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				The study investigated the diversity patterns and community structure of free-living marine nematodes at five beaches, Shankarpur, Mohona, Old Digha, New Digha and Oceana, along the Digha–Shankarpur coastline, West Bengal. Maturity index (MI), coloniser–persister class percentage (c–p%), Shannon diversity index (H′), the index of trophic diversity (ITD) and the presence of sensitive/tolerant genera were applied to determine the community structure. A total of 42 nematode genera were recorded. Pronounced spatial differentiation occurred along localised environmental gradi-ents. Mohona beach, adjacent to a fishing harbour, exhibited the highest disturbance, marked by the lowest diversity, the lowest maturity index, the highest index of trophic diversity and the dominance of opportunistic Daptonema sp. Spearman rank correla-tion and canonical correspondence analysis confirmed that environmental parameters significantly structured generic distribution, notably highlighting strong relationships with dissolved oxygen. These findings reinforce the efficacy of marine nematodes as sensitive bioindicators for coastal biomonitoring.
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				Introduction

				Globally, the marine ecosystems are at risk from multiple human activities, such as beach-side tourism, coastal development, sewage dis-charges, fish farming along with pollution and climate change, that have additive effects on marine health (Lotze et al. 2006, Puig et al. 2012, Semprucci et al. 2017, Cabral et al. 2019). Increasing pressure on marine ecosystems leads 

			

		

		
			
				to biodiversity and habitat loss and thereby increases the necessity for cumulative pressure and impact assessment studies (Korpinen & Andersen 2016). Among the ways to assess eco-system health, free-living marine nematodes are considered good bioindicators of marine health as they are ubiquitous, have high taxonomic diversity and short biological cycles, can survive extreme environmental conditions, have high stability of populations and are sensitive to envi-
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				ronmental changes (Croll & Matthews 1977, Heip et al. 1985, Danovaro et al. 2008, Moreno et al. 2011, Vanaverbeke et al. 2011, Balsamo et al. 2012, Semprucci & Balsamo 2012).

				Free-living marine nematodes are the most abundant meiofaunal group in marine ecosys-tems (Heip et al. 1985) and are ecologically important as they contribute to the decomposi-tion of organic matter, promote nutrient recy-cling and serve as food sources for higher trophic levels, playing a key role in marine food webs (Danovaro et al. 2008, Moens et al. 2013). However, limited taxonomic expertise in marine nematology and the scarcity of molecular data on free-living marine nematodes are key chal-lenges that hinder the widespread use of marine nematodes as bioindicators globally (Ridall & Ingels 2021).

				Worldwide, several studies have examined the community structure of free-living marine nematodes to evaluate their potential as bioindi-cators (Schratzberger et al. 2006, Hoang et al. 2007, Moreno et al. 2008, Armenteros et al. 2009, Boufahja et al. 2011, Semprucci & Bal-samo 2012, Semprucci et al. 2015, 2016, Zep-pilli et al. 2015, Hong et al. 2020, Hua et al. 2021, Ridall & Ingels 2021, Franzo et al. 2022, Ng et al. 2022, Hannachi et al 2026). In India, initial research focused on assessing the health of coastal ecosystems (Ansari et al. 1984, Rao & Mohanchand 1988, Raman et al. 1995, Ansari & Ingole 2002), while more recent studies have investigated the response of free-living marine nematodes to environmental stress in coastal regions such as the southeast coast (Chinnadurai & Fernando 2007, Naveed et al. 2009, Kesavaraj et al. 2024, Pandiya rajan et al. 2026), the west coast (Nanajkar & Ingole 2010, Sajan et al. 2010, Sharma et al. 2023), the southwest coast of India (Ansari et al. 2016, Vishnudattan et al. 2026), Bay of Bengal coast (Ghosh & Mandal 2019) and island ecosystems (Singh et al. 2026).

				Digha coastal area remained unexplored for meiofauna until the late 1900s, when studies on the composition, density and distribution of mei-ofauna, including free-living marine nematodes, were carried out (Rao & Misra 1986). Subse-quent studies focused on the seasonal dynam-ics of meiobenthic faunal communities at the Digha coast (Datta & Chakraborty 2015) and the 

			

		

		
			
				seasonal variation and diversity of nematodes and other meiofaunal groups along the Digha coastal belt (Bhattacharya et al. 2018). However, a detailed community analysis of free-living marine nematodes in this coastal belt is lacking.

