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Synopsis Using data on ocean circulation with a Lagrangian larval transport model, we modeled the potential dispersal
distances for seven species of bathyal invertebrates whose durations of larval life have been estimated from laboratory
rearing, MOCNESS plankton sampling, spawning times, and recruitment. Species associated with methane seeps in the
Gulf of Mexico and/or Barbados included the bivalve “Bathymodiolus” childressi, the gastropod Bathynerita naticoidea, the
siboglinid polychaete tube worm Lamellibrachia luymesi, and the asteroid Sclerasterias tanneri. Non-seep species included
the echinoids Cidaris blakei and Stylocidaris lineata from sedimented slopes in the Bahamas and the wood-dwelling
sipunculan Phascolosoma turnerae, found in Barbados, the Bahamas, and the Gulf of Mexico. Durations of the planktonic
larval stages ranged from 3 weeks in lecithotrophic tubeworms to more than 2 years in planktotrophic starfish.
Planktotrophic sipunculan larvae from the northern Gulf of Mexico were capable of reaching the mid-Atlantic off
Newfoundland, a distance of more than 3000 km, during a 7- to 14-month drifting period, but the proportion retained
in the Gulf of Mexico varied significantly among years. Larvae drifting in the upper water column often had longer
median dispersal distances than larvae drifting for the same amount of time below the permanent thermocline, although
the shapes of the distance—frequency curves varied with depth only in the species with the longest larval trajectories. Even
species drifting for >2 years did not cross the ocean in the North Atlantic Drift.

Introduction can disperse across ocean basins (Scheltema 1968,

Planktonic larvae, which are found in the life cycles
of most benthic animals (Thorson 1964), connect
disjunct metapopulations on many spatial scales.
The potential for dispersal at these various scales is
critically important in understanding population dy-
namics and biogeography in the sea (Cowen et al.
2006; Cowen and Sponaugle 2009; McClain and
Hardy 2010). The role of larval dispersal in main-
taining the genetic structure of marine populations
has been discussed from a theoretical standpoint ever
since the discovery that some shallow-water larvae
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1971). The issue has taken center stage recently
with the widespread recognition that larval transport
influences recruitment, a process that is important in
applied problems such as fisheries management, con-
servation, and the siting of marine protected areas.
The present study deals with larval dispersal in the
deep sea, a field that remains in its infancy.

Work on genetic connectivity at hydrothermal
vents reveals little evidence for genetic structure on
moderate to large scales along the axes of ridges (re-
viewed by Vrijenhoek 1997, 2010) but shows
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significant structure on opposite sides of biogeo-
graphic barriers such as the Easter Island
Microplate in the South Pacific (Won et al. 2003),
the Blanco Transform Fault in the northeastern
Pacific (Johnson et al. 2006; Young et al. 2008),
and fracture zones on the Mid-Atlantic Ridge
(O’Mullan et al. 2001).

Seamounts, which were once considered to be iso-
lated habitats with high endemicity (reviewed by
Rogers 1994; McClain 2007), demonstrate a surpris-
ing level of genetic connectivity that probably reflects
larval dispersal (Smith et al. 2004; Samadi et al.
2006). In contrast, invertebrates on homogeneous
abyssal soft bottoms may have significant genetic
structure on relatively small spatial scales (Zardus
et al. 2006).

Recent work (reviewed by Cordes et al. 2007;
Olu-Le Roy et al. 2007) reveals that several
species-complexes of methane-seep invertebrates are
found in both the eastern Atlantic (Gulf of Cadiz
and Gulf of Guinea) and western Atlantic
(Barbados Accretionary Prism, Gulf of Mexico, and
Blake  Plateau). However, genetic  evidence
(Olu-LeRoy et al. 2007) shows deep divergences
among the morphologically similar amphi-Atlantic
populations, suggesting infrequent connectivity.
CO1 sequence data provide better evidence for con-
nection among seeps in the southern Caribbean,
northern Gulf of Mexico, and the Blake Plateau off
the seaboard of North Carolina. Those species that
have been examined in the well-studied seeps on the
Louisiana Slope show minimal evidence of genetic
structure (McMullin et al. 2003, 2010; Carney et al.
2006).

Although demographic factors, external environ-
mental factors, and the distributions of disjunct hab-
itats all play roles in determining genetic structure
(Vrijenhoek 2010; Coykendall et al. 2011), larval or
adult dispersal by oceanic currents is implicated as
an important mechanism of connectivity in virtually
every species that has been examined.

