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Hydrothermal vents, methane seeps pl
enormous role in marine life, global climate

Summary: The hydrothermal vents and methane seeps on the ocean floor that were once

thought to be geologic and biological oddities are now emerging as a major force in ocean

ecosystems, marine life and global climate. And through their methane consumption, the life

forms living at these vents are helping to prevent potentially catastrophic greenhouse
problems.

However, even as researchers learn
more about their role in sustaining a
healthy Earth, these habitats are being
threatened by a wide range of human
activities, including deep-sea mining,
bottom trawling and energy harvesting,
scientists say in a report published in
Frontiers in Marine Science.

Researchers from  Oregon  State
University  first discovered these
strange, isolated worlds on the ocean
bottom 40 years ago. These habitats
surprised the scientific world with
reports of hot oozing gases, sulfide
chimneys, bizarre tube worms and giant
crabs and mussels - life forms that were
later found to eat methane and toxic
sulfide.

A lush community of vibrant red tube worms grows
on a black smoker chimney in the ASHES
hydrothermal field. The tube worms, which are
hosted in white housings about the diameter of a
person's small finger, are intergrown with brown

palm WOIFMS. credit: Courtesy of University of Washington, NSE/Ocean Ohservatories
Initiative/Canacdian Scientific sSubmersible Facility

Fawmansasnnssnnnsannnnnnnnsssrnnnnnnnnnnssnnnnnnnnnnneseas 1 WS iMMediately apparent that these
hydrothermal vents were incredibly cool, said Andrew Thurber, co-author on the new report. Since then
we've learned that these vents and seeps are much more than just some weird fauna, unique biology and
strange little ecosystems. Rather than being an anomaly, they are prevalent around the world, both in the
deep ocean and shallower areas. They provide an estimated 13 percent of the energy entering the deep sea,
make a wide range of marine life possible, and are major players in global climate.

As fountains of marine life, the vents pour out gases and minerals, including sulfide, methane, hydrogen
and iron -- one of the limiting nutrients in the growth of plankton in large areas of the ocean. In an even
more important role, the life forms in these vents and seeps consume 90 % of the released methane and
keep it from entering the atmosphere, where as a greenhouse gas it's 25 times more potent than carbon
dioxide.

Through methane consumption, these life forms are literally saving the planet. There is more methane on
the ocean floor than there are other forms of fossil fuels left in the oceans, and if it were all released it
would be a doomsday climatic event.

In reviewing the status of these marine geological structures and the life that lives around them, a group of
researchers from 14 international universities and organizations have outlined what's been learned in the
past four decades and what forces threaten these ecosystems today.

These vents and seeps, and the marine life that lives there, create rocks and habitat, which in some settings
can last tens of thousands of years. They release heat and energy, and form biological hot spots of
diversity. They host extensive mussel and clam beds, mounds of shrimp and crab, create some prime
fishing habitat and literally fertilize the ocean as zooplankton biomass and abundance increases. While the
fluid flows from only a small section of the seafloor, the impact on the ocean is global.

Some of the microorganisms found at these sites are being explored for their potential to help degrade oil
spills, or act as a biocatalytic agent for industrial scrubbing of carbon dioxide.

These systems, however, have already been damaged by human exploitation, and others are being targeted,
the scientists said. Efforts are beginning to mine them for copper, zinc, lead, gold and silver. Bottom
trawling is a special concern, causing physical disturbance that could interfere with seeps, affect habitat and
damage other biologic linkages.

Oil, gas or hydrate exploitation may damage seeps. Whaling and logging may interfere with organic matter
falling to the ocean floor, which serves as habitat or stepping stones for species reliant on chemosynthetic
energy sources. Waste disposal of munitions, sewage and debris may affect seeps.

The range of ecosystem services these vents and seeps provide is just barely beginning to be understood,
researchers said in their report. As many of these habitats fall outside of territorial waters, vent and seep
conservation will require international collaboration and cooperation if they are going to continue to
provide ecosystem benefits.
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Although initially viewed as oases within a barren deep ocean, hydrothermal vents
and methane seep chemosynthetic communities are now recognized to interact with
surrounding ecosystems on the sea floor and in the water column, and to affect global
geochemical cycles. The importance of understanding these interactions is growing as
the potential rises for disturbance of the systems from oil and gas extraction, seabed
mining and bottom trawling. Here we synthesize current knowledge of the nature, extent
and time and space scales of vent and seep interactions with background systems.
We document an expanded footprint beyond the site of local venting or seepage
with respect to elemental cycling and energy flux, habitat use, trophic interactions,
and connectivity. Heat and energy are released, global biogeochemical and elemental
cycles are modified, and particulates are transported widely in plumes. Hard and
biotic substrates produced at vents and seeps are used by “benthic background”
fauna for attachment substrata, shelter, and access to food via grazing or through
position in the current, while particulates and fluid fluxes modify planktonic microbial
communities. Chemosynthetic production provides nutrition to a host of benthic and
planktonic heterotrophic background species through multiple horizontal and vertical
transfer pathways assisted by flow, gamete release, animal movements, and succession,
but these pathways remain poorly known. Shared species, genera and families indicate
that ecological and evolutionary connectivity exists among vents, seeps, organic falls and
background communities in the deep sea; the genetic linkages with inactive vents and
seeps and background assemblages however, are practically unstudied. The waning
of venting or seepage activity generates major transitions in space and time that
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create links to surrounding ecosystems, often with identifiable ecotones or successional
stages. The nature of all these interactions is dependent on water depth, as well as
regional oceanography and biodiversity. Many ecosystem services are associated with
the interactions and transitions between chemosynthetic and background ecosystems,
for example carbon cycling and sequestration, fisheries production, and a host of
non-market and cultural services. The quantification of the sphere of influence of vents
and seeps could be beneficial to better management of deep-sea environments in the
face of growing industrialization.

Keywords: chemosynthetic ecosystem, ecosystem services, connectivity, deep sea, ecotone, elemental cycling,

habitat use, trophic interactions

INTRODUCTION

It has been 40 years since the discovery of deep-sea
chemosynthetic ecosystems fueled by fluid emissions from
within the earth’s crust. Hydrothermal vents hosting giant
tubeworms, extensive mussel and clam beds, and dense shrimp
and crab aggregations—and then cold methane seeps with related
faunas—proved to be highly productive ecosystems reliant on
microbes that use chemical energy (rather than light energy)
to fix organic carbon (Tunnicliffe et al., 2003). Scientists now
recognize that there are many hundreds of hydrothermal vents
and thousands of hydrocarbon seeps in deep water (Beaulieu
et al,, 2013; Skarke et al., 2014; Beaulieu et al., 2015). These
ecosystems occur in a large range of geological settings, from
mid ocean ridges to seamounts, back-arc basins, margins and
trenches, and include high-temperature flow from black smoker
chimneys and diffuse flow from cracks in basalt pavement, cold
brine lakes, mud volcanoes, carbonate pinnacles, and hot muds
on continental margins.

Some chemosynthetic systems have already been damaged by
human activities or are now targeted for exploitation (Ramirez-
Llodra et al, 2011). The vulnerability of vents and seeps
to human disturbance has motivated the authors to address
how vents and seeps interact with surrounding ecosystems. As
mining of hydrothermal vents for copper, zinc, lead, gold, and
silver becomes a reality, many questions remain regarding the
dynamics of these ecosystems, and what it might mean for the
ocean to lose them. While less visible, the risk to the methane seep
communities that colonize nearly all of the world’s continental
margins has escalated from increased bottom trawling activity
and oil and gas drilling in deep waters. Human impacts
affect both active and less known inactive chemosynthetic
ecosystems, including organic falls, as well as the surrounding
sea floor. Understanding how vent and seep ecosystems
transition from active to inactive, and how they interact with
non-chemosynthetic ecosystems is needed for environmental
management and protection of these systems and services.

Ecologists have largely focused on characteristics associated
with the vents and seeps themselves, often treating these
environments in a binary fashion: vent and non-vent, seep
and non-seep. However, the boundaries between vent and
seep ecosystems and the background deep sea are not as
sharp in space or time as often depicted, but rather extend

through spatial and temporal transitions in environmental
conditions, including transitions in concentrations of trace
elements, carbon fluxes, compositions and biomass of biological
assemblages, and ecological interactions and behaviors (e.g.,
feeding, reproduction).

Transition zones that connect different ecosystems along
environmental gradients, also called ecotones, are common
globally, and have been recognized on land at least since
the early 1900s (Risser, 1995; Kark and Van Rensburg, 2006).
Ecotones may function as critical transition zones that act as
conduits for transfer of energy, water, nutrients, particles, organic
matter and organisms; such transitions are exemplified at the
interface of land and ocean (Levin et al, 2001). They may
also function as genetic and taxonomic diversity hotspots and
centers of evolutionary novelty (Kark and Van Rensburg, 2006).
Transition zones among deep-sea ecosystems that have distinct
environmental conditions and communities are widespread.
Research on the species associated with inactive and transition
habitats at vents and seeps has intensified, motivated by
increased threat from extraction activities and the potential
that background species interacting with vents and seeps may
offer important insights into consequences of and adaptation to
environmental stressors (e.g., Erickson et al., 2009; Levin et al.,
2009).

In this literature review, we explore interactions between
chemosynthetic ecosystems and the surrounding benthic and
pelagic ecosystems, spatial and temporal characteristics of
transition zones, and the role of transition zones in ecosystem
function and service. Our focus is on (i) elemental cycling
and energy flux, (ii) habitat use, (iii) trophic interactions, and
(iv) connectivity of metapopulations and metacommunities. We
draw on a deep knowledge of the literature, much of which is
based on research using human- and remotely operated vehicles,
camera and video observations, as well as molecular and stable
isotope tools. The authors bring to the problem hundreds of
years of collective experience (and hundreds of publications)
developed from working at hydrothermal vents, seeps, and
background communities.

Elucidation of the four-dimensional sphere of influence
of chemosynthetic ecosystems will facilitate more accurate
predictions of the consequences of human activities on
these systems, especially as industry moves forward toward
extraction of resources associated with hydrothermal vents and
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hydrocarbon seeps (Ramirez-Llodra et al., 2011). This knowledge
will help to inform management activities such as impact
assessment, valuation of ecosystem services and spatial planning,
and for predicting the consequences of climate change for these
systems and their services.

