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Abstract
Diatom communities play a pivotal role in regulating primary productivity in wetland and estuarine ecosystems, yet comparative assessments of their functional contribution across tropical Ramsar wetlands remain limited. The present study evaluates diatom-mediated productivity patterns in Ashtamudi Lake and Vembanad Lake, two ecologically significant wetlands along the southwest coast of India. Phytoplankton samples were collected during June–December 2023 and Bacillariophycean taxa were identified and quantified using standard microscopic techniques. Diatom abundance (Ind./L.) was used to estimate standing crop, and assemblages were analysed based on centric-pennate composition and functional group classification (planktonic, benthic, and epiphytic). Multivariate analyses, including similarity indices and NMDS ordination, were employed to interpret productivity gradients. Results revealed a higher total diatom standing crop in Ashtamudi Lake, characterized by dominance of pennate and benthic diatoms, indicating strong sediment-water column coupling and benthic-driven productivity. In contrast, Vembanad Lake showed a relatively higher contribution of centric and planktonic diatoms, reflecting enhanced pelagic productivity. Integrated visualization using a radar plot effectively synthesized multiple productivity attributes and highlighted functional differentiation between the wetlands. The study demonstrates that diatom community structure provides a robust proxy for comparative productivity assessment and underscores the ecological significance of Bacillariophyceae in monitoring and management of tropical Ramsar wetlands under changing environmental conditions.
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1. Introduction
Wetland and estuarine ecosystems are among the most productive aquatic environments globally, owing to strong nutrient recycling, shallow water depth, and dynamic hydrological regimes (Mitsch & Gosselink, 2015; Cloern et al., 2016). Primary productivity in these systems is largely driven by phytoplankton, with Bacillariophyceae (diatoms) contributing a major fraction of carbon fixation in both freshwater and coastal environments (Falkowski & Raven, 2007). Diatoms are characterized by high photosynthetic efficiency, rapid growth rates, and sensitivity to environmental gradients such as nutrient availability, salinity, and turbulence, making them reliable indicators of productivity dynamics and ecosystem functioning (Smol & Stoermer, 2010; Taurozzi et al., 2024). Consequently, diatom community structure and standing crop are widely used as proxies for assessing primary productivity in wetlands and estuaries where direct measurements of carbon fixation are logistically constrained (Cloern et al., 2014; Nunes et al., 2025).
The Ashtamudi Lake and Vembanad Lake are two ecologically significant Ramsar wetlands located along the southwest coast of India, supporting complex freshwater-marine interactions and diverse biological communities. Previous studies from these systems have documented rich phytoplankton diversity with a pronounced dominance of diatoms, closely linked to seasonal freshwater inflow, nutrient enrichment, and estuarine mixing processes (Nandan & Sajeevan, 2018; Anil et al., 2023; Sagar et al., 2024; Alexander, 2025; Alexander & Jerin, 2026). However, increasing anthropogenic pressures, including agricultural runoff, urban discharge, and hydrological alterations, have modified nutrient regimes and habitat structure in these wetlands, potentially altering diatom community organization and associated productivity pathways (Cloern, et al. 2014; Hajong and Ramanujam 2023). Comparative evaluations of diatom assemblages across such large tropical wetlands remain limited, particularly with respect to functional productivity interpretation rather than simple taxonomic inventories.
In this context, the present study examines diatom-mediated productivity patterns in Ashtamudi and Vembanad lakes using abundance-based metrics and functional community attributes. By integrating total diatom standing crop, centric-pennate composition, and functional group structure into a comparative analytical framework, the study seeks to elucidate how differences in diatom community organization reflect contrasting benthic and pelagic productivity regimes. The use of multivariate and synthetic visual approaches further strengthens interpretation of productivity gradients at the ecosystem scale. The findings are significant for advancing understanding of primary productivity dynamics in tropical estuarine wetlands and reinforce the value of diatom communities as robust bioindicators for ecological assessment, long-term monitoring, and management of Ramsar-designated ecosystems under increasing environmental stress (Smol & Stoermer, 2010; Taurozzi et al., 2024; Nunes et al., 2025).
2. Methodology
Phytoplankton samples were collected three times from representative stations of Ashtamudi Lake and Vembanad Lake following standard limnological procedures during the period June to December 2023. Surface water samples were filtered using a 20 µm mesh plankton net and preserved immediately in Lugol’s iodine solution for laboratory analysis. Bacillariophycean taxa were identified to the lowest possible taxonomic level using standard taxonomic identification manuals (Tomas, 1997; Verlecar et al., 2004; Gopinathan et al., 2007). Quantitative estimation of phytoplankton was carried out using the Sedgwick-Rafter counting cell, following standard microscopic enumeration procedures. Diatom abundance was expressed as individuals per litre (Ind./L.), calculated from subsample counts and appropriate dilution factors, following established phytoplankton quantification protocols.
Total diatom standing crop for each lake was computed as the cumulative abundance of all recorded Bacillariophycean taxa and used as a proxy for potential primary productivity. Diatoms were further classified into centric and pennate forms to evaluate pelagic versus benthic productivity dominance. In addition, taxa were grouped into functional categories - planktonic, benthic (epipelic), and epiphytic, based on established ecological preferences (B-Béres et al., 2017). Percentage contributions of each functional group were calculated to assess differences in productivity pathways between the two wetlands.
Community similarity between lakes was evaluated using Jaccard similarity index (presence–absence data) and Bray-Curtis similarity index (abundance-based data). To visualize patterns in community structure and productivity gradients, Non-metric Multidimensional Scaling (NMDS) ordination was performed using Bray-Curtis dissimilarity. All statistical and multivariate analyses were carried out using PAST 4.3, and graphical outputs were generated to illustrate differences in diatom standing crop, functional composition, and community structure between the two Ramsar wetlands.
3. Results
3.1. Composition and Abundance of Bacillariophycean Assemblages
Table1. Average species composition and abundance of Bacillariophycean assemblages in Ashtamudi Lake
	No.
	Phytoplankton
	Ind./L.

