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Abstract

:

Aquatic ecological problems caused by pharmaceutical and personal care products (PPCPs) are increasingly becoming an issue of concern. In this study, the seasonal and spatial occurrence and environmental risk of 20 PPCPs were studied at 19 sampling points in the surface waters of the Lianjiang River basin (southern of China); its watershed is about 10,100 km2. Sample preparation was performed using solid-phase extraction, and determination was performed by using a high-performance liquid-phase tandem triple quaternary mass spectrometer. Nine PPCPs were detected with total concentrations of 19.5–940.53 and 6.07–186.04 ng L−1 during the wet (August 2021) and dry (April 2022) seasons, respectively. Four kinds of compounds—sulfamethoxazole (SMX), sulfamonomethoxine (SMM), caffeine (CAF), and florfenicol (FFC)—had a detection rate of more than 50% in both seasons. CAF, carbamazepine (CBZ), and FFC were higher in the wet season than in the dry season in the Lianjiang River possibly due to the higher usage of PPCPs and increased tourism during summer. SMX and SMM showed higher average concentrations in the dry season possibly due to lower biodegradation in the dry season and a slight dilution effect from rainfall. The concentrations of SMX, SMZ, SMM, and FFC were strongly correlated with NO3−, according to redundancy analysis and Spearman’s correlation analysis. The results of the risk quotient revealed that the ecological effect of CAF concentrations on green algae had low risk at all sampling points except R16.
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1. Introduction


Pharmaceutical and personal care products (PPCPs) are emerging micro-pollutants in the environment. They include human and veterinary drugs and personal care products used in toiletries and disinfectants [1]. PPCPs are the major group of chemical pollutants among emerging micro-pollutants, which include industrial chemicals and pesticides, and are found in humans’ daily lives [2]. About 3000 commonly used pharmaceuticals have been registered in the EU market, with new pharmaceuticals still increasing globally [3]. A hundred thousand tons of pharmaceuticals are used to treat human and animal diseases every year [4]; China accounts for 60% of the total output of the global pharmaceutical industry [1,5]. It is estimated that the annual consumption of raw antibiotic materials in China is about 180,000 tons (including health and agricultural purposes) [6].



Parts of PPCPs are discharged into the aquatic environment and local water supply systems because wastewater treatment plants (WWTPs) cannot degrade all PPCPs. Fifteen PPCPs have been analyzed in four sewage treatment plants, with 11 PPCPs detected with an average total concentration of 147.02 ng L−1 in influent and 105.06 ng L−1 in effluent [7]. These chemicals can enter the environment though surface runoff, hazardous waste, waste sites, landfill leachates, and urban runoffs, especially during the rainy season [8,9,10]. However, WWTPs are generally considered as the main point source of PPCPs in the aquatic environment [7,11]. The presence of PPCPs has caused problems in many environmental compartments such as surface water, soil, and groundwater [12,13]. Many studies have been conducted on PPCPs in the Pearl River and the Pearl River district, one of the most developed areas of China [14,15,16]. However, the Lianjiang River, as a tributary of the Pearl River, has been rarely sampled and analyzed by researchers. The occurrence of PPCPs in water bodies such as rivers [17], lakes [18], groundwater [12], and oceans [19] has been widely reported worldwide in the existing literature. About 14% of the Earth’s land surface is covered by karst, and 25% of the world’s population depends entirely or partly on the drinking water of karst aquifers [20]. Karst aquifers, a particularly important source of groundwater, are especially vulnerable to pollution due to direct infiltration through streams, shafts, and caves [21]. Therefore, many previous studies focused on the environmental risk and migration tracing of PPCPs in karst aquifers. Caffeine (CAF), which degrades more rapidly in water, could be used as an indicator of wastewater in areas of groundwater with rapid flow and high vulnerability [22]. The reported concentrations of PPCPs in the aquatic environment reach from ng L−1 to μg L−1 levels [23] and may pose potential risks to organisms, humans, and even whole ecosystems, particularly groundwater that provides drinking water to humans. Carbamazepine (CBZ) is reportedly carcinogenic to rats and lethal to zebrafish at less than 50 μg L−1. In sum, the risk of PPCPs to organisms in the water environment needs to be evaluated.



