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To date, 13 biologically active hydrothermal vent (HTV) fields have been described on the West Indian Ocean ridges. Knowledge of benthic communities of these vent ecosystems serves as scientific bases for assessing the resilience of these ecosystems under the global effort to strike an elegant balance between future deep-sea mining and biodiversity conservation. This review aims to summarize our up-to-date knowledge of the benthic community structure and connectivity of these Indian vents and to identify knowledge gaps and key research questions to be prioritized in order to assess the resilience of these communities. The HTVs in the West Indian Ocean are home to many unique invertebrate species such as the remarkable scaly-foot snail. While distinct in composition, the macrofaunal communities of the Indian HTVs share many characteristics with those of other HTVs, including high endemism, strong zonation at the local scale, and a simple food web structure. Furthermore, Indian vent benthic communities are mosaic compositions of Atlantic, Pacific, and Antarctic HTV fauna possibly owning to multiple waves of past colonization. Phylogeographic studies have shed new light into these migratory routes. Current animal connectivity across vent fields appears to be highly influenced by distance and topological barriers. However, contrasting differences in gene flow have been documented across species. Thus, a better understanding of the reproductive biology of the Indian vent animals and the structure of their population at the local scale is crucial for conservation purposes. In addition, increased effort should be given to characterizing the vents’ missing diversity (at both the meio and micro-scale) and elucidating the functional ecology of these vents.
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INTRODUCTION

The International Seabed Authority (ISA) has been working with stakeholders and lawmakers to draft regulations governing seabed mining by 2023 (International Seabed Authority, 2018). Given the growing interest in mining polymetallic deposits at hydrothermal vents (HTVs), assessing the vulnerability of their biological communities, which are predicted to hold valuable natural products (Thornburg et al., 2010; Van Dover et al., 2018) and play an important role in carbon cycling (Bell et al., 2017), is an urgent and essential task. Mining operations on vent ecosystems are foreseen to have multiple severe consequences (Reed et al., 2015; Ellis et al., 2017; Gollner et al., 2017; Van Dover et al., 2018; Washburn et al., 2019), but specific guidelines for conservation are hard to formulate because of immense knowledge gaps on the ecology of these ecosystems and in particular their natural resilience and connectivity. HTV communities were initially presumed to be highly resilient because of the great variability and unpredictability of the environmental conditions to which they have adapted (Hessler et al., 1988; Juniper and Tunnicliffe, 1997; Sarrazin et al., 1997), but the discovery of slow-growing species (Urcuyo et al., 2007) and highly stable vent communities (Boschen et al., 2015; Du Preez and Fisher, 2018) has challenged these assumptions and highlighted the need for a global assessment of HTV biodiversity. In a recent study, Gollner et al. (2021) assessed 11 confirmed vent fields on the northern Mid-Atlantic Ridge (MAR) by using a combination of criteria set for “Vulnerable Marine Ecosystems” by FAO and “Ecologically or Biologically Significant Areas” by CBD and “Particularly Sensitive Sea Areas” by IMO, and concluded that 10 of those 11 HTV fields met all the criteria for ecosystems in need of protection.

The spreading ridges of the Indian Ocean and their hydrothermal ecosystems (Figure 1) are unique but have less known vent ecosystems than those in the Atlantic and Pacific mid-ocean ridges in terms of their spreading rate (Müller et al., 2008; Beaulieu, 2015), mineral composition (German et al., 2016), and carbon input from the surface (Harms et al., 2021). Indian Ocean spreading ridge vent ecosystems have been hypothesized to serve as a corridor of connectivity between Atlantic and Pacific vent fauna (Ramirez-Llodra et al., 2007; Bachraty et al., 2009; Moalic et al., 2012; Rogers et al., 2012).
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FIGURE 1. Biologically active hydrothermal vents of the Indian mid-ocean ridges. The Indian Ocean counts eight topological ridges, including four that are active plate boundary rift zones. In recent years, exploration campaigns by the Federal Institute for Geosciences and Natural Resources of Germany (BGR), COMRA (China), the Government of India, and the Government of the Republic of Korea (6 areas within the blue rectangle), who were awarded exploration permits by the ISA between 2011 and 2016 (Minerals: Polymetallic Sulfides | International Seabed Authority), resulted in the discovery of additional vent fields on the CIR, CR, SWIR, and SEIR. At the time of writing this review, 13 active hydrothermal vent fields with associated macrofaunal communities have been described in the Indian mid-ocean ridge. Some of the endemic taxa of the Indian ridges are shown. Bottom-left: Austinograea rodriguezensis, bottom-middle: Mirocaris indica, bottom-right: Chrysomallon squamiferum. Scale bar = 2 cm. Bathymetric data from NOAA, exploration contract areas from https://www.isa.org.jm/exploration-contracts/polymetallic-sulfides. Photos courtesy of Dr. Jin Sun.


