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Deep-sea hydrothermal vent animal communities along oceanic ridges are both patchy and transient.
Larval dispersal is a key factor in understanding how these communities function and are maintained
over generations. To date, numerical approaches simulating larval dispersal considered the effect of
oceanic currents on larval transportation over hundreds of kilometers but very seldom looked at the
effect of local conditions within meters around chimneys. However, small scale significant variations in
the hydrodynamics may influence larval fate in its early stages after release, and hence have a knock-on
effect on both dispersal and colonization processes. Here we present a new numerical approach to the
study of larval dispersal, considering small scales within the range of the biological communities, called
‘‘bio-hydrodynamical’’ scale, and ranging from a few centimeters to a few meters around hydrothermal
sources. We use a physical model for the vent based on jet theory and compute the turbulent velocity
field around the smoker. Larvae are considered as passive particles whose trajectories are affected by
hydrodynamics, topography of the vent chimney and larval biological properties. Our model predicts
that bottom currents often dominate all other factors either by entraining all larvae away from the vent
or enforcing strong colonization rates. When bottom currents are very slow (o1 mm s!1 ), general larvae
motion is upwards due to entrainment by the main smoker jet. In this context, smokers with vertical
slopes favor retention of larvae because larval initial trajectory is nearly parallel to the smoker wall,
which increases the chances to settle. This retention phenomenon is intensified with increasing velocity
of the main smoker jet because entrainment in the high velocity plume is preceded by a phase when
larvae are attracted towards the smoker wall, which occurs earlier with higher velocity of the main jet.
Finally, the buoyancy rate of the larvae, measured to be in the range of 0:01 mm s!1 , is generally
irrelevant unless hydrodynamic conditions are balanced, i.e. if the buoyancy rate is comparable to both
the bottom current speed and the local water velocity due to entrainment by close smokers. Overall, our
model evidences the strong effect of the release point of larvae on their future entrainment within local
fluxes. Larvae released from smoker walls might have an entirely different fate than those released
further away in the water column. The latter are not, or less, affected by near-chimney hydrodynamics.
& 2008 Elsevier Ltd. All rights reserved.
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1. Introduction
Species inhabiting isolated or unstable environments rely on
their dispersal capabilities to colonize new habitats and maintain
their populations. Deep-sea hydrothermal vent ecosystems are
islands spread along oceanic ridges, with short, decade-long
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lifespans (MacDonald, 1982; Haymon et al., 1993). Therefore,
dispersal and colonization are a critical phase of the life cycle of
species endemic to vents (Tyler and Young, 1999, 2003). Since
most vent species are sessile as adults, they must disperse
predominantly in their larval stages through the water column
(Lutz et al., 1984). In order to understand how some of the vent
species have persisted through geological time and over wide
geographical range, dispersal processes were examined through a
number of different approaches. Larvae and post-larvae of vent
species were collected in situ using net tows (Mullineaux
and France, 1995; Kim and Mullineaux, 1998), water pumps
(Mullineaux et al., 2005), traps (Khripounoff et al., 2000; Metaxas,
2004) or colonization devices (Berg and Van Dover, 1987;
Mullineaux et al., 2003). Distribution of these early-life stages,
both through the water column and on the bottom suggested how
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far from vents larvae might disperse. Previous genetic studies
have confirmed that migrant fluxes occur between populations
inhabiting distant vent sites (Jollivet et al., 1995; Vrijenhoek, 1997;
Won et al., 2003; Hurtado et al., 2004). Development studies have
provided information on larval life spans and potential dispersal
phase duration (Marsh et al., 2001; Pradillon et al., 2001).
Finally, current data combined with larval life span were used to
estimate the potential distance over which larvae might travel
(Chevaldonné et al., 1997; Kim and Mullineaux, 1998; Mullineaux
et al., 2002; Thomson et al., 2003). Larvae may be transported
between vents either in bottom currents channeled within the
axial valley of the ridge (Kim and Mullineaux, 1998; Thomson
et al., 2003) or in currents present at 200–300 m above the ridge
crest, after they have been entrained to this level by rising
buoyant hydrothermal plumes (Kim et al., 1994; Mullineaux and
France, 1995). Data gathered from these approaches provided
input parameters for computational studies developed to predict
the dispersal potential of vent larvae. Taking into account
measured bottom current, observed spatial vent distribution
along ridges and known reproductive characteristics, Chevaldonné
et al. (1997) and Jollivet et al. (1999) modeled propagule fluxes
between vent sites for polychaete species of the Alvinellid family.
Dispersal models based on current data and using Lagrangian
approaches were used to predict the sorts of distances larvae
would be able to travel along ridges (Marsh et al., 2001;
Mullineaux et al., 2002). To date all approaches have been
conducted at the ridge segments scale, i.e. over tens to hundreds
of kilometers, with the exception of the model developed by Kim
et al. (1994), where vertical entrainment of larvae present in the
water column was considered at the vent chimney scale.
Organisms living at hydrothermal vents are exposed to a
complex physico-chemical environment due to the mixing
between sea water and hydrothermal fluid (Sarradin et al., 1998;
Le Bris et al., 2003, 2005; Le Bris and Gaill, 2007). For species
living directly on the chimney wall, local fluxes may have a strong
influence on the fate of newly released larvae, while they are still
in the vicinity of the smoker, hence affecting dispersal and
colonization processes. So far, modeling approaches assumed that
larvae released from vent species were floating in the water
column around smokers, from which point they could be
entrained by currents or by the rising smoker plume (Kim et al.,
1994). However, when released from a smoker wall, a larva might
also be trapped by topographic features of the chimney, and
would therefore not be able to disperse far away. Hydrodynamic
and thermal effects around vents are difficult to estimate
because they range from the scale of the organisms themselves
(millimeters) all the way to hundreds of kilometers. Here, we
develop a model to qualitatively study how local physical
constraints may influence the structure of the vent smoker
community through their effects on larval dispersal. We work at
the smoker chimney scale, i.e. meter scale. This means that we do
not consider how larvae might reach a distant vent, but rather try
to understand which conditions will favor larvae departure from
their site of origin. The mechanisms relevant in this case occur at
the scale of meters around animal communities on vent edifices.
To our knowledge, this is the first attempt at modeling
phenomena on this intermediate scale. Our physical model is
based on jet theory, and we use numerical methods to describe
the hydrodynamic velocity fields around smokers. The passive
larvae are entrained by the turbulent fluid, and may be deposited
on the mineral surfaces. Using this modeling approach, our
goal is to identify which factors significantly affect larval fate in
the early stages after release. The fate of larvae during this early
phase may then influence larger scale dispersal processes or
colonization patterns. Factors tested here include hydrodynamic
features such as smoker jet velocities and temperatures, smoker
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topography, and larval characteristics such as buoyancy or
temperature sensitivity.

