


Nutrient Dynamics in The Coastal Waters Off Padubidri, Karnataka, West Coast of India

ABSTRACT
	Aim: Study of nutrient input into the Arabian sea in relation to various environmental parameters
Study design: A stratified random sampling technique was used to conduct monthly in-situ sampling at seven selected stations.
Place and duration of study: Study was conducted along Padubidri coast from January, 2023 to December, 2024.
Methodology: Surface water samples were collected monthly from the coastal waters of Padubidri to evaluate several physicochemical properties. Air and surface water temperatures and transparency were measured at the sampling location using a mercury-in-glass centigrade thermometer and Secchi disc, respectively. At the same time, the analysis of the remaining parameters was conducted in the laboratory according to standard procedures. Water samples for dissolved oxygen analysis were collected in 125-ml glass bottles and preserved on the field using Winkler's reagents. Surface water samples for nutrient analysis were collected in clean polythene bottles, promptly placed in an icebox and transferred to the laboratory for further analysis.
Results: Surface water samples were collected monthly using a stratified random sampling method at seven stations and analysed for water temperature (28.39-33.24 oC), transparency (1.56-5.30 m), pH (7.37-8.20), salinity (26.64-38 psu), dissolved oxygen (4.43-7.43 mg/l), BOD (1.37-2.78 mg/l), TDS (31874.29-0525.71 mg/l) and TSS (131.14-577.14 mg/l) and nutrients including ammonia (1.49-13.73 µg-at/l), nitrite (0.56-2.72 µg-at/l), nitrate (0.73-3.81 µg-at/l), phosphate (0.87-4.35 µg-at/l) and silicate (13.07-82.80 µg-at/l). The findings underscore the influence of physicochemical dynamics on coastal water quality and provide a valuable baseline for assessing ecological health and managing coastal resources in monsoon-affected tropical regions. Correlation coefficient revealed positive as well as negative relationship between environmental variables and nutrient at 95 % (p<0.05) level of significance.
Conclusion: Results revealed seasonal fluctuations in environmental and nutrient parameters, driven by natural climatic cycles and runoff patterns.
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1. [bookmark: _Hlk189693345]INTRODUCTION
Estuaries and coastal seas serve as a dynamic interface between land and the open ocean, essential in marine biogeochemical processes and coastal productivity. Coastal marine ecosystems comprise around 7% of the world's ocean surface area yet contribute 30% of total net primary output (Borges, 2005; Bouillon et al., 2008). Population growth and rapid development put additional strain on coastal marine habitats, which again polluted by anthropogenic sources such as river discharge, wastewater discharges, fertilizer runoff from lawns and agricultural fields etc. Coastal waters are becoming increasingly nutrient-rich (Howarth and Marino, 2006; Ramesh et al., 2015; Hollister et al., 2013). Nutrients are crucial for primary productivity and play a significant role in the food web dynamics in the aquatic environments (Mackey et al., 2010; Lee et al., 2015). Their distribution and availability influence all aspects, from microscopic plankton proliferation to global climate regulation.  Nutrients like nitrogen and phosphorus are essential for photosynthesis and cellular functions in phytoplankton, which constitute the foundation of marine food webs.  Nitrogen facilitates protein synthesis, but phosphorus is crucial for energy transfer (ATP) and genetic material (DNA/RNA). Over the past three decades, a massive rise in anthropogenic nutrient loads (viz., nitrogen, phosphate, silicate, etc.) to the coastal areas has been reported (Conley, 1999; Conley et al., 2009). As a result of fertilizer inputs to coastal waters, which may contain hazardous elements such as heavy metals lead to growth of hazardous algal blooms in the aquatic environment as well as accumulate into aquatic organisms (Anderson et al., 2002; Smayda, 1990; Sikoki et al., 2021).
Aside from anthropogenic inputs, coastal waters receive nutrients through a variety of physical processes such as coastal upwelling, convective mixing, organic matter decomposition, nitrogen fixation by specific bacteria and algae, drainage basin mineralogy, dust deposition, and so on (Bakun, 1990; Madhupratap et al., 1996; Naqvi et al., 2000; Prasanna Kumar et al., 2004). The sources of nutrients to coastal marine environments are thus both natural and anthropogenic processes (Paerl, 1997); assessing nutrient fluxes into coastal waters and their impact on the spatial dynamics of nutrients and coastal productivity is a highly complex task (Dehairs et al., 2000; Talaue McManus et al., 2001). Compared to temperate regions, most tropical marine habitats are heavily influenced by anthropogenic loadings. Although nutrient inputs to coastal waters are rising globally, South Asian countries have been identified as the largest providers of inorganic nitrogen and phosphorus inputs (Seitzinger et al., 2010). India has the world's highest population and is one of the fastest-developing countries. Hence, the coastal waters of India could be very prone to eutrophication. 
The Southwest coast of India is experiencing increased human activities such as fast urbanization, industrialization, and many engineering interventions, and the neighbouring coastal waters receive anthropogenic runoff through 22 rivers/rivulets distributed along the coast. The addition of nutrients from runoff in coastal waterways alters the dynamics of the surrounding environment.  In order to preserve the quality of the water, several areas have laws restricting the release of nutrients.  Monitoring makes ensuring that these guidelines are followed, which helps to stop pollution from urban, agricultural, and industrial sources. The southeastern Arabian Sea coastline spans approximately 1200 km (from Goa to Kanyakumari, 7°N to 14°N), serving as an upwelling zone during the southwest monsoon (June to September) and a convective mixing zone during the northeast monsoon (Naqvi et al., 2000; Prasanna Kumar et al., 2004). The semi-annual reversal of coastal currents in this area introduces a high degree of seasonal variability in the physico-chemical dynamics (Naqvi et al., 2000; Naqvi et al., 2006). Several studies have been conducted in India's southwest estuaries and coastal waters. Still, the majority of them were focused on the distribution of plankton communities, nutrients, and carbon dynamics during the southwest monsoon (peak discharge period) (Prasanna Kumar et al., 2004; Madhu et al., 2010; Lallu et al., 2014; Gupta et al., 2016). However, no comprehensive research has been conducted on estuarine flow and nutrient fluxes, nutrient dynamics, and primary production throughout India's southwest coast during the northeast monsoon. For the first time, we evaluated the input flux of dissolved inorganic nutrients from different water sources to the southeastern Arabian Sea for two years and their impact on nutrient dynamics in coastal waters.

