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Abstract

Owing to their widespread occurrence, pharmaceutical and personal care products (PPCPs)
have emerged as a global environmental concern; however, research on PPCP pollution in
karst tourist cities remains limited. This study investigated the concentrations and spatial
distribution of 43 PPCPs in the Lijiang River Basin and identified their primary sources
together with the associated ecological and health risks. In total, 43 target PPCPs were
detected in the Lijiang River Basin in Guangxi, China, with concentrations ranging from
68.6 to 3170 ng/L in wastewater, 53.2 to 1400 ng/L in surface water, and 32.0 to 505 ng/L in
groundwater. Caffeine (CAF), 1,7-dimethylxanthine (1,7-DIM), 4-acetaminophenol (APAP),
and metformin (MFM) were the predominant contaminants across all three matrices. No-
tably, concentrations in tributaries exceeded those in the main stem. Principal component
analysis (PCA) revealed that domestic sewage and hospital wastewater constitute the prin-
cipal sources of PPCPs in the Lijiang River. Certain effluents and river reaches containing
1,7-DIM and MFM posed a moderate ecological risk (0.1 < risk quotient (RQ) < 1). The
PPCPs detected in groundwater did not exceed health-based thresholds, indicating no
direct risk to human health. These findings advance our understanding of PPCP contami-
nation in karst landscapes and provide a scientific basis for water quality management in
the Lijiang River Basin.

Keywords: Karst basin; Lijiang River Basin; PPCPs; concentration distribution; source
analysis; risk assessment

1. Introduction
With the increasing detection of pharmaceuticals and personal care products (PPCPs)

across diverse environmental media [1], concerns regarding their potential adverse effects
on ecosystems and human health are intensifying [2]. Fang et al. [3] identified 113 PPCPs
and 201 pesticides in European rivers. Similarly, Lee et al. [4] detected 15 antibiotics in
groundwater throughout South Korea, at concentrations ranging from below the limit
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of detection to 49.3 ng/L. As one of the world’s largest producers and consumers of
pharmaceuticals, China accounts for approximately 45% of global annual antibiotic con-
sumption [5]. Xu et al. [6] analysed 130 PPCP compounds across China’s seven major
river basins, reporting mean concentrations ranging from 0.02 to 333 ng/L. Ma et al. [7]
detected seven antibiotic compounds in groundwater across northern China, at concentra-
tions ranging from below the limit of quantification to 128 ng/L. Conventional wastewater
treatment plants (WWTPs) frequently fail to completely remove PPCPs, resulting in their
continuous release into the aquatic environment [8]. Consequently, rivers have become
the principal environmental sink for PPCP inputs [9]. Furthermore, PPCPs may percolate
through the soil profile into groundwater aquifers, thereby contributing to groundwater
contamination [10]. Nevertheless, research on the distribution and fate of PPCPs in karst
river and groundwater systems remains scarce. As an internationally renowned tourist
destination with high population mobility, Guilin represents an important study area,
particularly given that PPCP concentrations typically vary with population density.

Karst landscapes cover approximately 10% of the Earth’s land surface [11] and sup-
ply drinking water to around 25% of the global population. The distinctive dual-flow
mechanism, which integrates fissure–conduit transport with rapid hydraulic connectivity,
facilitates the accumulation and rapid migration of organic pollutants into groundwa-
ter [12]. The Lijiang River, flowing through Guilin, is situated within a representative karst
region [13]. Owing to urbanisation, together with the expansion of tourism, industry and
agriculture, the water quality of the Lijiang River has been substantially degraded, posing a
considerable threat to the local aquatic ecosystem. Zhang et al. [14] detected 29 of the 30 tar-
get PPCPs in the Lipu River basin. Dodgen et al. [12] reported that PPCPs were present in
89% of groundwater samples collected from karst terrain in the United States. The network
of subsurface channels characteristic of karst terrain can directly connect surface water
with underlying aquifers, enabling pollutants to migrate rapidly into groundwater via
preferential infiltration [15].

Despite the aforementioned findings, comprehensive regional investigations into PPCP
transport in karst tourist areas and river–groundwater interactions under complex hydro-
geological conditions remain scarce. Principal component analysis (PCA) is a multivariate
statistical technique widely employed for source apportionment of environmental pollu-
tants. By quantifying pollutant compositions and their relative contributions, PCA offers
substantial advantages in identifying pollution origins and has been extensively applied
across diverse contaminant classes. For example, Tang et al. [16] employed PCA to identify
the principal components of per- and polyfluoroalkyl substances (PFASs) in surface soils of
Ningbo City, attributing them primarily to fluorochemical industry emissions, domestic
wastewater discharge, atmospheric deposition and electrochemical fluorination processes.
Similarly, Khan et al. [2] applied PCA to investigate PPCP sources in groundwater used for
drinking in Pakistan, concluding that domestic wastewater discharge was the dominant in-
fluencing factor. Nevertheless, existing PPCP source-apportionment studies have typically
focused on individual water bodies, rarely elucidating the broader fate and distribution of
pollutants across entire river basins and groundwater systems. To address this knowledge
gap, the present study adopts a PCA-based, multi-matrix source-apportionment approach
to identify the origins of PPCPs and their environmental fate within the Lijiang River Basin.

River water and groundwater samples were collected throughout the Lijiang River
Basin and analysed for 43 target PPCPs. The specific objectives were to: (1) determine PPCP
concentrations in river water and groundwater; (2) characterise their spatial distribution
patterns; (3) examine relationships between PPCP levels and water quality parameters;
(4) identify principal pollutant components and infer their sources using principal com-
ponent analysis (PCA); and (5) assess ecological risks for river water and health risks for
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groundwater. These findings advance our understanding of PPCP contamination in karst
river basins and inform the development of evidence-based water quality management
strategies. Furthermore, they provide baseline data for comparative assessments of PPCP
pollution in analogous karst landscapes.