STATE OF KNOWLEDGE ABOUT
ECOSYSTEM INTERACTIONS

Elemental Cycling and Energy Flux

Vent and seep habitats, while often viewed as spatially restricted,
have an expanded pelagic and benthic geochemical footprint
beyond those sites that manifest on the seafloor surface. The
fluxes of energy and chemicals from these sites alter local
environments, and constitute important sources and sinks in
global biogeochemical and heat budgets. The impact on the
surrounding deep sea differs between vents and seeps as a
result of the geological forces generating the efflux. As a first
order distinction, seeps are the surface manifestation of the
release of hydrocarbons (often dominated by methane) from the
seafloor and form buoyant vertical bubble plumes in areas of flux
sufficient to escape the biological filter formed by bacteria and
archaea that consume methane in and on the seafloor (Reeburgh,
2007). In the subsurface, anaerobic methane oxidation leads
to the generation of hydrogen sulfide, adding another reduced
compound to the hydrocarbon-rich seeping fluids. In contrast,
vents release a mixture of chemical compounds, the composition
of which varies greatly among regions and geologic settings
and often co-occurs with extremely high temperature (exceeding
350°C). These compounds include sulfide, methane, and
hydrogen that fuel chemosynthetic production (Petersen et al.,
2011) as well as many forms of iron, radionuclides, and mineral-
rich particulates (Lilley et al., 1995). The rate of fluid flow from
seeps can be highly variable, ranging from millimeters to 100s
of cm yr~!, with outliers being 3-6m yr—! (Torres et al., 2002;
Cordes et al., 2005; de Beer et al., 2006) in contrast to flows
at vents, which can be greater by eight orders of magnitude at
maximum flow from active chimney structures (> 2.3 m s
(Tivey et al., 1995). Within any individual site, there can be both
diffuse and high flow areas that together generate a wide area of
benthic and pelagic influence.

Chemosynthetic primary production (carbon fixation) relies
on the capture of energy from reactions that include the oxidation
of sulfide and methane (at both seeps and vents) and hydrogen
(at vents). These processes generate increased biomass relative
to the surrounding deep sea while altering the overall cycles of
S, O, and C in the oceans. At seeps, a recent review of existing
data estimated that 0.02 Gt of methane-C is consumed annually
in the sediment with an additional 0.02 Gt methane-C escaping
annually into the hydrosphere (Boetius and Wenzhoefer, 2013).
Aerobic methane oxidation, reviewed in Valentine (2011), results
in a drawdown of oxygen; in soft-sediment seep systems this
ranges from 4 to 1450 mmol O, m~2 day~! (Boetius and
Wenzhoefer, 2013). Similar estimates are hard to calculate at
vents because of their rocky, rather than soft-sediment structures,
however degradation of the global vent primary production,

which is estimated to be 103 grams year~! (McCollom and
Shock, 1997), would also represent a significant oxygen sink in
the deep sea.

Both vents and seeps transmit chemical and heat energy to the
water column via plumes. At seeps, however, the vast majority of
energy is trapped within the seafloor. While there is flux of energy
from areas of high seepage (e.g., de Beer et al., 2006), commonly
over 80% of methane is oxidized prior to its reaching the surface
of the sediment (Boetius and Wenzhoefer, 2013), and sulfide
concentrations are typically below detection limits above the
seafloor (Cordes et al., 2005, 2006). This results in a widespread
benthic footprint at seeps but a limited water column influence.
Where bubble plumes rapidly transport methane through the
water column, differences in the partial pressure of gasses in the
water cause methane to diffuse out of the bubbles and into the
water column (McGinnis et al., 2006), leaving a trail of reduced
compounds in its wake. This methane is then oxidized by aerobic
methanotrophs in the overlying water. Globally, up to 1175 mmol
CHs m~2 d~! or 0.02 Gt CHy4-C are estimated to be released
into the water column from seeps (reviewed in Boetius and
Wenzhoefer, 2013). At the scale of a single seep at Hydrate Ridge,
it has been estimated that 20 Mt CHy yr ! is oxidized in the water
column post methane emission. In addition to methane, fluxes
of other sources of energy from seeps occur, such as dissolved
organic carbon. Pohlman et al. (2011) estimated DOC flux to be
0.2-20.3 Tg C annually from seeps globally.

At vents, much of the fluid flux from the seafloor forms
expansive neutrally buoyant plumes that disperse throughout
large areas of the ocean. The fluids released from vents are
chemically altered seawater, circulating from the ridge flanks
through the crust near shallow magmatic intrusions at elevated
temperature and pressure. These fluids contain substantial
amounts of gases, including CO,, H,S, Hj, and occasionally
CHy, and the composition is influenced by temperature and
pressure. However, a main impact of this hydrothermal cycling
occurs in the crust where the source water is modified prior
to expulsion at the vent proper through removal of elements
including Mg, Mn, Li, Rb, and Cs (Von Damm et al., 1985),
thus altering the total budget of these materials in the ocean
(Edmond et al, 1979). Concurrently, other compounds are
released from the crust, including iron, silica, and other metals
(Alt, 2003; Tagliabue et al., 2010). The impact of these processes
is large, often exceeding 100% of the global riverine flux of these
compounds (Von Damm et al., 1985; Lilley et al., 1995; Resing
et al, 2015). These compounds therefore provide excellent
tracers for the extent of the plumes since Si, P, V, Mn, Fe, Cu,
and Zn are enriched by up to a factor of 20 relative to the
suspended matter of the deep ocean. Vent plumes spread out
along isopycnal surfaces and, in some cases, can disperse tens
to thousands of kilometers from the ridge crest where they are
released (Lupton and Craig, 1981; Baker et al., 1995).

Hydrothermal vent plumes are also areas of active chemical
cycling by unique bacterial and viral communities (Juniper et al.,
1998; Ortmann and Suttle, 2005). Zooplankton graze directly
above the plume (Burd and Thomson, 1994; Vereshchaka and
Vinogradov, 1999; Cowen et al., 2001) on particulate organic
carbon (POC) that is entrained in the fluid (Bennett et al., 2011).

Frontiers in Marine Science | www.frontiersin.org

May 2016 | Volume 3 | Article 72


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Levin et al.

Chemosynthetic Community Sphere of Influence

Active chemoautotrophic microbial taxa involved in the N and
Mn cycles occur in the plumes themselves (Dick and Tebo,
2010; Baker et al., 2012), thus hydrothermal plumes introduce
pelagic biogeochemical heterogeneity through creation of redox
gradients in an otherwise homogenous environment with effects
at spatial scales large enough to alter global cycles.

While the centralized areas of strong fluid flow at vents and
seeps drive the pelagic footprint of venting and seeping, slower,
more diffuse flow over wider areas leads to a seabed footprint that
includes altered geochemistry, active carbonate precipitation,
and abundant and unique fauna of all size classes. Diffuse flow
areas can occupy the majority of spatial extent at vents and seeps.
For example, the Haakon Mosby Mud Volcano is a structure
~1 km? in size with the diffuse venting area covering 84% of
the region (Niemann et al., 2006; Jerosch et al., 2007). Since no
animal fauna is found in temperatures that remain consistently
above 48 C (Girguis and Lee, 2006) and very few bacteria can
survive those temperatures, the vast majority of microbially
mediated production at vents (both by symbiont-bearing fauna
and free-living fauna) occurs in these diffuse areas. At seeps, the
anaerobic oxidation of methane (AOM) increases the alkalinity
in the sediment leading to precipitation of carbonate according
to the formula:

Ca’™ + 2HCOj === CaCO; + CO; + H,0 (1)

These areas of in situ precipitated hard substrate can be
expansive; Builders Pencil, a methane seep located off New
Zealand, covers 70,000m? (Baco et al, 2010), and the vast
majority of the hard substrata of the entire northern Gulf of
Mexico, the Hikurangi Margin in New Zealand, (Barnes et al,,
2010) and the Gulf of Cadiz (Magalhaes et al., 2012) consists of
authigenic carbonates resulting from seepage. The rocks at vents
and seeps are also active components in the cycling of elements
(Schrenk et al., 2003; Marlow et al., 2014b). Both hard and soft
substrates at vents and seeps host a diversity of fauna that harness
the chemical energy released from the seafloor (Grassle, 1985;
Van Dover, 2000; Levin, 2005; Levin et al., 2015). Conditions
in areas of diffuse flow are less stressful than those in areas of
focused flow, allowing the persistence of microbes and animals
that capture and transfer the energy more effectively into the
food web.

Habitat Use

At both vents and seeps, complex structures are created by
animals, but the most extensive and enduring substrata are large
sulfide chimneys at vents and extensive pavements of carbonates
at seeps. These surfaces are often colonized by “background”
fauna, which use them for attachment substrata, shelter, and
access to food via grazing or through position in the current
(Table 1). Foundation species, whose structure and activities
modify the environment at chemosynthetic habitats include
siboglinid tubeworms, large bivalves and snails, the shells or tubes
of which add habitat complexity that remains after the cessation
of fluid flow and their death (Cordes et al., 2010). Shells may last
one or two decades in deep Pacific vent habitats (Killingley et al.,
1980) but over 20,000 years in the ultramafic setting of vents near
the mid-Atlantic Ridge (Lartaud et al., 2010). Biogenic surfaces

are particularly important for endemic epifauna around vigorous
venting fluids, but are also utilized in regions of intermediate
or low fluid flow (Govenar, 2010). Shells (graveyards) of large
buccinid gastropods (Neptunea contraria) and bathymodiolin
mussels accumulate among carbonate slabs and on mud volcano
craters (e.g., Meknés and Darwin MVs, Gulf of Cadiz) and host
mostly amphipods, but also other small crustaceans, polychaetes
and ophiuroids (Rodrigues, 2009). In the western Pacific, dense
colonies of large provannid snails (Ifremeria, Alviniconcha)
cluster on chimneys and their shells accumulate at the chimney
bases and host many scavengers such as buccinid gastropods,
amphipods, and asteroids (Galkin, 1992). The less mineralized
structures of siboglinid tubeworms have a duration of only a
few years (Ravaux et al., 2003), but the complex bushes provide
access to decaying organics for a transition fauna that includes
a mix of endemic and deep-sea species at vents (Marcus and
Tunnicliffe, 2002) and may support some distinctive species
such as siphonophores (Shank et al., 1998). At seeps, heavily
chitinized tubes of siboglinids (vestimentiferan Lamellibrachia,
Escarpia, and Seepiophila; frenulates Lamellisabella, Spirobrachia,
and monoliferan Sclerolinum) may represent rare perches above
a sea of sediment for small suspension feeders such as hydroids,
actinarians, and even foraminifera (Bergquist et al., 2003; Cordes
et al., 2005).

