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Abstract

:

Urbanization is often accompanied by aquatic metal(loid) pollution, which is regulated by dissolved organic matter (DOM). However, the relationships between dissolved metal(loid) concentration and the bulk, chromophoric, and fluorescent DOM in black and odorous urban rivers are still poorly understood. Here, we investigated the dissolved metal(loid) concentrations of Zn, Cu, Cr, As, Pb, and Cd and their correlations with DOM-related parameters in water samples from a polluted urbanized watershed in Shenzhen, China. The results showed that the Zn and Cu concentrations in the mainstream and tributary exceeded the national standards, and the wastewater treatment plant (WWTP) was an important source, as indicated by the abrupt concentration increases downstream of the WWTP. The dissolved metal(loid) concentrations were not always significantly correlated with the dissolved organic carbon (DOC) concentration or the ultraviolet absorbance at 254 nm (UV254); however, they were more likely to be correlated with the maximum fluorescence intensity (Fmax) of protein-like fluorescent DOM components. A strong correlation between the Cu/DOC ratio and specific UV254 (SUVA254) previously reported did not exist in the present study. Instead, the Cu/DOC ratio was positively correlated with the Fmax/DOC ratios for protein-like fluorescent DOM components. Our study highlights that protein-like fluorescent DOM may be more important than humic-like fluorescence DOM and chromophoric DOM in terms of interacting with dissolved metal(loid)s in black and odorous urban rivers.
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1. Introduction


Dissolved metal(loid) contamination in rivers raises serious concerns worldwide due to the potential toxicity and ecosystem risks [1,2,3]. Concentrations of these elements are influenced by both natural and anthropogenic factors, such as parent rock weathering, mining, industrial and domestic discharge, and landscape changes [4,5,6]. Compared to those in particulate form, metal(loid)s in dissolved form are highly bioavailable and can be accumulated by organisms more easily, thereby causing high biological toxicity and threats to ecosystems and human health [7,8]. In urbanized areas, river water quality, in terms of dissolved metal(loid)s, tends to be increasingly disturbed by intensive human activities, such as discharges from untreated and treated industrial and domestic wastewater [7,9].



The ubiquitous dissolved organic matter (DOM) in aquatic environments is a highly heterogeneous mixture and plays an important role in several processes, such as chelation, solution, precipitation, and bioaccumulation of dissolved metal(loid)s [10,11]. These roles of DOM are often associated with the chemical structure and properties of the DOM [11,12,13]. DOM from different sources may have various amounts of O-containing functional groups (e.g., carboxylic and phenolic groups) and N- and S-containing functional groups (e.g., amide and thiol groups) [14]. These groups can have a strong affinity for dissolved metal(loid)s; thus, they can affect the metal(loid)–DOM complexation and metal(loid) behavior in the environment [15,16,17].



The relationships between dissolved metal(loid)s and DOM have been investigated in various aquatic environments [18,19,20]. The specific ultraviolet absorbance at 254 nm (SUVA254), which represents the aromatic structure of DOM, is often positively correlated with metal(loid) affinity [15,18,21,22]. DOM with a greater molecular weight usually possesses a higher binding ability to Cu and Hg ions; however, this relationship also depends on the DOM sources (terrestrial versus aquatic sources) and DOM degradation processes [22,23]. Different metal(loid)s interact with DOM in different ways [11]. For example, the d-block element, Cu, can be strongly bound to the phenolic (at pH of 4–8) and carboxyl groups (at pH < 7) as well as to the amine-containing sites on low-molecular-weight and less aromatic molecules [24,25]. In contrast, the p-block element, Pb, can be bound to the phenols, alcohols, ether, and larger molecules, but forms weaker bonds with the carboxyl group [25].



With fast urbanization in recent decades, more than 2000 black and odorous rivers have formed in China [26]. While many studies have been performed on DOM–metal(loid) interactions in natural water [10,27], the understanding of DOM–metal(loid) interactions in black and odorous rivers is relatively limited. In particular, the DOM from urban regions often has complex sources and characteristics and is distinct from that in natural water [28,29]. Because the metal-binding constant of DOM depends on the DOM origin [22], the observed relationships between DOM and metals in natural water could not be generalized for water subjected to intensive human disturbance. In addition, various anthropogenic sources of metal(loid)s, such as industrial and domestic wastewater discharge and urban runoff [30,31], may further complicate the metal(loid) composition and distribution and alter the metal(loid)–DOM equilibrium. Urbanization significantly influences DOM characteristics, such as composition, aromaticity, molecular size, and functional groups [28,29,32,33], which inevitably alter metal(loid) affinity [15]. For example, while the DOM in a peri-urban river exhibited significant positive correlations with Mn, Pb, and Cu, the DOM in an urban river had significantly positive correlations with Cr, Mn, As, Zn, and Pb [34]. While a limited number of studies have investigated the relations between dissolved metals and chromophoric DOM (CDOM) in urban rivers, the correlations between dissolved metal(loid) levels and DOM abundance and characteristics in black and odorous urban rivers are still poorly understood.



