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Since their discovery in 1977, hydrothermal vent com-
munities have provided many surprises about life in the
deep sea and in extreme environments. It has been
suggested that vent communities contain many living
fossils and that deep-sea chemosynthetic environ-
ments, such as vents and hydrocarbon seeps, are
buffered from extinction events that affect the photic
zone. This hypothesis is based on the dependence of
these deep-sea communities on a geochemical energy
source and the considerable levels of taxonomic novelty
that they contain. Here, we review recent evidence from
the fossil record of hydrothermal vents and hydro-
carbon seeps, together with molecular phylogenies of
several dominant hydrothermal vent and seep taxa. In
spite of significant discrepancies between the fossil
record and molecular divergence estimates for several
important taxa, we show that most modern vent animal
groups arose relatively recently and that the taxonomic
composition of vent communities has changed con-
siderably through time.

Hydrothermal vents are found at mid-ocean spreading
centers in the east Pacific, Atlantic, Arctic and Indian
Oceans, and in back-arc basins in the west Pacific
(reviewed in [1]). Hydrothermal fluid issuing onto the
sea floor at these vent sites is hot (up to 390°C), anoxic,
often very acidic, and enriched with hydrogen sulfide
(H5S), methane (CH,), and various metals (especially iron,
zinc, copper and manganese). One of the many surprises
about vent sites is that these seemingly toxic hydro-
thermal fluids directly support exceptionally productive
biological communities in the deep sea. These hydro-
thermal vent communities are characterized by their
dependence on geochemical energy sources (mainly HyS).
Many of the invertebrate animals that dominate vents
(e.g. vestimentiferan tube worms, vesicomyid and bath-
ymodiolin bivalves, provannid gastropods and bresiliid
shrimp) exploit these reduced compounds either directly,
by way of symbiotic chemoautotrophic bacteria, or
indirectly, by grazing and filtering free-living chemoauto-
trophs (reviewed in [1]) (Box 1). Vent communities contain
remarkable taxonomic novelty at the specific and supra-
specific level (e.g. new families, orders and classes), and
82% of vent species appear to be endemic [2]. Related taxa
are found in hydrocarbon (‘cold’) seep communities [3].
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Hydrocarbon seeps, which are also rich in geochemical
energy sources (mainly CH, and HyS derived from CHy),
differ from hydrothermal vents in that their seep fluids are
cold, usually at ambient deep-sea temperatures [3]. This is
because hydrocarbon seeps are usually found around
continental margins and subduction zones (linear areas
where ocean plates are being pushed beneath the
continents or other ocean plates), and are not generally
associated with spreading ridges and their heat sources
[1,3]. Vents and seeps have several species in common, as
well as many genera and families, which highlights the
direct evolutionary links between these deep-sea chemo-
synthetic environments [2—6]. To understand the history of
vent-endemic taxa, researchers must also consider evol-
utionary relationships with cognate taxa living in cold seeps
and in other sulphide-rich environments, such as sunken
wood and large decaying bones (e.g. those of whales) [7-9].

Given that several ‘relic’ species (living fossils) are
found only at hydrothermal vents, it was suggested that
these unusual communities provide us with a ‘glimpse of
antiquity’ [10]. Combined with the exceptional level of
endemicity seen at higher taxonomic levels, it was
postulated that hydrothermal vent taxa have experienced
‘a long and continuing evolutionary history’ [10], and that
these unusual chemosynthetic environments might have
served as refugia for relic faunas during major Phaner-
ozoic extinction events that devastated organismic diver-
sity in the photic zone [2]. The antiquity hypothesis derives
principally from analyses of morphological characters in
extant vent taxa [2,10,11]. By contrast, recent molecular
studies of several ecologically dominant vent and seep taxa
(vestimentiferans, bathymodiolins, vesicomyids and bre-
siliids) suggest more recent diversifications during the
past 100 million years, in the later Mesozoic and Cenozoic
(reviewed in [12]). In spite of uncertainties regarding
the calibration of the molecular clocks used to assess the
evolutionary ages of these taxa, it is easy to reject the
hypothesis that the dominant, modern vent taxa are
Palaeozoic relics. Chevaldonné et al. [13] recently suggested
that late Mesozoic and Cenozoic estimated ages derived from
molecular phylogenies might be linked to a hypothesis
posited by Jacobs and Lindberg [14], that global, deep-water,
anoxic/dysoxic events during the late Cretaceous (at the
Cenomanian—Turonian boundary) and early Tertiary (end
Palaeocene) would have wiped out contemporary vent
communities. Accordingly, deep-sea vents were repopu-
lated from shallower refugia, such as coastal vents and
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Box 1. Modern hydrothermal vent animals
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Figure | illustrates some of the key species in hydrothermal vent
communities on the East Pacific Rise [(a), 21°N latitude; (b), Clam Acres
site, 21°N latitude; (c), 9°N latitude] and the Mid-Atlantic Ridge
[(d), Lucky Strike site, 37°N latitude]. Although most of the species
diversity at hydrothermal vents can be attributed to taxonomic groups
that comprise small, inconspicuous individuals (e.g. polychaete worms,
gastropods, copepod crustaceans and nematodes [1,45]), most of the
biomass is formed by a few large and visually striking species (Figure |).
These include vestimentiferan tube worms (Siboglinidae, Figure la,b),
vent clams (Vesicomyidae, Figure la), vent mussels (Bathymodiolinae,
Figure Ic) and the blind vent shrimp (Rimicaris exoculata, Figure Id), all
of which harbour chemoautotrophic bacterial symbionts [1].

