Mexican border during
El Niño has emerged as a hypothesis that is being
incorporated into management plans. Moser et al.
(2001) presented support for this hypothesis by examining the exact timing of the appearance of a large
pulse of sheephead larvae in the southern SCB at the
end of the 1998 El Niño. They linked the sheephead
pulse to the poleward transport of an unusually large
mass of warm water from Mexico into the SCB that was
documented prior to the appearance of the sheephead
(Moser et al. 2001).
Species with El Niño-associated recruitment also have
other traits that suggest local production in the SCB may
be low or unreliable, making it more likely that input
from Mexico during El Niño may be crucial to SCB
stocks. They have high interannual variation in recruitment success at sites in the SCB, with frequent years of
near-total recruitment failure (Cowen 1985). Some have
been demonstrated to be recruitment-limited (sheephead, Cowen 1985; kelp bass, Carr 1994). They also tend
to share subtropical taxonomic affiliations, such that the
majority of their range is in Mexican waters and abundance attenuates near Point Conception. Most have
pelagic larval durations of 1 to 2 mo. Some of the more
abundant and/or economically important examples of
this suite of species are the California sheephead Semicossyphus pulcher, kelp bass Paralabrax clathratus,
barred sand bass P. nebulifer, opaleye Girella nigricans,
and garibaldi Hypsypops rubicundus.
Success of local larval production in the SCB for
these subtropical species might be compromised in
parts of the SCB due to temperature minima or other
physiological constraints on gamete production or larval survival (Oda et al. 1993), or larvae might simply be
advected out of the local area (Watson et al. 1999).
Even if recruits are locally produced in the SCB annually — as seems evident at least for the more abundant
species like sheephead and kelp bass (Watson et al.
2002) — the rate of local reproduction might be
swamped over the long term by episodic influxes of
larvae from the more abundant and extensive populations in Baja California during El Niño flow-reversal
events. This scenario, if true, has substantial implica-
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tions for our basic understanding of the ecological
dynamics of kelp forest and rocky-reef communities of
the SCB and the impacts of future climate change,
shifts in El Niño Southern Oscillation (ENSO) cycles,
and economic changes in Mexico on the populations
and fisheries of these species.
Importantly, however, increases in recruitment in the
SCB following El Niño conditions could alternatively
be explained by enhanced local reproduction in the
SCB due to associated environmental changes rather
than through enhanced immigration (e.g. warmer conditions support greater larval production and/or larval
survival from SCB populations). Furthermore, we are
unaware of any rigorous analyses of the actual correlation between interannual patterns of recruitment for
these species and ENSO cycles. Much of the presumed
association has been based on observations associated
with single events (e.g. the 1982–83 El Niño: Cowen
1985; Stephens & Pondella 2002), which leaves open
the question of whether a correlation between recruitment and ENSO cycles would be confirmed for longer
recruitment time series.
These species clearly have strong interannual fluctuation in recruitment in the SCB, and understanding the
cause is important to their fisheries management. In the
present paper we focus on the idea that this fluctuation is
related to ENSO and examine support for the hypotheses
that recruitment booms are linked to (1) the influx of
Mexican larvae via poleward flow reversals or (2) increased local production when local sea surface temperatures (SST) are higher than average. The definitive way
to understand the extent to which Mexican populations
contribute to SCB populations would be to identify what
proportion of individuals found in the SCB has natal
origins in Mexico versus California. Currently, such definitive evidence does not exist at the required scales or
with sufficient power to determine the sources of recruits. However, we assembled a diverse body of data on
spatial and temporal patterns of larval abundance, age
structure and genetic structure with which to address
links between ENSO and recruitment booms and the
likelihood of substantial contribution of long-distance
dispersal from Mexico to Californian populations.

