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Demonstration of the onshore transport of larval invertebrates by the shoreward

movement of an upwelling front

Abstract—Upwelling winds off North Carolina set up up-
welling fronts. As the wind forcing relaxed following such a
coastal upwelling event, we observed the upwelling front
move onshore. The low-density surface water moved shore-
ward over the upwelled water, forming a convergence zone at
the front. This shoreward-moving front concentrated and trans-
ported larvae. Larva sergestid shrimp, spionid polychaete lar-
vae, and the veligers of Odostomia sp. and Bittium sp. were
concentrated on the seaward side of the moving convergence.
Blue crab megalopae were concentrated at the surface imme-
diately seaward of the front. These data demonstrate that a

relaxing upwelling front can transport high concentrations of
larvae shoreward over the inner shelf. This may be an impor-
tant mechanism promoting the shoreward migration of larval
invertebrates and fish.

Many coastal and estuarine invertebrates and fish produce
planktonic larvae that over a period of weeks to months go
through their development in the waters over the continental
shelf. At the end of this period of development the late-stage
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larvae must migrate back to shore or an estuary in order to
complete their development and recruit into the adult pop-
ulation. This onshore migration is a critica stage in the life
cycle of these organisms and an area of active research.
Roughgarden et a. (1991) hypothesized that larvae may be
transported to shore following upwelling events as the up-
welling front moves shoreward and, ultimately, collides with
the coast. While this hypothesized mechanism of shoreward
transport of larvae is intuitively appealing and has been used
in several papers to explain temporal patterns of larval re-
cruitment at the coast (Wing et a. 1995a,b; Miller and Emlet
1997), the hypothesis has not been tested, and no direct ob-
servations have been reported.

Upwelling-favorable coastal winds push the surface wa-
ters of the ocean offshore, which causes a drop in sea level
at the coast (Csanady 1981). Denser water from depth is
drawn to the surface, and as upwelling progresses the lower
density surface waters are pushed farther offshore and the
nearshore water column is filled with this cold and dense
upwelled water. At some distance from the coast, a sharp
boundary is found where the upwelled water and the less
dense surface water meet; this surface front is known as the
upwelling front. When upwelling-favorable winds relax (or
reverse direction), this structure relaxes and the lower den-
sity surface water moves back toward the shore. The exact
form of this relaxation is complex and may involve down-
welling or weak upwelling winds in addition to the baro-
clinic pressure gradients. In the absence of strong wind stress
and vertical mixing, the frontal interface is expected to re-
main intact. Furthermore, as the low-density water approach-
es the shore and encounters shallower water, the effect of
earth’s rotation decreases and the upwelling front can be
viewed as the head of a low-density surface gravity current
moving shoreward over the denser upwelled water. In this
paper, however, we do not attempt to resolve the complex
interplay of baroclinic pressure gradients, surface wind
stress, and coriolis/rotation effects. We simply note that the
relaxation and shoreward movement of the offshore surface
water and upwelling front results in a shoreward-moving sur-
face convergence. The speed of movement depends on the
relative importance of density, wind, and rotation effects
(Simpson 1997).

As the less dense offshore surface water moves shoreward,
it overrides the denser upwelled water, forming a convergence
where the denser water subducts beneath the spreading sur-
face water (Fig. 1). Within the spreading surface layer, the
lower part is in contact with the stationary lower layer and
this part of the surface layer moves slower than the overall
feature. In response to this, the upper part of this surface layer
moves faster than the overal feature, resulting in a surface
convergence in the vicinity of the front. The surface conver-
gence and associated downward flow is thus two sided, with
surface flow toward the front from both sides (within a frame
of reference moving with the front; see Fig. 1).

As the upwelling front moves shoreward, its affect on the
distribution and movement of different larvae depends on
the behavior of the specific larvae (modeled in Franks 1992).
Larvae that have no strong depth preference or vertical ori-
entation will simply be swept through the convergence zone
and will not be concentrated or transported by the front.

