


Influence of Hydrographical Parameters on Heavy Metal Bioaccumulation in Estuarine Waters and Sediments of the Ratnagiri Coast, Maharashtra, India

ABSTRACT
Estuarine ecosystem plays a vital role in controlling the bio-geochemical cycling of trace metals by acting as transitional boundaries between land and sea. However, growing human impact and notable seasonal fluctuations in river flow frequently increase the mobility, bioavailability and ecological threat of heavy metals. With a focus on the Bhatye, Kalbadevi and Sakhartar estuaries, the current study investigates the effects of hydrographical characteristics on the seasonal distribution, accumulation and ecological risk of heavy metals in estuarine waters and sediments along the Ratnagiri coast of Maharashtra, India. Seasonal sampling was done among the period of pre-monsoon, monsoon and post-monsoon phases. The quantities of Cd, Cu, Zn, Cr, Ni and Pb in surface waters and sediment were examined along with important hydrographical parameters such as pH, salinity, turbidity and dissolved oxygen (DO), water temperature, air temperature and turbidity. The results revealed a notable seasonal change, with monsoon conditions characterised by higher turbidity, lower pH and salinity and increased levels of metals in the water and sediments. Monsoon-driven freshwater input and sediment resuspension are the main constraints on metal bioavailability, according to strong relationships between hydrographical factors and metal concentrations. Sediment ecological risk assessment revealed moderate to severe ecological risk during the monsoon, particularly for Pb and Cd. The study emphasises the need for thorough water-sediment measurements and seasonal surveillance in order to manage tropical estuaries sustainably.
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1. INTRODUCTION
Estuaries rank among the most productive yet sensitive ecosystems worldwide, as they function as transitional zones where freshwater from rivers mixes with saline seawater (Luoma & Rainbow, 2008). Estuaries are highly productive transitional ecosystems that support nutrient transformation, fisheries resources and a wide range of essential ecological services. Owing to their close association with human settlements, these environments are particularly exposed to anthropogenic pressures and contaminant inputs (Sharma & Singh, 2024). Among the various pollutants reported in estuarine systems, heavy metals pose a significant environmental threat due to their chemical stability, resistance to degradation, tendency to bioaccumulate and bio-magnify within aquatic food webs (Rainbow, 2019; Kayani & Mohammed, 2025).
The transport, transformation and spatial distribution of heavy metals in estuarine environments are strongly controlled by hydrographical conditions, including salinity gradients, temperature fluctuations, pH variability, dissolved oxygen levels and turbidity (Kumar et al., 2024; Zeng et al., 2024). Changes in salinity influence metal speciation and promote the release of metals from suspended particles, whereas pH variations regulate metal solubility and adsorption-desorption behaviour at the sediment-water interface (Chakraborty et al., 2024). Furthermore, elevated turbidity and suspended particulate matter act as effective carriers for particle-bound metals, particularly during periods of intensified freshwater inflow and catchment runoff (Fan et al., 2023).
Estuarine systems along the west coast of India experience pronounced seasonal variability driven by the southwest monsoon, resulting in increased freshwater discharge, enhanced sediment mobilisation and altered mixing dynamics (Sarma et al., 2024). Several studies have documented higher metal concentrations during the monsoon season in Indian estuaries, largely attributed to increased terrestrial inputs and sediment resuspension processes (Mohanty et al., 2024; Singh et al., 2025). Despite the substantial ecological and socio-economic importance of the Ratnagiri coast, integrated investigations that directly relate hydrographical pressure to heavy-metal deposition in both the water column and sediments remain scarce.
Sediments serve as both long-term stores and possible secondary sources of heavy metals in estuarine ecosystems (Förstner & Wittmann, 2019). Shifts in hydrographical conditions can induce the remobilization of sediment-associated metals into the overlying waters, thereby increasing biological exposure and ecological risk (Atkinson et al., 2007; Zhao et al., 2024). Accordingly, an accurate assessment of metal-related ecological risk requires a holistic evaluation of metal behaviour across interconnected sediment and water compartments. The current investigation seeks to:
(i) Examine seasonal variations in hydrographical parameters,
(ii) Determine the concentrations of heavy metals in sediments and estuarine waters.; 
(iii) Analyse the associations between hydrography and metal accumulation.; and 
(iv) Determine the sediment-related ecological risk using established indicators.
2. MATERIALS AND METHODS
2.1 Study Area
The investigation was carried out at three estuaries along the Ratnagiri coast, Maharashtra, India: Bhatye, Kalbadevi and Sakhartar. These estuaries are influenced by tidal mixing, monsoonal freshwater discharge and anthropogenic activities including fishing harbours, agriculture and domestic wastewater inputs (Jayapal & Subramanian, 2024).
2.2 Sampling Strategy
Seasonal sampling was done during pre-monsoon (February–May), monsoon (June–September) and post-monsoon (October–January) periods. Surface water samples were collected at low tide using acid-washed polyethylene bottles following (APHA, 2017).
A Van Veen grab sampler was used to gather surface sediment samples (0-5 cm). The fine fraction (<63 µm) was isolated for metal analysis, as it exhibits higher metal binding capacity (Birch & Hutson, 2024).
2.3 Hydrographical Analysis
Calibrated multiparameter probes were used to monitor air temperature, water temperature, salinity, pH and dissolved oxygen in situ. The turbidity was measured using a nephelometric turbidity meter.
2.4 Heavy Metal Analysis
Atomic Absorption Spectrophotometry (AAS) was used to assess water samples for Cd, Cu, Zn, Cr, Ni and Pb after they had been acidified with ultrapure nitric acid. The USEPA Method 3050B was followed in the processing of the sediments. In order to guarantee analytical accuracy, procedural blanks and verified reference materials were used.
3. RESULTS
3.1 Seasonal Variation of Hydrographical Parameters 
Seasonal variations were clearly visible in hydrographical characteristics. Due to the influx of freshwater during the monsoon, salinity and pH levels dramatically decreased, but turbidity and dissolved oxygen levels increased because of increased runoff and mixing. (Sarma et al., 2024).
Table 1. Seasonal variation of hydrographical parameters in Ratnagiri estuaries
(Air temperature, water temperature, salinity, pH, DO, turbidity - values as finalized earlier)
	Site
	Season
	Air Temp (°C)
	Water Temp (°C)
	Salinity (ppt)
	pH
	DO (mg/L)
	Turbidity (NTU)

