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Larval accumulation in the lee of a small headland:

implications for the design of marine reserves

Amber J. Mace, Steven G. Morgan*

Bodega Marine Laboratory, University of California at Davis, PO Box 247, Bodega Bay, California 94923, USA

ABSTRACT: Oceanic currents and larval accumulation potentially have large impacts on the choice
of locations for marine reserves. Larval settlement of benthic invertebrates was greater in the lee than
on the windward side of a small headland during the height of upwelling in central California during
2001 and 2002. Strong upwelling during the study was indicated by mean seasonal Bakun indices of
149 to 176 m® s7! per 100 m of coastline in 2001-2002. Weekly sampling of near-surface and near-
bottom settlement in the lee of Bodega Head from August 2000 to September 2001 revealed that most
larvae of 7 crab taxa settled during spring and summer, which coincides with the upwelling season.
Comparison of sites in the protected (lee) and exposed (windward) sides of the headland (2 sites each)
during the peak settlement season in 2001 showed that most larvae settled in the lee of the headland,
including 91 % of crabs, 89 % of barnacles, and 80 % of mussels in weekly samples. During 2002,
weekly sampling at 1 protected and 1 exposed site also demonstrated that most settlement occurred
in the lee of the headland, including 74 % of crabs, 82% of barnacles, and 65 % of mussels. Crabs
settled mostly at the surface, whereas barnacles and mussels primarily settled near the bottom,
indicating that postlarvae in both surface and bottom waters accumulate in the lee of the headland.
Larval accumulation zones should be included in networks of marine reserves to supply adult
populations with propagules in recruitment-limited upwelling regions.

KEY WORDS: Larval retention - Larval dispersal - Headland eddy - Recirculation - Marine reserve -
Meroplankton
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INTRODUCTION

Topographic features of shorelines appear to gener-
ate predictable variation in the larval supply to adult
populations and communities (Ebert & Russell 1988).
Several studies have observed increased zooplankton
abundance and larval settlement in the lee of head-
lands (Caffey 1985, Murdoch 1989, Gaines & Bertness
1992, Rankin et al. 1994, Wing et al. 1995b, 1998, Gra-
ham & Largier 1997, Archambault & Bourget 1999,
Lagos et al. 2002). In upwelling regions, larval supply
is greater on the leeward side of major headlands,
where larvae may be entrained into waters that are
retained there (Wing et al. 1995a,b). On the windward
side, strong upwelling jets may advect larvae far off-
shore (Wing et al. 1995a,b). When winds relax, the
larvae-rich waters in the lee of the headland may flow
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poleward around the headland, allowing for settle-
ment of larvae on the poleward side of the headland.
Although upwelling generally decreases during the El
Nino Southern Oscillation events, settlement along the
poleward side of a major headland has been observed
to decrease rather than increase, perhaps due to the
decline in productivity of the California Current Sys-
tem (Lundquist et al. 2000) or due to the absence of this
upwelling-related larval accumulation and poleward
transport mechanism.

Previous studies of headlands have generally been
on a scale of 10 to 100 km (Murdoch 1989, Rankin et al.
1994, Graham & Largier 1997, Wing et al. 1998), except
for a recent study around Point Loma in San Diego,
California (Roughan et al. 2005b). It is unclear whether
this mechanism operates around small headlands,
which are much more common and relevant to the
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establishment of marine reserves (no-take zones),
which typically are less than 10 km long. Information
on large-scale processes (>100 km) must be coupled
with an understanding of processes at a smaller scale
(<10 km) in the nearshore environment in order to
design an effective network of marine reserves, which
should include areas that export larvae to adjacent
reserves as well as areas that are hotspots of larval
settlement.

Larvae that accumulate in the lee of small headlands
may have been produced there or may have immi-
grated from elsewhere; we therefore refer to such
areas of high larval concentration as accumulation
rather than retention zones, which indicate areas
where larvae have been locally produced and retained
(Warner et al. 2000). Small headlands may allow popu-
lations with planktonic larvae to persist by (1) increas-
ing the retention of local larvae nearshore (Roughan et
al. 2005a); (2) entraining remotely spawned larvae
(Gaylord & Gaines 2000); and (3) accelerating larval
development through elevated concentrations of food
and warmer water, thereby reducing the pelagic larval
duration and exposure to predation (Pechenik 1987,
Sulkin & McKeen 1994, Forward et al. 2001).

