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Abstract

:

Routine maintenance of fishing vessels and wastewater discharges are primary sources of heavy metals in fishing ports. Sediment pollution assessment is necessary in fishing port management, including sediment dredging and disposal, sewage treatment facility construction, and pollution source control. In this study, sediment heavy metal contents in Qianzhen Fishing Port, the largest pelagic fishery port in Taiwan, were investigated to assess the contamination levels and related potential ecological risks using multiple sediment pollution indices. Normalization methods were applied to identify the potential sources of heavy metals in fishing port sediments. Results showed that Cu, Zn, Pb, and Cr contents in the sediments of the inner fishing port (averages of 276, 742, 113, and 221 mg/kg, respectively) were 3–5 times greater compared to those along the port entrance and outside, indicating the strong impacts of anthropogenic pollution (EFCu: 5.6–12.5; EFZn: 2.8–4.3; EFPb: 2.4–5.4; EFCr: 1.1–3.2). Copper pollution was more severe, with high maxima contamination factor (CFCu: 15.1–24.8), probably contributed by copper-based antifouling paints used in fishing vessels. The sediments in the inner fishing port are categorized as having considerable ecological risk and toxicity (mERMq: 0.61–0.91; ΣTU: 7.5–11.7) that can potentially cause adverse effects on benthic organisms. Qianzhen Fishing Port sediments can be characterized as high Cu/Fe and Pb/Fe, moderate Zn/Fe, and high total grease content, indicating that the potential sources of heavy metals are primarily antifouling paints and oil spills from the fishing vessels. This study provides valuable data for pollution control, remediation, and environmental management of fishing ports.
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1. Introduction


Sediments act as a significant sink of heavy metals in the aquatic environment, especially in estuarine, coastal, and port regions where anthropogenic heavy metals are frequently accumulated [1,2]. Most heavy metals tend to be adsorbed on suspended solids and organic matter in seawater, then finally deposited in sediments [3]. Thus, heavy metal contents in the sediments can better correspond to the surrounding aquatic environment quality, contrasting to the generally low concentration in the water column [4]. Even though some heavy metals such as Cu, Zn, and Ni are essential for aquatic life, they could be toxic at a certain level, posing risks to aquatic biological diversity [5,6]. As a result, heavy metals accumulated in sediments potentially cause adverse effects on aquatic organisms, resulting in long-term impacts on the aquatic ecosystem, even threatening human health through the contaminated food chain [7,8]. Therefore, sediments have been used as an important environmental indicator in assessing the impacts of anthropogenic heavy metal pollution [9,10].



Seaports are important areas for global economic and trade activities, and hence have become a land–sea coordinated area strongly influenced by human activities [11]. Sea transportation, fishery, ship maintenance, and commercial activities surrounding seaports release pollutants into the adjacent waters and sediments [12]. Ports are generally a semi-enclosed water area with dike constructions, resulting in limited water circulation and slow renewal after being polluted. Therefore, port areas are prone to accumulating considerable pollutants, particularly in the sediments which are considered as hot spots of anthropogenic pollution [13,14].



Fishing port management is an essential government role in environmental and economic aspects as it supports the fishery, being the primary food and economic resource, especially for coastal cities [15]. Determining the pollution status of fishing ports will help the planning of facilities, construction activities, formulation of management regulations, and control of pollution sources [16,17]. Fishing port sediments worldwide have been significantly contaminated with heavy metals [17,18,19,20]. Routine maintenance of fishing vessels and wastewater discharges may potentially be the primary sources of heavy metals in fishing port sediments.



In Kaohsiung City, Taiwan’s third largest city, there are 16 fishing ports along the coastal zone, accommodating more than 3400 fishing boats with a total tonnage of approximately 350,000 tons; accounting for two-thirds of the total fishing vessel tonnage in Taiwan [21]. Qianzhen Fishing Port, constructed in the late 1960s, is currently the largest fishing port of pelagic fishery in Taiwan. Its annual landed catch is up to 320,000 tons, contributing 30% of Taiwan’s fishery production [22]. This intensive fishery has caused the fishing port to face unavoidable impacts of heavy metal pollution. Sediment pollution assessment is necessary for fishing port management, particularly for sediment dredging and disposal, construction of sewage treatment facilities, and pollution source control. However, the lack of studies focusing on the heavy metal contamination in Qianzhen Fishing Port sediments and its associated ecological impacts hinder the development of appropriate pollution management strategies.



Therefore, this study examined the spatial variation, contamination levels, and the potential ecological risks of heavy metals (Cu, Zn, Pb, Cr, Ni, Hg, As, and Fe) in Qianzhen Fishing Port sediments using multiple sediment pollution indices. These indices include: pollution load index (PLI), Nemerow pollution index (NPI), enrichment factor (EF), geo-accumulation index (Igeo), mean ERM quotient (mERMq), and sum of toxic units (ΣTU). Moreover, the interrelationships between properties of the sediments and its heavy metal contents, and their potential sources along the fishing port area were evaluated.




