Recruitment of coastal fishes and oceanographic variability in central California
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Recruitment of pelagic larval fishes to the nearshore environment is dependent on a suite of biological
and physical processes operating at many spatial and temporal scales. Nearshore circulation processes
associated with coastal upwelling are widely upheld as major determinants of year class strength for
many rockfishes (Sebastes spp.), but the mechanism by which these processes drive recruitment is largely
unknown. We used Standard Monitoring Units for the Recruitment of Fishes (SMURFs) to monitor
recruitment of two rockfish complexes (Sebastes spp.) and cabezon (Scorpaenichthys marmoratus) from
March to September of 2004 and 2005 at 3 sites along the central California coast. We examined the
relationship between recruitment of these fishes and measurements of oceanographic variability
associated with upwelling dynamics, including in situ water temperature, AVHRR sea surface tempera-
ture, the Bakun upwelling index, and an index of alongshore surface water transport. We found that
rockfish comprising the KCGB complex (Sebastes atrovirens, Sebastes caurinus, Sebastes carnatus, Sebastes
chrysomelas) recruit during early summer, while fishes of the BYO complex (Sebastes melanops, Sebastes
flavidus, Sebastes serranoides), as well as cabezon recruit during late summer. Our results provide limited
support for an association between the arrival of juvenile pelagic rockfish and cabezon to the nearshore
environment and physical processes related to upwelling and relaxation. Beyond the limitations of our
bimonthly sampling scheme, the lack of a clear pattern may be related to the near absence of upwelling-
relaxation cycles along this stretch of coast during these two study periods. Moreover, the settlement and

recruitment of nearshore fishes may be closely tied to processes occurring earlier in the larval stage.

1. Introduction

Temporal and spatial variation in the rates of larval recruitment
has long been recognized as a strong driver of marine populations
and communities (Doherty and Williams, 1988; Doherty, 1991,
2002; Olaffson et al., 1994; Caley et al., 1996; Hixon and Webster,
2002). The ocean circulation processes that facilitate the transport
of larvae to nearshore benthic habitats take place across a mosaic of
spatial and temporal scales (Shanks, 1995; Caley et al., 1996) and
have been implicated as key determinants of year class strength for
a number of nearshore benthic species (Parrish et al., 1981;
Hollowed et al., 1987). Accordingly, a large body of research has
been concerned with establishing the mechanisms, either physical
or biological, that generate variation in larval recruitment rates

(Parrish et al., 1981; Gaines and Bertness, 1992; Levin, 1994; Wing
et al.,, 1995b; Schmitt and Holbrook, 1996; Botsford, 2001; Morgan,
2001; Hughes et al., 2002).

The west coast of North America is an eastern boundary
ecosystem where spatial and temporal variation in larval
recruitment can be influenced by the dynamics of wind-driven
coastal upwelling (Parrish et al., 1981; Mooers and Robinson, 1984;
Norton, 1987; Graham et al., 1992; Wing et al., 1995b; Connolly
et al., 2001). Equatorward wind stress displaces coastal surface
waters offshore via Ekman transport, which are replaced by colder,
nutrient rich, subsurface waters (Huyer, 1983). Because of their
relatively limited locomotory abilities, planktonic larvae may
become entrained in the surface Ekman layer and accumulate in
offshore coastal fronts (Bjorkstedt et al., 2002). These coastal fronts
interact with alongshore current systems, and provide a means for
larval dispersal to connect distant populations. Relaxation or
reversals in wind stress can lead to downwelling conditions where
the warmer offshore surface waters and the coastal fronts are
advected back onshore, delivering entrained larval organisms to the



nearshore benthic habitat (Roughgarden et al., 1988; Farrell et al.,
1991). Several studies have shown that variable recruitment of
coastal organisms is related to upwelling dynamics in the California
region (Parrish et al., 1981; Hollowed et al., 1987; Ebert and Russell,
1988; Roughgarden et al,, 1988; Larson et al., 1994; Wing et al.,
1995b; Connolly et al., 2001; Broitman et al., 2005; Laidig et al.,
2007).

