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The role of habitat mosaics
on biological communities at
hydrothermal vents and their
periphery
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Hydrothermal vent fields harbour a heterogeneous seascape owing to complex topography and vent
fluid emissions, including in peripheral areas beyond active venting. At the Lucky Strike hydrothermal
vent field, a remotely operated vehicle was used to acquire two hectares of seabed imagery to evaluate
the role of environmental conditions on the structure and distribution of benthic communities. Our
analyses revealed that large and mature edifices are potential keystone structures supporting hotspots
of vent specialists (e.g., Bathymodiolus azoricus) and associated fauna (e.g., Zoanthidae). Higher
densities of mobile bathyal shrimps were found in slabs adjacent to active venting areas. Communities
occupying areas with lower hydrothermal exposure displayed significantly higher diversity than areas
located closer (<40 m) to vent emissions. Between 40 and 120 m from active sites, community diversity
was greatest on hard substrata dominated by sessile organisms—such as octocorals, Cladorhizid

and Hexactinellid sponges—in greater densities when these substrates were composed of basalt

with complex topography. While the gradient in hydrothermal exposure creates a spatial zonation

of benthic communities, abundance and diversity patterns remain locally conditioned by seabed
topography and substratum hardness. This interplay fosters a patchwork of faunal communities at

the decametre scale. These results underscore the complexity of designing surveys encompassing

the diversity of habitat conditions within the deep hydrothermal seascape. Although historically
overlooked, the diversity of distinct benthic communities beyond venting zones emphasises the
ecological significance and vulnerability of areas that could be targeted by mining.

Numerous studies have demonstrated the importance of the physico-chemical gradient created by the mixing
of the hot vent fluids and cold seawater to create a myriad of habitats in hydrothermal ecosystems. The fauna
occupies these habitats depending on their trophic need and tolerance to vent exposure, resulting in spatial
mosaic patterns of assemblages! . Typically, endemic vent species live close to fluid emissions emitted on active
sulphide structures or through fissures on the seafloor®. Theoretically, as the distance to the vent fluid increases,
conditions should become more favourable for the colonization of an outer, less adapted fauna, composed of
non-vent species®’. The few studies focusing on non-active areas showed that peripheral megafauna display
differences in composition and abundance compared to the observed regional faunal communities®, as a
response to hydrothermal primary productivity, through the export of prey, organic material and vent particles
swept away by enhanced advective currents®'°.

In addition, the nature of the substratum appears to influence habitat suitability for colonisation of sessile
organisms' 12, Hydrothermal vent fields typically harbour various geological features that create a complex spatial
arrangement of venting sites and inactive areas with a diverse range of substratum types'*!%. The interaction
of these environmental variables further contributes to enhance the heterogeneity and patchiness of benthic
habitats. Similarly to what is observed on vent edifices'®, the complex combination of environmental factors in
peripheral areas should lead to mosaic distribution patterns of megafaunal species over scales of hundred metres
to kilometre as suggested in the Pacific and Indian oceans!®!”. These particular areas matter from a conservation
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perspective, as they are typically associated with enhanced biodiversity'®. However, monitoring of seascape
mosaics requires survey systematics that capture the spatial dependencies at which different processes occur
and interact!®. The development of deep-sea observatories, and their regular maintenance cruises, contribute
to increase the time allocated to the standardised acquisition of optical images, thus facilitating the systematic
collection of inter-comparable seabed imagery*.

Since 2010, the Lucky Strike hydrothermal vent field, located on the Mid-Atlantic Ridge, hosts the EMSO-
Azores observatory, which lies within a Portuguese marine protected area. Lucky Strike is a basalt-hosted
hydrothermal field located on top of an axial volcano that displays a fossil lava lake surrounded by three volcanic
cones?b22. At the field-scale, several factors including the distribution of vent emissions, physico-chemical
conditions, nature of the substratum and hydrodynamics contribute to increase habitat heterogeneity!'>?324,
While an extensive ecological knowledge on vent fauna at active Lucky Strike sites is available, mapping of
peripheral megafaunal communities at this vent field has never been done. Interestingly, a recent environmental
DNA (eDNA) metabarcoding approach highlighted strong differentiation in biological communities between
active, inactive and peripheral habitats, with a much higher diversity in peripheral and inactive zones®.

Hereby, we take advantage of the extensive mapping effort deployed at Lucky Strike in 2018 and the systematic
sampling design developed (1) to map the hectare-scale distribution of vent and peripheral communities in two
extensive seafloor areas around active vents and (2) to assess the role of structuring factors (i.e., fluid composition,
hydrothermal exposure, substratum) and their interactions on the distribution of faunal communities.
Considering the potential for habitat heterogeneity and associated community mosaics, this ecological survey
serves as a basis to develop a deeper understanding on biodiversity patterns. This ecological understanding is
particularly timely as it can inform regulatory decisions and guide monitoring strategies designed to preserve
these environments, particularly in a contemporary context where mining of seafloor massive sulphide deposits
is gaining interest?.

Materials and methods

The image set was collected during the MOMARSAT 2018 cruise using the Remotely Operated Vehicle (ROV)
Victor6000 deployed from the research vessel LAtalante. Transect waypoints were positioned 1.8 m apart from
each other to encompass rectangular areas around active vent edifices. Two regions of the vent field, known to
represent different chemical domains?3, were explored: the south-west central (SWC) and south-east (SE) areas
(Fig. 1). These regions differ in terms of the geological setting of the vent sites, the SWC area located along
fissures next to the fossil lava lake, while the SE area is located in a topographically higher domain that has been
uplifted by normal faults?2. In terms of the fluid chemistry of the end member black smoker, fluids from the
SWC area have higher chlorine contents, while fluids from the SE area have lower Na, Ca, Br, K, Mn, Sr and LI
contents. These lower concentrations in the SE are consistent with their lower chlorinity, indicative of a larger
vapor to brine proportion than at the SWC sites?®. During the image acquisition, Victor6000 was flown at a
constant speed (~ 0.2 m s~ !) and altitude of 4 m above the seabed, and its downward-looking high-definition
OTUS camera®’ was set to automatically capture one .JPG image (4000 x 6000 pixels) every 3 s. Recordings of
an ultra-short baseline system (USBL), of a doppler velocity logger (DVL) and of a photonic inertial navigation
system (PHINS) were combined to optimise the accuracy of the ROV positioning on the seafloor.

The first step consisted in the screening of all images to manually discard the low-quality ones (i.e., blurred
or obscured). A set of non-overlapping images (n = 1626) was produced after reprojection of the image imprint
using an orthophoto tool involving intrinsic parameters of the OTUS camera and extrinsic parameters of the
ROV e.g,, altitude, pitch, roll, heading and X-Y navigation coordinates (MATISSE?® v.1.4.0). Using the default
settings of the MATISSE pre-processing tool, we applied contrast enhancement and colour correction on the
subset of non-overlapping images to correct for underwater light dissipation and non-uniform illumination.
In addition, the MATISSE orthophoto tool was used to create georeferenced scaled .tiff images to estimate their
areal imprint from which image resolution was estimated at 0.8 + 0.1 mm px~! (i + SD).

The non-overlapping images were uploaded on BIIGLE for manual annotations of biological features?. Vent
assemblages (i.e., aggregation of > 5 individuals) and microbial mat edges were detoured with polygons. Non-
aggregating vent and non-vent fauna were annotated individually. All annotations were re-evaluated using the
BIIGLE largo tool to gather organisms with similar morphology in groups identified to the lowest taxonomical
level possible, hereafter ‘morphotypes, following image-based specimen classification of Horton et al.*°.
Topographic complexity is expected in hydrothermal vent fields'?, which challenges body length measurement
with 2D images. To avoid potential uncontrolled bias in community composition among habitats, we did not
apply the 10 mm size cut-off, typically used to retain megafaunal annotation. Instead, we annotated all visible
fauna and retained morphotypes with a body length that confidently fell into the megafaunal size class. Due to
differences in annotation methodology between vent assemblage/microbial mat and individualised organisms,
abundances were measured with different units: areal cover and counts, respectively.

