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ABSTRACT. Riverine contamination of metals and metalloids is a growing global concern. However, our understanding of how cascade reser- 

voirs influence the fate of these pollutants remains limited. In this study, we focused on the Jinsha River, a typical large river polluted with met- 

al(loid)s in Southwest China, to investigate the partitioning and transport of these substances from the upper natural reaches to the lower cascade 
reservoirs-regulated reaches during both flood and dry seasons. Results revealed that the rapid urbanization and industrial development following 

the construction of reservoirs led to significant copper (Cu), nickel (Ni), lead (Pb), chromium (Cr), and cadmium (Cd) pollution. Through various 

analytical techniques such as correlation analysis, principal component analysis, redundancy analysis, and structural equation modeling, we deter- 
mined that reservoirs had a profound impact on solid-associated parameters, including particulate organic matter (POM), suspended solid concen- 

tration (SSC), and median particle diameter (D50). These parameters, in turn, affected the fate of metal(loid)s through processes like sorption-des- 

orption and dissolution-precipitation. High POM concentrations and low SSC and D50 values resulted in the precipitation of most particulate met- 
al(loid)s, thereby reducing their transport across reservoirs. As river water moved downstream across the reservoirs, the percentage of particulate 

metal(loid)s decreased by 6.1% for arsenic (As), 38.3% for Cu, 74.9% for Ni, 36.8% for Cr, 17.8% for Cd, and 41.9% for Pb, respectively. Fur- 

thermore, the cascade reservoirs had cumulative effects on the deposition of particulate metal(loid)s, particularly concerning Cr, Cd, and Pb in the 
final reservoirs. Human health risk assessments indicated that dissolved As and Pb posed potential non-carcinogenic threats to residents. Despite 

the fact that reservoirs captured most particulate metal(loid)s, the transport of dissolved As and Pb across the reservoirs still impacted the safety 
of downstream drinking water. Therefore, in cascade reservoir systems, the concern regarding dissolved metal(loid) pollution remains a priority 

for future reservoir management. 
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1. Introduction 

Environmental contamination of metals and metalloids has 

raised significant concerns worldwide (Fu et al., 2013, 2014). 

Elevated levels of metal(loid)s in natural environments pose a 

substantial threat to ecological health and societal well-being 

(Yuan et al., 2021a, 2022). Consequently, various metal(loid)s, 

such as cadmium (Cd), chromium (Cr), lead (Pb), and arsenic 

(As), have been classified as high-priority contaminants by the 

US Environmental Protection Agency (Dummee et al., 2012; 

Tshalakatumbay et al., 2015). In aquatic environments, natural 

metal(loid)s primarily originates from processes like soil leach- 

ing, rock weathering, and atmospheric inputs (Fremion et al., 

2016a; Qu et al., 2019). Moreover, anthropogenic activities, in- 

cluding domestic, agricultural, and industrial practices, release 

substantial quantities of metal(loid)s into river systems (Li et 
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al., 2014a; Bing et al., 2016). 

Metal(loid) contaminants in rivers are transported in both 

dissolved and particulate phases, and various physicochemical 

factors can influence their mobility, partitioning, and transport 

(Machado et al., 2016). Conditions such as elevated oxidation-

reduction potential (ORP) and reduced pH values can lead to 

the transformation of metal(loid)s from the particulate phase to 

the dissolved phase (Eggleton and Thomas, 2004; Frémion et 

al., 2016b). Furthermore, various dissolved ligands, such as 

chlorides, hydroxides, bicarbonates, and organic acids, can im- 

pact the partitioning of metal(loid)s by forming soluble met- 

al(loid) complexes or competing for adsorption sites within sus- 

pended solids (Du Laing et al., 2009). Additionally, character- 

istics like suspended solid concentration (SSC), particulate or- 

ganic matter (POM), and particle size can influence the fate of 

metal(loid)s (Jia et al., 2017; Wang et al., 2018a). Therefore, it 

is essential to gain a comprehensive understanding of metal(loid) 

concentrations in both dissolved and particulate phases, as well 

as to identify the key factors controlling metal(loid) transport 

and partitioning in river systems. 

In recent years, numerous cascade reservoirs have been 
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constructed along large rivers for purposes like power genera- 

tion, flood control, potable water supply, and agricultural irri- 

gation (Wang et al., 2023). These reservoirs have the potential 

to transform a continuous, flowing river system into many dis- 

continuous, slow-flow lake systems by fragmenting river net- 

works (Li et al., 2018). After the construction of reservoirs, the 

natural patterns of sediment transport and the seasonal varia- 

tions of river flow are significantly altered (Klaver et al., 2007; 

Ellis and Jones, 2013; Li et al., 2016; Poff and Schmidt, 2016; 

Winemiller et al., 2016). Previous studies have examined the 

impacts of cascade reservoirs on hydrological regimes (Zhao et 

al., 2012; Liu et al., 2019b), water geochemistry (Yuan et al., 

2021b), sediment transport (Li et al., 2018), nutrient variations 

(Liu et al., 2015), and microbial communities (Chen et al., 2018a; 

Wang et al., 2018b). However, there is limited understanding of 

how cascade reservoirs influence the partitioning and transport 

of metal(loid)s. 

Existing studies have often focused on the individual reser- 

voirs, where frequent hydrological regulation significantly af- 

fects aquatic physicochemical characteristics, including pH, 

ORP, SSC, and more (Klaver et al., 2007; Zahra et al., 2014; 

Bing et al., 2016). These factors play vital roles in shaping the 

fate of metal(loid)s through processes like sorption-desorption 

and dissolution-precipitation (Du Laing et al., 2009; Yuan et al., 

2021c). However, unlike the conditions in individual reservoirs, 

cascade reservoirs can produce accumulative impacts on river 

flow, sediment transport, and material circulation (Winemiller 

et al., 2016; Chen et al., 2020). It has been reported that the 

cumulative effect of cascade reservoirs on the upper Yangtze 

River’s flow regime is more pronounced than the combined im- 

pact of all reservoirs when operating independently (Huang et 

al., 2010). This cumulative effect can be attributed to the addi- 

tive processes of dam blockage, intermittent discharge, and 

reservoir backwater along a large river (Winemiller et al., 2016). 

Hence, it can be hypothesized that cascade reservoirs may ex- 

ert cumulative effects on the partitioning and transport of met- 

al(loid)s as they cumulatively influence river-flow regimes and 

physicochemical factors. 