MATERIALS AND METHODS
The 2 species of focus in this analysis, the California
sheephead Semicossyphus pulcher and the kelp bass
Paralabrax clathratus, show very similar patterns of
larval dynamics. Both taxa peak at the most inshore
stations of the California Cooperative Oceanic Fisheries Investigations (CalCOFI) grid (< 50 km from
shore), suggesting that most larvae do not travel far
offshore during their pelagic phases. In addition, the
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distributions of Paralabrax spp. (a majority kelp bass
and minority barred and spotted sand bass) and sheephead larvae were spatially correlated at a small scale
in tows made within the inshore region from 1982 to
1984, suggesting they experience similar physical
forces (McGowen 1993). Other subtropical species
identified in CalCOFI tows that share both the inshore
bias and lack of positive tows north of Point Conception are the rock wrasse Halichoeres semicinctus,
garibaldi Hypsypops rubiscens and opaleye Girella
nigricans (McGowen 1993). These data suggest that
these subtropical species indeed form a suite with
respect to the environmental forces impacting their
broad-scale connectivity. Thus, similarities in larval
life history and spatio-temporal larval patterns allow
some generalization of data presented here to the others in this subtropical suite.
Interannual patterns of larval abundance. CalCOFI
surveys have produced a long-term time series of larval abundance for Semicossyphus pulcher larvae and
Paralabrax spp. larvae from 1951 to 2004 (www.calcofi.org). Following Moser et al. (2002), we estimated
larval abundance as the proportion of positive CalCOFI oblique tows (i.e. tows capturing ≥1 larva of the
focal taxon) to get a relative estimate of larval abundance. Data were filtered to include only tow stations
within the SCB (east of Stn 40 at line 93 and Stn 55 at
line 80), so as to exclude larvae that are likely lost to
the system, and excluded winter months when no larvae of these species are found (December to April). We
evaluated whether peaks in larval abundance coincided with El Niño conditions, which would support
the possibility that they are caused by transport from
Mexico. Strength of El Niño was estimated by averages of monthly values of a multivariate ENSO index
(MEI) that measures the departure from mean conditions (positive values represent El Niño conditions;
available from K. Wolter at www.cdc.noaa.gov/people/
klaus.wolter/MEI/table.html). Only months during the
likely spawning window, May through September,
were included (Moser et al. 2002). As yearly averages
of ENSO have little serial autocorrelation, we used
ordinary least-squares regression to test for a positive
relationship between larval abundance and the
strength of El Niño. We also repeated the correlation
using a more local indicator of ENSO, monthly mean
upwelling indices for 30° N and 33° N also averaged for
spawning months (available at www.pfeg.noaa.gov).
Interannual patterns of recruitment. We looked for
further evidence that the peaks in recruitment correlated with El Niño conditions using data on the strength
of recruitment calculated from age structure data for
1500 Paralabrax clathratus collected from 2001 to 2003
at 4 sites in the SCB (Fig. 1b). All fish were captured
with hook and line and aged with their otoliths; age

structure data were transformed into a recruitment index by accounting for natural mortality (A. Vogel, C.
Burrell, S. Edmands, D. Keifer unpubl.). Briefly, collection sites were pooled into 2 groups, based on an obvious difference in fishing pressure (37.3 ± 15.4% of the
samples from the ‘lightly fished’ sites and 3.0 ± 1.5%
from the ‘heavily fished’ sites were born before 1991).
Data from the 2 groups were log10-transformed before
calculating best-fit linear regression lines. We took the
inverse logs of the y-values from the 2 regression lines
in order to create exponential curves that covered the
years 1969 to 2005. All year points were then divided by
the 2005 values, which standardized the curves to have
a maximum of 1. Mortality for each year was considered to be the ratio of successive steps in these survivorship curves.
Relative recruitment strength for each year (determined with otolith scores) was estimated by calculating survivorship through successive mortality steps.
Here we only include the year classes that recruited between 1985 and 1997 because these are the most densely
sampled year classes. Finally, these recruitment scores
were normalized. We then asked whether recruitment
strength (averaged across the 4 sites) correlated with
ENSO patterns, indicating that recruitment peaks are
possibly related to flow-reversal events allowing transport from Mexico. We also tested whether recruitment
correlated with spring SST in the SCB (March to May,
averaged), indicating that local environmental conditions may drive reproductive output of SCB populations.
Temperature data used were monthly means of in situ
measurements averaged across the same 4 collection
sites, downloaded from the Southern California
Coastal Observing System (www. sccoos.org). Although
SST can be somewhat correlated with ENSO, the
temperature used in the ENSO index is taken from the
tropical Pacific and is only 1 of the 6 variables used to
calculate the ENSO index.
Spatial patterns of genetic structure. Genetic structuring for these species was expected to be low given
their long larval durations (1 to 2 mo) and large population sizes. Nevertheless, examining the relative levels and patterns of structure in the SCB and in Mexico
may help in determining the influence of ephemeral El
Niño flow reversals on larval sources in the SCB. The
following 3 paragraphs outline, several hypotheses
about patterns of gene flow based on the current patterns described in the Introduction and shown in Fig. 1.
In northern Baja California, currents run linearly
along the coast, during both normal and El Niño conditions, so gene flow among Mexican sites is expected to
fit a stepping-stone model, in which dispersal occurs
primarily between adjacent populations. Thus, regardless of whether gene flow within Baja occurs only during normal years, only during El Niño conditions or
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Relative larval abundance

