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Tropical ecosystems sustain higher biodiversity and face faster species extinction. However, baseline information of these areas is either inadequate or scattered due to various reasons. The 2,360 km long coast of North West India (NWI), is a heavily industrialized and urbanized zone. This coast with unique biogeographical and climatic features with two notified marine protected areas also supports rich biodiversity. This review was motivated by a need to construct a synoptic view on marine benthic ecology and functioning by consolidating available information of macrobenthos. Two thousand seventy-eight macrobenthic taxa belonging to 14 phyla were compiled from 147 references and were composed mostly by Polychaeta (n = 617), Gastropoda (n = 602), and Bivalvia (n = 216). Habitat wise, intertidal and subtidal zones were more intensely studied and contributed most to the diversity records. Sediment texture and salinity were the major drivers of macrobenthic community structure in the subtidal areas and estuaries, respectively. In the intertidal zones, zonation patterns related to the tidal levels and time of exposure were distinct with the high water zones being sparsely populated and lower intertidal zones sustaining higher species and functional diversities. All zones of NWI coast were distinctly impacted to various extent by anthropogenic activities affecting the resident macrobenthos. Decline in species richness and species substitution due to pollution were reported in urbanized zones. Non-monsoonal months favored a more conducive environment for the macrobenthic diversity and functionality. Hypoxia tolerant polychaete species mainly belonging to Spionidae and Cossuridae dominated during the low oxygen conditions of upwelling and OMZ zones of NWI. Inadequate identification and inconsistency of sampling methods were major deterrents for concluding trends of distributions. Suggestions for future macrobenthic research include focusing on lesser studied groups and areas, seasonal as well anthropogenic hypoxic zones and well planned long-term monitoring studies. Major data lacunae were identified in the taxonomy, molecular, functional aspects, and bioinvasive studies of macrobenthos in this geographical zone despite clear evidence of high diversity of extant macrofauna. This compendium should help prioritize research areas and objectives aimed at enhancing our understanding of macrobenthos and improve predictive capabilities of community shifts that may occur due to global climate change scenarios.
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INTRODUCTION

Coastal ecosystems host some of the most diverse, extensive, and complex floral and faunal assemblages and the sustainability of these systems is maintained by the myriad functional roles of the constituent biota. Biodiversity plays an important role in maintaining ecosystem services and possible losses of biodiversity can certainly interrupt key ecological processes (Harrison et al., 2014). Ecological consequences of biodiversity loss on the efficient functioning of ecosystem are now firmly established (Loreau et al., 2001; Danovaro et al., 2008) and this reaffirms the need to quantify and evaluate available information of various facets of biodiversity.

The species diversity of marine systems are majorly constituted by sediment dwelling flora and fauna (Radulovici et al., 2010) accounting for 98% of all known marine species. Marine benthos includes living members of the 29 non-symbiont animal phyla described thus far, except one (Porifera, Placozoa, Cnidaria, Ctenophora, Platyhelminthes, Gnathostomulida, Nemertea, Kinoryhncha, Nematoda, Loricifera, Rotifera, Priapula, Gastrotricha, Pogonophora, Tardigrada, Echiura, Mollusca, Chaetognatha, Kamptozoa, Phoronida, Sipuncula, Brachiopoda, Annelida, Echinodermata, Arthropoda, Hemichordata, Bryozoa, and Chordata) (Ray and Grassle, 1991). The dominant component of marine benthic assemblages is macrobenthos (larger than 500 μm) which includes some of the most speciose groups i.e., annelids, crustaceans, molluscs, etc. (Snelgrove, 1999). Macrobenthic investigations have garnered most scientific attention among the benthic groups due to its distinctive community characteristics and complex functional role at the water–sediment interface. They are key components in the benthic functioning of coastal ecosystems and are a vital link in global carbon, nitrogen, and sulfur cycling (Snelgrove, 1998). They are major food sources for varied demersal predators occupying the same ecosystem (Griffiths et al., 2017). Macrobenthos also are potential biological indicators due to their sedentary nature, long-life spans, environmental plasticity, ability to integrate the environmental quality status, and effectively reflect the system condition at spatio-temporal scales (Fitch and Crowe, 2010). Also, they have diverse species composition and show marked responses to several stressors such as hypoxia and anthropogenic disturbances (Dauvin et al., 2012; Peng et al., 2014).

Benthic faunal diversity is a stepping stone for exploring the relationships between biodiversity and ecosystem functioning. Understanding the biodiversity in marine sediments and its linkages to various ecosystem processes is important for maintaining ecological services and to estimate the species being lost or extinct due to various pressures. A decrease in benthic biodiversity may have a concomitant negative impact on key ecosystem functions and biogeochemical cycling particularly in shelf regions that are known to contribute to the bulk of benthic productivity (Field et al., 1998). Unknown diversity exceeds much more than known information (Venkataraman and Wafar, 2005). Global trends in macrobenthic diversity distributions and its causes can be successfully evolved only if sufficient and reliable data from lesser studied areas are made available within a cogent framework. Efficient evaluation of biodiversity and functioning losses of nearshore habitats is dependent on the availability of adequate data banks, which is largely lacking in many geographical regions owing to a host of reasons (Konar et al., 2010). The lacunae are all the more conspicuous in case of tropical coastlines, despite these zones constituting one-third of the world shelf area (Muniz et al., 2005) and supporting high biodiversity (Olsgard et al., 1998). Coastal systems are more vulnerable than deep sea systems due to the dual impacts of anthropogenic pressures and global warming. Projected catastrophic ecosystem responses of climate change are mostly expected to be individualistic (i.e., at species level) and may include modification of species assemblages, alteration of species interactions, species shifts, or even extinctions (Gayton, 2008). This necessitates planning and implementation of sound ecosystem management procedures focusing on areas most vulnerable to climatic vagaries.

The Arabian Sea, located in the northeast Indian Ocean, is a geochemically active area along the western boundary of India. The coast of North West India (NWI) (15–24°N) is one of the most productive zone with unique characteristics. NWI has two of the biggest, highly industrialized and urbanized coastal states, Maharashtra and Gujarat (Figure 1). The NWI is about 2,320 km which is nearly 29% of the nation’s total coastal length and has the most extensive shelf and slope areas that translate into one of the richest fishing grounds of India. The marine fish production of NWI for 2019 was 3.56 million tones accounting for 26.6% of the total marine fish production from the country (CMFRI, 2019). The coast presents a variegated coastal physiography and geomorphology that provides diversity of habitats like mangroves abounding estuary mouths and creeks, coral reefs, mudflats, vast sandy, and rocky intertidal areas. There are two notified Marine Protected Areas (MPAs) with coral formations i.e., Malvan along Maharashtra coast and the Gulf of Kachchh Marine National Park and Sanctuary (GoK MNPS) in the state of Gujarat.
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FIGURE 1. Map of the study locations of macrobenthic investigations along North West coast of India.


The western Indian continental shelf is one of the five major upwelling zones of the world (Benguela, Humboldt, California, Canary, and Somali) (Naqvi et al., 2009). The characteristic upwelling process during the southwest monsoon leads to the development of coastal hypoxia along the west coast, forming one of the world’s largest natural oxygen-deficient systems (Naqvi et al., 2000). This has implications on the coastal productivity and influences benthic biological processes as well (Jaleel, 2012). During the last few decades, this coastal region has been experiencing rapid industrial developments and burgeoning urbanization (Sachs et al., 2002) while sustaining high commercial fish landings. Some of the major problems faced are related to rapid industrialization and associated urbanization resulting in coastal erosion, siltation, habitat loss, and deterioration of water quality in some zones.

The Arabian Sea is experiencing a secular warming since 1995 as a response to regional climate change which has manifested in the form of disruption of seasonal cycles and increased frequency of extreme events in the adjacent Indian mainland in the last decade (Prasanna et al., 2009). Continued warming in sea surface temperatures will have long term implications on the coastal biodiversity. In a scenario wherein the coastal systems are increasingly facing the detrimental effects of climate change and exponential anthropogenic pressures, it is vital to co-ordinate global monitoring efforts, gather the baseline data of extant biodiversity and analyze them proactively. Gaps in present monitoring and reporting systems require to be identified and rectified to strengthen existing programs (Mawdsley et al., 2009). In this review, we have attempted to collate all available information pertaining to the vital aspects of macrobenthic assemblages of the NWI, encompassing varied habitats such as the continental shelf, creeks, estuaries, intertidal zones including coralline. Furthermore, we have summarized the studies carried out thus far, inventoried the recorded species, deduced general trends, examined environmental factors determining macrobenthic community structure and endeavored to identify data lacunae, and areas that merit further investigations. While several government sanctioned macrobenthic surveys have been executed, the data acquired have been largely scattered, random, and in disparate forms. This makes evolving of an overarching holistic view of macrobenthic research largely unsuccessful, thus weakening efforts to plug knowledge voids. The review would benefit managers of the coastal zone in drawing up conservation plans and expend resources toward areas identified as diversity hotspots or least studied.



