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Abstract

Hydrothermal vents are isolated, short-term habitats that support unique biotic
assemblages with relatively high biomass utilizing an unusual energy source. How these
communities establish themselves and maintain species identity despite their isolation
and impermanence is a significant question in vent ecology. Planktonic larval forms
provide a dispersive life stage for many species, but the exact mechanism and controls of
dispersal are unknown.

A description of larval distribution patterns, for which reliable identification of
vent larvae is necessary, is critical to understanding larval dispersal. In gastropod
species, the retention of the larval shell on the adult allows identification without the
necessity of culturing larvae or using species-specific-molecular probes, both techniques
that are still difficult with vent organisms. At one site (9° N, East Pacific Rise), eleven
species of vent gastropod larvae were identified from the water column up to 200 m off
the seafloor. The species-specific level of these identifications is important, as there may
be species-level differences in species distributions that influence dispersal.

Finding vent larvae high in the water column above the source populations
suggests that some mechanism must exist to raise larvae off the sea floor. Literature on
related species indicates that larval behaviors such as swimming or buoyancy control
could not be responsible for such significant vertical movement over a reasonable time
period. Passive movement via entrainment into buoyant plumes rising from smoker vents
provides a pathway for larvae to get high above the bottom, and has implications for
larval dispersal because vertical shear in flows above vents can cause trajectories in the
plume to deviate considerably from those along the seafloor. The distance that vent
communities extend around smokers is limited, so 28-97% of the larvae produced may be
entrained into the rising plume. Buoyant plumes have the potential to transport a
substantial proportion of the larvae produced by hydrothermal vent communities.

Larvae may follow several different paths in dispersing between vents. Near-
bottom flows tend to be topographically constrained to parallel the ridge crest, and
advection in near-bottom currents is one potential larval dispersal mechanism.
Entrainment into a buoyant plume and lateral advection hundreds of meters above the sea
floor is a feasible alternative or additional dispersal mechanism. However, in deep-sea
habitats it is difficult to directly test these hypotheses. Ecological modeling offers an
alternative to experimental approaches to hypothesis testing. By creating a realistic
model simulation, insight can be gained into which factors: vent spacing and instability
(geological); flow regime (physical); or fecundity, larval mortality, and adult maturation
time (biological), most strongly influence the patterns of species distributions along mid-
ocean ridges. The results of model simulations suggest that long distance dispersal (as
might be provided by plume flow) is vital to long-term persistence of vent populations,
and that fecundity and larval mortality interact with habitat spacing and vent lifespan to
influence the stability of the overall population.

Larval transport, establishment of vent communities and species persistence are
key factors in hydrothermal vent ecology. This thesis examines the potential for larval
dispersal and species survival under various flow regimes, and identifies and observes the
distribution of vent larvae in the water column. Its significance lies in the potential to
further understanding of endemic species dispersal in a patchy, ephemeral habitat.
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Chapter 1

Introduction

GENERAL
Introduction

Hydrothermal vents are short-lived islands of habitat scattered along mid-ocean
ridges. Vents are small areas where hydrothermal fluid flows from the seafloor; this fluid
is at high temperatures and contains reduced chemicals that act as a food source for dense
communities of specialized organisms. Each vent "island" has a limited area, on the order
of square meters, and provides habitat for many species that are unable to survive away
from vent influence. The same megafaunal species are found at vents separated by
hundreds to thousands of meters of sea-floor. As in other island-restricted species (e.g.
ants, MacArthur and Wilson 1967), there must be migration between vents to maintain
species identity as a single interbreeding population over successive generations. This
thesis examines dispersal between the patchily distributed vent habitats in the deep sea.

Although individual vents are ephemeral, some lasting only decades, the
hydrothermal habitat in general persists through geologic time (Haymon et al. 1984, Gage
and Tyler 1991). Vent species must cope with temporal as well as spatial patchiness, and
must be able to colonize new vents as they open, or the closing of old vents will result in
eventual species extinction.

Many of the megafaunal species found at vents are sessile and migration by the
adults is impossible. In related marine invertebrate species, planktonic larvae provide a
means of dispersal. Larvae of many vent species are planktonic and may serve a similar
function, a life stage that can be transported across the unsuitable habitat between vents.
However, this solution raises further questions. How do tiny, planktonic life stages
traverse the distances between vents? Are there mechanisms for larval transport to, and

settling in, the small, isolated patches of suitable habitat? Planktonic larvae may be the



means, but the mechanisms by which vent species disperse and persist are not presently
understood.
The objectives of this thesis are to answer three general questions:
1) What is the contribution of different physical mechanisms to larval dispersal of endemic
vent species?
Near-bottom flows and/or diffusive motion are potential larval dispersal mechanisms.
Is it possible that entrainment into buoyant plumes rising from hydrothermal vents can
provide another dispersal mechanism?
2) What dispersal patterns are necessary to maintain existing species distributions?
Is local dispersal enough to ensure transport between existing or to newly opened vent
habitats? Is global dispersal required for species continuity across large spatial scales?
3) What are the effects of habitat and population patchiness on metapopulation
persistence?
How do dispersal capabilities interact with population distributions to influence
population persistence? How does this process vary with different habitat

distributions?

Approaches

I address these question using three approaches. First, I test a standard plume
model to determine whether vent plumes can entrain substantial numbers of larvae of vent
organisms and are potentially important as a dispersal mechanism. Then I use scanning
electron microscopy to identify the species of larvae collected near vents, a vital initial step
in defining larval distributions and dispersal patterns. Finally, I utilize an ecological model
to examine spatial and temporal habitat distribution, dispersal route, population maturation,
fecundity, and larval survival as factors influencing population dynamics in a patchy

habitat.



Buoyant Plumes

A standard model that describes the behavior of buoyant plumes is given in Turner
(1973), but plumes at hydrothermal vents may behave differently from the theoretical
predictions of this standard model. The standard model defines a single buoyancy source,
hydrothermal vents may have several apertures very close together that contribute to a
single plume. Initial momentum in standard model is defined as zero, real plumes have
initial momentum and behave as buoyant jets close to the source. The model assumes that
there is no volume change as the plume rises, this is not true for vent plumes (Little et al.
1987). To determine whether it is realistic to use predictions of the plume model to
estimate the degree of influence a vent plume may have on dispersal of hydrothermal vent
organisms, it is important to test the model predictions in the field. In this case, whether
the model satisfactorily predicts the degree of entrainment of particles, or larvae, external to
the plume is of concern. If idealized plume and hydrothermal vent plume behavior match
well, the theoretical model can be used to predict the potential importance of buoyant

plumes at hydrothermal vents to larval dispersal.

Larval Identification

Invertebrate larvae are found ubiquitously in the water column, but make up only a
small proportion of the plankton near vents (Mullineaux et al. 1995). To be able to define
larval distribution patterns, it must be determined whether these larvae are of vent origin.
Larval distribution patterns will help ascertain which dispersal pathways are utilized
successfully by vent species. Larvae may become entrained into buoyant plumes, or may
remain in near-bottom waters, but only those that remain viable during transport are
important to colonization processes. Identification to species is vital, for there may be
species-specific larval distribution patterns that have implications for individual species

success at colonizing or maintaining populations. Larval identification techniques,



allowing recognition of larvae of vent species wherever they are found, are thus crucial to

understanding dispersal between vent habitats.

Modeling

Mathematical modeling of the ecological system is another approach to
understanding dispersal processes at hydrothermal vents. Mbdeiing can be used to indicate
the relative importance of factors such as dispersal mechanisms, habitat distributions, or
biological limitations to population distributions at vents. Larvae that are transported in
near-bottom flows or that are entrained into a rising plume will undergo different dispersal
directions and speeds in accordance with flow patterns that occur at the different heights
above the bottom. Though I cannot directly watch where specific larvae go in the field, I
can, through the use of appropriate ecological models, determine whether particular
physical and biological mechanisms could result in the population distribution patterns
observed across vent habitat distributions. This approach will help clarify the spatial and
temporal scales over which the different potential dispersal mechanisms are important to

larval dispersal between vents.

Significance

. Understanding the mechanisms of dispersal in vent species and their consequences
for vent population dynamics is important because hydrothermal vents are isolated,
ephemeral habitats that support unusual biotic assemblages, and how such communities
establish themselves and maintain species identity is an important ecological question.
Planktonic larval forms provide a dispersive life stage for many species, but the exact
mechanism and controls of dispersal are unknown. My thesis research addresses critical
components of larval dispersal between hydrothermal vent habitats. By creating a model
simulation, the factors that most strongly influence the patterns of species distributions

along mid-ocean ridges: between vent spacing (geological); flow regime (physical); or
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organism physiology (biological), can be determined. For example, if the dispersal
mechanism strongly affects the patterns the model generates, while larval life span has little
effect on the distribution patterns, it would suggest that further research concentrate on
current regimes and larval distributions in the water column, rather than larval physiology.
Model results can thus be used to clarify and guide further research efforts. The
significance of this work is to further our understanding of dispersal by vent species in a .

patchy, ephemeral habitat.

BACKGROUND
Vent Biology

The species found in high abundances at hydrothermal vents are usually restricted
to such an environment. Though a species range may span tens of degrees of latitude, the
smaller scale spatial distribution is as discontinuous as the vent habitat. It has been
hypothesized that one way of maintaining species distributions across the large expanses of
inhospitable habitat between vents is for vent fauna to use whale carcasses as stepping
stones (Smith et al. 1989). The reduced chemicals provided by the decaying whale lipids
may act as an energy source similar to vent chemicals. However, this seems unlikely based
on the very tiny amount of overlap between known vent and carcass faunas (<1%).

Metazoan species found at \;ents are all dependent to some extent on the abundant
food provided by chemosynthetic bacteria; that in turn depends on the hydrothermal fluid
which carries dissolved hydrogén sulfide and methane. Because of the toxicity of these
chemicals, only species with specific adaptations can exploit this food source.
Additionally, oxygen and hydrogen sulfide cannot coexist; when combined they rapidly
undergo chemical reactions that render each useless for respiration and chemosynthesis
respectively. Organisms must deal with contradictory needs: avoiding the toxic chemicals
and requiring them for the nutrition of the symbionts, needing oxygen for respiration and

avoiding it to keep sulfide available for chemosynthesis. The vestimentiferan worm Riftia
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does this by partitioning uptake in time, it lives in the highly turbulent zone close to intense
hydrothermal flows and alternately is exposed to oxygen-rich seawater and sulfide-rich
hydrothermal fluid (Johnson et al. 1988). Riftia blood contains proteins which allow it to
bind and carry both oxygen and sulfide from the surrounding waters (Arp and Childress
1981). Calyprogena, the vent clam, partitions resource uptake spatially: the clams live in
crevices with a vascularized foot pushed into hydrothermal fluids, while their siphons
extend into the ambient seawater above (Fisher et al. i988). This paradoxical dependence
on oxygen and hydrogen sulfide keeps the habitat window of vent species very narrow.
The same set of factors may reduce predation and competition pressures from the
surrounding community because organisms find it difficult to invade the toxic vent habitat.

Larvae of species limited to vent habitats must be capable of sufficient dispersal
between active vents to maintain existing species distributions. Lutz et al. (1980)
suggested that the distribution of vent habitat should select for highly dispersive larval
developmental types. Non-feeding lecithotrophic larvae are, as a rule, short-lived in the
plankton, whereas planktotrophic larvae remain in the plankton for longer periods and
grow while planktonic. These characteristics suggest that planktotrophs can disperse
further than lecithotrophs. Because of the distances between vent habitats, one might
expect that vent species would have planktotrophic larvae, but many species do not. Both
larval types are found in different vent species, with no corresponding differences in adult.
distributions, leading Lutz (1988) to later suggest that dispersal capability is not necessarily
related to developmental type. Developmental type appears phylogenetically constrained,
whereas physiological ability to cope with the rigorous habitat, as well as dispersal
capability, appear to influence which species are found at vents.

The distance that larvae can disperse depends on the duration of the larval phase,
and on the ambient current speeds. Direct measurement of larval survival time has not been
possible in hydrothermal vent species, but comparisons with related planktotrophic shallow

water species suggest a larval survival time on the order of days to months (turrid
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gastropods 1-7 weeks, Gustaffson et al. 1991; mytilid bivalves 2-4 weeks, Lutz et al.
1980; terebellid polychaetes 3 days, McHugh 1989).

These approximations may underestimate the larval lifespan of vent organisms.
Lutz et al. (1980) have hypothesized that low temperatures may slow the development time
of vent larvae. Development time may also be influenced by food supply, but all else being
equal, decreased temperatures can slow development time to months or even a-year as has
been found for other species (Hoegh-Guldberg et al. 1991, Scheltema pers. comm.).
Stepwise dispersal along vent "corridors" may be facilitated by these slowed developmental
rates. Lutz et al. (1984) suggest a dual mechanism, delayed development when larvae drift
into cold water away from a vent, and rapid development if conditions are hospitable.
Although delayed metamorphosis at low temperatures may increase dispersal range, longer
survival times may have little effect on the direction of larval transport.

Whether larvae reach suitable habitat can be influenced by larval behaviors, such as
swimming. Larval behavior can be altered by various cues, such as contact with
appropriate substrates or presence of conspecifics (Crisp 1976). Barnacles and serpulids,
both taxa found at vents, exhibit settlement responses to specific cues (Knight-Jones 1953,
Scheltema et al. 1981). Larvae can remain in the water column after they have achieved
competence, delaying settlement until the presence of a cue results in behavioral changes
and rapid settlement. Since larval behavior in hydrothermal vent species can only be
postulated from behavior of related species, it is simplest to assume neutrally buoyant
larvae that settle all at once after a fixed lifespan. Larval behavior may influence settling
velocity, but the highly simplified assumption of passive larvae is the most straightforward
first-order approximation. This assumption is used in the modeling work presented in
Chapter 2.

Many aspects of biology of vent organisms, such as larval distributions, lifespans,
mortality rates, and settling velocities, cannot be precisely defined, because of the

difficulties of field experimentation in the deep-sea and the problems of maintaining the
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organisms in the laboratory. An important first step towards defining larval distributions is
taken in this thesis work by identifying vent larvae to species. The relative importance of
other factors to the successful dispersal and persistence of populations can be determined
by using an ecological model. In this way I will examine the larval lifespans and survival
rates that are necessary for persistence of populations in a patchy, ephemeral habitat,

“though the model I use is not designed to test larval behavior.

Vent Geology

Mid-ocean ridge systems have characteristic spreading rates that shape their
geomorphology. Fast spreading ridges (>10 cm/year full spreading rate) consist of a
central, axial high with a shield volcano-like cross section and a very narrow central
graben, with frequent high temperature hydrothermal activity. In contrast, slow spreading
ridges (1-5 cm/year) have a large and deep axial rift valley, closely spaced transform faults,
and only occasional hydrothermal venting (MacDonald 1985). The distribution of
hydrothermal habitat at slow spreading ridges is therefore less linear and more widely
spaced than at fast spreading ridges.

A repetitive geologic cycle appears to occur at ridge crests. On fast spreading
ridges the cycle takes approximately a thousand years, on slow spreading ridges it takes
several thousand years. On fast spreading ridges, individual hydrothermal vents are active
for 10-100 years, out of an approximate 1000 years that a ridge section will remain active. ~
This period is the amount of time it takes for a small magma chamber, such as those
hypothesized to occur under fast spreading ridges, to cool (Humphris 1995). Because of
the frequent occurrence of tectonic activity, faults are continually shifting and vents are
likely to appear anywhere along the ridge crest, though they are concentrated at the edges of
the axial valley. On slow spreading ridges, Sinton and Detrich (1992) envision a
consistent, large zone of crystal mush that maintains activity for tens of thousands of years,

though not continuously. Vents tend to be active for several hundred years, and later
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reappear in the same location after thousands of years of inactivity. This constancy is
possibly due to the more stable network of fractures that are not disrupted by frequent
tectonic disturbances, allowing upward percolation of the hydrothermal fluid to a consistent
location.

Geologists have described four spatial levels of organization in hydrothermal vent
systems (figure 1). First order segments span areas between trahsform faults, and are
several hundred kilometers long. Second order segments, on the order of one hundred
kilometers long, are defined as overlapping spreading centers large enough to leave traces
on the ridge flanks as they spread; third order segments are smaller overlapping spreading
centers which do not persist and are tens of kilometers long. Fourth order segments are
separated by small offsets or bends in the ridge axis, also known as "devals," or deviations
from linearity, and are one to ten kilometers long (Haymon et al. 1991).

Researchers have found some evidence that correlates average inter-vent spacing
within a segment with spreading rate (Fornari and Embley 1995). Individual vents at fast
spreading ridges are evenly spaced, and close together, tens to hundreds of meters apart.
On slow spreading ridges, several vents may occur in a tight cluster, while clusters are very
widely spaced, tens of kilometers apart (Lowell et al. 1995).

The global distributional pattern of some species may be limited by vent spacing
and persistence patterns, dependeént on species dispersal and colonization capabilities.
Species that persist on slow spreading ridges, with widely spaced vents, must undergo
successful long distance dispersal, though colonization can be a rare event since new vents
are unlikely to appear often. The large distances between vent areas increase the likelihood
that species will become site-specific, if successful transport is so rare that genetic
exchange is uncommon. On fast spreading ridges, with closely spaced but temporally
unstable vents, species must disperse over shorter distances but high colonization success
is vital because the instability of the habitat necessitates frequent establishment of new

communities. The development of clines through stepwise dispersal would be favored on
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Transform fault

First order segment, several hundred km

[

.
C Overlapping spreading center
T Second order segment, O(100 km)
Third order segment, O(10km)
Deval

Fourth order segment, O(1km)

Figure 1. Schematic diagram of the four spatial levels of
geologic organization in hydrothermal vent
systems.
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fast-spreading ridges (Tunnicliffe 1988). Vent spacing determines how far a larvae must
travel; flow speed and length of planktonic larval life control how far a larvae can travel
during it's lifetime. In this thesis, an ecological model will be used to examine the
interrelated effects of different habitat distributions that mimic slow spreading and fast
spreading ridges in their spatial and temporal variability with physical and biological

factors.

Physical Mechanisms of Transport

Three possible mechanisms of larval transport between vents exist. One is
diffusion from a source population, the second is advection in ambient near-bottom
currents, and the third is entrainment into a buoyant plume rising above a smoker and
subsequent advection. Each of these paths will have a characteristic pattern of larval
transport.

In the absence of a mean flow near the seafloor, diffusion would be the only
mechanism of water column dispersal available to vent organisms. In the absence of data
on flow regimes in some areas, the simplest assumption is that dispersal is a diffusive
process. 1 realize this is unrealistic, but it is a useful null model. Estimated values for eddy
diffusivity in the deep sea are small, so this method of dispersal will be effective only over
very small scales, or very long time frames.

Near-bottom currents can advect larvae released from vent populations along the
seafloor. Where larvae are eveﬁtually distributed depends on both current speed and
direction. Although near-bottom currents at hydrothermal vents have not been completely
described, several studies suggest that mean flows average approximately 1-5 cm/s over
time scales up to a year (Gross et al. 1986, Cannon et al. 1991, Trivett 1991). These flow
speeds are orders of magnitude larger that diffusivity estimates, so I assume that diffusion
can be ignored under advective regimes. Currents are tidally influenced and

topographically constrained to run primarily along the ridge crest, at least near the bottom
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(within 50 meters of the seafloor). Flow directed along the ridge crest would facilitate
larval dispersal to other vents down-current along the same segment. However, this
presents a potential obstacle at transform faults, which are perpendicular to the ridge
direction. Flows at transform faults are undescribed.

Flows a few hundred meters above the seafloor differ from near-bottom flows.
Average flow speeds are generally more than twice as large as near-bottom flow speeds,
and instantaneous flow speeds may be as high as 50 cm/sec (Cannon et al. 1991, Franks
1992). Flow direction is not necessarily limited to along the ridge crest, though bottom
influence may still be felt and may direct flow along axis. Larvae, particularly of known
vent species, are small, a few hundred pm, and unlikely to swim to any height above the
bottom, but a physical mechanism that raises larvae a few hundred meters off the seafloor
might offer an alternative transport route to near-bottom flows.

Plumes of hot hydrothermal fluid rising from vents provide such a mechanism.
This "elevator” can entrain a large volume of near-bottom water and carry it to the neutral
buoyancy level. At the neutral buoyancy level the plume begins to spread laterally and
advect with the ambient currents. A rising plume might also entrain and transport larvae
upward and into a different flow pattern from that found near bottom. The extremely
limited distribution of communities around vents (less than 7 m radius, Hessler et al. 1988)
is fortuitous in this.situation; a significant proportion of the larvae produced by the
community may be entrained and dispersed.