2. Computational framework and biological hypotheses
2.1. Model overview
Our program is an agent-based simulator of a hydrothermal
ecosystem, i.e. each larvae is modeled as an agent whose
individual trajectory is defined at each time step of the simulation.
Larvae move in a 3D cubic simulation field of 30 m side, with a
vent chimney located at the center of the bottom face (Fig. 1a).
Two sources of hydrothermal fluid are modeled as jets on this vent

Fig. 1. Hydrodynamics created by the jets. (a) 3D simulation field representing the
inertial (blue) and buoyant (light blue) parts of jets. dc;1 and dc;2 are the critical
distances at which buoyant dynamics dominates inertia. (b) 2D projection of
the simulation field. Left side: a qualitative view of the velocity field created by the
main jet in the three different zones; the fluid velocity decreases far from the
outlet, both laterally and vertically. Right side: a summary of the notations used in
the paper. Inset: a zoom on the apex of the chimney with the outlet of the main jet.

ARTICLE IN PRESS
322

M. Bailly-Bechet et al. / Journal of Theoretical Biology 255 (2008) 320–331

chimney. The first source represents the main fluid emission,
expelled vertically from the apex of the vent edifice. The
secondary source, also called secondary diffuser, represents fluid
diffusions occurring laterally through chimney walls, among
animal populations. In that case, the flow is emitted perpendicularly to the wall. The aim of the simulations is to model the
possible trajectories of the larvae released by adult animals
inhabiting chimney walls. Larvae are initially entrained by local
fluid emission from the secondary diffuser. Simulations are
conducted over 172 800 time steps of 0.5 s each (equivalent to 1
day), an arbitrarily chosen interval that proved to be long enough
for our model with simplified turbulence to be reasonable, while
sufficiently short to allow the detailed simulation of larval
trajectories. Each simulation starts by the creation of 1000 larvae,
with no initial velocity, at the center of the secondary diffuser.
This corresponds to the release of offspring by the adults living
there. Then their trajectories at each time step are computed and
recorded, according to the hydrodynamic properties of the water
around them. The movement of each larva is computed independently. Larvae are considered as inert particles advected by the
surrounding currents. Therefore, the velocity of each larva at any
time step is equal to the local velocity of the fluid. Buoyancy of the
larvae is then added to that velocity (see Section 2.2).
Experimental studies conducted on the development of two
vent species, Riftia pachyptila and Alvinella pompejana, showed
that early embryos do not have any locomotion structures (Marsh
et al., 2001; Pradillon et al., 2001). Therefore, since we focus on
the early events, in the hours following embryos release, it is
realistic to model them as inert particles without proper motility.
All larvae being independent, the choice of 1000 larvae was done
according to available computer capacities. Some simulations
were repeated 3–5 times to improve statistical significance.
2.2. Physical environment
2.2.1. Mineral environment
The mineral environment is composed of two parts: the
oceanic floor, which is defined as a flat surface, and the chimney,
which is modeled as a cone defined by the coordinates of its
summit ~
xs , its base center ~
xb and its base ray Rc . In all simulations
there is one chimney located at the center of the oceanic floor.
The slope a of the chimney is defined as the angle between
the oceanic floor and a generatrix of the cone; we have
a ¼ arctanðk~
xs ! ~
xb k=Rc Þ.
Chimney surface irregularities such as small rock outcrops, or
tubes of some organisms extending outwards, might significantly
enhance larval settlement when the larvae are driven close to the
chimney surface by turbulent fluids. For this reason, such surface
‘‘roughness’’ is modeled on the chimney. To keep the number of
parameters small, only one parameter is used to simulate surface
roughness: the maximal texture depth R. R represents the
maximal height of the irregularities on the chimney surfaces.
The distribution of the size of irregularities is represented in a
probabilistic way to simplify the simulations. Modeling of surface
roughness is described in more detail in Section 2.3.1.
2.2.2. Hydrodynamic environment
In our simulations, fluid flows originate from three different
sources:
1. The primary jet, corresponding to the main emission of
hydrothermal fluid, located at top of the chimney.
2. The secondary jet, with its outlet on the side of the chimney,
located amongst adult populations. Fluids escaping from the
secondary diffuser have interacted with the mineral matrix of

the chimney wall and usually exhibit lower velocity and
temperature than those observed for the primary jet.
3. The bottom currents, with constant direction and velocity at
our timescale (see below).
At any given point ~
r, the fluid velocity is the sum of a deterministic
component, the average fluid velocity ~
vaf , and a random one, the
turbulent velocity ~
vt .
The average fluid velocity ~
vaf ð~
rÞ is constant in time during one
simulation. It depends on the position ~
r of the point relative to the
jets, and on the parameters of the simulation. The average fluid
velocity is defined to be
~
vaf ð~
rÞ ¼ ~
v1 ð~
rÞ þ ~
v2 ð~
rÞ þ ~
vb ,

(1)