Propagating

Upwelled A ( B
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Lower Density
Water

Upwelling
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Fig. 1. Schematic diagram of an upwelling front propagating
shoreward. As the less dense offshore surface water moves shore-
ward it overrides the denser upwelled water, forming a convergence
where the denser water subducts beneath the spreading surface wa-
ter. Within the spreading surface layer, the lower part is in contact
with the stationary lower layer, and this part of the surface layer
moves slower than the overall feature. In response to this, the upper
part of this surface layer moves faster than the overal feature, re-
sulting in a surface convergence within the frontal region. Organ-
isms which can maintain position at the ocean’s surface, due either
to their buoyancy or their swimming ability, may become concen-
trated at A, B, or C (see text for further explanation).

Larvae that reside preferentialy in the near-surface waters
and are strong enough swimmers to overcome the downward
flow at the convergence should, depending on the side from
which they originate, become concentrated on either side of
the upwelling front (A and B in Fig. 1). However, if larvae
are weaker swvimmers or if their behavioral responseis slow-
er, then they will be swept downward before rising again to
the surface. Irrespective of the side of the front on which
they originate, these larvae will end up on the low-density
side of the front, forming a concentration broadly distributed
around C (Fig. 1).

Methods—Observations of a shoreward-moving upwell-
ing front and associated larval distributions were made as
part of the coastal ocean processes (CoOP) interdisciplinary
study of cross-shelf larval transport, which took place from
August to October 1994 over the inner shelf adjacent to
Duck, North Carolina. The primary observations were ob-
tained from the R/V Hatteras during a 26-h station located
in 15 m of water and 1.8-km offshore of Duck, NC
(75.7318°N, 36.1955°W). We obtained depth profiles of tem-
perature and salinity every half hour (using a SeaBird 911
Plus CTD). Simultaneous with the CTD cast, a high-fre-
quency (1.2 MHz) RD Instruments acoustic Doppler current
profiler (ADCP) was used to obtain a vertical profile of cur-
rents. The ADCP was mounted on a catamaran that held the
transducer at a depth of 0.4 m. Velocity profiles were made
with a vertical resolution of 1 m and recorded at 1 to 2 Hz.
A detailed description of the collection and processing of the
physical oceanographic data can be found in Waldorf et al.
(1995). In addition to the ship-board physical data, temper-
ature and salinity profile data and near-surface underway
data were collected with an Ocean Sensors OS-200 CTD
from a small boat. On three occasions during the ship anchor
station, data were collected between the shore and 5-km off-
shore. A near-surface tow also provided high-resolution qua-
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Fig. 2. Distribution of density (Sigma 7) on a transect sampled
the day before the start of the anchor station (21 August, 233.63 to
233.98 GMT) during a period of upwelling winds. CTD profiles
were obtained at 15 locations, with a spacing of 1-2 km within 20
km of the shore. The diamond symbols along the upper horizontal
axis indicate the location of the stations sampled for plankton. The
x symbol on the upper horizontal axis indicates the location of the
anchor station, and the arrow indicates the location of the upwelling
front.

si-instantaneous data on the cross-shore distribution of tem-
perature and salinity (spatial resolution of about 10 m).

On the ship, plankton samples were collected every hour
with a centrifugal pumping system. A 5-cm diameter hose
was connected to the CTD rosette and a deck-mounted
pump. Output from the CTD provided information on the
depth and water type from which each sample was collected.
Flow from the pump was passed through a 100-um net sus-
pended in a large tube of water. The pumping rate was 227
L min—%, and 680 liters were sampled at each depth. Samples
were collected at depths of 2, 5, 8, 10, and 12 m and pre-
served in buffered formalin. Observations began on 22 Au-
gust 1994 at 0600 h local time (1100 h Greenwich Mean
Time [GMT]) and ended 26 h later, on 23 August at 0800 h
local time (1300 h GMT).

