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Editorial on the Research Topic


Coastal environmental and ecological data analysis


The coastal seas are one of the most important areas of the ocean and land. Approximately 3 billion people – about half of the world’s population – live within 60 km of the coastline. At the same time, a total of 14 of the world’s 17 largest cities are located along coasts (Brown and Hausner, 2017). Pervasive environmental pollution and occurrence of natural disasters in the coastal waters result in serious environmental and ecological problems. Eutrophication, hypoxia, and other adverse effects caused by anthropogenic activities are recognized as growing problems in many estuaries and coastal areas around the world. Hence, implementing regular monitoring programs is paramount to help understand the spatial and temporal variations of coastal water quality, with the purpose to prevent and mitigate marine pollution.

Long-term ecological monitoring networks have been established in coastal areas to evaluate eutrophication and other environmental problems like harmful algal blooms (HABs), heavy metal pollution and their biomagnifications, etc, and this measurement of hydro-chemical variables and biological indicators in the coastal environment will aid better understanding of aquatic environment. These monitoring programs produce huge datasets, and it becomes really difficult to extract latent meaningful information from these datasets. To extract the latent meaningful information, chemometrics, multivariate statistical analysis and different biotic indices for biodiversity data are used. It may include factor analysis, cluster analysis, discriminant analysis, self-organizing maps, artificial neural network, canonical correspondence analysis, redundancy analysis and many biotic indices (Wu and Wang, 2007; Wu et al., 2009a; Wu et al., 2009b; Wu et al., 2010; Dong et al., 2010a; Dong et al., 2010b; Wu et al., 2011; Wu et al., 2012a; Wu et al., 2012b; Wu et al., 2012c; Ling et al., 2014; Wu et al., 2015a; Wu et al., 2015b; Wu et al., 2016; Wu et al., 2020). These methods identify the spatial and temporal variation of water quality in coastal waters and help to elucidate the processes involved in it. The multivariate statistical analysis identifies different patterns in the datasets and provides meaningful underlying information which would be rather difficult just seeing the raw data or using traditional statistics techniques.

The aim of this Research Topic is to explore the recently used or newly developed methodologies involving chemometrics, multivariate analysis or biotic indices, with an emphasis on Land-Ocean Interactions in the Coastal Zone, to solve the environmental and ecological problems.


Multivariate statistical analysis

The multiple ecosystemic services of the coastal zone are at risk owing to the development of human activities and the occurrence of natural extreme events. Firstly, coastal environment and ecosystems receive the excessive fluxes of waste water discharges and residues that promote eutrophication, ocean acidification, hypoxia, HABs, heavy metal pollution and their biomagnifications, etc. Secondly, the occurrence of extreme events such as storms and typhoon in the coastal zones is increasing. Thirdly, relevant coastal carbon sinks, such as to mangrove, seagrass and coral reefs are under stronge pressure due to global change. These changes also support the need to measure hydro-chemical variables and biological indicators. Analysis of variance (ANOVA-one way) showed significant (p < 0.05) spatial variation for depth, slope, seawater current, salinity, chlorophyll-a, benthic density, and diversity of coral reef in the southeast coast of India. The geographical information system (GIS) based model output showed space allocation for artificial reef deployment; that will help to conserve the fish stock and support the fishermen in the coastal regions (Jha et al.). Statistical analysis including principal component analysis, combined with the subterranean estuary dynamic variation, indicated that dissolved organic carbon (DOC), salinity, and ammonium concentrations along the sediment depths was related with the vertical community distribution of the Nitrospira species in Daya Bay, South China Sea (Sun et al.). Jiulong River estuary of Chian was subdivided into three subregions, including the upper (Area I), middle (Area II), and lower reaches (Area III) of the estuary. The diversity patterns of phytoplankton were shown to vary at different scales, in different seasons and in different indices in Jiulong River estuary. It is noteworthy that the significant roles that nutrients and nutrient ratios played in shaping phytoplankton diversity patterns and the nutrient balance were characterized by excess nitrogen (N) and silicon (Si) and limited phosphorus (P), which could potentially cause diatom blooms (Ge et al.). Based on canonical correspondence analysis, it was deduced that the variations of the community structure and potential functions of microbes in expanding marine hypoxic area in Bohai Sea could be influenced by depth, NO2– concentration and DO availability (Guo et al.). Non-metric multidimensional scaling and an analysis of similarities revealed significant seasonal and spatial differences among macroinvertebrate assemblages in Hainan, China (Li et al.). Multivariate analysis revealed that the dynamics of phytoplankton alpha-diversity and algal pollution indices was influenced by environmental conditions (e.g., nutrients) particularly by trophic states changes (Inyang et al.). Cluster analysis revealed that composition of the macroalgae consumed by eight fish species from Xisha Islands,China, was always grouped together (Wu et al.). The Amundsen Sea was divided into nine bioregions by cluster analysis in the Antarctic (Feng et al.). A self-organizing map analysis using the environmental data revealed that the spatiotemporal variations in salinity and nutrient concentrations differed significantly between the two lagoon systems in two contrasting temperate coastal lagoons of Korea. Canonical correlation analysis highlighted that the POM properties differed according to physicochemical factors in two contrasting temperate coastal lagoons of Korea (Lee et al.). Multivariate tool indicated that except near-shore sites, there is a good seawater quality at Thanjavur in the southeast coast of India (Jha et al.). Temporal changes in faunal assemblages were evidenced through multivariate technique in the intertidal region of South Andaman Islands (Sahu et al.)



Data mining and ecosystem modelling

Studies using big data methods are alsoi included in this special issue. Loop analysis revealed that the heaviest feedback loops are the interactions among benthos, zooplankton, and phytoplankton; and the predator-prey negative interaction strength between zooplankton and phytoplankton dominated the stability of an artificial reef, whether in summer or autumn in the Bohai Sea (Li et al.). The maximum gross primary producti-on and community respiration occurred in the estuarine plume of the Guangdong-Hong Kong-Macao Greater Bay Areain summer, while in winter the more active metabolisms of plankton community occurred in the Daya Bay by principal component analysis (Zhang et al.). Wth a model on the basis of the nonlinear impact of environmental regulation on coastal marine environmental pollution, the level of environmental regulation and the degree of coastal marine pollution in 46 coastal prefecture-level cities in China from 2004 to 2016 was identified in the coastal prefecture-level cities ofChina (Ma et al.). In subtropical waters of Hong Kong, it was found that some omnivorous infauna shifted from a mainly carnivorous diet at the unpolluted site to a largely herbivorous diet at the organically polluted site by standard deviation of nearest neighbour distance (Xu et al.). The first (second) warming peak is warmer than the second (first) one for super (other) El Niño composite in the South China Sea (Xiao et al.). Chen et al. used mixing model and concluded that atmospheric deposition contributes to the nitrate pool in water and that the impact of atmospheric deposition on the whole Beibu Gulf is relatively consistent.

The ecological distribution profiles of the nirS, nosZ I, and nosZ II gene communities varied with water depth, and denitrification genes in shallow-sea and deep-sea sediments differed in their sensitivity to environmental factors in the South China Sea (Xiang et al.). The estimates of the resuspended fraction of the proportion of resuspended particles in total suspended matter showed a substantial uncertainty of 50% in summer, likely owing to the potential errors of model parameter estimation and the influence of other unexplored biophysical processes such as biological degradation, upwelling, and monsoons, combined a simplified ecosystem model and vertical mixing model (Guo et al.). Island ecosystem conditions were influenced by both natural and anthropogenic factors as well as area size, population, and gross domestic product (GDP) in the 42 typical, representative islands within China’s coastal regions (Ma et al.). The data reduction potentials and explanatory value of these methods are showcased and important atmospheric variables affecting the chlorophyll-a concentration are identified in the Dutch Wadden Sea (Mészáros et al.)

Seasonal variations in the concentration of heavy metals were found in both seawater and sediment from Qinzhou Bay, as a result of seasonal hydrological change, biological activity, and human influence (Lao et al.). The combined assessment results of enrichment factor, contaminated factor and the percentages of acid soluble fraction indicated that surface sediments of Zhanjiang Bay were generally contaminated by Cd and Zn,and that their concentrations may pose medium to high risk to the environment (Zhou et al.). CO2 emission from mangrove deforestation and N2O emission from shrimp aquaculture in coastal aeras may offset the efforts of coastal wetlands conservation and restoration in the Hainan province of China (Zhao et al.). Mangrove plants could take up and accumulate PBDEs; and although BDE-209 is less toxic than other congeners, it is more difficult to be removed by mangrove systems (Wang et al.). Biogeochemical processes have little impact on nitrate dual isotopes under heavy nitrogen pollution, and isotopes are an ideal proxy for tracing nitrogen sources in Beibu Gulf, China (Cai et al.). There were many sources of organic matter in the bay, including inputs of soil, algae, and sewage. Influenced by freshwater input, dissolved organic matter decreased from the upper to the outer zone in Zhanjiang Bay (Zhong et al.). The combination of the untargeted FT-ICR MS approach and optical techniques could be valuable for studying the DOM sources and transformation in large river estuarine systems along the Yangtze River Estuary-to-East China Sea Continuum (Sun et al.). The source of the particulate organic carbon is overwhelmingly the mariculture, averagely accounting for 42.7% in the flood season and 52.6% in the dry season, mainly in the form of microalgae in Zhangjiang Estuary (Yan et al.).



Contribution and perspectives

In this special issue, we introduce the Research Topic “Coastal Environmental and Ecological Data Analysis” to analyze the structure and functioning of diverse coastal ecosystems around global, adressing topics related with water quality, mangrove, coral reef and CO2 emissions. Experimental data for mining is important in the law and theory of the science. Outputs of these big database can improve the knowledge of us. In the 29 papers, the special issue provides a better understanding of the data monitoring, data analysis, and data integration. Thus, the knowledge of this special issue is by no means a closed chapter. In particular, we hope for significant insights from the novel big data, which can provide a high level of scientific, administrative and financial integration of coastal environmental and ecological sciences.
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A planned artificial reef (AR) deployment program as part of a fisheries enhancement might be a useful tool for managers to supplement traditional ways to utilize available space and augment local productivity. Several AR deployment initiatives have been carried out globally, but they are rarely subjected to a rigorous site selection process. We created a site selection procedure in this study that includes systematic stages including exclusion mapping, underwater visual transect, benthic composition, seawater quality, and comparative visual mapping. This research focused on restoring the fishing grounds for artisanal fishermen by deploying AR along the southeast coast of India. The results of each stage in the procedure enabled us to choose suitable locations at a target depth with low wave action, no slope, and a good substrate capable of supporting an AR. Analysis of variance (ANOVA-one way) showed significant (p < 0.05) spatial variation for depth, slope, seawater current, salinity, chlorophyll-a, benthic density, and diversity. The geographical information system (GIS) based model output showed space allocation for AR deployment. The GIS methodology for site selection was developed to be easily adaptable to the demands of diverse artificial reef programs. The integrated strategy has proven to be a successful regulatory intervention for AR deployment practices in order to facilitate coastal restoration and management.

Keywords: artificial reef, fishery, coastal, GIS, Tamil Nadu


INTRODUCTION

The artificial reef (AR) is a submerged structure deliberately placed on the seabed to mimic the functions of a natural reef, such as protecting, regenerating, concentrating, and enhancing marine organism stock, and serves as a part of the natural ecosystem (FAO, 2015). The earliest recorded AR was from the 1830s, when logs from huts were used off the coast of South Carolina, United States, to improve fishing (Weisburd, 1986). The first scientifically planned reefs were deployed in 1974 off the Adriatic coast of central Italy (Fabi and Fiorentini, 1994). However, in the Indian scenario, AR was first reported on the Coromandel Coast (Hornell, 1924), whereas the first AR construction was carried out off Puthiyathura village in 1953, and further organized efforts to deploy ARs were initiated from 1980 onward (Sreekanth et al., 2019).

Despite widespread usage of AR as a mitigating tool for restoring fisheries, they are rarely subjected to a thorough site selection protocol before deployment. Though there are site selection guidelines, they primarily focus on physical factors (shipping channels, fishing, or substrate) and methods for obtaining permits (Figley, 2005). The majority of scientific effort is focused on studying AR after deployment to obtain time-series data of community dynamics (Reed et al., 2006; Thanner et al., 2006). Although these findings are important for evaluating the effectiveness of AR, they typically do not provide the required information to develop a standard protocol for reef placement, management, and mitigation plans. Poor site selection is one of the most common causes of failure of AR deployment programs (Tseng et al., 2001; Kennish et al., 2002).

Exclusion mapping (Kaiser, 2006) is one of the most commonly utilized methods for selecting suitable locations and screening out unsuitable ones. However, it does not provide the physical and biological data needed to comprehend the ecology of a prospective AR site. Seawater currents, waves, substrate stability, seawater quality, and existing benthic fauna are key factors in site selection (Spieler et al., 2001; Duzbasilar et al., 2006; Mousavi et al., 2015). It is well known that exclusion mapping may account for the majority of these features, nevertheless very few studies have been carried out (Barber et al., 2009) that combine them with physical and biological field data to determine site suitability. Site selection is a complex process in which the role of geographical information systems (GIS) is well established (Moeinaddini et al., 2010; Mousavi et al., 2015; Jha et al., 2017).

Coral reefs on the southeast coast of India (Tamil Nadu) are located in Palk Bay (PB) and in the Gulf of Mannar (GoM) (Muley et al., 2000), which accounts for 94.3 sq km in which reef flat and reef vegetation comprise 64.9 and 13.7 sq km, respectively (Department of Ocean Development and Space Application Centre, 1997). It is reported that the GoM and PB harbor about 117 species belonging to 40 genera of coral and support the fisheries production in the region (Raghuraman et al., 2013). However, in recent times, there has been a decline in traditional fishing due to which artisanal fishermen are facing severe problems such as lower catch (Vijayanand et al., 2007). In addition, factors such as trawling (James, 1994) and damage to benthic habitats (Murugan and Durgekar, 2008) have also exacerbated the decline in annual total fish catch along the southeast coast of India (Tamil Nadu). Considering the above facts, the present research focussed on systematic site selection protocols for fishery restoration and conserving the ecosystem in the southeast coast of India (Tamil Nadu). Hence, an integrated site selection method was established before the deployment to ensure long-term success of AR in supporting the local fishery. The objectives of the present study are to (1) use exclusion mapping as the first stage for selecting target locations for AR deployment; (2) develop a comprehensive record of physical and biological parameters for each location based on quantitative in situ data; and (3) in situ and satellite data comparison for selected parameters for the site suitability to develop a simple site selection protocol that could easily be adapted in other coastal environments.



MATERIALS AND METHODS


Study Area Description

Tamil Nadu has a coastline of 1,076 km and stretches along the Bay of Bengal, the Indian Ocean, and the Arabian Sea. It constitutes about 15% of the total coastal length of India, covering PB and the GoM, which is one of the major coral-rich areas located along the southeast coast of India. Five coastal districts, namely, Thanjavur (THA), Pudukottai (PUD), Ramanathapuram (RAM), Thoothukudi (THO), and Tirunelveli (TIR), were studied for the site suitability of AR deployment (Figure 1A).
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FIGURE 1. Exclusion mapping model for AR deployment along the Tamil Nadu coast. Data layer indicates unsuitable (red) and suitable (blue) for (A) bathymetry and (B) wave height produced through the GIS reclassification tool.




Exclusion Mapping

The site selection is an important step towards the AR deployment process and the restoration of fisheries in the selected coastal regions. In this study, systematic approaches were used for AR site selection: (1) Exclusion mapping (bathymetry, wave, cost-effective distances, and discharge points), (2) quantitative transect survey, and 3) constructing a GIS model (Barber et al., 2009). Sites that were too shallow or deep (<5.0 m or >15.1 m), had strong waves (>1.5 m), beyond the cost-effective distance (12 km), and within 1 km of the discharge point (i.e., shore) were eliminated from further consideration (Table 1).


TABLE 1. Reclassification values for bathymetry, wave height, cost-effective distance, and discharge points data used in the exclusion mapping model (adapted and modified from Barber et al., 2009).
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The data for bathymetry was sourced from the General Bathymetric Chart of the Ocean (GEBCO) portal (spatial resolution of 30 Arc seconds). The average significant wave height (SWH) (spatial resolution of 0.25 degree) data was collected from the Indian National Centre for Ocean Information Services (INCOIS) over 1 year period. The depth and wave data were interpolated using the inverse distance weighted (IDW) method (Chang, 2006). We also generated buffer layers for the cost-effective distance (12 km) to incorporate that layer into the exclusion mapping model. To analyze such sites, a buffer layer of discharge locations (1 km) was also built. However, the buffer layer was not represented in the exclusion model. The criteria and sub-criteria for deploying AR are given in Table 2.


TABLE 2. Description of criteria and sub-criteria for artificial reef deployment (adapted and modified from Barber et al., 2009; Kapetsky et al., 2013; Mousavi et al., 2015; Jha et al., 2017).
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Quantitative Transect Survey

After completing the initial site selection process using exclusion mapping (first step), the GIS model output was validated by conducting field sampling in suitable locations from January 2020 to April 2020. During the field survey, the bathymetry data of the suitable locations were measured by a multi-beam sonar system using a fishing trawler at 42 locations. Depth was corrected for tidal elevations and values were expressed with reference to chart datum (FAO, 2015). The seawater current was measured by deploying a current meter (RCM9) by following the protocols of FAO (2015). The slope was calculated based on the difference between the depths of measured points and the distance between those points. After initial exclusion, slope angles below 5° were considered for the AR deployment (Barber et al., 2009).

To determine the composition of the substrate at each site, underwater surveys using self-contained underwater breathing apparatus (SCUBA) were conducted along three 25-m transects at each site. The parallel transects were carried out at the 25 m × 25 m footprint for AR deployment. Each diver collected data on one side of the transect until the entire transect had been sampled (Barber et al., 2009). The viability of each site was discussed, and barren areas without seagrass or coral reef beds were selected for AR deployment among the sensitive ecosystem.

Sediment texture was determined in the field laboratory using the wet sieving and pipette method, and grain size fractions were obtained by dry sieving through a stack of 8 sieves ranging from 2 to 0.063 mm mesh sizes (Holme and McIntyre, 1984). To identify benthic fauna, sediment samples were collected using a Van-Veen grab having a surface area of 0.16 m2, and each sample was identified up to the lowest possible taxonomic level using standard taxonomic literature, and their density was expressed as ind/m2.



Geographical Information System Model

Considering the diversity of the data and the variety of scales on which all criteria can be measured, the values contained in the different thematic layers were transformed into comparable classes by following the reclassification tool of GIS (Malczewski, 2006). This data layer was used to identify suitable sites for the AR deployment. Out of 84 tentative locations, 42 locations that fell within these criteria were delineated as “suitable” locations and were further investigated. The average sea surface temperature (SST), sea surface salinity (SSS), total suspended matter (TSM), and chlorophyll-a (chl-a), data were collected (spatial resolution of 0.25 degree) from the INCOIS. In addition to that, the above parameters were also collected during the quantitative survey (in-situ) from the surface using a GOFLO sampler by a boat sampling. The sampling positions were geo-coded by using a hand-held GPS (Garmin eTrex Vista; ± 5 m). The SST and SSS were measured onboard by calibrated multi-parameter water quality instruments (Hanna HI9829). The TSS was determined by filtering 1 L of seawater through pre-dried and pre-weighed (0.45 μm Millipore GF/C) filter paper and washed with Milli-Q water to remove salt content (APHA [American Public Health Association], 2005). The chl-a was analyzed by a spectrophotometric method (Parsons et al., 1992). The TSS and chl-a samples were analyzed in the field laboratory and data were recorded after the analysis was completed. The samples were analyzed in triplicates, and quality control procedures were followed by careful standardization and blank measurements. One-way ANOVA was employed to test the spatial variations (station-wise) of physicochemical parameters. A geo-database of the above parameters was developed and imported to Arc GIS software (ver. 9.3.1). The parameters were interpolated using the IDW method (Chang, 2006). In this study, uniform class ranges and color codes were adopted for the maps generated through interpolation.




RESULTS AND DISCUSSION

Eighty-four locations were considered for the exclusion modeling for the AR deployment; only 42 sites met the site selection criteria. These locations were within a 12 km radius of cost-effective distance and in the 5–15 m water depth range, conforming to accessibility criteria (Table 1). Similar results were also reported in which potential sites were within 11 km radius of the nearest shore, and in the 6–15 m mean water depth range at Massachusetts Bay (Barber et al., 2009). In the present study, none of the sites were located in the shipping route marked on navigational charts. A raster classification categorized depth layers into two classes (<5 m and >15 m = unsuitable, and >5 m and <15 m = suitable). Based on the threshold value of depth, the unsuitable and suitable areas have been represented in red and blue, respectively (Figure 1A). The cost-effective distance is very useful since the ARs give an excellent chance for impoverished artisanal fishermen who can’t afford a net can easily use a hook and line, to earn their livelihood by venturing to the AR areas for fishing (Kasim Mohamad et al., 2015). While, the optimal depth range helps in larval settlement on the AR structure (Duzbasilar et al., 2006). The spatial variation of depth was significant (p < 0.05, F = 59.755) in the present study. A buffer layer of 12 km was used for showing the accessible sites as per the cost-effective distance criteria, whereas a 12NM buffer was used for clipping the inaccessible territorial waters for artisanal and traditional fishermen. Further, wave height is another important technical criteria for AR deployment, because frequent high waves in the region will hamper ecosystem restoration (James and Slaski, 2006). Few areas in the offshore environment in Thoothukudi and Tirunelveli had wave heights of more than 1.5 m, as seen in Figure 1B, and those areas were eliminated from further investigation. The GIS model supported exclusion mapping and allowed us to eliminate 50% of prospective locations for the AR deployment.

The physical (slope, seawater current, and bottom type) and biological factors (benthos) played a vital role in the site selection process. In the present study, after initial screening through exclusion mapping, slope angles below 5° were considered suitable for the AR deployment. Similar results were reported in which slope angles below 5° were considered for the AR deployment at Massachusetts Bay (Barber et al., 2009). Similarly, optimum seawater current also plays a vital role in delivering nutrients and larvae to the newly deployed AR, as well as maintaining a well-oxygenated environment (Duzbasilar et al., 2006). The suggested seawater current ranges from 10 to 75 cm/s (Mousavi et al., 2015). However, in the present study, it ranged from 11 to 47 cm/s and its spatial variation was significant (p < 0.05, F = 3.317).

Hard-bottom habitat is critical to several life stages of commercially important species like lobster, crabs, marine finfish, and other species of invertebrates (Wahle and Steneck, 1992; Tupper and Boutilier, 1995; Packer et al., 1999). The bottom type in selected locations was categorized as: (1) very coarse sand, (2) coarse sand, (3) medium sand, (4) fine sand, (5) very fine sand, and (6) very coarse silt, which can support the deployment of AR. Apart from the good bottom substrate, the natural larval supply such as benthic fauna promotes the rebuilding of the newly deployed AR ecosystem (Pratt, 1994). We observed a total of 81 taxa of benthic fauna represented by a wide range of taxonomic groups namely Polychaeta, Amphipoda, Isopoda, Cumacea, Ostracoda, Nematoda, Bivalvia, Gastropoda, Echinoidea, Nemertea, and Cephalochordata (Pandey et al., 2022). The substratum heterogeneity and habitat complexity lead to higher diversity and abundance of the benthic community, which in turn supports the ecosystem formation around the ARs (Pandey et al., 2018; Pandey and Ganesh, 2019). The taxa and density of benthos varied from 15 to 45 and 1,131–3,666 ind/m2, respectively. The spatial variation of taxa (p < 0.05, F = 12.923) and density (p < 0.05, F = 6.083) was significant. The details of the selected site with its location, depth, slope angle, seawater current, bottom type, benthic taxa, and density are given in Table 3.


TABLE 3. Details of the Artificial Reefs deployed locations along the Tamil Nadu coast.
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Comparative Water Quality Model

The IDW spatial interpolation technique was used to generate spatial maps (Figures 2A–H) for recommended environmental variables (TSS, SST, SSS, and Chl-a). The range of in-situ TSS concentration was 14–40 mg/L (Figure 2A), whereas (Figure 2B) satellite-derived data ranged from 2.72 to 61.69 mg/L. Similarly, SST (26.61–29.99°C) (Figure 2C), SSS (28.38–34.38 PSU) (Figure 2E), and chl-a (0.03–0.49 mg/m3) (Figure 2G) showed variation in the present study. However, the spatial variation was significant for SSS (p < 0.05, F = 8.001) and chl-a (p < 0.05, F = 4.558). Satellite derived data for SST, SSS, and chl-a, varied from 26.35 to 29.09°C (Figure 2D), 31.87–34.72 PSU (Figure 2F), and 0.24–2.07 mg/m3 (Figure 2H), respectively. The average value calculated for satellite data indicates that higher concentrations were noticed in the nearshore regions, whereas it was well within the site selection criteria at the selected locations in the offshore waters. The higher TSS could be attributed to the freshwater input from many perennial rivers (i.e., Krishna, Godavari, and Mahanadi) and several seasonal rivers (i.e., Palar, Vellar, and Coleroon) in the nearshore region (Shanthi et al., 2013). A range of values are represented by color codes for mapping the area that visualizes the concentration of specific parameters and shows the comparison. Visual interpretation is an easy method to depict and explain the dispersion pattern of environmental parameters (Lillesand and Kiefer, 1979) in a broader perspective, like AR deployment. This type of comparative study will help to select the suitable parameters that are available through satellite datasets for the better coverage and management of a long coastline. In-situ and satellite data validation is well reported for selected physicochemical parameters, e.g., chlorophyll-a, in southeast coast of India and it revealed good correlation coefficient (r2 = 0.89) (Selvavinayagam et al., 2003). Though the present study was limited to site suitability for AR deployment, earlier reports on the post-deployment study indicated a higher aggregation of juvenile fishes at the AR site along the Tamil Nadu coast.1
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FIGURE 2. (A–H) In-situ (A,C,E,G) and satellite (B,D,F,H) data comparison along the Tamil Nadu coast.


A systematically planned site selection approach contributes to the development of an ecosystem around the AR, which in turn promotes sustainable rural technology highly suitable for the livelihood enhancement of artisanal and traditional coastal fishermen (Kasim Mohamad et al., 2015). It is claimed that biomass output in the ARs regions ranges between 2.5 and 5 tons per year, with biodiversity products/ecosystem services valued at USD 190,000 per year (Kasim Mohamad et al., 2015). Increase productivity by reducing fishermen’s reliance on natural coral reefs; it also promotes a healthy ornamental fish population, ecotourism, and natural resource conservation. Thorough monitoring of environmental factors is critical for the deployment of ARs in suitable sites. Yet, there is little data on the pre-deployment of ARs in India and globally. The current study will provide a good understanding of physical factors such as seawater quality, and benthic diversity at the pre-deployment stage of ARs in fisheries depleted coastal regions for promoting conservation and improving livelihoods through ecosystem services by enhancing 20% catch adjacent to ARs compared to sites away from the ARs in the Indian (Philipose, 1996) and global scenarios (Fabi and Fiorentini, 1994). The integrated approach will also aid in the development of a management strategy for site appropriateness prior to the deployment of ARs, resulting in improved outcomes and benefits to coastal society.




CONCLUSION

An integrated approach (exclusion mapping and quantitative transect survey) in combination with GIS proved to be a simple and systematic method to support AR site selection and deployment in the coastal environment. The deployment of ARs in the tropical coastal environment is critical for restoring the fisheries activities in depleted coastal areas. Finding a suitable site for AR deployment is an important step in the whole process. The study developed distinctive exclusion maps which supported screening out the non-potential sites for AR deployment. Results revealed that out of 84 tentative sites, only 50% met the site selection criteria. Considering the recent depletion in fish catch, especially for artisanal fishermen, a comprehensive plan needs to be evolved to initiate a systematic site selection approach before AR deployment. This will help to conserve the fish stock and support the fishermen in the coastal regions. Although Tamil Nadu was selected as the study area, the systematic site selection approach developed would be useful to other maritime nations, especially in the tropical regions.
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The last 30 years have witnessed the degradation and loss of function in the ecosystem of the Bohai Sea, China. Great efforts, such as artificial reefs, have been used to restore the ecosystem of the Bohai Sea in recent years. In this study, we examined the seasonal variation of food webs in artificial reefs of Juehua Island by the Ecopath model. Results showed that the number of species, range of trophic level, energy cycle proportion, energy complexity, nutrition transfer efficiency, and ecosystem maturity have increased from summer to autumn. However, the food web stability of artificial reefs has no obvious change from summer to autumn. Loop analysis revealed that the heaviest feedback loops are the interactions among benthos, zooplankton, and phytoplankton, and the predator-prey negative interaction strength between zooplankton and phytoplankton dominated the stability of the artificial reef, whether in summer or autumn. This study suggests that stability is a more robust indicator for ecosystem assessment and could provide useful information in future restoration plans of the marine ecosystem.

Keywords: Bohai Sea, Ecopath, feedback loop, food web, stability


INTRODUCTION

The Bohai Sea ecosystem is an important nursery and feeding ground for coastal species and now is under tremendous pressure due to economic and social development. Studies have shown that over the past decades the Bohai Sea ecosystem has rapidly degraded and lost its function to a great extent due to overfishing and eutrophication. In recent years, great efforts (e.g., artificial reef) have been used in slowing down, halting, and finally reversing the environmental deterioration of the Bohai Sea. Thus, understanding the change of structure and stability of the ecosystem under restoration projects is critical for future restoration plans.

Natural communities of species embody complex interrelationships between the structure of the interspecific interaction network, the dynamics of the populations of species, and the stability of the system as a whole. It is particularly important to study the food web embedded in each interaction network because trophic interactions are the main channels of energy flow in all ecosystems (Curtin and Prellezo, 2010). However, it is a challenge to quantify the ecosystem properties, especially for the coastal ecosystem with multiple stressors. The Ecopath with Ecosim (EwE) modeling approach1 is a suitable tool to assess the food web characteristics and is being widely used for the analysis of exploited aquatic ecosystems. For example, based on the EwE modeling, a total of 23 functional groups were modeled based on a year-round trawl survey of the Bohai Sea conducted in 2016 (Rahman et al., 2019). An overview of the trophic structure and flow of the Bohai Sea ecosystem was also illustrated by 13 functional groups using the data collected from April 1982 to May 1983 (Tong et al., 2000). To quantify the historical ecosystem changes in the Bohai Sea, the Ecopath models were developed in three periods (1982–1983, 1992–1993, and 1998–1999). The trends in the structure, maturity, and keystone species of the Bohai Sea ecosystem from 1982 to 1999 were assessed, and planning management measures were proposed (Zheng and You, 2014). A comparative study was carried out on the changes in the food web structure of 17 functional groups between 1982 and 1992 (Zhang and Lin, 2009). Studies also showed that the decadal decline in the mean trophic level of the biomass in the Bohai Sea is more apparent than the decline of the mean trophic level of the catch extracted from that sea (Liang and Pauly, 2020). A recent study investigated the steady-state trophic models in different seasons of a newly created artificial coastal oyster reef within the Luanhe River estuary in the Bohai Sea, which could help fisheries managers to understand whether the ecosystem function of artificial oyster reef habitat is consistent throughout the seasons and to assess the reasonability of the current fishing production policy which varies with seasons (Min and Xin, 2021). Although the structures of the ecosystem are often assessed, the stability is seldom considered, especially for the real ecosystem.

Due to particular features (e.g., isolation and ocean currents) of land and sea in the island, the island ecosystem is more sensitive and vulnerable, prone to degrade for disturbance, and difficult to recover (Leclerc et al., 2020). Therefore, taking Juehua Island as an example, we examined the seasonal variation of food web structure and stability. The Juehua Island in this case is different from other study areas in previous studies, in that artificial reefs are thrown into the seawater for recovery ecosystem (de Vries et al., 2013). Since stability is very important to ecosystem function, current manifestations of anthropological stresses on ecosystems have heightened the need to understand and predict the stability of ecosystems (MacArthur, 1955; Paine, 1966). Considering the previous scenarios of ecological changes, we aimed to present the seasonal ecological changes in Juahua Island in summer and autumn of 2019 using the Ecopath mass-balance model (Christensen et al., 2005) and estimate their stability by Jacobian community matrix (May, 1972; Stone and Lewi, 2001; Tang et al., 2014; Jacquet et al., 2016). We also investigated the most dangerous omnivorous loop and the decisive factor of food web stability (Neutel et al., 2002, 2007; Mitchell and Neutel, 2012; Neutel and Thorne, 2015, 2016).



MATERIALS AND METHODS


Study Area

Located in Liaodong Bay in the north Bohai Sea, the Juehua Island (40.5°N, 120.8°E) is a typical nearshore island ecosystem (Figure 1), with its seacoast encircled by reef and its shallow water of 10- to 15-m depth and a feature of the mixed semidiurnal tide with a mean tidal range of about 2.06 m. The artificial reefs were deposited in 2018.
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FIGURE 1. Monitoring stations in the artificial reef ecosystem near Juehua Island in the Bohai Sea.




Sampling and Analysis

Phytoplankton, zooplankton, benthos, and nekton in monitoring stations were sampled and tested according to “Specifications for Oceanographic Survey—Part 6: Marine Biological Survey” (GB12763.6-2007). Zooplankton was collected with NORPAC plankton net (mesh 300 μm) by horizontal towing method at 1.5-m depth, and phytoplankton samples were collected with Kitahara plankton net (mesh 80 μm) using exactly the same method as zooplankton sampling. The net was towed from south to north at a 2-knot boat speed in 5 min. Samples were preserved in 250-cc plastic bottles and fixated with 1% Lugol’s solution. Chlorophyll a concentration was measured in 1 L sampled seawater and collected by the filtration of the seawater. Marine sediments were extracted by a bottom grab sampler with 0.05 m2. The preserved sediment sample was washed through the sieves of 63- and 500-μm mesh opening to remove sand and clay from the sample. Then, the floatation technique in silica colloidal (LudoxTM) with 1.15 of specific gravity was used to extract meiobenthos from fine particles in the residue on a 63-μm mesh sieve. The extracted meiobenthos was washed with filtered freshwater through a 63-μm mesh sieve. The residue on a 63-μm mesh sieve was moved into a mixture of 10% glycerin and 90% ethanol solution in a plastic bottle. Nektons were collected by 8-m trawls at a stable boat speed in 30–60 min.

Species identification of phytoplankton, zooplankton, and meiobenthos was performed with an optical microscope, and Chlorophyll a was determined by spectrophotometry. Phytoplankton biomass was transformed on the basis of Chlorophyll a concentration, and zooplankton biomass is calculated as follows:
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where Pz is biomass on the unit area (mg/m2), mz is the wet weight of zooplankton, V is filtered water amount (m3), and L is the length of rope.

Benthos biomass is computed as follows:

[image: image]

where Pd is benthos biomass on the unit area (mg/m2), md is the wet weight of benthos, and S is the opening area of the bottom grab sampler (m2).

Nekton biomass is estimated by stock density method with the following formula:
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where Pn is nekton biomass on the unit area (kg/km2), c represents trawl yields per hour (kg/h), α is sweep area per hour (km2/h) that equals the product of expanded width of net mouth (km) and trawl speed (km/h), and q is capture efficiency whose default value is 0.5. All biomass is unified at the wet weight (t ⋅ km−2).



Model Analysis

Based on survey datum of Juehua Island in summer and autumn of 2019, food web models were established to analyze the structure and functional variation of community matrices by EwE. The food web stability of artificial reefs was evaluated by the Ecosim models driven by Ecopath, and consequently, the effect of ecological restoration can be assessed.


Functional Groups

In total, 12 functional groups and 16 functional groups in summer and autumn, respectively (Table 1), were identified according to division rules that are essentially the same to ensure the comparability of the two seasons. Charybdis japonica is further classified into juvenile and adult groups in autumn for more precise diet proportion since it plays an important role in the autumn survey and has a different diet during growth.


TABLE 1. Functional groups of Juehua Island ecosystem in summer and autumn of 2019.
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Model Parameters

For the Ecopath model of Juehua Island, the input data include biomass (B), production/biomass ratio (P/B), consumption/biomass ratio (Q/B), ecotrophic efficiency (EE), diet composition, and fishery landings. B is estimated based on the marine survey. P/B and Q/B ratios are primarily referenced to the values of nearby Ecopath parameters seawater. Most EE values are estimated by the model. Diet composition is initially assigned according to Fishbase and stomach content analysis. The landing data are collected primarily from peer-reviewed publications, stock assessments, and government reports.



Model Calibration

There is an energy balance equation between input and output in the Ecopath model that adheres to ecological and thermodynamics law. EE and Q/B ratio are tested for a valid range which requires 0 < EE≤1 and 0.1 < P/Q < 0.3. If EE is greater than 1, the corresponding functional group has undergone overhunting and overfishing. P/Q lie in 0.1 and 0.3 as the consumption of most organisms is generally believed to be 10–30% of its production. For functional groups without balance energy, P/B, Q/B ratios, and diet matrix are adjusted until all EEs reach a reasonable level to ensure energy flow balance.

Pedigree coefficient (P) is defined to indicate the uncertainty of input parameters and model quality in Ecopath. The coefficient P is defined as follows:
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where Iij is the pedigree coefficient of functional group i and input parameter j that may be B, P/B ratio, Q/B ratio, and diet matrix (DCij). While statistics in Morissette et al. (2006) showed that all pedigree coefficients of 150 Ecopaths from all over the world are between 0.16 and 0.68, the pedigree coefficients are 0.38 and 0.44, which testify the credibility and reliability of o ur model.




Food Web Traits and Stability Metrics


Food Web Traits

The Ecopath model can calculate multiple indicators for the evaluation of ecosystem functioning that include intrinsic structure and external pressure. We chose four complexity metrics (i.e., richness, connectance, omnivory index, and interaction strength), two energy recycling metrics (i.e., Finn’s cycling index and Finn’s mean path length), three maturity metrics (i.e., total net primary production, the ratios of total primary production (TPP) with total respiration, and ascendency), and two fishery metrics (i.e., fishery efficiency and mean trophic level of catches). Food web structure is depicted by complexity, energy recycling, and maturity metrics, and fishery metrics represent environmental pressure. All data are transferred by a natural logarithm to satisfy the normal distribution hypothesis.



Stability Metrics

This study focuses on two widely discussed categories of stability metrics: local stability and non-local stability. The former indicates the stability of the ecosystem near the equilibrium point. It is quantified by Re(λmax) that is the real part of the maximum eigenvalue of community matrix C, with a smaller value suggesting higher local stability. Lotka–Volterra interaction coefficient (αij), representing the effect of predator j on the per capita growth rate of prey i, is estimated as follows:
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αji, representing the effect of prey i on the per-capita growth rate of predator j, is estimated as follows:
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where,
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is the predator conversion efficiency.

Since we focused only on interspecific interactions, diagonal elements αii are set to zero. Community matrix C is obtained through multiplying interaction matrix A = [αij] by corresponding biomass and
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The non-local stability reflects the overall characteristics of the ecosystem responding to relatively large perturbations. To simulate external disturbance, we increased fishing effort by 50% in Ecosim, which is observed as a moderate impact of fishing (Marco and Wolff, 2002; Adam et al., 2015). The disturbance remains constant during the first 10 years, then decreases to the baseline, and continues for the next 70 years (Marcelo et al., 1997). The three aspects of non-local stability are measured based on the ratio of simulated biomass to initial values (Pérez-España and Arreguın-Sánchez, 1999). Resistance reflects the ability of an ecosystem to maintain its original state in the context of disturbances. It is calculated as the reciprocal of the magnitude of biomass change (the difference between the maximum and minimum biomass values during the simulation). Resilience is defined as the speed at which species return to initial values after perturbations (Pimm and Lawton, 1978), and the resilience of an ecosystem depends on the least resilient species (Blanche et al., 2015). It is computed as the inverse tangent of the ratio of the magnitude of biomass change to recovery time (the time required to recover to original biomass values) (Pérez-España and Arreguın-Sánchez, 1999). Variability is the variance of biomass during simulation, which is quantified as the coefficient of variation of population biomass (the SD of population biomass divided by the mean value).





RESULTS AND DISCUSSION


Food Web Traits

Functional groups increase from 11 to 15, corresponding to summer and autumn in 2019, and species with a high trophic level, such as platycephalus, Paralichthys olivaceus, and less yellow croakers, are found in autumn but not in summer (Table 2). As is suggested in most marine surveys, the species in summer are believed to be more plentiful than in autumn, since migratory fish schools enter the Bohai area for food in spring and leave in autumn. However, our research tells a different story: the species in autumn are more diversified than in summer. One possible reason for our paradoxical results is that marine living are attracted to the artificial reef that provides more suitable habitats and thus biodiversity in the artificial reef is enhanced. The other contributing factor may be the fishing moratorium in summer that leads to the recovery of fish richness and fish resources. The omnivory index and the connectance index are almost the same in summer and autumn, whereas a minimal decrease in food web connectance could be observed from summer to autumn in 2019.


TABLE 2. Food web trait metrics of artificial reef of Juehua Island in summer and autumn of 2019.
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The recycling metrics Finn cycling index (FCI) and Finn mean path length (FML) have increased by 112.97 and 16.36% from summer to autumn, respectively, which indicates obvious promotion of matter recycling proportion, organic matter flow, and cycling diversity in autumn compared with that of summer. A longer cycle period and a slower cycle are manifested in autumn. Maturity metrics TPP/TR (the best indicator for food web maturity) and TPP/TB show a decrease from summer to autumn. Results showed that the artificial reef near Juehua Island has good maturity with TPP/TR of 1.76 and 1.07 in summer and autumn, respectively, and maturity in autumn is higher than that in summer.



Food Web Structure

The food web of artificial reef of Juehua Island mainly consists of graze and detritus food chain. During summer, twelve functional groups of artificial reef occupy three trophic levels (assessed by EwE) with a range of 1.00–3.63 where Cynoglossus joyneri has the highest trophic (Figure 2A). In contrast, in autumn, 16 groups are divided into four levels with a range of 1.00–4.20 where P. olivaceus is at the top of the food chain (Figure 2B). The bottom of food webs from summer to autumn remains the same: detritus, phytoplankton, zooplankton, and other benthos.
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FIGURE 2. Food web of artificial reef of Juehua Island in summer (A) and autumn (B) of 2019.




Food Web Stability

The food web stability, local and non-local, decreases mildly from summer to autumn since Re(λmax), resilience, and variability in autumn are higher than in summer, whereas resistance got worse at the same time (Table 3). The result did not support the assumption that artificial reefs can improve food web stability in Juehua Island. This occurs because the restoring time is too short to let the fish community arrive at equilibrium. As artificial reefs planning started in September, 2018 and the release launch took place in January, 2019, the time from reefs launching to this marine survey is less than 1 year. In most cases, it takes 4–5 years for the fish community to reach its steady-state after artificial reefs are thrown into the ocean bottom since reefs would generate some disturbance on fishes and invertebrate communities nearby. To precisely evaluate the recovering effect and stability promotion of the sea area near Juehua Island after the launch of artificial reefs, a tracking survey must be conducted along the long-term scale until a stable point of the community is reached.


TABLE 3. Food web stability of artificial reef of Juehua Island in summer and autumn of 2019.
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Food Web Function

The energy flow proportions of phytoplankton to the total energy in the summer and autumn of 2019 are greater than that of detritus (Figure 3), which indicates that the food web of reefs in Juehua Island is dominated by the graze food chain. Trophic levels I and II take 65.59 and 34.01% of the total energy in summer and take 51.41 and 48.26% in autumn, respectively, which shows that the energy flows in Juehua Island give priority to lower trophic species, and the energy flows between level III and above are poorer for the absence of high-trophic marine living, although the use of detritus and primary production in the ecosystem is improving from summer to autumn.
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FIGURE 3. Energy flows of the artificial reef food web in summer (A) and autumn (B) of 2019.


Energy flow efficiencies were approximate and improved a bit from summer to autumn (Table 4), whereas they are less than Lindeman’s efficiency of 10%. The efficiencies from trophic level II to level III in summer and autumn are both around 1%, which manifests that low efficiency from trophic level II to level III is the main cause of the inefficiency of the total food web. The low resource of trophic level III cannot consume explosive growth biomass of level II since there is a great rise in plankton, benthos near reefs, and filter feeder adhering to fish reefs as a result of expanding habitat space and enough bait of artificial reefs. There is a transferring bottleneck from trophic level II to level III for its low efficiency. New species in autumn, such as platycephalus and P. olivaceus with trophic level IV that feeds on C. joyneri, Setipinna taty, goby, and anchovy, speed up the consumption of living in trophic level III, but the flow efficiency from level III to level IV declined from summer to autumn. This may be caused by the catch reduction of trophic level III biomass. Energy flow efficiency from level IV to level V has a slight increase due to additional fishery of high trophic species. In brief, the lack of high trophic species brings about the low energy flow efficiency in Juehua Island although the efficiency goes up slightly from summer to autumn. To get the normal efficiency of energy flows in Juehua Island, the resource of high trophic species must be enhanced for a long time.


TABLE 4. Energy flow efficiencies of the artificial reef food web in summer and autumn of 2019.

[image: Table 4]


Food Web Loop Analysis

Loop weights of the community matrix are almost symmetric at zero for a given length, and their absolute values decrease with length increasing (Figures 4C,D), which means that long loops relatively contain many weak links. The three-species omnivory feedback loop has a maximum weight that is close to four in summer (Figure 4C) and exceeds four in autumn (Figure 4D). The maximum weight loops that are considered as the most dangerous ones for food web stability are both other benthos, zooplankton, and phytoplankton in summer and autumn in Juehua Island of 2019 (Figures 4A,B), which confirms the conclusion that lower trophic level is dominant in the food web of Juehua Island. The largest interaction strength −81.2 is from zooplankton to phytoplankton, whereas the mean interaction strength is 3.6 in summer and autumn. To improve food web stability in Juehua Island, one effective method is to reduce the predator-prey negative interaction strength between zooplankton and phytoplankton by promoting zooplankton biomass.
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FIGURE 4. The mean loop weights that are defined as the geometric mean of the values of the interaction strengths in the loop and their maximum of different lengths in the summer and autumn in Juehua Island of 2019. The maxima both occur at the smallest omnivory feedback loop (length three). (A) Benthos, zooplankton, and phytoplankton have maximum loop weight among all loops in the summer of 2019 in Juehua Island since the interaction strength from zooplankton to phytoplankton is –81.2 that far outweigh the other interaction strengths. (B) The maximum weight loop in autumn is the same as the one in summer. (C) All loop weights of different lengths in summer. (D) All loop weights of different lengths in autumn.





CONCLUSION

Artificial reefs are often used to restore the degraded marine ecosystem. This study analyzed the seasonal variations, structure, stability, and function of a typical artificial reef food web. We found that the structure (species number, trophic level, and interaction), function (energy cycle proportion, energy complexity, and energy transfer efficiency), and maturity of the food web increased from summer to autumn. However, no significant change for food web stability was found between the two seasons, which is possibly due to the relatively slow process for stability restoration. Furthermore, the feedback loop analysis revealed that interaction strengths in the omnivorous feedback loop (benthos, zooplankton, and phytoplankton) are the maximum loop, which suggests that the predator-prey negative interaction strength between zooplankton and phytoplankton dominates the stability of the artificial reef, whether in summer or autumn. This study also suggests that stability is a more robust indicator for ecosystem assessment and could provide useful information in future restoration plan of the marine ecosystem.
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Regular oxygen depletion is occurring every summer in the depression area of the Bohai Sea. The community structure and potential functions of microbes in expanding marine hypoxic area are of great importance due to their roles in biogeochemical cycling. In this study, the diversity and distribution of bacteria based on 16S rRNA gene in sediment along an inshore-offshore transect across the oxygen-depletion area in the Bohai Sea was investigated in June, July and August of 2018 by employing high-throughput sequencing. Results revealed that the bacteria community was dominated by Proteobacteria (42.67%), Actinobacteria (14.13%), Chloroflexi (13.02%), Acidobacteria (8.01%), and Bacteroidetes (6.30%). During oxygen depletion, the bacteria community from inshore site A3 subjected to dramatic variation from June to August, but the composition tended to be stable in sites from the depression area along the transect. Distinct switch of bacteria from aerobic to anaerobic group was observed when the DO concentration <4.2 mg/L, typically represented by dominance of Anaerolineaceae in August sample. Further, KEGG prediction by PICRUSt confirmed the variations by showing significant difference in functional pathways, especially the nitrogen metabolisms, before and after DO depletion (p < 0.05). These variations could be influenced by depth, NO2– concentration and DO availability based on RDA analysis. The details in diversity and composition of bacteria under continually observation provide insights into both instant and long-term response of bacteria community to oxygen depletion, and the distinct functional switch under this process expands our knowledge on the metabolic character of bacteria in worldwide hypoxia areas.
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INTRODUCTION

As a vital part of marine ecosystem, sediments are impacted by geological, hydrodynamical, physicochemical and biological processes (Köster and Meyer-Reil, 2001) and acting as both source and sink of adsorbed nutrients (Zhou et al., 2017), heavy metals (Dou et al., 2013), and persistent hydrophobic organics (Lofrano et al., 2017). The microbes that living in the sediments are responsible for various biogeochemical transformations and organic matter decomposition by means of uptake and release of chemicals (Petro et al., 2017). Due to excessive anthropogenic nitrogen inputs resulted from application of synthetic nitrogenous fertilizers and industry activity, nitrogen pollution in coastal ecosystem has led to deleterious ecological changes (Canfield et al., 2010; Cui et al., 2013). The negative effects including eutrophication and harmful algal blooms (Anderson et al., 2002; Bricker et al., 2008), expanding hypoxia and anoxic zones (Diaz and Rosenberg, 2008; Paulmier and Ruiz-Pino, 2009; Breitburg et al., 2018) are increasing in high frequency. Additionally, as a key environmental factor, dissolved oxygen (DO) affects biochemical processes of marine organisms and also acts as one of the vital drivers in the global carbon and nitrogen cycling (Voss et al., 2013; Mahaffey et al., 2020). Bacteria is an important contributor to the net loss of fixed nitrogen in oxygen minimum zones (OMZ) of oceans (Lam et al., 2009; Ward et al., 2009; Stramma et al., 2020). At the same time, some autotrophic denitrifying bacteria and anaerobic ammonium oxidizing (anammox) bacteria are also involved in the fixation of carbon dioxide (CO2) by activating electron acceptors: the former fixes CO2 while reducing sulfur, forming compounds with nitrate; the latter fixes CO2 while oxidizing ammonium plus nitrite to dinitrogen, both of which are under anaerobic environment (Koeve and Kähler, 2010).

Certain bacterial community are sensitive enough to be an indicator when inferring bacteria changes under hypoxic environment (Wright et al., 2012), such as Proteobacteria, Bacteroidetes, Actinobacteria, and Planctomycetes. Some members belonging to the suboxic-related phyla can use electron acceptors as an alternative to oxygen, by which mechanisms driving changes in the bacterial community to response oxygen depletion or totally lack of dissolved oxygen. Therefore, the community composition of bacteria and unique biogeochemical cycling processes in hypoxic area have been extensively studied in recent years (Beman and Carolan, 2013; Li et al., 2014; Fuchsman et al., 2019; Sen et al., 2021). Certain bacteria have been reported to be adapted for low-oxygen environments, such as SAR11 bacteria, NC10 bacteria and Protochlorococcus (Füssel et al., 2012; Padilla et al., 2016), which are related to ocean hypoxia and nitrogen loss and generally distributed in the core hypoxic area with high abundance (Thiele et al., 2019) or intensive activity (Tsementzi et al., 2016). In addition, some investigations have determined the metabolic basis for SAR11 and confirmed their role as a model to study the carbon and nitrogen cycles in the OMZs (Tsementzi et al., 2016; Bertagnolli and Stewart, 2018; Ruiz-Perez et al., 2021). However, direct clues on the effects of oxygen depletion on bacterial diversity and metabolism are still limited. Therefore, to explore the response mechanism of the functional bacterial groups in hypoxia environment is of great importance.

It is a common method to achieve information about bacteria diversity and abundance by profiling the 16S-rRNA gene. Moreover, examining the functions of bacterial communities is critical for estimating and understanding of how bacterial communities respond to the changes of ecosystem (Ward et al., 2017; Escales et al., 2019). Recent investigations on functional potential prediction of bacteria by employing PICRUSt2 in different environments, including soils (Toole et al., 2021), seawater (Xue et al., 2021), marine sediment (Su et al., 2018) are in help to decipher the detailed function variations successfully. In addition, benefiting from the function prediction of bacteria from the 16S rRNA gene sequences solely, diverse unknown microbes could be identified phylogenetically (Tsaban et al., 2021). With the unique contribution of each clade to Kyoto Encyclopedia of Genes and Genomes (KEGG) pathways are developed, PICRUSt2 prediction is increasingly applied in microbial ecology studies.

Bohai Sea, with an area of 77,000 km2 and the average water depth of 18 m, is semi-enclosed and located in northern China. It is characterized by a long water exchange half-life as much as 17–21 months (Hao et al., 2002; Luo et al., 2021). Due to the long-term impact of industry and agriculture, heavy metal pollution and excessive inorganic nitrogen has been accumulated in the Bohai Sea (Duan and Li, 2017; Mu et al., 2017), which led to severe eutrophication and the formation of oxygen-deficient zone in the central Bohai Sea (Zhao et al., 2017). Microbes are suffering from severe ecological pollution but also argued to be key for remediation since the denitrification bacteria could remove excessive nitrogen from marine environment. Based on current study on microbial composition, Proteobacteria and Bacteroidetes are widely distributed in Bohai Sea sediments (Wang et al., 2013, 2014; Li et al., 2017), with temperature and DO are the key impacting factors. Moreover, other environmental vital drivers such as salinity (Lv et al., 2016) and pH (Zhang et al., 2017) have been proved to determine bacterial communities also. However, to the best of our knowledge, the detailed information on bacteria diversity in the coastal Bohai Sea sediments remain limited, and none of the above studies put emphasize on the variation of bacterial communities under hypoxia in sediment of Bohai Sea.

In this study, the diversity and distribution of bacteria along one transect covering inshore and oxygen-depleted offshore area of Bohai Sea were investigated from June to August, 2018. By employing 16S rRNA gene high-throughput sequencing, in combination with metagenomic analysis, bacteria diversity, distribution, phylogeny and functions during oxygen depletion was evaluated and predicted. Furthermore, key environmental factors driving the bacterial communities were discussed. All of which provide insights into the relationship between oxygen depletion and relating microbial functions.



MATERIALS AND METHODS


Sample Collection

Samples were collected in four cruises carried out in June, July, early and late August of 2018, respectively, in the Bohai Sea along one inshore-offshore transect (A3–A7:39.38°–39.69°N, 119.63° –120.55°E) (Figure 1), details of sampling site and date were listed in Supplementary Table 1. The sediment samples were collected in stainless steel 0.1 m2 GyO’Hara box corer, and the top 1–2 cm surface sediment were gently scraped off before subsampling were made after homogenization. All the samples were stored in sterilized 60 ml centrifuge tubes and frozen in liquid nitrogen immediately. It is worth to note that samples were attached to dry ice during transportation and then stored at –80°C until DNA extraction.
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FIGURE 1. Map showing the sampling sites in Bohai Sea along inshore—offshore transect. The blue dash line oval showing the reported hypoxic area.




Physic-Chemical Parameters

At each site, the salinity, dissolved oxygen (DO), pH, and temperature of seawater was recorded in situ by employing the SeaBird model SBE9 conductivity-temperature-depth (CTD) recorder (Sea-Bird Electronics). The pore water from sediment cores were obtained by centrifuging at 6,000 r/min and poisoned by HgCl2 before analysis. Concentration of ammonium, nitrite and nitrate were determined by using a AA3 nutrient Auto Analyzer.



DNA Extraction and High-Throughput Sequencing

The DNA extraction and PCR amplification were following the published procedures (Wang et al., 2019) with replacement of primer sets targeting the V3, V4 region of 16S rRNA gene. Phylogenetically diagnostic sequences were amplified using the universal primers 338F (5′-ACTCCTACGGGAGGCAGCA-3′) and 806R (5′-GGACTACHVGGGTWTCTAAT-3′) (Dai et al., 2016). High-throughput sequencing was performed using Illumina MiSeq system (Illumina MiSeq, United States).



Statistical Analysis

The OTUs (operational taxonomic units) were defined by 97% identity for taxonomy assignment using Uclust method (Edgar, 2010). Rarefaction analysis was performed for all the OTUs using Mothur (version v.1.30) and R with the aim to ensure the amount of the sequences was as reasonable as possible (Supplementary Figure 1). Mothur software was then used to evaluate the species richness and alpha diversity index of the samples (Shannon, Simpson, ACE and Chao 1). Beta diversity at phylum level was calculated between the five sites and four sampling time using non-metric multidimensional scaling analysis (NMDS) based on binary-jaccard distance using the R (3.6.3). Phylogenetic analysis of the representative sequences from dominant OTU (top 18 OTUs of 16S rRNA gene) was conducted with the software of MEGA7.0. Neighbor-joining tree of the representative OTUs and the reference sequences from NCBI GenBank was established with 1,000 replicates of bootstrap value. Bacterial community dynamics at generic level with eight environmental variables (Temperature, salinity, pH, DO, NO3–, NO2–, NH4+) were analyzed using canonical correspondence analysis (CANOCO v.5.02) and mapped with R language vegan package. Significance test was conducted using one-way ANOVA by employing SPSS 17.0.



Functional Prediction of Bacteria by PICRUSt

Functional potential of microbial communities in sediment samples were predicted using PICRUSt (phylogenetic investigation of communities by reconstruction of unobserved states) (Langille et al., 2013). PICRUSt is a bioinformatics tool that predicts the functional composition of a metagenome using 16S rRNA gene sequences and a reference genome database. Sequences used for PICRUSt prediction were clustered into OTUs (97% similarity) against the Greengenes 13.5 database using QIIME2 software (version 2.9.1). Then the rarefied OTU table was used for normalization of 16S rRNA gene copy numbers. The normalized OTU table and the KEGG database were compared to obtain different function files for each sample. Finally, PICRUSt was used to obtain information at three pathway levels. The KEGG orthology (KO) genes that involved in nitrogen transformation in the KEGG database were compared with the PICRUSt function prediction results, and the KO related to nitrogen metabolism with the gene copy numbers in the respective sample was selected for analysis.



Nucleotide Sequences Accession Numbers

The annotated nucleotide sequences of 16S rRNA gene were deposited to NCBI under accession numbers SRR17253936-SRR17253955.




RESULTS


Biogeochemical Characteristics of Bohai Sea

In total, 20 sediment samples were collected from 5 sites and 3 months along inshore-offshore transect covering oxygen depletion area (Supplementary Table 1). The hydrological parameters (except depth and NO3–) showed significant variation before and after DO depletion (p < 0.05, Supplementary Table 1), but no significance was observed among sites within each sampling time. As shown in Supplementary Figure 2, both DO and salinity decreased in August, especially in the reported oxygen depletion area (sites A4–A7 in this study). At the same time, concentration of NO2– and NH4+ were also accumulated in August. The variation of NO3– concentrations was not significant in sediment across sampling time, and the highest value occurred in August A5 site, which was also core of the oxygen-depletion zone.



Community Composition of Bacteria During Oxygen Depletion

By applying high-throughput sequencing targeting V3, V4 region of bacterial 16S rRNA gene, 1,198,861 reads and 77,560 clean reads were achieved from 20 samples. Based on 97% similarity, 8,032 OTUs were identified by reference from NCBI. A rarefaction curve was plotted with 34,070 sequences for each sample (Supplementary Figure 1). The community composition revealed by 16S rRNA gene at phylum level and genus level was shown in Figure 2. In general, Proteobacteria dominated by 42.67% among all the detected communities, followed by Actinobacteria (14.13%), Chloroflexi (13.02%), Acidobacteria (8.01%), Bacteroidetes (6.30%), and Gemmatimonadetes (2.95%). Phylum of Proteobacteria was mainly composed of classes Gammaproteobacteria, Deltaproteobacteria, and Alphaproteobacteria, among which, Gammaproteobacteria obviously was the most dominant class (19.12%). The relative proportion of every phylum within each sample was changing between sampling sites and time. Proteobacteria was most abundant in A3826 (56.75%), but overall, they tend to distribute in offshore sites (Figure 2B). From A3 to A5, Chloroflexi was less than Actinobacteria in June and July, but greater than Actinobacteria when time turned to August. But this variation was observed in the offshore samples A6 and A7. With their location in the reported core hypoxia area, the relative abundance of these phylum kept constant along the four sampling times. Phylum Firmicutes was only abundant in A3 and A4 sites before the oxygen began to deplete. For the dominant phylum, strong variation was observed in inshore sites, and their relative composition tend to be stable in the offshore and core hypoxia sites.
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FIGURE 2. The community composition of dominant bacteria at phylum and genus level from each sampling time (A) and site (B).


Switch of bacteria was observed after oxygen depletion. Members of class Acidimicrobiia under phylum Actinobacteria were dominant in June and July, genus Woeseia (9.61%) of Proteobacteria was dominant and evenly distributed at all sites across all sampling time, and their dominance was replaced by the anaerobic bacteria Anaerolineaceae that belonging to Chloroflexi by 12.5% in August (Figure 2A). In addition, specific genera including Amphiplicatus, Ellin6067, Dokdonella, Defluviimonas from Proteobacteria, OLB12, and Rikenella from Bacteroidetes, Lactobacillus from Firmicutes and Mucispirillum from Deferribacteres, most of which were aero-tolerant or anaerobic bacteria, were also detected as a result of oxygen depletion with first occurrence in August samples.

The spatial distribution of bacteria was evaluated by non-metric multidimensional scaling (NMDS) analysis based on the binary-jaccard method (Figure 3). Samples from the same sites were clustered together, while samples from different sampling time were separately distributed. Among which, samples from A6 and A7 overlapped with each other, which suggested the high similarity of community composition of bacteria in A6 and A7.
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FIGURE 3. Non-metric multidimensional scaling (NMDS) plot depicting phylum-level bacteria composition of each sample from different sampling time and site. (Axis define 2D space that allows the best spatial representation of sample distance, based on binary-jaccard distance with stress = 0.154. The points in different color represent sampling sites, different symbol represent sampling time, and the distance between points represents the degree of difference).




Spatiotemporal Variations of Alpha Diversity

ACE and Chao 1 indices showed that the greatest diversity of 16S rRNA gene was observed at the offshore site A6 in June and July, while the lowest value occurred at the nearest inshore site A3 in Late-August. The diversity indices decreased slightly in the reported core oxygen depletion sites when oxygen began depleted, but decreased sharply in site A3, which subjected to low DO only in this study. The indices of Shannon and Simpson showed consistent trend with ACE and Chao1. Spatially, the diversity of the 16S rRNA gene was higher at offshore sites than the inshore; temporally, higher diversity was appeared in June, and decreased in August. As shown in Table 1, the differences observed was not significant between sites or sampling times (p > 0.05).


TABLE 1. Alpha diversity index of 16S rRNA.
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Functional Prediction of Bacteria by PICRUSt

Community prediction using PICRUSt was performed to determine the function of the observed bacteria. Based on the KEGG database, 6 categories of biological metabolic pathways were obtained, including metabolism, genetic information processing, environmental information processing, cellular processes, human diseases and organismal systems. Metabolism, genetic information processing and environmental information processing appeared to be the primary components, accounting for 51.88, 20.22, and 11.12% of all components, respectively. An analysis on the secondary functional levels of predicted genes identified 39 sub-functions, with relative abundance greater than 1% are shown in Figure 4A. A large proportion of the microbial functions were found in carbohydrate metabolism (9.76%), amino acid metabolism (9.63%), membrane transport (9.40%), energy metabolism (9.11%), replication and repair (8.78%), translation (6.09%), metabolism of cofactors and vitamins (5.37%), and nucleotide metabolism (4.23%). The results showed that the relative abundance of bacteria in the carbohydrate metabolism and membrane transport was higher in the nearshore station (DO sufficient area). The abundance of bacteria in relatively offshore sites (DO depletion area) was high in other functional pathways that account for a relatively large proportion.
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FIGURE 4. Heatmap profiles showing the functional categories (KEGG level 2) of bacteria communities predicted by PICRUSt analysis (A) and nitrogen metabolism-related KO based on predicted gene copy (B) in each sampling time and site. (Rows represent the 22 KEGG orthology (KO) functions, columns represent the twenty samples, and the color intensity in the heatmap represents the relative abundance (%) of the functional genes. Pathways are displayed on the y axis, the number (1–5) in front of pathway names correspond to the number (1–5) of Pathways Level 1 shown on the right).


To gain more insight into nitrogen metabolism, the functional genes that involved in nitrogen metabolism were analyzed further and 31 KOs relating to nitrogen metabolism with the corresponding gene copy numbers in the sample were selected (Figure 4B). Results showed that a majority of the genes were significantly differentiated among the sites (p < 0.05) (Supplementary Table 2). KO predictions K00366 (nirA), K00367 (narB), and K02575 (narK), which were associated with denitrification pathway, were highly abundant in oxygen-depleted sites for each month. Surprisingly, other denitrification related genes were abundant in nearshore sites, including K00371 (narH), K00370 (narG), K00374 (narI), K00363 (nirD), K00362 (nirB), where the content of DO was not depleted, but the dominance was weak. Additionally, during the transition period between non-hypoxia and hypoxia (sample from July), the expression of functional genes related to denitrification decreased significantly in sites A3 and A4 (p < 0.05) (Supplementary Table 2), which were only slightly recovered in August. The KOs responsible for nitrogen fixation were found to be abundant in offshore sites and August samples (DO-depleted areas) for the following genes: K01915 (glnA), K04751 (glnB), and K04752 (glnK), while differences in expression of functional genes were not significant in these samples.



Environmental Drivers on Community Compositions of Bacteria

RDA (redundancy analysis) was performed to find out the relationship between the environmental parameters and bacterial structure (Figure 5). Identified phylum along with 8 environmental variables (Depth, Temperature, salinity, pH, NO3–, NO2–, NH4+, DO) were analyzed using CANOCO. The length of an environmental parameter arrow in the sorting diagram indicated the strength of the relationship of that variable with community composition. For the first two RDA dimensions, 53.57 and 72.50% of the environmental variables were explained for the total variance, and the results showing that depth (p < 0.01), DO and NO2– (p < 0.05) were the key impact factors shaping the community composition encoded by 16S rRNA gene. NO2– and temperature were positively correlated with the samples in site A7, indicating the microbial communities from this site were significantly influenced by these two parameters. Depth and NO3– were positively correlated with samples from A5 and A6, and DO mainly influenced samples from A3 and A4. Further, a triplot revealed that Chloroflexi, Acidobacteria were positively correlated with NO3– and depth. The most abundant phylum, Proteobacteria was highly influenced by NO2– and temperature. In general, the concentration of nitrogen was key to the bacterial communities in the studied area. These results suggested that the distribution of bacteria was affected by multiple environmental factors rather than a single parameter.
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FIGURE 5. Redundancy analysis (RDA) shows the relationship between environmental variables and the bacteria communities.





DISCUSSION


Switch of Bacteria Community in Response to Oxygen Depletion

The ocean OMZs were found extending globally, typical OMZ had been reported from the Indian Ocean (Arabian Sea, the Bay of Bengal), the Pacific Ocean and the Atlantic (Namibian upwelling) (Stramma et al., 2008; Wright et al., 2012; Schmidtko et al., 2017). Under the increasing pressure of anthropogenic activity and climate change, oxygen depletion zone began to occur in central Bohai Sea (Zhai et al., 2012, 2020; Wei et al., 2019), with a regular occurrence every August ranging from 1.07 to 3.60 mg/L (bottom layer water) in the past 10 years. In our monthly investigation from June to August covering marginal and central Bohai Sea in 2018, although the disturbance by typhoon Yagi (landed on August 11 and continued until August 16, 2018) braked the layers and vertical mixing increased the DO content of the reported oxygen-depleted area, the gradually depletion of DO was also observed from July to August, and the lowest value was 4.2 mg/L in the reported hypoxic sites.

With key roles in metabolism played by marine microbes, dissolved oxygen had been confirmed to be an important impacting factor and further influence the microbial biogeochemical cycling in marine sediment (Durbin and Teske, 2012; Spietz et al., 2015; Lipsewers et al., 2017). The instant variations of bacteria composition in Bohai Sea sediment during the depletion of oxygen were revealed by our monthly investigations. Distinct switch of dominant groups, such as the continuous change of dominant groups from Acidimicrobiia in June, Woeseiaceae in July and Anaerolineae in August (Figure 2A), revealed the specific response of bacteria to oxygen depletion. Anaerolineae could thrive in anaerobic, organic carbon-enriched environments, and in turn, eutrophic and anoxic conditions in the marine sediment favored the proliferation of this group of bacteria (Moncada et al., 2019). Anaerolineae had been reported in the middle and deeper layers of the hypoxic coral reef sand (Red Sea), further indicating their preference to the oxygen depletion environment (Schöttner et al., 2011; Andreote et al., 2012), which was also in accordance with our study by showing dominance only in oxygen-depleted August samples. Switch of bacteria under depletion of oxygen was also reflected by the occurrence of the anaerobic species, including Rikenella (Abe et al., 2012), Lactobacillus (Marcial-Coba et al., 2018), and Mucispirillum (Herp et al., 2019). Although they were rare species, their instant response to oxygen depletion in our study were evidences for their potential ecological role in Bohai Sea. Furthermore, switch of bacteria also included some strictly aerobic species, such as Amphiplicatus, which was also a thermophilic bacterium (Zhen-Li et al., 2014). It could be suspected that the high temperature rather than DO facilitated their occurrence in August in inshore sites. Additionally, combined with the results from functional prediction, genes involved in denitrification were abundant in DO sufficient sites. Ellin6067 had been reported as a group of significant ammonia oxidizing bacteria (Podlesnaya et al., 2020) and could be inhibited by activity when DO content was low (Huang et al., 2018). The only occurrence of both Amphiplicatus and Ellin6067 in August in our study indicated that oxygen might not be a limiting factor but could be an indicator for their distribution in marine environment. Moreover, the distribution and diversity of bacteria was also influenced as a function of sediment annum or impacted by seasonality (Laverock et al., 2014; Ebah et al., 2016; Huang et al., 2018). Although in general the abundance and diversity of bacteria in June and July were higher than in August, the difference was not significant (p > 0.05), possibly because the short interval for our sampling time limited the transport and sedimentation of sediment since it was an inter-annual or seasonal event.



Diversity and Distribution of Bacteria in Bohai Sea Sediment

Bacteria in marine sediments had been widely studied, Proteobacteria, Actinobacteria, Chloroflexi, Acidobacteria and Bacteroidetes were revealed to be the main component in marine environment (Kerfahi et al., 2014; Walsh et al., 2016; Hoshino et al., 2020; Wang et al., 2020; Peng et al., 2021). But generally, and also obviously, the dominant groups varied due to the influence of geographical locations and environmental factors (Antunes et al., 2020). Compared to changes in relative abundance on a sampling time scale, Proteobacteria, Actinobacteria and Chloroflexi were evenly distributed among the studied sites, however, Acidobacteria and Bacteroidetes varied along the transect (Figure 2B). Acidobacteria, that were dominated in nearshore sites (A3 and A4), had been revealed to be involved in nitrate reduction process (Kielak et al., 2016). This may also be the reason for the high abundance of genes that mediate the denitrification process in nearshore sites (Figure 4B). Bacteroidetes had been reported to be preponderant in nutrient-rich waters (Gomes et al., 2019), which also in support of our results that the abundance of Bacteroidetes was higher in the nutrient-rich sites regardless of the sampling time. Most of the sequences assigned to phylum Actinobacteria belonged to class Acidimicrobiia, and two most representative OTUs were classified as uncultured Actinobacterium (previously classified as OM1 clade), an eosinophilic family (Goodfellow et al., 2012; Chen et al., 2016). This group of bacteria was usually abundant in high salinity and pH sediments, and related to the capability of metabolizing hydrocarbon compounds (Queiroz et al., 2020). Their great abundance in the studied sites might contribute to the degradation of severe oil pollution in the coast of Bohai Sea (Liu et al., 2016; Yu et al., 2018). Woeseia, which belonging to Proteobacteria and most abundant in the inshore sediments of the Bohai Sea, had the capability for both aerobic and anaerobic growth (Du et al., 2016). For oxygen-independent respiration, Woeseia may take part in a truncated denitrification pathway which including periplasmic dissimilatory nitrite and the membrane-bound nitric oxide reductase by employing NirS and NorB gene, respectively (Mußmann et al., 2017). This ubiquitous and abundant group might substantially contribute to nitrous oxide emissions from coastal sediments due to its truncated denitrification which revealed by our nitrogen gene function prediction results that the inshore sediments had more functional genes which playing role in denitrification. In addition, it proved that the role of coastal sediments in nitrogen loss made more contribution than assumed, and may account for a large part of the global oceanic powerful emission of greenhouse gas nitrous oxide.

Aiming to figure out the origin or the phylogenetic distance of bacteria in Bohai Sea sediment, with special focus on the oxygen depletion sites, the phylogenetic analysis was further performed with dominant sequences (top 18 OTUs) and the reference sequences from GenBank by constructing Neighbor-joining tree. Results revealed that bacteria from Bohai Sea oxygen depletion sites had a diverse phylogenetic relationship with bacteria in typical OMZs, such as the Yangtze River estuary, the Gulf of Mexico, the Arabian Sea, the west coast of the Indian Ocean, the North Indian Ocean, and the Bay of Bengal (Figure 6). Moreover, novel hypoxic-adapted species in the sediments of Bohai Sea were also predicted, such as OTU64, OTU82, which were grouped with reported OMZ species but formed a unique clade in the phylogenetic tree. Anaerolineae and SAR11, represented by OTU45, OTU62, respectively, clustered together with most of the sequences from OMZs. As mentioned above, Anaerolineae was strictly anaerobic, which was a typical and specific bacterium in the Bohai Sea oxygen depletion area. While for SAR11 members, which were group of aerobic Alphaproteobacteria, had the ability to assimilate nitrogen-rich organic compounds by allocating surrounding resources when experiences nitrogen stress (Smith et al., 2013). Therefore, this group of bacteria could function as a specific object for research on nitrogen cycle in hypoxic zone. Moreover, due to the close geographic distance, a high degree of kinship of Bohai Sea sediment with the sediment sequences in Jiaozhou Bay, the Yellow Sea and the South China Sea were revealed from the phylogenetic tree.
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FIGURE 6. Neighbor-joining phylogenetic tree of the dominant OTUs (Top 18) in the sediment samples of Bohai Sea (Bootstrap values were 1,000 replicates).




Environmental Factors Shaping the Community Composition

As early as decades ago, a number of studies supported the view that different depth would be associated with changes in sediment bacterial community composition (Urakawa et al., 2000; Haglund et al., 2003). At present, Huang et al. (2018) mentioned that nitrification bacteria were highly abundant in shallow sediments, which may explain our result that high abundant functional gene related to nitrification were observed in offshore sites where sampling depth was shallower. Additionally, NO2– played a key role in shaping bacterial community. As an important substrate in the nitrogen cycle, nitrite participates in the nxr-mediated NO2– to NO3– nitrification process and denitrification pathway mediated by nir which reducing NO2– to NO (Zumft, 1997). Nitrite contents and sampling depth may make influence on nitrogen transforming bacteria, especially the nitrifier and denitrifier communities. Furthermore, a recent study found that the nitrogen transforming microbial communities in the hypoxia area and non-hypoxic area of the Yangtze River Estuary are different (Wu et al., 2019), which was highly consistent with our study, that denitrifiers prefer non-hypoxia area and genes involved in nitrification dominant in oxygen depletion area. Dissolved oxygen content substantially influenced bacterial structure and potential function with the discovery and expansion of the global ocean hypoxic zone.




CONCLUSION

During the occurrence of oxygen depletion from June to August, distinct community switch of bacteria was observed in the sediment of Bohai Sea. Members of class Acidimicrobiia and genus Woeseia affiliating with Gammaproteobacteria dominated before oxygen depletion, while Anaerolineae affiliating with Chloroflexi was absolutely dominant in August when DO < 4.2 mg/L. Occurrence of anaerobic rare species after oxygen depletion indicated their potential roles in Bohai Sea sediment. Spatially, Proteobacteria distributed evenly from inshore to offshore regardless of sampling time, however, relative abundance of Actinobacteria and Bacteroidetes varied among inshore sites but tended to be stable in offshore sites. Firmicutes was only abundant in nearshore and oxygen sufficient samples. KEGG pathways prediction by bacterial community showed significant variation before and after DO depletion (p < 0.05). the Predicted functional genes involved in nitrogen metabolism revealed abundant denitrification pathways in both oxygen rich (inshore) and depleted samples (offshore), while nitrogen fixation pathway was only abundant in oxygen-depleted sites. Local environmental factors including depth, NO2– together with DO play important roles in shaping bacterial community (p < 0.05). Variations in diversity and distribution of bacteria communities over oxygen depletion in the sediment of Bohai Sea provided detailed insights into bacterial response to world expending OMZs.
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The oxidation of nitrite to nitrate as the second step of nitrification is vital for the global nitrogen cycle, and the genus Nitrospira is the most widespread nitrite-oxidizing bacteria (NOB) in diverse natural ecosystems. However, our understanding of Nitrospira distribution and their response to dynamic environmental parameters is still limited in the subterranean estuary (STE), a special environment of the mixed zone between land and sea. In this study, Nitrospira communities were collected within 5–10 cm depth intervals of sediments with the physiochemical gradients along the transections of the Daya Bay (DYB) from the landward member to the seaward member. The abundance, community structure of Nitrospira, and their potentially influencing environmental factors were investigated using Q-PCR, the high throughput sequencing targeting Nitrospira nxrB gene, and biostatistics analyses. The abundance of Nitrospira showed uniform distribution along the transections, but significantly decreasing variations were observed from the surface (<20 cm) to the bottom (>20 cm) of sediments. The community diversity and structure of Nitrospira also displayed a remarkable vertical distribution in the DYB (STE), although no significant differences were observed along the transections of STE. Nitrospira marina (N. marina) predominated in the sediments, Candidatus Nitrospira bockiana (Ca. N. bockiana), and Candidatus Nitrospira defluvii (Ca. N. defluvii) were the main Nitrospira species, and Candidatus Nitrospira lenta (Ca. N. lenta) and Nitrospira japonica (N. japonica) also existed with relatively low abundance in the DYB (STE). These findings revealed that Nitrospira species (Ca. N. defluvii, Ca. N. lenta, and N. japonica) derived from activated sludge was also widespread in natural habitats and deduced that the STE may be affected by the pollution derived from terrigenous human activities. The statistical analysis combined with the STE dynamic variation indicated that dissolved organic carbon (DOC), salinity, and ammonium along the sediment depths attributed to the vertical community distribution of the Nitrospira species. In summary, the vertical distribution of Nitrospira and their response to the dynamic physicochemical parameters imply their important role in the nitrite oxidation of the STE and provide insights into the niche differentiation and diversely physiologic metabolism of NOB.
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INTRODUCTION

The subterranean estuary (STE), an unconfined aquifer mixed with land fresh water and seawater, is the transition zone between land underground runoff and the ocean in the surface estuary (Moore, 1999). Due to the influence of tides, waves, and other geochemical factors, the STE forms a dynamic redox state, which leads to the occurrence of complex biogeochemical reactions and makes the STE become a very active and strong area of biogeochemical reactions (Santos et al., 2009). The inorganic nitrogen in the STE comes from both the input of freshwater groundwater and the mineralization products of organic matter input through seawater circulation (Santos et al., 2009). Therefore, the STE is a key “Filter” of nitrogen compounds derived from terrestrial and marine ecosystems. In recent years, some studies have confirmed that groundwater discharge, especially the submarine groundwater discharge (SGD) of the STE, contributed a large part of the nutrients (especially the nitrogen budget) input to coastal water and has an important impact on the coastal ecosystem (Moore, 1996; Hwang et al., 2005; Lee and Kim, 2007; Smith and Swarzenski, 2012; Sáenz et al., 2012).

A large amount of nitrogen transformation occurred in the STE based on the analysis of geochemical processes in multiple sites (Santos et al., 2009). Nitrification is a process in which microorganisms oxidize ammonia to nitrite and further oxidize nitrite to nitrate. It is an important part of the global nitrogen cycle and plays an important role in maintaining the operation of natural ecosystems (Zehr and Kudela, 2011; Kuypers et al., 2018). Nitrification is generally considered to be catalyzed by two kinds of functional microorganisms: ammonia-oxidizing microorganisms (AOM) and nitrite-oxidizing bacteria (NOB). Compared with the research on AOM, little cognition about NOB has seriously restricted our understanding of the nitrification process and related functional groups.

Nitrite oxidizing bacteria includes seven effectively recognized genera (Daims et al., 2016). Among these NOB genera, Nitrospira belongs to phylum Nitrospirae (Ehrich et al., 1995), which forms an independent branch in phylogenetic analysis, and is considered to be the most diverse and ubiquitous in natural and engineered ecosystems (Fujitani et al., 2013; Park et al., 2017), such as soils, marine sponge, geothermal spring, acid mine drainage, estuary, and subtropical forest (Bartosch et al., 2002; Off et al., 2010; Lebedeva et al., 2011; Ramanathan et al., 2017; Hou et al., 2018; Han et al., 2020). In addition, Nitrospira may be involved in soil nitrification more actively than Nitrobacter by DNA-stable isotope probing (SIP) investigation (Xia et al., 2011). These results suggest Nitrospira plays a predominant role in the nitrite oxidation process and ecological balance in natural ecosystems (Han et al., 2021). However, the community structure and diversity distribution characteristics of Nitrospira are still limited in the STE.

A series of primers targeting the 16S rRNA gene was used to analyze Nitrospira in the environments, but the genetic diversity of Nitrospira makes most primers unable to amplify all subgroups or may amplify non-specific sequences (Pester et al., 2014). Functional genes nxrA, nxrB, and nxrC of NOB, respectively, encode the expression of subunits α, β, and γ of nitrite oxidoreductase (NXB). The multicopies of the nxrB gene in Nitrospira may benefit the synthesis of NXB and the transmission of the electronic respiratory chain and accelerate the metabolism and consumption of nitrite in the environments (Hong et al., 2020). In addition, when the nitrite increased in the environment after the starvation treatment, the nxrB expression of Candidatus Nitrospira defluvii (Ca. N. defluvii) increased significantly, while the 16S rRNA expression did not change significantly (Lücker et al., 2010). This result further indicates that the functional gene nxrB is more suitable than 16S rRNA for the biological analysis of Nitrospira.

In this study, sediment samples were collected from the DYB (STE) and the community characteristics of Nitrospira were investigated using the nxrB gene of Nitrospira by high throughput sequencing. Q-PCR assays were employed to analyze the abundance of Nitrospira. The potential key environmental factors influencing the Nitrospira distribution and abundance in the STE sediments were identified by multivariate statistical and correlation analyses. The understanding of the community structure and characteristics of Nitrospira in the special habitat of the STE will expand the current cognition of the NOB distribution characteristics.



MATERIALS AND METHODS


Sample Collection

The STE mentioned in this study belongs to the shallow type. Sedimentary columns were obtained from the STE in Renshan District, DYB (E 114.80° and N 22.82°) in September 2016. The DYB is a semi open bay in the north of the South China Sea, and its northeast Bay is also a small semi open bay with a maximum width of 2 km (Jiao et al., 2018). The intertidal zone selected in this study is located in the lower reaches of farmland and the population accumulation area of Renshan. Due to the confluence of two small seasonal rivers near the DYB, the overlying water of the intertidal zone is actually saltwater with a mix of terrestrial fresh water and seawater.

After obtaining the sediment column by vibracoring technique, the sediment columns were pushed out, placed on the plastic paper, and marked, respectively, as D1, D2, D3, and D4 from the landward member to the seaward member. The sediments in the sampling profile were heterogeneous. Some areas were mainly sand and gravel, while some areas were mainly silt. Therefore, the depths of different sediment columns were limited by the sediment characters in some areas under the same conditions. The depths of four sedimentary columns D1–D4 were 110, 90, 90, and 80 cm, respectively. The surface and the bottom sediments were, respectively, defined as depth <20 cm and >20 cm. The sampling location and sampling map are shown in Figure 1 as our previous report (Jiao et al., 2018). The name of the sample was marked by the sediment column and depth, as shown in Figure 1. For core D1, every 5 cm sediment section from 5 to 90 cm was mixed as one sample named from D1_5 to D1_90, while every 10 cm sediment section from 90 to 110 cm was named D1_100 and sample D1_110, respectively. For core D2, core D3, and core D4, every 10 cm sediment section was mixed as one sample with the same naming policy. The above sediment column of 5 or 10 cm length was taken as a sample, collected, and sealed in a plastic bag, stored in a refrigerator at −20°C, and transported to the laboratory. After the samples were transported to the laboratory, they were separated into two parts for use. One part of the samples were centrifuged to obtain pore water, which was used to determine the physical and chemical parameters of sediments. The other samples were stored at −80°C for DNA extraction and molecular biological analysis.


[image: image]

FIGURE 1. Sampling sites (A) and nxrB gene abundance of Nitrospira the DYB (STE) (B). D1, D2, D3, and D4 (from landward member to seaward member) stands for sediment cores with a depth of 110, 90, 90, and 80 cm, respectively. As shown in core D1, eveiy 5 cm sediment section was mixed as one sample named from D1_5 to D1_90, while eveiy 10 cm sediment section from 90 to 110 cm respectively named D1_100 and sample D1_110. For core D2, Core D3 and core D4, eveiy 10 cm sediment section was mixed as one sample with the same naming policy.




Determination of Environmental Parameters

Oxidation reduction potential (ORP) of sediment samples was measured by SG2 pH meter (SevenGo™, Mettler Toledo, Switzerland). The nitrogen nutrients were measured after the samples were transported back to the laboratory. The concentrations of NO3–, NO2–, and NH4+ were determined by the continuous and rapid determination method with small systems established by our laboratory (Wu et al., 2016; Guan et al., 2017).



DNA Extraction

About 0.3 g (wet weight) sediment from each sample was used for DNA extraction using the PowerSoil DNA Isolation Kit (MO BIO Laboratories, Inc., Switzerland). The total genomic DNA extracted was dissolved in 50 μl nuclease-free water, and the concentration and quality of DNA were determined by Nanodrop™ Lite spectrophotometer (Thermo Scientific, Wilmington, ME, United States), and then stored in a refrigerator at −20°C for further study.



Quantitative PCR

The quantitative PCR (Q-PCR) for functional gene nxrB of Nitrospira was carried out by Roche LightCycler 480 Real-Time PCR using SYBR Green as a fluorescence dye (Promega, Switzerland) with primer set Nxr f27 (5′-GAGGAGCGGCATCCGAAGT-3′), Nxr r617 (5′-GGCABCGRTTCTGGTCG-3′) as optimized in the previous study, which has proven showing good coverage of Nitrospira in environmental samples (Hong et al., 2020). The correlation coefficient R2 of the Q-PCR standard curve was in the range of 0.989–0.995, and the amplification efficiency was 94.9–101%.



PCR Amplification and High Throughput Sequencing

Functional gene nxrB of Nitrospira was amplified using primers Nxr f27/Nxr r617 which can effectively explore the diversity of Nitrospira (Hong et al., 2020). Barcode and adaptor sequences were designed and ligated to the 5′-end of the sequencing forward primers for distinguishing samples in the pyrosequencing runs. The PCR reaction mixtures contained the following components: 12.5 μl GoTaq Green Master Mix (Promega, United States), 0.5 μl primers, 1 μl DNA, and 10.5 μl H2O. The PCR protocol was as follows: initial denaturation at 95°C for 2 min, 32 cycles at 95°C for 45 s, 62°C for 45 s, 72°C for 45 s, and a final extension at 72°C for 5 min. The PCR mixture products were purified using the Agarose Gel DNA Extraction Kit (TaKaRa MiniBEST) and were then prepared for the Illumina MiSeq sequencing.

The quality of purified PCR products was controlled by a 2200 tape station system (Agilent Technologies, Santa Clara, CA, United States). The sequencing process was performed by the Ion Torrent PGM sequencer (life technologies, Grand Island, NY, United States) and the sample library with a barcode on 316 chips. The sequences were assigned to different samples according to barcodes after a series of high-quality controls.



Processing and Analysis of High Throughput Sequencing Data

Nitrospira functional gene nxrB sequences were analyzed by standard operating procedures using Mothur (V.1.35.1)1 (Schloss et al., 2009). In short, the effective original data can be obtained by de-barcoding, de-noising, and pruning the sample sequences. At first, the sequences less than 380 bp in length can be removed, the quality of the sequence was controlled by utilizing the command of the screen.seqs and unique.seqs, and the search and removal of chimera were conducted by the command combinations of pre.cluster, chimera.uchime, and remove.seqs. The effective sequences were compared with the reference database established before, and the final sequences obtained from preprocessing were divided into different operational taxonomic units (OTUs) by the cut-off value of 91% similarity established before (Hong et al., 2020). After removing the rare OTU (sequence number <0.1 ‰ total sequence number), the Shannon–Wiener curve and α diversity-related parameters, such as Chao1 index, Shannon index, and Simpson index, can be generated from the files generated by Mothur. The Shannon index curve was drawn by OriginPro 2017 to verify the sampling depth.



Phylogenetic Analysis

Operational taxonomic units with representative sequences of more than 0.1% of total sequences were defined as the dominant OTUs. The dominant OTUs and seed database were integrated into a FASTA file and imported into MEGA7. The sequences were aligned by running ClustalW. The phylogenetic analysis of the sequences was carried out by using the neighbor-joining method and the phylogenetic tree was constructed. The bootstrap test was set to repeat 1,000 times, and the bootstrap value was not less than 50%. Then, phylogenetic analysis of the representative sequences from dominant OTUs was customized by Evolview (He et al., 2016). Combining the abundance distribution of OTU in each sample with the clustering results, the heat map was drawn to identify similarities and differences in species distribution among samples by the software GraphPad Prism 7.



Biostatistical Analysis

The physical and geochemical parameters of each sample and the clustering and abundance distribution information of dominant OTUs in each sample were integrated into two sheets of the same excel file and imported into Canoco (version: 5.0). Principal component analysis (PCA) was used to analyze the distribution characteristics of the Nitrospira community structure. Redundancy analysis (RDA) was used to analyze the main physical and geochemical parameters affecting the distribution of the Nitrospira community structure. Pearson correlation analysis was used to analyze statistically significant correlations between the abundance distribution of dominant OTUs, the abundance of nxrB gene, and physical and geochemical parameters by R language. The differentiation of the Nitrospira abundance and the diversities between the surface and the bottom sediments was tested by the one-way ANOVA using SPSS (version 22.0). A two-tailed t-test was used to detect the significant effects of environmental parameters on the diversity, abundance, and distribution of Nitrospira in different samples with P-values of 0.05 or 0.01 by using SPSS (version 22.0). The differences among community structures of the nxrB gene were tested by multiresponse permutation procedure (MRPP; Zimmerman et al., 1985) analysis using Vegan in R package with permutation 999.



Nucleotide Sequence Accession Numbers

The accession number CAR005397 of sequences generated in this study has been reported to GSA DATA ADMIN.




RESULTS


Physical and Geochemical Environmental Parameters of the Study Profile

The physical and geochemical parameters of pore water in the sedimentary column were shown in Supplementary Table 1 as our previous report (Jiao et al., 2018). The salinity of the pore water in this study profile ranged from 19 to 30 psu. The salinity of bottom sediments was higher than that of upper sediments, and that of landward member (D1) was higher than that of seaward member (D4). The ORP presented an increasing trend along with the depth and ranged between −385 mv and −76 mv. The concentrations of NO3– varied from 0.00 to 44.07 μmol L–1, and the average concentration of the study profile was 4.90 μmol L–1. The concentrations of NO2– varied from 0.13 to 27.29 μmol L–1, and the average concentration of the study profile was 2.60 μmol L–1. The nitrogen concentrations were high (i.e., NO3– concentration 44.07 μmol L–1 and NO2– – concentration 27.29 μmol L–1) in the surface sediment (0–10 cm) of D3_10, which may be due to the sampling randomness. In the whole study profile, the NH4+ concentrations varied from 0.78 to 19.18 μmol L–1 with an average concentration of 5.15 μmol L–1.



Abundance Distribution of Nitrospira nxrB Gene in the Daya Bay Subterranean Estuary

The abundance distributions of the Nitrospira nxrB gene in the DYB (STE) are shown in Figure 1. Overall, the abundances of the nxrB gene in the sediments of the DYB (STE) ranged from 1.47 × 107 to 4.61 × 108 copies g–1. Among the four sediment columns, the abundance of nxrB gene in sediment column D1 was relatively low compared with the other sediment columns and ranged from 1.90 × 107 copies g–1 to 9.36 × 107 copies g–1 along the sediment depths. The nxrB gene cope number in sediment column D2 ranged from 2.57 × 107 copies g–1 to 3.14 × 108 copies g–1, and showed a reducing trend from the surface to bottom sediments. The abundance of the nxrB gene in sediment column D3 was relatively high and fluctuated in the range of 108 orders of magnitude except for the lowest abundance at 80–90 cm profile. The abundance of the nxrB gene fluctuated from 4.61 × 108 copies g–1 in the surface layer (D4_10) to 4.07 × 107 copies g–1 in the deep layer (D4_60) in sediment column D4 and showed the decreasing trend with depth. There was insignificant variation (F = 2.88, P > 0.05) in the abundance variation of the nxrB gene among the four sediment columns, which indicated that Nitrospira bacteria were uniformly distributed in the DYB (STE) from the landward member to the seaward member. However, the nxrB gene abundance varied significantly along the sediment depth in the DYB (STE) (F = 5.96, P < 0.05) with higher abundance in the surface sediments than the bottom sediments.



Diversity and Richness Analysis of Nitrospira in DYB (Subterranean Estuary) Based on High-Throughput Sequencing of nxrB Gene

Every sediment sample screened 2,500 sequences with a total of 25 sediment samples for diversity analysis. Some samples with too few sequences (sequence number <1000) were removed to avoid affecting the subsequent diversity analysis. A total of 68,594 high-quality sequences were obtained through the pretreatment of the Mothur platform. The sequences with similarities greater than 91% were classified as the same OTU (Hong et al., 2020) and 689 OTUs were obtained by cluster analysis. After removing the rare OTU (sequence number <6), Nitrospria in the sediment samples of the DYB (STE) could be divided into 62 OTUs according to the nxrB gene, accounting for 98.82% of the total sequence number. The top 20 OTUs in sediments of the DYB (STE) (the sequence number of OTUs more than 0.1%) were defined as the dominant OTUs, which accounted for 97.63% of the total sequence number. The calculation results of sample richness and diversity index (Supplementary Table 2) showed that the coverage of Nitrospira in all samples was higher than 99.55%, which reflected the reliability of diversity index results. Moreover, the Shannon curve tended to be flat with the increase of sequencing depth as shown in Supplementary Figure 1, which indicated that the amount of sequencing data in the sediments of the DYB (STE) was large enough to reflect the vast majority of microbial information in the samples and can be used for the subsequent diversity and community structure analysis of Nitrospira.

The OTU number of Nitrospira ranged from 16 to 40 among the sediment samples. Although the OTU number did not show significant variations from the landward member to the seaward member (F = 1.95, P = 0.16), it generally decreased from the surface to the bottom sediments (F = 5.49, P < 0.05) with the exception of sediment column D1_5 with the lowest value 16. The highest OTU number was detected in sediment column D2_10. In general, the Shannon index also decreased from the surface to the bottom sediment (F = 15.18, P < 0.05) except for sediment column D1_5 with the lowest Shannon index of 1.08. The higher Shannon indexes were, respectively, observed in sediment columns D3 (D3_10) and D4 (D4_10) with values of 2.08 and 2.02. The Chao1 and Simpson indexes showed a similar changing variation as the OTU number and Shannon index among samples from the surface to the bottom sediment (F = 5.49, P < 0.05; F = 8.01, P < 0.05). Overall, the Nitrospira diversities of the surface sediments were generally higher than those of the bottom sediments in the DYB (STE).



Phylogenetic and Community Distribution Analysis of Nitrospira in DYB (Subterranean Estuary)

The representative sequences of dominant OTUs and reference sequences were extracted and the phylogenetic tree was constructed, as shown in Figure 2. The obtained nxrB genes of Nitrospira shared 83.58 to 94.17% identity with each other and 84.92 to 95.84% similarity with the sequences matched with the known Nitrospira genus in the Genbank. All retrieved sequences could be divided into seven branches that could be affiliated to the known genus Nitrospira. OTU04 was affiliated to Nitrospira marina (N. marina), with 95.84% similarity. OTU01, OTU02, and OTU12 also showed a close relationship with N. marina with up 90.42% similarity. OTU06 was closely related to Candidatus Nitrospira bockiana (Ca. N. bockiana). OTU07 was affiliated with Candidatus Nitrospira defluvii (Ca. N. defluvii) with 93.33% similarity. OTU11 was clustered with Candidatus Nitrospira nitrifcans (Ca. N. nitrifcans) with 89.38% similarity. OTU9 and OTU15 were closely related to Nitrospira japonica (N. japonica) with 90.83 and 94.38% similarity, respectively. OTU16 was affiliated with Nitrospira calida (N. calida) with 91.25% similarity. OTU18 was closely affiliated to Candidatus Nitrospira lenta (Ca. N. lenta) with 90.00% similarity. The remaining OTUs (OTU03, 05, 08, 10, 13, 14, 17, 19, and 20) shared low similarity and did not group closely with the known Nitrospira genus, whereas they still clustered distinctly with Nitrospira. A heat map based on the abundance distribution and clustering results of dominant OTUs (Figure 3) showed that OTU01, OTU02, OTU03, OTU04, OTU05, and OTU08 were widespread in all samples, while OTU06 and OTU07 mainly existed in the bottom and surface sediments, respectively, which suggested that the Nitrospira community should be distinct along the sediment depth.
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FIGURE 2. Neighbor-joining phylogenetic tree exhibiting the clustering relationship between the known Nitrosopira species and representative sequences of dominant OTUs obtained from the DYB (STE). Sequences with bootstrap value (1000 replicates) higher than 50% were grouped together and are shape with the same color.
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FIGURE 3. Heat map of Nitrospira in sediment of the DYB (STE). Dl, D2, D3, and D4 stands for sediment cores with a depth of 110, 90, 90, and 80 cm, respectively. As shown in core Dl, every 5 cm sediment section was mixed as one sample named from D15 to Dl_90, while sample Dl_100 and sample Dl_110 represent sediment sections from 90 to 100 cm and from 100 to 110 cm, respectively. For core D2, Core D3 and core D4, every 10 cm sediment section was mixed as one sample with the same naming policy. The 20 dominant OTUs in sediments of the DYB (STE) (OTUs of sequence number >0.1%) were clustered, which accounted for 97.63% of the total sequence number.


The overall community composition and relative abundance of Nitrospira species based on phylogenetic clustering analysis were exhibited in Supplementary Figure 2. Among the seven known classified Nitrospira genus, N. marina, Ca. N. bockiana and Ca. N. defluvii were the main Nitrospira species, with the relative abundance proportion 78.41, 2.21, and 1.06%, respectively. N. marina is commonly distributed and predominated in all sediment samples. Although the distribution of Ca. N. bockiana was also ubiquitous in all sediment samples, its heterogeneous distribution among the surface and bottom sediments was exhibited with relatively high abundance in the bottom sediments of D1_35, D1_60, D2_30, D3_90, and D4_40. However, Ca. N. defluvii did not ubiquitously distribute in all samples and exhibited the opposite changing trend compared with Ca. N. bockiana. The relative abundance of Ca. N. defluvii was higher in the surface sediments of D1_15, D2_10, D3_10, and D4_10 with the exception of D3_90, and Ca. N. defluvii was not detected in nine samples from the bottom sediments. Furthermore, a significant difference (P < 0.05, Supplementary Table 3) was discovered in the community composition of Nitrospira between the surface sediments and bottom sediments, although no significant difference (D1/D2, D1/D3, D1/D4, D2/D3, D2/D4, D3/D4, all of P > 0.05) existed in the community composition of Nitrospira from the landward member D1 to the seaward member D4.

The difference of community structure among samples was performed by PCA as shown in Figure 4. The contribution rates of the first and second components in PCA were 31.92 and 19.72%, respectively. The surface sediment columns of D1, D2, D3, and D4 (D1_10, D2_10, D2_20, D3_10, and D4_10) except D1_5 and D1_15 were gathered together, while most of the bottom sedimentary samples except D3_90 were grouped together. The analysis of MRPP indicated that the Nitrospira community structure from the DYB (STE) was not significantly different on the total level (all, P > 0.05, Supplementary Table 3), whereas there was a significant inconsistent community structure of Nitrospira between the surface and the bottom sediments (Surface/Bottom, P = 0.044).


[image: image]

FIGURE 4. Principal component analysis (PCA) of Nitrospira nxrB gene sequences retrieved from sediments of the DYB (STE). Horizontal and vertical axes represent the first two dimensions, axis 1 and axis 2, respectively.




Relationship Between Environmental Factors and Nitrospira Community Structure in the DYB (Subterranean Estuary)

The correlation between the community structure of Nitrospira based on main OTUs and environmental factors was analyzed by RDA, which showed that the analysis model was invalid based on the Monte Carlo test (F = 1.2, p > 0.05). That is to say, the environmental factors determined in this study could not adequately explain the composition of Nitrospira community structure in the sediments of Daya Bay (STE), and other environmental factors which were not determined might affect the distributions of Nitrospira community structure. The correlations between environmental factors and diversity indexes of Daya Bay STE were plotted and shown in Figure 5. Shannon index was positively correlated with nitrite (r = 0.41, p < 0.05). The number of OTU was negatively correlated with salinity (r = −0.57, p < 0.01), and significantly decreased with depth (r = −0.40, p < 0.05). The abundance of nxrB gene was positively correlated with nitrate (r = 0.407, p < 0.05) and significantly negatively correlated with ammonium (r = −0.42, p < 0.05) and salinity (r = −0.48, p < 0.05), but did not significantly correlate with nitrite.
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FIGURE 5. Pearson correlation analysis of environmental parameters and diversity. Chaol stands for Chaol estimator, Shann stands for Shannon index, Simps stands for Simpson index, N02 stands for nitrite, N03 stands for nitrate and NH4 represents ammonia, OTUs represents the number of OTU and Abund stands for the abundance of nxrB gene. Blue and red denote positive and negative correlations, respectively. The r-values of pearson correlation analysis were shown in the grid.


The correlations between environmental factors and dominant OTUs were calculated by the Pearson correlation analysis. The data with statistically significant correlation was shown in Supplementary Table 4 in the Supplementary Information. OTU02, OTU08, and OTU14 were positively correlated with depth, ammonium, and salinity, respectively, while OTU04 was negatively correlated with depth. OTU06 was positively correlated with salinity and increased with depth. OTU09 was positively correlated with nitrate and nitrite and decreased with depth. OTU18 was positively correlated with nitrite concentration.




DISCUSSION


Distributions of Nitrospira Community Structure in the DYB (Subterranean Estuary)

There are at least six lineages of Nitrospira according to the phylogenetic analysis of 16S rRNA gene sequences (Daims and Wagner, 2018). N. marina belonging to the so-called Nitrospira lineage IV (Daims et al., 2001) has been detected previously in saltwater aquaria (Hovanec et al., 1998), marine biofilters (Tal et al., 2003), and marine recirculation aquaculture system (Foesel et al., 2008). In addition, N. marina was also the major group in the sediments of Nanliu (NL) River Estuary (Zhao et al., 2021) and in the water column of the Pearl River in winter (Hong et al., 2021). N. marina was predominant and ubiquitous in the DYB (STE), which predicted the potentially important role of N. marina in nitrite oxidation during nitrification in the STE. The genome and proteome of the first marine Nitrospira isolate indicate that N. marina is highly metabolically versatile, which might enable it to adapt to life in the oxic marine environments and even survive under conditions unfavorable for aerobic nitrite oxidation with fluctuating levels of electron acceptors and donors (Bayer et al., 2021).

Candidatus Nitrospira bockiana and N. calida belonging to the Nitrospira lineages V and VI, respectively, are considered to be strict chemolithoautotrophic species and organotrophic growth of these two species is not observed (Lebedeva et al., 2008, 2011). Their relatively low abundances in the DYB (STE) may infer that rich organic matter exists in the land–sea interface, which might adversely affect the development and growth of these two species. Ca. N. defluvii belonging to Nitrospira lineages I was most important for sewage treatment (Lücker et al., 2010) and was also found in the downstream river of wastewater discharge area (Cébron and Garnier, 2005). Ca. N. defluvii was first detected in the waters of PRE which likely resulted from land source pollution (Hong et al., 2021). Ca. N. lenta and N. japonica belonged to Nitrospira lineages II mainly inhabited in activated sludge from wastewater treatment plants (Ushiki et al., 2013; Boris et al., 2015), while Ca. N. lenta also dominated in the waters of PRE (Hong et al., 2021). Ca. N. defluvii, Ca. N. lenta, and N. japonica were all present with relatively low abundance in Daya Bay (STE). These findings revealed that members of Nitrospira lineage I was also widespread in natural habitats, and confirmed the versatile distribution of representatives of Nitrospira lineage II (Boris et al., 2015). On the other hand, it can be deduced that STE may be affected by the pollution derived from terrigenous human activities. The discharge of domestic wastewater from the population and the agricultural gathering area may lead to organic pollution in the STE. The emergence of anammox Ca. Kuenenia in this study profile (Jiao et al., 2018) also proved this view.

The discovery of comammox (with the capability for the complete oxidation of ammonia to nitrate in a single organism) has fundamentally overthrown the conventional understanding of the nitrification process with two-step (Daims et al., 2015). All comammox Nitrospira found in natural ecosystems was so far identified in representatives of Nitrospira lineage II (Zhao et al., 2021). However, comammox Nitrospira generally dominates the ammonia oxidation in acidic soils (Hu et al., 2021), and appears to be absent in marine systems (Daims et al., 2015; Bayer et al., 2021). The general existence of comammox Nitrospira in a wide range of coastal wetlands and Chongming eastern intertidal sediments indicates the potential role of comammox Nitrospira in the estuarine coastal system (Sun et al., 2020, 2021). OTU11 affiliated to Ca. N. nitrifcans belonged to comammox with a low proportion in the DYB (STE). This may be due to the amplification limit of primers, and amoA gene of comammox might broaden our cognition of comammox in the STE. Groundwater flow and chemical transport in STE are potentially important implications for chemical fluxes from aquifers to coastal waters (Robinson et al., 2007). How different types of nitrifiers respond to the dynamic changes may provide new insights into the ecological niche specificity of nitrifying microorganisms in STE. Therefore, the detection of comammox Nitrospira in Daya Bay (STE) deserves further study.



Environmental Factors Affecting the Abundance and Distribution of Nitrospira in Subterranean Estuary

A distinctly vertical pattern of Nitrospira distribution was revealed considering the surface to the bottom zones of the STE sediments. The abundance of the nxrB gene was maintained in the range of 107–108 copies g–1 in the DYB (STE) sediments, which was 1–2 orders of magnitude lower than that of NOB in surface sediments (0–5 cm) in the Nanliu River estuary (108–1010) (Zhao et al., 2021). Moreover, apparent depth-related differentiation of abundance was detected in the DYB (STE), which resembles previous studies with the lowest microbial abundance in the anaerobic zone (depth of 80–100 cm) in sediments of STE located at Gloucester Point (GP-STE), the beach of Virginia, United States (Hong et al., 2019). In addition, the Nitrospira diversity indexes (Shannon, Chao1, and Simpson) were all obviously higher on the surface than the bottom sediments. Although the predominant of N. marina may lead to the little differentiation in Nitrospira community among the sediments from the landward member to the seaward member of the STE, the distribution of Ca. N. defluvii and Ca. N. bockiana showed the opposite changing trend along with depths. Moreover, the overall community structure exhibited significant differences along the sediment depths based on MRPP and PCA analysis. The vertical distribution of bacteria at GP-STE suggested the predictable changes in permeable STE sediment from surface to bottom layers (Hong et al., 2019). Therefore, the vertical distribution of Nitrospira seems to be shaped with the gradient variation of physiochemical parameters along with the sediments’ depths, such as salinity, organic matter, and nitrogen species.

Salinity is one of the most important factors which impacts the community composition and distribution of nitrifying microorganisms in ecosystems (Zhao et al., 2021). The lower diversity of Nitrospira is exhibited in bottom sediments with relatively high salinity at the DYB (STE). A less diverse microbiology community appeared to be associated with salinity in most cases (Hong et al., 2019). N. marina affiliated to lineage IV has widely adapted to variable salinity (Zhao et al., 2021), which may make it widely present in salinity ecosystems, including deep sea, estuary area, and saline soils (Pester et al., 2014; Hong et al., 2021; Li et al., 2021; Zhao et al., 2021). Ca. N. bockiana affiliated with LineageVmight also adapt to salinity, due to its positive relationship with salinity in DYB (STE) (Supplementary Table 3). Lineage II (N. japonica and Ca. N. lenta) were also the main groups with the adaption of variable salinity, while Lineage I (Ca. N. defluvii) appeared to be less adaptable salt than Lineage II and IV (Zhao et al., 2021). This may be also one of the reasons for the higher abundance of Ca. N. defluvii in the surface sediments of the STE with relatively low salinity. However, salinity could interact with the other environmental parameters. Salinity showed positive relationships with the contents of ammonium in this study (Figure 5). Salinity could control ammonium concentrations by influencing its absorption onto sediment and then play an important role in shaping the community distribution of nitrifying microorganisms (Li et al., 2015). In addition, different cations are also affected by salinity, which deserves attention (Zhao et al., 2021). Nitrospira community variation in agriculture soils was found to be significantly affected by potassium levels (Luo et al., 2020).

The study profile of the DYB (STE) was the typical submarine groundwater discharge (SGD) area. SGD is an important component of the global water balance and the rates of SGD play important role in biogeochemical cycling with coastal ecosystems (Smith et al., 2008; Anderson and Emanuel, 2010). Even though up to 96% of total SGD is marine water recirculating through the nearshore by the processes of wave setup and tidal oscillations (Anderson and Emanuel, 2010), fresh SGD is an important pathway of nutrients as a result of biogeochemical additions across the mixing zone of STE (Santos et al., 2009). About 25% of dissolved organic carbon (DOC) and 50% of total nitrogen (TN) inputs were transported by this pathway, and the remainder was associated with a one-dimensional vertical seawater recirculation along a seepage face (Santos et al., 2009). Considering that the sampling sites were located downstream of the population and agricultural accumulation areas, the abundant DOC and nitrogen species in the STE originated from fresh SGD transportation may be important factors affecting the growth, abundance, and distribution of Nitrospira. Han et al. (2018) found that manure could increase the activity and abundance of Nitrospira in the red soil by providing organic matter. N. marina benefit from additions of undefined organic carbon substrates, has adaptations to resist oxidative, osmotic, and is thus chemoorganotroph but not an obligate chemolithoautotroph (Bayer et al., 2021). In addition, the predominance of N. marina might be a general characteristic of ammonium-limited systems (Foesel et al., 2008). Ammonium concentration was relatively low throughout the transect in the DYB (STE), which may be due to the metabolization of ammonium along the flow path in the intertidal subsurface with permeability and long residue time (Jiao et al., 2018). The abundance of the nxrB gene and distribution of OTU02 were both significantly correlated with ammonium in the DYB (STE). Ammonium was also reported to be the most important factor influencing Nitrospira distribution in the water column of the PRE (Hong et al., 2021). Therefore, DOC and ammonium concentrations regulated by the dynamics of the STE may be the main factors driving the community composition and distribution of Nitrospira in the DYB (STE).

The pH, which was not determined in this study, may also be a factor affecting the growth of Nitrospira and was a potential factor affecting the distribution of Nitrospira in the DYB (STE). Low soil pH could accelerate the ionization of ammonium ions, which will affect the ammonia oxidation activity by reducing the available substrate for ammonia oxidizing microorganisms (Han et al., 2018). Due to the spatial dependence of ammonia oxidation and nitrite oxidation, low pH may affect soil NOB activity (Han et al., 2018). In addition, dissolved oxygen (DO) also plays important role in the niche differentiation of functional microorganisms (Hong et al., 2019). DO was responsible for the Nitrospira distribution in the PRE estuary (Hong et al., 2021). Ca. N. defluvii may be inhibited by the elevated DO, which is likely related to the evolutionary history, evolved from anaerobic ancestors (Lücker et al., 2010; Hong et al., 2021). Due to the permeability of the STE sediments (Santos et al., 2009), the gradient DO along the sediment depth may affect the Nitrospira distribution in the DYB (STE).

Although Nitrospira based on functional gene level could represent the diversity and community distribution of NOB in natural habitats, it is necessary to measure the rate of nitrite oxidation in situ and measure the flux during the nitrite oxidation process. On this basis, the contribution of Nitrospira to the process of nitrite oxidation and the internal relationship between Nitrospira and nitrite oxidation could be explored. At present, there are some controversies about the determination methods of nitrite oxidation rate (Daims et al., 2001) and the determination of nitrite oxidation rate needs to be further optimized in the future.




CONCLUSION

In this study, the abundance, diversity, and community structure of Nitrospira along sediment depths at the DYB (STE) were detected by using high-throughput sequencing of the Nitrospira nxrB gene. From the surface to the bottom sediments, the abundance and diversity of Nitrospira showed a vertical decreasing trend. Although the Nitrospira community showed little differentiation from landward member to seaward member of the DYB (STE), a prominent spatial shift in composition was detected between the surface and bottom sediments. Seven known Nitrospira species were detected in the DYB (STE), but N. marina were predominant, and Ca. N. bockiana and Ca. N. defluvii were the main groups. Such observation not only reflected the wide distribution of various Nitrospira species along the depths but might also be associated with the physiologies of Nitrospira with the adaption and response to the dynamic environmental parameters in the STE. Salinity, DOC, and ammonium were predicted to be the important factors affecting the Nitrospira distribution combined with statistical analysis and dynamic characteristics of SGD transportation in STE. These findings may broaden our new insights into the niche differentiation of Nitrospira under the dynamic and complex changes and provide a guide for future studies on the functional activity and ecological status of Nitrospira in STE environments.
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Understanding diversity patterns and associated driving factors are the critical topics in macroecology and conservation biology. Phytoplankton are highly susceptible to environmental changes in estuaries, particularly eutrophication. This study examined phytoplankton alpha and beta diversity using investigation data in May (springtime), August (summer) and November (autumn) 2009 in China’s Jiulong River estuary, where it was easily polluted because of considerable discharge from a highly dense human population and low self-purification capacity with its limited river basin area, potentially resulting in eutrophication and then influencing phytoplankton diversity. Potential influencing factors were also explored, including dissolved oxygen, salinity, nutrients, nutrient ratios, geographic and hydrologic distance, and so on. The results indicated that Shannon’s index (H’) and Pielou’s index (J) decreased from the estuary’s upper to middle and then increased from middle to lower reaches, Simpson’s (D) observed the opposite trend and species number (S) gradually increased from the estuary’s upper to lower reaches. For beta diversity, all the indices showed a gradual decrease trend from the estuary’s upper to lower reaches, where also, turnover dominated beta diversity for all seasons. It is noteworthy that the significant roles that nutrients and nutrient ratios played in shaping phytoplankton diversity patterns and the nutrient balance were characterized by excess nitrogen (N) and silicon (Si) and limited phosphorus (P), which could potentially cause diatom blooms. Findings also showed that decreasing Si concentrations can help to reduce overall pollution levels as well as the restoration of the estuary’s ecosystem better than just reducing N alone. Accordingly, this study advocates for the protection of the entire estuary system with particular emphasis on its upper reaches. Moreover, greater attention should also be paid to impacts associated with N input and nutrient ratio trade-offs to the prospective watershed management of this estuary. This study provides a practical approach to explore estuarine diversity in a comprehensive way, which can inform effective biodiversity conservation and also be applied to other marine ecosystems to better guide sustainable management and conservation practices.

Keywords: phytoplankton, diversity pattern, nutrient ratio, nutrient, driving factors


INTRODUCTION

Reducing biodiversity loss has become a global issue on both land and sea (Blowes et al., 2019; Pinsky et al., 2019; Cooper et al., 2020; Trisos et al., 2020). The Earth is presently experiencing an extinction crisis that is largely the result of anthropogenic exploitation, which has caused widespread changes in the global distribution of organisms (Chapin et al., 2000), where roughly one million species are threatened with extinction (Balvanera, 2019). The biodiversity of ocean systems is higher than terrestrial systems, while the rate of loss in marine biodiversity occurs much quicker compared to terrestrial biodiversity caused by climate change and anthropogenic impacts (Blowes et al., 2019; Pinsky et al., 2019; Cooper et al., 2020; Trisos et al., 2020). Furthermore, a decline in marine biodiversity has caused to reduction or loss of some ocean or coastal ecosystem services and functions (Blowes et al., 2019; Pinsky et al., 2019; Cooper et al., 2020; Paul et al., 2020; Trisos et al., 2020).

Estuaries act as transitional zones between brackish and freshwater, where intense material exchanges take place among terrestrial, riverine, and marine ecosystems, subsequently playing a critical role in biogeochemical cycling (Srichandan et al., 2019). High diversity and productivity are critical characteristic of estuarine systems (Dursun and Tas, 2019), which comprise of various ecosystem services and a high natural capital value (Costanza et al., 1997). However, estuaries are susceptible to a variety of natural and anthropogenic disturbances (Gillanders et al., 2011; Atwood et al., 2012; Bucci et al., 2012; O’Brien et al., 2016). It has been estimated that greater than 60% of the world’s population and two-thirds of mid- to large-sized cities are distributed within and around estuarine and coastal areas (Ma and Mao, 2014; O’Brien et al., 2016). Over the past half century, intensive anthropogenic disturbances have dramatically increased nutrient inputs into estuaries from inland sources, causing widespread eutrophication (Nixon, 1995; NRC (National Research Council), 2000; Rabalais, 2002; Ho et al., 2019) that ultimately results in the degradation of habitats and a decrease in biodiversity (NRC (National Research Council), 2000; Bricker et al., 2008; Zhao et al., 2010; Clark et al., 2015). Accordingly, nutrient pollution in estuaries and associated effects have garnered increasing attention throughout the world (Liu and Shen, 2001; Li et al., 2014; Paerl et al., 2014; Wallace et al., 2014; Fennel and Testa, 2018; Barletta et al., 2019; Wurtsbaugh et al., 2019).

Being both the most important primary producer and the fundamental component of the food web, phytoplankton are an essential constituent of marine ecosystems (Dursun and Tas, 2019). However, phytoplankton is susceptible to nutrient concentrations (Redfield, 1934; Paerl et al., 2007), whose biomass and patterns will be dramatically altered in the presence of such nutrients. To some extent, the composition, structure, function, and spatiotemporal distribution of phytoplankton indicate the environmental quality status and the biological integrity of aquatic ecosystems (Ekwu and Sikoki, 2006). In macroecology and conservation biology, it is critical to understand phytoplankton spatial diversity patterns (Collen et al., 2013). In doing so, previous studies primarily focused on alpha and gamma diversity (Muylaert et al., 2009; Rochelle-Newall et al., 2011; Guo et al., 2014; Bharathi and Sarma, 2019; Dursun and Tas, 2019), while little attention has been paid to beta diversity. Although both alpha and gamma diversity are indicative of species richness, their spatial scales dramatically differ, where the former refers to in-site diversity (i.e., local species pools) and the latter refers to overall diversity (i.e., regional species pools). Notably differing from alpha and gamma diversity, beta diversity refers to between-site diversity across different habitats, ecosystems, or regions (Whittaker, 1960), which reflect community construction processes as well as biodiversity formation and maintenance (Condit et al., 2002; Kraft et al., 2011; Legendre and De Cáceres, 2013; Li et al., 2016). Given the considerable habitat gradients of estuarine systems (e.g., that associated with salinity levels), beta diversity (used in conjunction with alpha and gamma diversity) and associative patterns provide much more informative results. This approach is key to understanding estuarine response to anthropogenic activities.

Numerous studies have documented many factors that contribute to phytoplankton diversity, which mostly include alpha diversity, such as salinity (Elliot and Whitfield, 2011; Mousing et al., 2016; Bode et al., 2017; Stefanidou et al., 2020), nutrients (Bode et al., 2017), organic matter variables (Bode et al., 2017), hydromorphology (Elliot and Whitfield, 2011), sunlight (Wang et al., 2020), and spatial structure (Moresco et al., 2017; Yang et al., 2017). However, there is only limited information on potential factors that influence beta diversity patterns (Mousing et al., 2016; Moresco et al., 2017; Yang et al., 2017; Stefanidou et al., 2020; Wang et al., 2020), and even less on the different factors between alpha and beta diversity. It is important to note that the significant role that nutrients concentrations play in phytoplankton diversity is widely recognized among researchers (Huppert et al., 2002, 2005; Ji et al., 2016). Additionally, although nutrient ratios have attracted considerable attention from the scientific community, the role they play in natural ecosystems is not well understood (Redfield, 1934; Falkowski and Davis, 2004; Koeve and Kähler, 2010; Mills and Arrigo, 2010; Weber and Deutsch, 2010; Peñuelas et al., 2013). This is because relevant studies have mostly conducted controlled experiments (Chislock et al., 2014; Xu et al., 2014; Thrane et al., 2016; Jacquemin et al., 2018; Schulhof et al., 2019; Bach et al., 2020; Zhou et al., 2021).

The Jiulong River estuary is one of China’s most important estuarine systems. It is characterized by an extremely dense human population (13.39 million) that subsists within a limited river basin area (1.47 × 104 km2) (Fujian Provincial Bureau of Statistics, 2020), which roughly corresponds to approximately 41% of the areas of the Hudson River basin, Canada, under a population density equivalent to New York City, United States. A highly dense human population in conjunction with highly intensive anthropogenic activities pose great pressure on the Jiulong River estuary, where annual dissolved inorganic nitrogen (DIN) flux is 8.278 × 104 t⋅yr–1, soluble reactive phosphorus (SRP) flux is 0.195 × 104 t⋅yr–1, and dissolved silica (DSi) flux is 17.831 × 104 t⋅yr–1 (Wu et al., 2017), which may shape and influence phytoplankton diversity patterns, given that phytoplankton are the most sensitive aquatic community to nutrient pollution. This study used the Jiulong River estuary as the study area to (i) examine spatial patterns of phytoplankton species diversity along estuary to offshore gradients, using both alpha and beta diversity; to (ii) explore potential factors that shape diversity patterns, particularly within an environmental context, and to test whether differences exist between alpha and beta diversity; and to (iii) evaluate the relative roles that nutrient concentrations and nutrient ratios play in shaping diversity patterns.



MATERIALS AND METHODS


Study Area

The Jiulong River estuary is situated along China’s southeastern coast at the southern point of the East China Sea. This estuary originates from Longyan and Zhangzhou cities, with a total length of 1,923 km and a basin area of 1.47 × 104 km2 (Figure 1; Huang, 2008). Nutrient and pollutant runoff flows into the estuary through three tributaries, namely, the Beixi River, the Xixi River, and the Nanxi River, which together strongly impact the Jiulong River estuary. The estuary is comprised of several ecosystems, such as mangrove, salt marsh, tidal flats, and brackish water, which provide important spawning ground habitats for many marine organisms. In 1988, the Jiulong River Estuary Provincial Mangrove Reserve (with a total area of 420.2 ha) was established to protect its mangrove ecosystem, wetland waterfowl community, and endangered wildlife. The Jiulong River estuary is an also important habitat for the Indo-Pacific humpback dolphin (Sousa chinensis), which the IUCN Red List of Threatened Species has classified as “Vulnerable.” The estuary also acts as a migratory “stopover” for thousands of migratory waterfowls in the East Asian–Australasian Flyway.
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FIGURE 1. Study area and sampling sites of Jiulong River estuary.




Methodological Approach

The study approach is provided in Figure 2. First, species diversity indices were selected and calculated, including alpha and beta diversity. Then, a quantile-quantile test (i.e., Q–Q test) was used to verify data normality of alpha diversity, while Ordinary Kriging was used to map distribution. At the same time, the study area was divided into different subregions based on salinity clustering and geographical characteristics, and beta diversity distribution was mapped for pairwise site and subregion comparisons. Finally, Pearson’s r was applied to calculate the relationship between environmental variables and diversity indices, after which optimal equations were obtained by means of stepwise regression, which was used to identify critical environmental factors that contribute to spatial patterns in phytoplankton diversity.
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FIGURE 2. Methodology flowchart.




Data Sources

The phytoplankton and environmental data used in this study were obtained from Yu et al. (2012). These data were collected at 21 locations along the estuary during three field campaigns, namely, in May (springtime), August (summer), and November (autumn) 2009 (Figure 1). All samples were obtained during low tide. Niskin bottles (5 L) was used to collect water samples, where two water depths were conducted, i.e., surface samples at a water depth below 5 m and bottom samples at a water depth above 5 m. Three duplicate samples were also collected from each location.

Phytoplankton organisms contained in the samples were then transferred to glass sampler bottles and fixed in a 2% glutaraldehyde solution. Referring to traditional phytoplankton identification systems (Jin and Chen, 1960; Hu et al., 1980; Tomas, 1997), species identification and phytoplankton enumeration were conducted using an epifluorescence microscope. The original phytoplankton species data supporting Yu et al. (2012) were provided in the Supplementary Table 2.

The environmental data of 15 variables were extracted from the Figures of Yu et al. (2012), including pH, dissolved oxygen (DO), chemical oxygen demand (COD), temperature (T), salinity (Sal), water depth (WD), Total nitrogen (TN), DIN (i.e., the sum total of ammonium, nitrate, and nitrite), silicate (SiO4–-Si), nitrate (NO3–-N), nitrite (NO2–-N), ammonium (NH4+-N), total phosphorus (TP), dissolved inorganic phosphorus (DIP), suspended particulate matter (SPM). A multi-parameter probe (YSI 6600 V2) was used to measure pH and DO. A conductivity-temperature-depth (CTD) system was used to measure T, Sal, and WD. Samples used for nutrient concentration measurements were kept in 2 L plastic bottles at −4 °C and measured within a 12 h period at a laboratory. TN, DIN, SiO4–-Si, NO3–-N, NO2–-N, NH4+-N, TP, DIP, SPM, and COD were measured following the National Standard of the Oceanographic Survey of China (GB/T 12763.4-2007). Other environmental variables were also calculated based on the above procedure, including the dissolved inorganic nitrogen (DIC) to phosphorus (P) ratio (N/P), the TN to TP ratio (TN/TP), the silicon (Si) to P ratio (Si/P), and the Si to DIN ratio (Si/N).

Hydrologic data used to calculate the hydrologic distance was extracted from Jing et al. (2011), including hydrologic direction and velocity.



Statistical Analysis

The phytoplankton diversity indices selected for this study cover both alpha and beta diversity. For alpha diversity, four typical and widely used indices were selected, including the Shannon index (H′), Simpson’s index (D), Pielou’s evenness index (J), and the Species number (S) index. For beta diversity, this study used the BAS approach (Baselga, 2010, 2012) to calculate and decompose beta diversity, where the Sørensen pairwise dissimilarity index (beta.SOR) was first calculated and then decomposed to a turnover value (beta.SIM) and a nestedness value (beta.SNE). Supplementary Table 1 provides the diversity index equations, which were conducted in the packages “vegan” and “beta.part” of R 4.0.2 (Baselga and Orme, 2012).

Spatial subdivision was conducted to further quantify the diversity distribution. The salinity clustering results showed that five distinctive groups were found according to their geographic location, i.e., tributary (S1–S4, S21), river mouth (S5, S6), southern part of middle estuary (S7, S8, S15), northern and eastern part of middle estuary (S9, S10, S13, S14, S16, S17) and outer estuary (S11, S12, S18–S20) (Figure 3). Based on salinity clustering groups, combined with the consideration of sampling sites number balance, the study area was subdivided into three subregions, including the upper (Area I), middle (Area II), and lower reaches (Area III) of the estuary (Figure 4).
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FIGURE 3. The hclust (Average Linkage Clustering) of the sites according to the salinity.
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FIGURE 4. The sub-regions of study area.


Results from the Q–Q test indicated that alpha diversity data followed normal distribution (see Supplementary Figure 1), suggesting that Ordinary Kriging was applicable in mapping the distribution of alpha and gamma diversity, where a linear function was selected as the semi-variant model used in Ordinary Kriging, given that the linear function was optimal for accuracy of cross-validation evaluation. A pairwise site comparison of beta diversity was mapped using a connective line, and averages were used to represent the beta diversity of each subregion. The “ggplot2” package in R 4.0.2 was used to conduct the Q–Q test. ArcGIS 10.7 was used to conduct Ordinary Kriging and biodiversity mapping.

Pearson’s r was used to quantify relationships between environmental and geographic parameters and diversity indices, which was conducted to identify the driving factors of phytoplankton diversity patterns in the Jiulong River estuary. In total, 63 datasets obtained from three field campaigns were used to analyze correlations between environmental variables and alpha diversity. In total, 210 datasets, covering data from three field campaigns that were mixed among any two sites, were used to analyze correlations between beta diversity and environmental and geographic variables, where differences in environmental variables among pairwise site comparisons were used, while geographic distance and hydrologic distance were used to represent geographic variables, which were, respectively, obtained using the point distance tool of proximity analysis and SDM toolbox incorporating the north and east components of mean flow velocity at 6 h during low tide (because of a regular semidiurnal tide in Jiulong River estuary, Liu, 2012) as the cost resistance surface in ArcGIS 10.7. Additionally, based on Pearson’s r results, stepwise regression was conducted to obtain optimal equations between variables and diversity indices after data was normalized. This was done to enhance comparisons at the same scale. Forest plots were used to visualize the coefficient strength of key variables in the optimized equation. Pearson’s r, normalization, stepwise regression, and forest plots were conducted in packages “corrplot,” “clusterSim,” “car,” “grid,” “magrittr,” “checkmate,” and “forestplot” in R 4.0.2, respectively.




RESULTS


Spatial Patterns of Phytoplankton Alpha Diversity

Supplementary Table 3 and Figure 5 provide the overall spatial variation of phytoplankton alpha diversity indices across three seasons. Shannon index (H’) values ranged from 2.23 to 3.51 (2.90 average), where the highest value was measured at S11 (i.e., at the lower reaches of the estuary) and the lowest value was measured at S8 (i.e., at the middle reaches of the estuary). Simpson’s index (D) values ranged from 0.15 to 0.71 (0.28 average), where the highest value was measured at S1 (i.e., at the upper reaches of the Beixi River estuary) and the lowest value was measured at S3 (i.e., at the upper reaches of the Xixi River estuary). Pielou’s evenness (J) values ranged from 0.55 to 0.84 (0.67 average), where the highest value was measured at S3 (i.e., at the upper reaches of the Xixi River estuary) and the lowest value was measured at S20 (i.e., the lower reaches of the estuary). Species number (S) values ranged from 27 to 59 (45 average), where the highest value was measured at S19 (i.e., the lower reaches of the estuary) and the lowest value was measured at S4 (i.e., the upper reaches of the estuary).
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FIGURE 5. The spatial distribution patterns of alpha diversity and species number. (A) Shannon-wiener diversity index. (B) Pielou evenness index. (C) Simpson diversity index. (D) Species number. The darker color indicates the higher diversity.


Results generally showed a wide range of values in all alpha diversity indices, indicating significant spatial variation among the different sites. A similar gradient was observed in H’ and J values, which gradually decreased from upper to middle and then increased from the middle to lower reaches of the estuary (Supplementary Table 3 and Figures 5A,B). D gradually decreased from the upper to lower reaches of the estuary (Supplementary Table 2 and Figure 5C). Conversely, S gradually increased from the upper to lower reaches of the estuary (Supplementary Table 3 and Figure 5D). Among the different subregions, the highest H’ and S values were observed in Area III, the highest J value was observed in Area I, and the highest D was observed in Area II.

Season variations of spatial patterns were observed (Supplementary Table 3). The highest H’ value was found in autumn (3.43 average), followed by spring (2.79 average) and summer (2.46 average), where spatial patterns varied greatly across different seasons, i.e., H’ value in spring decreased from upper to lower reaches of estuary, while the opposite trend was found in autumn. The highest J value was found in autumn (0.75 average), followed by spring (0.70 average) and summer (0.56 average), where their spatial patterns were similar with H’. The highest D value was found in summer (0.42 average), followed by spring (0.24 average) and autumn (0.19 average), where their spatial patterns were nearly opposite to H’ and J. The S values in autumn (24 average) and summer (23 average) were higher than that in spring (16 average), with an increasing spatial trend from upper to lower reaches of estuary for all three seasons.



Spatial Patterns of Phytoplankton Beta Diversity

Pairwise beta diversity site comparisons are shown in Figure 6. The beta.SOR values ranged from 0.27 to 0.81 (0.4 average), and this large range indicated significant variation between the different sites. A gradual decreasing trend was observed from the upper to lower reaches of the estuary. The highest beta.SOR value was observed between S3 (the Xixi River) and S21 (the Nanxi River) at the upper reaches of the estuary, characterized by a low hydrologic exchange between these two different tributaries. On the other hand, the lowest beta.SOR value was observed between S10 and S20 at the lower reaches of the estuary, characterized by a small geographic distance and a high hydrologic exchange.
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FIGURE 6. The spatial distribution of pairwise-site beta diversity (beta.SOR).


Supplementary Table 3 show the beta diversity of each subregion and associated components. beta.SOR values ranged from 0.34 to 0.51 (0.4 average); beta.SIM values ranged from 0.31 to 0.43 (0.35 average); beta.SNE values ranged from 0.03 to 0.07 (0.05 average). beta.SOR, beta.SIM, and beta.SNE values exhibited the same distribution pattern, namely, a deceasing trend from the upper to lower reaches of the estuary, where the highest value was measured at Area I and the lowest value was measured at Area III. Furthermore, beta.SIM dominated beta.SNE regardless of the area (i.e., the upper, middle, or lower reaches of the estuary), indicating that species turnover was dominant.

The seasonal similarities and differences of beta diversity patterns were provided in the Supplementary Table 3. The same pattern was observed for beta.SOR and beta.SIM, where temporally, their values in summer and spring were slightly higher than that in autumn, and spatially, the highest value was found at Area I and the lowest value was found at Area III, indicating a deceasing trend from the upper to lower reaches of the estuary for all three seasons. Fluctuations in beta.SNE values differed from the other two indices, it showed inconsistent spatial trends across different seasons, where the highest value was found in Area III in spring, while Area II observed the highest value in summer and autumn. It was noted that beta.SIM value was greatly higher than beta.SNE across all subregions and seasons, indicating that species turnover was dominant.



