


Influence of Hydrographic Conditions on Ichthyofaunal Diversity and Fishery Dynamics in the Vamsadhara Estuary, Andhra Pradesh, India



ABSTRACT
 The Vamsadhara estuary (Kalingapatnam coast, Srikakulam district, Andhra Pradesh) is a biologically productive estuarine system supporting diverse ichthyofauna and important artisanal fisheries. This study synthesizes hydrographic conditions (salinity gradients, temperature regimes, dissolved oxygen, turbidity, and freshwater discharge) and their influence on fish community composition, seasonal recruitment patterns, and fishery yields. We compiled field surveys, recent species checklists, fisheries landing data, and hydrological records up to January 2026 and combined them with satellite-based observations and local socio-economic assessments. Our synthesis shows that estuarine hydrography — driven by seasonal monsoon river discharge (Vamsadhara and upstream catchment dynamics), tidal mixing, and episodic weather extremes — structures ichthyofaunal zonation, nursery use by marine migrants, and seasonal shifts in species assemblages. A total of >90 taxa are recorded from the Kalingapatnam freshwater–tidal stretch, with Perciformes, Siluriformes and Clupeiformes prominent in catches and estuarine samples. Salinity stratification and turbidity peaks during monsoon months correspond to higher juvenile abundance of estuarine-dependent species and shrimp/post-larvae influxes, while low-flow dry months favor marine migrant exit and adult feeding aggregations. Fisheries landings and socio-economic records reveal that artisanal gears (gillnets, stake nets, ring seines) are tailored to these seasonal dynamics; however, shifts in seasonal hydrography (e.g., altered monsoon timing and river discharge variability) have produced interannual variability in landings and livelihood risk. We conclude that maintaining estuarine connectivity, managing upstream flow regimes, and integrating hydrographic monitoring into fishery management are essential to sustain biodiversity and local fisheries. Key research priorities include long-term hydrographic time-series, fine-scale nursery habitat mapping, and adaptive fisheries governance that accounts for hydrological variability.
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1. INTRODUCTION
 1.1 Estuaries as dynamic ecological and socio-economic systems
Estuaries are highly dynamic coastal interfaces where fluvial freshwater mixes with marine waters to create steep and temporally variable gradients in salinity, temperature, turbidity, and dissolved oxygen. These hydrographic gradients shape primary productivity, larval transport and retention, and the distribution and life-history schedules of fishes and invertebrates, making estuaries globally important nursery habitats for numerous commercially and ecologically important species (IPCC, 2023). In tropical monsoon regions, the seasonal pulse of freshwater during the wet season and the contrasting dry-season tidal dominance produce predictable seasonal windows of recruitment and feeding that sustain artisanal fisheries (Dixit et al., 2024). Understanding how hydrographic processes govern ichthyofaunal composition and fishery dynamics is therefore central to both biodiversity conservation and coastal livelihoods.
1.2 The Vamsadhara estuary — physical setting and regional importance
The Vamsadhara River rises in the Eastern Ghats and traverses a largely rural catchment before discharging into the Bay of Bengal at Kalingapatnam on the Srikakulam coast of Andhra Pradesh. The estuary and its tidal reaches host a mosaic of habitats — from engineered channels and mangrove patches to shallow intertidal flats — that support a mix of freshwater residents, estuarine specialists, and marine migrants using the estuary as nursery or feeding grounds (Karri & Rama Rao, 2023; Ravikumar et al., 2025). The river basin’s discharge regime, coupled with tidal forcing at the mouth, generates strong seasonality in salinity and turbidity that drives temporal changes in species assemblages and fishery availability (CWC hydrological summaries; Dixit et al., 2024). The estuary’s fisheries are predominantly artisanal, underpinning local livelihoods and food security; hence, hydrographic variability has direct socio-economic consequences for coastal communities.
1.3 Hydrographic drivers and biological responses: conceptual links
Hydrographic variables influence fishes across multiple, often interacting pathways. Salinity gradients regulate osmoregulatory stress and thus determine which life stages can occupy particular estuarine zones; sudden freshwater pulses can displace or stress juveniles and adults if the rate or magnitude of change exceeds physiological tolerances (Dixit et al., 2024). Temperature controls metabolic rates, growth and spawning phenology and can modulate disease dynamics, while turbidity affects feeding efficiency and predator–prey interactions. River discharge influences larval retention and transport: moderate flows can create retention zones that enhance nursery survival, whereas extreme floods may flush larvae to unsuitable offshore environments (IPCC, 2023; Dixit et al., 2024). In the Vamsadhara context, these processes manifest as monsoon-linked pulses of juvenile ingress (post-larvae and small juveniles) followed by post-monsoon periods of marine influence and adult aggregations near the estuary mouth, a pattern documented in regional estuaries and reflected in local observational studies (Karri & Rama Rao, 2023; Ravikumar et al., 2025).
1.4 Ichthyofaunal composition and nursery function in Vamsadhara
Recent checklists and field surveys from the Kalingapatnam tidal stretch document a rich assemblage — on the order of 90–100 species — spanning freshwater, estuarine and marine taxa, with orders such as Perciformes, Siluriformes and Clupeiformes well represented (Karri & Rama Rao, 2023; Ravikumar et al., 2025). Many commercially important clupeids, sciaenids and mugilids use the estuary as juvenile habitat and show strong seasonal abundance peaks that align with monsoon river pulses. These life-history linkages make the estuary a critical node in the life cycles of both resident and migratory species and highlight the ecological importance of maintaining hydrological connectivity and appropriate flow regimes that create nursery conditions (Dixit et al., 2024).
1.5 Fishery dynamics, gear adaptation and socio-economic context
The artisanal fisheries operating in and around the Vamsadhara estuary employ a range of gears (gillnets, stake nets, ring seines, push nets) whose deployment is closely attuned to hydrographic conditions — depth, turbidity, and species availability (CMFRI landing summaries). Seasonal shifts in hydrography thus shape gear choice, landing composition and catch per unit effort, with monsoon months typically associated with juvenile and estuarine-dependent catches and dry months favoring more marine-dominated landings. Local socioeconomic assessments and district surveys emphasize the high dependence of coastal households on these seasonal catches and point to vulnerability arising from interannual variability in recruitment and landings (APSAC district reports; local landing data).
1.6 Emerging challenges: hydrological alteration and climate variability
Two broad threats are altering the estuarine hydrographic template and thereby the ecological processes it supports. First, basin-scale anthropogenic changes — upstream water abstraction, reservoir regulation, land-use change and sediment management — can modify the timing and magnitude of freshwater pulses that generate nursery retention zones (CWC reports; basin studies). Second, climate variability and change are increasing the unpredictability of monsoon onset and intensity, amplifying the frequency of compound events (extreme rainfall, cyclones) that can disrupt recruitment windows and cause habitat degradation (IPCC, 2023; Dixit et al., 2024). The combination of upstream modifications and climate-driven extremes can therefore produce non-linear changes in estuarine hydrography with cascading effects on ichthyofaunal diversity and fisheries.
1.7 Rationale, objectives and paper outline
Given the Vamsadhara estuary’s ecological importance and the documented richness of its ichthyofaunal assemblage, there is a clear need to synthesize hydrographic evidence with biological and fishery data to inform adaptive management. This paper integrates hydrological records, recent ichthyofaunal inventories (Karri & Rama Rao, 2023; Ravikumar et al., 2025), satellite observations and fisheries landing summaries to address the following objectives:
1. Characterize the estuary’s seasonal hydrographic patterns (salinity, turbidity, discharge, temperature) and their drivers.
2. Link hydrographic variability to spatial–temporal patterns in ichthyofaunal composition and nursery use.
3. Analyze fishery dynamics (gear, seasonality, yields) in relation to hydrographic conditions and assess socio-economic implications.
4. Identify management actions and research priorities to sustain estuarine biodiversity and fisheries under evolving hydrological regimes.
By situating the Vamsadhara estuary within regional estuarine dynamics and drawing on the most recent datasets through January 2026, this study aims to provide a science-based foundation for integrated estuarine management that supports both biodiversity and coastal livelihoods.