Larval behaviour also plays a role in keeping larvae
near parental (and natal) habitats during development
or by returning larvae to suitable settlement sites late
in development (Morgan 1995, Shanks 1995, Kingsford
et al. 2002, Sponaugle et al. 2002). Depth preferences
coupled with vertical migrations between opposing
stratified currents enable larvae to regulate alongshore
and cross-shelf movements (reviewed in Morgan
1995). Onshore transport of late-stage larvae may oc-
cur by winds, internal waves, and other physical mech-
anisms coupled with an ontogenetic shift in depth pref-
erence (Shanks 1995). Because multiple mechanisms
may return larvae to shallow-water habitats, both in-
terspecific and congeneric differences in the timing of
larval settlement to shallow-water habitats may occur,
because larvae may exploit multiple onshore delivery
mechanisms (Mace & Morgan in press).

Larval accumulation and retention may be more
common than once thought (Morgan 1995, Jones et al.
1999, Cowen et al. 2000, Hughes et al. 2000, Morgan
2001, Swearer et al. 2002), and larval retention rates
and onshore settlement pulses have been linked to
parental populations (Paris & Cowen 2004, Jones et al.
2005). This results in a stronger link between stock and
recruitment, greater vulnerability to reductions in
recruitment from overfishing, greater possibility for
local adaptation, and greater local benefit from marine
reserves (Strathmann et al. 2002). Larval retention and
cross-shelf migrations between adult habitats and lar-
val nursery areas are critical to the success of a wide-
spread reproductive strategy that involves the devel-

opment of weakly swimming microscopic larvae in
upwelling regions of a dynamic ocean (Roy 1998).
Evidence for larval accumulation in the lee of head-
lands comes primarily from studies that observe the
spatial distribution of settlement or recruitment of
marine invertebrates such as crabs, barnacles, and
urchins around headlands (Ebert & Russell 1988, Wing
et al. 1995a, Lagos et al. 2002). Therefore, to test the
effect of coastal topographical features on larval sup-
ply, we investigated settlement of postlarvae around
Bodega Head, a small headland in a strong upwelling
region, for 2 yr. Here we use settlement abundance as
a proxy for relative larval supply among the sites
monitored (Gaines et al. 1985, Minchinton & Scheib-
ling 1991, Miron et al. 1995). In a concurrent study we
found that cyclonic recirculation in Bodega Bay at
depth provides a potential mechanism for retaining
larvae and accumulating postlarvae (Roughan et al.
2005a). Cyclonic recirculation was strongest during
upwelling due to the increased equatorward along-
shore flow past Bodega Head. Recirculation weakens
during relaxation or downwelling, potentially export-
ing larvae north of the headland. In a second concur-
rent study settlement of postlarvae in surface waters in
the lee of the headland was sampled bi-daily
(every 2d)to assess temporal settlement patterns and
potential delivery mechanisms (Mace & Morgan in
press). In the current study we sampled over longer
time periods to assess horizontal and vertical patterns
of larval settlement around a small headland. The
objectives of the present study were to determine (1)
the strength of upwelling compared to previous years;
(2) seasonal patterns of larval settlement by benthic
invertebrates; (3) settlement at exposed and protected
sites around the headland; and (4) the synchrony of lar-
val supply to exposed and protected sites. We also
draw inferences for the design of marine reserves.

MATERIALS AND METHODS

Study area. The study was conducted around
Bodega Head (BH, 38°18'N, 123°04'W) in central
California, which is characterized by persistent equa-
torward winds during spring and summer (Fig. 1).
Bodega Bay occurs on the leeward side of this small
headland and is a shallow, broad, southwest-facing
embayment. The bay mouth is approximately 11 km
wide from the northern tip at BH to the southern tip at
Tomales Point, expanding to 15 km wide landward of
the mouth, and it is approximately 3.5 km from mouth
to shore. The rocky outcrops of BH and Tomales Point
continue as a shallow (<15 m deep) submarine ridge
across the mouth of the bay (Fig. 1). The ridge rises to
the surface to form Bodega Rocks toward the northern
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end of the bay. The bay is 20 to 25 m deep, and depths
steeply increase to more than 40 m seaward of the
ridge. Tides are mixed semi-diurnal, with a tidal range
of 1.2 to 2.9 m. A detailed study of currents in the area
is available in Roughan et al. (2005a).

