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Highly specialised biota occurring at hydrothermally active vents on the northern Mid-Atlantic Ridge (nMAR: from south of Iceland to the Equator) have been the subject of numerous research projects over the 36-year period since these habitats were first discovered in the region. When hydrothermal activity ceases, biota endemic to hydrothermally active habitats are lost, and a new biota colonise these sites. Little is known about the biota colonising hydrothermally inactive sulphide habitats on the nMAR, although these sites may be the target of deep-sea mining within the next decade. In this review, we seek to clarify the current knowledge of biological communities colonising hydrothermally active habitats and inactive sulphide habitats on the nMAR. To achieve this, we (1) used a systematic review process to update the species list of benthic invertebrates associated with hydrothermally active habitats, (2) conducted a regional biogeographic analysis of hydrothermally active vent fields on the nMAR, (3) undertook a comprehensive literature review to provide a descriptive account of biological communities, and (4) identified key knowledge gaps in the current understanding of nMAR hydrothermally active and inactive ecosystems. Our updated species list increases the number of benthic invertebrates recorded from hydrothermally active habitats on the nMAR to 158 taxa. Our regional biogeographic analysis separates nMAR hydrothermal vent fields into distinct clusters based on depth/latitude and chimney composition. Vent fields close to the Azores (Menez Gwen, Lucky Strike, Rainbow) formed a separate cluster from those at greater depths south of the Azores (Broken Spur, TAG, Snake Pit, Logatchev, and Ashadze-1). Moytirra, located north of the Azores, clustered separately, as did Lost City with its unique carbonate chimneys. We present detailed information on the biological communities at hydrothermally active and inactive habitats in this region, and discuss the information available on the diversity, ecosystem function, trophic relationships, connectivity, temporal variability, and resilience and recovery of these communities. Many knowledge gaps still exist, with detailed information needed on all aspects of the biological communities at hydrothermally active habitats and inactive sulphide habitats on the nMAR to understand and predict impacts from natural and human-induced disturbances in the region.
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INTRODUCTION

Hydrothermal habitats1 form along the mid-ocean ridges and back-arc spreading centres of the global ocean. Where hydrothermal activity is sustained, this can support highly productive biological communities dependent on the chemosynthetic activity of microbes at the base of the food web. Despite the discovery of more than 300 confirmed active vent fields to date (Beaulieu and Szafranski, 2020), the global surface area of hydrothermally active habitats is small, representing <0.00001% of the surface area of the planet (Van Dover et al., 2018). Globally, more than 500 species have been described from hydrothermally active habitats, dominated by benthic invertebrate megafaunal and macrofaunal taxa with some meiofaunal taxa and fishes (Desbruyères et al., 2006). These hydrothermally active habitats and their diverse associated biota are considered to have considerable scientific and societal value (Van Dover et al., 2018).

Hydrothermal activity does not continue at a site indefinitely. Over a timescale of years to centuries, hydrothermal activity wanes and eventually ceases, leaving hydrothermally inactive sulphide sites and fields (Jamieson and Gartman, 2020). Where hydrothermal activity has ceased, the supply of reduced compounds essential to chemosynthesis is removed, and biota endemic to hydrothermally active habitats are subsequently lost. Although little is known about colonisation steps for inactive sulphide substrata, it is presumed that biota endemic to hydrothermally active habitats is gradually replaced by organisms which are not reliant on hydrothermal activity but are able to cope with weathered sulphide substrata.

Hydrothermal activity supports highly specialised biota, which have been the subject of numerous research projects over the 36-year period since the initial discovery of these habitats on the Mid-Atlantic Ridge (MAR) in 1985 (Kong et al., 1985; Rona et al., 1986). Many of the species recorded from hydrothermally active habitats on the northern MAR (nMAR: from south of Iceland to the Equator) are highly adapted and only occur in this region, such as Bathymodiolus azoricus and B. puteoserpentis mussels, and Rimicaris exoculata shrimp. The occurrence of species endemic to the nMAR has led to this region being identified as a separate biogeographic province (Bachraty et al., 2009; Moalic et al., 2012) with some analyses further dividing this region into two provinces (Van Dover et al., 2002). The location of 13 confirmed active vent fields where biological community information is available is provided in Figure 1. Where hydrothermal activity has been “inferred” on the nMAR from water column chemistry (Beaulieu and Szafranski, 2020), further visual surveys may confirm the occurrence of additional hydrothermal vent fields with thriving biological communities.
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FIGURE 1. The location of 13 hydrothermally active vent fields on the northern Mid-Atlantic Ridge. Map produced using the ETOPO1 1 Arc-Minute Global Relief Model: Procedures, Data Sources and Analysis. NGDC, NESDIS, NOAA, U.S. Dept. of Commerce, Boulder, CO. Escartin, J., M. Cannat, G. Pouliquen, A. Rabain and J. Lin. 2001. Lourenço, N., J.M. Miranda, J.F. Luis, A. Ribeiro, L.A.Mendes Victor, J. Madeira, and H.D. Needham. 1998.


There are few records of hydrothermally inactive sulphide habitats along the nMAR, for example Mag Mell in the Moytirra vent field between the Azores and Iceland (Wheeler et al., 2013); and some chimneys within the Eiffel Tower sulphide complex in the Lucky Strike vent field near the Azores (Cuvelier et al., 2009). Whilst there are additional occurrences of inactive sulphide substrata along the nMAR, such as the Mir and Alvin zones of the TAG vent field (Rona et al., 1993; Krasnov et al., 1995; Lalou et al., 1998) and the Yubileinoe and Surprise vent fields (Bel'tenev et al., 2017), these commonly have little or no record of any associated biological communities. The distribution of hydrothermally inactive sulphide habitats along the MAR has probably been under-reported to date, with more occurrences waiting to be discovered in off-axis locations or along the ridge axis at sites more distant from active venting (Hannington et al., 2011).

Alongside the biological wealth of hydrothermally active habitats and inactive sulphide habitats on the nMAR, there is growing interest in the potential mineral wealth associated with some of these locations. Hydrothermal fluids can contain high concentrations of metal sulphides, and in some locations, these may form polymetallic sulphides (PMS) of sufficient grade and tonnage to be of economic interest. However, there are currently no exploitation (commercial mining) activities occurring on the MAR, and such activities may not be anticipated for several years, given that exploration contracts currently in place on the nMAR beyond national jurisdiction each have at least 6 years remaining (ISA, 2021).

In this paper, we review the available literature for the biological communities of nMAR hydrothermally active habitats and inactive sulphide habitats. In reviewing this information, we have four aims, to: (1) update the species list of benthic invertebrates associated with hydrothermally active habitats; (2) conduct a regional biogeographic analysis of the known hydrothermally active vent fields on the nMAR; (3) provide a multi-disciplinary descriptive account of the biological communities of nMAR hydrothermally active habitats and inactive sulphide habitats; and (4) discuss the results of our review and identify knowledge gaps in the current understanding of nMAR hydrothermally active and inactive ecosystems. By presenting this information, we hope to clarify the knowledge status for nMAR hydrothermal habitats, particularly in the context for environmental management of human activities on the ridge, including future deep-sea mining.



MATERIALS AND METHODS


Species List and Abundance Information for Benthic Invertebrates at Hydrothermally Active Habitats

To generate the updated species list and taxa abundance at the different vent fields, we searched the biological literature for studies that reported biodiversity from the hydrothermal vents on the northern section of the Mid Atlantic Ridge (nMAR: between south of Iceland and north of the Equator, see Figure 1). For this systematic review, we followed a PRISMA approach (Figure 2; Supplementary Table 1). Literature searches were conducted using the ISI Web of Science Database (featuring combinations of the keywords: hydrothermal vents; North Atlantic ridge biodiversity; Moytirra, Menez Gwen, Lucky Strike, Rainbow, Lost City, Broken Spur, Snake Pit, TAG, Logatchev, Pobeda, Irinovskoye, Semyenov, and Ashadze) and by following reference lists in papers. The “Handbook of deep-sea hydrothermal vent fauna” edited by Desbruyères et al. (2006) compiles all the available literature prior to 2006 to create the most comprehensive species list for vent invertebrates recorded from hydrothermally active habitats along the MAR to date. Consequently, we focused our literature compilation on all available literature between 2005 and 2020 (June), including all peer-reviewed studies.
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FIGURE 2. The systematic review protocol to obtain records for quantitative synthesis was conducted according to PRISMA guidelines, adapted from Page et al. (2020). See PRISMA checklist in Supplementary Table 1.


All studies were screened for relevance to by reading the title and abstract; this step identified 32 studies as being relevant to the generation of the updated species list and associated abundance information. Full text was obtained for the 32 studies that were selected by the subject-based screening. The full text of these papers was examined and studies were excluded from our analyses if they presented the results of colonisation studies at hydrothermal vent fields using substrata of non-hydrothermal origin. The decision to exclude these studies was taken to avoid addition of taxa that would not usually be recorded from hydrothermally active habitats. Studies were also excluded if they occurred outside of the geographic scope for the study, or if they did not document additional species or location information when compared to Desbruyères et al. (2006). The taxonomic status of all taxa was checked and updated using the World Register of Marine Species (World Register of Marine Species, 2020). The final taxa list with accompanying abundance information was created using Desbruyères et al. (2006) and a further 12 studies (Stöhr and Segonzac, 2005; Ivanenko et al., 2006, 2012; Zekely et al., 2006a; Fabri et al., 2011; Wheeler et al., 2013; Sarrazin et al., 2015; Tchesunov, 2015; Plum et al., 2017; Yahagi et al., 2019).

