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Abstract

Examination of the scales at which larval supply varies spatially and temporally,
and correlation with concurrent physical observations can provide insights into larval
transport mechanisms that contribute to structuring marine benthic communities. In
order to facilitate field studies, this thesis first provides new morphological and genetic
identifications for hydrothermal vent gastropod larvae along the northern East Pa-
cific Rise. Daily and weekly variability in the supply of hydrothermal vent gastropod
larvae to two hydrothermal vents, 1.6 km apart on the East Pacific Rise, were quan-
tified concurrently with current velocity observations. The magnitude and temporal
pattern of larval supply differed between vent sites, despite their close proximity. A
strong correlation between along-axis flow and daily larval supply suggested that lar-
val supply occurred primarily via along-axis transport between local sources 1-2 km
apart. However, weekly larval supply appeared to be driven by larger spatial scales
through losses associated with cross-axis flows and the passage of mesoscale eddies.
Tracer movement within a quasi-geostrophic eddy model was consistent with the ob-
servations of decreased larval supply concurrent with an eddy observed via satellite
altimetry. The tracer movement also indicated that deep eddy-induced flow could
facilitate a long-distance dispersal event, enhancing dispersal between vents 100s km
apart.

Thesis supervisor: Lauren S. Mullineaux
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Chapter 1

Introduction

Most marine and terrestrial ecosystems are seldom in an equilibrium state. Within

a set of interacting communities, only a few communities may reach equilibrium,

while other communities will be at various non-equilibrium states. It is difficult

to reach equilibrium, because natural and anthropogenic disturbances continuously

disrupt allocation of resources and biological interactions during the progression to

an equilibrium state. Trees in the tropical rainforest are killed or broken by strong

winds, landslides, insect infestations, lightning, and farming; coral reefs are damaged

during hurricanes, freshwater floods, heavy sedimentation, predatory outbreaks, and

bleaching events [4]. Disturbances such as these prevent the competitive dominant

from creating a monoculture. As a site recovers from a major disturbance, the com-

munity will progress along a successional sequence of changing species composition

depending on colonization and competition capabilities. A mosaic of local communi-

ties or patches at various successional stages, from initial colonization to equilibrium,

enhances the species diversity of the ecosystem as a whole. Initial recovery from dis-

turbance and the subsequent evolution of benthic marine communities depend on the

extent and frequency of disturbance and the availability of recruits to colonize the

disrupted area, and post-settlement mortality (e.g. [1, 8, 31]). Small areas (meters)

can be colonized quickly by vegetative growth and migration of local individuals into

the disturbed space. Larger areas of disturbance (tens of meters to kilometers) take

longer to recover due to greater reliance on the dispersal of propagules (larvae, seeds

and spores) from outside populations. Temporal and spatial variability in the avail-

ability of dispersive propagules could delay recovery or potentially alter the trajectory

of the community. Recovery of large areas may follow the successional trajectory of
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the previous community or diverge and establish ‘alternative stable states’ [18, 19, 30].

Understanding the recovery and trajectory of communities after a disturbance is es-

sential for the effective management and conservation of ecological resources.

Hydrothermal vent ecosystems provide a system for understanding the role of dis-

persive propagules in the recovery from disturbance and the successional processes

that follow. The majority of the species inhabiting the vents are endemic, sessile,

benthic invertebrates, so recovery from large disturbances occurs primarily through

the arrival dispersive propagules, in this case larvae. While some shallow water ben-

thic communities that rely on dispersal of larvae can take many years to recover from

a disturbance [1, 7, 37], hydrothermal vents along the East Pacific Rise (EPR) be-

come densely populated with new colonists in six months to a year [28]. The remote

location of hydrothermal vents ensures that the disturbances are primarily natural

rather than anthropogenic; therefore the observed species responses will be adapted

for natural disturbance over a long evolutionary period. These species responses may

inform the potential for response to the qualitatively new disturbances imposed by

humans in other systems [4, 15].

Hydrothermal vent communities occur along the mid-ocean ridge, essentially sit-

uated on top of a chain of underwater volcanoes. The shallow magma chamber heats

seawater and catalyzes reactions with the crust that create chemically altered fluid

that escapes at hydrothermal vents. The hydrothermal fluid is rich in hydrogen sulfide

[9, 10, 35], the essential ingredient for the chemical reaction that forms the basis of life

at vents [2, 17, 33]. While the shallow magma chamber provides many of the essen-

tial chemicals for vent life, during underwater volcanic eruptions, the shallow magma

chamber contributes to the demise of vent life. Along the relatively fast-spreading

EPR, eruptions occur on decadal time scales, obliterating vent communities and cre-

ating new seafloor over kilometers to tens of kilometers [14, 28, 32]. New, vacant vent

habitat emerges where fissures and cracks in the new seafloor allow hydrothermal

vent fluid to escape.

Nascent vents after the 1991 eruption at the East Pacific Rise were colonized by

dispersive propagules within 6 months. Only dispersive larvae could have contributed

to colonization, since almost all local communities were eliminated and no species with

vegetative growth or propagule stores (i.e. seed banks) are known to occur at vents.

The quick recovery was surprising, as rapid recovery after a major disturbance has

been primarily observed for algal species [6, 37] which have propagules that generally

16



disperse locally, within a few km [26], compared to many benthic invertebrate with

feeding larvae which disperse widely, over tens to hundreds of km [29]. Recoveries of

benthic invertebrate species tend to be much longer due to high variation in larval

supply and recruitment [7, 37].

Succession at hydrothermal vents can also proceed rapidly with changes in the

dominant megafauna every few years [28]. The change in dominant fauna has been

largely attributed to changes in the physical and chemical environment. The hy-

drothermal fluid evolves over time, usually from a hot, sulfide rich fluid to a cooler,

low sulfide fluid [34, Love in prep]. Species that were not competitive previously, due

to physiological tolerances, could become the competitive dominant as the hydrother-

mal fluid cools and hydrogen sulfide concentrations decrease. Limitation of space with

the appropriate physio-chemical conditions is believed to drive strong biological inter-

actions - competition, interference and facilitation - that then further structure the

macrofaunal communities [12, 13, 23, 25]. In shallow water, the strength of benthic

interactions can be determined by the availability of larvae [11, 21, 22, 27]. If larval

recruitment to the benthos is low, space may not be a limiting factor; whereas, if

larval recruitment to the benthos is high, space will likely become a limiting factor

for which competition is high and on which predation is high due to an increased

contact rate. Despite the established role of dispersive propagules in shallow water

environments and the fact that dispersive larvae serve as the primary source of in-

dividuals to each vent, spatial and temporal variation in larval supply has not been

directly examined as a factor contributing to colonization or succession at hydrother-

mal vents. Relatively little is known about the dispersal and availability of larve of

vent species, compared to shallow water counterparts.

Larval dispersal only has been investigated indirectly at hydrothermal vents along

the EPR. Numerous population genetic studies suggest that vent species have high

gene flow over hundreds of km, and thus have highly dispersive larvae [5, 16, 36, 38].

Estimates of dispersal distance based on simple passive dispersal models also suggest

that larvae are dispersed long distances, tens to hundreds of kilometers [3, 20]. On

the other hand, the distribution of larval abundances near vents suggests that larvae

may not be dispersed long distances. Larval abundances near a vent were higher than

abundances away from a vent [24].

Observations of initial colonization and benthic succession also allude to contra-

dictory larval dispersal distances. Since eruptions disrupt vent communities over a

17



few to tens of kilometers, larvae must be dispersed long-distances to colonize nascent

habitat. During long-distance dispersal, mean larval concentrations would decrease

for a given area. Larvae could be diluted through diffusion and advective mixing into a

dilute larval pool, which would decrease larval concentration by spreading larvae over

a larger area. Alternatively, larvae could remain aggregated and dispersed in small

patches, which would decrease larval concentration by decreasing the frequency of

larval supply to a given location. However, high abundances of larvae are required at

a vent site to quickly accumulate benthic abundances and biomass after an eruption,

and to establish numerical and spatial dominance during successional changes. If vent

larvae disperse long-distances, initial colonization would be facilitated but recovery

would be slow, similar to that observed for many shallow water benthic invertebrates.

On the other hand, if larvae are locally retained, colonization would be impeded, but

once initial colonization occurred the communities would quickly recover.

In order to address this apparent contradiction in larval dispersal, this disserta-

tion investigated the temporal and spatial variation in larval supply to hydrothermal

vents and the hydrodynamic processes that influence that variation in supply. Char-

acterizing the temporal and spatial variation of larval supply will provide insight into

the temporal and spatial scales of larval dispersal. Furthermore, I correlated larval

supply with currents, to understand the mechanisms controlling the variation larval

supply.

1.1 Thesis Organization

The goals of this thesis were to quantify the spatial and temporal variation in the

larval supply of vent gastropods near 9◦ 50′ N on the East Pacific Rise and to in-

vestigate the hydrodynamic processes that establish the observed variations. Before

the larval supply of vent gastropods can be determined, larvae of vent origin must be

identifiable. I expanded our ability to identify hydrothermal vent gastropods near 9◦

N, East Pacific Rise using a combination of morphological and molecular techniques

in Chapter 2. A sequence database deposited in GenBank will facilitate difficult mor-

phological identifications in the future and contributes to the ‘bar-coding’ effort for

chemosynthetic communities. Chapter 3 characterizes the variation in larval supply

on small temporal (days) and spatial (1.6 km) scales. Correlations between larval

supply and current velocities suggest that larval transport was limited and that the
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majority of larvae originate from local (< 1-2 km) vent communities. Chapter 4

characterizes the weekly variation in larval supply and tested the generality of the

results from Chapter 3. Based on current velocity observations in Chapter 4, the

effect of mesoscale eddies generated in the Gulfs of Tehuantepec and Papagayo on

deep-sea currents and transport was investigated through satellite observations and

a quasi-geostrophic model in Chapter 5. Together the chapters provide a description

of larval transport and supply to hydrothermal vents on multiple temporal (days and

weeks) and spatial (kilometers to hundreds of kilometers) scales.
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Chapter 2

Morphological and molecular

identification of gastropod larvae

2.1 Introduction

Larval dispersal of benthic organisms can contribute to processes controlling gene

flow, maintenance of populations, and community dynamics. Dispersal appears to be

especially important for the success of sessile species inhabiting hydrothermal vents

[12]. Suitable habitat for vent endemic species is patchily distributed, often separated

by hundreds of meters to hundreds of kilometers of uninhabitable area. Individual

vent habitats have been observed to be created and senesce on time scales of decades

to years [8], which may represent only a few generations for many species. Planktonic

larval dispersal can bridge the disparate habitats and deliver recruits to newly formed

and existing vent communities to maintain species and facilitate gene flow.

Gastropods are a useful model group to address questions involving larval disper-

sal such as: how do larval development and behavior, and hydrodynamics combine to

disperse and/or retain individuals [10, 15]; and what is the impact of dispersal and

recruitment on community structure and dynamics. Gastropods are well suited for

these questions due to their abundance in the benthos [33] and in the water column

as larvae [19, 23]. Gastropods play an integral role in succession and community

structure by inhibiting recruitment through grazing [20, 24]. Larval supply is known

to affect subsequent benthic interactions and community structure in coastal envi-

ronments [18, 32], and may be equally important in vent habitats. Gastropod species

differ in their larval feeding mode (e.g. planktotrophic or lecithotrophic) and broad-
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cast mode (e.g. broadcast spawning, brooding or delayed release from egg capsules)

[13, 12]. Each of these developmental modes could have an impact on the retention

and dispersal potential of larvae [31]. Gastropods are present in all vent biogeographic

regions[29] and over the range of physiochemical habitats at vents, from the surface

of black smoker chimneys to the ambient periphery [5, 21, 33]. However, gastropod

species within a family and genus often differ in their geographical range [38] despite

similarities in the mode of larval development [11].

Studies to understand the role of dispersal at hydrothermal vents have been lim-

ited by the ability to identify planktonic larvae to the species level [19, 23]. Larval

identifications have traditionally relied on culturing of larvae and metamorphosis of

collected larvae to an identifiable juvenile stage. To date, only Riftia pachyptila larvae

have been cultured from embryos [15] and Bythograea thermydron megalopae have

been observed to metamorphose through multiple juvenile stages in laboratory ex-

periments [4]. No vent organisms have been successfully cultured through the entire

lifecycle. Identifications of vent larvae have instead relied on similarities between

larval and adult morphology, larval structures preserved in adult morphology [6, 22]

and, more recently, molecular identification [1, 4, 26].

Comparisons of preserved protoconch (the larval shell) morphology in adult and

juvenile gastropods to field-collected larvae has enabled the morphological identi-

fication of some but not all larval vent gastropods to species [22]. Most embryos

and trochophores do not have morphological characteristics that allow for species-

level identification. Currently fewer than half of the gastropod species (17 of 41

species) inhabiting the north East Pacific Rise (NEPR), from 21◦ N to 9◦ N EPR

and Galápagos Rift, can be unequivocally identified at the larval stage using morpho-

logical characteristics of the protoconch. Seventeen species found along the NEPR

have species-specific morphological descriptions of the larval shell in the current lit-

erature e.g. [22, 38]. Larval morphology is distinct at the species level for all of

the species of Sutilizonidae and Neomphalidae known to occur in the northern EPR.

On the other hand, the majority of the Lepetodrilidae (7 out of 8 species) and Pel-

tospiridae (8 out of 12 species) and all of the Caenogastropoda (4 species) cannot be

distinguished morphologically to the species level. Protoconchs on identified juvenile

Lepetodrilus cristatus (see Fig 2a-c unnamed archeogastropod in [12]), L. ovalis (see

Fig 1b unnamed archaeogastropod in [13]) and L. elevatus [22] exhibit strong mor-

phological similarity between species preventing species level identifications. Images
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of protoconchs on specimens of Neolepetopsis densata [38], Gorgoleptis emarginatus

and Peltospira operculata [22] are not diagnostic because specimens of closely re-

lated species are not available for comparison. Seventeen species do not have any

protoconch morphological data.

A main goal of the present study is to develop an efficient and economical method

for identifying vent gastropod larvae. I use a staged approach that involves visual

examination of larval shell morphology, followed when necessary, by molecular ge-

netic analysis (Fig 2-1). Gastropod specimens can be divided into three categories

based on morphology alone - those with larval shell morphology that is distinct at

the species level, those with larval shell morphology distinct only at the family or

genus level, and those with uninformative larval shell morphology (hereto referred to

as ’unknowns’). From the morphological categorization, the appropriate molecular

techniques are used for each grouping to obtain a species level identification. This

approach takes advantage of easily obtained morphological information and optimizes

the efficiency of molecular genetic identifications.

I have three objectives to increase the efficiency and economy of the staged ap-

proach. The first objective is to expand the number of species that can be identified

solely by larval shell morphology. The second objective is to develop a fast and inex-

pensive molecular genetic method that is useful for identifying species whose larval

shell morphology is informative, but not distinct at the species level. The third ob-

jective is to expand a sequence database of identified gastropod species that can be

compared to sequences of unknowns - embryos, trochophore larvae, and shelled larvae

whose morphologies do not allow for classification.

To demonstrate the effectiveness of this three-step approach, it is used to identify

field collected larval and benthic samples.

2.2 Methods

2.2.1 Sample Collection

Adult, juvenile and larval gastropods were collected by DSV Alvin. Adult and juvenile

gastropods used in morphological studies were collected on basalt blocks (10 cm each

side) or from washings of mussel, tubeworm and sulfide collections during seven cruises

to the EPR, 9◦ 50′ N area between 1994 and 2004. Larvae were collected in the same

region, near active vent sites, via Mclane WTS-LV plankton pumps between 1998
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Figure 2-1: Flow chart of staged identification procedure. Some of the morphological
identifications were further verified through 18S sequence comparisons, as indicated
by the dashed line.

and 2000. All specimens used for morphology were preserved in 80% ethanol. For

molecular development, adult gastropods were collected from washings of mussel,

tubeworm and sulfide collections from the EPR, 9◦ 29′ - 9◦ 51′ N and 21◦ N between

2000 and 2005. Specimens were sorted and identified onboard the RV Atlantis before

freezing at -70◦ C.

2.2.2 Morphological Identification

To expand the suite of species that can be identified by larval shell morphology, I com-

piled morphological descriptions from the literature to identify gaps in our knowledge

and imaged protoconchs retained on juveniles from species lacking larval descriptions.

Diagnostic features used for morphological characterization and identification include

shell size (maximum diameter), sculpture and shape, and aperture flare and shape

(e.g. sinuous, or straight margin). I focused on obtaining descriptions for the genus

Lepetodrilus and for the family Peltospiridae, whose species are abundant and ecologi-

cally important. Juveniles and adults were collected for scanning electron microscopy

(SEM) imaging of retained protoconchs. Juveniles and small adults (hereto referred

collectively as juveniles) were screened under a dissecting scope for the preservation of

an intact protoconch. Juveniles of Clypeosectus delectus, Echinopelta fistulosa, Gor-

goleptis spiralis, Lepetodrilus cristatus, L. elevatus, L. ovalis, L. pustulosus, Nodopelta
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rigneae, N. subnoda, and Peltospira operculata were found with intact protoconchs.

If SEM images of protoconchs retained on juveniles yielded taxonomicaly informative

descriptions, larvae were also imaged with SEM to document larval shell character-

istics that were not apparent on the juveniles due to juvenile growth or corroded

protoconch sculpture.

For SEM, juvenile gastropods with intact larval protoconchs and larvae were

cleaned in a diluted 3:1 (Chlorox) bleach solution at 50◦ C for five minutes, air

dried, and then mounted on circular glass slides using a small amount of white glue.

Slides were glued to SEM stubs with silver polish. Specimens were silver-coated in a

SAMSPUTTER 2a automatic sputter-coating machine and imaged on a JEOL JSM-

840 Scanning Electron Microscope. For each species, juveniles were imaged until an

informative SEM image was obtained or all available specimens of that species with

an intact protoconch were used. In all, 16 juveniles and 45 larvae were imaged with

SEM.

2.2.3 Identification of a Defined Group of Species -

RFLP Design

Restriction fragment length polymorphism assays (RFLPs) were developed as a cost

effective molecular method for identifying specimens within a well defined species

group. RFLPs are an inexpensive alternative to sequencing. RFLPs use restriction

enzymes to cut PCR products into unique banding patterns. The restriction en-

zyme(s) cut at different locations, because the sequence of the gene or gene fragment

amplified in the PCR differs among species. The differences in enzyme cutting loca-

tions create banding patterns that can be assigned to different species. This method

is most efficient for identification of a finite number of candidate species for which

species-specific banding patterns are characterized. Protoconchs within the genus

Lepetodrilus [22] and within the family Peltospiridae [22] can be assigned to the

genus and family level, respectively, based on similar sculpture, shape, aperture and

size visualized under the light microscope. Lepetodrilus species and peltospirids repre-

sent 11 of the morphologically unidentifiable species at the larval stage on the NEPR.

These two groups are well suited for a cost effective assay due to high abundance in

the benthos [3, 34] and as larvae in the plankton [23].

I developed RFLP assays for the genus Lepetodrilus and unidentifiable species of

the family Peltospiridae (Echinopelta fistulosa, Hirtapelta hirta, Nodopelta heminoda,

27



N. rigneae, N. subnoda, P. delicata, and P. operculata) using part of the mitochondrial

16S rDNA gene. The goal was to develop an RFLP that identifies all species within

the genus Lepetodrilus known to occur at the EPR, near 9◦ 50′ N and a second RFLP

that identifies all unidentifiable species of the family Peltospiridae known to occur at

the EPR, near 9◦ 50′ N. The mitochondrial 16S rDNA gene was chosen because of

its established use in gastropod phylogenetics [2, 27]. An initial attempt to use part

of the nuclear 18S rDNA gene was abandoned given the lack of sufficient nucleotide

variability among species within the same genus (see Section 2.3.3).

Part of the 16S gene was amplified and sequenced for two adult individuals each

of Lepetodrilus cristatus, L. elevatus, L. ovalis, L. pustulosus, Peltospira operculata,

P. delicata, Echinopelta fistulosa and Nodopelta subnoda. Only one individual of each

N. rigneae and N. heminoda were available for amplification and sequencing. No

Hirtapelta hirta specimens were available, but the partial 16S sequence from GenBank

(AY163397) was included in the alignment and RFLP design. Lepetodrilus tevnianus

and Peltospira lamellifera are the only morphologically unidentifiable species in the

Northern EPR region from these two groups not included in the study, because no

specimens were available. The absence of these species is not likely to compromise the

ability to identify to species near 9◦ 50′ N since L. tevnianus had only been recorded

from 11◦ N and only three specimens of P. lamellifera, all from the 13◦ N area, have

ever been recorded.

All PCR reactions were performed in an Eppendorf Master Gradient thermocylcer

in 25 µl reaction containing 0.75 - 1.00 µl genomic DNA extracted using a DNAeasy

Kit (Qiagen), 1x buffer (Promega), 1mM MgCl2, 250 µM each dNTP, 500 nM each

primer, and 1 unit of Taq DNA polymerase (Promega). Lepetodrilus spp. were ampli-

fied and sequenced using the “universal” primers, 16sar-L (forward) and 16sbr-H (re-

verse) [25]. The peltospirids were amplified and sequenced using the 16sar-L forward

primer and a new reverse primer, Pelto16sR: 5′ GCTTCTRCACCMACTGGAAATC.

Failure to amplify N. rigneae using 16sar-L and 16sbr-H necessitated the design of the

new primer for the peltospirids following protocols and software provided by Primer3

(http : //frodo.wi.mit.edu/cgi − bin/primer3/primer3 www.cgi). Amplifications

were performed using the following cycling parameters: 2 minutes initial denatura-

tion at 96◦ C followed by 30 cycles of 30 s at 94◦ C, 30 s at 48◦ C, and 1 min at 72◦ C.

PCR products were visualized on a 1.5% agarose gel with ethidium bromide using the

ChemImager or AlphaImager system (Alpha Innotech Corporation). PCR products
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Figure 2-2: SEM images of juvenile and larval Gorgoleptis spiralis and closely related
species. (a) G. spiralis protoconch on juvenile. A broader view of the juvenile shell
is not shown due to breakage during sample preparation. (b) G. spiralis larva. (c)
G. emarginatus larva. (d) Clypeosectus delectus larva. Scale bars are 10 µm for all
shells.

29



were purified using the QiaQuick PCR Purification Kit (Qiagen) before sequencing

on an ABI 377 or 3730xl sequencer (Applied Biosystems). Sequences were edited in

EditView (Applied Biosystems) and aligned using Sequencher v. 4.2.2 (Gene Codes

Corp.) and MacClade [14]. Restriction enzymes were chosen by viewing cut sites

using Sequencher v. 4.2.2 (Gene Codes Corp.)

All restriction enzyme digestions were performed in 15 µl reactions containing

500-1000 ng of DNA, 5 units of each restriction enzyme, 1x buffer (enzyme specific,

provided by Promega or New England Biolabs), and 100 µM BSA. Digestions were

visualized on a 2% agarose gel containing ethidium bromide using the ChemImager

or AlphaImager system (Alpha Innotech Corporation).

Fifteen individuals of each species, except H. hirta, N. rigneae and N. heminoda,

from at least two ridge segments (e.g. 9◦ 50′ N and 21◦ N) were digested as described

above to test for false negatives and false positives. Initial morphological screening

into the two taxonomic groups, the genus Lepetodrilus and unknown peltospirids,

eliminates false positive identification of species not included in the RFLP design.