rÞ is the velocity caused by jet j at position ~
r (j ¼ 1 for the
where ~
vj ð~
primary jet and j ¼ 2 for the secondary diffuser), and ~
vb is
the velocity of the bottom currents. Bottom current flow is defined
to be parallel to the sea floor, constant and unidirectional.
Although in situ observations revealed that high frequency
reversal in bottom current directions may occur in some cases
(roughly every 12 h, see Kim and Mullineaux, 1998; Thomson
et al., 2003), it appears reasonable to assume constant current
direction here, since most simulations ended within a few hours,
the fate of all larvae being already fixed in that interval. In situ
observations did not reveal significant changes in the velocity of
the fluid flows emitted at the main output of active smokers over
several tens of hours. Therefore, we also assume here that the jet
velocities at the outlets are constant during each simulation.
However, it cannot be completely excluded that the particular
dynamics of a starting jet (Ai et al., 2006) or, more generally, of a
variable strength jet (Scase et al., 2006) could be of relevance in
the larval settlement problem, by providing a wider range of
dynamical conditions to the ecosystem. This could be the object of
future work.
Summing the velocities generated by the two jets at point ~
r
may seem simplistic as one would expect interactions between
the two flows. However, as these interactions effects depends
on both velocities, we can suppose that they are relevant
(when compared to the higher velocity flow) only when ~
v1 ð~
rÞ
and ~
v2 ð~
rÞ are both of a sufficient magnitude. This never happens in
our simulations because we always set the velocity of the
secondary jet to at least one order of magnitude below that of
the main jet, in order to reflect in situ observations. At any given
point, either one jet is much stronger than the other, or both have
a very low velocity, when compared, for example, to the bottom
current velocity. Therefore, the two jet dynamics are considered
independently, and velocities from both jets are added up.
Concerning the interaction between the jets and the bottom
currents, the additive model proposed is indeed very simple, but a
detailed modeling of the interactions between a jet and crossflow
is too complex and out of the scope of our analysis. Moreover, such
an analysis would need a more detailed knowledge of the local
flow parameters around hydrothermal sources. For further details
on these approximations, we refer to List (1982) and to Kaye and
Linden (2004).
A jet j is parameterized by the ray of its outlet (supposed
~0;j at the outlet and
circular) R0;j , the typical velocity of the fluid U
the difference in temperature with the external media DT 0;j , both
taken at the outlet. Deep-sea temperature around vents is fairly
stable and typically around 2 & C. Surrounding water temperature
was therefore fixed at 2 & C in our model. The jets are supposed to
be turbulent and expanding in a conical shape from their source
point ~
xj , with an increasing ray and a constant angle yj (half angle
of aperture), corresponding to the top-hat model of velocity
profile (Jirka, 2004; Scase et al., 2007). The origin ~
xj is located
below the jet outlet and inside the chimney, at a distance such
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that the ray of the cone is R0;j at the level of the outlet. The values
of yj for both jets are the same in all simulations. We use the
computation of the typical scale of variation of the Gaussian
profile of velocity in infinite jets by Morton et al. (1956) to infer
the value of yj , which is set to yj ¼ 10& . As the jets are supposed
axisymmetric and conical, the ray of the jet, at a vertical distance l
from ~
xj , is simply Rj ðlÞ ¼ l tanðyj Þ. Details about the jet geometry,
the conical shape assumption and the computation of the velocity
field are given in Supplementary data.
Below is a summary of the hypothesis made and the formulae
found for ~
vj ð~
rÞ, valid for both the main and the secondary jets. Our
jet model is an integral formulation based on the classical
entrainment MTT model (Morton et al., 1956). The scaling of the
dynamic variables is found using dimensional analysis in the pure
jet and pure plume limits (Jirka, 2004). This approach raises two
main issues. First, such models are only asymptotically accurate,
and the modeling close to the jet source is approximate.
Phenomena such as jet necking (Fanneløp and Webber, 2003) or
various complex establishment schemes of the flow (Jirka, 2004)
are neglected. Moreover, the Boussinesq approximation of small
density differences is violated in the first meters after the main jet
outlet (Woods, 1997), which affects in particular the ray of the jet
in this zone (Fanneløp and Webber, 2003). Finally, the precise
dynamics of jets and entrained larvae close to the jets sources are
dependent on small scale topographical and hydrodynamical
details which are highly inhomogeneous between vent sites.
Second, the structure of the jet is not given by these models,
which prevents to compute the distribution of quantities such as
temperature or velocities inside the jets. As a consequence,
turbulent structures and dynamic phenomena such as puffing
(Jiang and Luo, 2000) are also neglected. This simplifications are
compatible with a qualitative description of the influence of the
hydrodynamical, topographical and biological parameters on
larval diffusion and settlement, but prevent a detailed small scale
analysis. To get more precise dynamics at this scale, one could use
a more accurate description of the plume structure, including
turbulence (see for example Zhou et al., 2001). However, such type
of analysis is very computer intensive, and not necessary at the
bio-hydrodynamical scale. Despite these limitations, our analysis
provide a framework to identify the main parameters influencing
larval dispersal or retention at the bio-hydrodynamical scale. This
baseline can be built upon with future incorporation or refinement of data.
Jet dynamics can be dominated either by inertial forces
(inertial jets, which behave like a hose) or convective forces
(buoyant jets, which behave like a bubble of heated water). The
dominant force inside the jet is estimated, at a distance l from
the outlet, by comparing the overall Richardson number
Ri ¼ g bDT j ðlÞl=v2j ðlÞ to 1, with b being the coefficient of thermal
expansion of water, g the intensity of gravity, DT j ðlÞ the difference
in temperature between inside and outside the jet at altitude l and
~
vj ðlÞ the water velocity at altitude l. Rio1 means inertial forces are
dominant, Ri41 that buoyant forces are dominant. No other forces
are taken into account in our analysis, as the Reynolds number is
always far above the critical value for inertial forces to dominate
over viscosity. (See a more complete derivation in the Supplementary data.) Thereafter viscosity will be neglected relative to
other terms, i.e. inertial and convective forces.
Using dimensional analysis (Landau and Lifshitz, 1959), we find
that the velocity generated by the jet j at point ~
r (located at
altitude l ¼ k~
r !~
xj k) is as follows: if ~
r is inside the jet cone
~0 (o cosðyj Þ, where the notation ½~
itself (i.e. ½~
r !~
xj ( ) ½U
k( ¼ ~
k=k~
kk is
adopted for unitary vectors), for an inertial flow, we have
~
vj ð~
rÞ ¼ U 0;j

R0;j
½~
r !~
xj (
l

(2)
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and, for a buoyant flow, we have
~
vj ð~
rÞ ¼ U 0;j

!

R0;j
l

"1=3

½~
r !~
xj (.

(3)

The same type of relationship is derived for temperature
variation in function of l inside each type of jet (see Supplementary data).
Plugging Eq. (2) in the definition of Ri shows that Ri increases
with l in inertial jets: the dominant force changes and inertial jets
tend to become more and more buoyant with increasing l, due to
the entrainment of the surrounding fluid, which results in an
increase in the jet total flow and a dispersion of momentum
caused by turbulence at the jet boundaries (Morton et al., 1956).
For a buoyant jet RiðlÞ is constant and the jet remains buoyantly
driven. If a jet has inertial dynamics at its outlet, the critical
distance dc;j at which it qualitatively changes to become
buoyant is computed as the value of l such that Riðdc;j Þ ¼ 1 for
jet j (Jirka, 2004):
vffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u
u R0;j U 2
0;j
dc;j ¼ t
.
(4)
g bDT 0;j
Jets with two different dynamics consecutive in space are
numerically modeled as two different but continuous jets, the
buoyant one above the inertial. For lpdc;j, Eq. (2) for inertial jets is
used directly. For l4dc;j, formula (3) for a buoyant jet is used, with
R0;j replaced by the ray of the jet at l ¼ dc;j (which gives
R0;j ¼ dc;j tanðyj Þ). U 0;j is replaced by the velocity at the same
point, which is where the inertial and buoyantly driven part of the
jet merge. Note that the axis of the buoyant part of the jet is
vertical, even if the inertial part had an inclined axis (see Fig. 1a).
We compute the velocity field far from the jet using water
incompressibility. The velocity at a lateral distance r lat from the jet
is calculated such that the total flow directed inwards (in the
sense of ð~
r p;j ! ~
rÞ in Fig. 1b) is the same as the increase in flow
inside the jet cone at the same height, due to entrainment and
computed using the jet properties. This spatial part of the vent
surrounding, where the flow is directed towards the main jet, is
hereafter referred to as the absorption zone. We calculate the
velocity of any point ~
r inside the zone of absorption, relative to the
velocity of its orthogonal projection on the side of the conical jet.
We call this point ~
r p;j (Fig. 1b). We note l ¼ k~
r p;j ! ~
xj k, the distance
to the jet start (which is almost equal to the distance to the jet
outlet with our values of yj and R0;j ) and r lat ¼ k~
r !~
r p;j k. We have