The taxonomic and abundance information available for generating the revised species list and abundance dataset is potentially limited by differences in sampling effort amongst sites, and sampling biases introduced by differences in sampling methods or focus on certain taxonomic groups. To account for differences in abundance that may occur because of these potential biases, we restricted our quantitative analyses to the use of presence-absence data. Vent fields where there was insufficient information to provide reliable presence-absence data were excluded from quantitative analyses (see section Regional biogeographic analysis for hydrothermally active vent fields). The potential for these limitations to influence observed trends in diversity along the nMAR was carefully considered in the interpretation of our results (see section Species list for benthic invertebrates at hydrothermally active habitats).



Regional Biogeographic Analysis for Hydrothermally Active Vent Fields

Using the updated taxa list and abundance records described in section Species list and abundance information for benthic invertebrates at hydrothermally active habitats (see Supplementary Table 2), the biological information recorded from 10 of the 13 nMAR vent fields (Motirra, Menez Gwen, Lucky Strike, Rainbow, Lost City, Broken Spur, Snake Pit, TAG, Logatchev, and Ashadze-1) was used for multivariate analysis. There was insufficient biological information to include three of the vent fields (Pobeda-1, Irinovskoye, and Semyenov-2) in the analysis.

Presence-absence data for taxa recorded from the 10 vent fields were analysed using multivariate routines in the statistical software package PRIMER 7. Hierarchical Cluster Analysis (CLUSTER) was performed on the Bray-Curtis resemblance matrix, with a SIMPROF test (at p = 0.05) to determine sample group structure i.e., which vent fields had similar assemblage structure based on the presence-absence of taxa. The Bray-Curtis of a presence-absence matrix is directly equivalent of a Sorensen resemblance matrix (Clarke et al., 2014). In this type of resemblance matrix, joint absences have no effect on similarity amongst samples, instead similarity is determined by the presence of species amongst samples. Inclusion of additional samples does not affect the similarity amongst existing samples (Clarke et al., 2014). The cluster mode was group average with 9,999 permutations.

Non-metric Multidimensional Scaling (nMDS) plots and CLUSTER diagrams were produced to visualise patterns in the grouping of vent fields. For the nMDS, test parameters included minimum and maximum dimensions of 2 and 3 respectively; 50 restarts; a minimum stress of 0.01; and Kruskal fit scheme 1. To determine the taxa that contributed the most to similarity amongst SIMPROF groups, a SIMPER test was performed on the presence-absence data with a cut-off of 100%. The maximum SIMPER cut-off value of 100% was chosen to fully characterise the similarities amongst vent fields within SIMPROF groups.

To explore the relationship between the SIMPROF groups and potential environmental drivers, a BEST test (BioEnv & Stepwise) was performed using the BioENV setting. The test used 9,999 permutations and Spearman Rank Correlation, performed using the presence-absence Bray Curtis resemblance matrix and a Euclidean environmental data matrix. The environmental data matrix featured eight variables for each vent field (Table 1), which were grouped into four indicators: location (latitude); depth (maximum reported depth); host rock (basalt or ultramaphic); tectonic setting (tectonic or magmatic); and chimney type (sulphides or carbonates). These environmental variables were normalised to account for different units (latitude in decimal degrees; depth in metres; host rock, tectonic setting, and chimney type in presence-absence). A PCA plot was produced to illustrate the direction of effect that environmental variables had on the similarities amongst vent fields.


Table 1. Environmental data for the 10 vent fields on the northern Mid-Atlantic Ridge.
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Descriptive Account of Biological Communities

To provide a detailed descriptive account of the biological communities at hydrothermally active habitats and inactive sulphide habitats on the nMAR, we reviewed a wide range of multidisciplinary literature, including biodiversity studies, species descriptions, ecological and geological studies, and studies relating to the function, trophic structure, connectivity, and resilience of these communities. We used more than 100 published literature sources to provide detailed accounts of the regional diversity of biological communities at hydrothermally active and inactive habitats, including microorganisms, benthic invertebrates, and benthic and benthopelagic fishes; ecosystem function; trophic relationships; connectivity; temporal variability; and resilience and recovery.




RESULTS


Species List for Benthic Invertebrates at Hydrothermally Active Habitats

The updated list for benthic invertebrates colonising hydrothermally active habitats on the nMAR features 158 taxa (see Supplementary Table 2). These taxa are phyletically diverse, including Foraminifera (1 taxon), Porifera (3 taxa), Cnidaria (15 taxa), Mollusca (25 taxa), Nematoda (30 taxa), Annelida (13 taxa), Arthropoda (64 taxa), Echinodermata (6 taxa), and Chaetognatha (1 taxon). The vent field with the highest taxonomic richness was Lucky Strike, followed by Snake Pit, Menez Gwen, Rainbow, Logatchev, Ashadze-1, Broken Spur, TAG, Lost City, and Moytirra (Table 2).


Table 2. Number of taxa recorded from each of the 10 vent fields included in the study, from North to South: Moytirra, Menez Gwen, Lucky Strike, Rainbow, Lost City, Broken Spur, TAG, Snake Pit, Logatchev, and Ashadze 1.
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Regional Biogeographic Analysis for Hydrothermally Active Vent Fields

Northern MAR hydrothermal vent fields formed four clusters, according to CLUSTER and SIMPROF analyses and visualised by CLUSTER diagram (Figure 3A) and nMDS (Figure 3B). Group c contained most of the vent fields (Ashadze-1, Logatchev, Snake Pit, Broken Spur, TAG, and Rainbow). Group d contained Menez Gwen and Lucky Strike, which occur closer to the Azores. Moytirra and Lost City each formed their own cluster in the analysis.
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FIGURE 3. (A) CLUSTER diagram of vent field similarity; (B) Non-metric Multidimensional Scaling (nMDS) plot of vent field similarity; (C) PCA of environmental variables, vectors displayed are the environmental variables (identified by the BEST test) with the strongest correlation with the presence-absence of taxa at the different vent fields.


From the SIMPER test, group d had an average similarity of 35.94%. Within group d, each of the 23 taxa present at both vent fields contributed equally (4.35%) to the similarity between vent fields (Supplementary Table 3), largely due to the use of presence-absence data and the existence of only two vent fields within this group. Group c had an average similarity of 43.93%. Within group c, only 10 taxa contributed more than 4% to the similarity amongst the six vent fields (Supplementary Table 4).

The clustering of nMAR hydrothermal vent fields by taxonomic composition was correlated with environmental variables. The BEST test with variables grouped by indicator determined that the SIMPROF clusters of vent fields had the strongest correlation with a combination of depth and chimney type (Rho = 0.767, p < 0.05). Inclusion of additional environmental variable groups, such as location, host rock or tectonic setting reduced the strength of correlation between the faunal presence-absence data and the environmental variables. Pearson correlation tests to check for confounding variables indicated that depth and latitude were strongly correlated (–0.69), with depth increasing with decreasing latitude, meaning that the influence of depth and latitude cannot be distinguished. However, including latitude in the model in addition to depth did not increase the explanatory power of the model. The PCA plot (Figure 3C) displays the three individual environmental variable vectors (maximum reported depth, carbonate chimneys, and sulphide chimneys) that contributed to the BEST test result with the strongest correlation with vent field taxa presence-absence data. Principle Component (PC) axes 1 and 2 explain 49.6 and 29.7% of the total variance respectively, explaining 79.3% of the total variance collectively.



Regional Diversity of Biological Communities at Hydrothermally Active Habitats and Hydrothermally Inactive Sulphide Habitats
 
Microorganisms

The local distribution patterns of methanotrophic and chemoautolithotrophic Archaea and Bacteria on the nMAR is linked to the chemistry of hydrothermal fluids, including the relative abundance of methane and sulphide, and the geological setting, such as basalt or ultramaphic rocks (Perner et al., 2007). On the nMAR, different archaeal and bacterial communities were associated with the different geological settings of ultramaphic-hosted Rainbow and basalt-hosted Lucky Strike vent fields (Flores et al., 2011). Comparisons between three ultramaphic-hosted vent fields (Rainbow, Ashadze-1, and Lost City) identified a diverse archaeal community heterogeneously distributed between the hydrothermal sites and types of samples analysed (seawater, hydrothermal fluid, chimney, and sediment) (Roussel et al., 2011). Of these sites, Lost City hosted a distinct microbial diversity, reflecting the highly alkaline warm fluids unique to this location (Roussel et al., 2011). Microbial mats from basalt-hosted Lucky Strike hydrothermal vent field had low diversity of archaeal genetic sequences, compared to ultramaphic-hosted sites, with just a single archaeal group (Crepeau et al., 2011). Conversely, Lucky Strike microbial mats have a diverse and active chemoautolithotrophic bacterial community, including methanotrophic and thiotrophic symbionts associated with bathymodiolid vent mussels (Crepeau et al., 2011).

Some protist lineages appear to occur in hydrothermal areas in multiple oceans, however some lineages have only been detected in the Atlantic (Lopez-Garcia et al., 2003). Microcoloniser experimental systems deployed on the hydrothermally active Eiffel Tower chimney in Lucky Strike indicated that bodonid and ciliate protists may be pioneers in the colonisation process of bare hydrothermally active substrata (Lopez-Garcia et al., 2003). There are no studies characterising the microbial communities of inactive sulphide habitats on the nMAR.