Biological factors such as ontogenetic vertical mi-
gration, buoyancy of embryos, predation, food avail-
ability, developmental rate, and physiological
tolerances, all play roles in determining dispersal pat-
terns, but these have been studied for relatively few
deep-sea animals. However, by knowing just a single
biological parameter, the length of larval life (plank-
tonic larval duration [PLD]), and the speeds and
directions of oceanic currents, one can estimate the
likely upper limit of dispersal distance and relate
probable dispersal trajectories to the biogeographic
distributions of species. In the deep sea, simple dis-
persal models (progressive vector diagrams) using
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Eulerian current data have been applied at hydro-
thermal vents (e.g., Chevaldonne et al. 1997; Marsh
et al. 2001). Chevaldonne et al. (1997) used such
models to explore a perceived discrepancy between
lack of genetic structure in alvinellid polychaetes and
the presumed absence of an effective dispersal stage.
Later work on the embryos (Pradillon et al. 2005)
revealed a mechanism, developmental arrest of em-
bryos, which may explain this discrepancy. Marsh
et al. (2001) used progressive vector models to pre-
dict that tube worm (Riftia pachyptila) larvae should
disperse as much as 100 km during a 5-week plank-
tonic period on the East Pacific Rise.

PLD is an important parameter for all dispersal
models, but the estimation and use of this parameter
are fraught with potential errors, especially when in-
formation on larval behavior is lacking (Shanks
2009). The problems are compounded for deep-sea
species. For example, whereas shallow-water larvae
may experience only minor fluctuations in tempera-
ture while dispersing, deep-sea larvae potentially can
move into water of different temperatures (Young
et al. 1996a, 1998), thereby experiencing changes in
metabolism, feeding rate, and other vital processes.
Four different methods have been employed for es-
timating PLD in the deep sea. The first is laboratory
culture, which is non-trivial for deep-sea species be-
cause of the difficulty of maintaining correct condi-
tions of temperature and pressure. Very few deep-sea
species have been reared all the way to settlement.
The second method is to compute PLD from metab-
olism and available energy stores. This method is
only valid for lecithotrophs and requires assumptions
about temperature and metabolic efficiency. The
third method is to follow cohorts of larvae in the
plankton. This is feasible only for species with
discrete spawning seasons and is especially diffi-
cult for deep-sea species with long larval life.
Finally, PLD may be estimated by comparison of
settlement time and spawning time. In the deep
sea, these two parameters are seldom known with
certainty, so this method often requires back-
calculation of settlement time using juvenile growth
rates.

Even when PLD is known, it is easy to make large
errors in estimating dispersal potential unless realistic
oceanographic data are used. In a recent attempt to
place upper and lower limits upon potential dispersal
of larvae, McCain and Hardy (2010) plotted most of
the known PLDs for deep-sea animals against rough
estimates of high and low current speeds in the deep
sea. Their plot showed that larvae dispersing in
high currents could potentially go tens of thousands
of kilometers during just a few months.
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Unfortunately, these calculations did not take rever-
sals of currents or variable velocities into account.
The authors acknowledged that their calculations
were preliminary and that better parameter estimates
were needed. Here, we repeat these calculations for
some of the same species, using realistic models of
oceanographic currents for the actual places where
the animals live.

It is expected that connections among distant pop-
ulations would be facilitated by ontogenetic vertical
migration, since dispersal distances should be greater
in surface waters than in the slower currents of the
deep sea (Young et al. 1996a). We know from labo-
ratory studies that many species of deep-sea animals
are confined to deeper waters because their larvae are
incapable of tolerating the low pressure and high
temperature found in the upper water column
(Young and Tyler 1993; Young et al. 1996b, 1998;
Brooke and Young 2009; Bennett et al. 2012). On the
contrary, the larvae of some seep invertebrates have
been reported near the surface (Van Gaest 2006;
Arellano 2008), and some bathyal echinoderms
have unexpectedly broad temperature tolerances
(Young et al. 1996a; Young et al. 1998). The mor-
phology of the protoconch (the initial shell of the
larva) suggests that many abyssal gastropods are
planktotrophic (Bouchet and Waren 1994) and data
on oxygen isotopes indicate that some of these veli-
gers migrate into warmer waters (Bouchet and
Fontes 1981; Killingley and Rex 1985), observations
that have been borne out by the collection of abyssal
larvae in the surface plankton (Bouchet and Waren
1994).