2.2.4 Identification with No Morphological Information –

Expanding the Sequence Database

In order to expand the database for comparison with sequences from unidentified

larvae, partial nuclear 18S rDNA sequences were obtained from all available adult

gastropods species from the 9◦ 50′ N area (Table 2.1). The nuclear 18S rDNA gene

was chosen to take advantage of existing sequences in GenBank and because of the

established use of the 18S region in gastropod phylogeny [7]. Adults were compared to

the reference collection at the Los Angeles County Natural History Museum or iden-

tified by Anders Warén at the Swedish Museum of Natural History, if identification

required confirmation. Genomic DNA was purified using the DNAeasy Kit (Qiagen).

Part of the 18S rDNA gene was amplified and sequenced using polymerase chain reac-

tion with the primers AGM-18F (forward): 5′ GCCAGTAGTCATATGCTTGTCTC

and AGM-18R (reverse): 5′ AGACTTGCCCTCCAATRGATCC [7] using the pro-

cedure and PCR conditions described in the previous section Restriction Fragment

Length Polymorphisms. Sequences were aligned for comparison using Sequencher v.

4.2.2 (Gene Codes Corp.) and MacClade [14]. Parsimony trees and neighbor-joining

trees were made in PAUP 4.0 [28]. To assess the confidence or robustness of the

sequence data, bootstrap analyses were preformed using 500 replicates.
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2.2.5 Application to Larval Samples

The staged procedure developed in this study was applied to identify larvae from a

sub-set of time-series sediment trap collections near 9◦ 50′ N EPR. Larvae were col-

lected daily in a 21 sample Mclane MARKFLUX time-series sediment trap moored 4

meters above bottom at a location 10 m south of the Choo Choo vent site (9◦ 49.60′ N,

104◦ 17.37′ W, 2512 m) during the November 2004 AT11-20 cruise. The trap open-

ing is 0.5 m2 and is covered by baffle with a cell diameter of 2.5 cm. Samples were

preserved in a saturated salt - 20% DMSO solution [9] to preserve morphology and

DNA. Larvae from four of the samples were sorted using a Zeiss Stemi 2000-C dis-

secting scope and then identified morphologically to species using a Zeiss Axiostar

Plus compound scope.

Those larvae not identifiable to species were sorted into three groups for molecular

identification: Lepetodrilus spp., peltospirids and unknowns. Lepetodrilus spp. were

identified based on small size, 170-190 µm, punctate sculpture, and a straight aperture

margin that is even with the axis of coiling. Unfortunately, L. pustulosus has not been

successfully imaged and juveniles are difficult to identify [38]; thus the morphology is

assumed based on the consistency of size, shape and sculpture characteristics within

Lepetodrilus species on the EPR, Galápagos, Juan de Fuca, and Mid Atlantic Ridges

and within the family in general [22, 38]. Peltospirids were identified based on ridged

ornamentation and shape (Fig 2-3 and 2-4).

Genomic DNA was extracted from each sorted larva using the QiaAmp DNA

Micro Kit (Qiagen), a Chelex extraction [35], or by dropping larvae directly into

the PCR solution. As described in Section 2.2.3, the partial 16S gene was PCR

amplified from successful extractions as described previously using the 16sar-H and

16sbr-L primers for the Lepetodrilus spp. and 16sar-H and Pelto16sR primers for the

peltospirids. The PCR products were digested as described in Restriction Fragment

Length Polymorphisms section to determine the species identification. A selection of

the ‘unknowns’ was PCR amplified for the 18S gene for direct sequence comparisons

to determine the species identification.

The identification procedure was also applied to unidentified egg capsules to

demonstrate the utility of the technique on other early-stage specimens without mor-

phological descriptions. Egg capsules were collected on caged and uncaged basalt col-

onization blocks placed on the seafloor as part of a larger colonization study [20, 24].

Nine blocks collected during the May 1998 cruise contained egg capsules with em-
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bryos and developing veligers. The blocks with egg capsules had been placed in within

vestimentiferans and mussels with and without cages (6 mm mesh described in [20]).

Blocks placed in the periphery did not contain egg capsules. Larvae in the egg cap-

sules had not yet formed identifiable shells preventing morphological identification,

therefore, they were identified by direct 18S sequence comparisons. Sequences ob-

tained from the egg capsules were compared directly to the gastropod 18S sequences

from known adults using Sequencher v. 4.2.2 (Gene Codes Corp.) and MacClade

[14]. The shape, size and number of embryos per capsule were characterized for 20

egg capsules under a Zeiss Stemi 2000-C dissecting scope.

2.3 Results

2.3.1 Morphological Identification and Descriptions

SEM images yielded new protoconch descriptions for three species, Gorgoleptis spi-

ralis, Echinopelta fistulosa and Nodopelta subnoda. The protoconch of G. spiralis is

characterized by a small size (∼ 150 µm) and an overall coarse punctuate sculpture

which forms close parallel rows away from the axis (Fig 2-2a, b). This description of

the G. spiralis protoconch allows it to be differentiated from the G. emariginatus pro-

toconch (Fig 2-2c) which is similar in shape, sculpture, and aperture [22], but is larger

in size (∼ 180 µm). Based on sorting thousands of vent larvae, a difference of 30 µm

in size is diagnostic for identification (SM and DA personal observation). G. spiralis

is distinguished from another close relative, Clypeosectus delectus (Fig 2-2d), by the

scalloped aperture. Additional images of C. delectus protoconchs on two juveniles

(not shown) confirm the previous protoconch description and larval identification.

In the Peltospiridae, the protoconch of E. fistulosa (Fig 2-3) is distinct at the

species level, but the protoconch of N. subnoda (Fig 2-4) is not. Both protoconchs

were similar to protoconchs of previously described peltospirids based on the presence

of ridges. E. fistulosa protoconchs can be easily distinguished from other members of

the peltospirid family by the limitation of ridges to near the apex and indentations

or “shelves” at the axis of coiling. The protoconch of N. subnoda (Fig 2-4 a, b) is not

distinguishable to species due to a high degree of similarity to that of P. operculata

(Fig 2-4c). Both species are characterized by smooth parallel ridges and moderate

size (215-220 µm).

Protoconchs on the remaining juveniles were not informative. An additional 11
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a

c

b

d

Figure 2-3: SEMs of juvenile and larval Echinopelta fistulosa. (a) E. fistulosa juvenile.
The white arrow denotes the location where the protoconch was previously attached.
(b) Protoconch detached during manipulations of E. fistulosa juvenile pictured in a.
Two E. fistulosa larvae are pictured to show the ridged sculpture restricted to the
axis (c) and the indentations on the sides in the same orientation as the protoconch
from the juvenile (d). Scale bars are 10 µm for all shells except a (100 µm).
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a b

c d

Figure 2-4: SEMs of juveniles and larvae in the family Peltospiridae. (a) Nodopelta
subnoda juvenile. (b) N. subnoda protoconch attached to juvenile pictured in a. (c)
Peltospira operculata protoconch on a juvenile, repictured from [22]. (d) Peltospirid
larva that closely resembled both N. subnoda and P. operculata in shape and sculp-
ture. Scale bars are 10 µm for all shells except A (100 µm).
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intact protoconchs on juveniles, Lepetodrilus cristatus, L. elevatus, L. ovalis, L. pus-

tulosus, Nodopelta rigneae, N. subnoda, and Peltospira operculata were found and

imaged. Images of N. rigneae, N. subnoda, and P. operculata were uninformative due

to corrosion or other damage. Lepetodrilus spp. exhibited the previously described

punctuate sculpture but lacked visible species-specific characteristics.

Morphological characteristics of the protoconch of 27 vent gastropods from the

EPR 9◦ 50′ N area were compiled from the literature and from new descriptions from

SEM images presented in this study (Table 2.3). With the new morphological de-

scriptions, 20 descriptions are diagnostic to the species level, five descriptions are

diagnostic to the genus level, and two descriptions are diagnostic to the family level.

All descriptions from the literature, except for Phymorhynchus sp. were from pro-

toconchs preserved on identified or identifiable juveniles. The larval description of

Phymorhynchus sp. is based upon veligers found within egg capsules collected on the

Galápagos Rift morphologically identified as belonging to the genus Phymorhynchus

[6]. Unnamed archaeogastropods in Lutz et al (1986) [12] and Lutz et al (1984) [13]

have been since described and are identifiable as L. cristatus and L. ovalis, respec-

tively. Unnamed Rimula? in Turner et al 1985, figure 11a-c [30] has since been

identified as Temnozaga parilis. The specimen in Mullineaux et al (1996) [22] figure

1F, 1I was mistakenly identified as Lepetodrilus ovalis instead of L. elevatus.

2.3.2 Identification of a Defined Group of Species -

RFLP Design

For the Lepetodrilus spp. and peltospirid groups, 16S rDNA sequences from morpho-

logically identifiable adults and juveniles contained suitable variation among species

to design species-specific RFLP assays (GenBank accession numbers listed in Table

2.1, Fig 2-10). Species-specific banding patterns were obtained for L. cristatus, L.

elevatus, L. ovalis, and L. pustulosus by digesting the initial PCR product with the

restriction enzymes Sty I, Stu I, and Dra I (Promega) together, using Buffer B, for 3-4

hours at 37◦ C (Fig 2.3.2). Due to decreased efficiency (75-100%) of Sty I in Buffer B

(Promega), digestion of PCR products from L. ovalis often resulted in the expected

diagnostic cut bands as well as a remaining uncut band. Inclusion of Stu I is optional

but makes an additional cut which facilitates identification of L. cristatus.

Diagnostic banding patterns were obtained for the peltospirids (Fig 2-6) by di-

gesting the initial PCR product with Dra I (New England Biolabs) for 3-4 hours at
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100 bp 100 bpLe Lo Lp Lc

Figure 2-5: Restriction frag-
ment length polymorphism assays
showing species-specific banding
patterns using Dra I, Stu I, and
Sty I. Le, Lepetodrilus elevatus ;
Lo, L. ovalis ; Lp, L. pustulosus ;
Lc, L. cristatus. 100 bp ladder is
included as size standard.

37◦ C and, if necessary, with Ssp I and EcoR V (New England Biolabs) in buffer

3 for 3-4 hours at 37◦ C in parallel. The first Dra I digestion identifies Peltospira

operculata, P. delicata, Echinopelta fistulosa1 and H. hirta to species and the genus

Nodopelta but does not distinguish among Nodopelta species. The second Ssp I and

EcoR V digestion of the initial PCR product was only necessary to distinguish among

Nodopelta species.

Digestions to test for false positives and negatives produced the expected banding

patterns for all adult individuals from each species with the exception of Peltospira

delicata and a single specimen of Lepetodrilus cristatus. Ssp I and EcoR V digestion

of three individuals of P. delicata produced the banding patterns expected for P.

operculata. However, the banding patterns in the initial Dra I digestion produced the

expected banding patterns for both P. delicata and P. operculata.

2.3.3 Identification with No Morphological Information –

Expanding the Sequence Database

Diagnostic 18S rDNA sequences were obtained from 39 adult gastropods representing

19 species (Table 2.1). Genbank contained two different sequences of the 18S rDNA

region for each of Eulepetopsis vitrea and Peltospira operculata. To resolve possible

sequence errors in these and other species, all of the existing GenBank sequences, ex-

1Echinopelta fistulosa was included in the RFLP because it was not morphologically identifiable
at the time of RFLP development
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100bp Nr Ns Nh Po Pd Ef

A B

100bp 100bpNr Ns Nh Pd Po Ef Hh100bp Hh

Figure 2-6: Restriction fragment length polymorphism assays showing species-specific
banding patterns for Dra I (A) and Ssp I with EcoR V (B). Nh, Nodopelta heminoda;
Nr, N. rigneae; Ns, N. subnoda; Pd, Peltospira delicata; Po, P. operculata; Hh,
Hirtapelta hirta. H. hirta digestions are predicted patterns inferred from sequence
data, since no specimens were available. 100 bp ladder is included as size standard.

cept for Melanodrymia aurantiaca (specimens were not available), were verified with

additional sequences in the present study. GenBank sequences and thier accession

numbers that were identical to sequences obtained during the present study are in-

cluded in Table 2.1. Sequences for 13 new species were added to the public database,

bringing the total number of vent gastropod species near 9◦ 50′ N EPR with 18S

rDNA sequences to 20 (Table 2.1).

Genetic variation of the partial 18S sequence (∼ 550 bp) was sufficient to differen-

tiate among the vent gastropod species except among Lepetodrilus spp. Neomphalids

showed the highest divergence amongst species with greater than 15 bp (max 33 bp)

differences between species pairs. Genera within Peltospiridae differed by at least 7

bp and up to 19 bp, but differences among species within genera were lower, 2-9 bp.

The pairwise difference between Peltospira delicata and P. operculata was 4 bp and

between Nodopelta heminoda and N. subnoda was 2 bp. Lepetodrilids differ from

all other families by greater than 45 bp sequence divergence, however differentiation

within the family was very low. Lepetodrilus elevatus, L. ovalis and L. pustulosus were

identical over 540 bp and differed from Gorgoleptis spiralis and from L. cristatus by

only one base pair. In the Caenogastropoda, Gymnobela sp. A and Phymorhynchus

major varied by only one base pair. (See Section 2.5 for Sequence Alignments and

Phylogenetic Tree)
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GenBank Accession #
Species 18S 16S
Subclass Patellogastropoda
Family Neolepetopsidae
Eulepetopsis vitrea AF046052 (3) U86355
Neolepetopsis densata
Neolepetopsis occulta
Neolepetopsis verruca

Subclass Vetigastropoda
Family Trochidae
Bathymargarites symplector AY090810 (2) DQ093477
Family Lepetodrilidae
Clypeosectus delectus
Gorgoleptis emarginatus
Gorgoleptis spiralis EF549668 (1)
Lepetodrilus cristatus EF549671 (2) EF549687 (2)
Lepetodrilus elevatus AY145381 (2) U86348 (2)
Lepetodrilus ovalis AY923887 (2) U86351 (2)
Lepetodrilus pustulosus AY923886 (3) EF549690 (2)
Lepetodrilus tevnianus
Family Sutilizonidae
Sutilizona theca
Temnozaga parilis
Family Fissurellidae
Cornisepta levinae

Subclass Uncertain
Superfamily Neomphaloidea
Family Neomphalidae
Cyathermia naticoides AY090803 (2) DQ093472
Lacunoides exquisitus
Melanodrymia aurantiaca AY090805
Melanodrymia galeronae
Neomphalus fretterae AY090806 (2)
Pachydermia laevis EF549673 (2)
Planorbidella planispira
Solutigyra reticulata
Family Peltospiridae
Ctenopelta porifera
Echinopelta fistulosa EF549677 (2) EF549691 (2)
Hirtopelta hirta AY163397
Lirapex granularis
Lirapex humata
Nodopelta heminoda EF549675 (1) EF549692 (1)
Nodopelta rigneae EF549676(1) EF549693 (1)
Nodopelta subnoda EF549674 (2) EF549694 (2)
Peltospira delicata AY923893 (3) EF549695-6 (6)
Peltospira lamellifera
Peltospira operculata AY090807 (3) EF549697 (6)
Rhynchopelta concentrica AF534988 (2)

Subclass Caenogastropoda
Family Conidae
Gymnobela sp. A EF549685 (3)
Phymorhynchus major EF549684 (1)
Family Provannidae
Provanna ios
Provanna muricata

Table 2.1: GenBank accession numbers for north EPR vent gastropods. Accession
numbers in bold were contributed by this study. All existing 18S sequences in Gen-
Bank, except for Melanodrymia aurantiaca and Hirtopelta hirta, were verified by
additional sequences. 16S sequences in GenBank were verified for the Lepetodrilidae
and Peltospiridae. The number of individuals sequenced is in parentheses ().
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Date
Species 13-Nov 14-Nov 15-Nov 16-Nov Total
B. symplector 1 1
C. delectus 1 1
C. naticoides 5 10 2 1 18
G. spiralis 1 1
P. operculata 1 1
Unknown peltospirid 1 1
Lepetodrilus spp. 1 2 3
Unknown benthic sp. A 1 2 1 1 5
Laeviphitus sp. 2 4 2 8
Unknown 1 1 2
Daily Total 10 21 6 4 41

Table 2.2: Abundances of gastropod larvae at Choo Choo vent site, 9◦ 49.60′ N
East Pacific Rise, each day collected over a 0.5 m2 area. The first four species were
identified to species morphologically. Peltospira operculata was identified using RFLP.
The morpho-types Unknown Benthic sp. A and Laeviphitus sp. were sequenced but
were not successfully assigned to species.

2.3.4 Application to Larval Samples

Forty-one gastropod larvae, collected in the sediment trap over the course of four

days, were analyzed to demonstrate the staged approach (Table 2.2). Twenty-one of

the specimens could be identified as either Bathymaragrites symplector, Clypeosectus

delectus, Cyathermia naticoides, and Gorgoleptis spiralis under a light microscope

by morphology alone. Cyathermia naticoides (n=18) was the most abundant species

collected. The remaining 20 specimens that could not be identified to species mor-

phologically were divided into 3 morpho-groups, Lepetodrilus spp., peltospirids, and

unknown for further identification.

The Lepetodrilus spp. and peltospirids were suitable for RFLP analyses (Fig 2-6),

however, genomic extractions failed to yield sufficient DNA for PCR for all but one

individual. An unknown peltospirid was identified as P. operculata.

Two distinct morpho-types in the unknown group, ?Laeviphitus sp. and Unknown

Benthic sp. A (sensu [23]), were sequenced for identification by direct comparison of

18S rDNA. These morpho-types were chosen due to their relatively high abundances

in the collection. Neither ?Laeviphitus sp. nor Unknown Benthic sp. A matched any

gastropod species within the current 18S database for gastropods along the Northern

EPR. Additionally, morphological identifications of Cyathermia naticoides and Bathy-

margarites symplector were verified through direct 18S rDNA sequence comparison
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of one individual each.

The sequence database was used to identify to species lenticular egg capsules

(Fig 2-8) collected on colonization blocks. Comparison of partial 18S rDNA sequences

from the lenticular egg capsules showed that the capsules were laid by the conid

gastropod Gymnobela sp. A. Sequences from six egg capsules, including yellow, pink

and transparent capsules, had a 100% match over 540 bp with each other and adult

Gymnobela sp. A, but differed from Phymorhynchus major by only one base pair

(Supplemental Material 2-9). The lenticular egg capsules occurred in abundances

ranging from 1 to 390 egg capsules per block with densities up to 1.6 capsules per cm2.

Egg capsules are 2.0-3.0 mm (average 2.6 mm) in diameter, harbor approximately 90-

200 embryos, and have a pink, yellow or transparent coloration.

2.4 Discussion

2.4.1 The Staged Approach to Larval Identification

Thirty-two of the 41 gastropod species inhabiting the northern EPR (NEPR) can

be identified to species at the larval stage using a combination of morphological and

molecular techniques. This is nearly double the number of previously identifiable gas-

tropod species. Twenty-five of the 26 gastropod species known to occur specifically in

the 9◦ 50′ N area can be identified to species, an increase of 14 species. Only Provanna

ios has no morphological or molecular information, due to scarce collection and poor

preservation of the larval shell on juveniles and adults. New SEM protoconch descrip-

tions of Gorgoleptis spiralis, Echinopelta fistulosa and Nodopelta subnoda increases

the total of morphological protoconch descriptions for NEPR gastropods to 20 diag-

nostic to the species level, five diagnostic to the genus level, and two diagnostic to the

family level. The RFLP assays allow for identification of four species within the genus

Lepetodrilus and six species of peltospirids. 18S rDNA sequences for 20 species are

available in GenBank, providing a ‘bar code’ with which to identify NEPR gastropod

species at any stage.

Morphological and molecular techniques have advantages and disadvantages such

that the combination of the two is better than either alone. The level of morpho-

logical identification in Table 2.3 is based on identification under a dissection and/or

compound light microscope. Morphological identification under a light microscope

requires very little equipment and thus has a low direct cost. In addition, more than
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25 specimens can be identified in an hour. Specimens are not destroyed in the iden-

tification process and can be used in the future.

Molecular identification techniques, though currently more costly and time con-

suming, contribute to new morphological descriptions and complement morphological

identification techniques when morphology alone is insufficient. Molecular techniques

require more specialized and expensive equipment and reagents. The procedure re-

quires more steps, with each step ranging in time commitment from 15 minutes to

4 hours. The longer steps do not require continuous labor and attention but make

the entire process from sample to sequence or RFLP assay take 2-3 days. Multiple

samples can be processed during this time period. The use of RFLPs eliminates se-

quencing, thus reducing the overall cost. The restriction enzymes Ssp I and EcoR

V are more expensive than Dra I, therefore I suggest performing the Dra I digest

for the peltospirids first and then performing an Ssp I and EcoR V digest only if

necessary to distinguish among Nodopelta species. This will also prevent the poten-

tial for false identification of Peltospira delicata as P. operculata. Peltospira spp. are

more common in adult collections than Nodopelta spp. at the 9◦ 50′ N area (T. Shank

unpublished data, DA personal observation) and Hirtapelta hirta are not known from

the 9◦ 50′ N area [38]; therefore it is reasonable to predict that Peltospira spp. lar-

vae, identifiable with the Dra I digestion, will be more common than other unknown

peltospirids in the plankton.

Lepetodrilus spp. and the peltospirids are two groups of species that exemplify

the need to combine molecular and morphological techniques. SEM imaging of un-

known peltospirid and Lepetodrilus sp. larvae and additional Lepetodrilus spp. juve-

niles yielded no additional information about species-specific protoconch characters.

The similarity between Peltospira operculata and Nodopelta subnoda protoconchs and

amongst the Lepetodrilus spp. protoconchs in SEM images indicates that morphol-

ogy is not, at present, a useful tool for identifying these species in the larval stage.

Given the high degree of similarity in shape, sculpture and size between N. subnoda

and P. operculata, it is unlikely that other members of these two genera, N. rigneae,

N. heminoda P. lamellifera and P. delicata, will be easy to differentiate based on

protoconch morphology. Additional imaging of juvenile specimens of the unknown

peltospirids could yield species-specific descriptions such as that for Echinopelta fis-

tulosa; however, peltospirids were rare in the collections from nine cruises screened in

this study and, like other gastropods, have a high occurrence of protoconch loss and
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a

c

b

d

Figure 2-7: Scanning electron micrographs of larvae representing different families.
(a) Euleptopsis vitrea larva, family Neoleptopsidae. (b) Bathymargaties symplector
larva with PII growth, family Trochidae. (c) Lepetodrilus sp. larva, family Lepeto-
drilidae. (d) Cyathermia naticoides larva, family Neomphalidae. Scale bars are 100
µm for all shells.
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damage. The available morphological information does, however, allow for grouping

into defined groups such that RFLP assays can be used.

Genetics may also be needed for identifications of early stages of the Caenogas-

tropods. In the present study, the egg capsules of one species of caenogastropod in

the NEPR, Gymnobela sp. A, were identified to species and described morphologically

after molecular identification. Other egg capsules and veligers have been described

morphologically by Gustafson and collegues [6] but have not been definitively assigned

to a species. The protoconch and teloconch of caenogastropods quickly corrode such

that additional morphological descriptions from retained protoconchs are unlikely.

Gymnobela sp. A has not yet been described as a species due to high levels of cor-

rosion of examined specimens [38]. Even juveniles with intact protoconchs may not

yield species-specific protoconch descriptions because descriptions of juvenile shells

are also rare. Direct sequence comparison can help generate morphological descrip-

tions of Caenogastropods’ and other gastropods’ protoconchs by identifying juveniles,

by identifying egg capsules containing developed veligers, and by directly identifying

planktonic larvae. More molecular work on the caenogastropods is needed.

Similarity between species and lack of descriptions are just some of the problems

that prevent morphological identification. Specimens in an embryo, egg case or tro-

chophore stage, or with a damaged shell, may have no taxonomically informative

morphology. These specimens can still be identified using genetics, as demonstrated

in the present study by the identification of the under-developed Gymnobela sp. A

veligers within egg cases.