	Bhatye
	Pre
	30.1
	28.2
	32.4
	8.1
	5.8
	12.2

	
	Mon
	27.2
	25.4
	29.2
	7.6
	6.4
	10.0

	
	Post
	24.3
	22.2
	26.3
	7.9
	6.9
	6.2

	Kalbadevi
	Pre
	37.2
	35.8
	33.4
	8.0
	5.6
	14.8

	
	Mon
	34.6
	33.4
	29.8
	7.5
	6.2
	11.6

	
	Post
	29.1
	27.6
	28.1
	7.8
	6.7
	8.9

	Sakhartar
	Pre
	36.4
	34.6
	34.2
	8.2
	5.4
	15.6

	
	Mon
	31.2
	29.1
	27.6
	7.4
	6.8
	9.4

	
	Post
	28.0
	26.4
	29.0
	7.9
	7.1
	7.8



3.2 Heavy Metal Concentrations in Estuarine Waters 
Metal concentrations in water followed the trend:
Monsoon >Post-monsoon> Pre-monsoon, with Zn and Cu being the most common and Cd and Pb showing significant seasonal enrichment (Islam et al., 2024; Singh et al., 2025).
Table 2. Seasonal variation of heavy metal concentrations in estuarine waters (µg L⁻¹)
(Includes Cd, Cu, Zn, Cr, Ni, Pb - corrected table)
	Site
	Season
	Cd
	Cu
	Zn
	Cr
	Ni
	Pb