Upwelling. Offshore wind speed and direction were
obtained from the National Data Buoy Center (NDBC
46013, 38°13'30" N, 123°19' 00" W; http://www.ndbc.
noaa.gov) and local wind velocities were obtained
from a land-based site at Bodega Marine Laboratory
(BML, 38°19'03.35" N, 123°04'17.20" W; http://bml.
ucdavis.edu/boon). Alongshore winds at BML and the
NDBC buoy were correlated to 95% confidence with
r = 0.88 and a lag of 2 h (BML leads NDBC) (Roughan
et al. 2005a). Wind data from the offshore buoy were
used because they are more representative of larger-
scale wind-forcing events. Alongshore wind stress was
calculated (Large & Pond 1981) from 10 min-averaged
data that were adjusted to a height of 10 m above sea
level using a neutral-stability wind profile and rotated
to a principal axis of 317° T (true north). Negative val-
ues indicate equatorward wind stress, and larger neg-
ative values reflect stronger upwelling-favourable
winds. Low or positive values are associated with
relaxation or downwelling conditions.

Upwelling indices (from 39°N, 125°W) were ob-
tained from the National Oceanographic and Atmos-
pheric Administration's Pacific Fisheries Environmen-
tal Laboratory (PFEL), Pacific Grove, California (http://
www.pfeg.noaa.gov). Positive values indicate up-
welling and offshore transport of surface waters result-
ing from equatorward wind stress, and low values indi-
cate relaxation of upwelling. Negative values indicate
downwelling and the onshore advection of surface
waters due to poleward wind stress. Averages of mean
daily values of upwelling indices for 30 April to 13
August (sampling period from Lundquist et al. 2000)
between 1995 and 2004 were compared with those
obtained during 2001-2002.

Daily averages of temperature were obtained from 2
Optic StowAway TidbiT® thermistors, which were at-
tached to a settlement mooring at each site. On each
mooring, thermistors were placed 1 m off the bottom (ap-
prox. 9m deep) and 1 m below the surface. Temperature
(£0.2°C) was recorded every 6 min. Daily averages of
salinity (+£0.005 psu) were obtained from a Sea-Bird
Electronics thermosalinograph (SBE 45 MicroTSG) that
was situated in the seawater intake line at BML's BOON
(Bodega Ocean Observing Node). The correlation be-
tween alongshore wind stress and temperature was cal-

culated to determine whether there was
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N bility, and the correlation between local
39°00° temperature and salinity was calculated
to determine the local response to
changes in wind conditions.

Larval settlement. Larval settlement
by benthic invertebrates was moni-
tored year-round (August 2000 to Sep-
tember 2001) at the Jetty site (JT) to
assess how settlement varied through
the year (Fig. 1). During 2001 and
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2002, larval settlement was monitored
weekly around BH 1 m below the sur-
face and 1 m above the bottom during
the peak settlement season, which was
determined during the first year of the
study to extend from April to Septem-
ber (see also Wing et al. 1995b, 2003,
Lundquist et al. 2000). During 2001,
settlement was monitored at 2 sites on
the windward (exposed) side of the
headland at BML and BH, and at 2
sites in the lee (protected) side of the
headland at JT and Pinnacle Rock (PR)

123°4'W 123°00°

Fig. 1. Exposed and protected sampling sites. All 4 sites (BH: Bodega Head;
BML: Bodega Marine Laboratory; JT: Jetty site; PR: Pinnacle Rock) were sam-
pled in 2001. Only BML and PR were sampled in 2002. Arrows indicate simpli-

fied flow around Bodega Head

(Fig. 1). Three of these sites (BML, JT,
PR) were situated adjacent to onshore
long-term monitoring of rocky inter-
tidal communities (indicated by stars
in Fig. 1) by the Gulf of the Farallones

123°56’
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National Marine Sanctuary or BML. Larval settlement
has been monitored at the BML site since 1992 (Wing
et al. 1995a,b, 2003, Lundquist et al. 2000). During
2002, only 1 exposed (BML) and 1 protected site (PR)
were sampled.

