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Abstract — In the English Channel, the polychaete Pectinaria koreni forms isolated populations confined in bays
and estuaries. To determine the influence of larval dispersal variability on the observed stock fluctuations of the
three major Pectinaria koreni populations reported along the French coasts of the eastern Channel, larval
dispersal was simulated using a 2D hydrodynamical lagrangian model integrating both the tidal residual and the
wind-driven circulation. Year-to-year fluctuations of adult stocks were established from benthic surveys carried
out between 1973 and 1998. Larval dispersal patterns vary between populations according to the relative
importance of tidal advection and eddy diffusion so that local larval retention is maximal where tidal advection
is weak. Wind forcing increases the role of advection on larval transport and modifies greatly the level of
retention. Otherwise, wind-induced currents may generate larval colonisation from one population to another
one and be involved in reestablishment of depleted populations. Thus, the different local populations of
Pectinaria koreni seem to constitute a unique metapopulation, namely a number of subpopulations of adults
distributed in a patchy habitat and linked together by their planktonic larval phase. Even if temporal variations
of climatic conditions alter larval retention from year to year, larval retention at each site remains generally
more intense than larval immigration so that each population can be self-sustained. Year-to-year fluctuations of
adult stocks do not seem to be related to larval supply but controlled by post-settlement processes. © 2000
Ifremer/CNRS/IRD/Editions scientifiques et médicales Elsevier SAS
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Résumé — Influence de la variabilité de la dispersion larvaire sur la dynamique d’une métapopulation marine en
Manche. En Manche, 'annélide polychéte Pectinaria koreni est une espéce inféodée aux sédiments fins
sablo-vaseux ce qui lui confére une distribution insulaire, confinée aux baies et aux estuaires. La présente étude
a pour objectif de déterminer I'influence de la variabilit¢ du transport des larves sur la variabilité spatiale et
temporelle des trois principales populations adultes de pectinaires réparties le long des cotes frangaises de la
Manche orientale. La dispersion larvaire a été simulée a I’aide d’un mode¢le hydrodynamique lagrangien 2D de
circulation des eaux de la Manche intégrant la circulation résiduelle de marée et la circulation induite par le vent.
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Les fluctuations inter-annuelles des stocks adultes ont été établies a partir de différentes campagnes de
prélévements benthiques effectuées entre 1973 et 1998. Les schémas de dispersion larvaire varient entre les
populations en fonction de I'importance relative du courant résiduel de marée et de la diffusion turbulente de
sorte que la rétention larvaire locale est maximale quand l’advection est faible. Le forgage météorologique
accroit le role des processus advectifs sur le transport larvaire et modifie fortement le taux de rétention selon
la direction et la vitesse du vent. Par ailleurs, les courants induits par le vent peuvent occasionner des flux
larvaires entre populations et étre impliqués dans le rétablissement de populations perturbées. Ainsi, en Manche
orientale, les différentes populations locales de Pectinaria koreni ne semblent constituer qu'une seule unité
fonctionnelle structurée en métapopulation, c’est-a-dire un ensemble de sous-populations adultes distribuées
dans un environnement fragmenté et reliées entre elles par leurs stades larvaires planctoniques. Bien que les
variations climatiques inter-annuelles affectent la rétention larvaire d’'une année sur I’autre, la rétention larvaire
a chaque site demeure généralement supérieure aux apports allochtones de sorte que chaque population peut
s’auto-alimenter. Les fluctuations inter-annuelles des populations adultes ne paraissent pas liées aux apports
larvaires mais étre controlées par les meécanismes affectant la dynamique des jeunes recrues benthiques. © 2000
Ifremer/CNRS/IRD/Editions scientifiques et médicales Elsevier SAS
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1. INTRODUCTION perturbations and biological interactions such as

competition and predation, frequently lead to the
In shallow marine waters, most benthic inverte- extinction of local populations in many habitats.
brates reproduce by way of a planktonic stage Rapid recolonisation by the larval phase allows the
which may be largely dispersed in the water column survival and persistence of spatially isolated benthic

before settling to the substrate and undergoing populations [3, 18].
metamorphosis. This dispersive larval phase could
be a very important stage in explaining population
dynamics of such species. Thus patterns of local
adult population distribution and abundance are at
least partly determined by the supply of recruits,
itself linked to larval dispersal schemes [11, 45]. Be-
cause of the poor swimming abilities of larvae, lar-
val dispersal depends mainly on mesoscale spatial
hydrodynamic features (e.g. tidal residual currents,
wind-driven currents, density currents, fronts and
gyres) [39, 40]. Hydrodynamic conditions, according
to their intensity and direction, either retain larvae
in the vicinity of adult populations, which enables a
local recruitment, or on the contrary transport the
dispersive stages away from their source population.
The export may be advantageous for the population
if juveniles are able to diversify their resources of
food and space by colonizing other substrates and

In the English Channel, intense tidal currents con-
trol the distribution of superficial sediments, so that
pebbles and gravels dominate in the open sea while
sands and muds are confined in bays and estuaries
where currents are weaker [27]. As the distribution
of benthic communities is closely related to these
hydrodynamic and sedimentary gradients [7], the
patchy distribution of fine sediment species provides
an ideal environment to determine the role of bio-
logical and physical processes involved in larval dis-
persal and recruitment. Within the framework of
the French program, Programme National sur le
Déterminisme du Recrutement, the tubicolous poly-
chaete Pectinaria koreni, which is one of the domi-
nant species of the Abra alba muddy fine sand
community in the eastern Channel [6, 15, 16, 41],
has been retained as a target species for our studies.