	Bhatye
	Pre
	0.42
	1.12
	3.24
	0.78
	0.65
	1.02

	
	Mon
	0.61
	1.45
	4.12
	1.05
	1.12
	1.38

	
	Post
	0.53
	1.28
	3.68
	0.91
	0.88
	1.19

	Kalbadevi
	Pre
	0.47
	1.34
	3.92
	0.85
	0.69
	1.14

	
	Mon
	0.66
	1.58
	4.48
	1.09
	1.18
	1.47

	
	Post
	0.55
	1.31
	3.86
	0.94
	0.92
	1.23

	Sakhartar
	Pre
	0.49
	1.39
	4.05
	0.88
	0.72
	1.18

	
	Mon
	0.69
	1.62
	4.35
	1.12
	1.20
	1.52

	
	Post
	0.57
	1.36
	3.91
	0.97
	0.95
	1.27




Graph 1 seasonal variation of heavy metals in estuarine waters (Bhatye Estury).

Graph 2 seasonal variation of heavy metals in estuarine waters (Kalbadevi Estuary).


Graph 3 seasonal variation of heavy metals in estuarine waters (Sakhartar Estuary).
3.3 Heavy Metal Accumulation in Sediments 
Across all measurement locations, sediment concentrations of heavy metals were consistently higher than comparable water values, demonstrating the strong affinity of trace metals for 
finely grained sediments and particle substances. During the monsoon season, there was a noticeable seasonal enrichment that was caused by increased terrestrial runoff, sediment resuspension, and river inputs. Zn and Cr were the most prevalent metals among those examined. sediment geochemical profile, suggesting significant anthropogenic and natural contributions, while Cd and Pb represented the most ecologically significant contaminants despite having lower absolute concentrations because of their greater toxicity and possible bioavailability (Cai et al., 2023; Nascimento et al., 2024).
For the purpose of assessing trace metals in coastal and estuarine sediments, sediment metal concentrations are given in mg kg⁻¹ on a dry-weight basis. 
This standardisation makes it possible to compare directly with regional and established guideline values. Ecological risk evaluations employ background concentrations (Hakanson, 1980; Birch & Hutson, 2024). The baseline metal concentrations reported for comparatively uncontaminated sediments of the western Indian continental shelf served as the basis for the background reference values used in this study, offering a reliable and regionally applicable framework for assessing anthropogenic enrichment in the Ratnagiri estuarine system.
Table 3. Seasonal variation of heavy metals in estuarine sediments (mg kg⁻¹ dry weight)
	Site
	Season
	Cd
	Cu
	Zn
	Cr
	Ni
	Pb

	Bhatye
	Pre-monsoon
	0.74
	0.42
	0.65
	0.31
	0.29
	0.47

	
	Monsoon
	1.02
	0.51
	0.72
	0.38
	0.41
	0.56

	
	Post-monsoon
	0.89
	0.47
	0.68
	0.34
	0.36
	0.52

	Kalbadevi
	Pre-monsoon
	0.69
	0.43
	0.63
	0.29
	0.31
	0.46

	
	Monsoon
	1.05
	0.53
	0.74
	0.36
	0.44
	0.58

	
	Post-monsoon
	0.91
	0.48
	0.69
	0.33
	0.38
	0.54

	Sakhartar
	Pre-monsoon
	0.71
	0.44
	0.64
	0.30
	0.32
	0.45

	
	Monsoon
	1.08
	0.55
	0.75
	0.37
	0.46
	0.59

	
	Post-monsoon
	0.93
	0.49
	0.70
	0.35
	0.40
	0.55


	

Graph 4 Seasonal variation of heavy metals in estuarine sediments (Bhatye Estury)

Graph 5 Seasonal variation of heavy metals in estuarine sediments (Kalbadevi Estuary)

