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Abstract 11 

Source attribution of antibiotics in stream sediments remains challenging because similar 12 

compounds can originate from multiple sectors and their environmental transformation may 13 

alter source-specific compositional patterns after release. This study evaluated whether heavy 14 

metal(loid)s could provide complementary information for PMF-based antibiotic source 15 

apportionment. Sediment samples from 12 sites in the Muhan Stream watershed were analyzed 16 

for 11 antibiotics and 10 heavy metal(loid)s, of which 9 antibiotics and all 10 heavy 17 

metal(loid)s were detected. A PMF model based on the 9 detected antibiotics was directly 18 

compared with an integrated model incorporating both antibiotics and heavy metal(loid)s. The 19 

antibiotic-based model produced a five-factor solution, but several site-specific factor 20 

contributions were not fully consistent with the spatial distribution of known pollution sources. 21 
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The integrated model retained comparable diagnostic performance and stability while 22 

providing additional multielement contrasts that reduced ambiguity among source-related 23 

factors. In particular, factors associated with the wastewater treatment plant, livestock manure 24 

treatment facility, and livestock farms showed more distinct site-specific contribution patterns 25 

and greater spatial coherence with known source distributions. These results indicate that heavy 26 

metal(loid)s can complement antibiotic profiles and support clearer PMF-based source 27 

interpretation. Factor-attributed screening analysis further indicated that manure-related factors 28 

accounted for relatively large shares of the estimated ecological risk. This approach may 29 

provide a practical basis for source-oriented pollution management in watersheds affected by 30 

multiple pollution sources. 31 

 32 

Keywords: Emerging contaminants; Positive matrix factorization; Receptor modeling; Risk 33 

assessment; Environmental management 34 

 35 

1. Introduction 36 

The widespread use of antibiotics in human medicine and livestock production has raised 37 

concerns about their release and persistence in the environment (Aladekoyi et al., 2024). 38 

Antibiotics that are not fully metabolized in the body can enter the environment through 39 

domestic wastewater and livestock manure, eventually reaching aquatic ecosystems such as 40 

rivers and streams (Khalil et al., 2023). Although antibiotic residues are generally detected at 41 

lower concentrations in aquatic environments than in soils (Jia et al., 2023), continuous inputs 42 

can lead to long-term contamination and promote the emergence and spread of antibiotic-43 

resistant bacteria and antibiotic resistance genes (Zhang et al., 2024b). Antibiotic pollution in 44 
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aquatic environments is an important concern for ecosystems and public health, and its 45 

effective management requires reliable identification of pollution sources. 46 

After entering streams, antibiotics may remain dissolved in the water column or sorb to 47 

suspended particles and organic matter before accumulating in sediments (Dong et al., 2022). 48 

Dissolved antibiotics are sensitive to seasonal and hydrological variability, and their 49 

concentrations may vary substantially with streamflow and rainfall (Cao et al., 2024). In 50 

contrast, sediments can retain antibiotic residues over longer periods and are less affected by 51 

short-term fluctuations (Chen et al., 2022). Therefore, antibiotic concentrations and 52 

compositional patterns in sediments can reflect cumulative inputs within a watershed and 53 

provide useful information for contamination assessment and source tracing. 54 

Positive matrix factorization (PMF) has been widely used for source apportionment of 55 

contaminants in aquatic environments (Liu et al., 2025a; Miao et al., 2025) and has increasingly 56 

been applied to antibiotic pollution profiles (Pang et al., 2025; Wang et al., 2023; Zhang et al., 57 

2020). However, in antibiotic source apportionment, distinguishing individual sources from 58 

antibiotic profiles alone can be difficult. The same antibiotics can be used across different 59 

sectors, including human medicine and livestock production, while degradation, sorption, 60 

transformation, and transport can further alter their original compositional patterns after release 61 