2.4.2 Daily Larval Collections

Identification of larvae from sediment trap collections demonstrated the utility of the

combined morphological and molecular approach. Larval collections varied daily in

abundance and species composition (Table 2.2). The high abundance of Unknown

Benthic sp. A and ?Laeviphitus sp. which are unknown as adults and did not match

any sequences in the database is intriguing. Species of Laeviphitus have not been

found on the EPR as adults, but the genus was originally described from larvae, and

the PI and PII on larval specimens from this study and Mullineaux et al. 2005 [23]

closely resemble other Laeviphitus spp. larvae. ?Laeviphitus larvae may exhibit high

abundances near vents due to the increased food supply in the plankton but not reside

at vents as adults. Unknown Benthic sp. A does not have PII growth suggesting a non-
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a b

Figure 2-8: Light micrographs of the lenticular egg capsules. (A) Egg capsules density
deposited on a basalt block. The arched striations on the block are from cutting the
blocks. Scale bar is 1 cm. (B) Close up of three egg capsules at different stages. The
right case is yellow with yolky globular embryos inside. The empty middle capsule
clearly shows the oval escape aperture from which the larvae escaped. The bottom
right capsule is pinkish and contains developing larvae with bilobed velums but no
fully developed shell. Scale bar is 1 mm.

feeding larval form, so increased food supply does not explain the high abundances

for this morpho-species. Alternatively, adults of ?Laeviphitus and Unknown Benthic

sp. A may be present in the vent periphery which is not well sampled.

Difficulties in DNA extraction prevented the identification of one unknown pel-

tospirid and three Lepetodrilus spp. The identified Peltospira operculata and a Lep-

etodrilus were extracted within 3 months of collection, whereas attempts to extract

DNA from the other larvae occurred > 6 months after collection. DNA could have

been too degraded after 6 months to successfully amplify in PCR reactions. Extrac-

tions of Lepetodrilus spp. may not have been successful, even within 3 months, due

to their relative small size. DNA was successfully extracted from larger larvae, such

as Cyathermia naticoides and Laeviphitus sp. Additionally, a fresh water rinse may

have lysed cells, resulting in loss of DNA. Alternative preservatives and sampling

techniques could yield sufficient amounts of high quality DNA for identification of

unknown larvae using RFLP and direct sequence comparisons.

2.4.3 Egg Capsules

The lenticular egg capsules (Fig 2-8) were identified molecularly to belong to Gym-

nobela sp. A. Sequences from the egg capsules and Gymnobela sp. differed from Phy-

morhynchus major by one base pair (see Supplement 2-9). The habitat in which the
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egg capsules were collected is consistent with their designation as Gymnobela sp. A.

Gymnobela sp. A have been collected in mussel aggregations near active venting where

the egg capsules were found. Blocks placed in the periphery, where Phymorhynchus

major has been predominantly observed, did not contain any lenticular egg cap-

sules. Additionally, the 6 mm mesh cages would have prevented larger gastropods,

like Phymorhynchus major (up to 72 mm) [38], from entering and depositing eggs.

The smaller size of Gymnobela sp. A, 12 mm (maximum length [38]), would allow

the gastropod to enter the cages and is consistent with the size of the egg capsules.

Phymorhynchus sp. is believed to deposit large, 14-16 mm diameter, lenticular egg

capsules found on the Galápagos Rift [6]. The egg capsules have similar shapes which

supports the close phylogenetic relationship between the two species, but the differ-

ent sizes and adult distributions suggest that the egg capsules collected on the basalt

blocks belonged to Gymnobela sp. A.

Identification of the Gymnobela sp./ A egg capsules is an example of how molecular

identification contributes to our understanding of life histories and the ecology of

vent gastropods. Gymnobela sp. A is a species for which little life history data were

previously known due to poor preservation of larval and juvenile shells on adult

specimens. This early life-history information allows us to compare Gymnobela sp. A

to other gastropod species with different larval dispersal potential, i.e. planktotrophic

larvae and non-planktotrophic lecithotrophic larvae. Comparisons of the genetics,

benthic ecology and larval supply at the species level for species with different life

histories may provide additional insights into the role of larval dispersal in structuring

benthic communities.
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ATATGCTTGT CTCAAAGATT AAGCCATGCA TGTCTAAGTT CACACCCTTG

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

TACGGTGAAA CCGCGAATGG CTCATTAAAT CAGTCGAGGT TCCTTAGATG

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

ATCCAAATTT ACTTGGATAA CTGTGGTAAT TCTAGAGCTA ATACATGCCG

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ---------T

AACAGCTCCG ACCCCTCGGG GAAAGAGCGC TTTTATTAGT TCAAAACCAG

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

TCGGGTTCTG CCCGTCCTTT GGTGACTCTG GATAACTTTG TGCCGATCGC

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

ATGGCCTCGA GCCGGCGACG CATCTTTCAA ATGTCTGCCC TATCAAATGA

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

CGATGGTACG TGATCTGCCT ACCATGTTAG CAACGGGTAG CGGGGAATCA

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

GGGTTCGATT CCGGAGAGGG AGCATGAGAA ACGGCTACCA CATCCAAGGA

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

AGGCAGCAGG CGCGCAACTT ACCCACTCCT GGCACGGGGA GGTAGTGACG

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

AAAAATAACA ATACGGAACT CTTTTGAGGC TCCGTAATTG GAATGAGTAC

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

ACTTTAAACC CTTTAACGAG GATCTATTGG  [530] 

---------- ---------- ----------

?????????? ?????????? ?????????? 

Figure 2-9: Alignment of partial 18S sequences from unknown lenticular egg capsules
compared to Gymnobela sp. A and Phymorhynchus major. Dashes indicate no change
from reference. The last 30 bp of Phymorhynchus major were not sequenced and are
thus represented as question marks. Note the one base pair difference between the
sequences.
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---------- -----A---A --G-A-.-G- ---------- ----------
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---------- -----A---T G---A----- ---------- ----------

CCGGTGATGT AGGAGTTAAA CGGCCGCAGT ACCCTGACTG TGCAAAGGTA
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GCATAATCAT TTGCCTTTTA ATTGAGGGCT AGTATGAAAG GTTTGACGTG

---------- ---------- ---------- G--------- ----------

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

GACTAAGCTG TCTCCTGAGG ATTATATAGA AATTAATTTT TAGGTGAAAA

---------- ---------- -----G---- -G----C--- ----------

---------- ---------A ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

AGCCTGAATT TAACTGTGGG ACGAGAAGAC CCCGTTGAGC TTTAGTTAAA

G----A---- -GGT-A---- ---------- ---------- ----AC----

-----A---- --GT-A---- ---------- ---------- ----AC---T
-----A---- -----A---- ---------- ---A------ ----A-----

CTTTAAAATA GGGAAAACAG TGGC.TGTAT TGAACTAATT TCTAAGGTAT

---------- ---------- --AT.----- ---------- -T------G-

---G-G---- ---------A -AAAG----- ---------- -T------G-

----G----- --A------A --ATG----- ---------- ----------

TTTTAGTGGG GGAAAACGGA GGAATAGTTA AAGCTTCCTC TTTTTAAGA.

---------- ---------- ----C-AA-- ---------- -------A-T

---------- ---------- ----C-AA-G ---------- ------TART

---------- ---------- ------TAAG ---------- ------GC-T

AGATTRAGTT ATTTGTATCT GTAGAGATAT AATAAAGGAA TTTGTATAAT

-A---A-A-- --A.....-- AA-T---AG- -T-G-GTAG- ---TA-T--.

-A---A---A -CA.....-- TA-A--G-G- ...G--TAT- G--.AGA--A

G----G---- --------T- -A-A-T-A-- --A--..... ..AT---GT-

TAAATTAAAG CTGGTGTGTA ATGGTTTAGT AAAAGGATCC GTTGAAAGTA
--------GA ---------- -A------A- ---------- -------T-G

--------GG ---A----C- GA------A- ---------- ---T--T--.

-TTGG----- ----CA---G -------GA- -G-------- ------RTA-

A.GTAGATGA TTAAGGGAGA GAGTTACCAC GGGGATAACA GCGTAATTTC

-T-A---C-- ---------- A--------- ---------- ----------

-TAA-A-C-- ---------- ---------- ---------- ----------
-TT--.---- --------A- ---------T ---------- ----------

TTCTGGAGAG TTCATATTGA AGGAGGGGTT TGCGACCTCG ATGTTGGATT

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

---------- ---------- ---------- ---------- ----------

AAGACATCCT AAGGGTGTAG CAGCTTTTAA GGGTTGGTCT GTTCGACCAT

---------- GG-------- -----CCCG- ---------- ----------

---------- G--------- ---T---C-- ---------- ----------

---------- G--------- -----C---- ---------- ----------

TAAAGTCTTA CGTGATCT 

A--------- -------- 

A--------- -------- 

A--------- -------- 

                 [618] 

Figure 2-10: Alignment of partial 16S sequences from Lepetodrilus spp. Box denotes
the Dra I recognition site. Underline denotes the Stu I recognition site. Double
underline denotes the Sty I recognition site.
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----A----- ---------- ---------- ------T--C G-AAT-----
---TA----- ---------- ---------- ------T-GC G-GAT--G--
----G----- ---------- -------A-- ---------- --GAG--T--
----GGC--- ---------- ---------- ------T--- -GAG--G---

ACAAAATTAT ATAAGTAGAA AATTATTTTT TAAAAATTAT TTTAGTTGGG
TGTACAGGTA TAG-T--A-- GG-----A-- -T-T--A--- ----------
-GT--T--TA TG--TC-A-- --A--C---- -TTTT--CT- ----------
-AT--T--TA TG--TC-A-- --A------- -TT-T--CT- ----------
-AT--T--TA TG-GTC-A-- --A---C--- -TT-T--CT- ----------
-AT-G-G-TA TG--TC-A-- C-A-R----- -T-GT----- ----------
G---GTA-.A TG--TC-A-- T-A-G----- -TTGT-A--- ----------

GCGACTGAGG AACAAAA.TA GCTTCCTTTC ATTGTTTTAG CACAC.....
---------- -------.-- A--------A –G-TAAGAAA ...ATAATTA
---------- -------.G- ---------A TGAAAAAAGA TTAATTTTAT
------A--- -------.TA ---------T --A-AAAAGA TTTATTGGTA
---------- -------.G- ---------T T-ATAAGAGA .....TTTAT
---------- -------G-- ---------A T--AAAAG-A ......TATA
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.TTGCAAAGA TCCAGCCAAA TGCTGATCAA AGAAAATAGT TACCACAGGG
T--TT-TT-- C---AA.-TG –TT----T-- -AG--T---- -----T----
T-.....T-- -----G.-T- -C-----T-G –AG--T---- ----------
T......T-- -----G.--- -C-----T-G –AGT-T---- ----------
T-ATTT-T-- -----G.-T- -T-----T-G –AG--T---- ----------
T--ATTT--- ----AAA--- -TT----T-- -AG--T---- -----T----
T--ATGGT-- ----AAA..T –TTT---T-- -AG--T---- ----------

ATAACAGCGT AATCTTCTTT TAGAGCTCCC ATCGAAAAAA 
---------- ------T--- G----T--AT ----------
---------- ----C-T--- -----T--T- ----------
---------- ----C-T--- -----T--TT ----------
---------- ----C-T--- -----T--TT ----------
---------- ----C-T--- -----T--TT ----------
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 ]024[ 

Figure 2-11: Alignment of partial 16S sequences from Echinopelta fistulosa, Hirtapelta
hirta, Nodopelta heminoda, N. rigneae, N. subnoda, Peltospira delicata and P. opercu-
lata. Box denotes the Dra I recognition site. Underline denotes the Ssp I recognition
site. Double underline denotes the EcoR V recognition site.

54



100

100

84

98

60

51

59

85

81

62

100

77

Gorgoleptis spiralis

Lepetodrilus ovalis

Lepetodrilus pustulosus

Lepetodrilus elevatus

Lepetodrilus cristatus

Bathymargarites symplector

Melanodrymia aurantiaca

Cyathermia naticoides

Neomphalus fretterae

Pachydermia laevis

Nodopelta subnoda

Nodopelta heminoda

Nodopelta rigneae

Rynchopelta concentrica

Peltospira operculata

Unknown Benthic sp. A

Peltospira delicata

Echinopelta fistulosa

?Laeviphitus sp.

Lenticular Egg Capsule

Phymorhynchus major

Gymnobela sp. A

Euleptopsis vitrea

0.01 substitutions/site

Figure 2-12: Relationship between vent gastropods found near 9◦ N based on partial
18S sequences. Bootstrap values (> 50%) are shown on branches. Note the inclusion
of Unknown Benthic sp. A within Peltospiridae.
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Chapter 3

Gastropod larval flux to

hydrothermal vents influenced by

spatial and temporal variability in

currents on small scales

3.1 Abstract

Examination of the scales at which larval supply varies spatially and temporally and

correlation with concurrent physical observations has provided insights into larval

transport and delivery mechanisms. Daily variability in larval supply at two hy-

drothermal vents, East Wall and Choo Choo, near 9◦ 50′ N, East Pacific Rise was

quantified concurrently with hydrodynamic observations at both sites. The mag-

nitude and temporal variation in larval supply differed between the two vent sites

despite their close proximity, 1.6 km. Larval supply was relatively high and uninter-

rupted at East Wall compared to low and episodic at Choo Choo. Observed variation

in larval flux was compared to predictions based on advective transport by measured

currents from a continuous and discrete larval source. Variation in larval supply at

Choo Choo was correlated with along-axis southward currents, consistent with larval

transport from a northern larval source. Larval supply to East Wall appeared to be

independent of current velocities, suggesting that larvae came from multiple sources

north and south of, and possibly including, East Wall. The results indicate that

transport of larvae from discrete local sources can explain differences in larval supply
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to vent communities, even on small spatial scales (km).

3.2 Introduction

Understanding the biological and physical transport mechanisms involved in the dis-

persal, retention, and delivery of larvae is essential to the study of marine benthic

population dynamics and structure, gene flow, and connectivity. Larval supply con-

tributes to shaping population and community structure and dynamics, and the

strength of post-settlement benthic interactions: competition, facilitation, and pre-

dation [14, 29, 28, 53].

The timing and spatial extent of larval supply to benthic habitats can be governed

by physical processes. Recent research has focused on larval delivery on tidal scales

[9, 20, 36, 40], especially in regards to bay-ocean exchange. However, larval delivery

has also been correlated with wind-driven and mesoscale events, such as wind reversals

[3, 11], storms [12, 37], upwelling relaxation [42, 45], and eddies [39, 48, 49]. These

events often provide short (daily) pulses of larvae to a site, but can act over large

spatial scales (tens to hundreds of kilometers). Local topography and topographically

generated flows can disrupt the impact of large-scale processes and create a locally

mediated larval supply [41, 46, 47]. Correlation between the temporal and spatial

scales of variation in larval supply varies and concurrent physical observations have

provided insights into larval transport and delivery mechanisms.

Disturbed and dynamic communities, such as hydrothermal vents, may be partic-

ularly sensitive to variation in larval supply. Hydrothermal vents along the East Pa-

cific Rise (EPR) undergo successional processes [44] reset by eruptive and/or tectonic

events on a decadal time-scale [13, 51]. Initial colonization of nascent vents after a

disruptive event will be determined, in part, by the availability and delivery of larvae.

Environment, benthic interactions, and larval supply combine to determine the suc-

cessional sequence and community composition over time. The dominant megafauna

change in concert with the temperature and chemistry of the vent fluids over time

[25, 44]. Colonization studies have shown that post-settlement benthic interactions,

such as facilitation, competition and interference, affect recruitment success [34]. The

role of larval supply in the succession of vent communities remains largely unknown

due to infrequent larval collections and a poor understanding of larval dispersal and

delivery along the EPR.
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Figure 3-1: The 9◦ 50′ N area of the East Pacific Rise. Collection sites (stars) at East
Wall and Choo Choo and the known vent communities (circles) are identified. a)
Distribution of known vent sites between 9◦ 46′ N to 9◦ 51′ N along the axial summit
collapse trough (bordered by gray region). Contour lines are 25 m; the ridge axis
depth near 9◦ 50′ N is 2500 m. b) Expanded view of area in black box in (a) to show
detail in axial summit trough topography; contours are 1 m. The strike of the axis is
approximately 8◦ counterclockwise from North. Figure adapted from [43].
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Temporal and spatial variation in larval transport and recruitment processes at

vents along the EPR have been based on few physical and biological studies com-

pared to shallow water. Vertical and lateral larval distributions have been inferred

from snap-shots of larval abundances in net and pump sampling; however, tempo-

ral information was often complicated by time-space interactions and the potential

for aliasing due to long intervals between sampling [30, 33]. Continuous time-series

observations of larval supply are rare in the deep-sea. Physical observations suggest

that passive advective transport in currents would carry larvae tens to hundreds of

kilometers within a 30 day larval life-span [6, 27]. Population genetic studies also

suggest extensive dispersal over hundreds to thousands of kilometers in many vent

species [7, 19, 21, 54, 55].

Smaller-scale (meters to kilometers) buoyancy-driven flows and topography may

disrupt passive transport within mean currents and create temporal and spatial het-

erogeneity in larval supply. Hydrothermal plumes have been hypothesized to enhance

the transport of vent larvae through entrainment into the rising plume [31]. Cur-

rent velocities at the height of the neutrally-buoyant plume are faster than current

velocities near bottom [6, 23]. Larvae also could be transported within detached hy-

drothermal plume vortices [31]. However, modeling [23] suggests that entrainment

into the rising plume is infrequent due to relatively strong horizontal current veloc-

ities and limited to larvae in close proximity (< 10 m) of the plume source. Larval

collections [33] also suggest that relatively few larvae are dispersed at plume height.

Larval abundances were highest near bottom (1 m above bottom) near vents, and

decreased exponentially with increasing height above bottom [33]. Larvae near the

bottom may experience hydrodynamic conditions influenced by the complex topogra-

phy of the axial summit trough (AST), a narrow valley running along the crest of the

ridge. Vent communities along the EPR lie predominantly within the AST [16]. The

AST has been proposed to retain buoyancy-driven flows, and thus to retain larvae

near hydrothermal vents along the Juan de Fuca Ridge [50]. However, the EPR has a

much shallower AST (3 - 15 m depth) with numerous discontinuities suggesting that

proposed larval dispersal scenarios for other biogeographic regions of hydrothermal

vents are not applicable to the EPR.

I investigate variability of larval supply to hydrothermal vent communities near 9◦

50′ N, EPR on small temporal (days) and spatial (kilometers) scales. My objectives

are to 1) characterize the daily variation in larval supply and determine its correlation
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with currents; and 2) investigate the effects of local larval sources on larval supply by

comparing the magnitude and variation in larval supply between two nearby sites.

Field observations of currents and of daily gastropod larval supply to two hy-

drothermal vents are compared to predictions based on advective transport from

different larval sources. My intent is to characterize whether larval supply in the

field correlates with physical transport near bottom and/or at height of the neutrally-

buoyant plume. Implications of variation in larval supply are discussed for population

connectivity, colonization, and community succession at vents.

3.3 Methods

3.3.1 Study Sites

The study was done at two mussel dominated vent sites, East Wall and Choo Choo,

in the 9◦50′ N area on the EPR, in November 2004. At the time of sampling, the

diffuse flow hydrothermal community at East Wall was located within the northern

portion of an active section of the AST on the ridge axis (Fig 3-1), draping the ∼13 m

relief of the east wall of the AST. Numerous other high-temperature and diffuse-flow

vent sites were located within a few hundred meters to the north and south of East

Wall within a continuous section of the AST (Fig 3-1). The northern-most vent sites

known on the 9◦ N segment lie just to the north (< 1 km) of East Wall. Choo Choo

was 1.6 km south of East Wall along the ridge axis in a small section of the AST

encompassing no other vent communities. The AST at Choo Choo was shallower (∼
5 m) than East Wall and was separated from the northern section by a shoal 200 m

to the north (Fig 3-1b). The closest larval source to Choo Choo was the Biomarker

141 community, approximately 400 m to the north (Fig 3-1). Tubeworm Pillar and

Y vent were the closest vents to Choo Choo, tens of meters south, but shut down

between 2002 and 2004 (T. Shank, K. Von Damm, personal comm.) and thus were

not considered a source of larvae for this study. The closest known active larval

source to the south of Choo Choo was the V vent community in the 9◦47′ N area,

approximately 4.5 km away (Fig 3-1a).

61



EW

N

C

S

north

south

CC

Figure 3-2: Diagram showing the position
of larval sampling and current measure-
ment sites (stars) relative to an idealized
ridge axis and possible larval sources. Ar-
rows are along-axis larval transport scenar-
ios used in the conceptual model to de-
scribe advection northward or southward
from larval sources to the north (N), south
(S), in between (C) and at East Wall (EW)
and Choo Choo (CC) (stars).

3.3.2 Sample Collection

Experimental Design

Moorings were deployed from November 12 - 22, 2004, one each near East Wall and

Choo Choo, to collect time-series samples of larvae and to measure current velocities.

The Choo Choo mooring was deployed a day after the East Wall mooring due to ship

time constraints, and thus, the Choo Choo records are a day shorter. Each mooring

was equipped with a McLane PARFLUX Mark 78H-21 time-series sediment trap with

the opening positioned at 4 meters above bottom (mab) to collect larvae. Each trap

had a sampling area of 0.5 m2 and sampled vertical particle flux continuously on

daily (24 hour) intervals until day 8 (November 19, 2004). The last two days were

sampled in 4-hour intervals in an attempt to capture diurnal and semidiurnal tidal

variability. Larval fluxes in each 4 h interval were too low for statistical analyses and

were subsequently pooled into daily intervals.

Each mooring was also equipped with two current meters positioned near bottom

(at 10 mab) and within the level of the neutrally buoyant vent plume (at 170 mab)

[2]. Aanderaa RCM11 acoustic current meters were used except for the instrument at

170 mab on the Choo Choo mooring, which was a vane and rotor RCM8 model. The

current meters on the Choo Choo mooring recorded at 10 minute intervals and the

current meters on the East Wall mooring recorded at coincident 30 minute intervals

due to lower battery capacities.

Moorings were positioned within 10 meters of the center of each of the venting

areas. Exact positioning was accomplished by lowering the mooring from the ship’s

hydrowire and navigating it into an acoustic network on the seafloor [18] using the
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ship’s dynamic positioning capabilities. A transponder on the wire communicated

acoustically with the long baseline navigational network used by DSV Alvin and al-

lowed positioning directly above the target drop site. After placement on the seafloor,

the positions of the moorings at East Wall, 9◦ 50.54′ N, 104◦ 17.53′ W and at Choo

Choo, 9◦ 49.60′ N, 104◦ 17.37′ W, were verified using slant range surveys and visual

observation from DSV Alvin.

Larval Sample Processing

Larvae were preserved in the sediment traps in situ and processed in the laboratory

after trap recovery. I used a saturated salt - 20% dimethyl-sulfoxide (DMSO) solution

[22] to preserve sediment trap samples for morphological identification and to preserve

DNA for future studies. The fraction retained on a 63 µm sieve was sorted for larvae

(gastropods, bivalves, polychaetes, crustaceans) under a dissecting microscope at 25x.

Gastropod larvae were further identified to the lowest possible taxonomic level under

dissecting and compound microscopes, often to the species level, based on shape, size

and sculpture of the larval shells (Protoconch I and II) (see Chapter 2, [32, 33]).

Larval identifications, groupings and nomenclature were based on Mullineaux et al.

(2005) [33]. Gastropod larvae unequivocally identified as of vent origin were grouped

as Vent Gastropod larvae for subsequent analyses. Gastropod larval morphotypes in

high abundance and that have been found in past larval collections [33], but could

not be definitively identified as of vent origin, were grouped and treated separately

as Probable Vent Gastropods.