The upwelling-relaxation hypothesis holds that planktonic lar-
vae may be transported cross shelf and alongshore in relation to
forcing mechanisms associated with upwelling and relaxation. This
is one of the most important mechanistic hypotheses relating the
physical transport of pelagic larvae to the nearshore environment
(Roughgarden et al., 1988; Cury and Roy, 1989; Farrell et al., 1991). In
most ecological studies of invertebrate recruitment, upwelling
dynamics have been examined at relatively fine spatial and
temporal scales (Gaines and Bertness, 1992; Wing et al., 1995a;
Mace and Morgan, 2006a), from which mechanisms of larval
transport could be inferred. However, fisheries studies involving
upwelling dynamics commonly associate the strength and timing
of upwelling throughout a season with an index of year class
strength (Larson et al., 1994; Laidig et al., 2007). These fisheries
studies have rarely examined specific oceanographic events asso-
ciated with fish recruitment events.

Many authors have found higher densities of larval rockfishes
associated with upwelling fronts in central California (Larson et al.,
1994; Sakuma and Ralston, 1995; Bjorkstedt et al., 2002), indicating
that upwelling conditions play an integral role in the transport and
delivery of larval fishes. For instance, years of above average
onshore transport of surface waters in the California current eco-
system resulted in successful widow rockfish (Sebastes entomelas)
recruitment classes (Norton, 1987), while strong upwelling during
the winter months resulted in low overall juvenile rockfish abun-
dance as examined in seabird diets (Ainley et al., 1993). Other
oceanographic indices have also been related to year class strength
in certain rockfish species. Water temperature and low sea level
anomaly, reflective of an alongshore transport process, were related
to weak year classes of black, yellowtail and blue rockfishes in
central California (Laidig et al., 2007). Within season variation in
recruitment was studied by Ammann (2004), who sampled rock-
fish recruitment to Standard Monitoring Units for the Recruitment
of Fishes (SMURFs) on a near daily basis and found that the black,
yellowtail, and olive rockfishes recruited during upwelling events,
while the copper, gopher, black and yellow, and kelp rockfishes
recruited during relaxation events (Ammann, personal communi-
cation). However, it is unclear the extent to which these
recruitment patterns are evident throughout the range of these
species under variable upwelling regimes.

Understanding the oceanographic conditions conducive to the
recruitment of coastal species is central to increasing the pre-
dictive capability of fisheries management. The increasing avail-
ability of instruments and observational networks that provide
oceanographic information can allow us to examine larval
transport in relation to environmental variability over
unprecedented temporal and spatial scales when coupled with
sustained field monitoring programs (Broitman et al., 2005). The
objective of the present study is to examine if local patterns of
coastal fish recruitment are related to oceanographic variability at
local, meso and regional scales. In particular, we attempt to
establish if variability during the recruitment season is associated
with oceanographic events around the sampling sites, or if this
variability is traced to regional-scale oceanography. Using
a highly conservative statistical approach, we examine associa-
tions between recruitment and temperature and temperature
anomalies at the local and meso scales. Then, we contrast these
estimates with correlations between recruitment and regional-
scale indices of nearshore circulation.

2. Methods
2.1. Study region

The central coast of California, between Monterey Bay and Point
Conception is regarded as the southern end of the California
upwelling zone and an area of biogeographic transition (Fig. 1). In
this region, predominant northwest winds create upwelling
favorable conditions throughout the spring and summer months,
and relaxation events occur infrequently (Parrish et al., 1981;
Huyer, 1983). We monitored fish recruitment at three sites in San
Luis Obispo County. Sites were chosen based on similar habitat,
topography, and accessibility. The three sites monitored were (from
north to south) San Simeon, Cayucos and Avila Beach, each situated
approximately 30 km from one another and protected to some
extent from prevailing wind and current patterns by headlands to
the north of each site (Fig. 1, inset).