2. MATERIALS AND METHODS
2.1 STUDY AREA
The study area (Latitude 13o 7' 21.01" N and Longitude 74o 43' 10.20" E) is located in the Udupi district of Karnataka. With three distinct seasons and an average annual air temperature of 30.12 oC, the area has a tropical climate influenced by the southwest monsoon. The surrounding runoff significantly impacts the quality of the coastal water, particularly during certain seasons. Generally, the monsoon season lasts from June to September, the post-monsoon season lasts from October to January, and the pre-monsoon season lasts from February to May. The coastal waters support the abundance of various benthic flora and fauna. A stratified random sampling technique was used to conduct monthly in-situ sampling at seven selected stations from January 2023 to December 2024, except for the monsoon season (from June to September).
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	Plate 1: Map showing sampling stations
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2.2 SAMPLE COLLECTION AND ANALYSIS
Surface water samples were collected monthly from the coastal waters of Padubidri during two years, from January 2023 to December 2024, to evaluate several physicochemical properties. Air and surface water temperatures and transparency were measured at the sampling location using a mercury-in-glass centigrade thermometer and Secchi disc, respectively. At the same time, the analysis of the remaining parameters was conducted in the laboratory according to standard procedures (Parsons et al., 1984). Water samples for dissolved oxygen analysis were collected in 125-ml glass bottles and preserved on the field using Winkler's reagents. Water samples for determining Ammonia-Nitrogen (NH3-N) were collected in 125 ml amber glass bottles and processed using phenol-hypochlorite (Strickland and Parsons, 1972). Surface water samples for nutrient analysis were collected in clean polythene bottles, promptly placed in an icebox, and transferred to the laboratory. The water samples were filtered and analysed for Nitrite-Nitrogen (NO2-N), Nitrate-Nitrogen (NO3-N), Phosphate-Phosphorus (PO4-P), and Silicate-Silicon (SiO2-S) using standard methods (Strickland and Parsons, 1972). The absorbance for various parameters was quantified using a UV-VIS spectrophotometer. The correlation coefficient was calculated to understand the relationship between environment variable and nutrient parameters.