Benthic Invertebrates

According to the literature reviewed, the relative abundance of different megafaunal taxa varies between nMAR vent fields, with differences in abundance potentially being linked to depth or latitude. Starting at Moytirra the dominant megafaunal species in high temperature fluid areas are Peltospira sp. limpets and Mirocaris sp. shrimp, whilst bathymodiolid mussels are absent from the vent field (Wheeler et al., 2013). Moving south, as summarised by Rybakova and Galkin (2015), Menez Gwen and Lucky Strike are dominated by the vent shrimp Mirocaris fortunata in high temperature (20–40°C) habitats, with the vent mussel Bathymodiolus azoricus dominant in lower temperature (2–20°C) habitats. Continuing south and into deeper water, high temperature habitats at Rainbow, Broken Spur, TAG, Snake Pit, and Logatchev are not dominated by M. fortunata, as observed for more northerly sites; instead, these vent fields are dominated by the shrimp Rimicaris exoculata (Van Dover et al., 1988a; Copley et al., 2007; Rybakova and Galkin, 2015). Low temperature habitats at Rainbow remain dominated by B. azoricus, but there is a switch in the dominant mussel species to Bathymodiolus puteoserpentis at Broken Spur, through Snake Pit, and Logatchev (Rybakova and Galkin, 2015). Broken Spur represents a hybridisation zone between B. azoricus and B. puteoserpentis, with both species present and apparently able to interbreed (O'Mullan et al., 2001). The hydrothermal vent fauna of Lost City is sparse, comprising of a few “extremely rare” B. azoricus mussels (Kelley and Shank, 2010). Bathymodiolid mussels are absent from TAG vent field, with low temperature habitats dominated by the sea anemone Maractis rimicarivora, and on hydrothermal sediments, the chaetopterid polychaete Phyllochaetopterus polus (Galkin and Moskalev, 1990; Van Dover, 1995; Morineaux et al., 2010; Fabri et al., 2011). Moving to the most southern vent field on the nMAR, Ashadze-1, bathymodiolid mussels are also absent and the hydrothermally active hard substrata are dominated by M. rimicarivora (Fabri et al., 2011). Vent shrimp are also present at Ashadze-1, with M. fortunata having the highest abundance (Fabri et al., 2011). Illustrative examples of the biological communities at nMAR hydrothermally active habitats are provided in Figure 4.


[image: Figure 4]
FIGURE 4. (A) Menez Gwen hydrothermal vent field; (B) Lucky Strike hydrothermal vent field with Bathymodiolus azoricus mussel beds; (C,D) Rainbow vent field with swarms of the vent shrimp Rimicaris exoculata; (E) Carbonate chimney flange at Lost City vent field; (F) Chimney at the Broken Spur vent field with swarms of R. exoculata. Images (A–D) reproduced with permission: ©SEAHMA – PDCTM/MAR/15281/1999. Images (E,F) reproduced with permission: ©Ifremer – Mission Transect (Le Bris, 2018).


From the quantitative studies conducted on meiofauna at hydrothermally active habitats on the nMAR, meiofaunal diversity appears to be low, with 15 meiofauna species found associated with B. puteoserpentis mussel beds at Snake Pit (Zekely et al., 2006a) and 25 meiofaunal taxa identified during a 2-year colonisation experiment on B. azoricus mussel beds at Lucky Strike (Cuvelier et al., 2014). At Snake Pit, metazoan meiofauna consisted of seven nematode species (63% of sampled individuals), six copepod species (35% of sampled individuals), one ostracod species, and one mite species (Zekely et al., 2006a). Meiofaunal taxa at Lucky Strike also included nematodes, copepods, and a mite species, with nematodes and copepods being the most and second-most dominant species, respectively (Cuvelier et al., 2014). Tchesunov (2015) determined that nematodes were the most abundant (700 individuals) and diverse (16 morpho-species) at Lucky Strike, whilst Lost City had the lowest abundance (172 individuals) but similar diversity (14 morpho-species) of nematodes. Sites further North at Menez Gwen, and further South at Snake Pit, were characterised by low diversity with high dominance of single species (Zekely et al., 2006b; Tchesunov, 2015).

The most common copepods recorded from hydrothermally active habitats on the nMAR are dirivultid copepods, a family of copepods which occurs almost exclusively at hydrothermal vents (Gollner et al., 2010a). The majority of the 12 dirivultid species recorded from MAR vents only occur along the MAR, although four species have been recorded from at least one Pacific Ocean region (Gollner et al., 2010a). Harpacticoid copepod species have also been recorded from the nMAR, including from B. azoricus mussel beds at Lucky Strike (Ivanenko and Defaye, 2004; Ivanenko et al., 2012; Cuvelier et al., 2014) and from Snake Pit and Lucky Strike (Zekely et al., 2006a; Gollner et al., 2010b; Cuvelier et al., 2014).

For most hydrothermally inactive sulphide occurrences reported along the nMAR, there are no descriptions of associated biological communities (Reviewed by Krasnov et al., 1995; Lalou et al., 1998; Gablina et al., 2012; Bel'tenev et al., 2017; Van Dover, 2019; Rona et al., 1993). Small patches of inactive sulphide substratum on the Eiffel Tower edifice, Lucky Strike, were colonised by scavenging bythorgraeid crabs and hydroids, as identified from imagery surveys (Cuvelier et al., 2009). A similar occurrence of mobile scavengers, including bythograeid crabs, was reported from the inactive sulphide edifice Mag Mell in the Moytirra vent field (Wheeler et al., 2013). Preliminary data from biological collections made along the MAR between 12°58′N and 13°31′N using geological sampling gear suggested that fauna is scarce at inactive sulphide habitats (Molodtsova et al., 2014). The benthic invertebrates collected were mostly represented by sessile suspension feeders, such as Porifera (sponges), Alcyonacea (soft corals), Antipatharia (black corals), Hydrozoa (hydroids), Cirripedia (barnacles), and Bryozoa (bryozoans) (Molodtsova et al., 2014). Some of the species collected by Molodtsova et al. (2014), such as the black coral Alternatipathes alternata, golden coral Metallogorgia melanotrichos, and its associated basket star Ophiocreas oedipus, are widely distributed, lower bathyal species. According to Molodtsova et al. (2014), there did not appear to be any benthic invertebrate species endemic to hydrothermally inactive sulphide habitats. Preliminary studies from within the Russian Exploration Area along the MAR indicated that seafloor massive sulphide outcrops were characterised by low densities of megafauna, whereas non-hydrothermal rocky habitats were colonised by assemblages of larger suspension feeders, especially at elevated locations (Galkin et al., 2019).



Benthic and Benthopelagic Fishes

There is limited information available on the benthic and benthopelagic fishes at hydrothermally active habitats or inactive sulphide habitats along the nMAR. Ten species of fish were recorded from hydrothermally active habitats in Desbruyères et al. (2006) (Table 3). Four of these species were considered endemic to hydrothermally active areas, whilst the remaining six species were known from other habitats in the North Atlantic or from other oceans.


Table 3. Fish species recorded from hydrothermal vents along the Mid-Atlantic Ridge.

[image: Table 3]

Almost nothing is known about the benthic and benthopelagic fishes occurring at inactive sulphide habitats on the nMAR, with only one record of a Pachycara sp. zoarcid fish observed at the hydrothermally inactive chimneys of Mag Mell, an edifice in the Moytirra vent field (Wheeler et al., 2013). These mobile predators were also recorded elsewhere within the vent field and were not considered endemic to inactive sulphide habitats.




Ecosystem Function

Vent fields on the nMAR with different geochemistry host functionally different microbial communities, for example, the absence of methanogens at certain sites (Flores et al., 2011). So far, only the following vent fields have been studied for microbial function - Logatchev, Rainbow, TAG, and Snake Pit. At the Irina II site within Logatchev vent field, two important groups of primary producers, Epsilonproteobacteria and Gammaproteobacteria, were discovered to use different pathways for sulphur oxidation and carbon fixation (Hügler et al., 2010). A range of sulphate-reducing prokaryotes were also identified from the Irina II site, including Deltaproteobacteria, Thermodesulfobacteria, and Archaeoglobales. The latter two prokaryotes are thermophyllic and hyperthermophyllic, respectively and are thought to inhabit the higher temperature environment of the seafloor subsurface, being subsequently carried to the seafloor within vent fluids (Hügler et al., 2010). Chemolithoautotrophic iron oxidising Zetaproteobacteria are thought to play an essential role in the global iron cycle and have been identified from Rainbow, TAG, and Snake Pit vent fields (Scott et al., 2015). Zetaproteobacteria at these sites are rare if an iron source is not readily available, suggesting that this organism is likely locally restricted to iron-rich marine environments but may exhibit wide-scale geographic distribution (Scott et al., 2015). Zetaproteobacteria have also been reported in association with the gill chamber of the hydrothermal vent shrimp Rimicaris exoculata from the Rainbow vent field (Zbinden et al., 2004; Jan et al., 2014).

There is no published information available on the ecosystem function of microbial communities colonising hydrothermally inactive sulphide habitats along the nMAR. Other than trophic interactions (see section Trophic Relationships), the functional roles of benthic invertebrates and fishes found at hydrothermally active habitats or inactive sulphide habitats on the nMAR are also unknown.



Trophic Relationships

According to Polar Lipid Fatty Acid (PLFA) profiles, benthic invertebrate species at nMAR hydrothermally active habitats can be divided into two feeding groups: the first group, consisting of mussels, commensal polychaetes, and gastropods, is more dependent on sulphur-oxidising bacteria; the second group, comprising shrimps and crabs, has more anaerobic sulphate-reducing bacteria biomarkers (Colaço et al., 2007). Other benthic invertebrate species fall between the two groups, presenting a mixed feeding strategy that includes feeding on bacteria in addition to other types of food. Of the benthic invertebrates studied, the ampharetid polychaete Amathys lutzi had the most diversified bacterial diet, presenting fatty acid biomarkers from both S-oxidising and S-reducing bacteria (Colaço et al., 2007).