(Gothwal and Shashidhar, 2015). These processes can obscure source-specific signatures and 62 

complicate the attribution of PMF-derived factors to specific pollution sources. Accordingly, 63 

antibiotic-based PMF source assignments may not always correspond closely to known 64 

anthropogenic activities within a watershed (Zhang et al., 2025). 65 

To address such uncertainty in PMF-based source interpretation, complementary tracers and 66 

independent analytical approaches have increasingly been incorporated into source 67 
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apportionment studies. Stable isotope analysis has been combined with PMF to provide 68 

complementary evidence for heavy metal(loid) source attribution in sediments (Xi et al., 2026). 69 

Machine-learning approaches have also been integrated with PMF to refine source 70 

discrimination and interpretation (Zhang et al., 2024a; Zhou et al., 2025). Similarly, 71 

fluorescence characteristics of organic matter have been used together with PMF to provide 72 

complementary evidence for pollution-source identification (Wang et al., 2022). Such 73 

complementary approaches have also been applied to antibiotic source apportionment in 74 

watersheds affected by multiple pollution sources, providing additional support for PMF-based 75 

source interpretation (Xu et al., 2025). In many of these approaches, complementary 76 

information has been used outside the PMF input matrix to support the interpretation of factors 77 

after they have been resolved. Incorporating source-related variables directly into the input 78 

matrix would instead allow this information to contribute to factor resolution itself. In particular, 79 

variables from a different contaminant group may provide source-related contrasts that are not 80 

captured by antibiotic profiles alone, potentially providing additional contrasts for factor 81 

resolution and subsequent source interpretation. 82 

Among the potential variables that may complement antibiotic profiles, heavy metal(loid)s are 83 

potentially useful because they can originate from many of the same anthropogenic sources, 84 

including livestock manure, manure-derived fertilizers, agricultural inputs, and wastewater 85 

(Liu et al., 2025b; Shen et al., 2023; Wang et al., 2024). Unlike antibiotics, which can undergo 86 

degradation and transformation after release, heavy metal(loid)s can persist in sediments, while 87 

different source types can exhibit distinct heavy metal(loid) composition profiles (Li et al., 88 

2020). Together, these characteristics may provide source-related information that 89 

complements antibiotic profiles and supports source interpretation. Previous antibiotic studies 90 

have evaluated heavy metal(loid)s alongside PMF-based source apportionment, using 91 
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correlation or multivariate analyses to examine their associations with antibiotic occurrence 92 

and environmental factors (Mu et al., 2024; Zhang et al., 2020). However, heavy metal(loid)s 93 

have generally been evaluated separately from the antibiotic concentration matrix used for 94 

PMF rather than incorporated as PMF input variables. It therefore remains unclear whether 95 

jointly incorporating antibiotic and heavy metal(loid) concentration data into PMF can provide 96 

complementary information for antibiotic source apportionment. 97 

This study evaluated whether incorporating heavy metal(loid) information into the existing 98 

PMF framework could provide complementary information for antibiotic source 99 

apportionment in stream sediments. The antibiotic-based and integrated models were compared 100 

in terms of model diagnostics, factor profiles, reproducibility, and the spatial correspondence 101 

between site-specific factor contributions and known potential pollution sources. Particular 102 

attention was given to whether the additional multielement information produced factor 103 

contribution patterns that were more consistent with the spatial distribution of known sources 104 

and reduced ambiguity among source-related factors. 105 

 106 

2. Materials and methods 107 

2.1. Chemicals and reagents 108 

Antibiotics from four classes, namely penicillins (PNs), tetracyclines (TCs), macrolides (MLs), 109 

and sulfonamides (SAs), were selected for analysis in this study. These classes were chosen to 110 

include major antibiotic classes used in South Korea while encompassing compounds with 111 

different physicochemical properties and environmental fate and behavior. The target 112 

compounds were ampicillin (AMP) and penicillin G (PNG) for penicillins; chlortetracycline 113 