Shenzhen is a city with the fastest urbanization rate in China in recent decades, and its Maozhou River is one of the most polluted black and odorous rivers in South China [35,36,37]. Using the Maozhou River watershed as an example, the present study investigated the concentration levels of dissolved metal(loid)s and their correlations with the abundances of bulk DOM, CDOM, and fluorescent dissolved organic matter (FDOM) in different water types. The objectives were to (a) investigate the impact of rapid urbanization on the concentration levels and spatial distribution of dissolved metal(loid)s in this highly polluted urban watershed, and (b) identify the critical DOM parameters linked with the dissolved metal(loid) levels




2. Materials and Methods


2.1. Site Description


Shenzhen, an emerging international metropolis with an area of 1997 km2, is located in the southern region of Guangdong Province of China and is adjacent to the South China Sea [35,36,37]. With rapid urbanization and economic development in the past four decades, the city has grown to be one of the most prosperous cities in China [35]. The Maozhou River is the largest river in Shenzhen. The Maozhou River watershed has an area of 388.23 km2, and 52.1% of this watershed is composed of residential and industrial areas. One-third of the Shenzhen population (i.e., 3.7 million) lives in the Maozhou River watershed [28]. The mainstream originates from the Yangtai Mountain and has a length of approximately 42 km. The water in the river finally enters into the Pearl River Estuary (Figure 1). The mean annual temperature within the Maozhou River watershed is 22.3 °C and the mean annual precipitation is 1606 mm, with 80% of the rainfall occurring from April to September [38]. A number of electroplating and dyeing factories have been established along the river. Both domestic- and industrial-treated wastewaters are discharged into the river, and a wastewater treatment plant (WWTP) that handles 110,000 m3 of domestic wastewater and 30,000 m3 of industrial wastewater per day is located at the M9 sampling site [26].




2.2. Sample Collection


As the dry season usually had higher dissolved metal(loid) concentrations without rainwater dilution, we collected samples in the dry season to understand the maximum ecological risks of the dissolved metal(loid)s in the Maozhou River. In total, 84 surface water samples were collected at the Maozhou River watershed in January 2019, including 22 from the mainstream (from upstream to downstream, M1 to M22), 43 from the tributaries (T1 to T21), 11 from the ponds (P1 to P11), and 6 from the reservoirs (R1 to R6) (Figure 1). All washed bottles were rinsed with the water samples three times before sample collection. For each sampling point, a composite sample was collected by mixing two water samples. All samples were sent to the laboratory at low temperature, immediately filtered through Whatman GF/F 0.7 µm glass fiber filters (pre-combusted at 450 °C for 4.5 h), and stored at 4 °C before further processing.




2.3. Chemical Analyses


For all samples, pH and electrical conductivity (EC) were measured using a HACH HQ440d benchtop instrument (equipped with an Intellical™ PHC201 probe and a CDC401 probe). The concentrations of dissolved organic carbon (DOC) were analyzed using a total organic carbon (TOC) analyzer (Shimadzu, Kyoto, Japan) with an ASI-L autosampler. To remove inorganic carbon from the water sample, samples were acidified using hydrochloric acid before DOC analysis.



Before analysis of dissolved metal(loid) concentrations, 10 mL of the filtered sample was acidified with 200 μL concentrated nitric acid (electronic grade, Aladdin). The concentrations of total dissolved metal(loid)s in the water sample were measured by inductively coupled plasma mass spectrometry (ICP-MS, Thermo Fisher Scientific, Boston, MA, USA). Six dissolved metal(loid)s, including Cu, Zn, Cr, As, Cd, and Pb, were quantified. For quality assurance and quality control, each sample was detected at least three times, and an average value was calculated. Blanks resulting from the same preparation procedures and standard solutions were used in every ten samples during the analysis. The water used in the entire experiment was Milli-Q water (18.2 M Ω cm, 25 °C) and all containers were acid washed before use. The recoveries of metal(loid)s were between 80%–100%, and the detection limits were in the range of 0.01–0.05 μg/L depending on the metal(loid) species. The metal(loid)-to-DOC concentration ratios (Me/DOC) were also calculated and linked with the spectroscopic characteristics of the DOM. Among these Me/DOC ratios, the Cu/DOC ratio has been shown to be an excellent proxy for the ratio of DOM-bound Cu to DOC concentrations in urban rivers [18]. In addition, the Nemero synthetic pollution index (Psyn) of each sampled water was calculated as follows [39]:


   P  syn   =    {   [     (   P i   )    m a x  2  +    (   P i   )    a v e r a g e  2   ]  / 2  }    1 / 2    



(1)






   P i  =  C i  /  S i   



(2)




where Pi is the individual pollution index, i is the order of different metal(loid) species, Ci is the concentration of the i-th metal(loid), and Si is the reference value of the i-th metal. Here, the evaluation criterion, Si, is based on the National Environmental Standard for Surface Water Quality (GB 3838-2002, Class I; Ministry of Ecology and Environment of China, 2002). Water is considered “nonpolluted” when Psyn ≤ 1, “slightly polluted” when 1 < Psyn ≤ 2, and “polluted” when Psyn > 2.



The absorption and fluorescence spectroscopic analyses are fast, low-cost, and sensitive approaches that can be used to characterize the aromaticity, molecular size, source, and composition of DOM in aquatic environments [40]. The ultraviolet-visible spectra and fluorescent excitation-emission matrices (EEMs) of water samples were analyzed by an absorption and fluorescence spectrometer (Aqualog, Horiba, Kyoto, Japan) at room temperature, as described in our recent study [28]. A series of indices were obtained, including ultraviolet absorbance at 254 nm (UV254), maximum fluorescence intensities for four resolved fluorescent DOM components i (noted as FmaxCi) based on parallel factor analysis (PARAFAC), special ultraviolet absorbance at 254 nm (SUVA254), spectral slope of 275–295 nm region (S275–295), humification index (HIX), and biological index (BIX). The UV254 value was obtained to indicate the abundance of CDOM, and the FmaxCi values were used to reflect the abundances of FDOM. The four fluorescent components resolved by PARAFAC were as follows: C1, terrestrially-derived humic-like component, C2, reprocessed terrestrially-derived humic-like component, C3, tyrosine-like component, and C4, tryptophan-like component (Supplementary Figure S1 and Table S1). Generally, while the tyrosine-like component originated from the products of algae and microorganisms [41], the tryptophan-like component was detected in urban rivers or streams polluted by wastewater [42]. The Fmax/DOC ratio for component i (denoted as Fmax/DOCCi) was also calculated to indicate the abundances of various types of FDOM in DOM [43]. While a high SUVA254 is an indicator of high DOM aromaticity [44], a high S275–295 is usually indicative of low molecular weight of the DOM [45]. The HIX usually reflects the degree of humification of the sample, and a higher HIX value indicates a lower H/C and more ring structures [46]. The BIX was related to the contribution of freshly produced DOM in the water samples [47]. Values of BIX between 0.8 and 1.0 correspond to freshly produced DOM of biological or microbial origin, while values below 0.6 are considered to contain little autochthonous organic matter [42].




2.4. Data Analysis


The watershed-scale spatial distributions of six dissolved metal(loid) concentrations were plotted using ArcGIS 10.5. The differences in water quality, metal(loid) concentrations, and DOM-related parameters among water types (mainstream, tributary, pond, and reservoir samples) were analyzed by analysis of variance (ANOVA) and Tukey’s honestly significant difference (HSD) test after logarithmic transformation of the non-normal data. As the Kaiser–Meyer–Olkin and Bartlett tests were satisfied, principal component analysis (PCA) was applied for data reduction of the dissolved metal(loid) concentrations in the mainstream and tributary river samples. The loading of metal(loid)s and score of each sample were obtained. Spearman’s correlation analyses were applied to explore the relations between the dissolved metal(loid) concentrations and the abundances of bulk DOM (DOC concentration), CDOM (UV254), and FDOM (FmaxCi), and between the Me/DOC ratio and DOM characteristics, including SUVA254, S275–295, HIX, BIX, and Fmax/DOCCi. Correlation analyses were conducted for three sample categories, i.e., (1) all samples, (2) more disturbed mainstream and tributary samples, and (3) less disturbed pond and reservoir samples. The significance level was set at p < 0.05.





