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The Swarnamukhi river estuary (SRE), and the surrounding sea in Nellore, southeast coast of India, is one of the least studied marine environments, notably for physicochemical characteristics. Seawater samples were collected from five stations every month from 2014 to 2017 to assess physicochemical characteristics. The open sea (OS) station was significantly different from the inner stations, according to non-metric multidimensional scaling and cluster analysis. The variability was shown by strong factor loadings of atmospheric temperature (0.87), water temperature (0.84), biochemical oxygen demand (0.77), ammonia (0.85), and total nitrogen (0.78). Furthermore, one-way ANOVA and box-whisker plots facilitated simplifying and corroborating multivariate results that showed high concentration in the inner stations. Based on the N/P and Si/N ratios, nitrate and silicate were the key limiting factors in this study. The findings are critical for establishing reference conditions for comparison studies with other comparable ecosystems in the tropical region for better environmental conservation and management.
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INTRODUCTION

The coastal ecosystems harbor a rich diversity of marine flora and fauna because of their higher productivity (Saravanan et al., 2013). These ecosystems are the most precious and vulnerable environments (Jickells, 1998). Rapid urbanization and industrial growth showed a significant impact on coastal ecosystems, such as estuaries and the surrounding coastal areas. The presence of a dense human population in their watersheds contaminates the environment (Jha et al., 2015). Coastal environment reference characteristics are necessary to provide a better management solution for the coastal ecosystem (Barbier Edward et al., 2011).

A growing number of seawater quality monitoring programs to collect huge datasets are crucial for a better understanding of how anthropogenic activities affect the coastal environments (Jha et al., 2015). Previous scientific records on the seawater quality parameters are minimal in this region. Although a few environmental contamination studies have been carried out on metal pollution (foraminifera, seawater, sediment, bivalves, and benthos) in this area (Sundara Raja Reddy et al., 2016; Patel et al., 2018; Jha et al., 2019; Pandey et al., 2021), long-term studies on the physicochemical parameters are sparse (Sreenivasulu et al., 2016).

Nellore is a coastal district of Andhra Pradesh situated on the southeast coast of India, and it is an ecologically and economically important location for fisheries and aquaculture (Sundara Raja Reddy et al., 2016). However, anthropogenic activities such as the use of pesticides and fertilizers in agriculture and aquaculture, respectively, will have a harmful impact on the physicochemical characteristics of these coastal waters. Therefore, the measurement of physicochemical parameters for a long term is crucial for developing a baseline dataset for sustainable coastal conservation and management.

The physicochemical parameters provide information about the environmental conditions in the region. In recent times, multivariate tools have been used to estimate the seawater contamination level in coastal environments. This study aims to perceive the variation of physicochemical parameters in the Swarnamukhi river estuary (SRE) and the surrounding sea in Nellore. Due to anthropogenic runoff from point and non-point sources, these estuaries get contaminated, posing environmental challenges. Hence, environmental monitoring needs to be addressed through efficient regular sampling, data collection for assessment of water quality, and efficient management approaches for coastal conservation.

The multivariate tool explores and identifies the physicochemical characteristics and their variations in coastal waters (Zhou et al., 2007). Multivariate statistical approaches were used to characterize the physicochemical properties of the SRE in this study. The information gathered as a baseline might be utilized to offer mitigation measure suggestions for tropical coastal environments. The objectives of this study are (1) to estimate physicochemical parameters in SRE and the surrounding coastal area and (2) to estimate the spatiotemporal variation through multivariate analysis to evaluate the anthropogenic for better conservation management.



