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Abstract: Tagoro, the youngest submarine volcano of the Canary Islands, erupted in 2011 South of El
Hierro Island. Pre-existing sea floor and inhabiting biological communities were buried by the newly
erupted material, promoting the appearance of new habitats. The present study pursues to describe
the first metazoans colonizing different new habitats formed during the eruption and to create
precedent on this field. Through dredge and remote operated vehicle samplings, five main habitat
types have been detected based on the substrate type and burial status after the eruption. Inside the
Tagoro volcanic complex (TVC), two new habitats are located in and around the summit and main
craters—hydrothermal vents with bacterial mats and sulfurous-like fields mainly colonized by small
hydrozoan colonies. Two other habitats are located downslope the TVC; new hard substrate and new
mixed substrate, holding the highest biodiversity of the TVC, especially at the mixed bottoms with
annelids (Chloeia cf. venusta), arthropods (Monodaeus couchii and Alpheus sp.), cnidarians (Sertularella cf.
tenella), and molluscs (Neopycnodonte cochlear) as the first colonizers. An impact evaluation was done
comparing the communities of those habitats with the complex and well-established community
described at the stable hard substrate outside the TVC, which is constituted of highly abundant
hydrozoans (Aglaophenia sp.), antipatharians (Stichopates setacea and Antipathes furcata), and colonizing
epibionts (e.g., Neopycnodonte cochlear). Three years after the eruption, species numbers at Tagoro
were still low compared to those occurring at similar depths outside the TVC. The first dominant
species at the TVC included a large proportion of common suspension feeders of the circalittoral and
bathyal hard bottoms of the area, which could have exploited the uncolonized hard bottoms and the
post eruptive fertilization of water masses.

Keywords: hydrothermal vents; submarine volcano; first colonizers; benthos; Tagoro; El Hierro;
Canary Islands

1. Introduction

The majority of Earth’s volcanic activity occurs beneath the sea, and oceanic intraplate volcanism
represents an important fraction of this phenomenon [1]. There are thousands of seamounts throughout
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the deep ocean that are by majority extinct volcanoes [2]. The Canary Islands are a volcanic alignment
of eight islands, composing an East-West trending archipelago located to the Northwest of the
African continent [3,4] (Figure 1A). In October 2011, a submarine eruption took place south of El
Hierro Island on the border of the Natural Reserve “Punta de la Restinga—Mar de las Calmas”
(27°37'07” N-017°59'28” W, Figure 1B). The eruption covered a pre-existing underwater gully
with basaltic lava (Figure 1C), creating the youngest shallowest submarine volcano of the Canary
Archipelago, Tagoro (Figure 1D). This led to numerous multi-faceted novel studies—geological,
physical, chemical, and biological [5-9]—that are producing exciting results to date. Significant
anomalies in temperature (>+18.8 °C), pHt (ApH up to —2.9 units), and concentration of the reduced
species were observed South of El Hierro Island during the first weeks, resulting in a decrease in the
oxidation potential (ORP, from 0.2 V to —0.03 V) as well as an enrichment of Fe(II) (>50 pmol kg_l) and
inorganic nutrients. As a consequence, the eruption generated an episode of natural ocean acidification
and fertilization [10]. Unlike the detailed study on physical-chemical parameters of the water column
after the eruptive process [6,10-12], no study has yet focused on the survival and colonization by
marine benthic and demersal species at the newly formed submarine volcano.
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Figure 1. Overview bathymetric maps of the study area. (A) Geographical location of the El Hierro
Island at the Canary Islands (Northeast, NE, Atlantic Ocean); (B) Study area location south of El Hierro

Island; (C) Pre-eruption topography of the study area where the pre-eruption gully is highlighted;
(D) Bathymetric map of the Tagoro volcano.

Tagoro is one of the Earth’s shallowest submarine volcanoes being monitored and represents
an ideal natural observatory for understanding the immediate and long-term impacts of volcanic



Geosciences 2019, 9, 52 3of 21

eruptions, and their related hydrothermal fields in different ecosystem compartments. Geological
natural phenomena have important impacts on marine environments; therefore, studying volcanic
hazards over different ecosystems contributes valuable information on nature’s behavior.

The Canary archipelago plays an important role as a natural laboratory for studying the
biogeography and evolution of species, due to its geographical location and oceanographic
characteristics in the Eastern North Atlantic Subtropical Gyre [13-15]. The islands edifices act as
an oasis for sustaining life in the open ocean, and as an important corridor for species’ dispersion and
colonization of further new habitats [16]. Planktonic larvae dispersion has been identified as one of the
main processes permitting new habitat colonization [17-20]. Larval flow is also closely related to the
direction and intensity of ocean currents, topographic features, and substrate availability [17,21,22].

The Tagoro submarine volcano provides a truly valuable opportunity for studying submarine
benthic and demersal colonization on newly formed habitats, in addition to understanding the
resilience capacity of the disturbed environment in the context of the North Atlantic Ocean. This topic
has been previously investigated; Danovaro et al. [8] explored the microbial habitat dominating
bacterial mats around the craters. A few studies have been conducted on community diversity at
shallow hydrothermal vents in other volcanic archipelagos, such as the Azores Islands [23], Iceland [24],
and in Grenada (Caribbean) [25], which can be comparable, however, they do not describe the
colonization components of the newly formed volcanic substrate.

The Tagoro volcano complex (TVC, Figure 2) comprises one main cone and thirteen secondary
cones, with interspersed depressions, aligned North-Northwest-South-Southeast, NNW-SSE [26,27].
The main edifice extends 88400 m deep and the lava debris apron spreads 1-1.3 km long south-west
(Figure 2A). Different geomorphic features (scarps and crests) were constructed during the eruption,
shaped by the pre-existing gully and the different slope gradients (Figure 2A,B), covering depths greater
than 1000 m (Figures 1D and 2C). Information on the pre-existing biological communities was obtained
by sampling near-by, non-buried areas (Figure 3A,B). Previous studies on underwater lava-substrate
colonization have been mostly limited to sub-aerial eruptions that reached the ocean [28-30].
Consequently, only intertidal and shallow habitats have been considered. Nonetheless, in the Pacific
Ocean, two submarine volcanoes were monitored after their most recent eruption—West Mata in
the Tonga Trench at 1200 m depth in 2008-2009 [31,32], and the NW Rota-1 in the Mariana Trench at
517 m depth in 2006 [33]. Although the colonization process was not the main goal of those studies,
two alvinocarid endemic shrimp species were identified at West Mata (Opaepele loihi and an unidentified
species; [31]), and two similar shrimp species were detected as dominant macrofaunistic components
at the NW Rota-1 volcano [31]. These were the only reported findings on colonizing macrofauna at
the two sites, and the resilience ability of inhabiting species was not explored. However, colonization
processes may sometimes depend on recruitment events from neighbouring communities [34,35],
and on the survival rates of the disrupted habitat communities [36]. Clearly, scarce information exists
on the settlement of benthic and demersal organisms as colonizers of newly erupted volcanic rocks,
and further studies are then critically required.

Due to an overall lack of knowledge on the colonization process of the benthic and demersal
fauna onto newly formed volcanic substrates in shallow submarine environments, this study aimed
to investigate the survival and colonization components of benthic and demersal communities at the
newly formed habitat types of the Tagoro volcano. Further, we evaluate the impact of the volcanic
eruption on these communities by comparing them to those existing at similar depths in adjacent areas.
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Figure 2. Main geomorphic features and related habitats of the Tagoro Volcanic complex. (A) Hillshade
map showing the main geomorphological characteristics of the volcano. (B) Slope map highlighting
similar volcanic cones (V1, V2, and V3) around the Tagoro Volcano. (C) 3D bathymetric map showing
the location of the main habitats in and around the Tagoro Volcanic complex.
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Figure 3. Sampling strategy (A) Bathymetric map showing south of El Hierro Island where the different
sampling areas (B-E) are highlighted. (B) Unaffected eruption area close to the La Restinga-Mar de
las Calmas Marine Reserve. (C) Tagoro volcanic complex, and (D,E) Main edifice and secondary
cones of the Tagoro volcano. Dots represent dredge sites during the VULCANOO0313 (black dots),
and VULCANO1013 (white dots) oceanographic cruises. Lines indicate vehicle operated remotely
(VOR) Aphia, (light blue) and remote operated vehicle (ROV) Liropus (dark blue double line) transects
during the Vulcano1013 and Vulcano0314 oceanographic cruises.
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2. Materials and Methods

Expeditions: the scientific dataset presented here was collected during four oceanographic
expeditions on board the R/V Ramdn Margalef (VULCANOO0313, and VULCANA0417), and R/V Angeles
Alvarifio (VULCANOO0314, and VULCANO1013) between 2013 and 2017, being the earliest sample set
less than two years after the end of the eruption. Sample collection was carried out off El Hierro Island,
mainly at TVC (27°37'07” N; 17°59'28” W, Figure 3C-E), and at one adjacent unaffected area located
close to “La Restinga-Mar de las Calmas” Marine Reserve (ca. 1.5 km from the main cone of Tagoro
volcano) (Figure 3B).