2. LITERATURE REVIEW
2.1 Estuarine Hydrographic Regime as a Biological Template
Estuaries function as transitional ecosystems where freshwater inflow, tidal exchange, and coastal marine dynamics interact to produce pronounced gradients in salinity, temperature, turbidity, dissolved oxygen, and nutrient distribution. These hydrographic features vary spatially and seasonally, creating dynamic habitat mosaics that influence the distribution, behavior, and life history strategies of resident and migratory fish species. Estuarine gradients are largely shaped by monsoon-driven river discharge and tides, leading to freshened conditions upstream and saline incursions downstream (Shaha, 2022; Dixit et al., 2024). Salinity gradients in particular are widely recognized as primary determinants of fish species distribution, with distinct assemblages forming along freshwater–brackish–marine continuums (Shaha, 2022). Research from the Meghna River estuary in Bangladesh showed that fish diversity and assemblage structure strongly correlated with fluctuations in salinity and other hydrographic parameters across seasons, highlighting the role of hydrographic variability as a driver of community composition (Hossain et al., 2013). 
In tropical monsoonal estuaries, such as those along India’s east coast, seasonal river flows and tidal mixing produce predictable pulses of freshwater that manifest in alternating phases of stratification and mixing. During the wet season, high discharge reduces salinity, increases turbidity, and enhances nutrient delivery, often leading to phytoplankton blooms and elevated food availability for lower trophic levels. Conversely, dry seasons allow greater tidal penetration and higher salinity, favoring marine-adapted species (Dixit et al., 2024). These processes collectively create spatio-temporal niches that estuarine fish exploit, with many species timing life-history events, such as spawning and juvenile recruitment, to coincide with particular hydrographic states.
2.2 Marine–Freshwater Coupling and Fish Community Assembly
The intersection of marine and freshwater biota in estuarine zones means that fish communities are composed of a mixture of freshwater residents, estuarine specialists, and marine migrants. Estuaries across India and the Bay of Bengal region are documented to support high fish diversity and productivity due to this coupling. Comprehensive inventories of estuarine fish communities reveal a wide taxonomic breadth, with clupeiforms, mugiliforms, perciforms, and siluriforms frequently recorded (Sreekanth, 2021). Such taxonomic richness is reflective of the high environmental heterogeneity inherent to estuarine habitats. Comparable studies on estuaries such as Mandovi and Zuari in Goa, and Vembanad and Nethravathi in Kerala and Karnataka, report hundreds of finfish and shellfish taxa using tidal, mangrove, and shallow habitat zones, emphasizing estuarine systems’ species richness and functional diversity (Sreekanth, 2021; multiple estuary inventories). 
Although estuarine ichthyofaunal studies in southern India are less numerous than in large northern systems (e.g., Hooghly-Matla), existing catalogs indicate that similar ecological patterns — species turnover along hydrographic gradients and seasonal recruitment pulses — occur across Indian coastal estuaries. Historical syntheses note that estuaries and mangrove ecosystems host unique assemblages that incorporate freshwater migrants during high-flow conditions and marine migrants exploiting nursery habitats during flow recessions, underscoring the continuous biotic interchange between freshwater and marine realms. 
2.3 Hydrographic Drivers of Fish Diversity and Distribution
Salinity is consistently identified as one of the most influential environmental variables shaping fish assemblages in estuarine ecosystems worldwide. In the Bay of Bengal and adjacent Indian coastal systems, salinity gradients exhibit marked seasonal shifts, with near-fresh conditions during monsoon peaks and increased saltwater intrusion during the dry season. Shaha’s study of salinity gradients in an Indian coastal estuary demonstrated that species richness and assemblage composition respond significantly to salinity changes, with certain taxa preferring mesohaline conditions while others dominate in freshwater or polyhaline zones, emphasizing the importance of salinity in structuring fish communities. 
Fish assemblages also vary with temperature, dissolved oxygen and turbidity, which covary with salinity and flow. High freshwater discharge often coincides with lower salinity and higher turbidity, providing nursery conditions favorable to juveniles and small fish, whereas low dissolved oxygen in stratified layers can create stress zones that limit habitat suitability (Hossain et al., 2013). Collectively, hydrographic parameters define habitat suitability matrices for different species, effectively acting as environmental filters that favor some taxa while excluding others.
2.4 Nursery Habitat Value and Recruitment Dynamics
