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Abstract

:

With the rapid development of the South Korean economy, human activities have extensively affected Korea’s coastal environment. A precise ecological quality assessment remains paramount despite the relatively lower impact of human activities on the East Sea compared to the West and South Seas of South Korea. Accurate ecological quality assessments can provide valuable marine environmental protection and management references. In our study, we employed seven indices based on heavy metals and macrobenthos to comprehensively assess ecological quality. Our results indicated the final ecological quality in the central East Sea of South Korea was acceptable at most stations; however, the ecological quality in winter marginally falls short compared to that in spring. The concentration of heavy metals emerges as a significant determinant of the final ecological quality, underscoring the need for subsequent studies to investigate the origins of heavy metals in the central East Sea of South Korea and the influence of anthropogenic activities on heavy metal concentrations. Furthermore, employing a single biotic index proves challenging for accurately assessing ecological quality in the East Sea of South Korea.
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1. Introduction


As a result of population growth and economic development, human activities have significantly affected the global coastal environment [1,2,3]. Numerous indices have been developed to assess the ecological health of coastal ecosystems and to evaluate the impact of human actions on coastal areas [4]. Among these, benthic indices based on the macrobenthic community stand out among the numerous indices and are considered the most effective in assessing marine ecosystems [5,6].



Benthic indices have been extensively applied to assess the ecological quality of coastal regions worldwide, effectively gauging the impact of human activities on coastal ecosystem quality in numerous investigations [7]. For example, the multivariate AMBI (M-AMBI) is an effective index for assessing the ecological quality of the Sea of Japan [8], and the BENTIX is an effective index for assessing the ecological quality of the Marmara Sea [9]. Indices based on macrobenthos are commonly employed to evaluate the ecological quality of coastal areas globally. Nonetheless, the complexity of marine environments poses significant challenges to the accurate assessment of ecological quality using a single biotic index [10,11,12]. In recent research, ecological quality has been evaluated through a comprehensive assessment using multiple indices [13,14,15,16]. However, only a subset of studies has considered combining abiotic and biotic indices to assess marine ecological quality [17].



Heavy metals occur naturally in marine ecosystems; however, in some regions, their concentrations may be elevated due to human activities. This increase poses a potential risk to marine biodiversity and the health of ecosystems and could impact human health [18,19,20]. For instance, during the 1950s in Japan, extensive mercury (Hg) discharges from chemical plants resulted in its accumulation in fish and shellfish. This contamination was subsequently transmitted through the food chain to the local populace, culminating in the outbreak of Minamata disease [21,22]. Heavy metal contamination has become a global concern [23,24]. Heavy metals are commonly concentrated in sediments, leading to the development of various heavy metal indices to assess the risk posed to the environment by the content of heavy metals in sediments [25]. Some heavy metal indices (i.e., the Nemerow pollution index, the pollution load index, and the potential ecological risk index) have been widely used to evaluate the ecological risk of marine sediments [26,27]. However, few studies employ both heavy metal and benthic indices for a comprehensive ecological quality assessment.



As South Korea’s economy has grown, human activities have extensively impacted its coastal environments. The use of benthic indices to assess the ecological quality of coastal areas in South Korea has been widely implemented. However, most of these studies have focused on the West and South Seas of South Korea [28,29,30,31]. Only a few studies have assessed the ecological quality of the southern East Sea in South Korea [32,33]. The impact of human activities on the East Sea of South Korea is significantly lower compared to the impacts observed in the West Sea and the South Sea of South Korea. The average depth of the East Sea far exceeds that of the West and South Seas in South Korea. Furthermore, the concentrations of nutrients in the seawater and the content of organic matter in the sediments of the East Sea are lower than those in the West Sea and South Sea in South Korea [34,35,36]. Although the East Sea of South Korea experiences lower levels of human impact, it is still crucial to evaluate its ecological quality precisely. Such accurate evaluations offer solid backing and references for future marine environmental conservation efforts and policy development.



In this study, our objectives were to (1) examine the content of heavy metals in the East Sea of South Korea and assess the potential ecological risks posed by heavy metals; (2) evaluate the effectiveness of biotic indices in assessing ecological quality; and (3) determine the final ecological quality through a holistic approach that integrates indices based on heavy metals and macrobenthos.