Each image was assigned a set of values representing environmental variables: (1) a site factor as a proxy
for distinct chemical domain?, (2) a distance factor from closest venting emission as a proxy for hydrothermal
exposure and (3) a seabed factor —of lithology- as a proxy for substratum properties (Table 1). Images were
discriminated between the SE and SWC sites to produce two areas (Fig. 1). Hydrothermal vent exposure was
approximated using the distance from the image barycentre to the closest venting area!? (Fig. 1). Venting
areas were delimited manually as polygons in QGIS (v.3.34), using the presence of hydrothermal minerals
and vent faunal assemblages observed from this study and from image mosaics of precedent surveys'>. Levels
of hydrothermal exposure were factorised as follows: within venting area, high [0, 20 m from venting area],
medium [20, 40 m] and low [40, 120 m]. Finally, the dominant seabed lithology (representing > 50% of image
areal coverage) was annotated in BIIGLE (i.e., sulphide deposits, indurated volcaniclastic deposits, hereafter
‘slab; basalt or volcaniclastic sediment). No images contained three or more substrata each occupying less than
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Fig. 1. Bathymetric map of the Lucky Strike hydrothermal vent field (WGS84), located on the Mid-Atlantic
Ridge. Imprints of seabed images are delimited with small black polygons. Hydrothermal edifices and

the closest venting areas to this study are indicated by red points and polygons, respectively. The location

of the different regions sampled is denoted with bold white text, with the south-west central area (SWC)
encompassing the Sapin, White Castle, South Crystal, Crystal and Pico active vent edifices, and the south-east
area (SE) containing the Montsegur, Cimendef and Eiffel Tower vent edifices. The upper right inset locates
Lucky Strike in the Atlantic Ocean.

s South-east (SE) 14,593 1020 110
ite
South-west central (SWC) 8743 606 67
Basalt 3061 201 24
Slab 12,917 910 98
Lithology
Sulphide deposits 3927 274 30
Volcaniclastic sediment 3431 241 26
Within 4972 347 38
High 9638 685 73
Hydrothermal exposure
Medium 6451 446 49
Low 2275 148 18

Table 1. Image footprint and image/tile number associated with environmental factors.

50% of the image area. Substratum labelling was expedited using a deep learning algorithm followed by visual
validation®L.

Sampling effort completeness was assessed using sample-size-based rarefaction curves with an ‘image’ (n +
SD: 14.35 + 3.84 m?) as the sample-based data and presence-absence community data, using the iNEXT package
(v.3.0.1)*2. Taxonomic diversity was computed with sample-size-based rarefaction curves with individual
morphospecies counted as the sampling unit. Rarefaction curves were extrapolated at 3000 images and individuals
to reach a representative sampling effort since approaching the theoretical asymptote of the curve. All rarefaction
curves were interpolated and extrapolated with a Hill number q =0 and q = 1, estimating the taxonomic richness
and Shannon diversity, respectively. Bootstrap 95% confidence intervals were computed for interpolated and
extrapolated rarefaction curves®. As a measure of community uniqueness, local contribution to p-diversity
(LCBD) was computed among substratum and vent exposure factors, using the sum of squares of Hellinger-
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transformed total morphospecies abundance randomly subsampled to an equal seabed area per environmental
factor (adespatial package)**3>. LCBD indices range between 0 and 1 being the maximum contribution to -
diversity. Holm-corrected significance of LCBD indices were assessed with random independent permutations
of morphotype abundances (n = 999)%.

Faunal densities were compared between each environmental factor. Since one image is not a statistically
representative unit of sampling, images were pooled into tiles accounting for 120-140 m? following Benoist et
al.’®. Images were pooled randomly to degrade any spatial autocorrelation that could contribute to the residual
variability'®. Bounds of the 95% confidence interval were computed using a Student’s t-Test. Pairwise differences
in densities were tested using a Tukey post hoc test.

Multivariate analyses were also performed by pooling neighbouring images into tiles of 120-140 m2.
Compared to univariate density analyses, we decided not to degrade spatial autocorrelation to capture community
transition occurring in potential ecotones. While site remained binary, substratum and vent exposure were
aggregated considering their relative areal proportion within a tile. A redundancy analysis (RDA; scaling = 1) was
computed on Hellinger-transformed faunal densities to disentangle the relative contribution of environmental
drivers on the variance of the community composition and tested with a permutation-based ANOVA-like test
(perm. = 999, function anova, vegan package, v.2.6.4)3°. Only significant RDA axes were retained for graphical
display (function triplo.rda)?’.

The ichthyofauna was excluded from biodiversity and abundance-based analyses because of their high
mobility enabling habitat occupancy beyond the scale of this study. Furthermore, biodiversity and abundance-
based analyses did not include vent assemblage and microbial mats because of unit differences. All analyses were
performed on R (v.4.3.2). Significance levels were computed at a=0.05.

Results
Habitat description
The Victor6000 ROV required 19 h to survey 23,336 m? of seabed with the collection of 1,626 non-overlapping
images (Table 1). Although sampling effort was expectedly unbalanced among factors, at least 18 tiles were
acquired per factor of seabed (Table 1).

The four types of substrata were encountered at both SWC and SE sites, predominantly including hard
substratum, with higher topographic complexity in basalts compared to sulphide deposits and slab (Table 1;
Fig. 2a—c). To a lesser extent, areas of softer substratum were also observed (i.e. volcaniclastic sediment; Table 1;

Fig. 2. Substrata observed at the Lucky Strike vent field: (a) basalt displaying a heterogeneous topography with
the presence of scree rubbles, (b) slab with the presence of brown iron-oxidising microbial mats, (c) sulphide
deposits covered by vent mussel assemblages of Bathymodiolus azoricus and white sulphur-oxidising microbial
mats, (d) volcaniclastic sediment with ripples. See geology definitions of substrata in'*.
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Fig. 2d). Except for the slab which extended over large and continuous areas, substratum formed patches of ~ 10
to 20 m in width and length (Supplementary Fig. 1).

Coverage of vent assemblages

The SE site hosted a four-fold larger coverage of vent-endemic mussel Bathymodiolus azoricus (80.3 m?) compared
to the SWC (18.3 m?; Table 2; Fig. 2¢). Bathymodiolus azoricus assemblages predominated over vent edifices and
their surroundings, in cracks (Supplementary Fig. 1). Dense aggregations of undescribed Zoanthidae gen. indet.
were found exclusively at the periphery of the mussel assemblages on the Eiffel Tower and Montsegur edifices
in the SE (27.6 m?% Table 2). Observable microbial communities were characterised by white or orange mats,
corresponding to sulphur or iron oxidising microorganisms, respectively (Table 2; Fig. 2b, c). Sulphur oxidising
mats covered 67.8 m? and 25.3 m? in the SE and SWC sites, respectively. Iron oxidising mats covered 166.9 m?
and 171.1 m?2 in the SE and SWC sites, respectively.

Community composition
A total of 3487 annotations of individual organisms were performed. Thirty-three morphotypes of metazoan
invertebrates were detected. They belonged to the phylum Annelida (2 morphotypes), Arthropoda (6), Mollusca
(1), Echinodermata (5), Cnidaria (16) and Porifera (3). Eleven morphotypes corresponded to singleton
observations and twelve occurred between 2 and 5 times. Nine morphotypes of metazoan invertebrates had an
abundance greater than 10 individuals (Fig. 3a-i). Dominant morphotypes were found with abundance >250
individuals and included sessile porifera belonging to the Hexactinellida class and Cladorizhidae family and
decapod shrimps (Fig. 3g-i). One protozoan morphotype of the phylum Foraminifera was detected (Fig. 3j).
Although excluded from analyses, the fish community included 10 morphotypes, dominated by Cataetyx
laticeps representing 46% of the 136 fish occurrences (Fig. 3k). Other observations consisted in other
morphotypes typically found at Lucky Strike*** including Gadiformes cods fam. indet., identified for some
observations as Gaidropsarus mauli and Nezumia sclerorhynchus, eel-like specimens, Polyacanthonotus rissoanus
and Synaphobranchus kaupii, and Chondrichtyes, with Hydrolagus pallidus and sporadic observations of
Elasmobranchii fam. indet. specimens.