~
vj ð~
rÞ ’

U 0;j R0;j
tan2 ðyj Þ½~
r !~
r p;j (
2ðr lat þ Rj ðlÞÞ

(5)

at point ~
r, if ~
r p;j is on the border of the inertial part of a jet. The
dependence of ~
vj ð~
rÞ with l is hidden there in the Rj ðlÞ term. If ~
r p;j is
on the border of a buoyant jet, we have
1=3 2=3

~
vj ð~
rÞ ’

R0;j l
5
tan2 ðyÞU 0;j
½~
r !~
r p;j (.
6
ðr lat þ Rj ðlÞÞ

(6)

One simplifying assumption made is that the water velocity field
around the jet cone is orthogonal to its boundary surface, and has
the same circular symmetry as the velocity field inside the cone
(Fig. 1b). Because of this assumption, there is still a discontinuity
in the velocity field at the cone boundary. However, this
discontinuity does not affect the global behavior of the jet, and
could be resolved using other models such as a two-fluid jet
model (Scase et al., 2007).
Finally, outside of the absorption zone, we consider that the
water movement generated by the jet j is only due to viscous
entrainment of the water layer in contact with the absorption
zone. The location where this phenomenon applies is called the
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shear entrainment zone in Fig. 1b. Now taking ~
r to be in this zone,
we compute the velocity at point ~
r relative to the velocity at ~
r p;a ,
defined to be the orthogonal projection of ~
r on the absorption and
shear entrainment zone limit (see Fig. 1b). The entrainment has to
decrease with distance to the absorption zone k~
r !~
r p;a k. In
order to minimize the number of parameters, and to prevent
estimation of the decrease in water velocity due to viscosity, we
arbitrarily have
~
vj ð~
rÞ ¼

1
½~
vð~
r p;a Þ(.
1 þ 5k~
r !~
r p;a k

(7)

Tests have been run replacing the factor 5 by 1 with no
difference in the results. ~
vð~
r p;a Þ is computed using Eq. (5) or (6),
depending, respectively, if the corresponding jet is inertial or
buoyant at its outlet. Velocity fields are obviously not generated
across a mineral structure. This is particularly important for the
secondary jet, located on one side of the chimney, which only has
one-sided influence.
The velocity generated by jet j at point ~
r is estimated in a
deterministic way. As stated before, turbulence is added to
prevent the model being entirely deterministic, which would give
rise to unrealistic dynamics, with all larvae starting from the same
point having the same trajectories due to the same entrainment
velocity. Our way of modeling turbulence, while simple, gives us
the essential features needed for the model. The turbulence
velocity is set proportional to the average fluid speed. It models
the random movement of a particle in turbulent eddies. The
turbulent velocity is defined as
~
vt ð~
rÞ ¼ kk~
vaf ð~
rÞk ½~
u(,

(8)

where k is the turbulence coefficient, and [~
u] a random unitary
vector computed every time a new velocity is considered, so the
turbulence is a white noise proportional to the entrainment speed
at each point ~
r. Values of k increasing from 0.5 to 2 outside the
jets, and from 3 to 12 inside the jets, were tested to assess the
importance of turbulence. These arbitrary values were chosen
such as to range from a regime of strongly advected diffusion
(k ¼ 0:5) where the velocity is driven by the deterministic
component, to a regime of weakly advected diffusion, where
random velocities dominate (k ¼ 2). k is always set to a higher
value inside the jet than outside, because turbulent diffusivity
increases with the fluctuations in fluid velocity, which have been
shown to be more important inside the jet in large eddy
simulations (see Lesieur, 2007). As expected, the proportion of
larvae being caught on the chimney wall increases with greater
turbulence (data not shown). In order to analyze the effect of
other parameters that could remain unseen with high turbulence,
the turbulence coefficient was set to a low constant value: 0.5
outside the jets and 3 inside the jets, in the presented simulations.
2.3. Larval characteristics
Observation of eggs and early embryos showed that their
buoyancy rate—defined as ‘‘the sinking speed of the larvae due to
their density’’—differs according to species (Cary et al., 1989;
Marsh et al., 2001; Pradillon et al., 2004), and such characteristics
have been put forward to explain different dispersal capabilities.
We take into account the buoyancy rate ~
b of larvae by adding it to
the final speed ~
vl of the larvae:
~
vð~
rÞ; !Þ þ ~
b.
vl ¼ maxð~

(9)

rÞ, and ~
vð~
rÞ is
Here the final speed of a larva at point ~
r is noted ~
vl ð~
the final hydrodynamic velocity, ~
vð~
rÞ ¼ v~af ð~
rÞ þ v~t ð~
rÞ, taking into
account the entrainment speed, the turbulence and the bottom
currents velocities. Buoyancy ~
b can be directed downwards

(sinking larvae) or upwards (buoyant larvae). At the time scale
of our simulations, ontogenic evolution is not likely to induce
changes in larval buoyancy because vent species exhibit very low
development rates when compared to shallow water species.
Typically, they may undergo only one or two embryonic cleavages
in the time interval within which shallow water embryos may
develop into a swimming larvae (Pradillon et al., 2005). We can
therefore reasonably assume a constant larval buoyancy over a
few tens of hours. As the fluid velocity ~
vð~
rÞ tend to 0 with
increasing distance from both jets in the absence of bottom
currents, a minimal random velocity of larvae was set up to
prevent the unrealistic case of static larvae. If k~
vð~
rÞko!, the final
hydrodynamical velocity is replaced by a minimum cut-off speed
of random orientation and norm ! ¼ 0:1 mm s!1 . The choice of the
value of ! is such that its value is low when compared to any
typical velocity of a jet.
2.3.1. Larval settlement
vl ) ends
If the displacement of a larva (computed as ~
vl ) dt ¼ 0:5~
at a distance d smaller than the maximum texture depth R of a
mineral surface (defined in Section 2.2.1), the larva is in a position
to settle. Note that ‘‘settling larvae’’ is not used in its proper
meaning since at our time scales, released larvae are at most early
embryos, which are not yet competent, and thus not ready to
settle. Here settling is related to a trapping effect. As a first order
approximation, we suppose that the distribution of the irregularities sizes is random, and the probability of settling P s is
!
"
d
,
(10)
Ps ¼ pcol 1 !
R
where pcol is the probability that a larvae settles if it makes
contact with the chimney itself. Due to the random part of their
movement induced by turbulence, larvae close to mineral surfaces
tend to hit them multiple times (Berg, 1993) and colonize them
even if pcol is low. The value of pcol is set in all tests to an average of
0:5. It should be noted that, since this part of the model is
probabilistic, a larva can settle at a given distance d from the
mineral surface, while larvae subsequently passing by the same
point or even closer to the mineral surface will not settle. This
differs from what would be expected from a simple model of
automatic settling upon contact with the surface. This allows us to
model an average roughness of the mineral surface using only one
parameter, R, with no need to simulate multiple configurations of
the chimney wall to take irregularities into account.
2.3.2. Larval mortality
Experimental studies also demonstrated sensitivity of embryos
to temperature, with temperatures over 20 & C being lethal in
A. pompejana (Pradillon et al., 2001, 2005; Pradillon and Gaill,
2007). In our simulation, fluid temperature outside the jets is set
to 2 & C, neglecting the heat transmitted by conduction from the
rocks or from the jet to the ocean water. Inside the jet,
temperature is modeled like velocity as a decreasing function of
the distance to the outlet (see Supplementary data).
A probabilistic model of larval death due to temperature is
included in the simulation. At each time step, at the end of the
larval movement, the probability for a larva located at point ~
r to
die is defined as
Pdeath ¼ 0:0125Tð~
rÞ ! 0:25