thus lessen competition with dense populations of Pectinaria koreni is an univoltine species living 15—
adults [45]; in contrast, it may be disadvantageous 18 months with a main breeding period occurring
for the population if it causes the loss of a larval between April and July [9, 21]. Since 1986, in the
cohort [39]. On the other hand, for shallow-water eastern Bay of Seine, intensive field studies have
marine ecosystems, it has been shown that physical identified the main processes involved in Pectinaria
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koreni larval dispersal: larval ontogenic vertical mi-
gration, the Seine River plume front, tidal residual
currents and wind-driven currents. It is to be noted
that the wind is a crucial factor explaining the Pecti-
naria koreni larval dispersal variability [23, 24, 42].

Given the difficulties met by ecologists in tracking
larvae in the field [13], one available alternative is the
use of mathematical models which provide a quanti-
tative method of applying physical oceanographic
information to larval dispersal [14, 20, 44]. These
models give a synoptic view of larval distribution for
a large range of geographic, hydrodynamic and cli-
matic conditions at different spatial and temporal
scales. Moreover, they can determine the relative
influence of the various components of hydrodynamic
circulation and specific biological characteristics on
larval dispersal.

For the English Channel, a lagrangian two-dimen-
sional (2D) numerical model of water circulation has
been elaborated by Salomon [35, 36]. The model, first
elaborated to study the hydrodynamics of the English
Channel has been used to simulate water mass ex-
change between the English Channel and the North
Sea [37] and the transport of dissolved substances [4,
17]. In the eastern Bay of Seine, its application to the
transport of Pectinaria koreni larvae showed a good
agreement between field observations and simulated
results in terms of larval dispersal schemes and high-
lighted the determinant role of wind-induced currents
[10].

The objective of the present study is to determine the
role of the larval phase at a regional scale on the
functional structure of Pectinaria koreni populations,
and the effects of larval dispersal variability on the
recruitment and the dynamics of benthic adult popu-
lations. The three Pectinaria koreni populations dis-
tributed along the French coasts of the eastern
English Channel (i.e. the Bay of Veys, the eastern
Bay of Seine and along the coast between Dieppe and
Boulogne/mer) have been considered within this
study. The numerical model of the English Channel is
used to investigate influences of the location of
spawning sites, tidal residual currents and the vari-
ability in hydrodynamic circulation induced by wind
on larval dispersal. Observations on adult stock vari-
ability are presented in this paper, linked to the
results of model simulations.

2. MATERIAL AND METHODS

2.1. Study areas and benthic sampling

Along the French coasts of the eastern English Chan-
nel, three populations of Pectinaria koreni located
within the Abra alba muddy fine sand community are
reported in two semi-enclosed bays, the eastern Bay
of Seine and the Bay of Veys, and along the coast
between Dieppe and Boulogne/mer (figure 1) [5, 6,
16]. In the two former sites, the populations cover
restricted areas of about 400 and 100 km? respec-
tively. In the latter site (hereafter referred to as
“Picarde Bay’’), the population extends over a thin
band of muddy sand of about 200 km? (100 km long
and 1-4 km wide).

At the three sites the distribution and abundance of
Pectinaria koreni were assessed from different surveys
carried out between 1973 and 1998 for community
studies. The main characteristics of the methodology
used during the surveys are given in table I. During
the 1970s, a semi-quantitative sampling was per-
formed using a Rallier du Baty dredge. A volume of
30 L of sediment was sieved through a 2-mm circular
mesh from each dredge sample and live organisms
were sorted and counted on board. These data were
kindly provided by Dr Louis Cabioch (Station Bio-
logique de Roscoff). During the 1980s and 1990s,
samples (i.e. two replicates per station) were collected
using a 0.25 m?> Hamon grab. They were then sieved
as previously and preserved in 10 % buffered forma-
lin prior to sorting and counting in the laboratory.

Due to the heterogeneity in the sampling device, the
sampling period (i.e. before or after the recruitment)
and the number of sampled stations among sites and
years, the year-to-year variability in the Pectinaria
koreni abundance and distribution should be ana-
lyzed with caution. Only changes of a large magni-
tude could be determined.

2.2. Numerical model
The advection-dispersion numerical model used for

this study simulates transport and mixing of dissolved
substances and planktonic particles on time-scales
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ranging from days to years, under the influence of a with:
hydrodynamism dominated by tide and wind forces, u, velocity along x axis
by solving the following equation: v, velocity along y axis

) ) m, larval mortality coefficient
oc  oC  ocC 0°C 0°C C, larval concentration
S v k() —me =0 1 ;
ot Thax T V&y <8x2 T 6y2> m O K, tensor of turbulent diffusion.
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Figure 1. Location of study areas and distribution of the Abra alba muddy-fine sand community along the French coasts of the eastern
English Channel [5, 6, 16] which is indicated by dotted areas.

Table I. Main characteristics of sampling surveys of Pectinaria koreni populations in the eastern English Channel.

