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Abstract

:

Simple Summary


The Sepang Besar River (SBR) was reported to be highly contaminated with Cu and Zn due to piggery farming wastes before 1998. Following the piggery farming ban (PFB) in 1998 in Bukit Pelanduk, the present study aimed to assess the ecological-health risks of potentially toxic metals (PTMs) in the mangrove surface sediments from the SBR estuary. The PTMs of current sediment samples collected in 2007 and 2010 were compared with those reported before and after PFB. Overall, the results of Cu and Zn were drastically lower than those reported before or during the PFB. The non-carcinogenic risk based on the pathways of Cu, Pb, and Zn indicated that the three rivers had caused no ecological-health risks of the three metals. In particular, the SBR estuary had drastically lower levels of Zn after 9 and 12 years of PFB. The potential ecological risk index showed that the estuary of SBR has been improved from a “considerable ecological risk” to a “minimal ecological risk” after 9 and 12 years of PFB. This is the first paper on the ecological-health risks of Cu, Pb, and Zn in the estuary of SBR.




Abstract


The Sepang Besar River (SBR) was reported to be highly contaminated with Cu and Zn due to piggery farming wastes before 1998. Following the piggery farming ban (PFB) in 1998 in Bukit Pelanduk, the present study aimed to assess the ecological-health risks of potentially toxic metals (PTMs) (Cu, Pb, and Zn) in the mangrove surface sediments from SBR. Two adjacent rivers, namely the Sepang Kecil River and Lukut River, were also included for comparison purposes. The PTMs of present sediment samples collected in 2007 and 2010 were compared with those reported before and after PFB. The PTMs levels were lower than those of established sediment quality guidelines. Results of bioavailable fractions, individual contamination factor, risk assessment code, potentially ecological risk index (PERI), and non-carcinogenic risk (with HI < 1.0 based on the pathways of Cu, Pb, and Zn and the order: ingestion > dermal contact > inhalation), the present findings indicated that the three rivers had caused no ecological-health risks of Cu, Pb, and Zn. In particular, SBR estuary had drastic lower levels of Zn (7.48–9.40 times lower between 1998 and 2010) and Cu (8.30–36.9 times lower between 1998 and 2010), after 12 years of PFB. Based on the exponential decay model, the PERI values showed that the estuary of SBR has been improved from a “considerable ecological risk” to a “minimal ecological risk” after 12 years of PFB. This is the first paper on the ecological-health risks of Cu, Pb, and Zn in the estuary of SBR. Future monitoring is still necessary for effective risk management of the mangrove ecosystem at SBR.
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1. Introduction


The 1998 outbreak of novel Nipah disease (Japanese encephalitis) at Bukit Pelanduk, located upstream of Sepang Besar River (SBR), in Negeri Sembilan, Peninsular Malaysia, had stumbled socially and economically [1]. After that, the piggery farming ban (PFB) in Bukit Pelanduk was in force in 1998 [2], in which Bukit Pelanduk once had the most significant pig farming community in Southeast Asia [3,4]. Ismail and Ramli [5] reported elevated levels of two potentially toxic metals (PTMs) (Cu and Zn) in the sediments collected from the upstream of SBR before 1998 [6], which were dominated by anthropogenic inputs of piggery effluents. From the ecotoxicological standpoint, the status of PTMs in the sediments after the closure of the piggery farming operation is highly sought after.



Generally, sediment contamination with PTMs could be either from natural geogenic sources or anthropogenic inputs, such as untreated solid waste, both industrially and domestically [7]. In the case of SBR, even though the source of anthropogenic piggery effluent had been stopped due to PFB, the metal-contaminated sediments could become a secondary source of PTMs to the sediment-dwelling organisms [8], and thus could pose an ecotoxicological concern. Once PTMs enter the river, depending on the physico-chemical characteristics of the river, they may be adsorbed to suspended particulate matter and later deposited to the sediments under the gravitational force [9]. Therefore, the contaminated sediments can act as non-point sources of PTMs in the water column [10,11] when the chemistries, such as pH, redox conditions, and salinity of the aquatic system, change [12,13]. The metals present in the sediments can be re-released into the water, thus causing secondary pollution [14]. This can cause significant damage to the ecological status of the aquatic ecosystem [15]. Consequently, where sediments act as a “sink” or “secondary source” for PTMs, the sediments can be used as an effective environmental medium to monitor and evaluate the magnitude and sources of PTMs pollution in the estuaries [16,17], and mangrove ecosystem [18,19,20,21]. In particular, the comparison of PTMs concentrations in SBR sediments before and after years of the PFB with sediment quality guidelines is important for determining the likelihood that such sediments would be toxic or not to aquatic and sediment-dwelling organisms [22,23].



The main reason we focused on the estuary of the SBR is that estuaries are dynamic ecosystems that have some of the highest biotic diversity and levels of productive resources in the world [24]. The rate at which river water flows into an estuary is mainly responsible for establishing specific estuarine characteristics over time [25]. The estuaries and their surrounding mangrove ecosystems are bodies of water usually found where rivers meet the sea. They can serve as a habitat for residents and migratory animals, engaging an essential role in carbon sequestration and protection against coastal erosion [19,21]. Among chemical pollutants, PTMs can cause a significant adverse effect on the ecological quality of mangrove ecosystems [20]. Consequently, conservation strategies in mangrove ecosystems have always been on the rise [18]. This has been the main reason why ecological studies on the estuarine ecosystem have been widely reported in the literature (e.g., Noe et al. [26]). In Malaysia, Alkarkhi et al. [27] studied the PTMs in the sediments from estuaries of two polluted rivers in Malaysia (Juru River and Jejawi River). They recommended the need for a monitoring network. Therefore, the present study is critical from a monitoring to a conservation point of view.



Two questions have been raised about the historical fact of the previously polluted SBR. Firstly, Is the PFB in 1998 having any reduction or effect in controlling the PTMs pollution in the surface sediments at the estuary of the SBR after 9 and 12 years? Secondly, Is the polluted sediments at SBR still posing ecological-health risks of PTMs after 9 and 12 years of PFB?



