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Abstract

A review of the physical processes present in coastal regions and their effect on pelagic stages of flatfish populations
is presented. While quantitative understanding of processes affecting cross-shelf transport and exchange continues to
be a fundamental problem shared by physical oceanographers and fisheries scientists studying the early life history of
flatfish, advances in hydrodynamic and coupled physical-biological models have made it possible to begin to examine
population-level implications of environmental processes. There is now a need to rank these processes in terms of their
impact on recruit strength. Existing paradigms provide testable frameworks for explaining the role of physical variability
in the observed population patterns, abundance and variability. Identifying explicit links between physical variability and

recruitment could result in new approaches to fisheries management strategies.
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1. Introduction

The question of whether interannual variability in
hydrodynamics can explain interannual variability in
recruitment was a theme of the 3rd Flatfish Sym-
posium. This particular question has been pondered
since the turn of the century, when Otto Pedersen in
the early days of ICES identified the importance of
physical processes to understanding fluctuations in
fish populations (Fig. 1). Today, these ideas continue
to be an integral component of national and interna-
tional research efforts studying population regulation
of marine species (e.g., GLOBEC, Mare Cognitum,
FOCI, SABRE).

Physical processes affect recruitment directly or
indirectly and lie at the core of present-day hypothe-
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ses explaining population pattern, abundance and/or
variability through transport (Harden Jones, 1968),
feeding environment (Lasker, 1975; Rothschild and
Osborn, 1988), population integrity (Sinclair, 1988)
and match-mismatch (Cushing, 1974). In the case
of many flatfish and estuarine-dependent species,
whose juvenile nursery habitats are spatially distinct
from spawning locations, the influence of planktonic
transport processes is explicit during the early life
history stages (e.g., Boehlert and Mundy, 1987; Hare
and Cowen, 1996).

This paper discusses some of the physical pro-
cesses operating during the pelagic phase of flat-
fish and other marine species, and the variability
in populations that may arise from physical vari-
ability. While our discussion focuses on physical
processes affecting early life history stages (pre-
demersal stages in flatfish), the matter of year-class
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Fig. 1. Year-class strength of North Sea plaice from 1957 to 1991
(from Myers et al., 1995).

strength being set during larval stages (e.g., Hjort,
1914; Van der Veer et al., 1990; Bailey et al., 1996)
or post-larval (demersal stages in flatfish) is unre-
solved (e.g., Sissenwine, 1984; Leggett and DeBlois,
1994). A typical scenario for the life history of
fishes under consideration is that adults spawn oft-
shore, and through a combination of drift, retention
and behaviour, larvae ‘use’ the time-varying three-
dimensional flow field to recruit into estuaries in
which they will continue development as juveniles
(Weinstein et al., 1980; Miller, 1988). The success of
a particular cohort of larvae (as measured by the suc-
cess or failure in reaching the nursery grounds) will
be affected by various physical and biotic processes
along their transit.

The layout of this paper is as follows. Section 2
presents concepts in marine fish population dynam-
ics. These are intended to provide the basic frame-
work for discussions of the role of physics in re-
cruitment variability. Section 3 provides an overview
of physical processes operating in four regions (the
outer-shelf, mid-shelf, inner-shelf and near-inlet) oc-
cupied by pelagic larvae. A synthesis of these pro-
cesses, likely sources of variability and main effects
are presented in Section 4. Selected recent case stud-
ies linking recruitment and physical variability in the
early life history of marine fishes are summarised
in Section 5, and finally, Section 6 presents obser-
vations, conclusions and some directions for future
research.

2. The role of hydrodynamics — concepts and
paradigms

This section reviews four of the main paradigms
relating physics to population pattern, abundance or
variability (see also Heath, 1992; Cushing, 1995;
Sinclair and Page, 1995). Two of the four (hydro-
graphic containment and stable ocean hypotheses)
rely on biological intermediates, the other two (en-
counter rate and member/vagrant hypotheses) have
direct physical mechanisms in operation. We sum-
marise these in Table 1.