The mid-ocean ridges of the Indian Ocean display contrasting spreading rates that range from intermediate (∼80 mm/year) to ultraslow (<20 mm/year). Slower spreading at mid-ocean ridges usually translates to less intense hydrothermal activity (Baker et al., 1996; German and Parson, 1998), but this correlation is not always true at ultraslow spreading ridges (Dick et al., 2003; Snow and Edmonds, 2007; German et al., 2016) as evidenced by the discovery of large active HTV fields (Edmonds et al., 2003; Connelly et al., 2007; Tao et al., 2009; Kinsey and German, 2013). At ultraslow spreading ridges, hydrothermal fluids penetrate deeper in the crust, possibly below the Moho boundary (Tao et al., 2020), and hydrothermal circulation is more stable (Baker et al., 2004). It is estimated, for instance, that hydrothermal activity at the now inactive vent site Mount Jourdanne had lasted for more than 50,000 years. Given these unique characteristics, polymetallic sulfide deposits may be more important (German et al., 2016) and richer in copper and gold (German et al., 2016) at the slower-spreading Indian ridges and are thus of greater interest to mining companies. At the same time, their higher stability and lower nutritional resources may render their HTV communities more vulnerable to environmental disturbances (Fjeldsaå and Lovett, 1997; Du Preez and Fisher, 2018).

In this short review, we summarize the current state of knowledge about the community composition and connectivity of HTVs in the West Indian Ocean ridges, focusing mainly on macrofaunal species. Specifically, we aim to address the following questions: (1) How diverse and variable are the HTV communities, and do diversity and variability impact the resilience of these ecosystems? (2) To what extent are the Indian mid-ocean ridges HTV ecosystems connected, and how do these connectivity patterns vary across species? (3) How unique are the characteristics of community composition and connectivity in the West Indian mid-ocean ridges in comparison to vent systems in the other oceans? and (4) What are the knowledge gaps that need to be filled first in order to assess the sustainability of mining operations?



COMMUNITY STRUCTURE


Diversity and Endemicity

Macrofaunal communities in the Western Indian Ocean HTVs are akin to other deep-sea chemosynthetically based ecosystems with low species richness but high abundance of individuals (Tsurumi, 2003; Dover and Doerries, 2005; Sarrazin et al., 2015) (see Supplementary Material). Macrofaunal species richness in the HTVs of the Indian Ocean are in the range of what has been observed elsewhere (see Supplementary Material). At the Southwest Indian Ridge (SWIR) and the Central Indian Ridge (CIR), 39 and 37 macrofauna taxa were identified, respectively (Watanabe and Beedessee, 2015; Zhou et al., 2018), whereas between 1 and 116 (21 species on average) were described from other vents worldwide (Bachraty et al., 2009). Dominant macrofaunal species in the Indian Ocean vent ecosystems include the shrimp Rimicaris kairei, the mussel Bathymodiolus marisindicus, the crab Austinograea rodriguezensi, the scaly-foot snail Chrysomallon squamiferum, the snails of the genus Gigantopelta and Alvinichoncha, the stalked barnacle Neolepas marisindica, and the polychaetes Ophryotrocha jiaolongi (SWIR) and Branchipolynoe longqiensis, which are commensal worms in the mantle cavity of B. marisindicus (SWIR).