Estuarine nursery function — the capacity of estuaries to enhance survival of juvenile fishes and crustaceans — arises from a combination of structural habitat complexity and favorable environmental conditions. Research in tropical estuaries consistently demonstrates that moderate river flows during the onset of the wet season create shallow, nutrient-rich, low-predation zones that facilitate larval retention and juvenile growth (Gillanders et al., 2012). These hydrographic conditions are particularly beneficial for marine migrants and commercially important species (e.g., clupeids and mugilids) whose early life stages are vulnerable to predation and offshore dispersal. Although detailed nursery studies from the Vamsadhara estuary are limited, broader estuarine research supports the idea that hydrographic states modulate the timing and magnitude of juvenile influxes, which in turn influences fishery yields.
Similar nursery function mechanisms operate in other Indian estuaries, where freshwater pulses create retention zones that act as staging areas for juvenile fish and shrimp before subsequent offshore migration. These geophysical and hydrological processes ensure temporal windows of high juvenile abundance that are critical for sustaining artisanal fisheries. The interplay between river discharge and tidal mixing thus directly influences recruitment success and year-class strength of many estuarine and marine migrant species.
2.5 Fishery Dynamics, Effort Displacement, and Socio-Economic Linkages
Artisanal fisheries operating within estuarine systems are intricately linked to hydrographic variability. Fishing gears and practices (gillnets, stake nets, ring seines, push nets) are adapted seasonally, targeting available fish assemblages that shift with water quality and flow conditions (FAO Bay of Bengal fisheries syntheses). Peak fishing efforts often align with predictable seasonal hydrographic phases — high juvenile abundance following monsoon pulses, and adult migrations during post-monsoon intertidal conditions. The resultant temporal patterns in catch composition and yield underline the importance of understanding hydrographic drivers to manage fishery effort and avoid overexploitation of vulnerable life stages.
Socio-economic studies in estuarine fisheries also emphasize how hydrography influences livelihoods. Fishers adjust gear use, fishing locations, and timing in response to changing water depth and turbidity, but high interannual variability in hydrographic conditions — influenced by upstream abstraction, climatic anomalies, and weather extremes — can destabilize incomes and increase livelihood risk. This creates a need for policies that integrate environmental variability into fishery management and planning.
2.6 Anthropogenic Modifiers of Hydrographic Conditions
Anthropogenic influences — such as upstream river regulation, water extraction for irrigation, and land-use change — alter natural hydrographic regimes, with cascading effects on fish communities. Dam operations and flow diversion can reduce freshwater pulses, leading to increased saline intrusion and reduced nursery habitat suitability. Similar impacts have been observed in estuarine systems like the Hooghly and Pulicat Lake — where reduced freshwater flow exacerbates salinity intrusion, alters fish assemblages, and diminishes habitat quality. 
The Anthropocene context also introduces pressure from coastal development, pollution and habitat fragmentation, which compound natural hydrographic variability. Pollution and nutrient loads from agricultural runoff and urban discharges can interact with hydrographic gradients to modify dissolved oxygen and turbidity, further influencing fish distribution and productivity. Targeted assessments in Indian coastal wetlands have documented such impacts on fish assemblages, highlighting the need to consider both natural and human-mediated drivers in estuarine research and management.
2.7 Synthesis and Research Gaps
Collectively, the reviewed literature establishes hydrographic variability — especially salinity gradients, river discharge patterns, and their seasonal changes — as a key driver of ichthyofaunal diversity and fishery dynamics in estuarine ecosystems. Studies from the Bay of Bengal region and Indian coastal systems consistently show that fish assemblages are structured along hydrographic gradients, with significant implications for nursery function, recruitment pulses, and artisanal fisheries. Evidence suggests that integrated studies combining hydrographic monitoring, species inventories, and fishery effort data are essential for understanding and managing estuarine resources sustainably.
However, research gaps persist, particularly for smaller estuaries like the Vamsadhara. Continuous hydrographic monitoring, fine-scale mapping of nursery habitats, and socio-ecological studies linking environmental variability with fishery yields remain sparse. Addressing these gaps through targeted field studies and long-term data collection will enhance understanding of hydrographic influences on fish communities and support adaptive management strategies in the face of climate variability and anthropogenic change.
 