				Therefore, the present study aims to deter-mine the community structure and diversity pat-tern across the five beach sites along the Digha–Shankarpur coastline. The objectives of the study are 1) to characterise the trophic structure and nematode composition at the five beach sites, 2) to analyse the relationship of free-living marine nematodes with environmental parameters and 3) to provide baseline information for future biomonitoring studies across this economically important coastal region.

				Materials and methods

				Study area

				This study is based on sediment samples col-lected from the Digha–Shankarpur coast-line, located in the East Midnapur District of West Bengal, India. The study area spans lati-tudes 21°38.248′–21°36.664′ N and longitudes 87°34.619′–87°29.206′ E. West Bengal has two coastal districts, South 24 Parganas and East Midnapur, along the Bay of Bengal (Fig. 1).

				The selected beach sites differ in geomor-phology and the degree of human influence: Shankarpur and Mohona are close to the fish-ing harbour, whereas Mohona is also an estua-rine mouth. Old Digha has high tourist activi-ties, New Digha is an urbanised tourist beach, whereas Oceana beach is slightly less disturbed. The study area represents a meso-tidal coast (Jana 2022, Mondal et al. 2023).

				Digha beach emerged as a tourist destina-tion even before the independence of India and attracts a large number of tourists every year (Dandapath & Mondal 2013). Digha–Shankar-pur coastal stretch falls under the Coastal Regu-lation Zone I (CRZ-I). It includes the Shankarpur fishing harbour, a major fishing harbour of West Bengal, located at the confluence of the Champa River and the Bay of Bengal. A major fish land-ing centre and auction market is located in Digha Mohona.
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				The coastal region of Digha–Shankarpur is highly vulnerable to coastal erosion (Ghosh & Chakravarty 2023) caused by both natural and human-induced activities (Boucher & Gourbault 1990). The coastal stretch is covered with a casu-arina plantation on the sand dunes, established under a government programme in 1986 (Pitchai-kani & Mukherjee 2017). This area is highly prone to tropical cyclones, and the impact of growing tourism is a major issue (Karan 2016). Drastic changes have occurred in this area due to mas-sive tourism-related development, as evidenced by land-use/land-cover (LULC) maps from 1990 and 2005 (Ghosh & Chakravarty 2023).

			

		

		
			
				Sampling protocol

				Random sampling was conducted along the five beach sites of the study area, Shankarpur, Mohona, Old Digha, New Digha and Oceana (Table 1). A total of 25 sediment samples were collected from the five study sites with five sam-ples from each site. At each study site, the sedi-ment samples were collected from the intertidal zone along a single transect perpendicular to the shoreline. The study area experiences semi-diurnal tides, with the sampling sites submerged during the high tide and exposed during the low tide; all samples were collected during the low 

			

		

		
			[image: A composite map showing the location of sampling sites along a coastal region in West Bengal, India, with a world map for context, a detailed regional map highlighting West Bengal, and a satellite view marking specific beaches.
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				Fig. 1. Study area map of the study sites along the Digha–Shankarpur coastline. Insets indicate the position of the study area globally and within the state of West Bengal. Basemaps: sources and copyright attribution pro-vided within the figure. Basemap material is excluded from the licence applicable to the article and may be subject to separate terms of use.
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				tide. The present study focuses on a community based ecological assessment of the community structure and diversity patterns of free-living marine nematodes; however, no quantitative sampling was performed. Sediment samples were collected using a hand corer from a depth of 0–12 cm (Boucher & Gourbault 1990) in air-tight polythene bags, fixed with a 4% formalin solution buffered in sea water and brought to the laboratory for further study.

				Nematode extraction and identification

				The fixed samples were brought to the laboratory and were sieved using a 2 mm coarse sieve to remove larger particles followed by decantation and sieving through a 53 μm mesh sieve to retain the nematode specimens (Hamels et al. 2001). The sieved residue was preserved in buffered 4% formalin and the number of specimens was counted under a SZX-16 Olympus microscope. Free-living marine nematode specimens were picked out in cavity blocks containing glycerin-alcohol and kept in a desiccator with anhydrous calcium chloride for dehydration for 2–3 weeks. Following dehydration, nematode specimens in pure glycerine were mounted on glass slides on a drop of anhydrous glycerin and sealed with a paraffin wax ring (De Maeseneer & D’Herde 1963). Specimens were identified under a BX-53 DIC Olympus research microscope, using stand-ard pictorial keys (Platt & Warwick 1983, 1988, 

			

		

		
			
				Warwick et al. 1998) and the WoRMS database (WoRMS Editorial Board 2026).