In the present paper, we used velocities of oceanic
currents computed by oceanographic hindcast
models to assess potential larval-dispersal trajectories
at two depths for invertebrates living in deep-sea
wood falls (the sipunculan Phascolosoma turnerae),
at cold methane seeps (the gastropod Bathynerita
naticoidea, the bivalve Bathymodiolus childressi, the
siboglinid tube worm Lamellibrachia luymesi, and
the asteroid Sclerasterias tanneri) and on sedimented
bathyal slopes (the cidaroid echinoids Stylocidaris
lineata and Cidaris blakei). With the exception of
S. tanneri, whose larvae are currently being cultured
in our laboratories, we have described aspects of
larval development and reproductive ecology of all
species used in the dispersal models (Rice 1985;
Young and Tyler 1992; Young et al. 1996¢, 1998;
Van Gaest 2006; Arellano and Young 2009, 2011;
Bennett et al. 2012; Rice et al., in press).

The approach was designed to answer the follow-
ing questions using deep-sea species whose PLDs
have been estimated from biological data: (1) What
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is the relationship between PLD and dispersal poten-
tial for seep and non-seep slope animals in the
intra-American seas? (2) How much does the dis-
persal potential vary from year to year because of
variation in currents? (3) Do dispersal models dem-
onstrate the potential for connectivity among distant
deep-sea populations? (4) Do larvae migrating to the
upper water column disperse significantly greater
distances than do larvae remaining below the perma-
nent thermocline? and (5) How do dispersal trajec-
tories relate to known biogeographic distributions?

Materials and methods
Collection and rearing of animals

The seven species selected for dispersal models are
from three bathyal sites, one each in the Gulf of
Mexico, the Bahamas, and Barbados (Table 1),
where we have worked extensively on reproductive
and larval biology of deep-sea animals over the past
27 years, using Johnson-Sea-Link submersibles.
Animals were collected carefully and transported to
the surface in containers of cold seawater. Gametes
were obtained using standard embryological tech-
niques and larvae were cultured either in shipboard
cold rooms or in our laboratories at Harbor Branch
Oceanographic Institution (HBOI) in Florida, the
Smithsonian Marine Station (SML) in Florida, or
at the Oregon Institute of Marine Biology (OIMB).
Direct observations of gonadal condition and of
spawning were used in concert with gonadal histol-
ogy to determine the appropriate time to initiate
dispersal for the models.

Estimating planktonic larval duration

Planktonic larval durations used in this article were
determined by direct rearing of larvae or estimated
by comparing settlement dates to known spawning
times. In the latter cases, settlement dates were esti-
mated by using measured growth rates of juveniles to
back-calculate from the sizes of collected recruits.
Pelagosphaera larvae of the sipunculan P. turnerae
were reared from gametes released spontaneously by
adults maintained in refrigerated seawater tanks at
Harbor Branch Oceanographic Institution, Florida,
and cultured in refrigerated filtered seawater at the
Smithsonian Marine Station in Florida (Rice et al,,
in press). Because we were not able to maintain these
larvae to settlement, we estimated potential dispersal
distances by indirect methods. Numerous spawning
events were observed in the spring and summer
months over several years (Rice et al., in press),
with peak spawning occurring in May. We also de-
ployed fibrous larval collectors on the bottom over a
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Table 1 Release sites (locations of adult populations), release
dates (peak spawning or hatching dates), and run lengths (plank-
tonic larval durations, PLDs) used for the dispersal models of the
seven bathyal species studied. Adults of all species live at depths
between 500 and 700 m

Species Release sites Release date PLD (d)

Echinodermata

Sclerasterias tanneri GM* October 660

Cidaris blakei BR®, BA® May 120

Stylocidaris lineate BR®, BA® May 120
Mollusca

Bathymodiolus childressi GM?* October 390

Bathynerita naticoidea GM?, BR® May 210,390
Annelida

Lamellibrachia luymesi ~ GM?* May 21
Sipuncula

Phascolosoma turnerae ~ GM?, BR®, BAS  May 210,390

“Brine Pool, Louisiana Slope, Gulf of Mexico: 27°43.4' N 91°16.8" W.
POff Hole Town, Barbados: 13°12.03' N 59°43.27" W.

“Southwest Reef, Tongue of the Ocean, Bahamas: 24°52.98" N
77°32.22" W.

3-year period, recovering the collectors at 3- to
6-month intervals. Growth rates of young individuals
measured in the laboratory and in the field were
used to generate a growth curve that allowed us to
estimate the likely date of settlement for each indi-
vidual recovered in the collectors. By counting back
to the previous May spawning period, we obtained
approximations of PLD.