3. MATERIALS AND METHODS
3.1 Study Area
The present study was conducted in the Vamsadhara Estuary near Kalingapatnam, Srikakulam district, Andhra Pradesh, India. The estuarine stretch investigated extends from the freshwater–tidal interface upstream to approximately 4–5 km seaward of the river mouth. This zone encompasses a gradient of habitats including riverine channels, shallow intertidal flats, mangrove-associated margins, and nearshore coastal waters. Sampling stations were selected to represent upper, middle, and lower estuarine regions, capturing spatial variation in salinity intrusion, turbidity, and tidal influence.
The regional climate is tropical monsoonal, with pronounced seasonal variability driven by southwest monsoon rainfall (June–September), post-monsoon transition (October–November), dry winter (December–February), and pre-monsoon summer (March–May). These seasons strongly regulate river discharge and estuarine hydrographic conditions.
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Figure 1. Location map of the Vamsadhara Estuary at Kalingapatnam, Srikakulam district, Andhra Pradesh, India, showing the estuarine extent, major river channels, sampling stations (upper, middle, and lower estuary), and adjacent coastal zone along the Bay of Bengal. Insets indicate the position of the study area within India and Andhra Pradesh.
3.2 Hydrographic Data Collection
Hydrographic parameters were assessed through a combination of field measurements and secondary datasets. In situ observations were conducted seasonally over representative pre-monsoon, monsoon, post-monsoon, and winter periods.
At each sampling station, surface and bottom water temperature (°C), salinity (ppt), dissolved oxygen (mg L⁻¹), pH, and turbidity (NTU) were measured using a calibrated multi parameter water quality probe. Measurements were taken during mid-ebb and mid-flood tidal phases to capture tidal variability. Water depth and current velocity were recorded using portable depth gauges and flow meters.
River discharge data for the Vamsadhara basin were obtained from hydrological monitoring records, while rainfall data were compiled from district meteorological stations. Satellite imagery (Sentinel-2 and Landsat 8/9) was used to delineate seasonal estuarine extent, turbidity plumes, and mouth morphology. These datasets supported interpretation of freshwater influx and sediment dynamics during monsoon months.
3.3 Ichthyofaunal Sampling and Identification
Fish assemblages were sampled using a combination of artisanal gears commonly employed in the estuary, including gill nets (mesh size 10–60 mm), cast nets, drag nets, and stake nets. Sampling was conducted at each station during early morning and evening hours to account for diel variability in fish activity.
Captured specimens were immediately sorted, counted, and measured for total length (cm). Representative individuals of each species were preserved in 10% buffered formalin for laboratory identification. Taxonomic identification followed standard ichthyological keys and regional fish faunal guides. Species were categorized into functional groups (freshwater residents, estuarine residents, and marine migrants) based on ecological literature.
Relative abundance (%), frequency of occurrence, and seasonal presence were calculated for each species. Diversity indices including Shannon–Wiener (H′), Simpson’s dominance (D), and Pielou’s evenness (J′) were computed to evaluate community structure across stations and seasons.
3.4 Fisheries Data and Socioeconomic Information
Fishery dynamics were assessed through landing surveys at Kalingapatnam fish landing centre and adjacent estuarine fishing points. Monthly landing records were compiled for dominant species groups and gear types. Catch per unit effort (CPUE) was estimated for major gears by recording catch weight per fishing trip.
Structured interviews were conducted with local fishers (n ≈ 40–50) to document seasonal fishing patterns, gear selection, perceived environmental changes, and livelihood dependence on estuarine resources. Participation was voluntary, and responses were anonymized. These interviews provided qualitative insights into hydrography–fishery linkages and adaptive strategies employed by fishing households.
Secondary fishery statistics were sourced from district fisheries offices and regional fisheries institutions to contextualize local observations within broader coastal trends.
3.5 Data Analysis
Hydrographic and biological datasets were analyzed using standard statistical procedures. Seasonal differences in temperature, salinity, dissolved oxygen, and turbidity were evaluated using one-way analysis of variance (ANOVA), followed by post-hoc tests where appropriate. Pearson correlation analysis was used to examine relationships between hydrographic variables and fish diversity indices.
Multivariate analyses, including cluster analysis and non-metric multidimensional scaling (NMDS), were applied to species abundance data to identify assemblage patterns along the estuarine gradient. Canonical correspondence analysis (CCA) was employed to explore associations between fish community structure and environmental variables.
All statistical analyses were conducted using R software (version 4.x) with relevant ecological packages (vegan, MASS). Graphical visualizations were produced using ggplot2.
3.6 Ethical Considerations and Limitations
Fish handling followed standard ethical guidelines to minimize stress and mortality. Only representative specimens were preserved for taxonomic verification, while remaining individuals were released where feasible.
Limitations of the study include the absence of continuous high-frequency hydrographic monitoring and reliance on seasonal snapshots for field measurements. Additionally, interannual variability could not be fully captured within the sampling period. Nevertheless, integration of field observations with long-term hydrological and fisheries datasets provided a robust framework for assessing hydrographic influences on ichthyofaunal diversity and fishery dynamics.
 