S. pucher

Paralabrax spp.

both, we hypothesize that sites within Baja display
for 3 sets of data: a global value averaged over all popua genetic pattern of isolation-by-distance, in which
lations, values averaged separately within each region
genetic differentiation increases linearly with geo(9 sites in the SCB and 5 sites in northern Baja Califorgraphic distance between populations. Although the
nia), and all pairwise comparisons among the 14 sites.
currents in both conditions are asymmetrical (normal:
Confidence intervals (CI) for the regional FST values
equatorward, El Niño: poleward), isolation by distance
were generated with GENETIX (Belkhir et al. 1998) to
occurs despite dispersal asymmetry (Rousset 2004).
determine whether the populations in the SCB show a
In the SCB, the different current patterns during
lesser degree of genetic structuring than those in northEl Niño and normal summer conditions should result in
ern Baja California (supporting the contribution of
contrasting associated gene flow patterns. Under the
Mexican sources) or an equal or greater degree of gehypothesis that population replenishment in the SCB
netic structuring (supporting overwhelming dominance
largely occurs from the influx of Mexican larvae via
of local reproduction). Hedrick’s (2005) correction propoleward flow during El Niño, local production is mincedure was used to adjust the global FST value because
imal, and immigrants to all SCB populations come from
the high allelic diversity and high population sizes of
a large, homogeneous pool of larvae from Mexico bekelp bass depress FST values (Kalinowski 2002). The
cause larvae from diverse locations in Mexico become
uncorrected pairwise FST values were used to determixed during transport to the SCB and are distributed
mine whether pairs of populations within the SCB and
within Baja California exhibited distinct patterns of gewidely to areas within the SCB. Thus, all populations
receive the same genetic input, so we hypothesize that
netic structure. Values were plotted by pairwise distance to evaluate isolation by distance and significance
there is no genetic structure among the SCB sites.
was tested with a Mantel test (Rousset 1997).
In contrast, under the hypothesis that recruitment in
the SCB primarily occurs during normal conditions,
local production results in a fraction of self-recruitment
RESULTS
and some interpopulation exchange of immigrants
within the SCB, with little or no input from Mexico.
Interannual larval abundance patterns
Because currents within the Southern California Eddy
are slow, larval retention and thus self-recruitment
The CalCOFI larval tow time series showed that
should be relatively high, allowing buildup of genetic
structure. The circuitous currents should allow larval
Semicossyphus pulcher larval abundance falls to zero
exchange between nonadjacent areas, preventing isoin many years and Paralabrax spp. larval abundance
lation by distance. Therefore, this hypothesis predicts
drops significantly, consistent with wide interannual
that genetic differentiation among sites
0.7
0.1
in the SCB should be fairly high, but
0.6 a
lack a pattern as compared to the struc0.08
0.5
turing within Baja, where currents
0.06
0.4
along the coast are faster but linear.
0.3
0.04
This hypothesis also predicts that
0.2
0.02
genetic structure should exist between
0.1
0
0
the SCB and Mexico because the Ense1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005
nada front might dampen most internaYear
tional gene flow.
1.2
To test the above hypotheses, we ana1 b
lyzed the Paralabrax clathratus popula0.8
tion genetic structure from 14 popula0.6
tion samples taken between Punta
0.4
Eugenia and Point Conception between
0.2
2001 and 2004 (Fig. 1a) with 7 micro0
satellite loci (sampling methods, loci,
–2
–1.5
–1
–0.5
0
0.5
1
1.5
2
2.5
3
and DNA methods identical to those in
Multivariate ENSO index
Selkoe et al. 2006). All loci passed tests
Fig. 2. Semicossyphus pulcher (f) and Paralabrax spp. (h). (a) Relative abunfor Hardy-Weinberg equilibrium, linkdance time series of larvae in the Southern California Bight, as % positive tows
age equilibrium, and neutrality (Selkoe
yr–1. Between 1969 and 1984, sampling occurred every 3rd yr. (b) Correlations of
et al. 2005, 2006). A measure of genetic
larval abundance with multivariate El Niño Southern Oscillation (ENSO) index,
differentiation, FST, was estimated with
indicating strength of El Niño (positive values) and La Niña conditions (negative
values), using months during spawning period only
Weir & Cockerham’s (1984) estimator