A cold-seep mollusk, the gastropod B. naticoidea
had a similar PLD as P. turnerae. B. naticoidea larvae
hatch between February and July with a peak in May.
Larvae identified by morphology and genetics were
captured in mid-water MOCNESS tows in November
and February, indicating a larval life that could be as
short as 6-7 months from the May hatching peak or
>12 months from the beginning of the spawning
period through the following February (Van Gaest
2006).

Larvae of the cold-seep tube worm L. luymesi were
cultured from zygotes removed by dissection from
the terminal portion of females’ oviducts (Young
et al. 1996¢; Hilario et al. 2005). Although the cul-
tures never survived to metamorphosis, they gener-
ally survived for about 3 weeks. Predictions of
duration of the larval stage based on metabolic
rates and lipid stores (Leong 1998) provided inde-
pendent confirmation of a three-week larval period.
This is the only species we studied that had buoyant
eggs.

The cold-seep bivalve B. childressi was spawned in
the laboratory at OIMB by injection with 2mM

C. M. Young et al.

serotonin and embryos were reared to the early
larval stage in refrigerated seawater at 7°C. Because
this species was not reared to settlement, we
back-calculated settlement times for recruited indi-
viduals from growth rates of juveniles obtained
from field outplant experiments (Arellano and
Young 2009). As in P. turnerae, we counted back
the months since the previous peak spawning
period to estimate duration of the planktonic larval
stage (Arellano and Young 2009).

Gametes of the asteroid S. tanneri from the Gulf
of Mexico were obtained by injection of 100 uM
1-methyladenine during the October spawning
season. The larvae of S. tanneri were cultured in in-
cubators for >2 years without undergoing settlement.
Water in cultures of bipinnaria larvae was changed
by reverse filtration through 50 um Nitex mesh and
fed mixed cultures of the microalgae Rhodomonas
lens and Isochrysis galbana. Similar culture methods
were used for larvae of two Bahamian echinoid spe-
cies, C. blakei (Bennett et al. 2012) and S. lineata
(Young et al. 1998; T. I. Smart, R. B. Emlet, and
C. M. Young, unpublished data). Echinoid gametes
were obtained by injection of 0.55M KCl or 10 mM
acetylcholine. The echinopluteus larvae were cultured
through settlement in 0.45 pum filtered seawater held
in cold-water incubators in Oregon.

Modeling

Dispersal patterns were simulated by the author He’s
Ocean Observing and Modeling Group at North
Carolina State University. We modeled larval trajec-
tories with the LTRANS Lagrangian larval transport
model (North et al. 2006; Schlag et al. 2008) using
oceanic circulation hindcasts produced by either the
South Atlantic Bight and Gulf of Mexico (SABGOM)
ocean model (Hyun and He 2010) or the global
HyCOM/NCODA ocean model (Chassignet et al.
2009, http://hycom.org/dataserver/glb-analysis/expt-
90pt9). Each simulation involved the passive particle
releases of between 200 and 250 “larvae.” For one
species, P. turnerae, we ran the model for the Gulf of
Mexico during the same time period in 3 different
years to assess the importance for dispersal distance
of inter-annual variability in circulation patterns.
Other species were modeled only in a single year.
For all species, we modeled the trajectories beginning
at the times of known spawning peaks. Each run
included more than 200 “releases” from various ran-
domly chosen coordinates within 80km of a site
where adults are known to be abundant. We in-
cluded no wvertical migration behavior in the
models; instead, we compared dispersal distances
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unambiguously between two depths, 100m (above
the permanent thermocline) and 500 m (below the
thermocline, ~100-200m above the adult habitats
of all species examined). This approach assumes
that larvae quickly attain their dispersal depth and
spend most of their larval life drifting at a particular
height (isobarically) in the water column. Data on
flotation rates of L. luymesi embryos (Young et al.
1996¢) and swimming speeds of echinoderm and bi-
valve larvae (Arellano 2008) suggest that this as-
sumption is not unreasonable, although the actual
depths of dispersal in the sea are unknown.

Analysis

All statistical analyses were performed using proto-
cols in Systat 11 software. Median distances traveled
at the two modeled depths (100 and 500m) were
compared for each run using the non-parametric
Wilcoxon—-Mann—Whitney test. Distances traveled
obtained from oceanic circulation—dispersal models
were also plotted as frequency histograms, and the
shapes of the frequency distributions for shallow and
deep water were compared with the Kolmogorov—
Smirnov two-sample goodness of fit tests. To deter-
mine if there were significant differences in mean
distances traveled among years and depths, we ana-
lyzed data for Gulf of Mexico models of P. turnerae
using a 2-way fixed ANOVA with depth and year as
the independent variables.

