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Biogeography and chemosynthetic adaptation of

deep—sea hydrothermal vent organisms
Won-Kyung Lee'?, Yong-Jin Won?*

R 9F: The mid-ocean ridge systems are complex geologic structures that create new oceanic
crusts at the marine plate boundary. They have a total length of about 65,000 km and are
distributed globally. At these plate boundaries, seawater subjected to deep-sea hydraulic
pressure enters the interior of the seafloor along cracks in the crust and then becomes
heated by the magma heat source beneath the oceanic crust and gushes back to the
seafloor's surface. This erupted hot seawater is mixed with heavy metals and other
chemical compounds generated through the reaction between the seawater and the rocks of
the oceanic crust and leached out, significantly impacting the deep sea's chemical
composition. This kind of water circulation that erupts like hot spring water in the
ocean crust is called hydrothermal vents and is distributed throughout the global ocean
along plate boundaries. For the first time in 1977, earth scientists who began exploring
deep—sea hydrothermal vents near the Galapagos Islands discovered a previously unknown
ecosystem around these vents. Surprisingly, marine invertebrates and microorganisms
thrived in this extreme oceanic environment where light could not reach. This discovery
sparked the 1idea that an ecosystem different from a terrestrial one based on
photosynthesis using solar energy may exist on Earth. Afterward, based on the circulation
of chemicals operated by the Earth's internal heat and the organic synthesis by marine
bacteria and archaea, this ecosystem came to be called the 'chemosynthesis—based
ecosystem.' Furthermore, due to over 40 years of ocean exploration and biological
research, our understanding of the biogeography and evolution of the species of
hydrothermal vent communities has deepened.
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Geographic distribution of the hydrothermal vent ecosystem
Since the discovery of the first deep-sea hydrothermal vent and its dense biological
community specially adapted to this environment in the Galapagos Rift in 1977 (Weiss et al.
1977; Corliss et al. 1979), the continuing deep-sea exploration and research for more than
40 years has led to the discovery of new hydrothermal vent communities. These deep-sea
hydrothermal vent communities were known to be distributed like oases in the desert along
the volcanic fields of mid-ocean ridges and subduction zones at ocean floor plate boundaries

(Tunnicliffe 1991). The history of deep-sea exploration has revealed the full extent of
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hydrothermal vent distribution worldwide. As our understanding deepens about the
geographical distribution of deep—sea hydrothermal vent animals, the more interesting they
become. For deeper understanding, it 1s necessary to have comprehensive knowledge of both
the physicochemical and geological characteristics of habitats, as well as the biological
characteristics of these organisms. First, let’ s look at the geological characteristics of
deep—sea hydrothermal vents. Deep—-sea hydrothermal vents distribute geographically isolated
over distances spanning from tens to hundreds of kilometers (Baker et al. 2016). This spatial
distribution is also closely connected to the formation process of deep—sea hydrothermal
vents, which serve as a habitat for vent animals. Deep-sea hydrothermal vents are sites on
the seafloors where the heated water surges and is discharged through cracks in the crust.
They typically form in areas with dynamic tectonic activity around the plate boundaries,
where new oceanic crust formed due to rising magma (Figure 1). Hydrothermal vents are
distributed along the mid-ocean ridge (MOR), where plates spread apart as they move in
opposite directions. They are also found in the back-arc basin (BAB) within the subduction
zone, where one plate converges with another, and in seamount areas with volcanic activity

on the ocean floor.
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Figure 1. Distribution map of deep-sea hydrothermal vents discovered in the world's oceans. Three
different types of hydrothermal vents are shown: active (confirmed), active (inferred), and

inactive hydrothermal vents, respectively.

