
Key words: advanced very-high resolution radiometer (AVHRR) satellite; Balanus glandula;
Chthamalus spp.; community structure; geographic variation; intertidal invertebrates; Mytilus spp.;
recruitment; West Coast, USA.

INTRODUCTION

Temporal and spatial variation in the availability of
propagules is increasingly recognized as a strong
ecological driver of population and community dynam-
ics in a wide range of ecological systems (Roughgarden
et al. 1988, Rees et al. 2001, Bolker et al. 2003,
McCauley 2006). Although variability in recruitment

can be large and can drive correspondingly large
variation in population size, the mechanisms underlying
recruitment variation are often poorly understood
(Gaines and Bertness 1992, Shima 1999, Morgan 2001,
Hughes et al. 2002, Navarrete et al. 2005). In many
cases, the source of the variation is presumed to be the
interaction between the spatial distribution of adults and
the scales of propagule dispersal (Hanski 1999). Sites
that are distant from sources of propagules with limited
dispersal potential may have chronically low recruitment
(Tilman et al. 1997, Hanski 1999, Hughes et al. 2000).
Scales of propagule dispersal vary enormously among
species and locations (Clark et al. 1999, Nathan and
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were observed with ocean temperature during the month
before collectors were deployed. Hence, for the compact
presentation of results, all analyses were conducted
between larval recruitment and one-month lagged ocean
temperature.

Due to uneven temporal sampling of SST by the
AVHRR sensor (due mostly to clouds), particularly in
the southern Oregon…northern California region, and
the episodic nature of larval recruitment, we used a
nonparametric estimator of concordance, Kendall•s tau
(rs), to calculate temporal correlations between monthly
recruitment rates and ocean temperature patterns on the
month preceding the deployment of larval collectors.
Calculating a correlation between two time series
sharing a signal (e.g., a seasonal cycle) may generate a
spurious pattern of correlation, thus increasing the
probability of a type II error (Legendre and Legendre
1998). In the case of SSTA and monthly anomalies in
recruitment rates, temporal autocorrelation was re-
moved by subtracting the long-term monthly mean,
but raw monthly recruitment rates, particularly at some
of the Oregon mussel time series (Navarrete et al. 2008)
and the SST time series showed a seasonal signal. The
use of rs avoids (to some degree) the effects of
autocorrelation as it is a nonparametric estimator of
concordance (Kruskal 1958). To reduce the probability
of type II error, we used Monte Carlo resampling and
bootstrapped the calculation ofrs 10 000 times. Then, as
a highly conservative estimation of the signi“cance of
the association between time series, we used the resulting
95% con“dence interval of the correlations as a two-
tailed test of the hypothesis that the correlations
between temperature and recruitment rates were signif-
icantly different from zero (Manly 1997, Martinez and
Martinez 2002). In correlations between barnacle
settlement and recruitment, we computedrs using
recruitment rate anomalies to remove temporal auto-
correlation and used a large-sample approximation to
estimate signi“cant probabilities (Kruskal 1958). All
analyses were carried out using MATLAB 7 R14.0.2
(MathWorks, Natick, Massachusetts, USA).

RESULTS

Spatial patterns

We observed extreme spatial variation in recruitment
rates of all intertidal invertebrates, which ranged “ve
orders of magnitude across the study region. The central
Oregon region, from Cape Meares to Tokatee Klootch-
man (458280 to 448120 N, sites 1…7), experienced the
highest recruitment rates forMytilus spp. (Fig. 2) and
Balanus glandula (Fig. 3) with a drop of one order of
magnitude in recruitment rates immediately southward,
around Cape Arago (438180 N). Recruitment of Mytilus
and Balanus remained low from Cape Arago to Hopkins
Marine Laboratory (36 8370 N, sites 8…19), on the
southern end of Monterey Bay. Between Hopkins
Marine Laboratory and Point Conception (sites 20…23)
recruitment rates were extremely low but diverged south

of Point Conception (;348300 N, sites 24…26), withB.
glandula increasing andMytilus spp. remaining at low
levels compared to sites immediately north.

