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Abstract:

The honeycomb worm Sabellaria alveolata forms biogenic reefs which constitute diversity hotspots on
tidal flats. The largest known reefs in Europe, located in the Bay of Mont-Saint-Michel (English
Channel), are suffering increasing anthropogenic disturbances which raise the question of their
sustainability. As the ability to recover depends partly on the recolonization of damaged reefs by larval
supply, evaluating larval dispersal and the connectivity between distant reefs is a major challenge for
their conservation. In the present study, we used a 3D biophysical model to simulate larval dispersal
under realistic hydroclimatic conditions and estimate larval retention and exchanges among the two
reefs of different sizes within the bay. The model takes into account fine-scale hydrodynamic
circulation (800x800 m2), advection—diffusion larval transport, and gregarious settlement behaviour.
According to the field data, larval dispersal was simulated for a minimal planktonic larval duration
ranging from 4 to 8 weeks and the larval mortality was set to 0.09 d™*. The results highlighted the role
played by a coastal eddy on larval retention within the bay, as suggested by previous in situ
observations. Very different dispersal patterns were revealed depending on the spawning reef
location, although the two reefs were located only 15 km apart. The settlement success of the larvae
released from the smallest reef was mainly related to tidal conditions at spawning, with the highest
settlement success for releases at neap tide. The settlement success of the larvae from the biggest
reef was more dependent on meteorological conditions: favourable W and SW winds may promote a
ten-fold increase in settlement success. Strong year-to-year variability was observed in settlers’
numbers, with favourable environmental windows not always coinciding with the main reproductive
periods of Sabellaria. Settlement kinetics indicated that the ability to delay metamorphosis could
significantly improve the settlement success. Although bidirectional exchanges occurred between the
two reefs, the highest settlers’ numbers originated from the biggest reef because of its stronger
reproductive output. Because of the recent decline of this reef due to increasing anthropogenic
disturbances larval supply in the bay may not be sufficient enough to ensure the sustainability of the
remarkable habitat formed by Sabellaria alveolata reefs.
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1. Introduction

In coastal temperate regions, reef-building organisms including polychaetes (e.g. sabellariids,
serpulids) and bivalves (e.g. mytilids, ostreids) act as ecosystem engineers by physically creating,
modifying and maintaining habitats (Jones et al., 1997). By adding micro-scale topographic complexity to
the environment, biogenic reefs offer shelters for a large number of marine species and form local
hotspots of biodiversity. Although the direct positive effects of the structures built by ecosystem
engineers can last longer than the lifetime of the engineer itself, sheltered species diversity tends to
decline with the degradation of the reef (Hastings et al., 2007). Thus, the protection of such habitats
constitute a major challenge for the biodiversity conservation as they are increasingly threatened by both
climate changes and anthropogenic disturbances, such as pollution, overfishing of reef-associated species,
or physical degradation of the reefs (Vorberg, 1995; Duboais et al., 2002, 2006). To inventory, preserve
and restore the biogenic reefs, action plans have been recently proposed like the European Habitats
Directive (“Council Directive 92/43/EEC on the Conservation of Natural Habitats and of Wild Fauna and
Flora”) whose Annex I lists the biogenic reefs of open seas and tidal areasamong the “natural habitat
types of community interest whose conservation requires the designation of special areas of
conservation” (Holt et al., 1998). Nevertheless, more research is generally needed to evaluate the
extinction risk of those reefs and to propose specific protection management.

Like most marine benthic invertebrates, reef-building organisms exhibit a bentho-pelagic life cycle
including a planktonic larval stage of development and two sedentary benthic juvenile and adult stages.
For those organisms, successful settlement requires that larvae reach a suitable habitat within a
competency period at the end of larval development. It depends on numerous factors involved in larval

dispersal and results either from the local retention of larvae or from the connectivity among spatially



isolated populations (Caley et al., 1996). Since they drive planktonic larvae, oceanographic processes
(e.g. tidal residual currents, wind-induced currents, upwellings, river plumes or gyres) and their
variability on time and space scales relevant to the life history of the organism greatly control larval
dispersal. On the other hand, dispersal abilities also depend on the interactions between hydrodynamics
and biological properties, like spawning period, larval stage duration or larval behaviour. Larval dispersal
and connectivity (i.e. the exchange of individuals among geographically isolated marine populations) play
then a major role in marine population and metapopulation dynamics in the face of habitat fragmentation
(Kinlan etal., 2005; Hastings and Botsford, 2006). A marine metapopulation is defined as a system of
discrete local populations which are strongly dependent upon local demogaphic processes but are also
influenced by external supply for population replenishment (Kritzer and Sale, 2003). The metapopulation
concept, which has been dramatically developed in marine ecology during the last decade, has become
crucial for the maintenance of local adult populations, their ability to recover from natural and
anthropogenic disturbances or the implementation of marine conservation and management strategies
(Botsford et al. 2001; Hastings and Botsford, 2006). Spatially explicit models highlight the importance of
the size and location of discrete local populations and of the spatial scales of dispersal and connectivity in
the metapopulation dynamics (Botsford et al. 1994; Gaines etal. 2003; Gerber et al. 2003).

The honeycomb worm Sabellaria alveolata is the most common reef-building polychaete along the
NE Atlantic coasts, living in the intertidal fringe from the Solway Firth (West Scotland) to the South of
the Moroccan coasts (Cunningham et al., 1984). Along the European coasts, the largest reef structures are
located in the Bay of Mont-Saint-Michel (English Channel) where they form irregularly shaped, patchy
banks that may exceed one meter high and cover a surface of several hundreds of hectares. The two main

formations reported within the bay (i.e. Sainte-Anne reef and Champeaux reef) provide a complex habitat
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for macrofauna and exhibit high levels of biodiversity that contrast with the surrounding soft-bottom
environments (Dubois et al., 2002). If these biodiversity hotspots are a highly dynamic habitat subject to
numerous natural perturbations (e.g. storms), they are also increasingly threatened by direct and indirect
anthropogenic disturbances including the colonization by mussels and oysters from local aquaculture, the
development of ephemeral green algae in response to eutrophication or the physical degradation of the
reef through trampling and shellfish farming (Dubois et al., 2002, 2006). These disturbances may cause
significant damages to the reef structure and a reduction in density of new recruits has already been
reported (Dubois etal., 2006).

According to these damages, the long-term persistence of Sabellaria alveolata reefs in the Bay of
Mont-Saint-Michel is questionable and would partly depend on sufficient larval supply during the worm
life span, which varies between 4 and 5 years and can more rarely reach 8-10 years (Wilson, 1971). Larval
supply may be all the more important since large year-to-year variations in the recruitment of Sabellaria
alveolata were commonly reported (Wilson, 1971; Gruet, 1986). Indeed, as a species with a long larval
life span (Wilson, 1968b; Cazaux, 1970; Dubois et al., 2007), one speculative possibility to explain
recruitment failure would be the lack of larval supply due to circulation conditions flushing larvae away
from the reefs (Holt et al., 1998). Conversely, several processes have been proposed to explain local
successful settlement and reducedlarval losses in this species. First, competent Sabellaria alveolata
larvae - i.e. larvae that have acquired the ability to settle - exhibit an active habitat selection and are able
to delay metamorphosis (Wilson, 1968a; Pawlick, 1988). Second, in the Bay of Mont-Saint-Michel,
Sabellaria alveolata presents an extended reproductive period with a semi-continuous spawning from
April to October (Dubois, 2003; Dubois et al., 2007). This long period of larval occurrence in the water

column increases the probability that some larvae match favourable environmental conditions and



successfully settle. Third, preliminary field observations on larval distribution carried out within the bay
in July 2002 suggested that the tidal residual circulation, especially the occurrence of eddy structures
could limit larval horizontal transport and contribute to larval retention for a few weeks (Dubois etal.,
2007).

While understanding factors that control larval dispersal and larval supply to benthic populations is a
fundamental issue in conservation biology, quantifying empirically these parameters and their spatio-
temporal variations remains extremely difficult. Nevertheless, recent methodological developments
including molecular ecology, geochemical fingerprinting and hydrodynamic modelling provide new
powerful tools to study larval dispersal (see the review by Levin, 2006). Numerical simulations constitute
a quantitative approach to better understand the role of highly changeable hydrodynamics and biological
factors on larval dispersal, and estimate dispersal distance and potential origin of larval supply. Although
biophysical models vary a lot in terms of spatial scales andcomplexity, two main types of model are
commonly used to simulate larval dispersal in marine organisms: (i) Eulerian models that solve an
advection-diffusion equation and provide the spatial and temporal evolution of larval concentrations at
each mesh point and (i1) Lagrangian models (also called indvidual-based models or IBM) that compute
individual particle pathways. The latter have been widely used during the last years to follow the
trajectories of a large number of larval particles with specific parameters (e.g. larval growth, larval
behaviour) in order to simulate the dispersal of different marine invertebrates and fishes (see review by
Miller, 2007, and references therein). Conversely, advection-diffusion models allow to save computing
time when larval transport is simulated for a long period of time and when no individual specificities are
considered, usually because of limited knowledge of biological parameters such as growth conditions or

behaviour response to the environment. Although a comprehensive larval dispersal model should account



for 3D flow regimes, individual larval locomotion and some demographic parameters, dispersal has been
successfully modelled as an advection-diffusion process for several invertebrates like polychaetes (Jolly et
al., in press), bivalves (Gilg and Hilbish, 2003), echinoderms (Dunstan and Bax, 2007), and corals (Treml
et al., 2008). Here, we propose to explore realistic potential dispersal of Sabellaria alveolata larvae in an
Eulerian framework using a 3-dimensional hydrodynamic model of the Bay of Mont-Saint-Michel which
predicts tidally and wind-induced currents, and drives an advection-diffusion larval transport model
accounting also for larval mortality and settlement. In this context, the aims of our study are (1) to assess
the role of hydrodynamic variations on the variability of larval dispersal andlarval settlement within the
bay, (2) to estimate larval exchanges between the two isolated reefs of the bay and (3) to evaluate the
influence of spawning date and delayed metamorphosis on settlement kinetics. These results will be
discussed in terms of Sabellaria alveolata reefs sustainability in the Bay of Mont-Saint-Michel and the
designation of conservation strategies. Is the self-replenishment sufficient to ensure the long-term
persistence of reefs within the bay? What is the relative importance of both reefs on regional larval

supply? Should protection measures privilege one reef?