The Jinsha River, one of the longest rivers in southwestern 

China, originates from the Tibetan Plateau and flows southward 

through the arid/semiarid alpine region before merging into the 

Yangtze River (Wu et al., 2013). Over the past decade, a cas- 

cade of six large reservoirs has been constructed along the mid- 

dle Jinsha River, contributing to local economic development 

(Li et al., 2018; Yuan et al., 2021b). However, the expansion of 

chemical, mining, and electrical industries has led to a deterio- 

ration in the water quality of the Jinsha River (Song et al., 2010; 

Wang et al., 2014). Extensive efforts have been made to study 

changes in the hydrological regime and the distribution of sedi- 

ment metal(loid)s (Li et al., 2018; Liu et al., 2019b; Yuan et al., 

2019). To facilitate more comprehensive management of the 

Jinsha River, it is imperative to investigate the partitioning and 

transport of metal(loid)s under the influence of cascade reser- 

voirs. Multivariate analysis methods, such as correlation anal- 

ysis (CA), principal component analysis (PCA), and redundan- 

cy analysis (RDA), have been widely employed to examine the 

relationships between physicochemical factors and metal(loid) 

concentrations in aquatic environments (Yuan et al., 2019,  

2021a). However, these methods have seldom been applied to 

analyze their effects on metal(loid) partitioning and transport. 

Moreover, previous studies have demonstrated the utility of 

structural equation modeling (SEM) in exploring the direct and 

indirect influences of environmental factors on biological cycles 

and contaminant fates (Shipley, 2000). For instance, SEM has 

been used to investigate how wastewater impacts microbial  

degradation of BDE-47 in anaerobic sediments (Chen et al., 

2018b). Therefore, to delve into the effects of environmental 

factors on metal(loid) partitioning and transport, it is necessary 

to employ both multivariate analysis methods and SEM. 

In this study, the partitioning and transport of metal(loid)s 

along the Jinsha River during both flood and dry seasons were 

investigated. The primary objectives were threefold: (i) to de- 

lineate the longitudinal distribution characteristics of metal(loid) 

concentration in both dissolved and particulate phases; (ii) to 

explore the key factors controlling the partitioning and trans- 

port of metal(loid)s using multivariate analysis methods and 

SEM; (iii) to evaluate the potential human health risks associ- 

ated with dissolved metal(loid)s in the Jinsha River. This study 

aims to uncover the underlying mechanisms by which cascade 

reservoirs influence the fate of metal(loid)s. The insights gained 

from this study can provide valuable guidance for government 

policymakers in their efforts to control and remediate metal(loid) 

pollution in the future. 

2. Materials and Methods 

2.1. Study Area 

The Jinsha River, which originates from the Tibetan Pla- 

teau, traverses through the provinces of Qinghai, Tibet, Yunnan, 

and Sichuan in the southwest region of China, covering an ex- 

pansive area exceeding 500,000 km2 (Figure 1a). Previous stud- 

ies have provided comprehensive information regarding the ge- 

ology, climate, annual precipitation, river flow, and sediment 

transport within the Jinsha River Basin (Higgitt and Lu, 1999; 

Wu et al., 2013; Yuan et al., 2019, 2021b). 

For the purpose of hydropower development, six cascade 

reservoirs have been constructed in the middle Jinsha River. 

These reservoirs include Guanyinyan (GYY), Ludila (LDL), 

Longkaikou (LKK), Jinanqiao (JAQ), Ahai (AH), and Liyuan 

(LY) reservoirs, boasting storage capacity of 2.01, 1.72, 0.56, 

0.91, 0.81, and 0.73 billion cubic meters, respectively (Li et al., 

2018). In this study, we designated the upper Jinsha River,  

largely untouched by anthropogenic activities, as the ‘natural 

reaches’. In contrast, we referred to the middle Jinsha River as 

the ‘reservoirs-regulated reaches’ due to the impacts of human 

activities and the presence of cascade reservoirs (Figure 1b). 

 

2.2. Field Sampling 

Two field sampling campaigns were conducted along the 

Jinsha River, covering both flood and dry seasons. These cam- 

paigns took place from May 1st to 6th and from December 5th 

to 10th in 2017, respectively. To account for variations in alti- 

tude, distance, topography, and reservoir sites, we designated a 
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total of twenty-four sampling sites. Of these, twelve were locat- 

ed in the natural reaches, labeled as N1 through N12. The other 

twelve sites were situated in the reservoirs-regulated reaches, 

encompassing both upstream (U) and downstream (D) areas of 

the LY, AH, JAQ, LKK, LDL, and GYY reservoirs. These sites 

were labeled as LY-U and LY-D, AH-U and AH-D, JAQ-U and 

JAQ-D, LKK-U and LKK-D, LDL-U and LDL-D, and GYY-

U and GYY-D, respectively (Figure 1). 

At each sampling site, the pH, ORP, and salinity were mea- 

sured in situ using a calibrated multi-parameter probe (HQ40d, 

Hach, USA). The HQ40d portable meters are compatible with 

a versatile range of Intellical smart electrodes designed to ad- 

dress various parameters, sample types, and operating condi- 

tions for comprehensive water quality analysis. All the parame- 

ters were carefully calibrated using standard materials, and mea- 

surements were taken three times to ensure the accuracy of the 

obtained values. Water samples were collected at a depth of ap- 

proximately 50 cm in the middle of the river channel and pre- 

served in 10 L polyethylene bottles that had been rinsed with 

river water twice prior to sampling. Subsequently, all water 

samples underwent filtration using pre-weighed 0.20 μm mill-

pore nitrocellulose filters (manufactured by Shanghai Xin Ya 

Purification Equipment Co., Ltd., China) within a mobile sam- 

pling vehicle. Following filtration, a portion of the filtrate was 

stored in a 100 mL polyethylene bottle, which had been thor- 

oughly cleaned by 10% v/v HNO3 and acidified to achieve a pH 

below 2.0 using high-purity HNO3. The filters themselves were 

placed in 50 mL sterile plastic centrifuge tubes. To maintain the 

integrity of the samples, both the filtrate and filter samples were 

stored in ice boxes at 4 ℃ until brought back for further physic- 

ochemical analysis. 

 

2.3. Laboratory Physicochemical Analysis 

The filter samples were subjected to freeze-drying until 

they reached a stable weight for the measurement of SSC and 

were then stored in plastic petri dishes. The grain size distribu- 

tion of these suspended particles was determined using a laser 

diffraction particle size analyzer (Malvern, Mastersizer 2000, 

UK) after subjecting the samples to three minutes of ultrasonic 

agitation. The median particle diameter (D50) was utilized to 

represent grain size. To analyze the concentrations of POM, the 

values of loss on ignition were employed. This involved ashing 

the dried suspended particles at 550 ℃ for a duration of 16 h, 

following the method outlined by (Heiri et al., 2001). 

The freeze-dried suspended particle samples were pow- 

dered, homogenized, and digested using a microwave digestion 

instrument (ETHOS-A, Milestone, Italy) with a mixture of HCl, 

HNO3, and HF. The digestion method protocol followed the 

guidelines specified in USEPA 3052 (Strady et al., 2017). For 

the precise analysis of both filtrate and digested filter samples, 

distinct instruments were employed. Concentrations of copper 

(Cu), nickel (Ni), chromium (Cr), cadmium (Cd), and lead (Pb) 

were determined using an inductively-coupled plasma mass 

spectrometer (ICP-MS) (Thermo XII series, MA, USA). In the 

case of arsenic (As), measurements were carried out using an 

atomic fluorescence spectrometer (AFS) (Reilly AF-630A, Bei- 

jing, China) with external calibrations. Notably, in our study, 

the concentrations of mercy (Hg) and zinc (Zn) in the dissolved 

phases of most samples were found to be extremely low (Hgw 

< 0.02 μg/L and Znw < 0.2 μg/L). Consequently, the distributions 

of these two metal(loid)s were not examined in the subsequent 

analysis. To ensure the quality and accuracy of the metal(loid) 

concentration data, we implemented analytical assurance and 

quality control measures. These included the use of standard op- 

erating procedures, the inclusion of reagent blanks, duplicate 

samples, and the use of certified standard reference materials 

(with a relative standard deviation of less than 5%). 