2. Materials and Methods
2.1. Sampling Locations and Sample Collection

Sampling sites were selected to capture pollution sources and key reaches along the
main stem and tributaries of the Lijiang River. A total of 45 samples were collected in
April 2023. Nine effluent sampling sites (E1–E9) were located downstream of wastewater
treatment plants, near hospitals and industrial parks, and in river reaches receiving livestock
and poultry manure discharges. Within the basin, 10 main-stem (M1–M10), 17 tributary
and 9 groundwater (G1–G9) sampling sites were established. Detailed coordinates for
each site are provided in Table S1, and the spatial distribution of river and groundwater
sampling sites is shown in Figure 1. Water samples (500 mL) for PPCP analysis were
collected in amber glass bottles to which 2.5 mL of methanol was added. Additionally,
water samples (1 L) were collected for routine water quality parameter analysis. All samples
were stored at low temperature and transported to the laboratory on the same day for
further processing. Given the limited number of sampling sites and restricted sampling
period, a snapshot sampling approach was adopted. This resulted in an insufficient
number of replicate samples, precluding the construction of confidence intervals to quantify
uncertainty. Furthermore, the study is subject to limitations associated with tourism activity
and seasonal precipitation variability; nevertheless, the results remain representative.

2.2. Reference Standards and Reagents

A total of 43 PPCP compounds were targeted in this study. Basic information on these
analytes is provided in Table S2, whilst the chemical reagents used are listed in Table S3.

2.3. Sample Preparation and Instrumental Analysis

A portable multi-functional water quality analyzer (Fort Collins, CO, USA) measured
routine parameters at each sampling point, including pH, electrical conductivity (EC),
dissolved oxygen (DO), oxidation-reduction potential (ORP), and total dissolved solids
(TDS). Collected water samples were transported to the laboratory for analysis of total
organic carbon (TOC), chemical oxygen demand (COD), nitrite nitrogen (NO2-N), ammonia
nitrogen (NH3-N), nitrate nitrogen (NO3-N), total phosphorus (TP), total nitrogen (TN),
and permanganate index (CODMn).

Spiked recovery experiments were conducted to validate the analytical method for
PPCPs in water samples. Details of the key instruments and reagents are provided in
Table S4. For sample preparation, water samples were filtered through membrane filters,
fortified with 50 ng of surrogate standard, amended with Na2EDTA, and adjusted to the
appropriate pH using dilute hydrochloric acid. HLB solid-phase extraction (SPE) cartridges
were conditioned with 6 mL of methanol followed by 6 mL of deionised water. After
sample loading, the cartridges were washed with deionised water and dried under vacuum
to remove residual moisture. Target compounds were eluted with 5 mL of methanol. The
eluate was evaporated to near dryness under a gentle nitrogen stream, and the residue
was reconstituted in methanol and 0.1% (v/v) formic acid in water. The solution was
filtered through a 0.22 µm membrane filter prior to instrumental analysis. A 50 ng aliquot
of ciprofloxacin-d8 (CIP-d8) internal standard was added to the injection vial and vortex-
mixed (Bohemia, NY, USA) to ensure homogeneity.
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Figure 1. Distribution map of effluent, river, and groundwater sampling points.

Sample analysis was performed by ultra-performance liquid chromatography–tandem
mass spectrometry (UPLC–MS/MS) (Milford, MA, USA). Chromatographic separation
was achieved on an ACQUITY UPLC BEH C18 column (2.1 × 100 mm, 1.7 µm) with
electrospray ionisation (ESI) in positive mode using multiple reaction monitoring (MRM).
The mobile phase consisted of 0.1% (v/v) formic acid in ultrapure water (eluent A) and
methanol (eluent B). The column temperature was maintained at 30 ◦C, the injection
volume was 5 µL and the flow rate was 0.25 mL min−1. The mass spectrometer was
operated with the following parameters: capillary voltage, 3.5 kV; ion source temperature,
150 ◦C; desolvation temperature, 600 ◦C; desolvation gas flow, 1000 L h−1; cone gas flow,
50 L h−1; and cone voltage, 15 V. The gradient elution programme, retention times, mass
spectrometric parameters, calibration curves, limits of detection (LODs) and limits of
quantification (LOQs) are detailed in Tables S5–S7.

2.4. Risk Assessment

Ecological risks were quantified using the risk quotient (RQ) method. Risks were
categorised into four levels: RQ < 0.01 (no significant risk), 0.01 < RQ < 0.1 (low risk),
0.1 < RQ < 1 (moderate risk) and RQ > 1 (high risk). Toxicity data for the most sensitive
species associated with the target PPCPs are provided in Table S8. The procedures for calcu-
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lating the predicted no-effect concentration (PNEC) and the RQ for individual compounds
are detailed in Equations (1) and (2), respectively.

PNEC =
LC50(EC50)

AF
or

NOEC
AF

(1)

RQ =
MEC
PNEC

or
PEC

PNEC
(2)

The RQ method was employed to assess potential human health risks posed by PPCPs
in the study area. This approach quantifies risk according to pollutant exposure levels
across different age groups. An RQ exceeding 1 indicates significant risk; values between
0.2 and 1 warrant further assessment; and RQ values of 0.2 or below indicate negligible
risk. The procedures for calculating RQ and the drinking water equivalent level (DWEL)
are detailed in Equations (3) and (4), respectively.

RQ =
MEC

DWEL
(3)

DWEL =
ADI × BW × HQ
DWI × AB × FOE

(4)

In Equations (3) and (4), DWI denotes daily water intake (L d−1), AB represents
the gastrointestinal absorption rate (assumed to be 1) and FOE denotes the exposure fre-
quency factor (dimensionless), calculated as the ratio of annual exposure days to total days
(350/365 ≈ 0.96). Corresponding body weight (BW) and DWI values are provided in Table S9.

2.5. Quality Assurance and Quality Control

The limits of detection (LODs) and quantification (LOQs) were defined as concentra-
tions corresponding to signal-to-noise ratios of 3 and 10, respectively. For every ten field
samples, quality control (QC) samples comprising one duplicate, one procedural blank
and one spiked blank were analysed. All 43 target PPCPs exhibited good linearity over the
concentration range of 1–400 µg/L (R2 > 0.99). Method performance and matrix effects
were evaluated by spiked blank recovery tests. LODs ranged from 0.02 to 1.31 ng/L and
LOQs from 0.07 to 4.37 ng/L. Recoveries for all target PPCPs exceeded 60%, with relative
standard deviations (RSDs) below 20%.