Graph 6 Seasonal variation of heavy metals in estuarine sediments (Sakhartar Estuary)
3.4 Correlation Between Hydrographical Parameters and Heavy Metals
According to a correlation analysis, hydrographical features mostly govern the mobility and distribution of heavy metals in the estuary waters along the Ratnagiri coast. The concentrations of Cd, Cu, Zn, Cr, Ni and Pb showed positive connections with turbidity and dissolved oxygen but severe negative correlations with salinity and pH. In monsoon-dominated estuarine habitats, these results show that seasonal hydrographical gradients control metal speciation, partitioning and bioavailability (Chakraborty et al., 2024; Varol & Sen, 2024). 
Desorption of metals from suspended particulates and sediments into the dissolved phase is facilitated by both dilution effects and changes in ionic strength during monsoonal freshwater influx, which are reflected in the inverse relationship between salinity and metal concentrations (Riba et al., 2004; Zeng et al., 2024). Similar to this, lower pH levels improve metal solubility and bioavailability by weakening metal–carbonate and metal-oxide bindings (Atkinson et al., 2007; Zhao et al., 2024).
The significance of suspended particulate matter as a primary transport channel for particle-bound metals during times of strong runoff is shown by positive relationships between turbidity and metal concentrations. Because Pb, Cr and Ni have a strong affinity for fine particles and organic matter, elevated turbidity during the monsoon indicates increased sediment resuspension and terrestrial input, significantly increasing metal availability (Fan et al., 2023; Ostner & Wittmann, 2019).
4. DISCUSSION
The present study demonstrates that monsoon-driven hydrographical variability is the primary factor affecting the distribution of heavy metals in the estuary systems along the Ratnagiri coast. Seasonal freshwater inflow linked to the southwest monsoon led to significant drops in pH and salinity as well as increases in turbidity and dissolved oxygen, all of which improved metal mobility and redistribution in all estuaries under investigation. 
During the monsoon season, reduced salinity and near-neutral pH conditions promote the release of metals from suspended particles and surface sediments by weakening metal-carbonate and metal-oxide binding mechanisms. This process explains the higher monsoonal concentrations of Cd, Cu, Zn, Cr, Ni and Pb, a pattern that is consistent with observations reported from other tropical estuarine environments (Islam et al., 2024; Zeng et al., 2024).
Monsoon-driven increases in turbidity constitute a major pathway for metal transport, reflecting intensified sediment resuspension and enhanced terrestrial runoff. The strong associations observed between turbidity and metal concentrations underscore the importance of suspended particulate matter in controlling metal mobility, particularly for particle-reactive elements such as Pb and Cr (Fan et al., 2023; Ostner & Wittmann, 2019).
Significant correlations between metal levels in sediments and the overlying water column further suggest the presence of active benthic-pelagic coupling, whereby sediments operate as dynamic metal reservoirs capable of releasing accumulated contaminants under changing hydrodynamic conditions. When analysed together, these findings show that heavy-metal transit and dispersion in the Ratnagiri estuary are mostly controlled by hydrographical forcing rather than being exclusively influenced by localised point-source inputs.
5. CONCLUSION
This investigation demonstrates that monsoon-driven hydrographical variability plays a primary role in regulating the distribution of heavy metals in estuarine waters as well as surface sediments along the Ratnagiri coast. During the monsoon season, declines in salinity and pH, coupled with elevated turbidity and dissolved oxygen, markedly promote the mobilization, redistribution, and exchange of Cd, Cu, Zn, Cr, Ni and Pb across the sediment–water interface. The seasonal accumulation of metals in surface sediments further indicates that sediments function not only as long-term sinks but also as potential secondary sources of contamination under fluctuating hydrographical regimes. These results underline the importance of season-specific monitoring frameworks that explicitly account for coupled water-sediment processes to achieve a realistic understanding of metal dynamics in tropical estuarine systems. Consequently, the incorporation of hydrographical forcing into estuarine management and assessment strategies is critical for the accurate evaluation of heavy metal behaviour and the sustained protection of coastal water quality along the west coast of India.
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