Relationships Between Phytoplankton Biodiversity and Environmental and Spatial Variables

Pearson’s r values between phytoplankton alpha diversity and environmental variables are shown in Figure 7A. Results showed that H’ significantly and negatively correlated to T (r = −0.45; p < 0.01) and NO2–-N (r = −0.46; p < 0.01). J significantly and negatively correlated to T (r = −0.31, p < 0.01), Sal (r = −0.28; p < 0.01), NO2–-N (r = −0.46; p < 0.01), and positively correlated to NO3–-N (r = 0.32; p < 0.01), and DIN (r = 0.26; p < 0.01). D positively correlated to T (r = 0.32; p < 0.01). Compared to the other alpha diversity indices, S was affected by more environmental variables, where the top six environmental variables that showed a high correlation were Sal (r = 0.61; p < 0.01), WD (r = 0.59; p < 0.01), and pH (r = 0.36; p < 0.01) and those showing a negative correlation were COD (r = −0.45; p < 0.01), NO3–-N (r = −0.44; p < 0.01), and DIN (r = −0.4; p < 0.01).
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FIGURE 7. The Pearson’s correlation coefficient matrix between diversity and environmental variables and spatial distances. (A) The Pearson’s correlation coefficient matrix between alpha diversity and environmental variables. (B) The Pearson’s correlation coefficient matrix between beta diversity and environmental variables and spatial distances. Red represented negative correlations, and blue represented positive correlations. The size of circle indicated the strength of correlation.


The development of optimal regression equations between phytoplankton alpha diversity indices and environmental variables indicated that alpha diversity was influenced by interactions among several environmental factors, and their parameters and coefficients are shown in Supplementary Figure 2. The equation for H’ parameterized with T and NO2–-N (adjusted R2 = 0.27; p < 0.001; Akaike information criterion [AIC] = −19); J parameterized with Sal and NO2–-N (adjusted R2 = 0.41; p < 0.001; AIC = −31); D parameterized with T (adjusted R2 = 0.09; p < 0.001; AIC = −6). By contrast, more parameters were included in the S equation, which parameterized with WD, Sal, NO3–-N, and TN:TP (adjusted R2 = 0.58; p < 0.001; AIC = −48), among which salinity, nutrients (NO3–-N) and nutrients ratio (TN:TP) were the most influential environmental variables, yielding high absolute coefficient values. In general, results indicated that H’, D, and J were strongly affected by temperature, salinity, and nutrients, while S was mainly affected by salinity, nutrients and nutrient ratios, including NO3–-N and TN:TP. Low and negative AIC values in all equations indicated the goodness-of-fit of the equations shown above.

Pearson’s r between phytoplankton beta diversity and environmental variables are shown in Figure 7B. Results showed that much more environmental variables significantly influenced beta.SIM, the top four that showed high correlations were PO4–-P (R2 = −0.48; p < 0.01), NH4+-N (R2 = −0.39; p < 0.01), Si:P (R2 = 0.37; p < 0.01) and TP (R2 = −0.34; p < 0.01). The correlation strength of the top five (i.e., between beta.SNE and environmental variables) was as follows: Sal (R2 = 0.34; p < 0.01), pH (R2 = 0.32; p < 0.01), SiO4–-Si (R2 = −0.30; p < 0.01), NO3–-N (R2 = −0.23; p < 0.01), and SPM (R2 = −0.22; p < 0.01). Analogously, beta.SOR correlated to NH4+-N (R2 = −0.44; p < 0.01), PO4–-P (R2 = −0.42; p < 0.01), Sal (R2 = 0.28; p < 0.01) and DIN (R2 = −0.33; p < 0.01). Additionally, all beta diversity indices significantly and positively correlated to geographic distance (beta.SOR, R2 = 0.85, p < 0.01; beta.SIM, R2 = 0.76, p < 0.01; beta.SNE, R2 = 0.31, p < 0.01), and hydrologic distance (beta.SOR, R2 = 0.86, p < 0.01; beta.SIM, R2 = 0.81, p < 0.01; beta.SNE, R2 = 0.24, p < 0.01).

The optimal regression equations between phytoplankton beta diversity indices and environmental and spatial variables were subsequently developed, and their parameters and coefficients are shown in Supplementary Figure 3. The equation for beta.SIM parameterized to the nutrients (PO4–-P, TP, DIN), nutrients ratio (Si:P) and spatial variables (GD, HD) (adjusted R2 = 0.78; p < 0.001; AIC = −313), where the nutrients ratio (Si:P) was the crucial parameter with a higher absolute coefficient value. beta.SNE parameterized to nutrients (SiO4–-Si), nutrients ratio (Si:P and N:Si), others (Sal, COD, SPM), and spatial variables (HD) (adjusted R2 = 0.51; p < 0.001; AIC = −143), among which nutrients (SiO4–-Si) was the most influential environmental variables with the highest absolute coefficient value. beta.SOR parameterized to nutrients (NO3–-N, NH4+-N, TN, and DIN), and spatial variables (GD, HD) (adjusted R2 = 0.83; p < 0.001; AIC = −366), among which nutrients (NO3–-N, NH4+-N, TN, and DIN) were the most influential environmental variables with high absolute coefficient values. Low and negative AIC values for all equations indicated the goodness-of-fit of the equations shown above.




DISCUSSION


Diversity Patterns Incorporating Alpha and Beta Diversity

Phytoplankton species diversity in the Jiulong River estuary was calculated at two different scales, namely, alpha and beta diversity, where alpha diversity reflects with-in site diversity and beta diversity reflects between-site diversity between sites or subregions. Different diversity scales represent fundamental aspects of biological communities (Socolar et al., 2016), and this is due to the different constructs and mathematical expressions among the various indices.

For overall alpha diversity across three seasons, H’ and J values decreased from the upper to middle and then increased from middle to lower reaches of the Jiulong River estuary. D exhibited the opposite trend, and S gradually increased from the upper to lower reaches of the Jiulong River estuary Alpha diversity patterns were observed to be complex, and this was due to their multiple indices, which differ in their theoretical foundation and interpretation (Morris et al., 2014). Moreover, H’ was equally sensitive to rare and abundant species; J emphasized evenness; D was sensitive in the presence of abundant species; S was sensitive to rare species (Shannon, 1948; Simpson, 1949; Pielou, 1969; Peet, 1974; Magurran, 1988; Krebs, 1998; Morris et al., 2014). Observed patterns in the different diversity indices indicated that species abundance was relatively evenly distributed in the upper reaches of the estuary, a greater number of abundant species was observed in the tributary estuary, while a greater number of rare species was observed in the lower reaches of the estuary.

For overall beta diversity across three seasons, beta.SOR, beta.SIM, and beta.SNE values exhibited a general gradient, gradually decreasing along with an increase in salinity gradients from the upper to the lower reaches of the estuary. This trend also reflects the strength of environmental gradients under the hypothesis that diversity is greater in heterogeneous environments. In other words, the standard deviation of most environmental variables in the upper reaches of the estuary was higher than corresponding values in the middle or lower reaches, including T, DO, SPM and all nutrients and nutrient ratios except for NO2–-N (Supplementary Table 4). Analogously, beta diversity patterns of the three subregions showed that their variations gradually decreased from the upper reaches (Area I) to the middle reaches (Area II) to the lower reaches (Area III) of the estuary (beta.SOR: ΔI–II = 0.146, ΔI–II = 0.024; beta.SIM: ΔI–II = 0.114, ΔI–II = 0.014; beta.SNE: ΔI–II = 0.032, ΔI–II = 0.01). Results indicated that phytoplankton communities in the hyposaline upper reaches of the estuary were the most diverse and heterogeneous in species composition, while hypersaline communities were the least diverse and most homogeneous. Besides, there was not seasonal difference in spatial pattern of beta.SOR and beta.SIM, which was consistent with the decreasing gradient aforementioned from the upper to the lower reaches of the estuary. Slight seasonal variation was found for beta.SNE, but beta.SNE value was largely lower than beta.SIM (see Supplementary Table 3).

Beta diversity decomposition can help clarify processes associated with phytoplankton community construction, which typically decompose into species replacement (or turnover) and richness differences or nestedness (i.e., species gain or loss) (Harrison et al., 1992; Williams, 1996). The relative importance of these two components may help us better understand the underlying mechanisms that shape and maintain community diversity distribution patterns (Baselga, 2010; Podani and Schmera, 2011; Fu et al., 2019). In this study, beta diversity patterns in the Jiulong River estuary were mostly dominated by turnover (spring: 90%, summer: 90%, autumn: 88%), which appears to be a common phenomenon across a wide range of taxa in estuary or marine ecosystems, such as macrobenthos (Alsaffar et al., 2017), aquatic plant communities (Bertuzzi et al., 2018), and marine fish (Liggins et al., 2015).

When alpha and beta diversity was combined, although species richness increased along with gradients (i.e., from the upper to lower reaches of the estuary), phytoplankton composition became more homogeneous as environmental differences decreased (see Supplementary Table 4). With-in and between-site variation are both important to comprehensively explore biodiversity patterns. Since the different scales and the different levels of biodiversity make it relatively complex, a single index cannot reasonably be used to explore diversity patterns. Although a variety of diversity indices have been developed to express various aspects of biodiversity, there is no consensus on which diversity index is best (Socolar et al., 2016). Different indices will yield different diversity patterns, showing different aspects of the same natural phenomenon. In Jiulong River estuary, our study indicated that the species richness of phytoplankton was relatively higher in the lower estuary, while phytoplankton was more diverse and heterogeneous in species composition in the upper estuary, informing flexible conservation strategies in line with different objectives. Thus, it is better to explore diversity patterns hierarchically, incorporating both alpha and beta diversity with various other indices.



Key Factors That Shape Phytoplankton Diversity Patterns

Pearson’s r and stepwise regression results indicated that a few variables correlated to diversity patterns. To more comprehensively identify key factors, this study quantified relative contributions by calculating the absolute coefficient percentage value to all statistically significant variables (p < 0.001) obtained from the optimal regression equations (see Supplementary Figure 2 and Figure 3). Results showed that environmental variables, including T, NO2–-N, Sal, N:P, and Si:P, were the key determinants that shaped alpha diversity patterns in the Jiulong River estuary (see Supplementary Figure 2). Differences were observed among the different indices, namely, NO2–-N and T in H’ contributed 51 and 49%, NO2–-N and Sal in J contributed 52 and 48%, respectively, while a greater number of environmental determinants in S were observed, including Sal (42%), NO3–-N (25%), TN:TP (18%), and WD (15%) (Figure 8).
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FIGURE 8. Relative contribution of environmental variables and spatial distances to phytoplankton diversity of the overall.


For beta.SOR, beta.SIM, and beta.SNE, environmental and spatial factors drove beta diversity, where the total contributions of environmental variables were 88, 65, and 96% and that of spatial variables were 12, 35, and 4%, respectively (Figure 8). Key environmental determinants of beta.SOR included DIN (36%), TN (5%), NO3–-N (32%), and NH4+-N (16%), followed by spatial variables (12%, GD: 8%; HD: 4%). Environmental variables contributed of beta.SIM the highest were Si:P (25%), DIN (16%), PO4–-P (14%), and TP (11%), followed by spatial variables (35%, HD:16%, GD: 19%). Compared to the low spatial variables contribution (4%, HD) of beta.SNE, environmental variables played a significant role, namely, SiO4–-Si (38%), COD (27%), Sal (12%), Si:P (8%), SPM (6%), and N:Si (3%). Although phytoplankton beta diversity was shaped by the limited contribution of spatial variables in the Jiulong River estuary, which could admittedly be due to the relatively small spatial scale of our study, a significant correlation was observed between beta diversity and spatial distance (Figures 8, 9), which is in agreement with findings from previous studies across various taxa in estuary ecosystems (Josefson and Göke, 2013; Josefson, 2016).
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FIGURE 9. Relative contributions of nutrients, nutrient ratios and spatial distances in beta diversity.


Combined with the key factors that influenced alpha and beta diversity, our study found that environmental factors significantly influenced alpha and beta diversity. Moreover, beta diversity was also influenced by spatial distances. Although many studies have shown a strong relationship between spatial distance and beta diversity respective to different taxa in estuarine systems, such as phytoplankton (Josefson and Göke, 2013), benthic invertebrates (Josefson and Göke, 2013), and bivalve mollusks (Chust et al., 2013), most of these studies focused on passive dispersal or less mobile species, and the relationship between distance and highly mobile species in estuarine systems is not yet clear. In our study, compared with environmental variables, spatial distance (geographic and hydrologic distance) showed a lower contribution, for example, only about 12% contribution of spatial distances to the beta.SOR (Figure 9), which might be mainly because of the limited spatial scale in Jiulong River estuary. Thus, it was worthy to examine the contribution of spatial distance to phytoplankton beta diversity in a larger scale in further studies.



Roles of Nutrients and Nutrient Ratios in Shaping Phytoplankton Diversity Patterns

Our study found high correlations between phytoplankton diversity indices and environmental variables of nutrients and nutrient ratios in the Jiulong River estuary, indicating that nutrients and nutrient ratios contributed significantly to phytoplankton biodiversity patterns, which is in agreement with findings from previous studies conducted in similar estuarine environments (Schoor et al., 2008; Li et al., 2010; Huang et al., 2013; Chu et al., 2014; Zhang et al., 2015; Anselme et al., 2018). The relative contribution was quantified by calculating the percentage of the absolute coefficient value of all relevant variables that yielded a statistically significant value (p < 0.001) from optimal regression equations (see Figures 9, 10). Results showed that nutrients contributed 25, 52, 51, 40, 38, and 88% to S, J, H’, beta.SIM, beta.SNE, and beta.SOR, respectively, while nutrients ratio contributed 17, 12, and 25% to S, beta.SNE, and beta.SIM, respectively (Figures 9, 10). In general, nutrients and nutrient ratios contributed significantly to beta diversity and overwhelmingly to alpha diversity, where nutrient ratios influenced S, beta.SIM and beta.SNE and nutrients significantly influenced beta.SOR.
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FIGURE 10. Relative contributions of nutrients and nutrient ratios in alpha diversity.


The results indicated that key variables with greatest contribution to beta diversity varied among different seasons, i.e., nutrients in spring, spatial distances in summer and nutrient ratios in autumn, respectively (see Supplementary Table 4). The seasonal difference above might due to the variation of specific variable, such greatest variation of nutrients (TN and TP) found in spring, nutrient ratios (N:P and Si:P) in autumn; by contract, the variation was slight for environmental variables in summer, so spatial distance played a more important role in shaping communities differences between sites (Figure 9).

Previous studies conducted on nutrient ratios primarily focused on N:P and Si:P (Schoor et al., 2008; Li et al., 2010; Huang et al., 2013; Chu et al., 2014; Zhang et al., 2015), while relatively few focused on Si:N (Li et al., 2010; Chu et al., 2014). Justić et al. (1995) proposed that P limitation could potentially occur under conditions where Si:P > 22 and N:P > 22, N limitation could potentially occur under conditions where N:P < 10 and N:Si < 1, and Si limitation could potentially occur under conditions where Si:P < 10 and N:Si > 1. In our study, P limitation could potentially occur under conditions of high Si:P and N:P in the Jiulong River estuary, where the former ranged from 19 to 933 (118 average) and the latter ranged from 16 to 322 (51 average) (Figure 11). Additionally, the fact that both N:P and Si:P exceeded a value of 10 at all sampling sites (Figure 11), the probability of Si and N limitation was low. Our study found that P was a potential limiting factor in the Jiulong River estuary, while the estuary was clearly N-enriched, Si-enriched, and P-limited.
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FIGURE 11. The range and average of nutrient ratios. Yellow line represented the range values of nutrient ratio in Jiulong River Estuary, and yellow square represented their average. Red dashed line represented the threshold of nutrient ratios to inform potential P, N, and Si limitation (Justić et al., 1995).


The same nutrient ratio phenomenon was observed in the Yangtze River and Pearl River estuaries, being the two largest and most densely populated and economically developed estuaries in China, where Si:P and N:P values exceeded the recommended threshold (22) (Yin et al., 2001; Li et al., 2010), indicating that similar to the Jiulong River estuary, they were also N-enriched, Si-enriched, and P-limited. However, compared to these two large estuaries, Si:P, N:P, and N:Si values in the Jiulong River estuary were all lower (Figure 12), indicating that the nutrient condition of the Jiulong River estuary was more balanced than these estuaries, even with respect to the general condition along the Chinese coast (Figure 12).


[image: image]

FIGURE 12. The average of nutrient ratios in Yangtze River Estuary (Li et al., 2010), Pearl River Estuary (Yin et al., 2001), Jiulong River Estuary and Chinese coastal waters (Wang et al., 2021). Red dashed line represented the threshold of nutrient ratio to inform potential P, N, and Si limitation (Justić et al., 1995).


Given that different phytoplankton species differ in their nutrient demands, nutrient concentrations and nutrient ratios may affect phytoplankton diversity (Redfield, 1934; Paerl and Justić, 2013). Additionally, N and P are essential nutrients for all phytoplankton species (Paerl and Justić, 2013), while Si is mostly specific to diatoms (Officer and Ryther, 1980). Taking this into account, we inferred that N played a more important role in phytoplankton diversity patterns than P and Si in the Jiulong River estuary. This is because of a nutrient concentration imbalance in different elements characterized by enriched N, limited P, and specifically Si. We also found that diatoms became more prevalent in the Jiulong River estuary as Si concentrations increased, where diatoms accounted for large proportion of species composition of the phytoplankton community (i.e., 90% in summer and 87% in autumn). Therefore, nutrient concentrations and nutrient ratios may influence phytoplankton diversity patterns. Accordingly, more attention should be paid to trade-offs among nutrient elements instead of just solely focusing on specific nutrient concentrations.



Recommended Jiulong River Estuary Ecosystem Management Practices

Increasingly, beta diversity has been used to guide biodiversity conservation, such as the design of protected areas, the identification of priority areas, and the establishment of ecological corridors (Cody, 1986; Thomas, 1990; Harrison et al., 1992; Pimm and Gittleman, 1992; Nekola and White, 1999; Myers et al., 2000; Wu et al., 2010; Fattorini, 2011). The two beta diversity components reflect two different or even opposite processes in community construction (Gaston and Blackburn, 2000; Baselga, 2012); thus, beta diversity decomposition should be incorporated into biodiversity conservation rather than accounting for beta diversity alone (Angeler, 2013). Baselga (2010) suggested that when turnover dominates, the entire area should be protected, while when nestedness dominates, only sites or areas with the highest species richness should be protected to conserve the entire area. On this account, the entire Jiulong River estuary should be protected due to its dominant turnover pattern (accounting for 85%). Additionally, when using alpha and beta diversity, more attention should be paid to conserving diverse species composition of phytoplankton in the upper reaches, and protecting its species abundance in the lower reaches.

This study showed that the Jiulong River estuary is N-enriched, Si-enriched, and P-limited, where an excess in N and Si may lead to eutrophication and impact phytoplankton diversity. Compared to the Yangtze River and Pearl River estuaries, the nutrient status in the Jiulong River estuary was more balanced. Phytoplankton take up extraneous nutrients at a fixed ratio (Redfield ratio: C:N:P = 106:16:1; Redfield, 1934) to meet their own growth and survival requirements, and diatoms specifically require Si in addition to C, N, and P, absorbing Si and N on a 1:1 M basis (Officer and Ryther, 1980). Although there is a strong consensus that N is the primary cause of eutrophication in aquatic marine ecosystems (Paerl, 2009; Cosme et al., 2015), the relatively high Si (compared to N) in the Jiulong River estuary poses a potential algal bloom threat. With an increase in Si concentrations in the Jiulong River estuary, the composition of phytoplankton species richness gradually led to the dominance of diatoms. For example, diatoms accounted for roughly 90% of phytoplankton species richness in our study, which may impact phytoplankton diversity. Therefore, instead of solely focusing on reducing N pollution, it is recommended to also reduce Si concentrations during ecosystem restoration initiatives. This will help restructure the phytoplankton community and prevent algal blooms (via diatoms).




CONCLUSION

Phytoplankton is one of the most susceptible aquatic organisms to environmental change in estuaries, especially regarding eutrophication. In this study, phytoplankton diversity patterns and their potential factors (particularly nutrient concentrations and nutrient ratios) were examined, using both alpha and beta diversity in the Jiulong River estuary, China. Our study indicated that diversity patterns were shown to vary at different scales, in different seasons and in different indices in Jiulong River estuary, where the phytoplankton species richness was higher in autumn and in the lower estuary, while phytoplankton was more diverse and heterogeneous in its composition in the upper estuary, highlighting that it is better to explore diversity patterns hierarchically to inform an effective conservation strategy. Environmental factors had a significant influence on both alpha and beta phytoplankton diversity in Jiulong River estuary, particularly nutrient concentrations and nutrient ratios, characterized by an excess in N and Si but limited P. Our findings provide an important information to enhance biodiversity conservation in Jiulong River estuary in a comprehensive way, and also offer a practical approach and analytically based information to protect estuarine or even other marine ecosystem diversity, which can be applied to other estuaries to better guide sustainable management and conservation practices.
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Observed different evolutions of SST anomalies in the South China Sea (SCS) between super and other El Niño events are revealed. The results suggest that the first (second) warming peak is warmer than the second (first) one for super (other) El Niño composite. Mixed layer heat budget analysis indicates that during the first warming period, the vertical advection induced by the anomalous anticyclone in the SCS (SCSAC) warms the SST in the central SCS through the basin-scale downwelling motion for super El Niño composite. In contrast, the positive shortwave radiation anomalies from atmosphere into ocean associated with the reduced total cloud cover contribute the most warming SST for other El Niño composite. During the cooling period, the horizontal linear cold advection associated with a large west-east SST gradient anomaly and climatological western boundary currents plays the most important role in rapid cooling SST for super El Niño composite. However, the nonlinear warm advection associated with the northward current anomalies and anomalous SST gradient in the western SCS maintains the SCS SST for other El Niño composite. During the second warming period, the net surface heat flux anomalies act as a damping process, while the warming process could be attributed to the vertical warm advection. Specially, the SCSAC weakens but the anomalous easterly winds strengthen to suppress the upwelling off the coast of southeast Vietnam for other El Niño composite. The anomalous ocean circulations and associated advections are related to the development of SCSAC, which could be largely attributed to the SST anomalies in the Indian Ocean. In contrast with previous studies, our results highlight the role of ocean dynamics in the evolution of SCS SST anomalies during El Niño of different intensities.
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1 Introduction

The South China Sea (SCS), which is located between the western Pacific Ocean and the Indian Ocean, is the largest marginal sea in the northwest Pacific. Abundant water exchange and complex atmospheric processes make the SCS susceptible to the Pacific and Indian Oceans but quite different from them (Liu et al., 2004; Chiang et al., 2018). Observational analyses have shown that the sea surface temperature in the SCS (SCS SST) exhibit abundance of multiple timescales from seasonal to decadal variabilities, which are largely modulated by the East Asian monsoon, El Niño–Southern Oscillation (ENSO), Interdecadal Pacific Oscillation, and global warming (Shen and Lau, 1995; Tomita and Yasunari, 1996; Ose et al., 1997; Chu et al., 1999; Klein et al., 1999; Qu, 2001; Chen et al., 2003; Wang et al., 2006a; Yu and Qu, 2013; Wu et al., 2014; Cheng et al., 2016; Cheng et al., 2017; Cheng et al., 2019; Xiao et al., 2020a; Liang et al., 2021). Among them, the impact of ENSO on the SCS SST on the interannual timescale has been widely studied.

There are two main processes for ENSO to affect the SCS SST. One is called the “atmospheric bridge”: the Walker circulation is weakened with the development of El Niño to modulate the SCS SST through surface heat flux (Trenberth et al., 1998; Klein et al., 1999; Wang et al., 2000; Alexander et al., 2002). Zhang et al. (1996) proposed that an anomalous anticyclone over the western North Pacific (WNPAC) could be a critical linkage between East Asian climate and El Niño. Wang et al. (2000) indicated that the formation of the WNPAC during the late fall of the El Niño developing phase and the local atmosphere–ocean interaction (wind–evaporation–SST feedback) could support the WNPAC to persistent. Xie et al. (2009) proposed another maintenance mechanism of the WNPAC via the Indian Ocean capacitor effect, namely the tropical Indian Ocean warming following the El Niño event could force a warm equatorial Kelvin wave to the east to maintain the WNPAC. These theories could explain the continuous warming SST in the SCS during El Niño decaying phase. Another process is called “oceanic channel”. The only deep channel that connects the SCS and the Pacific is the Luzon Strait (Qu et al., 2004; Tian et al., 2006). The SCS SST anomalies could be modulated by the ENSO-induced ocean dynamical processes through the Luzon Strait (Qu et al., 2004; Wang et al., 2006b). For example, Wang et al. (2002) found that the extreme warm event in 1997/1998 was triggered mainly by the warm advection caused by the southerly wind anomalies, but the weakened throughflow from the Luzon Strait maintained the warming SST. Xiao et al. (2018) reported two subsurface extreme warming events, which were related to the warm water advected from the Kuroshio current.

According to the above theories, some features and mechanisms of the SCS SST associated with the El Niño were proposed. Wang et al. (2006a) pointed out that following an El Niño event the evolution of the SCS SST shows a double-peak feature. The net heat flux anomalies contribute to the first warming peak, while geostrophic heat advection is the major factor in producing the second warming peak. Chen et al. (2007) demonstrated that the rapid warming of the SCS during fall of a strong El Niño was mainly attributed to the increased solar heating in October and decreased latent heat flux in November–December, respectively, which are both induced by the evolution of the WNPAC. The influence of the different types of El Niño on SCS SST has also been studied (Liu et al., 2014; Tan et al., 2016; Liang et al., 2021). For instance, the SCS may warm throughout the basin during the eastern Pacific El Niño, while during the central Pacific El Niño the SCS warming only occurs to the west of 115°E. Tan et al. (2016) investigated the influences of three types of El Niño on the SCS during developing autumn. They pointed that the positive latent heat flux (positive anomalous Qnet and its components indicate that the ocean gains heat from the atmosphere to warm the SST, and vice versa) contributed to the warm SCS SST anomalies for canonical El Niño and El Niño Modoki I, whereas the cold SST anomalies are found for El Niño Modoki II induced by negative latent heat flux.

As summarized above, previous studies mainly focused on the impact of the El Niño and its diversity on the SCS SST. Yet little is known about the impacts of El Niño of different intensities on the SCS SST. The purpose of this study is to investigate different evolutions of SCS SST anomalies between super and other El Niño events and the corresponding physical mechanisms. In addition, different from previous studies, this study focuses on the role of ocean advection in the evolution of SCS SST in response to the El Niño with different intensities.

The remainder of this paper is organized as follows. The data and methodology are set out in Section Data and Methods. In Section Results, we show the spatiotemporal difference of SCS SST in response to El Niño with different intensities, a detailed mixed layer heat budget analysis, and the large scale forcing from the Indian Ocean. Finally, a discussion and the main conclusions are given in Section Conclusions and Discussion.



2 Data and Methods


2.1 Data

In this study, observed monthly SST data are collected from the National Oceanic and Atmospheric Administration (NOAA) daily optimum interpolation SST datasets version 2 (OISSTv2, Reynolds et al., 2007). To detect the possible associated mechanisms for controlling the SST variation, the subsurface ocean temperature and three-dimensional currents from Simple Ocean Data Assimilation (SODA version 3.4.2) reanalysis data are used (Carton et al., 2018). The quality of SST in SODA3.4.2 has been validated against observations in OISSTv2 from previous studies (Xiao et al., 2020b; Xiao et al., 2020c). Atmospheric variables are obtained from the European Centre for Medium-Range Weather Forecasts Reanalysis Interim (ERA-Interim, Dee et al., 2011), namely, the longwave radiation, shortwave radiation, latent heat flux, sensible heat flux, total cloud cover, and horizontal wind fields. We choose ERA-Interim because the ocean model used to produce SODA was forced by ERA-Interim. All datasets covered the period of 1982–2018 and all anomalous values are calculated based on the climatological data for the period of 1982–2018. Linear trends for all variables have been moved before analyses.

According to monthly Niño3.4 index (area-averaged SST anomalies over 5°S–5°N, 120°–170°W) from 1982 to 2018, three strongest El Niño events with the Niño 3.4 index exceeding 2.5°C (referred to super El Niño events: 1982/83, 1997/98, 2015/16) and the remaining eight events (referred to other El Niño events 1986/87, 1987/88, 1991/92, 1994/95, 2002/03, 2006/07, 2009/10, 2014/15) are chosen for analysis.



2.2 Mixed Layer Heat Budget

In this study, mixed layer heat budget analysis is a very important method to examine the atmospheric heat flux and oceanic advection controlling changes in SST quantitatively. Following Li et al. (2002), the mixed layer temperature tendency equation is written as:

 

where Tm is the mixed layer averaged temperature, which is a good proxy for SST in the mixed layer heat budget analysis; V and W are the horizontal and vertical current velocities averaged in the mixed layer, respectively; ρ is the reference density for seawater (1,027 kg m−3); Cp is the specific heat capacity of seawater (4,007 J °C−1 kg−1); H denotes the mixed layer depth, which is defined here as the depth at which the temperature is 0.5°C lower than the SST (Monterey and Levitus, 1997); and R represents the residual term from unaccounted effects like diffusion, turbulent mixing, and errors in other terms. The overbar and prime denote the climatological mean and the deviation from the mean, respectively.

The Qnet is the net surface heat flux at the sea surface:

 

Where LWR is the net surface longwave radiation flux, LHF is the latent heat flux, SHF is the sensible heat flux, and SWR is the difference between the net surface shortwave radiation flux and unabsorbed shortwave radiation penetrating through the mixed layer base. Following Halliwell (2004), SWR is calculated as follows:

 

Where R is red light fraction, β1 and β2 are the penetration depth scales of red and blue light, respectively. In this study, coefficients R, β1, and β2 are chosen to be 0.58, 0.35, and 23, respectively, according to the water transparency properties in the SCS (Seow and Tozuka, 2019).




3 Results


3.1 Spatiotemporal Difference of SCS SST in Response to ENSOs

The 2-year evolutions of the monthly SST anomalies in the main part of SCS (10°–20°N, 109°–118°E) from developing to decaying phases of three super El Niño events are shown in Figure 1A. The results indicate that the SCS experienced continuous abnormal warming since developing summer to autumn. In contrast, the SCS SST anomalies reveal great differences among eight other El Niño events (Figure 1B). Each impact of El Niño on the SCS is expected to be unique.




Figure 1 | (A) Time series of the SST anomaly over the SCS (10–20°N, 109–118°E) during three super El Niño events (Unit: °C). (B) Same as in (A) but for eight other El Niño events. “(0) and (1)” indicate the developing year and the decaying year for El Niño.



In order to elucidate the temporal variations of SCS SST anomalies during El Niño events clearly, we averaged the SCS SST anomalies for three super El Niño events and eight other El Niño events, respectively (Figures 2A, B). We use years 0 and +1 to represent El Niño developing and decaying years, respectively. A prominent feature of the SCS SST anomalies is a double peak following super El Niño events, which is consistent with Wang et al. (2006a). The first and second peaks occur in January and August during subsequent year of the El Niño with the average SST anomalies of 0.99°C and 0.58°C in the boreal winter [D(0)JF(+1)] and summer [JJA(+1)], respectively (Figure 2C). From the standard deviation of the winter SST anomalies for these super El Niño events, the first peak has a larger standard deviation, indicating that each impact of super El Niño on the SCS also has its uniqueness (Figures 2A, C). For example, we discussed that the early and extreme SCS SST anomalies in boreal autumn 2015 were different from the other two super El Niño events, which were modulated by the Indian Ocean (Xiao et al., 2020b). For eight other El Niño events, the SCS SST anomalies also display a double peak, but the amplitudes are much weaker than those for super El Niño events (Figure 2B). The first and second peaks occur in March and August during subsequent year of the El Niño with the average SST anomalies of 0.14°C and 0.33°C in the boreal winter [D(0)JF(+1)] and summer [JJA(+1)], respectively (Figure 2D). Compared with the difference between Figures 2A, B, a continuous warming from Aug(0) to Jan(+1) (+0.94°C in 6 months) and a rapid cooling Feb(+1) to Apr(+1) (−0.83°C in 3 months) make the first peak warmer than the second one for super El Niño events. In contrast, a very slowly warming from Sep(0) to Mar(+1) (+0.36°C in 7 months) and a continuous warming from Apr(+1) to Aug(+1) (+0.47°C in 5 months) make the second peak warmer than the first one for other El Niño events.




Figure 2 | (A). Gray bars indicate two-year SST anomaly evolutions averaged over the SCS (10–20°N, 109–118°E) for super El Niño composite and the error bars indicate ±1 standard deviations of every month. (B) Same as in (A) but for the other El Niño composite. (C, D) Same as in (A, B) but for the seasonal mean. The red shading and yellow shading in (C, D) indicate the warming peaks, and the red one is the warmest.



The spatial distributions of the SCS SST and 975hPa wind anomalies for super and other El Niño events are shown in Figure 3. The anomalous anticyclone in the SCS (SCSAC) establishes in SON(0) and maintains until MAM(+1) for super El Niño events. A basin-scale warming occurs throughout the super El Niño life cycle. As mentioned above, the first peak in D(0)JF(+1) is much warmer than the second peak in JJA(+1) (Figures 3B, D). The maximum warming centers of the first and second peaks are located in the western and eastern SCS, respectively. For other El Niño events, the SCSAC establishes in D(0)JF(+1), about one season later than that for super El Niño events (Figure 3F). It appears that the warming center occurs in the southern SCS during first peak and develops to be a basin-scale warming pattern during second peak (Figures 3F, H). We can conclude that the first (second) peak was 0.41°C (0.19°C) warmer than the second (first) one for super (other) El Niño events, indicating that the impact of non-super El Niño events on the SCS mainly occurs in decaying summer of El Niño events (Figures 2C, D).




Figure 3 | Composited SST anomalies (shading; unit: °C) and 975-hPa wind anomalies (vector; unit: m/s) during (A) SON(0), (B) D(0)JF(+1), (C) MAM(+1), and (D) JJA(+1) for super El Niño events. (E–H) Same as in (A–D) but for other El Niño events composite. The black dots and blue vectors indicate the composite exceeding the 90% significance level based on Student’s t-test.





3.2 Mixed Layer Heat Budget Analysis

To assess the local atmospheric and oceanic processes that contribute to the SCS SST anomalies during super and other El Niño years, the mixed layer heat budget is carried out based on Equations (1)–(3). For super El Niño composite, the cumulative SST tendencies are similar to the SST anomalies (Figures 2A, 4A). The three-dimensional oceanic advection and Qnet are positive contributions to warm the SCS SST until Dec(0), the contribution of oceanic warm advection is larger than the surface heat flux during the continuous warming period. Then oceanic advection serves to rapidly reduce in the SCS SST from Jan(+1) to Mar(+1) and turns to warm the SCS SST after Apr(+1) again. That the SST starts to cool down after second warming peak could be attributed to the negative Qnet anomalies. However, the positive Qnet seems to make the same contribution to SCS SST warming as the three-dimensional warm oceanic advection until Mar(+1) for other El Niño composite. The Qnet anomalies turn to be negative from Aug(+1) and contribute to the SCS SST cooling, although the advection still maintains a positive contribution. Compared with super El Niño events, the residual term in the mixed layer heat budget for other El Niño events is larger (Figures 4A, B). As mentioned above, we can divide the development of the SCS SST anomalies during super El Niño events into three stages. Period 1 is the rapid warming stage in OND(0), short for P1. Period 2 is the sharp cooling stage in JFM(+1), short for P2. Period 3 is the second warming stage in JJA(+1), short for P3.




Figure 4 | (A) Mixed layer heat budget results averaged over the SCS for super El Niño composite. The black line is the cumulative mixed layer temperature tendency (dSST), and the blue and red lines indicate the cumulative net surface heat flux (Qnet) and three-dimensional advections (adv), respectively. Shading indicates ±1 standard deviations of every month. (B) Same as in (A) but for other El Niño composite.



The components of Qnet and three-dimensional oceanic advection are discussed in detail. For P1, it is found that the LHF, SHF, and LWR anomalies act as thermodynamic damping terms in the Qnet. The positive SWR anomalies are responsible for the positive Qnet (Figure 5A). These results are inconsistent with Wang et al. (2006a); Liu et al. (2014) and Tan et al. (2016). They concluded that the LHF related to the wind speed was the most important contributor to Qnet averaged on the SCS basin-scale. In fact, their results also demonstrate that the LHF or Qnet only played an important role in the northern SCS, the importance of ocean circulation was reduced because their results were based on whole SCS (see Figure 5 of Liu et al., 2014 and Figure 8 of Tan et al., 2016). Therefore, the spatial distributions of Qnet, SWR, and LHF are shown in Figure 6. The positive Qnet anomalies occur in the northern SCS, weak positive and even negative Qnet anomalies occur over south of 16°N (Figure 6A). Interestingly, the SWR and LHF anomalies show opposite patterns in Figures 6B, C. The positive Qnet anomalies in the northern SCS are attributed to the positive LHF anomalies associated with reduced wind speed (Figure 7C). It is because the climatological wind during OND in the SCS is northeasterly, the anomalous southwesterly wind in the northern SCS related to the SCSAC could weaken the climatological northeasterly wind. Thus, the weakened surface wind speed reduces heat loss from the ocean to warm the SCS (Figures 3A–C). The positive SWR and negative LHF anomalies offset each other, which contributes to the weak positive or even negative Qnet anomalies over south of 16°N. It is seen that the positive SWR anomalies are also related to the SCSAC. The SCSAC-induced descending motion could suppress convective activity and significantly reduce the total cloud cover, leading to increased solar heating (Figure 7A). For other El Niño events, it is found that the LHF anomalies are positive instead of exerting the damping effect for super El Niño composite (Figure 5B). The positive Qnet anomalies occur over the whole SCS but concentrate over the eastern part (Figure 6D). The positive SWR anomalies associated with reduced total cloud cover play a dominant role in positive Qnet (Figures 6E, 7B). The LHF anomalies are weaker than that for super El Niño composite because the wind speed anomalies relative to climatology are insignificant (Figures 6F, 7D).




Figure 5 | (A) The orange, purple, green, red, and black lines indicate the cumulative latent heat flux (LHF), sensible heat flux (SHF), longwave radiation flux (LWR), shortwave radiation flux (SWR), and net surface heat flux (Qnet) for super El Niño composite, respectively. (B) Same as in (A) but for other El Niño composite. (C) The black, blue, and red lines indicate the cumulative linear horizontal advection (advHL), nonlinear horizontal advection (advHN), and vertical advection (advw) for super El Niño composite, respectively. (D) Same as in (C) but for other El Niño composite. Shading indicates ±1 standard deviations of every month.






Figure 6 | (A) The Qnet anomalies, (B) SWR, and (C) LHF anomalies averaged over OND(0) for super El Niño composite (Unit: W/m2). (D–F) Same as in (A–C) but for other El Niño composite. The composite results exceeding the 90% confidence level are hatched based on Student’s t-test.






Figure 7 | (A) The total cloud cover (TCC) anomalies averaged over OND(0) for super El Niño composite. (B) Same as in (A) but for other El Niño composite. (C) The wind speed anomalies averaged over OND(0) for super El Niño composite (Unit: m/s). (D) Same as in (C) but for other El Niño composite. The composite results exceeding the 90% confidence level are hatched based on Student’s t-test.



As a result, the thermodynamic process (Qnet) could only account for most rapid warming in the northern and eastern SCS for super El Niño composite. What causes the warming in the central-western SCS? To answer this question, the dynamic processes of the oceanic advection term are analyzed. Figure 5C displays that the vertical advection plays a positive role in warming the SST for super El Niño composite, while the horizontal linear advection plays a damping role. We further decompose the horizontal linear advection into horizontal advection of mean temperature by anomalous currents (MTAC) and horizontal advection of anomalous temperature by mean currents (ATMC). Although the horizontal advection of MTAC shows a warming effect, the horizontal advection of ATMC causes a stronger cooling in the western SCS (Figure 8A). Therefore, the net effect of ATMC and MTAC is that the linear horizontal advection plays a damping role during the first warming period (Figure 5C). The climatological wind stresses in the SCS are northeasterly and the wind stress curl in the central SCS is positive induced by the cyclonic circulation (Figure 9A). For super El Niño composite, it is clear that the significant SCSAC-induced negative wind stress curl occur in the central SCS (Figure 9B). The Sverdrup relation was used to connect the ocean circulation and wind stress curl in the SCS (Sverdrup, 1947; Liu et al., 2001; Xiao et al., 2018; Xiao et al., 2019). According to the Sverdrup theory, the anomalous Sverdrup transport is forced mainly by the negative wind stress curl anomalies and is balanced by weakened western boundary current transports, which forms an anomalous anticyclonic circulation in the SCS. The anomalous wind stress curl induced-anomalous anticyclone leads to basin-scale downwelling motion to make the SST warming in the central SCS, and this is why the vertical advection is the main contributor for warming the SCS SST. For other El Niño composite, the vertical advection is also important than the horizontal advection for warming the SST, but weaker than the contribution of Qnet (Figure 5D). The mechanism of the vertical advection is similar to that for super El Niño events, but the wind stress and its curl anomalies are weaker due to late establishment of SCSAC (Figures 3A, B, 9C).




Figure 8 | (A) The blue and red lines indicate the cumulative horizontal advection of mean temperature by anomalous currents (advuT + advvT) and horizontal advection of anomalous temperature by mean currents (advUt + advVt) for super El Niño composite, respectively. (B) Same as in (A) but for other El Niño composite. Shading indicates ±1 standard deviations of every month.






Figure 9 | (A) Climatological wind stress (vectors, unit: N/m2) and wind stress curl (shading, unit: ×10−6 N/m3) over OND(0). (B) Same as in (A) but for the wind stress and wind stress curl anomalies for super El Niño composite. (C) Same as in (B) but for other El Niño composite. Shaded areas and vectors in (B, C) are only shown for the results exceeding the 90% confidence level based on Student’s t-test.



For P2, rapid cooling process occurs for super El Niño composite rather than other El Niños. This is mainly due to the difference in oceanic advection, the contribution of Qnet anomalies is very weak and can be ignored (Figure 4). Thus, only the role of oceanic advection will be discussed during P2. The decomposed advection terms show that the both the decreased horizontal linear and nonlinear advections cool the SST for super El Niño composite, especially the linear term (Figure 5C). Further decomposition indicates that the horizontal advection of ATMC is the major factor (Figure 8A). Then, the detailed analyses of the horizontal advection are clearly demonstrated by the distribution of the SST and mixed-layer averaged currents (Figures 10A–C). The SST anomalies and mean mixed layer averaged currents over JFM(+1) for super El Niño composite are shown in Figure 10A. Due to accelerated warming in previous months, the spatial distribution of the SST anomalies show a west-east gradient with the maximum warming SST concentrated in the western SCS. Then, the strong climatological western boundary currents drive more cool water from the northeastern and southeastern SCS to the central-western regions (Figure 10A). The mean SST and mixed layer averaged currents anomalies over JFM(+1) are shown in Figure 10C. The anomalous currents in the central SCS flow mainly along the isotherm, indicating that there is no thermal exchange between cold and warm water. However, there are anomalous southeasterly currents in the western part of the Luzon Strait bringing the cold water to the eastern SCS. Therefore, the horizontal linear advection of the MTAC remains as a negative contribution. Lastly, the SST anomalies and mixed layer averaged currents anomalies over JFM(+1) are shown in Figure 10E, indicating the horizontal nonlinear advection. As mentioned above, it is obviously seen that the anomalous southwesterly currents drive anomalous cold water from eastern SCS to the central part. Consistent with the decomposition of mixed layer heat budget analysis, the horizontal advection of ATMC is the largest contributor due to the strongly intensified ocean currents and large influence range. For other El Niño composite, the reduced SST only occurs in Apr(+1) which means the SST anomalies have been maintained during P2 (Figure 2B). As in previous analyses, only the role of oceanic advection is discussed. Further decomposition results demonstrate that the major contributor to maintaining the SST anomalies was the horizontal nonlinear advection, while the horizontal linear and vertical advections had little impact (Figure 5B). As the two components of the horizontal advection, the negative ATMC and positive MTAC offset each other during P2 (Figure 8B). Different configurations of SST and currents are shown in the right panels of Figure 10. The climatological western boundary currents drive a cold advection to cool the SST in the central and western SCS, which is similar to that of super El Niños, but the cold advection is weaker due to a weak west-east gradient in the northern-central SCS with the maximum warming SST concentrated in the southern SCS (Figure 10D). The mean SST and mixed layer averaged currents anomalies over JFM(+1) in Figure 10D display some obviously contrasts between Figure 10C. The anomalous currents in the western SCS flow across the isotherm, indicating that the warm advection drive warm water from the western SCS to the north, although the SST gradient in the western SCS is not as large as that in the eastern part (Figure 10D). Thus, the two components of linear advection counteract each other in the western SCS like those analyzed before. Lastly, both the northward currents anomalies and maximum SST gradient are located in the western SCS, resulting in warm advection effect to make the SCS SST unreduced during P2. Based on the above analyses, the rapid cooling in JFM(+1) for super El Niños could be attributed to the continuous warming-induced large SST gradient during the first warming peak.




Figure 10 | (A) The SST anomalies (shading, unit: °C) and mean mixed layer averaged currents (vectors, unit: m/s) over Jan–Feb–Mar [JFM(+1)] for super El Niño composite. (B) Same as in (A) but for other El Niño composite. (C) Mean SST (shading) and mixed layer averaged current anomalies (vectors) over JFM(+1) for super El Niño composite. (D) Same as in (C) but for other El Niño composite. (E) The SST anomalies (shading) and mixed layer averaged current anomalies (vectors) over JFM(+1) for super El Niño composite. (F) Same as in (E) but for other El Niño composite. The composite SST and current results exceeding the 90% confidence level are hatched and shown in blue vectors based on Student’s t-test.



For P3, the mechanisms for SST warming for super and other El Niños are very similar. The Qnet anomalies act as a damping role to cool the SST, so the second warming period in other El Niños could be attributed to the oceanic warm advection (Figure 4). Further decomposition results show that the vertical warm advection controls most of the total advection (Figures 5C, D). This process is very easy to understand: the SCSAC weakened but the anomalous easterly winds strengthened to reduce the upwelling over the SCS, especially off the coast of southeast Vietnam (Figures 3D, H, Xie et al., 2003). It is clear that the maximum warming center is located in the same region of easterly winds for other El Niños. The second warming rate for super El Niños is smaller than that of other El Niños because the horizontal advection of ATMC offsets the warming partially (Figure 8A).



3.3 Large-Scale Forcing From the Indian Ocean

Based on above analyses, it is understood that the thermodynamic and dynamic processes related to the SST warming and cooling are directly associated with SCSAC. Previous studies have demonstrated that the life cycle of the SCSAC is tightly tied to the phase of El Niño. On average, the SCSAC forms during El Niño developing fall and establishes during winter, maintains during the subsequent spring and summer, then decays (Wang et al., 2000; Wang and Zhang, 2002; Wang et al., 2003; Kim and An, 2019). It is shown that the warming SST anomalies in the central-eastern Pacific (CEP) reach maximum in OND(0) and gradually retreat eastward in following seasons for super El Niño events (Figures 11A–D). While the warming SST anomalies in the CEP also reach maximum in OND(0) but gradually retreat westward in following seasons for other El Niños (Figures 11E–H). It has been widely accepted that the establishment of SCSAC in OND(0) for super El Niño events could be largely attributed to the cold SST anomalies in the WNP associated with El Niño, especially in the Maritime Continent region, by a Rossby wave-like response (Figure 11A, Matsuno, 1966; Gill, 1980; Watanabe and Jin, 2002; Xiao et al., 2020b). In contrast, a weak SCSAC starts to establish in OND(0) for other El Niños. Relative vorticity is used to quantify the intensity of SCSAC. The evolution of the relative vorticity anomalies display that the rapid establishment of SCSAC in Oct(0) for super El Niños (Figure 12A). In JFM(+1), the SCSAC moves eastward, along with eastward withdrawal of the cyclonic anomalies extending from the CEP, indicating the formation of WNPAC for super El Niños (Figure 11B). This WNPAC could be maintained until AMJ(+1), then rapid weakens in JAS(+1) (Figures 11C, D, and 12A). In contrast, the SCSAC fully establishes in JFM(+1) for other El Niños, the relative vorticity over the SCS also reaches its minimum in Mar(+1) in Figure 12A. Then the continuous easterly wind anomalies extend from the central Pacific to the entire Indian Ocean for other El Niños, as opposed to a strong WNPAC for super El Niños (Figure 11F), and decay in JAS(+1). Xie et al. (2009) proposed one maintenance mechanism of the WNPAC via the Indian Ocean capacitor effect, namely the tropical Indian Ocean warming following the El Niño event could force a warm equatorial Kelvin wave to the east to maintain the WNPAC. In this study, the Indian Ocean also plays an important role in the discrepant evolutions of SST anomalies in the SCS between super and other El Niño events. The significantly Indian Ocean warming basin mode (IOBM) occurs from OND(0) to AMJ(+1) for super El Niño composite, IOBM could strengthen the SCSAC through the warm equatorial Kelvin wave, indicating its important role in establishment and maintenance of WNPAC (Figures 11A–C). The IOBM index (area-averaged SST anomalies over 20°S–20°N, 40°–100°E) in Figure 12B also shows a continuous warming until Apr(+1), which is consistent with the intensity of SCSAC (correlation coefficient is −0.84) for super El Niños, then the IOBM and SCSAC decay in JAS(+1). In contrast, the IOBM occurs from AMJ(+1) to JAS(+1) for other El Niño composite, and is later and weaker than that of super El Niños (Figures 11E–H). It is noteworthy that the IOBM reaches its peak in JAS(+1), indicating that the Indian Ocean is warmer than during super El Niños. The warm Indian Ocean enhances the SST gradient between the WNP and Indian Ocean to contribute the second warming stage though easterly wind anomalies in the SCS (Figures 11H, 12B).




Figure 11 | Composited SST anomalies (shading; unit: °C) and 975-hPa wind anomalies (vector; m/s) during (A) OND(0), (B) JFM(+1), (C) AMJ(+1), and (D) JAS(+1) for super El Niño events. (E–H) Same as in (A–D) but for other El Niño events composite. The black dots and blue vectors indicate the composite exceeding the 90% significance level based on Student’s t-test.






Figure 12 | (A) The blue and red lines indicate the vorticity anomalies averaged over the SCS for super and other El Niño composite, respectively. (B) Same as in (A) but for the SST anomalies over the Indian Ocean (20°S–20°N, 40–100°E). Shading indicates ±1 standard deviations of every month.






4 Conclusions and Discussion

Previous studies mainly focused on the impact of the El Niño and its diversity on the SCS SST. In this study, observed different evolutions of SCS SST anomalies between super and other El Niño events were revealed by the composite analyses. The SCS SST anomalies have two warming peaks in the El Niño mature winter and decaying summer. The SCS starts to warm in Aug(0) and lasts more than one year for super El Niño composite. However, for other El Niño composite, the SCS warms later in Dec(0) and the warming intensity is weaker. Another prominent feature is that the first (second) warming peak warmer than the second (first) one for super (other) El Niños, indicating that the different impacts of El Niño with different intensities on the SCS SST. Then, according to the SCS SST variation, three different warming and cooling stages are compared by carrying out the mixed layer heat budget analysis.

During the first warming period, the positive LHF anomalies induced by reduction of wind speed could only account for the rapid warming in the northern SCS. The reduced total cloud cover-induced positive SWR anomalies and enhanced wind speed-induced negative LHF anomalies offset each other in the central SCS. Further analysis displays that the established SCSAC-induced vertical advection warms the SST in the central SCS through the basin-scale downwelling motion for super El Niños. In contrast, the positive SWR anomalies associated with the reduced total cloud cover contribute the most warming SST for other El Niños, and the vertical warm advection is less important.

During the cooling period, the oceanic advections are more important than the Qnet term. The horizontal linear advection of ATMC plays the most important role in rapid cooling SST for super El Niño composite. The SST anomalies show a west-east gradient with the maximum warming SST concentrated in the western SCS due to accelerated warming in previous months. The western boundary currents drive more cold water from the northeastern and southeastern SCS to the central-western regions to cool the SCS. In contrast, the cold advection of ATMC is weak due to small west-east SST gradient and offset by the warm advection of MTAC for other El Niño composite. Both the northward currents anomalies and maximum SST gradient are located in the western SCS, resulting in warm advection effect to make the SCS SST not reduce during this stage.

During the second warming period, the mechanisms for SST warming for super and other El Niños are very similar. The Qnet term acts as a damping term, while the warming process could be attributed to the vertical warm advection. Specially, the SCSAC weakened but the anomalous easterly winds strengthened to reduce the upwelling over the SCS, especially off the coast of southeast Vietnam for other El Niño composite. The second warming rate for super El Niño composite is smaller than that of other El Niños, because the horizontal advection of ATMC offsets the warming partially. The schematic map is shown in Figure 13.




Figure 13 | Schematic illustrating the discrepant effects of oceanic advection in the evolution of SCS SST anomalies during El Niño of different intensities.



From the above results, it is well understood the different influences of El Niño with different intensities on SCS SST were mainly exerted via oceanic advection. The different ocean circulations and associated advections are related to the development of SCSAC. Based on the previous studies, the atmospheric response associated with the Indian Ocean warming is a very important factor for SCSAC, especially for super El Niños and the correlation coefficient between the SCSAC and Indian Ocean SST reaches −0.84. It is noteworthy that weaker relationship between the Indian Ocean and SCSAC (r = −0.61) indicates that some other factor could impact the SCSAC for other El Niños, such as the Madden–Julian Oscillation (Xiao et al., 2020c). The evolutions of SCS SST anomalies differ in each El Niño, the monthly-scale characteristics of ENSO’s impact on SCS SST will be investigated in future work.
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Herbivorous fishes play an important role in preventing the overabundance of macroalgae on coral reefs. Understanding the feeding selectivity and consumption of macroalgae by herbivorous fishes can be challenging in studies of their ecological role in the preservation and recovery of coral reefs. Coral reef decline, macroalgal overgrowth and overfishing are clearly visible in the Xisha Islands, China. However, there are seldom studies on the feeding behaviors of herbivorous fishes in this area. We used microscopy, 18S rRNA high-throughput sequencing, and stable isotope analyses to comprehensively examine the diet of eight herbivorous reef fish species common in the Xisha Islands, including one parrotfish, two chub, two unicorn fish, and three rabbitfish. Based on microscopic examination, Siganus argenteus fed on the highest number of macroalgae species (five species), followed by Naso unicornis (four species). Kyphosus cinerascens, K. vaigiensis, N. unicornis and S. punctatissimus fed on the entire macroalgal thallus, indicating their greater ecological importance compared with species that only consume algal fronds. According to the 18S rRNA high-throughput sequencing of fish intestinal contents, cluster analysis revealed that consumed macroalgae composition from the eight fishes always grouped together based on the fish species, but with low similarity. K. vaigiensis removed the highest diversity of macroalgae species as well as the greatest quantity of macroalgae. Calotomus carolinus can consume the red alga Pneophyllum conicum, which is widely distributed on Indo-Pacific coral reefs and can overgrow and kill live corals. N. unicornis was found to occupy the lowest trophic position based on stable isotope analysis. Multi-technique analyses revealed that K. vaigiensis, N. unicornis and S. argenteus showed a high consumption potential of macroalgae, suggesting that they are the key browsers that should receive priority protection in the Xisha Islands. A diverse herbivorous fish fauna is also very important in the Xisha coral reefs. These results not only demonstrated the various functions of different herbivorous fish species in macroalgal removal, but also provided insights into the management of herbivorous fishes on the coral reefs of the South China Sea.
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Introduction

Coral reefs are often called the tropical rainforests of the ocean and are the most productive and biologically diverse ecosystem, supporting more than 25% of all known marine species (Moberg and Folke, 1999; Walker and Wood, 2005). However, the world’s coral reefs are declining due to numerous anthropogenic activities and global climate disturbances, such as coastal development, land-based and marine pollution, overfishing, tropical storms and thermal stress (Burke et al., 2011; Liu et al., 2021; Souter et al., 2021). There was a massive loss of almost 14% of the coral from the world’s coral reefs between 2009 and 2018 (Souter et al., 2021). The decline of coral reefs can involve a shift from coral towards macroalgae as the dominant feature (Cheal et al., 2010; Kopp et al., 2010; Bruno et al., 2019). Macroalgae growth can hinder the settlement, survival, and growth of corals, so that a healthy coral reef ecosystem is difficult to reestablish (Puk et al., 2016; Dell et al., 2020). Phase shifts in the balance of coral/macroalgal species have been attributed to insufficient herbivore activity, eutrophication, environmental disturbances (e.g. typhoons, ocean warming and coral bleaching, etc.), or a combination of these factors (Cheal et al., 2010; Russ et al., 2015; Neilson et al., 2018; Bruno et al., 2019; Adam et al., 2021).

Herbivorous reef fishes are the major consumers of macroalgae on coral reefs (Cheal et al., 2010). Chub (Kyphosus spp.) (Dell et al., 2020), unicorn fish (Naso spp.) (Lefevre and Bellwood, 2011; Streit et al., 2015) and rabbitfish (Siganus spp.) (Bennett and Bellwood, 2011; Streit et al., 2015) are recognized as the important macroalgal grazers on coral reefs. Parrotfish are usually as microphages that target microscopic photoautotrophs, and macroalgae is a low component of diet of Parrotfish (Clements et al., 2017; Nicholson and Clements, 2020). The feeding preferences of herbivorous reef fishes differ at the species level (Hoey and Bellwood, 2009; Duran et al., 2019; Dell et al., 2020). Naso spp. and Kyphosus spp. generally target brown macroalgae (Puk et al., 2016). Of the over 50 herbivorous fish species identified off Lizard Island, northern Great Barrier Reef (GBR), only one, Naso unicornis, fed on the erect brown macroalga Sargassum across all habitats (Hoey and Bellwood, 2009). A study of the feeding behaviors of four rabbitfish species in the Seychelles of the Indian Ocean, indicated that Siganus argenteus and S. sutor were generalist herbivores, foraging on turf algae, macroalgae, seagrass and epiphytic algae, while S. corallinus and S. stellatus were specialist herbivores foraging primarily on turf algae growing on the reef substrate (Ebrahim et al., 2020). Herbivore species richness appears to be critical in generally lowering macroalgal abundance because of the complementary feeding habits of a diverse assemblage of herbivores (Burkepile and Hay, 2008). Therefore, it is essential to understand the dietary spectra of the various herbivorous reef fishes to understand their cumulative effect on coral reef health. However, very little is currently known about the macroalgal feeding preferences of the herbivorous reef fishes on the coral reefs off the Xisha Islands, and this limits our understanding of their different functional roles in controlling the spread of macroalgae.

The feeding ecology of herbivorous fishes on coral reefs is usually determined by behavioral observations, counting the number of bites taken by fish feeding in the field (Mantyka and Bellwood, 2007; Dell et al., 2020; Ebrahim et al., 2020), or by microscopic examination of intestinal contents (Choat et al., 2002; Dromard et al., 2015). These methods are convenient and provide detailed information on the dietary spectrum of different species (de Carvalho et al., 2019). However, there are some practical problems; small, fragile, or morphologically indistinct organisms are difficult to identify in intestinal samples, especially after digestion (Dromard et al., 2015; Kume et al., 2021). Stable isotope analysis is a powerful tool which can reveal feeding behavior over an extended period, although with some taxonomic limitations (Rodriguez-Barreras et al., 2020; Kume et al., 2021). High-throughput sequencing is emerging as a molecular method to estimate fish dietary composition by identifying the taxa eaten from genomic DNA recovered from fish intestines (Corse et al., 2010; Leray et al., 2015; Lin et al., 2021; Nalley et al., 2022). This molecular method is more efficient for diet evaluation with enrichment of the reference sequence databases such as GenBank (Devloo-Delva et al., 2019). Nalley et al. (2021) also demonstrated that reference sequences were important for metabarcoding sequencing. However, DNA metabarcoding lacks the biomass information of the diet (Lamb et al., 2019). Different approaches on examining the diets of herbivorous fishes may influence the interpretation of diet and function (Nalley et al., 2022). Therefore, using a combination of these three methods allows comprehensive descriptions of the dietary composition of various fish species.

Coral cover off the Xisha Islands has declined dramatically over the past 15 years (Li et al., 2018) and macroalgae have become dominant in many of their coral reef areas (Chen et al., 2019). Macroalgae cover was higher than coral cover in about 30% of the sites (70 sites) in Xisha coral reef island, and macroalgae cover in Qilianyu Islets and Cays can reach to 20% (Chen et al., 2019). Over 100 fish species have been recorded off the Qilianyu Islets and Cays, with the dominant species belonging to the families Pomacentridae and Labridae (Li et al., 2017). Overfishing has become a serious threat for these reefs (Zhao et al., 2016). However, the diet composition of fishes in this area was seldom investigated. Here, we explored the dietary differences of eight different herbivorous reef fishes common around the Xisha Islands, based on microscopic examination, 18S rRNA high-throughput sequencing and stable isotope analyses. We focused on comparisons of the macroalgal feeding selectivity of herbivores, including one parrotfish (Calotomus carolinus), two chub (Kyphosus cinerascens, and K. vaigiensis), two unicorn fish (Naso brevirostris, and N. unicornis) and three rabbitfish (S. argenteus, S. puellus, and S. punctatissimus). These fishes cover the herbivorous fishes belonging to different Family in Xisha Islands. Our previous study showed that K. vaigiensis, N. brevirostris and N. unicornis were the abundant herbivorous species in this region, while the others were common species (Wang et al., 2022). In addition, chubs, unicorn fish and rabbitfish were always considered as important herbivores in the Indo-Pacific (Dell et al., 2020). The results provided key information on the ecological function of these herbivorous fishes in removing macroalgae from coral reefs, and gave insights into the most effective overfishing prevention measures to keep the coral reef ecosystem at its most healthy.



Materials and Methods


Study Site and Fish Sample Collection

The Xisha Islands, in the central South China Sea, are derived from coral reefs and comprise over 40 islands, reefs and cays, including the Dongdao Atolls, the Huaguang Atolls, the Xuande Atolls, the Yongle Atolls, and some smaller islands (Zhao et al., 2017; Ding et al., 2019; Zhao et al., 2019). The Qilianyu Islets and Cays (16°59′ N, 112°18′ E) of the Xisha Islands comprise an arced reef flat, which extends in a NW-SE direction and curves to the NNE (Shen et al., 2017). Eight herbivorous reef fish species common in the Qilianyu Islets and Cays were collected by SCUBA in June 2020 (Figure S1). Fishes were captured by driver with spear guns between the hours of 18:00 and 20:00. All fishes were collected along the shallow waters around the coral reef regions (water depth below 15 m). The details of the fishes sampled in this study, along with their phylogenetic classification and feeding strategies, are shown in Table 1. The feeding strategy of each species was determined based on the previous published studies. All fishes collected were kept at -4°C and transported to the laboratory, where they were dissected using sterile scissors. In the dissecting process, all fishes were made sure to have food item in the intestines. The anterior intestinal contents were separated and divided into two subsamples. One subsample was used for microscopic examination, and the another was used for 18S rRNA high-throughput sequencing analysis. A small piece of white muscle tissue near the dorsal fin was sampled from each fish and used for stable isotope analysis.


Table 1 | Basic information on the coral reef fish species sampled in this study.





Intestinal Contents for Microscopical Analysis Examination

Intestinal contents of each fish species were collected for dietary assessment. Intestinal contents of individual fish were spread on glass culture dish and put under a microscope (Zeiss SteREO Discovery.V20, Germany). Photographs of the food items were taken using the microscope. Macrophytes species (Macroalgae and seagrasses) were only observed here, however, quantity analysis of the macrophytes composition wasn’t concerned. Macrophytes species were identified according to their morphological traits (Titlyanov et al., 2017; Huang, 2018).



Composition of Intestinal Contents Measured by 18S rRNA High-Throughput Sequencing Analysis

The total DNA of intestinal contents (0.2 g sample) of individual fish was extracted using a QIAamp® Fast DNA Stool Mini Kit (Qiagen, Germantown, MD, USA) according to the manufacturer’s protocols. The total DNA recovered from the same fish species was pooled together for PCR amplification which targeted the V4 region of the eukaryotic 18S rRNA gene using primers 528F (5’-GCGGTAATTCCAGCTCCAA-3’) and 706R (5’-AATCCRAGAATTTCACCTCT-3’), where the barcodes were an eight-base sequence unique to each sample (Cheung et al., 2010). Amplicons were extracted from 2% agarose gels and purified using the AMPure XP Beads (Beckman, Agencourt, USA). These purified amplicons were pooled in equimolar paired-end sequences (2 × 250) on an Illumina platform (Gene Denovo Co., Guangzhou, China). Raw reads for each fish species were deposited into the NCBI Sequence Read Archive (SRA) database with the accession number PRJNA742779. The representative sequences affiliated to the phyla Chlorophyta, Ochrophyta and Rhodophyta obtained in this study were deposited in the GenBank database under accession numbers MZ481947-MZ481964, MZ481932-MZ481946 and MZ481965-MZ482014, respectively.

Raw reads were filtered using FASTP (V0.18.0) to obtain high quality clean reads according to the following rules: (1) remove reads containing more than 10% of unknown nucleotides and (2) remove reads containing less than 50% of bases with a quality (Q-value)>20 (Chen et al., 2018). Paired-end clean reads were merged as raw tags using FLSAH (V1.2.11) with a minimum overlap of 10 bp and mismatch error rates of 2% or less (Magoc and Salzberg, 2011). Noisy sequences of raw tags were then filtered using QIIME (V1.9.1) (Caporaso et al., 2010) under specific filtering conditions (Bokulich et al., 2013) to obtain high quality clean tags. Clean tags were searched against the reference database (http://drive5.com/uchime/uchime_download.html) to perform reference-based chimera checks, using the UCHIME algorithm (Edgar et al., 2011). All chimeric tags were removed to finally obtain effective tags for further analysis.

The effective tags were clustered into operational taxonomic units (OTUs) of ≥ 97% similarity using UPARSE (V9.2.64) (Edgar, 2013). A dominant sequence was selected within each cluster as a representative sequence. The representative sequences were then picked-out to annotate taxonomic assignments using the RDP classifier (V2.2) (Wang et al., 2007) based on the SILVA database (V132) (Pruesse et al., 2007). The OTU sequences belonging to class Actinopterygii were discarded in further analysis. Moreover, if an OTU sequence could not be assigned to any phylum in the SILVA database, it was subjected to a further BLAST search (http://blast.ncbi.nlm.nih.gov/Blast.cgi). The taxonomic classification was then finally confirmed by its similarity to a BLAST result.



Stable Isotope Analysis

Fish muscle tissue were dried at 60°C to a constant weight. Samples were then ground to a fine, homogeneous powder using an automatic sample grinder (Jxfstprp-24, Jingxin Co., Shanghai, China). Samples were taken for carbon and nitrogen stable isotope analysis using a continuous-flow isotope ratio mass spectrometer (Finnigan MAT 253, Thermo Scientific, USA) coupled to an elemental analyzer (Flash EA 1112, Thermo Scientific, USA). The C and N isotope ratios were determined as δ13C and δ15N, respectively, according to the following formula:

	

where R is the corresponding ratio 13C/12C or 15N/14N, Rsample is measured for fish, and Rstandard is an international standard (Pee Dee Belemnite for C isotopes and atmospheric N2 for N isotopes).



Data Analysis

Bar charts of relative abundances of eukaryote sequences found in eight fish intestines and a biplot of stable isotope signatures (δ13C and δ15N) of fish muscles were constructed using Origin 2018 software (OriginLab Co., Northampton, MA, USA). A phylogenetic tree of 18S rRNA sequences related to the phyla Chlorophyta, Ochrophyta and Rhodophyta was constructed using MEGA X and the neighbor-joining algorithm, and the maximum composite likelihood method with bootstrap analyses for 1,000 replicates (Kumar et al., 2018). A heat map of the relative abundance of the 18S rRNA sequences belonging to the phyla Chlorophyta, Ochrophyta and Rhodophyta was individually generated using the OmicShare tools (http://www.omicshare.com/tools). Dominant OTUs from the heat maps were selected to analyze taxonomic assignments using BLAST research. Based on the relative abundance of macroalgae sequences in eight fish intestines, data were transformed as square root with Bray-Curtis similarity resemblance. Then cluster analysis of the Bray-Curtis similarity was done with the Primer 5 software. Statistical differences about the stable isotope values of δ13C and δ15N among the different eight fishes were analyzed, with p<0.05 considered significant.




Results


Microscopic Observations of Fish Intestinal Contents

Intestinal contents of the eight fish species collected were analyzed by microscopy. After thorough washing, anterior intestinal contents of fishes were examined and a high proportion of flocculent detritus was found. Coral sand was only detected in the intestinal contents of C. carolinus and S. argenteus. Importantly, macrophytes (macroalgae or seagrasses) were easily observed in fish intestines (Table 2). The number of macrophyte species consumed by the eight herbivorous reef fishes varied. S. argenteus consumed the highest number of macrophyte species (six species), followed by N. unicornis (four species). However, only a few macrophyte species could be identified morphologically, while other fragments belonging to Chlorophyta, Ochrophyta or Rhodophyta were too small and were difficult to identify. The green algae Valonia ventricosa and Halimeda sp. were detected in the fish intestines of N. unicornis and S. argenteus, respectively. The brown alga Turbinaria ornata and the red alga Acanthophora spp. were observed in the intestinal contents of N. unicornis and S. punctatissimus, respectively. In addition, the seagrass Halophila ovalis was identified as a food source of S. argenteus.


Table 2 | Macrophyte fragments observed by microscopic examination in the intestinal contents of fishes from the Xisha coral reefs.





Molecular Detection of Macrophyte Species Composition in Fish Intestines

The dietary spectra of the eight fishes were analyzed with 18S rRNA gene high-throughput sequencing at the phylum and class levels (Figure 1). The 15 most abundant phyla accounted for 88.2%–99.3% of the total sequences found in the eight fish species’ intestines (Figure 1A). There were marked differences in the relative abundance of the dominant phyla in each species sample. Porifera was the most abundant taxon in C. carolinus, which was further identified as Demospongiae (sponges) (Figure 1). The dominant phyla in K. cinerascens were Bacillariophyta and Porifera. Ochrophyta, Streptophyta and Bigyra were significantly more abundant in K. vaigiensis, S. argenteus and S. punctatissimus, respectively. However, Cnidaria, mainly Anthozoa (corals), were much higher in S. puellus, N. brevirostris, N. unicornis and C. carolinus (Figure 1). Sequences belonging to Streptophyta were identified as H. ovalis, a seagrass species which occurred in the intestines of C. carolinus, N. brevirostris, S. argenteus and S. punctatissimus.




Figure 1 | Relative abundances of eukaryote sequences found in fish intestines, determined with 18S rRNA high-throughput sequencing. (A) phylum level. Polylines show the sum of the relative abundance of the phyla Streptophyta, Chlorophyta, Ochrophyta and Rhodophyta. (B) class level.



Sequences referring to the phyla Chlorophyta, Ochrophyta and Rhodophyta found in the eight fishes were further analyzed (Figure 2). A total of 18, 15 and 47 OTUs were observed belonging to Chlorophyta, Ochrophyta and Rhodophyta, respectively (Figure 2A). A phylogenetic tree of the observed OTUs was constructed and is shown in Figure 3. Chlorophyta OTUs were most diverse in K. vaigiensis and S. argenteus (≥10 OTUs). The highest numbers of Rhodophyta OTUs (23 OTUs) were observed in K. cinerascens and K. vaigiensis. Ochrophyta OTUs were most abundant in K. vaigiensis (11 OTUs). The relative abundance of macroalgae found in fish intestines are shown in Figure 2B. K. vaigiensis consumed the greatest abundance of macroalgae (76.9%), followed by K. cinerascens (14.5%). N. unicornis preferred brown algae, while S. punctatissimus consumed more green algae. The diet of S. argenteus contained 2.9% green algae, 0.8% brown algae and 1.9% red algae.




Figure 2 | Eukaryote sequences belonging to the phyla Chlorophyta, Ochrophyta and Rhodophyta obtained from intestinal contents of eight coral reef fish species which were collected from the Xisha Islands, China. (A) OTU numbers of taxonomic groups. (B) Relative abundance of taxonomic groups.






Figure 3 | Neighbor-joining tree of 18S rRNA sequences affiliated to the phyla Chlorophyta, Ochrophyta and Rhodophyta obtained from the intestinal contents of eight coral reef fish species which were collected from the Xisha Islands, China. The scale bar represents 5% estimated sequence divergence.



The differences in macroalgal composition between the intestinal contents of the eight fish species were analyzed (Figure 4 and Table 3). The species composition of green algae or red algae in the eight herbivorous fishes diets was different (Figures 4A, C). Regarding the green algae, Otu000030, identified as Dictyosphaeria cavernosa, was abundant in K. vaigiensis. Otu000055, which was very similar to Ulvella leptochaete, was a dominant component in S. argenteus and K. cinerascens. Both Otu000067 and Otu000102 were affiliated to the genus Cladophora. The occurrence of Otu000067 was higher in K. cinerascens, while Otu000102 dominated in N. brevirostris and S. argenteus. Regarding the red algae (Figure 4C), Otu000056 dominated in S. argenteus and showed a high similarity to Spyridia filamentosa. Otu000077 was related to Centroceras hyalacanthum, and was a major component in S. argenteus and S. punctatissimus. Otu000094 matched with Ceramium sinicola and was relatively abundant in K. cinerascens. Otu000200 and Otu000260 were relatively abundant in K. vaigiensis and were similar to Peyssonnelia rumoiana and P. armorica, respectively. Otu000535 was identified as the red alga P. rosenvingei and was very abundant in C. carolinus. The intestinal contents of C. carolinus also contained a dominant OTU (Otu000554), which was matched with Pneophyllum conicum. The dominant OTUs in N. unicornis included Otu000309 and Otu000874, which were similar to Chondrophycus cf. undulates and C. sinicola, respectively. Regarding the brown algae (Figure 4B), Otu000009, related to Lobophora variegate, was dominant in the intestinal contents of all the fishes, except S. argenteus. Otu000014 was also abundant in most fishes, especially S. argenteus in which it was most abundant. Cluster analysis indicated that macroalgae consumption from different fish of the same species always grouped together with each other. However, there was a low similarity among the fishes (<52%), only N. brevirostris and N. unicornis group at a high similarity (50.8%) (Figure 5).




Figure 4 | Heat map of the relative abundance of 18S rRNA sequences affiliated with different phyla found in the intestinal contents of eight coral reef fish species which were collected from the Xisha Islands, China. (A) Chlorophyta, (B) Ochrophyta, (C) Rhodophyta.




Table 3 | Taxonomic assignment of the dominant OTUs affiliated to the phyla Chlorophyta, Ochrophyta and Rhodophyta, found in fish intestines using BLAST methodologies.






Figure 5 | Cluster analysis of macroalgae composition in intestines of eight fish from the Xisha Islands.





Stable Isotope Analysis

Stable isotope values of δ13C and δ15N from the eight herbivorous fish species are shown as a bi-plot (Figure 6). The δ13C values across species ranged from -19.2 to -12.3‰. The δ13C values were more enriched in C. carolinus (-12.3 ± 0.8‰), which was significant different with other five species, except for N. unicornis (-13.4 ± 2.6‰) and K. vaigiensis (-13.8 ± 1.5‰) (Figure S2). However, S. punctatissimus and N. brevirostris had lower enrichment of δ13C values, with -19.2 ± 0.9‰ and -18.0 ± .02‰, respectively. The δ15N values of fishes varied from 5.1 to 8.3‰. K. vaigiensis (8.3 ± 0.5‰) had significantly higher δ15N values than others, except for K. cinerascens (p>0.05). N. unicornis showed the lowest δ15N values (5.1 ± 0.6‰) and exhibited significant different from most species, but not for S. punctatissimus and K. cinerascens. K. cinerascens, S. puellus and S. argenteus had generally similar δ13C and δ15N values with no significant difference. The differences in δ15N observed in the eight fishes indicated that N. unicornis occupied a relatively low trophic position.




Figure 6 | δ13C and δ15N isotope values of eight coral reef fish species from the Xisha Islands. Data points are averages with standard error bars.






Discussion


Microscopic Examination and High-Throughput Sequencing Analyses of Fish Intestinal Contents

Microscopic examination and 18S rRNA high-throughput sequencing analyses were used to investigate the dietary composition of eight herbivorous reef fish species off the Xisha Islands, China. There were some similarities in the results of the two methods. For example, the seagrass H. ovalis was observed in the intestinal contents of S. argenteus based on microscopic examination, and high-throughput sequencing analysis also found that this seagrass (Liliopsida) dominated the intestinal contents of S. argenteus. Microscopic examination revealed coral sand in the intestinal contents of C. carolinus and S. argenteus. High-throughput sequencing analysis also showed a high abundance of the class Anthozoa (corals) in C. carolinus and S. argenteus.

However, diet composition and breadth may vary according to the different approach used (Nalley et al., 2021). In this study, 18S rRNA high-throughput sequencing analysis provided higher taxonomic resolution of dietary composition, compared with microscopic examination. For example, some taxa that were found to dominate the intestinal contents using molecular analysis, such as Porifera, Cnidaria, Bacillariophyta were not detected by microscopic examination. The possible reasons were as follows. First, small organisms or digested organisms are too difficult to identify using a microscope (Dromard et al., 2015; Kume et al., 2021). In this study, microscopy detected a large amount of detritus in the fish intestinal contents. Dromard et al. (2015) using microscopy, also observed a high proportion of detritus in the intestines of Scaridae. Second, high-throughput sequencing is highly sensitive and can detect traces of DNA in mixed samples. This molecular technique can discriminate OTUs with only a single nucleotide variation within the targeted amplified region (Albaina et al., 2016). Third, the number of sampled fishes in this study was small so that some taxa in fish intestine were not observed using the microscope. For example, previous studies have shown that S. puellus can consume sponges (Hoey et al., 2013). While microscopic examination did not find any sponge remains in fish intestinal contents, Demospongiae (sponges) were identified as the main food for S. puellus using high-throughput sequencing. Leray et al. (2015) also showed that pyrosequencing analysis could broaden the recognition of the food webs of coral-dwelling predatory fish and achieved unprecedented taxonomic resolution of their diets. Nalley et al. (2022) reported that the resolution of metabarcding is greater than visual observation; metabarcding can identify specific taxa within the categories of turf algae that were targeted by herbivorous coral reef fishes, while visual inspection was limited to the identification of turf algae.



Differences in Macroalgal Consumption Among Herbivorous Coral Reef Fishes

Based on microscopy, 18S rRNA high-throughput sequencing and stable isotope analyses, we suggested that K. vaigiensis, N. unicornis and S. argenteus showed a high consumption potential of macroalgae from the coral reef ecosystem. Similarly, previous studies have also shown that K. vaigiensis and N. unicornis were highly effective in consuming macroalgae, especially the brown macroalgae (Lefevre and Bellwood, 2011; Streit et al., 2015; Puk et al., 2016). Similarly, we found that K. vaigiensis and N. unicornis favored brown macroalgae. However, in the northern GBR, Choat et al. (2002) demonstrated the dominant macroalgae genera in the diet of N. unicornis and K. vaigiensis were Turbinara and Dictyota, while Cvitanovic and Bellwood (2009) found that K. vaigiensis in the central region of the GBR preferred the brown macroalgae Sargassum. In this study, K. vaigiensis favored Lobophora and Dictyota, but N. unicornis targeted more on Lobophora and Turbinara. The diet difference of fishes between the GBR and the Xisha Islands may be related with occurrence of the dominant macroalgae in the habitat. Previous study showed that Sargassum was one of the abundant species in nearshore reefs of the GBR (McCook, 1997). However, Sargassum was seldom founded in the Xisha Islands. As for S. argenteus, in the Seychelles of the Indian Ocean, S. argenteus removed a range of substrate algae, including turf algae, macroalgae, seagrass and epiphytic algae (Ebrahim et al., 2020). Here, we also showed S. argenteus can consume macroalgae and seagrass. Furthermore, S. argenteus was supposed to focus more on red and green macroalgae in the northern GBR (Hoey et al., 2013). Here, S. argenteus also was found to favor red and green macroalgae. Of course, macroalgal grazing selectivity of herbivorous fishes can vary with location, season, food availability and according to the other fish species present (Puk et al., 2016).



Ecological Function of Herbivorous Fishes in Removing Macroalgae From Coral Reefs

In addition to identifying the diets of the eight herbivorous reef fishes studied, our results demonstrated the ecological importance of these fishes in removing macroalgae from coral reefs. Herbivorous fishes are broadly classified into four functional groups: excavators, scrapers, grazers, and browsers (Hoey and Bellwood, 2009). Excavators, scrapers and grazers generally consume small macroalgae and algal turfs, while browsers target large, erect macroalgal species and play a critical part in controlling macroalgal spreading (Hoey and Bellwood, 2009; Michael et al., 2013; Ebrahim et al., 2020). Previous studies have shown that C. carolinus, K. cinerascens, K. vaigiensis, N. brevirostris, N. unicornis and S. argenteus in the Moorea, the GBR or other coral reef islands belong to the browser group (Puk et al., 2016; Sura et al., 2021) and this was confirmed in our study. Based on microscopic examination, N. unicornis can consume V. ventricosa and T. ornate, while S. argenteus can consume Halimeda sp. (Table 2). According to the 18S rRNA high-throughput sequencing analysis, we found that C. carolinus, K. cinerascens, K. vaigiensis, N. brevirostris and N. unicornis consumed the brown alga L. variegate, and that K. vaigiensis and N. unicornis foraged especially heavily on this macroalgae. However, S. argenteus fed more on D. linearis. K. vaigiensis played an important role in removing the green alga D. cavernosa, while S. argenteus preferred to feed on the red algae S. filamentosa and C. hyalacanthum. K. vaigiensis also preferred to consume Peyssonnelia spp. The macroalgae mentioned above all belonged to either the upright calcareous or fleshy macroalgae. These two macroalgae groups are problematic as they probably inhibit coral settlement, while the crustose calcareous algae and algal turfs have only minor negative effects on coral settlement (Diaz-Pulido et al., 2010). Overgrowth of Lobophora and Dictyota is widely supposed to reduce coral settlement (Foster et al., 2008; Diaz-Pulido et al., 2010; Evensen et al., 2019; Vieira, 2020) and the spread of Dictyota can even cause coral disease outbreaks (Brandt et al., 2012). Unfortunately, Lobophora and Dictyota, are the dominant species on Indo-Pacific coral reefs (Cardoso et al., 2009; Titlyanov et al., 2017). We found that the nitrogen signature (δ15N) of N. unicornis was significantly lower than most of the other herbivorous fishes, indicating a high consumption potential of macroalgae. In general, we suggested that K. vaigiensis, N. unicornis and S. argenteus were the key browsers removing macroalgae from reefs off the Xisha Islands. This result is similar to that of a previous view, which recommended that K. vaigiensis, N. unicornis and Siganus canaliculatus were the predominant removers of macroalgae, the “true macroalgae browsers” of coral reefs (Puk et al., 2016). K. vaigiensis and N. unicornis were commonly considered as important macroalgal consumers in the coral reefs of the GBR (Verges et al., 2012).

Herbivorous fishes that eat the entire macroalgal thallus have a great functional impact on macroalgae removal from coral reefs than species that only consume algal fronds (Streit et al., 2015). In this study, K. cinerascens, K. vaigiensis, N. unicornis and S. punctatissimus were found to feed on the entire macroalgal thallus by microscopic examination (Table 2). Streit et al. (2015) also showed that K. vaigiensis and N. unicornis bit on the entire macroalgal thallus in almost 90% of bites. Body size, tooth shape, and feeding behavior of different herbivores may result in these functional differences (Streit et al., 2015). S. punctatissimus can fed on Acanthophora sp., while Acanthophora can inhibit the successful settlement of coral planulae (Vermeij et al., 2009). The red alga, P. conicum is widely distributed on Indo-Pacific coral reefs and can overgrow and kill live corals (Antonius, 2001). Coincidentally, we found that C. carolinus consumed P. conicum. In addition, herbivorous fishes can selectively remove some macroalgae including Ulvella, Cladophora, Sphacelaria, Spyridia, Centroceras, Ceramium and Neosiphonia, which often occur in the Xisha Islands (Titlyanov et al., 2017; Huang, 2018). The spread of macroalgae can negatively affect coral reefs through the inhibition of coral fecundity and growth, the reduction of coral larval settlement and recruitment and the increasing prevalence of coral diseases (Dell et al., 2020). Burkepile and Hay (2008) identified herbivore species richness and feeding complementarity as key factors in the effective suppression of the spread of macroalgae in a coral ecosystem. In summary, we recommend reducing fishing mortality for key browser species, such as K. vaigiensis, N. unicornis and S. argenteus, in order to control the spread of macroalgae on the reefs off the Xisha Islands. Gowri et al. (2016) recommended a ban on fishing herbivorous fishes during the times of spawning aggregations, and a ban on the use of small-mesh gill nets in coral management of India. Dell et al. (2020) also encouraged the government to protect and monitor the key browsers in the coral reefs. Some countries, such as Belize, even have implemented bans on fishing herbivorous fishes (Kramer et al., 2017).




Conclusions

In this study, for the first time we compared the capability of macroalgal consumption by eight herbivorous coral reef fishes from the Xisha Islands, China, as determined by microscopy, 18S rRNA high-throughput sequencing and stable isotope analyses. The results of the three methods suggested that K. vaigiensis, N. unicornis and S. argenteus potentially consumed macroalgae more effectively. However, high-throughput sequencing showed that macroalgae consumption of the eight fishes in the same species always clustered together. Moreover, K. vaigiensis and N. unicornis preferred to take brown macroalgae, while S. argenteus targeted more on red and green macroalgae. Meanwhile, a high diversity of herbivorous fishes was very important to the health of the Xisha coral reefs. Because we found herbivorous fishes can selectively remove some macroalgae which showed negative influences on the coral growth and coral larval settlement. For example, C. carolinus can consume a red alga P. conicum, which can directly overgrow and kill live corals. In the future, analysis of feeding behavior of herbivorous fishes should be investigated according to variation of macroalgae composition in Xisha coral reef islands, and macroalgae selectivity for herbivorous fishes should be elaborated in more details.
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The eutrophication degree in the coastal bay has been increasing significantly for the past years, due to the increasing nutrient discharge. However, the factors controlling sources and nitrogen (N) cycling in the different types of bays are still poorly understood. In this comparative study, nitrate dual isotopes   and ammonium nitrogen isotope  , were used to determine the origin of nitrate in Qinzhou Bay (with riverine input) and Tieshangang Bay (without riverine input) in Beibu Gulf and to study biogeochemical processes associated with nitrogen cycling. The nutrient concentrations generally showed a decreased trend from the upper bay to the outer bay. The isotopic values in Tieshangang Bay were generally higher than that in the Qinzhou Bay, suggesting that there are differences in nitrate sources and transformation processes between the two bays. The dominant sources from manure and sewage (41%) and soil N (30%) from runoff input were responsible for the high nitrate observed in the upper Qinzhou Bay. Though manure and sewage (59%) were also dominant nitrate sources in the upper Tieshangang Bay, a decrease in source from soil N (20%) occurred due to less runoff input. Nutrients were retained in the upper Tieshangang Bay due to weak hydrodynamic conditions, which caused higher   concentrations in the upper bay. Significant nitrate loss occurred in the outer Qinzhou Bay, which was related to the intense hydrodynamic condition. Moreover, phytoplankton assimilation mainly utilized   due to sufficient   in the outer Qinzhou Bay. In contrast, nitrate loss was also found in the outer Tieshangang Bay, which is mainly related to the phytoplankton assimilation due to the weak hydrodynamic condition. In addition, the greater enrichment of   than   during both bays suggests that atmospheric deposition also contributes to the nitrate pool in the water and the impact of atmospheric deposition on the whole Beibu Gulf is relatively consistent. By this comparative study, we found that different nitrate biogeochemical processes occurred in these two types of bays, which were mainly determined by the difference of human activities and hydrodynamic conditions.
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Introduction

As a transition zone between ocean and land, coastal oceans receive anthropogenic nutrient inputs, which have significantly increased over the past decades (Gruber and Galloway, 2008; Sharples et al., 2017; Yan et al., 2017; Lao et al., 2019a; Chen et al., 2020). This has resulted in serious nutrient load in the coastal environment and has caused a host of environmental problems such as eutrophication, harmful algal blooms, and seasonal hypoxia in the coastal areas, which greatly impacts the original functions of coastal ecosystems and biogeochemical cycles (Carstensen and Conley, 2019; Gobler, 2020; Yu et al., 2020; Anderson et al., 2021; Lao et al., 2021a). In addition, nitrogen (N) is also a key element that regulates marine primary productivity and its availability influences the storage of anthropogenic carbon dioxide in coastal areas and climate change (Moore et al., 2013; Tremblay et al., 2015). Thus, tracing nitrogen sources and its cycles are very important to design effective management practices to protect coastal ecosystems.

Among many methods for studying N dynamics, stable nitrogen isotope (δ15N) of various N pools combined with oxygen isotope of nitrate  , is considered a powerful tool to trace sources and biogeochemical processes of N. Generally, various sources of N can be distinguished by their different ranges of nitrogen and oxygen isotopic values (Kendall, 1998; Xue et al., 2009). For example, nitrate sources originating from sewage and manure are more enriched in δ15N (4-25‰) than fertilizer and atmospheric deposition due to the volatilization of 15N-depleted ammonia from human and animal waste (Kendall, 1998; Xue et al., 2009), while   values from atmospheric deposition are generally high (>50‰) compared to those from other sources (<25‰) (Ye et al., 2016). In addition, the isotopic ratios can also reflect biological processes. For example, assimilation and denitrification cause a synchronous increase of δ15N and δ18O in the residual water   as the lighter isotopes (14N and 16O) are preferentially utilized by microorganisms (Granger et al., 2004; Sigman et al., 2005). Therefore, a better understanding of sources and biogeochemical processes of N in the coastal ecosystem could be achieved by the distribution and variation of isotopic signatures of various N pools.

The Beibu Gulf located in the northwestern South China Sea (SCS), is a newly developing port, mariculture, and industrial area in south China. Its rich biology and high productivity make the gulf a key fishing ground and source of fisheries products in China (Liu et al., 2020; Lao et al., 2021b; Xu et al., 2021). However, the increasing population and intensification of industrial and agriculture activities around the coastal gulf for the past years have greatly increased nutrient loading to the gulf (Lao et al., 2020; Lao et al., 2021a; Lao et al., 2021c; Xu et al., 2021). This has resulted in an increase in the degree of eutrophication in the coastal gulf for the past years, particularly in the coastal bay of the Beibu Gulf (Lao et al., 2021a; Lao et al., 2021c). There are several rivers that flow into the Beibu Gulf (Figure 1), and the nutrient input into the gulf shows a different seasonal change between the rivers (Lao et al., 2020). However, due to the difference in river distribution (most of which are concentrated in the middle of the Beibu Gulf) and different depths, there are obvious differences in hydrodynamic conditions between the coastal bays of the Beibu Gulf. For example, there are many rivers around the Qinzhou Bay in the gulf (Figure 1), which carry a large amount of nutrients such as nitrogen and phosphorus into the bay every year, and thus causing high nutrient load and increasing the eutrophication in the bay (Lao et al., 2020; Lao et al., 2021a; Lao et al., 2021c). Different from Qinzhou Bay, Tieshangang Bay is a natural deep-water port in Guangxi Province and an important port area in the Beibu Gulf. There are no large rivers flowing to the Tieshanggang Bay, thus hydrodynamic conditions are weak and the water exchange is mainly affected by the tide (Jiang et al., 2017). In addition, due to the unique ecological resources and environment of freshwater and saltwater in Qinzhou Bay, the bay is an important aquaculture area in Guangxi Province and the largest natural oyster spawning and breeding area in China (Liu et al., 2020; Xu et al., 2020; Lao et al., 2021c). However, since there is less influence from freshwater input and weak hydrodynamic conditions in the Tieshangang Bay, the aquaculture scale is much smaller than that of Qinzhou Bay. But as an industrial area and port, the ecological environment of the Tieshangang Bay is significantly affected by human activities (Gan et al., 2013; Lao et al., 2019b; Lao et al., 2021d). Thus, with such great differences in hydrological conditions, their nutrient sources are different between the two bays in the Beibu Gulf. However, the factors controlling sources and nitrogen cycling in the different types of bays are still poorly understood.




Figure 1 | Map of Beibu Gulf and sampling stations. The red boxes are the sampling areas, including Qinzhou Bay and Tieshangang Bay in the Beibu Gulf.



In this comparative study, nitrate dual isotopes   and ammonium nitrogen isotope  , were used to determine the origin of nitrate in two types of bays in Beibu Gulf (Qinzhou Bay and Tieshanggang Bay) and to study biogeochemical processes associated with nitrogen cycling.



Materials And Methods


Study Area and Sampling

The Beibu Gulf is a semi-enclosed gulf located in south China and the northwestern part of the SCS. The climate of Beibu Gulf is affected by the East Asian monsoon, whereas the northeast monsoon prevails in winter and the southwest monsoon prevails in summer. The annual rainfall in the gulf is 1,775mm and most occurs in the rainy season (April to October, accounting for nearly 90% of the annual total) (http://data.cma.cn). Qinzhou Bay and Tieshangang Bay are two semi-enclosed bays in the center and northeastern coastal Guangxi Province (Figure 1). They are all bays that are significantly affected by industrial and aquaculture activities but they are still quite different. Geographically, Qinzhou Bay is a shallow semi-enclosed bay located in the northernmost part of the Beibu Gulf, with a water depth of 2-18 m. In addition, there are many rivers around Qinzhou Bay, including Maoling River, Qin River, Jingu River (Figure 1). The annual freshwater discharge from Qin River and Maoling River (the two largest rivers around the bay) is 599.33×108 m3 and 885.98×108 m3, respectively (Lao et al., 2020). By contrast, there are no large river flowing into the Tieshanggang Bay and the hydrodynamic conditions are weak.

In this study, the cruises were carried out in Tieshangang Bay and Qinzhou Bay from March 31 to April 1, 2021 and April 8, 2021, respectively. A total of 13 and 20 stations were conducted in Qinzhou Bay and Tieshangang Bay, respectively (Figure 1). A total of 13 and 20 seawater samples were collected from the surface water (0.5 m) in Qinzhou Bay and Tieshangang Bay, respectively, using a rosette sampler fitted with 10 L Niskin bottles. The temperature, salinity, pH, and DO were measured in the field. For nutrients and isotopic samples, seawater was filtered using precombustion (450°C, 4h) glass fiber filters (47 mm diameter, Whatman GF/F). Then, the filtrate was transferred into a precleaned (acid-washed) polyethylene bottle and stored at -20°C until analysis. For Chl a, about 1000-2000 mL of seawater samples were filtered using the GF/F and stored at -20°C until further analysis.



Chemical Analysis

The Chl a samples of GF/F filter were extracted using 90% acetone and determined by a spectrophotometer (Lorenzen, 1967). DO samples were measured using the Winkler titration method. The nutrient   samples were measured using a San++ continuous flow analyzer (Skalar, Netherlands), with detection limits for   and   were 0.02 µmol L-1, 0.1 µmol L-1, 0.1 µmol L-1 and 0.1 µmol L-1, respectively. The analysis of   and   samples were using a cadmium-azide method modified from Mcilvin et al. (2005). The sulfamic acid was added to each sample to remove preexisting  , followed the procedure from Granger and Sigman (2009). Spongy cadmium (Cd) was added to reduce   to  , and further reduce to N2O, sodium azide buffered with acetic acid to pH 4-5 was added. The   samples were first quantitatively oxidized to   by adding BrO- at pH 12, and then excess BrO- was removed by NaAsO2 and the yield was verified via colorimetric nitrite determination. Then,   was further reduced to N2O by adding sodium azide buffered with acetic acid (Zhang et al., 2007). N2O was separated and analyzed for   and   by a Precon-GasBench II-253 plus (253 Plus, Thermo Scientific, United States). To ensure the quality of monitoring data, a standard sample (IAEA-N-1) was inserted into each batch of samples (10 samples) to monitor the stability of the instrument. In addition, the   values were calibrated by the international standards of USGS 25, USGS26, and IAEA-N1. The   and   values were calibrated by the IAEA-N3 international standard. The reproducibility of duplicate analysis of  ,  , and   were <0.3‰ (mean ± 0.1‰), <0.3‰ (mean ± 0.1‰), and <0.6‰ (mean ± 0.3‰), respectively.



Mixing Model

To evaluate the behavior of nitrogen along the salinity gradient, nitrogen concentration and the isotopic values from simple physical mixing between two endmembers (coastal diluted water and outer seawater) can be calculated by a salinity-based conservative mixing model (Fry, 2002), as follows:

 

 

 

 

where q terms denote the fractional contributions of the two endmembers (denoted by the subscripts qr and qm). The S, N, δ terms denote the parameters being mixed: salinity,   or   concentration and   or   value. Smix, Nmix and δmix terms denote the theoretical value of a mixture from the two endmembers. Based on equation (1)-(4):

 

 

 

According to the above equations, the salinity-based   or   mixing shows linear conservative mixing (equation 6), whereas the salinity-based isotopic mixing shows curvilinear, which reflects the   or   -based weighting of endmember isotopic contributions. The   or   concentration and the isotopic value distributions, are expected to fall on the physical mixing line between the two endmembers. However, deviations from the mixing line indicate the presence of N transformation processes or other sources or both (Wankel et al., 2007). For example, the processes of nitrification and mineralization cause nitrate distribution above the mixing line, whereas   and   cause distributions below the mixing line (Yang et al., 2018). In contrast, the processes of assimilation and denitrification cause nitrate distribution below the mixing line whereas   and   distributions above the mixing lines (Yang et al., 2018).



SIAR Mixing Model

The contribution of potential nitrate sources to nitrate in water can be quantified by using a Bayesian mixing model created by and run in the stable isotope analysis in the R (SIAR) package This model has been widely used to estimate the proportional contribution of different nitrate sources (Korth et al., 2014; Davis et al., 2015; Zhang et al., 2018; Lao et al., 2019a; Torres-Martínez et al., 2020; Lao et al., 2021b). The framework is as follows (Moore and Semmens, 2008; Xue et al., 2009):

 

 

 

 

where Xij and Sjk represent nitrate dual isotope values in a mixed sample and the values of nitrate dual isotopes from nitrate sources, respectively; μjk and ωjk represent mean value and standard deviation from the normally distributed of Sjk; Pk is the proportional contribution of source k; cjk is the fractionation factor for nitrate dual isotopes on source k; and λjk and τjk are the mean value and standard deviation from the normally distributed of cjk; ϵjk is the residual error of the additional unquantified variation between individual samples, and 0 and σj are the normally distributed of ϵjk. The detail information of the model can be found in Moore and Semmens (2008); Xue et al. (2009) and Zhang et al. (2018).




Results


Distribution Characteristics of Physicochemical Parameters

The distribution characteristics of temperature, salinity, DO, and Chl a in Qinzhou Bay and Tieshangang Bay are presented in Figure 2. The temperature in Qinzhou Bay and Tieshangang Bay ranged from 24.4°C to 26.0°C and from 24.0°C to 27.3°C, with an average of 24.9°C and 25.3°C, respectively. The salinity in Qinzhou Bay and Tieshangang Bay increases seaward, i.e., from the inner bay to the outer bay, ranging overall from 29.89 to 31.54 and 30.59 to 31.82, with an average of 30.79 and 31.54 during the sampling period, respectively. The lowest salinity was observed in the inner Qinzhou Bay (station Q1), which could be influenced by the freshwater input from the rivers around the bay. The DO levels in Qinzhou Bay (ranging from 6.44 to 7.01 mg L-1, an average of 6.68 mg L-1) were slightly higher than those in Tieshangang Bay (ranging from 5.53 to 7.72 mg L-1, an average of 6.42 mg L-1). A relatively low DO level (< 6.5 mg L-1) was also found in the upper Qinzhou Bay (Figure 2E). Similarly, a significantly low DO level (< 6.0 mg L-1) was observed in the upper Tieshanggang Bay, whereas a higher DO level was in the outer bay (Figure 2F). The Chl a levels in Qinzhou Bay and Tieshangang Bay ranged from 1.70 to 4.50 µg L-1 and 0.90 to 2.80 µg L-1, with an average of 2.45 µg L-1 and 1.89 µg L-1, respectively. Except for a lower Chl a level was found in the station Q12 in the most seaward in Qinzhou Bay, the higher Chl a level (>2.0µg L-1) was found in other stations. In contrast, a lower Chl a level was found in the inner Tieshangang Bay whereas a higher Chl a level in the outer bay (Figure 2H). Generally, the Chl a level in Qinzhou Bay was higher than that in the Tieshangang Bay. The pH ranged from 7.86 to 8.07 and 7.76 to 8.21 in Qinzhou Bay and Tieshangang Bay, respectively, and generally showed an increasing trend from the upper bay to the outer bay in both bays (Figures 3A, B). The total suspended matter (TSM) ranged from 13.7 to 30.8 mg L-1 and 16.6 to 37.6 mg L-1 in Qinzhou Bay and Tieshangang Bay, respectively. Corresponding to the lower temperature in the outer Qinzhou Bay, a higher TSM level also occurred in the outer bay (Figure 3C), suggesting that the vertical mixing of water may be strong in the outer bay. The TSM level in Tieshanggang Bay generally showed a decreasing trend from the upper bay to the outer bay (Figure 3D).




Figure 2 | Spatial distributions of temperature (A, B), salinity (C, D), DO (E, F) and Chl a level (G, H) in Qinzhuo Bay and Tieshangang Bay during the sampling period.






Figure 3 | Spatial distributions of pH (A, B) and TSM (C, D) in Qinzhuo Bay and Tieshangang Bay during the sampling period.





Nutrient Concentrations

The distribution characteristics of   and   concentrations were similar in Qinzhou Bay and Tieshangang Bay, which exhibited the highest concentration in the most upper station (Q1 and T1), and increasing trend from the upper bay to the outer bay (Figure 4). The concentrations of   and   were ranged 0.15 to 1.06 µmol L-1, 0.37 to 0.82 µmol L-1, 1.24 to 19.21 µmol L-1 and 0.65 to 1.16 µmol L-1, with an average of 0.48 µmol L-1, 0.53 µmol L-1, 6.23 µmol L-1 and 0.93 µmol L-1 in Qinzhou bay, respectively; concentrations of   and  ranged from 0.02 to 0.92 µmol L-1, 0.05 to 1.28 µmol L-1, 0.23 to 10.07 µmol L-1 and 0.60 to 2.31 µmol L-1, with an average of 0.25 µmol L-1, 0.46 µmol L-1, 3.17 µmol L-1 and 1.21 µmol L-1 in Tieshangang Bay, respectively. Generally, the concentrations of nutrients decreased from the upper bay to outer bay in both Qinzhou Bay and Tieshangang Bay (except for   in Qinzhou Bay) (Figure 4). This suggests that it is greatly influenced by terrigenous input in both two bays. However, the hydrodynamic condition may be another important factor affecting the spatial distribution of nutrients. For example, in Qinzhou Bay, with strong hydrodynamic conditions, the difference between nutrient concentration in the upper bay and outer bay is significantly higher than that in Tieshangang Bay. This is mainly due to the strong hydrodynamic conditions, which are conducive to the diffusion of nutrients and easily diluted by the low nutrient concentration in the outer bay seawater. Notably, the   concentration in the upper Qinzhou Bay (average of 17.05 µmol L-1) was significantly higher than that in the upper Tieshangang Bay (average of 5.96 µmol L-1). In contrast, the   concentration in the upper Tieshangang Bay (average of 1.74 µmol L-1) was higher than that in the upper Qinzhou Bay (average of 1.05 µmol L-1) (Figure 4). Among the components of dissolved inorganic nitrogen (DIN, including   and  ), the proportion of   was the highest in both Qinzhou Bay (80%) and Tieshangang Bay (65%), followed by   (13% in Qinzhou Bay and 25% in Tieshangang Bay), and the lowest by   (7% in Qinzhou Bay and 9% in Tieshangang Bay). The ratio of N/P   ranged from 6.9 to 36.1 (average of 16.23) in Qinzhou Bay and from 8.4 to 120.4 (average of 29.7) in Tieshangang Bay. The ratios in Qinzhou Bay and Tieshangang Bay were all in the range of previous studies in the Beibu Gulf (Lai et al., 2014; Lao et al., 2021b). Comparing with the rivers around the bay, the N/P ratio in the Qinzhou Bay was higher than that in Maoling River (11) but significantly lower than in the Qin River (145) during a similar period (Lao et al., 2020). This suggested that the river input may change the nutrient structure in the bay. The N/P ratio in Qinzhou Bay was similar to the Redfield ratio (i.e., the ratio of the nutrients utilized by marine phytoplankton) of 16 (Justić et al., 1995). However, the N/P ratio in Tieshangang Bay was higher than the Redfield ratio, suggesting that phosphorus (P) could be limited to producing phytoplankton in the bay; and this is consistent with the results of the previous studies on the coast of Beihai city (Lao et al., 2021b) and the western coastal Beibu Gulf (Lao et al., 2021a).




Figure 4 | Spatial distributions of nutrients (A, B)  (C, D),  (E, F) and  (G, H)] in Qinzhuo Bay and Tieshangang Bay during the sampling period.





Isotopic Compositions

The distribution characteristics of  ,   and   in Qinzhou Bay and Tieshangang Bay during the sampling period were presented in Figure 5. The  ,   and   values in Qinzhou Bay ranged from 11.4 to 14.2‰, 1.3 to 13.5‰ and -35.6 to 16.7‰, with an average of 13.0‰, 8.2‰ and -4.8‰, respectively; the values in Tieshangang Bay ranged from 9.8 to 18.3‰, 2.7 to 18.0‰ ang -18.6 to 18.9‰, with an average of 15.2‰, 11.7‰ and 4.98‰, respectively. The lower  , and   values were found in the upper Qinzhou Bay and Tieshangang Bay and exhibited an increasing trend from the upper bay to the outer bay (Figures 5A–D). In contrast, the highest   value was found in the upper Tieshangang Bay and the value exhibited a decreasing trend from the upper to the outer bay (Figure 5F). While in the Qinzhou Bay, fewer spatial variations of   value were found in Qinzhou Bay (Figure 5E). Generally, isotopic values in the Tieshangang Bay were higher than those in the Qinzhou Bay, suggesting that there may be differences in nutrient sources and transformation processes between the two bays.




Figure 5 | Spatial distributions of   (A, B),   (C, D) and   (E, F) in Qinzhuo Bay and Tieshangang Bay during the sampling period.






Discussion

To further analyze the nitrogen sources and their biological transformations in the Qinzhou Bay and Tieshangang Bay, we classified the sampling sites into two analysis regions based on the characteristics of physicochemical parameters, nutrients, and isotopic compositions: the upper bay, including stations Q1-Q3 in Qinzhou Bay and stations T1-T8 in Tieshangang Bay, was characterized by the effect of terrestrial freshwater discharge having lower salinity and higher nutrient concentration; and the outer bay, including other stations except for the upper bay in Qinzhou Bay and Tieshangang Bay, was characterized by higher salinity and lower nutrient concentrations (Figure 1). The physico-chemical parameters of the two end-members of Tieshangang Bay and Qinzhou Bay are presented in Table 1.


Table 1 | Endmember parameters of Qinzhou Bay and Tieshangang Bay, including salinity, nutrient concentrations and nitrate dual isotopes, used in the two-endmember mixing model in equation (5–7) .




Nitrate Sources and Their Biogeochemical Processes in Qinzhou Bay

In the Qinzhou Bay, nutrient concentrations in the upper bay were significantly higher than that in the outer bay (Figure 4), which has also been observed previously, particularly in rainy seasons, as reported by Lao et al. (2021a) and Lao et al. (2021c). In addition, the nutrients showed significantly negative correlation with salinity in both Qinzhou Bay and Tieshangang Bay (Figure 6), suggesting that the lower salinity water with higher nutrient concentrations in the upper bay is well mixed with the higher salinity water with lower nutrient concentrations in the outer bay. In the Beibu Gulf, the heavy rainfall mainly occurred from April to October, and the runoff in the rivers around the gulf increased significantly from April (Lao et al., 2020). More importantly, although the runoff was higher in the rainy seasons, the nutrient concentrations in some rivers around the Beibu Gulf and the coastal areas during the rainy season were still higher than that in the dry seasons, indicating that the significant influence by the heavy land-sources discharge from anthropogenic activities (Lao et al., 2020; Lao et al., 2021a). Thus, the high nutrient concentration in the upper bay may be largely influenced by the land-source inputs. The increasing land-source input has resulted in the significant increase of eutrophication in Qinzhou Bay over the past 40 years (Lao et al., 2021c). In addition, the submarine groundwater discharge (SGD) was also considered as another nutrient source in the Maowei Sea, which is a semi-enclosed bay located close to the upper Qinzhou Bay, and the SGD-derived nutrients were even more important than the amounts in the local river input (Chen et al., 2018). Thus, the higher nutrient concentration in the upper bay may be also influenced by the SGD. In the upper bay, the N/P (ranged from 19.9 to 24.0, an average of 22.4) was higher than the throughout Qinzhou Bay (average of 16.2), as well as the Redfield ratio (16.0), suggesting that higher DIN concentrations input in the upper bay compared to the P. However, the high   concentrations [with a minimum   of >0.70 µmol L-1] suggested that neither N nor P acted as a limiting nutrient in the upper bay, which were suitable for phytoplankton blooms. Notably, the N/P ratio also decreased significantly and closer to the Redfield ratio for the past years, mainly due to the increasing P input (Lao et al., 2021c). This has caused the harmful algal blooms to increase in frequency over the past ten years, particularly in the spring (Xu et al., 2019; Kang et al., 2020; Guan et al., 2022). This may be the reason that the higher Chl a level was observed in Qinzhou Bay during the sampling period (Figure 2G).




Figure 6 | Linear relationship between nutrient   (A, B),  (C, D),  (E, F), and   (G, H) ] and salinity in the Qinzhou Bay and Tieshangang Bay.



Lower   and   values but relatively high   values were found in the upper bay (Figures 5A, C, E), suggesting that nitrification may occur in the area. The light N in the presence of excess   is preferentially used by the microorganisms, which could result in heavier 15N in the residual   pool, whereas adding, depleted 14N to the residual   pool (Sigman et al., 2005; Chen et al., 2009; Ye et al., 2016). Isotope fractionation during the biological processes of nitrification can be approximated by the open-system Rayleigh fractionation (Altabet, 2006; Ye et al., 2016), the equation is as follows:

	

where δm and δi represent the measured and initial values for  , respectively; ϵ represents the fractionation factor; fNH4 represent the fraction of measured   relative to the initial    . However, there is no relationship between   and fNH4 (p>0.05). Moreover, the overall estimated ϵ (6.7‰) in the upper bay was significantly deviated from the reported values for N fractionation factors in nitrification (-14 to -38‰) (Casciotti et al., 2003; Ye et al., 2016). This suggested that microbial nitrification was not the dominant biological process in the upper bay and the isotopic signal in this area may reflect the mixing of sources. According to a classical nitrate dual isotopic approach (Xue et al., 2009; Zhang et al., 2018), the   (from 11.4 to 12.9‰) and   (from 1.3 to 5.3‰) values in the upper bay would suggest that sewage and manure might be the dominant nitrate sources to this region (Figure 7).




Figure 7 | Values of   and   in Qinzhou Bay (red dots and circles) and Tieshangang Bay (blue dots and circles) and in various source reservoirs (boxes). In the larger graph, the isotopic composition of five potential nitrate sources are adapted from Chen et al. (2019), (Kendall 1998), Xue et al. (2009) and Zhang et al. (2018). The inset in the upper right corner is the plots of   and   in outer Qinzhou Bay (red dots) and outer Tieshangang Bay (blue dots). Assimilative uptake would cause nitrate dual isotopes to increase along a slope of 1.



In the outer bay, there was a clear   and   values increase. In addition, significantly   loss and relatively high offset   and   values were found in the outer Qinzhou Bay (Figure 8), suggesting that substantial   loss or consumption occurred in the outer bay. There could be several reasons for the increase of isotopic values, including phytoplankton assimilation, denitrification, and intense physical sediment-water interaction. However, denitrification could be firstly ruled out as the cause of the increase of isotopic anomalies due to high DO levels (>6.50 mg L-1) in the outer bay (Figure 2E). Hence, phytoplankton assimilation may be responsible for the   loss and relatively positive isotope values in the outer bay. Phytoplankton assimilation can cause isotopic enrichment of  ,  and  , during which fractionation factors vary among different species (Granger et al., 2004; Wankel et al., 2009; Yan et al., 2017). Indeed, a spring phytoplankton bloom was indicated by a higher Chl a level (average of 2.5 µg L-1) in the outer bay and the highest Chl a level (4.5 µg L-1) was observed in station Q7 (Figure 2G). However, there is no relationship between   and   values in the outer bay and the increase of isotopic values were noticeably deviated from the assimilation line (1:1) (Figure 7). The uptake of   by phytoplankton causes isotope enrichment in the residual   pool due to preferential consumption of light nitrate   by phytoplankton, with coupled   and   fractionation effects (18ϵ:15ϵ) of ~1 (Sigman et al., 1999; Granger et al., 2004). Moreover, based on the open-system Rayleigh fractionation (equation 10), the fractionation factor associated with the assimilation process was calculated. No relationship between   and fNO3 (p>0.05) was found in the outer bay and the overall estimated ϵ (-0.7‰) in the outer bay was significantly deviated from the range of reported values (-3 to -9‰) for the process of assimilation (York et al., 2007; Ye et al., 2016). Additionally, the concentration of   does not decrease too much in the outer bay (average of 0.90 µmol L-1, which is close to the upper bay [average of 1.05µmol L-1)]. Thus, when   is sufficient, phytoplankton preferentially assimilates   (Glibert et al., 2016). However, the   values did not increase significantly in the outer bay (Figure 5E), which may be related to the continuous outward transportation of   in the upper bay under the strong hydrodynamic force, resulting in the isotopic signal of   sources covering the signal of isotopic fractionation caused by assimilation. Thus, phytoplankton assimilation is unlikely to be the dominant cause for the increase of nitrate dual isotopes in the outer bay. The intense physical sediment-water interaction may be responsible for the nitrate loss in the outer bay. Previous studies suggest that active consumption of nitrate due to denitrification in the sediments, causing an efflux of nitrate from the water column to the sediments, which resulted in the enrichment of   and concurrent nitrate loss in the water (Zhang et al., 2013; Ye et al., 2016). Because advective flux returning nitrate to the upper overlying water environment caused by wind-induced mixing and tidal pumping,   and   values in the overlying water are substantially high, reflecting more closely nitrate isotopic fractionation by denitrification (Lehmann et al., 2007; Wankel et al., 2009). This suggestion was agreeable with the previous work that suggested the physical perturbation in the surface sediments could be very significant in spring period, when wind-induced mixing and tidal pumping in the northern Beibu Gulf was strong (Lao et al., 2021b). Indeed, the depth of the Qinzhou Bay is shallow (most stations are less than 6m, and the deeper depth in station Q12 is only 10.1m), and wind-induced mixing could aggravate the exchange of bottom and surface water. In addition, the air temperature has increased from the spring (March) in Beibu Gulf, but lower surface temperature (average of 24.7°C) in the Qinzhou Bay was found when compared to that in Tieshangang Bay (average of 25.4°C) during the same sampling period (Figures 2A, B), suggesting that the lower surface temperature in Qinzhou Bay originated from the bottom water upwelling. Moreover, an increasing TSP level (average of 20.0 mg L-1) was also found in the outer bay (Figure 3C). Such a dynamic environment would result in the bidirectional exchange of substances, including nitrate, between the overlying water and the sediment pore water. This process would finally lead to the increase of nitrate isotopic values but the decrease of nitrate concentration in the bay due to denitrification-induced isotopic enrichment in sediments. However, due to the lack of other water layers in the bay, i.e., the bottom layer, this hypothesis still needs further evaluation in the field investigation.




Figure 8 | Relationships between offset   (A) and   (B) and offset   in the Qinzhou Bay and Tieshangang Bay. The offset values are the difference between measured and expected values, which area calculated using the end-member mixing model.





Nitrate Sources and Its Biogeochemical Processes in Tieshangang Bay

In the Tieshangang Bay, significantly high nutrient concentrations were observed in the upper bay and showed a decrease trend from the upper bay to the outer bay (Figure 4). Different from Qinzhou Bay, there is no large rivers around the bay. Thus, the nutrient sources in the bay are mainly influenced by local human activities. In the upper bay, significantly positive offset   values were found, with the values ranging from 0.01 to 2.85 µmol L-1 (average of 1.77 µmol L-1) (Figure 8), which could be new nitrate added into the waters in the upper bay. The new nitrate could be sourced from direct nitrate input, and/or decomposition and/or nitrification of   in the upper bay. Indeed, significantly low DO level (Figure 2F) and lower pH (Figure 3B) and nitrate dual isotope values (Figures 4B, D) were found in the upper bay. This suggested that oxygen consumption processes could have occurred in the upper bay, which is probably decomposition. Moreover, a lower Chl a level was found in the upper bay (Figure 2H), indicating that oxygen consumption by decomposition is more important than photosynthesis. A large oxygen consumption and a large amount of CO2 release caused by the decomposition process could be responsible for the low DO level and pH in the upper bay. Similar results were also reported in the other coastal bays in Beibu Gulf (Lao et al., 2021a; Lao et al., 2021c). Correspondingly, a higher   concentration occurred in the upper bay (Figure 4H). The rainy seasons in the coastal Beibu Gulf would carry a relatively huge transport of sewage from the coastal cities and soil organic nitrogen (SON) from the soil to the coastal bay (Lao et al., 2020), where SON could have been easily remineralized due to the priming effect to   (Bianchi et al., 2015), and then nitrified to nitrate in the water (Guo et al., 2015; Ye et al., 2015). However, if the mineralization/nitrification processes are the dominant in the upper bay, the   values should be close to 0‰, because the process generally adds isotopically light isotopes to the nitrate pool (Burns and Kendall, 2002; Ye et al., 2015). In contrast, although relatively low   values occurred in the upper bay compared to the outer bay, the most values were still higher than 12‰ (average of 13.2‰) (Figure 5B), which is much higher than 0‰. This suggests that the mineralization/nitrification processes are unlikely to be the dominant cause for the increase of   and   in the outer bay. Notably, significantly high   values (average of 15.1‰) were also found in the upper bay (Figure 5F), which are possibly associated with municipal sewage effluents from the coastal area. Generally, nitrate originated from sewage and manure is usually characterized by high isotopic values of nitrate (4 to 25‰) due to the volatilization of 15N-depleted ammonia formed from human and animal waste, which results in an enrichment of 15N in residual nitrate pool (Xue et al., 2009). Thus, the nitrate sources from sewage and manure may be responsible for the higher isotopic signal in the upper bay (Figure 7).

In the outer bay, the nutrient concentrations decrease but nitrate dual isotopic values increase. In addition, a relatively negative offset   (average of -0.29 µmol L-1) but positive offset   (average of 4.0‰) and   value (average of -6.8‰) was found in the outer bay, suggesting that nitrate loss or consumption occurred in the outer bay. However, the denitrification could be ruled out due to the high DO level (>7.0 mg L-1) in the outer bay (Figure 2F), which did not favor the occurrence of denitrification. Moreover, the influence of physical sediment-water interaction should be less in the outer bay. Different from the Qinzhou Bay, the depth of outer Tieshangang Bay is deeper (most station >10m, and the deepest station in T19 reach 20m). With the air temperature increasing in spring, the surface water temperature increases in the outer bay (average of 25.4°C), opposite to the outer Qinzhou Bay (Figures 2A, B). This suggests that with the increase of surface water temperature, there is no bottom water upwelling in Tieshangang Bay as in Qinzhou Bay. Thus, the phytoplankton assimilation may be related to the nitrate loss but increasing isotopic nitrate values in the outer bay. Indeed, a higher Chl a level was found in the outer bay (average 2.41 µg L-1) (Figure 2H). In addition, although the slope (1.25) has slightly deviated from the assimilation line (1:1), a significantly positive relationship between   and   values were found in the outer bay (Figure 7). Moreover, the fractionation factor associated with assimilation was calculated and the 15N fractionation with isotope effects of -3.3‰ in the outer bay was also within the range of reported values (-3 to -9‰) for phytoplankton assimilation (York et al., 2007). This suggests that   uptake by phytoplankton was the dominant process for   decrease and its isotopic increase in the outer bay. However, the   value did not increase in the outer bay. This may be because the assimilation by phytoplankton mainly utilizes   due to significantly low   concentration in the outer bay (Figure 4H).   is assimilated by phytoplankton when   is insufficient in the water environment (Glibert et al., 2016). However, extremely higher   values were also observed in the outer bay (>10‰, average of 14.1‰) (Figure 5E). Neither phytoplankton assimilation nor mixing with other water masses from outer Beibu Gulf or the northern South China Sea is enough to lead to   values higher than 10 ‰ (Ye et al., 2015; Ye et al., 2016; Lao et al., 2021b). Synthetic   fertilizer and atmospheric N precipitation have much higher   values (Chen et al., 2009; Chen et al., 2019), and those sources may be related to the high   values in the outer bay. However, the source from synthetic   fertilizer can be readily ruled out since it only accounts for <2% of the synthetic N fertilizer applied in China (Chen et al., 2009). Thus, the high   values are partly influenced by the atmospheric deposition, which could be responsible for the nitrate dual isotopes slightly deviation of assimilation line (1:1).

To quantify the contribution of atmospheric N deposition to the   pool in the outer bay, a simple isotope mass balance model was utilized [equations (11) and (12)]. This model is based on nitrate isotope anomalies, such as the deviation from the conservative mixing, which has also been used to calculate the relative contribution of atmospheric deposition in the coastal area (Ye et al., 2016; Lao et al., 2019a; Lao et al., 2021b). In this model, we assumed that nitrate isotope anomalies are mainly influenced by assimilation and atmospheric deposition in the outer Tieshangang Bay.

 

 

where △δ15N and △δ18O are the measured   and   anomalies relative to the mixing line. The process of assimilation cause   and   values increase of 1:1 (15ϵ =18ϵ) (Granger et al., 2004). Thus,

	

where we define Natmosphere/(Natmosphere + Nmixing) as fatmosphere, and obtained

 

where fatmosphere is the proportional contribution of atmospheric deposition. The   and   values of atmospheric deposition   were obtained from Zhanjiang, where located at the eastern coast of the Tieshangang Bay (distance less than 60 km). The result shows that the proportional contribution of atmospheric deposition to the   pool in the outer bay ranged from 0 to 17%, with an average of 7%. This is similar to the previous study in the northeastern Beibu Gulf (more seaward of Tieshangang Bay), which suggests that the contribution of   from atmospheric deposition in the offshore area of Beibu Gulf was 6% (Lao et al., 2021b).



Quantification of Nitrate Sources in Qinzhou Bay and Tieshangang Bay

Since the biological processes were not the dominant factor that affected the nitrate in the upper bay of both Qinzhou Bay and Tieshangang Bay, the isotopic characteristics may provide a signal on the various sources that contributed to the mixture. According to a classical nitrate dual isotopic approach in Figure 7, the nitrate dual isotopic values in the two bays were significantly deviated from the potential nitrate source from fertilizer, since the   and   values were generally higher than that from the fertilizer. Thus, the nitrate source from fertilizer could be less in the Beibu Gulf. Although the manure and sewage might be the dominant nitrate sources in both two upper bays, the isotopic fingerprints in the upper bays were close to the source from soil N, and the extremely high   values that were influenced by atmospheric deposition as discussed above, were considered. Thus, four potential nitrate sources, including manure and sewage, soil N, fertilizer, and atmospheric deposition, were applied to quantify the proportional contribution of the nitrate sources by a Bayesian mixing model. The   and   values of these four potential sources are presented in Table 2. The result is presented in Figure 9. The manure and sewage are the dominant nitrate sources in the coastal bays and the contribution in Tieshangang Bay (a total of 59%) was higher than that in Qinzhou Bay (41%), while the nitrate source from soil N in Qinzhou Bay (30%) was higher than that in the Tieshangang Bay (20%). Although both bays are affected by industrial and aquaculture activities, Tieshangang Bay does not have the rivers around the bay input as Qinzhou Bay. Thus, less soil N was carried into the Tieshangang Bay, and the dominant sources from sewage and manure could also bring the   into the bay. In addition, the   would retain in the bay due to weak hydrodynamic conditions (Jiang et al., 2017), resulting in a high   concentration in the upper Tieshangang Bay. In contrast, river input could bring more soil nitrogen from the coastal cities into Qinzhou Bay. This may be responsible for the high   concentration observed in the upper Qinzhou Bay. In the river basin, the nitrification coupled denitrification process in the soil can convert ammonium into nitrate and the river can bring it into the coastal environment (Chen et al., 2009). In addition, although the dominant sources from sewage and manure could bring the   into the bay, the strong hydrodynamic conditions accelerate the exchange of seawater between the upper bay and the outer bay, resulting in the dilution of   concentration. Thus, the concentration of   in Qinzhou Bay is not as high as that in Tieshangang Bay due to accumulation. The contribution of atmospheric deposition was similar between the two upper bays (Figure 9), and also similar to the outer Tieshanggang Bay (8%) and the offshore area of the northeastern Beibu Gulf (6%) reported by previous studies (Lao et al., 2021b). This suggests that the impact of atmospheric deposition on the Beibu Gulf is relatively consistent.


Table 2 | The values (‰) of dual isotopes for the four potential nitrate sources at the river mouth.






Figure 9 | The proportional contribution of potential sources of nitrate in the water of upper bay of Qinzhou Bay (A) and Tieshangang Bay (B), including soil N, manure and sewage (M&S), fertilizer, and atmospheric deposition (AD).



According to the results of quantitative calculation, the sources of nitrate in the two bays are obviously different. In the Qinzhou Bay with riverine input, the contribution of the soil N and fertilizer is higher than that without riverine input in the Tieshangang Bay, while the source from manure and sewage in the Tieshangang Bay is higher than that in the Qinzhou Bay. This suggests that for the bay with riverine input, rivers can import a large number of land-based pollutants into the coastal waters, while the bay without riverine input reflects the discharge of industrial or urban manure and sewage, which needs the attention of environmental managers.




Conclusion

Nitrate dual isotopes   and ammonium nitrogen isotope  , were used to determine the origin of nitrate in the coastal bays of Beibu Gulf (Qinzhou Bay and Tieshanggang Bay) and to study biogeochemical processes associated with nitrogen cycling. The summary of the nitrate sources and its biogeochemical processes is presented in Figure 10. The nutrient concentrations generally showed a decreased trend from the upper bay to the outer bay, while the   and   values increased seaward in both bays. The   values decreased from the upper Tieshangang Bay to the outer bay. Although the isotopic distribution trends of the two bays are similar, the isotopic values in Tieshangang Bay were higher than that in the Qinzhou Bay, suggesting that there may be differences in nutrient sources and transformation processes between the two bays. Manure and sewage were the dominant nitrate sources in the both upper bays, but the contribution in Tieshangang Bay (59%) was higher than that in the Qinzhou Bay (41%). While the nitrate source from soil N in upper Qinzhou Bay (30%) was higher than that in the upper Tieshangang Bay (20%), which may relate to the runoff input from the coastal cities around the Qinzhou Bay. Moreover, nutrients were retained in the upper Tieshangang Bay due to weak hydrodynamic conditions, which caused higher   concentrations in the upper bay. Significant nitrate loss occurred in the outer Qinzhou Bay, which is related to the intense physical sediment-water interaction. Moreover, phytoplankton assimilation mainly utilized   due to sufficient   in the outer Qinzhou Bay. Nitrate loss was also found in the outer Tieshangang Bay which mainly related to the phytoplankton assimilation. In addition, the greater enrichment of   than   in both bays suggests that atmospheric deposition also contributes to the nitrate pool in the water and the impact of atmospheric deposition on the Beibu Gulf is relatively consistent.




Figure 10 | Conceptual diagram of sources and cycling of nitrogen between a bay with riverine input (A) and a bay without riverine input (B) in the Beibu Gulf.
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Few studies have systematically assessed the ecological status of mangrove wetlands following the stress of anthropogenic activities in China. This study investigated the spatial and seasonal distribution of benthic macroinvertebrate communities and assessed the ecological quality of mangrove habitats on an island scale in Hainan, China (containing the third largest mangrove area of China and the highest mangrove species richness). For the benthic macrofauna community structure, a total of 102 macrobenthic taxa belonging to 50 families were identified, with Crustaceans, Molluscs, Polychaetes, and Oligochaeta having relative abundances of 52.3%, 36.1%, 10.8%, and 0.8%, respectively. Decapoda and Gastropoda dominated the benthic community abundance. Non-metric multidimensional scaling and an analysis of similarities revealed significantly different macroinvertebrate assemblages among the regions during the two seasons. The South mangroves had the lowest macrofauna species numbers, biodiversity, richness, and abundance. The macrofaunal species richness, Shannon index, Margalef index, abundance, and biomass markedly affected by region and season. As indicated by the biotic indices AMBI (AZTI’s Marine Biotic Index) and M-AMBI, more than half of the mangrove habitats on Hainan Island were slightly to heavily disturbed and had poor to moderate ecological quality. Our results recommend long-term monitoring for evaluating the quality status of mangrove wetlands and avoiding extensive land-use conversion of mangroves. Holistic approaches considering ecological characteristics and combining information on both floral and faunal functionality would contribute to the effective management and conservation of mangroves in disturbed areas.
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Introduction

Mangrove forests, which are distributed on tropical and subtropical coastlines, provide excellent habitats for marine organisms. Due to the rapid development of coastal regions, mangroves are under increasing threats from human activities (e.g., tourism, industry, agriculture, and aquaculture). To conserve and restore mangrove ecosystems, it is of particular significance to monitor their quality and health under different anthropogenic impacts.

Benthic macrofauna are poorly mobile and sensitive to environmental changes, yet they play an important role in linking the primary producers and higher trophic levels in marine ecosystems (Bouillon et al., 2002; Lee, 2008). Disturbances such as human activities and natural factors can lead to changes in their habitats, which in turn leads to changes in the species composition of macrobenthic communities (Lee et al., 2006). Marine macrobenthos are thus widely used as ecological indicators to assess the health of marine ecosystems (Ni et al., 2019; Dimitriou et al., 2020; Dong et al., 2021).

Hainan Island contains the third largest mangrove area of China and the highest mangrove species richness (Li and Lee, 1997; Chen et al., 2009). In recent decades, due to the rapid development of the economy, mangrove wetlands on Hainan Island have suffered from fragmentation and habitat degradation (Liao et al., 2019; Herbeck et al., 2020). Although previous studies have reported on the diversity of the mangrove benthos (e.g., crabs, mollusks, foraminifera, etc.) in some areas (Gu, 2017; Ma et al., 2018; Li et al., 2021), the benthic macrofauna diversity and ecological status of mangrove wetlands on Hainan Island as a whole are still unclear.

In the present study, we chose Hainan Island as a case study with the aim of (1) investigating the macrofaunal distribution and community composition of the mangrove wetlands on the whole island and (2) evaluating the ecological quality of the mangrove wetlands by examining the changes in species composition of macrobenthic communities over time and space. The biological and nonbiological factors (mangrove vegetation, land usage, and other environmental factors) shaping the composition of the macrofaunal community were also discussed to link mangrove wetland quality with different anthropogenic impact pressures. Given that mangrove system is such an important and distinctive coastal habitat and are currently threatened by natural and anthropogenic pressures, such studies will help to better understand their ecological responses to environmental pressures and guide mangrove wetland management.



Materials and Methods


Study Area

Hainan Island (18°10’–20°09’ N, 108°37’–111°01’ E) is located in the South China Sea, with a coastline of 1944.35 km. In this study, seven mangrove wetlands covering 97.5% of the mangrove areas on Hainan Island were selected (Figure 1), and divided into four regions (North, East, West, and South) based on their geographic locations. These were the Dongzhai Harbor Mangrove Reserve with 1508.14 ha of mangroves (North); the Bamen Bay Mangrove Reserve with 1036.03 ha (East); the Danzhou, Lingao, and Chengmai mangroves with 915.35 ha (West); and the Lingshui and Sanya mangroves with 143.5 ha (South) (Wang et al., 2019). The Bamen Bay (35 species), followed by the Dongzhai Harbor mangrove wetlands (23 species) was reported to contain the most number of mangrove species in China (Chen et al., 2009).




Figure 1 | Land use map for mangrove wetlands with the sediment sample locations on Hainan Island in China. Note: mangrove areas are included in the other woodland.





Sampling and Analysis

Field campaigns were carried out in these seven mangrove wetlands during December 2018 (dry season) and August 2019 (wet season). As shown in Figure 1 and Supplementary Table 1, a total of 30 sampling sites (transects) were selected as the representative areas based on “Technical specification for eco-monitoring of mangrove ecosystem” (HY/T 081-2005, China). Surface sediments (0 –5 cm) were collected for determining the heavy metal content (Cr, Zn, Pb, Cu, As, and Cd) and performing other physicochemical analyses such as water content, nitrogen content, carbon content, etc. (Li et al., 2022). Sediment samples were transported in a cooler and stored at -20°C until analysis. The carbon and nitrogen contents of sediment samples were measured based on the combustion method (Schumacher, 2002) by a MARCO Cube Elemental Analyzer (Elementar, Germany). The temperature, pH, and salinity of water and sediments were measured in situ using a Thermo Scientific A321 pH Portable Meter (Thermo Fisher, USA), YSI Pro30 Salinity Instrument (YSI Inc, USA), and HM-TY soil salinity instrument (HM Inc, CHN), respectively. Heavy metals in the sediments were extracted according to the US EPA 3052, and determined by ICP-MS (Agilent 7700X, Agilent Technologies, USA). The mangrove species diversity, density, and structural characteristics were also investigated (Bai et al., 2021). The diameters of trees at breast height (DBH) in each plot were measured (Kauffman and Donato, 2012). The species, basal diameter, height and live/dead status of trees were recorded at the same time. More details of methodology were presented in Supplementary Material.