 

2.4. Calculation of Metal(loid) Partitioning and Transport 

To elucidate the partitioning and transport processes of 

metal(loid)s in the Jinsha River, we calculated two important 

indices: the dissolved metal(loid) percentage and the total  

metal(loid) concentration (referred to as Metal(loid)tot). These 

two indices were estimated using the following Equations (1) 

and (2): 
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( )
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where Metal(loid)W and Metal(loid)S represent the concentra- 

tions of metal(loid)s in the dissolved and particulate phases, re- 

spectively, μg/L; and Metal(loid)tot stands for the total met- 

al(loid) concentration, μg/L. 

 

2.5. Assessment of Human Health Risks of Metal(loid)s 

Human exposure to metal(loid)s can occur via three prin- 

cipal pathways, including oral intake, dermal exposures, and 

direct ingestion. Among these, oral intake and dermal absorption 

are the most prevalent pathways in water environments as high- 

lighted by (Dummee et al., 2012; Wang et al., 2018a). To assess 

the received doses from these individual exposure pathways, 

we utilized Equations (3) and (4) in accordance with the guide- 

lines provided by the US Environmental Protection Agency 

(USEPA, 2004): 
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where ADDIngestion and ADDDermal are the average daily doses by 

ingestion and dermal absorption, μg/kg/day; CW is the average 

concentration of metal(loid)s in water, μg/L; ABSGI is a gas- 

trointestinal absorption factor, dimensionless; IR is ingestion 

rate, L/day; EF is exposure frequency, days/year; ED is expo- 

sure duration, years; KP is dermal permeability coefficient in 

water, cm/h; ET is exposure time, h/day; SA is exposed skin area, 
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cm2; AT is averaging time, days; and BW is body weight, kg. 

Additionally, to assess human health risk, we utilized the 

hazard quotient (HQ) as a means to quantify potential non-car- 

cinogenic risks, as demonstrated in Equation (5). It is important 

to note that when the values of the HQ index surpass 1, there 

might be cause for concern regarding potential non-carcinogenic 

effects on human health (USEPA, 2004): 

 

    = +Ingestion DermalHQ HQ HQ   

          = +
Ingestion Dermal

Ingestion Dermal

ADD ADD

RfD RfD
 (5) 

 

where RfD is from the USEPA risk-based concentration table, 

μg/kg/day. 

 

 
 

Figure 1. Location of the Jinsha River Basin, six cascade 

reservoirs and sampling sites. (a) The position of sampling 

sites within the natural and reservoirs-regulated reaches of the 

Jinsha River; (b) A schematic longitudinal view of sampling 

sites along the Jinsha River. 

 

2.6. Data Analysis 

Most of the statistical analyses were performed using the 

SPSS application for Windows (https://www.ibm.com, version 

19.0, IBM, USA). Significant differences between variables 

were examined through one-way analysis of variance (ANOVA). 

Variations between different seasons were compared by paired 

t-tests. Correlations between different variables were assessed 

by Spearman’s Rho correlation analysis. The PCA was em- 

ployed to interpret spatial variations and elucidate potential co- 

existing relationships among variables. For PCA, a Kaiser-Mey- 

er-Olkin (KMO) value greater than 0.5 and a significant Bart- 

lett’s test (P < 0.001) were considered as prerequisites for ef- 

fective dimensionality reduction. To assess the influences of fac- 

tors on metal(loid) partitioning and transport, the RDA and Man- 

tel test, implemented in the vegan package of R program (http:// 

www.r-project.org, version 3.5.1), were utilized (Yuan et al., 

2019). Furthermore, SEM was performed to reveal both the di- 

rect and indirect effects of environmental factors on metal(loid) 

partitioning and transport. The linear models were fitted, and 

each path was represented by a standard coefficient. The models 

were deemed acceptable if they displayed a good fit, character- 

ized by a root mean square error of approximation (RMSEA) 

less than 0.05 and a comparative fit index (CFI) greater than 

0.9 (Shipley, 2000; Chen et al., 2018b). For an overview of the 

entire methodological framework of this study, please refer to 

Figure S1. 

3. Results 

3.1. Water Physicochemical Characteristics 

An overview of the physicochemical parameters measured 

along the Jinsha River during both flood and dry seasons was 

provided in Tables 1 and S1. Throughout the Jinsha River Basin, 

the river water exhibited a slightly alkaline nature and remained 

in an aerobic state. The recorded pH values ranged from 7.85 

to 9.43, while the ORP values spanned from 68.9 to 213.1 mV. 

In the reservoirs-regulated reaches, no significant variations in 

the pH and ORP values were observed between the upstream 

and downstream areas of the reservoirs (P > 0.05, Table 1). Spe- 

cifically, the differences in pH values were less than 0.68, and 

for ORP values, the differences were under 76.5 mV. 

Water salinity, SSC, and D50 exhibited a consistent de- 

creasing trend along the longitudinal distribution of the Jinsha 

River. The variations in these parameters were notably more 

pronounced during the flood season as opposed to the dry sea- 

son (Table S1). Moreover, when comparing samples from the 

downstream areas of the reservoirs to those in the upstream ar- 

eas, significant differences were observed. Specifically, SSC 

and D50 values were markedly lower in the reservoir upstream 

areas (P < 0.05, Table 1). During the flood season, SSC values 

were recorded at 7.61 ± 3.34 mg/L in the reservoir upstream ar- 

eas, while downstream areas exhibited values of 57.12 ± 18.13 

mg/L. Similarly, during the dry season, SSC values in the up- 

stream areas were 16.10 ± 1.66 mg/L, while downstream areas 

had values of 30.91 ± 5.98 mg/L. The POM showed an increas- 

ing trend along the river, with lower values (2.77 ~ 13.59%) in 

the upper natural reaches and higher concentrations (9.14 ~ 

36.75%) in the lower reservoirs-regulated reaches (Table S1). 

Notably, POM concentrations were significantly higher in the 

upstream areas of the reservoirs compared to the downstream 

areas (P < 0.05, Table 1). 