The vertical velocities in a rising vent plume (10 cm/s, Speer and Rona 1989) are
much larger than settling velocities for invertebrate larvae (0.5 cm/s, Chia et al. 1984) so
larvae that are entrained into a plume will be carried to the neutral buoyancy level. In the
rising portion of the plume, I will assume that larvae are neutrally buoyant for simplicity.
In the neutrally-buoyant plume, however, even a small settling velocity might cause larvae
to drop out of the plume. The spreading plume advects downcurrent, and non-swimming

larvae would fall to the seafloor once vertical velocities decrease. Recent models (Helfrich
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and Battisti 1991) suggest that horizontal vortices can develop within the spreading plume.
Within the vortex circulation, reduced mixing with surrounding seawater may maintain
conditions favorable for vent larvae, such as increased sulfide concentrations that may
discourage predators or provide an energy source for bacterial enrichment. The retention of
anomalous hydrothermal properties may initiate larval behaviors, such as swimming or
buoyancy control, that help keep the larvae within the vortices and influence the distance
larvae are transported before falling to the seafloor.” Research is currently underway to
determine if these vortices are found in hydrothermal vent plumes (Helfrich pers. comm.).
Because it is still unclear whether vortices actually form in plumes above hydrothermal
vents, a straightforward plume model that does not incorporate circulation is used to
examine entrainment as a dispersal mechanism.

In my thesis, I will determine whether a standard plume model is appropriate for
describing entrainment of larvae from near-bottom waters around hydrothermal vents.
Then I will examine the potential significance of plume flows to dispersal of hydrothermal
vent larvae by comparing the relative importance of local dispersal, as in near-bottom

diffusive or advective flows, and far-field dispersal, as in plume-level flows.

Species Distributions

Van Dover and Hessler (1990) hypothesized that the linear, patchy nature of
hydrothermal habitat would result in breaks in species distributions that correspond to
geological/habitat features. They used spatial/temporal definitions to describe species
distributions: within a vent field (extend for hundreds of meters, persist for tens of years);
between vent fields (1-10 kilometers, >10 years); and within ridges/between clusters (10-
100 kilometers). Their hypothesis implicitly assumed a 2-dimensional diffusive/advective
dispersal pattern. On the smaller spatial scales, within vent fields, species distributions
were very patchy and discontinuous. On the largest spatial scale, between clusters, species

were usually found somewhere within each cluster, so with this coarse grid species
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distributions were continuous over 20° of latitude. Although these results might suggest
that colonization is particularly variable on the smaller spatial scales, an alternative
explanation is that exchanges between populations at two individual vents, or between
populations separated by transform faults, were under very different controls. There may
be one mechanism for local dispersal, such as transport in near-bottom flows, and a
different, unrelated mechanism, such as entrainment into buoyant plumes, that disperses
larvae across larger spatial scales.

Faunas at sites separated by large gaps in vent habitat, such as transform faults, are
not completely distinct. A few of the same species are found at Juan de Fuca Ridge (JdF)
and along the East Pacific Rise (EPR), despite the distance between them. These ridge
systems have been separated for 3 million years (Tunnicliffe 1988). At average
evolutionary rates, if isolation of the areas from each other was complete, it would take 1 to
3 million years for complete speciation to occur (Stanley 1985). It is possible that
speciation rates in hydrothermal vent species that span the JAF-EPR gap are very slow, but
Tunnicliffe (1988) feels that some faunal interchange must be occurring across the 3000 km
separating the ridges to prevent speciation. In the Western Pacific, distributions of some
species are continuous across gaps of 1000 km (Hessler and Lonsdale 1991). Historically,
these gaps may have been smaller, so although contemporary larval dispersal over these
distances must be enough to maintain species continuity, it may not be enough to initiate
colonization at new sites. Genetic studies also suggest that contemporary long-distance
dispersal is frequent enough to maintain species identity over gaps in vent habitat of a few
thousand km (Moraga et al. 1994, Jollivet et al. 1995).

In general, genetic exchange between neighboring vent populations is much higher
than between populations separated by large distances (Grassle 1985, France et al. 1992,
Black et al. 1994, Moraga et al. 1994), though isolation by habitat gaps is supported over

isolation by distance (Jollivet et al. 1995). For some species (Riftia, Ventiella,
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Bathymodiolus, Alvinella and Paralvinella) thousand km gaps in vent distribution appear to
be partial boundaries to gene flow, though not to species distributions.

The disjunct species distribution patterns observed by Van Dover and Hessler
(1990) on small spatial scales could have been caused by chance recruitment from a general
species pool (Tunnicliffe 1991), or by a patchy supply of larvae to the bottom. Accidental
recruitment could lead to patchy adult distributions if initial colonizers inhibit subsequent
recruitment of other species (the lottery hypothesis, sensu Sale 1978). A patchy larval
supply might be caused by synchronized larval release or flow-mediated concentration
mechanisms such as vortices in vent plumes. Knowing the distribution of larvae in the
water column may help determine whether pre-settlement or post-settlement factors
influence adult distributions. Without identifying the larvae it is impossible to define larval
distribution patterns. Especially in the early stages, larvae are difficult to identify to
species, but secure identifications are vital to defining the available larval supply. As an
initial step towards defining larval distributions, larvae collected from the water column

near vents must be identified to known species.

SUMMARY

This research is directed towards elucidating larval dispersal patterns at
hydrothermal vents, and how they may influence species distributions. Larval lifespans are
presumably short and near-bottom current speeds are low, though species are found across
many degrees of latitude. This seeming contradiction may be resolved by alternative larval
dispersal pathways. This thesis examines the relative importance of above-bottom
dispersal via buoyant plumes of hydrothermal fluid. The second chapter defines the utility
of a standard plume model for predicting the influence of hydrothermal vent plumes on
larval dispersal, and evaluates this as a dispersal pathway for larvae of species found only
at vents. The third concentrates on identifying the planktonic larval stages to species so that

larval distribution patterns, inside and outside the plume, can be defined. In the fourth
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chapter an ecological model is used to test the relative importance of local versus global
dispersal to population persistence in a spatially and temporally patchy habitat, as a proxy
for testing the relevance of near-bottom versus plume-level dispersal at hydrothermal vents
directly. The fifth chapter summarizes and places the results in the context of known

hydrothermal vent ecology.
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Abstract. One of the most intriguing ecological questions remaining unanswered about
hydrothermal vents is how vent organisms disperse and persist. Because vent species

are generally endemic and their habitat is patchy and ephemeral on time scales as short
as decades, they must disperse frequently, presumably in a planktonic larval stage. We
suggest that dispersal occurs not only in near-bottom currents but also several hundred

meters above the seafloor at the level of the laterally spreading hydrothermal plumes.
Using a standard buoyant plume model and observed larval abundances near
hydrothermal vents at 9°50'N along the East Pacific Rise, we estimate a mean vertical
flux of approximately 100 vent larvae/h at a single black smoker. Larval abundances
were extremely variable near vents, resulting in a range in estimated fluxes of at least
an order of magnitude. The suitability of the plume model for these calculations was
determined by releasing dyes (fluorescein and rhodamine) as larval mimics into a black
smoker plume. The plume model predicted dye fluxes in the plume adequately, given
the short averaging times of our measurements and the difficulty of sampling the plume
centerline. Our calculations of substantial numbers of vent larvae entrained into the
plume support the idea that transport in the lateral plume is an important mechanism of
dispersal. Because vertical shear in flows above vents can cause larval dispersal
trajectories in the plume to deviate considerably from those along the seafloor, larvae
in the plume may have access to habitats that are unreachable by larvae in near-bottom

flows.

Introduction

Dispersal is an important component of species’ life his-
tories, particularly of species in isolated or variable habitats.
For species living at hydrothermal vents, dispersal is critical
for survival on geologically short time scales, because indi-
vidual vents may have lifetimes as short as decades [Mac-
Donald, 1982]. Most of the organisms living at vents are
endemic; that is, they cannot survive outside of vent envi-
ronments. Because vent species are mostly sessile as adults
and their habitat is discontinuous over the seafloor, they
must disperse predominantly as larval stages through the
water column. It is clear that successful dispersal occurs;
some vent species have persisted over geologic time at least
since the Late Cretaceous [Haymon et al., 1984], and a few
have geographic ranges that extend across ocean basins
[Tunnicliffe, 1991). The mechanisms governing larval dis-
persal, however, are largely unknown, making this one of
the most intriguing ecological processes left unsolved at
vents.

Standard approaches to studying dispersal include physi-
ological studies of larval competency periods and life spans,
behavioral investigations of swimming responses to the
environment, and hydrodynamic studies of transport. The
first two approaches can be difficult even for shallow-water
species and have not been attempted for vent species be-
cause larvae recovered from the deep sea are difficult to
maintain alive and spawned adults have not produced viable
larvae. Hydrodynamic processes, however, are often the
dominant factor in horizontal transport of larvae. This is
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especially true for situations in which larval swimming is
nondirectional and weak relative to fluid velocities. Al-
though direct measurements of swimming speeds and orien-
tations are nonexistent for vent larvae, the deep-water larvae
are generally small (authors’ unpublished data) and not likely
to swim faster than shallow-water species; nor are they
exposed to steep gradients in light. Swimming speeds mea-
sured for shallow-water larvae related to species at the vents
range from 0.03 to 0.52 cm/s [Chia et al., 1984; Mileikovsky,
1973]. These swimming speeds are an order of magnitude
lower than typical horizontal flow speeds along midocean
ridges, which range from 2 to 20 cm/s [Cannon et al., 1991].
Thus currents are likely to dominate the horizontal move-
ments of deep-sea larvae.

The rate and direction of dispersal depend strongly on a
larva's vertical position in a vertically sheared water col-
umn. This process has been well documented in shallow
habitats such as estuaries (reviewed by Scheltema [1986}])
and likely occurs near the bottom in deep-sea boundary
layers or near topographic features such as midocean ridges.
For instance, mean current velocities measured at several
hundred meters above the axis of Juan de Fuca Ridge were
consistently higher than those measured deeper, near the
level of the ridge [Cannon et al., 1991]. Cannon et al.’s study
also revealed variable flows at 200-300 m above bottom that
could advect water parcels off axis into opposing currents on
either side of the ridge, resulting in radically different trajec-
tories.

The strong vertical shear observed within 200-300 m
above Juan de Fuca Ridge is particularly intriguing because
a mechanism exists that could potentially bring larvae of
vent species up to this level. Hydrothermal vents at mid-
ocean ridges eject high-temperature, buoyant fluids that
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entrain the surrounding seawater and form plumes that
ascend to a neutral buoyancy level, usually 100 to 300 m
above the seafloor [Baker. 1990]. In the process of entraining
seawater from near the seafloor, these buoyant plumes may
also entrain particles and planktonic organisms, including
_larvae of benthic invertebrates living at the vents.

Predicting hydrodynamic effects on dispersal between
vents requires an understanding of the extent to which larvae
are entrained into hydrothermal plumes and transported to a
level several hundred meters above the seafioor. One objec-
tive of the study presented here is to determine whether
standard plume models can be used to predict and describe
the dynamics of particles (e.g., larvae) entrained into a
buoyant hydrothermal plume. A second objective is to use
the plume model and near-bottom measurements of larval
abundance to predict the flux of larvae off the seafloor and up
to the neutral buoyancy level. This approach is a first step
toward understanding hydrodynamic mechanisms transport-
ing hydrothermal vent larvae and provides a springboard for
future studies of horizontal transport along the seafloor and
higher up in the plume.

Plume Model

The model of hydrothermal plume dynamics used in this
study 1s derived from well-established buoyant plume theory
[Morton et al., 1956]. The average vertical velocity and
concentration of buoyant fluid in a plume decrease with
height above the source and follow a Gaussian distribution in
a horizontal profile through the plume centerline. Entrain-
ment is proportional to centerline velocity at any height.
Many of the properties of hydrothermal fluids can be used as
tracers to follow the movement and dilution of the plume.
Using the source temperature and centerline temperature at
a given height, the expected tracer concentration at any
height can be calculated from the initial tracer concentration.

To mimic entrainment of larvae from near-bottom water
into the plume, an inert tracer not found in ambient or plume
waters was introduced outside the plume. Introduced inert
tracers have two advantages over naturally occurring tracers
such as temperature, salinity, H,S, SiO,, *He, Mn, Fe, and
other dissolved metal species. First, natural tracers may
have background levels which must be measured and ac-
counted for in the plume model. Second, naturaltracers may
be modified (physically, chemically, or biologically) after
plume water exits the seafloor, altering tracer concentrations
in the rising plume. *He has been used as a naturally
occurring inert tracer but expensive clean techniques are
required for collecting and analyzing samples, and it cannot
be followed on a small scale or in real time. An artificially
introduced tracer can be followed with less difficulty. Addi-
tionally, a tracer introduced outside the piume acts as a
larval mimic at the level of introduction; it is not present in
the vent fluids but is entrained from a near-bottom source in
the ambient seawater. This paper describes observations of
dye entrainment into an active hydrothermal plume and
compares these observations with buoyant piume theory.

The plume model makes three basic assumptions: that the
rate of horizontal entrainment into the plume at a given
height above the bottom is proportional to the plume center-
line vertical velocity; that time-averaged horizontal profiles
of velocity, buoyancy, or tracers in the plume have Gaussian
distributions at all heights: and that local density variations

are small relative to the ambient density at the depth of the
source [Turner, 1973]. In a density-stratified environment,
these assumptions are realistic below the spreading level in
simple real plumes (i.e., plumes produced in the laboratory
under ideal conditions [Morton et al., 1956}).

Plumes at hydrothermal vents are considerably more
complicated than theoretical or simple real plumes. Model
plumes have a single defined buoyancy source: hydrother-
mal vents have several openings of various sizes [Converse
et al., 1984]. Initial momentum in a plume is. by definition,
zero, but hydrothermal vents act as buoyant jets close to the
source, where initial momentum is significant [Little et al.,”
1987]. The simple model assumes that the fluids do not
change in volume over the rise height of the plume; nonlinear
models indicate that this assumption can introduce an error
of up to 20% [Little et al., 1987), which is, however, within
potential field measurement error [Speer and Rona, 1989).
Plumes at hydrothermal vents usually rise through a hori-
zontal current [Little et al., 1987] that may alter entrainment
velocities [Roberts and Snyder, 1987; Middleton and Thom-
son, 1986]. All of these factors can influence how closely
measurements of hydrothermal vent plumes approach ideal-
ized plume behavior. It is thus important to document, in the
field, processes such as entrainment that are incorporated
into model-based estimates of larval entrainment and verti-
cal flux.

Materials and Methods
Plume Measurements

The study area was located in the Venture Hydrothermal
Fields along the East Pacific Rise (EPR). This fast-spreading
center from 9°11’ to 9°54'N and 104°14’ to 104°18'W has been
surveyed by Haymon et al. [1991]. The area was volcanically
active, as evidenced by recent lava flows observed in 1991.
The ridge crest was at approximately 2500 m depth, with a
small axial graben less than 200 m wide and 100 m deep.
Both high-temperature black smokers and low-temperature
shimmering flows were present. The experiments were per-
formed from deep submergence vehicle (DSV) Abvin at a
black smoker located at 9°46'29"N, 104°16’47"W. The near-
est high-temperature vent was approximately 150 m away,
and no others were observed within a 1.5-km radius. Two
areas of diffuse flow were observed within 0.5 km of the
black smoker.-

The smoker consisted of a sulfide chimney roughly 50 cm
tall with two orifices, each approximately 10 cm in diameter,
separated by about 20 cm. For modeling purposes, the areas
of these separate orifices were summed to estimate the
position of a single virtual point source 11 cm below the
orifices [Morton et al., 1956]. Because the virtual point
source was 11 cm below the orifices while the orifices were
at the top of an edifice approximately 50 cm tall, the height
above the source of the plume was the measured altitude
above the seafloor minus 39 cm (Figure 1), and we have used
this adjusted value in all calculations. This height adjustment
was small relative to the precision of the pressure sensor
used to measure depths. The maximum exit temperature,
recorded with the high-temperature probe on DSV Alvin,
was 286°C. All plume measurements were taken within 15 m
of the seafloor, well below the height at which the plume
could have interacted with neighboring plumes and well
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below the neutral buoyancy (i.e., spreading) level at approx-
imately 200 m above the bottom.

Fluorescein and rhodamine dyes dissolved in ambient
seawater were used as passive external tracers to determine
actual entrainment rates for comparison with model predic-
tions and to predict entrainment rates of benthic larvae. A
constant-rate injection system was constructed from a 30-
cm-long tube of 20-cm-diameter polyvinyl chioride (PVC)
(Figure 2). Inside, a 7-L plastic bag of dye with a pipette tip
dispenser was sealed until deployment near a vent. The
liquid dye was discharged at a constant rate by the weight of
a lead plate falling through the PVC tube. Flow rate was
measured ‘in shallow water (3 m) by capturing the dye
released in 30 s in a small plastic bag and measuring the
volume. For injector 1 (fluorescein), the mean flow rate was
1.6 mL/s (s.d. = 0.13, n = 6); for injector 2 (rhodamine), it
was 1.4 mL/s (s.d. = 0.12, n = 6).

Dye injector 1 was filled with fluorescein (concentration,
4.4 g/L) and deployed by submersible at a location 1 m
upcurrent from the black smoker, where observers noted
that all the visible dye released was entrained into the plume.
Dye entrainment was allowed to reach steady state before
sampling began, and sampling was completed within 30 min,
well before the injector ran out of dye. The concentration of
fluorescein in the plume was measured with an in situ
fluorometer (Sea Tech Inc.; response time, 0.1 s; sample
interval, 1 s) attached to the front of the basket on DSV
Alvin. Fluorescence measurements were unbiased by back-
ground levels of chlorophylls or other fluorescent pigments,
as measurements taken in ambient waters and in the plume
before dye introduction showed no detectable fluorescence.
Temperature and conductivity were also measured with
sensors mounted on the basket front at distances of 17 and 21
cm, respectively, from the fluorometer. Horizontal cross-
plume profiles of fluorescein concentration, temperature,
and conductivity were obtained by turning the submersibie
through the plume. The distance traversed by the sensors
during a profile was caiculated from the time elapsed and the
sensor speed. Sensor speed was estimated by measuring the
horizontal velocities of particles in the plane of the sensors
as recorded by video. Slow profiling movements were used
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Figure 1. Schematic diagram of the hydrothermal chimney
and plume, showing location of virtual point source and
relevant plume dimensions (z is height off bottom, and b is
the e-folding length of the plume). -
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Figure 2, Schematic diagram of dye injection system used
to introduce a constant flow of dye to a hydrothermal vent
plume. The nozzle was sealed and a release bar held the
weighted plate above the dye bag as the injector was carried
to the seafloor by the submersible Alvin.

to reduce turbulence generated by the basket, and most of
the submersible body remained outside the plume radius to
minimize interference with the plume.

The fluorometer had been previously calibrated only for
chlorophyll wavelengths (425-nm excitation peak, 685-nm
emission peak), but it could also detect fluorescein dye
(498-nm excitation peak, 518-nm emission peak). Laboratory
calibration tests with known fluorescein concentrations
showed a linear relationship between fluorescein concentra-
tion and voltage output from the fluorometer (Figure 3). This
tight correlation demonstrated that the fluorometer produced
reliable measurements in the laboratory, but we were con-
cerned that residual chlorophyll or other fluorescing pig-
ments might occur at the vents or that the fluorescein would
be altered by pressure, resulting in erroneous concentration
readings. As an independent test, a second dye injector was
filled with rhodamine dye (concentration, 7.5 parts per
thousand) and deployed at the same black smoker site.

Rhodamine was selected as an alternative tracer because,
unlike fluorescein, samples could be stored and brought back
to the laboratory, as the dye does not absorb into plastics
and does not degrade in light. During the rhodamine deploy-
ment, water samples were, collected in 5-L Niskin bottles
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Figure 3. Calibration of voltage readings (mean and s.d.;
n = 3) from the in situ fluorometer immersed in a known
concentration of fluorescein dye. Linear regression gives a

relationshig y = 0.058x + 0.221; the coefficient of deter-
mination r° = 0.98.

-

and titanium bottles. The titanium bottles {Von Damm et al.,
1985] drew 750 mL of water in through a modified intake port
with a small (1-mm-diameter) aperture which restricted
intake rate and extended sampling duration to >30 s. Rho-
damine concentrations in the water samples were measured
in the laboratory with a Turner Designs model 10 fluorome-
ter equipped with rhodamine detection lamp and filters.
Control samples from Niskin and titanium bottles (taken
during intervals when no dye was introduced) had no detect-
able rhodamine concentrations.

Sampling the dye with sensors and water bottles resulted
in measurements that averaged over very different temporal
and spatial scales. Fluorescein was sampled instantaneously
at each point, whereas the plume model assumes temporal
averages over many plume-eddy time scales. Titanium sam-
plers were positioned with the orifice as close to the plume
midline as possible, providing concentration values averaged
over time scales comparable to those used in the plume
model but producing only a few point measurements. Niskin
bottles were oriented vertically in the plume, aiso as close to
the centerline as possible, so that when closed they provided
an instantaneous average over at least part of an eddy scale.
The comparison between samples from Niskin and titanium
bottles was of particular interest because the two methods
correspond to plankton-sampling techniques using bottles
and pumps, respectively, and can be used to evaluate the
relative advantages of these methods.