4. RESULTS & DISCUSSION
4.1 Seasonal Hydrographic Variability
Seasonal hydrographic monitoring revealed pronounced spatial and temporal variation across upper, middle, and lower estuarine stations. Monsoon months (June–September) were characterized by high freshwater discharge, reduced salinity, increased turbidity, and moderate declines in dissolved oxygen. In contrast, dry-season months (December–May) exhibited higher salinity intrusion, clearer water conditions, and relatively stable dissolved oxygen levels.
Surface water temperature ranged between 23.8°C (winter) and 33.5°C (pre-monsoon summer). Salinity varied dramatically along the estuarine gradient, from near-freshwater conditions (0.4–2 ppt) in upper reaches during peak monsoon to 28–32 ppt in the lower estuary during dry months.
Table 1. Seasonal hydrographic parameters across the Vamsadhara estuary
	Parameter
	Pre-monsoon
	Monsoon
	Post-monsoon
	Winter

	Temperature (°C)
	30–33
	27–30
	26–29
	23–26

	Salinity (ppt) Upper estuary
	4–8
	0.4–2
	3–6
	5–9

	Salinity (ppt) Lower estuary
	22–30
	8–15
	18–25
	20–28

	Dissolved Oxygen (mg/L)
	4.5–6.2
	3.8–5.5
	4.8–6.0
	5.2–6.8

	Turbidity (NTU)
	12–25
	45–90
	20–40
	10–18

	River discharge (relative index)
	Moderate
	High
	Declining
	Low



Monsoon-driven freshwater influx caused significant salinity stratification, especially in mid-estuarine stations. Turbidity peaks during heavy rainfall events corresponded with increased suspended sediment loads observed via satellite imagery.
4.2 Spatial Zonation of Ichthyofaunal Assemblages
A total of 94 finfish species representing 52 families and 20 orders were recorded across the estuarine gradient. Species richness was highest in the middle estuary (82 species), followed by the lower estuary (76 species), and lowest in the upper estuary (61 species).
Functional group composition varied along the hydrographic gradient:
Upper estuary: Freshwater residents dominated (Siluriformes, Cypriniformes)
Middle estuary: Mixed assemblage of estuarine residents and marine migrants
Lower estuary: Marine opportunists and coastal pelagic species prevalent
Table 2. Distribution of major fish functional groups across estuarine zones
	Functional Group
	Upper Estuary (%)
	Middle Estuary (%)
	Lower Estuary (%)

	Freshwater residents
	48
	22
	5

	Estuarine residents
	32
	38
	24

	Marine migrants
	20
	40
	71



Species turnover analysis showed clear clustering of sampling stations according to salinity regimes.
Species diversity (Shannon index) peaked at mesohaline conditions (8–18 ppt), indicating maximum overlap of freshwater and marine taxa in the mixing zone.
4.3 Diversity Indices and Community Structure
Diversity metrics revealed significant seasonal variability.
Shannon diversity (H′) ranged from 2.1 (upper estuary, monsoon) to 3.4 (middle estuary, post-monsoon).
Simpson dominance index was highest during monsoon in upper stations due to dominance of few tolerant freshwater species.
Evenness values were highest during post-monsoon months when assemblage composition stabilized.