The giant vestimentiferan tube worm Riftia pachyptila (Figure la—c)
builds a durable chitin-rich tube and lacks a gut as an adult, relying
nutritionally on endosymbiotic bacteria [1]. They supply their che-
moautotrophic endosymbionts with reduced sulfur compounds from
vent fluids plus oxygen and carbon dioxide from seawater via
haemoglobin in their blood, which can be seen through their bright
red gills projecting from the tubes in Figure Ib. Vestimentiferans are
common at eastern and western Pacific vent localities, but, for as yet
unknown reasons, are absent from Indian Ocean and Atlantic vents,
although they are found in Atlantic cold seeps [12,45,46].

The giant vent clam Calyptogena magnifica (white shells in Figure la),
similar to other vesicomyids, houses sulfide-oxidizing (thiotrophic)
endosymbionts in its gill tissues and has an extremely reduced gut [1].
A great diversity of vesicomyid species occurs at cold seeps throughout
the world [3], but, although several species are found at Pacific
hydrothermal vents, they are rare at Atlantic and Indian Ocean
vents [12,45-47].

The vent mussel Bathymodiolus thermophilus (yellow shells in
Figure Ic) also harbours thiotrophic endosymbionts in its gill tissues,
but, unlike vesicomyids, it has a functional filter-feeding apparatus and
gut [1]. Bathymodiolin species from Mid-Atlantic Ridge vents simul-
taneously harbour thiotrophic and methanotrophic symbionts in their
gill tissue, enabling them to use dual geochemical energy sources [1].
The capacity for feeding and dual symbiosis enables vent mussels to be
far more versatile in their habitat preferences than are vestimentiferans
and vesicomyids. Thus, bathymodiolins are abundant at most known
vent sites, except for those on the northeastern Pacific Ridges [12,45-47],
and are also abundant at most Atlantic cold seeps [3].

Vent sites in the Atlantic and Indian Oceans are dominated by the

seeps. In contrast with the antiquity hypothesis [10],
the extinction/repopulation hypothesis appears to be
consistent with an onshore—offshore pattern of evol-
utionary diversification seen in marine organisms [15].

The fossil record provides alternative means for investi-
gating the origins and ages of vent taxa. Fossil vent
communities contain both taxa that are present at modern
vents and numerous representatives of extinct taxa [16—18].
Based on discrepancies between evolutionary ages inferred
from molecular divergence versus fossil evidence for several
vent taxa, doubts have been raised about the correct
identification of some vent fossils [12,18,19]. Here, we review
recent evidence from the fossil record of hydrothermal vent
and hydrocarbon seep groups (Box 2) and molecular
phylogenetic analyses of some common vent and seep taxa
(Box 3), and discuss the implications of these data for the
antiquity hypothesis. Factors affecting the quality of these
fossil and molecular phylogeneticdata are discussedin Box 4.
In spite of significant discrepancies between the fossil record
and molecular divergence estimates for several important
taxa, we show that most modern vent animal groups arose
relatively recently and that the taxonomic composition of
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bresiliid shrimp Rimicaris exoculata (Figure Id), which lives in close
proximity to high temperature hydrothermal discharge [1,46,47]. A
proportion of the energy of the shrimp is gained from feeding on
‘exosymbiotic’ bacteria growing on its body surfaces [1]. Other,
nonsymbiont-bearing bresiliid species are found at most vent
sites [37,46].

In addition to the large symbiont-bearing taxa, Figure | also shows a
range of otherventanimals. These include the squat lobster Munidopsis
subsquamosa (Figure la, scattered throughout; Figure Ic, left corner), a
scavenger, and the vent crabs Bythograea thermydron (Figure la,
centre; Figure Ic, centre and right) and Segonzacia mesatlantica (Figure
Id, centre left), which are scavengers and predators. Clusters of coiled
gastropods (possibly Protolira thorvaldssoni) are attached to vent
chimneys in Figure Id (top and right). Other gastropods include the
grazing vent limpet Lepetodrilus elevatus on worm tubes in Figure Ib,
and the clear limpet Eulepetopsis vitrea on the large mussel near the
lower middle of Figure Ic. Eulepetopsis vitrea belongs to a group that is
considered a Mesozoic relic [2,40].

Figure Ic courtesy of Richard Lutz and Steven Low Productions.

Figure l.

vent communities has changed considerably through time,
indicating that deep-sea chemosynthetic environments
might not be immune from global extinction events that
affect diversity in the photic zone.

Stratigraphic ranges of vent taxa based on fossil
occurrences

Palaeozoic vent taxa

Of three taxa found in ancient vent communities, two
belong to extinct families (ambonychiid and modiomorphid
bivalves) and one belongs to a group that is not found at
modern vent sites (lingulate brachiopods) (Figure 1). The
exclusively Palaeozoic ambonychiids had a vent represen-
tative in the Silurian [18]. Modiomorphids became extinct
during the late Cretaceous, but they had a vent repre-
sentative in the Devonian [18], and seep representatives in
the Devonian [20,21] and Cretaceous [22]. Lingulates do
not occur at modern vents, but they were common at a
Silurian vent site [18] and, although they closely resemble
other Devonian and Carboniferous congeners, they
are unrelated to modern lingulates [18]. Two other
modern vent taxa have Palaeozoic vent representatives:
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Box 2. Hydrothermal vent and hydrocarbon seep fossils

Vent fossils

Hydrothermal vent fossils are found in sulphide deposits within
volcanic rock sequences in accreted volcanic arc terranes and
ophiolites (fragments of old ocean crust thrust onto continental
margins) [18]. Nineteen vent fossil occurrences are known, ranging
in age from the Eocene to the Silurian [18] (~500- ~430 Mya). Their
temporal distribution is uneven, with most being concentrated in
Silurian and Devonian arc-related rocks of the Ural Mountains of
Russia, and in the Cretaceous ophiolites of Cyprus and Oman; large
gaps exist in the late Palaeozoic and Tertiary. Fossil vent taxa include
vestimentiferan-like tube worms, brachiopods and molluscs. All
fossils are preserved as external and sometimes internal moulds of
pyrite, but the original shells and tubes are always missing [18,35].
This preservation style makes some of the vent fossils hard to identify
and associations with microbial chemoautotrophs impossible to
demonstrate.

