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Long-Term Temporal and Spatial Distribution of Coliform Bacteria in Jiaozhou Bay Associated With Human Activities and Environmental Governance
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Coliform bacteria (CB) can be used as an indicator of seawater quality. Long-term monitoring of seawater quality based on CB abundance is lacking in Jiaozhou Bay. In this study, CB abundance in surface seawater of 12 different stations in Jiaozhou Bay was investigated by culturing method. The results showed that: (1) the abundance of CB showed a decreasing tendency during the investigation. During 2004–2007, 2008–2013, and 2014–2017, the average CB abundance decreased significantly, forming a “three stages phenomenon”; (2) the average CB abundance in the first half of the year was lower than that in the second half; (3) the CB abundance in Jiaozhou Bay was spatially heterogeneous. The maximum average CB abundance was observed in the estuary area, and followed by the bay mouth area, the outer bay area, and the inner bay area. The highest abundance may be associated with sewage discharge related to human activities; (4) the abundance of CB was most positively correlated with the concentration of ammonium salt and nitrate, while most negatively correlated with salinity; (5) the years 2007 (2008) and 2013 (2014) were time points of the “three stages phenomenon.” These time points coincide with environmental governance actions, indicating that the actions have played a prominent role in improving seawater quality. Long-term survey of CB can not only serve as an indicator of seawater quality, but also provide a basis for the development of environmental governance strategies and pollution control.
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INTRODUCTION

Coliform bacteria (CB) are a group of bacteria found in many environments, but are primarily associated with human and animal intestines and wastes. They are commonly used as an indicator of water quality, and have a long history of being used for assessing seafood safety (Tennant and Reid, 1961; Hunt et al., 1981). For example, over 8 years (from 1987 to 1994), Schiff and Kinney (2001) used total coliforms as an indicator of bacterial contamination of stormwater discharging into Mission Bay (an enclosed water body) in California, United States. They found that, based on more than 7000 samples from 20 stations, total coliform numbers were always higher during wet conditions than dry conditions. Bharathi et al. (2018) also used total coliforms to investigate seasonal pollution of Ennore coastal waters, India in 2011. Similar to the study of Schiff and Kinney, they found that the abundance of CB was higher in wet conditions.

Jiaozhou Bay (35°58′–36°18′N, 120°04′–120°23′E) is a typical shallow coastal semi-enclosed bay located in the western Yellow Sea, southeast of Shandong Peninsula (Xing et al., 2017b). It is most widely known as the sailing venue for the 29th Olympic Games in 2008. The bay has a water area of 370 km2 and an average depth of 7 m (Xing et al., 2017a), is surrounded on three sides by the city of Qingdao, Jiaozhou and the west coast new area of Qingdao. The Yellow Sea and Jiaozhou Bay are connected by a narrow bay mouth of approximately 2.5 km width (Shen, 2001). Seasonal freshwater inflow, a half-day tidal exchange with the open sea (Feng et al., 2018), the East Asian monsoon, and the Yellow Sea water mass are some of the natural factors affecting the bay, but it is also affected by anthropogenic factors including rapid economic development, population expansion, and pollution from land-based source. Because of the interactions between natural changes and human activities, Jiaozhou Bay is an ideal study area for ecological investigations (Feng et al., 2018). Many marine ecological investigations have been carried out in the bay, including studies of nutrients, microorganisms, phytoplankton, zooplankton, and the macrobenthos. For example, Liu et al. (2005) studied the relationship between nutrient composition and phytoplankton composition, trophic interactions, and the sustainability of living resources. Hu et al. (2018) studied the morphological and phylogenetic characterization of an isolate of the dinoflagellate Margalefidinium fulvescens. Ma et al. (2015) used stable isotopes to explore the trophic spectrum of the food web in the bay in spring and fall, and Wang et al. (2017) reported that macrofaunal assemblages in the bay were significantly negatively correlated with the abundance of Manila clams.