 

3.2. Metal(loid)s in Dissolved Phase 

The concentration of dissolved metal(loid)s in the Jinsha 

River varied within the following ranges: 1.08 ~ 3.54 μg/L for 

Asw, 4.54 ~ 35.56 μg/L for Cuw, 0.53 ~ 65.97 μg/L for Niw, 3.56 
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Table 1. Measured pH, Salinity, ORP, SSC, D50, and POM in both the Natural and Reservoirs-Regulated Reaches (the Upstream 

and Downstream Areas of Reservoirs) of the Jinsha River During both Flood and Dry Seasons (Mean ± Standard Deviation) 

  
Natural Reaches 

Regulated Reaches 

  Upstream Areas of Reservoirs Downstream Areas of Reservoirs 

Flood Season 

 pH 8.34  ± 0.08a 8.45  ± 0.32a 8.39  ± 0.14a 

 Salinity (g/L) 0.69  ± 0.20a  0.31  ± 0.01b  0.32  ± 0.01b  

 ORP (mV) 138.61  ± 37.70 a  112.73  ± 41.41a  109.58  ± 35.12a  

 SSC (mg/L) 190.32  ± 74.07a  7.61  ± 3.34b  57.12  ± 18.13b  

 D50 (μm) 24.01  ± 10.47a  8.72  ± 3.02b  20.53  ± 3.48a  

 POM (%) 7.34  ± 2.96a  27.91  ± 7.86b  18.73  ± 5.92c  

Dry Season 

 pH 8.48  ± 0.16a  8.83  ± 0.29b  8.87  ± 0.40b  

 Salinity (g/L) 0.53  ± 0.13a  0.47  ± 0.01a  0.46  ± 0.01a  

 ORP (mV) 143.43  ± 26.41a  117.57  ± 24.08a  121.02  ± 34.03a  

 SSC (mg/L) 80.21  ± 13.26a  16.10  ± 1.66b  30.91  ± 5.98c  

 D50 (μm) 23.08  ± 8.67a  10.49  ± 1.10b  12.85  ± 2.05b  

 POM (%) 6.84  ± 2.01a  18.37  ± 5.56b  17.97  ± 5.50c  

Note: Different letters in the same row (a, b, and c) represent significant difference in P < 0.05 level. 

 

 
 

Figure 2. Longitudinal variation of metal(liod)s in the dissolved and particulate phases along the Jinsha River during flood and 

dry seasons. 
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Figure 3. Principal component score plots of metal(loid) loading and sampling areas based on metal(loid) concentrations in the 

dissolved (a, b) and particulate (c, d) phases with varimax rotation solution during flood and dry seasons.  

 

~ 38.42 μg/L for Crw, 0.01 ~ 1.95 μg/L for Cdw, and 1.88 ~ 69.26 

μg/L for Pbw (Figure 2 and Table S2). Paired t-tests comparing 

dissolved metal(loid) concentrations between different seasons 

revealed that Niw and Crw were significantly enriched during 

the flood season, while Asw was concentrated during the dry 

season (P < 0.05). Additionally, relatively high concentrations 

were observed for certain metal(loid)s: Asw was recorded at 3.54 

μg/L in the upper natural reaches during both seasons; Crw 

reached 38.42 μg/L in the upper natural reaches; Cuw registered 

at 35.56 μg/L and Pbw at 69.26 μg/L in the AH reservoir; Niw 

peaked at 65.97 μg/L in the LY reservoir and 30.45 μg/L in the 

AH reservoir during the flood season; Cdw exhibited high con- 

centrations in the N10 (1.95 μg/L) and the LDL reservoir (1.11 

μg/L) during the dry season (Table S2). 

The results of PCA based on dissolved metal(loid) concen- 

trations with varimax rotation solution were shown in Figures 

3a and 3b. The dissolved metal(loid)s during both seasons ex- 

hibited grouping into three distinct clusters. During the flood 

season, Asw, Cdw, and Crw were closely associated within one 

major group, suggesting similar sources or distribution patterns. 

The second group consisted of Cuw and Pbw, and the third group 

comprised Niw (Figure 3a). In contrast, during the dry season, 

Cuw, Crw, Cdw, and Pbw were all grouped together in the first 

cluster, while Asw and Niw were segregated into the other two 

groups (Figure 3b). Moreover, the PCA results indicated a divi- 

sion of the sampling areas into two distinct groups, particularly 

evident during the flood season (Figure 3a). The composition 

of dissolved metal(loid)s in the upper natural reaches (with PC1 

values ranging from −0.36 to 2.40) differed notably from that 

in the lower regulated reaches (with PC1 values ranging from 

−1.58 to 0.49). However, there were no significant differences 

between the reservoir upstream and downstream areas during 

either the flood or dry season (Figures 3a and 3b). 

 

3.3. Metal(loid)s in Particulate Phase 

The concentration ranges of particulate metal(loid)s were 

observed as follows: 0.21 ~ 9.10 mg/kg for Ass, 9.18 ~ 280.59 

mg/kg for Cus, 3.96 ~ 215.07 mg/kg for Nis, 12.77 ~ 135.05 

mg/kg for Crs, 0.27 ~ 4.55 mg/kg for Cds, and 4.92 ~ 164.13 

mg/kg for Pbs (Figure 2 and Table S3). Paired t-tests comparing 

particulate metal(loid) concentrations between different sea- 

sons revealed that Nis, Crs, Cds, and Pbs exhibited notable con- 

centration during the flood season (P < 0.05). In addition, rela- 

tively high concentrations were observed for the following met- 

al(loid)s: Ass registered at 8.96 mg/kg in the natural reaches and 

Nis at 246.06 mg/kg in the LY reservoir during both seasons; 

Crs reached 135.05 mg/kg in the LY reservoir and Pbs peaked 

at 164.13 mg/kg in the AH reservoir during the flood season; 

Cus was recorded at 280.59 mg/kg in the LY reservoir and Cds 

exhibited high concentrations in the N10 (4.55 mg/kg), the LY 
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reservoir (4.23 mg/kg), and the LKK reservoir (3.43 mg/kg) 

during the dry season. 

The results of PCA based on particulate metal(loid) con- 

centrations with varimax rotation solution were illustrated in 

Figures 3c and 3d. The particulate metal(loid)s during both sea- 

sons consisted of three groups. During the flood season, As s, 

Cus, Nis, and Pbs were closely associated in the first group, while 

Crs and Cds formed the other two groups (Figure 3c). During 

the dry season, the first group comprised Nis, Cds, and Pbs, the 

second group included Ass and Crs, and the third group solely 

consisted of Cus (Figure 3d). Furthermore, the principal com- 

ponent scores of sampling areas indicated notable differences in 

the compositions of particulate metal(loid)s between the natural 

reaches (with PC1 values ranging from −0.87 to −0.32) and the 

regulated reaches (with PC1values ranging from −0.51 to 3.27), 

particularly during the flood season (Figure 3c). However, the 

differences of particulate metal(loid) compositions were rela- 

tively small between the upstream and downstream areas of the 

reservoirs, as evidenced in Figures 3c and 3d. 