Results
A wood-dwelling opportunist: P. turnerae

The sipunculan P. turnerae is the only species that
occurs at all three release sites, so we ran more ex-
tensive analyses of this species than for the others.
Figure 1 shows dispersal trajectories for larvae dis-
persing for a maximum estimated larval life of
13 months (Rice et al., in press). Larvae originating
near Barbados had the potential of colonizing virtu-
ally the entire Caribbean area and the southeastern
Gulf of Mexico, with most individuals being retained
in the Caribbean. A few larvae entered the Gulf
Stream and dispersed northward along the Atlantic
seaboard. Larvae originating on the Louisiana Slope
in the northern Gulf of Mexico dispersed throughout
the Gulf and a significant number of them entered
the Florida Current and dispersed up the east coast.
A few larvae from the Northern Bahamas (Tongue of
the Ocean) were retained in the local area, but none
colonized Bahamian sites further south and most
larvae from this area dispersed out into the North
Atlantic, where many ended their larval life over
much greater depths than those at which adults are
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known to occur. As expected, transport from all sites
was more-or-less unidirectional, following the overall
flow pattern of the North Atlantic Gyre. However,
there was sufficient retention in all areas, assuring
that local populations could be reseeded. Frequency
distributions of dispersal distances (Fig. 2) had dis-
tinctly different shapes at the different release sites.
The distribution of Barbadian larvae (Fig. 2A) was
unimodal in both deep and shallow water, with very
few larvae being retained near the point of origin.
Larvae released in the Gulf of Mexico (Fig. 2B) pro-
duced a bimodal distribution, with most being re-
tained in the Gulf. In the Bahamas, those larvae that
were not retained locally dispersed broadly and
ended up many distances from the source (Fig.
2C). In none of these cases did the shape of the
distribution differ between deep and shallow trajec-
tories (Kolmogorov—Smirnov tests, Fig. 2).

The effect of depth on dispersal distance was eval-
uated by using nonparametric Wilcoxon—Mann—
Whitney tests to compare median distances traveled
at depths of 500 and 100 m (Table 2). When origi-
nating in the Bahamas or the Gulf of Mexico, larvae
of P. turnerae from shallow water dispersed signifi-
cantly greater distances than did those from deep
water (Table 2). For larvae originating in Barbados,
the median dispersal distance was greater in deep
water than in shallow water, but the difference was
not statistically significant (P=0.056).

Larval trajectories of P. turnerae for 3 different
years (Fig. 3) using a minimum PLD for this species
showed significant inter-annual variation in dispersal
distance, with many more shallow-water larvae en-
tering the North Atlantic in 2009 than in 2007 or
2008. This effect was less apparent for larvae dispers-
ing in deep water. A two-factor analysis of variance
showed significant main effects for both depth and
year, with a significant depth—year interaction
(Table 3).

Phascolosoma turnerae, like wood-eating xylopha-
gid bivalves in the deep sea, must locate ephemeral
plant remains distributed in unpredictable places on
the ocean floor. An important role of larval dispersal
in such species must be the efficient “sampling” of
the sea floor to assure that these rare habitats are
located. The long larval life of this species assures
thorough coverage of sea—floor habitats (Fig. 1).
Some data on recruitment suggest that these larvae
may be demersal, drifting very near the bottom
where encounter with potential habitats is maxi-
mized (Rice et al., in press). If this is the case,
then realized dispersal may be much lower than pre-
dicted in our models.
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Fig. 1 Simulated larval dispersal trajectories of the sipunculan P. turnerae at depths of 100 m (A) and 500 m (B) during 2010. The
maximum estimated duration of the larval stage (390 days) was used. Larvae originating from each of the three release sites (Table 1)
are color-coded. The trajectories originating at release sites off Barbados and in the Gulf of Mexico are also representative of the seep
gastropod B. naticoidea. Beginning points, marked with “X,” also apply to subsequent figures.