	1. 
	Achnanthes brevipes
	4900

	2. 
	Achnanthes elata
	1200

	3. 
	Achnanthes inflata
	2100

	4. 
	Achnanthes lanceolata
	1400

	5. 
	Achnanthes microcephala 
	2100

	6. 
	Amphora libya	
	3200

	7. 
	Amphora coffeaformis
	4500

	8. 
	Amphora ovalis
	1600

	9. 
	Asterionella formosa
	2200

	10. 
	Bacillaria paradoxa
	2500

	11. 
	Chaetoceros elmerii
	2400

	12. 
	Chaetoceros simplex
	2500

	13. 
	Chaetoceros tenuissimus
	2300

	14. 
	Cocconeis placentula
	4200

	15. 
	Coscinodiscus spp.
	3200

	16. 
	Cyclotella comta
	5000

	17. 
	Cyclotella meneghiniana
	4100

	18. 
	Cyclotella stelligera
	3600

	19. 
	Cymbella cesati
	3000

	20. 
	Cymbella delicatula
	2800

	21. 
	Cymbella helvetica
	2600

	22. 
	Cymbella lanceolata
	1200

	23. 
	Cymbella specula
	2200

	24. 
	Cymbella tumida
	1400

	25. 
	Cymbella ventricosa
	3800

	26. 
	Diatoma vulgare
	4200

	27. 
	Diploneis elliptica
	3200

	28. 
	Diploneis subovalis
	2400

	29. 
	Eunotia pectinalis
	3500

	30. 
	Fragillaria crotonensis
	3400

	31. 
	Frustulia rhomboides
	1400

	32. 
	Gomphonema spp.
	2800

	33. 
	Gyrosigma acuminatum 
	1800

	34. 
	Gyrosigma kutzingii
	2600

	35. 
	Mastogloia smithii
	1000

	36. 
	Melosira crenulata
	4500

	37. 
	Melosira granulata
	3500

	38. 
	Melosira moniliformis
	3600

	39. 
	Melosira sulcata
	2400

	40. 
	Melosira varians
	2100

	41. 
	Meridion circulare
	2100

	42. 
	Navicula cuspidata
	1800

	43. 
	Navicula digitoradiata
	2400

	44. 
	Navicula gracilis
	4500

	45. 
	Navicula gregaria
	1200

	46. 
	Navicula pusilla
	2800

	47. 
	Navicula radiosa
	1200

	48. 
	Navicula rhynococephala
	2100

	49. 
	Nitschia palea
	800

	50. 
	Nitzschia acicularis
	2100

	51. 
	Nitzschia filiformis
	600

	52. 
	Nitzschia radiosa
	5200

	53. 
	Nitzschia sigmoidea
	600

	54. 
	Nitzschia transitans
	2600

	55. 
	Peridinium cinctum
	1300

	56. 
	Pinnularia microstauron
	1800

	57. 
	Pinnularia nobilis
	3500

	58. 
	Pinnularia silvatica
	1200

	59. 
	Pleurosigma angulata
	2000

	60. 
	Pleurosigma estuarii
	1800

	61. 
	Rhopalodia gibberula
	1600

	62. 
	Stauroneis anceps
	600

	63. 
	Surirella robusta
	3100

	64. 
	Synedra acus
	2600

	65. 
	Synedra berolinensis
	1200

	66. 
	Synedra ulna
	3400

	67. 
	Thalassionema spp.
	3900

	68. 
	Trachyneis aspera
	2200



The Bacillariophycean assemblage of Ashtamudi Lake was characterized by a high standing crop and rich species representation, indicating a productive estuarine environment (Table 1). Individual diatom abundances varied widely, ranging from 600 Ind./L. (Stauroneis anceps, Nitzschia filiformis) to peaks exceeding 5000 Ind./L., notably in Nitzschia radiosa (5200 Ind./L.) and Cyclotella comta (5000 Ind./L.). Several taxa such as Achnanthes brevipes, Melosira crenulata, Navicula gracilis, Amphora coffeaformis, and Synedra ulna also exhibited relatively high densities (>3000 Ind./L.), contributing substantially to the total diatom load. The community was dominated by a mixture of planktonic centric and pennate diatoms, reflecting strong benthic-water column integration and favourable conditions for diatom-driven primary productivity.
Table 2. Average Sspecies composition and abundance (Ind./L.) of Bacillariophycean assemblages in Vembanad Lake
	No.
	Phytoplankton
	Ind./L.