However, little information is available on the assessments of ecological-health risks of PTMs in the estuaries of the SBR mangrove area and its two adjacent rivers, namely Sepang Kecil River (SKR) and Lukut River (LR). Therefore, this study aimed (1) to quantify the concentrations of Cu, Pb, and Zn in the surface sediments of SBR estuary after 9 and 12 years of PFB, and (2) to assess the ecological-health risks of the three PTMs in the mangrove sediments of the three river estuaries.




2. Materials and Methods


2.1. Sampling Site Descriptions


Convenient samplings of surface sediments (0–10 cm) were done at the estuaries of six sampling sites in the SBR (S1–S6), three sampling sites in SKR (S7–S9), and five sampling sites in LR (L1–L5), on 1 December 2007 (Figure 1). The second-period sampling in the SBR estuary was conducted on 5 May 2010. In both 2007 and 2010, the sampling sites chosen were at the estuary section of the SBR so that they are comparable to those previously reported before PFB in 1998.



Sampling information is provided in Table S1. At each sampling site, about 2 kg of surface sediments (0–10 cm) were collected from the sampling site by using a stainless-steel shovel. The samples were placed in zipped-lock polyethylene bags and transferred to the laboratory.



Upon reaching the laboratory, the sediment samples were oven-dried at 80 °C for 72 h and passed through a 2 mm nylon sieve to remove external particle materials. The dried sediments were passed through 63 µm sieves to dissolve in the acid digestion of the sedimentary particles completely for heavy metal analysis. This was because the highest metal concentrations, such as Pb, were in the smallest fraction analyzed (<63 μm) for the assessment of incidental ingestion [28,29].




2.2. Metal Analysis


2.2.1. Acid Digestions


The direct aqua-regia, which is a wet digestion method, was used to digest the sediment samples. A total of 0.50 g of dried sediment samples was placed in a digestion tube (3 replicates). The aqua-regia is a mixture of nitric acid (HNO3; AnalaR grade, BDH 69%) and perchloric acid (HClO3; AnalaR grade, BDH 60–70%), in a ratio of 4:1



The sediments were fractionated into four fractions based on Badri and Aston [30]. These four fractions employed in this study were (i) ‘easily, freely, leachable, or exchangeable’ (EFLE); (ii) ‘acid-reducible’ (AR); (iii) ‘oxidizable-organic’ (OO); and (iv) ‘resistant’ (RES).



Samples were then placed in a digestion block at 40 °C for 1 h, and the samples were then fully digested at 140 °C for 3 h [6,31]. They were then diluted to 40 mL with double de-ionized water. Later, the diluted samples were filtered through Whatman No. 1 (filter speed: medium) filter paper into acid-washed pillboxes and stored at 4 °C until metal determination. The solution was analyzed using an air-acetylene flame atomic absorption spectrophotometer (FAAS, Perkin–Elmer Model AAnalyst 800; Perkin–Elmer LLC, CT, USA).




2.2.2. Quality Control for Heavy Metal Analysis


All glassware and equipment used were acid-washed to avoid external contamination. Procedural blanks and quality control samples made from the standard solution for each metal were analyzed along with the digested samples. These standard solutions were analyzed after every 5–10 samples to check for the accuracy of the analyzed samples [6,31]. The accuracy of the methods for the analysis of Cu, Pb, and Zn was verified with the Certified Reference Materials (CRM) of NSC DC73319 Soil China, MESS-3 NRC, TH-1 Sediment Canada, SRM 1547, and IAEA Soil-5. Comparisons of the percentage recoveries for the six metals between the certified values of the CRM and the measured concentrations are presented in Table S2. The recoveries were 85.0–93.1% for Cu, 99.8–116 for Pb, and 82.8–115% for Zn (Table S2). The detection limits of the FAAS for Cu, Pb, and Zn were 0.010, 0.009, and 0.007 mg/L, respectively.





2.3. Data Treatment


2.3.1. Sediment Quality Guidelines (SQGs)


The sediment quality guidelines and reference values used in the present study are shown in Table S3. Three sediment quality guidelines were used. They are interim sediment quality value (ISQV) (high and low) by Chapman et al. [8], threshold effect level (TEL) and probable effect level (PEL) by Macdonald et al. [23], and effect range low (ERL) and effects range median (ERM) by Long et al. [22].




2.3.2. Determination of Bioavailable and Non-Bioavailable Fractions


Based on the geochemical fractions of the sediments, the bioavailable fraction and non-bioavailable fractions were generated by (EFLE + AR)/(EFLE + AR + OO + RES), and (OO + RES)/(EFLE + AR + OO + RES), respectively [32].




2.3.3. Individual Contamination Factors (ICF)


The individual contamination factors (ICF) was calculated based on (EFLE + AR + OO) by the RES of the sediment samples [33,34]. The ICF classification was interpreted as ICF < 0 (low); 1 < ICF < 3 (moderate); 3 < ICF < 6 (considerable); ICF > 6 (high), contamination [35].




2.3.4. Risk Assessment Code (RAC)


The risk assessment code (RAC) was calculated by EFLE/(EFLE + AR + OO + RES), according to Perin et al. [36] which was used to evaluate the bioavailability and mobility of metals in sediments. The RAC is classified into five classes: Class I (no risk, RAC < 1); Class II (low risk, 1 < RAC < 10); Class III (medium risk, 11 < RAC < 30); Class IV (high risk, 31 < RAC < 50); and Class V (very high risk, RAC > 50).




2.3.5. Ecological Risk Index (ER)


Firstly, the calculation of the contamination factor (CF) was based on the pollution of a single metal factor in Equation (1).


  CF =    C s     C B     



(1)




where Cs is the concentration of PTM in the surface sediments; CB is the background values in the present study and was based on two values. Firstly, the UCC by Wedepohl [37] for Cu: 14.30, Zn: 52.0, and Pb: 17.0 were used. Secondly, the concentrations (mg/kg dry weight (dw)) were 19.48, 3.55, and 13.16 for Pb [38], Cu [31], and Zn [39], respectively, based on the intertidal area of Peninsular Malaysia.



Later, the calculation of ecological risk (ER), which is the potential ecological risk of a single element, was calculated based on Equation (2).