(11)

with Tð~
rÞ being the water temperature at point ~
r. This formula
makes P death increase linearly from 0 at T ¼ 20 & C to 1 at
T ¼ 100 & C, allowing the biologically safe assumption that the
shortest possible exposition to temperatures greater or equal than
100 & C is lethal. At our timescale of a few hours, temperatures
below 20 & C are considered harmless.
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Table 1
Minimum and maximum values used in simulations for each parameter tested
Minimal values

Maximal values

Literature reported values and references

Topography
x2 k
Distance between jets outlets k~
x1 ! ~
Chimney wall texture depth R

0.5 m
0.001 m

15 m
0.05 m

0.1 to several meters
No data

Hydrodynamics
Primary jet velocity
Primary jet temperature
Secondary jet velocity
Secondary jet temperature
Bottom current velocity vb

0:01 m s!1
50 & C
0:001 m s!1
10 & C
0:0001 m s!1

4 m s!1
400 & C
0:05 m s!1
100 & C
1 m s!1

0.5–3:5 m s!1 (Converse et al., 1984; Fouquet et al., 1988)
150–400 & C (Tivey, 1995)
0.005–0:01 m s!1 (Juniper et al., 1995)
5–90 & C (Le Bris et al., 2003, 2005; Sarradin et al., 1998)
0:00520:5 m s!1 (Cannon et al., 1991; Kim and Mullineaux, 1998; Thomson et al., 2003)

*0:00005 m s!1

*0:005 m s!1

*0:00003 m s!1 (Marsh et al., 2001; Pradillon et al., 2004)

Biological characteristics
Larval buoyancy b

The values for fixed parameters are given in Section 2.

2.4. Simulations
2.4.1. Simulation parameters
There are four possible outcomes for each larva at the end of a
simulation:
1.
2.
3.
4.

Settled on a mineral surface.
Dead (due to high temperature exposure).
Entrained by the fluid outside of the simulation field.
Still in the simulation field, but not in any of the first three
situations.

Once a larva fall in one of the three first situations, its fate become
fixed and it is not considered in further calculation. The fourth
case is only due to the time limit put on the simulations. However,
in all simulation, more than 95% of the larvae fall in one of the
three firsts cases after 24 h. In addition to the distribution of the
larval fates in the four categories described above, our program
also gives a graphical output of the larval trajectories. These are
represented in a 2D projection of the simulation field (see Fig. 7 as
an example), with different colors according to the fate of each
individual larvae. This function allows us to identify the settlement location with regard to the release point.
In the simulations, some of the parameters are set to fixed
values, chosen from average values reported in the literature. We
checked that variations in the values of these parameters have no
significant influence on the outcomes of simulations. The half
opening angle yj of each of the two jets is thus set to 10& . The
radius R0 of the opening of the main smoker and secondary fluid
emission are set to 0.05 and 0.01 m, respectively. The ranges of
values tested in the simulations for the different parameters cover
the values reported in the literature (Table 1).
2.4.2. Real cases
Simulations using characteristics of a real smoker from the
Genesis site, 13& N East Pacific Rise, described by Sarradin et al.
(1998) were run to predict the larval trajectories of two species
living there. This is a 9 m high smoker, with a nearly vertical
slope, which expulses hydrothermal fluid at 270 & C. The top 2 m of
the chimney are covered with alvinellid worms including
A. pompejana. R. pachyptila tubeworms occupy the base of the
chimney wall.
In the case of the A. pompejana larvae simulations, we set larval
release point 2 m below the main jet. Temperature in the
secondary jet is set to 40 & C, which represents an average value
from measurements taken in the alvinellid colony (7–91 & C, see

Sarradin et al., 1998; Le Bris et al., 2003). Velocity of the secondary
jet is set to 1 cm s!1 according to average values recorded in
diffusion areas. Negative larval buoyancy rates of !0:03 mm s!1
are applied (Pradillon et al., 2004). In the case of R. pachyptila, we
set the larval release point at the base of the smoker. Temperature
in the secondary jet is set to 10 & C, which represents an average
value from temperatures recorded in the Riftia tubeworms
(5–15 & C, see Sarradin et al., 1998; Le Bris et al., 2003). Velocity
of the secondary jet is set at 0:5 cm s!1 . Positive larval buoyancy
rates of þ0:03 mm s!1 are applied (Marsh et al., 2001). No
experimental data being available, we set the chimney wall
texture depth to 1 cm.