2.6. Statistical Analysis

Spatial distribution maps were generated in ArcMap 10.8. Data visualisation was
performed in Origin 2021. Statistical significance was assessed using SPSS 26 via the Mann–
Whitney U test. Correlations between surface water and groundwater PPCP concentrations
were examined using R version 4.5.3, with results presented as correlation heatmaps. Source
apportionment of PPCPs in river water and groundwater was conducted using PCA plugin
in Origin.

3. Results
3.1. PPCP Profiles in Various Waters

The concentrations of detected PPCPs in the Lijiang River Basin are presented in
Table S11. All 43 target compounds were detected across the basin, with total concentra-
tions (∑43PPCPs) ranging from 32.0 to 3170 ng/L and a mean concentration of 438 ng/L.
Detection frequencies (DFs) of CAF, 1,7-DIM, APAP, TMP, PEN-G and CIP exceeded
90%, indicating their widespread occurrence throughout the watershed. According to
Table S11, concentrations of ∑43PPCPs in effluent were 68.6–3170 (734) ng/L, approxi-
mately twice those in river water 53.2–1400 (416) ng/L and five times those in groundwater
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32.0–505 (179) ng/L (U test, p > 0.05). Due to factors such as limited sample size, spatial
variability in contaminant concentrations within the study area and intermittent contami-
nant input, noticeable numerical differences in mean values were observed; however, the
results have not yet attained statistical significance. Nevertheless, the detected concentra-
tions in effluents were lower than those in Brazilian hospital effluent (1.17–213 µg/L) [17]
(Table S10), probably indicating that, compared with Brazil’s arid climate and limited river
flow, Guilin has abundant rainfall and a denser river network, with plentiful river water
effectively diluting pollutants.

3.1.1. Effluent

As shown in Figure 2 and Table S10, PPCPs were categorised into seven main types
according to their chemical structural formula, while their proportions in effluent decreased
as N-APs (39.3%) > Stims (31.5%) > SAs (10.2%) > β-LTMs (6.74%) > MLs (6.20%) > FQs
(5.27%) > TCs (0.789%).

Figure 2. Cumulative concentrations, detection rates, and proportional distribution of 43 types of
PPCPs in effluent, river, and groundwater.

Concentrations of ∑Stims in effluents were 8.79–757 (231) ng/L, with CAF and 1,7-
DIM ubiquitously detected (DFs = 100%). Concentrations of CAF, 1,7-DIM and COT
were 2.59–538 (138) ng/L, 1.17–235 (77.4) ng/L, and ND (Not Detected)–136 (15.1) ng/L,
respectively. CAF concentrations measured herein exceeded those reported for a WWTP in
Shenzhen, China (0.6–2.0 ng/L) [18] and a Vietnamese WWTP (20 ng/L) [19]. By contrast,
COT concentrations were lower than those reported for urban wastewater treatment plants
in Jilin Province, China (1.05–2.40 µg/L) [20]. The contrasting occurrence patterns of
CAF and COT may be attributed to lifestyle differences; specifically, Guilin’s thriving
tourism industry and substantial visitor numbers are associated with elevated local coffee
consumption, thereby increasing CAF inputs.

Concentrations of ∑N-APs in effluents were 0.758–2140 (289) ng/L, with APAP, CBZ
and NGM frequently detected (DFs > 75%). APAP and MFM concentrations were ND–473
(63.0) ng/L and ND–1660 (211) ng/L, respectively, whereas TBZ, CBZ, FXT and MIC were
rarely detected (mean concentrations < 5 ng/L). APAP concentrations measured herein
exceeded those reported for Italian WWTP effluent (ND–444 ng/L) but were lower than
those reported for Chinese WWTP effluent (0–8300 ng/L) [21] and Chinese hospital effluent
10,076 ng/L [22]. Concentrations of ∑SAs in effluents were 0.62–321 (74.7) ng/L, with
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SMZ, TMP and STZ frequently detected (DFs > 75%). SDZ and SMZ concentrations were
ND–147 (22.5) ng/L and ND–302 (36.7) ng/L, respectively, whereas SMR, SMM, SCP and
STZ were rarely detected (mean concentrations < 5 ng/L). Concentrations of ∑β-LTMs in
effluents were 8.51–275 (49.2) ng/L, with PEN-G, PNV, OXA, CTX and CLO frequently
detected (DFs > 75%). OXA concentrations were ND–248 (31.3) ng/L, whereas AMP was
rarely detected (mean concentrations < 5 ng/L). Concentrations of ∑MLs in effluents
were ND–230 (45.5) ng/L, with ROX frequently detected (DFs > 75%). ERY and ROX
concentrations were ND–62.1 (15.8) ng/L and ND–87.6 (15.2) ng/L, respectively, whereas
CLAR, AZI and TYL were rarely detected (mean concentrations < 5 ng/L). Concentrations
of ∑FQs in effluents were 1.98–99.3 (38.7) ng/L, with CIP, LOM and CLI frequently detected
(DFs > 75%). OFL concentrations were ND–84.5 (17.4) ng/L, whereas ENR, OXO, FLU
and SAR were rarely detected (mean concentrations < 5 ng/L). Concentrations of ∑TCs in
effluents were 2.70–19.2 (5.80) ng/L, with DC and OTC frequently detected (DFs > 75%),
whereas TC and CTC were rarely detected (mean concentrations < 5 ng/L).