3. Results


3.1. Spatial Variations in Water Quality and Dissolved Metal(loid) Concentrations


The pH values of the mainstream (mean ± standard deviation (SD), 7.35 ± 0.21), tributary (7.69 ± 0.50), and reservoir (7.33 ± 0.14) samples were similar, while the pH of the pond samples was 8.25 ± 0.30 (Table 1). The average EC values of the mainstream (2.00 mS·m−1), tributary (3.06 mS·m−1), and pond samples (0.76 mS·m−1) were 22, 34, and 8 times higher than those of the reservoirs (0.09 mS·m−1), respectively (Table 1). Within the mainstream, there was a sharp increase in EC, from 0.56 mS·m−1 at M8 to 1.07 mS·m−1 at M9 (Supplementary Figure S2). Affected by seawater intrusion, sites M20–M22 had EC values higher than 5 mS·m−1.



For the mainstream water, the dissolved metal(loid) concentrations (in µg·L−1) were 64.01 ± 43.31 for Zn, 6.33 ± 3.94 for Cu, 1.48 ± 0.9 for Cr, 1.24 ± 0.37 for As, 0.32 ± 0.28 for Pb, and 0.14 ± 0.15 for Cd (n = 22; Table 1 and Figure 2). Additionally, 22.7% of the Zn concentrations and 45.5% of the Cu concentrations exceeded the Class I threshold value of the National Environmental Standard for Surface Water Quality (“national standards” hereafter) [48], and Zn had an average Pi value greater than 1 (Supplementary Table S1). For the tributary water, the dissolved metal(loid) concentrations (in µg·L−1) were 41.56 ± 53.12 for Zn, 13.49 ± 38.68 for Cu, 2.96 ± 4.87 for Cr, 1.47 ± 0.62 for As, 0.38 ± 0.32 for Pb, and 0.11 ± 0.13 for Cd. Additionally, 30.2% of the Zn concentrations and 18.6% of the Cu concentrations exceeded the national standards, and Zn had an average Pi value greater than 1 (Table 1). Almost all average dissolved metal(loid) concentrations in the ponds and reservoirs were much lower than those in the mainstream and tributaries of the Maozhou River; however, the ponds had a slightly higher As concentration than did the mainstream or tributaries (Table 1). All dissolved metal(loid) concentrations in ponds and reservoirs were below the national standards and thus had Pi values below 1. Based on the metal(loid) concentrations, the average synthetic pollution indices (Psyn) for different water types were obtained and followed the order of tributary (1.22) > mainstream (0.63) > pond (0.17) > reservoir (0.14).



The mainstream sites were further divided into three groups: upper (M1–M7), middle (M8–M16), and lower (M17–M22) mainstream. None of the dissolved metal(loid) concentrations in the upper mainstream exceeded the national standards (Supplementary Figure S3), and the average Psyn value in upper mainstream was 0.54 (Table 2). All six metal(loid)s had sharp concentration increases from the upper to the middle mainstream (from M7 to M9; Figure 3 and Supplementary Figure S3). All samples in the middle mainstream had Zn concentrations higher than the national standard, and one-third of them had Cu concentrations higher than the national standard, which resulted in a high average Psyn value of 1.67 in the middle mainstream (Table 2). Most of the metal(loid) concentrations showed decreasing trends in the middle mainstream from M8 or M9 to M16 (Supplementary Figure S3). In the lower mainstream, which had a Psyn value of 0.97, the dissolved metal(loid) concentrations had high fluctuations and were higher than the national standards at three sites, M17 (for Zn), M18 (for Cu and Zn), and M22 (for Cu). The PCA results showed that, in the mainstream, the accumulated variance of the first (PC1) and second (PC2) principal components explained 67.60% of the total variance (Figure 4). PC1 (39.20% of total variance) was dominated by the loadings from Cd, Pb, Cu, and Zn, while PC2 (28.40% of total variance) had high loadings from Cr and As (Figure 4a). M1 to M7 appeared in the lower-left corner of the score plot and showed low scores on both PC1 and PC2, while M9-M13 had higher scores on PC1 (Figure 4b). The M14–M22 sites were clustered and showed high scores on PC2 (Figure 4b).



Compared to the mainstream, the tributary showed much higher variations in the dissolved metal(loid) concentrations across the sampling sites (Figure 3). Although none of the tributary samples above M8 (i.e., T1-1, T1-2, T1-3, T2-1, and T2-2) had metal(loid) concentrations higher than the national standards, the highest metal(loid) concentrations within the whole river often occurred in tributaries (Figure 3). For example, the highest level of Cu was recorded at T15 (249.25 µg·L−1), followed by that at T18 and T20. The highest level of Zn was found at T15 (262.99 µg·L−1), followed by that at T20, T18, and M9. Likewise, the highest level of Cr was found at T17 (24.57 µg·L−1) and that of As was at T12 (4.09 µg·L−1). Based on the PCA scores, site T12 had the highest score on PC1, and site T15 had the highest score on PC2 (Figure 4c).