 

 
 

Figure 4. Comparison of dissolved metal(liod) percentages 

(%) during flood and dry seasons (a) between natural and 

reservoirs-regulated reaches of the Jinsha River, and (b) 

between upstream and downstream areas of cascade 

reservoirs. (note: NR, natural reaches; RR, reservoirs-

regulated reaches; U, upstream areas of reservoirs; D, 

downstream areas of reservoirs; Significance: ***, P < 0.001; 

**, P < 0.01; *, P < 0.05; ND, no significant difference). 

 

3.4. Partitioning and Transport of Metal(loid)s and Their 

Controlling Factors 

The percentages of dissolved metal(loid)s fell within the 

ranges of 52.0 ~ 99.9% for As, 47.9 ~ 98.9% for Cu, 10.1 ~ 

99.4% for Ni, 54.0 ~ 99.1% for Cr, 20.0 ~ 99.5% for Cd, and 

31.2 ~ 99.8% for Pb (Tables S4 and S5). In comparison to the 

percentages observed in the natural reaches (flood season: 16.0 

~ 97.7%; dry season: 21.0 ~ 99.8%), it was noted that the per- 

centages of dissolved metal(loid)s were significantly higher in 

the reservoirs-regulated reaches (flood season: 61.9 ~ 99.8%; 

dry season: 26.0 ~ 100.0%), with the exception of Pb during the 

dry season, where no notable difference was observed (P > 0.05) 

(Figure 4a). Moreover, it was found that the percentages of dis- 

solved metal(loid)s showed a consistent decrease from the up- 

stream areas of reservoirs to the downstream areas, especially 

during the flood season (P < 0.01) (Figure 4b). 

The RDA analysis demonstrated that environmental vari- 

ables explained a substantial portion of the variance in met- 

al(loid) partitioning, accounting for 99.10 and 98.54% of the 

total variance during the flood and dry seasons, respectively 

(Figures 5a and 5b). Furthermore, the Mantel test findings indi- 

cated that several environmental factors were significantly cor- 

related with metal(loid) partitioning during the flood season, 

such as salinity (r = 0.715), SSC (r = 0.714), POM (r = 0.372), 

and D50 (r = 0.366). During the dry season, SSC (r = 0.244) 

displayed a significant association with metal(loid) partitioning. 

These findings aligned with the results obtained from Spear- 

man’s correlations between environmental factors and met- 

al(loid) partitioning (Figure S2). 

The RDA analysis was also conducted to examine the rela- 

tionships between physicochemical factors and Metal(loid)tot, 

explaining a substantial portion of the total variance in met- 

al(loid) transport, with 80.78 and 86.91% during the flood and 

dry seasons, respectively (Figures 5c and 5d). During the flood 

season, POM (r = 0.517) and pH (r = 0.442) were found to have 

significant relationships with Metal(loid)tot (P < 0.01) (Figure 

5c). Spearman’s correlation analysis further highlighted that 

POM, salinity, and SSC exhibited notable relationships with As, 

Cu, and Cr (P < 0.001) (Figure S2). In contrast, during the dry 

season, the RDA, Mantel test, and Spearman’s correlations did 

not reveal any environmental factors that displayed significant 

correlations with Metal(loid)tot, with the exception of the Spear- 

man’s correlation between Astot and SSC (Figures 5d and S1). 

 

3.5. Structural Equation Models 

To investigate the direct and indirect effects of physico- 

chemical factors on metal(loid) partitioning and transport during 

both the flood and dry seasons, SEMs were established as illus- 

trated in Figure 6. Among all the factors, it was observed that 

SSC exerted the most substantial direct effects on metal(loid) 

partitioning (P < 0.001), with correlation coefficients of −0.88 

during the flood season and −0.79 during the dry season. Fur- 

thermore, D50 exhibited significant positive effects on met- 

al(loid) partitioning during the dry season (P < 0.05). Similarly, 

SSC played the most crucial role in the direct effects on met- 

al(loid) transport (P < 0.01). Additionally, during the flood sea- 

son, pH and POM, and during the dry season, ORP, exhibited 

notable negative effects on metal(loid) transport (P < 0.05). In 

general, solid-associated factors had stronger direct effects on 

metal(loid) partitioning and transport compared to those water-

associated factors (Figure 6). 

The SEM results also revealed that the metal(loid) parti- 

tioning had a significant positive impact on metal(loid) trans- 

port, with correlation coefficients of 0.69 during the flood sea- 

when considering the alterations in metal(loid) partitioning, it 

became evident that SSC had the most pronounced indirect ef- 
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Figure 5. Redundancy analysis (RDA) and Mantel test of physicochemical properties (a, b) based on metal(loid) partitioning 

(dissolved metal(loid) percentages) and (c, d) based on metal(loid) transport (total metal(loid) concentrations) during flood and 

dry seasons. (note: Significance: **, P < 0.001; *, P < 0.01). 
 

fects on metal(loid) transport. This, in turn, resulted in SSC hav- 

ing the most substantial total effects, which encompass the sum- 

mary of both direct and indirect effects, on metal(loid) transport. 

 

3.6. Non-Carcinogenic Risk Assessment of Metal(loid)s 

To assess potential non-carcinogenic risks associated with 

river water, the total HQ of dissolved metal(loid)s via oral and 

dermal pathways was evaluated (Figure 7). Notably, all HQ val- 

ues for dissolved metal(loid)s in the Jinsha River were found to 

be less than 1, indicating a relatively low level of non-carcino- 

genic risk. When considering different metal(loid)s, the HQ val- 

ues for As (HQAs = 0.28 ± 0.08) were notably higher, being two 

orders of magnitude greater than those of Cu (HQCu = 0.0053 ± 

0.0024), Ni (HQNi = 0.0009 ± 0.0008), Cr (HQCr = 0.0095 ± 

0.0068), and Cd (HQCd = 0.0016 ± 0.0015). The highest HQ 

values for As were observed at the headwaters of the Jinsha 

River (specifically, sampling site N1), with HQAs reaching 0.39 

during the flood season and 0.41 during the dry season. More- 

over, it is worth noting that the maximum HQ value for Pb ex- 

ceeded that of As, and was identified in the upstream area of the 

AH reservoir during the flood season (HQPb = 0.54) (Table S6). 

Additionally, the HQPb in the downstream area of the AH reser- 

voir was also notably higher than in other areas, suggesting that 

both the upstream and downstream areas of the AH reservoir 

were contaminated by Pb. 

4. Discussion 

4.1. Spatiotemporal Variations of Metal(loid) 

Concentrations along the Jinsha River 

Metal(loid)s represent a distinct group of pollutants in 

aquatic environments. Unlike organic contaminants, metal(loid)s 

cannot be biologically degraded, making them capable of caus- 

ing persistent damage (Fu et al., 2013, 2014). By comparing the 

metal(loid) concentrations in large rivers originating from the 

Tibetan Plateau as well as the quality criteria established by 

China and the WHO (Table 2), it becomes possible to make a 

preliminary assessment of the metal(loid) pollution status in the 

Jinsha River (Macdonald et al., 2000; MOH, 2007; WHO, 2011). 

This study observed relatively high concentrations of Cu, Ni, 

Cr, Cd, and Pb in both dissolved and particulate phases, point- 

ing to the potential influence of industries such as metallurgy, 

coal, electricity, and chemicals in contributing to metal(loid) 

pollution (Song et al., 2010; Wang et al., 2014; Yuan et al.,  

2019). 