2. Materials and Methods


2.1. Study Area


The study area is located on the coast of Samcheok County (37°24′14.13″–37°19′49.66″ N, 129°15′34.43″–129°21′29.99″ E) and Uljin County (37°00′13.42″–36°54′13.98″ N, 129°25′22.06″–129°27′22.75″ E) (Figure 1). Two study areas are situated in the East Sea of South Korea (Sea of Japan), which has a total area of 978,000 km2 and a maximum depth of 3742 m [37]. Stations 2 and 6 in Samcheok County are near the Maeup and Junchon Rivers. Stations 2 and 3 in Uljin County are near the Namdae and Wangpi Rivers. The study area in Uljin County is located near a town with an approximate population of 46,000. In February, the average coastal water temperature of Samcheok County is 3.91 ± 1.17 °C, while in May, it rises to 5.84 ± 1.74 °C. In contrast, the coastal water temperature of Uljin County in February averages 6.65 ± 2.38 °C, and in May, it slightly increases to 7.02 ± 2.18 °C [38]. The water depth of the study areas ranges from 11 m to 161 m, with an average depth of 56.5 m. The water depth exceeded 150 m at S10 and U10. The annual average precipitation of the study area is between 1000 mm and 1500 mm, with a water temperature range of 9.2 °C to 25.0 °C and salinity concentrations ranging from 30.3 to 34.1 psu [39]. This study marks a pioneering attempt to utilise heavy metals and macrobenthos to evaluate the ecological quality in the central East Sea of South Korea, thus filling a crucial gap in regional environmental research and establishing a baseline for subsequent investigations.




2.2. Sample Collection and Processing


Macrobenthos and bottom sediment samples were collected using a Smith–Mclntyre Grab Sampler (ChemLab Co., Ltd., Incheon, South Korea) (0.1 m2) once in February and again in May 2011. The sampling area for each sample station was 0.2 m2. Macrobenthos were collected on-site using a 1 mm sieve, rinsed with seawater, and preserved using a 10% neutral formalin solution (Samchun Co., Ltd., Seoul, South Korea). In the laboratory, macrobenthos were identified to the species level using a microscope (Olympus SZX-10, Olympus Co. Ltd., Tokyo, Japan). During the collection of macrobenthic organisms, approximately 400 g of bottom sediment was also collected using a plastic spoon. These samples were preserved in an ice box at −20 °C and transported to the laboratory.



For chemical oxygen demand (COD) analysis, a 10 g sediment sample was made alkaline using excess KMNO4 (Samchun Co., Ltd., Seoul, South Korea), which was added and heated to 150 °C. Then, KI (potassium iodide) (Samchun Co., Ltd., Seoul, South Korea) and H2SO4 (Samchun Co., Ltd., Seoul, South Korea) were added, and the amount of oxygen was determined from the amount of iodine liberated by the KMNO4.



To determine the organic matter content (IL), a 30 g sample of dry sediment was heated at 550 °C for 2 h in a muffle furnace (HY-800, Hwa Sueng Ind Co. Ltd., Busan, South Korea). For the concentration measurements of cadmium (Cd), chromium (Cr), copper (Cu), lead (Pb), and zinc (Zn), 10 g of sediment sample was pulverised and fully digested in a mixture of HNO3/HF (8:1 v/v) (Samchun Co., Ltd., Seoul, South Korea). The digested samples were analysed using inductively coupled plasma mass spectrometry (ICP-MS, Elan 6100, PerkinElmer Inc., Waltham, MA, USA). For the concentrations of mercury (Hg) and arsenic (As), 1 g of sediment was leached with 50 mL of 1 M hydrochloric acid (HCl, Samchun Co., Ltd., Seoul, Korea), then reduced using a reduction vapour generation device and captured in a collection system. The analysis for mercury and arsenic was conducted using an atomic absorption spectrophotometer (PSA 10.055 Millennium Excalibur Satellite, PS Analytical Co., Ltd., Orpington, UK).