2.2. Patterns of larval recruitment

We used Standard Monitoring Units for the Recruitment of
Fishes (SMURFs) (Ammann, 2004) to monitor recruitment of
rockfish (Sebastes spp.) and cabezon (Scorpaenichthys marmoratus)
from April to September of 2004 and 2005. SMURFs are constructed
of plastic mesh fencing rolled into a cylinder approximately 1 m
long and 0.35 m in diameter, and stuffed with additional plastic
fencing as described in Ammann (2004). Settling fishes utilize these
artificial structures by entering and exiting through the mesh
opening at will. SMURFs are an efficient means to monitor
recruitment, because they integrate abundances over each sam-
pling interval, and limit substantial emigration and post-settlement
mortality, and when sampled at 2-week intervals they may reflect
approximate settlement rates (Ammann, 2004). At each of the sites
we placed two groups of SMURFs 1 km apart from each other. In
2004, each group consisted of four SMURFs, totaling eight at each
site, while in 2005 each group consisted of three SMURFs, totaling
six at each site. Individual units were separated by 20 m and all
SMUREFs were attached to a mooring line 1 m below the surface in
12-15m of water over sandy bottom. Each line was located
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Fig. 1. Map of Central California showing the location of the main topographic features
in the area. Large upwelling centers are located south of the Monterey Bay and around
Point Conception. The inset shows the Morro Bay area and the location of the three
study sites monitored during the spring-summer of 2004 and 2005.



50-100 m offshore of the most seaward kelp bed/rocky reef. Fishes
were collected from SMURFs by a diver using a Benthic Ichthyo-
faunal Net for Coral/Kelp Environments (BINCKE) (Anderson and
Carr, 1998) every 14 days (+4), and identified to the lowest taxo-
nomic group (see below; Moreland and Reilly, 1991). Recruitment
was estimated as the number of fish/SMURF per sample per day.

2.3. Life history

Rockfishes of the genus Sebastes are an economically and eco-
logically important group in coastal ecosystems on the west coast
of North America. Approximately 55 species of rockfish can be
found in waters off the central coast of California (Love et al., 2002).
In this study, seven species of rockfish were grouped into two
complexes based on morphological and meristic similarities that
make identification difficult, as well as similar life history charac-
teristics, habitat associations and timing of recruitment (Anderson,
1983). The KCGB complex includes: kelp (Sebastes atrovirens),
copper (Sebastes caurinus), gopher (Sebastes carnatus), and black
and yellow (Sebastes chrysomelas) rockfish. The BYO complex
includes: black (Sebastes melanops), yellowtail (Sebastes flavidus),
and olive (Sebastes serranoides) rockfish.

Reproduction in rockfishes is viviparous; females of the BYO
complex undertake parturition during late winter and early spring
and larval duration is 2-4 months (Echeverria, 1987; Moser and
Boehlert, 1991; Yoklavich et al., 1996). Females of the KCGB complex
undertake parturition during late spring and larval duration is
1-2 months (Echeverria, 1987; Moser and Boehlert, 1991; Yoklavich
et al.,, 1996). Competent (i.e. ready to settle) pelagic juveniles of
both complexes settle to nearshore benthic habitats, including kelp
forests and rocky substrates (Anderson, 1983; Ventresca et al., 1994;
Love et al., 2002) during the spring and summer months. Cabezon
(Scorpaenichthys marmoratus) is a commercially and economically
important nearshore fish of the sculpin family (Cottidae), which
lays benthic eggs on hard substrate throughout the year in Cal-
ifornia with the majority deposited during winter (O’Connell, 1953;
Lauth, 1989). Cabezon larvae spend 3-4 months in the pelagic
environment, and then settle to nearshore rocky habitat in the
spring and summer (O’Connell, 1953).