Mar Ecol Prog Ser 351: 209–220, 2007

variability in recruitment, including years of widespread failure (Fig. 2a). The annual larval abundance
data for the 2 taxa were positively correlated for the
duration of the time series (r2 = 0.21, p = 0.02). The
ENSO time series showed many strong El Niño periods
during spawning months over those years, but the larval data showed no relationship to ENSO cycles as
measured by the MEI (S. pulcher: r2 = 0.01, p = 0.92;
Paralabrax spp.: r2 =0.01, p = 0.97) (Fig. 2b), or the local
upwelling indices (data not shown). When adjusted
larval count data were used instead of percent positive
tows, the results were similar because the 2 metrics are
well correlated themselves (data not shown).

Age structure data
The annual strength of recruitment derived from the
Paralabrax clathratus age structure data showed a
range of values between 1985 and 1997, and there
were ≥4 strong El Niño yr during this period (Fig. 3a).
In fact, 1997 and 1987 showed the highest summer
MEI values for the entire 1950 to 2004 time series.
Strength of recruitment showed no correlation with the
strength of El Niño but did show a negative correlation
with spring SST (r2 = 0.33, p = 0.035) (Fig. 3). No correlation with summer SST was found (data not shown).

Spatial patterns of genetic structure
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Fig. 3. Paralabrax clathratus. Correlational plots for the 1985–97
annual recruitment index, back-calculated from age structure
data. (a) Recruitment strength is uncorrelated with multivariate
El Niño Southern Oscillation (ENSO) index during spawning
period (April to October). (b) Recruitment strength correlates
with mean spring sea surface temperature (April to June) (r2 =
0.33, p = 0.035). Yr indicated next to data points

Descriptive statistics for the 14 sites from the analysis
of 7 microsatellite loci are provided in Table 1. Calculated across all 14 sites, global FST = 0.001, similar to
Paralabrax clathratus allozyme results in Waples &
Rosenblatt (1987). Unlike in that study, in our study the
value was statistically > 0 because of
increased power (p = 0.03). Corrected
Table 1. Genetic characteristics of all sites. SCB, Southern California Bight;
for the high polymorphism of the loci
n, sample size; Ho, observed heterozygosity; A, mean rarefied number of alleles
per locus; FIS, inbreeding coefficient
according to Hedrick (2005), FST =
0.028, indicating substantial genetic
Group
Location
Latitude (°N)
n
Ho
A
FIS
structuring. Structure in the SCB was
slightly higher than in Baja California,
SCB
Naples Reef
34.42
104
0.72
13.5
–0.018
instead of lower as would be expected
SCB
Carpinteria
34.40
59
0.75
13.5
–0.013
with substantial Mexican input during
SCB
Santa Rosa Is.
34.05
43
0.73
12.3
–0.023
El Niño flow reversals. For the 9 SCB
SCB
Santa Cruz Is.
33.92
76
0.73
13.6
0.021
SCB
Los Angeles
33.79
124
0.73
13.1
0.002
sites, uncorrected FST = 0.0013 (95%
SCB
Catalina
Is.
33.42
43
0.74
13.4
0.013
CI: 0.0003 to 0.0023) and was signifiSCB
San Clemente Is.
32.89
83
0.74
13.5
0.022
cantly > 0, whereas for the Mexican
SCB
San Diego
32.66
84
0.72
13.3
0.007
subset of sites, FST = 0.0009 (95% CI:
SCB
Islas Coronados
32.44
71
0.71
13.5
0.004
Mexico
Eréndira
31.30
66
0.72
12.7
–0.003
–0.0008 to 0.0033) and was not statistiMexico
San Quintín
30.48
71
0.73
12.7
0.048
cally different from zero. However, the
Mexico
Punta Baja
29.79
53
0.73
13.6
0.014
2 FST values were not significantly difMexico
Santa Rosalillita
28.67
72
0.74
13.6
0.003
ferent from each other.
Mexico
Punta Eugenia
27.87
92
0.74
13.7
0.006
Pairwise FST values varied among site

