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ABSTRACT: Larvae are thought to be highly vulnerable to offshore transport of upwelling regions,
limiting recruitment to infrequent wind relaxation and downwelling events. However, larvae could
also be transported onshore by upwelled bottom waters, onshore wind-forcing or internal tides
throughout the water column. We determined the relative importance of these hypothetical
mechanisms for the timing of recruitment of 8 invertebrate taxa during the peak upwelling season in
a region of strong, persistent upwelling. Recruitment was determined for 5 yr at an open embayment
near the surface and bottom of the water column to examine the interaction of behavioral and
physical processes regulating larval recruitment. Postlarvae consistently recruited near the surface or
near the bottom depending on the species. Onshore delivery of larvae during wind relaxations and
reversals did not best explain recruitment patterns in our area for most taxa. Only mussels consistently recruited more during these events, and they recruited in bottom rather than surface waters.
Six crab taxa recruited primarily during upwelling. Recruitment of 7 taxa was intermittently
correlated with the maximum tidal range, suggesting that internal waves also may deliver larvae
onshore. Thus larvae may recruit by multiple processes in upwelling regions rather than being
limited to infrequent relaxation events, leaving the mechanisms responsible for observed spatial
patterns in larval recruitment and adult densities unexplained. Comprehensive studies of the
behavioral and physical processes underlying larval recruitment and post-settlement mortality are
needed to explain observed temporal and spatial variation in population dynamics and community
structure in upwelling regions.
KEY WORDS: Larval recruitment · Recruitment limitation · Larval transport · Upwelling ·
Population dynamics · Community structure
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INTRODUCTION
Larval recruitment, the process of onshore delivery
of larvae to suitable settlement sites, is a key determinant of the dynamics and structure of populations and
communities; however, it is highly variable in space
and time due to the effect of changing ocean conditions on larval production, survival and transport
(Morgan 1995, 2001, Underwood & Keough 2001).
Identifying the biophysical mechanisms that govern

larval transport is essential for understanding how
variation in ocean conditions affects recruitment to
adult habitats. Larval transport often is determined by
the vertical distributions of larvae in vertically stratified currrents, where larvae near the surface are
carried in the opposite direction of larvae at depth
(Epifanio & Garvine 2001, Queiroga & Blanton 2004).
This enables larvae to remain nearby or migrate
various distances from natal populations (Swearer et
al. 2002, Morgan 2006, Becker et al. 2007). How larvae
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reach suitable adult habitats depends on the depth
preferences of larvae relative to currents and other
physical processes operating at different depths
(Kingsford et al. 2002, Sponaugle et al. 2002). Determining the multiple processes returning larvae to adult
populations is especially important in recruitmentlimited regions where larval supply more strongly
influences the distribution and abundance of adults
than density-dependent regions where settlement and
post-settlement mortality are high (Victor 1983, Connell 1985, Gaines & Roughgarden 1985, Doherty &
Fowler 1994, Connolly et al. 2001).
Recruitment limitation is believed to be widespread
in regions of strong upwelling along the western margins of continents (Roughgarden et al. 1988, Shkedy &
Roughgarden 1997, Connolly & Roughgarden 1998,
Menge et al. 2004). Strong equatorward winds combined with the Coriolis force transport surface waters
toward the equator and offshore (Ekman transport),
while cold, nutrient-rich bottom waters upwell along
the shore generating high productivity (Hickey 1998).
Larvae in surface waters may be advected far from
shore by strong upwelling (Parrish et al. 1981, Yoshioka
1982, Gaines & Roughgarden 1985, Roughgarden et al.
1988) and accumulate along an upwelling front that
forms between cold upwelled water and warmer water
offshore (Roughgarden et al. 1988, 1992). This front
moves shoreward as upwelling winds relax, delivering
larvae in water masses that are warmer and lower in
salinity at the surface compared to the cold and more
saline waters found throughout the water column during upwelling (Table 1). Thus episodic recruitment may
be limited to brief wind relaxation events and years of
weaker upwelling (Yoshioka 1982, Gaines & Roughgarden 1985, Roughgarden et al. 1988, Farrell et al. 1991).
Upwelling strength varies with latitude, yielding abundant recruitment, intense post-settlement interactions
and high mortality in regions of weaker upwelling,
while limited recruitment, weaker post-settlement interactions and low mortality occur in regions of strong
upwelling (Roughgarden et al. 1988, Broitman et al.
2001, Connolly et al. 2001, Menge et al. 2004).

Recruits can be delivered alongshore as well as
onshore when prevailing winds relax. Eddies form in
the lee of headlands concentrating larvae in high
abundances during upwelling and generating recruitment hotspots along otherwise recruitment-limited
shores (Graham et al. 1992, Wing et al. 1995, 1998,
Graham & Largier 1997, Lagos et al. 2005, Mace &
Morgan 2006a). Larvae of species that occur in the
upper water column are transported poleward from
these larval accumulation areas in a buoyant, alongshore boundary current during relaxation events,
thereby replenishing populations (Wing et al. 1995,
1998, 2003, Lundquist et al. 2000). For example, in the
lee of the Point Reyes headland in northern California,
USA, estuarine water from San Francisco Bay flows
poleward along the coast taking several days to travel
90 km to the north (Table 1; Send et al. 1987, Wing et
al. 1995). Larvae are transported poleward mostly
during years with distinct relaxation events (Lundquist
et al. 2000, Wing et al. 2003).
Wind forcing may deliver larvae to adult habitat
nearshore during times other than brief relaxation
events. Larvae can be transported onshore during
downwelling when winds reverse direction (Shanks &
Brink 2005, Queiroga et al. 2006). They also could
recruit onshore over short distances in downwind drifts
of cold, saline surface waters in the daytime via the sea
breeze (Shanks 1995, Jacinto & Cruz 2008) or via
Stokes drift in large shoaling waves that are refracted
toward shore (Table 1). Further, larvae that occur deep
in the water column could be delivered onshore in
cold, saline water in bottom currents generated by
upwelling (Table 1; Grantham 1997, Mace & Morgan
2006a, Shanks & Brink 2005). Recruitment limitation
would not be expected to occur if larvae recruited during upwelling conditions.
The timing of onshore recruitment also can be determined by tidal forcing and the timing of the spring
transition, which is a seasonal shift in atmospheric
forcing that drives ocean currents along the west coast
of the USA. Large, tidally generated internal waves
and bores can transport larvae onshore along the

Table 1. Proposed mechanisms of larval recruitment relative to associated physical variables. Depth refers to the depth of recruitment. Wind conditions, wave height, temperature and salinity refer to the oceanographic conditions during recruitment. Tide
refers to whether recruitment is correlated with the tidal amplitude cycle of spring and neap tides
Mechanism
Cross-shelf relaxation
Poleward relaxation
Poleward downwelling
Onshore winds
Cross-shelf upwelling
Internal waves
Internal bores

