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Abstract

Previous studies have shown that settlement of several crab species along the coast north of Point Reyes (38°00'N,
123°00'W) occurs primarily during relaxation from upwelling, when warm water flows poleward from the Guif of
the Farallones. During 1994 and 1995 we sampled planktonic larval distributions and hydrography both south and
north of Point Reyes during upwelling to test whether high concentrations of crab and rockfish larvac were con-
centrated in the source of the relaxation flow to the south of Point Reyes. An upwelling plume off Point Reyes and

n “‘upwelling shadow,” indicated by warmer, less saline water in the northern Gulf, were evident in both years,
as were frontal regions that marked the boundaries between water types of three different types: (1) newly upwelled,
(2) oceanic, and (3) San Francisco Bay outflow. In addition, there was a fourth type, termed Gulf water, that was
a mixture of these three types. Concentrations of larvae of cancrid, pinnotherid, and ““coastal”” crabs and rockfishes
were high south of Point Reyes but were low or absent in the newly upwelled water north of the point. Within the
upwelling shadow, these meroplankton taxa were associated with different water masses. Several intertidal crab
species and early-stage cancrid crabs were concentrated in San Francisco Bay outflow water, and coastal Gulf water
late-stage cancrid crabs, early- .and late-stage pinnotherid crabs, and rockfishes were concentrated at the frontal
region between newly upwelled and Gulf water. Of the taxa examined, only rockfishes were found offshore in
oceanic water. The high concentrations of meroplankton observed suggest that the Gulf of the Farallones is an
important retention area for larvae that settle into coastal populations in the Gulf and to the north via poleward

transport during upwelling relaxation.

In the California Current System (CCS), the presence
from March through July of offshore transport and an equa-
torward coastal jet due to upwelling (e.g., Huyer 1983), off-
shore jets near promontories (e.g., Davis 1985), and eddies
and meanders offshore from the U.S.—-Canada border to
Mexico (Strub et al. 1991) has led researchers to question
how larvae of meroplanktonic coastal species avoid being
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transported offshore or equatorward, beyond areas where
they can successfully settle and develop to reproduce (e.g.,
Parrish et al. 1981; Simpson 1987; Roughgarden et al. 1991;
McConnaughey et al. 1994). This question indicates a gen-
eral issue in marine population ecology related to this region,
that being the manner in which physical/biological interac-
tions provide the larval transport and survival needed for
successful closure of the life cycles of fishes and inverte-
brates (Simpson 1987; Sinclair 1988; Frank 1992).
Stratification of mero- and holoplanktonic larvae along the
shore suggests the existence of physical mechanisms (e.g.,
fronts) that might serve to limit cross-shelf loss of larvae off
the coast of Oregon (Richardson and Pearcy 1977; Peterson
et al. 1979; Richardson et al. 1980; Wroblewski 1980). In
central California, Roughgarden et al. (1991) proposed that
concentration of barnacle larvae in an offshore upwelling
front during active upwelling and subsequent onshore trans-
port during upwelling relaxation explained the occurrence of
settlement pulses during relaxation (e.g., Farrell et al. 1991).
There is evidence that some types of larvae can be washed
far offshore by the eddy structures and filaments in the CCS
(Haury et al. 1986; Kosro and Huyer 1986; Washburn et al.

1710



Coastal retention of larvae

1993). For example, offshore transport of larval hake was the
mechanism proposed to underlie the negative correlation be-
tween year class strength and offshore transport (Bailey 1981).

During the upwelling season in the CCS, both the near-
shore jet (Huyer 1983) and the general, meandering equa-
torward flow tend to transport larvae southward, and there-
fore must be overcome to maintain populations at latitude.
Although it is possible that transport during the upwelling
period is compensated for by northward transport during the
Davidson Current period (e.g., Johnson et al. 1986), we fo-
cus here on the possibility that larvae are retained at latitude
by retention in recirculating flows and/or migrate deep
enough to be transported in the northward and onshore flow-
ing near-bottom flows over the upper slope (Kosro 1987;
Graham et al. 1992). Persistent eddies are believed to pro-
vide retention of larvae nearshore in other locations (e.g.,
Emery 1972; Lobel and Robinson 1986; Wolanski and Ham-
ner 1988; Murdoch 1989; Crawford et al. 1990; Boehlert et
al. 1992). The tendency for eddies to be associated with
capes in upwelling regions suggests that this mechanism
may account for the observed differences in recruitment
variability across capes (e.g., Ebert and Russell 1988; Wing
et al. 1995b).

In a previous study of settlement of crabs and sea urchins
north of Point Reyes, we observed settlement of both groups
only during upwelling relaxation. We proposed (Wing et al.
1995a) that the larvae were retained to the south of Point
Reyes during upwelling and were then transported northward
during relaxation in the alongshore current described by
Send et al. (1987). A test of this hypothesis, conducted by
monitoring settlement at four points along the coast from
south of Point Reyes to north of Point Reyes, revealed that
settlement to the south occurred at a constant low rate, while
settlement to the north occurred only during episodic lulls
in the wind or during wind reversals, when a warm, coastally
trapped current extended from south of Point Reyes pole-
ward (Wing et al. 1995b). The effects of this mechanism on
annual time scales were greater settlement south of Point
Reyes and lesser settlement to the north of Point Reyes.