3.2. Relationships between Dissolved Metal(loid) Concentrations and DOM Parameters


The DOC, UV254, and Fmax values were used to indicate the abundances of bulk DOM, CDOM, and FDOM, respectively. Among all metal(loid) concentrations, the As concentration was consistently correlated with all proxies for bulk DOM, CDOM, and FDOM for the categories of all samples, the more disturbed mainstream and tributary samples, and the less disturbed pond and reservoir samples; additionally, the correlation coefficients were highest for the pond and reservoir category (Figure 5). In contrast, other dissolved metal(loid)s had different metal(loid) versus DOM correlations among the different sample categories. For all 84 samples, most dissolved metal(loid) concentrations were significantly correlated with DOC concentration or UV254 (Figure 5 and Table S2). In contrast, almost all metal(loid) concentrations were significantly correlated with FmaxC3 and FmaxC4 (except for the Pb concentration versus FmaxC3), and the Zn, Cu, and Cr concentrations were significantly correlated with FmaxC1 and FmaxC2. For the mainstream and tributary samples, the Zn and Cu concentrations were not significantly correlated with DOC concentration or UV254 but were significantly correlated with FmaxC3 and FmaxC4 (Figure 5 and Table S3). The Cr concentration was significantly correlated with DOC, UV254, FmaxC2, FmaxC3, and FmaxC4. In contrast, the Pb and Cd concentrations, which were the lowest among all six metal(loid)s, were not significantly correlated with any of the DOC concentrations, UV254, or Fmax values. For the less disturbed pond and reservoir samples, the Zn concentration was not significantly correlated with the DOC concentration, UV254, or Fmax values, and the Cu concentration correlated with only FmaxC4 (Figure 5 and Table S4). The Cr concentration was significantly and positively correlated with all proxies for bulk DOM, CDOM, and FDOM. The Pb and Cd concentrations were significantly and positively correlated with the DOC concentrations and FmaxC4 but not with the UV254. Overall, regardless of sample category (i.e., all samples, more disturbed samples, or less disturbed samples), the Fmax of the protein-like FDOM showed higher likelihood of being correlated with the dissolved metal(loid) concentrations than with the UV254 (proxy of CDOM) and Fmax of the humic-like FDOM (Figure 5).



The SUVA254, S275–295, HIX, BIX, and Fmax/DOC values were used to indicate the DOM characteristics. For all 84 samples, the Me/DOC ratios were negatively correlated with the S275–295 and were positively correlated with the BIX and all the Fmax/DOC values. Although the Me/DOC ratios for Zn, As, Pb, and Cd were positively correlated with the SUVA254, the Cu/DOC and Cr/DOC ratios did not have the same correlations. For the mainstream and tributary samples, the Me/DOC ratios for As, Pb, and Cd were correlated with the SUVA254, but those for Zn, Cu, and Cr were not. The Zn/DOC, Cu/DOC, and Cd/DOC ratios were not correlated with the S275–295 but were significantly correlated with most fluorescence-related parameters, such as HIX, BIX, Fmax/DOCC2, Fmax/DOCC3, and Fmax/DOCC4. The Cr/DOC and As/DOC ratios were not correlated with the BIX but were positively correlated with some of the Fmax/DOC values. The Pb/DOC ratio was correlated only with the SUVA254 but not with the other parameters. For the pond and reservoir samples, the Me/DOC ratios for Zn, Cr, and As were significantly correlated with the SUVA254, Fmax/DOCC1, and Fmax/DOCC2, but those for Cu, Pb, and Cd were not. The Cu/DOC ratio was correlated with only Fmax/DOCC3 and Fmax/DOCC4, and the Pb/DOC ratio was correlated with only Fmax/DOCC4. The Cd/DOC ratio was not correlated with the SUVA254, S275–295, HIX, BIX, or Fmax/DOC values.