Hydrography: hydrographic stations were carried out from the surface to 1200 m depth using a
SeaBird 9/11-plus CTD (Conductivity-Temperature-Depth) with redundant sensors for temperature
and conductivity, in addition to light transmission (Chelsea/Seatech), dissolved oxygen (SBE 43),
pH and ORP (Oxygen-Reduction-Potential, SBE27, Figure 4A,B), pressure, and altimeter sensors.
The accuracy of the temperature and conductivity sensors was 0.001 °C and 0.0003 S/m, respectively.
Water samples were collected with a 24-10 L bottle rosette. The methodology followed has been
previously described (Tow-yo and yo-yo techniques) [9,10]. Velocity data were obtained using a Vessel
Mounted Acoustic Doppler Current Profiler (VMADCP) for the whole area.

Bathymetry and acoustic imagery: multibeam echosounder datasets were acquired using a
Kongsberg-Simrad EM710 during VULCANAO0417, which operates at sonar frequencies in the
70-100 kHz range, and were processed using CARIS HIPS & SIPS yielding bathymetric grid resolution
of 5 m with 100% coverage.

Seafloor and benthic—-demersal characterization: underwater imagery and benthic dredging
were used for spatial characterization of the habitats, and their associated benthic and demersal
communities. Submarine high quality video images were recorded using an Underwater Camera
Sled (UCS) Aphia 2012 (VULCANO1013) and the Remote Operate Vehicle (ROV-Liropus 2000) from
the Spanish Institute of Oceanography (VULCANOO0314) (Figure 3B,D,E; light blue, VULCANO1013;
and strong blue, VULCANOOQ314). A total of four and thirty-six hours of video were recorded,
respectively. Underwater images were analyzed for the presence/absence of species, and the organism
identification was done to the lowest possible taxonomic level.

Benthic (and some demersal) species were sampled using a benthic dredge (horizontal opening of
1 m, net mesh size of 1 cm). Samplings were mainly performed to carry out a geological characterization
of substrate types in these areas, in order to collect small species that were not detected by underwater
images and also to support species already identified in the images. Some dredges were towed at
different depths to increase the spatial characterization of the communities at the TVC (Figure 3B,C).
A total of 18 dredges were towed during the VULCANO0313 and VULCANO1013 cruises (Figure 3B,C;
white and black points, respectively).

To contrast the effects of eruption on the biological community within the shallowest areas (around
200 m depth), a dredge sample and underwater video transect (Underwater Camera Sled-Aphia2012)
were obtained in an almost pristine area outside the volcano-affected region (Figure 3B). Due to the
invasiveness of the used sampling methodology, only one replicate was obtained in the non-buried
(nearly pristine) area outside TVC. Moreover, some patches with slow-growing habitat-forming species
were detected in deep areas of the TVC, which was useful for studying the survival of some organisms
and alterations caused by the eruption. Collected organisms were separated from seafloor basaltic
rocks and sedimentary material, identified to the lowest possible taxonomic level, photographed,
and quantified. Sessile organisms attached to lava rocks were also quantified and photographed.
Faunistic and geological materials were properly labeled and preserved dry or with 70% ethanol until
further processing in the laboratory, to improve species identification when possible.



Geosciences 2019, 9, 52 7 of 21

A 10
5 k-
. of b s oo é"h—.m 5 |
L Secondary cones |
Q 5
4
o
1o Main cone
-0F
-5}
Crater
-20
B 0.1
e Bt L
OF Rty ok
01} Secondary cones
So02f
< Main cone
0.3F
04k Crater
0.5

27.616 27.617 27.618 27.619 27.62 27.621 27.622
Latitude (°N)

Figure 4. Plots of (A) Magnitude of oxidation-reduction potential (ORP) changes throughout time,
5 (ORP)/b t and (B) The increment of pH, ApH, versus latitude obtained from different meridional
tow-yo transects (colored lines) over the main volcanic edifice in October 2017, (methodology described
in [9,10]. (C) Three-dimensional (3D) graph showing the main and secondary cones, as well as the crater.

3. Results

The present study was based on a data set collected from 2013 and 2017, two years after the
eruption’s onset (2011). During the survey study period, the Tagoro submarine volcano was in an
active degassing phase, emitting heat, different gases, and volatile components—mainly CO, [6,10].
Important physical-chemical anomalies were detected in the water column as 5(ORP) /bt up to —20 mV
and pH anomalies up to —0.5 units (Figure 4A,B). In the same way, and for the interior of the main crater,
the physical-chemical anomalies were more pronounced as: (i) thermal increase of +2.55 °C, (ii) salinity
decrease of —1.02, (iii) density decrease of —1.43 (kg'm_3), and (iv) pH decrease of —1.25 units [9].
These alterations were concentrated 0.5 km around the crater (Figure 4A-C).
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Pre-existing and newly formed habitat types were classified according to their location inside or
outside the TVC-affected area, and substrate types. Within the TVC area, a distinction between the
main edifice—which extends 88—400 m deep—and the natural prolongation of the SW flank of the
main edifice was based on substrate type (Figure 5A). The main shallower edifice contained two newly
formed habitats: hydrothermal vents with bacterial mats and sulphurous-like fields, both associated to
the volcanic cones (Figure 2). The former was concentrated around hydrothermal vent sites, displaying
a 10 cm yellow band of bacterial mats. However, the sulphurous-like fields were less restricted and
extended around the main and secondary cones, and formed sulphur-looking light and sparse material
that were easily re-suspended as shown by the underwater images (Figure 5B). Two other habitats
conformed to the lava-debris flown apron that covered the SW flank of the volcano were named
as new hard substrate and new mixed substrate. The new hard substrate habitat was composed of
abundant pyroclastic rocks (from tens of cm to meters) that were deposited around the main cone
during the eruption, forming an ideal area for colonizers that generally inhabit small cavities and hard
substrate crevices (Figure 5C,D). The new mixed substrate habitat surrounds the previously described
habitat type, and was conformed by small to medium size rocks and gravel sediments, offering distinct
colonizing substrates (Figure 5E). Basaltic rock dimensions ranged from tens of centimetres (the largest
rocks) to centimetres (the finer grained erupted material), creating a bed of rather fine sediment spotted
with bigger size rocks. This habitat was less compact and stable than the new hard substrate due to its
natural instabilities.

Figure 5. Images of the different habitat types within the Tagoro volcano complex (A-E), and at
an undisturbed area (F). (A,B) Seep habitats with extensive bacterial mats close to the main and
secondary craters. (C,D) Newly formed pyroclastic rocks harboring Neopycnodonte cochlear (Nc)
(Mollusca: Bivalvia) and Hyalopomatus sp. (Hy) (Annelida: Polychaeta) individuals, together with
Anthias anthias (An) (Chordata: Actinopterygii), and high densities of Plesionika sp. in the crevices
(P1) (Arthropoda: Decapoda). (E) New mixed substrates with small rocks colonized by individuals
of N. choclear and Hyalopomatus sp. (F) Stable undisturbed hard bottoms colonized by fan-shaped
Antipathes furcata (Af), and twisted whip-shaped Stichopathes cf. setacea (Ss) (Cnidaria: Anthozoa).
Scale bars represent 20 cm.
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Outside the TVC-affected area a single habitat—named Stable hard substrate—comprised of
different substrate types, including some soft sediment dispersed within the rocky bottom (Figure 5F).
This habitat, even though being close to the eruptive zone, remained undisturbed thanks to the
ocean current direction [12], which flowed south-southwest preventing from any volcano derived
burial. This habitat provides comparative pre-eruption conditions due to its undisturbed natural state.
It consists of a crumble of solid and well-established rocks, and sediments of different sizes, with finer
sediments that had been deposited previously to the eruption along the years. This habitat provides
an interesting comparative baseline to investigate the physical and biological recovery of the newly
formed shallow habitats.