Carpinteria
Santa Rosa Is.
Santa Cruz Is.
Los Angeles
Catalina Is.
San Clemente Is.
San Diego
Coronados Is.
Eréndira
San Quintín
Punta Baja
Santa Rosalillita
Punta Eugenia

–0.001
–0.0011
–0.0013
–0.0005
0.0013
–0.0002
0.0008
0.0009
–0.0008
0.0004
0.0001
0.0006
–0.0004

Naples
Reef

–0.0021
0.0004
0.0003
0.0029
0.0013
0.0014
0.002
0.0001
0.0013
0.0004
0.0005
0.0008

Carpinteria

Santa
Cruz Is.

–0.0007
0.002
–0.0015
0.0009
–0.0007
–0.0002
–0.0014
–0.001
0.0008
–0.0005

Santa
Rosa Is.

–0.001
0.0005
0.0009
–0.0015
0.0008
0.0021
–0.001
0.0013
–0.0018
–0.0009
0.0011
0.0045
0.0026
0.004
0.0037
–0.0002
0.0024
0.0028
0.0005

0.0023
0.0014
0.0045
0.0001
0.0013
0.001
–0.0007
0.0007
–0.00025
0.00126
0.0018
0.0007
0.002
–0.001
–0.0013
–0.0002

Catalina
San
Is.
Clemente Is.

Los
Angeles

FST

0.0048
0.0031
0.0004
0.0035
0.0034
0.0013

San
Diego

Coronados Is.

Table 2. Pairwise genetic differentiation (FST) values for all sites

0.0006
0.0002
0.0018
0.0023

California pairs

–0.002

0.0029
0.0026
–0.0002
–0.0017
–0.0009

Eréndira

–0.0004
–0.0015

–0.001
0.0013
0.0009

–0.0004

Punta
Santa
Baja Rosalillita

San
Quintín
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Fig. 4. Paralabrax clathratus. Isolation by distance plots for the
14 population samples. FST is an estimate of genetic differentiation between pairs of samples; distance denotes linear distance between pairs of sample sites. (a) Baja California site
pairs. (b) California site pairs. d: Santa Barbara Channel
pairs; M: lower SCB pairs; s: Channel – lower SCB pairs.
(c) California–Baja site pairs. s: Channel or San Clemente
Island –Central Baja pairs; d: all other international pairs.
Santa Barbara Channel sites are the 4 sites north of 34°, lower
SCB sites are the 5 sites between 32° and 34°, and Central
Baja sites are the 3 southernmost sites in Fig. 1a
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pairs (Table 2). As expected, the Mexican populations
revealed a linear isolation-by-distance relationship
that typifies stepping-stone dispersal (Mantel p = 0.01;
Fig. 4a), while SCB populations did not. Pairwise
FST values for sites within the SCB showed multiple
values that exceeded the maximum for the Baja California sites (Fig. 4b), and this relatively greater genetic
differentiation of populations in the SCB compared to
Mexico contradicts expectations under the hypothesis
that the SCB is supplied by a homogeneous Mexican
larval pool. Instead, the higher structuring suggests
more localized dispersal, at least for the lower SCB;
sites within the Santa Barbara Channel are genetically
homogeneous (Fig. 4b). Pairwise FST between sites
spanning the international border also showed many
of the highest values (Fig. 4c), indicating an accumulation of genetic differentiation between SCB sites and
Mexican sites that is inconsistent with larval supply
from Mexico. However, international pairs farther from
the border showed less genetic structure (Fig. 4c); this
similarity is largely driven by the Santa Barbara Channel sites, which also showed high similarity to sites
within the SCB (Fig. 4b), but is also true for San
Clemente Island.