With respect to microorganisms, Dang et al. (2010) found that continental inputs may influence the composition and abundance of ammonia-oxidizing Betaproteobacteria in Jiaozhou Bay sediment. Zhou et al. (2018) investigated the role of bacteria in the transport and conversion of organic matters in the bay, and found that the average bacterial contribution to organic carbon in the sediments was higher in the western inner bay than in the outer bay, while the average activity of extracellular enzymes showed the opposite trend. The microbial community in Jiaozhou Bay has also been a focus of our research. For example, we investigated bacterial communities during Ulva blooms using denaturing gradient gel electrophoresis and 16S rDNA clone libraries, and showed that the microbial community changed during blooms and differed between the seawater and the surface of Ulva prolifera (Liu et al., 2011).

Depending on the different application functions and protection objectives of the sea area, the National Seawater Quality Standard of People’s Republic of China (NSQS, GB 3097-1997) divides seawater quality into four classes. From Class I to Class IV, the seawater quality is declining. The CB abundance limit is set as 1.00 × 103 MPN/100 ml for Class I to III and Class IV (Supplementary Table 1). The abundance of CB in Jiaozhou Bay has been monitored for a long time. Zhao (2007) focused on seasonal changes, and found that in summer and autumn from 2002 to 2004 the abundance of CB greatly exceeded Class IV of the NSQS. Dong (2013) found the abundance of CB was significantly correlated with salinity and the concentration of total nitrogen and dissolved organic carbon in Jiaozhou Bay seawater, and showed distinct geographical distributions (highest in the estuary area and lowest in the inner bay area) during the period 2004 to 2010.

Economic development occurred very rapidly in recent years. As Jiaozhou Bay is semi-enclosed, it has been significantly affected by human activities, so long-term research in this area could help explain the environmental response mechanisms. In this regard, the biological communities in Jiaozhou Bay have been investigated at various time scales. For instance, Sun et al. (2011b) reported meteorological and hydrological factors, the phytoplankton community structure (Sun et al., 2011c) and the zooplankton community (Sun et al., 2011a) at various time scales in the bay. They found that: temperature has fluctuated with a trend of increase over the past 100 years; the abundance of phytoplankton and the zooplankton biomass has been increasing for approximately 30 years; and the composition of dominant phytoplankton species has changed. However, no long-term research (>10 years) on CB has been reported.

With rapid economic development, the pressure to control seawater quality is also increasing. To ensure an ecologically sustainable and livable city, the government has implemented a series of environmental protection laws, such as the “Plan for Prevention and Control of Pollution in Coastal Waters” (The Ministry of Environmental Protection of the People’s Republic of China, 2017) and the “Protection Regulations of Qingdao Jiaozhou Bay” (The Ocean and Fishery Administration of Qingdao, 2014). Two important time periods in the study are noteworthy, one in 2007 (2008) and the other in 2013 (2014). To hold successful sailing competitions during the 2008 Olympic Games, the water quality in Jiaozhou Bay was strictly and successfully controlled in 2007 and 2008. In 2012, the Eighteenth National Congress of the Communist Party of China was held. Under the guidance of the spirit of the congress, the construction of ecological civilization has received more and more attention. The “Protection Regulations of Qingdao Jiaozhou Bay,” adopted in 2014, aims to promote the construction of ecological civilization. As a practical area, Jiaozhou Bay has been affected by the policies and regulations and received extensive attention. These policies and regulations focused on the environment and resource protection of Jiaozhou Bay, such as pollution control, ecological restoration, supervision, ecological protection, etc. Although pollution discharges have increased year by year with the rapid economic development, total emissions have decreased thanks to the improvement of sewage treatment capacity (Yue et al., 2016). The Jiaozhou Bay seawater quality has improved over this period. As CB are environmental indicator bacteria, in this study we investigated whether their abundance is declining over time and whether it is affected by environmental conditions.



MATERIALS AND METHODS


Sample Collection and Pretreatment

Surface seawater samples were taken monthly by the Jiaozhou Bay National Marine Ecosystem Research Station from January 2004 to December 2017. The twelve sampling stations (Sts.; Figure 1 and Table 1) were distributed in four areas, including the estuary area (Sts. A5 and C4, near the Licun and Haibo rivers, respectively), the inner bay area (Sts. A3, B2, C1, C3, and D1), the bay mouth area (Sts. D3 and D5) and the outer bay area (Sts. D6, D7, and D8).
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FIGURE 1. Sampling stations (circles) within the study areas. Black, estuary area; blue, inner bay area; red, bay mouth area; green, outer bay area. Stars indicate river mouths. Map data were obtained from © Baidu and downloaded at https://map.baidu.com/.