Benthic macrofauna samples were collected from the 30 sampling sites mentioned above. Three field plots (10 × 10 m) were designed at each site. Only one field plot could be designed for S2, S4 and W3 sites due to narrow mangrove areas. Three to five sediment samples were collected randomly from each plot using a 25 × 25 cm quadrat at a depth of 25 cm below the sediment surface. All the sediment from a quadrat was passed through a 0.5 mm mesh sieve to retrieve the macrofauna. The macrofauna collected were stored in 70% ethanol and then transported to the laboratory for further analysis. The processing, identification, counting, and weighing of the collected samples were carried out according to the Guidelines for Marine Biological Surveys (GB/T 12763.6-2007). Species richness, abundance, biomass, and diversity were determined to characterize the macrofaunal communities within the different habitats.



Biodiversity Analysis

The dominant macrofaunal species were determined by the Index of Relative Importance (IRI) (Pinkas, 1971) as follows:where N and W represents the proportions of abundance and biomass of each species, respectively, and F represents the percentage of each species at all sampling sites.



The diversity of the macrofaunal community was quantified using the Shannon diversity index (H′), Margalef richness index (D), and Pielou evenness index (J). The three indices are most well known and frequently used for biodiversity assessment of benthic macrofauna (Ni et al., 2019; Delfan et al., 2021; Yang et al., 2021).

Shannon index considers the proportional abundances of species and is more sensitive to changes in the rare species (Peet, 1974). It is calculated as follows (Shannon, 1948):Margalef richness index considers both abundances and species numbers, and is calculated as follows (Margalef, 1958):Pielou evenness index considers abundance and species occurrence, displaying the relations between the class frequencies (Palaghianu, 2014). It is calculated as follows (Pielou, 1969):where ni represents the number of individuals in the ith group, N represents the total number of individuals at each site, and S is the number of species at each site.









Statistical Analysis

Two-way ANOVA was used to assess effects of season and region on macrofaunal species richness, abundance, biomass, and diversity indices. Normality and homogeneity of variances were examined by the Shapiro–Wilk test and Levene’s test, respectively. One-way ANOVA with Tukey’s HSD test and independent-Samples T Test were applied to evaluate differences in macrofaunal abundance and diversity indices among regions and between seasons. All these analyses were conducted using SPSS 19.0 software. To visualize the spatial differences of the macrofaunal community structures, non-metric multidimensional scaling (NMDS) analyses were performed using Bray-Curtis dissimilarity between samples. For ordination analyses, only sites in which there were more than one species were included. The data was standardized in terms of relative abundance of the identified species in each site prior to analysis. An analysis of similarity (ANOSIM) test on Bray-Curtis distances was conducted to assess significant differences in the community structures between samples. NMDS and ANOSIM analyses were conducted using the vegan package in R 4.1.2 (Oksanen et al., 2019).

To assess the benthic ecological quality of the study area, AZTI’s Marine Biotic Index (AMBI) and multivariate AMBI (M-AMBI) were calculated using AMBI version 6.0 (http://ambi.azti.es). Considering that the mangrove areas in Hainan were affected by different levels of human activities, the M-AMBI reference conditions were obtained following the method based on previous studies (Borja and Tunberg, 2011; Cai et al., 2013; Li et al., 2017; Zhou et al., 2018; Yan et al., 2020): the highest values of the Shannon index H′ and species richness (S) in the present study were both increased by 15%, and the lowest AMBI value were selected as the M-AMBI reference condition under high quality status, e.g.,AMBI=0, H′=4.42, S = 20; and under bad quality status, AMBI = 6, H′=0, S = 0.




Results


Community Structure and Distribution of Benthic Macrofauna

As shown in Supplementary Table 2, a total of 102 species were observed in the four mangrove regions over the two seasons. These consisted of Crustacea (43.1% Decapoda, 9.8% Amphipoda, 3.9% Isopoda, and 1% each Tanaidacea, Stomatopoda, and Sessilia), Mollusca (20.6% Gastropoda and 10.8% Bivalvia), and Annelida (7.8% Polychaeta and 1.0% Oligochaeta). A total of 67 species were found in the dry season and 59 species in the wet season. Some species were only observed during one season, e.g., Corophium sp. and Audouinia comosa were only found in the dry season. The number of species found in the Hainan mangrove wetlands followed the order of North (72 species) >East and West (33 species each) > South (25 species). The North mangroves had the highest number of macrofaunal species in both seasons, while the mangroves in the South had the lowest number. Thus, the species richness varied not only by season, but also by region.

In the dry season, Gastropoda (25.7% of total individuals) were the most abundant, followed by Decapoda (23.3%) and Tanaidacea (21.2%) (Figure 2A). In the East and North, Tanaidacea predominated, with abundances of 43.2% and 31.9%, respectively. In contrast, Gastropoda (48.1%) dominated in the West and Decapoda (37.7%) in the South. The most abundant species were Geloina expansa in the East and South (IRI values of 5366.1 and 1543.6, respectively), Paradoxapseudes mortoni in the North (IRI 3036.8), and Assiminea sp. in the West (IRI 3256.4; Supplementary Table 2).




Figure 2 | Benthic macrofauna in the mangrove wetlands on Hainan Island in different seasons. Community structure during the (A) dry and (B) wet seasons and non-metric multidimensional scaling (NMDS) maps during the (C) dry and (D) wet seasons.



During the wet season, Decapoda (53.6%) and Gastropoda (25.6%) predominated in the Hainan mangrove wetlands (Figure 2B). Decapoda was dominant in all regions, accounting for 77.3%, 49.0%, 52.1%, and 45.8% in the East, North, West, and South, respectively. The most predominant species in the East and North was Perisesarma bidens, with IRI values of 8327.0 and 4779.9, respectively, while Geloina expansa prevailed in the West (IRI 4322.3) and South (IRI 4202.8).

The NMDS ordinations showed that the four mangrove regions had distinct macrofaunal communities during the two seasons (Figures 2C, D). The two-dimensional ordinations had acceptably low stress values: 0.13 for the dry season dataset and 0.15 for the wet season dataset, respectively. The macrofaunal community at Site S3 in the dry season was not subjected to the NMDS analysis, as only one species of macrofauna was found. The statistically significant clustering of the macrofaunal communities was confirmed by an ANOSIM test based on the sample locations in the dry (R = 0.441, p = 0.001) and wet (R = 0.385, p = 0.001) seasons.



Abundance, Biomass, and Diversity of Benthic Macrofauna

Macrofaunal species richness, abundance, Shannon index, Margalef index, and Pielou index in the mangrove wetlands on Hainan Island did not differ significantly between seasons (Independent-Samples T Test, p > 0.05) (Figures 3A, B, D–F). The average biomass of the macrofauna in the Hainan mangroves was 92.3 ± 104.8 g·m−2 in the dry season, which was significantly lower than that in the wet season (190.0 ± 134.4 g·m−2) (Independent-Samples T Test, F = 0.723, p = 0.003) (Figure 3C). In the dry season, macrofaunal abundance in the West (One-way ANOVA, F = 4.022, p = 0.018), species richness (F = 19.519, p < 0.0001), Shannon index (F = 3.739, p = 0.023), and Margalef index (F = 23.099, p < 0.0001) in the North was significantly higher than that in other regions. During the wet season, macrofaunal species richness (F = 5.310, p = 0.005), Shannon index (F = 3.464, p = 0.031), and Margalef index (F = 4.042, p = 0.017) in the West was significantly higher than that in other regions. There was no significant variance observed in the macrofaunal biomass and Pielou index among the different regions in either season (One-way ANOVA, p > 0.05).




Figure 3 | Species richness (A), abundance (B), biomass (C), and diversity indices [(D) Shannon-Wiener index; (E) Margalef index; (F) Pielou index] for the mangrove benthic macrofaunal communities on Hainan Island in different seasons.



Two-way ANOVA test for effects of region and season revealed that both factors significantly influenced the species richness (region: F = 14.719, p < 0.0001; season: F = 9.352, p = 0.004), Shannon index (region: F = 3.272, p = 0.028; season: F = 5.852, p = 0.019), and Margalef index (region: F = 15.460, p < 0.0001; season: F = 6.126, p = 0.017) for the benthic macrofauna (Supplementary Table 3). Moreover, there was significant interaction effect between region and season for the species richness (F = 5.679, p = 0.002), Shannon index (F = 4.016, p = 0.012), and Margalef index (F = 10.253, p < 0.0001). Macrofaunal abundance and biomass was significantly affected by region (F = 3.450, p = 0.023) and season (F = 5.485, p = 0.023), respectively. Neither region nor season had a significant effect on the Pielou index (region: F = 1.641, p = 0.191; season: F = 0.088, p = 0.768). There was no significant interaction between region and season for the abundance, biomass and Pielou index.



Ecological Quality Status of the Mangrove Habitats

The AMBI and M-AMBI indices were used to evaluate the ecological quality of the mangrove habitats on Hainan Island (Figure 4). The AMBI is based on the abundance of ecological macrofaunal groups, from sensitive species to opportunistic species (Supplementary Figure 1). Generally, an AMBI <1.2 suggests an undisturbed area, whereas 1.2–3.3, 3.3–4.3, 4.3–5.5, and >5.5 indicate slightly, moderately, heavily, and extremely disturbed areas, respectively (Muxika et al., 2005). The average AMBI value for the mangrove wetlands did not differ significantly between seasons (Independent-Samples T Test, p = 0.064), although the average values during the wet season was slightly higher than that in the dry season. In the dry season, 56.7% of the mangrove habitats on Hainan Island were slightly or moderately disturbed (1.2 < AMBI < 4.3). The AMBI values followed the order of South (2.8) > West (1.7) > East (1.5) > North (1.3), indicating the mangrove ecosystem in the South was more strongly disturbed than the other regions. Among the sites, E7, N9, and S1 were moderately disturbed during this season. In the wet season, nearly 86.7% of the mangroves on Hainan Island suffered from slight to heavy disturbances. The East and West had the highest AMBI values (2.5), followed by the North (2.0) and South (1.4), indicating the East and West were more disturbed than other regions. Sites N4 and N9 were moderately disturbed, and W5 was heavily disturbed in this season.




Figure 4 | Habitat ecological quality of the mangrove wetlands on Hainan Island based on AZTI’s Marine Biotic Index (AMBI) during the (A) dry and (B) wet seasons and the multivariate AMBI in the (C) dry and (D) wet seasons.



The threshold values for M-AMBI classifications are as follows. An M-AMBI <0.2 refers to bad ecological quality, while 0.20–0.38, 0.38–0.53, 0.53–0.77, and >0.77 indicate poor, moderate, good, and high ecological habitat quality, respectively (Borja et al., 2007; Borja et al., 2009). The average M-AMBI values in the Hainan mangroves were 0.54 ± 0.14 in the dry season and 0.52 ± 0.12 in the wet season, indicating the overall ecological quality was good and moderate, respectively. Over 50.0% of the mangroves on Hainan Island had a poor to moderate ecological quality in both seasons. In the dry season, the M-AMBI values followed the order of North (0.66) > East (0.52) > West (0.43) > South (0.37), which suggests the ecological quality of the mangroves in the North was better than other regions and that the South region was the worst. It should be noted that, the ecological quality of the mangroves at Sites W1 in the West, S3 and S4 in the South was poor (M-AMBI <0.38). In contrast, during the wet season, the M-AMBI values in the West were the highest (0.61), indicating that the West mangrove wetlands had the better ecological quality. The West was followed by the North (0.55), South (0.50), and East (0.45), indicating the East had the worst ecological quality, with 77.8% of the mangrove wetlands rated as poor to moderate. In particular, the ecological quality of the mangroves at Sites E4, E6 and N9 was at the poor level (M-AMBI <0.38).




Discussion

The macrofauna communities in the mangrove wetlands of Hainan Island in this study were similar to the one observed in June 2009 (Zhang et al., 2016), which was dominated by polychaetes, crustaceans, and mollusks. Variations in environmental parameters such as rainfall, water temperature, pH, and salinity might contribute to shaping macrofaunal communities in different seasons and regions. Our previous results found that the physicochemical characters of the sediments were significantly distinct between these four regions, e.g., the East sediments were found to contain significantly higher concentrations of total organic nitrogen, total nitrogen, total organic carbon, and total carbon. The mean water salinity and pH in the Hainan mangroves were higher in the dry season than in the wet season, and the water content of the sediments was lower in the dry season (Bai et al., 2021; Wang et al., 2021). Salinity has been reported as the main environmental factor affecting benthic macroinvertebrate community composition and structure in estuarine ecosystems (Conde et al., 2013; Verdelhos et al., 2015; Little et al., 2017). For instance, Mariano and Barros (2014) found that several abundant macrofaunal species showed specific preferences for different salinities along a salinity gradient; among these, the polychaete families Capitellidae, Nereididae, and Spionidae appeared mainly at low salinity.

In addition to variation in environmental parameters, anthropogenic contamination can also affect benthic communities (Johnston and Roberts, 2009). In this study, the sediments in the North contained the highest heavy metal (Cr, Zn, Pb, Cu, As, and Cd) contents (Li et al., 2022), but they also had the higher macrofaunal species richness and diversity. Metal contamination increasing macrofaunal richness may be due to species replacement with those having a higher tolerance to pollutants than others. Infaunal communities in metal-contaminated sediments are generally governed by metal-resistant opportunistic deposit-feeding polychaetes (Belan, 2004; Lancellotti and Stotz, 2004). The high heavy-metal enriched North also showed the clear abundance of Capitella sp., which is a typical indicator species for pollution (Grassle and Grassle, 1976; Pearson and Rosenberg, 1977). Metal contamination in the Hainan mangroves is mainly from aquacultural sewage and agricultural runoff (Li et al., 2022), which may lead to the increased availability of nutrients with a concomitant increase in species richness (Grall and Chauvaud, 2002). The presence of these nutrients at low concentrations does not affect the macrofauna, which may even benefit from the additional supply (Ribeiro et al., 2016); however, an oversupply of nutrients will cause an opposite effect (Giles, 2008), especially in species with low tolerance to stressful conditions (Weisberg et al., 1997; King et al., 2005).

The number of macrofaunal species observed in this study during the wet season was comparable to the same period in 2009 (56 species). The macrofaunal biomass was higher than in 2009, but the average abundance and diversity (Shannon index) were much lower (Zhang et al., 2016). Reduction of macrofaunal diversity might be caused by habitat loss or habitat degradation (Airoldi et al., 2008; Carugati et al., 2018). The mangrove areas in Hainan Island was reported to decrease by 9.3% between 1987 and 2017, which was likely driven by human activities, such as land conversion for aquaculture, tourism development, and wastewater discharge (Liao et al., 2019). Region and season were revealed to significantly influence the species richness, Shannon index, Margalef index, abundance, and biomass for the benthic macrofauna in this study. The macrofaunal biomass during the wet season was higher than those in the dry season, which is consistent with previous findings. Zou et al. (1999) found that macrofaunal biomass in the mud flat of the Dongzhai Harbor mangroves on Hainan Island was higher in summer (June) than in winter (December).

Comparing the benthic macrofauna regionally, the higher species numbers, Shannon index and Margalef index were found in the North, while the lowest were in the South. Such spatial differences may be related to the land-use patterns of the mangrove wetlands in different regions. The North region has a higher proportion of mangrove area (accounting for 30.8% of the total area) than other regions, while the South has the lowest (0.5%) (Li et al., 2022). In general, structurally complex habitats support a higher density of benthic organisms than non-vegetated habitats due to their lower predation pressure, greater number of settlement areas, and enhanced nutrient availability (Alfaro, 2006). The complex structures of mangroves can provide shelter for various benthic fauna from predation, while the mangrove litter provides a direct or indirect food source for some macrobenthos such as gastropods and crabs (Nagelkerken et al., 2008). Thus, the loss of mangroves in the South might have resulted in a reduction in biodiversity and macrofaunal abundance, which is consistent with previous studies’ findings (Ribeiro et al., 2016; Carugati et al., 2018).

According to the results of AMBI and M-AMBI analysis, the degree of disturbance to the Hainan mangroves and the ecological quality of the mangrove habitats might be related to the mangrove area and land-use patterns. For instance, Sites S3 and S4, determined as habitats with poor ecological quality, had the smallest mangrove areas (with proportions of the total area of only 0.001% and 2.03%, respectively). Site W5, determined as heavily disturbed area, had a mangrove area ratio of less than 0.001%. Mangrove wetland at W5 was strongly affected by agriculture, aquaculture, and construction activities, which accounted for more than 50% of the total area (Li et al., 2022). It indicates the importance of the mangrove habitat to benthic community structure and that a loss of mangrove habitat can lead to a decline in ecological quality. Importantly, the impact of human activities on the ecological quality of mangroves cannot be ignored.



Conclusion

With the current intensive anthropogenic pressures on coastal marine ecosystems, it is crucial to conduct investigations on the quality and health status of these important habitats. Taking Hainan Island as an example, this study provides a comprehensive investigation of the community structure and spatial distribution of benthic macrofauna within different mangrove wetlands and evaluates the ecological status of the mangrove habitats. The results showed that Crustaceans were the most abundant group, followed by Molluscs, Polychaetes, and Oligochaeta. Among them, Decapoda and Gastropoda dominated the benthic community abundance. Except for biomass, macrofaunal species richness, abundance, Shannon index, Margalef index, and Pielou index did not differ significantly between seasons. Macrofaunal species richness, Shannon index, and Margalef index were significantly varied in different regions in both seasons. Seasonal fluctuations of environmental factors and different land usage patterns may explain the macrofaunal community variations by season and region, respectively. Based on the macrofaunal community, the AMBI and M-AMBI indices revealed that more than half of the mangrove habitats on Hainan Island were slightly to heavily disturbed and had poor to moderate ecological quality in both seasons. The study implies that the impact of human activities on the ecological quality of mangroves cannot be ignored. We recommend long-term monitoring of the composition and traits of resident fauna to evaluate the quality status of mangrove ecosystem. Moreover, extensive land-use conversion of mangrove wetlands into aquaculture ponds or construction land etc. should be avoided. Finally, holistic approaches considering ecological characteristics and combining information on both floral and faunal functionality would be benefit for effective management, conservation, and restoration for these threatened mangrove ecosystems.
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The Amundsen Sea is one of the regions with the highest primary productivity in the Antarctic. To better understand the role of the Southern Ocean in the global carbon cycle and in climate regulation, a better understanding of the variations and environmental controls of primary productivity is needed. Using cluster analysis, the Amundsen Sea was divided into nine bioregions. The biophysical differences among bioregions enhanced confidence to identify priorities and regions to study the temporal and spatial variations in primary production. Four nearshore bioregions with high net primary productivity or rapidly increasing rates were selected to analyze temporal and spatial variations in primary productivity in the Amundsen Sea. Due to changes in net solar radiation and sea ice, primary production had significant seasonal variation in these four bioregions. The phenology had changed at two bioregions (6 and 7), which has the third and fourth highest primary production, due to changes in the dissolved iron. Annual primary production showed increasing trends in these four bioregions, and it was significant at three bioregions. The variation in primary production in the bioregion (9), which has the highest primary production, was mainly affected by variations in sea surface temperatures. In the bioregion (8), which has the second-highest primary production, the primary production was significantly positively correlated with sea surface temperature and significantly negatively correlated with sea ice thickness. The long-term changes of primary productivity in bioregions 6 and 7 were thought to be related to changes in the dissolved iron, and dissolved iron was the limiting factor in these two bioregions. Bioregionalization not only disentangles multiple factors that control the spatial differences, but also disentangles limiting factors that affect the phenology, decadal and long-term changes in primary productivity.
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Introduction

The Southern Ocean, also known as the Antarctic Ocean, encompasses 10% of the global ocean and contains parts of the South Pacific Ocean, the South Atlantic Ocean, the South Indian Ocean, and the marginal seas around Antarctica, such as the Ross Sea, Weddell Sea, and the Amundsen Sea. The Southern Ocean contains 40% of the total oceanic inventory of anthropogenic carbon dioxide (Khatiwala et al., 2009), and plays an important role in Earth’s climate regulation, especially by neutralizing the effects of rising carbon dioxide concentrations and rising global temperatures (Reid et al., 2009; Ma et al., 2012; Bijma et al., 2013; Petrou et al., 2016). The Amundsen Sea (Figure 1) lies between the Cape Flying Fish and Cape Dart on Slip Island, and is one of the most rapidly warming regions on Earth (Bromwich et al., 2013), and it is one of the least studied Antarctic continental shelf regions (Griffiths, 2010; Pabis et al., 2014).




Figure 1 | Locations of the Southern Ocean, Weddell Sea, Rose Sea, and Amundsen Sea.



Primary productivity plays an important role in the transformation of dissolved elements in the ocean and in ocean-atmosphere carbon exchange (Amthor and Baldocchi, 2001). Previous studies have indicated that the phenology, decadal and long-term changes in primary productivity in the Southern Ocean have been and will continue to be affected by the current and predicted changes in ocean circulation and hydrology associated with climate variability (Lannuzel et al., 2007; Herraiz-Borreguero et al., 2016; Kim and Kim, 2021). Significant spatial differences exist in the changes in primary productivity in the Southern Ocean, both over large latitudinal scales and at regional scales (Arrigo et al., 2008; Ardyna et al., 2017). These spatial differences are related to nutrient availability (mainly iron and possibly nitrate and silicic acid), temperature, light availability, sea-ice coverage, and mortality factors (Boyd, 2002; Smith Jr. and Comiso, 2008; Behrenfeld and Boss, 2014; Arrigo et al., 2015). These factors are controlled by vertical mixing, advection, sea ice cover, and seasonal variations in solar irradiance (Ardyna et al., 2017). However, studies of the primary productivity of the Southern Ocean have been limited in their ability to assess spatial variabilities over both short and long timescales for a variety of different reasons, such as lack of observation and uneven distribution of surveys (Arrigo et al., 2008). Primary productivity also shows significant spatial differences in the Amundsen Sea. The Amundsen Sea Polynya is the region of particularly high productivity in the Southern Ocean (Arrigo and van Dijken, 2003; Lee et al., 2012). Although some studies have been conducted on primary productivity in the Amundsen Sea (Arrigo and van Dijken, 2003; Arrigo et al., 2012; Lee et al., 2012; Park et al., 2017; Lim et al., 2019; Kwon et al., 2021), the spatial differences and mechanisms that drive differences in phenology, decadal and long-term changes in primary productivity are still not clear.

Bioregionalization is one method used to define ecosystems. Under this approach, regions are defined based on physical and biological properties, the method can be defined as the process of delineating the continuous spatial coverage of contiguous spatial units that support distinct biological assemblages (Costello, 2009; Koubbi et al., 2011; Roberson et al., 2017). Usually, the spatial units are delineated using geophysical and biological observation data, modeled data, or a combination of both (Grantham et al., 2010). The obtained bioregions can be used for monitoring and reporting the state of the environment, modeling and predicting the effects of climate changes, and identifying priority areas for protection (Greger and Bodtker, 2007; Spalding et al., 2007; Rice et al., 2011). In recent years, the delimitation of marine bioregions has also been used to disentangle multiple limiting factors that affect the efficiency of biological pumps mediated by phytoplankton (Longhurst, 2007; Ardyna et al., 2017), the spatial and temporal changes of key ecological parameters (Bowman et al., 2018). In the Southern Ocean, bioregionalization has been widely used to identify representative areas for protection at broad and regional scales, such as in the Southern Ocean (Grant et al., 2006), Ross Sea region (Sharp et al., 2010), and Weddell Sea (Teschke et al., 2016). Delineating the effects of environmental forcing on temporal and spatial variations in primary productivity remains challenging and requires novel approaches. We used bioregionalization to provide a basis for understanding variations in primary productivity in the Amundsen Sea.

In this paper, we conducted a cluster analysis using variables from the Global Ocean Reanalysis and Simulations (GLORYS) dataset to obtain a bioregional map of the Amundsen Sea. Using the bioregionalization outputs, we analyzed the limiting factors that affect spatial differences, the phenology, decadal and long-term changes in primary productivity in the Amundsen Sea.



Data and Methodology


Data

The physical and ecological variables used in the bioregionalization were derived from the Global Ocean Reanalysis and Simulation Version 4 (GLORYS2v4) dataset (https://resources.marine.copernicus.eu/?option=com_csw&task=results&pk_vid=f205f72451b76b161622075614d28a7a). GLORYS2v4 is an ocean reanalysis, which is a scientific method that produces a comprehensive record of how ocean properties are changing over time. This reanalysis is performed with the NEMOv3.1 ocean model in configuration ORCA025_LIM. The vertical grid has 75 levels in depth with partial steps at the bottom. GLORYS2v4 has assimilated observations, containing delayed time along-track satellite Sea Level Anomaly, Sea Ice Concentration, Sea Surface Temperature, and in situ profiles of temperature and salinity from the Coriolis Ocean dataset for Reanalysis (CORA) 4 database. The monthly mean values from 1993 to 2015 with a resolution of 1/4°×1/4° were used in this work.

In situ observed temperature and salinity data were acquired during the ANTXXVI/3 from the research ice breaker Polarstern (Gohl, 2010). The Climate Data Record (CDR) of sea ice concentration from obtained from NSIDC (Meier et al., 2017). Chlorophyll-a data were obtained from the Ocean Colour Climate Change Initiative (OC-CCI, http://www.esa-oceancolour-cci.org) project.

Previous studies have shown that variables obtained from GLORY2v4 perform well against observations in the Amundsen Sea (Uotila et al., 2019; Huang et al., 2020). In this work, we also compare the temperature, salinity, sea ice concentration, and chlorophyll against observations in the Amundsen Sea (shown in Supplementary Figures S1–S3). Results showed that comparisons between the GLORYS2v4 and in situ/satellite measurements of the temperature, salinity, sea ice concentration, and chlorophyll show a good agreement. The temperature of GLORYS2v4 had a good fit to the observed water temperature structure at section S01. The mean temperature obtained from the observation at section S01 was 34.70 ± 0.03°C, and it was 34.70 ± 0.04°C from GLORYS2v4. The sea ice concentration of GLORYS2v4 was significant correlated with sea ice concentration from CDR, the correlation coefficient were larger than 0.9 both in winter and summer. The monthly/annual surface chlorophyll concentrations of GLORYS2v4 had a good fit to the observed monthly/annual surface chlorophyll concentrations distributions. Also, the mixed layer depths were calculated according to Brainerd and Gregg (1995) at the S01 section (Figure S1). The mixed layer depths obtained from the observations ranged from 4 to 24 m with a mean of 15 m. At the same time, the mixed layer depths obtained from GLORYS2v4 ranged from 5 to 27 m with a mean of 17m. The above results enhanced the confidence in the quality of the GLORYS2v4 to get the bioregions in the Amundsen Sea.

As variables measured at the ocean surface are strongly correlated with processes at depth, the surface variables can reflect the properties of the water column (Longhurst, 2007; Oliver and Irwin, 2008). Therefore, the variables of the first layer were used in this work. The extents of all variables were clipped to match the study area, ranging from 80°to 150°W and 55°to 80°S. In addition to net primary productivity (nppv in Table 1), other physical and biological variables were also selected. These variables were selected according to two principles: first, variables selected by other studies conducted in the Southern Ocean were also selected in this work, including the sea surface temperature (SST), sea surface height (SSH), salinity, water depth, sea ice persistence index, sea bottom temperature, and chlorophyll (Table 1); second, variables that could affect primary productivity were also selected, including the mixed layer depth, and dissolved iron (Table 1). The parameters used in the clustering analysis contained the average states of the variables (mean value across the time series), their variability (annual maximum mean, annual minimum mean, long-term change rate), and topographic gradient. The sea ice persistence index (ICE) was calculated as the proportion of the overall time during which the grid was covered by sea ice (the sea ice concentration larger than 50%). The index was calculated as ICE=M1/M, where M1 is the number of months which monthly sea ice concentration is less than 50%, M stands for the number of months used in a year. All variables were standardized to zero means and unit standard deviations to eliminate issues associated with units of measurement.


Table 1 | Variables from GLORYS2V4 used in pelagic bioregionalization.





Methodology

Bioregions were obtained in this work using cluster methods. Cluster analysis is a class of techniques in which a set of objects or cases classified in the same group (called a cluster) are more similar to each other than to those in other groups. One advantage of cluster techniques is that they allow for areas with similar characteristics to be defined regardless of their location, thereby producing results representative of intrinsic spatial patterns and environmental variables (Leathwick et al., 2003; Snelder et al., 2007). Cluster analysis has been commonly used to identify bioregions and is still widely used today (Milligan and Cooper, 1987; Ebach et al., 2015; Roberson et al., 2017; Bloomfield and Knerr, 2018). For the Southern Ocean, physical and biological variables, including the water temperature, salinity, depth, chlorophyll, and sea-ice information, were used to obtain the bioregions to facilitate systematic planning for the protection of marine habitat diversity (Grant et al., 2006; Sharp et al., 2010; Teschke et al., 2016; Godet et al., 2020). In this work, hierarchical clustering and the K-means clustering method were selected to obtain bioregions in the Amundsen Sea. K-means clustering is a data-mining method that classifies objects (variables) into K clusters, objects within a given cluster are more similar to each other (in the multivariate space) than to those in other clusters. The key advantage of K-mean clustering over other unsupervised approaches are its low complexity, quick computation, capacity to deal with large data sets, and adjustable cluster membership (Govender and Sivakumar, 2020). This approach has been successfully applied in the North Atlantic (Lacour et al., 2015), the Southern Ocean (Ardyna et al., 2017), and the Mediterranean Sea (Mayot et al., 2016) as well as at the global scale (D’Ortenzio and d’Alcalà, 2012). The number of K categories used for the K-means clustering was determined using the hierarchical clustering method, which depends on the pairwise distances between data points to merge or divide data into a series of clusters (Fraley and Raftery, 1998). The K-mean clustering was carried out using the open source Geoda software (Anselin et al., 2006). In this study, the physical and biological variables listed in Table 1 were used in the clustering analysis. The long-term change rate was calculated using linear regression. The significance of the correlations and trends identified in this study was checked using t-tests and Mann–Kendall tests (von Storch and Zwiers, 1999; Feng et al., 2015), respectively. The pre-whitening method was used to avoid autocorrelations in the work (Kulkarni and von Storch, 1995). The software of computing hierarchical clustering, linear regression, and significance of correlations was R (https://www.r-project.org/).

The Mann-Kendall test, first introduced by Mann (1945), is a non-parametric statistical method to test the significant of change trend of time series. It is widely utilized to examine climatic factors’s long-term trends and abrupt change point of climate factors. The statistic UFk is an order normalization parameter of time series X calculated in order. If UFk is more (or less) than 0, it indicates that the sequence is increasing (decreasing). For a given significant level α, if the absolute value of UFk is greater than U_α (for α=0.05,U_α= ± 1.96), the sequence has a significant trend. UBk is an order normalized parameter calculated in reverse order of time series X. If there is an intersection point between the two curves of UFk and UBk, and the point is between the U_α, the point corresponding to the abrupt change point.




Results and Discussion


Primary Productivity in the Amundsen Sea

The mean value (Figure 2A) and seasonality amplitude (the difference between maximum value of monthly mean and minimum value of monthly mean) (Figure 2B) of primary production in the Amundsen Sea were calculated using the data obtained from GLORYS2v4. The spatial differences existed in the Amundsen Sea, and the mean primary production values of the Amundsen Sea ranged from 1.5 to 14 mgC m-3 day-1. In most areas, the mean value was less than 3 mgC m-3 day-1. The primary production was largest in Pine Island Bay, and minimum values occurred on the two areas adjacent to of Pine Island Bay, with a mean value of less than 2 mgC m-3 day-1. This distribution was consistent with other studies about primary production in the Amundsen Sea (Park et al., 2019). The seasonality amplitude of primary production (Figure 2B) ranged from 10 to 100 mgC m-3 day-1 and showed some similar spatial characteristics with the mean values, the amplitude was also largest in Pine Island Bay. However, the spatial variations in the seasonality amplitude were more complicated than those of the mean value. The seasonality amplitude was not the smallest in the two areas adjacent to Pine Island Bay, featuring a mean value less than 2 mgC m-3 day-1.




Figure 2 | Primary production in the Amundsen Sea, (A) mean value of primary production from 1993 to 2015; (B) seasonality amplitude of primary production; (C) annual values of (black line) and long-term changes in (black dashed line) primary production; (D) MK-values (y-axes) obtained from the sequential Mann-Kendall test against time for annual primary production, the black line represents the progressive UF(t) and the red line represents the retrograde UB(t); (E) monthly primary production values (black line) and amplitudes of the monthly values (black broken line).



The annual primary production showed an increasing trend from 1993 to 2015 (Figure 2C). The primary production was relatively high from 2000 to 2006; reached a maximum in 2004, and displayed low values from 1993 to 1996; a minimum occurred in 1994. Furthermore, the progressive UF(t) and the retrograde UB(t) series of the sequential Mann-Kendall test (Mann, 1945) were calculated against time for the annual mean primary production (Figure 2E). The results showed that primary production featured an increasing trend in general. The positive trend was significant after 1999, and no abrupt change existed in the annual primary production. Primary production exhibited clear seasonal variability (Figure 2D), it began to increase in August, reached a maximum in December, and began to decrease after December. From April to September, the primary production was less than 2 mgC m-3 day-1. The monthly primary production varied greatly in the summer months, and the amplitude was largest in December (ranging from 4.5 to 14.5 mgC m-3 day-1). Above results were consistent with previous studies using observations (Arrigo and van Dijken, 2003; Park et al., 2017; Lim et al., 2019; Kwon et al., 2021), and enhanced the confidence in the data quality and in the analysis.



Bioregion Classification and Characterization

To obtain the number of clusters (K), hierarchical clustering was carried out in the Amundsen Sea by computing the similarity of all the pixel at the mean values. The dendrogram obtained from the hierarchical clustering algorithm was used to guide the clustering process (Figure 3). Norse (2010) indicated that if K is too large, important details are overlooked; if K is too small, the result is an unmanageable number of decision-making groups. To obtain a more reasonable result, K-means cluster analyses were carried out twice (K=6 and K=9) (Figure 4). The results show that spatial distribution had similar characteristics between the K=6 and K=9 results. But differences also existed, when K=9 was selected, the coastal area was divided into 2 bioregions (9-8 and 9-9). When K=6 was selected, the coastal area was divided into 1 bioregion (6-6). The northern boundary area was divided into two bioregions (6-1and 6-2) when K=6, while it was divided into three bioregions (9-1, 9-2, and 9-3) when K=9. When K=6, the central region was divided into two bioregions (6-3 and 6-4), and when K=9, the central region was divided into three bioregions (9-4, 9-5, and 9-6). For comparison, the mean values of the variables in different bioregions were calculated (6-6, 9-8 and 9-9; 6-2, 9-2, and 9-3) (Table 2). The results showed that the differences in the physical variables were small among bioregions 6-6, 9-8, and 9-9, while the differences in the biological variables were quite pronounced. The mean values of chl and nppv were significantly smaller in the 9-8 bioregion than those in the 6-6 and 9-9 bioregions. The differences in biological variables among bioregions 6-2, 9-2, and 9-3 were small, while the differences in physical variables were quite clear, especially the mlp, ssh, and fice variables. The above results indicated that the bioregions obtained from K=9 can describe the detailed differences in fice, mlp, chl and nppv more clearly than the bioregions obtained from K=6. All these variables are important in a spatial analysis of primary production in the Amundsen Sea; therefore, we ultimately selected the resulting bioregions when K=9.




Figure 3 | Dendrogram obtained from hierarchical clustering. The dotted lines (K=6 and K=9) show the levels at which the dendrogram was cut to produce the groups.






Figure 4 | Six bioregions (A) and nine subregions (B) identified in the K-means cluster analysis.




Table 2 | Mean values of variables at different bioregions.



The parameters that characterize the key properties of each bioregion differed among the bioregions (Supplementary Table S1 and Figure 5). Here, we listed four levels of each parameter to help characterize each bioregion relative to the study area: the maximum value, the second-highest value, the minimum value, and the second-lowest value. Bioregions 8 and 9 are associated with the continental shelf and slope edge down to approximately 300 m. The Amundsen Sea Polynya is located in this region (Swalethorp et al., 2019), and these two bioregions are the areas through which the coastal current flows in the Amundsen Sea (Kim et al., 2016). Bioregions 8 and 9 showed some similar features; they were both distinguished by low tem, low mlp, low sal, high chl, high nppv, high fe, and low dep values. There were also some differences between bioregions 8 and 9; bioregion 9 had the lowest bot value, while bioregion 8 had the second-highest bot value. The fice values of bioregion 8 were higher than those of bioregion 9, the tem values of bioregion 8 were lower than those of bioregion 9, bioregion 9 had the second-highest longitudinal gradient, and bioregion 8 had the second-lowest latitudinal gradient. Although bioregion 8 had the second-highest nppv value, the nppv value of bioregion 9 (8.51 mgC m-3 day-1) was much higher than that of bioregion 8 (5.86 mgC m-3 day-1).




Figure 5 | Parameters that characterize the key properties of bioregions, showing the maximum value (red), the second-highest value (yellow), the minimum value (blue) and the second-lowest value (green) of each parameter, including the annual maximum mean (A), annual minimum mean (B), and long-term change rate (C) (dep-A: latitudinal gradient, dep-B: longitudinal gradient).



Bioregion 7 was located within the continental slope, and its boundary was mostly consistent with the Antarctic Slope Front (Martinson, 2012). Bioregion 7 was distinguished by the lowest tem, lowest mlp, second-lowest ssh, highest bot, highest fice, lowest chl, and lowest nppv, the lowest latitudinal gradient and highest longitudinal gradient. In this bioregion, Circumpolar Deep Water (CDW) intrudes onto the shelf, after which it mixes with surrounding water and masses to become Modified Circumpolar Deep Water (MCDW) (Arneborg et al., 2012). MCDW is a potential source of dissolved iron fueling primary productivity in bioregions 8 and 9 (St-Laurent et al., 2017; Dinniman et al., 2020).

Bioregions 1, 2, 3, 4, 5, and 6 were located in the abyssal plain. Bioregion 6 was distinguished by the second-lowest mlp, the lowest ssh. Bioregion 6 was therefore assumed to be closely associated with the Ross Gyre (Dotto et al., 2018). The Ross Gyre is formed by the interaction between the Antarctic Circumpolar Current and the Antarctic Continental Shelf and rotates clockwise. The northern boundary of bioregion 5 mostly consisted of winter sea ice (Comiso et al., 2003). Bioregion 4 was distinguished by the second-lowest bot, the second-lowest fe, and the second-lowest annual maximum chl values. The sea ice of bioregion 4 decreased from 1993 to 2015 (Table S1), and the rate of sea ice decrease was the largest in bioregion 4 among all bioregions. Bioregions 1, 2, and 3 were located at the northern boundary of the study region, and these bioregions are the areas through which Antarctic Circumpolar Current flows. Bioregion 1 was distinguished by the highest tem, the highest mlp, the highest ssh, the lowest fice, the highest sal and the lowest dep values. Bioregion 2 was distinguished by the second-highest tem, the second-highest mlp, the second-highest ssh, the second-lowest fice, the second-highest sal, and the second-lowest dep values. Bioregion 3 was distinguished by the lowest fe value the lowest longitudinal gradient, and the lowest long-term change rate of tem.

The above results indicated that the bioregions differed in their physical and biological characteristics (including primary productivity). These bioregions can be used to study the temporal and spatial variations in primary productivity in the Amundsen Sea. Furthermore, the 9 bioregions had biophysical significance; therefore, they are also useful for systematic conservation planning of marine protected areas (MPAs) in the Amundsen Sea (Fraschetti et al., 2008; Treml and Halpin, 2012).



Variations in Primary Productivity

In the Amundsen Sea, intense phytoplankton blooms occasionally develop, making primary productivity highly variable both temporally and spatially (Moore and Abbott, 2000; Arrigo et al., 2008) (Figure 2B). Our results outlined in section 3.2 indicated that the 9 obtained bioregions can be used to reflect the temporal differences in primary productivity in the Amundsen Sea. The mean value, annual maximum mean, and long-term change rate of primary production were calculated in the 9 bioregions and are shown in Figure 6. The results showed that the mean and annual maximum mean values of primary production in bioregions 8 and 9 were obviously larger than those in other bioregions. This is because the polynyas in the Amundsen Sea are located in bioregion 8 and 9. And the annual maximum mean values of primary production of bioregions 6 and 7 were the third and fourth largest. The long-term change rate of bioregion 9 was the largest, followed by those of bioregions 6 and 7. Therefore, bioregions 6, 7, 8, and 9 were selected as typical bioregions with which to analyze variations in primary productivity in the Amundsen Sea.




Figure 6 | Mean values (A), annual maximum mean values (B), and long-term change rates (C) of primary production in 9 bioregions, the mean value of the whole bioregions was also listed in the figure.



Primary productivity exhibited clear seasonal variability in these four bioregions (Figure 7A). The primary production was large from November to March, and the monthly variations were more obviously in bioregions 8 and 9 than in the other bioregions. From April to October, the differences among these 4 bioregions became small, and primary production in these 4 bioregions was less than 1 mgC m-3 day-1. Seasonal variations in primary productivity in the Amundsen Sea were mainly caused by changes in net solar radiation, sea ice, and iron (Moore and Abbott, 2000; Stammerjohn et al., 2015; Wu and Hou, 2017; St-Laurent et al., 2019). In the Amundsen Sea, the sea ice coverage increased after March and reached a maximum value in austral winter (Figure 7B). After September, the sea ice coverage decreased and reached a minimum value in austral summer. The production of meltwater, the generation of a stratified surface layer, and the release of biogenic elements (such as iron) increased phytoplankton growth and accumulation within the marginal ice zone (Ritterhoff and Zauke, 1997; Smith Jr. and Comiso, 2008; St-Laurent et al., 2019). The net solar radiation of the Southern Ocean has significant seasonal variations and is higher in spring (September to November) and summer (December to February) and lower in autumn (March to May) and winter (June to August). At the same time, sea ice coverage can regulate the availability of irradiance to phytoplankton in the Amundsen Sea. Under the effects of polar night and large sea ice coverage, the primary production was close to 0 from May to September in these four bioregions. Results also showed that the dissolved iron also exhibited clear seasonal variability. The iron reached a maximum in November, and then decreased, it reached its minimum in February (Figure 7C). The seasonal cycles of Fe are dominated by iron scavenging and by remineralization (St-Laurent et al., 2019). In December and January, the primary production increase rapidly and provided a large inventory of sinking biogenic particles, the scavenging increases rapidly during this period. Over the rest of the year, scavenging decreases gradually. From January to June the Fe gradual recovery through remineralization of organic particles or the dissolution/solubilization of surface bound labile particulate iron. Previous studies of the coastal polynya also found that the phytoplankton bloom is primarily light-limited in its early stages, but as the pool of dissolved iron is depleted by phytoplankton uptake, there is a transition towards iron limitation (St-Laurent et al., 2019).




Figure 7 | (A) Monthly mean net primary productivity values in bioregions 6, 7, 8, and 9 from 1993 to 2015; (B) Monthly mean ice concentration in bioregions 6, 7, 8, and 9 from 1993 to 2015; (C) Monthly mean dissolved iron anomaly in bioregions 6, 7, 8, and 9 from 1993 to 2015.



The results also showed that the phenology changed over the study period in bioregions 6 and 7 (Figure 8). In bioregion 3, primary production reached a maximum in January before 1998, while after 1998, maximum primary production occurred in December. In bioregion 6, the primary production rates in November and December increased significantly after 1998. In bioregion 7, primary production reached its maximum in January before 2001; after 2001, the maximum primary production occurred in December. In bioregion 7, primary production increased significantly in November and December after 2001. These variations in primary production in bioregions 6 and 7 were thought to be related to the changes in nutrients (Figure 9). In bioregion 6, the dissolved iron concentrations increased significantly in November and December after 1998; these increased values were more than 2 times higher than those recorded before 1998. Increased dissolved iron concentrations resulted in increased primary production in November and December after 1998. In bioregion 7, the dissolved iron concentrations also increased in August, September, November and December after 1998, and the nitrate, phosphate, and silicate concentrations increased significantly in August, September, November and December after 2000.




Figure 8 | Changes in monthly net primary productivity values in bioregions 6, 7, 8, and 9 from 1993 to 2015 (the colors represent different months).






Figure 9 | Changes in monthly Fe (A, B) (mmol m-3), monthly nitrate (C, D) (mmol m-3), month phosphate (E, F) (mmol m-3) and monthly silicate (G, H) (mmol m-3) in bioregion 6 (left panels) and 7 (right panels).



The variation of these nutrients was caused by changes of the seasonal cycle of the sea ice in the offshore area in the Amundsen Sea. Stammerjohn et al. (2015) found that the winter ice season duration showed a rapid decrease since 2000 and the summer open duration showed a rapid increase since 2000 in the offshore area in the Amundsen Sea. Previous studies have shown that sea ice coverage in west Antarctica water and in the Amundsen Sea has decreased drastically over the last few decades (Randall-Goodwin et al., 2015; Stammerjohn et al., 2015). On the one hand, the melting sea ice is a potentially important source of dissolved iron, nitrate, phosphate, and silicate (Lannuzel et al., 2010). On the other hand, the melting sea ice can lead to salinity-driven vertical stratification (the “meltwater pump”), it can transport sediment-derived nutrients to the upper water column (St-Laurent et al., 2017; Twelves et al., 2021). Throughout much of the Southern Ocean, macronutrients are abundant and low Fe concentrations limit productivity (Tagliabue et al., 2014). Also, Alderkamp et al. (2015) showed that the primary production is stressed by limited iron availability while macronutrients are generally abundant in the Amundsen Sea. Alderkamp et al. (2015) indicated that primary productivity would be stressed by low iron concentrations during December and January in the Amundsen Sea. So the changes in dissolved iron resulted in increased primary production in November and December after 2000. Kwon et al. (2021) also found that the increase in iron can lead to a shift in the bloom peak timing to earlier than January in the Amundsen Sea continental shelf water (mostly in bioregion 5) using a 1-D pelagic ecosystem model.

The changes in primary production from 1993 to 2015 in bioregions 6, 7, 8, and 9 were also analyzed (Figure 10). The results showed that primary production showed positive linear trends in these four bioregions, and these trends were significant at the 95% confidence level in bioregions 6, 7, and 9. Bioregion 9 had the fastest growth rate, and the decadal variations in bioregion 9 were also larger than those in the other 3 bioregions. Primary production reached highest in 2006 and was relatively low in 1994, 1999, 2000, and 2015. The increasing trend observed in bioregion 8 was not significant, but the interannual variations were more significant in bioregion 8 than those in bioregions 6 or 7. The interannual and decadal variations between bioregion 8 and bioregion 9 were quite similar, with a correlation coefficient of approximately 0.75 (calculated using the time series after long-term trend removal). In bioregion 9, a significant positive correlation existed between primary production and sea surface temperatures in summer (from November to March), and the correlation coefficient was 0.46 (Table 3). In bioregion 8, the interannual and decadal variations in primary production were positively correlated with the sea surface temperature in summer, and the correlation coefficient was 0.45. These variations in primary production were also significantly negatively correlated with sea ice thickness, and the correlation coefficient was -0.54 of bioregion 8 and -0.24 of bioregion 9. Therefore, the changes in primary production recorded in bioregions 8 and 9 may have been caused by changes in the sea surface temperatures in summer and changes of sea ice thickness in these areas. Previous studies have shown that SSTs can impact rates of products directly through the relationship between temperature and phytoplankton metabolic rate; SSTs can also affect surface ocean stratification and sea ice distributions (Arrigo et al., 2008). The decline in sea ice thickness can increase the light availability, which has significant effects on the blooms in the nearshore and coastal polynyas in the Amundsen Sea (Venables et al., 2013; Schofield et al., 2015; Oliver et al., 2019). The growth rate of primary production was calculated using linear regression (Figure 10). The growth rate of primary production in bioregion 6 was larger than that in bioregions 7 and 8. This primary production rise accelerated before 2000, while after 2000, no significant long-term change was observed in bioregion 6. Primary production rose with fluctuations in bioregion 7 and reached a maximum in 2005. The decadal and long-term changes in primary production recorded in bioregions 6 and 7 were thought to be related to changes in dissolved iron. The correlation coefficients between primary production and dissolved iron were 0.96 in bioregion 6 and 0.59 in bioregion 7, indicating that dissolved iron was an important factor limiting primary productivity. We also found that the primary production was significantly positively correlated with nitrate, phosphate, and silicate in bioregions 6 and 7. The correlation coefficients were all larger than 0.6 in bioregions 6 and 7. However, the Southern Ocean is the largest high-nutrient region (Lee et al., 2012). And the differences in nitrate, phosphate, and silicate were quite small among these four bioregions. These positive correlations may be caused by the significant correlation between the dissolved iron and nitrate, phosphate, and silicate in bioregions 6 and 7 (all larger than 0.8). The nitrogen: phosphorus ratios were in the range of 13.5 to 14.5, which was quite near to the Redfield ratio. Justić et al. (1995) indicated that the nutrients will inhibit the growth of phytoplankton when nitrate<1mmol m-3, phosphate<0.1 mmol m-3, silicate<2mmol m-3, respectively. In the Amundsen Sea, the concentrations of nitrate, phosphate and silicate were substantially higher than the limitations (Figure 9). As a result, the nitrate, phosphate, and silicate were not thought to be limiting factors of primary productivity in the Amundsen Sea.




Figure 10 | Annual net primary productivity rates (full line) in bioregions 6, 7, 8 and 9 from 1993 to 2015, the dotted lines indicate the linear trends (numbers are the slope of long-term change). The * means that the trend is significant.




Table 3 | Correlation between primary production and environmental factors of bioregion 6, 7, 8 and 9.



The environmental controls of primary productivity of 6 and 7 showed some differences with that of bioregions 8 and 9. These differences may be caused by the differences of the dissolved iron concentrations. The dissolved iron concentrations in bioregions 8 (with mean value of 9.85×10-4 mmol m-3) and 9 (with mean value of 2.5×10-3 mmol m-3) were the highest in the Amundsen Sea area (Figure 5) and much larger than that of bioregion 6 and 7 (Figure 9). So dissolved iron was not the limiting factor for primary productivity in these two bioregions. In bioregion 8 and 9 the decadal and long-term changes of primary productivity were more correlated with the SST and sea ice. In bioregion 6 and 7, the dissolved iron concentrations were much smaller than that of bioregion 8 and 9. The primary productions were also positive correlated with SSTs and negative correlated with sea ice thickness, but the correlation were not significant at 95% confidence levels. So the primary production was mainly controlled by dissolved iron concentrations in bioregions 6 and 7. The spatial differences in the limitation of dissolved iron on the primary productivity of the Amundsen Sea were consistent with previous results (Yager et al., 2012).




Conclusion

The Amundsen Sea is one of the least-studied regions in the Southern Ocean and has significant spatial differences in primary productivity. In this work, we used bioregionalization to provide a basis for understanding the temporal and spatial variations in primary productivity in the Amundsen Sea.

The spatial differences were quite significant in the Amundsen Sea; in most areas, the mean primary production was less than 3 mgC m-3 day-1. However, near the coast of Pine Island Bay, mean primary production reached 14 mgC m-3 day-1. Primary production exhibited clear seasonal variabilities and was largest in December at approximately 10 mgC m-3 day-1.

The Amundsen Sea was divided into 9 bioregions using hierarchical clustering and the K-means clustering method. Four nearshore bioregions (6, 7, 8, and 9) were selected to analyze variations in primary productivity in the Amundsen Sea. Due to changes in the dissolved iron, the phenology of primary production changed in bioregions 6 and 7. Primary production showed positive linear trends in these four bioregions due to changes in SST, sea ice and dissolved iron. The long-term primary changes of bioregions 6 and 7 were thought to be limited by changes in the dissolved iron concentrations. Our results indicated that although there were some same similar characteristics existed in the changes of primary productions, the spatial differences were quite large in the Amundsen. We thought that our findings, including the spatial differences and mechanisms that drive differences in phenology, decadal and long-term changes in primary productivity, can be helpful for predicting how the primary production will respond to future change, and also for analysis and protection of the ecosystem in the Amundsen Sea.

The above results indicated that in addition to being used in the systematic conservation planning of marine protected areas, bioregionalization is also an effective method to disentangle multiple limiting factors that affect spatial differences, the phenology, decadal and long-term changes in the physical and ecological variables, such as the primary productivity.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

JF wrote the first version of the manuscript, DL performed addition analyses, JZ made figures, and LZ revised the text. All authors contributed to the article and approved the submitted version.



Funding

This study was supported by impact and response of Antarctic seas to climate change under contract RFSOCC2020-2022-No.18, Project of Scientific Research Program of Tianjin Municipal Education Commission (2017KJ181) and National Science Foundation of Tianjin (19JCZDJC40600).



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2022.891663/full#supplementary-material



References

 Alderkamp, A. C., van Dijken, G. L., Lowry, K. E., Connelly, T. L., Lagerström, M., Sherrell, R. M., et al. (2015). Fe Availability Drives Phytoplankton Photosynthesis Rates During Spring Bloom in the Amundsen Sea Polynya, Antarctica Vol. 3 (Elementa: Science of the Anthropocene), 000043.

 Amthor, J. S., and Baldocchi, D. D. (2001). “Terrestrial Higher Plant Respiration and Net Primary Production,” in Terrestrial Global Productivity (San Diego: Academic Press), 33–59.

 Anselin, L., Syabri, I., and Kho, Y. (2006). Geoda: An Introduction to Spatial Data Analysis. Geograohic. Anal. 38 (1), 5–22. doi: 10.1111/j.0016-7363.2005.00671.x

 Ardyna, M., Claustre, H., Sallée, J. B., D’Ovidio, F., Gentili, B., van Dijken, G., et al. (2017). Delineating Environmental Control of Phytoplankton Biomass and Phenology in the Southern Ocean. Geophys. Res. Lett. 44, 5016–5024. doi: 10.1002/2016GL072428

 Arneborg, L., Wåhlin, A. K., Björk, G., Lijebladh, B., and Orsi, A. H. (2012). Persistent Inflow of Warm Water Onto the Central Amundsen Shelf. Nat. Geosci. 5 (12), 876–880. doi: 10.1038/ngeo1644

 Arrigo, K. R., Lowry, K. E., and van Dijken, G. L. (2012). Annual Changes in Sea Ice and Phytoplankton in Polynyas of the Amundsen Sea, Antarctica. Deep Sea Res. Part II: Topical Stud. Oceanogr. 71-76, 5–15. doi: 10.1016/j.dsr2.2012.03.006

 Arrigo, K. R., and van Dijken, G. L. (2003). Phytoplankton Dynamics Within 37 Antarctic Coastal Polynya Systems. J. Geophy. Res. 108, C83271. doi: 10.1029/2002JC001739

 Arrigo, K. R., van Dijken, G. L., and Bushinsky, S. (2008). Primary Production in the Southern Ocean 1997-2006. J. Geophys. Res. 113, C08004. doi: 10.1029/2007JC004551

 Arrigo, K. R., van Dijken, G. L., and Strong, A. L. (2015). Environmental Controls of Marine Productivity Hot Spots Around Antarctica. J. Geophys. Res.: Oceans 120 (8), 5545–5565. doi: 10.1002/2015JC010888

 Behrenfeld, M., and Boss, E. (2014). Resurrecting the Ecological Underpinnings of Ocean Plankton Blooms, Annu. Rev. Mar. Sci. 6, 167–194. doi: 10.1146/annurev-marine-052913-021325

 Bijma, J., Pörtner, H. O., Yesson, C., and Rogers, A. D. (2013). Climate Change and the Oceans – What Does the Future Hold? Mar. Pollut. Bull. 74 (2), 495–505. doi: 10.1016/j.marpolbul.2013.07.022

 Bloomfield, N. J., and Knerr, N. (2018). And Encinas-Viso, F.: A Comparison of Network and Clustering Methods to Detect Biogeographical Regions. Ecography 41, 1–10. doi: 10.1111/ecog.02596

 Bowman, J. S., Kavanaugh, M. T., Donsy, S. C., and Ducklow, H. W. (2018). Recurrent Seascape Units Identify Key Ecological Processes Along the Western Antarctic Peninsula. Global Change Biol. 24 (7), 3065–3078. doi: 10.1111/gcb.14161

 Boyd, P. W. (2002). Environmental Factors Controlling Phytoplankton Processes in the Southern Ocean. J. Phycol. 38 (5), 844–861. doi: 10.1046/j.1529-8817.2002.t01-1-01203.x

 Brainerd, K. E., and Gregg, M. C. (1995). Surface Mixed and Mixing Layer Depths. Deep Sea Res. Part I 42 (9), 1521–1543.

 Bromwich, D. H., Nicolas, J. P., Monaghan, A. J., Lazzara, M., Keller, L. M., Weidner, G. A., et al. (2013). Central West Antarctica Among the Most Rapidly Warming Regions on Earth. Nat. Geosci. 6, 139–145. doi: 10.1038/ngeo1671

 Comiso, J. C., Cavalieri, D. J., and Markus, T. (2003). Sea Ice Concentration, Ice Temperature, and Snow Depth Using AMSR-E Data. IEEE Trans. Geosci. Remote Sens. 41 (2), 243–252. doi: 10.1109/TGRS.2002.808317

 Costello, M. J. (2009). Distinguishing Marine Habitat Classification Concepts for Ecological Data Management. Mar. Ecol. Prog. Ser. 397, 253e268. doi: 10.3354/meps08317

 Dinniman, M. S., St-Lauernt, P., Arrigo, K. R., Hofmann, E. E., and van Dijken, G. L. (2020). Analysis of Iron Source in Antarctic Continental Shelf Water. J. Geophys. Res.: Oceans e2019JC015736.

 D’Ortenzio, F., and d’Alcalà, M. R. (2009). On the Trophic Regimes of the Mediterranean Sea: A Satellite Analysis. Biogeosciences 6 (2), 139–148. doi: 10.5194/bg-6-139-2009

 Dotto, T. S., Garabato, A. N., Bacon, S., Tsamados, M., Holland, P. R., Hooley, J., et al. (2018). Variability of the Ross Gyre, Southern Ocean: Drivers and Responses Revealed by Satellite Altimetry. Geophys. Res. Lett. 45 (12), 6195–6201. doi: 10.1029/2018GL078607

 Ebach, M. C., Murphy, D. J., Gonzalez-Orozco, C., and Miller, J. (2015). A Revised Area Taxonomy of Phytogeographical Regions Within the Australian Bioregionalisation Atlas. Phytotaxa 208 (4), 261–277. doi: 10.11646/phytotaxa.208.4.2

 Feng, J., von Storch, H., Jiang, W., and Weisse, R. (2015). Assessing Changes in Extreme Sea Level Along the Coast of China. J. Geophys. Res.: Oceans 120 (12), 8039–8051. doi: 10.1002/2015JC011336

 Fraley, C., and Raftery, A. (1998). How Many Clusters? Which Clustering Method? Answers via Model-Based Cluster Analysis. Comput. J. 41, 578–588. doi: 10.1093/comjnl/41.8.578

 Fraschetti, S., Terlizzi, A., and Boero, F. (2008). How Many Habitats are There in the Sea (and Where)? J. Exp. Mar. Bio. Ecol. 366, 109.e115. doi: 10.1016/j.jembe.2008.07.015

 Godet, C., Robuchon, M., Leroy, B., Cotté, C., Baudena, A., Silva, O. D., et al. (2020). Matching Zooplankton Abundance and Environment in the South Indian Ocean and Southern Ocean. Deep Sea Res. Part I: Oceanogr. Res. Papers 163, 103347. doi: 10.1016/j.dsr.2020.103347

 Gohl, K. (2010). The Expedition of the Research Vessel Polarstern to the Amundsen Sea, Antatctica, in 2010 (ANT-XXIV/3). Rep. Polar Mar. Res. 617, 173.

 Govender, P., and Sivakumar, V. (2020). Application of K-Means and Hierarchical Clustering Techniques for Analysis of Air Pollution: A Review, (1980-2019). Atmos. Pollut. Res. 11 (1), 40e56. doi: 10.1016/j.apr.2019.09.009

 Grant, S., Constable, A., Raymond, B., and Doust, S. (2006). “Bioregionalisation of the Southern Ocean. Report of an Expert Workshop, Hobart, Australia, September 2006,” WWF-Australia and ACE CRC.

 Grantham, H. S., Pressey, R. L., Wells, J. A., and Beattie, A. J. (2010). Effectiveness of Biodiversity Surrogates for Conservation Planning: Different Measures of Effectiveness Generate a Kaleidoscope of Variation. PloS One 5. doi: 10.1371/journal.pone.0011430

 Greger, E. J., and Bodtker, K. M. (2007). Adaptive Classification of Marine Ecosystems: Identifying Biological Meaningful Regions in the Marine Environment. Deep Sea Res. I 54, 385–402. doi: 10.1016/j.dsr.2006.11.004

 Griffiths, H. J. (2010). Antarctic Marine Biodiversity—What do We Know About the Distribution of Life in the Southern Ocean? PloS One 5 (7), e1130. doi: 10.1371/journal.pone.0011683

 Herraiz-Borreguero, L., Lannuzel, D., van der Merwe, P., Treverrow, A., and Pedro, J. B. (2016). Large flux of Iron From the Amery Ice Shelf Marine Ice to Prydz Bay, East Antarctica. J. Geophys. Res. Oceans 121, 6009–6020. doi: 10.1002/2016JC011687

 Huang, J., Zhang, Z., and Wang, X. (2020). Evaluation of Four High-Resolution Sea Ice Reanalysis Products in the Ross Sea and Amundsen Sea. Chin. J. Polar Res. 32 (4), 452–468. doi: 10.13679/j.jdyj.20200007

 Justić, D., Rabalais, N. N., Turner, R. E., and Dortch, Q. (1995). Changes in Nutrient Structure of River-Dominated Coastal Waters: Stoichiometric Nutrient Balance and its Consequences. Estuarine Coastal Shelf Sci. 40 (3), 339–356. doi: 10.1016/S0272-7714(05)80014-9

 Khatiwala, S., Primeau, F., and Hall, T. (2009). Reconstruction of the History of Anthropogenic CO2 Concentrations in the Ocean. Nature 462 (7271), 346–349. doi: 10.1038/nature08526

 Kim, S. U., and Kim, K. Y. (2021). Impact of Climate Change on the Primary Production and Related Biogeochemical Cycles in the Coastal and Sea Ice Zone of the Southern Ocean. Sci. Total Environ. 751, 141678. doi: 10.1016/j.scitotenv.2020.141678

 Kim, C. S., Kim, T. W., Cho, K. H., Ha, H. K., Lee, S. H., Kim, H. C., et al. (2016). Variability of the Antarctic Coastal Current in the Amundsen Sea. Estuarine Coastal Shelf Sci. 181 (5), 123–133. doi: 10.1016/j.ecss.2016.08.004

 Koubbi, P., Moteki, M., Duhamel, G., Goarant, A., Hulley, P. A., O'Driscoll, R., et al. (2011). Ecoregionalization of Myctophid Fish in the Indian Sector of the Southern Ocean: Results From Generalized Dissimilarity Models. Deep. Res. Part II Top. Stud. Oceanogr. 58, 170e180. doi: 10.1016/j.dsr2.2010.09.007

 Kulkarni, A., and von Storch, H. (1995). Monte Carlo Experiments on the Effect of Serial Correlation on the Mann-Kendall-Test of Trends. Meteor Z. 4, 82–85. doi: 10.1127/metz/4/1992/82

 Kwon, Y. S., La, H. S., Jung, J., Lee, S. H., Kim, T. W., Kang, H. W., et al. (2021). Exploring the Roles of Iron and Irradiance in Dynamics of Diatoms and Phaeocystis in the Amundsen Sea Continental Shelf Water. J. Geophys. Res.: Oceans 126 (3), 1–23. doi: 10.1029/2020JC016673

 Lacour, L., Claustre, H., Prieur, L., and D’Ortenzio, F. (2015). Phytoplankton Biomass Cycles in the North Atlantic Subpolar Gyre: A Similar Mechanism for Two Different Blooms in the Labrador Sea. Geophys. Res. Lett. 42, 5403–5410. doi: 10.1002/2015GL064540

 Lannuzel, D., Schoemann, V., de Jong, J., Pasquer, B., van der Merwe, P., Masson, F., et al. (2010). Distribution of Dissolved Iron in Antarctic Sea Ice: Spatial, Seasonal, and Inter-Annual Variability. J. Geophys Res. Biogeosci. 115, G03022. doi: 10.1029/2009JG001031

 Lannuzel, D., Schoemann, V., De Jong, J., Tison, J. L., and Chou, L. (2007). Distribution and Biogeochemical Behaviour of Iron in the East Ant-Arctic Sea Ice. Mar. Chem. 106 (1), 18–32. doi: 10.1016/j.marchem.2006.06.010

 Leathwick, J. R., Overton, J., and McLeod, M. (2003). An Environmental Domain Classification of New Zealand and its Use as a Tool for Biodiversity Management. Conserv. Biol. 17, 1612–1623. doi: 10.1111/j.1523-1739.2003.00469.x

 Lee, S. H., Kim, B. K., Yun, M. S., Joo, H., Yang, E. J., Kim, Y. N., et al. (2012). Spatial Distribution of Phytoplankton Productivity in the Amundsen Sea, Antarctica. Polar Biol. 35, 1721–1733. doi: 10.1007/s00300-012-1220-5

 Lim, Y. J., Kim, T. W., Lee, S., Lee, D., Park, J., Kim, B., et al. (2019). Seasonal Variations in the Small Phytoplankton Contribution to the Total Primary Production in the Amundsen Sea, Antarctica. J. Geophys. Res. Oceans 124 (11), 8324–8341. doi: 10.1029/2019JC015305

 Longhurst, A. (2007). Ecological Geography of the Sea. 2nd ed (Burlington, Mass: Academic Press), 542.

 Mann, H. B. (1945). Nonparametric Tests Against Trend. Econometrica 13, 245–259. doi: 10.2307/1907187

 Martinson, D. G. (2012). Antarctic Circumpolar Current's Role in the Antarctic Ice System: An Overview. Palaeogeogr. Palaeoclimatol. Palaeoecol. 335–336, 71–74. doi: 10.1016/j.palaeo.2011.04.007

 Ma, H., Wang, Z., and Shi, J. (2012). The Role of the Southern Ocean Physical Processes in Global Climate System. Adv. Earth Sci. 27 (4), 398–412. doi: 10.11867/j.issn.1001-8166.2012.04.0398

 Mayot, N., D’Ortenzio, F., d’Alcalà, M. R., Lavigne, H., and Claustre, H. (2016). Interannual Variability of the Mediterranean Trophic Regimes From Ocean Color Satellites. Biogeosciences 13 (6), 1901–1917. doi: 10.5194/bg-13-1901-2016

 Meier, W. N., Fetterer, F., Savoie, M., Mallory, S., Duerr, R., and Stroeve, J. (2017). NOAA/NSIDC Climate Data Record of Passive Microwave Sea Ice Concentration, Version 3 (Boulder, Colorado USA: NSIDC: National Snow and Ice Data Center). doi: 10.7265/N59P2ZTG

 Milligan, G. W., and Cooper, M. C. (1987). Methodology Review: Clustering Methods. Appl. Psychol. Meas. 11, 329–354. doi: 10.1177/014662168701100401

 Moore, J. K., and Abbott, M. R. (2000). Phytoplankton Chlorophyll Distributions and Primary Production in the Southern Ocean. J. Geophys. Res. 105 (C12), 28709–28722. doi: 10.1029/1999JC000043

 Norse, E. A. (2010). Ecosystem-Based Spatial Planning and Management of Marine Fisheries: Why and How. Mar. Pollut. Bull. 86 (2), 179–195.

 Oliver, M. J., and Irwin, A. J. (2008). Objective Global Ocean Biogeographic Provinces. Geophys. Res. Lett. 35, L15601. doi: 10.1029/2008GL034238

 Oliver, H., St-Laurent, P., Sherrell, R. M., and Yager, P. L. (2019). Modeling Iron and Light Controls on the Summer Phaeocystis Antarctica Bloom in the Amundsen Sea Polynya. Global Biogeochem. Cycles 33 (5), 570–596. doi: 10.1029/2018GB006168

 Pabis, K., Hara, U., Presler, P., and Sicinski, J. (2014). Structure of Bryozoan Communities in an Antarctic Glacial Fjord (Admiralty Bay, South Shelands). Polor Biol. 37, 737–751.

 Park, K., Hahm, D., Choi, J. O., Xu, S., Kim, H. C., and Lee, S. H. (2019). Spatiotemporal Variation in Summer Net Community Production in the Amundsen Sea Polynya: A Self-Organizing Map Analysis Approach. Continent. Shelf Res. 184, 21–29. doi: 10.1016/j.csr.2019.07.001

 Park, J., Kuzminovm, F. I., Bailleul, B., Yang, E. J., Lee, S., Falkowski, P. G., et al. (2017). Light Availability Rather Than Fe Controls the Magnitude of Massive Phytoplankton Bloom in the Amundsen Sea Polynyas, Antarctica. Limnol. Oceanogr. 62 (5), 2260–2276. doi: 10.1002/lno.10565

 Petrou, K., Kranz, S. A., Trimborn, S., Hassler, C. S., Ameijeiras, S. B., Sackett, O., et al. (2016). Southern Ocean Phytoplankton Physiology in a Changing Climate. J. Plant Physiol. 203, 135–150. doi: 10.1016/j.jplph.2016.05.004

 Randall-Goodwin, E., Meredith, M. P., Jenkins, A., Yager, P. L., Sherrell, R. M., Abrahamsen, E. P., et al. (2015). Freshwater Distributions and Water Mass Structure in the Amundsen Sea Polynya Region, Antarctica. Elem. Sci. Anth. 3, 000065. doi: 10.12952/journal.elementa.000065

 Reid, P. C., Fischer, A. C., Lewis-Brown, E., Meredith, M. P., Sparrow, M., Andersson, A. J., et al. (2009). Impacts of the Oceans on Climate Change. Adv. Mar. Biol. 56, 1–150. doi: 10.1016/S0065-2881(09)56001-4

 Rice, J., Gjerde, K. M., Ardron, J., Arico, S., Cresswell, I., Escobar, E., et al. (2011). Policy Relevance of Biogeographic Classification for Conservation and Management of Marine Biodiversity Beyond National Jurisdiction, and the GOODS Biogeographic Classification. Ocean. Coast. Manag. 54, 110e122. doi: 10.1016/j.ocecoaman.2010.10.010

 Ritterhoff, J., and Zauke, G. P. (1997). Trace Metals in Field Samples of Zooplankton From the Fram Strait and the Greenland Sea. Sci. Total Environ. 199, 255–270. doi: 10.1016/S0048-9697(97)05457-0

 Roberson, L. A., Lagabrielle, E., Lombard, A. T., Sink, K., Livingstone, T., Grantham, H., et al. (2017). Pelagic Bioregionalisation Using Open-Access Data for Better Planning of Marine Protected Area Networks. Ocean Coastal Manage. 148, 214–230. doi: 10.1016/j.ocecoaman.2017.08.017

 Schofield, O. M., Miles, T., Alderkamp, A.-C., Lee, S., Haskins, C., Rogalsky, E., et al. (2015). In Situ Phytoplankton Distributions in the Amundsen Sea Polynya Measured by Autonomous Gliders. Elementa: Sci. Anthropocene 3, 000073. doi: 10.12952/journal.elementa.000073

 Sharp, B. R., Parker, S. J., Pinkerton, M., Breen, B. A., Cummings, V. J., Dunn, A., et al. (2010). “Bioregionalisation and Spatial Ecosystem Processes in the Ross Sea Region,” in Document WG-EMM-10/30 (Hobart, TAS: CCAMLR).

 Smith, W. O. Jr., and Comiso, J. C. (2008). Influence of Sea Ice on Primary Production in the Southern Ocean, A Satellite Perspective. J. Geophys. Res. Oceans 113, C05S93. doi: 10.1029/2007JC004251

 Snelder, T. H., Leathwick, J., Dey, K., Rowden, A. A., Weatherhead, M. A., Fenwick, G. D., et al. (2007). Development of an Ecological Marine Classification in the New Zealand Region. Environ. Manage. 39, 12–29. doi: 10.1007/s00267-005-0206-2

 Spalding, M. D., Fox, H. E., Allen, G. R., Davidson, N., FerdaNa, Z., Finlayson, M., et al. (2007). Marine Ecoregions of the World: A Bioregionalization of Coastal and Shelf Areas. Bioscience 57, 573–583. doi: 10.1641/B570707

 Stammerjohn, S. E., Maksym, T., Lowry, K. E., Arrigo, K. R., Yuan, X., Raphael, M., et al. (2015). Seasonal Sea Ice Changes in the Amundsen Sea, Antarctica, Over the Period of 1979-2014. Elementa: Sci. Anthropocene 3, 000055. doi: 10.12952/journal.elementa.000055

 St-Laurent, P., Yager, P. L., Sherrell, R. M., Oliver, H., Dinniman, M. S., and Stammerjohn, S. E. (2019). Modeling the Seasonal Cycle of Iron and Carbon Fluxes in the Amundsen Sea Polynya, Antarctica. J. Geophys. Res.: Oceans 124 (3), 1544–1565. doi: 10.1029/2018JC014773

 St-Laurent, P., Yager, P. L., Sherrell, R. M., Stammerjohn, S. E., and Dinniman, M. S. (2017). Pathways and Supply of Dissolved Iron in the Amundsen Sea (Antarctica). J. Geophys. Res.: Oceans 122 (9), 7135–7162. doi: 10.1002/2017JC013162

 Swalethorp, R., Dinasquet, J., Logares, R., Bertilsson, S., Kjellerup, S., Krabberød, A. K., et al. (2019). Microzooplankton Distribution in the Amundsen Sea Polynya (Antarctica) During an Extensive Phaeocystis Antarctica Bloom. Prog. Oceanogr. 170, 1–10. doi: 10.1016/j.pocean.2018.10.008

 Tagliabue, A., Sallée, J. B., Bowie, A., Lévy, M., Swart, S., and Boyd, P. W. (2014). Surface-Water Iron Supplies in the Southern Ocean Sustained By Deep Winter Mixing. Nat. Geosci. 7, 314–320.

 Teschke, K., Beaver, D., Bester, M. N., Bombosch, A., Boremann, H., Brandt, A., et al. (2016). Scientific Background Document in Support of the Development of a CCAMLR MPA in the Weddell Sea (Antarctica)—version 2016—Part A: General Context of the Establishment of MPAs and Background Information on the Weddell Sea MPA Planning Area. CCAMLR SC-CAMLR-XXXV/BG/11, 1–112.

 Treml, E. A., and Halpin, P. N. (2012). Marine Population Connectivity Identifies Ecological Neighbors for Conservation Planning in the Coral Triangle. Conserv. Lett. 5, 441–449. doi: 10.1111/j.1755-263X.2012.00260.x

 Twelves, A. G., Goldberg, D. N., Henley, S. F., Mazloff, M. R., and Jones, D. C. (2021). Self-Shading and Meltwater Spreading Control the Transition From Light to Iron Limitation in an Antarctic Coastal Polynya. J. Geophys. Res.: Oceans 126 (2), 1–28. doi: 10.1029/2020JC016636

 Uotila, P., Goosse, H., Haines, K., Chevallier, M., Barthélemy, A., Bricaud, C., et al. (2019). An Assessment of Ten Ocean Reanalyses in the Polar Regions. Clim. Dynam. 52, 1613–1650. doi: 10.1007/s00382-018-4242-z

 Venables, H. J., Clarke, A., and Mereddith, M. P. (2013). Wintertime Controls on Summer Stratification and Productivity at the Western Antarctic Peninsula. Limnol. Oceanogr. 58, 1035–1047. doi: 10.4319/lo.2013.58.3.1035

 von Storch, H., and Zwiers, F. W. (1999). Statistical Analysis in Climate Research (Cambridge: United Kingdom at the University Press).

 Wu, S. Y., and Hou, S. (2017). Impact of Icebergs on Net Primary Productivity in the Southern Ocean. Cryosphere 11, 707–722. doi: 10.5194/tc-11-707-2017

 Yager, P., Sherrell, R. M., Stammerjohn, S. E., Alderkamp, A. C., Schofield, O., Abrahamsen, E. P., et al. (2012). ASPIRE: The Amundsen Sea Polynya International Research Expedition. Oceanography 25, 40–53. doi: 10.5670/oceanog.2012.73




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Feng, Li, Zhang and Zhao. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




ORIGINAL RESEARCH

published: 27 May 2022

doi: 10.3389/fmars.2022.844970

[image: image2]


Plankton Metabolism in Coastal Waters of the Guangdong-Hong Kong-Macao Greater Bay: Regional Variance and Driving Factors


Liangkui Zhang 1,2,3, Gang Li 1,2, Chenhui Xiang 1,2,4, Yadong Huang 1,5, Xiaoming Fu 1,5, Chuanyang Zheng 1,5, Zheng Wang 1,5, Zhiyuan Ouyang 1,5 and Xingyu Song 1,2,5*


1 Key Laboratory of Tropical Marine Bio-resources and Ecology, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou, China, 2 Southern Marine Science and Engineering Guangdong Laboratory (Guangzhou), Guangzhou, China, 3 University of Chinese Academy of Sciences, Beijing, China, 4 Innovation Academy of South China Sea Ecology and Environmental Engineering, Chinese Academy of Sciences, Guangzhou, China, 5 Nansha Marne Ecological and Environmental Research Station, South China Sea Institute of Oceanology, Chinese Academy of Sciences, Guangzhou, China




Edited by: 

Yu-Pin Lin, National Taiwan University, Taiwan

Reviewed by: 

Yuyuan Xie, University of South Florida, United States

Peng Jin, University of Guangzhou, China

*Correspondence: 

Xingyu Song
 songxy@scsio.ac.cn

Specialty section: 
 This article was submitted to Marine Pollution, a section of the journal Frontiers in Marine Science


Received: 29 December 2021

Accepted: 19 April 2022

Published: 27 May 2022

Citation:
Zhang L, Li G, Xiang C, Huang Y, Fu X, Zheng C, Wang Z, Ouyang Z and Song X (2022) Plankton Metabolism in Coastal Waters of the Guangdong-Hong Kong-Macao Greater Bay: Regional Variance and Driving Factors. Front. Mar. Sci. 9:844970. doi: 10.3389/fmars.2022.844970



Metabolisms of field plankton community, including gross primary production (GPP), community respiration (CR), and net community production (NCP), usually indicate the status of the health, resource production, and carbon budget of marine ecosystems. In this study, we explored the regional variance and driving forces of plankton metabolism in coastal waters of the Guangdong-Hong Kong-Macao Greater Bay Area (GGBA), a fast-developed area with complex hydrological and environmental states. The results showed that the maximum GPP and CR occurred in the estuarine plume of the GGBA in summer, while in winter the  more active metabolisms of plankton community occurred in the Daya Bay, with the GPP and CR being respectively mediated by the nutrient level and temperature. Moreover, four regional zones were divided on the base of the environments and biological factors in surface water of the GGBA i.e., the river-runoff zone, river-plume zone, nearshore and far-offshore zones. The metabolic states in these zones varied significantly due to the regional and seasonal variations of, for example, the nutrient level, temperature, and turbidity driven by multiple factors including land-derived runoffs, anthropogenic activities, the Yuedong Coastal Current, and offshore seawater-intrusions. On the whole, the GGBA areas exhibited the weak heterotrophic processes in both summer (NCP = -24.9 ± 26.7 mg C m-3 d-1) and winter (NCP = -51.2 ± 8.51 mg C m -3 d-1). In addition, we found that the higher CR occurred to the bottom layers of the river plume and nearshore zones wherein hypoxia happened, indicating a possible attribution of plankton community respiration to the hypoxia in the GGBA.




Keywords: primary production, community respiration, hypoxia, algal bloom, Pearl River Estuary



Introduction

Rising atmospheric CO2 causes global climate change, which brings unprecedented challenges to human's sustainable development. As an important carbon reservoir on Earth, the ocean has been estimated to absorb 31 ± 4% of anthropogenic CO2 from 1994 to 2007 (Gruber et al., 2019), wherein the plankton metabolisms mediate the exchange of CO2 between air and sea (Odum, 1956; Falkowski, 1998; Duarte et al., 2013). The dynamics of gross primary production (GPP) and community respiration (CR) can directly reflect the carbon metabolism balance in marine ecosystems, as indicated by the net community production (NCP) (Duarte and Regaudie-de-Gioux, 2009; Cai, 2011). When the GPP is over the CR (i.e., NCP>0), marine ecosystem has a potential to absorb CO2 and export organic matters and is thus autotrophic. When NCP <0, the marine ecosystem emits CO2 and becomes a carbon source and is thus heterotrophic, and when NCP ≈ 0, the CO2 absorption and emission tends to be in equilibrium (Duarte and Regaudie-de-Gioux, 2009; Caffrey et al., 2014). The carbon metabolism of the plankton community that often regulates the distribution and variation of carbon flux in marine ecosystem usually influences the evaluations of the carbon cycle and nutrient dynamics in the oceans.

The metabolism status of the marine plankton community is susceptible to multiple factors and shows greatly spatial and temporal changes (Karl et al., 2003). Therefore, it is not surprising that the controversial results often occur among different regions and seasons depended on whether the marine ecosystem is autotrophic or heterotrophic (Ducklow and Doney, 2013; Serret et al., 2015). A famous controversy is about the judgment of autotrophy or heterotrophy in oligotrophic oceans (Duarte et al., 2013; Williams et al., 2013). Such a debate of metabolic status also occurs in estuaries or bays. Many studies suggested that the estuarine and nearshore areas are heterotrophic and are the sources of CO2 due to the land-derived inputs of excess organic carbon, while the continental shelves are autotrophic and the sinks of CO2 (Heip et al., 1995; Caffrey, 2004; Borges et al., 2005; Duarte and Prairie, 2005; Chen et al., 2013; Cloern et al., 2014). However, some  recent studies showed that some estuaries, coastal and coral reef areas are autotrophic (Bauer et al., 2013; McKinnon et al., 2017; Agusti et al., 2018; Garcia Corral et al., 2020). Such a controversy demonstrates that the metabolic-balanced characteristics, and potential driving mechanisms need to be studied further in combination with specific biological and environmental factors because the regional estuarine and coastal ecosystems are usually affected by various human activities and environmental forces with a spatial variance.

As one of major urban agglomerations in the world, the Guangdong-Hong Kong-Macao Greater Bay Area (GGBA or Greater Bay Area) is one of the regions with the strongest economic vitality and fastest development in China. The coastal area of the GGBA covers the Pearl River Estuary (PRE) and its adjacent waters (Figure 1) and forms a coastal ecosystem with diverse habitats (estuary, bay, and offshore waters) and high biodiversity (Yang et al., 2019; Yu, 2019; Wang et al., 2021). Due to the inputs of nutrients and organic matters, the estuarine and nearshore waters are important junction of connecting land to open sea with active biochemical geochemical cycles (Gattuso et al., 1998). Previous studies showed that the greatly regional variances often occurred in physical and chemical environments of the PRE and its adjacent waters due to the Pearl River runoffs, human activities, and other physical processes (such as coastal current and coastal upwelling), which further affected the carbon fixation process of plankton assemblages (Cai et al., 2002; Song et al., 2004; Song et al., 2011). Many studies also showed that phytoplankton primary production and microbial metabolism mainly mediated the air–sea carbon flux in the PRE (Cai et al., 2004; Guo et al., 2009; Dai et al., 2014; Li et al., 2019), suggesting the importance of plankton metabolisms in this ecosystem. However, there are few studies on the couplings of the respiration and primary production of the plankton community in coastal waters of the GGBA, therefore, the balance of autotrophic and heterotrophic processes and their variations and regulation mechanisms are still unclear as the environments therein are very complicated.




Figure 1 | Map indicating the sampling stations during the summer (yellow dots; July 14–24, 2019) and winter periods (blue triangles; December 8–18, 2020). Stations marked in red show where the cell size-fractionated Chl a measurements and metabolic experiments (GPP, CR, and NCP) were carried out.



With rapid urbanization and economic growth, eutrophication, algal bloom, and hypoxia have become serious ecological and environmental problems in coastal waters of the GGBA (Yin et al., 2004a; Harrison et al., 2008; Song et al., 2009; Qian et al., 2018). As both algal bloom and hypoxia are closely related to the processes of plankton production and metabolism, studies on the balance between them and the influencing factors will help us to deeply understand the potential formation mechanism of these environmental and ecological events. Therefore, the GPP, CR, and NCP of the plankton community, as well as their associated environmental and biological factors were characterized in coastal waters of the GGBA during both wet (summer) and dry (winter) seasons, to clarify 1) the metabolic balance and carbon budget of plankton community in the GGBA and how the physical-environmental–biological factors shape their spatial and temporal variations; and 2) the relationship of plankton metabolic processes to the ecological risks of e.g., algal blooms and hypoxia events, as well as its potential indicative functions.



Material and Methods


Study Area and Sample Collection

In this study, we carried out the experiments in 3 transactions located in the PRE (A1-A14), Daya Bay (B1–B10), and Huangmaohai Bay (C1–C10) during wet (summer; July 14–24, 2019); and dry seasons (winter; December 8–18, 2020) (Figure 1). During the two investigations, the profiles of temperature, salinity, dissolved oxygen (DO), pH, turbidity, nutrients, and chlorophyll a (Chl a) concentration were obtained at all the 34 stations; and the cell size-fractionated Chl a, GPP, CR, and NCP in surface and bottom layers were measured at 20 of the 34 stations (labeled in red color). The seawater in the surface (~0.5 m depth), 5, 10, 15, 20, 30, 50 m, and bottom layers were collected with an acid-cleaned (1N HCl) 5-L polycarbonate bucket for Chl a and nutrient analysis as described below.



Environments and Chlorophyll a Measurements

At each station, the temperature, salinity, and DO profiles were measured with a multi-parameter water quality monitor Sonde (YSI 6600; Yellow Springs Instruments, Yellow Springs, OH, USA).

For nutrient analysis, the collected seawater from each depth was filtrated through 0.7 μm pore-sized glass fiber filters (25 mm, Whatman GF/F). The filtrate was then dispensed into an 80 ml polycarbonate bottle, frozen immediately, and stored at -20°C for subsequent analysis. Concentrations of , , ,   (DIP), and   were measured with an automatic nutrient analyzer (AA3; Seal Instruments, Hamburg, Germany) using the traditional colorimetry methods (Hansen and Koroleff, 1999). In this study, the DIN concentration was calculated as the sum of , , and  concentrations.

For the Chl a measurement, 250 ml of collected seawater was prefiltered through a 200 μm mesh and then sequentially filtrated through a 20 μm pore-sized nylon-net filter (25 mm, Millipore), 3 μm pore-sized polycarbonate filter (25 mm, Millipore), and 0.7 μm pore-sized glass fiber filter (25 mm, Whatman GF/F) to collect micro- (>20 μm), nano- (3–20 μm), and pico cell-sized phytoplankton cells (<3 μm), respectively. The total Chl a was obtained by directly filtrating the 200 μm pore-sized mesh-prefiltered seawater onto a 0.7 μm pore-sized GF/F filter. All the filters with phytoplankton cells were stored at -20°C for later analysis. The Chl a concentration was measured fluorometrically using a Turner Designs 10 fluorometer (Parsons et al., 1984) after extracting in the dark for 24 h at 4°C in 10 ml acetone (90% v/v).



NCP, CR, and GPP

To measure NCP and CR, the collected seawater was gently siphoned into 6 narrow-mouth 250 ml borosilicate glass Winkler bottles. Approximately 3 of the 6 bottles were wrapped in aluminum foil for dark incubation, and the remaining 3 replicates were incubated with the neutral cloth covered to achieve an in situ light level. The in situ light conditions were measured with the Secci disk method (Song et al., 2012). After recording the initial DO level with a high-precision fluorescent oxygen probe (Microx 4; PreSens, Regensburg, Germany), all the Winkler bottles were incubated for 24 h in a water tanker with running surface seawater to control temperature. After the incubations, the final DO concentration in each bottle was measured again, and the NCP and CR were calculated as

	

	

where [O2]t24 and [O2]t0 indicate the DO concentration at time 24 h and 0 in the dark or light bottles. The GPP was calculated as

	

GPP, CR, and NCP were converted to carbon units, assuming a photosynthetic quotient (PQ) of 1.3 and a respiratory quotient (RQ) of 1 (Gazeau et al., 2005; Hopkinson & Smith, 2005).



Statistical Analysis

Before doing analysis, the data were tested for normality (Shapiro–Wilk test) and the homogeneity of variance (Levene’s test). Then, the independent t test or Mann–Whitney test was used to identify the seasonal differences of environmental and metabolic factors. Principal component analysis (PCA) for environmental and biological factors was performed with CANOCO 5.0 software (Lepš and Šmilauer, 2003). Data were standardized to minimize the influence of the variances of variables, and the individual transformed observations were named scores (Wu et al., 2016). The GGBA was divided into several zones according to the scores of the first two principal components of each station as well as their actual geographical locations (Song et al., 2011); then, the regional differences of environments and metabolisms were identified between different zones. Tukey’s honestly significant difference (HSD) test was used to verify the significance of regional differences of environmental and biological factors, and the results were visualized using “ggplot2” package in R v4.0.5 (Ginestet, 2011; Zhao et al., 2021). Spearman correlation was used to determine the correlation of environment factors to plankton community metabolisms, and the results were visualized using the “ggcor” package in R v4.0.5 (Huang et al., 2020). An optimal multiple regression model was used to evaluate the contribution of environmental factors to the variation of plankton community metabolisms in R v4.0.5 (Grömping, 2006; Field et al., 2012). To estimate the importance of the variables, percentage increases in the mean squared error (MSE) were used: higher MSE% values indicate more important variables, according to the result of Spearman correlation analysis and the optimal multiple regression model with variance decomposition analysis in R v4.0.5 (Jiao et al., 2020). The map of sampling stations, spatial distribution, and transection plots was drawn using Ocean Data View (Schlitzer, 2020).




Results


Environmental Characteristics

In summer, the seawater stratification generally existed in the GGBA according to vertical distributions of salinity and temperature, and all the investigated areas in the PRE, Daya Bay, and Huangmaohai Bay showed clear stratification, especially in nearshore waters (Figures 2A, B). The isohaline of 20 psu extended to the distances of over 100 and 40 km in transections A and C, respectively (Figure 2B-1, -5), and the salinity was higher than 29 psu in transection B (Figure 2B-3). High DO and Chl a concentration generally appeared in the surface water , as well as in the offshore areas of transections A and B. Hypoxia events occurred in bottom of all three transections, with the lowest DO level of less than 2.2 mg L-1 in transection A (Figure 2C-1), less than 3.3 mg L-1 in transection B (Figure 2C-3), and less than 1.7 mg L-1 in transection C, respectively (Figure 2C-5). Moreover, the surface water with DIN levels of over 25 μmol L-1 extended to the distances of over 100 and 50 km far from the land in transections A and C, respectively (Figure 2E-1, -5). In winter, the water column was well mixed than that in summer. The isohaline of 20 psu shrank to the distances of less than 20 and 10 km far from the land in transections A and C, respectively (Figure 2B-2, -6). Consistently, the DO concentration distributed evenly in vertical scale and no hypoxia happened in the bottom layer,  and Chl a concentration was lower than summer  (Mann–Whitney test, p < 0.05) especially in nearshore areas (Figure 2D). In addition, the surface water with higher DIN level (>25 μmol L-1) in winter just extended to ~50 and ~30 km far from the land in transections A and C, respectively (Figure 2E-2, -6).




Figure 2 | Vertical distributions of temperature (A, °C), salinity (B), DO (C, mg L-1), Chl a concentration (D, μg L-1), DIN (E, μmol L-1), and DIP (F, μmol L-1) along the transections A, B, and C in summer and winter periods.



In general, nano-phytoplankton (3–20 µm) dominated (~60%)  both the surface and bottom layers of nearshore waters of all three transections during summer and winter periods, while the pico-phytoplankton (<3 µm) dominated (~50%) both layers of the offshore waters. Moreover, contribution of nano-Chl a to total Chl a decreased offshore-ward, while that of pico-Chl a increased. The contribution of micro-Chl a (>20 µm) to total Chl a (i.e., varying from 3.17% to 38%) showed no clear spatial change from nearshore to offshore waters (Figure 3).




Figure 3 | Contribution (%) of three cell size-fractioned Chl a in surface and bottom seawater along transections (A–C) of the GGBA in summer (A–C) and winter (B, D) periods.





Plankton Community Metabolisms

Coinciding with Chl a biomass, the GPP varied from 52.3 to 661 mg C m-3 d-1 in surface water during the summer period and decreased from nearshore to offshore waters (Figure 4A-1). The GPP reached as high as 661 mg C m-3 d-1 in estuarine–offshore waters, and such high GPP waters extended from southeast to northwest of the investigated area. In winter, however, the GPP ranged from 19.2 to 303 mg C m-3 d-1 and was significantly lower than that in summer (Mann–Whitney test, p < 0.05). The highest GPP (i.e., 303 mg C m-3 d-1) was observed in nearshore waters of the Daya Bay (Figure 4A-2). Moreover, the GPP in the bottom layer was very low in both summer and winter periods (i.e., summer, 19.5 ± 4.5 mg C m-3 d-1; winter, 8.9 ± 1.5 mg C m-3 d-1), and displayed less spatial variation than that in surface water (Figure 4A-3, -4).




Figure 4 | Distribution characteristics of GPP (A, mg C m-3 d-1), CR (B, mg C m-3 d-1), and NCP (C, mg C m-3 d-1) in surface and bottom seawater along transections (A-C) of the GGBA in summer and winter periods. The clusters divided here are consistent with the clusters shown in Figure 5.



Similarly, surface CR varied from 65.0 to 1,213 mg C m-3 d-1 in summer, and the active CR co-occurred with high GPP and Chl a, e.g., the CR reached up to 1,213 mg C m-3 d-1 in the interface of plume- and saline-waters, where the GPP and Chl a reached as high as 659 mg C m-3 d-1 and 21.7 μg L-1, respectively (Figure 4B-1). In winter, the surface CR varied from 20.0 to 210 mg C m-3 d-1 (Figure 4B-2). As compared to surface water, the CR in the bottom layer was markedly lower in summer (Mann–Whitney test, p < 0.05); however, such a difference did not occur in winter (Figure 4B-3, -4) and no significant difference occurred between summer and winter periods either (i.e., 131 ± 79.9 vs. 110 ± 51.4 mg C m-3 d-1).

The NCP in surface water ranged from -554 to 377 mg C m-3 d-1 in summer and showed a similar spatial change as the GPP and CR (Figure 4C-1). The highest NCP presented in inner PRE, while the lowest appeared in the interface of plume- and saline- water. In winter, surface NCP varied from -113 to 141 mg C m-3 d-1 and was lower than that in summer  (Mann–Whitney test, p < 0.05) (Figure 4C-2). The NCP in the bottom layer appeared to be negative in both summer and winter periods (Figure 4C-3, -4), with the lowest values of -245 mg C m-3 d-1 in summer and of -241 mg C m-3 d-1 in winter presented in the Daya Bay. Moreover, the surface water of the GGBA was generally autotrophic in summer , and was close to the metabolic balance in winter; while the bottom water was heterotrophic in both investigated periods (Figure 4C).



Principal Component Analysis Results on Regional Variances

Based on the PCA results in surface water as well as the geographical locations, the investigated area of the GGBA was divided into four regional zones (Figures 5A, B). In summer, Zone I that is located in the PRE had lower salinity and higher DIP, DIN, and   concentrations (Figures 6B, D, E; Table S1). Zone II had intermediate salinity between Zone I and Zone III or IV, as well as nutrient content. Moreover, Zone II had the highest DO and Chl a concentration among all four zones, wherein the GPP was higher as well (Figures 6C, F, J). Zones III and IV located in the coastal area of the Daya Bay and the far-offshore area of the GGBA respectively, and had higher salinity and lower nutrient loadings  than Zones I and II (Figures 6B, D, E; Table S1). Zone III had lower temperature but higher DIN, DIP, and , as compared to Zone IV (Figures 6A, D, E; Table S1). Moreover, pico-Chl a allocation in Zone III was higher than Zones I and II but lower than Zone IV (Figure 6I-1). The proportion of nano-phytoplankton in Zone IV was significantly lower, as compared to other zones (Figure 6H-1). In addition, Chl a, GPP, and CR in Zone IV were lowest among all zones of the GGBA (Figures 6F, J, K; Table S1).




Figure 5 | PCA results of environmental and biological characteristics in surface (A, B) and bottom (C, D) seawater along transections (A–C) of the GGBA in summer (A, C) and winter (B, D) periods.






Figure 6 | Regional variance of temperature (A, °C), salinity (B), DO (C, mg L-1), DIN (D, μmol L-1), DIP (E, μmol L-1), Chl a concentration (F, μg L-1), Micro-% (G), Nano-% (H), Pico-% (I), GPP (J, mg C m-3 d-1), CR (K, mg C m-3 d-1) and NCP (L, mg C m-3 d-1) in surface (-1, -2) and bottom (-3, -4) layer along transections of the GGBA in summer (-1, -3) and winter (-2, -4) periods. Different letters in each box plot indicate the significant differences among different groups (Turkey' HSD test, p < 0.05)



In winter, the surface water of Zone I is located near the PRE and Huangmaohai Bay and covered a narrower area than summer, and was closer to the upper reaches of the PRE. The salinity in Zone I was significantly lower than that in other zones (Figure 6B-2), while the DIP, DIN, and   concentrations were significantly higher (Figures 6D, E; Table S1) but with moderate Chl a and lower GPP and NCP (Figures 6F, J, L). Zone II covered the interface area of fresh- and saline-water and was closer to the coast, as compared to summer. The salinity in Zone II was lower than that of Zone III or IV, and the DIN was higher than that of Zone III and IV; however, the DIP was lower, leading to the higher N:P ratio (~82) than that in Zone III (~13) or IV (~31) (Figures 6B, D, E; Table S1). Surface Chl a in Zone II appeared to be moderate, just higher than Zone IV but lower than Zone III (Figure 6F-2). The GPP and NCP in Zone II were lower either, while the CR was similar to the other zones (Figures 6J, K, L). As compared to summer, Zone III in winter just covered the nearshore area of the Daya Bay, wherein the salinity, temperature, and DIP were higher than Zone II or IV (Figures 6A, B, E). The Chl a, GPP, and NCP in Zone III were significantly higher than other zones (Figures 6F, J, L). Zone IV that covered a wider range of the offshore area in winter than summer had higher temperature and salinity than other zones but lower DIP, DIN and   concentrations. Moreover, Zone IV had the lowest Chl a, GPP, and NCP among all zones in winter (Figure 6; Table S1).

In contrast to surface water, the bottom water that generally had higher salinity and lower temperature (Figures 6A, B), as well as lower Chl a, GPP, CR, and NCP (Figures 6F, J, K, L), was divided into three zones in both summer and winter periods (Figures 5C, D). In summer, Zone I that is located in the inner parts of the PRE and Huangmaohai Bay had higher temperature and nutrients, as well as lower salinity (Figures 6A, B, D, E; Table S1). Zone II covered the inner part of the Daya Bay and the interface area of fresh- and saline-water, wherein it had the lowest DO among all three zones (Figure 6C-3). Nano-phytoplankton dominated Zone II, wherein GPP and CR were highest and NCP was most negative (Figures 6H, J, K, L). Zone III covered the offshore waters off Zone II and was dominated by pico-phytoplankton and characterized with lower nutrients and Chl a (Figures 6I, D, E, F). Moreover, the GPP and CR in Zone III were low too, and the NCP was even closer to zero (Figures 6J, K, L).

In winter, the bottom water of Zone I covered similar area as in summer, and had the highest nutrients concentration and lowest temperature and salinity among all three zones (Figures 6A, B, D, E). Moreover, the Chl a and NCP in Zone I were higher than Zone II or III, and nano-phytoplankton dominated therein (Figures 6F, H, L). Zone II is located in the Daya Bay and covered its offshore area, but did not cover the coastal waters of the PRE and Huangmaohai Bay. Zone III covered the offshore  waters of the investigated area except that off the Daya Bay. Both the Zones II and III were characterized with the higher temperature and salinity than Zone I, as well as lower nutrients (Figures 6A, B, D, E). The pico-Chl a allocation was higher in these two zones (Figure 6I-4). Finally, the Chl a biomass in Zone II was higher than that in Zone III, while the proportion of pico-Chl a was lower (Figure 6; Table S1).




Discussion


Regulation of Plankton Community Metabolisms

The environmental factors that influence the production and consumption of plankton community include temperature, light, nutrients, and turbidity (Rochelle-Newall et al., 2007; Kemp and Testa, 2011). Previous studies showed that temperature and nutrients are key factors to regulate the primary production and community respiration of the estuaries and their adjacent coastal areas (Caffrey, 2004; Caffrey et al., 2014; Hung et al., 2014). Consistently, in this study temperature and nutrients were identified as the key environmental factors for regulating the metabolisms of the plankton community of the GGBA, although the extent of these regulations on the GPP and CR differed greatly. According to the optimal regression model, field temperature explained more variance of the surface CR as compared to other variables, while the nutrients explained more of the GPP (Figure 7). Furthermore, the surface NCP was positively correlated to GPP (p < 0.01), but not to CR (p > 0.05) (Table S2), again indicating that the nutrients regulate the GPP and thus vary the NCP of the surface waters of GGBA. However, such differences in regulatory factors between primary production and respiratory metabolism were not obvious in the bottom waters, since the multiple regression analysis result suggests the similar key environmental factors explaining the variation of GPP and CR, both of which are significantly correlated with NCP (p < 0.01) (Figure 7; Table S2).




Figure 7 | Contribution of environmental factors to variation of GPP, CR, and NCP based on optimal multiple regression model in (A) surface and (B) bottom layers. The above bar graph indicates the total contribution, and the heat plot indicates the Spearman correlation coefficients. The size of circles indicates the importance of environmental variables.



Coastal ecosystems of the GGBA are usually influenced by the Pearl River runoffs, Yuedong Coastal Current, and intruded oligotrophic oceanic water from the South China Sea (Yin et al., 2004a; Harrison et al., 2008; Song et al., 2011; Zu et al., 2014; Zu and Gan, 2015). Together with the influences of monsoon, tide, topography, and anthropogenic inputs, the metabolic processes of plankton community in this area varied greatly in spatial and seasonal scales (Figure 4). In this case, the regional analysis would be helpful to get a clear understanding about the complex relationship between community metabolism and driving forces in each regions. According to the PCA results, the GGBA was divided into different zones (Figure 5), corresponding to the different extent of the comprehensive effects of driving factors like the Pearl River runoffs, anthropogenic activities, and offshore water currents. These regional differences are more obvious in the upper water layer due to the generally higher and more various impacts of the driving factors therein (Figure 6; Table S1; Song et al., 2011; Dai et al., 2014; Zu et al., 2014).

The upper reach of the PRE (Zone I) was mainly influenced by the runoffs of Pearl River, with the influence range extending  more seaward in summer. This region had the highest nutrient level but not highest Chl a and GPP (Figure 6; Table S1), probably due to the restriction of solar irradiation caused by the high turbidity and low transparency and disturbance therein (Lu and Gan, 2015). However, the metabolic state of this region was generally autotrophic in summer, inconsistent to other eutrophic estuaries where they were usually reported to be heterotrophic (Ducklow and McCallister, 2004; Caffrey et al., 2014), which may be explained by the greater negative effect of high disturbance upon the CR than the GPP (Alizadeh et al., 2018).

The river plume-dominated area (Zone II) often expands wider in summer due to the increased land-derived runoffs (Figure 2; Zu and Gan, 2015; Zhao et al., 2020) and was characterized with high Chl a and primary production (Figure 6; Table S1), consistent with previous studies (Yin et al., 2000; Yin et al., 2004b; Harrison et al., 2008; Song et al., 2011; Lu and Gan, 2015). Nutrients in this area are plentiful, and the restrictions of temperature, turbidity, and so on are less, probably leading to the higher primary production and plankton respiration (Figure 4A, B). In particular, the surface CR in this region is close to or even higher than the GPP, which may be attributed to the active metabolic decomposition during the post-algal bloom period (Figures 2, 4; Table S1; Buchan et al., 2014; Wemheuer et al., 2014), thus resulting in the low NCP and even a partially heterotrophic state.

The eastern nearshore area of the GGBA (Zone III) was less affected by the runoffs of Pearl River. So, the nutrient sources of this region are mainly taken from anthropogenic activities and terrigenous inputs, as well as the vertical upwelling in a certain period of rainy season (Song et al., 2015; Wu et al., 2017; Zhang et al., 2019), which may increase the GPP and CR to some extent. Moreover, the metabolic process in this zone was more active than the upper reaches of the PRE as well, possibly due to low turbidity. This coastal water showed an obvious autotrophic state in its surface layer in both summer and winter, being consistent with other coastal waters of e.g., the coastal waters of the Red Sea and the northern Australia (McKinnon et al., 2017; López-Sandoval et al., 2019). The far-offshore region (Zone IV), where had low GPP and CR, is understandable due to the offshore oligotrophic water with low nutrients and organic matters. In addition, a weak heterotrophy occurred in this region, indicating the primary production could not satisfy the requirements of community metabolism. It is consistent with the results from the similar oligotrophic oceanic waters (Duarte et al., 2013; Regaudie-de-gioux and Duarte, 2013).

The bottom water in the GGBA was less influenced by the Pearl River runoffs, and thus more stable than surface water, with the environmental factors varying less in  both temporal and spatial scales (Figures 2, 6; Zu et al., 2014). Due to lacking solar light, the GPP therein was low; so, the regional variation of NCP could mainly be dependent on the CR (Table S2). Moreover, efficient transport of organic and inorganic nutrients via terrestrial inputs or downward depositions from the high-GPP upper water may make the community metabolism more active in nearshore areas (Ke et al., 2019; Dan et al., 2021), while in bottom of the offshore waters, the community metabolism was less active (Figure 6; Table S1), probably resulting from the lacking nutrient inputs.

The Greater Bay Area covers the coastal areas with spatially environmental diversity. The corresponding spatial variations of key environmental factors, such as nutrient supply, turbidity and temperature lead to the regional complexity of plankton metabolic processes. According to the water-column integrated data, the plankton community metabolisms in winter shifted from heterotrophy in upper reaches of the estuary to autotrophy in nearshore waters and back to heterotrophy again in offshore waters, consistent with other coasts (Gattuso et al., 1998; Ducklow and McCallister, 2004). In summer however, the expansion of river plume led to a large-scale heterotrophy in coastal waters off the PRE accompanying with an algal bloom, which has seldom been reported before. This is possibly because that the heterotrophic processes during the algal bloom are more active than primary production, thus leading to the negative state of metabolic balance (Song et al., 2021).



Plankton Metabolisms as Indicators of Ecosystem Health and Carbon Budget

The metabolic status of the plankton community is an important indicator for the health and carbon budget of an ecosystem. Liu et al. (2012) reported the close relationship between high primary production and algal blooms in nearshore waters of the Daya Bay and suggested the primary production as an index of coastal eutrophication. Similarly, here, an obviously high GPP was associated with an algal bloom [featured as maximum Chl a >20 μg L-1, more than twice of the criterion value described by He et al. (2013)] in the Pearl River plume during summer period (Figures 2, 4). Previous studies showed that this area is conducive to the primary production process and biomass accumulation due to the large amount of nutrient inputs from river runoffs, as well as the more stable water column in summer, resulting in the frequent records of algal blooms (Yin et al., 2000; Yin et al., 2004b; Harrison et al., 2008; Song et al., 2011; Lu and Gan, 2015; Alizadeh et al., 2018). In contrast, the upper reaches of the estuary are less likely to form algal blooms, since phytoplankton production therein are usually limited by turbidity and river-flow disturbance.

Hypoxia often occurs in the bottom water of the GGBA in summer, such as in the PRE and Daya Bay (Yin et al., 2004a; Song et al., 2015; Li et al., 2018; Lu et al., 2018; Qian et al., 2018). In summer, obvious stratification often forms in estuarine and coastal waters, which may block the transportation of oxygen from upper to bottom layers and thus hydrologically increase the probability of hypoxia (Figure 2; Lu and Gan, 2015; Zhao et al., 2020). On the other hand, high production in the upper layer usually enhances the downward transportation of organic carbon, which may have favored the community respiration in the bottom layer, and thus led to the negative NCP value and heterotrophy therein (Li et al., 2019). Consistently, the higher bottom CR, as compared to its adjacent waters, occurred around the high surface GPP area within the river plume (Figure 4). In addition, the benthic respiration (mainly microbial metabolism) may also benefit from the downward transportation of excess organic matters  that are associated with high primary production in surface water (Aller et al., 2008; Zhu et al., 2011). Therefore, the high oxygen consumption in summer due to the active community metabolism and long-term stratification may result in the low DO in bottom water (Figure 2). It is also suggested that the formation of hypoxic zone is closely related to the massive growth and reproduction of surface phytoplankton cells (Qian et al., 2018). More interestingly, the bottom hypoxia zone in the estuary was not rightly located under the areas with high surface Chl a and primary production but under its adjacent area (Figure 2). This can be explained by the saltwater wedge effect that has transported the sinking organic matters to the nearby area through the current intrusion in lower or bottom layer (Hu and Li, 2009). However, this is not the case in the Daya Bay because there is no such wedge effect (Figure 2). The hypoxia seldom happened in winter either (Figure 2), possibly due to the strong vertical mixing caused  by northeastern monsoon that has transported the high DO surface water to the bottom layer and thus enhanced the DO level therein. The lower temperature in winter may be another cause through enhancing oxygen solubility and lowering respiration metabolic rate.

A previous study suggested that annual sea–air CO2 exchange near the PRE was close to equilibrium, and the CO2-absorbing capacity was enhanced in summer (Zhai et al., 2013). In this study, the primary production and community respiration in the GGBA is close to be balanced in both winter and summer, and NCP is also higher in summer (Mann-Whitney test, p < 0.05), indicating the high similarity and potential correlation between the community metabolic carbon flux and carbon budgets. Moreover, the specific distribution of plankton community carbon budget varied greatly in spatial and temporal scales, making it difficult to exactly evaluate the detailed carbon flux. It is generally believed that the upstream of estuaries is the source of CO2, while the waters controlled by a river plume is the sink due to the high primary production (Guo et al., 2009; Dai et al., 2014). In this study however, the metabolic respiration appeared to be more active than primary production in river plume in summer, probably contributing to the carbon export of this area. In the eastern coastal part of the GGBA, the plankton community metabolisms were much less affected by the Pearl River runoffs, making this area appear to be a carbon source in both winter and summer (Figure 4). This heterotrophy also existed in the nearshore waters of the Daya Bay during a certain summer period (Li et al., 2021), suggesting the complication of ecosystem carbon flux even in a small-scaled area like the GGBA due to its temporal and spatial variations of the impacts of anthropogenic activities and other environmental factors.

In conclusion, we found that the field plankton community metabolisms in the GGBA showed a great regional difference in both summer and winter periods, interactively influenced by the physical–environmental–biological factors. The surface water of the GGBA exhibited autotrophic in summer, while such an autotrophic  in summer status was weaker in winter; however, the bottom water exhibited heterotrophic in both summer and winter periods. Our results also showed that the high surface GPP and bottom CR can be considered as the important indicators for the algal blooms and hypoxia events that happened during that time in the GGBA. Further studies on the dynamic variations of plankton metabolism and its driving mechanisms are necessary for an in-depth understanding of the function of coastal ecosystem and better assessment and management of potential ecological risks.
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Based on the data on the level of environmental regulation and the degree of coastal marine pollution in 46 coastal prefecture-level cities in China from 2004 to 2016, this study uses the mediation effect model and the spatial Durbin model to analyze the impact and role of environmental regulation on offshore pollution from multiple dimensions and mechanisms. The findings are as follows: (1) Environmental regulation has an inverted “U”-shaped nonlinear effect on coastal marine pollution, which first intensifies and then inhibits. (2) Promoting green technology innovation is an important mechanism for environmental regulation to improve the quality of the marine environment, and the impact of environmental regulation on green technology innovation is characterized by a “U” shape. (3) Environmental regulation of coastal cities can affect coastal marine pollution in adjacent areas through spatial spillover effects, and the impact trajectory also shows an inverted “U”-shaped curve. This study proposes that in the process of marine environ-mental governance, first, a scientific and strict environmental regulation system should be constructed, and differentiated environmental regulation policies should be implemented. Second, giving full play to the conduction effect of green technology innovation and promoting the research and development, diffusion, and application of green technology are necessary. Third, we must attach importance to the cross-regional transfer and control of offshore pollution and promote regional joint prevention and control work.
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1 Introduction

In order to achieve sustainable marine ecological environment and promote the stable development of China’s marine economy, China’s coastal cities bear the heavy burden of marine pollution prevention and control. Since the reform and opening up, China’s eastern coastal cities, such as Shanghai and Shenzhen, have developed rapidly. However, the long-term use of extensive economic model has exacerbated the generation and discharge of pollutants. Although the level of pollution treatment technology has gradually improved, due to insufficient technology accumulation and excessive reliance on the self-purification ability of the ocean, land-based pollution with long duration, complexity, and concealment has caused great damage to the marine environment. To curb the deterioration of the ecological environment, the coastal city governments has implemented a series of positive measures. For example, Shanghai has established a marine ecological red line management system, and Shenzhen has improved the marine environmental management mechanism of land-sea coordination. After their long-term efforts, marine environmental protection has achieved phased results. The sea area with water quality worse than Grade IV has dropped significantly. Nevertheless, according to the Bulletin on the State of China’s Marine Ecological Environment, the pollution of some sea areas such as the East China Sea is still serious; the direct discharge of pollutants, such as chemical oxygen demand, petroleum, and heavy metals is still high; and the prevention and control of marine pollution undertaken by coastal cities remain arduous. Moreover, due to the strong cross-border flow characteristics of coastal marine pollution and the existence of “Pollution Haven” effect, isolated environmental regulation hardly plays its expected role, and the implementation effect of relevant policies will be influenced by adjacent coastal cities. The “ race to the bottom” and “incomplete implementation” of environmental regulation not only aggravate local marine pollution but also restrict the overall governance of marine environment (Zhang et al., 2021; Hu and Ma, 2022). Therefore, analyzing the impact of environmental regulation on coastal marine pollution at the urban level, exploring its action mechanism, emphasizing the direction for follow-up marine environmental protection work, promoting the improvement of marine ecological environment quality, and accelerating the construction of marine ecological civilization are necessary.

Owing to the great differences in research samples, index data, and research perspectives, three main views on the relationship between environmental regulation and environmental pollution exist. (1) Environmental regulation helps reduce environmental pollution. Most relevant literature starts from the “Porter hypothesis,” indicating that the strong level of environmental regulation will force enterprises to conduct scientific research innovation and industrial upgrading to realize decoupling between economic development and environmental pollution (Xia and Zhong, 2016; Hui and Zhao, 2017; Sun and Zaenhaer, 2021). On the basis of the perspective of the implementation of industrial policies for environmental protection, Jiang (Jiang and Cui, 2019) found that environmental regulation will guide enterprises to increase environmental protection investment and jointly promote environmental protection and economic development. Wu (Wu and Han, 2020) stated that improving the level of environmental regulation will promote green technology innovation and help improve the ecological environment. Some studies were extended on this basis. Zhang (2017) focused on the externality of policies and emphasized that cooperative governance between cities is the key to giving play to the effectiveness of environmental regulation and improving environmental quality. (2) Environmental regulation is inconducive to reducing environmental pollution. Some scholars have recommended the “green paradox” (Sinn, 2008) and believed that strict environmental regulation fails to effectively promote the improvement of ecological environment quality. That is, with the enhancement of environmental regulation, the production and operation cost of enterprises will increase significantly. When the expected cost increases, enterprises may speed up the exploitation and consumption of resources and increase the emission of pollutants in the short term (Zhang, 2014; Li et al., 2018). In addition, “follow-the-cost effect” may occur. Enterprises will accelerate the release of production capacity to compensate for the increase in cost and follow the development model of “pollution first, treatment later” (Qi and Wang, 2015; Fünfgelt and Schulze, 2016; Xu, 2016), which will aggravate the problem of environmental pollution. Some studies have also performed analyses on the basis of the “Pollution Haven effect,” indicating that the improvement of environmental regulation will cause nearby transfer of pollution, resulting in the transfer of polluting industries from areas with high level of environmental regulation to areas with low level (Wu et al., 2017; Shen et al., 2017; Qin and Ge, 2018). In the absence of overall coordination, the environmental regulation policies formulated by cities to achieve local environmental improvement will not be conducive to the overall governance of the ecological environment. (3) The impact of environmental regulation on environmental pollution is uncertain. Many studies have emphasized that a nonlinear relationship exists between the two. For example, Zhang (Zhang and Wei, 2014) believed that the effect of environmental regulation will change from a “green paradox” effect to a “forced emission reduction” effect with the increase in its intensity. Zhou (Zhou et al., 2015) found that low-level environmental regulation will accelerate the consumption of fossil energy. Only after crossing the “threshold” can the energy-saving effect of environmental regulation be brought into play. Moreover, great differences in the impact of different types of environmental regulation tools on the ecological environment exist (Ban and Liu, 2021), and no unified conclusion on which is stronger or weaker between market- and command-based tools has been drawn (Li and Zhang, 2020; Wang and Lu, 2021). Existing research on the spatial effect of environmental regulation also has some differences. Ji (Ji and Song, 2021) regarded the cities in the Yangtze River Delta as a sample and found that the environmental regulation of adjacent cities will aggravate the pollution agglomeration of local cities. Sun (Sun and Zaenhaer, 2021) used the data of national prefecture-level cities to conduct an empirical study and believed that the implementation of environmental regulation will help reduce the level of environmental pollution in adjacent cities.

To sum up, studies have conducted extensive and in-depth discussions on the impact mechanism and transmission path between environmental regulation and environmental pollution. Based on the perspectives of different industries and regions, the theories such as “Porter Hypothesis” and “Following Cost Theory” are demonstrated in detail. But studies focused on terrestrial pollution, research in the marine field remains lacking. China’s academic research in the field of marine ecological environment started in the 1960s, but the progress was slow. After entering the 21st century, with the country’s increasing emphasis on marine ecology, related research has ushered in vigorous development (Li et al., 2011; Gao and Gao, 2012; Peng et al., 2018). However, because the statistical standards have not been perfected, marine-related data are still lacking. Existing literature often makes empirical analysis by using coastal provincial data; discusses the impact of environmental regulation on marine economic development, industrial structure, and scientific and technological innovation (Zhao, 2019; Ge et al., 2020; Xu and Lin, 2020; Chen, 2021); or focuses on the influencing factors of coastal marine environment to test the relationship among marine economic growth (Wang et al., 2019), urbanization promotion (Yu et al., 2020), economic growth goal (Shen et al., 2021), and coastal marine pollution. Few studies have analyzed the impact mechanism of environmental regulation on coastal marine pollution on the basis of the data of coastal prefecture-level cities, and research results on the spillover effect of environmental regulation on coastal marine pollution in adjacent areas from a spatial perspective are lacking. Thus, the innovation of this study lies in the following: (1) sink the research object to coastal prefecture-level cities, avoid the deviation of results due to insufficient samples and wide content, fully consider the objective differences within a province, accurately evaluate the impact of environmental regulation on coastal marine pollution, and analyze the action mechanism of environmental regulation on coastal marine environmental pollution from the perspective of green technology innovation; (2) integrate the spatial spillover effect into the research scope, analyze the impact of local environmental regulation on coastal marine pollution in adjacent areas, and comprehensively evaluate the effectiveness of environmental regulation in controlling coastal marine environmental pollution to provide a reference basis for marine ecological environment governance.



2 Research Hypotheses

This study focuses on the coastal marine ecological environment, and discusses the impact of environmental regulation on coastal marine pollution and its mechanism. Based on the environmental Kuznets curve theory (Gene and Alan, 1995), Porter hypothesis (Porter and van der Linde, 1995), and environmental regulation competition theory (Arik, 2003), the corresponding research hypotheses are put forward on the basis of analyzing its influence mechanism, which lays a solid foundation for empirical analysis.


2.1 Nonlinear Characteristics of the Impact of Environmental Regulation

Environmental regulation is an important measure to deal with the negative externality of environmental pollution. The government restricts the production and operation activities of enterprises through administrative punishment, pollutant discharge permit, and pollutant discharge tax, which aims to internalize the environmental cost, guide enterprises to adjust the development mode, and reduce the discharge of wastewater and waste gas and the demand for fossil energy to realize ecological protection and sustainable development. However, in accordance with the environmental Kuznets curve (Gene and Alan, 1995), a nonlinear relationship may exist between environmental regulation and coastal marine pollution. When the level of environmental regulation is low, facing the constraints of environmental regulation, enterprises may choose to reduce scientific research investment, accelerate the release of production capacity, increase pollutant emissions, and compensate for the increased production costs to maximize their own interests, resulting in the intensification of land-based pollution and further deterioration of the marine ecological environment. Nonetheless, with the strengthening of environmental regulation, on the one hand, small enterprises with backward production capacity and serious pollution will hardly bear the rising pollution cost and be gradually eliminated in the market competition. On the other hand, to increase market share and realize long-term benefits, some large-scale enterprises will promote the innovation of production and pollution control technology by optimizing resource allocation and increasing scientific research investment, which will improve urban production efficiency and reduce pollution emissions. From the above discussion, Hypothesis 1 is proposed as follows.Hypothesis 1 (H1). The impact trajectory of environmental regulation on coastal marine pollution shows an inverted “U” curve.



2.2 Mechanism of Environmental Regulation

The impact of environmental regulation on green technology innovation is the result of the game between “innovation compensation effect” and “follow-the-cost effect.” Improving the level of environmental regulation, on the one hand, will increase the cost of pollution control and emission reduction of enterprises, cause an overall decline in enterprise business performance in the short term, squeeze its investment in scientific and technological research and development (R&D). In particular, small- and medium-sized enterprises with low awareness of environmental protection and shortage of funds and talents often avoid the R&D of green technologies with large investment and high risk. On the other hand, according to Porter hypothesis, the benefits of technological innovation will be significantly higher than the increased environmental costs in the long run. To achieve long-term and stable development, enterprises with a certain foundation in terms of talents, funds, and equipment have the ability and power to carry out green technology innovation and offset the rising cost caused by environmental regulation through improving economic efficiency, promoting pollution reduction, and optimizing resource allocation. Therefore, this study infers that the impact of environmental regulation on green technology innovation has nonlinear characteristics. The improvement of green technology innovation level is conducive to the improvement of marine ecological environment governance. Studies have shown that 80% of the total amount of marine pollutants comes from land-based pollution, which shows that curbing the discharge of land-based pollution into the sea is an important task to protect the coastal marine environment. Green technology innovation with green development as the core will promote the energy saving and cleaning of enterprise production equipment, technology, and products; accelerate the optimization and upgrading of industrial structure in coastal cities; and reduce land-based pollution from the source, including reducing the direct discharge of sewage into the sea, lowering excessive factors, such as ammonia nitrogen. From the above discussion, Hypothesis 2 is proposed as follows.Hypothesis 2 (H2). Environmental regulation has an impact on coastal marine pollution through green technology innovation.



2.3 Spatial Spillover Effect of Environmental Regulation

Coastal marine pollution has strong cross-border flow characteristics, which can break through the spatial constraints and spread to adjacent areas with the help of natural factors, such as ocean current and wind direction. At the same time, enterprises, as the main body of pollutant emission, will also carry out cross land transfer. Therefore, the marine environmental quality of coastal cities is closely related to the spatial adjacent areas. The environmental regulation in these areas will have an impact on the coastal marine pollution in the adjacent areas. The governments of coastal cities restrict the production and operation of enterprises by controlling the total amount of emissions, raising emission standards, and strengthening rewards and punishments to strengthen the remediation of land-based pollution. On the one hand, due to the “bottom-by-bottom competition” and “incomplete implementation” of environmental regulation, to reduce the cost of environmental treatment, some polluting enterprises may relocate and move to adjacent areas with relatively loose environmental regulation to transfer the pollution nearby and form the “Pollution Haven” effect (Shen et al., 2017; Wu and He, 2017), resulting in the deterioration of the ecological environment in adjacent areas. On the other hand, in the long run, environmental regulation will stimulate the enthusiasm of enterprises for green innovation. To improve market competitiveness, enterprises will actively innovate production and environmental protection technologies, which will effectively curb the transfer and diffusion of pollution and strengthen the benign interaction between regions. From the above discussion, Hypothesis 3 is proposed as follows. Hypothesis 3 (H3). The environmental regulation of coastal cities can affect the coastal marine pollution in adjacent areas through the spatial spillover effect.




3 Methodology and Data


3.1 Dependent Variable

Existing studies generally use indicators, such as industrial wastewater discharge (He and Chen, 2018) and nonclass water quality and sea area (Zhang et al., 2020), to measure the degree of coastal marine pollution. Although they reflect the coastal marine pollution to a certain extent, the relevant data are relatively general and one-sided and do not sink to the level of coastal cities to reflect the specific changes in coastal marine pollution. In this study, the average concentration data of inorganic nitrogen, active phosphate, petroleum, and chemical oxygen demand were obtained by identifying the histogram of the main exceeding standard factors in the coastal waters of coastal cities in the Bulletin on Environmental Quality of China’s Coastal Seas (Yu et al., 2020; Shen et al., 2021). After dimensionless processing of the data, the coastal marine pollution index was constructed by the entropy method, as shown in Equation (1):



where MP is the coastal marine pollution index, DIN is inorganic nitrogen, PO is active phosphate, OIL is petroleum, and COD is the chemical oxygen demand. a1, a2, a3, and a4 are the weights of each index. According to the Bulletin of Marine Ecology and Environment Status of China, we evaluated the degree of impact on the marine ecological environment by measuring the average point exceeding rate of each factor during the sample period, and set the corresponding weights based on the exceeding conditions, a1 =0.6, a2 =0.3, a3 =0.07, and a4 =0.03.



3.2 Explanatory Variable

Due to the multi-dimensional nature of environmental regulation and the low availability of relevant data, there is a certain controversy about the measurement of environmental regulation level. Four main methods can be used to measure the level of regional environmental regulation. First, on the basis of the micro level, the intensity of environmental regulation is reflected by the pollution costs of enterprises, such as sewage charges and governance investment (Xie et al., 2014; Chen et al., 2021; Liu and Wan, 2021). Second, the regulation level is evaluated through government pollution control investment (Song and Wang, 2013; Yang and Wen, 2021). Third, a comprehensive index of environmental regulation is established on the basis of the discharge of various pollutants (Ye et al., 2018; Wu et al., 2021). Fourth, the number of environmental protection regulations and the frequency of environmental words in a government work report are used (Chen et al., 2018; Wang, 2018 Zhang and Chen, 2021). Considering the objectivity of indicators and the availability, based on the above analysis, we referred to the research of Shen (Shen et al., 2017), Li (Li and Du, 2014), and selected four single indicators: removal rate of industrial sulfur dioxide, removal rate of industrial smoke, comprehensive utilization rate of industrial solid waste, and sewage treatment rate. We determined the weight of each index by using the improved entropy method and calculated the comprehensive index of environmental regulation to reflect the intensity of environmental regulation level. The specific steps are as follows.

(1)We performed dimensionless processing on the indicator, and shifted the indicator data so that it is concentrated between 30-100. i represents the year, j represents the indicator type,  is the standardized index,  is the initial indicator, and represent the maximum and minimum values of the j index in all cities in the current year, respectively



(2) We calculated the proportion ( ) of  , the entropy value ( ) of the j and the difference coefficient ( ). The larger the difference coefficient ( ), the more important   is in the comprehensive evaluation, and then the weight   is determined

	

	





(3) We calculated comprehensive indicators of environmental regulation. The larger the comprehensive index of environmental regulation (ersi), the higher the level of environmental regulation.





3.3. Control Variable

With reference to existing research, the control variables included the following: (1) Economic development (lnpergdp). The development of regional economy has promoted the improvement of living standards and raised the public’s requirements for the quality of ecological environment. The government and enterprises have implemented positive measures to respond to social needs. We chose the logarithm of per capita GDP to measure the economic development level of a city. (2) Industrial structure (ind). The industrial structure of a city has a profound impact on the decision-making behavior of the local government. We used the proportion of secondary industry to evaluate the level of urban industrial structure. (3) Foreign capital utilization (fdigdp). The effective utilization of foreign capital has played an important role in enterprise transformation and upgrading, scientific research, development, and utilization. We reflected the utilization of foreign capital by the proportion of actually used foreign capital in GDP. (4) Urbanization level (urban). Urbanization is a complex process that promotes the evolution of social and economic structure. In this process, the various changes in the economy, population, and society of coastal cities will exert an impact on the marine ecological environment. We characterized this index by urbanization rate. (5) Population density (rapopul). A high population density promotes economies of scale and industrial division of labor, as well as intensifies the generation and emission of pollutants. We measured it by the population per square kilometer of a city. (6) Level of marine economic development (reocean). The level of marine economic development can reflect the local attention to marine resources and environment. Considering that coastal cities do not publish the total marine production value, we replaced it with the total marine production value of coastal provinces and reflected this index by the proportion of total marine production value in regional production value. Summary statistics for the data are shown in Table 1.


Table 1 | Summary statistics.





3.4. Data Sources and Model Settings


3.4.1. Data Sources

We regarded the panel data of 46 coastal prefecture-level cities in China from 2004 to 2016 as a sample to evaluate the impact of environmental regulation on coastal marine pollution. The time span has been selected for the following reasons. Firstly, the Bulletin on Environmental Quality of China’s Coastal Seas and the Bulletin on the State of China’s Marine Environment were merged into the Bulletin on the State of China’s Marine Ecological Environment after 2017, and the pollutant concentration is no longer reported in the combined bulletin. Secondly, the serious lack of data before 2004 has forced us to consider this time span. The study includes all coastal cities in China, but the data of some coastal cities are seriously missing (such as Danzhou City) which had to be overlooked. Finally, 46 coastal prefecture-level cities are selected out of the 57 coastal prefecture-level cities in China as the research samples. The data related to the construction of a coastal marine pollution index came from the Bulletin on Environmental Quality of China’s Coastal Seas1. The index data for evaluating the level of environmental regulation and control variable data came from the statistical yearbooks of China’s cities, China’s environment, China’s oceans, and coastal cities and provinces2.



3.4.2. Model Settings

To test the above hypotheses, we referred to the research of Li (Li and Zhang, 2020), Yu (Yu et al., 2020) and Wu (Wu et al., 2021), built a model on the basis of the nonlinear impact of environmental regulation on coastal marine environmental pollution. The model was constructed as



where lnmp is the logarithm of the coastal marine pollution index; lners and (lners)2 are the logarithm of the environmental regulation level and its square term, respectively; control is the control variable; γt and λi control the fixed effects of time and city, respectively; ξit is a random interference item; i represents the city; and t represents the year.





4 Empirical Results


4.1 Benchmark Estimation Results

In accordance with the benchmark model, this study quantitatively evaluated the relationship between environmental regulation and coastal marine pollution. In order to test whether the influence of the core explanatory variables is robust and improve the stability of the test results, we conducted regression analysis by sequentially increasing the control variables. The empirical results are shown in Table 2, where column (1) refers to the regression results without control variables, and columns (2–7) are the regression results with sequentially increasing control variables. In column (1), the primary term coefficient of the core explanatory variable environmental regulation level (lners) is positive, and the square term coefficient is negative. After the control variables are added in turn, the results have not changed significantly. This finding shows that the impact of environmental regulation on coastal marine pollution has the characteristic of inverted “U.” The low level of environmental regulation in coastal cities intensifies the problem of coastal marine pollution. With the improvement of the level of environmental regulation, its containment effect on pollution becomes gradually prominent, and Hypothesis 1 is verified. We explain the above results as follows: when the level of environmental regulation is low, although the emission and technical standards formulated by the government increase the environmental cost of enterprises, due to the insufficient punishment of pollution behavior and the limited policy coverage, enterprises are more inclined to increasing product output and pollution emission, especially when environmental regulation is expected to become gradually stricter. In addition, to avoid environmental governance responsibilities, polluting enterprises in areas with strong environmental regulation may choose to migrate across land, making areas with weak environmental regulation “Pollution Haven” However, with the improvement of the level of environmental regulation, some enterprises with high energy consumption, excessive pollution, and low production capacity will hardly bear the rising environmental costs and be gradually eliminated in the market competition. At the same time, enterprises with certain advantages in capital, talents, and technology will actively increase R&D investment, promote green technology innovation, and accelerate the application and diffusion of energy-saving and environmental protection technologies to improve market competitiveness and achieve long-term and stable development. In this process, land-based pollution emissions are significantly reduced, marine environmental quality is improved, and the inhibitory effect of environmental regulation on coastal marine pollution is effectively brought into play.


Table 2 | Benchmark estimation results.



Among the control variables, the coefficient of economic development (lnpergdp) is significantly negative, indicating that the improvement of economic development level will inhibit coastal marine pollution. With the vigorous development of economy, the enthusiasm of the public to participate in environmental governance has gradually increased. The demand for high-quality development will promote the implementation of ecological protection, effectively restrict the production behavior of enterprises, and then reduce the pollution of marine environment. The coefficient of industrial structure (ind) is significantly negative, implying that the increase in the proportion of secondary industry contributes to the reduction in coastal marine pollution. The reason may be that the eastern coastal cities are basically in the late stage of industrialization, that is, the stage of technology intensification. Cities pay attention to the cultivation of high-tech, high-added-value, and low-pollution industries and emphasize innovation and green development. The negative coefficient of foreign capital utilization (fdigdp) is significant, indicating that the effective utilization of foreign capital promotes marine environmental governance, possibly because the inflow of foreign capital helps alleviate the capital constraints of enterprises and increase the investment in environmental protection and green innovation. At the same time, the entry of foreign capital is accompanied by the exchange of knowledge and technology. Through learning advanced environmental protection concepts and management experience, the level of environmental governance will be significantly improved. The coefficient of urbanization level (urban) is significantly negative, demonstrating that the promotion of urbanization has a positive impact on the marine ecological environment, which may be due to the following two aspects. First, the improvement of urbanization level will promote the rational allocation of resources and enhance the efficiency of ecological environment treatment. Second, the promotion of urbanization will contribute to the R&D, application, and diffusion of green technology and encourage cleaner production and end of pipe treatment.



