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ABSTRACT

The drift of northern anchovy, Engraulis mordaz, larvae in the California Current to unfavorable offshore
areas may be an important factor contributing to larval mortality, and hence it may affect recruitment
and subsequent adult population size. A simulation model based on a finite-difference approximation to
the advection-diffusion equation was developed to aid in the study of larval anchovy drift. Model com-
ponents included the long-term mean geostrophic and wind-driven current velocities to 50 m depth, and
turbulent diffusion. The model predicted larval distributions in the Southern California Bight and off-
shore regions after 30 days of drift, and these distributions were used to assess the extent of cross-shore
and alongshore larval transport that occurs when spawning takes place at different locations, seasons,
and during times of increased offshore-directed Ekman transport.

Offshore transport was minimal in most simulations. Simulations of drift starting from the location
of peak spawning showed strongest seasonal effects, with currents during the season of peak northern
anchovy spawning (March) resulting in reduced offshore dispersal when compared with currents at other
times of the year. March currents also produced the greatest downshore (southeasterly) transport of
larvae, and strong seasonal currents, such as the nearshore, northwesterly flowing California Counter-
current, can greatly affect the alongshore 30-day larval distributions. Offshore directed Ekman trans-
port, associated with upwelling, does not strongly affect the drift of larvae in the nearshore region, but
large increases in overall Ekman transport, or extension of spawning into offshore regions, can result

in significant seaward transport of larvae out of the Southern California Bight.

The total population of northern anchovy, Engraulis
mordaz, a common pelagic fish off the west coast
of North America, is comprised of three subpopula-
tions (Vrooman et al. 1981): northern (found north
of lat. 36°30'N); central (between lat. 29° and 38°N);
and southern (south of lat. 29°N). The central sub-
population inhabits the Southern California Bight
region, and in recent times has exhibited substan-
tial changes in population biomass (e.g., Smith 1972).
Analysis of northern anchovy scales deposited in
sediments indicates that large northern anchovy
population fluctuations have also occurred in the
past few centuries (Soutar and Isaacs 1974). Histor-
ically the central subpopulation of northern anchovy
has supported a significant fishery (Messersmith and
Associates 1969; Sunada 1975; Stauffer and Charter
1982), and although the U.S. fishery has recently
declined, there is still a significant Mexican fishery.
The northern anchovy fishery, the recent and histor-
ical changes in anchovy population size, and the
fish’s important role in the marine ecosystem all pro-
vide the motivation for studying the mechanisms
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that may cause interannual variations in northern
anchovy stock size.

Such changes in stock size may be a consequence
of variations in the previous spawning stock size,
or they can also arise as a result of interannual dif-
ferences in mortality during prerecruit life history
stages (Rothschild et al. 1982). Because the egg and
larval stages have the highest mortalities, it seems
possible that processes affecting the relative mor-
tality during these stages can have a significant ef-
fect on subsequent recruitment. Two major causes
of larval mortality are starvation and predation
(Smith and Lasker 1978; Hunter 1981). A factor that
may contribute to these is larval drift. The northern
anchovy eggs and larvae, lacking adequate motil-
ity, can be involuntarily transported away from
nearshore spawning areas. It is the nearshore
regions in the Southern California Bight that most
frequently contain adequate food concentrations for
growth and survival of first feeding northern an-
chovy larvae (Lasker 1978, 1981).

Although eddies and other short-term mesoscale
features are important in the Southern California
Bight (Mooers and Robinson 1984; Simpson et al.
1984), the broad and relatively slow equatorward
flow termed the California Current is the dominant
feature in the region that persists on evolutionary
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time scales. Hence, it seems plausible that northern
anchovy spawning strategies have developed in
response to the relatively predictable seasonal and
spatial trends in the California Current. Possible
relationships between time and location of fish
spawning and the currents off the west coast of
North America have been discussed by Parrish et
al. (1981). They noted that in the Southern Califor-
nia Bight the Ekman (wind-driven) currents are
generally diminished relative to other areas along
the coast. This reduced offshore transport is favor-
able for the retention of fish eggs and larvae.
However, some weak offshore directed Ekman
transport is consistently present in the Southern
California Bight year round (Nelson 1977; Parrish
et al. 1981; Bakun and Parrish 1982).

Smith (1972) analyzed historical records of north-
ern anchovy larval distribution in the Southern
California Bight and found that samples taken
farther offshore had a higher proportion of older lar-
vae than that of samples taken nearshore. Assum-
ing a uniform spatial and temporal distribution of
spawning, this result implied that a significant frac-
tion of northern anchovy eggs and larvae were
transported offshore after nearshore spawning.
Bailey (1981) found that the average distance off-
shore of Pacific hake, Merluccius productus, larvae
north of Point Conception was positively correlated
with offshore Ekman transport and that the magni-
tude of subsequent Pacific hake recruitment was
negatively correlated with offshore transport.
Hewitt and Methot (1982) compared the distribu-
tions of northern anchovy larvae sampled in 1978
and 1979 and found that the bulk of the larvae in
1979 were farther offshore than those in 1978 and
that mortality of 0-group northern anchovy was
greater in 1979 when compared with those spawned
in 1978. The year 1979 was one of enhanced upwell-
ing and colder temperatures (both concomitants of
offshore Ekman transport) relative to 1978.