Medical effluent and WWTP effluent represent the primary sources (Figure 3 and
Table S11), whereas industrial and aquaculture effluents contribute to a lesser extent.
Elevated concentrations of APAP, CAF, MFM, 1,7-DIM and OXA were identified in medical
effluent, with mean concentrations of 926, 247, 237, 164 and 126 ng/L, respectively. APAP
exhibited the highest concentration, attributable to its extensive use [23]. CAF also showed
elevated levels, reflecting its prevalence in numerous pharmaceuticals [24]. MFM is a first-
line medication for type II diabetes [25], whereas OXA is a penicillinase-resistant penicillin
antibiotic widely used in hospital settings. A comparable pattern has been reported for a
hospital in southeastern Brazil [26]. Guilin City hosts a considerable number of medical
institutions (5066 facilities), with an estimated daily effluent discharge of approximately
6830 tons. (2.5) Based on the mean PPCP concentration in medical wastewater measured in
this study (1900 ng/L), together with the estimated daily discharge volume derived from
other sources, the daily PPCP load discharged into the Lijiang River Basin is estimated at
approximately 13.0 g, exerting considerable pressure on the aquatic ecosystem.

Figure 3. Average concentration map of 43 PPCPs in medical effluent, WWTP effluent, effluent, river,
and groundwater.

As shown in Figure 3, CAF (169 ng/L) was the dominant contaminant in WWTP
effluent, with concentrations approximately twice those of 1,7-DIM (90.3 ng/L) and SMZ
(78.4 ng/L). Both compounds were present at lower concentrations than in medical effluent,
likely owing to dilution by domestic sewage. CAF concentrations exceeded those reported
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for Polish WWTP effluent 0.08 µg/L [27] and Australian WWTP effluent 113 ng/L [28].
CAF has been detected at elevated levels in various tourist cities, including Aswan, Egypt
23.7 µg/L [29], and Sydney, Italy (1.20–5.80 µg/L) [30]. Furthermore, CAF concentrations
vary markedly between off-peak and peak tourist seasons within the same city. For instance,
in Sanya, Hainan, China, CAF levels increased from 1.47–3.98 µg/L during the off-season
to 0.06–0.19 mg/L during the peak season [31], indicating that tourism strongly influences
PPCP sources and distribution. According to municipal statistics, Guilin’s average daily
effluent discharge is approximately 802,200 tonnes. Combined with the CAF concentration
of 169 ng/L measured herein, the estimated daily CAF load discharged into receiving
waters is approximately 136 g.

3.1.2. River

As shown in Figure 2 and Table S12, the concentrations of ∑43PPCPs in the river were
higher than those in the Hong Kong river (7.90–114 ng/L) [32]. The proportions of the
seven main types decreased as Stims (41.9%) > N-APs (18.3%) > SAs (17.9%) > β-LTMs
(10.6%) > FQs (6.69%) > MLs (3.79%) > TCs (0.961%), which were different from those in
effluents, where N-APs (39.3%) were dominant.

Concentrations of ∑Stims in river water were 3.08–887 (178) ng/L, with CAF and
1,7-DIM frequently detected (DFs > 75%) and COD rarely detected (DFs < 25%). CAF and
1,7-DIM concentrations were ND–632 (120) ng/L and ND–333 (49.7) ng/L, respectively,
whereas COD was rarely detected (mean concentration < 5 ng/L). CAF concentrations
measured herein exceeded those reported for Dalong Lake, Xuzhou, China (71.0 ng/L) [33]
and the Yangtze River, China (20.0 ng/L) [34].

Concentrations of ∑N-APs in river water were 0.36–363 (75.9) ng/L, with APAP and
NGM ubiquitously detected (DFs = 100%) and CBZ frequently detected (DFs > 75%). APAP
and MFM concentrations were ND–306 (55.2) ng/L and 0.36–219 (19.7) ng/L, respectively,
whereas TBZ, FXT and MIC were rarely detected (mean concentrations < 5 ng/L). CAF con-
centrations measured herein were lower than those reported for Lake Constance, Germany
(102 ng/L) [35]. Concentrations of ∑SAs in river water were 0.28–429 (75.9) ng/L, with
SMZ, SCP and TMP frequently detected (DFs > 75%), whereas SML was rarely detected
(DFs < 25%). SMZ concentrations were ND–398 (54.3) ng/L, whereas SDZ, SMR, SMM,
STZ and SML were rarely detected (mean concentrations < 5 ng/L). SMZ concentrations
measured herein exceeded those reported for the Liaohe River basin (6.70–173 ng/L) [36],
and the Baisha River, Qingdao, China (8.20 ng/L) [37]. Concentrations of ∑β-LTMs in river
water were 8.62–321 (44.8) ng/L, with PEN-G, PNV, OXA and CLO frequently detected
(DFs > 75%). PEN-G concentrations were ND–319 (32.3) ng/L, whereas AMP and CTX
were rarely detected (mean concentrations < 5 ng/L). Concentrations of ∑FQs in river
water were 0.37–94.2 (28.4) ng/L, with CIP frequently detected (DFs > 75%) and OXO
rarely detected (DFs < 25%). NOR concentrations were ND–91.4 (15.1) ng/L, whereas
ENR, OFL, OXO, LOM and SAR were rarely detected (mean concentrations < 5 ng/L).
Concentrations of ∑MLs in river water were ND–63.1 (16.1) ng/L, with AZI and ROX
frequently detected (DFs > 75%) and TYL rarely detected (DFs < 25%). ERY, CLAR and
TYL were rarely detected (mean concentrations < 5 ng/L). Concentrations of ∑TCs in river
water were ND–17.9 (4.08) ng/L, with CTC frequently detected (DFs > 75%), whereas TC,
DC and OTC were rarely detected (mean concentrations < 5 ng/L).

3.1.3. Groundwater

As shown in Figure 2 and Table S13, the concentrations of ∑43PPCPs in ground-
water were higher than those in the groundwater of the Jazan region of Saudi Arabia
(0.001–0.02 µg/L) [38]. The proportions of the seven main types decreased as Stims
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(38.7%) > β-LTMs (22.1%) > N-APs (21.2%) > FQs (14.1%) > SAs (2.33%) > TCs (1.22%)
> MLs (0.34%).

Concentrations of ∑Stims in groundwater were 0.30–278 (69.4) ng/L, with CAF and
1,7-DIM ubiquitously detected (DFs = 100%) and COT rarely detected (DFs < 25%). CAF and
1,7-DIM concentrations were 0.17–160 (46.8) ng/L and 0.13–118 (22.4) ng/L, respectively,
whereas COT was rarely detected (mean concentration < 5 ng/L).