Like elsewhere, macrofaunal vent communities in the Indian Ocean also possess high endemicity (Ramirez-Llodra et al., 2007; Rogers et al., 2012; Figure 2). The Indian vent communities are also distinct in composition from other oceans because almost all the dominant taxa above are unique to the Indian vents (Hashimoto et al., 2001; Nakamura et al., 2012; Copley et al., 2016; Zhou et al., 2018; Kim et al., 2020). With the restricted distribution of these animals, fragmented habitat, and uncertainties about their demographic fluctuations, the proposed idea was to first place these species preemptively in the IUCN Red List of threatened species (Sigwart J. D. et al., 2019). These criteria permitted the addition of the scaly-foot snail to that list in 2019 (Sigwart J. et al., 2019). Furthermore, a similar degree of variation in community composition exists within the Indian biogeographic province itself (Figure 2). For instance, roughly a quarter of the macrofaunal vent species found on the SWIR were not found in other vent fields in the Indian Ocean (Zhou et al., 2018), and major differences in species richness and abundance can be observed between sites located even on the same spreading ridge (see section “Community Differences Across Vent Fields”).
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FIGURE 2. Partition of the variance in community composition (genus level) across hydrothermal vents in the Indian, Antarctic, Atlantic, and West Pacific oceans. The Principal Coordinate Analysis (PcoA) plot is based on the Jaccard distance between vent sites. The presence/absence of taxa was compiled from Wang et al. (2021); Nakajima et al. (2014), Sun et al. (2020), and Kim et al. (2020), building upon Copley et al. (2016) and is provided as Supplementary Material with additional β-diversity indices. All hierarchical levels (inter-ocean and inter-ridge) significantly contribute to the observed differences in community composition at the genus level (db-RDA p-value = 0.001). ANOSIM analyses also support the ocean- and ridge-level groupings of vent communities (significance = 1e-04) with dissimilarities across mid-ocean ridges higher than across oceans (ANOSIM statistic R = 0.8 and 0.59, respectively). Within the Indian Ocean, ridge-level groups are statistically significant but less supported (ANOSIM significance = 0.0245). Note that the species lists for CR vents are likely incomplete due to lower sampling effort.




Spatial Zonation at the Local Scale

Strong spatial zonation on the scale of a few meters, similar to the situations described for the Juan de Fuca Ridge and East Pacific Rise (EPR) vents (Shank et al., 1998; Sarrazin et al., 1999), was observed in the HTVs of the Indian Ocean (Nakamura et al., 2012; Watanabe and Beedessee, 2015; Copley et al., 2016; Zhou et al., 2018). Invertebrates with strong nutritional reliance on chemosymbionts (e.g., shrimps and mussels) and to a lesser extent various grazers and omnivorous taxa (e.g., crabs and polychaetes) were the dominant macrofauna in high-sulfide environments, whereas suspension feeders such as Actinians cnidarians were found on the periphery of these assemblages (Watanabe and Beedessee, 2015). Studies from other vents suggest that physicochemical parameters (notably temperature and hydrogen sulfide concentration) significantly affect species distribution (Sarrazin et al., 1999; Le Bris et al., 2005; Podowski et al., 2010), but in all studies, the examined environmental parameters could explain only a small percentage of the differences among the various community patches. Other factors such as species interactions (Micheli et al., 2002) and colonization history (Le Bris et al., 2006) are also known to contribute to the communities’ composition. For instance, the early colonizers often alter the physicochemical parameters of their surrounding environment and facilitate (or inhibit) colonization by other species (Mullineaux et al., 2003; Pradillon et al., 2009; Govenar, 2010). In the Indian HTVs, neither the small-scale abiotic environments nor the species interactions have been sufficiently characterized for determining their roles in the composition and distribution of species assemblages. Furthermore, models of niche partition from better-studied vent fields cannot be directly applied to the Indian HTV because of the different chemical composition of their hydrothermal fluids (Kumagai et al., 2008; Wang et al., 2017) and because of the different species composition of their communities.



Local-Scale Temporal Succession

Macrofaunal communities at vents typically shift overtime in response to changes in hydrothermal output and biologically driven changes in environmental conditions. Analysis on the temporal community succession in the Indian Ocean HTVs has always been hindered by the lack of continuous observations and a small number of available reports. Such succession was observed at Longqi with varying degrees throughout the site (Zhou et al., 2018). After revisiting the same black smoker at Longqi, Zhou et al. (2018) found that in the span of 3 years, its venting output had diminished considerably while at the same time, the diversity of its macrofaunal communities had increased and “peripheral” species commonly found at other diffuse vents (e.g., Neolepas sp., B. marisindicus) had been recruited. In contrast, the authors noticed the community assemblages in the areas of the vent field with more diffuse flow had been highly stable. In these environments, most taxa found in 2011 were found again in 2014/2015, and the pattern of their spatial zonation was conserved. This intra-site variation in community stability was also observed on the Juan de Fuca Ridge, where the communities living on the active sulfide chimneys shifted rapidly on the order of months to a few years (Sarrazin et al., 1997), whereas the communities on basalts away from the sulfide edifices were estimated to be at least 30 years old (Urcuyo et al., 2007).



Food Webs

Few studies have investigated food web structures of macrofaunal communities in the Indian vents and reported that these communities possessed 2–4 trophic levels (Van Dover et al., 2001; Copley et al., 2016; Reid et al., 2020). These short trophic chains are typical of other vent communities [e.g., in the EPR (Gaudron et al., 2012; Reid et al., 2013), Juan de Fuca Ridge (Bergquist et al., 2007; Sweetman et al., 2013; Lelièvre et al., 2017), and MAR (Vereshchaka et al., 2000)].