The studies cited above suggest drift may play an
important role in larval ecology, but the conclusions
drawn from plankton sampling must be viewed with
caution. Inferences drawn from field collections
about the drift of larvae usually carry the assump-
tion that both northern anchovy spawning and lar-
val mortality were uniform in space and time,
because the time and distance scales involved largely
preclude synoptic sampling of eggs and larvae
throughout the region. Hence, only correlative ex-
planations for the observed distribution can be
made, and other causal factors affecting the larval
distribution may be hidden. For example, an obser-
vation of greater proportions of older larvae in off-
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shore waters could also result from earlier spawn-
ing or greater early mortality (possibly coupled with
increased spawning activity) in those waters, and
not drift. Additionally, the mesoscale variability
present in the Southern California Bight and the
considerable patchiness of early and late larvae (due
to northern anchovy schooling behavior; Hewitt
1980, 1981a) further confound the conclusions
drawn from plankton samples and diminish the value
of interannual comparisons. Therefore, as an alter-
native to field studies, a simulation model of north-
ern anchovy drift in the California Current was
developed to help evaluate the role of drift in larval
ecology. The objective was to use the model to deter-
mine the effect of differences in northern anchovy
spawning location and time on the subsequent larval
distribution and to evaluate the effects on larval
distribution when offshore Ekman transport is in-
creased above its normal mean value.

METHODS

The drift simulation was based on the two-dimen-
sional (z,%) form of the advection-diffusion equation:

E+—a— uF—K,,—aE +i vk —Ky—a—ﬁ—1 =0
at  ox oz ay oy
where F = the concentration of eggs and larvae;

«# and v = current velocities in the respective z
and y directions; and

K, and K, = eddy diffusivity coefficients for the x

and y directions. .

An analytical solution to this equation cannot be
evaluated relative to northern anchovy larval drift
in the California Current, although a numerical ap-
proximation that specifies larval concentration as
a function of location and time can be determined.
This was accomplished by approximating each of the
derivatives in the equation by weighted finite-
differences, so that the model was algebraically
formulated as the current and diffusivity-mediated
fluxes of larvae among geographic points in the
Southern California Bight. Apart from the assump-
tion that larvae continually maintained themselves
in surface waters, the northern anchovy were
assumed to be conservative and completely passive
drifters, i.e., no mortality or movement due to lar-
val swimming was incorporated into the model.
Details of the numerical methods used are presented
in Power (1984).

The geographic grid for the model was defined
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using the California Cooperative Oceanic Fisheries
Investigation (CalCOFI) coordinate system. The
CalCOFI grid is a regular coordinate system of
cross-shore ‘‘lines’’ and alongshore *‘stations’. The
model and CalCOF1 grids are oriented with respect
to the coast so that increasing station number
corresponds to increasing offshore distance and in-
creasing line number implies the downshore (south-
easterly) direction. Each line unit increment is
spaced 12 nm apart, and each station unit represents
4 nm. The grid for the model was defined to form
cells that were 87 km (20 nm) on a side, and the
fluxes of larvae were among grid cell centers. Model
coverage was from CalCOFI lines 70 to 120, and ex-
tended offshore to CalCOFI station 120 (Fig. 1).
Unless northern anchovy utilize a strategy where-
by spawning is initiated in response to the presence
of an eddy or other short-term mesoscale features,
it can reasonably be expected that spawning time
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and location have evolved partially in response to
predictable current features. For this reason,
seasonal currents based on interannual means were
used in the model. Northern anchovy spawning
behavior relative to eddies, etc., is presently un-
known, and there are persistent seasonal trends in
spawning, e.g., northern anchovy spawn through-
out the year, but March is typically the peak time
of spawning (Smith 1972; Methot 1981).
Geostrophic currents for the model were cal-
culated using the geopotential anomalies computed
by Liynn et al. (1982). Lynn et al. used CalCOFI data
collected between 1950 and 1978 to compute the
average geopotential anomaly relative to 500 m for
four seasonal periods (nominally January, April,
July, and October) at 175 locations in the Califor-
nia Current. Average geopotential anomalies were
computed for an additional 23 locations for this
study to augment the Lynn et al. (1982) coverage
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FIGURE 1.—Geographic grid used in the northern anchovy drift simulations, and the corresponding
CalCOQF1 line and station coordinate system. Lettered locations are starting points for simulation presented
in this paper. Mean geopotential anomolies (used for computing geostrophic currents) were calculated
for the locations indicated by dots (Lynn et al. 1982; this study).
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(Fig. 1). The top 50 m of the water column is the
predominant depth range of anchovy larvae
(Ahistrom 1959), therefore mean anomaly values for
the surface and for 10, 20, 30, and 50 m of depth
were used in this study. The anomalies at each
standard depth were interpolated to model grid
nodes using the bivariate interpolation algorithm of
Akima (1978). Geostrophic current velocities normal
to each grid cell interface were computed for each
of the standard depths, and average geostrophic cur-
rent velocities were then calculated for a layer ex-
tending from the surface to 50 m.