TABLE 1. Average depths with the CB abundance of the sampling stations.

[image: Table 1]
In order to cultivate CB and obtain their abundance, about 8 ml surface seawater was collected using a Niskin hydrophore sampler and stored in 10 ml centrifuge tubes in an ice box on the R/V Chuangxin. All samples were returned to the laboratory for cultivation within 6 h.

For heterotrophic bacteria (HB) abundance determination, seawater samples were also collected by Niskin hydrophore sampler and then fixed with paraformaldehyde (final concentration 1%) immediately. The samples were then stored in liquid nitrogen until analyzed.



Determination of Environmental Factors and Heterotrophic Bacteria

During the study, the data of temperature (T) and salinity (S) of seawater were measured during sampling by conductivity temperature depth (CTD).

The concentrations of dissolved inorganic silicate (DISi), dissolved inorganic phosphate (DIP), nitrate ([image: image]), ammonium salt ([image: image]), and chlorophyll a (Chl a) were measured according to National Standard of the Specification for Marine Monitoring of People’s Republic of China (GB 17378-2007). Specifically, the concentration of DISi was measured by silico-molybdenum blue method, DIP was measured by phosphorus molybdenum blue method, [image: image] was measured by cadmium-copper column reduction method, [image: image] was measured by indophenol blue method, and Chl a was measured by fluorescence spectrophotometry. According to National Standard of the Specification for Oceanographic Survey of People’s Republic of China (GB 12763-2007), the concentration of nitrite ([image: image]) was measured by diazo-coupling method. The abundance of HB was analyzed using flow cytometry (Zhao et al., 2016).

The rainfall data were obtained from the Qingdao Meteorological Bureau.



Laboratory Culturing

Cold-stored samples returned to the laboratory were processed in a clean bench. Three dilutions (original, 10-fold, and 100-fold) of each seawater sample were prepared using sterilized seawater. For each dilution, 1 ml of sample was added to a tube containing 9 ml sterile lactose peptone broth medium; this process was repeated in triplicate. The tubes were incubated at 37°C for 48 ± 2 h. After incubation, those tubes showing color change and/or gas production were counted. Based on these data the abundance of CB was determined using most probable number (MPN) table (National Standards of the People’s Republic of China, GB 4789.3–2016).



Data Processing

Monthly average abundances were calculated as the average of the total combined abundance for the various sampling stations. The data were summed up and then average the summation. The monthly average abundances in specific months were used to calculate the 14-year average abundances for those months. The annual average abundance for each year was calculated from the average monthly abundances in those years. The average abundance at each station was calculated from the abundance at each station in different years.

The statistical significance of differences of CB abundances was all assessed by the PERMANOVA analysis using the Vegan package in R (version 4.0.5), and the pair-wise test was performed to assess the differences further. Probabilities were corrected by the Benjamini method. The analyses focused on the data of the whole Jiaozhou Bay were performed to determine whether there was a significant difference in CB abundances considering the factors: (1) different stages of the study (temporal factor), 12 sampling stations (spatial factor), and their interactions; (2) different periods in the annual study (temporal factor), 12 sampling stations (spatial factor), and their interactions; and (3) the 14 years of the investigation (temporal factor), different areas of the sampling stations (spatial factor), and their interactions, respectively.

In order to analyze the correlations between CB abundance and environmental factors, and to identify the most important factors affecting the variation of CB abundance in Jiaozhou Bay, the Spearman’s rho correlation analysis and principal component analysis (PCA) among the CB, environmental parameters and HB were calculated using the Psych and Factoextra package in R (version 4.0.5), respectively. Analysis using PCA is useful for clustering and reducing the dimensionality of data (Choi et al., 2004), and can also preserve most of the variations.



RESULTS


Variations of Environmental and Biological Factors

The average depths of 12 stations varied from 3.0 to 29.3 m (Table 1). But due to the tidal, the depth of each sampling station was slightly different from the average depth.

During the study period, the average temperature (T), salinity (S), and concentrations of DISi, DIP, ([image: image]), [image: image], [image: image], and Chl a were 14.56°C, 30.70, 6.24 mg/L, 0.76 mg/L, 1.61 mg/L, 9.16 mg/L, 8.13 mg/L, and 1.51 mg/L, respectively (data provided by the Jiaozhou Bay National Marine Ecosystem Research Station, Institute of Oceanology, Chinese Academy of Sciences) (Supplementary Table 2).