Each site consisted of an array of 3 moorings with at-
tached collectors spaced approximately 50 m apart along
the 10 m isobath. For comparison among sites, collectors
were placed at similar depths (10 m) and habitats (sandy
substrate adjacent to submerged rocks). Settlement sub-
strate for crabs, mussels, and echinoderms consisted of
two 10 x 30 cm mesh bags each containing 3 Tuffy®
kitchen scrub pads. Artificial settlement substrate for
barnacles was a 10 x 10 cm polyvinylchloride plate
covered on both sides with black 3M® safety walk tape.
Collectors were rinsed in fresh water, and settlers were
fixed in 50% ethanol. Postlarvae and juveniles were
identified to species when possible using available keys
(Lough 1974, Shanks 2001). Cancer productus and Can-
cer antennarius were distinguished as juveniles but not
as postlarvae. These species were collectively called C.
antennarius/productus, even though 79 % of the juve-
niles were C. antennarius. Similarly, Pugettia producta
and Pugettia richii were not distinguished at the post-
larval stage, although 95% of the juveniles collected
were identified as P. producta. Sea stars (Pisaster spp.
and Leptasterias spp.), urchins (Stronglyocentrotus fran-
ciscanus and Stronglyocentrotus purpuratus), and bar-
nacles were combined (except Lepas spp.) due to diffi-
culty of correctly identifying new recruits.

Data analysis. Because protected and exposed sites
may be influenced by mesoscale oceanographic fea-
tures, they may be environmentally correlated and
would not meet the primary assumption of standard
parametric analysis: independent replicates. Thus
randomization tests were used to determine whether
settler abundance differed between exposure (sites),
settlement depth, and year. A distribution of F-ratios
was generated via parametric bootstrapping and used
to test whether the observed differences were statisti-
cally significant. Random samples of 1000 log;,-trans-
formed abundance of settlers were drawn, with
replacement, to generate a distribution of F-ratios
and p-values. A factorial model was used considering
site (protected vs. exposed), year (2001 vs. 2002),
depth (surface vs. bottom), and all interactions.
Because 2 sites (BML and PR) were monitored in
2002, only these 2 sites of the 4 sites from 2001 were
included in the analysis.

To determine whether settlers arrived at the same
time on each side of the headland during 2001 and
2002, the abundance of settlers at a protected site (PR)
were correlated with those at an exposed site (BML)
(n = 129). A positive relationship would indicate that a
mesoscale oceanographic feature consistently deliv-

ered larvae to exposed and protected sites in similar
numbers, whereas a negative relationship would indi-
cate that while one site received larvae under a spe-
cific condition the other site received larvae only under
other conditions. Alternatively, no relationship would
be found if larval retention or accumulation resulted in
settlement in the lee of the headland independent of
settlement at the exposed site.

RESULTS
Upwelling

Characteristic upwelling winds with brief periods
of weaker wind occurred during the spring and sum-
mer, and the strength and duration of these cycles var-
ied between years. Upwelling was strong during
2001-2002 and was strongest in 2002 (Fig. 2). The
average upwelling index (m® s per 100 m coastline)
for 2001 and 2002 was 149 £ 9, and 176 + 11 SE respec-
tively. Long periods of upwelling were punctuated by
brief periods of relaxation (Fig. 3). One upwelling
event in 2001 lasted more than a month (late May to
late June). When equatorward alongshore wind stress
increased (larger negative values), temperature
decreased and salinity typically increased, indicating
the arrival of newly upwelled water, though the
response was not as pronounced for salinity. Hence,
there was an inverse relationship between wind stress
and temperature and a positive relationship between
wind stress and salinity. There was little interannual
variation in the response of temperature and salinity to
wind stress, as indicated by the similar high correlation
values for 2001 and 2002 (Table 1).

200

180 -

160 -

140 1

120 -

Average Upwelling Index

100 -

80 T T T T T
1994 1996 1998 2000 2002 2004

Year
Fig. 2. Bakun upwelling index from 1995 to 2004, showing

mean of daily values +1 SE for the upwelling season (30 April
to 13 August) from 39° N latitude
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Larval settlement

Sampling at JT from August 1, 2000 to August 31,
2001 revealed that more larvae settled during spring
and summer than during fall and winter (Fig. 4).
During this year, 88 % of crabs settled between May
and August. Cancrids, porcellanids, and majids were
most abundant, followed by small numbers of grapsids
and pagurids. The 3 most abundant taxa settled
throughout much of the year. However, cancrids were
most abundant from January to July, with a peak in

ing the upwelling season in 2001 and 2002 (Table 2).
Of the 9 most abundant taxa, settlement at the pro-
tected sites (PR, JT) was higher than at the exposed
sites (BML, BH) during 2001; 91 % of 9722 crabs settled