The complex trophic linkages between microbial communities and the fauna at nMAR hydrothermally active habitats were initially determined using the isotopic composition of 24 invertebrate taxa, bacterial mats, and filamentous bacteria from seven vent fields (Menez Gwen, Lucky Strike, Rainbow, Broken Spur, TAG, Snake Pit, and Logatchev) (Colaço et al., 2002). As is typical for hydrothermal vent ecosystems, chemolithotrophic bacteria (both symbiotic and free-living) formed the basis of the food web at the nMAR vent fields. These bacteria support primary consumers through symbioses with nMAR benthic invertebrates or through the grazing of free-living bacteria in warmer vent habitats. Well-documented examples of these symbiotic relationships include the nMAR vent mussels Bathymodiolus puteoserpentis and B. azoricus, which harbour both sulphuroxidising and methane-oxidising bacteria in specialised organs, bacteriocytes, within their gill tissue (Fiala-Médioni et al., 2002; Duperron et al., 2016); and the nMAR vent shrimp Rimicaris exoculata, which harbours two different bacterial epibionts on specialised appendages and on the inner surface of its gill chamber (Petersen et al., 2010). Rimicaris exoculata also benefits from free-living bacteria, which it grazes from the warmer vent habitats (Colaço et al., 2002). The most recently proposed symbiosis on the nMAR occurs with a new species of nematode described from Lucky Strike, Oncholaimus dyvae, which may harbour symbiotic sulphur-oxidising bacteria (Bellec et al., 2018; Zeppilli et al., 2019).

According to stable isotope ratios, many benthic invertebrates at the Menez Gwen, Lucky Strike, Rainbow, Broken Spur, TAG, Snake Pit, and Logatchev vent fields have mixed feeding strategies (Colaço et al., 2002; De Busserolles et al., 2009; Portail et al., 2018). The initial food web description for nMAR hydrothermally active habitats provided by Colaço et al. (2002) indicates that small invertebrates living within the byssus threads of bathymodiolid mussel colonies feed on bacteria or detritus trapped within the byssus net. The shrimp Rimicaris chacei and Mirocaris fortunata are mixotrophic, feeding on bacteria, shrimps, and other small invertebrates. Other shrimp species are predatory, such as Alvinocaris markensis, which consumes other shrimps. The main predators that are restricted to nMAR hydrothermally active habitats include the gastropod snail Phymorhynchus sp., which feeds almost exclusively on the bathymodiolid mussels, and the crab Segonzacia mesatlantica, which eats shrimps and small invertebrates. The top predators consist of common bathyal species, such as the crab Chaceon affinis and some fishes, which make incursions into nMAR vent fields to feed, particularly at shallower sites where the phase separation of fluids and depletion in metals makes these environments less inhospitable to non-vent predators (Colaço et al., 2002).

Stable isotope ratios have also been measured for the four visually most-dominant species of benthic invertebrates at Ashadze-1 vent field: the gastropod snail Phymorhynchus moskalevi, sea anemone Maractis rimicarivora, shrimp Mirocaris fortunata, and chaetopterid polychaete worm Phyllochaetopterus polus (Fabri et al., 2011). All four species were discovered to be heterotrophic, with comparisons between the of δ13C values from Ashadze-1 and other vent fields along the nMAR suggesting that they have the same food source at all vent sites (Fabri et al., 2011). The generally high δ15N values for these four species indicated that their nitrogen source came from recycled organic matter, supporting the concept that these species are all secondary consumers in the Ashadze-1 ecosystem (Fabri et al., 2011). Based on the mean δ34S values for these species, it was considered that the Ashadze-1 food web is based on locally produced organic matter, such as vent sulphides, pore-water sulphides, and thiosulphate (Fabri et al., 2011). The Sulphur isotopic values and high trophic level of the four species investigated were considered evidence for the existence of a chemosynthetic ecosystem at Ashadze-1, despite the visual absence of species known to exhibit chemosynthetic symbiosis during the survey (Fabri et al., 2011).

The food webs of hydrothermal vent fields along the nMAR can also exhibit intra- and inter-field variation. Whilst the dominant basal organic matter sources of food webs at Menez Gwen, Lucky Strike and Rainbow vent fields are similar, there are intra- and inter-field variations in their relative contributions, relating to the availability of reduced compounds to support methanotrophy and chemoautotrophy (Portail et al., 2018). The contribution of photosynthetic-derived organic matter was negligible in all three of these vent fields, irrespective of vent field depth. All the species shared amongst sites exhibited high trophic flexibility, suggesting that differences in the basal organic matter source amongst sites may not be a structuring factor (Portail et al., 2018). Despite variation in environmental conditions and community structure, functional structure was similar across assemblages, and was thought to reflect both the trophic flexibility of vent heterotrophs and the ability of vent fauna to adapt to several geological contexts (Portail et al., 2018).

Smaller scale variation in trophic relationships can also occur at hydrothermally active habitats on the nMAR, as described for the Eiffel Tower edifice within the Lucky Strike vent field (De Busserolles et al., 2009). Bathymodiolus azoricus mussel bed communities were sampled from 12 different locations on the Eiffel Tower edifice, with three species (A. lutzi, B. azoricus and its associated polychaete Bathynoe seepensis) exhibiting significant spatial variability in isotopic signatures. Environmental conditions were at least partially responsible for this variability, with vent fluid characteristics thought to be key factors in the variation of local carbon sources, through influences on microbial production (De Busserolles et al., 2009). In support of previous work conducted at Lucky Strike (Colaço et al., 2002, 2007), De Busserolles et al. (2009) also found two apparently independent trophic groups, the symbiont-bearing fauna (B. azoricus and associated polychaete Bathynoe seepensis), and the heterotrophic fauna (bacterivores, detritivores, scavengers, and predators).

The feeding guilds of meiofaunal taxa collected from Snake Pit were investigated by Zekely et al. (2006a) who determined that primary consumers, mostly deposit feeders, comprised more than 95% of the total meiobenthos at the site, followed by parasitic copepods and mites. All the nematodes and 80% of copepod individuals were primary consumers, with 20% of the copepod community being parasitic. Meiofaunal predators were absent in all samples collected from Snake Pit (Zekely et al., 2006a). Three meiofaunal taxa were also included within the work of Portail et al. (2018), where the isotopic signatures of suspension-feeding ostracods were consistent with bacteriovores or detritivores/scavengers, and the isotopic signatures of deposit-feeding Aphotopontius sp. copepods were consistent with bacteriovores or commensals. The deposit feeding Oncholaimus dyvae nematodes were either detritivore/scavengers or predators according to their stable isotope signatures (Portail et al., 2018).

The non-vent endemic benthopelagic fauna of the Broken Spur vent field exhibited isotopic signatures closer to the chemosynthetic vent fauna than might be expected (Vereshchaka et al., 2000), which was interpreted to indicate some degree of coupling between benthopelagic shrimp and fish and the chemosynthetic communities more typical of hydrothermally active habitats. The trophic structure of the biota colonising inactive sulphide habitats along the nMAR is unknown, largely because the biota of these habitats has not yet been characterised.



Connectivity

Hydrothermal vents along the nMAR can exist in a steppingstone manner along the ridge, with vent fields separated by distances of a few to hundreds of km distance (Murton et al., 1994; German et al., 1996; Beaulieu and Szafranski, 2020). The steppingstone model of connectivity has been suggested for Bathymodiolus mussels along the MAR, where mussel populations are contemporarily isolated and population connectivity can only be maintained in a stepwise manner (Breusing et al., 2016). It has been further suggested that, despite a long pelagic larval duration for Bathymodiolus spp. (Arellano and Young, 2009), the connectivity patterns observed on the MAR would indicate the existence of additional, yet uncharacterised (“phantom”), steppingstones to maintain the isolated populations (Breusing et al., 2017).

Bathymodiolus species on the MAR also exhibit a mid-ocean hybridisation zone, with B. azoricus occurring at the shallower (850–2,251 m) northern localities, B. puteoserpentis occurring at the deeper (3,080–3,650 m) southern localities (Maas et al., 1999), and both species occurring and hybridising at an intermediate latitude (O'Mullan et al., 2001). Examination of DNA sequences from seven nuclear loci and a mitochondrial locus suggests that these closely related species may have split <1 million years ago (Faure et al., 2009), with the genetically mixed population at intermediate latitudes providing no evidence for hybrid incompatibilities (Breusing et al., 2017).

Other species at hydrothermally active habitats on the nMAR have population connectivity patterns more akin to panmixia, with high rates of gene flow and limited evidence of population genetic structure. The shrimp R. exoculata exhibits extraordinarily high rates of gene flow along the MAR (Teixeira et al., 2010), thought to result from the life history traits of this species, including the production of large lecithotrophic eggs and planktotrophic larvae that feed in the photic zone before settling as juveniles (Dixon and Dixon, 1996). Shinkailepas briandi limpets are common in several vent fields on the nMAR, including Menez Gwen and Ashadze-1, with this species exhibiting panmixia throughout its geographic and bathymetric distribution (Yahagi et al., 2019). From the retention of eye pigmentation in newly settled S. briandi juveniles, along with genetic panmixia, it has been suggested that the hatched larvae of S. briandi vertically migrate to the surface waters to take advantage of richer food supplies and stronger currents for dispersal (Yahagi et al., 2019).

Some species on the nMAR are found both at hydrothermally active habitats and at other chemosynthetic habitats in the North Atlantic and further afield. The clam Abyssogena southwardae has been recorded from Logatchev on the nMAR, Clueless vent field on the southern MAR (north and south of the Romanche Fracture Zone, respectively), and from cold seep sites on the West Florida Escarpment, the Barbados Accretionary Prism, and the Lobes of the Congo (Krylova et al., 2010; LaBella et al., 2017). The A. southwardae populations on the MAR were included within the same lineage as the West Florida Escarpment, Barbados Accretionary Prism, and Lobes of the Congo populations, whilst an additional lineage was restricted to the Lobes of the Congo population (LaBella et al., 2017). Haplotypic evidence suggests that there is no major hydrographic barrier for A. southwardae populations north and south of the Romanche Fracture Zone (Van der Heijden et al., 2012; LaBella et al., 2017), with multiple lines of genetic evidence supporting connectivity between the Logatchev, Clueless, and Barbados Accretionary Prism populations of A. southwardae (LaBella et al., 2017).