These results lead naturally to the hypothesis that mero-
planktonic larvae are retained in the cyclonic flow in the
Gulf of the Farallones, which is formed during active up-
welling. Here we present the results from 2 yr of shipboard
surveys across this region, that show both persistent hydro-
graphic features associated with Point Reyes and the San
Francisco Bay outflow and predictable distributions of mer-
oplankton relative to these features. We show that larvae are
found in higher concentrations immediately to the south of
Point Reyes, we describe associations between different
types of larvae and specific hydrographic features, and we
propose the existence of physical/biological interactions that
may explain these associations. '

Although the Gulf of the Farallones shares a common
macroscale oceanographic and meteorological regime with
the well-studied (e.g., Brink 1983; Lentz 1987; Strub et al.
1987), open coast north of Point Reyes (i.e., it is dominated
by seasonal upwelling dynamics), there are clear differences
at this cape-and-bay mesoscale. The upwelling season winds
in the Gulf are generally weaker than those to the north or
south (Dorman and Winant 1995) and tend to curve east
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toward the mouth of San Francisco Bay. Circulation in the
vicinity of Point Reyes differs from that off the straighter
coast between headlands. There are indications of cyclonic
circulation in the Gulf from advanced very high resolution
radiometer (AVHRR) imagery that are consistent with the
separation of an equatorward jet from the shore boundary at
Point Reyes (Wing et al. 1995b). Currents measured by ship-
board acoustic Doppler current profiler (ADCP) during Na-
tional Marine Fisheries Service (NMFS) surveys in May
through June of 1993-1995 show weak currents in the north-
ern part of the Gulf, while the flow offshore and to the north
of Point Reyes is strongly equatorward and seaward during
favorable upwelling winds. This strong southward flow ex-
hibits vertical shear, with bottom currents being weaker and
in an opposite direction from the surface currents. In the
northern Gulf of the Farallones, because wind forcing is in-
effective and upwelling absent, the water warms up and be-
comes less dense than water upwelling at the apex of the
cape. When wind forcing weakens, this surface layer of
warm water propagates poleward as a rotating buoyancy cur-
rent (Send et al. 1987; Wing et al. 1995a,b). In AVHRR
images, this buoyant feature propagates as far north as Point
Arena during 5- to 6-d periods of quiescent winds (e.g.,
Wing et al. 1995a).

Given this circulation scenario, we expect a combination
of different water types from the various sources as well as
mixtures of them in the region. Upwelled water originates
offshore at depth, and it surfaces along the coast. This water
type is cold (8-10°C) and has salinities in the range of 33.5—
34.0 psu (e.g., Schwing et al. 1991). Offshore of the coastal
upwelling band, the near-surface oceanic water is warmer
(12-16°C) and has salinities of 33.0-33.5 psu (e.g., Schwing
et al. 1991). This water type is characteristic of surface wa-
ters of the mid-latitude eastern Pacific that have moved east-
ward and have equilibrated with atmospheric conditions en
route. Schwing et al. (1991) describe frontal water that is
intermediate in temperature and salinity compared with up-
welled and oceanic waters. A third type of water originates
from the outflow of low salinity, warm bay water from the
San Francisco Bay. In the Gulf of the Farallones, old up-
welled water mixed with oceanic and Bay water is retained
near the coast and heated. Because it is warmer than up-
welled water and saltier than oceanic water but has no spe-
cific thermohaline definition (Schwing et al. 1991), it is re-
ferred to here as Gulf water. -

To determine the physical/biological nature of this poten-
tial retention zone, we sampled the distribution of larvae
from four taxonomic groupings, chosen on the basis of fre-
quency of occurrence in past samples and grouped together
because of past occurrence together (Lough 1974; Wing et
al. 1995b). The cancrid crabs included Cancer magister,
Cancer antennarius, Cancer productus, and Cancer gracilis.
We considered megalopal and zoeal stages separately. The
rockfishes, Sebastes spp., included nearshore species (e.g.,
Sebastes auriculatus), but the majority were of the offshore
species, Sebastes jordani. Coastal crabs included the two
species of grapsid crabs, Hemigrapsus nudus and Pachy-
grapsus crassipes, a porcellanid crab, Petrolisthes spp., and
others, Pugettia productus and Pagarus spp. For this group,
we considered distribution of megalopal and zoeal stage lar-
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vae separately. The pinnotherids, a common group of com-
mensal crabs, consisted of Fabia subquadrata, Pinnixa lit-
toralis, and Pinnixa sp. We considered the distributions of
their megalopae and zoeae separately.

These taxonomic groups of larvae can be expected to dif-

fer in distribution because of relative differences in season
of spawning, location of larval release, hydrodynamic char-
acteristics, and behavior. Larvae released nearshore earlier
in the year, before upwelling begins, are likely to be found
offshore of the nearshore zone of upwelled water because
they would have been transported offshore with these sur-
face waters. On the other hand, larvae released later may be
found within the cool upwelled water and are likely to be
transported southward rapidly (cf. Richardson and Pearcy
1977; Richardson et al. 1980).

Although the timing of the larval release and development
period is not well known for all of the species of interest
here, some generalizations can be made. Cancrid crabs are
ovigerous early in the year and have relatively long larval
periods (80-160 d; Strathmann 1987). Dungeness crab (C.
magister) larvae are released nearshore (<50 m) between
December and March (Waldron 1958) and may settle near-
shore in May and June (e.g., McConnaughey et al. 1992).
C. productus is found to be ovigerous between October and
January and generally settles between February and Septem-
ber, with peak settling in May (Trask 1970; Strathmann
1987). Similarly, C. antennarius is found to be ovigerous
between November and January and may be found settling
at Bodega Bay in June through August (Morris et al. 1980;
Wing et al. 1995a). The Porcellanid group (Petrolistes spp.)
can be found ovigerous in February through April; however,
a second brood may be produced as late as August. This
group has short larval periods of generally 34 to 40 d (cf.
MacMillan 1972). Settlement of Pugettia spp. occurred in
May through June at Bodega Head during the 1992 season;
however, we lack information regarding the local reproduc-
tive timing, or larval period (Wing et al. 1995a). Rockfish
parturition in the central and northern regions of California
occurs in late fall to early spring, with a peak in January to
March, and may occur across the shelf, seaward of the coast-
al jet (Wyllie Echeverria 1987; Moser and Boehlert 1991).
Larvae are distributed offshore in the upper mixed layer for
3 to 6 months until they reach sizes large enough that they
may safely move into a juvenile habitat (30-90 mm SL), at
which time they move deeper in the water column and on-
shore from May to July via unknown pathways (Lenarz et
al. 1991; Love et al. 1991; Larson et al. 1994; Ralston and
Howard 1995).