Table 1. Correlations between mean daily alongshore wind

stress (negative values indicate increasing equatorward wind

stress) rotated to 317°, surface temperature from Bodega

Marine Laboratory (BML) and Pinnacle Rock (PR), and salin-

ity measured at BML's BOON (Bodega Ocean Observing
Node). All values are significant at p = 0.05

May and June.;. porcellanids peaked in July and Year  Wind Wind Wind BML PR
August; and majids were most abundant between May stress vs  stress vs stressvs temp.vs temp.vs
and August, with a peak in June. No crabs settled BML temp. PR temp. salinity salinity salinity
during August 2000.
Twenty-one meroplankton taxa, including species 2001 0.6551 06036 -0.4081  -0.6502 " -0.2338
Y p r 1N g sp 2002 0.663 0.6904 —-0.4666 -0.8088 —0.7775
of crabs, barnacles, mussels, and urchins, settled dur-
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Fig. 3. (a) 2001 and (b) 2002 time series at BML of daily averages of temperature, salinity and alongshore wind stress rotated to
317° (negative values indicate increasing equatorward wind stress)
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Fig. 4. Stacked mean monthly settlement of 5 crab families—Cancridae,
Porcellanidae, Majidae, Grapsidae and Paguridae —at JT from August 2000 to

August 2001

in the lee of Bodega Head, including 98 % of porcel-
lanids, 86% of cancrids, 85% of grapsids, 71% of
majids, and 57 % of pagurids (Fig. 5). Furthermore,
89% of Balanus spp. and 80% of Mytilus spp. also
settled in the protected region in the lee of the head-
land. While overall settlement was higher at protected

Table 2. Number of settlers collected in 2001 and 2002 and
percent settlement for crab species

Total Y%
Crabs 16020
Petrolisthes cinctipes 8932 55.8
Cancer antennarius/productus 3387 21.1
Pugettia producta/richii 2100 13.1
Cancer magister 753 4.7
Petrolisthes eriomerus 406 2.5
Hemigrapsus nudus 199 1.2
Pagurus spp. 196 1.2
Fabia subquadrata 3 <1.0
Loxoryncus spp. 2 <1.0
Petrolisthes manimaculus 20 <1.0
Pachygrapsus crassipes 16 <1.0
Pachycheles pubescens 4 <1.0
Barnacles
Balanus spp. 81565
Lepas spp. 176
Mussels
Mytilus spp. 8470
Urchin
Strongylocentrotus spp. 24
Sea star
Pisaster spp./Leptasterias spp. 277

sites for most taxa, the species composi-
tion varied between protected and

— exposed sites, with a higher proportion

of majids settling at exposed sites and a
higher proportion of porcellanids set-
tling at protected sites (Fig. 5). Higher
settlement at the protected site again
was apparent for most taxa during
2002, although some differences be-
> tween depth distributions at protected
/ and exposed sites were found (Table 3).
% More Cancer antennarius/productus,
/ Petrolisthes cinctipes, Petrolisthes erio-
/ merus/manimaculus, Hemigrapsus nu-
/ dus, Mytilus spp. and Balanus spp. set-
/ tled in the lee of BH than along the

Z exposed coast (Fig. 6, Table 3). These
species comprised 78 % of the crab set-
2001 tlement in 2001 and 74 % in 2002. Set-
tlement of C. magister, Pagurus spp.,
and Pugettia producta/richii was simi-
lar at exposed and protected sites dur-
ing 2001 and 2002 (Fig. 6, Table 3). The
abundance of settlers was similar between years for 6
taxa; however, more Pagurus spp., Mytilus spp. and
Balanus spp. settled in 2002 (Fig. 6, Table 3).

Vertical stratification of settlers differed among and
within taxonomic groups. Crabs predominately settled
near the surface (Cancer magister, Pagurus spp.,
Petrolisthes cinctipes, Hemigrapsus nudus, Pugettia pro-
ducta/richii), but there was no statistical difference be-
tween depths for Cancer antennarius/productus and
Petrolisthes eriomerus/manimaculus (Fig. 6, Table 3).
More P. producta/richii and Pagurus spp. settled at the
surface in years of high abundance. In contrast to most
crabs, Mytilus spp. and Balanus spp. consistently settled
at much higher densities near the bottom.