Inactive chimneys at vents provide substratum that projects
through the benthic boundary layer, providing suspension
feeders with access to a higher volume flux of particulates.
However, there have been few opportunities to observe this
habitat despite the high interest in exploitation of inactive
sulfide deposits. Where noted, inactive chimneys host many
sessile taxa and form an assemblage dominated by sponges,
cnidarians including corals, and echinoderms (Tunnicliffe et al.,
1986; Galkin, 1997). To the extent that these taxa accumulate
on inactive sulfides, Boschen et al. (2015) suggest that such
assemblage on inactive, sulfide-rich chimneys may be distinctive.
Such habitats are long-lived with ages ranging up to 100,000 years
(Jamieson et al., 2014), thus forming sites of high biodiversity that
can support the large corals and sponges noted by Galkin (1997).

Similarly, the carbonates that are precipitated by archaeal-
bacterial consortia at methane seeps provide habitat for a broad
range of chemosynthetic and heterotrophic microbes and fauna
(Marlow et al., 2014a; Case et al., 2015; Levin et al., 2015).
When fluid flow ceases, they may still host a few species
typically found at seeps, but also attract diverse assemblages of
background species including cold-water corals (Cordes et al.,
2008; Bowden et al., 2013; Quattrini et al., 2015). Sedimentation
rates can be high on continental margins where seeps are
common, so the establishment of carbonate boulders, mounds,
and pavements promotes an interaction between seep and
background communities that may last for centuries or longer.
In the Gulf of Cadiz, the highest species richness of gastropods is
found on the upper slope (500-1200 m) where carbonate crusts
and slabs are widespread. In particular, 17 species (27% of the
total recorded) were found at Darwin mud volcano whose crater
is completely covered by carbonate slabs (Génio et al., 2013).
Carbonates near Costa Rica seeps that appear inactive host many
amphipods, ophiuroids, gastropods, cnidarians, and polychaetes
(Levin et al,, 2015). On the New Zealand margin, old carbonates
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TABLE 1 | Habitats generated by chemosynthetic processes that are used by peripheral and background fauna.

Seeps

Animal hardparts:

shells, tubes

Hard substratum
above sediment

Attachment,
protection, food,
reproduction

Foraminifera,
meiofauna

Buccinids laying
eggs on old
Lamellibrachia
tubes

Personal comm.

Carbonate mounds
and ledges
Complexity, cryptic
spaces, rugosity, flow
turbulence; hard
substratum

Attachment,
protection, flow
access above
boundary layer

Gastropods,
cnidarians,
Foraminifera
Buccinids laying eggs
on carbonates

See Figure 3

Microbial mats

Possible detoxification of
sulfide by oxidizing
microbes

Unknown, possibly food
or detoxification.

Fish, annelids

Flatfish and thornyheads
commonly on and near
microbial mats at southern
California seeps.

Grupe et al., 2015

Vents
A. Habitats Animal hardparts: Extinct chimneys and Particulates in
Available shells, tubes sulfide rubble vent plumes
B. Habitat Complexity, small Complexity, spaces, Surfaces for
Features spaces, organic rugosity, flow meio/microfauna
debris turbulence in water
column
C. Primary Attachment, Attachment, flow Attachment,
Function protection, food access above food access
boundary layer
D. Dominant Meiofauna, Cnidarians, Porifera, Copepods,
Inhabitants ophiuroids, echinoderms, bacteria
actinians bryozoans
E. One Hairy snail Inactive sulfide Abundant
Example “cemeteries” with chimneys with large exopolymers
scavengers of gorgonians and forming
many phyla sponges aggregates in
hot vent
plume
F. Reference Galkin, 1997 Boschen et al., 2015 Shackelford
and Cowen,
2006

are colonized by sponges, scleractinian and antipatharian corals,
and crinoids but lack seep-endemic species (Bowden et al., 2013).
Authigenic carbonates found in seeps along the NE US Atlantic
Margin provided substrate for octocorals and scleractinian cup
corals (Quattrini et al., 2015). Carbonates and empty siboglinid
tubes also provide sites for the attachment of egg capsules for
both invertebrates (e.g., Neptunea, octopus) and fish (sculpin,
sharks, rays, and skates; Drazen et al., 2003; Treude et al., 2011).

Active vents and seeps can alter pelagic habitats by adding
particulate substrates in deep water about 100-350 m above
the bottom. The hydrothermal plume above fields of high
temperature venting contains notably higher biomass of bacteria
than background seawater (Winn et al.,, 1986). As the plume
ages, exopolymers increase, indicating production within the
plume; these polymers bind particles and create organic-rich
aggregates that provide surfaces for heterotrophic bacteria and
feeding copepods (Shackelford and Cowen, 2006).

In some scenarios, significant changes in the microbial
community have been demonstrated throughout the water
column overlying an active seep, including in the photic
zone. These include elevated abundances of methane oxidizing
microbes, but also elevated abundance of Prochlorococcus
phylotypes (Rakowski et al., 2015). Although many of these
changes remain unexplained, these findings offer a first order
approximation of the great distance of influence; the rapid rise of
the bubbles may enhance localized upwelling and relieve nutrient
limitation at the surface, particularly in oligotrophic regions.

Trophic Interactions

It is estimated that 3% of the total flux of organic carbon to
the deep seabed is derived from chemoautotrophic production at
hydrothermal vents (Jannasch, 1995; McCollom and Shock, 1997;

Van Dover, 2000). If we assume global seep primary production is
at least double that of vents (given that there is likely an order of
magnitude more seeps than vents), then the total contribution of
chemoautotrophic production to the deep sea may exceed 10%
of the total flux of organic carbon. This is likely a minimum
value because improved detection methods using Eh combined
with backscatter sensors suggest that vent sites are likely two
to six times more abundant than currently documented (Baker
etal., 2015). This chemoautotrophic production is not uniformly
distributed throughout the deep ocean, but instead is likely
distributed along exponentially decreasing, three-dimensional
export gradients from the center of a chemoautotrophic
ecosystem. On continental margins, productivity of seeps has
been postulated to be an important contributor to local fisheries
productivity (Levy and Lee, 1988), and a commercial crab species
(Chaceon sp.) has been observed feeding on mussels at the
Menez Gwen vents close to the Azores (Colago et al., 2002). Seep
productivity has also been implicated as a source of carbon for
pelagic bacterial assemblages in the Gulf of Mexico (Kelley et al.,
1998).

Export of chemoautotrophic production can follow multiple
pathways, including benthopelagic coupling through advection
of particulate organic carbon, trophic transfer by predators
and scavengers, and release of gametes into the water column.
Vertical, benthopelagic coupling is evident on local scales at
hydrothermal vents, where, for example, amphipod swarms
occur above diffuse flow zones at vents on the East Pacific Rise,
presumably feeding on chemoautotrophic bacteria (Kaartvedt
et al., 1994). Elevated zooplankton biomass and abundance
(including meroplankton) in near-field plankton samples has
also been attributed to vent productivity (Wiebe et al., 1988;
Burd and Thomson, 1994; Mullineaux et al., 1995). Buoyant and
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neutrally buoyant hydrothermal plumes are advective agents of
chemoautotrophic production from vents (Dick et al., 2013).
Transfer and fate of microbes and reducing compounds into the
water column above chemoautotrophic ecosystems is an area
of intensive research, stimulated by new sampling capabilities
that permit high spatial resolution of microbial community
characteristics (Sheik et al., 2014).

Epifaunal species peripheral to chemoautotrophic ecosystems
benefit also from horizontal advection of particulate organic
material from vents and seeps. For example, bamboo corals
and other non-vent organisms with sulfur isotopic compositions
consistent with a diet of particulate organic material derived
from microbial chemoautotrophy were found near vents in
Manus Basin (Erickson et al., 2009), and dense assemblages
of suspension-feeding and microcarnivorous epifauna adjacent
to symbiont-hosting invertebrates have also been inferred or
documented to rely on chemoautotrophically derived particulate
organic matter. Examples include serpulid worms and anemones
at Galapagos vents (Hessler et al, 1988), serpulid worms
Neovermilia sp. at warm seeps near Barbados, Peru and Costa
Rica (Sibuet and Olu, 1998; Levin et al., 2012), and the octocoral
Callogorgia delta with increased abundance near seeps in the
northern Gulf of Mexico (Quattrini et al., 2013).

Vertical connectivity between vent systems and the
pelagic environment has been demonstrated first through
chemical fluxes, and later the microbial flux and the associated
zooplankton. Recently, input of photosynthetically produced
carbon to the diet of vent animals has also been shown.
Through analysis of fatty acid biomarkers as proxy of microalgae
production it was shown by Colaco et al. (2009), that the vent
mussel from the Menez Gwen vent field at the Azores triple
junction profits from the particulate matter. Diatom skeletons
were also found in their guts, proving that they were ingesting
those organisms (Riou et al, 2010). Fatty acids, carotene
pigments and stable isotopes also showed that R. exoculata
juveniles have reserves of organic matter with a photosynthetic
origin (Pond et al., 1997; Copley et al., 1998; Gebruk et al., 2000).
In the western Pacific Ocean, evidence of photosynthetic input
into the diet of vent-obligate invertebrates occurs at the relatively
shallow vents on East Diamante (Stevens et al., 2015).