  ER =  T R  × Cf  



(2)




where TR is the toxic response factor of a single element. The TR values used in the present study are Cu = 5.00, Pb = 5.00, and Zn = 1.00 [40]. CF is the contamination factor calculated as described in Equation (1). According to Hakanson [40], the ER can be classified into: ‘low potential ecological risk’ (ER < 40); ‘moderate potential ecological risk’ (40 ≤ ER < 80); ‘considerable potential ecological risk’ (80 ≤ ER < 160); ‘high potential ecological risk’ (160 ≤ ER < 320); and ‘very high ecological risk’ (ER ≥ 320).




2.3.6. Potential Ecological Risk Index (PERI)


Potential ecological risk index (PERI) was the summation of all the ER values from each PTM (Hakanson, 1980) [40]. It was calculated based on Equation (3).


  ERI =  ∑  ER  



(3)







According to Hakanson [40], the PERI values can be classified into: ‘low ecological risk’ (PERI < 150); ‘moderate ecological risk’ (150 ≤ PERI < 300); ‘considerable ecological risk’ (300 ≤ PERI < 600); and ‘very high ecological risk’ (PERI ≥ 600). This index is used to assess the potential ecological risk level of PTEs in sediments to the environment [41,42]. Although this method is based on sedimentology and aquatic ecosystem principles, it has been used in sediment pollution evaluation [43,44].






3. Human Health Risk Assessment


Human health risk assessment (HHRA) of sediments is generally utilized to assess humans’ non-carcinogenic risk (NCR) using three exposure pathways: ingestion, inhalation, and dermal contact. The methodology used for the HHRA depended on the guidelines and Exposure Factors Handbook of the US Environmental Protection Agency [45,46,47,48]. The average daily doses (ADDs) (mg/kg day) of PTMs through ingestion (ADDing), inhalation (ADDinh), and dermal contact (ADDder) for both children and adults were calculated by using Equation (4) as follows:


    ADD   ing   =  C  sediment    (     IngR  ×  EF ×  ED    BW  ×  AT     )  × 10  



(4)






    ADD   inh   =  C  sediment    (     InghR  ×  EF  × ED    PEF  ×  BW  ×  AT     )   



(5)






    ADD   der   =  C  sediment    (     SA  ×  AF  ×  ABS  ×  EF  × ED    BW  ×  AT     )  ×  10  − 6    



(6)




where ADDing, ADDinh, and ADDder are the daily amounts of exposure to metals (mg/kg day) through ingestion, inhalation, and dermal contact, respectively. In this study, the NCR of PTMs was assessed by using the hazard quotient (HQ) and hazard index (HI) [49,50]. The definition, exposure factors, and reference values used to estimate the intake values and health risks of PTMs in sediments collected from Peninsular Malaysia are presented in Table S4.



The HQ is the proportion of the ADD of a metal to its reference dose (RfD) for the similar exposure pathway(s) [47]. The RfD (mg/kg day) is the maximum daily dose of metal from a particular exposure pathway, for both children and adults, that is accepted not to prompt a considerable risk of harmful effects to sensitive individuals during a lifetime. The RfD (mg/kg day) values of Cu, Pb, and Zn used in the present study for ingestion, inhalation, and dermal contact, are presented in Table S4. If the ADD is less than the RfD value (HQ ≤ 1), it is viewed as that there will be no adverse health effects, while if the ADD exceeds the RfD value (HQ > 1), there will likely be harmful health effects [45,47].



The NCR is assessed by HI, which is the summation of the HQs in the three exposure pathways [51,52,53]. HI of <1.0 indicates no significant risk of non-carcinogenic effects. A HI of >1.0 suggests a possible occurrence of non-carcinogenic impacts [54]. The HI was calculated according to Equation (7).


  HI =  ∑    HQ  i  =  ∑   (      ADD  i      RfD  i     )     



(7)







Statistical Analysis


All graphical bar charts were plotted using the KaleidaGraph (Version 3.08, Sygnergy Software, Eden Prairie, MN, USA). In the graphs, curve fit selected an exponential regression for modeling the relationship between the metal levels or PERI values and periods of sediments collected after years of PFB. This exponential decay model is logically acceptable and appropriate because it gave the best plot with a decay constant (λ) (with an R-value) for the relationships that fit the purpose of this study well, namely the decrement of metal levels to background levels of metals in the sediments.



All the concentrations data of Cu, Pb, and Zn in the present study were within the normality ranges based on skewness (−2 to +2) and kurtosis (−7 to +7) [55,56] (Tables S5, S7 and S9).





4. Results


4.1. Zn


Table S5 shows the concentrations of total Zn, percentages of four geochemical fractions, percentages of bioavailable fraction (Bio), and a non-bioavailable fraction (NonBio), ICF, and RAC for Zn. Based on 2007 samples, the Zn concentrations (mg/kg dw) ranged from 18.1–88.25 (mean: 68.06) in SBR, from 52.27–98.97 (mean: 69.55) in SKR, and from 45.52–79.34 (mean: 67.1) in LR. The SBR estuary of 2010 samples ranged from 14.7–26.6 (mean: 19.99). Collected from LR, Ismail, and Safahieh [57] reported that Zn ranged from 48.2–209 mg/kg dw, with 40–60% in the metal contributed by the nonresistant fractions related to anthropogenic sources.



When comparing to the SGQ values (Table S3), all Zn levels were below those by Chapman et al. [8], Macdonald et al. [23], and Long et al. [22]. When compared to the reference background values (Table S3), the mean Zn levels of the three rivers of 2007 samples were higher than the background Zn levels proposed by Wedepohl [37] and Yap et al. [39]. The mean Zn level of 2010 samples from SBR was slightly higher than the background Zn level by Yap et al. [39].



However, it should be noted that the sampling sites as reported by Saed et al. [58] in SBR covered the first two sites near the river mouth, which was relevant and comparable to the present study. All the sampling sites at SBR from the present study covered the river mouth section. Specifically, Saed et al. [58] reported Zn levels as 110–250 mg/kg dw on the two sites near the river mouth at SBR. After 5 years of PFB, the Zn levels had decreased (35.5 to 179 mg/kg dw) based on 2003 samples [6], with 3.1–1.39 times lower. The Zn decrement percentages were further increased (2.83–6.07 times lower) based on 2007 samples after 9 years of PFB. The Zn levels continually dropped after 12 years of PFB (14.7–26.6 mg/kg dw) based on 2010 samples.