3. Results
The main objective of our model is to identify which
parameters are significant with respect to larval trajectories in
the vicinity of the smoker from which they were released, within a
few hours after spawning. We tested different parameters
including: velocity and temperature of the ejected fluids from
the main jet and the secondary diffuser, velocity of bottom
currents, slope of the chimney, effect of relief features on chimney
walls, position of the release point of larvae and larval buoyancy.
The outcome of each simulation gives the proportion of larvae
which: settled within the simulation field, left the simulation field
(i.e. considered as dispersing), are unsettled but still in the
simulation field and died. Trajectories and larvae settling points
are also given by the simulation, and allow us to identify which
forces have the strongest influence.
Large scale models of larval dispersal usually assume that
larvae are carried up in the water column, entrained by absorption
of the surrounding sea-water (where larvae are) into the rising
fluids of the vent plume. However, depending on local conditions,
a significant proportion of the released larvae might not be
entrained and rather settle on the site of origin. Here we show in
detail which conditions can give rise to an increased or decreased
larval settlement.
3.1. Topography
3.1.1. Surface roughness
At the scale of centimeters to meters around a vent structure,
topographic features might stand within the larvae trajectories.
These features might trap larvae, preventing their attraction
within the rising plume and their large scale dispersal. The
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maximal height of the rock outcrops at the surface of the chimney
wall is defined as the maximal texture depth R. Larvae are released
in the secondary diffuser, at a distance lR from the wall. We can
distinguish two cases in the simulations:
1. For values of lp1, i.e. when the larvae are released closer to
the wall surface than the maximal height of the rock relief, the
percentage of settling larvae increases with R and decreases as
l tends to 1. In this case, larvae settle early after their release,
within minutes, very close to their release point.
2. For values of l41, when larvae are released beyond all relief
features, the settling rate diminishes with R and l (Fig. 2). In
this case, the diminution relative to R can be explained if we
hypothesize that most of the colonization takes place close to
the release point. With higher values of R (and l41), larvae are
released further away from the chimney wall, resulting in
fewer opportunities to settle.
Since we consider the embryos of vent organisms inhabiting
chimney walls, the larvae are most probably released within a
distance where they might encounter relief feature, although
active reproductive behavior might differ between species, some
expelling gametes or larvae well above relief structure, whereas
others do not. However, a too low value of l would prevent release
of larvae by trapping them, in such a way that no other

phenomena could be studied. In further simulations l is
arbitrarily set to 1 in order to avoid this early trapping effect of
larvae. For the same reason, the maximal texture depth R is set at
a low value (R ¼ 0:001 m), in order to allow larvae to leave the
chimney wall after being released, and evaluate more precisely
the effect of local hydrodynamics. In real cases, the values of l and
R may vary greatly depending on species and chimneys. In any
case, our results show that the exact position of the larval release
point relative to the chimney wall surface irregularities can be
of great importance to local larval colonization around the
adult patch.
3.1.2. Chimney slope
To assess the importance of the slope of the smoker wall, two
types of chimneys representing different topographies are
modeled: a small flat edifice 5 m high with a wall slope a ¼ 45& ,
and a tall vertical edifice 15 m high with a slope of 70& from the
horizontal. All other parameters being equal, the simulations
show a higher proportion of larvae settling on the wall of the tall
vertical smoker than on the flat one (compare Figs. 2a and b,
and 3a and b). This trend does not depend on the release point of
the larvae (Fig. 1). One tentative explanation is that, the more
vertical a smoker, the longer the larvae remain close to the
chimney wall during their vertical ascent in the heated water
coming from the secondary diffuser, and hence the more
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Fig. 2. Effect of the maximum texture depth R and the larval release point distance
from the chimney wall on the colonization rate. Larvae are released from a vertical
(a) or a flat (b) smoker, at different distances from the chimney wall, which is
represented by the value of l (see the text): black circles, squares, triangles and
stars are, respectively, for l values equal to 0.5, 1, 1.5 and 20.

30

0.01

0.1

1

10

Main smoker speed (m.s-1)
Fig. 3. Effect of the main smoker jet velocity on the colonization rate. Larvae are
released from a diffuser located on the side of either a vertical (a) or a flat (b)
smoker, at different distances from the top of the chimney (main jet output): 0.5 m
below the main jet (black circles), at mid-height of the chimney (black squares)
and 0.5 m above the base of the chimney (black triangles).
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possibilities they have of colonization. On a flat edifice, distance
between larval trajectories and smoker wall increases immediately, thus limiting the number of settling events along the
chimney wall.

3.2.2. Bottom currents
The bottom currents strongly affect the settling rates. With a
lateral bottom current entraining the larvae towards the wall
(i.e. for colonies located on the side of the chimney facing to the
bottom current), the colonization rate is always 100% (data not
shown). If orientated in the opposite direction, the bottom current
can be a dominant force, in competition even with the strongest
main jets (Fig. 4). In all tested configurations with typical bottom
current velocities between 2 and 20 cm s!1 (Cannon et al., 1991;
Kim and Mullineaux, 1998), the bottom currents dominate over
the attraction by the plume, and export the larvae laterally out of
the smoker surroundings. The quantitative part of these results
should be taken cautiously, as our modeling of the interactions
between the jets and the bottom currents is approximate.
However, the main statement, which is to say that the bottom
currents can become dominant relative to the jets, is a limit that
should remain valid.

80
Settling rate (%)

3.2.1. Hydrothermal vent jet velocity
As larvae are considered as passive particles, they are entrained
by local currents. Their entrainment within the smoker plume
depends on the main jet regime, which drives all the ecosystem
hydrodynamics. Interestingly, the proportion of settling larvae
increases with the velocity of the main jet (Fig. 3). Temperature of
the main jet fluids does not affect this pattern (data not shown).
Indeed, if this jet increases in velocity, more water will be
entrained laterally inside it due to local turbulence. This increase
in the entrainment of the surrounding water propagates to
strengthen the global water flux directed towards the jet and
the chimney. Therefore, the faster the main jet velocity is,
the earlier the larvae are attracted towards the smoker during
their ascent. With a high velocity main jet, they are attracted
while their vertical level is still below the top of the edifice.
This allows them to make contact with the smoker wall and
settle before being entrained inside the rising plume of the main
smoker.
The relative importance of this phenomenon is modulated by
the distance between the main jet and the larval release point.
When this distance increases, the proportion of settling larvae on
smokers with a high velocity main jet falls to the values obtained
for the low speed ones (Fig. 3). In those cases, the larvae are too far
to be entrained early towards the chimney wall, and there is no
colonization close to the main jet outlet on the wall. Supporting
this hypothesis, we observe two main regimes instead of a
continuous increase in the colonization rates with the main jet
velocity: the settlement rates remain low for main jet velocities
up to 10 cm s!1 , and abruptly increase for higher velocities (Fig. 3).
Such dual regime also occurs when the larvae are released further
down on the smoker wall, but the transition between the two
regimes occurs for higher main jet velocities. When the smoker is
steeper sided, the difference between the two regimes diminishes
(Fig. 3a).
Velocity of the secondary jet did not produce detectable effects
on larval trajectories, which were mainly and very early affected
by the main jet hydrodynamics. This was expected since the main
jet velocity is driving the entire hydrodynamics of the system, the
secondary jet only being a local perturbation driving the larvae
away from the chimney wall.
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Fig. 4. Effect of bottom current velocity on the colonization rate. Bottom current
orientation is set such that larval release point is on the face of the smoker hidden
from the current. Larvae are released from the wall of a chimney at different
distances from the main smoker output: 0.5 m below the main smoker (black
circles and stars), at mid-height of the chimney (black squares) and 0.5 m above
the base of the chimney (black triangles). The main jet velocity is 2 m s!1 . Stars
stand for the same simulation, but with a main jet velocity of 0:1 m s!1 and a larval
release point 0.5 m below the main jet output. If the colony is located on the wall
facing the bottom current, colonization rate is invariably 100% (not shown).