4. Discussion


4.1. Concentrations and Distribution of Dissolved Metal(loid)s


Overall, the metal(loid) concentrations and synthetic pollution indices indicate that the pollution was higher in the mainstream and tributary river water than in the pond and reservoir water, and the Maozhou River was mainly polluted by Zn and Cu. The particularly high Zn and Cu pollution at the mainstream sites, starting from M9, and the low Zn and Cu concentrations in the nearby tributaries and at M8 collectively indicate that the wastewater effluent at M9 was the major point source of Cu and Zn (Figure 3). This result agrees with the previous findings of high levels of dissolved Cu and Zn in sewage discharge [30,31] and further supports that wastewater effluent is a considerable source of Cu and Zn pollution in urban rivers [4,54,55]. Note that the PC1 score of M9 (Figure 4b) was higher than those of all other mainstream sampling sites based on PCA, and this result supports the abovementioned impact of sewage discharge on Cu and Zn pollution. Compared to the metal(loid) concentrations in other urban rivers [49,50,51,52], the mainstream and tributary of the Maozhou River showed relatively high average concentrations of Cu and Zn (Table 1). Zn could be toxic to aquatic organisms at concentrations of tens to hundreds μg·L−1 depending on the organism species present [56]. Cu could be toxic to algae production (Chorella spp.) at 1–2 μg·L−1 [57] and acutely toxic to freshwater fish via the gills in soft water at low concentrations of 10–20 μg·L−1 [58]. Therefore, the Zn and Cu pollution in the Maozhou River may contribute to the deterioration of environmental quality.



Although the other four metal(loid)s, i.e., Cr, As, Pb, and Cd, did not exceed the national standards, their concentrations in the middle and lower mainstream were elevated compared to those in the upper mainstream. Dissolved Cr in urban rivers can originate from discharge from electroplating and chemical plants as well as from road dust [1], and dissolved As can be derived from petrochemical facilities and fossil fuel combustion [59]. In addition to the background of soil parent material, other sources of Cd and Pb in urban environments usually are typically industrial sources such as automobile exhaust and tire wear [60]. There are several industrial parks around M8, and this manufacturing activity may have contributed to the relatively high As, Cd, and Pb found at the mainstream site M8 and the nearby tributary sites T3-1, T3-2, T4-1, T4-2, T4-3, and T5-2 (Figure 2). The metal(loid)-rich tributary inflow can contribute to the fluctuations in metal(loid) concentrations in the mainstream. For example, water from tributary site T12 (near an industrial park) with high Cr, As, and Pb concentrations has been drained into site M17 and has caused sharp increases in the concentrations of these metal(loid)s in the mainstream. There are several industrial parks near the lower mainstream; these parks have electronics, leather, hardware factories, which are likely the main contributors to the high Cr and As concentrations found at mainstream sites M20 and M21 and the nearby tributary site T15.




4.2. Relationships between Dissolved Metal(loid)s and DOM Abundances


In the pond and reservoir samples, the dissolved Cr, As, Pb, and Cd concentrations were all correlated with the DOC concentration. This result is in line with the commonly found correlations between dissolved metal(loid) concentrations and DOC concentrations in natural environments with little anthropogenic input and can be explained by the strong metal(loid)-DOM binding [15]. Specifically, the As concentration was significantly correlated with all proxies for bulk DOM, CDOM, and FDOM, regardless of the sample category. This result is consistent with previous results that DOM had a dramatic role in enhancing As mobility [61,62].



In contrast to the pond and reservoir samples, the correlations between metal(loid) and DOC concentrations were greatly weakened in the more disturbed mainstream and tributary river samples. Compared to the correlations between metal and DOC concentrations and between metal concentrations and UV254, the correlations between metal concentrations and FmaxC3 and FmaxC4 were more likely to be significant. This result suggests that the protein-like FDOM and its correlated DOM components are an important pool affecting how DOM interacts with dissolved metal(loid)s in this black and odorous urban river. The specific metal(loid)-DOM complex found in various pollution sources and the increased metal(loid) affinity of the anthropogenic DOM composition explain the weakened metal(loid) versus DOM correlations and the relatively strong metal(loid) versus protein-like FDOM correlations. For example, wastewater effluents from WWTPs can contribute high loads of Zn, Cu, and their complexes with effluent organic matter to urban rivers [4,54,55]. The DOM impacted by WWTPs in urban river was found to have more protein-like, polysaccharide-like, and surfactant-like DOM components, with lower molecular size, aromaticity, and HIX, but higher FI and BIX than natural DOM [28,33,34]. In addition, two-dimensional correlation spectroscopy (2D-COS) analysis has previously indicated that the protein-like and polysaccharide-like organic matter had a higher susceptibility and preferential binding with Cu(II) than did humic-like substances [17]. Overall, our results highlight that in this black and odorous urban river, anthropogenic DOM such as protein-like FDOM play an important role in interacting with dissolved metal(loid)s.