2.4. Oceanographic processes

We examined temporal variation in oceanographic conditions
that relate to coastal upwelling circulation. Many of these mea-
surements are dependent on one another, yet they are measured at
different spatial scales, and therefore allow us to examine the ideal
spatial scale at which to relate to recruitment.

At the local scale, surface and near surface water temperatures
are an adequate approximation of upwelling events (Shkedy and
Roughgarden, 1997), therefore we recorded in situ ocean temper-
ature every hour throughout the duration of the deployment, using
Hobo Water Temp Pro loggers (Onset Computer Corporation)
attached to a single mooring line 1 m below the surface at each site.
At the meso scale we used 7-day mean sea surface temperature
records from the Advanced Very-High Resolution Radiometer
(AVHRR) satellite (Casey and Cornillon, 1999) with a nominal res-
olution of 4 km? AVHRR data were averaged over a 40 x 40 km
region centered on the coastal portion of each study site to mini-
mize the number of dates with missing data due to cloud cover
(Broitman et al,, 2005). AVHRR areas overlapped each adjacent
region by approximately 10 km. At the regional scale, we used the
1 x 1° daily coastal upwelling index (Bakun, 1973) and the along-
shore transport index from the Pacific Fisheries Environmental
Laboratories (PFEL, http://www.pfeg.noaa.gov) closest to the study
region (36°N 122°W). Positive values for the upwelling index in-
dicate upwelling conditions (offshore surface flow) while negative

values indicate relaxation of upwelling (onshore surface flow). For
alongshore transport indices, negative values indicate equatorward
flow and positive values indicate poleward flow.

2.5. Statistical analyses

We examined the association between oceanographic mea-
surements and fish recruitment rates by conducting temporal
cross-correlations. Since AVHRR data were available as 7-day
means, we filtered the logger temperature, upwelling, and along-
shore transport data using a 7-day moving average. We carried out
lagged correlations between recruitment rates and filtered physical
data with a 1-day (lag-1) and a 7-day temporal lag (lag-7). This
translated to examining a mean of the physical data for the week
immediately preceding collections (lag-1), as well as the week prior
to this (lag-7). To examine the role of event-scale physical processes
in delivering larvae, we used linear regression to remove the sea-
sonal trend observed during each sampling season for logger
temperature data and used the resulting time series of daily local
ocean temperature anomalies for correlations. Similarly, we
removed serial correlation of the AVHRR readings by using
a 10-year long climatology to calculate weekly anomalies (see
Section 3). It was not possible to transform the fish recruitment
data to meet normality assumptions of parametric statistics, so we
used a non-parametric estimator of association, Kendall’s tau (r;) to
calculate correlations between physical variables and larval
recruitment rates. Kendall’s tau (r) is an estimator of concordance,
and also reduces the effects of temporal autocorrelation apparent in
the seasonal distributions of non-detrended physical measure-
ments as well as recruitment time series. To ensure a highly con-
servative estimation of the significance of the association between
time series, we used 10,000 Monte Carlo iterations to bootstrap the
calculation of r;. Then, we used the resulting distributions of r; to
estimate the 90% and 95% confidence intervals to test whether the
correlations between oceanographic variables and recruitment
rates were significantly different from zero using a two-tailed
hypothesis (Manly, 1997; Martinez and Martinez, 2002). All anal-
yses were carried out using Matlab 7 R14.0.2 (The Mathworks, Inc.,
Natick, MA).

3. Results
3.1. Physical processes

Local temperature variability as recorded by in situ temperature
loggers and AVHRR satellite data showed a clear seasonal trend
increasing linearly from the onset of spring towards the end of the
summer (Fig. 2A-C). In general, northern sites (San Simeon and
Cayucos, Fig. 2A and B, respectively) experienced colder water
conditions than the southern site (Avila Beach, Fig. 2C) with a per-
sistent ~ 1.5 °C difference between San Simeon and Avila Beach.
The seasonal trend was marked by large events of cooling and
warming that took place synchronously across all sites.