2.3. Heavy Metal Indices


The geochemical background values were confirmed by a previous study (As: 7.5 mg/kg; Cd: 0.131 mg/kg; Cr: 46.5 mg/kg; Cu: 14.9 mg/kg; Hg: 0.0147 mg/kg; Pb: 25 mg/kg; Zn: 71.3 mg/kg) [40]. The potential ecological risk coefficient for each heavy metal was determined by referencing the study by Hakanson (1980) [41]. The potential ecological risk coefficients of As, Cd, Cr, Cu, Hg, Pb, and Zn are 10, 30, 2, 5, 40, 5, and 1, respectively. The pollutant load index (PLI), Nemerow pollution index (Pn), and potential ecological risk index (RI) are widely used to evaluate the degree of heavy metal contamination in sediments [17]. The formulas and threshold values for the three heavy metal indices are provided in Table 1.




2.4. Biotic Indices


Four biotic indices (AMBI, BENTIX, H’, and M-AMBI) were selected based on distinct principles to assess ecological quality. These four indices are widely used to evaluate ecological quality [42,43]. The AZTI’s marine biotic index (AMBI) and BENTIX are based on the tolerance of macrobenthos to organic matter, classifying them into five or three ecological groups [44,45]. The Shannon diversity index (H’) is based on the abundance of macrobenthos [46]. Finally, the multivariate AMBI (M-AMBI) is based on the AZTI’s marine biotic index (AMBI), species abundance, and Shannon diversity index [47]. The formulas and threshold values for the four biotic indices are provided in Table 2.



The AMBI software version 6.0 (June 2022) was utilised to calculate AMBI and M-AMBI. The PRIMER software version 7.0.23 (Quest Research Ltd., Albany, New Zealand) was deployed for computing H’. The ecological group assignments for macrobenthic organisms were based on the AMBI software database. For species not present in the database, assignments were made by referencing the ecological groups of congeneric or confamilial species [48]. The ecological group classification for BENTIX was referenced from the ecological groups of AMBI (Table S1).





 





Table 2. Algorithmic approaches to biotic indices and categorisation of ecological quality status (EcoQs) for biotic indices.






Table 2. Algorithmic approaches to biotic indices and categorisation of ecological quality status (EcoQs) for biotic indices.





	
Indices

	
Algorithm

	
Index Values

	
EcoQs

	
Reference

	
Note






	
AMBI

	
       = [ ( 0 × % E G I ) + ( 1.5 × % E G I I ) + ( 3 × % E G I I I )       + ( 4.5 × % E G I V ) ( 6 × % E G V ) ] / 100       

	
0.0–1.2

	
High

	
[45]

	
EGI: disturbance-sensitive species; EGII: disturbance-indifferent species; EGIII: disturbance-tolerant species; EGIV: second-order opportunistic species; EGV: first-order opportunistic species.




	
1.2–3.3

	
Good




	
3.3–5.0

	
Moderate




	
5.0–6.0

	
Poor




	
>6.0

	
Bad




	
BENTIX

	
   = [ 6 × %    GI    + 2 ( % G I I + %    GIII  ) ] / 100   

	
6–4.5

	
High

	
[46]

	
GI=EGI+EGII; GII=EGIII+EGIV; GIII= EGV.




	
4.5–3.5

	
Good




	
3.5–2.5

	
Moderate




	
2.5–2.0

	
Poor




	
0.0

	
Bad




	
H’(log2)

	
   = − ∑         n   i     N       l o g   2         n   i     N         

	
>4

	
High

	
[49]

	
Ni: Number of individuals belonging to the ith species; N: total number of individuals.




	
4–3

	
Good




	
3–2

	
Moderate




	
2–1

	
Poor




	
<1

	
Bad




	
M-AMBI

	
   = K + ( a × A M B I ) +   b ×   H   ’     + ( c × S )   

	
>0.77

	
High

	
[48]

	
H’: Shannon diversity index; S: number of species




	
0.53–0.77

	
Good




	
0.38–0.53

	
Moderate




	
0.20–0.38

	
Poor




	
≤0.2

	
Bad










2.5. Data Analysis


Principal component analysis (PCA) was used to evaluate the primary environmental factors. This involved transforming the environmental factors using a log(x + 1) conversion and normalisation. Spearman’s rank correlation analysis was used to determine the correlations among indices and between indices and environmental factors. Kappa analysis was utilised to evaluate the consistency of indices in assessing ecological quality. The level of agreement in the kappa analysis was referenced from a previous study [50] (Table S2). Data analysis was conducted using PRIMER software version 7.0.23 (Quest Research Ltd., Albany, New Zealand) and SPSS Statistics 29.0 (SPSS Inc., Armonk, NY, USA).