2. Materials and Methods


2.1. Study Area


Qianzhen Fishing Port (22°34′11″ N, 120°18′49″ E) is a Class I fishing port situated in Qianzhen District of Kaohsiung City, southern Taiwan. The fishing port is located inside and connecting to the main waterway of Kaohsiung Port (the largest international container harbor in Taiwan). The wharf area is adjacent to the container terminals of Kaohsiung Port, fishery administration buildings, schools, residential areas, fueling stations, fish markets, and fishery-related factories. Qianzhen Fishing Port currently ranks as the largest oceanic fishing port in Taiwan, with a berth of ~0.27 km2 and a wharf of ~3200 m. It can accommodate approximately 300 large fishing vessels of over 500 tons, mainly including pelagic tuna and squid fishing vessels, purse seines, and trawls. The tonnage and fish catch of fishing vessels landing in the fishing port is the highest in Taiwan [21].




2.2. Sample Collection and Analysis


Surface sediments (approximately 0–10 cm below seafloor) were collected from 7 sampling sites (Figure 1) onboard the vessel using a Van-Veen grab, in August 2021. Site Q1 is located at the waterway outside Qianzhen Fishing Port. Site Q2 is located at the port entrance, while sites Q3–Q7 are located inside the fishing port. The digestion and measurement procedures of sediment heavy metals were conducted according to the standard method of the Environmental Protection Administration, Taiwan. Sediment samples were air-dried and homogenized using an agate mortar and pestle. A 0.5 g of sediment sample was digested using a microwave digestion system (CEM MARS-6, Matthews, NC, USA) with Teflon-lined digestion vessels. The digestion solution is a mixture of concentrated acid: 9 mL 65% HNO3, 3 mL 37% HCl, 3 mL 40% HF, and 2 mL 35% H2O2 [23]. Typically, the reverse aqua regia (HNO3/HCI = 3/1) has been documented as the best digestion solution for sediment sample [24]. The HF has been commonly applied for the digestion of aluminosilicate minerals matrix in sediments [25]. The H2O2 was used to enhance the decomposition of organic matter in sediment sample. Samples were digested at 180°C for 10 min, with a heating rate of 10 °C/min [23]. After microwave digestion process, the final solution was diluted to 25 mL with double distilled water (>18.2 MΩcm). Heavy metal concentrations (Cu, Zn, Pb, Cr, Ni, Hg, As, and Fe) were determined using a polarized Zeeman flame atomic absorption spectrophotometer (AAS, Hitachi ZA-3300, Tokyo, Japan). A hydride formation system (Hitachi HFS-3, Tokyo, Japan) was applied to determine Hg and As, of which Hg was determined using the cold vapor technique. To verify the validity of the results, a NIST SRM 1646a standard reference material (Gaithersburg, MD, USA) was analyzed with the same process. A certified reference material, CRM-029 (Sigma-Aldrich, Burlington, MD, USA) was also used for routine QAQC works of the heavy metal analysis. In addition to the AAS method, the alternative method, inductively coupled plasma optical emission spectrometry (ICP-OES), can also be used to determine heavy metal concentrations in the sediments [26].



In addition, the sediment grain size composition was determined using a laser diffraction particle size analyzer (Beckman Coulter LS-230, Brea, CA, USA). Total organic carbon (TOC) was determined based on the Walkley–Black method [27]. The recovery of the dextrose (C6H12O16) standard (Sigma-Aldrich, Burlington, MD, USA) was 93 ± 4% (n = 3) and the reproducibility standard deviation of the TOC in sediment sample was 0.3% (n = 5). Total nitrogen (TN), total phosphorus (TP), and total grease (TG) were determined using USEPA Method 351.2, Method 365.1, and the APHA Method 5520E, respectively [28,29,30].




2.3. Sediment Pollution Indices


The sediment contamination levels were assessed using pollution load index (PLI), Nemerow pollution index (NPI), enrichment factor (EF), geo-accumulation index (Igeo), mean ERM quotient (mERMq), and sum of toxic units (ΣTU). Among them, the EF has been considered as a better index to compensate for the grain size effect and provide better assessment of anthropogenic pollution. Other indices, such as contamination factor (CF) and geo-accumulation index (Igeo), could be easily affected by the sediment particle size and mineral composition [31]. Nevertheless, those sediment pollution indices are still widely used in regional sediment heavy metal pollution assessment [32,33].