In particular, at the estuary section of SBR, there has been a decline of Zn levels from 110–250, 35.5–179, 18.8–88.25, and 14.7–26.6 for samples from 1998, 2003, 2007, and 2010, respectively (Figure 2). Figure 2 used an exponential decay model to estimate the best plot with a decay constant (λ) of 0.13 (R = 0.87; p < 0.05) to summarize the negative relationship between Zn levels and years after years of PFB. Furthermore, this model is logically selected and acceptable because there will be background levels of metals in the sediments that would not reach zero background levels in any natural sediments of the world [37]. This exponential regression can model a situation of a faster decrement of Zn levels in the estuary of SBR sediments in the first few years after PFB and a lower decrement after 12 years of PFB in 2010.



Most interestingly, based on samples collected in 1998 near the piggery farm upstream of SBR (Pelanduk River and Rambai River), Saed et al. [58] reported the Zn levels near the piggery farm ranged from 430 to 602 mg/kg dw. Previously, collected in 1996, Ismail and Ramli [5] reported high levels of Zn (250–550 mg/kg dw) in the mangrove sediment upstream of SBR that received pig farm effluents. Later, Hossain (2000) also reported an elevated Zn range (461–1192 mg/kg dw) in the sediments collected in 1997 from the upstream of SBR. These Zn maximum levels were practically higher than all the SQGs and reference values (Table S3). After 5 years of PFB, the sediments collected in 2003 at Pelanduk River recorded a lower Zn range (375–416 mg/kg dw) [6]. This means that there had been 1.46 and 1.45 times lower levels of Zn based on the ratios of minimum and maximum Zn levels from the 1998 and 2003 samples, respectively.



The distributions of four geochemical fractions of Zn in all the sampling sites from the present study are shown in Figure 3. The Bio fraction for Zn ranged from 25–36.5% for LR, 8.59–34.24% for SBR, and 14.40–37.7% for SKR. These results indicated that the NonBio fraction dominated the total Zn concentrations by more than 50% in the three rivers. For Zn ICF, the values ranged from 1.39–2.46 (mean: 1.86) for LR, 0.67–1.55 (mean: 1.16) for SBR, and 1.10–1.87 (mean: 1.44) for SKR. For Zn RAC, the values ranged from 2.10–8.91% (mean: 3.83%) for LR, 0.56–9.87% (mean: 2.91%) for SBR, and 0.73–6.44% (mean: 3.71%) for SKR. The values indicated that the three rivers are classified from ‘no risk’ to ‘low risk’ for Zn.



The ranges of Zn ER values for all the sampling sites from the present study ranged from 0.28–1.90 and 1.12–7.52 for ER-1 and ER-2, respectively (Figure 4). According to Hakanson’s [40] classification, they were in the category of ‘minimal potential ecological risk (ER < 40)’.



The HHRA results due to Zn exposure in the surface sediments from the three rivers are shown in Table S6. For children Zn, based on the mean values from the rivers from the 2007 and 2010 samples, the HQing values ranged from 6.43 × 10−4 to 4.32 × 10−3, the HQder values ranged from 5.14 × 10−6 to 3.46 × 10−5, while HQinh values ranged from 1.76 × 10−8 to 1.18 × 10−7. The children’s HI ranged from 6.48 × 10−4 to 4.36 × 10−3. For adult Zn, based on the mean values from the rivers of 2007 and 2010 samples, the HQing values ranged from 8.62 × 10−5 to 5.80 × 10−4, the HQder values ranged from 1.31 × 10−5 to 8.83 × 10−5, while HQinh values ranged from 7.92 × 10−9 to 5.33 × 10−8. The adult HI ranged from 9.94 × 10−5 to 6.69 × 10−4.



Based on the maximum Zn HI values in both children and adults, all three Zn pathways followed SBR2 > SBR1 > SBR4 > LR3 > SKR2007 > SKR2 > SBR2007 > LR2007 > SBR2010. With all the HI values found below 1 in both children and adults, the estuary sediments from the three rivers would pose a non-unhealthy NCR of Zn. It was shown that the three different exposure pathways of Zn for children and adults diminished in the following order: ingestion > dermal contact > inhalation. This agreed with the reports by Yap et al. [59] based on the soils collected from six land uses in Peninsular Malaysia.




4.2. Cu


Table S7 shows the concentrations of total Cu, percentages of four geochemical fractions, percentages of bioavailable fraction (Bio) and non-bioavailable fraction (NonBio), ICF, and RAC for Cu. The present study is based on sediments collected from Sepang Besar River in December 2007; for Cu, SKR ranged from 7.96–13.48 (mean: 10.08), SBR ranged from 5.23–22.73 (mean: 13.46), and LR ranged from 9.37–20.06 (mean: 12.8). The 2010 samples at SBR recorded 2.71–22.9 (mean: 9.84). Collected from LR, Ismail, and Safahieh [57] reported that Cu ranged from 11.3–92.8 mg/kg, with 40–60% in both metals contributed by the nonresistant fractions related to anthropogenic sources.



When comparing to the SGQ values (Table S3), all Cu levels were below those by Chapman et al. [8], Macdonald et al. [23], and Long et al. [22]. Compared to the reference background values (Table S3), the mean Cu levels from the three rivers from the 2007 and 2010 samples were higher than the background Cu level by Yap et al. [31].



Based on sediments collected in 1998, Saed et al. [58] reported that the Cu range was 100–574 mg/kg, while in the Sepang Kecil River, the concentrations ranged from 51.2–57.9 mg/kg. Based on the oyster Isognomon alatus transplantation study, Saed et al. [58,60] showed that SBR had a higher level of Cu bioavailability than in the SKR. Based on the two sites near the river mouth at SBR, Saed et al. [58] reported Cu as 100–190 mg/kg dw.



After 5 years of PFB, the sediments near the river mouth of SBR, Cu levels were found to have a lower range (3.43–41.8 mg/kg dw) based on samples from 2003 [6]. The Cu levels were continuing to be lower based on samples from 2003 (5.23–22.73 mg/kg dw) and 2010 (2.71 to 22.9 mg/kg dw). This means that there had been 36.9 and 8.30 times lower Cu levels based on the ratios of minimum and maximum Cu levels from the 1998 and 2010 samples, respectively, after 12 years of PFB.