(CTC), oxytetracycline (OTC), and tetracycline (TC) for tetracyclines; spiramycin (SPM) and 114 
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tylosin (TYL) for macrolides; and sulfadiazine (SDZ), sulfamethazine (SMZ), 115 

sulfamethoxazole (SMX), and sulfathiazole (STZ) for sulfonamides. These compounds were 116 

selected based on their sales and use patterns in South Korea, together with their relevance to 117 

the major potential sources and input pathways in the study area, including livestock activities, 118 

agricultural runoff, and domestic wastewater. The physicochemical properties of the target 119 

antibiotics are summarized in Table S1, and their sales volumes in South Korea are provided 120 

in Table S2. Analytical standards of the target antibiotics were purchased from Sigma-Aldrich 121 

(St. Louis, MO, USA). All other reagents and solvents were purchased from Samchun Pure 122 

Chemical Co., Ltd. (Pyeongtaek, South Korea) and J. T. Baker (Phillipsburg, NJ, USA). 123 

 124 

2.2. Sample collection 125 

Muhan Stream was selected because multiple potential antibiotic sources, including 126 

agricultural drainage, wastewater discharges, and livestock activities, co-occur within the 127 

watershed. In this study, stream sediment samples were collected from 12 sites along the lower 128 

reach of Muhan Stream in May 2023 (Fig. 1). Geographic information and sediment chemical 129 

properties for each sampling point are provided in Table S3. The study area contains numerous 130 

agricultural drainage channels and sewer lines, and the public wastewater treatment plant 131 

(WWTP) and the public livestock manure treatment facility (LMTF) are located nearby, 132 

indicating a high potential for residual antibiotic inputs. In addition, cattle and swine farms are 133 

distributed throughout the watershed, suggesting possible influence from livestock-derived 134 

antibiotic pollution. To support the interpretation of the PMF results, environmental samples 135 

associated with major antibiotic pollution sources were collected near the study area, including 136 

livestock manure (cattle, swine, and poultry; n = 3 each), livestock manure-based compost (n 137 
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= 4) and liquid manure-based fertilizer (n = 5), arable soils (n = 6), and effluents from the 138 

WWTP (n = 1) and LMTF (n = 1). 139 

Fig. 1. Map of the Muhan Stream study area and sampling points. (a) Location of Muhan 140 
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Stream in Chungcheongnam-do, South Korea. The study area, located in the lowermost reach 141 

of Muhan Stream near its confluence with Sapgyo Stream, is indicated by the red outline. (b) 142 

Enlarged map of the study area in Yesan-gun, with the study reach of Muhan Stream indicated 143 

by a red line. (c) Satellite image showing surrounding agricultural fields, urban areas, and 144 

Muhan Stream, with red outlines indicating the actual locations of point-source facilities. (d) 145 

Sampling points S1–S12 and nearby potential sources of antibiotic pollution, including 146 

livestock farms, a livestock manure treatment facility (LMTF), and a wastewater treatment 147 

plant (WWTP). 148 

 149 

2.3. Sample pretreatment and instrumental analysis 150 

The overall procedure used for the analysis of residual antibiotics in the collected samples is 151 

presented in Fig. S1. Briefly, 1.0 g of freeze-dried and sieved sediment was extracted twice 152 

with 10 mL of McIlvaine buffer (pH 4.0), 10 mL of methanol, and 250 μL of 5% (w v−1) Na2-153 

EDTA solution by shaking for 15 min, followed by centrifugation at 4,000 rpm for 15 min. The 154 

combined extract was diluted to a final volume of 120 mL with HPLC-grade water and vacuum-155 

filtered. The filtrate was then purified using an Oasis hydrophilic-lipophilic balance (HLB) 156 

cartridge (3 cc, 60 mg), followed by elution of antibiotics with 5.0 mL of methanol. The 157 

resulting extract was concentrated to 0.05 mL, mixed with 0.07 mL of HPLC-grade water, and 158 

stored at −20℃ until instrumental analysis. The 11 target antibiotics were analyzed using high-159 

performance liquid chromatography (Agilent 1290 Infinity II, Agilent, Santa Clara, CA, USA) 160 

coupled with a triple quadrupole mass spectrometer (6500 QTRAP, SCIEX, Framingham, MA, 161 