During the two study periods, cloudiness associated with per-
sistent upwelling conditions reduced the number of temperature
retrievals in the AVHRR record from the 1600 km? region at San
Simeon by 16%, at Cayucos by 18% and at Avila Beach by 28%.
However, correlation analyses of AVHRR with in situ temperature
records showed that local temperature loggers correlated reason-
ably well with the meso scale (AVHRR) thermal variability at no lag
(Supplementary Table 2, online supporting material). Time series of
the upwelling index showed that the region was subject to per-
sistent seasonal upwelling conditions with maximal values during
the boreal spring (May-June, Fig. 2D). In agreement with the per-
sistent upwelling conditions, equatorward surface water flow was
observed throughout the settling season. Similar to the correlations
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Fig. 2. Time series of ocean surface temperature recorded in situ during the spring-summer of 2004 and 2005 at (A) San Simeon, (B) Cayucos and (C) Avila Beach. (D) Time series of
Ekman transport (black line) and alongshore transport (grey line) (Q,, m*> s~' km1) at 36 x 122°. X indicates no sampling.

between AVHRR and in situ temperature, we evaluated the
relationship between all oceanographic variables at both lags using
correlation analysis. Upwelling and sea surface temperature read-
ings (local and AVHRR) showed significant negative correlations at
all sites, while alongshore transport had few significant correla-
tions with either water temperature or upwelling. However, the
signs of nearly all the values conformed to the predictions that
upwelling and sea surface temperature are negatively correlated,
and alongshore transport and sea surface temperature are posi-
tively correlated (Supplementary Table 2, online supporting
material).

3.2. Recruitment patterns

Recruitment of juvenile rockfishes was highly variable in space
and time. In 2004, recruitment rates of the BYO complex to SMURFs
were lowest at the northernmost site, San Simeon (Fig. 3A), and
increased southward (Fig. 3B,C). Recruitment in 2005, however,
was limited to three individuals, suggesting a possible year class
failure in our study region. For KCGB, spatial patterns of
recruitment were similar to the BYO group; lower in the north and
higher in the south (Fig. 4C). Unlike BYO, recruitment of KCGB was
greater in 2005 than 2004 (Fig. 4A,B,C). Patterns of cabezon
recruitment for both years were highest at the coldest, northern-
most site (San Simeon), followed by Avila Beach and then Cayucos
(Fig. 5).

Intra-annual variation in recruitment rates followed a clear
taxa-specific seasonal cycle that was observed across all sites.
Recruitment of the BYO complex began in early April and ended by
the beginning of July in 2004. Peak recruitment occurred during
May and June at all three sites. The southernmost site, Avila Beach
(Fig. 3C), peaked 2 weeks earlier than the other sites. In 2005, the
few BYO individuals that recruited arrived in late April coinciding
with the beginning of the 2004 recruitment season for this
complex.

Recruitment of the KCGB complex began with a small pulse
during May of 2004 at Cayucos and San Simeon. Recruitment rates
decreased in June but peaked again in late July and early August at

Avila coinciding with smaller peaks at Cayucos and San Simeon. The
2005 recruitment season of the KCGB complex started much later
and recruitment rates started to increase in early June at Avila and
San Simeon and peaked in July and August at all three sites.
Recruitment rates appeared relatively high at all sites when col-
lecting stopped in early September, in contrast to the 2004 season
in which recruitment was minimal by early September. Cabezon
had already begun recruiting at Avila and San Simeon when col-
lections commenced in mid-April of 2004 and 2005. During both
years recruitment rates were high early in the season at all three
sites, persisted until mid-August and appeared to have stopped by
the time collecting ended in mid-September.