Concentrations of ∑β-LTMs in groundwater were 11.2–134 (39.6) ng/L, with PEN-G
and PNV frequently detected (DFs > 75%). PEN-G concentrations were ND–128 (30.6) ng/L,
whereas AMP, OXA, CTX and CLO were rarely detected (mean concentrations < 5 ng/L).
PEN-G concentrations measured herein exceeded those reported for groundwater in rural
North Carolina (<LOD) [39]. Concentrations of ∑N-APs in groundwater were 1.97–138
(38.0) ng/L, with APAP and CBZ frequently detected (DFs > 75%) and FXT rarely de-
tected (DFs < 25%). MFM concentrations were ND–135 (33.9) ng/L, whereas TBZ and
NGM were rarely detected (mean concentrations < 5 ng/L). MFM concentrations mea-
sured herein exceeded those reported for groundwater in northern China (5–25 ng/L) [40].
Concentrations of ∑FQs in groundwater were 0.797–59.3 (25.3) ng/L, with CIP frequently
detected (DFs > 75%) and ENR, OFL, LOM and SAR rarely detected (DFs < 25%). NOR
concentrations were 0.36–42.7 (19.6) ng/L, whereas CLI was rarely detected (mean con-
centration < 5 ng/L). Concentrations of ∑SAs in groundwater were 0.08–22.8 (4.18) ng/L,
with TMP frequently detected (DFs = 75%) and SDZ and SMR rarely detected (DFs < 25%).
SMZ, SMM and SCP were rarely detected (mean concentrations < 5 ng/L). Concentra-
tions of ∑TCs in groundwater were ND–4.79 (2.18) ng/L, with CTC frequently detected
(DFs > 75%), whereas TC, DC and OTC were rarely detected (mean concentrations < 5 ng/L).
Concentrations of ∑MLs in groundwater were ND–3.03 (0.61) ng/L, with AZI and ROX
rarely detected (mean concentrations < 5 ng/L).

Surface karst layers, soil adsorption, biodegradation and comparatively long ground-
water residence times act collectively to attenuate PPCP concentrations during percolation,
resulting in low pollutant levels in groundwater. Furthermore, the distinctive channel–
matrix dual-medium structure of the karst aquifer governs pollutant migration behaviour.
Karst geological conditions regulate seepage pathways, pollutant retention times and at-
tenuation efficiency, thereby fundamentally influencing PPCP migration between surface
water and groundwater, as well as their spatial distribution.

Table S14 presents pollution levels of various water bodies in other regions.

3.2. Spatial Distribution Profiles
3.2.1. River

As shown in Figure 4, PPCP concentrations in the main river (53.1–330 (169) ng/L) and
groundwater (32.0–505 (179) ng/L) were comparable, with stimulants being the dominant
compounds in both matrices; these concentrations were lower than those in tributaries
(209–1320 (575) ng/L). As the groundwater samples were collected primarily near tribu-
taries, this pattern may indicate either that PPCP attenuation during infiltration from river
to groundwater was the dominant process, or that PPCPs migrated freely from the surface
to the subsurface. It has been demonstrated that karst topography provides direct and rapid
seepage pathways for pollutants, facilitating their migration from river to groundwater [41].
The dominant components varied significantly among tributaries: SAs predominated in
the Taohua River (T11–T15), whereas stimulants predominated in the lower reaches of
the Xiaodongjiang (X21) and Nanxi River (N22). Based on location data, sampling points
T11–T14 are located near E2, downstream of a WWTP serving a densely populated urban
village. The presence of high concentrations and diverse PPCP types poses substantial
treatment challenges. The primary pollutant, SMZ, exhibits low removal efficiencies at
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WWTPs, typically ranging from 20% to 74%; consequently, SMZ concentrations remain
elevated in effluent [42]. In contrast, T15 is located near the main river channel, where
high flow velocities promote dilution and dispersion of pollutants. Compared with the
Taohua River (T11–T15) and other urban village areas, Lingjian Creek (L16–L19) and the
Qifeng River (Q25–Q27) are less densely populated, resulting in lower PPCP levels. Studies
indicate that, within the same city and river system, a population surge alone can increase
pharmaceutical concentrations by two orders of magnitude [30]. Sampling points X21 and
N22 are located upstream of E4, near a large hospital and densely populated residential
areas that serve as significant sources of CAF and APAP [43]. The primary pollutants at
these sites are CAF and its metabolite 1,7-DIM, which are typical chemical tracers of urban
river pollution [44]. Medical institutions discharge substantial volumes of pharmaceutical
effluent, complicating sewage treatment processes. Sampling points H23 and C24 are
located near agricultural fields used for livestock farming. PEN-G, the primary compound
detected, is widely used in animal husbandry for disease prevention and control [45].

Figure 4. Concentrations of seven categories of PPCPs, and the proportion of PPCPs in effluent (a),
mainstream and tributary river bodies (b,c), rivers (d), and groundwater (e); the dash lines indicate
the boundaries between different bodies of water.

Spatially, tributaries consistently exhibited higher PPCP concentrations than the main-
stream, consistent with findings reported by Yu et al. [14] for the middle–lower reaches of
the Yellow River (Henan section). This suggests that PPCP distribution is influenced by
human settlement density [14]. This may be attributable to the fact that, although tributary
areas support larger, more dispersed populations, elevated PPCP usage and inadequate
wastewater treatment facilities result in higher concentrations [46]. Furthermore, the main-
stream’s faster flow velocity and larger water volume enable rapid dilution of PPCPs,
whereas tributaries’ slower flow and smaller volume result in poorer dilution, facilitating
pollutant accumulation [47].

