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Abstract

:

Microplastics (MPs) have been given considerable attention due to their risk to aquatic organisms in marine environments. In this study, MPs’ abundance and their potential correlation with environmental factors were investigated from 26 sites in Daya Bay, South China Sea. The results showed that the abundance of MPs was 1.8–13.87 items/L in surface water and 190–823 items/kg (dry weight) in sediment. The most abundant shape of MPs in both water and sediment was fiber, the most abundant particle size was 0.5–1 mm and the most abundant color was transparent. In addition, the most common polymer type of MPs was polyethylene terephthalate (PET), followed by rayon (RY), polypropylene (PP), cellulose (CL) and polyethylene (PE). The abundance of MPs in sediment was significantly correlated with sediment organic N and C (p < 0.05), while that in surface water had no significant correlation with the environmental factors except dissolved oxygen (p > 0.05). A factor analysis showed that MPs in sediment might share similar sources with organic N and C, which were mainly from the autochthonous sedimentation of marine organisms, and MPs might sediment jointly with organic matter. In summary, this study reflects on MP pollution and the potential correlation with environmental factors, providing essential data for governmental agencies to formulate microplastic pollution control policies.
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1. Introduction


Plastic is an organic synthetic polymer compound that has been widely utilized in the world due to its low cost, light weight and corrosion resistance [1]. The excessive use of plastic and its poor management and incorrect disposal may result in the accumulation of plastic fragments in the marine environment. The used plastic that is discharged into the environment as waste may degrade and weather into pieces or particles less than 5 mm in diameter or smaller, generally referred as microplastics (MPs) [2,3]. In recent years, various MPs have been discovered in seawater and sediment, mainly derived from coastal industries [4], the fishing industry [5] and the fragmentation of large plastic [6]. MPs in coastal areas originate from both the land and sea. It is estimated that about 80% of marine plastic particles come from the land, with 1.15 million to 2.41 million tons of plastic waste currently entering the ocean from rivers each year [7]. In recent decades, MPs have been increasingly detected in marine areas around the world, such as the Yellow Sea [8], the Adriatic Sea from the Croatian marine protected area [9], the western Pacific [10] and even Antarctica [11]. These studies indicate that MPs are present in water, sediment and beach substrates along the coastline, offshore and in the deep sea [12,13]. Numerous essential functions of marine ecosystems, including food supply and climate regulation, are being gradually lost as enormous anthropogenic plastic waste is discharged into the oceans [14].



Due to their relatively small size, MPs may easily be accidentally ingested by aquatic organisms and transferred into the marine food chain, presenting serious threats to the health of marine animals [15]. Numerous marine organisms have been reported to accidentally ingest MPs, such as zooplankton [16], shrimp [17], fish [18], sea turtles [19] and whales [20]. The ingestion of MPs and their further bioaccumulation can cause a significant threat to marine wildlife. Directly, MPs cause toxicity to organisms through ingestion, inhalation and dermal contact, resulting in oxidative stress, inflammation and cellular damage in organisms [21]. Additionally, due to the large surface area and hydrophobicity, MPs can serve as carriers of pathogens such as Escherichia coli and parasites, threatening organisms [22], as well as various hydrophobic/hydrophilic organic pollutants and heavy metals [3,23,24]. It has been reported that hydrophobic/hydrophilic organic pollutants can be effectively adsorbed on the surface of MPs and release toxicity with migration to organisms [25,26,27]. It has also been found that the presence of MPs enhances the toxicity of cadmium to zebrafish (Danio rerio) and that combined exposure leads to oxidative damage and inflammation in zebrafish tissues. In conclusion, as carriers of toxic pollutants and pathogens, MPs will cause serious health problems for humans once they enter the human body through the food chain. Therefore, it cannot be denied that MP pollution has increasingly become a crucial issue that must be addressed.