The classification of sediment contamination levels based on sediment pollution indices are detailed in Table 1. The formulas are listed as follows:


   P L I =   C  F 1  × C  F 2  × C  F 3  × … … × C  F n   n    ;   C F =    M  s a m p l e      M  b a c k g r o u n d       



(1)




where PLI is the pollution load index; CFi pertains to the contamination factor of each heavy metal; n is the number of heavy metals studied; Msample and Mbackground are concentrations of heavy metals in fishing port sediments and the background, respectively.



The average contents of heavy metals in the outer Kaohsiung Harbor sediments were adopted as the background values [39].


  N P I =     C  F  m a x     2  + C  F  m e a n     2   2     



(2)




where NPI is the Nemerow pollution index; CFmax and CFmean are the maxima and average contamination factor of heavy metal studied.


  E F =     (  M i  / F e )   s a m p l e       (  M i  / F e )   b a c k g r o u n d      



(3)




where EF is the enrichment factor; (Mi/Fe)sample and (Mi/Fe)background are the ratio of each heavy metal to iron content of the fishing port sediment sample and the background, respectively. This study adopted iron content for the normalization because it is abundant in the earth and not easily disturbed by anthropogenic pollution. Natural inputs mostly dominate iron sources [40]. Some studies reported that the iron content could be not appreciated for the normalization such as semi-closed waters due to early diagenesis of the redox-sensitive iron element. However, in a regional investigation, there may be no significant differences in the redox condition of sediments. The EF values could be more affected by the adopted background values than the selection of element used for the normalization [41]. Thus, so far, the iron content is still commonly used for the normalization of heavy metals in sediments [17,42].


   I  g e o   =   log  2   (     M  s a m p l e     1.5  M  b a c k g r o u n d      )   



(4)




where Igeo is the geo-accumulation index; Msample and Mbackground are concentrations of heavy metals in fishing port sediments and the background, respectively.


  m E R M q =     ∑  i = 1  n      (     M  s a m p l e    /   M  E R M      )   i     n   



(5)




where mERMq is the mean ERM quotient; (Msample/MERM)i is the ratio of each heavy metal content in the sediment sample to its effects range median (ERM) criteria value; n pertains to the number of studied heavy metals.


  Σ T U =     ∑  i = 1  n    (     M  s a m p l e      M  P E L      )     i   



(6)




where ΣTU is the sum of toxic units; (Msample/MPEL)i is the ratio of each heavy metal content in the sediment sample to its probable effects level (PEL) criteria value.





3. Results and Discussion


3.1. Sediment Basic Properties


Grain size composition and organic matter contents are the two crucial properties affecting the degree of pollution in sediments. As shown in Table 2, the sediments inside Qianzhen Fishing Port (Q3–Q7) were predominately composed of silt (62.3–84.7%, 76.1% in average), followed by sand (5.2–29.0%, avg. 14.7%) and clay (6.0–10.9%, avg. 9.3%). In contrast to fine-grained sediments observed inside the fishing port, the sediments from outside the waterway (Q1) and at the port entrance (Q2) have high sand content (avg. 79.4%), but low contents of silt (avg. 18.3%) and clay (avg. 2.3%). The port is a relatively closed water area, with a 100-meter-wide entrance for water exchange, only through tides. Thus, unlike the waterways outside the fishing port where sediment dredging is frequently conducted, it is easier to deposit fine-grained sediments associated with pollutants inside the fishing port.



Similarly, sediment total organic carbon (TOC) was higher inside the fishing port (1.7–7.1%, avg. 4.3%) compared to the port entrance and outside the port (avg. 0.9%) (Table 2). In particular, the TOC content at sites Q6 and Q7 located at the innermost port area were 2–3 times greater compared to the rest of the stations inside the port (Q3–Q5). The amounts of total nitrogen (TN) in the sediments (Q3–Q7) inside the fishing port ranged between 1480–4250, while the total phosphorus (TP) was between 444–620 mg/kg. These concentrations were 2–3 times higher than sites Q1 and Q2 (Table 2). The sediment TOC, TN, and TP contents consistently showed an increasing pattern from the port entrance to the innermost port area. The total grease (TG) content also increased from the port entrance inward (Table 2), of which TG inside the port (Q4–Q7, avg. 4970 mg/kg) reached up to 17 times greater compared to outside (Q1–Q2, avg. 284 mg/kg). The high organic matter accumulation and grease levels in the sediments may reflect the poor water exchange in the fishing port area; hence, it is classified as a pollution hot spot.