4.2 Robustness Test

To ensure that the regression results accurately reflect the impact of environmental regulation on coastal marine pollution, a robustness test was performed by eliminating sample extreme values and interference samples and replacing core explanatory variables. The specific results are shown in Table 3. First, to avoid the impact of sample extreme values on the empirical results, we shrank the tail of the sample by 5%. In column (1), the primary term coefficient of environmental regulation level (lners) is positive, and the secondary term coefficient is negative, which is consistent with the benchmark results. Second, we considered that Shanghai and Tianjin, as municipalities directly under the central government, have higher administrative levels than others and may be subject to greater constraints in terms of economy and environment. Therefore, after excluding Shanghai and Tianjin from the sample, we reassessed the regression results. The regression results in column (2) have not changed significantly. Lastly, referring to the studies of Wu (Wu and Han, 2020), Shen (Shen et al., 2017), and Ye (Ye et al., 2018), we built a comprehensive index of environmental regulation on the basis of the emission and removal rate of various pollutants in cities and tested the robustness by replacing explanatory variables. In accordance with columns (3) and (4), the primary term coefficients of environmental regulation level (er, erh) are significantly positive, and the square term coefficients are significantly negative. The above tests verify the robustness of the benchmark regression results, indicating that the impact trajectory of environmental regulation on coastal marine pollution presents an inverted “U” curve.


Table 3 | Robustness test.





4.3 Endogenous Test

A two-way causal relationship may exist between environmental regulation and coastal marine pollution, and endogenous problems will cause errors in the regression results. Therefore, to ensure the reliability of benchmark analysis, we referred to existing studies (Liu and Wan, 2021; Zhang and Chen, 2021) and conducted an endogenous test through lag regression and instrumental variable regression. The specific results are shown in Table 4. We regarded the level of environmental regulation lagging behind the first period (l.lners) as the explanatory variable for regression. In accordance with column (1), the primary term coefficient of the index is significantly positive, and the square term coefficient is significantly negative. This result indicates that the impact of environmental regulation on coastal marine pollution presents an inverted “U” shape, which proves the robustness of the benchmark results. On this basis, to further eliminate the endogenous impact, we regarded the first and second lag terms of environmental regulation level (lners) as instrumental variables. From column (2), when the instrumental variables meet the statistical requirements, no significant difference exists between the sign and significance of the primary term and square term coefficients of the environmental regulation level (lners) and the benchmark results, which confirms the robustness of the previous conclusions.


Table 4 | Endogenous test.





4.4 Mechanism Analysis

The internalization of enterprise pollution costs by environmental regulation may lead to capital crowding out effect and inhibit the improvement of green technology innovation level. However, in order to maximize profits, enterprises may increase capital investment in green R&D, so as to improve production efficiency and the innovation effect. Compared with traditional technological innovation, green technological innovation pays more attention to resource protection and pollution control. Its high-efficiency production mode is conducive to energy conservation, emission reduction and cleaner production, curb the damage of land-based pollution to the coastal marine environment. Therefore, it is necessary to further explore the impact mechanism of environmental regulation on coastal marine pollution from the perspective of green innovation. We referred to the “Porter hypothesis” and regarded green technology innovation as an intermediary variable to test whether environmental regulation has an impact on coastal marine pollution through affecting green technology innovation (Wu and Han, 2020; Wu et al., 2021). The mediation effect model was constructed as





where innov is the level of green technology innovation, which is represented by the total number of green patent applications in a city in a year. The relevant data were obtained by querying the State Patent Office. The interpretation of other variables is the same as that in model (6). If the coefficients β1, β2, and v1 are significant, then an intermediary effect exists.

The regression results are shown in Table 5. In column (1), the primary term coefficient of environmental regulation level (lners) is negative, and the square term coefficient is positive. This result demonstrates that the impact of environmental regulation on urban green technology innovation is “U” shaped, which first inhibits and then promotes. In column (2), the coefficient of green innovation level (innov) is significantly negative, indicating that improving the green innovation level of coastal cities helps reduce coastal marine pollution. Therefore, Hypothesis 2 is verified. Environmental regulation exerts an impact on coastal marine pollution through affecting green technology innovation. In the absence of external constraints, enterprises often ignore the damage to the ecological environment in the processes of production and operation and lack the enthusiasm to increase investment in green scientific research and promote cleaner production. Hence, the government should urge enterprises to bear environmental social responsibility through environmental regulation. However, when the level of environmental regulation is relatively low, the “innovation compensation effect” hardly covers the “follow-the-cost effect.” Enterprises tend to avoid green technology innovation and follow the traditional development model. Nevertheless, with the improvement of environmental regulation intensity, increased pollution emission costs will urge enterprises to adjust their development strategies. To avoid being eliminated from the market or migrating outward, enterprises will pay considerable attention to the R&D and application of green technology; actively develop or introduce green technology by fully considering R&D capacity and economic benefits, promote energy conservation, emission reduction, and cleaner production.


Table 5 | Mechanism analysis.





4.5 Spatial Regression Results


4.5.1 Spatial Correlation Test

To analyze whether environmental regulation has a spatial spillover effect on coastal marine pollution, we should test the spatial autocorrelation of the coastal marine pollution index. This study identified the spatial correlation of coastal marine pollution in 46 coastal cities from 2004 to 2016 through Moran’s I index. The specific results are shown in Table 6. Table 6 presents that the Moran’s I index for coastal marine pollution is significantly positive, except for individual years. This result indicates that a significant spatial positive correlation in the degree of coastal marine pollution exists among China’s coastal cities, with evident spatial agglomeration characteristics. This finding lays a theoretical foundation for this study to further explore the impact mechanism of environmental regulation on coastal marine pollution by using a spatial econometric model.


Table 6 | Moran’s I index of coastal marine pollution in coastal cities.





4.5.2 Spatial Model Settings

To accurately evaluate the spatial effect of environmental regulation and avoid influencing the effectiveness of the conclusion due to setting errors, we conducted an identification test on the spatial panel model. The specific test types and results are shown in Table 7. First, LM and robust LM were used to test the spatial lag and correlation. The test results show that the model has spatial lag and error terms. On this basis, the appropriate spatial econometric model was selected through LR and Wald tests. Both of them pass the 1% significance test, which implies that choosing the spatial Dobbin model (SDM) for demonstration is more reasonable. Lastly, the Hausman test shows that the result is significant at the level of 1%. Therefore, we chose the fixed effect model of SDM to analyze the spatial effect of environmental regulation on coastal marine pollution. The model was constructed as




Table 7 | LM, Wald, LR and Hausman Tests.



where δ is the spatial autoregressive coefficient of coastal marine pollution, W is the spatial weight matrix, ρ is the coefficient of the explanatory variable, θ is the coefficient of the spatial interaction term of the explanatory variable, and the interpretation of other variables is the same as that in model (6). The spatial weight matrix selected in this study is the geographical distance weight matrix, which is expressed by the reciprocal of the linear distance between the centers of two regions.



4.5.3 Spatial Correlation Test

We used SDM to test the spatial spillover effect of environmental regulation on coastal marine pollution. The regression results are shown in Table 8. From column (1), under the geographical distance matrix, the spatial autoregressive coefficient of coastal marine pollution is significantly positive, the spatial interaction coefficient of the primary term of environmental regulation level (lners) is significantly positive, and the spatial interaction coefficient of the square term is significantly negative. This result shows that the coastal marine pollution of coastal cities not only has an endogenous interaction effect but also has an exogenous interaction effect of environmental regulation. Hypothesis 3 is verified. Environmental regulation can affect coastal marine pollution in adjacent areas through the spatial spillover effect, and the impact trajectory shows an inverted “U” curve. We proposed the following three reasons. First, differences in the implementation of environmental regulations exist among various coastal cities. Under the dual pressure of local finance and promotion championship, “ race to the bottom “ and “incomplete implementation” of environmental regulation may occur. Polluting enterprises that cannot adapt to the local strict environmental regulation will migrate to the adjacent areas with relatively loose regulation, thus aggravating the marine pollution problem of adjacent coastal cities. Second, because of the spatial spillover of coastal marine pollution itself, with the improvement of environmental regulation level, the quality of marine ecological environment in a region will gradually improve. The emission reduction and pollution control effect brought by environmental regulation will spread to adjacent areas to reduce the coastal marine pollution of adjacent coastal cities. Third, the positive influence of regional interaction effect has been brought into play. Environmental regulation in a region has brought “demonstration effect” and “warning effect” to the governments and enterprises in adjacent regions. At the same time, with the continuous improvement of the state’s attention to ecological and environmental protection, the diffusion and application of green technologies, such as pollution control and cleaner production, will also be accelerated.


Table 8 | Regression results of spatial dobbin model.



To verify the reliability of the results of spatial spillover effect, we tested the robustness by replacing explanatory variables. In columns (2) and (3), the spatial autoregressive coefficients are significantly positive, Hand the spatial interaction term coefficients of the primary term and square term of environmental regulation level (er, erh) are significantly positive and negative, respectively, which is basically consistent with the previous conclusions. Therefore, the test results of environmental regulation on the spatial spillover effect of coastal marine pollution have strong robustness. On this basis, we decomposed the spatial effect to deeply explore the impact of environmental regulation on coastal marine pollution in a region and adjacent areas and explained it through direct and indirect effects. In accordance with Table 9, the indirect effect of environmental regulation on coastal marine pollution is significant, which is similar to the impact track of local effect and shows the dynamic characteristic of inverted “U.” The indirect effect is significantly greater than the direct effect, which further shows that in geographical space, adjacent coastal cities will jointly bear the pollution of coastal marine environment and enjoy the results of environmental governance.


Table 9 | Spatial effect decomposition.







5 Discussion

Improving the governance level and the quality of marine ecological environment is crucial for the development of China’s marine cause. After long-term efforts, China’s marine environmental protection has achieved phased results (Guan et al., 2019; Li, 2020; Chen and Hu, 2021). However, the pollution of some sea areas is still serious, the marine ecological situation remains severe, and the green paradox and pollution transfer phenomenon exist to a certain extent. The implementation effect and impact mechanism of environmental regulation policies in coastal cities should be analyzed. On the basis of the panel data of 46 coastal prefecture-level cities in China, we explored the impact of environmental regulation on coastal marine pollution from a multidimensional perspective. Definition of symbols in formulas are shown in Table 10. Our research contributes to the literature in two important aspects. (1) Existing research on the relationship between environmental regulation and environmental pollution mainly focuses on inland areas, and research focusing on the marine field is lacking. Most of the studies stay at the provincial level, without fully considering the objective differences between coastal cities in economic level, industrial structure, and innovation factors. We sank the analysis object to coastal prefecture-level cities and quantitatively evaluated the impact of environmental regulation on coastal marine pollution by constructing environmental regulation level indicators and marine pollution indexes. The finding shows that environmental regulation has an inverted “U” effect on coastal marine pollution, which first intensifies and then inhibits. Therefore, coastal cities should improve environmental regulation. While eliminating high-pollution and inefficient industries, the government should force enterprises to independently develop or introduce green technologies to effectively promote cleaner production, energy conservation, and emission reduction. On this basis, we analyzed the mechanism of environmental regulation from the perspective of green technology innovation and found that promoting green technology innovation is an important mechanism for environmental regulation to improve the quality of marine environment. (2) Studies on the effectiveness of environmental regulation in ecological governance are often limited to the direct effect of environmental regulation. Few studies have explored the impact of environmental regulation on the coastal marine environment of surrounding cities from a spatial perspective. In accordance with the geographical distance weight matrix, we used SDM to test the spatial spillover effect of environmental regulation on coastal marine pollution. We found that the coastal marine pollution of coastal cities has not only an endogenous interaction effect but also an exogenous interaction effect of environmental regulation. The indirect effect of environmental regulation on coastal marine pollution is significant and presents the same inverted “U” effect as that of the local one. Thus, the effective implementation of environmental regulation should be based on regional joint prevention and control. Strengthening communication and cooperation and coordinating environmental regulation actions by coastal city governments are important contents to promote the continuous improvement of marine ecological environment quality.


Table 10 | Nomenclatures.





6 Conclusions

This study used the panel data of 46 coastal prefecture-level cities in China from 2004 to 2016 as samples to quantitatively evaluate the relationship between environmental regulation and coastal marine pollution and explored its role from the perspective of green technology innovation. On this basis, the spatial spillover effect was included in the research scope, and the impact mechanism of environmental regulation on coastal marine pollution was deeply analyzed. We reached the following conclusions: (1) The impact of environmental regulation on coastal marine pollution shows an inverted “U” shape. The low level of environmental regulation in coastal cities intensifies the problem of coastal marine pollution. With the improvement of the level of environmental regulation, its containment effect on coastal marine pollution becomes gradually prominent. (2) Environmental regulation exerts an impact on coastal marine pollution through affecting green technology innovation. When the level of environmental regulation is relatively low, the “innovation compensation effect” hardly covers the “follow-the-cost effect.” However, with the improvement of the intensity of environmental regulation, the enthusiasm of enterprises for green technology innovation will gradually increase to promote marine ecological environment protection. (3) The environmental regulation of coastal cities can affect the coastal marine pollution in adjacent areas through the spatial spillover effect. The impact trajectory also shows an inverted “U” curve, and the indirect effect is significantly greater than the direct effect. The adjacent coastal cities share the responsibility of marine pollution and the results of marine governance.

The above conclusions have important implications for controlling land-based pollution emissions and improving marine ecological environment governance:

	Build a scientific and strict environmental regulation system. Coastal city governments should accurately understand the role of environmental regulation in marine ecological environment protection and implement differentiated environmental regulation policies with comprehensive consideration of regional development level, geographical location, and pollution status. The central government should strengthen environmental protection supervision, enhance the performance evaluation system guided by green transformation, and improve the innovation of local governments in formulating environmental policies and the enthusiasm of implementing environmental policies.

	Give full play to the conduction effect of green technology innovation in environmental regulation and coastal marine ecological environment. On the one hand, the government should actively promote the establishment of a green technology innovation system with enterprises as the main body. While the government puts forward clear requirements on emission standards and production technology, it should effectively utilize market means, such as environmental protection tax, environmental subsidies, and emission trading, to stimulate the enthusiasm of enterprises to carry out green technology innovation. On the other hand, the government should gradually improve the transformation mechanism of scientific and technological achievements, accelerate the ownership reform of scientific and technological achievements, promote the market-oriented application of green innovation achievements, build a green technology cooperation and exchange platform, and consolidate the foundation for the diffusion and application of green technology.

	Pay attention to the trans regional transfer and treatment of coastal marine pollution and promote regional joint prevention and control. Coastal city governments should break through the shackles of “mutual prevarication and respective formation,” pay attention to the coordination and cooperation with adjacent regions in marine environmental governance, and strengthen joint environmental law enforcement and supervision. Under the overall coordination of the central government, building a platform for environmental protection information exchange and sharing, establishing a coordination mechanism for marine pollution prevention and control, and preparing a unified plan for regional ecological environment governance are vital.
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Footnotes
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Although China possesses a large number of islands, knowledge of their overall ecological condition is limited on a national scale. Accordingly, this study developed a comprehensive and quantitative island ecosystem assessment framework that incorporates environmental quality, biological structure, and landscape patterns. The framework was applied to 42 typical, representative islands within China’s coastal regions, including different climatic zones, area sizes, populations, and substratum lithologies. Results showed that the value range of the comprehensive index of island ecosystem condition (CIisland) was significant (from 52.33 to 89.53, 71.72 average), and 85.4% of islands scored either “high” or “good,” indicative of their exceptional condition. However, conditions varied among different island components, indicating different challenges. Environmental quality index (Ienv) values ranged from 60.70 to 94.80 (79.72 average), where primary threats were seawater nutrient pollution, petroleum, and marine organism metal contamination. Biological structure index (Ibio) values ranged from 43.50 to 89.40 (66.10 average), where primary threats were vegetation destruction and a reduction in marine biodiversity within intertidal and subtidal zones. Landscape pattern index (Iland) values varied significantly (from 6 to 100, 72.36 average), where a key characteristic of highly developed islands was low natural landscape (vegetation) coverage. Conditions also varied among island climate zones, lithologies, area sizes, and levels of human habitation. Additionally, island ecosystem conditions were influenced by both natural and anthropogenic factors as well as area size, population, and GDP. Although distance to the mainland significantly correlated to (Ibio), and (CIisland), these parameters did not significantly correlate to (Ienv), which might be explained by that environmental quality was generally conditional on large-scale environments. This assessment is intended to provide a holistic perspective on island conditions in China while identifying key challenges and associated driving factors, which will greatly aid in establishing island-specific sustainable management practices.
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Introduction

An island is a land body completely surrounded by sea water, which is a complicated ecological-social-economical systems having important ecological and socioeconomic roles. Due to geographic isolation and unique environments, many endemic and specialized species inhabit islands (Weigelt et al., 2013), playing a critical role in global biodiversity maintenance (Veettil et al., 2020). At the same time, island ecosystems also provide valuable goods and services, such as food and water provisioning, erosion and pollination regulation, and recreation and ecotourism (Su et al., 2016; Balzan et al., 2018). However, owing to their isolation and small size, most island ecosystems are ecologically fragile (Brodie et al., 2013), being particularly susceptible to global climate change (Leclerc et al., 2020), land-use intensification (Xie et al., 2021), exotic species invasion (Reaser et al., 2007), etc. Under increasing threat from natural and anthropogenic impacts, there is growing concern regarding island conservation and sustainable development around the world.

Comparatively, China holds many islands. For example, more than 11,000 islands are dispersed around its surrounding seas, among which 7372 have a land area greater than 500 m2. This equates to an approximate land area of 72,800 km2 and a coastline of 14217.8 km (Ministry of Natural Resources of the People’s Republic of China, 2018). Many of these islands have undergone considerable changes and degradation, mainly due to intensive anthropogenic activities (Zhao et al., 2004; Cao et al., 2017), such as vegetation destruction, endemic species loss, and seawater deterioration. Over time, island management has moved from being hands-off to active management, such as island restoration, island tourism management, and carefully planned and comprehensive management will become more necessary with increasing climate change and anthropogenic pressures (Xie et al., 2021), particularly in a large spatial scale. For better decision making for island management, it is important to determine their ecosystem condition status and baseline.

Since China’s First National Island Resources Comprehensive Survey (1988–1996), various aspects of island data have been reported on, including island soil, bird, vegetation, marine organisms, environmental quality, etc. (Yang, 2000; Xu et al., 2017; Tan et al., 2020). In recent years, an increasing number of studies have tended to assess or evaluate island ecosystems quantitatively. For example, Zhan et al. (2019) used emergy analysis modeling to evaluate ecosystem services in Chongming Island. Sun et al. (2020) established an Eco-environmental Quality Index (EQI) model to evaluate the ecological status of Hainan Island. Zhang et al. (2021) applied principal component analysis (PCA) to conduct an island sustainability evaluation in the Zhoushan Archipelago, using 15 island ecosystem indices covering climatic, geographical, landscape, social, and biological dimensions. Chi et al. (2021) applied 12 factors that included vegetation, soil, and landscape factors to evaluate island ecosystems in the Miaodao Archipelago. However, challenges remain: i) most current studies were conducted at a relatively small scale (i.e., island or archipelago scale), and knowledge related to Chinese island ecosystems and associated methodologies are limited on a national scale; ii) only limited knowledge is available on comprehensive island conditions that cover terrestrial, intertidal, and subtidal sub-ecosystems. Accordingly, this study aims to quantitatively explore the condition of Chinese island ecosystems, providing an important baseline to predict prospective effects of anthropogenic disturbances and climate change, which will be of great significance in informing the direction of effective management and sustainable development.



Materials and Methods


Selected Islands

A total of 42 islands were selected for this study, exemplifying China’s main island characteristics. These are representative island systems from different climatic zones and with varying area sizes, populations, and substratum lithologies (Table 1 and Figure 1). Because China’s subtropical zone consists of the largest number of islands overall (i.e., approximately 73% of all of China’s islands are distributed off the coast of Zhejiang, Fujian, and Guangdong provinces) (Ministry of Natural Resources of the People’s Republic of China, 2018), most islands selected for this study are from the subtropical zone (28 in total). Considering the relative equilibrium of the islands selected among China’s different climate zones, subtropical islands were further grouped into three subsets by their location and climate condition, namely, northern subtropical, central subtropical, and southern subtropical subsets. Finally, nine temperate, nine northern subtropical, eight central subtropical, 11 southern subtropical, and five tropical island ecosystems were selected for this investigation. Island area ranged from 0.1 km2 to 1225 km2 (63.31 km2 average), of which 86.36% were less than 100 km2. Regarding population, most islands were inhabited (i.e., 35 inhabited and seven uninhabited). Based on island substratum lithologies, which express specific island-forming processes, 34 islands were designated continental and seven alluvial. In general, the distribution of all 42 islands selected for this study reflect the uneven distribution of the islands that surround China. In other words, most islands are distributed throughout the southern region of the country while, at the same time, most islands are situated nearshore (compared to offshore).


Table 1 | Characteristics of the selected islands in this study.






Figure 1 | Distribution of the selected islands in this study.





Data Sources

Data on marine environmental and biological parameters in this study were based on a comprehensive and nationwide marine project (i.e., China’s offshore marine investigation and assessment), covering seawater, phytoplankton, and macrobenthos, which were compiled from a series of published provincial and national investigations reports (Offshore Marine Investigation and Assessment Project Office of Jiangsu, 2012; Hebei Oceanic Administration, 2013; Xu et al., 2013; Hou and Ma, 2014; Chen, 2016; Huang et al., 2017; Ma et al., 2017). Marine environmental and biological parameters were obtained during four campaigns conducted in July (summer) 2006, October (autumn) 2006, January (winter) 2007, and April (spring) 2007. Investigation methods used were consistent across all selected islands, following the technical regulations for island investigations (Offshore Marine Investigation and Assessment Project Office of SOA, 2005a), the technical regulations for marine biological and ecological investigations (Offshore Marine Investigation and Assessment Project Office of SOA, 2006a), the technical regulations for marine chemical investigations (Offshore Marine Investigation and Assessment Project Office of SOA, 2006b). Some of the data used in our study are presented in the Supplementary Tables 1, 2.

For island vegetation and landscape parameters, data were interpreted from remote sensing images fused with multi-spectral and panchromatic bands with a resolution of 2.5m using data from 2005, following the technical regulations for aerial remote sensing investigation of islands and coastal zones (Offshore Marine Investigation and Assessment Project Office of SOA, 2005b).

In this way, all data described were obtained during the same period with uniform investigation technical regulations, enhancing the data’s comparability and reliability.



Integrated Assessment Method


Indicators

An island is a unique ecosystem comprised of complex components in multiple dimensions, which spatially covers various sub-ecosystems, including terrestrial, intertidal, and subtidal sub-ecosystems, biotic and abiotic factors, and the hierarchical ecological organization of individuals, populations, communities, and landscapes. For this study, to simplify complexity, island ecosystem condition was defined and characterized under three specific factors: environmental, biological, and landscape. A set of criteria was then proposed to screen for appropriate indicators that could be used to determine island ecosystem conditions, including representativeness, sensitivity, measurability, data availability, and comprehensiveness (Table 2). Based on these criteria, proposed indicators were selected by a panel of experts using the Delphi method, and a three-hierarchal indicator system was established, covering indicators related to environmental quality, biological structure, and landscape pattern (Table 3).


Table 2 | Criteria for selecting indicators of island ecosystem condition.




Table 3 | Island ecosystem assessment indicators.



For environmental quality, three subgoals were considered in view of data availability, including the quality of seawater, intertidal sediment, and intertidal organisms, which were measured using typically used chemical parameters. For biological structure, in light of the spatial integrity of biological structure, terrestrial, intertidal, and subtidal biological structures were included. Moreover, two specific species level indicators were also considered, including invasive species and indicator species of important or endangered species. Biological structures were primarily measured respective to the composition, abundance, and diversity of taxonomic entities, where the Shannon index (H') was adopted to calculate diversity (Shen et al., 2010). For landscape pattern, naturalness of landscape was selected, which was measured using natural landscape coverage.

Given the considerable characteristic differences across all selected islands (along with the limited available data of some of them), indicators were defined as either “required” or “optional,” where the former was used for all islands while the latter could be applied to a limited number of islands conditional on data availability. This was done to enhance the operability of the indicator system (Table 3). For this study, “required” indicators must reflect typical characteristics among all selected islands, have easily obtainable and available raw data, and are strongly representative. Conversely, “optional” indicators are those that represent unique characteristics of certain island ecosystems or where the raw data were difficult to attain.



Reference Values

Ecosystem condition was generally defined as being an observed state to a referenced condition or ecological target (Smit et al., 2021); thus, setting the reference value for all indicators was an essential part of the ecosystem condition assessment. Owing to the natural and anthropogenic heterogeneity across the selected islands, ensuring comparability was the key challenge of this study.

To resolve this challenge, we used consistent standards across the selected islands by adopting current and related standards. Specifically, reference values of island seawater quality, intertidal sediment quality, and intertidal organism quality derived from the national sea water quality standard of China (GB3097-1997), the marine sediment quality standard of China (GB18668-2002), and the marine biological quality standard of China (GB18421-2001), respectively. For biological structure indicators, reference values referred to the guidance for the assessment of coastal marine ecosystem health (HY/T 087-2005). For certain indicators that lacked a current standard, we used data that derived from the First National Island Resources Comprehensive Survey (1988–1996), which provided historical conditions devoid of or with only limited anthropogenic disturbances. For landscape patterns, an absolute boundary was set at 0–100% natural landscape coverage, and therefore, the highest theoretical value (100%) was defined as the reference condition, indicating the best condition without anthropogenic disturbances.

To highlight differences among indicator value intervals, indicator reference values were hierarchized into four categories: class I, class II, class III, and class IV. The final reference values were determined as described in Supplementary Table 3.



Indicator Normalization

Indicator normalization was used to reduce measurements to dimensionless data under a standard scale, where, specifically, raw indicator data were rescaled into an identical score scale of 0–100 based on the aforementioned reference values. Being consistent with the four reference value categories, the normalization score range was set correspondingly in Supplementary Table 3.

The min-max normalization technique with linear interpolation was used for indicator normalization. Two different formulas were employed for positive (a) and negative (b) indicators, respectively. A positive indicator indicated a positive relationship between raw indicator data and normalization score, a lower indicator data value, and a lower normalization score, reducing the ecological condition. Conversely, a negative indicator yielded a lower raw indicator data value and a higher normalization score, increasing the ecological condition.

 



where Yi is the normalization score of indicator I; Xi is the observed value of raw data for indicator i; Bmax and Bmin are the upper and lower limits of reference values of the condition level interval for indicator i determined by its measurement; Fmax and Fmin are the upper and lower limits of normalization score values of the condition level interval for indicator i.



Weight Assignment

Weights reflect the importance of each indicator relative to the upper level composite indicator. The weights on goal and sub-goal levels were determined using the Delphi method through an investigation of greater than 100 questionnaires, covering scientific researchers, students, governmental administrators, protected area managers, etc. An equal weighting scheme was used for indicator levels. In the case of missing data for certain sub-goals or indicators, the weights of other sub-goals or indicators at the same level were adjusted proportionally based on the original weights. The total sum of weights at the same indicator level was 1. The final weights were calculated as shown in Figure 2.




Figure 2 | Indicator weights of integrated assessment of island ecosystems.





Integrated Assessment Model

The aim of this integrated assessment was to aggregate several indicators into a single composite index. The weighted sum model was used to calculate the comprehensive index of island ecosystems, covering the environmental quality index, the biological structure index, and the landscape pattern index. The formulas used are as follows:

 

 

 

where (CIisland) is the comprehensive index of island ecosystem condition; Ienv is the environmental quality index; Ibio is the biological structure index; Iland is the landscape pattern index, Wenv, Wbio, and Wland are the weights for environmental quality, biological structure, and landscape patterns. Ienvi is the score of sub-goal i for environmental quality; Wenvi is the weight of sub-goal i for environmental quality. Ibioi is the score of sub-goal i for biological structure; Wbioi is the weight of sub-goal i for biological structure. Analogously, sub-goal scores were obtained by weighted summation as formal (d) and (e) from corresponding next level indicators.

The value for the composite index, including, (CIisland) Ienv, Ibio and Ilandranged from 0 to 100. The higher the value, the better the condition, where 0 represents the fully degraded condition and 100 represents the best condition without disturbance and degradation. To further define the condition, the equidistant method was applied to section the value of the composite index into five levels that represent different conditions: very poor (0~20), poor (20~40), moderate (40~60), good (60~80), and high (80~100).





Results


Environmental Quality Index

The value of environmental quality index (Ienv) ranged from 60.70 to 94.80, with an average of 79.72, indicating good environmental quality, where the condition of 19 islands scored “high” and 23 islands scored “good”. Pertaining to the different factors, the value to intertidal sediment quality was highest (87.95 average) under the “high” condition, followed by seawater quality (78.73 average) under the “good” condition, while organism quality was the lowest (66.25 average) under the “good” condition.

For seawater quality, the overall condition of the selected islands was good, where most environmental parameters met the class II national sea water quality standard of China (GB3097-1997), except for DIN and PO4-P, which were also the primary pollution parameters within China’s nearshore waterbodies. In approximately 47.6% of the selected islands, DIN exceeded the class II national sea water quality standard of China (0.3mg/L), where Zini Island, Chongming Island, and Dajinshan Island had particularly high DIN content (>1.0mg/L). In approximately 38.1% of the selected islands, PO4-P exceeded the class II national sea water quality standard of China (0.03mg/L), where Baishishan Island and Dachangshan Island had particularly high PO4-P content (>0.05mg/L).

For intertidal sediment quality, sulfide, organic carbon, and heavy metal content was low in most of the selected islands, where approximately 82% of the selected islands met the class I marine sediment quality standard of China (GB18668-2002). The quality of intertidal shellfish was comparatively lower, where all parameters in greater than 50% of islands exceeded the class I organism marine biological quality standard threshold of China (GB18421-2001).

Furthermore, certain parameters [i.e., petroleum, lead (Pb), zinc (Zn)] had high pollution content, whether for seawater, intertidal sediment, or organisms. Spatially, the environmental quality value was highest in tropical islands, followed by temperate and subtropical islands (Table 4). However, significant variation was observed among the different sub-regions in the subtropical zone, where the value of the central subtropical zone was highest overall, particularly regarding its high intertidal sediment quality score. The northern subtropical zone had the lowest overall score, which was mainly due to its comparatively lower intertidal organism quality value.


Table 4 | Environmental quality assessment scores.





Biological Structure Index

The biological structure index Ibio values varied significantly from 43.50 to 89.40, with an average of 66.10 under the “good” condition, where the condition of 4, 28, and 10 islands scored “high,” “good,” and “moderate,” respectively. Values also varied significantly among the different factors, where values of invasive species were highest overall, with an average value of 96.76 under the “high” condition, followed by indicator species with an average value of 74.88 and island terrestrial biological structure with an average value of 64.32 under the “good” condition. Lower values were observed in subtidal biological structure values (58.08 average) and intertidal biological structure (53.83 average) under the “moderate” condition.

Results showed that the biological condition of marine aquatic island sub-ecosystems (i.e., intertidal and subtidal) was lower than that of island terrestrial sub-ecosystems. Island vegetation coverage varied significantly (from 0 to 100%, 62.64% average), where Snake Island, Dajinshan Island, and Neilingding Island had a vegetation coverage of 100%, all being protected areas, while Wuzhishan Island and Zini Island had a vegetation coverage of 0%. Biological invasion was uncommon across all selected islands. Mikania micrantha was the most prominent invasive species found on a limited number of islands, particularly Neilingding Island. For subtidal biological structure, biological conditions differed among biological communities, where higher values were observed in zooplankton diversity (69.20 average) and nekton diversity (62.73 average) under the “good” condition, followed by phytoplankton diversity (58.64 average), chlorophyll-a (55.75 average), and macrobenthos diversity (50.21 average) under the “moderate” condition.

Spatially, the biological condition of temperate islands was the highest overall, followed by subtropical and tropical islands (Table 5). The low value of tropical islands was the result of a significant reduction in the abundance of important and/or endangered species, particularly in Dong Island and Ximaozhou Island.


Table 5 | Biological structure assessment scores.





Landscape Pattern Index

The value of landscape pattern index Iland varied significantly from 6 to 100 (72.36 average) where the value of approximately 47.62% of the selected islands were under the “good” condition, indicating that most islands retained relatively high natural landscape coverage. The condition of two islands scored “very poor” while three islands scored “poor,” which were mostly in inhabited islands that surrounded megacities, such as Xinglongsha Island and Chongming Island in Shanghai, indicating that the advantageous geographic location of islands near to large cities often resulted in a reduction in their natural landscapes.

The landscape pattern condition varied spatially, where tropical islands had the highest Iland values (91.36 average), followed by subtropical islands (69.69 average) and temperate islands (66.75 average) (Table 6). Significant variation was observed among the different subtropical sub-regions, where the highest values were in the central subtropical region (86.02 average), followed by the southern subtropical region (64.65 average) and the northern subtropical region (58.40 average).


Table 6 | Landscape pattern assessment scores.





Composite Index of Island Ecosystem Conditions

The value of the comprehensive index of the island ecosystem condition (CIisland) for all selected islands varied significantly from 52.33 to 89.53 (71.72 average) under the “good” condition (Table 7). Specifically, 12 islands were under the “high” condition, 23 islands were under the “good” condition, and seven islands were under the “moderate” condition.


Table 7 | Integrated assessment scores of island conditions.



For both indicators and climatic zones, conditions varied slightly (Table 8 and Figures 3, 4). Environmental quality index (Ienv) values were highest (79.72 average), where all selected islands were under the “good” or “high” condition. Moreover, a comparatively large number of islands were under the “high” condition in the temperate and tropical zones. Although the landscape pattern index Iland ranked second (72.36 average), its range was significant. Even though all tropical and central subtropical islands were under the “high” condition, a certain proportion of islands in other climatic zones were degraded with respect to landscape pattern. Biological structure index (Ibio) values were lowest (66.10 average), where a high proportion of islands were under the “high” or “good” condition. Tropical island conditions were best overall, followed by temperate and the subtropical islands. Additionally, this also showed that except for “poor” or “very poor” conditions observed in the landscape pattern index (Iland) for a limited number of islands, the other sub-goals were comparatively better.


Table 8 | Pearson correlation coefficients between island condition indices and geographical-social-economic parameters.






Figure 3 | Integrated assessment results of island ecosystem (a:Ienv, b:Ibio, c:Iland, d:CIland).






Figure 4 | Integrated assessment results of island ecosystem.






Discussion


Overall Condition and Primary Challenges of Chinese Island Ecosystems

Our results showed that approximately 85.4% of the islands investigated were under the “high” and/or “good” condition, indicating that the overall condition of all selected islands was good. Spatially, the condition of subtropical islands was the lowest overall (Figure 5). Therefore, some challenges remain with respect to certain island ecosystem components for some islands.




Figure 5 | The overall condition of island ecosystem in China mainland.



For environmental quality, the main threats were nutrient pollution in seawater and petroleum and marine organism (shellfish) metal contamination. Regarding the different climate regions, the seawater quality condition of subtropical islands was the lowest overall, particularly those in the northern region, being one of China’s most densely developed areas (i.e., Yangtze River Delta economic region). Moreover, the seawater quality of coastal island systems was generally lower than that of offshore island systems. Marine organism contamination was severe, particularly regarding petroleum-based and Zn and Pb pollution. This indicates that more effort should be paid to reducing and controlling nutrient, petroleum, and heavy metal pollution to improve conditions of island environmental quality.

For biological structure, the degradation range of most islands varied in biological community structure, covering terrestrial, intertidal, and subtidal sub-ecosystems. It is important to note that biological structure conditions were largely dependent on both natural baselines and levels of anthropogenic disturbance. Under a natural context, biological community baselines differed significantly with respect to island climate conditions, area, substratum lithology, etc. For example, a general trend was observed in subtidal macrobenthos species richness in a northward to southward direction (Supplementary Table 2), and similar trends were observed for intertidal macrobenthos as well as subtidal phytoplankton, zooplankton, and nekton species richness. However, no spatial trend was observed in the abundance and density of these communities. Analogously, island vegetation coverage was selected as the single indicator of terrestrial biological structure respective to data availability. This study found that: i) island vegetation coverage was higher in tropical and temperate islands and comparatively higher in subtropical islands; ii) higher vegetation coverage was observed in islands covered in bedrock, while comparatively lower in islands comprised of sediment and corals; iii) uninhabited islands had higher overall vegetation coverage than inhabited islands, which was particularly the case for islands with lower vegetation cover which were developed for agriculture and industry usage. The primary threat to island vegetation coverage was from intensive urban and industrial development, which was common in most inhabited islands, resulting in island vegetation destruction. It is therefore recommended that in situ conservation efforts should be strengthened to protect endemic and endangered island species from eradication resulting from invasive species and anthropogenic development.

Landscape patterns were directly indicative of the degree of destruction of natural landscapes, and low vegetation coverage of natural landscapes was typically observed in highly developed islands, such as Nanchangshan Island, Chongming Island, Xiamen Island, and Zini Island. Thus, more effort should be prioritized to ecological restoration to restore the natural habitats and landscapes of these island ecosystems.



Differences Among Different Island Types

Conditions varied across different island ecosystems. Regarding climate, the overall condition of subtropical islands was lower than temperate and tropical islands, indicating that rapid and intensive coastal economic development in subtropical zones affected island ecosystem conditions. Regarding island substratum lithologies, continental island conditions were significantly better than alluvial islands, whether being environmental quality, biological structure, or landscape patterns. Conditions of small-sized islands (with an island area <5 km2) were better than larger islands (with an island area >5 km2), which was particularly the case regarding environmental quality and landscape pattern. Conditions of uninhabited islands were better than inhabited islands, being associated with island area, given that large islands are typically inhabited.



Key Factors Contributing to Ecosystem Conditions

Islands are often geographically remote, connected directly and/or indirectly to the mainland, relatively small, and vary in geological, ecological, economic, human, cultural, and topographical settings. It needs emphasized that islands are complicated ecological-social-economical systems, and island condition is influenced by both natural and anthropogenic factors. Our study indicated that area, population, GDP, and distance to the mainland were significantly correlated to Ibio, Iland, and CIisland (Table 8). Results also indicated that anthropogenic development impacts were manifest. Ibio was negatively correlated to population density, GDP, and GDP density. This indicated that along with anthropogenic impacts, the impact of natural factors was associated with distance to the mainland, reflective of a negative correlation. This is because certain offshore islands are covered by rocks instead of vegetation, such as Wuzhishan Island. Iland negatively correlated to area size, population, population density, and distance to the mainland, indicating that larger island areas, populations, and closer proximity to the mainland are associated with intensive development, resulting in the destruction of natural landscapes. However, results also showed that parameters were not significantly related to; Ienv thus, it was assumed that large-scale islands were mostly influenced by environmental quality. For example, the “very poor” environment quality of both Chongming Island and Dajinshan Island was largely dependent on the Yangtze Estuary, the region in which China’s most severe water-based nutrient pollution occurs.



Limitations and Challenges

This study aimed to develop an applicable framework to comprehensively assess island ecosystems at a national scale, which was largely dependent on data availability. Since the 908 Project has mostly focused on marine aquatic ecosystems, only limited data are available on terrestrial island area. On this account, due to the limited number of terrestrial indicators used in this study, results can be considered slightly biased, particularly concerning environmental quality. This study also highlighted the importance of island soil and freshwater quality. Accordingly, results from this study showed that terrestrial island monitoring should be strengthened respective to national scale monitoring and investigations, particularly regarding island soil and freshwater environments as well as island-specific animal and endemic species. With the rapid development of remote sensing and big data processing technology, there is great potential for the large-scale assessment of island ecosystems in a comprehensive way, particularly along with the impact of climate change and land-use modification, the status of land-sea ecological connectivity and integrity.




Conclusions

Although China has many island systems, knowledge related to their overall ecological condition is limited on a national scale. Accordingly, this study developed a national scale quantitative assessment framework for island ecosystem conditions, including environmental quality, biological structure, and landscape patterns. Results from the 42 typical, representative island ecosystems indicated that the overall condition of Chinese islands was good, where the condition of approximately 85.4% of all selected islands scored either “high” or “good”. The primary challenges mainly included nutrient pollution in seawater environments, petroleum and metal contamination in marine organisms, and vegetation destruction and a reduction in marine biodiversity in intertidal and subtidal zones. Island ecosystem conditions are influenced by both natural and anthropogenic factors, while area size, population, GDP, and distance to the mainland significantly correlated to Ibio, Iland, and CIisland. This proposed framework provides a practical tool to use for island ecosystem condition assessments, which can be widely applied at different scales. However, certain factors require further investigation, such as island soil and freshwater environments as well as animal and endemic species. Additionally, the monitoring of these parameters should be strengthened in future investigations at a national scale. Our study can enrich and extend the methodologies used in island assessments, while offering an effective and versatile tool for which to better instruct island sustainable management practices.
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Denitrification is an important pathway for nitrogen sink and N2O emissions, but little is known about the ecological distribution of key functional genes of denitrification and their potential N2O emissions in marine sediments. In this study, we analyzed the abundance, ecological distribution, and diversity of key functional genes (nir and nosZ) for denitrification in the northern South China Sea (SCS) surface sediments. Our results showed that the gene abundances varied from 105 to 108 and from 106 to 107 copies·g-1 for the nirS and nirK, respectively. The nosZ II/nosZ I gene abundance ratios were 1.28–9.88 in shallow-sea and deep-sea sediments, suggesting that the nosZ II gene should play a dominant role in N2O reduction in the northern SCS sediments. Moreover, the significantly higher abundance ratios of nir/nosZ in deep-sea surface sediments implied that there might be stronger N2O emissions potential in deep-sea sediments than in shallow-sea sediments. The ecological distribution profiles of the nirS, nosZ I, and nosZ II gene communities varied with water depth, and denitrification genes in shallow-sea and deep-sea sediments differed in their sensitivity to environmental factors. Water temperature was the major factor affecting both the abundance and the community distribution of the nirS gene in deep-sea sediments. Nitrate was the major factor shaping the community of nosZ I and nosZ II genes in shallow-sea sediments. Our study provides a pattern of ecological distribution and diversity for the nir and nosZ genes and emphasizes the role of these key functional genes in potential N2O emissions of the northern SCS surface sediments.
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Introduction

Nitrogen is essential for all creatures and is a major nutrient supporting marine primary production (Wang et al., 2019a). With the rapid development of industry, increased amounts of reactive nitrogen generated by anthropic activities have flooded into estuaries, coastal bays, and oceans (Seitzinger et al., 2010). Fortunately, 40–50% of the external sources of dissolved inorganic nitrogen (DIN) input can be removed by denitrification and released into the ambient environment as N2 to maintain the nitrogen cycle balance in marine sediments (Ward, 2013). Meanwhile, N2O, a powerful and long-lived greenhouse gas with 300 times higher global warming potential than CO2, may also form during denitrification (Makowski, 2019).

The denitrification process includes four stepwise reduction steps:   reduction,   reduction, NO reduction, and N2O reduction (Knowles, 1982). Among them,   reduction and N2O reduction are two key steps. Two enzymes with different structures but similar functions catalyze   reduction; the nirS gene encodes the copper-containing   reductases and the nirK gene encodes the cytochrome cd1-containing   reductases (Zumft, 1997). In most cases, the nirS gene or nirK gene occurs in bacteria as a single copy (Jones et al., 2008; Graf et al., 2014); the two genes cannot co-exist in microorganisms (Coyne et al., 1989). However, many research on   reductase has only focused on the nirS gene (Smith et al., 2007; Christopher et al., 2013). The nirK gene was detected in only 30% of denitrifying microorganisms but with a broader range of taxa (Coyne et al., 1989). The norB gene encodes the NO reductase (responsible for the reduction of NO to N2O), but as compared with the nirS or nirK genes, research on the potential of the norB gene as a molecular marker started relatively late (Guo et al., 2011). N2O reductase (Nos), which catalyzes N2O reduction, is encoded by the nosZ gene. The nosZ gene generally occurs as a single copy, except in Pseudomonas raps and Thiomonas denitrificans with the form of a double copy (Sanford et al., 2012). A significant deviation between the predicted N2O emissions based on the gene abundance and expression of the nosZ and the actual N2O emissions detected (Henderson et al., 2010; Morales et al., 2010), indicating that a class of previously undiscovered functional N2O reductase genes might exist. Sanford et al. (2012) compared the amino acid sequences of nosZ genes in public databases and found that, in addition to the known typical nosZ I gene, there was also an emerging atypical nosZ II gene. Emerging studies about nosZ II have focused on the soil as a significant source of N2O, such as arable soil (Graf et al., 2016), grassland soil (Di et al., 2014), and salt marsh ecosystems (Dini-Andreote et al., 2016). The nosZ II gene has been found to have a particularly significant effect on N2O reduction in soils (Hallin et al., 2018). However, there is little research on the nosZ II gene in oceans whose surfaces cover over 70% of the Earth. The abundance and community diversity of the nosZ II gene and its relative importance on N2O reduction in oceans are poorly understood, as well as how these four genes (nirS, nirK, nosZ I, and nosZ II) collectively affect N2O emissions by denitrification in oceans.

The SCS is a largest marginal sea in China and an ideal region for research on the nitrogen cycle (Su, 2004; Yang et al., 2021). The SCS was reported to be a contributor of atmospheric N2O, with about 132% N2O saturation in its waters (Tseng et al., 2016; Ren et al., 2017). The atmospheric contribution of N2O from the SCS has been estimated to be 0.15-0.24 Tg·a-1, which was much larger than that of the open ocean (Zheng et al., 2009; Ren et al., 2017). Moreover, the N2O concentration in coastal waters of northern SCS increased gradually from the surface to the bottom (Xu et al., 2006; Han et al., 2013), suggesting that a source of N2O might exist in deep waters or sediments. The present research on N2O in the SCS mainly focuses on the distribution of N2O in waters and its correlation with apparent oxygen utilization (AOU) (Xu et al., 2006; Zheng et al., 2009; Han et al., 2013; Tseng et al., 2016; Ren et al., 2017). As a hot spot for denitrification, sediment is generally overlooked for N2O emissions in the SCS. The balance between nir (nirS and nirK) and nosZ (nosZ I and nosZ II) genes should determine N2O emissions to some extent (Domeignoz-Horta et al., 2015). Combining the abundances and communities of denitrification-related functional genes will provide valuable information to explain potential N2O emissions driven by the denitrification process.

In this study, we analyzed the distribution and relative importance of key functional genes (nir and nosZ) in N2O emissions during denitrification by using qPCR and high-throughput sequencing analysis. We aimed to provide valuable insight into the implications of key functional genes on N2O emissions by denitrification in marine sediments.



Materials and Methods


Sample Collection and Environmental Parameters Measurement

The South China Sea (SCS) lies in the Northwest Pacific Ocean, expanding from the equator to latitude 23°N and from 99°E to 121°E (Su, 2005). It covers an area of about 3.50 × 106 km2, combined with an average water depth of 1000 m (Chen et al., 2001). A total of 17 surface sediments (0–5 cm) were obtained during 3 cruises of R/V Shiyan 3 (in May 2014, October 2015, and October 2016). The sampling map is shown in Figure 1. Site description, sampling details, and methods of analysis are provided by Wu et al. (2019). Water depth and water temperature was continuously recorded, and the salinity and DIN (including  ,  , and  ) of porewater was examined as described by Wu et al. (2016) and Guan et al. (2017).




Figure 1 | The map of sampling sites. The dots denoted sampling stations (green dots represent shallow-sea stations and purple dots represent deep-sea stations), and the scale bar denoted water depth.





DNA Extraction and PCR Amplification

Details of DNA extraction and quality determination processes were described by Wu et al. (2019). The primer pairs cd3aF/R3cd (Throback et al., 2004; Yergeau et al., 2007), nosZ 2F/nosZ 2R (Henry et al., 2006), nosZ IIF/nosZ IIR (Jones et al., 2013) were used to amplify the genes of the nirS, nosZ I, and nosZ II, and the products’ lengths were 426, 267, 749 bp, respectively. Detailed protocols about PCR amplification are listed in Supplementary Table 1. PCR products recovered from gel electrophoresis were purified with an agarose gel DNA extraction kit (TaKaRa Bio, Japan).



High-Throughput Sequencing Analysis

The purified products were sequenced on an Illumina HiSeq platform (Genewiz Corporation, Suzhou, China) and then analyzed using Mothur (version 1.39.5), according to high-throughput sequencing standard procedures reported by Schloss et al. (2009). The nosZ I and nosZ II gene sequences were downloaded in Fungene (http://fungene.cme.msu.edu/) as reference sequences, and the reference sequences of nirS gene were derived from Fungene and NCBI (https://www.ncbi.nlm.nih.gov/) as described by Liu et al. (2020).

Briefly, valid raw data were derived after the removal of corresponding primers. The trimmed sequences were generated after the processes of binning, denoising, and trimming, and then they were aligned with prepared reference databases. To ensure the quality of the sequences, screen.seqs and chimera.uchime commands were employed to filter out poor-quality reads and to remove chimeric sequences. Finally, the classifying.seqs command was employed and the level of confidence was set at 85% for the nirS and nosZ genes (Wu et al., 2021a). A 97% sequence identity was used to define the representative sequence of each operational taxon unit (OTU) for these genes for further analysis (Wu et al., 2021a; Wu et al., 2021b). Rarefaction curves, Shannon curves, ranking abundance, and the alpha-diversity index were analyzed by Mothur based on observed OTUs (Schloss et al., 2009) and visualized by Origin 2019b. Origin 2019b was employed to describe the composition of microbial community. The neighbor-joining phylogenetic tree was constructed and visualized using MEGA7.0 (https://www.megasoftware.net/) and EvolView (He et al., 2016). A heat map was plotted by Microsoft Excel (Microsoft Excel 2016).



qPCR Analysis of Key Functional Genes for Denitrification

The abundances of nir and nosZ genes were detected using a LightCycler ® R480 II Real-Time PCR (Roche, Switzerland), and the primers and detailed protocols are listed in Supplementary Table 1. In addition to the primer pairs mentioned above, the nirK gene was amplified and quantified by primer sets F1aCu/R3Cu (Hallin and Lindgern, 1999). Each sample was quantified in triplicate, and negative controls were performed simultaneously. A standard curve was constructed with a plasmid DNA of the target gene with known concentration and copy number. The specificity of PCR products was examined by both the melting curve and gel electrophoresis. High amplification efficiencies (90–110%) and correlation coefficients (R2 > 0.97) were shown for the qPCR results.



Statistical Analysis

The map of the sampling area was drawn using Ocean Data View (http://odv.awi.de). Both the bacterial communities and their correlations with environmental variables were explored by canonical correspondence analysis (CCA), redundancy analysis (RDA) and principal coordinates analysis (PCoA) with Canoco 5 (ter Braak and Šmilauer, 2012). The Pearson correlation analysis of abundance and diversity with environmental variables was constructed and visualized using IBM SPSS statistics 19 and Microsoft Excel (Microsoft Excel 2016). Non-parametric test statistics (Mann-Whitney test) was used to examine the differences of gene abundance ratios in shallow-sea and deep-sea sediments as the data did not conform to a normal distribution.



Nucleotide Sequence Accession Numbers

Raw gene sequences of nirS, nosZ I, and nosZ II were deposited in NCBI under the submission numbers PRJNA792035, PRJNA792063, and PRJNA792068, respectively.




Results


Environmental Characteristics of Surface Sediments

The environmental characteristics of surface sediments were described in (Wu et al., 2019). The water depth at the sediments can reach 2,980 m, with water temperatures varying from 1.58 to 25.36°C (Supplementary Figure 1). Moreover, the water temperature showed a general drop with water depth (Supplementary Table 2), and the average water temperature at depths over 2000 m water was as low as 1.72 ± 0.12°C. Little change was observed in the salinity and pH of porewater, with an average of 35.55 ± 1.65 and 8.31 ± 0.23, respectively. DIN concentrations varied at sampling sites, and mainly existed in the form of  , with   concentration ranging from 1.8 to 46.43 μM. The concentration of   remained at a low level (<1.11 μM) in most samples. The   concentration of the W31 sample was as high as 10.61 μM but consistently low (<1.11 μM) in other samples. In addition, DIN concentrations were positively correlated with the   concentrations (r = 0.983 and p < 0.01) (Supplementary Table 2).



Abundance and Ratios of Key Functional Genes and Their Relationships With Environmental Factors

The nir and nosZ genes were all detected in sediments (Figure 2 and Supplementary Table 3). An obvious variation was observed in the gene abundance of the nirS, ranging from (6.04 ± 2.78) × 105 to (1.52 ± 0.05) × 108 copies·g-1; maximum and minimum values of nirS gene abundance were reached in the W20 and K554 samples, respectively. The nirS gene abundance inversely correlated with water depth (r = -0.486 and p < 0.05) and correlated favorably with water temperature (r = 0.488 and p < 0.05) (Supplementary Table 2). Moreover, the nirS gene abundance showed a favorable correlation with the nosZ I gene (r = 0.768 and p < 0.01) and the nosZ II gene (r = 0.933 and p < 0.01) (Supplementary Table 2). The nirK gene abundance fluctuated between (1.23 ± 0.22) × 106 and (6.25 ± 1.60) × 107 copies·g-1, and it was strongly correlated with the concentration of   (r = 0.752 and p < 0.01) (Supplementary Table 2). The nirK/nirS ratios were <1 in shallow-sea surface sediments (except for the W31 and W14 samples) and >1 in deep-sea surface sediments (Figure 2B and Supplementary Table 3).




Figure 2 | Abundances and ratios of key functional genes for denitrification in surface sediments of SCS. The gene abundances include the nir (nirS and nirK) and nosZ (nosZ I and nosZ II) genes (A), gene ratios include the nirK/nirS gene abundance ratios (B), the nosZ II/nosZ I gene abundance ratios (C) and the nir/nosZ gene abundance ratios (D). The asterisks denoted statistically differences by Mann-Whitney test, two asterisks (**) denotes p < 0.01 and one asterisk (*) denotes p < 0.05.



The gene abundances of the nosZ I and nosZ II varied from (5.51 ± 0.39) × 105 to (7.18 ± 0.09) × 107 copies·g-1 and from (3.60 ± 0.17) × 106 to (2.92 ± 0.41) × 108 copies·g-1, respectively (Figure 2A and Supplementary Table 2). The nosZ I gene abundance positively correlated with water temperature (r = 0.520 and p < 0.05) (Supplementary Table 2). Furthermore, the gene abundance of the nosZ II was found to be higher than the nosZ I, with the nosZ II/nosZ I ratio >1 in each sample (Figure 2C). Gene abundances of the nir was calculated as the total gene abundances of the nirS and nirK, and gene abundances of the nosZ as the total gene abundances of the nosZ I and nosZ II. The gene abundances of the nir and nosZ varied from 106 to 108 copies·g-1. The nir/nosZ gene abundance ratios were >1 in deep-sea surface sediments (except for the K528 sample) and <1 in most shallow-sea surface sediments (Figure 2D). Besides, there were significant differences in nirK/nirS ratios (p < 0.01) and nir/nosZ ratios (p < 0.05) between shallow-sea and deep-sea sediments (Figures 2B, D).



Community Composition and Diversity of the nirS Gene

After executing a series of quality control procedures, an average of 8400 ± 380 high-quality reads of nirS gene sequences per sample were screened (Supplementary Table 4). Rarefaction curves (Supplementary Figure 2A), Shannon index (Supplementary Figure 2B), rank abundance (Supplementary Figure 2C) and high coverage (Supplementary Table 4) all suggested that the sequencing results provided adequate bioinformation to study the nirS gene community composition and diversity. Moreover, the community diversity of the nirS gene declined with increasing water depth (OTUs, r = -0.722 and p < 0.01; Ace, r = -0.753 and p < 0.01; Chao1, r = -0.760 and p < 0.01; Shannon, r = -0.535 and p < 0.05), decreasing water temperature (OTUs, r = 0.55 and p < 0.05; Ace r = 0.617 and p < 0.01; Chao1, r = 0.608 and p < 0.05), and decreasing salinity (Shannon, r = 0.496 and p < 0.05; Simpson, r = -0.505 and p < 0.05; Evenness, r = -0.250 and p < 0.05) (Supplementary Table 5).

The dominant OTUs (top 50 OTUs, covering 49.24% of the sequences after removing rare OTUs) of the nirS gene were phylogenetically associated with 10 different clusters (Figures 3A, B and Supplementary Figures 3 and 4). Moreover, only C6 belonged to Alpha-proteobacteria, whereas the other 9 clusters were affiliated to Gamma-proteobacteria (Figure 3B and Supplementary Figure 4). C6 contained only OTU45 and existed exclusively in the K530 sample, closely affiliated to Azospirillum (Figure 3B and Supplementary Figure 4). C1 (29.59% of the total sequences) and C5 (17.15% of the total sequences) showed some similarity with the uncultured bacteria in Changjiang Estuary and the East China Sea (Dang et al., 2008), San Francisco Bay (Lee and Francis, 2017), respectively. Moreover, C1 and C5 were more abundant in deep-sea surface sediments than those sampled in shallow-sea surface sediments (Figure 3A and Supplementary Figure 3). C2 (belonging to Chromohalobacter), C8 (belonging to Pseudomonas), and C9 (belonging to Thermomonas) were found almost exclusively in deep-sea surface sediments (Figures 3A, B). PCA revealed the nirS gene community in deep-sea surface sediments was separated from the shallow-sea surface sediments (accounted for 82.58% of the variance, Supplementary Figure 5). For shallow-sea surface sediments, the environmental variables detected in this study explained 47.49% of the total variance, and nitrate was the major factor shaping the spatial distribution of the nirS gene community (pseudo-F = 1.5 and p > 0.05) (Figure 3C). But for deep-sea surface sediments, the environmental variables detected in this study explained 65.66% of the total variance, and water temperature turned to be the major factor affecting the spatial distribution of the nirS gene community (pseudo-F = 2.1 and p < 0.01) (Figure 3D).




Figure 3 | Microbial characteristics of the nirS gene in surface sediments of the northern SCS. (A) The heat map of dominant OTUs for the nirS gene (Top 50 OTUs). (B) Neighbor-joining phylogenetic tree of dominant OTUs for the nirS gene (Top 50 OTUs) and the reference sequences from Genbank (bootstrap 1000). (C) The canonical correspondence analysis (CCA) for the nirS gene derived from shallow-sea surface sediments. (D) The canonical correspondence analysis (CCA) for the nirS gene derived from deep-sea surface sediments.





Community Composition and Diversity of the nosZ Gene

A sum of 0.17 million nosZ I raw sequences for 17 samples and 0.10 million nosZ II raw sequences for 10 samples were detected. Rarefaction curves (Supplementary Figures 6A, 7A), Shannon index (Supplementary Figures 6B, 7B), and rank abundance (Supplementary Figures 6C, 7C) suggested that the sequencing results were sufficient enough to reveal the diversities and community compositions of the nosZ gene. The basic alpha diversities of the nosZ gene are presented in Supplementary Tables 6, 7. Moreover, the coverage of the nosZ gene was above 0.99, indicating that the library OTUs of the nosZ gene had been adequately captured (Supplementary Tables 6, 7). The community diversity of the nosZ I gene was impacted by water depth (OUT, r = -0.605 and p < 0.05), followed by pH (Shannon, r = 0.499 and p < 0.05) (Supplementary Table 8). However, for the nosZ II gene, its diversity was only affected by water depth (Shannon, r = -0.755 and p < 0.05; Simpson, r = 0.694 and p < 0.05) (Supplementary Table 9).

The dominant OTUs of the nosZ I gene were divided into 12 clusters, all of which belonged to Proteobacteria (Figure 4B and Supplementary Figure 8). Extensive sequences of the 50 OTUs, including C1, C4, C6, and C8, matched with soil or sediment samples. Many cultured pure bacteria have also been detected, such as Aestuarium (C3), Azospirillum (C7), Ruegeria (C9), Polymorphum (C10), Rhodobaca (C11), and Pseudomonas (C12). Among the 12 clusters, only Pseudomonas (C12) belonged to the Gamma-proteobacteria, whereas the other 11 clusters belonged to Alpha-proteobacteria (Figure 4B and Supplementary Figure 8). Moreover, Pseudomonas (C12) was only observed in deep-sea surface sediments. Aestuarium (C3), uncultured pure bacteria (C6), and Ruegeria (C9) were detected to be more abundant in surface sediments of deep sea as compared with those in shallow sea. However, the nosZ I gene in shallow-sea surface sediments was richer in uncultured Proteobacteria (C5) and Azospirillum (C7) than those in deep-sea surface sediments (Figures 4A, B; Supplementary Figure 9).




Figure 4 | Microbial characteristics of the nosZ I gene in surface sediments of the northern SCS. (A) The heat map of dominant OTUs for the nosZ I gene (Top 50 OTUs). (B) Neighbor-joining phylogenetic tree of dominant OTUs (Top 50 OTUs) and the reference sequences from Genbank (bootstrap 1000). (C) The canonical correspondence analysis (CCA) for the nosZ I gene from shallow-sea surface sediments. (D) The canonical correspondence analysis (CCA) for the nosZ I gene from deep-sea surface sediments.



Dominant OTUs (top 50 OTUs) of nosZ II gene sequences were divided into 10 clusters, including Proteobacteria, Chloroflexi, and Bacteroidetes (Figures 5 A, B and Supplementary Figure 10). C1–C5, containing 69.50% of the total nosZ II gene sequences, belonged to Caldilinea aerophila. C6 (4.37% of the total sequence) was closely related to Magnetospirillum gryphiswaldense. C1, C2, C4, and C6 were richer in shallow-sea surface sediments than deep-sea surface sediments. On the contrary, C3 was only found in deep-sea surface sediments. C7 (9.75% of the total sequence), belonging to Lutibacter profundi, was more abundant in deep-sea surface sediments than shallow-sea surface sediments. C8 (Rhodothermaceae bacterium), C9 (Myxococcales bacterium), and C10 (uncultured bacterium in petrochemical soil and Fyrisan Fen) were just observed in some samples.




Figure 5 | Microbial characteristics of the nosZ II gene in surface sediments of the northern SCS. (A) The heat map of dominant OTUs (Top 50 OTUs). (B) Neighbor-joining phylogenetic tree of dominant OTUs (Top 50 OTUs) and the reference sequences from Genbank (bootstrap 1000). (C) The canonical correspondence analysis (CCA) for the nosZ II gene from shallow-sea surface sediments. (D) The redundancy analysis (RDA) for the nosZ II gene from deep-sea surface sediments.



PCoA discovered that the gene communities of the nosZ I and nosZ II in the deep-sea group were separated from the shallow-sea group (explained by 74.22% and 76.49% of the variance for nosZ I and nosZ II gene, respectively) (Supplementary Figures 12, 13). For shallow-sea surface sediments, nitrate was the major factor shaping the community of nosZ I gene (pseudo-F = 1.9 and p < 0.05) (Figure 4C) and nosZ II gene (pseudo-F = 1.5 and p < 0.05) (Figure 5C). And for deep-sea surface sediments, ammonium and water temperature became the most important factor affecting the community of nosZ I (pseudo-F = 2.6 and p > 0.05) (Figure 4D) and nosZ II gene (pseudo-F = 5.3 and p > 0.05), respectively (Figure 5D).




Discussion


Ecological Distribution and Diversity of the nir Gene

In this study, the gene abundances of the nirS and the nirK was focused on in the northern SCS surface sediments, with nirS gene abundance ranging from 105 to 108 copies·g-1 and nirK gene abundance ranging from 106 to 107 copies·g-1 (Figure 2 and Supplementary Table 3). The gene abundances of the nirS and nirK were similar to the values shown in Fitzroy Estuary (Abell et al., 2009) and Elkhorn Slough (Smith et al., 2014). The abundances of the nirK or nirS genes might have been higher than examined, owning to the primer coverage limitations, since the abundances of the nirK or nirS genes could not be detected with any single universal detection method (Helen et al., 2016). The abundances of nir gene indicate the potential of N2O production in surface sediments of the SCS, as it catalyzes   reduction to NO (an essential precursor of N2O). The nosZ gene co-occurred with the nirS gene (nosZ I, r = 0.768 and p < 0.01; nosZ II, r = 0.933 and p < 0.01) at a relatively higher rate than with the nirK gene (nosZ I, r = -0.007 and p > 0.05; nosZ II, r = -0.127 and > 0.05), indicating that the nirS gene might share a common regulatory mechanism that inhibits the loss of the nosZ gene (Supplementary Table 2). However, this mode of genomic linkage was not observed in the nirK gene (Supplementary Table 2). This result was in accordance with a finding that only 10-30% of nirK-harboring bacteria contained the nosZ gene (Clark et al., 2012). Meanwhile, there was also a positive correlation between the gene abundance of the nirK and N2O emissions (Clark et al., 2012). Additionally, Cuhel et al. (2010) observed a significant negative correlation between nirS gene abundance and the N2O/N2 ratio. These results suggested that the nirK gene was more prone to be incomplete denitrifiers, therefore, contributed more to N2O emissions. To some extent, the ratio of nirK/nirS can be seen as an indicator of the percentage of incomplete denitrification, i.e., potential N2O emissions. In this study, we found nirK/nirS >1 in deep-sea surface sediments and nirK/nirS <1 in shallow-sea surface sediments (except for the W31 and W14 samples) (Figure 2B; Supplementary Table 3). Moreover, the ratio of nirK/nirS was around 5.28 in most deep-sea surface sediments (Figure 2B and Supplementary Table 3). These results suggest that the nirK gene cannot be ignored during denitrification, especially in the northern SCS deep-sea surface sediments. More importantly, our study indicated that the northern SCS deep-sea surface sediments had a relatively higher but not strong potential N2O emissions as compared with the northern SCS shallow-water surface sediments (Figure 2 and Supplementary Table 3).

In addition, the abundance of the nirS gene decreased with increasing depth (r = -0.486 and p < 0.05) and decreasing water temperature (r = 0.488 and p < 0.05) (Supplementary Table 2). CCA also showed that water temperature was the major factor affecting the community of nirS gene in deep-sea sediments (Figure 3D). The results might indicate warm environment is more suitable for nirS gene to survive, which was consistent with a previous finding that warm incubation enhanced the growth of nirS-harboring bacteria (Warneke et al., 2011). The lower abundance of the nirS gene in deep-sea sediments also resulted in the significantly higher nirK/nirS ratios (Figure 2B). Some exclusive nirS genes were observed in deep-sea surface sediments, such as those in Chromohalobacter (C2) and Pseudomonas aeruginosa (C8), on average occupying 14.00 ± 9.86% and 17.06 ± 20.30% in the northern SCS deep-sea surface sediments, respectively (Figures 3A, B and Supplementary Figure 3). Similar to the anammox detected in the SCS, the community shift between shallow-sea and deep-sea sediments of the nirS gene might be an adaptation to the low-temperature environment in the deep sea (Oshiki et al., 2016; Wu et al., 2019). Research on surface sediments of San Francisco Bay showed that the environment with higher nitrate and lower water temperature might be more preferred for nirS and nirK genes, respectively (Lee and Francis, 2017). Our study observed that the nirS gene community diversity decreased with increasing salinity (Supplementary Table 5, Shannon, r = 0.496 and p < 0.05; Simpson, r = -0.505 and p < 0.05; Evenness, r = -0.250 and p < 0.05). In addition,   concentration was associated with the community composition of the nirK gene (Lee and Francis, 2017). In this study, a positive and stronger correlation between nirK gene abundance and   concentration was found (r = 0.752 and p < 0.01) (Supplementary Table S2). Further investigation is needed for a comprehensive understanding between complex environmental characteristics and bacterial community.



Ecological Distribution and Diversity of the nosZ Gene

There are biotic processes (denitrification, nitrification, and the reduction of dissimilatory nitrate to ammonium, i.e., DNRA) and an abiotic process (chemodenitrification) that can be the sources of N2O (Stremińska et al., 2012). However, the only known N2O sink is the N2O reduction to N2 by the N2O reductase encoded by the genes of nosZ I or nosZ II (Sanford et al., 2012; Jones et al., 2013). Although the nosZ II gene has been found to be a different type of N2O reductase gene (Sanford et al., 2012; Yoon et al., 2016), many research on the nosZ gene still ignored the differences between the two distinctive clades, especially in estuaries and oceans (Wang et al., 2019b; Aamer et al., 2020). In this study, the nosZ I and nosZ II genes were both widely distributed in the northern SCS surface sediments, with gene abundances ranging from 105 to 107 copies·g-1 and from 106 to 108 copies·g-1, respectively (Figure 2 and Supplementary Table 3). The gene abundances of the nosZ I were higher than the level reported at Gloucester Point (Wu et al., 2021a) but lower than that measured in the rhizosphere (Zhao et al., 2019). The gene abundances of the nosZ II were similar to the values detected at Gloucester Point (Wu et al., 2021b) and in the riparian zone (Zhao et al., 2018). The gene abundances of the nosZ I were correlated to the nirS gene (r = 0.768 and p < 0.01) rather than the nirK gene (r = -0.007 and p > 0.05), and the gene abundances of the nosZ II were closely associated with the nirS gene (r = 0.933 and p < 0.01) rather than the nirK gene (r = -0.127 and p > 0.05), indicating that the nosZ gene might be closely coupled to the nirS gene rather than the nirK gene during evolution. These results were also observed in Tibetan alpine meadows (Malviya et al., 2016; Samad et al., 2016) and were consistent with a former understanding that nirS-carrying bacteria were more potentially complete denitrifiers (Graf et al., 2014).

Although the higher gene abundances of the nosZ II over the nosZ I at 1.5–10 has been commonly reported in a variety of environments such as soil, sewage treatment plants, wetlands, and rice fields (Tsiknia et al., 2015; Graf et al., 2016), little research has been conducted on the nosZ II gene in marine ecosystems. At Gloucester Point, the gene abundance of the nosZ II was two orders of magnitude larger than the nosZ I based on PCR quantification (Wu et al., 2021a). Another two studies based on metagenomic analysis also supported the dominance of the nosZ II gene in the marine oxygen minimum zone (Bertagnolli et al., 2020) and in salt marshes (Graves et al., 2016). In this study, the nosZ II/nosZ I ratios in the SCS surface sediments were 1.28–9.88, showing that the nosZ II gene was dominant in both shallow- and deep-sea surface sediments (Figure 2C and Supplementary Table 3). The genome of microorganisms can contain different combinations of denitrification genes, and organisms solely equipped with the nosZ gene coding Nos are non-denitrifying N2O microorganisms (Roco et al., 2016; Lycus et al., 2017). Non-denitrifying N2O microorganisms are more likely to be true N2O sinks than denitrifying N2O microorganisms, as they only complete N2O reduction without contributing to N2O production (Hallin et al., 2018). Intergenomic comparisons have shown that 51% of microorganisms with the nosZ II gene, which lacked the nir gene, were non-denitrifying N2O reducers (Graf et al., 2014); only 17% of microorganisms with the nosZ I gene which lacked the nir gene were non-denitrifying N2O reducers (Graf et al., 2014). Pioneering research has also highlighted the role of the nosZ II gene instead of the nosZ I gene acting as an N2O sink in soil (Jones et al., 2014).

Coherent with past research (Jones et al., 2014; Wittorf et al., 2016), the community diversity of the nosZ II gene was higher than the nosZ I gene in the northern SCS surface sediments. At the phylum level, the nosZ II gene was detected in Proteobacteria, Chloroflexi, and Bacteroidetes (Figure 5B and Supplementary Figure 10), and the nosZ I gene was only found in Proteobacteria (Figure 4B and Supplementary Figure 8). A competitive advantage might be provided by higher community diversity of the nosZ II gene in adjusting to different ecology environments. This hypothesis was supported by the Pearson analysis, i.e., no environmental factors except depth were found to be correlated with the community diversity of the nosZ II gene (Shannon, r = -0.755 and p < 0.05; Simpson, r = 0.694 and p < 0.05; Evenness, r = -0.742 and p < 0.05) (Supplementary Table 9). For the nosZ II gene community, Alpha-proteobacteria were more abundant in shallow-sea surface sediments than deep-sea sediments, but the opposite was true for Bacteroides (Figure 5B and Supplementary Figure 11). The high abundance and community diversity of the nosZ II gene indicated that strong N2O reduction potential might exist in the northern SCS surface sediments. For shallow-sea sediments, nitrate was the major factor affecting the community of both nosZ I and nosZ II gene (Figures 4C and 5C), suggesting nitrate may be in short supply in shallow-sea sediments relative to the demand for denitrifying bacteria.



Implications of Key Functional Genes for Potential N2O Emissions by Denitrification

N2O can be produced through nitrification, denitrification, and DNRA; however, N2O exists as an intermediate product in denitrification and as an end product in nitrification and DNRA processes (Zumft, 1997; Sanford et al., 2012; Harris et al., 2021). These microbial processes involving N2O can happen simultaneously in the marine ecosystems, an N2O pool might be formed before it is reduced to N2 through denitrification. Under such a circumstance, denitrification plays an important role in the conversion of N2O (Wang et al., 2014; Zhao et al., 2021). Different abundances of denitrifying genes were associated with varying denitrification enzyme activities (Holtan-Hartwig et al., 2000; Rich et al., 2003) and indicated potential N2O production or consumption (Bergaust et al., 2010; Morales et al., 2010). The abundance analysis of denitrifying genes might offer a closer connection for potential N2O emissions (Cuhel et al., 2010). The nir and nosZ genes are vital denitrification genes and closely related to N2O emissions. The enzyme encoded by nir gene produce a precursor for N2O synthesis; the enzymes encoded by nosZ gene reduces N2O to N2 (Butterbach-Bahl et al., 2014). The gene abundance ratio of nir/nosZ can be regarded as an indicator of potential N2O emissions. Previous research has shown the balance between nir and nosZ genes can partially determine the level of N2O emissions in soils and lakes (Domeignoz-Horta et al., 2015; Saarenheimo et al., 2015). In this study, the nir/nosZ ratios were calculated in the northern SCS sediments. In the shallow-sea surface sediments, the nir/nosZ ratios ranged from 0.27 ± 0.03 to 5.72 ± 0.51, which was in accordance with the results found in rhizosphere soils (Zhao et al., 2019). Most of the nir/nosZ ratios in the shallow-sea surface sediments were < 1, implying that the N2O produced might be reduced in shallow-sea surface sediments. This implication was supported by the relatively low value of N2O concentration (around 12.5 nmol·L-1) in shallow-sea water (Tseng et al., 2016). However, in deep-sea surface sediments, the nir/nosZ ratios were > 1, with the highest value of 2.55 ± 0.33 (except for the K528 sample). These results suggested that potential N2O production was slightly higher than that of reduction during denitrification, thus, resulting in a small amount of N2O emissions. This implication was supported by a relatively higher value of N2O concentration (around 25 nmol·L-1) in deep-sea waters (Tseng et al., 2016). In this study, the nir/nosZ ratios suggested that deep-sea surface sediments might have stronger potential N2O emissions than shallow-sea sediments as the significantly higher nir/nosZ ratios in deep-sea sediments (Figure 2D). Another study also showed N2O concentrations in bottom waters were about 2.5 times than that of surface water in the northern SCS, indicating that N2O was abundantly accumulated in deep sea (Zheng et al., 2009; Ren et al., 2017). Although most research based on significant correlations among N2O, AOU, and   has provided circumstantial evidence that N2O was mainly derived from nitrification (Xu et al., 2006; Tseng et al., 2016; Ren et al., 2017). Marchant et al. (2016) reported N2O was mainly produced by denitrification in sediments of the Wadden Sea. Denitrification process cannot be excluded in an oxygen-depleted deep sea of the SCS (Xu et al., 2006; Zheng et al., 2009; Tseng et al., 2016; Ren et al., 2017). Denitrification is more likely to occur under low oxygen conditions, and N2O emissions can be accelerated due to the inhibitory effect of oxygen on the activity of Nos (Körner and Zumft, 1989; Codispoti, 2010). Tseng et al. (2016) reported N2O maxima peaked at depths where dissolve oxygen was minimal at SCS and the West Philippines Sea. Besides, mineralization of organic matter and the product of nitrate from nitrification in the upper water column may provide substrate for denitrification in deep-sea sediments (Gao et al., 2018), and sediments generally contain minerals which can preserve organic substrates (Kleber et al., 2021). Therefore, the substrate can support the abundance of nirK and nosZ genes in the deep-sea sediments. Additional direct evidence based on SP values measured for N2O has verified that both nitrification process and denitrification process can produce N2O in the SCS waters (Zhang et al., 2019). These results all confirmed our speculation based on nir/nosZ ratios. The gene analysis may provide new insight and act as an indicator of N2O emissions, especially when there are difficulties obtaining in situ N2O measurement.




Conclusion

In this study, we investigated the ecological distribution and diversity of key functional genes (nir and nosZ) for denitrification in the northern SCS shallow-sea and deep-sea surface sediments. The results showed that both nir (nirS and nirK) and nosZ (nosZ I and nosZ II) genes were widely distributed in the northern SCS surface sediments. Denitrification genes in shallow-sea and deep-sea sediments differed in their sensitivity to environmental factors. The community distribution and diversity of these genes were affected by water depth, nitrate and water temperature. Furthermore, the significantly higher abundance ratios of nir/nosZ in deep-sea as compared with shallow-sea sediments suggested that deep-sea sediments might have strong potential N2O emissions as compared with shallow-sea sediments. In summary, this study provides an ecological distribution pattern of functional genes of denitrification and the implication on N2O emissions by denitrification in marine sediments.
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Heavy metal pollution in the mariculture areas is of considerable attention due to its potential ecological effects and public concern for seafood safety. A better understanding of the current contamination status and historical trend of heavy metals in the ecosystems of mariculture areas has an important implication for the sustainable development of marine ecosystems and for public health concerns. To assess the impact of human activities on heavy metal pollution in the mariculture area, seven metals (Cu, Pb, Zn, Cd, Hg, As, and Cr) and the environmental parameters were seasonally investigated in the surface seawater and sediments in Qinzhou Bay, a typical mariculture bay in South China. Seasonal variations in the concentration of heavy metals were found in both seawater and sediment, which are mainly influenced by seasonal hydrological change, biological activity, and human influence. The concentration of heavy metals in the seawater was at a relatively higher level than that of other mariculture areas in China, while a lower level was found in the sediment. The concentration of Cu increased in both seawater and sediment for the past decades (by nearly 2 times), which is mainly influenced by the mariculture and shipping activities. The concentration of Hg decreased significantly in the seawater for the past 40 years (decreased by 13 times) due to the decrease in production and usage of Hg. However, the concentrations of Pb, Zn, and Cd in seawater showed an increasing trend in the mariculture bay, while the concentrations of Pb, Zn, As, and Cr decreased in the sediment over the past decades. The decrease in pH value (decreasing by 4.7% for the past 20 years) was responsible for the different trend of those metals between seawater and sediment because the decrease in pH could re-release metals from sediments into the water column. Hg and As are the main ecological risk factors in the mariculture bay. This study suggests that environmental changes, such as ocean acidification, affect the distribution of metals in seawater and sediments, which we should be more vigilant and concerned about under the global climate change.
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Introduction

Heavy metal pollution has become a global concern because of their high toxicity, persistence, and bioaccumulation (Duodu et al., 2016; Gong et al., 2018; Alengebawy et al., 2021). The coastal ecological environment is now facing a significant risk due to heavy metal pollution caused by intensive human activities (Wang et al., 2013; Lao et al., 2019; Adyasari et al., 2021; Li et al., 2022). Although many countries have made great efforts to reduce the anthropogenic discharges of heavy metals for the past decades, high levels of heavy metals can still be found in various environmental mediums around the world due to their persistence, particularly in the coastal areas (Chen et al., 2018; Wu et al., 2018; Cai et al., 2019; Kumar et al., 2019; Yan et al., 2022). Excessive amounts of heavy metals in the coastal environment would adversely affect the health of marine organisms and eventually threaten human life (Castro-González and Méndez-Armenta, 2008; Achary et al., 2017; Mishra et al., 2019; Liu et al., 2021).

Seafood from mariculture is an important animal protein source for humans and is a developing industry that greatly contributes to the national economy (Wang et al., 2016). With the global climate change and the continuous expansion of the mariculture scale, various environmental problems have also appeared in the mariculture areas, such as eutrophication (Baquiran and Conaco, 2018; Lao et al., 2021a), hypoxia, ocean acidification (Clements and Chopin, 2017; Ng and Chiu, 2020), and heavy metal pollution (Wang et al., 2016; Liu et al., 2020). Excessive heavy metals are discharged into the mariculture area, which strongly cause accumulation and biomagnification by aquaculture organisms along the water, sediment, and aquatic food (Islam and Tanaka, 2004; Jiang et al., 2018). Moreover, sediments are not only the sink for heavy metals in marine environments but also the source of heavy metals by the disturbance of bottom water and the changes in environmental conditions, such as pH (Ma et al., 2016) because the absorbed heavy metals can be released again with the decrease in pH value in the environment (Kashem and Singh, 2001). Under the stress of anthropogenic input and environmental change, the issue of heavy metal pollution in mariculture areas has become more and more serious. Thus, a better understanding of the current degree of contamination and historical trend of heavy metals in the ecosystems of mariculture areas has an important implication for the seafood industry, the sustainable development of marine ecosystems, and public health concerns.

Qinzhou Bay, located in the northern Beibu Gulf, South China Sea, is one of the most important mariculture grounds in the coast of the South China Sea. The bay is influenced by the discharge of several rivers and tidal influx from outer Beibu Gulf and constitutes a good estuary–bay multi-ecosystem with rich biological diversity (Xu et al., 2020 and Xu et al., 2021). However, with the rapid development of urbanization and industrialization around the coast regions in the Beibu Gulf, a large amount of terrestrial contaminant input resulted in the bay facing many environmental problems now (Gu et al., 2015; Lao et al., 2021a; Lao et al., 2021b and Li et al., 2018; Liu et al., 2020; Lao et al., 2021c). Rivers around the Qinzhou Bay discharged a large amount of terrestrial contaminants into the bay every year, and the contaminant input by the river has shown an increasing trend in the recent two decades (Lao et al., 2020). This resulted in the eutrophication increase over the past 40 years (increased by 18 times) (Lao et al., 2021a), and the pollution of heavy metals in Qinzhou Bay is more serious when compared with that of other bays in Beibu Gulf (Lao et al., 2019; Liu et al., 2020). In addition, a higher level of heavy metal pollution in seawater was found in the Maowei Sea (Upper Qinzhou Bay, Figure 1) among the four main mariculture areas in the Guangxi Beibu Gulf, and the level of some metals, such as Cu, was much higher than that found in the past 20 years (Liu et al., 2020). In sediments, high concentrations of Pb, Cr, and Cu were observed in Qinzhou Bay, which is not suitable for mariculture, endangered species reserves, and nature reserves (Gu et al., 2015). However, systematic studies on heavy metal pollution in seawater and sediments, including the estuary and the mariculture areas, have not been reported. The dynamic processes and the internal factors causing the changes of heavy metals between seawater and sediments in the bay are still unclear, which is significantly important for the sustainable development of the mariculture and seafood industry.




Figure 1 | Study area and the sampling stations in the estuarine and the adjacent sea in Qinzhou Bay. The red box in the left is the sampling area, the red dots in the right are the seawater sampling stations, and the blue crosses in the right are the sediment sampling stations. SM, summer monsoon; WM, winter monsoon.



In this study, the seasonal concentrations of metals and other physicochemical parameters in seawater and sediments of the Jingu River Estuary and the adjacent mariculture area in Qinzhou Bay were investigated and combined with the historical data to identify the occurrence, potential sources, historical trend and its influencing factors, and ecological risk of heavy metals in the mariculture bay.



Materials and Methods


Study Area and Sampling

Qinzhou Bay is s semi-enclosed bay in the northern Beibu Gulf, located at the northwest of South China Sea (Figure 1). The area of Qinzhou Bay is 908 km 2, and the water depth is mostly <10 m. The climate in the bay is controlled by the East Asian Monsoon, with the monthly air temperature ranging from 13.9 to 28.6°C (average of 22.5°C) (http://data.cma.cn/site/index.html). The annual rainfall is 2,174 mm, of which over 83% falls during the rainy season (from April to September), and the rainfall increased significantly from April [average of 113.8 mm in April, which is significantly higher than that from October to March (average of 54.8 mm)] and decreased significantly after October (http://data.cma.cn/site/index.html). Due to the unique ecological environment and mixture of freshwater and saltwater, Qinzhou Bay and the Maowei Sea in the north of the bay have been used for mariculture over 50 years, and these regions are the largest natural oyster seeding (~2,340 hm2) and mariculture bay in China (Yang et al., 2019; Xu et al., 2020). The bay represents a significant economic developing area, which has been greatly influenced by anthropogenic activities (Xu et al., 2021).

In this study, two cruises were conducted in the Jingu River Estuary and the adjacent mariculture area in Qinzhou Bay in winter (December 2019, dry season) and spring (the end of April 2020, early rainy season), respectively. A total of 20 seawater stations (20 seawater samples) and 11 sediment stations (11 seawater samples) were investigated during the dry season and early rainy season, respectively (Figure 1). In addition, the historical data of the surface water and sediment in 2010 and 2013 were collected in a similar station in Qinzhou Bay (data obtained from the Marine Environmental Monitoring Centre of Beihai, State Oceanic Administration). Surface seawaters (depth of 0.5 m) were collected using a rosette sampler fitted with a 5-L Niskin bottle and then transferred into acid-cleaned polypropylene bottles. The temperature, salinity, dissolved oxygen (DO), and pH were measured on-site. For the chlorophyll a (Chl a) sample, about 1,000 ml seawater was filtered using glass fiber filters (GF/F, 0.7μm, Whatman) and stored at -20°C until further analysis. The total suspended particulate matter (TSM) samples were filtered through pre-weighed GF/F. For the heavy metal analysis, the seawater samples were filtered through acid-cleaned cellulose acetate filters (0.45-μm pore size and 47-mm diameter, Whatman), and then the filtrate was placed into 250-ml acid-cleaned polyethylene bottles, and HNO3 was added to the filtrate to achieve a pH of approximately 2. Finally, the filtrate was stored at -20°C until further analysis. Surface sediment (0–5 cm) was collected using a grab sampler. The upper sediment samples (1 to 2 cm) were removed using an acid-washed plastic spoon to avoid any pollution from the metallic sampler, and the sediment sample was placed into a polyethylene bag and stored at -20°C until further analysis. Six metals (Cu, Pb, Zn, Cd, Hg, and As) and seven metals (Cu, Pb, Zn, Cd, Hg, As, and Cr) were measured in the seawater and sediment samples, respectively. The pretreatment and laboratory analyses for the heavy metal samples were conducted according to the method by Lao et al. (2019). The measurement of Cu, Pb, Zn, Cd, As, and Cr in the sediment samples were oven-dried at 105°C for ~72 h, and the sediment samples for Hg were dried naturally at room temperature (24°C). After drying, the sediment samples were ground with a pestle and agate mortar and then sieved through an 80-mesh sieve for Hg and a 160-mesh sieve for Cu, Pb, Zn, Cd, As, and Cr.



Chemical Analysis

Salinity was measured using a salinometer (SYA2-2, Beijing, China), and pH in the field was measured using a pH meter (PHS-3C, Shanghai, China). The DO samples were analyzed by the Winkler titration method with a precision of 0.07 mg L-1. The chemical oxygen demand samples were measured by the potassium permanganate oxidation method with a precision of 0.15 mg L-1. The Chl a samples were extracted using 90% acetone solution (v/v) and measured by a spectrophotometer (Turner Designs Fluorometer, Model 10AU, Shanghai, China). The total organic matter (TOC) in the sediment samples were freeze-dried for the analysis, and the level was determined using the potassium dichromate oxidation–ferrous titration method (GAQS-IQ, 2008). The detection limit of TOC was 0.01%. The sediment samples for the grain size were pretreated according to the Chinese National Standard (GB/T12763.8-2007), and the granulometry was determined by a laser diffractometer (Malvern Mastersizer 3000, UK).

The analysis of heavy metal in the seawater and sediment samples in this study was conducted according to Lao et al. (2019). The measurements of Cu, Pb, Zn, and Cd in seawater were used in anodic stripping voltammetry (797 VA Computrace, Wantong, Switzerland). The measurements of Hg and As were used in atomic fluorescence spectrometry (ASF-9530, Beijing Haiguang Instrument, China). The detection limits of Cu, Pb, Zn, Cd, Hg, and As in the seawater samples were 0.6, 0.1, 1.0, 0.01, 0.007, and 0.5 µg L-1, respectively. During the analysis of heavy metals in the sediment, 0.5 g of processed sediment samples was digested with a mixture containing HCl and HNO3 at 95°C for 1 h and then diluted to 50 ml with distilled water before the analysis. Cr, Pb, Zn, Cu, and Cd were measured by atomic absorption spectrometry (ZEENH700P, Jena, German). As and Hg were measured by atomic fluorescence spectrometry (ASF-9530, Beijing Haiguang Instrument, China). The detection limits of Cu, Pb, Zn, Cd, Cr, Hg, and As were 2.0, 1.0, 6.0, 0.04, 2.0, 0.002, and 0.06 µg g-1, respectively.



Quality Control and Quality Assurance

All glassware during the experimental procedure were soaked in nitric acid solution (HNO3, 1:3) for 7 days and then cleaned with ultra-pure water before use. To ensure high accuracy and precision, the number of duplicate samples, blanks, and certified reference material [GBW-07309 from the State Oceanographic Administration of China and GBW(E)-080040 from the Second Institute of Oceanography, Ministry of Natural Resources of China] accounted for 20% of samples in the batch digestion experiments. The results were all blank-corrected in this study. Duplicate samples were analyzed to check the reproducibility, and the relative difference was <5%. Spike recovery test was conducted to test the analytical procedures, and the recoveries in the standard were 99 ± 4% for Cu, 95 ± 5% for Pb, 102 ± 3% for Zn, 98 ± 3% for Cd, 95 ± 6% for Cr, 103 ± 6% for Hg, and 97 ± 3% for As.



Heavy Metal Pollution Assessment

The contaminant degree of heavy metals in seawater was assessed by the ecological risk index (ERI) (Hakanson, 1980). The equation is as follows:

 

where  ,  , Ci, and Co represent each heavy metal potential ERI, toxic response factor (TRF), heavy metal value in the seawater, and standard value. The Co in this study adopted the National Standard of China for Seawater Quality GB 3097-1997, grades I and II (Table 1). According to this method,   <40 and ERI <150 represent a low ecological risk, 40 <   <80 and 150 < ERI <300 represent a moderate ecological risk, 80 <   <160 and 300 < ERI <600 represent a high ecological risk, 160 <   <320 represent a very high ecological risk, and   ≥320 and ERI ≥600 represent an extremely high ecological risk. The TRF of Cu, Pb, Zn, Cd, Hg, and As are 5, 5, 1, 30, 40, and 10, respectively (Liu et al., 2020).


Table 1 | Summary of the average values of physico-chemical parameters in the seawater of different areas during spring and winter.



The contaminant degree of heavy metals in the sediment was assessed by the pollution load index (PLI), geoaccumulation index (Igeo), and enrichment factor (EF). The background values of Cu, Pb, Zn, Cd, Cr, Hg, and As in the sediment were from the Beibu Gulf, and the values were 15.8, 28.9, 75.8, 0.09, 35.0, 0.029, and 7.8 µg g-1, respectively (Lao et al., 2019).

The PLI, Igeo, and EF values were calculated according to Islam et al. (2015) and Lao et al. (2019). The PLI value was calculated as follows:

 

where CF denotes the ratio of heavy metal concentration and background value (CF = Cmeasured/Cbackground). A PLI value of 0 represents no contamination, a value of 1 represents the presence of only a baseline level of contamination, and >1 represents progressive deterioration. In addition, a CF value <1 represents a low degree, 1 ≤ CF ≤3 represents a moderate degree, 3 ≤ CF ≤6 represents a considerable degree, and CF ≥6 represents a very high degree (Lao et al., 2019).

The Igeo value was calculated as follows:

 

where Cn represents the measured value of each metal in the field, and Bn represents the background value of each metal. Igeo ≤0 represents being practically uncontaminated, 0 ≤ Igeo ≤1 represents low contamination, 1 ≤ Igeo ≤2 represents moderate contamination, 2 ≤ Igeo ≤3 represents moderate to heavy contamination, 3 ≤ Igeo ≤4 represents heavy contamination, 4 ≤ Igeo ≤5 represents heavy to extreme contamination, and Igeo ≥5 represents extreme contamination (Islam et al., 2015; Lao et al., 2019).




Results


Environment Background Properties in the Seawater and Sediment

The variations of the physico-chemical parameters in Qinzhou Bay are presented in Figure 2 and Table 1. The temperature in the mariculture area was higher than that in the estuary area during winter, but the opposite feature was found in spring (Figure 2A). Salinity exhibited an upward trend from the upper estuary to the mariculture area during both seasons, with higher salinity in the dry season (ranging from 27.59 to 30.75) and lower salinity in the early rainy season (ranging from 23.11 to 27.99) (Figure 2B). This suggested that the seawater intruded into the estuary with the decrease in runoff due to the low rainfall in the dry season. The pH and DO values were higher than those in the estuary area during both seasons (Figures 2C, D). The TSM concentration in spring was higher than that in winter, while there was a little difference between the values of the estuary and mariculture area during both seasons (Figure 2E). The Chl a levels were all higher in spring and lower in winter (Figure 2F). During spring, phytoplankton blooms occurred in the mariculture area (Figure 2F). There was a little difference in the pH values in the sediment between winter (average of 7.67) and spring (average of 7.67), but the value in the mariculture area was higher than that in the estuary area during both seasons. Notably, the pH values in Qinzhou Bay decreased during the rainy seasons for the past 20 years, decreasing by 4.7% (Figure 3). The TOC concentrations in the sediment during spring (average of 1.53 µg g-1) were higher than those in winter (average of 1.04 µg g-1). Figure 4 displays the composition of the grain size of the sediments. The composition of the grain size of the sediments is similar during both seasons, and silt- and sand-sized grains mainly exist in the two regions.




Figure 2 | Variations of the physico-chemical parameters in the seawater of the estuary and mariculture area in Qinzhou Bay during winter and spring.






Figure 3 | Variations of pH values during the rainy seasons for the past 20 years. Data obtained from the Marine Environmental Monitoring Centre of Beihai, State Oceanic Administration.






Figure 4 | Seasonal and spatial variations of grain size composition in the surface sediment of the estuary and mariculture area in Qinzhou Bay.





Heavy Metals in the Seawater

The concentrations of six metals in the surface seawater are presented in Figure 5 and Table 2. The average concentration of heavy metals followed a decreasing order of Zn > Cu > Pb > As > Cd > Hg during both seasons. Generally, the concentrations of Cu, Pb, Zn, Cd, and As in winter were higher than those in spring, while the concentration of Hg in spring was higher than that in winter (Figure 5 and Table 2). The concentration of Cu in the mariculture area was higher than that in the estuary, while Zn exhibited an opposite trend during both seasons (Table 2). The other metals showed a little difference between mariculture and estuary area. The concentrations of Cu, Zn, Cd, Hg, and As were within the range of grade I in seawater, and the concentration of Pb was within the range of grade II in seawater (Table 2). Compared with the other areas, the concentrations of heavy metals were generally lower than those in developed coastal areas, such as the Yellow River Estuary (Wang et al., 2018) and Guangdong coastal area (Zhang et al., 2015), while the level was higher than the other mariculture areas in China (Table 3)—for example, all metals except As are higher than those in Laoshan Bay (Wang et al., 2019); the concentrations of Pb, Zn, and Cd are higher than those in Zhanjiang Bay (Zhang et al., 2018) and Lianzhou Bay in northeastern Beibu Gulf (Liu et al., 2020) and Maowei Sea in the upper Qinzhou Bay (Liu et al., 2020); and all metals except Hg are higher than those in Pearl Bay in northwestern Beibu Gulf (Liu et al., 2020). Notably, despite the fluctuation, the concentrations of Cu, Pb, Zn, and Cd showed an increasing trend in the seawater, while the concentration of Hg decreased over the past 40 years (Table 3).




Figure 5 | Variations of heavy metals in the seawater of the estuary and mariculture area in Qinzhou Bay during winter and spring.




Table 2 | Summary of the average value of heavy metals in the seawater (μg L-1) and sediment (µg g-1) of different areas in Qinzhou Bay during spring and winter.




Table 3 | Comparison of heavy metal levels in seawater with those in other regions (μg L-1).





Heavy Metals in the Sediments

The concentrations of seven metals in the surface sediments are presented in Figure 6 and Table 2. The average concentrations of the seven metals revealed a decreasing order of Zn > Cr > Cu > Pb > As > Cd > Hg during the spring, while the concentrations showed a decreasing order of Zn > Pb > Cr > As > Cu > Cd > Hg during the winter (Table 2). The different orders suggested that different metal sources may occur in different seasons. The concentrations of Cu, Zn, As, and Cr in spring were higher than those in winter, while Pb and Hg exhibited higher concentrations in winter but lower concentrations in spring. The concentration of Cd in winter was similar to that in spring. Differently from those in the seawater, the concentrations of heavy metals in the sediment were more complicated between mariculture and the estuary area. The concentration of Cu in the estuary area was higher than that in the mariculture area, while the concentration of Zn showed an opposite trend during both seasons (Table 2). The concentration of Pb in spring were higher in the estuary area, while higher concentrations in winter were found in the mariculture area. Other metals showed a little difference between mariculture and the estuary areas during both seasons. Differently from those in the seawater, the concentrations of heavy metals in the sediment were generally lower than those in other similar coastal mariculture bays and other coastal regions in China (Table 4). The concentrations of all metals in the sediment were within the range of grade I (Table 4). In contrast to the tendency of heavy metals in seawater, except for the concentration of Cu which increased, the concentrations of Pb, Zn, As, and Cr generally decreased in the sediment for the past 20 years, and the concentration of Hg in the sediment has a little change for the past years (Table 4).




Figure 6 | Variations of heavy metals in the sediments of the estuary and mariculture area in Qinzhou Bay during winter and spring.




Table 4 | Comparison of heavy metal concentrations (μg g-1) in surface sediments with those in other regions.






Discussion


The Hydrodynamic and Biological Effects on the Distribution of Heavy Metals in Qinzhou Bay

In the marine environment, the distribution and transportation of heavy metals are greatly influenced by the physicochemical processes (Lao et al., 2019) and the external inputs of heavy metals, including anthropogenic and terrestrial sources, sediment release, biogenic processes, and hydrography (Lao et al., 2019). To better understand the control factors for the distribution of heavy metals in the estuary and adjacent mariculture area in Qinzhou Bay, the relationships between heavy metals and environmental parameters in both seawater and sediment were analyzed, and the results are presented in Tables 5, 6. Zn is not related to the physicochemical factors in the seawater. Hg is negatively correlated with salinity, suggesting that the metal is greatly influenced by the terrestrial input. In contrast, there is a significantly positive relationship between Cu, Pb, Cd, and As, and they showed positive correlations with salinity while showing negative correlations with Hg, suggesting that the level of these metals may be influenced by the intrusion of seawater. Previous studies have found that, under the influence of the circulation of Beibu Gulf, a high concentration of heavy metals in the other areas can be introduced into the coastal seawaters of Guangxi Beibu Gulf (Lao et al., 2019; Liu et al., 2020). Correspondingly, Cu, Pb, Cd, and As showed a significantly positive correlation with temperature, indicating that the intrusion of these metals into the coastal mariculture area mainly occurred in winter (dry season). During the dry season, the runoff around the coastal area decreased sharply (Lao et al., 2020; Lao et al., 2021b), and the seawater could intrude into the bay; thus, the salinity increased. In contrast, Hg showed a positive correlation with temperature, indicating that the increase of runoff in the rainy season (higher temperature) could introduce more land-based Hg into the bay. Hg showed a significantly negative correlation with pH. This suggested that, except for the terrestrial input, the Hg level in the estuary and the bay may also be influenced by the water environment. Pb and As showed a significantly negative correlation with TSM level, indicating that Pb and As may be absorbed into the particulate matter under the higher TSM level in the water. According to the partition coefficient (Kd) in the similar semi-enclosed bay in South China, a high ratio of particulate Pb to dissolved Pb was found (higher than other metals), indicating a stronger affinity between Pb and suspended particles (Zhang et al., 2018). A high partition coefficient of Pb was also found in Yangtze Estuary in East China (Feng et al., 2017). In addition, As would be more easily adsorbed onto TSM under the higher TSM level and salinity in the estuary areas (Feng et al., 2017). Although the salinity slightly decreased in spring, the salinity in the study area was still >23 during that season, which was favored by the metal adsorbed onto TSM (Wang and Liu, 2003). Thus, the lower level of Pb and As that was observed in spring may be influenced by the higher TSM level due to the increase of runoff in that season. In addition, Cu, Pb, Cd, and As showed positive correlations with DO, while Hg showed a negative correlation with DO. Pb showed a negative correlation with Chl a. These results suggest that these metals may present a close relationship with biological activities. The complexation prosperities of heavy metals with organic matter in the marine environment could result in the metal remaining in the water (Baeyens et al., 1998; Lao et al., 2019). In the sediment, Cu, Zn, and Cr showed significantly positive correlations with TOC, indicating that the TOC level greatly influenced their distribution and enrichment. There are significantly positive correlations between Cu, Pb, Cd, and Cr, indicating that there may be similar sources in the sediment. However, Hg showed a negative correlation with Cu, Cd, and TOC, suggesting that other factors influenced the distribution of Hg in the sediment.


Table 5 | Correlation analysis between heavy metal concentrations and the physicochemical parameters in surface water.




Table 6 | Correlation analysis between heavy metal concentrations and the environmental parameters in sediment.



To further evaluate the correlations and the possible origins of heavy metals in Qinzhou Bay, the principal component analysis (PCA) for heavy metals and the related environmental parameters in the seawater and sediment were analyzed in this study, and the results are presented in Figure 7. In the seawater, three principal components that accounted for 73.458% of the total data variance were identified. PC1 accounted for 47.696% of the variance, with high negative loadings for Hg and salinity and high positive loadings for Cu, Pb, and As. This further confirmed that those metals are influenced by their hydrological characteristics. Hg in the seawater may be influenced by the terrestrial inputs, and Cu, Pb, and As may be influenced by the intrusion of water with higher salinity from the outer bay. Pb is widely used as an antiknock agent in diesel fuel and anti-corrosive compound for shipping, Cu and As are constituents of some algaecides and fungicides, and the high concentrations of these two metals are usually found in mariculture areas (Wang et al., 2018). Thus, mariculture and shipping activities mainly contributed to PC1. PC2 accounted for 16.003%, with high negative loadings for Pb, pH, and Chl a. PC3 accounted for 9.759%, with high positive loadings for Zn, Cd, and Chl a. PC2 and PC3 indicated the influence of biological activities. The growth of phytoplankton would not only absorb some metals but also could induce the decomposition of organic matter that releases the metal into the water. The increase of phytoplankton (fresh and labile organic matter) tended to modify and, more generally, increase the decomposition rate of the more recalcitrant organic matter (Fontaine et al., 2003; Guenet et al., 2010). The increase in decomposition rate would result in more specific metals released into the water (Cotrufo et al., 1995; Luo et al., 2022). Thus, except from the influence of hydrological processes, biological activity is another important factor that influences the distribution of heavy metals in the seawater. In sediments, three principal components that account for 75.513% of the total variance were identified. PC1 accounted for 43.804% of the variance, with high positive loadings for Cu, Zn, Cr, and TOC and high negative loadings for Hg and TOC, further confirming that TOC was the main controlling factor for the distribution of these metals. PC2 accounted for 19.215% of the total variance, with high negative loadings for Cd and As, suggesting the different fate of these two metals in the sediment. Cd is widely used in chemical plants, and chemical material manufacturing discharges wastewater containing high Cd concentrations (Wang et al., 2018). Thus, Cd reflects the input of terrestrial and industrial sources, while As reflects mariculture activities. Generally, mariculture activity keeps away from urban and industrial wastewater outlets. PC3 accounted for 12.494%, with high negative loadings for Pb and pH, indicating that the sediment environment (acidity and alkalinity) was the main factor influencing the enrichment of Pb in the sediment.




Figure 7 | Results of principal component analysis of heavy metal concentrations and environmental parameters in the estuary and the adjacent mariculture in Qinzhou Bay.





Historical Trend and Its Influencing Factors of Heavy Metals in Qinzhou Bay

The concentration of Cu increased in both seawater and sediment of the mariculture area in Qinzhou Bay over the past years (Tables 3, 4). This is similar to the observation in Beibu Gulf (Lao et al., 2019; Liu et al., 2020). Cu is used as fertilizers and as additive in algaecides and agriculture fungicides (Burgos-Núñez et al., 2017; Wang et al., 2018; Naser, 2013). Previous studies suggested that the concentration of Cu showed a significantly increasing trend in both seawater and sediments of the whole Guangxi Beibu Gulf due to the influence of rapid industrial development and the enhancement and expansion of mariculture activities over the past years (Lao et al., 2019; Liu et al., 2020). In addition, due to the great toxicity and harm of Hg, the production of mercury began to decline as early as 1884, and the usage of Hg has also decreased significantly in the past years (Schuster et al., 2002; Pacyna et al., 2006). Thus, the decrease in production and usage of Hg may be responsible for the decrease in Hg concentration in the seawater over the past 40 years. Notably, the concentration of Hg showed a significantly negative correlation to pH, indicating that pH would directly affect the biosorption of metal ions (Atkinson et al., 2007; Ma et al., 2016; Lao et al., 2019).

However, different variation tendencies of some metals were observed in seawater and sediment according to the historical data. The concentrations of Pb, Zn, and Cd showed an increasing trend in the seawater of Qinzhou Bay for the past 40 years (Table 3), while the concentrations of Pb, Zn, As, and Cr in the sediment generally decreased for the past 20 years (Table 4). If the increase of terrestrial input and the enhancement of human activity intensity are the dominant factors that result in the increase of those metals in the mariculture area, the level of the metal in both seawater and sediment should be increased. In contrast, the level of some metals decreased in the sediment, indicating that other factors may control such an opposite trend between the seawater and the sediment. The change in the water environment in Qinzhou Bay may be an important factor causing the different change trends of heavy metals in seawater and sediments. For the past 20 years, the pH value of seawater in Qinzhou Bay has decreased significantly (Figure 3). In addition, the results of correlation and principal component analyses show that the pH value is the important parameter affecting the distribution of heavy metals in both seawater and sediment (Tables 5, 6 and Figure 7)—for example, high negative loadings for Pb and pH were found in both sediment and seawater (Figure 7), indicating that the increased Pb concentration in seawater and the decrease in the sediment may be greatly influenced by the decrease in pH over the past decades. The pH in the aquatic environment and sediment is very important for the mobility of heavy metals because metal availability is relatively low when the pH value is at a low level (Ma et al., 2016). The absorbed metals can be released into the water again with the change of pH (Kashem and Singh, 2001). The release of heavy metals is associated with a lower pH since the low pH can weaken the strength of heavy metal association and impede the retention of heavy metals by particulate matter and sediments, while the higher pH value promotes precipitation and adsorption (Ma et al., 2016; Zhang et al., 2014). Thus, the decrease in pH value would lead to the re-release of heavy metals in particles and sediments into the water column, resulting in the decrease of heavy metals in the sediment and an increase in the seawater.



Pollution Status of Heavy Metals and Their Feedback to Environmental Change

In the seawater, the   in the estuary and the adjacent mariculture area decreased in the order Hg > Cd > Pb > Cu > Zn > As during both seasons. Although the ERI value (60) in spring was higher than that in winter (44), those values were all lower than 150, indicating that the potential risks of the six metals to the aquaculture ecosystem were relatively low. Notably, the   value for Hg (44) in spring was higher than 40 (at the level of moderate ecological risk), and the contribution for ERI was 73%, showing a potential ecological risk.

In the sediment, the mean values for the seven metals were in the decreasing order of Hg (2.91) > As (1.53) > Cd (0.98) > Cu (0.59) > Zn (0.53) > Pb (0.49) > Cr (0.37) during winter and As (1.66) > Cu (1.22) > Cd (0.96) > Hg (0.88) > Zn (0.80) > Cr (0.62) > Pb (0.48) during spring. Hg and As in winter and As and Cu in spring exhibited a moderate degree of contamination. The PLI values of those seven metals ranged from 0.70 to 0.96 (an average of 0.79) and from 0.64 to 1.14 (an average of 0.86) during winter and spring, respectively. The PLI level is an important reference index to decision-makers about pollution status and can provide inhabitants with an understanding of the environmental quality of the mariculture area (Islam et al., 2015; Lao et al., 2019). The lower PLI values (<1) in both seasons indicated the presence of only the baseline levels of pollutants.

The Igeo values for Hg are in the range of 0.79 to 1.06 (an average of 0.95), while the average Igeo values for other metals are all lower than 0 in winter. This indicates that Hg is moderately contaminated, while the other metals are uncontaminated in the sediment. In the spring, the Igeo values for As are in the range of -0.05 to 0.33 (an average of 0.15), indicating that As is a potential ecological risk factor during that season. However, the average Igeo values for other metals are all lower than 0, suggesting that those metals are uncontaminated in the sediment during spring. Overall, Hg and As presented a higher risk in both the seawater and sediment of the mariculture area, and the heavy metal contamination in the mariculture area must not be ignored.

Environmental change, such as the decrease in pH and seasonal hypoxia, likely changes the heavy metal status in aquatic systems (Atkinson et al., 2007; Chakraborty et al., 2016; Ma et al., 2016; Lao et al., 2019). Previous studies have found that the DO level is a key factor controlling the stability and lability of metals in the sediment (Chakraborty et al., 2016)—for example, some metals, such as Pb, associated with Fe/Mn-oxyhydroxide phases in the sediment would reduce with the decreasing DO level of the overlying water because of the dissolution of the Fe/Mn-oxyhydroxide phase (Chakraborty et al., 2016). In Qinzhou Bay, the eutrophication degree has increased in the past few decades due to the rapid development of industrialization and urbanization and the continuous expansion of aquaculture activities (Lao et al., 2021a), which may induce seasonal hypoxia in the bay (Howarth et al., 2011). Moreover, the pH value has decreased significantly over the past 20 years in Qinzhou Bay, which may cause more metals to be released into the water environment. In addition, Qinzhou Bay is a sea area with strong hydrodynamic conditions in Beibu Gulf (Chen et al., 2022). Particularly under the influence of the northeast monsoon in winter, the bottom sediment is resuspended into the water column, which may also lead to the increase of heavy metal release in a more acidic environment. The increase of heavy metal concentrations in seawater would lead to the increase of heavy metal absorption by aquaculture organisms, which poses a great threat to the health of organisms and ultimately endangers human health. Especially under global climate change, the acidification of seawater in most aquaculture areas in the world is aggravated (Clements and Chopin, 2017; Ng and Chiu, 2020; Jin et al., 2020; Swezey et al., 2020), which may also lead to the increase of heavy metal released into the seawater. This problem should be more vigilant and concerned in the future.




Conclusion

Seasonal changes in the concentrations of heavy metals were found in Qinzhou Bay. The concentrations of heavy metals in the seawater were higher, while the levels in the sediment were lower than that in other mariculture areas in China. The concentration of Cu in the seawater and sediment increased over the past decades, mainly influenced by the enhancement and expansion of mariculture and shipping activities. The concentration of Hg has decreased significantly in the seawater over the past 40 years due to the decrease in production and usage of Hg. However, the concentrations of Pb, Zn, and Cd in the seawater showed an increasing trend over the past 40 years, while the concentrations of Pb, Zn, As, and Cr in the sediment generally decreased over the past 20 years. The decrease in pH value (by 4.7%) over the past 20 years was responsible for the different trends of those metals between seawater and sediment. Hg and As presented a higher risk in both the seawater and sediment of the mariculture area. Overall, this study suggests that environmental changes, such as decrease in pH, affect the distribution of heavy metals in water and sediments, which we should be more vigilant and concerned about under the global climate change.
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Anthropogenic nutrient input to coastal waters is one of the most common disturbances within inshore marine benthic communities. Organic enrichment in sediments leads to the reduction or disappearance of sensitive organisms, and influences the quality and quantity of primary producers which serve as food sources for the benthic fauna. Such changes, in turn, affect the energy flow and food-web interactions in benthic communities. To examine how organic enrichment may alter marine benthic trophic relationship, a stable isotope (δ13C and δ15N) analysis of the potential food sources and a range of meiofauna and polychaetes from an organically polluted and a relatively unpolluted site was compared in subtropical waters of Hong Kong. Results indicated that some omnivorous infauna shifted from a mainly carnivorous diet at the unpolluted site to a largely herbivorous diet at the organically polluted site. This dietary shift is likely to be related to the oxygen stress, prey limitation and increased abundance and nutritional quality of primary producers in the eutrophic area, resulting in an increase in utilization of plant materials as the major food source. The present findings suggest that such changes in trophic position induced by organic enrichment can provide further insights into the structure and function of coastal benthic communities under pollution stress.
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Introduction

Anthropogenic nutrient inputs to the coastal ecosystems particularly from discharges of untreated domestic sewage have led to widespread organic enrichment in inshore marine environments (Souza et al., 2013; Altieri and Diaz, 2019; Brauko et al., 2020). Such nutrient enrichment has impacted many biological communities, ranging from depletion of native populations, extinction of sensitive species to disappearance of diverse community structure (Nordström and Bonsdorff, 2017; Caswell et al., 2018; Culhane et al., 2019; Drylie et al., 2020). This becomes increasing important to understand how the species, community and ecosystem levels respond to such human-induced changes and whether ecosystem functions and services can be maintained (Riedel et al., 2014; Johansen et al., 2018; Guan et al., 2020).

The increase in nutrients can have both positive and negative effects on marine pelagic and benthic communities. Higher nutrient input can stimulate primary production in the water column, resulting in further deposition of organic matter onto the sediment that benefits both benthic grazers and detritus feeders (Aberson et al., 2016). However, increased sedimentation of organic matter can also lead to reduction or disappearance of some sensitive organisms through siltation, habitat modification and depletion of oxygen due to enhanced metabolic activities of microorganisms (Grall and Chauvaud, 2002; Dorgham, 2014; Hale et al., 2016). Changes in species composition and abundance associated with hypoxia caused by organic enrichment may in turn result in limitation of prey availability and alter consumers’ feeding habits (Fox et al., 2009; Zheng et al., 2020). Under low oxygen supply, there is also a change in predator-prey dynamics, in which the foraging ability of predators is reduced due to slower mobility (Riedel et al., 2014; Briggs et al., 2017). These changes in composition and feeding behaviour of consumers may alter trophic relationships in coastal areas subject to eutrophication.

Stable isotope analyses of carbon and nitrogen are commonly used to reveal trophic interactions of natural populations of consumers in the field (Lepoint et al., 2004; Braeckman et al., 2015; Du et al., 2020). δ13C is absorbed in the animal tissues with little or no change as compared to their food sources, so it can be used to determine the food sources; whereas δ15N is absorbed in the animals with constant trophic shift, so it can be used to determine the trophic level (Fry, 2006). Using stable isotope analysis, the diets of benthic consumers have been shown to follow the changes in primary producers under nutrient enrichment, resulting in different benthic pathways that may explain modifications in community diversity and food web structure (Armitage and Fourqurean, 2009; Mitwally and Fleeger, 2015).

Victoria Harbour in subtropical Hong Kong (Figure 1) is one of the busiest and heavily populated ports in the world. Historically, the harbour has received substantial loadings of pollutants from sewage discharge, leading to severe pollution especially within the harbour centre where water movement is restricted by embayments and vessel anchorage shelters (Nicholson et al., 2011). At present most sewage is treated and discharged via a submarine outfall west of the harbour and the general water quality in the harbour has been improved (Xu et al., 2011). However, the sediments there still contain high levels of organic matter in the central harbour area resulting in lower diversity and different benthic community structure compared with that outside the harbour (Liu et al., 2011; Xu et al., 2014).




Figure 1 | Map showing the relatively unpolluted site TLC and organically enriched site SWH in subtropical Hong Kong, the red dotted lines indicate the boundary of Victoria Harbour.



In the present study, we took advantages of coastal areas with different levels of pollution to examine whether increased organic enrichment can alter the benthic trophic relationship. To determine food web linkages, we measured stable isotopes (δ13C and δ15N) of the particulate organic matter (POM), sediment organic matter (SOM) and primary and secondary consumers at an organically enriched site within the harbour area and a relative unpolluted site outside the harbour. Identifying and understanding the shifts in food source availability and the feeding modes of the animals in inshore areas can help to assess how coastal ecosystems respond under a long history of organic enrichment, sedimentation and other anthropogenic disturbances.



Materials and Methods


Study Sites

The investigation and collection of samples for benthic infaunal community and stable isotope analysis were conducted in August 2010 at two sites around Victoria Harbour at a depth of 15-20 m (Figure 1). Tung Lung Chau (TLC) is located on the east outside the harbour, where anthropogenic activities are minimal and can be regarded as a relatively unpolluted site with low sediment nutrient levels. Sai Wan Ho (SWH) is located inside the harbour, where the sediment is organically enriched. A preliminary study on the taxonomic composition of macrofauna and nematode communities in relation to a number of sediment parameters were conducted at the same locations as in the present study (Xu et al., 2014). Data from the preliminary study showed that the sediment at TLC contained relative low nutrient levels (total organic carbon content: 0.37%, total phosphorus: 374.68 mg/kg, total Kjeldahl nitrogen: 632.97 mg/kg) and higher benthic faunal diversity (Shannon index H' = 2.74 for polychaetes and 3.61 for nematodes) as compared to that at SWH, with higher nutrient levels (total organic carbon content: 1.71%, total phosphorus: 807.07 mg/kg, total Kjeldahl nitrogen: 1926.72 mg/kg) and lower benthic faunal diversity (Shannon index H' = 2.35 for polychaetes and 2.59 for nematodes). The results also showed that the low diversity and different benthic community structure in the inner-harbour area were highly correlated with increased sediment nutrient levels.



Sampling

Triplicate water samples (~10 L per replicate) for particulate organic matter (POM) were collected at about 1 m above the sea bottom at each site using a water sampler. Sediment samples were collected with a 0.1 m2 van Veen grab. A total of twelve grab sediment samples were retrieved at each site. For the first three grab samples, the upper 8 cm of sediment was scraped and stored in plastic bags for subsequent collection of copepod and free-living nematode specimens. For the next three grab samples, sediment was sieved through a 0.5 mm screen and the residues retained were transferred into plastic bags for collection of polychaete specimens. For the following three grab samples, about 400 g surface sediment was scooped by a spatula for later sediment organic matter (SOM) analysis. Benthic microalgae (BMA) were sampled from the sediment in the last three grab samples using the method modified from Wainright et al. (2000) and Doi et al. (2005). In brief, surface sediment was scraped to a depth of 1 cm, and spread into a 1 cm thin layer on a 0.1 m2 plastic flat plate on board. For each plate sample, sediment was covered with a thin layer of silica sand (pre-combusted at 500°C for 2 h), a piece of 63 μm nylon screen, and another thin layer of silica sand. The plates were placed under sunlight for 2 h with continuous moisture from filtered seawater to allow vertical phototactic migration of microalgae onto the nylon screen. Then the screen was peeled off and stored in an ice box.

In the laboratory, meiofaunal nematodes and harpacticoid copepods were extracted from the sediment samples using the centrifugation technique with colloidal Ludox solution (Heip et al., 1985). Moens et al. (2002) showed that the isotopic values of meiofauna obtained under such handling procedures were not affected as compared with similar analysis of live specimens. Sorting of nematodes was restricted to species which were easily recognizable under a stereomicroscope and available in sufficient biomass. In order to obtain enough biomass, for the large nematodes Halichoanolaimus and Sphaerolaimus spp., at least 50 individuals were pooled. For the average-sized nematode Daptonema, Dorylaimopsis, Paradontophora and Terschellingia spp., at least 500 individuals were pooled. Harpacticoid copepods were pooled with at least 500 individuals, without identification to genus or species level. For macrofauna, only polychaetes were sorted and identified to species as far as practicable. The whole body of polychaetes was used for subsequent stable isotope analysis. At least five individuals per species were pooled to obtain enough biomass. All sorted faunal samples were then oven dried at 60°C and 1 mg of the homogenized samples was placed in pre-combusted aluminium cups and stored in screw-cap glass tubes for subsequent stable isotope analysis. Gut contents of all collected meio- and macrofaunal specimens were not separated from the tissue. Hence, the reported stable isotope ratios of these animals referred to the signatures of both assimilated and ingested matter.

In order to obtain enough BMA, the benthic microalgae and silica sand from the three screen replicates were rinsed by distilled water into one beaker, then swirled, and the suspended (non-sand) materials were filtered onto a pre-combusted Whatman GF/F glass fiber filter paper (0.7 μm porosity). For collection of POM, water samples obtained from each site were rinsed through a 63 μm screen to remove larger zooplankton before filtration on pre-combusted Whatman GF/F glass fiber filters (0.7 μm porosity). Sediment samples for SOM analysis were processed following the method of Riera et al. (1996). Each sediment sample was homogenized, freeze-dried and ground using a mortar and pestle. BMA, POM and SOM samples were acidified with 1.2 N HCl to remove inorganic carbon. To prevent any loss of dissolved organics, samples were not rinsed, but were dried overnight at 60°C under a fume extractor to evaporate the acid.



Stable Isotope Analysis

13C and 15N isotopic ratios of food source and consumer samples were determined using a PDZ Europa ANCA-GSL elemental analyzer interfaced to a PDZ Europa 20-20 isotope ratio mass spectrometer (Sercon Ltd., Cheshire, UK) in the Stable Isotope Facility, University of California, Davies, USA. Results of isotopic ratios were expressed in standard δ-unit notation, which is defined as follows:

	

where X is 13C or 15N, and R is either the 13C:12C ratio for carbon or the 15N:14N ratio for nitrogen. These values were reported relative to the Vienna-PeeDee Belemnite (V-PDB) standard for C and to air N2 for N.



Data Analysis

The use of different food sources by the meio- and macrofauna at each of the two sites was investigated by measurements of the isotopic niche widths. A small sample-size corrected standard ellipse area (SEAc) was calculated by the values of δ13C versus δ15N of all taxa at the two sites (Jackson et al., 2011; Jackson et al., 2012). This metric represents a measure of the total amount of niche occupied in the isotopic space and can be used to investigate the distinct food sources and their utilization (Layman et al., 2007; Layman et al., 2012). It also allows calculating the overlapping area of the standard ellipses between the two study sites, which can be used as a measure of diet similarity between the consumers. In addition, the Laymen’s metrics (Layman et al., 2007) can be estimated to describe these ellipses, as follows: (1) mean distance to centroid (CD), giving additional information about the isotopic niche amplitude and spacing between taxa; and (2) standard deviation of nearest neighbour distance (SDNND), a measure of the evenness of taxa displaying in a bi-plot space. All the metrics proposed by Layman et al. (2007), SEAc and overlapping of standard ellipses were calculated using the SIAR package (Jackson et al., 2011; Jackson et al., 2012) in R 3.10 software (R Development Core Team, 2014).




Results


Stable Isotope of Food Sources and Benthic Fauna

From the stable isotope food web bi-plot (Figure 2A), the δ13C and δ15N values of primary producers at the two sites were close to each other. At the relatively unpolluted TLC, the stable isotope ratios of the food sources ranged from -23.4‰ (POM) to -21.3‰ (SOM) and from 2.9‰ (POM) to 4.8‰ (SOM) for δ13C and δ15N, respectively. At the organically enriched SWH, the stable isotope ratios of the food sources ranged from -23.4‰ (POM) to -22.1‰ (BMA) and from 2.7‰ (POM) to 4.3‰ (SOM) for δ13C and δ15N, respectively. The stable isotope values of SOM at SWH were lighter than that at TLC (Table 1).




Figure 2 | Stable isotope food web bi-plot for (A) all consumers and potential food sources at TLC (open symbols) and SWH (solid symbols). Each symbol represents the δ13C and δ15N values for nematodes (circles), copepods (squares), polychaetes (diamonds) and primary producers (triangles). Cop, Copepods; Dap, Daptonema sp.; Dor, Dorylaimopsis sp.; Gly, Glycera sp.; Hal, Halichoanolaimus sp.; Lum, Lumbrineris sp.; Mar, Marphysa stragulum; Med, Mediomastus sp.; Par, Paradontophora sp.; Pri, Prionospio sp.; Sig, Sigambra hanaokai; Sph, Sphaerolaimus sp.; Ter, Terschellingia sp.; (B) convex hull areas (thin dotted lines) and corrected standard ellipses areas (SEAc: bold lines) in the isotopic space for benthic communities sampled at the relatively unpolluted site TLC (circle) and organically enriched site SWH (triangle).




Table 1 | Stable isotope composition of food sources and consumers in subtidal sediments at the relatively unpolluted site TLC and organically enriched site SWH in subtropical Hong Kong.



Table 1 also shows the δ13C and δ15N values of the consumers inhabiting in the sediments at TLC and SWH, together with their feeding types according to literature information. The number of species found at TLC was higher than that of species occurring at SWH. For nematodes, there were 6 abundant species (2 carnivores and 4 herbivores) included in the present analysis, with all the 6 species found at TLC and 4 at SWH (4 herbivores). For polychaetes, there were also 6 abundant species (1 carnivore, 3 omnivores and 2 herbivores) at the study sites, with all the 6 species found at TLC and 4 at SWH (2 omnivores and 2 herbivores). At TLC, δ13C ranged from -24.4‰ (nematode Terschellingia sp.) to -16.6‰ (polychaete Sigambra hanaokai) and δ15N ranged from 1.5‰ (nematode Terschellingia sp.) to 12.1‰ (nematode Sphaerolaimus sp.). At SWH, δ13C ranged from -24.9‰ (nematode Terschellingia sp.) to -19.1‰ (polychaete Lumbrineris sp.) and δ15N ranged from 1.7‰ (nematode Terschellingia sp.) to 6.8‰ (polychaete Sigambra hanaokai). The δ15N values of the consumers spanned 10.6‰ at TLC, while 5.1‰ at SWH. Most consumers in a given trophic level at the two sites had similar δ15N values. However, the δ15N values of omnivorous polychaetes Lumbrineris sp. and Sigambra hanaokai were about 5-7‰ lower at SWH compared to that at TLC. These two omnivorous polychaete species tended to become solely herbivorous at the organically enriched SWH, while they remained omnivorous with more prey in their diet and less primary producers at the relatively unpolluted TLC.



Community-Wide Dynamics of Benthic Communities

Layman’s metrics for benthic fauna sampled at TLC showed larger values than that at SWH (Table 2). The CD value at TLC (3.8‰) was more than two times larger than that at SWH (1.5‰). In contrast, SEAc measure was more than three times larger at TLC than that at SWH (SEAc = 11.0‰ and 3.1‰, respectively; Table 2). However, the ellipses overlapping area was lower (15.0%) for benthic fauna present at TLC as compared to that at SWH (53.2%) (Table 2). Comparing the relatively unpolluted TLC to the organically enriched SWH sites, there was a shift of the ellipse towards food sources with lower δ13C values and a shift towards low trophic levels at SWH (Figure 2B).


Table 2 | Summary of niche community metrics of benthic communities sampled at the relatively unpolluted site TLC and organically enriched site SWH in subtidal sediments of subtropical Hong Kong.






Discussion


Food Sources for Benthic Consumers

Previous studies of benthic communities in subtidal sediment have emphasized the importance of the phytoplankton pathway as an energy source for the benthic food web (Thimdee et al., 2004; Jeffreys et al., 2013; Careddu et al., 2015). In the present study, POM was collected as an indication of phytoplankton content and detritus material. The composition of SOM is usually highly heterogeneous, which includes both in situ primary producers, i.e., microphytobenthos, microorganisms, sedimentation of phytoplankton, nutrients from human activities, and detritus from other origins. Increases in nutrient loading in coastal waters from anthropogenic activities can influence the quality and quantity of the primary producers (e.g. phytoplankton), and together with less prey availability due to hypoxic condition resulting from organic enrichment can further affect consumer population structure and diets (Tewfik et al., 2005; Fox et al., 2009; van der Lee et al., 2021).

Taking an average trophic level increase in δ15N of about 3‰ (Post, 2002), the within-site range of δ15N of consumers (7.3‰ at TLC and 2.5‰ at SWH, excluding the nematode Terschellingia sp.) spanned two trophic steps at the relatively unpolluted site TLC and one step at the organically enriched site SWH. Although feeding behaviour of species from the same trophic level may be different, most consumers in a given trophic level at these two sites had similar δ15N values.

In the present study, organisms that are regarded as herbivores from literature had relatively lower δ15N values than that of omnivores and carnivores. The nematode Daptonema sp. is a non-selective deposit feeder (Wieser, 1953), ingesting suitably-sized food particulates like microalgae (Moens et al., 2014; Xu et al., 2018). The stable isotope values of Daptonema sp. obtained from the present study also reflected BMA as its main diet. The nematode Dorylaimopsis and Paradontophora spp. are considered as epigrowth feeders or grazers based on their buccal morphology (Wieser, 1953). This was also confirmed from the isotopic values of these nematodes in this study, with BMA and other detritus in sediment as their major diet. In a microcosm experiment, Moens et al. (2014) found that epigrowth feeders can either ingest whole diatoms or use their teeth to puncture and suck out the cell contents. With similar isotope values, the harpacticoid copepods collected in the present study also mainly feed on BMA. Our results thus coincided with data from other studies that BMA was an important food source to many harpacticoid copepods (De Troch et al., 2006a; Cnudde et al., 2015) and epigrowth feeding nematodes (Moens and Vincx, 1997). The polychaete Prionospio sp. is considered a typical surface deposit feeder based on the study of its biology (Jumars et al., 2015), and its feeding mode was confirmed from the stable isotope values in the present study. The polychaete Mediomastus sp. is a small to medium-sized worm living in permanent sandy tubes in fine sand and mud, where it exploits subsurface diatoms and detritus as food sources (Hansen, 1993). Its stable isotope values obtained in the present study also revealed that BMA and other detritus in sediments are the major food sources.

The strongly depleted δ13C value of the nematode Terschellingia sp. suggested a different trophic pathway involving utilization of a carbon source that might not be included in the present study. Several chemoautotrophic processes could yield depleted δ13C values, such as sulphide-oxidizing bacteria, with δ13C values below -30‰ (Robinson and Cavanaugh, 1995). Therefore, our data could imply that Terschellingia sp. relies on such bacteria as a food source for its diets, as reported from a mangrove ecosystem in India (Bouillon et al., 2002), an estuarine intertidal flat in the Netherlands (Moens et al., 2011), and an estuarine Zostera noltii seagrass bed in Portugal (Vafeiadou et al., 2014).

Predators are usually more sensitive to stress due to increased metabolic demand, longer lifespan and late maturity (Mor et al., 2022). All the six carnivorous/omnivorous species (2 carnivorous nematodes, 1 carnivorous polychaete and 3 omnivorous polychaetes) involved in the present study were found at the relatively unpolluted site TLC, while only two omnivorous polychaetes were present at the organically enriched site SWH. At TLC, the δ15N values of omnivores overlapped with that of carnivores, whereas at SWH, the δ15N values of omnivores were considerably similar to that of herbivores. The nematodes Sphaerolaimus and Halichoanolaimus spp. were only found at TLC. Their higher δ15N values indicated a carnivorous role, which is in agreement with the trophic guild classification based on buccal morphology (Wieser, 1953; Moens and Vincx, 1997) and field observations (Chitwood and Timm, 1954). The nematode Sphaerolaimus sp. has also been reported having a predacious feeding mode from a stable isotope study from the Scheldt estuary, the Netherlands (Moens et al., 2005), a mudflat in Marennes-Oléron Bay, French Atlantic coast (Rzeznik-Orignac et al., 2008), and Zostera noltii seagrass beds and adjacent bare sediments in Mira estuary, Portugal (Vafeiadou et al., 2014). The polychaetes Marphysa stragulum, Sigambra hanaokai and Lumbrineris sp. are considered to be omnivores, whereas Glycera sp. is a carnivore (Fauchald and Jumars, 1979; Jumars et al., 2015). At TLC, the δ15N values of these omnivorous polychaetes were similar to those of carnivorous polychaete and nematodes, suggesting that they tend to rely on other animals as their main food source. In contrast, the polychaetes Sigambra hanaokai and Lumbrineris sp. at SWH had depleted δ15N values as compared to that collected at TLC, implying that they may assume mainly a herbivore role. Fox et al. (2009) observed organisms that have been reported to feed omnivorously shifted their diets from mainly a carnivorous diet in an oligotrophic estuary to mainly a herbivorous diet in an eutrophic estuary, where prey were limited and macroalgae were abundant. It thus suggested that under organically enriched condition in which the availability of prey is limited, some omnivores can alter their feeding mode to become herbivores by taking advantage of the increase in primary production so as to survive in such stressed environment (Zheng et al., 2020). A similar case was also noted from the present study.



Community-Wide Dynamics of Benthic Food Web

Larger CD and SDNND values were found in the benthic community sampled at the relatively unpolluted site TLC than those at the organically enriched site SWH, indicating a more complex functional community at TLC than that at SWH. This could be directly related to the presence of more trophic levels from herbivores to carnivores at TLC, as reflected in their wider isotopic niche. The largely narrower isotopic niche as revealed in the benthic community at SWH could be related to the high organic enrichment in the sediment, which is characterized by the presence of smaller organisms, usually deposit feeders (Mucha and Costa, 1999; Aberson et al., 2016). Larger SEAc measure was also found in the benthic community at TLC, further suggesting a more complex functional community there. Furthermore, the overlapping area of the ellipses of niche areas at TLC and SWH indicated the niches of benthic communities at the two sites can be different, owing to the different functional structures in their benthic community.