Depth

Wind conditions

Wave height

Temperature

Salinity

Tide

Surface
Surface
Surface
Surface
Bottom
Surface
Bottom

Relaxation
Relaxation
Downwelling
Upwelling
Upwelling
Anytime
Anytime

Small
Small
Large
Large
Large
Any size
Any size

Warm
Warm
Warm
Cold
Cold
Warm
Cold

Low
High
High
High
High
High
High

No
No
No
No
No
Yes
Yes
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Pacific coast of the USA (Pineda 1994,
1995, 1999, Shanks 2002, 2006, Ladah et al.
2005). Internal waves can deliver larvae to
shore in warm, saline surface waters during any phase of the tidal amplitude cycle
(Table 1; Rosenfeld 1990, Shanks 2002).
Internal bores can be most effective at
delivering larvae residing in deep, cold
saline water to shore especially during
spring tides along this coast (Table 1;
Pineda 1994, 1995).
Interannual variation in the number of
recruits also can depend on the timing of
the spring transition (Shanks & Roegner
2007). For example, early spring transitions
lead to abundant recruitment of Cancer
magister postlarvae from offshore, but
lower recruitment of several other crab
taxa that develop later in the season and
close to shore (porcellanids, grapsids,
pagurids). Together these patterns demonstrate that intra- and inter-annual variability in larval recruitment is taxon-specific
and determined by multiple behavioral
and physical transport mechanisms.
In the present study we examine
whether larvae of diverse species typically
recruit to artificial substrate suspended
near the surface and bottom of the water
Fig. 1. Location of moorings placed near Pinnacle Rocks along the 10 m
column during variable wind forcing and
isobath in Bodega Bay, California, USA, during the peak upwelling season
the tidal amplitude cycle in a recruitmentfrom 2001 to 2005. BML: Bodega Marine Laboratory, where salinity was
limited region of strong, persistent upmeasured
welling. We expect that larvae of species
move as rapidly offshore and equatorward as on the
recruiting at the surface may be most likely to recruit
open coast (Roughan et al. 2005). Bodega Bay faces
during wind relaxation, downwelling, onshore winds,
southwest on the leeward side of a small headland.
large waves and internal waves, whereas those
The bay mouth is approximately 11 km wide and 20 to
recruiting at depth may be more likely to recruit via
25 m deep. Tides are mixed semidiurnal with a tidal
upwelling or internal bores (Table 1). The study was
range (amplitude) of 1.2 to 2.9 m.
conducted over 5 yr to determine the importance of
Identifying the biophysical mechanisms that regudepth regulation, wind and tides for larval recruitment
late larval transport is best determined by daily
during years of strong and weak upwelling.
sampling of recruiting larvae throughout the water
column for long periods. This approach is ideal for
correlating recruitment to substrates with physical
MATERIALS AND METHODS
factors and is usually accomplished by sampling
from piers and bridges. However, fixed sampling platBiological sampling. The present study was conforms are absent along the exposed coast in this region
ducted just offshore of Pinnacle Rocks (38° 18.33’ N,
of strong upwelling, and rough waters preclude regu123° 01.44’ W) along the eastern shore of northern
lar sampling from boats. As a consequence, larval
Bodega Bay in northern California, USA (Fig. 1). The
recruitment in our study area has been sampled from
bay is located in a region characterized by a strong,
boats at approximately weekly intervals when sea conpersistent northwesterly wind during the spring and
ditions permit. Past studies have been conducted at
summer. The strong upwelling-favorable wind is
Bodega Head throughout the peak upwelling season
mainly equatorward with an onshore component
from 1992 to 2002 (Wing et al. 1995, 2003, Lundquist et
(Dever et al. 2006). Upwelling is active in this windal. 2000, Mace & Morgan 2006a). Sampling transiexposed bay, where newly upwelled surface waters
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tioned to the lee of the headland in Bodega Bay beginning in 2000. Samples were collected weekly for nearly
5 mo at both locales in 2001 and 2002, when it was
determined that recruitment pulses were synchronous
among sites (Mace & Morgan 2006b). In 2003, sampling focused solely on the bay site where it could be
conducted regularly and frequently to better detect the
relative importance of multiple delivery mechanisms.
Daily or bi-daily sampling of larval settlement on
moored passive collectors from boats was conducted
from 2003 to 2005 during a portion of the peak
upwelling season while targeting oceanographic
events. This improved our ability to resolve physical
transport mechanisms delivering larvae to the study
area at the expense of sampling throughout the
upwelling season.
Here we report larval recruitment to Bodega Bay for
5 yr: 2001 to 2005 (Table 2). Larval recruitment was
monitored weekly for about 5 mo from 6 April to 2 September 2001. Recruitment was monitored weekly for
4 mo from 9 April to 3 September 2002. We previously
monitored surface recruitment bi-daily for about 6 wk
in 2002 (12 May to 3 July; Mace & Morgan 2006b) to
compare the effect of sampling at different intervals.
Sampling was conducted daily for 10 d from 19 to
28 May 2003. Daily sampling also was conducted for
5 and 7 d during 2004 to target upwelling and a brief
downwelling event (31 May to 5 June and 14 to
21 June). The brief daily sampling in 2003 and 2004
complemented our understanding of larval recruitment processes in combination with data collected in
the 3 other years of the study. Sampling in 2005 was
conducted on alternate days for 2 mo from 9 June
to 10 August, combining frequent and long-term
sampling.
During the 5 yr study period, 45 upwelling, 31 relaxation and 4 downwelling periods were sampled along
with 20 spring and 18 neap tides (Table 2). Oceanographic conditions were variable during 12 sampling
periods and the tidal amplitude cycle spanned 6 sampling periods during the entire study. These periods

occurred during 2001, 2002 and 2005 when weekly or
bi-daily sampling was conducted (Table 2). Sampling
did not span a broad range of wind and tidal conditions
during daily sampling in 2003 and 2004, but the
number of events covered during the brief sampling
periods was limited, including targeted sampling that
only occurred during spring tides in 2004.
During each year, 3 moorings were spaced approximately 50 m apart along the 10 m isobath in sandy substrate adjacent to submerged rocks and the rocky
shoreline. Settlement substrate was placed on each
mooring 1 m below the surface and 1 m above the
bottom. Crab and mussel recruits were collected with a
mesh bag (10 × 30 cm) containing 3 Tuffy kitchen
scrub pads. One bag of Tuffys was attached to the top
and bottom of the mooring during the first 2 yr, and
2 bags of Tuffys were attached at each depth during
the last year to increase sampling surface area. Tuffys
were rinsed in fresh water to dislodge settlers, which
then were preserved in 70% ethanol. PVC plates
(10 × 10 cm) covered on both sides with black 3M®
Safety Walk tape collected barnacle recruits in 2001,
2002 and 2005. Barnacles were counted the day of
collection.
Recruitment patterns were determined for the most
abundant species, including barnacles, mussels and
6 crab taxa. Three species of cancrid crabs recruited
abundantly: Cancer magister, C. productus and C.
antennarius. Other crabs recruiting abundantly included grapsids (Hemigrapsus nudus, Pachygrapsus
crassipes), majids (Pugettia spp.), porcellanids (Petrolisthes spp., Pachycheles spp.) and pagurids (Pagurus
spp.). Barnacle recruits were sampled for 3 yr (2001,
2002 and 2005) and consisted of Chthamalus spp.,
Balanus glandula, B. crenatus and Tetraclita rubescens. Mussel recruits were sampled for the first 4 yr
and likely consisted mostly of Mytilus californianus.
M. galloprovincialis and M. trossulus occur far less
abundantly on exposed coasts in the area, but recruits
cannot be reliably distinguished from M. californianus
using morphological traits. All species were combined

Table 2. Number of samples collected at Bodega Bay, CA, during different oceanographic conditions and tidal amplitude cycles
in 2001–2005. Upwelling occurred when equatorward winds were ≥5 m s–1, relaxation occurred when equatorward winds were
< 5 m s–1, downwelling occurred when winds were poleward and variable conditions occurred when sampling periods spanned
a combination of oceanographic conditions. Spring/neap samples occurred when sampling spanned both phases of the tidal
amplitude cycle
Year