The abundance of HB in surface seawater during the investigation changed from 7.96 × 106 cells/L to 1.04 × 1010 cells/L (Supplementary Table 2).

The rainfall data varied from 0.00 to 482.20 mm in 168 months (Supplementary Table 2). In annual variation, the maximum data occurred in July (174.33 mm) while the minimum value occurred in January (6.74 mm).



Temporal Variations in Coliform Bacteria Abundance

A total of 1997 samples were collected from 2004 to 2017 for measurement of the abundance of CB. Over those 14 years, 168 monthly average CB abundance were calculated (Figure 2). The maximum abundance was in September 2005 (6.13 ± 5.21 × 103 MPN/100 ml), while the minimum was in March 2015 (0.03 ± 0.03 × 103 MPN/100 ml). The difference between the maximum and minimum was more than 200-fold.
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FIGURE 2. Monthly average abundance (× 103 MPN/100 ml) of CB in Jiaozhou Bay. The red, green, and blue lines show the average abundances from 2004 to 2007, 2008 to 2013, and 2014 to 2017, respectively. The dotted line (threshold value) represents the Class IV standard of CB abundance specified by the NSQS. The bold broken line shows the annual average abundance of CB.


During the study, the annual abundance of CB in Jiaozhou Bay tended to decrease (Figure 2) suggesting that the environmental conditions in Jiaozhou Bay improved. The maximum annual average abundance occurred in 2005 (2.54 ± 1.37 × 103 MPN/100 ml) while the minimum occurred in 2017 (0.39 ± 0.47 × 103 MPN/100 ml). The difference between the maximum and minimum was more than sixfold.

In the 14 years of the study investigation, the CB abundance showed a stepwise decline involving three clear steps termed the “three stages phenomenon.” From 2004 to 2007, the average abundance (1.95 ± 1.04 × 103 MPN/100 ml) was almost a factor of two higher than the Class IV standard of the NSQS. From 2008 to 2013, the average abundance (1.08 ± 0.74 × 103 MPN/100 ml) was close to the Class IV standard. And, from 2014 to 2017, the average abundance (0.60 ± 0.60 × 103 MPN/100 ml) was much lower than the Class IV standard. The average abundances in the three stages were significantly different (p < 0.05) (Supplementary Table 3). The occurrence of this phenomenon indicated that the seawater quality in Jiaozhou Bay progressively improved over the study period.

During the investigation, the annual variation of CB abundance showed a fluctuating trend (Figure 3A). The maximum abundance occurred in December (1.61 ± 0.82 × 103 MPN/100 ml) while the minimum occurred in June (0.64 ± 0.74 × 103 MPN/100 ml), representing a more than twofold difference. The annual variation in the abundance of CB showed that the average for the first half of the year (0.99 ± 0.79 × 103 MPN/100 ml) was lower than that in the second half (1.39 ± 1.06 × 103 MPN/100 ml) significantly (p < 0.05) (Supplementary Table 4). In the first half of the year, the maximum abundance occurred in January (1.54 ± 0.81 × 103 MPN/100 ml), while in the second half, there were two peaks in abundance, one in September (1.60 ± 1.66 × 103 MPN/100 ml) and the other in December (1.61 ± 0.82 × 103 MPN/100 ml). The average abundance in the first half of the year was very close to the Class IV standard of the NSQS, but in the second half of the year, it was a factor of approximately 1.5 higher than the standard.
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FIGURE 3. Annual variation in the average abundance of CB (×103 MPN/100 ml) in Jiaozhou Bay: (A) from 2004 to 2017; (B) from 2004 to 2007; (C) from 2008 to 2013; and (D) from 2014 to 2017. The purple and orange lines represent average abundances in the first and second halves of the year, respectively. The dotted line (threshold value) represents the Class IV standard for CB abundance specified by the NSQS.