Diversity of the benthic and demersal species colonizing the aforementioned habitats was set by
coupling the analyses of underwater images (VOR and ROV data; Figure 3D,E) and dredge samples
(Figure 3C). Determining the abundance was only possible from data collected using the dredges.
A total of 6451 individuals, accounting for 116 taxa and nine phyla, were identified over the entire
study (Table 1).

Table 1. List of all taxa identified in different habitat types of the Tagoro volcanic complex (TVC), with
adjacent non-buried bottoms in the underwater images (ROV, VOR) and benthic dredges. Abundance
is only shown for dredge-sampled taxa. X indicates the presence of taxa in the underwater images.

Inside TVC Outside TVC

Hydrothermal
Vents with
Bacterial Mats

Sulfurous-Like New Hard New Mixed Stable Hard
Fields Substrate Substrate Substrate

Porifera  Geodia sp. - - - -
Pachastrella sp. - - - -
Axinella sp. - - - X
Aplysina sp. - - - -
Ircinia sp. - - -
Heteroscleromorpha 1 - - - 2
Demospongiae 1 - - -

Demospongiae 2 - - - -
Demospongiae 3 - - - -
Demospongiae 4 - - - -
Demospongiae 5 - - - -
Demospongiae 6 - - - -
Demospongiae 7 - - - -
Demospongiae 8 - - - -
Demospongiae 9 - - - X
Demospongiae 10 - - - -
Demospongiae 11 - - - -
Demospongiae 12 - - - -
Demospongiae 13 - - X -
Euplectellidae 1 - - - 1 -

Porifera 1 - - - - X

Cnidaria  Aglaophenia sp. 1 - - 1 - 12
Aglaophenia sp. 2 - - - - 208
Obelia sp. - - - - 1
Sertularella cf. gayi
(Lamouroux, 1821)
Sertularella cf. polyzonias
(Linnaeus, 1758)

Sertularella cf. tenella (Alder,
1857)

Sertularella sp. - -
Lafoeidae 1 - - -
Lafoeidae 2 - -

Plumulariidae 1 - -

Hydrozoa 1
Hydrozoa 2 - -
Ceriantharia 1 - -

XXX XENORNMR, NN DWW N w

IS
IS
> W
.
[e )
J
N

x
XX X
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Table 1. Cont.

Inside TVC Outside TVC
H%’/d:t)tll:;ﬁal Sulfurous-Like New Hard New Mixed Stable Hard
ents Fields Substrate Substrate Substrate
Bacterial Mats
Antipathes furcata Gray, 1857 - - - - 7
Stichopathes cf. setacea Gray,
1860 - - X 2 40
Tanacetipathes cf. cavernicola ) ) ) ~ 10
Opresko, 2001
Corallimorpharia 1 - - - X -
Anomocora fecunda ) ) ) ) 1

(Pourtales, 1871)
Caryophyllia smithii Stokes & 1
Broderip, 1828
Caryophyllia sp. - - - - 2
Cladocora debilis Milne 1
Edwards & Haime, 1849
Madracis sp. - - - - 1
Zoantharia 1 - — - - 2
Bebryce mollis Philippi, 1842 - - - - 1
Callogorgia verticillata X
(Pallas, 1766)
Paralcyonium cf. spinulosum
(Delle Chiaje, 1822)
Villogorgia bebrycoides (Koch,
1887)
Viminella flagellum (Johnson,
1863)
Alcyonacea 1 - - X - 6
. Chloeia cf. venusta
Annelida Quatrefages, 1866 B B 8 63 B
Eunice sp. - - - -
Glycera sp. - - 4 8
Hyalinoecia sp. - - - 1 -
Leocrates atlanticus 1
(McIntosh, 1885)
Lumbrineris sp. - -
Nereis sp. - -
Onuphis sp. - -
Syllidae 1 - -
Hyalopomatus sp. - -
Placostegus sp. - -
Protula sp. - -
Semivermilia cf. torulosa
(Delle Chiaje, 1822)
Serpula vermicularis
Linnaeus, 1767
Spio sp. - -
Spiochaetopterus sp. - -
Vermiliopsis sp. - -
Sabellidae 1 - - -
Serpulidae 1 X X X
Terebellidae 1 - - -
Mollusca  Mitrella sp. - - -
Onoba sp. -
Tritia denticulata (A. Adams,
1852)
Nudibranchia 1 - - X
Asperarca nodulosa (O. F.
Miiller, 1776)
Neopycnodonte cochlear (Poli,
1795)
Pteria hirundo (Linnaeus,
1758)
Arcidae 1 - - - 1 -
Octopus vulgaris Cuvier,
1797
Cephalopoda 1 - - X - -
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Inside TVC

Outside TVC

Hydrothermal
Vents with
Bacterial Mats

Sulfurous-Like New Hard
Fields Substrate

New Mixed
Substrate

Stable Hard
Substrate

Arthropoda

Echinodermata

Brachiopoda

Bryozoa

Chordata

Heteralepas cornuta (Darwin,
1851)

Megabalanus tulipiformis
(Ellis, 1758)

Acanthephyra eximia Smith,
1884

Alpheus macrocheles
(Hailstone, 1835)

Alpheus sp.

Homola barbata (Fabricius,
1793)

Macropodia sp.

Monodaeus couchii (Couch,
1851)

Munida sp.

Munidopsis sp.

Plesionika edwardsii (Brandt,
1851)

Plesionika martia (A.
Milne-Edwards, 1883)
Plesionika narval (Fabricius,
1787)

Plesionika sp.

Velolambrus cf. expansus
(Miers, 1879)

Decapoda 1

Ophiuroidea 1
Centrostephanus longispinus
(Philippi, 1845)
Coelopleurus floridanus A.
Agassiz, 1872

Stylocidaris affinis (Philippi,
1845)

Diadematoidae 1

Megerlia truncata (Linnaeus,
1767)

Pajaudina atlantica Logan,
1988

Hornera sp.

Reteporella sp.
Frondiporidae 1

Bryozoa 1

Clavelinidae 1

Ascidiacea 1

Anthias antias (Linnaeus,
1758)

Conger conger (Linnaeus,
1758)

Scorpaena sp.

Seriola sp.

Serranus atricauda Giinther,
1874

Perciformes 1

XX

X X
!

X w

3560

25

15
1362

X XXX

Biodiversity was distributed differently across the habitats (Figure 5). At the TVC’s shallowest
areas, the biological community of hydrothermal vents with bacterial mats and sulphurous-like
fields, were mainly composed of scares of a low number of species including small hydrozoans
(Sertularella cf. tenella; size up to 2-3 cm; Figure 5A,B; Figure 6 and Table 1). Underwater images further

detected the presence of some cephalopods, small serpulid polychaetes, and fishes, though at very
low densities. In addition, previous studies investigated abundant bacterial mats occurring in these
areas, which comprised mostly of a recently described genus and species of the order Thiotrichales,
commonly known as Venus’s hair (Thiolava veneris) [8]. The bacterial mats concentrated around venting
areas (Figure 2C), and were yellow-colored in underwater photographs, and oxidizers of the reduced
sulphur that emanates from volcanic vents (Figure 5A).
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Figure 6. Species richness (number of species) in the different phyla identified in underwater images
(ROV and VOR), as well as in the benthic dredges, within the different habitats at the Tagoro volcano
complex (A-D) and at an undisturbed area (E).