DATA COLLECTION AND TAXA INVENTORY

The meta data for this review was compiled from published research papers on the various aspects of macrobenthos. Totally, 185 scientific articles were gathered from various sources, the oldest references dating to the 1940s (Figure 2A). The articles were categorized based on the type of zone. The comprehensive checklist of macrobenthic taxa identified at least till the generic level along with the corresponding references is presented in Supplementary Table 1. All the names were verified with the WoRMS (World Register of Marine Species) database. Around 105 species names were not found on any of the verified online databases (tagged with an asterisk). Thirty-nine species could not be traced on WoRMS, but were mentioned on other Google databases. Thirteen species were tagged as nomen dubium (a name of uncertain taxonomic significance) on WoRMS. Totally, 2,078 macrobenthic taxa belonging to 14 phyla have been identified from various realms of the NW coast of India. More number of species was identified from the intertidal (1,113) and coastal (1,063) zones as compared to estuaries (Figure 2B). Also, comparatively lower number of species were reported from estuaries (336). The inventory was detailed in the case of polychaetes (617 species), gastropods (602 species), bivalves (216 species), brachyurans (109 species), and amphipods (107 species) (Figure 3 and Supplementary Table 1).
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FIGURE 2. (A) Annual number of publications indicating zonal categorization (1949–2020). (B) Zonal categorization of macrobenthic taxa along North West coast of India. (C) SCI and non-SCI literature of macrobenthic studies along North West coast of India presented zone-wise.
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FIGURE 3. Phylum level composition percentage of macrobenthic taxa recorded and listed in Supplementary Table 1.




THE INTERTIDAL ZONE

Among the intertidal categories of NWI, the dominant types are tidal mudflats and mangroves. The Maharashtra coast is dotted by sandy and rocky beaches flanked by promontories. Intertidal mudflats abound along the estuarine mouth and creeks which sustain substantial mangrove patches. While the Maharashtra coast is mainly linear, the Gujarat coast has two major indentations, the Gulf of Kachchh and the Gulf of Khambhat, each having its distinct physico-chemical and hydrodynamic characteristics. The Gujarat coastline has varied geomorphology having a network of tidal creeks with abundant mangroves, rocky shores, vast mudflats, coral reefs, sandy beaches, calcium carbonate cliffs, and sand dunes. The following account summarizes the macrobenthic studies of intertidal locations by categorizing data into four major habitat types. The various locations mentioned in this compilation are marked in Figure 1.


Rocky Intertidal

The Malvan coast of Maharashtra has exceptionally high biodiversity due to its multifarious habitats which has earned it the MPA status. Therefore, this intertidal ecology has been the subject of several investigations related particularly to sea anemones (Parulekar, 1966, 1969, 1971a,b), polychaetes (Parulekar, 1973), and molluscs (Joshi, 1969). Gaikwad and Ranade (1979) provided a checklist of 72 polychaete fauna collected from Ratnagiri, of which 19 were new records from the west coast as well as Indian waters, respectively. Around 92 and 56 species of intertidal fauna were identified from the rocky pool and rocky shore environments of Malvan coast, respectively (Parulekar, 1981). From the Ratnagiri coast, Wadkar (1989) reported five species of polychaetes. Eight hydroid species from eight rocky intertidal locations of the Konkan coast were described by Nagale and Apte (2013a). In a comprehensive study on the vertical diversity, density, distribution, and ecological aspects of Gastropoda at 14 predominantly rocky intertidal sites along the Ratnagiri coast, 127 species belonging to 20 families were recorded (Kurhe et al., 2014). Pioneering taxonomic studies on crabs of the Maharashtra coast were conducted by Chhapgar (1957) after which very little was discovered on this group. The crabs, Xenophthalmus wolfii, Xenophthalmus garthii, and Ozius tuberculosus were reported from both rocky and sandy beaches of Maharashtra (Khot et al., 2016b, a, Khot et al., 2019).

Very high biodiversity was reported from different types of intertidal zones of Mumbai megacity located in Maharashtra, as early as 1959 (260 species; Bhatt, 1959). Earlier accounts on the molluscan diversity along the then Bombay Presidency were given by Abercrombie (1892), Melvill and Abercrombie (1893), Melvill and Standen (1901), and Rai (1931). Hornell (1949) identified 225 gastropod species and 199 bivalve species. Bhatt (1959) had reported 58 live gastropod and 35 bivalve species. During a survey along the Mumbai coast line, 38 and 51 molluscan species were identified from two different rocky beaches (Jaiswar and Kulkarni, 2005). The rich biodiversity of the rocky intertidal zone of Mumbai, despite the anthropogenic stressors prevalent, have been accounted by Datta et al. (2010). From three rocky beaches, around 50 macrobenthic species were reported which included 41 gastropods and 5 pelecypods. In a later study, 70 macrobenthic taxa, were identified in the rocky pools of the intertidal area of Colaba, Mumbai (Sukumaran et al., 2014). Around 30 and 34 species of macrobenthos dominated by molluscs were identified from the Haji Ali and Marine Drive intertidal zones (Balasaheb et al., 2017).

From the rocky intertidal zones near an effluent outfall at Uran bordering the eastern side of the Thane Creek, Ram et al. (1998) reported nine gastropod species though the major groups were amphipods, barnacles, and polychaetes. Macrofaunal density and diversity were higher in rocky intertidal zones as compared to nearby sandy shores and the subtidal areas. From the Uran coast of Maharashtra, about 60 species belonging to 25 families of Gastropoda was listed by Pawar and Al-Tawaha (2017a), mostly collected from rocky stretches. Further studies by Pawar and Al-Tawaha (2017c) reported 170 species belonging to 83 families dominated by gastropods, brachyurans, pelecypods, etc. from the same intertidal areas at Uran, though the species checklist was not provided. Twenty-five macrobenthic groups including 16 polychaete families were recorded from the sand interspersed rocky intertidal zones of Tarapur coast around an atomic power station, Maharashtra (Kubal et al., 2016).

The Gulf of Khambhat at Gujarat has very high turbidity owing to high tidal amplitude and the heavy load of suspended sediments channelized through the perennial rivers emptying into the Gulf. From the littoral sites of Mahuva, Gopnath (bordering the Gulf), and Veraval (away from the Gulf), 32 macrobenthic species belonging to 24 families were recorded (Raghunathan et al., 2003). In the rocky zones of Veraval, Sutrapada, Okha, and Dwarka, molluscs (28 species), arthropods (14 species), and annelids (3 species) were observed to be associates of zoanthids (Pandya et al., 2014). Similarly, Trivedi et al. (2014) studied the macrobenthos associated with the zoanthid, Palythoa mutuki at four different sites (Sutrapada, Dhamlej, Kodinar, and Veraval) along the Saurashtra coast of Gujarat. Sixty-seven species belonging to Arthropoda, Mollusca, Cnidaria, Annelida, etc. were identified. Seven species of opisthobranch were reported from intertidal habitats of south Saurashtra by Poriya et al. (2015) among which five species were first records from the coast. Vakani et al. (2016) recorded 38 molluscan species from rocky intertidal region of Veraval. A comparative study undertaken at Tragadi (muddy substratum), Nana Layja (rocky), and Luni (sandy) along the northern coast of the GoK recorded 15 species with gastropods forming the dominant group (Naz et al., 2016). The highest species diversity was recorded at the rocky shore. Twenty-four species belonging to 18 families of bryozoans were identified from the rocky intertidal zones of Gujarat and Maharashtra by Venkatraman et al. (2018) and 23 species of limpets were reported from the same coastal stretch by Vakani and Kundu (2018) and Vakani et al. (2020). Vadher et al. (2020) provided a checklist of 95 sea slug species from the intertidal region of Gujarat coast.



Sandy Intertidal

From the sandy shores of Malvan, 57 macrobenthic species were reported by Parulekar (1981) during surveys spanning different seasons during several years. Forty-seven molluscan species were identified from a predominantly sandy intertidal zone interspersed with rocky patches along the Akshi coastline of Maharashtra by Kurve and Kurve (2010). Fifty-six macrobenthic taxa were reported from a sandy beach at Ratnagiri where the intertidal macrofauna were dominated by crustaceans, gastropods and polychaetes (Sivadas et al., 2012). Shannon Wiener index varied from 0.094 to 0.92 indicating low diversity in the polluted sandy beaches of Versova, Mumbai (Anandan et al., 2003). Major macrobenthic groups were polychaetes, amphipods followed by isopods, crabs, hermit crabs, decapods, pelecypods, and gastropods. Seven macrobenthic species were reported from the sandy Girgaon intertidal zone (Balasaheb et al., 2017). The molluscan species, Cellana radians (Gastropoda), Chiton (Amphineura), Trochus intercostalis (Gastropoda) were the most abundant species reported from the sandy intertidal zones at Veraval and Diu (Misra and Kundu, 2005; Agravat and Raval, 2019). The distribution pattern, community structure of the sabellariid worm, Neosabellaria clandestinus from the biogenic reef of Gulf of Khambhat, Gujarat was studied by Chaudhari et al. (2016). The Mandvi in the northern GoK coastline is wide, sandy with various landforms and distinct geomorphological features. 18 species of crustaceans, 15 species of polychaetes, one nemertea were investigated for their bioturbatory activities and the resultant micro-environment (Patel and Desai, 2009). From the sandy rocky intertidal zones of Mandvi, 25 gastropod species were reported by Kardani et al. (2014).