To reduce MPs’ pollution in the environment, it is necessary to understand the processes by which they are formed. The occurrence of MPs is extremely complex, which makes them particularly difficult to study. Plastics are predominantly degraded by slow weathering processes in the aquatic environment, which include thermal degradation, photo-oxidative degradation and wave-driven fragmentation. The authors of [28,29] discovered that the weathering rate of MPs in the aquatic environment is slower than in the terrestrial environment due to the lower temperature. Additionally, high salinity affected the microbial composition of the water and sediment, reducing the chances of the microbial degradation of plastics [30]. Ariza-Tarazona et al. (2020) demonstrated that low pH incorporates H+ into the system, which facilitates plastic degradation [31]. Consequently, the monitoring of environmental factors in coastal areas is highly beneficial and critical for the study and management of MPs. Current information on some MPs in the marine environment is well established [32,33], but the correlation of MP contamination and environmental factors is still poorly documented [34]. Daya Bay, a large semi-enclosed gulf in the northern part of the South China Sea, is located to the left of the Pearl River in Guangdong Province and southwest of the Dapeng Peninsula in Shenzhen, which is surrounded by one of the most densely populated and industrialized areas in China [35]. With the construction of the Daya Bay Nuclear Power Station in 1994, the Ling’ao Nuclear Power Station in 2002 and the continuous development of the petrochemical industry and auto electronics industry in Daya Bay, the marine ecology of the bay in the area will suffer great environmental pressure [36]. The investigation of pollution in the Daya Bay area has mainly focused on organic pollutants, heavy metals and water quality, but the investigation of MP pollution remains unexplored [37,38,39] Therefore, this study aimed to explore the potential correlation of environmental factors and the abundance, spatial distribution and compositional characteristics of MPs in surface water and sediment in Daya Bay. It provides a basis for monitoring MPs in the Daya Bay waters and calls for the reduction in plastic use and the protection of local water resources.




2. Materials and Methods


2.1. Study Site


Daya Bay (22°5′–22°9′ N, 114°5′–114° E) in Huizhou City, Guangdong Province, is an essential bay in the South China Sea. The total area is about 650 km2 and its coastline reaches 52 km [40]. Daya Bay is a semi-enclosed bay with tidal currents and a relatively slow water cycle in the South China Sea. There are no major rivers flowing into it except the small Danao River. It is one of the most valuable economic development zones and aquaculture areas in China.




2.2. Sampling


The sample site information of this study is shown in Figure 1. The sampling period was from 22 to 24 July 2020, with a total of 26 sampling sites (sites S1–S22 were evenly distributed in the Daya Bay area and D1–D4 were located in the Danao estuary and coastal area of Daya Bay). MP samples were collected from surface water (MPwater) and sediment (MPsediment). Temperature (Temp), salinity, pondus hydrogenii (pH), dissolved oxygen (DO) and depth were measured in situ using a YSI 6600 multi-probe sensor (Yellow Springs Instrument Co., OH, 45387-1107, USA). Chlorophyll a (Chl a) was extracted with 90% acetone in the dark for 24 h at 4 °C and analyzed using a Turner Design 10 fluorometer [31,41]. For each subsample, 20 L of surface water was collected with a pump. The surface water was filtered through a 48 μm standard steel sieve and the substance on the sieve was transferred into 250 mL glass bottles after being rinsed with distilled water to collect the microplastics [42,43]. The sediment samples for MP extraction and nutrient analysis were collected with a pre-cleaned Peterson mud picker (PBS-411) at the same location as the water samples; approximately 7–8 L of sediment samples was grabbed by the PBS-411 and placed onto the deck of the boat for us to collect samples. The sediment samples were transferred to pre-cleaned glass vials and stored in a refrigerator at −20 °C until transfer to the laboratory for the next analysis [44].




2.3. Extraction of MPs


All surface water samples were combined with 30% hydrogen peroxide and kept in the dark for 24 h to ensure complete digestion of all organic substances then filtered through a 0.45 μm micro-porous filter membrane (Aqueous system) under a vacuum pump [45]. The filter membrane was placed in a covered glass Petri dish and air dried at room temperature for the next step in the analysis. The density method was used to separate MPs from sediment samples [46]. Firstly, the collected sediment samples were dried in an oven at 60 °C to constant weight. Then, they were gently ground and mixed thoroughly. Each sediment subsample of about 30 g was added to a glass beaker containing a 200 mL saturated solution of sodium chloride (NaCl). The mixture sediment was stirred uniformly and left to stand for 24 h until the MPs floated to the surface. An amount of 90 mL of 30% hydrogen peroxide digest was then added to the floating material to degrade the natural organic matter, similar to the water sample treatment. It is necessary to emphasize that MPs, such as PET material, may float by adhering to attached materials on shells and other objects.