Methane-Seep Species: B. naticoidea, L. luymesi,
B. childressi, and S. tanneri

The gastropod B. naticoidea is known to occur only at
methane seeps on the Barbados Accretionary Prism
and on the Louisiana Slope. Its larval lifespan covers
approximately the same range as that of P. turnerae
(6-12 months) and its larvae hatch from egg capsules
during the same spring months as P. turnerae spawns,
so the trajectories from Barbados and the Gulf of

Mexico depicted in Figs. 1 and 3 also predict the
dispersal of B. naticoidea. Based on the south-to-north
trajectories shown in the models, one might predict
that the sink metapopulations in the Gulf of Mexico
could be replenished in part by upstream source
populations off Barbados (Fig. 1). However, most
larvae that enter the Gulf of Mexico are entrained
into the Florida Current without encountering the
seeps on the Louisiana and Mississippi slopes.
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Fig. 2 Frequency histograms showing the number of “larvae” dispersing various distances at two depths. In all graphs but D (L. luymesi),
histograms bars represent ending points grouped into 300-km bins. Numbers on the x-axis are upper limits of those bins. Data for
L. luymesi, which has a relatively short larval life, are grouped in 100-km bins. Sample sizes are 253 for L. luymesi and 212 for all other
runs. Kolmogorov—Smirnov D statistics comparing the shapes of the two depth curves are presented with P-values.

Unless there are many more seeps than presently
known, most larvae produced off Barbados will be
lost without finding a suitable habitat, whereas most
larvae produced in the Gulf of Mexico will be re-
tained in the Gulf with the potential of seeding
local metapopulations on the slope from which they
originated. Figure 4 shows the shallow and deep

trajectories for three species with very different
PLDs all co-occurring at cold seeps in the northern
Gulf of Mexico and released in 2010. The chemosyn-
thetic tubeworm L. luymesi, whose known geograph-
ical range is confined entirely to the slope of the
northern Gulf of Mexico, drifts as a lecithotrophic
larva for only about 3 weeks (Young et al. 1996a).
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Table 2 Wilcoxon-Mann—Whitney U tests comparing median dispersal distances between two depths (100 and 500 m) in the simu-

lation outputs

Median dispersal distance (km)

Release site species 100 m 500 m U Sample size P
Louisiana Slope
Lamellibrachia luymesi 102.60 113.50 32,257 253 0.878
Bathymodiolus childressi 423.29 507.03 19,929 210 0.088
Sclerasterias tanneri 1184.45 724.25 28,208 210 0.000
Phascolosoma turnerae 520.11 396.96 29,724 210 0.000
Bahamas
Cidaris blakei 422.53 160.32 26,697 210 0.000
Phascolosoma turnerae 1570.35 1187.50 28,824 210 0.000
Barbados
Cidaris blakei 642.88 617.54 21,689 210 0.772
Phascolosoma turnerae 2182.4 2376.6 19,670 210 0.056

Larvae originating near the center of the species’
range dispersed in both eastward and westward direc-
tions but were always retained in the Northern Gulf
of Mexico, irrespective of dispersal depth. A few
larvae dispersed as far as 300km from the source,
but the majority drifted between 100 and 200km,
with none being retained less than 100km from the
source (Fig. 2D). The shapes of the frequency curves
of distances were not significantly different between
depths, nor was there a significant effect of depth on
the median dispersal distance (Table 2). The larvae of
this species are strongly buoyant for the first days of
their dispersal period, but become neutrally buoyant
in the second week. Our unpublished data indicate
that the larvae cannot tolerate temperatures above
the thermocline. Because they do not feed (Young
et al. 1996a) and because dispersal would not be en-
hanced significantly by migration through the ther-
mocline, it is not surprising that these larvae have
not evolved broader thermal tolerances. The life his-
tory seems well suited to maintaining small metapo-
pulations in an environment with patchy slopes.
Simulated larvae of the seep mussel B. childressi
dispersed throughout the Gulf of Mexico and many
moved up the eastern seaboard, where they could
potentially connect with cold seeps on the Blake
Ridge (off North Carolina) and the Laurentian
Fan (off Nova Scotia). It is surprising, therefore,
that this species is not known from either of these
seep systems in the western North Atlantic (Olu
et al. 1996; Van Dover et al. 2003). Despite the
fact that populations in the “B.” childressi clade
are found on the other side of the Atlantic
(Cordes et al. 2007; Olu-Le Roy et al. 2007),

simulated larvae from the Louisiana Slope did not
connect with European or African populations
during their 13 month drifting period when released
in October of 2009. The models provided no
evidence for the small-scale corralling of larvae
that has been inferred from recruitment patterns
of seep mussels (Van Dover et al. 2001), although
most larvae were retained in the Gulf of Mexico
within 1000 km of their point of origin (Fig. 2E).
Studies of physiological tolerances (Arellano and
Young 2011) indicate that these larvae could dis-
perse above the permanent thermocline. In the
models, however, the median dispersal distances
were not significantly different between shallow
and deep water (Table 2), nor did the shapes of
the distance—frequency curves differ between shal-
low and deep water (Fig. 2E).