2. Material and Methods

2.1. Study area

The Bay of Mont-Saint-Michel forms a coastal embayment in the southeast of the Gulf of Saint-
Malo (western English Channel) and covers an area of about 500 knt between the Pointe du Grouin and
Granville, including 240 km? of tidal flats (Fig. 1). It is a macrotidal system with a tidal range reaching 16

m during spring tide and maximal instantaneous tidal currents varying between 0.5 and 0.8 m s™' (Orbi
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and Salomon, 1988). Freshwater inputs coming from 3 small rivers (i.e. the Sée, the Sélune and the
Couesnon) do not exceed 25 m’ s™! and have insignificant effect on the circulation. The water column is
well-mixed in most of the bay all along the year because the strong tidal currents cause intense vertical
mixing (Pingree et al, 1985). In the Gulf of Saint-Malo, residual circulation depends mainly on the tides
and is characterized by the occurrence of several cyclonic and anticyclonic gyres (Salomon and Breton,
1993; Salomon et al., 1996). They result either of the tidal motion rotating around islands as around the
Channel Islands (e.g. Jersey and Chausey Islands) or of cape-effects as off Cancale. Those gyres are
perennial, although the gyre off Cancale can be sporadically altered under particular wind conditions (i.e.
constant southern wind exceeding 8 m s™') (Salomon and Breton, 1993).

Two main Sabellaria alveolata reefs of different sizes are present in the intertidal zone of the Bay of
Mont-Saint-Michel: (1) the largest one in the central part of the bay (i.e. Sainte-Anne reef, 48°35'N-
01°40'W) with a projected 3D-surface area of 2.23 ki’ and (2) the smallest one in the East of the bay (i.e.
Champeaux reef, 48°44°N-01°33'W) with a projected 3D-surface area of 0.29 knr’. Sainte-Anne reef is
located adjacentto extensive culture structures for mussels and oysters. The reefs form a mosaic of three
morphological stages representative of the reef dynamics: ball-shaped sructures, platforms, and degraded
reef (Gruet, 1982). Each stage corresponds to different infaunal species assemblages and to different

demographic structures of the S. alveolata population (Dubois etal., 2002).

2.2. The hydrodynamic model
The circulation in the Gulf of Saint-Malo is simulated using a three-dimensional hydrodynamic
model, i.e. the Model for Applications at Regional Scale (MARS) (Lazure and Dumas, 2008), which is a

primitive equation, finite-difference model in sigma coordinates. It solves the Navier-Stokes equations
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under the conventional Boussinesq and hydrostatic assumptions (see Appendix 1 for the detailed
equations of the hydrodynamic model). One original aspect of the model is that the barotropic mode (free
surface wave propagation) is semi-implicitly solved using an Alternate Direction Implicit scheme; it
allows a coupling with the baroclinic mode (internal motion) using identical time discretization. Grid
cells emerging at low tide have the ability to dry and wet in a mass-conservative way (Plus et al, 2009).
This model has been shown to reproduce accurately both hydrodynamic and hydrological structures, such
as instantaneous tidal currents or tidal elevation on the Bay of Biscay continental shelf (Lazure and
Dumas, 2008) or in a very shallow coastal embayment, the Arcachon Bay (Plus et al., 2009). It has been
qualitatively evaluated in the Bay of Mont-Saint-Michel by the comparison with the observed
hydrodynamic structures, such as the gyre off Cancale, evidenced by neutrally buoyant floats (Orbi and
Salomon, 1988), measurements of radioactive tracers (Bailly du Bois and Dumas, 2005), or direct current
measurements (Sentchev et al, 2009). The MARS 3D model was extensively used to study transport of
dissolved and particulate matter on the NW European continental shelves (Lazure and Jegou, 1998;
Delhez et al., 2004 ; Allain et al., 2007; Xie et al., 2007; Lazure and Dumas, 2008).

In the present study, the model domain extends from 48°49'00°” N to 49°34'00’’N in latitude and from
02°27'34" W to 01°23'42" W in longitude according to the well-known limits of hydrodynamic residual
structures in the English Channel (Salomon and Breton, 1993). Those model boundaries are also
sufficient for the potential maximal distance reached by the larvae during their dispersion. The horizontal
grid is regular with a mesh size of 800 m. Ten sigma levels (i.e. terrain-following curvilinear coordinates)
are used with relative heights from the bottom to the surface of : 15 %, 15 %, 15 %, 15 %, 12.5 %, 10 %,
7.5 %, 4.5 %, 3.5 %, and 2 % ; spacing is much closer near the surface to better resolve the surface layers.

The coastline was provided by the “Service Hydrographique et Océanographique de la Marine” (SHOM)
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(map resolution of 25/1000). The model bathymetry was estimated from: (1) LIDAR data with a 5-meter
resolution for the intertidal flat of the bay (see Populus et al, 2004), (2) IFREMER hydrographic data
from mono-beam sounder with one measurement every 4 m along transects located every 200 m in the
subtidal area of the bay, and (3) SHOM numerical bathymetry maps for the rest of the gulf. The open
boundary conditions (i.e. free surface elevation) were obtained from two larger nested barotropic models
(one for the NW European continental shelf extending from Portugal to Iceland, with a horizontal
resolution of 5.6 km, and one for the English Channel, with a horizontal resolution of 3 km) which took
into account the 8 main tidal waves (M,, S,, N», K, Oy, K, P, and Q,). Tidal constituents along the open
boundary of the largest model were extracted from the Schwiderski atlas (Schwiderski, 1983). Here, for
the 3 models, surface wind stress and pressure were provided by the meteorological ARPEGE model
from MétéoFrance. This regional model has a spatial resolution of 0.5° in longitude and latitude and
gives 4 analysed wind and pressure fields per day. Given the flat surrounding topography, orographic
channelling potentially caused by local winds are considered negligible and the role played by local winds
on the circulation of the bay is not taken into account. Simulated wind stress was highly correlated to
wind data observed at different weather stations along the coasts of the Gulf of Saint-Malo (data not
shown). River discharges in the Bay of Mont-Saint-Michel are considered negligible (mean outflow of 7

m’® s') and are thus not taken into account in the model.

2.3. The larval transport model
To simulate the transport of Sabellaria alveolata larvae, an Eulerian approach was chosen instead of
a Lagrangian approach because of the lack of enough data to parameterize individual larval behaviour

and development in response to environmental parameters. The larval transport is calculated by solving



12
the following advection-diffusion-mortality equation in a mass conservative form using the 3D current
velocity fields calculated by the hydrodynamic model:

oD[uC—kx2€) aD(vC—k 2 GD(W*C—k—Zg
oDC OD|UC—kxGZ| aD[vC-kyE) D?o0jores ()

+
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with C, the larval concentration per grid cell, D, the water column height, ¢, the time, x and y, the

horizontal coordinates, g, the vertical sigma coordinate, u, the zonal velocity, v, the meridional velocity,
w*, the vertical velocity in the sigma coordinate framework, &, and k,, the horizontal eddy diffusivity
coefficients, k., the vertical eddy diffusivity, r, the larval release term (see section 2.4), u, the constant
mortality rate, and s, the larval settlement term (see section 2.5).

Coastal boundaries are perfectly reflecting while the open sea boundaries are absorbing a larva that
is transported outside these boundaries is lost and can not return in the model domain. Even if
preliminary observations suggested that the vertical distribution of Sabellaria alveolata larvae in the Bay
of Mont-Saint-Michel may vary over short-term periods (Dubois, 2003; Dubois et al., 2007), field
observations are still lacking to describe analytically the vertical distribution of the larvae and to
parametrize it in the present model in a realistic manner. Larvae are thus considered in a first
approximation as passive, i.e. not able to control their vertical position. As no falling or swimming
velocity is taken into account in the transport equation, simulated larval densities are homogeneous along
the vertical axis (data not shown).

Although larval mortality is an important demographic parameter in the understanding of the role of
the larval phase on benthic populations’ dynamics (i.e. fate of larval supply, connectivity between distant
populations) (Cowen et al., 2000; Ellien et al., 2004), accurate estimations of larval mortality and its

variability are generally lacking for most invertebrates. Here, the mortality rate was fixed at 0.09 d
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following an 8-months temporal survey of Sabellaria larvae abundances in the bay (Dubois et al., 2007).
It was supposed constant in time and space. A preliminary sensitivity study to this parameter with rates
ranging from 0to 0.36 d' indicated that the final number of settlers was inversely proportional to the

mortality rate but that its variation did not alter larval dispersal patterns and settlement dynamics.

2.4. Larval release

Sabellaria alveolata 1s a gonochoric species with a sex-ratio of 1:1 (Dubois, 2003). It is an
iteroparous breeder whose individuals become mature after one year. Within the bay, the spawning occurs
throughout most of the year (from April to October) with two main periods in eady May to June and in
September (Dubois et al., 2007). Ovigerous females are reported throughout the year and represent up to
65 % of the female populations (15 % on average) (Dubois, 2003). If the fecundity is highly variable
among females and seasons, a mean value of 100000 ovocytes per female has been calculated (Dubois,
2003). Despite an external fertilization, the aggregative distribution of adults suggests a high fertilization
success, so a fertilization success of 80% was assumed (Eckman, 1996).

