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ABSTRACT

Comparisons of macrofaunal community structure (species composition,
abundance, rank order, species richness, diversity) in hydrothermal vent mussel beds
were made between paired sites in the-eastern and western Pacific Ocean to address the
degree of biogeographical isolation of vent sites. Also, evaluations were made of the
biogeography of previously described-chemosynthetic mussel beds. Vent communities
on the same ridge segment include many shared species. As-the linear distance between
vent communities along a ridge axis increases, differences in species composition
become evident because gene flow between vents decreases as successful dispersal over
long distances decreases. Deep-ocean current systems and geo-morphological features
(such as microplates and transform faults) can also be dispersal barriers.

. In-the eastern Pacific two vent locations [32° S-on the East Pacific Rise (EPR) and

38° S on the Pacific Antarctic Ridge (PAR)] are separated by 650 km on the ridge axis
and the Juan Fernandez microplate. In the western Pacific the two back arc basin vent
locations (Lau and North Fiji basins) are separated by 1100 km of ocean, with
presumably limited dispersal between basins. The two eastern Pacific locations shared
63% of their species and the western Pacific locations shared 57% of their species. Only
two morphospecies were found at all four vent locations (Amphisamytha galapagensis
and Archinome rosacea). Species richness. (Ssgo) was highest for Lau (37) and-lowest
for N. Fiji (23). Both eastern Pacific locations had roughly the same species richness
(32° S: 25; 38° 5:26).

Similarity between hydrothermal vents decreased over distance on a ridge axis.
Sites less than 1000 km apart shared more species than sites over 1000 km apart. There
was no difference in the decrease inrsimilarity over distance between the EPR and the
Mid-Atlantic Ridge. Cold seep mussel-bed populations were more isolated than
hydrothermal vent populations. But at the familial level, hydrothermal-vent and cold
seep mussel beds were at least 35% similar:



COMMUNITY STRUCTURE AND BIOGEOGRAPHY

OF MUSSEL BED-COMMUNITIES AT PACIFIC HYDROTHERMAL VENTS



INTROBDUCTION

‘Ever since tﬁe:dis.covery thydrotherma—l vents-along the Galapagos Rift in 1977, the
distinct fe;una found at-vent sites have-fascinated researchers. Sincethen, hydrothermal vents
have been reported from mid-ocean ridges (Van Dover 2000), as-well as at back-arc basin
spreading centers (Hessler et al. 1988) and seamounts (Karl et al. 1988). Six biogeographical
provinces.of hydfot—hermal vent ecosystems are described from mid-ocean ridge-and back-arc
spreading centers: western Pacific, northeast Pacific, Fast Pacific Rise, Azores, Mid-Atlantic
Ridge, and Indian Ocean (Van Dover et al. 2002). These provinces coincide with ocean
basins and non-vent biogeographical provinces (Mironov et al. 1998). All hydrothermal vent
communities have a similar trophic-structure that includes: primary producers (free-living
bacteria, or animals hosting epi- or endosymbiotic bacteria), primary consumers (grazers and
suspension feeders), and secondary consumers (carnivores and scavengers; Grassle 1986).
The most visible faunistic difference _among vent communities often corresponds t-o variation
1in the megafauna species that host symbiont bacteria (Joliivet 1996). In the-eastern Pacific,
tubeworms and mussels are the dominant megafauna; in the Atlantic, shrimp-and mussels
dominate; and in the western Pacific and Indian Ocean, gastrepods and mussels arethe
dominant megafaunal species that host symbiotic bacteria. Symbiont hosts are impertant as
foundation species in chemosynthetic environments because they create or alter habitat for
many of the other species in the ecosystem (Bruno & Bertness 2001). The communities of

macrofaunal invertebrates (organisms between 250 um and 1-2 cm) rely on the mussels,



gas_»tr-opdds, or tubeworms to generate habitat (surface area they can attach to), provide refuge
to hide from predation, and enhance the supply and retention of propagules by increasing the-
_spatial-complexity of the environment (Bruno & Bertness 2001). Changes in temperature,
chemistry, and stability of vent ecosystems.affect the structure of both the foundation and
“macrofaunal populations.
‘Vent communities vary with distance along ridge axes and between-ocean basins.
Vent communities differ in pepulation genetics (Vrijenhoek 1997), species composition
(Tunnicliffe et al. 1998), and community structure (Van Dover 2002, Van Dover 2003): Rift
valley walls may constrain currents containing vent larvae along ridge axes, but transform
_ faults and horizohtal—-offsets of mid-ocean ridges are barriers to this linear connection
(Vrij enhoek 1997). Vent communities on the same ridge segment include many shared
species, but as the linear distance between vent communities along a ridge axis increases to
thousands of kilometers, differences in species composition become evident. As the distance
between vents increases, the amount of gene flow between the vents-decreases due to
increased barriers-to-dispersal and results in greater isolation and more opportunities for
speciation (Vrijenhoek 1997, Van Dover et al. 2002): -Over large distances, species
composition at vent sites-change and new species make up the vent community. Species and
‘genetic level similarities between vent fields-on different ridges or back-arc basins can also
reveal clues to the evolution of vents and history of tectonic; plate movement.
By comparing vent fauna among vent fields and among ridge segments, Van Dover
and Hessler (1990) suggested that along any given ridge segment there is a pool of shared
species where vent sites draw their fauna. The species present and their relative abundances

depend on the physical and chemical characteristics of the vent field (Luther et al. 2001).



This shared pool of species is evident in the remarkable similarity of megafauna at the
familial level among 135’ N - 11° N East Pacific Rise (EPR) and the Galapagos Spread’iiig
Center (Van Dover & Hessler 1990).. The compoesition of vent fauna on the southern EPR
(17° S to 19° S)is also very similar to the vent comnmunity on the northern EPR and on
Galar;agos:Spi'eading Center (Fig. 1: Geistdoerfer etal. 1995). The range of a species on a
mid-ocean ridge relies; at least partly, on the dispersal ability of the species. S‘omeoﬁrganisms '
fhéye lower dispersal capabilities than others. The lysianassid amphipod Ventiella sulfuris has
no specialized dispersal phase in its life cycle; aduits broﬂod,their eggs-and release juveniles in
the form of miniature adults (France et al.. 1992). mc‘HessDeep, a-50-km depression and
the-Galapagos microplate isolate the EPR antiGalapna;gos populations of V. sulfuris. The
genetic differentiation of their populations is great enough to-consider the two populations of
V. sulfuris two different species (France et al. 1992).

Along the EPR and the Galapagos Spreading Center, the mussel (Bathymodiolus
thermophilus) population is genetically homogeneous from 13° N to 11° S;'-inaicating that
gene flow is continuous in this region (Won et al. 2003). Farther south on the ridge, the
‘Easter Microplate is associated with a great divergence in mussel populations to-the north and
south. Bythograeid crabs also show a north-south Easter Microplate differentiation.
Allograea tomentosa and Bythograea vrijienhoeki-have only been collected south of the
microplate, while their sister-species, Cyanograea praedator and Bythograea laubieri are
found to-the north (Guinpt & Hurtado 2003). However, gene flow of two polychaete species,
Abvinella pompejana and Branchipolynoe symmytilida, isnot obstructed across the Easter

Microplate (Hurtado et al. 2004). The impressive dispersal of A. pompejana may be due to

its large negatively bueyant eggs that drift with bottom currents and its ability to arrest



embryonic development~(Pradil-Ion etal. 2001). Thus, the Easter Microplate region may
form a discrete-boundary between the southern EPR and the Pacific Antarctic Ridge (PAR)
or the region may. serve as a diffuse boundary that affects species differently based on
dispersal methods.

The Easter Microplate region is comprised of two microplates, the Easter and
Juan Fernandez Microplates. This region lies at the boundary betw?en the Indo-Pacific
-and Antarctic marine biogeographic provinces (Vinogradov 1979)-and-the distribution of
vent faunas may be controlled by the same factors that control the distribution-of non-
vent deep-sea faunas. These factors include major current systems and large
geomorphological features (Mironov et al. 1998, Van Dover et al. 2002). The 32°S ~
EPR vent site is separated from sites to the north by the Easter Microplate and from sites
to the south by the Juan Fernandez Microplate (Fig. 1). This inter-microplate ridge
section is believed to be the Earth’s fastest active seafloor, with spreading rates-of 14.9
cm/yr (Hey et al. 1995). South of the Juan Fernandez Microplate, the-PAR connects the.
Pacific and the Antarctic plates (Fig. 1). The spreading rate here-is slower than to the
north, only 9.5-cm/yr (Hey et al. 1995). The microplates interrupt the ridge axis gene flow
along the mid-ocean ridge for approximately 1600 km, potentially disrupting the larval
dispersal from-the north (Pardee et al. 1998). The PAR is hypothesized to be the source of
gene flow between the eastern and westemn Pacific hydrothermal vents (Hessler az}dlonsdalc
1991). The PAR connects the eastern Pacific mid-ocean ridge with the subducting zones in

the western Pacific and the Southeastern Indian Ridge. Preliminary observations from south

of the Juan Femandez
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inset map show locations newly-sampled in 2005.



Microplate (37° S — PAR) shew that the vent fauna-is similar to fauna seen at sites on the
southern EPR; except for the lack of Riftia pachyptilatubeworms.(Stecher et al. 2002).
Bathymédiolus—spp. mussels and Lepetodrilus spp. I}mpets_dominate the sites (Stecher et-al.
2002).

Compared to the western-Pacific back-arc basins tht; connectivity aleng mid-ocean
ridges is high (Tunﬁcﬁffe et al. 1998). In the westernPacific, hydrothennai vents are-found-
along isola;ed back-arc spreading centers mstead_oilnﬁd4ecean*ﬁdges., Back-arc spreading
centers form along active plate margins where the old ocean crust is.subducting beneath a
continental plate moving:the same direction (Hessler & Lonsdale 1991). Unlike mid-ocean
ridges, the back-arc basins of the western Pacific are relatively recent and spreading centers
in back-arc basins are only active for a short time, 5-10 my (Desbruyéres et al., in press).
Back-arc basin vent sites are also more geographically isolated than sites-along a mid-ocean
ridge where vent sites are connected by a ridge axes. Despite their isolation, western Pacific
back-arc basin vents show evidence.of genetic dispersal between spreading centers (Hessler
& Lonsdale-1991). Back-arc basin vents may be ‘stepping stones’ for biodiversity, allowing
genes to disperse great distances between the isolated sites.

Ancestral ties link the eastern Pacific vent faunas-with those of the back-arc basins of
the western Pacific. Prior to 55 mya, the Kula-Pacific Ridge provided an east-west
connection across the Northern Pacific (Hessler gnd‘ Lonsdale 1991). After the closing of this
connection, the-only link between the eastern and western Pacific was provided by the PAR

to.the south. Comparisons of taxa among known back-arc basin vent sites showed that Lau

and N. Fiji Basins-shared the most taxa-with the nearby Marianas back-arc basin sites, but



also shared genera and some species with vents in the eastern Pacific (Tunnicliffe & Fowler
1996).