Heterotrophic infauna, which can be very abundant at
and near seeps and some vents globally, often derive their
nutrition from mixotrophy—a mix of chemosynthetically and
photosynthetically derived organic matter in sediments or
overlying waters (Levin and Michener, 2002; Levin et al,
2009, 2010; Demopoulos et al., 2010; Pape et al., 2011;
Thurber et al,, 2012, 2013; Rodrigues et al., 2013). Mixotrophy
enables some seep species to endure variations in hydrocarbon-
rich fluids, to persist over time under decaying activity or
to occupy more peripheral areas at seeps. This nutritional
pattern also has been documented for many polychaete
families (e.g., maldanids, nereids, ampharetids, nephtyids,
onuphids), amphipods, tanaids, cnidarians, and nematodes,
with increased use of photosynthetically-derived carbon in
transitional sediments with diffuse flow or less active seepage. The
depleted §'*C values of nematodes sampled at increasing distance
from a local seepage site at the Darwin Mud volcano, Gulf of

Cadiz, suggested that thiotrophic C is part of the nematode diet at
least up to 10 m away from the seep site where no signs of AOM
were measured in the sediments (Pape et al., 2011). At seeps on
the northern California shelf (30-50 m), use of photosynthetic
carbon by infauna is the norm (Levin et al., 2000); only 1
in 14 species exhibited isotope signatures reflecting methane-
derived carbon. Such systems represent one end member in a
gradient of trophic interactions between chemosynthetic and
photosynthetically fueled ecosystems. At bathyal seeps in the NE
Pacific where 25-50% of seep infauna also occur in background
(non-seep) sediments (Levin, 2003; Levin et al., 2010), the
combined use of photosynthetic and chemosynthetic nutritional
sources and likely exchange of larvae among populations suggests
a combination of energy, carbon, biomass and genetic flows
between background and seep habitats. The consumption of
the infauna by mobile predators such as galatheid and lithodid
crabs strengthens these interactions (Demopoulos et al., 2010;
Niemann et al., 2013).

Trophic transfer of chemoautotrophically derived production
from vents and seeps by vagrant predators and scavengers is
well documented but largely unquantified. Typical marauding
predators that move back and forth between chemoautotrophic
and non-chemoautotrophic environments include crabs, fish,
seastars, and octopus (Tunnicliffe and Jensen, 1987; Marques
and Porteiro, 2000; Voight, 2000; MacAvoy et al., 2002, 2003,
2008). At Gulf of Mexico seeps, predators such as galatheid
crabs collected up to 2km distant from a known seep derived
12 to 40% of their carbon from seep productivity (MacAvoy
et al., 2008). However, other predatory taxa near seeps in the
Gulf of Mexico, including hagfish (Eptatretus) and giant isopods
(Bathynomous giganteus), were shown to derive the majority of
their nutrition from photosynthetic material (MacAvoy et al,
2002, 2003, 2008). The lithodid crab, Paralomis sp., is generally
considered to be a predator, but at an active mud volcano of
the Costa Rica subduction zone, a combination of behavioral
observations, stable isotope analyses, and genetic analyses of gut
contents indicates it may also function as a grazer of thiotrophic
microbial mats (Niemann et al., 2013). The role of predators in
transfer of chemoautotrophic carbon to the surrounding seabed
may decrease with depth, as observed at seeps in the Sea of
Okhotsk where predator (crab and sea star) abundance decreased
dramatically with depth from 160 to 1600 m. In addition to
the transfer of chemoautotrophic production to the surrounding
deep sea, predators contribute to variations in community
structure in chemoautotrophic ecosystems through consumption
and through indirect effects (e.g., modification of habitat quality
Micheli et al., 2002). In some circumstances, endemic vent taxa
themselves can be transfer agents for chemoautotrophic carbon
to the surrounding deep sea. For example, brooding vent crabs
Kiwa tyleri move to the periphery of the vent field (Marsh et al,,
2015), although the extent to which they contribute to carbon
transfer is unknown.

Release of gametes may represent an important, yet
unquantified source of export of particulate carbon from
chemosynthetic ecosystems, given the high fecundity of biomass-
dominant endemic taxa with dispersive larval stages (Tyler and
Young, 1999). Some of the best data on reproductive output
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comes from in situ observations of seep vesicomyid clams in
Sagami Bay, where the clams release 5.8 x 10% eggs m™2 yr~!
(Fujikura et al., 2007). Gametes and developing larvae could serve
as food for a variety of pelagic organisms and, given evidence
that larvae of vent (Pond et al., 1997) and seep (Arellano et al.,
2014) organisms may be found in the euphotic zone, the vertical
transfer of organic material from chemoautotrophic ecosystems
can be on the order of a kilometer or more. Horizontal export of
chemoautotrophic production via dispersive larvae can be even
more extensive, potentially hundreds of km (Adams et al., 2012;
Young et al., 2012; Hildrio et al., 2015).

Transfer of chemoautotrophic production to surrounding
deep-sea ecosystems may also increase during waning of
hydrothermal or seep activity through increased ability of
organisms to invade as environmental gradients weaken (Marcus
and Tunnicliffe, 2002; Van Dover, 2002; Bergquist et al., 2003).
Carbonate outcrops and their attendant autotrophic microbial
communities may also serve as conduits for carbon export to the
surrounding deep-sea organisms (Levin et al., 2015).

Chemosynthetic ecosystems clearly export organic material
to the surrounding environment through multiple transfer
pathways, but fluxes of these materials and relative strengths of
the pathways are, for the most part, poorly quantified, as are
the circumstances and processes that control these fluxes. The
environmental acquisition of free-living stages of microbes as
symbionts (as in siboglinids) represents another potential area
of interaction. These topics of research are ripe for innovative
ecosystem approaches and critical to understanding the role of
chemoautotrophic ecosystems in deep-sea services.

Connectivity

The degree of exchange of individuals among populations,
habitats or ecosystems is termed connectivity, and depending
on the life-history characteristics of a species can involve the
dispersal of larval propagules and recruits, and migration of
adults. Connectivity, in turn, influences the dynamics, spatial
distribution and persistence, particularly of spatially fragmented
populations, as well their genetic structure and evolution.
Dispersal is difficult to quantify in even the shallowest marine
environments (e.g., Cowen and Sponaugle, 2009); in the deep
sea estimates of dispersal have to be inferred using indirect
methods; options include biophysical models to predict larval
dispersal trajectories by combining ocean circulation models
with biological parameters (e.g., Metaxas and Saunders, 2009),
and inference of dispersal from measures of population genetic
structure (e.g., Kinlan and Gaines, 2003).

Dispersal trajectories have been predicted using biophysical
models for four species associated with cold seeps in the Gulf
of Mexico: the siboglinid tubeworm Lamellibrachia luymesi,
the bivalve Bathymodiolus childressi, the gastropod Bathynerita
naticoidea, and the asteroid Sclerasterias tanneri (Young et al.,
2012). The dispersal distance of these species ranged between
~ 100 and 1100 km, and varied with pelagic larval duration
(PLD) and depth in the water column, with greater potential
dispersal distances at shallower depths. These distances suggest
that dispersal of individual larvae across seep locations as well as
to non-chemosynthetic habitats can occur within their lifetime.

For hydrothermal vents on ocean ridge crests, an additional
challenge to generating realistic and accurate models is that
the circulation is altered by the complex topography created
by vents (Thomson et al, 2003). Use of progressive vector
models based on Eulerian current measurements from moored
current meters in combination with PLDs suggest that larval
Riftia pachyptila tubeworms could potentially disperse as far as
~ 100 km over their lifetime, placing distant vent fields as well as
non-chemosynthetic habitats within reach (Marsh et al., 2015).
Simulations by McGillicuddy et al. (2010) also suggest that larvae
with a 30 day PLD can be transported >100km along a ridge
crest, but less than 20 km away from it. Patterns of dispersal
varied with time of year and the height above the bottom at which
the larvae were released.

Employing a population genetic approach, Baco et al.
(in press) reviewed 51 studies and derived dispersal estimates
from 42 deep-sea species (15 species from chemosynthetic
ecosystems, 11 non-chemosynthetic ecosystem invertebrates, and
16 fishes). The range of dispersal estimates obtained ranged from
0.24 to 2028 km (geometric mean = 33 km, median 34 km), with
fishes being much more dispersive than chemosynthetic or non-
chemosynthetic invertebrates. Deep-sea dispersal estimates were
comparable to or slightly greater than the dispersal estimates for
shallow-water species.

The estimates of dispersal distance both from biophysical
modeling and population genetic approaches exceed the diameter
of the average chemosynthetic site, implying that propagules
from these ecosystems reach non-chemosynthetic habitats,
providing the potential for connectivity of chemosynthetic
ecosystems to transition zones and into background
environments. A key intermediary habitat for the connectivity
of chemosynthetic ecosystems to background communities on
both ecological and evolutionary time scales may be organic
remains. Numerous species, genera, and families of invertebrates
have been found to be shared across reducing environments
(e.g., Tunnicliffe et al., 1998; Bernardino et al., 2012; Vrijenhoek,
2013), including at vents associated with mid-ocean ridges,
back-arc spreading centers, seamounts, and serpentinite systems,
at seeps associated in various settings (petroleum seeps, mud
volcanoes, salt diapirs, brine pools, methane hydrates), and
sometimes at whale falls, wood falls, and other organic deposits.
Whale falls were first proposed to act as stepping stones for the
dispersal of a vent and seep species based on shared morphotypes
(Smith et al., 1989) and later confirmed for a few species with
molecular analyses (Feldman et al., 1998; Baco et al., 1999). The
distribution of whale falls is thought to be much wider than that
of vents and seeps, and may be common enough on the seafloor
to allow for dispersal (Smith, 2006). Vesicomyid clams can have
broad (e.g., trans-Pacific) distributions consistent with their use
of organic drift deposits of multiple types, which are found with
relatively high frequency along continental margins (Audzijonyte
et al., 2012). Among the macrofauna and meiofauna, it is likely
that some polychaete, gastropod and nematode species overlap
occurs among chemoautotrophic habitat types and with the
surrounding seabed ecosystems (Pape et al., 2011; Cunha et al,,
2013a; Hilario et al.,, 2015), but these groups have received less
attention than the megafauna of vents, seeps, and whalefalls.