The U.S. Environmental Protection Agency (US EPA) and the European Medicines Agency developed risk evaluation guidelines to assess the environmental hazards of PPCPs in the aquatic or terrestrial environment [24,25]. Risk quotients (RQs) have been used to assess the potential ecological risks of PPCPs [7,10,26]. Findings showed that they pose a significant risk to aquatic ecosystems. Therefore, comprehensively assessing the ecotoxicological risks of PPCPs in river water with RQs is necessary.



Previous studies investigated the impacts of environmental parameters on soil and water by using multivariate analyses such as principal component analysis, redundancy analysis (RDA), detrended correspondence analysis (DCA), and canonical correlation analysis [27]. RDA has been used in many environmental studies successfully [14,26,28], which focused on the relationship of aminoglycosides with environmental parameters, indicating a strong association with chemical oxygen demand (CODMn) and total nitrogen (TN) in the dry and wet seasons.



Nineteen sampling points were selected in this study to investigate the seasonal and spatial variations of the 20 target PPCPs in the Lianjiang River basin. The main aims of this study are (1) to characterize the occurrence and distribution of PPCPs in the Lianjiang River, (2) to reveal the seasonal variation of PPCPs between the wet and dry seasons, and (3) to use the measured concentrations in river water to evaluate the environmental risks from PPCPs.




2. Materials and Methods


2.1. Reagents and Chemicals


Twenty analytical-grade PPCPs (sulfadimethoxine [SDM], sulfamethoxazole [SMX], sulfamonomethoxine [SMM], sulfamerazine [SMR], sulfamethazine [SMZ], sulfachinoxalin [SCO], tetracycline [TC], doxycycline [DC], chlorotetracycline [CTC], oxytetracycline [OTC], enrofloxacin [EFX], ciprofloxacin [CFX], clenbuterol hydrochloride [CHR], salbutamol [SBT], cimaterol [CMT], ractopamine [RCP], florfenicol [FFC], chloramphenicol [CMP], carbamazepine [CBZ], and caffeine [CAF]) were obtained from ANPEL (Shanghai, China). The chemical structures of drug molecules and chemical properties are provided in Table S1 (Supplementary Materials). Solvents (HPLC grade), including ethyl acetate, methanol, and DCM for chromatographic analysis and experiments, were obtained from ANPEL (Shanghai, China). The mixed standards for 20 PPCPs, surrogates, and internal standards were purchased from Sigma (Saint Louis, MO, USA). Oasis HLB (6 cc, 500 mg) solid-phase extraction (SPE) cartridges were purchased from Waters Corporation (Milford, MA, USA). Ultrapure water was produced by a Milli-Q system (Millipore, Milford, MA, USA).




2.2. Characteristics of the Study Area


The Lianjiang River is located in Qingyuan City (23°26′–25°11′ N, 111°55′–113°55′ E), Guangdong Province, South China. It flows into the Beijiang River, which is the largest tributary of the Beijiang River of the Pearl River system, and has a catchment area of 10,100 km2 (Figure 1). The Lianjian River has a southern subtropical monsoon climate, with a mean annual temperature of 20.6 °C and annual rainfall of 1556 mm, and the rainfall in the wet season accounts for about 73% of the whole year. The annual runoff is 11.6 billion m3, accounting for 75–80% in the wet season. The study area is predominantly formed by limestone formed from the Late Paleozoic to Mesozoic (Triassic) and granite mainly formed during the Yanshanian. Most of the residents are farmers, living in small villages, as a traditional intensive animal breeding (chicken and pig) and aquaculture zone. Numerous small-scale, medium, and heavy industries, including ceramics, metal smelting, mining, and many landfill sites, are located in towns.




2.3. Sample Collection and Basic Analysis


A field campaign was conducted to investigate the PPCPs and relevant environmental parameters in August 2021 and April 2022, respectively. Thirty-eight water samples were taken from the Lianjiang River and its tributaries, collected in 3000 mL sealed brown glass bottles, immediately transported to the laboratory on ice. All water samples were preserved at 4 °C and processed within 7 days for further analysis. Field parameters (pH, DO, and temperature (T)) were measured with a multi-parameter measurement device (DR/800; HACH, Loveland, CO, USA) while sampling. Cl−, NO3−, and SO42− were analyzed using a DX-600 ion chromatograph (Dionex, Sunnyvale, CA, USA) in the laboratory.