	1. 
	Acanthes inflata
	2100

	2. 
	Achnanthes brevipes
	1600

	3. 
	Achnanthidium spp.
	600

	4. 
	Actinoptychus spp.
	2100

	5. 
	Amphora coffeaformis
	5200

	6. 
	Amphora libya
	1500

	7. 
	Amphora ovalis
	2600

	8. 
	Asterionella formosa
	1300

	9. 
	Asterionella gracillima
	1800

	10. 
	Aulacoseira spp.
	3400

	11. 
	Bacillaria paradoxa
	3500

	12. 
	Caloneis spp.
	600

	13. 
	Campylodiscus spp.
	1200

	14. 
	Chaetoceros simplex
	1200

	15. 
	Chaetoceros tenuissimus
	2000

	16. 
	Cocconeis placentula
	1800

	17. 
	Coscinodiscus spp.
	1600

	18. 
	Cyclotella comta
	600

	19. 
	Cyclotella meneghiniana
	3100

	20. 
	Cyclotella stelligera
	1600

	21. 
	Cymbella lanceolata
	1200

	22. 
	Cymbella ventricosa
	3400

	23. 
	Diatoma vulgare
	2900

	24. 
	Encyonema spp.
	2600

	25. 
	Eunotia pectinalis
	2200

	26. 
	Fragillaria capusina
	2100

	27. 
	Fragillaria crotonensis
	600

	28. 
	Gomphonema spp.
	2200

	29. 
	Grammatophora spp.
	1800

	30. 
	Gyrosigma acuminatum
	2600

	31. 
	Gyrosigma kutzingii
	1300

	32. 
	Gyrosigma spp.
	600

	33. 
	Luticola spp.
	5200

	34. 
	Melosira crenulata
	1800

	35. 
	Melosira granulata
	1500

	36. 
	Melosira sulcata
	1200

	37. 
	Melosira varians
	2000

	38. 
	Navicula cuspidata
	1800

	39. 
	Navicula digitoradiata
	1600

	40. 
	Navicula gracilis
	1600

	41. 
	Navicula pusilla
	3100

	42. 
	Navicula radiosa
	2600

	43. 
	Nitzschia acicularis
	1200

	44. 
	Nitzschia palea
	3400

	45. 
	Nitzschia radiosa
	1900

	46. 
	Nitzschia transitans
	2200

	47. 
	Pinnularia microstauron
	2600

	48. 
	Pinnularia nobilis
	1300

	49. 
	Pleurosigma angulata
	1800

	50. 
	Pleurosigma estuarii
	3300

	51. 
	Sellaphora spp.
	1300

	52. 
	Skeletonema costatum
	1200

	53. 
	Stauroneis anceps
	1200

	54. 
	Surirella robusta
	2000

	55. 
	Synedra acus
	1800

	56. 
	Synedra ulna
	1600

	57. 
	Tabellaria fenestra
	600

	58. 
	Tabellaria spp.
	3500

	59. 
	Thalassionema spp.
	3100

	60. 
	Thalassiosira spp.
	2600

	61. 
	Triceratium spp.
	1900



In Vembanad Lake, the Bacillariophycean community displayed a comparably high but compositionally distinct abundance pattern, with individual species densities ranging from 600 Ind./L. (e.g., Achnanthidium spp., Caloneis spp., Tabellaria fenestra) to a maximum of 5200 Ind./L. observed in Amphora coffeaformis and Luticola spp. Several taxa including Nitzschia palea, Pleurosigma estuarii, Navicula pusilla, Cyclotella meneghiniana, and Thalassionema spp. formed major components of the assemblage. The presence of additional planktonic centric genera such as Skeletonema, Thalassiosira, Actinoptychus, and Triceratium indicates a strong pelagic productivity signal, consistent with the large, hydrodynamically active nature of the wetland (Table 2).
3.2. Total Diatom Standing Crop in Ashtamudi and Vembanad Lakes
The total standing crop of Bacillariophyceae showed a clear quantitative difference between the two Ramsar wetlands. Ashtamudi Lake recorded a cumulative diatom abundance of 172,600 Ind./L., whereas Vembanad Lake exhibited a comparatively lower total standing crop of 119,700 Ind./L. The higher diatom standing crop in Ashtamudi Lake suggests a relatively greater potential for diatom-driven primary productivity, possibly supported by efficient nutrient recycling and favourable estuarine mixing conditions. In contrast, although Vembanad Lake supports a diverse and productive diatom assemblage, the lower total abundance indicates a comparatively moderated standing crop, likely influenced by stronger hydrodynamic flushing and spatial heterogeneity across the larger wetland system.
3.3. Centric and Pennate Diatom Contribution
The relative contribution of centric and pennate diatoms differed distinctly between the two Ramsar wetlands, reflecting variations in productivity pathways and habitat coupling. In Ashtamudi Lake, pennate diatoms dominated the assemblage, contributing 73.17 % of the total Bacillariophycean standing crop, while centric diatoms accounted for 26.83 %. This dominance of pennate forms suggests strong Sediment-water column coupling and a significant contribution from epipelic and epiphytic productivity components in the estuarine environment.
In contrast, Vembanad Lake exhibited a relatively higher proportion of centric diatoms (32.50 %) compared to Ashtamudi, with pennate diatoms contributing 67.50 % of the total standing crop. The enhanced contribution of centric planktonic taxa in Vembanad Lake indicates a stronger pelagic productivity signal, likely associated with greater water column stability, nutrient loading, and hydrodynamic mixing across the expansive wetland system. The bar diagram (Fig. 1) illustrates a clear dominance of pennate diatoms in both wetlands, with Vembanad Lake showing a comparatively higher contribution of centric diatoms than Ashtamudi Lake, reflecting differences in pelagic productivity dynamics between the two Ramsar ecosystems.
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Figure 1. Centric and pennate diatom contribution (%) to total diatom standing crop in Ashtamudi and Vembanad lakes
3.4. Functional Group Composition of Diatom Assemblages
Based on ecological affinity, diatoms from both wetlands were classified into planktonic, benthic (epipelic), and epiphytic functional groups, and their relative contributions to the total standing crop were estimated (Table 3).
Table 3. Functional group-wise contribution of Bacillariophyceae Functional group-wise percentage contribution of Bacillariophyceae in Ashtamudi and Vembanad lakes
	Lake
	Planktonic (%)
	Benthic (%)
	Epiphytic (%)