Seep fossils

Hydrocarbon seep fossils are found in discrete carbonate lenses
hosted by deep-water sedimentary rock sequences in a variety of
tectonic settings. These seep carbonates have very distinctive
negative carbon isotope values and complex internal structures
[25,31,33]. At least 50, possibly as many as 200 fossil cold seep
communities are known from the early Devonian to the Pleistocene.
Most of these are in Tertiary rocks of the western USA [31,33], Japan
[48,49] and Italy [32]. A good record also exists from the Mesozoic of
the western USA ([25], K.A. Campbell, unpublished), Japan [26,50]
and France [51], and a few Palaeozoic occurrences are found in
Germany [28] and Morocco [20,21]. Fossil seep taxa are much more
diverse than are fossil vent taxa and include sponges, tube worms,
brachiopods (dominant in Palaeozoic and some Mesozoic seeps),
molluscs (dominant in Tertiary and some Mesozoic seeps) and
crustaceans. Seep fossils are generally better preserved than are
those at vents (which might also explain their greater diversity);
mollusc shells often show original mineralogy, although complete
dissolution iscommon in some seep deposits. For the complete seep
fossil data base, please contact the corresponding author.

monoplacophoran molluscs and vestimentiferan-like tube
worms (Figure 1). The Silurian vent monoplacophoran
belongs to an extinct early Palaeozoic family [18] and is
therefore not related to the modern vent species [23].
Identification of the Silurian and Devonian vent tube
worm fossils as vestimentiferans is, however, controver-
sial. Tube-worm fossils that might have a vestimentiferan
affinity have also been found in a Devonian seep site [20].

Mesozoic vent taxa

All but one Mesozoic vent taxa have representatives at
modern vent sites (Figure 1). Three gastropod groups,
trochoideans (Jurassic), cerithioideans (Cretaceous) and,
although their identification is uncertain, provannids
(Cretaceous) also occurred in Jurassic seeps [18]. Vesti-
mentiferan-like tube-worm fossils have been found at
Jurassic and Cretaceous vent sites [18] and seep sites
[24—26]. Serpulids have been found in Cretaceous and
younger seep sites [27] and possibly also in a Cretaceous
vent site [18]. Peregrinellid brachiopods occurred at
Jurassic vents and Devonian, Carboniferous, Jurassic
and Cretaceous seeps [16,28,29]. Members of this family,
which became extinct during the early Cretaceous, were
abnormally large among contemporary rhynchonellids,
and seem to have been endemic to chemosynthetic
environments [29,30]. This could mean that the peregri-
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Box 3. Molecular evidence

Vestimentiferan tube worms

Recent attempts to estimate the evolutionary age of vestimentiferan
tube worms are based on mitochondrial cytochrome oxidase subunit
|1 (COI) sequences and a vicariant event that intersected an eastern
Pacific ridge system [13]. Subduction of the Farallon-Pacific Ridge
beneath a portion of the North American Plate 28.5-35 million years
ago (Mya) [52], separated the present-day East Pacific Rise (EPR)
from the Gorda/Juan de Fuca/ Explorer (GFE) ridge systems. Using a
nucleotide substitution rate of 0.46% My~ ", obtained from the splits
between sister species that presently occupy the EPR and GFE,
separation of vestimentiferans from their pogonophoran relatives
would have occurred <60 Mya [13]. Work in progress reveals that a
slower clock calibration should also be considered for COl. It yields a
maximum age estimate of ~126 Mya for vestimentiferans (L.A.
Hurtado, PhD thesis, Rutgers University, 2002). Nevertheless, the
<60 Mya age encompasses the 50 Mya estimate based on borrowed
substitution rates for rRNA [34] (Box 4). In spite of the liberal range of
estimates obtained with various calibration methods (50-126 Mya),
molecular evidence places the origin of vestimentiferans in the mid-
Mesozoic to early Cenozoic, rather than in the Palaeozoic.

Vesicomyid clams

Mitochondrial COl divergence suggests that vent- and seep-endemic
vesicomyids arose during the early Cenozoic [43]. COI substitution
rates were calibrated from the veneroid fossil record, assuming that
vesicomyids and dreissenids separated during the early Triassic
(245 Mya) or, alternatively, that these taxa diverged shortly after the
appearance of heterodonts during the Ordovician (500 Mya). This
uncertainty notwithstanding, the range of COIl amino-acid substi-
tution rates (0.1-0.2% My~ ") suggests that the common ancestor of
vesicomyids lived only 22-44 Mya, during the Cenozoic.