2.1. Hydrographic containment

This hypothesis is a combination of Harden
Jones’ migration triangle (Harden Jones, 1968)
and Cushing’s match/mismatch hypotheses (Cush-
ing, 1974). It recognises spatially separate adult feed-
ing grounds, spawning grounds and juvenile nursery
areas between which fish must migrate during certain
phases of their life cycle and the importance of the
overlap between production of appropriate prey and
peak spawning activity. Cushing (1990, 1995) noted
that feeding and spawning grounds of different plaice
stocks in the North Sea are located along different
tidal current streamlines. He argues, while point-
ing to the modelled paths of particles along these
streamlines, that these paths are sufficiently distinct
to keep stocks segregated in the North Sea, in effect
using time invariant hydrodynamics (residual current
streamlines) to explain the pattern of plaice stocks in
the North Sea. This hypothesis combines both small-
and large-scale physical processes: transport toward
productive areas along with physical conditions con-
ducive to the development of plankton blooms. The
operative physical mechanisms are the residual tidal
currents and the seasonal development of a stratified
water column.

2.2. Stable ocean

Lasker’s stable ocean hypothesis (Lasker, 1975)
examined the distribution of planktonic prey for
larval northern anchovy in relation to water col-
umn stability. He found that relatively thin layers of
appropriately sized prey items in abundances high
enough to support larval survival could indeed be
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Table |
Paradigms explaining population pattern, abundance or variability

197

Hypothesis Population pattern
Individual stocks kept distinct

by:

Abundance
Mean population level set by:

Variability
Fluctuations in abundance due
to:

Hydrographic containment
(migration triangle
match/mismatch)

the presence of tidal current
streamlines between spawning
and nursery grounds;

Stable ocean (not explained)

Encounter rate (not explained)

Member/vagrant retentive hydrographic structures
which result in limited dispersal

of early life history stages.

density-dependent growth and
survival associated with food
availability along larval drift
route:

(not explained)

(not explained)

the size of the hydrographic
structure associated with
spawning location.

timing in onset of stratification
and subsequent plankton bloom
relative to spawning date;

frequency and intensity of
mixing such that prey
aggregations at the pycnocline
are disrupted:

the influence of small-scale
turbulence on relative motion
between predator and prey;

food-web and physical loss from
appropriate habitat are both
possible.

Adapted from Sinclair and Page (1995).

found, but the existence of these layers was related
to local wind stress through turbulent mixing. Here,
we have a small-scale physical process (turbulent
mixing) mediating a biological phenomenon (devel-
opment of prey patches).

2.3. Encounter rate

Rothschild and Osborn (1988) included small-
scale turbulence and its effect on predator—prey en-
counter rates during the feeding process. The effect
of turbulence was found to enhance contact rates and
hence increase the effective prey concentration avail-
able to larvae (Sundby and Fossum, 1990). The recent
literature suggests that a dome-shaped curve exists
for capture success with respect to turbulent intensity
(MacKenzie et al., 1994). Local turbulence can be in-
fluenced by a number of factors including proximity
to surface or bottom boundaries, wind speed, stratifi-
cation, etc. The proper parameterisation of turbulence
in the encounter rate hypothesis is still debated (Den-
man and Gargett, 1995; Dower et al., 1997).

2.4. Member/vagrant

This hypothesis deals with the issue of the num-
ber of stocks (species richness) of marine organisms,

but can also explain abundance and variability (Sin-
clair, 1988). It requires that spawning take place
in regions with persistent, predictable hydrodynamic
regimes (such as gyres, tidally energetic areas, or
coastal embayments) which allow a population of
larvae, with appropriate behaviours, to remain co-
herent for the first few months of life. Here it is
the maintenance of population integrity, rather than
drift, that is important in defining self-reproducing
populations. Sinclair (1988) and Sinclair and Page
(1995) discuss the implications of this hypothesis
regarding abundance and variability. They state that
mean abundance is related to the size of the reten-
tive hydrographic feature used by the population to
limit dispersal. Variability can be density-dependent
without a trophically based argument if vagrancy is
a function of stock size (though trophic linkages are
not discounted).