Spawning was simulated within the bay at the locations of the two reefs that correspond to 4 grid
cells for the Sainte-Anne reef and to 1 grid cell for the Champeaux reef. According to field observations
(Dubois et al., 2002; Dubois, 2003), the size of the adult population for both reefs was estimated from (1)
the surface of each reef, (2) the proportions of the different reef structures, and (3) the mean density of
adult worms for each type of reef structure (Table 1). The number of larvae released by each reef during a
spawning event was calculated from (1) the adult population size, (2) a 1:1 sex ratio, (3) the mean
proportion of ovigerous females within the population, (4) the mean fecundity and (5) a 80 % fertilization

rate (Table 1). For each spawning event, a total of 2.52x10" and 4.8x10" larvae was then released from
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the Sainte-Anne and Champeaux reefs, respectively.

Dubois et al. (2007) suggested that the seasonal reproduction of S. alveolata may be related to spring
temperature increaseand to spring and autumn phytoplanktonic blooms. By contrast, the numerous
exogenous and endogenous cues that may control the short-term rhythmicity of spawning events at the
population level remain unknown while it has been reported that spawning of intertidal polychaetes may
occur at the incoming tide and during a few successive days (Bentley and Pacey, 1992; Olive, 1992). On
the other hand, for different marine invertebrates like mussels or sea urchins, the occurrence in the water
column of specific chemical signals (e.g. phytoplankton blooms, sperm from conspecifics) may enhance
the synchrony of spawning and trigger mass spawning (Starr et al., 1990). In most simulations, larvae are

then released instantaneously at high tide in the lowest grid cells located above the reefs as follows in the
sigma coordinate framework (x, y, 0):

ar(x,y,a,t) _ No

ot - Vo) when t=to (2)

| X, Y |€|reef coordinates|

Or(x,y,a,t) _0

ot otherwise

with r, the larval release function, N,, the total number of released larvae, ¢, the time at high tide and, V,,
o(1), the volume of the lower cell of coordinates (x, y, g(1)).

The volume of the lower cell of coordinates (x, y, g(1)) is given by:

Vo) =S(x, y)hoyonyD(x, y) 3)

with S(x,y), the surface of a cell equal to 0.16 ki, &), the relative height of the lowest sigma layer
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equal to 0.15 and, D(x,y), the total water column height.

To evaluate the impact of this simple formulation of spawning, 3 other formulations of larval release
are considered: a uniform continuous spawning of 4 h over one tidal cycle, a symmetric semi-continuous
spawning over 3 tidal cycles and a symmetric semi-continuous spawning over 5 tidal cycles. The detailed

equations for these larval release formulations are given in Appendix 2.

2.5. Larval settlement

From laboratory cultures, Wilson (1968b, 1970) reported large variations in Sabellaria alveolata
larval life span, from 6 weeks to 11 months, partly in relation to natural variability among individuals and
culture conditions (food, temperature). Conversely, Dubois et al. (2007) estimated from in situ larval
sampling in the Bay of Mont-Saint-Michel that planktonic lifetime ranged between 4 and 10 weeks. On
the other hand, competent larvae positively respond to chemical cues produced by the congeneric adult
and juvenile tubes and could delay metamorphosis if proper environment for settlement is not
encountered (Wilson, 1968a; Pawlick, 1988). In the present study, we considered that when the larvae
become competent, they can delay their settlement during 4 more weeks. The age at competence, i.e. the
minimal planktonic larval duration (PLD), was set at 6 weeks, leading to a maximal PLD of 10 weeks. To
assess the consequences on settlement of PLD variations related to seasonal variations in environmental
conditions (e.g. temperature, food availability), 9 values of minimal PLD ranging from 4 to 8 weeks were
also tested.

Chemosensory responses of larvae to specific cues associated with the bottom are likely (1) to
modify larval behaviour in the water column and favour larval concentration near the bottom, and (2) to

increase the probability of substratum acceptance (Eckman, 1996). As the behaviour of Sabellaria
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competent larvae and the maximal perception distance of the chemical cues remain unknown, larval
settlement was simulated according to the following criteria: (1) larvae can settle from the beginning of
the competence period (i.e. minimal PLD) and delay their metamorphosis during 4 weeks (i.e. maximal
PLD = minimal PLD + 4 weeks); (2) larval settlement was restricted to the grid cells above the adult reefs
and within the last 3 m above the bottom; (3) 50 % of the competent larvae present within the last 3 m

above an adult reef settled. The detailed equation of the larval settlement term is given below:

os\x,y,o,t
ﬁt( y ) =rspoC(x,y,0) when t min PLD <t <t min PLD +t delay
4)

| X, y|€|reef coordinates|

Zperception +H
o< aberception = L
(+H
as(x,y,a,t) —0
ot otherwise

with s, the larval settlement function, r,, the settlement rate fixed at 50%, p, the proportion of the
sigma layers in which larvae can detect adult habitat, #,.,».n, the age at competence, #4..,, the maximal
metamorphosis delay fixed at 4 weeks, Zerepion, the maximal perception distance fixed at 3 meters, H, the
absolute value of bottom position, ¢, the sea surface elevation.

For any sigma layer, the proportion of the sigma layer in which larvae can detect adult habitat is
defined as:

ps =1 when O < Oy

Po = Operception - Ot When 0 = Oy

ps =0 when O > Oy
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where O, is the higher sigma level above the maximal perception distance z percepiion defined by:

O inf<{ operception<ainf+1
b

2.6. Simulations

For both reefs, several sets of larval dispersal simulations were performed to investigate the
influences of tides and winds at different temporal scales over the whole Sabellaria alveolata spawning
period (Table 2). First, 4 types of larval release (instantaneous spawning, uniform continuous spawning
during 1 tidal cycle, symmetric semi-continuous spawning during 3 tidal cycles, and symmetric semi-
continuous spawning during 5 tidal cycles) were tested during average tide conditions in June 2002 and
with no wind forcing. Second, the influence of the lunar tidal cycle was determined following
instantaneous spawning events in different tidal conditions and with no wind forcing between March and
October 2002: 16 spawning events in average tide, 7 spawning events in neap tide, and 7 spawning events
in spring tide. Third, to assess the role of wind stress, the 16 previous simulations performed for a
spawning in average tide were realised again under a real wind forcing. Finally, to estimate the influence
of inter-annual variability in the meteorological conditions, larval dispersal was simulated between 2000
and 2004, for 7 spawning events in average tide each year, under a real wind forcing. A sensitivity
analysis on the age at competence was also performed with minimal PLD ranging from 4 to 8 weeks for
an instantaneous spawning release in average tide condition and with no wind forcing.

For each simulation, the following parameters were calculated at the end of the dispersal phase:
(1) the density of autochthonous and allochthonous settlers for each reef;

(2) the retention rate within each reef (i.e. ratio between the number of autochthonous settlers in a reef
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and the total number of larvae released from this reef);

(3) the colonization rate of each reef (i.e. ratio between the number of allochthonous settlers in the
colonized reef and the total number of larvae emitted from the colonizing reef);

(4) the total settlement rate from each reef (i.e. ratio between the total number settlers from a reef and the
total number of larvae emitted from this reef);

(5) the allochthonous settlement ratio for each reef (i.e. ratio between the number of allochthonous and

autochthonous settlers within a reef).

3. Results
3.1. Residual circulation in the Gulf of Saint-Malo

Without wind forcing, the tidal residual circulation of the Gulf of Saint-Malo was characterized by
large spatial variations in current velocity, from less than 2 cm s to more than 20 cm s”. It exhibited also
remarkable meso-scale features including an alongshore current (eastwards off the Brittany then
northwards off the Normandy, velocity from 5 to 10 cm s™') and several cyclonic (anticlockwise) and
anticyclonic (clockwise) gyres (Hg. 2A). Cyclonic gyres were formed around the Jersey Island and Les
Minquiers Archipelago while an anticyclonic cape gyre of [J15 km in diameter occurred off Cancale. The
areas with the slowest currents (< 2.5 cm s) were located in the South of Granville and in the North of
Chausey Island. Maximal currents (> 20 cm s™) were locally reported off different capes and around Les
Minquiers.

Wind forcing could partly alter this circulation scheme according to its direction and velocity. As an
example, Figs. 2B and 2C illustrate the effect of a uniform moderate wind stress (velocity of 11 m s™)

from SW and NE on the residual circulation, these compass directions corresponding to dominant winds
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in the bay. Under a SW wind forcing, the spatial extent of the gyre off Cancale was then reduced to the
western half of the Bay of Mont-Saint-Michel (Fig. 2B). The alongshore currents off Saint Malo and the
Normandy coasts were accelerated and low currents (< 2.5 cm s™') were reported in the South of the bay.
Under a NE wind forcing, the gyre off Cancale was extended to the entire Bay of Mont-Saint-Michel (30
km of diameter) (Fig. 2C). Residual currents within the gyre were strengthened (> 10 cm s in the south)

while the northwards current along the Normandy coasts was slightly decreased.

3.2. Influence of tides on larval dispersal and settlement
3.2.1. General pattern of larval dispersal

Without wind forcing, dispersal simulations of larvae released instantaneously at high tide and in
average tide conditions showed that most larvae were progressively retained in the gyre off Cancale (Fig.
3). The larval cohort never extended further than 20 km westward from the Pointe du Grouin but could
spread northwards along the Cotentin coast.