DISCUSSION
The present study combined diverse lines of evidence to evaluate whether large interannual fluctuation in recruitment is due to periodic infusions of larvae
from Mexican sources during El Niño flow-reversal
events. Taken together, the analyses provide no support for significant contribution of Mexican sources
and several lines of evidence that contradict it. First,
peaks in larval abundance and recruitment in the SCB
showed no link to El Niño conditions and hence no link
to poleward transport from Mexican sources. Second,
the degree of genetic differentiation in the SCB was
not reduced or absent relative to Baja California as
would be predicted if recruitment partially stemmed
from influxes of Mexican larvae. Instead, there tended
to be larger pairwise FST values in the SCB and along
the division between the regions. Although the degree
of genetic structuring in kelp bass was low, this is
expected, due to the large population sizes of the species dampening the rate of genetic drift and the high
heterozygosities of the microsatellite loci, and cannot
be assumed to reflect extensive dispersal (Kalinowski
2002). The consistency of the multiple lines of evidence
adds strength to the analysis despite the limitations of
any single data set.
The strength of Paralabrax clathratus recruitment
over 13 yr correlated with spring SST instead of ENSO,
indicating that local processes are more likely than

large-scale transport mechanisms to cause the high
interannual variation in recruitment. The negative correlation with spring SST may reflect the importance of
food supply on gametogenesis (Love et al. 2002). Several studies have demonstrated a correlation between
primary productivity during the period prior to reproduction and the fecundity, egg quality, and recruitment of rockfishes (Ventresca et al. 1995, Tolimieri &
Levin 2005). Although spawning occurs throughout
the summer in kelp bass, oocyte maturation and spermatocyte production begins in April (Smith & Young
1966), and there may be a need to boost fat reserves
during the spring. Another study of recruitment
strength in barred sand bass P. maculatofasciatus from
1978 to 1992 showed peak years for recruitment
strength similar to our data (1984 to 1985 and 1990 to
1991) and also showed a positive relationship to SST,
but to summer (June to September) instead of spring
averages (Allen et al. 1995). Both data sets also showed
considerable among-site variability in patterns, indicating that local environmental or ecological factors
may be more important for predicting recruitment
strength than regional phenomena.
Cowen’s (1985) seminal work on interannual variability in sheephead recruitment is the most often cited
source of support for the importance of Mexican
sources for the SCB (e.g. Moser et al. 2001). Cowen
(1985) observed that Semicossyphus pulcher recruitment at San Nicholas Island boomed in 1983, an
El Niño year, after 8 yr of low recruitment, including
3 yr of total failure. A similar recruitment peak in 1983
for Paralabrax spp. is evident in nearshore tows taken
from 1978 to 1984 (Stephens & Pondella 2002). Cowen
(1985) showed that 2 sites in Baja California had the
opposite pattern: high recruitment except for recruitment failure in 1983. This temporal mismatch in
recruitment has sometimes been interpreted as evidence for long-distance advection of Mexican larvae
into California (e.g. Lenarz et al. 1995, Methot et al.
2004, MLMA Master Plan [www.dfg.ca.gov/marine/
masterplan]). Importantly, Cowen (1985) never explicitly argued that San Nicholas’ source populations in
1983 were in Baja California, instead mentioning ‘the
mainland, San Clemente and Santa Catalina islands’
as probable sources, but somehow that study became
linked with the idea of larval supply from Mexico.
No other data set on annual recruitment patterns of
subtropical reef fishes in both the SCB and Baja California are available to evaluate whether Cowen’s (1985)
finding is a recurrent and widespread phenomenon;
however, the larval abundance time series presented
here makes it unlikely. Episodic booms likely occur at
less than an SCB-wide scale due to spatial and temporal stochasticity in larval supply and local environmental conditions, as suggested by the age structure data.
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Moser et al. (2001) suggested that the 1998 peak in
Semicossyphus pulcher larvae, which occurred on the
September cruise, may have stemmed from El Niñodriven poleward advection across the international
border early that year. Flow in the SCB was intensely
monitored over the course of the 1997 to 1999 El Niño/
La Niña event (Lynn & Bograd 2003), allowing a test of
the possibility that sheephead larvae were in the
plankton during the flow-reversal event. Poleward
flow originating from south of Punta Eugenia dominated the inshore surface layer (0 to 200 m) of the SCB
from April 1997 to February 1998, but returned to