Site period Stations device

Eastern Bay of Seine February 1986 40 Hamon grab
February 1987 51 Hamon grab
February 1988 67 Hamon grab
March 1991 64 Hamon grab
March 1996 79 Hamon grab

Bay of Veys March 1973 54 Rallier du Baty dredge
September 1979 5 Hamon grab
March 1991 12 Hamon grab
March 1997 64 Hamon grab
October 1997 57 Hamon grab

Picarde Bay July 1973 48 Rallier du Baty dredge
July—September 1974 69 Rallier du Baty dredge
August 1975 35 Rallier du Baty dredge
March 1998 122 Hamon grab
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Table II. Coordinates of larval release for the three major popula-
tions of Pectinaria koreni along the French coasts of the eastern
English Channel.

Longitude Latitude
Eastern Bay of Seine 0°05’43” W 49°25°’16” N
Bay of Veys 1°07°38” W 49°25’16” N
Picarde Bay, off Penly 1°11’40” E 50°00°52” N
Picarde Bay, off the Bay of 1°27°08” E 50°27°08” N
Somme
Picarde Bay, off the Canche 1°27°08” E 50°30’33” N
estuary

The advection-dispersion model was driven by pre-
dicted currents and diffusion from an hydrodynami-
cal model of the English Channel, limits of which are
48° 18’ N and 51° 20’ N in latitude, 6° 28° W and 3°
00’ E in longitude. Its mesh size which has to be
much smaller than tidal excursions is fixed to one
nautical mile, thus forming a grid of 367 x 184 cells
[35]. The hydrodynamical model is a submodel in-
serted inside a more global one of the whole North
European shelf which provides boundary conditions
[35, 36].

The hydrodynamical model computes instantaneous
and residual velocities and trajectories for different
tide and wind conditions through the ‘barycentric
technique’ [34, 36]. Thus, for each tide/wind combi-
nation, this technique provides a single residual ve-
locity field which sums all components of the current:
the Eulerian and Stokes residuals and Lagrangian
drift. The residual velocity field enables to solve the
advection-diffusion equation using a numerical con-
servative method [38].

The calculations within the hydrodynamical model
use a semi-diurnal tide, called D2 which is a combi-
nation of the main tidal components on the north-
west European continental shelf, M2 and S2. The
model assumes a uniform wind stress over the whole
area. Wind stress is evaluated as follows:
p. Cw [WW ()
with :

T, wind stress

p,, mass per unit volume of air

C,, drag coefficient 0.0015 kg m—3

W, wind vector.

The diffusion coefficient (K) was calculated using
Elder’s law linking this coefficient to current velocity
(U) and water depth (H), considering the proportion-
ality coefficient () as a function of the time scale:

K = BUH &)

According to [36], p would be close to 0.3 for periods
of about half a week.

2.3. Presentation of simulations

The locations of larval release in the model corre-
spond to the major observed Pectinaria koreni popu-
lations along the French coasts of the eastern English
Channel. The larval release areas are located on ten
square nautical miles around the coordinates given
on table II. A single release area has been considered
for the eastern Bay of Seine and for the Bay of Veys,
while three areas have been chosen for the Picarde
Bay due to the latitudinal extend of the muddy fine
sand community. Three release areas in this latter site
seem thus more representative of the population
distribution.

The quantity of larvae released in the different stud-
ied sites is equal to 6.89 x 10'* larvae, i.e. 107 larvae
per square metre. According to the effective fecundity
of females, which ranged between 20 000 and
1200 000 ovocytes per female [1], and the sex-ratio
equal to 1 [9], this quantity of larvae represents
approximatively an adult population density of 17 to
50 ind.-m ~2. Such a density is comparable with aver-
aged adult densities of Pectinaria koreni in the eastern
Bay of Seine which vary between 32 and 85 ind.-m~—
[41].

Larval dispersal was simulated for a period of 15
days which corresponds to the period of larval devel-
opment estimated to be about two weeks from in situ
observations [25]. As this study is mainly concerned
with the scheme of larval dispersal and the relative
differences in the number of larvae settled on fav-
ourable or unfavourable substrate for their benthic
development, the mortality term was set to zero.

All the simulations were made considering an average
tide and a constant wind of speeds ranging from 0 to
15 m's—!. Two wind directions which correspond to
the dominant winds in the studied area during the
Pectinaria koreni spawning period were tested: NE
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(direction 45°) and SW (direction 225°). Wind mea-
surements in the eastern Bay of Seine during April—
June period for 1962 to 1997 show that N-NE wind
(direction varying between 340° and 60°) blew 36.5 %
of the time and W-SW wind (direction varying be-
tween 200° and 280°) was reported for 30.5 % of the
time (Meteo-France data).

With the aim of quantifying the proportion of Pecti-
naria koreni larvae settling on favourable substrates
at the end of the dispersive phase, the substrate of the
English Channel was translated into a 0/1 matrix (0:
unsuitable substrate; 1: suitable substrate). The fav-
ourable areas for the development of Pectinaria ko-
reni juveniles have been determined from the distribu-
tion charts of muddy-fine sand communities along
the French coasts of the eastern English Channel [5,
6, 16]. Each cell of the model grid has been coded
either by 1 or 0 if it represents a cell where larvae are
able or not to survive. So the number of larvae
settling on a favourable substrate corresponds to the
sum of the larvae settling on each cell multiplied by 0
or 1.