4.3. Relationships between Me/DOC and DOM Characteristics


To minimize the interferences from variation in DOM levels, the metal(loid) affinity with DOM was assessed by the Me/DOC ratios. The Me/DOC ratio has been found to be significantly and positively correlated with the SUVA254, which is a proxy of DOM aromaticity [18]. This ratio is particularly valuable for Cu because more than 99% of dissolved Cu could be in the DOM-bound form based on the chemical equilibrium calculation [18]. This finding highlights the importance of DOM characteristics in regulating the interaction between metal(loid)s and DOM. However, in the present study, not all of the Me/DOC ratios were correlated with the SUVA254. In particular, the Cu/DOC ratio was not correlated with the SUVA254. This disconnection between Cu/DOC and SUVA254 was possibly due to a strong anthropogenic input of less aromatic effluent organic matter, which had a strong affinity for Cu. Other factors that can influence the complexation between metal(loid)s and aromatic DOM include water acidity and quality [18], anthropogenic influences [63], and metal(loid) speciation [10].



All Me/DOC ratios were negatively correlated with the S275–295 and positively correlated with the BIX and Fmax/DOC values across all samples, highlighting the key role of DOM characteristics in the interactions of organic metal(loid) complexes [64]. Within the disturbed mainstream and tributary samples, the Me/DOC ratios for the major pollutants of Zn and Cu were correlated with the S275–295, BIX, Fmax/DOCC3, and Fmax/DOCC4. A low S275–295 is indicative of a high DOM molecular size, and a high BIX suggests high loads of fresh DOM [45,47]. Therefore, these correlations are consistent with findings in earlier studies [22,65] and suggest that the high-molecular-size and microbial-derived DOM strongly interact with dissolved metal(loid)s across all samples. The consistent positive correlations between the Me/DOC ratios and Fmax/DOC values imply that a higher proportion of both humic-like and protein-like FDOM in DOM can provide more binding sites for dissolved metal(loid)s across all samples. However, when only mainstream samples were considered, the Me/DOC ratios were still positively correlated with the Fmax/DOCC3 and Fmax/DOCC4 values but were negatively correlated with the Fmax/DOCC1 and Fmax/DOCC2 values (Supplementary Table S5). This phenomenon could be explained by the negative correlations between the Fmax/DOC for humic-like FDOM and the Fmax/DOC for protein-like FDOM within the mainstream samples. In other words, in the disturbed mainstream river, the anthropogenic protein-like proportion in DOM increased while the natural humic-like proportion decreased with increasing disturbance [28,33]. This phenomenon also implies that the dominant ligands for dissolved metal(loid)s in the mainstream could shift from natural sources (such as humic-like FDOM) to anthropogenic sources (such as protein-like FDOM from the WWTP).





5. Conclusions


Here, we investigated the concentrations of dissolved metal(loid)s and their relations with DOM-related parameters in the polluted Maozhou River watershed that is experiencing rapid urbanization. The main findings included the following:




	(a)

	
The mainstream and tributary water of the Maozhou River watershed was mainly contaminated by dissolved Cu and Zn. Greater variations in the metal(loid) concentrations and their maximum concentrations were more often noted in tributaries than in the mainstream.




	(b)

	
Urbanization may weaken the correlations between dissolved metal(loid)s and DOM concentrations. Dissolved metal(loid) concentrations were more likely to be significantly correlated with the abundances of protein-like components of DOM than with the abundances of bulk DOM (DOC concentration) or CDOM (UV254) in this black and odorous river.




	(c)

	
The significant correlations between the Me/DOC for Zn or Cu and the SUVA254 found in a previous study were not found here. Rather, the Me/DOC for Zn or Cu had more significant correlations with fluorescence-based parameters such as the BIX and Fmax/DOC ratios.