‘Treating groups of larval species provides two advantages.
First, sampling and analysis of several similar species (e.g.,
cancrid crabs) with different larval timing provides a longer
sampling period and therefore enables us to sample the distri-
bution of the species complex relative to a physical oceano-
graphic feature over a larger period than sampling a single
species (e.g., C. magister) would. Second, sampling and anal-
ysis of a variety of different taxa that are hydrodynamically
(e.g., size and shape) and behaviorally (e.g., vertical migration,
swimming) dissimilar allows us to use a comparative approach
in seeking explanations as to the way in which circulation fea-
tures shape horizontal distributions and dispersal paths.

Wing et al.

Materials and methods

The data for this study were collected during June of 1994
and June of 1995 aboard the National Oceanic and Atmo-
spnenc Administration (NOAA) R/V David Starr Jordan.
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atively broad scale. Three 110-km alongshore tr neects were
5. 5—9 km, 46 km, and 92 km offshore. We refer to them as
the coastal, the shelf, and the oceanic transects. Each station
of the transects was sampled with a 0.236-m? bongo net, cast
to 70 m (505-um and 333-um nets) and conductivity-tem-
perature-depth (CTD) cast during the day and with a 0.133-
m?> manta net during the night (Brown and Cheng 1981).
Current profiles were collected continuously during the sam-
pling using an RDI acoustic Doppler flow profiler (ADCP).
These data were collected using 8-m bins and 8-m pulse
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methods of Kosro (1987); a calibration correction of ampli-
tude 1.009 and angle —1.65 degrees was applied. Flows at
25 m (1994 and 1995) and at 55 m (1995) are reported.
Measures of surface temperature and salinity were collected
continuously with a SeaBird thermosalinograph, and values
were corrected using concurrent values from a factory-cali-
brated CTD and bucket sample.

During 15-19 June 1995, stations were sampled on a finer
scale with three 75-km transects, at distances of 4~7.5 km
(transect C), 18.5-22 km (transect B), and 41-46 km (tran-
sect A) offshore. Each station of the transects was sampled
with a 0.133-m? manta net (505-um, 333-um cod end), a 1-
m? Tucker trawl sampled two depth bins (0—30 m and 30—
60 m; 1-mm nets, 333-um cod end), and a SeaBird SBE19
CTD with attached WetStar fluorometer and Seabird PAR
sensor was cast through 90% of the water column during
both day and night operations. Tucker trawl depths were
measured with an inclinometer. As in 1994, ADCP and ther-
mosalinograph data were collected continuously during the
sampling. During both cruises, AVHRR images (channel 4)
of the region were supplied to the ship from NOAA Coast
Watch and were used to orient sampling transects to the
oceanographic features. Volumes of each net tow were re-
corded with calibrated General Oceanic flow meters, and
depth and temperature profiles of Tucker trawl samples were
double-checked with a temperature/depth recording devise
(TDR). All plankton samples were preserved in EtOH,
which was replenished after 12 h.

Plankton samples of larval crabs were identified using
guidelines from Lough (1974). In addition, some of the col-
lected larvae and metamorphosed juvenile stages were
grown out in the laboratory to double-check the identifica-
tions. Rockfish identifications were performed at the Nation-
al Marine Fisheries Service Tiburon Laboratory. Larval
abundance is reported in terms of larvae per 1 m?

We determined water type based on temperature and sa-
linity data collected from the surface at each station, then
tested whether species distributions were explained by water
type. The continuous surface salinity and temperature values
obtained from the thermosalinograph show clear temperature
and salinity fronts at Point Reyes between newly upwelled
and Gulf (upwelled warm or Bay-influenced) water and near
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Fig. 1. Temperature and salinity values from the surface at night
at each station during the 1994 sampling. Transects and stations are
indicated next to each value; coastal (C), shelf (S), oceanic (O).
Station numbers increase south to north (e.g., see Fig. 5a). Dark
bars indicate fronts in temperature and salinity observed on the
continuous thermosalinograph (change of >0.5°C and/or >0.1 psu
over 2 km).

the entrance to San Francisco Bay between Bay outflow and
Gulf water. Offshore one can see a clear front between oce-
anic and newly upwelled and Gulf water masses. Fronts were
identified by a change in temperature of >0.5°C and/or a
change in salinity of >0.1 psu over less than 3 km. We used
these fronts as boundaries to help define distinct water types
for each year. A one-way analysis of variance using water
type as a factor was then applied to log-transformed abun-
dance of each taxon (Sokal and Rohlf 1981). This was fol-
lowed by a least-squares test to rank effects of water type
on abundance of each planktonic taxon.

To test whether ability to vertically migrate might be in
part responsible for horizontal distributions, we used abun-
dance data from the inshore transect in 1995 (fine scale) to
calculate the mode of the alongshore positions by station.
We then compared this position with an index of vertical
migration. We calculated the difference in distribution of lar-
vae during day and night sampling between the deep (30—
60 m) and shallow (0-30 m) depth bins (including data from
neuston sampling) and expressed the index as the fraction
of the distribution that changes from the surface layer during
the night to the deep layer during the day.

Results

Physical oceanographic conditions—Temperature—salini-
ty characteristics of surface waters from both cruises reflect-
ed the presence of waters from the three distinct origins (up-
welled, oceanic, and Bay) that mix in the Gulf to form the
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Fig. 2. Temperature and salinity values from the surface at night
at each station during the 1995 sampling. Transects and stations are
indicated next to each value; C (near shore), B (shelf), A (oceanic).

Dark bars indicate fronts in temperature and salinity observed on
the continuous thermosalinograph.

fourth type, Gulf water. Gulf water differed in temperature
and salinity between 1994 and 1995, owing largely to the
strong freshwater outflow in 1995. Freshwater outflow from
the Golden Gate was 5,620 thousand acre feet in 1994 and
40,828 thousand acre feet in 1995 (data obtained from Cal-
ifornia Water Resources Board). In 1994, Gulf water regis-
tered relatively high salinity (>33.7 psu) but was warmer
(>10.5°C) than newly upwelled water (Fig. 1). This water
is labeled as ‘“‘upwelled warmed” in our analysis (Fig. 1).
In 1995, Gulf water was strongly mixed with San Francisco
Bay outflow waters, was of a lower salinity (<33.0 psu),
and was relatively warm (>10.5°C; Fig. 2). This water is
labeled as ““bay influenced’ in our analysis (Fig. 2). Newly
upwelled water characterized by low temperature (<10.5°C)
and relatively high salinity (>33.7 psu [1994], >33.3 psu
[1995]) was found north of Point Reyes, where it formed a
coastal jet that separated from the coast at Point Reyes and
extended seaward in a cold filament (Figs. 1-2). This water
is labeled ‘“‘upwelled” in our analysis (Figs. 1-2).