Most interesting, based on samples collected in 1996, Ismail and Ramli [5] reported the sites close to the pig farm area upstream of SBR contained elevated Cu levels (210–670 mg/kg dw). Later, Hossain et al. [61] also reported high Cu levels (213–518 mg/kg dw) at the SBR upstream based on 1997 samples. Based on samples collected in 1998, Saed et al. [58] consistently reported high Cu levels (400 to 574 mg/kg dw) at almost similar SBR upstream sampling sites near piggery farms. After 5 years of PFB, the sediments at Pelanduk River recorded a lower Cu range (66.6–136 mg/kg dw) based on samples collected in 2003 [6]. This means that there were 3.15 and 4.93 times lower Zn levels based on the minimum and maximum Cu levels ratios from the 1996 and 2003 samples, respectively.



In particular, at the estuary section of SBR, there has been a decline of Cu levels from 100–190, 3.43–41.8, 5.23–22.73, and 2.71–22.9 for samples from 1998, 2003, 2007, and 2010, respectively (Figure 5). In Figure 5, similarly, like Zn (Figure 2), we also used an exponential decay model because it can estimate the best plot with a decay constant (λ) of 0.16 (R = 0.88; p < 0.05), to summarize the negative relationship between Cu levels and years after the PFB. Likewise, this exponential regression can also model a situation of a faster decrement of Cu levels in the estuary of SBR sediments in the first few years after the PFB and a lower decrement after 12 years of PFB in 2010.



The distributions of four geochemical fractions of Cu in all the sampling sites from the present study are shown in Figure 6. The Bio fraction for Cu ranged from 0.77–1.27% (mean: 1.12%) for LR, 1.12–6.11% (mean: 2.54) for SBR, and 1.63–3.44% (mean: 2.31%) for SKR. The NonBio fraction for Cu ranged from 98.69–99.19% (mean: 98.86%) for LR, 93.89–98.82% (mean: 97.44%) for SBR, and 96.56–98.48% (mean: 97.70%) for SKR. These results indicated that the non-Bio fraction dominated the total Cu concentrations by more than 9% in the three rivers.



For Cu ICF, the values ranged from 0.49–0.81 (mean: 0.59) for LR, 0.34–0.53 (mean: 0.44) for SBR, and 0.48–0.54 (mean: 0.50) for SKR. For Cu RAC, the values ranged from 0.48–0.98% (mean: 0.77%) for LR, 0.12–0.69% (mean: 0.44%) for SBR, and 1.15–1.52% (mean: 1.39%) for SKR. All the values indicated that LR and SBR are classified as ‘no risk’ while SKR was classified as ‘low risk’ of Cu.



The ranges of Cu ER values for all the sampling sites from the present study ranged from 0.95–8.03 and 3.82–32.35 for ER-1 and ER-2, respectively (Figure 7). According to Hakanson’s [40] classification, they were in the category of ‘minimal potential ecological risk (ER < 40)’.



The HHRA results, due to Cu exposure in the surface sediments from the three rivers, are shown in Table S8. For children Cu, based on the mean values of rivers from the 2007 and 2010 samples, the HQing values ranged from 8.88 × 10−4 to 7.53 × 10−3, the HQder values ranged from 4.74 × 10−6 to 4.01 × 10−5, while HQinh values ranged from 2.42 × 10−8 to 2.05 × 10−7. The children’s HI ranged from 8.93 × 10−4 to 7.57 × 10−3. For adult Cu, based on the mean values of rivers from the 2007 and 2010 samples, the HQing values ranged from 1.19 × 10−4 to 1.01 × 10−3, the HQder values ranged from 1.21 × 10−5 to 1.03 × 10−4, while HQinh values ranged from 1.09 × 10−8 to 9.23 × 10−8. The adult HI ranged from 1.31 × 10−4 to 1.11 × 10−3.



Based on the maximum Cu HI values in both children and adults (Table S8), all three Cu pathways followed SBR1 > SBR2 > SBR3 > SKR5 > LR4 > SBR2 > SBR2010 > SBR2007 > LR2007 > SKR2007. With all the HI values found below 1 in both children and adults, the estuary sediments from the three rivers would pose a non-unhealthy NCR risk of Cu. It was shown that the three different exposure pathways of Cu for children and adults diminished in the following order: ingestion > dermal contact > inhalation. This agreed with that reported by Yap et al. [59] based on the soils collected from six land uses in Peninsular Malaysia.




4.3. Pb


Table S9 shows the concentrations of total Pb, percentages of four geochemical fractions, percentages of bioavailable fraction (Bio), and a non-bioavailable fraction (NonBio), ICF, and RAC for Pb. Based on sediments collected from Sepang Besar River in December 2007, for Pb, SKR ranged from 20.02–32.47 (mean: 25.3), SBR ranged from 18.99–41.25 (mean: 28.26), and LR ranged from 28.93–47.37 (mean: 40.33). The Zn levels in 2010 samples at SBR ranged from 25.61–31.99 (mean: 28.78).



When comparing to the SGQ values (Table S3), all mean Pb levels were below those by Chapman et al. [8], Macdonald et al. [23], and Long et al. [22]. When compared to the reference background values (Table S3), the mean Pb levels from the three rivers from the 2007 and 2010 samples were higher than the background Pb levels by Taylor and McLennan [62], Rudnick and Gao [63], Wedepohl [37], and Yap and Noorhaidah [38].



Based on sediments collected in 1998, Saed et al. [58] reported that the Pb range was 14.90–51.2 mg/kg dw in Sepang Besar River, while in the Sepang Kecil River, the concentration ranged from 6.97–9.44 mg/kg dw. Ismail and Ramli [5] reported Pb as 3.4–46.5 mg/kg dw. Based on the oyster Isognomon alatus transplantation study, Saed et al. [58,60] showed that SBR had a higher level of Pb bioavailability than in the SKR.



However, it should be noted that the sampling sites as reported by Saed et al. [58] in SBR covered the first two sites near the river mouth, which was relevant and comparable to the present study. All the sampling sites at SBR from the present study covered the river mouth section. Therefore, based on the two sites near the river mouth at SBR by Saed et al. [58], they reported Pb as 15–28 mg/kg dw.