Bathymodiolin mussels

Limited 18S rRNA divergence among vent and seep bathymodiolins
suggests a relatively recent origin from ancestors that occupied
wood and bone [8]. Significant rate heterogeneity among bath-
ymodiolin lineages complicated attempts to estimate their age, but
the common ancestor of modern vent and seep species might have
lived as recently as 22 Mya (D. Distel, pers. commun.). We re-
analyzed these data by removing the long-branches associated with
afew lineagesinthe subfamily to eliminate rate heterogeneity. Using
borrowed rRNA substitution rates ranging from 0.6-1.0% 50 My’
[53], we estimate that the subfamily Bathymodiolinae could have
split from other mytilids 56—94 Mya, placing their origins in the mid
Mesozoic to early Cenozoic.

Bresiliid shrimp

Bresiliids left no fossil record, but COI nucleotide substitution rates
borrowed from Trans-Panamanian carideans suggest that they
diversified <20 Mya [37]. All DNA sequences used for the preceding
age estimates are available from GenBank (http://www.ncbi.nlm.nih.
gov/GenBank/index.html) with accession numbers in the associated
publications.

nellids, unlike modern brachiopods, had chemosymbionts
[29,30], or, similar to modern brachiopods, were ecological
generalists in low oxygen settings [29].

Cenozoic vent taxa

Poorly preserved worm tubes, which might have vesti-
mentiferan affinities, are the only Cenozoic vent fossils
(Figure 1) [18]. The lack of Cenozoic vent fossil diversity is
a function of the lack of data from this period (Box 2). By
contrast, tube-worm fossils, which also might have
vestimentiferan affinities, were common in Eocene—
Pliocene seep deposits [31—-33].
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Box 4. Factors affecting the quality of fossil and molecular
data

Molecular clock methods are useful for estimating the evolutionary
ages of taxa that exhibit considerable morphological homoplasy,
and they are the only methods for estimating the ages of taxa with no
fossil record. The molecular clock hypothesis assumes that the rate of
change of ageneis nearly constant across evolutionary lineages [54].
Although evolutionary rates can vary greatly, both through time and
among taxa, methods do exist to accommodate such rate hetero-
geneity [55]. Molecular clocks have been calibrated in several ways.
Some molecules, such as the small subunit rDNA, are assumed to
have ‘universal clocks’ that appear to be relatively constant [53], and
other molecules behave more erratically [56], yielding ‘local clocks’
with limited timescales. ldeally, molecular clocks should be
calibrated with independent data, such as fossil evidence [57].
Calibrations have also been based on the dates of vicariant events,
such as closure of the Isthmus of Panama [58]. Because molecular
substitution rates vary over time, it is unwise to extrapolate to distant
times from ‘local clocks’ calibrated with recent events, and vice versa.
Also, substitution rates calibrated for particular genes in one taxon
are often applied to unrelated taxa (‘borrowed’). Such borrowed
clocks are also risky, because substitution rates might not be
constant across taxa. Although molecular clocks are imperfect
chronometers, they have been used to estimate approximate
timescales for the evolutionary divergence of many organisms
with poor fossil records [59] including vent- and seep-endemic taxa
(Box 3).

Fossil data have a great potential advantage over hypotheses of
origination derived from morphological and molecular analysis of
modern species, because stratigraphic records can provide direct
observation of the first appearance of a taxon [38]. However, two
problems are commonto all fossil data. First, the initial appearance of
a taxon in the fossil record will undoubtedly be younger than its true
origin because of the random processes affecting the likelihood of
fossilization and the intensity of collection efforts. Second, the
quality of the record and fossil preservation is highly variable [38,60].
Unfortunate features of the fossil record of hydrothermal vents are
the limited number of known localities, their temporal unevenness
and, particularly, a lack of Cenozoic sites (Figure 1, main text). In
addition, vent fossils are not always well preserved, leading to
problems with taxonomic identification and homoplasy masking
true evolutionary patterns. The seep record is better, particularly
during the Tertiary, and seep fossils are often well preserved (Box 2).

Modern vent taxa with fossil record at seeps, but not vents
Most modern vent taxa, including several groups with
chemosymbionts (thyasirid, solemyid, vesicomyid and
bathymodiolin bivalves, and bresiliid shrimp), have not
been found in fossil vent deposits [18] (Figure 1). However,
a subset of modern vent taxa do have a fossil record at
seeps: buccinid gastropods from the late Eocene, vesico-
myid and thyasirid bivalves from the Cretaceous, neom-
phalid gastropods, mytilid and nuculoidean bivalves from
the Jurassic, and solemyid bivalves from the Jurassic (and
possibly Carboniferous) (Figure 1). Lucinid bivalves,
another group with chemosymbionts, are very common
in fossil seep communities from the Jurassic onwards
[22,24,25,32], but, unlike the closely related thyasirids,
have yet to be discovered at modern vent sites.