40
35
Larval death rate (%)

3.2. Hydrodynamics

327

30
25
20
15
10
5
0

0.001

0.01
Secondary smoker speed (m.s-1)

0.1

Fig. 5. Effect of a secondary jet’s temperature and velocity at the output on larvae
mortality rate. The larvae are released from the chimney wall, 0.5 m below the
main smoker. Secondary jet temperatures are 10 & C (black circles), 20 & C (open
squares), 40 & C (black triangles), 60 & C (stars), 80 & C (open losanges), 100 & C
(crosses). These results are independent of the position of the larvae release point.

3.3. Biology
3.3.1. Temperature effect
High temperatures can be deleterious to larvae (Marsh et al.,
2001; Pradillon et al., 2001, 2005). In our simulations, we test the
effect of exposure to high temperature. Mortality rate is proportional to both the temperature and the duration of exposure. First,
simulations show that larvae almost never die from high
temperature exposure in the main jet (data not shown).
Considering larval trajectories, we assume that this is due to the
fact that most larvae enter the plume at a distance from the jet
outlet where temperature has already dropped. However, we
observe up to 40% mortality in released larvae due to the
temperature in hot secondary jets (Fig. 5). The velocity of
the secondary jet plays a key role this case. A faster jet expulses
the larvae quickly, and the exposure time to high temperature is
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reduced, leading to lower mortality. On the contrary, low velocity
jets leave the larvae exposed to lethal conditions for longer, thus
increasing mortality rates (Fig. 1). Taking into account the
turbulent structure of the jets and the temperature distribution
instead of the average value could change these results,
particularly in the secondary jet, where temperature variability
could modulate the time of exposure of the larvae to deleterious
temperatures.

However, in areas with low jet velocities, buoyancy rates might
significantly influence colonization (Fig. 6). Without bottom
currents and with a main jet velocity as low as 0:1 m s!1 , negative
buoyancy rates—within the range of those observed for vent
species—significantly increase the proportion of colonists,
whereas positive buoyancy decreases the colonization rates
(Fig. 6a).
3.4. Simulations of real cases

3.3.2. Effect of larval buoyancy
The buoyancy rates observed for vent embryos are in the range
of tens of micrometers per second (Marsh et al., 2001; Pradillon
et al., 2001, 2005; Pradillon and Gaill, 2007), i.e. very low
compared to currents and jet velocities which are typically in
the range of centimeters to meters per second. In our simulations,
larval buoyancy does not influence larval dispersal or colonization
rates when these typical values are considered. When bottom
currents oriented so as to export larvae are taken into account,
settling rates become low whatever the hydrodynamic properties
of the larvae be. All are equally entrained outside of the smoker
surroundings. In another type of dynamic environment, with a
high velocity main jet, all larvae are attracted and pushed towards
the smoker walls, thus leading to very high settling rates,
whatever larval buoyancy (Fig. 6b).
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In addition to the general prediction of the parameters
dominantly affecting larval trajectories in the vicinity of smokers,
our model can be used to simulate larval fate in real environmental cases. Such a tool might be helpful for conducting in situ
experiments, such as choosing the deployment site of larval
colonization experiments according to predicted larval trajectories. For example, in Fig. 7, we present the trajectories of
larvae released from a smoker (PP HOT2) from the Genesis site at
13& N on the East Pacific Rise (Sarradin et al., 1998). The top 2 m of
this chimney are covered with alvinellid worms including
A. pompejana. R. pachyptila tubeworms occupy the base of the
chimney wall.
A. pompejana and R. pachyptila are two emblematic annelid
species of East Pacific Rise vent sites. They usually colonize
different parts of the vent ecosystem and are believed to have
different larval strategies. By simulating the trajectories of larvae
released from the populations of these two species, we show
different fate, which might be partly responsible for the different
dispersal capabilities of these species. During our simulations
almost all A. pompejana larvae are retained on the smoker.
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Fig. 6. Effect of the larvae buoyancy rates in different hydrodynamic contexts.
Larvae are released from the wall of a chimney whose main smoker jet velocity is
0:1 m s!1 (a) or 2 m s!1 (b), 0.5 m below the main smoker. Bottom currents with
different velocities, directed so that the larvae are on the hidden face of the
smoker, are compared: no current (black circles), 0:001 m s!1 (open squares),
0:01 m s!1 (black triangles) and 0:1 m s!1 (stars).

Fig. 7. Prediction of larval trajectories of two vent species, Alvinella pompejana and
Riftia pachyptila, at a 13& N EPR vent site. The mineral environment is modeled so as
to represent the chimney PP HOT2 at the Genesis site described by Sarradin et al.
(1998) (see text). A. pompejana larvae predicted trajectories are given in the left.
R. pachyptila trajectories are given in the right. In (a) and (d), the main jet velocity
is set to 3 m s!1 . In (b) and (e), the main jet velocity is lower, 1 m s!1 . In (c) and (f)
we add bottom currents directed towards the right side of the figure, with velocity
0:01 m s!1 . In this case the main jet velocity is also 3 m s!1 . Trajectories of the
larvae which settled or were ejected at the end of the simulation are, respectively,
in green and blue. Percentages of settled larvae are indicated.
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This pattern is due to a combination of characteristics which favor
attraction towards the smoker wall including: proximity of the
adult colony to a high velocity main jet, vertical slope of the
smoker and negative buoyancy of the larvae. All conditions push
the larvae towards the chimney and prevent them from being
expelled from the system. However, the situation might be
completely different when the smoker is exposed to bottom
currents (Fig. 7c), in which case the larvae can be exported out of
the ecosystem.
In the case of R. pachyptila, the proportion of retained larvae is
much lower (Fig. 7d–f). Almost half of the larvae are entrained in
the plume of the main jet (Fig. 7d), and this proportion increases
to almost 100% with high main jet velocities of 1 m s!1 (Fig. 7e).
When the bottom currents are simulated, all larvae are entrained
laterally rather than vertically if they are released on the hidden
face of the smoker (Fig. 7f) or settle if they are on the wall facing
the current, as before.