In the deep areas of the TVC, new hard substrate and new mixed substrate displayed a larger
biodiversity with seven different phyla in each habitat type, and a total of 38 and 55 taxa, respectively
(Figure 6 and Table 1). Annelids, arthropods, cnidarians, and molluscs were the most diverse phyla
in both habitats, generally present as small-sized specimens. The most represented taxa were similar
in both habitats, although abundance differed significantly, with higher abundances in the mixed
bottoms (Figure 7). Annelids were mainly represented by small sessile (Hyalopomatus sp.) and mobile
species (Glycera sp., Chloeia cf. venusta, Onuphis sp.; Figure 8). Monadaeus couchii and Alpheus sp.
were the dominant arthropod species (Figure 8). Cnidarians were mostly represented by scarce and
small hydrozoan colonies (Sertularella cf. tenella; Figure 8). Finally, molluscs were mainly represented
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by the ostreid bivalve Neopycnodonte cochlear (reaching locally up to 100 individuals m~2; Figure 8),
with shell sizes ranging from less than a cm to more than 6 cm, and probably resembling different
cohorts. This ostreid was one of the most dominant species in the large lava rocks deposited after the
eruption. In deep areas of the TVC, patches with large antipatharian colonies (mainly Stichopathes cf.
setacea and Anthipathes furcata), dead colonial scleractinians of unidentified species, Sertularella sp.,
Plumulariide, some sponges (Axinella sp.), and a few species of fish (Anthias anthias, Conger conger,
Scorpena sp., and Serranus atricauda; Table 1) were detected in the underwater images.
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Figure 7. Abundance (number of individuals) in the different phyla collected in the benthic dredges,
within the different habitats at the Tagoro volcano complex (A-D) and at an undisturbed area (E).
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Figure 8. Biodiversity associated with new hard substrate and mixed substrate habitats within the Tagoro
volcano complex (A-L), and with neighbouring stable hard substrates located at an undisturbed area
close to “La Restinga-Mar de las Calmas” Marine Reserve (M-V). (A) Volcanic rock of new formation
with small-size specimens of the ostreid bivalve Neopycnodonte cochlear (detailed in B) and serpulid worm
(detailed in C). (D,E) Small colonies of the hydrozoan Sertularella cf. tenella colonizing newly formed
volcanic rocks. Other dominant colonizers include the shrimp Plesionika narval (F); small-sized individuals
of the echinoid Coelopleurus floridanus (G); the annelid Chloeia cf. venusta (H,I); small decapods such as
Monodaeus couchii (J); Velolambrus cf. expansus (K); and Alpheus sp. (L). Vulnerable habitat-forming species
were mainly represented by antipatharians, such as Tanacetipathes cf. cavernicola (M); Antipathes furcata (N);
and Stichopathes cf. setacea (O), the latter being frequently colonized by different epibionts including the
cirriped Heteralepas cornuta (P); the bivalves N. cochlear (Q); and Pteria hirundo (also colonized by small H.
cornuta; R). Volcanic rocks from past eruptions were also colonized by small epibionts, dominating the
brachiopod Pajaudina atlantica (Pa) and different serpulid species (Se; S,T), as well as large non-identified
desmosponges (U, V). Scale bars represent 1 cm.
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Outside the TVC, the biological community of Stable and hard bottoms not affected by the
eruption comprised of nine phyla, with a total of 5774 identified individuals (Figure 6 and Table 1).
Cnidarians were mainly represented by large and vulnerable slow-growing habitat-structuring species,
including antipatharians such as Stichopathes cf. setacea (Figure 8; some of them with sizes of up
to one m), Antipathes furcata (Figure 8), and Tanacetipathes cf. cavernicola (Figure 8), in addition to
well-developed hydrozoan colonies, mainly Aglaophenia sp. 2, Sertularella cf. tenella, and Sertularella
cf. gayi. Some of these antipatharians contained a wide variety of epibionts, mainly represented
by cirripeds (Heteralepas cornuta; Figure 8), bryozoans (Reteporella sp.), and molluscs (Neopycnodonte
cochlear, Pteria hirundo; Figure 8), which were the most abundant phyla of these non-buried habitats
(Table 1). Annelids were dominated by Semivermillia cf. torulosa and an unidentified serpulid species
(ca. 30 and 50 individuals, respectively). Some species of sponges (e.g., Axinella sp., Aplysina sp.
and Geodia sp.; Figure 8) cohabited with the antipatharians, as well as taxa from phylla that were
not detected in previous habitats of the TVC, such as brachiopods (Megerlia truncata and Pajaudina
atlantica), bryozoans (e.g., Frondiporidae and Reteporella sp.), and ascidians.

4. Discussion

The study of the macrofauna at different sites of Tagoro volcano permitted to describe the primary
biological evolution of new submarine habitats, with the possibility of identifying fast colonizing
organisms as well as survivors to submarine eruptions.

The formation of the Tagoro volcano complex (TVC) included extrusion of magmatic material
and the formation of new hard bottoms, as well as changes in the physical-chemical characteristics
of water masses in the area [6,10,26,27]. This eruptive process locally impacted pre-existing habitats
through burial, mainly those conformed by antipatharians (Stichopathes, Antipathes, and Tanacetipathes),
which when detected were considered survivors of the eruption and the water column anomalies [37].
Black corals grow at relatively slow rates (maximum longevities ranging from decades to millennia),
with long life spans and older age of maturity [38]; extended longevity of some detected individuals
may represent an indicator of resilience to environmental changes, such as the Tagoro eruption is in this
case. The impact produced by the physical-chemical anomalies may have also affected other species,
for example, no live colonies of scleractinians were detected in the dredge samples (which contained
some remains of dead ones) and in the underwater images.

Habitats of hydrothermal vents with bacterial mats and the sulphurous-like fields were the most
extremophilous, and were basically colonized by bacteria that oxidizes reduced sulphur emanating
from volcanic vents [8]. Nevertheless, very small hydrozoan colonies began to colonize the hard
substrates of those habitats, and were also detected on the newly formed hard substrates away from
the crater. Hydroids have also been detected as common components in shallow hydrothermal vents
(<200 m depth) in the NE Atlantic [24,39,40]. These could represent early colonizers of extremophilous
environments. In general, the metazoan biodiversity in these vents and sulphurous fields was very
low when compared to the remaining habitats. Usually, hydrothermal vents are impoverished in
comparison to other substrates located at similar depths, due to toxic and extremophilous environments
that are noxious to most metazoans [40,41].

Regarding the two other new habitats conformed by the erupted lava rocks (new hard substrate
and new mixed substrate; Figure 2C), the highest diversity was held by annelids, arthropods, cnidarians
(only hydrozoans), echinoderms, and molluscs (Figure 6C,D), some of which are considered to be
successful benthic colonizers of new substrates. Part of the identified species are mobile and may have
planktotrophic development [42], even though larvae mobility could be influenced by different factors,
such as larval mortality [43], pelagic larval duration [44], larval output [45,46], and geography [47,48].
Successful recruitment events of some of these species could have been enhanced because they
are dominant components of undisturbed, stable hard bottoms located close to the TVC (Table 1).
Additionally, some annelid and mollusc species are opportunistic organisms, and may have high
larval settlement success in free empty substrates, a variable determining the spatial pattern of their
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distribution [49,50]. In the newly formed lava rocks (new hard substrates, Figure 2C), one of the
first dominant colonizers was the bivalve Neopycnodonte cochlear (Figure 8A,B) that is a non-selective
filter feeder that grows attached to rocks and to some organisms (e.g., antipatharians in this study),
adapting its shape to irregular substrates. This ostreid is a very common species in circalittoral hard
bottoms of the Canary Islands. It is also one of the whip black corals dominant epibionts (reaching
densities of six per Stichopates cf. setacea colony) on the stable hard-bottoms located close to the Marine
Reserve (ca. 1.5 km from the main cone of the Tagoro volcano) [51]. The presence of large populations
of this fouling bivalve at the undisturbed area, the availability of uncolonized hard substrates, and the
high concentration of Fe(Il) and inorganic nutrients (natural fertilization event aforementioned; [10]),
probably favoured successful recruitment of these ostreids at the TVC. Other common colonizers of
the new hard substrates were hydrozoans (basically dominated by Sertularella spp; Figure 8D,E) that
have planktonic larvae during their life cycle, which may permit their settlement in remote places.
These hydroids are also very common circalittoral hard bottom species, and probably favoured by the
same aforementioned reasons as N. cochlear. Another dominant colonizer was the shrimp Plesionika
narval (Figure 8F and Table 1), represented by adult and juvenile individuals (high visualization rate in
the underwater images), and it is also a common component of the Macaronesian circalitoral bottoms.
In this context, its presence in the TVC could be primarily due to horizontal movements of individuals
from nearby habitats [52,53]. This could also be the case for the few fish species observed in the TVC
and its surrounding areas, Anthias anthias being by far the most abundant species.