PPCP concentrations in the upper reaches (T1–T6) of the Lijiang River main stem were
53.2–150 (101) ng/L, whereas those in the lower reaches (T7–T10) were 197–330 (330) ng/L
(Mann–Whitney U test, p > 0.05). Factors such as limited sample size, significant spatial
heterogeneity in pollutant concentrations within the study area and intermittent pollutant
inputs may explain why, despite clear numerical differences in mean values, the results
have not yet attained statistical significance. PPCP concentrations in the lower reaches
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of the Lijiang River consistently exceeded those in the upper reaches. As a convergence
zone, the downstream section receives PPCP inputs from upstream waters and tributaries.
Similar phenomena have been observed in the Greater Miami River, United States (Miami
Conservancy District, reported by Ekberg, M.; Pletsch, B. in 2011) and the Lipu River,
China [48]. Furthermore, stimulant concentrations in downstream waters were elevated
relative to upstream sections, reflecting a progressive increase in PPCP loads associated
with urbanisation [49].

As shown in Figure 5b–d, the proportional contributions of SAs (26.4%) and N-APs
(23.2%) in urban villages exceeded those in non-urban villages (10.6% and 12.3%, respec-
tively) (Mann–Whitney U test, p > 0.05). Figure 5a indicates that SMZ is the predominant
active ingredient in SAs, whereas N-APs are dominated by MFM. Both compounds are
commonly used in daily medication and exhibit high consumption rates. Following admin-
istration, they are excreted and enter the sewage system. Urban villages are characterised
by high population densities, contributing to elevated water pollution. Research has
demonstrated a positive correlation between population density and water pollution indi-
cators [50]. Coupled with relatively underdeveloped infrastructure, this places considerable
pressure on sewage treatment systems. Conversely, the proportional contributions of β-
LTMs (6.7%) and Stims (14.3%) in urban villages were lower than those in non-urban
villages (30.9% and 52.6%, respectively). Figure 5a reveals that β-LTMs are dominated by
PEN-G, whereas Stims are dominated by CAF. PEN-G is predominantly used in livestock
farming, which is more prevalent in areas with dispersed populations and less common
in urban villages, resulting in lower concentrations in non-urban village water bodies.
Research indicates that CAF concentrations correlate closely with the intensity and patterns
of human activity [51]. Non-urban village areas feature substantial pedestrian traffic and
well-developed commercial sectors, including restaurants and hotels, where caffeinated
beverages such as coffee and energy drinks are widely consumed. In contrast, urban
villages primarily serve residential functions and exhibit a comparatively simple bever-
age consumption profile, with significantly lower commercial caffeine consumption than
non-urban village areas.

3.2.2. Groundwater

As shown in Figure 4, PPCP concentrations and composition varied among ground-
water sampling locations. Stimulants constituted a higher proportion at sites G4, G5 and
G8 than at other sites. Site G4 is located near a village, G5 is adjacent to fish ponds and
farmland, and G8 is situated close to an upstream petrol station. These findings suggest
that stimulant occurrence is strongly linked to intensive human activity in the vicinity of
the sampling sites. At G8, elevated levels of N-APs were observed, with MFM identified as
the predominant compound. MFM is a widely used medication for blood glucose control
in diabetes [52]. High concentrations of MFM were detected not only at G8 but also at
several sewage outfalls and river sampling points, indicating ongoing dissemination of this
pollutant from its source into groundwater. MFM is extensively used and is not metabolised
by the human body, being excreted almost entirely unchanged in urine and faeces [53].
Its high water solubility prevents retention or deposition in soil, facilitating its migration
and dispersion within aquatic environments. Additionally, PPCP concentrations at G8
exceeded those at the adjacent M9 site. Similar patterns were reported by Huang et al. [54]
in southwest China, who speculated that this may be attributable to the high permeability
of karst terrain, which allows surface runoff to rapidly infiltrate into groundwater via
fissures or conduits. Although groundwater recharge is efficient in such settings, the
self-purification capacity is limited, and surface water remains vulnerable to dilution and
degradation processes.
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Figure 5. Detection concentrations of 43 PPCPs in urban villages, non-urban villages, and river (a)
concentration; proportion of different types of PPCPs by concentration in Urban Villages; (b) in
Non-Urban Villages (c); in River (d), the dash lines indicate the boundaries between different types
of PPCPs.

3.3. Interrelationship

To determine the water quality parameters of the Lijiang River (pH, EC, DO, ORP,
TOC, COD, TDS, NO2-N, NH3-N, NO3-N, TN, TP, and CODMn) on PPCPs distribution, this
study conducted Pearson correlation analyses in Figures S1–S4 and redundancy analysis
(RDA) on standardized PPCPs concentration data and environmental factor data. Specific
values are presented in Tables S15–S17.

The results for river water are presented in Figure 6a and Table S18. RDA1 explained
33.6% of the variance, while RDA2 explained 12.1%. Collectively, the first two axes ac-
counted for approximately 45.7% of the variance, effectively reflecting the relationships
between antibiotics and water quality parameters, as well as the distribution patterns
of the samples. SAs exhibited a significant positive correlation with COD (R2 = 0.64,
p < 0.01). TCs showed significant positive correlations with EC and NH3-N (R2 = 0.52–0.72,
p < 0.01). MLs demonstrated significant positive correlations with NH3-N, NO2-N, COD,
TOC and EC (R2 = 0.51–0.62, p < 0.01). N-APs exhibited a significant positive correlation
with NO2-N (R2 = 0.56, p < 0.01), indicating that some river sections serve as accumulation
zones for nitrite nitrogen, organic pollutants and salinity-related contaminants. The source
of these pollutants may be domestic sewage discharge, as tributaries typically receive more
diffuse inputs within a watershed. Migration and consistency in pollution sources jointly
influence the composition of PPCPs in water bodies [55]. DO exhibited significant negative
correlations with TCs and MLs (R2 = −0.54 to −0.57, p < 0.01), consistent with findings
reported elsewhere [56]. This may result from high DO concentrations oxidising and inacti-
vating TCs [57]. Main-stem samples clustered in the negative direction of the RDA1 axis
and showed positive correlations with β-LTMs, potentially linked to discharges of medical
effluent and domestic sewage (containing antibiotic residues) along the main stem. Fur-
thermore, β-LTMs exhibited varying degrees of positive correlation with DO, pH and TN,
suggesting that alkaline or highly oxidising conditions may promote their accumulation.
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Figure 6. Redundancy analysis diagram of mainstream, tributary, and environmental factors (a);
groundwater and environmental factors (b).