Activerhydrothermalv venting has been reported from two back-arc basins — North
Fiji and Lau b;sins,— approx’imate,l»y 1100 km apart in the s;ut'ﬁwestern Pacific
(Desbruyeéres et al. 1994). The two basins are situated at the“bound;ry-between the
Pacific and-Indo-Austrélian plates. The N. Fiji Basin is split down the middle by an
active ridge (approximately 3 million years old) that spreads-at the rate of 5 cm/yr
(Auzende et al. 1988, Desbruyeres et al. 1994). The ridge morphology of the Lau Basin.
is more complex than that of the N. Fiji Basin, with-many segments, secondary ridges and
volcanoes (N autilau Group 1990). 'The Lau Basin is bordered by the fossil Lau Ridge to-
the-west, the TofuaVo]canic Arc to the east. The Valu Fu Ridge spreading center is
found in the southern half of the Lau basin. The Lau Basin is believed to be younger and
have a slightly faster spreading rate (7.4 cm/yr) than the North Fiji Basin (Auzende et al.
1988).

Community structure can also be useful in comparing regionat and global
variation between vents. Descriptions of the community-structure of invertebrate
-assemblages can p‘rovide insight into the underlying physiological, ecological and
evolutionary-processes-of vent sites. Differences in community structure between sites
could be due to vent field siZe, habitat stability, depth, temperature, substrate, variation in
vent chemistry, vent age, barriers in dispersal and biological iﬁterac-tibns (Mullineaux et
al. 1998, Luther et al. 2001, Micheli et al. 2002, Van Dover 2002, 2003, Tsurumi &
‘Tunnicliffe 2003, Dryer et al. 2005). Mussel-bed habitats are used for such studies

because they are more structurally similar to each other across ocean basins than other



~vent habitats (Van Dover 2002). Beds of Bathymodiolus spp. have been reported from all
six hydrothermal vent biogeographic provinces, except the northeast Pacific. Hewever;
single Bathymodiolus spp.-have been collected from the northeast Pacific, and mussel

beds may yet to be found in the region (McKiness et-al. 2605). Bathymodiolus spp.
musse'l;beds occupy similar settihgs in the diﬂ.’use flow of hydrothermal vents where i
temperaturesrarely exceed 10 to 15° € (Van Dover 2002). Mussels stack up on top of
each other and create a three-dimensional habitat providing homes for many macrofaurnal
invertebrates. Slight differences in the chemical and physical characteristics of the
mussel beds could affect which invertebrates colonize the habitat.

Previous community structure studies have focused on mussel-beds and tubeworm
assemblages on the East Pacific Rise (Van Dover 2002, 2003, Dreyer et al. 2005, Govenar et
al. 2005), Juan de Fuca Ridge (Tsurumi & Tunnicliffe 2003), and the Mid-Atlantic Ridge
(Desbruyeres et al. 2000, 2001, Van Dover & Trask 2000, Turnipseed et al. 2004, Van Dover
& Doerries 2005). Studies have focused on how community structure varies within a vent
site, within a vent field, with age of vent sites, with vents in different ocean basins, and
between vent and intertidal mussel beds. Community structure varies at a vent over the
course of its lifetime. At vent habitats along the fast-spreading EPR, the hydrothermal cycle
of waxing and waning is comparatively fast, occurring in years or decades (Van Dover 2003).
At the start of the hydrothermal cycle the habitat is rich in sulfide and the flow becomes more
diffuse as the vent ages (Van Dover-2003). First- and second-year-assemblages of fauna at
Juan de Fuca ndge were distinct from the older assemblages (Tsurumi & Tunnicliffe 2003).

After these first few years, the community becomes stabilized until the hydrothermal flow

begins to wane (Van Dover 2002, Tsurumi & Tunnicliffe 2003, Dreyer 'et‘al._2005). As
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hydrothermal flow beg»ins to cease at a-vent-site, its community structure begins to_t;ransition_f
to a background community as recruitment of tubeworms and mussels ceases (Van-Dover
2002, Tsurumi & Tunnicliffe 2003, Dreyer et al. 2005), and non-vent deep-sea organisms
invade, taking advantage of the newly opened, non-toxic habitat. The last remaining animals _
at the-vent sites subsist on decaying organic matter, heterotrophic bacterial mats or each other
(Tsurumi & Tunnicliffe 2003)-

Differences in spreading rate between the Mid=Atlantic Ridge (MAR,; 2-4-cm/yr) and -
the EPR (12-16-cm/yr) correlate with many of the differences in community structure
between Atlantic and Pacific vent communities (Tunnicliffe et al. 1998, Van Dover &
Doerries 2005). Species richness is greater in samples from faster-spreading ridge axes;
where vents are closely spaced but shorter lived than on slow-spreading ridge axes, where
- vents are farther apart but longer-lived (Van Dover & Doerries 2005). ‘Models based on -
dispersion in a linear fragmented habitat cannot be applied easily to slow spreading ridges.

The biogeographic-model for the MAR is more complex because local conditiens are
affected by changing source rocks and variation in depth at vent sites {Desbruyeres et al.
"2000). The faunal organization found at Atlantic vent sites differs_from that in the Pacific.
Alvinocarid shrimps and bathymodiolin-mussels are the dominant species along the MAR;
tubeworms and alvinellid polychaetes are absent (Tunnicliffe et al. 1998). Vent fields along
the MAR vary in depth from relatively shallow — Menez Gwen (850 m) and Lucky: Strike.
(1700 m) — to deep — Snake Pit (3500 m) and TAG (3650 m). Shallower vent sites are
dominated by the mussel Bathymodiolus azoricus, ;nd have been penetrated by bathyal
species (organisms thatlive between 800 — 2,000 m deep), while deeper vent sites are

- dominated by the bresiliid shrimp and have more endemic hydrothermal species
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(Besbruyeres et al. 2000). Invasion of shallower vents by npn—vent fauna is due to phase
separation of vent fluid caused by the decrease of hydro's'taticgpressurc.. ThlS produces vent
fluid that lacks the toxic mietals normally dissolved in the vent fluids, allowing non-vent
fauna to invade the sites (Desbruyéres et al. 2000).

.Bathymodiolus.spp- mussel beds also occur in cold seep-communities. Macrofaunal
species richness is higher at cold seep samples from Blake Ridge (Atlantic) and Florida
Escarpment (Gulf of Mexico) locations than»ﬁ"om hydrothermal vents in-the Atlantic
(Turnipseed et al. 2003, 2004). More deep-sea species may be able to invade the mussel beds
at seeps due to stability.and Jack of toxic chemicals. High species richness and diversity were

" also seen in-tubeworm assemblages from hydrocarbon seeps on the upper Louisiana slope of
the Gulf of Mexico (Bergquist et al. 2003). However, relatively-shallow seep-mussel beds on
the upper Lousiana slope (depth = 500-700 m) had lower species richness and diversity than
what was reported from Blake Ridge and Florida Escarpement (Bergquist et al. 2005).
Species richness and diversity at the upper Louisiana slope seep mussel-beds were
comparable to the low diversity seen at MAR mussel beds (Bergquist et al. 2005, Van Dover
& Doerries 2005).

The primary objective-of this study was to determine how hydrothermal vent
communities differ with separation distance. This study aimed to determine whether the
back-arc basin vent locations, Lau and-N. Fiji, are as biogeographically isolated as
generally believed. Another goal was to determine to what degree species compositions
are shared throughout the Easter Mic\roplate Region and how the microplates affect
community structure at the 32° S —EPR and 38° S — PAR loeations. Descriptions of

community structure will be constructed of fauna associated with mussel beds at vents on
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adjacent, but isolated back-arc spreading systems {Lau an_d N. Fiji), as well as two sites
on the Eastern-Pacific mid-ocean ridge vent locations, 32° S —EPR and 38° S — PAR.
Finally, results of mussel-bed community structure from these four Pacific sites will be
compared to results of previously published reports-on chemosynthetic mussel-bed
community structure to determine global patterns in biogeo graphy at chemosynthetic

environments.
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METHODS

Study sites

In this study, mussel-bed communities were sampled from four hydrothermal vent
fields in the southern Pacific Ocean. Samples were collected from two mid-oceanrridge
locations and two back-arc basin locations. The two mid-ocean ridge locations wer_e in
the southeastern Pacific at 32° S on the East Pacific Rise (EPR) and 38° S on the Pacific-
Antarctic Ridge (PAR); the back-arc basin locations were the North Fiji and-Lau Basins
in the southwestern Pacific (Fig. 1).

For the mid-ocean ridge locations, one mussel-bed site was sampled from 32° S
EPR and two mussel-bed sites were sampled from 38°'S PAR. The two mid-ocean ridges
locations were located ~660 km apart. The 32°°S EPR site was the Saguaro vent field
(31°51°S, 112°2°W; 2335 m). The 38° S PAR ssites were Pale Etoile vent field (37°47°S,
110°55°W; 2215 m) and Annie’s Anthill vent field (37°46’S, 110°55°W; 2228 m). The
two 38° S PAR sites-are located ~2 km apart. For the back-arc basin locations, one
mussel-bed site was sampled from;theNorth Fiji Basin and three mussel-bed sites were
sampled from the Lau Basin. The two basins are ~1100 km apart. The North Fiji Basin
site was Mussel Hill vent field (16°59’S, 173°55’°E; 19’90 m). The Lau Basin sites were
Kilo Moana vent field (20°3°S, 176°8’W; 2622 m), Tow Cam vent field (20°19°S,
176°8°W; 2714 m), and Tu’i Malila vent field (21°22°S, 176°34*W; 1900 -m). Tow Cam

is located 30 km to the south of Kilo Moana and Tu’i Malila is located 125 km south of
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Kilo-Moana...

Sample collection and-processing

Replicate samples of mussels and their associated invertebrate community were
collected using submersibles»“duﬁng two research cruisef in Spring éOOi Samples-were
collected using the Deep Submergence Vehicle Alvin during March 2005 from 32° S on
the EPR and 38° S PAR. The Remotely Operated Vehicle Jason II collected samples in
May 2005 frem the Lau and North Fiji Basin..

Discrete, -quaniit—at—ive sampl’es*were_celleetéd haphazardly using pot samplers (see
Van Dover 2002). - The pot sampler, 1ined_with a kevlar bag, was positioned over a
mussel bed, and then adjusted overthe mussels until reaching the basalt underneath. A
drawstring tightened to close the kevlar bag arour;d the mussels. After the bag was
closed, the mussel pot was replaced into its quiver on the submersible basket to prevent
the loss of sampled animals. Each pot sampled a variable volume over a constant area of

31.cm’. Qualitative samples were collected by scooping mussels and associated fauna
into individual bio-boxes with closeable lids. Data from the qualitative-samples were
used with the-quantitative samples to build species-effort curves. All other analyses used
only the quantitative samples:

Once on deck, mussels-and their associated-erganisms were washed 3 times with
filtered seawater (10 um) over 2250 punrsieve. Retained material was preserved in
buffered 10% formalin and stored in 70% ethyl alcohol. Sample volume (+0.1 L), was
determined by displacement of plastic-bagged mussels in seawater using a graduated

cylinder. Lengths were measured (+ 0.1 mm) for all of the mussels > 5 mm. Dry tissue
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weights of mussels (& 0.01 g) were obtained from a systematic sub-sample of individuals
that represented the range of sizes:sampled. Mussel dry>weight versus shell length was
used as mussel condition index and comparisons were made between musseis of the
pair_ed«sites. Mussel washings were sorted twice under a-dissecting microscope, the
second sort was after staining with Rose-Bengal to enhance visibility-of fmall organisms.
Individuals were sep~arated-te-morpholbgical species — taxa easily separable by
morphological differences that are noticeableto individuals without extensive taxonomic
training (Oliver & Beattie 1996), — identified to the lowest taxonomic level possible, and
enumerated. Identifications were made*usingpublished descriptions, comparisons to
voucher specimens in the collections of C.L. VanrDover, and consultation with
taxonomic experts. Taxa considered to be meiofauna (co_p’epods, ostracods, mites, and
nematodes) were not included in this study. Post-larval and juvenile mussels <5 mm
were included in the community analyses because-they do not yet function as structural
elements in the system, but they do interact with other mussel-associated inyertebrates.
Commensal polychaetes (Branchipolynoe spp.) that live in the mantle cavities of
Bathymodiolus spp. mussels were not included in the analyses because they are not

considered to be members of the community living among-the mussel beds.