The dominant macrofaunal species are typically symbiotic primary consumers. Unique stable isotope signatures and additional evidence from in situ hybridization and hologenomic analyses revealed that these dominant taxa rely heavily or exclusively on chemosymbionts for food, including C. squamiferum (Van Dover, 2002; Goffredi et al., 2004; Nakagawa et al., 2014; Chen et al., 2015b; Reid et al., 2020), Gigantopelta aegis (Copley et al., 2016; Lan et al., 2021), Alviniconcha marissindica (Miyazaki et al., 2020; Yang Y. et al., 2020), R. kairei (Zbinden et al., 2008; Petersen et al., 2010; Guri et al., 2012; Jiang et al., 2020), and B. marisindicus (Yamanaka et al., 2003; McKiness and Cavanaugh, 2005; Copley et al., 2016). With the exception of C. squamiferum and G. aegis, symbiosis was known for congeneric species of these taxa in other oceans (Belkin et al., 1986; Stein et al., 1988; Endow and Ohta, 1989; Nelson et al., 1995; Rieley et al., 1999; Won et al., 2003). Carbon and nitrogen stable isotope analyses suggest most of the other species are omnivorous, possibly feeding on bacterial mats, mucus biofilms, and/or animal tissues (Van Dover, 2002). In the CIR, the highest trophic levels are composed of the polynoids Branchinotogluma, nemertean worms, and anemones for which direct predation on shrimp was captured on video surveys (Van Dover, 2002).

This first sketch of the food webs of the Indian vent ecosystems appears to reflect a resilient trophic structure with a few dominant symbiotic species and many opportunistic primary or secondary consumers. However, trophic ecology for most of the Indian vent ecosystems remains unknown. First, the primary producers have not sufficiently been identified to provide an accurate estimation of the diversity of food sources. Next, observations on animal behavior are too insufficient to infer trophic interactions with confidence. Third, the communities at the meio- and microscale, where many trophic interactions are expected to happen (Schmid-Araya and Schmid, 2000; Zekely et al., 2006; Nomaki et al., 2008, 2019; Ptatscheck et al., 2020), remain virtually undescribed. Only one study characterizing the Indian vent meiofaunal communities has been published to date (Kang and Kim, 2021). Last but not least, how these structures vary in time and space is unclear. Furthermore, ontogenic shifts in diet were observed in vent arthropods both in the Indian Ocean and elsewhere (Van Dover, 2002; Methou et al., 2020), and the microbial diet of several species varies across sites (Reid et al., 2020; Ma and Wang, 2021). However, the implications of these changes in food source on the ecology and adaptability of vent animals are still obscure.



Active vs. Inactive Sites

Mining plans for polymetallic sulfides suggest that activities be focused on inactive chimneys and vent fields to avoid technical issues posed by hot and reduced hydrothermal fluids, and to mitigate the impact on vent fauna; inactive sites do not have the lush vent communities typically found at active sites. Yet, the idea that inactive sites are of lesser or no biological interest has been challenged by the discovery of unique slow-growing communities in the West Pacific (Boschen et al., 2015; Du Preez and Fisher, 2018). A call has been made for a better understanding of the ecosystem functions and services of hydrothermally inactive sites (Van Dover et al., 2020). Active and inactive chimneys represent vastly different ecosystems, and inactive chimneys are neither lifeless nor akin to other diffuse flow ecosystems as initially hypothesized (Van Dover, 2019). At the Longqi site, the biodiversity in the diffuse-flow environments was lost at the inactive chimneys, which were occupied exclusively by the polychaete Amphisamytha sp. (Zhou et al., 2018). On the CIR, Gerdes et al. (2019) characterized five discrete types of faunal assemblages across the active and inactive vent fields of Edmond and Gauss, respectively, and found that assemblages in inactive vents were distinct from those of active vents, those at the periphery of active vents, and typical non-vent assemblages. The effect of substrate composition on the community structure was significant but could explain only a small percentage of the variation (12.5%) observed across the different communities. Another study that surveyed the microbial diversity on active and inactive vent chimneys at the Kairei and Pelagia vent fields revealed the inactive chimneys are home to rare and unique microbes (Han et al., 2018). Overall, these studies support the idea that inactive chimneys and inactive vent fields in the Indian Ocean hold important biological resources and stress that they should be better studied to assess their role in the ecosystem function of HTVs (Van Dover et al., 2020).