To estimate the spatial scale of eddies, we calculate the
e-folding radius b(z), the distance from the centerline at
which a Gaussian-distributed property decreases to e ™' of
the centerline value, by using the following equation {Mor-
ton et al., 1956]:

b(z) = Bz (¢)]

where B is an empirically determined constant (8 = 0.084
[Morton et al., 1956]), and z is the height above the plume
source. The Niskin bottles were 50 cm long, approximately
half the calculated length scale of eddies (b(z) < 92 cm) in
the plume at the Niskin sampling heights.

The temporal scale of eddies depends on the ratio of eddy
length to centerline vertical velocity (b/W (2)): W.(2)

above the jet entrance region and well below the neutral
buoyancy level, and the source buoyancy flux By (in m*/s*),
are calculated from the following [Morton et al., 1956):

Wel2) = C\(By2) "
B = [(agT(2)/C;)°z]1? ®

Here, C, is an empirically determined constant (C, = 4.7
[Rouse et al., 1952)), a is the coefficient of thermal expan-
sion at ambient temperature (a = 1.48 x 107%°C ™! [Litrle et
al., 1987)), g is gravitational acceleration (g = 9.8 m/s?), C,
is a dimensionless empirical constant (C, = 9.1 [Chen and
Rodi, 1980]), and T(2) is the maximum (centerline) temper-
ature anomaly at z. These equations are strictly valid only in
an unstratified water column or well below the neutral
buoyancy level in a stratified water column. Qur sampling
was done at z < 15 m. The neutral buoyancy level was
approximately 205 m, so (2) and (3) are appropriate for this
study. By calculating W (z) from previous estimates of B,
from hydrothermal vents [e.g., Bemis et al., 1993, at Juan de
Fuca], we estimate that the temporal scale of eddies should
be less than 20 s within 15 m of the bottom. Titanium bottles
were sampled for more than 30 s and were thus averaged
over at least one eddy time scale, though this time is still too
short for complete compliance with the model assumptions.

2

Larval Measurements

Towing plankton nets from the submersible allowed us to
maintain sampling positions close to the bottom and entirely
within the axial summit caldera. We used a deep tow system
(modified from that of Wishner [1980]) with an opening/
closing mechanism operated from the submersible, a mouth
area of 0.2 m?, and three nets of 64-um mesh. Tow volume
was calculated from the distance the submersible traveled
during the tow as recorded from navigation fixes every 15 s.
A flowmeter attached to the front of the net system did not
operate reliably, so volumes calculated from distance trav-
eled were the best estimates available. During some tows,
poor acoustic returns made the navigational fixes unreliable;
volumes for these tows were calculated from tow duration
and a typical submersible speed, averaged from speeds of
comparable tows. Some error in estimates of volumes fil-
tered was introduced by currents at the study site. An upper
bbéund on this error of roughly 25% was estimated by
calculating the ratio of current speed (rarely >10 cm/s; 2-min
averages were recorded by an Aanderaa current meter
moored 5 m above the seafloor for 2-3 days at two locations
along the ridge) to average submersible towing speed (ap-
proximately 40 cm/s; obtained from navigation). The error
would be this great only if net tows were oriented directly
into or away from the strongest currents measured.

Plankton samples were preserved in 4% buffered formalin,
transferred to 95% ethanol, and sorted under a dissecting
microscope (at 50x) for larvae. Larvae of benthic inverte-
brates were identified to the lowest taxonomic level possible.
Larvae of vent mussels (Bathymodiolus sp.) and clams
(Calyptogena sp.) were identified by comparison with micro-
graphs published by Lutz [1988], Berg and Van Dover [1987],
and Turner et al. [1985]. Benthic gastropods were identified
by shell characteristics illustrated in micrographs of vent
larvae and adults by Gustaffson et al. [1991), Lutz [1988],
Van Dover et al. [1988). Berg and Van Dover [1987), Turner
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Table 1. Temperature Anomaly and Fluorescein Dye Concentration Observed at z Meters Above the Bottom From
Profiles Through a Hydrothermal Vent Plume

Dye concentration, ug/L

T,°C Maximum Average
z,m Observed Center rib Observed Predicted Observed Predicted
5.7 0.04 0.38 1.50 224.8% 224.8 14.6 15.1%
7.4 0.02 0.24 1.58 330.4* 145.5 17.6 8.0t
8.8 0.02 0.18 1.49 214.7* 109.0 16.0% 9.3t%
9.9 0.03 0.15 1.27 120.4* 89.6 13.1% 15.41%
11.7 0.12 0.11 57.0 67.8 17.2 32.8
12.2 0.10 0.11 83.8 63.2 30.2¢ 39.8%

Temperatures and dye concentrations were measured with submersible-mounted sensors. Ambient temperature was 1.81°C, and ambient
dye concentrations were zero. T observed, maximum temperature anomaly observed; T center, centerline temperature anomaly calculated
from (3); r/b, relative distance off centerline, where r i1s distance from centerline as estimated from temperature, and & is e-folding length
of plume (from (1)), calculated for profiles where T observed << T center. Maximum dye concentrations observed were then corrected to
centerline values at heights below 10 m. Predicted maximum concentrations were calculated from (8). One-dimensional averages of dye
concentration were calculated across plume profiles, truncated where necessary in abbreviated profiles. Details of calculations of r,

averages, and truncation are explained in the text.
*Corrected to centerline value.
tCorrected to distance r off centerline.
$Truncated for incomplete profiles.

et al. [1985], and Lutz et al. {1984). Larval shell character-
istics used to distinguish gastropod species of vent origin
included details of shell coiling, omamentation.'tﬁfcknegs,
spire morphology, and general shape. Larvae that could be
identified from the above sources were considered probable
vent larvae.

All polychaete larvae were still in early developmental
stages (trochophore or early metatrochophore), and we were
unable to identify them to lower taxa. Pelagic gastropods
were identified from data given by Thiriot-Quiévreux [1973),
Fretter and Pilkington [1970], and Tesch [1947] and were
excluded from consideration.

Results
Plume Measurements

The vertical temperature structure measured during fluo-
rescein profiles of the plume was unexpected, with the
highest temperatures recorded at the two uppermost heights
off the bottom (Table 1). The most likely explanation for this
anomalous temperature distribution is that temperatures
were not measured along the centerline in the profiles below
10 m above bottom (mab). An alternative possibility is that
parcels of cold ambient water entrained by the plume were

measured in all these transects. We believe this latter
scenario is unlikely, because the durations of the tempera-
ture profiles (>37 s) were longer than the time scales of
eddies at each height, and temperatures through each profile
below 10 mab (data not shown) were uniformly low.

Maximum temperatures recorded during fluorescein
transects at 11.7 and 12.2 mab (the two highest heights) were
used to calculate a representative (mean) buoyancy flux By
of 3.61 x 1075 m*s® from (3). The reliability of this
calculation was evaluated by comparing maximum temper-
atures measured during subsequent rhodamine sampling
with centerline temperatures predicted from this B, (Table
2). Temperature maxima measured during Niskin bottle
sampling corresponded well to centerline temperatures pre-
dicted from (3) using this B,, and those measured during
titanium bottle sampling were moderately higher than ex-
pected. This consistency among different temperature mea-
surements indicated that the temperatures used to calculate
B, were representative centerline values and that the calcu-
lated B, was a reasonable estimate for this plume.

The plume model predicts that both vertical velocities and
tracer concentrations across the plume diameter have Gaus-
sian distributions, so the dye injection rate and centerline
velocities can be used to calculate dye concentrations at any

Table 2. Observed and Model-Predicted Rhodamine Dye Concentrations in a

Hydrothermal Vent Plume

T,°C Centerline Dye Amounts, ppb
Sampler z,m Observed Predicted Observed Predicted Average
Niskin 1 10.5 0.18 0.14 30 121 35.3
Niskin 2 11.0 0.17 0.13 50 112 334
Titanium 1 6.0 0.43 0.35 0 308 71.6
Titanium 2 10.5 0.09 0.14 50 121 353

Temperatures measured during dye sampling were not taken directly at the sample intakes.
Concentrations were in parts per billion (ppb), and samples were taken z meters above the bottom. The
predicted values are centerline maxima calculated from (3) and (8), and the average values are
calculated over a cross-section of the plume model from (9). Observed values were from Niskin and

titanium bottles.
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location in the plume. Starting with the general integral mass
balance, the vertical flux of dye #(z) at any level z in the
plume is

Kz) = fm 2wD(z, NW(z, r)r dr 4)
0

where r is a radial distance from the plume centerline. D(z,
r) and W(z, r), the dye concentration and vertical velocity,
respectively, at (z, r), follow the Gaussian distribution:

D(z, ) = D(2)[e "2 5)

W(z, r) = W (2)[e (7] ®)

where D .(z) and W(z2) are the centerline dye concentration
and centerline vertical velocity, respectively, expected in
the plume at a given height off the bottom, and b(z) is given
by (1).

The plume volume flux Q(z) at any level z, using (6), is

() =27 f T Wz, Ordr=nb(2*W(D (D
0

Here W,.(z) is given by (2). We then solve the mass balance
equation (4), using (5)~(7), for D.(2):

D (z) = 21(2)/Q(2) (8)

Since we observed that all the dye released from the injector
was entrained into the plume, conservation of mass requires
that I(z) be a constant equal to 7.04 X 1073 g/s, the rate of
fluorescein injection.

Predicted centerline fluorescein dye concentrations were
calculated at all heights using (7) and (8) and a buoyancy flux
of 3.61 x 10~ (Table 1). Observed maximum dye concen-
trations in the upper two transects were directly comparable
to predicted values, because profiles appeared to pass
through the centerline. For transects below 10 m, which
apparently did not pass through the plume centerline, the
distance off centerline r was estimated assuming a Gaussian
distribution of temperature. Using an e-folding length b(z2)
from (1) and predicted centerline temperature from (3), r was
calculated as the radial distance from centerline where the
predicted temperature decreased to the observed value.

- Maximum dye concentrations measured at this presumed

distance » were used to calculate (using (6)) a corresponding
centerline dye concentration at each height below 10 m for
comparison with predicted values from (8) (Table I).

Cross-plume profiles of observed fluorescein concentra-
tions are displayed without correction for each height in
Figure 4. Although we could adjust single point values to the
ceneerline, no comparable method is available for correcting
transects that did not pass through the centerline. Instead,
adjustments were made to the predicted proﬁ;cs. At each
height below 10 m, a corrected profile was calculated from a
Gaussian distribution of dye concentration at the distance r
(calculated, as above, from observed temperature) from the
centerline. Gaussian dye distributions for the upper two
profiles were calculated directly from predicted centerline
fluorescein concentrations shown in Table 1.

Average dye concentrations over the cross-sectional area
of the plume are of interest because spatial averages should
be more comparable to a time-averaged model thar to point

z=989m
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Figure 4. Observed (solid curve) and predicted (dashed
curve) fluorescein concentrations in profiles through hydro-
thermal vent plumes at z meters above the bottom (mab).
Transects at z < 10.0 mab appeared not to have passed
through the plume centerline, so predicted fluorescein con-
centrations were adjusted to reflect distance off center. The
fluorescein concentration exceeded the fluorometer calibra-
tion range during the z = 12.2 mab transect. The centerline
(0 m) is set at the position of the maximum observed
fluorescein concentration. Horizontal distances were calcu-
lated from time elapsed during profile and estimates of
horizontal sensor speed.

measurements. Cross-sectional averages could not be esti-
mated for the off-center profiles, so instead, one-dimensional
averages across the plume profile were compared to aver-
ages across the expected Gaussian curves at each height.
These comparisons were further complicated by abbreviated
profile measurements that were not continued all the way to
the edge of the plume. Because truncation of the observa-
tions occurred, truncation of the expected Gaussian profiles
at comparable positions was also necessary. Averages were
calculated out to the distance at which profiling was stopped
or, if the observed profile extended beyond the plume, out to
the distance at which temperature decreased below the level
of detection (0.005°C).

In Figure 5a these observations of centerline dye concen-
tration are compared with the model predictions from (8).
With the exception of the two measurements at 7.4 and 8.8
m, the agreement is quite good and within the estimated
measurement error. There is a tendency for the model to
underpredict the centerline concentration. In Figure 5b we
show the averaged dye concentrations at each measurement
height versus the predicted value. Again there is some
scatter in these few measurements, but all but two (z = 7.4
and 8.8 m) fall within =50% of the expected value.

One possible cause of discrepancies between the model
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Centeriine dye
concentration (ugA1)

Average dye
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g 20

Figure 5. (a) Observed (solid squares) and predicted (solid
curve) maximum fluorescein concentrations from cross-
plume profiles. Observed values were corrected as in Table
I. Expected error margins (dashed curves) were calculated
from the precision of height above bottom, temperature, and
dye injection rate measurements. (b) Observed and pre-
dicted average fluorescein concentrations from cross-plume
profiles. One-dimensional averages were calculated across
profiles truncated as in Table 1. The solid clirve represents
observed = predicted values. All observations shown within
the expected error margins for a height of 10 m (dashed
curves calculated as in Figure Sa) were also within the error
calculated for their height.

and the observed dye concentrations was that dye was
introduced from a single external point source rather than
being entrained uniformly from ambient water or discharged
with the vent fluids. If dye entrained from a point source was
not as uniformly distributed through the plume as high-
temperature vent fluids, we might expect that dye would be
associated with cold ambient water and negatively corre-
lated with temperature very near the dye introduction
height. Above this entrainment level, dye concentrations
would be poorly correlated with temperature in the region
where cold dye-rich water was starting to mix with hot
dye-poor vent fluids and become increasingly positively
correlated with temperature at increasing heights above the
bottom as vent fluids and dye became well mixed.

We evaluated the above possibility by examining the
correlation between temperature and dye concentration
measured during the fluorescein profiles. The correlation
was complicated by the horizontal spatial separation (17 cm)
of the fluorometer and the temperature probe. At any
position in the plume, temperature and fluorescence were

recorded 4-5 s apart (depending on the profiling speed at
each height), with the sensors measuring different water
parcels in the vertically moving plume. Nevertheless, fluo-
rescein and temperature were positively correlated in all of
the profiles but one (z = 7.4 mab), in which the negative
correlation was extremely weak (coefficient of determination
r? = 0.03). Correlations were also weak in profiles at 8.8
and 12.2 mab (r2 = 0.07 and 0.35, respectively). Dye and
temperature, however, were positively correlated in profiles
at 5.7, 9.9, and 11.7 mab (r> = 0.65, 0.87, and 0.60.
respectively). The absence of strong negative correlations _
and the reasonably strong positive correlations over the
depth range of observations suggest that the dye and vent
fluids were well mixed, in agreement with the plume model.

In contrast to the fluorescein results, concentrations of
rhodamine dye averaged over space (Niskin bottles) and
time at a fixed point (titanium bottles) were all substantially
lower than centerline values predicted from (8), using a
rhodamine injection rate I(z) of 10.5 uL/s (Table 2). Because
the model tended to underpredict centerline fluorescein
concentrations, we believe the best explanation for these
low rhodamine levels is that the bottles were not positioned
directly on the centerline. Unfortunately, temperatures at
the sampler orifices were not recorded to verify this conclu-
sion.

A two-dimensional average dye concentration D, over a
cross-sectional area of radius r can be predicted from the
centerline concentration D, using a Gaussian distribution:

D, = (b()Yr)D ()1 — e =DM ©

Average rhodamine concentrations calculated for an r cor-
responding to the limit of temperature detection (0.005°C)
were comparable to observed concentrations, with the ex-
ception of the bottle at z = 6 m (Table 2). This result
suggests that bottle samplers, even when carefully posi-
tioned, will very likely sample off center. Although the
measurements did generally agree with the model cross-
sectional averages, this agreement may be fortuitous.

Larval Measurements

Plankton net tows near the bottom (within 6 m) yielded a
wide range of larval abundances, with an average concen-
tration of 89 probable vent larvae (pvl)/1000 m? (n = 15) and
a §tandard deviation of 193 pvl/1000 m> (Table 3). Tows
taken at 20-25 mab were less variable and contained an
average of 7 pvl/1000 m® (n = 3, sd. = 7). Larval
gastropods, particularly archaeogastropod limpets, were the
most abundant group. Single individual bivalve larvae were
collected in two tows. No arthropod larvae were collected in
any tows, though crab megalopae were observed in the
water column. Vestimentiferan larvae could not be reliably
identified in tows, as early forms are easily misidentified as
polychaete trochophores. One near-bottom tow had ex-
tremely high abundances of larvae (800 individuals/1000 m?),
and one contained no larvae, indicating that larvae were
extremely patchy and resulting in a high observed variance.

Discussion

The buoyancy flux By measured for the plume in this
study was within the range of those published for vent
plumes; it was an order of magnitude lower than the By
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obtained by Little et al. [1987] at 11°N on the EPR and was
at the low end of a range of values calculated by Bemis et al.
[1993] for Juan de Fuca. An initial exit velocity calculated
from this B, (from (2)) was 0.33 m/s. This is on the low end
of most of the exit velocities reported in the literature (0.40
m/s reported by Lupton et al. {1985}; 0.63 m/s by Little et al.
[1987]; and 0.7-2.4 m/s by Converse et al. [1984]). These
comparisons indicate that although the plume in the present
study was not particularly vigorous, it was not atypical.

The dilutions of the fluorescein and rhodamine dyes by the
plume provide a way to evaluate whether the in situ fluorom-
eter readings were affected by pressure. Fluorescein, with an
initial concentration of 4.4 g/L., was diluted to a centerline
congentration of 57 ug/L at 11.7 mab, which is equivalent to
an average concentration of 21 ug/L. over the cross-sectional
area of the plume (equation (9); bounded by the distance at
which expected temperature dropped below the level of
detection). The resulting dilution ratio was 2.1 x 10°.
Rhodamine, with an initial concentration of 7.5 parts per
thousand, was diluted to 50 parts per billion at 11.0 mab, a
2.2 x 10° ratio. The similarity between these dilution ratios
supports the supposition that the in situ fluorometer pro-
vided reliable measurements.

Several independent observations suggest that dye was
entrained and diluted in the plume as expected from the
model. Predicted average fluorescein dye concentrations
were within a factor of 2 of observed levels, with no
consistent bias of under- or overprediction of entrainment.
Although maximum fluorescein concentrations were consis-
tently higher than predicted, all but two were within mea-
surement error. A positive correlation between dye concen-
tration and temperature was observed in all but one profile,
indicating that dye from an external point source was mixing
with vent fluids within a few meters of the entrainment level.
We believe that observed discrepancies in some of the
profiles were not-unexpected consequences of limitations in
our sampling procedures (i.e., instantaneous point sampling
and inaccuracies in positioning sensor). The rhodamine
concentrations were substantially lower than centerline val-
ues predicted from the buoyancy flux and height off the
bottom, as were values in the four lower fluorescein
transects. We believe that these samples were taken off
center, as positioning the sensors or samplers directly in the
center of the plume was difficult, particularly in the lower 10 m.
The difficulty in obtaining reliable centerline dye concentra-
tions with bottle samplers serves as a caution for attempting to
measure centerline larval abundances using similar samplers in
the plume.

The observations that all the visible dye was entrained into
the plume and that fluorescein dye and temperature were
positively correlated at several locations in the plume sug-
gest that it is reasonable to use centerline plume tempera-
tures and external tracer concentrations to model fluxes of
the tracer up to the lateral spreading level. If the tracer is a
larva, then we have an additional task of evaluating whether
it can be considered passive and neutrally buoyant. Direct
measurements of sinking and swimming speeds for hydro-
thermal vent larvae are lacking, but if we assume that they
are similar to those of related shallow-water larvae, the
sinking speeds should be within the range from 0.17 to 0.83
cm/s [Chia et al., 1984]. Vertical velocities in the rising
plume are approximately 10 cm/s. This disparity implies that
larvae of vent species can indeed be entrained and vertically

advected by hydrothermal plumes. Converse et al. [1984]
calculate that fewer than 3% of particles with sinking speeds
as high as 1.68 cnys will fall out of a plume rising 250 m
above the bottom. Thus most of the larvae should be carried
to the top of the rising plume. Additional evidence for
vertical larval transport comes from observations of even
large, relatively heavy postmetamorphic juveniles of benthic
species high in a plume over Juan de Fuca Ridge [Mullineaux
er al., 1991].

To determine the flux of larvae reaching the top of the
plume, we calculate the rise height of the plume (the height
of the top of the lateral plume) zp,, from the following
[Morton’et al., 1956}:

Zmax = 5(80/71’) INN—314 (10)

N =[(g/p)(dpldz)]'? (1

where p is the density of the ambient seawater. The buoy-
ancy frequency N = 1.6 x 10™* s~} was calculated from
observed conductivity-temperature-depth profiles. Using
By = 3.61 x 1073 m*s® from above, z.,,, was calculated
to be 205 m. On the same cruise, a z,, of 240 m was
observed over the same portion of the ridge by P. H. Wiebe
(personal communication, 1992). The observed zn,, was
defined as the height at which the light attenuation anomaly,
recorded by transmissometer, decreased to e~! of the
maximum attenuation anomaly.