Sampling dates

Interval

Upwelling

Relaxation

Downwelling

Variable

Spring

Neap

Spring/neap

2001
2002
2003
2004

6 Apr–2 Sep
9 Apr–3 Sep
19–28 May
31 May–5 Jun,
14–21 Jun
9 Jun–10 Aug

Weekly
Weekly
Daily
Daily

8
11
7
8

4
7
3
1

0
0
0
3

4
5
0
0

7
6
1
2

7
6
1
0

3
3
0
0

Bi-daily

11

16

1

3

4

4

0

2005
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into families or broader taxonomic categories after
determining that observed patterns were similar with
one exception: recruitment patterns of C. magister
differed from C. antennarius and C. productus, so this
species is presented separately from its 2 conspecifics.
The crabs in the present study spend weeks to
months in the plankton, developing through 2 to 5 larval stages and a postlarval stage (megalopa) before
returning to the benthos as juveniles. Cancrids recruit
to Bodega Bay year-round, peaking in May and June,
while grapsids, majids, pagurids and porcellanids
peak from May to August (Mace & Morgan 2006a).
Estimated larval periods for cancrids (Cancer antennarius, C. productus, C. magister) range from ~1 to 4 mo
(Lough 1974, Shanks & Eckert 2005), majids (Pugettia
producta, P. richii) are ~7 wk, grapsids (Hemigrapsus
nudus, H. oregonensis) are ~4 wk, porcellanids (Petrolisthes cinctipes, P. eriomerus, Pachycheles rudis)
range from ~4 to 6 wk and pagurids range from ~5 to
6 wk (Lough 1974, Shanks & Eckert 2005). The barnacles (Balanus glandula, Chthamalus spp., Tetraclita
rubescens) molt through 6 larval stages and a postlarval stage (cyprid), spending ~3 to 4 wk in the plankton,
and the mussels spend ~9 d developing in the plankton
(Strathmann 1987, Shanks & Eckert 2005).
Physical data. Offshore wind speed, direction and
significant wave height were obtained from the
National Data Buoy Center (NDBC buoy 46013,
38° 13’ 30’’ N, 123° 19’ 00’’ W). These wind data were
used because they are significantly correlated with local wind velocities (r = 0.58 to 0.89 for all 5 yr of the
study, p < 0.001). They better reflect larger scale wind
forcing events, and the cross-shelf transport within the
surface mixed layer responds within 7 h to wind forcing recorded from this buoy (Dever et al. 2006). Wind
speeds were smoothed using a 36-h low-pass filter. Periods of upwelling were characterized by equatorward
winds ≥5 m s–1, relaxation by equatorward winds < 5 m
s–1 and downwelling by poleward winds (Table 2).
Along- and cross-shore wind stress (dynes cm–2) were
calculated from hourly data and adjusted to a height of
10 m above sea level using a neutral stability wind profile, and they were rotated in the alongshore direction
to a principal axis of 349.4° (Dever et al. 2006). Negative values of alongshore wind stress indicate equatorward winds, with larger negative values reflecting
stronger upwelling-favorable winds. Positive crossshore wind stress indicates eastward (onshore and upwelling-favorable) wind and negative cross-shore
wind stress indicated westward (offshore) wind. Continuous temperature data were taken from Optic StowAway TidbiT thermistors that were attached to one of
the settlement moorings at the depth of the recruitment collectors: 1 m off the bottom (approximately
9 m deep) and 1 m below the surface. Temperature
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(± 0.2°C) was recorded every 6 min. Decreasing temperature values indicate upwelled water in response to
increased (negative) equatorward wind stress, and increasing temperature values indicate relaxation or
downwelling conditions. Daily averages of salinity
(± 0.005) were obtained from a Sea-Bird Electronics
thermosalinograph (SBE 45 MicroTSG) located in the
seawater intake line of the Bodega Marine Laboratory
at Bodega Head (Fig. 1). Increasing salinity values indicate salty, upwelled water and internal waves and
bores, and decreasing salinity values indicate buoyant,
fresher water from relaxation and downwelling.
Bakun coastal upwelling indices (m3 s–1 per 100 m
coastline) for our region (39° N, 125° W) were obtained
from the Pacific Fisheries Environmental Laboratory,
Pacific Grove, California (www.pfeg.noaa.gov), for
each day and year of the study. Upwelling indices
were compared to recruitment during each sampling
interval. We began calculating the upwelling index
1 mo before the beginning of the study to capture the
planktonic period of recruits settling during our study.
The upwelling index for the entire sampling period
was determined for each year and compared to the
5 preceding years to place our study in context of a
strong El Niño in 1998 and La Niña in 1999. The
upwelling index is based on wind stress calculated
from synoptic atmospheric pressure fields and provides a large-scale comparison to the localized wind
speed measured from NDBC buoy 46013. Positive values indicate upwelling conditions and offshore transport of surface waters resulting from equatorward
wind stress, whereas low values indicate relaxation of
upwelling and negative values indicate downwelling
and the onshore advection of surface waters due to
poleward wind stress. The difference between the
maximum and minimum estimated tidal height (maximum tidal range) was obtained for the Bodega Harbor
entrance from tide prediction software (Tides and
Currents v2.0a, Nautical Software) to indicate potential onshore transport by internal tides.
Data analysis. Samples collected repeatedly through
time within a year were temporally autocorrelated, so
the depth of recruitment for each species was analyzed
by a 2-factor linear mixed model (Systat 12) with depth
as the main fixed factor and year as a random blocking
factor. Abundances were transformed (log10[x + 1]) to
meet assumptions of homogeneity of variance and normality. Restricted maximum likelihood was used to
estimate the covariance matrices and Bayesian Information Criterion (BIC) was used to determine the
covariance matrix that fit the model best. An unstructured covariance matrix was fit to year and an autoregressive 1 model was fit to the errors, which led to
the lowest BIC for all species. Data were not corrected
to account for doubling the number of Tuffys during
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the last 3 yr, because the effects of additional surface
area are nonlinear (A. J. Mace unpubl. data). Interannual variation in the number of recruits was not
determined, because differences in sampling methods
among years likely affected the number of recruits collected. The relative abundance of recruits at the
2 depths is not affected by these differences in area
sampled among years, enabling the use of year as a
blocking factor.
The timing of recruitment relative to ocean conditions was determined for each taxon and year to
determine interspecific and interannual variation in
processes regulating larval delivery. During the first
4 yr, standard linear correlation was used to relate
time-series of recruitment with alongshore and crossshore wind stress, wave height, sea surface temperature, salinity, the Bakun coastal upwelling index and
the maximum tidal range averaged across sampling
intervals. Larval abundance data did not meet assumptions of normality, so the nonparametric Spearman’s
rank correlation (ρ) was used for all species and years.
Recruitment was cross-correlated with these oceanographic variables during the fifth year, when sampling
was sufficiently frequent and extensive to permit this
analysis (n = 31). Correlations for all years were analyzed for both depths at which recruits were sampled,
and data were plotted and compared against correlations for each depth and year.
We also qualitatively assessed the relationship between recruitment and physical variables to determine
whether correlations from brief time-series may be due
primarily to one event or only a few data points. We
expected larval recruitment to be correlated with several related physical variables indicative of upwelling,
downwelling and relaxation, so correlations with just
one physical variable were viewed as potentially spurious. Several taxa commonly recruited throughout the
water column, and correlations and graphs are presented for recruitment at both depths for those species.
Most taxa largely recruited either near the surface or
the bottom, and results are presented only where
abundant recruitment produced reliable results. Although one of our objectives was to determine interannual variability in recruitment processes, a second goal
was to identify whether recruitment across years was
related to any environmental variables. Therefore, we
determined a combined significance level for each
variable, depth and species combination for the linear
correlations obtained for data gathered from 2000 to
2004 following the Z-transform test described by Whitlock (2005).
Although sampling occurred every 2 d in 2005, lags
resulting from cross-correlation analyses are presented in days rather than sampling intervals for
clarity. The sign of lags indicates whether peaks in re-

cruitment occurred after (positive) or before (negative)
changes in physical variables. With the exception
of cyclic tides, only positive lags are reported because
the response variable of recruitment must follow the
physical predictor variables.