Statistical analysis

The habitat structure of Bathymodiolus spp. mussel beds within the locations and
between paired locations was compared using-size-frequency histograms calculated from
length measurements of sampled mussels. The Kruskal-Wallis Test was used to detect

site/location differences in the median of size-frequency distributions (Minitab v. 13.30).
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Mussel condition indices were compared between paired lbcations;using an analysis of
co-variance (ANCOVA) of log-transformed mussel shell length and log-transformed
tissﬁe-dry weight-data that tested the significance differences between regression lines
" with-similar si‘oges, but dffferent*interce_pts.

Rank abundance plots were created from-the sampl;;?base’d percent contribution of
individuals within species to total abundance. Data from both-quantitative and qualitative
samples-were used to calculate species richness using .cumu_l_ative species-effort curves.
Cumulative species-effort curves were produced for each-vent field using EstimatesS
(Colwell 1997; randomization operations = 160, without rrep}acement).’ _Effort was shown
as the cumulative number of individuals sampled. To-compare among ,site\?, effort was
standardized to the level of the'smatlest number of individuals in any one collection
(5 ,000 individuals).

For the rest of the analyses, only quantitative samples were used, except from the
38° S location, where all qualitative samples were-also-used due to an insufﬁcieﬁt—number
of quantitative samples. One Lau-quantitative sample (Kilo Moana 140-2) and-ene N. .
Fiji quantitative sample (Mussel Hill 151-2) were excluded from the analysis due to-
problems in sample collection. The Shannon diversity index (H’iog ¢; the measure of
uncertainty by measuring the rarity and commonness of species in-a-community),
Pielou’s evenness index (J°; the extent to which species are-evenly distributed)-and
Fisher’s o (the expected number of individuals represented by a single individual) were
calculated for standardized (1-1 mussel volume-sampled) data using the DIVERSE
subroutine in PRIMER v5 (Clarke & Gorley 2001). These univariate diversity indices

were calculated with and without the numerically dominant-limpet, Lepetodrilus schrolli
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for the two Western Pacific sites. T-tests (Minitab-v. 13.30) were used to compare means
of diversity indices among paired locations. Jaccard similarity coeffients were computed
(#A jof, species shared-between site A & B/# of species only at site A + # of species only at
site B + # of species shared betweensite A & B)to show-species similarity between
“paired sites and reported percent similarity.

Multidimensional scaling (MDS)_and cluster analysis techniques were used to
compare communityst%i‘-xcture among mussel beds. Bray-Curtis (BC) similarity-was used
to show community similarities among the samples. BCyp. an4.is-used in the results to-
indicate where Bray-Curtis similarity was based on species abundances. Bray-Curtis
similarity matrices were constructed from square-root transformed standardized-(1-1-
mussel volume sampled) abundance data from all four vent locations using PRIMER v5
(Clarke & Gorley 2001). Square-root transformation reduces the importance of highly
abundant species and allows taxa with mid-range abundances to contribute to the Bray-
Curtis similarity between sample-pairs (Clarke & Warwick 2001). Data from mid-ocean.
ridge samples collected for this-study from 32° S-and 38° S were combined with
previously collected data from 17°S EPR (VanDover 2002) to generate Bray-Curtis
similarity coefficients of the mid-ocean ridge sites. Clustering techniques were used to
determine the similarity in species composition among the four locations sampled: MDS
plots were generated from Bray-Curtis similarity coefficients. Analysis of similarity
(ANOSIM; PRIMER v5) was determined from standardized samples to determine
significant differences (indicated by the Global R value) betweg:n groupings-of mussel
beds detected in MDS plots. We used Clarke & Gorley’s (2001) interpretation of the'R.

statistic for pair-wise groups: R > (.75, groups well separated; R > 0.5 groups



oyer»lapping but clearly-different; R < 0.25 groups barely separable. Contributions-of
species t§ the Bray-Curtis (community) dissimilarity between paired sites were calculated
using the SIMPER subroutine of PRIMERVS
Global comparisons of invertebrate fauna from- ch;mosynthfet_ic mussel-beds

Comparisons of invertebrate fa;ma from 12 chemosynthetic mussel beds(5 East
Pacgﬁc vents, 3 Mid-Atlantic vents, 2 West Pacific vents, 2-cold seeps) were made using
species-abundances matrices from: 11°N — EPR (Dreyer et al. 2005), 9° N — EPR (2001,
Dreyer et al. 2005; 1999 Van Dover 2003), 17° S.— EPR (Van Dover 2002),32° S — EPR.
_ (this paper), 38° S — PAR (this paper), Lucky. Strike — MAR (Van Dover & Trask 2000),
Snake Pit — MAR (Turnipseed et al. 2004), Logatchev — MAR (Van Dover & Doerries
2005), North Fiji Basin (this paper), Lau Basin (this paper), Florida Escarpment seep site
(Turnipseed et al. 2004), and Blake Ridge seep site (Knick 2003). Meiofauna (i.e.,
nematodes, copepods, ostracocods, mites) were excluded from all data sets. New
'species-effort curves-were generated where neccssary~using EstimatesS (Colwell 1997;
randomization operations = 100, without replacement) where-effort was expressed as the
cumulative number of individuals sampled. Separate species-effortcurves were
calculated for each of the collections from 9°N — EPR (1999 & 2001). To compare
among sites, effort was standardized to the smaliest number of individuals in any one
- collection (4,500 individuals).

Univariate species diversity indices — species richness, Shannon diversity index

(H’10gc), Pielow’s evenness index (J°) — were calculated for each of the 12 sites using the—

DIVERSE subroutine in PRIMER v5.(Clarke & Gorley 2001). Diversity indices were
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calculated separately for both collections from 9°N —EPR in 1999°& 2001. For all
locations except Lucky Strike and 38° S — PAR,-only quantitative mussel pot samples
were used. For Lucky Strike and 38° S — PAR, all samples were used because there were

not enough quantitative samptles coliected.

To determine community similarity ameng all the chemosynthetic mussel beds,
thepresence/absence of bivalves, gastropods, and decapods at-each of the 12 locations
were ascertained using the published species-abundance matrices and data collected in
thisstudy. Bivalves, gastropods, and decapods were used because they are the easiest
classes of chemosynthetic fauna to identify to the species level; thus the data will be the
most reliable. ‘Species lists were combined for the-two 9°N — EPR reports (1999 & 2001)‘.
For all locations, both quantitative and qualitative mussel pot samples were used. Bray-
Curtis similarity coefficients were calculated three times based on the presence/absence
of-bivalves, gastropods, and decapods, at the species-, genus- and family-level, from each
of the 12 locations using PRIMER v5 (Clarke & Gorley 2001). BC.,. is used in the
results to indicate where Bray-Curtis similarity was based presence/absence of bivalves,
gastropods, and decapods. For comparison purposes, the 12 locations were divided into
four regions based on geographic location and type of chemosynthetic location: East
Pacific Vents, Atlantic Vents, Back-Arc Basins, and Cold-Seeps. Multidimensional
scaling (MDS) and cluster analysis techhiques based on Bray-Curtis_coefficients (BC.,.)
were used _tb i:ompare community structure among mussel beds at the species-, genus-
and family-level. Differences in faunal assemblages among regions were_tested using the

ANOSIM randomization test procedure (Clarke & Gorley 2001).



The Bray-Curtis coefficients based on the presence/absence of bivalves,
gastropods, and decaﬁodsgwere also—-used to compare pairs of sites different distances
apart on the same ridge axis. Similarity‘of sites over distance was analyzed forsites in
each region mentioned above. This comparison was carried out at the sp;cies-, genus-

and fa:mily—l_evel. Regression lines of the relationships between pair-wise-distance and

BC,/. were generated for sites along the EPR and MAR to compare the two mid-ocean

ridges.

20
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RESULTS

Comparison of mussel populations

Size-frequency distributions of mussels (> 5 mm) were significantly different
between Lau Basin and North Fiji Basin mussel beds (Figs. 2A & 2B; Kruskal-Wallis, p
<0.001). There was no si,gnii—icant difference between the size-frequency distributions of
mussels-sampled from 38° S and 32° S (Figs. 2C & 2D';’ Kruskal-Wallis, p = 0.079).
Median mussel length (mussels> 5mm) was greater in Bathymodiolus cf. brevior from—
western Pacific sites (99 mm) than in-B. cf. thermophilus from eastern Pacific sites (50
mm). Median mussel length was greatest (101 mm) in N. Fiji samples and smallest (48
mm) in 38° S samples. Postlarval (<5 mm) and juvenile mussels (5 to10 mm) were
found at all four mussel-bed locations (Fig. 2). The greatest abundance of postlarval and
juvenile-mussels was found at 32° S, accounting for 70% of the B. cf. thermophilus
mussels collected. Postlarval and juvenile mussels accounted for 48% of the mussels
collected at 38° S. Recent recruitment of mussels was much lower at the back-arc basin
sites, where postlarvalband juvenile mussels accounted for only 1% (Lau) and 10% (Fiji)
of the total B. cf. brevior collected.

There was no difference in mussel condition in Bathymodiolus cf. brevior samples
from Lau and-N. Fiji back-arc basin vents (Fig. 3A; ANCOVA, p= 0.167)., Mussel
condition was better in B. cf. thermophilus samples from 32° S compared to those from

38° S (Fig. 3B; Comparison of Slopes test, p < 0.001).
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FIGURE 2
MUSSEL SIZE FREQUENCY
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Mussel size frequency distributions(mean + s.e. for each-size class) for Bathymodiclus
spp. from hydrothermal vents. A, Lau Basin-(number of samples = 9; number of
individuals = 241). B. North Fi}i Basin (number of samples = 11; number of individuals
=232). C. 38° S PAR (number of samples = 5; number of individuals =829): D. 32°S
EPR (number of samples = 6; number of individuals = 1166).



FIGURE 3

MUSSEL CONDITION INDEX

35 -
A. " wmm == N. Fiji Basirr
3.0 om——Lau Basin
o~ 254
L
D
D 20
g R
5 15
N
Z .
— 1.0
054
0.0‘ T T T T
4.0 42 44 46 48 5.0
LN (Shell'length)
. 3
B. —— 38 S - PAR
, | == 32S-EPR

LN (Dry weight)

25 3.0 35 4.0 45 50
LN (Sheltlength)
Comparison of condition index in Bathymodiolus spp.: In dry weight (g) vs. In shell

length (mm) showing linear regression for each site. A. Back-arc basin vent sites, Lau
-and North Fiji. B. Mid-ocean ridge vent sites, 38°"S — PAR and 32° S — EPR.