During the 1994 survey, flow was strongly southwest in
the upper water column offshore and along the seaward edge
of the cold plume off of Point Reyes (Fig. 3). Onshore and
south of Point Reyes, flow is weak and less coherent (Fig.
3). During the 1995 survey, flow was strongly southwest
along the seaward edge of the cold plume in the upper water
column but was near zero and slightly onshore and poleward
near the bottom (Fig. 4). The filament off of Point Reyes
was cold and unstratified; however, on its equatorward edge,
weak stratification and upwardly bending isopycnals, slow-
ing, and reversal of flow marked the boundary of the ‘“‘sep-
aration front.” This region of intermediate temperature and
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Fig. 3. Flow vectors from the shipboard acoustic Doppler current
profiler for the upper 25 m during the 1994 sampling show strong
southwesterly flow in the coastal jet as it separated from the coast
at Point Reyes: a strong convergence at the offshore extreme of the
jet and a strong shear at its southern edge marks the boundary of
weak poleward flow in the Gulf. Values are plotted on contours of
surface temperature (contoured at 0.25°C).
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salinity between newly upwelled waters and oceanic or Gulf
waters is labeled “frontal” in our analysis (<11.5°C, <33.7
psu [1994]; >10.5°C, <11.5°C, >33.0 psu [1995]; Figs. 1-
2). The Gulf water mass had deeper and more persistent
stratification, lower flow rates, warmer temperatures, and a
lower range of salinity. Near the mouth of San Francisco
Bay, a shallow, low-salinity (33.0-30.0 psu), warm (11—
12°C) feature extended as the outflow plume from the Bay/
delta. During heavy outflow years, such as we observed in
1995, or during relaxation events, this feature extended
northward along the coast from San Francisco Bay. Seaward
of the Gulf and frontal water, a shift to warm (>11.5°C),
low-salinity (<33.7 psu) conditions marked the boundary of
oceanic waters, labeled ““oceanic” in our analysis (Figs. 1-
2).

Larval distributions—Horizontal distributions of the four
larval groups during the 1994 and 1995 surveys are pre-
sented as averages of abundance for all day and night sam-
pling at each station throughout the water column. Vertical
distributions during day and night sampling are presented as
averages of abundance for each depth range over all stations,
expressed as the percentage of horizontal density at that lo-
cation. These distributions are then related to associated wa-
ter mass types, patterns of circulation, and alongshore po-
sition.

During the 1995 vertically stratified sampling, Cancrid
crab zoeae were found in large concentrations in the upper
30 m of the water column and neuston at night and in the
upper 30 m of the water column and neuston during the day;
few were found in the deeper layer (30-60 m) during day

b ) . 35 cm/sec

123.3

123.1 122.9 1227 1233 123.1 122.9 122.7

Longitude W

Fig. 4. (a) Flow vectors from ADCP at 25 m and contours of surface temperature and (b) flow
vectors from 55 m and contours of temperature at 55 m from 1995 sampling (temperature contours

at 0.25°C).
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Fig. 5. Horizontal distribution of Cancer spp. megalopae (a) and
zoeac (b) and contours of water type for 1994 sampling. Abundance
is in units of larvae/m?.

and night (Table 1). Cancrid megalopae were found primar-
ily in the neuston and upper water column (0-30 m) during
the night and primarily in the deeper layer (30—60 m) during
the day (Table 1). Virtually none were found in the neuston
during the day, and the fraction in the upper layer (0-30 m)
was greatly reduced.

Horizontal distributions from the 1994, broader scale sur-
vey indicate that cancrid megalopae occurred across the
shelf, associated most strongly with the warmed upwelled
water (Table 2), and were found at high concentrations in
the northern Gulf (Fig. 5a). Zoeae were found exclusively
on the inner shelf to the south of Point Reyes (Fig. 5b) and
were strongly associated with warmed upwelled water (Table
2). During the 1995, finer scale survey, these patterns were
similar, with high concentrations of megalopae found across

the shelf, especially in the northern Gulf (Fig. 6a). However,
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Fig. 6. Horizontal distribution of Cancer spp. megalopae (a) and
zoeae (b) and contours of water type for 1995 sampling. Abundance
is in units of larvae/m?.

there was no statistical relationship between pattern and wa-
ter type. Cancrid zoeae were found onshore to the south of
Point Reyes (Fig. 6b) and were closely associated with the
Bay outflow—influenced water (Table 3).

During 1995, Coastal crab zoeae showed little diel change
in vertical distribution on the scale by which we measured.
High concentrations were found in the neuston and upper
water column during both day and night (Table 1). Megal-
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Table 1. Percentages of larvae in neuston combined with shal-
low Tucker trawl (0-30 m) compared with those in deep Tucker
trawl (30-60 m) during day and night sampling. Samples were
taken during the 1995 fine scale survey (n = 23).

Day Night
Taxon 0-30 m 30-60 m 0-30 m 30-60 m
Cancer spp. megalopae 30 70 86 14
Cancer spp. zoeae 83 17 76 24
Coastal crab megalopae 50 50 63 37
Coastal crab zoeae 81 19 74 26
Pinnixa sp. megalopae 24 76 86 14
Pinnixa sp. zoeae 18 82 85 15

opae of this group were skewed more toward the neuston
and upper layer at night and were evenly distributed during
the day (Table 1). This diel shift in vertical distribution is
less strong than that observed in the cancrid group.