Wind speed and direction data used in this study
were from the data base summarized and discussed
by Nelson (1977). The raw wind observations were
converted to surface wind stress (r) values using the
relation

T = PCdW2
where p = air density (1.22 kg m~3);
C,4 = drag coefficient; and
W = wind speed.

The drag coefficient was computed as a function of
wind speed using the empirical relation of Amorocho
and DeVries (1980, 1981). The computed wind stress
vectors were partitioned by month of observation
and resolved into alongshore and cross-shore com-
ponents. A monthly mean wind stress component
for each model grid cell interface was then computed
by averaging the appropriate component of the
stress vectors in the 37 km by 37 km area bisected
by the grid cell interface. Total Ekman or wind-
driven transport in the direction 90° to the right of
the wind can be approximated by dividing the wind
stress by the Coriolis parameter (Neumann and Pier-
son 1965), and this calculation was performed for
the mean wind stress components. The mixed layer
depth in the California Current is seldom >50 m,
and is often <20 m in the Southern California Bight
during the summer (Husby and Nelson 1982). It was
assumed that Ekman transport occurring deeper
than 50 m was negligible, and the Ekman transport
values were converted to a mean wind-driven
velocity for the surface to 50 m layer by dividing
the transport by the 50 m layer thickness.

The final current velocities were calculated as the
vector sum of the seasonal geostrophic and appro-
priate monthly Ekman components. Vector addition
of the two components appears to be a reasonable
assumption (Parrish et al. 1981), and no compensa-
tion for redistribution of mass owing to sustained
winds was performed. The final seasonal current
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fields for the simulations were January, March
(April geostrophic velocities plus March Ekman
velocities), July, and October currents.

Figure 2 illustrates the general trends in the
California Current for the January and March
seasons. This figure should be interpreted with cau-
tion. Apart from the large potential differences
between actual synoptic conditions and the average
pattern used in the simulations, the resultant vec-
tor for a cell was necessarily computed for Figure
2 by averaging the current components of oppos-
ing cell faces and then calculating the resultant. A
distortion is introduced wherever components on op-
posite faces of a cell differ in magnitude or sign, so
that Figure 2 best represents features of the Califor-
nia Current that are consistent over several model
grid cells. The California Current is evident as two
regions of intensified southeasterly flow at the left
margins and midlines of the plots. During all parts
of the year except spring, the current turns toward
shore at the southern end of the Southern Califor-
nia Bight. A northwesterly flow near the coast sub-
sequently forms the inshore portion of a large
cyclonic eddy (the Southern California Eddy; Owen
1980) that occupies most of the Southern Califor-
nia Bight. During most of the year part of this eddy’s
northeasterly flow continues past Point Conception,
to form the California Countercurrent (Hickey 1979;
Fig. 2, January plot). In the spring the southeast-
erly flow of the California Current moves closer to
shore to obliterate the surface portion of the
Countercurrent (Fig. 2, March). Tsuchiya (1980, fig.
2) gives a clear picture of the seasonal inshore-
offshore movements of the California Current at
CalCOFT lines 90 and 93. Close to shore in the south-
ern half of the modeled region there is another
region of intensified southeasterly flow, most evi-
dent in the March current plot. Lynn et al. (1981)
provided detailed illustrations of the geostrophic
flow regimes used in the simulations, and Nelson
(1977) presented graphical representations of the
wind stress fields along the west coast of North
America. Hickey (1979) presented a comprehensive
review of seasonal and spatial variations of the
California Current and the possible driving mech-
anisms involved, and Owen (1980) reviewed the in-
cidence and ecological consequences of eddies in the
California Current system.

Two additional current fields were calculated in
order to assess the effects of increased offshore
directed Ekman transport on larval northern an-
chovy distribution. As mentioned earlier, the mean
wind stress is consistently directed downshore
during March in the modeled region, a condition
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FIGURE 2.—Resultant mean current vectors for the normal January and the March seasonal current data used in this study. See text
for cautions concerning figure interpretation. Length of arrow indicating north direction corresponds to a current velocity of 10 em/s.

producing offshore directed Ekman transport. Two
current fields were obtained by increasing the cross-
shore component of the mean March Ekman
velocities by the factors 1.5 and 3.0, and then com-
bining the April seasonal geostrophic and aug-
mented March Ekman velocities. Wind stress, and
hence transport, is proportional to the square of
wind speed. This means that roughly a 22% increase
in a downshore wind speed increases the corres-
ponding offshore directed Ekman transport by the
factor 1.5. A threefold increase in offshore Ekman
transport results from about a 77% increase in the
downshore wind speed. Bakun and Nelson (1976)
presented extensive statistical analyses of an
“upwelling index”” (defined as the offshore directed
component of Ekman transport) for the location lat.
33°N, long. 119°W (this point is very close to loca-
tion A used in the simulations; see below). Over an
annual cycle the mean upwelling index for this loca-
tion changes by at least a factor of two, with a rapid
increase in both mean and standard deviation dur-

ing the spring. The March mean index at this point
was about 50 t/s per 100 m of coastline with a stan-
dard deviation of roughly 80, hence upwelling at this
particular time and location can be highly variable.
Further, Bakun and Nelson (1976) found that en-
hanced or diminished upwelling persists on a
seasonal time scale, so incorporation in the model
of prolonged increased Ekman transport was not
unrealistic.