Molecular versus fossil data

Significant discrepancies exist between molecular esti-
mates of the origin of several vent taxa and their first
fossil appearance at vents and seeps (Figure 1) [12,18]. For
three out of four taxa (bathymodiolins, vesicomyids and
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vestimentiferans), the first fossil appearances in vent and
seep sites pre-date the corresponding molecular estimate
of their age. Mytilid bivalves have a good fossil record at
seeps from the late Jurassic, 150 million years ago (Mya).
However, molecular evidence suggests that modern seep
and vent bathymodiolins (a subfamily within the Mytili-
dae) arose more recently, during the late Cretaceous—early
Cenozoic (56—94 Mya; Box 3). Whether the Jurassic seep
mytilids are closely related to the modern bathymodiolins
is equivocal, however, because the mytilids are a morpho-
logically conservative group and are difficult to classify.
Morphological misidentification is less of a problem in the
vesicomyid bivalves (at least at the family level), because
these clams have distinctive shell characters that are
obvious in fossils. Vesicomyids first appear at seeps in the
mid Cretaceous (~100 Mya), much earlier than the
Cenozoic dates suggested by molecular estimates
(22—44 Mya) based on modern vent and seep species
(Box 3). The greatest discrepancy between molecular and
fossil ages exists for the vestimentiferan tube worms,
which has led to some controversy about the identification
of these fossils [12,18,34]. Sulphide-replaced worm-tube
fossils from Silurian and Devonian vent sites have been
formally described as vestimentiferan tubes, although
they have few characters and lack diagnostic internal soft
parts [35,36]. The Silurian worm tube fossils are ~290
million years older than the most liberal molecular
estimate for the origin of the vestimentiferans (L.A.
Hurtado, PhD thesis, Rutgers University, 2002) (Box 3).
This is also the case for worm-tube fossils in a Devonian
seep deposit [20]. Occurrences of vestimentiferan-like worm
tubes from early Jurassic and late Cretaceous vent sites [18]
fit better with the molecular estimates. Molecular evidence
also indicates that vent and seep-endemic bresiliid shrimp
diversified very recently, perhaps <20 Mya [37] (Box 3).
Unfortunately, this molecular estimate cannot be corro-
borated using fossil evidence, because bresiliids do not yet
have a fossil record, possibly because, being mobile
organisms with easily scavenged chitinous exoskeletons,
they have low preservation potential.

Several hypotheses must be considered to explain
discrepancies between the fossil and molecular age
estimates. First, the fossils might have been misidentified
and might actually belong to different, homeomorphic
groups [12,19,34]. As discussed above, misidentification is
a distinct possibility for the Silurian and Devonian
vestimentiferan-like tube-worm fossils, but is less likely
for the mytilids and unlikely for the vesicomyids, because
these mollusc fossils preserve more morphological char-
acters for taxonomic analysis. Second, molecular studies
might have underestimated the divergence dates because
of inaccurate calibrations (Box 4). Based on recent
attempts to calibrate molecular clocks for mitochondrial
cytochrome oxidase subunit I (COI) (Box 3), substitution
rates for vent and seep taxa appear to be at the low end of
the range of rates seen in other animals [13]. Nevertheless,
for the Silurian and Devonian tube-worm fossils to be
directly related to modern vestimentiferans, COI substi-
tution rates in this group would have to be three times
lower than any rate seen in animals to date (L.A. Hurtado,
PhD thesis, Rutgers University, 2002). Third, vent and
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Figure 1. Stratigraphic ranges of modern hydrothermal vent higher taxa that have a fossil record at vents, and/or a fossil record at hydrocarbon seeps, and/or molecular
divergence estimates. Also shown are four vent taxa that are found at fossil vent sites but do not have modern vent representatives (lingulate and rhynchonellid brachio-
pods, and modiomorphid and ambonychiid bivalves) and the lucinid bivalves (in bold), which are only known from seeps. Fossil data derived from references in Box 2.
Key: diamonds, single stratigraphic taxon occurrences; solid red lines, taxon ranges at vents; solid blue lines, taxon ranges at seeps; dashed lines, uncertain taxon ranges;
horizontal ticks, occurrence data; solid yellow lines, total taxon ranges; green lines, molecular divergence estimates; thin lines show estimate ranges from Box 3; taxa with
grey shading are those in which either all or some vent and seep representative species have chemosymbionts. Abbreviations: Cen., Cenozoic; C-T, Cenomanian-Turonian

oceanic anoxic/dysoxic event; Pal., end Palaeocene oceanic anoxic/dysoxic event.

seep fossils might represent earlier stem-group lineages
that are not ancestral to the crown-group taxa [38]. Thus,
extant vent taxa might comprise parallel or convergent
radiations from common stem ancestors [2]. This hypoth-
esis is particularly likely for the bathymodiolins and
vestimentiferans, because they both belong to families
containing older sister groups.

A relic fauna at vents?

Examination of the fossil record provides limited support
for the suggestion that modern vent fauna provide a
‘glimpse of antiquity’ [10]. Certainly, the fossil record does
not support suggestions that vent fauna are Palaeozoic
relics, because the Palaeozoic vent fauna are either extinct
(modiomorphid and ambonychiid bivalves) or are not
represented at modern vents (lingulate brachiopods)
(Figure 1). Palaeozoic vent monoplacophorans are not
closely related to their modern counterparts, and the
identity of the vestimentiferan-like tubes has been seriously
challenged. Nevertheless, of the six extant vent bivalve
families (vesicomyids, nuculanids, thyasirids, solemyids,
pectinids and mytilids), the latter three (50%) have
Palaeozoic origins in other environments, a particularly
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high percentage when compared with 19% (six out of 32) of
extant principle bivalve families with Palaeozoic origins
present across the entire marine realm [39]. Fossil
evidence supports the hypothesis that some of the modern
vent taxa arose in the Mesozoic: trochoideans, cerithioi-
deans and, possibly, vestimentiferans, provannids and
serpulids (Figure 1). However, several modern vent taxa
that are considered to be Mesozoic (or possibly Palaeozoic)
relics have not been found at fossil vent sites (neomphalid
and neolepetopsid gastropods [2,40] and barnacles [41]).
Several hypotheses might explain the absence of these
groups and other common modern taxa (vesicomyid and
bathymodiolin bivalves, and bresiliid shrimp) from fossil
vents [18]. First, they were present at ancient vents but
have yet to be discovered, either because the fossil record is
too sparse (Box 2) or representative specimens did not get
preserved. Second, the record can be taken at face value,
and the missing taxonomic groups invaded vent sites from
other environments during the past 40 million years. The
fossil record from seeps is informative, however, because
some of the modern vent taxa without vent fossil records
have representatives in fossil seeps (Figure 1). Apart from
the putative vestimentiferans and the solemyids, which
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the are difficult to identify, none of the modern seep taxa
has a Palaeozoic fossil record. Some appeared in the
Cenozoic, but most appeared in the Mesozoic (Figure 1).
This Mesozoic group includes the neomphalids, which
supports McArthur and Koop’s [42] hypothesis about the
timing of origination of the neomphalines. Finally, several
taxa appear earlier at seep sites than they do at vents
(serpulids and provannids). Although this pattern is
probably an artefact stemming from the paucity of fossil
vent faunas compared with fossil seep faunas, it is
intriguing that a seep—vent pattern has been identified
in the molecular phylogenies of modern bathymodiolins,
vestimentiferans and vesicomyids [5,43,44]. Perhaps some
of the modern vent taxa invaded vents repeatedly during
the Cenozoic, having derived from seep ancestors that
persisted from the Mesozoic. However, it remains unclear
whether this re-invasion hypothesis can be linked to
oceanic anoxic/dysoxic events at the Cenomanian—Tur-
onian boundary or the end Palaeocene [14], because all of
the seep taxa appearing in the Mesozoic passed through
both of these events, as did the vent trochoideans and
vestimentiferans (Figure 1).