3. RESULTS AND DISCUSSION
3.1 Fluctuation in Physicochemical properties
[bookmark: _Hlk194830122]Environmental variables are regarded as one of the most essential features capable of altering the marine environment, and there have been significant temporal and regional variances. Environmental factors, including air temperature, water temperature, transparency, pH, salinity, dissolved oxygen, biological oxygen demand (BOD), total dissolved solids (TDS), and total suspended solids (TSS), influence the diversity and distribution of living organisms.

3.1.1 Air and water temperature
The temperatures of the Air and water (Figures 1A and 1B) varied from 28.39 to 33.24 oC and 27.33 to 34.34 oC, respectively. The air temperature reached its minimum in January 2024 (27.33 oC) and its maximum in May 2024 (34.34 oC). The maximum water temperature was observed in November 2023 (33.24 oC), while the minimum occurred in January 2024 (28.39 oC). Many researchers have recorded the fluctuations in air temperature around the Indian coastline. Jasmine et al. (2015) reported that the air temperature varies from 27.0 to 33.5 °C. According to Sekar et al. (2012), seasonal air temperatures recorded off the coast of Tamil Nadu were 32.1 °C during the pre-monsoon season and 26.2 °C during the monsoon season. Likewise, Gopalakrishnan (1970), Philip (1970), and Ajin et al. (2014) recorded differences in air temperature over the West Coast, ranging from 19.9 to 30.4 oC, 32.8 oC, and 28 to 33 oC, respectively. The water temperature is perfectly proportional to the air temperature. The alteration in water temperature may be ascribed to the variation in air temperature.

3.1.2 Transparency
The water transparency ranges between 1.56 and 5.30 m (Figure 1C). The peak transparency value was recorded in April 2023 (5.30 m), whereas the lowest was noted in May 2024 (1.56 m). Ratnam et al. (2022) recorded the variation in transparency ranging between 3.15 and 7.39 m while researching along the Andhra Pradesh coast. Kim et al. (2015) reported mean transparency (3 ± 2 m) along the Korean Peninsula. Similarly, Yang et al. (2022) observed that the transparency value varied between 0.15 and 1.87 m along Jiaozhou Bay, China. Water clarity is directly correlated with total suspended solids. The increased concentration of suspended particles in the water in May 2024 due to terrestrial runoff could have diminished clarity.

3.1.3 Water pH
The month-wise water pH fluctuated between 7.37 and 8.20 (Figure 1D). The highest pH was reported in February 2024 (8.20), while the minimum occurred in November 2024 (7.37). The seasonal temperature fluctuations and elevated concentrations of dissolved inorganic substances in marine waters during February 2024 may influence the solubility of gases such as carbon dioxide, with higher temperatures resulting in 
decreased dissolved carbon dioxide and increased pH levels. Lingadhal et al. (2023) documented the variance in water pH (8.0 to 8.6) in the nearshore waters of the southwest coast. Balakrishnan et al. (2017) [image: ]found that the water pH varied from 8.0 to 8.5 along the coastal waters of Tamil Nadu.

Figure 1: Graphical presentation of physicochemical properties of coastal waters recorded during the study
3.1.4 Salinity
The monthly mean salinity ranged between 26.64 and 38.00 psu (Figure 1E). The maximum salinity was measured in December 2023 (38.00 psu), while the minimum salinity was measured in October 2024 (26.64 psu). According to a study, species diversity declined as salinity rose in nine coastal lakes near the southern Baltic Sea. However, particular diversity metrics suggested slight positive trends that lacked statistical significance (Mrozińska et al., 2021). According to Balakrishnan et al. (2017), the salinity of Tamil Nadu's coastal waters varied from 26.1 to 36.2 psu. Jasmine et al. (2015) reported that water salinity ranged between 34 and 34.8 psu from Gopalpur to the Machilipatanam shoreline along the east coast. According to Sekar et al. (2012), the water salinity along Tamil Nadu's coast varied from 33 to 34.3 psu.