2.4. Identification of MPs


The characteristics (e.g., abundance, shape, size and color) of the suspicious MPs on the filter were observed and photographed by a stereomicroscope (Optec SZ680). The shape, color and size of all suspicious MPs were measured digitally on the filter using the Leica Application Suite System (Version 4.3.0) [47]. The length of all MPs was based on the length of the longest axis. The observed MPs were divided into four categories according to their shape: fiber, pellet, fragment and film. A film is a thin piece of plastic debris, a pellet is a spherical or cylindrical piece and a fiber is a thin and lengthy item; other irregular shapes were designated as fragments. When an item could not be defined as fiber or film, it was classified as a fragment [43]. The MPs were divided into six categories according to their color: white (both white and transparent), red, yellow, green, blue and black. They were also divided into six categories according to their size: <0.5 mm, 0.5–1 mm, 1–2 mm, 2–3 mm, 3–4 mm and 4–5 mm.



No organic or cellular structures were visible to the naked eye. The consistent thickness and color of filaments along their full length, clear particles, uniform color, and transparent white MPs were observed under high-magnification microscopy [16,47]. It was inaccurate to make assumptions by simple microscopic observation and subjectivity alone. The suspicious MPs collected in the samples were identified by micro-Raman spectroscopy (Thermo Fisher Scientific Waltham, MA, USA DXR2, 532 nm laser, Raman shift 50–3500 cm−1). In total, 5177 and 920 MPs were observed in 26 surface water samples and sediment samples, respectively. Then, 110 suspicious MPs were randomly taken and tested in the spectra of 500–3500 cm−1. The absorbances of the infrared spectra of the samples were detected in this range and compared in a searchable library. The result with the highest confidence level was identified as the material of the sample [48,49]. A spectral match of higher than 80% is considered to be the chemical composition of the particle as an MP, otherwise it is not [43].




2.5. Sediment Total Organic Carbon and Nitrogen Analyses


Total organic carbon (C) and nitrogen (N) in sediments were analyzed through a Flash EA 1112 Series Elemental Analyzer (EA-IRMS, all Thermo Finnigan, Bremen, Germany). Prior to carbon analysis, 1 g of each subsample was acidified by 10% HCl for 3 h to remove inorganic carbon. The elemental composition of C and N was defined as the percentage of mass fraction of dw (dry weight) [50]. The atomic ratio of C to N (C/N) was also calculated.




2.6. Quality Control


To prevent contamination, contact with plastic materials was avoided during sampling and experiments. All the sampling tools were cleaned three times with distilled water to avoid site cross-contamination. During sample separation and analysis, the laboratories involved in this study were prohibited from using any plastic equipment and synthetic clothing. To ensure that the laboratory air was contaminant free, a blank Petri dish was placed on the lab bench during the experiment. The control Petri dishes were finally confirmed to be free of MP contamination.




2.7. Data Analysis


A statistical analysis of MP abundance, size, shape, color and composition was performed using Microsoft Office software (Excel 2021), and graphics were produced using prism and ArcGIS 10.3.1. Pearson correlation and factor analysis were analyzed through SPSS 25.0 (IBM, Amenk, NY, USA). A statistical significance level of p = 0.05 was employed.





3. Results


3.1. Environmental Factors and Abundance of Microplastics


The environmental factors Temp, salinity, pH, DO and Chl a of the water column are shown in Figure 2A–E. The distribution of temperature and salinity showed a quite opposite pattern. The water temperature of the inner bay (D1, D2, D3, D4, S1, S2, S3, S4, S6, S7, S8 and S9) ranged from 30.3 to 33.9 °C, which was significantly higher than the other sites (p < 0.05). The salinity of the sampling sites along the northern coast was relatively lower than that of the outer bay (S5, S12~S21). The water of D1, D2, D3 and D4 was slightly alkaline with a pH beyond 8.10. The pH at the other sampling sites was relatively similar, except for S7 where the pH was the lowest.