In particular, at the estuary section of SBR, the Pb ranges were still below 50.0 mg/kg dw for samples from 1996, 1998, 2007, and 2010, respectively. However, there was no significant difference in Pb levels from 1996 to 2010 (Figure 8). This could be because Pb was not a piggery farming effluent source before PFB in 1998, judging that the maximum Pb levels were lower than most of the SQGs (Table S3). In Figure 8, we used an exponential regression model, following that for Zn and Cu (Figure 2 and Figure 5). Clearly, there is no significant change with a low positive constant (λ) of 0.01 (R = 0.55; p > 0.05) for the Pb levels from 1996 to 2010.



The distributions of four geochemical fractions of Pb in all the sampling sites from the present study are shown in Figure 9. The Bio fraction for Pb ranged from 3.07–8.57% (mean: 4.91%) for LR, 4.86–28.87% (mean: 11.67) for SBR, and 5.63–8.56% (mean: 6.68%) for SKR. The NonBio fraction for Pb ranged from 91.43–96.93% (mean: 95.09%) for LR, 71.13–95.09% (mean: 88.32%) for SBR, and 91.38–94.37% (mean: 93.27%) for SKR. These results indicated that the NonBio fraction dominated the total Pb concentrations by more than 50% in the three rivers.



For Pb ICF, the values ranged from 0.29–0.35 (mean: 0.32) for LR, 0.26–1.00 (mean: 0.55) for SBR, and 0.13–0.51 (mean: 0.37) for SKR. For Pb RAC, the values ranged from 2.43–4.21% (mean: 3.28%) for LR, 1.78–7.21% (mean: 4.33%) for SBR, and 1.90–5.00% (mean: 3.81%) for SKR. All the values indicated that the three rivers are classified as ‘low risk’ for Pb.



The ranges of Pb ER values for all the sampling sites from the present study ranged from 5.59–13.93 and 4.87–12.16 for ER-1 and ER-2, respectively (Figure 10). According to Hakanson’s [40] classification, they were in the category of ‘minimal potential ecological risk (ER < 40)’.



The HHRA results due to Pb exposure in the surface sediments from the three rivers are shown in Table S10. For children Pb, based on the mean values of rivers from the 2007 and 2010 samples, the HQing values ranged from 7.03 × 10−2 to 1.75 × 10−1, the HQder values ranged from 7.59 × 10−4 to 1.89 × 10−3, while HQinh values ranged from 1.94 × 10−6 to 4.83 × 10−6. The children’s HI ranged from 7.11 × 10−2 to 1.77 × 10−1. For adult Pb, based on the mean values of rivers from the 2007 and 2010 samples, the HQing values ranged from 9.43 × 10−3 to 2.35 × 10−2, the HQder values ranged from 1.94 × 10−3 to 4.83 × 10−3, while HQinh values ranged from 8.71 × 10−7 to 2.17 × 10−6. The adult HI ranged from 1.14 × 10−2 to 2.84 × 10−2.



Based on the maximum Pb HI values in both children and adults (Table S10), all three Pb pathways followed SBR2 > LR2007 > SBR1 > SBR2007 > SKR2007 > SBR2010 > SKR2. With all the HI values found below 1 in both children and adults, the estuary sediments of the three rivers would pose a non-unhealthy NCR of Pb. It was shown that the three different exposure pathways of Pb for children and adults diminished in the following order: ingestion > dermal contact > inhalation. This agreed with the report by Yap et al. [59] based on the soils collected from 6 land uses in Peninsular Malaysia.




4.4. Potential Ecological Risk Index


The values of PERI based on ER values of Cu, Pb, and Zn at all sampling sites in the mangrove sediments are shown in Figure 11. The values ranged from 7.76–19.98 and 11.51–44.81 for PERI-1 and PERI-2, respectively. They were denoted as ‘minimal ecological risk (PERI < 150)’ [40] from the combination of all three ER values of Cu, Pb, and Zn.



Based on the estuary of SBR, it should be noted that samples from 1996 and 1998 indicated PERI-1 values of 79.5–83.5, which were categorized as ‘minimal ecological risk (PERI < 150)’ [40]. The PERI-2 values of 294–307 were categorized as ‘considerable ecological risk’ (300 ≤ PERI < 600) [40]. There were distinct decreasing PERI values in the surface sediments of SBR in the samples from 1996 [5], 1998 [58], 9 and 12 years after the PFB in 2007 and 2010, respectively (Figure 12). According to RAC values, all the PTMs were associated with low risk levels. Therefore, they can hardly enter the food chain and pose serious threats for aquatic and benthic organisms.



As illustrated by the plots in Figure 12, the exponential decay model shows that the PERI values become rapidly lower with increasing years of PFB. These two plots show decrement of PERI values for decay constants (λ) of 0.12 (R = 0.98, p < 0.05) and 0.16 (R = 0.97; p < 0.05) for PERI-1 and PERI-2 values, respectively. The confident limits of these decay constants are high with the high R values. Therefore, based on the PERI-2 value, we have reason to believe that the decrement indicated that the ecological risks of PTMs have improved from ‘considerable ecological risk’ to ‘minimal ecological risk’ [40]. This is a more conclusive model since it included the three metals with a single value.





5. Discussion


All the sampling sites at SBR showed Zn ICF values with ‘moderate contamination’; Cu and Pb ICF values with ‘low contamination’ [35]. This may reveal a high retention time with low mobility and high stability of Zn, Cu, and Pb because of the difficulty being released into the environment and therefore possess a low risk to aquatic life [64,65].



The lower levels of Cu and Zn could be due to the closure of the pig farm operation in 1998 [66] because Cu and Zn were known and reported to be contributed by pig farming operations. Many previous studies have suggested that pig farm effluents significantly contribute to the elevation of sediment Cu and Zn concentration at other rivers in Malaysia [5]. Cu and Zn are commonly added into the pigs’ fodder to prevent parasites infestation. The introduction of a high concentration of Cu and Zn into the pig’s diet could also act as a growth promoter [67,68,69].