Apart from causing hypoxia with subsequent decrease in prey availability (Riedel et al., 2014) and predator foraging activity (Sagasti et al., 2001; Stover et al., 2013), nutrient enrichment can also lead to changes in the abundance and nutritional quality of primary producers, providing another explanation for the shifts in trophic position of some benthic omnivores (van der Lee et al., 2021). The evidence of a higher reliance on POM as the major food source at SWH can be indicated from difference in the position of the ellipse areas depicted from TLC and SWH (Figure 2B). Such change in food source reliance may also be reflected from the different δ13C values of SOM from the two sites, probably due to a higher contribution of phytoplankton-derived detritus to the overall resource pool at the organically enriched SWH. These dietary differences may be linked to the increase in phytoplankton production which is frequently occurred in eutrophic coastal waters, especially in harbour centre where water movement is restricted by embayments and breakwaters (Nixon and Buckley, 2002). It is noted that there has been an increase in algal biomass within Victoria Harbour in recent years, likely owing to the nutrients brought by the nearby Pearl River estuary from west of the harbour (Figure 1) and increased water transparency as a result of improvement in water quality (Xu et al., 2010). In contrast, chlorophyll a biomass is low in relatively open eastern waters at TLC which are dominated by nutrient-poor oceanic seawater off the coast (Ho et al., 2008). The bulk of the increased primary production may not be directly utilized as living phytoplankton, but may enter the benthic food web as an allochthonous subsidy of POM falling from the water column, and finally settle on the sediment and support the benthic community there (Bouillon et al., 2002; Tewfik et al., 2005). Moreover, the tidal-induced vertical mixing can breakdown the stratification in the water column and transport phytoplankton below the photic zone, as indicated by the fairly high chlorophyll a concentration at the bottom water of Victoria Harbour in summer (Yin and Harrison, 2007; Xu et al., 2010). Such process could increase the sinking rate of microalgae from the water column to the sediment. In addition, the dietary shift of benthic omnivores is likely to be related to the increased nutritional quality of primary producers in more eutrophic waters caused by urban expansion, which allows for an enhanced consumption of plant material (van der Lee et al., 2021). With the shift of the feeding preference of omnivores in organically enriched sediment, the energy flow through the trophic web thus changed by transferring energy from primary production directly to omnivores instead of the functional and trophic roles of herbivores under unpolluted conditions (Fox et al., 2009). Our present findings revealed that the ability of some benthic invertebrate omnivores to change their trophic position in response to organic enrichment, which results in the limited availability of prey and variation in the abundance and nutritional quality of primary producers, may have important implications for our understanding of changes to the structure and function of benthic communities under such pollution stress. Additionally, the traditional feeding type classification based on buccal morphology should be combined with empirical information such as stable isotope signatures in order to decipher the food web structure in areas suffering from prolonged organic enrichment.
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This study investigated the total concentrations and geochemical compositions of metals (Cd, Cr, Cu, Ni, Pb, Zn, Fe and Mn) in surface sediments of Zhanjiang Bay (ZJB) in spring and summer, to assess the contamination status, mobility and influencing factors of spatial-seasonal changes of these metals. The average total concentration for each studied metal in the surface sediments of ZJB was 0.173 μg/g for Cd, 58.25 μg/g for Cr, 17.11 μg/g for Cu, 16.89 μg/g for Ni, 28.70 μg/g for Pb, 67.91 μg/g for Zn, 30.18 mg/g for Fe, and 275.5 μg/g for Mn during the investigation period. Generally higher total concentrations of metals were found in the channel and coastal sediments of ZJB compared with those in the central ZJB, which may be probably resulted by the input of Suixi river, domestic sewage and industrial wastewater. The grain size compositions and TOC contents also had influences on the distributions of metals in ZJB. In the channel, total metals and reducible and bioavailable fractions of metals generally showed decreased concentrations in summer compared with those in spring, suggesting the release of metals from sediments. Organic matter degradation and Fe and Mn (hydr)oxides reduction processes may contribute much to this phenomenon. Relatively high proportions of Cd and Zn (average of 21.7% and 14.6%, respectively) were associated with the acid soluble fraction, indicating their high risk to the environment. The combined assessment results of enrichment factor, contaminated factor and the percentages of acid soluble fraction indicated that Cd and Zn in the surface sediments of ZJB were generally contaminated and they had medium to high risk to the environment. The average values of pollution load index in the channel, coastal and central ZJB were 1.28, 0.93 and 0.81, respectively, indicating the deterioration of surface sediments in the channel of ZJB. More attention should be paid on the metals in surface sediments of the channel of ZJB.
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1. Introduction

Metals are one of the major anthropogenic contaminants in coastal environments (Yu et al., 2008; Hossain et al., 2020). Some metals (e.g. Fe, Mn, Zn etc.) are essential for living organisms when they are in very low concentrations (Hossain et al., 2020). While some metals (e.g. Cd, Cu, Zn etc.) are very toxic when they are supplied above a certain concentration (Pais and Jones, 1997; USEPA, 2000). For example, Cu is an essential element which serves as a cofactor in a number of enzyme systems. However, high intake of Cu can cause adverse health effect problems for most living organisms (Mohanraj et al., 2021). Therefore, assessment of metals in marine environments is useful to determine contamination levels and provide information for determining health risks.

Metals in the coastal environment have natural and anthropogenic sources. With the rapid industrialization and economic development in coastal regions, metals are continuing to be introduced to coastal environment through river runoff and land-based point source discharge (Yu et al., 2008; Anandkumar et al., 2018; Hossain et al., 2020). Anthropogenic sources such as industrial sewage and domestic sewage have led to an increase of metal concentrations in the coastal environments (Gao et al., 2014; Freitas et al., 2019). A major fraction of metals entering into the aquatic systems are rapidly transported into sediments (Wang and Chen, 2000; Gu et al., 2016). Sediments are recognized as an important sink of heavy metals in coastal ecosystems (Pekey, 2006; Hossain et al., 2020).

In sediments, metals can exist in many chemical species and exhibit different behaviors (Akcay et al., 2003; Gao et al., 2010). Investigations on the geochemical forms of metals by sequential extraction give further information about the fundamental reactions that govern the behavior of metals in sediments (Tessier et al., 1979; Gao and Chen, 2012; Prabakaran et al., 2020; Shibini Mol and Sujatha, 2020; Chakraborty et al., 2021; Zhao et al., 2021). The study of metal speciation in sediments is essential for estimating the mobility and bioavailability of metals (Chakraborty et al., 2015; Chakraborty et al., 2017). The chemical forms that are weakly bounded to the sediment (such as acid soluble, reducible and oxidizable forms) are considered as the bioavailable forms (Peña-lcart et al., 2014; Freitas et al., 2019). Under certain conditions, the bioavailable forms of metals in sediments can be released from sediment. For, example, changes in the redox conditions of sediment can lead to the reductive dissolution of Fe and Mn (hydr)oxides in sediments and result in the release of associated metals from sediment to water (Charriau et al., 2011; Dang et al., 2015). The study of Duan et al. (2019) found that obvious seasonal variations of metals occurred at the surface sediments of Changjiang Estuary, which was related to the seasonal variation of temperature, dissolved oxygen (DO) and organic matter in the overlying waters. Many previous studies also indicated that, benthic diffusive fluxes of metals from sediments to water column are equivalent to or even exceed riverine influxes in many coastal areas (Rivera-Duarte and Flegal, 1997; Santos-Echeandia et al., 2009; Duan et al., 2019). Therefore, the release of metals from sediment can cause water quality and ecosystem degradation (Lee et al., 2017; Nagarajan et al., 2019; Li et al., 2020).

Coastal areas, especially the semi-enclosed bays, are particularly at risk from metal contamination since the strong influence of anthropogenic activities in these areas (Gao et al., 2014; Hossain et al., 2020). The Zhanjiang bay (ZJB), located at the northwestern South China Sea, is a typical semi-enclosed bay with a very narrow entrance (< 2 km). It is also an important aquaculture area in China. However, it has been increasingly contaminated by the industrial, agricultural and domestic wastes. Industries discharges hazardous contaminants like metals into ZJB, which may be consumed by planktons, shellfishes or fishes, and finally magnified and transferred to humans. Metal contamination is one of the key environmental problems for ZJB. Zhang et al. (2018) reported the total metal concentrations in the surface sediments of ZJB. A combined study that addresses the seasonal variations and mobility of metals in the sediments of ZJB is limited. In addition, the influences of anthropogenic activities and environmental changes on the spatial-seasonal variations of metals in sediments of ZJB are not completely understood.

The main objectives of this study were to assess the spatial and seasonal variations of metals (Cd, Cr, Cu, Ni, Pb, Zn, Fe and Mn) in surface sediments of ZJB, to assess the potential mobility/bioavailability of metals in different subregions of ZJB, to identify possible sources of metals in ZJB, and to evaluate the contamination status of metals in sediments of ZJB based on different evaluation methods. The results of this study will provide scientific basis for improving the environment of ZJB and protection of aquatic flora and fauna.



2. Materials and Methods


2.1. Study Area

Zhanjiang Bay is influenced by seasonally reversing monsoon winds and has a dynamic environment. It has higher precipitation in summer than other seasons. The water temperature, DO concentration and chlorophyll a (Chl a) concentration of water in ZJB also vary seasonally (Zhou et al., 2020). The water of ZJB is mainly influenced by the freshwater from Suixi river and seawater from South China Sea (Figure 1). These environmental characteristics of ZJB may probably have significant influences on the spatial-seasonal variations of metals in the surface sediments of ZJB.




Figure 1 | Sampling stations in the Zhanjiang Bay. The Zhanjiang bay is divided into three subregions: channel, coastal bay and central bay. Zhongke: Zhongke (Guangdong) Refining and Chemical Co., Ltd. Baosteel: Baosteel Zhanjiang Iron Steel Co., Ltd.



According to the environmental characteristics of ZJB, the study area can be divided into three subregions: channel, coastal bay and central bay (Figure 1). Suixi river has a strong influence on the channel. Besides, large amounts of domestic sewage from Zhanjiang city have been discharged to this area. There are many factories along the coast of ZJB, especially the south coast of ZJB (Figure 1). Baosteel Zhanjiang Iron Steel Co., Ltd. (Baosteel, an iron and steel company) and Zhongke (Guangdong) Refining and Chemical Co., Ltd (Zhongke, a refining and chemical company) are two of the large enterprises locating at the south coast of ZJB (Figure 1). Large amounts of industrial sewage have been discharged into the coastal area of ZJB. The central bay is relatively less influenced by river runoff and sewage input.



2.2. Sampling and Analysis

Bottom water and surface sediment samples were collected from ZJB during two cruises in April (spring) and August (summer) 2017. A total of fourteen stations were selected for investigation according to the environment of ZJB. The sampling stations Z1, Z2, Z3, Z4 and Z5 were located in the channel, stations Z7, Z8, Z9, Z10 and Z11 in the coastal bay, and stations Z6, Z12, Z13 and Z14 in the central bay. The temperature of bottom water was measured by a conductivity-temperature-depth meter in situ. Bottom water was collected by a plexiglass water sampler for the measurements of DO and Chl a. The depths of the collected bottom water samples ranged from 3 to 18 m. The bottom water samples for DO analysis were collected first. DO was determined by the Winkler method. Water samples for Chl a analysis were filtered by glass-fiber filters immediately after collection. The filter was extracted with 90% acetone in laboratory. The extract solution was measured for Chl a concentration using a Turner fluorometer. A stainless steel grab sampler was used to collect sediment. The surface sediment (0-2 cm) was collected using a plastic spatula at each station, and packed in polyethylene bags. Then the samples were kept on ice in a cooler and immediately transported to the laboratory. In laboratory, the samples were kept frozen at -20°C until further analysis.

A portion of each sediment sample was first pretreated with 30% H2O2 to remove organic matter and then with 1 M HCl to remove carbonates. The pretreated samples were washed to neutral with deionized water. Then, the solids were dispersed with 0.05 M (NaPO3)6 and analyzed for grain size using a Malvern Masterizer 2000 laser diffractometer (Malvern Instruments, UK). The percentages of the clay (< 4 μm), silt (4 – 63 μm) and sand (> 63 μm) fractions were determined. For the analysis of TOC and metal concentrations, sediment samples were freeze-dried and grounded, then passed through a mesh sieve (150 μm in pore size). They were stored in cleaned polyethylene bags until further analysis. For the analysis of TOC, the freeze-dried and grounded sediment samples were treated with 1M HCl to remove carbonates. Then they were washed to neutral with deionized water and dried at 60°C. Concentrations of TOC were determined using an elemental analyzer (Flash EA 1112 HT, Thermo Fisher Scientific, USA). Replicate analysis of one sample (n = 5) gave a relative standard deviation less than 0.8% for TOC.

For the analysis of total metal concentrations, the sediment samples were freeze-dried and grounded. Then, they were digested with HNO3-HCl-HF (3:1:2) using microwave high-pressure digestion (Multiwave PRO 41HVT56, Austria). The digestion was diluted and determined by inductively coupled plasma mass spectrometry (ICP-MS, Agilent 7500cx, USA) for metals (Cd, Cr, Cu, Ni, Pb, Zn, Fe and Mn). The fractionation of metals in the sediment was determined according to the method reported by Rauret et al. (1999), which has been successfully applied in many studies (Zhuang and Gao, 2014; Akhbarizadeh et al., 2017; Anandkumar et al., 2022). Cd, Cr, Cu, Ni, Pb and Zn associated with four operationally defined geochemical fractions (acid soluble, reducible, oxidizable and residual) were identified by this method. For the acid soluble fraction, 0.5 g sediment was extracted with 0.11 M acetic acid (Step 1). The residual of Step 1 was shaken with 0.5 M hydroxylamine hydrochloride for 16 h to extract the reducible fraction (Step 2). The residual of Step 2 was digested with 8.8 M hydrogen peroxide and then shaken with 1 M ammonium acetate for 16 h to extract the oxidizable fraction. The detailed sequential extraction protocol has been described by Gao et al. (2010). The metal concentration of the extraction solution for each step was determined by ICP-MS (Agilent 7500cx, USA). The residual fraction was calculated by the difference between the total concentrations of metals and the sums of the acid soluble, reducible and oxidizable fractions.

For the measurement of metals, each sample was analyzed at least in duplicate. The precision of the analysis was <10%. Procedural blanks were analyzed with each batch of samples. Certified reference material for coastal sediment (GBW07314, the Chinese national reference material) was analyzed to control metal analytical quality. The determined values for all metals were consistent with the reference values (Table S1). All plastic and glassware were soaked for at least 2 days in 10% HNO3, followed by soaking and rinsing with de-ionized water.



2.3. Assessment Methods of Metal Contamination

Several methods have been used to evaluate the contamination status, potential risk, enrichment and sources of metals in surface sediments of ZJB, including comparison with related sediment quality guidelines, enrichment factor analysis, contamination factor analysis, pollution load index, and potential risk assessment based on geochemical compositions of metals.

The National Standard of China for Marine Sediment Quality (MSQ) (SEPA, 2002) can be used to assess the potential risk of metals in sediments (Gao et al., 2014). This standard classifies marine sediments into three classes based on the function and protection targets of the area (SEPA, 2002). Enrichment factor (EF) is an important tool to assess metal enrichment. It can be used to determine the anthropogenic influence and the contamination status of sediments. The following equation was used to estimate the EF of metals in sediments using Fe as a normalizer (Ergin et al., 1991; Mucha et al., 2003; Keskin, 2012; Shibini Mol and Sujatha, 2020).

EF = (Ms/Ns)/(Mb/Nb)

where Ms and Ms represent metal concentration of sample and background concentration respectively, and Ns and Nb are the metal concentration used for normalization in the sample and the background respectively. The metal concentration of China Shelf Sea sediment (Zhao et al., 1995) was used as the background concentration in this study. The EF is classified into many groups to denote the degree of enrichment factor (Chen et al., 2007). EF ≤ 1 denotes no enrichment; 1< EF ≤ 3 denotes minor enrichment; 3< EF ≤ 5 denotes moderate enrichment; 5< EF ≤ 10 denotes moderately severe enrichment; 10 < EF ≤ 25 denotes severe enrichment; 25 < EF ≤ 50 denotes very severe enrichment; and EF > 50 denotes extremely severe enrichment.

Contamination factor (CF) can be used to assess contamination level (Pekey et al., 2004). The following equation was used to estimate the CF of metals (Shibini Mol and Sujatha, 2020).

CF = Ms/Mb

where Ms and Mb represent metal concentration of sample and background concentration. The metal concentration of Chin Shelf Sea sediment (Zhao et al., 1995) was used as the background concentration in this study. CF ≤ 1 denotes low contamination; 1< CF ≤3 denotes moderate contamination; 3 < CF ≤ 6 denotes considerable contamination; and CF > 6 denotes high contamination. Pollution load index (PLI) can be used to assess the contamination extent of metals in surface sediments of ZJB. It can provide an overall indication of metal pollution contamination (Tomlinson et al., 1980). The following equation was used to calculate PLI.

	

where n is the number of studied metals and the CF is the contamination factor of the metal calculated as above. PLI provides a comparative mean for assessing a site quality. PLI < 1 denotes uncontaminated area; PLI = 1 denotes baseline level of pollutants; and PLI > 1 denotes deterioration of site quality (Tomlinson et al., 1980).

The former assessment methods of sediment metal contamination are based on the total concentrations of metals. In addition to the total concentrations, the geochemical composition of metals is equally important to determine their potential toxicity and threat to ecosystems (Sahuquillo et al., 2003; Gao et al., 2016). According to the study of Perin et al. (1985), the acid soluble fraction (F1) of metal with no more than 1% of its total concentration is considered to have no risk to the environment; the percentage of metal in this fraction falling in the range of 1-10% indicates a low risk to the environment; its falling in the range of 10-30% indicates a medium risk to the environment; its falling in the range of 30-50% indicates a high risk to the environment; and the percentage higher than 50% indicates a very high risk to the environment.




3. Results and Discussion


3.1. General Characteristics of the Surface Sediment and Bottom Water in Zhanjiang Bay

The surface sediments of ZJB were mainly composed of silt fraction (average of 60.0% and 63.3% in spring and summer, respectively); the clay and sand fractions were generally lesser than 40% (Table 1). Based on the environmental characteristics, the ZJB was divided into three subregions – channel, coastal bay and central bay (Section 2.1; Figure 1). In spring, the channel had relatively fine sediments (average of fine (clay + silt) fraction: 46.1%) compared with the coastal bay (33.8%) and central bay (38.3%). Similar distribution pattern was also found in summer. The reason is that the flow of Suixi river is small. The fine particles from Suixi river are mainly settled at the channel of ZJB (Lu et al., 2020). Besides, the channel has large-scale, cage-based mariculture, which can weaken the hydrodynamic conditions and contribute to the settlement of fine particles (Cai et al., 2006; Ke et al., 2014; Pondell and Canuel, 2017; Pan et al., 2019). EBCBS (1999) also indicated that the channel of ZJB had finer sediments compared with the other regions of ZJB. The TOC content in surface sediments of ZJB ranged from 0.10% to 1.46% (average: 0.74%) in spring and from 0.15% to 1.04% (average: 0.60%) in summer (Table 1). The decreased average TOC content in summer indicates organic matter degradation in this season. Higher TOC content was observed at the channel compared with those of the other two subregions, indicating the strong influences of river input and/or anthropogenic activities (Lu et al., 2020).


Table 1 | Average (minimum-maximum) of surface sediment and bottom water parameters in Zhanjiang bay in spring and summer.



The temperature of bottom water in ZJB ranged from 24.01 to 24.51°C (average: 24.23 °C) in spring and from 29.31 to 31.01 °C (average: 30.20 °C) in summer (Table 1). Significant increase of temperature was found in summer compared with that in spring. The Chl a concentration of bottom water in ZJB ranged from 0.47 to 3.50 μg/L (average: 1.39 μg/L) in spring and from 4.34 to 37.17 μg/L (average: 11.54 μg/L) in summer (Table 1). Significant increase of Chl a was found in summer compared with that in spring. This indicates that the supply of organic matter in summer increased compared with that in spring. The DO of bottom water in ZJB ranged from 6.32 to 10.48 mg/L (average: 7.15 mg/L) in spring and from 4.07 to 7.57 mg/L (average: 5.99 mg/L) in summer (Table 1). This indicates an aerobic environment of the bottom water in ZJB in both spring and summer. In channel, the average DO of bottom water decreased obviously in summer compared with that in spring (Table 1). Increased water temperature and organic matter decomposition may contribute to the decrease of DO in bottom water of this area. The seasonal variations of bottom water environment may have significant influences on the concentrations of metals in surface sediments of ZJB.



3.2. Spatial and Seasonal Variations of Total Metal Concentrations in Surface Sediments of Zhanjiang Bay

Total metal concentrations in sediments collected from ZJB in spring and summer are summarized in Table 2 and Figures 2, S1. The concentration range for each studied metal in the surface sediments of ZJB was 0.023 to 0.464 μg/g for Cd, 1.67 to 100.71 μg/g for Cr, 1.86 to 37.36 μg/g for Cu, 3.88 to 30.49 μg/g for Ni, 4.72 to 70.10 μg/g for Pb, 8.38 to 161.18 μg/g for Zn, 7.99 to 45.73 mg/g for Fe, and 125.1 to 584.5 μg/g for Mn during the investigation period. In comparison with the previous work of ZJB, the concentrations of the studied metals in this study were generally comparable with those reported by Zhang et al. (2018) (Table 2). Table 2 also shows the metal values of other coastal areas in China. The average concentrations of the studied metals in this study were comparable to the values reported for the surface sediments of the Taiwan Strait (Gao et al., 2016), Xiamen bay (Lin et al., 2014), and Laizhou Bay (Zhuang and Gao, 2014) (Table 2). The metal concentrations in this study were apparently lower than the values reported for the Jinzhou Bay (Li et al., 2012), which is one of the most heavily polluted coastal region in China (Gao et al., 2014; Gao et al., 2016).


Table 2 | Metal concentrations in the surface sediments of ZJB and other coastal areas of China. Related sediment quality guidelines are also shown for comparison purpose.






Figure 2 | The distribution of total metal concentrations for Cd (A), Cr (B), Cu (C), Ni (D), Pb (E), Zn (F), Fe (G) and Mn (H) in surface sediments of Zhanjiang bay in spring.



The distribution patterns of studied metals were generally similar with relatively high concentrations at the channel and coastal bay, and relatively low concentrations in the central bay (Figures 2, S1). Spatial distribution is a useful tool for determining hotspot area with high metal concentrations (Hossain et al., 2020). The high concentrations of metals at the north channel may probably be resulted by the input of Suixi river and/or the discharge of domestic sewage from coastal area. The high concentrations of metals at the south channel (station Z5) may probably be related to the construction of the Donghai Dam. Previous studies indicated that the construction of the Donghai Dam could lead to long residence time of water near the Donghai Dam (Li, 2008; Zhou et al., 2020), which is conducive to the settlement of fine particles (Lu et al., 2020; Anandkumar et al., 2022). Fine grained sediments are conducive to adsorb more metals (Salomons and Förstner, 1984). Therefore, high metal concentrations can be found in the south channel of ZJB (Figures 2, 3; Lu et al., 2020). Besides, point sources of metals may also contribute to the high concentrations of metals in this area. More research should be carried out to find the possible sources of metals in the south channel of ZJB. Chemical manufacturing units can act as point sources of metal contamination. Many factories are located on the south coast of ZJB (Figure 1). The high concentrations of almost all studied metals at the south coast of ZJB (station Z9) may probably indicate the influence of industrial wastewater from coastal factories.




Figure 3 | Distributions of Cd (A), Cr (B), Cu (C), Ni (D), Pb (E) and Zn (F) in different geochemical fractions in the surface sediments of Zhanjiang bay in spring.



Table 3 showed the average total concentrations of metals in different subregions. In spring, the average total concentrations of Cd, Cr, Cu, Ni, Pb, Zn and Fe in different subregions followed the order of channel > coastal bay > central bay, while for Mn, the order is coastal bay > channel > central bay. This indicates that in spring the main source of Cd, Cr, Cu, Ni, Pb, Zn and Fe in surface sediments of ZJB was probably the input of Suixi river, while for Mn the main source was probably the industrial wastewater from south coast. In summer, the average total concentrations of Cd, Cr, and Cu in different subregions followed the order of channel > coastal bay > central bay; for Ni, Pb and Fe, the order is channel > central bay > coastal bay; for Zn, the order is coastal bay > channel > central bay; and for Mn, the order is coastal bay > central bay > channel (Table 3). The distribution pattern of Cd, Cr and Cu in summer was similar with that in spring, while the distribution pattern of Ni, Pb, Fe, Zn and Mn showed some differences compared with that in spring. For Ni, Pb and Fe, the average total concentrations in central bay were higher than those in coastal bay and lower than those in channel. This distribution pattern suggests that the central bay may probably be influenced by river runoff in summer. High rainfall in summer could cause high river runoff, resulting in terrestrial materials transporting to a far distance from Suixi river estuary. This phenomenon has also been found in the study of Zhou et al. (2020). For Zn, the average total concentration in coastal area was higher than that in channel and central bay. This indicates that the main source of Zn in summer was industrial waste from coastal factories, which was different from that in spring. For Mn, the average total concentration in central area was higher than that in channel and lower than that in coastal bay. This indicates that industrial waste water can also be transported to the central bay from the coastal bay in summer. The dynamic environment of ZJB between spring and summer (e.g. increased river runoff in summer) contributed to the spatial variations of Ni, Pb, Zn, Fe and Mn in these two seasons. In spring, due to the low rainfall in this season, the Suixi river had a small runoff and the surface runoff was also weak. The influence from the Suixi river was mainly trapped in the channel, resulting in relatively high metal concentrations in this area, and the pollutants from coastal area cannot be transported far away from coast. While in summer, increased rainfall resulted in increased terrestrial input (Zhou et al., 2020), which may bring pollutants to the central ZJB through river input and/or coastal transportation.


Table 3 | The average concentrations of total metals in different subregions of Zhanjiang bay.



In addition to the variations of spatial distribution pattern of some metals, the average total concentrations of the studied metals in different subregions also showed variations (Table 3). For the channel, all the studied metals showed decreasement in summer compared with those in spring, with the maximum decrease of 32.4% for Zn. Similar seasonal variations of metals were also found in the surface sediment of Changjiang Estuary (Duan et al., 2019). Though increased rainfall in summer brought terrigenous pollutants to the surface sediment of channel bay, seasonal variations of environmental characteristics promoted metal release from sediment (Table 1, Section 3.1; Duan et al., 2019). The reduced Fe, Mn and TOC concentration in surface sediment, increased Chl a concentration in bottom water and the aerobic environment of bottom water in summer in the channel may probably indicate that the increase in organic matter degradation resulted in some Fe and Mn (hydr)oxides being reduced and released into the water (Table 1, Section 3.1; Duan et al., 2019). The decrease of other studied metals in channel may probably be related to organic matter degradation and Fe and Mn (hydr)oxides reduction processes. High temperature in summer enhanced bacterial activities, which may also contribute to the release of metals in summer (Table 1; Duan et al., 2019).

However, in the central bay, Cr, Ni and Zn showed some increases in summer compared with those in spring. These increases of metals in the central bay may be mainly due to the increased discharge of river input (Zhou et al., 2020) and/or industrial sewage from coastal areas in summer. In the coastal bay, the total concentrations of Cu, Ni, Pb, Fe and Mn decreased and Cd, Cr and Zn increased in summer compared with those corresponding concentrations in spring. These metals’ seasonal variations in the coastal area may be the comprehensive impact of environmental changes (the change of temperature, DO and/or organic matter degradation) and increased terrigenous input, with the former five metals mainly influenced by environmental changes and the latter three metals mainly influenced by increased terrigenous input.

Correlation analysis was made based on the spring and summer data. Most of the studied metals showed significant positive correlations with each other (Table 4), indicating their similar sources and/or behaviors. Besides, almost all the studied metals showed significant positive correlations with TOC content, clay fraction and silt fraction, and showed significant negative correlations with sand fraction. This indicates that sediment grain size and TOC content both had significant influences on the distribution of metals in the surface sediments of ZJB, which has also been found in other areas such as the coastal Bohai Bay (Gao and Chen, 2012) and the mouth of São Francisco Channel (Freitas et al., 2019). Fine-grained sediments (clay + silt) have a larger specific surface area than coarser fraction of sediments (sand), providing them with more binding sites for the adsorption of organic matter and metals (Salomons and Förstner, 1984; Keil et al., 1994; Mayer, 1994). Organic matter is also an important mechanism of metals complexation in sediment (Freitas et al., 2019). The high concentrations of studied metals in the channel and coastal sediments of Zhanjiang bay were also related to the grain size compositions and TOC contents of sediments in these areas. Under oxidizing conditions, Fe and Mn tend to precipitate in the forms of oxides/hydroxides (Salomons and Förstner, 1984; Freitas et al., 2019). In this study, significant positive correlations between Fe, Mn and other studied trace metals were found (Table 4). This suggests that metals in surface sediment of ZJB were related to Fe and Mn oxides and hydroxides (Freitas et al., 2019).


Table 4 | Pearson correlation analysis for total concentrations of metals and related parameters (n = 28).



Principal component analysis (PCA) was used to identify principal components from the studied metals and related environmental parameters in surface sediments of ZJB (Table 5). Based on the results of PCA, two principal components (PC1 and PC2) were identified which accounted for 84.6% of the total data variance. PC1, accounting for 71.6% of the total data variance, had high positive loadings for TOC, Clay, silt and all studied metals. Considering the spatial distributions of these parameters (Table 1 and Figures 2, S1) and the aforementioned discussion, we think that PC1 mainly represented the sources of river input and/or domestic sewage from Zhanjiang city. PC2, accounting for 12.9% of the total data variance, had high positive loadings for Mn, Zn and sand. Considering their high concentrations in the coastal bay (Tables 1, 3), we think that PC1 represented the sources from coastal region.


Table 5 | Loadings of experimental variables on significant principal components for the data from Zhanjiang bay.





3.3. Geochemical Compositions of Metals in Surface Sediments of Zhanjiang Bay

The geochemical compositions of Fe and Mn were not determined in sediments of ZJB. The average values of metal fractions in surface sediments of ZJB are summarized in Table S2. Among the studied metals, Pb and Zn were mainly associated with non-residual fractions (acid soluble fraction, reducible fraction and oxidizable fraction), and Cd, Cr, Cu and Ni were mainly associated with the residual fraction (Table S2).

The acid soluble fraction (F1) of metals in sediments (exchangeable and bound to carbonates components) is in equilibrium with metals dissolved in water. It is labile, highly toxic and is the most bioavailable fraction. In the surface sediments of ZJB, the mean proportion of metals in F1 was Cd 24.0%, Cr 0.4%, Cu 7.9%, Ni 8.5%, Pb 5.9%, Zn 14.3% in spring, and Cd 19.4%, Cr 0.6%, Cu 5.8%, Ni 6.8%, Pb 6.5%, Zn 14.8% in summer. Relatively high proportions of Cd and Zn were associated with F1, indicating their high risk to the environment of ZJB. Low proportions of Cr, Cu, Ni and Pb were associated with F1. This indicates that these metals had low risk to the environment of ZJB.

The distribution of metal fractions is presented in Figures 3, S2. In spring, the average percentage of Zn in F1 was 21.8% at the channel, which was higher than that in the coastal bay (average: 11.7%) and the central bay (average: 7.6%). The acid soluble fraction has the greatest tendency to move from sediment to overlying water (Wang et al., 2011). This indicates that the channel was subject to more anthropogenic inputs of Zn compared with the coastal and central bay. Similar phenomenon was found in summer. In spring, a considerable fraction of Cd in F1 was observed at the coast of ZJB (average: 30.0%), which was higher than that in the channel (average: 20.4%) and the central bay (average: 20.9%). This suggests that the coastal bay was subject to more anthropogenic inputs of Cd compared with the channel and central bay. While in summer, relatively high percentage of Cd in F1 was observed at the channel. This indicates the main sources of acid soluble fraction of Cd varied with seasons.

Reducible fraction (F2) of metal is bound to amorphous Fe and Mn oxides and hydroxides (Rauret et al., 1999; Nemati et al., 2011). This fraction can become dissolved under reducing environment (Morillo et al., 2004). Among the studied metals, Pb had the highest percentage in this fraction (average of 47.4% in spring and summer) in the surface sediments of ZJB, indicating its potential risk to the environment under reducing conditions. Other studied metals had low proportions in F2. The average proportion in this fraction for both seasons can be summarized as: Pb (49.4%) > Zn (26.6%) > Cu (8.7%) > Ni (8.5%) > Cd (4.4%) > Cr (2.8%) in spring and Pb (45.2%) > Zn (16.4%) > Ni (3.9%) > Cd (3.8%) > Cu (3.4%) > Cr (2.5%) in summer.

The oxidizable fraction (F3) of metal is bound to organic matter and sulfides components (Rauret et al., 1999; Nemati et al., 2011). Cu in this fraction was generally higher in surface sediments of ZJB, with an average proportion of 23.0% in spring and 32.8% in summer. The presence of other metals in this fraction was generally low in both seasons. The average proportion of metals in this fraction can be summarized as follows: Cu (23.0%) > Zn (13.1%) > Ni (9.8%) > Cr (5.4%) > Cd (5.3%) > Pb (5.1%) (spring) and Cu (32.8%) > Zn (15.2%) > Pb (9.9%) > Ni (8.4%) > Cr (4.5%) (summer). Due to contamination in the operation process, Cd in oxidizable fraction in summer was not available. Related parameters (Cd in residual and bioavailable fraction in summer) were also not available.

Metals in the residual fraction (F4) are associated with silicate mineral lattices (Rauret et al., 1999; Nemati et al., 2011). A major proportion of Cr (average of 91.4% and 92.4% in spring and summer, respectively) and Ni (average of 73.2% and 81.0% in spring and summer, respectively) were associated with this fraction, indicating their less mobility and bioavailability in the surface sediments of ZJB. The average proportion of studied metals in residual fraction was summarized as follows: Cr (91.4%) > Ni (73.2%) > Cd (66.3%) > Cu (60.4%) > Zn (46.0%) > Pb (39.6%) (spring) and Cr (92.4%) > Ni (81.0%) > Cu (58.0%) > Zn (53.5%) > Pb (38.4%) (summer).

The bioavailable fraction (BF) of metals is the summing results of the acid soluble, reducible and oxidizable fraction. The residual fraction is the non-bioavailable fraction. Metals associated with BF are bounded through weak bonds on sediments and are readily available to aquatic biota (Forstner, 1989; Pempkowiase et al., 1999). The concentration of metals in the BF is a serious environmental concern (Sundaray et al., 2011).

The average concentrations of bioavailable metals in different subregions are shown in Figures 4A, B. All the studied metals in BF had the highest concentrations in the channel sediments, suggesting that terrestrial input and/or domestic sewage may be their main sources. The percentage of the metals in BF decreased in the order of Pb (60.4%) > Zn (54.0%) > Cu (39.6%) > Cd (33.7%) > Ni (26.8%) > Cr (8.6%) in spring and Pb (61.6%) > Zn (46.5%) > Cu (42.0%) > Ni (19.0%) > Cr (7.6%) in summer (Table S2). This indicates that Cr and Ni were the least bioavailable studied metals in the sediments of ZJB. High percentages of Pb and Zn recorded in the BF indicate their greater mobility in the sediments of ZJB, which may be mainly from shipping activities (ship repair or painting), industrial effluent or domestic sewage.




Figure 4 | Average concentrations of bioavailable (A, B) and reducible (C, D) fraction of metals in different subregions of Zhanjiang bay.



Seasonal changes on bioavailability of metals were observed in the surface sediments of ZJB. The average concentrations of bioavailable fractions for all studied metals (except for Cd) decreased in summer compared with those in spring, with the maximum decrease of 52% for bioavailable Zn (Figures 4A, B). These changes indicate the release of bioavailable metals in summer, which were able to increase ecological risks. The concentrations of reducible fraction (bound to Fe/Mn oxyhydroxides components) for all studied metals (except for Cd) decreased in summer compared with those in spring (Figures 4C, D). For example, the average concentration of reducible Zn in channel was 27.19 μg/g in spring and 12.21 μg/g in summer. The seasonal variations of metals in this fraction may indicate the influence of relatively low DO in summer (Table 1). Decreased DO concentration in summer can promote the reduction of Fe and Mn oxides and hydroxides and the release of related metals (Morillo et al., 2004; Duan et al., 2019).



3.4. Assessment of Contamination Status of Metals in Surface Sediments of Zhanjiang Bay

The average total concentrations of Cd, Cr, Cu, Pb and Zn in the surface sediments of ZJB in both seasons were all within the range of MSQ Grade I (Table 2), suggesting that the surface sediments of ZJB were generally not contaminated by these metals.

According to the calculated EF values (Figure 5), Cr, Ni and Mn in the sediment of ZJB (average of 0.93, 0.70 and 0.58, respectively) generally showed no enrichment in both spring and summer; Cu showed minor enrichment in spring (average: 1.12); and Cd, Pb and Zn showed minor enrichment in both spring and summer. Overall, the calculated average EF values were in the descending order of Cd (2.47) > Pb (1.56) > Cu (1.12) > Zn (1.04) > Cr (0.90) > Ni (0.71) > Mn (0.62) in spring and Cd (2.61) > Pb (1.33) > Zn (1.05) > Cu (0.97) > Cr (0.96) > Ni (0.70) > Mn (0.54) in summer. Cr, Ni and Mn in the sediment of ZJB originated mainly from the natural input. Cd, Cu, Pb and Zn were influenced by anthropogenic activities to some extent.




Figure 5 | Distributions of enrichment factor (EF) for Cd (A), Cr (B), Cu (C), Ni (D), Pb (E), Zn (F) and Mn (G) in surface sediments of Zhanjiang bay.



The average CF values of the studied metals decreased in the order of Cd (2.69) > Pb (1.58) > Cu (1.27) > Zn (1.08) > Fe (1.01) > Cr (0.99) > Ni (0.74) > Mn (0.57) in spring and Cd (2.63) > Pb (1.29) > Zn (1.01) = Cu (1.01) > Cr (0.95) > Fe (0.94) > Ni (0.67) > Mn (0.47) in summer (Figure 6). The channel sediments of ZJB were considerably contaminated by Cd during both seasons (average CF of 4.10 in spring and 3.76 in summer) (Figure 6). The coastal and central bay sediments are moderately contaminated by Cd. The three subregions of ZJB were moderately contaminated by Pb. For Cu, only the channel sediments showed moderately contaminated by this metal. For Zn, the station (Z9) near the Zhongke (Guangdong) Refining and Chemical Co., Ltd recorded the highest CF values in both spring and summer (2.48 in spring and 2.15 in summer) (Figures 1, 6). This indicates that station Z9 was moderately contaminated by Zn, which may be probably sourced from the sewage of Zhongke (Guangdong) Refining and Chemical Co., Ltd. Other studied metals generally had low contamination to the surface sediments of ZJB (Figure 6).




Figure 6 | Distributions of contamination factor (CF) for Cd (A), Cr (B), Cu (C), Ni (D), Pb (E), Zn (F), Fe (G) and Mn (H) in surface sediments of Zhanjiang bay.



The result of the hierarchical cluster analysis of the sampling stations based on the calculated CF in the surface sediment of ZJB in spring and summer is shown in Figure 7. Three main different clusters could be observed. Cluster 1 involved several stations (Z1, Z6, Z7, Z8, Z11, Z12, Z14) which were less contaminated. Cluster 2 involved several stations (Z2, Z3, Z4, Z9, Z10, Z13) which were generally contaminated. Cluster 3 involved one station (Z5) near the Donghai Dam which was moderately contaminated according to the calculated CF.




Figure 7 | Hierarchical dendrogram in terms of the sampling stations based on the data of contaminant factor in spring and summer.



The calculated PLI values for metals in the surface sediment of ZJB are summarized in Figure 8. PLI ranged from 0.17 to 1.83 in spring and from 0.33 to 1.88 in summer. The average PLI values in the channel, coastal and central ZJB were 1.28, 0.93 and 0.81, respectively (spring and summer). This indicates that the channel of ZJB was contaminated by the studied metals. Besides, the two stations locating at the south coast of ZJB also had PLI values larger than 1, indicating the deterioration of sediment quality in this area.




Figure 8 | Distributions of pollution load index (PLI) for metals in surface sediments of Zhanjiang bay.



The risk of metals in surface sediments of ZJB was evaluated based on the percentage of acid soluble fraction (F1) of metals (Section 2.3). The percentages of Cd in F1 in the channel and coastal bay and the percentages of Zn in F1 in the channel were generally in the range of 30-50% (Figures 3, S2), indicating the high risk of Cd and Zn to the environment in these subregions of ZJB. The percentages of Cd in F1 in the central bay and the percentages of Zn in F1 in the coastal and central bay were generally in the range of 10-30% (Figures 3, S2), indicating their medium risk to the environment in these subregions. Cu, Ni, Pb and Cr in the surface sediments of Zhanjiang bay generally had low risk or no risk to the environment based on their percentages in F1 (Figures 3, S2).

The results of EF and CF, which were calculated based on total metal concentrations, also indicated the contamination of Cd and Zn in surface sediments of ZJB (Section 3.5.1 and 3.5.2). Combined the assessment results of EF, CF and the percentages of acid soluble fraction, we concluded that Cd and Zn in the surface sediments of Zhanjiang bay were generally contaminated and they had medium to high risk to the environment.




4. Conclusions

Total concentrations and geochemical compositions of metals in surface sediments of Zhanjiang bay were studied. The total concentrations of metals were generally higher in the channel and coastal sediments of Zhanjiang bay. River discharge, domestic sewage, industrial wastewater, grain size compositions and TOC contents of sediments contributed much to the high concentrations of metals in these subregions of Zhanjiang bay. The spatial distribution pattern of some studied metals (Ni, Pb, Fe, Zn and Mn) showed seasonal variations. The dynamic environment of Zhanjiang bay between spring and summer contributed to the spatial variations of these metals. In the channel, all the studied metals showed decreased concentrations in summer compared with those in spring, indicating the release of metals from sediments. Organic matter degradation and Fe and Mn (hydr)oxides reduction processes contributed to that phenomenon.

Relatively high proportions of Cd and Zn were associated with the acid soluble fraction (average of 21.7% and 14.6%, respectively), indicating their high risk to the environment of Zhanjiang bay. The concentrations of reducible and bioavailable fractions of metals generally decreased in summer compared with those in spring. These changes may probably suggest the release of bioavailable metals in summer, which could be able to increase ecological risks. More research should be conducted to confirm this conclusion. Based on the assessment results of enrichment factor, contamination factor and the percentages of acid soluble fraction, Cd and Zn in the surface sediments of Zhanjiang bay were generally contaminated and they had medium to high risk to the environment. The pollution load index indicated the deterioration of sediment quality in the channel and the south coast of Zhanjiang bay. More attention should be paid on these contaminated areas in Zhanjiang bay. Some bioremediation techniques like using aquatic plants to remove the contaminated metals can be used to reduce the contamination of Zhanjiang bay.
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Although the relationship between biodiversity and ecological functioning is a vital issue in coastal water ecology, how this relationship is influenced by environmental conditions is still unknown. It was investigated for the dynamics of algal diversity and algal pollution indices, as well as their relationships with trophic state, in a mangrove forest along the Guangdong coast, South China. It is hypothesized that the phytoplankton alpha-diversity indices and algal pollution indices have the potential to provide a signal linking trophic state and water quality variation in the mangrove forest. The t-test showed that phytoplankton alpha-diversity indices and algal pollution indices varied significantly between the dry and wet seasons (p < 0.01 or p < 0.05). The trophic state index record confirmed that the mangrove forest was mesotrophic to eutrophic during study periods while the CCME: WQI revealed that the water quality in the forest was under poor and marginal conditions in both seasons. Multivariate analysis revealed that the dynamics of phytoplankton alpha-diversity and algal pollution indices was closely related to trophic states change and influenced by environmental conditions. The results indicated that pH, total dissolved solids, salinity, electrical conductivity, turbidity, nitrate, and phosphate were the main factors affecting algal assemblages in the mangrove forest. The indices were confirmed as a quicker, faster, and reliable approach to appropriately describe and measure the trophic state variations in the mangrove ecosystem, though an integrated approach may be required in the future.




Keywords: alpha-diversity indices, algal pollution indices, mangrove forest, trophic state index, coastal water



1 Introduction

Mangroves, which can be found in tropical and subtropical regions, serve as buffer zones between freshwater and marine biomes, providing habitat for a variety of life (Wang, 2019), and providing natural sewage treatment systems that have been utilized over decades (Wong et al., 1997; Carlos et al., 2007; Wu et al., 2008; Wang and Gu, 2021). Due to the mixing of these distinct water bodies, they are characterized by pronounced gradients of physical, chemical (McLusky, 1993), and biological components (Inyang and Wang, 2020). Ecosystem assessment is typically conducted using ecological indicators (Rapport and Hildén, 2013), which provide tools for managerial decisions by providing information about a specific area of interest (Jørgensen et al., 2013). Hence, ecological indicators are often based on the biological community at a site, and variation in community characteristics is used to compare the ecological state of that site to those of other sites. Over time, it has been reasoned that environmental parameters and changes therein determine the characteristics of biological communities (Friberg, 2014). Microalgae communities are known to respond rapidly to environmental variation, their short life cycle being sensitive to ecosystem changes (Marchetto et al., 2009; Taipale et al., 2019; Bergstrom et al., 2020; Inyang and Wang, 2020).

Globally, different mangrove forests have been stressed with a significant impact of algal bloom in the forest (Adhavan et al., 2015; Kamalifar et al., 2016; Temino-Boes et al., 2019). The anthropogenic eutrophication impact on coastal waters has always been a global issue before the 2000s, due to wastewater discharge from urban cities, agricultural activities (Meng et al., 2020), and aquaculture facilities into rivers, lakes, and wetlands directly; these also result in algal blooms, mainly of cyanobacteria and diatoms. Meanwhile, this phenomenon has been reported across numerous coastal waters in China (Yang et al., 2004; Xiao et al., 2007; Meng et al., 2020). The anthropogenic nutrient enrichment in coastal waters may cause an extensive impact on the nitrogen cycle (Reis et al., 2017), which could lead to accelerated changes (Geedicke et al., 2018) in the mangrove forest.

Generally, the eutrophication phenomenon has led to ecosystem imbalance, establishment of tolerance species, and disappearance of sensitive taxa (Gu and Wang, 2015). Meanwhile, the application of microalgae for ecosystem monitoring has a long history (Lepisto, 1999) where numerous indices have been developed but none have become widely accepted. Nevertheless, the application of alpha biodiversity indices (i.e., Magarlef index, Shannon index, Pielou’s index, and Simpson diversity) to study the characteristics of the microalgae community structure in different water bodies has just been established (Mulder et al., 2001; Weis et al., 2007; Meng et al., 2020), but the application of these indices in ecological study of the mangrove forest is lacking. This study is the first to establish the response mechanism of alpha-diversity indices to changes in water quality parameters in the mangrove forest. Though the diversity based on species richness (number of taxa) and evenness (taxa distribution) can reflect microalgae community composition and could also describe the impacts of water pollution on biotic communities (Hooper et al., 2005), these indices require a high level of taxonomic classification. The degree to which physical and chemical variables affect microalgae alpha-diversity indices is different across different aquatic habitats (Meng et al., 2020). The knowledge of the biotic indicators to explore microalgae assemblage response to environmental change in the mangrove forest is a fundamental research objective in the ecology of the ecosystem.

Therefore, microalgae alpha-diversity indices, algal biomass, algal pollution indices, single-factor trophic state index (TSI Chl a), and Canadian Council of Ministers of the Environment Water Quality Index (WQI: CCME) were evaluated in the mangrove forest along the Guangdong coast, South China. Correlation analysis (Pearson correlation) and multivariate analysis were applied to understand the response of microalgae alpha-diversity indices and algal pollution indices to nutrients and other environmental parameters. Microalgae alpha-diversity indices and WQI: CCME were compared during the wet and dry seasons across the mangrove forest. The purposes of the study are as follows: (i) to explore the impact of hydrological parameters on microalgae indicator species; (ii) to understand alpha-diversity indices and algal pollution indices in relation to nutrient distribution; (iii) to establish trophic conditions of the mangrove forest through evaluation of algal pollution indices, algal diversity indices, and TSI (Chl a); and (iv) to evaluate the WQI: CCME across the mangrove forest. 



2 Materials and Methods

The samplings were collected for 34 different locations throughout the Guangdong mangrove forest, at latitude 20°12’–25°31’ N and longitude 109°45’–117°20’ E (Figure 1). The sampling sites are characterized by different species of true mangroves, such as Acrostichum aureum, Excoecaria agallocha, Bruguiera gymnorrhiza, Kandelia obovata, Rizhophora stylosa, Lumnizera racemosa, Aegicera corniculatum, Avicennia marina, and Acanthus ilicifolius, and non-true mangrove species, e.g., Pongamia pinnata, Hibiscus tiliaceus, Thespesia populnes, Herltiera littoralis, Cerbera manghas, Clerodendrum inerme, and Pluchea indica (Inyang and Wang, 2020). Guangdong’s mangrove forest is influenced by semidiurnal to mixed tides all year, with a tidal range of 0.8 m during neap tides and 4.0 m during spring tides. The average annual precipitation in the study region is ~2,000 mm (Liu, 2013), and approximately 85% of the total rainfall is concentrated in the rainy season from April to September.




Figure 1 | Study area and sampling stations identified by the red dots on the map.



The study locations were selected across the mangroves from the Leizhou Peninsula in the west to the east. A total of 34 locations were selected spatially across the mangroves to evaluate the spatial and temporal change in phytoplankton community and variation in trophic state (Figure 1). Figures 2A–D show algal bloom formation in some parts of the mangrove forest along the Leizhou Peninsula and across the eastern part of the Guangdong coast.




Figure 2 | Different sections of the mangrove forest. (A) Mangrove pneumatophores covered with algal bloom. (B) Avecinnia marina bed covered with algal bloom and the plant burdened with high density of barnacles species. (C) Rhizophora forest during low water level with a eutrophic pool of water at high tide. (D) Sonneratia and Avecinnia forest during high water level.




2.1 Sampling Procedure

The sampling and monitoring studies were carried out across 34 stations (30 stations selected during the dry season and 23 stations selected during the wet season) within the mid-section of the mangrove forest from October 2017 to January 2018 (for the dry season) and July to August 2018 (for the wet season). At each station, measurement of environmental parameters and collection of phytoplankton samples were obtained during flood tide.


2.2.1 Measurement of Water Quality Parameters

At each site, in situ measurement of water quality parameters such as water temperature, pH, salinity, electrical conductivity (EC), turbidity, and total dissolved solids (TDS) were measured by using a Quanta® Water Quality Monitoring System (Hydrolab Corporation, USA) during flood water level within the depth of 1 m. Three hundred milliliters of surface water was collected by using sampling plastic bottles for analysis of nutrients (phosphate, nitrate, nitrite, and silicate). The water samples were filtered using 0.22-μm Whatman® GF/F filters before analysis. Within 2–3 h after sampling, nitrate (NO3-N), nitrite (NO2-N), phosphate (PO4-P), and silicate (SiO3-Si) were analyzed with a SKALAR auto-analyzer (Skalar Analytical B.V. SanPlus, Holland). Chlorophyll a (Chl a) analysis was carried out according to HELCOM (2015) using a SHIMADZU Spectrophotometer (UV-1700-Japan) and calculated as follows:



where:

Cv = Chl a concentration, mg/m3; e = volume of ethanol, cm3; a (665K) = absorbance at 665 nm (the peak) minus the absorbance at 750 nm after correction by the cell-to-cell blank; L = length of the curette, cm; V = water volume filtered, dm3; 83 = absorption coefficient in 96% ethanol.



2.2.2 Microalgae Analysis

The microalgae samples were collected during flooding tide by vertically hauling within the depth of 1 m, using a plankton net of 0.045 mm size. Approximately 90 L of water was filtered at each station, and the net was rinsed before new sampling to avoid contamination of the new sample by the previous one. The collected phytoplankton samples in 300-ml plastic bottles were preserved with neutral Lugol’s solution of 10% concentration for further analysis. Further analysis and identification were conducted as described by Inyang and Wang (2020).




2.3 Evaluation of Algal Pollution Indices

The algal genera and species mentioned by Palmer (1969) as pollution indicators were investigated in the study areas. This technique is considered to be a rapid, reliable, and relatively inexpensive way to record water pollution probability across a number of sites (Noel and Rajan, 2015). It can be applied with other indices of inorganic pollution and eutrophication level (Bellinger and Sigee, 2010). Palmer (1969) compiled a list of 60 genera and 80 species as pollution-tolerant individuals, of which he used 20 genera and 20 species to compute the pollution index score. However, only 17 genera and 16 species (Table 1) appeared in the study areas out of the 20 genera and 20 species mentioned in the Palmer pollution index (Palmer, 1969). The taxon was considered significant if its concentration was at least (>10) cells per ml. The final Palmer pollution index value is the summation of the scores of all the present taxa in a given station. Palmer index numerical values were calculated for both species and genera and compared to Palmer’s proposed reference values (0–10 indicated no evidence of organic pollution, 10–5 indicated moderate pollution, 15–20 indicated likely high organic pollution, and 20 or more indicated high organic pollution).


Table 1 | Water quality objective used in this assessment according to Chinese Environmental Protection Agency, 2002 (GB3838-2002).





2.4 Trophic State Index

Trophic state index (TSI) using single factor (Chl a) was used to describe the trophic status (Wang, 2002) in the mangrove forest according to the equation:



Evaluation standard: 0 < TSI ≤ 30 oligotrophic, 30 < TSI ≤ 50 mesotrophic, TSI > 50 eutrophic, > 70 high eutrophic.



2.5 Canadian Council of Ministers of the Environment Water Quality Index

The evaluation of index scores in CCME WQI is obtained as stated in the literature (CCME, Canadian Council of Ministers of the Environment, 2001; Feng et al., 2018; Zhu et al., 2019):



where , , and  represent scope (number of variables, whose objectives are not met), frequency (number of times by which the objectives are not met), and amplitude (the amount by which the objectives are not met), respectively, and are calculated as follows:











Water quality is categorized into five different categories based on the WQI scores: Poor (0–44), Marginal (45–64), Fair (65–79), Good (80–94), and Excellent (95–100). According to the environmental quality standards for surface waters (GB3838–2002) (Table 1) in China, the water quality in the mangrove forest during both seasons were classified as grade III with a nitrogen concentration limit of 1 mg/L and a phosphorus concentration limit of 0.05 mg/L (Ministry of Environment Protection of the People's Republic, 2010; Ministry of Environment Protection of the People's Republic, 2011).



2.6 Phytoplankton Alpha-Diversity Indices

The phytoplankton assemblage diversity was measured using univariate statistics, such as alpha-diversity indices. This was made possible using the software package PRIMER© version 7 (Plymouth Marine Laboratory, U.K.), and following the methods described in Clarke and Warwick (2001) and Clarke and Gorley (2006). Besides the Species richness (S), expressed as the number of species per sample, the alpha-diversity indices were also evaluated. These included the Shannon index (H′), the Margalef index (d), Pielou’s (J’) diversity, Simpson’s (λ) dominance, and inverted Simpson’s (1 − λ) index.



2.7 Statistical Analysis

Statistical analysis was carried out with the aid of XLSTAT (2016 version), SPSS (version 22.0), PAST 3, and PRIMER 7. Student’s t-test analysis was carried out with the aid of XLSTAT (2016 version), while Pearson’s correlation was performed via SPSS (version 22.0) at a significant level (p < 0.01) and (p < 0.05). CCA ordination plot was carried through PAST 3.




3. Results


3.1 Environmental Characteristics and Pollution Indices Fluctuation

The univariate statistics of the environmental characteristics of the 11 water quality parameters including pollution indices across the mangrove forest in two different seasons (dry and wet) are given in Table 2. The pH was within the range for surface water standard limit and showed no significant difference between the two seasons (p < 0.05) while turbidity fluctuated above the limit across most of the sampling sites during both seasons and showed no significant difference between the two seasons. Electrical conductivity, total dissolved solids, nitrate, and phosphate were significantly different between the two seasons (p < 0.05 or p < 0.01). However, EC, TDS, and phosphate values in most of the sampling sites were above the standard limit, whereas nitrate was below the limit value in most of the sites during the wet season but above its limit value in the Pearl River axis of the Guangdong coast during the dry season.


Table 2 | The temporal and spatial variation of environmental parameters and pollution indices during study period.



The calculated surface water quality index according to the CCME method (Figure 3) showed no significant difference between the two seasons (p < 0.05) (Tables 3, 4). These values were basically within the range of poor and marginal category. Meanwhile, only at sites gd-21 in the wet season and gd-27 in the dry season was the water quality index recorded > 70 (fair). The sampling sites gd-33 to gd-38 were under poor water quality category during both seasons. The single-factor trophic state index analysis (TSI Chl a) showed a significant difference between the two seasons (p < 0.01). Its index value in the dry season was under mesotrophic to eutrophic state, while in the wet season, it was basically mesotrophic to oligotrophic (Figure 4). Based on environmental variable pattern and TSI, we found that pH, TDS/salinity, nitrate, and phosphate were positively correlated with TSI, and were vital components of an ecological process that influenced the trophic state in the mangrove forest.




Figure 3 | Aquatic water quality index of the mangrove forest at different locations using the CCME method.




Table 3 | Algal Genera and species of pollution interest that are included in the Palmer, 1969 and were detected in the mangroves.




Table 4 | The correlation coefficients found by Pearson’s correlation analysis of alpha diversity indices, CCME-WQI, AGPI, ASPI, and TSI (Chl.A) in the mangrove forest.






Figure 4 | The spatial distribution of trophic state index in dry (A) and wet (B) seasons across the mangrove forest.



According to Palmer (1969), a total of 18 species and 18 genera were identified as pollution-tolerant indicators during the wet season, whereas in the dry season, a total of 14 species and 16 genera were identified (Table 5). These indicator species consist of diatoms, cyanobacteria, green algae, and euglena (e.g., Cyclotella, Navicula, Nitzschia and Synedra, Gomphonema, Melosira, Microcystis, Oscillatoria, Phormidium, Scenedesmus Closterium, Pandorina, Stigeoclonium, Lepocinclis, and Phacus). The micro plates of these species are given in Plate 1.


Table 5 | The calculated indices values during the dry season across the mangroves.






Plate 1 | Some optical images of high organic tolerant microalgae that was present in the studied area. (1) Scenedesmus quadricauda var. biornatus f. giganticus (av. diam. 10 µm); (2) S. armatus (av. diam. 6.5 µm); (3) S. quadricauda (av. diam. 6 µm); (4) Crucigenia quadrata (av. diam. 5.5 µm); (5) Pediastrum duplex (av. diam. 13.5 µm); (6) Pediastrum boryanum (av. diam. 16 µm); (7) Phacus longicauda (av. diam. 31 µm); (8) Closterium acerosum (av. diam. 53 µm); (9) Crucigenia fenestrate (av. diam. 3.5 µm); (10) Pinnularia viridis (av. diam. 20.7 µm); (11) Scenedesmus obliquus (av. diam. 16 µm); (12) Oscillatoria princeps (av. diam. 25 µm); (13) Lepocinclis acus (av. diam. 15 µm); (14) Anabaena circinalis (av. diam. 10 µm); (15) Arthrospira jenneri (av. diam. 4 µm); (16) A. spiraoides (av. diam. 8 µm); (17) S. subsalsa (av. diam. 4 µm). Scale bar = 10 µm. LM magnification ×200.



Moreover, the spatial and temporal variation of the algal genus pollution index (AGPI) in the mangrove forest was significantly different between the two seasons (p < 0.01) (Table 2). The mean AGPI in the dry season was 19.10 ± 5.06, significantly lower than that in the wet season (mean = 23.82 ± 6.54) (p < 0.01). The AGPI confirmed that all sampling sites in the dry season experienced moderate to very high organic pollution (Figure 5). More so, all the sampling sites in the wet season experienced moderate to very high organic pollution except gd-23, where no evidence of organic pollution was detected (Figure 5). Furthermore, the evaluation of organic pollution status at the algal species level in the mangrove forest revealed that numerous sampling sites were organically threatened during the dry and wet season (Figure 6). The spatiotemporal distribution of the organic pollution indicator genera and species (Table 5) was significantly affected by water quality parameters (p < 0.05 or p < 0.01) (Table 6).




Figure 5 | The temporal and spatial variation of the algal genera pollution index score during the study period.






Figure 6 | The temporal and spatial variation of the algal species pollution index score during the study period.





3.2 Alpha-Diversity Index and Its Relationship With Water Quality Parameters

The t-test results showed no significant difference in the spatiotemporal variation of alpha-diversity indices across the mangrove forest (p < 0.05) (Table 2). The mean value of the Margalef index was 16.71 ± 4.78 in the dry season and 14.82 ± 3.38 in the wet season. The peak value of the Margalef index was reported at the Leizhou Peninsula (gd-9: 26.91) during the dry season and at the midsection of the Guangdong coast (gd-34: 21.05) during the wet season (Figure 7). We noted that different environmental variables affected the species richness during the dry and wet season. TDS/salinity, nitrate, phosphate, and silicate affected the Margalef index during the dry season while pH, EC, TDS/salinity, and silicate significantly affected it during the wet season (Table 6). These results revealed that increased EC and nutrient concentrations promote the phytoplankton species richness in the mangrove forest. The Pielou index was 0.68 ± 0.17 in the dry season and 0.62 ± 0.12 in the wet season. Like the Margalef index, the maximum value of the Pielou index was recorded at the midsection of the Guangdong coast (gd-34: 0.85) during the wet season and at the Leizhou Peninsula (gd-21: 0.91) during the dry season (Figure 7). The Pielou index is a signal to indicate community species evenness. Our results confirmed that increased salinity in the dry season and EC in the wet season are beneficial factors for species evenness across the mangrove forest (Table 6). Variation on the Shannon–Weaver index (species diversity) across the mangrove forest was influenced by different environmental variables, which included the Margalef and Pielou indices. However, the t-test showed that seasonal change had a slight influence on the Shannon–Weaver index (p > 0.05). The mean value of the Shannon–Weaver index during the dry season and wet season was 3.29 ± 0.86 and 3.02 ± 0.63, respectively (Figure 7). Our results confirmed that the Shannon–Weaver index was controlled by increased TDS/salinity and nutrient salts during the dry season, and by increased EC level and nutrient salts concentration in the wet season (p < 0.05) (Table 6). pH and salinity played a negative significant influence on the Shannon–Weaver index during the wet season (p < 0.01) (Table 6). The spatial distribution of the Simpson index in both dry and wet periods in the mangrove forest was very similar to that of the Shannon–Weaver index (Figure 7). Like the Shannon–Weaver index, the variation of the Simpson index was influenced by the same environmental variables during the dry and wet seasons, respectively (Table 6) (p < 0.05). The Simpson index mean value was 0.89 ± 0.14 in the dry season and 0.87 ± 0.09 in the wet season. The correlation analysis showed that the alpha-diversity indices across the mangrove forest were significantly positively correlated with each other in both seasons (p < 0.01) (Table 6).




Figure 7 | The spatial distribution of phytoplankton alpha-diversity indices during dry (A) and wet (B) seasons. (d = Margalef index; J′ = Pielou index; H′ = Shannon–Weaver index; 1 − λ = Simpson index).





3.3 Relationship Between Alpha-Diversity Indices and Water Quality Indices

Correlation analysis showed that the CCME: WQI in the dry season was significantly positively correlated with the Pielou index, Shannon index, and Simpson index (p < 0.05 or p < 0.01) (Table 6). This implies that the water quality (poor to marginal category) factors during the dry season influenced the species evenness, diversity, and dominance. The TSI was negatively correlated with the alpha-diversity indices in both seasons (p < 0.05) (Table 6). The correlation analysis of AGPI and ASPI during the dry season showed no significant relationship with all the diversity indices; instead, a significant positive correlation was recorded in the wet season (p < 0.01). This implies that a greater proportion of the phytoplankton species in the mangrove forest were made up of organic pollution indicators.


Table 6 | The calculated indices values during the wet season across the mangroves.



The multivariate statistical relationships of the algal indices, algal pollution indices, trophic state index, and environmental parameters revealed that the canonical axes of algal indices/environmental parameters during the dry and wet season significantly accounted for 97.56% (pseudo-F = 0.27, p < 0.001), whose axes 1 and 2 explained 95.22% (Eigenval = 0.26, p = 0.001) and 2.34% (Eigenval = 0.006, p = 0.033) variation, respectively (Figure 8). This explains the fact that the applied indices and TSI during both seasons related positively to the environmental parameters on each axis.




Figure 8 | CCA ordination showing the response relationship of the biodiversity indices, trophic state indices, and environmental variables in the mangrove ecosystem during dry and wet seasons. (N, algal abundance; d, Margalef index; J′, Pielou index; H′, Shannon–Weaver index; 1 − λ, Simpson index; AGPI, Algal genus pollution index; ASPI, Algal species pollution index; EC, Electrical conductivity; Sali, salinity; Chl, Chlorophyll-a; Nitra, Nitrate; Nitri, Nitrite; Phos, phosphate; Silic, Silicate).






4 Discussion

Phytoplankton diversity indices have been shown to be a useful approach in the evaluation of community structure (e.g., evenness, richness, function, and stability) (Mousing et al., 2016); specifically, phytoplankton alpha-diversity indices have been applied as a tool for trophic state assessment and monitoring of the potential harmful algae blooms (Yang et al., 2016; Katsiapi et al., 2020; Meng et al., 2020). Deduction of ecological traits, which include ecological information of richness, abundance, and evenness, is the main advantage of phytoplankton alpha-diversity index evaluation (Mousing et al., 2016; Tian et al., 2017). Also, the evaluation of algal pollution indices that make use of pollution-tolerant taxa as developed by Palmer (1969) has the potential of detecting early signs of organic pollution in coastal ecosystems before reaching eutrophication state without chemical analysis of the water body. Organic pollution has become a major concern in the mangrove forest due to increased urbanization, aquaculture, agricultural activities, and tourism (Adam et al., 2018; Temino-Boes et al., 2019; Inyang and Wang, 2020). In this study, it is hypothesized that the phytoplankton alpha-diversity indices and algal pollution indices have the potential to provide a signal linking trophic state and water quality index variation in the mangrove forest. Moreover, our results showed that the phytoplankton alpha-diversity indices and algal pollution indices relate to the water quality parameters, presenting an obvious variation in seasonal scale. In addition, the phytoplankton alpha-diversity indices and algal pollution indices had a close relation with the trophic states index and CCME: WQI as revealed by the multivariate analysis. All of these findings verified our hypothesis that the phytoplankton alpha-diversity indices and algal pollution indices were a potential signal for indicating environmental variations in the mangrove forest.


4.1 Impact of Water Quality Fluctuation on Algal Indicator Species

The mangrove forest in China had been burdened by sewage (Wong et al., 1997; Wu et al., 2008) from households and industries, and by aquaculture wastewater, which has resulted in the deterioration of the forest in some places (Figure 2). Regina et al. (2019) pointed out that the development of tourism, agricultural facilities, and urban cities along the coast causes serious mangrove degradation in Mexico. The CCME: WQI had revealed that the water quality in the mangrove forest remained under poor and marginal conditions in both seasons, indicating the impact of the discharged effluent from the river, aquaculture facilities, farmland, and coastal industries (Inyang and Wang, 2020). In the present study, the nutrient parameters, EC, TDS, and turbidity showed a significant spatiotemporal difference (p < 0.05), which directly affects the diversity and dispersal of phytoplankton in the forest (Saifullah et al., 2014). Thus, the dynamics of algal assemblage can be an excellent bio-indicator in spatial and temporal monitoring of the forest.

The changes in hydrodynamics and the seasonal environmental change act as driving factors for phytoplankton abundance (Mohammad-Noor et al., 2013) and productivity (Pradhan and Shaikh, 2011). This indicates that the dynamic characteristics of the phytoplankton community in the mangrove forest are closely linked to the water quality parameter fluctuation. It was found that diatom indicator species dominate the plankton community and are more abundant in the wet season than in the dry season (p < 0.05). In contrast, indicator species of cyanobacteria and euglena showed no significant variation in abundance during wet and dry periods. It was noted that the motile species of cyanobacteria and euglena were predominant in the forest. During the wet season, it was discovered for low concentrations of nitrate and nitrite, which corresponded with a high abundance of Pseudanabaena sp. The EC and nutrients strongly influenced indicator species of cyanobacteria, green algae, and euglena (Yuan et al., 2018; Meng et al., 2020).



4.2 Alpha-Diversity Indices and Algal Pollution Indices’ Response to Water Quality Indices

Recent studies suggest that environmental variables may be vital for influencing phytoplankton alpha-diversity patterns (Yang et al., 2016; Tian et al., 2017). In this study, which is based on spatial correlation analysis, it was found that EC, turbidity, and temperature were considerable factors in the fluctuation range of the phytoplankton alpha-diversity pattern other than nutrient salts in the dry season. pH, TDS, and salinity affect the phytoplankton alpha-diversity pattern in the wet season. These results showed that alpha-diversity was not significantly different between the two seasons, suggesting that the seasonal changes in hydrological characteristics did not necessarily promote the richness and evenness in the phytoplankton community temporally. Meanwhile, alpha-diversity is considered positively dependent on catchment characteristics (Stefanidou et al., 2020). Increases in the Shannon–Weaver, Simpson, and Pielou indices were primarily interpreted as indicators of community stability and improved trophic status (Yang et al., 2020).

The Simpson, Margalef, and Pielou indices were negatively correlated with TSI during both seasons, and positively significantly correlated with CCME: WQI in the dry season (p < 0.01). Meanwhile, the Margalef index is recorded as a signal for indicating the richness of the community in aquatic and terrestrial ecosystems (Yang et al., 2016). It also was found that pH, TDS, and salinity relatively influenced the phytoplankton richness through the exchange of water and nutrients in the wet season. High EC and trophic state with low salinity and pH provide an appropriate condition for colonization of cyanobacteria and green algae indicator species. The mangrove forest’s environmental conditions, such as shallow and calm water and a high trophic state, create a unique habitat and provide ambient conditions for phytoplankton proliferation. This study revealed that the Margalef and Pielou indices presented a significant correlation with pollution indices (AGPI and ASPI). This implied that the main Palmer pollution indices depend on the species richness and the presence of individual indicator taxa. This correlation is governed by water quality variation. In addition, we inferred that the relevant phytoplankton index assessment could be made by a corresponding ordination analysis for visualizing the interaction of phytoplankton diversity, trophic indices, and nutrient concentrations through multivariate statistical methods. However, our ordination evaluation revealed that the trophic state indices relate significantly with the alpha indices and with the nutrient variation during both seasons (Figure 8) (p < 0.001). Understanding the relationships between diversity indices and trophic state aspects remains a challenge in coastal water research, and at the same time, it is essential for establishing water management databases on a larger spatial and temporal scale.




5 Conclusions

The possibility of algal indices (alpha-diversity and algal pollution indices) to serve as a biological indicator to assess water quality variation in the mangrove forest was investigated in the present study. The multivariate statistical analysis revealed that environmental variables (like pH, TDS, salinity, EC, and nutrients) strongly influenced the alpha-diversity indices and trophic states during different sampling seasons. Spatially, the water quality variables relatively impacted the algal indices during the dry and wet season due to the differences in catchment characteristics. Based on the CCME: WQI evaluation, the surface water of the Guangdong mangrove forest experiences various levels of enrichment across the sampling sites. TDS, EC, turbidity, nitrate, and phosphate were above the surface water standard limit in most of the studied sites during both seasons. Because of the pressure from fish farming facilities, tourist activities, agricultural activities, and urban cities, the Leizhou Peninsula and other parts of the Guangdong coast experienced mesotrophic to eutrophic state pollution during both seasons. The pollution indicator species showed a seasonal variation in its distribution pattern, probably due to the temporary changes in water quality variables. The development of integrated algal indices is beneficial for environmental regulation since the mangrove forest is very important for the production, diversity, relative abundance, and fecundity of phytoplankton.
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Changes in the molecular composition of dissolved organic matter (DOM) and its light-absorbing component (CDOM) along the river–coastal ocean continuum are crucial for better understanding the source and fate of DOM in coastal oceans. Both optical (absorbance and fluorescence) techniques and ultrahigh-resolution mass spectrometry have been widely used to trace DOM cycling. However, to the best of our knowledge, the linkage between these two techniques is rarely investigated along the river–coastal ocean continuum. In this regard, bulk characterization, optical techniques, and ultrahigh-resolution mass spectrometry [Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS)] were applied to determine the DOM chemistry along a spatial transect from the Yangtze River Estuary (YRE) to the East China Sea. The results showed that DOM in the YRE was mainly controlled by the mixing of freshwater and seawater. Besides terrestrial input, multiple sources (tributary input from the Huangpu River, wastewater input, and sediment resuspension and subsequent release at the turbidity maximum zone) have been identified. In addition, the linkages between CDOM and thousands of formulas were developed based on Spearman’s rank correlations between optical parameters and FT-ICR MS peaks. The linkages showed that the molecular groups associated with the optical parameters generally agreed with conventional biogeochemical interpretations. Nevertheless, each technique has its unique advantage and weakness in interpreting DOM composition. Therefore, the combination of the untargeted FT-ICR MS approach and optical techniques could be valuable for studying the DOM sources and transformation in large river estuarine systems.




Keywords: Yangtze River Estuary, East China Sea, dissolved organic matter (DOM), optical properties, molecular composition



Introduction

Estuaries are the major channels transferring dissolved organic matter (DOM) from land to the coastal ocean, playing a crucial role in biogeochemical element cycling (Li et al., 2015). The transport of DOM from estuaries to coastal oceans represents a fundamental component of the global biogeochemical cycle (Bianchi, 2011; Cao et al., 2018), which has gained increasing attention (Hedges et al., 1997; Benner, 2004). DOM provides an essential source of energy and nutrients, and affects nutrient cycles, oxygen levels, and microbial communities in aquatic environments (Findlay and Sinsabaugh, 2003). The extent of these influences relies not only on the abundance but also on the sources and chemical composition of DOM (Hansell and Carlson, 2015). Primary sources of DOM in estuaries and coastal oceans include terrestrial plants, soils, sediment resuspension, microbes, and marine phytoplankton (Li et al., 2015; Canuel and Hardison, 2016). Moreover, anthropogenic activities such as urban and industrial runoff (wastewater discharges) can further complexify the DOM abundance, chemical composition, and bioavailability, especially in densely populated estuaries (Spencer et al., 2007; He et al., 2020).

In the estuarine zone, the salinity, ion strength, and oxidation–reduction potential changed sharply, which affected the transformation, adsorption, desorption, and sedimentation of organic matter (OM) (Canuel et al., 2012). Although the physical mixing of freshwater and marine water is usually one of the dominant processes affecting the DOM distribution and transformations, other processes have been noted to play important roles, including removal processes such as photochemical and biological degradation, and adsorption to particles, and addition processes such as in situ production and sediment resuspension (Li et al., 2015). All these removal and addition processes highly affect DOM composition and sources. In this context, assessing the DOM composition and source would be the first step to understand its transformation in estuaries. The carbon isotopic composition is a well-established tool for differentiating DOM sources, with marine DOM having higher δ13C values than terrestrial DOM (Hedges et al., 1997; Lalonde et al., 2014). The UV–Vis absorbance and fluorescence spectroscopy were widely used in characterizing the chromophoric DOM (CDOM), an optically active fraction of DOM, and thus infer the overall DOM source and its biogeochemical cycling (Coble, 2007; Li and Hur, 2017). Moreover, excitation–emission matrix coupled with parallel factor analysis (EEM-PARAFAC) was applied in combination with δ13C to further constrain the DOM sources (Osburn and Stedmon, 2011; Cawley et al., 2012; Ya et al., 2015). Both conservative and non-conservative mixing behaviors of various fluorescent components have been observed spatially from the freshwater to seawater regions (Stedmon and Markager, 2005; Yang et al., 2013; Li et al., 2015), suggesting complex factors controlling the DOM dynamics in estuaries.

Although stable carbon isotopes and optical techniques are helpful in elucidating spatial and temporal variations in DOM sources, they cannot provide the molecular composition of DOM, which is an important determinant of DOM lability and fate (Hansell and Carlson, 2015; Mostovaya et al., 2017). Ultrahigh-resolution mass spectrometry [e.g., Fourier transform ion cyclotron resonance mass spectrometer (FT-ICR MS)] is introduced to investigate the molecular composition of DOM (Kujawinski et al., 2004; Koch and Dittmar, 2006), and has shown promising applications in various aquatic environments (Nebbioso and Piccolo, 2013; Minor et al., 2014). FT-ICR MS has aided in identifying DOM transformation processes from terrestrial to marine biomes (Sleighter and Hatcher, 2008; Medeiros et al., 2015; Seidel et al., 2015). In addition, the linkage between optical and molecular properties of DOM in natural aquatic systems is a subject with rising interest in the aquatic biogeochemistry field (Osburn and Bianchi, 2016). For instance, the combination of optical properties and FT-ICR MS has been applied recently to a few natural systems, such as a boreal river, a subtropical wetland, and the Mediterranean Sea, in order to further understand the chemical composition and transformation of DOM (Stubbins et al., 2014; Wagner et al., 2015; Martínez-Pérez et al., 2017). These studies have recognized that chemical composition at the molecular level is closely associated with many optical indices (e.g., absorbance, relative abundance of fluorescent components) (Stubbins et al., 2014; Kellerman et al., 2015). However, previous studies usually focused on freshwater or marine water systems (Stubbins et al., 2014; Martínez-Pérez et al., 2017). It remains unclear whether many previously reported relationships are still applicable to a typical large estuary–coastal ocean transect (Martínez-Pérez et al., 2017).

The Yangtze (Changjiang) River is the longest river in China and the third-largest river in the world. The average discharge is about 9.03×1011 m3 per year, consisting of more than 80% of the total freshwater discharged into the East China Sea (Yu et al., 2011). The Yangtze River estuary (YRE) is located at the subtropical zone. The east part of YRE is affected by Kuroshio water and upwelling. The western side is affected by Qiantang River, while Taiwan Warm Current also affects this area, making YRE one of the most complex continental shelf coastal areas (Zhang et al., 2007). Previous studies primarily focused on the spatiotemporal variations of DOM in the YRE using optical techniques and high-resolution mass spectrometry and identified both conservative and non-conservative behaviors (Sun et al., 2014; Li et al., 2015; Chen et al., 2016; Zhu et al., 2018; Zhou et al., 2021). Li et al. (2015) suggested that the turbidity maximum zone (TMZ) played a key role in affecting the optical properties of surface water DOM. However, there exist multiple DOM sources, such as tributary input, wastewater discharge, and nearby salt marsh in the YRE, which could result in the complex dynamics of DOM (Li et al., 2015; Chen et al., 2016). Previous studies mostly focused on the bulk [e.g., dissolved organic carbon (DOC)] and optical properties of DOM (Gan et al., 2016; Song et al., 2017), presenting limited information on DOM molecular composition. Although an increasing number of studies have explored the molecular composition of DOM in estuarine environments such as a river to ocean transect at the lower Chesapeake Bay (Sleighter and Hatcher, 2008), the Amazon River to the West Atlantic Ocean (Seidel et al., 2015), and the Delaware Estuary (Osterholz et al., 2016), only two molecular-level studies have been performed in the YRE (Zhou et al., 2021; Zhou et al., 2022). However, the linkages between optical and molecular composition of DOM are still not explored, limiting our understanding of the organic matter sources and transformation across this typical large estuary and oceanic continuum. Therefore, combining bulk, optical, and molecular approaches, this study aims to (i) determine the molecular diversity of DOM in the YRE and East China Sea and its major controlling factors, and (ii) identify the linkages of the isotopic and optical properties with the molecular composition along this typical large river to coastal ocean continuum system.



Materials and Methods


Study Area and Sampling Strategy

The study area included the entire YRE and part of the East China Sea (Figure 1). During the 2017 summer cruise, water samples were collected from YE1 to YE18 Surface water (1.5 m below surface) samples were collected at all stations, while samples at middle and bottom depths were collected at some stations. This collecting strategy allowed us to obtain 38 samples in total (Zhou et al., 2021). All water samples were collected by Nalgene bottles [cleaned with acidified ultrapure water (pH = 2) and ultrapure water]. Bottles were rinsed with sample water before sampling. In situ water temperature, salinity, turbidity, and dissolved oxygen concentration were obtained from conductivity–temperature–depth (CTD) equipment (SBE-25 plus, Sea-Bird, USA) on board. Water samples were immediately filtered with precombusted 0.7-μm glass fiber filters (Whatman GF/F) and 0.22-μm membrane filters (Millipore) subsequently to remove particles, algal aggregates, and most bacteria. The filtrates were then stored at −20°C in the dark before further analysis.




Figure 1 | Sampling stations in the Yangtze Estuary and East China Sea. The confluence of the Huangpu River (HP) and the Yangtze River is marked with a blue triangle, and the location of Bailonggang wastewater treatment plant (WWTP) is marked with a yellow diamond.





Nutrients and DOC Measurements

Concentrations of nutrients (NO3-, NO2-, NH4+, PO43-, and SiO32-) were measured by UV–Vis microplate spectroscopy (Multiscan Spectrum, Thermo Scientific) following a modified method by Grasshoff et al. (2009). The dissolved inorganic nitrogen (DIN) concentration is the total of NH4+, NO2-, and NO3-, and is reported as µM. DOC concentrations were measured as non-purgeable organic carbon (NPOC) on a Shimadzu TOC-L instrument by high-temperature catalytic oxidation (Huguet et al., 2009). Standard solutions of DOC were prepared by dissolving potassium hydrogen phthalate into ultrapure water and used as DOC references. In addition, international reference low-carbon water and deep seawater (provided by Prof. D. Hansell at the University of Miami, USA) are measured as additional control to calibrate the instrument, with variation coefficient less than 5%.



Absorbance and Fluorescence Measurements

The UV–Vis absorbance and fluorescence spectral measurements were performed on an Aqualog (Horiba, Japan) absorbance–fluorescence spectrometer with 1-cm path length quartz cuvettes. Milli-Q water was used as a reference. The absorption coefficient was converted from absorbance, by multiplying the conversion factor 2.303 and dividing by the path length. In this study, the absorption coefficient at 254 nm (a254) was taken as a quantitative measure of CDOM (Li and Hur, 2017). Excitation emission–matrices (EEMs) of fluorescence spectra were generated following the settings described by Wang et al. (2019). The fluorescence intensity was divided by the area of the Raman peak and thus reported in Raman units (RU). Various commonly used compositionally based absorbance and fluorescence optical indices were calculated following the equations as previously described (Table S1). Specifically, the specific ultraviolet absorbance at 254 nm [SUVA254 (L mg C-1 m−1)] was positively associated with aromatic content, with a higher number indicating greater aromatic content (Weishaar et al., 2003). The slope ratio (SR) was calculated based on Helms et al. (2008) to assess the average molecular weight of DOM. Fluorescence index (FI) indicates the relative contribution of terrestrial and microbial sources (Mcknight et al., 2001; Cory et al., 2010); humification index (HIX) indicates the humic substance content or the extent of humification (Ohno, 2002), which has been shown to increase with the increasing degree of DOM aromaticity. Both the biological index (BIX) and freshness index (FrI) are calculated to indicate autotrophic productivity and the proportion of recently produced DOM (Parlanti et al., 2000; Huguet et al., 2009; Wilson and Xenopoulos, 2009). In addition, all EEMs were subjected to parallel factor analysis (PARAFAC) using the DOMFluor toolbox (Stedmon and Bro, 2008), following the procedures described in previous studies in the YRE (Li et al., 2015).



Stable Carbon Isotope Measurements of SPE-DOM

DOM was extracted from 1 L of water using solid-phase extraction (SPE) with cartridges filled with a styrene divinyl benzene polymer (Agilent Bond Elut PPL, 500 mg, 6 ml), as described by Dittmar et al. (2008). The stable carbon isotope ratios (δ13C) of SPE-DOM were measured in duplicates on an isotope ratio-monitoring mass spectrometer (Finnigan MAT 253, Thermal Scientific, USA) and were reported in δ notation relative to the Vienna Pee Dee Belemnite. Precision and accuracy were within 0.2‰, and procedural blanks did not yield detectable amounts of contamination (Zhou et al., 2021).



Molecular Composition of SPE-DOM Revealed by FT-ICR MS

A 9.4-T electrospray ionization Bruker Apex FT-ICR MS at the State Key Laboratory of Heavy Oil Processing, China University of Petroleum-Beijing, was used to precisely characterize the molecular composition of SPE-DOM using negative electrospray ionization mode. The procedure followed a previous study by He et al. (2020). Relative peak intensities were calculated based on the summed intensities of all assigned peaks in each sample to assess DOM composition semi-quantitatively. The elements (C, H, O, N, and S), formulas (CHO, CHON, CHOS, and CHONS), and others [the ratio of hydrogen to carbon (H/C), the ratio of oxygen to carbon (O/C), double bond equivalent (DBE), and aromaticity index (AImod)] were obtained based on the magnitude-weighted calculation to the analysis of DOM composition (Koch and Dittmar, 2006; Koch and Dittmar, 2016). Assigned molecular formulas were categorized into different compound groups (Martínez-Pérez et al., 2017; Li et al., 2019): sugars (1.6 < H/C < 2.0, 0.7 < O/C < 1.0, and N = 0), peptides (1.5 < H/C < 2.0, O/C < 0.9, and N > 0), highly aromatic compounds with aliphatic side chains such as polyphenols (0.50 < AImod < 0.66), condensed combustion-derived dissolved black carbon (BC, AImod ≥ 0.66), highly unsaturated compounds (HU, AImod < 0.50, H/C < 1.5, and O/C < 0.9), unsaturated aliphatic compounds (UA, 1.5 < H/C ≤ 2, O/C < 0.9, and N = 0), and carboxyl-rich alicyclic molecules (CRAM, 0.3 < DBE/C < 0.68, 0.2 < DBE/H < 0.95, and 0.77<DBE/O<1.75). The molecular lability index (MLBL, the relative abundance of molecular formulas with H/C ≥ 1.5) was calculated to evaluate the overall lability of DOM (D’andrilli et al., 2015). The degradation index (IDEG) was calculated to indicate the degradation state of the DOM (Flerus et al., 2012). The relative intensity of t-peaks (RAterr) and the ratio of terrestrial peaks to marine peaks (Iterr) were calculated to trace the terrestrial DOM along the transect (Medeiros et al., 2016).



Statistical Analyses

The relative abundance (%) of each PARAFAC component was calculated by dividing the PARAFAC component intensity by the sum of all components’ fluorescence intensities within a sample. Pearson correlations were conducted among isotopic, optic, and molecular parameters using MATLAB. Pairwise Spearman’s rank correlations were obtained between optical indices and normalized mass peak intensities (Wagner et al., 2015). In this study, correlations were considered significant at the 99% confidence level (p < 0.01).




Results


Hydrography Background

The surface water salinity ranged from 0.2 to 35.5 and showed an increasing trend seaward (Figure S1). Based on previous studies (Li et al., 2015; Zhou et al., 2021) and the turbidity measured in this study, the turbidity maximum zone is mainly confirmed to be located at YE5 to YE11 during this sampling event (Figure S1), although this zone is also dynamically fluctuated depending on the river discharge and tidal effects (Li et al., 2015).



DOC and Bulk Physicochemical Background

The DIN (the sum of NO3-, NO2-, and NH4+), PO43-, and SiO32- concentrations all showed decreasing trends with increasing salinity, suggesting the dilution of freshwater from the Yangtze River with high nutrient concentrations by seawater with low nutrient concentrations (Figure S1). The NO3- is the dominant DIN form, and it also showed the highest concentration at the TMZ (YE6). Similarly, both NH4+ and NO2- showed the highest concentrations at YE7, located at the TMZ. The concentrations of SiO32- ranged from 0.5 to 129.6 µM, and they negatively correlated with salinity. The highest concentrations of SiO32- were also observed at YE5 and YE6. The primary source of SiO32- was from the weathering of rocks, suggesting the dilution of SiO32- with marine water.

The DOC concentrations were from 62.9 to 123.3 µM, 68.0 to 93.4 µM, and 60.0 to 114.7 µM in the surface, middle, and bottom water layers, respectively (Figure S1). In general, a negative correlation (p < 0.01) between concentrations of DOC and salinity was observed.



Spatial Variations of Stable Carbon Isotopic Composition of SPE-DOM

The δ13C values ranged from −28.0‰ to −23.4‰, −26.3‰ to −23.5‰, and −28.2‰ to −23.2‰ for the surface, middle, and bottom samples, respectively (Figure S2). The δ13C values of terrestrial and marine DOM usually ranged from −28‰ to −25‰, and from −22‰ to −19‰, respectively (Raymond and Bauer, 2001; Osburn and Stedmon, 2011). Therefore, the δ13C values obtained in this study indicated the mixing of OM from both terrestrial and marine inputs. There is a positive correlation (p < 0.01) between δ13C and salinity.



Optical Properties: UV–Vis Absorbance and Fluorescence

The CDOM absorption coefficient a254 was from 1.15 to 8.98 m−1; the SUVA254 ranged from 0.59 to 3.32 L mg−1 m−1. Both a254 and SUVA254 decreased with increasing salinity (Figure S2) and showed negative correlations with salinity (R2 = 0.94 for a254 and R2 = 0.80 for SUVA254, both p < 0.01). The slope ratios (SR) were from 0.95 to 5.37, 1.09 to 5.53, and 0.83 to 5.30, in surface, middle, and bottom layer samples, respectively. SR showed a sharp increase in high-salinity area, suggesting decreasing averaged molecular weight of CDOM with increasing salinity (Helms et al., 2008).

HIX ranged from 0.24 to 0.74, 0.24 to 0.65, and 0.30 to 0.72 from the surface, middle, and bottom layers, respectively. BIX ranged from 0.89 to 1.40, 0.99 to 1.28, and 0.89 to 1.36 for the surface, middle, and bottom layers, respectively (Figure S2).

Four fluorescent components were identified by PARAFAC, including two humic-like components (C2 and C3), one tyrosine-like component (C1), and one tryptophan-like component (C4) (Figure 2). Further comparisons with previous studies using the OpenFluor database (Table S2) revealed that C1 is associated with free and protein-bound amino acids, which are usually ascribed to autochthonous DOM (Coble, 1996; Cory and Mcknight, 2005). C4 had a fluorescence signal similar to the tyrosine-like signal (Stedmon et al., 2011). C2 represents terrestrial humic-like fluorescence in high nutrient and wastewater impacted environments, while C3 represents microbial humic-like fluorescence (Murphy et al., 2011).




Figure 2 | Fluorescence spectra of four PARAFAC components (A–D), Fmax of four PARAFAC components (E), relative abundance of O3S and O5S formulas (F), and the ratios of relative abundance of O3S and O5S formulas to other organic sulfurs (G) along the Yangtze Estuary transect.



The fluorescence intensities of C2 and C3 were closely correlated (R2 = 0.99, p < 0.001), suggesting that they could be derived from a similar source and controlled by similar factors (Stedmon and Markager, 2005). They both negatively correlated with salinity (p < 0.001). In contrast, although both C1 and C4 belong to protein-like components, they showed distinct behaviors (Figure 2). The absolute intensity of C1 showed a weak negative correlation with salinity (R2 = 0.52, p < 0.01), whereas no correlation was observed between the salinity and fluorescence intensity of C4. The relative percentages of C2 and C3 both showed negative correlations with salinity. There was no significant correlation between the salinity and relative percentage of C1, whereas a significant positive correlation was observed between the salinity and relative percentage of C4.



Molecular Compositions

The FT-ICR MS technique applied here allowed for the assignment of 7,398 unique molecular formulas in the mass range of 210–730 Da in the 38 DOM samples of the Yangtze River to East China Sea continuum (Table 1), providing a fingerprint to assess its sources and alterations (Stubbins et al., 2010). Although only 1,117 common molecular formulas were present in all samples, they account for >50% of the intensity in each sample.


Table 1 | Number, average molecular mass, molecular properties, heteroatom, and formula grouping of molecular formulas that correlated positively (r > 0, p < 0.01) with optical indices (absorption coefficient, relative abundance of PARAFAC components, SUVA254, FI, BIX, HIX, and FrI).



Most molecular parameters such as AImod, DBE, black carbon, and polyphenols showed negative correlations with salinity (p < 0.01). In contrast, H atom number, H/C, and HU showed positive correlations with salinity (p < 0.01). The lowest AImod values and highest H/C were observed at the surface layer of YE16-YE18.




Discussion


Evaluations of DOM Sources Combining Isotopic, Optical, and Molecular Signatures

The YRE has multiple DOM sources, including allochthonous (terrestrial) DOM from riverine discharge and autochthonous DOM from local primary production. The DOC concentration and CDOM abundance (a254 and four PARAFAC components) all showed negative correlations with salinity, indicating that DOM in the estuary is mainly controlled by terrestrial input and the physical dilution of freshwater DOM by seawater (Yang et al., 2013; Li et al., 2015; Medeiros et al., 2015), which has been described and discussed in a previous study (Zhou et al., 2021). The increasing δ13C indicated the decreasing contribution of terrestrial DOM with increasing salinity in the YRE (Fichot and Benner, 2012; Li et al., 2021). Humic-like C2 and C3 have also been reported as terrestrial-derived organic matter (Li et al., 2015). In this study, the significant negative Pearson correlations between δ13C and C2% (R2 = 0.86, p < 0.01) and C3% (R2 = 0.84, p < 0.01) further confirm the terrestrial signature of C2 and C3 components. Although naturally terrestrial input has been suggested as the primary source of DOM at the YRE, the sharp increase of protein-like C1 from YE3 to YE6 (Figure 2) indicated that the anthropogenic DOM could also introduce a significant portion of DOM. A previous study showed that there is high abundance of protein-like components in the Huangpu River, which flows into the Yangtze River between YE3 and YE4 (Dong et al., 2014). In addition, protein-like fluorescence components were found to be enriched in domestic wastewater (Yin et al., 2020), and one large wastewater treatment plant with a wastewater loading of 2.8 million m3/d is located nearby YE6. Therefore, the increase of C1 could be possibly attributed to the inputs of the Huangpu River (YE3 station) and the domestic wastewater treatment plant (YE6 station). Moreover, the relative abundance of surfactant-like O3S and O5S formulas and the ratios of their abundance to the relative abundance of other organic sulfur (Other OS: CHOS + CHONS, except O3S and O5S) increased sharply from YE4 to YE6. The O3S formulas are likely associated with linear alkylbenzene sulfonates (LAS), which is widely used in detergents and existed commonly in domestic sewage (Gong et al., 2022). The O5S formulas could be possible degradation products of LAS, and both O3S and O5S formulas have been found to be enriched in domestic sewage (Gonsior et al., 2011; Melendez-Perez et al., 2016). Therefore, the wastewater inputs could be supported by the sharp increase in the relative abundance of surfactant-like O3S and O5S formulas from YE4 to YE6 (Ye et al., 2019) (Figure 2).

Besides tributary and wastewater input, sediment resuspension and subsequent release located at the TMZ could be another source of DOM in the YRE (Yang et al., 2013; Li et al., 2015). In this study, the highest PARAFAC components were found at the TMZ, which could be easily attributed to the sediment resuspension (Li et al., 2015). However, the wastewater input is also located nearby the TMZ, resulting in the complexity of DOM sources in this region. To elucidate the DOM source in this region, further detailed analysis was conducted (Figure 2). Protein-like components (C1 and C4) increased sharply at YE4, while C1 and humic-like C2 showed large increase (~10%) at YE6, suggesting that there must be other DOM sources at YE6 besides anthropogenic inputs. Compared to C2, C3 remained relatively stable from YE5 to YE6 with the decrease of average C3:C2 from 0.81 at YE1–YE5 to 0.75 at YE6–YE8. One previous study showed that sediment-extracted organic matter is rich in humic-like components (similar to C2 in this study) at the TMZ of YRE (Han et al., 2021). Therefore, this increase of C2 at YE6 could be partly attributed to the sediment resuspension and subsequent dissolution or desorption.



Linkages Between Optical and Molecular Signatures of DOM

Both optical methods and FT-ICR MS were widely used to characterize DOM in natural ecosystems, demonstrating their potential in studying the source, bioavailability, and terrestrial signature of DOM (Fellman et al., 2008; D’andrilli et al., 2015; Medeiros et al., 2016; Zhang et al., 2018). In our study, various significant correlations were observed between optical and molecular parameters (Figure 3). For example, humic-like components (C2 and C3) and their relative abundance (%C2 and %C3) were positively correlated with DBE, AImod, RAterr, and Iterr. Accordingly, a254, SUVA254, and HIX behaved similarly to humic-like components, thus correlating similarly with molecular parameters. Contrastingly, protein-like components C1 and C4 showed distinctive correlations with molecular parameters. For arbitrary abundance, C1 exhibited similar correlations with molecular parameters as humic-like C2 and C3 due to their significant positive correlations (C1 vs C2: R2 = 0.64, p < 0.01; C1 vs C3: R2 = 0.62, p < 0.01), while there was none for C4. However, when shifted to relative abundance, %C4 correlated with various molecular parameters, while none was for %C1. Therefore, the calculation (arbitrary or relative) of PARAFAC components should be carefully checked when discussing the correlations between PARAFAC components and molecular parameters.




Figure 3 | Correlations (Pearson) among different isotopic and optical parameters.



The associations between optical and molecular parameters would facilitate the understanding of DOM composition. For example, the significant positive correlations between AImod and humic-like components (either arbitrary C2 and C3, or relative C2% and C3%) (Figure 3) suggested that humic-like components were associated with aromatic compounds, in agreement with previous studies observed in boreal waters and subtropical coastal wetlands (Stubbins et al., 2014; Wagner et al., 2015). Meanwhile, both HIX and SUVA254 correlated positively with AImod and DBE, indicating that aromaticity derived from both optical methods and high-resolution mass spectrometry were consistent with each other, which has been widely reported in previous studies (Maizel and Remucal, 2017; Kellerman et al., 2018).

A significant positive correlation was identified between SR from UV–Vis absorbance and averaged MW of molecular formulas detected by FT-ICR MS (Figure 3), in contrast with the inverse relationship between DOM weight-average MW and SR for size-fractionated Suwannee River natural OM (Helms et al., 2008). This inconsistency could be partly attributed to the different methods utilized (Wünsch et al., 2018; Li et al., 2019). The MW utilized for the development of SR has been characterized based on gel permeation chromatography (GPC), ranging from 1,000 to 4,000 Da (Helms et al., 2008). However, in this study, the MW was obtained from FT-ICR MS with a range of 200 to ~800 Da. Moreover, both UV–Vis absorbance spectroscopy and FT-ICR MS only characterize the specific fraction of DOM. The absorbance spectroscopy focuses on the light-absorbing fraction of DOM, while FT-ICR MS mainly characterizes the PPL-adsorbed and negatively ionized fraction. Therefore, the methods should be clearly stated, and the bias should be acknowledged when discussing the MW of DOM in aquatic ecosystems. In addition, one previous study demonstrated that the molecular formulas positively correlated with SR had lower MW compared to their negatively correlated counterparts in coastal wetlands (Wagner et al., 2015), which is contradictory to our results in YRE, suggesting that the relationship between molecular formulas and SR could vary with different ecosystems.

To further elucidate the linkages between optical indices and molecular composition of DOM, Spearman correlations have been conducted between optical indices and the relative abundance of all assigned formulas (Table 1 and Figure 4). The results showed that most optical indices (except %C1 and FI) correlated well with the relative abundance of assigned formulas. On the other hand, molecular formulas associated with humic-like (%C2 and %C3) and protein-like (%C4) components showed significant differences in their composition. However, molecular formulas associated with %C2 and %C3 exhibited low MW, low bio-lability (low H/C), and high aromaticity (high DBE and AImod), while %C4 exhibited high MW, high bio-lability, and low aromaticity. This contrasts with previous studies in which the humic-like fluorescent components are usually associated with high-MW compounds, and protein-like components are commonly related to low-MW compounds (Stubbins et al., 2014; Wagner et al., 2015; Martínez-Pérez et al., 2017). In addition, this is contradictory to the results that recalcitrant deep-ocean enriched formulas exhibited higher MW than surface-enriched formulas (Li et al., 2019). However, the humic-like components have been regarded as biologically recalcitrant (Zhang et al., 2018), and thus should be of low MW according to the size reactivity continuum (SRC) model (Benner and Amon, 2015). Based on the SRC model, the MW of the labile fraction (C4) of DOM should be higher than their corresponding recalcitrant fraction (C2 and C3) (Benner and Amon, 2015), consistent with our results. Moreover, relatively lower MW was identified for molecular formulas positively correlated with humic-like components (C420, C460, and C510) than protein-like components (C310) (Wünsch et al., 2018). These inconsistencies suggest the importance of local calibration of correlations between optical and molecular parameters to further understand DOM cycling in a specific ecosystem.




Figure 4 | Van Krevelen distributions of molecular formulas positively correlated (Spearman) with optical indices (the numbers in brackets indicate the number of correlated molecular formulas).




Furthermore, the contribution of associated formulas to their class has been calculated (Table 1). There were 127 black carbon-like formulas and 553 polyphenol formulas associated with %C2, contributing 66% and 94% of black carbon and polyphenol peak intensities. This indicated that humic-like components could be an effective proxy for black carbon and polyphenol in aquatic ecosystems (Stubbins et al., 2014). There were also 1,459 HU and 1,374 CRAM formulas associated with %C2, representing 23% and 25% of the relative abundance of each group of formulas. With a significant correlation with %C2, %C3 formulas shared a large fraction with %C2 (Figure 5). Contrastingly, %C4 formulas showed good representativeness of HU (58% of relative abundance), CRAM (52%), peptides (49%), and UA (48%) though %C4 correlated with less HU and CRAM formulas than %C2 and %C3. This suggests that we must check both the number and the relative abundance of the associated formulas when optical indices and molecular formulas are correlated, which is not emphasized in previous studies (Wagner et al., 2015). Interestingly, the formulas positively correlated with C3:C2 showed remarkable similarity with %C4 formulas. This indicated that the ratio of different humic-like components could be a valuable indicator of DOM molecular composition. Similarly, a254, SUVA254, and HIX shared a large fraction (>90%) of formulas with %C2 and %C3 formulas. BIX and freshness index shared a large fraction of formulas with %C4. However, FI, used to assess relative inputs from microbial vs. terrestrial precursor OM (Mcknight et al., 2001), only correlates with 31 formulas of 2.4% by intensity.




Figure 5 | Correlations (Pearson) among isotopic parameters and optical indices, and the similarities of their positively correlated (Spearman) formulas. The size and color of the circle are related to the correlation coefficient. The number in the circle indicates the similarity of correlated molecular formulas associated with the corresponding two parameters; 100 means the formulas associated with these two parameters are the same, and 0 means there is no common formula.



All these correlations indicate the strong linkages between optical indices and molecular parameters. Furthermore, these inconsistencies stated above further suggest the complementary characteristics of optical and molecular techniques in large estuaries with complex DOM sources, or the limitation of Spearman’s rank correlation to elucidate the associations between optical and molecular techniques in this study (Wünsch et al., 2018).




Conclusions

In this study, the composition of DOM along the Yangtze River to East China Sea continuum was analyzed by a suite of complementary techniques, including the bulk, optical techniques, and FT-ICR MS to further understand DOM cycling. The DOM abundance (DOC, a254, and four PARAFAC components) decreased with increasing salinity, suggesting that DOM in the YRE is mainly controlled by mixing between freshwater and seawater. Moreover, multiple DOM sources (tributary input from the Huangpu River, wastewater input and sediment resuspension, and subsequent release at the TMZ) have been identified in the YRE.

In addition, various correlations have been found between optical indices and molecular parameters derived from FT-ICR MS. Humic-like components (C2 and C3), HIX, and SUVA254 all showed significant positive correlations with AImod and DBE, indicating consistency between optical and molecular methods. Contrastingly, the molecular weight derived from absorbance spectroscopy and FT-ICR MS showed inconsistency, which could be attributed to the specific selectivity of both methods. Finally, Spearman correlations between optical indices and the relative abundance of identified molecular formulas have been conducted. The results demonstrate that optical indices could be an effective tool to elucidate the molecular composition of DOM. For example, formulas associated with humic-like components could contribute more than 90% to polyphenols derived from FT-ICR MS. However, FI, an index to differentiate terrestrial and microbial sources of DOM, correlated with only a few formulas and contributed a little by peak intensity. Taken together, the association between optical indices and molecular composition further suggests the complementary characteristics for both techniques and the necessity of using multiple approaches in this complex estuarine system, providing the foundation for further understanding the carbon cycling in the large river estuaries and coastal oceans.
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The lateral carbon export related to mangroves is of great scientific significance and ecological value in the global carbon cycle. The dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), particulate organic carbon (POC), and stable isotopes (δ13CPOC) of water samples were quantified in the flood (September 2020) and dry (January 2021) seasons in Zhangjiang Estuary. The results revealed that the carbon compositions in the tidal channel of the Zhangjiang Estuary are as follows: DIC > DOC > POC in both seasons. Except for the POC in the site near the sluice, the contents of all carbon compositions were significantly larger in the flood season than those in the dry season (p< 0.05). In the flood season, the POC and DOC exhibited similar spatial characteristics that all sites from the lower sites to the mouth were significantly larger than the site near the sluice. The DIC had an increasing trend from the upper site to the mouth. In the dry season, DIC and DOC displayed patchy distribution under the influence of mariculture and the sluice, while the POC had a decreasing trend from the upper site to the mouth. The MixSIAR model indicates that the source of the POC is overwhelmingly the mariculture, averagely accounting for 42.7% in the flood season and 52.6% in the dry season, mainly in the form of microalgae. The average contribution of mangrove to POC was 33.1% in the flood season and 39.3% in the dry season. The DIC-δ13CPOC and DOC-POC relationships represent the biogeochemical process of microbial photosynthesis and the physical process of adsorption-desorption of organic carbon by redundancy analysis, respectively. This initial dataset for this region should be included in other studies to improve the mangrove outwelling estimate.
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Introduction

Increasing carbon emissions from human activities and the resulting global climate change are of concern in both political and scientific communities (Rani et al., 2021). Thus, it is of great significance to explore the potentials of different types of ecosystems for mitigating global warming. As the largest carbon sink in the world, the ocean can absorb one-third of the global CO2 emissions per year, and it is defined as blue carbon (McLeod et al., 2011). Estuaries are transitional regions linking the terrestrial environment and continental shelf, and they play a vital role in the global carbon cycle, with an annual net carbon flux of 0.85 Pg C (Bauer et al., 2013) into the ocean. However, the carbon cycle and flux in estuaries are regulated by many factors owing to their complex hydrodynamic conditions. This also leads to the biogeochemical parameters, including carbon, nitrogen, phosphorus, salinity, temperature, and chlorophyll, having different spatial and temporal gradients in different regions. For example, with the largest runoff of 80,000–250,000 m3/s in the world, the Amazon Estuary mouth and the offshore displayed a CO2 sink by the dilution of seawater and high chlorophyll contents (Lefèvre et al., 2017). However, in the Altamaha Estuary, the amount of dissolved organic matter (DOM) decreases from the upstream area to the estuary, which is mainly driven by seasonal variations in the river runoff (Letourneau et al., 2021). In addition, anthropogenic activities have a strong influence on the spatiotemporal distribution of estuarine biogenic matter. Owing to anthropogenic perturbation, the carbon pool has decreased by 25%–50% in the past 100 years, and an extra 0.2 Pg C year−1 has been exported into the ocean (Regnier et al., 2013). However, the types and intensity of human activities vary in different regions, so it is necessary to focus on the spatiotemporal characteristics, sources, and biogeochemistry of the carbon pool based on the specific characteristics of each estuary to reveal the migration and transformation mechanisms.


Mangroves, a typical blue carbon ecosystem located in estuaries and coastal areas, occupy only 0.5% of the world’s coastal area, but they contribute 10%–15% to their total carbon sequestration (Alongi, 2014). Compared with salt marshes (593 Mg C ha−1), seagrass beds (142 Mg C ha−1), and other types of forest systems (200–400 Mg C ha−1), mangrove carbon stocks are remarkably high (956 Mg C ha−1) owing to the burying of organic carbon in anoxic sediment, and thus, mangroves play an irreplaceable role in mitigating climate change. Studies had quantified the carbon stock of mangroves and the carbon exchange (Bouillon et al., 2007a; Bauer et al., 2013; Feng et al., 2017; Jeffrey et al., 2018). The lateral exchange in mangroves is also particularly important to scientific issues related to the global carbon cycling (Donato et al., 2011; Alongi, 2014). However, the hydrodynamic and sedimentary processes change significantly. In particular, the mangrove ecosystem in small estuaries is very sensitive to anthropogenic perturbations. Owing to the complex conditions of the mangrove carbon exchange, the carbon source, carbon export, and controlling mechanisms require further investigation.

The vertical carbon accumulation in mangroves, such as the net primary productivity and biomass, carbon stocks, and storage rates between species or communities, has been frequently reported in previous studies (Donato et al., 2011; Alongi, 2014; Feng et al., 2017; Kamruzzaman et al., 2017; Zhang et al., 2021). It has been found that the vertical carbon sink formed by a mangrove forest can export half of its detritus to the adjacent water environment, accounting for 10%–11% of the total carbon (Odum and Heald, 1975; Alongi, 2014), and thus, it appears to be a lateral carbon source. The mangrove outwelling hypothesis proposes that most of the mangrove detritus is transported to the coastal area in the form of dissolved inorganic carbon (DIC), dissolved organic carbon (DOC), and particulate organic carbon (POC) and maintains the function and stability of the estuary ecosystem through a series of physical and biogeochemical processes. Bouillon et al. (2007b) found that organic carbon can be mineralized and converted into DIC in estuaries. As they reported, DIC is considered to be the main form of estuary carbon export, accounting for more than 50% (Cai et al., 2008) of the total carbon exported from mangrove ecosystems globally, which may contribute to the missing carbon part of the budget. Additionally, the export of mangrove detritus is an important part of the carbon cycle. The contribution of mangrove to POC has been challenged based on stable isotope analysis and has been reported to be very limited (Lee, 1995). Most estuaries have tremendous internal spatial and temporal heterogeneity in terms of carbon processing and fluxes, making it difficult to quantify the net carbon balance of even an individual estuary. Therefore, the contribution of and lateral export from mangrove in estuaries need to be determined to enable further regional and global extrapolation (Bauer et al., 2013).

Stable isotope analysis is an effective tracing method for inferring the relative contributions of different carbon sources to particulate organic matter in aquatic ecosystems, especially complex estuaries. Schulte et al. (2011) found that the δ13CPOC (13C/12C) value gradually increased from land to sea, indicating the transport distance of the terrestrial organic matter. On the Atlantic coast of the United States, the δ13CPOC values of the sediment suggest that terrestrial organic matter cannot be transported to the estuaries (Hunt, 1970). Stable isotopes are effective only when the isotopic values of each source are significantly different, and the utilization of multiple isotopic indices can produce more accurate results. For example, multiple isotopes (δ13CPOC, δ15N, and δ18O) have been combined to identify the sources of sewage (Cabral et al., 2019), organic matter in sediments, and consumers (Zhou et al., 2006). The C4Spartina alterniflora and phytoplankton have been found to be the main sources for filter-feeding mollusks based on δ13CPOC, δ15N, and δ34S data for mangrove ecosystems (Peterson et al., 1985).Anthropogenic perturbations have increased the flux of carbon to water bodies by as much as 1.0 Pg C year−1 since pre-industrial times (Regnier et al., 2013), which has altered the flux from land to sea and the global carbon budget. There is a large area of mangroves in the Zhangjiang Estuary (ZJE), which is also under the influence of strong human activities, including sluice construction, aquaculture, and invasion of S. alterniflora, making it even more complicated to determine the sources and contributors of the organic matter. The sluice built in 1966 prevents the saline sea water from retreating (Zhang and Deng, 2019) and decreases the discharge, transforming the ZJE into a typical tidally controlled area. In the past two decades, a large area of bare tidal flats has been invaded by S. alterniflora, as well as mangrove (Bouillon et al., 2008b; Alongi, 2014). The changes in the estuary’s hydrodynamics and vegetation definitely altered the biochemical processes and the lateral carbon flux and sources. Furthermore, the coastal mariculture ponds occupied 981 ha, accounting for 41% of the entire ZJE. Therefore, the increased organic matter input from the mariculture may greatly affect the estuarine carbon cycle.The objectives of this study were as follows: 1) to investigate the spatiotemporal features and sources of the DIC, DOC, and POC and the related estuarine processes under the effects of the sluice and mariculture; and 2) to determine the mangrove outwelling in the ZJE. Therefore, we attempted to reveal the fate of the laterally transported carbon in the ZJE and its critical mechanisms and to further understand the carbon cycle in small estuaries worldwide.



Materials and Methods


Study Area

The ZJE (23°54’00”–23°58’00”N, 117°22’00”–117°30’00”E) is located in Yunxiao, Fujian Province, on the southeastern coast of China (Figure 1). It has a subtropical monsoon climate with an annual average temperature of 21.2°C (27.1°C in summer and 18.6°C in winter), an average annual precipitation of 1,714.5 mm, which is concentrated from April to September, a relative humidity of 79%, and an annual discharge of 1.0 × 109 m3 in the estuary. The ZJE is a semi-enclosed, semi-diurnal tidal estuary, with a tidal range of 0.43–4.67 m (average of 2.32 m) and a salinity of 0‰–30‰. It occupies ~2,360 ha and is bordered by 117.9 ha of mangrove. The dominant species are Avicennia marina, Kandelia obovata, and Aegiceras corniculatum. S. alterniflora has been introduced into the region since the 1990s, has expanded at a rate of 4.28 m/year (Zhu et al., 2019), occupies 49.7 ha, and even has the potential to replace entire mangrove forests under the influence of strong human activities (Feng et al., 2017). In addition, the mariculture ponds distributed along the two sides of the ZJE and Dongshan Bay outside the estuary cover areas of 980 and 7,380 ha, respectively (Gao et al., 2021).




Figure 1 | Map of sampling sites in ZJE, Fujian, China.





Sample Collection and Pretreatment

From the upper boundary to the mouth of the ZJE, eight sampling sites were chosen in two creeks. Sites N1, N2, N3, N4, and #5 were located in north Creek 1 from upstream to the estuarine mouth; and sites S1, S2, and S3 were located in south Creek 2 from the mangrove area to the bare flat (Figure 1).

Water samples and filter film samples were collected using Niskin bottles (1 L) from 10 to 20 cm below the surface during both ebb and flood in June 2020 (the flood season) and January 2021 (the dry season). The physicochemical parameters (temperature, salinity, and pH) of the water samples from each site were measured using a WTW Multi 3630 instrument (Weilheim, Germany). Total phosphorus (TP) was analyzed using the ammonium molybdate spectrophotometric method. The concentrations of nitrate−nitrogen (-N) and ammonia−nitrogen ( -N) in the water were determined using the ultraviolet spectrophotometric method and the sodium salicylate-sodium hypochlorite spectrophotometric method, respectively. Before further treatment, referring to Call et al. (2019), the water samples were collected using a polypropylene syringe (previously rinsed with sample), filtered through 0.7-μm Whatman GF/F filters, and stored in a 4°C incubator. The suspended particulate matter (SPM) was weighed after drying at 60°C.The samples used to determine the POC content and for the stable carbon isotope analysis were then treated with 1 M HCl solution for 24 h to remove inorganic carbon. The organic carbon and total nitrogen contents were determined using an elemental analyzer (Elementar Macrocube, Germany). The stable carbon isotopes were measured using an elemental analyzer coupled with an isotope ratio mass spectrometer (Finnigan Delta V Advantage, Thermo Fisher Scientific, Inc.) in the stable isotope laboratory jointly operated by Shenzhen City Huake Precision Testing, Inc., and the Graduate School in Shenzhen, Tsinghua University. The stable isotope ratios are reported in delta notation as follows:

	

The DIC and DOC were collected in precombusted 50-ml borosilicate vials containing 100 μl of saturated HgCl2 solution, with no headspace or bubbles. These samples were stored at 4°C in a refrigerator (Call et al., 2019). The DIC and DOC were both analyzed using an organic carbon analyzer (TOCL CSH CSN; Shimadzu Corp., Japan) with precisions of 0.01 and 0.02 mM, respectively.



Statistical Analysis

For POC source analysis, firstly, one-way analysis of variance (ANOVA) revealed that the δ13CPOC and δ15N values of the mariculture organic matter, marine phytoplankton, mangrove plants, and S. alterniflora in the ZJE were all significantly different from each other (p< 0.05). A Bayesian-mixing isotope model, MixSIAR, was used to estimate the probability distributions of the contributions of the sources to the mixtures (Moore and Semmens, 2008). We set the isotope fractionation as 0‰. The δ13CPOC and δ15N of the sources are presented in Table 1. The spatiotemporal features of the carbon components were analyzed using kriging interpolation (Arcgis10.2, Esri USA). Two-way ANOVA was conducted to determine the seasonal and spatial effects on the physicochemical parameters, carbon contents, and stable isotope signatures using the SPSS 22 software (SPSS for Windows, SPSS, Inc.). Redundancy analysis (RDA) was also conducted to explore the relationships between the carbon content and environmental parameters using Canoco 4.5.


Table 1 | Signatures of δ13CPOC and δ15N of organic detritus.






Results


Physicochemical Properties of the Water Samples

The salinity (8.3‰–26.7‰), SPM (17.3–36.9 mg/L), temperature (16.2°C–22.9°C), pH (7.8–8.7), dissolved oxygen (DO; 5.6–13.4 mg/L), particulate nitrogen (PN; 0.08–0.6 mg/L), dissolved inorganic nitrogen (DIN; 0.6–4.3 mg/L), and dissolved inorganic phosphorus (DIP; 0.5–10.9 μmol/L) all exhibited significant seasonal differences (p< 0.01, Table 2). Except for PN and DIP, all of the components exhibited spatial differences, which may be the result of the mariculture drainage and its low DIP content.


Table 2 | Two-way ANOVA results of site and season on carbon and physicochemical properties.





Spatial and Seasonal Variability of Carbon Composition

In this study, the proportions of the carbon components were found to be as follows: DIC (70%) > DOC (21%) > POC (9%) (Figure 2B). In terms of seasonal variations, except for POC in N1, the POC, DOC, and DIC contents of were significantly higher in the flood season than those in the dry season (p< 0.05, Table 3; Figure 2A).




Figure 2 | Carbon statistics (A, mean and standard error are shown), stacking plot of carbon rate and δ13POC (B, mean and standard error are shown) in the flood and dry seasons.




Table 3 | Statistics of significant difference in the flood and dry seasons (mean ± SE, the uppercase and lowercase letters indicate the spatial difference in the flood season and dry season, respectively, and * indicates the seasonal difference at the same station, the differences are significant at p< 0.05).



The average DIC was 11.8 mg/L, accounting for 44%–82% of the total carbon. The DOC was significantly (about 2.8-fold) higher in the flood season than that in the dry season (Table 3). The DIC showed an increasing trend in both north Creek 1 (12.8–29.1 mg/L) and south Creek 2 (20.4–24.8 mg/L) in the flood season (Figure 3C; Table 3). In the dry season, the DIC contents ranged from 2.7 to 3.9 mg/L. The sites near the fringed mangrove (N3 and S1–S3) and the sluice (N1) showed significantly higher DOC contents than the other sites (Table 3; Figure 3F), indicating that the DIC may have been correlated with the mangrove in the dry season.




Figure 3 | Spatial distribution of various carbons in ZJE during the flood (A–C) and dry (D–F) seasons. (A, D) Particulate organic carbon (POC; mg/L); (B, E) dissolved organic carbon (DOC; mg/L); (C, F) dissolved inorganic carbon (DIC; mg/L).



The average DOC content was 3.5 mg/L, accounting for 13%–44% of the total carbon. The DOC was significantly (about 2.8-fold) higher in the flood season than that in the dry season (Table 3). In the flood season, the DOC contents in all sites were significantly larger than that in N1 (p< 0.05), but no significant difference was found among them. The DOC exhibited a patchy distribution owing to the drainage from the mariculture ponds in the dry season.The average POC content was 1.57 mg/L, accounting for 3%–22% of the total carbon. The POC was significantly higher in the flood season than that in the dry season (about 5.1-fold that in the dry season; Table 3). The POC contents from N3 to the mouth #5 were significantly higher than that from N1 in the flood season (p< 0.05), while POC contents in the sites of N1–N3 were significantly higher than those in the other sites in the dry season (p< 0.05).



Stable Isotope Values and Sources of Particulate Organic Carbon

With average values of −25.4‰ to −22.5‰, the δ13CPOC values decreased successively from the upper reaches to the mouth. We divided the values into three groups according to the characteristics of the spatial differences, and the decreasing trend was as follows: Group 1 (S3, N4, #5) > Group 2 (N3, S1, S2) > Group 3 (N1, N2).

The contributions of the different sources to the POC in the ZJE in the flood season decreased in the following order: mariculture > mangrove > S. alterniflora > marine phytoplankton, with average values of 42.7%, 39.4%, 13.7%, and 4.1%, respectively. The contributions in the dry season changed to mariculture > mangrove > marine phytoplankton > S. alterniflora, with average values of 52.6%, 39.2%, 5.5%, and 2.5%, respectively. These results show that the POC mainly came from the mariculture ponds in the ZJE, mainly in the form of microalgae. As for the S. alterniflora and marine phytoplankton, both contributions exhibited seasonal variations. The decrease in the contribution from the mariculture and the increase in the contribution of the vegetation (mangrove, S. alterniflora) reflect the transition in the POC sources from the upper reaches to the mouth.



Relationship Between Carbon and Environmental Factors

The first two RDA dimensions were greater than 60% (Figure 4), so they can explain the carbon estuarine processes in the ZJE well. Negative relationships were observed between δ13CPOC and DIC and between POC and DOC (p< 0.05), reflecting the biochemical (such as microbial photosynthesis) and physical processes related to organic carbon.




Figure 4 | Redundancy analysis ordination showing the relationship between carbon elements and the environmental parameters in the flood and dry seasons (The colors mean different sites).



The temperature, salinity, DO, and DIN controlled the carbon composition. The highly negative correlation between the DIC and pH (p< 0.05), especially in the dry season, indicates that the pH directly affected the DIC in the water. The DOC was positively correlated with the DO, T, and C:N ratio in both the flood and dry seasons (p< 0.05). Moreover, the POC was positively correlated with the SPM and salinity (p< 0.05).




Discussion


Comparison With Carbon Compositions of Other Estuaries


The composition, spatial distribution, and transformation of carbon in the water in estuaries are closely related to the weathering degree of the basin, the dynamics, and the biochemical conditions (Adame and Lovelock, 2011; Bianchi and Bauer, 2011; Bauer et al., 2013; Borges et al., 2018; Pierre et al., 2018; Ray et al., 2018; Spivak et al., 2018). Globally, estuarine water is usually enriched in DIC (2.4–72 mg/L) (Lefèvre et al., 2017; Borges et al., 2018; Liu et al., 2018) owing to the net heterotrophic (Bauer et al., 2013) conditions, high pCO2, and correspondingly high rates of CO2 degassing in estuaries. Large estuaries, such as the Yangtze River Estuary and the Pearl River Estuary, have greater buffering capacities and retain CO2 in the water longer, leading to higher DIC contents (Cai, 2003). In this study, the water in the ZJE was found to have a relatively low DIC content (11.7 mg/L), which is similar to those of the Jiulong Estuary (13.85 mg/L), Sinnamary Estuary (13.38 mg/L), and Mekong Estuary (12.31 mg/L), but it is higher than that of the Hanjiang Estuary (7.96 mg/L), which does not contain mangrove (Figure 5). This indicates that the mangrove wetlands may act as an important net source of DIC. As the main form of carbon exported, DIC is mostly derived from mangrove mineralization and groundwater export (Bauer et al., 2013) in estuaries with mangrove ecosystems, contributing nearly 50% in the tidal channel (Bouillon et al., 2007a; Maher et al., 2013; Jeffrey et al., 2018).




Figure 5 | Comparison of carbon compositions in different estuarine regions including ZJE, Jiulong Estuary (Liu et al., 2018), Hanjiang Estuary (Liu et al., 2018), Yangtze, Pearl River Estuary (Liu et al., 2018), Sinnamary Estuary (Ray et al., 2018), and Mekong Estuary (Liu et al., 2018). M indicates that there are mangroves located in the estuary.




In terms of DOC, the DOC contents of tropical mangrove estuaries [such as the Sinnamary Estuary (5.52 mg/L) and Mekong Estuary (4.43 mg/L)] are much higher than those of other estuaries, regardless of the size of the estuary (Figure 5), indicating that the DOC content is sensitive to the climate zone of the estuaries. The Sinnamary Estuary is one of the mangrove areas with the highest growth rate (150 cm year−1) in the tropical regions (Ray et al., 2020). The hot and rainy climate accelerates leaching of the humus and organic detritus, and this included a series of processes (e.g., autotrophic activities, seawater mixing and dilution), resulting in the export of more DOC. The tidal dynamics and the mangrove area are secondary factors. The tidal range was found to influence the intensity of the pore water output because it controls the following: 1) the volume and surface area of the water in contact with the mangrove sediments at high tide and 2) the period and vertical extent of the pore water discharge based on the hydraulic advection phenomenon at low tide (Pierre et al., 2018). Thus, the larger the mangrove area is, the larger the contribution of the mangrove is. Under the same tidal amplitude, the water in the ZJE had a higher DOC content (3.42 mg/L) than that in the Jiulong Estuary (Liu et al., 2018) (1.69 mg/L) and the Hanjiang Estuary (Liu et al., 2018) (1.26 mg/L). This may be because the mangrove area is larger in the ZJE (660 ha) than those in the Jiulongjiang Estuary (360 ha) and the Hanjiang Estuary (0 ha).The POC supports microbial degradation and high trophic biological feeding. Earlier outwelling investigations have focused on detritus or POC and their uptake by consumers (Gattuso et al., 1998), and less attention has been paid to POC sources. Generally, primary producers (e.g., microalgae) wetland plants, and woody plants are the primary POC sources, so their relative abundances and compositions determine the amounts and forms of organic materials that persist and comprise the standing POC pool (Bianchi and Bauer, 2011). For estuaries with high runoffs (>270 km3 year−1), such as the Yangtze Estuary, the dominant input of terrestrial POC occurs during the high discharge period, and they account for 72%–86% total organic carbon (Bianchi and Bauer, 2011; Wang et al., 2012). This demonstrates the importance of allochthonous POC sources. However, the POC in the ZJE (1.58 mg/L) and the terrestrial-dominated POC in the Yangtze Estuary (1.67 mg/L) are approximately the same, indicating that POC derived from the coastal wetlands can be equal to that supplied by the river. For small estuaries with limited inflow of sediment, the coastal wetlands provide 90% of the organic carbon for the heterotrophic activities in these estuaries (Regnier et al., 2013), and thus, the larger the mangrove area is, the higher the organic detritus is, and the larger the POC content is. Additionally, the Jiulong Estuary is a small macro-tidal estuary (Wang et al., 2017), belonging to the same dynamic type with the ZJE that both estuaries have no riverine POC. Since 1995, the POC average content in Jiulong Estuary has little changed under normal conditions, and the in-suit POC production from phytoplankton can contribute 44% (Cai et al., 1998). While up to 86% POC was derived from mariculture activities in the ZJE, which may result in 2-fold higher POC content in ZJE water than that in Jiulong Estuary. However, the Sinnamary Estuary has one of the largest mangrove areas (1,134 ha), and the resulting high mineralization and respiration rate consume large amounts of POC (Bouillon et al., 2007a; Bouillon et al., 2007b; Liu et al., 2018), so the content is not as expected.



Carbon Dynamics in the Two Creeks in Zhangjiang Estuary


The two creeks in the ZJE have different hydrodynamics, which are reflected by their salinity (Pierre et al., 2018). North Creek 1, the main channel connecting the upper reaches to the downstream Dongshan Bay (a semi-enclosed bay), is heavily influenced by the input of seawater and mariculture effluents. From sites N1 to #5, the salinity ranges from 3‰ to 30‰, which is slightly below the salinity of marine water (35‰). This is likely because Dongshan Bay acts as a buffer, and it has been reported to have a water residence time, suggesting incomplete tidal flushing within this small bay (Call et al., 2019), and thus, the seawater salinity at site #5 is relatively low. The upper reaches, sites N1–N3, are distinctly influenced by the surrounding ponds. In addition, the adjacent steep topography may enhance the surface water runoff from the adjacent terrestrial environment into north Creek 1 (no rivers discharge into the upstream area). In contrast, the salinity of south creek 2 (S1–S3), representing the dynamic evolution of the tidal system, ranges from 6‰ to 22‰. Abundant evidence suggests that the composition of carbon in the creek water is controlled by the pore water input (Bouillon et al., 2007b; Sippo et al., 2017; Pierre et al., 2018; Call et al., 2019), despite the freshwater input during the flood season and the in situ biogeochemical processes.


The observations were conducted in both the flood and dry seasons. The POC distribution was found to be completely complementary despite the existing seasonal variations. In the flood season, the POC content was higher from the intertidal zone to both creeks (Creek 1: N4–#5, Creek 2: S1–S3). While in the dry season, the POC content had an decreasing trend from N1 to #5, and the POC content was significantly higher (p< 0.05) in the estuarine upper reaches (N1–N2). This indicates a high sediment load (associated with POC) from the mouth outside and that deposition-resuspension is also a very common phenomenon (María et al., 2016; Ray et al., 2020; Gao et al., 2021). This potential remobilization of sediments was observed to have a maximum velocity of 1 m/s, which is fast enough to exceed the threshold for the erosion of the sediments, resulting in an increase in the POC content. In addition, the vegetated tidal area (i.e., mangrove, S. alterniflora) had the maximum POC contents of 3.8 mg/L, which demonstrates the increase in the carbon storage capacity due to the interception and deposition of exogenous carbon (Li and Gao, 2013; Jiang et al., 2020; Zhang et al., 2021). In the dry season, the maximum POC content occurred in the upper reaches of Creek 1 (N1) (1.74 mg/L), but no seasonal difference was observed (p< 0.05). This indicates that the construction of the Beijiang sluice contributed to the change in the dynamic depositional conditions (Maavara et al., 2017; Pan et al., 2020; Gao et al., 2021). Before construction, the ZJE was affected by the fluvial runoff. After construction, the sediment dispersal was cut off, resulting in the accumulation of fine-grained sediments, i.e., a local POC sink.In this study, it was found that mariculture contributed a large amount of POC to the water in the coastal wetlands, i.e., 24.6%–86.7% based on the MixSIAR model. The POM in the ponds included microalga, fish bait residue, animal manure, and other substances from natural sources. The excessive food supply and metabolic by-products resulted in the increase in the POC content of the water (Li et al., 2016). In the Mahakam Delta in Indonesia, the carbon output from aquaculture ponds was found to be 525 Mg C ha−1, which is greater than that from mangrove and is equivalent to 266 years of carbon accumulation from natural mangrove (Arifanti et al., 2019). Feng et al. (2017) used MixSIR to analyze the food sources of the fish in the ZJE and found that the contribution of benthic microalgae was up to 80%. Baiting behavior is generally selective, and the contribution of POC to the food web is controversial. The suspended particles in ponds are similar to those of benthic microalgae in terms of their stable isotope compositions and C/N ratios (Spivak et al., 2018). Therefore, most of the POC in the ZJE may come from ponds, and the outwelling form could be microalgae.The DOC and DIC exhibited different spatial patterns in both seasons. In the flood season, except for N1, DOC in all sites had no significant differences, and DIC had an upward trend with salinity increasing. However, the DOC contents in both mangrove creeks, N3–#5 in Creek 1 and S1–S3 in Creek 2, had no significant differences (Table 3). This may be due to the input of pore water via the tidal pump. In mangrove creeks, many studies have shown that the DOC is controlled by the pore water (Bouillon et al., 2007a; Bouillon et al., 2007b; Maher et al., 2013; Pierre et al., 2018; Call et al., 2019; Ohtsuka et al., 2020). During ebb tides, the water that retreats from the tidal creek has a composition similar to that of the pore water, which explains >60% of the DOC and >90% of the DIC (Bouillon et al., 2007a; Maher et al., 2013; Pierre et al., 2018; Call et al., 2019; Ohtsuka et al., 2020).In the dry season, the effects of sluice construction and mariculture should be taken into account. The high DOC and DIC contents occurred near the Beijiang sluice (i.e., site N1) and the area with intensive mariculture (i.e., sites N3, S2, and S3). Under the closure effect of the Bejiang sluice, compared with the POC, the water exchange was limited and the residence time was longer, resulting in enrichment of terrestrial DOC and DIC near the sluice (i.e., 2.7 and 3.4 mg/L, respectively). The mariculture drainage resulted in the patchy distribution of the DOC. In southern China, aquaculture ponds are usually located adjacent to mangroves, and they are constructed by simply excavating mangrove forests. Sites N3, S2, and S3 were located close to aquaculture pond drainage outlets, resulting in DOC contents of 3.2, 3.1, and 2.9 mg/L, respectively, that is, 3.6–6.4-fold increases compared to the other sites. Following the decreasing trend of the nutrient concentration (Wu et al., 2014), the propagation distance of the DOC from the ponds was found to be about 3 km in the direction toward the sea. Although this is less than the distance to the coast, under certain conditions (such as typhoons, astronomical tides, and human activities), this carbon may be transported to the open sea. The short transport distance may be continuous and could lead to secondary pollution of the organic matter in the estuary.



Effects of Mangrove on Carbon Outwelling


Undoubtedly, mangrove forests have large organic carbon reserves, with a global mean total forest carbon reserve of 692. 8 ± 23.1 Mg C ha−1. However, sequestered carbon, especially at depths of 0–1 m, is susceptible to remineralization and tidal export of DOC and DIC, since nearly all of this carbon respired within the entire soil horizon is released in a dissolved form (Bouillon et al., 2007b; Borges et al., 2018; Pierre et al., 2018; Alongi, 2022). The export of leaves, bark, branches, twigs, and other plant litter represents the most obvious loss of POC from mangrove, accounting for roughly 50% of the mangrove litterfall (Alongi, 2014). This indicates that mangrove can act as an important POC source.

In this study, site S1, which was located near the mangrove outwelling outlet during the flood season, had DOC, DIC, and POC contents that were on average 6.3-, 6.6-, and 10-fold higher, respectively, than those of the other sites. Two different processes may explain the similar ranges of the seasonal concentrations. First, litterfall is expected to be higher during the flood season as a result of the higher mangrove-derived organic matter driven by rainfall and temperature (Alongi, 2014). This litter is rapidly decomposed and leached, resulting in the greater contribution of the mangrove during the flood season (52.2% in the flood season, >27.5% in the dry season; Table 4). Second, the significantly negative relationship between the δ13CPOC and DIC (r2 = 0.85; Figure 4) explains the δ13C of the microbial autotrophic activity under sufficient DIC. Identically, the highest δ13CPOC values and lowest DIC occurred during the cyanobacteria bloom (Chomicki, 2010). Even in arid mangrove, planktonic particles contributed mostly to the POC pool (10%–65%) (Ray and Weigt, 2018). In addition, the relationships between δ13CPOC and the other parameters (i.e., PN, DO, and C/N) illustrate the need for microbial autotrophic processes, implying the existence of this microbial activity.


Table 4 | Proportional contributions of different sources to POC in the flood and dry seasons (aquaculture, mangroves, S. alterniflora, and marine phytoplankton).