24
Cémmunity' structure in-mussel beds
Lau Basin
Thirty-.three morphospecies of macrofaunal invertebrates (11 mollusks, 11
polychaetes, 9 crustaceans, 1. anthozoan;l pycnogonid) were represented in 4,522
individuals collected from3 mussel-bed sites (Kile-Moana, Tow Cam, Tu’i Malila)
within Lau Basin-(Table 1). The most abundant species-at Lau was the limpet
Lepetodrilus schrolli (76%-of the total»individuaIS*coHected; Table 2). L. schrolli was the
numerical dominant in all-samples except Tu’i Malila 144-1, where the limpet,
Olgasolaris tulbmani-was more abundant. Other abundant taxa in Lau mussel bed
samplessincluded limpets (O. tullmani, Peltospiridae n. gen. n. sp.), polychaetes
(Amphisamytha cf. galapagensis), and a sessile barnacle (sp. 1) (Table 2). The remaining
28 species-comprised less than 5% of the total individuals collected. Six species were
singletons (i.e:, species represented by a single individual in the entire sampling effort).
Differences in community structure among Lau mussel-bed sites are evident in the MDS
_plot based on species-abundance matrices (Fig..4). Each sam.pling‘ location in the Lau
Basin plots distinctly separate from-each other. The average pair-wise similarity (BCsp.

abd,) between all samples within the-Lau Basin was 52%.

North- Fiji Basin

Thi.rty-four morphospecies of macrofaunal invertebrates (14 moilusks;, 11
polychaetes, 9 crustaceans) were represented-in 18,004 individuai‘s collected from the
Mussel Hill site within N. Fiji Basin (Table 3). As-at Lau, the most abundant species was

the limpet Lepetodrilus schrolli (92% of the total individuals collected; Table 2). Other
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TABLE.2

Top 5 abundance dominants at Lau: (from 7 samples) and North Fiji basin (from 12

27

samples).
Lau Basin “North Fiji Basin.
Abundance Abundance
Species (%) Species (%)-
Lepetodrilus schrelli (limpet)- 75.65 Lepetodrilus schrolli (limpet) 92.47
Symmetromphalus aff. hngeni
Olgasolaris tullmani (limpet) 15.96 (limpet) 1.44
Amphisamytha cf. galapagensis _ Amphisamytha cf._galapagensis
(polychaete) 1.36 (polychaete) 0.94
Peltospiridae n. gen. n: sp.
(limpet) 1.32 Polynoid sp. 1 (polychaete) .82
Bamacle sp. 1 0.75 Olgasolaris tullmani (limpet) 0.76
Percent Contribution 95.04 96.43
Total number of individuals
collected 4,522 18,032
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FIGURE 4

-BACK-ARC BASIN MDS PLOT

' Stress. 0.17

Tu'i Malila..

Mussel Hill
® [ J

Kilo Moana

Multidimensional scaling (MDS) plots of macrofauna community structure in
quantitative samples from mussel bed sites in the Lau and N. Fiji basins. Outlined circles
represent samples from the Lau Basin and filled circles represent samples from the N. Fiji
Basin.
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“abundant taxa included limpets (Olgasolaris tullmani, Symmetrophalus aff. hageni), and
polychaetes (Amphisamytha cf. galapagensis, polynoid sp. T). The remaining 29 species
-comprised less than4% of the total individualscollected. Five species were singletons.
The average pair-wise similarity (BCsp-ava. ybetween all samples within the N. Fiji Basin

‘was 60%.

32°S-EPR

Thirty-three morphospecies of macrofaunal invertebrates (12 mollusks;, 15
polychaetes, 3 crustaceans, 2 anthozoans, 1 ophiuroid) were represented in 18,089
individuals-collectf_ad from the Saguaro mussel-bed site at 32° S EPR (Table 4). The most
abundant species at 32° S was the amphipod, Iphemidiidae sp. 1-(60% of the total
individuals collected; Table 5). Other abundant taxa in 32° S mussel-bed samples
included polychaetes (Ophryotrocha akessoni, Archinome cf. rosacea), Bathymodiolus cf.
thermophilus juveniles, and-an amphipod (Syrrhoe sp. 1; Table 5). The remaining 28
species comprised less than 14%-of the total number of individuals collected. Only one
singleton species was collected from 32°S EPR. The average pair-wise similarity (BCs,

aba.) between all samples within the 32° S location was 68%.

38°S—-PAR

Thirty-two morphospecies of macrofaunal-invertebrates (13 mollusks, 11
;poiychaetes, 5 crustaceans, 2 anthozoans, 1 ophiuroid) were represented in 10,351
indiﬁdual-s collected from two mussel-bed sites (Annie’s Anthill, Pale Etoile) at 38° S

(Table 6). The most abundant species at 38° S was the limpet, Lepetodrilus aff. elevatus,



TABLE 4

32° - EPR species-abundance matrix (not standardized to sample volume) and sample
volume data.

Site Saguaro  Saguaro  Saguaro  Saguaro  Saguaro  Saguaro Total-
Dive # 4092 4092 4093 4093~ 4093 4093 VJZS
Pot # 3 4 1 2 '3 4
_Specley
Mollusks
Eulepetopis aff. vitréa 4 23. 4 150 7 6 194
Gorgoleptis aft. spiralis 5 19 8 18 10 3 63
Lepetodrilus aff. tevinanus 0 0 93 1 9 41 144
Lepetodrilus aff. ovalis 1 —2 20 76 21 18 138
Lepetodrilus aff. galriftensis 5 20 14 92 5 16 152
Lepetodrilus aff. elevatiis 5 8 25 7 7 83 135
Clypeosectus aff. delectus -0- [ [} 0 0 7
Gorgoleptis aff. emarginatus 0 0 0 (1] 0. 0 0
Pachydermia aff. lagvis= 14 15 8 15 13 25 %
“Peltospiridae n. sp. 133 49 7 45 14 354 -602°

Bathymargarites aff. aympl 1 4 0 1 o ) 6
Phymorhynchus sp. 0 0 o 0 V] 0
Provanna aff. ios ] 0 0 ] 0 0
Eosipho auzendei 1 0 5 1 0 9
Bathymodiolus c&-thermophillus 44 224- 123 5 168 158- 792
Polychaetes .

Amphisamytha cf. galapagensi 10 13 23 27 27 34 134
Archinome cf. rosacea 33 65 K 492 ‘2l4 84 959
Ophryotrocha akessoni 20 128 421 406 401 833 2209
Hesiospina vestimentifera 4 50 33 92 9 32 220
Orseis sp. 1 2 0 0 13 6 7 28

* Spionid sp.3 0 0 4 0 2 2 8
-Maldanid sp. 1 0 0 4 0 4 0 8
Phyllodocid sp. 1 0 -0 0 [¢] 0 0 0
Phyllodocid sp. 2 0 3 ] 2 0 0 5

" Nereidid sp. 1 0 0 0 0 [ 1 i
“Iphionella risensis 24 40 21 107 41 94 327
-Opisthotrochopodus sp. 2 4 2 4 8 8 10 36
Polynoid sp. 2 1 6~ 3 12 12 4 38
"Polynoid sp. 3 6 0 1 0 12 0 13

Tevnia cf. jerichonana \] 0 0 0 1 ] 1
Casisia cf. alvinae 0 0 0 0 3 0 3
‘Crustaceans
Iphemidiidae sp-1 65 7 5295 166 3220 2103 10860
Syrrhoe sp. | 82, 90 7 319 139 35 782-
Eochionelasmus sp. 1. » 0 0 ] ] 0 0 0 -
Neolepas rapanui’ 0 0 0 0. 0 0 0
Isopodsp: 1 0 0 0 0 0 0 0-
Bythograea vrijenhoeki 0 1 1 (] 2 0 4

. Miscellaneous
Anemone sp. 2 0 3 s 5 9 2. 24

Anemone sp. 3 0 5 1 1 2 2 1

Ophiuroid sp. 1 13 16. 20 30 2 5 86
Total # of Individuals 471 8571 . 6331 2109 4369 3952 18089
Sample-Volume (mL) 400 1000 2000 2750 1500 2000- 9650

Total # of Species 21 23 26 2 29 24 33
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TABLE 5

Top five-abundance dominants at 32° S EPR (from 6 samples) and 38° S PAR (from 5

samples)
32°8 ' 38°-8
Abundance Abundance
Species (%) Species (%)
Iphemidiidae sp. 1 (amphipod) 60.04 Lepetodrilus aff. elevatus (limpet) 66:54
Ophryotrocha akessoni (polychaete) 12.21 Ophryotrocha akessoni (polychaete) 6.86
Archinome cf. rosacea (polychaete) 5.30 Gorgoleptis aff. spiralis-(limpet) 6.25
Bathymodiolus cf. thermophilus ' Amphisamytha cf. galapagensis-
(bivalve) -4.38 (polychaete) 4:59
Bathymodiolus cf. thermophilus

Syrrhoe sp. 1 (amphipod) 4.32 (bivalve) - 4.08

86.25 88.32
Percent Contribution

18,089 10,351

Total number of individuals collected
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TABLE 6

38° S — PAR species-abundance matrix (not standardized to sample volume)and sample
volume data. -

. Annie's Pale Pale Pale Annie's
Site Anthill Etoile Etoile~ Etoile Anthill Total
Dive # -4088 4090 4090 4090 - 4090 388
Pot # 2 A B (o E
Species
‘Mollusks
Eulepetopis aff vitrea- 2 4 3 1 0 10
Gorgoleptis aft-spiralis 1 240 327 7 3 647"
Lepetodrilus aff. tevinanus 3 g 0. 22 128 153 —
Lepetodrilus off. ovalis 1 15 50 1 0 7
Lepetodrilus aff. galriftensis- G- 36 49 - a7 0 122
Lepetodrilus aff. elevatus- 360 912 2422 2324 930 6888
Clypeosectus aff. delectus 0 13 13 12 . 38
Gorgolepsis:aff. emarginatus - 0 0 0 0 ’ 4
Pachydermia aft. laevis 0 0 3 0 |; 4
Peltospiridae n. sp. 3 94 76 84 .16 273
Bathymargarites aff-aymplector 0 [ (] ] 0 0
Phymorhynchus sp. 1 0 1 0 0 2
Provanna aff. ios 0 3 0 2 o s
‘Eosipho auzendei- 4 0 0. ] 0 0
Bathymodiolus cf. thermophillus 6 125 172 n? 2 422
Polychaetes
dmphisamytha cf. galapag 0 33 50 87 305 475
Archinome cf. rosacea 0 4] 9 [ 0 9
Ophryotrocha akessoni 30 34 36 163 447 710
Hesiospina vestimentifera 3 19 33 84 4 143
Orseis sp. 1 0 0 [ 0 0 0
Spionid sp. 3 Q 2 0 2 0 4
Maldanid sp. 1 0 0 5 2 0 7
Phyllodocid sp. 1 0 0 10 5 3 18
Phyllodocid sp. 2 0o 3 10 9 0 22
_Nereidid sp. 1 0 ] 0 0 0 0
Iphionella risensis 0 I 2 15 2 25
Opisthotrochopodus sp. 2 [ 6 14 14 4 38
Polynoid sp. 2 3 13 12 3 0 31
Polynoid sp. 3 0 0 ] 0- 0
Tevnia.cf. jerichonana 0 i 0 ° 0
vOasisimcf,nlvinae 0 0 0 0 0
- Crustaceans
Amphipod sp. 2 25 2 13 4 33 77
Amphipod sp. 3 0 0 0 0 0 0
Eochionelasmus sp. 1 0 30 1 0 ' 49 80
Neolepas rapanui 0 12 11 ‘14 0 37
Isopad.sp. 1 1 1 20 0 0 2
Bythograea vrijenhoeki 0 0 0 0 1 1
Miscellaneous
Unidentified Anemone sp. 2 0 0 0 -0- 1 !
Unidentified Anemone sp. 3 0 0 1 0 0 1
Unidentified Ophiuroid sp.1 4 0 1 [} 0- 5
Total # of Individuals 382 1604 3343 3089 1933 10351
Sample Volume (mL) © 600 2100 3500 3200 1600 11000

“Total # of Species 13 22 26 23 17 32
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(67%.0f the total-individuals collected; Table 5): Other abundant taxa at 38° S included
_polychaetes (Ophryotrocha akessoni, Amphisamytha cf. galapagensis), a limpet
(Gorgolqp_tis aff. spiralis), and-Bathymodiolus cf. thermophilus juveniles. The remaining
27 species comprised less than 12% of the t_otal individuals collected. Three singleton
_species were collected. The average pair-wise similarity (BCsp, aba.) between samples

~ within the 38° S location was 64%.