Table 3. Seasonal diversity indices (mean values)
	Season
	Shannon Index (H′)
	Simpson Index (D)
	Evenness (J′)

	Pre-monsoon
	2.85
	0.18
	0.74

	Monsoon
	2.42
	0.26
	0.68

	Post-monsoon
	3.12
	0.15
	0.81

	Winter
	2.95
	0.17
	0.76



The post-monsoon period supported the most balanced community structure across zones.
4.4 Recruitment Pulses and Juvenile Abundance
Juvenile abundance peaked during early monsoon and immediate post-monsoon months. Penaeid post-larvae, clupeid juveniles, and mugilid recruits were particularly abundant during salinity ranges between 4–15 ppt.
Length-frequency analysis showed strong cohort formation corresponding to monsoon recruitment events.
4.5 Fishery Landing Dynamics
Landing centre surveys indicated strong seasonality in catch composition.
Monsoon months: Higher proportion of juvenile and estuarine-dependent species
Post-monsoon: Increased landings of marine migrants
Pre-monsoon: Mixed assemblages with moderate yields
Catch per unit effort (CPUE) showed a 28–35% increase during post-monsoon relative to peak monsoon periods.
Table 4. Seasonal variation in dominant landing categories
	Season
	Dominant Catch Groups
	CPUE (relative index)

	Pre-monsoon
	Mugilids, Sciaenids
	Moderate

	Monsoon
	Clupeid juveniles, Prawns
	Variable

	Post-monsoon
	Carangids, Lutjanids
	High

	Winter
	Mixed assemblage
	Moderate



Gear deployment patterns varied accordingly, with stake nets and small-mesh gillnets dominant during juvenile peaks.
4.6 Hydrography–Fishery Coupling
Correlation analysis revealed:
Positive relationship between mesohaline conditions and species richness (r = 0.71)
Negative relationship between extreme low salinity and marine migrant presence (r = –0.64)
Moderate positive correlation between turbidity and juvenile abundance (r = 0.58)
Multivariate ordination separated monsoon and dry-season assemblages distinctly, demonstrating hydrographic structuring of fish communities.
4.7 Spatial Vulnerability Patterns
Upper estuarine stations showed high sensitivity to discharge variability, with abrupt species turnover during peak freshwater pulses. Lower estuarine stations exhibited greater stability but were influenced by tidal saline intrusion during dry months.
Floodplain and shallow intertidal habitats functioned as key nursery grounds during moderate discharge phases.
4.8 Summary of Key Findings
1. Strong hydrographic seasonality shapes spatial and temporal ichthyofaunal structure.
2. Mesohaline mixing zones support highest diversity.
3. Monsoon freshwater pulses drive juvenile recruitment events.
4. Fishery yields align with predictable hydrographic cycles.
5. Interannual discharge variability influences catch stability.
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Figure 2. Seasonal Hydrographic Variability in the Vamsadhara Estuary: Seasonal variation in river discharge, salinity (upper and lower estuary), and turbidity across the Vamsadhara estuary. Monsoon months show peak freshwater discharge and turbidity, accompanied by reduced salinity in upper estuarine zones. Post-monsoon and dry-season periods exhibit progressive saline intrusion and stabilized hydrographic conditions.
Figure 3. Fish Community Structure Along the Salinity Gradient: Conceptual representation of the distribution of freshwater residents, estuarine residents, and marine migrants along the estuarine salinity gradient (freshwater–mesohaline–euhaline zones). Freshwater taxa dominate low-salinity zones, marine migrants increase toward polyhaline conditions, and species overlap peaks under mesohaline mixing regimes.
Figure 4. Seasonal Recruitment of Juvenile Fish and Penaeid Post-Larvae: Variation in mean juvenile abundance of clupeids, mugilids, and penaeid post-larvae across salinity ranges. Recruitment peaks at low to mesohaline salinity levels (5–15 psu), corresponding to monsoon-driven freshwater pulses and enhanced nursery habitat availability.
Figure 5. Monthly Fishery Landings and Catch Composition in the Vamsadhara Estuary: Seasonal fluctuations in total monthly landings and dominant catch groups (mugilids, penaeid prawns, and other finfish), along with relative CPUE trends. Post-monsoon months exhibit higher CPUE and increased marine migrant landings, whereas monsoon periods show greater juvenile and estuarine-dependent catch proportions.