Larval Spatial and Temporal Variability

Sampling was designed to characterize spatial and temporal variability of vertical

larval flux at two sites. Time-series of grouped and species-specific larval flux were not

autocorrelated (p > 0.05) (SYSTAT v.10, Systat Software Inc., Richmond, California,

USA), therefore, larval flux data were treated as independent for spatial comparisons.

Differences in larval flux between the two sites were tested using Bonferroni corrected

paired t-tests in SYSTAT v.10. Temporal variability in gastropod larval flux was

assessed using a 95% confidence interval (CI) to identify anomalous flux compared to

the mean.
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Figure 3-3: Progressive vector diagrams from current velocities measured at East
Wall and Choo Choo at 170 mab (upper) and 10 mab (lower). The orientation of
the ridge axis is shown in gray. The stars indicate initial start date and the triangles
designate subsequent 24-hour intervals.
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Between Sites Between Heights
170 mab 10 mab East Wall Choo Choo

Along Axis 0.8296 0.7472 0.5770 0.5954
Cross Axis 0.9326 0.7417 0.6140 0.8117

Table 3.1: Correlation coefficients of along-axis (v) and cross-axis (u) current ve-
locities between sites at the same height, and between heights within a site. All
correlations were significant at p < 0.001.

Current Meter Records

Currents velocities were transformed on to a coordinate system oriented along the

strike of the axis (8◦ counterclockwise from true north and 13◦ from magnetic north),

such that v is along-axis flow and u is cross-axis flow. Tidal analyses were performed

in Matlab v.7.1 (The MathWorks, Inc., Natick, Massachusetts, USA) using t tide [35].

Current records from Choo Choo were low-pass filtered [1] with a cut off of 50 min-

utes (5 data points) and then subsampled every 3rd record to make records of equal

sampling intervals from both sites for correlations of current velocities between sites.

Pearson correlations were determined for the cross-axis and along-axis components of

the current velocities between heights and between sites using Matlab v.7.1.

3.3.3 Correlation between Larval Flux and Transport

Advective Transport

Larval fluxes were compared to predictions of temporal variation in larval supply

at the collection sites based on horizontal advective transport from a continuous

discrete larval source (Fig 3.3.1). Larval flux into the sediment traps was treated

as a proxy for larval supply to the benthos, assuming a constant rate of passive

downward vertical flux (sinking out) that delivered larvae from the plankton to the

benthos. The observed larval flux serves only as an approximation of larval supply

since little information exists on when vent larvae are competent to settle. Many

vent gastropod larvae may be competent upon release or shortly thereafter because

the majority are non-feeding and have no detectable development stages [26, 32], but

times to competency are unknown. Based on these assumptions, delivery of larvae by

horizontal advective transport will determine larval supply at a given site. Analyses

were restricted to transport along the axis and ignored the cross-axis component

because hydrothermal vent communities were found exclusively along the north-south
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trending ridge axis [16] (Fig 3-1). The source of larvae may have been north of, south

of, in between, or directly at the two collection sites, East Wall and Choo Choo.

Current velocity records were used to predict the horizontal advective transport at 10

mab and 170 mab. The along-axis component of velocity determined the transport of

larvae from a given source to each collection site. For example, when currents became

northward, transport to East Wall was expected to increase if the larval source was

at a more southern site (Central, Choo Choo, or South) and to decrease if the source

was a more northern site (North). In contrast, when currents became southward,

transport to East Wall should have decreased if the larval source was to the south,

but increased if the source was to the north. If the larval source was directly at

East Wall, larval transport was not expected to vary with current direction. The

predictions for transport to Choo Choo followed the same reasoning, and depended

on the direction of currents and location of source sites of larvae. These predictions

assume that larvae were lost from the system when currents reverse directions, such

that the only larvae available for transport during each interval of sustained transport

were produced during that interval at a source site with continuous reproduction.

Predictions based on advective transport were compared to the observed patterns of

larval supply.

Correlation Analyses

A measure of advective transport, derived from measured current velocities, was

needed for correlation with larval fluxes, integrated over 24-hour periods. Total or

net transport during each 24 hour period was not adequate because the flows were

not unidirectional. Changes in the direction of flow could have caused sustained

transport in one direction to be obscured by transport in the opposite direction. As

an alternative, sustained transport in a single direction during each 24 hour period

was calculated as follows to yield estimates of along-axis northward and southward

transport. This simplification allows for larval flux and current velocity observations

to be compared to the predictions described in section 3.3.3. Intervals of continuous

(sustained) unidirectional along-axis transport during each day were identified by fil-

tering out high frequency variation (cut off 6 h) [1]. Daily transport was calculated

from the unfiltered data by integrating v over each interval of identified sustained uni-

directional transport. If multiple periods of, for example, northward flow (interrupted

by an interval of southward flow) occurred in one day, the period of furthest transport

66



Day
3 4 5 6

-10

0

10 10 mab

N

East Wall

Choo Choo

3 4 5 6
-10

0

10

c
m

 s
-1

170 mab

3 4 5 6
-10

0

10c
m

 s
-1

10 mab

3 4 5 6

-10

0

10
170 mab

Figure 3-4: Representative current velocities from days 3 to 6 of the 10-day time-
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was used as the daily along-axis northward transport. Only northward and south-

ward transport greater than 100 m was included. This distance represents sufficient

transport to exchange material between vents - the average distance between vents

clustered near 9◦ 50′ N was 138 m. Daily larval fluxes for pooled groups and selected

species were cross-correlated with daily along-axis northward, southward and net

transport using Matlab v.7.1. Cross-correlations showed no evidence of lagged corre-

lations (data not shown), therefore, Pearson correlation coefficients (cross-correlation

at 0 lag) were presented. Since current velocities were likely to be autocorrelated,

tests for the significance of the cross-correlations used a corrected sample distribution

to account for autocorrelation of both physical variable and larval fluxes (see Section

3.6.1). The significance was corrected for autocorrelation of larval fluxes (though not

significant at p = 0.05) as well to present a more conservative estimate.

Evaluating Trap Collection Efficiency

Collection efficiency of a sediment trap can change if eddies form within the trap at

high Reynolds numbers [24]. Eddies may lead to under- or over-collection of falling

particles, including larvae. Current speeds less than 10 cm s−1 are thought not to

induce collection bias [5, 17, 24, 56]. Therefore, periods with current speeds greater

than 10 cm s−1 were reviewed qualitatively for coincidences with peaks and deficits

(> 95% CI) in larval flux. The daily mean and maximum current speeds at 10 mab,

near the trap opening, were also cross-correlated with larval flux to determine if

temporal variations in larval flux were caused by changes in Reynolds number due to

current speed variation.

3.4 Results

3.4.1 Larval Fluxes

Gastropod, bivalve, polychaete, and crustacean larvae were collected over 10 days at

East Wall and over 9 days at Choo Choo (Table 3.2). I identified 19 gastropod taxa,

5 polychaete taxa, 1 bivalve taxon, and 1 crustacean taxon (Bythograea thermydron)

of probable vent origin. Of these, the crustacean and 12 gastropod taxa were un-

equivocally of vent origin. The bivalve and crustacean taxa were collected in small

numbers and thus were not included in subsequent analyses.
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Figure 3-5: Mean daily flux of gastropod larvae at East Wall and Choo Choo for the
pooled groups (a), individual vent taxa (b) and individual probable vent taxa (c) for
the nine days of concurrent collection. Asterisk: significant differences between sites
detected by paired t-tests after Bonferroni correction (p < 0.05). Error bars are one
standard deviation.

I focused analyses and discussion on gastropod larvae, which were relatively well

preserved and abundant in the samples. Some taxa were not identifiable to species

but could be assigned to genus or a familial group and thus could be assigned as

having a vent, probable vent, or non-vent origin. Taxa considered of probable vent

origin had morphological characteristics common to families known to occur at vents.

Analyses focused on pooled Vent Gastropods, pooled Probable Vent Gastropods, two

vent gastropod taxa, Cyathermia naticoides and Lepetodrilus spp., and two gastropod

taxa of probable vent origin, Laeviphitus sp. and Unknown Benthic sp. A, which were

relatively abundant.

Spatial and Temporal Variability

All gastropod taxa had greater mean vertical flux at East Wall than at Choo Choo.

(Fig 3-5, Table 3.2). Fluxes at East Wall were 2 to 18 times higher than at Choo

Choo for individual taxa. Fluxes were significantly greater at East Wall than at Choo

Choo (p < 0.05) for both pooled groups (Fig 3-5a) and the dominant gastropod taxa

(Fig 3-5b, c), except for Laeviphitus sp. which was not significant after Bonferroni

correction.

Temporal patterns of daily gastropod larval flux differed between East Wall and

Choo Choo. East Wall received an uninterrupted, yet variable, flux of larvae (Fig

3-6, 3-7). Daily fluxes varied from the mean, exceeding the 95% CI. Vent gastropod

flux at East Wall surpassed the upper 95% CI on days 2, 3 and 7, and fell below

the 95% CI on days 5 and 10. Flux of probable vent gastropod larvae exceeded the
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Taxa Origin East Wall Choo Choo
GASTROPODA

Bathymargarites symplector V 5 3
Clypeosectus delectus V 2 1
Cyathermia naticoides V 242 25
Echinopelta fistulosa V 1 0
Eulepetopsis vitrea V 12 0
Gorgoleptis spiralis V 11 1
Gorgoleptis emarginatus V 15 2
Laeviphitus sp. PV 54 12
Lepetodrilus spp. V 73 9
Neomphalus fretterae V 4 0
Pachydermia laevis V 2 0
Peltospirid 240 µm V 5 1
Peltospirid 215 µm V 2 1
Planorbidella planispira (Unkn W) V 1 0
Unknown Benthic sp. A PV 50 7
Unknown slit limpet PV 2 1
Unknown neomphalid 5 PV 18 1
Unknown neomphalid 290 µm PV 1 0

Vent Gastropods 375 43
Probable Vent Gastropods 126 21
POLYCHAETA

Ophryotrocha PV 28 1
chaetosphaera ? 24 1
polynoid ? 2 0
nectochaete larvae ? 1 1
unknown polychaetes ? 9 3

CRUSTACEA
megalopae PV 2 2

Table 3.2: Total number of larvae of benthic species collected over 10 days at East
Wall and 9 days at Choo Choo on the East Pacific Rise. V: species endemic to vents;
PV: probable vent species; ?: not determined or unknown.
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upper 95% CI only on day 7 and fell below the 95% CI on days 1 and 2. Individual

taxa generally followed the same patterns as the groups to which they were assigned

(Fig 3-7). Cyathermia naticoides, Lepetodrilus spp. and Unknown Benthic sp. A had

larval fluxes higher than the 95% CI on day 3 at East Wall. Cyathermia naticoides

also had higher flux on days 2 and 7 at East Wall. Lepetodrilus spp. had high flux on

days 2, 6 and 7. Laeviphitus sp. flux peaked only on day 7. On the other hand, Choo

Choo received comparatively low larval flux with only one episode of elevated larval

flux (Fig 3-8, 3-9). Vent gastropod flux at Choo Choo deviated from the 95% CI only

on day 3, with a peak in larval flux (34 larvae m−2d−1) coincident with the peak at

East Wall (Fig 3-8). Fluxes of C. naticoides, Lepetodrilus spp., Unknown Benthic sp.

A, and Laeviphitus sp. also exceeded the 95% CI only on day 3 (Fig 3-9). Flux of

Lepetodrilus spp., Unknown Benthic sp.A and Laeviphitus sp. was intermittent with

few or no larvae collected many days.

3.4.2 Currents

Current velocities at both sites and both heights generally trended north-northwest,

nearly aligned along the ridge axis (Fig 3-3). Near-bottom currents at East Wall

were an exception, and trended approximately due north (heading 002◦) rather than

along the general strike of the axis (heading 352◦) (Fig 3-3), possibly due to local

topographic steering. Diurnal and semidiurnal tides were the dominant frequencies

(analyses not shown). Tidal currents were aligned cross-axis (east-west) as shown by

M2 tidal ellipses (Fig 3-4). Tidally-driven cross-axis current velocities were apparent

in the 170 mab current records (Fig 3-4) but were less pronounced near bottom. Some

of the along-axis current reversals observed at 170 mab were also less pronounced or

not observed at 10 mab (Fig 3-4).

Along-axis and cross-axis current velocities were significantly correlated (p < 0.001)

between heights at a site and at the same height between sites (Table 3.1), but the

correlation between heights was lower near bottom where the currents were likely in-

fluenced by bottom friction and the topography of the AST. The correlation between

the heights was higher at Choo Choo than at East Wall possibly because the AST

was shallower at Choo Choo.

Current speeds varied with height above bottom and between sites. Mean current

speeds were 5.20 cm s−1 (max 14.4 cm s−1) at 170 mab and 3.93 cm s−1 (max 9.7 cm

s−1) at 10 mab at East Wall. Mean current speeds were 6.41 cm s−1 (max 11.4 cm
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East Wall
170 mab Net North South

Transport Transport Transport
Pooled Vent -0.293 -0.252 0.349
Pooled Probable Vent 0.550 0.628 -0.396
Cyathermia naticoides -0.279 -0.282 0.282
Lepetodrilus spp. 0.060 0.183 0.282
Laeviphitus sp. 0.628 0.634 -0.534
Unknown Benthic sp. A 0.207 0.360 -0.040

10 mab Net North South
Transport Transport Transport

Pooled Vent -0.356 -0.341 0.266
Pooled Probable Vent 0.313 0.317 -0.334
Cyathermia naticoides -0.228 -0.197 0.201
Lepetodrilus spp. -0.197 -0.193 -0.022
Laeviphitus sp. 0.495 0.524 -0.368
Unknown Benthic sp. A -0.130 -0.177 -0.114

Table 3.3: Correlation between daily advective transport and larval fluxes at East
Wall. Pearson correlation coefficients are shown comparing measured larval flux and
predicted along-axis advective transport during 24-hour periods at East Wall. Larval
values were from pooled groups and individual taxa; transport was calculated as net,
northward, and southward advection at heights of 10 and 170 m above bottom. Bold
indicates significance at the p < 0.05 level after correction for autocorrelation.
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s−1) at 170 mab and 4.31 cm s−1 (max 18.2 cm s−1) at 10 mab at Choo Choo.

3.4.3 Larval Flux and Hydrodynamics

Larval Supply

Daily along-axis transport during the study was sufficient to advect particles, includ-

ing larvae, between the vent sites in the 9◦ 50′ area. Mean net transport at both sites

was 1.4 and 1.9 kilometers per day at 10 mab and 170 mab, respectively. Advective

transport to the north was greater and more frequent than transport to the south

(Figs 3-3, 3-6 and 3-8).

Flux of gastropod larvae at East Wall was not significantly correlated at the p <

0.05 level with advective transport at either height (Table 3.3). Pearson correlation

coefficients for both groups and all taxa analyzed were generally low (r < 0.5). The

only relationship was the positive association of the Probable Vent group (not signif-

icant, p > 0.05) and Laeviphitus sp. (p < 0.05) with northward along-axis transport

at 170 mab.

Flux of gastropod larvae was significantly correlated with along-axis southward

transport at Choo Choo at the p < 0.05 level (Table 3.4). Pooled Vent gastropods,

Probable Vent gastropods, and Cyathermia naticoides were significantly correlated

with southward transport at 10 mab and at 170 mab (p < 0.05). Analyses for Lep-

etodrilus spp., Unknown Benthic sp.A and Laeviphitus sp. were not performed due

to the low magnitude of larval flux for most days. Both the Vent and Probable Vent

groups and C. naticoides showed the same trends of negative correlation with net

along-axis transport (where positive was northward) and with northward transport,

and positive correlation with southward transport. A qualitative comparison (Fig

3-8) of along-axis flow to pooled larval fluxes shows the peak flux of both Vent and

Probable Vent larvae occurred on day 3 when currents were predominantly southward

at 10 mab and 170 mab.

Trap Collection Efficiency

If trapping efficiency changed with current velocity, then one might expect to see

a correlation between larval flux and current speed. Speeds directly above the trap

openings did not exceed 10 cm s−1 at East Wall and rarely exceeded 10 cm s−1 at Choo

Choo (only seven 10-minute intervals). These high-speed intervals occurred at Choo
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Choo on days 3, 4, and 5, during periods of relatively high and low larval flux. Higher

current speeds could have been due to the shorter recording interval at Choo Choo

(averaged over 10 min) compared to East Wall (averaged over 30 min). However,

when the Choo Choo record was averaged over 30 min intervals, speeds still peaked

on days 3, 4, and 5 at greater than 9.5 cm s−1. Only one instance of currents greater

than 9.0 cm s−1 occurred at East Wall, on day 4 when larval supply was within the

95% CI. Additionally, observed daily larval flux was not correlated with both mean

and maximum current speed during each 24 hour collection at 10 mab (p > 0.5)

(Table 3.5). Therefore, I conclude that observed spatial and temporal variability in

larval flux reflected changes in larval supply to the vents, and not changes in collection

efficiency of the traps caused by hydrodynamic bias.

3.5 Discussion

3.5.1 Transport from a Larval Source

Variations in larval flux conformed to predictions based on advective transport from

a realistic distribution of discrete sources, because East Wall and Choo Choo differed

in their proximity to local sources and in larval supply. Variation in vent gastropod

larval flux at East Wall did not correlate with along-axis transport at either height and

thus did not appear to result from immigration from a single larval source. Instead,

East Wall and/or multiple sources to the north and south may have contributed to

an uninterrupted flux of larvae, independent of the currents. Multiple sources were

likely to have contributed to the larval flux at East Wall given the close proximity

of numerous vent communities during the study (Fig 3-1). The positive correlation

between gastropod larval flux and southward transport at Choo Choo was consistent

with a larval source north of the vent site. Again, this result is consistent with the

distribution of vent communities: many vents to the north within 1 km of Choo

Choo and few vents to the south of Choo Choo that were further away (> 4.5 km). It

seems that advection of vent larvae between irregularly spaced sources created spatial

variability in larval flux between two vent communities less than 1 km apart.

Diffusion, cross-axis advection, and topographic barriers could have contributed

to the decreased abundance of larvae transported over larger distances. Assuming

lateral homogeneity of flow, northward advection over a couple of days (for example

days 7 & 8 at 170 mab or any three of days 4 to 10 at 10 mab) would have been
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vent gastropod taxa, Laeviphitus sp. and Unknown Benthic sp. A, at Choo Choo.
The solid line denotes the mean flux and dashed lines denote the 95% confidence
interval. Larval flux and transport was not recorded (nr) on day 1.
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Choo Choo
170 mab Net North South

Transport Transport Transport
Pooled Vent -0.739 -0.631 0.962
Pooled Probable Vent -0.700 -0.628 0.811
Cyathermia naticoides -0.721 -0.571 0.941

10 mab Net North South
Transport Transport Transport

Pooled Vent -0.678 -0.432 0.863
Pooled Probable Vent -0.451 -0.278 0.785
Cyathermia naticoides -0.665 -0.378 0.884

Table 3.4: Correlation between daily advective transport and larval fluxes at Choo
Choo. Pearson correlation coefficients are shown comparing measured larval flux
and predicted along-axis advective transport during 24-hour periods at Choo Choo.
Larval values were from pooled groups and Cyathermia naticoides ; transport was
calculated as net, northward, and southward advection at heights of 10 and 170 m
above bottom. Bold indicates significance at the p < 0.05 level after correction for
autocorrelation.

sufficient to transport larvae from V Vent to Choo Choo. The very low larval flux,

< 10 larvae m−2 d−1 during northward flows, suggests that larvae from a southern

source did not reach Choo Choo, at least not in high abundances, during the study

period. The well-defined AST near East Wall may have facilitated transport between

vents by providing a connecting conduit, whereas larvae may have been more easily

lost due to diffusion and cross-axis transport south of Choo Choo where the AST

was discontinuous and shallower. Topographic breaks in the AST may have directly

impeded transport from V Vent to Choo Choo. Any retention mechanisms would also

reduce long-distance transport of larvae. Separation by a few kilometers (< 10 km)

appears to substantially reduce larval exchange between vent sites, such that larval

flux was primarily from neighboring vent communities (within ∼ 1-2 km). This does

not preclude occasional exchange of a few individuals that could maintain high gene

flow. Based on these observations, larval flux would be intermittent and correlated

with along-axis currents at sites isolated from other communities by as little as 5 km,

whereas sites within the center of a vent cluster would receive uninterrupted larval

flux.

Larval settlement behavior also could account for the spatial variability in larval

flux. East Wall was a more expansive and active vent community than Choo Choo.
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East Wall Choo Choo
Mean Maximum Mean Maximum

Pooled Vent -0.445 0.039 0.366 0.424
Pooled Probable Vent 0.248 0.114 0.573 0.433
Cyathermia naticoides -0.347 0.188 0.310 0.371
Lepetodrilus spp. -0.466 -0.049 0.099 0.250
Laeviphitus sp. 0.374 0.522 0.407 0.320
Unknown Benthic sp. A -0.187 -0.429 0.731 0.624

Table 3.5: Correlation between larval flux and current speeds. Pearson correlation
coefficients comparing larval flux and current speeds during 24-hour periods at East
Wall and Choo Choo. Larval values are presented as pooled groups and individual
taxa; speeds are presented as means and maxima at heights of 10 and 170 m above
bottom. Correlations were not significant at the p < 0.05 level after correction for
autocorrelation.

Therefore, East Wall was more likely than Choo Choo to have possible settlement cues

[38] such as redox potential, chemical constituents, or conspecifics. Larvae responding

to these cues would thus preferentially settle out of the plankton at and near East

Wall, resulting in higher larval flux. However, behavioral responses to settlement

cues were not likely to be the primary process driving variation in larval flux because

chemical cues are greatly diluted within the water column at the sediment trap height

and distance from main vent site ([52], Luther pers. comm.).

Spatial variation in larval production also could have contributed to the observed

spatial variation in larval fluxes. Since East Wall and its neighbors had a larger total

population of metazoans than the isolated Choo Choo site, more larvae could have

been produced and thus collected at or near East Wall. It is possible that an abrupt

spawning event at Choo Choo caused the 1-day peak in larval flux recorded there.

Given a lack of reproductive data and the significant correlation between southward

transport and larval flux, I propose that advection of larvae from nearby sources is

a more plausible explanation for the temporal variability of larval flux observed at

Choo Choo.

3.5.2 Implications for Larval Sampling

Larval flux into sediment traps is potentially a useful proxy for measuring larval sup-

ply to the benthos [30, 57]. While the correlation between measured vertical larval

flux and the actual larval supply remains unknown, the results of this study show

that this is a reasonable and feasible proxy for studying changes in larval supply and
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a valuable tool for obtaining continuous time-series in the deep-sea. However, anal-

ysis of sediment trap collections should carefully consider the biases associated with

larval collection. While there was no evidence for changes in trapping efficiency in

the current study, current velocities in other locations and environments may induce

changes in trapping efficiency over time and the bias should always be tested if pos-

sible. Sediment traps also bias particles of different sizes and weights. Larvae with

slower fall velocities (small larvae or positive and/or neutrally buoyant larvae), may

be under-collected relative to larvae with faster fall velocities (larger, sinking or down-

ward swimming larvae) ([5], reviewed in [24]). Therefore, sediment trap collections of

larvae do not represent absolute abundance and the bias will differ between species.

Bias based on particle fall velocity should not affect temporal or spatial comparisons

of changes in relative abundance of a single species or a defined species group. Ad-

ditionally, patterns of relative temporal or spatial change of different taxa can be

compared, for example at East Wall Unknown Benthic sp. A peaked in abundance on

day 3 while Laeviphitus sp. peaked in abundance on day 7. Other sampling methods

should be used for quantification of abundance and for comparison of abundances of

different species. However, observations of surprisingly high daily variation in lar-

val supply compared to seasonal and annual variability in previous ‘snap-shot’ (e.g.

pumps and nets [23, 33]) samples suggests that discontinuous ‘snap-shot’ samples

may not be a good indicator of longer-term means and patterns.