Horizontal distribution of coastal crabs during the 1994
survey showed both megalopae and zoeae found on the inner
shelf and to the south of Point Reyes (Fig. 7). Zoeae were
closely associated with the warmed upwelled water (Table
2), while the distribution of megalopae extended up to the
separation front and was equally associated with warmed
upwelled and cold upwelled water (Table 2). These trends
were again seen in 1995, when the megalopae and zoecae
that were found nearshore in the Gulf were skewed strongly
equatorward to the south of Point Reyes (Fig. 8). However,
their abundance was not explained by association with a sin-
gle water type (Table 3).

In 1995, Pinnotherid crab megalopae and zoeae were
found, primarily in the upper water column (0-30 m), during
night sampling (Table 1). Few were found in the neuston at
night. During daytime sampling, both megalopae and zoeae
were found, primarily in the deep layer and scantily in the
upper layer, and they were absent from the neuston (Table
).

Horizontal distribution of pinnotherid megalopae during
the 1994 survey showed that they were confined primarily
to the inner shelf, were found in large numbers in the north-
ern Gulf (Fig. 9a), and were associated with warmed up-
welled waters. Pinnotherid zoeae were found almost exclu-
sively to the south of Point Reyes (Fig. 9b) and were
associated with warmed upwelled water. This pattern was
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similar to the 1995 distribution, with zoeae and megalopae
confined to the inner shelf and found primarily in newly
upwelled waters (Table 3) immediately north of Point Reyes
(Fig. 10).

Rockfish larvae showed no conclusive pattern of vertical
migratory behavior. Presumably this is because of the rela-
tively small sample size of the 1995 depth-stratified sam-
pling.

Horizontal distribution during 1994 indicated the highest
abundance of Sebastes spp. in the offshore water both north
and south of the cold upwelling filament. Concentrations
were particularly high in the offshore transect along a region
of high flow convergence (Fig. 11a). Larvae were also found
across the shelf at the separation zone and onshore in the
Gulf waters with the high single concentration observed im-
mediately to the north of Point Reyes at the separation front.
Larvae were not found in large numbers in newly upwelled
waters. In 1995, larvae were found primarily in the upper
Gulf and separation front (Fig. 11b) and on the outer shelf,
with concentrations decreasing onshore. Abundance is most
closely associated with oceanic and frontal water masses
(Table 3).

Alongshore position of the mode of distribution of each
taxon of crabs is correlated with the degree to which the
larvae move from the surface layer (0-30 m) during the
night to the deeper water column (30-60 m) during the day
(Fig. 12). This pattern shows that cancrid zoeae and both
zoeae and megalopae of the “‘coastal” crab group, which are
poor vertical migrators, are concentrated in the more qui-
escent Gulf. However, cancrid megalopae and pinnotherids,
which are strong vertical migrators, are concentrated near
the edge of the separation of the coastal jet in a region of
large vertical shear.

Discussion

The data we have presented on observations of large con-
centrations of crab and rockfish larvae associated with the
waters to the south of Point Reyes add support to the idea
that regions like the northern Gulf of the Farallones, where
coastal waters may be retained onshore during upwelling,
are generally important to larval dispersal and the ultimate
alongshore distribution of recruitment of meroplankton to
coastal populations. This presents a mechanism by which the

Table 2. Results of a one-way ANOVA with water type as a factor, applied to log-transformed abundance data for each taxon from the

1994 samples (z = 30). Rank is given from a least-squares test to show effects of water type on abundance of cach taxon. Water types are
frontal (Fr), oceanic (Oc), upwelled warm (Uw), and upwelled cold (Uc).

Log (abundance + 1)

Number of

Taxon Fr Oc Uw Ue P Rank larvae
Cancer spp. megalopae 4.94 0.81 10.44 6.49 0.0001 Uw > Uc = Fr > Oc 3,246
Cancer spp. zoeae 0.00 0.00 7.60 0.24 0.0001 Uw > Uc = Fr = Oc 1,582
Coastal crab megalopae 0.00 0.00 3.26 249 0.009 Uw = Uc > Fr = Oc 85
Coastal crab zoeae 4.74 5.01 8.98 2.05 0.009 Uw > Oc > Uc = Fr 104
Pinnixa sp. megalopae 2.19 0.00 6.34 2.56 0.0079 Uw > Fr = Oc = Uc 2,397
Pinnixa sp. zoeae 0.31 0.00 3.28 1.86 0.049 Uw > Fr = Oc, Uw = Uc 310
Sebastes spp. larvae 4.97 5.15 437 3.39 0.68 Fr = Oc = Uw = Uc 137
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Table 3. Results of a one-way ANOVA With water type as a factor applied to log-transformed abundance data for each taxon from the
1995 samples (n = 23). Rank is given from a least-squares test to show effects of water type on abundance of each taxon. Water types are

frontal (Fr), oceanic (Oc), Bay-influenced (Ba), and upwelled cold (Uc).

Log (abundance + 1)

Number of

Taxon Fr Oc Uw Uc P Rank larvae
Cancer spp. megalopae 9.88 7.23 9.69 9.40 0.23 Fr = Oc = Ba = Uc 11,435
Cancer spp. zoeae 4.16 5.44 11.60 6.33 0.017 Ba > Fr = Oc = Uc 17,826
Coastal crab megalopae 3.36 6.70 7.86 6.72 0.043 Ba=Uc =0c>Fr 847
Coastal crab zoeae 3.67 7.27 9.51 6.61 0.006 Ba=Uc=0c>Fr 2,477
Pinnixa sp. megalopae 6.92 9.21 9.52 11.07 0.014 Uc > Fr, Uc = Oc = Ba 13,640
Pinnixa sp. zocae 4.89 7.75 11.51 10.47 0.003 Ba = Uc > Fr, Oc = Fr 12,276
Sebastes spp. larvae 4.72 6.76 2.83 1.43 0.017 Oc > Ba = Uc, Fr > Uc 163
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larvae of meroplanktonic coastal species are not transported
offshore or equatorward during upwelling, but are retained
in areas where they can successfully settle and develop to
reproduce. While some larval types may be found in the
region during all stages of their development, others only
enter the region, as late-stage larvae from offshore waters,
as a conduit to the nearshore. For example, when comparing
broad taxonomic groupings, the peak in the distributions of
all stages of crab larvae are nearshore in the upper Gulf,
while the rockfishes are distributed offshore, with larvae
seemingly only entering the nearshore at the flow reversal
along the separation front. This result is consistent with the
patterns of dispersal of drifters observed off of the coast of
Oregon (Barth pers. comm.); those released on the shore-
ward side of the coastal jet are retained at coastal retention
sites and those released seaward of the jet are retained off-
shore and are then transported seaward.