Pig farm activities are the most probable contributor to the elevation of Cu and Zn levels in sediment in the region. Another study has also uncovered that pig slurry could likely induce the pollution of Cu and Zn [54,70,71]. Several other findings have also agreed that frequent utilization of pig slurries could result in the accumulation of Cu and Zn in the soil [72,73].



Bo et al. [73] reported that in 10 provinces of China, 100% of the pig feed samples were over the national standard for Cu (13.2~49.0 times of the standard), while for Zn concentrations, the pig feeds were 1.3~9.5 times the national standard. There were significant (p < 0.01) positive correlations for Cu and Zn between pig manures and feeds. Suppose the manure was applied to land in these provinces at the current rate. Additionally, the concentrations of Cu and Zn in soils in Beijing would exceed the standards in 65 and 51 years, respectively, while in Tianjin, the soil standards for Cu and Zn would be exceeded in 53 and 91 years, respectively. This analysis suggested that it was essential to control the rates of pig manure application in agriculture and reduce the amounts of Cu and Zn in pig feeds.



Zhu et al. [67] reported the elevated levels of Cu and Zn in pig manure and feed samples from 64 pig farms in different regions of Shannxi Province, China (Cu: 38.3–806 mg/kg and Zn: 90.69–1208.19 mg/kg in feeds, and Cu: 78.9–1543 mg/kg and Zn: 68.7–3012 mg/kg in manure). They also reported that the maximum concentrations of Cu, Zn, and Pb in pig feeds were 5.44, 34.3, and 10.9 times higher than the Chinese national standards limits. Zhang et al. [68] reported that the annual output of effluents from pig farms was the most important factor correlated with the nutrients and heavy metals in soils.



Cu and Zn are often added to feed in concentrations much higher than those needed by the animal (to avoid deficiency) to benefit from their protective effects against digestive pathologies [71]. Supplementation of trace metals is helpful during the postweaning phase, but not beyond, and the addition of microbial phytase in feed improves the availability of zinc for the animal [74]. Based on the pig slurries of 36 pig farms in South-eastern Spain, Moral et al. [69] reported that Cu and Zn were highly accumulated in the soils with pig slurries’ application (4 and 15 kg/ha/year, respectively).



Based on a fish biodiversity study in SBR, conducted in 2014, Ya et al. [75] reported that the indices of Shannon–Weiner and Margalef at the two sampling sites in the upstream of SBR (close to Rambai River and Pelanduk River) were 1.73–2.09 and 2.40–3.11, respectively, and were close to those indices (1.83–1.92, and 2.45–2.72, respectively) of the two sampling sites located at the estuaries of SBR. These biodiversity indices showed that the fish diversity at Sepang Besar estuary could be considered high, especially at the estuary of SBR (13–26 fish species). The results were comparable to those (Shannon−Wiener diversity index (1.98) and Margalef species richness index (3.24), based on 20 fish species) reported from one of the lower reaches of Ganjiang River (China) [76]. This indicated that fish biodiversity had been recovered since PFB in 1998. Based on the Department of Environment Malaysian [77], the Sepang River was classified as a ‘slightly polluted’ river based on the water quality status of 2009–2010. However, there have been no reports on the PTMs in the surface sediments in SBR. Therefore, the PTMs data provided in the present study is important information on the recovery of SBR after PFB on a scientific basis.



The present results have contributed to our understanding of the following issues. This is the first study assessing the ecological-health risks of PTMs in SBR, SKR, and LR in Selangor. The present study is not a mere monitoring study using surface sediments. This is also scientific evidence and a detailed assessment of the degree and pattern of PTMs (Cu and Zn) decrement in the previously polluted SBR after years of PFB. The significance of monitoring PTMs in the sediments is beyond any reasonable doubt, judging from the many recent papers on this research monitoring studies (e.g., Wei et al. [78]; Hossain et al. [79]).



Dendievel et al. [80] proposed characterizing metal contamination trends from the 1960s by combining data from dated cores and subsurface sediments along the Rhône River (Switzerland–France). They also discovered hotspots caused by Cu and Zn leaching from vineyards, mining, and highway runoff. They found that the time it took for metal contamination in sediment to recover varied depending on the metal and that it took less time upstream (15–20 years) than downstream (30–40 years). Moore and Langner [81] (2021) studied the bed silt from a big river that had been contaminated by mining and smelting to see how fast metal concentrations naturally attenuated. They indicated that by using the natural decay model, average concentrations of five metals (including Cu, Pb, and Zn) would take around 90 years to decline below “probable effects concentrations” in the most contaminated reaches. The above two investigations, however, were not based on the recovery of Cu and Zn from piggery wastes in river sediments. As a result, the current findings based on piggery wastes in SBR estuary sediments would be useful for future reference.



Recovery is largely reliant on source reduction and how close the metal levels close to the basin background metal concentration are, according to model simulations with various levels of remediation effectiveness [81]. By understanding the role of natural attenuation in restoration design and implementation, the current Cu and Zn decay models in SBR can provide insight into remediation procedures and ultimately reduce the cost of restoration.



From an economic point of view, the pig farm industry can be revived pending the excellent management of the water quality [82] and an effective constructed wetland system for wastewater treatment [83]. For example, Li et al. [84] recommended chemical leaching with EDTA, and the E-S mixture was highly efficient in removing Cu and Zn from pig manure.



A variety of measures and conservation strategies is essential, and conserving SME should be implemented at a local and national level. Even though the Sepang mangrove ecosystem (SME) is of high socio-economic importance, such as with the tourism industry (such as Sepang Gold Coast resort), surprisingly, there has been no available information on the resource or economic valuation in the SME like that reported for the Kuala Selangor mangrove ecosystem [85]. Getzner and Islam [86] recommended that the implementation of separate, original economic valuation studies of the mangrove ecosystem is needed.



This study has improved our understanding of how the previously polluted sediments at SBR by piggery farming effluents has declined to safe levels of Cu and Zn after 9 and 12 years of PFB, and it provides an additional weight of evidence for the linkages between PTMs’ degree of pollution and livestock effluents that should not be repeated in the future. Further monitoring studies on ecological-health risks of PTMs in the sediments are necessary in case of a revival of the piggery farming activities at the SME.