MATERIALS AND METHODS


Study Area Description

The SRE is located in Vakadu Mandal, Nellore district, Andhra Pradesh, on the southeast coast of India (Figure 1A) and is approximately 200 km north of Chennai city. It is a dynamic ecosystem located at latitude 13°48′–13°50′N and longitude 80°09′–80°15′E. It is shallow with an average depth of 2.35 m and approximately 3.0 km in length, which covers a total area of 6.25 km2 (Reddi et al., 1993). It supports a mangrove ecosystem and fishery resources and runs perpendicular to the coast. There are approximately 45 aquafarms that are in operation in the Vakadu Mandal. According to Census of India (2011)1, the population in the Nellore district is 2,963,557.2
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FIGURE 1. Sampling stations and box-whisker plots show the variation for the selected environmental parameters. (A) Study area map, (B) TSS, (C) salinity, (D) nitrite, (E) nitrate, (F) inorganic phosphate, and (G) silicate. In each box plot, the central point represents the median, the rectangle gives the interval between the 25th and 75th percentiles, and the whisker indicates the range [(*extreme outlier;°mild outlier); PRM, pre-monsoon; MON, monsoon; POM, post-monsoon; BC, Buckingham Canal, estuary away from the mouth; SR2, near to the mouth; SR1, mouth at SRM; OS, open sea].


Seasons are classified as pre-monsoon (PRM) (January–May), monsoon (MON), i.e., southwest monsoon (SWM) (June–September), and post-monsoon (POM), i.e., northeast monsoon (NEM) (October–December). The rainfall occurs from late August (SWM) to early November (NEM) in the Nellore region. The average annual rainfall in the coastal regions in the Nellore district decreases from 1,270 to 762 mm from the eastern to the western extremity of the basin, respectively (Sreenivasulu et al., 2016). The atmospheric temperature (AT) ranged from 29.7 to 40.9°C in the summer, and it varied from 21.4 to 29.3°C in the winter.



Sample Collection and Processing

Sampling was carried out monthly (5 stations × 48 months = 240 samples), which covered the open sea (OS), SRE (SR1, SR2, and SRM), and Buckingham Canal (BC), from May 2014 to December 2017. Out of five sampling stations, four stations were selected from the inner station of the SRE, while one station was selected from the surrounding coastal area, i.e., OS. A Niskin’s sampler was used to collect seawater samples in polypropylene bottles for nutrient estimation. After collection, the samples were stored in a container at 1–4°C before analysis in the laboratory. The geographical locations of the sampling stations were marked using a handheld Global Positioning System (GPS) (Garmin etrex/Vista). Surface seawater was collected using acid-cleaned Niskin’s sampler (USEPA, 1986). Samples for dissolved oxygen (DO) and biochemical oxygen demand (BOD) were analyzed using Winkler’s titration method (Winkler, 1888). Salinity was analyzed using the argentometric titration method. The AT was measured using a mercury thermometer, whereas water temperature (WT) and pH using a pre-calibrated multiparameter water quality monitoring system (model HI9829, Hanna), respectively. Total suspended solids (TSS) were determined by filtering the measured volume of seawater in pre-dried and pre-weighed (0.45 μm, Millipore GF/C) filter paper and washed with Milli-Q water to remove salt contents (APHA, 2012). Nutrients such as nitrite, nitrate, ammonia, total nitrogen (TN), inorganic phosphate (IP), total phosphorus (TP), and silicate were estimated following standard methods (Grasshoff et al., 1999).

Data on physicochemical variables were subjected to the pretreatment process by normalizing the variables to render the data dimensionless for principal component analysis (PCA) (Wunderlin et al., 2001; Su et al., 2011). The factor loadings were sorted according to the criteria of Liu et al. (2003), i.e., strong (> 0.75), moderate (0.75–0.50), and weak (0.50–0.30). To determine sampling adequacy, the Kaiser-Meyer-Olkin (KMO) criterion was followed. The SPSS software (version 18.0) was used for box-whisker plots and PCA. The one-way ANOVA was also used. Nutrient ratios were compared with dissolved inorganic nitrogen (nitrate + nitrite + ammonium = N), silicate, and phosphate to evaluate potential nutrient control on biological productivity as per the Redfield ratio (Si:N:P = 16:16:1) (Van Nieuwerburgh et al., 2004).