3.5.3 Ecological Implications of Variable Supply

The inferred spatial and temporal variability in larval flux has important implications

for community maintenance and succession, if it indeed represents larval supply to the

benthos. Habitable space for vent endemic species is restricted to areas with a suitable

mix of hydrothermal fluid and seawater [8, 15, 25, 44]. Space is a limited resource for

which organisms may compete and on which organisms interact. If larval supply is

consistently high at East Wall, benthic interactions such as competition may be strong

[29, 28, 42, 53]. Initial settlers of mobile species, including vent gastropods, have been

shown to inhibit subsequent colonization through interference and competition [34].

In areas like East Wall where larval supply was high and continuous, direct and

indirect competition for space are likely to affect recruits and shape the community.

The first species to successfully recruit could become the dominant species through

facilitation of conspecifics and interference with the successful recruitment of other
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species. The dominant macrofauna may be different at individual vents based on

the “lottery winners” and may be an alternative explanation for the observations of

dominance by different macrofaunal species in mussel communities [10]. In contrast,

relatively low larval supply to Choo Choo and other isolated vent communities may

decrease the strength of benthic interactions during initial colonization due to lower

densities of organisms. Larval supply and settlement may have a greater influence on

shaping the initial community structure at Choo Choo than post-settlement processes.

3.6 Supplemental Material

3.6.1 Correction for Autocorrelation

While the time-series did not show any significant autocorrelation, one would ex-

pect that current velocities would be autocorrelated (non-random). Therefore, the

variance of the sample cross-correlation function must be corrected to account for

autocorrelation. The variance of two independent time-series, X and Y, with no

autocorrelation and length n is given as

V arρ̂XY (h) =
1

n

∞∑

h=−∞
ρX(h)ρY (h) (3.1)

in terms of the autocorrelation functions ρX of each series at a given lag, h [4].

To correct for autocorrelation or serial dependence, I assume that the time-series

follows a first order autoregressive model,

Xt − µX = β(Xt−1 − µX) + εt, (3.2)

where µX is the mean of X, β is the autoregressive parameter at lag 1 that, for

stationarity, must lie between -1 and 1, and ε is the error with mean 0 and variance σ2.

While the first order autoregressive model may not fit the data perfectly, it is a good

approximation (Fig 3.6.1) and a simple method for correcting for autocorrelation.

The autocorrelation function ρX for the first order autoregressive model is

ρX(h) = β|h|. (3.3)
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Through substitution of Eq. 3.3 into Eq. 3.1,

V arρ̂XY (h) =
1

n

∞∑

h=−∞
β|h|γ|h| (3.4)

where γ is the autoregressive parameter for series Y. Since the autoregressive param-

eters are symmetrical around zero, such that h = -1 = 1, and by definition ρx(0) =

1, the equation simplifies as follows

V arρ̂XY (h) =
1

n
(1 + 2

∞∑

h=1

(βγ)|h|). (3.5)

Eq. 3.5 includes the expansion of the geometric series

xm

1− x
=

∞∑
n=m

xn (3.6)

where, x = βγ; and satisfies the condition |x| < 1, since β and γ must lie between -1

and 1. Replacement with the geometric series yields

V arρ̂XY (h) =
1

n
(1 + 2

βγ

1− βγ
). (3.7)

Sample cross-correlation can then be compared to this estimate of variance, which

is estimated using the lag 1 autoregressive parameter of each time-series and the

length of the time-series. At the 0.05 significance level, the sample cross-correlation

is significant if greater than 2
√
|V arρ̂XY (h)|.
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Chapter 4

Larval transport contributes to

successful larval dispersal and

larval loss

4.1 Introduction

Physical mechanisms involved in larval supply have received much attention over the

past decades (e.g. [9, 16]), in part due to the suggestion that larval supply is a major

factor in structuring the benthic community [18, 32, 33]. Understanding the pro-

cesses that control the supply of larvae to benthic communities may provide insights

into metapopulation dynamics. Since populations of many marine benthic inverte-

brates are aligned roughly linearly along the coastline, currents perpendicular to the

coast can contribute both to increasing larval supply through delivery and to decreas-

ing larval supply through loss. Episodes of larval supply to subtidal and intertidal

populations have been correlated with on-shore transport of larvae in surface slicks

generated by internal waves [29, 30], internal tidal bores [25], and wind-generated

currents [2, 11, 15]. Off-shore currents can transport larvae away from suitable ben-

thic habitats, for example during upwelling [3, 26]. Variation in along-shore currents

also has the potential to impact larval supply by delivering larvae from different larval

pools/sources along the coast [28].

Similar processes could be also be important in the deep-sea. Hydrothermal vent

communities on the East Pacific Rise (EPR) are aligned approximately linearly along

the north-south trending ridge axis (Fig 4-1). Cross-axis flow in either direction (east
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Figure 4-1: The 9◦ 50′ N area of the East Pacific Rise. Mooring sites at East Wall,
Choo Choo, and off-axis (stars) and the known vent communities (circles) are identi-
fied. The vent communities closest to the collection sites are denoted by solid circles.
The closest known vent to the south of Choo Choo is not shown on this map. Contour
lines are 2 m; the ridge axis depth near 9◦ 50′ N is 2500 m. Figure adapted from [27].
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or west) could transport larvae away from the vent communities on the ridge axis to

unsuitable habitat, and thus, contribute to larval loss. Mean near bottom flow in the

eastern tropical Pacific is to the west; thus one might expect larval loss primarily to

the west of the ridge axis. Such larval losses may not be permanent. Larvae trans-

ported off-axis may be transported back on-axis during cross-axis current reversals. If

westward current velocities transported larvae off-axis, episodes of eastward current

velocities might be expected to transport larvae back onto the ridge.

Advective transport along the axis may also control larval supply to vents. In

Chapter 3, there was a strong correlation between along-axis flow and larval supply,

but the pattern was driven largely by a single event. One of the goals of the present

study is to determine whether this relationship between along-axis flow and larval

supply holds true on longer time scales. Based on the results of Chapter 3, I ex-

pect that additional observations should show intermittent larval flux correlated with

along-axis currents at sites isolated from other communities by as little as 5 km, and

uninterrupted larval flux at sites in close proximity (< 1-2 km) to other vents to the

north and south.

The role of variation in cross-axis and along-axis currents in the loss and delivery of

gastropod larvae to hydrothermal vent communities was investigated using concurrent

vertical larval flux collections (as a proxy for larval supply) and current velocity

measurements over 5 months, November 2004 - April 2005. The experimental set up

was similar to that presented in Chapter 3, however this longer time-series can assess

the robustness of the results from the previous chapter and provide an opportunity to

investigate the role of cross-axis current velocities, which were weak during November

2004. Specifically, I assess whether cross-axis currents contribute to the loss of larvae

from the ridge axis and also whether they contribute to the delivery of larvae back to

vents along the ridge axis.

4.2 Methods

4.2.1 Experimental Design

Time-series of larval fluxes and current velocities were obtained concurrently from

November 25, 2004 to April 21, 2005 at three study sites on the East Pacific Rise

near 9◦ 50′ N (Fig 4-1). Two vent communities, East Wall and Choo Choo, were

chosen as on-axis study sites. East Wall and Choo Choo were located on the ridge
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axis within the axial summit trough 1.6 km apart and differed in their proximity to

neighboring vent populations. Vertical larval fluxes measured at these two on-axis

sites were used as a proxy for larval supply to the two vents. A third study site located

on the western ridge flank, 2 km (measured orthogonal to the strike of the axis) off-

axis of East Wall, was occupied to investigate the possibility for larvae transported

off-axis to return to the ridge axis.

Two subsurface moorings were deployed on the ridge axis within 10 m of East

Wall and Choo Choo (also referred to as on-axis moorings). Exact positioning was

accomplished by lowering the mooring from the ship’s hydrowire and navigating it

into an acoustic network on the seafloor [13] (as in Section 3.3.2). Due to technical

difficulties with the transponder, the Choo Choo mooring landed off target and was

repositioned with DSV Alvin to 9◦ 49.61′ N, 104◦ 17.37′ W, 10 m south of the Choo

Choo vent site. The position of the East Wall mooring, 9◦ 50.54′ N, 104◦ 17.52′ W,

was verified by a slant range survey. Each on-axis mooring was equipped with two

current meters, one positioned near bottom (10 m above bottom (mab)) and the other

within the neutrally buoyant vent plume (170 mab), and a McLane PARFLUX Mark

78H-21 time-series sediment trap with the opening positioned at 4 mab. Aanderaa

RCM11 acoustic current meters were used at all positions except at 170 mab on the

Choo Choo mooring, where a vane and rotor RCM8 model was employed. The current

meters on the Choo Choo mooring recorded at 10 minute intervals whereas those on

the East Wall mooring recorded data at coincident 30 minute intervals due to lower

battery capacities. Each McLane PARFLUX Mark 78H-21 time-series sediment trap

had a sampling area of 0.5 m2 and sampled vertical particle flux continuously on

weekly intervals for 21 weeks.

A third mooring was deployed at the off-axis study site on the western ridge flank

2 km away from East Wall 9◦ 50.36′ N, 104◦ 18.57′ W (hereto referred to as the off-axis

mooring) (Fig 4-1). Since the placement of the off-axis mooring did not need to be

positioned precisely near a vent, the mooring was dropped anchor-first over the side

of the ship without navigation and then surveyed acoustically from the ship using

slant ranges. The off-axis mooring was equipped with an Aanderaa RCM11 acoustic

current meter positioned at 10 m above bottom (mab) to record near-bottom current

velocities that might transport larvae towards the ridge axis. A height of 10 mab

was chosen because larval concentrations on and off-axis are greatest near bottom

(< 20 mab) [21]; thus near-bottom currents would have the highest probability of
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transporting larvae onto the ridge axis. Current velocities were recorded at 30 minute

intervals coincident with the on-axis current records at East Wall.

Currents velocities were transformed onto a coordinate system oriented along the

strike of the axis (8◦ counterclockwise from true north and 13◦ from magnetic north)

and decomposed into along-axis (v) and cross-axis (u) current velocities1. Current

records from Choo Choo were low-pass filtered [1] with a cut off of 50 minutes (5 data

points) before subsampling to make records the same length as those from other sites.

Pearson correlations (r) were determined for the cross-axis and along-axis components

of the current velocities between heights and between sites using Matlab v.7.1 (The

MathWorks, Inc., Natick, Massachusetts, USA).

Larvae were preserved in the sediment traps in situ and later processed in the

laboratory. I used a saturated salt - 20% DMSO solution [14] to preserve sediment

trap samples for morphological identification and to preserve DNA for future studies.

Twenty-one time-series samples were collected at each site. Samples 15 - 21 from both

sites and samples 12 - 14 from Choo Choo were sorted in whole. High particulate flux

in the remaining samples made sorting too time consuming. To facilitate sorting, the

remaining samples were subsampled as follows. Samples were split into ten aliquots

using a McLane WSD-10 PARFLUX Wet Sample Divider. Nine of the ten aliquots

were sorted for Choo Choo samples 1 and 2 to determine the number of aliquots to

sort to minimize the standard error. Sorting five aliquots was found to be sufficient,

as sorting more did not reduce the standard error; therefore only five aliquots were

sorted for the remaining split samples. Mean standard errors for total gastropod flux

were 12.1% for Choo Choo samples and 7.4% for East Wall samples. The standard

errors were sufficiently small relative to the estimated variability in flux to resolve

temporal patterns. Larval flux for the samples was estimated as 10 times the mean

flux of the sorted aliquots.

The fraction retained on a 63 µm sieve was sorted for larvae under a dissecting

microscope at 25x. Gastropod larvae were identified to the lowest possible taxo-

nomic level under dissecting and compound microscopes, often to the species level,

based on shape, size and sculpture of the larval shells (Protoconch I and II) (see

Chapter 2, [20, 21]). Larval identifications, groupings and nomenclature were based

on Mullineaux et al. [21] and consistent with Chapter 3. Pooled Vent Gastropods

(VG) and Probable Vent Gastropods (PVG) and the three most dominant vent (Cy-

1along-axis to the north was positive and cross-axis to the east was positive
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Figure 4-2: Example of how transport in each direction was calculated for each week
based on the proportion of time transport exceeded a threshold value, Tcrit, indicated
by the grey line, here at 450 m. The dashed line represents the cumulative transport
for each interval. Solid line represents the interval in which the cumulative transport
exceeds the threshold value. The time of sustained transport during each interval, ti,
is summed and divided by the total time, one week.

athermia naticoides, Lepetodrilus spp., Gorgoleptis emarginatus) and probable vent

taxa (Laeviphitus sp., Unknown Benthic sp. A, and Unknown neomphalid 5) were

used in subsequent analyses. Larval fluxes were log-transformed for subsequent cross-

correlations so their distribution did not deviate from a normal distribution.

4.2.2 Along-Axis Transport

To assess whether variation in larval flux was due to along-axis transport from neigh-

boring vents, along-axis current velocities were cross-correlated with vertical larval

fluxes. Studies have suggested that mean current velocities may not capture impor-

tant variations in current velocities (e.g. [4, 10, 28], Chapter 3). Thus, I used both

mean along-axis current velocities (v̄) and a measure to quantify sustained unidirec-

tional along-axis transport2 (assuming lateral homogeneity) between a continuous,

discrete larval source and the collection site. I assume that larvae were lost when

the current directions reversed, such that at the beginning of a sustained period of

unidirectional transport the only larvae in the plankton originated from a neighboring

2I use the term transport to describe the advection of a particle/larva in fluid. Transport for the
purposes here does not include diffusion.
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vent during that period. This means that larvae would not pass a collection site more

than once. For a larva to be transported from a source to the collection site, advective

transport must be equal to or greater than the distance separating the source and the

collection site. Therefore, I define a threshold value for sustained transport, Tcrit, as

the distance between the collection site and the nearest larval source in each along-

axis direction. For instance, the nearest source (vent community) that could supply

larvae to Choo Choo during southward flow was located 450 m to the north (Fig 4-1);

therefore Tcrit of 450 m would be used to define sustained southward transport to

Choo Choo. During southward transport, Tcrit for East Wall was 225 m (approximate

distance to nearest northern vent). During northward flow, Tcrit for Choo Choo was

4500 m and Tcrit for East Wall was 100 m (approximate distance to nearest southern

vent).

Since numerous current reversals were likely to occur during each week of inte-

grated larval collections, I calculated the probability of larvae being transported from

a continuous discrete source to the collection site in northward (Pn) and southward

(Ps) currents. The transport statistic used in Chapter (3.3.3) was not used here be-

cause using only the maximum transport would ignore many intervals of sustained

transport during each week, rather than at most one interval of sustained transport

per day as in Chapter (3). Instead, I considered transport here as a probability:

as the proportion of time during which transport meets or exceeds Tcrit increases,

the probability of larval transport between the source and collection site also in-

creases. Intervals of unidirectional along-axis transport were identified from filtered

v -component time-series (cut off 6 h). The time, ti, for each successive interval

i = 1, 2, ..., during which cumulative transport exceeds the threshold was calculated

(Fig 4-2). Cumulative transport was calculated by integrating the current velocities

over each interval of unidirectional transport, ti; for example, to calculate cumulative

northward transport, the decomposed along-axis current velocity, v, was integrated

as follows ∫
v for v > 0

0 for v < 0.
(4.1)

Cumulative transport dropped off sharply (Fig 4-2) when the current direction re-

versed indicating that the specific interval of sustained transport, i, ends. The mea-

sure assumes that larvae were transported only during one sustained transport interval

and then lost from the system, so the cumulative transport must be reset to zero at
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every current reversal. The probability that a larva was transported in sustained

northward (southward) currents, Pn(Ps), is then

Pn,s =
1

t

∑
ti, (4.2)

the sum of ti from each period of sustained northward (southward) transport divided

by the total time (t), one week. The measure was insensitive to changes in Tcrit if the

threshold is less than 500 m, because most periods of sustained transport resulted in

cumulative transport greater than or close to 1000 m.

Log-transformed larval fluxes were cross-correlated with v̄, Pn and Ps. Since

there was no a priori reason to expect a non-linear or lagged correlation, Pearson

correlations were presented. Significance was determined at the p = 0.05 level after

correction for autocorrelation (see Section 3.6.1).

4.2.3 Cross-Axis Transport

Cross-axis currents could affect larval flux to vents in two opposing ways: 1) currents

at the ridge axis could advect larvae off-axis, resulting in larval loss, and 2) if currents

were different on the ridge flank, off-axis currents oriented towards the ridge could

return larvae back to the ridge, resulting in increased larval supply. I investigated

scenarios 1 & 2 by cross-correlating larval fluxes with on-axis current velocities and

off-axis current velocities, respectively. Significance for all Pearson correlations was

determined at the p = 0.05 level after correction for autocorrelation.

Log-transformed larval fluxes were cross-correlated with the probability of being

transported and ‘lost’ off-axis. Transport in tidal currents across the ridge would not

necessarily lead to loss if currents are laterally homogenous because return transport

would occur when the tides reversed. Diurnal tidal excursions resulted in ∼500 -

Between Sites Between Heights
10 mab 170 mab EW CC

EW-CC EW-Off CC-Off EW-CC 10-170 10-170
along-axis 0.747 0.708 0.708 0.830 0.577 0.595
cross-axis 0.742 0.662 0.856 0.933 0.614 0.812

Table 4.1: Correlation coefficients of along-axis (v) and cross-axis (u) current veloc-
ities between sites at the same height, and between heights within a site. EW: East
Wall; CC: Choo Choo; Off: Off-axis. All correlations were significant at p < 0.001.
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Figure 4-3: Progressive vector diagrams from current velocities measured at East
Wall, Choo Choo, and off-axis at 170 mab and 10 mab. The stars indicate initial
start date and the triangles designate weekly intervals. Displacement during weeks
16 and 17 are denoted by dashed lines. The scale is the same for all plots.
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Figure 4-4: Current velocities at East Wall at 170 mab. Current velocities were
transformed onto a coordinate system oriented along the ridge axis (strike +8◦) and
low-pass filtered with a cut-off of 150 h to remove tidal and inertial frequencies. Note
the relatively strong current velocities during weeks 16 and 17.

1000 m (based on 10 days of current velocities from November 2004, Fig 4-3) of cross-

axis displacement. Transport greater than 1000 m would then represent transport

greater than that of typical tidal excursions, and thus not be cyclically returned.

Therefore, I used 1000 m as Tcrit for larval loss from the ridge. The probabilities of

transport off-axis to the east, Pe, and to the west, Pw, were calculated in the same

manner as for transport along-axis, Pn and Ps. Since cross-axis currents in either

direction could have contributed to loss of larvae, the probability of being transported

off-axis, Poff , was the sum of the probabilities for eastward and westward off-axis

transport, Poff = Pe+ Pw.

To investigate whether larvae initially ‘lost’ from the ridge axis might be delivered

back to the ridge axis, larval fluxes were cross-correlated with the probability of

transport to the ridge axis, Pon, based on current velocities measured off-axis. Mean

flow in the bottom layer of the eastern tropical Pacific is to the west, therefore I

specifically investigated whether episodes of eastward flow, measured 2 km off-axis,

could return larvae previously transported off of the ridge axis. I calculated the

probability, Pon, for eastward intervals with Tcrit equal to 1000 m (reasoning as for

transport off of the ridge) and 2000 m (distance of current meter from ridge).

4.2.4 Sea Level Anomalies

An interval of strong northeasterly flow observed in the current record suggested

that an eddy-like feature may have impacted the site during the study period (Fig

4-4). This prompted an investigation into the sea level anomalies (SLA) above the

study sites that might be indicative of a passing mesoscale eddy. Mesoscale eddy

that can transport a water mass within its core could displace the water mass and

thus larvae on the ridge as it passes the EPR. In order for an eddy to transport a
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water mass within its core, the rotating currents within the eddy must be faster than

the propagation, or translation, of the eddy as a whole. Under this assumption, the

displacement of the water mass, which would occur as the eddy propagates slowly

past the ridge, might not be detectable in the current velocities due to the stronger

current velocities associated with the eddy rotation. To determine if any eddy was

impacting the study site and larval fluxes, current velocities were compared to the

change in SLA and the SLA time-series was qualitatively compared to changes in

larval flux, as follows.

Data from Jason, Topex/Poseidon 2, ENVIronmental SATellite (Envisat), and

GEOSAT Follow-On (GFO) were downloaded from the Colorado Center for Astrody-

namics Research at http : //argo.colorado.edu/ ∼ realtime/global realtime/alongtrack.html

and merged to achieve mesoscale resolution on a daily time-scale to generate a time-

series of SLA. Fields of SLA were determined using objective analysis modified from

Carter and Robinson [5]. The SLA approximately above the study sites (9◦ 50′ N,

104◦ 20′ W) was extracted from the fields of SLA for October 2004 to June 2005. The

long term mean (including mean circulation and geoid) was removed from the initial

sea surface level anomalies to estimate the residual sea level anomaly (as in [31]) used

in subsequent calculations and comparisons.

Assuming geostrophic balance, current velocities are proportional to the pressure

gradient caused by the gradient in the sea level. Since eddies propagate approximately

westward [7, 22], the SLA time-series represents an estimate of an east-west cross-

section. The zonal (east-west) pressure gradient is positively proportional to the

meridional (north-south) surface current velocity,

v =
1

ρ0f

δp

δx
, (4.3)

where v is the meridional surface current velocity, ρ0 is the density, f is the coriolis

parameter, and
δp

δx
is the zonal pressure gradient3. To determine whether the SLA

gradient (∆SLA) could have caused the observed anomalies in the near bottom current

velocities, the observed meridional current velocities were cross-correlated with ∆SLA

- a proxy for
δp

δx
. The parameters were not regressed because the relationship between

the bottom current velocities and ∆SLA was unknown.

3determined primarily by the zonal gradient in sea level
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N
Origin East Wall Choo Choo

Vent Gastropods 2891 1854
Probable Vent Gastropods 2587 746

Bathymargarites symplector V 78 89
Clypeosectus delectus V 29 13
Ctenopelta porifera V 2 0
Cyathermia naticoides V 1404 1020
Echinopelta fistulosa V 22 1
Euleptopsis vitrea V 53 25
Gorgoleptis emarginatus V 230 87
Gorgoleptis spiralis V 94 41
Lepetodrilus spp. V 729 513
Lirapex sp. V 6 1
Melanodrymia aurantiaca V 15 0
Melanodrymia galeronae V 4 2
Neomphalus fretterae V 61 27
Neoleptopsis densata V 1 0
Pachydermia laevis V 15 10
Peltospirid V 98 4
Phymorhynchus major? V 0 2
Planorbidella planispira V 7 4
Rhynchopelta concentrica V 43 15
Laeviphitus sp. PV 1184 31
Unknown Benthic sp. A PV 931 444
Unknown neomphalid 5 PV 388 266
Unknown neomphalid 260 µm PV 10 4
Unknown neomphalid 290 µm PV 2 1
Unknown slit limpet PV 72 49
unknown ? 80 14

Table 4.2: Total number (N) of gastropod larvae collected over 21 weeks at East
Wall and Choo Choo. V: species endemic to vents; PV: probable vent species; ?: not
determined or unknown.
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4.3 Results

4.3.1 Current Velocities

Current velocities were highly variable with episodes of strong along-axis and cross-

axis flows (Fig 4-3). Diurnal and semidiurnal tidal frequencies and the inertial fre-

quency were the dominant frequencies (analyses not shown). Current velocities at

both on-axis sites were higher at 170 mab than at 10 mab. Near bottom, cross-axis

current velocities were higher at Choo Choo than at East Wall. Current velocities

were significantly correlated between heights and between sites (Table 4.1). Pearson

correlation coefficients were lower between sites at 10 mab than at 170 mab, possibly

due to interactions of near bottom flows with topography and bottom friction. An

episode of strong along-axis northward current velocities occurred during the 16th

week (10 - 17 March) followed by strong westward current velocities in the 17th week

at all sites and heights (Fig 4-4, 4-3).