Diversity

The image-based accumulation curve for q=0 suggested the sufficiency of the sampling effort with the curve
approaching an asymptotic richness value of 42 +8 morphospecies (Fig. 4a). Individual-based morphospecies
rarefaction curves showed no significant differences in richness (q=0) among communities discriminated by
site and hydrothermal exposure (Fig. 4b-d). Regarding substratum type, extrapolation at 3000 individuals
suggested that richness (q=0) reaches higher values in slab-associated communities than in volcaniclastic
sediment (Fig. 4c). The image-based accumulation curve for q=1 suggested the sufficiency of the sampling
effort with the curve reaching an asymptotic Shannon index of 4.9+0.3 (Fig. 4e). Differences in community
diversity became more apparent with a higher Hill's number (q=1), pointing out differences in community
evenness (Fig. 4f-h). Significant higher diversity (q=1) was observed in the south-west central site (SWC,
Fig. 4f). Volcaniclastic sediment exhibited significant lower diversity (q=1) than the rest of the substratum
types (Fig. 4g). Communities occupying areas with lower hydrothermal exposure displayed significantly higher
diversity (q=1) than areas located closer (<40 m) to vent emissions (Fig. 4h).

Local contribution to B-diversity was higher and significant for communities located within venting areas
(LCBD=0.56, p adj.=0.02), followed by low (LCBD=0.20), medium (0.15), and high (0.08) hydrothermal
exposure, although not significant. Local contribution to -diversity was higher and significant for communities
located over sulphide deposits (LCBD =0.51, p adj.=0.02). Local contribution to B-diversity was not significant
for basalt (LCBD =0.24), volcaniclastic sediments (0.19) and slab (0.06).

Habitat factor B. azoricus | Zoanthidae gen. indet. | Sulphur oxidising mat | Iron oxidising mat
Site

South-east 80.3 27.6 100.7 166.9
South-west central 183 0.0 30.2 171.1
Substratum

Basalt 0.3 0.0 0.3 8.2
Slab 0.4 0.7 7.1 225.1
Sulphide deposits 97.9 26.9 123.5 96.8
Volcaniclastic sediment | 0.0 0.0 0.0 7.9
Hydrothermal exposure

Within 97.2 26.9 125.4 122.4
High 14 0.73 5.4 118.2
Medium 0.0 0.0 0.1 88.6
Low 0.0 0.0 0.0 19.8

Table 2. Distribution of areal coverage [m?] of vent faunal assemblages and microbial mats.
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Fig. 3. The nine most abundant morphospecies observed at Lucky Strike (> 10 individuals). (a) Actiniaria fam.
indet. (n=10) (b) Echinoidea order indet. (n=11) (c) Pycnogonida gen. indet. (n=18) (d) Blue Octocorallia
order indet. (n=35) (e) Demospongiae order indet. (n=49) (f) Segonzacia mesatlantica (n=121) in assemblage
of Bathymodiolus azoricus (g) Hexactinellid order indet. (n=278) (h) Arborescent Cladorhizidae gen. indet.
(n=348) (i) Decapoda fam. indet. shrimp (n=1,713) (j) Arboramminid foraminifera sp. aff. Luffammina
atlantica (n=3834) (k). Cataetyx laticeps fish (n=62).

Densities

Excluding foraminifera, metazoan densities reached on average 0.12 ind.m~2 with a high degree of variability
among images, ranging from 0 to 2.17 ind.m~? with a standard deviation of 0.17 ind.m™?. Phylum-based
densities pointed out significantly higher densities of Porifera and Cnidaria in the SWC area, consisting mainly
of anemones and soft corals (Fig. 5a). Higher densities of Arthropoda were found on slab and basaltic areas
compared to sulphide deposits and volcaniclastic sediments (Fig. 5b; see Supplementary Table 1 for details on
statistical results). Furthermore, Arthropoda had significantly lower densities in active venting areas (Fig. 5¢).
Cnidaria had significantly higher densities on basalt compared to the other substrata. Cnidaria also harboured
higher densities at low hydrothermal exposure (Fig. 5¢). Porifera densities were higher on basalt, followed by
slab (Fig. 5b), with significantly lower densities within active venting areas, and higher in lower hydrothermal
exposure, compared to medium and high venting exposures (Fig. 5¢). Foraminifera were significantly denser
on sulphide deposits than any other substratum, and to a lower extent on slab than on volcaniclastic sediment
(Fig. 5b). Similarly, they clustered more densely within active areas (Fig. 5¢). Some phyla like Annelida,
Echinodermata and Mollusca displayed low densities (<0.01 ind.m?) and no significant remarkable aggregation
were observed, except for Annelida that were significantly denser (1073 ind.m™2) under low exposure conditions
(Fig. 5¢).

Drivers of community composition

The first two axes of the RDA performed on the 184 tiles covering in average 126.8 m? explained together
28.1% of the variance (Fig. 6a). The first axis of the RDA was significant (F, |,.=54.4, p=0.001) and separated
S. mesatlantica and Arboramminid foraminifera, that dominated sulphide deposit habitats, from the rest of
the morphotypes populating areas outside hydrothermal venting areas (Fig. 6a). The second RDA axis was
also significant (F, ,,, = 17.5, p=0.001) and depicted a spatial zonation among substrata interacting with vent
exposure. High densities of red bathyal shrimps were found in high exposure and slab areas (Fig. 6a) and were
segregated from Hexactinellid order indet. associated with medium exposure areas. In lower venting areas, blue
Octocorallia order indet., Cladorhizidae gen. indet. and Hexactinellida order indet. were found in high densities
when associated to the basaltic seabed (Fig. 6). Excluding volcaniclastic sediment as a covariate, all substrata
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Fig. 4. Image-based accumulation and individual-based rarefaction curves considering two Hill's numbers:
panels (a-d), q=0 (i.e., morphotypes richness); and (e-h), q=1 (i.e., Shannon index). Rarefaction curves were
computed for the entire image set (a—e), by site (b-f), substrata (c-g) and hydrothermal exposure (d-h). A
single image represents on average 14.35 m? Extrapolation was made at 3000 images and individuals (thick
dash lines). Significant differences are delineated with 95% confidence intervals (thin dash lines; perm. = 999).
were significant including basalt (F, |, = 17.4, p=0.001), sulphide deposits (F, - = 48.7, p=0.001) and slab
(F) 176 = 4.2, p=0.004). Excluding areas within vent emission as a covariate, significance was found for high
exposure (F, .. = 2.9, p=0.021), but not for medium (F, .. = 2.1, p=0.069) and low (F, .. = 2.7, p=0.073)
exposures. The influence of the site was significant (F, ,,; = 2.4, p=0.038), with lower densities of basalt-hosted
organisms found in the SE area. No clear clustering was observed which depicts the gradient in morphotypes
composition along the levels of hydrothermal exposure.
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Fig. 5. Barplots of phylum densities computed from tiles in which seabed images were pooled randomly
(see Table 2). Panels present independent results of the effect of (a) site, (b) substratum and (c) hydrothermal
exposure. Different letters on top of barplots indicate significant density differences using a Tukey post hoc
test (see Supplementary Table 1). Whiskers indicate bounds of the 95% confidence interval computed with a
Student’s t-test.

Discussion

Using an extensive seabed imaging effort, this study has successfully described the distribution patterns of the
benthic fauna in venting and peripheral areas. We attempted to further disentangle the relative contribution
of habitat variables on the community composition. Firstly, we detected the presence of potential keystone
structures for vent assemblages associated with distinct sites. Secondly, we highlighted how the interaction
between hydrothermal exposure and substratum types influences community structure up to 120 m from active
venting areas.