				The environmental parameters pH, salinity and temperature were measured with hand-held calibrated instruments during sampling at each site. Salinity was measured using an ATC refrac-tometer (Erma, Tokyo, Japan) and temperature was measured using a simple thermometer. To determine the dissolved oxygen (DO) and total dissolved solids (TDS), water samples were filled to the rim of airtight containers. DO was measured following the Winkler method (Strick-land & Parsons 1972). TDS was measured using a digital multiprobe (PCSTestr™ 35, Oakton Instruments, Vernon Hills, IL, USA) under con-trolled laboratory conditions.

				Community analysis and diversity indices

				The indices considered for determining the eco-logical quality status using free-living marine nematodes are maturity index (MI), the colon-iser–persister class percentages (c–p%), Shan-non diversity index (H′), the index of trophic diversity (ITD) and the presence of sensitive/tol-erant genera following Moreno et al. (2011) in accordance with the Water Framework Directive (Directive 2000/60/EC, http://data.europa.eu/eli/dir/2000/60/oj). The nematodes were classified into four feeding types based on the morphol-ogy of the buccal cavity: 1A – selective deposit 

			

		

		
			
				Table 1. Details of sampling sites and sediment samples along the Digha–Shankarpur coast. N = number of sedi-ment samples, T = total number of specimens counted, mean ± SE = mean number of specimens per sample with standard error.

				Site no.	Beach	Coordinates	Remarks	N	T	Mean ± SE

				1	Shankarpur	21°38.270′ N, 87°34.732′ E–	near a fishing harbour,	5	248	49.6 ± 3.08

					21°38.248′ N, 87°34.619′ E	tourist activities

				2	Mohona	21°37.792′ N, 87°32.846′ E–	near a fishing harbour,	5	276	55.2 ± 3.31

					21°37.903′ N, 87°32.705′ E	fish landing centre,

					tourist activities

				3	Old Digha	21°37.360′ N, 87°31.520′ E–	tourist activities	5	312	62.4 ± 3.81

					21°37.337′ N, 87°31.439′ E

				4	New Digha	21°37.091′ N, 87°30.375′ E–	tourist activities	5	212	42.4 ± 3.40

					21°37.015′ N, 87°30.133′ E

				5	Oceana	21°36.726′ N, 87°29.377′ E–	tourist activities	5	288	57.6 ± 2.38

					21°36.664′ N, 87°29.206′ E
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				feeders, 1B – non-selective deposit feeders, 2A – epistratum feeders and 2B – carnivorous/omniv-orous (Wieser et al. 1953).

				For each site, maturity index (MI) was calcu-lated based on the c–p scores of genera follow-ing Bongers et al. (1991):

				 MI = ∑v(i) × f(i) (1)

				where v(i) = c–p value of taxon i, and f(i) is the frequency of taxon i in the sample.

				Based on the four feeding types, the index of trophic diversity (ITD) was calculated following Heip et al. (1985):

				 ITD = ∑θ2 (2)

				where θ is the percentage contribution of each feeding group (Wieser et al. 1953).

				Diversity indices of the communities were calculated using Shannon diversity index (H′) and Pielou’s evenness index (J′):

				 H′ = –∑(Ni/N) log2(Ni/N) (3)

				 J′ = H′/ log2S (4)

				where N = total number of individuals, Ni = number of individuals of the ith genus and S = number of genera at each site.

				Statistical analysis

				Differences among beaches in nematode diver-sity, abundance and environmental variables were analysed using ANOVA. Significant differences (P ≤ 0.05) among beaches were detected using Tukey’s HSD multiple comparisons post hoc test. Pairwise associations between the abundance of individual nematode genera and environmental variables were assessed using Spearman’s rank correlation and visualised in a hierarchically clus-tered heatmap generated with the ‘pheatmap’ package in R (Kolde 2025, R Core Team 2025). To examine the relationships between the site-specific nematode assemblages and multivariate environmental gradients, canonical correspond-ence analysis (CCA) was performed using the ‘vegan’ package in R (Oksanen et al. 2026). 