In the new mixed substrates, a higher number and abundance of taxa were detected compared to
the previously discussed habitats (Figure 8C,D). In these mixed bottoms, combining different types
of substrates promotes the presence of a higher number of microhabitats, food sources, and species.
A phenomenon that has been generally detected in mature complex communities [54]. The species
colonizing lava rocks included most of those detected at the new hard substrates (Table 1). In this
habitat, molluscs, annelids, and arthropods were the dominant groups in terms of abundance.
Annelids were primarily represented by mobile predators and scavengers with a planktotrophic larval
development, high dispersal potential such as Glycera sp. and Chloeia cf. venusta (Figure 8H,1; [55]), and
both adults and juveniles (post-eruptive recruitment) were found in the samples. In this case, it remains
unclear whether the colonization was only through larval settlement or also through adult and juvenile
individuals coming from adjacent habitats with similar substrates that were not buried. Arthropods
were mostly represented in the new mixed substrates by species with planktotrophic development that
are common in circalittoral soft bottoms, inhabiting crevices and small burrows, such as Monodaeus
couchii (Figure 8]), Alpheus sp. (Figure 8L), Munida sp., and Velolambrus cf. expansus (Figure 8K) [56].
Some of those decapods were represented by adults and juveniles (e.g., M. couchii, Alpheus sp.) and
they generally inhabit crevices. Therefore, they may not be as mobile as other colonizing decapods
with a demersal life style that colonized the TVC (e.g., Plesionika). Those species could have colonized
the TVC through larval settlement and were probably favoured by the wide availability of unoccupied
crevices of the new substrates (Figure 5C-E). Finally, cnidaria, molluscs, and echinoderms were
also quite diverse. Cnidarians and mollusca showed the same pattern as in the new hard substrate,
although some species displayed higher abundances (Figures 5 and 6), and echinoderms were mostly
represented by echinoid—mainly cidaroids (Figure 8G)—which generally are opportunistic species
with broad tolerance ranges, able to live in very diverse substrates as detected in the current study [57].
Moreover, cidaroids are slow-moving species so their presence in the TVC is more likely due to larval
settlement than to horizontal movements because only small-sized individuals were detected in the
samples and in underwater images.

In the present study, the highest biodiversity was detected at the neighbouring hard and stable
hard bottoms, located at a non-disturbed area close to the Marine Reserve “Punta de la Restinga—Mar
de las Calmas” (Figure 3B). Taxa from all phyla detected in this study were observed in this undisturbed
area, and the biodiversity distribution reflects well-established circalittoral hard bottom communities,
with dense antipatharian aggregations and large sponges [58]. Although the sampling effort performed
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in this highly pristine habitat was smaller (e.g., only one dredge and one video transect outside the
TVC) than in newly formed ones, a larger number and abundance of taxa was detected in these
non-buried habitats. Antipatharians and large porifera are not considered pioneer colonizers of
new substrates due to their slow growth rate and their fragility, making these groups more diverse
and abundant at the undisturbed habitats (Figure 5E). Black corals (mainly Stichopates cf. setacea;
Figure 80 and Table 1) were the most dominant habitat-forming species within those habitats, acting as
habitat-structuring agents hosting different species of bryozoa and brachiopoda, e.g., Frondiporidae
unid., Reteporella sp., and Pajaudina atlantica (Table 1). Moreover, these structurally complex organisms,
together with large sponges or scleractinians, enhance three-dimensional habitats, which provide
other organisms with settling substrates and shelter from predators [59,60]. Indeed, a wide variety
and abundance of epibionts with planktotrophic larval development (e.g., N. cochlear (Figure 8Q),
Heteralepas cornuta (Figure 8P), serpulids, and hydroids) occurred in Stichopates cf. setacea colonies
and on rocky substrates (Figure 8S,T). Some of these epibiotic organisms were later found as key
colonizers of the newly formed substrates in the Tagoro volcano. Conversely, the black corals detected
in the underwater images at the newly formed habitats, were definitely survivors from the eruption,
mainly due to the fact that they were half buried by the erupted volcanic materials, and were located
in specific areas of the TVC away for the crater and lava debris apron.

In general, benthic and demersal macrofauna biodiversity and abundance were low close to
venting areas, and increased away from the main and secondary cones where TVC structure is
sharper and vertical, however, further decrease of biodiversity was detected relative to increasing
depth. Species zonation along a depth gradient and between habitat types is known to be
affected by several factors, such as temperature [61], pressure [62], currents and topography [63,64],
sediment characteristics [65], in addition to biological factors including free-predator substrates,
species competition, predation, and trophic levels [66,67]. A lower number of species generally
occurred in the deeper parts of the lava debris apron, as higher biodiversity is expected where slope
gradient is higher as shown by Gori et al., [68]. At deeper parts of the TVC colonization and recovery
will probably occur slowly, since substrate variety, vertical gradient and depth [68] of that zone are
curbing the metazoan community diversification. Dispersal capabilities of larvae and early stages
might also affect species distribution when colonizing new substrates, as has been discussed for
different species [16,69,70].

5. Conclusions

During the eruption of the Tagoro submarine volcano in March 2011, volcanic sediments and lava
and gas emissions resulted in important disturbances in the surrounding grounds and on the water
column. The results of this study highlight that the eruption first buried most of the previously existing
habitats, except some patches with antipatharians that survived the event, and secondly created
a highly unstable environment that affected some slow-growing organisms (e.g., cold-water corals),
but not others (e.g., antipatharians). Nevertheless, our results indicate that the submarine eruption
provided uncolonized hard and soft seafloor substrates to different organisms. These, together with the
high concentration of Fe(Il) and inorganic nutrients emitted by the volcano, which promoted a natural
fertilization event in the area, could have enhanced the establishment and development of sessile
suspension feeders (e.g., N. cochlear, hydrozoans) in the newly formed hard and mixed substrates,
representing common components in nearby unaffected habitats.

Author Contributions: Conceptualization, A.S.-G. and J.L.R.; methodology, A.S.-G. and O.S.-G.; formal analysis,
A.S.-G. and O.S.-G,; investigation, E.F-N.; data curation, A.S.-G., O.S.-G., and M.G.-P.; writing—original draft
preparation, A.S.-G., J.L.R. and J.U.; writing—draft contribution, ].T.V,, D.P,, LM.E-S., N.L.-G., ] M.S.-C.,, M.G.-D.,
C.P-N,, and E.E-N.; writing—review and editing, ].L.R., E.E-N., and O.S.-G.; supervision, E.F-N. and J.L.R;;
project administration, E.F.-N.; funding acquisition, E.F.-N.

Funding: This research was funded by Ministerio de Economia y Competitividad del Gobierno de Espafia
(MINECO) and FEDER through the VULCANO (CTM2012-36317) and VULCANO-II (CTM2014-51837-R) projects,



Geosciences 2019, 9, 52 18 of 21

and funds from The Spanish Institute of Oceanography (IEO) through the BIMBACHE (IEO2011-2012) and
VULCANA (IEO-2015-2017) projects. The use of the ROV Liropus 2000 was also funded by IEO.

Acknowledgments: The authors would like to thank the captains and crew of the R/V Ramdn Margalef and

Angeles Alvarifio from the Spanish Institute of Oceanography, as well as the ROV crew from ACSM for their help
at sea.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.

10.

11.

12.

13.

14.