The annual variation in CB abundance was analyzed with respect to the “three stages phenomenon” (Figures 3B-D). Although the average abundance in the first half of the year in all years of the study was lower than in the second half, the three stages showed different characteristics. In the first stage (Figure 3B), both the average abundances in the first and second halves of the year (1.71 ± 0.74 × 103 MPN/100 ml and 2.18 ± 1.23 × 103 MPN/100 ml, respectively; difference = 0.47 × 103 MPN/100 ml, p < 0.05) exceeded the Class IV standard of the NSQS. In the second stage (Figure 3C), the average abundance in the first half of the year (0.87 ± 0.66 × 103 MPN/100 ml) was lower than the Class IV standard, while in the second half (1.29 ± 0.77 × 103 MPN/100 ml), it was higher than the standard (difference = 0.42 × 103 MPN/100 ml, p < 0.05). In the last stage (Figure 3D), the average abundances in the first and second halves of the year (0.43 ± 0.39 × 103 MPN/100 ml and 0.76 ± 0.73 × 103 MPN/100 ml, respectively; difference = 0.33 × 103 MPN/100 ml, p < 0.05) were all lower than the Class IV standard. Thus, over the 14 years of the study, the differences between the first and second halves of the year became progressively smaller. And the variations in the first and second half-year average abundances also indicated that the seawater quality in Jiaozhou Bay improved.

In the first stage, the average abundances of CB in each of the 12 months of the year were higher than the Class IV standard. In the second stage, the abundances were higher than the standard in 6 months in a year. While in the third stage, the standard was exceeded in only 2 months. These data also suggested that the seawater quality gradually improved.



Spatial Distribution of Coliform Bacteria Abundance

Coliform bacteria abundance varied in different areas and generated obvious spatial distribution characteristics (Figure 4 and Supplementary Table 5). The highest abundance was in the estuary area (4.94 ± 2.39 × 103 MPN/100 ml), followed by the bay mouth area (0.72 ± 0.72 × 103 MPN/100 ml), and the outer bay area (0.46 ± 0.48 × 103 MPN/100 ml), while the lowest abundance occurred in the inner bay area (0.33 ± 0.42 × 103 MPN/100 ml). The abundance in the estuary area was approximately 15-fold higher than in the inner bay area. Station A5 had the highest abundance (5.83 ± 4.68 × 103 MPN/100 ml), while station A3 (0.24 ± 0.96 × 103 MPN/100 ml) had the lowest. The highest value was more than 24-fold higher than the lowest value.


[image: image]

FIGURE 4. Spatial distribution of the average abundances in 12 stations. The sizes of the colored circles indicate relative average abundances of CB. The black, blue, red, and green circles indicate sampling stations in the estuary area, the inner bay area, the bay mouth area, and the outer bay area, respectively.


The annual variation in CB abundance in Jiaozhou Bay was spatially heterogeneous (Figure 5). The estuary, inner bay and outer bay areas showed clear differences between the first and the second halves of the year, with the average abundance in the first half of the year being lower than in the second half. The differences in the estuary area (1.45 × 103 MPN/100 ml) were greatest, followed by the inner bay area (0.30 × 103 MPN/100 ml) and the outer bay area (0.12 × 103 MPN/100 ml). In the bay mouth area, there was little difference (0.01 × 103 MPN/100 ml) between the average abundances in the first and second halves of the year. The ratio of the average abundance in the second half of the year to the first half of the year ranged from 1.00 in the bay mouth area to 2.67 in the inner bay area. The average abundances in the first and second halves of the years were lower than the Class IV standard of the NSQS, except the estuary area.
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FIGURE 5. Annual variation of CB abundance (× 103 MPN/100 ml) in Jiaozhou Bay. The columns with various lengths in different sampling stations indicate the average abundance of CB during the investigating period: (A) in the first half of the year; and (B) in the second half of the year. Variations in the annual abundance of CB in four areas in Jiaozhou Bay: (C) the estuary area; (D) the inner bay area; (E) the bay mouth area; and (F) the outer bay area. The purple and orange lines represent the average abundances in the first and second halves of the year, respectively. The black dotted line (threshold value) represents the Class IV standard for CB abundance specified by the NSQS.