Diffusion was incorporated into the model solely
to parameterize subgrid scale mixing; including
larger scale and more ephemeral mixing processes
would obscure the broad seasonal trends the model
was intended to illustrate. The eddy diffusivity
parameter was computed using scale-dependent dif-
fusion formulae of Okubo (1976) and a regression
analysis of diffusion data presented by Okubo (1971).
The finite-difference representation of diffusion re-
quired the use of a pseudo-Fickian diffusivity coeffi-
cient, so the mean scale-dependent diffusivity for
the 87 km grid spacing (K, = K, = 101 m%/s) was
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used for all locations and all times in the model. The
numerical method incorporated diffusion as the
weighting factor coth[(uh)/(2K)] for the flux at each
grid cell interface, where u is the current velocity
at the interface and h is the 37 m grid spacing (see
Power 1984 for further details). Hence, diffusion
becomes important in regions of low current
velocity, and at higher velocities diffusion is less im-
portant and advection dominates the flux. For the
current velocities in most of the modeled region, the
above hyperbolic cotangent function is usually
evaluated to a magnitude near unity, making the
contribution of turbulent transport to larval drift
minimal relative to advective (current velocity)
transport.

Simulations were carried out by starting an ini-
tial point source of northern anchovy eggs or larvae
at various locations historically known to be larval
anchovy habitat (Hewitt 1980). Examples of simula-
tions for four starting locations (Table 1; Fig. 1),
which are representative of the overall patterns pro-
duced by the simulations, are presented here. The
four locations will be referred to in the text by their
letter designations indicated in Figure 1 and Table
1. Northern anchovy larvae begin to school at about
27 d (Hunter and Coyne 1982); therefore larval
distributions after 30 d of drift are presented.
Thirty-d-old larvae are also rapidly increasing their
“patchiness’” (Hewitt 1981a), indicating that they
could then exert significant control over their posi-
tion. The time step in the simulations was 1 d.
Results from a simulation using the actual northern
anchovy egg distribution found in 1982 as the ini-
tial condition can be found in MacCall (1983).

TABLE 1.—Geographic and CalCOF| coordinates of start-
ing locations for simulations presented in this paper. Letter
designation corresponds to the same locations in Figure 1.

Starting Coordinates CalCOFI
location Lat. N Long. W Line Station

33°08.4' 118°51.4° 89.17 42.5
32°54.1 117°47.3 92.5 32,5
31°59.3 118°05.4' 95.83 42.5
32°14.1 119°09.2' 92.5 52.5

oow>»

Northern anchovy larval concentrations in the
contour plots are relative to starting concentration;
the unitless contour value of 10-2 represents a lar-
val concentration two orders of magnitude below the
starting concentration, and only concentrations
down to 10-7 are illustrated. Larvae were per-
mitted to be advected out the borders of the modeled
area, except for the border along the coast. Grid cells
bordering the Santa Barbara Channel (at about lat.
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34°N, long. 120°W; Fig. 1) between the Channel
Islands and Point Conception were open, and lar-
vae advected into this region were considered to be
lost from the system. Larvae were not permitted
to be transported across any of the islands in the
modeled region. Because March is the peak spawn-
ing time of northern anchovy, the effects of different
starting locations on the 30-d larval distributions
during March conditions will be presented first. The
effects of spawning in different seasons and en-
hanced offshore Ekman transport during March will
then be presented for comparison. The simulation
results nominally represent larval northern anchovy
distributions, but the results also apply to any plank-
tonic species that begin drift at the same locations
and maintain themselves in the top 50 m of the
California Current.

The overall extent of onshore-offshore and along-

shore transport was of major interest in this study.
A convenient way of summarizing the simulated
larval distributions relative to their cross-shore
distribution was to sum all larval concentrations in
the cells having the same CalCOF1 station coordin-
ates. These sums were converted to percentages of
the total number of larvae at 30 d, and the cumula-
tive percentage of larvae present as one progressed
offshore was plotted versus CalCOF1I station coor-
dinates. A similar procedures using CalCOFTI line
coordinates was done to summarize alongshore
transport.