The elevated concentrations of Pbw and Pbs observed in the 
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Figure 6. Structural equation models revealing the effects of 

physicochemical factors on metal(loid) partitioning and 

transport during flood (a) and dry (b) seasons. [Note: 

Metal(loid) partitioning and transport were the average values 

after Z-score normalization; Standardized coefficients were 

used as the path effects; Red and green arrows indicated 

negative and positive correlations, respectively; Arrow width 

represented the strength of their relationship, numbers were 

the correlation coefficients, and *, ** and *** meant the 

significant path in P < 0.05, P < 0.01 and P < 0.001 levels, 

respectively]. 

 

 
 

Figure 7. Heat maps of non-carcinogenic risk assessment 

(hazard quotient, HQ) of dissolved metal(loid)s during flood 

(a) and dry (b) seasons. 

AH reservoir could potentially be attributed to the high traffic 

density, given the close proximity of the national highway run- 

ning along the Jinsha River in this region. Similar studies have 

reported that the transport of Pb-containing pollutants can oc- 

cur through the deposition and runoff from highways adjacent 

to rivers, as was observed in the Salween River (Huang et al., 

2008). Furthermore, following the construction of the AH reser- 

voir, the rapid pace of industrialization and urbanization in the 

area led to increased anthropogenic disturbances in the Jinsha 

River. These disturbances included activities such as metal(loid) 

mining and smelting, which likely contributed to the relatively 

high concentrations of Cuw and Niw observed in the AH reservoir 

(Yuan et al., 2021a). 

Regarding the LY reservoir, the heightened concentrations 

of Niw, Nis, and Crs can be attributed to the influence of soil 

parent materials, for example, chromite, as observed in previous 

studies (Wu et al., 2013; Yuan et al., 2019). These studies have 

noted that the LY reservoir sediments displayed significant con- 

centrations of Ni and Cr, with low percentages of exchangeable 

and carbonate metal(loid) fractions (Yuan et al., 2019). The 

Jinsha River is situated in a region characterized by a transition 

zone in the Earth’s crust. Consequently, this area has experi- 

enced a history of frequent geological disasters such as earth- 

quakes, collapses, landslides, and debris flows over the past 

decades (Higgitt and Lu, 1999; Wu et al., 2013). Following these 

geological disasters, substantial amounts of debris have been 

deposited into the river water, leading to the contamination of 

Ni and Cr, as reported in studies conducted by (Yuan et al.,  

2019; 2021b). 

Furthermore, this study identified high concentrations of 

Cdw in the LDL reservoir and Cds in the LKK reservoir (Figure 

2). These elevated metal(loid) levels can be attributed to the 

significant discharge of industrial wastewater without effec- 

tive treatment in Yunnan and Sichuan provinces over the past 

decades, contributing to serious metal(loid) contamination (Teng 

et al., 2003; Hillman et al., 2015). Additionally, the region sur- 

rounding the LDL and LKK reservoirs has witnessed increas- 

ing population growth, leading to excessive use of agrochemi- 

cals and heightened traffic exhaust. These factors serve as po- 

tential sources of metal(loid) pollution (Yang et al., 2013). The 

elevated concentrations of metal(loid)s exhibited substantial spa- 

tial heterogeneity, with notable differences between the upper 

natural reaches and lower reservoirs-regulated reaches, particu- 

larly during the flood season (Figure 3). Thus, the varying met- 

al(loid) pollution status is primarily a result of the varying de- 

grees of urbanization and industrialization along the Jinsha 

River basin (Yuan et al., 2019). 

Metal(loid) concentrations exhibited different trends during 

the flood and dry seasons (Figures 2 and 3), as also noted in 

prior studies (Wang et al., 2011, 2018a). These variations are 

attributed to the inconsistent sources or distribution patterns of 

metal(loid)s along the river. Elevated levels of Asw primarily 

originated from As-rich underground water sources and springs 

(Li et al., 2014b). The higher concentrations of Asw during the 

dry season resulted from reduced dilution due to lower rainfall, 

aligning with the hydrogeochemical variations in the Jinsha  



Q. S. Yuan et al. / Journal of Environmental Informatics 44(2) 126-139 (2024) 

135 

Table 2. Dissolved and Particulate Metal(loid) Concentrations in Major Asian Tropical Rivers Originating from the Tibetan 

Plateau, along with Quality Criteria Produce by China and the WHO 

 As Cu Ni Cr Cd Pb References 

Dissloved Concentrations (μg/L), Min/Max  

Jinsha River 1.08/3.54 4.54/35.56 0.53/65.97 3.56/38.42 0.01/1.95 1.88/69.26 Current study 

Yangtze River 0.3/243.6 0.13/43.74 0.06/64.1 0.03/23.33 0.001/1.967 0.01/27.6 Yang et al. (2014) 

Yellow River 0.27/4.88 0.49/3.52 0.24/1.50 0.60/4.95 0.002/0.046 0.02/0.78 Liu et al. (2019a) 

Mekong River 0.8/2.6 0.6/3.6 0.44/3.56 0.01/1.44 0.010/0.024 0.01/15.2 Strady et al. (2017) 

Salween River -- 0.59/1.23 0.54/18.2 0.25/0.85 -- 2.21/781 Huang et al. (2008) 

Quality Criteria - China 10 1,000 20 50 5 10 MOH (2007) 

Quality Criteria - WHO 10 2,000 70 50 3 10 WHO (2011) 

Suspended Solid Concentrations (mg/kg), Min/Max  

Jinsha River 0.21/9.10 9.18/280.59 3.96/215.07 12.77/135.05 0.27/4.55 4.92/164.13 Current study 

Yangtze River 3.90/493.9 22.07/973.31 12.46/203.68 45.0/1,272.8 0.11/54.89 6.66/1,445.5 Yang et al. (2014) 

Yellow River 6.87/13.78 19.49/28.31 25.10/38.93 52.42/66.90 0.09/0.23 20.58/31.13 Liu et al. (2019a) 

Mekong River 2/73 14/92 7/123 9/158 0.17/0.28 4/84 Strady et al. (2017) 

Quality Criteria - TEC 9.79 31.6 22.7 43.4 0.99 35.8 Macdonald et al. (2000) 

Quality Criteria - PEC 33 149 48.6 111 4.98 128  

 

River, as detailed in our previous study (Yuan et al., 2021b). In 

contrast to Asw, metal(loid)s derived from anthropogenic mining 

and non-point sources, such as Ni, Cr, Cd, and Pb, tend to be 

more concentrated during the flood season. This phenomenon 

is due to the increased surface run-off, as well as heightened 

rock weathering and soil leaching occurring during this period 

(Zahra et al., 2014; Qu et al., 2019). 