Frontiers in Marine Science | www.frontiersin.org

May 2016 | Volume 3 | Article 72


http://www.frontiersin.org/Marine_Science
http://www.frontiersin.org
http://www.frontiersin.org/Marine_Science/archive

Levin et al.

Chemosynthetic Community Sphere of Influence

Key to the ecological connectivity of whale falls and various
organic remains with other chemoautotrophic ecosystems is the
slow, sustained breakdown of organic material over large time
periods leading to the development of a reducing habitat with
measureable concentrations of hydrogen sulfide, thus providing
suitable habitat for sulphophilic species (Smith and Baco, 2003).
For example, siboglinid tube worms and bathymodiolin mussels
have been observed on sunken shipwrecks, with the same
species also observed on nearby cold seeps (Dando et al., 1992;
Hughes and Crawford, 2008; Southward et al., 2011). In total,
at least 21 taxa are known to occur on sunken wood that
also occur at either vents or seeps (Metaxas and Kelly, 2010).
Kelp holdfasts and other plant materials also produce ephemeral
reducing conditions, and harbor at least 7 taxa that occur at
vent and/or seeps (Metaxas and Kelly, 2010). However, sampling
of whale falls, sunken wood, kelp and other types of organic
remains still remain sparse and existing samples come from
carcasses or wood panels experimentally implanted and sampled
over relatively short time periods (< 3 years). Community
composition shifts with succession in these habitat types (Smith
and Baco, 2003) and overlapping species may only occur during
the brief window of one successional stage, allowing them to be
easily missed during limited sampling opportunities. Notably,
among the reviewed papers, there is not a single paper that
looks specifically at dispersal of chemosynthetic ecosystem species
to non-chemosynthetic ecosystems or vice versa.

Shared genera and families across reducing ecosystems
indicate connectivity on an evolutionary scale among
different reducing ecosystems. Biogeographic and evolutionary
relationships among metazoan taxa of chemoautotrophic
ecosystems have been reviewed descriptively (Tunnicliffe et al.,
1998) and phylogenetically (Vrijenhoek, 2013). Most of the
dominant taxa of chemoautotrophic ecosystems are of relatively
recent origin, dating from repopulation events following global
deepwater anoxic events (i.e., < 65 Myr old) (Vrijenhoek, 2013;
Yang et al.,, 2013). Dominant symbiont-hosting invertebrates at
hydrothermal vents arose from continental margin cold-seep
(or wood-fall) ancestors, possibly multiple times [siboglinid
tubeworms (McMullin et al., 2003; Hilario et al., 2011; Li et al.,
2015); vesicomyid clams (Peek et al., 1997; Baco et al.,, 1999;
Decker et al., 2012); mytilid (bathymodolin) mussels (Distel et al.,
2000; Jones et al.,, 2006; Thubaut et al., 2013); decapods (Yang
et al,, 2013); yeti crabs (Roterman et al., 2013)]. Cross-ecosystem
evolutionary connectivity in other dominant megafaunal groups
such as Alviniconcha snails (Johnson et al., 2015b) have yet to be
found.

Macrofaunal taxa characteristic of chemoautotrophic
ecosystems also show evolutionary connectivity, although
the final patterns are not always resolved. For example, vent
polychaete species in the genus Archinome form a clade that
is sister to the single known seep species, or the seep species
was derived from vent-dwelling ancestors (Borda et al., 2013).
For Amphisamytha, the single seep-dwelling species was found
to be a sister group to a Mid-Atlantic Ridge vent species, and
there was a complex relationship among the various Pacific
vent-dwelling species (Stiller et al., 2013). Other studies on
macrofaunal taxa, such as limpets (Johnson et al., 2006, 2008)

and dorvilleid polychaetes (Thornhill et al., 2012; Wiklund et al.,
2012) have revealed cryptic species, but broader scale sampling
and analysis are required to interpret cross-ecosystem ecological
and evolutionary connectivity.

The use of DNA barcoding can be a critical tool for
establishing the degree of species overlap among larger-bodied
taxa between habitat types as well as verifying the presence of
chemosynthetic ecosystem species in non-reducing habitats (e.g.,
Baco et al., 1999). For smaller-bodied meiofauna, emerging tools
such as metabarcoding will allow sediment-dwelling meiofauna
to be screened among habitat types for a more rapid assessment
of species overlap (e.g., Fonseca et al., 2010). Nematodes and
Foraminifera, which exhibit limited evolutionary specialization
at vents and seeps at the genus level may be good candidates for
high connectivity with background systems (Van Gaever et al,,
2009). However, recent phylogenetic analysis for Halomonhystera
disjuncta, a nematode species reported from both shallow-
water habitats and a deep-water cold seep (Van Gaever et al,
2006) showed that the deep-sea populations comprised an
endemic lineage compared to the shallow-water relatives (Van
Campenhout et al., 2014).

Similarly for microbes, next generation sequencing of SSU
rRNA genes allows for screening of species overlap and
metagenomics allows for screening of overlap in functional genes
among the microbes of various habitat types (e.g., Huber et al,,
2007; Jansson, 2013). Once overlap in taxa among habitat types
is established, population genomics methods will allow levels of
ecological and evolutionary connectivity between vents, seeps,
and other ecosystems to be determined.

Ecotones and Transitions

Pelagic and Bentho-Pelagic Transitions in Space
Clines in physical environmental conditions from point source to
background are associated with ecotones along which dominance
shifts from chemoautotrophic species close to the source to
background heterotrophic species at some distance away from
it. Clines at both vents and seeps are three-dimensional, with
chemical and temperature gradients extending across and into
the seabed and upwards through the water column. While the
seabed extent of chemosynthetic faunas and their spatial zonation
have been studied for both vents and seeps, at least for epifauna
and bacterial mats visible in camera transects, much less is
known about the area of influence on infaunal and water column
ecosystems.

Fluids rich in methane and dissolved metals from seeps
and vents, respectively, disperse vertically up to ~500 m above
the seabed and similar distances laterally in the water column
as buoyant or neutrally buoyant plumes (Baker et al., 1995;
Skebo et al., 2006; Law et al.,, 2010), and thus have potential
effects on biological processes in the water column distant from
their seabed sources (Skebo et al., 2006). Elevated biomass of
bacterioplankton occurs throughout the water column above
sites of shallow (<ca. 200m depth) seep, hydrothermal, and
volcanic activity in the southwest Pacific (Sorokin et al., 1998),
and zooplankton abundances in the first several meters above
vent sites in the Gulf of California can be approximately four
times higher than at background sites (Berg and Vandover,
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1987). Non-vent holoplankton are found in high concentrations
immediately above vent openings in the western and northeast
Pacific (Metaxas, 2004, 2011). Increased concentrations of
crustaceans and gelatinous zooplankton have been recorded
in a layer 300m above hydrothermal vents at Endeavour
Seamount (Burd and Thomson, 1994, 1995) but distributions
of zooplankton and nekton at 20m above the seabed at this
site probably result from taxon-specific aggregation in response
to water column gradients, rather than biomass enhancement
(Skebo et al., 2006).

Studies of cold seeps at ~1000 m depth in the Gulf of Mexico
suggest that planktonic microbial communities can be influenced
by seep-derived methane from the seabed upwards into the
euphotic zone (Rakowski et al., 2015). On the Hikurangi Margin,
New Zealand, persistent methane flares imaged by ship-based
echosounders extend from the seabed at ~1000m depth up
to an apparent ceiling at ~500m depth (Faure et al., 2010;
Greinert et al., 2010) and are advected laterally below this depth
(Law et al., 2010). Law et al. (2010) conclude that seeps on
this margin have a negligible impact on ambient water column
nutrient, particulate, and sediment biogeochemistry but are a
potential source of bacteria, including methanotrophs, to the
water column. Likewise, similar plumes have been detected along
the US Atlantic (~180-1700m) and Cascadia Margins, with
plume heights emanating >100 m above bottom (Skarke et al.,
2014; Johnson et al., 2015a). Approximately 440 seeps were
mapped along a 950 km track from Cape Hatteras to Georges
Bank. While the degree of lateral advection of this methane
remains unknown, these seeps could serve as a significant, yet
unquantified source of seabed methane (Skarke et al., 2014),
fueling microbial communities both in the water column and
seafloor over large spatial areas.

Benthic Transitions in Space

At the seabed, perceptions of ecotone extent are dependent on
faunal size spectra. At seeps (Sahling et al., 2002; Van Dover
et al., 2003; Fischer et al., 2012; Bowden et al., 2013; Grupe et al.,
2015) and vents (Podowski et al., 2009), studies of epifauna visible
in video surveys show habitat patches generally of small spatial
extent, typically 1-100 m scale, with hard boundaries and often
with conspicuous zonation of the dominant taxa (Barry et al,
1997; Olu-LeRoy et al., 2004). However, sites may consist of many
such patches in close proximity and at differing successional
stages, such that the overall site extends 1 km or more on its
longest axis (Jones et al., 2010; Bowden et al., 2013; Wagner et al,,
2013). Vent-associated mobile mega-epifauna may be the first
organisms visible around vents and have been used to predict
the presence of vents at scales of up to 500 m (Van Dover et al.,
1987). At seeps, accumulations of seep-associated bivalve shells
may extend over much greater areas than the live fauna (Olu-
LeRoy et al., 2004; Baco et al., 2010). Macro-infauna (>300 pm)
show broader and more diffuse boundaries (Menot et al., 2010).
For meiofauna, changes in composition along the seep transition
zone differ from very abrupt (Van Gaever et al., 2006, 2009) to
rather gradual with only changes in relative proportions of taxa,
depending on the seep characteristics such as seepage intensity
(Zeppilli et al., 2012), size of the seep (Pape et al., 2011) and

regional context (Guilini et al., 2012). There is also evidence that
ecotones associated with seeps decrease in size with decreasing
depth, which may be a consequence of the increased availability
of photosynthetically vs. chemosynthetically derived production
(Sahling et al., 2003).