The plankton samples were sorted under a dissecting mi-
croscope. Crustaceans were counted in the entire sample. For
the smaller more abundant organisms, subsamples were
counted using the following procedure. The samples were
washed free of formalin on a 53-um sieve, transferred to a
250-ml beaker, and, with the aid of an electronic balance,
made up to 200 ml (200 g). The sample was homogenized
by vigorous stirring, and a 12-ml subsample was removed
with a Stempel pipette (Peterson et al. 1979; Omori and lke-
da 1984). Subsamples were counted until at least 100 indi-
viduals of the most common organisms had been enumer-
ated. This yielded a sample standard deviation of
approximately 10% for the most abundant organisms and
between 10 and 20% for the less common species (Venrick
1978). To test the subsampling technique, we compared the
number of organisms in four samples determined by sub-
sampling and by counting the entire sample. No statistically
significant differences (Mann-Whitney U-test, P > 0.05)
were found between the number of organisms determined by
the two methods, which indicates that the subsampling tech-
nique adequately described the samples.

Results—Southwest winds (upwelling favorable) started
on 18 August, 4 d prior to this 26-h station. These winds
varied in strength with a maximum upwelling-favorable
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Fig. 3. Distribution of density (Sigma 7) on a 5-km transect
sampled three times on 22 August. The upper three panels are con-
tour plots composed from 12 CTD profiles, spaced 0.2- to 0.5-km
apart, and completed at 1007, 1159, and 1510 h local time, respec-
tively. The lower panel is a plot of near-surface Sigma 7 as a func-
tion of distance offshore (data were collected quasi-instantaneously
between 1228 and 1237 h, and between 1524 and 1536 h local
time). Data were obtained every 10 m and reflect the strong frontal
interface at the leading edge of the frontal region. The anchor sta-
tion was located approximately 2 km offshore. The arrow indicates
the location of the upwelling front (as indicated by Sigma 7 of 24.0).

component (10 m s* S winds) during 21 August, immedi-
ately prior to the anchor station. Over the period 18 to 20
August a large-scale oceanographic survey of the study area
was made. The survey extended 56 km north and south of
the anchor station. On 20 and 21 August a small-scale ocean-
ographic survey was made. This survey extended 20 km
north and south of the anchor station. Late on 21 August,
the cross-shore line on which the anchor station was located
was again sampled. Throughout the study area and over this
period we found active upwelling conditions with the up-
welling front within 3 km of the shore (Fig. 2). Initialy on
22 August, winds were light and upwelling favorable (Fig.
3). Downwelling winds started around 1525 h local time
(234.85 GMT decima day).

At the beginning of the anchor station the upwelling front
had been pushed out past the position of the anchor station,
and surface water salinities at the anchor station were >34.0
and densities were >24.0 Sigma 7 (Fig. 3). In the series of
nearshore CTD transects (Fig. 4), the surface front was lo-
cated at about 3.8-km offshore at 1000 h local time (234.63
GMT decimal day), at about 3.2-km offshore at 1130 h local
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Fig. 4. Wind and oceanographic conditions during a 26-h an-
chor station off Duck, North Carolina (0600 h August 22 to 0800
h August 23 local). The horizontal axis in each figure is time in
decimal day GMT. Figure A is a stick diagram of the hourly aver-
aged wind speed and direction observed on the RV Cape Hatteras
with vectors pointing up on the page representing winds blowing
from the north. The coast and isobaths run approximately 20° west
of north, so that winds with a SSE component are upwelling fa-
vorable. Panel B is a contour plot of density (Sigma 7). Panel C is
a contour plot of the speed of the cross-shore current (in cm s2,
with negative values indicating shoreward flow). The arrow indi-
cates the location of the upwelling front.

time (234.69 GMT decimal day), and at about 1.8-km off-
shore at 1500 h local time (234.83 GMT decima day—using
the position of the surface outcropping of the 24.0 Sigma
isopycnal as an indicator of frontal position). More precise
position of the upwelling front was obtained from high-res-
olution surface CTD tows (approximate sample depth of 1
m), which show a 0.5 Sigma = drop in density across a frontal
interface (Fig. 4) that was observed at 2.83-km offshore at
1232 h local time (234.73 GMT decima day) and at 1.73-
km offshore at 1531 h local time (234.85 GMT decimal day).
The ship data do not provide an exact time of passage of the
surface front, but it was between 234.84 and 234.9 GMT that
at 1-m depth the 24.0 Sigma 7 isopycna first appeared under
the ship, consistent with the position of the moving surface
front in the repeated nearshore CTD surveys.