3. RESULTS

3.1. Interannual variability of benthic adult
populations

The year-to-year changes in Pectinaria koreni adult
densities and spatial distribution fluctuated strongly
between sites.

In the eastern Bay of Seine, Pectinaria koreni popula-
tion exhibited weak interannual changes. The species
was present at 55 to 72 % of the stations sampled
between 1986 and 1996 within the muddy-fine sand
community (figure 2). Maximal density values dif-
fered between years by less than one order of magni-
tude. Thus, they reached 168 ind.-0.5 m~2 in 1986,
712 ind.-0.5 m —2 in 1987, 333 ind.:0.5 m—2 in 1988,
211 ind.-0.5 m~2 in 1991 and 165 ind.-0.5 m~2 in
1996. Moreover, patches of high abundance were
commonly reported off the Seine estuary and off
Deauville.

In the Bay of Veys, the occurrence and abundance of
Pectinaria koreni varied greatly between years at dif-
ferent temporal scales as illustrated by data collected

from 1973 to 1997 (figure 3). In 1973, Pectinaria
koreni was observed in only a few sampled stations
with abundance < 10 ind. (30 L)~ !. In the same
way, Pectinaria koreni densities did not exceed 10
ind.-0.5 m =2 in 1979 and 1991. Conversely, in March
1997, the species occurred in 57 % of sampled sta-
tions with densities ranging between 1 and 329
ind.-0.5 m ~2; these organisms resulted from a high
recruitment in spring—summer 1996. On the other
hand, in October 1997, the recruits which are the sole
part of the population mapped on figure 3e, exhibited
densities ranging between 1 and 33 ind.-0.5 m~2.

The data obtained in the Picarde Bay between 1973
and 1998 showed large interannual fluctuations of
Pectinaria koreni distribution and densities (figure 4).
In 1974, Pectinaria koreni was located in a few sta-
tions between Dieppe and the south of the Bay of
Somme and off the Canche estuary. Densities re-
mained low (i.e. < 10 ind. (30 L)~ !) except at one
station where they reached 400 ind. (30 L)~'. By
contrast, in 1975, the species was observed in the
former area in most of the sampled stations at densi-
ties 10 ind. (30 L)~ !. In 1998, it was only collected
occasionally off the Bay of Somme and off Dieppe at
densities ranging between 1 and 7 ind.-0.5 m ~2.

3.2. Simulated larval dispersal

3.2.1. Larval release from the eastern Bay of Seine
Without wind, the larval cohort spreads to the west
along the coasts of Pays d’Auge and to the northwest
along the coasts of Pays de Caux (figure 5). However,
due to diffusion, the cohort dispersal is relatively
isotropic. Maximal larval abundances (> 10 000 lar-
vae m ~3) are noticed off the Seine estuary where the
presence of favourable substrates for benthic develop-
ment would favour autorecruitment: 58.05 % of the
larval cohort are retained on areas where adults are
present after 15 days of dispersal (table III).

Wind-induced currents have a strong effect on the
dispersal patterns, modifying the shape of the larval
panache and the level of retention on the suitable
substrates of the eastern Bay of Seine (figure 5; table
III). In the case of a SW wind, the larval cohort
spreads northeastwards, whereas it is transported
westwards for a NE wind. The larval maximal abun-
dance patches are also displaced under wind effects.
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Figure 2. Distribution and densities of Pectinaria koreni in the eastern Bay of Seine. (A) February 1986. (B) February 1987. (C) February
1988. (D) March 1991. (E) March 1996. Densities are expressed in ind.-(0.5 m?) ~ .
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Table III. Influence of larval release sites and wind forcing on larval retention and colonisation. Retention is the percentage of released
larvae that settled on suitable substrates of the local adult population. Colonisation is the percentage of released larvae that settled on

suitable substrates of a distant population.

Wind direction NE Wind SW wind

Wind speed 0 3 6 9 12 15 0 3 6 9 12 15
(ms™1)

Eastern Bay of Seine

Retention 58.05 54.14 21.77 1.02 0.01 2.103  58.05 53.56 31.35 13.31 1.23 0.34
Colonisation 0 0 0 1.1073 1.18 7.58 0 0 0 0 5.10°° 3.00
Bay of Veys

Retention 3.70 3.54 3.13 2.51 1.64 1.24 3.70 3.72 3.58 3.28 3.54 6.69
Colonisation 0 0 0 0 0 2104 0 0 0 0 0 9.103
Picarde estuaries - Penly

Retention 23.22 21.04 21.48 3.74 0.32 0.04 23.22 27.28 36.13 32.36 18.28 8.00
Colonisation 0 0 0 4103 1.80 39.19 0 0 0 1.10° 5.31 2.86
Picarde estuaries — Somme

Retention 40.78 40.20 37.01 22.93 8.50 1.73 40.78 40.35 37.30 25.11 13.71 6.37
Colonisation 0 0 0 0 0 7.27 0 0 0 1.29 3.69 2.50
Picarde estuaries - Canche

Retention 3.48 4.19 16.84 24.82 10.54 1.05 3.48 3.89 1.90 0.64 0.22 0.06
Colonisation 0 0 0 0 0 0.01 0 1.10°3 2.15 2.80 0.33 0.08

For a SW wind, high larval densities (hereafter re-
ferred to as 1000 larvae-m ~3) remain off the Seine
estuary, even if the maximal densities (i.e. > 10 000
larvae'm ~ %) are reported along the coasts of Pays de
Caux. However, for a NE wind, high larval densities
are flushed toward the coasts of Cotentin. Thus, for a
NE wind of 12 m's !, only low larval densities ( <
11 larvae-m ~3) remains off the Seine estuary. Conse-
quently, the percentage of retained larvae which suc-
ceed in settling decreased sharply in response to wind
speed increase, and even more strongly for NE winds
than for SW winds. About 31.35 % of the larval stock
remains on the favourable substrates of the eastern
Bay of Seine for a SW wind of 6 m's—!, and 1.23 %
for a SW wind of 12 m's~'. For a NE wind, the
proportions of larvae remaining on these suitable
substrates are 21.77 % for a NE wind of 6 m's~' and
0.01 % for a NE wind of 12 m-s~".