Community Differences Across Vent Fields

An important first step to characterize the ecological niche of vent species in the Indian Ocean is to assess the natural variability of HTV communities. Corroborating the variation in community composition with environmental parameters can provide important information on the physicochemical factors that affect species distribution and thus their resilience. On a larger scale, differences in community structure are also a first line of evidence for biological barriers to connectivity.

The vent field ecosystems on Carlsberg Ridge (CR) and the Southeast Indian Ridge (SEIR) have not been sufficiently investigated to assess intra-ridge variation but even if sampling was sparse, multiple HTVs have been characterized within each of the CIR and SWIR (Figures 3, 4). On each of the SWIR and CIR, the community composition of the macrofauna and microbiota differs across vent sites and these variations correlate with distance. R. kairei shrimps, for instance, form dense swarms at Edmond and Kairei (near the Rodrigues Triple Junction) but are more sparse in the northernmost vents of Dodo and Solitaire (Beedessee et al., 2013). Whether the underlying attributes of the shifts in community structure are local differences in environmental conditions or patterns of population connectivity is still unclear. For example, the stalked barnacle (Watanabe et al., 2018) possesses distinct morphotypes along the CIR, but whether these morphological variations are the results of phenotypic plasticity or genetic differentiation between populations is unknown. The stalked barnacle did not appear to be genetically different across vent fields, but their phylogenetic relationship was assessed only by using the mitochondrial COI gene, which is not good enough to discriminate closely related populations (Paz-Vinas et al., 2021).
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FIGURE 3. Biological study bias across HTV fields of the Indian mid-ocean ridges. Based on 50 studies cited in this review (full list available as Supplementary Material).
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FIGURE 4. Possible migration routes for vent species into the Indian Ocean. Paleo-digital elevation models from Scotese and Wright (2018) viewed from the South Pole. The Indian spreading ridges are sketched in yellow.


The strongest contrasts in community composition were detected across the mid-ocean ridges. The first vent macrofauna described from CR was characterized by a high abundance of the polychetes Hesiolyra heteropoda and Paralvinella mira (Han et al., 2021) and dense swarms of R. kairei. CR communities showed the highest similarity to the CIR (Wang et al., 2021) but did not include other common species found at the CIR and SWIR, such as C. squamiferum, A. marisindica, and B. marisindicus. Disparate species are also found across the CIR and SWIR. Taxa present only at the SWIR include Gigantopelta aegis, Ophryotrocha n. sp. “F-038/1b,” Phymorhynchus n. sp. “SWIR,” and Lepetodrilus n. sp. “SWIR” (Copley et al., 2016), whereas Alviniconcha marisindica is a common species at both the CIR and CR but absent at the SWIR (Copley et al., 2016; Zhou et al., 2018). Across the CIR and SWIR, the abundance of R. kairei is much lower (or even found as solitaire individuals) at the SWIR than at the CIR (Copley et al., 2016; Zhou et al., 2018). Such strong contrasts in community composition were also observed across the disjunct spreading ridges of the eastern Pacific (Tunnicliffe, 1988; Van Dover et al., 1990), indicating that the topological discontinuities along the Indian spreading ridges likely act as strong barriers to dispersal for many species.




CONNECTIVITY


Indian Mid-Ocean Ridges Communities as Melting Pots of Atlantic and Pacific Vent Species

One long-held hypothesis is that the Indian ridges act as a corridor of population connectivity between the Atlantic and Western Pacific vents (German et al., 1998). This idea was brought up by early surveys of global vent biodiversity on the basis of the presence/absence of vent macrofauna, which classified the Indian vents into a distinct biogeographic province with strong connection to both the Atlantic and West Pacific provinces (Ramirez-Llodra et al., 2007; Moalic et al., 2012; Figure 2). Many studies investigating the biogeography of macrofaunal taxa at the species level also highlighted the evolutionary connection between the Atlantic, Pacific, and Indian oceans (Hashimoto et al., 2001; McKiness and Cavanaugh, 2005; Ramirez-Llodra et al., 2007; Miyazaki et al., 2010; Rogers et al., 2012; Borda et al., 2013; Roterman et al., 2013; Breusing et al., 2015, 2020; Chen et al., 2015b; Johnson et al., 2015; Copley et al., 2016; Watanabe et al., 2018; Zhou et al., 2018; Lee et al., 2019; Jang et al., 2020; Han et al., 2021). However, an important detail to recognize is that these biogeographical inferences are at a high taxonomic level (i.e., comparing closely related species) rather than the population level and thus may be indicative of past migration but may not necessarily be the current existing connection. For this reason, a potentially safer approach is to describe the Indian Ocean HTVs as a mosaic of colonizers from the Atlantic and Western Pacific oceans rather than as a corridor between them until more solid evidence on corridor theory becomes available.