			

		

		
			
				The significance of the overall CCA model and individual canonical axes was assessed using per-mutation-based tests (9999 permutations). Non-metric multidimensional scaling (NMDS; two dimensions, k = 2, based on Bray–Curtis dissim-ilarity) was performed to investigate differences among free-living marine nematode communities at the beaches in ordination space (Kruskal 1964, Minchin 1987). For the NMDS analysis, nema-tode genus-abundance data were standardised and square-root transformed. Permutational mul-tivariate analysis of variance (PERMANOVA) was performed to determine whether the com-position of the free living marine nematodes differed significantly among beaches using the ‘adonis’ function in the ‘vegan’ package. Homo-geneity of multivariate group dispersions was verified using the ‘betadisper’ function in the ‘vegan’ package. All analyses were performed using the R statistical environment (R Core Team 2025). The data used in the analyses are available from the authors upon request.

				Results

				Relation between nematode genera and environmental variables

				Genus–environment correlations

				Correlation analysis (Fig. 2) showed that several dominant genera exhibited a strong negative cor-relation with dissolved oxygen (DO), notably Daptonema, Conilia, Thalassironus and Chroma-dorina. In contrast, significant positive correla-tions with DO were shown by Spirobolbolaimus, Mesacanthion and Eleutherolaimus. Further-more, positive correlations with total dissolved solids (TDS) were exhibited by Bathylaimus, Crenopharynx, Onyx, Conilia, Ptycholaimellus and Batheurystomina, whereas Cyathoshiva and Omicronema were negatively correlated.

				Canonical correspondence analysis

				Canonical correspondence analysis (CCA) was performed to relate free-living marine nematode genus composition to environmental variables 
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				across the five beach sites (Fig. 3). The results revealed that the five measured environmen-tal parameters significantly influenced generic distribution, accounting for 36.65% of the total 

			

		

		
			
				variation in genus composition (constrained inertia = 1.433 of total inertia = 3.909; over-all model P = 0.001). The first two canonical axes accounted for 22.38% of the total variance 

			

		

		
			[image: A heatmap with hierarchical clustering shows the relationship between various species and environmental factors including temperature, pH, salinity, dissolved oxygen, and total dissolved solids, with color gradients indicating positive and negative correlations.
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				Fig. 2. Heatmap illustrating Spearman’s rank correlation between the abundance of free-living marine nematode genera and selected environmental parameters across the study sites. Colour gradients represent the direction and strength of correlations, with red and blue indicating positive and negative correlations, respectively. Asterisks indicate statistically significant correlations: * = P < 0.05, ** = P < 0.01, *** = P < 0.001.
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				(CCA1 = 12.89%, CCA2 = 9.49%) and were both statistically significant under the permuta-tion test (CCA1: F = 3.867, P = 0.001; CCA2: F = 2.998, P = 0.001).

				The CCA triplot (Fig. 3) revealed Mohona as the most clearly differentiated beach habi-tat, forming a distinct, non-overlapping cluster along the negative CCA1 axis, driven primar-ily by Daptonema and associated with com-paratively lower dissolved oxygen and higher pH. In contrast, Shankarpur and Oceana formed a more continuous, overlapping gradient struc-tured chiefly by TDS. New Digha and Old Digha grouped along the dissolved oxygen gradi-ent, with Spirobolbolaimus, Oncholaimus and Cyathoshiva showing the strongest association with this variable, particularly at Old Digha.

				Nematode assemblage

				From 25 samples, a total of 1336 free-living marine nematode specimens belonging to 42 genera, 16 families, six orders and two classes were identified. The highest number of genera was recorded in the family Chromadoridae with a total of ten genera followed by family Xyali-dae with six genera. The community indices revealed differences among nematode assem-blages across the beach sites (Fig. 4). The lowest maturity index (MI) values at Mohona indicated 

			

		

		
			
				more disturbed conditions, characterised by the dominance of coloniser (r-strategist) nematodes, whereas higher MI values at Oceana indicated relatively stable conditions. Also, Shannon diversity (H′) and Pielou’s evenness (J′) values were lowest at Mohona, reflecting low nema-tode diversity, whereas the highest values at Oceana beach suggested better sediment condi-tions. The index of trophic diversity (ITD) value was higher at Mohona, indicating stressed envi-ronmental conditions. The indices also revealed disturbances at the other beach sites, namely Old Digha, New Digha and Shankarpur.