However, dispersal pattems differed according to the emission reef (Fig. 3). Following a spawning
event from Sainte-Anne, larvae were first transported westwards (Fig. 3A) and were then trapped in the
gyre off Cancale (Fig. 3B). When the larvae become competent at 6 weeks, the highest larval
concentrations (i.e.> 12,000 ind m?) were located outside the bay in the north of Cancale and a
significant northward export of larval cohort was reported along the Cotentin coast on a distance of 60
km from Granville (> 2,000 ind m?) (Fig. 3C). Larval densities reached only 2,900 and 2,000 ind m*
above the adult reefs of Champeaux and Sainte-Anne respectively. After 10 weeks, the settlement rate
within the bay is equal to 3.19x10* %.

On the contrary, following a larval release from Champeaux, a larger proportion of larvae remained

confined in the innermost part of the bay (Fig. 3E). After 6 weeks of dispersal, highest larval
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concentrations were observed in the gyre off Cancale (> 3,000 ind m™?) and within the bay (> 2,000 ind
m?) (Fig. 3F). Larval concentrations atove the adult reefs of Champeaux and Sainte-Anne were of 800
and 1,000 ind m™?, respectively. The northward extension of the larval patch along the Normandy coast
did not exceed 30 km from Granville. The settlement rate after 10 weeks reached 2.39x107 %.

These patterns will be used afterwards as reference conditions to assess the influence of tides and

winds on larval dispersal.

3.2.2. Influence of larval release duration

The dispersal patterns were not modified if larval release occurred uniformly and continuously
during 1 tidal cycle or semi-continuously and symmetrically during 3 or 5 tidal cycles (data not shown).
Likewise, the total settlement rates from Sainte-Anne and Champeaux did not significantly vary with the
larval release duration (Fig. 4). The settlement rate from Sainte-Anne ranged from 8.87x10™ to 9.03x10™*
while the settlement rate from Champeaux varied from 2.39x107 to 2.63x107 with a lightly lower

settlement rate when the larval release was instantaneous.

3.2.3. Influence of the lunar tidal cycle at spawning time

Without wind forcing, the stages of the spring-neap tidal cycle at larval release had different
consequences on the settlement success of larvae according to the emission reef (Fig. 5). For larvae
released from Sainte-Anne, the settlement success did not depend significantly on the tidal range at
spawning date: the retention rate varied slightly between 2.17x10* and 3.47x10™* % (Fig. 5A) while the
colonization rate fluctuated between 3.79x10* and 5.67x10* % (Fig. 5B). On the contrary, the settlement
rates of larvae released from Champeaux significantly decreased with the tidal range (Spearman rank

correlation coefficient r; = - 0.834 with p-value < 0.001 for the retention rate and r; = - 0.883 with p-value
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< 0.001 for the colonization rate). At this site, the retention rate decreased from 2.11x10 to 7.13x10™* %
when the tidal range increased from 3.3 to 12.2 m (Fig. 5A). In average, it was about twice smaller for a
release in spring tide (8.68x10™* % + 0.82x10™ %, n=7) than in neap tide (15.9x10* + 3.5x10*, n=7).
Likewise, the colonization rate from Champeaux to Sainte-Anne decreased from 19.3x10™ to 5.34x10* %
for a rise in the tidal range from 3.3 m to 12.2 m (Fig. 5B). The mean percentage of larvae released at
Champeaux and successfully settling at Sainte-Anne showed a twofold decrease between a spring tide
spawning (6.78x10* % =+ 0.95x10™ %, n=7) and a neap tide one (14.5x10* % + 2.5x10* %, n=7). Even if
retention and colonization rates were always higher for larvae released at Champeaux rather than at
Sainte-Anne whatever the tidal range, maximal differences between both reefs were observed for a
spawning at neap tide. In these conditions, the retention rate in Champeaux may be seven times higher
than the retention rate in Sainte-Anne while the colonization rate from Champeaux may be five times
higher than the colonization rate from Sainte-Anne. For a release in average tide from Champeaux, the
variability of the settlement rates was due to tidal conditions the days following the larval release (neap or
spring tide).

The ratio of allochthonous settlers vs. autochthonous settlers varied according to the reefs and the
tidal range (Fig. 5C). Since the settlement of the larvae released from the Sainte-Anne reef was mostly
independent of the tidal range during the spawning, the variation of this ratio was directly due to the
variation of the number of settlers from Champeaux. At Sainte-Anne, the ratio decreased from 1.31 to
0.34 when the tidal range increased (Fg. 5C). While the settlement at this reef depended rather on
allochthonous settlers for a release in neap tide, settlers were mainly autochthonous for a release in
average or spring tide. At Champeaux, the ratio increased from 0.99 to 3.49 when the tidal range

increased indicating that the proportion of allochthonous settlers became increasingly important (Fig.
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5C). For a release at spring tide, allochthonous settlers at Champeaux could be 3 times more abundant
than autochthonous settlers.

The effect of the lunar tidal cycle at spawning time on the settlement success of larvae released at
Champeaux was related to the role of this environmental parameter on the dispersal pattems (Fig. 6).
Only a few days after spawning, differences in larval dispersal were already reported according to the
tidal range so that the transport to the south was amplified for a release in spring tide (Fig. 6D) in
comparison with a release in neap tide (Fig. 6A). After 3 weeks of dispersal, most larvae were located in
the innermost part of the bay for a release in neap tide (larval concentration >70,000 ind m?) (Fig. 6B)
whereas larvae were mainly trapped in the gyre off Cancale for a release in spring tide (larval
concentration >30,000 ind m™) (Fig. 6E). At larval competency, after 6 weeks of dispersal, even if the
extent of the larval cohort was similar whatever the tidal range at spawning time, large spatial variations
in larval distribution were still apparent: larval concentrations within the bay were higher for a release in

neap tide (> 3,000 ind m'?) (Fig. 6C) than for a release in spring tide (> 1,000 ind m ?) (Fig. 6F).

3.3. Influence of wind conditions on larval dispersal and settlement
3.3.1. Seasonal variability of larval settlement under realistic meteorological conditions
Results for bimonthly larval releases from March to October 2002 under real wind conditions
(releases at high tide during average tide conditions) indicated that a realistic wind forcing influenced
larval settlement within the bay and could induce a seasonal variability in the success of the larval
cohorts (Fig. 7). However, the effect of this forcing showed some variations according to the release reef.
For a release at Champeaux, the wind forcing in 2002 tended to have no effect or to slightly decrease
the retention rate (average retention rate of 1.09x107 + 0.47x10”* % with wind forcing vs. 1.23x10° +

0.15x10” % without wind forcing) except for 3 spawning events (Fig. 7A). Thus, the retention rate in



23

Champeaux was increased about 1.5 folds for the larvae released on 10 May, 23 May and 4 October.
Likewise, the colonization rate from Champeaux to Sainte-Anne was generally smaller than those
obtained without wind forcing (average colonization rate of 0.81x107 + 0.43x10” % with wind forcing vs.
1.18x107* £ 0.16x10”* % without wind forcing) (Fig. 7B). Only larvae released on 10 May exhibited a two-
fold increase in the colonization rate of Sainte-Anne reef in the presence of wind forcing.

By contrast, the retention and colonization rates of larvae released from Sainte-Anne could be
strongly modified by the meteorological conditions in 2002. The wind forcing strongly enhanced the
retention rates for 6 spawning events out of 16, from the end of April to the end of June and in mid-
October (Fig. 7C). In comparison with no wind forcing, the retention was multiplied by about 3 for a
larval release on 24 April and 22 June, by 4.5 for a release on 19 October, by 5.4 for a release on 9 June
and by about 6.5 for a release on 10 and 23 May. For the other 10 spawning events, the retention rates
obtained under real wind forcing are close to those obtained without wind forcing. Because of wind
forcing, the colonization rate from Sainte-Anne to Champeaux was also strongly increased at the same
dates, from a factor 1.6 for a larval release on 24 April to a factor 9.8 for a larval release on 23 May (Fig
7D).

The maximum increase in the retention and colonization rates of larvae released at Sainte-Anne was
achieved with a nearly constant westerly or south-westerly wind as shown for larval releases on 10 May,
23 May and 19 October 2002 (Fig. 8). Other wind conditions generated dispersal patterns comparable to
those obtained with tidal forcing only. If the maximal extent of the larval cohort after 6 weeks of
dispersal was slightly modified by wind forcing (compare with Figs. 3 & 6), the location of the highest
larval concentrations was highly dependent on meteorological conditions.

For a release on 10 May 2002, larvae were subjected to a SW wind for the first 3 weeks, and then
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alternatively to NW and W winds (mean velocity of 5.3 m s*) (Fig. 8C). After 3 and 6 weeks of dispersal,
larvae were mainly located within the bay and in the gyre off Cancale (Fig. 8A-B). At both periods, the
highest larval concentrations (> 120,000 and 15,000 ind m* respectively) were confined in the south-
eastern part of the bay. For a release on 19 October 2002, the wind was mainly from W- SW and then S
(average velocity of 6.86 m s') except for a 2-week period characterized by an E wind (5.90 m s™) (Fig.
8L). After 3 weeks of dispersal, larval distribution was close to the one obtained for a release on 10 May
with maximal concentrations (> 150,000 ind m*) reported in the south-eastern part of the bay (Fig. 8J).
After 6 weeks, the S wind forcing resulted in a larval transportt to the north along the Normandy coasts
with maximal larval concentrations (> 15,000 ind m?) between Champeaux and Granville (Fig. 8K). For
both release dates, the different wind conditions induced very similar enhance of colonization rate while
the increase in the retention rate was stronger for a release on 10 May.

For a release on 23 May 2002, larvae were subjected to a fairly constant W wind with some short
NW wind events (mean velocity of 4.8 m s™) (Fig. 8F). In response to this forcing, the quantity of larvae
trapped in the gyre off Cancale remained low. After 3 and 6 weeks of dispersal, maximal larval
concentrations (>200,000 and 24,000 ind m™) were confined in the eastern part of the bay (Fig. 8D-E),
explaining the large increase of the colonization rate from Sainte-Anne to Champeaux.