The MOR is a geological structure formed by the cooling process resulting from the
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transfer of heat from the earth's interior to the surface, driven by mantle convection and
upwelling. It forms an extensive underwater mountain range that stretches across the seafloor
at depths of about 2,000-3,000 m. One can easily imagine the MOR by thinking of the Earth
as a baseball and the MOR as stitched threads on the baseball. The total length of MOR that
runs along the sea floor adds up to 65,000 km, which makes MOR the single largest geological
structure on earth’ s surface. Also, if one opens a map of the ocean floor and traces along
the MOR, one can observe its continuous path encircling the Pacific, Atlantic, and Indian
Oceans all around the globe. This path even extends around Antarctica and reaches the Arctic
Sea. However, the MOR is not uniformly connected, featuring sparsely interspersed empty
spaces and shifts in ridge axes due to transform faults. Meanwhile, the BABs are densely
distributed in the western Pacific Ocean. The BABs are formed by the geological process of
subduction, where one oceanic plate converges with another, leading to the expansion which
1s accompanied by rising and melting of the mantle, creating hydrothermal vents on the sea
floor. The structure of BABs in the western Pacific Ocean is patchy which is geographically
spaced apart and thus biological connectivity has been expected to be much weaker than
linear continuous ridges. These characteristics of geological structure are related to
connectivity and significantly influence the distribution and endemicity of animals living
near hydrothermal vents (Mitarai et al. 2016).

Second, let us explore the biological characteristics of the deep-sea hydrothermal vent.
It is known as a chemosynthetic—based ecosystem because it relies on chemical compounds such
as hydrogen, methane, and hydrogen sulfides dissolved in vent fluid. In this ecosystem,
chemosynthetic autotrophic bacteria are the primary producers that synthesize organic
compounds by utilizing oxidizing chemical energy. These bacteria are like plants in
photosynthesis-based terrestrial environments. However, how do these chemosynthesis—based
primary producers provide nutrients and energy to other animals? Interestingly, hydrothermal
vent animals form a symbiotic relationship with these chemosynthetic autotrophic bacteria,
gaining nutrients and energy from them. For example, deep—-sea vent mollusk mussels have
sulfur-oxidizing or methane-oxidizing symbionts in their gill cells, absorbing nutrients by
dissolving them within the cells (Duperron et al. 2005; Won et al. 2008; Jang et al. 2020).
This intracellular symbiotic relationship is widely observed in deep-sea vent clams, snails,
and tubeworms (Vrijenhoek 2010c). Annelid vent tube worms show an extreme example of an
anatomical evolution in which they lost digestive organs due to their inability to digest
or consume nutrition by themselves. Another form of symbiosis is ectosymbiosis. In this
case, bacteria are ‘farmed’ on the surface of organisms and the organisms consume them
directly. Examples are vent shrimps (Guri et al. 2012) and crabs (Thurber et al. 2011).

Overall, interruptions in hydrothermal water supply resulting from changes in magma activity
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might lead to the cutoff of chemical energy sources and primary production, eventually
posing a threat to the existence of the hydrothermal vent ecosystem (Dick 2019). Therefore,
the tectonic activity also affects the temporal stability of the vent ecosystem as well as
1ts spatial distribution.

Chemosynthesis-based ecosystems also appear in completely different environments. In
1983, a community of organisms that had settled in a new environment was discovered on the
deep seafloor of the escarpment off Florida in the Gulf of Mexico (Paull et al. 1984). This
biological community is called a cold-seep ecosystem because it is formed in the same cold
temperature range as the surrounding seawater. Here, fluids rich in hydrocarbons, such as
hydrogen sulfide and methane, seep out from the seafloor sediments. For this reason, species
such as tube worms and mussels, which are very similar to those inhabiting hydrothermal
vents, inhabit these areas. Another type of chemosynthetic ecosystem has been discovered in
microhabitats such as whale carcasses and trees that have sunk to the seafloor. In 1987, a
whale carcass was discovered in the deep sea off California. As the organic matter of the
whale carcass was decomposed by decomposing microorganisms, an environment was created with
high concentrations of reduced compounds, and a community of organisms similar to vent fauna
adapted to this environment was discovered (Smith et al. 1989). In this way, it can be seen
that organisms specially adapted to this environment have evolved in the ocean's
chemosynthetic ecosystem, which was created by different mechanisms. Additional research
has revealed that these organisms having adapted to chemosynthetic environments have very
high taxonomic and evolutionary affinity. This means that at some point in the past, species
descended from a common ancestor adapted and evolved to different places and environments
around the bottom of world oceans (Peek et al. 1997; Distel et al. 2000; Jones et al. 2006;
Dubilier et al. 2008; Lorion et al. 2013; Kiel 2016).