Abrupt changes in current direction occurred simultaneously at all sites and

heights, but the resulting trajectories and mean flows differed substantially (Fig 4-3).

Cross-axis flow was more prominent at Choo Choo at 10 mab compared to the other

sites and heights. Mean along and cross-axis current speeds were slower at East Wall

at 10 mab compared the other on-axis sites. Off-axis current velocities at 10 mab

trended northward (v̄ = 0.92 cm s−1) parallel to the ridge axis with relatively small

cross-axis deviations (Fig 4-3 e). The along-axis current reversals observed on-axis

were also relatively small off-axis.

4.3.2 Variation in Larval Flux

The total number of gastropod larvae (VG, PVG, and unknown) collected at East

Wall (N = 5556) was higher than at Choo Choo (N = 2663) during the study period

(Table 4.2). This pattern was also apparent for most individual taxa and pooled

groups (Tables 4.5, 4.6, 4.7, & 4.8). The pattern of temporal variation in flux of

pooled Vent Gastropods (VG) was different at East Wall and Choo Choo, although

both sites had low flux in the first and last few weeks and a rapid increase in flux in

week 3 (Fig 4-5).

East Wall appeared to receive two levels of VG flux: ∼ 150 larvae above or be-

low the mean flux (276 ± 166 larvae m−2 week−1). During weeks 2 - 11, larval
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Figure 4-6: Species-specific larval flux at (a) East Wall and (b) Choo Choo for the
three most abundant vent species, Cyathermia naticoides (circles), Lepetodrilus spp.
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flux was high with a mean VG flux of 454 ± 50 (mean ± standard deviation4) lar-

vae m−2 week−1, whereas during weeks 1, 2 and 12 - 21, larval flux was lower with

a mean of 142 (± 54) larvae m−2 week−1. The apparent constant flux of VG from

week 3-11 was primarily due to high flux of Cyathermia naticoides during weeks 3 - 6

followed by an increase in Lepetodrilus spp. flux as C. naticoides flux declined during

weeks 6 - 11 (Fig 4-6). The period of low VG flux was not due to the loss of one or

two dominant taxa; all of the dominant taxa were still present but had low fluxes.

Vent Gastropod (VG) flux was more variable at Choo Choo (mean 176 ± 212

larvae m−2 week−1) than at East Wall (mean 276 ± 166 larvae m−2 week−1) (Fig 4-

5). VG flux peaked at Choo Choo reaching values of 748 and 752 larvae m−2 week−1

during weeks 3 and 4, respectively, well above the mean VG flux at Choo Choo and

even the maximum flux of VG at East Wall, 518 larvae m−2 week−1 (Fig 4-5). The

peak in VG flux was primarily due to concurrent peaks of Cyathermia naticoides

and Lepetodrilus spp. (Fig 4-6). Fluxes of other vent gastropod species, such as

Bathymargarites symplector, Euleptopsis vitrea, and Pachydermia laevis, were also

elevated during weeks 3 and 4 (Table 4.7).

The temporal pattern of PVG flux was qualitatively similar to that of VG flux

at Choo Choo, but differed from that of VG flux at East Wall, especially at the end

of the time-series (Fig 4-7). Flux of PVG at East Wall had a period of relatively

constant flux during weeks 3-11 and lower flux during weeks 1 and 2. However, PVG

flux did not remain low at the end of the time-series (weeks 12-21). The elevated flux

of PVG at the end of the time-series was primarily due to high fluxes of Laeviphitus

sp. and Unknown Benthic sp. A (Fig 4-8). Flux of Laeviphitus sp. peaked sharply

during week 16, accounting for 93% of the probable vent specimens collected, and

remained high for the remainder of the study. At Choo Choo, flux of PVG gradually

increased to a peak during weeks 4 and 5, one week behind the peak in VG flux. Flux

then decreased over the next three weeks and remained low for the remainder of the

study period (Fig 4-7). The peak in PVG flux at Choo Choo was primarily due to

concurrent peaks of Unknown Benthic sp. A and Unknown neomphalid 5 (Fig 4-8).

Flux of Laeviphitus sp. peaked in week 16 at Choo Choo but the abundance was low

compared to flux of other probable vent taxa and thus was not apparent in the pooled

PVG flux.

4this notation will be used throughout unless otherwise noted
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East Wall Choo Choo
Poff Pon Poff Pon

1000 m 1000 m 2000 m 1000 m 1000 m 2000 m
Vent -0.506 -0.377 -0.263 -0.409 -0.241 -0.159
Probable Vent -0.518 -0.435 -0.266 -0.338 -0.286 -0.242
C. naticoides -0.484 -0.330 -0.171 -0.473 -0.270 -0.195
Lepetodrilus spp. -0.340 -0.180 -0.153 -0.553 -0.347 -0.248
G. emarginatus -0.082 -0.108 -0.152 -0.037 -0.204 -0.281
Laeviphitus sp. -0.195 -0.144 -0.025 -0.204 -0.149 -0.162
Unkn Benthic sp. A -0.446 -0.441 -0.321 -0.513 -0.453 -0.404
Unkn neomphalid 5 -0.402 -0.313 -0.230 -0.250 -0.197 -0.191

Table 4.3: Correlation between cross-axis advective transport measures and larval
flux. Pearson correlation coefficients are shown comparing measured larval flux with
the probability of being lost from the ridge axis (Poff , with Tcrit = 1000 m) and
the probability of being transported back onto the ridge (Pon with Tcrit = 1000 m
and 2000 m). Larval fluxes were for pooled Vent Gastropods (VG) and Probable
Vent Gastropods (PVG) and the three most dominant vent (Cyathermia naticoides,
Lepetodrilus spp., Gorgoleptis emarginatus) and probable vent taxa (Laeviphitus sp.,
Unknown Benthic sp.Ã, and Unknown neomphalid 5.) Bold indicates significance at
the p < 0.05 level after correction for autocorrelation.

4.3.3 Cross-Axis Transport

Fluxes of larvae were compared to the probability of transport off of the ridge axis,

Poff (Table 4.3). Fluxes of VG, PVG, Cyathermia naticoides, and Unknown Benthic

sp. A were significantly negatively correlated with Poff from East Wall at 10 mab.

Lepetodrilus spp. and Unknown Benthic sp. A were significantly correlated with Poff

from Choo Choo at 10 mab. No species or groups were significantly correlated with

Poff at 170 mab at the p < 0.05 level (data not shown).

Fluxes of larvae were not correlated with eastward currents measured off-axis

that could transport ‘lost’ larvae from the western flank back onto the ridge axis, Pon

(Table 4.3). Unknown Benthic sp. A was the only taxon with a significant correlation,

however the correlation was negative, suggesting that larval fluxes decreased with

increasing Pon - opposite of the expectation.

4.3.4 Along-Axis Transport

Pearson correlation coefficients between log-transformed larval flux and v̄ and the

probability of along-axis transport were low at both East Wall and Choo Choo (Ta-
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ble 4.4). Fluxes of only two taxa were significantly correlated with along-axis flow.

The vent gastropod Gorgoleptis emarginatus was significantly correlated with Ps at

Choo Choo at 170 mab (r = 0.479, p < 0.05). Laeviphitus sp. was significantly cor-

related with v̄ at both heights and vent sites, Pn (Fig 4-9) at both heights and vent

sites (except Choo Choo at 170 mab) and significantly negatively correlated with Ps

at 170 mab at East Wall (Table 4.4). Pooled PVG at East Wall were also signifi-

cantly correlated with mean along-axis current velocities at 170 mab, likely due to

the dominance of Laeviphitus sp. in PVG at East Wall.

The observations of sustained cross-axis flows at the vent sites (Fig 4-3 & 4-4) and

reduced larval fluxes during those periods (Table 4.3) raised the question of whether

one would expect to see any correspondence between along-axis transport and larval

flux during intervals when larval abundances were depleted due to off-axis loss. To

evaluate this possibility, I repeated the comparison of along-axis transport and larval

flux, but examined only the times when cross-axis flows were weak. Intervals of weak

cross-axis transport were defined as times when both the cumulative eastward and

westward transport was less than the Tcrit for sustained cross-axis transport, 1000

m. The majority of the current velocity records had weak cross-axis transport; 73.4%

and 81.5% of East Wall current records, at 170 mab and 10 mab respectively, were

during periods of weak cross-axis transport. 68.6% and 64.9% of Choo Choo current

records, at 170 mab and 10 mab respectively, were during periods of weak cross-axis

transport. Pn and Ps were adjusted such that only periods of sustained northward

and southward transport during weak cross-axis transport intervals were considered.

The adjusted Pn and Ps were not significantly correlated to larval fluxes, except for

Laeviphitus sp. and PV (data not shown). The adjusted Pn and Ps correlations

showed the same patterns as the non-adjusted along-axis results above. Larval fluxes

were poorly correlated with all of the adjusted measures. The only exception was

the previously noted positive relationship between the flux of Laeviphitus sp. and

northward transport and negative relationship between Laeviphitus sp. and southward

transport.

Qualitative comparisons also do not support the hypothesized relationship be-

tween along-axis transport and larval fluxes. Qualitative inspection the current ve-

locity records (Figs 4-3 & 4-4) showed numerous periods of sustained southward

transport, especially at 170 mab, except during weeks 16 and 17. The strongest and

longest continuous intervals of southward transport occurred during weeks 2 and 18
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Figure 4-9: Mean along-axis
current velocity, v̄, at 170
mab (dashed line) compared
to flux of Laeviphitus sp.
(grey bars) at East Wall.

when larval fluxes of vent gastropods were low.

4.3.5 Sea Level Anomalies

The sea level anomaly above the study site varied over the course of the study period

(Fig 4-10). ∆SLA, a proxy for meridional geostrophic current velocities (Equation

4.3), and the observed meridional current velocities on the bottom had an inverse

relationship (Fig 4-11). The weekly mean ∆SLA were significantly negatively corre-

lated with v̄ at East Wall (r = −0.596 at 170 mab and r = −0.693 at 10 mab), Choo

Choo (r = −0.625 at 170 mab and r = −0.712 at 10 mab), and off-axis (r = −0.696)

at p < 0.05. VG larval fluxes at both on-axis sites were low during weeks 12-21

when the sea level was changing dramatically (> 10 mm). While the sea level was

relatively constant, VG larval flux was also relatively constant at East Wall, except

during weeks 1 and 2.

4.4 Discussion

Larval dispersal in the plankton may have many ecological and evolutionary advan-

tages, including gene flow and colonization of new habitat, but dispersal can also lead

to larval loss by transport to unsuitable habitat. The negative correlations between

larval fluxes and sustained off-axis transport suggests that larval loss due to off-axis

transport was occurring during this study (Table 4.3). Larval flux decreased during

episodes of strong (> 1 km,) near bottom cross-axis transport. Poff at 170 mab
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East Wall 10 mab 170 mab
v̄ Pn Ps v̄ Pn Ps

Vent 0.041 -0.094 -0.004 0.067 -0.084 0.046
Probable Vent 0.424 0.237 -0.317 0.495 0.398 -0.401
C. naticoides 0.113 0.016 -0.113 0.087 -0.049 0.034
Lepetodrilus spp. 0.005 -0.109 0.123 0.094 -0.061 -0.039
G. emarginatus -0.029 -0.127 0.026 0.078 0.058 -0.158
Laeviphitus sp. 0.593 0.522 -0.441 0.636 0.646 -0.624
Unkn Benthic sp. A -0.300 -0.424 0.198 -0.240 -0.324 0.192
Unkn neomphalid 5 -0.241 -0.309 0.192 -0.271 -0.441 0.290

Choo Choo 10 mab 170 mab
v̄ Pn Ps v̄ Pn Ps

Vent 0.099 -0.122 -0.240 -0.127 -0.111 0.340
Probable Vent 0.186 -0.003 -0.321 -0.064 -0.052 0.408
C. naticoides 0.017 -0.207 -0.204 -0.228 -0.192 0.409
Lepetodrilus spp. 0.063 -0.112 -0.129 -0.067 -0.103 0.236
G. emarginatus -0.210 -0.233 0.096 -0.325 -0.285 0.479
Laeviphitus sp. 0.525 0.467 -0.401 0.514 0.396 -0.218
Unkn Benthic sp. A 0.133 -0.136 -0.303 -0.145 -0.205 0.413
Unkn neomphalid 5 0.105 0.031 -0.234 -0.101 -0.011 0.462

Table 4.4: Correlation between along-axis advective transport measures and larval
flux at East Wall and Choo Choo. Pearson correlation coefficients are shown compar-
ing measured larval flux with the mean along-axis velocity v̄ and with the probability
of transport from a larval source in northward (Pn) and southward (Ps) currents.
Larval fluxes were for pooled Vent Gastropods (VG) and Probable Vent Gastropods
(PVG) and the three most dominant vent (Cyathermia naticoides, Lepetodrilus spp.,
Gorgoleptis emarginatus) and probable vent taxa (Laeviphitus sp., Unknown Benthic
sp.Ã, and Unknown neomphalid 5.) Bold indicates significance at the p < 0.05 level
after correction for autocorrelation.
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was not significantly correlated with larval flux, which is consistent with previous

observations of lower larval abundances away from bottom [21].

Once transported sufficiently far off-axis the larvae may be lost from the system.

Eastward currents on the western ridge flank were episodically sufficient to transport

larvae 1 - 2 km to the ridge axis. However, there was no evidence for increased larval

supply during periods of transport towards the ridge axis from the western flank

(Table 4.3). (Transport from the eastern flank was not assessed.)

Despite the suggested larval loss, larvae were present and being supplied (i.e.

sinking) to the benthos during the study. The mechanism for increased larval supply

proposed in Chapter 3 was not apparent during this study. In the previous study,

correlations between daily larval flux and along-axis currents suggested that along-axis

current velocities transported larvae from neighboring vent communities (within ∼1-2

km) to East Wall and Choo Choo (Chapter 3). These results suggested that larval flux

to East Wall would be uninterrupted and independent of the current direction based

on the close proximity of vents to the north and south, while larval flux to Choo Choo

would be correlated with southward along-axis transport of larvae from the relatively

close vent communities (sources) to the north compared to distant vents to the south.

Larval fluxes during this study did not generally confirm these expectations. Only

Gorgoleptis emarginatus conformed to the expectations of a positive correlation with

the probability of southward transport, Ps, at Choo Choo (at 170 mab) and no

significant correlation at East Wall. All other vent taxa and VG (except Laeviphitus

sp.) were not significantly correlated with mean along-axis current velocities nor the

probability of northward or southward transport (Pn or Ps). Laeviphitus sp. was

significantly positively correlated with v̄ and Pn, and negatively correlated with Ps.

These patterns suggest that Laeviphitus sp. was primarily transported in northward

currents from a source(s) to the south of East Wall and Choo Choo. Since adult

Laeviphitus sp. have not been observed on the benthos, the actual source remains

uncertain.

Numerous factors could have caused the deviation from the expected correlations

between larval flux and along-axis currents. Strong cross-axis current velocities, spa-

tial heterogeneity in current velocities, larval production, and larger scale flows will

be discussed as possible factors confounding the expected relationship between along-

axis currents and larval fluxes developed from daily in Chapter 3.

While along-axis current velocities dominated at all heights and sites during daily
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Figure 4-10: Sea level anomaly (SLA) at 9◦ 50′ N, 104◦ 20′ W during the study period.
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observations and larval collections in November 2004 (Fig 3-3), current velocities

during this study were highly variable with strong cross-axis flows and spatial hetero-

geneity observed in the current velocities. Loss due to cross-axis currents could have

masked supply due to along-axis transport. However, removal of periods with high

cross-axis transport did not greatly alter the along-axis correlations or produce the

expected correlations. Trying to assess along-axis transport during intervals of strong

cross-axis flow and spatial heterogeneity was difficult with currents from only three

locations. The cumulative transport calculations would likely be more powerful if the

spatial heterogeneity in current velocities was incorporated. Larvae swept off-axis

may enter a completely different advective environment than that on-axis. Numerical

modeling by Bill Lavelle (NOAA PMEL) predicts jets parallel to the ridge axis on

both ridge flanks, one on the west flank going northward and one on the east flank

going southward. The off-axis current observations presented in this study lend the

first support towards the existence of northward and southward ‘jets’ on the ridge

flanks that could enhance long distance larval dispersal.

Variation in larval production could have also confounded the relationship be-

tween larval flux and along-axis transport. Correlations between larval supply and

current measures assume that larval production was continuous. Episodic or sea-

sonal reproduction could have accounted for the observed variation in larval supply.

However, reproduction of vent gastropod species on the East Pacific Rise is largely

believed to be continuous based on asynchronous oocyte development (all stages of

development observed) [8] and continuous gametogenesis [24]. Limited temporal sam-

pling for reproductive studies due to weather and ship constraints could have missed

seasonal or episodic pulses of reproduction. The continuous larval collections from

this study provide additional evidence for continuous reproduction. Of the 32 taxa

collected during the study, 30 taxa showed no evidence of a restricted temporal pres-

ence/absence (see examples in Fig 4-6, 4-8 and Tables 4.5, 4.6, 4.7, & 4.8). The other

two taxa, Ctenopelta porifera and Neolepetopsis densata, were only collected in one

sample each in low numbers (1 and 2 individuals, respectively).

Large sea level anomalies and current anomalies suggest that mesoscale flows also

may have impacted larval flux during the study. The large anomalies in current veloc-

ities observed during weeks 15-17 corresponded to a large SLA (Fig 4-10), consistent

with the passage of an anticyclonic mesoscale eddy. Mesoscale eddies develop in the

Gulfs of Tehuantepec and Papagayo on the west coast of Central America during the
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winter and spring, and then propagate across the EPR (e.g. [12, 17, 23]). An eddy

crossing the ridge could have displaced the water mass on the ridge which contained

larvae - consistent with the observation of low larval flux at both East Wall and Choo

Choo at the end of the study period. Water displacement due to the eddy would

change the larval flux at the collection sites independent of the direction of the cur-

rent velocities. However, the connection between the peak in SLA and strong current

velocities is tentative. The direction of observed near bottom flow lagged and was

opposite to the predicted geostrophic flows based on the SLA gradient (Fig 4-11).

Observations of eddy-induced current velocities at depth (below 1500 m) are rare

but the few measurements reported velocities in phase with the surface flows (e.g.

[6, 19, 34]).

The discrepancy between the results of this chapter and Chapter 3 may be due to

the different temporal scales analyzed. The weekly temporal scale of sampling may not

have been sufficient to detect variation in larval fluxes due to smaller temporal scale

mechanisms, such as daily or diurnal. This does not preclude the previous hypothesis

of larval transport primarily between local vent communities on small temporal and

spatial scales. Local transport may be important on daily timescales and supply the

majority of larvae to a vent site, but, on a longer weekly timescale, losses due to

cross-axis flows and mesoscale eddies may have a larger impact on temporal variation

in larval supply.
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Chapter 5

Mesoscale eddies extend into the

deep-sea: implications for larval

dispersal

5.1 Introduction

Mesoscale eddies have been suggested to influence the dispersal of marine benthic

invertebrate larvae. Research efforts have largely focused on mesoscale eddies as

possible retention mechanisms. Stationary eddies, for example those formed in the

wake of an island [5, 6, 31, 42], could keep larvae near the natal site during planktonic

development. However, if the eddies were shed or if larvae were entrained in open

ocean eddies, larvae could be transported away from the natal site [30, 35]. As for

all modes of larval transport, transport in eddies could result in loss or successful

dispersal to other populations.

Dispersal in eddies, even if infrequent, could play a significant role in determining

the connectivity of benthic populations with patchy distributions (e.g. reef and island

fauna). Eddies have the potential to propagate for weeks to months [23, 37, 43] po-

tentially transporting water and larvae hundreds to thousands of kilometers between

populations. During this mass transport, high productivity caused by upwelling [2]

and residual ‘island mass effects’ [15, 26] in many eddies may enhance growth and

survival of larvae [16, 35]. Since the larvae would be transported as an aggregate

within the eddy core, high numbers of larvae could be delivered in pulses as an eddy

passed a suitable recruitment site [49].
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If eddies observed at the surface extend into the deep-sea, they also have the

potential to affect dispersal between deep benthic populations in patchy habitats like

hydrothermal vents. Eddies interact with the mid-ocean ridge globally (e.g. Walvis

Ridge and Mid-Atlantic Ridge [23, 46], Southeast Indian Ridge [13], East Pacific Rise

[37]). Multiple eddies generated by wind jets [3, 32, 34] and baroclinic instabilities

[3, 17, 25, 55] off of the coast of Central America (Fig 5-1) propagate1 westward across

the East Pacific Rise each year [37]. Most eddies propagate to the west due to the

latitudinal variation in the Coriolis parameter, called the β-effect [12, 36]. However,

hydrothermal vents are primarily aligned north-south along a ridge axis (e.g. Juan de

Fuca, East Pacific Rise, Mid-Atlantic Ridge), so transport between vents due to mean

eddy propagation may be unlikely. Transport between vents could still be enhanced

by eddies through another mechanism. Should an eddy encompass two or more vent

fields at the same time, the swirl2 of the eddy could transport larvae between the

vent sites if the eddy residence time over the vents is long enough. The Tehuantepec

and Papagayo eddies often reached diameters of 100 - 450 km at the surface. If the

extent of the eddies were similar at depth, the size would be sufficient to encompass

multiple vent fields along the EPR.

However, eddies expressed at the surface are generally considered to be weak at

depth. Eddy kinetic energy decreases rapidly with increasing depth (e.g. [45, 50]).

Observed current velocities at depth are generally at least an order of magnitude

less than those at the surface [33, 40, 51], order 10 cm s−1 at 4000 m compared to

100 cm s−1 at the surface. Still, these relatively slow current velocities could represent

a means for increased dispersal potential in the deep-sea where mean current velocities

are typically slow, less than 10 cm s−1.

Recent current observations on the East Pacific Rise (EPR) ridge axis have sug-

gested that the influence of eddies in the eastern tropical Pacific may indeed extend

to at least the depth of hydrothermal vents (see Section 4.3.5). An episode of strong

current velocities measured on the ridge axis (2500 m depth) was coincident with the

observation of a large (> 200 mm) positive sea level anomaly (SLA). However, the

connection between the surface and near-bottom observations was tentative because

of the vertical distance separating the observations, and because the near-bottom

current velocities suggested a cyclonic eddy while the SLA suggested an anticyclonic

1Propagate refers to movement of the eddy as a whole.
2Swirl refers to the tangential current velocity associated with the clockwise or counterclockwise

rotation of the eddy.
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Figure 5-1: Topography of Central America and bathymetry of the East Pacific.
Arrows indicate the location of two mountain-pass jets near the Gulfs of Tehuantepec
and Papagayo. Wind jets are formed when high pressure develops over the Gulf of
Mexico causing air to flow rapidly through the passes down the pressure gradient.
The bathymetry shows the Tehuantepec Ridge and East Pacific Rise. The 9◦ N, 11◦

N and 13◦ N vent fields are noted as stars. The location of near-bottom observations
on the ridge is denoted by the red star. Map created in GeoMapApp.
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eddy. Observations of eddy-induced current velocities at depth (below 1500 m) are

rare but the few reported field observations have shown that eddies formed from cur-

rent meanders maintained the same sign throughout the water column [11, 33, 52]

(e.g. an anticyclonic eddy at the surface was anticyclonic at depth). However, experi-

mental and theoretical studies have shown that an eddy consisting of a vertical dipole

(cyclonic in one layer and anticyclonic in another layer, also known as a heton) can be

stable as an isolated vortex [27, 28]. Despite the extensive theory and experimental

evidence, only a few field observations have confirmed the presence of vertical dipole

pairs [41].