During the dispersal of the larvae released on 21 August 2002, wind blew from NE during the first 7
weeks (mean velocity of 4.3 m s') and then from SW during the last 3 weeks (mean velocity of 6.8 m s™)
(Fig. 81). These wind conditions leaded to larval dispersal patterns similar to those observed without
wind forcing so that larvae were mainly located outside the bay, either trapped in the gyre off Cancale or

transported northwards along the Cotentin coast (Fig. 3B-C, Fig. 8G-H).
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3.3.2. Year-to-year variability of larval settlement under realistic meteorological conditions

Variations in meteorological conditions induced high intra- and inter-annual variability of the larval
settlement (i.e. origin and number of settlers) as shown from the simulations of monthly spawning events
under real wind forcing from April to October between 2000 and 2004 (Fig. 9). The number of settlers
varied by a factor 3 to 4 within a year while the most favourable period for settlement varied among
years. The highest settlements were obtained in October in 2000, in July, August and October in 2001, in
May and June in 2002, in Ma in 2003 or in April in 2004. As already mentioned, variations in settlement
were mainly related to the meteorological conditions encountered by larvae through their life span. For
instance, for the spawning events simulated in May, only the wind conditions observed in 2002 and 2003
were favourable to high settlements. For both years, the wind blew from SW for the first 3 weeks and then
mainly from W with an average velocity of 5.3 and 4.4 m s respectively. By contrag, larvae released in
May 2000, 2001, and 2004 were subject to changing wind conditions (NE then W and SW in 2000; NE,
NW and W in 2001; W, N and W in 2004) that induced lower settlements.

At the scale of the bay, the highest settlements were mainly due to the high retention and
colonization rates of larvae released from the Sainte-Anne reef. Indeed, for those spawning events, the
abundance of both autochthonous settlers in Sainte-Anne and allochthonous settlers in Champeaux were
strongly increased, except for the spawning of October 2000 for which only the allochthonous settlers in
Champeaux was enhanced (Fig. 9). Settlers from Sainte-Anne represented beween 42.1 and 95.3 % of
the total number of settlers in the bay whereas larvae released at Sainte-Anne represented 84 % of the
reproductive output during one spawning event. Settlement at the Sainte-Anne reef was mainly due to
local larval supply (mean allochthonous settlement ratio of 0.59 + 0.47 ) while settlement at the

Champeaux reef resulted from distant larval supply (mean allochthonous settlement ratio of 3.83 +£4.03).
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3.4. Settlement kinetics and metamorphosis delay

To evaluate the influence of the capacity of competent larvae to delay metamorphosis, the settlement
kinetics was analyzed for all the simulations. As an example, Fig. 10 provides the cumulative number of
settlers following a larval release at Sainte-Anne, from the beginning to the end of the settlement period;
4 distinct spawning events for which larval dispersal has been already described have been selected (see
Fig. 8). Although the final settlers’ abundance was highly variable depending on the spawning date, the
settlement kinetics for larvae retained locally or colonizing the Champeaux reef was similar for most
spawning events. Thus, for a larval release on 10 May, 21 August and 19 October 2002, the cumulated
number of settlers increased sharply during the first week of the settlement and reached an asymptote
after 10-15 days. Conversely, for some spawning events; the settlement kinetics was more complex. For a
larval release in Sainte-Anne on 23 May 2002, the temporal evolution of the number of local settlers
increased regularly over the first 15 days while the evolution of the number of colonizers occurred in 2
steps: one between 0 and 5 days and one between 8 and 15 days (Fig. 10B). The hydroclimatic conditions
encountered by larvae after this spawning (i.e. mainly western wind) ensured the transport of competent
larvae to the eastern part of the bay that favoured a strong and regular colonization rate of the Champeaux
reef over 2 weeks and a low initial settlement rate of the Sainte-Anne reef over 5 days (see Fig. 7B).
However, a short event of northern wind between 50 and 55 days after the spawning promoted a slight
westwards transport of larvae above the Sainte-Anne reef that induced a second local settlement phase 9
days after the settlement beginning. Such a result suggests that the delay of the metamorphosis could
significantly improve the settlement success within the bay in response to short-term variations in larval

transport.
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The total number of settlers varied according to the minimal planktonic larval duration, i.e. the age at
competence (Fig. 11). For an instantaneous larval release and a without wind forcing dispersal, the total
number of settlers decreased exponentially from 1.43x10" to 7.04x10® when the age at competence
increased from 4 to 8 weeks. This exponential decreasein settlers’ number obtained for a longer minimal
PLD was mainly related to larval losses through natural mortality and in alesser extent to an increase in
larval export. However, such quantitative variations in the PLD did not alter larval dispersal patterns or

the relative influence of the two reefs to the replenishment of adult populations.

4. Discussion

Field observations performed in 2002 have shown that large-scale spatial distribution of Sabellaria
alveolata larvae was patchy and was mainly controlled by residual currents (Dubois etal., 2007). Highest
densities (up to 28,000 larvae m?) were generally located in nearshore waters close to the adult reefs or
were trapped within the gyre off Cancale. A northward extension of the larval patch was also reported
along the western coast of Normandy with larval densities reaching about 100 larvae m™. Although these
observations highlighted a potential larval retention within the bay, the lack of long-term observations
hampered evaluating the consequences of larval supply variability on the large year-to-year variations in
recruitment reported in the Bay of Mont-Saint-Michel (Gruet, 1986). Furthermore, the role of the
connectivity between the two Sabellaria reefs on settlement dynamics within the bay remained unknown.
As an alternative, we used in the present study a 3D hydrodynamic model with a numerical code already
evaluated on the NW European continental shelf (Lazure and Dumas, 2008) or in a coastal shallow
embayment (Plus et al., 2009). It provided simulated results which were qualitatively in good agreement

with spatial and temporal larval field surveys (Dubois etal., 2007). Even if absolute values of settlement
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might be uncertain due to biological simplifications (e.g. no seasonal variations in larval release, constant
larval mortality rate, passive behaviour), the variations of these values in response to spatial and temporal

variations of physical forcing remained meaningful and could be studied in a sensitivity analysis.

4.1. Relative importance of hydrodynamic processes

Simulated larval dispersal pattems and settlement success were highly variable between the two
reefs although they were located only 15 km apart. Settlement success was generally lower for the larvae
released from the Sainte-Anne reef than for the larvae from the Champeaux reef, especially without wind
forcing. On the other hand, settlement success of larvae from Champeaux varied mainly in response to
variations in tidal conditions at spawning date while settlement success of larvae from Sainte-Anne was
more dependent on meteorological conditions during dispersal. These discrepancies between the two
parental reefs due to their spatial location indicate that small-scale and nearshore physical processes play
an important role in larval transport and could vary at the scale of a few kilometers (Largier, 2003). As
previously pointed out by several studies investigating the importance of scale griding in larval dispersal
modelling (Guizien et al., 2006, Baums et al., 2006), our work underlines the necessity of developing
models whose spatial resolution is adapted to the scale of the predominant hydrodynamical features of the
study area.

Without wind forcing, larvae released from Sainte-Anne were quickly transported to the West of
the bay and then exported northwards through the gyre off Cancale. Afterwards, they either remained
trapped within the gyre or were transported along the western coasts of Normandy. Since most larvae
were already located outside the Bay of Mont-Saint-Michel within a few weeks after the spawning event,

settlement success was low and was not affected by the tidal conditions during larval release. Conversely,
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larvae released from Champeaux were slowly transported to the West. A significant part of the larval
patch was maintained in the inner part of the bay during the whole larval life span while some larvae
were flushed outside the bay, within the gyre off Cancale or along the Normandy coasts. Therefore, such
retention within the bay promoted the settlement success of larvae released from Champeaux but varied
with tidal conditions at spawning. Settlement rates decreased when the tidal range, and consequently tidal
currents, increased. Hence, for a larval release at Champeaux during a neap tide, slower currents advected
larvae that remained close to the shore on shorter distances alongshore in comparison with a larval
release during a spring tide: larval retention in the innermost part of the bay was increased while the
larval “flushing” outside the bay was decreased.

The transport of the larval cohort at the very beginning of the dispersal appeared to be primordial
for the rest of the larval dispersal and the settlement success, suggesting that larval fate could be
determined very early in the larval life span (Verdier-Bonnet et al., 1997).

Although no information occurs on spawning trigger mechanisms for Sabellaria alveolata,
mechanical action of the flood currents on mature females has been reported to induce larval release for
some intertidal polychaetes (Bentley and Pacey, 1992) and wave activity has been shown as tightly linked
with spawning events in the sabellariid reef-building polychaete Phragmatopoma lapidosa (McCarthy et
al., 2003). Chemical cues related to phytoplankton blooms and/or sperm from conspecifics have also been
reported to promote massive spawning in widely separated invertebrate phyla (Starr et al., 1990). On the
other hand, the influence of the lunar or the tidal cycle upon spawning has been demonstrated in many
marine polychaetes which spawn coincidentally either with spring tides or neap tides (Bentley and Pacey,
1992). In the present model, the mathematical formulation of larval release (i.e. instantaneous, continuous

and uniform over a tidal cycle, semi-continuous and symmetric over 3 or 5 tidal cycles) had no significant
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effect on the settlement rates, suggesting that the simplistic formulation of this biological mechanism
retained for most simulations (i.e. instantaneous release) did not alter our conclusions on the relative role
of hydrodynamic processes. Conversely, if Sabellaria alveolata spawning occurs in relation to lunar
cycle, this mechanism might significantly influence settlement success of larvae released from
Champeaux, by preventing their export out of the bay for a release in neap tide.