The many studies that have measured and examined the
factors that regulate settlement and colonization at hydrothermal
vents and at cold seeps (e.g., Shea et al., 2008; Metaxas and
Kelly, 2010; Arellano and Young, 2011; Cunha et al., 2013a,b;
Génio et al., 2013) reveal species-specific habitat requirements
for settlement and colonization (i.e., survival post-settlement).
Such requirements are related to the chemical composition
of the fluids and/or biotic factors, such as successional stage,
or the presence of other species that determine suitability of
different chemosynthetic habitats. Alternatively, the transition
zones between the reducing environment and the background
deep sea may impact the settlement of larvae. Along transition
zones, neither settlement nor colonization have been measured
systematically. It is clear that transitional habitats may have
higher local diversity by blending taxa endemic to reducing
habitats and those that are tolerant to the stressors that occur
there (Cordes et al., 2009; Bernardino et al., 2012; Cunha et al,,
2013b; Levin et al., 2015). Yet to be determined are the spatial
and temporal scales at which these differences become evident,
or whether the proximity to other types of hardgrounds affects
the importance of seep carbonates as hard substrate habitat.

Transitions in Time (Succession)
The transitions between chemosynthetic habitats and the
background of the deep sea occur in time as well as space, and are
particularly well studied at vents (Table 2). The transition is often
governed by changes in the fluxes and geochemistry of fluids
and accompanying shifts in the properties of foundation species
(e.g., Figure 6 in Bernardino et al., 2012). When chemosynthetic
habitats first appear, released fluids are typically anoxic and rich
in hydrogen sulfide, which is toxic to the majority of species that
dwell in background sediments (Somero et al., 1989). In fact, large
explosive releases of fluids and gases associated with volcanic
events can cause mortality of nekton above the site, and dead and
dying animals can be consumed by vent inhabitants (Staudigel
et al, 2006; Tunnicliffe et al, 2013). Emergent fluid also
brings microbes flushed from subsurface habitats, and the broad
deposition of microbial organics released in some events (Meyer
et al., 2013) may benefit background deposit or filter feeders.
In these early stages, the transition zone is usually sharp and
narrow, both vertically and horizontally, with strong gradients
in temperature and/or chemical concentration relative to the
background setting (Govenar et al., 2005; Cordes et al., 2006).
In the Juan de Fuca vent system, the colonist fauna at vigorous
flows on chimneys consists primarily of alvinellid polychaetes,
with Ridgeia picesae tubeworms coming in afterwards (Sarrazin
et al., 1997), while alvinellid colonization at new vents on lavas
depends upon prior tubeworm settlement (Marcus et al., 2009).
Over time, the flux of fluids to the seafloor and the overlying
water column declines as minerals and/or authigenic carbonate
precipitate in the subsurface thus occluding fluid pathways and
altering fluid composition. In vent systems, this process occurs on
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TABLE 2 | Temporal succession at hydrothermal vents.

Stage Scale Duration Fluid Character Foundation Fauna Transition zone Features Citations
(years) fauna

Initiation Field 1 High sulfide to heat ~ Microbial mats; Ranging predators Low diversity, high biomass;  Haymon et al., 1993;
delivery; vigorous tubeworms (e.g., (e.g., scaleworms, dense suspended Butterfield et al., 1997;
widespread flows Ridgeia, Tevnia) crabs) particulates Tunnicliffe et al., 1997;

Shank et al., 1998;
Marcus et al., 2009
Chimney <1 Orifice formation Alvinellid polychaete Mixed polychate Newly accreted sulfide rock Sarrazin et al., 1997,
Vent >100°C; intense species or high flow “break-through”  Sarrazin and Juniper,
gradients creates new substratum. 1999
Lower diversity and biomass.

Transition Field ~2 Rapid heat EPR: tubeworms (e.g.,  Gastropods; Very rapid growth rates and ~ Tunnicliffe et al., 1997;
withdrawal to key Tevnia), amphipods, galatheids; decapods community composition Shank et al., 1998;
locations copepods, galatheid changes; food web related to  Tsurumi and Tunnicliffe,

crabs, brachyuran spatial position 2001; Levesque et al.,
crabs 2006; Marcus et al., 2009
Vent higher T, Alvinellids and Increasing richness in Fustec et al., 1987
vigorous tubeworms species
flow
Equilibrium  Field ~3to Full range available  tubeworms (e.g., Riftia) Decapods; Fast-spreading ridges with Corliss et al., 1979;
1000s up to very high flux  in east Pacific; mussels;  vesicomyids; numerous magmatic events Hessler et al., 1985;
of dissolved vesicomyids, serpulid harpacticoids; tend to have more ephemeral  Shank et al., 1998;
reduced polychaetes, limpets anemones vents whereas longevity of Marcus et al., 2009
compounds active fields can support
long-lived communities;
succession related to niche
development and
competition; vent stability
possible for at least decades
Site Full range available  Probably mussels Several filter-feeding Decadal studies at slow Saldanha and Biscoito,
up to very high flux  (Bathymodiolus) at species were spreading ridge sites inside 1997; Desbruyeres et al.,
of dissolved Lucky Strike and observed in low Lucky Strike and TAG vent 2001; Copley et al., 2007;
reduced shrimp (Rimicaris) at densities, field showed that community  Cuvelier et al., 2011
compounds TAG (pedunculate structure was constant,
cirripeds, small without significant differences
sessile carnivores in mussel (at Lucky Strike)
hydroid). Bathyal and shrimp and anemone
ichthyofauna populations (TAG)
Chimney Lower T, Stable delivery in tubeworms Gastropods; Mosaic of assemblages that ~ Fustec et al., 1987;
Vent diminished short term pycnogonids; shift with fluid delivery on a Sarrazin et al., 1997,
flux anemones; chimney; highest biomass for  Sarrazin and Juniper,
reproductive adults of ~ chimney 1999; Nye et al., 2013
decapods; zoarcids
Senescence Field 1t010%s Tubeworms; Meiofauna; Many non-vent species Marcus and Tunnicliffe,
years vesicomyids galatheids; non-vent  present; heterotrophic 2002; Tsurumi and
scavengers activity high Tunnicliffe, 2003
Chimney little T or Tubeworms or Low biomass and diversity; Sarrazin et al., 1997
Vent sulfide protozoan mats often mineral deposits on
anomaly animals.

The relative stability of vent communities depends upon the reliability of fluid fluxes at the field and vent scales. In regions of active magmatism, eruptive lavas may “reset” fluid conduits
and communities. At sites of long, sustained flux, large deposits of massive sulfides may accumulate with fluid conduits shifting as the deposit forms. Above, “Field” refers to studies that
have examined changes at numerous vents over an affected site while “Vent” refers to studies that focused on community changes at a single vent that may not have occurred because
of a site-scale event. “Equilibrium” is a relative term to suggest the phase at which the fluid delivery is stable. Neither back-arc nor volcanic-arc settings are represented in this summary.

the order of one to a few decades (Desbruyeres, 1998; Shank et al.,
1998), although shorter time-scale variations may occur and the
successional sequences may revert with alterations in fluid flow
through porous chimney structures (Cuvelier et al.,, 2011). On
longer time scales, magmatic influences can recede, reducing

fluid circulation (e.g., Butterfield et al, 1997). In addition,
the presence of large quantities of iron in some hydrothermal
systems results in the sequestration of dissolved sulfide (Govenar
et al, 2005). These processes may diminish the sphere of
influence of the individual site on the surrounding deep-sea
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ecosystem, but they also create more hospitable conditions
for background macrofaunal species (Desbruyeres et al., 2001).
In tubeworm assemblages at Pacific hydrothermal vents, fluid
flux and tubeworm architecture influence access to background
species (Shank et al, 1998; Marcus and Tunnicliffe, 2002).
Senescent vents appear about as diverse as active vents on Juan
de Fuca Ridge, however, species distributions are more even
and include typical deep-sea taxa such as spider crabs, isopods,
tanaids, ophiuroids, hydrozoans, and sponges (Tsurumi and
Tunnicliffe, 2003) (Figure 1).

Methane seeps exhibit similar successional changes in
structure and faunal assemblages over extended time periods,
although changes can also occur abruptly (Table3). At the
hydrocarbon seeps of the Gulf of Mexico, the first fauna
inhabiting hard substrata are the bathymodiolin mussels (Cordes
et al, 2009) that require reduced chemicals at the seafloor
(Childress and Fisher, 1992). In the Hikurangi Margin in
New Zealand, ampharetid polychaete beds are associated with
the highest flux zones, and facilitate the settlement of later
successional stages (Bowden et al, 2013). These early-stage
biogenic habitats are dominated by endemic species, while in
most circumstances the background deep-sea fauna is relegated
to the periphery of the more active habitats (Sarrazin et al., 1997;
Bergquist et al., 2003; Bowden et al., 2013), although mobile fauna
such as crabs and octopus and less-mobile filter feeders may
appear during early successional stages.

In the Gulf of Mexico seeps, successional changes are
documented over decades to centuries for assemblages associated
with tubeworms (Lamellibrachia luymesi and Seepiophilia jonesi).
These large biogenic structures attract increasing numbers of
background grazers and, eventually, predators as fluid flux
declines and they grow upwards and away from sources of
sulfide and methane (Bergquist et al., 2003; Cordes et al., 2005).
As sulfide levels decline, bacterial biomass, endemic species
and productivity all decline but the representation of mobile
crustaceans, hagfish, eels and overall biodiversity increases,
potentially persisting for hundreds of years (Cordes et al., 2006,
2009). A similar successional sequence has also been described
from the Hikurangi Margin off the coast of New Zealand, with
mussels and clams giving way to tubeworm aggregations that
may persist for centuries (Bowden et al,, 2013). On the NE
Pacific margin, seep sediments at 500 and 800 m exhibit a gradual
decline in macrofaunal endemicity with decreasing fluid fluxes.
Highly sulfidic microbial mats support few background species;
better-oxygenated, less sulfidic vesicomyid clam beds share only
45-51% of microbial mat species, but many species with near-
seep sediments that appear inactive (80% off CA and 96% off
OR). More distant sites at similar depths shared fewer but still
substantial numbers of species with seep clam-bed sites (70% at
500 m off CA; 35% in the oxygen minimum zone [OMZ] off OR).
Because of the mixing of background species and seep endemics,
alpha diversity tended to be highest in clam bed or near-seep
sediments (Levin et al., 2010).