Spreading rate of Mid Ocean Ridge

The stability of deep—sea hydrothermal vent ecosystem is closely linked to particularly
the spreading rate of oceanic plates (Juniper and Tunnicliffe 1997; Vrijenhoek 1997). The
fast-spreading ridges have dynamic volcanic activity, resulting in earthquakes and volcanic
eruptions which destroy hydrothermal vents where vent animals inhabit. At the same time,
new hydrothermal vents are created frequently. Frequent formations of new hydrothermal vents
lead to the geographical proximity of habitats for vent animals. As evidence, hydrothermal
vents formed in tight geographic intervals on the East Pacific Rise, which has the greatest
magma activity and the fastest plate spreading rate (>140 mm per year) on Earth (Bird 2003).
Also, the periodic extinction of biological communities due to the eruption of the submarine

volcano has been observed, which led to the study of the succession of vent communities
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(Tunnicliffe et al. 1997; Shank et al. 1998; Mullineaux et al. 2010). Conversely, on the
ridges with a slow spreading rate, destruction or the formation of new hydrothermal vents
due to volcanic activity is rarely observed. This results in relatively distant geographic
locations between vent habitats (Beaulieu, et al. 2015). The Mid-Atlantic Ridge serves as
an example with slow spreading rate (20-50mm per year), exhibiting sporadic formation of
new hydrothermal vents and very distantly dispersed hydrothermal vents.

In addition to the geographical distribution of hydrothermal vents, their temporal
persistence also varies depending on the region. In areas with dynamic magma activity, such
as the MOR of the East Pacific, the rate of formation and extinction of hydrothermal vents
is high due to frequent lava eruptions (Vrijenhoek 1997). On the other hand, the duration
of hydrothermal vents at MOR with slow or moderate expansion rates is estimated to be as
long as 1,000 years or more (Van Dover et al. 2002; Vrijenhoek 2010a). The Rainbow Vent
Field in the Atlantic Ocean and the Juan de Fuca Ridge in the Northeast Pacific Ocean may
be examples. Overall, these spatiotemporal characteristics play a crucial role in shaping

the connectivity and dispersal patterns of animals inhabiting hydrothermal vents.

Evolutionary response to the instability of hydrothermal vent ecosystem

In barren areas where there is no hydrothermal activity, habitat discontinuity 1is
inevitable. However, to adapt to the deep-sea hydrothermal environment, where instability
exists in hydrothermal water supply, hydrothermal vent animals have evolved several
characteristics in common. They have developed an ability to travel far distance to settle
in a new habitat and, after settlement, to grow rapidly and reproduce at an early stage to
survive in an unstable environment. For these characteristics, deep—sea biologists sometimes
compare deep-sea hydrothermal animals to ‘weeds’ in terrestrial ecosystems (Vrijenhoek
2010b). However, the distinct life history of each species leads to different geographical
connectivity even in the same deep-sea hydrothermal environment.

Among various biological characteristics, larval migration plays a pivotal role in
determining the geographical distribution of species. Most deep—sea hydrothermal vent
animals migrate along ocean currents during their larval stage and mature into adults after
settling in a new habitat. From this point on, they no longer migrate. The distance traveled
during the larval period can be predicted by the survival time estimate of each species and
the dispersal mechanism along the ocean currents. A representative example is the case of
deep—sea mussels, which are commonly found in all oceans. Deep-sea mussels undergo a
planktotrophic larval stage which enables them to swim (Laming et al. 2018). This adaptation
ensures relatively longer survival periods as they can feed while traveling and facilitates