Although tidal residual currents are the main cause of the long-term water mass transport in the
English Channel, wind-induced currents can play a significant role at shorter time scales and have been
described to prevail in the variability of larval dispersal (Lagadeuc, 1992; Ellien et al., 2004). Wind
conditions can greatly modify the larval dispersal pattems and ultimately increase or decrease the
settlement success by altering the local circulation. Such effect was particularly observed for larvae
released from Sainte-Anne with a settlement success varying by one order of magnitude according to
realistic meteorological forcing. As already reported for the tide effects on larval dispersal, settlement
success was high when wind-induced hydrodynamic conditions constrained the larvae within the bay
since larval release. Thus, the occurrence of SW and NW winds decreased the spatial extension of the
gyre off Cancale, slowed down residual currents in the inner part of the bay, and increased the residence
time of larvae within the bay. Over the reproductive period of Sabellaria alveolata, the variations in the
meteorological conditions should induce a very high seasonal and inter-annual variability of larval
dispersal pattems (Ellien et al., 2004; Pedersen et al., 2006) and settlement success (Botsford, 2001). The
co-occurrence of particular wind conditions and high recuitment events have been commonly reported
for several species with a pelagic dispersive stage in different coastal environments like the blue crab
Callinectes sapidus in the Middle Atlantic Bight (Jones and Epifanio, 1995) or several species of crabs,

sea urchins and sea stars in the Northern California (Wing et al., 1995).
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The consequences of this variability on population sustainability would vary according to the
temporal scales of observation. Within a year, high settlements would occur only if larvae are released in
a temporal window favourable to larval retention. If such a window seemed to be present each year, the
period at which it has been simulated was highly variable from one year to another (e.g. October in 2000,
May in 2003, April in 2004), suggesting that the date of massive settlements could vary among years.
Furthermore, while the Sabellaria alveolata reproductive period has been estimated to extend from
March to October, larval release is not continuous and two main periods of spawning have been identified
in May-June and in September (Dubois, 2003; Dubois et al., 2007). From our simulations under realistic
meteorological conditions for the years 2000 to 2004, a larval release in May-June or September could
lead to very high settlements only for some particular years like 2002 or 2003. The presence or the
absence of an optimal environmental window during the two main spawning periods may explain the
large year-to-year variations in recruitment success although other causes could be proposed including
post-settlement mortality (Wilson, 1971). Moreover a spatio-temporal field survey carried out in 2001 has
revealed a very low concentration of S. alveolata larvae compared to the same 2002 field survey (Dubois,
2003; Dubois et al., 2007), hence supporting the idea of large year-to-year variability in optimal
environmental windows. On the other hand, at temporal scales relevant to the life history of the organism,
an extended spawning period from spring to autumn could increase the likelihood that larval cohorts
benefit some years of favourable hydroclimatic conditions. For an iteroparous species, Byers and Pringle
(2006) showed that multiple spawning events over multiple years increase the variability of
hydrodynamics encountered by the larvae produced by an individual and enhance larval retention.
Although numerous larvae may be transported away from local populations, an extended reproductive

period can be described as an efficient strategy to maximize retention and long-term sustainability of
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adult populations.

The complex role of eddy structures on larval dispersal and retention has been recently pointed out
(Largier, 2003; Baums et al., 2006). Thus, eddies are commonly reported to cause trapping of particles
and act as a crossing barrier to larval dispersal, enhancing local retention and settlement. On the other
hand, coastal eddies can concentrate larvae from different source populations and promote the
connectivity among populations. In the English Channel, two types of eddies were distinguished in a
recent work based on a steady state modelling analysis: gyres around islands that form strong
dissemination areas, and headland eddies that constitute tracer accumulation area (Ménesguen and Gohin,
2006). Our results are coherent with this description which classifies the gyre off Cancale as a retention
structure and confirm field observations on meroplankton distribution suggesting that this gyre may act
as a physical trap for Sabellaria alveolata larvae (Dubois et al., 2007). Nevertheless, as eddies occur on
many spatial and temporal scales, their efficiency to promote larval retention and enhance local
settlement depends on their life time relative to larval life span and on their size relative to the spatial
extent of the benthic population (Largier, 2003). In our case, simulated depth-averaged residual currents
highlighted the long-term persistence of the gyre off Cancale for different wind directions and a wind
velocity < 11 m s'. Such a velocity is rarely exceeded during Sabellaria alveolata reproductive period
from April to October between 2000 and 2004 (i.e. less than 0.75 % of daily wind measurements) and
one can assume that the gyre off Cancale acts as a retention area during the whole Sabellaria larval life
span. By contrast, the extent of the gyre largely exceeded the restricted habitat occupied by Sabellaria
reefs. Thus, depending on the variability of meteorological conditions, the geographical location and the
spatial extent of the gyre off Cancale were highly variable with either positive or negative effects on the

settlement of Sabellaria alveolata larvae. Settlement success was promoted only if competent Sabellaria



33

larvae were transported above the reefs by the currents. The lowest settlement rates were then simulated
when most larvae were advected outside the bay and were then trapped in the gyre in the North of
Cancale. Conversely, the highest settlement rates were reported when larvae were early constrained in the
inner part of the bay and were maintained there close to adult reefs. This situation occurred when western

winds constrained the location and the extent of the gyre within the bay.

4.2. Relative role of biological parameters

Larval dispersal results from interactions between hydrodynamic features and biological factors
including spawning location and date, as already discussed above, but also planktonic larval duration,
capacity to delay metamorphosis, larval mortality, and larval behaviour. Compared to an individual-based
model, individual variability has not been taken into account in our Eulerian approach of larval dispersal.
However, an individual-based model of larval dispersal including individual variability of vertical
behaviour and some population dynamics parameters cannot be parametrize currently as deeper
knowledge of the Sabellaria alveolata larval biology in response to environmental variability is still
lacking. In this context, our results yet allow to discuss the limitation of setting simple biological traits in
dispersal models.

Larval mortality is a parameter of the larval biology that remains poorly known for most marine
benthic invertebrates because of the difficulties to obtain accurate estimates from field studies and of its
large variability among species and environments (Rumrill, 1990). Usually, in larval dispersal model, the
mortality term is either neglected or arbitrary fixed while a misrepresentation of the larval mortality can
alter the simulated larval distribution (Dekshenieks et al., 1997) or biased the estimations of local larval

supply and connectivity between distant populations (Cowen et al., 2000; Ellien et al., 2004). As an
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example, retention is more likely than expected when model incorporates mortality (Cowen et al., 2000).
Here, to be as realistic as possible, we used a mortality rate obtained from bi-monthly field observations
of Sabellaria larval densities at four stations in the Bay of Mont-Saint-Michel (1 =0.09 d). This value
was in good agreement with the range of mortality rate reported for 23 species of marine invertebrates by
Rumrill (1990) (mean = 0.229 d'; SD = 0.228; range = 0.016 to 0.820 d'). However, we assumed that
there was no spatial and temporal variation in mortality rate. Larval mortality can result from
unfavourable environmental parameters such as temperature and food availability, predation, and intrinsic
individual variability (Rumrill, 1990). The unfavourable environmental conditions rarely induce a direct
mortality, but rather an indirect one, by prolonging the planktonic larval duration and consequently
enhancing the exposition to predation and larval transport (O’Connor etal., 2007). In the Bay of Mont-
Saint-Michel, the lack of strong hydrological gradients may justify the assumption of no spatial variation
in the mortality rate due to environmental conditions (Dubois etal., 2007). By contrast, the seasonal
variations of temperature and chlorophyll a concentrations over the extended reproductive period of
Sabellaria from April to October may induce a seasonal variation in the planktonic larval duration and
the mortality rate. This variation would not affect the relative differences between reefs in the numbers
and origins of larvae for each spawning event. But it should strongly influence the prediction of the
absolute values of settlers’ density and strengthen the seasonal variation in the settlement rate already
described in relation to seasonal changes in meteorological variations. Indeed, Sabellaria alveolata has a
long planktonic larval duration which can generate high larval losses because of larval mortality and
larval export away from the adult reefs which form a very restrictive habitat. The sensitivity analysis
performed on the planktonic larval duration indicated that a longer PLD induced lower settlers’ density

because of higher larval losses through mortality. On the other hand, numerous shellfish farming
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structures are located in the south-western part of the bay which could induce spatially heterogeneous
mortality due to predation by cultivated oysters and mussels (Lehane and Davenport, 2006; Troost et al.,
2008). This stronger mortality above oyster and mussel beds may preferentially affect young larvae
released from the Sainte-Anne reef or competent larvae able to settle on this reef, suggesting that the role
attributed to the Sainte-Anne reef on the dynamics of Sabellaria recruitment at the scale of the bay may
be overvalued.