The present provisional status of ecological-health risks of PTMs on the SBR estuary could serve as a platform for evaluating the economic valuation studies on the SME. This information is essential in determining appropriate strategies for conservation management in the SME. Such data would also help highlight the overall status of PTMs in the SME. Furthermore, a system that responds to real-time threats, such as illegal effluents from livestock, small-scale industries, and other land-based construction would also help implement conservation strategies before the disruption. Finally, the development of protected mangrove areas is also essential in preventing mangrove degradation in the SME.




6. Conclusions


The present findings indicated that the three estuaries had caused no ecological-health risks of Cu, Pb, and Zn. The PTMs in the sediments from the three rivers’ estuaries were lower than those of established SQGs. HHRA indicated that the three different exposure pathways of Cu, Pb, and Zn for children and adults decreased in the following order: ingestion > dermal contact > inhalation. In general, the HI values for Cu, Pb, and Zn in all sampling sites at the three estuaries were lower than 1, indicating that there was no NCR of the three PTMs for children and adults. In particular, the SBR estuary had drastically lower levels of Zn and Cu after 9 and 12 years of PFB. Based on the exponential decay model, the PERI values showed that the estuary of SBR has been improved from a ‘considerable ecological risk’ to a ‘minimal ecological risk’ after 12 years of PFB. The present ecological-health risks of PTMs on the SBR estuary could provide a basis for evaluating the economic valuation studies on the SME. It is still recommended to investigate the current status of PTMs in the three rivers to ensure adopting adequate control measures in compliance with national and international regulations on the protection of the mangrove ecosystem in Malaysia.
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Figure 1. Sampling sites in the Sepang Besar River (SBR) (1–6), Sepang Kecil River (7–9), and Lukut River (10–14) in 2007, and arrows in black with sampling numbers with black grounds are those collected in 2010 in SBR. (The maps were generated by using QGIS Desktop version 2.18.13). 
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Figure 2. Decreasing Zn concentrations (mg/kg dry weight) in the surface sediments from Sepang Besar River estuary in the samples from 1996 (Ismail and Ramli, 1997), 1997 (Hossain, 2000), 1998 (Saed et al., 2002), 2003 (5 years after the piggery farm ban) (Yap et al., 2007), 2007 (9 years after the piggery farm ban) (present study), and 2010 (12 years after the piggery farm ban) (present study). The equation on the maximum values is based on an exponential equation. 
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Figure 3. Distributions (%) of four geochemical fractions (F1 = EFLE; F2 = acid-reducible; F3 = Oxidisable-organic; F4 = resistant) of Zn in all the sampling sites from Sepang Besar River (SBR), Sepang Kecil River (SKR) and Lukut River (LR) in the samples from the 2007 and 2010 (indicated by *). 
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Figure 4. Ecological risk (ER) values of Zn in all the sampling sites from Sepang Besar River (SBR), Sepang Kecil River (SKR), and Lukut River (LR) in the samples from the 2007 and 2010 (indicated by *). The background used was based on background values by Wedepohl [37] (indicated by ER-1) and Malaysian studies (indicated by ER-2). 
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Figure 5. Decreasing Cu concentrations (mg/kg dry weight) in the surface sediments from the river mouth of Sepang Besar River in the samples from 1996 (Ismail and Ramli, 1997), 1997 (Hossain et al., 2001), 1998 (Saed et al., 2002), 2003 (5 years after the piggery farm ban) (Yap et al., 2007), 2007 (9 years after the piggery farm ban) (present study), and 2010 (12 years after the piggery farm ban) (present study). The line on the maximum values is based on an exponential equation. 
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Figure 6. Distributions (%) of four geochemical fractions (F1 = EFLE; F2 = acid-reducible; F3 = Oxidisable-organic; F4 = resistant) of Cu in all the sampling sites from Sepang Besar River (SBR), Sepang Kecil River (SKR), and Lukut River (LR) in the samples from the 2007 and 2010 (indicated by *). 
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Figure 7. Ecological risk (ER) values of Cu in all the sampling sites from Sepang Besar River (SBR), Sepang Kecil River (SKR), and Lukut River (LR) in the samples from the 2007 and 2010 (indicated by *). The background used was based on background values by Wedepohl [37] (indicated by ER-1) and Malaysian studies (indicated by ER-2). 
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Figure 8. Decreasing Pb concentrations (mg/kg dry weight) in the surface sediments from Sepang Besar River estuary in the samples from 1996 (Ismail and Ramli, 1997), 1998 [58], 2007 (9 years after the piggery farm ban) (present study), and 2010 (12 years after the piggery farm ban) (present study). The line on the maximum values is based on an exponential equation. 
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Figure 9. Distributions (%) of four geochemical fractions (F1 = EFLE; F2 = acid-reducible; F3 = Oxidisable-organic; F4 = resistant) of Pb in all the sampling sites from Sepang Besar River (SBR), Sepang Kecil River (SKR), and Lukut River (LR) in the samples from the 2007 and 2010 (indicated by *). 
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Figure 10. Ecological risk (ER) values of Pb in all the sampling sites from Sepang Besar River (SBR), Sepang Kecil River (SKR), and Lukut River (LR) in the samples from the 2007 and 2010 (indicated by *). The background used was based on background values by Wedepohl [37] (indicated by ER-1) and Malaysian studies (indicated by ER-2). 
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Figure 11. Values of potential ecological risk index (PERI) based on the ecological risk of Cu, Pb, and Zn at all sampling sites in the mangrove sediments collected from Lukut River (LR), Sepang Besar River (SBR), and Sepang Kecil River (SKR) in 2007 except those indicated by * which was collected in 2010. The background used was based on background values by Wedepohl [37] (indicated by PERI-1) and Malaysian studies (indicated by PERI-2). 
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Figure 12. Decreasing PERI values (based on Cu, Pb, and Zn) in the surface sediments from Sepang Besar River estuary in the samples from 1996 (Ismail and Ramli, 1997), 1998 (Saed et al., 2002), 2007 (9 years after the piggery farm ban) (present study), and 2010 (12 years after the piggery farm) (present study). The background used was based on background values by Wedepohl [37] (indicated by PERI-1) and Malaysian studies (indicated by PERI-2). The equations are based on the exponential equation. 
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