The strongest positive relationship between the
abundances of settlers at exposed and protected sites
during 2001 and 2002 combined was obtained for Can-
cer magister, Pugettia producta/richii, Pagurus spp.
and Mytilus spp., suggesting that these taxa may
sometimes arrive at both sites at the same time
(Table 4). The other 5 taxa showed a very weak rela-
tionship, and all of them settled more abundantly in
the lee of the headland.

DISCUSSION
Larval accumulation in the lee of headlands
Most larvae settled in the lee of BH during both years

in which spatial patterns were investigated. Similar
patterns have been observed around larger headlands
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port of surface waters in the bay, but

Petrolisthes cinctipes
Wl Hemigrapsus nudus

[ Pagurus spp.

[ Cancer antennarius/productus
[ Cancer magister

E=A Petrolisthes eriomerus/manimaculus

Pugettia producta/richii

recirculation of bottom waters did
occur at depth, below the direct effect
of the wind (Roughan et al. 2005a).
This recirculation feature increased
with increased upwelling (Graham &

Bodega Harbor

2 Kilometers

Largier 1997, Penven et al. 2000,
Roughan et al. 2005a). Consequently,
larvae that remained deep in the
water column, or that vertically
migrated between northward-flowing
surface waters and southward-flowing
bottom waters, may remain in the bay
during upwelling conditions. Roughan
et al. (2005a) explored particle dis-
placement during upwelling using
water velocities observed at two of our
settlement sites inside (PR) and out-
side (BML) of the bay and found that
larvae undertaking diel vertical
migrations would experience near-
zero alongshore advection in the bay,

123°4’ 123°3% 123°2’

Fig. 5. Mean crab settlement from April to August 2001 at 4 sites around Bodega
Head, 2 protected (JT and PR) and 2 exposed (BML and BH)

around the world (Murdoch 1989, Wing et al. 1995a,b,
Graham & Largier 1997), but this is the first evidence
that accumulation zone may occur in the lee of a small
headland in an upwelling region. In upwelling regions,
upwelling shadows form in the lee of large headlands
and are characterized by reduced local wind forcing,
localized reversal of alongshore flow, and warm sur-
face waters (Graham & Largier 1997). A variation of a
typical upwelling shadow was seen in Bodega Bay
(Roughan et al. 2005a). Upwelling-favourable winds
were not sufficiently diminished by the low-lying
headland to preclude upwelling and alongshore trans-

while those at BML would be trans-
ported approximately 12 km along-
shore over a 3 d period despite diel
vertical migrations (Roughan et al.
2005a). Species of crab larvae col-
lected during our study are known to
undertake diel vertical migrations (Wing et al. 1998),
which likely contributed to their accumulation and
high settlement inside the bay.

Although the recirculation of bottom waters during
upwelling may be the most likely mechanism responsi-
ble for the high settlement observed in the lee of BH,
other explanations may be postulated. Though these
alternative explanations cannot be evaluated, they are
unlikely to yield such clear results. These include
(1) reduced velocities observed in the bay; (2) wind or
tidally generated fronts that may occur at the mouth of
the bay which reduce exchange between bay and

123°1

Table 3. Randomization results comparing exposure (protected [PR] and exposed [BML]), depth (surface and bottom), and year
(2001 and 2002) with mean weekly settlement. p-values are based on the probability that the data are different from
randomized data. Values in bold are significant at p = 0.05

Exposure (E) Depth (Z) Year (Y) YxZ ExZ YXE YXEXZ

Cancer magister 0.35 <0.001 0.09 0.35 0.67 0.61 0.85
Cancer antennarius/productus <0.001 0.22 0.12 0.32 0.38 0.06 0.58
Petrolisthes cinctipes <0.001 <0.001 0.66 0.85 0.01 0.27 0.36
Petrolisthes eriomerus/manimaculus ~ <0.001 0.11 0.99 0.99 0.04 0.43 0.72
Hemigrapsus nudus <0.001 <0.001 0.14 0.09 0.001 0.98 0.68
Pagurus spp. 0.7 <0.001 0.01 0.03 0.85 0.95 0.98
Pugettia producta/richii 0.94 <0.001 0.14 <0.001 0.37 0.42 0.86
Mytilus spp. 0.01 <0.001 0.001 0.96 0.01 0.75 0.78
Balanus spp. 0.004 <0.001 0.02 0.42 0.04 0.72 0.3
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Fig. 6. (a) Cancer antennarius/productus, (b) Cancer magister, (c) Pagurus spp., (d) Petrolisthes cinctipes, (e) Petrolisthes eri-

omerus/manimaculus, (f) Hemigrapsus nudus, (g) Pugettia producta/richii, (h) Mytilus spp. and (i) Balanus spp. mean settlement