Larvae released from the eastern Bay of Seine are
able to colonise other favourable substrates off the
French coasts of the eastern English Channel under

particular wind conditions (table III). Thus some of
them can be transported to the suitable substrates
located along the coasts of Pays de Caux, off Dieppe,
for a SW wind >12 m-s—! during 15 consecutive
days. The percentage of larvae settling on these sub-
strates is equal to 5 x 107> % (for a SW wind of 12
m-s ') and 3.00 % (for a SW wind of 15 m-s~!). In
the same way, the larval panache can reach the
favourable substrates of the Bay of Veys for a NE
wind blowing at a speed >9 m's~ ' during 15 consec-
utive days: 0.001 to 7.58 % of released larvae can
settle on the muddy fine sand of the Bay of Veys.

3.2.2. Larval release from the Bay of Veys

Without wind, the larval cohort is carried northwards
along the coasts of Cotentin due to advection and
reaches a gyre off Barfleur where larvae are trapped
(figure 6). Maximum larval densities (> 10 000 lar-
vae m ) are confined along the coasts from the Bay
of Veys to Barfleur, even if a part of the cohort is
trapped inside the gyre. At the end of the dispersive
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phase, 3.70 % of the larval cohort remain on adult
areas (table III).

The influence of the wind on larval dispersal varies
according to its direction and intensity (figure 6; table
IIT). For a SW wind, the eddy structure off Barfleur
is weakly modified, even for a strong SW wind. As an
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example, for a SW wind of 12 m-s~!, the gyre is
displaced southwards and the spreading out of the
larval panache increases eastwards. For wind speed
<12 m's~!, the proportion of larvae retained in the
vicinity of the adult population remains grossly un-
changed around 3.5 %. Nevertheless, when the wind
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Figure 4. Distribution and densities of Pectinaria koreni in the Picarde Bay. (A) July 1973. (B) July—September 1974. (C) August 1975. (D)
March 1998. Densities are expressed in ind. (30 L) ! of sediment in 1973, 1974 and 1975 and in ind. (0.5 m?)~ "' in 1998.
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Figure 5. Simulated dispersion of a larval cohort resulting from the release of 107 eggs'm ~2 in the eastern Bay of Seine after 15 days for
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speed reaches 15 m-s—!, the proportion of larvae
retained on the adult area increases to 6.69 %. In
these climatic conditions, the larval panache comes
back massively southwards so that the maximal larval
abundance is concentrated above the favourable sub-

strates of the Bay of Veys. For NE winds, the eddy
structure is not altered as long as the wind intensity is
not high (i.e. 3—6 m's~'). When its speed exceeds 6
m-s !, the gyre collapses and the larval panache is
advected westwards, north of the Cotentin; it can
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even reach the norman-breton gulf when wind speed
exceeds 9 m-s ~'. Maximal larval densities are advected
in the same way as the rest of the cohort even if a part
of this maximum-density patch always remains along
the eastern coast of the Cotentin. Nevertheless this
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maximal larval density band becomes thinner when the
wind speed increases, flushing the panache westwards.
Thus larval retention decreases slightly when the NE
wind intensity increases, from 3.54 % for a NE wind
of 3 ms~! to 1.24% for a NE wind of 15 m's—".
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Figure 6. Simulated dispersion of a larval cohort resulting from the release of 107 eggs'm ~ 2 in the Bay of Veys after 15 days for an average
tide. (A) without wind; (B) SW wind of 6 ms~!; (C) SW wind of 12 m-s~!; (D) NE wind of 6 m's—!; (E) NE wind of 12 ms 1.
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A larval cohort released from the Bay of Veys is able
to colonise the favourable substrates of the Bay of
Seine, but only for a SW wind of 15 m's ~! during 15
consecutive days. The percentage of larvae reaching
these substrates and settling is equal to 9 x 103 %.

3.2.3. Larval release from the Picarde Bay

With no wind, the larval cohort released off Penly
drifts along the coast both upstream and downstream
from its source spawning area (figure 7). Maximal
larval densities (i.e. > 10 000 larvae-m ~?) stay where
they were released and 23.22 % of the larval population
is retained on the favourable substrates of the adult
population (table III).