 

4.2. Factors Controlling Metal(loid) Partitioning and 

Transport 

Rivers serve as essential conduits for material transport, 

presenting a continuum of environmental conditions from their 

headwaters to the oceans (Viers et al., 2009; Jeandel and Oelk- 

ers, 2015). The River Continuum Concept (RCC), proposed by 

(Vannote et al., 1980), posits that water physicochemical factors 

should exhibit gradual changes along natural river systems. In 

our present study, we observed a decrease in SSC, D50, and salin- 

ity values, along with an increase in POM concentrations, along 

the upper natural reaches, consistent with the principles of the 

RCC (Tables 1 and S1). However, the presence of a cascade of 

six large reservoirs situated in the lower reaches of the Jinsha 

River has significantly altered river geomorphology, hydrogeo- 

chemistry, and flow dynamics (Ellis and Jones, 2013; Yuan et 

al., 2021b). Our findings reveal that the cascade reservoirs did 

not notably impact salinity, pH, and ORP values. Nevertheless, 

it is important to note that the lower SSC and D50 values, along 

with the higher POM concentrations, were found in the upstream 

areas of the six reservoirs, especially during the flood season 

(Table 1). 

The longitudinal variations in SSC and D50 in the regulated 

reaches can be attributed to physical barriers created by dams, 

which impeded the natural flow of river water and facilitated the 

deposition of suspended coarse particles (Klaver et al., 2007; 

Frémion et al., 2016a; Li et al., 2016). Furthermore, the presence 

of deciduous trees around the reservoirs contributed to the input 

of fresh organic matter. This organic matter adhered to the sus- 

pended particles in the reservoirs, resulting in an increased con- 

tent of POM (Frémion et al., 2016a). Additionally, the slower-

flowing river systems created by the construction of cascade 

reservoirs can lead to enhanced autochthonous production from 

phytoplankton, thereby increasing the presence of POM in the 

reservoirs (Vannote et al., 1980). Consequently, the establish- 

ment of these cascade reservoirs has significantly altered solid-

associated factors. The alteration not only affected the transport 

concentrations of suspended particles, but also influenced their 

composition and structure, including parameters such as D50 

and POM. 

The construction of cascade reservoirs has brought about 

significant changes in physicochemical factors, which, in turn, 

have influenced the transport and partitioning of metal(loid)s, 

especially during the flood season (Figures 4 ~ 6). The parti- 

tioning of metal(loid)s is primarily affected by processes in- 

volving sorption-desorption and dissolution-precipitation, and 

this dependency is closely linked to the inherent properties of 

metal(loid)s (Frémion et al., 2016b, 2017). In this study, the 

presence of cascade reservoirs has substantially altered the vari- 

ations in parameters like POM, SSC, and D50. For instance, dur- 

ing the flood season, the partitioning of Cu, Cr, Ni, and Cd was 

found to have a positive correlation with POM. This suggested 

that POM could adsorb divalent or trivalent metal(loid) cations 

onto the surface of suspended particles (Figures 5 and S1). This 

result aligns with our expectations since POM contains numer- 

ous functional groups, including phenolic hydroxyl (-OH), car- 

boxyl (-COOH), thiol (-SH), and amino (-NH2) groups, which 

can form complexes with metal(loid) cations present on phyto- 

plankton and suspended particles (Town et al., 2012; Jia et al., 

2017). Additionally, partitioning coefficients of Cu and Cr were 

negatively correlated with SSC and D50 during the flood season. 

Lower values of SSC and D50 can lead to greater solubilization 

of metal(liod)s, a trend consistent with researches on sediments 

by Frémion et al. (2017) and riparian soils by Yuan et al. (2021c). 

Consequently, the percentages of dissolved metal(loid)s were 
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notably higher in the reservoirs-regulated reaches (Figure 4a). 

Furthermore, these percentages were lower in the upstream ar- 

eas of the reservoirs compared to the downstream areas (Figure 

4b), which is consistent with findings in individual reservoirs 

(Klaver et al., 2007; Wang et al., 2018c). However, during the 

dry season, these differences became insignificant because the 

regulation by cascade reservoirs played a relatively smaller role 

in influencing sediment transport (i.e., SSC) compared to the 

flood season (Yuan et al., 2021b). Besides, it is worth noting 

that while pH and ORP values often play crucial roles in affect- 

ing metal(loid) partitioning (Atkinson et al., 2007), the limited 

pH and ORP ranges observed in this study rendered proton-base 

properties and oxidation-reduction potentials less discriminative 

(Figures 5 and S1). 

In addition, the differences in dissolved metal(loid) per- 

centages between the upstream and downstream areas of reser- 

voirs displayed an increasing trend, especially for Cr, Cd, and 

Pb, as one moved from the LY reservoir to the GYY reservoir 

(Figure S3). This trend was primarily a result of the intercon- 

nected nature of the water storage regions in the cascade reser- 

voirs, leading to cumulative effects on metal(loid) partitioning. 

The cumulative effects were principally due to additive pro- 

cesses of dam blockage and reservoir backwater along the river 

(Winemiller et al., 2016; Li et al., 2018). The lower the eleva- 

tion of a reservoir within the cascade, the greater the difference 

observed in solid-associated factors (such as SSC, POM, and 

D50) and dissolved metal(loid) percentages between the upstream 

and downstream areas of the reservoir. Therefore, it can be con- 

cluded that cascade reservoirs exhibit cumulative effects on 

metal(loid) partitioning, given that they cumulatively influence 

the river-flow regime and physicochemical factors (Huang et 

al., 2010; Chen et al., 2020). 

On the other hand, the transport of total metal(loid)s, es- 

pecially As, Cu, and Cr, was significantly affected by SSC, D50, 

and POM during the flood season. Concentrations of Astot, Cutot, 

and Crtot were positively correlated with SSC and D50 but nega- 

tively associated with POM (Figures 5 and S1). This relation- 

ship was consistent with previous studies that have reported that 

a decrease in suspended particle content and size could affect 

the transport of metal(loid)s (Strady et al., 2017; Wang et al., 

2018c). The transport of metal(loid)s in the particulate phase 

decreased, largely due to the fact that over 85% of suspended 

particles were trapped and subsequently deposited in the reser- 

voirs during both seasons (Table 1). Moreover, as a result of the 

enrichment of POM in the reservoirs, most metal(loid)s were 

adsorbed onto particles and deposited within the sediment ma- 

trix, which explains the negative correlation between total met- 

al(loid)s and POM. 

The SEM results indicated that solid-associated factors, es- 

pecially SSC, had much stronger direct effects on metal(loid) 

partitioning and transport than water-related factors like pH, 

ORP, and salinity, during both flood and dry seasons (Figure 6). 

Moreover, through changes in metal(loid) partitioning, SSC had 

the most substantial indirect effects on metal(loid) transport. The 

construction of cascade reservoirs restricted the natural transfer 

of river water, decreased water flow velocity, subsequently re- 

duced the carrying capacity of fluvial sediment (vertical sedi- 

ment gravity versus horizontal hydrodynamic turbulence), in- 

creased the resident time of sediment, and accelerated the depo- 

sition of suspended solids (Bing et al., 2016; Frémion et al.,  

2016a). Thus, the modification of solid-associated factors played 

a critical role in influencing the fate of metal(loid)s. The signi- 

ficant decrease in particulate metal(loid) percentages in the up- 

stream areas of the reservoirs was accompanied by the deposi- 

tion of suspended solids in the reservoirs. 