A different spatial pattern was observed inChthama-
lus spp. (Fig. 4), which exhibited high geographic
variability in recruitment rates across the region. The
highestChthamalus spp. recruitment rates were observed
at the southernmost site, Coal Oil Point (348680 N, site
26), located in the Santa Barbara Channel. North of
Point Conception, recruitment of Chthamalus spp. was
one order of magnitude lower than in the Santa Barbara
Channel, but at the north side of Monterey Bay
(Sandhill and Terrace, site 17…18) recruitment levels
were similar to those southeast of Point Conception.
Spatial patterns were extremely patchy in the northern
California…central Oregon region, where we observed a
small area that experienced high recruitment rates
around the Oregon…California border (Trinidad Head
to Lone Ranch, 418110 to 428160 N, sites 11…13).
Northward of this, recruitment rates declined one order
of magnitude toward southern Oregon and increased
again north of Tokatee Klootchman.

Temporal patterns

We examined the spatial structure of temporal
variability in larval recruitment using recruitment rate
climatologies for each site. Recruitment rate climatolo-
gies of Mytilus spp. (Fig. 5A) showed that high larval
recruitment in the central Oregon…northern California
region took place during late summer…fall and peaked
during August…October. South of Cape Mendocino
(408…428 N) and across the central California region,
maximal recruitment rates were displaced toward winter
(November to January), except sites on the north of
Monterey Bay, which showed a seasonal pattern similar
to central Oregon. The sites in the Santa Barbara
Channel showed a marked shift in seasonality, with
maximal recruitment rates spread over summer and fall,
with maxima in September…October.

Recruitment rates of B. glandula (Fig. 5B) showed a
similar annual cycle in central Oregon but toward
northern California exhibited a narrower seasonal peak
during late summer (August to October). South of Cape
Mendocino recruitment rates of B. glandula showed a
marked temporal displacement with a broad peak
between late winter and early spring. This displacement
of seasonality was abruptly reversed southward, where
recruitment took place around the year and peaked
during late summer south of Monterey Bay and during
late spring in the Santa Barbara Channel.Chthamalus
spp. (Fig. 5C) showed recruitment rates peaking during
summer…early fall from central Oregon to Trinidad
Head, with an earlier settlement season at Cape
Mendocino. This seasonal pattern diverged southwards
in a similar fashion, with Mytilus spp., with peak
recruitment observed during winter…early spring. Sites
located on the north side of Monterey Bay showed peaks
of recruitment in both spring and late summer…early fall.
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mechanism for the larvae of coastal crustaceans,
including barnacle cyprids (Shanks and Wright 1987,
Pineda 1994a, Pineda and Lopez 2002, McCulloch and
Shanks 2003, Queiroga and Blanton 2005). Vertical
distributions of the larvae of the mussel and barnacle
species included in our study have not been examined in
detail. Preliminary results from sampling at nearshore
moorings off the coast of Oregon suggest that mussel
larvae tend to be far away from the surface, ranging
from 1 to 8 m from the bottom (Rilov et al., in press). In
the case of barnacle species, the cyprid stage (the non-
feeding developmental stage immediately preceding
settlement) tends to be near the surface (1…3 m from
the surface; S. E. Dudas, B. A. Grantham, A. R.
Kirincich, B. A. Menge, J. Lubchenco, and J. A. Barth,
unpublished manuscript) and can accumulate at offshore
surface fronts (Grantham 1997). The only study
available, to our knowledge, that examined directly the
vertical distribution of barnacle cyprids was carried out
off Portugal (dos Santos et al. 2007). Their results
showed qualitatively similar results with Chthamalid
(Chthamalus stellatus) and Balanid cyprids (Balanus
perforatus) located in shallow waters and accumulated at
the coastal front. In this way, larval behavior may
provide another source of geographic variability in
recruitment rates as different species exploit different
sections of the water column for shoreward transport
and retention (Garland et al. 2002, Poulin et al. 2002,
Queiroga and Blanton 2005, Queiroga et al. 2007).
Although their importance is likely to vary along the
coast, the interaction between larval behavior and
transport mechanisms may be extremely important as
a larval delivery process and should be a focus of future
research (Shanks 1995, Queiroga and Blanton 2005).