Carey, S.; Sigurdsson, H. Exploring submarine arc volcanoes. Oceanography 2007, 20, 80-89. [CrossRef]
Rubin, K.H.; Soule, S.A.; Chadwick, WW.; Fornari, D.].; Clague, D.A.; Embley, R.W.; Beker, E.T.; Perfit, M.R,;
Caress, D.W,; Dziak, R.P. Volcanic eruptions in the deep sea. Oceanography 2012, 25, 142-157. [CrossRef]
Carracedo, J.C. The Canary Islands: An example of structural control on the growth of large oceanic-island
volcanoes. J. Volcanol. Geotherm. Res. 1994, 60, 225-241. [CrossRef]

Zaczek, K.; Troll, V.R.; Cachao, M.; Ferreira, J.; Deegan, EM.; Carracedo, J.C.; Soler, V.; Meade, FEC,;
Burchardt, S. Nannofossils in 2011 El Hierro eruptive products reinstate plume model for Canary Islands.
Sci. Rep. 2015, 5, 7945. [CrossRef] [PubMed]

Meletlidis, S.; Di Roberto, A.; Pompilio, M.; Bertagnini, A.; Iribarren, I.; Felpeto, A.; Torres, P.A.; D’Oriano, C.
Xenopumices from the 2011-2012 submarine eruption of El Hierro (Canary Islands, Spain): Constraints on
the plumbing system and magma ascent. Geophys. Res. Lett. 2012, 39, 17. [CrossRef]

Fraile-Nuez, E.; Gonzalez-Davila, M.; Santana-Casiano, J.M.; Aristegui, J.; Alonso-Gonzalez, 1].;
Hernandez-Ledn, S.; Blanco, M.L.; Rodriguez-Santana, A.; Hernandez-Guerra, A.; Gelado-Caballero, M.D.;
et al. The submarine volcano eruption at the island of El Hierro: Physical-chemical perturbation and
biological response. Sci. Rep. 2012, 2, 486. [CrossRef] [PubMed]

Rivera, J.; Lastras, G.; Canals, M.; Acosta, J.; Arrese, B.; Hermida, N.; Micallef, A.; Tello, O.; Amblas, D.
Construction of an oceanic island: Insights from the El Hierro (Canary Islands) 2011-2012 submarine volcanic
eruption. Geology 2013, 41, 355-358. [CrossRef]

Danovaro, R.; Canals, M.; Tangherlini, M.; Dell’Anno, A.; Gambi, C.; Lastras, G.,; Amblas, D,
Sanchez-Vidal, A.; Frigola, ].; Calafat, A.M.; et al. A submarine volcanic eruption leads to a novel microbial
habitat. Nat. Ecol. Evol. 2017, 1, 0144. [CrossRef]

Fraile-Nuez, E.; Santana-Casiano, ].M.; Gonzalez-Davila, M.; Vazquez, ].T.; Fernandez-Salas, L.M.;
Sanchez-Guillamén, O.; Palomino, P.; Presas-Navarro, C. Cyclic behavior associated with the degassing
process at the shallow submarine volcano Tagoro, Canary Islands, Spain. Geoscience 2018, 8, 457. [CrossRef]
Santana-Casiano, J.M.; Gonzalez-Davila, M.; Fraile-Nuez, E.; De Armas, D.; Gonzdlez, A.G.;
Dominguez-Yanes, J.F.; Escanez, J. The natural ocean acidification and fertilization event caused by the
submarine eruption of El Hierro. Sci. Rep. 2013, 3, 1140. [CrossRef]

Eugenio, F.; Martin, J.; Marcello, J.; Fraile-Nuez, E. Environmental monitoring of El Hierro Island submarine
volcano, by combining low and high resolution satellite imagery. Int. J. Appl. Earth Obs. Geoinf. 2014, 29, 53—66.
[CrossRef]

Santana-Casiano, ].M.; Fraile-Nuez, E.; Gonzalez-Davila, M.; Baker, E.T; Resing, ].A.; Walker, S.L. Significant
discharge of CO; from hydrothermalism associated with the submarine volcano of El Hierro Island. Sci. Rep.
2016, 6, 25686. [CrossRef] [PubMed]

Acosta, J.; Uchupi, E.; Mufioz, A.; Herranz, P.; Palomo, C.; Ballesteros, M.; ZEE Working Group. Geologic
evolution of the Canarian Islands of Lanzarote, Fuerteventura, Gran Canaria and La Gomera and comparison
of landslides at these islands with those at Tenerife, La Palma and El Hierro. Geophys. Canary Isl. 2005, 1-38.
[CrossRef]

IEO. Caracterizaciondel Bancode La Concepcion. Informedel Instituto Espafiolde Oceanografia-Centro Oceanogrificode
Canarias; Proyecto LIFE + INDEMARES (LIFE07 /NAT/E/000732); Fundacién Biodiversidad: Madrid, Spain,
2013; 278p, Available online: https://www.indemares.es/sites/default/files/informe_final_concepcion_ieo.
pdf (accessed on 13 April 2018).


http://dx.doi.org/10.5670/oceanog.2007.08
http://dx.doi.org/10.5670/oceanog.2012.12
http://dx.doi.org/10.1016/0377-0273(94)90053-1
http://dx.doi.org/10.1038/srep07945
http://www.ncbi.nlm.nih.gov/pubmed/25609055
http://dx.doi.org/10.1029/2012GL052675
http://dx.doi.org/10.1038/srep00486
http://www.ncbi.nlm.nih.gov/pubmed/22768379
http://dx.doi.org/10.1130/G33863.1
http://dx.doi.org/10.1038/s41559-017-0144
http://dx.doi.org/10.3390/geosciences8120457
http://dx.doi.org/10.1038/srep01140
http://dx.doi.org/10.1016/j.jag.2013.12.009
http://dx.doi.org/10.1038/srep25686
http://www.ncbi.nlm.nih.gov/pubmed/27157062
http://dx.doi.org/10.1007/s11001-004-1513-3
https://www.indemares.es/sites/default/files/informe_final_concepcion_ieo.pdf
https://www.indemares.es/sites/default/files/informe_final_concepcion_ieo.pdf

Geosciences 2019, 9, 52 19 of 21

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

IEO. Caracterizaciondel Surde Fuerteventura. Informedel Instituto Espafiolde Oceanografia-Centro Oceanogrdficode
Canarias; Proyecto LIFE + INDEMARES (LIFE07 /NAT/E/000732); Fundacién Biodiversidad: Madrid, Spain,
2013; 320p, Available online: https://www.indemares.es/sites /default/files/informe_final_ieo_en_el_sur_
de_fuerteventura.pdf (accessed on 13 April 2018).

Shank, T.M. Seamounts: Deep-ocean laboratories of faunal connectivity, evolution, and endemism.
Oceanography 2010, 23, 108-122. [CrossRef]

Thomson, R.E.; Mihdly, S.F,; Rabinovich, A.B.; McDuff, R.E.; Veirs, S.R,; Stahr, ER. Constrained circulation at
Endeavour ridge facilitates colonization by vent larvae. Nature 2003, 424, 545-549. [CrossRef] [PubMed]
Thorrold, S.R.; Zacherl, D.C.; Levin, L.A. Population connectivity and larval dispersal: Using geochemical
signatures in calcified structures. Oceanography 2007, 20, 80-89. [CrossRef]

Mullineaux, L.S.; Adams, D.K.; Mills, S.W.; Beaulieu, S.E. Larvae from afar colonize deep-sea hydrothermal
vents after a catastrophic eruption. Proc. Natl. Acad. Sci. USA 2010, 107, 7829-7834. [CrossRef]

Bayer, S.R.; Mullineaux, L.S.; Waller, R.G.; Solow, A.R. Reproductive traits of pioneer gastropod species
colonizing deep-sea hydrothermal vents after an eruption. Mar. Biol. 2011, 158, 181-192. [CrossRef]

Won, Y.; Young, C.R.; Lutz, R.A.; Vrijenhoek, R.C. Dispersal barriers and isolation among deep-sea mussel
populations (Mytilidae: Bathymodiolus) from eastern Pacific hydrothermal vents. Mol. Ecol. 2003, 12, 169-184.
[CrossRef]

Young, C.R.; Fujio, S.; Vrijenhoek, R.C. Directional dispersal between mid-ocean ridges: Deep-ocean
circulation and gene flow in Ridgeia piscesae. Mol. Ecol. 2008, 17, 1718-1731. [CrossRef]

Avila, S.P; Cardigos, F; Santos, R.S.D. Jodao de Castro Bank, a shallow water hydrothermal-vent in the
Azores: Checklist of the marine molluscs. Arquipélago Life Mar. Sci. 2004, 21, 75-80.