RESULTS AND DISCUSSION

The range, mean, and SD of physicochemical data collected from the years 2014 to 2017 are presented in Table 1. The high SD of most parameters indicates the presence of temporal and spatial variations likely caused by polluting sources and climatic factors (Vega et al., 1998). Transparency was good (5.5 m) toward the OS, while it was poor at inner stations especially BC. In the study area, the depth was at a maximum in the OS (10 m), whereas it varied in the SRE (from 0.2 to 4.5 m), and the variation was significant (p < 0.05, F = 3.252). TSS was high in the inner stations (SR1, SR2, and BC) and was recorded at its maximum (68.8 mg/L) at BC in the monsoon. Although temperature plays a vital role in regulating the productivity in the coastal region, it was insignificant at the spatial scale (p > 0.05) for WT (20.4–33.6°C) and AT (24.0–39.3°C) but significant (p < 0.05) at the temporal scale. The pH value indicates the buffering capacity of seawater (Moresco et al., 2012), and its spatial variation was significant (p < 0.05, F = 5.54). A low pH value was recorded in the inner stations of the SRE (SR2 and BC), which could be attributed to effluent discharge from the surrounding environments (aqua farms and settlement areas). A reduction in salinity [0.28 practical salinity unit (PSU)] was observed in the inner station (SR2) in the POM season, i.e., the NEM, which is prevalent in coastal regions of the southeast coast of India, and its variation was significant (p < 0.005; F = 3.55). A higher load of TSS and a reduction in salinity could be attributed to heavy rainfall (775 mm) in November 2015 compared with the average rainfall (248 mm) in the Nellore coastal region. Furthermore, frequent operation of fishing boats, occasional dredging in shallow coastal mouths, and freshwater input have been reported to increase the TSS load of the water column (Shanthi et al., 2013; Jha et al., 2022), which was observed in the inner stations. The spatial variation of DO was insignificant (p > 0.05, F = 1.5); however, it was significant for BOD (p < 0.05, F = 139). The DO and temperature are inversely proportional because warm water holds less DO (Wu et al., 2010). Furthermore, a few BOD values (Table 1) were higher in the inner stations (BC, 6.48 mg/L; SR1, 5.47 mg/L; and SR2, 5.47 mg/L) and exceeded the recommended permissible standard (< 3.0 mg/L) for the coastal waters (Gupta et al., 2003). The higher BOD values indicate poor water quality and have been related to anthropogenic activities (Pandey et al., 2022), which was evident in the inner stations. The natural level of nitrite in seawater is usually very low (< 0.1 μM), but in the transition zone between oxic and anoxic layers, it increases to > 3 μM (Grasshoff et al., 1999). In this study, the values of nitrite and nitrate concentration recorded were at 6.25 and 12.9 μM, respectively, at the BC, especially, in the year 2017. Ammonia concentration rarely exceeds 5 μM in oxygenated, unpolluted seawater, but in anoxic stagnant seawater, it could exceed as high as 100 μM as reported (Grasshoff et al., 1999). In this study, the range of ammonia was comparatively high (0.06–20.1 μM) at BC during the PRM season, which could be attributed to no mixing of oceanic water for a few months due to the closure of the SRE mouth. Low scale fish mortality in the region during the particular period was also observed. IP showed a higher range at SR2 (4.33 μM), but the mean concentration was comparatively high (1.21 ± 0.80 μM) at BC. The silicate concentration was high (48.6 μM) at the SR2 in the PRM season compared with BC (47.6 μM). Furthermore, TN and TP ranges were comparatively high at SR2, but the mean concentration of both the parameters was higher at BC, which could be attributed to consistent mixing of anthropogenic discharge from the aquafarms and enhanced the organic load in the surrounding environment. The SRE ecosystem is being fed regularly with tidal water, thus, maintaining the ecosystem comparatively in good condition; however, every year during NEM, if precipitation is less, its mouth gets closed for a few months (2–3 months). During this period, the concentration of physicochemical parameters changes drastically due to stagnation, which is depicted in this study. Besides, activities such as aqua farms, agriculture, and human settlement contribute to anthropogenic discharge into the ecosystem, which increases the concentration of nutrients in the inner stations of the estuary especially, at BC, which could be attributed to low depth and less mixing of oceanic waters. The spatial variation was significant for the physicochemical parameters such as nitrite (p < 0.05, F = 14.1), nitrate (p < 0.05, F = 10.03), ammonia (p < 0.05, F = 12.3), TN (p < 0.05, F = 10.6), IP (p < 0.05, F = 20.9), TP (p < 0.05, F = 19.5), and silicate (p < 0.05, F = 10.9) during the study period. Similarly, temporal variation was significant for AT (p < 0.05, F = 19.00), WT (p < 0.05, F = 23.22), pH (p < 0.05, F = 4.82), salinity (p < 0.05, F = 34.16), DO (p < 0.05, F = 3.52), nitrite (p < 0.05, F = 3.28), nitrate (p < 0.05, F = 3.95), IP (p < 0.05, F = 2.67), TP (p < 0.05, F = 4.50), and silicate (p < 0.05, F = 2.02).