3.3. Relationships with oceanographic data

Local water temperature was generally well correlated with
recruitment of nearshore fishes (Table 1A). Nearly all sites showed
significant relationships between recruitment of KCGB and warm
water, as well as recruitment of cabezon and cold water. Fewer
significant relationships for the BYO complex and local water
temperature were apparent. Our estimate of meso scale oceano-
graphic variability, AVHRR SST, was not well correlated to coastal
fish recruitment, with considerably fewer significant correlations
observed for any of the taxa (Table 1C).

To determine if recruitment variability was associated with
thermal events, we removed the seasonal trend in the data and
examined the association between recruitment and temperature
anomalies for both the logger data (Table 1B), and AVHRR data
(Table 1D). We found few significant associations with these data,
and on occasion the signs of our correlation estimates switched
relative to data in which the seasonal trend was retained.

When we evaluated coastal fish recruitment in relation to our
proxies of regional oceanographic variability, the Bakun upwelling
index and an alongshore transport index, we found few significant
correlations. Although these results indicate limited support for
relationships between recruitment and regional surface water
transport indices, it is interesting to note that the sign of the cor-
relation values generally conformed to our hypotheses. Negative
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Fig. 3. Recruitment rates (mean number of individuals/SMURF per day since last sample) of black (Sebastes melanops), yellowtail (Sebastes flavidus), and olive (Sebastes serranoides)
rockfish (BYO complex) at (A) San Simeon, (B) Cayucos and (C) Avila Beach. X indicates no sampling.

correlation values with upwelling suggest recruitment during
relaxation events while positive values indicate recruitment during
regional-scale upwelling events (Table 1E). For alongshore trans-
port, a negative relationship indicates recruitment during poleward
flow, while a positive relationship indicates recruitment during
equatorward flow (Table 1F).

4. Discussion

Here, we compared recruitment variability of commercially
important fish species with oceanographic variability across a hier-
archy of spatial and temporal scales in an attempt to build a pre-
dictive framework for the recruitment of coastal fish species. We
examined the association of fish recruitment to four different
oceanographic measurements that either directly (upwelling index,

alongshore transport) or indirectly (temperature logger, AVHRR
SST) relate to coastal upwelling circulation. We found that the BYO
complex and cabezon recruit in spring during periods of cold water,
suggesting an association with upwelling and equatorward surface
water flow. In contrast, the KCGB complex recruits later in the
summer in relation to warm water, relaxation of upwelling and
poleward flow. However, recruitment was not observed to be sig-
nificantly related to specific thermal events either directly or in-
directly associated with upwelling and relaxation. These results
suggest that the nearshore transport of competent pelagic rockfish
and cabezon is tied to a seasonal cycle of spawning and pelagic larval
duration, rather than specific oceanographic events driving the
onshore migration of these individuals along this stretch of coast.
In a recent study north of our region in Monterey Bay,
Ammann (personal communication) found that event-scale
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upwelling-relaxation cycles were related to the recruitment of the
BYO and KCGB complexes. Although we found no consistent sig-
nificant correlations between event-scale upwelling and relaxation
events in our region, there are a number of hypotheses as to why
this may be true. First, it is possible that recruitment of rockfish and
cabezon in Monterey Bay is more closely linked to physical pro-
cesses than in our study region, which is at the southern end of the
central California upwelling zone, and an area of oceanographic
transition.

Second, it is possible that the paucity of significant correlations
may arise from a scale mismatch between the frequency of the
recruitment sampling and the spatial and temporal scales of the
relevant physical process. The 2-week interval between sampling
dates may encompass the effects of multiple upwelling/relaxation
events (Send et al., 1987) confounding event-scale oceanographic
relationships with the recruitment of larvae (Pineda, 2000). In
addition, three of our measurements (AVHRR, upwelling and
alongshore transport) are indices of oceanographic variability that
encompass increasingly larger spatial scales (see Section 2.4). The
processes driving local recruitment may operate at much finer
spatial scales (Carr and Syms, 2006) and therefore our study may
not have detected a clear association between local recruitment
and regional oceanographic processes. On the other hand, the
processes driving recruitment may occur at extremely large scales,
thus decoupling local recruitment from local scale physical factors.