As the flux of fluids continues to diminish, the productivity of
the sites decline and faunal composition changes. A significant
process at this stage is the export of productivity by the large,
mobile fauna that may now enter the site due to the amelioration

of toxicity and increased oxygen availability (MacAvoy et al,
2003). When fluid flux ceases entirely, the sites become inactive
and are often only identified through shell hash and the
persistence of authigenic carbonates (Vanreusel et al, 2009).
However, microbial activity may persist for long periods within
the authigenic precipitates even at sites that appear to be
visually inactive (Génio et al, 2008; Marlow et al., 2014a).
Finally, the transition zone is reduced to the effects of substrate
provision as described above. During these phases the fauna may
become highly diverse, with many background species present in
surrounding sediments.

DISCUSSION

Context Dependence of Interactions

Many vent and seep sites occur from shallow to bathyal depths;
some vents are very shallow on arc volcanoes while seeps can
occur at abyssal to hadal depths in subduction trenches. The
impact of chemosynthetic sites on the surrounding communities
is a function of water depth (affecting export of surface
productivity), the regional oceanography (primarily in terms
of the amount of surface productivity), water mass influence
(in terms of connectivity), and regional biodiversity. Because
specialist, chemosynthetic habitat-endemic faunas are rare at
very shallow (<200m) vents and seeps, there is a general
assumption that the contribution of chemosynthetic production
is less important in productive, shallow settings.

The biogeography of vent sites has been compiled by
Tunnicliffe et al. (1998); Van Dover et al. (2002) and Bachraty
et al. (2009), and these studies describe very different dominant
taxa in different regions. In contrast, the provincial biogeography
of the global bathyal benthic fauna is still not well known,
however, a scheme delineating benthic provinces has been
proposed (UNESCO, 2009; Watling et al., 2013). While the
biogeography of vent communities seems to parallel that of the
bathyal communities on ridges, it is likely that both the vent
and surrounding bathyal communities are products of their
individual, but shared, geological histories (Watling et al., 2013).
Thus, vent communities in the Atlantic, with the exception of
the vent fields close to the Azores archipelago, are dominated by
shrimp harboring commensal bacteria on their gills while similar
sites in the East Pacific are characterized by tubeworms and
bivalves also hosting symbiotic chemosynthetic bacteria. The
shallowest vents close to the Azores are dominated by the vent
mussel B. azoricus, which hosts a dual symbiosis in their gills, but
also assimilates photosynthetically-derived carbon (Colaco et al.,
2009; Riou et al., 2010). In addition to mussels, vents in the W.
Pacific and Indian Ocean support large symbiont-bearing snails.
The degree to which the vent communities from different areas
impact the surrounding bathyal benthos will likely be a function
of the composition of the vent community, the composition
of the surrounding bathyal community, and the depth-related
productivity.

Chemosynthetic communities, as we have seen, rely on
symbiotic or free-living chemosynthetic bacteria for their
productivity. The surrounding bathyal communities, however,
are dependent on settling organic particles from the overlying
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water column. Since bathyal communities underlie both highly
productive as well as oligotrophic waters, depending on their
location, their biodiversity and productivity will correspondingly
vary. In oligotrophic regions or deeper waters, organic matter
contributions from vent communities may result in enhanced
benthic animal density and productivity in the surrounding
area. In areas where there are high levels of water column
organic particulate input, such as at high latitudes, the additional
input from vent communities might have less influence on the
surrounding benthos. Eckelbarger and Watling (1995) showed
that the ability of species to reproduce rapidly in response
to sudden inputs of organic matter was determined by the
phylogenetic history of the species. Animals that were related to
opportunistic species in shallow water most likely would have the
metabolic capability of converting ingested organic matter to eggs
in a relatively short time period, whereas species without that
capability would be unable to take advantage of the increased
input. Under oligotrophic waters, however, the additional
input of organic matter to the sediments from chemosynthetic
communities could provide the boost needed to locally enhance
animal density by allowing successful recruitment of larvae.

In some areas, mesoscale eddies that pass over vents can
result in episodic pulses of food to vents while exporting the
produced carbon and larvae away from the vent areas. Surface
generated mesoscale eddies were observed to influence the
transport of hydrothermal vent efflux and vent larvae away from
the North East Pacific Rise (Adams et al., 2011). The eddies that
reach the deep sea provide a mechanism to disperse propagules
hundreds of kilometers away from the ridge crest. Mesoscale
and submesoscale vortices at depths ranging from 0 to 1000 m
are frequent (Ciani et al., 2014). In this case, vent fields at
bathyal depths can have larger influence on the surrounding
environments. Similar phenomena have not been studied at
seeps.

Overlying hydrography may also influence the extent to which
seep and background communities share species or interact.
In the Gulf of Cadiz, there is a transition at 1200m depth
that coincides with changes in the oceanographic, geologic and
biogeochemical settings. This depth also separates shallower
mud volcanoes where background fauna are more prevalent and
deeper mud volcanoes that exhibit a much higher degree of
endemism (Cunha et al., 2013b). At bathyal depths of 500-800 m
in the NE Pacific, a well-developed OMZ creates a stress-tolerant
background community; there, the macrofauna and meiofauna
exhibit significant overlap between seep and non-seep sediments
(Levin et al., 2010; Guilini et al., 2012). The fauna on transition
substrates (inactive carbonates) along the Costa Rica margin also
reflect the influence of overlying oxygenation, whereas those on
carbonates at active seepage sites do not (Levin et al., 2015).

Perturbation by Human Activities

Extraction of living and non-living resources and waste disposal
in the deep sea, as well as inadvertent pollutant and debris inputs
have the potential to influence the interactions and transitions
described above (See Box1). Those activities with known
impacts on chemosynthetic ecosystems and their surroundings
are bottom trawl fisheries, mining and oil and gas extraction

FIGURE 1 | Extinct chimney on Explorer Ridge with oxidizing sulfide,
corals and sponges.

(Baker et al., 2010). The increasing number of scientific sampling
expeditions and potential alteration of these ecosystems by
scientific work must also be considered (Godet et al., 2011).
For example, the InterRidge data base reports 874 cruises
between 1976 and 2012. We know of no such compilation
for seeps. Scientific activity at hydrothermal vents is regulated
by a voluntary code of conduct, the Inter-Ridge “Statement
of commitment to responsible research practices at deep-
sea hydrothermal vents” (InterRidge, 2006). While scientific
activities must comply with national laws, there are no binding
laws in areas beyond national jurisdiction.

Ecosystem Services Affected by These

Interactions

As resource exploitation increases in the deep sea (Box 1), there
is growing interest in understanding the ecosystem functions
and services that may be vulnerable to resulting disturbance
(Armstrong et al., 2012; Thurber et al., 2014). Rarely, however,
is the focus on the services linked to the exchange of energy,
elements, individuals, and biomass between deep-sea ecosystems.
Here we identify those ecosystem services associated with
the interactions and transitions between chemosynthetic and
background ecosystems.

On a global scale, hydrothermal vents and methane seeps
are involved in the biogeochemical cycling and elemental
transformation of carbon, sulfur, and nitrogen (Hinrichs and
Boetius, 2002; Dekas et al., 2009; Boetius and Wenzhoefer, 2013)
and contribute to the huge diversity of deep-sea organisms
and habitats. What makes these ecosystems unique is the
use of chemical energy from hydrogen, methane, hydrogen
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BOX 1 | Human Influence on Chemosynthetic Ecotones and Surrounding Ecosystems.

Bottom Trawling: Causes physical disturbance and removal of 3D biogenic structures on margins and seamounts. Widespread interference with seeps is likely,
affecting habitat provision, trophic subsidies and connectivity. Less clear influence on vents.

Oil, gas or hydrate exploitation: Physical disturbance from structures, anchors, noise, cuttings, and leakage. Most likely to involve seeps; interaction with vents is
limited. Possible strong influence on elemental fluxes, minor influence on habitat provision, trophic interactions, and connectivity. May disturb background community
in ways that affect interactions with chemosynthetic systems.

Seabed mining: Mining of seafloor massive sulfides or gas hydrates will involve removal of substrate, plumes, noise, and associated contaminants. This may have
the greatest impact on inactive vents and seeps, transition habitats and adjacent background communities

Whaling and logging: May reduce availability of organic falls, which serve as habitat or stepping stones for species reliant on chemosynthetic energy sources.
Scientific research: Sample collection, instrumentation, ship, sub, ROV disruption occur with minor effects on fluxes, habitat, trophic exchange and connectivity.
Waste disposal: Munitions dumping, sewage, debris and litter is common on continental margins and may be most likely to affect seeps. Impacts are likely to be

Chemosynthetic Community Sphere of Influence

and transition zone species may be more tolerant of some environmental change.

minor; organic debris and sunken ships with organic cargo may provide new habitat or stepping stones.
Pollution: Pervasive contamination will reach all ecosystems near human sources, but no studies have examined effects on vent or seep species.
Climate change: \Warming may dissociate gas hydrates. Ocean acidification and ocean deoxygenation are likely on margins, affecting bathyal seeps. Vent, seep,

sulfide, ammonium or iron to fix inorganic carbon and generate
increased microbial and faunal biomass. These exchanges
enhance trophic and structural complexity relative to the
surrounding deep sea and provide the setting for complex trophic
interactions (e.g., Levin, 2005; Sellanes et al., 2008; Cordes
et al,, 2010; Govenar, 2010). All these ecological functions, often
described as intermediate (Haines-Young and Potschin, 2013) or
supporting services (Millenium Ecosystem Assessment., 2005),
are the underpinning structures and processes necessary for the
production of all other provisioning, regulating and cultural
ecosystem services and it is unquestionable that, although distant
from humans in space and time, they create value (Armstrong
et al.,, 2012; Thurber et al., 2014).