Concurrent with the appearance of the lower density water
at the ship was the onset of a shoreward current (Fig. 3).
Near-surface flow speeds increased from 0 to —12 cm st

over about 7 h. Having observed the spatial structure of the
front both offshore and inshore of the ship, the decrease in
density and onset of stronger shoreward flow can be inter-
preted as being due to the passage of the upwelling front
beneath the ship. Prior to the front passing the ship, a down-
welling-favorable wind began to blow, and the subsequent
changes in density and flow structures reflect a combination
of density-driven relaxation of the upwelling front and wind-
driven acceleration of near-surface flow. Both effects con-
tribute to the continued shoreward movement of the front.

From the surface data shown in Fig. 4, the speed at which
the front moved shoreward past the ship was calculated to
be 10.2 cm st Further, the difference in arrival time of
given isopycnals at the ship and at an oceanographic moor-
ing slightly to the south and approximately 1-km landward
of the ship (36.1833°N, 75.7335°W) provides an additional
estimate of shoreward speed of 11 cm s%, consistent also
with the movement of the front as observed in the nearshore
CTD sections (Fig. 4) and with the expected propagation of
a density-driven front. Porter et al. (1998) obtained similar
propagation speeds at other times during the August—Octo-
ber observation period, and they also observed upwelling
fronts moving into the surf zone.

Although the surface outcropping of the frontal interface
clearly passed the ship at between 234.84 and 234.9 GMT,
this feature was shallow (less than 4-m depth) and the as-
sociated flow structure was not well resolved by ADCP data
that started at about 2-m depth. However, the subsurface
density and velocity structure of the frontal feature was well
resolved by these measurements (Fig. 3). The data suggest
that there was a swath of convergent flow behind where the
frontal interface intersects the surface. A rough estimate of
the speed of downward flow in the front can be obtained
from the principle of continuity, with assumptions that this
moving feature evolves slowly in time and that there is little
alongshore variation in this structure. Under these assump-
tions, the downward flow in the front must be sufficient to
balance the convergence in horizontal currents. Using data
from Fig. 3 and looking at the frontal region between 0 and
—0.12 cm s, one obtains a horizontal convergence of order
5 X 1075 s, which would result in a downwelling speed in
the front of order 5 X 10~ m s* (0.5 mm s?) at the base
of the convergent flow (at about 8-m depth). This down-
welling occurs over a broad swath that passed the ship be-
tween about 234.90 and 235.17 GMT. Using a propagation
speed of 10 cm s74, this corresponds to a convergence swath
that is about 2.3-km wide.

For this shoreward-moving frontal feature to be effective
at trapping and transporting larvae shoreward, it is necessary
that fluid velocities exceed the speed of movement of the
front. Given a frontal speed of 10.2 cm s2, the recorded
fluid velocities of greater than 12 cm st suggest that this
was a true convergence and capable of transporting material
trapped in the front (the estimate of frontal propagation
speed and ADCP observations of velocity have errors of <1
cm s1). The maximum subsurface density gradient occurs
in the middle of this convergent flow structure. Below about
6-m depth, fluid velocities are too slow to overtake the mov-
ing frontal structure, and no true convergence is expected.
It is also worth noting that the relative flow toward the mov-
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Fig. 5. Contour plots of larval concentrations (number m~3). The horizontal axis in each figure
istime in decima day GMT. The shaded area represents waters with density <24.0 Sigma =—the
low-density offshore surface waters. Concentrations of the larvae of the sergestid shrimp Lucifer
faxoni, the megalopae of the blue crab Callinectes sapidus, larval spionid polychaetes, and the

larvae of the bivalve Mya arenaria are contoured in panels A through D, respectively.

ing front is an order of magnitude stronger on the shoreward
side than on the seaward side. Larvae within the seaward
surface layer should be carried toward the front slowly. On
this side of the front, a swath of only about 500 m would
have been moved through the front as the front moved to-
ward shore over a 5-km swath of upwelled water.