4. Discussion
The model presented here is the first attempt to analyze larval
dispersal at a local scale, the so-called bio-hydrodynamic, i.e.
within centimeters to meters from a vent chimney. Simulations
allow us to identify the main parameters that influence dispersal
and settling rates of vent larvae just after their release. We show
that bottom currents can be the dominant phenomenon, driving
on site colonization or dispersal depending on their direction
relative to the colony’s position on the smoker. The clear-cut
difference between settlement rates with or without bottom
currents and their relatively small variations due to the hydrodynamics of the main jet imply that the effects of the bottom
currents will be the main driving force of the larval dispersal.
When bottom currents are very slow, the geometry of the
chimney wall, particularly its slope, influences mostly colonization; vertical smokers have higher colonization rates. As expected,
irregularities on the chimney wall may trap larvae before they are
entrained by local hydrodynamics and thus increase local
colonization. High velocity of the main jet also gives rise to
increased colonization rates due to the wide zone of absorption it
generates. The influence of the main smoker on the larval fate is
smoothed by increasing distance of the larval release point from
the main jet. Finally, only when all hydrodynamic conditions
are in a lower range of values, can the buoyancy rates affect the
fate of larvae.
Previous approaches by Kim et al. (1994) have suggested that
the hydrothermal plume would concentrate larvae and drive their
dispersal. In their model, larvae are considered to be initially in
the surrounding water, meters away from the chimney wall. We
suggest that vent larvae might be affected differently by vent
hydrodynamics. Due to their initial location close to vent chimney
walls, their trajectories might be stopped by relief and topography
features. These features might trap released larvae and prevent
their entrainment within the rising plume. Indeed, in simulations
where larval starting point is set far from the chimney wall, larvae
are mainly entrained within the plume, in complete agreement
with the results of Kim et al. (1994) (Fig. 2, l ¼ 20). However,
when larvae are released from the chimney wall, larval fate
differs. By simulating vent larvae behavior at a bio-hydrodynamic
scale, our model indicates that due to their specific release point
vent larvae should not be considered equivalently with other
abyssal larvae (or vent species distributing meters away from vent
chimneys), as initial trajectories within the vent surroundings are
specifically affected by topography and local hydrodynamics.
Bottoms currents can transport larvae between vents
(Mullineaux and France, 1995; Kim and Mullineaux, 1998). In
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our simulations, bottom currents appear as the major force
driving larvae outside of the vent vicinity. From the larval point
of view, bottom currents, whose velocities are typically in the
range of some centimeters per second (Cannon et al., 1991; Kim
and Mullineaux, 1998), are more powerful than the local
convection fluxes and plume absorption. In the presence of
bottom currents, vent larvae should then be expected either to
disperse within a few meters above the sea floor—rather than at
the level of the spreading buoyant plume—or to colonize the
chimney wall facing the currents. Indeed, field observations are in
agreement with this pattern. Higher abundances of vent larvae
have been detected a few meters above the bottom along the ridge
axial valley than at the level of the spreading of vent plumes,
200–300 m above the bottom (Mullineaux et al., 2005).
When bottom currents are negligible compared to the smoker
main jet, the larvae are always entrained vertically higher in the
system. Due to absorption of the surrounding fluid by the main
jet, the larvae tend to be entrained vertically inside the rising
plume. Such trajectories make the slope of the chimney walls
important in two ways. First, at the expulsion of larvae, a chimney
with a vertical slope will offer settling possibilities for an
extended time interval. Indeed, since larval ascent is parallel to
the wall, turbulence may drive larvae multiple times close enough
to that wall to become trapped. This will not happen with a flat
edifice. For the larvae that do not settle early but rise in the water
column, the other possibility of settling is just before their
absorption into the main jet, if they are close to the mineral
structure again. In this case, vertical surfaces at the top of the
chimney will offer more colonization possibilities, as the larvae
entrained towards the plume from beneath will make contact
there before getting inside the plume. These two phases are
occurring independently, which might locally modulate the
colonization rates. In natural smokers, the slope may vary at
different heights on the same edifice, and increased colonization
can occur separately at the expulsion point or near to the top. Such
colonization configurations were observed with Alvinellid colonies
(Ex Elsa PPH1 EPR 13& N, personal observation by FP). Colonization
close to the main jet outlet is however dependent on the precise
hydrodynamical features of the jet itself in this region, which are
only approximate in our case. A more thorough analysis of this
region of the ecosystem is needed to give more definitive
conclusions about the settling mechanisms there.
The absorption effect at a given point increases with the
velocity of the main jet. However, this effect decreases with the
distance from the plume. Therefore, depending on their release
position, and on the main jet velocity, the larvae will be entrained
more or less early towards the plume, leading, respectively, to
settling on the top of the smoker or entrainment inside the plume.
This phenomena has two consequences for vent organisms. First,
depending on species and on their distribution around the main
fluid source, entrainment of the larvae within the rising plume is
more or less efficient. Species distributing away from the vent
chimney have higher chances to see their larvae exported outside
of the system. Second, the activity of a vent site is reflected in the
strength of the fluid fluxes. This means that when activity
decreases, velocity of jets will decrease, and finally the absorption
zone will get narrower. Paradoxically, our simulations show that
this tends to decrease the trapping effect on larvae and rather
favor their entrainment in the plume. Decreasing activity would
therefore favor larval dispersal.
The buoyancy rates of embryos and larvae have been put
forward to explain different dispersal strategies in different vent
species. For example, eggs and early embryos of Alvinella
pompejana, are negatively buoyant (Pradillon et al., 2004), leading
to the hypothesis that larvae of this species would sink to the base
of chimney and develop there (Chevaldonné and Jollivet, 1993;
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Pradillon et al., 2005) and have limited dispersal (Chevaldonné
et al., 1997). Conversely, Riftia pachyptila eggs and embryos are
positively buoyant (Marsh et al., 2001), leading to the hypothesis
of large dispersal. However, our model shows that strong
hydrodynamic motion close to the hydrothermal edifices make
these tendencies negligible. By simulating larval trajectories of
two vent species, A. pompejana and R. pachyptila, in the vicinity of
a real smoker, we showed that the position of adult populations
influences the type of dispersal larvae might have. With a vertical
configuration of the smoker wall, A. pompejana embryos would be
quite easily trapped and would not disperse. Indeed, young active
smokers typically have a vertical elongated shape due to the rapid
mineral accretion (FP personal observation). In such cases,
dispersal of embryos emitted by populations growing on the
smoker walls would be limited. On the contrary, less active
edifices grow much more slowly and tend to have a more flat or
round shape, sometimes referred to as ‘‘snowball’’. This, combined
with the fact that with decreased activity, jet velocity will also
decrease, will tend to favor dispersal. Indeed, when activity
decreases, several conditions enhancing attraction of larvae in the
vent plume may act in synergy to favor migration towards new
sites. R. pachyptila occurs much more rarely on smoker walls, and
would therefore be almost always in a configuration where larvae
would be exported outside of the vent.
The results obtained here allow us to evaluate classical
dispersal scenarios and to formulate new hypotheses based on
the parameters significantly influencing colonization. In the
future, the model, which could be enhanced by taking into
account more details about the hydrodynamical mechanisms, will
offer possibilities to test other processes at the bio-hydrodynamic
scale, including: reproduction, predation, species interactions and
temporal dynamics of colonization.
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