	Ashtamudi Lake
	39.63
	47.05
	13.33

	Vembanad Lake
	46.12
	38.68
	15.20


The bar diagram (Fig. 2) illustrates clear functional differences in diatom assemblages between the two Ramsar wetlands. In Ashtamudi Lake, benthic diatoms formed the dominant functional group, followed by planktonic and epiphytic forms. This pattern indicates strong sediment-water column coupling and a substantial contribution of epipelic diatoms to overall primary productivity. In contrast, Vembanad Lake showed dominance of planktonic diatoms, with comparatively lower benthic contribution and a slightly higher proportion of epiphytic taxa. The enhanced planktonic component suggests stronger pelagic productivity driven by water column stability, nutrient availability, and hydrodynamic mixing within the expansive wetland system.
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Figure 2. Functional group-wise percentage contribution of diatoms in Ashtamudi and Vembanad lakes.
3.5. Similarity Analysis of Diatom Communities
Similarity analysis revealed a moderate level of compositional and structural resemblance between the diatom assemblages of the two Ramsar wetlands.
Jaccard Similarity Index: The Jaccard similarity index between Ashtamudi Lake and Vembanad Lake was 0.52, indicating that approximately 52% of Bacillariophycean taxa were shared between the two wetlands. This moderate overlap reflects the presence of several cosmopolitan and estuarine diatom taxa common to both systems, while also highlighting lake-specific species contributions shaped by local hydrology and habitat heterogeneity.
Table 4. Taxonomic and abundance-based similarity indices of diatom assemblages between Ashtamudi and Vembanad lakes
	Similarity metric
	Value
	Ecological status