Recent studies have shed new light into the dispersal route of some of the Indian vent taxa (Figure 4). One possible dispersal route was through the deep water passage between the Eurasian and Australian plates present in the Eocene (50–30 Mya). Vent endemics, which are most closely related to congeners from the West Pacific Ocean (e.g., Alviniconcha, Paralvinella), tend to be prevalent in the northernmost Indian hydrothermal fields (McKiness and Cavanaugh, 2005; Miyazaki et al., 2010; Borda et al., 2013; Breusing et al., 2015, 2020; Johnson et al., 2015; Zhou et al., 2018; Lee et al., 2019; Jang et al., 2020; Han et al., 2021). Molecular clocks calibrated on fossil records corroborate this hypothesis for Alviniconcha (Breusing et al., 2020). A. marisindica and A. boucheti appear to have speciated about 38 Mya (Breusing et al., 2020). HTVs generated from hot-spot volcanism during the northward migration of the Indian plate during the Eocene possibly served as a stepping stones for this species and others to reach the nascent mid-ocean spreading ridge that includes current CR and CIR. Species that are able to colonize other chemosynthetic environments such as cold seeps may have been able to use a variety of migration routes and maintain high connectivity across the Pacific and Indian oceans for extended periods (Breusing et al., 2015).

A more recent colonization event appears to have brought species from the East Pacific and Atlantic oceans into the SWIR through the Southern Ocean superconvergence. With the increasing intensity of the Antarctic Circumpolar Current during the middle Miocene (∼13.0 Mya), species in the Southern Ocean may have been isolated from the MAR and EPR and pushed eastward. This dispersal route is supported by fossil records and phylogeography of several taxa from SWIR that are closely related to those from East Scotia Ridge in the southern Atlantic Ocean, including Kiwa spp. (Roterman et al., 2013), G. aegis (Chen et al., 2015b), the polychaetes Polinoidae and Hesiolyra cf. bergi (Copley et al., 2016; Wang et al., 2020), and Neolepas marisindica (Rogers et al., 2012; Watanabe et al., 2018). Interestingly, these taxa are most abundant at the easternmost SWIR sites (Longqi and Duanqiao) (Zhou et al., 2018), suggesting a higher historical connectivity within ridges along the Southern Ocean.



Current Patterns of Connectivity Within and Across Indian Mid-Ocean Ridges

Modern vent species have multiple interconnected sub-populations (Vrijenhoek, 1997). The population structure and migrant flux of each species are closely linked to the persistence of these metapopulations and are therefore of great interest for conservation. When vent populations are structured according to the stepping stone model (Kimura and Weiss, 1964), they are well connected to their close neighbors, leading to a pattern of genetic variation with distance. In this scenario, the destruction of a habitat can lead to interruptions in the gene flow and isolate populations, thus making them more vulnerable to extinction. However, under the island model of population structure, species have high dispersal capabilities and are not affected by distance, but differences in habitat quality may result in patches of “source” populations that produce many dispersing migrants and “sink” populations sustained by constant import of new recruits (Vrijenhoek, 1997). In this scenario, extinction of source populations would negatively impact the sink sites.

The current patterns of connectivity of five macrofaunal taxa (B. marisindicus, A. marisindica, C. squamiferum, A. rodriguezensis, and R. kairei) for the Indian Ocean HTVs were evaluated using population genetics. High connectivity among the vent fields within the CIR was found (Nakamura et al., 2012; Beedessee et al., 2013; Chen et al., 2015a; Watanabe et al., 2018; Breusing et al., 2020) although these studies could provide only a coarse resolution of the population structures because few vent fields were surveyed (a maximum of four), a relatively small number of individuals (less than 50) were sampled within each site, and only one or few conserved genetic markers were used. Nevertheless, the estimated gene flow appeared to be from the southern (Kairei and Edmond) to northern sites, (Solitaire), suggesting that the southern vent fields serve as sources of dispersing migrants (Beedessee et al., 2013; Chen et al., 2015a).

Across the CIR and SWIR, a striking pattern of genetic isolation was observed (Chen et al., 2015a; Sun et al., 2020) and the topography of the Rodrigues Triple Junction was hypothesized as a strong dispersal barrier between the spreading ridges (Chen et al., 2015a). However, populations sampled from a venting site on the SWIR near the triple junction displayed strong gene flow with the CIR vents located at the triple junction, supporting a stepping stone model for larval dispersal and also indicating that transform faults on the SWIR itself are the strongest barriers to connectivity between SWIR and CIR (Sun et al., 2020).