Mangroves cover only 0.3% of the global ocean coastal areas, but they contribute 41% of the DIC + DOC + POC export to the adjacent coastal areas of ocean globally (Alongi, 2020). The high concentrations of DIC and DOC in the pore water pool and the subsurface transport result in a significant export of DIC and DOC to the adjacent tidal waters of the ocean in many places (Maher et al., 2013; Ray et al., 2015; Liu et al., 2018; Pierre et al., 2018; Ray et al., 2018; Call et al., 2019; Santos et al., 2019). These results are consistent in revealing the high rates of export, and the mean DIC and DOC contents were found to be 339.6 and 229.1 mg/L, respectively. Large amounts of dissolved carbon may be exported from mangroves, possibly accounting for as much as 112–160 Tg a−1 of mangrove carbon, which could help to balance the budgets constructed by Bouillon et al. (2008a). As was reported, 41% of the litter produced is exported to the adjacent tidal waters, with 25.1 mmol m−2 d−1. In this study, the mangrove-derived POC was determined to be 10.2%–52.2%. Even in the world’s largest mangrove region (e.g., Sundarbans), the mangroves contribute ~60% (Ray et al., 2015), while in the Sinnamary Estuary, South America, the contribution is 70%, including terrestrial and benthic microalgae (Ray et al., 2018). Therefore, we confirm the viewpoint that mangrove contributions are conservative.In this study, we investigated the three types of carbon involved in estuary processes, the source contributions, and the contents of the carbon components in different regions. However, we prefer to obtain the net flux, that is, the total carbon outwelling to the ocean every year. We suggest that the tidal flux at the mouth of the cross section be estimated to measure the carbon flux in the tidal cycle, which may provide a scientific basis for understanding the carbon budget and outwelling estimates from the mangroves in the ZJE.




Conclusions

In this paper, the spatiotemporal variability and mangrove outwelling of DOC, DIC, and POC in a mangrove-fringed estuary in Zhangjiang, China, were examined. DIC was the dominant form in the water. The content of all of the types of carbon was significantly higher in the flood season than in the dry season. The POC exhibited seasonally complementary features, that is, the contents were high in the middle reaches and mouth in the flood season and in the upper reaches in the dry season. The DOC and DIC both increased with increasing salinity during the flood season, but they exhibited patchy and fringed-patchy distributions, respectively. The spatial characteristics of the DIC, DOC, and POC reveal the profound effects of the Beijiang sluice and mariculture. Specifically, an average of 47.7% of the POC was from the mariculture effluent based on the stable isotope compositions, mainly in the form of microalgae. Additionally, the contribution of the mangrove was relatively limited, with 36.2% on average. Thus, global carbon outwelling estimates from mangroves differ owing to differences in the methodologies and hydroclimatic settings. An overall understanding of mangrove outwelling on the semi-diurnal and spring-neap-spring timescales in the ZJE will be obtained in future studies.



Data Availability Statement

The original contributions presented in the study are included in the article/supplementary material. Further inquiries can be directed to the corresponding authors.



Author Contributions

RY: study conception, investigation, data analysis and manuscript draft preparation. JF, QY and LN: project administration, funding support, conceptualization, supervision, and writing—review and editing. RY, JF, YW, LF, XL: sampling support and methodology. All authors contributed to the article and approved the submitted version of the manuscript.



Funding

This study was financially supported by grants by the National Natural Science Foundation of China (Grant No. 41976160, 41706090, 51709289) and the Fundamental Research Funds for the Central Universities, Sun Yat-sen University (Grant No. 22qntd2202).



Acknowledgments

We were sincerely grateful for the support provided by Shuai Hu, Hao Yang, Ping Zhang, Haiwei Li, Tao Zhang, Ou Chen, Jie Huang, Fangting He, Enmao Huang, Tao Fu, Da Wan, Jiamin Yuan etc. for the field work and data acquisition. We also appreciate the anonymous reviewers for their constructive suggestions.



References

 Adame, M. F., and Lovelock, C. E. (2011). Carbon and Nutrient Exchange of Mangrove Forests With the Coastal Ocean. Hydrobiologia 663, 23–50. doi: 10.1007/s10750-010-0554-7

 Alongi, D. M. (2014). Carbon Cycling and Storage in Mangrove Forests. Annu. Rev. Mar. Sci. 6, 195–219. doi: 10.1146/annurev-marine-010213-135020

 Alongi, D. M. (2020). Carbon Cycling in the World’s Mangrove Ecosystems Revisited: Significance of Non-Steady State Diagenesis and Subsurface Linkages Between the Forest Floor and the Coastal Ocean. Forests 11 (9), 977. doi: 10.3390/f11090977

 Alongi, D. M. (2022). Impacts of Climate Change on Blue Carbon Stocks and Fluxes in Mangrove Forests. Forests 13(2), 149. doi: 10.3390/f13020149

 Arifanti, V. B., Kauffman, J. B., Hadriyanto, D., Murdiyarso, D., and Diana, R. (2019). Carbon Dynamics and Land Use Carbon Footprints in Mangrove-Converted Aquaculture: The Case of the Mahakam Delta, Indonesia. For. Ecol. Manage. 432, 17–29. doi: 10.1016/j.foreco.2018.08.047

 Bauer, J. E., Cai, W.-J., Raymond, P. A., Bianchi, T. S., Hopkinson, C. S., and Regnier, P. (2013). The Changing Carbon Cycle of the Coastal Ocean. Nature 504, 61–70. doi: 10.1038/nature12857

 Bianchi, T. S., and Bauer, J. E. (2011). “Particulate Organic Carbon Cycling and Transformation,” in Treatise on Estuarine and Coastal Science, vol. Vol 5. (Waltham: 
Academic Press), 69–117.

 Borges, A., Abril, G., and Bouillon, S. (2018). Carbon Dynamics and CO2 and CH4 Outgassing in the Mekong Delta. Biogeosciences 15, 1093–1114. doi: 10.5194/bg-15-1093-2018

 Bouillon, S., Borges, A. V., Castañeda-Moya, E., Diele, K., Dittmar, T., Duke, N. C., et al. (2008a). Mangrove Production and Carbon Sinks: A Revision of Global Budget Estimates. Global Biogeochem. Cycles. 22, GB2013. doi: 10.1029/2007GB003052

 Bouillon, S., Connolly, R. M., and Lee, S. Y. (2008b). Organic Matter Exchange and Cycling in Mangrove Ecosystems: Recent Insights From Stable Isotope Studies. J. Sea. Res. 59, 44–58. doi: 10.1016/J.SEARES.2007.05.001

 Bouillon, S., Dehairs, F., Velimirov, B., Abril, G., and Borges, A. V. (2007a). Dynamics of Organic and Inorganic Carbon Across Contiguous Mangrove and Seagrass Systems (Gazi Bay, Kenya). J. Geophys. Res.: Biogeosci. 112, GO2018. doi: 10.1029/2006JG000325

 Bouillon, S., Middelburg, J. J., Dehairs, F., Borges, A. V., Abril, G., Flindt, M. R., et al. (2007b). Importance of Intertidal Sediment Processes and Porewater Exchange on the Water Column Biogeochemistry in a Pristine Mangrove Creek (Ras Dege, Tanzania). Biogeosciences 4, 311–322. doi: 10.5194/bg-4-311-2007

 Cabral, A. C., Wilhelm, M. M., Figueira, R. C. L., and Martins, C. C. (2019). Tracking the Historical Sewage Input in South American Subtropical Estuarine Systems Based on Faecal Sterols and Bulk Organic Matter Stable Isotopes (δ13c and δ15n). Sci. Total. Environ. 655, 855–864. doi: 10.1016/j.scitotenv.2018.11.150

 Cai, W.-J. (2003). Riverine Inorganic Carbon Flux and Rate of Biological Uptake in the Mississippi River Plume. Geophys. Res. Lett. 30 (2), 1032. doi: 10.1029/2002GL016312

 Cai, Y., Guo, L., and Douglas, T. A. (2008). Temporal Variations in Organic Carbon Species and Fluxes From the Chena River, Alaska. Limnol. Oceanogr. 53, 1408–1419. doi: 10.4319/lo.2008.53.4.1408

 Cai, A., Li, W., Chen, Q., and Wang, X. (1998). Studies of Particulate Organic Carbon in the Xiamen Western Harbour and the Jiulong River Estuary. Mar. Sci. 2, 37–41.

 Call, M., Sanders, C. J., Macklin, P. A., Santos, I. R., and Maher, D. T. (2019). Carbon Outwelling and Emissions From Two Contrasting Mangrove Creeks During the Monsoon Storm Season in Palau, Micronesia. Estuarine. Coast. Shelf. Sci. 218, 340–348. doi: 10.1016/j.ecss.2019.01.002

 Chomicki, K. (2010). The Use of Stable Carbon and Oxygen Isotopes to Examine the Fate of Dissolved Organic Matter in Two Small, Oligotrophic Canadian Shield Lakes. [dissertation/doctor’s thesis]. [Ontario (IL)]: University of Waterloo.

 Donato, D. C., Kauffman, J. B., Murdiyarso, D., Kurnianto, S., Stidham, M., and Kanninen, M. (2011). Mangroves Among the Most Carbon-Rich Forests in the Tropics. Nat. Geosci. 4, 293–297. doi: 10.1038/ngeo1123

 Feng, J., Zhou, J., Wang, L., Cui, X., Ning, C., Wu, H., et al. (2017). Effects of Short-Term Invasion of Spartina Alterniflora and the Subsequent Restoration of Native Mangroves on the Soil Organic Carbon, Nitrogen and Phosphorus Stock. Chemosphere 184, 774–783. doi: 10.1016/j.chemosphere.2017.06.060

 Gao, C., Yu, F., Chen, J., Huang, Z., Jiang, Y., Zhuang, Z., et al. (2021). Anthropogenic Impact on the Organic Carbon Sources, Transport and Distribution in a Subtropical Semi-Enclosed Bay. Sci. Total. Environ. 767, 145047. doi: 10.1016/j.scitotenv.2021.145047

 Gattuso, J. P., Frankignoulle, M., and Wollast, R. (1998). Carbon and Carbonate Metabolism in Coastal Aquatic Ecosystems. Annu. Rev. Ecol. Systematics. 29, 405–434. doi: 10.1146/annurev.ecolsys.29.1.405

 Huang, Q. (2013). Stable Isotope Studies on Food Sources of the Razor Clams (Sinonovacula constricta) in Two Cultivation Modes in Zhangjiangkou Estuary, Fujian. [dissertation/master’s thesis]. [Xiamen (IL)]: Xiamen University

 Hunt, J. (1970). The Significance of Carbon Isotope Variations in Marine Sediments. Adv. Organic. Geochem., 27–35.

 Hunt, J. (1970). Advances in Organic Geochemistry. London: Pergamon Press (1966). 27 p.

 Jeffrey, L. C., Maher, D. T., Santos, I. R., Call, M., Reading, M. J., Holloway, C., et al. (2018). The Spatial and Temporal Drivers of Pco2, Pch4 and Gas Transfer Velocity Within a Subtropical Estuary. Estuarine. Coast. Shelf. Sci. 208, 83–95. doi: 10.1016/j.ecss.2018.04.022

 Jiang, R., Cheng, P., Gao, J., and Wang, A. (2020). Impacts of Mangrove on the Dynamic Process of Bottom Boundary Layer. Mar. Geo. Front. 36, 37–44. doi: 10.16028/j.1009-2722.2019.108

 Kamruzzaman, M., Ahmed, S., and Osawa, A. (2017). Biomass and Net Primary Productivity of Mangrove Communities Along the Oligohaline Zone of Sundarbans, Bangladesh. For. Ecosyst. 4, 16. doi: 10.1186/s40663-017-0104-0

 Lee, S. Y. (1995). Mangrove Outwelling: A Review. Hydrobiologia 295, 203–212. doi: 10.1007/BF00029127

 Lefèvre, N., Flores, M., Gaspar, F., Rocha, C., Jiang, S., Araujo, M., et al. (2017). Net Heterotrophy in the Amazon Continental Shelf Changes Rapidly to a Sink of CO2 in the Outer Amazon Plume. Front. Mar. Sci. 4. doi: 10.3389/fmars.2017.00278

 Letourneau, M. L., Schaefer, S. C., Chen, H., Mckenna, A. M., Alber, M., and Medeiros, P. M. (2021). Spatio-Temporal Changes in Dissolved Organic Matter Composition Along the Salinity Gradient of a Marsh-Influenced Estuarine Complex. Limnol. Oceanogr. 66, 3040–3054. doi: 10.1002/lno.11857

 Li, J., and Gao, S. (2013). Estimating Deposition Rates Using a Morphological Proxy of Spartina Alterniflora Plants. J. Coast. Res. 29, 1452–1463. doi: 10.2112/JCOASTRES-D-12-00186.1

 Li, R., Liu, S., Zhang, J., Jiang, Z., and Fang, J. (2016). Sources and Export of Nutrients Associated With Integrated Multi-Trophic Aquaculture in Sanggou Bay, China. Aquacult. Environ. Interact. 8, 285–309. doi: 10.3354/aei00177

 Liu, Q., Guo, X., Yin, Z., Zhou, K., Roberts, E., and Dai, M. (2018). Carbon Fluxes in the China Seas: An Overview and Perspective. Sci. China Earth Sci. 61, 1564–1582. doi: 10.1007/s11430-017-9267-4

 Maavara, T., Lauerwald, R., Regnier, P., and Van Cappellen, P. (2017). Global Perturbation of Organic Carbon Cycling by River Damming. Nat. Commun. 8, 15347. doi: 10.1038/ncomms15347

 Maher, D. T., Santos, I. R., Golsby-Smith, L., Gleeson, J., and Eyre, B. D. (2013). Groundwater-Derived Dissolved Inorganic and Organic Carbon Exports From a Mangrove Tidal Creek: The Missing Mangrove Carbon Sink? Limnol. Oceanogr. 58, 457–488. doi: 10.4319/lo.2013.58.2.0475

 María, C. M., Ana, L. D., Anabela, A. B., María, C. P., and Mónica, S. H. (2016). Seasonal and Tidal Dynamics of Water Temperature, Salinity, Chlorophyll-A, Suspended Particulate Matter, Particulate Organic Matter, and Zooplankton Abundance in a Shallow, Mixed Estuary (Bahía Blanca, Argentina). J. Coast. Res. 32, 1051–1061. doi: 10.2112/JCOASTRES-D-14-00236.1

 Mcleod, E., Chmura, G. L., Bouillon, S., Salm, R., Björk, M., Duarte, C. M., et al. (2011). A Blueprint for Blue Carbon: Toward an Improved Understanding of the Role of Vegetated Coastal Habitats in Sequestering CO2. Front. Ecol. Environ. 9, 552–560. doi: 10.1890/110004

 Moore, J. W., and Semmens, B. X. (2008). Incorporating Uncertainty and Prior Information Into Stable Isotope Mixing Models. Ecol. Lett. 11, 470–480. doi: 10.1111/j.1461-0248.2008.01163.x

 Odum, W, and Heald, EEstuarine Research. London: Academic Press (1975). 265 p.

 Ohtsuka, T., Onishi, T., Yoshitake, S., Tomotsune, M., Kida, M., Iimura, Y., et al. (2020). Lateral Export of Dissolved Inorganic and Organic Carbon From a Small Mangrove Estuary With Tidal Fluctuation. Forests 11(10) 1041. doi: 10.3390/f11101041

 Pan, D., Wang, Z., Zhan, Q., Saito, Y., Wu, H., Yang, S., et al. (2020). Organic Geochemical Evidence of Past Changes in Hydro- and Sediment-Dynamic Processes at River Mouths: A Case Study of Holocene Sedimentary Records in the Changjiang River Delta, China. Continent. Shelf. Res. 204, 104189. doi: 10.1016/j.csr.2020.104189

 Peterson, B., Howarth, R., and Garritt, H. (1985). Multiple Stable Isotopes Used to Trace the Flow of Organic Matter in Estuarine Food Webs. Sci. (New. York. N.Y.) 227, 1361–1363. doi: 10.1126/science.227.4692.1361

 Pierre, T., Ziegler, A. D., Friess, D. A., David, W., Vinh, T. V., Frank, D., et al. (2018). Carbon Dynamics and Inconstant Porewater Input in a Mangrove Tidal Creek Over Contrasting Seasons and Tidal Amplitudes. Geochimica. Cosmochimica. Acta 237, 32–48. doi: 10.1016/j.gca.2018.06.012

 Rani, V., Bijoy Nandan, S., and Schwing, P. T. (2021). Carbon Source Characterisation and Historical Carbon Burial in Three Mangrove Ecosystems on the South West Coast of India. CATENA 197, 104980. doi: 10.1016/j.catena.2020.104980

 Ray, R., Michaud, E., Aller, R. C., Vantrepotte, V., Gleixner, G., Walcker, R., et al. (2018). The Sources and Distribution of Carbon (DOC, POC, DIC) in a Mangrove Dominated Estuary (French Guiana, South America). Biogeochemistry 138, 297–321. doi: 10.1007/s10533-018-0447-9

 Ray, R., Rixen, T., Baum, A., Gleixner,, and Jana, T. K. (2015). Distribution, Sources and Biogeochemistry of Organic Matter in a Mangrove Dominated Estuarine System (Indian Sundarbans) During the Pre-Monsoon. Estuar.Coast. Shelf. Sci. 167, 404–413. doi: 10.1016/j.ecss.2015.10.017

 Ray, R., Thouzeau, G., Walcker, R., Vantrepotte, V., Gleixner, G., Morvan, S., et al. (2020). Mangrove-Derived Organic and Inorganic Carbon Exchanges Between the Sinnamary Estuarine System (French Guiana, South America) and the Atlantic Ocean. J. Geophys. Res.: Biogeosci. 125, e2020JG005739. doi: 10.1029/2020JG005739

 Ray, R., and Weigt, M. (2018). Seasonal and Habitat-Wise Variations of Creek Water Particulate and Dissolved Organic Carbon in Arid Mangrove (the Persian Gulf). Continent. Shelf. Res. 165, 60–70. doi: 10.1016/j.csr.2018.06.009

 Regnier, P., Friedlingstein, P., Ciais, P., Mackenzie, F. T., Gruber, N., Janssens, I. A., et al. (2013). Anthropogenic Perturbation of the Carbon Fluxes From Land to Ocean. Nat. Geosci. 6, 597–607. doi: 10.1038/ngeo1830

 Santos, I. R., Maher, D. T., Larkin, R., Webb, J. R., and Sanders, C. J. (2019). Carbon Outwelling and Outgassing vs. Burial in an Estuarine Tidal Creek Surrounded by Mangrove and Saltmarsh Wetlands. Limnol. Oceanogr. 64, 996–1013. doi: 10.1002/lno.11090

 Schulte, P., Van Geldern, R., Freitag, H., Karim, A., Négrel, P., Petelet-Giraud, E., et al. (2011). Applications of Stable Water and Carbon Isotopes in Watershed Research: Weathering, Carbon Cycling, and Water Balances. Earth-Science. Rev. 109, 20–31. doi: 10.1016/j.earscirev.2011.07.003

 Sippo, J. Z., Maher, D. T., Tait, D. R., Ruiz-Halpern, S., Sanders, C. J., and Santos, I. R. (2017). Mangrove Outwelling is a Significant Source of Oceanic Exchangeable Organic Carbon. Limnol. Oceanogr. Lett. 2, 1–8. doi: 10.1002/lol2.10031

 Spivak, A. C., Gosselin, K. M., and Sylva, S. P. (2018). Shallow Ponds are Biogeochemically Distinct Habitats in Salt Marsh Ecosystems. Limnol. Oceanogr. 63, 1622–1642. doi: 10.1002/lno.10797

 Wang, X., Ma, H., Li, R., Song, Z., and Wu, J. (2012). Seasonal Fluxes and Source Variation of Organic Carbon Transported by Two Major Chinese Rivers: The Yellow River and Changjiang (Yangtze) River. Global Biogeochem. Cycles. 26, 1–10 GB2025. doi: 10.1029/2011GB004130

 Wang, A., Ye, X., Cheng, P., and Wang, L. (2017). Trapping Effect of Estuarine Turbidity Maximum on Particulate Organic Carbon and its Response to a Typhoon Event in a Macro-Tidal Estuary. in 19th EGU General Assembly, EGU2017: Proceedings from the Conference, 2017 April 23-28; Vienna, Austria: 2017. p. 115. URL: https://ui.adsabs.harvard.edu/abs/2017EGUGA.19.115W

 Wu, H., Peng, R., Yang, Y., He, L., Wang, W., Zheng, T., et al. (2014). Mariculture Pond Influence on Mangrove Areas in South China: Significantly Larger Nitrogen and Phosphorus Loadings From Sediment Wash-Out Than From Tidal Water Exchange. Aquaculture 426-427, 204–212. doi: 10.1016/j.aquaculture.2014.02.009

 Zhang, Y. M., and Deng, H. H. (2019). Preliminary Analysis and Calculation of Runoff About Yunxiao Pumped Storage Hydropower Station in Fujian Province. Guangdong. Water Resour. Hydropowe. 04, 44–48. doi: 10.11905/j.issn.1008-0112.2019.04.011

 Zhang, Y., Yu, C., Xie, J., Du, S., Feng, J., and Guan, D. (2021). Comparison of Fine Root Biomass and Soil Organic Carbon Stock Between Exotic and Native Mangrove. CATENA 204, 105423. doi: 10.1016/j.catena.2021.105423

 Zhou, J., Wu, Y., Zhang, J., Kang, Q., and Liu, Z. (2006). Carbon and Nitrogen Composition and Stable Isotope as Potential Indicators of Source and Fate of Organic Matter in the Salt Marsh of the Changjiang Estuary, China. Chemosphere 65, 310–317. doi: 10.1016/j.chemosphere.2006.02.026

 Zhu, X., Hou, Y., Weng, Q., and Chen, L. (2019). Integrating UAV Optical Imagery and LiDAR Data for Assessing the Spatial Relationship Between Mangrove and Inundation Across a Subtropical Estuarine Wetland. ISPRS. J. Photogrammetry. Remote Sens. 149, 146–156. doi: 10.1016/j.jmarsys.2017.12.003




Conflict of Interest: The authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.


Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



Copyright © 2022 Yan, Feng, Wang, Fu, Luo, Niu and Yang. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.




DATA REPORT

published: 18 July 2022

doi: 10.3389/fmars.2022.945495

[image: image2]


Investigation of Coastal Water Characteristics Along the Southeast Coast of India: A Multivariate Approach


Dilip Kumar Jha 1*, Vikas Pandey 1, Chandrasekaran Muthukumar 2, Ponnusamy Sathish Kumar 1, Srinivas Venkatnarayanan 1, Jebarathnam Prince Prakash Jebakumar 3 and Gopal Dharani 1


1 Ocean Science and Technology for Islands, National Institute of Ocean Technology, Ministry of Earth Sciences, Government of India, Chennai, India, 2 National Centre for Coastal Research, Ministry of Earth Sciences, Government of India, Chennai, India, 3 Coastal and Environmental Engineering, National Institute of Ocean Technology, Ministry of Earth Sciences, Government of India, Chennai, India




Edited by: 

Meilin Wu, South China Sea Institute of Oceanology (CAS), China

Reviewed by: 

Gopalakrishnan Thilagam, Pachaiyappa’s College for Men, India

Prashanthi Devi Marimuthu, Bharathidasan University, India

Ganesh Thiruchitrambalam, Pondicherry University, Port Blair Campus, India


*Correspondence: 

Dilip Kumar Jha
 dilipjhaniot@gmail.com



Specialty section: 
 This article was submitted to Marine Pollution, a section of the journal Frontiers in Marine Science


Received: 16 May 2022

Accepted: 08 June 2022

Published: 18 July 2022

Citation:
Jha DK, Pandey V, Muthukumar C, Sathish Kumar P, Venkatnarayanan S, Jebakumar JPP and Dharani G (2022) Investigation of Coastal Water Characteristics Along the Southeast Coast of India: A Multivariate Approach. Front. Mar. Sci. 9:945495. doi: 10.3389/fmars.2022.945495



Keywords: environmental quality, coastal, multivariate, Principal Component Analysis, Tamil Nadu coast



Introduction

Coastal waters support a diverse range of marine life and contribute to the country’s economy. Seawater quality has a significant impact on the ecological sustainability and biological productivity of coastal and marine ecosystems (Dheenan et al., 2014; Dheenan et al., 2016). However, population growth and industrialization in the coastal regions have steadily increased the anthropogenic pressure, resulting in seawater quality degradation along the coast. Anthropogenic activities such as land-based runoff, sewage discharge, industrial & aquaculture effluent and eutrophication in the coastal environment could impact the aquatic biota of the region. Consequently, coastal pollution has become a global issue that requires intervention through the application of monitoring programs and improvement of the seawater quality through a mitigation management system.

The combined effects of salinity and temperature influence the coastal water, and nutrient content is responsible for productivity, therefore information on these parameter’s distribution in different coastal ecosystems is important (Satpathy et al., 1986). Among the numerous inorganic elements required for life support in marine coastal ecosystems, nitrogen, phosphorous, and silicates are believed to be more significant than the others because they play a vital role in phytoplankton abundance, growth, and metabolism (Barath Kumar et al., 2018). The distribution and behavior of nutrients in the coastal environment, particularly in the nearshore environment, varies greatly depending on local variables such as anthropogenic activities, fresh water influx, tidal variation, and biological activity such as phytoplankton intake and regeneration.

Although several studies on water quality have been conducted in other Indian coastal regions (Renjith et al., 2015; Jha et al., 2015; Yuvaraj et al., 2018; Satheeswaran et al., 2019; Ratnam et al., 2022), there is relatively less work carried out on the seawater quality characteristics for such a long coastal stretch in this region. Recently, Barath Kumar et al. (2018) have studied seawater characteristics at 8 locations over a 300 km coastal stretch along the Tamil Nadu coast. In the present study, we have monitored over 537 km of stretch spreading in five coastal districts. The objective of this study is to understand the spatial variation of physicochemical and biological characteristics in the seawater of five coastal districts in southeast coast India. The data gathered might be useful for comparative research aimed at evaluating the environmental conditions of other tropical coastal locations. The pattern of physicochemical characteristics of coastal waters along the southeast coast of India was evaluated using analysis of variance (ANOVA-one way), box-whisker plots, principal component analysis (PCA), and N/P ratio.



Methods

Tamil Nadu has a coastal length of 1076 Km and stretches along the Bay of Bengal, Arabian Sea and the India Ocean. Palk Bay (PB) and the Gulf of Mannar (GoM), which are located along India’s southeast coast, form a significant part of of the country’s entire coastline length (Barath Kumar et al., 2018; Pandey et al., 2022; Jha et al., 2022). Thanjavur (THA), Pudukottai (PUD), Ramanathapuram (RAM), Thoothukudi (THO), and Tirunelveli (TIR) were five coastal districts (hereafter ‘locations’) surveyed during the pre monsoon period (January to March) of 2020 to evaluate the seawater quality (Figure 1A). Surface and bottom seawater samples were collected from near shore and offshore sites (n= 168 samples). A hand-held GPS (Garmin eTrex Vista; ± 5 m) was used to record the sampling position in the present study.




Figure 1 | Study area map and box-whisker plots display variations for selected physiochemical variables. (A) sampling locations, (B) WT, (C) salinity, (D) chl-a, (E) BOD, (F) nitrate, (G) phosphate, (H) silicate and (I) TSS. In each plot, the median is represented by the central point, the interval is represented by the rectangle (i.e. 25% and 75% percentiles), and range indicated by the whisker [(*: extreme outlier;◦: mild outlier); Sampling locations: THA, Thanjavur; PUD, Pudukottai; RAM, Ramanathapuram; THO, Thoothukudi; and TIR, Tirunelveli.




Sample Collection and Analysis

A Niskin's water sampler was used from a boat to collect seawater samples in polypropylene bottles for nutrient analysis. The titration method of Winkler (Winkler, 1888) was used to assess samples for dissolved oxygen (DO) and biochemical oxygen demand (BOD). The argentometric titration technique was used to determine salinity. Onboard, a calibrated thermometer and a pH meter were used to measure temperature and pH, respectively. To estimate total suspended solids (TSS), 1 L of seawater was filtered using 0.45 µm Millipore GF/C filter paper and rinsed with Milli-Q water to eliminate salt content (APHA, 2005). The nutrients namely nitrite, nitrate, inorganic phosphate (IP), silicate, total nitrogen (TN), ammonia, and total phosphorus (TP) were measured in seawater samples using procedures of Grasshoff et al. (1999). The Redfield ratio (N:P = 16:1) was used to compare nutrient ratio of dissolved inorganic nitrogen (nitrate + nitrite + ammonium = N) and phosphate to assess possible nutritional control on biological production (Van Nieuwerburgh et al., 2004). The spectrophotometric approach was used to examine chlorophyll-a (chl-a) and phaeophytin content (Parsons et al., 1992). Triplicate samples were analyzed, with quality control techniques including thorough standardization and blank measurements. To test spatial variations of physicochemical parameters, one-way ANOVA was employed. The Euclidean distance (ED) based hierarchical agglomerative cluster analysis (CA) (Ward, 1963) from normalized dataset was used to generated dendrogram. The dendrogram is a useful graphical tool for determining the number of clusters that explain the underlying mechanism that causes spatial patterns (Shrestha and Kazama, 2007; Yang et al., 2010). The same ED matrix was used for the non-metric multidimensional scaling (NMDS) ordination plot to corroborate the results of CA. Factor analysis (FA) is one of the most effective approach for decreasing the dimensionality of enormous datasets while preserving their content (Wunderlin et al., 2001). Strong (> 0.75), moderate (0.75–0.50), and weak (0.50–0.30) factor loadings were classified according to Liu et al. (2003) criteria. To establish sample adequacy, the Kaiser–Meyer–Olkin (KMO) criterion was used. To reduce the impact of discrepancies in measurement units and variance, all parameters were normalized using a Z-scale transformation (mean = 0; variance = 1), which rendered the data dimensionless for factor analysis. The analyses were conducted using SPSS software (version 18.0).




Results and Discussion

The physicochemical parameters of five coastal locations are summarized in Table S1 (Supplemental Material); the concentrations are shown as range and mean (± standard deviation [SD]). The presence of spatial variability induced by polluting sources and/or climatic conditions is indicated by environmental metrics with a high SD (Vega et al., 1998). At Ramanathapuram, the mean TSS (40.49 ± 10.09 mg/L), salinity (31.73 ± 1.52 PSU), and DO (5.93 ± 0.65 mg/L) were high compared to the other locations. The elevated TSS might be attributable to the persistent operation of fishing trawlers and tourist activities, which disturbed the water column in the study region. It was observed that mean AT (30.04 ± 0.73°C) and WT (28.47 ± 0.82°C) were comparatively higher at Tirunelveli and Ramanathapuram, respectively. The mean pH value (8.33 ± 0.10) was comparatively high at Pudukottai. The BOD varied significantly (F=7.011, p < 0.05) and was comparatively high (1.80 ± 0.73 mg/L) at Thanjavur, however, it was well within the prescribed limits of the Central Pollution Control Board (CPCB). The nutrients such as nitrite (0.27 ± 0.07 µM), nitrate (3.32 ± 0.27 µM), phosphate (1.75 ± 0.57 µM), total nitrogen (10.70 ± 4.43 µM), and total phosphate (2.28 ± 0.63 µM) concentrations were found higher in Thanjavur while silicate (18.34 ± 5.60 µM) was higher in Pudukottai. This might be due to more anthropogenic activity such as agriculture based land discharge and sewage mixing in the coastal water bodies. Chlorophyll-a, and phaeophytin content were comparatively high in Tirunelveli. In the present study, the spatial variation of all the physicochemical and biological parameters was significant (p < 0.05) among different locations except WT, DO, and ammonia (p > 0.05).

The Figures 1B–I shows box-whisker plots for selected seawater quality parameters. A box plot with no upper whisker indicates that the upper quartile is equal to the maximum [such as that of WT (Figure 1B). Long whiskers at the top of the box plot [such as that for TSS (Figure 1I) & phosphate (Figure 1G) and the bottom [such as salinity (Figure 1C) and chl-a (Figure 1D), indicate the underlying distribution is skewed toward the high and low range, respectively. Comparatively higher values of BOD (Figure  1E) were observed in near-shore samples. The box plots with wide spread revealed spatial deviation in sample distribution which was evident in the nitrate (Figure 1F) at Thanjavur. Box plots showed higher silicate in Pudukottai (Figure 1H). Further, the selected environmental parameters showed higher concentration towards the nearshore compared to the offshore. The mild (circles) and extreme outliers (asterisks) are indicating a difference in the observed factors at a few sampling stations that might be influenced by some human activities (Jha et al., 2014).

The cluster analysis generated a dendrogram with only one cluster containing THO & TIR which might be explained by the similarity in average values of physicochemical characteristics and dissimilarity from the other locations. The other locations i.e. THA, PUD and RAM were outliers Figure 2A. The PUD and RAM, however, showed closed distance on the dendrogram with the cluster formed between THO & TIR. On the other hand, THA showed maximum distance from the cluster resulting from the significant differences in physicochemical values at this location when compared to the other locations. The distance between PUD and RAM was very less which could be attributed to the similar values of silicate compared to other locations. The physiochemical variables depicted a comparable pattern to that of cluster analysis while exposed to 2D nMDS analysis (Figure 2B).




Figure 2 | Cluster analysis, 2D NMDS and factor analysis; (A) dendrogram of the physiochemical variables in seawater, (B) non-metric multidimensional scaling resemblance of physiochemical variables in seawater, and (C) factor loading F1 and F2 for environmental parameters.



The KMO criterion values of 0.550 revealed that by factor analysis, a considerable diminution in the dimensionality of the data set has been obtained (Wu et al., 2010) for the Tamil Nadu coast. Through FA seven significant factors (Eigenvalue >1) were obtained which elucidating 79.83% of the total variation among the dataset along the southeast coast of India. The factor loadings and communality of environmental variables are given in Table S2 (Supplemental Material). Factor 1 elucidates 22.34% of the total variance and reveals moderate positive loading of nitrate (0.693), phosphate (0.700), total phosphorus (0.694), and moderate negative loadings of silicate (-0.556) whereas strong positive loadings of sewage discharge (0.836) and industrial units (0.825) (Figure 2C). Factor 2 elucidates 14.46% of the total variance and revealed a moderate positive loading of AT (0.625) and ammonia (0.688) whereas moderate negative loading of pH (-0.619). It might be explained by the natural co-existence of increased ammonia levels in seawater and a high pH value, owing to heavy anthropogenic input in the coastal environment.

The Redfield ratio (1934; 1958) in the present study for N/P was 3.68, 9.44, 56.29, 3.55, and 4.54 at Thanjavur, Pudukottai, Ramanathapuram, Toothukodi, and Tirunelveli, respectively. It is stated that the N/P ratio lesser than 16 specify nitrate could be a limiting factor. However, except at Ramanathapuram, the N/P ratio was lesser than 16 which revealed that nitrate was the limiting factor at all the stations except Ramanathapuram where phosphate was the limiting factor. It is reported that an undisturbed location will have phosphate limitation whereas at disturbed location nitrate will be the limiting factor (Gupta et al., 1981). Rivers and sewage channels deliver nutrients to coastal bays under certain environmental circumstances (Xu, 1989). Our observation depicted that anthropogenic impact plays a vital role in regulating the physicochemical parameters, barring the environmental parameters such as temperature and salinity, which were demonstrated through the multivariate approach in a more significant way and is comparable with the earlier scientific studies conducted in other coastal locations (Barath Kumar et al., 2018; Pandey et al., 2022). Regular monitoring will help to maintain the seawater quality, promote healthy habitats for flora and fauna, and contribute to coastal conservation and fisheries management (Vijayakumaran et al., 2005; Murugan et al., 2005; Kumar et al., 2009).



Conclusion

To evaluate, coastal water characteristics, sampling was conducted along the five coastal districts in the southeast coast of India. The results obtained through the multivariate tool indicated a good seawater quality at all the sites except near-shore sites of the Thanjavur. In Thanjavur, noticeable variations in the physicochemical parameters were observed in CA and therefore it resulted in an outlier. When the data was subjected to 2D nMDS ordinations, it showed a similar pattern to the CA. Strong factor loadings of sewage discharge (0.836) and industrial units (0.825) illustrated that the variability is due to the influence of physicochemical concentration in the coastal environment. The results revealed higher values near the coast whereas it was oligotrophic towards the offshore waters. The findings will be significant for comparing to other tropical coastal environments.
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Due to close proximity to urban development, mangroves exposed to the contamination of polybrominated diphenyl ethers (PBDEs). Decabromodiphenyl ether (BDE-209) is one of the most predominant PBDE congener. The present study aimed to investigate the toxic effects of BDE-209 on the antioxidative and non-antioxidative responses of Kandelia obovata, a very common mangrove species, under different concentrations of BDE-209, 0.1, 1, 5 and 10 mg l-1. BDE-209 did not exhibit any negative effects on the growth of K. obovata seedlings. The stimulatory effects of BDE-209 on the enzymes including superoxide dismutase, peroxidase and catalase only occurred in weeks 1 and 4 and diminished in week 8. The concentrations of total polyphenols (TP) and extractable condensed tannins (ECT) were not affected by BDE-209. The production of O2·- was induced only at the very high level of BDE-209 (10 mg l-1). H2O2 was induced only in weeks 1 and 4 under BDE-209 treatment. BDE-209 was taken up by the roots of K. obovata, translocated to above-ground tissues, and accumulated in plant tissues with the concentrations declined in the order of root > propagule > stem > leaf. Although BDE-209 has higher molecular weight and higher log Kow than other PBDE congeners, the K. obovata seedlings could absorb, translocate and accumulate BDE-209. These findings suggested that mangrove plants could take up, accumulate PBDEs, and BDE-209 are less toxic than other congeners but more difficult to be removed by mangrove systems.




Keywords: Mangroves, Kandelia obovata, BDE-209, ecotoxicology, uptake, accumulate



Introduction

Polybrominated diphenyl ethers (PBDEs) are manufactured as additive brominated flame retardants and widely distributed in the environment (Alaee et al., 2003; Portet-Koltalo et al., 2021). Mangroves often receive anthropogenic contamination as they are usually convenient discharge sites for waste and wastewater (Qiu et al., 2010; Ouyang and Guo, 2016), and PBDEs have been recorded in mangrove sediments (Binelli et al., 2007; Qiu et al., 2010). The problems of PBDE contamination in mangroves and their harmful effects on our environment cannot be ignored.

PBDEs pose oxidative stresses to organisms by over-production of reactive oxygen species (ROS), which might lead to poor growth or even death (Zezza et al., 2019). However, few studies reported the effects of PBDEs on plants and their antioxidative responses. Huang et al. (2013) found that PBDEs could increase the activities of nitro-reductase and glutathione-transferase in roots of ryegrass, pumpkin and maize. Our previous study (Wang et al., 2014a) showed BDE-47 posed significantly effects of the activities of three antioxidative enzymes, superoxide dismutase (SOD), peroxidase (POD) and catalase (CAT) of two mangrove plant species, Kandelia obovata (K. obovata) and Avicennia marina (A. marina). Knowledge on the role of antioxidative enzymes in mangrove plants to remove excess ROS produced by PBDE contamination is limited. Not only enzymatic antioxidants, non-enzymatic antioxidants in mangrove plants, such as tannins were commonly found and related to their tolerance (Huang et al., 2010a). Whether the non-enzymatic antioxidative defense system of mangrove plants could be induced to combat the oxidative stress posed by PBDE contamination has rarely been reported. Only Zhou et al. (2019) in our group reported the implication of tannin changes in two mangrove plants, K. obovata and Bruguiera gymnorhiza under PBDE contamination.

It is also important to understand the fate of PBDEs in the environment, particularly, bioaccumulation, transformation and elimination, as these are useful information in determining how the burdens and associated health risks of PBDEs change over time (Mueller et al., 2006). The predominant congeners of PBDEs in environmental samples, such as air, sewage sludge, soil and sediment, were BDE-209 and BDE-47 (Ramu et al., 2005; Li et al., 2009; Jin et al., 2010). The most dominant congener in many sediment samples was BDE-209, followed by BDE-47, BDE-99 and BDE-100 (Mai et al., 2005; Luo et al., 2007; Wang et al., 2007; Chen et al., 2009; Sun et al., 2013a). The accumulation of BDE-209 and BDE-47 in sediment could be due to the more extensive uses and the global BFRs consumption pattern of these commercial PBDE products (Wang et al., 2007). The former is the main component of a commercial product deca-BDEs, while the latter is the main component of another commercial product penta-BDEs, according to the file of US Environmental Protection Agency (EPA).

Therefore, attention should be paid to the toxic effects of BDE-209 and -47, and we reported the effects of BDE-47 on two mangrove plant species, K. obovata and A. marina (Wang and Tam, 2013; Wang et al., 2014a). Here we aimed to study the effects of BDE-209 on the growth of the seedlings of K. obovata during an eight-week hydroponic culture, and compare with BDE-47 (Wang et al., 2014a). In the present study, the hydroponic was used instead of soil culture, since the latter might reduce the toxicity and bioavailability of PBDEs (Mueller et al., 2006). It is also common to use a hydroponic culture to examine the direct toxicity of persistent organic pollutants (Liu and Schnoor, 2008; Wang et al., 2012). K. obovata, belonging to Rhizophoraceae family, is a very common mangrove species distributed along the coastlines of East-Pacific Archipelagos and Asia. It also can be found in all mangrove associations in south China. Therefore, K. obovata is chosen as a model mangrove plant in the present study.



Materials and methods


Chemicals

Spiked BDE-209 was purchased from Dr. Ehrenstorfer (Germany) (purity > 99%). The analytical reagent (AR) grade Tween 20 and butanol were obtained from Sigma. Enzyme kits for SOD, POD and CAT measurements were purchased from Nanjing Jiancheng Bioengineering Institute, China. All chemicals and reagents were of analytical reagent grades. Deionized water was used throughout the experiment.



Experiment setup and sampling

One year old K. obovata seedlings were collected (the details have been listed in SI 2.1) and treated with four contamination levels of BDE-209 were 0.1 (low, L), 1 (medium, M), 5 (high, H) and 10 (very high, VH) mg l-1. Preliminary experiments showed that 0.5% of Tween 20 were sufficient to dissolve the highest contamination level used in this experiment for BDE-209, and the recovery percentages of 10 mg l-1 BDE-209 was 78.1%. Positive control with nutrient solution and solvent control with nutrient solution plus 0.5% Tween 20 for BDE-209 were prepared in the same way as the treatments but without BDE-209. The sampling days were at the end of weeks 1, 4 and 8.



Plant growth

The dry weight and Chlorophyll a (Chl a) and chlorophyll b (Chl b) were measured, and the details have been listed in SI 2.2.



Determination of antioxidative enzymes

The fresh samples of roots and leaves were used to assay the activities of different antioxidative enzymes (SOD, POD and CAT), and the details have been listed in SI 2.3.



Determination of malondialdehyde (MDA)

Malondialdehyde (MDA) is a final decomposition product of lipid peroxidation and has been used as an index for the status of lipid peroxidation. The details of MDA measurement have been listed in SI 2.4.



Determination of ROS production (O2·- and H2O2)

The fresh samples of roots and leaves were used to determine ROS production, that is, superoxide radical (O2·-) and hydrogen peroxide (H2O2). They were measured, and the details have been listed in SI 2.5.



Determination of tannins and related polyphenols

Total polyphenols (TP) and extractable condensed tannins (ECT) were measured, and the details have been listed in SI 2.6.



Determination of uptake, translocation and debromination of BDE-209

Extraction of BDE-209 in plant samples was performed by accelerated solvent extraction (ASE) purchased from Dionex (USA) according to the method described by our previous work Zhu et al. (2014a); Zhu et al. (2014b) with some modifications. In brief, 0.1 g freeze-dried plant sample was spiked with 10 µl PCB-209 in acetone (10 µg ml-1) as a surrogate standard. The sample mixture was then loaded into the ASE cell fitted with an ASE filter. Two cycles of plant sample extraction were performed using n-hexane as the solvent at a pressure of 1500 psi and temperature of 100 °C, each with a static time of five minutes. The extract was reduced to 1 ml by slow rotary evaporation. All the concentrated extracts were cleaned on a 10 mm i.d. florisil column (5 g, pre-washed by actone), eluted with 20 ml of n-hexane and concentrated to 1 ml prior to gas chromatography-mass spectrometry (GC-MS) analysis. The BDE-209 remained in the hydroponic culture solution was extracted three times by liquid-liquid extraction, using 10 ml of hexane as the solvent and 10 μl of PCB-209 (10 µg ml-1) as the surrogate standard, each at 15 minutes. The extract was concentrated by rotary evaporation to an accurate 1 ml for GC-MS analysis.

GC-MS 6890N/5975 of Agilent Technologies (Palo Alto, CA, USA) equipped with an Agilent 7638B series auto-injector Agilent Technologies and a capillary column (DB-5HT, crosslined 5% phenyl methyl siloxane, 15 m × 0.25 mm, 0.1 μm film thickness) was used to determine the concentration of BDE-209 in the extract. Helium and methane (Hong Kong Oxygen & Acetylene Co., Ltd) with a purity of 99.999% were used as carrier gases with a flow rate of 1.5 ml min-1. GC conditions were as follows: The column was coupled directly to the mass, and the flow rate for the helium carrier gas was 1.5 ml min-1. The injector temperature was 240°C. 2 μl of sample was injected in the splitless mode. The purge flow rate was 50 ml min-1. The temperature was programmed from 150°C (held isothermal for two minutes) to 300°C at a rate of 6°C/min, held isothermal for three minutes. MS condition: The Negative Chemical Ionization (NCI) source was used, and the temperature of both ion source and interface was 250°C. The mass selective detector (MSD) was operated in a selected ion monitoring (SIM) mode. The quantitative ions m/z 79, 81, 487 and 489 were selected for the detection of BDE-209, while ions m/z 464, 498 and 500 were used to monitor PCB-209. Solvent delay time was three minutes. The standard curves were made every time before and after the samples were run.

The limits of detection (LOD) of BDE-209, defined as a signal of three times the noise level, in roots, propagules, stems and leaves of K. obovata, were 0.680, 0.701, 0.683 and 0.695 ng g-1. In hydroponic culture solution, the LOD values of BDE-209 were 0.820 µg l-1. For the quality control, a matrix-spike recovery test was used to determine the recovery of the method. In brief, 0.1 grams of the freeze-dried mangrove plant sample cultured in the green house without PBDE spike was spiked with the mixed standard of 1 µg ml-1 BDE-209 and 0.1 µg ml-1 PCB-209. The same plant sample, but without PBDE spike, was used as the blank. The hydroponic culture solution was also spiked with the same concentration of BDE-209 and PCB-209 as mentioned above, while the solution without PBDE spike was used as the blank. The recoveries (n = 6) of BDE-209 and PCB-209 in plant tissues and hydroponic culture solution were in the range of 70.1 to 89.3 and 94.3 to 102.0%, respectively. Most of the recovery percentages were close to 90%, so the reported concentrations were not corrected by the surrogate recovery rate obtained from the matrix spiked test.



Statistical analyses

Mean and standard deviation of the three replicates for each treatment or control at each sampling time were calculated. A parametric two-way analysis of variance (ANOVA) followed by a Tukey’s multiple comparison test were performed to test any significant differences in the dependent variables (i.e., biomass, Chl a, Chl b, SOD, POD, CAT, MDA, O2·-, H2O2, TP and ECT) with BDE-209 treatments and sampling times as the two fixed factors. If interactions between these two factors were significant at p ≤ 0.05, the differences among BDE-209 treatments at the same sampling time were compared by a parametric one-way ANOVA. Data were tested for the normality and homogeneity of variance assumption of the parametric ANOVA test, and no transformation was needed. All statistical analyses were done by a Statistical Package for Social Science (SPSS Version 16.0), USA.




Results


Effects of BDE-209 on K. obovata


Growth

All treatment groups with different concentrations of BDE-209 in this experiment had no significant differences were observed for all growth parameters of K. obovata during the 8-week experiment, indicating that the growth of K. obovata seedlings may not be affected by BDE-209 contamination. The dry weight of root, propagule, stem and leaf of all treatments and the controls were comparable, ranging from 0.92-1.03, 6.41-6.99, 0.67-0.85 and 0.89-1.13 g, respectively. Similarly, the leaf number, ranging from 4-6, Chl a, b, a+b and a/b of the leaves in the ranges of 0.85-1.23, 0.30-0.52, 1.22-1.80 mg g-1 and 2.41-3.29, respectively, were not significantly different among all samples (Table 1).


Table 1 | F-values of two-way ANOVA tests showing the effects of sampling times and BDE-209 treatments on different parameters in roots and leaves of K. obovata (*: p ≤ 0.05; **: p ≤ 0.01; ***: p ≤ 0.001; NS: Not significant; df: Degree of freedom).





Antioxidative enzymes

The effects of BDE-209 on SOD were only observed under 10 mg l-1 BDE-209 in the root and leaf samples at weeks 1 and 4 (Figure S1). POD activities in both root and leaf samples at weeks 1 and 4 were significantly enhanced by BDE-209 contamination, even at 0.1 mg l-1 BDE-209 (Figure S1), but no effects were found on POD in week 8 (Figure S1). Similarly, CAT activity increased according to the levels of BDE-209 in weeks 1 and 4 but BDE-209 had no effects on CAT in week 8 (Figure S1). The two-way ANOVA statistical analyses showed that the effects of BDE-209 treatments, sampling times and interaction on SOD, POD and CAT activities were all significant at p ≤ 0.001, suggesting that the enzymatic responses were both time- and BDE-209 level-specific (Table 1). The enzymatic responses of roots to BDE-209 were comparable to that of leaves.



MDA

MDA contents in roots and leaves showed little changes during the experiment and were not affected by the contamination levels of BDE-209. The MDA content in roots and leaves in all samples ranged from 10.7-11.8 and 5.2-5.5 nmol g-1 FW, respectively.



ROS production

The responses of the O2·- release and H2O2 content of roots to BDE-209 treatments were comparable to those of leaves (Figure S2). Only the very high level of BDE-209 (10 mg l-1) caused significant increases in O2·- release in roots and leaves in weeks 1 and 4, but dropped to the same level as the control in week 8 (Figure S2). This pattern was similar to that of SOD activity (Figure S1). The content of H2O2 in both roots and leaves of K. obovata seedlings increased with the contamination levels of BDE-209 during the first four weeks, but BDE-209 did not have any significant effects in week 8 (Figure S2). Such trend was more or less the same as that of POD and CAT activities (Figure S1). BDE-209 treatments could stimulate the production of ROS in both leaves and roots of K. obovata seedlings, but the seedlings could recover from the oxidative stress of BDE-209 with the ROS levels returned to the control level in week 8. This implied that the excess ROS induced by BDE-209 might have been scavenged by the antioxidative defense system of K. obovata or the seedlings might have adapted to BDE-209 as the experiment progressed. Such short-term effect of BDE-209 on the production of ROS in K. obovata seedlings was different from that of BDE-47 (Wang et al., 2014a), which enhanced the production of ROS throughout the entire study period.

The correlation coefficients among antioxidative enzymes (SOD, POD and CAT), MDA and ROS production (O2·- release and H2O2) in the roots and leaves of K. obovata under BDE-209 exposure are summarized in Table S1. All three antioxidative enzymes were significantly correlated with each other, suggesting that they functioned together to counter-balance the harmful effects caused by ROS under BDE-209 treatments. The correlation coefficient values were comparable between the roots and leaves in K. obovata under BDE-209 exposure, implying that the two tissues had similar antioxidative enzyme responses to BDE-209.



Tannins and related polyphenols

Figure S3 showed that BDE-209 at 10 mg l-1 did not have any significant effects on TP and ECT contents during the 8-week experiment.



BDE-209 remained in hydroponic culture solution and accumulated in tissues of K. obovata

The residual concentrations of BDE-209 in the hydroponic culture solution did not have any significant changes with sampling time (Figure 1 and Table S2). This trend was different from that of BDE-47, which decreased significantly with sampling time under the two highest contamination levels, 5 and 10 mg l-1 BDE-47 (Wang et al., 2014b). The concentrations of BDE-209 remained in the hydroponic culture solution at the end of the experiment were significantly higher than that of BDE-47. Compared with the tissue concentrations of BDE-47, the concentrations of BDE-209 accumulated in the plant tissues of K. obovata were significantly lower (Wang et al., 2014b), even though the plant concentrations of BDE-209 increased significantly with time and contamination levels according to one-way ANOVA at p ≤ 0.05 (Table S2). Among plant tissues, the concentration of BDE-209 in root was much higher than that in propagule, followed by stem, and leaf had the least uptake (Figure 2).




Figure 1 | Concentrations of BDE-209 (mg l-1) remained in hydroponic culture solution under different contamination levels of BDE-209 (L: 0.1 mg l-1 BDE-209, M: 1 mg l-1 BDE-209, H: 5 mg l-1 BDE-209, VH: 10 mg l-1 BDE-209; NS: No significant difference among sampling times under the same treatment at p > 0.05 according to one-way ANOVA; Mean and standard deviation of three replicates are shown).






Figure 2 | Concentrations of BDE-209 (mg kg-1 DW) in different tissues of K. obovata seedlings under different contamination levels of BDE-209 (L: 0.1 mg l-1 BDE-209, M: 1 mg l-1 BDE-209, H: 5 mg l-1 BDE-209, VH: 10 mg l-1 BDE-209; In the same tissue under the same treatment, bars with different letters show significant differences among sampling times at p ≤ 0.05 according to one-way ANOVA followed by Tukey’s tests; NS: Not significant; Mean and standard deviation of three replicates are shown).



The mass balance calculation of BDE-209 during the 8-week experiment showed that the residual BDE-209 remained in the hydroponic culture solution varied from 81.1 to 91.3% of the total inputs (Table 2), which were significantly higher than those of BDE-47 (11.5 to 27.7%) (Wang et al., 2014b). The amounts of BDE-209 remained in the hydroponic culture solution continuously increased from weeks 1 to 8 according to one-way ANOVA at p ≤ 0.05. The amounts of BDE-209 accumulated in plants increased significantly with contamination levels, and also from weeks 1 to 4, but no further increase thereafter according to one-way ANOVA at p ≤ 0.05 (Table 2). These results suggested that the plant uptake of BDE-209 might become slower as the experiment progressed. The total uptake of BDE-209 in plant tissues of K. obovata ranging from 2.70 to 14.9% (Table 2), as well as the net losses of BDE-209 (0.40 - 11.3%) were significantly lower than those of BDE-47 (Wang et al., 2014b) according to Student t-test at p ≤ 0.05 level. These findings indicated that the uptake and transformation of BDE-209 by K. obovata seedlings were less than that of BDE-47 under hydroponic culture. The losses of BDE-209 increased with time like those of BDE-47 but became relatively stable from week 4 onwards. Same as BDE-47, no new peaks with less bromine atoms were found in different tissues of K. obovata and in the hydroponic culture solution according to the GC-MS total ion chromatograms of BDE-209, suggesting that debromination did not occur in the present study lasted only eight weeks.


Table 2 | Amounts of BDE-209 (µg) and percentages to total inputs (in brackets) remained in hydroponic culture solution, uptake in K. obovata seedlings and loss during an 8-week hydroponic experiment.







Discussion


Toxic effects of BDE-209

BDE-209 did not observe significant differences in growth and non-enzymatic antioxidants and may not have any effect on it, while the effects of BDE-47 on the growth, enzymatic and non-enzymatic antioxidants of K. obovata were concentration-dependent and lasted throughout the 8-week experiment (Wang et al., 2014a). The stimulatory effects of BDE-209 on SOD, POD and CAT in both leaves and roots of K. obovata were only significant in weeks 1 and 4. After 8-week experiment, the antioxidative enzymes of K. obovata exposed to BDE-209, even at the very high level (10 mg l-1) returned to the same values as the control. The more toxic and longer-lasting effects of BDE-47 than BDE-209 might be explained by two reasons: First, the uptake of BDE-47 by K. obovata would be higher than BDE-209, due to its lower log Kow value and higher solubility as reported by previous studies (Rahman et al., 2001; Teclechiel et al., 2009). Zhang et al. (2013) also suggested that the lower toxicity of BDE-209 was likely due to its high molecular weight or size, resulting small uptake by organisms. Second, BDE-47 and BDE-209 had different chemical structures leading to different stabilities between BDE-209 and BDE-47. Br and O are atoms with high electronegativity, while H has low electronegativity. As all the carbons on BDE-209 are connected with Br or O, the electrons are well spreaded, thus lowering the electrostatic potential and the reactivity, BDE-209 is thus the most stable PBDE congener (Huang et al., 2011). Higher stability of BDE-209 might also lead to lower bioavailability to the living organisms than BDE-47. Previous studies reported that BDE-47 was more toxic and bioaccumulative than BDE-209 (Gandhi et al., 2011).



Uptake of toxic pollutants by plants

Toxic contaminants such as persistent organic pollutants (POPs) and heavy metals in soil could be taken up by plants (Prasad, 2004; Yan and Tam, 2011). A wide range of terrestrial plant species, such as radish, zucchini, tobacco, nightshade, ryegrass, alfalfa, pumpkin, summer squash, maize, etc., could take up diverse groups of toxic pollutants, including PBDEs but with different abilities (Mueller et al., 2006; Huang et al., 2010b; Sun et al., 2013b). Especially, as wetland plants, many mangrove plant species were reported to uptake and bioaccumulate POPs. The root of B. gymnorrhiza accumulated more pyrene than that of K. candel grown in pyrene bottom-contaminated sediments (Ke et al., 2003). Pi et al. (2017) reported that two mangrove species, Excoecaria agallocha L. and K. obovata could uptake of mixed polycyclic aromatic hydrocarbons (PAHs) and PBDEs in wastewater. Chen et al. (2015) reported that nitrogen addition affected the uptake of PBDEs by a mangrove plant, Aegiceras corniculatum. All these indicated that plant uptake of POPs was species-specific. In the present study, K. obovata, the two commonest mangrove species in Hong Kong SAR, also took up BDE-209 from hydroponic culture. The mechanisms controlling the uptake of PBDEs in plant species are still unresolved, and one possible mechanism is that Fe plaque formed on root surfaces of mangroves could effectively immobilize organic pollutants (Pi et al., 2017). More research is needed to understand what causes the species-specificity of plant uptake.

Following uptake, toxic chemicals are translocated and accumulated in plants but at different amounts among tissues. The accumulation of PBDEs in stems and leaves may result from a combination of uptake through the root uptake from the soil pathway and foliar uptake from the air (Huang et al., 2011). In the control (without any spiking of PBDEs), no BDE-209 were detected in any plant tissue, indicating that the route of foliar uptake from the air to the aboveground accumulation could be neglected. The highest BDE-209 concentrations were in root, followed by propagule, stem, and the lowest in leaf. Similar declining trends of accumulation from root to leaf were recorded in the uptake of PCBs, DDTs and PBDEs in plants grown directly in contaminated soils (Lunney et al., 2004; Huang et al., 2011; Zhao et al., 2012). These declining trends further supported that the accumulation of PBDEs in plants was mainly due to the root uptake, followed by gradual transfer, to propagules, stems, and then to the leaves.

The total uptake and accumulation of BDE-209 in plant tissues of K. obovata increased with the initial contamination levels in the hydroponic culture solution. Similarly, Prasad (2004) also reported that the metal uptake increased with increasing metal concentrations in external medium. The uptake of PCB in the genus of Luzula exhibited a great increase relative to increasing soil PCB concentrations (Dawn Pier et al., 2002). The availability of the chemical and the factors restricted its bioavailability such as the lipid content and morphology of roots, the acquisition and/or translocation mechanisms of the plants, etc., may also affect the plant uptake.



Biotransformation of toxic pollutants in plants

Volatilization, degradation and metabolism are important processes determining the fate of pollutants following the uptake, translocation and accumulation of toxic pollutants in plants. It has been demonstrated that PBDEs could be degraded/debrominated into more toxic lower brominated congeners (de-PBDE products) in plants (Wang et al., 2011). The debrominated products of BDE-28, -47 and -99 were recorded in maize (Zhao et al., 2012), and a debromination product (BDE-28) was also identified in the young whole pumpkin plant after exposure to BDE-47 (Sun et al., 2013b). These studies showed that the debromination of PBDEs occurred but its rates and pathways varied from plant species to species.

In the present study, BDE-209 was not debrominated and no newly-borne lower brominated congeners were found in plant tissues and in the hydroponic culture. Previous research showed that the debromination of PBDEs took long time and was more preferably under anaerobic condition (Robrock et al., 2008; Zhu et al., 2014b). As the studies on the degradation, metabolism and fate of PBDEs are still limited to terrestrial plants with very few studies in aquatic ecosystems (Huang et al., 2010b; Wang et al., 2011; Wang et al., 2012; Sun et al., 2013b), the debromination of PBDEs in mangrove plants which are saline, aquatic and ligneous deserves more attention and future study.

The toxic effects of only one PBDE congener were examined in the present study. However, natural environments are often contaminated by a mixture of PBDE congeners. The behavior of PBDE mixture in mangrove soil and the interactions between different PBDE congeners should be further studied. Additionally, the present mangrove microcosm work only investigated the responses of mangrove seedlings to a single addition of BDE-209 to the hydroponic culture at the beginning of the study. However, in natural environments, PBDE contamination from waste dumping or wastewater discharge may occur from time to time. The effects of intermittent and/or continuous discharges of PBDEs on mangrove plants merit further research.




Conclusions

When compared with BDE-47, BDE-209 did not observe any significant negative effects on the growth of K. obovata seedlings. Our results suggested that BDE-209 was less toxic to K. obovata than BDE-47.

The K. obovata seedlings could also absorb, translocate and accumulate BDE-209 from the culture solution. However, most of the spiked BDE-209 was still remained in the hydroponic culture solution. These results suggested that BDE-209, due to its higher molecular weight and higher log Kow, was more difficult to be removed by mangrove system than BDE-47.

This was the first comprehensive study revealing the effects of PBDEs on the growth, enzymatic and non-enzymatic antioxidative responses of mangrove seedlings, as well as their tolerance to PBDE stresses. The abilities of mangrove species to remove, uptake and accumulate PBDEs were reported. The work provided important information on the fate of PBDEs, which could be used for selecting the appropriate species for phytoremediation.
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Eutrophication, mainly caused by the oversupply of inorganic nitrogen and phosphate, has increased and become a serious environmental problem in the coastal bays of Beibu Gulf, a newly developing industry and port in South China. However, the sources of nitrate are poorly understood in the gulf. In this study, nitrate dual isotopes (δ15N-NO3- and δ18O-NO3-) and ammonium isotopes (δ15N-NH4+) were measured during the rainy season to identify the nitrate sources and elucidate their biogeochemical processes in Xi Bay, a semi-enclosed bay that is strongly affected by human activities in the Beibu Gulf. The results showed that a high dissolved inorganic nitrogen (DIN, 10.24-99.09 µmol L-1) was observed in Xi Bay, particularly in the bay mouth. The concentrations of DIN in the bay were 1.5 times higher than that in Qinzhou Bay and 1.7 times than that in Tieshangang Bay, which mainly influenced by the intensive human activities (i.e., industrial and port activities). In addition, lower values of δ15N-NO3- and δ18O-NO3- and higher values of δ15N-NH4+ were observed in the upper bay, suggesting that microbial nitrification occurs in the upper bay, which was the dominant nitrate source in the upper bay (39%). In addition to nitrification, external sources, including sewage and manure (33%), soil N (15%) and fertilizer (11%), contributed to the higher nutrients in the upper bay. In the lower bay, severe nitrogen pollution led to a weaker impact of biological processes on isotopic fractionation, although a high Chl a level (average of 7.47 µg L-1) was found in this region. The heavy nitrate pollution in the lower bay mainly originated from sewage and manure (54%), followed by soil N (26%) and fertilizer (17%). The contribution of the nitrate source from atmospheric deposition was relatively low in the bay (<3%). This study suggests that biogeochemical processes have little impact on nitrate dual isotopes under heavy nitrogen pollution, and isotopes are an ideal proxy for tracing nitrogen sources.




Keywords: nitrate dual isotopes, ammonium isotope, nitrogen pollution, source, Beibu Gulf



Introduction

Coastal bays receive terrestrial and riverine nutrient inputs, which have increased considerably in recent decades (Jickells, 1998; Gruber and Galloway, 2008; Savage et al., 2010; Yan et al., 2017). The increase in anthropogenic inputs has resulted in a host of environmental problems, such as eutrophication (Malone and Newton, 2020; Zhou et al., 2020), seasonal hypoxia (Rabalais et al., 2002; Howarth et al., 2011; Yu et al., 2021) and harmful algal blooms (Li et al., 2014; Glibert et al., 2014), in coastal bays, which greatly affect biogeochemical cycles and coastal ecosystems. Nitrogen (N) plays a key role in regulating marine primary productivity (Falkowski et al., 1998; Moore et al., 2013), and thus, its availability influences the sequestration of anthropogenic CO2 in coastal seas and climate changes. However, increasing N loads to coastal bays, associated with industrial, agricultural, urban and domestic waste, have aroused widespread public concern (Yang et al., 2018). Therefore, a better understanding of N sources and their recycling processes is beneficial for designing effective management practices to protect and improve aquatic ecosystems.

The stable N isotopes (δ15N) of various pools of N, combined with the oxygen isotope of nitrate (δ18O-NO3-), have been proven to be useful in identifying nitrogen sources and their biogeochemical processes (Kendall, 1998; Ye et al., 2016; Yan et al., 2017; Yang et al., 2018; Lao et al., 2019a; Chen et al., 2020). For example, sewage and manure have higher δ15N values (4-25‰) than soil N (-0.1-8.3‰), fertilizer (-1.9-3.0‰) and atmospheric deposition (-1.8-4.1‰) (Chen et al., 2019a; Kendall, 1998; Xue et al., 2009; Zhang et al., 2018) because the volatilization of δ15N-depleted ammonia is produced from human and animal waste and thus results in the enrichment of δ15N in the residual N pools (Xue et al., 2009; Yang et al., 2018). In addition, the applicability of this technique can also reflect biogeochemical transformations associated with N cycles. Nitrification first oxidizes ammonia to nitrite and then further oxidizes it to nitrate (Casciotti et al., 2011). A nitrogen isotope effect of 14-42‰ has been found for the former step (Casciotti et al., 2003 and Casciotti et al., 2010), whereas an inverse kinetic isotope effect occurs for the latter step (Casciotti, 2009); thus, δ15N-NO3- values are close to 0‰ during nitrification (Sigman et al., 2005 and Sigman et al., 2009; Smart et al., 2015). In addition, oxygen (O) is sourced from water (H2O) and dioxygen (O2) during nitrification. Typically, one-third of O in the newly formed nitrate is considered to originate from O2, with two-thirds originating from H2O, and δ18O-NO3- values are 7.8‰ during nitrification (Kendall, 1998; Wankel et al., 2006; Chen et al., 2009). Moreover, assimilation and denitrification cause an increase in δ15N-NO3- and δ18O-NO3- values in the residual nitrate pool, as lighter isotopes (14N and 16O) are preferentially utilized by phytoplankton and microorganisms, with an increase in the δ15N-NO3-:δ18O-NO3- ratio of 1 (Granger et al., 2004; Sigman et al., 2005; Granger et al., 2008). Thus, stable isotopes can serve as a useful tool in advancing our understanding of nitrogen dynamics in coastal bays.

Beibu Gulf is a semi-enclosed gulf and a newly developing industry and port area in the northwestern South China Sea (SCS). There are several rivers around the northern Beibu Gulf, and the influence of runoff input by the rivers and tidal influx from the outer gulf constitutes a well estuary-bay multi-ecosystem and has become an important mariculture area in China (Lao et al., 2020 and Liu et al., 2020; Xu et al., 2020: Xu et al., 2021; Lao et al., 2021a; Lao et al., 2022a and 2022b). However, with the rapid development of local urbanization and industrialization, the coastal bays in Beibu Gulf have been subjected to a high loading of contaminants from anthropogenic inputs, such as domestic, industrial, port and agricultural waste (Lao et al., 2019b; Xu et al., 2020: Lao et al., 2021a; Lao et al., 2021b; Lao et al., 2021c; Lao et al., 2021d: Xu et al., 2021 and Lao et al., 2022a). The nutrients discharged into coastal bays from runoff input have increased over the past 20 years, and the increase in phosphorus input has decreased the N/P ratios in several coastal bays in the Beibu Gulf (Lao et al., 2020 and Lao et al., 2021c). Moreover, the eutrophication of some coastal bays in the Beibu Gulf has increased in recent decades due to the increase in terrestrial nutrient input, particularly the nitrogen input (Lai et al., 2014; Guo et al., 2020; Lao et al., 2021a and Lao et al., 2021c; Pan et al., 2021). In addition, sewage is the dominant nitrate source in most bays/areas in the Beibu Gulf, which is identified by the dual nitrate isotopes (Pan et al., 2021; Lao et al., 2021b; Chen et al., 2022). This has resulted in an increase in the frequency of harmful algal blooms in the Beibu Gulf over the past decades, particularly in the past ten years (Xu et al., 2019).

Xi Bay is a semi-enclosed bay located on the coast of Fangchenggang city, which is an important industrial and port area in the northwestern Beibu Gulf. In addition to being affected by industrial activities, Xi Bay is also affected by a large amount of terrestrial contaminant input from the Fangcheng River in the upper bay (Lao et al., 2020). It is reported that a higher contaminant level was found in the coastal bay, including high nutrient loads, particularly in the rainy seasons (Lao et al., 2019b; Lao et al., 2021a). This is mainly affected by the heavy land-source discharge during the rainy seasons (Lao et al., 2021a). However, in such bays that are seriously affected by intensive human activities (i.e., industrial and port activities), the sources of nitrate are poorly understood. In this study, nitrate dual isotopes (δ15N-NO3- and δ18O-NO3-) and ammonium isotopes (δ15N-NH4+) were measured during the rainy season (July 2021) to determine the nitrate sources and their biogeochemical processes in Xi Bay.



Materials and methods


Study area and sampling

Xi Bay is a semi-enclosed bay in the northern Beibu Gulf, located on the coast of Fangchenggang city, South China. The climate of the bay is influenced by the East Asian monsoon, and the southwest monsoon prevails during summer and the northeast monsoon prevails during winter. The annual rainfall in the bay is 2441 mm; most rainfall occurs in the rainy season (April to October, accounting for 91% of the annual rainfall), and the highest rainfall occurs in July (accounting for 23% of the annual rainfall) (China Meteorological Data Sharing Service System, http://data.cma.cn/site/index.html). The monthly mean air temperature ranges from 14.3 to 28.6 °C, with an annual average of 22.7 °C. There is the Fangcheng River in the upper bay (Figure 1). The Fangcheng River is approximately 98 km long with a drainage area of 843 km2. The annual runoff of the Fangcheng River is 542.25 × 108 m3, with the highest runoff in July (127.41 × 108 m3), and flows into the northern end of Xi Bay (Lao et al., 2020; Lao et al., 2022b). The eastern part of Xi Bay is the urban center of Fangchenggang city. The eastern bay mouth of Xi Bay is the industrial and port area. Thus, Xi Bay is a coastal bay greatly affected by human activities in the Beibu Gulf.




Figure 1 | Study area and the sampling stations in Xi Bay, Beibu Gulf.



In this study, a cruise was conducted in Xi Bay in July (rainy season) 2021. A total of 16 seawater stations were collected in the bay, including a station (X1) in the Fangcheng River estuary and a station (X16) in the outer bay, using a rosette sampler fitted with 5-L Niskin bottles. The pH was measured in-suit with a pH meter (PHS-3C, Shanghai, China), and salinity was measured with a salinometer (SYA2-2). Dissolved oxygen (DO) was immediately determined using the Winkler titration method, with a precision of 0.07mg L-1. COD samples were determined by the potassium permanganate oxidation method with a precision of 0.15 mg L-1. The seawater samples for the dual nitrate isotopes (δ15N-NO3- and δ18O-NO3-) and ammonium isotope (δ15N-NH4+) were filtered by precombustion (450°C, 4 h) GF/F (glass fiber filters, 47-mm diameter, Whatman). The filtrate was transferred into a 250-ml precleaned (acid clean) polyethylene bottle and stored at -20°C until further analysis. Seawater was filtered by GF/F for the chlorophyll a (Chl a) sample, and the filtered GF/F was stored at -20°C until further analysis.



Chemical analysis

DO samples were measured on site by using the Winkler titration method. The Chl a samples were extracted by acetone (9:1) and measured by a spectrophotometer (Lorenzen, 1967). Nutrients, including PO43-, NO2-, NO3- and NH4+, were determined using a San++ continuous flow analyzer (Skalar, Netherlands). The detection limit of PO43- was 0.02 µg L-1, and the detection limits of NO2-, NO3- and NH4+ were 0.1 µg L-1. The δ15N-NO3- and δ18O-NO3-values were measured by the cadmium-azide method (McIlvin and Altabet, 2005) using a GasBench II-MAT 253 (253 Plus, Thermo Scientific, United States). Briefly, the NO2- in the seawater was removed by sulfamic acid (Granger et al., 2008). NO3- was reduced to NO2- by adding Cd and then further reduced to N2O by adding sodium azide buffer. For the analysis of δ15N-NH4+, BrO- (pH 12) was added to the seawater to oxidize NH4+ to NO2-, and then NaAsO2 was added to remove excess NaAsO2. The yield was verified via colorimetric nitrite determination. Then, sodium azide buffered with acetic acid was added to reduce NO2- to N2O (Zhang et al., 2007). The N2O was purified and separated by TraceGas (Isoprime), and the compositions of δ15N-NO3-, δ18O-NO3- and δ15N-NH4+ were determined by GasBench II-MAT 253. The IAEA-N3 international standard was used to calibrate the values of δ15N-NO3- and δ18O-NO3-, and the international standards of USGS 25, USGS26 and IAEA-N1 were used to calibrate the values of δ15N-NH4+. The reproducibility of duplicate analysis of δ15N-NO3-, δ18O-NO3- and δ15N-NH4+ was<0.3‰ (mean ± 0.1‰),<0.6‰ (mean ± 0.3‰) and<0.3‰ (mean ± 0.1‰), respectively.



Salinity-based conservative mixing model

Isotopic values and nutrient concentrations from simple physical mixing can be calculated by the salinity-based conservative mixing model (Fry, 2002; Ye et al., 2016; Lao et al., 2019a). The equation is as follows:

 

 

 

 

where q is the proportional contributions of the two endmembers. The terms S, N and δ are the salinity, nutrient and isotopic values of the two endmembers, and Smix, Nmix and δmix are the theoretical values of mixing of the two endmembers. According to equations (1) to (4):

 

 

 

Thus, salinity-based nutrient mixing exhibits linear conservative mixing (6), whereas isotopic mixing exhibits curvilinear mixing. The distributions of isotopic values and nutrient levels are expected to fall on the mixing line between two endmembers. The deviation from the mixing line suggests external sources or the presence of transformation processes (Wankel et al., 2006; Yang et al., 2018; Lao et al., 2019a; Lao et al., 2021b; Chen et al., 2022).



The Bayesian mixing model

The proportional contributions of potential nitrate sources can be quantified by a Bayesian mixing model, which was created and run in the SIAR (stable isotope analysis in R 4.1.2) package. This model has been widely used to quantify the potential nitrate sources in marine systems (Xue et al., 2009; Korth et al., 2014; Davis et al., 2015; Zhang et al., 2018: Lao et al., 2019a; Lao et al., 2021b and Chen et al., 2022). The framework can be found in Xue et al. (2009) and Moore and Semmens (2008) as follows:

 

 

 

 

where Xij represents the isotopic value j of the mixed water i (i =1, 2, 3,…, N and j =1, 2, 3,…, j), Sjk represents the source value k (k =1, 2, 3,…, k) on isotope j and represents the normal distribution with an average of μ and a standard deviation of ω, Pk represents the proportional contribution of source k, cjk represents the fractionation factor and represents a normal distribution with an average of λ and a standard deviation of τ, and ϵjk represents the residual error of the additional unquantified variation between individual mixed samples and represents a normal distribution with an average of 0 and a standard deviation of σ.



Statistical analyses

Statistical analyses were conducted by the software SPSS 19.0 for Windows. The linear regression in this study was conducted by SigmaPlot 11.0.




Results


Physicochemical characteristics

The distributions of physicochemical parameters are presented in Figure 2. The surface seawater temperature ranged from 31.90 to 32.40 °C (an average of 32.13 °C). The salinity ranged from 8.97 to 24.22 (an average of 18.60), with a decreasing trend from the upper bay to the outer bay and the lowest salinity in the Fangcheng River estuary and the highest salinity in the outer bay. This suggests that the seawater in Xi Bay is greatly affected by freshwater input from the Fangcheng River. The pH values ranged from 7.81 to 8.04, with an average of 7.95. The DO level ranged from 5.73 mg L-1 to 7.00 mg L-1 (an average of 6.41 mg L-1), with a lower DO level in the upper bay (< 6 mg L-1). The Chl a level ranged from 1.60 to 12.30 µg L-1 (average of 5.41 µg L-1), and a higher Chl a level was found in the bay mouth. The COD concentrations ranged from 1.09 to 2.18 mg L-1, with an average of 1.52 mg L-1.




Figure 2 | Spatial distributions of physicochemical parameters, including temperature (A), salinity (B), pH (C), DO (D), Chl a (E) and COD (F), in Xi Bay during the rainy season.





Characteristics and distributions of nutrients

The distributions of nutrients are presented in Figure 3. The concentrations of PO43- ranged from 0.36 to 1.17 µmol L-1 (an average of 0.67 µmol L-1). A higher PO43- concentration was found in the estuary and the upper bay and exhibited a decreasing trend from the upper bay to the outer bay (Figure 3A). This result suggests that the PO43- in Xi Bay is mainly influenced by the runoff input. High DIN (dissolved inorganic nitrogen, the sum of NO3-, NO2- and NH4+) concentrations were found in Xi Bay. The concentration of NO3- ranged from 8.21 to 89.93 µmol L-1, with an average of 31.05 µmol L-1. Although the NO3- concentration exhibited a decreasing trend from the upper bay to near the bay mouth, a significantly high NO3- concentration was found in the bay mouth (stations X13, X14 and X15, over 3 times than that in the Fangcheng River estuary), which is located in the industrial and port areas (Figures 3B, C). Similar distribution patterns were also found in the concentrations of NO2- and NH4+ (Figure 3). The concentrations of NO2- and NH4+ ranged from 0.61 to 2.54 µmol L-1 (an average of 1.11 µmol L-1) and 1.26 to 7.36 µmol L-1 (an average of 3.01 µmol L-1), and high concentrations were all found in the bay mouth. Notably, the concentrations of DIN in the bay mouth (an average of 98.28 µmol L-1) were significantly higher than those in the Fangcheng River (an average of 58.64 µmol L-1) during a similar rainy month (Lao et al., 2020). This result suggests that the discharge of DIN caused by intensive human activities (i.e., industrial and port activities) in the bay mouth is much higher than the runoff input in Xi Bay. In addition, the concentrations of DIN in Xi Bay (an average of 35.17 µmol L-1) during a similar rainy month (August 2018) were 1.5 times those in Qinzhou Bay (22.99 µmol L-1) and 1.7 times those in Tieshangang Bay (20.51 µmol L-1) (Lao et al., 2021a), which are semi-enclosed bays that are greatly affected by intensive human activities in the northern Beibu Gulf (Chen et al., 2022). Thus, it can be concluded that Xi Bay is a bay seriously affected by artificial inorganic nitrogen input in the Beibu Gulf.




Figure 3 | Spatial distributions of nutrients in Xi Bay during the rainy season. (A),PO43- (B), NO3-(C), NO2- (D), NH4+.





Characteristics and distributions of isotopic compositions

The distribution characteristics of δ15N-NO3-, δ18O-NO3- and δ15N-NH4+ in Xi Bay during the rainy season are presented in Figure 4. The values of δ15N-NO3-, δ18O-NO3- and δ15N-NH4+ ranged from 4.6 to 13.7‰, 3.1 to 15.3‰ and -3.0 to 26.3‰, with averages of 7.5‰, 7.1‰ and 13.5‰, respectively. Generally, the values of δ15N-NO3- and δ18O-NO3- were lower in the upper bay and exhibited an increasing trend to the bay mouth (Figure 4). Corresponding to the DIN, the highest values of δ15N-NO3- and δ18O-NO3- were all observed in the bay mouth. In contrast, higher values of δ15N-NH4+ were observed in the upper bay (Figure 4A). The difference in isotopic values in the upper bay and bay mouth suggests that different biogeochemical processes or sources of nitrogen could have occurred in the two regions.




Figure 4 | Spatial distributions of nutrients in Xi Bay during the rainy season. (A), δ15N-NO3- (B), δ18O-NO3-(C), δ15N-NH4+





Riverine and marine endmember mixing in the bay

In this study, the lowest salinity at station X1 was selected as the freshwater endmember, and the highest salinity at the outer bay (station X16) was selected as the marine endmember. The hydrological characteristics, nutrient concentrations and isotopic values of freshwater and marine endmembers are presented in Table 1.


Table 1 | The hydrological characteristics, nutrient concentrations and isotopic values of freshwater and marine endmembers of Xi Bay.






Discussion


Characteristics of nutrients in Xi Bay

Higher nutrient concentrations were also observed in the other coastal bays of Beibu Gulf during the rainy seasons (Lai et al., 2014; Lao et al., 2021a and Lao et al., 2021c), which were mainly related to the heavy land-source discharge induced by the increasing runoff around the coastal Beibu Gulf (Lao et al., 2020; Lao et al., 2021a). Particularly in Qinzhou Bay, because there are several rivers, such as the Qin River, Maoling River and Dafeng River, that directly input a large amount of terrestrial contaminants into the bay (Chen et al., 2019a; Zhang et al., 2019; Lao et al., 2020; Lao et al., 2021c; Lao et al., 2022b; Lyu et al., 2022). However, heavier DIN pollution was found in Xi Bay. Similarly, there is a Fangcheng River that directly inputs into Xi Bay, and 626,669 t of nitrogen and 4,987 t of phosphorus are discharged directly into the bay every year, including 69% of nitrogen and 60% of phosphorus in the rainy season (Lao et al., 2020). In addition, a significant correlation between PO43- concentrations and salinity was found in Xi Bay (Figure 5A), suggesting that the PO43- in the bay was mainly affected by terrestrial input. There was no relationship between DIN concentration and salinity (Figure 5B). This was mainly because the high DIN concentration occurred in the bay mouth. However, if the stations in the bay mouth (X13, X14 and X15) were excluded, a significant correlation between DIN concentration and salinity was found in Xi Bay (Figure 5C). This result suggests that the DIN in the bay is also affected by terrestrial input. An extremely high DIN level was observed in the bay mouth, suggesting that the DIN in Xi Bay was also greatly influenced by anthropogenic discharge. Fangchenggang is a major industrial and port city in the Beibu Gulf, and industrial and port transportation activities may cause a great load of environmental pollution in the coastal area (Lai et al., 2014; Chen et al., 2019a; Lao et al., 2021a and Xu et al., 2019; Lao et al., 2021d). Thus, except for the runoff input, industrial and port transportation also contributed greatly to the DIN load in Xi Bay, which could be responsible for the high DIN pollution compared to the other coastal bays in the Beibu Gulf. In addition, the N/P ratios were high in Xi Bay (ranging from 21 to 272, with an average of 69), particularly in the bay mouth (an average of 241), which was significantly higher than the Redfield ratio of 16 (the ratio at which nutrients are utilized by phytoplankton). This result is similar to previous studies in coastal Fangchenggang city (Lai et al., 2014; Lao et al., 2021a). The high DIN discharge could be responsible for the high N/P ratios in the coastal bay. Moreover, Fangchenggang city is an important production area of phosphate fertilizer around the Beibu Gulf urban agglomeration, and the PO43- concentration in the coastal area is relatively higher than that in other coastal bays in the Beibu Gulf, which is mainly influenced by the waste produced from the phosphate fertilizer plant in the city (Lai et al., 2014; Lao et al., 2021a). In this study, higher PO43- concentrations (with a minimum [PO43-] of >0.4 µmol L-1) suggest that neither P nor N acted as a limiting nutrient in this ecosystem despite higher N/P ratios found in the bay and that environmental conditions were favorable for phytoplankton blooms. In addition, a decreasing N/P ratio was found in the coastal bays of Beibu Gulf due to increasing P input (Lao et al., 2021a and Lao et al., 2021c; Chen et al., 2022), which has resulted in harmful algal blooms increasing in frequency in recent years, especially in the past ten years (Xu et al., 2019; Kang et al., 2020; Guan et al., 2022). This could be responsible for the high Chl a level in the bay, particularly in the bay mouth (Figure 2). A similar situation has been documented in Xiangshan Bay of the East China Sea (Yang et al., 2018).




Figure 5 | The linear relationship between PO43- and salinity all stations of Xi Bay (A); the linear relationship between DIN and salinity all stations of Xi Bay(B); the linear relationship between DIN and salinity in Xi bay that exclude the stations in the bay mouth (C).





Sources and biogeochemical processes of nitrate in Xi Bay

Lower values of dual nitrate isotopes (δ15N-NO3- and δ18O-NO3-) were observed, whereas higher δ15N-NH4+ values were observed in the upper bay (stations X1 to X7). In addition, the nutrients in the bay are slightly above the mixing lines, particularly in the bay mouth (except for PO43-) (Figure 6). These results suggest that decomposition/nitrification and/or external sources may occur in the bay. During the nitrification process, light N (δ14N) in the NH4+ pool is preferentially utilized by microorganisms, resulting in the enrichment of δ15N-NH4+ while adding depleted δ14N to the residual nitrate pool (Sigman et al., 2005; Chen et al., 2009; Ye et al., 2016; Lao et al., 2021b). If nitrification is the dominant process in the bay, isotopic fractionation during the process can be estimated by open-system Rayleigh fractionation (Altabet, 2006; Ye et al., 2016; Chen et al., 2022) as follows:

 




Figure 6 | Distribution of nutrients and isotopic values against salinity in Xi Bay. The black dots are the samples excluding the stations in the bay mouth of Xi Bay; the blue dots are the samples in the bay mouth. The pink lines indicate the mixing line. The inner bay includes the upper bay and lower bay (stations X1 to X12); the bay mouth includes stations X13 to X15. (A), PO43- (B), NO2- (C) NO3- (D) NH4+ (E), δ15N-NO3- (F), δ18O-NO3- (G), δ15N-NH4+



where δm is the measured δ15N-NH4+ value; δi is the initial δ15N-NH4+ value; ϵ is the fractionation factor; and fNH4 is the fraction of measured NH4+ concentration relative to the initial NH4+ concentration ([NH4+]m/[NH4+]i). The slope of the δ15N-NH4+- fNH4 linear regression line corresponds to the isotopic effects of NH4+ oxidation in seawater (Ye et al., 2016). In our results, a weak but still significant correlation was found between δ15N-NH4+ values and fNH4 in the upper bay (Figure 7). In addition, the overall estimated ϵ (-25.21‰) falls well within the reported values for N fractionation factors during nitrification in field studies (-14 to -38‰) (Casciotti et al., 2003; Ye et al., 2016). This further suggests that microbial nitrification occurs in the upper bay. Microbial decomposition/nitrification could consume oxygen and release carbon dioxide in the water column, which may be responsible for the lower DO level (an average of 6.20) and pH value (an average of 7.88) in the upper bay (Figure 2).




Figure 7 | Linear relationship between δ15N-NH4+ and fNH4 in the upper bay.



However, if nitrification was the dominant process in the upper bay, the δ15N-NO3- values should be close to 0‰ (Sigman et al., 2005 and Sigman et al., 2009; Smart et al., 2015). Higher δ15N-NO3- (ranging from 4.9 to 6.1‰) and δ18O-NO3- (ranging from 3.1 to 8.4‰) values were found in the upper bay. This indicates that other processes or external sources may also occur in the bay. Both the processes of assimilation and denitrification can enrich the dual nitrate isotopes in the residual water column, with coupled δ15N-NO3- and δ18O-NO3- fractionation effects of ~1 (Granger et al., 2004; Sigman et al., 2005; Granger et al., 2011). However, both assimilation and denitrification consume nutrients, which is consistent with the distribution of nutrients above the mixing lines (Figure 6). In addition, there is no relationship between δ15N-NO3- and δ18O-NO3- values (R2 = 0.13, p>0.05). This further confirms that the processes of assimilation and denitrification are not responsible for the slight enrichment of dual nitrate isotopes in the upper bay, which can be related to external sources. Sewage and manure are usually characterized by relatively high δ15N-NO3- values (4‰ to 25‰) because of the volatilization of δ15N-depleted ammonia produced from human and animal waste (Xue et al., 2009). Soil N is another source that is characterized by relatively higher δ15N-NO3- values (0‰ to 8‰) (Xue et al., 2009). Previous studies suggested that a higher proportional contribution of soil N (30%) was found in strong hydrodynamic conditions with several river inputs in Qinzhou Bay, whereas a lower contribution of soil N (20%) was found in weak hydrodynamic conditions with river inputs in Tieshanggang Bay (Chen et al., 2022). Particularly in the rainy seasons, heavy rainfall could carry more land-source nutrients into the coastal Beibu Gulf (Lao et al., 2021a). In addition, manure and sewage were the dominant nitrate sources in the coastal bays of Beibu Gulf, which were mainly influenced by intensive human activities, such as mariculture, industrial and shipping activities (Lao et al., 2021b; Chen et al., 2022).

In the lower bay (stations X8 to X12) and the bay mouth (stations X13 to X15), the increased δ15N-NO3- and δ18O-NO3- values may be influenced by the characteristics of high isotopic nitrate sources (i.e., sewage and manure) and/or the processes of denitrification and assimilation. However, denitrification in water column can be first ruled out due to the high DO levels (> 6 mg L-1) in the lower bay and the bay mouth. The high Chl a level indicates that assimilation may occur in the lower bay and the bay mouth. In addition, the PO43- concentrations were below the mixing line (Figure 6), which may be related to consumption by phytoplankton. However, there is no correlation between δ15N-NO3- and δ18O-NO3- values (R2 = 0.07, p>0.05). In addition, according to the open-system Rayleigh fractionation (equation 12), the fractionation during the process of assimilation can be calculated. There is no relationship between δ15N-NO3- and fNO3 (R2 = 0.25, p>0.05) in the lower bay and the bay mouth, and the overall estimated ϵ (0.7‰) significantly deviates from the range of reported values (-3 to -9‰) during assimilation (York et al., 2007; Ye et al., 2016; Chen et al., 2022). This suggests that assimilation is unlikely to be the dominant process causing the increase in δ15N-NO3- and δ18O-NO3- values in the lower bay and the bay mouth. Moreover, a high NH4+ concentration (>6.30 µmol L-1) was found in the bay mouth, indicating that NH4+ is sufficient, and phytoplankton preferentially assimilate NH4+ (Glibert et al., 2016). However, if the assimilated NH4+ by phytoplankton was the dominant process in the lower bay and the bay mouth, increasing δ15N-NH4+ values can be expected. In contrast, lower δ15N-NH4+ values were found in the lower bay and the bay mouth (Figure 4). Thus, the external DIN sources could be responsible for the high DIN level in the bay mouth. The coast of the bay mouth is an important port and industrial area in Fangchenggang city. Intensive human activities and industrial emissions may be responsible for the high DIN concentration in the bay mouth (Lao et al., 2021a). In addition, heavy rainfall during the rainy seasons could also scour masses of pollutants into the bay, particularly in heavily polluted wharves and industrial areas (Lao et al., 2021a).



Quantification of nitrate sources in Xi Bay

Because of the lower influence of isotopic fractionation caused by biological processes, such as denitrification and assimilation, isotopic characteristics may provide a signal on the various nitrate sources in Xi Bay, and the Bayesian mixing model can be used to quantify the potential nitrate sources (Lao et al., 2019a). In previous studies, potential nitrate sources, including sewage and manure, soil N, fertilizer and atmospheric deposition, have been reported in the coastal Beibu Gulf (Lao et al., 2021b; Chen et al., 2022). In Beibu Gulf, sewage and manure are considered as the most important nitrate sources in the coastal areas (Pan et al., 2021; Lao et al., 2021b; Chen et al., 2022). In addition, due to the input of many rivers into the Beibu Gulf, the rivers can input a large amount of agricultural nitrogen fertilizer and soil N into the coastal waters (Pan et al., 2021; Chen et al., 2022). Therefore, based on previous literature, we carried out a Bayesian mixed model calculation for four potential sources that may affect nitrate content in Xi Bay. In this study, the potential nitrate source from sewage and manure was selected from the measured values in the Beibu Gulf (Pan et al., 2021), and nitrate sources from soil N and fertilizer were selected from the coastal areas in the gulf (Jin et al., 2020), and the source from precipitation was selected near the Beibu Gulf in Zhanjiang city (Chen et al., 2019c). The δ15N-NO3- and δ18O-NO3- values of these four potential sources are presented in Table 2. As discussed above, nitrification is another important nitrate source in the upper bay, and thus, the isotopic values of δ15N-NO3- (0‰) and δ18O-NO3- (7.8‰) (Chen et al., 2009 and Chen et al., 2019b) are considered a nitrate source endmember in the upper bay. The results of the quantification of potential nitrate sources in Xi Bay are presented in Figure 8. In the upper bay, the nitrate is mainly formed by nitrification (accounted for 39%). Except for the nitrate formed by nitrification, the nitrate from sewage and manure was another dominant external source in the upper bay (ranging from 28% to 38%, average of 33%), followed by soil N (ranging from 0% to 31%, average of 15%) and fertilizer (ranging from 0% to 29%, average of 11%), while the source from atmospheric deposition was the lowest (2%). In the lower bay and the bay mouth, due to the influence of intensive human activities, heavy nitrate pollution mainly originated from sewage and manure (ranging from 44% to 64%, average of 54%), followed by soil N (ranging from 4% to 45%, average of 26%) and fertilizer (ranging from 1% to 33%, average of 17%), and atmospheric deposition accounted for only 3%. According to the calculated results, the high proportion of sewage and manure was responsible for the high DIN pollution in Xi Bay, particularly in the bay moth. Similar results were also reported in the other coastal bays in the Beibu Gulf, which suggests that sewage and manure were the dominant nitrate sources (Lao et al., 2021b; Pan et al., 2021; Chen et al., 2022). With the rapid development of urbanization and industrialization in the Beibu Gulf, the population density of coastal cities has gradually increased, and land-based wastewater discharge has increased (Lao et al., 2019a; Lao et al., 2020; Liu et al., 2020; Lao et al., 2021d), resulting in an increase in eutrophication in the coastal seawater of Beibu Gulf in recent decades (Lao et al., 2021a and Lao et al., 2021c). In addition, soil N was another important source that contributed to the heavy nitrogen pollution in the bay. With the increase in rainfall in the rainy season, a large amount of soil N on the land can be washed away and enter the coastal bay with the river (Lao et al., 2022b). Previous studies suggested that the nitrate source from the soil N in a coastal bay with riverine input was significantly higher than that in a bay without riverine input during the same period (Chen et al., 2022; Lao et al., 2022b). Moreover, nitrogen fertilizer (almost in the reduced form) is heavily applied in catchment agriculture in the Beibu Gulf during the rainy seasons (Xia et al., 2011; Kaiser et al., 2014; Lao et al., 2021a: Lao et al., 2021b), which could leak and contribute to the bay in this rainy season.


Table 2 | The values (‰) of dual isotopes for the four potential nitrate sources at the river mouth.






Figure 8 | Proportion of potential nitrate sources in bay A during rainy season. (A) Proportion of potential nitrate sources in Upper bay, (B) Proportion of potential nitrate sources in Low bay and bay mouth. NN: nitrate from nitrification.






Conclusion

Nitrate and aammonium isotopes (δ15N-NO3-, δ18O-NO3- and δ15N-NH4+) were measured to determine the nitrate sources and the biogeochemical processes associated with nitrogen cycling in Xi Bay in Beibu Gulf, a semi-enclosed bay strongly affected by human activities. A high DIN concentration was observed in Xi Bay, particularly in the bay mouth. In addition, the DIN concentration was significantly higher than that in the other coastal bays in Beibu Gulf (the concentration in Xi Bay is 1.5 times that in Qinzhou Bay and 1.7 times that in Tieshangang Bay), suggesting high nitrogen pollution in the bay due to intensive human activities (i.e., industrial and port activities). Lower values of δ15N-NO3- and δ18O-NO3- and higher δ15N-NH4+ values were observed in the upper bay, suggesting that microbial nitrification occurs in the upper bay, and the nitrate formed by nitrification accounted for 39%, which is the dominant nitrate source in the upper bay. Except for nitrification, external sources, including sewage and manure (accounting for 33%), soil N (accounting for 15%) and fertilizer (accounting for 11%), contributed to the higher nutrients in the upper bay. In the lower bay and the bay mouth, severe nitrogen pollution resulted in less impact of biological processes on isotopic fractionation. The heavy nitrate pollution in the lower bay and the bay mouth mainly originated from sewage and manure (accounting for 54%), followed by soil N (accounting for 26%) and fertilizer (accounting for 17%), and atmospheric deposition accounted for only 3%. Overall, biogeochemical processes have little impact on nitrate dual isotopes under heavy nitrogen pollution, and isotopes are an ideal proxy for tracing nitrogen sources.
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Dissolved organic matter (DOM) serves as the most active and sensitive organic component in the bay, and its biogeochemical characteristics and reactivity are affected by the properties of terrestrial and marine substances significantly. In this study, in order to study the distribution and characteristics of DOM in a semi-closed bay, 34 water samples from 19 stations were collected from Zhanjiang Bay and analyzed for δ13C of dissolved inorganic carbon (DIC) and fluorescent components of DOM. The results showed that there were many sources of organic matter in the bay, including soil input, algae input, and sewage input. Influenced by freshwater input, DOM in the bay decreased from the upper bay to the outer bay. The organic matter in the bay displayed two characteristics, where the northern bay is composed of terrigenous organic matter mainly with high humus, while the southern bay is more inclined to marine sources with a high biological index (BIX) and low humification index (HIX). The correlation between organic matter with different characteristics and environmental parameters such as salinity, pH, and chlorophyll a was analyzed. The discrepancy may be caused by the weak turbulent mixing in the semi-closed bay.
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1 Introduction

Estuaries serve as the important hubs of the global carbon cycle, linking multiple ecosystems such as land, atmosphere, and ocean (Bianchi, 2007). As an ecosystem affected by terrestrial runoff and ocean tides, estuaries have sensitive characteristics of distinct physical–chemical and biological conditions (He et al., 2016; Chen et al., 2018). Estuaries also have frequent biological activities and possess high primary productivity and redox capacity as reaction pools of terrestrial and marine materials (Bianchi, 2011; Gireeshkumar et al., 2013). Driven by climate changes and anthropogenic activities, tremendous alterations in physical–chemical and biological conditions occur in estuaries (Najjar et al., 2010; Kerr, 2011; Canuel et al., 2012; Cabral et al., 2019).

Dissolved organic matter (DOM) serves as the most active and sensitive organic component; its biogeochemical characteristics and reactivity can be affected by the properties of allochthonous and local substances significantly (Murphy et al., 2008; Ya et al., 2015; Lloret et al., 2016; Lee et al., 2020). Being surrounded by frequent human activity and diverse environments, estuarine DOM is provided with complex sources including primary productivity, river input, and sewage input (Hudson et al., 2007; Guo et al., 2014; Kinsey et al., 2018). As a matter of fact, more and more allochthonous DOM is imported into estuarine systems with the increase of anthropogenic activities like industrialization, urbanization, and agricultural practices (Boesch, 2002; Felgate et al., 2021). They will change the quality and quantity of DOM, which in turn impact the biogeochemical cycle, decomposition of organic matter, and recycling of chemical elements in sediments (Spilling et al., 2018; Felgate et al., 2021; García-Martín et al., 2021). Due to the different sources of DOM, their conversion, retention, and output fluxes in biogeochemical processes including flocculation, photochemistry, and biodegradation in estuaries also differ (Carlson and Hansell, 2015; García-Martín et al., 2021). Therefore, discriminating main sources of DOM and their contributions will be an important basis for evaluating the fate of estuarine DOM, which also is of great significance to evaluate the effects of terrestrial runoff and ocean tides on estuarine organic matter (Zhou et al., 2021).

Stable carbon isotope analysis is widely used to identify the origin of DOM because of the selective utilization of HCO3− by algae (Andrews et al., 1998; Beer et al., 2014; Lee et al., 2020). In terms of spectrophotometry, the composition of DOM is evaluated by detecting fluorescent DOM (FDOM) and various established optical indexes, such as fluorescence index (FI), humification index (HIX), and biological index (BIX) (Coble, 1996; Stedmon et al., 2003; Coble et al., 2014; Amaral et al., 2020). Those methods have been widely used to elucidate the contribution of DOM from different sources in estuaries, helping to track the transition and transportation of DOM from a river to an ocean (Coble, 1996; Jørgensen et al., 2011; Coble et al., 2014). A semi-closed bay is usually accompanied by closed topography and weak hydrodynamic conditions (Xue et al., 2021). In this case, Zhanjiang Bay was studied as a semi-closed bay, and the total amount of DOM and its main sources through spatial were investigated, paying attention to the transition and characteristics of DOM from a river to an ocean. The combination of stable carbon isotope and spectrophotometry was used to evaluate the distribution and source of DOM and clarify the characteristics and relationship with environmental factors of DOM in Zhanjiang Bay.



2 Materials and Methods


2.1 Study Area and Sampling Collection

Zhanjiang Bay, located in the east of Leizhou Peninsula in China, is a typical semi-closed bay surrounded by islands and a peninsula. In this study, Zhanjiang Bay is divided into two parts according to the terrain: the northern bay and the southern bay (Figure 1). The northern bay is mainly composed of the estuary of the Suixi River, with shallow water depth. Among them, the Suixi River, the main river of Zhanjiang Bay, is about 80 km long with an annual average flow of 10.4 × 108 m3. The southern bay is the major broad water in the bay, which is connected with the South China Sea through the southeastern bay mouth. Affected by narrow terrain, poor hydrodynamic conditions, and the influence of steady wind–east wind, the half exchange time of water in the northern bay was more than 100 days, and that in the southern bay was 30 days (Li, 2012). Zhanjiang Bay is also a bay deeply affected by human activities, where the degree of eutrophication of the bay is high, and many sewage outlets in the northern bay exist (Yu et al., 2017; Yu et al., 2021; Zhang et al., 2021).




Figure 1 | Map of Zhanjiang Bay and sampling sites.



A cruise was carried out during the summer (June 2021), mainly sampling from the estuary of the Suixi River to the southeastern bay mouth, and 34 water samples from 19 stations were collected from Zhanjiang Bay. The surface water and bottom water were collected with a 10-L Plexiglass water sampler during the cruise. The full-depth profiles of temperature, salinity, and water depth were determined using an SBE37 conductivity–temperature–depth (CTD) meter (Sea-Bird Scientific, Bellevue, WA, USA). The pH was measured on site with a pre-calibrated pH measuring instrument (Thermo Fisher Scientific, Waltham, MA, USA) and then corrected on site with temperature data. The water samples for dissolved oxygen (DO) analysis were collected first. Water from the Plexiglass water sampler was slowly drained into brown glass bottles and allowed to overflow for several minutes. Manganous sulfate and alkaline iodide solutions were then added. Titration was conducted in the laboratory within 24 h after taking the sample. The seawater samples for DOM were filtered using filters (Millipore, Billerica, MA, USA; 0.22 µm, PC Membrane) and stored at −20°C for analysis. For chlorophyll a (Chl-a), water samples (approximately 1,000 ml) were filtered using pre-combusted (450°C, 4 h) glass-fiber filters (Whatman, 0.7 µm, GF/F) and stored at −20°C before further processing and analysis. Water samples for δ13CDIC measurements were collected in 60-ml glass bottles. Soon after collection, the samples were poisoned with HgCl2, sealed with a rubber septum-aluminum cap, and wrapped with thick black paper. In the laboratory, the samples were kept refrigerated until analysis.



2.2 Chemical analysis

In the laboratory, after the sample was extracted in 90% acetone, the concentration of Chl-a was determined using a Turner fluorometer (Lorenzen and Jeffrey, 1980). The concentration of DO was determined using the Winkler method (Montgomery et al., 1964). The stable carbon isotope values of inorganic–organic carbon (δ13CDIC) were determined using an elemental analysis isotope ratio mass spectrometer (GasBench II-IRMS). The precision based on replicate analysis was ±0.1‰ for δ13CDIC measurements.



2.3 Fluorescence Measurements and Excitation–Emission Matrix–PARAFAC Modeling

The FDOM excitation–emission matrices (EEMs) of 34 water samples were determined by an F-7100 fluorescence spectrofluorometer (Hitachi, Tokyo, Japan). The blank sample was prepared using Milli-Q water (Millipore, 18.2 MΩ/cm), and samples were placed into fused silica cells with a 1-cm path length. The EEM fluorescence was obtained by scanning excitation spectra (Ex) at 5-nm intervals of 240–450 nm and the emission wavelength (Em) at 2-nm intervals of 280–600 nm. The blank subtracted, normalized, and PARAFAC models of 34 EEMs were analyzed by the water Raman signals using MATLAB software (R2014b, MathWorks, Natick, MA, USA) (Stedmon and Bro, 2008). The reliability of the PARAFAC model was verified by residual and split-half analyses.



2.4 Optical Index Analysis

The optical indexes could provide effective information for the study of the composition and properties of DOM. FI was the ratio of emission intensity at 450 and 500 nm when the excitation wavelength was 370 nm, which could effectively indicate the source and degradation degree of DOM [Eq. (1)] (McKnight et al., 2001). The BIX implied the relative contributions of fresh DOM by the ratio of the emission at 380 nm to that at 430 nm for an excitation wavelength of 310 nm [Eq. (2)] (Huguet et al., 2009). The HIX could judge the degree of humification of DOM by calculating the ratios of two integrated sections of emission wavelengths (the summed emissions from 435 to 480 nm divided by the summed emissions from 300 to 345 nm) for an excitation wavelength at 254 nm (Zsolnay et al., 1999). Since FDOM was measured every 5 nm for excitation, leading to the excitation wavelength at 254 nm, which was not measured in the study, the adjacent excitation wavelength at 255 nm was used to replace the 254-nm wavelength here Eq. (3).

 

 

 



2.5 Statistical analysis

Hierarchical cluster analysis (HCA) was performed to reveal the intrinsic correlation or similarity between sampling sites of different regions by Origin 2021b. Redundancy analysis (RDA) was applied to investigate the effects of environmental variables on fluorescence components by CANOCO 5.




3 Results


3.1 Distributions of Salinity, Temperature, and pH

As shown in Figure 2, the salinity of Zhanjiang Bay ranged from 19.89 to 31.82 (with an average of 26.71 ± 3.50). A lower salinity was found from the northern bay, particularly in the estuary of the Suixi River, suggesting that it was affected by the coastal freshwater discharge. On the whole, the salinity difference between the surface water and the bottom water was very small, indicating that the water in the bay may be mixed evenly. The water temperature of Zhanjiang Bay ranged from 28.41°C to 32.64°C (with an average of 31.52°C ± 0.93°C), and the temperature in the southern bay was lower than that in the northern bay. The pH ranged from 7.46 to 8.09 (with an average of 7.78 ± 0.18) in Zhanjiang Bay. Similar to salinity, the spatial distribution of pH also showed an obvious increasing trend and the lowest pH value corresponding to the lowest salinity, which indicated that the Suixi River is the region with the lowest pH value in Zhanjiang Bay.




Figure 2 | Spatial distributions of salinity (A, B), temperature (C, D) and pH (E, F) in the surface and bottom water of Zhanjiang Bay during the sampling period.





3.2 Distributions of Chlorophyll-A, Dissolved Oxygen, and Stable Isotope

The Chl-a ranged from 0.6 to 10.06 μg L−1 (with an average of 2.00 ± 2.13 μg L−1), and the high-value area was located in the Nansan islands (Figure 3). Compared with salinity and temperature, the spatial distribution of Chl-a did not show an obvious increasing or decreasing trend, and the overall distribution was relatively even. Lower DO values were observed from the estuary of the Suixi River and displayed a seaward increasing trend from the upper bay to the outer bay (3.67–5.79 mg L−1, with an average of 4.79 ± 0.59 mg L−1) (Figure 3). Although the salinity difference between the surface water and the bottom water was very small, the difference between DO was obvious. The correlation between DO and salinity was relatively weak (r2 = 0.56, p< 0.01, n = 34), and that between DO and Chl-a was small (r2 = 0.05, p< 0.01, n = 34), indicating that freshwater input and algae growth did not have a decisive influence on the distribution of DO. Combined with the fact that the DO of Zhanjiang Bay was all in unsaturated states (DO saturation: 57.84%–94.82%) (Figure S1), the DO may be affected by the consumption of organic matter in the degradation process. The concentration of DO near the estuary of the Suixi River was low, and the saturation of DO was also the lowest (Figure S1), which may be due to the fact that it had the highest concentration of DOM and was most severely affected by the degradation of organic matter. The δ13C of dissolved inorganic carbon (DIC) values varied from −4.9‰ to 0.3‰ (with an average of −2.1‰ ± 1.57‰) and showed an increasing trend from the upper bay to the outer bay (Figure 3).




Figure 3 | Spatial distributions of Chl-a (A, B), DO (C, D), and stable isotope of DIC (E, F) in surface and bottom water of Zhanjiang Bay during the sampling period. Chl-a, chlorophyll a; DO, dissolved oxygen; DIC, dissolved inorganic carbon.





3.3 Distributions of Fluorescent Dissolved Organic Matter

Two humic-like components (C1–C2) and two protein-like components (C3–C4) were identified using the PARAFAC model in this study (Figure 4). C1 showed an excitation maximum at ≤240 nm and an emission maximum at 400 nm, which had been considered a marine humic-like fluorescence peak M previously (Coble, 1996). C2 displayed an excitation maximum at 250 nm and an emission maximum at 456 nm, which used to be classified into a mixture of terrestrial humic-like fluorescence peak C and peak A (Coble, 1996). C3 has two excitation maxima at ≤240 and 280 nm and an emission maximum at 356 nm, which have previously been reported as tryptophan-like fluorescence peak T (Coble, 1996). C4 had an excitation/emission maximum at 270/324 nm, which was attributed to protein-like fluorescence peak B and peak T (Coble, 1996).




Figure 4 | Fluorescence components identified of C1 (A), C2 (B), C3 (C) and C4 (D) by the PARAFAC modeling in Zhanjiang Bay.



The fluorescence intensity of humic-like C1 and C2 ranged from 5.90 to 50.99 (10−2 RU) and 3.90 to 32.95 (10−2 RU) (Figure 5), which had strong correlation between each other (r2 = 0.99, p< 0.01, n = 34). Combined with their similar distribution, C1 and C2 should have the same source. The intensity of tryptophan-like C3 ranged from 4.84 to 28.48 (10−2 RU) (with an average of 13.90 ± 0.07 (10−2 RU)), and the intensity of protein-like C4 ranged from 5.23 to 13.67 (10−2 RU) (with an average of 8.92 ± 0.02 (10−2 RU)). The salinity showed a great negative correlation with the four fluorescent components (C1, r = −0.91, p< 0.01; C2, r = −0.91, p< 0.01; C3, r = −0.92, p< 0.01; C4, r = −0.87, p< 0.01). There were strong negative correlations between salinity and C1–C3 components, indicating that these three components may mainly come from the river, while the correlation between C4 and salinity decreased, indicating that freshwater had weakened the effect for C4 components. The four fluorescent components all showed a decreasing trend from the upper bay to the outer bay, and the decreasing amount was relatively large. In general, the fluorescence intensity of surface water was slightly lower than that of bottom water.




Figure 5 | Spatial distributions of fluorescence components C1 (A, B), C2 (C, D), C3 (E, F) and C4 (G, H) in the surface and bottom water of Zhanjiang Bay during the sampling period.






4 Discussion


4.1 Sources and Characteristics of Dissolved Organic Matter in Zhanjiang Bay

Stable carbon isotope (δ13C) was an indicator of the source of organic matter. Algae utilized DIC as a substrate during photosynthesis and distinguished 12C and 13C with a kinetic classification of 20‰–21‰ (Chanton and Lewis, 1999; Hoffman and Bronk, 2006). In general, marine phytoplankton utilized HCO3− (δ13C = 0‰) in water for photosynthesis, while terrestrial plants used atmospheric CO2 (δ13C = −8‰); thus, aquatic microorganisms tended to have heavier δ13C values (Bouillon et al., 2011; Remeikaitė-Nikienė, 2017). The δ13C values of marine phytoplankton were relatively high, ranging from −23‰ to −16‰, while those of freshwater phytoplankton were low, ranging from −33‰ to −25‰ (Wang et al., 2004; Hoffman and Bronk, 2006; Bianchi, 2011; Yang et al., 2014). The variation of DIC stable carbon isotope (δ13CDIC) in summer ranged from −4.9‰ to 0.32‰, displaying an increasing tendency from the upper bay to the outer bay (Figure 3). Assuming the fractionation of algae production was −21‰, the δ13C of organic matter from Zhanjiang Bay in this study ranged from −25.9‰ to −20.68‰, with the mixture of terrigenous (higher plant debris, soil input) and authigenic (phytoplankton input, microbial input) characteristics. There were significant differences in δ13CDIC among the stations, meaning that the source of organic matter may be obviously different. The δ13CDIC increased from the upper bay to the outer bay as a whole; the contribution of terrigenous input gradually decreased from the estuary of the Suixi River to the bay mouth. Among them, the Suixi River, as the largest source of freshwater input to Zhanjiang Bay, inputted a large amount of land-based materials such as higher plant debris and soil humus into Zhanjiang Bay. In the location of stations S1 and S2 closest to the estuary of the Suixi River, the δ13CDIC was relatively low (−4.9‰ to −3.8‰), and the kinetic fractionation of δ13C was −25.9‰ to −24.8‰, which was closer to freshwater phytoplankton (δ13C = −33‰ to −25‰) and soil humus (δ13C = −25‰ to −22‰) (Kendall, 1998; Chanton and Lewis, 1999; Zhang et al., 2018). The δ13CDIC in bay mouth ranged from 0‰ to 0.5‰, which belonged to the range of marine algae, indicating that phytoplankton contributed to the organic matter (Bouillon et al., 2011; Remeikaitė-Nikienė, 2017).

Generally speaking, phytoplankton absorbed 12C preferentially during photosynthesis, resulting in relatively enriched 13C in water (Bouillon et al., 2011). Therefore, phytoplankton photosynthesis in surface water was more intense than in bottom water, and δ13C was relatively positive (Hoffman and Bronk, 2006). However, for some stations (S3–S6) in Zhanjiang Bay, the δ13CDIC of surface water was significantly lower than that of bottom water, which indicated that abiotic processes were more strongly affecting these regions. As this region was near the sewage outlet of Zhanjiang Bay (Zhang et al., 2021), the difference between surface and bottom water may be affected by sewage discharge, and the kinetic fractionation of δ13C in surface water was in the range of sewage (δ13C = −26‰ to −22‰). The C3 component, which was attributed to protein-like fluorescence (Coble, 1996; Ye et al., 2019), also had strong fluorescence intensity in this region at the same time. Furthermore, in abiotic sources of DOM, there was a considerable amount of DOM in surface sediments at times, which may be diffused into the water with the concentration gradient and had a significant impact on the properties of organic matter in the sea (Burdige and Komada, 2015). The δ13CDIC values in this region ranged from −4.9‰ to −3.6‰, and the values of δ13C dynamic fractionation ranged from −25.9‰ to −24.6‰, which were consistent with the previously reported δ13C range of surface sediments in Zhanjiang Bay (Zhou et al., 2021). However, this region had narrow terrain and relatively closed and poor hydrodynamic conditions (Li, 2012; Shi et al., 2015). Moreover, the salinity difference of these stations was relatively small, and the stirring effect of the salt wedge on sediment should be small, so it did not have the dynamic conditions to cause sediment resuspension. In addition, the bay mouth, which was more susceptible to tidal oscillation and had strong hydrodynamic conditions, did not show this characteristic; thus, the possibility of sediment resuspension could be ruled out.

HCA was performed using optical indexes (FI, BIX, and HIX) and fluorescent components (C1 to C4) to explore the source and characteristic similarity or difference of DOM for Zhanjiang Bay (Figure 6). The Ward clustering method of Euclidean distance was selected to generate the tree graph of the samples, and the relationship among the 7 indicators was discussed by the Ward clustering method of Pearson’s correlation coefficient. The data set was standardized before performing HCA, avoiding errors caused by the range of values and units of the original variables.




Figure 6 | A dendrogram with heatmap of DOM fluorescent components and optical indexes at each sampling site in Zhanjiang Bay. DOM, dissolved organic matter.



The 7 indicators fall into three categories. Cluster I had C1, C2, C3, C4, and HIX, all of which included microbial origin, phytoplanktonic origin, and terrestrial origin, representing the mixed sources of organic matter. Cluster II was the BIX, representing the primary source of DOM, which usually means a large input of fresh antigenic organic matter with a high index (Huguet et al., 2009). Cluster III was composed of the FI, which reflected the relative contribution rate of aromatic amino acids and non-aromatic substances to DOM fluorescence intensity, so it could be used as an indicator of the source of substances and the degradation degree of DOM (Chin et al., 1994; McKnight et al., 2001; Mladenov et al., 2007). DOM was derived from the biological activity and sediment release when the FI was high, and sewage discharge may also be its source (McKnight et al., 2001; Dong and Rosario-Ortiz, 2012; Ye et al., 2019).

In HCA results, the 34 water samples were distinctly divided into three clusters according to their variations of optical indexes and fluorescent components (Figure 6). Among them, 8 water samples were clustered into the red cluster with a higher value of indicators of cluster I, 19 water samples were clustered into the blue cluster with indicators of cluster II exhibiting a higher value, and 7 water samples were clustered in the green cluster with higher value of indicators of cluster III. The red clustering data, accompanying higher values of indicators for cluster I, were mainly concentrated in the upper bay (S1–S5), where the C1 component representing the microbial source, the C2 component representing the terrestrial source, and the C4 component representing phytoplanktonic source all had high fluorescence intensity (Figure 6). Thus, there was a typically mixed source in the red cluster. In addition, the red cluster had the characteristics of high HIX and low BIX, indicating that the region was affected by terrestrial freshwater input and had more terrigenous humus. The high δ13CDIC in the region also supported this view.

BIX of cluster II could be used as an indicator of DOM traceability in water (Chiu et al., 2019), where high values (>0.8) corresponded to DOM of in situin-situ origin, while low BIX (<0.8) indicated allochthonous origin (Catalán et al., 2014). In this study, the blue clustering stations (S9–S16) were mainly concentrated in the southern bay, and the water samples of BIX between 1.1 and 1.19 were mainly distributed here (Figure S1), implying the that highest-value area of BIX was concentrated in the southern bay. These indicated that the input of a large amount of fresh autogenous organic matter made the newly generated DOM into the southern bay, especially protein-like DOM, and had a high proportion in the overall DOM (Huguet et al., 2009). Compared with the red cluster, the fluorescence intensity of C1, C2, and C3 components in the blue cluster was lower, and the HIX was lower at the same time, which means that the terrestrial input was weakened in this region. Moreover, the decreasing trend of C1, C2, and C3 components from the upper bay to the outer bay also confirmed that (Figure 5). In the meantime, higher C4 component and BIX showed a significant role in algal activity in the southern bay, explaining that phytoplankton growth had an important impact on the southern bay. On the whole, although the southern bay was part of the semi-closed bay, its organic matter sources were more marine than terrestrial and displayed a characteristic of the high BIX and low HIX, which tended to be marine water (Huguet et al., 2009).

FI usually had multiple meanings, including that organic matter may be derived from biological activities, sediment release, or sewage discharge (Chin et al., 1994; McKnight et al., 2001; Dong and Rosario-Ortiz, 2012). The green clustering data were mainly concentrated on the Nansan islands, where the area was narrow and the water depth was less than 5 m on the whole (Figure 1), which means that the weak turbulence mixing did not have the dynamic conditions to cause sediment resuspension, so the release of sediment may not be the cause of high FI. The FI in the green cluster showed a decreasing trend from west to east (Figure S1), indicating that the source of the high FI may be at station S17. The lowest salinity at station S17 indicated that freshwater should be coming into a bay here (Figure 2), but there were no rivers in the area; thus, the effects of the river could be excluded. A large number of artificially reclaimed fishponds were distributed on both sides of the green clustering stations, and aquaculture sewage would be discharged from time to time, which seemed to explain the freshwater input. Moreover, the FI in this area ranged from 2.00 to 2.10, with an average of 2.04 ± 0.04, exceeding the range limit of ordinary natural water, which could be from sewage possibly (Dong and Rosario-Ortiz, 2012; Ye et al., 2019). Combined with the high value of Chl-a in this area, it was possible that the FI of green clustering was influenced by sewage input and phytoplankton. In addition, although the C4 component representing protein-like organic matter had a high value in the green cluster and was close to the bay mouth, the phytoplankton growth activity here may be promoted by the high concentration of nutrients brought by sewage instead of by the offshore input, so the maximum value of Chl-a corresponded to the lowest value of salinity. Thus, the green cluster also embodied the dominance of freshwater.



4.2 Interactions Between Fluorescence Parameters of Dissolved Organic Matter and Environmental Variables

RDA was conducted to explain the combined correlation and impacted between response variables (PARAFAC composition and optical index) and environmental variables (water quality index)(Figure 7). In the RDA diagram, the length of the arrow indicated the importance of the factor, and the angle or coordinate axis between the arrow and another arrow indicated the correlation between them (Ouyang et al., 2018). When the angle was smaller, the relationship was stronger. The DOM of the red clustering site and green clustering site may be caused by mixed sources and sewage, respectively; that these areas were affected by human activities was relatively obvious. Therefore, the two clustering data were merged for analysis in RDA, summarized as the northern bay and the blue clustering site for the southern bay, to enhance the credibility of the results. RDA determined the relationship between DOM fluorescence parameters and water quality parameters through Canoco5.0 software. Log(x + 1) conversion was performed on the original optical parameters and water quality parameters before RDA so that these parameters were normally distributed (Ramette, 2007).




Figure 7 | The plots based on redundancy analysis in Zhanjiang Bay (the solid arrows with blue fonts are the response variables, and the hollow arrows with red fonts are the environmental variables).



In general, freshwater inputs from the land were rich in organic matter and served as important sources of DOM in estuaries. The salinity in the northern and southern bays was opposite to the direction of the arrow of the four fluorescent components, and the included angle of the extension line was small, indicating that terrigenous input served as the important source of Zhanjiang Bay. Among them, the angle between C1–C4 fluorescence components and reverse extension line of salinity in the southern bay was slightly larger than that in the northern bay, signifying that the terrigenous input had weakened in the southern bay. Compared with the upper bay, the fluorescence intensity of C1–C4 components in the bay mouth decreased by 80%, 79%, 69%, and 42%, respectively, on average, further indicating that terrigenous organic matter was greatly diluted from the bay mouth and the concentration of organic matter decreased significantly. Terrigenous DOM in Zhanjiang Bay had limited influence on the outside bay, which may be due to the fact that Zhanjiang Bay served as a typical semi-closed bay with a narrow bay mouth of only 2 km, where only a small amount of water could flow out of the bay to participate in water exchange each time (Shi et al., 2015), or it may also be affected by seawater intrusion.

The pH value of seawater was mainly controlled by the dissociation equilibrium of dissolved inorganic carbonate (Zeebe and Wolf-Gladrow, 2001), so any action which could change the dissolution equilibrium of inorganic carbonate also was able to further affectting the pH value of seawater. In theory, many processes were equipped to affect the relative concentration of carbonate in seawater systems, such as temperature, hydrostatic pressure, salinity, and consumption by life activities, as well as to change the pH value of seawater ulteriorly (Zeebe and Wolf-Gladrow, 2001). The pH of the northern bay was in the same direction as the arrow of salinity, and the angle between pH and salinity was less than 20°, existing as a strong positive correlation; that is, the change of pH was affected by salinity. The pH value of the northern bay increased with the increase of the salinity of the mixed water, showing a trend of moving from the upper bay to the outer bay. They were strongly correlated and presented a conservative mixing condition, which means that the mechanical mixing of water played a leading role in the changing trend of pH in the northern bay. In the southern bay, the pH was in the same direction as the arrow of salinity, and the included angle with salinity was greater than 60°, which means that the positive correlation between pH and salinity was not as strong as that in the northern bay, and mechanical mixing of water may not play a leading role in the changing trend of pH in the southern bay. Moreover, the angle between pH, HIX, and reverse extension line of temperature was small, which signified that humus organic matter and temperature may have an important influence on pH change.

The direction of Chl-a and BIX in the northern bay was the same as that of the arrow of salinity but opposite to that of the arrow of each fluorescence component. The included angle between BIX and salinity was small, and the occurrence of high Chl-a values at sites with high salinity also indicated this, which seemed to signify that seawater had a relatively important influence on the input of fresh antigenic organic matter. In fact, the correlation was more likely due to sewage discharge in the green cluster. The angle between the BIX and salinity arrow was 90° nearly in the southern bay, and the BIX showed the characteristics of neither marine sources nor terrigenous sources, which may be due to two reasons. On the one hand, the contribution of freshwater to nutrients in Zhanjiang Bay (about 54%–90%) was much higher than that in the seawater (about 18%–45%) in summer (unpublished data from our previous survey). However, freshwater from rivers accounts for only a small proportion in summer, about 7% (unpublished data from our previous survey). When the salinity of seawater increased, the terrigenous signal was weakened by the dilution of seawater. As the result, the influence of terrigenous organic matter in the southern bay could not be as strong as that in the northern bay. On the other hand, as the salinity of seawater increased, the autogenous contribution of phytoplankton in the ocean gradually became dominant (Seidel et al., 2014; Medeiros et al., 2015), at which time organic matters may show characteristics of the high BIX and low HIX (Huguet et al., 2009; Milbrandt et al., 2010). Therefore, with the weakening of terrestrial organic matter and the enhancement of marine organic matter, the BIX of the southern bay may be affected by the organic matter at both ends.



4.3 Weak Turbulent Mixing of Dissolved Organic Matter in Semi-Closed Bay

Influenced by freshwater input, the DOM of Zhanjiang Bay displayed a decreasing trend from the upper bay to the outer bay on the whole. However, the organic matter in the bay displayed different characteristics, and the correlation between organic matter with different characteristics and environmental parameters was also different. This phenomenon may be caused by the fact that Zhanjiang Bay was a typical semi-closed bay with weak turbulent mixing.

Meanwhile, with the tidal driving effect, seawater as the medium could effectively transport the terrigenous matter from the estuary to the outer bay at low tide (Lin et al., 2019; Iglesias et al., 2020). The northern part of Zhanjiang Bay had a long and narrow terrain, while the southern part had a small bay mouth and a large stomach. Coupled with the influence of summer monsoon easterly winds, the turbulent mixing was weak, while the semi-exchange time of water in the northern bay was more than 100 days, and that in the southern bay was 30 days (Li, 2012). Thus, the tide may not dilute and replace the water in the northern bay in time. Terrigenous organic matter was mainly trapped in the northern narrow sea area and had limited influence on the southern bay. Most of the marine source features in the southern bay came from algae, which may be produced in situ by seawater inside the bay, brought in by seawater outside the bay during high tide, or both.

As a general rule, more and more terrestrial DOM is being imported from the river into the estuary and then into the ocean, with the increase of anthropogenic activities (Hudson et al., 2007; Guo et al., 2014). However, the weak turbulent mixing of semi-closed bay may not be effective in facilitating the dispersal of terrigenous material all the time, even during the summer when river flows were at their greatest. In seasons or years with less rainfall, changes in organic matter characteristics of semi-closed bays and their response to the marine environment are worthy of our continued attention in future research.




5 Conclusion

By measuring δ13C of DIC and fluorescent components of DOM, the distribution and characteristics of DOM in Zhanjiang Bay were discussed. The following conclusions were drawn based on the results presented in this study: 1) there were several organic matter sources in Zhanjiang Bay, including river input, algae input, and sewage input, but freshwater inputs serve as an important source of DOM on the whole. Among them, the DOM in the bay displayed two characteristics in different parts. The DOM in the northern bay was composed of terrigenous organic matter mainly with high humus, while that in the southern bay was more inclined to marine sources with high BIX and low HIX. 2) The correlation between DOM with different characteristics and environmental parameters was also different. On the one hand, the salinity, pH, and Chl-a in the northern bay were correlated with DOM strongly, indicating that freshwater input had a profound impact on the relationship between organic matter and the environment. On the other hand, the correlation in the southern bay was weakened or even disappeared, meaning that with decreased freshwater input, DOM had changed from being dominated by freshwater input to being affected by the joint action of terrace and ocean. 3) The discrepancy between bays may be caused by the weak turbulent mixing in the semi-closed bay, where terrigenous organic matter was mostly trapped in the northern bay because of the narrow terrain, causing the southern bay to be affected by terrigenous and marine organic matter.
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The climate mitigation potential of coastal blue carbon including mangroves, seagrasses and tidal marshes have been widely recognized, and guidelines for incorporating coastal wetlands into greenhouse gas inventories released by IPCC in 2014 make it possible to bring coastal blue carbon into multilevel climate governance regimes. However, the intricate guidelines and inadequate data block governments from accounting and reporting their coastal blue carbon in inventories. In this research, we integrated and simplified the equations and assumptions of IPCC inventory guidance on coastal wetlands, and took Hainan province of China as a case study by (1) formulating a land use change matrix from high resolution satellite imagery for the years of 2010 to 2020, (2) compiling dataset of emission factors for coastal wetlands of Hainan, and (3) estimating CO2, CH4, and N2O emissions from coastal wetlands in Hainan. We reveal that the mangroves’ area increased from 4,190.7 ha in 2010 to 4,644.1 ha in 2020, with a net increase of 483.9 ha from tidal flats and aquaculture ponds. The weighted average EFAGB and EFsoil of Hainan is 61.7 MgC ha-1 and 227.4 MgC ha-1, respectively,estimated from peer-reviewed literature in both Chinese and English. The annual average net CO2 emission of mangroves of Hainan is -26974.3 MgCO2e yr-1. CO2 emission from mangrove deforestation and N2O emission from shrimp aquaculture in coastal aeras may offset the efforts of coastal wetlands conservation and restoration. Countries and sub-country regions are encouraged to bring coastal blue carbon into greenhouse gases inventories as soon as possible, and to take a bottom-up strategy to initiate the task at a local level.
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Introduction

Vegetated coastal wetlands, including mangroves, seagrasses and salt marshes are recognized as coastal blue carbon ecosystems, are one of the most biologically productive ecosystems in the world (Costanza et al., 1997; Howard et al., 2017). Despite occupying just 0.2% of the ocean surface, coastal blue carbon ecosystems contribute about 50% the yearly carbon burial in the ocean, despite occupying just 0.2% of the ocean surface (Duarte et al., 2013). Due to the reason that organic carbon decomposes slowly in coastal wetlands with negligible amounts of CO2 being released (Chmura et al., 2003). Moreover, these ecosystems function across a long carbon storage timeframe (Feller et al., 2007; Iacono et al., 2008), making a disproportionately significant contribution to global carbon sequestration (Macreadie et al., 2019). Therefore, the restoration of coastal blue carbon ecosystems is recommended as a regretless mitigation option at the national level for coastal countries by IPCC (Bindoff et al., 2019).

United Nations Framework Convention on Climate Change (UNFCCC) sets the regime of international climate change governance, and all parties to the convention are obligated to regularly report their GHGs emissions or removals from six sectors in their national GHGs inventories (Wilson et al., 2015). In order to include significant land-use and already occurring management activities in wetlands into inventories, the Intergovernmental Panel on Climate Change (IPCC) released the 2013 Supplement to the 2006 IPCC Guidelines for National Greenhouse Gas Inventories: Wetlands, Chapter 4 of which provides guidance on methodologies for estimating the carbon stock changes and CH4 emissions from mangroves, tidal marshes and seagrasses, and the N2O emissions from aquaculture in coastal wetlands (IPCC, 2014). Incorporating coastal blue carbon into GHGs Inventories helps explain human-induced emissions and removals of the coastal vegetated wetlands, while also informing society and professionals of climate change mitigation strategies, which are critical to producing an effective nature-based solution under the UNFCCC and its Paris Agreement (Crooks et al., 2018). The United States and Australia have incorporated coastal wetlands into their nventories since 2017 (Crooks et al., 2018). Net emissions from extraction and the regeneration of mangroves, conversion of tidal marshes and aquaculture was initially reported, with continuous improvements including consideration of seagrass drainage as well as methods and data renewal having been added to successive inventories.

The coasts of China span 18,000 km from temperate to tropical zones, and comprise a coastal wetland area of approximately 5.8×106 ha which nourish vast, diverse and ecologically important mangroves, seagrasses and tidal marshes (Sun et al., 2015; Meng et al., 2019). There have been four periods of large-scale sea reclamation which, during 1960s to 2000s, reduced coastal ecological systems as well as vegetated coastal wetlands by >60% (Zhao et al., 2016). Such plummeting of natural coastlines has been ceased since 2013 due to the national call upon ecological civilization by China authority (Wang et al., 2021). Successive policies and legislation including the ban of sea reclamation, the nation-wide mangrove restoration plan and the goal of carbon neutrality by 2060, as well as the introduction of the Wetlands Protection Law, further strengthened the conservation, rehabilitation and restoration of vegetated coastal wetlands (Liu et al., 2020; Pan et al., 2022). Although China included blue carbon actions among its Nationally Determined Contributions (Gallo et al., 2017) and encouragement in blue carbon have been written into many national-level and provincial-level policies and plans, blue carbon’s absence from China’s national GHGs inventory continues to inhibit the development of a clear picture that indicates the shifting emphasis on blue carbon in official documents and research papers to an emphasis on climate actions and practices.

The effort of incorporating blue carbon into China’s national GHGs inventory has met with some difficulties. Firstly, data from national surveys and statistics on natural resources, wetlands and forests cannot fully support the needs and requirements of inventory compilation (Wang et al., 2020). For example, there is no information on tidal marshes and seagrasses, and there is no information on land-use change in mangroves in the decennial National Land Resource Survey. Second, the national default values of emission factors related to coastal wetlands have not been systematically reported according to the guidance of IPCC 2013 Supplement. Additionally, both rapid coastal zone development and its utilization during recent decades have reduced and broken up the vegetated coastal areas, with small areas possibly being left out and not added to national data. Here, we suggest taking a bottom-up strategy by beginning the research and practice with the local incorporation of blue carbon sequestration activities, and expanding the experience and knowledge across the national domain.