Potential for keystone structures

The vent endemic mussel Bathymodiolus azoricus was found in both sites located in distinct sites?, albeit with
different coverages; the absolute cover at SWC being four times smaller than at SE (80 m?). When making it
relative to the proportion of imaged seabed, the mussel cover at SWC remains 2.5 times smaller than at SE.
Furthermore, the cover measurements at the SE area were underestimated since the vertical walls of the Eiffel
Tower edifice were not imaged (Supplementary Fig. 1), despite hosting extensive mussel assemblages (270 m?;°).
The greater cover observed in the SE may be linked to variations in the fluid composition between the two sites
and their distinct chemical domains®®, which affects physicochemical conditions such as differences in metal
speciation and partitioning*#2. In turn, this can influence the physiology and distribution of B. azoricus**-%.
Indeed, this species benefits from a dual symbiosis with sulphide- and methane-oxidizing bacteria® which
can vary according to local environmental conditions. Variations in sulphur and methane concentrations
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Fig. 6. Multivariate analyses to assess the influence of environmental drivers on community composition.
Biplot of the first two axes derived from a redundancy analysis (RDA), explaining 21.3% and 6.8% of the
variance, respectively. Explanatory and response variables were coloured in blue and red, respectively. Only
morphotypes with a goodness of fit>0.1 were drawn for plot clarity.

could therefore explain variations in mussel coverage®’, as these mussels appear to rely more heavily on their
methanotrophic endosymbionts as they become larger®®. At the SWC area, this could potentially result in a more
restricted niche breadth of conditions favourable to B. azoricus and its associated symbionts, resulting in lower
mussel cover compared to the SE area.

Alternatively, the development of mussel assemblages might be facilitated by the geomorphology of vent
edifices, and particularly by the presence of complex structures as the Eiffel Tower edifice®. At the SWC area,
edifices lacking a sulphide talus extend over smaller surfaces (i.e. < 20 m?) and harbour a few black smokers on
their summits'>!. These edifices are typically considered young, friable and ‘immature’’>*. As they consolidate
and, as the talus expands in size and width, ‘mature’ sulphide edifices will harbour more diffuse outflows at their
base, since permeability decreases on the top of the edifice®, like in the SE area. There, edifices like Montsegur
and Eiffel Tower form larger structures (i.e. 50-250 m?) with abundant diffuse outflows extending at their bases
and periphery!®!44%50, Therefore, these consolidated edifices provide larger surfaces exposed to the vent fluid
rising from cracks and diffuse outflows scattered at the edifice base and bathing vent-obligate species on the
edifice walls with the buoyant vent fluid®*°!. The large area of seabed suitable for vent fauna colonisation on the
talus and their peripheries thus considerably increases the carrying capacity of these edifices, which explains the
presence of vent assemblage ‘hotspots’ at the SE area of Lucky Strike. Hence, by providing an extended access
to resources and a stable and consolidated habitat for colonisation, we therefore hypothesise that such edifices
could be specifically considered ‘keystone structure’ for the vent fauna®. Even, the low regime of disturbance
at these edifices has been linked to the climax stage of this extensive cover of B. azoricus®. As large and stable
populations are typical descriptors of source populations of larvae®, they hold potential to significantly
contribute to the maintenance of the metapopulation at the larger scale of the northern MAR. Considering this,
conservation practices should draw a particular focus on the preservation of keystone structures concentrating

endemic communities, especially when intending to mitigate ecological disruption of anthropogenic pressures™.

Assemblage mosaics

Vent-endemic morphotypes were found as far as 20 m away from venting areas. This is the case of the foraminifera
Luffamina atlantica, a genus typically observed within venting emission areas such as at the Rainbow vent
field in the MAR™, and the Bythograeid crab Segonzacia mesatlantica, typically associated with mussel bed
assemblages. Furthermore, dense aggregations of undescribed Zoanthidae gen. indet. were restricted to the
vicinity of vent mussel assemblages at the Eiffel Tower and Montsegur edifices (see Fig. 2b in*). It remains
unclear if the differences in end-member chemistry can explain zoanthid absence from the SWC area?’, as a
result of a possible lack of tolerance to particular chemical concentrations. Alternatively, the presence of large
assemblages could be facilitated by the availability of larger areas of stabler substrata located in low exposure
areas at the base and peripheral zones in the SE area. High supply of food derived from the large mussel
assemblages could also contribute to zoanthid success in the SE area. Dense zoanthid aggregations have been
detected in other vent peripheries, like at the Tiancheng vent field in the Indian Ocean and the Tow Cam vent
field in the south-west Pacific Ocean!%, although their small size (~ 1 cm) could explain their scarcity from
imagery observations. The presence of dense clusters of zoanthids provides an opportunity to investigate the
adaptations and energy transfer pathways from chemosynthetic environments with high primary productivity to
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Hexacorallian specimens, including chemoautotrophic microbial associations recently highlighted in octocorals
and actiniarians®.

It is well established that the toxicity of vent fluids excludes species that are not adapted to such conditions,
resulting in a marked shift in community composition at the outer periphery of venting area®. In our study,
this shift was observed within 20 m from venting activity. Beyond that point, megafaunal community was
characterised by ~ 30 morphotypes dominated either by deep-sea shrimps or by actiniarians, alcyonaceans
and poriferans. Peripheral community composition was not sensitive to differences in the end-member fluid
composition between the SE and SWC areas?’, which is consistent with the similar composition observed in
macrofaunal communities across Lucky Strike®!. Overall, differences in vent fluid composition should become
negligible as the vent fluid dilutes in the water column, as suggested by similar chemical concentrations in diffuse
vent fluid between the White Castle (SWC) and the Eiffel Tower (SE) edifices. However, the spatial distance from
venting activity was associated with a negative correlation of sessile fauna density (i.e., porifera and cnidaria),
probably linked to the decreasing stressing conditions as vent exposure declines>*>-%. An opposite trend was
observed for mobile taxa, like shrimps, possibly feeding opportunistically on organic matter derived from vent
primary productivity!”%. This not only demonstrates that hydrothermal outflows create strong metre-scale
zonation beyond areas of vent emission, but also that species react differently to stressing conditions due to
specific functional traits (e.g., mobility) and physiological tolerance!>.

Outside venting areas, substrata and vent exposure strongly influence the distribution of sessile organisms
which is a pattern observed in vent fields of the Pacific and Indian oceans'>!”. Firstly, hard substratum (i.e. slab
and basalt) hosted significantly higher faunal density and diversity than the soft volcaniclastic sediments. Soft
sediment, typically building up around active vents®, can have a negative influence on the sessile fauna since
most species require a stable and hard substratum for sustainable anchorage®. Secondly, the basaltic habitat
supported higher densities of suspension feeders including—blue octocorals and Hexactinellid glass sponges,
and carnivorous Cladorhizids—but not necessarily a higher diversity. Basaltic substrata have a boulder-like
geomorphology that is associated with higher topographic complexity than the slab, potentially contributing
to enhance local hydrodynamics and exposure to food particles, as inferred at other vent fields!!? and other
environments such as seamounts or submarine canyons®”*%, while providing a shelter from direct vent exposure®.
While not evaluated in this study, bottom currents can interact with terrain orientation and topography affecting
the extent of vent influence?* and plume exposure in a more complex way than just the distance from active
venting. This process could account for the higher faunal density and diversity observed in basaltic areas. But
because of the dynamic nature of current speed and direction, computing cumulative exposure to vents requires
numerical modelling as well as the integration of oceanographic, geophysical and geochemical processes®. Such
an approach could bring valuable insight in processes affecting the distribution of peripheral fauna across the
various habitats.

Implications for vent ecology and conservation

As this study is limited by spatial coverage and image resolution, diversity indices are likely underestimated.
Expanded imaging across a broader range of environmental conditions is needed to better evaluate the spatial
extent of hydrothermal influence at Lucky Strike”’. Habitat diversity and inactive hydrothermal features should
also be considered to obtain a more complete catalogue of benthic megafauna as rare morphotypes remained
commonly observed!>!*7!, Limited imaging coverage (up to 120 m from vents) may underestimate distal vent
influence, which can be detected up to a kilometre via chemosynthesis-derived material®®. In addition, image-
based classification introduces taxonomic uncertainty, further underestimating biodiversity’?, especially for
peripheral fauna historically less described than iconic vent species’. Sampling to improve species description
in peripheral areas is essential to robustly identify zonation patterns and standardise community comparisons.