RESULTS
Ocean conditions
The upwelling index in the region of study was much
greater during 2001 (mean ± SE = 155.5 ± 9.4) and 2002
(150.9 ± 10.4) than 2003 (108.8 ± 22.6), 2004 (119.5 ±
10.9) and 2005 (118.3 ± 10.3), providing the opportunity to examine how interannual variation in upwelling
affected the depth and timing of larval recruitment.
The upwelling index values during the present study
were intermediate to those during the 5 yr preceding
our study, ranging from 100.2 ± 6.2 during the strong El
Niño of 1998 and 189.3 ± 11.7 during the strong La
Niña of 1999; therefore, recruitment was investigated
during a typical range of upwelling conditions.
In 2005, prevailing equatorward wind stress was
strongly cross-correlated with onshore wind stress (0 d
–0.98 lag), wave height (0 d –0.665), temperature (cold)
(+ 2 d 0.68), salinity (+ 2 d –0.66) and the upwelling
index (0 d –0.68, Fig. 2). Two brief periods of fresher
water occurred in mid-June and early July and a
3-wk period of fresher water occurred beginning in
mid-July coinciding with light and variable alongshore
wind stress. In the previous 4 yr, when simple correlations were conducted due to less frequent sampling,
equatorward wind stress again was strongly correlated
with eastward (onshore) wind stress (r = –0.98, –0.95,
–0.83 and –0.99, respectively, p < 0.001), wave height
(r = –0.64, –0.94, –0.87 and –0.84, p < 0.001), temperature (cold) (r = 0.66, 0.84, 0.76 and 0.83, p < 0.001), salinity (r = –0.54, –0.80, –0.22 and –0.30, p < 0.001) and the
upwelling index (r = –0.56, –0.74, –0.83 and –0.87, p <
0.001). These strong correlations during all 5 yr of the
study are typical of upwelling regions, making these
useful indicators of upwelling conditions each year. Upwelling conditions were most prevalent during our
sampling periods followed by relaxation and downwelling in descending order, except during 2005 when
slightly more relaxation than upwelling periods were
sampled. Variable conditions were most prevalent
when samples were taken weekly in 2001 and 2002.

Depth of recruitment
All taxa collected either recruited more near the surface or near the bottom during the 5-yr study period

Morgan et al.: Larval recruitment in a persistent upwelling region

(Fig. 3). Three taxa recruited more near the bottom of
the water column, including barnacles (F = 35.5, p <
0.001), mussels (F = 22.9, p < 0.001) and C. antennarius/productus (F = 5.9, p = 0.02). Of these 3 taxa, the
large majority of barnacles (99.3%) recruited near the
bottom, whereas mussels and Cancer antennarius/
productus also recruited near the surface. The 5 remaining taxa recruited more near the surface of the
water column, including porcellanids (F = 25.6, p <
0.001), C. magister (F = 19.6, p < 0.002), pagurids (F =
24.4, p < 0.001), grapsids (F = 52.1, p < 0.001) and
majids (F = 14.2, p < 0.001). The depth of recruitment
was consistent among years for 7 of the 8 taxa with the
notable exception of C. antennarius/productus, which
recruited more near the surface rather than the bottom
of the water column during the brief sampling season
in 2004.
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umn but was concentrated near the bottom (Fig. 4).
Recruitment near the surface and bottom occurred
within 4 d after peak equatorward and onshore wind
stress and the appearance of large waves in cold,
saline water at both depths (Table 4). The lag relative
to large waves was shorter near the bottom, occurring
within 2 d. Recruitment was not significantly related to
the upwelling index or maximum tidal range.
Pagurids were present in 71% of samples and
peaked in June when they recruited throughout the

Cross-correlations of recruitment with ocean
conditions, 2005
Six taxa recruited in sufficient numbers for analysis
relative to ocean conditions in 2005, and data are reported only for the depths where recruitment was
common (Table 3). Porcellanids and barnacles were
most abundant, and the commercially important Cancer magister uncharacteristically failed to recruit during the study period. Barnacles were present in 58.1%
of samples, primarily recruiting in July and tapering
off thereafter (Fig. 4). They were the only taxon that
recruited almost entirely near the bottom. Recruitment
was weakly correlated with the tidal amplitude cycle
occurring between neap and spring tides. Recruitment
was not significantly correlated with any other physical variable (Table 4).
Cancer antennarius/productus recruited throughout the study period and were present in 93.5% of
samples (Table 3, Fig. 4). They commonly recruited
throughout the water column but were most abundant
near the bottom. Recruitment near the bottom occurred within 2 d of the appearance of large waves
during upwelling and 4 to 6 d after the appearance of
saline water (Table 4). Recruitment at the surface
peaked within 2 d of equatorward and onshore wind
stress, within 2 d of the occurrence of large waves,
within 2 d after upwelling and within 4 d after the
appearance cold saline water. Larvae recruited near
the surface less than 2 d after neap tides and were
notably absent during the longest period of relaxation
in mid-June.
Porcellanid larvae were the most dominant taxon
(88.2% of all recruits) and were present in 96.8% of
samples (Table 3). Most porcellanid larvae recruited in
June; recruitment occurred throughout the water col-

Fig. 2. Daily averages of ocean conditions near Bodega
Marine Laboratory from 9 June to 10 August 2005: alongshore
and cross-shore wind stress (dynes cm–2) rotated to 349.4°
from NDBC buoy 46013 (negative alongshore values indicate
increasing equatorward wind stress); significant wave height
(m) from NDBC buoy 46013; temperature at the depth of the
recruitment collectors (1 m below the surface and 1 m above
the bottom) off Pinnacle Rock and salinity; Bakun upwelling
indices (UI) for 39° N, 125° W (m3 s–1 per 100 m of coastline);
and maximum daily tidal range (m)
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Fig. 3. Depth of recruitment for 8 taxa collected. Mean larval recruitment (+ SE) per day of barnacles, mussels, Cancer magister,
C. antennarius/productus and porcellanid, pagurid, grapsid and majid crabs to artificial collectors near the 10 m isobath in
Bodega Bay from 2001 to 2005

Table 3. Abundance of crab and barnacle postlarvae collected at Pinnacle Rock in Bodega Bay (surface and bottom data combined) during 2005. Abundance data are presented as total mean abundance (± SE) over the 62-d sampling period (average of
collectors from 3 moorings, n = 3) and mean (± SE) per sampling period (average of 3 collectors from each 2-d period, n = 31). The
percentage of total crab settlement (% total) that each taxon represented and the percentage of trips (% time) during the study
that the taxa were present are also presented
Taxon
Porcellanidae
Cirripedia
Cancer antennarius/productus
Paguridae
Grapsidae
Majidae

Total mean abundance

Mean abundance trip–1

% total

% time

5064.0 ± 228.1
371.3 ± 34.3
123.3 ± 12.3
94.3 ± 18.6
85.3 ± 2.7
1.0 ± 0.58

163.4 ± 61.4
12.0 ± 4.5
4.0 ± 0.8
3.0 ± 1.5
2.8 ± 0.8
0.03 ± 0.02

88.2
6.5
2.1
1.6
1.5
0.1

96.8
58.1
93.5
71.0
80.6
9.7
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Fig. 4. Mean larval recruitment (+ SE) of barnacles, Cancer antennarius/productus and porcellanid, pagurid, and grapsid crabs to
artificial collectors in Bodega Bay relative to alongshore and cross-shelf wind stress (dynes cm–2) and spring (M) and neap (y)
tides for 2 mo during 2005; sampling occurred bi-daily. Barnacles and grapsids largely recruited to the bottom and surface,
respectively. Majids recruited sparsely and are not shown
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Table 4. Cross-correlation of recruitment of 6 taxa to artificial collectors near the surface and bottom of the water column relative
to alongshore and cross-shore wind stress, wave height, temperature, salinity, upwelling index and maximum tidal range for 2 mo
during 2005 in northern California. Lags represent the number of days and the sign indicates whether peaks in recruitment
occurred after (positive) or before (negative) changes in physical variables. Positive and negative correlations with alongshore
wind stress indicate recruitment during poleward (relaxation) and equatorward winds (upwelling), respectively. Positive and
negative correlations with cross-shore wind stress indicate recruitment during eastward (onshore) and westward (offshore)
winds, respectively. Positive and negative correlations with wave height indicate recruitment during larger and smaller waves,
respectively. Positive and negative correlations with temperature indicate recruitment in warm water (relaxation) and cold water
(upwelling), respectively. Positive and negative correlations with salinity and upwelling index indicate recruitment in saline
water during upwelling and in fresher water during relaxation, respectively. Positive and negative correlations with maximum
tidal range indicate recruitment during spring and neap tides, respectively. ns = not significant (p > 0.05)
Taxon