The larval flux at the top of the plume can be calculated
from the known concentration of larvae outside the plume
and the volume of ambient fluid entrained. We use a surface
integral for entrainment through the conical plume surface §
to calculate larval flux out of the top of the plume F:

Fom:ffLVdS:=ffLVdS°+_[fLVdS‘

L So S
(12)

Here L is the larval concentration, S, is the plume source
surface, S, is the approximately conical plume surface, and
§, is the circular plume surface at the base of the spreading
level. We assume that no larvae are present in the source
fluid. For a conical surface, ff dS; = f2#b(z) dz, and the
larval flux F; into the plume between two levels z, and z, is,
for L constant between those two levels,

Fu= Lf“ 2mb(2)V, dz (13)

23

Here V, is the horizontal entrainment velocity at the plume
edge and is {Turner, 1973}

V.= yW, (19)

with the empirically determined entrainment coefficient y =
0.07 [Turner, 1973]. Using (2) and (14), (13) becomes
)

Fin= L2wByC(BY)(3/5)(23" - (15)

Like (2), this is valid only well below z,,,. Assuming that
the ambient larval concentration L is zero above z, and
below z;, Foy = Fip.

Mean larval abundance within 6 m of the bottom was 89
individuals/1000 m>. If we assume that larvae were entrained
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only from this region (z; = 0 m, z; = 6 m), then 22 pvt/h,
would enter the spreading level of the plume. This number is
equivalent to an average concentration of 0.49 pvl/1000 m?
(following (8)) in the spreading portion of the plume. Larvae,
however, were observed in plankton net tows above 6 m; net
tows taken at 20-25 mab averaged 7 pvi/1000 m>. This result
suggests that some benthic larvae were being entrained into
the plume even at 25 m off the bottom. At the spreading level
of the plume, entrainment from 20-25 mab results in a flux of
6 pvi/h, and a density of 0.13 pvl/1000 m>. If we interpolate
larval abundances, assuming a linear relationship with height
above bottom, we estimate a mean abundance of 47 pvl/1000
m? between 6 and 20 mab. If we sum the larval flux into the
plume below 25 m, F,, = X Fj, and the mean number of
benthic larvae reaching the spreading level of the plume is
102 pvi/h, for a larval concentration in the spreading plume
of 2.30 pvl/1000 m?.

For comparison, the maximum ambient larval concentra-
tions observed were 800 individuals/1000 m> within 6 m of
the bottom and 14 individuals/1000 m? between 20 and 25 m.
Using the procedure described above, we calculate a maxi-
mum flux of 836 pvi/h and a maximum density of 19.0
pvl/1000 m? in the spreading plume. The order of magnitude
difference between these values and the averages suggests
that the larval supply to the spreading level may be ex-
tremely patchy. Dense patches of larvae, if they remain
coherent during entrainment and dispersal, may enhance
recruitment success and colony establishment by ensuring
the arrival of a critical number of reproductive colonists.

To determine whether these larval flux estimates can be
generalized, we compared them to calculations using the
larval abundances at 21°N on the East Pacific Rise reported
by Berg and Van Dover [1987]. Using our conservative
criterion for categorizing vent larvae (groups found solely or
predominantly at vents), abundances of probable vent larvae
(Calyptogena, Munidopsis, and Bythograea) in near-bottom
tows at 21°N were similar to our average densities: an
average of 103 larvae/1000 m? (n = 6, s.d. = 69) within 14
m of the bottom. If the 21°N gastropods (which probably
included some nonvent species) are included in the calcula-
tions, the average is 296 larvae/1000 m>. Assuming a similar
initial vent buoyancy flux and no larvae above 14 m, this
abundance results in 104 (298 with gastropods) larvae/h
entering the spreading level of the plume and a spreading-
level concentration of 2.36 (6.77 with gastropods) larvae/
1000 m3. The maximum flux rate of 858 larvae (including
gastropods) per hour at the 21°N sites was comparable to our
measurements at 9°N, as was the expected concentration in
the lateral plume (19.5 larvae/1000 m?). Despite the similar-
ity in overall numbers of vent larvae, the types of larvae
found were very different at the two sites. These differences
may be due in part to differences between the vent commu-
nities in the two areas. Other sources of variability in larval
supply, such as synchronized or seasonal spawning, also
affect larval densities.

In general, these results predict that larval abundances in
the spreading plume should be roughly 2 orders of magnitude
lower than those in near-bottom waters and that fluxes from
vent communities with similar reproductive output are likely
to average on the order of 100 larvae/h, with an upper bound
close to 1000 larvae/h. The similarity in abundance of vent
larvae to that at 21°N suggests that these predictions may be
generalizable along the East Pacific Rise. The calculated

larval fluxes and lateral-plume abundances are only weakly
sensitive to the estimate of By (B{/*: compare (15)); varying
By over the range reported from vents along the East Pacific
Rise [Converse et al., 1984; Little et al., 1987] and the Juan
de Fuca Ridge [Bemis et al., 1993] changes the estimates
only slightly.

These estimates of vertical larval flux and larval abun-
dance in a spreading plume provide a ‘‘null model’’ for
comparison with future observations. Deviations of ob-
served larval abundances in the laterally spreading plume
from those expected from near-bottom abundances and
plume flux estimates may reveal important larval behaviors
or physical processes. For instance, it is possible that larval
behaviors such as chemotaxis to vent-specific chemicals
could inhibit dispersion in the lateral plume and result in
anomalously high concentrations of larvae near the source of
the spreading plume. Alternatively, recent work with plume
mechanics has suggested that geostrophic vortex flows may
be forced by high-temperature venting [e.g., Speer, 1989;
Helfrich and Battisti, 1991] and may concentrate larvae in
patches [Mullineaux et al., 1991]. Even in the absence of
plume-forced vortices, studies of deposition from plumes
predict the existence of a specific down-current area that will
consistently receive high densities of particles {Ghoneim et
al., 1993]. Either of these physical mechanisms could pro-
vide large numbers of recruits to a limited area, enhancing
colonization and species survival probabilities.

The present study shows that a standard plume model
appears to describe the dynamics of an external tracer
sufficiently well to use the model for predicting larval en-
trainment and vertical fluxes. Calculations of expected larval
fluxes at sites near 9° and 21°N along the EPR demonstrate
that a substantial number of vent larvae should be entrained
into hydrothermal plumes and transported to a level several
hundred meters above the seafloor. These predictions can be
tested with field observations and provide a first step toward
estimating vertical larval fluxes on large geographical scales.
The results presented here emphasize the need to consider
horizontal currents not only near the seafloor but also at the
level of the lateral plume in order to understand dispersal of
vent larvae in deep-ocean flows. Because of strong vertical
shears near midocean ridges, trajectories of vent larvae
dispersing in the lateral plume may be considerably different
from the paths of larvae remaining near the seafioor. The
next step in understanding how far and in what direction
larvae can disperse and successfully colonize remote vent
habitats is to combine estimated larval trajectories based on
horizontal and vertical flows with information on larval
sinking speeds, swimming behaviors, and life spans.
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Chapter 3
Identification of Archaeogastropod Larvae

from a Hydrothermal Vent Community

INTRODUCTION

Since hydrothermal vent habitats in the deep sea are ephefneral and spatially
disjunct, the question of how vent species disperse is an interesting issue. Most common |
vent species have planktonic larvae able to disperse in the water column, though the adults
usually are sessile and endemic to a vent environment. For ecological studies which
include larval stages, identification of larvae to the species level is necessary. However,
the morphological characteristics used for species identifications among adults may not be
the same as those for larvae. While larval characteristics may be sufficient to distinguish
between species, they may not be adequate for the identification of species if such
characters are not retained into adulthood.

At hydrothermal vents along the East Pacific Rise, the most abundant taxa are
vestimentiferans, polychaetes, bivalves, and gastropods. Larvae of Vestimentifera have
not been found in the water column, though their developmental sequence can be inferred
from that of related pogonophorans (Southward 1988). Polychaete larvae are difficult to
identify to species, because their morphological characteristics often do not reliably
correspond to those of adults. Most polychaete larvae collected near vents are in early
developmental stages (trochophore or early metatrochophore) and are too small to identify
past family level. In such soft-bodied taxa, a species-specific genetic probe or some other
technique for matching larvae to adults will be necessary to make larval identifications.

In most molluscs, the larval shell is retained on the apex of the adult shell.
Ornamentation on the surface of the shells is often detailed and usually species-specific,
and shell shape and details of aperture and hinge are also useful morphological

characteristics. The initial shell laid down by a larva is known as the protoconch I in
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gastropods, or prodissoconch I in bivalves. Larvae of both gastropods and bivalves can be
identified by close examination of such a larval shell, and by comparisons with the
prodissoconch I or protoconch I of known adult species. Published micrographs of vent
adults often show details of the larval shell (i.e. Turner et al. 1985, McLean 1988, McLean
1989a, b, Waren and Bouchet 1989, McLean 1993, Waren and Bouchet 1993). Thus,
some species can be identified by comparison of the larval sﬁell 'with the protoconch or
prodissoconch of the adult (Mullineaux et al. 1995).

Other techniques for larval identification are to rear captured larvae from the
plankton to an identifiable juvenile or adult stage (Scheltema 1971), or to spawn adults,
fertilize eggs and then raise the larvae in the laboratory. Such techniques require rearing
conditions and the appropriate food for larval development, and a source of spawning
adults or larvae. The environment at vents, such as high pressure and variable oxygen and
sulfide concentrations, may be difficult to replicate in the laboratory, so that maintaining
adults or raising larvae is not easy and has not yet been accomplished. The methods of
larval collection result in specimens that may be damaged by mechanical trauma from the
nets or pumps used, and by differences in pressure and temperature experienced between
the point of collection and the surface. While it may be possible to construct a sampling
device that would collect larvae gently and bring them to the surface at in situ pressure and
temperature, the relatively low abundances of larvae (20-100/1000 m3; Kim et al. 1994,
Mullineaux et al. 1995) would require processing large volumes of water. Such a collector
would be expensive and challenging to construct.

Molecular techniques offer another method for identification of larvae to species. A
genetic probe can be created that complements a known species-specific DNA sequence. If
the probe binds to DNA from a larvae, the species is identified. Progress has been made
on sequencing portions of the genome of some species found at vents (Tillier et al. 1994,
R. C. Vrijenhoek, pers. com.). Work is advancing steadily on this technique, but it has

not yet reached a usable form for vent species. A simpler alternative is to resolve
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recognizable banding patterns from adult DNA using restriction enzymes and compare this
to the banding pattern obtained from larvae (R. A. Feldman, pers. com.). This method is
quick because no sequencing is necessary, but less likely to be successful for all species
because enzymes can detect a change only within their recognition sites. Both techniques
require equivalent knowledge of related species, in order to define characteristics (sequence
or banding pattern) that are species-specific. Since genetic téchniques could potentially be
useful for all species (cf. Grassle and Grassle 1976, Oison et al. 1991, Tunnicliffe et al.
1993), not just those with hard parts retained by the adults, and because they may require
less individual manipulation of specimens, they will ultimately be very effective
approaches.

Each of the techniques available for larval identification has limitations.
Morphological techniques rely on the retention of larval characters by adults; even in
gastropods the protoconch may be deciduous or may become covered by the teleoconch or
adult shell as it develops, and distinguishing between within-species and between-species
variability requires multiple samples of both adults and larvae. Raising larvae of deep-sea
species is technically difficult and awaits the development of appropriate sampling and
culturing techniques. Genetic methods are expensive, time consuming, and labor
intensive, but have potential for easy processing of large samples by using visually tagged,
species-specific probes (Delong et ai. 1989) and may be especially useful for identification
of morphologically similar species (Grassle and Grassle 1976).

Currently, only morpholbgical identification of larvae of vent species is a reliable
technique. It is tempting to assume that because a larval type is common near vents, that it
must be a species indigenous to a vent environment, but this is not always true. Species
identification is required to define the distributions of larvae of vent species and necessary
to answer ecological questions concerning the dispersal patterns of species restricted to
vents. Identifications can be made among some gastropod species by morphological

comparison of the larval shell with the protoconch of an identifiable adult. In this chapter I
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demonstrate the use of scanning electron microscopy (SEM) as an effective technique for

species-specific identification of vent gastropod larvae.

MATERIALS AND METHODS

Larvae were collected during research cruises aboard the RV Atlantis I/DSV Alvin
in December 1991 and November 1994. The series of Alvin submersible dives were
conducted in the Venture Hydrothermal Fields along the East Pacific Rise, a fast spreading
center located from 9°09'N to 9°54'N and 104°14'W to 104°18'W that has been well-
mapped by Haymon et al. (1991). The area was volcanically active as evidenced by recent
lava flows. The ridge crest is at ~2500 m depth, with a small axial graben <200 m wide
and <100 m deep. Both black smokers and shimmering flows are common.

Plankton samples were taken around the vents and in and around the plume of
hydrothermal fluid rising from the vents, using nets of 64 um mesh for capturing smaller
larvae. Near-bottom sampling from Alvin was conducted with a 3-net deep-tow system
(Gowing and Wishner 1986) or with a 5-bin plankton pump. Pump samples were taken
within the caldera close to hydrothermal structures and communities (i.e. chimneys, diffuse
vents, mussel beds). Deep-tows were taken within or just outside the axial caldera.
Sampling from the ship was done with an 18-net MOCNESS (Multiple Opening Closing
Net Environmental Sensing System, Wiebe et al. 1985), and tows were taken in and
around the neutrally buoyant plume.

On return to the surface, samples were immediately rinsed from the nets with
seawater and chilled. Care was taken to avoid contamination by surface plankton, by
rinsing nets from the outside and using filtered seawater when it was necessary to rinse
inside the nets. Deep-tow and pump samples were quickly examined under a dissecting
microscope (at 50x) for larvae, and preserved in buffered formalin within 4 hours of

recovery. Samples were later transferred to 70% ethanol.
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All samples were later sorted at 50x under a Wild MSA dissecting microscope.
Larvae were divided into visually distinguishable groups, and gastropods were drawn with
a camera lucida. These images were less than ideal, and attempts were made to improve
them with camera images taken with a phototube and Olympus OM4 and Ektachrome 400
film. However, it was impossible to distinguish species-specific characteristics at this
magnification. I then tried to distinguish shell ornamentation under a compound scope, and
though some characteristics were discernible, even at 400x the characteristics were not
distinct. These improved images were archived using a digital camera system, consisting
of a Nikon 8008S, a Kodak DCS200, a Macintosh Quadra 840AV, and Photoshop v. 2.5.

Further magnification and higher contrast required the use of a scanning electron
microscope (SEM) to visualize the very fine species-specific ornamentation. Individuals
that were indistinguishable under even high magnification on a light microscope became
easily differentiated by their surface structure under SEM. Preparation of the specimens for
scanning was a difficult and time-consuming process, and could not have been completed
without the pétience and skill of Alan Pooley at Rutgers University. Individual larvae were
oriented apex up and mounted with 3M 850 silver tape on stubs, air dried and sputter
coated with gold/palladium. When samples appeared encrusted under the dissecting scope,
they were treated with a 50% bleach solution to remove surface deposits. Though a few
specimens were lost or crushed in the preparation process, excellent images of most were
obtained. The SEM was an AMRAY 18301, in the lab of Richard Lutz at Rutgers
University. Settings were 10 kV, with a 10-12 mm working distance. Buildup of charge
in the SEM can cause size measurements or magnifications to be systematically erroneous,
s0 a correction factor to determine the exact sizes of the larvae was obtained from the
relative size of a spherical bead under the SEM and under a calibrated dissecting
microscope.

These protoconch micrographs were grouped and compared with published

micrographs of adults. Where possible, the original adult specimens were located from the
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collection at Rutgers University and re-imaged so that magnifications and orientations of
larval shells matched those of protoconchs on adults as closely as possible. The groupings
of larvae done under the light microscope were subdivided under the SEM to the lowest
taxonomic level possible. One of the initial groupings made under the light microscope
contained at least eleven species in five families, though all were within one order.

These species identifications were examined by Philippe Bouchet, an expert in deep
sea gastropod taxonomy at the Museum national d'Histoire naturelle in Paris, who
confirmed the identifications of vent species, and identified non-vent specimens, some to

genus.

RESULTS

The characteristics that distinguished the gastropod veliger larvae of vent species
from those not indigenous to the vent environment were general size and shape of the shell.
The vent gastropods found were all of the superorder Archaeogastropoda. The
protoconchs were small, single-whorled, dextrally coiled (though this may be difficult to
determine even with SEM), and exhibited distinctive sculpting patterns. Other gastropod
larvae found were usually multi-whorled, or if single-whorled, lacked surface
ornamentation.

The characteristics used to distinguish species within superorder
Archaeogastropoda were protoconch size, the shape of thé aperture, and protoconch
ornamentation, which included striation or lines (cf. Figure 1A), reticulation or webbing
(cf. Figure 3A), and punctation or indentations (cf. Figure 5A). The three types of
sculpturing formed distinct categories that simplified comparisons with the many published
protoconch types, though family designations did not always fall within such groupings.
In some cases, protoconch morphologies for all members of a taxon were not known. In

such instances, the genus name or a species name within the genus was assigned based on
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the known distribution of adults along the East Pacific Rise. A question mark preceding a
taxon indicates uncertainty.

Within the family Peltospiridae, four species were found. All have sculpting of
parallel striations, but exhibit distinct differences that allow species-level identification.
Rhynchopelta concentrica (2 larval specimens) has a large protoconch (285-290 um),
fourteen broad, gradually raised ridges meeting in a curve at the épex, and a shelf at the
axis of coiling (Figure 1A-C). Peltospira ?operculata (6 larval specimens) has a moderate-
sized protoconch (200-230 pm), nineteen steep-sided ridges meeting at a point, and no
shelf (Figure 2D-F). Species identification for Peltospira is not certain because two
congeners remain whose protoconch morphologies are unknown (McLean 1989a, Waren
and Bouchet 1989), and one is also found at 9°N. The third species was Lirapex granularis
(1 larval specimen), with a medium-sized protoconch, 230 pm, and approximately ten
parallel grooves as well as pustulose ornamentation near the suture (Figure 1G-I).

Four larval types were recovered with reticulate sculpturing on the protoconch.
Two were similar, both 175-190 pum, with faint reticulation and a straight aperture (Figure
2A-B). Slight differences include a flare at the aperture of one, and sculpting that does not
extend to the shell edge in the other, though this difference could be due to preservation in
formalin. These two forms (4 larval specimens) were assigned to the genus
?Melanodrymia, in family Peltospiridae, since the larval shells were each very similar to the
protoconch of Melanodrymia aurantiaca (Figure 2C-D). An undescribed species of
Melanodrymia has been reported from the 9-10° N site (R. G. Gustafson, pers. com.).

The two other specimens with reticulate protoconchs were identified as Cyathermia
natacoides in family Cyathermidae, and Neomphalus fretterae, in the family Neomphalidae.
Cyathermia natacoides (2 larval specimens) has a 240-255 um protoconch, strong reticulate
sculpting and a wavy margin (Figure 3A-C), while N. fretterae (1 larval specimen) has a
maximum dimension of 260 pm, fine reticulation and a very sinuous aperture (Figure 3D-

F). Examples of protoconchs for all confamilial species found between Galapagos and
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Guaymas were available, and thus clearly defined species-specific sculpting patterns for
these two larval types were established (McLean 1981, Waren and Bouchet 1989).

Five species had punctate protoconchs. In family Gorgoleptidae, a species of
Gorgoleptis was identified (1 larval specimen). The protoconch morphology of only one
of three congeners was available (Figure 3H,I); the protoconch of the species that is found
at 9°N has not been described or imaged. The punctate larval shell is small (180 pwm), has
deep, dense indentations, with faint striations near the aperture and a very sinuous margin
(Figure 3G).

Clypeosectus delectus (1 larval specimen), in the family Clypeosectidae, is also
small (175 um), with coarse, closely spaced punctate sculpting, organized into distinct
parallel striations, and a straight aperture (Figure 3J-L). No congeneric Clypeosectus have
been found on the East Pacific Rise, but one is present on Juan de Fuca Ridge for which
protoconch morphology is undescribed (McLean 1989b).