2.4. Extracting Water Samples for PPCP Analysis


All standards were added with 1 mol/L HCl to adjust the pH to 3 and filtered through a 0.7 μm glass fiber filter membrane (Whatman GF/F, 0.7 m, London, UK). Then, 0.75 g of Na2EDTA was added to enhance the extraction efficiency. The 3 L water sample was spiked with 50 ng metronidazole-d4 (MDZ-d4) and carbamazepine-d10 (CBZ-d10). Then, the water samples were extracted using solid-phase extraction (Oasis HLB cartridges 6cc, 500 mg), having been preconditioned with 10 mL methanol and 10 mL deionized water (pH = 3) at a flow rate of 5 mL/min under vacuum. After extraction, the target compounds were eluted from the SPE cartridges with 24 mL of methanol containing 5% formic acid, enriched to approximately 0.5 mL by using a gentle stream of nitrogen gas at 40 °C. The samples were reconstituted to 1 mL with a mobile phase (water:methanol, 50:50 v/v) and filtered through a 0.22 μm syringe filter. Finally, the samples were transferred to 1.5 mL amber vials and preserved at −20 °C until instrument analysis was performed.




2.5. Liquid Chromatography-Mass Spectrometry


The detection and quantification of the target compounds were performed by using a high-performance liquid-phase tandem triple quaternary mass spectrometer (HPLC, Shimdzu, Kyoto, Japan; MS AB5500, AB Sciex, Framingham, MA, USA) equipped with an electrospray ionization (ESI) source using multiple reaction monitoring. A Shim-pack XR-ODS column (100 × 2.0 mm, particle size of 1.7 μm) was used. Mobile phase A was purified water (containing 5 mmol L−1 ammonium acetate), mobile phase B was acetonitrile, and the total flow rate was 0.3 mL·min−1. The gradient started with 10% B, was maintained for 2 min, increased to 20%, was maintained for 2 min, increased to 80%, was maintained for 2 min, dropped to 5%, and was maintained for 3 min, for a total run time of 7 min. The injection quantity was 2 μL. The column temperature was set to 25 °C, and the ESI source temperature was 550 °C. The needle was washed once before and after injection. After every 10 sample injections, blank and spiked standards were injected for quality assurance and quality control purposes. The MS operation parameters, including fragment voltage and collision energy, are presented in Table S2.




2.6. Quality Assurance and Quality Control


To reduce the influence of the matrix and the experimental process on the quantitative determination, the standard curve used for the quantification was the standard working curve drawn by the recovery of the spiked sample. The prepared standard working solution was used for processing and determination according to the sample pretreatment method, and the analyte peak area and its concentration were used for linear regression. The external standard method was used for chloramphenicol and FFC, and the internal standard method was used for other compounds. The calibration curve of an individual compound was greater than 0.99 (r2 > 0.99). The concentrations of PPCPs were calculated by the internal or external standard method (Table S3). Different PPCPs have different chemical structures and properties, and the instrument signal response value is different when the instrument is used for detection, so their LODs were also different.




2.7. Environmental Risk Assessment


The RQ method is one of the most common approaches to assess the impact of chemical exposure on the ecosystem [17,29]. The RQ was calculated through the measured environmental concentration divided by the predicted no-effect concentration (PNEC) of each compound for aquatic organisms (Equation (1)).


  RQ =   MEC   PNEC    



(1)







The PNEC of each target analyte for organisms (fishes, green algae, and daphnia) was estimated by dividing EC50 or LC50 by an assessment factor of 1000 (Equation (2)). The EC50 and LC50 are the median effective concentration and lethal concentration 50%, respectively [30].



The EC50 or LC50 values for aquatic organisms were obtained from the US EPA ECOSAR database (Table 1).