3.2. Spatial Variations in Heavy Metals


Obvious spatial variation in heavy metal contents in sediments were detected in the fishing port (Table 3). Cu, Zn, and Pb exhibited an increasing pattern from the port entrance to the inner fishing port area (Figure 2). Cu, Zn, and Pb in the inner fishing port area (Q4–Q7) ranged between 226–372, 655–805, and 79–150 mg/kg, respectively. The average concentrations (276, 742, and 113 mg/kg for Cu, Zn, and Pb, respectively) were approximately 4.6, 3.2, and 3.5 times higher than those of the port entrance and outside (Q1–Q2, avg. 60, 233, and 32 mg/kg for Cu, Zn, and Pb). Comparing with the sediment quality guidelines (Table 3, Figure 2), the Cu content of site Q6 was found higher than the ERM, while that of sites Q4, Q5, and Q7 were relatively close. This indicates that the sediments in the innermost fishing port area have severe Cu pollution. Similarly, Zn contents in sites Q4–Q7 were much higher than the ERM, indicating severe Zn pollution. The contamination status of Pb was lower than Cu and Zn, displaying the content between ERL and ERM at sites Q4–Q7. Overall, it can be observed that site Q6 presented the highest heavy metal contents (e.g., Cu, Pb, Cr, and Ni) and TOC. In addition, Cr and Ni contents in site Q6 were also higher than the ERM, indicating serious pollution of heavy metal.



As indicated in Figure 1, the vicinity of site Q6 is the main berthing area of fishing boats between 200–1000 tons (categorized as CT6 and CT7). Thus, several ship hardware and repair factories are located near the quayside, increasing pollution in the area. Antifouling paints used in fishing boats typically contain heavy metals such as Cu and Zn, which can prevent the growth of fouling organisms [46]. Likewise, the paints for the decking and cabin generally contain Pb additives for corrosion resistance [47]. Heavy metals may also be enriched in the spilled oils, especially Pb [48]. Heavy metals such as Cr and Ni are commonly used in welding operations [49,50]. Cr and Ni also exist in antifouling paint residues [46]. Zhou et al. [10] reported that heavy metal contents in the sediments near the port area are primarily sourced from ship repainting and repairs. Regular maintenance of fishing boats, such as deck cleaning, ship hull painting, welding, mechanical disassembly, and repair, may flush heavy metals into the port waters [51]. Discharges of bilge water and greywater (drainage from dishwater, laundry, baths, and showers) from fishing boats also serve as potential heavy metal sources [52]. As a result, Cu, Zn, Pb, Cr, and Ni were accumulated in the sediments of the fishing port.



In contrast, As and Hg contents were relatively low in the sediments of the innermost sites (Q4–Q7), which ranged between 2.5–2.9 and 0.13–0.15 mg/kg, respectively. Concentrations were comparable between the inner fishing port area and the waterways outside the fishing port. Compared with the guidelines on sediment quality (Table 3, Figure 2), the Hg contents of sites Q1, Q3, and Q6 were slightly higher than the ERM, while the As contents were all lower than the ERL. This indicates less contamination of As and Hg in Qianzhen Fishing Port sediments in contrast with Cu, Zn, and Pb.




3.3. Sediment Contamination Level Assessment


Heavy metal pollution assessment in sediments is currently carried out through sediment pollution indices, normalization, and comparison with sediment quality guidelines and regulations [32,53]. In particular, pollution characteristics of heavy metal in sediments and their ecological risks can be evaluated through multiple sediment pollution indices [39,54]. Those sediment pollution indices provide comparative means for ranking the overall contamination degree of heavy metals in each site, and have been extensively utilized to obtain an integrated judgment of sediment contamination levels [32,33].



As shown in Figure 3, the sediment pollution indices exhibited an increasing trend from the port entrance to the inner fishing port area ranging between 1.7–4.8, 3.0–18.4, 0.27–0.91, and 2.9–11.7 for PLI, NPI, mERMq, and ΣTU, respectively. The PLI was proposed by Tomlinson et al. [55], which denotes how many times the overall heavy metal content in the sediment exceeds the background value. It can provide a general approach to assessing and ranking the toxicity of sediments. The highest PLI value was observed at site Q6 (4.8), followed by site Q7 (3.7) (Figure 3a), indicating that the inner fishing port area is strongly polluted. It is consistent with sites Q6 and Q7 being the main berthing areas of fishing boats (Figure 1). In contrast, the port entrance (Q2) and the waterway outside the fishing port (Q1) showed relatively low PLI values (<2), categorized as slightly polluted areas.