RESULTS

Effects of Starting Location,
Normal March Currents

Northern anchovy larvae that began drift at loca-

tion B, near the coast, were transported downshore
by March currents (Fig. 3B). This was an effect of
the nearshore southeasterly current (Fig. 2), and
because of this flow only 15% of the larvae were at
or upshore of the starting location after 30 d of drift

FIGURE 3.—Distribution of northern anchovy larvae after 30 d of
drift in March currents. Letter designation corresponds to a simula-
tion with northern anchovy begun at the corresponding lettered
location in Figure 1 and Table 1; starting location is marked in
this and subsequent contour plots with asterisks. Locations A and
C share the same CalCOF1 station coordinate; points B and D have
the same CalCOFI line coordinate. Concentration contour inter-
vals are proportions of the starting concentration, decreasing in
order of magnitude steps. Tic marks around perimeter are at whole
degrees of latitude and longitude; dots are at intervals of 3.33
CalCOF1 line units from lines 70 to 120 and intervals of 10 station
units offshore to station 120 (i.e., every 74 km).
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(Fig. 4). The alongshore distribution of larvae below
the starting point was quite uniform, and the lower
larval concentrations had reached the southern
border of the modeled region (CalCOFI line 120).
Dispersal offshore was minimal, and a majority of
the larvae lay in a band near the coast with about
equal proportions inshore and offshore of the start-
ing point; 92% of the larvae were on or inshore of
CalCOFT station 87.5. After initial southeasterly
transport, some larvae were transported in an off-
shore, southwesterly direction.

Extensive downshore transport also occurred to
northern anchovy larvae begun at location C, and
in fact only 3% of the larvae remained at or upshore
of the starting location after 30 d of drift (Figs. 3C,
4). The larvae begun at point C were also concen-
trated in a narrow band along the coast, but unlike
those started at point B most of the larvae begun
at C moved inshore of the starting location after 30
d of drift.

Northern anchovy larvae begun at the offshore
location D showed much less extensive downshore
transport than those begun at B or C (Figs. 3D, 4).
Only 10% of the larvae remained at or upshore of
the starting point, but 86% of the total remained
at or between CalCOF1 line 92.5 (location C’s line
coordinate) and line 102.5, a span of 222 km. Most
larvae were inshore of location D, and the cross-
shore distribution was slightly more uniform than
those begun farther inshore. Starting point D’s
distance from the coastline permitted the slightly
broader cross-shore distribution.

Larvae begun at location A showed an alongshore
cumulative percentage distribution after 30 d of drift
which was similar to that of larvae that begin drift
at point D, although it was displaced farther upshore
(Fig. 4). Location A produced the greatest percent-
age of larvae remaining at or upshore of the start-
ing location, and there is a small patch of high
(10-1) larval concentrations present at the starting
location (Fig. 8A). This reduced dispersal of larvae
begun at A also produced the strongest cross-shore
gradient of larvae. A majority of the larvae were
again on or inshore of the starting location after 30
d of drift.

In summary, the distributions of northern anchovy
larvae that began drift at locations A through D and
that were produced by March currents were formed
as relatively strong cross-shore gradients, so that
the 30-d distributions were bands (ca. 100 km wide)
parallel to the coast. The results of starting larvae
at locations A, C, and D were that more than 85%
of the larvae were inshore of the starting location
after 30 d of drift. Larvae that began drift at ioca-
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FI1GURE 4.—Cumulative percentages of northern anchovy larvae
after 80 d of drift, progressing offshore (increasing CalCOF1I sta-
tion number) and downshore (increasing CalCOFI line number),
for the four starting locations under March current conditions.
Cross symbols are at the starting location’s corresponding
CalCOF1 line or station coordinate. Distance between tic marks
on the abscissae is equivalent to a distance of 111 km. Note that
a steep curve implies a compact distribution of larvae, while more
gradual slopes imply more widely dispersed larvae.

tions B and C were extensively carried downshore
of the starting location. Most of the larvae that
started at points A and D also moved downshore
from those locations, but the bulk of the larvae were
not as widely dispersed from the starting location
as those begun at points B and C.

Effects of Seasonal Current Fields
on Larval Distribution

The distributions of northern anchovy larvae
started at the same location but using different
seasonal current regimes appear very different to
the eye (Figs. 3, 5-7). Part of this effect is real, but
part is also due to displacement of the contours for
the lower larval concentrations (e.g., 10-7), which
represent few larvae. The cumulative percentage
plots (Fig. 8) indicate that, when summarized on a
model-wide basis, the overall eross-shore distribu-
tions of larvae begun at locations B, C, and D were
not greatly different when currents from the four
seasonal periods were used in the simulations. A
fixed distance offshore there were some large differ-
ences in the cumulative percentages among seasons
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FIGURE 5.—Distribution of northern anchovy larvae after 30 d of drift in normal July currents.