3.1.5 Dissolved Oxygen
The concentration of DO in coastal waters is governed by various factors like temperature, organic matter degradation, primary production, respiration, etc. (Gupta et al., 2016; Sarma et al., 2013). The monthly dissolved oxygen ranged between 4.43 and 7.43 mg/l (Figure 1F). The highest level of dissolved oxygen was measured in March 2024 (7.43 mg/l), while it was lowest in February 2023 (4.43 mg/l). The lower dissolved oxygen levels in February may result from seasonal phenomena and oceanic circulations.
Additionally, several factors, such as the influence of elevated water temperatures on dissolved oxygen levels and the propensity of warmer water to exhibit increased buoyancy, inhibit the mixing of oxygen-rich surface water with deeper, oxygen-poor seas. Seasonal fluctuations in the dissolved oxygen level of Karnataka's nearshore waters were noted by Lingadhal et al. (2023). According to Balakrishnan et al. (2017), the dissolved oxygen content of Tamil Nadu's coastal waters varied from 4.125 to 4.963 mgl-1. According to Gopalakrishnan (1970), the dissolved oxygen value along the Okha coast ranged from 5.3 to 6.7 mgl-1 along the west coast. 

3.1.6 Biological Oxygen Demand (BOD)
The biological oxygen demand (BOD) ranged between 1.37 and 2.78 mg/l (Figure 1G). The maximum BOD value was reported in April 2023 (2.78 mg/l), while the least was in November 2023 (1.37 mg/l). High BOD levels indicate significant organic pollution, leading to oxygen depletion as microbial decomposition consumes dissolved oxygen (DO). This oxygen stress creates hypoxic conditions (<2 mg/L DO), which restructure benthic communities through selective survival and migration (Levin et al., 2009).

3.1.7 Total Dissolved Solids
Total Dissolved Solids (TDS) affect marine benthic ecosystems by modifying water chemistry, osmotic equilibrium, and habitat appropriateness, with effects differing according to ionic composition and concentration. The monthly dissolved solids varied between 31874.29 and 60525.71 mg/l (Figure 1H). The highest total dissolved solids were measured in December 2023 (60525.71 mg/l), whereas the lowest were in October 2023 (31874.29 mg/l). Amaral et al. (2023) recorded the variation in TDS level from 119.2 to 586.9 μM along the coastal waters off Spain. The effects of TDS on benthic organisms could differ regionally depending on local environmental parameters such as temperature, salinity and depth. Investigations have indicated that different areas may exhibit diverse sensitivities to TDS changes, stressing the need for specialized investigations when addressing ecological effects (Adjovu et al., 2023; Yousef, 2022). High salinity in December 2023 could be the cause of high TDS value. A high salinity level correlates precisely with a high TDS concentration in coastal regions. Essentially, the higher the concentration of dissolved salts (salinity) in the water, the higher the dissolved solids (TDS) level, owing to the considerable contribution of salt ions.

3.1.8 Total Suspended Solids
The total suspended solids (TSS) varied between 131.14 and 577.14 mg/l (Figure 1I). Maximum TDS was observed in January 2023 (577.14 mg/l), while the minimum TDS was in October 2023 (131.14 mg/l). Total Suspended Solids (TSS) considerably influence benthic ecosystems by modifying light penetration, sediment movements, and water chemistry, which shape habitat appropriateness and species distribution. High TSS levels, generally connected to erosion, industrial discharge, or coastal activities, disrupt marine benthic organisms through both direct physical consequences and indirect ecological cascades. The little rainfall and river runoff in October contributed to the low TSS levels. Several researchers reported the variation in TSS levels along the Indian coast. Jha et al. (2015) recorded that the TSS value ranged between 15 and 132.6 mg/l along the coastal waters of Andaman. Pandit and Fulekear (2017) observed that the TSS fluctuation varied from 13 to 37.7 mg/l along the Gujrat coast.