The wind forcing greatly affects the direction of larval
dispersal and the magnitude of larval retention and
settlement (figure 7; table III). For a SW wind, the
larval cohort is transported northwards along the
coasts of the Picarde Bay up to the North Sea, while
it spreads southwestwards along the coasts of Pays de
Caux for a NE wind. When the SW wind speed
increases from 0 to 6 m-s — !, larval retention increases
from 23.22 to 36.13 % as larval panache remains above
the favourable substrate for larval settlement during its
drift along the coast between Penly and Boulogne sur
mer. Afterwards, for a SW wind speed exceeding 6
m-s !, the retention decreases from 36.13 to 8.00 % as
some larvae are exported toward the Southern Bight
of the North Sea beyond model limits. For a NE wind
the larval cohort is carried out of the suitable substrates
of the Picarde Bay so that larval retention decreases
when wind speed increases, from 21.48 % for a wind
of 6 m's~! to 0.04 % for a wind of 15 m-s~ .

Larvae released off Penly are able to colonise fa-
vourable substrates located in the Southern Bight of
the North Sea off Gravelines [32], for SW winds >9
m-s~ !, in proportions ranging between 10> and
2.86 % (table III). Likewise, the larval plume can reach
the favourable substrates of the eastern Bay of Seine
for a NE wind > 9 m-s ~! during 15 consecutive days.
In this case, the percentage of larvae reaching these
substrates at the end of the dispersive phase varied
from 4 x 107° to 39.19 %. One can note that the
colonisation rates exceed the retention rates for wind
speeds >12 m-s— 1.

For a release point off the Bay of Somme, larval
dispersal patterns are similar to those reported from
Penly (figure 8). Without wind, the percentage of larval

retention is equal to 40.78 % (table I1T). When the SW
wind speed exceeds 3 m-'s—!, the larval retention
decreases from 37.30 % for 6 m's~' to 6.37 % for 15
m-s —!. For NE winds, the retention decreases when the
wind speed increases from 40.20 % for a speed of 3
m-s~! to 1.73 % for a speed of 15 m-s— 1.

Larvae released off the Bay of Somme are able to
colonise the favourable substrates off Gravelines for
SW winds >9 m's—' (percentage of colonisation
ranging between 1.29 and 3.69 %), and those of the
eastern Bay of Seine for NE winds of 15 m-'s~!
(percentage of colonisation equal to 7.27 %) (table III).

When larvae are released off the Canche Bay larval
dispersal patterns, with or without wind, are almost the
same as previously described (figure 8). The main
difference resides in a higher spreading out of the larval
plume offshore to the west. The proportion of larvae
retained on the adult area has been quantified to 3.48
% without wind (table IIT). When the SW wind speed
exceeds 3 m's~!, the proportion of retained larvae
decreases from 1.90 % for 6 m's~' to 0.06 % for 15
m-s ~ ! as larvae are exported to the North Sea. For NE
winds, the larval retention is enhanced from 3.48 to
24.82 % when the wind speed increases from 0 to 9
m-s ~!. Conversely, for a NE wind ranging between 9
and 15 m's !, the retention decreases from 24.82 to
1.05%. In these latter wind conditions, the larval
plume spreads southwestwards beyond the favourable
substrates of the Picarde Bay.

Larvae released off the Canche Bay can colonise the
favourable substrates off Gravelines for a SW wind
>3 m-s— !, at a rate which varied between 10 3 and
2.80 %. The maximal colonisation rate occurs for a
wind speed of 9 m's ~!. When the wind speed exceeds
9 m-s—', the larval panache is flushed toward the
North Sea beyond the favourable substrates off Grave-
lines. These larvae are also able to colonise the fa-
vourable substrates of the eastern Bay of Seine for NE
winds of 15 m-s —! during 15 consecutive days at a low
rate of colonisation (0.01 %) (table III).

4. DISCUSSION-CONCLUSION

4.1. Intersite diversity of larval dispersal

Larval dispersal patterns depend on the relative impor-
tance of advection and turbulent diffusion at the
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site of larval release [19, 33]. Where the advective
residual velocity is weak, it can hardly exceed the
diffusion effects. A preferential direction of move-
ment exists but diffusion makes it possible for larvae
to proceed in all directions from the location of the
adult population and even backwards against the
prevailing currents. This gives the larvae the opportu-

nity to remain in the vicinity of the adult populations
in significant numbers which may allow autorecruit-
ment. Conversely, if the residual velocity is strong
enough, larvae are carried away from their release
point. For them to remain in the same place, it is
necessary that the trajectory be closed and gone
through in a time span similar to the larval lifetime.
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From both the atlas of residual currents due to tidal
and wind forcing in the English Channel [36] and the
results of the present simulations, it is possible to
determine for each Pectinaria koreni population in
the eastern English Channel, the relative effects of the
advective and diffusive processes on larval dispersal.
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According to the predicted flow field due to tidal

forcing, three patterns can be distinguished:

1. diffusion dominance (i.e. low tidal advection —
low diffusion). Despite its weakness, the turbulent
diffusion is the dominant process controlling lar-
val dispersal off Penly, off the Bay of Somme and
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in the eastern Bay of Seine. In the two former sites
where residual current velocities are about 1 and
1-3 cm's ~ ! respectively diffusion explains why the
larval panache spreads both upstream and down-
stream of the release point. In the eastern Bay of
Seine, larval dispersal is mainly isotropic in rela-
tion to diffusive processes even if residual currents
(I-3 cm's~') induce a larval transport preferen-
tially to the west and the northwest.