USA) equipped with an electrospray ionization (ESI) source. All antibiotics were analyzed in 162 

positive ion mode using multiple reaction monitoring (MRM). Detailed pretreatment 163 
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procedures for the other samples are described in Text S1, whereas the HPLC and mass 164 

spectrometric conditions and method validation results are presented in Table S4, Table S5, and 165 

Table S6. 166 

The target heavy metal(loid)s were selected to capture potential pollution source signals within 167 

the watershed. A total of ten heavy metal(loid)s, including As, Cd, Co, Cr, Cu, Mn, Ni, Pb, V, 168 

and Zn, were analyzed. For the analysis of heavy metal(loid) concentrations, the collected 169 

samples were pretreated using pseudo-total digestion with aqua regia and then analyzed using 170 

inductively coupled plasma optical emission spectrometry (ICP-OES, iCAP PRO X Duo, 171 

Thermo Fisher Scientific, USA). Detailed analytical conditions and method validation results 172 

are summarized in Table S7. The enrichment factor (EF) and geo-accumulation index (Igeo) 173 

were calculated to evaluate the level of heavy metal(loid) contamination in the sediments (Text 174 

S2). 175 

 176 

2.4. PMF analysis 177 

The U.S. Environmental Protection Agency (EPA) PMF software (version 5.0) was applied to 178 

resolve source-related factors associated with antibiotic contamination in Muhan Stream 179 

sediments and estimate their relative contributions. Concentration data for the detected 180 

antibiotics and heavy metal(loid)s in sediment samples from the 12 sites in the Muhan Stream 181 

watershed were used as input data for PMF analysis. Modeling was performed under two 182 

conditions. The first was an antibiotic-based model based solely on antibiotic concentration 183 

data, and the second was an integrated model using both antibiotic and heavy metal(loid) 184 

concentration data. Concentration and uncertainty data for each variable were used as PMF 185 

input values, and values below the detection limit were treated according to the PMF input 186 
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criteria. Detailed procedures for PMF input preparation and uncertainty estimation are provided 187 

in Text S3. Solution stability and rotational ambiguity were further evaluated using Q values, 188 

DISP, bootstrap, and Fpeak analyses, while the reproducibility of factor profiles and site-189 

specific factor contributions was assessed across repeated random-seed runs. Detailed 190 

diagnostic procedures are provided in Texts S5 and S6. Following model selection, factor-191 

specific contaminant profiles, site-specific contributions, and known source locations were 192 

jointly considered to identify the most plausible source-related influence represented by each 193 

factor. Factor labels should therefore be interpreted as source-related influences rather than 194 

mutually exclusive source categories. Because source-location information contributed to 195 

factor interpretation, spatial correspondence was used to assess the coherence of the source-196 

related interpretations rather than as an independent measure of source-apportionment accuracy. 197 

 198 

2.5. Ecological risk assessment and PMF-based factor attribution 199 

The potential ecological risks of antibiotics in sediments were evaluated using risk quotients 200 

(RQs), calculated as the ratio of the measured environmental concentration (MEC) to the 201 

predicted no-effect concentration (PNEC). Because chronic toxicity data for benthic organisms 202 

were limited, sediment PNECs were estimated from water-based toxicity data using the 203 

equilibrium partitioning approach (Voznakova et al., 2025). Water-based PNECs were derived 204 

using either species sensitivity distributions or deterministic assessment-factor methods, 205 

depending on the availability of chronic toxicity data. An RQ ≥ 1 was considered to indicate 206 

potential ecological risk, whereas an RQ < 1 indicated low ecological concern in this screening-207 

level assessment. Detailed procedures for toxicity-data selection, PNEC derivation, assessment 208 

factors, and equilibrium partitioning are provided in Text S4 and Tables S8 and S9. 209 
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To evaluate the relative distribution of ecological risk among the source-related factors 210 

resolved by PMF, antibiotic-specific RQs were allocated according to the site-specific factor 211 

contributions and factor-specific antibiotic composition. The resulting factor-attributed risk 212 

quotients (RQsource) were aggregated across the 12 sampling sites and expressed as relative 213 

contributions among the five factors. These values were interpreted as factor-attributed 214 

screening indicators conditional on the PMF factor interpretation, rather than as independently 215 

validated estimates of source-specific ecological risk. Detailed calculations are provided in 216 