Despite inherent limitations, our imagery sampling was designed specifically to disentangle the relative
importance of a combination of independent variables forming a mosaic of habitats structuring communities
in and around hydrothermal vents. We observed that biological diversity is influenced by the fine scales (10-20
m) of habitat heterogeneity shaped by interacting variables, like environmental gradients (e.g., vent exposure),
habitat suitability that conditions settlement (e.g., substratum hardness) and food exposure (e.g., topographic
complexity), in addition to the sporadic presence of keystone structures like large, consolidated and possibly,
mature vent edifices. Our study also underlined specific distribution patterns, supposedly influenced by their
ecological traits (such as mobility or feeding strategy) which ultimately drives differences in community
structure®®. The diversity of environmental drivers and interactions, along with faunal responses, creates a
patchwork of habitats driving the observed mosaic distribution of vent and peripheral assemblages.

This study demonstrated how biodiversity at a hydrothermal vent field is maintained and even enhanced
by multiscale processes. Interactions of non-linear processes (e.g., vent fluid dilution, substratum distribution)
also pointed out the complexity of mapping the fine-scale mosaic of habitats, that characterises the sphere
of hydrothermal influence’®. Although the development of autonomous underwater vehicles holds potential
for extensive and multiscale imagery’*”>, the fine-scale mosaics of communities present challenges for the
establishment of area-based conservation strategies to manage anthropogenic activities like deep-sea mining.
One example is the monitoring of an impacted zone before and after disturbance compared to a preserved
one’®””. Some authors expressed concerns about our limited ability to identify a reference zone that accurately
represents the impacted area, due to the patchiness and heterogeneity of the habitat along with the presence
of sporadic keystone structures'®’®”. In fact, these characteristics contribute to the uniqueness of faunal
communities at and around active vents, which we showed to vary at decametre scales. Hence, characterising
the spatial structure to define areas of interest for management requires large-scale sampling effort, along-side
high-resolution approaches to capture the full range of biological and geological featured over the vent field (~
km?) and to match the spatial extent of a commercial mining disturbance.
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Currently, planning of seafloor massive sulphide (SMS) mining considers extraction in inactive areas
to avoid direct damage to vent-endemic fauna. Therefore, particular attention should be drawn to filling the
gap in ecological knowledge of these SMS communities. Our observations complement those made in the
nascent body of literature on inactive vent ecology, which increasingly demonstrates higher biodiversity levels
with compositionally distinct—and in some cases unique—communities occurring at inactive and peripheral
vent habitats, despite limited taxonomic resolution to date!>1%7°. Our results complement growing scientific
evidence that does not support the assumption of inactive hydrothermal vents representing low-biodiversity or
ecologically marginal systems. Instead, inactive vents host diverse assemblages potentially sustained by residual
chemosynthetic processes and characterized by species compositions distinct from those at active vents. As such,
proposals that prioritize inactive vent fields for mineral extraction cannot be justified by assuming a reduced
ecological value given their high biodiversity, specific ecological functions, and potential uniqueness’®”’. Failure
to acknowledge this would lead to risk irreversible loss of poorly known but ecologically significant deep-sea
communities.

Data availability

Raw images and all annotation data are openly accessible under the DOIs [10.17882/95015](https:/doi.
org/10.17882/95015) and [10.17882/106554] (https:/doi.org/10.17882/106554) on SEANOE. Spatial distribution
of active assemblages are provided in Supplementary Material. R scripts and processed data to compute ecolog-
ical analyses and Tukey *post hoc* test results are supplemented to this paper.

Received: 23 May 2025; Accepted: 5 February 2026
Published online: 18 February 2026

References

1. Levesque, C., Juniper, S. K. & Marcus, J. Food resource partitioning and competition among Alvinellid polychaetes of Juan de fuca
ridge hydrothermal vents. Mar. Ecol. Prog. Ser. 246, 173-182. https://doi.org/10.3354/MEPS246173 (2003).

2. Bergquist, D. C. et al. Using stable isotopes and quantitative community characteristics to determine a local hydrothermal vent
food web. Mar. Ecol. Prog. Ser. 330, 49-65. https://doi.org/10.3354/meps330049 (2007).

3. Moore, T. S., Shank, T. M., Nuzzio, D. B. & Luther, G. W. Time-series chemical and temperature habitat characterization of diffuse
flow hydrothermal sites at 9°50'N East Pacific rise. Deep Sea Res. Part II. 56, 1616-1621. https://doi.org/10.1016/j.dsr2.2009.05.008
(2009).

4. Podowski, E. L., Moore, T. S., Zelnio, K. A., Luther, G. W. & Fisher, C. R. Distribution of diffuse flow megafauna in two sites on the
Eastern Lau spreading Center, Tonga. Deep Sea Res. Part I. 56, 2041-2056. https://doi.org/10.1016/j.dsr.2009.07.002 (2009).

5. Kim, S. & Hammerstrom, K. Hydrothermal vent community zonation along environmental gradients at the Lau back-arc spreading
center. Deep Sea Res. Part I. 62, 10-19. https://doi.org/10.1016/j.dsr.2011.12.010 (2012).

6. Copley, J. T. P. et al. Subannual Temporal variation in faunal distributions at the TAG hydrothermal mound (26°N, Mid-Atlantic
Ridge). Mar. Ecol. 20, 291-306. https://doi.org/10.1046/j.1439-0485.1999.2034076.x (1999).

7. Marcus, J. & Tunnicliffe, V. Living on the edges of diffuse vents on the Juan de fuca ridge. Cah. Biol. Mar. 43, 263-266 (2002).

8. Arquit, A. M. Geological and hydrothermal controls on the distribution of megafauna in ashes vent Field, Juan de fuca ridge. J.
Geophys. Research: Solid Earth. 95, 12947-12960. https://doi.org/10.1029/JB095iB08p12947 (1990).

9. Erickson, K. L., Macko, S. A. & Van Dover, C. L. Evidence for a chemoautotrophically based food web at inactive hydrothermal
vents (Manus Basin). Deep Sea Res. Part I1. 56, 1577-1585. https://doi.org/10.1016/j.dsr2.2009.05.002 (2009).

10. Galkin, S. V. Megafauna associated with hydrothermal vents in the manus Back-Arc basin (Bismarck Sea). Mar. Geol. 142, 197-
206. https://doi.org/10.1016/50025-3227(97)00051-0 (1997).

11. Sen, A. et al. Peripheral communities of the Eastern Lau spreading center and Valu Fa ridge: Community composition, temporal
change and comparison to near-vent communities. Mar. Ecol. 37, 599-617. https://doi.org/10.1111/maec.12313 (2016).

12. Neufeld, M., Metaxas, A. & Jamieson, J. W. Non-Vent megafaunal communities on the endeavour and middle Valley segments of
the Juan de fuca Ridge, Northeast Pacific ocean. Front. Mar. Sci. 9 https://doi.org/10.3389/fmars.2022.849976 (2022).

13. Barreyre, T. et al. Structure, Temporal evolution, and heat flux estimates from the lucky strike deep-sea hydrothermal field derived
from seafloor image mosaics. Geochem. Geophys. Geosyst. 13 https://doi.org/10.1029/2011gc003990 (2012).

14. Wheeler, B., Cannat, M., Chavagnac, V. & Fontaine, F. Diffuse venting and near seafloor hydrothermal circulation at the lucky
strike vent Field, Mid-Atlantic ridge. Geochem. Geophys. Geosyst. 25 https://doi.org/10.1029/2023gc011099 (2024).

15. Sarrazin, J., Levesque, C., Juniper, S. & Tivey, M. Mosaic community dynamics on Juan de fuca ridge sulphide edifices: Substratum,
temperature and implications for trophic structure. Cahiers De Biol. Mar. (0007-9723). 43, 275-279 (2002). (Station Biologique de
Roscoff).

16. Boschen, R. E,, Rowden, A. A,, Clark, M. R, Pallentin, A. & Gardner, J. P. Seafloor massive sulfide deposits support unique
megafaunal assemblages: Implications for seabed mining and conservation. Mar. Environ. Res. 115, 78-88. https://doi.org/10.101
6/j.marenvres.2016.02.005 (2016).

