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Abstract We test the hypothesis that the survival of fish eggs and larvae is reduced
by wind-driven transport off the continental shelf. A simple Lagrangian model in-
cluding Ekman dynamics and vertically migrating larvae is developed to determine
the cross-shelf movement of eggs and larvae in a two-layer stratified ocean; long-shelf
movements are neglected. Wind stress calculated from 6-hr geostrophic winds for
1946 to 1986 is used in the study. Much of the variability in Ekman transport occurred
on decadal time scales. Vertical migration, simulated by moving larvae into and out
of the mixed layer diurnally, is found to significantly reduce horizontal advection by
Ekman transport. No relationships are found between simulated Ekman transport of
eggs and larvae and subsequent recruitment in the 8 Northwest Atlantic stocks inves-
tigated.

Introduction

Wind is an important driving force for the currents on continental shelves (see Allen,
1980; Winant, 1980; Csanady, 1982 for reviews). In that physical processes can effect
recruitment of marine fish species (Shepherd et al., 1984; Drinkwater and Myers, 1987),
it follows that changes in wind patterns may partially account for the observed recruit-
ment variability of some fish stocks. The mechanisms through which wind may influence
recruitment are varied. Offshore Ekman transport driven by long-shelf winds could carry
eggs and larvae off the shelf where survival is poor (Bailey, 1981). An alternative hy-
pothesis is that onshore Ekman transport carries larvae to their inshore nursery grounds,
which improves their chances of survival (Nelson et al., 1976). During periods of off-
shore Ekman transport, upwelling occurs near the coast, raising nutrient levels within the
euphotic zone, which may increase larval survival through enhancement of the food
supply (Bakun, 1985). Long-shelf winds also produce long-shelf currents, which may
increase or decrease the advection of eggs and larvae from an area depending on whether
the currents oppose or reinforce the mean flow. Such a process appears to be particular
important in the California current (Chelton, 1981). Cross-shelf winds are generally of
secondary importance in driving shelf circulations (Allen, 1980) and, therefore, their
effect on recruitment is expected to be minimal. The turbulence produced by the wind,
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which scales as the cube of the magnitude of the wind, causes vertical mixing, thereby
introducing nutrients into the euphotic zone and in turn this may enhance larval survival
through increased primary production. On the other hand, mixing may lead to mechanical
stress on the eggs and larvae or disperse the food source for the larvac (Bakun and
Parrish, 1982; Peterman and Bradford, 1987), both of which would lower larval survival.
Figure 1 summarizes these various effects of wind on eggs and larvae.

In this article we focus on the possibility that offshelf Ekman transport of eggs and
larvae may be a cause of interannual recruitment variability of several species of fish off
eastern Canada. Earlier studies off the eastern seaboard of the United States (Nelson et
al., 1976) and off California (Bailey, 1981) found correlation between interannual varia-
tion in marine fish recruitment and long-shelf winds, which were interpreted as evidence
of the importance of wind-induced Ekman transport. Our approach has been to develop a
simple Lagrangian model of egg and larval drift based on Ekman dynamics. Data-driven
simulations of egg and larval transport were carried out between 1946 and 1986 for which
recruitment data are available. We use the results from each year’s simulation model and
compare them with observed recruitment in that year. On each day during the spawning
season, eggs are assumed to be released at a specific location on the shelf. The cross-
shelf position of the eggs and larvae are then tracked for the duration of the egg and larval
stages. Their trajectories are based on Ekman transport calculated from 6-hr geostrophic
wind data. The result from each year’s simulation is the integral of the paths for each
individual day, weighted by the proportion of eggs estimated to be spawned that day.

The model is described below, followed by model results. Then we compare the
results with the recruitment time series. In the discussion we examine patterns of inter-
specific variability of larval strategies with respect to Ekman transport.