During the period of upwelling, the dominant meroplank-
tonic larvae were bivalve and gastropod veligers. The dis-
tribution of Mya arenaria (Fig. 5) is typical of most of these
organisms. During our sampling, M. arenaria veligers tend-
ed to be found in waters with densities >24.4 Sigma  (Fig.
5). As upwelling ended and the denser waters were displaced
by the less dense surface waters, M. arenaria veligers van-
ished from the water column under the anchored ship con-
current with the displacement of the dense upwelled waters
(Figs. 3 and 5). This temporal change in the vertical distri-
bution of these larvae suggests that they were behaving as
passive particles imbedded in the flow structure.

In contrast, high concentrations of several other types of
meroplanktonic larvae were observed as the upwelling front
passed under the ship. Larvae of the sergestid shrimp Lucifer
faxoni went from concentrations of zero in the upwelled wa-
ters to more than 125 m-2 in the front (Fig. 5). Peak con-
centrations were found in waters with densities between 23.4
and 23.2 Sigma 7 and at sample depths of 2 and 5 m, with
the highest concentrations found around 5 m. Concentrations
at 8- and 10-m depth were much lower. At water densities
outside this range, but within the low-density surface water
layer, concentrations were about 25 m-3.

Larval spionid polychaetes and the veligers of the gastro-
pods Odostomia sp. and Bittium sp. had distributions similar
to that of L. faxoni larvae, but with a tighter and more ex-
clusive distribution in the front. The distribution of the
spionid larvae will be used as an example. In the upwelled
waters, spionid larvae were found in patches near the bottom

with concentrations of up to 200 m~3. Within the front, how-
ever, we found peak concentrations exceeding 800 m—23 with
larvae primarily concentrated in waters with densities be-
tween 23.3 and 23.5 Sigma 1 and at depths shallower than
the 8-m sample, with a peak in concentration around 5 m
(Fig. 5). L. faxoni, spionid larvae, and the veligers of Odos-
tomia sp. and Bittium sp. were concentrated immediately
seaward of the core of the front, in the low-density surface
waters. The distributions of these larvae suggest that their
upward movement concentrated them in the presence of the
downward flow associated with the horizontal convergence.
Their distributions appear to correspond to scenario B or C
in Fig. 1 and agree with the conclusions from a model de-
veloped by Franks (1992) describing the concentration of
organisms around convergences.

A fourth species of interest is the blue crab Callinectes
sapidus, the megalopae of which are inhabitants of the very
surface of the ocean (Smyth 1980; Johnson 1985; Maris
1986). Concentrations of megalopae are generally <1 m=3,
The sampling for this study was not designed, nor expected,
to catch these megalopae because the shallowest sampling
depth was 2 m and the volume of water sampled was only
0.6 m3. As expected, no blue crab megalopae were collected
in the upwelled waters. However, an extremely high con-
centration of 15 m~2 was observed at 2-m depth, seaward of
where the frontal interface intersected the surface, but shore-
ward of the deeper convergence zone (Fig. 5) in water with
a density of about 23.9 Sigma 7. The location of their peak
concentration probably corresponds to scenario B in Fig. 1.

Discussion—These observations demonstrate the concen-
tration of selected larvae by an upwelling front and persis-
tence of this concentration during movement of the front
toward the shore. We understand all of these distributions to
represent scenario C or B (Fig. 1). Particles that remain near
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surface by virtue of their buoyancy will respond instanta-
neously to resist downward transport by flow speeds slower
than their *‘rising velocity,” and one typically finds a foam
line where the front intersects the surface. However, larvae
that remain near surface by virtue of an active swimming
response may exhibit alag in their upward movement owing
to delayed response or inadequate swimming ability. The
delay and strength of their swimming response will result in
variations of scenario C. The distributions of L. faxoni,
spionid larvae, and the veligers of Odostomia sp. and Bittium
sp. seem to match this pattern. The distribution of blue crab
larvae (Fig. 5B) appears to match scenario B. This is con-
sistent with the typical occurrence of these larvae at the very
surface of the ocean and with their strong swimming ability
(Shanks 1985). In contrast, the high concentrations of ser-
gestid shrimp larvae (Fig. 5A) and spionid larvae (Fig. 5C)
were not as close to the surface, and appear to be located in
response to the deeper subsurface convergent flow. The ob-
served distributions of larvae are consistent with the hy-
pothesis that they swam up against the weak downward flow
on the ocean side of the front. This is a reasonable expec-
tation as observed or estimated swimming speeds of these
larvae are significantly higher than the downward flow
speeds estimated here (Chia et a. 1984).