	Jaccard index
	0.52
	Moderate taxonomic overlap

	Bray-Curtis similarity
	0.54
	Moderate similarity in abundance structure


Bray-Curtis Similarity Index: The Bray-Curtis similarity index, which incorporates species abundance, yielded a value of 0.54, suggesting a moderate similarity in community structure and standing crop distribution between the two lakes. Despite sharing several dominant taxa, differences in relative abundances - particularly of planktonic centric and benthic pennate diatoms, contributed to reduced similarity, underscoring contrasting productivity regimes and functional organization between the wetlands.
3.6. Integrated Productivity Attributes of Diatom Assemblages
The radar plot (Fig. 3) integrates multiple productivity-related attributes into a single visual framework. Ashtamudi Lake exhibits higher total diatom standing crop and stronger dominance of pennate and benthic diatoms, whereas Vembanad Lake shows relatively higher contributions of centric and planktonic diatoms, indicating contrasting productivity pathways between the two Ramsar wetlands.
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Figure 3. Radar plot summarizing diatom-based productivity attributes of Ashtamudi and Vembanad lakes.
3.7. NMDS Ordination of Diatom Assemblages
Non-metric Multidimensional Scaling (NMDS) ordination was performed using Bray-Curtis dissimilarity based on Bacillariophycean abundance data to visualize differences in diatom-mediated productivity structure between the two Ramsar wetlands. The NMDS plot (Fig. 4) shows a clear separation between Ashtamudi Lake and Vembanad Lake along the primary ordination axis, indicating distinct community organization and functional dominance.
Ashtamudi Lake is positioned towards the negative end of NMDS Axis 1 and is associated with higher contributions of benthic and pennate diatoms, reflecting strong sediment-linked and epipelic productivity. In contrast, Vembanad Lake occupies the positive end of the axis, corresponding to increased dominance of planktonic and centric diatoms, indicative of enhanced pelagic primary productivity driven by water-column processes. The dashed line in figure 4 connecting the ordination points represents a productivity gradient, highlighting the functional transition from benthic-dominated to pelagic-dominated productivity regimes between the two wetlands. The ordination pattern is consistent with results obtained from diatom standing crop, centric-pennate composition, and functional group analyses, collectively demonstrating that although both wetlands are diatom-dominated systems, they differ markedly in the organization and drivers of primary productivity. 
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Figure 4. NMDS ordination of Bacillariophycean assemblages from Ashtamudi and Vembanad lakes based on Bray-Curtis dissimilarity, with a dashed line indicating the productivity gradient.
3.8. Limitations of the Study
While the present study provides a comprehensive comparison of diatom-mediated productivity patterns in Ashtamudi and Vembanad lakes, certain limitations should be acknowledged. The analysis is based on standing crop and community structure, which serve as indirect proxies for primary productivity and do not include direct measurements such as chlorophyll-a concentration or carbon fixation rates. Sampling was conducted at discrete time intervals and may not fully capture short-term temporal variability or episodic bloom events. In addition, the functional classification of diatoms was based on established ecological affinities, which may vary under local environmental conditions. Despite these constraints, the integrated community and functional approach adopted in this study offers robust insights into relative productivity dynamics between the two Ramsar wetlands and provides a strong foundation for future studies incorporating direct productivity measurements and higher temporal resolution.