Like PLI, the NPI can also provide a comprehensive assessment of heavy metals in sediments. NPI emphasizes the most polluted metal rather than the average contamination factor (CF) due to the variable heavy metal impacts, even in identical studied sites [56]. The highest NPI value was observed at site Q6 (18.4), with a maxima contamination factor for Cu (CF = 24.8). Sites Q4, Q5, and Q7 showed NPI values of 11.2, 12.4, and 12.8, respectively (Figure 3b). These three sites also had high maxima contamination factor for Cu (CF = 15.1–17.2), consistently indicating that the inner fishing port area presented high degrees of metal pollution, especially for Cu where pollution is more severe. According to the EF assessment (Figure 3c), Cu showed significant to high enrichment (EF = 5.6–12.5) in the inner fishing port (Q4–Q7) sediments. Similarly, the Igeo of Cu ranged from 3.3 to 4.0 at sites Q4–Q7 (Figure 3d), classifying these sites as strongly polluted. Copper-based antifouling paint has been used for biofouling protection of ship hulls for at least 100 years, applied in an estimated 90% of vessels worldwide [57,58]. Cu released from antifouling paints into seawater may adsorb onto suspended solids and deposit in the sediments.



The results for Zn and Pb also showed moderately to strongly polluted and moderate enrichment in the inner port sediments (Q4–Q7), with EF and Igeo values ranging between 2.4–5.4 and 1.9–2.8, respectively (Figure 3c,d). In contrast, the port entrance (Q2) and the outside waterway (Q1) showed moderate enrichment for Cu (EF = 2.5–2.6; Igeo = 1.3–1.5), and minor enrichment for Zn (EF = 2.5–2.6; Igeo = 1.3–1.5) and Pb (EF = 2.5–2.6; Igeo = 1.3–1.5). EF and Igeo are useful indices to differentiate heavy metal sources between anthropogenic contamination and natural lithogenic origin [32,39]. High EF and Igeo values for Cu, Zn, and Pb in inner fishing port sediments indicate that Qianzhen Fishing Port is strongly impacted by anthropogenic pollution.




3.4. Potential Ecological Toxicity Assessment


Several pollution indices have been proposed for sediment potential ecological toxicity assessment. Those indices are obtained by contrasting the sediment heavy metal contents with sediment quality guidelines such as the ERL, ERM, TEL, and PEL [59,60]. It is a simple way to obtain a reference for classifying sediment pollution degree and associated potential ecological risks [61]. Thus, these are commonly used methods for assessing sediment potential ecological risks, even though the actual ecological impacts of contaminated sediments need to be confirmed by on-site or laboratory toxicity experiments [9,62]. The mERMq and ΣTU were adopted for the potential ecological risk assessment in this study.



The mERMq was proposed by Long et al. [63], which estimates sediment toxicity for a combination of heavy metals based on the ERM guideline. Due to the ERM guideline being formulated based on numerous data that related biological effects of metals, the results of the mERMq assessment are generally considered reliable [60,64]. As shown in Figure 3e, the highest mERMq value was observed at site Q6 (0.92), followed by site Q7 (0.72). Sites Q4 and Q5 also had high mERMq of 0.60–0.64. These results categorize the inner fishing port sediments as considerably toxic, presenting a 49% probability of being toxic on benthic organisms. These agree with the PLI and NPI assessment (Figure 3a,b), indicating the inner fishing port area has been severely polluted and may have adversely affected the adjacent benthic organisms.



Similarly, ΣTU estimates the acute toxicity potential of heavy metals in the sediment studied, based on the PEL guideline. PEL is the threshold of pollutant contents where higher levels would likely cause adverse effects [65]. According to Pedersen et al. [38], ΣTU greater than four indicates moderate toxicity on aquatic organisms, while significant mortality occurring for ΣTU greater than six indicates significant acute toxicity. As shown in Figure 3f, the ΣTU values of inner fishing port sediments (Q4–Q7) ranged between 7.5–11.7, with the highest in site Q6, indicating significant heavy metal toxicity in sediments. In particular, the average toxic units of heavy metals were ranked as Zn > Cu > Cr > Ni > Pb > Hg > As, indicating higher contributions of Zn, Cu, and Cr to the ΣTU. In contrast, sediments from the port entrance (Q2) and the waterway outside the port (Q1) showed relatively low ΣTU values (2.9–3.7), indicating no potential adverse effects on aquatic organisms.




3.5. Potential Sources of Heavy Metals


The normalization of heavy metals is primarily used to compensate the grain-size effect [66]. Some studies also used the normalized ratio of heavy metals (e.g., metal-to-Fe ratio, metal-to-Al ratio, and metal-to-TOC ratio) to identify the characteristics and sources of metals in sediments [67,68]. In the same geological setting, similar sources and biogeochemistry of heavy metals are generally expected to have similar normalized ratios, whereas anthropogenic pollution may cause the normalized ratios to deviate from the original relationship [66].