3.2 Nutrient dynamic
3.2.1 Ammonia-Nitrogen 
The ammonia-nitrogen level ranged between 1.49 and 13.73 µg-at/l (Figure 2A). The maximum ammonia-nitrogen content was detected in March 2023 (13.73 µg-at/l), whereas the lower concentration was reported in October 2024 (1.49 µg-at/l). According to Gopinath et al. (2013), the coastal waters of Puducherry and Nagapattinam had ammonia concentrations ranging from 0.02 to 1.32 µg-at/l. In coastal waters near Mangaluru, Nayak (2015) measured ammonia-nitrogen levels ranging from 0.36 to 12.65 µg-at/l. Chethan (2012) and Kavitha (2020) have also reported similar values of ammonia concentration in the coastal waters of Mangaluru and Panambur. There was no apparent trend in ammonia-nitrogen, which might be attributed to its oxidation to other forms or the reduction of nitrate to lower forms in coastal waters. 

3.2.2. Nitrite-Nitrogen
Nitrite-nitrogen is one of the intermediary forms of nitrogenous nutrients. The nitrite-nitrogen level varied from 0.56 to 2.72 µg-at/l (Figure 2B). The higher nitrite-nitrogen level was measured in December 2023 (2.72 µg-at/l), whereas the lower level was measured in January 2024 (0.57 µg-at/l). The new study levels are marginally lower than those from past research in the same location. Chethan (2012) and Shruthi (2016) discovered that the Mangaluru coastal waters have an annual range of 0.042 to 5.58 µg-at/l. Nitrite is changed to a nitrate state by nitrification or transforms to ammonia or ammonium form by denitrification processes (Hasegawa et al., 2015). The higher values recorded in coastal waters, which are mainly to receive sewage during the post-monsoon season, could be due to the oxidation of ammonia, reduction of nitrate and also the formation of the intermediate compound during the decomposition of autochthonous and allochthonous organic matters.
	
3.2.3 Nitrate-Nitrogen
The nitrate-nitrogen values ranged between 0.73 and 3.81 µg-at/l (Figure 2C). The maximum nitrate-nitrogen content was detected in February 2023 (3.81 µg-at/l), while the minimum was in November 2023 (0.73 µg-at/l).  In coastal waters, Satpathy et al. (2010) discovered that the nitrate-nitrogen level varied from below detectable levels to 69.18 μmol l−1 for surface water and 0.03 to 69.91 μmol l−1 for sub-surface water samples. Similarly, Kumar et al. (2018) found a shift in concentration from 0.39 to 7.43 μmol l−1 and 0.77 to 6.95 μmol l−1 for surface and sub-surface waters from Pattinapakkam coastal waters. Physiological activities mainly produce variations in nitrate levels and inorganic compounds.
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Figure 2: Graphical presentation of nutrients of coastal waters along the Padubidri region

3.2.4 Phosphate-Phosphorus
Phosphorus is a critical factor in life processes like photosynthesis, metabolism, creation of cell walls and energy transfer and is deeply associated with organisms in aquatic environments, which could be attributed to increased suspended particles that adsorb the phosphorus (Munn, 2019). The phosphate-phosphorus content varied from 0.87 to 4.35 µg-at/l (Figure 2D). The high phosphate-phosphorus concentration was reported in February 2024 (4.35 µg-at/l), while the low phosphate-phosphorus concentration was reported in March 2023 (0.87 µg-at/l). The suspended particles may absorb phosphorus and deposit it in the sediment. According to Bandyopadhyay and Biswas (2021), the coastal water in the southwest Bay of Bengal has a phosphorus-phosphate level of 1.03 µg-at/l. Along the Mangaluru coastline, Katti et al. (2003) reported phosphate concentrations ranging from 0.05 to 3.00 µg-at/l. High phosphate levels in coastal waters can lead to a significant problem known as eutrophication, where excessive algal growth occurs due to readily accessible phosphorus, resulting in lower oxygen levels.