593



FISHERY BULLETIN: VOL. 84, NO. 3

e I AREE R 4 7 7 7 ~] [[< 7= AR A 7 7 7 ~J
. OCTOBER | | | ocToBeR
I* s
. A+ . B y
o ¥

. A .
a 4
4
7 7 7 7 7 4 3 =% T
. . OCTOBER .
4 2 c 4
o /I
b I
4 4

Fi1GURE 6.—Distribution of northern anchovy larvae after 30 d of drift in normal October currents.
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FIGURE 7.—Distribution of northern anchovy larvae after 30 d of drift in normal January currents.
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FIGURE 8.—Cumulative percentage plots of northern anchovy larval concentrations after drift in the four seasonal current regimes. Letter
designation corresponds to starting locations indicated in Figure 1 and Table 1.

for larvae begun at the same location, but a com-
parable percentage was usually present a short
distance away, i.e., most curves in Figure 8 are
closely spaced on the CalCOFI station abscissae.
Most larvae begun at the offshore location D moved
inshore regardless of season, and the seasonal dif-
ferences were in the relative extent of inshore move-
ment, the maximum occurring during July. In all
simulations the cross-shore distributions of larvae
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formed strong gradients, regardless of season.
Starting location A is within the Southern Califor-
nia Bight proper, the region that most consistently
has high larval concentrations of northern anchovy
(cf. Hewitt 1980). Larval distributions started at
location A did exhibit notable seasonal differences
in their 30-d cross-shore distributions, with the
greatest offshore dispersal occurring during July
(Figs. 5A, 8A), and the largest inshore movement
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occurring during March current conditions (Figs.
3A, 8A). January and October were intermediate
between these two extremes. In all cases the cross-
shore gradients of larvae were strong.

In contrast, the alongshore distributions of larvae
differed markedly when the simulations were done
with currents from the four seasonal periods. Vir-
tually all larvae were carried upshore of starting
location A by the California Countercurrent in the
January simulation (Figs. 7A, 8A), but when the
model was run using March currents, a majority of
the larvae were downshore of point A after 30 d of
drift (Fig. 8A). The July and October simulation
results for point A seemed to indicate an annual pro-
gression between the March and January extremes
(Fig. 8A).

The seasonal differences in the overall alongshore
distributions were even more dramatic for northern
anchovy larvae begun at locations B and C. The
uniform downshore distribution produced by March
currents differed from the distributions formed in
all other seasons. Larvae begun at location B were
all transported upshore of the starting location dur-
ing October current conditions (Fig. 6B). When
January currents were used (Fig. 7B), the upshore
movement had lessened, so that only 62% of the
larvae were at or upshore of location B, and the lar-
vae were more evenly distributed along the coast
(Fig. 8B). March currents yielded the greatest down-
shore movement, and the July distribution (Fig. 5B)
was intermediate between that produced by March
and October conditions, with the alongshore
gradient of larvae again steepening. The changes
on an annual basis between upshore, then down-
shore transport were similar for larvae begun at
location C, except that the July current conditions
produced the greatest upshore transport (Figs. 5C,
8C); March again produced the maximum down-
shore transport for larvae begun at point C (Fig.
3C). Larvae begun at location C formed a relative-
ly compact distribution after 30 d of drift in the
January currents (Fig. 7C).

The overall alongshore distributions of northern
anchovy larvae that started drift at point D ap-
peared to be least influenced by seasonal changes
in the currents, although March conditions again
produced the greatest transport downshore of the
starting point (Fig. 3D), with July currents again
yielding the greatest upshore transport (Fig. 5D).
January currents also produced a very compact
distribution of larvae started at location D, similar
to that of larvae begun at point C.

In summary, only northern anchovy larvae begun
at location A appeared to have notable differences

in their model-wide, cross-shore distributions after
30 d of drift. Larvae begun at all four locations did
have substantial seasonal differences in their along-
shore distributions, with March currents consistent-
ly producing the greatest downshore dispersal. The
least downshore dispersal occurred during January,
October, July, and July current conditions for larvae
started at locations A, B, C, and D respectively.
January currents generally seemed to produce the
most compact 30-d distributions of larvae (least
dispersal).

Effects of Increased Offshore
Ekman Transport, March Currents

Increasing the March cross-shore Ekman trans-
port by a factor of 1.5 had little effect on the 30-d
distributions of northern anchovy larvae begun at
locations B and C (Fig. 9); these curves are also
closely spaced on the CalCOF1 station abscissae. In-
creasing the average or “normal”’ offshore Ekman
component by a factor of three produced more
noticeable changes in the cross-shore distributions
of larvae begun at points B and C, but this effect
was not substantial; the contours representing the
lower concentrations extended far offshore (Fig.
10B, C), but the higher concentration contours,
which delimit the majority of the larvae, were not
greatly displaced from those of normal March cur-
rents (Fig. 3B, C). This is also evident in the cum-
ulative percentage. curves.

In comparison, northern anchovy larvae begun at
locations A and D underwent about the same in-
crease in offshore dispersal with a 1.5x offshore
directed Ekman component increase as those begun
at points B and C did with the 3 x offshore Ekman
increase (Fig. 9). When the offshore directed Ekman
transport was increased to three times its normal
mean value, the effects on larvae begun at points
A and D were substantial. A majority of the larvae
were carried offshore of starting locations A and D,
and a large fraction were transported a significant
distance (Fig. 10A, D), well seaward of the South-
ern California Bight. The increase in offshore
Ekman transport also noticeably affected the along-
shore distributions of larvae begun at locations A
and D (Fig. 9). The overall pattern of alongshore
distribution is similar to that produced by the nor-
mal mean conditions, but the larvae were general-
ly farther downshore.