For the geological setting of our study area, the Kaohsiung area is located on the southwestern edge of the Western Foothills Geological Zone. The whole plain ground of Kaohsiung City is mostly composed of a modern alluvial layer that is a combination of river deposits, coastal aeolian sand, and lagoon silt [69]. Hence, it is expected that the mineral compositions of the sediment around Kaohsiung area are similar. The relationships between heavy metals, total grease, and TOC contents in the sediments of Qianzhen Fishing Port are shown in Figure 4. The contents of Cu, Zn, Pb, Cr, and Ni in the sediments showed good positive linear relationships with the TOC contents (R2 > 0.90), except for sites Q5 and Q6. Site Q5 displayed an outlier in Cu, Zn, and Pb from the 95% confidence interval of the regression. Similarly, site Q6 displayed an outlier in Cu, Zn, Pb, and Cr. These indicate that sites Q5 and Q6 had additional heavy metal pollution sources (e.g., antifouling paints). A strong relationship between the total grease (TG) and TOC contents was also observed in the fishing port sediments. The high TG/TOC ratio, up to 1092, suggests contamination from fuel oils.



In addition, the average normalized ratios of heavy metals (metal to Fe) in the inner fishing port sediments were 60, 160, 25, 45, 9.5, 0.03, and 0.59 for Cu/Fe, Zn/Fe, Pb/Fe, Cr/Fe, Ni/Fe, Hg/Fe, and As/Fe, respectively (Table 4). Compared to the characteristic feature of the adjacent Jen-Gen River mouth sediments, relatively higher Cu/Fe, Zn/Fe, and Pb/Fe but lower Cr/Fe were observed in the inner fishing port sediments. This suggests that heavy metal sources are not from fluvial discharge. Moreover, Cu/Fe and Pb/Fe in the inner fishing port sediments were also higher than the estuarine sediments of Love River, among the major rivers traversing through the heart of metropolitan Kaohsiung City. Hence, Qianzhen Fishing Port sediments can be characterized as high Cu/Fe and Pb/Fe, and moderate Zn/Fe, which are notably different from the characteristics of heavy metals in estuarine sediments (Table 4).



Compared to the port areas in other countries (Table 4), the sediments inside the ports similarly showed higher normalized heavy metal ratios compared to those outside the port.



The sediment characteristic featuring high Cu/Fe, Pb/Fe, and Zn/Fe probably represents a specific source of heavy metals in fishing ports—antifouling paints and oil spills. After the use of tributyltin coatings was banned in 2001, the antifouling paints composed of biocides with metal compounds, especially Cu, Pb, and Zn, have been commonly used as alternative anti-biofouling and anti-corrosive compounds [72]. The Cu, Pb, and Zn compounds released from the antifouling paints tend to adsorb onto suspended particulate matter and settle in the sediments. Paint particles had also been frequently detected in surface seawater and sediments [73]. Metal compounds such as Cu, Pb, and Zn associated with the paint particles can contribute to metal contamination in the sediments. This is why heavy metal contamination in fishing port sediments is strongly linked to ship hull cleaning operations [74]. In addition, the limited water circulation due to the wharf configuration may also enhance the deposition and accumulation of fine-grained sediments with the heavy metal pollutants in the fishing port area.





4. Conclusions


This study clearly showed that Qianzhen Fishing Port sediments were significantly polluted by heavy metals, particularly Cu, Zn, Pb, and Cr. Based on the PLI and NPI assessment, the sediment contamination level showed an increasing trend of up to fivefold from the port entrance to the inner fishing port sites. The high EF and Igeo values of Cu, Zn, and Pb exhibited strong anthropogenic effects in the inner fishing port areas (EFCu: 5.6–12.5; EFZn: 2.8–4.3; EFPb: 2.4–5.4; EFCr: 1.1–3.2; Igeo-Cu: 3.2–4.1; Igeo-Zn: 2.2–2.5; Igeo-Pb: 1.9–2.8; Igeo-Cr: 0.6–2.1). It also poses considerable ecological risk and toxicity, considering the high values of mERMq (0.61–0.91) and ΣTU (7.5–11.7). Antifouling paints used in ship hulls and oil spills from boats may have primarily contributed to the heavy metal pollution in the fishing port sediments. High Cu/Fe and Pb/Fe, moderate Zn/Fe, and high total grease contents could serve as the specific characteristic features of the fishing port sediments. Overall, this study showed the current heavy metal pollution status of Qianzhen Fishing Port, providing valuable information for fishing port management and control of heavy metal accumulation in sediments. These results further indicate the need for pollution management and remediation, e.g., sediment dredging and disposal, construction of sewage treatment facilities, and policy formulation for pollution source control.
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Figure 1. Sampling sites in Qianzhen Fishing Port, Kaohsiung City, southern Taiwan. 
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Figure 2. Variations in heavy metals (Cu, Zn, Pb, Cr, Pb, Ni, Hg, As) and total grease (TG) in Qianzhen Fishing Port sediments. Horizontal dotted and dashed lines indicate the values of ERL and ERM, respectively. 
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Figure 3. (a) Pollution load index (PLI), (b) Nemerow pollution index (NPI), (c) enrichment factor (EF), (d) geo-accumulation index (Igeo), (e) mean ERM quotient (mERMq), and (f) sum of toxic units (ΣTU) for heavy metals in the sediments of Qianzhen Fishing Port. The PLI is classified into unpolluted (<1), slightly (1–2), moderately (2–3), and strongly polluted (>3). The NPI is classified into non-pollution (<1), low (1–2.5), moderate (2.5–7), and high degree of pollution (>7). The EF is classified into nil (<1), minor (1–3), moderate (3–5), significant (5–10), and severe enrichment (10–25). The Igeo is divided as follows: (<0) unpolluted, (0–1) unpolluted to moderately, (1–2) moderately, (2–3) moderately to strongly, (3–4) strongly polluted, and (4–5) strongly to extremely polluted. The mERMq is classified into slight (<0.1), moderate (0.1–0.5), and considerable toxic (0.5–1.5). The ΣTU is classified into nil to slight (<4), moderate (4–6), and significant acute toxicity (>6). 