It has been suggested that some nMAR meiofaunal taxa, such as dirivultid copepods, may have high dispersal potential and thus population connectivity (Gollner et al., 2011). Further research confirmed high genetic connectivity of copepods at hydrothermally active habitats and highlighted the high diversity and expansive population growth of this group (Gollner et al., 2016). Connectivity between hydrothermally active habitats for these copepods may be further facilitated using intermediate non-hydrothermal chemosynthetic habitats as steppingstones (Gollner et al., 2016), a concept which has also been proposed for bathymodiolid mussels (Breusing et al., 2016) and the clam A. southwardae (LaBella et al., 2017).

Little is known about the population connectivity of symbiotic bacteria at hydrothermally active habitats on the nMAR. The two dominant thiotroph- and methanotroph-related symbionts found in B. azoricus and B. puteoserpentis mussels collected from vent sites along the MAR shared highly similar or identical 16S rRNA phylotypes (Duperron et al., 2006), suggesting that populations of symbionts may show different connectivity patterns from their invertebrate hosts. Full population genetics studies of nMAR symbionts have not yet been undertaken. There are no studies on the connectivity of biota colonising inactive sulphide habitats along the nMAR.



Temporal Variability

Temporal variability in biological communities at hydrothermally active habitats along the nMAR has been assessed using a variety of methods. These include repeat surveys of the same site over multiple months or years (Copley et al., 2007; Cuvelier et al., 2011b); fixed-term deployment of in-situ monitoring equipment, such as the TEMPO module deployed at Lucky Strike (Sarrazin et al., 2014); and long-term monitoring through fixed observatories, such as the EMSO-Azores non-cabled seafloor multidisciplinary observatory, also at Lucky Strike.

Some nMAR microbial communities demonstrate potential for rapid colonisation of new suitable substrata, as observed in the Snake Pit vent field where deployment of an in-situ growth chamber (vent cap) resulted in the formation of a white microbial mat following only 5 days of deployment (Reysenbach et al., 2000). This new microbial community contained a mix of hyperthermophiles, moderate thermophiles, and mesophiles, reflecting the gradual reduction in temperature within the chamber (70–20°C) during the 5 days of deployment (Reysenbach et al., 2000). Microbial communities on the nMAR can also respond to episodic events, such as the natural de-gassing events between 2009 and 2010 at the Eiffel Tower site, Lucky Strike, which promoted the development of thermophilic/anaerobic Archaea and Bacteria (Archaeoglobales, Nautiliales, Nitratiruptoraceae) (Rommevaux et al., 2019). The periodicity of natural de-gassing events at Lucky Strike is not known; the frequency of this disturbance and related shift in microbial community is equally unknown. However, these studies demonstrate that microbial communities at high temperature hydrothermally active habitats on the nMAR can respond (at a community level) to rapid changes in environmental parameters, including episodic events.

Shifts in archaeal and bacterial communities at the nMAR Lost City vent field can occur in response to environmental changes over 1,000-year timescales (Brazelton et al., 2009). Lost City presents a different environment for microbial communities, with its carbonate chimneys forming through highly alkaline vent fluid, in contrast to the acidic vent fluids occurring at all other known vent fields along the MAR. “Rare” members of the Lost City microbial community can become dominant when environmental conditions change, on 1,000-year timescales, with the long history of chimney growth cycles at Lost City resulting in numerous closely related microbial “species,” each preadapted to a particular set of reoccurring environmental conditions (Brazelton et al., 2009).

There is evidence from Lucky Strike vent field that relatively diverse assemblages of macrofauna and meiofauna (20 and 25 taxa, respectively) can inhabit newly-available adjacent substrata within a short time (2 years) (Cuvelier et al., 2014). Temporal variation of these groups at shorter or longer time periods is unknown.

The nMAR benthic invertebrate megafauna demonstrates multiple scales of temporal variability, including changes in feeding behaviour corresponding to semi-diurnal tidal cycles (Cuvelier et al., 2017), and seasonality in reproduction for some species (Colaço et al., 2006; Dixon et al., 2006). Different benthic invertebrates may demonstrate different patterns in temporal variation, for example, B. azoricus mussels from Menez Gwen vent field demonstrate seasonal patterns in reproduction linked to the timing of the winter-spring phytoplankton bloom (Dixon et al., 2006; Colaço et al., 2009), whereas there was no evidence for seasonal reproduction in R. exoculata shrimp from TAG vent field (Copley et al., 2007).

Some nMAR benthic invertebrate communities at hydrothermally active habitats demonstrate considerable stability, over multiple time scales. Daily observations of B. azoricus from Lucky Strike during a 48-day period demonstrated the stability of vent mussel assemblages during this time, reflecting the relative stability of environmental conditions (Sarrazin et al., 2014). Although tidal signals could be detected at this site, there was no evidence that the vent mussels, shrimp, crabs, or bucciniform gastropods responded to tidal periodicity. However, polynoid worms did exhibit significant multi-day periodicities, suggesting that the harmonics of tidal cycles may influence their distribution (Cuvelier et al., 2017). Over intermediate time periods at Lucky Strike, only small changes in B. azoricus coverage and density were observed, with an 11% increase in mussel densities between 2006 and 2008 (Sarrazin et al., 2014). Stable patterns of the vent shrimp M. fortunata and crab Segonzacia mesatlantica were also observed at Lucky Strike over a 9-month period (Matabos et al., 2015).

Northern MAR benthic invertebrate communities can also demonstrate stability over multiple years, even decadal periods (Copley et al., 2007; Cuvelier et al., 2011b). Vent shrimp populations at Broken Spur were stable over a 15-month period (Copley et al., 1997), whilst mature vent communities at TAG (Copley et al., 2007) and Lucky Strike (Cuvelier et al., 2011b) demonstrated decadal stability in the abundance of dominant species at the edifice scale. Within the Eiffel Tower edifice at Lucky Strike, significant differences in assemblage coverage and distribution were linked to localised fluctuations in hydrothermal activity (Cuvelier et al., 2011a). Within the Logatchev vent field, significant changes in the population density of predatory gastropods Phymorchynchus spp. and the disappearance of a live vesicomyid clam population over a 10-year period were similarly linked to fluctuations in hydrothermal activity (Gebruk et al., 2010).

There is also some evidence for changes in local biological assemblages linked to alterations in the hydrothermal activity of habitats patches on the nMAR. Changes in the coverage of hydrothermally inactive sulphide habitats patches (“Substratum 1a”: Cuvelier et al., 2009) on the Eiffel Tower edifice within Lucky Strike over a 14-year period were accompanied by increasing colonisation of these patches by B. azoricus mussels, consistent with hydrothermal fluid flux increase (Cuvelier et al., 2011b). There are no studies on the nMAR specifically assessing the temporal variability of biota at inactive sulphide habitats.



Resilience and Recovery

On the nMAR, high-intensity illumination associated with Human-Occupied Vehicles (HOVs) and Remotely Operated Vehicles (ROVs) has been implicated in photoreceptor damage in Rimicaris exoculata shrimp that aggregate at high-temperature hydrothermal vents (Van Dover, 2014). The visual pigment (rhodopsin) of the thoracic eyes in adult R. exoculata is sensitive to light, with studies demonstrating that it degrades rapidly with light exposure (Johnson et al., 1995; Herring et al., 1999). The thoracic eyes of R. exoculata are thought to be an adaptation for detecting the dim light generated by high-temperature venting as a near-field remote-sensing means of avoiding thermal stress and mortality (Van Dover et al., 1989). Behavioural consequences of damage to photoreceptors in vent shrimp are unknown, although there is no evidence for negative impacts on shrimp populations repeatedly exposed to high-intensity illumination (Copley et al., 2007).

Based on physical and genetic studies, the recolonisation of disturbed sites by Bathymodiolus mussels (foundation species where they are present on the MAR) is only expected to occur by chance (Breusing et al., 2017), indicating that populations of these species have a low resilience to impact. A recent small scale disturbance experiment assessing recovery after an artificial disturbance inside the Lucky Strike hydrothermal vent field demonstrated that after 2 years there was a major change in faunal composition, only a partial recovery of faunal densities, and that the species composition of the neighbouring faunal assemblages strongly affects the species composition of the recolonising community (Marticorena et al., 2021).




DISCUSSION


Species List for Benthic Invertebrates at Hydrothermally Active Habitats

The global taxa list for hydrothermal vent invertebrates presented by Desbruyères et al. (2006) included 100 benthic invertebrate taxa sampled from the MAR, representing nearly 20% of the global hydrothermal vent fauna diversity known at that time. Most benthic invertebrate taxa listed by Desbruyères et al. (2006) were megafauna and macrofauna, reflecting that many studies have focused on megafauna, with few studies on macrofauna and even fewer on meiofauna. The megafauna is the only group that can be readily studied through imagery, however abundances of these taxa generated from imagery are often lower compared to abundances generated from physical samples (Cuvelier et al., 2012). Physical samples are needed to fully characterise nMAR communities, especially for macrofaunal taxa such as smaller polychaetes and gastropods, pycnogonids, ostracods, actinids, halacarids, nematodes, copepods, tanaids, and amphipods (Cuvelier et al., 2012).