17. Gerdes, K. H. et al. Megabenthic assemblages at the Southern central Indian Ridge: Spatial segregation of inactive hydrothermal
vents from active-, periphery- and non-vent sites. Mar. Environ. Res. 151, 104776 https://doi.org/10.1016/j.marenvres.2019.104776
(2019).

18. van der Valk, A. G. & Warner, B. G. The development of patterned mosaic landscapes: an overview. Plant Ecol. 200, 1-7. https://d
0i.org/10.1007/s11258-008-9469-z (2008).

19. Benoist, N. M. A. et al. Monitoring mosaic biotopes in a marine conservation zone by autonomous underwater vehicle. Conserv.
Biol. 33, 1174-1186. https://doi.org/10.1111/cobi.13312 (2019).

20. Matabos, M. et al. Integrating multidisciplinary observations in vent environments (IMOVE): decadal progress in Deep-Sea
observatories at hydrothermal vents. Front. Mar. Sci. 9 https://doi.org/10.3389/fmars.2022.866422 (2022).

21. Langmuir, C. et al. Hydrothermal vents near a mantle hot spot the lucky strike vent field at 37°N on the Mid-Atlantic ridge. Earth
Planet. Sci. Lett. 148, 69-91. https://doi.org/10.1016/S0012-821X(97)00027-7 (1997).

22. Ondréas, H. et al. Recent volcanic events and the distribution of hydrothermal venting at the lucky strike hydrothermal field, Mid-
Atlantic ridge. Geochem. Geophys. Geosyst. 10 https://doi.org/10.1029/2008gc002171 (2009).

23. Chavagnac, V. et al. Spatial variations in vent chemistry at the lucky strike hydrothermal field, mid-atlantic ridge (37°N): updates
for subseafloor flow geometry from the newly discovered Capelinhos vent. Geochem. Geophys. Geosyst. 19, 4444-4458. https://doi
.0rg/10.1029/2018gc007765 (2018).

24. Girard, E et al. Currents and topography drive assemblage distribution on an active hydrothermal edifice. Prog. Oceanogr. 187
https://doi.org/10.1016/j.pocean.2020.102397 (2020).

Scientific Reports |

(2026) 16:9751 | https://doi.org/10.1038/s41598-026-39544-x nature portfolio


https://doi.org/10.3354/MEPS246173
https://doi.org/10.3354/meps330049
https://doi.org/10.1016/j.dsr2.2009.05.008
https://doi.org/10.1016/j.dsr.2009.07.002
https://doi.org/10.1016/j.dsr.2011.12.010
https://doi.org/10.1046/j.1439-0485.1999.2034076.x
https://doi.org/10.1029/JB095iB08p12947
https://doi.org/10.1016/j.dsr2.2009.05.002
https://doi.org/10.1016/S0025-3227(97)00051-0
https://doi.org/10.1111/maec.12313
https://doi.org/10.3389/fmars.2022.849976
https://doi.org/10.1029/2011gc003990
https://doi.org/10.1029/2023gc011099
https://doi.org/10.1016/j.marenvres.2016.02.005
https://doi.org/10.1016/j.marenvres.2016.02.005
https://doi.org/10.1016/j.marenvres.2019.104776
https://doi.org/10.1007/s11258-008-9469-z
https://doi.org/10.1007/s11258-008-9469-z
https://doi.org/10.1111/cobi.13312
https://doi.org/10.3389/fmars.2022.866422
https://doi.org/10.1016/S0012-821X(97)00027-7
https://doi.org/10.1029/2008gc002171
https://doi.org/10.1029/2018gc007765
https://doi.org/10.1029/2018gc007765
https://doi.org/10.1016/j.pocean.2020.102397
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

Cowart, D. A., Matabos, M., Brandt, M. I., Marticorena, J. & Sarrazin, J. Exploring environmental DNA (eDNA) to assess biodiversity
of hard substratum faunal communities on the lucky strike vent field (Mid-Atlantic Ridge) and investigate recolonization dynamics
after an induced disturbance. Front. Mar. Sci. 6 https://doi.org/10.3389/fmars.2019.00783 (2020).

Boschen, R. E., Rowden, A. A,, Clark, M. R. & Gardner, J. P. A. Mining of deep-sea seafloor massive sulfides: A review of the
deposits, their benthic communities, impacts from mining, regulatory frameworks and management strategies. Ocean. Coastal.
Manage. 84, 54-67. https://doi.org/10.1016/j.0cecoaman.2013.07.005 (2013).

Simeoni, P. et al. In OCEANS 2007 - Europe (IEEE Xplore, 2007).

Arnaubec, A. et al. Underwater 3D reconstruction from video or still imagery: Matisse and 3DMetrics processing and exploitation
software. J. Mar. Sci. Eng. 11 https://doi.org/10.3390/jmse11050985 (2023).

Langenkamper, D., Zurowietz, M., Schoening, T. & Nattkemper, T. W. BIIGLE 2.0: Browsing and annotating large marine image
collections. Front. Mar. Sci. 4 https://doi.org/10.3389/fmars.2017.00083 (2017).

Horton, T. et al. Recommendations for the standardisation of open taxonomic nomenclature for image-based identifications.
Front. Mar. Sci. 8 https://doi.org/10.3389/fmars.2021.620702 (2021).

Vega, P. ]. S. et al. Convolutional neural networks for hydrothermal vents substratum classification: An introspective study. Ecol.
Inf. 80 https://doi.org/10.1016/j.ecoinf.2024.102535 (2024).

Hsieh, T. C., Ma, K. H., Chao, A. & McInerny, G. iNEXT: An R package for rarefaction and extrapolation of species diversity (Hill
numbers). Methods Ecol. Evol. 7, 1451-1456. https://doi.org/10.1111/2041-210x.12613 (2016).

Chao, A. et al. Rarefaction and extrapolation with hill numbers: A framework for sampling and Estimation in species diversity
studies. Ecol. Monogr. 84, 45-67. https://doi.org/10.1890/13-0133.1 (2014).

Legendre, P. & De Caceres, M. Beta diversity as the variance of community data: Dissimilarity coefficients and partitioning. Ecol.
Lett. 16, 951-963. https://doi.org/10.1111/ele.12141 (2013).

Legendre, P. Studying beta diversity: Ecological variation partitioning by multiple regression and canonical analysis. J. Plant. Ecol.
1, 3-8. https://doi.org/10.1093/jpe/rtm001 (2007).

Oksanen, J., Kindt, R. & Simpson, G. L. The vegan Package. (2007).

. Borcard, D,, Gillet, F. & Legendre, P. Numerical Ecology with R. (2018).

Saldanha, L. & Biscoito, M. Fishes from the lucky strike and Menez Gwen hydrothermal vent sites (mid-Atlantic Ridge). Bol. Do
Museu Municipal Do Funchal. 49, 189-206 (1997).

Drazen, J. C. et al. Opinion: midwater ecosystems must be considered when evaluating environmental risks of deep-sea mining.
Proc. Natl. Acad. Sci. US A. 117, 17455-17460. https://doi.org/10.1073/pnas.2011914117 (2020).

Van Audenhaege, L. et al. Monitoring ecological dynamics on complex hydrothermal structures: A novel photogrammetry
approach reveals fine-scale variability of vent assemblages. Limnol. Oceanogr. 69, 325-338. https://doi.org/10.1002/In0.12486
(2024).

Cotte, L. et al. Metal partitioning after in situ filtration at deep-sea vents of the lucky strike hydrothermal field (EMSO-Azores,
Mid-Atlantic Ridge, 37°N). Deep Sea Res. Part 1. 157 https://doi.org/10.1016/j.dsr.2019.103204 (2020).

Luther, G. W. Chemical speciation drives hydrothermal vent ecology. Nature 410, 813-816. https://doi.org/10.1038/35071069
(2001).