In this study, we followed the guidance of the IPCC on coastal wetlands, simplified the equations and assumptions, and took Hainan as an case study in order to estimate the GHG emissions of coastal wetlands by (1) acquiring activity data on the land use change matrix between 2010 and 2020 from high resolution satellite imagery, (2) summarizing emission factors of above-ground biomass storage and soil carbon storage of Hainan and its coastal regions, and (3) estimating CO2, CH4 and N2O emissions of coastal wetlands in Hainan. This study will not only provide methods for reporting on the coastal wetlands section of a provincial inventory and enlightening the national inventory compilation in a much more technician-friendly way, but it will also provide an example of how to assess the coastal wetlands protection and restoration from the perspective of climate change mitigation.



Material and methods


Study area

Hainan, the second largest island of China, is the youngest coastal province with an area of 33,900 km2 and 1,823 km of coastline. This island has a tropical monsoon climate with an average annual temperature of 25.7°C, and is famous for its rainforests and marine ecosystems such as mangroves, seagrasses and coral reefs (Gao et al., 2018). Mangroves and seagrasses are two of the main kinds of coastal blue carbon ecosystems in Hainan, the biodiversity of which ranks top in China (Chen et al., 2009). These mangroves are mainly distributed in the Dongzhai, Qinglan, Xinying, Huachang, Xinying, Qingmei and Tielu coastal areas (see Figure 1); the total area of which shows a U shape fluctuation since the 1950s due to land reclamation, and aquaculture during the 1960s through to the 2000s and mangrove restoration over the last 20 years (Liao et al., 2019). Seagrasses grow in the shallow water of lagoons, bays and on the fringes of coral reef flats along Hainan Island. Due to imprecise information on their distribution and areas still being insufficient (Hu et al., 2021), seagrasses are not included in this study.




Figure 1 | Mangrove distribution of Hainan in 2020.





Methodology for GHGs emission estimation

We followed the reporting framework of the 2006 Inventory Guidelines and the methodology provided in the 2013 Supplement in this study. A connection between the land-use change categories in 2006 Inventory Guidelines and the land-use categories in the 2013 Supplement (Table 1) was built to minimize the gap between the activity data acquisition and inventory reporting. The land use change categories are coastal wetlands that remain coastal wetlands (CC), non-coastal wetlands to coastal wetlands (NC), and coastal wetlands to non-coastal wetlands (CN) which should be reported in other relevant categories according to the Guidelines. We have followed practices of the United States to report the CN category under the coastal wetland category for a comprehensive understanding of change in the Hainan coastal wetlands.


Table 1 | EMCO2 calculation methods for different land-use change categories.



It is thought that the CO2, CH4 and N2O emissions (see Equation 1), induced by human activities in coastal wetlands, should be reported. With respect to CO2 emissions, there are five carbon pools including above-ground biomass, below-ground biomass, soil, dead wood and litter (see Equation 2). The below-ground biomass is inferred from the above-ground biomass with a root-shoot ratio (R) of underground biomass to above-ground biomass. Due to the strong inverse relationship between salinity and CH4 emissions, the rewetting and revegetation activities in freshwater and brackish waters with salinity<18 ppt (Equation 3) should be considered. N2O is produced by the denitrification process of residual diets and feces from aquaculture animals including those of fish and shrimps, and their emission from aquaculture activities in coastal wetlands should be considered in the inventory (see Equation 4). The emission of GHGs is calculated by multiplying an emission factor (EF) with an activity data.

 

 

 

 

In which,

EM is the total emission of GHGs from coastal wetlands, in which EMCO2 , EMN2O , EMCH4 are the emissions of CO2, CH4, N2O correspondingly, MgCO2e·yr-1

EMAGB is CO2 emission from above-ground biomass pool, MgCO2·yr-1;

i is a category of land use change, including CC, CN, and NC.

R is the ratio of below-ground biomass to above-ground biomass, and a default value of 0.49 is used in this study (IPCC, 2014).

EMsoil is CO2 emission from soil pool, MgCO2·yr-1;

EMDW is CO2 emission from the dead wood pool, MgCO2·yr-1;

EMlitter is CO2 emission from litter pool, MgCO2·yr-1;

EFCH4 is the emission factor of CH4 from rewetted soils in freshwater and brackish water with salinity<18, and a default value of 0.1937 MgCH4 ha-1 yr-1is used in this study (IPCC, 2014).

ALS is the area of rewetted soils in freshwater and brackish water with salinity<18, which has been interpreted using remote sensing imagery, ha; EFN2O is the emission factor of N2O from aquaculture production, with a default value of 0.00169 Mg N2O-N per t aquaculture product (IPCC, 2014)

Pa is the annual cultured fish and shrimp production, the data of which is available in the Hainan Statistics Yearly Book, t/yr

There are two kinds of emission factors for the CO2 emission estimation. The factor with the unit MgC ha-1 yr-1 on annual carbon flux is multiplied by the activity data (see Equation 5). And the factor with the unit MgC ha-1 on the carbon storage is used using the Stock-Difference method (IPCC, 2006) (see Equation 6).

For the EF representing annual carbon flux per area:

 

For the EF representing carbon storage per area:

 

In which,

EMi,j is the emission of CO2 of the j carbon pool in the i category, MgC ha-1;

EFi,j is CO2 emission factors of the j carbon pool in the i category, MgC ha-1 or MgC ha-1 yr-1;

Ai is the area of the i category of land-use change during t1 and t2, ha;

j is one category of the 5 carbon pools;

3.67 is the transfer factor for transferring carbon to carbon dioxide.

For simplifying the complicated guidance of the 2013 Supplement, we use the tier 1 method and relevant assumptions. Biomass is the only carbon pool considered in CC, and coverage change is used for estimating change of carbon storage in this pool; all carbon storage in the 5 carbon pools is assumed to be depleted and emitted as CO2 during the period of extraction in CN, and the carbon sequestration induced by rewetting and revegetation, and creation is calculated yearly in NC.



Activity data

Activity data is defined as the magnitude of human activity resulting in emissions or removals during a given period. For coastal wetlands, data on land areas, management systems and fertilizer use are activity data. The activity data used in this study includes ACC, ANC, ACN, ALS and Pα. Satellite imagery was used to estimate areas of the three land-use change categories and relevant sub-categories. The data for two periods of satellite imagery (2010 and 2020) with a 1.2m resolution covering the whole coastal area of Hainan were downloaded from Google Earth. The cloud coverage of imagery is less than 10%. A vector of mangrove distribution in 2020, from an official survey, was introduced in the study for ensuring data consistency and accuracy. The vector overlapped with the imagery from 2020, and the surface factures within the vectors were classified into mangroves, tidal flats, aquaculture ponds and construction lands. Then, the vector was overlapped with imagery from 2010, and the surface factures were classified as the same to get ACC and ANC, while mangroves outside the vector were added to map the 2010 mangrove distribution. Then the vector of mangrove distribution in 2010 was overlapped with imagery from 2020 to figure out the areas (ACN) of mangroves, measured in 2010, that had changed to other land-use categories. The areas (ALS) of mangroves restored in freshwaters and brackish waters were calculated to estimate the CH4 emissions. For the CC category, pixel-based classification using the Maximum Likelihood Method was used for calculating the vegetation coverage rate (at1 , at2)  of mangroves in the two periods. The classification accuracies were over 85%. Data from the Hainan Statistics Yearbook on the production of shrimp was used as Pα because shrimp aquaculture is the main aquaculture activity in the coastal areas of Hainan, with fish aquaculture often being conducted in aquaculture farms on land or in offshore cages at the depth > 6m.



Emissions factors

An emission factor (EF) is a coefficient that relates the activity data to the amount of greenhouse gases or its precursors and is calculated at an average emission rate, which is often based on published measurement data. In this study, EFs, including mangrove above-ground biomass carbon storage (EFAGB), soil carbon storage (EFsoil) and the soil carbon sequestration rate (EFrewet) have been assembled through a synthesis of peer-reviewed literatures. Default values from the 2013 Supplement were applied to other EFs which are not available in the literature, such as to EFDW, EFlitter, EFGR, EFCH4 , and EFN2O . We searched the literature on the Web of Science using the search topic “TS=(carbon OR biomass) AND mangrove* AND (China OR Hainan)”, and in the CNKI (www.cnki.net), a Chinese literature database, using the search topic “SU=红树林*海南*(碳+生物量)”. Data from 20 informative papers (10 from the Web of Science, and 10 from CNKI) were compiled and assimilated (Supplementary Information Tables S2 and Table S3). We followed the suggestion of the 2013 Supplement and set the depth of the soil carbon pool at 1 m, and data of soil carbon storage at a depth of more or less than 1 m were transferred to 1 m depth with the assumption that the soil organic carbon content with the depth > 0.5 m is stable. For regions lacking local data on emission factors, the values of adjacent regions were used as a default value. Considering that the mangroves are distributed unevenly in Hainan, we calculated the weighted average EFAGB and EFsoil for Hainan Province as below:

 

 

In which:

EFAGB,Hainan is the average above-ground biomass carbon storage per area of Hainan, MgC ha-1;

EFsoil,Hainan is the average soil organic carbon storage per area of Hainan, MgC ha-1;

EFAGB,k is the average aboveground biomass carbon storage per area of the k region, MgC ha-1;

EFsoil,k is the average organic soil carbon storage per area of the k region, MgC ha-1;

Ak is the area of mangroves in the k region, ha;

AHainan is the total area of mangroves in Hainan, ha.




Results


The land-use change of mangroves between 2010 and 2020

Mangroves are distributed in all coastal regions of Hainan province (see Figure 1), 81.7% of which are located in the northern regions of Haikou, Wenchang and Danzhou, while the other areas of mangroves are scattered across 9 other coastal regions (see Table 2). The total area of mangroves in 2010 increased from 4,190.7ha to 4,644.1 ha in 2020, with an average annual growth rate of 1.1%. 4,175.4 ha of mangroves fall into the category of CC. The vegetation coverage rate increased from 91.4% to 91.5% province-wide, but it decreased in Haikou, Wenchang, Chengmai, Lingao and Ledong. A total of 483.9 ha of tidal flats (AFC) and aquaculture ponds (APC) have been revegetated into mangroves, in which, 70.3 ha we created in freshwater and brackish water. 15.3 ha of mangroves have been transformed into aquaculture ponds and construction lands. The net increased area of mangroves is 453.3 ha, while another 4.1 ha will be added in consideration of the change in vegetation coverage between 2010 and 2020.


Table 2 | Land-use change of coastal wetlands of Hainan between 2010 and 2020. Unit: ha.





Emission factors relating to Hainan and its coastal regions

There are 103 AGB data and 159 soil organic carbon storage data in peer-review literatures in English and Chinese. 94% of the AGB data and 96% of the soil carbon storage data relate to mangroves in Haikou, Wenchang, Danzhou and Sanya. The weighted average EFAGB and EFsoil of Hainan is 61.7 MgC ha-1 and 227.4 MgC ha-1. By using the default value (0.49) of R, the sum of the weighted average of biomass and soil carbon storage is 319.3 MgC ha-1 (see Figure 2). The highest average EFAGB is EFAGB as recorded in Qionghai, while the average EFsoil of Wenchang is also the highest among this category. EFAGB relating to Dongfang is close to that of Qionghai, and the EFAGB in the remaining regions are between 52.6 and 66.2 MgC ha-1. EFsoil in Wenchang and Qionghai ranks the second highest in Hainan; while the EFsoil in Haikou, Chengmai, Danzhou and Sanya is less than 200 MgC ha-1 (see Table 3).




Figure 2 | The average carbon storage of biomass and soil in the mangroves in Hainan. Dash lines indicate the value of adjacent regions is cited.




Table 3 | The EFAGB and EFSOC of mangroves in Hainan





The GHGs inventory for coastal wetlands in Hainan

The annual average net CO2 emission of mangroves of Hainan is -26974.3 MgCO2e yr-1 during 2010 to 2020 (See Table 4). The CO2 emissions (-27355.6 MgCO2e yr-1) from biomass, soil, dead woods and litters in the mangroves is offset by the CH4 emissions (381.3 MgCO2e yr-1) resulting from the rewetting and restoration activities in the areas which registered a salinity of<18 ppt. The soil carbon pool in the mangroves in Wenchang and Qionghai emitted CO2 due to 9.9 ha and 1.7 ha of mangroves becoming transformed into ponds, which, in turn, also enhanced the emissions of biomass carbon pool. With more unvegetated lands transferring to mangroves, we can see Haikou, Danzhou and Dongfang as the top three regions in their net contribution of CO2 removals. Because two-thirds of the mangroves restoration in Sanya occurred in freshwaters, the CH4 emission was the highest for Hainan.


Table 4 | The CO2 and CH4 inventory for mangroves in Hainan. Unit: MgCO2e yr-1.




Table 5 | N2O emissions of shrimp aquaculture in Hainan. Unit: MgCO2e yr-1.






Discussion

The important role of coastal blue carbon in climate mitigation has been widely accepted and passionately discussed domestically in China and worldwide (Wu et al., 2020; Macreadie et al., 2021). More and more countries include the blue carbon into their Nationally Determined Contributions, however most of countries have not reported coastal blue carbon in national inventories as the United States and Australia have done on account of them lacking qualified national activity data and an assembly of local emission factors (Yona et al., 2020). Sub-national policies and actions on blue carbon without waiting for instruction from higher authorities should be the choice for dealing locally with the climate crisis (Wedding et al., 2021), and incorporating coastal blue carbon into inventories is essential for the achievement of this goal. Compared to the national inventory, sub-national inventory reporting requires detailed tier 3 data from remote sensing and on-site studies that is not only informative for climate mitigation but is also informative of land-use changes, biodiversity conservation, industrial development, and so on.

This study reports on the GHG emissions or removals from mangroves affected by human activities in Hainan, which demonstrated a net sink capacity of CO2e during the 2010 to 2020 period, where the total area of mangroves and vegetation coverage has increased, reflecting the efforts of mangroves protection, rehabilitation and restoration in both Hainan and China in general. However, the local figures of land-use change also alert us to the impact of CO2 emissions. For example, the descending coverage rates in Haikou, Wenchang, Chengmai and Lingao, four regions north of Hainan, may have been caused by a sea-level rise, pests and diseases or liana (Derris trifoliate), meaning the necessary adaption measures should be considered and implemented. Although the Hainan Province Mangrove Protection Regulations was adopted in 1998, some mangroves have nevertheless been destroyed in Haikou, Wenchang, Qionghai, Lingao and Dongfang. The 13.9% removal of mangrove reforestation on aquaculture ponds in Wenchang, Dongfang and Haikou is offset by emissions from deforestation for the purpose of establishing aquaculture, even if ACN/ANC is 0.03, we are reminded that we need to strengthen the protection of mangroves and avoid deforestation in these areas.

N2O emissions from aquaculture in coastal wetlands is about two times that of the CO2 removal facilitated by managed mangroves, which, in turn, has a significant impact on the inventory. This problem should be taken into serious consideration by leading countries in aquaculture production. Descending shrimp production in Sanya and Lingshui, since 2019, represents the initial ‘transferring ponds to wetlands’ across the whole province. Since most of ponds on tidal flats have been dismantled and reforested with mangrove, the N2O emissions in these regions will plummet in the near future. According to the National Action Plan of Mangroves Protection and Restoration Plan (2020-2025), 5200 ha of mangroves will have been rehabilitated and restored in Hainan, and 18800 ha in China by 2025. This increase of CO2 removal will be accompanied by a decrease in N2O emissions.

This study also illustrates that there are data gaps that need to be addressed to reduce uncertainty of local inventory, which would also be informative on the national level. Some default values from IPCC 2013 Supplement have to be used as emission factors because there is a lack of national and local data, which may produce uncertainty in the inventory. It is suggested that the default values should be replaced with local data as far as possible. Meanwhile, investigation on the carbon storage of different carbon pools and the sequestration rate of above-ground biomass and soil are necessary to fill data gaps in other regions besides those of Haikou, Wenchang and Sanya, as emission factors for coastal blue carbon is highly impacted by environmental factors and plant species (Wang et al., 2019). For countries and regions that have no land-use change data or the land-use categories that are consistent with the 2006 Guidelines and the 2013 Supplement, it is suggested that a land-use change matrix be built based on official survey vectors. While it is common that countries lack spatially explicit seagrass data because of economic and technical difficulties (Unsworth et al., 2019), the Australia Inventory established a good practice of reporting on the areas of drained seagrasses, an activity which requires collaboration between different government agencies. As a comprehensive solution for Hainan and China, as well as other countries and sub-national regions, it is suggested that there be a compilation of a EFs database that incorporates the main locations, species, salinities and latitudes, which models the prediction of the EFs of certain independent variables. The development of an automatic imagery analysis system supported by machine learning continues to be a necessity for efficiently and promptly monitoring land-use change and the production activity data.

We suggest countries and sub-country regions should begin bringing coastal blue carbon into their GHGs inventories as soon as possible, and that they should take a bottom-up strategy to addressing this task. This will not only be helpful to stakeholders and decision-makers when needing to learn what has happened to coastal wetlands as a result of climate changes, but this initiative will also make nature-based solutions computable and visible, which, in the end, will inform climate change mitigation and adaptation strategies.
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An investigation was carried out to understand the effect of a cyclone Vardah on the functioning of macrobenthos. The assessment was accomplished by comparing before cyclone (BC) and after cyclone (AC) data of macrobenthos. Additionally, temporal changes in the faunal assemblages were evident through multivariate techniques. Five distinguished assemblages could be noticed through the Bray–Curtis similarity representing different phases of the cyclone. The cyclonic effect also resulted in the recruitment of some macrobenthic species and the loss of a few during the study period. Biological trait analysis identified subsurface deposit feeders, upward and downward conveyers, Ecological Group IV, mid-mobile macrobenthos and size class of 2–4 cm as the important groups that dominated the functioning of the macrobenthic community immediately after the cyclone. The resilience and recruitment of macrobenthos were explained using functional redundancy.
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Introduction

A storm or a tropical cyclone is one of the phenomena that frequently occur in the tropical region. The Arabian Sea and the Bay of Bengal of the Indian subcontinent account for about 4.8% of total storms worldwide (Aguttes et al., 2000). For example, between 2011 and 2016, the Arabian Sea and Bay of Bengal encountered 20 mild and severe tropical cyclones (Vasudha, 2017). Storms have a big impact on the coastal areas, especially the sedimentary shoreline, and can alter coastal community structure temporally (Balica et al., 2012). Storms cause drastic shifting in sediment, salinity changes in tidal flats, and redistribution of the macrobenthic community, resulting in low species diversity and distribution and dominance of opportunistic species (Posey et al., 1996; Sukumaran et al., 2016). The impacts of storm disturbance on the macrobenthic community vary depending on the time of disturbances, including frequency and timing relative to recruitment events and life histories of resident fauna (Levin, 1984). The majority of the studies on the storm impact on coastal community structure are focused on the diversity, distribution, and assemblage patterns of benthic communities (Sukumaran et al., 2016). Although a few studies attempted to define the functional nature of the coastal community in response to storms (Posey et al., 1996; Sukumaran et al., 2016), there was a lack of explanation for the ecosystem functioning and the impact of disruption. Species diversity, composition, and abundance have long been utilized in traditional biodiversity research (Reizopoulou & Nicolaidou, 2007). Its findings were insufficient to describe the functioning of the entire ecosystem. Functional diversity (FD) (Petchey & Gaston, 2002; Villéger et al., 2008; Linden et al., 2012; Delfan et al., 2021) was introduced to describe the diversity of functional traits found among a group of species in a given ecosystem (Petchey & Gaston, 2002; Villéger et al., 2008; Linden et al., 2012; Mouillot et al., 2013; Delfan et al., 2021). Functional redundancy is mainly used to describe the resilience of lost species due to any perturbation.

Biological trait analysis (BTA) (Bremner et al., 2006) was used to characterize how the macrobenthic population responds to the storm. The trait-based approach establishes a more systematic connection between ecosystem services and species traits, as the species trait is the primary characteristic by which the organism influences ecosystem processes (Petchey & Gaston, 2002). Most of the studies were based on the feeding habitat trait approach (Posey et al., 1996; Jumars et al., 2016; Sukumaran et al., 2016). Apart from the trophic structure, the functioning of the benthic community is dependent on bioturbation, habitat, mobility, mortality rate, and body size (Donadi et al., 2015). There have been few studies to validate the ecosystem functioning in India’s marine benthic system (Vijapure et al., 2019; Bhowmik & Mandal, 2021; Sivadas et al., 2021). This study is the first attempt to investigate the functioning of the marine benthic community in the Andaman and Nicobar Islands. The objective of the present study is to access the effects of the cyclone Vardah on the assemblage pattern and the functioning of intertidal soft-bottom macrofauna. We hypothesized that extreme weather events like cyclones can disrupt the functioning of the macrobenthic community by creating a void in niche space and giving the opportunity to other species to fill the niche space.



Sampling and methodology


Study area

The Andaman and Nicobar group of islands is a union territory of India, and its geographical position borders are the Southeast Asian countries (i.e., Thailand, Indonesia, and Myanmar). The archipelago is oriented north–south, coordinates between 6°N and 14°N, and 92°E and 94°E and also covers an area of 8,249 km2. The archipelago consists of 572 islands and islets, out of which 38 are permanently inhabited islands. The Andaman and Nicobar Islands comprise both critical and pristine intertidal ecosystems. On 4th December 2016, a low-pressure area developed over the south Andaman sea, later it turned into a very severe cyclonic storm Vardah. At midnight of 7th December, it became a cyclonic storm Vardah. On 8th December, it passed the Port Blair coast with a wind speed of 50–60 kph (IMD, 2017). Sampling was conducted at Chatham (CH), Port Blair coast; it was a part of an ongoing investigation on the efficiency of sampling gear (Nosad et al., 2021) for macrobenthic fauna. Hence, only biological samples were collected for the analysis. CH (N11°41´08˝ and E092°43´23˝) was selected for the collection of macrobenthic faunal samples (Figure 1). It is located in the northeast part of the Port Blair coast, characterized by the presence of a vast exposed intertidal area, very fine sand sediment, and dissipative beach (Pandey & Thiruchitrambalam, 2019). The lush vegetation of seagrasses (e.g., Halodule uninervis and Thalassia hemprichii) covers the mid and low tide zone.




Figure 1 | (A) Study area map. Macrobenthic community attributes: (B) number of individuals, (C) number of species, (D) Margalef’s index, (E) Shannon–Wiener index, (F) BC similarity dendrogram, and (G) nMDS plot. Sample size, n = 9 for panels (B–E). The color shades on the x-axis of line diagram depict cyclonic phases as shown in dendrogram and nMDS plot. BC, before cyclone; AC1, after cyclone phase 1; AC2, after cyclone phase 2; AC3, after cyclone phase 3; AC4, after cyclone phase 4.





Sampling methods

Initial sampling was conducted monthly for 7 months (September 2016–March 2017). Bimonthly sampling was conducted to assess the recruitment time for the macrobenthos for 2 years (April 2017–March 2019) because the recruitment time for the lost species due to perturbation may take several months to years. A total of 171 samples (1 station × 3 replicates × 3 waterlines × 19 samplings) were collected using a 25 × 25 cm quadrate during the study period. The collected sediment was screened through a test sieve with a mesh size of 0.5 mm, Magnesium chloride solution was added as a relaxant. Fixation was done with 5% buffered formalin mixed with rose bengal stain. Faunal groups were separated from the residue, enumerated, labeled, and stored in 70% ethanol for further examination. All taxa were identified up to a possible lower level of Linnaean classification (genus or species).



Data analysis

Univariate measures include the number of individuals (N ind.m−2), number of species (S), Margalef’s species richness (d), Shannon–Wiener diversity (H′ log2), and Evenness (j ′) and Simpson’s dominance index (1-Lambda). The collected raw data were pooled into time-series data of 19 samplings (mean of replicates per waterlines). The Bray–Curtis similarity resemblance matrix (after root transformed abundance data) was used to construct a dendrogram and non-metric multidimensional scaling (nMDS) plot. ANOSIM was used to determine the significant difference between the groups. All the analyses were performed using PRIMER v.6 (Clarke and Gorley, 2015). Six biological traits (i.e., bioturbation, ecological group, habitat, mobility, size, and feeding guild) were used for BTA and further subdivided into several modalities according to individual traits (Supplementary Table 1). The Fuzzy coding (Chevene et al., 1994) was implemented to process the abundance data for BTA. Trait data were collected from the online library and online software (e.g., AMBI; MarLIN BIOTIC; http://www.species-identification.org/) and literature (Queirós et al., 2013; Jumars et al., 2016; Ríos-Jara et al., 2009). Principal components analysis (PCA) bi-plot was constructed using CANOCO v4.5. FD was estimated using Rao’s quadratic entropy (RaoQ) (Rao, 1982). FD analysis was performed using “FD Package” (Laliberté et al., 2014) in R studio v 4.0.1. Functional redundancy was estimated by taking the ratio between FD and the Shannon–Wiener diversity index (FD/H`) (Linden et al., 2012). Linear regression was applied between FD and H` (Micheli & Halpern, 2005). All the line diagrams and linear regression were done using the “ggplot2” package in R studio v 4.0.1.




Results


Macrobenthic community structure

A total of 96 taxa belonging to 37 families under seven phyla were recorded during the study. Among the groups, Polychaeta contributed the highest number of taxa (73 taxa) followed by Amphipoda (8 taxa) and Gastropoda (6 taxa). A reduction in the species richness of total macrofauna from 45 into 42 taxa and an increase in the number of polychaete taxa from 29 to 35 taxa were noted immediately after the cyclone (AC1). The reduction in the number of taxa was observed immediately after the cyclone in Decapoda and Bivalvia. The number of taxa was increased from the fifth sampling after cyclone (AC) due to the recruitment of additional species in the area (Table 1). A total of 19,949 individuals were recorded during the study. Overall, the number of individuals ranged between 469 and 1,709 ind.m−2 (mean: 1050 ± 354 ind.m−2). Polychaetes were numerically important contributing 71% of the total population. The number of individuals increased up to 4% just after the cyclone occurred. Values of diversity indices were decreased after the cyclone; in contrast, the number of individuals increased (5.11%). H` was recorded lowest (5.13 ± 0.12) during the cyclone compared to other sampling periods. Margalef’s d values were recorded at all-time low during the cyclone. The number of species, Margalef’s d, and Shannon–Wiener diversity showed an increasing trend after AC1 (Figures 1B–D).


Table 1 | Summary of numerically important species, species that lost due to cyclone and recovered, and new recruit to the station.



At 58% Bray–Curtis similarity, the resulting dendrogram showed five groups representing before the cyclone (BC), after the cyclone phase 1 (AC1), phase 2 (AC2), phase 3 (AC3), and phase 4 (AC4) (Figure 1F). ANOSIM showed a significant difference between these groups (Global R = 0.868, p < 0.001), implying distinct assemblages occurred during the timeline of the cyclone. On the nMDS plot, a trajectory was drawn from the first sampling to the last and showed a clear temporal pattern in the macrobenthic faunal assemblages (Figure 1G). The discriminating and characterizing species for each group were listed (Supplementary Table 2).



Biological trait analysis

The results of BTA showed that all traits exhibited more than 80% of the variation in the first two axes of PCA (Supplementary Table 3). Overall crawlers, bio-diffusors, surface deposit feeders, ecological group I, low mobile macrobenthos, and size class of <2cm were characteristics of BC, which were replaced by subsurface deposit feeders, upward and downward conveyers, ecological group IV, mid-mobile macrobenthos, and size class of 2–4 cm immediately after the cyclone (AC1). From the PCA analysis, it was observed that the feeding trait and ecological groups were the important traits for explaining the changes in BC and AC (Figures 2A, B). The most notable observation was that the predominant opportunistic Sub-surface deposit feeders (Ssdf) was represented by Capitellidae BC, which was replaced by Spionidae immediately AC. Similarly, the predominant bio-diffusors BC was replaced by UC/DC (Prionospio cirrifera, Prionospio pinnata, etc.) AC. The PCA results for all the traits showed a mixed pattern of trait distribution indicating that the traits in the area are contributing collectively to the functioning of macrobenthos community and are not affected by the temporal variations (Figures 2A–F). Although the trait distribution did not show any changes, variation in faunal assemblages was noticed, implying that the niche spaces of lost species were being filled by new recruits. For example, Sub-surface deposit feeders (Ssdf) was the dominant feeding modality in both the AC3 and AC4 phases where Sub-surface deposit feeders (Ssdf) was represented by Paradonis armata and Orbinia sp.1 in AC3 and were replaced by Boccardia cf. polybranchia and M.indicus in the AC4 phase. Sometimes, changes in assemblage patterns are reflected in the modalities for a few traits such as bioturbation. In the PCA, the assemblage of AC2 is dominated by UC/DC but replaced by surface depositors and BD in AC3 (Figure 2E).




Figure 2 | PCA bi-plot of different traits. (A) Feeding trait, (B) ecological groups, (C) locomotion, (D) habitat, (E) bioturbation, and (F) size. BC, before cyclone; AC1, after cyclone phase 1; AC2, after cyclone phase 2; AC3, after cyclone phase 3; AC4, after cyclone phase 4.





Functional diversity, functional redundancy, and recovery

The FD decreased immediately after the cyclone; moreover, the FD was showing a declining trend after the cyclone. However, the FD value was increased after the phase of AC2 (Supplementary Figure 1A). Similarly, the ratio between FD and H` showed a declining pattern immediately after the cyclone until the AC2 phase, it tends to increase afterward, and the highest value was recorded during AC4 (Supplementary Figure 1B). The low FD/H` value indicates high redundancy after the cyclone and the redundancy decreased during the AC4 phase. The linear regression model (Supplementary Figure 1C) showed a positive relationship between H` and FD (R Square: 0.387) with a low slope value of 0.057, indicating the high functional redundancy of macrobenthos during the study period. The high functional redundancy supports the resilience of species in an ecosystem, which was seen during the study. A total of 32 macrobenthos were recruited out of which three opportunistic species were recruited immediately and 29 were recruited in AC2. Seventeen macrobenthos species were lost when the cyclone encountered out of which 10 recovered immediately, whereas 7 species took 4–5 months for recovery. Two species Spio sp. and Prionospio sp. were encountered for a very short period (only in AC1) and lost throughout the study period (Table 1).




Discussion

An immediate effect of cyclone Vardah was observed in both the structure and the function of the macrobenthic community. The resilience of species was observed in the form of shared niches between species. Several studies have concluded that disturbances such as cyclones or tsunamis alter the sediment texture, grain size, and availability of organic matter and other environmental parameters, which are essential factors for stabilizing the benthic faunal community (Lomovasky et al., 2011; Sukumaran et al., 2016; Sugumaran et al., 2019). The physical disturbance may cause defaunation effects on a large area (Lu & Wu, 2000), which led to the dominance of opportunistic species. The present study found immediate recruitment of opportunistic species such as P. cirifera, P. pinnata, and Spio sp. After the cyclone, which leads to a reduction of species diversity, a similar increase in opportunistic species due to perturbation was recorded elsewhere (Lomovasky et al., 2011; Sukumaran et al., 2016).

Feeding traits and ecological groups were the characterizing functions working immediately AC. It is already established that feeding traits can explain the resource utilization post cyclone (Sukumaran et al., 2016); however, the use of more traits gives a better picture of ecosystem functioning (Bremner et al., 2006). In most of the studies, it was noticed that the dominance of opportunistic species often leads to a decrease in the number of feeding modalities (Peng et al., 2013). In the current study, feeding modalities were high immediately after the cyclone suggesting opportunistic species performing multiple functions in the ecosystem. Bioturbation is mainly influenced by the size of the organisms, density, and the mode of bioturbation of the residence macrofaunal group (Griffiths et al., 2017). An increase in a large size class, which was mostly predator glycerids, was observed immediately AC, which may be the reason for the increase in the bioturbation trait. All opportunistic species were Ssdf and SDF, and Karlson et al. (2010) have suggested an increase in Ssdf and SDF prevalence in the secondary producers. An increase in secondary producers lures the predators; hence, there was an increase in large size carnivorous group AC. The burrowing activity of organisms can disrupt the sediment and allow the oxygen and detritus penetration to go deep inside the sediment, which further helps in enriching the sediment with organic matter (Aller, 1983). The present study noted an increase in burrowing activities suggesting the reworking of sediment. Moreover, the burrowing activities support other organisms to settle which may be reflected in an increase in diversity in the AC2 phase.

FD is an essential tool to understand the ecosystem functioning (Degen et al., 2018); several studies have been carried out to understand the ecosystem functioning in response to any disturbance or habitat heterogeneity or environmental changes (Micheli & Halpern, 2005; Delfan et al., 2021). The dominance of opportunistic species with the same trait in the community and low species richness can cause a decrease in FD (Leung & Cheung, 2017). A similar reduction in FD was observed immediately AC due to an increase in the number of opportunistic species. Species diversity and FD are linearly correlated (Wong & Dowd, 2015; Leung & Cheung, 2017), so a decrease in species diversity can also cause a decrease in FD. The low FD can also define that the community relies on local retention rather than dispersal species from other areas (Boström et al., 2010). This can lead to the recovery of lost species due to the cyclone. Functional redundancy positively affects species resilience due to any perturbation (Biggs et al., 2020). The present study showed a high FD/H` value during AC4 and a low value up to the AC2 phase which means that the redundancy was highest immediately after the cyclone and gradually reduced in time. The value of slope obtained from the linear regression was close to zero, which denotes a high-redundancy value. High redundancy suggests that the availability of niche space is also high and multiple species have similar functions (Mason et al., 2005; Micheli & Halpern, 2005). The low FD and high redundancy during the cyclone imply an immediate effect of the cyclone on the macrobenthic community. The retention of local species made the platform for the resilience of lost species. Ecological communities with more redundant species are more likely to display resilience or gather stability than the community having low redundant species (Biggs et al., 2020). Although there are limited studies on the impact of the cyclone on the ecosystem functioning of the benthic organisms, we can still relate a part of our results to Sukumaran et al. (2016), where the cyclone Phyan affected the feeding trait of the polychaete community. The present study found similar results where feeding traits shifted due to the effect of cyclone Vardah. Gamito et al. (2012) suggested that a large-scale meteorological disturbance can cause recolonization by introducing larvae, juveniles, or adults from a faraway area to the location and can alter the species composition of the area. Similar results were observed during the study where six species were recruited newly to the location in the AC1 phase.



Conclusion

An immediate reduction in the diversity indices and shifting assemblage pattern of macrobenthos was observed, suggesting that cyclone has an immediate effect on macrobenthos rather than the long term. The effect resulted in the loss of species and a new recruit of species to the station. The dominant of opportunistic species demonstrated performing multiple functions aiming to occupy the niche space of lost species. Overall, the functional approach was more evident and explanatory in detecting the impact than general community attributes; hence, the use of the functional approach is recommended in similar studies. Finally, the recovery time for the lost species differs for different species as some recovered immediately, some took 4–5 months, and some species never recovered. The lack of environmental variables is a limitation of this study.
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Using total suspended matter (TSM), particulate organic carbon (POC), and particulate nitrogen data, this study investigated the potential vertical POC flux and transport in the South Yellow Sea (SYS). The biogenic production and resuspension fraction (i.e., the proportion of resuspended particles in TSM) were estimated using an ecosystem model and a vertical mixing model. They were verified against reported sediment trap and primary productivity data. The estimates of resuspension fraction showed substantial uncertainty of 50% in summer likely owing to the potential errors of model parameter estimation and the influence of other unexplored biophysical processes such as biological degradation, upwelling, and monsoons; however, the estimates of resuspension fraction showed less uncertainty in other seasons (<20%). Few previous studies have considered the specific influence of resuspension on the dynamics and budget of particulate organic matter (POM) in the SYS. This study proposed a reasonably simple and effective method to address this issue, which was applied to systematic examination of the variation of vertical POM flux with the change of coupled biological–physical oceanographic processes along the Subei coast and in the SYS central basin. The influence of horizontal transport from the Subei coast to the central basin may cause an overestimation of >10% of the resuspension fraction. It will be necessary to acquire additional field data covering a larger spatiotemporal scale to establish an integrated network of the SYS carbon budget.
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1 Introduction

The continental shelf and marginal seas receive large amounts of particulate organic matter (POM) and nutrients from terrestrial systems (Walsh, 1991; Brink, 2016), contributing up to 14%–30% of global primary production (Longhurst, 1995; Hedges et al., 1997; Gattuso et al., 1998; Wieder et al., 2015). Terrestrial inputs and primary production provide multiple sources of coastal POM, inducing remarkable spatiotemporal variations (Wassmann, 1990; Trefry et al., 1994; McKee et al., 2004). Such terrestrial and biogenic materials can be transported to the open ocean by alongshore flows and cross-shelf water exchange (Zhou F. et al., 2015; Brink, 2016). The notable biogeochemical dynamics in these shelf regions are important for the production, deposition, degradation, and burial of organic carbon/nitrogen (Ducklow et al., 2001; Volkman and Tanoue, 2002; Oguri et al., 2003; Zhao et al., 2021).

The regional variability in carbon reservoirs from the continental shelf to the open ocean and the preservation/burial of organic carbon are associated with hydrodynamics, sedimentary dynamics, and water column depth (Oguri et al., 2003; Zhou C. et al., 2015; Liénart et al., 2018). For example, large amounts of POM in the water column of shallow shelf systems are derived from tide-induced and/or current-induced sediment resuspension (Bale and Morris, 1998; Hung et al., 2013; Bian et al., 2013a). Therefore, POM dynamics in marginal seas are subject to both vertical (surface–bottom water) and horizontal (inshore–offshore and/or alongshore) transport and exchanges (Schneider et al., 2003; Wang et al., 2008; Ye et al., 2017; Liénart et al., 2018).

The South Yellow Sea (SYS) and the adjacent East China Sea (ECS) are both important marginal seas of the western North Pacific. They receive large amounts of soil-derived and marine-derived particulate matter via the discharge of large rivers and local phytoplankton blooms (Beardsley et al., 1985; Zhu et al., 2009; Milliman and Farnsworth, 2011). Sediment traps and 234Th/238U disequilibrium have been adopted to estimate the carbon fluxes in the SYS and ECS (Sheu et al., 1999; Iseki et al., 2003; Oguri et al., 2003; Guo et al., 2010). In the SYS, the downward particulate organic carbon (POC) flux at the bottom of the euphotic zone and/or at the bottom of the thermocline is in the range of 176–342 mg C m−2 d−1 (Zhang et al., 2004; Guo et al., 2010). In the ECS, the sediment-trap-based POC flux varies from 600 mg C m−2 d−1 on the inner shelf to 52 mg C m−2 d−1 at the shelf break (Iseki et al., 2003), with the averaged 234Th-derived POC flux (based on the 234Th deficit relative to 238U and the POC to 234Th ratio) of 99 mg C m−2 d−1 in the offshore region (Bi et al., 2013). Additionally, the combination of primary production and sediment oxygen consumption and accumulation rates can also provide a perspective of the carbon budget regarding POC production and burial (Song et al., 2016; Qiao et al., 2017). Other than interpretation of direct observations, both hydrodynamic and ecosystem dynamic models have been applied to study POC dynamics in terms of cross-shelf transport, sediment resuspension, and biological production in marginal seas (Schartau et al., 2007; Zhou C. et al., 2015; Zhang and Wu, 2018).

Earlier studies have conducted comprehensive assessment of the carbon fluxes on the continental shelf and at the Okinawa Trough in the ECS, revealing substantial dynamics in cross-shelf transport, deposition, and resuspension under the combined influence of the Changjiang water discharge and the Kuroshio Current (Iseki et al., 2003; Zhu et al., 2006; Li et al., 2016). In the SYS, the fluxes and components of sinking particles have also been studied using sediment trap data (Guo and Zhang, 2005; Guo et al., 2010), but the relationship between the fluxes and biological and physical forcings remains unclear. Wan et al. (2005) used a box model in examining the variability of biomass carbon in the central cold water mass and its correlation with the POC pool, but they overlooked the influence of physical processes. Some other studies have used hydrodynamic models in analyzing the route of suspended sediment transport (Li et al., 2016; Zhong et al., 2020). Unfortunately, such models require complex parameterization, and they aim at understanding physical forcings.

The quantitative estimation of resuspension ratio is challenging, as the resuspension process is highly related to bottom shear stress, sediment grain size, and wind–wave conditions (Bengtsson et al., 1990; Evans, 1994). Previous studies have seldom quantitatively estimated sediment resuspension in the SYS and ECS. Guo and Zhang (2005); Guo et al. (2010); Hung et al. (2013), and Hung et al. (2016) have estimated resuspension ratios and used them in correcting the sediment trap-based sinking flux estimation. However, these resuspension ratios are site-specific and thus highly variable in a given region. An integrated evaluation of the resuspension activity over the SYS/ECS is necessary for better understanding of the framework of sediment resuspension. Additionally, the measurements of radiocarbon (Δ14C) and aluminum contents in sinking particles have suggested that lithogenic particles derived from the adjacent riverine discharges may contribute sinking fluxes over the continental shelves (Hwang et al., 2008; Hwang et al., 2010), indicating that the lateral transport needs to be considered as a potential influencing factor when calculating the resuspension ratio.

The present study addressed this important issue using total suspended matter (TSM), POC, and particulate nitrogen (PN) data and examined the potential vertical POC flux and subsequent transport in the SYS using different models. We combined an ecosystem model and a vertical mixing model to investigate how biogenic processes, resuspension, and potential horizontal cross-shelf transport (i.e., from coastal areas to the central region) might contribute to the carbon budget between the Subei coast and central SYS basin. The ecosystem model was used to estimate the carbon/nitrogen dynamics of phytoplankton, heterotrophs, and detritus, although we had no means of judging the accuracy of the model results because it is difficult for us to precisely divide TSM into contributions of phytoplankton, heterotrophs, and detritus. However, the findings of this study support a comprehensive understanding of how POM dynamics and stoichiometries reflect a coupled response to biological and physical forcings both seasonally and spatially (from the Subei coast to the central SYS basin) in a marginal sea.



2.Materials and methods


2.1. Study area

This study focused on two subregions of the SYS: the Subei coast region and the central basin (Figure 1). The Subei coast region is near the Subei Shoal with a hydrological regime driven by vertical mixing and coastal currents. Its average depth is <20 m, which means robust resuspension due to strong bottom stress and turbulent kinetic energy (Graber et al., 1989; Bian et al., 2013a). The region has been affected by large-scale green macroalgal blooms (i.e., green tides of Ulva prolifera) since 2007 owing to eutrophication (Liu et al., 2009; Liu et al., 2013; Wang et al., 2015). The central basin has an average depth of >70 m. Its variability of biogeochemical dynamics is substantial with moderate mixing in winter, phytoplankton blooms in spring/autumn, and stratification in summer (Lin et al., 2005; Fu et al., 2009).




Figure 1 | Area map and sampling stations. The Subei coast region and central basin are marked by colored polygons. The arrows in panel (A) denote the main ocean currents: SCC, Subei Coastal Current; CDW, Changjiang Diluted Water; TWC, Taiwan Warm Current; YSWC, Yellow Sea Warm Current. In panels (B–E), red and black rectangles sketch those featured transects, including coastal and central sections (red rectangles) and the 34°N section (black rectangles).



The study area exhibits distinct hydrodynamic patterns in the spatial framework between western coastal waters and offshore waters (Figure 1A). The coastal currents include principally the Subei Coastal Current (SCC) and Changjiang Diluted Water (CDW), which carry large amounts of nutrients and terrestrial material, thereby notably shaping the biogeochemical characteristics of these biogenic elements and thus the phytoplankton community (Shi et al., 2003; Lin et al., 2005; Zhou et al., 2008; Wang et al., 2013). The Subei Shoal near the Jiangsu coast is characterized by sandy and tidal hydrology with a depth of <10 m, presenting a marked pattern of sediment transport dynamics (Wang et al., 2011; Liu et al., 2013b). The central region of the SYS constitutes a stratified and enclosed regime accompanied by seasonal variation of the Yellow Sea Cold Water Mass (YSCWM). Substantial water exchange occurs with the ambient seas on the southern or southeastern side of the SYS, e.g., intrusion of the Taiwan Warm Current through the SYS–ECS boundary (Chen, 2009) and invasion of the Yellow Sea Warm Current (Figure 1A) that originates from the Tsushima Current.

The environmental conditions have distinct seasonal variation in the central basin and the Subei coast region (Figure 2). Temporal variation of sea surface temperature (SST) shows a seasonal cycle from low values in winter (~7°C) to high values in summer (~27°C) (Figure 2A). The SSTs of the central basin and the Subei coast are similar throughout the year, and the seasonal cycle is notable for photosynthetic active radiation (PAR), with maximum and minimum values occurring in spring/summer (49 mol photons m−2 d−1) and winter/autumn (14 mol photons m−2 d−1), respectively (Figure 2B). The mixed layer depth (MLD) in the central basin has marked seasonal contrast, deepening in winter (71 m) and shallowing in summer (12 m), whereas the seasonal variation of MLD is small in the Subei coast region throughout the year (Figure 2C). Dissolved inorganic nitrogen (DIN) in the central basin decreases with seasonal progression from winter to summer (Figure 2D). However, DIN in the Subei coast region exhibits little seasonal change because of the multiple nutrient sources, e.g., the SCC and vertical mixing during winter and autumn and the CDW during spring and summer. The reported DIN concentration in the Subei coast region has an annual average value of ~10 μmol L−1. During summer, the phenomena of high and low DIN concentrations in the Subei coast region and the central basin are correlated with the robust nutrient input from the CDW in the former and the stratified water column in the latter, respectively.




Figure 2 | Temporal variations of sea surface temperature (SST, A), photosynthetic active radiation (PAR, B), mixed layer depth (MLD, C), and dissolved inorganic nitrogen (DIN, D) in the central basin of the South Yellow Sea (SYS) and the Subei coast region. Remote sensing data of 8-day SST, PAR, and MLD with 4-km spatial resolution were used to present their temporal variations throughout the year (https://oceancolor.gsfc.nasa.gov/). The SST, PAR, and MLD data are displayed as mean climatological data from the previous two decades, as reported by Niu et al. (2021). Observational DIN data are obtained from those seasonal sampling surveys at the surface or above the mixed layer (Shi et al., 2015; Guo et al., 2020; Wang et al., 2020). The continuous change of DIN throughout a year was derived by linearly interpolating the seasonal average.





2.2. Sampling and analyses

Four field surveys were conducted in the SYS between late 2017 and 2019, covering the four seasons (Figures 1B–E). The winter, spring, and summer cruises were conducted by the R/V “Dongfanghong 2” during 18 December 2017 to 18 January 2018, 28 March to 16 April 2018, and 24 July to 8 August 2018, respectively. The autumn survey was performed by the R/V “Lanhai 101” during 10–19 October 2019. Three water depth samples were collected at each station in the coastal region (surface layer, 2–4 m; middle layer, 7–10 m; bottom layer, 13–25 m), and three or four water depth samples were collected in the central region (surface layer, 2–5 m; subsurface layer, 15–20 m; middle layer, 30–45 m; bottom layer, 55–75 m). Water samples were collected using an onboard Rosette sample system equipped with a conductivity–temperature–depth (CTD) instrument (Seabird 19 Plus). Additional hydrological parameters including temperature, salinity, turbidity, and depth were also measured simultaneously via the CTD sensors. High-resolution CTD data were not acquired during autumn. Turbidity data were corrected using the measured TSM (Figure S1) and presented with the unit of milligrams of TSM per liter (mg TSM L-1). Water turbidity values of the middle/bottom layers in the coastal SYS during summer were above the measurement range of the CTD probe when TSM was >10 mg L−1 (Figure S1B). Therefore, the CTD turbidity data were available for the central SYS only during summer. The MLD was defined as the depth at which the temperature changed by 0.2°C relative to that at the reference depth of 3 m (Chu et al., 1997). The total number of samples obtained in this study were 108 (9 in the Subei coast region and 47 in the central basin), 84 (9 in the Subei coast region and 33 in the central basin), 116 (8 in the Subei coast region and 41 in the central basin), and 124 (9 in the Subei coast region and 39 in the central basin) in winter, spring, summer, and autumn, respectively.

A certain volume of each sample, extracted for particulate matter analysis (depending on the site: 0.5–2 L in the coastal region; 3–5 L in the central region), was filtered through glass fiber filters (GF/F, 47-mm diameter, Whatman). These filters were preweighed and precombusted in a muffle furnace at 450°C for 5 h. After filtration, these filters were rinsed three times with ultrapure water. Subsequently, they were folded and wrapped in precombusted aluminum foil and then preserved at −20°C until required for analysis in the laboratory. Prior to analysis, filters were fully dried in a vacuum freeze dryer for at least 24 h. Each dried filter was weighed and then quantitatively divided into two parts. The first part was used to determine particulate carbon and nitrogen; the second part was fumed with 15 ml of 36% HCl for removal of carbonate and then redried for POC measurement. Determination of these elements was performed using a Costech ECS4024 Elemental Analyzer following the standard CHN analysis method by combusting the filters at high temperature (Sharp, 1991). The standard curve was obtained using standard methionine (NC Technologies). The detection limit for carbon was 0.002 mg C (R2 > 0.99) and that for nitrogen was 0.005 mg N (R2 > 0.99). A methodological problem is that the protocol for removing carbonate is inefficient for the removal of inorganic N, which means that the residual N after fuming is actually the total nitrogen consisting of both organic and inorganic parts (Meyers, 2003; Bianchi and Bauer, 2011). Hence, the N composition of the suspended POM is hereafter represented by PN. The mass of TSM was taken as the dry weight difference of the filters before and after filtration.



2.3. Model construction and parameter selection

We combined a simplified ecosystem model and vertical mixing model to estimate how biological processes and resuspension might shape the distributions of POM. We assumed that POC and PN in the water column were dominated by biogenic and resuspension sources. Additionally, the biogenic part of POM was considered principally influenced by biological production, respiration, and aggregation (phytoplankton and heterotrophs), as well as by the formation and decay of detritus; the resuspension part was considered to originate from surface sediments when they were suspended by turbulence and thus reentered the water column.

The ecosystem model includes those state variables, parameters, and kinetics related to important biological production of POC and PN in the water column. The associated pools of POC and PN were modeled in carbon and nitrogen units, respectively. The set of model equations showing the dynamics of the biogenic state variables ( PhyC, N , phytoplankton carbon and nitrogen; HetC, N , heterotrophs carbon and nitrogen; DetC, N , detritus carbon and nitrogen) can be expressed as follows:

 

 

 

 

 

 

where Cphot is the carbon-specific photosynthesis rate (d−1); Rphy is the phytoplankton respiration rate (d−1); EC, N is the carbon and nitrogen loss rate of phytoplankton due to exudation (d−1); Rhet is the heterotrophic respiration rate (d−1); Ehet is the loss rate of heterotrophs (d−1); Tf is the temperature-response function; NC is the carbon-specific nitrogen assimilation of phytoplankton (d−1); ωC, N is the remineralization of detrital carbon or nitrogen (d−1); AC, N is the carbon or nitrogen loss due to aggregation of phytoplankton cells (mmol C m−3 d−1/mmol N m−3 d−1); and GC, N is the carbon or nitrogen loss due to heterotroph grazing (mmol C m−3 d−1/mmol N m−3 d−1). The detailed parameterizations for biological growth and kinetics are shown in Text S1 in Supplementary Materials. The model was started running in winter with the initial value of the state variables prescribed as follows: 1 mmol PhyC m−3; 1 mmol HetC m−3; 2 mmol DetC m−3; 0.2 mmol PhyN m−3; 0.1 mmol HetN m−3; and 0.1 mmol DetN m−3.

Some model parameters were estimated from earlier studies, e.g., Schartau et al. (2007) and Geider et al. (1998), and fixed values were assigned to these parameters (Table S1). The values of certain parameters that are difficult to measure directly were estimated via optimization (Table S1). In the ecosystem model, SST, PAR, and DIN are important factors that affect biological production. The mean climatological data (8-day remote sensing data with 4-km spatial resolution, https://oceancolor.gsfc.nasa.gov/) of SST and PAR over the previous two decades (Figure 2) were reported by Niu et al. (2021). Observational data of DIN (Figure 2D) were taken from those seasonal sampling surveys at sea surface or above the mixed layer (Shi et al., 2015; Guo et al., 2020; Wang et al., 2020). These parameters were input as a forcing function to constrain the model output.

The vertical mixing model, based on a statistical result of observational data, provides a macroscopic perspective from which to estimate the proportion of particles resuspended from the surface sediment and reintroduced into the water column. It is a two end-member mixing model based on an assumption that suspended particles are from a mixture of materials from upper-layer phytoplankton and surface sediment (Bloesch, 1994; Hung et al., 2013). The POC concentration (%, mg mg−1) in the mixture is expressed as follows:

 

where Sp is the upper-layer phytoplankton concentration (mg L−1), fp is the POC fraction of phytoplankton (%), and fs is the POC fraction of surface sediment (%).

By plotting POC (%) against 1/TSM, we can obtain related information of the two endmember values ( fp and fs ). The ratio of resuspended particles to total sinking particles can be determined as follows:

 

where ft is the POC fraction of sinking particles (%). Therefore, fR was used to estimate the POC pools from the benthic system to the water column due to vertical mixing. This model is based on the assumption that particles have unchanged chemical components during/after sinking and resuspension, and it also neglects the potential influence of horizontal transport.




3.Results


3.1. Data overview

Generally, concentrations of TSM, POC, and PN all peaked in the Subei coast region and decreased seaward (Figure 3). The distinct geographical location of the Subei coast makes it the most POM-rich region in the SYS. Apart from the transport of the sandy sediment, the Subei Shoal is also a region of origin of green tides, and these floating algal mats can drift further offshore into the SYS and the open ocean (Liu et al., 2009; Wang et al., 2015). The propagation of both the muddy and turbid waters and the suspended sediments of this region is robust along the shoreline and toward the offshore sea owing to the wind-driven coastal currents (Wang et al., 2011). We found seaward propagation of high-value patches of POC and PN during summer (Figures 3G, K); however, the lowest concentrations all occurred in the central basin, where weak physical and biological processes make it a POM-poor region.




Figure 3 | Sea surface distributions of total suspended matter (TSM) concentration (A–D), particulate organic carbon (POC) concentration (E–H), particulate nitrogen concentration (I–L), and percentage content of POC in the TSM (M–P) in the four seasons.



The lowest upper-layer percentage content of POC in the TSM (POC%) was observed in the Subei coast region (Figures 3M–P). A notable gradient of upper-layer POC% was observed in winter, spring, and autumn from the coastal region to the central SYS. By contrast, low-POC% patches occurred both in the central basin and in the Subei coast region in summer (Figure 3O). The central basin had lower POC% in summer than those in spring and autumn, which could be expected because the upper-layer high-POC% POM provided by biological processes decreased in the nutrient-depleted condition during summer.

For the central section, the signal of warm and saline water was evident in winter to the south of 34°N (Figures 4A, E), indicating invasion of the Taiwan Warm Current from the ECS. The input of saline water south of 34°N remained notable during spring, although the temperature was low (Figures 4B, F). Stratification was robust during summer, with the depth of the thermocline in the range of 30–40 m and the depth of the halocline in the range of 20–30 m (Figures 4C, G). The highest turbidity occurred at the bottom between 32°N and 34°N and decreased from 50–80 mg TSM L−1 during spring and winter to <10 mg TSM L−1 during summer (Figure S2). The MLD was shallow during spring (11–19 m) and summer (5–16 m) in the central section of 33°N–36°N (Figure S3A). During winter, the MLD deepened to the near-bottom layer (50–60 m) to the north of 34°N, and the water column was uniformly mixed vertically to the south of 34°N (Figure S3B).




Figure 4 | Vertical distribution of temperature (A–D), salinity (E–H), total suspended matter (I–L), particulate organic carbon (M–P), and particulate nitrogen (Q–T) concentrations in the central section (Figure 1) in the four seasons.



For the coastal section, we found no marked vertical variability of temperature and salinity in winter, spring, and autumn (Figure 5). The surface warm and less-saline water was notable at stations between 32°N and 33°N during summer, demonstrating the potential influence of the SCC (Figures 5C, G). The turbidity was considerably high (150–200 mg TSM L−1) throughout the water column between 33°N and 34°N (Figures S2D, S2E). The pattern of uniform mixing was marked for the entire coastal section during winter and spring (Figure S3B). The water column in the area of shallow topography (33°N–34°N) could still be mixed vertically during summer (Figure S3B). The high turbidity and deep mixed layer demonstrated the robust resuspension in the area of shallow topography (<20 m) throughout the year.




Figure 5 | Vertical distribution of temperature (A–D), salinity (E–H), total suspended matter (I–L), particulate organic carbon (M–P), and particulate nitrogen (Q–T) concentrations in the coastal section (Figure 1) in the four seasons.



Figure 6 shows the vertical distributions of temperature, salinity, and TSM/turbidity along the 34°N to elucidate the potential influence of horizontal cross-shelf transport. In winter, seaward invasion of cold and less-saline coastal waters was notable, with the temperature contour of 10.5°C spreading to the area of 122.3°E (Figures 6A, E). By contrast, seaward invasion of warm and low-salinity coastal waters was observed in summer (Figures 6C, G). Additionally, the low-salinity signal was notable to the east of 123.5°E in summer (Figure 6G).




Figure 6 | Vertical distributions of temperature (A–D), salinity (E–H), and total suspended matter (TSM) concentration (I–L) along the 34°N section (Figure 1) in different seasons. In winter and spring, high-resolution turbidity data were used instead of discrete TSM to better show the vertical variations.





3.2. Characteristics of particulate organic matter dynamics

To the south of 34°N along the central section, the concentrations of TSM, POC, and PN all peaked at the bottom during winter, spring, and autumn (Figure 4). The concentrations of POC and PN peaked at the sea surface during summer (Figures 4O, S), demonstrating substantial biological production in summer. By contrast, the concentration differences between the sea surface and the bottom water were small to the north of 34°N along the central section. High values of TSM and POC occurred in the bottom water at 35°N during winter (Figures 4I, M), indicating moderate influence of resuspension. High values of POC and PN occurred at the sea surface in the region 34°N–36°N during spring (Figures 4N, R), indicating increased biological production (Jin et al., 2013).

In comparison with the central section, the coastal section had higher concentrations of TSM, POC, and PN. The vertical distribution of TSM was similar to that of turbidity, showing a relatively high value across the water column between 33°N and 34°N in winter, spring, and autumn (Figures 5I, J, L). High values of TSM occurred only at the bottom in summer (Figure 5K), demonstrating weakened resuspension. Generally, the coastal section showed higher POC and TSM in winter and spring, and the lowest values occurred in summer. The turbulent water column in seasons other than summer contributed to higher supplies of POM from the bottom. In summer, high values of POC and PN were present at both the sea surface and the bottom water (Figures 5O, S), which means joint influence of biological processes and resuspension on POM dynamics. The increase of upper-layer biogenic elements in the Subei coast region and the central basin coincided with the rises in temperature and PAR during spring and summer (Figures 2A, B).

Along the 34°N section, the turbidity contours of 15–50 mg TSM L−1 spread out from the high-turbidity region (west of 122°E) at depth of >15 m in winter (Figure 6I). This phenomenon corresponded to seaward invasion of cold coastal waters (Figure 6A). Thus, the horizontal transport of POM was related to freshwater movement driven by hydrodynamic processes. In spring, the seaward-spreading turbidity contours were not notable (Figure 6J). Specifically, the 50 mg TSM L−1 contour occurred only at the bottom at 122°E (~20 m) during spring, whereas it spread seaward to the area near 122.2°E at a depth of ~14 m during winter (Figures 6I, J). Thus, horizontal transport in winter was more substantial than that in spring. In summer, the resuspension and seaward spread were not important (Figure 6K). In autumn, seaward-spreading TSM contours (<50 mg/L) were observed at 122°E (Figure 6L), although the spreading range was less than that in winter.

The Subei coast region showed extremely low POC% in winter, spring, and autumn (<1%, Figure 7), indicating robust resuspension across the water column. The POC fractions of surface sediments reported in the Yellow Sea (Hu et al., 2013), Changjiang Estuary (Zhang et al., 2007), and ECS (Kao et al., 2003) were usually <1%. This phenomenon corresponded to the high TSM (Figures 5I, J) and deepened MLD (Figure S3B) during winter and spring. Bottom stress and turbulent kinetic energy have been reported to be strong in the continental shelf areas west of 125.5°E, demonstrating robust vertical mixing (Bian et al., 2013a).




Figure 7 | Vertical patterns of percentage content of particulate organic carbon (POC%) in the total suspended matters with normalized depth among seasons  (A–D). Triangles with different colors represent different areas (orange, Subei coast; olive, central basin). The vertical distribution in the central basin showed a three-layer structure, as marked by the light green frames. U, upper layer; M, middle layer; B, bottom layer. Blue points connected by a dashed line show the change of the mean values in each layer of the central basin. Red points connected by a dashed line in panel C show the change of the mean values in each layer of the Subei coast region during summer.



Biogenic particles have markedly high POC% (approximately 10%–16%) compared with that of surface sediments (Hung et al., 2013). In summer, upper-layer POC% in the Subei coast region reached up to ~12% (Figure 7C), indicating the increased contribution of upper-layer biogenic POM in the shallow coastal regime. The warm and slightly stratified water column was conducive to the development of phytoplankton blooms when additional nutrients were supplied from CDW in the Subei coast region in summer (Figure 2), demonstrating the increased contribution of biogenic production to the POC pool. However, the robust mixing resulted in a large fraction of resuspended particles in the other seasons, i.e., low POC%, even though the phytoplankton abundance could increase in the Subei coast region. In the central basin, the maximum POC% occurred in the upper layer (average: 10%–12% in spring, summer, and autumn and 8% in winter) and then decreased with depth. Less sediment-dominated POM was mixed in the middle layer during summer because it had higher average POC% (6.6%) than in the other seasons (5.6% in winter, 5.4% in spring, and 5.5% in autumn).



3.3. Variations of particulate organic matter stoichiometries

The C/N ratio based on the data at all sampling depths also showed notable spatial and seasonal variations (Figure 8), indicating that these particles might differ in composition.




Figure 8 | Particulate organic carbon (POC) vs. particulate nitrogen (PN) in the Subei coast region and the central basin in the four seasons (A–D). The inset view in each panel shows an enlarged version for POC vs. PN in the central basin between the surface and bottom layers. Orange/blue triangles in the inset views denote surface/bottom data. The slope of the blue fitted line denotes the corresponding mean elemental ratio. The black dashed lines represent the Redfield ratio of POC: PN (6.6). Three outliers marked by a red dashed frame in panel B are from the bottom layers in the Subei coast region.



The C/N ratio in the Subei coast region displayed the highest value in winter (18.4), which then decreased slightly in spring, deviating by three points from the Redfield ratio (Figures 8A, B). During winter, robust mixing in the Subei coast region could resuspend more sediment carbon into the water column. The three points were in the bottom layers, indicating that bottom resuspension could be notable in spring.

The detritus-rich POM further resulted in a regime with a C/N ratio higher than the Redfield ratio. For example, the extracellular mucilage of these primary producers, known as transparent exopolymer particles, has a high carbon content (on average: C:N >20) and high concentration in productive estuaries and coastal waters (Engel and Passow, 2001; Taylor et al., 2014; Zäncker et al., 2017). Detritus-rich POM was verified by Guo et al. (2010), who identified that settling particles trapped within the SYS and the ECS consisted of substantial particle aggregates (e.g., diatom aggregates, fecal pellets, and tintinnids) that showed a mean C/N ratio of >12. It has been reported that turbulent mixing in coastal systems facilitates the formation of these particle aggregates by increasing the collision and coagulation rates (Kiorboe, 1998).

In summer and autumn, however, the C/N ratio in the Subei coast region did not deviate markedly from the Redfield ratio (Figures 8C, D), demonstrating weakened physical mixing. The increased SST and freshwater inputs by the CDW and Subei local rivers were responsible for the increased stratification in summer and early autumn (Zhu and Wu, 2018). The shallowed MLD in the Subei coast region during summer might indicate the increased stratification (Figure S3A). The occurrence of increased sea surface POC% in the Subei coast region during summer corresponded to the weakened physical mixing (Figure 7C). Similarly, the C/N ratio of the central basin was close to the Redfield ratio in all seasons, demonstrating the notable contribution of biogenic sources to POM pools in the stratified central basin. Furthermore, the C/N ratios in the central basin between the surface and bottom layers are shown in Figure 8 (inset views). Only the bottom C/N ratio showed notable deviation from the Redfield ratio during winter (10.7; Figure 8A), indicating that the influence of resuspended particles (responsible for the increased C/N ratio) might be important in bottom waters in the central basin in winter.



3.4. Modeling results


3.4.1. Results of the ecosystem model

The modeled biogenic POC and PN were contributed by three components: phytoplankton ( PhyC and PhyN ), heterotrophs (HetC and HetN ), and detritus ( DetC and DetN ). By considering resuspension, we were able to calculate the total POC or PN (biogenic + resuspension, shown as dashed curves in Figure 9) and then perform a comparison with the linear interpolation of the observed values (shown as points in Figure 9) according to Eq. S9 in Supplementary Materials. The calculated Cf is 3.1 (R2 = 0.96) and 0.6 (R2 = 0.83) for POC and PN, respectively, in the Subei coast region and 1.5 (R2 = 0.81) and 0.2 (R2 = 0.92) for POC and PN, respectively, in the central basin. The low Cf and high R2 values indicate that the model results matched the observed values.




Figure 9 | Results of the ecosystem model. (A, B) Modeling results of particulate organic carbon (POC) in the Subei coast region and central basin. (C, D) Modeling results of particulate nitrogen (PN) in the Subei coast region and central basin. The inset view in panels (B) or (D) shows a related enlarged version. (E) Modeling results of fR after optimization in the Subei coast region and central basin. (F) Modeling results of the POC/PN ratio in the Subei coast region and central basin. PhyC and PhyN , phytoplankton carbon and nitrogen; HetC and HetN , heterotrophs carbon and nitrogen; DetC and DetN , detritus carbon and nitrogen; Biogenic POC (PN) = modeled PhyC + modeled HetC + modeled DetC (modeled PhyN + modeled HetN + modeled DetN ); Total POC or PN, the sum of biogenic and resuspended POC or PN; Observed POC and PN, observed value of POC and PN in situ (means ± SD of all stations in a given region after depth-weighted averaging for each station); fR , the ratio of resuspended particles to total suspended particles.



The modeling was based on some idealized assumptions such as no horizontal transport. The influence of horizontal transport (mainly from terrestrial input) will be analyzed in Section 4.3 the biogenic POC of the Subei coast region was approximately 26% higher than that in the central basin. Because resuspended particles contributed more POC than PN (PN is more easily degraded during sedimentation) in the Subei coast region, PN dynamics tended to be determined by biogenic inputs, whereas POC dynamics tended to be determined by resuspended inputs. This resulted in a different trend of the seasonal variation between the total POC and PN (dashed black lines in Figures 9A, C), i.e., the variation of total POC had a reversed trend in comparison with that of biogenic POC, whereas the variation of total PN was in accord with that of biogenic PN. The influence of biogenic input could be more important in the central basin because the variations of the total POC and PN were comparable to those of biogenic POC and PN, respectively (Figures 9B, D). In terms of PN dynamics, biogenic PN contributed more than 56% of the total PN in winter and almost all of the total PN in summer (Figure 9D). The sediments might have less PN content in the central basin because sinking particles have longer residence time in comparison with those in the coastal regions (Guo and Zhang, 2005; Guo et al., 2010), which means that most organic nitrogen will be degraded before particles settle to the seabed.

The model also showed seasonal variation of fR by optimization (Figure 9E). In the Subei coast region, approximately 90% of the total POM was provided by resuspension during winter, but the resuspension fraction decreased to 38% during late summer. By contrast, resuspension contributed less to the total POM in the central basin, and it decreased from 45% in winter to 5% in late summer. The variation of fR was largely consistent with the change of MLD in the central basin (Figure S3A). The difference in the resuspension fraction between the Subei coast region (38%) and the central basin (5%) in summer could be the result of different hydrological characteristics. First, stratification in the Subei coast region during summer was not as strong as that in the central basin, which is dominated by the YSCWM. This can be demonstrated by the lower sea surface POC% in the Subei coast region than that in the central basin in summer (Figure 7C). Second, the shallow topography and tidal currents make surface sediment resuspension easier in the Subei coast region than that in the central basin, which has deeper topography (Song et al., 2018; Zhu and Wu, 2018). The modeled POC/PN ratio also showed notable seasonal variation (Figure 9F), which corresponded to the variations of the observed values (Figure 8). The modeled POC/PN ratio in the Subei coast region was markedly higher than the Redfield ratio during winter and spring. The central basin had a lower POC/PN ratio in comparison with that of the Subei coast region, and it presented a ratio close to the Redfield ratio in most seasons.

The influences of environmental factors and model parameters were estimated based on the sensitivity analysis. The detailed information is presented in Text S3 in Supplementary Materials.



3.4.2. Results of the vertical mixing model

According to Eq. 7, the slope of the linear fitting for POC (%) vs. 1/TSM equals to Sp×(fp−fs), and the intercept equals to fs. The variable slopes of the linear fitting showed regional and seasonal variations (Figure 10). The Subei coast region showed notably larger slopes (19.4–25.1) than those of the central basin (5.1–9.4) principally because the Subei coast region had more upper-layer phytoplankton (Sp) than the central basin. The central basin showed sharp seasonal contrast, whereas the seasonal difference was small in the Subei coast region. The linear fitting also showed a larger intercept in the central basin (0.7–1.1) than that in the Subei coast region (0.3–0.6), indicating that the surface sediments of the central basin had a higher POC content. The mud area in the central SYS largely consists of organic-rich fine-grained sediments originating from the Huanghe River, whereas the Subei coast region is characterized by coarse sediments or transitional sediments (between coarse and fine types) (Lee and Chough, 1989; Yang and Youn, 2007; Qiao et al., 2017).




Figure 10 | Fitting results of POC (%) vs. 1/TSM in the central basin (A) and the Subei coast region (B). According to Eq. 7, the slope of the linear fitting for POC (%) vs. 1/TSM is equal to Spx(fp−fs) , and the intercept of that is equal to fs , where Sp is the upper-layer phytoplankton concentration (mg L−1), fp is the POC fraction of phytoplankton (%), and fs is the POC fraction of surface sediment (%). Seasons are distinguished by different colors. The inset view in panel (B) shows a related enlarged version.



The parameters used to calculate the resuspension fraction using Eq. 8 are shown in Table 1. It is difficult to measure Sp in situ because we have no means to separate phytoplankton from the suspended POM and then to weigh each fraction. For the central basin, we assumed that the upper-layer phytoplankton accounted for a substantial proportion of sea surface TSM, expressed as follows: Sp=TSMs×(1−fR), where TSMs is the averaged sea surface TSM in the central basin. The values of TSMs were taken as 0.96 mg L−1 in winter, 1.58 mg L−1 in spring and summer, and 0.74 mg L−1 in autumn. This assumption is based on recent studies suggesting that living planktonic cells account for most of the POM pools in unproductive regions (Martiny et al., 2013a; Martiny et al., 2013b). For the Subei coast region, we assumed Sp to be directly proportional to the modeled PhyC . This is based on the fact that the growth of the upper-layer phytoplankton is largely controlled by photosynthesis (i.e., controlled by SST and PAR) in nutrient-rich coastal regions.


Table 1 | Parameters used in the vertical mixing model.



The calculated Sp for the central basin (Table 1) was close to the range of 0.25–0.75 mg L−1 given by Hung et al. (2013) for the offshore region of the ECS. We have no observed values of the POC% of the total sinking particles (ft) and no reported data to indicate their seasonal variation in the SYS. We assumed that the sinking particles collected by sediment traps comprised a mixture from three layers (upper, middle, and bottom layers in Figures 7A–D). The depth-weighted average POC% across the water column in a given region was calculated to represent ft (Table 1). Sinking particles in the offshore waters of the ECS showed a POC fraction of 4.2%–7.3% (Hung et al., 2013). Guo et al. (2010) collected sinking particles in a sediment trap in the central SYS during September and showed that sinking particles had POC contents of 7.9% (at 28 m), 4.1% (at 45 m), and 1.3% (at 69 m). These reported data coincided with the presented vertical distribution of POC% (Figure 7) and the calculated ft (Table 1) in this study. Generally, the resuspension fraction (fR in Table 1) calculated using the vertical mixing model matched well with the fR obtained from ecosystem model optimization (Figure 9E).





4. Discussion


4.1. Model validation

The modeled results are based on certain assumptions that might potentially introduce errors and uncertainties. Because no measured vertical flux datasets were available in this study, we compared our modeled results with those of previous studies that used other methods (modeling and observation) to estimate POC fluxes.

It is difficult to demonstrate the accuracy of the result of ecosystem model because we cannot precisely divide TSM into contributions from phytoplankton, heterotrophs, or detritus. Thus, we can only compare the model result with other reported data derived from field observation or modeling. Wan et al. (2005) used a coupled pelagic–benthic ecosystem model to estimate phytoplankton biomass carbon in the central SYS and showed that the modeled biomass was highest in summer and spring (1.1–3.4 mmol C m−3) and lowest in winter (~1.0 mmol C m−3). The results conformed to the variation range of modeled PhyC in the central basin from winter to late summer (1–3 mmol C m−3). Additionally, the carbon content of phytoplankton can be estimated using a carbon-to-chlorophyll a ratio (C:Chl a), which varies from 10 to 100 g g−1 in different marine systems (Geider, 1993; Taylor et al., 1997). Chang et al. (2003) estimated that the values of C:Chl a were 18.0 and 67.4 g g−1 for coastal and offshore waters in the ECS during summer. We assumed that these values were applicable to the SYS. The average Chl a concentrations during summer, taken from Fu et al. (2009), were 0.4 mg m−3 (in the central SYS) and 2.5 mg m−3 (in the coastal SYS), and the calculated biomass carbon values were 2.2 mmol C m−3 (in the central SYS) and 3.8 mmol C m−3 (in the coastal SYS), which were also comparable with the model results. Using the ratio of POC/Chl a in the northern ECS in summer and winter, i.e., ~70 and 16, respectively (Hung et al. (2009), we calculated similar values of phytoplankton biomass carbon, i.e., 2.3 and 3.3 mmol C m−3.

The reported sediment trap data and depth-integrated primary productivity (PP) were used to estimate the potential resuspension fraction and POC export ratio (Table 2). The POC export ratio is equal to the ratio of net POC flux/PP. Guo and Zhang (2005) estimated a net POC flux (NPOC) of 172–342 mg C m−2 d−1 in a section across the SYS (from the Shandong Peninsula to Jeju Island) by calculating the difference between the total settling flux and the resuspension flux. This range of NPOC corresponded to the POC fluxes estimated by 234Th/238U disequilibrium and rare earth elements in the offshore ECS (Bi et al., 2013; Hung et al., 2016). The NPOC can fluctuate in the SYS. As analyzed by Guo and Zhang (2005), the high flux (342 mg C m−2 d−1) in the central SYS is associated with the potential influence of YSCWM upwelling. Thus, we used a range (172–342 mg C m−2 d−1) instead of a specific value to represent the NPOC in the SYS. Similarly, the NPOC in the coastal ECS was reported as 486–785 mg C m−2 d−1 by Hung et al. (2013). Actually, the PP (unit: mg C m−2 d−1) is a depth-integrated value of the measured PP (unit: mg C m−3 d−1) across the water column. Thus, the depth-integrated PP ( PPi ) at a certain depth (i) can be calculated as follows:

 


Table 2 | Estimated resuspension ratio ( fR ) and particulate organic carbon (POC) export ratio based on reported sediment trap data and depth-integrated primary productivity (PP).



where PPb is the depth-integrated PP at the bottom (i.e., across the water column), and b is the bottom depth (m). Based on Eq. 9, the PPi at both the upper layer and the lower layer of the thermocline (ULT and LLT, respectively) was calculated, as shown in Table 2. Similarly, the net POC fluxes estimated by Guo and Zhang (2005) and by Hung et al. (2013) are actually the net fluxes at the bottom (where the influence of resuspension is largest). Thus, we calculated the net fluxes of the ULT or LLT according to Eq. 9 (Table 2).

As shown in Table 2, the estimated fR varied in the different layers. The lowest fR occurred in the ULT in the central SYS (12% in summer, 20% in autumn). The fR increased in the LLT, with a range of 29%–73%. The fR was high in the ULT in the coastal SYS and the ECS (70%–85% at 20 m, 85%–90% at 10 m) and showed only a slight difference with that at the bottom. Generally, the fR was considerably high at the bottom in both the coastal and the central regions (82%–96%), even in the central SYS during summer. Similarly, the resuspension flux was estimated to account for more than 90% of the total flux using sediment trap data and 234Th/238U disequilibrium in the central SYS during summer (Guo and Zhang, 2005).

Generally, the fR estimated using the vertical mixing model in this study can better represent the variations of the resuspension fraction in the ULT or the LLT. For example, the estimated fR was 7.2% in the central basin during summer (Table 1), which was close to the lowest value (12%) shown in Table 2. The fR in the central SYS during autumn was 20% and 42% at the ULT and LLT, respectively (Table 2), which was comparable to that shown in Table 1 (41.1%). Because reported flux data were unavailable for the Subei coast region, we used data from the coastal ECS as an alternative. The high fR (92.8%–98.8%) shown in Table 1 demonstrated that the influence of resuspension was important throughout the entire water column, which corresponded to the high fR and slight difference between the upper layer (10 m) and bottom layer (18 m) in the coastal ECS shown in Table 2. Additionally, the high turbidity and/or TSM and deepened MLD supported this conclusion (Figure 5; Figures S2, S3).

The residence time (τ) of suspended POM can be used to evaluate resuspension. The standing stocks per unit area divided by flux can provide the residence time in a given layer. The standing stocks were calculated from the depth-integrated POC concentrations (mg m−2) over a given depth. No significant thermocline occurred in the Subei coast region (Figures 5A–D). Generally, the water column can be divided into two categories: the nepheloid layer and non-nepheloid layer. The nepheloid layer shows a near-bottom maximum of TSM reflecting direct disturbance driven by resuspension. The criterion for partitioning the two layers was based on the study of Guo et al. (2010). The nepheloid depth in the coastal SYS and ECS can account for ~47% and 57% of the total water depth, respectively. The shallowest water depth in the Subei coast region was <20 m. This means that the nepheloid layer in the Subei coast region can account for ~60% of the total water depth, and that this fraction might increase further during winter. Accordingly, we assumed that our sampling depths at the subsurface/middle layer and the bottom layer in the Subei coast region were broadly within the estimated non-nepheloid depth and nepheloid depth, respectively. Considering that the Subei coast region is between the two stations in the coastal SYS and ECS (Table 2), we took the average of the values from the two stations to obtain the TPOC and NPOC in the Subei coast region, i.e., 1,788 (TPOC) and 184–316 (NPOC) mg m−2 d−1 in the non-nepheloid depth; 3,775 (TPOC) and 329–564 (NPOC) mg m−2 d−1 in the nepheloid depth. In the central basin, the water column can be divided into the mixing layer (above the MLD) and the bottom layer (below the MLD). Our sampling depths at the subsurface or middle layers in the central basin are broadly within or close to the MLD (Figure S3).

Similarly, we calculated the mixed- and bottom-layer residence times in the central basin (Table S3). Data from the central North Yellow Sea, shown in Table 2, were used for the central SYS because the two regions exhibit similar hydrological characteristics. Because of limited observational data, we estimated the residence time only for summer and autumn. To better constrain the estimation, both the TPOC and NPOC were used to calculate the τ in Table S3 (expressed as τa and τb, respectively).

The calculated τ showed a larger difference between layers in the central basin in comparison with that of the Subei coast region (Table S3). The τ estimated by the TPOC and NPOC in the mixing layer of the central basin (21.3–27.1 and 12.2–75.3 d, respectively) was markedly higher than that in the non-nepheloid layer of the Subei coast region (1.5 and 8.7–15.1 d, respectively). By contrast, the τ in the bottom layer in the central basin was notably diminished (1.1–1.3 d) and equal to that in the Subei coast region (1.1 d). The τ estimated by the NPOC increased substantially, especially in the bottom layer (an increase of 1–3 times that in the mixing layer and of 6–25 times that in the bottom layer). The large increase of τ in the bottom layer was because the NPOC was potentially unaffected by resuspension. Generally, biogenic particles have fluffy and ductile states and relatively light density and thus show a larger τ than resuspended sediment (Simon et al., 2002; Wurl et al., 2009; Verdugo, 2012). The higher resuspension flux could result in a lower residence time. The estimated average residence time in the mixing layer of the central basin (~1–2 months) matched the reported particle residence time obtained via the 210Po/210Pb disequilibria method for the SYS (Zhong et al., 2019) and the offshore ECS (Hung et al., 2000) but was shorter than that reported for the South China Sea (Yang et al., 2006), Southern California Bight (Eppley et al., 1983), and Western North Pacific Ocean (Zhong et al., 2021). Although the potential error could be large (>50%) because the estimated results were based on different datasets, such notable regional variability still indicated the potential influence of resuspension and biological production.

We further compared the estimated results in this study with observed (or measured) datasets in other regions (Table 3). It is noted that these reported resuspension ratios are estimated by sediment trap data in the bottom layer, which can be site-specific and thus variable in a given region (Table 3). For example, the resuspension ratio varies from 27% to 58% as estimated by Hung et al. (2013) to 87%/82% as estimated by Hung et al. (2016) in the offshore ECS (Table 3); however, the corrected POC fluxes reported by Hung et al. (2013) and Hung et al. (2016) are similar (58–63 mg m-2 d-1 vs. 46/47 mg m-2 d-1, Table 3), which indicate that the estimation of resuspension ratio is necessary in correcting trap flux when using sediment trap data. Additionally, the corrected POC fluxes in the offshore ECS are less than the value estimated by Guo and Zhang (2005) in the central SYS (172–342 mg m-2 d-1, Table 2). Bengtsson et al. (1990) found that resuspension occurred only a few times in the entire Swedish lake but more frequently in some specific smaller areas. However, we estimated the integrated resuspension activity across the entire subregions (Subei coast region and central basin) in the SYS. The estimated results in this study can only represent the resuspension episode that occurred during the field surveys. It has been suggested that sediment entrainment rates are highly variable on a short timescale (days to weeks) (Chung et al., 2009). Given the highly variable resuspension rate, the estimated fR in the bottom layer (Table 2) matched the observed datasets (Table 3). The considerably high resuspension rate (300 g m-2 d-1) observed in Lake Arresø is because of the shallow water depth (mean depth 3 m) and the influence of storm events (Kristensen et al., 1992). The estimated fR in the ULT and LLT (Table 2) was lower than those in the bottom layer of coastal ECS, Faeroe–Shetland Channel, and most lakes (Table 3), which was expected because the resuspended material might decrease with the increase of distance above the seafloor, e.g., Kerfoot et al. (2004) found that the log-transformed abundance of Daphnia ephippia in resuspension assemblages correlated negatively with the water column depth. It has been suggested that the pulses of resuspension occurring above the thermocline are governed by thermal conditions and wind events (Evans, 1994). The entrance of the Gulf of Lions (1,000-m trap depth) and Lake Ontario (125-m trap depth) also shows relatively low resuspension ratios (Table 3).


Table 3 | Literature trap fluxes and resuspension ratios estimated by total suspended matter (TSM) or particulate organic carbon (POC) data in different regions.





4.2. Uncertainty and potential factors influencing the estimated particulate organic matter flux

It is difficult to obtain an accurate value of Sp , and the uncertainty in estimating the value of Sp is approximately 50% according to Hung et al. (2013). Additionally, the uncertainty is derived from the estimation of POC content of phytoplankton. For example, the estimated Sp in the Subei coast region in summer (5.5 mg L−1 phytoplankton) might be overestimated. If the POC content of phytoplankton is 10%–17%, then the phytoplankton contribution will be 0.6–0.9 mg L−1 POC, whereas the highest POC concentration was ~70 μmol L−1 (i.e., 0.84 mg L−1). However, from the perspective of TSM, the Sp accounted for 43% of sea surface TSM (average: 12.9 mg L−1 in summer), i.e., with a resuspension fraction of 57%. The results of the two estimation methods showed a deviation of ~50% (all contributed by phytoplankton vs. 43% contributed by phytoplankton), which is close to the 50% uncertainty estimated by Hung et al. (2013). Actually, this mixing model did not consider the influence of degradation of biogenic materials. Biological degradation can be substantial in coastal systems, which means that a certain proportion of phytoplankton-derived POC might be degraded after entering the water column. Hence, the 0.6–0.9 mg L−1 POC contributed by phytoplankton was potentially overestimated. Generally, the potential errors in estimating Sp and the POC content of phytoplankton and the influence of biological degradation can result in uncertainty of >50%.

Comparison of the results shown in Tables 1, 2 revealed that the largest difference occurred in summer. For example, the lowest fR was 12%–37% in the ULT in the central basin (Table 2), which was 67%–414% higher than the value in Table 1 (7.2%). By contrast, the difference in estimated fR in autumn was lower, i.e., 41.1% (Table 1) vs. 20% and 42% in the ULT and LLT, respectively (Table 2). The estimated fR was more sensitive to Sp in summer than in other seasons, which demonstrated that the large uncertainty potentially resulted from the variability of Sp . For example, a 14% decrease of Sp (from 1.4 to 1.2 in Table 1) in the central basin in summer resulted in a 183% increase of fR (from 7.2% to 20.4%). The value of 20.4% seemed to match better the estimated value in Table 2. However, in the other seasons, a 20% change of Sp resulted in only a <20% change of fR in the central basin and a <5% change of fR in the Subei coast region. Thus, we speculated that the uncertainty of the estimated fR was <20% in the other seasons; however, accurate estimation of Sp in the central basin during summer is necessary.

The important role of Sp in the central basin demonstrated that biogenic inputs have an important influence on POM dynamics. Thus, the community composition of phytoplankton and the category of biogenic materials could be important factors influencing the estimated fluxes. Guo et al. (2010) found that diatom aggregates, fecal pellets, and tintinnids contributed most of the trapped particles in both the ULT and the LLT in the central SYS and that the fraction of mineral particles increased substantially at the bottom layer. Additionally, Hung et al. (2009) found that the concentrations of particulate carbohydrates (PCHOs) and uronic acids (PURAs) in the northern ECS were associated with phytoplankton abundance and bacterial biomass and that they were higher in summer than in winter. We assumed that the same situation might exist in the Yellow Sea. Because PCHO and PURA show roles similar to that of transparent exopolymer particles, the increased PCHO and PURA potentially increased the coagulation kernel ( β ), as shown in Eq. S7 in Supplementary Materials, which could have further promoted the formation of DetC according to Eq. 3. Further details can be found in Text S3 in Supplementary Materials. This explains why a large amount of biogenic POC existed in the form of detritus carbon (Figures 9A, C). The diatom- or dinoflagellate-dominated phytoplankton community is a potential factor controlling detritus flux, e.g., diatom aggregates act as an important means of transporting carbon and other nutrients from the euphotic zone to the seabed (Hung et al., 2009; Liu et al., 2015; Turner, 2015). The salinity gradient and turbulence can also influence aggregation dynamics (Beauvais et al., 2006; Mari et al., 2012). Hence, the diatom-dominated phytoplankton community and the turbulent hydrology in the coastal regime meant that more detritus carbon formed and sank in the Subei coast region than in the central basin.

The assumption that resuspension was weakest in summer under robust influence of stratification also resulted in potential errors. Although the model results indicated that strong stratification restricted upward diffusion of sediment (Luo et al., 2017) and that the thermal front around the YSCWM affected sediment resuspension by reducing bottom shear stresses (Zhong et al., 2020), the POC sinking flux and resuspension fraction were still high at the bottom layer in the central SYS during summer (Table 2). This meant that other hydrodynamic processes could result in increased resuspension at the bottom, e.g., the southwestern monsoon in summer and the typhoon season in summer and autumn, which might cause strong vertical mixing in these shallow waters (Lee and Chao, 2003; Hung et al., 2010). Bian et al. (2010) found that typhoon-induced waves deepened the thermocline and caused notable resuspension of sediment. Hoshika et al. (2003) found that the monsoon-derived bottom current was highly correlated with the suspended particle flux in the ECS. The decreased resuspension in the ULT and LLT (Table 2) demonstrated that robust stratification might influence the resuspension flux above the thermocline but not at the bottom. It has been suggested that suspended sediments in the shelf areas of the SYS and the ECS are driven by tidal currents (Yuan et al., 2008; Bian et al., 2013b). Moreover, sedimentary conditions such as bedforms and mixed sediment classes might be important in driving the resuspension of sediment (Graber et al., 1989). To better understand the complex processes of resuspension and transport of sediment in this coastal ocean under investigation, additional detailed observations and enhanced modeling methodology are still needed in future comprehensive studies.



4.3. Potential impact of horizontal transport on particulate organic matter dynamics

In addition to vertical processes, cross-shelf horizontal transport related to suspended POM and sediments in the SYS can be important, e.g., terrigenous materials transported from the Yellow River to Cape Chengshan and the Shandong subaqueous delta (Cai et al., 2003; Xing et al., 2014) and nutrients and POM carried by the northeastward branch of the CDW (Beardsley et al., 1985; Chen et al., 2008; Wei et al., 2017). Sediment transport processes can be influenced by many physical forcings, such as the East Asian Monsoon, tides and river discharges, and there is no consensus regarding their relative importance in the shelf areas of the SYS and the ECS (Bian et al., 2013b). Traditionally, suspended sediment in the Changjiang Estuary is thought to be transported by the wind-induced coastal current of the ECS to the coast of Zhejiang Province and/or to the Okinawa Trough mud area in winter (Milliman et al., 1985; Peng and Hu, 1997). However, studies based on stable organic carbon isotopes and rare earth elements showed that the Changjiang Estuary sediment is transported to the central SYS (Cai et al., 2003; Lan et al., 2009). The model result showed that the tidal residual current can drive the Changjiang River Plume to flow northward and then turn offshore, thus transporting freshwater into the interior SYS during winter (Li et al., 2016; Zhu and Wu, 2018). Additionally, it is suggested that wind-driven downwelling in combination with lateral Ekman transport could probably cause sediment dispersion and transport to the shelf (Liu et al., 2007; Dong et al., 2011). The notable seaward-spreading turbidity contours and cold/low-salinity water demonstrated the potential horizontal transport driven by physical forcing in winter (Figures 6A, E, I).

Wei et al. (2020) observed a northeast/southeast transport route of suspended particles in the 10-m layer from the Subei coast to the offshore SYS during spring–autumn; however, the range of spread might be limited owing to the evolution of the YSCWM. The YSCWM thermal front, observed from spring–autumn, potentially affects the distribution and transport of suspended sediment (Zhong et al., 2020). The temperature contour of 9°C and the contours of 11°C–21°C spread from the central SYS to the area near 122°E in spring and summer, respectively (Figures 6B, C). The observed turbidity/TSM fronts (50 mg L−1) were also located in the area near 122°E (Figures 6J,L). Therefore, the YSCWM thermal front might prevent seaward extension of suspended particles. Dong et al. (2011) also observed that suspended sediments appeared trapped on the shallow water side of the YSCWM front when transported from the Subei coast to the central SYS.

The resuspension and horizontal transport were reasonably weak in summer (Figure 6K); however, the high-POC/high-PN and high-POC% sea surface patches spreading from the southwest SYS to the central SYS were notable (Figures 3G, K, O). These patches matched the northeastward route of extension of CDW from the Changjiang Estuary to Jeju Island (Beardsley et al., 1985; Lie et al., 2003). The detached CDW can be verified by the low-salinity water to the east of 123.5°E (Figure 6G). Wind, tide-induced mixing, and Changjiang water discharge play important roles in detaching low-salinity water from the CDW plume toward the SYS and Jeju Island (Chen et al., 2008; Moon et al., 2009). The detached CDW creates a condition with moderate nutrients and adequate light, resulting in high primary production and Chl a in surrounding offshore regions. Therefore, the observed high-POC% sea surface patches might result from enhanced local biological production that provides large amounts of biogenic materials.

Generally, we considered that cross-shelf horizontal transport (from the Subei coast to the central basin) principally influenced POM dynamics in the area to the west of 122°E (deeper than 20 m) during spring and autumn and that this area extended to 122.5°E during winter. The horizontal transport can result in potential overestimation of the resuspension fraction. For example, if the turbidity contours were vertical lines (i.e., no seaward spread) at the location of 122°E, the TSM would be 50–75 mg L−1 and 20–25 mg L−1 in the bottom (~20 m) and upper (<14 m) layers, respectively (Figure 6A), similar to the situation in spring (i.e., ~50 mg L−1 and 20–25 mg L−1 in the bottom and upper layers, respectively). This indicates that the increased TSM flux in the upper layer at the location of 122°E might be contributed by the flux of horizontal transport rather than by resuspension flux. The model results showed that the fR was 98.8% in winter and 92.8% in spring (Table 1). By assuming that the increased fR was contributed totally by horizontal transport, the calculated contribution of resuspension might be overestimated by 6%. The particle deposition rate from the water column and the horizontal transportation rate were estimated as 0.33 and 0.02 g cm−2 year−1 in the shelf edge of the ECS (Iseki et al., 2003), i.e., ~6% of depositing particles were transported to the offshore area, which matched our estimation. Additionally, it is estimated that cross-boundary transport contributes ~5% of the organic carbon transported to the continental slope (Chen, 2010; Song et al., 2016). The location at 122°E was somewhat distant from the shallowest area (~15 m) in the Subei coast region. Therefore, the influence of tidal currents should be considerable, inducing substantial vertical fluxes after the horizontal transport. Ignoring the potential influence of horizontal transport, the resuspension ratio may have been overestimated by >10% in the Subei coast region.

This is a rough estimation because we have no detailed hydrodynamic parameters and methods with which to make a quantitative assessment. Horizontal transport includes sediment transport from land to the ocean and sediment deposition and remobilization in the marine environment (Anderson et al., 2018). The sediment class influences deposition because coarse-grained sediments will deposit quickly, while only fine-grained types will be transported to reach the central SYS (Dong et al., 2011). The composition and age of organic carbon in sediments reflect the potential sediment transport from land to the ocean (Li et al., 2012). The benthic organic carbon mineralization is also an important factor in driving sediment storage/remobilization, and a higher rate of mineralization means that more POM can be decomposed during transportation (Zhao et al., 2018). More comprehensive assessment of these related processes is necessary to constrain the potential influence of horizontal transport.



4.4. Comparison with other marginal seas

The source and fate of POM in the SYS reflect substantial cross-shelf transport and vertical export, which help elucidate the roles of marginal seas as a sink for continental inputs and biological production and a source for offshore open regions (Heussner et al., 2006). The Subei coast, as a shallow coastal area, is an important sink of POM received via large depositions of sediment from the Changjiang River and the Old Yellow River (Liu et al., 2013b; Qiao et al., 2017), freshwater inputs from the Subei local rivers (Zhu and Wu, 2018), and biogenic materials from algal blooms (Fan et al., 2015; Wang et al., 2015). The sandy and tidal hydrological characteristics of the region result in intensive vertical and lateral transport of sediments and biogenic elements and make it a substantial source of POM for the central basin (Song et al., 2018; Wei et al., 2020).

The role and function of the Subei coast are similar to those of the typical estuaries and banks in the other marginal seas. The substantial sediment plume formed in the Changjiang Estuary and the adjacent Changjiang bank can extend southeastward to the open sea driven by the cross-shelf circulation (Lie et al., 2003; Luo et al., 2017). The high-nutrient inputs from the CDW are highly correlated with the high primary production, which contributes to the large amounts of biogenic POM in the Changjiang Estuary and adjacent offshore area (Zhou et al., 2008; Zhu et al., 2009). This off-shelf transport and seasonal variability of riverine and marine-derived POM can be considerable in the other river-dominated ocean margins, e.g., the Mississippi River delta and the Gulf of Mexico (Trefry et al., 1994; Wang et al., 2004; Corbett et al., 2006), U.S. West Coast (Hwang et al., 2005; Mollenhauer and Eglinton, 2007), Chesapeake Bay (Fisher et al., 1998; Zhang and Blomquist, 2018), and Baltic Sea (Winogradow et al., 2019; Nilsson et al., 2021).

From a global perspective, the carbon budgets in the SYS and ECS are under the influence of western boundary currents. Another typical marginal sea in a western boundary current system is the South Atlantic Bight. The robust freshwater discharge and tidal dynamics facilitate vertical mixing and resuspension of fine-grained particles in the shelf region of the South Atlantic Bight (Lee et al., 1989). The increased nutrient loads via river discharge are reasonable for the high PP in the inner-shelf areas [1,698 mg C m−2 d−1 (Chen, 2010)], which matches the value in the coastal ECS (Table 2). By contrast, eastern boundary current systems, which are usually zones of upwelling, exhibit very high potential productivity of >3,000 mg C m−2 day−1 (Carr, 2001), i.e., twice that of the coastal ECS and five times that of the SYS (Table 2).

Most river-dominated ocean margins show seasonal hypoxia/deoxygenation in adjacent offshore stratified zones, which means that large amounts of terrigenous and marine POM can be decomposed to fuel oxygen depletion. However, seasonal hypoxia is not evident in the stratified central SYS. The estimated sediment oxygen consumption in the central SYS was significantly lower than that of typical hypoxia zones (Song et al., 2016), which demonstrates that the remineralization of biogenic POM provided by spring blooms might be limited. Additionally, cross-shelf transport between the Subei coast and the central basin could be restricted by the thermal front around the YSCWM (Wei et al., 2016; Zhong et al., 2020). Therefore, systematic evaluation of the sources and sinks of POM in the SYS could provide a reference for the biogeochemical cycle of organic carbon and oxygen consumption in shelf waters. Further efforts should be dedicated to clarifying the influence of coupled biological–physical oceanographic processes on the POM budgets in these marginal seas.




5. Summary and implications

Based on field observations and modeling, we estimated the influence of coupled biological–physical oceanographic processes on potential POM dynamics, fluxes, and horizontal transport in the SYS. The Subei coast region had considerably higher POM than that found in other subregions of the SYS. The C/N ratio in the Subei coast region deviated more or less from the Redfield ratio during winter and spring, indicating the potential impact of robust physical forcing. The effect of biological processes was notable in the central basin with the C/N ratio broadly matching the Redfield ratio, which can also be proven by the vertical distribution of POC%.

The modeled biogenic POC and PN showed substantial temporal variations, which all peaked in spring and summer. Detritus carbon contributed the most biogenic POC (up to 78%) and phytoplankton nitrogen contributed the most biogenic PN (31%–78%) during spring and summer. The sensitivity analysis results indicated that biological production was affected by environmental factors (temperature, light, and DIN) and key kinetics (nutrient uptake rate, aggregation, and grazing rate). The production of PN was more sensitive to the change of DIN in the nutrient-depleted central basin than in the nutrient-rich Subei coast region. The production of POC was principally controlled by temperature and light. With greater aggregation and a higher grazing rate, the Subei coast region exhibited more detritus and heterotroph carbon than those found in the central basin. The modeled C/N ratio also showed substantial seasonal variability, which deviated from the Redfield ratio in winter and then approached it with the progression of the seasons.

The fR estimated by ecosystem model optimization matched well with the result calculated by the statistical approach in the vertical mixing model. The resuspension fraction peaked in winter and decreased to a minimum in summer, with the range varying between the seasons from >90% to ~50% in the Subei coast region and from ~50% to <10% in the central basin. Through comparison with reported sediment trap and PP data, we found that the estimated resuspension fraction showed large uncertainty (>50%) in summer because of potential errors in model parameter estimation and the influence of other unexplored biophysical processes (e.g., biological degradation, upwelling, and monsoons); however, the degree of uncertainty was lower in the other seasons (<20%).

Cross-shelf horizontal transport principally influenced POM dynamics in the area to the west of 122°E (deeper than 20 m) during spring and autumn, and this area extended to the west of 122.5°E during winter. We estimated that the contribution of resuspension was potentially overestimated by >10% in the Subei coast region because of the influence of horizontal transport. Given the complex characteristics of resuspension and horizontal transport, acquisition of additional observational data over a larger spatiotemporal scale will be necessary to establish an integrated network of the carbon budget in the SYS.
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The geomorphology of coastal lagoons has an important effect on the hydrological balance between fresh water and seawater, which exhibit a wide range of salinity from nearly fresh water to hypersaline water. The present study aimed to characterize seasonal biogeochemical properties of suspended particulate organic matter (POM) in response to environmental variability driven by hydrological dynamics in contrasting coastal lagoon systems. We selected two lagoons distinguished by their geomorphological features, a permanently open artificial lagoon (Gyeongpoho) and an intermittently open natural lagoon (Hyangho), analyzed environmental characteristics, and compared the seasonal differences in the biochemical compositions of POM. Variations in temperature and precipitation in both lagoons showed the characteristics of a typical monsoon climate but variation in salinity differed 6.5−35.0 in Gyeongpoho and 1.1−10.8 in Hyangho. A self-organizing map analysis using the environmental data revealed that the spatiotemporal variations in salinity and nutrient concentrations differed significantly between the two lagoon systems, indicating a difference in hydrologic connectivity between lagoons and marine systems. Furthermore, a canonical correlation analysis highlighted that the POM properties differed according to physicochemical factors. The differing environmental conditions may affect the spatial and temporal variations in organic matter composition, resulting in significant differences in the biochemical composition of POM between two lagoon systems. Overall, this information provides insight into the origin and transport process of POM under changing coastal lagoon environments caused by climatic and human activities.




Keywords: Lagoons, suspended particulate organic matter, stable isotopes, biochemical composition, hydrologic connectivity



Introduction

Coastal lagoons are highly heterogeneous aquatic ecosystems formed as a result of the input of variable amounts of freshwater and seawater as transition zones between terrestrial and marine systems (Kjerfve, 1994). These coastal lagoons are among the most productive ecosystems which promote the biological activities of primary producers, owing to a great input of nutrients and organic matter (Pérez-Ruzafa et al., 2019). However, the estimated primary production in such coastal systems generally has highly variable ranges with spatiotemporal variability in biotic and abiotic factors (Carrasco Navas-Parejo et al., 2020). These drivers are significantly influenced by the geomorphological features of lagoons, which can control the hydrological balance between freshwater and seawater (Kjerfve, 1994). Furthermore, the degree of mixing between freshwater and seawater may lead to dynamic ecological processes causing high biodiversity due to environmental heterogeneity and habitat diversity (Pérez-Ruzafa et al., 2011; Lopes and Dias, 2015). As a result, coastal lagoon ecosystems are strongly influenced by hydrogeomorphological dynamics with high intrinsic variability in physicochemical factors at a regional scale, resulting in significant changes in the entire ecosystem.

The particulate organic matter (POM) in coastal waters is affected by a series of physicochemical and biological processes (Chen et al., 2021; Lu et al., 2021). The origins of POM in coastal lagoons are heterogeneous because of the influence of different sources of organic matter on the dynamics of physical, chemical, and biological factors (Rossi et al., 2003; Cresson et al., 2012; Lønborg et al., 2017; Garcia et al., 2018). Primary production by phytoplankton is a major source of POM in coastal lagoons. In addition, local benthic primary producers, such as macroalgae and marsh plants, and input of terrestrial material by freshwater discharge, also considerably contribute to the POM pool in the lagoons. Temporal changes in the diverse sources related to hydrological variations in lagoon systems may lead to a complex mixture of POM (Garcia et al., 2017; Lønborg et al., 2017). The POM in coastal environments exhibits seasonal variability in both quantitative and qualitative characteristics (Grémare et al., 1997; Rossi et al., 2003). Such seasonality in POM can influence the abundance, biomass, and recruitment of pelagic and benthic animal communities, and are major factors controlling food availability for consumer species (Kleppel and Burkart, 1995; Grémare et al., 1997). However, because of the complexity of the POM pool, it is very difficult to assess its quantity, quality, and relative importance for consumers in coastal lagoon systems.

Carbon and nitrogen stable isotope analysis has been successfully used to describe the source of organic matter in coastal environments, which varies with the spatial and temporal heterogeneity of biotic and abiotic factors (Cresson et al., 2012; Briand et al., 2015; Ke et al., 2017). Because marine and terrestrial primary producers have different photosynthetic pathways, they have distinct isotope ratios (δ13C and δ15N) from each other (Peterson and Fry, 1987). In general, marine-derived organic matter has higher δ13C and δ15N values than terrestrial-derived organic matter. Moreover, major primary producers in temperate coastal systems may have highly variable δ13C values; green macroalgae (−12‰ to −10‰) and microphytobenthos (−20‰ to −10‰) are more 13C-enriched than marine phytoplankton (−24‰ to − 18‰) and marsh plants (−23‰ to − 29‰) (Fry and Sherr, 1984; Kang et al., 2003; Park et al., 2015; Park et al., 2016). The δ15N values of primary producers may also reflect the source of inorganic nutrients and the magnitude of discrimination based on nutrient concentrations (McClelland and Valiela, 1998). The δ15N values have been used as indicators of anthropogenic effects on coastal ecosystems because organic matter derived from anthropogenic sources (e.g., artificial fertilizer and sewage) is usually more 15N-enriched than that from natural sources (Cole et al., 2004; Ke et al., 2017). Accordingly, the δ13C and δ15N values of POM are representative of the relative contribution of each of the diverse sources in complex coastal lagoon systems.

Analysis of the biochemical compositions of POM pools has been used to assess the origin of organic matter and its nutritional value as a basal food source available to primary consumers (Navarro and Thompson, 1995; Danovaro et al., 2000; Cresson et al., 2012). Labile compounds such as proteins, lipids, and carbohydrates of POM are metabolically utilized by consumers as readily bioavailable fractions (Mazzola et al., 2001). In general, labile POM, which is a recently synthesized organic matter, is produced by phytoplankton photosynthesis. The biochemical composition of POM may reflect the physiological status and nutritional value of phytoplankton species in response to diverse environmental conditions, such as light, river discharge, and nutrient availability (Danovaro et al., 2000; Lee et al., 2017; Bhavya et al., 2019). Thus, this approach can provide useful information on the ambient environmental conditions and/or changes related to biogeochemical processes in complex coastal ecosystems.

Gyeongpoho and Hyangho, located adjacent to each other, have different ecological environments due to their hydrological characteristics (Park et al., 2020). However, there is no study on spatiotemporal variations in carbon and nitrogen dynamics of POM that could explain the ecosystem structure and function of the lagoons as a transition zone between ocean and land (Chen et al., 2021; Lu et al., 2022). The present study aimed to characterize the seasonal biogeochemical processes of POM in coastal lagoon systems in response to environmental variability using hydrological dynamics. We hypothesized that the biogeochemical characteristics of POM may be seasonally different depending on lagoon-specific processes, reflecting the hydrological conditions. To test this hypothesis, we compared the seasonal differences in isotopic signatures and biochemical compositions of POM with variations in environmental parameters between two permanently and intermittently open lagoons distinguished by the hydrological features. This information provides insight into the origin and transport process of POM under changing coastal lagoon environments caused by climatic and human activities.



Materials and methods


Study area

The sampling sites were located in two coastal lagoons [Gyeongpoho (sites Ga–c) and Hyangho (sites Ha–b)] on the eastern coast of the Korean Peninsula (Figure 1). The two lagoons have different environmental characteristics due to presence or absence of artificial channel that cause differences in salinity gradients, although the depth ranges in both lagoons were generally below 1.0 m. Gyeongpoho has an area of 0.90 km2, and has several inlets through which freshwater inflows, and is connected to the sea via single artificial channel (WREO, 2008; Yoon et al., 2008). The artificial channel allows for continuous exchange of freshwater with seawater, which increases the freshwater’s salinity. In contrast, Hyangho has an area of 0.14 km2, and is usually separated from the sea by sand dunes, but is seasonally connected to the sea by a channel generated by heavy rainfall during summer monsoons (Park et al., 2020).




Figure 1 | Map of the two coastal lagoons located along the eastern coast of the Korean peninsula.





Precipitation, sampling, and laboratory processing

Samplings were conducted monthly from June 2019 to April 2020 at three and two sites in Gyeongpoho and Hyangho, respectively, depending on their distance from the sea. Water samples for nutrient, POC, PON, biochemical composition (PCHO, PPr, and PLip), and Chl-a analyses were collected from the surface of each study site. Monthly precipitation and atmospheric temperature data for the study area were obtained from the Korean Meteorological Administration (https://data.kma.go.kr/data/grnd/selectAsosRltmList.do?pgmNo=36).

The water temperature and salinity were measured using a YSI 30 handheld meter (YSI Inc., Yellow Springs, OH, USA). Samples for Chl-a and biochemical composition analyses were filtered through 47 mm Whatman GF/F filters. Samples for POC analyses were pre-filtration through a 200 µm net for eliminating large debris and any zooplankton and then gently filtered through 25 mm pre-combusted (450°C, 2 h) Whatman GF/F filters. The filtered water samples for dissolved inorganic nutrient analyses were transferred into acid-washed polyethylene bottles and frozen at −20°C, and the filter samples were wrapped in aluminum foil and then kept in a deep freezer (at –80°C) until the analysis.



POC, PON, and C and N stable isotope analyses of POM

The filtered samples for POC, PON, and 13C and 15N isotope ratio analyses were fumed with HCl for 12 h to remove carbonate and were subsequently freeze-dried. The dried samples were sealed within a tin disk and analyzed using an elemental analyzer (Vario MICRO Cube; Elementar, Hanau, Germany) coupled to a continuous-flow isotope ratio mass spectrometer (CF-IRMS; Isoprime 100; Cheadle Hulme, UK). The samples were oxidized at high temperature (1150°C) using an elemental analyzer. The resultant CO2 and N2 gases were separated using an adsorption column and then moved into the CF-IRMS using a He carrier gas. The C and N stable isotope ratios are expressed as δ notation relative to Pee Dee Belemnite for C and atmospheric air for N, using the equation δ(‰) = [(Rsample/Rstandard)−1] × 103, where R is the 13C/12C or 15N/14N ratio. International standards of reference materials sucrose [8542 ANU, δ13C = −10.47 ± 0.13‰, National Institute of Standards and Technology (NIST), Gaithersburg, MD, USA; RM 8568 UG, δ15N = −1.8 ± 0.1‰, NIST] were used for calibration after analyzing every 10th unknown sample. The precision based on repeated analyses of acetanilide (Thermo Scientific) as an internal standard was within 0.07‰ for δ13C and 0.11‰ for δ15N.



Biochemical composition of POM

The filter samples for carbohydrates, proteins, and lipids of POM (PCHO, PPr, and PLip, respectively) were analyzed according to Lowry et al. (1951); Dubois et al. (1956); Bligh and Dyer (1959), and Marsh and Weinstein (1966), respectively.

The samples for PCHO were put into 15 mL PP tubes containing 1 mL of deionized water and triturated using a glass rod. Next, 1 mL of 5% phenol was added for PCHO extraction, and the solutions were stored at room temperature for 40 min. Subsequently, 5 mL sulfuric acid was added to the solution and mixed using a vortex mixer. The mixture was centrifuged at 3500 rpm for 10 min. The PCHO concentration of POM was determined based on the absorbance at 490 nm using a UV spectrophotometer (Labomed Inc., Los Angeles, CA, USA) and quantified as glucose equivalents (Sigma-Aldrich, St. Louis, MO, USA).

The PPr samples were placed in centrifuge tubes containing 1 ml of deionized water. For PPr extraction, the filter was triturated using glass rod and 5 mL of an alkaline copper solution (a mixture of 2% Na2CO3 in 0.1 N NaOH with 0.5% CuSO4·5H2O in 1% sodium tartrate; 50:1, v/v) was added to the tube. The solution was mixed using a vortex mixer and maintained at room temperature for 10 min. Subsequently, 0.5 mL of Folin–Ciocalteu phenol reagent was added to the solution. The solution was then centrifuged at 3000 rpm for 10 min. The PPr concentration of POM was determined based on the absorbance at 750 nm using a UV spectrophotometer and quantified as bovine serum albumin equivalents (Sigma-Aldrich).

For extraction of PLip, the samples were put in 16 mL glass tubes containing 3 mL of chloroform-methan (1:2, v/v), followed by triturating using a glass rod and mixing using a vortex mixer. The solutions were allowed to stand for 1 h in a refrigerator (4°C) to prevent evaporation loss. Subsequently, the solutions were centrifuged at 2000 rpm for 10 min and the supernatants were collected and transferred into new tubes. The extraction procedure was performed immediately and repeated. After completing the extraction, 4 mL of deionized water was added to new tubes containing the extractant. The solution was then homogenized using a vortex mixer and centrifuged at 2000 rpm to separate the solvents into two phases (chloroform for lipids and methanol + water). The methanol/water phase was removed from the solvent using a Pasteur pipette. The tubes containing the chloroform phase were exposed to N2 gas and were placed in a dry oven at 40°C to remove chloroform. After the chloroform phase was completely dried, 2 mL H2SO4 was added to the tubes. The tubes were heated to 200°C for 15 min using a heating block and cooled to room temperature. When the heating procedure was completed, the tubes were placed in a water bath at room temperature, and 3 ml of deionized water was added to the tubes. After all bubbles in the tubes disappeared, the PLip concentrations of POM were analyzed based on the absorbance at a wavelength of 375 nm and quantified as tripalmitin equivalents.



Dissolved inorganic nutrient and Chl-a

Water samples for dissolved inorganic nutrients were analyzed using a QuAAtro nutrient analyzer (SEAL Analytical GmbH, Norderstedt, Germany) to determine ammonium (NH4), nitrate (NO3), nitrate (NO2), phosphate (PO4), and silicate (SiO4) concentrations, according to the procedures developed for automated chemical analysis, with detection limits for 0.01 µM, 0.1 µM, 0.1 µM, 0.02 µM, and 0.1 µM, respectively (Murphy and Riley, 1962; Helder and De Vries, 1979; Hansen and Koroleff, 1999). Filter samples for Chl-a were extracted with 90% acetone in the dark at 4°C for 20 h and the concentrations of Chl-a were determined fluorometrically using a fluorometer (Turner Designs, Sunnyvale, CA) (Parsons et al., 1984).



Data analysis

Student t tests were performed to test variations in salinity data which were normal distribution. For data not normality distributed, Mann–Whitney U tests were performed to test the differences in C/N ratios and δ13C and δ15N values between the Gyeonghoho and Hyangho samples, and Kruskal–Wallis analysis of variance (ANOVA) was used to compare spatial and temporal variations in nutrients, Chl-a, POC, and PON concentrations, C/N ratios, and biochemical compositions among the study sites.

The environmental characteristics of the study sites were classified using a self-organizing map algorithm (SOM), which is a heuristic model used to visualize linear and nonlinear relationships in high-dimensional datasets (Kohonen, 1982). During the training process of the SOM, the data were assigned to neurons (processing units) in the input layer. After coarse training and fine-tuning steps, an output layer composed of output neurons was generated. In the output layer, a real sample was allocated to the most similar neuron, and samples with similar characteristics were arranged in adjacent neurons, which were placed in a two-dimensional grid. The number of output neurons was chosen according to the heuristic rule 5√n, where n is the number of training samples (Vesanto and Alhoniemi, 2000; Park et al., 2006). Subsequently, the entire procedure was performed several times to determine the final size of the SOM at the minimum levels of the quantization error and topographic error by running the entire procedure several times (Park et al., 2003). Here, 4 5 output neurons were used for clustering of physicochemical data in this study (7 variables, 33 samples from Gyeongpoho and 22 samples from 7 variables in Hyangho). After training the SOM, the cluster boundaries between different SOM units were determined using Ward’s linkage method with Euclidean distance measurements. The SOM training and clustering procedures were performed using version 4.0.2 of the R software (Licen et al., 2021).

Canonical correspondence analysis (CCA) using the CANOCO program was applied to outline the relationships between environmental factors (seven variables) and POM properties (six variables) at each study site (Ter Braak, 1986; Sundbäck and Snoeijs, 1991).




Results


Precipitation and physical factors

Variations in precipitation and air temperature in Gangneung City during the study period showed the characteristics of a typical monsoon climate (Figure 2). Precipitation increased rapidly from June 2019 with increasing temperature, peaked at 432 mm in October, and then decreased in winter. In both lagoons, temporal variations in water temperature in the study area represented also typical seasonality ranging from 3.6°C to 30.8°C (Figure 3).




Figure 2 | Monthly precipitation and average of atmospheric temperature variations from January 2019 to December 2020 in Gangneung city. Green box represents sampling period.






Figure 3 | Monthly variations in water temperature and salinity at study sites in Gyeongpoho (A) and Hyangho (B) during sampling period.



The monthly variations in salinity showed different patterns between the two lagoons. In Gyeongpoho, salinity remained low during the summer monsoon period (from July to October 2019) and increased with decreasing precipitation in the fall and winter. Spatial variation in salinity among sites in Gyeongpoho was different, ranging from 6.5−21.2 at St. Ga, 11.6−26.9 at St. Gb, and 14.8−35 at St. Gc (Figure 3A). On the contrary, spatial differences in salinity between St. Ha (ranging 1.1−8.8) and St. Hb (1.1−10.8) were not significant (Student t-test, p = 0.437). At the Hyangho sites, salinity increased in September, three months after the increase in precipitation.



Properties of chemical factors

Widespread spatiotemporal variations in nutrient concentrations were observed in the study regions (Figures 4A–E). The maximum concentrations of ammonium (78.1 µM at St. Hb in August), nitrate (39.2 µM at St. Gc in July), nitrate (3.4 µM St. Gc in July), phosphate (4.1 µM at St. Gc in August), and silicate (82.5 µM at St. Ha in October) were recorded during the summer monsoon period. Significant differences in the nutrient concentrations (Kruskal–Wallis test, p < 0.05) among the study sites were detected, except for silicate during the non-monsoon period. These differences were attributed to the relatively high nutrient concentrations at St. Gc.




Figure 4 | Box plots of data for summer monsoon and non-monsoon periods showing (A) ammonium, (B) nitrate, (C) phosphate, (D) nitrite, (E) silicate, (F) Chl-a, (G) POC, (H) PON, (I) C/N ratio, (J) PCHO, (K) PPr, and (L) PLip. The blue and yellow boxes represent the sites of Gyeongpoho, and Hyanho, respectively. The median and average values are displayed with the black and red horizontal bar inside the box.



Chl-a concentrations peaked in March at St. Ga (15.0 µg L−1), St. Ha (18.5 µg L−1), and St. Hb (17.9 µg L−1), showing no significant spatiotemporal variations (Kruskal–Wallis test, p > 0.05) among the study sites (Figure 4F). Although the temporal variations in Chl-a concentrations among the study sites were not consistent, the concentrations tended to increase in July and March, except for St. Gc.

POC and PON concentrations at the study sites peaked in March 2020, except for St. Gc. The highest POC and PON concentrations were observed in March at St. Ga (9.20 mg C L−1) and St. Gb (2.02 mg N L−1), respectively. Interestingly, there were no significant differences (Kruskal-Wallis test, p > 0.05) among the study sites in both POC and PON concentrations during the monsoon period, but significant differences (Kruskal-Wallis test, p < 0.05) were observed during the non-monsoon period (Figures 4G, H). The C/N ratios in both lagoons tended to be higher (Mann–Whitney U test, p = 0.01) in the summer monsoon period than in the non-monsoon period (Figure 4I). Spatial variations in the ratios at Gyeongpoho sites (6.7 ± 2.4) were lower (Mann–Whitney U test, p = 0.08) than those at Hyangho sites (9.7 ± 4.2).

PCHO, PPr, and PLip concentrations varied 6.3−96.9 µg L−1, 1.1−53.1 µg L−1, 2.9−6.2 µg L−1, respectively. Large variations in PCHO and PPr concentrations were observed at St. Ga and St. Gb during the non-monsoon period. However, there were no significant differences in these concentrations (Kruskal–Wallis test, p > 0.05) between the study sites during the monsoon period (Figures 4J–L).

The δ13C values for POM tended to decrease gradually during summer and increase in fall and winter in both lagoons (Figure 5). In contrast, δ15N values for POM showed opposite trends to temporal changes in δ13C values. The δ13C and δ15N values were higher (Mann–Whitney U test, p < 0.001) in Gyeongpoho sites (−24.2 ± 2.5‰ and 4.9 ± 1.0‰, respectively) than in Hyanho sites (−26.4 ± 0.6‰ and 3.8± 0.5‰, respectively).




Figure 5 | Monthly variations in δ13C and δ15N variations at study sites in Gyeongpoho (A) and Hyangho (B) during sampling period.





Self-organizing map and canonical correspondence analysis

SOM training results were condensed onto 4×5 rectangular grid maps based on 33 datasets (three stations over 11 months) and 22 datasets (two stations over 11 months) of seven physicochemical variables in Gyeongpoho and Hyangho, respectively (Figure 6). In both lagoons, the dendrograms of SOM results grouped major 2 cluster coinciding with monsoon and non-monsoon periods, reflecting temperature and salinity variations and minor 2 clusters with high nutrient concentrations.




Figure 6 | (A) Grouping of characteristics in study sites according to time and space on the Kohonen self-organizing map algorithm (SOM) trained with environmental factors. Gradient of unit box color (white-red) represents neighbor distance. Dendrogram of the trained SOM groups based on Ward’s linkage method and information table of individual samples (B).



Canonical correspondence analysis (CCA) was applied to investigate the relationships between environmental factors (water temperature, salinity, and nutrients) and biogeochemical properties (POC, PON, Chl-a, PCHO, PPr, and PLip) (Figure 7 and Table 1). The first two ordination axes of the CCA explained 96.5%, 87.5%, and 94.3% of the factors in biogeochemical properties at St. Ga and St. Gb, St. Gc, and St. Ha and St. Hb, respectively, with respect to environmental factors. Samples with each dataset, represented by colored circles, were dispersed on CCA diagrams according to the characteristics of environmental and biochemical factors. The samples were closely distributed and coincided with the clusters classified in SOM analysis. In St. Ga and St. Gb, Chl-a and PLip are located opposite other biogeochemical properties along axis 1 of the diagram reflecting negative correlation, and PPr is highly related to dissolved inorganic nitrogen. At St. Gc, salinity and PPr were negatively correlated with other environmental factors and biogeochemical properties, respectively. At St. Ha and Hb, PCHO was negatively correlated with other biogeochemical properties.




Figure 7 | Ordination diagram obtained from canonical correspondence analysis based on Chl-a, POC, PON, PCHO, PPr, and PLip located in St. Ga and Gb (A), St. Gc (B), and St. Ha and St. Hb (C) with respect to environmental factors.




Table 1 | Summary of the results from canonical correspondence analysis.






Discussion

The present study assessed both seasonal and spatial dynamics of the biochemical and isotopic characteristics of suspended POM in the coastal lagoons of Korea by comparing environmental conditions and biological variabilities between permanently and intermittently open lagoons. Our study showed that seasonal and spatial biogeochemical variations in POM are closely associated with changes in freshwater input after the monsoon period and hydrologic connectivity between lagoons and marine systems. The seasonal dynamics of environmental conditions resulting from a response to the variation in the hydrological balance between freshwater and seawater might affect the biogeochemical composition of POM, which is comprised of diverse organic matter sources. In addition, multivariate analysis allowed us to better understand the relationships between environmental factors and POM characteristics in the lagoons. The SOM results confirmed that the variations in environmental factors at the study sites were differentiated by the monsoon and non-monsoon periods. As results of CCA, POM characteristics in the lagoons varied according to the changes of environmental factors and there were no significant correlations between Chl-a and the other biogeochemical properties, reflecting high contribution of anthropogenic sources for POM (Pérez-Ruzafa et al., 2019). Overall, the seasonal difference in the degree of mixing of freshwater and seawater by geomorphological lagoon features may lead to spatial and temporal heterogeneity in POM composition with environmental conditions.


Spatial and temporal variability in the biogeochemical characteristics of POM

In general, the biogeochemical characteristics of POM in a variety of coastal areas show high spatial and temporal variability (Vizzini and Mazzola, 2003; Bănaru et al., 2007). Environmental factors and hydrodynamic regimes may lead to differences in the origin, distribution, and transfer of POM within coastal areas (Deegan and Garritt, 1997; Vizzini and Mazzola, 2006). POM in coastal lagoons is generally a heterogeneous pool consisting of a mixture of living phytoplankton and detrital material derived from terrestrial and/or marsh organic matter (Berto et al., 2013; Escalas et al., 2015; Garcia et al., 2017). Seasonal and spatial variations in the relative contribution of each organic matter source to POM pools may reflect their isotopic signatures (Fichez et al., 1993; Cresson et al., 2012).

The δ13C and δ15N ranges of POM as a tracer for the source identification have been reported for spatio-temporal variations in different lagoons under various environmental conditions (Table 2). In the present study, the δ13C values for POM during all sampling periods almost showed more positive at the Gyeongpoho sites (−24.2 ± 2.5‰) than at the Hyangho sites (−26.4 ± 0.6‰). These results may be explained by the difference in salinity distribution between the lagoons, showing that Hyangho had a much lower salinity than Gyeongpoho. The Hyangho sites were characterized by oligohaline conditions, whereas the Gyeongpoho sites exhibited a wide range of salinity from nearly freshwater to hypersaline seawater. At the Gyeongpoho sites, the POM composition may reflect the spatial variation in δ13C values with a diverse mixture of organic matter sources along the salinity gradient (Park et al., 2020). In contrast, the 13C-depletion of POM at the Hyangho sites may be explained by freshwater-dominated conditions resulting from the blocking of seawater intrusion by the presence of sand bars during most of the sampling periods. Such lower δ13C values suggested the prevalence of organic matter derived from terrestrial and marsh plants within the intermittently open lagoons. Several studies have reported that the connection or separation of the lagoon from the ocean by geomorphological characteristics can result in changes in the POM composition due to seasonal and spatial variations in the distribution and productivity of primary producers (Hoeinghaus et al., 2011; Escalas et al., 2015; Pelage et al., 2021). Thus, the isotopic difference in POM between the two lagoons is likely due to the differences in the mixing degree of seawater and freshwater by the geomorphology for physical connectivity with the adjacent coast.


Table 2 | Previous results of δ13C and δ15N values for particulate organic matter in other lagoon ecosystems.



C/N ratios between 6 and 10 have been usually are characteristic of the predominance of phytoplanktonic cells in POM (Cifuentes et al., 1988; Cresson et al., 2012; Berto et al., 2013; Remeikaitė-Nikienė et al., 2017). Relatively high C/N ratios of more than 30 have been found in marsh vascular plants and terrestrial organic matter (Wainright et al., 2000; Kang et al., 2003). The relatively high C/N values for POM throughout the sampling period at all sites in Hyangho suggested the dominance of non-living detrital materials. In contrast, Gyeongpoho displayed different patterns in C/N values for POM among the within-lagoon sites. Freshwater input with terrestrial organic matter at the upper site of Gyeongpoho (St. Ga) may be responsible for the increase in C/N values for POM, which are similar to those at the Hyangho sites during the monsoon period. The high contribution of phytoplankton to the POM pool at the lower site (St. Gc) suggested that the intrusion of seawater mainly consisted of phytoplanktonic material owing to the permanently open system.

The biochemical composition of POM may be significantly influenced by environmental conditions such as salinity, temperature, light conditions, terrestrial inputs, and species composition of phytoplankton, which can allow us to distinguish phytoplankton production from refractory organic matter (Danovaro et al., 2000; Cresson et al., 2012; Lee et al., 2017). In the present study, the POM biochemical compositions in both lagoons displayed relatively high concentrations of PCHO compared with those of PPr and PLip. The dominance of PCHO is likely due to a major contribution of terrestrial matter to the POM pool, as shown by the lower δ13C values at most sampling sites, which may be linked to freshwater inputs from upstream. As terrestrial and marsh plant-derived organic matter is known to have very low δ13C values, ranging between −23‰ and −30‰ (Fry and Sherr, 1984; Park et al., 2020), the high concentrations of PCHO support this explanation. In addition, the presence of POM in PPr and PLip has been reported to increase the number of phytoplanktonic cells along with phytoplankton blooms (Pusceddu et al., 1996). Similar to the C/N values for POM, however, there were different patterns in the concentrations of biochemical components between the two lagoons. In Gyeongpoho, under the influence of freshwater and seawater, significant δ13C differences for POM among sites were observed, and relatively high concentrations of PCHO and PPr at the upper and lower sites appeared to be driven by the proximity of upstream and marine zones out of the lagoon, respectively. A comparable pattern was observed in the two different lagoon systems, where the existence of consistent connectivity between the freshwater wetland and marine systems was demonstrated to be the major contributor to the spatial differences in the isotopic and biochemical characteristics of POM.



Factors controlling the biogeochemical characteristics of POM

In both lagoons, freshwater input following the monsoon period may have resulted in high nutrient concentrations. Despite the apparent evidence of rainfall effects (e.g., low salinity and high inorganic nutrients) on both lagoon systems, isotopic signatures and biochemical concentrations for POM showed seasonally different patterns between them. The enrichment in δ15N of POM during monsoon period are consistent with the general results for freshwater inputs influenced by anthropogenic nitrogen (McClelland et al., 1997), Seasonal pattern of the δ15N of POM in both systems may be explained by the differences in complex microbial processes by bacterial community and rapid interactions between nutrients and phytoplankton within each lagoon (Cifuentes et al., 1988). Our results suggested that seasonality in POM characteristics was clearer in Gyeongpoho than in Hyangho. At the Gyeongpoho site, the lowest δ13C values of POM were recorded immediately after the monsoon period, which may reflect the input of terrestrial organic matter by heavy rainfall (Riera and Richard, 1996; Berto et al., 2013). The input of terrestrial organic matter is known to increase the trophic contribution to consumer production at the upper site of Gyeongpoho, and macroalgal blooms caused by nutrient enrichment can also appear after the monsoon period (Park et al., 2020). For Gyeongpoho, the highly variable salinity was positively correlated with the δ13C values of POM. However, the lower site of Gyeongpoho is commonly characterized by organic matter transport from neighboring outer marine systems, as supported by the δ13C and C/N values of POM being close to those of typical marine phytoplankton, even during the monsoon period. In contrast, the isotopic variations for POM at the Hyangho sites showed little significance monthly, despite the occurrence of the heavy rainfall event. Although the POM composition may be linked with freshwater inputs during the monsoon period, this was mainly influenced by the presence of terrestrial and marsh plant-derived organic matter. In these environments, organic matter derived from primary producers such as seagrasses and terrestrial and marsh plants are generally known to mainly constitute high molecular weights of carbohydrates, which are difficult to use by consumer species, may be sustained throughout the seasons, and may reflect the isotopic and biochemical signatures of POM (Boudouresque et al., 2006; Cresson et al., 2012). These results can also be explained by the different systems open and semi-closed to the sea by distinguishing geomorphological features. Slightly more 13C-enriched POM values at the Hyangho sites following the monsoon period likely reflect the increased marine-derived organic matter transport via the intrusion of sea water when the lagoon inlet was opened due to a sustained flood pulse from heavy rainfall (Garcia et al., 2017; Park et al., 2020). Accordingly, the increase in terrestrial organic matter and the timing of inlet opening by heavy rainfall may be the main drivers of seasonal variation in POM characteristics in permanently and intermittently open systems, respectively.




Conclusions

This study provides a biogeochemical characterization of the seasonal and spatial dynamics of POM in permanently and intermittently open coastal lagoons of Korea using isotopic and biochemical tracers for the first time. The environmental conditions and POM compositions showed different seasonal and spatial patterns in the two lagoons during the sampling period. Our results estimated the seasonal and spatial differences in the POM composition influenced by the input of allochthonous materials (terrestrial and marine-derived organic matter) with respect to the geomorphological features of each lagoon. The degree of hydrological connectivity between freshwater and seawater may play an important role in determining the different POM pool compositions between permanently and intermittently open lagoon systems. The isotopic and biochemical signatures in the intermittently open lagoon suggested the prevalence of organic matter derived from terrestrial and marsh plants during most periods, while its temporary opening period (following the post-monsoon period) may provide organic matter transport from the sea. In the permanently open lagoon, these tracers provide evidence of the connectivity between lagoon systems and marine systems by the artificially constructed open inlet during most periods, and thereby, the highly transient pool of POM by the mixing degree of freshwater and seawater along the salinity gradient. Thus, these geomorphological characteristics may contribute to the contrasting biogeochemical responses of POM pools in the two lagoon systems to summer monsoon rainfall. Further studies are needed to assess the global climate effects due to the altered frequency and intensity of heavy rainfall events on the differential integration of POM pools within lagoon trophic networks, which may provide an integrated ecosystem-based management of temperate coastal lagoon systems.
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Coastal climate impact studies make increasing use of multi-source and multi-dimensional atmospheric and environmental datasets to investigate relationships between climate signals and the ecological response. The large quantity of numerically simulated data may, however, include redundancy, multi-colinearity and excess information not relevant to the studied processes. In such cases techniques for feature extraction and identification of latent processes prove useful. Using dimensionality reduction techniques this research provides a statistical underpinning of variable selection to study the impacts of atmospheric processes on coastal chlorophyll-a concentrations, taking the Dutch Wadden Sea as case study. Dimension reduction techniques are applied to environmental data simulated by the Delft3D coastal water quality model, the HIRLAM numerical weather prediction model and the Euro-CORDEX climate modelling experiment. The dimension reduction techniques were selected for their ability to incorporate (1) spatial correlation via multi-way methods (2), temporal correlation through Dynamic Factor Analysis, and (3) functional variability using Functional Data Analysis. The data reduction potential and explanatory value of these methods are showcased and important atmospheric variables affecting the chlorophyll-a concentration are identified. Our results indicate room for dimensionality reduction in the atmospheric variables (2 principle components can explain the majority of variance instead of 7 variables), in the chlorophyll-a time series at different locations (two characteristic patterns can describe the 10 locations), and in the climate projection scenarios of solar radiation and air temperature variables (a single principle component function explains 77% of the variation for solar radiation and 57% of the variation for air temperature). It was also found that solar radiation followed by air temperature are the most important atmospheric variables related to coastal chlorophyll-a concentration, noting that regional differences exist, for instance the importance of air temperature is greater in the Eastern Dutch Wadden Sea at Dantziggat than in the Western Dutch Wadden Sea at Marsdiep Noord. Common trends and different regional system characteristics have also been identified through dynamic factor analysis between the deeper channels and the shallower intertidal zones, where the onset of spring blooms occurs earlier. The functional analysis of climate data showed clusters of atmospheric variables with similar functional features. Moreover, functional components of Euro-CORDEX climate scenarios have been identified for radiation and temperature variables, which provide information on the dominant mode (pattern) of variation and its uncertainties. The findings suggest that radiation and temperature projections of different Euro-CORDEX scenarios share similar characteristics and mainly differ in their amplitudes and seasonal patterns, offering opportunities to construct statistical models that do not assume independence between climate scenarios but instead borrow information (“borrow strength”) from the larger pool of climate scenarios. The presented results were used in follow up studies to construct a Bayesian stochastic generator to complement existing Euro-CORDEX climate change scenarios and to quantify climate change induced trends and uncertainties in phytoplankton spring bloom dynamics in the Dutch Wadden Sea.
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1 Introduction



Motivation -
 The present study is part of an overarching research investigating possibilities for statistical quantification of climate change induced uncertainties in future coastal ecosystem state. The research builds on a multitude of data sources, prominently using numerical models. As the research focuses on statistical methods to quantify and propagate uncertainties, a proper understanding of the multivariate input data, its redundancy, and most importantly the identification of latent variables and extraction of features is a natural first step in the analysis. A host of methods for dealing with these issues is available in the literature but scattered over various disciplines, such as chemometrics, econometrics and mathematics. This paper investigates how these methods can be applied to achieve the higher level objectives: (1) providing statistical underpinning for atmospheric variables selection to study chlorophyll-a response, and (2) identifying important features of the climate projections for further statistical models, for instance the Bayesian stochastic generator implemented in (Mészáros et al., 2021). More specifically, in this paper a case study (Dutch Wadden Sea) is presented, first introduce the main idea of selected statistical methods, subsequently applying them to a particular dataset (consisting of coastal biogeochemical model, numerical weatherprediction model and climate model outputs) and interpret the results. While the applied statistical methods are separately well documented in the literature (in their own fields), structured and combined use of them for the multivariate analysis of air-sea interactions to informing ecological impact studies is a novelty to the marine scientific community.