3.2.5 Silicate-Silicon
The silicate-silicon content varied from 13.07 to 82.80 µg-at/l (Figure 2E). The highest silicate-silicon content was observed in February 2024 (82.80 µg-at/l), while the minimum was in April 2024 (13.07 µg-at/l). Muruganantham et al. (2012) found a silicate range from 3.2 to 54.92 µg-at/l on the Southeast coast of India. According to Sushanth and Rajashekhar (2012), the coastal waters of the Uttara Kannada district exhibit silicate concentrations ranging from 0.10 to 161.0 mg/l. A sudden fall in silicate levels from February 2024 to April 2024 may be caused by a considerable consumption of silicate by phytoplankton, notably diatoms, during a bloom, leading to depletion of accessible silicate in the water column.

3.3 Relationship between environmental variables and nutrient
The data showed a significant positive correlation (p<0.01) between Air and water temperatures. The total dissolved solids positively correlated with ammonia-nitrogen (p<0.05). The biological oxygen demand was negatively connected with silicate silicon (p<0.05). Ammonia-nitrogen showed a significant positive connection with nitrite-nitrogen (p < 0.01).
[bookmark: _GoBack]Chart 1. Pearson Correlation Matrix between environmental variables and nutrients
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	0.03
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	-0.48
	1.00
	
	
	
	
	
	
	
	
	
	

	5
	-0.08
	-0.20
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	0.22
	1.00
	
	
	
	
	
	
	
	
	

	6
	0.28
	0.23
	0.11
	-0.10
	0.38
	1.00
	
	
	
	
	
	
	
	

	7
	0.22
	-0.01
	-0.47
	-0.14
	0.29
	0.39
	1.00
	
	
	
	
	
	
	

	8
	0.21
	-0.03
	-0.35
	0.25
	0.00
	-0.15
	0.38
	1.00
	
	
	
	
	
	

	9
	0.02
	-0.02
	-0.25
	0.43
	0.13
	-0.33
	-0.31
	0.17
	1.00
	
	
	
	
	

	10
	0.31
	0.19
	-0.29
	-0.05
	0.18
	0.48
	0.51*
	-0.08
	-0.13
	1.00
	
	
	
	

	11
	-0.01
	-0.09
	0.00
	-0.22
	0.02
	0.14
	0.17
	-0.20
	0.12
	0.79**
	1.00
	
	
	

	12
	0.21
	0.33
	-0.05
	0.28
	-0.01
	0.30
	0.26
	0.24
	-0.45
	0.11
	-0.27
	1.00
	
	

	13
	0.21
	0.18
	0.01
	0.31
	-0.04
	0.45
	-0.09
	-0.12
	0.12
	0.31
	0.02
	0.12
	1.00
	

	14
	0.12
	0.14
	-0.15
	-0.07
	0.39
	0.44
	0.43
	0.12
	-0.52*
	0.19
	-0.31
	0.41
	0.14
	1.00

	[bookmark: _Hlk188801067][bookmark: _Hlk188800996][bookmark: _Hlk188801177][bookmark: _Hlk188801092]Note: 1. Air temperature (oC), 2. Water temperature (oC), 3. Transparency (m), 4. Water pH, 5. Dissolved oxygen (mg/l), 6. Salinity (psu), 7. Total dissolved solids (mg/l), 8. Total suspended solids (mg/l), 9. Biological oxygen demand (mg/l), 10. Ammonia-Nitrogen (µg-at./l), 11. Nitrite-Nitrogen (µg-at/l), 12. Nitrate-Nitrogen (µg-at/l), 13. Phosphate-Phosphorus (µg-at./l), 14. Silicate-silicon (µg-at/l)
** Correlation is significant at 0.01 level (2-tailed), *Correlation is significant at 0.05 level (2-tailed).



4. CONCLUSION
The study of environmental variables reveals their profound influence on the marine ecosystem, with marked temporal and spatial variability observed across multiple parameters. Air and water temperature, transparency, pH, salinity, dissolved oxygen, BOD, TDS, and TSS exhibit dynamic oscillations throughout the year, significantly affecting marine species variety, behaviour, and distribution. Variations in nutrient concentrations, including ammonia, nitrite, nitrate, phosphate, and silicate, further alter ecological processes and biological production. The interaction among these characteristics underlines the complexity of maritime habitats, where even slight changes can cascade into severe environmental repercussions. Understanding these patterns is crucial for monitoring ecosystem health, managing coastal resources, and minimizing anthropogenic impacts on marine biodiversity.
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