Physical features observed in the northern Gulf during
both years include the front on the northern edge of the
outflow of San Francisco Bay and the separation front at
Point Reyes, where the coastal jet formed during upwelling
separates from the coast to form a celd offshore filament.
Such predictable features form the basis of the physical in-
fluence on distribution of meroplankton in this region. The
separation front that is found during upwelling off of Point
Reyes represents the southern boundary for the coastal jet
that dominates flow during upwelling favorable winds on the
inner shelf from Point Arena to Point Reyes. Its formation,
via interaction with topography, may limit larval dispersal
to the south. Other types of features, such as the front formed
by the San Francisco Bay outflow, may also limit equator-
ward transport during upwelling.

South of Point Reyes we observe that total crab larval
concentrations are high. This result is consistent with the
observation that crab settlement is high and occurs during
upwelling favorable winds in this region (Wing et al. 1995b).
The accumulation of cancrid and ‘“‘coastal” crab larvae to
the south of Point Reyes and relatively low numbers of lar-
vae to the north of the Point were reflected in the relative
settlement of crabs at Point Reyes and Bodega Head during
the two cruises. In both years, collectors at Point Reyes re-
ceived a higher rate of settlement (Wing et al. unpubl. data).

Observations of groups of meroplankton that have similar
characteristics in terms of size, larval timing, and release
areas provide a basis for general conclusions regarding the
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biological influence on distribution relative to the physical
influences cited above. Differences in diel changes in ver-
tical distribution contribute to the differences seen in hori-
zontal distribution via interaction with flow structures within
the retention zone. For example, we observe that larvae that
reside in the surface layers are found in association with the
Bay outflow and the buoyancy front at its edge. In contrast,
larvae that migrate more strongly between surface and deep
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123.0

layers are found poleward of this feature, mainly in associ-
ation with the separation zone on the edge of the coastal jet.
In this region, surface waters are being forced strongly off-
shore, but flow at depth is onshore and slightly poleward.
We propose that the larvae that are retained in this region
can remain there because they spend daylight hours at depth
out of the rapid offshore surface advection. The third be-
havior that we observe involves larvae that migrate within
the deep layers and that are not found in large numbers on
the surface. These larvae have the most polewardly skewed
distributions within the retention area. Like the previous
group, we propose that they are able to remain close to the
edge of the coastal jet by staying out of the rapid offshore
surface flow. In contrast to crab larvae, whose larvae are
found most concentrated in the retention region, rockfish lar-
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vae appear to enter the nearshore at the separation front and
enter the retention region from high offshore concentrations.

While these lines of evidence strongly support the notion
that the Gulf is a retention area, several qualifications must
accompany our conclusions. The use of surface temperature
and salinity data to characterize water type and to identify
oceanographic features does not reflect the depth stratification
of temperature and salinity. In our analysis, association of
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larval distribution with water type is based on a surface sig-
nature of each oceanographic feature. The horizontal distri-
butions presented represent a single observation during each
year and therefore cannot provide information on temporal
changes in larval distributions. Treating groups of species re-
stricts conclusions to the broad taxonomic level, and questions
regarding the complete life cycle of any one species cannot
be answered. We do not describe the exact mechanism for
retention in the Guif and have limited direct observations of
the meroplankton dynamics during delivery to the retention
zone and poleward; however, we have many indirect obser-
vations (i.e., settlement events; Wing et al. 1995a,b).
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We do not know the origins of larvae that are found in
high concentrations in the Gulf. There are four possible
sources for larvae retained south of Point Reyes. Larvae
could enter the region from the upwelling jet by mixing or
entrainment. They could also enter from California Current
waters offshore of the upwelled water, when meanders and
eddies move shoreward, as during relaxation. A third pos-
sible path involves larval transport from the south, with lar-
vae possibly originating in the San Francisco Bay estuary.
The fourth possible source of larvae in the retention zone
involves reproduction in the Gulf itself.

The observed differences in distribution of larval groups
underscore several important points regarding the interaction
of meroplankton with the shifting circulation patterns of the
coastal ocean in upwelling systems. Alongshore variability
in offshore flow during upwelling, such as that seen in the
lee of capes, is an important determinant in the dispersal
paths of a broad range of larval types, ranging from fairly
passive larvae to active swimming types. Each of these lar-
val forms interacts with the flow structure of the coastal
ocean in different ways, and none of their paths can be ex-
plained by a simple two-dimensional realization of flow.
Rather, the complex patterns of distribution are a result of a
three-dimensional Lagrangian pathway influenced by behav-
ior and of the timing of shifts from upwelling to relaxation
regimes in the flow structure. This complex array of both
biotic and abiotic forcing underlies the redistribution of pro-
pagules to coastal populations.

Knowledge of the important interaction between alongshore
variability in circulation and meroplanktonic distributions is es-
sential for understanding dispersal pathways of species whose
larvae move onshore to settle during the upwelling season.
Lack of knowledge of the dispersal paths of larvae of mero-
planktonic species is a problem that hinders both the under-
standing of their population dynamics and the prediction of
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their future responses for the purpose of harvest management.
Dispersal has long been known to be a critical aspect of pop-
ulation dynamics; appropriate dispersal was Hjort’s (1914) sec-
ond hypothesis, explaining fluctuations in fish abundance, and
it has recently been revived as the member/vagrant hypothesis
(Sinclair 1988). Appreciation of the consequences of dispersal
patterns for spatial dynamics of metapopulations is increasing
(Roughgarden et al. 1988; Possingham and Roughgarden 1990;
Botsford et al. 1994). In harvest management, the need for
knowledge of dispersal paths is becoming increasingly apparent
as managers search for reasons for fisheries collapse and as
they employ spatially based management, through the use of
marine reserves (e.g., Quinn et al. 1993), and rotating spatial
harvest (e.g., Botsford et al. 1994). It is our hope that as pop-
ulation biologists focus more closely on the alongshore spatial
dimension in these systems that studies such as this one will
be of use in influencing spatial management of marine re-
sources.