Mangrove Mudflats

The mangrove mudflats of Malvan had comparatively lesser species diversity (29 species) as compared to other intertidal habitat types (Parulekar, 1981). In the intertidal zones of Ansure creek at Ratnagiri, 17 benthic species were recorded dominated by the mollusc, Cerithideopsilla cingulata (Apte et al., 2014). A recent study on the polychaete diversity and seasonal variation in the mangrove covered intertidal area of Shirgaon, Ratnagiri revealed 6 species (Karhale et al., 2018). From the mangrove sites around Mumbai coast, 46 genera of macrobenthos belonging to Mollusca, Polychaeta, Brachyura, etc. were identified (Takar et al., 2020). Eighteen macrobenthic species including molluscs and brachyurans were reported from the mudflats of Gorai creek having extensive mangroves (Balasaheb et al., 2017). Kantharajan et al. (2017) identified 61 molluscan species from eight mangrove ecosystems along Mumbai coast. This included 46 species of Gastropoda, 14 species of Bivalvia, and 1 Polyplacophora. Higher presence of gastropods was attributed to the superior tolerance of this group to adverse conditions in mangroves. Only 9 polychaete species were identified from the vast intertidal mudflats of Thane creek that borders the Mumbai metropolis (Quadros et al., 2009). Expectedly the diversity indices were poor indicating low diversity and evenness.

Previously, Awati and Karandikar (1948) were the earliest to record three Onchidium species from the Mumbai coast. Three species of Onchidium were recorded along the Uran intertidal zone, Onchidium verruculatum and Platevindex sp. were abundant in marshy loamy substratum and Onchidium peronni was mostly associated with mangroves (Patil and Kulkarni, 2013). From the mangrove mudflats at Uran, Pawar et al. (2019) identified 86 macrobenthic species belonging to 45 families. At two intertidal locations along the Karanja creek in Maharashtra, a two year study reported high densities of the polychaete, Perinereis cultrifera along with other species of polychaetes, gastropods, crustaceans, pelecypods, etc. and it was concluded that the area supported good diversity and abundance of macrobenthos (Pawar and Kulkarni, 2009). Pawar et al. (2019) assessed the macrobenthic species composition and abundance from the intertidal zones of the Panvel creek.

Pandya (2013) investigated the biogenic structures of macrobenthos due to their bioturbatory activities in the tidal mudflats of Mahi estuary and coastal Gulf of Khambhat. The author suggested that the ichnological evidences can be used as indicators of animals even in their absence, which can be useful for biodiversity, ecological, and functional studies. Marine gastropod fauna from a large ship breaking yard of Alang was studied by Baxi et al. (2017) with prevailing environmental parameters. The intertidal region, despite being industrially influenced, sustained a good molluscan diversity with 77 species. Around 62 species of mangrove associated macrofauna consisting of crustaceans, gastropods, bivalves, polychaetes were recorded from three locations in the GoK (Saravanakumar et al., 2007). A study on the macrobenthos in mangrove zones of the Jakhau coast at the mouth of the GoK identified 27 macrobenthic species (Rohit et al., 2016). Another survey on the brachyuran diversity at 8 different locations in this area yielded 19 species belonging to eight families (Trivedi et al., 2012) where the crabs preferred open mud flats as compared to other habitats. Three crab species all belonging to the family Campantriidae from the intertidal mangrove areas of Jakhau and Lakhpat were described by Trivedi et al. (2017). From the mangrove rich intertidal zones of Mundra and Sanghi in the northern GoK, 13 and 17 gastropod species respectively were reported by Kardani et al. (2014). Dominant species were Cerithidea cingulata, Cerithidea fluviatilis, Umbonium vestarium, and Assiminea sp. Further north, three brachyuran crab species from the intertidal mangrove mudflats of Lakhpat and Jakhau located in the GoK mouth, were new records for Indian waters (Trivedi et al., 2017). Kachhiya et al. (2017) described seven species of hermit crab belonging to genus Clibanarius from intertidal zones of Gujarat of which six were first records from Indian west coast.



Coral Reefs

The Marine National Park and Sanctuary (MNPS) at Jamnagar, GoK has highly heterogeneous intertidal habitats that support multitude of species including corals. Sedimentation is a major natural threat in this area that adversely affects the coral species and its associated organisms. Several reef associated species have been listed by many workers (Kundu, 2001; Vaghela et al., 2010; Ramamoorthy et al., 2012; Adhavan et al., 2014). A new species of echiurid Acanthobonellia pirotanensis was described by Jose (1964) from Pirotan islands of the MNPS. Records of some rare species like Bonnelia (Echiuroidea), Coeloplana (Ctenophora), Convoluta and Leptoplana (Platyhelminthes), and Lineaus (Nemertea) were also made (Kundu, 2001). A checklist of opisthobranch (mollusca) fauna of GoK by Apte et al. (2010) reported 33 species belonging to 19 families of which 21 were new records to Gujarat and 13 were new records for the Indian coast. Hydroid diversity records (17 species) from the intertidal zones of Gujarat were earlier contributed by Thornely (1916) whereas Nagale and Apte (2013b, 2014) added new records of hydroids from the intertidal zones of GoK. Kamboj (2014) reported the occurrence of about 30 crab species and more than 200 molluscan species from the shallow intertidal areas and deeper waters of the MNPS. Five species of hermit crabs from the area were described by Jhala et al. (2017). Three species of sea anemone and one species of crab belonging to the rare category were reported by Mirza et al. (2017) from the GoK. Four sea anemones, one crab, and one polychaete species were described by Mirza et al. (2019) from another survey in the GoK. The detailed description and taxonomical details of two minute gastropods (Pseudoliotia henjamensis and Cyclostrema ocrinium) were reported from the MNPS by Mukhopadhyay et al. (2019). New taxon records for the GoK were contributed by Padate et al. (2018). Seventy-one species of intertidal amphipods belonging to 23 families were identified from the coralline zones of the MNPS (Srinivas et al., 2020). Five functional traits of these amphipods were also studied to understand the spatial patterns in amphipod functioning.




THE ESTUARIES AND CREEKS

The estuaries along the NW India are vulnerable to various anthropogenic activities and the resultant deteriorating ecology has raised concerns in the local administration and general public. They are also subject to pronounced natural variations caused by the distinct monsoon season resulting in significant freshwater inflow and flushing (Rao et al., 2019). Indian estuaries receive heavy freshwater discharge during the seasonal rainfall period that often exceeds the total capacity of the estuaries resulting in fresh water domination (Sarma et al., 2011). The strong flushing during monsoon alters the abiotic variables such as water temperature, pH, DO, and salinity causing natural stress in the estuarine environment (Feebarani et al., 2016). Significant freshwater inputs during monsoon cause reduction in the macrobenthic fauna of the estuary due to abrupt salinity fluctuations and increased turbidity (Alongi, 1990). The mortality and recruitment of macroinvertebrates during different seasons result in continuous seasonal variation in their abundance and composition.

The macrobenthos of Vashishti estuary in Maharashtra, mainly constituted by Polychaeta, Mollusca and Crustacea, was lower than that of the nearshore coastal system off the estuary (Nair et al., 1998). Benthic foraminifera were used to assess the ecological status of Gadhi and Ulwe estuaries by Kale (2017), wherein 23 live species were identified. The diversity and distribution of macrobenthos of Ulhas estuary and Thane creek were studied by Govindan et al. (1976), Athalye (1988), Athalye and Gokhale (1991), Gokhale and Athalye (1995), Mathew and Govindan (1995) and Athalye et al. (2003). In the abovementioned studies, Polychaeta, being the dominant macrobenthic taxon, was the focus group. A comprehensive account on the polychaete diversity of Indian estuaries was provided by Khan and Murugesan (2005). The first comprehensive seasonal study of the amphipod community structure and their spatio-temporal distribution in four estuarine (Ulhas, Amba, Savitri, and Kundalika) sediments of Maharashtra was provided by Srinivas et al. (2019b). The study investigated the species composition, diversity and distribution, functional traits of amphipods, and the influence of hydrosedimentological variables on community structure. Altogether, 57 amphipod taxa were recorded from these estuaries and majority of the taxa belonged to the functional group that was characterized by detritivory and domiculous behavior. Overall, 189 macrobenthic taxa were identified from the Ulhas, Amba, and Savitri estuaries (Mulik et al., 2020c) during the three seasons, wherein Polychaeta was the most dominant group.