DISCUSSION
Models have inherent assumptions and simplifica-
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FIGURE 9.—Cumulative percentage plots of northern anchovy larval concentrations after 30 d drift in the three March Ekman current
regimes (*‘normal” or long-term mean, 1.5x offshore directed Ekman transport, 3x offshore directed Ekman).

tions, and thus approximate what occurs in nature.
The geostrophic current information, while some of
the best available, nonetheless constrained the
spatiotemporal resolution of this model, and incor-
porating Ekman transport required several assump-
tions. Further, there can be considerable interannual
variability in the modeled region (Mooers and Robin-
son 1984; Simpson et al. 1984), and presumably the
model is of ‘“‘average” conditions and cannot be
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representative of any specific year; I felt that in-
cluding such variability (assuming adequate data
were available) would complicate the results without
significantly contributing to biological insight. An

FIGURE 10.—Distribution of northern anchovy larvae after 30 d
of drift in March currents with three times the normal offshore
directed Ekman transport.
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additional confounding factor is the lack of biological
information in the model; consistent larval behavior
patterns (e.g., diurnal vertical migrations) and
spatially heterogeneous mortality could produce
distributional patterns differing from those pre-
sented here. In spite of these caveats, the simula-
tions do demonstrate that variations in northern
anchovy spawning location and time, and changes
in the magnitude of offshore directed Ekman trans-
port, can have significant consequences for the
subsequent larval distribution. By inference, these
changes in distribution can result in increased or
reduced larval mortality, and ultimately affect adult
northern anchovy population size.

Offshore transport was not significant in the sim-
ulations done with the unaugmented or “normal”’
March (seasonal April geostrophic + March Ekman)
currents. A majority of the northern anchovy lar-
vae that began drift at the four starting locations
were inshore of their starting points after 30 d of
drift, and the cross-shore distributions indicated that
most larvae occupied a relatively narrow range of
distances close to shore. Mais (1974) and Methot
(1981) reported that most juvenile northern anchovy
occupy inshore areas in the fall, and the model in-
dicates that this inshore movement could be facil-
itated by passive drift. As mentioned earlier, the
consensus is that nearshore regions provide more
hospitable food conditions for the northern anchovy
larvae. Lasker (1978, 1981) summarized the results
of surveys of larval food distributions in the South-
ern California Bight. His figures indicate that suit-
able larval food concentrations decline rapidly as one
progresses offshore. 0’Connell (1980) reported the
results of a survey for starving northern anchovy
larvae in the Southern California Bight, the degree
of starvation being defined by histological criteria.
He found apparently healthy larvae at locations as
far as about 250 km offshore (at lat. 32°30'N, long.
120°W), where model concentrations were <10-7
after 30 d in all March simulations except for lar-
vae begun at A, where they were <10-4. Despite
the good condition of these offshore larvae, the
simulation results indicate a low likelihood of their
being recruited to the nearshore juvenile population.
The low offshore larval concentrations will also
hinder the development of schooling (Hewitt 1981a).

The minimal offshore transport situation found in
the March current simulations was also generally
true when simulations were done using currents
from other seasons, except for northern anchovy lar-
vae begun at location A. This point is the most in-
terior starting location within the Southern Califor-
nia Bight proper and is primary northern anchovy
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spawning habitat (Hewitt 1980) and where seasonal
changes in the currents are especially important
(Tsuchiya 1980). Spring is a time when currents in
the Southern California Bight are not as well
organized as other times of the year, and the
Southern California Eddy is often absent (Hickey
1979; Owen 1980). It is interesting that currents
during March, the peak spawning period, produced
the least offshore transport of larvae begun at loca-
tion A when compared with other seasons, even
though March is the time of greatest overall Ekman
transport (Bakun and Nelson 1976). There is signifi-
cant spawning in January (Methot 1981), and the
January simulations also had reduced dispersal of
larvae. The model results support the hypothesis of
Parrish et al. (1981) that northern anchovy spawn-
ing in the Southern California Bight do so at a time
and place that minimizes offshore transport of eggs
and larvae.

It is clear that the overall 30-d alongshore distribu-
tions of northern anchovy larvae produced by
normal March currents depended largely on the
spawning location’s proximity to the well-defined
southeasterly current present near the coast in the
southern half of the modeled region. Larvae that
started drift near this current underwent extensive
downshore transport. Larvae begun farther into the
Southern California Bight (location A), and farther
offshore (location D), were also transported down-
shore, but to a much lesser extent. This again con-
firms the role of the Southern California Bight as
an area where minimal transport of spawning
products takes place. The southwesterly, offshore
transport that occurred in many of the simulations
at the southern margin of the modeled region
(between CalCOFI lines 110 and 120) is consistent
with the evidence that this region forms a faunal
boundary between species of the Southern Califor-
nia Bight and those of Baja California to the south,
and that this faunal boundary is created by current
patterns (Hewitt 1981b). This is also a region of in-
creased surface convergence (Parrish et al. 1981).