Alternative explanations of spatial patterns
in recruitment rates

Variation in rates of recruitment to open populations
may arise from the many factors operating on the adults,
the larvae, and the juveniles (Caley et al. 1996). Not
much is known of the planktonic larval stage of our
study species and postsettlement mortality can play a
large role in shaping patterns of adult distribution, at
least at local scales (Raimondi 1991, Menge 2000,
Jenkins 2005). Our study was focused on identifying
connections between geographic variation in recruit-
ment rates and patterns of coastal circulation approx-
imated by thermal satellite imagery. Although ”ow
patterns can determine the sections of coast where
planktonic larvae will be likely to arrive on shore
(Gaylord and Gaines 2000), at least “ve alternative
hypotheses can be considered as potential drivers of the
biogeographic pattern of variation in recruitment rates
identi“ed by our study.

First, postsettlement mortality due to environmental
stress may play a role in shaping the large-scale structure
of recruitment rates detected through our recruit
collectors. Both mean air and mean water temperatures

increase southward (Schoch et al. 2005), suggesting that
higher thermal stress southward may cause higher
mortality of recruits to the south than to the north.
Under this scenario the lower recruitment ofMytilus
spp. andB. glandula toward the south could result from
similar or even higher settlement but higher post-
settlement mortality in the south than in the north.
Although post-settlement mortality clearly occurs, and
our recruitment estimates are not true estimates of
settlement, the widespread positive correlations between
cyprid and metamorph densities in our collectors
indicate that monthly recruitment estimates serve as a
reasonable proxy for settlement. However, our non-
parametric approach does not rule out completely the
possibility of spatial heterogeneity in the strength of the
settler…recruit relationship and the importance of
postsettlement mortality as a determinant of adult
distribution patterns (seeResults: Settlement vs. recruit-
ment). Recent studies suggest that intertidal thermal
stress along the U.S. West Coast is greater at northern
sites than at southern sites (Helmuth et al. 2006). This is
due to the coincidence of summertime low tides during
midday in northern regions and summertime low tides
during the night in southern regions. Examination of the
geographic variation in daily maximal body temperature
of M. californianus in the sites studied by Helmuth et al.
(2006) suggests that the months of maximal recruitment
are not coincident with the months of maximal
temperature, except in southern California. If anything,
we expect the interaction between the geographic
variation in the timing of low tides and between-sites
patterns of heat stress to create a geographic mosaic in
patterns of post-settlement mortality (Helmuth et al.
2006).

Second, spatial variability in recruitment rates may be
related to ocean thermal conditions during the plank-
tonic larval period. Ocean temperature in”uences
pelagic larval duration by affecting metabolic demand
(Thorson 1950, Pfeiffer-Hoyt and McManus 2005,
O•Connor et al. 2007). The prolonged planktonic larval
periods predicted to result from cooler temperatures to
the north may reduce the probability of recruitment
(Vance 1973). Alternatively, a prolonged larval period
may increase the chance of dispersal and shoreward
transport if pelagic predation is not severe, such as
during the spring phytoplankton bloom (Reitzel et al.
2004). The effects of temperature on geographic patterns
of recruitment await further study (O•Connor et al.
2007).

Third, ocean conditions in”uencing food availability
may in”uence postsettlement survival of the plankto-
trophic larvae of our study species (Jarrett 2003, Phillips
2004, Emlet and Sadro 2006). The existence of a strong
latitudinal gradient of phytoplankton concentration,
with high values to the north and low values to the south
(Menge et al. 2004), is parallel to the pattern of
recruitment and thus consistent with this alternative.
However, within-region mesoscale patchiness of phyto-
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plankton in the nearshore can be high (Menge et al.
2004, Leslie et al. 2005, Barth et al. 2007) and the lack of
knowledge of where pelagic larvae are located vertically
make this hypothesis dif“cult to evaluate across large
spatial scales. The contrasting pattern forChthamalus
spp. compared to the other two taxa suggests that either
food (measured as chlorophyll a concentration) is
unimportant for the geographic recruitment patterns
or that Chthamalus spp. do not respond to food
concentration while the other taxa do (Vargas et al.
2006a).