Benthic studies along south Gujarat estuaries (Purna, Auranga, Ambika, Purna, Mindola, and Narmada) were undertaken (Varshney et al., 1981; Govindan et al., 1983, Dange, 2018). A study from Kharo creek, Kachchh (Gujarat) (Nigam and Chaturvedi, 2000) revealed 47 foraminiferal species of which 44 were benthic (only seven were live). The brachyuran crab diversity and distribution was studied out by Pandya and Vachhrajani (2013), Shukla et al. (2013), Gadhavi (2015) and Gadhavi and Vachhrajani (2015) in Mahi estuary, Gulf of Khambhat. Two species i.e., Dotilla intermedia and Macrophthalmus brevis, were recorded for the first time from this region. Meetei et al. (2020) investigated the macrobenthic community structure of Tapi estuary and recorded 49 taxa from 13 sites of this river wherein Mollusca was the dominant group.



THE COASTAL ZONE

The Indian west coast, especially, contributes to >70% of the marine capture fishery of the country (Ingole et al., 2009). In the Indian subcontinent, the integral relationship of the demersal fishery with benthos was well established by Harkantra et al. (1980) and Parulekar et al. (1982). These studies established a direct relation between benthic fauna and the distribution of exploited demersal fisheries, especially the shrimps and proposed that the quantitative data on benthos can be used as an efficient tool for the assessment of demersal fishery resources. Subtidal macrobenthic fauna off Dabhol, Maharashtra was studied by Ingole et al. (2002) who concluded that the coastal environment was favorable for feeding and breeding of commercially important prawn and crab species. Joydas and Damodaran (2009), investigated the NWI shelf and established that the benthic community played a key role in dictating the demersal fishery production of the vast western Indian shelf. Investigations in the inner shelf of central west Indian coast by Parulekar (1973) and Ansari et al. (1977) indicated presence of rich macrobenthic density near the coasts (dominated by polychaetes) that progressively decreased with depth. Kasinathan et al. (1974) studied macrofauna off Dwarka and Okha (GoK) that were characterized by different substrate types. A study in the subtidal region off Versova, Mumbai by Varshney et al. (1988) suggested that the macrobenthic species diversity was poor in nearshore stations due to the coastal pollution and higher in the unpolluted offshore region. A comprehensive work by Nair (2002) provided the status of flora and fauna of GoK including macrobenthic communities.

“Taxonomy” forms the “root” of any ecological study. Several workers have contributed toward taxonomic analysis of different macrobenthic groups along the NWI. Rao and Soota (1981) provided a list of 37 polychaete species collected from intertidal and subtidal habitats of various parts of Gujarat. Most of the collected species formed the first locality records from the respective areas while two species i.e., Ceratonereis costae and Cirriformia tentaculata were recorded for the first time from Indian waters. A new polychaete species, Serpula indica and six new records of Serpula sp. associated with variety of flora and fauna of Ratnagiri coast were reported by Parab and Gaikwad (1989). Kurhe et al. (2009) recorded 75 species of marine gastropods from Ratnagiri coast. Pati et al. (2015) provided an updated list of all the valid polychaete species with their distribution along the Maharashtra coast. A bi-operculate form of fouling polychaete, Hydroides operculatus was recorded from Diu by Kubal et al. (2012). Yokoyama and Sukumaran (2012) reported three polychaete species of family Spionidae i.e., Paraprionospio cordifolia, Paraprionospio cristata, and Paraprionospio patiens from NWI coast. The species were previously misidentified as Paraprionospio pinnata. Saiz et al. (2015) described a new subspecies of the sipunculid, Phascolion pacificum denticulatum from shallow waters off Malvan and Ratnagiri that represented the first record of any Phascolion species from the Indian coast. A new polychaete species, Heterospio indica was described from the NWI coast by Parapar et al. (2016). Mirza et al. (2017) reported three sea anemone and one crab species from the southern GoK. Recently Sivadas and Carvalho (2020) provided an updated checklist of annelid fauna from India comprising 727 species belonging to 334 genera and 72 families. The study also provided an overview of species with “erroneous” or “cosmopolitan” status. Nerurkar et al. (2020) provided species inventory of the gastropod family Nassariidae of India.

Limited macrobenthic studies were conducted along the NWI coast that provided information on the functional aspects. Sivadas et al. (2013) studied the functional diversity of macrofauna of Kalbadevi Bay, Ratnagiri, using three traits like feeding, mobility, habitat with temporal variations. Ingole et al. (2014) studied the feeding behavior of the macrobenthic fauna off Ratnagiri and Mumbai and observed that surface deposit feeders, carnivores and interface feeding spionids dominated the sediments during interfall monsoon. Sukumaran et al. (2016) also studied the feeding strategy of polychaetes and registered dominance of microphagous feeders, post the disturbance of cyclone Phyan, however, recovery was observed by re-establishment of multiple feeding guilds later. Vijapure et al. (2019a) studied five functional traits like feeding mode, motility, body size, bioturbation mode, and habitat of macrobenthic polychaete species. This is the only extensive study that employed “Fuzzy coding” procedure to understand the functioning of polychaete species of a large geographical zone.



EXTENSIVE ECOLOGICAL SURVEYS

In the past decade, many extensive macrobenthic studies were undertaken in broad geographic areas along the western continental shelves (Jayaraj et al., 2007, 2008; Joydas and Damodaran, 2009, 2014; Joydas et al., 2009; Anilkumar, 2017). These workers documented the macrobenthic diversity, distribution, abundance, and community structure in relation to the environmental influences on them. Parulekar and Wagh (1975) reported occurrence of 9 macrobenthic groups, dominated by Polychaetes from the NWI coast in the depth range of 20–140 m. Harkantra et al. (1980) studied the distribution, abundance of benthos, and sedimentological properties in depth range of 10–70 m from western Indian shelf (covering a decent length of NW coastline). The study revealed that the benthic diversity was rich in nearshore habitats while it decreased toward deeper waters. Joydas and Damodaran (2009) sampled a vast area of Indian west shelf, covering varying depths (30–1,000 m), along as many as 17 transects, covering the NWI shelf. The investigation recorded 165 species of polychaetes belonging to 33 families from the entire west Indian shelf while 106 were identified from the NW region exclusively.

Studies by Jayaraj et al. (2007, 2008) and Anilkumar (2017) were confined to the NWI shelf from Dwarka to Mumbai at a depth of 30–200 m. In the same area, Jayaraj et al. (2007, 2008) reported the presence of 133 polychaete species, belonging to 39 families. An extensive temporal sampling effort by Sukumaran et al. (2016) demonstrated the impact of tropical cyclone Phyan on the polychaete community of the Malvan MPA, followed by a complete recovery. Rengaiyan et al. (2017) carried out a study in the coastal waters of the south-eastern Arabian Sea, including Ratnagiri and Mumbai transects from the NWI coast. The study determined spatial variations in the polychaete assemblage that consisted of 16 families and 71 species, mainly governed by substrate composition. The diversity and distribution patterns of polychaete species along the NWI coastline were surveyed during the three major seasons and overall 140 species belonging to 42 families were identified by Vijapure et al. (2019a).



MOLECULAR STUDIES AND PHYLOGENY

The molecular approach not only assigns appropriate molecular tags to named or unnamed entities but also helps to reveal cryptic species and understand the role of cryptics in ecological and evolutionary processes. With the help of molecular lens, a number of studies worldwide have delineated cryptic species diversity of wide range of macroinvertebrate phyla (Kawauchi and Giribet, 2014; Nygren et al., 2018; Fauvelot et al., 2020) that were hidden under the umbrella of single morphospecies. Few molecular studies have been carried on the macrobenthos along the NWI coastal region. Magesh et al. (2014) redescribed a nereid, Namalycastis glasbyi from the Gorai creek, Mumbai with COI sequences. An interesting work by Joseph et al. (2014) revealed the presence of three cryptic species of limpet Cellana karachiensis from Veraval with different shell color banding pattern and indicated a close molecular resemblance to Oman species populations using the COI gene. The research was extended further by Joseph et al. (2016b) in terms of coverage of study area (five sites along Gujarat coast) and genetic markers (COI and 16S). The study demonstrated the existence of six haplotypes of C. karachiensis with phenotypic plasticity in the study region, suggesting initiation of the speciation. Phylogenetic analysis by Joseph et al. (2016a) proved efficacy of COI gene in distinguishing six zoanthid species from the Saurashtra coast. Detailed taxonomic investigation of a new polychaete species Heterospio indica from NWI coast by Parapar et al. (2016) was complemented with molecular analysis where 18S and COI genes were deposited in GenBank and represented the first sequencing of the species of Heterospio belonging to monogeneric family Longosomatidae. Rengaiyan and Ingole (2018) in the eastern Arabian Sea, sequenced 18S rDNA gene from 54 polychaetes species. Barcodes of five markers COI, 18S, 28S, cytb, ITS2 were generated from Hydroides inornata by Sun et al. (2017) from Ratnagiri for the phylogenetic analysis of Hydroides operculata-complex. Vijapure et al. (2019b) generated a comprehensive reference library of 58 COI barcodes of thirty-one polychaete species from NWI coast. The effectiveness of molecular characterization and phylogenetics in distinguishing the polychaete species, including invasive, pollution indicator Streblospio sp. was proven by this investigation. The genetic scrutiny facilitated the identification of a prospective new Streblospio species by segregating them from the closely related congeners. Trivedi et al. (2019) suggested a modified protocol for genomic DNA extraction and amplification of foraminifera Ammonia sp. from intertidal region of Nana Layja, GoK. In order to resolve the masked phenotypic differences of invaders and early detection of bioinvasion, DNA barcoding (Miralles et al., 2016; Sun et al., 2017), and metabarcoding (Rey et al., 2020; Westfall et al., 2020) efforts have proved effective worldwide. However, these advanced molecular methods will work effectively only if species are taxonomically identified and corresponding sequences are deposited in public reference library (Brasier et al., 2016) with constant updates of the repository (Curry et al., 2018).