Further survey and research efforts along the nMAR have discovered new species, including smaller meiofaunal species, which do not feature in the Desbruyères et al. (2006) taxa list. The updated taxa list presented here features 158 taxa and is expected to be refined following ongoing scientific expeditions to the nMAR. The updated list includes a greater number of recorded taxa at nMAR vent fields than was reported previously (Fabri et al., 2011; Sun et al., 2020), reflecting ongoing species discovery in the region. The most northern, shallowest nMAR vent fields (Menez Gwen, Lucky Strike, Rainbow) were reported by Fabri et al. (2011) as having the highest species richness, followed by Snake Pit. This general pattern also occurs in the present analysis, although the deeper Snake Pit vent field is the second most taxonomically diverse, after Lucky Strike, and before Menez Gwen and Rainbow. As in Fabri et al. (2011), the deeper more southerly vent fields (Ashadze-1, Logatchev, TAG, and Broken Spur) all have lower taxonomic diversity than the more northerly, shallower vent fields. Lost City has very low taxonomic diversity in both studies. The vent field with the lowest taxonomic diversity in the present study was Moytirra, which was discovered after Fabri et al. (2011) was published.

It is possible that the apparent trends in diversity may be linked to differences in sampling effort amongst sites. However, given that similar patterns in diversity have been observed in the present study and Fabri et al. (2011), despite the present study having almost twice the number of taxa compared to Fabri et al. (2011) (158 and 88 taxa, respectively), the observed differences in taxonomic diversity may represent true trends in diversity distribution along the nMAR. Further targeted sampling programs across vent fields, using standard methods and spanning whole communities (microbes to megafauna), would be needed to confirm this apparent trend in diversity distribution along the nMAR.



Regional Biogeographic Analysis for Hydrothermally Active Vent Fields

Apart from the earlier work of Desbruyères et al. (2000, 2001), there have been few studies on the regional differences in vent fauna along the nMAR. Global biogeographic analyses have identified the nMAR as a separate biogeographic province (Bachraty et al., 2009; Moalic et al., 2012). Some analyses have further divided this province into two additional provinces, with the boundary between the north and south nMAR provinces occurring just south of the Azores (Van Dover et al., 2002). Various statistical methods have been used in previous studies to compare vent communities between segments on the same ridge (Gebruk et al., 1997; Van Dover et al., 2002; Tsurumi and Tunnicliffe, 2003) however, these studies were rarely able to include presence-absence data for taxa from all vent fields in the region because the available faunal data were insufficient to be used in statistical or biological and ecological studies (Van Dover, 1995; Jollivet, 1996; Gebruk et al., 1997; Tsurumi and Tunnicliffe, 2003).

The analysis in the present study is the first quantitative regional (meso-scale) biogeography analysis to include presence-absence data for taxa at the recently discovered Moytirra vent field (Wheeler et al., 2013) and the unusual geochemical environment occurring at Lost City. These multivariate results suggest that, based on presence-absence data, the regional biogeography of benthic invertebrate vent fauna on the nMAR is structured by depth/latitude and chimney type (sulphide or carbonate), with the shallower vent fields closer to the Azores (Menez Gwen and Lucky Strike) having a different taxonomic composition from those occurring at greater depths further south (Ashadze-1, Logatchev, Snake Pit, Broken Spur, TAG, and Rainbow). These results are similar to those obtained by Van Dover et al. (2002) and Fabri et al. (2011), where vent fields on the nMAR also formed two groups: the shallower vent fields close to the Azores and the deeper vent fields further south. As for these previous studies, our analysis was unable to separate the covarying effects of latitude and depth in influencing regional biogeography. Our results differ from Fabri et al. (2011) in the clustering of Rainbow vent field (2,300 m depth) with the deeper vent fields of Broken Spur, Snake Pit, TAG, Logatchev, and Ashadze-1 (3,050–4,200 m depth), instead of clustering with the shallower Menez Gwen and Lucky Strike vent fields (850–1,700 m depth).

Moytirra falls within a separate cluster, which may result from its higher latitude location, with the Azores potentially acting as a barrier to faunal dispersal for some species. The biological information available for Moytirra is less detailed, with only nine taxa reported from this vent field, which may contribute to it clustering separately. Lost City also forms its own cluster which, according to the environmental analyses results, is probably due to the different geochemical environment, with serpentinisation leading to hydrogen- and methane-rich vent fluids and the precipitation of its unique carbonate chimneys. Future analyses may be able to include biological information from additional nMAR vent fields, such as Pobeda-1, Irinovskoye, and Semyenov-2, when these have been better characterised through further survey efforts.

It is also important to note that in the present analysis, taxonomic similarity is not 100% within the same vent field cluster, i.e., not all taxa occur at each vent field. Vent fields within the same cluster are taxonomically more similar compared to vent fields in other clusters. However, vent fields within each cluster do not have exactly the same taxonomic composition, which is an important consideration for environmental management. Clustering of nMAR vent fields according to faunal presence-absence data provides useful information on the regional biogeography for these taxa, and in combination with environmental analyses, indicates the environmental variables that may be the cause of these clusters. However, presence-absence data do not offer any information on the dominance of species at different vent fields, only their occurrence at any given location. More detailed quantitative datasets would be needed to compare all vent fields based on their abundance-weighted community structure.



Biological Communities at Hydrothermally Active Habitats and Hydrothermally Inactive Sulphide Habitats and Key Knowledge Gaps

Despite more than three decades of scientific research, our detailed literature review of nMAR biological communities highlights that key knowledge gaps still need to be addressed. The most information is available on the biodiversity and distribution of nMAR hydrothermally active ecosystems, with considerably less known about the temporal variation, connectivity, ecosystem function (including trophic relationships), and resilience and recovery of these ecosystems. Almost nothing is known about the biological communities colonising inactive sulphide habitats on the nMAR. Inactive sulphide habitats are poorly characterised in most oceans (Van Dover, 2019), yet are considered to have specific environmental management needs (Van Dover et al., 2020). Here, we discuss the key knowledge gaps for nMAR hydrothermally active and inactive ecosystems to spur collaborative research in the region, and to support regional-scale environmental management of human activities on the nMAR, including future deep-sea mining.


Biodiversity and Distribution

Existing data on the biodiversity and distributions of biota at hydrothermally active habitats relate mainly to benthic invertebrate megafauna. Considerably less information is available for smaller organisms, such as the macrofauna, meiofauna, and microorganisms at these habitats. Some vent fields, such as Moytirra, have been less studied than other fields, such as Lucky Strike, with the consequence that their biological communities are not as comprehensively characterised. More detailed studies are needed, replicated across all vent fields with standard methods, to determine the regional biodiversity and distributions for the biota. This is particularly the case for smaller organisms not identifiable from imagery. Further visual surveys may confirm the occurrence of additional hydrothermal vent fields supporting biological communities, particularly where hydrothermal activity has been “inferred” on the nMAR from water column chemistry (Beaulieu and Szafranski, 2020). Continued survey and research efforts are also needed to review and update the species list for benthic and benthopelagic fishes occurring at hydrothermally active habitats and inactive sulphide habitats on the nMAR.

Little is known about the biota colonising inactive sulphide habitats on the nMAR. Historically, there are few records of benthic invertebrates colonising nMAR hydrothermally inactive sulphide habitats, although this apparent absence of biological communities may reflect the geological focus of earlier studies and not a true absence of biota at these habitats. Preliminary data from more recent studies suggest that fauna may be scarce at nMAR inactive sulphide habitats (Molodtsova et al., 2014; Galkin et al., 2019), although these results may in part reflect limitations of the sampling gear used. Of the organisms observed, most of the benthic invertebrates were suspension feeders (Molodtsova et al., 2014). Studies in other regions support these findings, for example, some inactive sulphide chimneys in the southwest Pacific were devoid of benthic invertebrate megafauna, although other chimneys supported elevated abundances (Boschen et al., 2016a). Suspension feeders also dominated the invertebrate assemblages occurring at inactive sulphide habitats in the southwest Pacific (Galkin, 1997; Collins et al., 2012; Sen et al., 2014; Boschen et al., 2016a) and Indian Ocean (Gerdes et al., 2019). There is currently no evidence for benthic invertebrate species that are endemic to the weathered sulphide environment on the nMAR. Invertebrate-symbiont associations, similar to those seen at hydrothermally active habitats, have not been reported from inactive sulphide habitats (Van Dover, 2019). Most benthic invertebrates observed at inactive sulphide habitats have also been recorded from non-hydrothermal hard substrata in the region, suggesting a broad regional distribution of taxa occurring at hydrothermally inactive sulphides (reviewed by Van Dover, 2019). Dedicated studies are needed to determine if benthic invertebrate assemblages colonising inactive sulphide habitats on the nMAR occur at other non-hydrothermal habitats in the wider region.

Hydrothermally active habitats on the nMAR support an array of microorganisms, including Archaea, Bacteria, and protozoa, which can occur as free-living on the substrata, within hydrothermal plumes, and in symbiosis with hydrothermal vent fauna (Dick, 2019). Studies on microorganisms colonising hydrothermally active habitats have focussed on free-living and symbiotic chemoautotrophic groups, generally at the site or vent field scale. Comprehensive regional analyses looking at trends in the biodiversity and distribution of microbial communities across all nMAR vent fields have not been reported. Archaea and some Bacteria may be thiotrophic (oxidises Sulphur compounds) or methanotrophic (oxidises methane) and potentially endemic to hydrothermally active habitats (either basalt or ultramaphic rocks) along the nMAR. Other microorganisms, such as protozoa, fungi, and some Bacteria, are heterotrophic (metabolise organic carbon sources) and may occur in other deep-sea habitats along the nMAR. Microscopic eukaryotes are particularly under-studied, although studies from other regions show these can be abundant at hydrothermally active habitats (Van Dover et al., 1988b; Brönnimann et al., 1989). The regional distribution of nMAR symbiotic bacteria is little known. Bacterial symbionts on the MAR do not always share the same regional distribution as their hosts, for example the genealogies of chemoautotrophic and methanotrophic symbionts of Bathymodiolus spp. located on the MAR north and south of the Equator were inconsistent, and different from their mussel hosts, indicating disconnected biogeography patterns (Van der Heijden et al., 2012).