The changes in CB abundance in the four areas of Jiaozhou Bay also reflected the “three stages phenomenon” (Figure 6). Average abundance declined from the first stage (2004–2007) to the third stage (2014–2017) in all four areas, but the characteristics of change varied. For example, in the estuary area, the average abundance dropped from the first stage (7.52 ± 3.20 × 103 MPN/100 ml) to the third stage (2.42 ± 2.71 × 103 MPN/100 ml), the reduced value was more than 5 × 103 MPN/100 ml (the highest in all four areas), and the abundance decreased by almost 70%. In this area, the lowest abundance stage still exceeded the Class IV standard. In the bay mouth area, the average abundance also decreased from the first stage (1.43 ± 1.93 × 103 MPN/100 ml) to the third stage (0.27 ± 0.51 × 103 MPN/100 ml), the decline in average abundance was more than 80%, and it was the greatest decline among the four areas. Unlike the estuary and bay mouth areas (where the CB abundance of more than one stage was higher than the Class IV standard), in the inner and outer bay areas, the CB abundance was lower than the Class IV standard during the three stages. In these two areas, the abundances in the last two stages were similar. The abundance in the inner bay area fell by 70%, while in the outer bay area it declined by 64%.
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FIGURE 6. Interannual variation of CB abundance (× 103 MPN/100 ml) in Jiaozhou Bay. Columns with different lengths in 12 stations show the average abundance of CB in: (A) the first stage; (B) the second stage; and (C) the third stage. The pie charts on the maps represent the proportion of the average abundance of CB in different areas. Interannual variation in CB abundance of four areas in Jiaozhou Bay: (D) the estuary area; (E) the inner bay area; (F) the bay mouth area; and (G) the outer bay area. The red, green, and blue dotted lines represent the average abundances in the first stage (2004–2007), the second stage (2008–2013), and the third stage (2014–2017), respectively. The black dotted line (threshold value) represents the Class IV standard for CB abundance specified by the NSQS.




Relationships Between Environmental Factors and Coliform Bacteria Abundance

The results of the correlation analysis between CB abundance and environmental factors were shown in Table 2. To ensure data integrity, a total of 1843 sets of data were selected for analysis. All the correlations were corrected by the Bonferroni method.


TABLE 2. Spearman correlation analysis between environmental factors and the abundance of CB.

[image: Table 2]
The results showed that the CB abundance was significantly positively correlated with the concentrations of DISi (r = 0.20, p < 0.01), DIP (r = 0.20, p < 0.01), nitrogen salts (nitrate, nitrite, and ammonium) (0.19 ≤ r ≤ 0.30, p < 0.01), and significantly negatively correlated with salinity (r = −0.11, p < 0.01). Among the positively correlated factors, the abundance of CB showed the strongest correlation with the ammonium concentration (r = 0.30, p < 0.01).

Factoextra package in R language was used in PCA. The analysis studied 1840 sets of data and was performed to access the relationships between environmental factors and CB abundance (Figure 7). The result of the PCA paralleled those of the correlation analysis, and showed that the first two principal components explained 51.1% of the variation. The CB abundance was most positively affected by the concentrations of [image: image], [image: image], and [image: image], while salinity had the negative impact.


[image: image]

FIGURE 7. Principal component analysis of CB abundance and environmental factors.




DISCUSSION

Long-term monitoring (14 years) of the abundance of CB in Jiaozhou Bay showed that there has been a trend of decline at interannual, annual, and spatial scales, and that the decrease has occurred associated with three stages (2004–2007, 2008–2013, 2014–2017). Around the year 2008, seawater quality was strictly regulated to build a qualified water sports venue for the Olympic Games. Since 2013, a series of environmental protection work has been carried out under the guidance of the Eighteenth National Congress of the Communist Party of China. In recent years, the concept of “lucid waters and lush mountains are invaluable assets” has been put into practice. This was consistent with the significant decrease in CB abundance decreased at these two time points. Among the “three stages phenomenon,” the percentage of months with average abundance below the NSQS Class IV standard was less than 15% during 2004–2007, approximately 50% during 2008–2013, and more than two third during 2014–2017. These findings were in accordance with the described improvement of seawater quality of Jiaozhou Bay by the Report on Marine Environmental Quality of Qingdao1, and implied that the abundance of CB could be employed as an indicator to reflect the impact of environmental treatment accurately.