The Model

Physical Considerations

Beyond approximately 10 km from the store, a steady long-shelf wind stress (7,) pro-
duces Ekman transport (M,) to the right of the wind of a magnitude given by
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Figure 1. Schematic diagram showing possible effects of wind, W, and wind stress, 7, on larval
fish survival.
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where f is the Coriolis parameter and p is the density of sea water. The momentum
imparted by the wind is not evenly distributed over the entire water column but is limited
to a surface frictional layer. The depth of this Ekman layer, under turbulent conditions,

can be parameterized by
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where the constant, k, can vary from 0.1 (Csanady, 1982) to 1.0 (Phillips, 1966). We
chose a value of k = 0.4, which is comparable to values used for the bottom Ekman layer
(Kundu, 1977). Stratification can restrict the downward transfer of wind-induced mo-
mentum and reduce the Ekman layer depth (Csanady, 1982). Under stratified conditions
the maximum depth of the Ekman layer is generally confined to approximately the upper
mixed layer depth, A. Under such conditions the cross-shelf velocity («) in the Ekman
layer can be estimated from
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This is referred to as a slab model because the velocities are assumed to move uniformly
within the layer. The results from such models often compare well with observations
(Gordon, 1982).

Geostrophic winds calculated at 6-hourly intervals for the period 1946 to 1986 were
obtained from the Canadian Atmospheric Environment Service at locations on the Sco-
tian and southern Labrador shelves (Fig. 2). The data are reliable estimates of the wind
over the region (Swail et al., 1984) and are the most complete records available. Unfortu-
nately, the data from January and November 1981 and January to June 1983 were
missing. The geostrophic estimates were adjusted by applying a constant reduction of
20% in the wind speed and 20° cyclonic rotation so that they correspond to winds mea-
sured at 10 m (Swail, V., personal communication, AES, Burlington, Ontario). The
surface wind stress (7) was calculated from the adjusted winds using

? = paCle'V) IW

where p, is the density of air, W is the wind velocity vector, and ¢, is the drag coefficient.
We used the drag coefficient determined empirically by Large and Pond (1981), i.e.
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over the region (Swail et al., 1984) and are the most complete records available. Unfortu-
nately, the data from January and November 1981 and January to June 1983 were
missing. The geostrophic estimates were adjusted by applying a constant reduction of
20% in the wind speed and 20° cyclonic rotation so that they correspond to winds mea-
sured at 10 m (Swail, V., personal communication, AES, Burlington, Ontario). The
surface wind stress (7) was calculated from the adjusted winds using
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where p, is the density of air, W is the wind velocity vector, and c, is the drag coefficient.
We used the drag coefficient determined empirically by Large and Pond (1981), i.e.
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piled by Drinkwater and Trites (1986). The use of fixed seasonal mixed layer depths may
underestimate the cross-shelf current velocities in years of light winds and overestimate
them during years of strong winds.

The above steady-state model neglects both the time evolution of the currents (time-
dependent motion) and cross-shelf winds. To investigate their possible effect we used a
model derived by Pollard and Millard (1970). Similar models have successfully repro-
duced wind-induced currents on the Scotian shelf (Smith et al., 1978) and in the Gulf of
St. Lawrence (Blackford, 1978). The equations of motion for the upper mixed layer are
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where v is the longshelf velocity, 7, is the cross-shelf component of the wind stress, and r
is the linear frictional coefficient. These equations were solved numerically using a time
step of 1 hr after linearly interpolating the 6-hr winds to hourly values. The frictional
parameter was chosen as r~! = 4d, similar to that used by Smith et al. (1978) for the
Scotian shelf.

For both the steady and time-dependent current models, we assume the cross-shelf
Ekman transport to be balanced by an equal volume of water flowing in the opposite
direction below the mixed layer. We further assumed that the return flow (#*) occurs
uniformly below the mixed layer, i.e.
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where D is the depth of the shelf. On the Scotian shelf, D was taken as the mean depth of
the shelf (115 m) and on the Labrador-northeast Newfoundland shelves D was taken as a
constant 200 m.

Biological Considerations

Eggs are assumed to be spawned a distance A offshore. Let x(¢, s) be the distance from
the coast of eggs or larvae spawned at time s which have drifted for a time z. If they
remain in the upper mixed layer and away from the coast then

x(t, s) = A + f u(t')dt' %)
0

since
x0,s5) = A

and where u(?) is the depth-averaged cross-shelf velocity of the upper mixed layer due to
Ekman transport. When the eggs or larvae are transported near to the coast (s = 0), they
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are assumed to remain within the near-shore zone until under the influence of an offshore
Ekman transport.