TABLE 1. Physicochemical variable in Nellore coastal waters during the years 2014–2017.
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The box-whisker plots of selected physicochemical parameters are shown at the spatiotemporal scale (Figures 1B–G). From the box-whisker plots, it was observed that optimal concentrations of the physicochemical parameters were recorded at the OS, whereas they were high at inner stations, namely, BC, SR1, and SR2. The box plots with long whiskers at the top of the box (such as that for nitrite and nitrate) indicate that the underlying distribution is skewed toward high concentration. Box plots with large spreads indicate seasonal variations of the water composition (refer to TSS, IP, and silicate box plot). The outliers, such as asterisks in the box plot, pointing to a change in the measured variables in some stations, are likely caused by some anthropogenic activities or climatic factors.

Factor analyses provided four significant factors (Eigenvalue > 1) that explained 61% of the total variance of the dataset in seawater; however, only the first three factors were considered for the result interpretation. The KMO criterion of 0.707 indicated that a significant reduction in the dimensionality of the original dataset has been achieved through factor analysis (FA) for seawater (Wu et al., 2010). The factor loadings and communality of physicochemical parameters are presented in Supplementary Table 1 for seawater. Factor 1 (VF1) explains 27.7% of the total variance and indicates a strong positive loading of ammonia (0.85) and TN (0.78). Furthermore, moderate positive loadings of nitrite (0.69), nitrate (0.55), TP (0.58), and silicate (0.73) were recorded in the seawater (Figure 2A). This could be attributed to the existence of anthropogenic activities such as agriculture and aqua farming in the surrounding vicinities (Iscen et al., 2008; Yuvaraj et al., 2018). Factor 2 (VF2) explains 13.68% of the total variance and indicates a strong positive loading of BOD (0.77), while moderate negative loading of transparency (−0.65), moderate positive loading of TSS (0.67), and IP (0.56) were observed. Lower transparency in the study area indicates a comparatively high TSS concentration, which reduces light penetration (Sarma et al., 2010). Factor 3 (VF3) explains 10.46% of the total variance and indicates a strong positive loading of AT (0.87) and WT (0.84). The temperature could influence the biogeochemical cycles in the environment such as eutrophication (Gupta, 2005; Talukder et al., 2016).
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FIGURE 2. Factor analysis, cluster analysis, and 2D NMDS; (A) factor loading F1 and F2 for the physicochemical parameters, (B) dendrogram based on the physicochemical parameters in seawater, and (C) non-metric multidimensional scaling (NMDS) ordination based on the resemblance (Euclidean distance) similarity coefficient.