Along with a decrease in the abundance of CB over the three stages, there was a decline in the concentrations of DISi, DIP, [image: image] and [image: image] (Supplementary Table 2). This suggested that the environmental quality in Jiaozhou Bay has gradually improved. In the correlation analysis, the abundance of CB was most positively correlated with the concentration of nitrogen salts in all three stages. In the four study areas, the abundance of CB showed various relationships with nutrient concentrations. For example, in the estuary and inner bay areas, the abundance of CB was associated with the concentration of nitrogen salts. Water in the estuary area probably contains more nutrient residues (Cross and Rebordinos, 2003) and also receives untreated groundwater. Groundwater is an important land-based source of nutrients entering coastal ecosystems (Hernández-Terrones et al., 2010), and human activities may influence their concentrations (Hernández-Terrones et al., 2015). In previous studies it has been shown that nutrients enhance CB growth and reproduction, particularly inorganic nitrogen (Prasad et al., 2015). This could account for the correlation of nutrients in Jiaozhou Bay with the abundance of CB.

The abundance of CB was negatively correlated with salinity in Jiaozhou Bay. Similar correlations were also reported by Rozen and Belkin (2001) and Anderson et al. (2005). We also found a pattern of annual abundance of CB in Jiaozhou Bay that was not seasonal. This involved a marked increase from July and the maintenance of a high average abundance until January the following year. The similar phenomenon was found by Xue et al. (2018). To investigate possible explanations for this phenomenon, we compared the annual change in CB abundance with temperature, salinity, and rainfall. Temperature showed an obvious seasonal change that was different from that of changes in CB abundance. Salinity and rainfall both varied in the first and the second halves of the year. The average salinity was high in the first half of the year and low in the second half of the year, while the pattern was opposite for rainfall (Supplementary Figure 1). Correlation analysis of the surface seawater salinity and rainfall showed that these two indices were negatively correlated. Previous studies have reported that pollutants and bacterial cells can be carried to coastal bays through estuarine systems (Ridgway and Shimmield, 2002; Prasad et al., 2015), and rainfall can carry pollutants into estuarine areas in surface runoff and groundwater. Consequently, we infer that the abundance of CB may have been influenced by land-sourced pollutants carried into Jiaozhou Bay by rainfall. The hypothesis had some resemblance to Procopio et al. (2017) and Tabanelli et al. (2017).

Station A5 (near the mouth of Licun River), A3, C4 (near the mouth of Haibo River), C1, and C3 were at similar latitudes, but the differences in CB abundance at these stations varied by a factor of 10. This also suggests that the abundance of CB in Jiaozhou Bay was mainly influenced by land-sourced pollutants. Schiff and Kinney (2001) reported that high bacterial densities detected in discharges were not the result of point-source pollution. Therefore, the abundance of CB may have been influenced by sewage carried by nearby rivers. The abundance of CB was correlated with salinity and the concentration of nitrogen salts and silicates in the estuary and inner bay areas, but not in the bay mouth or outer bay area. Rivers may carry pollutants to the estuary area of Jiaozhou Bay in rainfall, and in the inner bay area, the pollutions may diffuse by the seawater flowed. Some studies have reported that bacterial abundance was higher in aquacultural organisms than in seawater (Lucena et al., 1994; Kolm and Absher, 2008), as the inner bay is an aquaculture area, this may explain why the abundance of CB was lower in the inner bay area. Furthermore, bacteria can travel and be transported some distance (Jeng et al., 2005), which could be another reason for the phenomena in the estuary and inner bay areas. In the bay mouth and outer bay areas, the exchange of seawater between Jiaozhou Bay and the open sea is greater, so pollutions may be diluted to very low concentrations, and have less influence on CB abundances as highlighted in the research of Farrapeira et al. (2010). Seawater could purify itself may be another possible explanation for the spatial distribution of CB in Jiaozhou Bay. For station D8 (Supplementary Figure 2D), which is inside the 2008 Olympic Games sailing venue area, the average abundance of CB gradually decreased from the first to the third stage. The average abundance exceeded the Class IV standard of the NSQS in the first stage but was below it in the other two stages. Compared with the other two stations in the outer bay area, the abundance of CB at D8 station fluctuated the most, and most frequently exceeded the Class IV standard. This may have been influenced by tourism and water sports, and highlighting the need for the water environment to be consistently monitored and regulated.