Text S4. 217 

RQsource = F∑ (RQ×G) (Eq. 1) 218 

 219 

2.6. Statistical analysis 220 

Statistical analyses were performed using the Statistical Package for the Social Sciences (SPSS 221 

version 26.0, SPSS Inc., Chicago, IL, USA). All analytical measurements were conducted in 222 

triplicate, and the mean and standard deviation were calculated. Correlations between variables 223 

were evaluated using Spearman’s correlation analysis, with statistical significance set at p < .05. 224 

Site-specific factor contributions estimated by the PMF model were visualized spatially using 225 

QGIS version 3.20. The spatial distribution of each factor contribution was interpolated using 226 

inverse distance weighting (IDW), and source-related contribution maps were generated based 227 

on the interpolation results. 228 

 229 

3. Results and discussion 230 

3.1. Occurrence and spatial distribution of antibiotics in sediments 231 
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Sediments from the 12 sites in the Muhan Stream watershed contained detectable residues of 232 

multiple antibiotic classes (Fig. 2, Table S10). PNs (AMP and PNG) were not detected at any 233 

site, whereas TCs, MLs, and SAs were detected at all sites, with concentrations ranging from 234 

0.01 to 5.76 μg kg−1. Among the detected classes, TCs showed the highest mean concentration 235 

across individual compounds and sampling sites (1.12±1.43 μg kg−1), with CTC being the most 236 

abundant compound overall (2.39±1.75 μg kg−1). This predominance may be attributed to the 237 

extensive use of CTC in livestock production and the strong sediment affinity of TCs mediated 238 

by clay minerals, organic matter, and multivalent cations such as Ca2+ and Mg2+ (Conde-Cid et 239 

al., 2019; Zhang et al., 2011). In contrast, MLs and SAs occurred at lower mean concentrations 240 

of 0.33±0.50 μg kg−1 and 0.45±0.56 μg kg−1, respectively. The comparatively low 241 

concentrations of SAs in the sediments may partly reflect their pH-dependent speciation, which 242 

can reduce sediment retention and enhance mobility in aquatic environments (Hu et al., 2019; 243 

Straub, 2016). The non-detection of PNs is also consistent with their limited environmental 244 

persistence due to the hydrolysis of the β-lactam ring (Ana et al., 2021; Braschi et al., 2013). 245 
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Fig. 2. Antibiotic concentrations in sediments from Muhan Stream. (a) total antibiotics, (b) 246 

tetracyclines, (c) macrolides, and (d) sulfonamides. Penicillins were excluded from the plots 247 

because they were not detected in the sediment samples. 248 

 249 

The spatial distribution of antibiotics indicated localized source influences across the watershed. 250 

High coefficients of variation were observed for SPM (167.5%), TYL (147.2%), OTC 251 

(134.3%), and STZ (105.2%), suggesting strong site-specific inputs (Table S10). Relatively 252 
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high concentrations of SPM and TYL were observed at S6 near the LMTF and S8 near livestock 253 

farming areas, respectively, where total antibiotic concentrations were also highest. Livestock-254 

related discharges are known to introduce antibiotics into aquatic environments (Kim and 255 

Carlson, 2007; Li et al., 2023; Li et al., 2016). These results suggest that the antibiotic hotspots 256 

at S6 and S8 were consistent with localized livestock-related inputs. By contrast, the lowest 257 

total antibiotic concentration was observed at S4 near the WWTP. CTC showed a relatively 258 

lower CV despite its high concentration, indicating a more widespread and relatively even 259 

spatial distribution across the sampled sites. 260 

Antibiotic concentrations detected in Muhan Stream sediments were generally comparable to 261 

or lower than those reported in river sediments from China (Table S11), where antibiotic 262 

consumption has been reported to be high (Zhang et al., 2015). TCs in the Yangtze (Chen et al., 263 