References

BaiLEy, K. M. 1981. Larval transport and recruitment of Pacific
hake, Merluccius productus. Mar. Ecol. Prog. Ser. 6:1-9.
BOEHLERT, G. W., W. WaTtsoNn, anp L. C. SuN. 1992. Horizontal
and vertical distributions of larval fishes around an isolated
oceanic island in the tropical Pacific. Deep-Sea Res. Part A

Oceanogr. Res. Pap. 39:439-466.

BoTSFORD, L. W., C. L. MOLONEY, A. HASTINGS, J. L. LARGIER, T.
M. PoweLL, K. HiGGINS, AND J. E QuinN. 1994, The influence
of spatially and temporally varying oceanographic conditions
on meroplanktonic populations. Deep-Sea Res. Part II Top.
Stud. Oceanogr. 41:107-145.

BriNk, K. H. 1983. The near-surface dynamics of coastal upwclling.
Prog. Oceanogr. 12:223-257.

BrowN, D. M., AND L. CHENG. 1981. New net for sampling the
ocean surface. Mar. Ecol. Prog. Ser. §:225-227.

CRAWFORD, W. R., A. V. TYLER, AND R. E. THOMSON. 1990. A
possible eddy retention mechanism for ichthyoplankton in Hec-
ate Strait. Can. J. Fish. Aquat. Sci. 47:1356-1363.

Davis, R. E. 1985. Drifter observations of coastal surface currents
during CODE: The statistical and dynamical views. J. Geo-
phys. Res. 90:4756-4772.

DorMaN, C. E., AND C. D. WINANT. 1995. Buoy observations of
the atmosphere along the west coast of the United States,
1981-1990. J. Geophys. Res. 100:16029-16044.

EBerT, T. A., AND M. P. RusseLL. 1988. Latitudinal variation in
size structure of the west coast purple sca urchin: A correlation
with headlands. Limnol. Oceanogr. 33:286-294.

EMERY, A. R. 1972. Eddy formation from an oceanic island: Eco-
logical effects. Caribb. J. Sci. 12:121-128.

FARRELL, T. M., D. BRACHER, AND J. ROUGHGARDEN. 1991. Cross-
shelf transport causes recruitment to intertidal populations in
central California. Limnol. Oceanogr. 36:279-288.

FrANK, K. T. 1992. Demographic consequences of age-specific dis-
persal in marine fish populations. Can. J. Fish. Aquat. Sci. 49:
2222-2231.

GrAaHAM, W. M., J. G. FisLD, AND D. C. Potts. 1992. Persistent
“upwelling shadows” and their influence on zooplankton dis-
tributions. Mar. Biol. 114:561-570.

HAauURrY, L. R., J. J. StmpsoN, J. PELAEZ, C. J. KOBLINSKY, AND D.
WIESENHAHN, 1986. Biological consequences of a recurrent
eddy off Point Conception, California. J. Geophys. Res. 91:
12937-12956.

HiorT, J. 1914. Fluctuations in the great fisheries of northern Eu-



Coastal retention of larvae

rope viewed in the light of biological research. Rapp. P-V.
Reun. Cons. Int. Explor. Mer. 20:1-228.

HUYER, A. 1983. Coastal upwelling in the California current sys-
tem. Prog. Oceanogr. 12:259-284.

Jounson, D. E, L. W. BoOTsForD, R. D. METHOT, Jr., AND T. C.
WAINWRIGHT. 1986. Wind stress and cycles in Dungeness crab
(Cancer magister ) catch off California, Oregon and Washing-
ton. Can. J. Fish. Aquat. Sci. 43:838-845.

Kosro, P. M. 1987. Structure of the coastal current field off north-
ern California during the Coastal Ocean Dynamics Experiment.
J. Geophys. Res. 92:1637-1654. .

, AND A. HUYER. 1986. CTD and velocity surveys of sea-
ward jets off northern California, July 1981 and 1982. J. Geo-
phys. Res. 91:7680-7690.

LARSON, R. J., W. H. LENARZ, AND S. RALSTON. 1994. The distri-
bution of pelagic juvenile rockfish of the genus Sebastes in the
upwelling region off central California. CALCOFI 35:175-
221.

LENARZ, W. H., R. J. LARSON, AND S. RALSTON. 1991. Depth dis-
tribution of late larvae and pelagic juveniles of some fishes of
the California current. CALCOFI 32:41-46.

LENTZ, S. J. 1987. A heat budget for the northern California shelf
during CODE 2. J. Geophys. Res. 92:1545-1568.

LoBEL, P. S., AND A. R. ROBINSON. 1986. Transport and entrapment
of fish larvae by ocean mesoscale eddies and currents in Ha-
waiian waters. Deep-Sea Res. 33:483-500.

LoucH, R. G. 1974. Dynamics of crab larvae (Anomura, Brachyura)
off the central Oregon coast, 1969-1971. Ph.D. thesis, Oregon
State Univ.

LovE, M. S., M. H. CARR, AND L. J. HALDORSON. 1991, The ecol-
ogy of substrate-associated juveniles of the genus Sebastes.
Environ. Biol. Fishes 30:225-243.

MAcCMILLAN, E E. 1972. The larval development of northern Cal-
ifornia Porcellanidae (Decapoda, Anomura) I. Pachycheles pu-
bescens Holmes in comparison to Pachycheles rudis Stimpson.
Biol. Bull. 142:57-70.

, , B. M. HICKEY, AND D. R. GUNDERSON. 1992. Ju-
venile Dungeness crab (Cancer magister) recruitment variabil-
ity and oceanic transport during the pelagic larval phase. Can.
J. Fish Aquat Sci. 49:2028-2044.