. advection dominance (i.e. high tidal advection —
low to high diffusion). From the Bay of Veys,
larvae are carried along the Cotentin coasts to
Barfleur by residual currents of 3—15 cm's ~! and
then trapped in a gyre. The increase of turbulent
diffusion north and east of Barfleur enables a
spreading out of the larval cohort within the gyre.

. advection-diffusion dominance (i.e. moderate tidal
advection — moderate diffusion). Off the Canche
estuary, larvae are mainly advected northwards to
the Dover Strait by residual currents of 3-7
cm's~! while an increase of turbulent diffusion
west of the estuary induces a large spreading out
of larvae offshore.

Wind-induced currents may be greater than tidal
residual ones, depending both on the tidal advection
strength and on the wind direction and intensity [36]
and modify the relative importance of advective and
diffusive processes, and consequently larval dispersal
patterns. The wind effect gets stronger as advection
weakens. In sites where tidal residual advection is
weak (<3 em-s '), wind enhances the role of advec-
tive processes by increasing the velocity of residual
currents by a factor 2 to 4. As an example, in the
eastern Bay of Seine and off Penly, residual currents
vary between 5 and 11 cm's~!, and 3 and 7 cm's !
for a NE wind and a SW wind of 8 m's~!' respec-
tively [36]. Wind-induced currents increase the extent
of larval dispersal plume. According to its direction
wind will either strengthen tidal advection if the two
processes act in the same direction (e.g. SW wind in
the Picarde Bay) or on the contrary negate tidal
advection if they act in opposite directions (e.g. SW
wind in the eastern Bay of Seine). The relative impor-
tance of wind-induced currents and tidal residual
currents will depend on the wind intensity, which has
to be greater than a threshold value to counteract the
tidal effect.

When tidal advection is strong, as in the Bay of Veys,

the influence of wind on the larval dispersal lessens,
even if the dispersal area increases. A NE wind
slightly increases the tidal residual currents but it
disrupts the tidally-induced gyre off Barfleur when it
is strong enough (>9 m-'s~!') . On the contrary, a
SW wind >9 m's~' decreases the tidal advection
effect (i.e. the residual current speed ranges between 1
and 7 cm's—' along the Cotentin coasts) and dis-
places the eddy structure southwards.

4.2. Retention and colonisation schemes

For all emission sites and meteorological conditions,
the simulation results show larval retention levels
which vary among sites and according to wind direc-
tion and intensity. On the other hand, pelagic disper-
sal under particular wind conditions leads to
opportunities for colonisation of distant muddy fine
sand patches. In some cases, the proportion of larvae
reaching other suitable substrates even exceeds the
proportion staying on the emission site:

1. the colonisation of the eastern Bay of Seine by
larvae from the Picarde Bay for NE wind > 12
ms— 1

. the colonisation of the Bay of Veys by larvae from
the eastern Bay of Seine for NE wind > 15 m-s !

. the colonisation of the Picarde Bay by larvae from
the eastern Bay of Seine for SW wind > 15
ms— .

These possibilities of colonisation allow a reduction

of the larval loss during dispersal although they

generally require exceptional wind conditions: a uni-
form and intense wind during 15 consecutive days.

Retention and colonisation patterns are a function of
local hydrodynamic characteristics [19], adult habitat
size [19] and inter-annual variability of climatic con-
ditions [2, 46]. Using a simple advection-diffusion-
mortality model, Hill [19] argued that level of
turbulent diffusion on the European shelf causes
insufficient larval losses to affect larval settlement for
a benthic population, while moderate advection (4—5
cm's — ') generates a drastic decrease in larval reten-
tion. This author has also shown that for a given
larval life duration and hydrodynamic conditions, a
minimal size of adult habitat could be defined below
which no larval retention occurs. Predicted larval
distribution for the three Pectinaria koreni popula-
tions of the French coasts of the English Channel
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conform partly to such assumptions. In areas charac-
terized by low tidal residual currents (eastern Bay of
Seine and off the Bay of Somme), a high larval
retention (58.05 and 40.78 % respectively) was re-
ported as some larvae are able to spread back to-
wards the adult area against the prevailing currents.
The increase of residual currents in response to wind
forcing reduce by several orders of magnitude larval
retention in these sites but favour larval colonisation
of neighbouring suitable substrates. From field stud-
ies in the eastern Bay of Seine on Pectinaria koreni
larvae, Lagadeuc [23] has previously observed that
wind-induced currents are the major source of vari-
ability of larval transport in coastal zones of the
English Channel.

Despite low to moderate tidal residual currents, lar-
val retention from a larval release off Penly and off
the Canche estuary remains low (23.22 and 3.48 %
respectively) compared to a release off the Bay of
Somme or from the eastern Bay of Seine. As these
larval emission sites are located at the southern and
northern limits of the adult habitat, most larvae are
dispersed over unsuitable substrates. By enhancing
advective processes in one direction along a coastal
band, wind-induced currents would favour either lar-
val retention (i.e. release off Penly for a SW wind and
off the Canche estuary for a NE wind) or larval
colonisation of distant populations (release off Penly
for a NE wind and off the Canche estuary for a SW
wind).

In the Bay of Veys, according to the smaller size of
the adult habitat and the higher residual circulation,
larval retention is lower than that calculated in the
two previous sites but is not negligible (around
3.5 %).