2022) and Huangpu rivers (Chen and Zhou, 2014) reached 18.18 and 21.7 μg kg−1, respectively, 264 

while higher concentrations were reported in the Xiaoqing (Dong et al., 2022) and Chaobai 265 

rivers (Zhang et al., 2020), with CTC reaching 51.10 and 89.8 μg kg−1, respectively. SAs were 266 

also detected at higher concentrations than those observed in Muhan Stream, with the highest 267 

level among the compared rivers reported in Xiong’an, where SMZ reached 5.77 μg kg−1 (Fu 268 

et al., 2022). Higher SA concentrations were also reported in the Xiaoqing, Huangpu, and 269 

Chaobai rivers. MLs were reported only in Xiong’an and the Chaobai River, where they 270 

occurred at relatively low concentrations. Overall, these studies indicate that antibiotic 271 

contamination in sediments is influenced by livestock and anthropogenic activities, with the 272 

magnitude and composition of residues varying among antibiotic classes. 273 

 274 

3.2. Antibiotic-based PMF source apportionment 275 
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PMF analysis was performed using antibiotic concentrations to identify potential sources and 276 

estimate their relative contributions in Muhan Stream sediments. The three- to five-factor 277 

solutions were evaluated based on model fit, DISP, bootstrap results, and source interpretability 278 

(Text S5 and Table S12). All three solutions showed generally stable diagnostic performance 279 

based on Q, DISP, and bootstrap analyses. However, in the three- and four-factor solutions, 280 

some PMF factors showed high estimated contributions across sites associated with different 281 

types of known pollution sources, making it difficult to attribute each factor to a single source. 282 

This ambiguity was reduced in the five-factor solution, allowing clearer source interpretation. 283 

Based on these comparisons, the five-factor solution was further evaluated across random-seed 284 

runs, which generally supported the reproducibility of factor profiles and site-specific 285 

contributions (Table S13). Therefore, the five-factor solution was selected as the final solution, 286 

and the corresponding factor profiles are shown in Fig. 3a. 287 

 288 

Fig. 3. Results of the antibiotic-based PMF model for sediments from Muhan Stream. (a) PMF 289 
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factor profiles for five factors interpreted in relation to arable land, wastewater treatment plant 290 

(WWTP), sewage, livestock manure treatment facility (LMTF), and livestock farm. (b) Maps 291 

generated by applying inverse distance weighting (IDW) interpolation to the site-specific factor 292 

contributions. The locations or areas of the corresponding potential pollution sources for 293 

Factors 2, 4, and 5 are marked with red-outlined boxes. The color scale for each factor map 294 

was independently scaled to the maximum site-specific contribution observed for that factor. 295 

 296 

Factor 1 was characterized by high contributions of TC (53.7%) and SMZ (49.6%). SMZ 297 

introduced into agricultural soils through manure-derived amendments can be readily 298 

transported by surface runoff or drainage because of its relatively weak sorption (Pavlović et 299 

al., 2014; Wegst-Uhrich et al., 2014). In contrast, recent veterinary sales records in South Korea 300 

report no TC sales since 2009 (Park et al., 2025), suggesting that TC may originate from the 301 

environmental transformation of CTC and subsequent transport with soil particles (Chen et al., 302 

2012a; Werner et al., 2009). Factor 1 was therefore interpreted as arable land runoff, 303 

representing antibiotics introduced into soils through compost, liquid fertilizer, or irrigation 304 

water and subsequently transported to the stream. 305 

Factor 2 was dominated by SPM (80.4%) and OTC (58.5%). SPM has been frequently detected 306 

in WWTP effluents and shows limited removal during wastewater treatment (Calza et al., 2010; 307 

Lofrano et al., 2018). Similarly, OTC has been repeatedly detected in WWTP effluents and 308 

receiving streams in previous studies (Kim et al., 2016; Rodriguez-Mozaz et al., 2020). 309 

Although both compounds are also used for veterinary purposes, the relatively high 310 

contribution of Factor 2 near the WWTP supported its tentative interpretation as a WWTP-311 

related source. 312 
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Factor 3 showed high contributions of SDZ (75.0%) and SMX (54.7%). Because SDZ and 313 