The main goal of this study was to investigate the potential for mesoscale eddies

to influence the dispersal/retention of hydrothermal vent species. Building upon the

near-bottom observations presented in Chapter 4, this chapter considered the inter-

action between Tehuantepec and Papagayo eddies and the East Pacific Rise (EPR).

First, the surface eddy field was characterized with satellite altimetry observations

to place the near-bottom observations and subsequent modeling in context. Then,

a two layer quasi-geostrophic model of an isolated vortex was employed to investi-

gate the flow in the deep layer and potential for larval transport in these flows. The

general dynamics of Tehuantepec and Papagayo eddies in the surface and deep flows

were considered with a flat bottom and with actual ridge topography. Model results

also were qualitatively compared to near-bottom current observations to determine

whether the near-bottom and surface observations were consistent with expected deep

flows in the eddy. A tracer was introduced into the model to investigate to potential

for particle transport.

5.2 Methods

5.2.1 Observations

The generation and propagation of the surface expression of Tehuantepec and Pa-

pagayo eddies were characterized from satellite observation of sea level anomalies

(SLA). A time-series of daily SLA was generated for October 2004 to May 2005 us-

ing objective analysis of data from four satellites. This period corresponds to the

expected period of eddy generation by strong winds blowing through mountain gaps

[3, 32, 34] (Fig 5-1). Coastally trapped waves [55] and instabilities in the North

Equatorial Current [17, 39] may also contribute to the generation and strengthen-
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Propagation Radius Swirl Date of Date
Abbreviation Source Direction Speed [cm s−1] [km] [cm s−1] Formation Cross EPR
Teh1 N Tehuantepec 257◦ 11.2 90 – 10-Nov-04 9-Dec-04
Teh2 Tehuantepec 254◦ 9.3 175 65 before obs 14-Feb-05
Teh3 Tehuantepec 243◦ 7.9 140 – 24-Dec-04 see Mixed
Pap (pre-split) Papagayo 285◦ 6.9 110 – 21-Dec-04 see Mixed
Pap (post-split) Papagayo 262◦ 20.8 195 – 20-Feb-05 see Mixed
Pap + Teh3 Mixed 252◦ 13.7 250 95 17-Apr-05 3-May-05

Table 5.1: Characteristics of anticyclonic Tehuantepec and Papagayo eddies observed
by satellite altimetry concurrent with the period of near-bottom observations, Novem-
ber 2004 - April 2005. Swirl speed estimates were from HYCOM simulations from
February 11, 2005 [personal comm. Zamudio, NRL]. Propagation direction is degrees
from north.

ing of the eddies. Data from Jason, Topex/Poseidon 2, ENVIronmental SATellite

(Envisat), and GEOSAT Follow-On (GFO) were merged to achieve mesoscale reso-

lution on a daily time scale. Jason and Topex/Poseidon2 achieve global coverage in

10 days with between-track spacing of 325 km at the equator. Envisat achieves ex-

act track sampling in 35 days providing higher resolution coverage but over a longer

time. Data were obtained from the Colorado Center for Astrodynamics Research

at http : //argo.colorado.edu/ ∼ realtime/global realtime/alongtrack.html for the

region between 18◦ - 6◦ N and 80◦ - 110◦ W. The domain of influence used each day

included a mean of 52 (± 5, standard deviation) satellite tracks, providing sufficient

data for characterizing mesoscale variability with confidence. Sea level anomalies

were estimated by removing the long term mean (including mean circulation and

geoid) from the initial sea surface height (as in [48]). Fields of SLA were deter-

mined using objective analysis modified from Carter and Robinson [9] assuming a

phase speed of -10 cm s−1. SLA fields were used to characterize the anticyclonic

eddies. Cyclonic eddies were weaker, non-coherent features (consistent with previous

observations [3, 22, 24, 37]) and thus were not considered in this study. Propagation

trajectory and speed were determined by tracking the center (maximum SLA) of each

anticyclonic eddy every five days. The radius was estimated as the maximum distance

between the center and the largest change in SLA.

Near-bottom observations used in this study for comparison to the satellite ob-

servations and the modeled deep flows are described in detail in Chapter 4. Briefly,

moorings deployed from November 25, 2004 to April 30, 2005 at two vent sites along

the ridge axis at 2500 m depth supported instruments that collected time-series sam-

ples of vertical larval flux and measured current velocities at 10 m above bottom

(mab) and 170 mab. For the present study, only currents measured at 170 mab
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were analyzed because bottom friction and topographic effects may have obscured

mesoscale variability in the 10 mab current meters. The distance between the two

vent sites, 1.6 km apart, was small relative to the size of an eddy, and the current

records from 170 mab were highly coherent between sites (see Section 4.3.1). Thus,

only the Aanderaa RCM11 current record at 170 mab from East Wall was considered

here. Current records were low-pass filtered [1] over 150 hours to remove diurnal and

semidiurnal tidal components and the inertial frequency3 so that mesoscale variability

was isolated.

5.2.2 Quasi-Geostrophic Model

A rigid-lid, two-layer quasi-geostrophic model was employed to investigate the effects

of an isolated vortex on the currents and transport in the deep-sea. The quasi-

geostrophic approximation assumes that the dominant forces, the Coriolis force and

the pressure gradient force, balance (geostrophic balance) but accounts for ageostrophic

corrections such as the inclusion of topographic effects and non-linear forces associ-

ated with the rotation of the vortex. To ensure that non-linear forces are relatively

small compared to the Coriolis force and pressure gradient, the Rossby number must

be small (Ro ¿ 1). When the Rossby number is small, the Coriolis force is strong

relative to advection. Additionally, topographic elevation must be small compared

to the depth of the lower layer, and the depression of the pycnocline must be small

compared to the depth of the upper layer. The Coriolis parameter is approximated

by f = f0 + βy, which assumes that the northward gradient of the Coriolis pa-

rameter, β, over the meridional (north-south) length scale, L, is small compared to

the Coriolis parameter itself (
β0L

f0

¿ 1). Based on these conditions/assumptions,

the dimensional quasi-geostrophic equations for two layers were used in the following

form, (as in [38] eq. 3.2.34 & 3.2.36)

q1 = ∇2ψ1 + F1(ψ2 − ψ1) + βy, and

q2 = ∇2ψ2 + F2(ψ1 − ψ2) + βy +
f0

H2

b,
(5.1)

for Fi =
f 2

0

g′Hi

, (5.2)

3The inertial frequency is equal to
f

2π
, where f is the Coriolis parameter; 4.0 × 10−6 Hz (∼70 h

period) at 9◦ 50′ N
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where qi is the potential vorticity, ψi is the stream function in each layer i, b is

the topographic elevation, Hi is the mean depth of layer i, and g′ is the reduced

gravity. The stream function gives the direction of flow (along the contours) and the

speed (inverse to the spacing between contours). When the flow is geostrophic, ψ

is related to pressure as ψ =
p′

ρ0f0

, where p′ is the pressure and ρ0 is the density.

The reduced gravity was not an explicit parameter, but was calculated based on the

Rossby radius of deformation, RD, and the relationship F1 + F2 =
1

RD

. The Rossby

radius of deformation is the length scale at which buoyancy and rotation effects are

comparable. The first term in each of equations 5.1 is the relative vorticity, due to

the local currents. The second term takes into account a modified contribution of

vertical stretching due to variations in layer-thickness and stratification. The third

term represents the planetary vorticity due to variation in the Coriolis force, β, along

the meridional length, y. The last term for the lower layer (i=2) represents the effect

of topography.

From these equations, the zonal (east-west, ui) and meridional (vi) velocities in

each layer i are given by

ui = (ui, vi) = (− ∂

∂y
ψi,

∂

∂x
ψi) (5.3)

where ui is the velocity.

The two-layer equations were originally programmed in Fortran-77 by Bill Dewar

[14] and modified by G.R. Flierl [20]. Friction was not explicitly modeled (and no

bottom friction was included), but an exponential wavenumber cutoff filter [7] was

employed to dampen variability at small spatial scales, similar to the effects of fric-

tional viscosity. All simulations were done on an IBM ThinkCentre running UNIX,

part of MIT’s academic computing system Athena. The vortices were modeled on

a 1536 km by 1536 km domain, with periodic boundary conditions and a 3 km grid

size.

I set the range of model parameters to generally represent that of Tehuantepec

and Papagayo eddies as

H1 = 655 m, H2 = 2625 m

f0 = 2.48× 10−5 s−1, β = 2.20× 10−8 km−1s−1

RD = 90 km, l ∈ [50 : 25 : 200] km

V1 ∈ [−150 : 25 : −50] cm s−1
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where f0 is the Coriolis parameter at the center of the domain (9◦ 50′ N), β is the

northward gradient of the Coriolis parameter, and l is the e-folding radius (distance

at which the amplitude (SLA) has decreased by e−1). RD = 90 km was chosen for

this study to represent conditions near the vents at 10◦ N [10]. The qualitative results

were not sensitive to the small difference in RD between the Gulfs of Tehuantepec and

Papagayo, RD = 70 km and 90 km [10], respectively (data not shown). Eddies are

initiated with a Gaussian shape with an initial swirl speed, Vi, in each layer i, where

Vi < 0 is anticyclonic and Vi > 0 is cyclonic. These parameters represent strongly

baroclinic and moderately non-linear4 anticyclonic eddies similar to those observed

in the eastern tropical Pacific. Radius and swirl velocities were based on satellite

observations (see Section 5.3.1) and published values. Published studies on eddies in

the eastern tropical Pacific covered 1979-1980, 1984-85, 1985-86 [34], and 1992-2004

[3, 17, 22, 24, 37, 55] using a variety of techniques: sea surface temperature (advanced

very high resolution radiometer, AVHRR), chlorophyll a concentrations (coastal zone

color scanner, CZCS, and SEAWiFS ocean color), altimetry, ADCP observations,

floats, and dynamic height measurements (Table 5.2). I adopted a set of standard

parameters used throughout the experiments unless otherwise noted; viz.,

l = 100 km, V1 = −75 cm s−1, V2 = 15 cm s−1.

The lower layer swirl speed was chosen to decrease the radiation of Rossby waves in

the lower layer (see Section 5.3.2). A background flow of -5 cm s−1 to the west was

included in the upper layer to mimic mean flow in the region [18]; no background

flow was included in the lower layer. Results were not sensitive to the inclusion of

background flow in either layer.

Willett and colleagues [54] suggested that the tropical Pacific eddies are more like

frontal-geostrophic eddies than quasi-geostrophic eddies due to the large length scale

relative to the radius of deformation and the large depression of the pycnocline relative

to the shallow seasonal pycnocline, only 20 - 100 m deep. A quasi-geostrophic approx-

imation was employed here since the l : RD ratio rarely met the frontal-geostrophic

requirement that l > 3RD. Observations of l ranged from 50 - 250 km; the higher end

of the range may have been estimates of total radius and thus overestimates of the

4The ratio of Rossby numbers associated with nonlinear advection and linear wave propagation,
V1/βl2 are moderate between 1 and 5. For example, β is 1.9 X 10−3 km−1 d−1 at 10◦ N; V1 is
65 km d−1; l is 100 km; Thus, V1/βl2 = 3.
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Tehuantepec
Propagation Swirl Data

Direction Speed [cm s−1] Radius [km] [cm s−1] Source Ref
258◦ 9-21 (16) 120 – SST, Color [34]

– 8.5 150 80 Model [32]
– – 50-200 – SLA [37]
– 4.7-8 85-200 – SST, Color [24]
– 16.7 200 – SLA, DH [22]
– 14.6 168 – Drifters, CTD, SLA [25]
– – 100-160 50-100 Model [55]

Papagayo
Propagation Swirl Data

Direction Speed [cm s−1] Radius [km] [cm s−1] Source Ref
251◦ 9-21 (16) 50-190 (140) 70 SST, Color [34]
∼270◦ 15 – 80 ADCP [32]

– 11.9 150 110 Model [32]
∼260◦ 12.6 200 67, 140 Floats [3]

– – 50-250 – SLA [37]
– 6.8-13.3 85-225 – SST, Color [24]

Table 5.2: Characteristics of anticyclonic Tehuantepec and Papagayo eddies from
published literature. Propagation direction is degrees from north. SST: Sea Surface
Temperature; Color: Ocean Color; SLA: Sea Level Anomaly; DH: Dynamic Height;
ADCP: Acoustic Doppler Current Profiler.

e-folding radius. Additionally, the depression of the seasonal pycnocline (∼ 100 m)

is small compared to the depth of the permanent pycnocline at 500-600 m [18] used

here. More importantly here, the frontal-geostrophic approximation assumes an in-

finitely deep lower-layer, making it inappropriate for questions about flow in the lower

layer and interactions with topography. The parameters used here conformed well to

the assumptions of the quasi-geostrophic approximation. The largest deviation from

the quasi-geostrophic assumptions occurs with the introduction of ridge topography

(maximum ridge elevation, 780 m, compared to the lower layer depth, 2625 m).

Ridge topography was modeled from cross-sections of the 9◦ N segment of the

East Pacific Rise. Topographic data from fifteen zonal cross-sections of 256 km of the

EPR, obtained using GeoMapApp (http://www.marine-geo.org, [8]), were averaged

after aligning the ridge axis. Cross-sections were not taken through lines intersecting

seamounts. The mean ridge cross-section was projected meridionally in the model

domain. Transform faults and lower-order breaks in ridge topography were not in-
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cluded. The axial summit trough was smaller than the grid resolution and thus was

not included. The 1536 km by 1536 km domain consisted of a flat bottom with depth

H, where H = H1+ H2, and the eastern edge of the ridge topography positioned at

the center of the domain extending 256 km to the west, such that the ridge axis

(maximum elevation) was 130 km to the west of the domain center. Simulations

were run for the reference flat-bottom case (without topography) and with the ridge

topography to assess the effect of the ridge on eddy propagation and bottom currents.

Water mass movements in the lower layer were tracked via a tracer. Tracer concen-

tration was initialized in the lower layer with a Gaussian-distribution with e-folding

radius, r. The tracer was passively advected in the current velocities simulated in

the lower layer, V2. Diffusion was not explicitly incorporated, but numerical diffusion

contributed to the spread of the tracer.

A series of experiments with the quasi-geostrophic model were performed to inves-

tigate the general vertical structure and propagation of the eddies. All experiments

had anticyclonic flow in the surface layer. The dynamics of flow in the bottom layer

were studied by varying the initial swirl speed in the lower layer, V2. Simulations

were initiated with anticyclonic flow (V2 < 0), a still layer (V2 = 0), and cyclonic flow

(V2 > 0)at depth. Fluid transport in the lower layer was visualized by including tracer

patch with a radius 3
4
l centered at the initial eddy position. Propagation speed and

trajectory were first investigated for the reference flat-bottom case for various l and

V1. Changes in the deep layer flows and surface propagation were then investigated

for the ridge topography case. Simulated current velocity records along the ridge

axis (at the maximum elevation) were qualitatively compared to the filtered current

velocities measured at East Wall at 170 mab.

The potential impact of eddy induced currents on larval transport was considered

by introducing small patches of tracer at various positions along the ridge axis. The

patches conceptually mimicked production at the 9◦ N, 11◦ N, and 13◦ N vent fields.

Tracer patches with an e-folding radius of 10 km were used due to resolution con-

straints. The spread of the tracer patch along the ridge was recorded over time as an

eddy passed over the ridge.
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Figure 5-2: Trajectories of the maximum sea-level anomaly (center) of three Tehuan-
tepec eddies (light gray, black and blue) and one Papagayo eddy (red) plotted every
5 days. The Papagayo eddy formed in two locations (purple and red) then merged
just off the coast. Fifty days later, the Papagayo eddy split (red and orange), but,
the daughter eddy was reabsorbed after another 30 days. The Papagayo eddy merged
with one of the Tehuantepec eddies (blue), the resultant mixed eddy is tracked in
green. Arrows indicate the direction of absorption between two eddy centers. The
location of the near-bottom observations is denoted by the red star.
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5.3 Results

5.3.1 Sea Surface Observations

Sea level anomalies indicative of four anticyclonic eddies were observed by satellite

altimetry during the period of near-bottom observations, Nov 2004 - Apr 2005 (Fig 5-

2). A weak eddy (Teh1), SLA < 10 cm, formed to the north of the Gulf of Tehuantepec

in October 2004. Teh1 crossed the EPR near 13◦ N at the end of November during the

first two weeks of near-bottom observations, after which it quickly strengthened and

propagated westward at 10.4 cm s−1. A second Tehuantepec eddy (Teh2) formed in

the Gulf of Tehuantepec before the observation period began, but did not strengthen

until December. Teh2 began crossing the EPR near 11◦ N at the end of January, but

did not cross over 9◦ N until 10 days later due to the offset in the ridge axis. It took

a month and a half to completely cross the EPR. A third Tehuantepec eddy (Teh3)

formed at the end of December at approximately the same time as a Papagayo eddy.

One eddy formed in the Gulf of Papagayo while another eddy formed ∼150 km to

the north. The northern eddy was rapidly absorbed into the Papagayo eddy (Pap).

Pap split in the middle of February into two rings. The daughter ring was short-

lived and began reabsorption into Pap by mid March. Teh3 began influencing the

Papagayo eddies as the daughter ring was reabsorbed. Pap and Teh3 merged into a

very large eddy (20 cm SLA contour spanning > 600 km) in mid-April as Teh3 began

crossing the EPR. The mixed eddy followed the trajectory of Teh3 with only a slight

deviation in trajectory when the eddies merged. The mixed eddy began crossing the

9◦ N segment during the last week of near-bottom larval and current observations.

Two Tehuantepec and the mixed eddy potentially crossed the EPR ridge axis dur-

ing the near-bottom current observations. Only one eddy, Tehuantepec eddy - Teh2,

completely crossed over the study site (9◦ 50′) on the EPR during the period near-

bottom observations. Teh2 crossed the ridge just before the large current anomalies

were observed on the ridge axis during weeks 14-17 (Fig 4-4). Teh1 passed just to

the north of the study site at the beginning of the near-bottom observations but was

not evident in the SLA time-series presented in Chapter 4 (Fig 4-10); however, strong

near-bottom current velocities observed during the first two weeks may have been

due to Teh1. The mixed eddy (Teh3 + Pap) began crossing the ridge during the last

week of near-bottom observations.
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5.3.2 Quasi-Geostrophic Model

Currents in the Deep

For an eddy with standard parameters, geostrophic cyclonic features developed in

the lower layer independent of initial conditions in the lower layer. Initial current

conditions for the lower layer, V2, were determined over a range of -20 to 20 cm s−1,

with no topography. Initial anticyclonic flow (V2 ∈ [-20:5:-5] cm s−1) in the lower

layer decayed through the rapid radiation of Rossby waves (Fig 5-3). Rossby waves

were seen as ageostrophic flows quickly propagating westward, dissipating the anti-

cyclonic vorticity. A cyclone formed in place of the anticyclone and strengthened as

it propagated as a coherent feature (Fig 5-3). Initiation of a still lower layer (V2 = 0)

developed into paired vortices with an anticyclone to the west and a cyclone to the

east (data not shown). The anticyclone again radiated as Rossby waves, leaving a

cyclonic eddy in the lower layer associated with the anticyclonic eddy in the surface

layer. A weaker anticyclonic feature formed in the wake of the cyclonic eddy. V2 was

optimized to reduce the radiation of Rossby waves, because the development of the

anticyclonic feature in the wake could have been due to the Rossby waves wrapping

around the domain. Cyclonic flow of 15 to 20 cm s−1 reduced the radiation to near

zero. The cyclone propagated as a cohesive geostrophic feature and transported tracer

within its core (data not shown). The anticyclonic feature still developed in the wake

of the cyclone but developed more slowly (Fig 5-4). All subsequent simulations were

performed with an initial cyclonic swirl speed V2 = 15 cm s−1, unless otherwise noted.

Propagation

Variation of the radius, l, and swirl speed, V1, from the standard parameters resulted

in different propagation trajectories and speeds. Increasing the radius increased the

trajectory angle5 and increased the propagation speed (Fig 5-5a). Increasing the swirl

speed resulted in decreased trajectory angle and increased propagation speed (Fig 5-

5b). Propagation speeds ranged from 11.2 - 16.2 cm s−1, within the range of observed

propagation speeds (Tables 5.2 and 5.1). Trajectory angles varied between 246◦ and

254◦, within the range observations for Tehuantepec eddies but not for Papagayo

eddies (Tables 5.1 and 5.2).

The upper and lower layers did not propagate as a cohesive unit. For an eddy with

5Trajectory angle was measured from north.
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Figure 5-3: Contours of the stream function in the lower layer ψ2(x, y, t) using stan-
dard upper layer parameters and an initial anticyclonic swirl V2 = -5 cm s−1 in the
lower layer at (a) t = 0.5 d, (b) t = 2.5 d, (c) t = 5 d, and (d) t = 10 d. Note the
rapid decay and propagation of the initial anticyclonic feature (positive ψ - warm
colors) and the development and strengthening of a cyclonic feature (negative ψ -
cool colors). The contour interval was 50 km2 d−1 for all plots.
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Figure 5-4: Contours of the stream func-
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lower (b) layers using standard param-
eters. Note the offset between the cen-
ters of the surface anticyclone and the
cyclone at depth. The contour interval
was 125 km2 d−1 for both plots. (c) Tra-
jectories of the spatial maximum of ψ in
the upper layer (solid line, circles) and of
the spatial minimum lower layer (dashed
line, square) over 50 days. Dots indicate
positions every ∆t = 5.0 d.
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days for standard parameters varying (a) e-folding radius, l, and (b) swirl speed, V1.
Symbols mark every 5 days.

standard parameters, the upper layer propagated west-southwest (248◦) at 11.5 cm s−1,

while the lower layer propagated more slowly (6.2 cm s−1) in the direction of 282◦

(Fig 5-4c). After 25 days of propagation, there was a distinct lag between the cyclone

in the lower layer and the anticyclone in the upper layer (Fig 5-4a, b). Despite the

differences in trajectories, the spatial extent of the vortices in the upper and lower

layers overlapped continuously.

Topographic Effects

Introduction of topography only subtly changed propagation and swirl speed of the

surface vortex. Using standard parameters, propagation speed decreased from 12.9 cm s−1

to 12.8 cm s−1 with the addition of topography, close to the limit of detection based

on grid size. The trajectory also changed only slightly from 249.4◦ over a flat bottom

to 249.7◦ over the ridge (Fig 5-6a), again close to the limit of detection based on

grid size. Ridge topography had a larger effect on the swirl speed. When the eddy

began interacting with the ridge topography (t ' 35 d), the maximum absolute swirl

speed decreased. Once the center of the eddy crossed the ridge axis on ∼ day 50, the

maximum absolute swirl speed increased again (Fig 5-6b).

Topography altered the cyclonic eddy in the lower layer (Fig 5-7) compared to the

reference flat bottom (Fig 5-8). The cyclone became elongated along the ridge and

deflected towards the south upon initial contact with the topography. On the eastern

ridge flank, the topography compressed the fluid which added anticyclonic vorticity.
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Figure 5-6: (a) Trajectories of
the spatial maximum of ψ1, up-
per layer, over 75 days for stan-
dard parameters with (solid line)
and without (dashed line) ridge
topography. Solid gray line de-
notes the ridge axis. Dashed
gray lines denote the extent of
the ridge topography. (b) Max-
imum meridional velocity, v1,
over time in the upper layer over
75 days for the standard param-
eters with (solid line) and with-
out (dashed line) ridge topogra-
phy. Solid gray line denotes ap-
proximate time when the center
of the anticyclone was over the
ridge axis.