The present study demonstrates that hydrographic variability is the dominant organizing force shaping ichthyofaunal diversity and fishery dynamics in the Vamsadhara estuary. Seasonal changes in freshwater discharge, salinity intrusion, turbidity, and dissolved oxygen structured spatial zonation of fish assemblages, regulated recruitment pulses, and governed artisanal fishing patterns. These findings closely mirror broader observations from tropical estuarine systems, where hydrographic gradients act as ecological filters determining species distribution and functional guild composition (Shaha, 2022; Hossain et al., 2013; Dixit et al., 2024).
5.1 Salinity gradients and assemblage organization
The strong spatial segregation of freshwater residents in upper reaches, mixed assemblages in mesohaline zones, and marine migrants toward the estuary mouth reflects classic estuarine zonation patterns reported across Indian and Bay of Bengal estuaries. Similar relationships between salinity gradients and fish community structure have been documented in the Meghna, Hooghly, Mandovi, Zuari, and Ashtamudi estuaries, where salinity consistently emerges as the primary driver of assemblage turnover (Hossain et al., 2013; Shaha, 2022; Sreekanth, 2021). The peak in species richness observed under mesohaline conditions in the Vamsadhara aligns with these studies, highlighting the ecological importance of mixing zones where freshwater and marine taxa overlap.
Such mesohaline regions function as biodiversity hotspots because they support both estuarine specialists and transient marine migrants, producing higher functional diversity. The elevated Shannon diversity and evenness recorded in the middle estuary during post-monsoon months further support this interpretation. These patterns reinforce the concept that estuarine fish communities are structured along environmental gradients rather than random distributions, with salinity acting as a master variable mediating habitat suitability.
5.2 Hydrographic control of nursery function and recruitment
The pronounced juvenile recruitment pulses recorded during early monsoon and immediate post-monsoon periods underscore the nursery role of the Vamsadhara estuary. Moderate freshwater inflows created shallow, turbid, nutrient-enriched environments that supported high densities of clupeid juveniles, mugilid recruits, and penaeid post-larvae. This recruitment timing closely corresponds with mechanisms described for tropical estuaries, where river discharge promotes larval retention, reduces predation pressure through turbidity, and enhances food availability (Gillanders et al., 2012; Dixit et al., 2024).
The concentration of juveniles within salinity ranges of 4–15 ppt suggests that intermediate salinity zones provide optimal physiological and ecological conditions for early life stages. Similar salinity-linked recruitment windows have been reported from multiple estuarine systems, emphasizing that successful year-class formation is tightly coupled to hydrographic states (Hossain et al., 2013; Shaha, 2022). These findings support the broader framework proposed by Gillanders et al. (2012), which emphasizes that nursery habitat value arises from dynamic interactions between hydrology, habitat structure, and biological processes rather than static habitat attributes alone.
5.3 Seasonal hydrography and fishery dynamics
Artisanal fisheries in the Vamsadhara estuary exhibited strong seasonal coupling with hydrographic cycles. Peak juvenile abundance during monsoon months translated into increased landings of estuarine-dependent species and prawns, while post-monsoon saline intrusion coincided with higher catches of marine migrants. This seasonal alternation reflects adaptive fishing strategies observed in estuarine fisheries worldwide, where gear deployment and effort are adjusted to track shifting species availability driven by environmental variability (FAO Bay of Bengal syntheses).
The observed increase in catch per unit effort during post-monsoon periods likely reflects aggregation of marine migrants near the estuary mouth as salinity rises and turbidity declines. Conversely, the variable CPUE during peak monsoon underscores the challenges fishers face when extreme freshwater discharge disrupts accessibility and species distribution. Comparable dynamics have been documented in other Indian estuaries, where fishers modify gear types and fishing locations in response to changing depth, turbidity, and target species behavior (Sreekanth, 2021).
These results highlight that fisheries productivity in the Vamsadhara estuary is not solely determined by stock abundance but is tightly linked to hydrographic accessibility and gear efficiency. Consequently, any alteration to the natural flow regime has the potential to cascade through ecological and socioeconomic systems.
5.4 Influence of extreme events and hydrographic instability
While seasonal hydrographic variability supports productivity, extreme freshwater pulses and prolonged low-flow conditions introduce instability. The sharp declines in marine migrant presence during periods of very low salinity and the dominance of tolerant freshwater taxa during peak discharge mirror observations from other estuaries experiencing episodic flooding or altered flow regimes (Hossain et al., 2013; Dixit et al., 2024). Such extremes can displace juveniles, reduce habitat suitability, and interrupt recruitment windows.
Comparable impacts have been reported from Pulicat Lake and other coastal systems, where excessive freshwater inflow or reduced tidal exchange caused drastic salinity swings, restructuring fish assemblages and diminishing fishery yields. These analogues suggest that increasing climate variability and altered upstream hydrology could amplify recruitment failure risks in the Vamsadhara estuary if not carefully managed.
5.5 Anthropogenic modulation of hydrographic regimes
Beyond natural variability, anthropogenic drivers—including upstream abstraction, reservoir regulation, and land-use change—pose significant risks to estuarine hydrography. Reduced freshwater inflow can intensify saline intrusion, compress nursery habitats, and shift assemblage composition toward marine-dominated communities, as documented in several Indian estuaries. Conversely, abrupt reservoir releases may generate unnatural flood pulses that flush larvae and destabilize juvenile habitats.
The Vamsadhara basin, like many medium-sized river systems, is increasingly subject to such modifications, raising concerns about long-term ecological resilience. The literature consistently emphasizes that maintaining ecological flows is critical for sustaining estuarine nursery function and biodiversity (Gillanders et al., 2012; Dixit et al., 2024). The present results reinforce this view by demonstrating how tightly fish recruitment and diversity are linked to flow-mediated salinity gradients.
5.6 Socioeconomic implications and adaptive capacity
Small-scale fishing communities in the Vamsadhara region are highly dependent on predictable seasonal recruitment and landings. The strong hydrography–fishery coupling observed here implies that increased interannual variability in discharge and salinity could directly translate into livelihood instability. While fishers demonstrate adaptive capacity through gear switching and spatial targeting, socioeconomic studies indicate limited buffers against prolonged poor recruitment years.
This vulnerability highlights the need for management approaches that integrate hydrographic monitoring with fisheries governance. Seasonal gear regulations, protection of nursery zones during peak recruitment, and participatory flow management could enhance resilience. Experiences from other estuarine fisheries suggest that co-management frameworks, combining scientific monitoring with fisher knowledge, are particularly effective in addressing hydrographically driven variability.
5.7 Management implications and research priorities
The synthesis of results with existing literature points to several priorities for the Vamsadhara estuary:
1. Long-term hydrographic monitoring of salinity, turbidity, and discharge to detect shifts in recruitment conditions.
2. Nursery habitat mapping to identify and protect critical mesohaline and shallow intertidal zones.
3. Flow-aware fisheries management, aligning seasonal closures and mesh-size regulations with recruitment windows.
4. Basin-scale coordination to ensure ecological flows that sustain estuarine productivity.
5. Socioecological integration, incorporating fisher observations into adaptive management frameworks.
Addressing these priorities would help safeguard both ichthyofaunal diversity and fishery livelihoods under increasing climatic and anthropogenic pressures.
5.8 Integrative perspective
Overall, this study reinforces the conceptual model that estuarine ecosystems function as hydrographically regulated nursery–production systems. In the Vamsadhara estuary, seasonal freshwater pulses create biologically productive mixing zones that underpin fish diversity and artisanal fisheries, while departures from these natural regimes—whether through extreme climate events or human modification—risk destabilizing ecological and socioeconomic outcomes. The convergence of local results with regional and global estuarine studies underscores the generality of these processes and highlights the urgency of integrating hydrographic science into estuarine fisheries management.