McCONNAUGHEY, R. A., D. A. ARMSTRONG, B. M. HICKEY, AND
D. R. GUNDERSON. 1994. Interannual variability in coastal
Washington Dungeness crab (Cancer magister) populations:
Larval advection and the coastal landing strip. Fish. Oceanogr.
3:22-38.

Morris, R. H., D. P. ABBOTT, AND E. C. HADERLIE. 1980. Intertidal
invertebrates of California. Stanford Univ. Press.

Moser, H. G., AND G. W. BOEHLERT. 1991. Ecology of pelagic
larvae and juveniles of the genus Sebastes. Environ. Biol. Fish-
es 30:203-224.

Murnocn, R. C. 1989, The effects of a headland eddy on surface
macro-zooplankton assemblages north of Otago Peninsula,
New Zealand. Estuar. Coast. Shelf Sci. 29:361-383.

ParrisH, R. H., C. S. NELSON, AND A. BAKUN. 1981. Transport
mechanisms and reproductive success of fishes in the Califor-
nia current. Biol. Oceanogr. 1:175-203.

PerERSON, W. T,, C. B. MILLER, AND A.  HUTCHINSON. 1979. Zo-
nation and maintenance of copcpod populations in the Oregon
upwelling zone. Deep-Sea Res. 26A:467-494,

PossiNGHAM, H. P, AND J. ROUGHGARDEN. 1990. Spatial population
dynamics of a marine organism with a complex life cycle.
Ecology 71:973-985.

.Qumny, J. E, S. R. WinG, AND L. W. BoTsroRD, 1993, Harvest
refugia in marine invertcbrate fisheries: Models and applica-
tions to the red sea urchin, Strongylocentrotus franciscanus.
Am. Zool. 33:537-550.

RALSTON, S., AND D. E HOWARD. 1995. On the development of

1721

year-class strength and cohort variability in two northern Cal-
ifornia rockfishes. Fish. Bull. 93:710-720.

RICHARDSON, S. L., J. L. LAROCHE, AND M. D. RICHARDSON. 1980.
Larval fish assemblages and associations in the North-east Pa-
cific Ocean along the Oregon coast, Winter—Spring 1972-1975.
Estuar. Coast. Mar. Sci. 11:671-699.

, AND W. G. PEARCY. 1977. Coastal and oceanic fish larvae
in an area of upwelling off Yaquina Bay, Oregon. Fish. Bull.
75:125-145.

ROUGHGARDEN, J., S. D. GAINES, AND H. P. POSSINGHAM. 1988.
Recruitment dynamics in complex life cycles. Science 241:
1460-1466.

, J. T. PENNINGTON, D. STONER, S. ALEXANDER, AND K.
MILLER. 1991. Collisions of upwelling fronts with the intertidal
zone: The cause of recruitment pulses in barnacle populations
of central California. Acta Oecol. 12:35-51.

ScHWING, E B., D. M. HusBY, N. GARFIELD, AND D. E. TrRACY.
1991. Mesoscale oceanic response to wind events off central
California in spring 1989: CTD surveys and AVHRR imagery.
CALCOFI 32:47-62

SEND, U., R. C. BEARDSLEY, AND C. D. WINANT. 1987. Relaxation
from upwelling in the coastal ocean dynamics experiment. J.
Geophys. Res. 92:1683-1698.

SiMPsoON, J. J. 1987. Transport processes affecting the survival of
pelagic fish stocks in the California Current. Am. Fish. Soc.
Symp. 2:39-60.

SINCLAIR, M. 1988. Marine populations: An essay on population
regulation and spcciation. Univ. of Washington Press.

SokAL, R. R, AND E J. ROHLF. 1981. Biometry, 2nd ed. Freeman.

STRATHMANN, M. E 1987. Reproduction and development of ma-
rine invertebrates of the Northern Pacific coast. Univ. of Wash-
ington Press.

StruB, P. T, J. S. ALLEN, A. HUYER, R. L. SmitH, anD R. C.
BEARDSLEY. 1987. Seasonal cycles of currents, temperatures,
winds, and sea level over the northeast Pacific continental
shelf. J. Geophys. Res. 92:1507-1526.

, P. M. KOsrO, AND A. HUYER. 1991. The nature of the cold
filaments in the California current system. J. Geophys. Res.
96:14743-14768.

Trask, T. 1970. A description of laboratory-reared larvae of Cancer
productus Randall (Decapoda, Brachyura) and a comparison to
larvae of Cancer magister Dana. Crustaceana 18:133-146.

WALDRON, K. D. 1958. The fishery and biology of the Dungeness
crab (Cancer magister Dana) in Oregon waters. Fish. Comm.
Ore. Contrib. 24: 1-43.

WASHBURN, L., M. S. SWENSON, J. L. LARGIER, P. M. Kosro, S.
R. Ramp. 1993. Cross-shelf sediment transport by an anticy-
clonic eddy off northern California. Science 261:1560-1564.

WING, S. R., L. W. BOTSFORD, J. L. LARGIER, AND L. E. MORGAN.
1995b. Spatial variability in settlement of benthic invertebrates
in a northern California upwelling system. Mar. Ecol. Prog.
Ser. 128:199-211.

, J. L. LARGIER, L. W. BOTSFORD, AND J. E QUINN. 19954.
Settlement and transport of benthic invertebrates in an inter-
mittent upwelling region. Limnol. Oceanogr. 40:316-329.

WoLanskl, E., AND W. H. HAMNER. 1988. Topographically con-
trolled fronts in the ocean and their biological influence. Sci-
ence 241:177-181.

WROBLEWSKI, J. S. 1980. A simulation of the distribution of Acartia
clausi during Oregon upwelling, August 1973. J. Plankton Res.
2:43-68.

WyLLIE ECHEVERRIA, T. 1987. Thirty-four species of California
rockfishes: Maturity and seasonality of reproduction. Fish.
Bull. 85:229-250.

Received: 3 July 1997
Accepted: 16 June 1998