Lastly, the relative lack of significant correlations between re-
cruitment and event scale oceanographic processes may also be
explained by the adequate swimming ability of these fishes and
their behavioral adaptations to exploit preferred food sources and
avoid predation (Parrish et al., 1981; Lenarz et al., 1991; Sogard
and Olla, 1996). Late stage juvenile pelagic rockfish are strong
swimmers and can actively migrate nearshore (Moser and Boehlert,
1991), thus they may follow food sources to the nearshore envi-
ronment or respond to a physiological cue to settle during a certain
developmental window regardless of the nearshore transport
processes occurring. This hypothesis would support the idea that at
fine temporal scales, recruitment is unrelated to oceanographic
forcing. It also implies that within season variability in upwelling
and relaxation may not be as important in determining the strength
of a recruitment year class as the seasonal magnitude of upwelling
(Ralston and Howard, 1995; Laidig et al., 2007).

We documented a year class failure in the BYO complex dur-
ing 2005 across all three study sites. Similarly, this complex was
absent from other studies along the California coast during 2005
(J. Caselle, unpublished data). It is unclear whether the
recruitment failure was a function of physical processes acting in
opposition to the survival of pelagic stages or the lack of a sub-
stantial larval pool due to limited production. We suggest that
the similarities between study sites in California indicate that
year class strength and the failure of the BYO complex in 2005
may be a function of limited production of larvae, early larval
mortality or some interaction between the two. Larval tows
conducted off the coast of central California by NOAA Fisheries
recorded very few individuals of the BYO complex in early 2005
(S. Ralston, personal communication) suggesting that events
during the winter months and/or early spring were most
responsible for the failure of this complex. Interestingly the
spring of 2005 was an anomalous year for oceanographic trans-
port processes in the northeast Pacific Ocean (Barth et al., 2007).
Upwelling was delayed 1-3 months along regions of North
America with increased surface water temperatures, low chloro-
phyll a levels and a redistribution of zooplankton communities
(Schwing et al., 2006). This delayed upwelling likely had pro-
found implications on survival and recruitment of rockfish and
cabezon in Oregon and northern California (Barth et al., 2007).
Visual examination of the timing of upwelling in 2004 and 2005
in relation to the long-term harmonic did not indicate delayed
upwelling at our study sites in south central California.

To determine whether abnormal upwelling conditions during
the pelagic larval phase of the BYO complex contributed to the year
class failure in 2005, we evaluated the mean upwelling indices in
the winters of 2004 and 2005 for the 120 days prior to settlement
and compared them to the long-term mean from the period cal-
culated using harmonic regression. The winter of 2005 had signif-
icantly higher upwelling compared to the harmonic (ANOVA,
p < 0.01, Tukey’s post hoc p < 0.01), while the winter of 2004 did
not (ANOVA, p < 0.01, Tukey’s post hoc p > 0.05). The winter of
2005 also had significantly stronger upwelling than the winter of
2004 (ANOVA, p < 0.01, Tukey’s post hoc p > 0.05). Although the
significantly higher upwelling does not correspond to the delayed
upwelling season reported in the northeast Pacific Coast of the US
during 2005, it does suggest that strong upwelling during winter



Table 1

Monte Carlo correlation values at 1- and 7-day lags for associations between oceanographic measurements and fish recruitment (see text for explanation of statistical
methods) for (A) 7-day filtered sea surface temperature, (B) 7-day filtered sea surface temperature anomalies, (C) 7-day filtered AVHRR sea surface temperature, (D) 7-day
filtered AVHRR sea surface temperature anomalies, (E) 7-day filtered Bakun upwelling index, (F) 7-day filtered index of alongshore transport. Positive values for the Bakun
index indicate upwelling conditions while negative values indicate relaxation of upwelling. For alongshore transport indices, positive values indicate poleward flow, and

negative values indicate equatorward flow. * indicates significant difference from zero using 90% C

L **

indicates significant difference from zero using 95% CI.