The values of the indices were classified into acceptable and unacceptable to facilitate ecological quality assessment based on previous research [17,49] (Table 3). When the ecological quality was deemed adequate according to five out of seven indices, the final ecological quality was classified as acceptable. When the ecological quality of an index was considered acceptable, it was assigned a value of 1; if unacceptable, it was assigned a value of 0. The ecological quality assessment results from seven indices were combined, and Surfer version 14 (Golden software Inc., Golden, CO, USA) was used to create a spatial distribution map of the values of final ecological quality.





3. Results


3.1. The Environmental Characteristics of Study Areas


Among all the elements analysed, zinc exhibited the greatest observed concentrations, while mercury showed the lowest. The concentrations of heavy metals varied, with arsenic (As) ranging from 1.91 to 6.14 mg/kg, cadmium (Cd) from 0.04 to 0.33 mg/kg, chromium (Cr) from 8.71 to 66.98 mg/kg, copper (Cu) from 1.83 to 32.56 mg/kg, mercury (Hg) from 0.01 to 0.06 mg/kg, lead (Pb) from 9.79 to 32.27 mg/kg, and zinc (Zn) from 11.27 to 109.31 mg/kg (Table 4). At some stations (e.g., S1, S9, S10 and U10), ignition loss (IL) and chemical oxygen demand (COD) concentrations were high. The values of environmental factors at the sampling stations are shown in Table S3.



In the principal component analysis, the PC1 axis and PC2 axis accounted for 78.8% of the overall variation (Figure 2). The PC1 showed a negative correlation with all environmental factors. The PC2 showed a positive correlation with ignition loss (IL), chemical oxygen demand (COD), Cd (cadmium), Hg (mercury), and As (arsenic). The PC2 showed a negative correlation with Cr (chromium), Cu (cuprum), Pb (lead), and Zn (zinc) (Table S4). The eigenvalue for PC1 was 5.42, and for PC2, it was 1.67. The station (U9S, U10S, S10W, U2W, U6W, U7W, U8W, and U9W) located in the upper-left corner indicates a higher concentration of heavy metals (Figure 2).




3.2. Macrobenthos Composition


A total of 206 species of macrobenthos were identified in the study area. The most prominent taxa were Annelida with 80 species (38.8%), followed by Mollusca with 59 species (28.6%), Arthropoda with 49 species (23.8%), Echinodermata with 13 species (6.3%), and 5 other species of animal (2.4%). The number of species in Samcheok County and Uljin County in winter and spring are shown in Figure 3.




3.3. Results of Heavy Metal Indices


The pollutant load index (PLI) values ranged from 0.4 to 1.53, with an average value of 0.78 ± 0.32. Based on this range, the level of pollution at thirteen stations was categorised as unpolluted, and seven stations were moderately polluted in winter. The ecological quality was assessed as acceptable at thirteen stations and unacceptable at seven stations in winter. In spring, the level of pollution at fifteen stations was categorised as unpolluted and five stations as moderately polluted. The ecological quality was assessed as acceptable at fifteen stations and unacceptable at five stations in spring (Figure 4 and Figure 5).



The Nemerow pollution index (Pn) values ranged from 0.47 to 1.18, with an average value of 0.86 ± 0.2. Based on this range, ten stations were categorised as clean, seven stations as the warning limit, and three stations as slightly polluted in winter. The ecological quality was assessed as acceptable at seventeen stations and unacceptable at three stations in winter. In spring, nine stations were categorised as clean, ten stations as the warning limit, and one station as slightly polluted. The ecological quality was assessed as acceptable at nineteen stations and unacceptable at one station in spring (Figure 4 and Figure 5).



The potential ecological risk Index (RI) values ranged from 47.45 to 235.28, averaging 105.88 ± 52.45. Based on this range, eleven stations were categorised as low ecological risk and nine stations as moderate ecological risk in winter. The ecological quality was assessed as acceptable at eleven stations and unacceptable at nine stations in winter. In spring, nine stations were categorised as clean, eighteen stations as the warning limit, and two stations as slightly polluted. The ecological quality was assessed as acceptable at eighteen stations and unacceptable at two stations in spring (Figure 4 and Figure 5).