+ 1 SE compared with exposure (protected [PR] and exposed [BML]), depth (surface and bottom) and year (April to August 2001
and 2002)

Table 4. Correlation values for comparison of timing of settle-
ment at PR and BML for 2001 and 2002 from weekly values
(n = 129). Values in bold are significant at p = 0.05

BML vs. PR P

Pagurus spp. 0.60 <0.001
Pugettia producta/richii 0.57 <0.001
Cancer magister 0.51 <0.001
Cancer antennarius/productus 0.17 0.05

Petrolisthes cinctipes 0.35 <0.001
Petrolisthes eriomerus/manimaculus 0 0.99

Hemigrapsus nudus 0.27 0.002
Mytilus spp. 0.50 <0.001
Balanus spp. 0.37 <0.001

oceanic water; (3) greater transport into the bay due to
non-linear internal waves either because of stratifica-
tion in the bay or because of internal wave generation
over the ridge at the mouth of the bay; and (4) greater
availability of rocky substrate outside the bay causing
larvae to bypass collectors in favour of more suitable

settlement sites nearby. Although fronts at the mouth
of the bay may concentrate larvae and enhance resi-
dence time in the bay (Rankin et al. 1994), observations
are anecdotal and fronts are likely to be transient. The
observed recirculation of bottom waters would be
more effective and reliable at retaining larvae at the
consistently high levels found during this study. Fur-
thermore, internal waves are more active during relax-
ation conditions (Rosenfeld 1990), but larvae of most
species settled in the bay in high abundances during
both upwelling and relaxation (Mace & Morgan in
press). Differences in habitat availability inside and
outside of the bay are also an unlikely explanation for
higher settlement inside the bay, because all collectors
were moored in sand next to a rocky shore.

The observed vertical distributions of postlarvae var-
ied among species, but were fairly consistent within
species, indicating that postlarvae of each species reg-
ulated their position in the water column. Most species
of crabs settled at the surface, and at least some of
these species are known to be transported onshore in



Mace & Morgan: Larval accumulation 27

surface waters (Shanks 1985). In Roughan et al.
(2005a), the vertical distributions of settlers was main-
tained during upwelling conditions even when the
water column was well mixed; 85 % of crab postlarvae
settled at the surface during upwelling, and 84 % set-
tled at the surface during downwelling. In contrast,
barnacles and mussels settled in higher abundance
near the bottom, indicating that they are transported
onshore or settle in preferred habitats deeper in the
water column (Grosberg 1982, Miron et al. 1995,
Pineda & Caswell 1997, Miron et al. 1999). Thus larvae
clearly enter the bay at all depths. Once inside the bay,
larvae that occur in bottom waters may remain in the
subsurface recirculation feature, whereas surface
dwellers are retained by undertaking diel vertical
migrations between recirculating bottom waters and
southward flowing surface currents (Roughan et al.
2005a). Consequently, both larval behaviour and
oceanographic processes are important factors in ex-
plaining the observed settlement patterns.

Settlement at exposed and protected sites was best
correlated for Pugettia producta/richii, Pagurus spp.,
Cancer magister, and Mytilus spp., suggesting that lar-
vae may be delivered to the nearshore environment by
a single large-scale oceanographic event; however, the
weekly sampling interval prevented resolution of
potential mechanisms. For example, Wing et al.
(1995a) showed that larvae accumulated in the lee of
Point Reyes during upwelling and were advected
northward to Bodega Bay during relaxation periods. In
a companion study, we assessed temporal settlement
patterns in Bodega Bay in 2002 and observed that
C. magister settlement was positively correlated with
relaxation-favourable conditions (Mace & Morgan in
press). This may account for the fairly synchronous
settlement of C. magister at our study sites, although
the timing of arrival for the other 3 taxa was inconclu-
sive. The latter 3 taxa settled in similar numbers at
exposed and protected sites high in the water column,
whereas Mytilus spp. primarily settled in the lee of the
headland low in the water column, suggesting that
Mytilus spp. may have been more likely to become
entrained in the bay at depth.