Overall, this study provides first-hand watershed-scale information of metal(loid)–DOM relations in a representative black and odorous urban river. More recognitions of the seasonal variations in metal(loid)–DOM interactions and the binding mechanisms between heavy metal(loid)s and DOM should be resolved with more intensive monitoring and laboratory-based molecular-level analyses in the future.
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Figure 1. Sampling sites within the Maozhou River watershed in Shenzhen, China. 
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Figure 2. Dissolved metal(loid) concentrations of different water types in the Maozhou River watershed in Shenzhen, China. The boxplots show the 5th, 10th, 25th, 50th, 75th, 90th, and 95th percentiles of the data; the red dashed lines indicate the average values. 
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Figure 3. Watershed-scale spatial distribution of metal(loid) concentrations in the Maozhou River watershed. 
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Figure 4. (a) Loading and (b,c) score plots of six dissolved metal(loid) concentrations in the mainstream and tributary samples of the Maozhou River based on principal component analysis (PCA). 
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Figure 5. Correlation matrices between (a–c) dissolved metal(loid) concentrations and abundances of bulk, chromophoric, and fluorescent dissolved organic matter (DOM) and (d–f) between metal(loid)s to dissolved organic carbon ratio (Me/DOC) and DOM characteristics. UV254, ultraviolet absorbance at 254 nm; FmaxCi, maximum fluorescence intensity for component i; SUVA254, specific ultraviolet absorbance at 254 nm; S275–295, absorbance slope between 275 nm and 295 nm; HIX, humification index; BIX, biological index; Fmax/DOCCi, Fmax to DOC ratio of fluorescent component i. 
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Table 1. General water quality and dissolved metal(loid) concentrations for different water types in the Maozhou River watershed and previously reported urbanized rivers.
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Water Type

	
n

	
pH

	
EC (mS·m−1)

	
Zn (µg·L−1)

	
Cu (µg·L−1)

	
Cr (µg·L−1)

	
As (µg·L−1)

	
Pb (µg·L−1)

	
Cd (µg·L−1)

	
Reference






	
Maozhou River, Shenzhen (China)

	
Mainstream

	
22

	
7.35 ± 0.21

	
2.00 ± 3.38

	
64.01 ± 43.31

	
6.33 ± 3.94

	
1.48 ± 0.97

	
1.24 ± 0.37

	
0.32 ± 0.28

	
0.14 ± 0.15

	
this study




	
Tributary

	
43

	
7.69 ± 0.50

	
3.06 ± 4.97

	
41.56 ± 53.12

	
13.49 ± 38.68

	
2.96 ± 4.87

	
1.47 ± 0.62

	
0.38 ± 0.32

	
0.11 ± 0.13




	
Pond

	
11

	
8.25 ± 0.30

	
0.76 ± 0.50

	
9.58 ± 6.75

	
0.74 ± 0.57

	
0.29 ± 0.28

	
1.87 ± 0.81

	
0.19 ± 0.17

	
0.01 ± 0.01




	
Reservoir

	
6

	
7.33 ± 0.14

	
0.09 ± 0.03

	
8.38 ± 3.03

	
0.53 ± 0.20

	
0.10 ± 0.02

	
0.69 ± 0.23

	
0.02 ± 0.02

	
<0.01




	
Ctalamochita River (Argentina)

	
River water

	
30

	
8.5

	
3.74

	
32.3

	
12.7

	
12.7

	
45.5

	
5.6

	
-

	
[49]




	
Goksu Stream (Turkey)

	
River water

	
18

	
-

	
-

	
-

	
4.69

	
0.80

	
6.86

	
-

	
-

	
[50]




	
Sagami River (Japan)

	
River water

	
92

	
6.4–9.4

	
-

	
1.27

	
0.81

	
-

	
-

	
-

	
-

	
[18]




	
Korotoa River (Bangladesh)

	
River water

	
10

	
-

	
-

	
73

	
-

	
83

	
46

	
11

	
35

	
[51]




	
Orge River (France)

	
River water

	
32

	
-

	
-

	
1.6

	
62

	
0.68

	
-

	
-

	
0.17

	
[52]




	
Han River (China)

	
River water

	
42

	
-

	
-

	
-

	
13.35

	
8.14

	
14.2

	
9.26

	
2.31

	
[53]




	
National standards (China) a

	

	

	

	

	
50

	
10

	
10

	
50

	
10

	
1

	








Electrical conductivity (EC); - means not measured. a Class I thresholds of the National Environmental Standard for Surface Water Quality (GB 3838-2002).
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Table 2. Pollution indices of dissolved metal(loid)s in four types of water in Maozhou River watershed.
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Water Type

	

	
Single Factor Index Method (Pi)

	
Synthetic Pollution Index (Psyn)




	

	
Zn

	
Cu

	
Cr

	
As

	
Pb

	
Cd






	
Mainstream

	
upper

	
0.658

	
0.173

	
0.063

	
0.018

	
0.004

	
0.014

	
0.54




	
middle

	
1.962

	
0.828

	
0.142

	
0.024

	
0.055

	
0.212

	
1.67




	
lower

	
0.982

	
0.877

	
0.254

	
0.034

	
0.032

	
0.182

	
0.97
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