Fricke, H.; Giere, O,; Stetter, K.; Alfredsson, G.A.; Kristjansson, ] K.; Stoffers, P.; Svavarsson, J. Hydrothermal
vent communities at the shallow subpolar Mid-Atlantic ridge. Mar. Biol. 1989, 102, 425-429. [CrossRef]
Wishner, K.F; Sigurdsson, H.; Carey, S.; Smith, D.C.; Staroscik, A.; Shepherd, ].B.; Wilson, W.D.; Lundin, S.
Biology of hydrothermal vents on Kick’em Jenny Volcano in the Caribbean. Oceanography 2003, 28, 38—49.
Sotomayor-Garcia, A.; Rueda, J.L.; Sanchez-Guillamoén, O.; Vazquez, J.T,; Palomino, D.; Ferndndez-Salas, L.M.;
Loépez-Gonzalez, N.; Gonzalez-Porto, M.; Urra, ].; Santana-Casiano, M.; et al. Geomophic features, main habitats
and associated biota on and around the newly formed Tagoro submarine volcano, Canary Islands. In GeoHab
Atlas, 2nd ed.; Elsevier Inc.: Amsterdam, The Netherlands, 2019.

Somoza, L.; Gonzalez, FJ.; Barker, S.J.; Madureira, P.; Medialdea, T.; De Ignacio, C.; Lourenzo, N.; Leén, R.;
Vazquez, ].T.; Palomino, D. Evolution of submarine eruptive activity during the 2011-2012 El Hierro event
as documented by hydroacoustic images and remotely operated vehicle observations. Geochem. Geophys.
Geosyst. 2017, 18, 3109-3137. [CrossRef]

Tomascik, T.; Van Woesik, R.; Mah, A.]. Rapid coral colonization of a recent lava flow following a volcanic
eruption, Banda Islands, Indonesia. Coral Reefs 1996, 15, 169-175. [CrossRef]

Jewett, S.C.; Bodkin, J.L.; Cheelot, H.; Esslinger, G.G.; Hoberg, M.K. The nearshore benthic community
of Kasatochi Island, one year after the 2008 volcanic eruption. Arct. Antarct. Alp. Res. 2010, 42, 315-324.
[CrossRef]

Bollard, S.; Pinault, M.; Quod, ]J.P; Boissin, E.; Hemery, L.; Conand, C. Biodiversity of echinoderms on
underwater lava flows with different ages, from the Piton de La Fournaise (Reunion Island, Indian Ocean).
Cah. Biol. Mar. 2013, 54, 491-497.

Resing, J.A.; Rubin, K.H.; Embley, RW.; Lupton, J.E.; Baker, E.T.; Dziak, R.P.; Baymberger, T.; Lilley, M.D.;
Huber, J.A.; Shank, T.M.; et al. Active submarine eruption of boninite in the northeastern Lau Basin.
Nat. Geosci. 2011, 4, 799-806. [CrossRef]

Baumberger, T.; Lilley, M.D.; Resing, ].A.; Lupton, J.E.; Baker, E.T.; Butterfield, D.A.; Olson, EJ.; Frith-Green, G.L.
Understanding a submarine eruption through time series hydrothermal plume sampling of dissolved and
particulate constituents: West Mata, 2008-2012. Geochem. Geophys. Geosyst. 2014, 15, 4631-4650. [CrossRef]
Resing, J.A.; Lebon, G.; Baker, E.T.; Lupton, J.E.; Embley, RW.; Massoth, G.J.; Chadwick, W.W.; De
Ronde, C.E.J. Venting of acid-sulfate fluids in a high-sulfidation setting at NW Rota-1 submarine volcano on
the Mariana Arc. Econ. Geol. 2007, 102, 1047-1061. [CrossRef]

Kritzer, ].P.; Sale, P.F. Marine Metapopulations, 1st ed.; Elsevier Academic Press: Burlington, NJ, USA, 2006;
ISBN 9780120887811.


https://www.indemares.es/sites/default/files/informe_final_ieo_en_el_sur_de_fuerteventura.pdf
https://www.indemares.es/sites/default/files/informe_final_ieo_en_el_sur_de_fuerteventura.pdf
http://dx.doi.org/10.5670/oceanog.2010.65
http://dx.doi.org/10.1038/nature01824
http://www.ncbi.nlm.nih.gov/pubmed/12891356
http://dx.doi.org/10.5670/oceanog.2007.31
http://dx.doi.org/10.1073/pnas.0913187107
http://dx.doi.org/10.1007/s00227-010-1550-1
http://dx.doi.org/10.1046/j.1365-294X.2003.01726.x
http://dx.doi.org/10.1111/j.1365-294X.2008.03609.x
http://dx.doi.org/10.1007/BF00428495
http://dx.doi.org/10.1002/2016GC006733
http://dx.doi.org/10.1007/BF01145887
http://dx.doi.org/10.1657/1938-4246-42.3.315
http://dx.doi.org/10.1038/ngeo1275
http://dx.doi.org/10.1002/2014GC005460
http://dx.doi.org/10.2113/gsecongeo.102.6.1047

Geosciences 2019, 9, 52 20 of 21

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.
56.

Cowen, R.K.; Gawarkiewicz, G.; Pineda, J.; Thorrold, S.R.; Werner, FE. Population connectivity in marine
systems an overview. Oceanography 2007, 20, 14-21. [CrossRef]

Hastings, A.; Botsford, L.W. Persistence of spatial populations depends on returning home. Proc. Natl. Acad.
Sci. USA 2006, 103, 6067-6072. [CrossRef] [PubMed]

Alvarez-Valero, AM.; Burgess, R.; Recio, C.; de Matos, V.; Sanchez-Guillamén, O.; Gémez-Ballesteros, M.;
Recio, G.; Fraile-Nuez, E.; Sumino, H.; Flores, ]J.A.; et al. Noble gas signals in corals predict submarine
volcanic eruptions. Chem. Geol. 2017, 480, 28-34. [CrossRef]

Wagner, D.; Luck, D.G.; Toonen, R.J. The biology and ecology of black corals (Cnidaria: Anthozoa:
Hexacorallia: Antipatharia). Adv. Mar. Biol. 2012, 63, 67-132. [CrossRef] [PubMed]

Cardigos, F; Colago, A.; Dando, PR,; Avila, S.P; Sarradin, PM.; Tempera, F.; Conceicao, P; Pascoal, A.;
Santos, R.S. Shallow water hydrothermal vent field fluids and communities of the D. Joao de Castro Seamount
(Azores). Chem. Geol. 2005, 224, 153-168. [CrossRef]

Couto, R.P; Rodrigues, A.S.; Neto, A.L. Shallow-water hydrothermal vents in the Azores (Portugal). J. Int.
Coast. Z Man 2015, 15, 495-505. [CrossRef]

Avila, S.P; Cardigos, F.; Santos, R.S. Comparison of the community structure of the marine molluscs of the
“Banco D. Joao de Castro” seamount (Azores, Portugal) with that of typical inshore habitats on the Azores
archipelago. Helgol. Mar. Res. 2007, 61, 43-53. [CrossRef]

Cowen, R.K.; Sponaugle, S. Larval dispersal and marine population connectivity. Annu. Rev. Mar. Sci.
2009, 1, 443-466. [CrossRef]

Cowen, RK,; Lwiza, KM.M.; Sponaugle, S.; Paris, C.B.; Olson, D.B. Connectivity of marine populations:
Open or closed? Science 2000, 287, 857-859. [CrossRef]

Shanks, A.L. Pelagic larval duration and dispersal distance revisited. Biol. Bull. 2009, 216, 373-385. [CrossRef]
Steneck, R.; Paris, C.; Arnold, S.; Ablan-Lagman, M.; Alcala, A.; Butler, M.; McCook, L.; Russ, G.; Sale, P.
Thinking and managing outside the box: Coalescing connectivity networks to build region-wide resilience
in coral reef ecosystems. Coral Reefs 2009, 28, 367-378. [CrossRef]

Treml, E.A.; Roberts, ].J.; Chao, Y.; Halpin, PN.; Possingham, H.P,; Riginos, C. Reproductive output and
duration of the pelagic larval stage determine seascape-wide connectivity of marine populations. Integr. Comp.
Biol. 2012, 52, 525-537. [CrossRef] [PubMed]

Bradbury, L.R; Laurel, B.; Snelgrove, P.V.R.; Bentzen, P.; Campana, S.E. Global patterns in marine dispersal
estimates: The influence of geography, taxonomic category and life history. Proc. R. Soc. Lond. Ser. B
2008, 275, 1803-1809. [CrossRef] [PubMed]

Riginos, C.; Douglas, K.E.; Jin, Y.; Shanahan, D.F,; Treml, E.A. Effects of geography and life history traits on
genetic differentiation in benthic marine fishes. Ecography 2011, 34, 566-575. [CrossRef]

Gaines, S.; Roughgarden, J. Larval settlement rate: A leading determinant of structure in an ecological
community of the marine intertidal zone. Proc. Natl. Acad. Sci. USA 1985, 82, 3707-3711. [CrossRef]
Dunstan, PK.; Johnson, C.R. Spatio-temporal variation in coral recruitment at different scales on Heron Reef,
southern Great Barrier Reef. Coral Reefs 1998, 17, 71-81. [CrossRef]

Hernandez, ].M.; Rolén, E.; Swinnen, E; Gémez, R.; Pérez, .M. Moluscos y conchas marinas de Canarias:
Solenogastres, Caudofoveata, Polyplacophora, Gastropoda, Bivalvia, Cephalopoda y Scaphopoda; ConchBooks:
Hackenheim, Germay, 2011; ISBN 978-3-939767-36-7.