Interannual climatic variations have a strong influ-
ence on larval dispersal patterns and settlement so
that year-to-year variations in prevailing winds can
leave annual signatures on population structure. In
Narragansett Bay, USA, Bertness et al. [2], found
that spatial and temporal variation in settlement of
the acorn barnacle is strongly correlated with wind
direction from daily to annual scale. McConnaughey
et al. [28], showed also the strong influence of wind
on larval dispersal of the crab Cancer magister so
that settlement along the southern Washington coasts
is heavier the years when the net Ekman transport is
landward. During Pectinaria koreni reproductive pe-

riod (April-June) for 1962-1997, wind observations
at La Heve Cape (eastern Bay of Seine) revealed that
N-NE and W-SW winds blew between 21 and 57 %,
and 17 and 49 % of the time respectively (Meteo-
France data). Assuming that these data are represen-
tative of the global wind regime of the eastern
English Channel, such an inter-annual variability of
wind dominance could greatly affect larval retention
within each site and the abilities of colonisation of
distant populations between years.

4.3. Functional structure of the Pectinaria koreni
populations

Predicted larval dispersal shows that each of the three
Pectinaria koreni populations can be self-sustained as
larval retention is generally more important than
larval immigration from distant sites. Despite sizeable
larval losses, retention at the end of the larval phase
could generally maintain more organisms on suitable
substrates than are necessary to sustain the local
population. As an example, larval retention in the
eastern Bay of Seine ranges between 1.02 and 58.05 %
for low to moderate winds ( <9 m-s~!), which corre-
sponds to settler densities of 17 600 and 999 900
ind.-m ~ 2 respectively for a adult habitat of 400 km?.
Conversely, on the same site, the density of settlers
drops sharply to 35 ind.-m~2 for a NE wind of 15
m-s L,

Larval colonisation from one population to another
one may also occur. Larval colonisation may result
from larval fluxes induced by exceptional wind condi-
tions (e.g. from the eastern Bay of Seine to the Bay of
Veys for a NE wind >9 m's ™', from the eastern Bay
of Seine to the Picarde Bay for a SW wind > 12
m-s~'). Such fluxes should be quite rare as NE and
SW wind speeds during Pectinaria koreni reproduc-
tive period were commonly < 10 m-s~! (Meteo-
France data). Conversely, at the Picarde Bay site
where the Pectinaria koreni population is patchily
distributed within the muddy fine sand community,
simulations highlight usual larval exchanges between
these patches (off Penly, off the Bay of Somme, off
the Canche estuary) which occur under moderate
wind conditions (<6 m-s~'). In this case, we can
hypothesize that larvae constitute a common pool
moving along a coastal band and settling preferen-
tially in one area depending on wind direction and
speed. Such transport has been previously reported
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by Lagadeuc and Brylinski [22] who argued that the
recruitment of the polychaete Polydora ciliata off
Boulogne/mer is influenced by larval supply from a
population situated 70 km to the south.

The three Pectinaria koreni populations along the
French coasts of the eastern English Channel can be
defined as a metapopulation (sensu [3]), since they
consist of “a number of subpopulations of adults
distributed along a coast, linked by dispersal of
planktonic larval stage”. The functional structure of
the metapopulation showing local larval retention
and larval fluxes between sites according to all simu-
lated wind conditions is summarized in figure 9.

4.4. Relative importance of pre- and post-settlement
processes

The field observations of adult stocks have shown a
relative year-to-year stability in terms of density and
distribution of the Pectinaria koreni population in the
eastern Bay of Seine, as opposed to the year-to-year
instability of the Bay of Veys and Picarde Bay popu-
lations. Despite significant larval retention for all
populations, the differences in the long-term fluctua-
tions of Pectinaria koreni populations between the
different studied sites can not be explained primarily
by larval supply.
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In the eastern Bay of Seine, the adult population is
distributed in patches of high abundance which cover
areas of a few square kilometres off the Seine estuary
and Deauville [26, 41]. Field studies however have
shown that larval settlement occurs with the same
intensity over the whole muddy fine sand community
[26]. Although a minimal larval retention is determi-
nant to explain adult population stability, Thiébaut et
al. [41] argued that post-settlement processes including
post-larval dispersal [31] and adult-juvenile interac-
tions [8] are the primary factors controlling population
distribution. Therefore, post-settlement processes
would be a key factor to explain year-to-year fluctua-
tions of adult densities for the three studied Pectinaria
koreni populations. While most recent studies on the
importance of larval supply to adult population limi-
tation and regulation have focused on rocky shore
communities [11, 12, 29], several authors have empha-
sised the significant role of post-settlement processes
for soft sediment communities [30] or subtidal epifau-
nal fouling assemblages [43]. For soft-sediment com-
munities, Olafsson et al. [30] have cited four main
processes which can operate to regulate density of
invertebrates: predation, adult-juvenile interactions,
physical disturbance and food limitation. Due to the
lack of knowledge on long-term variations of abiotic
and biotic parameters in the Bay of Veys and along the
Picarde estuaries, we cannot determine which post-set-
tlement processes are mainly involved. To conclude, as
transport of larvae between sites is rare, larval reten-
tion within a site is the predominant process for
repopulation from one year to another. Despite year-
to-year variations in larval supply according to climatic
conditions, post-settlement processes may regulate
primarily the adult population abundance and distri-
bution. Over the long-term occasional larval transport
between sites may be involved in the reestablishment
of depleted populations and for the maintenance of
genetic similarity among local populations.
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