				The most abundant families were Xyalidae (21%), followed by Cyatholaimidae (19%), Oncholaimidae (16%) and Chromadoridae (15%), while the remaining families each accounted for less than 10% of the total abundance. At Shankarpur beach, 20 genera from 15 families were recorded, with Chromadoridae and Xyali-dae represented by the highest number of genera. The most abundant genera were Eleutherolaimus, followed by Rhynchonema, Conilia and Cyathos-hiva. At Mohona beach, a total of 14 genera from eight families were recorded, with Daptonema, Cyathoshiva and Chromadorina being the most abundant. A total of 12 genera from seven fami-lies were identified at Old Digha beach, with Cyathoshiva, Oncholaimus and Eleutherolaimus being the most abundant. At the New Digha beach, a total of 13 genera from seven families 

			

		

		
			[image: A biplot shows the relationship between different aquatic species and environmental factors across five sites, with species and factors represented by arrows and points clustered by site in distinct colors and dashed ellipses.
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				Fig. 3. Canonical cor-respondence analysis (CCA) triplot showing the relationships between 42 free-living marine nema-tode genera, environ-mental parameters and five beach locations. Red arrows represent environ-mental gradients, coloured points indicate sampling sites and dashed ellipses depict site-specific group-ings. The first two canoni-cal axes explain 12.89% and 9.49% of the total variation, respectively. DO = dissolved oxygen, TDS = total dissolved solids, Temp = temperature.
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				feeders were dominant at all the sites, accounting for 44% of the assemblage at Shankarpur beach, 54% at Mohona beach, 42% at Old Digha beach, 43% at New Digha beach and 45% at Oceana beach. The non-selective deposit feeders were the second most abundant group at Shankarpur beach (38%), Mohona beach (42%) and Oceana beach (37%). At Old Digha and New Digha beaches, predators were the second most abun-dant group with 38% and 30%, respectively.

				Comparing the index of trophic diversity values (Fig. 4), the highest value was recorded at Mohona beach (0.45), whereas the lowest value was from Shankarpur beach (0.33). In contrast, the maturity index (MI) showed the opposite pat-tern, with the lowest value recorded at Mohona beach and the highest value at Oceana beach.

				Genus composition of the nematode community

				Non-metric multidimensional scaling (final stress = 0.2; Fig. 6;) and the dissimilarity test using Bray–Curtis distance revealed significant differences in free-living marine nematode com-munity structure and taxonomic composition among the beaches (PERMANOVA, P = 0.001). Multivariate dispersion did not significantly differ among beaches (betadisper: P = 0.160) 

			

		

		
			
				were recorded, with Cyathoshiva, Oncholaimus and Eleutherolaimus being the most abundant. Oceana beach recorded 22 genera from 12 fami-lies, with Cyathoshiva, Eleutherolaimus and Oncholaimus being the most abundant.

				Considering all five beach sites, c–p 2 and c–p 3 nematodes were more abundant than c–p 4 nematodes at all sites (Table 2). The propor-tion of c–p 2 nematodes was highest at Oceana beach (49%), followed by Mohona beach (47%), whereas c–p 3 nematodes were most abundant at Shankarpur, New Digha and Old Digha beaches, accounting for 47%, 47% and 54% of the nema-tode assemblages, respectively. No extreme per-sisters (c–p 5) were recorded.

				Overall, the nematode assemblage (Fig. 5) was composed primarily of 2A epistrate feeders (44%), followed by 1B non-selective deposit feeders (34%) and 2B predators (22%). Epistrate 

			

		

		
			
				Table 2. Proportions (%) of coloniser–persister classes (1–5) at the beach sites. Shankar. = Shankarpur.

					Shankar.	Mohona	Old Digha	New Digha	Oceana

				1	5	0	0	0	0

				2	26	47	33	38	49

				3	47	45	54	47	34

				4	22	8	13	15	17

				5	0	0	0	0	0
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				Fig. 4. Comparison of diversity indices among the study sites. MI = matu-rity index, H′ = Shannon diversity index, J′ = Pie-lou’s evenness index, ITD = index of trophic diversity.