Among the remaining punctate larvae, three distinct morphotypes were found that
correspond with the protoconchs of three known species. The differences between the
larval shells were subtle, but as they match differences in the adults, they have been
tentatively identified as Lepetodrilus ?elevatus galriftensis (10 larval specimens),
Lepetodrilus ?elevatus elevatus (9 larval specimens), and Lepetodrilus ?ovalis (7 larval
specimens). All are small, ranging from 165 to 210 um. One larval morphotype has two
sizes of small indentations (average diameters 0.6 and 1.3 pum) that are organized into a line
following the shell curve (Figure 4A), as does the protoconch of L. elevatus galriftensis
(Figure 4D, G). The second morphotype has evenly sized, large indentations (average
diameter 1.8 um) with a similar line (Figure 4B), matching the protoconch of L. elevarus
elevatus (Figure 4E, H), and the third morphotype has evenly-sized large indentations
(average diameter 2.3 wm), with no linear organization (Figure 4C), like the protoconch of

L. ovalis (Figure 4F, I).
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Figure 1 Larvae and juveniles in family Peltospiridae. Scale bars are 50 pm for all shells
except C (400 um), F (200 pm) and I (300 wm).
A - Rhynchopelta concentrica larva from 9°50'N, EPR, 5 meters above bottom
(mab)
B - Rhynchopelta concentrica protoconch from 21°N, EPR
C - Rhynchopelta concentrica juvenile shell from 21°N, EPR
D - Peltospira ?operculata larva from 9°50'N, EPR, 5 mab
E - Peltospira operculata protoconch from 21°N, EPR
F - Peltospira operculata juvenile shell from 21°N, EPR
G - Lirapex granularis larva from 9°50'N, EPR, 5 mab
H - Lirapex granularis protoconch from 21°N, EPR
I - Lirapex granularis juvenile shell from 21°N, EPR

44



45



Figure 2 Larval ?Melanodrymia spp. and juvenile Melanodrymia aurantiaca . Scale bars
are 50 um for all shells except D (300 um).
A - ?Melanodrymia sp. larva 1 from 9°50'N, EPR, 5 mab
B - ?Melanodrymia sp. larva 2 from 9°50'N, EPR, 100 mab
C - Melanodrymia aurantiaca protoconch from 21°N, EPR
D - Melanodrymia aurantiaca adult from 21°N, EPR
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Figure 3 Larval and juvenile archaeogastropods. Scale bars are 50 um for all shells except
C (400 um), F (1000 wm), I (400 wm) and L (200 wm).
A - Cyathermia natacoides larva from 9°50'N, EPR, 5 mab
B - Cyathermia natacoides protoconch from 21°N, EPR
C - Cyathermia natacoides juvenile shell from 21°N, EPR
D - Neomphalus fretterae larva from 9°50'N, EPR, 5 mab
E - Neomphalus fretterae protoconch from 21°N, EPR
F - Neomphalus fretterae juvenile shell from 21°N, EPR
G - Gorgoleptis sp. larva from 9°50'N on EPR, 5 mab
H - Gorgoleptis emarginatus protoconch from 21°N, EPR
I - Gorgoleptis emarginatus juvenile shell from 21°N, EPR
J - Clypeosectus delectus larva from 9°50'N, EPR, 5 mab
K - Clypeosectus delectus protoconch from 21°N, EPR
L - Clypeosectus delectus juvenile shell from 21°N, EPR
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Figure 4 Larval and juvenile Lepetodrilus. Scale bars are 50 wm for all shells except for G
(200 pm), H (100 pm) and I (200 pm).
A - Lepetodrilus ?elevatus galriftensis larva from 9°50'N, EPR, 5 mab
B - Lepetodrilus elevatus galriftensis protoconch from Galapagos
C - Lepetodrilus elevatus galriftensis juvenile shell from Galapagos
D - Lepetodrilus ?elevatus elevatus larva from 9°50'N, EPR, 5 mab
E - Lepetodrilus elevatus elevatus protoconch from 21°N, EPR
F - Lepetodrilus elevatus elevatus juvenile shell from 21°N, EPR
G - Lepetodrilus ?ovalis larva from 9°50'N, EPR, 5 mab
H - Lepetodrilus ovalis protoconch from Galapagos
I - Lepetodrilus ovalis juvenile shell from Galapagos
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Because of the limited number of adult specimens imaged, uncertainty remains as to
whether the slight morphological differences between these protoconchs actually delineated
species. Even adult characteristics which distinguish L. elevatus galriftensis from L.
elevatus elevatus are small, and possibly are due simply to differences in habitat.
Lepetodrilus elevatus galriftensis is a geographic subspecies limited to the Galapagos
vents and not found along the East Pacific Rise. Distinctive differences in larval shells and
their similarity with protoconchs on adults suggest that larvae of both subspecies were
present at 9°N.

Eleven species in six families have been identified from larvae collected near 9-10°N
on the East Pacific Rise. All the other larval gastropod specimens collected were from non-
vent species. Holoplanktonic pelagic forms were of the order Thecosomata (pteropods) or
the family Carinariidae (heteropods) (examples in Figure 5A-B). One pelagic heteropod
genus in the past has been tentatively identified as veliger larvae of a vent gastropod species
(Turner et al. 1985). The distinctive veligers of two species of the heteropod Atlanta
(Thiriot-Quiévreux 1973) are commonly found in the plankton (Figure SC-F). Because of
past confusion, the evidently common occurrence of these species near vents, and the
distinctive nature of the shells, images are included here.

Two larval types from non-vent but benthic species were found; an unidentified
eulimid (Figure 6A-B) and ?Laeviphitus sp. (Figure 6C-D). These groups are easily
distinguished from the vent archaeogastropods by the lack of sculpting on the protoconch

and development of multiple whorls while still planktonic.

DISCUSSION

I have found that characteristics of protoconch morphology can be used to identify most
gastropod larvae to species. For some of the specimens identified here, geographic
distributions of adults were used to determine the most probable species identification

within genera. This was necessary when protoconchs of related species were unknown.
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Using information on geographical distribution to assist in identifications assumes that (1)
the species list from the site is complete, and (2) that larvae of species present at any given
site are more likely to be found than larvae of species from other sites. Though the area
from 9-10°N has been visited many times, sampling for gastropods in vent habitat is
demanding and all collections have been incidental to collections of large animals or
‘geological specimens. Thus, though the species list is as complete as that for any vent site,
it is not definitive, and the assumption that all species from a site are known remains
questionable. In cases where adult distribution has been used to designate species,
alternative identifications should be explored.

Among the three obvious sculpting patterns (striated, reticulated, and punctate),
specimens with striated protoconchs are easiest to identify because morphological
differences are clearly defined. All species with striated protoconchs belong to the Afamily
Peltospiridae (Table 1). Lirapex granularis has a congener, L. humata, but the protoconchs
of the two species are distinctly different (Waren and Bouchet 1989). One possible
congener of Rhynchopelta concentrica , (R? nux; Okutani et al. 1993) has been described,
but its the protoconch morphology is unknown. Since R? nux is found only near Japan I
feel confident that the larvae found at 9°N is R. concentrica.

Two species of Peltospira, P. operculata and P. delicata, are found at 9°N on the
East Pacific Rise. The protoconch of P. operculata appears identical to the larval shells
found at 9°N. Adult specimens of P. delicata tend to lose their protoconchs (McLean
1989a), though the scar left on the adult shell indicates that the protoconchs are the same
size as the larval shells found in the present study. A third congener, P. lamellifera, has
been found along the East Pacific Rise, though not at 9°N. Peltospira lamellifera is very
rare, and the only scanning electron micrographs available show a specimen with mineral
deposits obscuring the protoconch. One other species, Nodopelta subnoda, has a
protoconch that appears similar to the larval specimens, but the correspondence in

morphology is not as exact as that of P. operculata. Because P. operculata has been found
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Figure 5 Representative examples of pelagic pteropods and heteropods. Scale bars are 50

pum for all shells except for B (25 pm).

A - Pteropod (order Thecosomata) from 9°50'N, EPR, 5 mab

B - Heteropod (family Carinariidae) from 9°50'N, EPR, 5 mab

C - Side view of Atlanta sp. 1 larva from 9°50'N, EPR, 5 mab

D - Top view of Atlanta sp. 1 larva from 9°50'N, EPR, 5 mab

E - Side view of Atlanta sp. 2 larva from 9°50'N, EPR, 5 mab

F - Top view of Atlanta sp. 2 larva from 9°50'N, EPR, 5 mab
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Figure 6 Larvae of non-vent, benthic species. Scale bars are 50 wm for all shells.
A - Top view of eulimid larva from 9°50' N, EPR, 200 mab
B - Side view of eulimid larva from 9°50' N, EPR, 200 mab
C - Side view of ?Laeviphitus larva from 9°50'N, EPR, 5 mab
D - Top view of ?Laeviphitus larva from 9°50'N, EPR, 5 mab
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at 9°N, and the protoconch is so similar to the larval shells, these larvae were identified as
P. ?operculata.

Specimens with reticulate sculpting on their larval shell were all identified within the
superfamily Neomphaloidea, but in different families. Cyathermia natacoides, family
Cyathermidae, and Neomphalus fretterae, family Neomphalidae, are closely related but
have distinctly different and unique protoconch ornamentation (Figure 3). The specimens
identified as ?Melanodrymia spp., family Peltospiridae, are similar to the protoconchs of
several species in the same family, or within the superfamily. All these species differ
slightly in the degree of reticulation and aperture shape, and have different adult
distributions. Melanodrymia aurantiaca, in family Peltospiridae, has light webbing over
most of the protoconch, and occurs on the East Pacific Rise though not at 9°N. Leptogyra
inflata, also in family Peltospiridae, has light webbing over the apical part of the
protoconch and a curved aperture, but has been found only in the Western Pacific.
Symmetromphalus regularis, in superfamily Neomphaloidea, has light webbing over the
entire protoconch, and has been found only in the Western Pacific. Two species have
incomplete webbing over part of the protoconch; Planorbidella planispira (family
Peltospiridae) has reticulation reduced to fragments and is found along the East Pacific Rise
though not at 9°N, and Lacunoides exquisitus (superfamily Neomphaloidea) has been
found at Galapagos but not along the East Pacific Rise. Two species with heavy
reticulation are Pachydermis laevis (family Peltospiridae) and Solutigyra reticulata; they
were recently moved to family Skenidae from Peltospiridae (Waren and Bouchet 1993).
Pachydermis laevis has a bulbous aperture and is found along the East Pacific Rise but not
at 9°N; §. reticulata, with reticulation over half the protoconch, has been found at 9°N.
Morphological features of the larval shells match Melanodrymia aurantiaca protoconchs
most closely, though they are not identical. A further justification for identifying the
specimens as ?’Melanodrymia spp. is the presence of an undescribed species of

Melanodrymia at the 9°N site.
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The possibility remains that a larval morphogroup might match an undescribed
protoconch more closely than any of the known protoconch morphologies. Echinopelta
Jfistulosa, Hirtopelta hirta, Nodopelta heminoda, Peltospira delicata and P. lamellifera, in
family Peltospiridae, are found along the East Pacific Rise and have undescribed
protoconchs. These species probably have protoconchs with ridged ornamentation,
indicated by the protoconch morphologies of the most closely related species (Ctenopelta
porifera, N. subnoda, P. operculata), though other species in the same family have
reticulate sculpting. Without knowing the protoconch morphologies of every species,
some potential for mis-identification of larvae exists.

Larvae with punctate protoconch morphology are the most difficult to identify, as
differences in sculpting are slight. Two species of Clypeosectus, namely C. delectus and
C. curvus, have been described (McLean 1989b). The protoconchs of C. delectus and
larval shells were indistinguishable (Figure 4D-F), and C. delectus adults are found at 9°N,
so I identified these specimens as ?C. delectus. It is unlikely that the larvae are
Clypeosectus curvus, as this species has been found only in the northeast Pacific. The
protoconch of C. curvus is undescribed, as protoconchs of all imaged adult specimens have
been obscured by mineral deposits. The only other species with a similar protoconch
morphology is Sutilizone theca, family Scissurellidae, which resembles, but does not
match, the shell morphology of the larvae in question.

Gorgoleptis emarginatus, G. spiralis and G. patulus are the three known species of
Gorgoleptis. Both G. spiralis and G. patulus are rare, and protoconchs of known
specimens are obscured by mineral deposits (McLean 1988). Gorgoleptis spiralis has
been found at 9°N, G. emarginatus elsewhere along the East Pacific Rise, and G. patulus
only at Galapagos. The match between larval shells and protoconchs of G. emarginatus
was close, but not exact. The presence of the rarer G. spiralis adulits at the 9°N site
suggests that the larvae were G. spiralis , though the possibility that they belong to one or

both of the other species cannot be completely excluded. .

61



Five species in the genus Lepetodrilus are found along the East Pacific Rise
(McLean 1988, 1993). Four of these, Lepetodrilus ovalis, L. elevatus, L. cristatus and L.
pustulosus, are found at 9°N. Additional site-specific species are found at Guaymas (L.
guaymasensis), off Japan (L. japonicus), in the western Pacific (L. schrolli), and two in
the northeast Pacific (L. fucensis and L. corrugatus). A separate sub-species (L. elevatus
galriftensis) is found at Galapagos hydrothermal communities. The larval shells divided
clearly into three groups, though the characteristics differentiating them were slight.
Difficulties arose when trying to assign each of these morphogroups to species, because
protoconch morphologies are only known for L. elevatus elevatus , L. elevatus galriftensis
and L. ovalis. The matches between larval shells and protoconchs on adults are good, but
without examining several adult specimens, some uncertainty remains as to whether the
characteristics seen are truly species-specific, or are merely variable between individuals.
As protoconch morphologies of more lepetodrilid species become known, these
identifications should be reevaluated.

Of the 11 species of larvae found, seven were also found as adults in the same area.
All opportunistic collections of adult gastropods at the 9°N site have yielded a total of 15
species. The collection of adults was necessarily limited to those species which live closely
with larger animals such as the tubeworm Riftia and the mussel Bathymodiolus. Thus,
species which are primarily found c;n rock surfaces rather than biogenic ones are
underrepresented. The eight species found as adults but not as larvae may have non-
planktonic larval stages (Morton 1968), reproduce periodically, or simply be too rare as
larvae to be found in the net samples.

Four of the larval species found were not represented in the collections of adults,
but these species are found elsewhere, at 13 or 21°N along the East Pacific Rise, or at
Galapagos. It is unclear whether this observation means simply that sampling of the adults

is incomplete at 9°N, or that larvae from other sites are reaching 9°N.
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Larvae from other areas of active venting are probably present at 9°N. Known
species distributions span ridge systems over 3000 km, and there are less than 350 km
between sites at 9°N and at 13°N. Advection in near-bottom currents could transport larvae
over the distance between 9 and 13°N. If currents average 5 cm/s along the ridge crest
(Cannon et al. 1991), it would take 12 weeks to transport between the two sites; it is
feasible that larvae remain planktonic for this length of time.

Both the morphological comparisons as described here, and molecular genetic
techniques, allow identification of individual larvae. Large samples, which are difficult to
obtain, are not necessary, and even rare species can be identified. Knowledge about
congeneric and confamilial species is required for definitive identifications. Such a
database has not been built for genetic analysis but one is currently available and usable,
though incomplete, for shell morphology of vent archacogastropods. A limitation of the
morphological technique is that it requires much handling of small individual protoconchs,
and a degree of skill with the scanning electron microscope. Genetic techniques require
less precise manipulation, and could decrease handling time and losses significantly.
Morphologically-based identification is useful only for species which retain identifiable
larval characteristics into adulthood. However, at the present time it is the only technique
available for identification of molluscan larvae of vent species. The ability to identify vent
larvae reliably is a major step towards defining }arval distribution patterns and mechanisms.

at hydrothermal vents.

LITERATURE CITED

Cannon, G. A., D. J. Pashinski and M. R. Lemon. 1991. Middepth flow near
hydrothermal venting sites on the southern Juan de Fuca ridge. Journal of Geophysical
Research 96:12,815-12,831.

Delong, E., G. S. Wickham and N. R. Pace 1989. Phylogenetic stains: ribosomal RNA-
based probes for the identification of single cells. Science 243: 1360-1363.

Gowing, M. M. and K. F. Wishner. 1986. Trophic relationships of deep-sea calanoid
copepods from the benthic boundary layer of the Santa Catalina Basin, California.
Deep-Sea Research 33:939-961.

Grassle, J. P. and J. F. Grassle. 1976. Sibling species in the marine pollution indicator
Capitella. (Polychaeta). Science 192:567-569.

63



Haymon, R. M., D. J. Fornari, M. H. Edwards, S. Carbotte, D. Wright, and K. C.
Macdonald. 1991. Hydrothermal vent distribution along the East Pacific Rise crest
(9°09'-54'N) and its relationship to magmatic and tectonic processes on fast-spreading
mid-ocean ridges. Earth and Planetary Science Letters 104: 513-534.

Hickman, C. S. 1984. A new Archaeogastropod (Rhipidoglossa, Trochacea) from
hydrothermal vents on the East Pacific Rise. Zoological Scripta 13(1): 19-25.

Kim, S. L., L. S. Mullineaux, and K. R. Helfrich. 1994. Larval dispersal via entrainment
into hydrothermal vent plumes. Journal of Geophysical Research 99(C6): 12655-
12665.

McLean, J. H. 1981. The Galapagos rift limpet Neomphalus: Relevance to understanding
the evolution of a major Paleozoic-Mesozoic radiation. Malacologia 21(1-2): 291-336.

McLean, J. H. 1988. New archaeogastropod limpets from hydrothermal vents: superfamily
Lepetodrilacea I. Systematic descriptions. Philosophical Transactions of the Royal
Society London B 319; 1-32.

McLean, J. H. 1989a. New archaeogastropod limpets from hydrothermal vents: new
family Peltospiridae, new superfamily Peltospiracea. Zoologica Scripta 18(1): 49-66.

McLean, J. H. 1989b. New slit-limpets (Scissurellacea and Fissurellacea) from
hydrothermal vents. Part 1. Systematic descriptions and comparisons based on shell
and radular characteristics. Contributions in Science, Natural History Museum of Los
Angeles County 407: 1-29.

McLean, J. H. 1993. New species and records if Lepetodrilus (Vetigastropoda:
Lepetodrilidae) from hydrothermal vents. Veliger 36(1): 27-35.

Morton, J. E. 1968. Molluscs. London, Hutchinson and Co.

Mullineaux, L. S., P. H. Wiebe, and E. T. Baker. 1995. Larvae of benthic invertebrates in
hydrothermal vent plumes over Juan de Fuca Ridge. Marine Biology 122:585-596.

Okutani, T., K. Fujikura, and T. Sasaki. 1993. New taxa and new distribution records of
deepsea gastropods collected from or near the chemosynthetic communities in the
Japanese waters. Bulletin of the National Science Museum series A (Zoology) 19(4):
123-143.

Olson, R. R., J. A. Runstadler, T. D. Kocher. 1991. Whose larvae? Nature 351:357-358.

Scheltema, R. S. 1971. Larval dispersal as a means of genetic exchange between
geographically separated populations of shallow-water benthic marine gastropods.
Biological Bulletin 140:284-322.

Southward, E. C. 1988. Development of the gut and segmentation of newly settled stages
of Ridgeia (Vestimentifera): Implications for relationship between Vestimentifera and
Pogonophora. Journal of the Marine Biological Association of the United Kingdom 68:
465-487.

Thiriot-Quievreux, C.. 1973. Heteropoda. Oceanography and Marine Biology Annual
Review 11:237-261.

Tillier, S., M. Masselot, J. Guerdoux, and A. Tillier. 1994. Monophyly of major
gastropod taxa tested from partial 28S-rRNA sequences, with emphasis on Euthyneura
and hot-vent limpets Peltospiroidea. Nautilus 108 (Suppl. 2): 122-140.

Turner, R. D., R. A. Lutz, and D. Jablonski. 1985. Modes of molluscan larval
development at deep-sea hydrothermal vents. Biological Society of Washington
Bulletin 6: 167-184.

Tunnicliffe, V., D. Desbruyéres, D. Jollivet, and L. Laubier. 1993. Systematic and
ecological characteristics of Paralvinella sulfinicola Desbruyeres and Laubier, a new
polychaete (family Alvinellidae) from northeast Pacific hydrothermal vents. Canadian
Journal of Zoology 71:286-297.

Waren, A. and P. Bouchet. 1989. New gastropods from east Pacific hydrothermal vents.
Zoologica Scripta 18(1): 67-102.

Waren, A. and P. Bouchet. 1993. New records, species, genera, and a new family of
gastropods from hydrothermal vents and hydrocarbon seeps. Zoologica Scripta 22(1):
1-90.

64



Wiebe, P. H., A. W. Morten, A. M. Bradley, J. E. Craddock, T. J. Cowles, V. A.
Barber, R. H. Backus and G. R. Flierl. 1985. New developments in the MOCNESS,
an apparatus for sampling zooplankton and micronekton. Marine Biology 87:313-323.