In spite of uncertainties about the true age of vent and
seep taxa, the fossil data generally confirm the molecular
evidence that the ecologically dominant modern vent and
seep taxa (e.g. vesicomyids, bathymodiolins and bresiliids)
are not living fossils from the Palaeozoic. The molecular
evidence for relatively recent radiations (or re-radiations)
of vent and seep taxa also does not support the hypothesis
that these deep-sea chemosynthetic environments are
immune from global extinction events affecting diversity
in the photic zone.

Future research

Future research is needed to provide further information
about the origin and evolution of vent and seep taxa. This
includes finding more fossiliferous vent sites, particularly
from the late Palaeozoic, early Mesozoic and Cenozoic
(Box 2), data from which will help to test molecular
hypotheses and to assess whether the ‘relic’ hypothesis has
been falsely rejected. For example, the ~ 120 million year
gap in fossil data between the early Jurassic and early
Carboniferous might hide novel vent taxa, or might
connect taxa from earlier (Palaeozoic) and later Mesozoic
or Cenozoic periods. More detailed systematic analyses of
the vent and seep fossils are also needed. The level of
analysis (families, orders and classes) is fairly crude at
present and probably masks patterns of extinction and
origination at vent and seep sites that are only apparent at
sub-family level (e.g. bathymodiolins). Molecular analyses
of vent and seep taxa with reasonable fossil records
(e.g. provannid gastropods) might prove useful for inves-
tigating fossil versus molecular origination estimates and
might help to generate more-accurately calibrated mol-
ecular clocks (Box 3). Molecular analysis of several modern
vent taxa that seem morphologically primitive such as the
stalked barnacles [2,10,41], but lack a corroborating vent
and seep fossil record could provide data that could be used
to assess the antiquity of these groups in comparison to
other vent taxa. In a wider context, it will be interesting to
compare evolutionary rates and trends displayed by vent
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and seep animals to those of other marine taxa to see what
evolutionary advantages or disadvantages are associated
with living at sites where geochemical energy sources are
abundant.

Acknowledgements

We thank David Jablonski, Andrew Smith, Luis Hurtado, Shana Goffredi,
Robbie Young, William Newman, Kathy Campbell and two anonymous
reviewers for discussion and comments. Financial support was provided
by the US National Science Foundation (OCE9910799 and OCE0241613),
the David and Lucille Packard Foundation via the Monterey Bay
Aquarium Research Institute (to R.C.V.), the Natural Environment
Research Council (GR3/10903) and NASA Astrobiology (to C.T.S.L.).

References
1 Van Dover, C.L. (2000) The Ecology of Deep-Sea Hydrothermal Vents,
Princeton University Press
2 McArthur, A.G. and Tunnicliffe, V. (1998) Relics and antiquity

revisited in the modern vent fauna. In Modern Ocean Floor Processes

and the Geological Record (Mills, R. and Harrison, K., eds),

pp. 271-291, Special Publication of the Geological Society of London

Sibuet, M. and Olu, K. (1998) Biogeography, biodiversity and fluid

dependence of deep-sea cold-seep communities at active and passive

margins. Deep-Sea Res. II 45, 517-567

4 Hecker, B. (1985) Fauna from a cold sulfur-seep in the Gulf of Mexico:

comparison with hydrothermal vent communities and evolutionary

implications. Bull. Biol. Soc. Wash. 6, 465—473

Craddock, C. et al. (1995) Evolutionary relationships among deep-sea

mytilids (Bivalvia: Mytilidae) from hydrothermal vents and cold-water

methane/sulfide seeps. Mar. Biol. 121, 477-485

Kojima, S. (2002) Deep-sea chemoautosynthesis-based communities in

the Northwestern Pacific. J. Oceanogr. 58, 343—363

Feldman, R.A. et al. (1998) Vestimentiferan on a whale fall. Biol. Bull.

194, 116-119

Distel, D.L. et al. (2000) Marine ecology: do mussels take wooden steps

to deep-sea vents? Nature 403, 725

Baco, A.R. et al. (1999) Molecular identification of vesicomyid clams

associated with whale-falls on the California Slope. Mar. Ecol. Progr.