3.4. Results of Biotic Indices


The AZTI’s marine biotic index (AMBI) values ranged from 0.71 to 2.78, averaging 1.75 ± 0.49. Based on this range, the EcoQs at five stations was categorised as high and fifteen stations as good in winter. The ecological quality was assessed as acceptable at 20 stations in winter. In spring, the ecological quality status at one station was categorised as high, and nineteen stations were categorised as good. The ecological quality was assessed as acceptable at 20 stations in spring (Figure 5 and Figure 6).



The BENTIX values ranged from 3.12 to 5.87, with an average value of 4.7 ± 0.66. Based on this range, the EcoQs at thirteen stations was categorised as high, six stations as good, and one station as moderate in winter. The ecological quality was assessed as acceptable at nineteen stations and unacceptable at one station in winter. In spring, the ecological quality status at twelve stations was categorised as high, seven stations as good, and one station as moderate. The ecological quality was assessed as acceptable at nineteen stations and unacceptable at one station in spring (Figure 5 and Figure 6).



The Shannon diversity index (H’) values ranged from 2.19 to 4.66, averaging 3.56 ± 0.67. Based on this range, the EcoQs at three stations was categorised as high, eight stations as good, and nine stations as moderate in winter. The ecological quality was assessed as acceptable at eleven stations and unacceptable at nine stations in winter. In spring, the ecological quality status at seven stations was categorised as high, twelve stations as good, and one station as moderate. The ecological quality was assessed as acceptable at nineteen stations and unacceptable at one station in spring (Figure 5 and Figure 6).



The multivariate AMBI (M-AMBI) values ranged from 0.49 to 0.8, with an average value of 0.66 ± 0.07. Based on this range, the EcoQs at one station was categorised as high, seventeen stations as good, and two stations as moderate in winter. The ecological quality was assessed as acceptable at eighteen stations and unacceptable at two stations in winter. In spring, the ecological quality status at one station was categorised as high, and nineteen stations were categorised as good. The ecological quality was acceptable at 20 stations (Figure 5 and Figure 6).




3.5. Final Ecological Quality in the Central Area of the East Sea


The final ecological quality was calculated by combining the results of seven indices (PLI, Pn, RI, AMBI, BENTIX, H’, and M-AMBI). In Samcheok County, the final ecological quality was unacceptable only in winter at station 10; in spring, the final ecological quality was acceptable at each station. In Uljin County, the final ecological quality was unacceptable in winter at station 3, station 7, station 8, and station 9; in spring, the final ecological quality was unacceptable at station 10. Overall, the final ecological quality along the coast of Uljin County is the poorest during the winter, and Samcheok Count’s coastal ecological quality is the best during the spring (Figure 7).




3.6. Results of Correlation Analysis and Kappa Analysis


The indices H’ and M-AMBI demonstrated a positive correlation in Spearman’s correlation analysis. In contrast, AMBI showed a negative correlation with BENTIX. The pollution load index (PLI) was positively correlated with both Pn and RI. Additionally, a positive correlation was observed between Pn and RI. Concerning environmental factors, H’ exhibited positive correlations with the concentrations of chromium (Cr), zinc (Zn), and copper (Cu). M-AMBI also positively correlated with chromium (Cr) (Figure 8).



In the kappa analysis, Pn and RI showed the highest kappa value, 0.795, and the level of agreement was very good. However, RI and H’ showed the lowest kappa value, which was –0.097, and the level of agreement was very poor. Compared to biotic indices, the final ecological quality and heavy metal indices exhibited higher kappa values (Table S5).





4. Discussion


4.1. The Concentration of Heavy Metals


The concentrations of heavy metals measured in this study all fell below the effects range low (ERL) threshold [51] (Table S6). Compared to Woo et al.’s 2016 study, the concentrations of some heavy metals (As, Cd, Cr, Pb, and Zn) in the study area are lower than the average levels along the coast of South Korea [40]. Compared with the highly urbanised Shenzhen Bay, the average concentration of heavy metals in the study area is lower [52] (Table S6). Although the most of heavy metal concentrations in the study area are not high. Notably, the mercury concentrations at certain stations exceed the geochemical background values (Table S3). Mercury (Hg) is a worldwide contaminant impacting the health of humans and ecosystems [53]. Moreover, due to its persistence and bioaccumulation characteristics, mercury can accumulate and amplify through the food chain in aquatic ecosystems, presenting enduring risks to ecological and human health [54,55]. Consequently, future research should focus on pinpointing the sources of mercury contamination in the central East Sea of South Korea to mitigate these risks effectively.