Sample
depth

Cirripedia

Bottom

ns

Cancer
antennarius/
productus

Surface

Porcellanidae

Wave
height

Temperature

Salinity

Upwelling
index

Max. tidal
range

ns

ns

ns

ns

ns

–4d –0.264
–2d –0.213

+ 0 d –0.493
+ 2 d –0.578

+ 0 d 0.463
+ 2 d 0.590

+ 0 d 0.581
+ 2 d 0.314

+ 2 d –0.538
+ 4 d –0.283

+ 0 d 0.445
+ 2 d 0.425

+ 0 d –0.490
+ 2 d –0.290

Bottom

ns

ns

+ 0 d 0.286
+ 2 d 0.278

ns

+ 0 d 0.435
+ 2 d 0.504
+ 4 d 0.329
+ 4 d 0.304
+ 6 d 0.394

+ 0 d 0.271

ns

Surface

+ 0 d –0.221
+ 2 d –0.294
+ 4 d –0.364
+ 0 d –0.376
+ 2 d –0.371
+ 4 d –0.340

+ 0 d 0.209
+ 2 d 0.271
+ 4 d 0.339
+ 0 d 0.364
+ 2 d 0.368
+ 4 d 0.341

+ 0 d 0.355
+ 2 d 0.535
+ 4 d 0.414
+ 0 d 0.418
+ 2 d 0.501

+ 0 d –0.307
+ 2 d –0.395
+ 4 d –0.420
+ 0 d –0.376
+ 2 d –0.507
+ 4 d –0.456

+ 2 d 0.373
+ 4 d 0.280
+ 6 d 0.353
+ 0 d 0.448
+ 2 d 0.455
+ 4 d 0.423

ns

ns

ns

ns

+ 0 d –0.476
+ 2 d –0.681
+ 4 d –0.418
+ 0 d –0.616
+ 2 d –0.556
+ 4 d –0.295

+ 0 d 0.471
+ 2 d 0.651
+ 4 d 0.420
+ 0 d 0.577
+ 2 d 0.553
+ 4 d 0.284

+ 0 d 0.445
+ 2 d 0.580

+ 0 d 0.461
+ 2 d 0.500
+ 4 d 0.358
+ 0 d 0.511
+ 2 d 0.407

+ 0 d 0.281
+ 2 d 0.532

+ 0 d 0.517
+ 2 d 0.377

+ 0 d –0.526
+ 2 d –0.615
+ 4 d –0.484
+ 0 d –0.438
+ 2 d –0.472

–2 d –0.383
+ 0 d –0.461
+ 2 d –0.315
–4 d –0.312
–2 d –0.421
+ 0 d –0.331

Bottom

Paguridae

Surface

Bottom

Wind stress
Alongshore Cross-shore

+ 0 d 0.356
+ 2 d 0.417

Grapsidae

Surface

+ 0 d –0.272
+ 2 d –0.256

+ 0 d 0.215
+ 2 d 0.312

+ 0 d 0.281

ns

ns

+ 0 d 0.222
+ 2 d 0.301

+ 0 d –0.359
+ 2 d –0.339

Majidae

Bottom

+ 0 d –0.302
+ 2 d –0.518
+ 4 d –0.257

+ 0 d 0.336
+ 2 d 0.456
+ 4 d 0.222

+ 2 d 0.407

+ 0 d –0.217
+ 2 d –0.290
+ 4 d –0.325

+ 0 d 0.356
+ 2 d 0.354
+ 4 d 0.331

+ 2 d 0.445
+ 4 d 0.268

–2 d –0.302
+ 0 d –0.366

Fig. 5. Chthamalus spp., Balanus glandula, B. crenatus and Tetraclita rubescens. Mean larval recruitment (+ SE) of barnacles to
artificial collectors in Bodega Bay relative to alongshore wind stress (dynes cm–2) and spring (M) and neap (y) tides in 2001 and
2002. Barnacles largely recruited near the bottom so surface recruitment is not shown; they were not sampled in 2003 and 2004.
The width of the bars indicates the sampling interval. Tick marks on x-axes are at 5 d intervals
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water column (Table 3, Fig. 4). Recruitment at both
depths occurred less than 4 d after equatorward and
onshore wind stress in cold saline water and within 2 d
following upwelling and the onset of large waves
(Table 4). The lag relative to cold, saline water was
shorter near the bottom, occurring within 2 d. Larvae
at both depths recruited near neap tides, occurring
from 2 d before to 2 d after near the surface and 0 to 4
d before near the bottom.
Grapsids were present in 80.6% of samples, and
recruited mostly near the surface throughout the study
period (Table 3, Fig. 4). Recruitment peaked during
onshore wind stress and within 2 d of equatorward
wind stress, large waves and upwelling (Table 4). Larvae recruited less than 2 d after neap tides.
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Majids recruited in low numbers only near the bottom of the water column in 2 pulses (Tables 3 & 4).
Recruitment occurred less than 4 d after peak equatorward and onshore wind stress and the appearance of
large waves in cold saline water during upwelling.
They also recruited less than 2 d before neap tides.

Correlations of recruitment with ocean conditions,
2001–2004
Eight taxa recruited in sufficient numbers for analysis relative to ocean conditions from 2001 to 2004
(Figs. 5 to 9). Interspecific differences in the significance of the 7 physical variables were found for all

Fig. 6. Mytilus spp. Mean larval recruitment (+ SE) of mussels to artificial collectors in Bodega Bay relative to alongshore wind
stress (dynes cm–2) and spring (M) and neap (y) tides from 2001 to 2004. The width of the bars indicates the sampling
interval and tick marks on 2001 and 2002 x-axes are at 5 d intervals. Samples were not collected 6–13 June 2004
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years combined (Table 5), suggesting that species
recruited via different transport processes. Interannual
variation in the relative importance of the variables
was evident for species (Table 6), revealing that species recruited via different transport processes among
years. Because sampling occurred approximately
weekly for 4 or 5 mo (2001, 2002) or daily for short
durations (2003, 2004), fewer significant correlations
resulted than during 2005 when sampling occurred bidaily for 2 mo. Sampling across weekly time periods
especially limited our ability to detect recruitment relative to short, infrequent relaxation events. However,
because equatorward and cross-shelf wind stress,
wave height, seawater temperature, salinity and the
upwelling index were well correlated during each year

of the study, correlations with just 1 or 2 of the variables could provide a reasonable indication of whether
recruitment occurred during upwelling, relaxation or
downwelling conditions. Moreover, recruitment patterns relative to these variables were consistent across
years for a large majority of the species.
Barnacles almost entirely recruited near the bottom
in several pulses throughout the study period (May to
August) during 2001 and 2002 (barnacles were not
sampled during 2003 and 2004; Fig. 5). Over both
years combined, barnacle recruitment was only
related to the tidal amplitude cycle (Table 5); it was
highly correlated with spring tides in 2001 and nonsignificantly correlated with intermediate tides in
2002 (Table 6).

Fig. 7. Petrolisthes spp. and Pachycheles spp. Mean larval recruitment (+ SE) of porcellanid crabs to artificial collectors in Bodega
Bay relative to alongshore wind stress (dynes cm–2) and spring (M) and neap (y) tides from 2001 to 2004. The width of the bars
indicates the sampling interval. Samples were not collected 6–13 June 2004
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For all 4 years combined, mussel recruitment at the
surface was related to wave height, salinity and tidal
amplitude, and recruitment at the bottom was related
to 6 of 7 variables, excluding tidal amplitude (Table 5,
Fig. 6). Mussels recruited steadily in low numbers at
the surface throughout the 4-mo study period in 2001,
and they recruited most abundantly near the bottom in
August during relaxation of upwelling (Table 6, Fig. 6).
In 2002, mussels recruited steadily in low numbers
until August, when peak recruitment occurred at both
depths with more recruitment near the bottom. Although recruitment at the surface for all years combined was only related to large waves, salinity and
tidal amplitude, recruitment at both depths in this year
occurred when prevailing winds were light and sea-
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ward and waves were small in warm, fresher water
during relaxation. In 2003, recruitment initially occurred in saline water throughout the water column
and later occurred near the bottom when wind stress
weakened (p = 0.07) and water was warm (p = 0.07).
Recruitment near the surface was lowest during neap
tide and peaked after spring tides. In 2004, recruitment
was abundant but occurred in only 2 pulses in early
June near the surface and mid-June near the bottom.
Both recruitment events followed equatorward winds
at the onset of relaxation but were not significantly
correlated with any variables. Despite interannual
variability, mussels usually recruited most abundantly
near the bottom during relaxation events and at the
surface during spring tides.