Comparison of community structure (species-abundance matrices) at Lau and Fiji back-
arc basin mussel beds

Macrofaunal invertebrate abundance was significantly greater in N. Fiji mussel-
bed samples (mean +se =768+ 134 individuals/L) than in mussel-bed samples from
Lau Basin (mean + s.e. = 212 + 63 individuals/L; t-test, p = 0.002). Lau and N. Fiji
mussel-bed samples shared 26 species (67% of species shared, Jaccard similarity
coefficient), including 10 mollusks, 11 polychaetes, and 5 crustaceans. None of the
singleton species was shared between basins (Tables 1, 3). The most abundant species
was Lepetodrilus schrolli (Lau: 76%, Fiji 93%); OIgasolaris*tulJmani was the_:2“d,-ranked
dominant species at L»au (16%; Table 2). ‘Al other species contributed <2% to the total
abundance (Fig. 5). Nearly all-of the individuals collected from both basins were
motlusks (94%, Lau; 95%, N. Fiji; Fig. 6); polychaétes were the next mest abundant
group (4%, Lau and N. Fiji; Fig. 6).

Species richness of macrofaunal invertebrates for a given sampling effort was
greater in- Lau mussel-beds (S4,500 = 37; Fig. 7) than in N. Fiji mussel beds (S4,s00 = 24;

Fig.”7): The species-effort curve for Lau Basin is not.asymptotic, while the curve for N.
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FIGURE 5
RANK-ABUNDANCE PLOT
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Rank-abundance plot of hydrothermal vent mussel-bed communities in-the eastern and
western Pacific. -Symbol-indicates the percent-abundance of a morphospecies for each
location.
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FIGURE 7

SPECIES-EFFORT CURVE
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Comparison of species-effort curves for back-arc basin and mid-ocean'ridge sites. Effort
based on cumulative number of individuals: Points are means + s.d.
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" Fiji mussel beds approaches-an asymptote; this provides further evidence that species
richness is greater in Lau mussel-beds.

“Shannon-Wiener-species_diversity-(H’ s c) was - not significantly different between
the N. Fij'i“and;Lau Basin samples when the numéﬁc’:ally dominant Lepetodrilus schrolli
was -i;adfuded-{t-test, p =0.916; Table 7). When L. schrolli was excluded from the
c-aleulations, species diversity was significantly greater in N. Fiji samples-(t-test, p =
0:043). Fisher’s o, another measure of species diversity, was not significantly different
between basins, with or without L. schrolli (t-,te.st;._ with L. schirolli: p = 0.434; without Z.
schrolli: p = 0.492; Table 7). Evenness (J°) was not significantly different in the mussel-
bed macrofaunal communities of the two back-arc basins, with or without L. schrolli (t-
test, with L.‘schrolli : p = 0.855, without L. schrolli: p=0.807; Table 7).

Community structure in Tow Cam (Lau) and Mussel Hill (N. Fiji) mussel beds
was not distinguishable based on multivariate analysis-of their species-abundance
matrices (‘ANO‘S]M, global R =0.446, p = 0.008; Figs. 4, 8). ‘The low-global R value
indicates that the two-communifies are overlapping(Clarke & Warwick 2001). The
average-pair-wise similarity (BCsp, avq) of samples between Tow(_?am and Mussel Hill
sites was 49%. Kilo Moana and Tu’i Malila samples did not group with Tow Cam
samples (Figs. 4, 8). Average pair-wise similarity (BCsp. ava.) of samples was-higher

" 'within basins (Lau: 52%; N. Fiji: 60%) than average pair-wise similarity of samples
between basins (46%). When all 3 Lau mussel-bed sites were-included in the
multivariate analysis, community structure in Lau mussel beds was different from that of
N. Fiji (ANOSIM; global R = 0.412, p = 0.002; average dissimilarity (BCsp. aba.) = 54%,

SIMPER analysis). Much of this difference (43%) was due to-the greater abundance of
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WESTERN-PACIFIC SPECIES-DIVERSITY
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Location N n S H'og ) Jv Fisher's-a
[ Lau Basin '
w/ Lepetodrilus-schrolli 7 3739 33 052 (6.13) 022 (0.05). 1.93 0.28) |
‘| w/o Lepetodrilus schrolli 7 1012 32 149 (0:18)* 0.77 (0.08) -4.64 (0.41) {
N. Fiji Basin
w/ Lepetodrilus schrolli 12 18004 34 053 (0.10) 021 (0:04) 221 «0.18)
| 'w/o Lepetodrilus schrolli 12 1297 33 194 (0.08)* 0.79 (0.03) 424 (0.39) |

Number of samples (N), number of individuals (n), Species richness (S) and univariate
diversity indices (with and without Lepetodrilus schrolli) for Lau and N. Fiji basin
mussel-bed macrofauna. Diversity values are shown as mean (s.e.). * indicates a

significant difference at o= 0.05 between Lau and N. Fiji Basin.
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FIGURE 8
BACK-ARC BASIN CEUSTER PLOT
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Cluster plot using Bray-Curtis similarity coefficients based on species-abundance
matrices of the mussel-bed communities associated with Lau and North Fiji basin
_hydrothermal vents.
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Lepetodrilus schrolli and lower abundance of Olgasolaris tullmani in N. Fiji-samples

(Table 8).

Comparison of community structure (species-abundance matrices) at mid-ocean ridge
Sites

There was a marginally non-significant difference in macrofaunal-invertebrate
abundancebetween 32° S EPR (mean + s.e. = 1,809 + 427r<individuafsﬁL) and 38° S PAR
(mean * s.e. = 906 + 97 mdividuals/L; t-test, p = O*.O§4). 32°S EPR and 38° S PAR
mussel-bed samples shared 25 species (62.5% of total species), including 10 mollusks, 10
polychaetes, 2 crustaceans, 2 anemones and-an-ophiouroid. None of the singléton species
were;shared between 32° S and 38° S (Tables 4, 6). .At-both-locations, the most abundant
species comprised ~ 60% of individuals collected. At 32° S, amphipods were
numerically dominant and at 38° S limpets dominated. Ophryotrocha akessoni was the
2"_ranked dominant species in both locations. All'other species contributed <6% to the
total abundance (Fig. 5). Most of the individuals collected from 38° S were motlusks
(84%), but at 32° S mollusks comprised only 13% of the-macrofauna. Most of the
individuals collected from 32° S were crustaceans (64%; Fig. 6)f

Species richness of macrofaunal invertebrates for a given sampling effort was.
about the same in 32° S mussel beds (S4.500 = 26; Fi_g. 7) and.in 38° Smussel beds (84,500
=25; Fig. 7). The species-effort curves for both locations.closely approach their
asymptote, suggesting that an adequate number of samples were collected and increased
sampling effort would add only a few additional rare species (Fig. 7).

Species diversity (H’ 1og ) Was ot significantly different between 32° S sites and

38° S sites (t-test, p= 0.157; Table 9). Evenness (J”) was also not significantly different



TABLE 8
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BACK-ARC BASIN SPECIES CONTRIBUTION TO DISSIMILARITY

Species - Average Abundance Contribution to dissimilarity

- Lau North Fiji % Contribution % Cumulative

| Lepetodrilus schrolli 162.88 699.35 3641 36.41 7

| Olgasolaris tullmani 31.75 8.05 7.01 43.42
Symmetromphalus aff. regularis 0.00 9.36 -5.06 48.48
Polynoid sp. 1 1.10 2.64 4.93 53.40
Amphisamyﬁm cf. galapagensis 3.51 7.63 4.00. 57.40
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TABLE 9

EASTERN PACIFIC SPECIES DIVERSITY

Location N n S H' (og ¢) J' ~__ Fisher's o
|38°SPAR 5 10351 32 1.25 (0.12) 043 (0.04) 3.06 (0.20)*

3°SEPR 6 18089 33 175 (028) 056 (0.09) 3.81 (0.18)*

Number of samples (N), number of individuals (n), species richness (S) and univariate
diversity indices for 38°.S PAR and 32° S EPR mussel-bed macrofauna. Diversity values

are shown as mean (s.e). * indicates a significant difference at a= 0.05 between 38°°S
and 32° S.
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between 32°°S and 38° S (t-test, p = 0.240; Table 9)._Fisher’s e was significantly greater
at 32° S sites compared to 38°S sites (t-test; p = 0.021; Table 9).

Based on multivariate analysis of their species-abundance matrices, community
structure at Annie’s Anthill and Pale Eteile (38° S) were not distinguishable (AN OSIM;
' gllob"él R=0.75,p=0.10; Fig. 9, 10), but sample sizes were small (Pale Etoile, n = 3;
Annie’s Anthill, n = 2). The average-pair-wise similarity (BCsp. ava.) between samples
from Annie’s Anthill and Pale Etoile was67%, which is,,grea"ter than the pair-wise

"similari-ty (BCsp. abd,)'wi-t':hiri the Annie’s Anthill samp}es‘ (58%). Samples from the two
38° S sites grouped together and were distinct from samples collected at the 32° S
Saguaro mussel bed (ANOSIM, global R = 1.00, p = 0.002; Fig. 9, 10). Much of the
difference (49%).between 32° S and.38° S samples is acéounted-‘for by the greater
abundances at 32° S of two amphipod species and the polychaete Aﬁhinome cf. rosacea
and the lower abundances of Lepetodrilus aff. elevatus in samples from 32° S (Table 10).
Average pair-wise similarities (BCsp_ang) Within 32° S (68%) and 38° S (64%) samples
were higher-than the average pair-wise similarity (BCsp. aba.) in between 32° S and 38° S
samples (39%).