Variation Across Species

Vent connectivity of macrofaunal species is a process influenced by the interactions of oceanic currents and larval biology (Adams et al., 2012). The dispersal of larvae is strongly affected by their vertical position in the water column because hydrothermal activity and ridge topography lead to a layering of currents with contrasting speed and direction. For instance, the Endeavor segment of the Juan de Fuca Ridge is characterized by deep valleys that trap buoyant hydrothermal water and the southward outflow of this water mass forces an northward inflow of near-bottom cold water (Thomson et al., 2003). Hence, swimming larvae may be able to reach shallower, stronger currents and thus disperse further, while the dispersal of the others will be dictated by their buoyancy (Adams et al., 2012; Yahagi et al., 2017).

In the Indian Ocean, different HTV taxonomic groups with different larval characteristics displayed different dispersal patterns on the basis of genetic data. At the CIR, some crustacean populations appear to reproduce periodically as multimodal distributions of sizes (an indication of multiple animal cohorts) were observed for A. rodriguezensis and R. kairei at some sites (Beedessee et al., 2013). Furthermore, A. rodriguezensis, unlike other species such as the scaly-foot snail or Alvinichoncha sp., disperses preferentially in a southward direction and its source population seems to be in the Solitaire vent field rather than Edmond or Kairei (Beedessee et al., 2013). It is possible that the crab larvae are active swimmers and use currents in the upper water column to disperse further and across topological discontinuities. On the MAR, the population structure of the shrimp Rimicaris exoculata also suggests widespread connectivity (Teixeira et al., 2012). In contrast, the genetic structure of the scaly-foot snail populations indicates that this species can be widely discovered across the whole Indian Ocean Ridge, suggesting a stronger dispersal ability. However, its dispersal may be strongly affected by topographical barriers such as transform faults. This hypothesis is supported by the fact that the scaly-foot snail has negatively buoyant eggs (Beedessee et al., 2013; Sun et al., 2020). Moving forward, more information on the reproductive and larval biology and life history of vent specie coupled with better models of deep-sea flow dynamics (Giangrande et al., 2017) is crucial to assess the decadal-scale patterns of population connectivity of vent species in the Indian Ocean.




PERSPECTIVE: KNOWLEDGE GAPS TO PRIORITIZE FOR ASSESSING THE RESILIENCE OF INDIAN VENT COMMUNITIES

Since the first discovery of a biologically active HTV in the West Indian Ocean in 2000, 13 biologically active vent fields have been discovered and a few more have been inferred through the detection of hydrothermal plumes. Among the four active spreading ridges of the Indian Ocean, CR and the SEIR have just been explored recently (Figure 3). In the recent years, the ISA has granted exploration permits to governmental and semi-private entities for exploring HTV fields in the Indian Ocean. Contractors are requested to collect and submit environmental and biodiversity baseline information to the ISA (International Seabed Authority, 2021), which encourages more field surveys to be conducted in the Indian Ocean HTVs and will help fill the gaps in our understanding of connectivity and biodiversity of the areas of concerns. On the basis of all the publicly available information, we identified several knowledge gaps critical for assessing the resilience of Indian HTV biological communities.


What Is the Vent Biodiversity at Meso- and Microscales?

Compared with macrofaunal communities, much less focus has been given to meiofauna and microbiotas even though they are recognized as key players for ecosystem function (Finlay et al., 1997; Schratzberger and Ingels, 2018). Only a handful of studies have examined the biodiversity of Indian HTV microorganisms in various microhabitats. These genetic surveys revealed that microbial vent communities are distinct from those of the Atlantic or Pacific vents (Ding et al., 2017; Li et al., 2020; Yang Z. et al., 2020), are highly specialized to their local environment, and may hold great biological novelty. In the SWIR, the microbial community structures on active chimneys (Ding et al., 2017) and vent sediments (Xu et al., 2018; Yang Z. et al., 2020) vary within a single vent field or a single chimney structure according to the temperature and chemical composition of the substrates. On the CIR, active and inactive vent chimneys at the Kairei and Pelagia HTV fields are home to distinct microbes, many of which are rare and expected to hold unique biological innovations (Han et al., 2018; Van Dover, 2019). Metagenome barcoding and eDNA appear to be useful proxies for further assessing biodiversity at the meio- and microscales. Meta-transcriptomic data at various size fractions would provide additional information about cross-scale biological interactions, which are key to assessing ecosystem function.



What Drives the Variance in Community Composition?