Martins, I. et al. Relationship between metal levels in the vent mussel bathymodiolus azoricus and local microhabitat chemical
characteristics of Eiffel tower (Lucky Strike). Deep Sea Res. Part I. 58, 306-315. https://doi.org/10.1016/j.dsr.2011.01.002 (2011).
Martins, I. et al. The influence of nutritional conditions on metal uptake by the mixotrophic dual symbiosis harboring vent mussel
bathymodiolus azoricus. Comp. Biochem. Physiol. C Toxicol. Pharmacol. 153, 40-52 (2011).

Cosson, R. P. et al. Spatial variation of metal bioaccumulation in the hydrothermal vent mussel bathymodiolus azoricus. Mar.
Environ. Res. 65, 405-415. https://doi.org/10.1016/j.marenvres.2008.01.005 (2008).

Duperron, S. et al. A dual symbiosis shared by two mussel species, bathymodiolus azoricus and bathymodiolus puteoserpentis
(Bivalvia: Mytilidae), from hydrothermal vents along the Northern Mid-Atlantic ridge. Environ. Microbiol. 8, 1441-1447. https://
doi.org/10.1111/j.1462-2920.2006.01038.x (2006).

Charlou, J. L. et al. Compared geochemical signatures and the evolution of Menez Gwen (37°50'N) and lucky strike (37°17'N)
hydrothermal fluids, South of the Azores triple junction on the Mid-Atlantic ridge. Chem. Geol. 171, 49-75. https://doi.org/10.10
16/s0009-2541(00)00244-8 (2000).

De Busserolles, E et al. Are Spatial variations in the diets of hydrothermal fauna linked to local environmental conditions? Deep
Sea Res. Part I1. 56, 1649-1664. https://doi.org/10.1016/j.dsr2.2009.05.011 (2009).

Hannington, M. D,, Jonasson, L. R, Herzig, P. M. & Petersen, S. in Seafloor Hydrothermal Systems Vol. 91 Geophysical Monograph
(eds Susan E. Humphris, Robert A. Zierenberg, Lauren S. Mullineaux, & Richard E. Thomson) 115-157 (AGU, 1995).
Marticorena, J. et al. Recovery of hydrothermal vent communities in response to an induced disturbance at the lucky strike vent
field (Mid-Atlantic Ridge). Mar. Environ. Res. 168, 105316. https://doi.org/10.1016/j.marenvres.2021.105316 (2021).

Sen, A. et al. Distribution of mega fauna on sulfide edifices on the Eastern Lau spreading center and Valu Fa ridge. Deep Sea Res.
Part I. 72, 48-60. https://doi.org/10.1016/j.dsr.2012.11.003 (2013).

Tews, J. et al. Animal species diversity driven by habitat heterogeneity/diversity: the importance of keystone structures. J. Biogeogr.
31, 79-92. https://doi.org/10.1046/j.0305-0270.2003.00994.x (2003).

Furrer, R. D. & Pasinelli, G. Empirical evidence for source-sink populations: a review on occurrence, assessments and implications.
Biol. Rev. Camb. Philos. Soc. 91, 782-795. https://doi.org/10.1111/brv.12195 (2016).

Dunn, D. C. et al. A strategy for the conservation of biodiversity on mid-ocean ridges from deep-sea mining. Sci. Adv. 4 https://d
oi.org/10.1126/sciadv.aar4313 (2018).

Kamenskaya, O. E., Bagirov, N. E. & Simdianov, T. G. in Adaptational aspects of the evolution of marine Fauna Collected Proceedings
(eds A. P. Kuznetsov & O. N. Zezina) 144-152VNIRO Publishers, (2002).

Cuvelier, D. et al. Distribution and Spatial variation of hydrothermal faunal assemblages at lucky strike (Mid-Atlantic Ridge)
revealed by high-resolution video image analysis. Deep Sea Res. Part I. 56, 2026-2040. https://doi.org/10.1016/j.dsr.2009.06.006
(2009).

Van Audenhaege, L. et al. Long-term monitoring reveals unprecedented stability of a vent mussel assemblage on the Mid-Atlantic
ridge. Prog. Oceanogr. 204 https://doi.org/10.1016/j.pocean.2022.102791 (2022).

Zhou, Y. et al. Characterization of vent fauna at three hydrothermal vent fields on the Southwest Indian ridge: implications for
biogeography and interannual dynamics on ultraslow-spreading ridges. Deep Sea Res. Part I. 137, 1-12. https://doi.org/10.1016/j.
dsr.2018.05.001 (2018).

Goffredi, S. K. et al. Mixotrophic chemosynthesis in a deep-sea anemone from hydrothermal vents in the Pescadero Basin, Gulf of
California. BMC Biol. 19, 8. https://doi.org/10.1186/s12915-020-00921-1 (2021).

Vohsen, S. A. et al. Deep-sea corals provide new insight into the ecology, evolution, and the role of plastids in widespread
apicomplexan symbionts of anthozoans. Microbiome 8, 34. https://doi.org/10.1186/s40168-020-00798-w (2020).

Alfaro-Lucas, J. M. et al. Fluid chemistry alters faunal trophodynamics but not composition on the deep-sea Capelinhos
hydrothermal edifice (Lucky strike vent field, Mid-Atlantic Ridge). Sci. Rep. 14, 1940. https://doi.org/10.1038/s41598-024-52186-1
(2024).

Marsh, L. et al. Microdistribution of faunal assemblages at deep-sea hydrothermal vents in the Southern ocean. PLoS One. 7,
€48348. https://doi.org/10.1371/journal.pone.0048348 (2012).

Scientific Reports |

(2026) 16:9751

| https://doi.org/10.1038/s41598-026-39544-x nature portfolio


https://doi.org/10.3389/fmars.2019.00783
https://doi.org/10.1016/j.ocecoaman.2013.07.005
https://doi.org/10.3390/jmse11050985
https://doi.org/10.3389/fmars.2017.00083
https://doi.org/10.3389/fmars.2021.620702
https://doi.org/10.1016/j.ecoinf.2024.102535
https://doi.org/10.1111/2041-210x.12613
https://doi.org/10.1890/13-0133.1
https://doi.org/10.1111/ele.12141
https://doi.org/10.1093/jpe/rtm001
https://doi.org/10.1073/pnas.2011914117
https://doi.org/10.1002/lno.12486
https://doi.org/10.1016/j.dsr.2019.103204
https://doi.org/10.1038/35071069
https://doi.org/10.1016/j.dsr.2011.01.002
https://doi.org/10.1016/j.marenvres.2008.01.005
https://doi.org/10.1111/j.1462-2920.2006.01038.x
https://doi.org/10.1111/j.1462-2920.2006.01038.x
https://doi.org/10.1016/s0009-2541(00)00244-8
https://doi.org/10.1016/s0009-2541(00)00244-8
https://doi.org/10.1016/j.dsr2.2009.05.011
https://doi.org/10.1016/j.marenvres.2021.105316
https://doi.org/10.1016/j.dsr.2012.11.003
https://doi.org/10.1046/j.0305-0270.2003.00994.x
https://doi.org/10.1111/brv.12195
https://doi.org/10.1126/sciadv.aar4313
https://doi.org/10.1126/sciadv.aar4313
https://doi.org/10.1016/j.dsr.2009.06.006
https://doi.org/10.1016/j.pocean.2022.102791
https://doi.org/10.1016/j.dsr.2018.05.001
https://doi.org/10.1016/j.dsr.2018.05.001
https://doi.org/10.1186/s12915-020-00921-1
https://doi.org/10.1186/s40168-020-00798-w
https://doi.org/10.1038/s41598-024-52186-1
https://doi.org/10.1371/journal.pone.0048348
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

63. Collins, P. C., Kennedy, R. & Van Dover, C. L. A biological survey method applied to seafloor massive sulphides (SMS) with
contagiously distributed hydrothermal-vent fauna. Mar. Ecol. Prog. Ser. 452, 89-107. https://doi.org/10.3354/meps09646 (2012).

64. Alfaro-Lucas, J. M. et al. High environmental stress and productivity increase functional diversity along a deep-sea hydrothermal
vent. Ecol. Soc. Am. 101, e03144. https://doi.org/10.1002/ecy.3144 (2020).