In the present model, precompetent larvae were considered as completely passive, while competent
larvae were able to actively select the settlement habitat. This assumption of passive dispersal in our case
can be justified by several reasons in afirst approximation. First, because of very low freshwater inputs
and rapid vertical mixing of the entire water column due to intense tidal currents, the transport in the Bay
of Mont-Saint-Michel is mainly governed by barotropic processes with limited vertical current shear
stress. Second, from a 24h time series on Sabellaria alveolata vertical larval distribution at one station in
the bay, Dubois et al. (2007) indicated the absence of diel or ontogenic migration but mentioned a
variation in the centre of mass of the larval vertical distribution according to the tidal cycle: higher larval
concentrations were close to the surface during flood and close to the middle of the water column during
ebb. If such larval migration known as selective tidal stream transpoit is commonly reported to enhance
larval retention by favouring landward transport, its effect in the bay would be reduced due to the low
variations in current velocities between the top and the middle of the water column. Third, in a recent
review on larval transport, Bradbury and Snelgrove (2001) argued that passive mechanisms are probably
predominant at broad scales for most marine invertebrates because of their poor swimming abilities but
that active habitat selection and the capacity to delay metamorphosis can be prevalent at local scales. In

fact, invertebrate larvae are complex organisms able to control their distribution over a wide range of
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spatial and temporal scales and to develop specific behaviour to feed, avoid predation or move within the
pelagic environment (Levin, 2006; Woodson and McManus, 2007). Field studies have already reported
vertical migrations for marine invertebrate larvae, including polychaetes, with a significant effect on
larval transport, promoting either larval retention or larval export (Levin, 2006; Dubois et al., 2007).
Recent modelling approach have highlighted that the explicit consideration of larval behaviour is
essential to simulate larval dispersal, even with restricted larval swimming abilities (e.g. North et al.
2008; Cowen and Sponaugle, 2009). However, if behaviour can be easily implemented in individual-
based models, numerous field and laboratory experiments are necessary to properly describe the specific
behavioural responses of organisms to environmental cues and avoid the use of simple and likely
unrealistic behaviours. By neglecting the tidal variations in the vertical distributions of Sabellaria larvae,
one can just expect that our model has tended to underestimate larval retention.

Conversely, the 3D modelling in our study allowed us to take into account an active settling
behaviour. It is nevertheless crudely parametrised because of the lack of information on the maximal
distance from which competent larvae are able to perceive the chemical cues produced by the adult
worms (Wilson, 1968a; Wilson, 1970) or on the optimal range of hydrodynamic conditions for settlement
(Pawlick and Butman, 1993). Furthermore, the complex topography of Sabellaria reefs and its influence
on flow conditions in the benthic boundary layers could not be properly described in our model with
horizontal grid of 800 m and 10 sigma levels.

In our simulations the larvae became competent after 6 weeks of dispersal but were able to delay
they metamorphosis 4 more weeks. The settlement kinetics indicated that the majority of the larvae
actually settled during only the first 10 days following the beginning of the settlement period and that the

number of larvae that settled later decreased sharply. Although the number of settling larvae was very
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low during the last days of the dispersal, the ability to delay metamorphosis may give to the competent
larvae a “second chance” to settle, as observed for the autochthonous settlers in Sainte-Anne for the
release of the 23 May 2002. As commonly reported, such results tend to confirm that delaying
metamorphosis could be a benefit for a larva by enhancing its likelihood of locating a suitable site for
metamorphosis, at least for a short period. This benefit should be important all the more as the planktonic
larval duration will be short and larval densities near natal sources will be still high. Conversely, for some
species this property could affect the post-metamorphic success of individuals in terms of survival or

growth rate (Pechenik et al., 1993).

4.3. Sustainability of the reefs

The largest biogenic reefs of the European coasts are the Sabellaria alveolata reefs of the Bay of
Mont-Saint-Michel. A previous study on the in situ distribution of the Sabellaria alveolata larvae in the
Bay of Mont-Saint-Michel (Dubois et al., 2007) highlighted the role of the tidal residual currents,
especially of the gyre off Cancale, on the larval retention in the bay, but the connectivity between the two
reefs of the bay remained unknown. The present work brings answers about the intensity and the
variability of the potential larval exchanges between the two Sabellaria alveolata reefs of the Bay of
Mont-Saint-Michel. Our results indicated that despite very low settlement rates (i.e < 0.004 %), the
hydrodynamic specificities of the bay could allow larval retention at the bay scale and favour the larval
exchanges between the two reefs. At the bay scale, and as long as the larval supply remains high, existing
reefs (and potentially newly formed reefs) could benefit of favourable hydroclimatic conditions all along
the long reproductive period, especially if the spawning occurs in neap tide conditions, or under

retention-favourable meteorological conditions as SW and NW winds. Previous studies have highlighted
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the importance of local scale retention and self-recruitment in the population dynamics of bentho-pelagic
organisms (Cowen and Sponaugle, 2009). Considering the spatial scale of the larval dispersal of
Sabellaria alveolata in the Gulf of Saint-Malo, larvae from the reefs of the Bay of Mont-Saint-Michel
could supply some small veneers (thin honeycomb reefs adhering to rocks) along the Normandy coasts,
but larval supplies from distant populations are unlikely. Contrary to a source-sink hypothesis of one-way
exchanges from the biggest reef of Sainte-Anne to the smaller reef of Champeaux, the present work
indicated that the two reefs freely exchange individuals through the larval dispersive stage, as supported
by a microsatellite genetic analysis (Farcy, 2003).

Although the simulated settlers’ density could be quite sensitive to the mortality term (Cowen et al.,
2000; Ellien et al., 2004), the highest numbers of settlers calculated from our simulations were in the
same order of magnitude as the adult stocks within the bay. If those high larval supplies occur often
enough compared to the life span of adult individuals, this might be sufficient to sustain the reefs in the
bay. In our simulations the Sainte-Anne reef is responsible for the main larval supply in the bay because
of its high reproductive outputs. However the adult stocks in the Sainte-Anne reef dramatically decreased
since 2002, because of both the fragmentation and the colonization of the reef by the cultivated oyster
Crassostrea gigas (Dubois, Desroy, and Le Mao, pers. obs.). Moreover the development of shellfish
farming, which is responsible for high abundances ofcultivated oysters and mussels in the bay, could also
induce high larval mortality and contribute to a strong decrease of the larval supply, especially in Sainte-
Anne (Dubois et al., 2007). In this context, the huge decrease in the reproductive outputs of the Sainte-
Anne reef could adversely affect the sustainability of the two reefs of the Bay of Mont-Saint-Michel. If
the Sainte-Anne reef disappears our results suggest that, even if larval retention occurs, the larval supply

from Champeaux might not be sufficient enough to sustain itself and recolonize the Sainte-Anne reef.
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Since bidirectional larval exchanges exist between the two reefs, conservation policies should focus on
the protection of both reefs, with special interest for the protection of the declining Sainte-Anne reef
which is responsible under favourable conditions for the highest larval supply.

This modelling study underlined the crucial role played by hydroclimatic conditions in larval
dispersal and connectiviy of the Sabellaria alveolata reefs in the Bay of Mont-Saint-Michel, but also
pointed out the lack of precise knowledge of the Sabellaria larval biology. Significant efforts should be
made in future experimental and in sifu works in order to precisely evaluate the parameters of the larval
biology, in particular the larval swimming behaviour, the larval mortality rate, and the planktonic larval
duration, as a function of individual and environmental parameters such as ontogeny, temperature, food
availability, or predation pressure. In this context, a more precise knowledge of the larval biology will be
a central issue for the development of future dispersal models and for a more accurate evaluation of the

role of the larval phase on the reefs’ sustainability.
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Appendix 1 - Hydrodynamic model

The Model for Applications at Regional Scale (MARS), is a primitive equation, finite-difference model
(Lazure & Dumas, 2008). It is solved in a sigma coordinate framework such as:

_G+H

U_C+H

ey

with g, the vertical coordinate, H(x,y), the absolute value of bottom position, and {(x,y), the sea surface
elevation, with z and 0 increasing upward. The water column height is then D(x,y) = H(x,y) + { (x,).

To simplify the writing of any advection term of any variable A, the following notation L(A) is used:

L(A)=u%+v%+w*a—A
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with u, the zonal velocity, v, the meridional velocity, and w*, the vertical velocity in the sigma coordinate

framework (x,y,0).
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with w, the vertical velocity in the physical framework (x, y, z).

The conventional Boussinesq and hydrostatic approximations are used to solve the Navier-Stokes
equations in the Cartesian coordinates (x,y,0 ):
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with D(x,y), the water column height, the sea surface elevation, p, the water density as a function of

salinity, temperature and pressure, g, the gravity, f, the Coriolis parameter, u, the zonal velocity, v, the
meridional velocity in the sigma framework (x,y,0), 0y, the reference density of seawater, P,, the

atmospheric pressure at sea level, T, and T, the zonal and meridional components of the baroclinic
pressure gradient, nz, the vertical eddy viscosity, F,and F,, the horizontal friction terms. The detailed
formulations of the Coriolis parameter f, the friction terms F, and F,, the eddy coefficient nz, and the
horizontal components of the baroclinic pressure gradient Tt, and T, are given in Lazure & Dumas (2008).
Eddy coefficients are calculated from a 1-equation closure model following a classical k-/ formulation
well suited for coastal domain (Luyten et al., 1996).

The mode splitting approach leads to build a specific barotropic model by integrating the Eqs 5-7
over the vertical from bottom (0 = 0) to top (0 = 1) and considering kinematic boundary conditions:
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with T and Ty, the surface stress components, and T, and Ty, the bottom stress components, U and V ,

1

(u,v)do .
0

g

the mean zonal and meridional currents over depth given by (U, V)=
g

|| Sl

The barotropic model is solved using an Alternate Direction Implicit scheme which is a semi-
implicit method. This method is only implicit conceming the direction of the computation. The free
surface elevation ( is computed every half time step, whereas the mean zonal and meridional currents
over depth (U and V ) are computed alternatively (i.e. every time step). Computations of U and { are
performed in a row-wise manner at a given time-step by solving Eqs 6, 8 and 9, whereas computations of

v and  are performed in a column-wise manner a half time step later by solving Eqs 7, 8 and 10. The
use of a spatially centred second order scheme and the staggered Arakawa C grid lead to a tridiagonal

linear system being solved using lower-upper factorization.