Regulating services include the role of biogeochemical cycling
of elements in climate regulation and carbon sequestration, as
well as lifecycle maintenance and bioremediation potential of
pollutant stressors. As much iron is delivered to the ocean by
diffuse venting as from riverine sources (Toner et al., 2009) and
this iron can be stabilized in nano particles allowing it to disperse
widely and remain bioavailable (Yiicel et al., 2011). As discussed
earlier in this review, the microbial communities found at vents
and seeps contribute to the global cycling of carbon, nitrogen,
sulfur, and potentially heavy metals such as iron and arsenic
(Nauhaus et al., 2002; Meyer-Dombard et al., 2012). AOM and
associated precipitation of authigenic carbonate at cold seeps
constitutes a major carbon sink in the deep sea (Ritger et al., 1987;
Reeburgh, 2007). Recent discovery of active AOM in seemingly
old, inactive carbonates (Marlow et al., 2014a), and the ability
of fauna to benefit from substrate and food provisions within
these carbonates (Stakes et al., 1999; Levin et al., 2015) suggests
that C sequestration during transition phases of seeps may be
more extensive in space and time than previously thought. The
consumption of sulfide or methane by bacteria and archaea at
seeps and vents also acts as a biological filter that prevents
climate-relevant substances from freely entering the hydrosphere
and acting as potential greenhouse gas sources (Jorgensen and
Boetius, 2007; Boetius and Wenzhoefer, 2013). Bio-remediation
potential of vent and seep microorganisms and animals is only
now being explored. Use of microbes for degrading oil spills
(Mason et al., 2014) or as a biocatalytic agent for industrial
scrubbing of CO, (Mahon et al, 2015) are recent examples.

Lifecycle maintenance, habitat and gene pool protection are
provided by coral and sponge aggregations, which often occur at
elevated densities in the vicinity of vent and seep sites (Cordes
et al., 2008; Quattrini et al., 2014). In addition to protection of
the gene pool for these species, vents and seeps maintain habitats
for refugia and reproduction of background deep-sea species
(Drazen et al., 2003; Thurber et al., 2010; Treude et al., 2011).
Provisioning services are provided by both biotic and abiotic
resources at vents and seeps with market values through their
interaction with background systems or conditions. There is
increasing evidence that trophic subsidies from seeps and vents
may influence fisheries but quantification of such subsidies and
further documentation of possible habitat relationships with
fishery species are still lacking (Grupe et al., 2015). Several
commercially exploited crustacean and fish species typically
associated with background habitats are often observed at
chemosynthetic ecosystems around the world. These include
Patagonian toothfish, (Sellanes et al., 2008, 2012), orange roughy
(Bowden et al., 2013), thornyheads, sablefish, and Pacific Dover
Sole (Grupe et al., 2015; Levin et al., 2016), and lithodid decapods
(Niemann et al., 2013) (Figure 2). On the Hikurangi Margin
demersal fish associated with active and inactive seep sites are
directly targeted by commercial trawl fisheries (Baco et al., 2010).
In part, this is because acoustic flares at seep sites have been
persistently misinterpreted by fishers as fish aggregations, but
some fish are caught nonetheless (because the flares co-occur
with carbonate structures where fish aggregate) so the practice
continues. The broad range of temperature, pH and toxicity
conditions in chemosynthetic ecosystems make them an obvious
potential source of compounds with novel biochemical properties
(e.g., Pettit, 2011). While some of these compounds have been
isolated from hydrothermal vent organisms and were found to
be potentially useful for industrial processes (Leis et al., 2015;
Mahon et al., 2015) and pharmaceutics (Martins et al., 2013),
the transition zones have yet to be targeted by bioprospectors.
Methane hydrates, which are often of biogenic origin, may
be used as a new energy resource and several nations are
investing into technology development to quantify and unlock
this reserve and harvest natural gas from methane hydrates
(project SUGAR, Germany). Environmental regulation and
impact assessment for exploitation of these new resources must
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FIGURE 2 | Seep habitat use by “background” species of commercial
value: (A) California King crab and thornyheads (B) Lithodid crabs (C)
sablefish (Anoplopoma fimbria) and (D) Pacific Dover Sole
(Microstomus pacificus).

incorporate an accurate understanding of the host ecosystems
and their services.

Cultural services are all the non-material, and normally
non-consumptive, outputs of ecosystems that affect physical and
mental states of people. As we learn about the interconnection
of chemosynthetic ecosystems with surrounding habitats and
species the existence value (the value of knowing something exists
regardless of whether or not you use it), option value (the value
of knowing you have the option later), inspirational value (e.g.,
for art, film or literature), bequest value, and stewardship value
placed on these systems may grow. Certainly scientific interest,
already strong (Godet et al., 2011), will expand as living resource
managers gain interest. Other intellectual and representative
interactions with chemosynthetic ecosystems may highlight the
interactions between vent, seep and non-chemosynthetic systems
via educational, entertainment (ex-situ viewing and experience
through different media) and purely aesthetic (e.g., inspiration
for art and design) contexts. Within the last decade, deep-sea
tourism providing in situ experiential interaction with animals
and seascapes has become established at certain vent fields (Leary,
2007). Deep-sea exploration via telepresence, promoted by the
US NOAA Office of Ocean Exploration and Research (NOAA
Ship Okeanos Explorer) and the Ocean Exploration Trust (EV
Nautilus) is greatly raising public awareness of and enthusiasm
for chemosynthetic ecosystems as features interacting with the
broader deep sea (e.g., Carey et al., 2015; Quattrini et al., 2015;
Levin et al., 2016).

Valuation of the ecosystem services outlined above is
complicated by limited knowledge and ability to determine the
actual benefits that people experience. For the services associated
with chemosynthetic transitions and exchanges, challenges are
posed by the fact that they (a) provide services that are public
goods (i.e., they may be enjoyed by any number of people
without affecting other people’s enjoyment), (b) no one person
has an incentive to pay to maintain the good and collective
action is required, (c) are affected by negative externalities
or uncompensated side effects of human actions, and (d)
stakeholders suffering the loss (e.g., scientists, civil society, future

generations) generally are not compensated for the damages.
Because no one person or group “owns” the resource (whether
it is in national or international waters), open access can lead
to severe overexploitation and potentially severe declines in the
resource provision over time.

CONCLUSIONS

(1) Evidence supports the existence of transition zones, or
ecotones, in space and time between vent and seep
chemosynthetic habitats and the background deep-sea
communities. These influence elemental cycling and energy
flux, trophic linkages, provision of habitat and genetic
exchange, and extend spatially along the seafloor and into the
water column (Figure 3).

The extent and scales over which chemosynthetic influence
is exerted varies at vents and seeps. Along the seafloor,
hydrothermal vents exhibit sharper gradients but smaller
magnitude of influence on surrounding ecosystems than for
seeps, whereas the reverse may be true for pelagic gradients
and interactions.

Trophic linkages between cold seeps and the background
benthic community may be stronger than at vents,
potentially due to relative similarity in substrata (sediments)
and lack of physical and temperature barriers at seeps. In
contrast, while background assemblages near hard-substrate
vents may benefit from increased particles in the water
column and on the seafloor, they are often less diverse and
less abundant, with slow-growing, low mobility species that
would have fewer direct interactions with the vent habitat. At
sedimented vents, the scale of ecotones and trophic linkages
could be more similar to those in seeps.

The magnitude of influence on the surrounding water
column is likely greater at hydrothermal vents than at seeps,
although seeps are less well studied in this respect. The great
vertical and horizontal reach of hydrothermal plumes acts
to increase microbial activity and plankton concentrations,
as well as structural and functional diversity. For some
elemental fluxes such as iron, the sphere of influence of the
vents can be global. The vertical and lateral extent of seep
fluid influence to the water column requires more study.

At both hydrothermal vents and cold seeps the chemical
environment becomes less toxic and primary production
decreases over time, making biogenic and geologic structures
more readily available for colonization. Inactive chimneys at
vents and carbonate structures at seeps can be present for
1000s of years providing stable hard substrata for species
from the background community. This increased structural
habitat diversity promotes greater overall biodiversity
(Cordes et al., 2010; Govenar, 2010).

2)

3)

(4)

©)

KNOWLEDGE GAPS AND AREAS FOR
FURTHER RESEARCH

Despite this basic conceptual understanding (Figure 3), there
are many areas where there are simply no data, or where
current knowledge derives from anecdotal, non-quantitative
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observations. We identify 3 major themes where scientific
research can help to advance our ability to accurately quantify,
constrain and incorporate into management the interactions of
vent and seep ecosystems with their surroundings.

What is the influence of vent and seep plumes on local and
global water column biogeochemical cycles, processes, microbiology
and biota? Questions remain about the magnitude of carbon,
trace elements and nutrients exported from vents and seeps to
the deep sea in dissolved, particulate and animal forms and the
consequences for global elemental cycling.

How do fauna use inactive chemosynthetic habitats and how
and over what time scales do they transition to background
settings? What is the genetic connectivity between chemosynthetic
and non-chemosynthetic ecosystems? Genetic exchange has yet
to be examined in any systematic way, despite the fact that a
number of species are known to occupy both background and
reducing habitats. With recent concerted efforts to study vents
and seeps in close proximity (e.g., Watanabe et al., 2010; Portail
et al., 2015), including likely stepping stone habitats (wood,
whale, kelp) and deep-sea coral communities (e.g., Cordes et al.,
2008; Becker et al., 2009), more quantitative estimates of the

co-occurrence of species have been made; these efforts will be
enhanced by molecular barcoding of fauna from background and
other chemosynthetic systems.

What are the transfer mechanisms of chemosynthetic and
photosynthetically-derived carbon, nitrogen and sulfur into and
out of vents and seeps and how does this vary with location
and depth? Chemosynthetic organic matter may prime the
degradation of photosynthetically produced but otherwise
refractory compounds that make up the rain of production to the
deep. Novel trophic approaches, beyond tracking of isotopically
distinct methane, are needed to evaluate nutritional subsidies,
particularly at vents.

As with much of the deep sea, megafauna and microbes are
often the focus of faunal research at vents and seeps. Metazoan
and protozoan meiofauna, as well as larval stages of these and
other taxa, also are important to address for the transitions
discussed here. The benefits of addressing these knowledge
gaps concerning the chemosynthetic sphere of influence may
continue to grow with an expanding human footprint in the
deep sea and the need for intensified spatial planning and impact
assessment.
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