The species with the longest larval life studied (at
least 32 months) was the asteroid Sclerasterias
tanneri, which lives at seeps in the Gulf of Mexico
and feeds on chemosynthetic mussels. It is also
known from non-seep habitats at various depths
off the eastern seaboard of the United States. Over
a 2-year period, simulated larvae of this species dis-
persed widely in the North Atlantic Drift but did not
make it as far as the European slope. The trajectory
cloud of larvae originating in the Gulf of Mexico
completely overlapped the known geographic range,
which extends into the western North Atlantic as far
north as Newfondland (Clark and Downey 1991).
Because the deep-water starfish of European seas
are known very well (Clark and Downey 1991), we
can say on the basis of both adult distributions and
larval dispersal modeling that larvae of S. tanneri do
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Fig. 3 Simulated dispersal trajectories of P. turnerae and B. naticoidea originating in the Gulf of Mexico; the minimum calculated
duration of the pelagic larval stage of 210 days was used. Depths are plotted in separate graphs for each of 3 years (A and B: 2007,
C and D: 2008, E and F: 2009). These data may also be applied to the gasropod B. naticoidea, which has a similar hatching time
and a similar PLD.

Table 3 Two-factor analysis of variance testing the effects of year (2007-2009) and depth (100 and 500 m) on mean dispersal distance
of larvae of P turnerae or B. naticoidea during a 7 month duration as planktonic larvae

Source Sum of squares d.f. Mean square F-ratio P

Year 4,079,904.757 2 2,039,952.378 6.125 0.002
Depth 50,348,500.000 1 50,348,500 151.163 0.000
Interaction 10,602,000.000 2 5,301,001.479 15.915 0.000

Error 417,675,000.000 1254 333,073.922 — —
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Fig. 4 Simulated dispersal trajectories at two depths for three species living at methane seeps in the northern Gulf of Mexico: L. luymesi

(A and B), B. childressi (C and D), and S. tanneri (E and F).

not drift across the Atlantic Ocean to colonize the
European continental margin. Populations in the
Northern Gulf of Mexico are probably self-sustaining
or seeded by more southerly populations in the
Caribbean. This was the only species studied that
showed a significant difference in the shapes of dis-
tance—frequency curves between shallow and deep
water (Fig. 2F), probably because more larvae
above the thermocline than below it drifted away
from the continental margin in the North Atlantic
(Fig. 4).

Animals from island slopes: C. blakei and S. lineata

The two echinoid species from the Bahamas had
similar PLDs (S. lineata: 3.5 months, C. blakei:
4 months); so, we used the same 4-month model
to represent both of them. Simulated larvae

originating in Barbados were all retained in the
Lesser Antilles region and did not supply metapopu-
lations in the Bahamas (Fig. 5). Larvae originating in
the northern Bahamas (Tongue of the Ocean) were
either retained in the Bahamas (Fig. 2G) or exported
through the New Providence channels into the North
Atlantic, where populations are known along the
eastern continental margins. Both species are limited,
however, to depths of less than 800 m, so the model
predicts that many larvae originating in the Bahamas
are lost into deeper water where there are no suitable
habitats for adults. There was a significant difference
in median dispersal distance with depth for animals
originating in the Bahamas but not in Barbados
(Table 2). The shapes of the distance curves were
not significantly different between depths. A full un-
derstanding of the role of dispersal for these species
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Fig. 5 Simulated dispersal trajectories at two depths for larvae of the cidaroid echinoid C. blakei spawned during May in the Tongue
of the Ocean, Bahamas (A and B) and off Barbados (C and D) in 2010. The simulations used a PLD of 120 days. The data also
approximate the dispersal trajectories of a second cidaroid, S. lineata, which spawns at the same time of year but has a slightly

shorter PLD of about 106 days.

will require additional modeling to reveal how meta-
populations on the slopes of various Caribbean is-
lands might be connected.

Discussion and conclusions

Dispersal influences not only geographic ranges of spe-
cies (Scheltema 1986) but also the demography of
marine species over ecological time scales (e.g.
Caswell et al. 2011) and the longevity of species over
geological time scales (Jablonski and Lutz 1983).
Consequently, dispersal enters into virtually all
discussions of biogeography, ecological resiliency
(Gunderson et al. 2009), and conservation in the sea.
The conservation of deep-sea communities has
received increasing attention in recent years (reviewed
by Thiel 2003) as highlighted by the 2010 Deep-Water
Horizon oil spill in the Northern Gulf of Mexico
(White et al., in press) and by efforts to establish
marine protected areas on the high seas (Mills and
Carlton 1998). The resiliency of a species to a local or
regional disturbance such as a deep oil spill depends in
part on the ability of larvae to disperse among suitable
habitats. The present study, therefore, has potential
relevance to the persistence of deep-sea populations
impacted by human activities.