Data from the 32° S and 38° S sites were_also compared with mussel-bed data
previously collected from three hydrothermal-vent mussel beds at 17° S on the EPR
[Oasis, Rehu Marka, Animal Farm; Van Dover (2002)]. The 32° S and 38° S samples
grouped most closely with the Oasis and"'Rehu Marka samples (BCgp. apa. = 42%; Fig. 9,
10). Animal Farm samples were distinct from all others (ﬁCsp, abd. = 15%), consistent
with the waning hydrothermal activity at Animal Farm and the colonization of the

Animal Farm mussel beds by non-vent species.
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FIGURE 9

MID-GEEAN RIDGE MDS PLOT
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Muitidimensional scaling (MDS) plots of macrofauna community structure in samples

from mussel-bed sites on the southern East Pacific Rise (17° S and 32° S) and Pacific
‘Antarctic Ridge (38° S).
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FIGURE 10

MID-OCEAN RIDGE CLUSTER PLOT
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Cluster plot using Bféy-Curtis similarity coefficients of the mussel-bed communities

-associated with-mussel bed sites on the southern East Pacific Rise and Pacific Antarctic
Ridge.
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TABLE 10

MID-OCEAN RIDGE SPECIES CONTRIBUTION TO DISSIMILARITY

1 Contribution to_
~Species Average Abundance dissimilarity
A % % .
, _ 32°SEPR 38°SPAR Contribution Cumulative
| Iphemidiidae sp. 1 1019.62 13.64 17.86- 17.80-
| Lepetodrilus aff. elevatus 13.62 586.76 16.74 34.54
-Syrrhoe-sp. 1 96.61 0.00 7.60 42.14
| Archinome cf. rosacea 91.10 0.51 7.18 49.32
| Ophryotrocha akessoni 203.33 81.36 5.94 55.27
Peltospiridae n. sp. 97.95 21.55 4.16- 59.42

- Bathymodiolus cf. »
thermophillus , 102.30 31.30 4.06 63.48
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Contrasts in community structure at back-arc basin and mid-ocean ridge sites

Only two morphospecies (2.5% of the total species sampled) were shared between
the back-arc basin and mid-ocean ridge samples: Amphisamytha cf. galapagensis and
Archinome cf. rosacea: It s likely that each of-these morphospecies willprove to be
genetically distinct sister taxa. Back-arc basin mussel beds supported significantly-lower
-abundances of invertebrates-(mean+ s.e. = 563 + 446-individuals/L) than mussel beds on
the-mid-ocean ridge sites (mean=+ s.e. = 1,399 & 888 individuals/L; t-test; p = 0:012).
Back-arc basin sites were dominated by fewer species (~2) than mid-ocean ridge sites (~
5; Tables 2, 5; Fig. 5) and there were more singleton species collected from back-arc
basin mussel beds (Tables 1, 3) than from themid-ocean ridge mussel beds (Tables4; 6;
Fig. 5).

Lau basin supported more species than the other three locations. There was no
difference in species richness among the other three l'qcations,(Fi’g. 7). Species diversity
(H’1og e and Fisher’s oj-inr-mussel beds-was significantly lower at'the back-arc basin sites
than at the mid-ocean ridge sites when the numerically dominant limpet from-back-arc
basin sites, Lepetodrilus schrolli, was included (t-test, H’ p < 0.001, Fisher’s ap < 0.001).
When L. schirolli was excluded; there was no significant difference in H’ species diversity
between back-arc basin and mid-ocean ridge sites (t-test, p =0.205), but Fisher’s a was
greater at the back-arc basin sites (t-test, p.= 0.039). Spe;:ies evenness (J) was
significantly greater at themid-ocean ridge sites when L. schrolli was included (t-test, p =
0.001), but when it was excluded from the calculations, back-arc basin-sites have greater

species evenness-{t-test, p = 0.001).
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* Global comparisons of macrofaunal diversity in deep-sea chemosynthetic mussel beds
Macrofaunal communities-of chemosynthetic mussél beds have been investigated
at 10-hydrothermal vent locations and 2 cold seep locations (Fig. 11). When standardized
to-4,500 individuals. collected, 17° S —EPR had the highest species richness (S4 500 = 43)
of alltloéation-s (Fig. 12). Lucky Strike — MAR had the lowest species richness (84,500 =
15)- Both-cold seep locatiens — Blake Ridge and Florida Escarpment —had a high species
richness compared to most hydrothermal vent sitf_:s (S4,500 = 40; Flg 12). Diversity (H’jog
¢)and evenness (J°) were significantly greater at coldseep locations compared to
hydrothermal vent locations (H’jogep <0.001, Ip< 0.001). -Diversity (H’ioge) was
highest at Florida Escarpment cold seep(2.05) and-at 17° S =EPR vent sites (1.91; Table
11 Fig. 13). Diversity (H’1oge) Was lowest at the back-arc basin locations (Lau: 0.52, N.
Fiji: 0.53) and the Logatchev (0.88) and Lucky Strike {(0.74) sites on the MAR (Table 11;
‘Fig. 13), mainly due to the dominance by a single species (but not the same species) at
each location. Evenness (J”) was highest-at the. Snake Pit site on the MAR (0.71)-and.
Florida Escarpment (0:68; Table 11; Fig. 13). One of the most diverse sites H’roge), 17°
S - EPR, also-had-high species evenness (Table 11; Fig. 13). The lowest evenness was

reported from the back-arc basin sites (Lau:-0.22, N. F iji: 0.21; Table 11; Fig. 13)-

Biogeographic comparisons of deep-sea chemosynthetic mussel-bed communities

Taxonomic composition at the species, genus, and family level differed
significantly (bivalves, gastropod, decapods only) ameng 12 globally distributed mussel-
bed communities. The greatest differences were at the genus (ANOSIM, global R =

0.997, p=0.001) and family level (ANISOM, global R = 0.923, p =0.001). At the
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FIGURE 11

MAP OF DEEP-SEA CHEMOSYNTHETIC MUSSEL-BED MACROFAUNA SITES
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Map showing the locations ofthe 10 hydrothermal vent and 2 cold seep mussel-bed
locations. East Pacific sites are shown in red, back-arc basin sites are shown in blue,
Mid-Atlantic sites are shown in green and cold seep sites are shown in yellow. BR =
Blake Ridge, FE = Florida Escarpment, LO = Logatchev, LS = Lucky Strike, SP = Snake
Pit.
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FIGURE 12

SPECIES-EFFORT CURVE FOR ALL CHEMOSYNTHETIC MUSSEL-BEDS
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Sample-based cumulative species effort curves for chemosynthetic mussel bed sites (10
hydrothermal vents and 2 cold seeps). * =x 2; the two cold seep sites plot on top of each
other.



Location
Hydrothermal Vents
East Pacific

38°S- PAR

32°S- EPR

17° S- EPR

9°N- EPR- 1999
9°N -E PR -2001
11°N-EPR

West Pacific
Lau Basin

N. Fiji Basin

Atlantic
Logatchev
Lucky Strike
Snake Pit

Cold Seeps
Blake Ridge

Florida Escarpment

TABLE 11

MUSSEL BED SPECIES DIVERSITY

12

10,351
18,089
11,737
36,570
28,153
12,519

3,739
18,004

34243
8,902
4,757

4,747
7,466

32
33
54
50
54
40

33
32

25

23

44
43

$4,500

26
25
43
30
20
26

37
24

15
23

40
40

H' 1o o)
125 (0.12)
175 (0.28)
191 (0.09)
1.38  (0.06)
142 (0.08)
133 (0.06)
052 (0.13)
053 (0.10)
0.88  (0.10)
074 (0.11)
181 (0.10)
175 (0.11)
205 (0.08)

0.43
0.56
0.66
0.50
0.51
0.50

0.22
0.21

0.33
0.34
0.71

0.62
0.68

T

(0.04)
(0.09)
(0.03)
(0.02)
(0.03)
(0.02)

(0.05)
(0.04)

(0.04)
(0.05)
(0.04)

(0.04)
(0.02)
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Numberofsamples (N), numbers ofindividuals (n), species richness ofall individuals at

site (S), species richness at 4,500 individuals (84,500), Shannon diversity (H ’ioge), and
species evenness (J’) formacrofaunal com m unities atdeep-sea chemosynthetic mussel

beds.

Diversity values are shown as mean (s.c.).



FIGURE 13

MUSSEL BED SPECIES DIVERSITY AND EVENNESS
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Comparison ofspecies diversity and evenness among chemosynthetic mussel-bed

communities. A. Shannon diversity (H ioge)- B. Species evenness (J'). BR = Blake
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Ridge, FE = Florida Escarpment, LOG = Logatchev, LS = Lucky Strike, SP = Snake Pit.
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species level, each region was discemable, butto lesser degree (ANISOM, global R =
0.667,p =10.001). The bivalve, gastropod, and decapod faunas ofthe 12 sites cluster into
4 groups corresponding to geographic regions: namely eastern Pacific mid-ocean ridge
vents, western Pacific back-arc basin vents, M id-A tlantic Ridge vents, and western
Atlantic and GulfofM exico cold seeps (Fig. 14, 15). There were no shared bivalve,
gastropod, or decapod species among these 4 regions. The distinction between regions
was mostevident atthe genus level, where the relative differences among the groups are
greatest (Fig. 14).

W ithin the eastern Pacific region, there was only a 5% species sim ilarity (BC+/-of
bivalves, gastropods, and decapods) between locations north (9° N, 11° N, and 17° §) and
south (32° S and 38° S) ofthe Easter microplate (Fig. 15). The two cold seep locations
also had a relatively low species sim ilarity (BC+/.= -20% ). Highest Bray-Curtis species
sim ilarities (-80% ) were between N. Fiji and Lau Basins, and between 32° S - EPR and
38 S-PAR.

Atthe genus level, all 12 locations were atleast20% similar (BC+/.0ofbivalves,
gastropods, and decapods; Fig. 15), and there was a slightly greater alliance between vent
and seep locations in the Atlantic and GulfofM exico than between Atlantic/GoM and
eastern and western Pacific vents (Fig. 15). W ithin the eastern Pacific region, there was
-60% generic sim ilarity (BC+/.) between locations north and south ofthe Easter
microplate (Fig. 15). The cold seeps locations have the lowest generic sim ilarity (BC+/.)
oflocations within the same region (43% ). N. Fiji and Lau had the greatest generic

sim ilarity (BC+/.) between locations (87% ).
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FIGURE 15

CLUSTER PLOT
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Cluster plot using Bray-Curtis similarity coefficients based on the presence and absence

ofbivalves, gastropod, and decapod species, genera and family. Red = East Pacific

Vents, Blue = Western Pacific Back-Arc Basin Vents, Green = Mid-Atlantic Vents, and

Yellow = Cold Seeps.



58

At-the family level, all locations were at least 35% similar to each other (BC./. of
biilaives;»-gastropods, and deéapods; Fig. 15). Vent and seep faunas grouped separately
with 55% similarity (BC.,.) within each group, indicating that some families were found
only at seeps, others occurred at vents only. Within the east -Pa;'ifﬁE, there was ~70%
(BC..) similarity at the family level between locations north and-south of the Easter
microplate (Fig. 15). There was low family level similarity (BC+.-= 57%) between the-
“two. cold seep locations. N. Fiji and Lau had the greatest generic similarity -(BC+(.)
between locations (96%).

Pair-wise species éimilarity (BC..of bivalves, gastropods, and decapods) between
eastern Pacific mussel-bed locations and between the Mid-Atlantic-Ridge decreased with
inereasing distance-between pairs (Fig. 16). In the eastern Pacific, vent locations near
each other (< 1000 km apart) had BC,,. values of 70 to 79%. Vent pairs > 4000 km apart
(i.e. 9° N and 11° N pairs with 32° S and 38° S) in the eastern Pacific shared no bivalve,
gastropod, or-decaped species. Pair-wise species similarity‘(B‘C+/-) was also high (77%)
between vent locations on the Mid-Atlantic Ridge that were < 1000 km apart. Species
similarity (BC.,) was lower (~45%) for sites-> 1500-km apart on the Mid-Atlantic Ridge.
For locations not connected by aridge axis (i.e., back arc basins, cold seeps), species
similarity (BC.,.) was high (82%) for two back-arc basin locations loca’te,dj ~1000 km
apart, but low (22%) for two cold seep locations located ~1500 km apart (following the
shelf contour).