Fourth, recruitment may re”ect patterns of larval
production by adults (Hughes et al. 2000). That is, is
recruitment of some species higher to the north because
adults are more abundant there? Prior studies yield
contradictory results. One study suggests recruitment
rates of mussels are unrelated to adult abundance
(Menge et al. 2004). Overall, however, percent cover
may underestimate the biomass of adults, as mussel beds
in Oregon can be formed by several layers of individuals
while in California they tend to be monolayers (Menge
et al. 2004). Biomass seems likely to be a better metric of
the abundance of larva-producing adults than does
percent cover (MacCall 1990), so this relationship needs
further study. In partial contrast to the mussel results,
data from a separate set of intertidal surveys show that,
in the case of Balanus glandula, recruitment rates do
seem to be related to patterns of adult percent cover at
19 of our 26 study sites where information was available
(Blanchette et al., in press). Assigning causation,
however, is hard to determine. On more local scales,
recruitment rates sometimes may be a poor indicator of
overall abundance of adults as small recruitment events
may be disproportionately important in determining
population size due to temporally correlated mortality
of settlers (Jarrett 2003, Pineda et al. 2006). Previous
work suggests that a large spatial gradient in mussel
abundance around Point Conception is not driven by
variation in recruitment (Blanchette and Gaines 2007)
but is associated with a strong gradient in mussel growth
and predation (Blanchette et al. 2007). In contrast,
results from nearby Santa Cruz island, California,
suggested that abundances of mussel and barnacles
were strongly correlated with recruitment rates (Blanch-
ette et al. 2006), which appeared to be driven by
oceanographic forcing (Broitman et al. 2005). Clearly,
the adult…recruit relationship will vary across species
and larval histories and will require further study
(Hughes et al. 2000).

Fifth, differential post-settlement predation or biotic
disturbances could in”uence recruitment patterns. Pred-
ators might include whelks, sea stars, and nemerteans,
while disturbance might come from limpet ••bulldozing••
or dislodgement of cyprids or metamorphs while limpets
are grazing (Dayton 1971). Tests of the latter possibility
have been carried out in Oregon, showing a signi“cant
but weak effect of limpets on recruitment densities (B. A.
Menge and M. Foley, unpublished manuscript), so

bulldozing by limpets can contribute to post-settlement
mortality but probably with minimal consequences. This
could vary geographically, however, and needs to be
evaluated on a larger scale. Similarly, we rarely saw
predators consuming barnacle recruits on settlement
plates. After one month, recruits are still usually,1.5
mm in diameter and likely are not pro“table prey for
adult whelks or sea stars at such small sizes. Although
we haven•t tested this possibility experimentally, nearly
two decades of observations of recruitment to settlement
plates suggests that post-settlement predation is not an
important source of early mortality. Predation in mussel
collectors also seems likely to be minimal for similar
reasons, although we have not tested this possibility. No
adult predators were observed in the mesh ovoids during
sample sorting, and very few micro-predators (small
whelks, nemerteans) were observed either.

CONCLUSION

Propagule delivery rates are a key component of
community dynamics (Gaines et al. 1985, Hughes et al.
1999, Menge et al. 2003, Navarrete et al. 2005). In this
study we have shown that larval recruitment rates of the
dominant sessile intertidal invertebrates along the U.S.
West Coast exhibit large spatial and temporal variation.
Although our satellite-based monthly estimator of
upwelling dynamics, SSTA, was not associated with
recruitment variability, the biogeographic pattern of
recruitment rates, their seasonal patterns, and their
correlations to SST almost mirror the regional variabil-
ity in SST, which is driven by upwelling intensity
(Pickett and Paduan 2003, Legaard and Thomas 2006,
Chhak and Di Lorenzo 2007). Coastal upwelling is one
among several mechanisms shown to be involved in
larval delivery to shore (Shanks 1995). However, the
association between large-scale atmospheric circulation
and larval recruitment rates of several species highlights
the tight linkage of this key ecological process to global
climate (Bakun 1990, Harley et al. 2006). Coastal
upwelling is predicted to intensify along eastern bound-
aries of oceans in association with enhanced temperature
gradients between the continents and the oceans (Bakun
1990, Snyder et al. 2003). Possible climate-driven
changes in either the strength, timing, or spatial
distribution in the upwelling regime along the U.S.
West Coast have the potential to alter the magnitude of
the larval recruitment rates of intertidal invertebrates.
Although climate change prospects are highly uncertain
in magnitude and timing (IPCC 2001), a climate-driven
change in larval recruitment rates may have major
consequences for the ecology of the coastal ecosystems
(Harley et al. 2006). The possibility of forecasting
ecological scenarios, even simplistic ones, should be a
topic of active future research.
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