Our data, the first to model dispersal of bathyal
species in the Intra-American Seas using realistic bi-
ological data, show that most larvae are retained in
the same geographic areas as the adults, but that the
net transport of those not retained is essentially uni-
directional. The southern metapopulations in the
Caribbean and the western metapoulations in the
Gulf of Mexico are more likely to be sources (sensu
Pulliam 1988) and northern and eastern populations
are more likely to be sinks. In the bathyal species
that we studied, maximum dispersal distance was
strongly related to PLD, ranging from 300km in a
tubeworm with a 3-week larval period to >5000 km
in a starfish that disperses for >2 years. The release
site played an important role in determining the
shape of the distribution of distances attained. For
example, long-lived larvae released in the Gulf of
Mexico and finding their way into the Gulf Stream
tended to have more bimodal distributions than ones
released in Barbados or the Bahamas. Absolute dis-
tances were highly variable in all cases, and most of
the data indicated that large numbers of larvae are
retained in the general area of the adult habitat.
Many larvae from Barbados were retained in the
Southern Caribbean; exported ones could drift as
far as the Gulf of Mexico and North Atlantic.
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However, larvae released from the Northern sites
never drifted far to the south; so, genetic exchange
is expected to be unidirectional among the thee sites
studied.

Dispersal potential varied significantly among
3 years for the sipunculan P. turnerae, with mean
dispersal distances highly dependent on year, espe-
cially in 100 m projections. The potential role of on-
togenetic migration to the upper water column was
more variable than expected, however. Larvae re-
leased in Barbados were less likely to disperse farther
in shallow water than in deep water, and short-lived
larvae such as L. luymesi, S. lineta, and C. blakei
showed less of an effect of depth than did very
long-lived larvae, such as those of S. tanneri.

Species living in the Bahamas are probably
self-seeded by larvae retained in the Bahamas archi-
pelago, but numerous larvae from this region are
also exported into the Northwest Atlantic where
they are most likely lost. From a conservation stand-
point, these slope echinoderms with relatively long
dispersal times, broad geographic ranges, and
non-specialized (muddy slope) environments are
probably not very vulnerable to extinction.

The cold-seep tubeworm L. luymesi may be the
most vulnerable of the species we studied because
of its very restricted geographic range, specialized
habitat, and small dispersal potential. Major regional
perturbations in the Northern Gulf of Mexico could
have serious impacts on this species. By dramatic
contrast, the sipunculan P. turnerae may be among
the least vulnerable species. Its habitat, fibrous and
woody materials of terrestrial origin, may be found
virtually anywhere on the slope and the very long
dispersal distances should provide good opportuni-
ties to locate these habitats. Interestingly, this species
has been reported off the eastern coast of Australia
(Edmonds 1985) as well as in the Bahamas,
Caribbean, and Gulf of Mexico.

We saw no evidence that bathyal species from the
Caribbean or the Gulf of Mexico could exchange
genes from west to east across the Atlantic Ocean
in either the equatorial current system or the
North Atlantic Drift. Seeps recently discovered on
the Nigerian and Gabon margins are all deeper
than the known bathymetric range of B. naticoidea.
If there are shallower seeps in that same region, they
might well support metapopulations of this species.
Van Gaest (2006) demonstrated that the larvae can
tolerate tropical surface conditions and that their
PLD is long enough to drift across the equatorial
Atlantic. We can, therefore, speculate on the basis
of these biological attributes that seeps off Africa or
on the Brazilian margin could seed the Barbados

C. M. Young et al.

metapopulations of B. naticoidea. Westward dispersal
in the equatorial current system could also provide
some west-to-east trans-Atlantic exchange, but this
hypothesis remains to be tested.

Although there are some genetic similarities be-
tween seep mussels on the two sides of the Atlantic
(Cordes et al. 2007; Olu-Le Roy et al. 2007), our data
suggest strongly that eastward drift in the North
Atlantic is unlikely to carry larvae from North
America to seeps in the Gulf of Cadiz or off
Western Africa. If there is genetic exchange across
the Atlantic, it is most likely unidirectional, from
east to west in the equatorial current system.
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