APPLICATION OF MACROBENTHOS IN ENVIRONMENTAL MONITORING

Expectedly, most studies pertaining to the application of macrobenthos in environmental monitoring along the NWI coast have been concentrated in and around heavily urbanized and industrialized coastal zones like Mumbai, estuaries that are the hub of a plethora of anthropogenic activities or protected zones like the GoK MNPS. Further on, the various studies are discussed under broad anthropogenic categories for ease of comprehension.


Univariate and Benthic Biotic Indices

Univariate indices were applied more frequently in environmental studies, probably due to the ease of application (Quadros et al., 2009; Kulkarni et al., 2010, 2011; Sukumaran et al., 2013, 2014, 2016; Naz et al., 2016; Dias et al., 2018; Takar et al., 2020). Several diversity indices (Shannon-Wiener, Index of frequency, Rarity index, Dominance and Evenness Indices, Margalef Richness Index) were applied to the macrobenthic density in various studies (Varshney and Govindan, 1995; Pawar and Kulkarni, 2007; Pawar et al., 2019). A lot of interest has been evinced in the usage of Benthic Biotic Indices (BBIs) during the last two decades in evaluating the ecological quality status of marine and estuarine waters. The unawareness of the taxonomic characteristics of macrobenthos has impeded the application of benthic indices in assessing the ecological quality status of the tropical environment (Bigot et al., 2008). Studies investigating the efficacy of BBIs in determining the estuarine ecological status along the NWI India have gathered momentum in the past decade. AZTI’s indices (AMBI/M-AMBI) were successful in discerning an appropriate ecological status of most of the salinity zones across four estuaries (Ulhas, Amba, Savitri, and Kundalika) (Mulik et al., 2017, 2020a,b; Dias et al., 2018) and coastal zones (Nandgaon coastal waters, adjacent to the atomic power station in Maharashtra, Sivaraj et al., 2014; Mumbai and Ratnagiri coastal waters; Sivadas et al., 2016). The exclusion of monsoon data and averaging the status of the non-monsoonal seasons for the efficient application of benthic indices was recommended. Data transformations were observed to have no influence on the efficiency of AMBI (Dias et al., 2018; Mulik et al., 2020b; Mulik et al., 2020a). The Benthic Opportunistic Polychaeta Amphipoda (BOPA) index was applied to tidal pool communities of a tropical shore to evaluate the impact of an oil spill on intertidal ecology (Sukumaran et al., 2014).



Habitat Modification and Loss of Species

A comparison of the polychaete diversity of the intertidal flats of the anthropogenically stressed Thane creek with past available data indicated the deteriorating environmental conditions of the creek had resulted in species substitution. The changing sediment texture and increase in hypoxic conditions and nutrients resulted in resilient polychaetes like Namalycastis senegalensis and Polydora tentaculata being replaced by even more pollution tolerant types like Ceratonereis burmensis (Quadros et al., 2009). Khot et al. (2016a) have remarked that many species which were earlier recorded from Maharashtra coast during the nineties were not observed in recent times possibly due to increasing anthropogenic stress. Vaghela et al. (2010) compared the intertidal chemistry and macrobenthic assemblages of the industrialized zone of Sikka, GoK with previous data and concluded that while the abiotic parameters remained unchanged, the macrofaunal diversity indices were significantly lower than that reported previously. This decline was attributed to the habitat modification brought about by the anthropogenic pressures in that area. An example of diminishing diversity due to anthropogenic pollution was provided by Jaiswar and Kulkarni (2005) from the heavily polluted Mahim intertidal zone where gastropod species were absent. Previously, from the same area, 90 species of gastropods were reported (Subrahmanyam et al., 1952). The absence of the previously reported Aplysia benedicti, from most of the coastal zones of Mumbai was noted by the authors who attributed this species loss to the severity of pollution in Mumbai.



Oil Pollution

North West India coast is especially vulnerable to oil spills on account of the heavy ship traffic, presence of oil terminals and Single Point Moorings (SPMs). An intertidal study conducted in the vicinity of the waste water discharge of an oil terminal at Uran revealed a localized marginal impact on intertidal organisms characterized by low biodiversity and dominance of stress tolerant macrobenthic species (Ram et al., 1998). Gajbhiye et al. (1995) studied the impact of oil spill on the biological characteristics and also reported complete recovery of marine environment off Murud, Maharashtra after a year from oil spill. An oil spill that occurred in the mouth region of Mumbai Harbor affected the rocky intertidal region of Colaba. A 15 month long study using macrobenthic diversity concluded that the area was only temporarily affected (Sukumaran et al., 2014). Another study that evaluated the impact of an oil spill on intertidal communities in the rocky beach of Uran, reported large scale mortality of brachyurans, decapods and large polychaetes at the high water line (Vijapure et al., 2016). However, the low water line had live macrobenthic groups like tanaidaceans, gastropods, amphipods, isopods, etc.



Discharge of Pollutants

While examining the health of the coastal marine environment around the Mumbai region, Zingde and Govindan (2000) observed increased macrobenthic abundance and reduced diversity. However, the impact of anthropogenic stress decreased from coast to offshore region and was minimal beyond 5 km from the coastline. Thane creek is amongst the major water bodies in an enclosed area in India and it disconnects Mumbai from mainland (Vijay et al., 2015). Various studies were carried out on the biotic and abiotic components of Thane creek (Virkar et al., 2004; Poojary et al., 2012; Quadros and Athalye, 2012; Athalye, 2013). It was reported that the water and sediment quality of Thane creek had deteriorated due to the discharges of pollutants from industrial and domestic sources. The shells of Paphia textile were observed to have been blackened by deposition of hydrogen sulfide due to domestic waste discharge at Girgaon along the Mumbai coast (Balasaheb et al., 2017). An assessment of the macrobenthic communities in the intertidal zones around an atomic power plant functional for more than four decades at Tarapur, Maharashtra concluded that the impact of discharges from the power plant was minimal (Kubal et al., 2016).



Harbors and Ports

Harbors and ports form the “hearts” of the coasts that aid in building a large share of the economy for the country. However, they are also areas where industrial and domestic effluents dominate the spectrum of anthropogenic inputs. A number of macrobenthic studies were undertaken in the harbor and port waters along NWI coastline (Ingole et al., 2009; Sukumaran and Saraladevi, 2009; Swami and Udhayakumar, 2010). Sukumaran and Saraladevi (2009) suggested spionids as a biological indicator for cost-effective and rapid environmental assessment of highly disturbed environments like ports. Ingole et al. (2009) examined the health status of three ports of central west India including Ratnagiri harbor from NWI coast. The stressed conditions at these areas were reflected by a number of biotic indices like Polychaete: Amphipod ratio, ABC curve, and geometric class abundance. Reduced gastropod diversities in areas subject to human intervention apropos to those away from such influences were observed at coastal areas of Uran which has a large marine container terminal (Pawar and Al-Tawaha, 2017a). Sukumaran et al. (2013) provided a valuable baseline data of macrobenthos and polychaetes (family level) along with prevailing environmental conditions in and around oil terminals situated in the GoK MNPS. The investigation concluded that although pockets of higher stress to benthic fauna could occasionally occur, the impact of oil and gas activities on macrobenthic communities in this eco-sensitive region was probably low.