4.2. The EcoQs of Heavy Metal and Biotic Indices


In winter, the percentages of unacceptable ecological quality for the three heavy metal indices (RI, PLI, and Pn) regarding ecological quality ranged between 35% and 45%. However, these percentages decreased significantly in the spring, from 5% to 20% (Figure 5). This suggests that the concentration of heavy metals in the study area decreases in spring compared to winter. Although the sources of heavy metals are diverse (e.g., atmospheric deposition, agricultural runoff, and wastewater effluents) [56,57,58], the majority of studies suggest that short-term variations in heavy metal concentrations are associated with human activities [59,60]. Future research should elucidate the relationship between metal concentrations and various human activities in the central East Sea of South Korea.



Geochemical background values play a pivotal role in the computation of three significant heavy metal indices, which are directly linked to the precision of assessment outcomes [61]. Creating a standardised database or a uniform methodology for determining these background values is critical. Such standardisation would bolster the credibility of the assessment results and facilitate improved consistency and comparability across diverse studies.



For the four biological indices (AMBI, BENTIX, H’, and M-AMBI) used to assess ecological quality, the percentage of unacceptable ratings varied from 0% to 40% during the winter. In spring, these percentages ranged between 0% and 5% (Figure 8). This tendency is analogous to the evaluation of ecological quality by heavy metal indices, indicating that the ecological quality in spring is superior to that in winter.



Compared to other biotic indices, H’ appeared to underestimate the ecological quality of the central East Sea in winter. For example, only H’ assessed the ecological quality as unacceptable at S7 in winter—the predominance of Aricidea spp., comprising over 50% of the total individuals, could be the reason for the underestimation of ecological quality by H’. We believe it is necessary to calibrate the thresholds before employing H’ [49]. Furthermore, in most stations, EG1 and EGII are the main components of the macrobenthic community. AMBI may overestimate the ecological quality of the East Sea in South Korea [62].




4.3. Statistical Analysis


Three heavy metal indices were significantly correlated in both correlation and kappa analyses and exhibited high kappa values (0.47–0.8). This suggests that using a single heavy metal index appears to be feasible in the central East Sea, South Korea. However, Dong et al. (2023) noted that employing any of the three heavy metal indices presented challenges when accurately assessing heavy metal contamination in Laoshan Bay [17]. The calculation methods and principles of these three indices differ [63], which leads to variations in their correlations and the consistency of evaluation results across different regions. For example, the Pn index considers the highest ratio of heavy metal content in sediments against geochemical background values. In contrast, the RI accounts for the potential ecological risk of heavy metals.



Among the four biotic indices studied, only AMBI and BENTIX and M-AMBI and demonstrated significant correlations, while kappa values for these indices were low, ranging from −0.053 to 0.405. This suggests that employing a single biological index poses challenges in accurately assessing the ecological quality of the central East Sea in South Korea. Consistent with this finding, additional research underscores the difficulty of precisely evaluating ecological quality using a single biotic index. Examples include studies conducted in the estuary on the southwest coast of India and the coastal waters of Sanshandao in Laizhou Bay, China [10,64].



The AMBI and BENTIX did not exhibit a significant correlation with environmental variables. BENTIX’s allocation of ecological groups is based on the ecological categories defined by AMBI, which were initially designed for the coastal waters of the European Union. However, the classification of the same species into ecological groups can differ across various geographic areas [65]. This may have led to AMBI and BENTIX not responding to environmental factors. In addition, the BENTIX was developed for the Mediterranean ecoregion, which is characterised by its highly diverse and evenly distributed benthic fauna, with no single species naturally dominating by more than 10% [66]. In our study, the abundance of Spiophanes bombyx individuals exceeds 10%. The BENTIX may not be suitable for assessing the ecological quality of the East Sea in South Korea.



H’ was significantly correlated with Cr, Cu, and Zn. In the study by Wu et al. in 2022, it also responded only to heavy metals [67]. M-AMBI was only significantly correlated with Cr. M-AMBI calculation requires setting reference conditions, and inappropriate settings can affect M-AMB’s accuracy [68]. In addition, the grouping of ecological communities also affects the accuracy of the M-AMBI.