Lag (days) KCGB BYO Cabezon
1 7 1 7 1 7

A. 7-day filtered sea

surface temperature
San Simeon 0.41** 0.44** -0.25 -0.16 —0.56** —0.53**
Cayucos 0.35** 0.15 0.05 0.09 -0.37** -0.39"*
Avila Beach 0.44** 0.42** -0.19 —0.35** -0.38** -0.43
B. 7-day filtered sea

surface temperature

anomalies
San Simeon —0.02 0.00 -0.28 -0.14 -0.32* -0.15
Cayucos 0.08 0.05 0.05 —0.09 —-0.07 -0.07
Avila Beach 0.02 —0.09 0.04 -0.23 0.01 -0.17
C. 7-day filtered AVHRR

sea surface temperature
San Simeon 0.12 -0.21 —0.46 —0.42** —0.69 -0.31
Cayucos 0.23* 0.02 —0.40** -0.25 —0.50 —0.03
Avila Beach 0.18 0.02 -0.25 -0.31 —0.02 —-0.06
D. 7-day filtered AVHRR

sea surface temperature

anomalies
San Simeon -0.33 -0.25 -0.43 -0.18 -0.37 -0.06
Cayucos -0.29 0.12 0.07 0.00 0.09 0.39**
Avila Beach 0.00 -0.14 -0.30 -0.21 -0.13 —-0.03
E. 7-day filtered Bakun

upwelling index
San Simeon -0.17 —-0.05 0.34 034 0.36* 0.44**
Cayucos -0.24 -0.17 0.18 0.14 0.30* 0.23
Avila Beach -0.20 -0.11 0.16 0.34** 0.22 0.25
F. 7-day filtered index

of alongshore transport
San Simeon 0.25 —0.04 -0.13 -0.16 -0.13 —0.08
Cayucos 0.26 0.17 -0.23 -0.13 0.19 —-0.03
Avila Beach 0.14 0.14 -0.07 -0.22 0.05 0.06

may reduce the chance of a successful recruitment year for BYO
(Ainley et al., 1993).

This hypothesis also corroborates work conducted in Central
California by Larson et al. (1994) who suggested that year class
strength is determined early in the larval life history of rockfish
species during the winter and early spring, the time at which the
BYO complex would have been undergoing parturition and existing
in the pelagic stage. Given the lack of significant correlations
between recruitment and event-scale thermal variability in our
study, we support the hypothesis that successful recruitment years
for rockfish and cabezon are largely determined earlier in the life
history and are not directly related to oceanographic transport
processes at the pelagic juvenile stage.

The connections between recruitment variability and oceano-
graphic forcing bear major implications for the spatial structure of
fish populations, as larval supply can drive the population
dynamics of nearshore fishes (Parrish et al., 1981; Doherty, 1991;
Caley et al., 1996). In order to conserve and manage coastal eco-
systems, there is an emerging need to identify and quantify larval
transport processes operating at multiple spatial and temporal
scales. Often these scales operate over long periods of time, and the
limited duration of this study precludes stronger interpretation of
the effects of environmental variability on nearshore fish pop-
ulation dynamics. We have shown that field-based studies can be
coupled with routine physical data and publicly available oceano-
graphic information to provide information regarding regional
variation in patterns of recruitment to the nearshore environment.

Understanding these linkages is critical for the proper management
of fish stocks and will allow better predictive capabilities in
determining future sustainable harvest quotas. Moreover, the
mechanistic identification of oceanographic settings that can lead
to different scenarios of larval input will aid in contemporary
ecosystem-based management initiatives such as the appropriate
size and spacing of marine reserves (Botsford, 2001; Mace and
Morgan, 2006b).
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