Appendix 2 — Mathematical formulations of complex larval release
For an uniform continuous spawning over one tidal cycle, a symmetric semi-continuous spawning over 3
tidal cycles and a symmetric semi-continuous spawning over 5 tidal cycles, the larval release term is

given by the general equation:
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or(x,y,o,t) No 1

ot = nyaE when L<t<t,=t, + 2t
(11)
{x, v} []{reef coordinates}
o=1
D(x,y) > 0.5
ZI;(X,y,U,t):O otherwise

with 1, the larval release function, Ny, the total number of larvae released during the spawning event, V,yq
= V,y1 the volume of the lower cell of coodinates (x,y,1), t,, the beginning time of larval release, t., the
ending time of larval release, At the continuous spawning time duration, and p the percentage of released

larvae during At. The values of t,, t., and p for each spawning type are given in Table 1 assuming a tidal

cycle lasting 12h20. In each case, larval release is centred on onehigh tide.
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Figure

Fig. 1. Location of the Bay of Mont-Saint-Michel (BMSM) and of the two Sabellaria alveolata

reefs. SA: Sainte-Anne reef. CH: Champeaux reef.
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Fig. 2. Simulated depth-averaged residual Lagrangian velocity fields in the Gulf of Saint-Malo for
average tide conditions and no wind forcing (A), a constant SW-wind forcing of 11 m s™ (B), and a
constant NE-wind forcing of 11 m s (C). Empty arrows indicate the wind orientation. Residual velocities

are given in cm s™.
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Fig. 3. Predicted larval distributions following a spawning event from Sainte-Anne (A-C) and from
Champeaux (D-F) at high tide and in average tide conditions after 3 days (A and D), 3 weeks (B and E),
and 6 weeks (C and F). The two black squares represent the reefs of Sainte-Anne and Champeaux. No

wind forcing is considered. Larval concentrations are given in 10* ind m?. Note that the scales of the

larval concentrations difer between the maps.
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Fig. 4. Variations in the settlement rates of larvae released from the reefs of Sainte-Anne and
Champeaux in relation to the larval release duration: 1) instantaneous spawning, 2) continuous and
uniform spawning during 1 tidal cycle, 3) semi-continuous and symmetric spawning during 3 tidal cycles,
and 4) semi-continuous and symmetric spawning during 5 tidal cycles. Larval dispersal is simulated

without wind forcing during 10 weeks.
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Fig. 5. Variations in retention rates (A), colonization rates (B) and allochthonous settlers’ ratio (C)
according to the tidal range at spawning for larvae released from the two reefs. Larval releases occur at

high tide and dispersal is simulated without wind forcing during 10 weeks.
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Fig. 6. Predicted distributions of larvae released from Champeaux in conditions of neap tide (A-C)
and spring tide (D-F) after 3 days (A and D), 3 weeks (B and E) and 6 weeks(C and F) of dispersal
without wind forcing. The two black squares represent the reefs of Sainte-Anne and Champeaux. The
larval concentrations are given in 10* ind m2. Note that the scales of the larval concentrations differ

between the maps.

Champeaux 20 Champeaux Champeaux os
Neap ti Neap ti Neap ti ‘-
d+3 60| d+21 d+42 o5
B° " -fo.2
~H40 |
0.15
30 L
50 Hoa
Mﬂ 10W ' W _0.05
2.5°W 2‘“W 48.5°N 0 2.5°W 2‘“ . 2.5°W Z:W 0
Champeaux Champeaux Champeaux i
Spring tide 7 Spring Spring tide “H03
d+3 d+21 d+42 Mo o5
-80.2
Ho.15
Lo : Hoa
W_ ' m 1005
2.5°W 2°W | 2.5°W 2 . 2.5°w 20w 0




58

Fig. 7. Seasonal variations in retention and colonization rates for 16 spawning events, from March
to October 2002, with and without real wind Prcing: retention rate in Champeaux (A); colonization rate
from Champeaux to Sainte-Anne (B); retention rate in Sainte-Anne (C); colonization rates from Sainte-
Anne to Champeaux (D). Larval releases occur at high tide in average tide conditions and dispersal is

simulated during 10 weeks.
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Fig. 8. Examples of predicted distributions of larvae released from Sainte-Anne on 10 May (A-C),
23 May (D-F), 21 August (G-I), and 19 October 2002 (J-L) after 3 weeks (A, D, G, J) and 6 weeks (B, E,
H, K) of dispersal with real wind forcing. Larval releases occur at high tide in average tide conditions.
The two black squares represent the adult reefs of Sainte-Anne and Champeaux. The larval
concentrations are given in 10*ind m2. Note that the scales of the larval concentrations differ between the
maps. Progressive vector diagrams (PDV) of the wind forcing in the Gulf of Saint-Malo during larval
dispersal are indicated for each spawning event, with West to East transport (10°km) as abscissa and
South to North transport (10° km) as ordinate. The gray diamonds indicate the 3™ and the 6™ week of

dispersal. Wind data provided by Météo France (Arpege model).
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Fig. 9. Intra- and inter-annual variability of the origin and number of settlers for different larval

releases between 2000 and 2004. For each year, 7 spawning events are simulated from April to October

with a larval release at high tide during average tide conditions. Larval dispersal is simulated under real

wind forcing during 10 weeks. Progressive vector diagrams (PVD) of wind forcing in the Gulf of Saint-

Malo corresponding to the dispersal following a release in May are given for each year, with West to East

transport (10° km) as abscissa and South to North transport (10°km) as ordinate. The gray diamonds

indicate the 3" and the 6™ week of dispersal. Wind data provided by Météo France (Arpége model).
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Fig. 10. Temporal evolution of the cumulative numbers of settlers for 4 spawning events from
Sainte-Anne on 10 May (A), 23 May (B), 21 August (C) and 19 October 2002 (D), from the beginning of
the settlement (t = 0 d after 6 weeks of dispersal) to the end of dispersal (t =28 d after 10 weeks of
dispersal). Larvae are released at high tide in average tide conditions and dispersal occured under real

wind forcing. Continuous line: autochthonous settlers in Sainte-Anne, dashed line: allochthonous settlers

in Champeaux.
1,4e+10 1,4e+10
1,2e+10 1,2e+10
9 1,0e+10 0 1,0e+10 4
Q@ )
= E=
b 80e+9 - 3 e0ess |
k] ks
| e
g 6,0e+9 - g 6,0e+9 -
£ E
=1 =
= 4.0e+9 4 = 4.0e+3 4
2,0e+9 2.0e+9 o
0,0 T T T T T 0,0 T T T T T
0 5 10 15 20 25 1] 5 10 15 20 25
Time since competence (d) Time since competence (d)
1,4e+10 1,4e+10
1,2e+10 1,2e+10 A
EE 1,0e+10 4 © 1,0e+10
o @
= =
8 8,0e+9 4 % 8,0e+9
— e
o o
5 L .ﬂ-.} 6,0e+9 A
2 6,0e+9 2 e
£ £
= =
= 4,0e+9 A =Z 4,0e+9 A
2,0e+9 - 2,0e+9 - /
0.0 T T T T T 00 T T T T T
0 5 10 15 20 25 0 5 10 15 20 25

Time since competence (d) Time since competence (d)



63

Fig. 11. Variability of the origin and number of settlers for different ages at competence (minimal
PDL). Age at competence is given in week. The maximum delay to metamorphosis is fixed at 4 weeks.
Larval release is instantaneous at high tide during average tide conditions. Larval dispersal is simulated

without wind forcing.
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Table 1. Properties of Sabellaria alveolata populations used to calculate the number of released larvae for

each spawning event. * Dubois (2003); " Dubois et al. (2002).

Sainte-Anne Reef Champeaux Reef

Reef area (m?)* 2.23 10° 0.29 10°
Ball-shaped structures

proportion (%)* 20 20

worm density (ind. m?)° 25,000 25,000
Platform structures

proportion (%)* 30 60

worm density (ind. m?2)° 35,000 35,000
Degraded reef

proportion (%)* 50 20

worm density (ind. m?)° 6,500 6,500
Adult stock 4.2.10" 0.8 10"
Sex-ratio® 1:1 1:1
Mean proportion of mature females (%)* 15 15
Mean fecundity * 100,000 100,000
Fertilization rate 0.8 0.8

Number of released larvae 2.52 10" 4.8 10"
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Table 2. Conditions of the different simulations of Sabellaria alveolata larval dispersal in the Bay of

Mont-Saint-Michel.

Conditions Simulations
Year 2002 2002 2002 2002 2002
Spawning period June Marchto Aprilto  Aprilto  March to
October  October  October  October
Lunar tidal conditions at Average tide Average Neap Spring Average
larval release tide tide tide tide
Larval release type Instantaneous  Instanta- Instanta- Instanta- Instanta-
or continuous  neous at neous at neous at neous at
during 1,3, or hightide hightide hightide high tide
5 tidal cycles
Wind forcing No No No No Real
wind
Minimal PLD 6 weeks 6 weeks 6 weeks 6 weeks 6 weeks
Simulation frequency 1 per release 2 per 1 per 1 per 2 per
type month month month month
Number of simulations 4 16 7 7 16

2000 to
2004
April to
October
Average
tide
Instanta-
neous at
high tide

Real

wind
6 weeks

1 per
month

28

2002
June

Average
tide
Instanta
-neous
at high
tide
No

from 4
to 8
weeks
1 per
minimal
PLD
9
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Appendix - Table 1. Values of the parameters used in the mathematical formulation of complex larval

release. HT = High tide.

Spawning type At t t p

Uniform contlpuous spawning | , HT.2h HT+2h 100 %
over 1 tidal cycle

Symmetric semi-continuous HT-14h20 | HT+10h20 | 25 %

spawning 4 h HT-2h HT+2h 50 %

over 3 tidal cycles HT+10h20 | HT+14h20 | 25 %

HT-26h40 | HT-22h40 | 10 %

Symmetric semi-continuous HT-14h20 | HT-10h20 | 20 %

spawning 4 h HT-2h HT+2h 40 %

over 5 tidal cycles HT+10h20 | HT+14h20 | 20 %

HT+22h40 | HT+26h40 | 10 %
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