			

		

		
			[image: A line graph comparing index values of MI, H, J, and ITD across five beach sites showing MI consistently highest and ITD lowest.
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				confirming that the observed differentiation reflects genuine shifts in the taxonomic composi-tion rather than differences in dispersion among sites. Clear differences in community structure were observed among the beaches. At Mohona beach, Daptonema and Chromadorina were dominant; these genera are known to associate with stressed habitats near the fishing harbour. Old Digha was characterised by the dominance of Cyathoshiva and Eleutherolaimus, indicat-ing moderate disturbance that may be linked to high tourism activity. New Digha beach showed slight overlap with Old Digha beach and was characterised by the dominance of Cyathoshiva. Oceana beach was characterised by the presence of Rhynchonema and Conilia, which are associ-ated with relatively stable sites.

				Discussion

				This study provides information on the current status of free-living marine nematode assem-blages at the Digha–Shankarpur coastal stretch. The nematode community structure and the environmental parameters were studied at five beach sites across the stretch. Anthropogenic dis-

			

		

		
			
				turbances in the coastal area impact the coastal ecosystems and might lead to the deterioration of the ecological quality (Semprucci et al. 2013). Human activities, including the influence of the fishing harbours, contribute to the anthropogenic disturbances in the Digha–Shankarpur coastal stretch. Although it is difficult to separate anthro-pogenic influences from natural environmental factors, several studies have demonstrated the effects of anthropogenic disturbance on nema-tode assemblages (Austen et al. 1994, Danovaro et al. 1995, Mirto et al. 2002, Schratzberger et al. 2002). To assess anthropogenic impacts in coastal ecosystems, several genera have been considered as reliable indicators; however, ana-lysing the nematode community structure at the genus level is one of the most effective ways to determine the environmental changes (Moens et al. 2013). Human activities, including fishing and mining activities, have over time become an increasing source of disturbance for marine ben-thic environments (Puig et al. 2012).

				The present study reports a total of 42 free-living marine nematode genera. Studies on the central west coast of India have also reported 50 nematode genera from three estuarine benthic environments influenced by river discharge, har-

			

		

		
			
				Fig. 5. Boxplot showing the abundance of free-living marine nematode trophic feeding groups (1A, 1B, 2A and 2B) across the five studied beach sites.

			

		

		
			[image: Box plots compare the abundance of four groups across five beach sites showing variations in data spread and median values for each group at each site.
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				bour activities and other anthropogenic factors (Nanajkar & Ingole 2010).

				Shannon diversity index is widely used to assess community diversity; however, it can also be employed to evaluate sediment condi-tion (Clarke & Warwick 1994), where a value greater than 3.0 indicates high species diversity and good sediment conditions, whereas a value less than 2.0 indicates low species diversity and poor sediment conditions (Lewis 2005). Mohona beach along with the other study sites near the fishing harbour had low diversity values of less than 2.0, whereas the site farthest from the har-bour had a diversity value above 2.0. A similar pattern of low species diversity value denoting poor sediment conditions was observed near the commercial fishing harbour site in Taiwan (Ng et al. 2022) and in Victoria harbour (Liu et al. 2011). Here, Mohona, Shankarpur, Old Digha and New Digha beaches had low diversity values, suggesting poor sediment conditions.

				According to their life-history strategies, nematodes are categorised into colonisers (r-strategist) and persisters (k-strategist), which are further classified on a c–p scale from 1 to 5, where c–p 1 are the extreme colonisers and c–p 5 are the extreme persisters (Bongers et al. 1991). Under stressed conditions, nematodes belong-

			

		

		
			
				ing to the c–p 2 class are known to increase (Bongers & Bongers 1998, Gyedu-Ababio & Baird 2006). The results showed that Mohona beach was characterised by a notable dominance of the c–p 2 nematodes (r-strategists). C–p 2 nematodes were also dominant in previous stud-ies of highly stressed sites (Semprucci et al. 2013), and also c–p 2 and c–p 3 were prevalent nematode life strategies (Semprucci et al. 2010, 2015). In contrast, despite the low Shannon diversity suggesting sediment disturbance at Old Digha, persisters taxa such as Oncholaimus were abundant, distinguishing it from the organically degraded Mohona beach. A similar trend has also been observed in several other studies (Bongers et al. 1991, Danovaro et al. 1995, Austen & McEvoy 1997, Schratzberger & Warwick 1998, Mahmoudi et al. 2005, Semprucci et al. 2013).