3. Hydrodynamics — an overview of key
processes

In this section we present hydrodynamic pro-
cesses which characterise the regions that flatfish and
estuarine-dependent fish occupy during their early
larval (pelagic) stages. The successful recruitment
to estuarine nursery grounds depends on cross-shelf
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Fig. 2. Schematic of physical processes across an idealised shelf (from McRoy et al., 1986).

transport processes. A review of some of these pro-
cesses can be found in Wroblewski and Hofmann
(1989). A schematic of some of the physical dynam-
ics found in the cross-shore direction is shown in
Fig. 2.

The program Coastal Ocean Processes (CoOP)
states as its goal “to obtain a new level of quanti-
tative understanding of processes that dominate the
transport ... and fates of biologically, chemically,
and geologically important matter on the continental
margins” (Brink et al., 1992). They go on to state
that: “ ... Understanding cross-margin transport is
central to achieving this goal ... 7. These state-
ments reflect the state of the art in continental shelf
oceanography where our understanding and ability
to quantitatively model and predict processes that
advect or transport material (larvae) along isobaths
is greater than for those processes which transport
them across isobaths. Many of the strongest and
most persistent signals are associated with along-
shore/along-isobath flows. Exceptions are meanders
and filaments for deep ocean currents, Ekman lay-
ers, frontal instabilities, internal waves, freshwater
plumes and tidal currents. A fundamental problem
shared by coastal physical oceanographers and fish-
eries scientists studying the early life history of flat-
fish, is that processes affecting cross-margin trans-
port (i.e., the processes linking the deep ocean, the
coastal ocean, and land) are not well understood.

3.1. Outer-shelf

We define this region as the seaward edge of
the continental shelf, near the shelf break, where
the physics of offshore (deep ocean) current sys-
tems are dominant. This region has been identified
as a spawning area for several species of estuarine-
dependent fish (see Parrish et al., 1981; Boehlert and
Mundy, 1987; Hettler and Chester, 1990). There are
significant differences in the hydrodynamics depend-
ing on whether the location of interest is near an
oceanic western boundary system (e.g., near the Gulf
Stream or the Kuroshio), or whether the particular
study-site is near an eastern boundary current system
(e.g., the California or the Benguela Current sys-
tem). In either case, describing and modelling local
dynamics cannot be accomplished without consider-
ation of larger-scale (even basin-scale) processes.

3.1.1. Western boundary current systems

Driven by basin-scale wind systems and required
balances between vorticity input by winds, planetary
vorticity (due to the variable Coriolis parameter) and
relative vorticity (the horizontal shear) of the flow
itself, these systems are characterised by energetic
[O(1) m s7!] poleward warm currents. Instabilities
or fluctuations in these currents can be in the form
of meanders, rings, eddies, filaments or streamers
(Bane, 1994). These may affect larval populations
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(and eggs) differently. For those larvae (or eggs
spawned) within the main current, advection away
from the site is likely with concomitant loss to
the adjacent deep ocean. Some instances have been
documented where fish populations have left the
main current trapped (or entrained) in a ring or eddy
that impinged back on the neighbouring continental
shelf or coastal sea (Hare and Cowen, 1991, 1996).

Instabilities of western boundary currents also
affect neighbouring embayments and shelf regions.
The effects of meanders on inshore regions is re-
duced for wide embayments/shelves (on the order of
50 to 100 km). Meanders can be a source of differ-
ent water masses; they may advect larvae on or off
the shelf (Flierl and Wroblewski, 1985; Glenn and
Ebbersmeyer, 1994; Stegmann and Yoder, 1996),
or they can provide nutrients for phytoplankton
and zooplankton populations (Hofmann and Ambler,
1988). During winter months, when shelf waters
are typically cooler than oceanic waters, the warm
waters associated with the filaments have been sug-
gested to trigger spawning in certain species (e.g.,
Checkley et al., 1988).