4. Discussion
The present study demonstrates clear differences in diatom-mediated productivity pathways between Ashtamudi and Vembanad lakes, despite their shared climatic setting and Ramsar status. The higher total diatom standing crop and dominance of pennate and benthic forms in Ashtamudi Lake indicate strong sediment-water column coupling and a substantial contribution of epipelic and epiphytic production. Similar patterns have been reported from other Indian estuarine wetlands, where benthic diatoms contribute significantly to overall primary productivity through efficient nutrient recycling at the sediment interface (Nandan & Sajeevan, 2018; Thacker & Karthick, 2022). Recent functional-ecology studies emphasize that benthic diatom dominance often reflects stable microhabitats and sustained productivity in shallow estuarine systems, making them reliable indicators of ecosystem functioning (Taurozzi et al., 2024; Nunes et al., 2025). The results from Ashtamudi therefore suggest a productivity regime closely linked to benthic processes rather than solely to water-column phytoplankton dynamics.
In contrast, Vembanad Lake exhibited a relatively higher contribution of centric and planktonic diatoms, supported by functional group analysis and NMDS ordination, indicating a stronger pelagic productivity component. This pattern is consistent with previous observations from the Cochin-Vembanad backwaters, where hydrodynamic mixing, nutrient enrichment, and larger spatial extent favour planktonic diatom proliferation (Nandan & Sajeevan, 2018; Madhu et al., 2010). Moderate Jaccard and Bray-Curtis similarity values, together with distinct NMDS separation, further suggest that differences in productivity between the two wetlands arise primarily from functional reorganization of shared taxa rather than taxonomic replacement. Recent studies on estuarine Ramsar wetlands highlight that such functional differentiation - between benthic-dominated and pelagic-dominated productivity pathways, is critical for understanding ecosystem resilience and responses to environmental change (Nunes et al., 2025; Taurozzi et al., 2024). The radar plot effectively synthesizes structural and functional attributes of diatom assemblages, providing an integrated representation of contrasting productivity regimes between Ashtamudi and Vembanad lakes. Overall, the present findings reinforce the utility of Bacillariophycean community structure as a robust proxy for comparative productivity assessment in tropical estuarine wetlands.
5. Conclusion
The present study highlights the central role of Bacillariophycean (diatom) communities in regulating and reflecting primary productivity dynamics in tropical Ramsar wetlands. Distinct differences in diatom standing crop, morphological composition, and functional group dominance between Ashtamudi and Vembanad lakes demonstrate that diatom community structure serves as a robust integrative indicator of ecosystem-level productivity pathways. The dominance of benthic and pennate diatoms in Ashtamudi Lake underscores the importance of sediment–water column coupling and epipelic productivity, whereas the relatively higher contribution of planktonic and centric diatoms in Vembanad Lake reflects enhanced pelagic productivity driven by water-column processes. By synthesizing multiple diatom-based productivity attributes through an integrated visual framework, the study confirms that diatom assemblages provide a sensitive and reliable proxy for comparative productivity assessment in estuarine wetlands. These findings emphasize the ecological significance of diatom communities in wetland functioning and support their application in long-term monitoring and management of Ramsar-designated ecosystems under increasing environmental pressure.
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