Pair-wise generic similarity (BC,,. of bivalves, gastropods, and decapods) between
mussel-bed locations also decreased with increasing distance, but the drop was not as

dramatic as in species similarify (Fig. 16). Generic similarity (BC.,.) was greater
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between pairs of Mid-Atlantic Ridge locations than for pairs of eastern-Pacific locations
the same distance apart. Generic similarity (BC,,.) was > 50%-on mid-ocean ridges; even
for locations greater than 4000 km apart. For locations not connected by a ridge axis,
generic similarity (BC.,.) was high (87%) for two back-arc basin locations-located ~1000
km apart, but low (43%) for two cold seep locations located ~1500 km apart.

The greatest pair-wise similarities (BC,,. of bivalves, gastropods, and decapods)-at
chemosynthetic mussel-bed communities were observed at the family level. Family
similarities (BC.,.) decreased with increasing distance, but were >-66%; even for
locations.more than 4000 km apart-(Fig. 16). In contrast to the pattern for genera, family
similarity (BC.,.) was greater for eastern Pacific IOf)atijOIlS than for Mid-Atlantic. Ridge
locations the same distance apart. For locations nof connected by a ridge axis, family
similarity (BC..) was greater (96%) for the two back-arc basin locations located ~1000

km apart and lower (57%) for two cold seep locations located ~1500 km apart.
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DISCUSSION

Biogeography of south-Pacific hydrothermal vents

Fau-n-aljsimilarity at hydrothermal vents-decreases with distance on a ridge axis
(H_essler & Lonsdale 1991, Tu;rmicliffe & Fowler 1996), leading to the prediction that
more isolated vent locations wouid be taxonor}lically and genetically more distinct
(Vrijenhoek 1997). Hydrothermal vent sites within back-arc basins were believed to be
isolated from other vents because they are unconnected in space and-because they have
relatively short g_eological life'spans compared:to mid-ocean ridges. Back-arc basins
originate when the Earth’s crust weakens enough to cause it to split forming spreading
centers that are not connected to other areas of seafloor spreading and are only active for
a relatively short period of time (5-10 million years; Hessler et al. 1988, Hessler &
Lonsdale 1991). Back-arc basins are also considered isolated because their shallow rims
prevent-deep-water transfer from the surrounding-deep-sea (Hessler et al. 1988).

Contrary to preconceptions of the isolation of back-arc basins, mussel-beds at Lau
and-N. Fiji Basins supported associations of macrofaunal invertebrates that were fairly
‘similar in community structure. The two back-arc basin locations separated by ~1100 km
shared more species-(67% of species sh‘ared) than two mid-ocean ridge locations
separated by ~600-km and the Juan Fernandez microplate (32° S — EPR and 38° S — PAR;
62.5% species shared). The average pair-wise Bray-Curtis similarity coefficient (based

on species-abundance matrices) was greater between Lau and N. Fiji Basins (46%) than
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they were betwéen 32°S — EPR and 38° S — PAR (39%). - The resembiance of the two
back-arc basin vent communities indicates that interchange has occurred or is currently
occurring between-the basins. Geological hypotheses support -a historical connection

‘betweeﬁ.. the two basins. ‘Auzende et al. (1988) proposed that prior to 10 mya there was a
single island arc Tocated between the Indo-Australian and Pacific plates and the Lau and
N. Fjj‘iBasihs were created from the disruption of this arc. As recently as 3 —0.7 mya,
the Lau Spreading Center was connected to the North Fiji Triple Junction by an east-west
ridge north of the Fiji Islands (Auzende et al 1988). This cox;necting ridge mayhave
allowed communication between: the vent populations in both basins.

- The similarity between hydrothermal vent mussel-bed communities in the Lau
and N. Fiji Basins reported here may be over-estimated due to the presence of cryptic
species. The invertebrate macrofauna in this study were only identified to morphospecies
based on physical appearance. Some of the morphospecies shared between the Lau and
'N..Fiji back-arc basins may be genetically distinct species within each basin. For
example, gastropods in the genus Alviniconcha have been reperted from four back-arc
basins in the western Pacific, including the Lau an;d N. Fiji-Basins, and a mid-ocean ridge
Jocation in the Indian Ocean. All of the Alviniconcha species collected are.
morphol‘ogi:cgllly and anatomically similar, but genetic analysis indentified two-distinct
species of Alviniconcha (sp. type.1 and 2) within the-N. Fiji Basin (Kojima et al. 2001).
The two species had a non-overlapping distribution and-were collected from sites'~120 m
apart (Suzuki et al. 2006). Both Alviniconcha-sp. type 1 and 2 were also collected from
sites in the Manus Basin (2800 km to-the northwest of N. Fiji Basin; Kojima et-al. 2001).

Molecular studies by Suzuki et al. (2006) found that the Alviniconcha gastropods
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collected from Vai Lili site in Lau Basin (130 km south of Tu’i Malila) were a-third
undescribed species. Each of the three. Alviniconcha spp.-has their own distinct
-endosymbionts. A’lviniconcha sp.-type 1 -and the Alviniconcha sp. from Lau had -
proteobacterial endesymbionts and Alviniconcha sp. type 2 had e-proteobacterial
endosymbionts (Suzuki et-al. 2006). Preliminary study of the enzyme affinities of the
other large provannid gastrepod Ifremeria nautilei did not show a si grﬁﬁcant—genétic
differeptiation 'betWeen_-,t—he Lau and N. Fiji back-arc basins (Desbruyeres et al. 1994).
However, I nautilei populations from the N. Fiji and Manus back-arc basins did appear
“to'be isolated from-each-other (Kojima et al. 2000).

Genetically-distinct sister speciesin the western Pacific tend to.remain
morphologically similar after gene flow-between the two populations-has-been
interrupted. The isolation of vent populations of the Lau and N. Fiji Basin was a
relatively recent event (< 0.7 mya; Auzende et al. 1988). The lack of detectable
morphological variation between the cryptic sister-species may indicate that
environmental or biological differences between the two locations are not strong enough
to select for novel morphological features.

Previous exploration of N.. Fiji hydrothermal vent sites reported the presence of
‘two mussel species distinguishable-based on differences in shell length/height ratios,
Bathymodiolus brevior and B. Aelongatus (Cosel et al. 1994). The two species lack
distinguishing characteristics in their ’soft.al_latomy and may belong to-the same
morphologically plastic species (R. C. Vrijenheek, pers. comm.).-Only B. brevior has
been reported from the Lau Basin (Desbruyéres et al. 1994). This investigatior;only

found one morphospecies of Bathymodiolus at both of the back-arc basins.. An
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investigation of enzyme polymorphism analysis of populations of B. brevior from the
Lau and N;-Eiji- back-arc basins showed that gene flow has been maintained between-the
| two.basinS“(M:oraga et al. 1994). -A more exact genetic analysis based on DNA
sequencing-of more samples of Bathymodiolus spp. mussels-are needed in order to be
confident about the-species distribution and the amount of gene flow-between basins.

In the-eastern-Pacific, the Easter Microplate acts as a dispersal barrier for
Bathymodiolus spp. @ussel” on the EPR-(Won et al. 2003). Levels of mitochondrial and
allozyme divergence frony mussels north and south of the Easter Microplate indicate that
the mussels may bﬁe a-distinct species (Won et al. 2603). Although Bathymodiolus
thermophilus has planktotrophic-larvae capable of long distance dispersal, it is unable to
disperse south of the Easter Microplate. Populations of siboglinid tubeworms (Oasisia
spp., Riftia pachyptila, and Tevnia jerichonana) were also subdivided across the Easter
Microplate (Hurtado et al. 2002, Hurtado et al. 2004). However, the Easter Microplate is
not a dispersal barrier for two polychaete species, Branchipolynoe symmytilida and
Alvinella pompejana, which may be due to how high up in the water column their larvae
disperse (Hurtado et al. 2004). The polychaete; A. pompejana, has large negatively
‘buoyanteggs that drift with the bottom currents, instead of becoming caught in the cross-
axial current and swept away from the ridge axes (Pradillon et-al. 2001).

Comparisons of community structure of hydrothermal-vent mussel beds north of
the Easter Microplate (17° S — EPR), between the Easter Microplate and Juan Fernandez
Microplate (32° S — EPR), and south of the Juan Fernandez Microplate (38° S —~PA-R)
show that the distribution of vent locations with microplates are correlated with relatively

high levels of dissimilarity among the mussel-bed locations. Bray-Curtis similarities
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“based on the presence/absence of species of bivalves, gastropods, decapods were
‘extr.,émeiy low (5%) between sites north and south of the Easter Microplate. Bray-Curtis-
similarities based on the presence/absence between sites to the north and the south of the
Easter Microplate were higher when genus level was considered (~60%). The
incongniity of species lists can be explained by a distinct southeastern Pacific vent.

. gastropod fauna that is different from the classical EPR gastropod fauna from north of the
Easter Microplate. Many_of the gasitr’opods collected-at 32° S — EPR and 38° S —PAR
show minor morphoelogical differences-frem their sister-species collected to the north (A.
Warén, pers. comm.),-for example, Eulepetopis-aff. vitrea, Lepetodrilus aff. elevatus, L.
aff. tevinanus; and Gorgolepyis afflspimlis-. Limpets from Northeast Pacific
hydrothermal vent locations show the same trend of isolation and-speciation with
interruptions in the ridge axis (Johnson et al. 2006).

Transform faults on the north and-south flanks of Athe Easter Microplate may cause
the larvae of vent fauna to-be entrained.in the strong cross-axis current and swept away
from ridge axes (Fujio & Imasato-1991). The Pacific-Nazca-Antarctic triple junction on
_the southern flank of the Juan Fernandez Microplat¢ may cause the loss of additional
larvae by cross-axis currents (Pardee et al. 1998). However, the molecular divergence of
Oasisia spp. (Hurtado et .aL,,20‘O2) and bythograeid crabs-(Guinset-et al. 2002-and Guinot
& Hurtado 2003) indicate that divergence between sister-sliecies began before the
formation of the microplates (~5-mya; Pardee et-al. 1998). Other factors may contribute
to. the dispersal barrier of vent larvae in addition to the microplates.

Large-scale patterns of hydrothermal vent biogeography correspond to patterns

for non-vent fauna. The distribution of both faunas on a global scale may be controlled
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by the same factors [i.e., zonal'distﬁbutions (longitudinal, circumcontinental, and
vertical), physical and chemical factors, and large geomorphological barriers, Mironov et

-al. 1998].-Vinogradova (1997) divided the Pacific Ocean into six zones: northwestern
and nertheastern (_north~ of 35 ° N), westerntropical and eastern tropical (35° N to 40° S),
and southwestern and southeastern (south of 40° S). The deep-sea fauna of the southern
Pacific-(south-of 40° S) shows an increasing taxonomic isolation with depth from the
ifauna to the north. - Abyssal fauna south of 40° S belongs to a separate-biogeographic
province from the abyssal fauna north-0f 40° S in the Pacific (Vinogradova 1997). The
Antarctic Circumpolar Current (ACC) separates the Indo-Pacific region and the Antarctic

-region of deep-sea faunas at ~40° S (Vinogradova 1979). The ACC has linked the
'soﬁthem Pacific, Atlantic and Indian Oceans ever since the opening of the Drake Passage
(20 — 30 mya; Barker & Thomas 2004) and the Tasmanian Gateway (33 — 34 mya;
Stickley et al. 2004). Another study suggests an earlier starting point for the ACC during
the late Eocene (37 -‘33.7 mya) and that the Drake Passage opened before the-Tasmanian
Gateway-(Scher & Martin-2006).