The abundance of MPs (Figure 2F) in surface water ranged from 1.8 to 13.87 items/L. Generally, MPs in the northwest and east coast had a relatively high abundance. The northwest coast is near Aotou Town, which has a relatively large population, a long history of cage aquaculture and a hurry port and is also near the Danao estuary, while the east bay is close to the famous tourist bay of Shunliao. Dapeng Bay has a relatively low MP abundance. The abundance of MPs in sediment ranged from 5.7 to 24.7 items/30 g dw (relevant to 190~823 items/kg dw) (Figure 2G). It has a quite a different spatial distribution pattern than that of the MP abundance in surface water. The highest abundance occurred at the northeast coast near Xiachong Town (S1, S2), followed by site S9 near an island where a crude oil terminal is located, then followed by site S17, which is at the east corner of the outer bay.



The contents of total organic carbon (C) and nitrogen (N) and the carbon to nitrogen ratio (C/N) of the sediment in the coastal areas in Daya Bay are shown in Figure 2H. The content of C in different sites varied similarly to N content. The content of C at S12, S15, S16, S20, S21 and D2 was relatively low with less than 0.5%, while that of S1, S6, S9 and D4 was higher than 1.2%. The content of N at all sample sites ranged from 0.04% to 0.17%. The C/N ratio of the sediment varied from 5.8 to 11.3. Comparatively, S20 and S21 had the lowest values, while D1–D5 had the highest values.




3.2. Shape, Sizes and Color of MPs


According to the images of the MPs under the microscope (Figure 3), four shapes, fibers, fragments, films and pellets, were found in Daya Bay. The fibers were the most common shape, with the proportion ranging from 93.0% to 100.0% in surface water, and the proportion ranged from 50.9% to 100% in sediment (Figure 4B).



The size and color of the MPs in the surface water and sediment at all sampling sites were also identified (Figure 4A). In the surface water, a size of 0.5–1 mm accounted for 18.17–70.00% of the total MPs, with an average of 44.73%, followed by sizes of 1–2 mm and <0.5 mm with averages of 24.09% and 22.52%, respectively Similarly, MPs sized 0.5–1 mm dominated in the sediment, and the proportion ranged from 17.65 to 55.00% with an average percentage of 36.17%. The size of <0.5 mm was the second most predominant with an average of 33.12%, while the size of 1–2 mm was the third most predominant size with an average of 21.57%. The observed MP colors were transparent (both white and transparent), red, yellow, green, blue and black (Figure 4C). The color of both the water and sediment samples were predominantly transparent, accounting for 82.27% and 71.49% of the total MPs, which was significantly higher than the blue ones with 7.88% and 13.82%, respectively (p < 0.05).




3.3. Types of Microplastics


The Raman spectra of MPs show the degree of conformity to the spectra of the standards (Figure 5A). The degree of conformity of all identified MPs to the standard Raman spectra was higher than 80%, which ensured the accuracy of the identified MPs. According to the results, 89 particles were identified as MPs. Ten types of microplastics were identified, including polyethylene terephthalate (PET), rayon (RY), polypropylene (PP), cellulose (CL) and polyethylene (PE), as well as a small proportion of other components. The predominant polymer types in surface water were PET (28%) and RY (15%) and those in sediment were PP (20%) and PE (17.78%) (Figure 5B).




3.4. Pearson Correlation and Factor Analysis for Microplastics and Environmental Factors


The Pearson correlation showed that Temp, salinity, pH, DO and Chl a were significantly correlated with each other (p < 0.05) (Figure 6A). The abundance of MPs in surface water neither correlated significantly with that in sediments nor correlated with other environmental factors, except that it positively correlated with DO (p < 0.05) (Figure 6A). The abundance of MPs in sediment was positively correlated with the contents of sediment organic N and C (p < 0.05).



Based on a factor analysis, three components (PC1, PC2 and PC3) accounting for 83.2% of variance were extracted (Figure 6B,C). PC1 had high positive loadings (>0.83) on the variables DO, pH, Chl a and Temp and negative loading (−0.91) on salinity, accounting for 41.2% of the total variance. All the above variables are relevant to water eutrophication, which may suggest that factor PC1 represents the water eutrophication level. PC2 had high loadings for the variables total organic N and C and MPs in sediment, accounting for 27.8% of the total variance. PC3 showed high loading for MPwater alone, accounting for 16.0% of the total variance.