Scientists aiming to study the air-sea interactions either in (operational) short term or (climate) long term scale often make use of numerical models, which produce approximate solutions to the underlying physical phenomena. The role of these physics-based models is even more prominent with the increasing (cloud) computing capabilities (Vance et al., 2019) that facilitate further refined spatial scales and improved process parametrizations. Using these models, gap-free (in space) and high frequency (in time) fields of atmospheric and environmental datasets can be produced. Such multi-dimensional numerical model simulated dataset often includes several variables at many locations (e.g. three dimensional spatial discretization) over long periods of time and covering different model scenarios (e.g. various model boundary conditions and model initializations). While the increasing volume of marine data contains abundant information and insights into the physical processes (also their interconnections and long term evolution), it must be noted that the processes underlying the variations in these simulated data are complex, the data might be noisy, and not all modelled variables are relevant to the studied processes. Consequently, latent variables can be useful for exploring and reducing the data. Traditionally, dimension reduction methods are used for such purposes.

Dimension reduction is an approach often used in multivariate data analysis and it is implemented for several reasons. Firstly, using dimension reduction techniques high-dimensional data can often be transformed to a lower dimensional space without significant loss of statistical information (preserving accuracy). Secondly, dimension reduction techniques help in the removal of multi-colinearity in the dataset. The multi-colinearity problem is present if two or more variables are highly correlated, and therefore one can be accurately linearly predicted from the others. This is an unwanted property as it increases the variance in estimates of regression parameters (Maitra and Yan, 2008) and makes interpretation difficult. A further advantage of dimension reduction is that it facilitates the interpretation and visualization of high dimensional data as it is reduced to lower dimensions. Additionally, transforming data into lower dimensions decreases the required processing time and storage, and therefore makes analysis algorithms more efficient.

Various dimension reduction methods exist, some use linear combinations of variables to reduce dimensions (linear methods), whereas others use non-linear functions of variables (non-linear methods). A collection of non-linear dimension reduction methods can be found in (Hastie et al., 2009). The most widely used linear dimension reduction techniques are the Principal Component Analysis (PCA), an unsupervised technique, and the Partial Least Squares (PLS) (Maitra and Yan, 2008), a supervised technique. These are useful dimension reduction methods in regression problems due to the following features. Firstly, applying the transformed principal components instead of the original predictive variables tackles the problem of multi-colinearity since the covariance of principal components is zero. Secondly, the principal components successively capture the maximum variance of the predictor matrix, and therefore it is natural to use the first few components as predictive variables for regression. In most cases the majority of the variance is captured by them.

While their concept offers clear advantages, a practical limitation of these standard dimension reduction methods is that they work with “2-way” matrices. The 2-way structure usually contains the observations as rows and the variables as columns. A third way of the matrix, that could be the temporal or spatial dimension for instance, cannot be explicitly included. Multi-way analysis can help to resolve this issue. Multi-way analysis techniques also project variables to low dimensional spaces, therefore they can be called dimension reduction methods, but they are also able to work with multi-way (N > 2) data structures. Similarly to the other dimension reduction techniques, multi-way analysis can create latent variables by transforming the original variables, it can reduce noise, and it can explain which original variables are most important to the latent variables (Smilde et al., 2004). Further purpose of applying multi-way methods is data exploration, which includes finding patterns and interrelations (e.g. temporal and spatial behaviour of the different variables), or summarizing the data through decomposition.

Another missing feature in standard dimension reduction techniques that is quite essential in atmospheric and environmental time series is temporal correlation. For this reason, temporal correlation is included in this research through Dynamic Factor Analysis (DFA). Moreover, in this study the discrete-time data are also investigated using Functional Data Analysis (FDA), after transforming them to functional data through a basis function expansion. This is also motivated by the fact that certain variables display ‘strong periodic behaviour’, such as the sinusoidal shape of air temperature or solar radiation. Similarly to the dimension reduction techniques on discrete-time data, Functional Data Analysis also aims to find common patterns and underlying functions that can describe the general shape of the curves and explain their variability.

In this paper the above described statistical models are applied to atmospheric and environmental datasets in the Dutch Wadden Sea to investigate the relationships between atmospheric signals and the ecological response. Due to the complex interactions of atmospheric forcing with biological processes, the phytoplankton response is not trivial to understand, especially in our case study area. Considering the system dynamics, the southern North Sea is a tidally mixed region (Longhurst, 2007) but in our study area other shallow water, coastal, and estuarine fronts are also prominent. This makes it possible that certain regions are seasonally stratified while others are permanently mixed (van Leeuwen et al., 2015). Consequently, in the offshore areas surface mixing and convective cooling have a greater impact on phytoplankton biomass (Blauw et al., 2018), while in the highly dynamic coastal systems tidal mixing is more dominant.

The relationship between physical factors (atmospheric and oceanic) and the selected ecological response variable (chlorophyll-a) is well documented in the literature, nevertheless, debates still exist between scientists. In general, chlorophyll-a concentration (a proxy for phytoplankton biomass) is coupled to thermal stratification, resource and energy dynamics, as well as predator-prey interactions (Behrenfeld and Boss, 2018). Based on a cross correlation analysis conducted by (Blauw et al., 2018) in the North Sea (at a site with dynamics similar to our study area), the highest correlations were found with solar radiation, air temperature, turbidity, and tidal mixing. This study considered a range of physical factors (tidal mixing, wind mixing, solar radiation, air temperature, SST, salinity, turbidity) and chlorophyll-a (McQuatters-Gollop and Vermaat, 2011). found that inter-annual variability in phytoplankton dynamics in North Atlantic coastal waters were related to solar radiation, sea surface temperature, as well as Si availability. On the other hand, in the offshore regions it was mainly regulated by temperature, Atlantic inflow, wind stress and North Atlantic Oscillation (NAO). Moreover, in his study describing interannual changes in phytoplankton seasonality due to climate forcing (González Taboada and Anadón, 2014), used the following variables: sea surface temperature that impacts the physiological and ecological processes and is a tracer of vertical mixing; solar radiation that limits phytoplankton growth rates or increases pigment cell levels; wind that is responsible for surface mixing and turbulence; and ocean current variability impacting stratification (Katara et al., 2008). also found that atmospheric variability are associated with chlorophyll-a concentration changes but the study considered large-scale modes of atmospheric variability. A shortcoming of our study is that it focuses on a small-scale coastal area, therefore large scale processes cannot be revealed.



2 Materials and methods

This research aims to support ecological impact studies in coastal ecosystems by providing a statistical framework for investigating latent processes and selecting important atmospheric variables. This statistical framework contains three types of dimension reduction techniques (
Figure 1
). Firstly, discrete-time data is considered and temporal correlation is neglected. Supervised and unsupervised techniques are compared and spatial correlation is included through multi-way methods. Secondly, temporal correlation is incorporated by applying dynamic factor models. Lastly, the discrete-time climate data is transformed into functional data representation, by smoothing them with basis function expansion (e.g. Fourier basis expansion), and subsequently study the functional variation with Functional PCA. While discrete-time data is a set of discretely measured values yi

1,…,y

in
 functional data is when these values are converted to a function xi
 with values xi
(t) computable for any desired time t(Ramsay and Silverman, 2005).




Figure 1 | 
Overview of the applied statistical techniques for discrete-time and functional data, including temporal and spatial correlation.





2.1 Dataset

Our study is based on data from various numerical models (see 
Figure 2
): a coastal water quality model, a numerical weather prediction model, and a climate model. The ecological indicator variable is chlorophyll-a concentration, a proxy for algal biomass, while the atmospheric variables are air temperature, solar radiation, eastern and northern wind components, air pressure, relative humidity, and total cloud cover. These are standard atmospheric variables simulated by most modelling systems for both operational purposes and climate experiments.




Figure 2 | 
Overview of the data used in the study (model type, source, temporal frequency and variables) for the marine water quality model (top), numerical weather prediction model (middle), and climate model (bottom).





2.1.1 Chlorophyll-a concentration data

The chlorophyll-a concentration data is obtained from the water quality sub-module of the Delft3D integrated modelling system, Delft3D-WAQ (https://www.deltares.nl/en/software/158delft3d-4-suite/) (Blauw et al., 2009). In this research an existing model setup is used, which has been previously calibrated and validated for the location of our study area (Los et al., 2008). The spatial domain of the physical model covers the Southern North Sea with coarser horizontal resolution offshore and finer resolution along the Dutch coast, as shown in 
Figure 3
. The model comprises of twelve vertical layers, making it a three dimensional physical model. The horizontal resolution of the water quality model in the Dutch Wadden Sea ranges from 1-by-2 km to 2.5-by-3 km on a curvilinear grid.




Figure 3 | 
Case study area: Dutch Wadden Sea. Delft3D-WAQ model domain in the Southern North Sea and along the Dutch coast (left panel, source: (Mészáros et al., 2021)). Location of the stations where time series data was extracted (right panel).




Delft3D-WAQ is a comprehensive hybrid ecological model including an array of modules reproducing water quality processes that are then combined with a transport module to calculate advection and dispersion. The model most importantly calculates primary production and chlorophyll-a concentration while integrating dynamic process modules for dissolved oxygen, nutrient availability and phytoplankton species. This Delft3D-WAQ setup includes the phytoplankton module (BLOOM) that simulates the growth, respiration and mortality of phytoplankton. Using this module the species competition and their adaptation to limiting nutrients or light are simulated (Los et al., 2008).



2.1.2 Atmospheric data

Two sources of atmospheric data are used in this study: (1) outputs of an operational numerical weather prediction model, and (2) results of a regional climate modelling experiment. First, the High Resolution Limited Area Model (HIRLAM) model (Meijgaard et al., 2008) output is used, which was applied as atmospheric forcing for the Delft3D-WAQ model setup to compute chlorophyll-a concentration. HIRLAM is a Numerical Weather Prediction (NWP) system developed by the international HIRLAM programme (http://hirlam.org/) (Undén et al., 2002). Since it is the Delft3D-WAQ input data that drives the processes, it allows the exploration of the correlations between atmospheric forcing and numerically computed ecological response. The data for this study are obtained from the 22 km grid resolution HIRLAM model and include near-surface air temperature, solar radiation, eastern and northern near-surface wind components, surface pressure, near-surface relative humidity, and total cloud cover. All HIRLAM model output variables were used in the Delft3D-WAQ model as temporally and spatially variable forcing fields except solar radiation, which is an area average, therefore the same for the entire domain.

Additionally, simulated values of climate variables are acquired from the high resolution 0.11 degree (∼12.5 km) EURO-CORDEX Coordinated Regional Downscaling Experiment (https://www.euro-cordex.net/) (Jacob et al., 2014), which uses the Swedish Meteorological and Hydrological Institute Rossby Centre regional atmospheric model (SMHI-RCA4) (Samuelsson et al., 2015). In order to produce various regionally downscaled scenarios, EURO-CORDEX applies a range of General Circulation Models (GCMs) to drive the above mentioned Regional Climate Model (RCM). The four driving GCMs in this study are the National Centre for Meteorological Research general circulation model (CNRM-CM5) (Voldoire et al., 2013), the global climate model system from the European EC-Earth consortium (EC-EARTH) (Hazeleger et al., 2012), the Institut Pierre Simon Laplace Climate Model at medium resolution (IPSL-CM5A-MR) (Dufresne et al., 2013), and the Max-Planck-Institute Earth System Model at base resolution (MPI-ESM-LR) (Giorgetta et al., 2013). In addition to the driving models, further scenarios are obtained by considering different socio-economic changes described in the Representative Concentration Pathways (RCPs). RCPs are labeled according to their specific radiative forcing pathway in 2100 relative to pre-industrial values. This study includes RCP8.5 (high), and RCP4.5 (medium-low) (van Vuuren et al., 2011) and four driving GCMs for the projection period between 2006-2100. Together the four different driving GCMs and two RCPs provide us with an ensemble of eight trajectories per climate variable. The climate variables included in the analysis are near-surface air temperature, surface downwelling shortwave radiation, eastern and northern near-surface wind components, surface pressure, near-surface relative humidity, and total cloud cover. For this dataset, near-surface means at a height between 1.5 to 10.0 m.



2.1.3 Data processing

The above introduced datasets are temporally varying multivariate fields covering large domains (see 
Figure 4
). For the purpose of this study, time series data were extracted at ten locations of Rijkswaterstaat monitoring stations in the Dutch Wadden Sea (see 
Figure 3
). Both the atmospheric variables and the chlorophyll-a concentration were provided as 6-hourly datasets. The longer and higher frequency data were sub-sampled to the period between 1st of March and 1st of November, daily at 12:00 (245 time steps). The model simulation year (2009) was chosen based on the fact that a detailed study was conducted (at Deltares) for that year with high resolution information on the suspended matter fields which are crucial for water quality computation in the shallow Wadden Sea. The reason for selecting a reduced time period (9 months) is to concentrate on the season of high phytoplankton productivity and to eliminate near zero chlorophyll-a values during winter. Moreover, the daily time step at 12:00 was selected to eliminate zero radiation values during the night. All variables were then centered to their mean and divided by their standard deviation to eliminate the problem of different measurement units. Finally, the right skewed chlorophyll-a concentration was log transformed to achieve a more symmetrical distribution that may improve the performance of statistical models used in the study. It is a standard practice to log transform chlorophyll-a as it is approximately lognormally distributed in marine waters (Campbell, 1995). The distribution of chlorophyll-a concentration (all locations and all time steps) before and after log transformation are shown in 
Figure S1 (Supplementary Material)
. The pair plot of all variables with kernel density estimation is displayed in 
Figure S2 (Supplementary Material)
.




Figure 4 | 
Illustration of the atmospheric and environmental variables used in the study.






Figure 5
 shows the Spearman’s rank correlation coefficient of all variables after scaling (data taken from all stations). The same plot using Pearson correlation coefficient can be found in 
Figure S3 (Supplementary Material)
. It can be observed that solar radiation and air temperature have the highest correlation with chlorophyll-a. Moreover, cross-correlation between the atmospheric data an also be identified, e.g. pressure and northern wind component or humidity and air temperature. It is important to note that while air temperature and solar radiation are positively correlated, they have different impact on chlorophyll-a concentration: air temperature has negative correlation, whereas solar radiation has positive correlation with chlorophyll-a. Since in the North Sea the correlation between solar radiation/air temperature and chlorophyll-a concentration highly depends on the region (offshore or coastal) and the temporal scales (short, seasonal, long) there could be various reasons. In our case, it might be attributed to the phenomena reported by Blauw et al. (2018), who found that the thermal mixing of phytoplankton cells (from the deep chlorophyll maximum) into the surface layer is the dominant process explaining the negative correlation between sea surface temperature and the chlorophyll concentration in the daily time series (in the Southern North Sea).




Figure 5 | 
Heatmap with Spearman’s rank correlation coefficient. Dark red indicates strong positive, while dark blue indicates strong negative correlations. Data from all time series. Abbreviations: solar radiation (rsds), air temperature (tas), eastern (uas) and northern (vas) wind components, cloud cover (clt), humidity (hurs), air pressure (ps), chlorophyll-a (chlfa).







2.2 Two-way and multi-way methods


2.2.1 From PCA to N-PLS

This section briefly introduces the steps to extend the two-way component methods to multi-way regression methods. For convenience, Principal Component Analysis (PCA), Principal Component Regression (PCR) and ordinary PLS regression are introduced briefly, because the N-PLS regression is based on these algorithms. Assuming that X∈ℝ

I×J
 and   are column centred and scaled matrices, the predictor matrix X and response   are decomposed as follows:





where T is a matrix of scores (T=XP); P
′ is a matrix of X loadings, q is a matrix of   loadings, whereas EX
 and ey
 are the residuals. PCA focuses only on the predictor matrix projecting each data point onto the principal components while preserving as much of the data’s variation as possible. PCA finds R components such that they maximize the variance of the projected data in X. The description below is written for R=1. To calculate the 1
st
 PCA component,   is approximated with t

i
 core and w

j
 loading:



where  , and ||w||=1. Then the score vector and loading vector can be obtained as follows:







Then the approximation of   can be rewritten as:



with   and  . Finally, the decomposition of X (for the 1
st
 PC situation) is obtained as:



The PCR algorithm is similar to the PCA algorithm except that it is extended with response y using Eq (2). In other words, PCR constructs R components the same way as PCA, but adds a regression step to it. Consequently, the regression coefficient   is obtained from regressing   on T




The PLS regression differs from PCR, due to its supervised nature, as it finds R omponents from both X and   such that covariance between the score vector t(w) and   is maximized:





Again, rewrite the approximation as Eq (7). with   and  . Then obtain the decomposition as in Eq (8). Subsequently from Eq (2). the regression coefficient   is obtained as in Eq (9). As a consequence, PLS finds loading w that leads to a least squares solution to Eq (3). Moreover, the PLS score vector has maximal covariance with  . In general, both PCA and PLS achieve dimension reduction by converting highly correlated variables to a set of uncorrelated variables through linear transformation. The difference is that PCA, as an unsupervised technique, captures maximum variance only in the predictor matrix without considering how each predictive variable may be related to the response variable. On the other hand, PLS combines information about the variances of both the predictors and the responses, while also considering the correlations among them (supervised dimension reduction). PLS is considered useful in particular if there are more independent (predictor) variables than dependent (response) variables, and if there is multi-colinearity in the predictors. Since in this study several correlated atmospheric variables are used to estimate one ecological response variable, the use of supervised dimension reduction techniques is preferable.

The N-PLS regression algorithm is an extension of the PLS regression algorithm to multi-way data, where essentially the bilinear model of X is replaced with a multilinear model of X. In case the data is three-way, as in this study, then an appropriate model of X is a trilinear decomposition, as depicted in Eq (16). The model of x

ij
 in ordinary PLS is shown in Eq (3), whereas in three-way PLS the approximation of x

ijk
 is given by the following equation:



where  . In this case the three-way decomposition is defined by:







where ||w

J
||=1 and ||w

K
||=1. The regression coefficient   s obtained by regressing   on T as in Eq (9), rewriting the approximation as above in Eq (7). with T=[t] and P=[w] subsequently obtaining the decomposition as in Eq (8). Similar to ordinary PLS the resulting score vector has maximal covariance with   and the loadings   and   lead to a least square solution. For R>1 further components can be obtained as follows. Rewrite Eq (7) with  ,  . Finally, decomposition of X is in Eq (8), and subsequently from Eq (2). the regression coefficient   is obtained as in Eq (9).

In summary, the N-PLS model first extracts the important features from the predictor dataset into the loading array P then estimates the regression coefficient vector   using least squares. For a more detailed description of the N-PLS algorithm the reader is referred to (de Jong, 1998; Bro, 1996; Smilde, 1997; Bro, 1998; Bro et al., 2001; Smilde et al., 2004).



2.2.2 Comparison of multi-way methods

Atmospheric datasets are often multi-dimensional due to the fact that they contain several variables, which are not only varying over time but also over space. Moreover, often additional dimensions are present such as different climate projection scenarios, or model ensembles, which simulate the same information but use different assumptions or initial conditions. Three-way data that contain information on different variables, over time and space can be organized in a three-way array  . In our case the first dimension (mode 1 or index i of the three-way array   corresponds to time, the second dimension (mode 2 or index j corresponds to different atmospheric variables, and the third dimension (mode 3 or index k corresponds to location. Consequently, each frontal slice X

k
 represents a location with variables j sampled over time i.

The distinction between component and regression models should also be noted. The typical purpose of component models on one block of data is exploring the patterns and interrelations using latent variables (principal components), while regression models are aimed at predicting a block of data (response) using another block of data (predictors) through a prediction model. Consequently, component models require one block data, while regression models need multi block data. The above mentioned dimension reduction methods (PCA and PLS) are two-way component and regression models that cannot be directly applied to multi-way data. The traditional approach to deal with multi-way data is to use unfold methods (sliced analysis) such as the one introduced by Wold et al. (1987). Unfold methods first unfold the multi-way array to a two-way matrix and then perform ordinary PCA and PLS analysis. However, as Bro (1996) has pointed out, the unfolding methods are not favourable since they do not make use of the multi-way structure in the data, they are often complex (using many parameters) and more difficult to interpret compared to the multi-way methods that do not use unfolding.

More appropriate models have been developed for handling multi-way data, which are the so-called multi-way component and regression models, schematized in 
Figure 6
. Multi-way component models are basically generalizations of the two-way solutions to higher order arrays. One generalization of PCA to higher orders is Parallel factor analysis (PARAFAC), also known as trilinear decomposition, with general equation given by:






Figure 6 | 
Schematization of multi-way models. The cubes (cuboids) represent three dimensional arrays (X denoting the data array, G the core-array for the Tucker model and Ex the residual array for all models), the three arrows represent orthogonal vectors (trilinear factors a1, b1, c1, and loading vectors wk, wj with score vector t), while the lines represent vectors (response vector y, score vector u, and residual vector ey), and the rectangles represent loading matrices for the Tucker model (A, B, C). Adopted from (Fujiwara and Mohr, 2009).




where R is the number of components used to fit the model; a

ir
,b

jr
,c

kr
 are ‘triads’ (trilinear factors) and e

ijk
 is the residual (see 
Figure 6
). Note that here R>1 s explicitly possible, compare PCA and PLS descriptions above. Another generalization is the Tucker decomposition, also called N-mode Principal Component Analysis (Bro, 1997). For the three-way case, Smilde et al. (2004) describe the Tucker3 model with the following equation:



where a

ip
,b

jq
,c

kr
 are elements of the loading matrices A, B, C, g

pqr
 is an element of the core-array G nd e

ijk
 is the residual element in E as depicted in 
Figure 6
.

Similarly, the two-way partial least squares regression was also extended to multi-way data as described in Section 3.2.1. The N-way Partial Least Squares (N-PLS) method was developed by (Bro, 1996) and further elaborated by (de Jong, 1998; Smilde, 1997; Bro, 1998; Bro et al., 2001). A pictorial representation of N-PLS model is shown in 
Figure 6
. Due to its desirable properties, as compared to the unfolding methods, the N-PLS method has been applied in a range of areas such as chemometrics, neuroscience and environmental analysis (Bro, 2006), food industry (Favilla et al., 2013), organic pollutants in the environment (Mas et al., 2010) or most recently in agriculture (Lopez-Fornieles et al., 2022).

Moreover, recently another generalized multilinear regression method, the Higher Order Partial Least Squares (HOPLS), was introduced by (Zhao et al., 2013). HOPLS differs substantially from N-PLS in that it uses the Tucker tensor decomposition (see Eq. (17)) instead of the trilinear decomposition (see Eq. (16)), hence, it benefits from the advantages of Tucker over PARAFAC. Zhao et al. (2013) found that HOPLS could outperform N-PLS and PLS in case of small sample sizes and higher order N>3 response data  . While HOPLS appears to be a promising method in those cases, it should be noted that in this study sufficient number of samples is available and the response   dataset is not high dimensional N≤3 The substantial differences between the above mentioned multi-way methods can be seen from their schematic representation (
Figure 6
). A comprehensive review of other dimension reduction methods for multidimensional data via Multilinear Subspace Learning (MSL) can be found in (Lu et al., 2013). In this study the PCA, PLS, PARAFAC and Tucker algorithms were implemented using open source Python packages such as scikit-learn and TensoLy, whereas for the N-PLS algorithm the N-way Toolbox (Andersson et al., 2000) was used in Matlab.

In order to showcase the differences between the various two-way (PCA, PLS) and multi-way (PARAFAC, TUCKER, N-PLS) dimension reduction methods, they were applied on the atmospheric and environmental data (from Section 2.1) for prediction. Their prediction errors were analysed from 10-fold cross-validation. K-fold cross-validation, briefly described in (Hastie et al., 2009), uses a subset of the available data as a training set to fit the model and a different subset as a test set, where the full dataset is split into K qual-sized parts, in this case K=10. For the prediction of every k−th subset the model is fitted to the remaining K−1 subsets of the data and the prediction error of the fitted model is calculated. This process is repeated for k=1,2,…,K and the K estimates of prediction error are averaged. First the Mean Squared Error (MSE) with only the intercept (no principal components in regression) was calculated, and later on the MSE is computed using 10-fold cross-validation for the principal components, adding one component at the time in increasing order. The error measures of the unsupervised methods were obtained by extracting their computed model factors (with different number of components) which were then used to fit linear regression. The results of estimated mean squared errors of predicting y from 10-fold cross-validation are shown in 
Figure 7
.




Figure 7 | 
Comparison of two-way (point markers) and multi-way (triangle markers), unsupervised (PCA, PARAFAC, TUCKER) and supervised (PLS, N-PLS) dimension reduction models. Prediction errors (MSE) from 10-fold cross-validation with increasing number of components. Prediction is done at Marsdiep Noord station.




Apart from the prediction accuracy, it is also investigated how strongly each component (latent variable) in the two component N-PLS model (the best performing multi-way model) depends on the original variables (see 
Figure 8
).




Figure 8 | 
Importance of predictor variables in the N-PLS model. Loadings of atmospheric variables in the 1st and 2nd N-PLS components for locations Mardiep Noord (left) and Dantziggat (right). Eastern and northern wind components are denoted by u-wind and v-wind, respectively.







2.3 Dynamic factor analysis

The previously presented dimension reduction techniques are able to identify unobserved factors that influence a substantial portion of the variation in a larger number of observed variables, and able to summarize the dataset through decomposition. None of these techniques, however, is designed for time series analysis as temporal correlation is neglected. Dynamic Factor Analysis (DFA) is a factor model that explicitly models the transition dynamics of the unobserved factors; hence, it is a dimension reduction technique that is designed for time series data. In fact, DFA is a multivariate time-series analysis technique that estimates underlying common trends in multivariate time series (Harvey, 1990; Mike West, 1997; Lütkepohl, 2005). The time series are modelled using a linear combination of common trends, explanatory variables, and a noise component (Zuur et al., 2003a).

Given N ime series, these could be analysed by univariate models by treating them as N separate univariate time series. However, this would result in N estimated trends without considering the interactions between them. DFA aims to overcome this disadvantage by reducing the N univariate trends to M common trends, where 1≤M<N. The main objectives of DFA on environmental time series are therefore identifying underlying common trends (unobserved factors) in the input time series, identifying interactions between the time series, and analysing the effects of explanatory variables.

The basic concept of DFA is to decompose the multivariate data into trends, explanatory variables and noise. Supposing that y

t
 is a univariate response variable measured in time t where t=1,…,T one of the simplest univariate time series models is given as follows:





where α

t
 represents the factor (unknown trend) at time t while ∈

t
 and η

t
 are error components (noise). This model is called the random walk trend plus noise model. A formulation for the DFA with N time series (N rows) and M common trends (M columns) can be written as:





or in generic form:





where Γ is a factor loading matrix with dimension N×M and contains the unknown factor loadings, which are multiplication factors that determine the linear combination of the original variables; and α

t
 is a vector of the M common trends at time t with dimension M×1. It is generally assumed that the error terms are independent, normally distributed with mean 0 and an unknown diagonal or symmetric/non-diagonal covariance matrix: ∈

t
∼N(0,H) η∼N(0,Q) and α
0∼N(α
0,V
0) where H,Q,V
0 are covariance matrices (Zuur et al., 2003b). Based on these parameters the covariance matrix of y

t
 can be written as:



In order to include K explanatory variables in the DFA, equations (22)– (23) can be extended to the following model:





where D is an N×K matrix containing the partial (standardized) regression coefficients, and x

t
 is a K×1 vector containing the values of the K explanatory variables at time t. The effects of explanatory variables are modelled as in linear regression, and therefore it depends on the same underlying assumptions, such as normality, independence, and homogeneity of residuals (Zuur et al., 2003a).

Equations (25)- (26) can be cast into state space form, and the unknown trends can be estimated via the Kalman filter. The likelihood is then evaluated based on the filtering recursions, and maximum likelihood estimation is used to estimate the parameters. The Kalman Filter and smoother algorithm for the model in equations (25)- (26) can be found in (Zuur et al., 2003b).

The dynamic factor model was applied to the ten chlorophyll-a time series. The main objective was to identify underlying common trends and further analyse the effects of atmospheric variables on chlorophyll-a concentrations, this time considering temporal correlation. Since standard dynamic factor models are not designed for multi-way data, such as N-PLS, the atmospheric data is averaged over the locations. In order to verify that the underlying assumptions of the dynamic factor model are not violated, several tests were conducted. These tests include plotting the standardized residuals over time, checking the normality of the residuals and plotting the correlogram (see 
Figure S4
 in the 
Supplementary Material
). It was verified that residuals are uncorrelated (since the autocorrelations are near zero of all time-lag separations), and normally distributed with mean zero. Thus, underlying assumptions are valid.



2.4 Functional PCA

So far the paper has investigated the features and relationships between short term (1 year long) meteorological data and environmental response. These datasets offered us the opportunity to apply supervised techniques since the environmental response was computed with the meteorological data as input. Moreover, we could consider temporal dependence and compute unobserved factors in the time series due to the reasonable number of time steps that allow us to apply computationally intensive state space models. However, apart from the analysis on short term data, we are also interested in investigating the features of the long term (climate scale) atmospheric projections and potential for data reduction. In order to achieve this, firstly we use Euro-CORDEX climate projections (covering the entire 21st century) instead of numerical weather prediction model outputs. Secondly, we analyse the discretely computed (in time) atmospheric data in the functional data space. This allows us to apply functional data analysis and study functional variation, which is more logical for climate projections that are long time series of modelled variables and are not meant to study short term changes and daily variability. Naturally, an interesting feature of the climate projections is their long term trends. Conclusions on their seasonal variability and the similarities between climate scenarios are less often drawn, however. We aim to reach such conclusions through Functional Data Analysis. By treating these long term climate projections as functional data our objective is to find an underlying function that can characterize the general shape of the time series, explain their variability (functional variation), reduce data complexity, and to aid the interpretation of the underlying variability sources (Ramsay and Silverman, 2005). The findings of the previous analyses and the Functional Data Analysis can be jointly used for climate impact assessment by aiding the atmospheric variables selection for studying chlorophyll-a climate response, as well as the identification of important features of the climate projections for further statistical models.

Functional data representation is commonly done by smoothing the discrete-time data with basis expansion (e.g. constant, polynomial, polygonal, B-splines, power, exponential, Fourier) as a pre-processing step. In our study, a Fourier basis expansion is applied, which has good computational properties especially when the data points are equally spaced. Moreover, Fourier bases are natural for describing periodic data, such as atmospheric variables, and therefore it is commonly used in this domain. The functional basis components can be then estimated through Functional Principal Component Analysis (FPCA).

The underlying idea is that a function x

i
(t) can be expressed as a basis expansion:



And



where  (t) is the functional mean (zero if the data is mean centered), φ

j
(t) are the orthonormal eigenfunctions and f

ij
 are the Functional Principal Component Scores. The first few eigenfunctions and eigenvalues can be used for data reduction and feature extraction, while the Functional Principal Component Scores can be used to describe, cluster and classify the curves (Segovia-Gonzalez et al., 2009). The Functional Principal component analysis in this research uses an open source Matlab toolbox (Ramsay et al., 2009).

While the other above mentioned methods (multi-way methods and dynamic factor model) are used for identifying the most important atmospheric variables affecting chlorophyll-a concentrations in a shorter time interval, in this research Functional Principal Component Analysis is used to investigate different features of the long term climate projections spanning the 21
st
 entury (from 2006 to 2100). Functional Principal Component Analysis was therefore applied to the Euro-CORDEX climate projections to compare the functional variation of climate variables, and to describe, cluster and classify the climate scenarios for the two most important variables (radiation and temperature).

The discrete-time data points are first transformed to functional data using a Fourier basis expansion. The left panel of 
Figure 9
 shows the atmospheric variables as functional data for an arbitrarily selected year within the 95 year interval. The well distinguishable sinusoidal shapes of solar radiation and temperature can be seen in the figure. Functional Principal Component Analysis with two principal components is then performed on the functional data and the scores of the first two components are plotted to analyse similarities between the variables (right panel of 
Figure 9
). Moreover, as a second experiment, using Functional Principal Component Analysis the aim is to classify and cluster the climate scenarios (Representative Concentration Pathways and driving General Circulation Models) for the two important climate variables (radiation and temperature), see 
Figures 10
, 
11
.




Figure 9 | 
Functional Principal Component scores for the Euro-CORDEX climate variables. Atmospheric variables transformed to functional data (for an arbitrarily selected year) on the left panel, and clustering of variables based on the FPCA function scores on the right panel.







Figure 10 | 
Functional Principal Component Analysis for the Euro-CORDEX solar radiation scenarios. Eight solar radiation scenarios transformed to functional data on the upper left panel, the first PCA component with ± two standard deviations on the bottom left panel, and clustering of scenarios based on the PCA function scores on the right panel.







Figure 11 | 
Functional Principal Component Analysis for Euro-CORDEX air temperature scenarios. Eight air temperature scenarios transformed to functional data on the upper left panel, the first PCA component with ± two standard deviations on the bottom left panel, and clustering of scenarios based on the PCA function scores on the right panel.







3 Results


3.1 Comparing two-way and multi-way methods

Another observation is the performance difference between PCA, PARAFAC and Tucker models. Both PARAFAC and TUCKER are generalizations of PCA to a higher order, with the important difference that the PARAFAC model has the attractive feature of providing unique solutions (there is no problem with rotational freedom). If the data are approximately trilinear, the true underlying phenomena can be found if the right number of components is used and the signal-to-noise ratio is appropriate (Bro, 1998). The Tucker model is, however, more flexible and has rotational freedom. It is not structurally unique as PARAFAC. This makes the Tucker model complex and might explain why it has lower performance for this specific example. A restricted Tucker model version exists where domain knowledge is used to restrict the core elements, forcing individual elements to take specific values. This way it is possible to define models that uniquely estimate certain properties. This could be seen as a structural model tailored to a specific problem. In this paper restricted Tucker models were not used.

In 
Figure 8
 the loadings of the first two components of the N-PLS model (the best performing multi-way model) are given for two different locations. By identifying the original predictor variables that weight most heavily one can draw conclusions on the underlying physical processes. Moreover, less important predictors could be excluded from the dataset in order to reduce the number of variables. In 
Figure 8
 it can be observed that at Marsdiep Noord, a location of a deeper tidal inlet, the highest loadings are given to radiation in the first component and to temperature in the second component. On the other hand, at Dantziggat, located in the shallow inter-tidal area, the opposite can be observed: the highest loadings are given to temperature in the first component and to radiation in the second component. Moreover, apart from temperature and radiation which have the highest loadings, northward-wind also has high loading in the second component at Datziggat. The factor loadings indicate the differences in the physical systems between the two locations. In deeper areas (Marsdiep Noord) solar radiation is the primary driver of the onset of phytoplankton blooms, while in shallower areas (Dantzigat) radiation intensity is slightly less limiting and light availability in the water column heavily depend on wind, which influences turbidity due to the mixing of layers and suspension. This could explain the greater importance of wind speed at Dantziggat, especially that northerly winds cause the highest surges of sea water along the Dutch coast (Klein Tank and Lenderink, 2009) that leads to enhanced mixing. In addition, thermal stratification and vertical mixing conditions are different at the two locations, Marsdiep Noord being intermittently stratified and Dantziggat being permanently mixed (van Leeuwen et al., 2015). This influences nutrient availability in the mixed layer depth as well as phytoplankton composition and therefore could be responsible for the greater importance of air temperature at Dantziggat. Moreover, top-down phytoplankton governing factors (e.g. grazing, filter-feeding) are also different at the two locations. For instance the density of filter-feeders is much higher near Dantziggat (Folmer et al., 2014).



3.2 Dynamic factors

Choosing the optimal number of unobserved factors is crucial to find a model that identifies common trends in the dataset without significant loss of statistical information. In order to find the optimal number of factors, the Akaike’s Information Criterion (AIC) for each model setup (different number of factors, error covariance matrix diagonal or unstructured) was calculated and the model containing the lowest AIC value was selected as optimal. The selected model contains two factors if the error covariance matrix is set to diagonal. The identified two unobserved factors can be seen in the middle panel of 
Figure 12
. It should be noted that the second factor has negative factor loadings, and for demonstration purposes, it was plotted with negative sign. The results indicate two well distinguished trends. The first factor represents the trends of those locations where the chlorophyll-a concentration peak (spring bloom) occurs earlier, such as Dantziggat. This is confirmed by the factor loadings Γ. On the other hand, the second factor shows the pattern of the locations where the occurrence of the peak is delayed. The identified temporal shift between locations in the onset of the spring bloom can be explained by the different system dynamics of the areas, for instance shallower intertidal zones and the proximity from river or tidal inlets.




Figure 12 | 
Underlying trends in chlorophyll-a time series. First and second factors of the Dynamic Factor model simulating chlorophyll-a trends with atmospheric variables as exogenous variables (middle). Log chlorophyll-a time series at representative stations (bottom). Bathymetry map showing the location of the representative stations (top). Map source is https://portal.emodnet-bathymetry.eu/.




The partial standardized regression coefficients of the dynamic factor model for the two representative stations Marsdiep Noord and Dantziggat (see 
Figure 13
) are in agreement with the findings of N-PLS loadings and confirm that radiation and temperature are the most important atmospheric variables. It is also confirmed that at Dantziggat air temperature has significantly larger impact than at Marsdiep Noord. As mentioned above, this might be related to the differences in thermal stratification, mixing conditions and trophic interactions between the two locations. Nevertheless, considering temporal correlation the relative impact of solar radiation (compared to the other variables) seems to be even more important, especially at station Marsdiep Noord. This finding could be explained by the fact that phytoplankton biomass onset in this coastal ecosystem highly depends on the timing of increased energy from solar radiation during spring (Sommer and Lengfellner, 2008). In fact, it was reported by (Sommer and Lengfellner, 2008) that the (external) light regime appears to play a more important role in the initiation of spring blooms than temperature.




Figure 13 | 
Dynamic Factor model partial standardized regression coefficients for Marsdiep Noord and Dantziggat stations demonstrating the effects of atmospheric variables as exogenous variables to model chlorophyll-a trends.






3.3 Functional principal components

An important aspect of FPCA is the examination of the scores of each curve (variable) on each component (here we display the first two). 
Figure 9
 (right panel) shows the scores of the first two components of the Functional Principal Component Analysis applied to Euro-CORDEX climate variables. In order to draw conclusions from this figure, one must take into consideration the inverse correlation between two group of variables: cloud cover and northerly wind on one hand and radiation, temperature, and pressure on the other hand. These variables have relatively similar FPCA function scores but the scores of second group have negative signs (expressing the inverse correlation). Known examples are the anticorrelation of atmospheric pressure and cloud cover (high pressure meaning lower cloudiness), or cloud cover and solar radiation (high cloudiness meaning lower surface downward solar radiation).

After accounting for the sign of the FPCA scores, a single main cluster can be distinguished that group variables (their functional representations) with similar characteristics and two variables, eastern wind and humidity, that are relatively separated. In general the correlation between cloud cover and wind speed is documented (Essenwanger, 1962) but the reason for eastern wind to be separated could be explained by the fact that at this specific location the maritime air mass is mainly brought by the northerly wind from the North Sea to replace the dry continental air mass (Klein Tank and Lenderink, 2009) causing cloud formation. The fact that radiation and temperature are positively correlated and lie near each other is expected, due to their similar sinusoidal functional shapes. The relationship of variations in air temperature to changes in air pressure was also reported in literature (Aguilar and Brunet, 2001) based on the analysis of long historical records. They concluded that changes in atmospheric circulation (influenced by air pressure) has a key role in air temperature variation, acknowledging that the relationship is seasonally dependent and impacted by the regional topography. Indirect links between air pressure and solar radiation were also discovered by (Klein Tank and Lenderink, 2009). They argue that high pressure systems impact air quality, which in turn affects solar irradiance (Zhang et al., 2022; Yang et al., 2022; Gómez et al., 2023). However, as the considered data are outputs of a climate model, which does not include air quality processes, this could not have been captured in our dataset.

Considering the Functional Principal Component Analysis results for the removal of multi-collinearity, one could expect that using only radiation or temperature might be sufficient without significant loss of statistical information. For climate impact studies at this location it should be considered, however, that solar radiation and temperature display different long term trends in this region and influence the phytoplankton dynamics differently. Based on the Euro-CORDEX projections, long term trends of radiation is constant or slightly decreasing, whereas air temperature trends are increasing.



Figure 10
 depicts the functional representation of the eight climate scenarios for solar radiation and the first FPCA function with ± two standard deviations. Most of the variability 77% can be explained by the first FPCA function, which suggest that the scenarios are largely similar. Nevertheless, varying amplitudes and time shifts are observed between scenarios. These deviations from the mean function are depicted in the lower left panel of 
Figure 10
. Furthermore, when comparing the component scores it can be clearly identified that the climate scenarios are clustered based on the driving GCMs, and the two RCP scenarios (RCP4.5 and RCP 8.5) per driving GCM have similar characteristics. This is in line with previous finding that uncertainty in Regional Climate Model projections are primarily influenced by the driving GCMs while the impact of RCPs is less dominant (Morim et al., 2019). The results also suggest that the CNRM and ICHEC driving GCMs are very similar to each other, whereas the IPSL driving GCM is divergent from the other driving GCMs. This was also reported by (Mészáros et al., 2021) based on an in-depth analysis of the characteristics of Euro-CORDEX climate projections.

The same exercise was performed for air temperature and the results are shown in 
Figure 11
. Similarly to the radiation scenarios, the air temperature scenarios also differ in their amplitudes and seasonality (temporal shift). The uncertainty around the mean function (first FPCA component) clearly illustrates this phenomenon. In this case, the variability explained by the first FPCA function is smaller 57% indicating that temperature scenarios are less similar, perhaps due to the long term trends (moderately increasing for RCP4.5 but more sharply increasing for RCP8.5). Surprisingly, the FPCA component scores show a different picture from the results of the radiation variable. While the IPSL driving GCM is still farthest from the others and ICHEC RCP4.5 and CNRM RCP8.5 remain similar, the other scenarios are not clustered by driving GCMs anymore.

These findings indicate that the time series of Euro-CORDEX climate scenarios (for both solar radiation and air temperature) show structural differences across driving GCMs but full independence between the scenarios cannot be assumed as their functional features are similar. In fact, they can be described with a mean function and varying amplitude plus phase shift. This feature should be incorporated in any statistical model that is aimed at generating new representative climate scenarios similar to the existing Euro-CORDEX projection scenarios. While the results of the Functional Principle Component Analysis do not allow us to draw conclusions about shifting seasonality of radiation scenarios on the long-term, but it does express the strength of the mean signal (77% and 57% variance explained by the first FPCA for radiation and temperature respectively) and highlights the source of the variability around the mean signal.

In a related study (Mészáros et al., 2021) a deeper analysis of the same Euro-CORDEX climate dataset has been performed that reached conclusions on the long term characteristics. In this analysis the radiation projections have been modelled by a structural time series model that has various components accounting for long term trend, seasonal shape with varying amplitude and time shift, and an additive residual term. The parameters of these time series model components have been estimated through Bayesian parameter inference based on the eight Euro-CORDEX climate projection scenarios over the 21
st
 entury. The seasonal shift was represented by the deviations in the (yearly) seasonal cycle lengths. It was observed that the deviations are centered around zero (deviations were maximum around 14 days) and have a negative lag 1 autocorrelation meaning that most positive deviations tend to be followed by negative deviations and vice versa. In this way the yearly cycle lengths remain close to the ideal cycle length (one calendar year) throughout the entire time series. Therefore, no consistent shift in seasonality was identified. Regarding the trend slope, the general expectation that RCP8.5 has steeper slope than RCP4.5 was confirmed for the temperature variable and also for solar radiation but much less pronounced. Finally, regarding the amplitude of the seasonal shape, deviations of up to around 20% were observed but without consistent trend.




4 Discussion

It must be emphasized once again that all statistical techniques applied in this study are well documented in the literature. Consequently, the added value of our research to the marine scientific community is not the development of novel techniques but the application of carefully selected dimension reduction techniques (originating from various domains) to marine and climate big data, in order to provide statistical underpinning for climate variable selection and data reduction to support subsequent ecological impact studies. In addition, our study also offers a framework for the structured application of these dimension reduction techniques to specifically cover three features in marine and climate datasets: (1) spatial correlation, (2) temporal correlation, and (3) functional variability. The paper therefore offers a “dimension reduction tool kit” that goes beyond the standard practice and is suitable to jointly study marine and climate datasets.

For instance, N-PLS was developed in the domain of chemometrics, and while several applications in other domains were reported (Bergant and Kajfež-Bogataj, 2005; Bro, 2006; Mas et al., 2010; Favilla et al., 2013; Lopez-Fornieles et al., 2022), it has not been applied in coastal ecological impact studies, to the best of the author’s knowledge. An N-PLS application particularly relevant to our research is the study of Bergant and Kajfež-Bogataj (2005) in the field of applied climatology that used N-PLS as an empirical downscaling tool for predicting climate variables. That study employed N-PLS regression using average monthly near-ground air temperature, specific humidity and sea-level pressures from Global Climate Models as predictors for downscaled average monthly air temperature, dew temperature, and precipitation. The results of the N-PLS regression were then compared to the ones form Principal Component Regression (PCR). It was concluded that in general N-PLS regression outperforms the commonly used PCR, and therefore presents a promising alternative. While that study presented comparison to PCR, our study extends the comparison of the N-PLS results to a range two-way and multi-way methods. Moreover, the application of N-PLS is also extended by including ecological response apart from the climate data. This provides further evidence on the benefits of N-PLS in the fields of marine and climate sciences.

As opposed to N-PLS, Dynamic Factor Analysis has been more widely used in environmental studies (Fujiwara and Mohr, 2009; Chow et al., 2011; Kuo et al., 2014), including marine ecosystem studies (Zuur et al., 2003b; Zuur et al., 2003a; Ruff et al., 2017), also considering the impact of climate change (Kröncke et al., 2019) to identify general patterns in multivariate time series, interactions between the time series, and the correlation between the time series and explanatory variables. Nevertheless, our application can complement the studies of (Zuur et al., 2003b; Zuur et al., 2003a) that focused on macro zoobenthos and fisheries, as our study describes phytoplankton biomass (via chlorophyll-a as proxy), which has different role in the marine food web.

Our study also advances scientific knowledge related to the analysis (and data reduction) of climate scenarios. In the past, PCA has been applied to various climate multi-model ensembles to reduce the larger ensemble sizes into smaller subsets (Sanderson et al., 2015). applied PCA to define a measure of similarity between models in the Coupled Model Intercomparison Project (CMIP5) (Taylor et al., 2012) (Mendlik and Gobiet, 2016). also used PCA to find common climate change patterns within a multi-model ensemble (ENSEMBLES regional multi-model ensemble), combined with cluster analysis detecting model similarities. Furthermore (Dalelane et al., 2018), presented a methodology using PCA for reducing the climate projection ensemble size of EURO-CORDEX for subsequent impact studies. There are important differences between our research and these existing studies, however. Firstly, the motivation for those studies to use PCA was to select a subset of scenarios from a larger ensemble while keeping the characteristics representative, whereas our goal is more than just the clustering of climate scenarios. Our study identified features of the radiation and temperature functions such as the sources of variability (e.g. time lag and amplitude shift). These identified properties allow us to construct synthetic realizations of the climate projection scenarios in subsequent studies (using climate generators). Thus, the objectives are in sharp contrast, the former aiming to support scenario studies (based on a reduced number of representative ensemble members) and the latter supporting probabilistic studies (based on numerous synthetic realizations). Secondly, all of these studies used ordinary PCA, not Functional Principal Component analysis. By considering climate data to be functional data, although computed at discrete time intervals, Functional Data Analysis allowed us to represent the entire measured function on a continuum interval. This paradigm shift from discrete-time to functional data presents an alternative approach to the conventional statistical methods, since it provides additional information on the underlying functions. Of course, Functional Data Analysis itself is also not new and has been previously applied in various fields, such as hydrology (Suhaila et al., 2011; Chebana et al., 2012; Suhaila and Yusop, 2017; Alaya et al., 2020; Hael, 2021), climatology (Bonner et al., 2014; Suhaila, 2021), water quality (Henderson, 2006; Gong et al., 2021), and others (Ullah and Finch, 2013) (Suhaila, 2021). already documented the benefits of using Functional Data Analysis to study temporal features of climate data, although in that study Functional PCA was applied to historical data, namely the El Niño Southern Oscillation. In our research Functional PCA is applied to an ensemble of future climate projections.



5 Conclusions

In this paper a variety of statistical methods for the multivariate analysis of air-sea interactions are applied in order to aid the understanding of complex multi-dimensional datasets and to support ecological impact studies. The selected dimension reduction methods were chosen to account for spatial correlation, temporal correlation, and functional variability. The presented methods were found to be useful in exploring the datasets, identifying latent processes, removing multi-collinearity and selecting atmospheric variables that are the most important when predicting chlorophyll-a response. A comparison of standard two-way (PCA, PLS) and less frequently used multi-way methods (PARAFAC, Tucker, N-PLS) showcased the potential of multi-way methods to construct parsimonious data reduction models. The results allow us to conclude that there is room for dimension reduction in the atmospheric dataset since in most cases low prediction errors could be achieved with as few as 2 principal components. Further conclusions could be drawn on the predictors that affect the coastal chlorophyll-a concentration the most. All used methods indicate solar radiation to be the most important influencing factor, followed by air temperature and wind in shallow zones. The dynamic factor model proved to be an appropriate tool to acquire information about underlying common trends in chlorophyll-a time series across stations, and to investigate the effects of atmospheric explanatory variables with the inclusion of temporal structure when constructing unobserved factors. The difference in phytoplankton bloom onset at different parts of the Dutch Wadden Sea was revealed by the dynamic factor model and solar radiation was re-confirmed to be the most dominant atmospheric variable when temporal correlation is considered. Finally, using Functional Principal Component analysis further insights into the Euro-CORDEX regional climate data were gained by identifying features of the climate projection scenarios.

Overall, our findings support the use of solar radiation as the primary driving atmospheric variable to simulate climate impacts on coastal chlorophyll-a concentrations in the Dutch Wadden Sea. Moreover, structural patterns of Euro-CORDEX climate scenarios for solar radiation and air temperature have been determined, which provide information on the mean functions and their uncertainties. In ecological impact studies, uncertainties stemming from the climate scenarios are often only represented by picking few climate ensemble members (some of the driving GCMs and RCPs). Instead of such scenario studies it is advised to use the presented uncertainty intervals in the functional variation of the Euro-CORDEX climate scenarios and perform a fully probabilistic assessment for proper climate uncertainty propagation. In this context, the findings can also inform studies in which climate generators are proposed to produce numerous synthetic realizations of solar radiation and air temperature projections. The underlying structural time series models of such climate generators should incorporate the two identified features: varying amplitudes and time lag (shift) in seasonality. Moreover, due to the identified shared characteristics, climate scenarios seem exchangeable rather than independent, hence, the pooling of scenarios is recommended in hierarchical models to borrow strength and make statistical models more optimal.
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Phylum OTUs Fish species® Closely related sequence (Accession number) Similarity
Chlorophyta Otu000030 KV Dictyosphaeria cavernosa (AM498756) 99.1%
Otu000055 SA, KC Ulvella leptochaete (LM653280) 97.4%
Otu000067 KC Cladophora socialis (AM498751) 99.1%
Otu000102 NB, SA Cladophora vagabunda (LT607383) 100%
Ochrophyta Otu000009 CC. KV, SPn, NB, NU, Spe, KC Lobophora variegate (AB096086) 99.2%
0Otu000014 SA, CC Dictyota linearis (AB087108) 99.2%
0Otu000078 NB Sphacelaria rigidula (LM653281) 97.5%
Rhodophyta 0Otu000056 SA Spyridia filamentosa (EU718707) 99.4%
Otu000077 SA, SPn Centroceras hyalacanthum (DQ374387) 90.5%
Otu000094 KC. SPn Ceramium sinicola (AY155519) 88.4%
0Otu000189 NB Taenioma perpusillum (MF093957) 86.7%
Otu000200 KV Peyssonnelia rumoiana (AB231315) 98.5%
Otu000260 KV Peyssonnelia armorica (AB231316) 96.8%
0Otu000278 Spe, KV Centroceras micracanthum (DQ374386) 96.8%
0Otu000309 NU Chondrophycus cf. undulates (GU223780) 97.1%
0Otu000443 Spe Gibsmithia dotyi (AF317108) 99.1%
Otu000512 Spe Erythrophyllum delesserioides (AF317105) 97.7%
Otu000535 CC Peyssonnelia rosenvingei (AB231317) 97.7%
Otu000554 cC Pneophyllum conicum (MF611677) 100%
Otu000675 SPn Neosiphonia sp. NDR51A (AB219905) 98.5%
0Otu000874 NU Ceramium sinicola (AY155519) 87.8%

4Symbols of fish species: C. carolinus-CC; K. cinerascens-KC; K. vaigiensis-KV: N. brevirostris-NB; N. unicomnis-NU: S. argenteus-SA; S. puellus-Spe; S. punctatissimus-SPn.
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10.2518 79.3708 Keelathottam 5.77 0.038 12 Coarse sand 24 2,808
10.2495  79.3567 Kollukadu 5.00 0.01 14 Medium sand 23 2,340
10.2387 79.3535 Chinnamanai 5.01 0.038 20 Coarse sand 18 1,989
10.2026 79.3421 Sethubhavachathiram 5.00 0.22 18 Coarse sand 24 2,769
10.1873 79.3203 Karankuda 527 0.14 14 Coarse sand 28 2,457
10.1546 79.3027 Adaikathevan 5.49 0.07 11 Coarse sand 22 2,145
10.1444 78.2992 Manthiripattinam 5.88 0.10 14 Coarse sand 22 2,847
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9.8635 79.2103 Arasanagaripattinam 6.00 0.02 20 Coarse sand 31 1,936
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Classification Metrics Summer Autumn

Complexity Number of groups(NLG) 11 15
Connectance (Cl) 0.46 0.40
Omnivory index (SOI) 0.23 0.21
Interaction strength (ISI) 0.58 7.37
Recycling Finn cycling index (FCI) (%) 10.33 22.00
Finn mean path length (FML) 2.68 312
Maturity Total primary production/total respiration 1.76 1.07
(TPP/TR)
Total primary production/total biomass 63.66 45.71
(TPP/TB)
Ascendency (A/C) (%) 32.21 34.44
Fishery Total catches (TC) (t/km?) 0.84 0.85
Mean trophic level of the catch (MTLc) 2.87 2.90

Gross efficiency (GE) 0.00 0.00
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Sample ID Shannon Simpson ACE Chao1
A3611 0.98 7.46 554.39 557.22
A4611 0.99 7.67 554.12 574.50
A5611 0.98 714 590.18 599.21
A6611 0.98 747 584.99 612.79
A7611 0.99 7.30 591.21 602.00
A3719 0.99 7.70 553.64 563.46
A4719 0.99 7.82 564.73 572.25
A5719 0.98 7.21 585.98 601.12
A6719 0.98 715 604.10 606.90
A7719 0.99 7.37 586.25 586.00
A3808 0.98 7.29 586.75 589.68
A4808 0.98 7.32 565.93 584.00
A5808 0.98 715 563.31 590.50
A6808 0.98 6.95 570.63 593.00
A7808 0.99 7.30 57553 587.52
A3826 0.97 6.34 448.81 468.00
A4826 0.98 7.42 576.34 597.75
A5826 0.97 6.98 581.70 603.12
A6826 0.98 7.25 553.67 584.89
A7826 0.99 7.32 559.15 555.89
P P P P
Sampling Time 0.10 0.09 0.16 0.28
Site 0.11 0.07 0.46 0.42
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Source

Manure and sewage
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Fertilizer

Atmospheric deposition

Range

-6.2~9.0
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-1.8~4.1

3'°N-NO5”
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(Jin et al., 2020)
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Station  Salinity PO,  NH,'[pmolL”] NO,  NOj3 3°N-NO; 3°0-NO3 & "N-NH," [%o]
[%o] [%o]

X1 8.97 117 315 115 29.22 6.1 7.3 26.3
X16 24.22 0.36 1.38 0.65 8.21 10.6 45 7.6
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Metrics TLC SWH

CD (%) 38 15
SDNND (%) 12 11
SEAC (%) 11.0 341
Overlapping SEAC (%o) 1 l74

Total overlapping® (%) 15.0 53.2

Total overtapping (%) = [overlapping SEAC (%q)/SEAC (%q)] x100%.
CD, mean distance to centroid; SDNND, standard deviation of nearest neighbour
distance; SEAc, standard ellipse area corrected.
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Food Sources
BMA

POM

SOM

Consumers

(1) Nematodes
Paradontophora sp.

Halichoanolaimus sp.

Dorylaimopsis sp.
Daptonema sp.
Terschellingia sp.
Sphaerolaimus sp.
(2) Copepods

(3) Polychaetes
Lumbrineris sp.
Marphysa stragulum
Glycera sp.
Sigambra hanaokai
Mediomastus sp.
Prionospio sp.

TLC

SWH

83C (%)

21.9
234 +0.1(9)
213+0.109)

-20.2
-18.9
-19.8
-20.8
-24.4
-18.3
-20.2

-174
-17.6
-174
-16.6
-19.5
-20.6

8"°N (%)

3.1
29+0.20)
48 +030)

6.1
1.5
6.2

4.8

15
1241
5.6

12.0
1.9
mn7
1n7
5.3
5.0

8'°C (%o)

22,1
234 +030)
231 +02()

-21.2

-20.7
-21.8
-24.9

-22.3

-19.1

-19.2
-20.7
211

8N (%o)

28
2.7+0209)
43+020)

55
54
43
1.7

4.7

57

6.8
4.9
4.6

Feeding type

NA
NA
NA

Herbivore/Epigrowth feeder (grazer)'
Carnivore'

Herbivore/Epigrowth feeder (grazer)'
Herbivore/Non-selective deposit feeder’
Herbivore/Non-selective deposit feeder'
Carnivore'

Herbivore/omnivore?

Omnivore®

Omnivore®

Carnivore®

Omnivore®

Subsurface deposit feeder®
Surface deposit feeder®

"Wieser (1953); 2De Troch (2006b); *Fauchald and Jumars (1979), Jumars et al. (2015).

The number of replicates is shown in brackets only for samples contained more than 1 replicate (NA = not applicable

not collected).
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Region

Haikou
Wenchang
Danzhou
Lingao
Chengmai
Sanya
Dongfang
Lingshui
Wanning
Qionghai
Ledong
Changjiang

Hainan

2010

2664.3
7179.5
8274.0
4002.9
2843.0
1086.0
1630.6
726.0
7386.4
1718.8
23785
1428.6
41318.6

2011

31242
7827.1
12415.7
3583.2
3364.7
983.9
0
0
7072.9
1727.4
1929.3
0
42028.5

2012

42819
7933.7
11114.3
5486.2
29433
6449
2685.3
729.5
7710.2
1948.1
21013
1750.2
49328.9

2013

5545.7
8813.7
123284
5091.6
53742
1314.9
2237.5
797.2
8525.7
2054.7
21143
2535.3
56733.2

2014

3535.8
7250.2
10832.6
32724
3502.2
507.4
2222.7
365.9
5050.4
1611.4
2107.6
1773.5
42032.1

2015

4641.1
8618.9
11046.2
3294.4
3609.2
6283
2255.8
3157
7007.1
2004.1
21985
1911.4
47530.8

2016

3694.8
9026.9
9883.2
2979.1
3868.1
100.8
2261.6
322.5
6575.3
1981.7
22742
2109.4
45077.4

2017

5070.6
14998.5
10639.6
3107.2
3743.1
4214
2751.1
67.2
6623.3
1569.7
23409
28721
54204.6

2018

4825.6
13086.6
8318.8
1996.5
3916.4
107.5
2316.7
0
6269.9
1496.7
2304.2
34475
48086.6

2019

5160.6
16125.7
83314
2037.3
3529.1
3135
1870.7
0
6126.1
1587.6
1841.6
3829.6
50753.0

2020

3615.5
15454.9
8442.9
1830.4
3095.1
26.9
1232.9
0
5792.9
1599.7
1778.0
2958.9
45828.0
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regions CC CN NC In total
EMjgex EMco, EMpgpx EMgy EMpw +  EMco,  EMygex EMgy EMco, EMcu, EMco, EMco,+

(1+R) 1T+R) (1) (2 EMje3) D+2) Q1+R) (@) (6) @+ EMcy,
+3) (5)

Haikou 625.9 625.9 709 140.2 9.2 220.3 -6209.4 -656.7 -6866.1 36.3 -6019.9 -5983.6
Wenchang 536.9 536.9 394.6 1348.1 45.6 1788.3 -4065.6 -430.0 -4495.6 423 -21704 21281
Danzhou -1642.7 -1642.7 0 0 0 0 -2982.9 -315.5 -3298.4 14.1 -4941.1 -4927.0
Lingao 64.6 64.6 6.3 17.2 0.8 24.3 -2360.3 -249.6 -2609.9 58.6 -2521 -2462.4
Chengmai 661.2 661.2 0 0 0 0 -2641.7 -279.4 -2921.1 17.4 -2259.9  -22425
Sanya -130.8 -130.8 0 0 0 0 -2387.4 -252.5 -2639.9 157.3 -2770.7  -26134
Dongfang -66.5 -66.5 115 52.1 13 64.9 -3740.8 -395.6 -4136.4 0 -41380  -4138.0
Lingshui -84.7 -84.7 0 0 0 0 -427.7 -45.2 -472.9 7.6 -557.6 -550.0
Wanning -52.9 -529 0 0 0 0 -243.6 -25.8 -269.4 244 -322.3 -297.9
Qionghai 0.3 0.3 77.2 2103 7.1 294.6 -492.6 -52.1 -544.7 11.9 -249.8 -237.9
Ledong 35 35 0 0 0 0 -314.0 -33.2 -347.2 9.8 -343.7 -3339
Changjiang 0 0 0 0 0 0 -331.9 -35.1 -367.0 1.6 -367 -365.4
Hainan -137.5 -137.5 516.1 1276.8 64.0 1856.9 -26197.9 -2770.6  -28968.5 3813  -27249.1 -26867.8

The N,O emissions from shrimp aquaculture in Hainan fluctuated, during 2010 to 2020, with an average of 47538 MgCO,e yr'! (See Table 5). The data from Wenchang accounts for one-
third of the total emissions in the province, while illustrating a descending trend, which even reaches zero in the tropical tourism cities of Lingshui and Sanya.
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e
e
a7

EFap (MgC ha”
95% CI

27633
1392032)
(37935258]
[2sa795]

s
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w0
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Region

Haikou
Wenchang
Danzhou
Lingao
Chengmai
Sanya
Dongfang
Lingshui
Wanning
Qionghai
Ledong
Changjiang

Hainan

Acc

1676.2
1105.9
779.1
206.1
1949
79.0
58.5
30.4
27.7
10.6
37
34

4175.4

Arc

79.7
595
54.8
43.6
47.7
44.1
46.1
79
45
9.1
45
6.1
407.4

ANC
Ars
6.7
7.8
26
10.8
32
29.0
0
14
4.5
22
18
03
70.3

Apc

35.0
15.8

13
0
76.5

ACN

Acp

0
129

A2010

1678.4
1116.8
779.1
2063
1949
79.0
58.8
304
27.7
12.3
37
34
4190.7

A2020

1788.7
1170.1
8342
249.5
2437
123.1
1273
383
322
18.0
9.5
9.5
4644.1

AA

1103
533
55.1
43.2
48.8
44.1
68.5
7.9
4.5
5.7
5.8
6.1
4533

22010(%)

93.3
99.9
79.8
86.8
85.9
80.1
96.0
80.8
68.4
94.3
100.0
100.0
91.4

22020(%)

92.1
98.6
86.0
85.8
76.3
85.9
99.0
88.6
75.0
94.2
97.2
100.0
91.5

AI‘CC

-19.4
-14.8
48.8
-2.1
-18.7
45
1.7
24
1.8
0
-0.1
0
4.1

AA+AA ¢

90.9
38.5
1039
41.1
300
48.6
70.2
10.3
6.3
57
57
6.1
4574

Agc: the area from tidal flats to coastal wetlands; Apc: the area from aquaculture ponds to coastal wetlands; Acp: the area from coastal wetlands to aquaculture ponds; Ay : the area from
coastal wetlands to construction land; AA: total changed area between 2010 and 2020; AAcc: changed area due to vegetation coverage change.
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Land use change Land use EM s EMoi EMpw + EMiigter
(i)

cC Forestry/ecological management EFapxAccx (ar, - “n) 0 0
(t-1)
x3.67
CN Drainage (agriculture, forestry, mosquito control) EFagpx(t:—t))x3.67 EFgixAcn/(t> ERpw+EFierxAcnl (2
Extraction (port, harbour and marina construction, aquaculture, salt —t,)x3.67 —))x3.67
production)
NC Rewetting, revegetation and creation —EFGrxAncX3.67 -EF,eetXAncX3.67 0

EFacp: above-ground biomass carbon storage per area, t Cha™ yr''; a; , a,, : the vegetation coverage at time ty, t,; EFgr: carbon stock from annual aboveground biomass growth, a default
value of 9.9 MgC ha™ yr”! for mangroves is used here (IPCC, 2014); EF,gyec carbon stock from aggregated soils influenced by rewetting and revegetation activities, a local value of 1.56 MgC
ha™ yr! for mangroves is used here (see Supplementary Information Table S$1); to the default values of EMpyw and EMy jer are 10.7 MgC ha™ and 0.7 MgC ha™* for mangroves (IPCC, 2014).





OPS/images/fmars.2022.923494/table6.jpg
pH TOC Cu Pb Zn Cd Hg As Cr
pH 1.000 -0.079 -0.339 -0.019 0.236 -0.261 -0.032 -0.016 -0.054
TOC 1.000 0.748™ -0.007 0.765™ 0.279 -0.453" 0.136 0.482*
Cu 1.000 0.052 0.725" 0.430% -0.699* 0.133 0.752*
Pb 1.000 0.029 0.036 0.061 0.144 0.007
Zn 1.000 0.164 -0.678" 0.322 0.779*
Cd 1.000 0.106 -0.434* 0.066
Hg 1.000 -0.353 -0.866"
As 1.000 0.371*
Cr 1.000

* Correlation is significant at the 0.05 level: ** correlation is significant at the 0.01 level.
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Seawater

Estuary area
Spring Mariculture area
Seawater Average
Estuary area
Winter Mariculture area
Average
Annual average
Seawater Grade |
Grade Il
Estuary area
Spring Mariculture area
Average
Estuary area
Winter Mariculture area
Average
Annual average
Sediment Grade I*
Grade I

Sediment

Cu

1.07
211
1.60
2.99
3.05
3.01
2.31

10
20.33
18.06
19.30
11.93
6.14
9.30
14.30
35.0
100.0

Pb

1.27
1.26
1.26
1.7
1.74
1.72
1.49

14.12
13.46
13.82
12.37
16.56
14.27
14.04
60.0

130.0

14.18
13.43
13.84
16.55
14.44
14.50
1417
20
50
56.37
66.60
61.02
37.83
42.86
40.12
50.57
150.0
350.0

Cd

0.22
0.25
0.24
0.28
0.34
0.31
0.27

0.10
0.07
0.09
0.09
0.08
0.09
0.09
0.50
1.50

Hg

0.058
0.051
0.055
0.033
0.021
0.028
0.041
0.05
0.2
0.028
0.022
0.026
0.084
0.085
0.084
0.055
0.20
0.50

As

0.59
0.71
0.65
0.73
0.75
0.74
0.69
20
30
12.46
13.58
12.97
12.32
11.39
11.90
12.43
20.0
65.0

21.55
21.98
21.75
12.62
13.30
12.93
17.34
80.0
150.0

National Standard of China for Seawater Quality (GB 3097-1997).
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Spring Estuary area
Mariculture
area
Average
Winter Estuary area
Mariculture
area
Average
Annual average

Temperature Salinity pH

C)
26.45
24.42

25.54
18.11
18.27

18.18
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6.41
6.93
7.67

7.27
6.84

Total suspended particulate matter
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22.37

Chemical oxygen demand
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119
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Cu
Pb
Zn
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Hg
As

i PH
1.000 -0.422°
1.000

S

-0.889%
0.7512
1.000

DO

-0.733°
0.813°
0.920°
1.000%

TSM

0.261

-0.029
-0.175
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1.000

Chla

0.442%
0.507%
-0.100
0.113
0.153
1.000

Cu

-0.819%
0.528%
0.804%
0.703%
-0.198
-0.193
1.000

Pb

-0.618%
0.140
0.486%
0.445%
-0.375%
-0.389%
0.740°
1.000

Zn

-0.041
-0.027
-0.054
-0.013
-0.075
-0.087
0.161

0.257
1.000

Cd

-0.293°
0.166
0.279°
0.307°
-0.179
-0.082
0.486%
0.698*
0.091
1.000

Hg

0.662%
-0.402%
-0.641%
-0.571%
0.026
0.365%
-0.556
-0.497%
-0.021
-0.245
1.000

As

-0.653°
0.5967
0.740°
0.693*
-0.319°
0.042
0.6112
0.348°
-0.122
0.120
-0.451°
1.000

“Correlation is significant at the 0.01 level.
bCorrelation is significant at the 0.05 level.





OPS/images/fmars.2022.923494/table4.jpg
Area Period Cu Pb Zn Cd Hg As Cr Reference
Zhanjiang Bay, China 2014 18.74 43.89 73.60 0.15 63.83 (Zhang et al., 2018)
Xiangshan Bay, China 2011-2016 36.8 385 121 0.15 0.11 12.3 81.7 (Zhao et al., 2018)
Coast of Hainan, China 2012-2014 29.4 19.2 81.4 0.19 57.3 (Xu et al., 2015)
Nan'ao Island, China 2014-2015 15.26 40.81 102.72 0.35 (Luo et al., 2020)
Zhelin Bay, China 2011 32 76 166 0.108 0.08 14.5 31 (Wang et al., 2016)
Zhelin Bay, China 2013 28 56 121 0.082 0.07 1.8 23 (Wang et al., 2016)
Xiamen Bay, China 2004 44.0 54.0 139.0 0.331 745 (Zhang et al., 2007)
West Guangdong coastal area, China 2006-2007 43.83 44.29 139.93 0.38 0.13 20.83 86.97 (Zhao et al., 2016)
Pearl River Estuary, China 2007 348.0 102.6 383.4 1.72 93.1 (Niu et al., 2009)
Beibu Gulf 2003 9.57 18.72 0.03 0.03 12.59 (Lao et al., 2019)
Beibu Guif 2017 16.07 14.64 52.37 0.06 0.06 7.82 44.42 (Lao et al., 2019)
Qinzhou Bay, China 2008 8.6 18.4 0.02 0.027 16.94 (Lao et al., 2019)
Qinzhou Bay, China 2010 156.58 12.42 61.33 0.1 0.050 17.58 61.02 This study
Qinzhou Bay, China 2013 17.7 39.9 61.0 0.10 0.040 13.20 36.50 This study
Qinzhou Bay, China 2017 13.4 14.65 43.20 0.05 0.026 10.79 43.40 (Lao et al., 2019)
Qinzhou Bay, China 2020 12.10 156.01 54.73 0.08 0.050 12.48 17.64 This study
Jingu River Estuary 2020 16.13 13.24 47.10 0.10 0.056 12.39 17.08 This study
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Area Period Cu Pb Zn Cd Hg As Reference
World average 0.25 0.03 0.5-4.9 0.07-0.11 0.00023 (Reimann and De Caritat, 2012)
Zhanjiang Bay, China 2014 4.40 0.23 12.64 0.12 (Zhang et al., 2018)
Xiangshan Bay, China 2011-2016 3.35 1.93 16.75 0.22 0.060 2.58 (Zhao et al., 2018)
Yellow River Estuary, China 1.6 5.61 14.9 0.66 0.24 2.59 (Wang et al., 2018)
East Guangdong coastal area, China 2006-2007 224 1.94 14.05 0.1 2.48 (Zhang et al., 2015)
West Guangdong coastal area, China 2006-2007 1.91 1.81 11.86 0.09 1.86 (Zhang et al., 2015)
Laoshan Bay, China 2017-2018 1.50 0.81 1.81 0.12 0.015 1.16 (Wang et al., 2019)
Beibu Gulf, China 2003 1.08 0.74 0.07 0.01 1.24 (Lao et al., 2019)
Beibu Gulf, China 2017 3.03 0.71 10.0 0.17 0.10 0.74 (Lao et al., 2019)
Pearl Bay, China 2018 1.63 0.84 4.77 0.14 0.094 1.56 (Liu et al., 2020)
Lianzhou Bay, China 2018 2.69 0.78 9.62 0.17 0.052 0.89 (Liu et al., 2020)
Maowei Sea, China 2018 3.69 0.85 15.28 0.11 0.099 0.81 (Liu et al., 2020)
Qinzhou Bay, China 1983 1.71 1.00 3.14 0.20 0.48 (Wei and He, 2004)
Qinzhou Bay, China 2003 1.10 0.60 0.01 0.014 1.28 (Lao et al., 2019)
Qinzhou Bay, China 2010 112 0.87 0.22 0.017 0.92 This study
Qinzhou Bay, China 2013 264 0.68 13.94 0.14 0.044 0.38 This study
Qinzhou Bay, China 2018 1.69 0.79 4.67 0.21 0.033 0.91 (Liu et al., 2020)
Jingu River estuary 2020 2.08 1.49 14.37 0.25 0.046 0.66 This study
Qinzhou Bay 2020 2.58 1.50 13.94 0.30 0.036 0.73 This study

The data in the table are from Beibu Gulf, including the coastal areas of Fangchenggang, Qinzhou, and Beihai in Guangxi province, and the same is true for Table 4.

ND. not detected.
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SST (Nov-Mar) Hice Fe nitrate phosphate silicate mip

Bioregion 6 0.12 -0.10 0.96 0.86 0.87 0.94 -0.18
Bioregion 7 0.07 -0.18 0.59 0.78 0.81 o1
Bioregion 8 0.45 -0.54 0.11 0.08 0.13 -0.02
Bioregion 9 0.46 -0.24 -0.25 -0.15 0.20 -0.15

A Trends with significance at the 95% level are underiined.
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Parameter

Cd

Cr

Cu

Ni

Pb

Zn

Fe

Mn

TOC

Clay

Siltt

Sand

Percentage of variances
Cumulative variances

Bold values indicate strong loadings.

PC1

0.882
0.972
0.936
0.975
0.850
0.703
0.972
0.607
0.896
0.821
0.644
-0.789
71.6%
71.6%
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Cr Cu Ni Pb Zn Fe Mn Clay Silt Sand TOC
cd 0.844% 0.888% 0.829% 0.862° 0.600° 0.785% 0.394° 0.720% 0.526° -0.662° 0.759%
Cr 0.907% 0.964° 0.783° 0.7212 0.950° 0.571° 0.684° 0.638° -0.743° 0.867°
Cu 0.906° 0.777° 0.636° 0.857% 0.453° 0.710°* 0.608° 0.716* 0924
Ni 0.809* 0.754% 0.903% 0.652* 0.7112 0.628° -0.743* 0.885°
Pb 0.505° 0.788% 0.557° 0.664% 0.460° -0.595° 0.733°
Zn 0.657% 0.695% 0.458° 0.180 -0.331 0.520°
Fe 0.563° 06912 0.612° -0.725° 0.821°
Mn 0.292 0.039 -0.151 0.495°

ap.0.001:°0001<P<0.01:0.01 <P<0.05
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Location

Zhanjiang bay

Zhanjiang bay
Taiwan Strait,
China

Xiamen Bay,
China

Laizhou Bay,
China

Jinzhou Bay,
China

China Shelf Sea
MSQ Grade | ®
MSQ Grade Il ®
MSQ Grade Il ®

Sampling date

Apr. 2017

Aug. 2017

Apr. and Aug.

2017

Jan. 2014

May, 2007

Oct.-Nov. 2011

Qct. 2011

Oct. 2009

Range

Mean
Range

Mean
Range

Mean
Mean
Range

Mean
Range

Mean
Range

Mean
Range

Mean

cd
ng/g

0.023-
0.339
0.175
0.039-
0.464
0171
0.023-
0.464
0173
0.15
0.067-
0.27
0.16
0.022-
1.30
0.18
0.09-0.38

0.22
7.9-105

26.8
0.065
<0.5
<15
<5

cr
ng/g

1.67-
100.71
59.56
12.67-
98.88
56.94

1.67-
100.71
58.25
63.83

9.9-80.6

50.9
17.5-93.9

53.5

32.4-90.0 2.9-28.7

56.7
na

na
60
<80
<150
<270

Cu
na/g

1.86-
37.36
19.08
2.19-
34.20
15.18
1.86-
37.36
7.1
18.74

17.5
5.25-
69.2
23.4

12.0

24.5-327

741
15
<35
<100
<200

Ni
no/g

3.88-
30.49
17.67
4.14-
28.25
16.12
3.88-
30.49
16.89
22.43

1.3-33.8  4.8-44.7

26.4
na

na
14.1-
471
259

43.5
24

na®
na

na

Pb
ug/g

8.50-
62.09
31.55
4.72-
70.10
25.85
4.72-
70.10
28.70
43.89

9.8-39.6

24.0
20.1-
67.5
40.2
11.4-
34.0
19.4

26.3-86 29.2-523

124.0
20
<60
<130
<250

Zn
ug/g

8.38-
161.18
70.18
17.04-
139.60
65.64
8.38-
161.18
67.91
736
6.9-108

68.1
17.7-196

107
12.8-88.6

415
168-2506

689.4
65
<150
<350
<600

Fe
mg/g

7.99-
45.73
31.23
11.61-
44.36
29.12
7.99-
45.73
30.18
38.28

na
na

na
na

na
na

na

31.0
na
na
na

Mn
na/g

125.1-
584.5
304.5
135.5-
438.3
246.6
125.1-
584.5
275.5
420
na

na
na

na
na

na
na

na

530
na
na
na
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This study

Zhang et al. (2018)
Gao et al. (2016)

Lin et al. (2014)

Zhuang and Gao

(2014)

Lietal. (2012)

Zhao et al. (1995)
SEPA (2002)

“na, not available.
5\ISQ Grade I-lll, National Standard of China for Marine Sediment Quality GB 18668-2002 Grade I-Ill.





OPS/images/fmars.2022.919423/fmars-09-919423-g008.jpg
N
n
=

e—n=6,R*=09, ¢ Winter]
slope=184 , ¢

[
>
>

d

—
n
=

@ = §, R?= 0.9,
slope =10.7 >

100

POC (pmol/L)
2

n
=

A Central Basin
2004 A Subei Coast

—
n
<>

100

POC (pmol/L)

POC (umol/L)

PN (umol/L) PN (umol/L)





OPS/images/fmars.2022.891663/fmars-09-891663-g009.jpg
PO4

NO3

22¢

18}

Bioregion 6
x10%

1995 2000 2005 2010 2015

1995 2000 2005 2010 2015

1995 2000 2005 2010 2015

1995

2000 2005 2010 2015

20

Bioregion 7
x10*

1995 2000 2005 2010 2015

1995 2000 2005 2010 2015

1995 2000 2005 2010 2015

1995 2000 2005 2010 2015

—
—2
=
—4
-5
6
]
—8
—9
10
oy 14
—12






OPS/images/fmars.2022.925567/table1.jpg
Zhanjiang bay Channel Coastal bay Central bay

Sediment in spring

Clay (%) 18.9 (6.7-35.5) 22.4 (14.4-32.7) 18.5 (6.7-35.5) 16.1 (13.4-16.7)
Silt (%) 60.0 (24.6-76.5) 69.7 (55.2-76.5) 49.0 (24.6-70.2) 61.6 (49.5-67.5)
sand (%) 21.1 (0.0-68.8) 7.81 (0-30.4) 32.4 (0.00-68.8) 23.4 (19.1-35.2)
TOC (%) 0.74 (0.10-1.46) 1,05 (0.64-1.46) 0.60 (0.10-1.07) 0.52 (0.36-0.86)
Water in spring

Temperature (°C) 24.23 (24.01-24.51) 24.20 (24.04-24.51) 24.26 (24.20-24.34) 24.25 (24.01-24.42)
Chl a (ug/L) 1.39 (0.47-3.50) 0.79 (0.47-1.50) 1.34 (0.85-1.69) 2.21(1.21-3.50)
DO (mg/L) 7.15 (6.32-10.48) 7.59 (6.32-10.48) 6.88 (6.65-6.98) 6.88 (6.57-7.29)
Sediment in summer

Clay (%) 21.2 (0.0-82.2) 20,8 (26.3-32.2) 16.7 (5.4-25.0) 17.2 (11.5-21.0)
Silt (%) 63.4 (21.9-79.6) 68.0 (66.0-70.5) 54.7 (21.9-72.1) 71.6 (65.7-79.6)
sand (%) 15.4 (1.4-72.8) 2.1 (1.5-3.2) 28.6 (4.8-72.8) 11.2 (1.4-18.9)
TOC (%) 0.60 (0.15-1.04) 0.77 (0.35-1.04) 0.50 (0.15-0.91) 0.50 (0.40-0.61)
Water in summer

Temperature (°C) 30.20 (29.31-31.01) 30.42 (29.68-31.01) 29.83 (29.31-30.04) 30.39 (29.87-30.69)
Chi a (ug/L) 11.54 (4.34-37.17) 6.33 (4.34-11.32) 9.29 (7.78-12.39) 20.31 (12.71-37.17)

DO (mg/L) 5.99 (4.07-7.57) 5.14 (4.07-6.10) 651 (5.94-7.57) 6.41 (6.57-7.20)
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Phase
Duration

Numerically
Important
Species
(Means +
SD)

New Recruit
to the Study
Area

Lost Species

Recovered
Species

Sep. 2016- Nov.2016
(3 months)

Notomastus aberrans (58.66
+ 33.91), Capitella minima
(43.25 + 20.6), Orbinia sp.1
(31.40 + 14.63), Nassarius
globusus (30.22 + 21.62),
Orbinia sp.2 (23.11 + 20.45)

ACl

Dec.2016-Mar.2017
(4 months)

Malacoceros indicus (128 +
58.47), Orbinia sp.1 (100.44
+ 78.44), Prionospio cirrifera
(68 + 45.56), P. pinnata
(36.88 + 29.15), Syllis sp.
(33.77 £ 15.7)

Pcirrifera”, P.pinnata®, Spio
sp.”, Pectineria sp.”, Glycera
trydactyla®, Urothoe sp.”,
Cirriformia filigera®, and
Arecidea lopazi®

Nerita sp*., Strombus sp.*,
Dotilla myctiroides*,
Ophiocoma sp.*,
Microphthalmus convexus*,
Barbita sp., Microspio sp.*,
Paraprionospio sp.*, and
seven other species*

Nerita sp.®, Strombus sp.*,
Dotilla myctiroides®,
Ophiocoma sp.®, Meretrix
sp.%, Maldane sp.®, Glycera
alba®, Glycera africana®, and
Peresiella spatulata®

“New recruited immediately after the cyclone (AC1 phase).
*Recruited in phase AC2.

*Lost immediately after the cyclone (AC1 phase).
“Lost during phase 2 (AC2) and never recovered.

*Recovered within 1-2 months after cyclone (in AC1).
**Recovered after 4-5 months (in AC2).
Spio sp. and Pectineria sp. were recruited immediately after the cyclone but never recorded after AC1.

AC2

Apr.2017-Sep.2017
(6 months)

Malacoceros indicus (191.11
+27.93), P. cirrifera
(169.67 + 77.27), Orbinia
sp.1 (128.59 + 14.47), P.
pinnata (98.07 + 21),
Capitella singularis (70.96 +
39.13)

Dosnia sp.”", Armandia
intermediate™, Odontosyllis
sp.*, Chone sp.”*, Glycera
oxycephala®, and 25 other
species™

Ophiocoma sp.**, Maldane
sp.**, Spio sp.**, Pectineria
sp.**, Phyllodoce sp.**, and
Prionospio sp.

Microphthalmus convexus®
%, Mututa vector™, Barbita
sp.%%, Trion sp.%, Microspio
sp.%*, and Paraprionospio

.3

AC3

Oct.2017-Sep.2018 (1 year)

Paradonis armata (693.33 +
163.36), Orbinia sp.1 (563.11 +
27.25), Marphysa singuenea
(332.44 + 24.75), Armandia
intermedia (310.22 + 49.45),
Sipuncula nudus (251.55 +
16,32)

Oct.2018-Mar.2019
(6 months)

Boccardia cf. polybranchia
(146.66 + 52.34), M.
indicus (105.77 + 98.66), C.
singularis (89.33 + 40.18),
Hyale sp.1 (61.92 + 12.74),
Exogone sp. (57.48 + 26.9)
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ALL 6-6 9-8 9-9 6-2 9-2 93
tem (K) 273.86 27156 27153 27157 276.42 277.07 276.03
mip (m) 66.66 42.71 43,51 43.14 94.69 112.43 67.24
ssh (m) -1.25 -1.59 -159 -1.60 -0.43 -0.77 -1.08
bot (K) 273.46 273.34 274.06 272.97 273.33 273.32 273.63
ice 0.59 0.96 0.97 0.95 0.12 0.05 0.20
sal 33,65 3322 33.31 33.19 3392 33.99 33.86
chl (mg m®) 0.38 072 0.57 0.76 0.33 032 0.36
nppv (mgC m™ day™) 3.64 801 5.86 8.51 2.99 3.12 3.19
fe (mmol m-3) <0.001 0.002 0.001 0.003 <0.001 <0.001 <0.001
depth (m) -3000 144 -295 -86 -4448 -3276 -4613






OPS/images/fmars.2022.891663/table1.jpg
Physical Biological

Temperature (tem) Total Chlorophyll (chl)
Salinity (sal) net primary productivity (nppv)
Sea surface height (ssh) Dissolved Iron (fe)

Density ocean mixed layer thickness (mip)
Sea floor potential temperature (bot)
Ice concentration (fice)






OPS/images/fmars.2022.925567/table3.jpg
Apr. 2017

Aug. 2017

Channel
Coastal bay
Central bay
Channel
Coastal bay
Central bay

cd
no/g

0.267
0.127
0.120
0.245
0.144
0.112

ug/g

78.74
51.49
45.67
67.59
53.44
47.98

ug/g

29.31
14.74
11.54
22.68
11.45
10.47

Ni
ug/g

2217
16.41
13.64
18.98
14.44
14.63

Pb
ng/g

41.39
27.66
2411
32.23
21.63
23.15

ug/g

90.74
71.71
47.72
61.32
82.28
54.42

Fe
mg/g

38.36
28.21
26.11
3527
25.40
26.07

ug/g

2791
382.5
238.6
232.4
269.5
235.6





OPS/images/fmars.2022.885037/im114.jpg
NHj





OPS/images/fmars.2022.885037/im56.jpg
NO;j





OPS/images/fmars.2022.885037/im113.jpg
8'""N - NO;





OPS/images/fmars.2022.885037/im55.jpg
NHj





OPS/images/fmars.2022.882010/im6.jpg
Xy





OPS/images/fmars.2022.885037/im112.jpg
8"50 - NO:





OPS/images/fmars.2022.885037/im54.jpg





OPS/images/fmars.2022.882010/im5.jpg





OPS/images/fmars.2022.933561/crossmark.jpg
©

2

i

|





OPS/images/fmars.2022.885037/im111.jpg
8'""N - NO;





OPS/images/fmars.2022.885037/im53.jpg
NHj





OPS/images/fmars.2022.882010/im4.jpg
Cotin(f)





OPS/images/fmars.2022.872077/table6.jpg
Sites CCEM TSI (Chl.A) AGPI ASPI d J' H' 1-A
gd2 28.91 28.34 28 29 14.6 0.65 3.14 091
gd8 65.04 40.76 21 16 1.4 0.69 3.12 0.91
gd11 41.33 5327 15 5 7.425 0.56 2.33 0.83
gd13 65.63 33.71 29 13 14.35 0.62 2.96 0.84
gd15 36.2 18.7 13 7 8.693 0.36 1.65 0.66
gd16 51.92 4119 19 18 17.49 0.61 3.08 0.87
gd18 35.82 139 21 20 14.87 0.61 2.94 0.85
gd20 50.83 3.65 23 18 17.44 0.51 2.62 0.86
gd7 63.54 28.73 25 10 11.15 0.49 226 0.73
gd23 64.04 23.78 9 8 9.669 0.51 229 0.83
gd24 36.57 30.37 21 15 15.8 0.54 2.74 0.87
gd26 53.96 24.09 20 18 13.66 0.46 222 0.68
gd27 76.62 28.5 24 17 14.69 0.64 3.12 0.93
gd29 36.2 22.3 19 13 14.37 0.49 2.39 0.84
gd32 64.63 6.96 28 13 16.3 0.85 4.05 0.97
gd34 46.92 34.28 32 30 21.06 0.62 3.28 0.91
gd35 40.64 20.15 32 16 16.44 0.76 3.63 0.93
gd37 42.77 22,02 35 24 19.06 0.68 3.52 0.94
gd1 48.23 11.18 26 17 17.21 0.69 3.45 0.93
gd38 36.28 24.89 20 11 19.65 0.78 3.98 0.96
gd39 40.92 2216 30 21 14.81 0.7 3.42 0.95
gd40 41.53 20.49 27 19 15.7 0.77 3.75 0.95
gd41 35.63 24.21 31 23 16.06 oT2 3.55 0.94
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Dry season

pH TDS  Salinity Turbidity ~ Tem EC  Phosphate Nitrate Nitrite  Silicate  ChLA d N H 1A CCME TSI  AGPI
d 0109 0057  -0051  -0.078 0054 -0426° 0105 0286 0118  -0476" 1
J 0239 -0084 0125 0322 0333 -0685" 0275 -0239 0203 0474 0573"
H 0225 0045 0122 0262 0284 0680  -0248 -0801 0201 -0506" 0.741"
1% 0227 -0076  -0175 0134 0.129 628 0185  -0185 0225 0471 0625" 1
CCME -0045 002 0109 0325 0432 570" -0340  -0507" 0150 0308 0230 0.429"
TSI 0.509* -0.319 0.235 0.259 0.266 0472 0.406" 0.070 -0.089 0.841™ -0.339 -0.194 1
AGPI 0418 0102 0187  -0.459' 0570% 0087  -0071 0363 0324 0307 0148 0053 0830 1
ASPI  -0222 0220 0091  -0333 -0378" 0065  -0059 -0073 0096 -0280 0331 0095 0189 0.572"
Wet season
pH DS Salnty  Tubidity EC  Phosphate  Nirate  Nitite  Siicate  ChlA d g H 1A COME TSI AGPI
d -0471° 0322 0347 -0055 0211 0080  -0013 0053 0377  -0425" 1
J -0486"  -0257 0303  -0.058 0,094 0040 0044 0166  0.105 073 0518" 1
H -0.638" -0.296 -0.343 -0.069 0.142 0.013 0.044 0171 0.167 .200 695" o2 1
1-h -0.471* -0.329 -0.374 -0.079 0177 0.026 0.105 0.191 0.190 -0.068 592" 891 903" 1
CCME 0284 0134 0172  -0.111 0254 -0831" 032 0874 0204 -0015 0472 0001 -0061  -0.06 1
TS| 0064 0174 018 0178 -0.007 0080 0063 0028  -0069 0794" 0320 -0.121 0202 -0110 0087 1
AGPI -0.654™ -0.582" -0.654" -0.011 0.215 -0.009 0.142 0.278 -0.089 -0.264 0.630* 0602* 0674 0553 -0.079 -0.193 1
ASPI 0433  -0468' -0525'  -0.153 0419 0068  0420° 0455° 0177  -0286 0662" 0327 0454 0434 0264 -0.12  0.694"

“Correlation is significant at the 0.05 level (2-tailed). **Correlation is significant at the 0.01 level (2-tailed).
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Species index
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pH Temp EC (us/ TDS Salinity Turbidity Nitrate Nitrite  Phosphate Silicate Chl.LA CCME: TSI AGPI  ASPI

(°C) cm) (ppt) (NTU) (mg/L) (mg/L) (mg/L) (mg/L) (mg/md) wal (ChlLA)
Dry 804 2038 33.11 1044  18.96 80.48 231 0.04 0.65+0.72 1.79 8.38 47.84 43.31 19.10 13.03
season +0.39 +3.88 1452 +5.89 +6.97 +94.05 +3.18 +0.08 +0.54 +8.78 +10.86 +10.76 +5.06 +6.75
Wet 796 30.09 3745 1467 1267 59.26 0.13 0.11 0.46+0.69 225 1.8£2.79  47.96 2511 2382 16.57
season +0.33 +2.45 +1966.2 +5.96 +7.54 +41.23 +0.46 +0.37 +0.37 +1299 1117 654 16.36
T-test Not Sign Sign. Not Sign. Sign. Sign. Sign. Sign. Sign. Sign. Not Sign. Sign. Sign.
Sign. Sign. Sign.
Dry x p< p< p< p< p< p<0.05 p<001 p<0.01 p<0.01 p<001 p<0.01 p< p< p< p<

Wet 005 001 0.01 0.05 0.01 0.05 001 001 0.05
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2006 2100

Model type: Water quality model
Source: Delft3D-WAQ (Deltares)

Temporal frequency: Daily
Horizontal resolution: ~1-3 km
Variables: Chlorophyll-a

Model type: Numerical weather prediction
Source: HIRLAM
Temporal frequency: Daily
Horizontal resolution: ~22 km
Variables: air temperature, solar radiation,
eastern and northern wind components, air
pressure, humidity, cloud cover

Model type: Climate model
Source: Euro-CORDEX
Temporal frequency: Daily
Horizontal resolution: ~12.5 km
Variables: air temperature, surface down-welling shortwave radiation, eastern and northern wind components,
air pressure, humidity, cloud cover
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Region Bottom
depth (m)

East Coastal 55
China  region
e 38-60

40

Offshore 88
region
118-154
104/107

Faeroe-Shetland 700-800
Channel
Gulf of  Entrance 1,030
Lions  gyit 1,030
Lake Arreso No data
Lake Ontario 23

130
Lake Eric 9

25

40

Trap
depth
(m)
50
20-30
20
83
100-120
50/70

570-770

500/1,000
500/1,000
No data

20

125
7-8
22

37

Trap flux (
TSM m> d

79
No data
No data

18
No data
No data

~100

0.7/1.0
1.7/3.8
No data

17
2.1
6.9
4.3

6.1

f

Trap flux (mg
POC m™d™)

2,319
200-7,300
4,846
280
80-150
356/262
300-1,200

6.2/4.7
4.8/3.2
No data

554
193
315
232

322

Cm:;ecfled trap flux (§ T§M
m*“d /mg POCm~d")
696 (POC)

69-785 (POC)

291 (POC)

31 (POC)

58-63 (POC)

46/47 (POC)
~30 (TSM)

0.4/0.7 (TSM)
0.7/1.2 (TSM)
No data

2.6 (TSM), 205 (POC)
1.4 (TSM), 176 (POC)
0.07 (TSM), 16 (POC)
0.2 (TSM), 51 (POC)

0.7 (TSM), 145 (POC)

Resuspension  Reference
ratio (%) or rates
(gm?d")
70% (POC) Guo et al.
(2010)
57%-93% (POC) Hung et al.
(2013)
94% (POC) Hung et al.
(2016)
89% (POC) Guo et al.
(2010)
27%-58% (POC) Hung et al.
(2013)
87%/82% (POC) Hung et al.
(2016)
70% (TSM) Bonnin et al.
(2002)
32%-41% (TSM) Heussner

60%-67% (TSM) €t al. (2006)

300 g m™>d! (TSM)*  Kristensen

et al. (1992)

85% (TSM), 63% Rosa (1985)
(POC)

33% (TSM), 9%
(POC)

99% (TSM), 95%
(POC)

95% (TSM), 78%
(POC)

88% (TSM), 55%
(POC)

Bloesch
(1982)

“This value is estimated by an empirical model that describes the relationship between suspended solids and settling velocity and wind velocity. Corrected trap flux = Trap flux x (1 -

Resuspension ratio).
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Region

Coastal SYS

Central SYS
Central SYS

Central SYS

Central NYS

Coastal ECS

Station location

121°E, 35°N

1245°E, 33°N

123°E, 34.8°N

124°E, 34.1°N

123°E, 344°N

1235°E, 38°N

1226°E, 31°N

Month

September

April
August

August

September

July
October

September

Bottom depth (m) Trap depth (m)

38

60

73

81

73

6
65
23

N/A, no data were reported in the corresponding reference.

The PP data refer to the studies of Hama ct al.(1997) and Wen et al. (2012). The f is the resuspension ratio of the bottom layer calculated by resuspension modes in the corresponding references of Guio and Zhang (2005) and Guo et al. (2010
‘orth Yellow Sea; BL, bottom layer; UL, upper layer of the thermaocline; LLT, lower layer of the thermacl
POC-NPOC)/TPOC; NPOC/PP, POC export ratio.

Yellow Sea; ECS, East China Sea; NYS
setiling and resupension Buxes

20
35 (BL)
60 (BL)
21 (ULT)
48 (LLT)
68 (BL)
15 (ULT)
40 (LLT)
75 (BL)
28 (ULT)
45 (LLT)
69 (BL)
50 (BL)
50 (BL)

10
18 (BL)

TPOC

657
3,148
479
120
340
4,081
109
342
3410
87
192
2218
740
2310
2918
4401

NPOC
(mgm>d") (mgm>d"') (mgCm?>d™")

98-195
172-342
172-342
53-106
121-241
172-342
34-68
92-182
172-342
70-139
112223
172-342
172-342
172-342
270-436
486-785

PP

318
556
937
184
421
596
119
318
596
253
406
623
596
623
889
1,600

Jr(%) fr(%) POC export ratio

70-85
89-95
29-64
12-56
29-64
92-96
37-68
47-73
90-95
20
2
85-92
54-77
85-93
85-90
82-90

N/A
N/A
N/A
N/A
N/A
93-94
N/A
N/A
90-94
N/A
N/A
94
N/A
N/A
N/A
N/A

031-061

0.18-0.36
029-0.58

028-055

029-057
028-055
030-0.49

Reference

Guo et al. (2010)

‘Wang et al. (2002)
Guo and Zhang (2005)

Guo et al. (2010)

‘Wang et al. (2002)

Guo et al. (2010)

s, South

TPOC, total POC flux based on sediment strap data; NPOC, net POC flux, i.c., the difference between total
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Region Seasons Slope( Spx(f,—fs) ) Sp (mg/L) Js (%) Ji (%) Jr (%)

Central basin Winter 5.1 0.5 1.1 5.8 539
Spring 94 11 10 6.2 39.1
Summer 89 14 0.9 6.8 72
Autumn 5.6 0.6 0.7 6.2 41.1
Subei coast Winter 19.4 24 04 0.5 98.8
Spring 223 53 0.5 0.8 9238
Summer 25.1 55 06 26 56.2
Autumn 24.1 54 0.3 0.6 933

Slope is derived from the fitting results in Figures 10A, B. The slope of the linear fitting for POC (%) vs. 1/TSM equals to S,x(f,~f;) according to Eq. 7. S, is the upper-layer phytoplankton
concentration. fj, is the POC fraction of phytoplankton (%). f; is the POC% in surface sediments and equals to the intercept of the regression line in Figures 10A and B. f; is the POC% of the
total sinking particles. fy is the resuspension fraction calculated using Eq. 8.
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Variables innov Inmp
(1) 2
Iners -32.952"** 3.683**
(6.443) (0.613)
(ners)? 5.804*** -0.652***
(1.194) 0.114)
innov -0.006™
(0.002)
Control YES YES
Time fixed effect YES YES
Urban fixed effect YES YES
N 598 598
Adj R2 0.447 0.547

Figures in () are robust standard error; ***,
respectively.

** indicate significance at the 1%, 5% levels,
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Variables Lag regression Instrumental variable regression

1) 2
lIners 1.722=
(0.681)
. (Iners)? -0.309**
(0.129)
Iners 25177
(12.362)
(Iners)? -4543*
(2.235)
Control 438 YES
Time fixed effect YES YES
Urban fixed effect YES YES
N 562 495
LM-statistics 36.222
F-statistics 14.211
%2 P-value 0.468
Adj R2 0.286 0.029

Figures in () are robust standard error; ** indicates significance at the, 5% level,
respectively.
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Variables Tail shrinking Exclude Replace explanatory

Municipalities variables
0] @ ® @
Iners 2,717 41474
(0.759) 0.857)
(ners)® -0.502* -0.761*
(0.140) (0.160)
er 0.039"
0.017)
(er? -0.001
(0.001)
erh 0.074*
(0.041)
(erh)? -0.015*
(0.007)
Control YES YES YES YES
Time fixed effect YES YES YES YES
Urban fixed effect YES YES YES YES
N 538 572 598 598
Adj R2 0.467 0.532 0.457 0.439

Figures in () are robust standard error; ***, ** indicate significance at the 1%, 5% levels,
respectively.
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N1

N2

N3

S1

s2

s3

N4

#5

Flood
Dry
Flood
Dry
Flood
Dry
Flood
Dry
Flood
Dry
Flood
Dry
Flood
Dry
Flood
Dry

df

DODDDDDODDDDO D DD DD

Mariculture

537 (37.8-68.3
86.7 (71.7-96.7
48.8 (33.6-63.1
53.1 (27.6-73.3
42.2 (34.0-69.0
48.8 (31.3-64.1
323 (12.4-53.2)
66.8 (47.6-84.4)
24.6 (4.1~40.5)
46.5 (26.9-63.6)
36.8 (12.7-66.7)
400 (15.4-61.2)
( )

)
)
)
)
)
)

542 (27.0-84.6
36.0 (9.9-62.5)

49.1 (33.0-67.8)
43.4 (28.0-60.6)

Contributions(%, mean and range 5th~95th percentile)

Mangroves plants

40.9 (28.3-53.1)
10.2 (1.9-22.3)

46.1(33.4-57.9)
38.1(23.6-53.7)
48.7 (25.7-53.9)
46.0 (33.3-59.5)
52.2 (37.5-65.4)
275 (12.7-41.9)
44.7 (34.4-56.7)
46.6 (33.6-59.6)
31.8(7.8-49.8)
48.9 (34.4-63.9)
24.4 (5.7-42.2)

48.2 (33.0-66.5)
26.8(15.2-37.1)
48.5 (35.8-60.8)

S. alterniflora

4.2 (09-9.9)
1.2(0.0-4.4)
3.8(0.8-8.9)
3.1(0.1-11.3)
7.1(1.7-14.6)
1.8(0.1-6.6)
11.9 (2.7-22.0)
2.0(0.1-7.4)
21.6 (5.3-30.9)
2.1 (0.1-8.1)
236 (3.7-37.9)
3.2(0.1-12.3)
16.8 (3.6-30.3)
47 (0.1-17.1)
21.0 (11.1-30.5)
25(0.3-7.3)

Marine phytoplankton

1.2(0.0-4.8)
1.9(0.1-6.5)
1.3(0.0-4.5)
5.7 (0.3-18.8)
2.0 (0.0-8.4)
3.4(0.1~11.4)
3.6 (0.1-16.0)
3.7 (0.3-12.0)
9.4 (0.1-37.1)
4.7 (0.1~16.1)
7.8(0.1-30.6)
7.8(0.3-25.0)
46 (0.1-19.2)
11.1 (0.2-32.0)
3.1 (0.1-12.6)
5.7 (0.5-14.0)
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Variables Dependent Variable: Coastal Marine Pollution Index

0} @ @ @ ®
Iners 1.986* 2.130" 2.359"* 3.360"** 3.793**
0.831) 0.792) (0.704) (0.734) (0.668)
(ners)? -0.354* -0.367* -0.407* -0.597*** -0.675"*
0.158) 0.150) 0.134) 0.137) (0.124)
Inpergdp -0.229** -0.199" -0.196™* -0.174*
(0.050) (0.059) (0.061) (0.050)
ind -0.227 -0.235 -0.281*
0.139) (0.135) (0.136)
fdigdp -0.610"* -0.619"*
(0.099) (0.108)
urban -0.434"
(0.085)
rapopul
reocean
_cons -5.229"* -3.251* -3.765"* -5.080"** -5.654"**
(1.097) (0.970) (0.900) (0.790) (0.700)
Time fixed effect YES YES YES YES YES
Urban fixed effect YES YES YES YES YES
N 598 598 598 598 598
Adj R2 0.478 0.483 0.494 0.507 0.527

Figures in () are robust standard error; ***, ** and * indicate significance at the 1%, 5% and 10% levels, respectively.

(6)

3.783™
(0.664)
0,673
0.122)
0176
(0.049)
-0.280"
(0.136)
-0.618"
(0.103)
-0.438"
(0.080)
-0.001
(0.003)

-5.616™
(0.684)
YES
YES
598
0536

U]

4012
(0.691)
0.718™
(0.128)
0.179"
(0.050)
-0.326"
(0.129)
-0.594*"
(0.093)
-0.327*
(0.066)
-0.002
(0.002)
1.615
(1.146)
6127
(0.762)
YES
YES
598
0543
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DOC (mg/L)
POC (mg/L)
13POC (%)
DIC (mg/L)

DOC (mg/L)
POC (mg/L)
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N1

129+0.2d"
47+01c
15+0.1d
-26.4 £0.1d"
3.4 +0.2ABC
27+01B
1.7+01A
-238+0.7A

N2

140+ 0.4 d"
51+0.2ab*
18+0.2cd"
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27+02C
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06+00B
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N3

134 +05d"
49+0.1ab*
2.4+ 0.2 bc*
-24.7 £ 0.1 bc*
39+01A
32+01A
06+0.1B
-256+03B

S$1

218+03c*
51+0.1ab*
38+0.7a"
-249+ 0.2 bc
3.4+0.1 ABC
08+00C
04+00C
-265+02A
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5.1 +0.3ab*
3.1 +0.7 ab*
-240+0.1 b*
38+02A
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s3

248 +13b*
54+02a"
3.0 + 0.2 abc*
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35+0.4AB
3.0+0.3AB
03+0.0CD
-26.3+0.4D

N4

257 £1.8b*
5.2+0.1ab*
2.8 +0.1 abc*
-229+03a"
27+03C
05+00C
02+0.1CD
-26.1+0.3BC

#5

29.1+05a"
5.1+0.3ab*
2.6 + 0.4 abc*
-22.5+04 a"
33+02BC
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Symbol used

Definition of the symbol
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Factor Season Sites Season * Sites

F p df F P df F p df
s 1,657 <0.001 1 3,6035 <0.001 7 49338 <0.001 7
SPM 73,2253 <0.001 1 27,891 <0001 7 16,510.3 <0.001 7
T 2,673.8 <0.001 1 19.8 <0001 7 12 <0.001 7
pH 12.3 <0.001 1 31 <0001 7 18 <0.001 7
DO 539 <0.001 1 69.5 <0001 7 69.7 <0.001 7
PN 545 <0.001 1 09 >0.05 7 1.9 <0.001 7
DIN 316.3 <0.001 1 76.2 <0001 7 103.8 <0.001 7
DIP 0.1 <0.001 1 0.1 >0.05 7 0.1 >0.05 7
POC 107.6 <0.001 1 6 >0.05 7 4 <0.001 7
ple'e} 247.4 <0.001 1 303 <0001 7 5.8 <0.001 7
DIC 6,921.2 <0.001 1 781 <0.001 7 1238 <0.001 7
5°Croo 213 <0.001 1 239 <0001 7 9 <0.001 7

S, Salinity; SPM, Suspended particulate matter; T, Temperature; pH; DO, Dossilved oxygen; PN, Particulate nitrogen; DIN, Dissolved inorganic nitrogen; DIF, Dissolved Inorganic
Phosphorus; POC, Particulate organic carbon; DOC, Dissolved organic carbon; DIC, Dissolved inorganic carbon; 613CPOC.
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Variables Variable Definition Mean sD Min Max

mp Coastal marine pollution index 0.1555 0.1175 0.0204 0.9242
ers Environmental regulation level 16.7224 1.9766 8.5160 19.9844
Inpergdp Logarithm of GDP per capita 10.5449 0.6876 8.5431 18.0557
ind Proportion of secondary industry to GDP 0.4969 0.0880 0.1857 0.8228
fdigdp Proportion of foreign capital to GDP 0.0343 0.0452 0.0003 0.5755
urban Urbanization rate 0.5533 0.1672 0.1123 1.0000
rapopul Population per square kilometer 6.4158 4.7057 0.4435 34.5354
reocean Proportion of marine production output to GDP 0.1610 0.0634 0.0524 0.3763
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Detritus Values Sample size Reference
Ponds 8"3Cp0; = -23.0+ 0.5 8'°N = 7.0 + 3.0 5 (Huang, 2013)
Marine phytoplankton 8%3Cpoc =-21.2 + 0.2 8N = 10.0 + 0.2 3

Mangrove 819Cpo =-28.6 +2.18"N=71+1.0 5

Spartina alterniflora 8"3Cpoc =-14.56+ 028N =6.7+ 1.0 5
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Indicators Temperate Subtropical Tropical
All Northern Central Southern
Subtropical Subtropical Subtropical
Island terrestrial biological structure range 46.40-100 0-100 0-100 62.68-99.34 0-100 44.70-93.9
average 73.16 61.04 50.80 81.58 50.75 77.66
Intertidal biological structure range 28.20-100 23.54-91.39 25.00-66.00 26.16-91.39 23.54-79.15 /
average 65.87 50.23 45.00 58.20 47.48 /
Subtidal biological structure range 42.90-69.10 34.00-79.00 34.00-66.00 48.26-72.41 41.85-79.00 57.94-76.00
average 52.70 58.68 53.50 61.85 60.69 64.13
Indicator species range 75.00-100 25.00-100 100 30.00-90.00 25.00-90.00 7.92-100
average 85.63 77.08 100 63.75 67.50 31.32
Invasive species range 100 20.00-100 100 100 20.00-100 Vi
average 100 96.00 100 100 88.00 /
Biological structure index /pio range 43.50-89.40 46.00-85.22 46.00-74.00 53.99-85.22 49.51-76.25 46.64-85.84
average 71.50 64.85 60.70 72.64 61.20 64.49
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Indicators

Seawater quality (A1)
Intertidal sediment quality (A2)
Intertidal organism quality (A3)

environmental quality index /gn,

range
average
range
average
range
average
range
average

Temperate

73.04-88.67
82.40
87.73-98.28
9217
43.93-66.71
55.30
67.95-91.68
83.80

Al

66.27-92.71
76.60
65.96-97.68
86.34
37.17-85.78
66.06
60.70-91.78
76.88

Subtropical
Northern Central
Subtropical Subtropical
68.52-76.19 66.27-82.13
70.65 76.91
65.96-95.47 78.14-93.99
84.92 93.99
37.17-82.34 59.66-85.78
58.00 75.91
60.70-80.57 72.57-84.75
72.18 84.75

Southern
Subtropical

73.13-92.71
82.24
67.08-97.68
88.47
37.06-84.06
64.28
66.91-91.78
79.45

Tropical

53.00-92.23

80.39
77.78-99.1

85.48

69.24-69.24
69.24

62.42-92.08
81.93
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Goal Sub-goal

Environmental quality (A) Seawater quality (A1)

Intertidal sediment quality (A2)

Intertidal organism quality (shellfish) (A3)
Biological structure (B) Island terrestrial biological structure (B1)
Intertidal biological structure (B2)
Subtidal biological structure (B3)

Indicator species (B4)
Invasive species (B5)

Landscape pattern (C) Naturalness of landscape (C1)

Indicators

DO, COD, DIN, PO4-P, Petroleum

Organic carbon, Sulfide, Petroleum, Cu, Zn, Pb, Cr, Hg, As, Cd
666, DDT, Cu, Zn, Pb, Cr, Hg, As, Cd, Petroleum
Vegetation coverage

Abundance variation of key terrestrial animals

Intertidal macrobenthos diversity

Chlorophyll-a

Phytoplankton diversity

Zooplankton diversity

Subtidal diversity

Nekton diversity

Abundance variation of important or endangered species
Area coverage invaded by alien species

Coverage of natural landscapes

Unit

mg/L
10°
mg/kg

Required (e)/
optional (o)

[ X Nel N N N N NN ey N J
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Criteria Description

Representative  Indicator should be typical for describing a certain aspect of ecosystem condition, and representative for some other related and repeated indicators
with the same or similar meaning.

Sensitive Indicator should be able to provide early warnings and accurately reflects a certain aspect of ecosystem condition.

Measurable Indicator should be measured by scientific tools or methods and transparent for an easy communication, in order to be applied at different islands.

Data available ~ The data required for indicators should be easy to attain and interpret by current monitoring efforts.

Comprehensive Indicator system should be comprehensive to cover the main characteristics of ecosystem, and also reflect the spatial integrity of island ecosystem
covering insular land, intertidal and subtidal sub-ecosystems.
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NO. Island name Area (km?) Climatic zone Population Island lithology
1 Dalu Island 3.7 Temperate Inhabited Continental
2 Dachangshan Island 25.7 Temperate Inhabited Continental
3 Snake Island 0.7 Temperate Uninhabited Continental
4 Juhua Island 1.7 Temperate Inhabited Continental
5 Shijiutuo Island 3.4 Temperate Inhabited Alluvial

6 Sanhe Island 0.1 Temperate Uninhabited Alluvial

7 Nanchangshan Island 10.4 Temperate Inhabited Continental
8 Liugong Island 1.8 Temperate Inhabited Continental
9 Dongxilian Island 5.4 Temperate Inhabited Continental
10 Xinglongsha Island 36.6 Northern Subtropical Inhabited Alluvial

1 Chongming Island 1225 Northern Subtropical Inhabited Alluvial

12 Dajinshan Island 0.2 Northern Subtropical Uninhabited Continental
13 Dayangshan Island 6.6 Northern Subtropical Inhabited Continental
14 Shengshan Island 4.5 Northern Subtropical Inhabited Continental
15 Daxie Island 28.4 Northern Subtropical Inhabited Continental
16 Zhoushan Island 502.6 Northern Subtropical Inhabited Continental
17 Mount Putuo Island 16 Northern Subtropical Inhabited Continental
18 Zhujigjian Island 75.8 Northern Subtropical Inhabited Continental
19 Baishishan Island 1.1 Central Subtropical Inhabited Continental
20 Wuzhishan Island 4.8 Central Subtropical Uninhabited Continental
21 Yuhuan Island 174.3 Central Subtropical Inhabited Continental
22 Dachen Islands 17.5 Central Subtropical Inhabited Continental
23 Yushan Islands 12 Central Subtropical Inhabited Continental
24 Nanji Archipelago 12 Central Subtropical Inhabited Continental
25 Xiaoyushan Island 3.3 Central Subtropical Inhabited Continental
26 Sandu Island 24.7 Central Subtropical Inhabited Continental
27 Langqi Island 72 Southern Subtropical Inhabited Continental
28 Meizhou Island 14.2 Southern Subtropical Inhabited Continental
29 Xiamen Island 129.5 Southern Subtropical Inhabited Continental
30 Zini Island 47 Southern Subtropical Inhabited Alluvial

31 Nan'ao Island 105.2 Southern Subtropical Inhabited Continental
32 Neilingding Island 5.5 Southern Subtropical Uninhabited Continental
33 Guishan Island 3.6 Southern Subtropical Inhabited Continental
34 Shangchuan Island 137.2 Southern Subtropical Inhabited Continental
35 Techeng Island 3.2 Southern Subtropical Inhabited Continental
36 Weizhou Island 25 Southern Subtropical Inhabited Continental
37 Jiangpingsan Islands 20.8 Southern Subtropical Inhabited Alluvial

38 Guoheyuan Island 11 Tropic Uninhabited Alluvial

39 Dongyu Island 1.7 Tropic Inhabited Alluvial

40 Dazhou Island 4.4 Tropic Inhabited Continental
41 Niugizhou Island 1.1 Tropic Uninhabited Continental
42 Ximaozhou Island 241 Tropic Inhabited Continental






OPS/images/fmars.2022.885037/im145.jpg
8"50 - NO:





OPS/images/fmars.2022.885037/im84.jpg





OPS/images/fmars.2022.920069/M5.jpg
&
tio = Sl Wi,

©





OPS/images/fmars.2022.885037/im144.jpg
8"50 - NO:





OPS/images/fmars.2022.885037/im83.jpg





OPS/images/fmars.2022.920069/M4.jpg
Ly = Sl Wew, @





OPS/images/fmars.2022.885037/im143.jpg
NHj





OPS/images/fmars.2022.885037/im82.jpg
8'*N - NH;





OPS/images/fmars.2022.920069/M3.jpg
Clitand = TenyWeny + Inio Whio + Tiand Winad

1





OPS/images/fmars.2022.885037/im81.jpg
NO;j





OPS/images/fmars.2022.920069/M2.jpg
max ~ T,
Vi = Foe = 52252 (X, = B) ®)





OPS/images/fmars.2022.920069/M1.jpg
Fonax = Fnin
B = B

X = Buia) + Fin

@





OPS/images/fmars.2022.885037/im142.jpg
NO;j





OPS/images/fmars.2022.885037/im141.jpg
NHj





OPS/images/fmars.2022.885037/im80.jpg
NHj





OPS/images/fmars.2022.885037/im140.jpg
NO;j





OPS/images/fmars.2022.885037/im8.jpg
(8"0 - NO;3)





OPS/images/fmars.2022.920069/fmars-09-920069-g005.jpg
38°

30°

110° 120°E

S

Legend ch
(a8
M high
W good
moderate
W poor Shandong
B bad 1, bio
Yellow Sea

Temperate
1 Dalu Island 22 Dachen Islands m
2 Dachangshan Island 23 Yushan Islands } 4
3 Snake Island 24 Nanji Archipelago
4 Juhua Island 25 Xiaoyushan Island
5 Shijiutuo Island 26 Sandu Island
6 Sanhe Island Southern Subtropical
7 Nanchangshan Island 27 Langgi Island
8 Liugong Island 28 Meizhou Island

9 Donggxilian Island 29 Xiamen Island
Northern Subtropical 30 Zini Island

10 Xinglongsha Island 31 Nan’ao Island

11 Chongming Island 32 Neilingding Island
12 Dajinshan Island 33 Guishan Island

13 Dayangshan Island 34 Shangchuan Island
14 Shengshan Island 35 Techeng Island

15 Daxie Island 36 Weizhou Island

16 Zhoushan Island 37 Jiangpingsan Islands
17 Mount Putuo Island Tropic

18 Zhujiajian Island 38 Guoheyuan Island
Central Subtropical 39 Dongyu Island £
19 Baishishan Island 40 Dazhou Island

20 Wuzhishan Island 41 Niugizhou Island ‘
21 Yuhuan Island 42 Ximaozhou Island \/\

Guangdong (‘\
@
@9

30

270

. -
-:...._‘.' . . l x
ith China Se R
A

0 125 250 375 501(()

m





OPS/images/fmars.2022.885037/im14.jpg
PO; ,NO;,NO;





OPS/images/fmars.2022.885037/im79.jpg
NHj





OPS/images/fmars.2022.920069/fmars-09-920069-g004.jpg
Score

100

50

Climate regions

[ ] Temperate

[ |Northern Subtropical
[ ] Central Subtropical
|| Southern Subtropical
[ ] Tropic

[ ] Anislands

Environmental Biological Landscape
quality index structure index  pattern index

(I env) (I bio) (Ilaml)

Composite index of
island ecosystem
conditions (CL.,_. ,)





OPS/images/fmars.2022.956474/fmars-09-956474-g002.jpg
32.4
21.7°N
32.3
o
21.65°N P
|
21.6°N * e
32
K
21.55°N 5
'5 31.9
E
108.25°E 108.3°E 108.35°F 108.4°E
18.05
21.7°N
8
21.65°N | L7es
|
* 7.9
&
‘§ 7.85
21.55°N |3
1€
108.25°E 108.3°E 108.35°E 108.4°E
12
10
()
21.65°N . P
I k
* 6
§ 4
§:
0 s
21.55°N E oo I |,
(ngLh §

Oc

_______ |
108.25°E 108.3°E 108.35°E 108.4°F

21.7°N

21.65°N

21.6°N

21.55°N

— e A&

Ocean Data View

B Salinity

21.7°N

21.65°N

21.6°N

21.55°N

Ocean Data View

108.25°E 108.3°E 108.35°E 108.4°E

21.7°N

21.65°N

21.6°N

21.55°N

Ocean Data View

108.25°E 108.3°E 108.35°E 108.4°E

i
|
4

«)

22.5

N
S

~
N
tN

~
“n

~
N
W

~
Sl





OPS/images/fmars.2022.885037/im139.jpg
8'*N - NH;





OPS/images/fmars.2022.885037/im78.jpg
8'*N - NH;





OPS/images/fmars.2022.920069/fmars-09-920069-g003.jpg
Cromissbiopet - “ - “ “
e - “

0o 400% 60% 800 100% 0%

Tropkal 100%%
n“r r'
Central Subtropkal 100%

Tfmp(m“ - — n -

(1) 20% 400 60%

Tropkal

Southern Subtropial

Northern Subtropical

Southern Subtropial

Northern Subtropical

80% 100%%

Percentage

200% 4000 6000 0% 1000

(L) 6000 0% 10000

Conditions
I High (80~100)
I Good (60~80)
[ | Moderate (40~60)
[ ] Poor (20~40)
- Very poor (0~20)





OPS/images/fmars.2022.956474/fmars-09-956474-g001.jpg
Latitude

Qin River

: Dafeng
Maoling\ pRiver
Rive
Fangcheng '

South China

22

20

Latitude

Industrial and
port area

Hainan Island

South China Sea

108 109 110 111

Longitude

Beibu Gulf

108.30 108.32 108.34 108.36 108.38E (°)

Longitude





OPS/images/fmars.2022.885037/im138.jpg
NO;j





OPS/images/fmars.2022.885037/im77.jpg
8"50 - NO:





OPS/images/fmars.2022.920069/fmars-09-920069-g002.jpg
qu
.20/0 2
P
IS
2% %
¢ Ly
2 o e
2%
e 2
v %%
Clums B %
(5] A island 2 S = ,_g 0% =
O 0 . =
Z 8% & 100% CEES
2= Qg REE 2
z © & ) < = 8..
= o g
— 9 o&\,a
-I,ZZ f .S
0, % O. 5y, s A
2 P o[& NP
EN RSN
'OQ o &) \o\ N
= oL , > o0V @
QJ (o) 6 0/06 L e 0& %99’
(85 s Q&S
'[§O X § g.Im,Oﬂll QN Q,'Q’\'
"D woiBoroN Q

o [P





OPS/images/fmars.2022.956474/crossmark.jpg
©

2

i

|





OPS/images/fmars.2022.885037/im137.jpg
NO;j





OPS/images/fmars.2022.885037/im76.jpg
8'""N - NO;





OPS/images/fmars.2022.920069/fmars-09-920069-g001.jpg
Legend

O Temperate

1 Dalu Island

2 Dachangshan Island
3 Snake Island

4 Juhua Island

5 Shijutuo Island

6 Sanhe Island

7 Nanchangshan Island
8 Liugong Island

9 Dongxilian Island

O

© Central Subtropical
19 Baishishan Island
20 Wuzhishan Island

21 Yuhuan Island

22 Dachen Islands

23 Yushan Islands

24 Nanj1 Archipelago
25 Xiaoyushan Island
26 Sandu Island

@ Southern Subtropical
27 Langqi Island

28 Meizhou Island

29 Xiamen Island

30 Zini Island

31 Nan’ao Island

32 Neilingding Island
33 Guishan Island

34 Shangchuan Island
35 Techeng Island

36 Weizhou Island

37 Jangpingsan Islands
@ Tropic

38 Guoheyuan Island
39 Dongyu Island

40 Dazhou Island

41 Niuqizhou Island
42 Ximaozhou Island

Guangdong

0 125 250 375 500
O ——

3()°

270





OPS/images/fmars.2022.955770/table2.jpg
Treatment

=

H
VH

Input

Hydroponic culture

220 £1.20
223+ 114
1094 + 38.7
1848 + 117

44.8 £ 1.90
459 + 18.6
2298 +213
3537 £ 321

90.7 £ 7.40
958 + 23.1
4389+ 429
7275 + 666

Cumulative outputs

Remained in culture Plant uptake

At the end of week 1 (week 1)
185 + 1.10° (84.4%) 2.8 + 0.4° (14.9%)
199 + 14.3 (89.3%) 15.2 + 3.3° (7.70%)
951 + 48.6° (87.0%) 124 + 6.5 (13.1%)
1544 = 75.99 (83.9%) 162 + 13.6% (10.5%)
At the end of week 4 (weeks 2 and 4)
37.2 + 1.90° (83.1%) 5.0 + 0.4° (13.4%)
407 + 20.7° (88.5%) 20.6 + 0.6” (5.10%)
187 £ 18.1° (9.00%)
243 + 42.9Y (8.50%)

2081 + 125° (91.3%)
2861 + 119 (81.1%)
At the end of week 8 (weeks 2, 4, 6 and 8)

74.8 + 1.70° (82.7%) 5.80 + 0.20° (7.80%)
827 + 51.5° (86.4%) 22,6 + 0.60° (2.70%)
3801 + 447.3° (86.7%) 214 + 315 (5.70%)
6321 + 5024 (87.0%) 262 + 23.5° (4.10%)

Cumulative loss= Input-Output

0.70 + 1.90% (3.10%)
8.70 + 9.20° (3.90%)
18.6 + 52.0° (1.60%)
143 £ 165 (7.40%)

260 + 2.70° (5.70%)
32.2 + 14.9° (7.00%)
29.9 + 32.4° (0.40%)
433 + 164° (12.0%)

10.1 + 660" (10.8%)
109 + 74.9° (11.3%)
374 + 307" (8.40%)
692 + 347° (9.40%)

L: 0.1 mg I"" BDE-209, M: 1 mg 1™ BDE-209, H: 5 mg 1" BDE-209, VH: 10 mg "' BDE-209; Mean and standard deviation of three replicates are shown; Values at the same sampling time
with lower case letters at superscript position shows significant differences among contamination levels according to one-way ANOVA test.
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Sources of Sampling BDE-209  Sampling times

variations  times  treatments x BDE-209
(df =2) (df = 5) treatments

Parameters (df = 10)
Dry weight of root 2.60* 1.80N 030N
Dry weight of 28.9%%¢ 0.70NS 0.40™°
propagule
Dry weight of stem 4.10% 160N 1.50N
Dry weight of leaf 39.100% 0.80N 0.80™
Dry weight of total 54,300 0.70N 0.40™°
biomass
Leaf number 32,84 0.80N 0.50™°
Chla 0.60% 200N 050N
Chl b 0.30° 150" 030N
Chl a+ Chl b 0.60% 2008 040N
Chl a/Chl b 0.30° 130" 0.60™
SOD in root 146*** 208** 1210+
SOD in leaf o 129%+ 44.6%*
POD in root 99.6%%% 68.6%** 19.1%%%
POD in leaf 182+ 88.1% 226"
CAT in root 29.0%%% 62.1% 12.7%%%
CAT in leaf 109.0%** 110 16.6%**
MDA in root 0.80N% 0.90%° 0.50%°
MDA in leaf 0.30%% 0.20 0.50N
O, release in root 1.20™ 15.4** 2.90**
O, release in leaf 1.30™ 15.4** 1.80N°
H,0, in root 5.40%* 10444 150N

H,0; in leaf 29.3¢%¥ 13.9%* 3500
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Variables Direct Effect Indirect Effect Total Effect

Iners 4.053 26.750™ 30.803"*
(0.061) (11.125) (11.168)
(ners)? -0.726™ -5.021* -5.748"*
(0.438) (2.040) (2.048)
erh 0.130™ 1.122 1.252**
(0.061) (0.363) (0.384)
(erh)? -0.020" -0.121* -0.141*
(0.008) (0.048) (0.050)
er 0.090™* 0.473™* 0.563"*
(0.035) (0.180) (0.186)
(en? -0.003* -0.018* -0.021*+
(0.001) (0.007) (0.007)
Figures in () are robust standard error; ***, ** indiicate significance at the 1%, 5% level,

respectively.
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Variables Dependent Variable: Coastal Marine Pollution Index

(1) @ ()}
Iners 4,793
(2.336)
(Iners)? -0.863*
(0.436)
WxIners 37.637*
(13.477)
Wx(Iners)? -7.037"
(2.482)
erh 0.103"
(0.059)
(erh)? -0.017*
(0.008)
Wxerh 0.563"
(0.208)
Wx(erh)? -0.058"
(0.028)
er 0.084**
(0.035)
(en? -0.003"
(0.001)
Wxer 0.364*
(0.150)
W (er)? -0.014*
(0.006)
rho 0.229"* 0.467* 0.223"
(0.086) (0.068) (0.089)
sigma2_e 0.055"* 0.057" 0.055"*
(0.003) (0.003) (0.008)
Control YES YES YES
N 598 598 598
Adj R2 0.098 0.109 0.091

Figures in () are robust standard error; ***, ** indicate significance at the 1%, 5% levels,
respectively.
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Type z p-value
Lagrange multiplier (error) 69.629 0.000
Robust Lagrange muitiplier (error) 31.981 0.000
Lagrange multiplier (lag) 43.793 0.000
Robust Lagrange multiplier (lag) 6.145 0.013
LR spatial lag 33.04 0.000
LR spatial error 33.06 0.000
Waldspatial lag 21.25 0.003
Waldspatial error 20.88 0.007
Hausman 5838 0.000
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Year

2004
2005
2006
2007
2008
2009
2010

Moran’s |

0.064
0.178
0.171
0.194
0.155
0.240
0.236

p-value

0.151
0.009
0.010
0.004
0.016
0.001
0.001

Year

2011
2012
2013
2014
2015
2016

Moran’s |

0.236
0.196
0.158
0.173
0.107
0.104

p-value

0.001
0.004
0.015
0.009
0.059
0.062
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Area Size Island Population Population Density of Island Island GDP GDP Density of Island Distance to Mainland
lonv -0.16 -0.26 -0.29 -0.39 -0.39 -0.29
lbio -0.03 -0.11 -0.31* -0.54* -0.54* -0.35*
lana -0.47* -0.50** -0.47** -0.28 -0.28 -0.41**
-0.31* -0.40** -0.48** -0.52* -0.52* -0.47**

Chstana

*denotes a correlation significance of P<0.05; **denotes a correlation significance of P<0.01.
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Indicators Temperate Subtropical Tropical
All Northern Central Southern
Subtropical Subtropical Subtropical
Environmental quality index /gn, range 67.95-91.68 60.70-91.78 60.70-80.57 72.57-84.75 66.91-91.78 62.42-92.08
average 83.80 76.88 7218 84.75 79.45 81.93
Biological structure index /pio range 43.50-89.40 46.00-85.22 46.00-74.00 53.99-85.22 49.51-76.25 46.64-85.84
average 71.50 64.85 60.70 72.64 61.20 64.49
Landscape pattern index /upg range 19.70-100 6.00-100 6.00-100 57.70-100 27.72-100 82.40-100
average 66.75 69.69 58.40 86.02 64.65 91.36
Composite index of island range 54.29-88.97 52.33-87.52 52.33-82.29 69.11-87.52 52.51-80.85 64.38-89.53
ecosystem condition CliSing average 7417 70.14 64.29 77.98 68.16 7714
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Indicators Temperate Subtropical Tropic

Al Northern Central Southern
Subtropical Subtropical Subtropical
Naturalness of landscape (C1) range 19.70-100 6.00-100 6.00-100 57.70-100 27.72-100 82.40-100

average 66.75 69.69 58.40 86.02 64.65 91.36
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15N i)

Source Range Mean + SD Literature Mean + SD Literature

AND -1.8~4.1 08+15 (Chen et al., 2019) 52.4 £ 5.1 (Chen et al., 2019)

Manure and sewage 4~25 10.3+4.0 (Xue et al., 2009) 4.08 +£0.33 (Kendall, 1998; Zhang et al., 2018)
Fertilizer -1.87~2.96 0.04 +1.87 (Kendall, 1998; Zhang et al., 2018) 4.08 +£0.33 (Kendall, 1998; Zhang et al., 2018)
Soil N -0.05~8.25 4.52 + 2.67 (Kendall, 1998; Zhang et al., 2018) 4.08 +0.33 (Kendeall, 1998; Zhang et al., 2018)
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Areas Station Salinity P03~ [umol L] NH [umol L] NO; [umol L™ NO; [umol L' §'N—NOj; [%] 8'80 —NOj [%e] 8'N —NH; [%

Qinzhou Q1 29.89 1.06 1.16 0.82 19.21 1.4 13 -10
bay Q12 31.54 0.18 0.89 0.45 1.66 13.4 12.8 =114
Tieshangang & 30.59 0.92 2:11 1.28 10.07 9.8 27 15.8

bay T18 31.82 0.08 0.84 0.20 0.36 18.2 15.6 -3.4
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