Sousa, R.; Henriques, P.; Biscoito, M.; Pinto, A.R.; Delgado, J.; Dellinger, T.; Gouveia, L.; Pinho, M.R.
Considerations on the Biology of Plesionika narval (Fabricius, 1787) in the Northeastern Atlantic. Turk. J. Fish.
Aquat. Sci. 2014, 14, 727-737. [CrossRef]

Sousa, R.; Pinho, M.R.; Delgado, J.; Pinto, A.R.; Biscoito, M.; Dellinger, T.; Henriques, P. Abundance and
population structure of Plesionika narval (Fabricius, 1787) in the Northeastern Atlantic. Braz. ]. Biol. 2018.
[CrossRef]

Snelgrove, P.V.R. Getting to the Bottom of Marine Biodiversity: Sedimentary Habitats: Ocean bottoms are
the most widespread habitat on Earth and support high biodiversity and key ecosystem services. BioScience
1999, 49, 129-138. [CrossRef]

Rouse, G.W,; Pleijel, F. Polychaetes; Oxford University Press: Oxford, UK, 2001; p. 354.

Universidad de las Palmas de Gran Canaria, Biblioteca Universitaria. Available online: https://mdc.ulpgc.
es/cdm/ref/collection/MDC/id /113158 (accessed on 5 April 2018).


http://dx.doi.org/10.5670/oceanog.2007.26
http://dx.doi.org/10.1073/pnas.0506651103
http://www.ncbi.nlm.nih.gov/pubmed/16608913
http://dx.doi.org/10.1016/j.chemgeo.2017.05.013
http://dx.doi.org/10.1016/B978-0-12-394282-1.00002-8
http://www.ncbi.nlm.nih.gov/pubmed/22877611
http://dx.doi.org/10.1016/j.chemgeo.2005.07.019
http://dx.doi.org/10.5894/rgci584
http://dx.doi.org/10.1007/s10152-006-0052-5
http://dx.doi.org/10.1146/annurev.marine.010908.163757
http://dx.doi.org/10.1126/science.287.5454.857
http://dx.doi.org/10.1086/BBLv216n3p373
http://dx.doi.org/10.1007/s00338-009-0470-3
http://dx.doi.org/10.1093/icb/ics101
http://www.ncbi.nlm.nih.gov/pubmed/22821585
http://dx.doi.org/10.1098/rspb.2008.0216
http://www.ncbi.nlm.nih.gov/pubmed/18445556
http://dx.doi.org/10.1111/j.1600-0587.2010.06511.x
http://dx.doi.org/10.1073/pnas.82.11.3707
http://dx.doi.org/10.1007/s003380050098
http://dx.doi.org/10.4194/1303-2712-v14_3_15
http://dx.doi.org/10.1590/1519-6984.179610
http://dx.doi.org/10.2307/1313538
https://mdc.ulpgc.es/cdm/ref/collection/MDC/id/113158
https://mdc.ulpgc.es/cdm/ref/collection/MDC/id/113158

Geosciences 2019, 9, 52 21 of 21

57.

58.
59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.
70.

Lawrence, M.J.; Jangoux, M. Cidaroids. Developments in Aquaculture and Fisheries Science. In Sea Urchins:
Biology and Ecology; Lawrence, ].M., Ed.; Elsevier: Amsterdam, The Netherlands, 2013; Volume 38, pp. 225-242.
ISBN 9780080465586.

Jones, C.G.; Lawton, ].H.; Shachak, M. Organisms as ecosystem engineers. Oikos 1994, 69, 373-386. [CrossRef]
Collie, J.S.; Escanero, G.A.; Valentine, P.C. Effects of bottom fishing on the benthic megafauna of Georges
Bank. Mar. Ecol. Prog. Ser. 1997, 155, 159-172. [CrossRef]

Kaiser, M.J.; Cheney, K.; Spence, EE.; Edwards, D.B.; Radford, K. Fishing effects in northeast Atlantic shelf
seas: Patterns in fishing effort, diversity and community structure VII. The effects of trawling disturbance on
the fauna associated with the tubeheads of serpulid worms. Fish. Res. 1999, 40, 195-205. [CrossRef]

Rowe, G.T.; Menzies, R.J. Zonation of large benthic invertebrates in the deep-sea off the Carolinas. Deep Sea
Res. Oceanogr. Abstr. 1969, 16, 531-537. [CrossRef]

Young, C.M.; Tyler, P.A.; Gage, ].D. Vertical distribution correlates with pressure tolerances of early embryos
in the deep-sea asteroid Plutonaster bifrons. ]. Mar. Biol. Assoc. UK 1996, 76, 749-757. [CrossRef]

Lampitt, R.S.; Billett, D.5.M.; Rice, A.L. Biomass of the invertebrate megabenthos from 500 to 4100 m in the
northeast Atlantic Ocean. Mar. Biol. 1986, 93, 69-81. [CrossRef]

Rice, A.L.; Thurston, M.-H.; New, A.L. Dense aggregations of a hexactinellid sponge, Pheronema carpenteri, in
the Porcupine Seabight (northeast Atlantic Ocean), and possible causes. Prog. Oceanogr. 1990, 24, 179-196.
[CrossRef]

Aedrich, R.L.; Rowe, G.T.; Polloni, P.T. Zonation and faunal composition of epibenthic populations on the
continental slope south of New England. J. Mar. Res. 1975, 33, 191-212.

Cartes, J.E.; Carrasson, M. Influence of trophic variables on the depth-range distributions and zonation rates
of deep-sea megafauna: The case of the Western Mediterranean assemblages. Deep Sea Res. Part I Oceanogr.
Res. Pap. 2004, 51, 263-279. [CrossRef]

Bergmann, M.; Dannheim, J.; Bauerfeind, E.; Klages, M. Trophic relationships along a bathymetric gradient
at the deep-sea observatory HAUSGARTEN. Deep Sea Res. Part I Oceanogr. Res. Pap. 2009, 56, 408—424.
[CrossRef]

Gori, A.; Rossi, S.; Berganzo, E.; Pretus, J.L.; Dale, M.R.; Gili, ].M. Spatial distribution patterns of the
gorgonians Eunicella singularis, Paramuricea clavata, and Leptogorgia sarmentosa (Cape of Creus, Northwestern
Mediterranean Sea). Mar. Biol. 2011, 158, 143-158. [CrossRef]

Billett, D.S.M. Deep-sea holothurians. Oceanogr. Mar. Biol. 1991, 29, 259-317.

[llian, J.; Penttinen, A.; Stoyan, H.; Stoyan, D. Statistical Analysis and Modelling of Spatial Point Patterns; Wiley:
Chichester, UK, 2008; p. 560. ISBN 9780470014912.

@ © 2019 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.2307/3545850
http://dx.doi.org/10.3354/meps155159
http://dx.doi.org/10.1016/S0165-7836(98)00212-4
http://dx.doi.org/10.1016/0011-7471(69)90041-2
http://dx.doi.org/10.1017/S002531540003143X
http://dx.doi.org/10.1007/BF00428656
http://dx.doi.org/10.1016/0079-6611(90)90029-2
http://dx.doi.org/10.1016/j.dsr.2003.10.001
http://dx.doi.org/10.1016/j.dsr.2008.10.004
http://dx.doi.org/10.1007/s00227-010-1548-8
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.
https://www.researchgate.net/publication/330509338

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