4. Discussions


4.1. Characteristics of Microplastics of Daya Bay


Numerous studies have investigated MP pollution in seawater. In this study, the abundance of MPs in surface water ranged from 1.8 to 13.87 items/L in Daya Bay. A similar abundance of MPs has also been found in the Pearl River estuary (7.8–10.95 items/L) [43]. Nevertheless, a comparatively lower abundance of MPs was found in the Bohai Sea (0.4–5.2 items/L) [51], and a relatively higher abundance of MPs was detected in Chabahar Bay (86–362 items/L) [52]. The abundance of MPs in sediment ranged from 5.7 to 24.7 items/30 g dw (relevant to 190~823 items/kg dw). The abundance of MPs observed in the present study was much higher than that found in the south of the Caspian Sea, reaching 0–48 items/kg dw [53], and in the Bay of Bengal of India, reaching 0.33–317.67 items/kg, but it was comparatively lower than that found in lake shore sediment of the Montenegrin Coast of the Adriatic Sea basin (150–2500 items/kg dw) [54] and in coastal sediment of La Palma in Spain (2682 ± 827 items/kg dw) [55]. Overall, the pollution status of the MPs in the Daya Bay was in the middle level. The data we collected were from a sampling survey during the summer, because summer is the time when human activities are most frequent in the coastal areas of Daya Bay. Conducting the survey at this time of the year helps us to understand the severity of the situation of microplastic pollution in Daya Bay. In this way, we can more accurately evaluate the connection between microplastic pollution and local anthropogenic activities and environmental factors. However, the importance of managing and cleaning plastic waste still deserves attention.



In the current study, the sizes of 0.5–1 mm and <0.5 mm accounted for the highest proportion of MPs. Generally, the abundance of MPs decreased successively along with size enlargement, which is consistent with the size distribution of MPs in other research areas [56]. Larger MP materials eventually break up into smaller MPs in the marine environment through mechanical action, photo-oxidation and biodegradation [57,58], which results in a high abundance of smaller-sized MPs. In addition, previous studies found that biofouling increased the density of MPs and accelerated their sedimentation. As a result, there is accelerated accumulation of smaller MPs, and thus a considerable amount of small-sized MPs were detected in the water and sediment [59,60].



Fibers were the most predominant shape of MPs observed in this study in both surface water and sediment. This has also been observed in the Xijin Wetland Park, Nanning [61], the Pearl River estuary [43,62], Poyang Lake [63] and the Atlantic Ocean south of the Algarve Coast (Portugal) [64]. To a great extent, the fibers may be due to the decomposition of fishing instruments and sewage containing clothing fibers [65]. As a potential source of MPs, fiber could be stripped from plastics by fishing activities, atmospheric deposition and domestic sewage containing laundry fibers [66]. There are a great number of fishing-related activities in Daya Bay every year, such as boat fishing and cage culture, which may be a predominant factor in increasing the fiber content in the water environment [67].



As for the color of MPs, both water and sediment samples were predominantly transparent, accounting for 82.27% and 71.49% of the total MPs in this study. The fact that transparency accounts for such a high proportion can be explained by domestic sewage and fishing activities. It is a fact that a large number of transparent plastic products are commonly used, such as fishing line, nylon nets and plastic bags. Their intensive use inevitably generates large amounts of transparent MPs [68]. Furthermore, polychromatic MPs are faded in water by light, heat, water and biological weathering, resulting in transparent MPs [69,70].



The most common polymers in Daya Bay were PET, RY, PP, CL and PE, which are widely utilized in fishing activities and the packaging industry [71,72], suggesting that human activities are probably significant sources of these MPs [73]. In Daya Bay, the well-developed local textile industry may be a unique source of MPs, and the processing and production of various garments is inseparable from PET and RY [74,75]. PET can be processed into polyester fiber, which is excellent in wrinkle resistance and conformability. Therefore, it is generally used to make curtains, conveyor belts, ropes, electrical insulation materials, etc. [35]. As for RY, it is an artificially manufactured fiber, usually used in clothing, upholstery, industrial surgical instruments, feminine hygiene products, tires, etc. [76]. Once the waste from the use of these household products enters the seawater system through domestic sewage or fishing activities, it will decompose and produce large amounts of fibrous MPs [77]. PP and PE are the most frequent MP components in sediment [78,79] and had a relatively high proportion of the total sample in this study. It was previously noted that biofouling increased the density of MPs and accelerated their settling, which explains the predominance of PP and PE in the sediment of Daya Bay instead of in the surface water [80].