65



Chapter 4
A Cellular Automata Model of Larval Dispersal and

Population Persistence in Hydrothermal Vent Habitats

INTRODUCTION

Hydrothermal vents are distributed as archipelagos of habitat distinct from the
surrounding deep sea environment. At vents, seawater is chemically altered and heated by '
passing through geothermally active regions beneath the seafloor. The chemicals in this
hydrothermal fluid are utilized by chemosynthetic organisms which reproduce prolifically
near vents, and these bacteria form a large food resource that is unusual in the deep sea. To
take advantage of this abundant food supply, vent organisms must be able to tolerate the
unusual vent chemistry which would poison unadapted animals. Dependence on this food
source comes at a price: vent organisms are unable to survive away from hydrothermal
areas. Thus, organisms that inhabit vent habitat are found only at vents, though large-scale
distributions for a few species extend along ridge crests across ocean basins (Tunnicliffe
1991). Because of the patchy arrangement of vents, animals must have a mechanism of
transport between isolated sites to maintain species continuity. This chapter examines how
the persistence of a population in a patchy habitat, such as hydrothermal vents, is effected
" by larval abundance and survival, and by dispersal mechanisms.

Hydrothermal vents occur predominantly along mid-ocean ridge crests, where the
plates of the earth's crust are spreading apart. The distribution of vents (both spatial and
temporal) appears correlated with the spreading rate of the ridge crest system. At fast
spreading ridges (~15 cm/yr), the axial summit caldera, where most of the hydrothermal
activity takes place, is very narrow and linear, and vents average a few tens of meters apart
(Fornari and Embley 1995). The ridge crest is underlain by a melt lens that provides a heat
source for hydrothermal flows through shallow fissures, and the fluid flow pathways are

frequently reorganized by volcanic activity. Vents can appear anywhere along the ridge
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crest, with an overall pattern of geological succession where individual vents are active for
100 years out of a 1000 year cycle of general activity along the ridge segment overlying a
single magma chamber (Haymon et al. 1991). Along slower spreading ridges (~3 cm/yr)
the axial summit caldera is wider, and vents are tens of kilometers apart, with a less linear
overall distribution. Lateral offsets in the ridge crest are more closely spaced, and volcanic
activity is infrequent. Venting occurs periodically at faults whose locations are stable, and
the geological cycle follows a 1000 year active, 4000 year inactive pattern (Macdonald
1985, Humphris 1995). At slow spreading ridges, sites of venting are tectonically
constrained, rather than volcanically controlled as they are at fast spreading ridges.

Differences in habitat distributions may interact with the dispersal capabilities of
vent species, possibly accounting for some of the differences in species composition
between communities at fast- and slow-spreading ridges. At slow spreading ridges the
dominant species in terms of biomass are bresilid shrimps (Van Dover et al. 1988), which
have the potential to disperse as adults. Biomass dominants at faster spreading ridges
include clams, mussels, and vestimentiferan tube worms, all of which are sessile and have
extremely limited mobility as adults.

Most marine invertebrates have a planktonic larval stage that is well suited for
dispersal in the water column. Many factors impact the dispersal potential of a larva,
including larval lifespan, physiological tolerances, and feeding capabilities. These life-
history characteristics can be studied directly in shallow nearshore, intertidal, or near-
surface species, by field and laboratory measurements. For organisms from hydrothermal
vent ecosystems, such approaches are difficult to execute. Larvae of vent organisms have
been difficult to raise in the lab, though recently C. M. Young (Young et al. in press) has
had limited success with vestimentiferan species. Direct observations of dispersal paths are
difficult, for the larvae of vent organisms are small and occur in low densities. However,
as larvae do not swim rapidly, they probably act as passive particles and track the water

flow near vents. Flow is dominated by two patterns: near-bottom currents which are
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topographically constrained to flow principally along the ridge crest (Cannon et al. 1991,
pers. obs.), and buoyant plumes of hot water that rise from vents, entraining ambient water
until positive buoyancy is lost and the neutral plume spreads laterally with the currents a
few hundred meters above the sea floor (Lupton et al. 1985). Either or both of these larval
dispersal pathways may be important to the establishment and maintenance of vent
populations (Mullineaux and France 1994). It is possible that a dispersive adult, which can
survive transport over long distances, is required for spécies persistence along ridge crests
where vents are widely spaced.

Additional factors that influence colonization success and species distributions are
settling cues (such as presence of conspecific adults), survival to reproduction, population
maturation time, and size of the reproductive population. No explicit studies on these
factors have been done for species from hydrothermal vents, though research on
recruitment is currently being conducted (Mullineaux et al. in press). For now, we cannot
examine the influence of these factors directly, though we can estimate values from the
literature on known related species.

The colonization of new habitat patches and the evolutionary persistence of endemic
species are important, fundamental processes in ecology. Patchy habitat distributions are
common and are becoming more so as human activities continue to alter ecosystems.
Species persistence in any isolated };abitat, from eceanic island chains to undisturbed
rainforest remaining after slash and burn agriculture, requires efficient colonization and
species maintenance processes. These processes are particularly interesting at vents
because the habitat is ephemeral, on the order of years to decades, so rapid dispersal is vital
to the survival of the species.

Much remains unknown about dispersal and colonization processes, and species
persistence and distributions at hydrothermal vents. We need to know fecundities,
spawning patterns, larval mortalities and whether these are temporally or spatially

dependent, larval lifespans and what factors limit these (i.e. feeding ability, metabolic rate),

68



and larval behavior patterns. We need precise information on currents and flow patterns
near vents, over time scales equivalent to larval lifespans. And we need more extensive
mapping of habitat and species distributions over large spatial scales. Then, we can begin
to answer directly questions such as: How far do larvae travel and what dispersal
pathways do they follow? How quickly do new vent habitats become colonized, and is this
process dependent on the distance to the nearest vent community? How do the spatial and
temporal variation of vents and the reproduction and lérval ecology of vent species interact
to influence species distributions and persistence?

The research tools ecologists can use include observation, field experimentation,
laboratory studies, and mathematical modeling. Because of limited access and equipment
constraints in the deep sea, and the extreme habitat at vents, observation, experimentation
and laboratory work can be very difficult with hydrothermal vent organisms. Mathematical
modeling is not subject to the same limitations, though it is an abstraction of a natural
ecosystem. Just as we control variables in the lab and field to simplify the system of
interest, pose hypothesis and perform experiments, we can design and execute experiments
within a modeling framework to help identify important biological, physical and geological
processes. Insights gleaned from models are uniquely helpful when one or more of the
parameters is beyond experimental control, for example, when the spatial scale is too large
for easy manipulation (Bradbury et al. 1990, Jeltsch and Wissel 1992). Models are useful -
in determining the key parameters in an ecosystem, and the expanded understanding of
community dynamics is particularly valuable for research at hydrothermal vents, where
field work is difficult, expensive and very time-constrained. Modeling cannot replace field
and laboratory work, but it is a valuable adjunct to research in an ecosystem when empirical
data are limited.

If we examine the distribution of single vent species, or even of vent communities,
we find a group of subpopulations, geographically isolated but connected by migration.

This type of spatially discontinuous but genetically connected distribution is called a
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metapopulation (Lande and Barrowclough 1990). Metapopulations can be mathematically
modeled by cellular automata, a spatially explicit type of model that can incorporate the
discontinuities present in hydrothermal vent systems. Inclusion of spatial coordinates and
temporal variability in the model is necessary to mimic important characteristics of a
spatially structured system like vents, and precludes using models which neglect patchiness
(cf. May 1973).

In cellular automata, the state of the population, as well as time and space, are
divided into discrete units (Caswell and Etter 1992, Durrett and Levin 1994). The model
uses a map of equally-sized cells or patches, each of which may be in one of several states.
With each time step, the state of a cell may change, depending on the states of its
neighboring cells and the rules that govern the model. The neighborhood of a cell is
defined as the area within which cells affect each other. The transition rules of the model
are formulated to incorporate all the ecological variables that might influence neighboring
cells' states.

Cellular automata have advantages over other types of ecological models, in which
space, time, or population density are continuous, in the simplicity of their solutions
(Caswell and Etter 1992). In reaction-diffusion models, all parameters are continuous and
approximate spatiotemporal interactions reasonably, but their solution is computationally
unwieldy. Transition rules that govern cellular automata are simple and facilitate
determination of the key factors influencing the results. However, the results of cellular
automata are less precise than those of reaction-diffusion models, because in making all the
variables discrete, cellular automata become blind to processes occurring on scales finer
than the discrete units of the model.

Cellular automata have been used to study systems in which spatial patterns are a
distinctive feature. Early studies of ecological systems assumed spatial homogeneity as a
simplification, but ecologists now recognize the importance of habitat heterogeneity (Pickett

and Cadenasso 1995). Initially, models of patchy habitats included habitat proportions,
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though they were not spatially explicit; in cellular automata specific information about
habitat locations is integral to the model (Hanski 1994). When habitat distributions are
distinctive, spatial structure cannot be ignored. Examples of areas where cellular automata
have been used include conservation biology, to determine the best management strategies
for the remaining subpopulations of a threatened species (Hanski 1994); pest control, for
'pesticide use and management of outbreaks (Bradbury et al. 1990, Sherratt and Jepson
1993); in studies of larval dispersal (Etter and Caswell 1994); and in theoretical studies on
the effects of pattern on population dynamics (Silvertown et al. 1992, Colosanti and Grime
1993, Molofsky 1994).

The cellular automaton model is an abstraction, so the model runs test abstractions
of direct ecological questions. The questions addressed in this chapter, using a cellular
automata model, are:

A. What are the effects on metapopulation persistence of dispersal in near-bottom versus
above-bottom flows, or in diffusive versus advective regimes?

B. What effect does crustal spreading rate, and hence vent ephemerality and distribution,
have on metapopulation persistence?

C. What are the effects of larval mortality, population size, and population time to maturity

on metapopulation persistence?

MATERIALS AND METHODS
The Model

The cellular automaton model used here was designed to represent dispersal
between discrete patches of suitable habitat, where the patches are scattered and ephemeral
as is found for hydrothermal vent habitat. The transition rules simulate processes that
occur at vents: opening of new vents and cessation of existing venting, and local and

global dispersal of larvae. The original code was written by Ron Etter in THINK Pascal on
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a Macintosh computer; I have modified the original code to adapt the model for vent
ecosystems (code available on request from the author).

This model is organized on a 256 x 256 grid of square cells. The top and bottom
boundaries are absorbing; larvae that disperse past these edges are lost from the simulation.
The side boundaries are periodic; larvae that disperse past a side edge re-enter the
simulation at the opposite side. This arrangement mimics an elohgate, linear habitat
distribution, such as vents along a ridge crest. Each cell can be in one of four states:
uninhabitable (no hydrothermal habitat in the cell), habitable but unoccupied (vent present
in the cell), occupied (by reproductively immature individuals around a vent), or producing
larvae (a vent population of reproductive adults). A local neighborhood of 9 cells is
defined (Figure 1), where producing neighbors influence the likelihood of colonization
occurring in the central cell. The central cell can also be influenced by a global

neighborhood consisting of all the other cells in the simulation.

1 2 3
4 5 6
7 8 9

Figure 1. The local neighborhood of 9 cells in the cellular
automaton. Cell 5 is the central cell; the states of
the other cells influence the state of cell 5 in the
following time step.

Three basic transition rules control the change in state of a cell at each time step:
one defines disturbance, i.e. the change from inhospitable habitat to hospitable (P,) and
visa versa (Pg), one defines the probability that an occupied cell will begin producing larvae

(P,), and one defines the colonization probability (C) for a given cell (Table 1, Figure 2).
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State at t

State at t + 1  Unsuitable Suitable Occupied Producing
Unsuitable 1-P, P4 Py Py
Suitable Py (1-Pg)*(1-C) 0 0
Occupied 0 C (1-Pg)*(1-Pp) 0
Producing 0 0 P, 1-Py

Table 1. Transition rules for the cellular automaton model.
A cell in a given state at time t has the given

probability of moving into each other state at time
t+1.

1-Pn 1-Pd

Pd

Unsuitable Producing

v

Suitab c

(1-Pd)*(1-C) (1-Pdy*(1-Pr)

- Occupied

Figure 2. Transition pathways for the cellular automaton
model.

The first rule, on disturbance rate, abstracts the spreading rate of a ridge crest.

Since vent distribution and longevity appear to be related to spreading rate (Fornari and

Embley 1995), these geological factors are incorporated in this rule. The probability of
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disturbance is based on the geological cycle underlying vent distribution along the ridge
crest, which has a period of active venting, t,, and an inactive period, t;, With a model

timestep t, and one vent per cell, the probability Py, that a new vent appears in a cell is

—

and the probability of the existing vent in a cell ceasing to be active, Py, is

P,=— @

v

These disturbance probabilities assume that vents are independent of each other. It is likely
that neighboring vents actually have some influence on each other, depending on the
distance between vents, because a single melt zone supplies heat to all vents along a ridge
segment, and the plumbing system of subsurface hydrothermal fluid flow is
interconnected. However, it is unclear exactly what, if any, relationship there is between
individual vents, so at our present state of knowledge the simplified assumption of
independence is justified.

The second transition rule represents the time _for a population to become
reproductively mature after it is established. The probabﬁity that an occupied cell begins
producing larvae depends on the organism maturation time relative to the model timestep.
For these simulations, the probability that an occupied cell becomes producing, Py, was set
to 1; any cell that is colonized starts producing larvae in the next timestep. Simulations
were also run for the case where the populations were immediately reproductive. This
simplification allows straightforward examination of simple hypotheses about larval
transport; its inclusion keeps the model flexible enough to later examine the effects of

population maturation time.
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The third transition rule, which describes colonization, depends on the number of
larvae getting to a new vent site and includes local and global terms that represent dispersal
and mortality. The local neighborhood is the immediately surrounding 8 cells, and the
global neighborhood is all the other cells in the model. In the local neighborhood, the
number of cells which are actively producing larvae is defined as ny, and the local

frequency of cells producing larvae, Fy, is

n
F, =-L 3
L= (3)

In the global neighborhood, ng is the total number of producing cells. The map comprises
65536 cells, and the global frequency of producing cells, Fg, is

_ _Ig
% 65535

“

The local and global dispersal components can be thought of as representing near-
bottom and plume-level dispersal respectively, or alternatively, diffusive and advective
dispersal. Larvae may reach a new site via near-bottom flows, or through entrainment into
the buoyant plume and transport at the spreading level a few hundred meters off the
seafloor. Both diffusion and advection océur at both heights above the bottom. In near- )
bottom flows, velocities are small and so dispersal distances are relatively short; this can be
represented in the model by local dispersal. Also, where larvae are moving close to the
seafloor, they are likely to settle out at the first hospitable habitat they encounter, which
would be a suitable neighboring cell in the model. Plume-level transport is represented by
global dispersal in the model, since once a larvae gets up into the plume it may travel long
distances before falling back to the seafloor. Flow velocities are typically higher at the
neutral buoyancy level than near bottom (Franks 1992), so horizontal dispersal distances in

the same time frame will be further in plume-level flows. Similarly, on a smaller scale
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within near-bottom flows, diffusion can be thought of as transporting larvae locally and
advection globally. The canonical value for eddy diffusivity in the deep-sea is 1 cm?/s
(Toole et al. 1994), so in one hour a larvae might travel 0.3 m horizontally via diffusion.
Near-bottom current speeds average 0.05 m/s (Cannon et al. 1991, L. S. Mullineaux,
unpublished data), thus in the same period of time a larvae could be advected 180 m.

Two components of the colonization probability represent mortality; one affects
both types of dispersal, and another represents the increased risk of global dispersal. The
component affecting global and local dispersers equally is incorporated within a variable
that embodies the average time for suitable habitat to become colonized, regardless of
dispersal path. In the equation, it is assumed that population size controls larval supply,
and that the larger the supply, the shorter the time to colonization. Colonization probability
also incorporates predation and other factors influencing larval survival that decrease
colonization likelihood, potential settlement cues that increase colonization likelihood, and
the spatial separation of habitat patches. The separate mortality term for globally
transported 1arvae abstracts all the same mortality factors (predation, starvation, settlement
cues or missing them, and simply not landing at a vent) to mimic the potentially higher risk
experienced during global dispersal.

I assume that colonization is a random process and follows a Poisson distribution,
so that the probability of at least one larva colonizing a cell is 1 - e’#, where | is the average
number of larvae colonizing a cell. Let d be the average number of larvae that can reach the
central cell in one time step from "full" neighborhoods, that is, neighborhoods that contain
all producing cells. The importance of global dispersal relative to local dispersal is
represented by r (0 < r < 1), and s represents the survival of larvae subjected to an
additional mortality risk from global dispersal (0 < s < 1). Thus p is the number of larvae
that could reach the central cell (d) adjusted by the proportion of producing cells in the

neighborhoods (Fg and Fp), and modified by the proportion of larvae in each dispersal
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pathway (r) and the relative mortality (s). The probability that 1 or more larvae colonize a

cell is the colonization probability C, where

C =1-exp[-d(rsFg +(1-1)F, )] (5)

“When r = 0, dispersal is entirely local, and when r = 1, dispersal is only global. The
relative survival, s, reflects the increased risk of global dispersal, which may be due to the
increased amount of time spent in the water column and extra exposure to predation and
other mortality hazards.

The cellular automaton map is initialized with the equilibrium percentage of the cells
unsuitable, Py/(P,+Pg), as derived below. The unsuitable cells were randomly distributed
across the map. All other cells were producing; assuming that all venting sites are
colonized rapidly (relative to the model timescale) after they appear agrees with field
observations (Lutz et al. 1994, Milligan and Tunnicliffe 1994, Mullineaux et al. in press).
The derivation for the stable proportion of cells in each state is as follows:

'\,7\\7\, is the stable probability of a cell containing a vent and \’?\Vn is the stable probability that a

cell does not contain a vent (Figure 3). Since these are the only two possibilities,
AN A
Wy=1-W, ©)

As before, P, is the probability of a vent opening, and Py is the probability of a vent
closing. At equilibrium, \,i\Vn is constant, and equal to the number of non-venting cells that

remain non-venting plus the number of venting cells that cease activity,

A A A

Whn = (1-Pn)Wy + Py(1-Wp) Q)
so that

A .
Wi =Pd/(Pg + Pr) (8)
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Inserting this solution into (6), the steady state proportion of cells containing vents is

Wy = Pu/(Pg + Pp) )
Pd
N OO
Pn

Figure 3. Schematic of stable distribution of vents. \/7\\’\, is
the stable probability of a cell containing a vent

and \/)\Vn is the stable probability that a cell does
not contain a vent. Py, is the probability of a vent
opening, and Py is the probability of a vent
closing.

As the model executes, it examines each of the 65536 cells in turn. It checks
whether the cell is unsuitable, and if it is, whether a new vent opens up; if the probability of
a new vent appearing, Py, is greater than a randomly generated (uniformly distributed)
number between O and 1, a new vent appears. If a cell is suitable, it becomes occupied if
the colonization probability C is greater than a random number between 0 and 1. If a cell is
occupied, it becomes producing in the next time step, assuming a population maturation
time of less than the model timestep. Lastly, cells that are suitable, occupied or producing
may become unsuitable if the disturbance probability Py is greater than a random number
between 0 and 1. As these transition rules are performed for each cell in the landscape, the

changes in cell states are recorded but not executed until the end of the time step. Then, the
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entire map changes at once, instead of changes propagating through the system within a
timestep. This procedure insures that inappropriate temporal scales are not introduced into

the model.

Parameter Values

Model simulations were run for various values of the parameters, set at realistic
values for testing specific questions. Some of the constraints on the model are set by the
geology of the mid-ocean ridge system. Disturbance probabilities, both of existing vents
closing and of new vents opening, are dependent on the geological cycle relative to the
model timestep. In the model, parameters Py, and Py are set at 1 year/100 years and 1/900,
respectively, for a fast spreading ridge, or 1/1000 and 1/4000, respectively, for a slow
spreading ridge (time estimates of vent activity and inactivity from Lowell et al. 1995). The
implicit model timestep is the numerator of the disturbance probabilities, in this case, 1
year. If the timestep is much smaller, the disturbance probabilities become so low (i.e. if
the timestep was 0.1 year, at a slow spreading ridge Py = 0.1 year/4000 years = 0.000025)
that the habitat changes relatively little and questions on habitat ephemerality cannot be
addressed effectively with the model. If the model timestep is set to be much greater than a
year, the mismatch between the order of magnitude of a realistic population maturation time
(0.3 to 20 years, see below) and the model timestep becomes extreme. If the population
maturation time is 1, it takes 1 model timestep (in this case, | year) for the population to
begin reproducing, and if it is 0, populations are immediately reproductive.

Cell size in the model corresponds to the spacing of individual vents. Average vent
spacing can range from 100 m on a fast spreading ridge to 65,000 m on slow spreading
ridges (Fornari and Embley 1995). The model is constrained to have only one vent per cell
to keep calculations of disturbance probabilities straightforward. In order to calculate the
probability that multiple vents in a cell would all close, rendering the cell unsuitable, the

model would need to keep track of the changing number of vents in each cell, in essence
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examining a smaller spatial scale then the cell size. Additionally, the probability of a new
vent opening should depend on the number of vents already open in the cell, as well as on
the cell size, to preclude unrealistic situations like 100 vents in a cell 1 m across. It is
simpler to limit the number of vents per cell to 1, though this also constrains the cell size.
The steady state proportion of active cells on a fast spreading ridge is 10%, calculated from
(9), and to obtain a 100 m average vent spacing, the cell size must be 10 m. Substituting
the disturbance probabilities at a slow spreading ridge into (9), the equilibrium percentage
of cells containing vents is 20%, and 65 km is the average vent spacing, leading to a cell
size of 13 km.