Vents on the Indian mid-ocean ridges are similar to other vent systems in that their communities are characterized by high endemicity and spatial variance of their composition. To date, only a small fraction of the variation in community composition can somewhat be explained by abiotic physio-chemical factors (Sarrazin et al., 1999, 2015), but the physical environment has not been well studied at small scales (e.g., within the range of the faunal succession). The influence of life history traits (reproduction, larval development, larval dispersal, settlement process, and so on) on species dispersal, gene flows, population genetics, and evolutionary process remains unknown for most taxa (see more discussion below). Furthermore, the impact of temporal and spatial population dynamics of individual vent species and the role of species interactions (competition, mutualism, etc.) in structuring vent macrofaunal community and biogeographical patterns have hardly been tested in the Indian Ocean. Biological adaptation to environmental variables and the resilience and constraints of vent communities in response to natural environmental disturbances are also fundamental information for a better understanding of what drives the variance in community structures of the vent ecosystems. With the rapid development of deep-sea capacity, time series assessment by autonomous underwater observatories will be able to collect biological and environmental data at fine scales in the near future.



How Diverse and Variable Are Community Functional Traits?

The biological characteristics of species such as size, mobility, trophic mode, and body structure robustness are more ecologically informative than taxonomic rank alone (Faith, 2015; Gross et al., 2017; Biggs et al., 2020; de Bello et al., 2021). Thus, functional traits approaches are valuable to assess the resilience and recoverability of vent communities to various natural or anthropogenic disturbances. For instance, Boschen-Rose et al. (2021) used trait-based analyses to estimate the sensitivity of macrofaunal assemblages from the Kermadec volcanic arc to different types of mining impacts (such as sediment plume and seafloor disturbance by mining equipment) and produced local maps of vulnerable communities. Dykman et al. (2021) highlighted the need for trait-based impact assessments by showing that communities’ functional diversity (a proxy for ecosystem stability and resilience) recovered more slowly than species diversity following an eruption in the EPR.

Such a trait-based perspective should be applied in the Indian Ocean. In fact, the current global database for functional diversity at vents (Chapman et al., 2019) already includes a fair number of taxa from the Indian Ocean HTVs. Still, to gain important insights into the ecosystem functions and resilience of Indian vents, the functional trait repertoire needs to be substantially expanded to represent a comprehensive collection of Indian vent animals and include better estimates of the variability associated with each of their trait. Functional traits related to species morphologic or behavioral phenotypes are context dependent and their variation can affect our predictions of ecosystem function (Cassidy et al., 2020). Hence, more research needs to be conducted to gather baseline information on the biology of Indian vent macrofauna, and communities need to be surveyed further to provide reliable estimates for the spatial and temporal variance of their traits.



How Do the Life History Traits of Foundation Species Affect Connectivity and Community Structure?

Vent connectivity has so far mostly been inferred from genetic data, which gives a rough picture of the general trend in gene flow over thousands of years (Lowe and Allendorf, 2010). This resolution may not be relevant for conservation purposes as impact assessments aim to determine the ability of an ecosystem to recover perturbation on much shorter time scales (i.e., years or decades). Hence, we need to know more about larval biology and colonization process especially for foundation species such as B. marisindicus. To assess demographic connectivity, we need more information of larval dispersal, colonization processes, and deep oceanic current patterns and variability. Better models of deep-sea currents would also allow us to make predictions as to the consequences of climate change. Dominant macrofaunal species of the Indian ridge HTVs rely on chemoautotrophic symbionts for their survival, and in many instances, these symbionts have a strong degree of specificity to their host and are acquired from the environment. Thus, these microbial species are keystone to the whole community. More focus should be placed on better understanding their biology, distribution, and connectivity.



How Many HTV Fields Are in the Indian Mid-Ocean Ridges?

Last but not least, one obvious gap to our understanding of vent population connectivity in the Indian Ocean spans from the fact that we do not know how many HTV fields are present, and for the vent fields that we do know (including both active and inactive fields), we have yet to acquire fine-resolution topographic and bathymetric maps. Given this sporadic sampling and the lack of sufficient information on near-bottom current, near-field, and far-field flow dynamic, estimating regional connectivity between vents is highly challenging. The seemingly high gene flow observed for vent species across long distances and topographic discontinuities remains highly intriguing. One likely explanation is the presence of smaller and more diffuse HTV in between the known vent fields, which are predicted by geological modeling (Hashimoto et al., 2001; Beaulieu et al., 2015; Baker et al., 2016) but have yet to be discovered. Large-scale surveys of the seafloor enabled through additional ISA mineral exploration contracts could help fill these gaps if the mapping data were made publicly available.
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