Ser. 182, 137-147

10 Newman, W.A. (1985) The abyssal hydrothermal vent invertebrate
fauna. A glimpse of antiquity? Bull. Biol. Soc. Wash. 6, 231-242

11 McLean, J.H. (1985) Preliminary report on the limpets at hydrother-
mal vents. Biol. Soc. Wash. Bull. 6, 159—166

12 Van Dover, C.L. et al. (2002) Evolution and biogeography of deep-sea
vent and seep invertebrates. Science 295, 1253—-1257

13 Chevaldonné, P. et al. (2002) Sister-species of eastern Pacific
hydrothermal-vent worms (Ampharetidae, Alvinelidae, Vestimenti-
fera) provide new mitochondrial clock calibration. Cah. Biol. Mar. 43,
367-370

14 Jacobs, D.K. and Lindberg, D.R. (1998) Oxygen and evolutionary
patterns in the sea: onshore/offshore trends and recent recruitment of
deep-sea faunas. Proc. Natl. Acad. Sci. U. S. A. 95, 9396-9401

15 Jablonski, D. and Bottjer, D.J. (1991) Environmental patterns in the
origins of higher taxa: the post-Paleozoic fossil record. Science 252,
1831-1833

16 Campbell, K.A. and Bottjer, D.J. (1995) Brachiopods and chemosym-
biotic bivalves in Phanerozoic hydrothermal vent and cold seep
environments. Geology 23, 321-324

17 Little, C.T.S. et al. (1998) The fossil record of hydrothermal vent
communities. In Modern Ocean Floor Processes and the Geological
Record (Mills, R. and Harrison, K., eds), pp. 259-270, Special
Publication of the Geological Society of London

18 Little, C.T.S. (2002) The fossil record of hydrothermal vent commu-
nities. Cah. Biol. Mar. 43, 313-316

19 Halanych, K.M. et al. (2001) Molecular evidence that Sclerolinum
brattstromi is closely related to vestimentiferans, not frenulate
pogonophorans (Siboglinidae, Annelida). Biol. Bull. 201, 65-75

20 Peckmann, J. et al. (1999) Signatures of hydrocarbon venting in a
middle Devonian carbonate mound (Hollard Mound) at the Hamar
Laghdad (Antiatlas, Morocco). Facies 40, 281-296

21 Aitken, S.A. et al. (2002) Stratigraphy, paleoecology, and origin of

w

ot

[<2]

|

oo

©


http://www.trends.com

588 TRENDS in Ecology and Evolution Vol.18 No.11 November 2003

Lower Devonian (Emsian) carbonate mud buildups, Hamar Laghdad,
eastern Anti-Atlas, Morocco, Africa. Bull. Can. Pet. Geol. 50, 217—-243

22 Kelley, S.R.A. et al. (2000) Early Cretaceous giant bivalves from seep-
related limestone mounds, Wollaston Forland, Northeast Greenland.
In The Evolutionary Biology of the Bivalvia (Harper, E.M. et al., eds),
pp. 227-246, Special Publication of the Geological Society of London

23 Waren, A. and Bouchet, P. (2001) Gastropoda and Monoplacophora
from hydrothermal vents and seeps; new taxa and records. Veliger 44,
116-231

24 Kauffman, E.G. et al. (1996) Widespread venting of methane-rich
fluids in Late Cretaceous (Campanian) submarine springs (Tepee
Buttes), Western Interior seaway, U.S.A. Geology 24, 799-802

25 Campbell, KA. et al. (2002) Ancient hydrocarbon seeps from the
Mesozoic convergent margin of California: carbonate geochemistry,
fluids and palaeoenvironments. Geofluids 2, 63—94

26 Hikida, Y. et al. An exceptionally well-preserved seep community from
the Cretaceous Yezo forearc basin in Hokkaido, northern Japan.
Paleontol. Res. (in press)

27 Beauchamp, B. et al. (1989) Cretaceous cold-seep communities and
methane-derived carbonates in the Canadian Arctic. Science 244,
53-56

28 Gischler, E. et al. (2003) Ibergirhynchia contraria (F. A. Roemer 1850),
an early Carboniferous seep-related rhychconellide brachiopod from
the Harz Mountains, Germany — a possible successor to Dziedus-
zyckia? J. Paleontol. 77, 293—-303

29 Campbell, K.A. and Bottjer, D.J. (1995) Peregrinella: an early
Cretaceous cold-seep restricted brachiopod. Paleobiology 21, 461-478

30 Sandy, M.R. (1995) A review of some Palaeozoic and Mesozoic
brachiopods as members of cold seep chemosynthetic communities:
‘unusual’ palaeoecology and anomalous palaeobiogeographic patterns
explained. Foldtani Kozlony Bull. Hung. Geol. Soc. 125, 241258

31 Goedert, J.L. and Squires, R.L. (1990) Eocene deep-sea communities in
localized limestones formed by subduction-related methane seeps,
southwestern Washington. Geology 18, 1182-1185

32 Taviani, M. (1994) The ‘calcari a Lucina’ macrofauna reconsidered:
deep-sea faunal oases from Miocene-age cold vents in the Romagna
Apennine. Italy. Geo-Mar. Lett. 14, 185-191

33 Peckmann, J. et al. (2002) A comprehensive approach to the study of
methane-seep deposits from the Lincoln Creek Formation, western
Washington State, USA. Sedimentology 49, 855—873

34 Halanych, K.M. et al. (1998) Evolutionary origins and age of
vestimentiferan tube-worms. Cah. Biol. Mar. 39, 355—358

35 Little, C.T.S. et al. (1999) Two Palaeozoic hydrothermal vent
communities from the southern Ural mountains, Russia. Palaeontol-
ogy 42, 1043-1078