There are also shifts in the ‘mean’ position
of western boundary currents (Miller, 1994; Bane,
1994). For reasons that are not yet understood, the
streams may remain in their onshore or offshore po-
sitions for 2 to 3 months. The frequency of meanders
impacting the shelf is generally reduced during an
‘offshore’ position but the size of the meanders can
increase.

3.1.2. Eastern boundary current systems

These systems are also driven by large-scale wind
ficlds, but are weaker than western boundary cur-
rents, with currents flowing equatorward off western
continental margins. They are best known for their
proximity to upwelling centres and large fisheries off
the west coasts of the US, South America and Africa.

Superimposed on the equatorward flows is a rich
structure of seasonal jets, eddies and ‘squirts’ (see
Brink and Cowles, 1991). Summer conditions are
typically upwelling-like with surface outcropping of
isopycnals, equatorward surface jets and poleward
subsurface (although sometimes surface) countercur-
rents. Eddies, jets and filaments are present year-
round and contribute to cross-shore exchanges. The
alongshore scale of these features can be O (100~

300) km, the cross-shore scale of O (50) km, and
the vertical extent of O (200) m. The occurrence of
these mesoscale structures appears to be related to
coastal features with the result that their frequency
and strength vary alongshore. Alongshore transport
of anchovy eggs and larvae in frontal systems of
the Benguela system has been suggested by Shel-
ton and Hutchings (1982). Squirts, jets and filaments
are likely to affect the on- and offshore transport
of pelagic larvae suggesting that behavioural adapta-
tions (e.g., vertical migration within a sheared cur-
rent) can increase retention and residence times in
coastal regions (see Hofmann et al., 1991; Botsford
etal., 1994). Sinclair et al. (1985) suggest that during
El Niflo years reduced offshore transport off Califor-
nia can result in reduced offshore losses of certain
larvae and hence increased survival.

3.1.3. Other shelf-edge regions

Shelf-edge domains, such as the Middle Atlantic
Bight off the US east coast and the European conti-
nental shelf-edge, are not part of either an eastern or
western boundary current system. Some generalisa-
tions may be made in that the shelf-edge is usually
a hydrodynamically complex region, with sampling
and modelling attempts made difficult by the abrupt
topography of the shelf-break, and the disparity in
scales found at the juncture between coastal current
dynamics and deep ocean current dynamics. There is
typically a persistent density front between the deep
ocean and shelf water masses which will generate
(unstable) baroclinic flows and internal waves result-
ing in exchanges (losses and gains) between the shelf
and the offshore regions (see Pingree and Mardell,
1981; Csanady, 1990; Flagg et al., 1994; Hare and
Cowen, 1996). Shelt-break upwelling (e.g., Heaps,
1980) and shelf-break fronts can result in regions
of increased prey aggregation (Franks, 1992, Perry
et al., 1993; Munk et al., 1995) favourable to larval
growth and survival.

3.2. Mid-shelf and shallow seas

We consider these as regions not within the di-
rect, or continuous, influence of deep ocean current
systems, but seaward of the 20 m isobath. Typical
depths range between 20 and 150 m. The broad
North Sea shelf can be considered a shallow sea
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Fig. 3. Wind-driven current generated by the longshore wind-
stress (from Csanady, 1981). The near-surtace offshore Ekman
drift is balanced by interior onshore transport during spin-up
of the coastal alongshore current. The alongshore current is in
geostrophic balance with the sea surface set-down at the coast.

rather than a component of a ‘shelf’ system. The
physical processes that tend to dominate are wind-
driven dynamics and seasonal fluctuations in buoy-
ancy input (freshwater discharges or heating and
cooling cycles). The tidal signal can contribute most
of the variability in the measured signal (Moody et
al., 1984; Pietrafesa et al., 1985) and set the local
turbulence levels in the water column. Local to-
pographic features modify this flow and determine
location of fronts (Simpson and Hunter, 1974), gen-
erate tidal residuals (Loder, 1980), etc. The physical
oceanography of mid-shelf regions is perhaps the
most studied component of the continental shelf (see
Brink, 1987; Huyer, 1990).