We compared the abundance of CB in Jiaozhou Bay with other areas worldwide (Supplementary Table 6). Farrapeira et al. (2010) found that, based on MPN analysis, total coliforms in an estuary area in Brazil were more than 2.4 × 103 MPN/100 ml, while the abundance was 0.9 × 10 MPN/100 ml at a port station in May, 2007. Also in Brazil, Mignani et al. (2013) reported that in 2007–2008, the mean abundance of CB in a cultivation area and a contaminated area was 18 and 156 MPN/100 ml, respectively. Locations and pollution levels can influence the abundance of CB, as occurs in Jiaozhou Bay. The average abundance of CB in Jiaozhou Bay during the last two stages was lower than that in seawater of the intertidal zone in the Persian Gulf in Iran in 2014 (more than 1.2 × 103 MPN/100ml) (Karbasdehi et al., 2017), suggesting that the seawater quality of Jiaozhou Bay is better than that of the Persian Gulf. The abundance of CB in a Xiamen (China) intertidal shellfish aquaculture area in 2005 and 2006 (Zhong et al., 2012) was higher than we found in the inner bay area of Jiaozhou Bay, suggesting that the aquaculture environment in Jiaozhou Bay is better. Xia et al. (2011) studied the abundance of CB in surface seawater of an aquaculture area was 72 MPN/100ml (in March) and 23 MPN/100ml (in May) in Jiangsu Province (China) in 2010, indicated that the seawater quality was better in Jiangsu Province than in Jiaozhou Bay at that time. Shen et al. (2006) reported that the highest abundance of CB occurred near a sewage outlet, which was similar to our results. We also found that the abundance of CB in Jiaozhou Bay was four orders of magnitude lower than that in the Wanan catchment in China (Xue et al., 2018). This catchment is a freshwater environment, and could be more highly influenced by human activities (e.g., agricultural and urban activities) than Jiaozhou Bay, because it is an endorheic environment.

We analyzed the variations in abundance of CB at various stations in the four areas (Supplementary Figure 2). From an overall viewpoint, the abundance of CB in Jiaozhou Bay should be treated regionally. In the estuary area, where the decline in abundance of CB was greatest, the seawater quality still exceeded the Class I to Class III standards of the NSQS. For the inner bay, outer bay, and bay mouth areas, the average abundance of CB fluctuated in 2015, and the average abundance in the outer bay also fluctuated in 2007, 2009, 2012, and 2013. Possible explanations include increased use for anchorage, increased human activity in the open seawater area (e.g., tourist ships and sailing), and mariculture developments. Based on our study, we have formulated strategies for future seawater environmental management. These include, for example: the regulation of pollution discharge in key areas and in differing periods of the year, to maintain the present status and strengthen management and control; to strictly monitor, regulate, and manage various water activities; and to standardize aquaculture activities.

There was a deficiency in our study that we did not pay attention to the specific composition of CB. In the following monitoring, we will pay more attention to the species which had specific roles such like pathogenicity (Dey et al., 2017) and drug resistance (Al-Badaii and Shuhaimi-Othman, 2014). These may make the indicative function more accurate of CB. And, in further study, we will try to distinguish the factors that influence CB abundance whether from human activity or animals’ excretion. That will be more accurate to analyze the impact of the environmental factors.



CONCLUSION

In this study we analyzed the abundance of CB in Jiaozhou Bay during the period 2004–2017. Surface seawater samples were collected monthly at 12 stations, and the abundance of CB and a range of environmental factors were measured. The long-term investigation showed that the abundance of CB reflected a “three stages phenomenon”, involving critical time points that coincided with increased environmental governance. The abundance of CB showed obvious annual and spatial variations, although their abundance declined during the study. Based on the National Seawater Quality Standard, the abundance of CB at individual stations in individual months still exceeded the Class III standard. As the abundance was correlated with human activities, changes in abundance can be used as a guide to the development and implementation of environmental governance strategies.
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36.10
36.07
36.04
36.03
36.00
35.98
36.03

Average depth (m)

75
4.9
4.2
3.0
4.2
14.9
12.2
6.6
29.3
25.3
16.0
13.2

Average abundance of CB (x10% MPN/100 ml)

5.83 +4.68
4.00 & 4.45
0.24 +0.96
0.35 £1.36
0.30 +1.27
0.32 £0.75
0.43 +1.34
0.80 +1.87
0.64 +1.82
0.39 £1.55
0.32 £1.27
0.64 +1.44
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