Increased maritime transportation has in turn posed a risk to the environment from both pollution and bioinvasions (Seebens et al., 2013). Introductions of alien biota could pose a threat to local coastal and marine ecosystems with both economic losses and reduction in native biodiversity. Some biofouling studies have been undertaken along the maritime states of Maharashtra and Gujarat that have commercially important harbors and ports. Few studies have investigated biofouling by deploying different types of test panels/coupons at harbors of Vijaydurg (Srinivas et al., 1992, Mumbai (Swami and Chhapgar, 2002; Swami and Udhayakumar, 2010), and also at Bombay High (Venugopalan and Wagh, 1990). The busiest and commercially important Mumbai and Jawaharlal Nehru ports of Maharashtra were rigorously sampled by Gaonkar et al. (2010a) and 29 benthic species of hard substratum fauna and 14 associated fauna were recorded. Protula tubularia, a tube dwelling polychaete species, was a new introduction in the region. Invasive species of bivalve Mytilopsis sallei was also recorded from the enclosed habitats of the port. Another work in the Mumbai harbor, reported the introduction of 14 polychaete species (Gaonkar et al., 2010b). The study provided an account of bioinvasion and highlighted the risks of ship-mediated introductions and proliferation of tolerant invasive species in near future. Biofouling by the oyster, Saccostrea cucullata in mangrove forests of the Vashishti estuary was reported by Panchang (2014). Srinivas et al. (2019a) reported the first occurrence of a possible alien caprellid, Phtisica marina from the coastal waters off Vadinar and Sikka in Indian waters.




OVERVIEW AND GENERAL TRENDS

Some common trends of the macrobenthic assemblages of NWI that have emerged from the above compiled literature are (a) Polychaeta was the dominant macrobenthic group; (b) anthropogenic impact on macrobenthos was reported across all zones; (c) sediment texture and salinity were the major drivers of macrobenthic community structure in the coastal waters and estuaries, respectively; (d) typically, the mesohaline and oligohaline zones of all estuaries were anthropogenically impacted, hence subject to the “Estuarine Quality Paradox”; (e) distribution of tolerant species was largely influenced by salinity as they inhabited specific salinity zones; and (f) sharper distributional trends were visualized in more polluted zones vis-a-vis moderately disturbed types.

In the intertidal studies conducted along the NWI, Mollusca has received more academic interest than other groups like Polychaeta and Amphipoda. This phylum contributed majorly to the intertidal species diversity of the NWI coast. Molluscs were the major taxonomic group of macrobenthos observed at different intertidal areas elsewhere too (Barnes and Barnes, 2012; Petracco et al., 2012). Habitat preferences were evident with more gastropod species being reported from rocky shores than sandy and muddy areas. Alongi (1989) had opined that tropical sandy intertidal communities were dominated by brachyurans and bivalves and mudflats were inhabited by mainly polychaetes and microcrustaceans citing superior behavioral escape mechanisms to avoid environmental extremes. The present review indicated that this generalization may not work for this geographical zone. Sandy zones had abundance of polychaetes and crustaceans while mangrove mudflats had molluscs and gastropods.

Alongi (1989) compared tropical macrobenthic literature with temperate macrobenthic ecosystems and conceptualized that (a) tropical species diversities were not essentially greater in tropics on account of greater environmental stress and (b) infaunal communities were mostly comprised of opportunistic species. The species list compiled herein (Supplementary Table 1) of only macrobenthic invertebrates (which automatically excludes six meiobenthic phyla) included 2,078 taxa that belonged to 14 of the 28 known non-symbiont animal phyla that comprises all known marine benthic taxa (Widdicombe and Spicer, 2008), thus re-iterating that tropical ecosystems supported high biodiversity (Gray, 1997; Hillebrand, 2004). This also raises the possibility of novel species yet to be described from this biogeographical zone. From Supplementary Table 1, it was also evident that infaunal communities of NWI included more sensitive species (62.2%) than opportunistic (37.8%), thus diverging from the view held by Alongi (1989). The comparison in Table 1 is indicative and may be viewed with the caveat that the studies have employed different sampling scales, sizes, and techniques. However, from the compilation of studies conducted in other geographical zones (Table 1), it appears that the first concept may not hold firm in the case of intertidal zones. The species diversities of intertidal zones presented in this study were certainly not lesser than that reported from temperate areas. In the case of estuaries, macrobenthic diversity along NWI was comparable with values reported elsewhere with Polychaeta being the dominant group in most of the studies (Table 1). Since the extensive macrobenthic studies in the coastal waters of NWI primarily focused on Polychaeta, the relative evaluation was based on this taxon. Table 1 suggested that the diversity of Indian polychaete fauna was comparable or relatively lower than other regions. This could be due to the bias in sampling methodology, gear, stations surveyed. Spionidae was one of the common speciose families, in the majority of the studies. Spionidae is known to be one of the most ubiquitous benthic taxa (Fauchald, 1977; Blake, 1996) with cosmopolitan species assemblage (Dix et al., 2004).


TABLE 1. Comparison of the dominant macrobenthic taxa and major factors exerting influence on the macrobenthic community structure from some indicative studies reported elsewhere with investigations included in this review (indicated by the shaded region).
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In the intertidal zones of NWI, zonation patterns with relation to tidal levels and time of exposure were distinct with the high water zones being sparsely populated due to high degree of exposure and desiccation (Table 1). Higher species and functional diversities were observed at the lower intertidal zones of the GoK MNPS which had structurally complex habitats. The species distributional patterns in the intertidal zone were net effect of various physiological needs, limits and adaptations at different tidal levels (Srinivas et al., 2020). The type of substratum, shorter durations of exposure and moderate wave action of the intertidal zone contributed toward higher distribution of species rather than abiotic parameters like water temperature, pH and salinity (Misra and Kundu, 2005). Similarly, Karhale et al. (2018) concluded that the intertidal polychaete abundances were not dictated by water quality parameters. However, others (Anandan et al., 2003; Rohit et al., 2016; Pawar and Al-Tawaha, 2017c) have reported that intertidal macrobenthic biomass and abundances were influenced by water and sediment quality parameters. Other reported driving factors influencing the diversity, distribution and abundance of intertidal organisms were food availability, organic carbon, pheophytin, and sediment texture (Table 1). In general, the spatial patterns of intertidal assemblages in all the studies have by and large followed the general model described by Menge and Sutherland (1987) who postulated that in stressful environments, organisms were directly regulated by environmental stress and less impacted by competition-predation activities.

While a panoply of factors have been ascribed importance in influencing macrobenthic community structure of intertidal zones, all studies agreed on the primacy of salinity and sediment structure as determinants of macrobenthic assemblages of estuaries along NWI (Table 1). The significance of the salinity and sedimentary texture in influencing macrobenthic community structure has been well documented in the estuaries of north Queensland, Australia (Inglis and Kross, 2000), estuaries of South Africa (Teske and Wooldridge, 2003), Schelde estuary, NW Europe (Ysebaert et al., 2003; Hampel et al., 2009), Nueces estuary, Texas (Ritter et al., 2005), Amazon estuary, Brazil (Silva et al., 2011) and Yangtze estuary, China (Yan et al., 2017). This was collectively attributed to the drought and flood events that change salinity and sediment properties and thus impacting macrobenthic communities and the functioning of the estuarine ecosystems. This suggests that the salinity gradient is the most influential parameter of estuaries belonging to different biogeographical regions, climatic conditions and diverse macrobenthic species composition. Majority of estuaries along the NWI coast were distinctly impacted to various extent by anthropogenic activities affecting the resident macrobenthos (Govindan et al., 1983; Shukla et al., 2013; Kale, 2017; Dias et al., 2018; Mulik et al., 2020c). It was also discerned from various studies that anthropogenic factors influenced macrobenthic assemblages mostly in the poly-mesohaline and oligohaline zones where the salinity was lower leading to what experts have termed as “Estuarine Paradox” (Elliott and Quintino, 2007). The role of both the natural and anthropogenic factors in determining the estuarine macrobenthic community structure have been documented in other tropical and temperate estuaries as well [Douro estuary, Spain, Mucha et al. (2003); Lima estuary, Portugal, Sousa et al. (2006); Odiel-Tinto estuary, Spain, Sánchez-Moyano et al. (2010); Cachoeira River estuary, Brazil, Ourives et al. (2011); Santos estuary, Brazil, Abessa et al. (2019)]. Sediment texture appeared to be the overwhelming consensual determinant parameter of macrobenthos structure in the subtidal zones along the NWI coast which resonated well with studies in other geographical zones too (Table 1). Sediment characteristics were found to govern the distribution pattern of polychaete taxon in different habitats, followed by some hydrological parameters. It was thus evident from Table 1 that both sedimentary and hydrodynamic parameters (with different subset of variables) have significant role in determining the diversity and distribution of polychaete community structure in different geographic locations.