There are no studies characterising the microbial communities of inactive sulphide habitats on the nMAR. The distribution patterns from other oceans (reviewed by Van Dover, 2019) could provide some insight into the nMAR. For example, bacterial density at inactive sulphide habitats along the Juan de Fuca Ridge decreases according to the following mineral sequence: elemental sulphur, chimney sulphide, marcasite, pyrite, sphalerite, chalcopyrite (Edwards et al., 2003). If the same pattern occurs along the nMAR, then this may impact the regional distribution of bacterial communities. It has been suggested that inactive sulphide habitats may host microorganisms not found elsewhere or only detectable in low numbers (Han et al., 2018); others suggest that microbial communities at inactive sulphides may be similar to groups common in other marine sediments (Meier et al., 2019). Dedicated studies are needed to characterise the microbial communities colonising inactive sulphide habitats on the nMAR, and to compare these with microbial communities colonising other habitats in the wider region.

In general, more detailed information is needed on the spatial distribution of species and communities colonising nMAR hydrothermally active habitats and inactive sulphide habitats. To get a complete picture of communities colonising these habitats, biodiversity characterisation needs to span microbes to larger benthic invertebrates and benthopelagic fishes, at suitable spatial scales and resolution. Fully characterising these communities over a wide area of the nMAR would enable quantitative regional biodiversity analyses to be conducted, alongside the identification of ecologically important locations that may require enhanced environmental management measures.



Ecosystem Function, Including Trophic Relationships

Ecosystem function has been defined in multiple ways. For the purpose of this review, ecosystem function was considered to be “the capacity of natural processes and components to provide goods and services that satisfy human needs, either directly or indirectly” (De Groot et al., 2002). Through this definition, ecosystem functions are a subset of ecological processes and ecosystem structures, with each function the result of the natural processes of the ecological system (De Groot et al., 2002). Ecosystem functions in this context include regulatory functions, habitat functions, production functions, and information functions (see Table 4). Regulatory and habitat functions are essential to the maintenance of natural processes and components, and to the delivery of production and information functions.


Table 4. Types of ecosystem functions as defined by De Groot et al. (2002).
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The functions and services provided by the deep-sea environment are habitat or ecosystem dependent (Thurber et al., 2014; Le et al., 2017). In a general sense, deep-sea hydrothermally active habitats and hydrothermally inactive sulphide habitats provide all four of the ecosystem function groups, making particularly important contributions to the regulatory and habitat functions that are essential to maintaining biological communities at hydrothermally active habitats and inactive sulphide habitats (Turner et al., 2019). Hydrothermally active habitats provide key production functions, as these habitats are biologically more productive and generally support greater biomass relative to surrounding non-hydrothermal deep-sea habitats (Levin et al., 2016; Bell et al., 2017; Turner et al., 2019). Other production functions provided by hydrothermally active habitats include enhanced trophic and structural complexity, which provides the setting for complex trophic interactions (Colaço et al., 2007; Portail et al., 2018, Turner et al., 2019). Hydrothermally active habitats also provide regulatory functions through their role in global biogeochemical cycling and elemental transformation of carbon, sulphur, and nitrogen (Lilley et al., 1995; Petersen et al., 2011; Sievert and Vetriani, 2012).

Microorganisms play a particularly important role in both the regulatory and production functions of hydrothermally active habitats. Chemolithoautotrophic microorganisms use the energy released through the oxidation of reduced compounds within hydrothermal fluids for the fixation of inorganic carbon, thus mediating the transfer of energy from the geothermal source to higher trophic levels and so forming the basis of the unique food webs existing in these environments (Hügler et al., 2010). Microorganisms within hydrothermally active habitats perform numerous functions, including sulphur oxidation and sulphate reduction; ammonia and nitrite oxidation; nitrate reduction; hydrogen and methane oxidation; manganese oxidation; and iron II oxidation and reduction (Ding et al., 2017).

The functional roles of free-living microorganisms colonising hydrothermally active habitats have been studied at Logatchev, Rainbow, TAG, and Snake Pit (Hügler et al., 2010; Scott et al., 2015). However, detailed studies at other nMAR vent fields would be needed to fully appreciate microbial contribution to regional ecosystem function. For hydrothermally inactive sulphide habitats on the nMAR, microbial contribution to ecosystem function is not known, but studies from other regions suggests microbial communities can perform a range of functions, as reviewed by Van Dover (2019). For example, Bacteria and Archaea at inactive sulphide habitats have the metabolic potential for nitrogen (nitrogen fixation, ammonia oxidation, denitrification) and methane cycling, in addition to iron and sulphide oxidation (Zhang et al., 2016; Li et al., 2017). Some of the microbes associated with hydrothermally inactive sulphides may also have the potential to enhance bioleaching of potentially toxic metals (iron, copper, zinc) from sulphides and to accelerate galvanic interactions that increase metal dissolution rates (Fallon et al., 2017).

Ecosystem function studies on the nMAR have largely focussed on the trophic relationships at hydrothermally active habitats in the Menez Gwen, Lucky Strike, Rainbow, Broken Spur, TAG, and Snake Pit vent fields (Colaço et al., 2002; De Busserolles et al., 2009; Portail et al., 2018); and separately at Ashadze-1 vent field (Fabri et al., 2011). However, trophic relationships have not been characterised for Moytirra or Lost City vent fields, and there are no analyses assessing trends in trophic relationships across all ten nMAR vent fields. Most studies conducted to date on the trophic relationships of the benthic invertebrates at hydrothermally active habitats have focused on the megafauna or macrofauna, with comparatively few studies addressing the trophic role of meiofauna.

Trophic relationships for the biota colonising hydrothermally inactive sulphide habitats along the nMAR are unknown, largely because these biological communities have not been characterised. Whilst not demonstrated for the nMAR, there is some evidence from other regions that non-vent suspension feeders colonising inactive sulphide habitats may benefit from secondary production at active vents (Erickson et al., 2009). It is not known whether the microbial community colonising inactive sulphide habitats along the nMAR provides an important nutritional source for any benthic invertebrates in these habitats.

Other than trophic relationships, the functional role of benthic invertebrates and fishes found at hydrothermally active habitats or inactive sulphide habitats on the nMAR has not been reported. The global hydrothermal vent functional traits database produced by Chapman et al. (2019) includes species recorded from the nMAR, and should facilitate future functional studies for those taxa included in the database.

Further studies are needed to appreciate the role of different taxa and groups (microbes to benthic invertebrates and benthopelagic fishes) in ecosystem function, where there is functional overlap, and any cases where species have a unique contribution to ecosystem function. This is essential knowledge in the context of predicting disturbance-induced impacts to ecosystem function, and for implementing the ecosystem approach in environmental management.



Connectivity

The most referred to concept of connectivity is population connectivity, which describes how individuals or groups of individuals from the same species can move between populations, and in the case of genetic connectivity, the extent to which they are able to exchange genetic material. The persistence and maintenance of populations distributed amongst patchy hydrothermally active habitats is thus determined by the balance between the loss of individuals and the provision of new recruits to the population, either from the resident population or from neighbouring populations. Excepting the more mobile crabs and fishes, most species at hydrothermally active habitats are sessile as adults and are reliant on larval dispersal to maintain connectivity amongst sites. Local vent communities are linked by pelagic larval dispersal, together forming regional metacommunities nested within biogeographic provinces (Mitarai et al., 2016; Mullineaux et al., 2018). Connectivity patterns are thus influenced by the larval development mode, where larvae travel within the water column, and the local and regional current regime, amongst other factors (Hilário et al., 2015; Boschen et al., 2016b).

Of the models describing connectivity amongst populations, the two most applicable to populations at hydrothermally active habitats are isolation-by-distance and panmixia (Vrijenhoek, 2010; Boschen et al., 2016b), both of which have been demonstrated for benthic invertebrates colonising nMAR hydrothermally active habitats. Connectivity patterns of hydrothermally active habitats on the nMAR can be complicated in space and time, largely because these habitats are spatially fragmented, and can change over time.

Population connectivity has only been determined for a small number of typically abundant benthic invertebrate species at hydrothermally active habitats along the nMAR; there are still many species where connectivity has not been assessed. Most population connectivity studies on the nMAR have focused on megafaunal and macrofaunal taxa, with very few studies assessing the connectivity of meiofaunal taxa. Even for species where some aspects of connectivity are known, there are still multiple knowledge gaps, including population size, reproductive biology, larval duration, and ocean currents (Hilário et al., 2015). Full population genetics studies of nMAR symbionts have not yet been conducted, however studies from other regions suggest that bacterial symbionts can demonstrate different connectivity patterns from their hosts. For example, a study from the East Pacific Rise, Galápagos Rift, and Pacific-Antarctic Ridge demonstrated that northern and southern bacterial symbionts appeared to be completely isolated, despite mussel species hybridising along the Easter Microplate (Ho et al., 2017). It is not known if a similar pattern occurs in bathymodiolid symbionts at hybridisation zones along the MAR, such as Broken Spur vent field.

The connectivity of the biota colonising hydrothermally inactive sulphide habitats on the nMAR is completely unknown, as is the potential for inactive sulphide habitats to support source populations important for regional population connectivity. In other regions, most species observed at inactive sulphides have been recorded from other habitats (reviewed by Van Dover, 2019).