  PNEC =     EC   50        or   LC    50     AF    



(2)







The risk to aquatic organisms was subsequently divided into four classes according to the RQ value: insignificant ecological risk (RQ < 0.01), low risk (RQ < 0.1), moderate risk (0.1 < RQ < 1), and high risk (RQ > 1).




2.8. Statistical Analysis


Data analyses were performed by SPSS 22.0, Origin 2023, and ArcGIS 10.2 software. The relationship among the concentration of PPCPs and environmental parameters was identified through RDA by CANOCO software at each sampling site. Spearman’s correlation analysis was performed to analyze the relationships among the concentrations of PPCPs and environmental parameters by R.





3. Results and Discussion


3.1. Occurrence of PPCPs in the Lianjiang River


The average concentrations and detection frequencies of PPCPs for the wet (August 2021) and dry (April 2022) seasons in the Lianjiang River and its tributaries are presented in Figure 2. Among the 20 PPCPs, nine PPCPs had concentrations that ranged from 19.5 to 940.53 and 6.07 to 186.04 ng L−1 during the wet and dry seasons, respectively. The detected concentrations had a similar magnitude to the levels reported in other major rivers in China (ranging from a few ng L−1 to about 1000 ng L−1); for example, the concentrations of all antibiotics range from 678 to 1951 ng L−1 in the dry season and 414 to 1786 ng L−1 in the wet season in the Haihe River [26], and the concentration of all PPCPs was close to 600 ng L−1 in the dry season and 200 ng L−1 in the wet season in the Yangtze River estuary [31].



As described in Table 2, nine compounds were detected from different sampling points in the Lianjiang River out of 20 target compounds. CAF, FFC, and CBZ, showed the highest detection frequencies (>89–100%), and SMX, SMM, SMZ, EFX, CFX, and CMP showed moderate to low detection frequencies (74–11%). These nine detected analytes were identified as antibacterials (five), antiepileptic drugs (one), stimulants (one), and antibiotics (two).



The accumulation concentration of PPCPs in the Lianjiang River in the dry and wet seasons is presented in Figure 3. The highest cumulative concentration of PPCPs was found in tributaries, followed by the midstream and downstream in the wet season (Figure 3). No significant difference was found during the dry season.



CAF is a neuroactive purine-like plant alkaloid that acts as a stimulant to the central nervous system [32]. As one of the most common PPCPs, CAF is found in about 60 plant species in nature, especially in coffee, tea, and cacao plants, and is considered beneficial to human health, making it one of the most widely consumed stimulants in the world [33]. After being absorbed by the human body, more than 90% of CAF is discharged through urine and feces, resulting in its high concentration in wastewater and the natural aquatic environment, and it can be used as an ideal wastewater tracer [34,35,36]. Global CAF consumption results in its constant release into the aquatic environment and growing concerns related to the associated risks [37]. Many related studies have been conducted throughout the world [22,38,39]. Recent reports indicate that CAF levels range from ng L−1 to μg L−1. In this study, the highest concentration (R1) of CAF was in the upstream tributary of the Lianjiang River in the wet season. The high CAF content may be due to the high consumption of coffee and tea in the upstream and surrounding areas, as well as the domestic wastewater directly discharged from a hospital into the river. The upstream tributary of the Lianjiang River has many tourist attractions, and many tourists come to visit every year, especially during the wet season.



Antibacterial (SMX, SMM, SMZ, EFX, and CFX) sulfonamides are the oldest chemically synthesized antibacterial agents and are still widely used to treat various bacterial, protozoan, and fungal infections [40]. SMX is not only used for the prevention and treatment of human diseases but is also commonly used in veterinary medicine in the breeding industry [41]. The concentration ranges and detection frequencies of SMX detected in all river water samples were ND–35.25 ng L−1 and 68% in the wet season and ND–47.15 ng L−1 and 74% in the dry season. SMM (68% in the wet season and 74% in the dry season) is followed by SMZ (40% in the wet season and 42% in the dry season), EFX (11% in the wet season and not detected in the dry season), and CFX (11% in the wet season and not detected in the dry season). The highest individual concentrations of SMX (47.15 ng L−1), SMM (13.8 ng L−1), SMZ (10.5 ng L−1), EFX (3.74 ng L−1), and CFX (775 ng L−1) were similar to those in previous studies [42,43,44]. The high concentrations and detection frequencies of antibacterials such as SAs may be related to the discharge of upstream and surrounding domestic sewage, livestock husbandry, and aquaculture; this information was derived with the help of web-map information (map.baidu.com). In all river samples, CFX was detected only at two sampling points with 775 and 8.8 ng L−1. The highest concentration (R8) was detected in a small tributary in the upstream area of the Lianjiang River, which may be caused by the leakage of the fertilizer pool of the nearby hospital or nursing home and also due to the direct discharge of the nearby domestic sewage into the river.