The physicochemical data were subjected to cluster analysis (CA) and two-dimensional (2D) non-metric multidimensional scaling (NMDS) ordinations to identify the relationships between the five sampling stations. The analysis provided a dendrogram, which clustered all five sampling stations into three statistically significant clusters (Figure 2B). Cluster 1 was formed between OS and SRM, which revealed that the concentrations of physicochemical parameters at these stations were more similar (for these parameters, TSS, WT, AT, pH, salinity, and DO) to each other than to the other stations. In Cluster 2, the physicochemical parameter concentrations at SR1 and SR2 were more similar to each other than those of BC. The BC showed a higher concentration and, thus, formed a separate cluster, although the wide distance between OS and other stations was due to the dissimilar values obtained. Furthermore, BC, SR1, and SR2 were surrounded by aqua farming, agriculture, and anthropogenic activity, while SRM was a mixing zone (bar mouth) between the estuary and the sea. The physiochemical parameters in seawater distribution showed a similar pattern to that of the CA when subjected to 2D NMDS ordinations (Figure 2C).

The nutrient ratio revealed that the mean N/P ratio was 5.47 and 5.42 at high and low tides, respectively. Similarly, the Si/N ratio was 0.32 and 2.25 at high and low tides, respectively. The N/P ratios lower than 16 indicate nitrate as a limiting factor. Likewise, the Si/N ratio of more than 1 also proposes nitrate as a limiting factor (Sarma et al., 2010). The study reveals that nitrate is the main limiting factor, as reported earlier from other coastal areas (Gupta et al., 1981). Nutrients are brought to the coastal bays by rivers and sewage channels under certain environmental conditions (Xu, 1989). In this study, nitrate and silicate are the main limiting factors for phytoplankton growth. In particular, the multivariate results revealed that the higher concentrations recorded in the inner stations (BC, SR1, and SR2) were mainly due to continuous discharge from the neighboring areas. Anthropogenic input from the surrounding industrial areas and agricultural and aquaculture farms could be a reason for the higher concentration of nutrients in the inner areas. However, the concentration was optimal toward the OS. Although anthropogenic discharge (from aquafarms and settlement areas) is high at the BC, tidal amplitude (0.59 m) (Jha et al., 2019) helps to diminish this effect. An earlier study from the area (Pandey et al., 2021) also suggests that anthropogenic disturbances at BC are considerably higher than other stations, which resulted in poor environmental and ecological quality status.

In particular, the multivariate results revealed that the higher concentrations recorded in the inner stations (BC, SR1, and SR2) were mainly due to continuous discharge from the surrounding areas such as aquafarms, agricultural, and built-up, which could be a reason for the higher concentration of nutrients in the inner stations. However, the concentration was optimal toward the OS. The results presented in this study are consistent with the previous observations, which demonstrated that inner stations (BC, SR1, and SR2) were found with high nutrient concentrations, whereas outer stations (SRM and OS) were within the normal variation of any tropical coastal waters. It was reported that rainfall-runoff has a potential impact on the environment (Mallin et al., 2000), which was observed during November 2015 when a heavy rainfall (775 mm) above the average rainfall (248 mm) was recorded in the Nellore coastal region. Although tidal amplitude minimizes the nutrient concentrations through oceanic dilution, it has an adverse impact on aquatic flora and fauna of the region in the long term if appropriate mitigation and management plan is not developed. Regular monitoring of seawater quality will help to develop a mitigation plan to control the untreated discharges into the coastal environment.



CONCLUSION

A multivariate statistical approach was used to assess the concentrations and potential impacts of physicochemical parameters on the coastal environment in the Nellore coastal region. Non-metric multidimensional scaling and CA grouped the sampling stations based on prevailing distinctive environmental conditions. The concentrations of physicochemical parameters at the OS illustrated optimal values in seawater compared with that in the other stations. However, the inner stations, such as BC, SR1, and SR2, were categorized as contaminated zones, which could be attributed to anthropogenic activities in the region. FA illustrated that the major sources of variation were anthropogenic discharges [agriculture, aquaculture farms, and settlement (built-up) effluents]. This study suggests that increasing anthropogenic activities draw the need for creating a comprehensive database and monitoring strategy to better plan, conserve, and manage the tropical coastal environment.
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