The mean time it takes for a newly colonized vent population to begin producing
larvae is the inverse of the probability that an occupied cell begins producing larvae. We
have set P, to 1, which sets the maturation time to a single timestep of the model.
Maturation time in nature may be as short as 4 months (Tunnicliffe 1991, Mullineaux et al.
in press) or as long as 20 years (Turekian et al. 1983, Lutz et al. 1985, Tunnicliffe 1991).
By eliminating the "occupied” state in some model runs, so that cells that are colonized
immediately become "producing”, we were able to explore the dynamics when the
maturation time is less than the model timestep of 1 year.

The remaining term is colonization probability, a function that incorporates global
and local dispersal and mortality. Values for r, the proportion of dispersal that is global,
and s, the relative mortality of global dispersers, each cover the entire potential range from
0to 1. A range of realistic values for d, the average number of colonizing larvae reaching a
cell, can be calculated from the expected time to colonization for a newly opened vent, E.
Since E = C-1, we can substitute in (5) for C and solve for d, assuming that all neighbors

are producing (FL, = 1, Fg = 1), and there is no additional global mortality (s = 1),

1
d= -—ln(l-—gj (10)
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As E goes to infinity, d goes to 0, and as E goes to 1, d goes to infinity. From a plot of d
versus E (Figure 4), we selected intermediate values of E = 10, 2, and 1.1 timesteps for

initial model runs, which gives us d = 0.1054, 0.6931, and 2.3979 colonists.

d (average number of colonizers)

E (expected timesteps to colonization)
Figure 4. The average number of colonizing larvae reaching
a cell (d), as a function of the average time to
colonization (E) varied from 1 to 10 timesteps.

Values represent colonization from a
neighborhood full of producing cells.

Simulations

Each model simulation was initialized with a map of randomly distributed
producing vent sites. Simulations were run until equilibrium was reached, when the
proportion of cells in each state had not changed over the last 500 timesteps (e.g. Figure 5).
At each timestep, the model outputs the number of cells in each state and their spatial
distribution.

Comparison of absolute equilibrium numbers of cells in different states between

model runs was not attempted because the absolute number of unsuitable cells depended on
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Figure 5. Representative time series of model results for low (d = 0.1054), moderate
(d = 0.6931) and high (d = 2.3979) larval supplies. This example is from a
run with moderate global dispersal (r = 0.50) and moderate survival (s =
0.50). Heavy lines are producing cells, light lines are suitable cells.
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the disturbance probabilities (Figure 2). The number of unsuitable cells stays steady within
a single simulation, representing the constant proportion of habitat which does not contain
hydrothermal vents, and initially each simulation contains only unsuitable and producing
cells. Thus, the proportions of cells in each state relative to the initial number of producing
cells were used for comparisons. The following two ratios were most informative for
comparisons between model runs: the final number of producing cells relative to the initial
number of producing cells, and the final number of oc;:upied cells over the initial number of
producing cells. The ratio of producing cells is a measure of the suitable habitat that
contains mature communities, or proportion producing. The colonization efficiency is
represented by the proportion of suitable cells that are occupied but non-reproductive. The
proportion of newly colonized cells can only be calculated when "occupied" is a potential
cell state, and cells that are colonized become reproducing in one time step.

Five questions were addressed with the model, and evaluated in terms of the
proportion of producing cells at equilibrium and the proportion of occupied cells at
equilibrium.

1. What is the effect of varying the relative importance of local and global dispersal?

2. What is the effect of varying the relative mortality rates of global and local dispersal?

3. What is the effect of varying the average number of colonizing larvae?

4. How do the above effects interact with variations in habitat ephemerality?

5. What is the effect of immediate versus delayed population maturity?

These questions break down the general questions in the introduction into easily
investigated components. Question 1 addresses A: What are the effects on metapopulation
persistence of dispersal in near-bottom versus above-bottom flows, or in diffusive versus
advective regimes?; question 4 addresses B: What effect does crustal spreading rate, and
hence vent ephemerality and distribution, have on metapopulation persistence?; and

questions 2, 3 and 5 address C: What are the effects of larval mortality, population size,
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and population time to maturity on metapopulation persistence? The pattern of model runs

outlined in Table 2 examined the specific questions 1-5 posed above.

Variables Values Question
r 0, 0.25, 0.50, 0.75, 1 1
s 0, 0.25, 0.50, 0.75, 1 2
d 0.1054, 0.6931, 2.3979 3
Pn/Py 0.0011/0.01, 0.00025/0.001 4
P, 1, immediate* 5

Table 2.  Parameter values for cellular automata model
runs. Variable r represents the relative
importance of global (r = 1) versus local (r = 0)
dispersal; s represents survival of global
dispersers (when r = 0, dispersal is local and the
value of s is inconsequential); d represents the
average number of colonizing larvae reaching a
cell; P, and Py are the probabilities of a new vent
opening and of an existing vent closing,
respectively (covarying as both depend on
timestep) for fast and slow spreading ridges; and
P, is the probability that a colonized cell becomes
producing in the next timestep. *The effects of
immediate production are investigated by
eliminating "occupied" as a cell state. Question
refers to the 5 questions that are being tested by
the model.

RESULTS AND DISCUSSION
To accomplish all combinations of variables in Table 2, 252 simulations were run.

I show the results of representative model runs.

Local Dispersal
When dispersal is entirely local (r = 0), the population persists at a low level
(Figure 6). At model equilibrium, with high disturbance probabilities, less than 1% of the

number of initially producing cells contain communities that are producing larvae; at low
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Figure 6. Representative examples of the effects of disturbance probabilities on the
proportion of producing cells at model equilibrium. At high disturbance
probabilities, P, /P4 = 0.0011/0.01; at low disturbance probabilities
P, /P4 = 0.00025/0.001.

a. versus global dispersal (r), at high larval supply (d = 2.3979) and low
survival (s = 0.25).

b. versus larval supply (d), at moderate global dispersal (r = 0.50) and complete
survival (s = 1).

c. versus survival (s), at high global dispersal (r = 0.75) and moderate larval
supply (d = 0.6939).
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disturbance probabilities, less than 15%. Without global dispersal, colonization is an
extremely rare event, despite the abundance of suitable habitat patches.

The small proportion of suitable habitat that contains producing communities at
model equilibrium when dispersal is only local is in contrast to what we have observed at
hydrothermal vent habitats, where nearly every vent found has had a mature community of
vent organisms around it. This suggests that in reality dispersal has at least some global
component. This could mean that advection or plume level dispersal are important to the
overall dispersal process at hydrothermal vents.

It is possible that at lower disturbance probabilities local dispersal is all that is
necessary to maintain populations. In the model, at low disturbance probabilities, the
proportion of productive habitats is up to 15% with only local dispersal. Though all vents
found at slow spreading ridges have had populations of vent organisms, this may be a
function of the low number of sites visited, and not an indication of the true proportion of
producing habitat. On the appropriate scale, dispersal between adjacent vents would need
to cover a distance of 65,000 m. For diffusion to transport larvae this far, using the
canonical eddy diffusivity value in the deep-sea of 1 cm?/s, larvae must live about 20
weeks, a fairly long time but not outside the range of reality. For advection to transport
larvae this far along the axis, with an average flow speed of 0.05 m/s, larvae would need to
survive 2 weeks to be transported between vents on a slow spreading ridge. Larval

lifespans of 2 or 20 weeks are both possible.

Population Persistence

The proportion of producing cells at model equilibrium is higher when disturbance
probabilities are low (Figure 7b). The proportion producing increases as the degree of
global dispersal (r) increases, the larval supply (d) increases, and the global survival (s)
increases. Global dispersal has the strongest influence on proportion producing; the

increase is proportionate when the disturbance probabilities are high and irregular when the
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Figure 7. Representative examples of the effects of survival (s) and global dispersal (r)
on the proportion producing at model equilibrium, at constant larval supply
(d=0.6931).

a. at high disturbance probabilities (P, /P, = 0.0011/0.01).
b. at low disturbance probabilites (P,/P4 = 0.00025/0.001).
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disturbance probabilities are low (Figure 7). At low disturbance probabilities, the
proportion of producing cells at equilibrium rises abruptly when 25% global dispersal is
added to the model, and when at least 25% of the larvae produced survive global dispersal
(except at 50% global dispersal and 50% survival). The suitable habitat becomes saturated
(i.e. all suitable habitat is producing) when 75% of the larvae produced are successfully
globally dispersed. Larval supply has a positive effect; incréasing the supply increases the
final proportion of producing habitat (Figure 8). Incre;ising larval supply and increasing
global dispersal have similar effects on proportion producing when the disturbance
probability is high, and the effect is uniform across the range of larval supply values. The
influence of larval supply is much weaker than that of global dispersal when the
disturbance probability is low, though the proportion producing increases abruptly when
larval supply increases from low to medium as long as there is some global dispersal.
Similar interactions occur between larval supply and survival (Figure 9). Increasing larval
supply and survival increase the proportion producing, except increasing survival had no
effect at high disturbance when larval supply was low. Larval supply has less effect at low
disturbance levels. Maturation time has little effect on proportion producing (Figure 10).
If we start from the observation that on mid-ocean ridges, nearly all discovered
vents are occupied, we can select the combinations of variables that result in an appropriate
proportion of producing cells in the -model. We can select a minimum realistic value for
proportion producing based on individual species distributions. We must assume that post-
settlement processes have not caused the local extinction of a species, that there is no
difference in habitat across a ridge segment that would give a competitive advantage to one
species over another, and that sampling completeness is equivalent across a ridge segment.
Over 50% of the observed vents fields within a ridge segment contain a given species (Van
Dover and Hessler 1990). Though the species diversity at vent habitats in general is low,
and is even lower within a single site (Tunnicliffe 1991), the degree of species overlap

between individual sites is high. In the model, only certain combinations of global insert
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Figure 8. Representative examples of the effects of larval supply (d) and global
dispersal (r) on the proportion of producing cells at model equilibrium, at

constant survival (s = 0.75).
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b. atlow disturbance probabilities (P, /P4 = 0.00025/0.001).
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Figure 9. Representative examples of the effects of larval supply (d) and survival
(s) on the proportion of producing cells at model equilibrium, at constant
global dispersal (r = 0.50).
a. at high disturbance probabilities (P /P4 = 0.0011/0.01).

b. at low disturbance probabilities (P /P4 = 0.00025/0.001).
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moderate survival (s = 0.50), and moderate larval supply (d = 0.6931).
versus survival, with high disturbance (P /P4 = 0.0011/0.01), high global
dispersal (r = 0.75), and moderate larval supply (d = 0.6931).
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dispersal, survival and larval supply result in occupation proportions that match those
observed. In general, a high colonization probability is required, whether it results from a
large degree of global dispersal, high survival, a high larval supply, or some combination
(Figure 11). Habitats with higher disturbance probabilities require higher colonization
probabilities to maintain more than 50% of the suitable cells producing.

The model results suggest that on a fast spreading ridge,-the most successful
strategy would be to produce a lot of larvae, and to get as many as possible into the global
dispersal pattern, regardless of their survival probability. In contrast, on a slow spreading
ridge, it would still be advantageous to put as many larvae as possible into global dispersal,
but it would matter less how many larvae are produced. The model explores a limited
selection of the possible parameter values and suggests that within these restricted ranges,
extremely prolific species will do better at fast-spreading ridges or under high disturbance
regardless of mortality, though there must be some limit; at least a few larvae must survive
dispersal. The model exhibits strong dependence on global dispersal, particularly at low
disturbance probabilities.

Though mortality is included within d, the difference between local and global
mortality is a separate term, and varying it seems to have less effect on model outcome than
the degree of global dispersal. As long as s > 0, some global dispersers survive, and
further increases do not seem to have a very great impact on model results; larval predation,
starvation, competition, and response to cues all appear to be insignificant to colonization
dynamics as long as some larvae survive dispersal. The model results suggest that it would
be productive to instead concentrate studies on physiology (fecundity and larval lifespan)
and dispersal dynamics (water flow patterns) to answer the questions posed here.

If we consider entrainment into a buoyant plume as the equivalent of a global
dispersal pathway, we can see how important plume level dispersal may be to the
persistence of hydrothermal vent metapopulations. The proportion of reproductive output

from a vent community that recruits locally, versus that dispersed globally would be
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Figure 11. Combinations of global dispersal (r) and survival (s) that result in greater than
50% proportion producing habitat at model equilibrium, for high (d = 2.3979),
moderate (d = 0.6931) and low (d = 0.1054) larval supply.

a. at high disturbance probabilities (P /P4 = 0.0011/0.01).

b. at low disturbance probabilities (P, /P4 = 0.00025/0.001).
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interesting to examine, as well as the time scales of colonization for a new habitat. The
distribution of larvae in the water column around vents as well as near-bottom patterns
would tell us what proportion of larvae are being distributed via each pathway. Also
interesting would be colonization studies at new vent sites, distant from existing
populations. If the time until colonization does not correlate with the distance to the nearest
producing community, that would suggest that global disperéal is extremely importani.
Genetic techniques can be used to examine the degree bf relatedness of populations, though
they assume that once colonized, local recruitment is enough to maintain populations, and
that there is no further global dispersal to confound the initial genetic patterns. Almost all
vents that have been discovered have vent communities surrounding them, this suggests

that colonization is a rapid process and that some degree of global dispersal is occurring.

Colonization Rate

In general, the normalized number of occupied but not producing cells, a proxy for
colonization efficiency, is higher when disturbance probabilities are higher (Figure 12).
The colonization efficiency, or proportion occupied, increases with increasing global
dispersal, with increasing larval supply, and with increasing survival. At high disturbance
probabilities, degree of global dispersal and survival have similar effects on the model
results, increasing the colonization bfficiency, and when disturbance probabilities are low,
increasing global dispersal has a much more marked effect than increasing survival (Figure
13). At high disturbance probabilities, increasing larval supply has a very strong positive
influence on colonization efficiencys; it is still positive at low disturbance probabilities, but
not nearly as influential (Figures 14 & 15). Increasing larval supply from low to moderate
generally has a much greater effect than the subsequent increase. At high disturbance
probability and high larval supply, the colonization efficiency was the same regardless of

survival.
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Figure 12. Representative examples of the effects of disturbance probability (P4/P,) on

da.
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colonization efficiency (proportion of occupied cells) at model equilibrium.
versus global dispersal (r), at high larval supply (d = 2.3979) and low survival
(s =0.25).

versus larval supply (d), at moderate global dispersal (r = 0.50) and complete
survival (s = 1).

versus survival (s), at high global dispersal (r = 0.75) and moderate larval
supply (d = 0.6931).
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Figure 13. Representative examples of the effects of survival (s) and global dispersal (r)
on the colonization efficiency (proportion of occupied cells) at model
equilibrium, at constant larval supply (d = 0.6931). Note difference in y-axis
scales.

a. at high disturbance probabilities (P, /P4 = 0.0011/0.01).

b. at low disturbance probabilities (P,/P4 = 0.00025/0.001).
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Figure 14. Representative examples of the effect of larval supply (d) and global dispersal
(r) on the colonization efficiency (proportion of occupied cells) at model
equilibrium, at constant survival (s = 0.75). Note that y-axis scales are
different.

a. at high disturbance probabilities (P,/P4 = 0.0011/0.01).

b. at low disturbance probabilities (P, /P4 = 0.00025/0.001).
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Figure 15. Representative examples of the effect of larval supply (d) and survival (s) on
the colonization efficiency (proportion of occupied cells) at model
equilibrium, at constant global dispersal (r = 0.50). Note that y-axis scales are
different.

a. at high disturbance probabilities (P, /P4 = 0.0011/0.01).

b. at low disturbance probabilities (P,/P4 = 0.00025/0.001).
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The increased colonization efficiency at higher disturbance could be due to more new
habitat available for colonization. Colonization efficiency also rises with rising number of
larvae dispersing globally in the model. Since values for larval supply are not linearly
distributed, it is unclear whether the greater increase in colonization efficiency when larval

supply changes from low and moderate, than from moderate and high, is an important

pattern.

Summary

The model gives the following results for the initial questions posed.

1. Strictly local dispersal is insufficient for long term persistence of a metapopulation in a
patchy, ephemeral habitat.

2: Increased mortality of globally dispersing larvae decreases the proportion of habitat
containing producing communities.

3. Increasing the time to colonization decreases the proportion of habitat containing
producing communities.

4. When the habitat is highly ephemeral, degree of global dispersal, relative mortality of
global dispersers, and average colonization time have stronger effects than when the habitat
is more stable.

5. Delaying population maturity has no effect over the range of values examined.

The model suggests that in isolated, ephemeral habitat patches, some degree of
global dispersal is vital to the persistence of a metapopulation. Local dispersal is not
sufficient because of the limited number of neighbors that can be affected; if colonization
probabilities are low, the overall chance of colonizing one of 65536 neighbors is greater
than the chance of colonizing one of 8 neighbors. High colonization efficiencies, due to a
large number of larvae reaching new, uncolonized habitat, also strongly affect the
proportion of habitat patches that are occupied. The most successful strategy for

metapopulation persistence would be to produce a large number of larvae, and ensure that
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as many larvae as possible are globally dispersed. It appears that as long as a few larvae
survive global dispersal, it is a very successful mechanism.

Several species of vent organisms, the alvinellid polychaetes, do not appear to have
larvae suited for long distance dispersal (Zal et al. 1995). Two potential mechanisms might
allow these species to disperse successfully between vent habitats. First, if adults can
survive away from vent habitat, they may be dispersive; Paralvinella palmiformis have been
found on crabs that can wander far from vent inﬂuencé and could carry the worms to a new
vent (Tunnicliffe and Jensen 1987). Second, the microhabitat for alvinellids is on the walls
of smokers, and this proximity to the buoyant plume may increase the chances of
entrainment of larval or post-larval stages and subsequent dispersal.

The modeling approach used here has some limitations in describing hydrothermal
vent systems. This model is isotropic, so that global dispersal is equally effective in all
directions. The advective flow regime at hydrothermal vents, in the near-bottom or plume-
level, has a predominant direction. When I use global dispersal to describe larval transport
in these advective regimes, I am ignoring the directionality, and focusing only on the larger
spatial scale of transport. Representing isotropic diffusion by local dispersal is more nearly
realistic.

A more precise approach to modeling hydrothermal vents would explicitly
incorporate the mechanics of diffusi;)n and advection.. A differential equation can be used
to describe diffusion in 3 dimensions (Okubo 1980), and terms can be added for advection,
particle settling velocity, and pafticle mortality. Though the exact solution of such a
diffusion equation is difficult, it is certain to incorporate variables for eddy diffusivity,
advection, fall velocity, mortality rate, source strength, fall height, and horizontal distance.
All of these terms can be non-dimensionalized, organizing the parameter space to be
explored with the model. By varying the non-dimensional parameters over realistic values,
question similar to those addressed with the model I used here can be examined. The

diffusion equation would make it possible to look more closely at the exact effects of
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diffusion versus advection, both on a local and a global level. This capability would add
significantly to the model reality.

Another valuable addition to this model would be more realistic distribution of
vents. Vent habitat is extremely linear, with lateral breaks at several different spatial scales.
This particular distribution of habitat may have a distinctive effect on the impact of different
dispersal processes, particularly on differences between diffusion and advection. The
existing model map is somewhat linear, because the toi) and bottom boundaries are
aperiodic, but a comparison with actual patterns of vent distribution shows that the model
dimension from top to bottom is too large for known ridge crests. Vent activity takes place
within the axial graben, which on a fast spreading ridge is up to a few hundred meters
wide. In the model, 256 x 10 m cells gives an across-axis dimension an order of
magnitude too large; model vent distribution is not as linear as reality. On a slow spreading
ridge the axial graben is kilometers across; in the model, 256 x 15 km cells results in a map
3 orders of magnitude too wide. Slow spreading ridges have short segments and wide
transform faults, and vents are not as linearly distributed as they are on fast spreading
ridges. The existing model map does not incorporate the larger habitat discontinuities such
as overlapping spreading centers and transform faults, that may have a strong influence on
dispersal constraints. More realistic distributions of habitat in the model would certainly
increase applicability to vent systen;s.

In light of the model limitations, the application of the model to processes occurring
in hydrothermal vent habitats is restricted. The model results indicate the importance of
global dispersal; I interpret this to mean that plume-level dispersal is important at
hydrothermal vents. Global dispersal in the model is isotropic; advection in near-bottom or
plume-level flows is not. Intuitively, it seems that advective dispersal may not be as
effective at maintaining populations as model global dispersal, because advection moves
larvae only downcurrent and global dispersal moves larvae in all directions equally.