The antibiotic (FFC and CMP) FFC is widely used in veterinary medicine and aquaculture to control bacterial diseases because of its quick effect and low cost [45]. FFC has been detected in lake water in the middle and lower reaches of the Yangtze River at concentrations as high as 94%, with a maximum of 108 ng L−1 [18]. The concentration range and detection frequency of FFC detected in all river water samples was ND–690 ng L−1 and 95% in the wet season, while the concentration range and the detection frequency were ND–74.5 ng L−1 and 89% in the dry season. This detection frequency was followed by that of CMP (21% in the wet season and not detected in the dry season). The highest individual concentration (R14) of FFC (690 ng L−1) is in the lower reaches and may be caused by leakage from a nearby large fish farm.



CBZ, a widely used anticonvulsant drug in the treatment of human psychiatric disorders, is confirmed as a resilient and not noticeably degradable contaminant and is highly resistant to biodegradation [46,47]. Its high consumption in the world leads to its high accumulation and detection frequency in the environment. The concentration range and detection frequency of CBZ detected in all river water samples were ND–18.9 ng L−1 and 89% in the wet season, whereas it was not detected in the dry season. Generally, CBZ tends to adsorb to sediments in aquatic environments or soil particle due to its high Koc value, reaching a concentration of 31.8 ng g−1 [48]. The detection concentration and frequency of CBZ are higher in the wet season than in the dry season possibly because CBZ residues in the soil infiltrate the river channel after being washed by rain, or the CBZ adsorbed on the sediment at the bottom of the river channel is resuspended into the aqueous phase due to the increased river water volume.



The major PPCPs observed in this study consist of veterinary drugs, e.g., SMM, SMX, and CMP, and FFC, and medicines for human use, e.g., EFX and CFX, implying that the aquatic environment receives emissions from different anthropogenic activities.




3.2. Seasonal Variations in PPCPs in the Lianjiang River


Due to the uneven distribution of rainfall and runoff in the Lianjiang River basin in the wet and dry seasons, samples were collected in these two periods to analyze the seasonal variability. Seasonal differences in the compositions and concentration of PPCPs in aquatic environments are usually due to environmental conditions and usage [49]. In fact, the seasonal variations of PPCP concentration and composition have been widely found in natural aquatic environments, such as the Pearl River estuary [14], Haihe River [26], Maozhou River [16], and Bengaluru River [50]. The descriptive statistical analysis results of the concentrations of PPCPs in the Lianjiang River during the wet and dry seasons are summarized in Table 1 and Figure 4a. Out of 20 surveyed PPCPs, only CAF showed 100% detection frequency possibly due to its widespread use throughout the year and its high water solubility [7]. Other PPCPs that had detection frequencies of more than 60% in both seasons were SMX, SMM, and FFC. The detection frequencies of other PPCPs such as CBZ, SMZ, CMP, EFX, and CFX ranged from 11% to 89% in the wet season, the detection frequency of SMZ was 42% in the dry season, and the remaining PPCPs were not detected. The relative abundance of all the studied compounds is summarized in Figure 4b, as data showed that EFX, CFX, CBZ, and FFC was detected in the wet season only; CAF, CMP, and SMZ had higher concentrations during the wet season; and SMX and SMM had higher concentrations during the dry season. The statistical results for CBZ (p < 0.05), CAF (p = 0.023), and FFC (p = 0.022) showed significantly higher concentrations in water during the wet season possibly due to the extensive use of PPCPs in medical and aquacultural industries during summer. The other compounds showed no significant variations between the wet and dry seasons.