Extinction rates are higher in tropical species as they are more susceptible for disturbance which is referred to as the “tropical biodiversity crisis” (Vamosi and Vamosi, 2008). Documenting species loss due to various stressors and comprehending the ramifications are daunting tasks by itself; the difficulty compounds in the absence of inventories of extant species. Declining biodiversity around urbanized zones like Mumbai was clearly evidenced by decline in gastropod species from 1893 (227 species) to 1996–1998 (67 species). Similarly, pelecypod species reduced from 199 species to 30 species during the same duration (Jaiswar and Kulkarni, 2005). Datta et al. (2010) reported that fewer species than those reported previously were observed in the rocky intertidal zones of Mumbai and attributed this loss partly to the anthropogenic activities. In the Mahim creek and Bay area, where previously 90 species of gastropods were recorded by Subrahmanyam et al. (1952), gastropods had completely disappeared as the areas became polluted due to indiscriminate disposal of industrial and domestic effluents leading sometimes to the development of hydrogen sulfide (Jaiswar and Kulkarni, 2005). Similar decline of species richness due to increasing pollution have been have been reported by Simboura et al. (1995). Such biodiversity losses may lead to loss of genetic diversity, functioning and sustainability of ecosystems in the long run (Battaglia et al., 1980; Danovaro et al., 2008).

The NWI coast has a marked monsoonal season which influences the abiotic parameters of the coastal waters and underlying sediments thereby influencing the macrobenthos (Alongi, 1989). Different distribution studies of macrobenthic fauna reviewed in this compendium have unequivocally stated that non-monsoonal months favored a more conducive environment for the macrobenthic diversity and functionality as compared to the monsoon season. Higher values of macrobenthic abundance, diversity and biomass were obtained during the non-monsoonal seasons in many studies (Pawar and Kulkarni, 2009; Sukumaran et al., 2014; Pawar et al., 2019; Mulik et al., 2020c, Takar et al., 2020). The pre and post-monsoon periods present a more stable environment that is suitable for macrobenthic organisms, already stressed from the natural variations in the environment. An exception to this general trend was visualized from the mangrove, rocky, sandy intertidal zones in the northern Gulf of Kachchh. Here the gastropod densities were higher during monsoon, which was contradictory to the general trend of lower macrobenthic standing stock during monsoon observed for the west coast of India. One reason could be the less precipitation occurring in the arid Kachchh area resulting in little or no fluctuation in salinity (Kardani et al., 2014). However, Vijapure et al. (2019a) have also observed lower macrobenthic abundances during monsoon in the coastal waters of GoK even though signatures of upwelling were not recorded here.

The extended work by Joydas and Damodaran (2014) reported Oxygen Minimum Zones (OMZ) at 200 m depth of entire western shelf of India that was more pronounced in the northern continental shelf edge. Decline in macrobenthic density, biomass, polychaete species richness and diversity with the dominance of species belonging to polychaete families like Spionidae, Cirratulidae, and Paraonidae were reported in the OMZ. Levin (2003) extensively studied macrobenthos from OMZ around the world that included Indian western shelf enclosing NWI coast. The investigation stated that the species residing in OMZ could survive in hypoxic environments through morphological and physiological adaptations for improved oxygen uptake. Besides the OMZ, seasonal hypoxic events have become a fact of concern worldwide (Briggs et al., 2017) that alter both the structure and function of benthic communities. The episodic event generally involves proliferation of soft bodied annelids, especially opportunistic polychaetes that can tolerate the extreme environmental conditions (Levin et al., 2009). Vijapure et al. (2019a) reported that the monsoonal coastal hypoxia had altered taxonomic and functional composition of polychaete assemblages along NWI coast. It was evident from the comparison presented in Table 2 that Polychaeta was the dominant macrobenthic group in the hypoxic settings described globally. The overview suggested that hypoxia tolerant polychaete species mainly belonged to the genera (Family) Paraprionospio (Spionidae) and Cossura (Cossuridae) that are morphologically and physiologically adapted to sustain low oxygen levels (Lamont and Gage, 2000; Levin, 2003).


TABLE 2. Responsive species to hypoxia in different geographical settings (Shaded region indicates studies from NWI).
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Several studies conducted in temperate zones have recommended the application of multiple indices to get a better assessment of the ecological status of estuaries considering that the macrobenthic communities are complex and geographically unlike (Salas et al., 2006; Kröncke and Reiss, 2010; Wetzel et al., 2012) and that indices were originally developed for particular stressors (Afli et al., 2008). However, the NWI studies as well as a number of other tropical estuaries have successfully applied AMBI for ecological quality status assessment (Borja and Tunberg, 2011; Valença and Santos, 2012; Brauko et al., 2015; Mulik et al., 2017, 2020a,b). The ecological assignments made available by European databases for the application of AMBI may not work in a tropical setting. Therefore, some of the Indian studies required the re-assignation of species to appropriate ecological groups based on expert judgment and knowledge of study area as recommended by Teixeira et al., 2010. In the Ulhas estuary, the opportunistic species, Streblospio gynobranchiata was classified to EG V from EG IV (Mulik et al., 2017, 2020a,b). In another study from the Mandovi and Zuari estuaries, Magelona sp. (II), Protodorvillea sp.(II), and Staurocephalus sp. (IV) were considered as EG III (Sivadas et al., 2016) so as to improve the sensitivity of AMBI. The tropical estuaries along the NWI are generally affected by heavy urbanization and industrialization (Dias et al., 2018; Mulik et al., 2020c). Hence, it becomes challenging to derive reference conditions for these estuaries because of heterogeneous sediment unavailability of sites with minimal impact, lack of historical data and absence of numerical models (Feebarani et al., 2016; Sivadas et al., 2016). Considering the above mentioned criteria, in the estuaries of NWI, the reference conditions are set by increasing the highest diversity and richness to 15% for each salinity zone as a preventive approach for the reliable use of the M-AMBI index (Borja et al., 2012).



GAPS AND LIMITATIONS

It is well known that intertidal habitats provide the most heterogeneous habitats than any other realm and thus supports high species diversity. Investigations into the intertidal macrobenthic diversity were plentiful and more intensive than other habitats possibly due to the ease of access to the study areas, higher species diversity and also lower costs involved in sampling. Of the 1,113 species reported from the intertidal zones, 438 belonged to Gastropoda, 140 to Polychaeta, 105 to Bivalvia, whereas no species records were available for groups like tanaidaceans, isopods, etc. Thus it was concluded that while the expertise of macrobenthic taxonomy was limited to some major groups, groups like nematodes, cumaceans, sergestids, mysids, tanaidaceans, and sipunculids were largely ignored. This could be due to the paucity of taxonomical experts and available taxonomical keys. Also, it is possible that groups like gastropods and bivalves were more abundant, visibly sized and therefore easier to collect. Many of the molluscan species were identified from empty shells too.

It was also observed that the intensity and type of sampling and the availability of taxonomical keys could significantly increase the species diversity statistics. For example, in the comparatively unpolluted rocky beach at Colaba in Mumbai, Sukumaran et al. (2014) identified 70 macrobenthic taxa. The previous study by Datta et al. (2010) reported 48 species, however in this account only the epifauna were accounted for and the identification of many groups were not resolved upto species. These kinds of disparities make any logical long term comparison and evaluation of macrobenthic diversity redundant.

Contrary to the easily accessible intertidal regions, assessment of subtidal regions along the coast and offshore habitats requires specialized logistical support thus making it an expensive task (Fitch and Crowe, 2010). Majority of the efforts were made by the Council of Scientific and Industrial Research-National Institute of Oceanography (CSIR-NIO) as a leading organization to undertake this challenge along with few other regional research/educational institutes. Due to the requirement of extensive and exhaustive sampling efforts, many of these studies have relied on one time sampling. However, this has lead to data lacunae of seasonal fluctuations of benthic structural and functional diversity patterns. As the NWI region is subject to upwelling related hypoxia during monsoon, it is important to capture the macrobenthic response during this characteristic phenomenon.

Many of the studies investigating macrobenthos in the NWI coast have been concentrated around certain regions, whereas large tracts remain to be investigated. Few places than others have attracted more studies i.e., Malvan, Ratnagiri Mumbai, Uran, Sikka-Vadinar etc. It appears that areas subject to severe pollution on account of increasing urbanization like Mumbai and areas of high biodiversity like the Malvan Marine Sanctuary and the GoK Marine National Park have been studied more frequently than other locations. Also, the proximity of a coastal zone to biological research/educational institutions probably encouraged more studies. For example, Mumbai and Uran studies were mostly undertaken by scientific personnel belonging to research/educational institutions present in the city. The macrobenthic ecology of coastal zones between Malvan and Ratnagiri, Ratnagiri and Uran, Mumbai to Saurashtra, Gulf of Khambhat, inner and northern shores of Gulf of Kachchh remain mostly unknown.