equatorward flow by April 1998 (see Fig. 9 in Lynn &
Bograd 2003). S. pulcher and Paralabrax spp. larvae do
not appear until June (Moser et al. 2002). Based on the
pelagic larval duration of these species (60 and 30 d,
respectively), it is unlikely that larvae would have
been in the water column during April 1998 as eggs. In
addition, although there was strong inshore poleward
flow in the SCB in July 1998, it is unlikely to have originated from far to the south as Moser et al. (2001)
implied; instead, it is more likely the result of the
strengthening of the CC driving stronger cyclonic flow
in the Southern California Eddy. Lynn & Bograd (2003)
reported that the strengthening of the inshore countercurrent in spring 1998 correlated with the CC
strengthening and expanding shoreward (see their
Fig. 10), the opposite response that the CC would have
if the poleward flow resulted from a flow reversal from
Mexico. Thus, it is more likely the peak in S. pulcher
larvae in September 1998 was a locally produced phenomenon.
The California Undercurrent, a band of poleward
flow below the CC, warrants mention as an alternate
source of poleward transport. This current is centered
at depths of 100 to 300 m at the continental slope (Lynn
& Simpson 1990) and this depth range is likely too deep
for the larvae of Semicosyphus pulcher, Paralabrax
spp., and many other shorefishes, which are found
mostly in the surface and midwater (<100 m depth)
(Waples 1986). However, the undercurrent occasionally
shoals and could be responsible for some poleward
transport. Nevertheless, genetic results discussed below suggest poleward transport is not important, at
least for P. clathratus. The larvae of rockfishes and lobster are found deep enough to access the California undercurrent, so SCB populations of these species may
have more reliance on Mexican sources than P. clathratus and S. pucher populations. However, preliminary
microsatellite analysis of California spiny lobster Panulirus interruptus populations suggests there is genetic
differentiation between sites in the SCB and central
Baja (K. A. Selkoe & T. Ben-Horin unpubl. data).
Paralabrax clathratus genetic structure is low but
statistically significant, as is typical for marine fishes
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with planktonic larvae (Purcell et al. 2006); significant
structure exists in both California and Mexico, and the
spatial patterns are inconsistent with large influxes of
larvae from Mexico. The finding of isolation by distance in northern Baja California fits with the linear
currents along this stretch of the coast, and its statistical significance despite low FST values rules out panmixia or non-equilibrium conditions that would make
the genetic results uninformative (Palumbi 2003, Purcell et al. 2006). Extrapolation of dispersal distance
from the isolation by distance slope according to
Palumbi (2003) would suggest an average dispersal
distance of 80 km, although there is high variance
around such estimates. The even higher pairwise FST
values in the lower SCB implies even smaller average
dispersal distances and/or greater self-recruitment
there. These high pairwise FST values in the SCB support the hypothesis that local production dominates.
The fact that allele frequencies at several sites in the
SCB sampled 3 to 14 yr apart are temporally stable
(Selkoe et al. 2006) also implies that gene flow patterns
are stable, instead of fluctuating with El Niño events.
The absence of isolation by distance in the SCB fits
with the complex, circuitous flow in the Southern California Eddy, as the circular flow of the eddy should
decouple gene flow patterns from linear geographic
distance. For instance, there is low genetic differentiation between sites in the Santa Barbara Channel and
the lower SCB (Fig. 4b) that may be due to direct dispersal between these areas via the western edge of the
Southern California Eddy, a feature only present in
non-El Niño conditions.
The pattern of genetic structure for the Baja-SCB
pairs also fits with the large-scale flow patterns present
only in non-El Niño conditions. The highest genetic differentiation occurs between sites closest to the border
(Fig. 4c), perhaps because the divergent flow at the Ensenada front serves as a dispersal boundary. The high
genetic similarity of the site pairs at the largest distances was an unexpected result; however, it does not
indicate the species is panmictic, nor does it negate the
evidence for local production indicated by the other
genetic data and the ecological data. In fact, the low
values of genetic differentiation for the most distant
pairs may indicate gene flow from the northern and
western edges of the SCB to the central Baja California
sites via long-distance equatorward transport on the
CC. During normal summer conditions, the CC moves
eastward and meanders continuously (Hickey 1998),