Groundwater results are presented in Figure 6b and Table S19. RDA1 explained 33.89%
of the variance, whilst RDA2 explained 23.42%. Collectively, the first two axes accounted
for approximately 57.31% of the variance. These axes effectively captured the relationships
between antibiotics and water quality parameters, as well as the distribution patterns of the
samples. PPCPs clustered negatively along the RDA2 axis and exhibited varying degrees of
positive correlation with DO. This may stem from oxidation driven by elevated dissolved
oxygen levels, which maintain specific PPCP forms and result in detectable concentrations
that correlate positively with dissolved oxygen [58]. The correlations between various
PPCPs in groundwater and water quality parameters differed from those observed in
river water. This discrepancy may be attributable to the distinctive karst topography of the
Lijiang River Basin, where groundwater rich in mineral ions influences PPCP concentrations
and composition [7]. This indicates that water body type is a significant contextual factor
contributing to variations in PPCP pollution. To gain a more accurate understanding of
PPCP concentrations and their impact on water quality in the study area, comprehensive
consideration of multiple environmental factors, together with detailed field investigations
and laboratory analyses, is required for further research.

3.4. Component Characteristics

To determine the characteristics of the major components of PPCPs in rivers within
the study area, this study used principal component analysis (PCA) to classify these major
components. Prior to analysis, the KMO and Bartlett’s sphericity tests were conducted
to confirm the applicability of PCA, ensuring the scientific validity of the final results.
Bartlett’s sphericity significance value for river was 0.000 (p < 0.05), and for groundwater, it
was 0.017 (p < 0.05), indicating that these indicators were suitable for PCA.

PCA effectively eliminates multicollinearity among pollutant variables and, by group-
ing homogeneous pollutants based on factor loadings, provides a preliminary distinction
between pollution source types.

The PCA results for river water are presented in Figure 7a. As indicated in Table S20,
the first three principal components (PCs) for river water had eigenvalues greater than 1,
accounting for 75.74% of the cumulative variance. PC1 and PC2 individually explained
40.46% and 19.84% of the total variance, respectively, collectively accounting for 60.30%.
The dominant components in PC1 were MLs, N-APs and SAs. Concentrations of these three
PPCP categories were higher in tributaries than in the main stem, likely due to denser hu-
man populations and higher PPCP usage in tributary areas. As shown in Figure 2, ROX was
the dominant ML component in river water; it is commonly used to treat respiratory and
otolaryngological infections [59], and high residual concentrations are frequently detected
in medical effluent. The dominant N-AP components were MFM and APAP, both common
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daily medications. As shown in Figure 5, concentrations in urban villages were significantly
higher than in non-urban village areas, indicating that dense human habitation influences
the distribution of these pharmaceuticals. The primary SA component was SMZ, which is
used to treat and prevent numerous bacterial infections [60]. Furthermore, sampling points
T11–T14 and L16–L19 in tributaries, located within urban villages, exhibited significantly
higher SA concentrations than other river sampling points. As shown in Figure 1, a WWTP
is located near T11–T14, and a hospital is situated near L16–L19. Therefore, PC1 primarily
represents medical wastewater. The dominant components in PC2 were FQs, TCs and
stimulants. Concentrations of these three PPCP categories were higher in tributaries with
dense populations than in the main stem. As shown in Figure 2, the dominant FQ com-
ponent in river water was NOR, which is commonly used to prevent human and animal
diseases [61]. The dominant TC component was DC, widely used for antimicrobial and
anti-infective applications. The dominant stimulant components were CAF and 1,7-DIM,
detected at high levels across all river sampling sites. CAF and its metabolite 1,7-DIM are
typical markers of domestic sewage, reflecting human dietary intake and excretion [62].
Therefore, PC2 primarily represents domestic wastewater.

Figure 7. Principal component analysis diagrams for mainstream, tributary (a) and groundwater (b).

The PCA results for groundwater are presented in Figure 7b. As indicated in Table S21,
the first three principal components (PCs) for groundwater had eigenvalues greater than 1,
accounting for 82.15% of the cumulative variance. PC1 and PC2 individually explained
37.83% and 24.19% of the total variance, respectively, collectively accounting for 62.02%.
The dominant components in PC1 were TCs, MLs and SAs. Integration with Figure 2
revealed that the dominant TC component in groundwater was DC, the dominant ML
component was ROX and the dominant SA component was SCP, which is predominantly
used for clinical infections. Based on the preceding analysis, PC1 primarily represents
medical wastewater. The dominant components in PC2 were stimulants, N-APs, SAs
and MLs. The dominant stimulant component in groundwater was CAF, the dominant
N-AP component was MFM, the dominant SA component was SCP and the dominant ML
component was ROX. As shown in Figure 1, sampling points G4 and G5 were located near
villages and farmland, whereas sampling point G8 was situated upstream of a petrol station
in a relatively densely populated residential area. Therefore, PC2 primarily represents
domestic wastewater.

3.5. Ecological Implications

The risk quotient (RQ) method employed in this study constitutes a screening-level
risk assessment for individual substances; it does not account for the combined toxicity of
chemical mixtures, nor has any quantitative analysis been performed regarding the selective
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pressure on antibiotic resistance genes or the development of antimicrobial resistance
resulting from chronic exposure to low concentrations of PPCPs.

3.5.1. Environmental Risk Assessment

Environmental risk assessments were conducted for six PPCPs (CAF, MFM, PEN-G,
1,7-DIM, and NOR) detected in rivers at rates exceeding 50% and concentrations above
15 ng/L, using algae, large water fleas, and fish as test organisms. Figure S5 panels a, b,
and c illustrate the environmental risks of antibiotics in effluent to algae, large water fleas,
and fish, respectively, while panels d, e, and f present the corresponding risks in rivers.