In this study, out of all sulfonamides (SMX, SMM, and SMZ), the total concentration of SMX was relatively higher with 64.80 and 105.19 ng L−1 in the wet and dry seasons, respectively. The concentration was detected at most sampling points below 5 ng L−1, except three sampling points (R15 = 14.9 ng L−1, R17 = 47.15 ng L−1, and R19 = 28 ng L−1) in the downstream tributary in the dry season. The total concentrations of SMM were 23.19 and 34.265 ng L−1 in the wet and dry seasons, respectively. The total concentrations of SMZ were 19.38 and 3.55 ng L−1 in the wet and dry seasons, respectively. Therefore, the total concentration of individual SAs may vary slightly in both seasons, but it is not statistically significant different. In sum, anthropogenic inputs such as wastewater from hospitals and domestic wastewater are the main sources. The concentrations of compounds were lower in the wet season possibly because of dilution and the temperature effect, which is consistent with a previous study [51].



For EFX and CFX, only two sampling points were detected in the wet season. The highest concentration of CFX was 775 ng L−1 (R8) in the upper stream of the Lianjiang River, and the remaining sampling point that can be detected with 8.8 ng L−1 (R14) was in the downstream tributary of the Lianjiang River. The high concentration at the sampling point may be due to domestic sewage or veterinary sources in the upstream area of the river being washed by rain and leaking into the river during the wet season.



CBZ shows statistically significant season variations; the reason for this condition is discussed above. In the summer, the temperatures reach up to 25–40 °C, leading to high blood pressure, which can then trigger seizures. As a result, the consumption of CBZ as the main antiepileptic drug increases.



CAF (a human indicator) was dominant in the overall concentration of PPCPs in the Lianjiang River. CAF has a 100% detection frequency in both seasons possibly because it is used in a variety of beverages, such as coffee, tea, and numerous food products. The concentration of CAF in the wet season is nearly twice that in the dry season. During the wet season, the ambient temperature reaches almost 40 °C, and people at work become tired; thus, they may need more coffee or tea to refresh themselves.



For antibiotics (FFC and CMP), CMP was detected at only four sampling points in the wet season. The highest concentration was 3.45 ng L−1 (R8); the overall concentration is too low to reflect the environmental situation. Compared with CMP, FFC shows statistically significant season variations. Its highest concentration was 690 ng L−1 (R14), and its total concentration in the wet season was seven times that in the dry season. The Lianjiang River basin has many fish farms. During summer, bacteria multiply fast because of the high ambient temperature, and the dissolved oxygen is low. Thus, fish become prone to various diseases, requiring a large number of antibacterial drugs such as FFC to be mixed in the fish pond. These drugs leak easily into the river.




3.3. Correlation between PPCPs and Environmental Parameters


In this study, the relationship between PPCP concentrations and environmental factors in the Lianjiang River was evaluated by multivariate analysis. The length of the gradient in the first axis calculated by DCA was <3. Thus, the RDA model was selected to evaluate the potential relationship between the distribution of PPCPs and environmental parameters [14,19,52]. The RDA and Spearman’s correlation analysis results are presented in Figure 5 and Figure 6, respectively.



The high concentration of CAF in the environment, which has high removal efficiencies (80–100%) in wastewater treatment plants, indicates an untreated source of wastewater [53]. In this study, the 100% detection frequency and high concentrations of CAF are dominated by the direct discharge of domestic sewage and non-point pollution of runoff, especially during the wet season. The concentration of CAF showed a positive correlation with temperature in both seasons, suggesting that it is prone to degradation in the river environment, which is consistent with a previous study [54].



Cl−, as a conservative ion and ideal indicator, will not react with other compounds, and it can only diffuse in the river system. The results indicate that SMX in water had a positive correlation with Cl− in the wet season and was associated with NO3− in the dry season, indicating different sources during the wet and dry seasons.



The distribution of SMZ, SMM, and FFC showed a strong correlation with NO3− in the wet season, and SMZ and FFC were associated with NO3− in the dry season, while SMM was correlated with SO42− in the dry season, reflecting their contamination via similar sources, such as discharge from domestic sewage and aquaculture. This result is consistent with that of previous studies [52,55].