The anticyclonic vorticity weakened the cyclone and later strengthened the trailing

anticyclone. Contours of the stream function showed the propagation of the northern

half of the cyclone over the ridge, leaving a southern portion on the eastern side of the

ridge (Fig 5-7c, d). The tracer indicated that the core of the cyclone deformed but

did not split (Fig 5-9). The tracer was transported over the ridge in a coherent mass

with deformation from elongation and stretching induced by the ridge. The tracer

trajectory did not significantly deviate from the reference tracer trajectory in the flat

bottom case (Fig 5-10). The water mass elongated along the ridge to the south was

likely from the annulus of the eddy surrounding the core [47]. Once over the ridge

axis, the decrease in elevation added cyclonic vorticity and strengthened the cyclone

(Fig 5-7 e, f).

Simulated current velocities along the ridge for the standard parameters were

compared to observed near-bottom current velocities (Fig 5-11). The direction of the

current velocities corresponded well between the two records. The simulated current

velocities were stronger when northward, during weeks 16 to 19 as the trailing edge

of the cyclone passed the ridge, than when southward, during weeks 12 to 15 as the

leading edge of the cyclone passed the ridge. Strong simulated southward current

velocities during weeks 20 and 21 were associated with the anticyclone in the wake
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Figure 5-7: Plan views of the stream function in the lower layer ψ2 showing the
evolution of the cyclone (dark blue) with standard parameters as it crosses the ridge
topography every 5 days from day 45 to day 70. Anticyclones and cyclones develop
to the east in the eddy wake. The contour interval was 100 km2 d−1 for all plots. The
solid gray line denotes the ridge axis. The dashed gray lines denote the extent of the
topography.
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Figure 5-8: Plan views of the stream function in the lower layer ψ2 showing the
evolution of the cyclone (dark blue) with standard parameters over a flat bottom
every 5 days from day 45 to day 70. Anticyclones and cyclones develop to the east in
the eddy wake. The contour interval was 100 km2 d−1 for all plots.
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Figure 5-9: Plan views of the concentration of tracer (normalized to the maximum)
in the lower layer showing the movement of water in the cyclone core as it crosses the
ridge every 5 days from day 45 to day 70. Some tracer was not transported within
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topography.
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Figure 5-10: Plan views of the concentration of tracer (normalized to the maximum)
in the lower layer showing the movement of water in the cyclone core over a flat
bottom every 5 days from day 45 to day 70. Some tracer was not transported within
the cyclone, leaving a trail of tracer with low concentration (cool colors) compared
to tracer in the core (warm colors). The contour interval is 0.025 for all plots.
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Figure 5-11: (a) Observed current velocities at East Wall 170 mab low-pass filtered,
cut off 150 hours compared to (b) modeled current velocities.

of the cyclone. The observed current velocities also were stronger when northward,

during weeks 16 to 18 as the trailing edge of the cyclone passed the ridge, than when

southward, during weeks 13 to 15 as the leading edge of the cyclone passed. Simulated

current velocities were overall higher than observed current velocities by 5 to 10 cm

s−1. The simulated northward current anomaly also lasted approximately twice as

long as the observed anomaly.

Tracer Dispersal

Larval dispersal potential was assessed by advecting tracer patches placed at various

locations along the location of the ridge axis, with ridge topography (Fig 5-12 & 5-14)

and with a flat-bottom (Fig 5-13 & 5-15), in an eddy with standard parameters. The

end result for tracer within the influence of an eddy crossing ridge topography was

dilution and displacement off of the ridge axis. However, before final transport off of

the ridge axis some of the tracer was advected more than 100 km along the ridge axis.

Transport of the tracer depended on the initial position relative to the path of the

cyclone (Fig 5-12 & 5-14). Tracer patches were initially positioned on the ridge axis at
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the center of the eddy’s path, and 100 km to the north and south of the eddy’s path.

For the flat-bottom case, tracer returned to the initial longitudinal position only for

the patch positioned 100 km to the north of the eddy center (Fig 5-13). When ridge

topography was included, the tracer patches were sheared and portions returned to

the ridge axis (Fig 5-12 & 5-14). The tracer patch initially near the center of the eddy

was first sheared to the southeast and advected to the south with a large portion of

the tracer remaining on the ridge. Tracer was sheared and advected southward a

maximum of ∼250 km from the release point. The trailing edge of the eddy then

advected the tracer back to the north and west, bringing a large concentration of

tracer back onto the ridge axis. The tracer patch 100 km to the south of the center

also was advected initially to the south and east. Tracer was quickly transported off

axis, partially because the patch was not sheared as much by the slower swirl speeds

in the periphery of the eddy core. Tracer was quickly advected to the north then

west and a large ‘blob’ was brought back onto the ridge ∼150 km to the north of the

starting point. The tracer patch released 100 km north was advected off axis in strong

westward currents. A thin and dilute filament of tracer was advected back onto the

ridge initially ∼100 km north of the starting point and then extended southward to

∼50 km south of the starting point.

5.4 Discussion

5.4.1 Applicability to Tehuantepec and Papagayo Eddies

Despite the simplifications associated with the quasi-geostrophic model, the prop-

agation characteristics of simulated eddies were similar to surface observations of

Tehuantepec eddies. Propagation speeds were faster than those observed in the satel-

lite time-series in this study but were within the range of observations in the literature.

The simulated trajectories were generally oriented more to the south, but by less than

a 5◦ difference in direction. Interactions with the Tehuantepec Ridge topography (Fig

5-1) may account for this minor discrepancy in trajectory angle.

Simulated eddies did not correspond as closely to surface observations of Papagayo

eddies. Papagayo eddies of all sizes were observed to propagate almost directly west

with little to no southward displacement. Eddies simulated with parameters in the

range of observations propagated west-southwest due to non-linear dynamics. Eddies

propagated more westerly as the radius increased and/or the swirl speed decreased
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Figure 5-12: Time-series of the concentration of tracer, relative to the initial maxi-
mum, on the ridge axis for tracer patches starting on the ridge axis (a) 100 km to
the north of the center of the eddy path, (b) at the center of the eddy path, and (c)
100 km to the south of the center of the eddy path. The eddy was modeled using the
standard parameters.
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Figure 5-13: Time-series of the concentration of tracer over a flat-bottom, relative to
the initial maximum, at the same location as the ridge axis in Figure 5-12 for tracer
patches starting (a) 100 km to the north of the center of the eddy path, (b) at the
center of the eddy path, and (c) 100 km to the south of the center of the eddy path.
The eddy was modeled using the standard parameters.
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Figure 5-14: Spatial distribution of tracer patches over ridge topography at their
initial position and every 10 days from day 45 to day 75. Tracer patches had starting
positions on the ridge axis (a) 100 km to the north of the center of the eddy path,
(b) at the center of the eddy path, and (c) 100 km to the south of the center of the
eddy path. The eddy was modeled using the standard parameters.
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Figure 5-15: Spatial distribution of tracer patches over a flat bottom at their initial
position and every 10 days from day 45 to day 75. Tracer patches had starting
positions at the same location as the ridge axis in Figure 5-14 (a) 100 km to the
north of the center of the eddy path, (b) at the center of the eddy path, and (c) 100
km to the south of the center of the eddy path. The eddy was modeled using the
standard parameters.
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(Fig 5-5), i.e. as the eddies became more linear. However, observations of Papagayo

eddies do not suggest that these are weak, linear eddies. The length scale and swirl

speeds were comparable to those of Tehuantepec eddies.

Surrounding currents may be influencing the propagation and dynamics of Papa-

gayo eddies. The quasi-geostrophic model utilized here included a weak background

flow to the west at 5 cm s−1, but otherwise assumed minimal influence by the sur-

rounding fluid. However, baroclinic instabilities in the North Equatorial Counter

Current (NECC) and the Costa Rica Coastal Current (CRCC) have been proposed to

greatly influence the development of Tehuantepec and Papagayo eddies [3, 17, 39, 55].

Generation of Papagayo eddies occurs closer to the NECC and thus may be influenced

more by variations in the NECC compared to Tehuantepec eddies. Interactions with

the NECC may limit the southward movement of Papagayo eddies. Additionally,

interactions with the unstable NECC may account for the stretching, splitting, and

merging of Papagayo eddies during the satellite observations (Fig 5-2). Similar eddy

instability was not observed in the Tehuantepec eddies which were further north of

the NECC. Due to the discrepancies between the model results and observations of

Papagayo eddies, the remaining discussion is likely more applicable to the case of

Tehuantepec eddies.

5.4.2 Vertical Structure

Simulated eddies formed vertical dipoles with flows in each layer acting largely in-

dependent of each other. The surface layer maintained the initial anticyclonic eddy,

while the lower layer developed a cyclonic eddy. Dimensional analysis using the

Burger number (Bu= (
NH

fl
)2) = (

RD

l
)2), where N is the buoyancy frequency, is use-

ful in determining the realive contributions of vorticity and vertical stretching to the

flow. For an eddy with standard parameters, RD = 90 km and l = 100 km, vorticity

and vertical stretching contribute roughly equally to the dynamics of the flow. The

flow is partially barotropic, as evidenced by the development of flow in the lower layer

and changes in swirl speed in the upper layer over topography. However, the flow

has a strong baroclinic component, as the layers are also partially decoupled by the

stratification; flow in the deep layer is the opposite direction and the trajectories of

the anticyclone and cyclone deviate from each other.

Although dipole vortices have not been observed in eddies formed from current

meanders [11, 33, 52], their presence in simulated Tehuantepec eddies is surprising
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in the context of ring observations but is consistent with geophysical fluid dynamic

theory. Flierl and colleagues [21, 19] proposed the ‘no net angular momentum theory’

in which a slowly varying, isolated disturbance on the beta plane must have zero net

relative angular momentum to satisfy

β

∫ ∫
ψ = 0. (5.4)

Therefore, an isolated feature should consist of both negative and positive potential

vorticity. The simplest way to achieve this condition on a β-plane is via a dipole.

Although the theory was initially applied to barotropic vortices with horizontal (2-D)

dipoles, vertical dipoles such as those observed in this study also satisfy the condition

for baroclinic vortices. Furthermore, Flierl et al [21] argued that barotropic Rossby

waves would be generated to dissipate any unbalanced angular momentum. Simu-

lations in the present study showed that all initial anticyclonic flows in the lower

layer were quickly radiated as barotropic Rossby waves. Cyclonic flow in the lower

layer was relatively stable over the multiple months of simulation, likely due to the

balance with the anticyclonic flow in the upper layer. The modeled cyclonic eddy was

a coherent structure able to carry a patch of tracer within its core with minimal loss.

Since equation 5.4 is dependent upon β, one would expect monopoles on a f -plane

(where β is zero) to be stable. Indeed, when β was set to zero, the anticyclonic flows

in the deep layer were stable as a monopole and did not radiate as Rossby waves

(data not shown).

The primary mechanism proposed for the generation of Tehuantepec and Papagayo

eddies is consistent with the development of a vertical dipole pair (heton). Wind jets

initially generate a pair of anticyclonic and cyclonic eddies on either side of the jet [32]

creating a horizontal dipole. However, upwelling along the coast virtually eliminates

the cyclonic eddy through entrainment and by limiting the layer thickness [32]. I

speculate that a cyclonic eddy may then develop in the lower layer to satisfy the no

net angular momentum theory. Vertical stretching as the eddy moves off of the shelf

may further contribute to the development of the cyclonic eddy at depth.

The model results supported the hypothesized connection between the observed

cyclonic current velocities near-bottom and the anticyclonic Tehuantepec eddy (Teh2)

on the surface. Both the model and observations were consistent with a vertical dipole

with anticyclonic flow in the upper layer and a slightly lagged cyclonic flow in the

lower layer. Additionally, the simulated currents at a point on the ridge axis showed
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the same asymmetry between the meridional flows with northward flow being stronger

than southward flow. However, there were discrepencies between the simulated and

observed current velocities. The modeled current velocities were stronger than the

observed current velocities. While, the observed current velocities suggested that the

cyclone took 4-5 weeks to pass over the ridge, simulated current velocities suggested

that the cyclone took much longer, 8-9 weeks, to pass over the ridge. These dis-

crepancies may be due to numerous factors that were not included in the model. For

example, the differences in translation speed in the lower layer may have been because

the lower layer did not include a mean background flow. Alternatively, Teh2 may have

been influenced by the mixed eddy (Teh3 + Pap) that passed shortly thereafter (Fig

4-10). The Tehuantepec Ridge could have influenced the cyclone to move further

south rather than to the north. Despite these differences, the major conclusion that

the cyclone at depth was associated with the surface Tehuantepec anticyclone remains

extremely plausible. This would then represent one of only a few field observations

of hetons (vertical dipoles) that are hypothesized to be important in the transport of

heat [27], salinity and particles, including larvae.

5.4.3 Ridge Interactions

The simulated dipole eddies interacted with the ridge topography relatively weakly

compared to previous studies []. This result differed from previous experiments and

modeling which found strong interactions between eddies similar to Agulhas rings

interacting with a meridional ridge (e.g. [4, 44, 53]). Depending on the initial start-

ing position and conditions, these previous studies showed that the ridge destroyed,

reflected, or trapped the eddies. While deformation of the cyclone in the lower layer

was observed in the present experiments, the surface anticyclone crossed the ridge

with little deviation in its path and the deep cyclone did cross the ridge after some

deformation and weakening. The vertical structure may account for the differences

between the present study and some of the Agulhas studies. The Agulhas studies

considered barotropic vortices or monopoles with the flow at depth in phase with

flow at the surface. Beismann et al [4] found that eddies could cross the ridge if the

flow in the lower layer had decayed sufficiently through the radiation of Rossby waves.

Kamenkovich and colleagues [29] suggested that baroclinic Agulhas rings could cross

ridge topography but barotropic or near-barotropic (little to no shear) could not cross

the ridge. The eddies considered here were strongly baroclinic. The shear and decou-
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pling between the two layers was likely the primary reason these eddies crossed the

ridge with little change in the surface eddy trajectory.

5.4.4 Implications for Dispersal

Mesoscale eddies may have a significant impact on the dispersal of larvae along the

East Pacific Rise (EPR). Model results supported the connection between strong

currents on the ridge and the passage of a Tehuantepec eddy, suggesting that the

influence of the eddies extends to at least the depth of the ridge, and likely to the

abyssal seafloor. Simulated current velocities often exceeded 25 cm s−1 on the ridge

axis, even higher than those already observed. These strong currents could signif-

icantly increase the potential dispersal distance of a larva. If larvae act as passive

particles, the tracer results can be applied to gain insight into larval dispersal. Inter-

actions with ridge topography enhanced tracer dispersal along the ridge axis through

shearing and elongation of the eddy core. The end result of the eddy passing was the

loss of the tracer patches from the ridge axis. The modeled loss of tracer is consistent

with the observed decrease in larval flux (Chapter 4), and total particulate flux (data

not shown), into the sediment traps while eddies passed over the vent sites.

While overall larval abundance at a site may decrease, dispersal between vent fields

may be enhanced by the eddies. The observed eddy took over a month to pass and

the modeled eddies took even longer. During that time, tracer (larval) concentrations

were diluted on the ridge but also were advected in eddy induced currents up and down

the ridge, sometimes distances greater than 150 km. Larger eddies have the potential

to advect passive particles including larvae even greater distances. Depending on the

location of the patch relative to the path of the eddy, the larvae could be advected

to the north and/or to the south. Advection due to the eddy would be sufficient

to transport, albeit a small proportion of, larvae both directions between the 9◦ N,

11◦ N, and 13◦ N vent fields, approximately 150 to 200 km apart. The benefits of

the transport between the vent fields may counterbalance the loss of larvae from the

ridge axis.
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Chapter 6

Conclusion

6.1 Summary of Results

The goals of this thesis were to quantify the spatial and temporal variation in the

larval supply of vent gastropods near 9◦ 50′ N on the East Pacific Rise and to inves-

tigate the hydrodynamic processes that contribute to the observed variations. These

goals were achieved through a combination of concurrent near-bottom observations

of larval flux and current velocities supplemented with satellite observations and a

modeling study. Fluxes of hydrothermal vent gastropods to two vent sites, East

Wall and Choo Choo (separated by 1.6 km), varied both spatially and temporally

on daily and weekly timescales. The variation in larval flux was significantly corre-

lated with transport in currents. Results suggested that the larval flux towards the

benthos originated primarily from neighboring vent communities with 1-2 km. Vents

with multiple neighboring vents to the north and south may receive uninterrupted

high larval flux, while larval flux to isolated vents may be limited. Larval loss in

cross-axis current flows and during the passing of a mesoscale eddy created regional

(> 1.6 km) decreases in larval flux. While these larvae were lost from the 9◦ 50′ N

area, transport in eddy-induced currents or off-axis currents may have increased the

overall connectivity of the northern East Pacific Rise.

In Chapter 2, I developed an approach to identify hydrothermal vent gastropods in

a labor and cost efficient manner using a combination of molecular and morphological

techniques. While the approach was developed for identification of the larval stage,

the sequence database can be used to identify any stage of vent gastropod species.

Embryos and developing veligers within egg capsules laid near 9◦ 50′ N were identified
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as Gymnobela sp. A using the sequence database. This represents a larval development

strategy that has hence been rare at hydrothermal vents. Egg capsules only have been

reported for three other unidentified taxa at the Galapagos Rift and Juan de Fuca

[9]. Comparison of the genetics and population dynamics of Gymnobela sp. A to

turrids with planktotrophic larvae and the many gastropods with non-planktotrophic

lecithotrophic larvae may provide insights into the role of larval dispersal and the

evolutionary constraints on hydrothermal vent species. Results from Chapter 2 were

used in Chapters 3 and 4 to morphologically identify gastropod larvae to the lowest

possible taxonomic level.

In Chapter 3, daily larval flux and current velocity observations suggested that

larval supply to hydrothermal vents could be highly variable and was dependent

upon proximity to the nearest vents to the north and south. East Wall received

uninterrupted larval flux independent of the currents, whereas Choo Choo received

lower larval flux punctuated with an episode of increased larval flux during southward

current flows. A distance of 4.5 km was sufficient to impede the transport of detectable

numbers larvae from V vent to Choo Choo in northward currents. The irregular

distribution of vents along the ridge axis meant that larval flux was contingent upon

the variation in the direction of the along-axis current velocities.

In Chapter 4, larval loss from the ridge was the dominant factor in the generation

of variation in larval flux to East Wall and Choo Choo. Variation in larval supply

has been focused largely on the periods of increased larval supply. However, the

mechanisms for decreasing larval supply may be just as important in controlling

population and community dynamics. Cross-axis currents on the ridge axis were

correlated with the decrease in larval flux at both sites. There was no evidence that

larvae transported off-axis returned to the vent sites.

In Chapter 5, modeling and satellite observations were combined with the obser-

vations from Chapter 4 to show that an anticyclonic eddy originating in the Gulf

of Tehuantepec extended to the seafloor where it influenced current velocities and

larval fluxes. Tehuantepec and Papgayo eddies formed vertical dipoles in the model

with strong anticyclonic flow at the surface, also observed via satellite altimetry, and

weaker cyclonic flow at depth, also observed in near-bottom current velocities. The

passing Tehuantepec eddy created strong current velocities on the ridge axis during

which time larval flux to both East Wall and Choo Choo decreased. While eddies de-

creased local larval flux, the passing of an eddy could have enhanced larval dispersal
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and population connectivity along 100 - 300 kilometers of the nEPR. Tracer (a proxy

for passive larvae) advected in simulated currents was transported tens to hundreds

of kilometers along the ridge axis. Shear in the swirl also stretched tracer patches

such that the tracer spread over 50 - 250 km. Larvae transported to spread over that

area could interact with numerous vents in multiple fields during the passing of a

single eddy.

6.2 Recovery from Disturbance

The results of this thesis present a hypothesis to explain the two, apparently contra-

dictory, realities of larval supply based on benthic observations and work on larval

dispersal: 1) an abundant larval supply remains close to vent sites and 2) larvae are

dispersed long distances (within the scale of a ridge segment ∼100 km). Point esti-

mates of larval abundances were highest near a vent site, near bottom (1 m above

bottom) compared to away from a vent site and off bottom (≥ 20 m above bottom)

[13]. I propose that the larval supply is primarily locally driven with frequent periods

of loss corresponding to long-distance dispersal events. Chapter 3 demonstrated that

larval supply was primarily from neighboring vents. Larval transport between neigh-

boring vents would keep larval supply high, facilitating the rapid establishment of a

dominant species. However, initial colonists must develop quickly in order to generate

a local larval supply. The time to reproduction would be the rate-limiting step for

initial establishment local abundance. The growth rate and maturation of most vent

species are currently unknown. Estimated growth rates of the vent tubeworm, Riftia

pachyptila, are 4 cm yr−1 [5] to 85 cm yr−1 [10], supporting the hypothesis of rapid

growth and development to maturation. Frequent long-distance dispersal events via

mesoscale eddies and/or off-axis currents could provide initial colonists. Tehuante-

pec and Papagayo eddies could transport larvae from vent communities hundreds of

kilometers away. An average of 3.5 Tehuantepec and 2.2 Papagayo eddies form each

year with the potential to interact with the ridge and vent larvae [15]. Additionally,

larvae may be transported long distances in proposed off-axis jets on the eastern and

western flanks. The combination of local larval transport and dispersal events would

provide sufficient initial colonists and ample subsequent recruits to rapidly establish

high biomass and dominance.

A preliminary test of part of this hypothesis is underway on the 9◦ N segment.
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The majority of the benthic and larval studies to date focused on the cluster of

vents near 9◦ 50′ N. For areas with multiple vents clustered together, larval supply

is expected to be uninterrupted and high. This is consistent with the observations

of strong benthic interactions [6, 7, 12, 14] and rapid establishment of species [16].

However, the hypothesis of a local larval supply can be tested at isolated vent sites

where larval supply is expected to be infrequent and limiting. Recruitment studies

and successional time-series have not been done at isolated vent sites, partially due

to logistical constraints on submarine time. However, recruitment substrate, current

meters and sediment traps currently deployed at K vent (9◦ 29.7′ N) and in the

9◦ 50′ N area as part of the LADDER study will soon provide information on the

different factors contributing to population and community dynamics at isolated and

clustered vent communities.

Additionally, monitoring of the recolonization of nascent vents and early succes-

sion is underway in the 9◦ 50′ N area. In January 2006, relatively soon after the field

program for this thesis finished, an extensive magmatic and tectonic event obliter-

ated most of the hydrothermal vents between 9◦ 48′ N and 9◦ 50.5′ N in lava flows

extending from 9◦ 46′ N to 9◦ 56′ N [18]. As part of the first response cruise to the

site in May 2006, I deployed two sediment traps and a current meter near 9◦ 50′ N

to assess the availability and the species composition of larvae settling towards the

nascent vents. Thus, monitoring of larval flux is ongoing in collaboration with nu-

merous interdisciplinary efforts that will better characterize the physical, chemical

and biological succession after this large disturbance.

6.3 Mesoscale Eddies

The observation and characterization of a vertical dipole interacting with the seafloor

represents a contribution of potentially broad importance to oceanography. Mesoscale

eddies have been shown to be important in mixing and transporting heat, chemical

constitutes and biology in surface waters. Results from this thesis suggest that they

may also play an important role in mixing and transporting heat, chemical con-

stituents and biology in the deep-sea near hydrothermal vents. Heat transfer and

chemical alterations during the generation of hydrothermal fluids accounts for large

percentages of both the oceanic heat budget [1, 2, 8, 11, 17] and oceanic chemical

composition [4, 3, 19]. Globally, the interaction of mesoscale eddies with the mid-
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ocean ridge could be important in the distribution of the heat and chemical anomalies

produced at hydrothermal vents.
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