The results presented in Figure S5 indicate that environmental risk ranges for an-
tibiotics in effluent to algae, large amphipods and fish were 0–0.93, 0–0.35 and 0–0.01,
respectively. Specifically, 1,7-DIM at E4 and E5, and MFM at E1 and E3, posed moderate
ecological risks to algae (0.1 < RQ < 1). CAF, 1,7-DIM, SMZ, MFM and APAP at certain sam-
pling points posed low ecological risks to algae (0.01 < RQ < 0.1). At E3, MFM and APAP
posed moderate ecological risks to large amphipods (0.1 < RQ < 1), whereas CAF, MFM and
APAP at some sites posed low ecological risks to large amphipods (0.01 < RQ < 0.1). MFM
at E3 posed a low ecological risk to fish (0.01 < RQ < 0.1). In river water, environmental risk
ranges for antibiotics to algae, large amphipods and fish were 0–0.60, 0–0.23 and 0–0.01,
respectively. Among these, 1,7-DIM at L17, N22 and Q26, and MFM at T11–T14, L18–L19,
N22 and Q27, exhibited moderate ecological risks to algae (0.1 < RQ < 1), whereas CAF,
1,7-DIM, SMZ and MFM at some sites posed low ecological risks (0.01 < RQ < 0.1). MFM at
T11 and T13 posed moderate ecological risks to large amphipods (0.1 < RQ < 1), whereas
CAF, MFM and APAP at some sites posed low ecological risks to large amphipods (0.01 <
RQ < 0.1). CAF at certain sites posed a low ecological risk to fish (0.01 < RQ < 0.1).

The environmental risks of the six PPCPs generally exhibited a decreasing trend along
the food chain, consistent with the environmental risk assessment results for tetracycline
reported by Xu et al. [63]. This may be attributed to metabolic transformation of certain
PPCPs within organisms, thereby reducing the potential for trophic transfer. Although
some PPCPs may not pose significant short-term ecological risks, they can accumulate
within organisms and exert long-term effects. They may promote the persistence and
accelerate the emergence of antibiotic resistance genes (ARGs) [64], ultimately posing risks
to human health [65]. To better assess and manage these risks, further research is warranted
on the behaviour and fate of PPCPs in the environment. This will inform the development
of more effective management strategies to protect ecosystems and human health.

3.5.2. Health Risk Assessment

Health risk assessments were conducted for CAF, MFM, PEN-G, 1,7-DIM and NOR,
which were detected in groundwater at frequencies exceeding 50% and concentrations
above 15 ng/L. The results presented in Figure S6 indicate that RQ values for all five PPCPs
across all age groups ranged from 0 to 0.01, all of which were below 0.2. These findings
suggest that PPCPs in groundwater along the Guilin section of the Lijiang River are unlikely
to pose significant direct health risks to humans via consumption of contaminated drinking
water. Nevertheless, PPCPs can exhibit biological activity even at trace concentrations and
may exert adverse effects on biological systems and the environment [66]. Furthermore, the
toxicity of compound mixtures, chronic exposure risks and alternative exposure pathways
remain insufficiently understood, which may result in underestimated health hazards.
The human health risk assessment in this study considered only drinking water intake
as a route of exposure, overlooking dermal exposure and accidental ingestion associated
with recreational water use, as well as indirect exposure via agricultural irrigation (e.g.,
crop uptake and accumulation in the food chain). Therefore, the human health risk as-
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sessment results presented in this study likely underestimate the actual exposure risk to
local residents.

4. Conclusions
This study investigated the concentrations, distribution and potential risks of PPCPs

in surface water and groundwater within the Lijiang River Basin—a region characterised
by karst topography—in a tourist city. The findings demonstrate that PPCPs are prevalent
in both river water and groundwater, dominated by CAF, 1,7-DIM, APAP, MFM, SMZ and
PEN-G. Spatial analysis revealed higher PPCP concentrations in tributaries than in the
main stem. PCA identified domestic sewage and medical effluent as the primary sources of
PPCPs in both river water and groundwater systems. Ecological risk assessment revealed
that 1,7-DIM, MFM and APAP in certain effluents, as well as 1,7-DIM and MFM in certain
river reaches, posed moderate ecological risks (0.1 < RQ < 1). Health risk assessments
indicated that PPCPs in groundwater do not pose direct risks to human health. Overall,
these results provide valuable insights into the occurrence and distribution of PPCPs in
karst water bodies, thereby advancing our understanding of water quality in karst regions.
Due to the complex topography of karst areas, more representative sampling is required to
enable comprehensive assessments of PPCP contamination in such environments.
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Abbreviations

SAs Sulfonamide Antibiotics
SDZ Sulfadiazine
SMZ Sulfamethoxazole
SMR Sulfamerazine
SMM Sulfamethazine
SCP Sulfachloropyridazine
TMP Trimethoprim
STZ Sulfathiazole
SML Sulfamethizole
FQs Fluoroquinolone Antibiotics
NOR Norfloxacin
CIP Ciprofloxacin
ENR Enrofloxacin
OFL Ofloxacin
OXO Oxolinic acid
FLU Flumequine
LOM Lomefloxacin Hydrochloride
CLI Clinafloxacin
SAR Sarafloxacin
TCs Tetracycline Antibiotics
TC Tetracycline
DC Doxycycline
OTC Oxytetracycline
CTC Chlortetracycline
MLs Macrolide Antibiotics
ERY Erythromycin
CLAR Clarithromycin
AZI Azithromycin
ROX Roxithromycin
TYL Tylosin A Tartrate
β-LTMs β-lactam antibiotics
PEN-G Penicillin G Sodium
AMP Ampicillin
PNV Penicillin V
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OXA Oxacillin Sodium
CTX Cefotaxime
CLO Cloxacillin
Stims Stimulants
COD Codeine
CAF Caffeine
1,7-DIM 1,7-Dimethylxanthine
COT Cotinine
N-APs Non-antibiotic Pharmaceuticals
MFM Metformin
APAP 4-acetamidophenol
TBZ Thiabendazole
CBZ Carbamazepine
FXT Fluoxetine
NGM Norgestimate
MIC Miconazole
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