The larvae of many fish and crustaceans vertically migrate below the upper mixed
layer. In such cases we may rewrite (7) as

x(t, 5) = A+ J- a(t')dt' ®
o

where ii(¢') is the velocity experienced by the migrating larvae. We consider larvae that
are below the mixed layer during daylight and migrate into the mixed layer at night.
Therefore,

0 if x(¢, s) = 0Oand u(r) <0
() = { u(r) ifx(¢, s) > 0 and ¢ is during the night 9)
u*() if x(¢, s) > 0 and ¢ is during daylight

Two separate modeling exercises were carried out. First, we investigated the general
seasonal and interannual variability of larval drift by calculating the time histories of the
cross-shelf movement of eggs and larvae assuming equal spawning throughout the year.
The spawning site was taken to be 160 km offshore. The number of spawning days for
which subsequent larvae were retained within 50 and 100 km offshore of the spawning
site after having drifted for (1) 30 d and (2) 60 d without vertical migration, and (3) 60 d
with vertical migration were determined. Second, we investigated the response of spe-
cific stocks taking into account their season of spawning, their development rate, and
whether they undergo vertical migration. The percentage of larvae remaining within 50
and 100 km offshore of the spawning site was calculated as an index of larval retention in
the face of Ekman transport.

The timing and distribution of seasonal spawning for 8 stocks (Table 1) in the North-
west Atlantic, for which recruitment data were available, were determined from (1) sea-
sonal ichthyoplankton surveys (Bonnyman, 1981; Sherman et al., 1984; O’Boyle et al.,
1984; Markle and Frost, 1985) and (2) seasonal surveys of spawning activity (Leim and
Scott, 1966; Colton et al., 1979, Martin and Drewry, 1978; Fitzpatrick and Miller, 1979;
Scott, 1983; Sinclair and Tremblay, 1984). Estimates of the length of the larval period
were based upon laboratory data on the temperature-dependent developments of eggs and
larvae (Laurence and Rogers, 1976; Martin and Drewry, 1978) and upon observed differ-
ences in the peak spawning activity and the period of peak larval abundance (Table 2).
These estimates are crude; indeed, the data they were based upon were sometimes incon-
sistent. One source of uncertainty is the natural year-to-year variability in spawning times
and developmental rates of larvae due, for example, to changes in the ambient water
temperature. There is insufficient information, however, to calculate a different spawning
function and larval duration for each year. The choice of a spawning site 160 km from
shore (i.e., A = 160 km) was based upon research vessel surveys carried out on the
Scotain shelf during spawning and roughly corresponds to the center of the spawning
distributions. Information on the vertical distribution of the eggs and larvae relative to the
upper mixed layer were available from discrete-depth tows on ichthyoplankton surveys.

We assume that larvae transported off the shelf will be lost to the population, most
likely through starvation, predation, or thermal shock. A major uncertainty in our anal-
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Table 1
Recruitment Data Used in the Analysis
NAFO Years Method Source
Cod (Gadus morhua)
2J3KL 58-81 SPA Baird and Bishop, CAFSAC Res. Doc. 87/42
4VsW 57-85 SPA Sinclair and Smith, CAFSAC Res. Doc. 87/72
4X 47-83 SPA Campana and Sinclair, CAFSAC Res. Doc. 87/30
Haddock (Melanogrammus
aeglefinus)
4VW 47-84 SPA Zwanenburg and Fanning, CAFSAC Res. Doc.
87/103
4X 61-84  SPA O’Boyle and Wallace, CAFSAC Res. Doc.
87/101

Redfish (Sebastes sp.)
4VWX  69-85 RV( + 2) Zwanenburg and Hurley, CAFSAC Res. Doc.

87/35
American Plaice (Hippoglossoides platessoides)
4V 66-84 RV@3 + 4) Neilsen and Perley, CAFSAC Res. Doc. 86/48
Silver Hake (Merluccius bilinearis)
4VWX 69-83 SPA Fanning et al., NAFO SCR Doc. 87/56
Argentine (Argentina silus)
4VWX 68-83 RV(2) Dale and Halliday, CAFSAC Res. Doc. 87/19

Notes. The location of the stock is given by the North Atlantic Fisheries Organization (NAFO)
designation. The method used to obtain the recruitment data is from Sequential Population Analysis
(SPA) or from research vessel (RV) surveys. For the RV surveys, the ages that were used for the
analysis are given in parenthesis.