Figure 3. (a) Pollution load index (PLI), (b) Nemerow pollution index (NPI), (c) enrichment factor (EF), (d) geo-accumulation index (Igeo), (e) mean ERM quotient (mERMq), and (f) sum of toxic units (ΣTU) for heavy metals in the sediments of Qianzhen Fishing Port. The PLI is classified into unpolluted (<1), slightly (1–2), moderately (2–3), and strongly polluted (>3). The NPI is classified into non-pollution (<1), low (1–2.5), moderate (2.5–7), and high degree of pollution (>7). The EF is classified into nil (<1), minor (1–3), moderate (3–5), significant (5–10), and severe enrichment (10–25). The Igeo is divided as follows: (<0) unpolluted, (0–1) unpolluted to moderately, (1–2) moderately, (2–3) moderately to strongly, (3–4) strongly polluted, and (4–5) strongly to extremely polluted. The mERMq is classified into slight (<0.1), moderate (0.1–0.5), and considerable toxic (0.5–1.5). The ΣTU is classified into nil to slight (<4), moderate (4–6), and significant acute toxicity (>6).



[image: Water 14 01174 g003]







[image: Water 14 01174 g004 550] 





Figure 4. Relationships of (a) Cu, (b) Zn, (c) Pb, (d) Cr, (e) Ni, and (f) total grease (TG) with total organic carbon (TOC) contents in the sediments of Qianzhen Fishing Port. The dashed lines represent confidence interval at the 95% confidence level. The hollow circles denote the outliers. 
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Table 1. Classification of sediment contamination levels based on sediment pollution indices.
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Class

	
Contamination Level

	
Class

	
Contamination Level






	
Pollution load index (PLI) [32]

	
Nemerow pollution index (NPI) [34]




	
<1

	
Unpolluted

	
<1

	
Non-pollution




	
1–2

	
Slightly polluted

	
1–2.5

	
Low degree of pollution




	
2–3

	
Moderately polluted

	
2.5–7

	
A moderate degree of pollution




	
>3

	
Strongly polluted

	
>7

	
A high degree of pollution




	
Enrichment factor (EF) [35]

	
Geo-accumulation index (Igeo) [36]




	
<1

	
No enrichment

	
<0

	
Unpolluted




	
1–3

	
Minor enrichment

	
0–1

	
Unpolluted to moderately polluted




	
3–5

	
Moderate enrichment

	
1–2

	
Moderately polluted




	
5–10

	
Significant enrichment

	
2–3

	
Moderately to strongly polluted




	
10–25

	
Severe enrichment

	
3–4

	
Strongly polluted




	

	

	
4–5

	
Strongly to extremely polluted




	
Mean ERM quotient (mERMq) [37]

	
Sum of toxic units (ΣTU) [38]




	
<0.1

	
Slight toxic

(9% probability of being toxic)

	
<4

	
Slight acute toxicity




	
0.1–0.5

	
Moderate toxic

(21% probability of being toxic)

	
4–6

	
Moderate acute toxicity




	
0.5–1.5

	
Considerable toxic

(49% probability of being toxic)

	
>6

	
Significant acute toxicity
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Table 2. Grain size (clay, silt, sand), total organic carbon (TOC), total nitrogen (TN), total phosphorus (TP), and total grease (TG) contents in the sediments of Qianzhen Fishing Port.
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	Site
	Clay
	Silt
	Sand
	TOC
	TN
	TP
	TG