EFX, CFX, CBZ, and CMP were detected only in the wet season, and CFX, CBZ, and CMP had the highest concentrations in the same sampling point (R8), indicating that this sampling point was strongly affected by human activities. Although the detection frequency of CBZ reached 89%, its concentration was negatively correlated with EC, indicating that it had multiple sources.




3.4. Potential Ecological Risk Assessment


Several studies have focused on the effects of PPCPs on aquatic organisms in different countries such as China [56], India [57], Pakistan [58], and Brazil [59]. Large amounts of PPCPs are present in rivers, which can accumulate in biota and contribute to greater exposure risks. Significant environmental risks due to the presence of PPCPs in different environmental matrices have been found globally [43,60].



To estimate the ecological risks of the PPCPs to aquatic organisms (green algae, daphnia, and fish), the RQ values for nine target PPCPs are shown in Figure 7a,b for different seasons in the Lianjiang River. Among the nine PPCPs detected in the Lianjiang River, CAF showed noticeably high RQ values for green algae in both seasons. The highest RQ value (high risk) for green algae was found in the upper stretch of the Lianjiang River (R1) in the wet season. Nine and four out of 19 sampling points showed moderate risks in the wet and dry seasons, respectively. The rest of the sampling points showed low risks, except sampling point (R16) in the dry season. For SMX, one (R19) and two (R17 and R19) sampling points showed low risks in the wet and dry seasons, respectively. For SMM, only one sampling point (R8) presented low risk in the dry season, and CBZ also showed low risk in the same sampling point (R8) in the wet season. The RQs of other PPCPs were less than 0.01 in both the wet and dry seasons, indicating very low or negligible toxicity to aquatic organisms. However, this long-term low concentration will also affect the functions, behaviors, metabolism, reproduction, and genotoxicity of aquatic organisms [51]. The cumulative RQ for PPCPs in an individual sampling point presented low risk due to the high weight of CAF, except sampling point R16.



In general, the sites with medium and high risk were mostly located in small tributaries mainly because the concentration of PPCPs may be diluted after entering the main stream or the amount of PPCPs discharged along the main stream is small. The true ecological risk of organisms in rivers is not the simple addition of the RQs of individual PPCP but is more likely a mixed effect, which may be a multiplication or exponential increase. Thus, the RQs of PPCPs should be carefully evaluated.





4. Conclusions


In this study, 20 PPCPs of different classes in the Lianjiang River, China, were investigated in the wet and dry seasons. The spatial distribution, seasonal variation, and the potential risk for aquatic organisms were studied. Nine of the target analytes were detected throughout the study area, with the highest concentration of CAF (815 ng L−1), followed by CFX (775 ng L–1) and FFC (690 ng L−1). Compared with the dry season, significantly higher concentrations of CBZ (p < 0.05), CAF (p = 0.023), and FFC (p = 0.022) in river water were found in the wet season probably due to higher consumption during hot summers or domestic sewage or surface soil flushing by heavy rain, resulting in higher emission. RDA indicated that the concentrations of SMM, SMX, SMZ, and FFC showed similar sources with NO3−, Cl−, SO42−, and CAF sources and were highly variable. Risk assessment revealed that CAF greatly contributed to the ecological risk in the whole river. This study can provide useful basic data to predict and evaluate possible pollution measures in the Lianjiang River basin in the future.
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Figure 1. Map of the Lianjiang River (LJR) and the locations of the sampling points, the red area is Guangdong province. 
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Figure 2. The average concentration (column) and detection frequencies (blue points) of detected PPCPs in the river during the wet (black column) and dry (red column) seasons. 
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Figure 3. The accumulation concentration of PPCPs in the Lianjiang River in the wet and dry seasons, the red area is Guangdong province. 
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Figure 4. The concentrations (a) and relative abundances (b) of different PPCPs among the wet and dry seasons in the Lianjiang River. The IQR represents the interquartile range (25% to 75%). 
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Figure 5. Redundancy analysis results showing the relationships between PPCPs (blue arrows) and environmental factors (red arrows) in the Lianjiang River in the wet season (a) and the dry season (b), the empty circles represent the sampling points. 
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Figure 6. Spearman correlations among selected PPCPs and environmental parameters. The darker blue color indicates stronger positive correlation, and the darker red color indicates stronger negative correlation, * p < 0.05, ** p < 0.01, *** p < 0.001, FDR corrected (lower and left triangle: the dry season; upper and right triangle: the wet season). The larger the size of the circle, the greater the absolute value of the correlation coefficient, and vice versa. ”-” represents no data. 
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Figure 7. The calculated risk quotients (RQs) for PPCPs in Lianjiang River water during the wet (a) and dry (b) seasons. The maximum concentrations among the samples were used to calculate the RQs. Insignificant ecological risk (RQs < 0.01), low risk (RQs < 0.1), moderate risk (0.1 < RQs < 1), and high risk (RQs > 1). 
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Table 1. The EC or LC of PPCPs to aquatic organisms.
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	Compound
	Abbreviation
	Green Algae (EC)