				Maturity index (MI) values can be used to assess disturbance, where lower values denote disturbed environment and higher values indi-cate less disturbance (Semprucci et al. 2013, Bongers 1990). Mohona beach had the lowest MI value and also the lowest dissolved oxygen level. Generally, pollution appears to affect the diversity rather than the density of nematodes (Heip et al. 1985), and the present results again showed that Mohona beach was the least diverse.

			

		

		
			[image: A scatter plot shows data points labeled with abbreviations and color-coded by location categories including Mohona, New Digha, Oceana, Old Digha, and Shankarpur along NMDS1 and NMDS2 axes.
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				Fig. 6. Non-metric mul-tidimensional scaling (NMDS) of the nematode community among the sampling sites. Genus names overlain on the plot indicate genera that differentiate communi-ties among beaches. Ala = Alaimella, Bat = Batheurystomina, Bth = Bathylaimus, Chro = Chromadora, Con = Conilia, Cre = Crenopha-rynx, Cya = Cyathoshiva, Dap = Daptonema, Ele = Eleutherolaimus, Nan = Nannolaimoides, Pch = Prochromadora, Pcl = Prochromadorella, Pon = Pontonema, Pty = Ptycho-laimellus, Tha = Thalassi-ronus, The = Theristus.
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				Higher index of trophic diversity (ITD) values (due to a marked dominance of a single trophic guild) should be related to increased pollution (Heip et al. 1985). The opportunistic trophic guild, such as non-selective deposit feed-ers (1B) and epistrate feeders (2A), are abundant in the most anthropogenically disturbed sites (Boufahja & Semprucci 2015, Mirto et al. 2002, Schratzberger et al. 2002,). The ITD value was highest at Mohona beach, where two feeding groups, 1B and 2A, were dominant, a pattern similar to that observed in previous studies of stressed environments.

				The CCA ordination indicated habitat seg-regation, separating Mohona beach from the remaining sites clustered along the Digha–Shankarpur coastline and indicating that nema-tode distribution was associated with distinct, localised physicochemical parameters rather than uniform coastal dispersal. A comparable pat-tern was documented by Ng et al. (2022), who observed that marine nematode communities diverged markedly across closely spaced coastal stations. Consequently, our findings suggest that ambient environmental variables play an impor-tant role in shaping the functional and taxonomic assembly of nematodes in this coastal system.

				The Spearman rank correlation (Fig. 2) revealed associations between environmental gradients and nematode assemblages across the Digha–Shankarpur coastline. A notable outcome of the correlation analysis was the pronounced negative correlation between dissolved oxygen (DO) and several dominant genera, most nota-bly Daptonema, Conilia, Thalassironus and Chromadorina. Similar trends were observed by Mohammad et al. (2024), who reported that Daptonema abundance increased markedly with declining DO concentrations associated with ele-vated organic enrichment. Conversely, the posi-tive correlation between DO and several genera, such as Spirobolbolaimus, Eleutherolaimus and Mesacanthion, suggests a physiological require-ment for well-oxygenated conditions.

				Several studies have used nematodes as indi-cators of ecosystem health (Moore & Bett 1989, Boyd et al. 2000). It has been suggested that the presence of the genus Daptonema indicates poor ecosystem health (Moreno et al. 2011). Dapton-ema was highly dominant at Mohona beach and 

			

		

		
			