 

4.3. Human Health Risks of Dissolved Metal(loid)s 

As a result of dam construction, cascade reservoirs play a 

pivotal role in providing local services, and thus the water qual- 

ity within these reservoirs becomes crucial for human health and 

well-being (Dummee et al., 2012). Many large reservoirs are 

currently facing environmental challenges, due to the intensify- 

ing pressures from anthropogenic activities, including issues 

like eutrophication and the presence of hazardous contaminants 

(Klaver et al., 2007; Bing et al., 2016). In the catchment area of 

the Jinsha River, one of the most pressing environmental con- 

cerns is metal(loid) pollution originating from various industrial 

sources, such as metallurgy, coal, electricity, and chemicals  

(Song et al., 2010; Wang et al., 2014; Yuan et al., 2019). 

Although most of the particulate metal(loid)s are effectively 

trapped and deposited within the reservoirs due to the physical 

barriers created by dams, dissolved metal(loid)s still represent 

potential ecological threats (Strady et al., 2017). Based on the 

non-carcinogenic risk assessment, it was observed that the HQ 

values for all the dissolved metal(loid)s in the Jinsha River were 

below the maximum acceptable levels proposed by the USEPA 

(USEPA, 2004). However, it is worth noting that the HQ values 

for As (HQAs) and Pb (HQPb) were relatively higher in compari- 

son to Cu, Ni, Cr, and Cd in the Jinsha River (Figure 7). This 

observation serves as an important warning for government 

policymakers and stakeholders, highlighting that the contami- 

nation of As and Pb may pose health threats to the local popula- 

tion through oral and dermal pathways, and emphasizing the 

need for immediate attention and action (Yuan et al., 2019). 

The contamination of As in river water has become an in- 

creasingly pressing environmental challenge, given that the con- 

sumption of As-contaminated water impacts more than 150 mil- 

lion people across the globe as noted in (Wang et al., 2018a). In 

our study, the elevated concentrations of Asw primarily origi- 

nated from underground water sources and springs in the head- 

waters of the Jinsha River (Li et al., 2014b). Despite the dams 

of the cascade reservoirs intercepting a portion of As in the par- 

ticulate phases, the bulk of Asw was still transported down- 

stream through the reservoir-regulated sections (Figure 3). Pre- 

vious studies have also identified As as a predominant pollutant 

in the middle and lower reaches of the Yangtze River (Yang et 

al., 2014). It is imperative to recognize that the consumption of 

river water with high As level can induce potentially carcino- 

genic effects, including the development of cancers affecting 

the liver, lung, bladder, kidney, and skin, in addition to other 

adverse health consequences (Wang et al., 2018a). Additionally, 

it is noteworthy that the HQPb values in both upstream and 

downstream areas of the AH reservoir were approximately five 

times higher than the mean value recorded for the Jinsha River 
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(Figure 7; Yuan et al., 2019). It’s worth mentioning that the AH 

reservoir managed to intercepted less than 10% of particulate 

Pb, allowing a significant portion of Pb pollution to be trans- 

ported across the reservoir in the dissolved phase, posing po- 

tential health risks to downstream residents. 

Given these considerations, it is essential to direct special 

attention to the potential health risks associated with As and Pb 

in the Jinsha River. In many developing countries, the primary 

tap water treatment processes may not be effective in removing 

dissolved metal(loid)s due to the limitations in the deposition, 

filtration, and pre-chlorination methods (Thalmann et al., 2018). 

This inefficiency in removal of metal(loid) contaminants poses 

potential threats to the health of the local population. As such, 

it is imperative to establish regular monitoring protocols for dis- 

solved metal(loid)s and implement specific measures to control 

metal(loid) contamination in the future management of the cas- 

cade reservoir systems. 

5. Conclusions and Implications 

In this study, we concluded an extensive investigation into 

the partitioning and transport of metal(loid)s in the Jinsha River, 

China, spanning from the upper natural reaches to the lower cas- 

cade reservoirs-regulated reaches. The construction of cascade 

reservoirs has resulted in alterations to various solid-associated 

factors, including POM, SSC, and D50, which, in turn, have had 

a profound impact on the fate of metal(loid)s. Notably, we found 

relatively high concentrations of POM (up to 36%) and low val- 

ues of SSC (below 18 mg/L) and D50 (below 12 μm) in the up- 

stream areas of reservoirs, leading to the precipitation of most 

particulate metal(loid)s. This effectively reduced the transport 

of metal(loid)s across the reservoirs. A significant decrease in 

the percentages of particulate metal(loid)s along the reservoirs-

regulated reaches were observed, with a reduction of 6.1% for 

As, 38.3% for Cu, 74.9% for Ni, 36.8% for Cr, 17.8% for Cd, 

and 41.9% for Pb, respectively, from reservoir upstream to  

downstream areas. Furthermore, we noted that the deposition 

percentages of particulate metal(loid)s within the reservoirs ex- 

hibited an increasing trend. This was attributed to the intercon- 

nected water storage regions of the cascade reservoirs, resulting 

in cumulative influences on metal(loid) partitioning. When as- 

sessing the potential human health risks associated with river 

water, we found that dissolved As and Pb had the capacity to be 

transported across the reservoirs, posing potential health threats 

to downstream residents. Thus, it is imperative to shift more at- 

tention to dissolved metal(loid)s in the ongoing water quality 

management of cascade reservoirs. 

In general, this study offers several contributions and im- 

plications to the filed: 

(1) Characterization of longitudinal distribution and health 

risks of metal(loid)s: The study delineates the longitudinal dis- 

tribution characteristics of metal(loid) concentration in both dis- 

solved and particulate phases. This information is instrumental 

in pinpointing pollution hotspots and areas, where remediation 

efforts are most urgently needed, and can guide policies aimed 

at safeguarding the health of communities residing along the 

river. 

(2) Revelation of cascade reservoir impact on metal(loid) 

fate: Through an investigation of metal(loid) partitioning and 

transport during both flood and dry seasons, the study enhances 

our understanding of how metal(loid) elements traverse cascade 

reservoirs, and identifies the pivotal controlling factors in this 

process. This knowledge is invaluable for making informed de- 

cisions regarding the management of reservoir systems and their 

potential environmental consequences. 

(3) Guidance for future environmental management: This 

study extends its relevance to the broader arena of environmental 

management by providing insights into how human activities, 

such as the regulation of river flow by dam-reservoirs, can af- 

fect the distribution and transport of potentially harmful elements 

in river ecosystems. Such insights empower government poli- 

cymakers to formulate more effective strategies for pollution 

control and remediation, particularly in regions influenced by 

cascade reservoirs. 

In summary, this study unveils the intricate mechanisms 

through which cascade reservoirs influence the fate of met- 

al(loid)s, providing invaluable guidance for government poli- 

cymakers in the control and remediation of metal(loid) pollu- 

tion. Moving forward, it is imperative to simultaneously focus 

on both the mainstream and tributaries while conducting long-

term field investigations on metal(loid) partitioning and trans- 

port. Such comprehensive studies are essential for gaining a 

deeper understanding of metal(loid) behavior in large river  

systems in the future. 
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