Not only did this front concentrate larvae, but it also trans-
ported these larvae shoreward. As these observations were
made from a fixed location over time, the appearance of
these larvae under the ship when none had been there pre-
viously is a clear demonstration of their horizontal transport
toward shore. Further, the distribution of larvae in the con-
vergence zone agrees well with that modeled by Franks
(1992). Given the estimated speed at which the upwelling
front was moving shoreward and the expectation that up-
welling fronts move into the surf zone (Porter et al. 1998),
one can expect that the observed larval concentrations were
delivered to the shallow nearshore within several hours of
our observations.

Including this new observation, researchers have now de-
scribed and observed three types of flow convergences that
move shoreward and that can transport larvae from the con-
tinental shelf to the nearshore. This paper describes amoving
convergence associated with a wind-driven upwelling front
relaxing to shore. Others have described moving conver-
gences associated with tidally generated internal waves over
the continental shelf (Zeldis and Jellett 1982; Shanks 1983;
Kingsford and Choat 1986; Shanks and Wright 1987; Shanks
1988). Still others describe a shoreward-moving conver-
gence that may also be associated with the relaxation of an
internal wave surge that fills the nearshore with dense water
and results in a front that can move shoreward (Pineda
1994). For those organisms transported to shore by moving
convergences, the temporal pattern of settlement (or recruit-
ment) depends on the dominant type of moving convergence
at a location. If the dominant form is due to large tidally
generated internal waves or internal tidal bores, then we
would expect settlement to vary with the spring-neap tidal
cycle. This pattern of settlement has been observed for a
number of organisms (Little 1977; Shanks 1986; Doherty
and Williams 1988; Montfrans et a. 1990; Boyland and
Wenner 1993; Olmi 1995; Shanks 1998). If instead the dom-

inant form of moving convergence is due to upwelling fronts
moving to shore, then we would expect peaks in settlement
to occur immediately following upwelling events. This pat-
tern of settlement has also been reported (Wing et al.
1995a,b; Miller and Emlet 1997).

Transport of larvae to the coast by moving convergences
may also affect the alongshore distribution of settling larvae.
Owing to variations in bottom topography, the production of
tidally generated internal waves and bores is not evenly dis-
tributed along the coast (Sawyer 1983). Further, internal
waves and bores are refracted by bottom topography (e.g.,
submarine canyons and ridges) so that they may be focused
differentially along a coast. Variations in the alongshore pro-
duction or refraction of internal waves may affect spatial
settlement patterns (Shanks and Wright 1987).

Satellite-derived images of sea surface temperature fol-
lowing wind-driven upwelling events suggest that upwelling
fronts relaxing back to shore do not impinge everywhere
along a coast. This aongshore variation in upwelling and
relaxation of upwelling has received attention off California
(Largier et al. 1993; Wing et al. 1995a,b), and it appears that
upwelling fronts contact shore north of many capes prior to
contact south of the cape, if that occurs at all. This apparent
alongshore difference in the contact of upwelling fronts
might cause the observed alongshore differences in recruit-
ment of intertidal invertebrates (Ebert and Russell 1988).

In this paper we present evidence that a relaxing upwell-
ing front can transport high concentrations of larvae shore-
ward over the inner shelf, thus supporting a strong hypoth-
esis for observed temporal and spatia patterns in the
settlement and recruitment of nearshore invertebrates and
reef fish. Previous research has demonstrated that moving
convergences generated by the tides can also transport larvae
shoreward. Wind-driven upwelling and tidally generated in-
ternal waves are common features of the continental shelves
of the world. Hence, one may expect that the shoreward
transport of the larvae of coastal invertebrates and fish by
moving convergences is also a common phenomenon that
needs to be better quantified and understood in the interests
of understanding the ecology of nearshore populations and
communities—benthic, pelagic, and estuarine.
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