Fig. 8. Cancer antennarius and C. productus. Mean larval recruitment (+ SE) of C. antennarius/productus to artificial collectors
in Bodega Bay relative to alongshore wind stress (dynes cm–2) and spring (M) and neap (y) tides from 2001 to 2004. The width of
the bars indicates the sampling interval and tick marks on 2001 and 2002 x-axes are at 5 d intervals. Samples were not collected
6–13 June 2004
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Fig. 9. Mean larval recruitment (+ SE) of Cancer magister and majid, pagurid and grapsid crabs to artificial collectors in Bodega
Bay relative to alongshore wind stress (dynes cm–2) and spring (M) and neap (y) tides from 2001 to 2004. Larvae largely recruited
near the surface so bottom recruitment is not shown. The width of the bars indicates the sampling interval and tick marks on 2001
and 2002 x-axes are at 5d intervals. Samples were not collected 6–13 June 2004

Five decapod taxa usually recruited during upwelling conditions: porcellanids, Cancer antennarius/
productus, C. magister, majids and pagurids. Over all
4 years combined, porcellanid recruitment at both
depths was related to seawater temperature and tidal
amplitude, and recruitment at the surface also was
related to alongshore and cross-shore wind stress
(Table 5, Fig. 7). Porcellanids recruited during upwelling conditions in 3 years (2002–2004) and recruited during relaxation in 2001 (Table 6, Fig. 7). In
2001, they recruited in a large pulse throughout the
water column at the end of May and to a lesser
extent in August. Recruitment peaked near the surface when prevailing winds relaxed (p = 0.06) in
warm water, and near the bottom only in fresher
water. In 2002, they again recruited in a large pulse

throughout the water column at the beginning of
June during a strong upwelling event and in a second large pulse near the surface in mid-August.
Recruitment occurred near the surface only while
wind stress was seaward and waves were small and
near the bottom only in cold water. In 2003, they
recruited at both depths in very large numbers in 2
peaks during and just after upwelling. Recruitment
occurred throughout the water column while wind
stress was equatorward and onshore in cold, saline
(p = 0.07) surface water during upwelling. Recruitment also peaked near the time of upwelling in 2004.
Recruitment occurred in cold water at both depths
and in fresher water near the surface. Porcellanid
recruitment peaked near the 2 spring tides at both
depths.
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Table 5. Z-transform significance values (p-values; see Whitlock 2005) for 2001 to 2004 combined by taxa and depth relative to
alongshore and cross-shore wind stress, wave height, temperature, salinity, upwelling index and maximum tidal range during the
peak upwelling season in northern California. Significant values (p < 0.05) are shown in bold; marginally nonsignificant values
(p < 0.055) are shown in bold italics
Taxon

Sample
depth

Wind stress
Wave height
Alongshore Cross-shore

Temperature

Salinity

Upwelling
index

Max. tidal
range

Cirripedia

Bottom

0.263

0.403

1.387

1.584

1.091

0.502

0.012

Mytilus spp.

Surface
Bottom

0.449
0.004

0.317
0.052

0.002
0.009

0.891
0.028

0.003
0.001

0.307
0.034

0.003
1.788

Porcellanidae

Surface
Bottom

0.002
0.161

< 0.001
0.066

0.239
1.175

< 0.001
0.003

0.49
0.525

0.24
0.318

0.001
0.016

Cancer antennarius
/productus

Surface
Bottom

< 0.001
0.025

< 0.001
0.027

0.192
0.524

< 0.001
0.494

0.041
0.004

0.005
< 0.001

0.039
0.103

Cancer magister

Surface

0.017

0.159

0.108

0.005

< 0.001

0.004

0.099

Majidae

Surface

0.005

< 0.001

0.891

0.012

0.242

0.08

0.052

Paguridae

Surface

< 0.001

< 0.001

0.039

< 0.001

0.454

0.054

< 0.001

Grapsidae

Surface

1.656

0.055

1.522

0.535

1.368

1.946

0.408

For all 4 years combined, Cancer antennarius/productus recruitment was related to 6 of 7 variables near
the surface, excluding wave height, and 4 of 7 variables near the bottom, excluding wave height, temperature and tidal amplitude (Table 5, Fig. 8), typically
recruiting during upwelling conditions (Table 6, Fig.
8). They recruited throughout the water column from
May to September in 2001, tapering off in mid-July.
They recruited near the bottom in saline waters during
upwelling and near the surface only in cold waters. In
2002, recruitment occurred at both depths from May
through August in cold, saline water while wind stress
was equatorward during upwelling. Recruitment near
the surface was strongly correlated with variables
associated with upwelling (equatorward and onshore
winds, upwelling index) as well as neap tides. Two
peaks of recruitment occurred throughout the water
column in 2003. Most recruitment occurred near the
bottom while wind stress was onshore in saline water
during upwelling. Recruitment was lowest during
neap tides near the bottom and peaked 3 d before and
after neap tides. In early June 2004, C. antennarius/
productus recruited in a very large pulse near the surface during upwelling. Recruitment near the surface
occurred when wind stress was equatorward and
onshore and waves were large in cold water just before
the first spring tide. Recruitment near the bottom
occurred when wind stress was onshore (p = 0.06) and
waves were large (p = 0.08) during upwelling.
Cancer magister recruitment from 2001 to 2004
largely occurred near the surface and was related to
4 of the 7 variables, excluding cross-shore wind stress,
wave height and tidal amplitude (Table 5, Fig. 9). They
typically recruited in low numbers with most recruitment occurring in 2004. In 2001, recruitment primarily

occurred from May through June while wind stress
was equatorward and onshore and waves were large
in saline water during upwelling (Table 6, Fig. 9). In
2002, recruitment primarily occurred from May
through early June and in a pulse during mid-July.
Recruitment occurred in cold, saline water during upwelling. Recruitment was sparse in 2003, occurring
only in 2 pulses, and was weakly correlated with cold
water (p = 0.06) during relaxation (p = 0.06). Recruitment occurred in warm, saline water with the highest
recruitment occurring during downwelling in 2004.
Thus recruitment occurred during upwelling during
the first 2 years of extended sampling, whereas it was
spotty in 2003 and greatest during a downwelling
event in the short sampling period in 2004.
From 2001 to 2004, majids largely recruited near the
surface and steadily in low numbers throughout
sampling periods each year (Fig. 9). Recruitment was
related to 4 of the 7 variables, excluding wave height,
salinity and upwelling index (Table 5), and they typically recruited during upwelling conditions when wind
stress was onshore (Table 6). Majids also recruited
when wind stress was equatorward in saline water
during upwelling in 2001, and in cold water in 2003. In
2004, recruitment peaked during the first sampling
interval also while wind stress was equatorward in
cold water during spring tide.
Pagurid recruitment from 2001 to 2004 was related to
6 of the 7 variables, excluding salinity (Table 5, Fig. 9).
They largely recruited near the surface and episodically in low numbers during the first 2 years of the
study. Recruitment was 1 to 2 orders of magnitude
greater during the last 2 years, despite the shorter sampling periods. Recruitment was not significantly correlated with any oceanographic variable in 2001 when
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recruitment was sparse (Table 6, Fig. 9). In 2002,
recruitment occurred in 2 pulses at the beginning of
May and June while wind stress was equatorward and
onshore and waves were large in cold, saline surface
water during upwelling and neap tides. In 2003,
pagurids recruited while wind stress was onshore in
cold water. In 2004, they recruited during the first sampling interval while wind stress was equatorward and

onshore and waves were large in cold surface water
during spring tide. Thus pagurids typically recruited
during upwelling conditions.
As with pagurids, grapsids recruited near the surface
in low numbers during the first 2 years of the present
study, and they were much more abundant during the
last 2 years (Fig. 9). Few grapsids recruited before
June during the first 2 years. For all 4 years combined,

Table 6. Spearman correlations of recruitment by 8 taxa relative to alongshore and cross-shore wind stress, wave height, temperature, salinity, upwelling index and maximum tidal range during the peak upwelling season from 2001 to 2004 in northern California. Significant correlations (p < 0.05) are shown in bold; marginally nonsignificant correlations (0.05 < p < 0.07) are shown in
bold italics. See Table 3 for explanations of positive and negative correlations. Barnacles were not sampled in 2003 and 2004
Taxon

Year

Sample
depth

Cirripedia

2001
2002

Bottom
Bottom

–0.355
–0.292

Mytilus spp.