The ACC may also contribute to-the dispersal barrier north and south of the Easter
Microplate Region. According-to computer simulations of deep-ocean circulations, a-
westward circulation, caused by the inflated béttom topography, exists along the northern
part of the Easter Microplate (Fujio & Imasato 1991). The cross-axial bot—toﬁ current
may transport propagules of vent organisms away from hydrothermal vent Iocations,
preventing their southward dispersal. The start-of the ACC may have initiated the
isolation of vent communities in the eastern Pacific. The-estimate of the time of

divergence for the southern lineage of Oasisia tabeworms from the northern lineages (at
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least 18-21.6 mya) based on-a siboglinid molecular clock (Chevaldonné et al. 2002)
o.veﬂap-s- with the later time (~20 mya) of the start of the ACC crossing the EPR (Hurtado

et-al. 2604).

Global patterns of biageoéraphy at‘chemosyn-t—hetii: mussel beds

Chemosynthetic mussel-bed communities giobally tend to decrease in community
similarity with increasing distance between locations. Hydrothermal vents on mid-ocean
ridges located <1000 km are more-similar to each other than-vents locz;te.d}IOOG km
apart. A similar trend is seen-in benthic seamount communities, but the simitarity-of
even closely related sites is lower at seamounts. For distances <1000 km, paifed
hydrothermal vent sites have community similaritycoefficients (0.6 — 0.8, BCy,. of
bivalves, gastropods, and decapods) and seamount benthic communities have community
similarity coefficients (0.08 — 0.49; de Forges et al. 2000). Hydrothermal vents are
relatively unstable environments; dispersal to new vent locations is. essential to prevent
extinction when the hydrothermal venting ceases to flow. Many vent species have
adapted to this ephemeral environment by-adopting long distance dispersal traits
(reviewed in Tyler & Young 1999, Tyler & Your;g,ZOOB).

Cold seep mussel-bed communities are more isolated than hydrothermal vent
mussel bed communities. Even at the family Tevel, Blake Ridge and Florida Escarpment,
two seeps in the-Atlantic basin located ~1500 km apart on the continental shelf; only have
a 57% similarity (BCs. of bivalves, gastropods, and decapods) while hydrothermal vents
in the Western Pacific back-arc basins have a 63% similarity to vents on the EPR (~6500

“km across the Pacific Basin). The composition of seeps at the family level is almost-as
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dissimilar as vent location on the MAR and the EPR (BC.,. of bivalves, gastropods, and
decapods = 54%), suggesting the l;)ng_-.te"rm isolation and independent speciation of
individual seep locations. The isol_ation of seep_fauna may be-caused by the lack-of long
distance dispersal and recruitment mechanisms fér\s‘éep-endémic fauna or because cold
seeps do not emit strong chemical signals as hydrothermal vents do (Sibuet & Olu 1998).
Competition with non-seep specific opportunistic-species could also lead to the

v di.st‘inctiveness—"of endemic seep fauna (Sibuct & Olu 1998, Levin et al. 2000)._Sirﬁi'l‘ar1¥
isolated benthic communities are also reported from seamounts in the southwestern
Pacific (de Forges et.al. 2000). There is little overlap. ini.community_composition*between-*
similar sites located <1000 km apart and seamount benthic fauna appear to endemic to

“seamount groups/chain (de Forges et al. 2000). Many seamount species.have adapted to
their environments by limiting their dispersal mechanisms (favoring direct development
or short larval periods) to maintain their populations on the small area of favorable
conditions around the seamount instead of sending their propagules.in to the urknown
conditions of the open sea (Parker & Tunnicliffe-1994): Similar dispersal adaptations
may also occur in seep endemic organisms to maintain their populations.in-the stable seep
environment.

Variation in the spreading rate of the-mid-ocean ridge leads to differences-in the
timin‘g and spacing of hydrothermal vents. The MAR has a slow-spreading rate of only
2-4 cm/yr (Tunnicliffe et al. 1998) and has a fow-spatial frequency of hydrothermal
venting (Van Dover 2000). The EPR has a fast-spreading rate of 12-16 cm/yr
(Tunnicliffe etal. 1998) and has a higher spatial frequency of hydrothermal venting (Van’

Dover 2000). When sites are closer together there is a greater chance that larvae can be
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_di’spersed‘between sites and populations can be well'mixed. Local endemism should be
. higher where vent .locations are further apart-and exchange among sites is limited (Van
Dover 1995). Accordingly, one would expect:pair‘—yzise simil.ariti:es.between“sitesvon the
EPR to be greater than pair-wise-similarities between sites.on the MAR. However, this
~ was not the case and there was no significant differencefbem;een the two mid-ocean

ridges. Pair-wise similarities between sites over distance on a ridge were slightly greater
-on the‘MAR—compared to the EPR at the species anc'kggnericv level. Pair-wise similarities

between sites over distance on a ridge were -only siightly greater on the EPR for the

familial level.. Despite the distance between sites on the MAR, some species are stili able
to disperse between sites. _Mussel—bed cemmunifies at-Lucky Strike ha,d"the most distinct
community of the three mussel beds sampled in the MAR (Snake Pit, 3480 m, Logatchev

3050 m, Lucky Strike, 1700 m; Van Dover & Doerries 2005). Species turnover on the

MAR appears to have more to do with changes in depth than it had to do with distances

between sites. More sampling of vent communities on the MAR 1is needed to determine

if this true.

Global patterns in species richness and diversity at mussel beds

Over many different environments, intertidal, subtidal, and even at hydrothermal
vents and cold seeps,-mussel beds tend to share many characteristics. Mussels and the
other associated fauna generally densely populate mussel beds, and-exhibit high levels of
sepon,dary production (Leigh et al. 1987). The structure created by mussels piling atop
one another provides refuge from predation and harsh physical conditions, and suitable

habitat to many macrofaunal invertebrates (Seed-1996). As foundation species, mussels
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can have ipositiv‘e‘ effects on their community by creating habitat, providing refuge from

" predatiﬁn, enhancing the retention-of the propagule supply, and increasing food"
_ availability ’(Brund and-Bertness 1998). In both shallow-water-and chemosynthetic
environments, associated macrofauna-can easily be divided into tgree major groups: (1)

“ epibibtic organisms, like barnacles, algae at shallow-water mussel beds, ar;d*-bacteria at

" “hydrothermal vents, thatgrvow directly on the mussel shells; (2) mobile taxa that live in

the matrix of the shells and byssal threads, such as limpets and polychaetes; (3) infaunal
tax;l that live in the enriched organic sediments and shell debris beneath the mussels
(Seed: 1996). In some ways, one can say, a mussel bed is a mussél bed no matter where it
1is located.

Inshallow-water mussel beds, functionally anaiogous species, usually within the

‘same genus, are recurrently found worldwide (Seed 1996). Members from the genera
Lasaea (a bivalve), Hyale (an amphipod), and Typosyllis (a syllid polychaete), have been
teported. from mytilid communities across the globe. Even though genera or families
generally are not shared between shallow-water-and chemosynthetic mussel beds, many
of the same functional groups are present in both systems. For example, melluscan and
crustacean grazers feed on the enriched particulate organic material found in the
interstitial spaces of the mussel bed. Mobile predators crawl on top of the mussels
looking for prey taking refuge in the mussel bed. Chemosynthetic mussei beds share
high degrees of generi.cjand familial level similarity with each other. At the familial level,
there is-at least 35% (BC.,. of bivalves, gastropods, and decapods) similarity among

hydrothermal vent and seep mussel beds.
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Species,richr-rcss at most hydrothermal-vent and cold-seep mussel beds reported
here (Table 1;1) is within the reported range of macrefauna invertebrate speciestichness-
from rdcky shore mytilid beds (32 to 100-taxa; Seed 1996). Speci'es richness was higher
at Mytilus californianus beds (~270 taxa) on the Pacific.coast because M. californié;zus is
a muchi'larger-bodied mussel that forms.thicker, multilayered beds (Suchanek 1979).
Spécies. richness at hydrothermal-vent mussel beds ranged from 18 to 54 taxa, with the-
lowest species richness (18-32 taxa) observed at MAR mussel beds. Species richness at
cold-seep- mussel bed; was ~4%4 taxa. Although shallow water mussel-bed communities
have relatively high species richness, they tend to be dominated by a few very abundant
’speciesr(Seed 1996). Greater than 90% of the molluscan fauna associated with Septifer-
virgatus mussel beds-was comprised of three small bivalve species (Seed 1996). This is
also true for chemosynthetic mussel beds. As reported here, at N. Fiji back-arc basin

- mussel beds, one limpet species comprised over 90% of the total number of individuals
collected. On the EPR, the most numerically deminant taxa collected usually accounts
for 40-60% gfthe total number of individuals collected (Van Dover 2003, Dreyer et al.
2005). |

Both intertidal and chemosynthetic mussel beds exhibit extremely low diversity
when compared to the benthic diversity of the deep-sea (Grassle & Maciolek 1992).
Appreximately 800 macrofaunal species were represented in nearly 91,000 individuals
collected from continental slope regions off the coast of New Jersey and Delaware. The
number of macrofaunal species continued.to increase as more samples were collected and
did not approach an asymptote, unlike at the chemosynthetic mussel beds (Grassle &

Maciolek 1992; Fig. 17). This dwarfs the highest species richness reported fromr
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FIGURE 17
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bed — Kasitsna Bay (Van Dover & Trask 2000).
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hydrothermal vent mussel bed (54 species from ~12,000 individuals at'17° S— EPR) and
from a cold seep mussel bed (4’4"§pecies from ~5,000 individuals at Blake Ridge; Fig. 17).
Deep-sea benthic species richness ié even greater than that reported from the Pacific

" Mytilus ccili‘fomianus%eds (~270 taxa; Suchanek 1979). Shannon diversity (H’) values
aré—éa-lsg much ‘greater’for deep-sea sediments (5.82 + 0.13; Grassle & Maciolek 1992)
than for hydrothermal-vent mussel beds (1.91 £0.09 at 17° S — EPR), cold-seep mussel
beds_(2.05 £0:08 at-Florida Escarpment), and intertidal' mussel beds (1.2 to-3.2; Iwasaki
1995, Seed 1996).

Lower species diversity at hydrothermal vents may be due to high disturbance
rates. Vent.communities and intertidal mussel-beds have higher disturbance rates and
more harsh abiotic conditions_than non-vent deep-sea communities doi(-Huston 1994,
Tsurumi 2003). Low species diversity has also been reported from many other
ecosystems with high disturbance rates, such as terrestrial areas after volcanic activity
(&el Moral & Bliss 1993), and areas after forest fires (Turner et al. 1997). The
inhospitable conditions foeund at hydrothermal vents-and cold seeps limits the species
found-there-to organisms speciflcally adapted to the particular chemical environment.
The larger number of species at the deep-sea floor may be caused by constant conditions

-and niche fragmentation in the physically unvarying seafloor environment (Gage 1996).
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