3.2.1. Wind-driven circulation

Our best understanding and descriptions are for
the alongshore wind-driven flow component. This
flow component is largely in geostrophic balance
with the cross-shore sea surface elevation gradient
resulting from the alongshore wind-induced conver-
gence or divergence of mass at the coast (Fig. 3).
Coastlines in general are not straight, and for a par-
ticular wind-stress field, the currents’ response can
be understood in large part by examining the effec-
tive magnitude of the alongshore wind component.
Cross-shore winds, even if comparable in magnitude
to along-shore winds, will generate weaker currents
due to the absence of the sea-surface set-up/set-down
associated with the on/offshore transport in the sur-
face Ekman layer.

While there is cross-shelf flow in frictional Ek-
man layers, the flow component over most of the
water column is mainly in the direction of the along-
shore wind stress. Thus, any consideration of the
on/offshore flow must also explicitly consider the
down-wind current. The thickness of the Ekman lay-
ers &g is given by 8§ = /2A,/f, where A, is the
vertical eddy viscosity and f is the local value of the
Coriolis parameter. The value of A, is a measure of
local turbulence levels, with values commonly in the
range of 0.001-0.05 m? s!, resulting in typical layer
thicknesses of 5 to 30 m. The levels of turbulence
increase with the strength of the currents (including
non-wind-driven currents such as tidal currents), the
wind-stress, and decrease in the presence of stratifi-
cation.

During the spin-up phase of the coastal current
there is cross-shore flow in the interior due to the
acceleration of the alongshore current (see Fig. 3).
However, in steady wind-driven cases, cross-shelf
circulation is confined to the surface and bottom Ek-
man layers, with the interior (away from the Ekman
layers) flowing in the alongshore direction. To gen-
erate an on/offshore flow within the inviscid interior
other forces or mechanisms are needed in the steady-
state case. This external force can be an along-
shore pressure gradient force which will balance an
on/offshore interior flow, e.g., by a slope of the sea-
level (or the density field) parallel to shore (Csanady,
1981; Werner and Hickey, 1983). For narrow (and
deep) shelves the pressure gradients associated with
deep ocean currents may be impressed across the
shelf, while shelves wider than 50 to 100 km (and
of depths of 50 m or less) are generally isolated
from forcing by the deep ocean regime. Alongshore
pressure gradients may also arise due to the varia-
tion of sea surface set-ups or set-downs forced by
local winds in the presence of irregular coastlines.
Hence, variation in cross-isobath transport due to
mass divergences may arise from variation in coastal
orientation (Werner et al., 1993a).

Remote wind forcing can also contribute to ob-
served currents (e.g., Battisti and Hickey, 1984) and
upwelling (Gill and Clarke, 1974). The remotely
forced signal can propagate alongshore as a trapped
long wave (a Kelvin or a shelf wave) requiring con-
sideration of larger domains to understand locally
observed phenomena (Vested et al., 1995).
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3.2.2. Buoyancy-driven circulation

Buoyancy-driven flows result from differences in
temperature or salinity fields. Large-scale buoyancy
currents tend to be broad and relatively weak, and to
follow isobaths (or f/h contours), e.g., the equator-
ward flow component in branches of the Greenland
and Labrador currents along the western North At-
lantic shelf (Loder et al., 1997). Polachek et al.
(1992) invoked the increased magnitude of the out-
flow of the St. Lawrence discharge to explain the
observed increase in off-bank transport of Georges
Bank haddock larvae in 1987.