2001

Surface
Bottom
Surface
Bottom
Surface
Bottom
Surface
Bottom

2002
2003
2004
Porcellanidae

2001
2002
2003
2004

Cancer antennarius/ 2001
productus
2002
2003
2004

Wind stress
Alongshore Cross-shore

Wave Temperature
height

Salinity Upwelling Max. tidal
index
range

0.337
0.214

–0.122
0.049

0.127
–0.021

0.127
–0.129

0.132
0.370

0.687
–0.352

–0.081
0.169
0.509
0.449
–0.030
0.360
0.106
–0.287

0.034
–0.160
–0.433
–0.375
–0.258
–0.185
–0.078
0.266

–0.109
0.076
–0.444
–0.300
0.208
–0.283
–0.187
0.271

–0.053
0.124
0.575
0.639
–0.007
0.354
–0.052
–0.046

0.197
–0.283
–0.627
–0.585
0.456
0.432
–0.167
0.176

–0.064
–0.395
–0.238
–0.301
0.289
–0.098
–0.288
0.227

0.284
0.060
0.229
0.182
0.549
0.105
0.194
0.035

Surface
Bottom
Surface
Bottom
Surface
Bottom
Surface
Bottom

0.290
0.157
0.261
0.021
–0.563
–0.755
–0.184
–0.163

–0.234
–0.096
–0.335
–0.046
0.841
0.909
0.301
0.233

–0.075
–0.026
–0.290
–0.064
–0.019
0.095
0.266
0.203

0.682
0.041
0.127
–0.416
–0.705
–0.559
–0.561
–0.343

0.075
–0.389
–0.148
0.080
0.355
–0.015
–0.611
–0.169

0.169
–0.183
–0.097
0.076
0.511
0.463
0.170
0.057

–0.185
–0.198
0.263
0.067
0.284
0.265
0.690
0.727

Surface
Bottom
Surface
Bottom
Surface
Bottom
Surface
Bottom

–0.221
–0.161
–0.635
–0.320
–0.310
–0.312
–0.445
–0.284

0.222
–0.100
0.547
0.242
0.284
0.447
0.477
0.317

0.160
0.095
0.183
0.131
–0.013
–0.028
0.346
0.295

–0.450
–0.084
–0.443
–0.349
0.242
0.142
–0.547
–0.106

0.257
0.547
0.441
0.403
–0.279
0.522
0.099
–0.005

0.124
0.487
0.711
0.362
0.062
0.401
0.297
0.336

0.208
0.222
–0.526
0.034
0.002
0.474
0.421
0.265

Cancer magister

2001
2002
2003
2004

Surface
Surface
Surface
Surface

–0.310
–0.278
0.228
0.249

0.369
0.175
0.046
–0.242

0.322
0.199
–0.135
0.021

–0.108
–0.428
–0.365
0.328

0.341
0.461
–0.274
0.593

0.380
0.306
–0.365
–0.158

0.158
–0.122
–0.321
0.296

Majidae

2001
2002
2003
2004

Surface
Surface
Surface
Surface

–0.354
–0.214
–0.304
–0.320

0.465
0.334
0.399
0.376

0.123
–0.024
0.131
0.157

0.236
–0.173
–0.412
–0.323

0.578
0.014
0.072
–0.081

0.382
0.198
0.221
0.203

0.256
–0.204
0.124
0.358

Paguridae

2001
2002
2003
2004

Surface
Surface
Surface
Surface

–0.212
–0.570
–0.252
–0.476

0.249
0.455
0.568
0.571

0.112
0.268
0.055
0.379

–0.126
–0.574
–0.702
–0.748

–0.127
0.509
–0.200
0.050

0.215
0.443
–0.052
0.294

0.186
–0.482
–0.102
0.750

Grapsidae

2001
2002
2003
2004

Surface
Surface
Surface
Surface

–0.102
–0.088
–0.008
–0.143

0.199
0.214
0.347
0.209

0.089
–0.007
–0.071
0.167

0.028
–0.123
–0.187
–0.360

0.067
0.201
0.053
0.307

–0.105
0.084
–0.042
0.188

0.100
–0.222
–0.014
0.428
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recruitment was not related to any variable (Table 5),
and significant correlations were obtained only during
2004 when recruitment was greatest (Table 6). Recruitment that year occurred only in cold water during
spring tides.