	Q1
	2.0
	17.4
	80.6
	0.8
	1150
	122
	140



	Q2
	2.6
	19.1
	78.2
	1.1
	1220
	231
	428



	Q3
	10.7
	80.1
	9.2
	1.7
	1480
	444
	1770



	Q4
	10.9
	81.4
	7.7
	4.0
	2150
	518
	3180



	Q5
	8.7
	62.3
	29.0
	2.8
	1880
	585
	3110



	Q6
	10.1
	84.7
	5.2
	7.1
	4250
	538
	7290



	Q7
	6.0
	71.8
	22.2
	6.1
	3250
	620
	6280







Unit: Clay (%), Silt (%), Sand (%), TOC (%), TN (mg/kg), TP (mg/kg), TG (mg/kg).
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Table 3. Heavy metal contents (mg/kg and except for Fe in %) in the sediments of Qianzhen Fishing Port.
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	Site
	Cu
	Zn
	Pb
	Cr
	Ni
	Hg
	As
	Fe





	Q1
	56
	204
	31
	70
	29
	0.16
	2.2
	3.3



	Q2
	64
	262
	33
	81
	32
	0.12
	3.0
	3.7



	Q3
	93
	335
	44
	79
	32
	0.19
	2.5
	4.1



	Q4
	226
	655
	79
	177
	38
	0.15
	2.5
	3.7



	Q5
	249
	727
	121
	138
	32
	0.13
	2.9
	4.2



	Q6
	372
	781
	150
	377
	59
	0.16
	2.7
	4.5



	Q7
	258
	805
	101
	191
	49
	0.13
	2.8
	6.9



	ERL a
	34
	150
	46.7
	81
	20.9
	0.15
	8.2
	-- d



	ERM a
	270
	410
	218
	370
	51.6
	0.71
	70
	--



	TEL a
	18.7
	124
	30.2
	52.3
	15.9
	0.13
	7.2
	--



	PEL a
	108
	271
	112
	160
	42.8
	0.70
	41.6
	--



	UCC b
	28
	67
	17
	92
	47
	0.05
	4.8
	3.9



	BG c
	15
	93
	14
	59
	31
	0.07
	3.0
	2.3







a Sediment quality guideline criteria values for effect range low (ERL), effect range median (ERM), threshold effect level (TEL), and probable effect level (PEL) for heavy metal contents in marine environments [43,44]. b Upper continental crust average metal contents [45]. c Background values of the sediments from outer Kaohsiung Port [39]. d --: unavailable.
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Table 4. Comparison among the average contents (mg/kg) and normalized ratios of heavy metals in the sediments of Qianzhen Fishing Port and other regions worldwide.
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	Station
	Cu
	Zn
	Pb
	Cr
	Ni
	Hg
	As





	Qianzhen Fishing Port, Taiwan (This study)
	
	
	
	
	
	
	



	Inner (Q4–Q7)
	274 (59) a
	742 (160)
	113 (25)
	221 (48)
	45 (9.5)
	0.14 (0.03)
	2.7 (0.59)



	Outside (Q1–Q2)
	60 (17)
	233 (66)
	32 (9.1)
	76 (21)
	31 (8.7)
	0.14 (0.04)
	2.6 (0.74)



	Jen-Gen River mouth, Kaohsiung, Taiwan [39]
	(26)
	(77)
	(8.0)
	(50)
	(8.6)
	(0.09)
	-- b



	Love River mouth, Kaohsiung, Taiwan [39]
	(42)
	(220)
	(14)
	(52)
	(14)
	(0.31)
	--



	Veraval Harbor, India [17]
	
	
	
	
	
	
	



	Inner
	44 (15)
	765 (252)
	321 (106)
	255 (84)
	83 (27)
	--
	--



	Outer
	20 (6.7)
	451 (149)
	129 (43)
	98 (32)
	40 (13)
	--
	--



	Port of Ceuta, Spain [70]
	
	
	
	
	
	
	



	Inside
	129 (49)
	176 (89)
	110 (55)
	72 (35)
	87 (32)
	--
	14 (8.1)



	Outside
	12 (7.2)
	61 (37)
	21 (13)
	41 (25)
	38 (23)
	--
	13 (7.7)



	Ramin Port, Iran [19]
	100 (39)
	204 (79)
	99 (38)
	347 (134)
	52 (20)
	--
	7.8 (3.0)



	Inebolu Port, Turkey [51]
	452 (127)
	--
	--
	53 (15)
	45 (13)
	--
	11 (3.0)



	Port Kembla, Australia [71]
	839 (97)
	1824 (210)
	374 (43)
	218 (25)
	--
	0.92 (0.11)
	36 (4.2)







a Number in the parentheses is the normalized ratio, which was calculated by dividing the heavy metal content (mg/kg) by the iron content (%). b --: unavailable.
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