potentially allowing larvae produced in the Santa Barbara Channel, the islands on the western edge of the
SCB, and north of Point Conception to be drawn into
the equatorward flow, either by the action of turbulent
diffusive processes or westward advection during flow
anomalies. Some of these larvae may stay in the main
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equatorward flow of the CC until it impinges on the
coast in central Baja California, at and just north of
Punta Eugenia (Fig. 1a). Drifter studies demonstrate
this route is possible in the timeframe of a 30 to 40 d larval period, as the CC flow becomes jet-like en route,
reaching speeds of 25 to 50 cm s–1 (Bray et al. 1999,
Sotka et al. 2004). Traveling with flotsam and mats of
kelp, as has been shown for several species (Mitchell &
Hunter 1970), makes survival on this route more likely.
Three other genetic studies of nearshore fishes along
this coastline also show unusually high genetic
similarity between samples in central Baja and the
northern or western edges of the SCB, suggesting disjunct dispersal between the 2 areas (Girella nigricans,
Terry et al. 2000; kelpfishes, Stepien & Rosenblatt 1991;
kelp bass, Grothues 1994). Although CalCOFI tows
have rarely found larvae at the open water stations of
the main CC flow, only a few successful larvae are required to homogenize allele frequencies, and the tows
do not sample kelp rafts, which are the most likely
mechanisms of transfer. The genetic signature of this
disjunct equatorward dispersal on the CC differs from
that of poleward transport on El Niño flow reversals because it produces highest genetic similarity between
the edges of the range instead of within the center of
the range (Fig. 4c). In addition, the genetic similarity of
the Santa Barbara Channel sites with all other sites
(while central Baja sites differ from most) fits with the
distribution of their larvae to the southern SCB and central Baja California via the dominant southward flow of
the CC. Although genetic structure is low overall, the
level of international dispersal is likely small on ecological time scales and there is no indication that SCB populations are sustained by Mexican immigrants.
The analyses in this paper present several important
implications for management of these species. In and
of itself, the high interannual variability in recruitment
is an important consideration for managing fished species. High recruitment fluctuations indicate that in
many years few individuals spawn successfully, and
perhaps successful reproduction is concentrated in one
or a few locations (Larson & Julian 1999). In order to
avoid local extirpation during stretches of recruitment
failure and promote more widespread reproductive
success in favorable years, fisheries managers may
want to preserve older, highly fecund individuals
throughout the region as an insurance factor (Berkeley
et al. 2004). Determining the spatial scale of variation
in recruitment with large-scale, coordinated monitoring of recruitment throughout Baja California and the
SCB would provide insight into the causes of high
interannual stochasticity in recruitment: local factors,
random chance, or large-scale climatic factors. The fact
that recruitment strength and population density of
many of SCB’s reef fish species has been declining in

recent decades makes the need to understand what
produces a high recruitment year all the more urgent
(Holbrook et al. 1997).
The age structure and genetic results for Paralabrax
clathratus suggest that larval replenishment in the
SCB is local and will be best served by focusing protection on SCB populations instead of counting on replenishment from the larger stocks in Mexico. The Marine
Life Protection Act (MLPA) Initiative proposes establishing marine protected areas in California to sustain
populations of marine flora and fauna. One strategy
behind creating a network of marine reserves in this
region is to protect key source populations that may
supply larvae to areas outside of the reserves. Consequently, the current focus is ascertaining the exact
patterns of connectivity for key species to determine
the ideal reserve configuration to promote larval
export (Sale et al. 2005). However, the high variation in
pairwise FST values in the SCB suggest that there is
high spatial variability in the scale of connectivity
within the SCB, and the age structure data indicate
high spatial variability in recruitment within the SCB
(A. Vogel, C. Burrell, S. Edmands, D. Keifer unpubl.),
implying that many reserve network configurations
will have equivalent likelihoods of success. Moreover,
as the sea temperature continues to warm in the coming century, or the frequency and intensity of El Niño
events change, coastal population dynamics and connectivity may be altered dramatically, warranting an
adaptive approach to management.
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