The extent of alongshore transport was marked-
ly different for northern anchovy larvae begun at
the same starting location when currents from the
different seasons were used. Depending on start-
ing location, seasonal changes in currents could pro-
duce almost complete reversals between predom-
inantly upshore or downshore transport. March
currents consistently produced the greatest down-
shore transport. These effects were due to the pres-
ence or absence of the Southern California Eddy and
the Southern California Countercurrent. Because
the Southern California Countercurrent is present
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year-round, except during peak spawning in the
spring, it is clear that the relationship between the
time of northern anchovy spawning and the time
that this countercurrent diminishes is critical. The
simulations indicated that eggs and larvae from
early spawning (i.e., January) are carried upshore
into the Santa Barbara Channel and north of Point
Conception, while those from later spawning
(March) move in the opposite, southeasterly direc-
tion. The sizes and birth dates of juveniles collected
in the fall of 1978 and 1979 were in accordance with
this pattern. Methot (1981) reported that juvenile
northern anchovy collected during both fall seasons
in the northern portion of the Southern California
Bight had birth dates (as determined from daily
growth increments in otoliths) in the preceding
months of December and January, and these fish
were generally larger than those collected farther
to the south. The northern anchovy collected in the
south had predominantly February and March birth
dates. It may be that the northern group, contain-
ing fish from early spawning, were advected to the
north by the Southern California Countercurrent
and that the southern group of fish from late spawn-
ing were produced when the surface countercurrent
had diminished. Future studies of the transport and
distribution of northern anchovy larvae or other
planktonic species in the Southern California Bight
should incorporate as much information as is avail-
able on the presence and magnitude of the South-
ern California Countercurrent and the Southern
California Eddy.

Nearshore winds in the Southern California Bight
are relatively weak, and downshore wind speeds
generally increase farther offshore (Bakun and
Nelson 1976; Nelson 1977; Dorman 1982). The
implication, in terms of offshore transport, is that
larvae closest to shore are affected least by offshore
transport, while those farther offshore experience
a much greater impact. Thus the areal extent of
northern anchovy spawning interacts with offshore
Ekman transport; in years when most northern an-
chovy spawn close to shore there will be decreased
offshore transport, because of weak inshore winds,
than in years when northern anchovy spawn farther
offshore. The impact on the products of offshore
spawning will depend on the magnitude of the winds
in the offshore areas in each particular year. North-
ern anchovy larvae that began drift farthest north
in the Southern California Bight (location A) and at
the more offshore location (D) were most affected
by increases in offshore directed Ekman transport,
indicating southerly and inshore spawning are best
for reduced dispersal in March. Hewitt and Methot

(1982) stated that the area of northern anchovy
spawning was more compact and more northerly in
1978 than in 1979. Survival of young larvae was
about the same in both years, indicating that early
mortality from starvation and predation was not
substantially different in the two years. Survival
through the juvenile stage was greater in 1978 than
in 1979, however, and Hewitt and Methot (1982)
cited increased offshore transport in 1979 as a possi-
ble reason.

Superimposed on the effects of spawning location
is the interaction between the increase in downshore
wind speeds (offshore directed Ekman transport) as
one progresses offshore and the magnitude of inter-
annual variations in the wind speeds. In the simula-
tions the effects of the 3 x increase in Ekman trans-
port were substantially greater than those of the
1.5x increase. The 1.5x change was not a great
enough increase to carry many northern anchovy
larvae into offshore regions of higher, offshore
directed Ekman transport. The inshore 3x increase
carried a greater fraction of larvae farther offshore,
and the 3x increase in the offshore region subse-
quently operated on a greater proportion of the
larval population. Thus there was an interaction
between enhanced offshore directed Ekman trans-
port in the nearshore area and increased Ekman
transport farther offshore, the two of these acting
together to produce the extensive drift evident in
the simulation results. Years in which downshore
winds increase in only the inshore or the offshore
regions would not produce as much overall offshore
dispersal. Bakun and Nelson’s (1976) statistical
analyses of the “upwelling index” indicates that pro-
longed increased Ekman transport is feasible,
although the 3 x condition would probably be a par-
ticularly bad year. It should also be noted that
Ekman transport was incorporated into the model
as acting uniformly on the 50 m surface layer, and
presumably the model depicts the drift of “average”
larvae. Larvae that remain near the surface or at
50 m would undergo greater or lesser transport,
respectively. Alternatively, it is known that winds
in the Southern California Bight have a strong diur-
nal periodicity (Bakun and Nelson 1976; Dorman
1982), and a diurnal vertical migration coupled with
diurnal changes in the winds could significantly alter
larval drift.

In summary, the simulation results indicated that
seaward dispersal of northern anchovy larvae is
generally small, but that seasonal effects are strong-
est in the area of peak spawning (location A) and
that March spawning at this point minimizes off-
shore dispersal. Spawning at locations or times near
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well-defined currents, such as the California
Countercurrent, can produce major changes in
larval distribution, and consequently may affect lar-
val survival. The effect of offshore directed Ekman
transport on the larval population depends on the
areal extent of northern anchovy spawning, and the
spatial distribution of any changes in wind stress
and subsequent Ekman transport; an increase in
Ekman transport in both the inshore and offshore
regions will act together to produce maximum off-
shore dispersal.
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