In this study, the observed positive correlation between H’ and heavy metals was perplexing, as it is generally expected that higher concentrations of metals typically reduce macrobenthic community diversity [69]. Moreover, the mechanisms by which metal contaminants harm organisms often differ from those associated with organic pollution [70]. The effects of metal-induced mechanisms on organisms are usually only observable in the broader biological strata of populations or communities in subsequent generations or subpopulations of the affected species after extended periods of exposure [71]. In correlation analysis, all heavy metals (As, Cd, Cr, Cu, Hg, Pb, and Zn) showed a positive correlation with IL (ignition loss) and COD (chemical oxygen demand), suggesting that these heavy metals are present in sediments primarily bound to organic matter. In the study area, the forms of heavy metals may exist as either an “organically bound state” or “complexed form”. Metals’ toxicity towards organisms differs based on their form [72,73]. For example, copper’s ionic state (Cu2+) exhibits the strongest toxicity to organisms [74]. This raises the possibility that the correlation between H’ and heavy metals might be incidental, with areas of higher metal concentrations coincidentally showing more biodiversity. This highlights the need for long-term studies to further explore the impacts of heavy metals on the macrobenthic communities in the central East Sea of South Korea.



Overall, given the complexity of marine environments, it is necessary to thoroughly consider local ecological characteristics and the principles of the indices before using a biotic index. For example, for the AMBI, the accurate grouping of ecological groups is crucial for precisely assessing ecological quality; for M-AMBI, setting reference conditions is also vital.




4.4. Final Ecological Quality in the East Sea of South Korea


Our combined evaluation results from seven indices indicate that the final ecological quality in winter and spring is acceptable (75–100%). In kappa analysis, the final ecological quality exhibited a high level of agreement with the heavy metal indices (Good–Very Good). Moreover, the stations on the upper left predominantly show unacceptable final ecological quality. This indicated that the content of heavy metals primarily influences the stations with unacceptable final ecological quality.



In winter, the mercury (Hg) content in stations S10, U6, U7, U8, and U9 is several times higher than the geochemical background values. This is the primary reason for the unacceptable final ecological quality at these stations. Mining is one of the primary sources of heavy metal pollution in the environment, with a notably significant impact [75,76,77]. In the study area, mining activities upstream of the Wangpi River are likely the main reason for the elevated mercury (Hg) concentrations observed on the Uljin coast. The mining processes, including ore extraction and processing, reveal heavy-metal-laden dust and wastewater, which are transported by water flows and ultimately deposited in marine sediments. Urban areas are also significant sources of mercury (Hg) pollution [78,79]. Future research is essential to pinpoint the specific sources of mercury in the Central Area of the East Sea, South Korea, and assess the impact of human activities on its environmental levels.





5. Conclusions


Human activities have extensively impacted South Korea’s coast. Notably, compared to the West and South Seas, the ecological quality of the central East Sea in South Korea remains relatively understudied. Given this context, conducting a comprehensive exploration of the ecological quality in the central East Sea of South Korea is imperative. We assessed the heavy metal content in the central East Sea of South Korea and evaluated the ecological quality using three heavy metal indices and four biotic indices. Based on our analysis, we reached the following conclusions:




	(1)

	
The heavy metal concentrations in the study area were all below the effects range low (ERL) thresholds. However, some sampling stations’ mercury (Hg) levels were several times higher than the geochemical background values.




	(2)

	
The results from the three heavy metal indices suggest that the ecological threat posed by heavy metals in the study area is higher in winter than in summer. Additionally, correlation and kappa analyses supported the feasibility of using a single heavy metal index to assess the ecological status of the central East Sea region.




	(3)

	
Although the AMBI, BENTIX, and M-AMBI indicated that the ecological quality at most sampling stations was acceptable, their responses to environmental factors were weak. Further analysis using correlation and kappa tests revealed that a single biotic index does not suffice for an accurate ecological assessment of the East Sea. Specifically, the BENTIX may not be suitable for this region.