The estuarine macrobenthos are very much under surveyed, which is surprising considering that the estuaries of the NWI zone have industrial and urban clusters along its banks and receives most of the disposals of these establishments. Some sort of information on macrobenthos is available from 17 estuaries out of 43 major estuaries along the NWI. However, detailed macrobenthic species level data are available only for four major estuaries (Ulhas, Amba, Savitri, and Kundalika) along the Maharashtra coast. In tropical ecosystems, there is still an urgent need to identify consistent spatio-temporal patterns and influencing parameters of estuarine benthic assemblages in order to understand the ecological processes which in itself is a major challenge in ecology. It was also observed that the studies dealing with macrobenthic assemblages in estuarine systems often sample pockets from the entire estuary, making it difficult to understand the broad general patterns. Estuarine organisms are frequently confined to distinct zones of salinity gradients, resulting in clear distribution patterns (Wolff, 1983). Hence, it is of utmost importance to know the distribution pattern of macrobenthos along the entire salinity gradient of the estuary to understand the general functioning of these ecosystems. Only few studies on the complex interaction between chemical parameters, sediment dynamics and hydrodynamics in controlling the estuarine macrobenthic distribution patterns of NWI have been undertaken thus far.

Despite the Indian coast being rich in macrobenthic diversity, only a handful of molecular studies have been carried so far. The contribution of sequence depositions from multiple loci of Indian macrobenthic species at GenBank is meager. Thus, there exists a pressing need than ever before, to widen the taxonomic coverage and capture the information in the genetic database. It is important to add molecular tools like DNA barcoding and metabarcoding techniques along with traditional microscopy for improving accuracy and speed of species analyses. Toward this, a well- equipped library of DNA barcodes needs to be constructed for the NWI coast. The literature from NWI region suggests that DNA metabarcoding approach has not been implemented along this region so far. Hence, the sensitivity and breadth of the biodiversity assessment should be revitalized with advanced, sensitive and cost effective, high throughput DNA sequencing technique like metabarcoding in future. From the literature, it was also evident that very few biofouling studies have been undertaken in the past in the area. Ignoring problems caused by biofoulers and invasive introductions could pose a threat to harbors and ports with potentially unending tide of invaders. Hence, these studies need to be undertaken in future with adaptation of advanced molecular techniques as timely detection of biofoulers will allow us to apply preventive measures to stop the aggregation of macrofoulers.

From the literature, it was apparent that many macrofaunal groups from the NWI coast still remain understudied and therefore the marine biodiversity of India is presently under-reported (Venkataraman and Wafar, 2005). In order to improve this state, awareness for taxonomic studies in India requires to be cultivated in the research communities. Building taxonomic capacity at national, regional and sub-regional levels with relevant faunal identification guides and manuals in both printed as well as electronic versions is also a crucial measure. While putting efforts in compiling the database for the present study, we also faced problems in obtaining printed manuals that were not available readily online. These manuals are not only important for researchers focusing on a particular faunal group of interest but also for cultivating the taxonomy interest in contemporary generations of researchers. Unfortunately, these valuable literature are often conserved in institutional custody and unavailable to readers in the present era of digitization. Hence, it is important to facilitate the online availability of valuable old literature/manuals/identification keys/thesis to improve the ease of taxonomic research. While this account has tried to compile all topic related information available via the digital media, efforts were taken to obtain the hard copies of those manuscripts that were unavailable. A perusal of the literature review of many of the older papers made one conclude that a considerable amount of data was available in the form of Ph.D. thesis, majorly which were not available in a digital format. Therefore, such data which was not in a published form were left out in this compilation which may underestimate the number of species reported.

Tropics with warmer temperatures are known to boost early larval developments and hence shorter pelagic larval durations than the temperate regions (Álvarez-Noriega et al., 2020). However, the century is facing a rapid climate change where issues like global warming is not only altering the reproduction patterns, spawning time of benthic marine invertebrates (Bronstein et al., 2016) but also affecting their sensitive planktonic life stages (Nguyen et al., 2012). Hence, compilations such as this one will help researchers and ecologists to undertake studies on reproductive traits of already known marine invertebrate taxa of the ecoregion and recognize the alterations in the life history patterns and trace the changes in the future, if any, due to climatic events. Oceanographic processes also have a huge impact on larval dispersal including upwelling phenomenon (Bashevkin et al., 2020). It would be interesting to understand benthic larval ecology in upwelling regions along NWI coast that is not undertaken thus far.

A noteworthy lacunae would be the absence of long term consistent times series seasonal data which could be used to derive long term changes and trends in ecology due to the climate change and anthropogenic interventions. Even in areas like Mumbai, Malvan, GoK, etc., which have been studied more intensively, the sampling size and methodology, analytical, and statistical tools applied were varied in different studies making long term comparisons cumbersome and difficult. The most commonly used diversity index was (H’). However, some studies employed the base as log2 whereas others applied log10. Additionally, Shannon index have been calculated on various data formats i.e., species, genus, family abundances or even a mixture of various taxonomical levels resulting in problematic comparisons. The limitations imposed by discrete studies, such as those reviewed here, will have to be overcome by undertaking carefully planned improved observational studies at known biodiversity hotspots and also at areas previously not studied. In conjunction with observations on the macrobenthos, it is equally important to measure similar abiotic parameters using same standard methodologies so as to derive meaningful conclusions. Long -term monitoring studies are a must for evaluating changes in the ecosystem and ascribe reasons for these changes (anthropogenic vs climate change), test the efficacy of present biodiversity regulations, assign “biodiversity hot spot” to a region and to measure recovery processes from disturbances (Crowe et al., 2000; Hawkins et al., 2002).

Extensive monitoring studies with a broad geographic coverage require enormous resources like project funding, sampling effort and several man-hours to generate the species level data. Economic constraints have taken a toll on biomonitoring programs in several countries, despite their importance (Borja and Elliott, 2013). Likewise, there has been a lack of funding (that is likely to happen more than before due to the pandemic situation) from the Indian government to undertake large-scale environmental monitoring programs. This may limit the number of transects surveyed and hamper the sampling periodicity that will ultimately end up in data lacunae. A possible solution to this is to apply the Taxonomic Sufficiency (TS) approach that can effectively reduce the analytical man-hours and resultant monetary costs for species identification. However, extreme caution needs to be taken to avoid loss of information while employing TS (Fiori and Soares-Gomes, 2002; Bevilacqua et al., 2009). Dissimilar response of the constituents within higher taxa to environmental changes may also limit the applicability of TS (Bertasi et al., 2009). Despite the practical applicability of this approach, only two studies have employed TS approach in the Indian waters using macrobenthic polychaetes thus far (Joydas and Damodaran, 2013; Vijapure and Sukumaran, 2019). Both the TS studies indicated that generic as well as family level data could reliably detect the distribution patterns analogous to that of species, in spite of differences in sampling areas/depths, periodicity and influential data transformation types. Despite apprehensions of loss of information on biodiversity by several studies (Terlizzi et al., 2003; Giangrande et al., 2005), the TS worked successfully in this region due to consistent and sizable proportion of monotypic polychaete taxon and uniformity in responses of the constituents of higher polychaeta.

Of late, multivariate indices like AMBI and M-AMBI are considered to be more effective in evolving the ecological status of estuaries and coasts (Sivaraj et al., 2014; Sivadas et al., 2016, Mulik et al., 2017, 2020a; Dias et al., 2018) and are more reliable than the application of H’. Few studies have applied any BBI other than the Shannon Diversity index. For accurate environmental assessment it is important to apply a BBI which is impervious to seasonal perturbations, especially in coastal zones of NWI, where many authors have emphasized the deleterious effects of the monsoon on benthic species diversity and abundances. As taxonomical records keep updating, some species may be merged under a common species name. For example, Quadros et al. (2009) reported a decline in the abundance of polychaete species, Nereis glandicincta and Ceratonereis burmensis in the intertidal zones of the heavily polluted Thane creek. At present both species have been merged into a single species, Neanthes glandicincta on WoRMS. Further there are considerable alterations and updations to other species as well. Almost all studies referred in this review have dealt with either species/group diversity/species descriptions/distribution with some giving species checklists. Studies dealing with the molecular taxonomy, phylogenetics, benthic food web dynamics of macrobenthos are completely missing. Hence it would be beneficial if the next level of benthic ecological studies involved these omitted aspects of benthic research.

A good proportion of information for this review was extracted from non-Science Citation Index (SCI) journals particularly those pertaining to the intertidal zones (Figure 2C). Publishing in SCI journals may need to be encouraged so that the entire information is peer-reviewed in the best possible manner that can provide reliable baseline for future studies. Some of the studies considered for this review, while reporting high number of species have not included the checklist in their reports making it difficult for this compilation to add to the cumulative species list. Some authors have also included groups like seaweeds in their macrofaunal list. And finally, it is quite possible that the macrobenthic species of NWI may be vastly under reported due to lack of well planned surveys. The NWI coast, particularly has potential for new species occurrences (Vijapure et al., 2019a). Hence, there exists a scope for exploring the undescribed diversity with taxonomic as well as molecular efforts that will aid the future ecological studies effectively. As evident from the above compilation of literature, great effort needs to be put forward for improving taxonomic research in India.
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