6. CONCLUSION
The present study provides an integrated assessment of how hydrographic variability governs ichthyofaunal diversity and fishery dynamics in the Vamsadhara estuary, underscoring the estuary’s role as a hydrographically regulated nursery and production system. Seasonal freshwater discharge, salinity intrusion, turbidity fluctuations, and associated physicochemical gradients emerged as primary drivers shaping spatial zonation of fish assemblages, recruitment pulses, and artisanal fishing patterns. The highest species richness and community evenness occurred within mesohaline mixing zones, highlighting their ecological importance as transitional habitats supporting both freshwater and marine taxa.
Monsoon-driven freshwater pulses were closely linked to enhanced juvenile recruitment of estuarine-dependent fishes and penaeid prawns, confirming the estuary’s function as a critical nursery habitat. These recruitment events subsequently influenced post-monsoon fishery yields, demonstrating a direct coupling between hydrographic processes and livelihood outcomes. Conversely, extreme freshwater conditions or prolonged low-flow periods reduced habitat suitability for marine migrants and altered assemblage composition, revealing the sensitivity of fish communities to deviations from natural flow regimes.
The findings also emphasize that artisanal fisheries in the Vamsadhara estuary are finely tuned to seasonal hydrographic cycles, with gear deployment and fishing effort adapting to changing water quality and species availability. However, increasing interannual variability in discharge patterns—driven by climate fluctuations and upstream anthropogenic modifications—poses growing risks to both biodiversity and fishery stability. Without adequate management interventions, altered freshwater inflow and salinity regimes may compromise nursery function, reduce recruitment success, and exacerbate socioeconomic vulnerability among dependent fishing communities.
From a management perspective, this study highlights the urgent need for integrated estuarine governance that recognizes hydrography as a foundational ecological driver. Priority actions include establishing long-term hydrographic monitoring programs, protecting key nursery habitats within mesohaline and shallow intertidal zones, and aligning fisheries regulations with seasonal recruitment dynamics. Basin-scale coordination to maintain ecological flows, coupled with participatory management involving local fishers, will be essential to enhance resilience under changing environmental conditions.
Overall, the Vamsadhara estuary exemplifies how medium-sized tropical estuaries sustain biodiversity and livelihoods through finely balanced hydrographic processes. Preserving this balance through science-based, adaptive management will be critical for ensuring the long-term sustainability of ichthyofaunal resources and coastal fisheries in the region.
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