	(4)

	
The comprehensive assessment using seven indices indicates that the final ecological quality at most sampling stations within the study area is acceptable. Principal component analysis supports the finding that stations with unacceptable final ecological quality are associated with high heavy metal content. Consequently, future research must investigate the sources of heavy metals and the impact of human activities on the concentration of heavy metals in the central East Sea of South Korea.
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Figure 1. Study area and locations of 20 sampling stations in the central area of the East Sea. 
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Figure 2. The principal components of the analysis of environmental factors in Samcheok County and Uljin County in winter and spring. 
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Figure 3. The number of macrobenthic species in Samcheok County and Uljin County in winter and spring. 
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Figure 4. The values of heavy metal indices and ecological risk in Samcheok County and Uljin County in winter (left) and spring (right). 
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Figure 5. The ecological quality of heavy metal concentrations and biotic indices by acceptable and unacceptable percentages in winter and spring. 
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Figure 6. The values of biotic indices and EcoQs in Samcheok County and Uljin County in winter (left) and spring (right). 
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Figure 7. The final ecological quality values map of Samcheok County and Uljin County in winter and spring. Note: Values exceeding four are considered acceptable for the final ecological quality. 






Figure 7. The final ecological quality values map of Samcheok County and Uljin County in winter and spring. Note: Values exceeding four are considered acceptable for the final ecological quality.



[image: Water 16 01230 g007]







[image: Water 16 01230 g008] 





Figure 8. The correlation analysis for heavy metal indices, biotic indices, and environmental factors. 
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Table 1. Algorithmic approaches to heavy metals and categorisation of levels of ecological risk for heavy metal indices.
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Indices

	
Algorithm

	
Index Values

	
Level of Risk

	
Reference

	
Note






	
PLI

	
   =     P I   1   ×   P I   2   × …   P I   n     n     

	
<1

	
Unpolluted

	
[17]

	
PI is the ratio of heavy metal content in sediments to the geochemical background values.




	
1–2

	
Moderately polluted




	
2–3

	
Heavily polluted




	
>3

	
Extremely polluted




	
Pn

	
   =          1   n     ∑  i − 1   n    P I     2   +   P I   m a x   2     n      

	
≤0.7

	
Clean

	
[17]

	
PI is the ratio of heavy metal content in sediments to the geochemical background values.




	
0.7–1

	
Warning limit




	
1–2

	
Slight pollution




	
2–3

	
Moderate pollution




	
≥3

	
Heavy pollution




	
RI

	
   =    ∑  i = 1   n       T   r   i   P I   

	
<120

	
Low ecological risk

	
[17]

	
Tr is the potential ecological risk coefficient for heavy metal; PI is the ratio of heavy metal content in sediments to the geochemical background values.




	
120–240

	
Moderate ecological risk




	
240–480

	
Considerable ecological risk




	
>480

	
Very high ecological risk











 





Table 3. Standards for categorising index values as acceptable or unacceptable when assessing ecological quality.
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Indices

	
Thresholds

	
Acceptable/Unacceptable






	
PLI

	
<1

	
Acceptable




	
≥1

	
Unacceptable




	
Pn

	
<1

	
Acceptable




	
≥1

	
Unacceptable




	
RI

	
<120

	
Acceptable




	
≥120

	
Unacceptable




	
AMBI

	
≤3.3

	
Acceptable




	
>3.3

	
Unacceptable




	
BENTIX

	
>3.5

	
Acceptable




	
≤3.5

	
Unacceptable




	
H’

	
≥3

	
Acceptable




	
<3

	
Unacceptable




	
M-AMBI

	
>0.53

	
Acceptable




	
≤0.53

	
Unacceptable











 





Table 4. The environmental characteristics of Samcheok County and Uljin County in winter and spring.






Table 4. The environmental characteristics of Samcheok County and Uljin County in winter and spring.





	Environmental Factors
	Range (Min–Max)
	Mean ± SD





	IL, %
	1–10
	4.76 ± 3.13



	COD, mg/g
	0.2–30
	10.4 ± 10.67



	As, mg/kg
	1.91–6.14
	3.35 ± 1.1



	Cd, mg/kg
	0.04–0.33
	0.124 ± 0.08



	Cr, mg/kg
	8.71–66.98
	43.7 ± 13.93



	Cu, mg/kg
	1.83–32.56
	16.6 ± 9.39



	Hg, mg/kg
	0.01–0.06
	0.022 ± 0.01



	Pb, mg/kg
	9.79–32.27
	20.48 ± 6.11



	Zn, mg/kg
	11.27–109.31
	65.9 ± 25.53







Note: IL, ignition loss; COD, chemical oxygen demand.
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