				has also been reported as dominant in other stud-ies of stressed environments (Vanreusel & Vincx 1989, Boyd et al. 2000, Ng et al. 2022). The abundance of Daptonema at Mohona beach may be associated with organic discharge from the fish landing market and fishing harbour activi-ties. The separation of Mohona beach along CCA1 reflects its distinct estuarine conditions, where opportunistic, disturbance-tolerant mon-hysterids such as Daptonema were abundant. Daptonema species are well-known colonisers of organically enriched, silty-sand sediments capable of enduring wide environmental fluctua-tions. Many nematode species, such as species of Rhynchonema and Araeolaimus, are known to be sensitive to pollutants (Hermi et al. 2009). These taxa have been reported to be absent from stressed areas but present in adjacent habitats in the same region (Ingole et al. 2006). In our study, Rhynchonema was not recorded at the Mohona beach, although it was present at adja-cent study sites. Our results revealed that several genera differentiated the nematode communi-ties across the beaches. Mohona beach, located near the fishing harbour and estuarine mouth, was mainly dominated by Daptonema, which has previously been reported from stressed areas influenced by anthropogenic activities. This beach also showed low levels of dissolved oxygen. In contrast, Oceana beach showed a dominance of Rhynchonema and Conilia, genera associated with less disturbed conditions. Thus, the spatial distribution of free-living marine nematode communities appears to be influenced by the anthropogenic factors.

				Conclusion

				This study provides an assessment of free-living marine nematodes along the Digha–Shankar-pur coastline, a region highly influenced by tourism and fishing activities. Five beach sites within this coastline were studied to determine the community structure of free-living marine nematodes. The integration of taxonomic com-position, diversity indices, trophic structure and life-history strategies provided a comprehensive understanding of ecological conditions along the Digha–Shankarpur coastline. Mohona emerged 
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				as the most impacted site, while Oceana repre-sented relatively less disturbed conditions.

				The community structure of free-living marine nematodes exhibited differences among the five beach sites. The prevalence of r-strat-egists, a low maturity index and a high index of trophic diversity at Mohona beach indicated stressed environmental conditions, likely associ-ated with its close proximity to the fishing har-bour and exposure to fishing activities. The pres-ence of Daptonema at this site suggested pos-sible anthropogenic disturbances in the area. In contrast, Oceana beach exhibited the presence of k-strategists, and also the index values suggested that this area was less disturbed than the other sites. The measured environmental parameters were significantly associated with differences in nematode assemblages across the study sites.

				The observed patterns are consistent with global studies, reinforcing the reliability of free-living marine nematodes as sensitive bioindi-cators of environmental change. Their rapid response to disturbance, coupled with clear functional and taxonomic shifts, makes them valuable tools for monitoring coastal ecosystem health, but an integrated, multi-metric approach is required for accurate ecological evaluation (Semprucci et al. 2015)

				Overall, the study establishes a baseline for future monitoring studies across this economi-cally important coastal stretch. Marine eco-systems are of great importance, and effective monitoring and the development of management strategies are highly required. Thus, more fre-quent studies are essential for proper health man-agement of the Digha–Shankarpur coastal belt.
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The study investigated the diversity patterns and community structure of free-living
marine nematodes at five beaches, Shankarpur, Mohona, Old Digha, New Digha and
Oceana, along the Digha—Shankarpur coastline, West Bengal. Maturity index (MI),
coloniser—persister class percentage (c—p%), Shannon diversity index (/'), the index
of trophic diversity (ITD) and the presence of sensitive/tolerant genera were applied
to determine the community structure. A total of 42 nematode genera were recorded.
Pronounced spatial differentiation occurred along localised environmental gradi-
ents. Mohona beach, adjacent to a fishing harbour, exhibited the highest disturbance,
marked by the lowest diversity, the lowest maturity index, the highest index of trophic
diversity and the dominance of opportunistic Daptonema sp. Spearman rank correla-
tion and canonical correspondence analysis confirmed that environmental parameters
significantly structured generic distribution, notably highlighting strong relationships
with dissolved oxygen. These findings reinforce the efficacy of marine nematodes as
sensitive bioindicators for coastal biomonitoring.

Introduction

Globally, the marine ecosystems are at risk
from multiple human activities, such as beach-
side tourism, coastal development, sewage dis-
charges, fish farming along with pollution and
climate change, that have additive effects on
marine health (Lotze ef al. 2006, Puig ef al.
2012, Semprucci ef al. 2017, Cabral et al. 2019).
Increasing pressure on marine ecosystems leads

to biodiversity and habitat loss and thereby
increases the necessity for cumulative pressure
and impact assessment studies (Korpinen &
Andersen 2016). Among the ways to assess eco-
system health, free-living marine nematodes are
considered good bioindicators of marine health
as they are ubiquitous, have high taxonomic
diversity and short biological cycles, can survive
extreme environmental conditions, have high
stability of populations and are sensitive to envi-
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