4.2. Potential Correlation between Environmental Factors and Microplastics


The development of MP pollution in coastal areas primarily depends on the local climate and water environment, with its abundance mainly attributed to anthropogenic sources and population density [81]. Human living conditions vary from one site to another, such as daily effluents, industrial wastewater, ships or fishing, all of which contribute different types of plastics or MPs [52,82]. Therefore, it is hard to track the sources of coastal MPs. A factor analysis is a possible approach to obtain potential associations among different environmental indicators. In the present experiment, the factor analysis showed that neither MPs in surface water nor in sediments correlated with PC1, which indicates the eutrophication level of the bay. However, the content of total organic N and C and the abundance of MPs in sediments were related to PC2. It was indicated that sediment MPs shared similar sources with total organic N and C in the sediments, which was also suggested by a significant Pearson correlation between the contents of total organic N and C and sediment MP abundance (p < 0.05). The C/N ratio is frequently used to identify the proportions of sedimentary organic matter originating from marine autogenic and terrigenous inputs [83]. Generally, the C/N ratio of sediment organic matter from terrestrial sources is equal to or above 20, while that from marine origins typically varies between 5 and 8 [84]. In the present study, the C/N ratio of sediment organic matter ranged from 6.8 to 11.2 with the highest value in the estuary area, indicating higher terrigenous inputs in the estuary area. It also indicated that the source of organic C and N was mainly from the autochthonous sedimentation of marine organisms. MPs in sediment deposited jointly with the organic sediment N and C, as biofouling increased the sedimentation of MPs. The abundance of MPs in surface water has no significant correlation with that in sediment and it was highly related to PC3, explaining 0.95 of the loading. MPs in surface water change frequently and complexly due to water flow [8,85], as does their abundance.





5. Conclusions


This study provided the first report of MPs in surface water and sediment in Daya Bay, South China Sea. The abundance of MPs ranged from 1.8 to 13.87 items/L in surface water and 190 to 823 items/kg dw in sediment. The predominant size of MPs is 0.5–1 mm. The predominant shape of the observed MPs was fiber, and the majority of MPs were transparent in color. On average, PET was the most common polymer type. The Pearson correlation and factor analysis showed that MPs in sediment might share similar sources with organic N and C and might sediment jointly with organic matter. In addition, the distribution of surface MPs was not correlated with the water trophic level. All in all, these results indicate the MP contamination in Daya Bay and provide essential data for governmental agencies to formulate microplastic pollution control policies. Our study was the first to jointly recognize the distribution characteristics of MPs and environmental factors. It provides a new perspective for future research about MP pollution.
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Figure 1. Sampling sites of Daya Bay. S1–S22 are sites in the bay area and D1–D4 are the sites in coastal area of the bay. Red point indicate the sampling sites. 
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Figure 2. Distribution of the environmental factors and microplastic abundance in Daya Bay. (A–G) show the distributions of water temperature, salinity, pH. and Chl a and the abundance of microplastics in surface water and sediments, respectively. (H) shows the contents of N (%), C (%) and C/N at different sampling sites. 
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Figure 3. Shape of microplastics in surface water and sediment in Daya Bay: (A–C) film, (D,E) fragments, (F) pellets, (G–I) fibers. (A–D) Captured at 2× magnification; (D–I) captured at 3× magnification. 
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Figure 4. The proportion based on size (A), shape (B) and color (C) of microplastics in surface water and sediment in Daya Bay. 
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Figure 5. Raman spectroscopy (A) and the composition (B) of the selected microplastics. Red curves are the selected spectra of microplastic samples and black curves are the spectra of standard polymers in spectral libraries. The types and similarity of the microplastic spectra compared to the standard spectra are shown on the right. PET, polyethylene terephthalate; RY, rayon; PP, polypropylene; CL, cellulose; PE, polyethylene; PS, polystyrene; ABS, acrylonitrile butadiene styrene; EVAC, ethylene-vinyl acetate resin; PA, polyamide; PAN, polyacrylonitrile. 
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Figure 6. Pearson correlation (A) and factor analysis (B,C) between the abundance of MPs and the environmental factors. Red indicates the positive correlation and blue indicated the negative correlation; * and ** indicate the significant correlation at levels p < 0.05 and p < 0.01, respectively. 
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