migration to distant habitats through free swimming (Lutz et al. 1980; Arellano and Young
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2009). Another example is tube worms, one of the prominent vent animals. Tube worms undergo
a lecithotrophic larva stage. During this larval stage, tube worms can survive for
approximately 6 weeks by feeding on the nutrients in the egg yolk (Marsh et al. 2001).
Considering the flow of the deep-sea ocean currents in the East Pacific, tube worms are
estimated to travel about 100-200 km. Based on the habitat distribution along the East
Pacific Rise, this travel distance is sufficient to find a new vent habitat. Pompeil worms,
an annelid polychaetes observed in the eastern Pacific, also go through a lecithotrophic
larva stage like tube worms, but their eggs are much heavier restricting their ability to
move along the ocean currents (Pradillon and Gaill 2003). Nevertheless, it has been proven
through laboratory experiments that the larval development of the Pompeii worm stops when
the water temperature drops below 2° C and continues to develop when the water temperature
rises again (Pradillon et al. 2001). This means that their larvae could halt development
when the water temperature drops, conserving the time to travel by drifting with the current
until they reach a suitable environment where the water temperature rises. The characteristic
of this developmental process, referred to as Prolonged Larval Duration (PLD), implies high

dispersal potential for new habitats.

Hydrothermal vent animals with distinct geographical characteristics

In addition to the geological characteristics of ocean ridges, deep-sea hydrothermal
animals show the distribution of geographic separation influenced by the ocean currents,
depth, and topographical characteristics. Abiotic factors that block the dispersal of animals
are called physical (or dispersal) barriers. As mentioned earlier, the effectiveness of
dispersal barriers may vary depending on the species-specific life historical traits. The
effects of physical barriers have been studied extensively across several species found in
the eastern Pacific region. The following are the examples of animals in this region. Along
the MOR in the eastern Pacific Ocean, there is a rift valley called ‘Hess Deep’ near the
equator. This is a long, narrow valley formed between two parallel faults. The water depth
of the Hess Deep Rift is approximately 6,000 m, and the valley crosses the northern and
southern regions of the East Pacific Rise. Tube worms of the genus K7//fia and pompeii worms
of genus Alvinella, as well as various species of gastropods, such as snails and limpets,
exhibit geographic subdivision, partitioned into northern and southern regions (Hurtado et
al. 2004; Johnson et al. 2008; Plouviez et al. 2009; Coykendall et al. 2011; Jang et al.
2016). In contrast, deep-sea mussels of genus Bathymodiolus and scale worms of genus
Branchipolynoe living in symbiosis with deep-sea mussels, inhabit the same region but are
largely unaffected by the physical barrier. This species—specific effect also has significant

implications for research on hydrothermal vent animals inhabiting other ocean ridges (Hurtado
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et al. 2004; Plouviez et al. 2009; Johnson et al. 2013).

As proven by the exploration of deep-sea hydrothermal vents over 40 years, one of the
most representative biogeographical characteristics of hydrothermal organisms is their high
endemicity. Local endemism means that a species distribution is restricted to a specific
region. On average, about 70% of hydrothermal species are endemic, found only in certain
regions but are not found in any other. Biological communities of hydrothermal vents around
the world are divided into five to eleven distinct provinces based on vent fauna (Tunnicliffe
et al. 1998; Van Dover et al. 2002; Bachraty et al. 2009; Rogers et al. 2012). The discrepancy
among studies arises from variations in the geographical scope, the number of species
studied, the level of phylogenetic classification applied, and the specific statistical
models utilized for comparative analysis. However, in general, vent fauna can be divided
into distinct groups within each region. Due to the structural features of the MOR,
hydrothermal vent habitats are restricted to small areas and considerable distance exists
between them, which serve as the primary criteria for delineating biogeographic regions in
the entire ocean. This is because hydrothermal vent animals have a clear limit in their
overall migration distances.

According to the updated information in InterRidge Vents Database Version 3.4 in 2020 (Figure
1), more than 700 hydrothermal vents have been discovered since the first discovery of
hydrothermal vents near the Galapagos Islands in 1977, and although not confirmed,
approximately 600 more vents are expected to exist (Beaulieu and Szafranski 2020).
Information regarding the biogeographic distribution of deep—-sea hydrothermal ecosystems
will continue to be updated, incorporating research findings on newly discovered hydrothermal

vent fields and fauna through ongoing exploration.
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