On shelves where salinity increases seaward, there
is an additional buoyancy component of along-shelf
circulation due to the geostrophic balance of the
baroclinic pressure gradient (Leetmaa, 1976). Win-
ter-time cooling off the US east coast has been sug-
gested to generate a cross-shelf ‘cell-like’ circulation
pattern whereby (cold and dense) water sinks at the
coast crossing isobaths during its offshore transit
and is replaced (by continuity) with onshore flowing
water in the mid- and upper-layers. Checkley et al.
(1988) suggested that menhaden larvae in the upper
water column might use this flow component in their
cross-shelf transit.

Examples of smaller-scale buoyancy effects
are tidal fronts and internal waves. Seasonal
(spring/summer) heating combined with tidal mix-
ing results in the formation of temperature fronts
(Simpson and Hunter, 1974; Loder and Greenberg,
1986; Naimie, 1996). This well-known effect gener-
ates local circulation features that have been asso-
ciated with enhanced productivity and retention or
aggregation of larvae near the frontal zones (Loder
et al., 1988; Sinclair, 1988). The onset of vertical
stratification allows for the propagation of internal
waves, which has been proposed as a mechanism for
cross-isobath transport by Shanks (1983) and Pineda
(1991).

3.3. Inner-shelf

We define the inner shelf as regions inside the
20 m isobath. Due to the proximity to freshwater
(buoyant) discharges, the inner shelf is often charac-
terised by the presence of plumes and coastal fronts
(Blanton, 1986; Simpson and James, 1986; Sharples
and Simpson, 1993). Tidal currents and mixing tend

to be strong, and in this region behaviours such as
orientation to chemical cues (Creutzberg, 1961) and
selective tidal stream transport (e.g., Rothlisberg et
al., 1983; Rijnsdorp et al., 1985) become viable due
to ontogenetic changes in larval behaviour.

Another definition of the inner shelf of depth
h can be the region where the surface and bot-
tom Ekman layers merge. The vertical Ekman num-
ber E, provides a measure of the relative strength
of vertical mixing and rotational (Coriolis) effects,
E, = A,/(fh*). When E, is large O (1), frictional
forces become dominant and rotational (geostrophic)
flow components are weakened (Garrett and Loder,
1981). Wind-driven flows and transport of eggs and
larvae on the inner shelf are in the direction of the
wind (e.g., Nielsen et al., 1997). However, because
E, can be large, the water column will be ‘dragged’
as a slab; the role of Ekman layers in generating
on/offshore currents is reduced compared to mid-
shelf regions (e.g., Csanady, 1981; Blanton et al.,
1995) and two-dimensional studies of wind-induced
variability in population are valid (e.g., Van der Veer
et al., 1997). Leggett et al. (1984) found a cor-
relation between onshore winds and regulation of
year-class strength of capelin (whose life-cycle in-
cludes spawning in the nearshore and beaches). In
the inner shelf and in small embayments the variabil-
ity of the on/offshore winds is increased compared to
the mid-shelf and offshore regions.

The structure of inner-shelf frontal zones depends
on the strength of freshwater discharge and vertical
mixing within the inner shelf. If mixing is strong
(E, is large) there will be seaward flow in surface
layers and landward flow at depth, i.e., with lighter
water tending to ‘spill’ over denser water as in
gravitational estuarine circulation. As E, decreases
(A, is small or h is large) the along-front flow
increases (Garrett and Loder, 1981) and instabilities
in the frontal zone (Ruddick et al., 1995; Wheless
and Valle-Levinson, [996) contribute to exchanges
between the inner shelf and mid-shelf. While coastal
frontal zones inhibit cross-frontal exchange, some
phasing between larval vertical migration and the
currents’ shear may also be necessary to remain
within the inner shelf (e.g., Peterson et al., 1979).