(mg/L)
	Daphnia (LC)

(mg/L)
	Fish (LC)

(mg/L)





	Sulfamethoxazole
	SMX
	6.62
	1.87
	410.76



	Sulfamonomethoxine
	SMM
	8.77
	1.20
	2351.88



	Sulfamethazine
	SMZ
	6.26
	2.05
	291.39



	Enrofloxacin
	EFX
	561.23
	504.57
	4922.63



	Ciprofloxacin
	CFX
	1621.63
	1240.43
	13,131.42



	Carbamazepine
	CBZ
	0.26
	14.90
	41.33



	Caffeine
	CAF
	0.77
	11.93
	111.50



	Chloramphenicol
	CMP
	185.31
	643.46
	883.29



	Florfenicol
	FFC
	912.55
	4570.40
	6764.04
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Table 2. (a) The descriptive analysis of overall PPCP concentration data of the Lianjiang River in the dry season; PPCP concentration is given in ng L−1. (b) The descriptive analysis of overall PPCP concentration data of the Lianjiang River in the wet season; PPCP concentration is given in ng L−1.
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(a)




	
Compound

	
Abbreviation

	
Range

	
Median

	
Mean

	
Frequency (%)




	
Sulfamethoxazole

	
SMX

	
ND–47.15

	
0.58

	
5.54

	
74




	
Sulfamonomethoxine

	
SMM

	
ND–13.8

	
0.67

	
1.81

	
74




	
Sulfamethazine

	
SMZ

	
ND–0.58

	
0

	
0.19

	
42




	
Enrofloxacin

	
EFX

	
ND

	
0

	
0

	
0




	
Ciprofloxacin

	
CFX

	
ND

	
0

	
0

	
0




	
Carbamazepine

	
CBZ

	
ND

	
0

	
0

	
0




	
Caffeine

	
CAF

	
4.7–115.5

	
47.7

	
51.76

	
100




	
Chloramphenicol

	
CMP

	
ND

	
0

	
0

	
0




	
Florfenicol

	
FFC

	
ND–74.5

	
4.99

	
11.21

	
89




	
(b)




	
Compound

	
Abbreviation

	
Range

	
Median

	
Mean

	
Frequency (%)




	
Sulfamethoxazole

	
SMX

	
ND–35.25

	
1.1

	
3.41

	
68




	
Sulfamonomethoxine

	
SMM

	
ND–7.75

	
0.6

	
1.22

	
68




	
Sulfamethazine

	
SMZ

	
ND–10.5

	
0

	
1.02

	
40




	
Enrofloxacin

	
EFX

	
ND–3.74

	
0

	
0.31

	
11




	
Ciprofloxacin

	
CFX

	
ND–775

	
0

	
41.25

	
11




	
Carbamazepine

	
CBZ

	
ND–18.9

	
0.4

	
1.46

	
89




	
Caffeine

	
CAF

	
18.7–815

	
78

	
116.6

	
100




	
Chloramphenicol

	
CMP

	
ND–3.43

	
0

	
0.29

	
21




	
Florfenicol

	
FFC

	
ND–690

	
28

	
75.68

	
95








ND—not detectable.
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