Sources: NAFO Scientific Research Council Documents or Canadian Atlantic Scientific Advi-
sory Committee (CAFSAC) Research Documents.

ysis is the offshore distance at which this would occur. Colton (1959) reported high
mortality of larvae advected offshore from Georges Bank into the warmer, saltier Slope
water region (Colton, 1959). A distinct front separates the shelf and slope waters and
extends from Cape Hatteras to the Grand Banks. In the vicinity of the southern Scotian
shelf, it lies approximately 100 km offshore (Smith and Petrie, 1982). This boundary
remains relatively stationary in comparison to the expected motion based on cross-shelf
current observations at the shelf edge (Smith and Petrie, 1982). This is believed to be due
to intense cross-frontal mixing at the boundary or associated with the particular current
structure near the front (Smith and Petrie, 1982). By examining the probability of a
larvae being retained within 100 km offshore from its spawning site, we are considering
those larvae spawned on the Scotian shelf that are unlikely to reach the shelf/slope front.
We also examine the probability of not reaching 50 km offshore of the spawning site,
which, on the Scotian shelf, corresponds to the shelf break region. Similar distance cri-
teria (100 and 50 km offshore) were used for those larvae spawning on the southern
Labrador-northeast Newfoundland shelves, although less information is available on the
water mass characteristics, especially in the case of the Newfoundland shelf.
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Results

General Response

On the Scotian shelf offshelf Ekman transport is maximum in summer (Fig. 4) when the
wind stress is directed primarily longshelf (Thompson and Hazen, 1983) and the mixed
layer is shallowest. Our results suggest that larvae within the mixed layer in July would
be transported beyond 100 km of their spawning site about 30% of the time. Those larvae
that vertical migrate, however, would never be transported beyond 100 km (Fig. 4).

On the Labrador-northeast Newfoundland shelves, the seasonal response of the larvae
to Ekman transport was similar to that of the Scotian shelf but of a reduced amplitude
(Fig. 5). This reduction is primarily due to the shorter duration of longshore winds pro-
ducing offshelf Ekman transport. The offshelf transport in winter is less on the Labrador
shelf because the predominant winds are from the northwest, which drives onshore
Ekman transport. There are few years when a larvae would be expected to reach 100 km
offshore from its spawning site. Larvae that vertically migrate generally move only a
short distance from where they spawn.

The interannual variability in offshelf transport of larvae in January and June is dis-
played in Figure 4. Much of the summertime variation is on decadal time scales, e.g.,
there was a much greater probability of being transported offshore during the 1970s than
in the 1950s.

The robustness of these conclusions to the choice of the depth over which the Ekman
transport is distributed was tested by comparing the results using the mixed layer depth to
that with the wind-dependent Ekman layer depth. Almost identical results were found
indicating the mixed layer depth is an adequate approximation.

The results of the time-dependent model (equation 5) were similar to the steady-state
response (Fig. 4c), although the former produced slightly more offshelf transport in
winter on the Scotian shelf than in the steady-state model. This is caused by the relatively
strong offshelf wind stress during the winter months. In spite of this difference, the
steady-state model adequately reproduces the significant features of the interannual vari-
ability.

Specific Responses

Predictions of the percentage of larvae retained within 50 and 100 km offshore of the
spawning site for eight stocks are shown in Table 3. In these calculations we assumed a
wind-dependent Ekman layer depth. Field studies suggest cod, haddock, and redfish
larvae do not vertically migrate below the mixed layer. For cod and haddock, only in one
year were more than 50% of the larvae predicted beyond 50 km offshore of the spawning
location. On the other hand, large numbers of redfish larvae would be transported beyond
50 km (Table 3). The larvae of all three species, however, are often found at the base of
the mixed layer in the pycnocline region, which may reduce their cross-shelf transport.
For the stock that have been observed to vertically migrate below the mixed layer, only a
small portion of their larvae were predicted to be advected beyond 50 km. The larvae of
argentine and American plaice, which do not spawn in the summer, should not be ad-
vected offshore.
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Figure 4. Results of model predictions for the proportion of larvae retained within 50 km (—) and
100 km ( -+ + ) offshore on the Scotian shelf. The seasonal model is the average proportion trans-
ported beyond the range from 1946 to 1986. In all cases the months refer to the month the eggs or
larvae began drifting. In the vertical migration model larvae were assumed to spend half of each
day below the pycnocline and half above. Model resuits (a) using monthly mixed layer depth and
(b) using variable Ekman depth.