A poor relationship between settlement at exposed
and protected sites was found for the remaining 5 taxa.
All 5 taxa primarily settled in the lee of the headland,
suggesting that they were entrained by a combination
of behaviour and the subsurface recirculation feature
that is strongest in the bay during upwelling events. It
is likely that both large- and small-scale oceano-
graphic processes operate to varying degrees through-
out the season and their effects on settlement are mod-
ulated by availability of competent larvae in the
plankton, because settlement was only weakly syn-
chronous for some taxa.

Temporal variation in larval accumulation

Itis well known that there is variation in larval settle-
ment by benthic invertebrates in the Bodega Bay
region during April through August (Lundquist et al.
2000, Wing et al. 2003), but little is known about settle-
ment throughout the remainder of the year (Strath-
mann 1987). We found that most crab species in this
study settled in Bodega Bay throughout much of the
year, with peaks occurring from May through August.
It is counterintuitive that larvae of shallow-water ben-
thic invertebrates develop during the upwelling sea-
son (April to August), when offshore transport is most
likely to occur (Parrish et al. 1981), because larvae
must return to shore to replenish adult populations.
Larval entrainment in the lee of both small and large
headlands is most effective during upwelling (Graham
& Largier 1997, Wing et al. 1998, Roughan et al. 2005a)
and may facilitate larval settlement at many sites along
the coast, especially during strong upwelling years.
During our study, larvae accumulated in the lee of BH
during 2 strong upwelling years, and larvae of 3 taxa
(Pagurus spp., Mytilus spp., Balanus spp.) settled more
during the year of strongest upwelling. Moreover, an
8 yr record of larval settlement at the BML site leading
up to our study demonstrated that settlement increased
during upwelling years, except in 1999, an exception-
ally strong upwelling (La Nina) year that followed a
strong El Nino year (Lundquist et al. 2000, Wing et al.
2003). However, the average upwelling index in 1999
was also similar to that recorded in 2002 (Fig. 2), when
higher larval settlement occurred in the lee of the
headland than at this exposed site.

Implications for the design of marine reserves

Our study demonstrated that larvae accumulated
in the lee of a small headland, increasing larval
settlement during the height of the upwelling season
in 2 consecutive years of strong upwelling. However,
these patterns were not observed for all species. Post-
larvae were likely to be entrained in recirculating
bottom waters and may be exported to adjacent areas
along the exposed coast during relaxation events.
Postlarvae that are delivered during relaxation
events, when the recirculation feature is not as well
developed, may not be entrained in the bay. This may
explain the patterns observed for Cancer magister,
which previously has been shown to settle during
relaxation events (Wing et al. 2003, Mace & Morgan
in press).

The recirculation of bottom waters may have been
facilitated by a submarine ridge that extends across
the mouth of the bay, adding to the growing number
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of ways that accumulation zones may form in the lee
of headlands. In addition to surface recirculation ob-
served in upwelling shadows forming in the lee of
large headlands, sub-surface recirculation cells may
form behind small or low-lying headlands. Further
investigations are needed to identify other topographic
features of coastlines that facilitate the accumulation of
planktonic organisms. Meanwhile, we suggest that
both small and large headlands predictably accumu-
late larvae and are particularly effective during peri-
ods of strong upwelling.

While accumulation zones may provide a more reli-
able source of propagules to adult populations, they
may not contain suitable habitat for conserving species
or communities of interest. The leeward sides of head-
lands not only accumulate larvae, but are deposition
zones that favour soft-bottom communities. Larvae of
hard-bottom species may settle densely on available
rocky habitat or disperse to adjacent exposed coasts
during relaxation events.

Currently, discussion of the relevance of larvae in
reserve design primarily involves the spacing of
reserves based on dispersal distances and the seeding
of surrounding areas (Largier 2003, Shanks et al.
2003). Incorporating potential accumulation zones into
the design of reserve networks in recruitment limited
regions with intense upwelling is important because
(1) these areas are replenished by abundant settlers
and (2) larval dispersal from accumulation zones to
adjacent areas is likely during relaxation events. These
settlers supply recruits to nearby adult populations as
well as a consistent food supply to higher trophic lev-
els. Thus, the spatial predictability of larval accumula-
tion zones and habitat types may be used to inform the
establishment of a network of marine reserves in
upwelling regions.
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