In terms of environmental management for human activities, such as deep-sea mining, understanding connectivity patterns between the proposed mine site and hydrothermally active habitats in the broader region is key to determining the potential impacts of the proposed mining operation and the potential for recovery at that site (Boschen et al., 2016b). For example, locating a mine site at a source population, which provides recruits to other populations in the region as part of a metapopulation framework, could impact neighbouring populations which are reliant on larval supply from the source population (Boschen et al., 2016b; Mullineaux et al., 2018). If the proposed mine site harbours a self-recruiting population, then extirpation of this population could mean that this species is not able to recolonise the site once mining activities have ceased. A detailed review of connectivity in the context of deep-sea mining of PMS deposits, environmental management, and the role of genetic tools, is provided by Boschen et al. (2016b).

Connectivity assessments need to be undertaken for a greater number of species colonising hydrothermally active habitats on the nMAR, spanning the full range of potential life histories. At a regional level, there needs to be detailed information on population source-sink dynamics and self-recruitment to predict impacts from disturbance to populations, and to inform decisions on potential networks of protected areas. It is also important to consider the potential influence of ocean currents on connectivity patterns. A recent study based on biophysical modelling on the nMAR suggested that there are both persistent zones of connectivity and barriers to dispersal along the ridge; knowledge of such locations could be used to inform environmental management decisions for region (Yearsley et al., 2020).



Temporal Variability

Temporal variability can be related to food availability, breeding and reproductive cycles, ontogenetic shifts, or changes in environmental parameters (Colaço et al., 2009; Glover et al., 2010; Cuvelier et al., 2011b). These factors can lead to variability over multiple time scales, including diurnal, monthly, seasonal, inter-annual, or even decadal time scales (Glover et al., 2010). Temporal variation can be particularly complex for biota at hydrothermally active habitats, with multiple scales of both temporal and spatial variability potentially interacting to influence overall productivity of this community (Le Bris et al., 2019). Less predictable episodic events can also result in temporal variability in such communities, such as volcanic eruptions (reviewed by Le Bris et al., 2019). The slow-spreading MAR axis is considered to be a relatively stable environment for hydrothermally active biological communities, predicted to have distantly spaced vent fields with lower frequency of episodic events than fast-spreading locations, such as the East Pacific Rise and Juan de Fuca Ridge (Vrijenhoek, 2010).

Temporal variability in ecological processes has been documented for microbes and benthic invertebrates at hydrothermally active habitats on the nMAR, using a variety of methods and across a range of temporal scales. Studies on the temporal variability of benthic invertebrates at hydrothermally active habitats have to date focused on the megafauna, with little known about the temporal variability of the macrofauna or meiofauna.

Although not demonstrated for hydrothermal vents with sulphide chimneys on the nMAR, studies in other ocean regions suggest that the microbial communities can stabilise over multiple years (Fortunato et al., 2018). It has also been suggested that microbial communities on the MAR in low-temperature fluids (circa 8°C) may exhibit greater short-term variability (minutes to hours) than those at high-temperature habitats, as has been observed at mussel beds in the Clueless vent field (5°S) in response to short-term hydrothermal fluid variability (Perner et al., 2009). If this also occurs at mussel beds on the nMAR, microbial communities in different hydrothermal fluid environments may have different abilities to respond to changes in environmental conditions associated with both natural and human induced disturbance.

There have not been any dedicated studies addressing temporal variation for microbial communities or benthic invertebrates at hydrothermally inactive sulphide habitats on the nMAR. As hydrothermally active areas along the nMAR become inactive, hydrothermal vent endemic biota will be lost, and over time there may be an increase in microbes and benthic invertebrates who can either tolerate or exploit the inactive sulphide habitats. Although this style of succession has been suggested for other ocean regions (Sen et al., 2014), it has yet to be observed for the nMAR. Some hydrothermally inactive habitats, such as relict or extinct sulphide structures, may provide stable habitats for colonisation by benthic invertebrates, as has been observed in other regions (Boschen et al., 2016a; Gerdes et al., 2019).

Characterising temporal variability is particularly important in the context of environmental management, as it would enable impacts from human activities, such as future deep-sea mining, to be assessed against natural temporal variability. Understanding temporal variability is also key to the development of suitable environmental management measures, to ensure that these measures can accommodate natural temporal variability within the region, and that they will remain effective in the context of longer-term environmental variability, such as climate change.

Ecological information for nMAR hydrothermally active habitats and inactive sulphide habitats needs to be collected over a range of time scales (hours, days, week, months, years, decades) at multiple locations to establish a robust regional baseline for temporal variability against which to measure disturbance-induced changes, and to help predict future responses. More long-term data collection stations or observatories are needed on the nMAR to help provide this information.



Resilience and Recovery

Resilience represents a key concept in ecosystem response to disturbance effects. In the context of this review, recoverability, or resilience, refers to persistence of ecosystems in the face of natural or anthropogenic disturbances (Holling, 1973), and can be quantified as the recovery time to the original state after disturbance (Holling, 1996). Resilience can be further defined as the ability of a system to maintain its overall identity i.e., the same function and structure, in the face of internal change and external perturbations (Walker et al., 2004; Cumming et al., 2013).

Disturbances to hydrothermally active ecosystems can be natural or human induced, across different spatial and temporal scales. The temporal scale of natural disturbances to hydrothermally active ecosystems can range from decades to centuries (Van Dover, 2014). Few human induced disturbances have been studied at hydrothermal vent ecosystems, excepting research conducted on the effect of the high-intensity illumination associated with HOVs and ROVs.

Apart from a recent small-scale disturbance experiment conducted in the Lucky Strike vent field (Marticorena et al., 2021), dedicated resilience and recovery studies have not been conducted for the biological communities colonising hydrothermally active habitats or inactive sulphide habitats on the nMAR. The results from the study by Marticorena et al. (2021) demonstrated the complexity of recovery patterns in response to even small-scale disturbances on the nMAR, highlighting the importance of prior information on connectivity and temporal patterns to fully understand recovery processes after a major disturbance.

Recovery patterns of biological communities colonising hydrothermally active habitats have been assessed in greater detail in the Pacific Ocean. On the East Pacific Rise (EPR), observations on the recovery of biological communities from disturbance due to volcanic activity suggested that most of the diversity and biomass recovered within 5 years (reviewed by Gollner et al., 2017). Recoverability on the EPR varied significantly amongst biological communities from hydrothermally active vents, inactive vents, and within the vent periphery (Gollner et al., 2017). A recent study indicates that faunal succession on the EPR continued a decade after volcanic disturbance, and that there is strong variation amongst and across environmental gradients (Mullineaux et al., 2020). Recovery time on the EPR was considered slower than previously expected, with communities having lower resilience to disturbances, such as deep-sea mining, than initially estimated (Mullineaux et al., 2020). Variable recovery times for hydrothermal vent communities were also predicted in the western Pacific Ocean, based on modelling simulated disturbance for communities in 131 vent fields (Suzuki et al., 2018). The analysis identified substantial differences in recovery time (from <2 years to more than 400 years) due to differences in regional connectivity between known vent fields. In some cases, simultaneous disturbance of a series of vent fields was predicted to delay or wholly prevent recovery (Suzuki et al., 2018).

Predicting the recovery of nMAR hydrothermal vent communities based on the more extensive observations and models from the Pacific Ocean is inherently flawed, given the differences in the frequency of natural disturbance events between these regions and an absence of information on local controls for the nMAR (Mullineaux et al., 2018). There is also limited information on the importance of self-recruitment for populations of nMAR hydrothermal vent fauna. If self-recruitment occurs, a disturbance event at that site could remove or reduce the abundance of eggs and larvae for benthic invertebrate populations, which alongside localised loss or degradation of suitable habitat for colonisation, could severely reduce recovery potential for that population or even result in localised species extinction.

Some of the organisms colonising hydrothermally inactive sulphide habitats may be both sessile and slow growing, such as the hard corals observed on inactive sulphide chimneys along the Kermadec Volcanic Arc in the southwest Pacific, estimated to be at least 160 years old (Boschen et al., 2016a). If the species of black and golden corals recorded from inactive sulphide habitats on the nMAR (Molodtsova et al., 2014) are also slow-growing and long-lived, as has been demonstrated for other species of black corals on the nMAR (Carreiro-Silva et al., 2013), these corals may take decades or centuries to recover from disturbances.

Information is urgently needed on the resilience to disturbance of species and communities colonising hydrothermally active habitats and inactive sulphide habitats on the nMAR. Information is also needed on the biological succession sequence for these habitats following disturbance, and the frequency of natural disturbances on the nMAR. This knowledge is essential for predicting responses to disturbance, assessing environmental impacts, and monitoring recovery from impact. In the absence of natural disturbance events to observe and monitor, controlled disturbance experiments could be used to evaluate biological responses.
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FOOTNOTES

1For the purpose of this review, “hydrothermal habitats” encompasses (1) “hydrothermally active habitats,” where hydrothermal activity is ongoing and provides seafloor habitats, and (2) “inactive sulphide habitats,” where hydrothermal activity has ceased leaving behind sulphide substrata.
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Bythitidae Cataetyx laticeps® Bythitid fish
Chimaeridae Hydrolagus affinis® Small-eyed rabbit fish

Hydrolagus pallidus® Palld ghost shark
Lotidae Gaidropsarus sp.* Gadoid fish
Macrouridae Coryphaenoides amatus®  Amed grenadier
Moridae Lepidion schmidt® Schmidt's cod
Sebastidae Trachyscorpia echinata® Spiny scorpion fish
Synaphobranchidae liyophis saldanhai* Arrow-tooth eel
Zoarcidae Pachycara saldanhai Eel pout

Pachycara thermophilum’ Eel pout

Species records were taken from Desbruyéres et al. (2006). Taxonomic status was
updated using the World Register of Marine Species (WoRMS Editorial Board, 2021).
“vent species; Cgeneral deep-sea species.
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which are then used by secondary producers

Natural ecosystems provide an essential ‘reference
function’ and provide important contributions to cultural
appreciation of the natural environment
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