36 Shpanskaya, A.Y. et al. (1999) Vestimentiferan tubes from the Early
Silurian and Middle Devonian hydrothermal biota of the Uralian
palaeobasin. Paleontol. Zhur. 33, 222228

37 Shank, T.M. et al. (1999) Miocene radiation of deep-sea hydrothermal
vent shrimp (Caridea: Bresiliidae): evidence from mitochondrial
cytochrome oxidase subunit I. Mol. Phylog. Evol. 13, 244254

38 Smith, A.B. and Peterson, K.J. (2002) Dating the time of origin of
major clades: molecular clocks and the fossil record. Annu. Rev. Earth
Planet. Sci. 30, 65—88

39 Crame, J.A. (2000) Evolution of taxonomic diversity gradients in the
marine realm: evidence from the composition of recent bivalve faunas.
Paleobiology 26, 188—214

40 Harasewych, M.G. and McArthur, A.G. (2000) A molecular phylogeny
of the Patellogastropoda (Mollusca: Gastropoda). Mar. Biol. 137,
183-194

41 Yamaguchi, T. (1994) Barnacles as living fossils from deep-sea
hydrothermal vents. Fossils Paleontol. Soc. Jap. 56, 37—41

42 McArthur, A.G. and Koop, B.F. (1999) Partial 28S rDNA sequences and
the antiquity of hydrothermal vent endemic gastropods. Mol.
Phylogenet. Evol. 13, 255—-274

43 Peek, A.S. et al. (1997) Evolutionary relationships of deep-sea
hydrothermal vent and cold-seep clams (Bivalvia: Vesicomyidae):
results from mitochondrial cytochrome oxidase subunit I. Mar. Biol.
130, 151-161

44 Black, M.B. et al. (1997) Molecular systematics of vestimentiferan
tubeworms from hydrothermal vents and cold-water seeps. Mar. Biol.
130, 141-149

45 Tunnicliffe, V. et al. (1998) A biogeographical perspective of the deep-
sea hydrothermal vent fauna. Adv. Mar. Biol. 34, 353—442

46 Van Dover, C.L. et al. (2001) Biogeography and ecological setting of
Indian Ocean hydrothermal vents. Science 294, 818—823

47 Hashimoto, J. et al. (2001) First hydrothermal vent communities from
the Indian Ocean discovered. Zoo. Sci. 18, 717-721

48 Amano, K. et al. (2001) The oldest vesicomyid bivalves from the Japan
Sea Borderland. Venus 60, 189—-198

49 Shibasaki, T. and Majima, R. (1997) A fossil chemosynthetic commu-
nity from outer shelf environment of the Middle Pleistocene
Kakinokidai Formation, Kazusa Group in Boso Peninsula, Chiba
Prefecture, central Japan. J. Geol. Soc. Japan 103, 1065—-1080

50 Kanie, Y. and Nishida, T. (2000) New species of chemosynthetic
bivalves, Vesicomya and Acharax, from the Cretaceous deposits of
northwestern Hokkaido. Sci. Rep. Yokosuka City Mus. 47, 719-84

51 Galillard, C. et al. (1992) Fossil chemosynthetic communities related to
vents or seeps in sedimentary basins: the pseudobiotherms of
Southeastern France compared to other World examples. Palaios 7,
451-465

52 Atwater, T. (1989) Plate tectonic history of the northeast Pacific and
western North America. In Plate Tectonic History of the Northeast
Pacific and Western North America (Winterer, E.L. et al., eds),
pp. 21-72, Geological Society of America

53 Ochman, H. and Wilson, A.C. (1987) Evolution in bacteria: evidence for
a universal substitution rate in cellular genomes. J. Mol. Evol. 26,
74-86

54 Zukerkandl, E. and Pauling, L. (1962) Molecular disease, evolution,
and genetic heterogeneity. In Horizons in Biochemistry (Kasha, M. and
Pullman, B., eds), pp. 189—-225, Academic Press

55 Huelsenbeck, J. et al. (2000) A compound Poisson process for relaxing
the molecular clock. Genetics 154, 1879—-1892

56 Ayala, F. (1986) On the virtues and pitfalls of the molecular
evolutionary clock. Heredity 77, 226—235

57 Wilson, A. et al. (1987) Molecular time scale for evolution. Trends
Genet. 3, 241-247

58 Knowlton, N. and Weigt, L.A. (1998) New dates and new rates for
divergence across the Isthmus of Panama. Proc. R. Soc. Lond. Ser. B
265, 2257-2263

59 Nei, M. and Kumar, S. (2000) Molecular Evolution and Phylogenetics,
Oxford University Press

60 Benton, M.J. and Ayala, F.J. (2003) Dating the tree of life. Science 300,
1698-1700

News & Features on BioMedNet

Start your day with BioMedNet's own daily science news, features, research update articles and special reports. Every two weeks,
enjoy BioMedNet Magazine, which contains free articles from Trends, Current Opinion, Cell and Current Biology. Plus, subscribe to
Conference Reporter to get daily reports direct from major life science mettings.

http://news.bmn.com

http://tree.trends.com


http://www.trends.com

	Are hydrothermal vent animals living fossils&quest;
	Stratigraphic ranges of vent taxa based on fossil occurrences
	Palaeozoic vent taxa
	Mesozoic vent taxa
	Cenozoic vent taxa
	&?twb=.25w;&?tlsb=-.01w;Modern vent taxa with fossil record at seeps, but not vents

	Molecular versus fossil data
	A relic fauna at vents&quest;
	Future research
	Acknowledgements
	References