DISCUSSION
Multiple biophysical transport processes evidently
deliver larvae to shore. Depth regulation is a key determinant affecting the timing of recruitment, because
consistent differences in the depth of recruitment were
apparent for each of the 8 taxa. The depth of recruitment appears to be under strong behavioral control
even in a region of strong upwelling where physical
factors are commonly thought to overwhelm larval
behavior. The depth of recruitment can be regulated
by mean depth preferences and diel vertical migrations. The depth preferences of crustacean postlarvae
in our study region were determined during a series of
cross-shelf plankton surveys that were conducted during the daytime to the shelf break (Morgan et al.
2009b). The depth of recruitment observed during the
present study was the same during the cross-shelf surveys for all but one of these crustacean taxa (pagurids),
thereby linking interspecific differences in depth distributions across the shelf with those close to shore. All
6 crab taxa undertake diel vertical migrations (Hobbs
et al. 1992, Wing et al. 1998, S. G. Morgan unpubl.
data), and the greater abundance of recruits in surface
collectors of 5 of these taxa indicate that they may
recruit onshore at night, as do many crabs in other
regions (Christy & Morgan 1998, Miller & Shanks 2004,
Porter et al. 2008). In contrast, barnacles and mussels
remain deep in the water column throughout the day
late in larval development and mostly recruit near the
bottom (Morgan et al. 2009b). The depth distributions
of recruiting postlarvae in the water column have been
correlated with the vertical distributions of adult barnacle species onshore (Grosberg 1982, Miron et al.
1995). It is apparent from the present study that the
depth distributions of many taxa other than barnacles
play an important role in regulating recruitment and
likely determine which of the 7 transport mechanisms
delivers larvae to shore.
Some physical transport processes were more common among taxa than others. Larvae are widely believed to recruit near the surface during relaxation of
prevailing upwelling winds either as the upwelling
front moves onshore (Roughgarden et al. 1988, 1992)
or as a coastal boundary current propagates poleward
from larval accumulation zones in the lee of headlands
(Wing et al. 1995, 2003). However, we found that only
1 of 8 taxa (Mytilus spp.) usually recruited during in-
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frequent relaxation and downwelling events, and recruitment for this taxon occurred near the bottom
during 2 years. Although recruitment of porcellanids
occurred during relaxation conditions in 2001, they
recruited during upwelling conditions in the other 4
years (2002–2005), as has been previously reported in
the study area (Wing et al. 2003). Peak recruitment by
the barnacles Balanus glandula and Chthamalus spp.
has previously been reported to occur during relaxations in Monterey Bay, California (Farrell et al. 1991),
but it was not correlated with wind conditions during
any year of our study for these taxa nor for 2 other species of barnacles. The upwelling front in our region remains over the outer shelf (100 to 200 m isobaths),
occasionally breaking down and reforming (Kudela et
al. 2006, Lassiter et al. 2006, Papastephanou et al.
2006). During relaxation, currents over the inner and
mid-shelf flow northward (~0.1 m s–1) and onshore
(~0.05 m s–1) (Largier et al. 1993, Roughan et al. 2006).
Although currents respond quickly (<1 d) to reversals
in wind forcing, relaxation events may be too brief to
transport larvae close to shore.
The 5 remaining taxa primarily recruited during
upwelling rather than relaxation or downwelling conditions: Cancer magister, C. antennarius/productus,
pagurids, grapsids and majids. These taxa recruited
during upwelling conditions regardless of whether it
was during a year of strong upwelling or relaxation.
These results are consistent with a previous 5-yr study
that was conducted from 1992 to 1997 at our study
location, except that C. magister recruited during relaxation conditions during years when relaxation was
frequent and prolonged (Wing et al. 2003). During the
present study, C. magister recruited in warm, saline
water during the brief downwelling period in 2004, but
recruitment occurred during upwelling conditions in
the previous 3 years. The study period was brief in
2004, and results may not be typical. It now appears
that recruitment relative to wind conditions at our location is fairly consistent for most taxa, except C. magister and porcellanids.
Four of the 5 taxa that usually recruited during
upwelling arrived mostly near the surface (except
Cancer antennarius/productus), where they are believed to be susceptible to offshore and equatorward
transport (Parrish et al. 1981, Yoshioka 1982, Roughgarden et al. 1988). Strong northwesterly winds during
the daytime may have facilitated shoreward transport
by large waves. Cross-correlations with onshore wind
stress and wave height were found for 5 of the 6 taxa
collected in 2005, and correlations with onshore wind
stress and wave height also were evident for the 5 taxa
collected during the 4 previous years. Correlations
with onshore wind stress and wave height were not
evident for barnacles and mussels, which recruit deep
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in the water column, or grapsids, which showed few
significant correlations with any variable. In regions
with comparatively light upwelling winds, larvae that
remain in surface waters could be transported onshore
by the sea breeze during the daytime and would not be
displaced as far offshore by the weaker land breeze at
night (Shanks 1995, Jacinto & Cruz 2008). Some postlarvae undertake a reverse diel vertical migration that
would expedite onshore transport by the sea breeze
(Morgan et al. 2009b), because they occur near the surface during the daytime while onshore winds are
strongest and descend at night during the weaker offshore land breeze (Shanks 1995). However, during
spring and summer in our region of strong, persistent
upwelling, equatorward winds blow roughly parallel
to the coast with an onshore component, reaching
maximum velocity in the afternoon (Dorman et al.
2006). Winds weaken and remain equatorward and
parallel to the coast at night. Here, the refraction of
shoaling wind-generated waves toward shore may
transport larvae onshore, especially when upwelling
winds are strong and persistent. The relatively lowlying coastline in our area may increase the onshore
wind component, and recruitment by this mechanism
may be greater than in areas with higher relief. Thus
most taxa recruited onshore near the surface in large
waves generated by upwelling-favorable winds rather
than during infrequent relaxation or reversal events.
Tides also may play an important role in transporting
recruits onshore. Recruitment of 5 of the 6 taxa collected during 2005 (except porcellanids) was significantly cross-correlated with the tidal amplitude cycle,
and recruitment of 7 of 8 taxa (except Cancer magister)
was correlated with it in at least one of the previous 4
years. As for correlations of recruitment with physical
variables associated with wind conditions, correlations
with the tides were most evident in 2005, because sampling occurred bi-daily for an extended sampling
period. Recruitment of most of these taxa was also
cross-correlated with the tidal amplitude cycle in an
intensive study conducted at this location in 2002
(Mace & Morgan 2006b). Although we did not determine whether internal waves and bores were present
in either study, they previously have been reported to
occur in the study area (Pringle 1999). Our correlations
with the tidal amplitude cycle add to the growing evidence of the potential importance of internal tides in
transporting larvae onshore along upwelling coasts
(Pineda 1994, 1995, 1999, Shanks 2002, 2006, Miller &
Shanks 2004, Ladah et al. 2005). Unlike correlations
with physical variables associated with wind conditions, correlations of recruitment with the tidal amplitude cycle were typically not consistent among years.
During 2005, recruitment of 4 of the 6 collected taxa
occurred during neap tides, while barnacles recruited

between neap and spring tides; between 2001 and
2004, 7 of the 8 collected taxa recruited during both
neap and spring tides. The importance of tides in larval
recruitment may also vary regionally. For example,
C. magister postlarvae recruit during spring tides in
Oregon (Miller & Shanks 2004) and southern California (Shanks 2006), but not in Bodega Bay or Washington (Roegner et al. 2003). Studies on the role of internal
waves and bores in delivering recruits onshore should
continue to be conducted repeatedly at many locations
for multiple taxa to better understand this transport
mechanism.
Abundances of recruits and correlations with winds
and tides were not entirely consistent between the present study and a previous study which was conducted
at the same locale in 2002 (Mace & Morgan 2006b).
Although porcellanids dominated during both 2002
and 2005, they were nearly 4 times more abundant
during the year of weak upwelling in 2005, whereas
the other taxa generally were less abundant in 2005,
including Cancer magister, which did not recruit.
Recruitment patterns relative to wind forcing were
similar in the 2 studies for C. antennarius/productus
and pagurids, which recruited during upwelling conditions, and majids, which recruited during onshore
winds. Results differed for C. magister and porcellanids, which generally recruited during upwelling
(present study) rather than relaxation conditions. Further, significant correlations of recruitment with physical variables were not obtained for grapsids in either
study (Mace & Morgan 2006b). For tides, results from
the 2 studies were similar in that pagurids recruited
near neap tides and majids and C. magister were not
correlated with the maximum tidal range. However,
recruitment of C. antennarius/productus was not significantly correlated with the maximum tidal range in
the 2002 study, but significant correlations were
obtained for grapsids near spring tides and porcellanids between neap and spring tides in the present
study. The 2 studies differed in the frequency and
duration of sampling as well as whether samples were
collected at both the surface and bottom. In the earlier
study, we sampled bi-daily for 6 wk and samples were
only collected near the surface. In the present study,
sampling intervals ranged from daily to weekly, sampling periods ranged from days to months and samples
were analyzed separately for the 2 depths. The somewhat different results obtained by the studies highlight
the importance of sampling frequently for long durations to improve the reliability of results, even though
it may not be practical in open embayments or even
feasible on exposed coasts in regions of strong
upwelling. Although results typically were similar for
species that recruit abundantly at both depths, fewer
significant correlations were obtained for species that
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recruit mostly at one depth, making it necessary to
separately sample, analyze and present data from near
the surface and bottom of the water column.
The present study indicates that recruitment may
depend on the interaction of depth of recruitment and
the coincidence of larval availability with the occurrence of onshore winds, large waves, upwelled bottom
water, relaxation and downwelling events and internal
tides. However, the processes responsible for the
observed spatial patterns in larval recruitment and
adult densities in upwelling regions (Yoshioka 1982,
Gaines & Roughgarden 1985, Roughgarden et al. 1988,
1992, Shkedy & Roughgarden 1997, Connolly &
Roughgarden 1998, Connolly et al. 2001, Menge et al.
2004) remains elusive. It is becoming increasingly
apparent that larvae of most species in upwelling
regions are neither passively advected far offshore
(Poulin et al. 2002, Tapia & Pineda 2007, Morgan et al.
2009a,b, Shanks & Shearman 2009) nor limited to
infrequent relaxation conditions (see also Wing et al.
2003, Mace & Morgan 2006b). An emerging possibility
is that the surf zone is a semipermeable barrier to the
onshore transport of larvae (Rilov et al. 2008). New
comprehensive studies are needed to determine the
underlying mechanisms responsible for the observed
spatial patterns of recruitment. The role of multiple
delivery mechanisms in regulating larval recruitment
in time and space should be investigated while determining the fate of larvae after settlement for diverse
taxa along upwelling coasts.

➤ Connell JH (1985) The consequences of variation in initial set-
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