65. Turner, P. J. et al. Methane seeps on the US Atlantic margin and their potential importance to populations of the commercially
valuable Deep-Sea red Crab, Chaceon quinquedens. Front. Mar. Sci. 7 https://doi.org/10.3389/fmars.2020.00075 (2020).

66. Podowski, E. L., Ma, S., Luther, G. W., Wardrop, D. & Fisher, C. R. Biotic and abiotic factors affecting distributions of megafauna
in diffuse flow on andesite and basalt along the Eastern Lau spreading Center, Tonga. Mar. Ecol. Prog. Ser. 418, 25-45. https://doi.
org/10.3354/meps08797 (2010).

67. Kennedy, B. R. et al. Multi-faceted examination of a deepwater seamount reveals ecological patterns among coral and sponge
communities in the Equatorial Pacific. Sci. Rep. 15, 2270. https://doi.org/10.1038/s41598-025-86163-z (2025).

68. Robert, K., Jones, D. O. B., Georgiopoulou, A., Huvenne, V. A. I. & Burns, K. C. Cold-water coral assemblages on vertical walls
from the Northeast Atlantic. Divers. Distrib. 26, 284-298. https://doi.org/10.1111/ddi.13011 (2019).

69. Wang, K. et al. Numerical Simulation-Based analysis of seafloor hydrothermal plumes: A case study of the Wocan-1 hydrothermal
Field, Carlsberg Ridge, Northwest Indian ocean. J. Mar. Sci. Eng. 11 https://doi.org/10.3390/jmse11051070 (2023).

70. Levin, L. A. et al. Hydrothermal vents and methane seeps: rethinking the sphere of influence. Front. Mar. Sci. 3 https://doi.org/10.
3389/fmars.2016.00072 (2016).

71. Meneses, M. J. et al. Vertical distributions of megafauna on inactive vent sulfide features correspond to their feeding modes. Mar.
Environ. Res. 200, 106649. https://doi.org/10.1016/j.marenvres.2024.106649 (2024).

72. Brasier, M. ]. et al. DNA barcoding uncovers cryptic diversity in 50% of deep-sea antarctic polychaetes. R Soc. Open. Sci. 3, 160432.
https://doi.org/10.1098/rs0s.160432 (2016).

73. Georgieva, M. N. et al. Evidence of vent-adaptation in sponges living at the periphery of hydrothermal vent environments:
ecological and evolutionary implications. Front. Microbiol. 11, 1636. https://doi.org/10.3389/fmicb.2020.01636 (2020).

74. Thornton, B. et al. Visualizing multi-hectare seafloor habitats with biocam. Oceanography 92-93. https://doi.org/10.5670/oceanog
.2021.supplement.02-34 (2021).

75. Maki, T., Kondo, H., Ura, T. & Sakamaki, T. In IEEE Oceans 2008 1-8 (Quebec City, 2008).

76. Van Dover, C. L. Mining seafloor massive sulphides and biodiversity: What is at risk? ICES J. Mar. Sci. 68, 341-348. https://doi.or
¢/10.1093/icesjms/fsq086 (2011).

77. Van Dover, C. L. Impacts of anthropogenic disturbances at deep-sea hydrothermal vent ecosystems: A review. Mar. Environ. Res.
102, 59-72. https://doi.org/10.1016/j.marenvres.2014.03.008 (2014).

78. Van Dover, C. L. et al. Scientific rationale and international obligations for protection of active hydrothermal vent ecosystems from
deep-sea mining. Mar. Policy. 90, 20-28. https://doi.org/10.1016/j.marpol.2018.01.020 (2018).

79. Mullineaux, L. S. et al. Unique gastropods dominate the fauna on inactive vent sulfide features in the Eastern Pacific. Deep Sea Res.
Part I https://doi.org/10.1016/j.dsr.2025.104475 (2025).

Acknowledgements

This data was collected during the MOMARSAT 2018 expedition funded by the French Oceanographic Fleet as
part of the maintenance of the Azores node of the EMSO Research Infrastructure (European Multidisciplinary
Seafloor and water column Observatory). We thank the crew of the R/V LAtalante, the pilots of the ROV Vic-
tor6000 and the leadership of P.-M. Sarradin for completing MOMARSAT imagery transects. Three anonymous
reviewers significantly enhanced an earlier version of this article.

Author contributions

MC, JS and MMat collected the data. AR performed annotations with the support of MMat, JS, AC, MC and
LVA. LVA, CB, AR, JM and MMar designed the workflow for data extraction. LVA and AR performed analyses.
LVA drafted the manuscript. All authors reviewed the manuscript.

Funding

LVA is supported by the European Union’s Horizon 2020 research and innovation project iAtlantic under Grant
Agreement No. 818123, and by the UK Natural Environment Research Council (NERC) Seabed Mining And
Resilience To EXperimental impact (SMARTEX) project (Grant Reference NE/T003537/1). AC is supported by
the national funds through the FCT within the scope of CEECIND/00101/2021 and https://doi.org/10.54499/2
021.00101.CEECIND/CP1669/CT0001. Okeanos team received national funds through the FCT—Foundation
for Science and Technology, I.P., under the project UIDB/05634/2025 and UIDP/05634/2025.

Competing interests
The authors declare no competing interests.

Additional information
Supplementary Information The online version contains supplementary material available at https://doi.org/1
0.1038/s41598-026-39544-x.

Correspondence and requests for materials should be addressed to V.A.L.
Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Scientific Reports |

(2026) 16:9751 | https://doi.org/10.1038/s41598-026-39544-x nature portfolio


https://doi.org/10.3354/meps09646
https://doi.org/10.1002/ecy.3144
https://doi.org/10.3389/fmars.2020.00075
https://doi.org/10.3354/meps08797
https://doi.org/10.3354/meps08797
https://doi.org/10.1038/s41598-025-86163-z
https://doi.org/10.1111/ddi.13011
https://doi.org/10.3390/jmse11051070
https://doi.org/10.3389/fmars.2016.00072
https://doi.org/10.3389/fmars.2016.00072
https://doi.org/10.1016/j.marenvres.2024.106649
https://doi.org/10.1098/rsos.160432
https://doi.org/10.3389/fmicb.2020.01636
https://doi.org/10.5670/oceanog.2021.supplement.02-34
https://doi.org/10.5670/oceanog.2021.supplement.02-34
https://doi.org/10.1093/icesjms/fsq086
https://doi.org/10.1093/icesjms/fsq086
https://doi.org/10.1016/j.marenvres.2014.03.008
https://doi.org/10.1016/j.marpol.2018.01.020
https://doi.org/10.1016/j.dsr.2025.104475
https://doi.org/10.54499/2021.00101.CEECIND/CP1669/CT0001
https://doi.org/10.54499/2021.00101.CEECIND/CP1669/CT0001
https://doi.org/10.1038/s41598-026-39544-x
https://doi.org/10.1038/s41598-026-39544-x
http://www.nature.com/scientificreports

www.nature.com/scientificreports/

Open Access This article is licensed under a Creative Commons Attribution 4.0 International License, which
permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long as you give
appropriate credit to the original author(s) and the source, provide a link to the Creative Commons licence, and
indicate if changes were made. The images or other third party material in this article are included in the article’s
Creative Commons licence, unless indicated otherwise in a credit line to the material. If material is not included
in the article’s Creative Commons licence and your intended use is not permitted by statutory regulation or
exceeds the permitted use, you will need to obtain permission directly from the copyright holder. To view a copy
of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2026

Scientific Reports | (2026) 16:9751 | https://doi.org/10.1038/s41598-026-39544-x nature portfolio


http://creativecommons.org/licenses/by/4.0/
http://www.nature.com/scientificreports

	﻿The role of habitat mosaics on biological communities at hydrothermal vents and their periphery
	﻿Materials and methods
	﻿Results
	﻿Habitat description
	﻿Coverage of vent assemblages
	﻿Community composition

	﻿Diversity
	﻿Densities
	﻿Drivers of community composition

	﻿Discussion
	﻿Potential for keystone structures
	﻿Assemblage mosaics
	﻿Implications for vent ecology and conservation

	﻿References