Advection could be more realistically represented in the model as global dispersal with a
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more limited neighborhood, for example a neighborhood that is asymmetrically smaller
across the axis of advection. Recent work (Ron Etter, pers. com.) suggests that dispersal
with a neighborhood even slightly larger than the local 9 cell nearest neighborhood is as
effective for population persistence as global dispersal across the entire map. If this pattern
is also found for an anisotropic neighborhood, a more realistic simulation of plume-level
advective transport may not influence the effectiveness of global dispersal for maintaining
populations. Though it is counter-intuitive, adding more realistic plume-level dispersal
may not influence population persistence in the model, and interpreting effects of model
global dispersal as equivalent to effects of plume-level dispersal is acceptable.

The generalized pattern of vent patchiness in the model may obscure the influence
of vent spatial distribution. Model habitat distributions differed in disturbance
probabilities, and interpretations were extended to fast or slow spreading ridges. Itis
possible that lateral spatial discontinuities as occur at transform faults have effects on
dispersal success, and I would hazard a guess that such offsets would increase the
importance of global dispersal to successful persistence of populations because of the
increased distance between habitat patches.

Sublimation of many ecological factors into one term, larval source strength,
necessarily hides the individual effects that these factors, including adult population size,
larval mortality, and response to cues, would have on dispersal processes. Though the
model results indicate that these factors en toto are less important when habitat is less
disturbed, the model is not specific enough to distinguish further details. Limiting the
population maturation time in the model runs likewise limits the conclusions that can be
drawn about the influence of this parameter. The lack of response to changes in population
maturation time indicates that as long as the animals become reproductive before their
habitat dies, maturation time has little effect on colonization dynamics. The simulations

performed do not explore what happens when population maturation time is further
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delayed. Iexpect that population maturation times on the order of the activity time of
habitat patches would decrease population persistence regardless of dispersal mechanism.
Global dispersal, whether it is advective in near-bottom flows or plume-level, is
necessary for the persistence of a metapopulation at the occupation frequency observed in
vent habitats. Even 25% global dispersal is sufficient if other parameters are ideal. Fast
spreading ridges, with unstable habitats and vents distributed close together, require more
successful global dispersal to maintain realistic occupancy levels in the model
metapopulation than do slow spreading ridges. Larval mortality influences the occupancy
level, when there is no survival of globally dispersed larvae there is not enough producing
habitat, but low survival (25%) is enough if other factors are optimal. A large population
size, leading to a large larval supply, is particularly important in less stable habitats.
Maturation time, as tested in the simulations, has no effect on the model outcome. This
modeling approach demonstrates the importance of a global dispersal mechanism to

metapopulation persistence in a patchy, ephemeral habitat.
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LIST OF SYMBOLS

Py The probability of a new vent opening, in a single cell, in a single timestep.

t The model timestep, set to 1 year in these simulations.

t The time that a vent is inactive, set to 900 years for fast spreading ridges, and
4000 years for slow spreading ridges.

Pqy The probability of an existing vent closing, in a single cell, in a single
timestep.

ty The time that a vent is active, set to 100 years for fast spreading ridges, and
1000 years for slow spreading ridges.

P The maturation time, the average number of timesteps until an occupied cell

becomes producing.

np The number of cells which are actively producing larvae in the local 9 cell
neighborhood.

FL The frequency of cells in the local neighborhood that are producing larvae.

Fg The frequency of cells in the global neighborhood that are producing larvae.

ng The total number of cells which are producing larvae in the global
neighborhood.

1) The average number of larvae colonizing a cell.

r The importance of global dispersal relative to local dispersal.

s The additional mortality risk of global over local dispersal.

d The average number of larvae that can reach a central cell in one time step
from neighborhoods that contain all producing cells.

C The colonization probability, the probability that a suitable cell becomes

occupied in the next time step.
The stable probability that a cell contains a vent.

The stable probability that a cell does not contain a vent.
The expected time to colonization for a newly opened vent.

<

m§> b
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Chapter 5

Summary

This thesis examines larval dispersal and its relationship to the persistence of
hydrothermal vent populations. Planktonic larvae of vent organisms must travel up to
hundreds of kilometers to maintain species continuity between vents. The research
described here explores the mechanisms of this long-ciistance dispersal.

Hydrothermal venting occurs at plate boundaries such as mid-ocean spreading
ridges, and wherever the earth's lithosphere is very thin and brittle and seawater can
percolate through the seafloor to contact geothermally heated rocks. The hot, chemically
modified fluid exits the seafloor at hydrothermal vents. Vents are patchily, linearly
distributed, and are temporally impermanent. There is wide variation in the scales of
patchiness that correlates with the underlying geologic organization and spreading rate of
the ridge crest. The lifetime of vents varies on fast spreading ridges, lasting for years to
decades, while on slow spreading ridges an individual vent may last for hundreds of years
(Macdonald 1985). Vents are more closely and evenly spaced on fast spreading ridges.
Individual vent apertures, centimeters across, are separated by meters. These clusters of a
few vents are separated by tens of meters, and make up vent fields that are linearly
distributed on the ridge crest along ﬁe edge of an axial spmmit caldera (Haymon et al.
1991). The axial summit caldera runs straight for tens of kilometers, with very slight
bends every few kilometers. Overlapping spreading centers offset the linear ridge on the
order of every hundred kilometers, and transform faults are large lateral discontinuities that
disrupt the ridge crest every several hundred kilometers. On fast spreading ridges, vent
fields consist of tens of clusters, and are separated by tens of kilometers. In contrast, on
slow spreading ridges vent fields contain one or a few clusters, and are separated by

hundreds of kilometers.
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Species found at vents are unique to vent habitats, and are very different from
creatures found elsewhere in the deep-sea. The same vent species are found across 20° of
latitude on contiguous spreading ridges, and a few species cross large habitat
discontinuities such as the 20° gap between the East Pacific Rise and Juan de Fuca Ridge
(Tunnicliffe 1991). Vent animals are generally large and abundant, in contrast to other
deep-sea animals that are small and relatively sparsely distributed. The deep-sea is a habitat
poor in surface-derived food resources, but vent species utilize in situ chemosynthetic
bacteria as an abundant food source. Chemosynthetic bacteria thrive at vents because of the
hydrogen sulfide and other reduced chemicals in the hydrothermal fluid exiting the
seafloor. This unusual food resource is not available to animals that lack mechanisms for
coping with the toxicity of hydrogen sulfide and other potential poisons in hydrothermal
fluid (Hand and Somero 1983).

The patchiness and instability of vent habitat, and the dependence of the vent
species on resources available at vents make larval dispersal a vital process for maintenance
of populations and continuity of species in this ecosystem. This thesis examined the
feasibility and contribution of different larval dispersal mechanisms to the geographic
continuity and temporal persistence of vent species. This general topic is addressed
through three different but complimentary approaches: 1) hydrodynamic modeling, 2)
larval studies, and 3) metapopulation modeling. The applicability of a standard buoyant .
plume model to larval entrainment into plumes rising above hydrothermal vents was tested,
and the potential of this mechanism as a dispersal pathway for larvae of vent organisms is
demonstrated. Larvae collected from the water column near hydrothermal vents were
identified to species. It is necessary to distinguish larvae of vent species, in order to define
larval distributions in the water column and determine dispersal pathways. An ecological
mode] was used to determine the importance of global pathways, such as plume dispersal,

to population maintenance in a patchy, transitory habitat.
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A fluid dynamical model was used to answer questions on whether entrainment into
a buoyant plume is an important dispersal pathway. The hot fluid released at hydrothermal
vents is buoyant relative to the surrounding seawater, and rises to form a plume. As
surrounding fluid is entrained into a rising plume, the buoyant plume fluid is diluted until it
loses its buoyancy relative to the ambient fluids. The standard plume model states that the
entrainment velocity, the velocity at which fluid and particles external to the plume are
pulled into the rising fluid, is proportional to the upward flow speed at the center of the
plume (Morton et al. 1956). This centerline velocity is in turn dependent on the buoyancy
of the initial plume fluid. The buoyancy of hydrothermal fluids is primarily due to their
very high temperature relative to ambient seawater. If the model is appropriate for plumes
at hydrothermal vents, the buoyancy flux and the entrainment rate can be calculated from
the initial temperature and mass flux of vent fluid. An entrainment experiment was
performed, measuring the initial plume temperature, adding a dye tracer external to the
plume, and comparing the actual amount of dye entrained with theoretical predictions (Kim
et al. 1994). The model averages in time, whereas real plumes are turbulent, and this
mismatch introduces a potential source of error between the instantaneously measured dye
concentrations and the calculated average values. Nevertheless, measured dye dilution and
distribution in the rising plume were close to expected values.

This result shows that the standard plume model is useful for describing
entrainment of external particles such as larvae into high-temperature vent plumes. The
model can be used to estimate the proportion of larvae that will be entrained into a buoyant
vent plume. In no-flow conditions, entrainment velocities will be non-zero out to infinity,
effectively entraining all larvae, but in a more realistic situation with near-bottom currents
some larvae will be swept downcurrent. In a flow field, the proportion of larvae that will
be entrained depends on the horizontal velocity u, assumed to be 1 cm/s near the bottom.
Near-bottom water and larvae will be entrained in a region extending out to where the

entrainment velocity into the plume equals the horizontal velocity away from the plume, the
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zero-flow surface. By ignoring the cross-flow components of the velocities, the actual

shape of the zero-flow surface is simplified as in Figure 1, and 1, is the entrainment radius
where u equals the entrainment velocity V.. This simplification results in a smaller volume
entrained, and a conservative estimate of the proportion of larvae that will be entrained. In

a flow field the flux of fluid entering the plume below z meters above bottom is F(z)

F(z)= j:Zreudz (D

In no-flow conditions the fluid flux entering the plume below z meters above bottom is

N(z)

N(z) = | 27b(z)V dz )

where b(z) and V. are calculated from (1), (2) and (14) in chapter 2. Assuming mass
balance is the same regardless of the flow field, F(z) = N(z), and an equation for r, can be
solved. Then E(z), the volume that will be entrained below z meters above bottom, shown

by the heavily shaded areas in Figures 1 and 2, is calculated as

E(z) = jo e, +2mr,’ o z ‘ 3)

Assuming that larvae are evenly distributed in the water column directly above the vent

communities, the volume containing larvae within z meters above bottom, B(z), is

B(z) = [ mr,’dz 4)
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Figure 1. Two dimensional top view of the proportion of
fluid over a hydrothermal vent community that
will be entrained into a central buoyant plume.
Heavy shading indicates the entrainment volume
E(z), light shading indicates the extent of the vent
community, B(z). The average near-bottom
current speed is u, and V. is the entrainment
velocity at radius b(z). The radius of the
community is 1y, and the entrainment radius is re.

r.= 244 m
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Figure 2. Two dimensional side view of the proportion of
fluid over a hydrothermal vent community that
will be entrained into a central buoyant plume.
Heavy shading indicates the entrainment volume
E(z), light shading indicates the extent of vent
larvae in the water column, B(z), O to 25 meters
above bottom (mab). The average near-bottom
current speed is u, and V is the entrainment
velocity into the plume. The radius of the
community is 1, and the entrainment radius is re.
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Communities around vents are spatially limited because of their dependence on
hydrothermal fluids. Biological communities are observed to extend 2.5 to 7 m around a
central vent (Hessler and Smithey 1983). Assuming that larvae are only found in the
bottom 25 m of the water column, the influence of rising plumes extends far enough to
entrain 28 to 97% of the volume containing larvae produced By a vent community in a |

cmy/s bottom current, calculated from (3) and (4) as follows

B 1P r 1] 1\?
B, )3 B, \3 B, )3
znprc 22 znprc, (2 anprC, (2
E(Z)= 1 z + 1 z r2_ z
B(z) 2r,’ u ar,’ u i u
i B,V _ (5)
3 .
i Zﬂﬂ‘}cl(_’g]
+ asin z
180 ur,

Thus, buoyant hydrothermal plumes have the potential to transport a significant proportion
of the larvae produced in vent communities.

- Because this theoretical study suggests that larvae can be entrained into plumes
from hydrothermal vents, the next step is to determine whether larvae are actually
entrained. Sampling larval distributions in the field is the most direct approach to this
question, but identifying larvae from deep-sea plankton samples is a difficult task.
Therefore, an initial step is to develop methods for species-level larval identification of vent
organisms. To accomplish this step, larvae collected from near-bottom and plume flows
near hydrothermal vents were first sorted under a dissecting microscope, but species-level
identifying characteristics were indistinguishable at this magnification. By concentrating on

larvae with hard shells, such as gastropods, and using the-higher magnification and
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resolution of a scanning electron microscope, I was able to clearly image species specific
characteristics. This work was done in collaboration with Richard Lutz and Alan Pooley at
Rutgers University.

Gastropod larvae lay down an initial shell, called the protoconch I, which has
distinctive surface ornamentation, as well as a characteristic size and shape. Planktonic
larvae, which feed in the water column, may lay down a proioconch 11 as they grow.
When the larva undergoes metamorphosis, it begins tollay down the true adult shell, or
teleoconch. Sometimes, the larval shell is retained on the adult. Adults are easily
identified, and by searching for and imaging the protoconch on adults of known species,
we can match the protoconch morphology to that of larvae. Key morphological differences
are type of ornamentation: striated, reticulate, or punctate.

Using this technique, eleven vent species belonging to six families of
archaeogastropods were identified. Five of these species identifications were unequivocal,
and six were secure at the genus level. The uncertainty at the species level is due to a lack
of well-preserved protoconchs on identified adults; in some species the protoconch is shed,
or is obscured by mineral deposits or etched by the corrosive fluids of the vent habitat.
Nevertheless, the identified larvae were all certainly vent species, and were clearly
distinguishable from non-vent and holoplanktonic species.

These identifications providé a tool for quantifying distributions of vent larvae. The
species-specific level of these identifications is important, as there may be differences in
species distributions that influence dispersal success. Preliminary examination of plankton
samples showed that larvae of vent species occur both in the near-bottom waters and in
vent plumes, suggesting that both near-bottom and plume flows are larval dispersal
pathways.

A full understanding of dispersal mechanisms would require several years of
extensive and intense field and lab work, so for my final thesis component I chose

ecological modeling as a technique to further understand vent larval dispersal. The
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particular processes that I was interested in were dispersal in near-bottom and plume-level
flows. Near-bottom flows at hydrothermal vents are tidally influenced, but over several
tidal cycles, average advection is along the ridge crest at a few cm/s. Advection above the
seafloor, at the level where vent plumes lose their buoyancy and begin to spread
horizontally, often has a dominant direction, but may be less topographically rectified, and
is generally two to five times faster than near-bottom flows (Franks 1992). Eddy
diffusivity, the random spread of particles from a sou;ce, is much smaller, in the deep sea
the canonical value is 1 cm?/s (Toole et al. 1994). In the same time frame, near-bottom
advection could transport larvae ten times as far as diffusion, and plume-level advection up
to five times as far as near-bottom advection.

Diffusivity may be thought of as a localized dispersal mechanism, and advection as
a global one, or, near-bottom advection can be considered as a local dispersal regime, and
plume-level advection as a global regime. An ecological model was used to test the relative
importance of global and local dispersal pathways to the persistence of populations in a
patchy, ephemeral habitat, such as hydrothermal vents.

The model used was a cellular automaton, a type of model that allows spatial
relationships to influence the behavior of the model. The potential for effects of real map
coordinates is important when modeling spatially explicit habitats like hydrothermal vents
(Caswell and Etter-1992). Vent communities can be categorized as metapopulations,
defined as spatially discontinuous but biologically connected populations. The cellular
automaton used was made up of square patches, or cells, arranged in a map that wrapped
from side to side and was discontinuous at the top and bottom, simulating a linear habitat
like hydrothermal vents. Cells could be in one of four states: unsuitable, indicating that no
hydrothermal activity was occurring in the cell; suitable, indicating that vents, but no vent
organisms, were present; occupied, indicating that vent organisms had colonized a suitable
cell; and producing larvae, indicating that the vent organisms had matured and were

producing larvae. Each cell could influence its neighbors according to the state it was in
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and certain transition rules. For any given cell, the local neighborhood consisted of the

eight surrounding cells, and the global neighborhood the entire map. The transition rules

WEre:

1.

An unsuitable cell could become suitable with a given disturbance probability, and a
suitable, occupied or producing cell could become unsuitable with a given disturbance
probability. This arrangement represented the opening and closing of vents, and the

probabilities were set to match the estimated persistence time of individual vents.

. An occupied cell could become producing with a given probability. This probability

abstracted the maturation time for a vent organism, the time it takes for a community to
begin producing larvae after it is established. Though maturation time is not well

defined for vent species, we used two values within the estimated range.

. A suitable cell could become occupied with a given probability. This colonization

probability incorporated the size of the larval supply, the relative proportions of global
and local dispersal, and the relative mortality of global and local dispersers. These
variables are not well constrained for vent animals, so they were varied over a range of
values.

The model was used to test the influence of each of the parameters on the frequency

of producing populations in a suitable habitat at equilibrium. The results showed

increasing disturbance probability decreased the proportion of producing cells at

equilibrium. Varying maturation time had little effect. Increasing global dispersal

increased the proportion of producing cells at model equilibrium, and in some situations, so

did increasing larval supply and survival. The results suggest that the most effective

dispersal strategy for organisms in patchy, ephemeral habitats is global dispersal,

regardless of maturation time, survival, or fecundity. It also suggests that more temporally

variable habitats will have fewer occupied patches, and thus might be at greater risk for

extinction, particularly if the proportion of occupied patches is very low. These results

indicate that some degree of global dispersal is vital to the long term maintenance of
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populations in a habitat like hydrothermal vents. If plume-level advection is acting as a
global dispersal mechanism, it is very important to the perpetuation of vent communities.

These results point out the importance of plume-level mesoscale flow patterns to
dispersal between vent habitats. They suggest that research in the immediate future be
concentrated on flow patterns around hydrothermal vents, to better define "global" flow
regimes, and larval distributions in the water column, to determine if a significant
proportion of vent larvae are utilizing this pathway. An informative comparison might be
between specific larval type and position in the zonation around vents. If species found in
the zone closest to smokers and species found in the periphery had equivalent larval types
and physiologies, we might expect those that are closer to the vent and more likely to have
larvae entrained into the plume to be better dispersers. For example, alvinellid species are
found in the very high-temperature zone of chimney walls on vents. There is evidence that
alvinellids have lecithotrophic, possibly brooded larvae, and the short planktonic lifespan
would suggest poor dispersal capabilities that may be overcome by their proximity to vent
plumes.

Further interesting work would be to improve the model so that it incorporates more
specific habitat maps and dispersal pathways. A three-dimensional diffusion equation can
be used to incorporate the mechanics of diffusion and advection into the model. Such an
equation can contain specific variables for eddy diffusivity, advection, fecundity, larval fall
velocity, larval mortality and both horizontal and vertical scales. Each of these factors can -
be varied separately to observe individual effects more closely. Other iterations could test
the effects of introducing equations representing rotational vortices that may form in
hydrothermal plumes, and that are likely to influence larval retention or dispersal.

Individual vent communities that have been examined have an unusually low
species diversity. The vent habitat en foto has a low species diversity relative to the deep
sea, possibly because the habitat is so physically rigorous. Species must be able to

withstand high temperature, high metal and sulfide concentrations, and a rapidly fluctuating
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environment. But even accounting for the overall small species pool, the diversity at
individual vents is surprisingly low, that is, there are fewer species present at an individual
vent than exist over the entire ridge segment (Tunnicliffe 1991). In any new patch of
habitat, a community builds over time as more new species are recruited. Colonization
studies suggest that there is a logarithmic increase in species diversity over time (MacArthur
and Wilson 1967). After a new vent opens, it will take time for a community to build up to
the maximum species richness. But if vents are going extinct before this maximum number
is reached, individual vents will have an unexpectedly low species diversity. This
prediction can be initially tested with an ecological model. In the absence of definitive
colonization studies at vents, we can start with the assumption that colonization at vents
proceeds similarly to colonization in other habitats. By reducing disturbance probability to
make the habitat stable, and setting the model to count the number of recruitment events
within each cell, a measure of species diversity over time for an individual cell, or vent, can
be obtained. From this number of recruitment events and an assumed relationship to
species diversity, we can determine the time for an individual vent to reach maximum
diversity. While this number may be very approximate, based as it is on a general
assumption that recruitment processes at hydrothermal vents are similar to those in other
habitats, it would be interesting to see if it is even the same order of magnitude as a more
realistic vent lifespan. Results will suggest whether the geologic vent lifespan might be
limiting the species diversity at individual vents.

There is a great deal of interesting research yet to be done at hydrothermal vents.
My thesis work demonstrates that buoyant plumes above hydrothermal vents are a feasible
dispersal mechanism, that larvae of vent organisms are found in buoyant plumes as well as
in near-bottom waters over vent communities, and that global dispersal mechanisms such

as buoyant plumes are a vital component of species persistence in vent habitats.
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