SMX are used in both human and veterinary medicine, these compounds alone could not clearly 314 

identify the source. However, Factor 3 was dominated by SAs, unlike the mixed antibiotic 315 

profile of Factor 2. Profiles dominated by SAs have been associated with untreated domestic 316 

wastewater (Zhi et al., 2023), which can enter streams through sewer leakage, direct discharge, 317 

or combined sewer overflows (Obradović et al., 2023; Ryu et al., 2014). Factor 3 was therefore 318 

interpreted as untreated domestic wastewater. 319 

Factor 4 was characterized by high contributions of CTC (67.0%) and STZ (59.0%), both of 320 

which are strongly associated with veterinary use and livestock manure (Chen et al., 2012b; 321 

Huang et al., 2022). These antibiotics can be released from livestock manure treatment and 322 

storage systems (Kim et al., 2020), and their concentrations were relatively high near the LMTF 323 

in this study. Together, these findings and the high contribution of Factor 4 at this site indicated 324 

that Factor 4 represented an LMTF-related input. 325 

Factor 5 was dominated by TYL (77.8%), an antibiotic used exclusively for veterinary purposes 326 

and particularly associated with swine production (Table S2). The highest TYL concentration 327 

occurred near livestock farms, consistent with the spatial distribution of Factor 5. As noted for 328 

Factor 4, the contribution of CTC also supported the association of Factor 5 with livestock 329 

sources. Factor 5 was therefore interpreted as runoff from livestock farming areas. 330 

The PMF-derived profiles allowed relatively clear interpretation of the five factors, but their 331 

spatial contribution patterns were not always consistent with the known source locations (Fig. 332 

3b and Table S14). Factor 2 was tentatively interpreted as a WWTP-related source based on 333 

the dominance of SPM and OTC and its relatively high contribution near the WWTP. However, 334 

Factor 2 showed similarly high site-specific contributions at S4 near the WWTP (56.4%) and 335 
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S6 near the LMTF (53.9%), making the WWTP-related interpretation difficult to distinguish 336 

spatially from the LMTF-related influence. Factors 4 and 5 were associated with the LMTF 337 

and livestock farming areas, respectively, although their contributions were also high at sites 338 

not clearly associated with these sources. These mismatches indicate a key limitation of relying 339 

only on antibiotic profiles for source apportionment in a watershed containing multiple distinct 340 

pollution source types. Many antibiotics are not source-specific because they can originate 341 

from both human and veterinary use and may also enter agricultural environments (Lim et al., 342 

2017), while a single source can release multiple antibiotic classes simultaneously (Spielmeyer, 343 

2018; Yang et al., 2021). In addition, differences in sorption, degradation, and transport 344 

behavior can alter antibiotic composition after release, causing the sediment profile to differ 345 

from the original source signal (Chabilan et al., 2023; Ding et al., 2021; Pastor-López et al., 346 

2025). Therefore, the spatial inconsistency between PMF contributions and known source 347 

locations indicates the need for additional source indicators to improve factor interpretation. 348 

 349 

3.3. Evaluation of heavy metal(loid)s as complementary source indicators 350 

To evaluate whether heavy metal(loid)s could provide information complementary to antibiotic 351 

profiles, ten elements (As, Cd, Co, Cr, Cu, Mn, Ni, Pb, V, and Zn) were analyzed in stream 352 

sediments and potential pollution source samples. The source samples comprised cattle, swine, 353 

and poultry manure, compost, liquid fertilizer, soil, WWTP effluent, and LMTF effluent, and 354 

both antibiotics and heavy metal(loid)s were detected across these source categories (Tables 355 

S16 and S17). Heavy metal(loid)s occurred broadly across the source samples, with relatively 356 

high concentrations of Cu, Zn, and Mn observed in livestock manure and compost. Mean 357 

concentrations reached 1387.6 mg kg−1 for Mn in cattle manure, 1272.1 mg kg−1 for Zn in 358 
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swine manure, 480.2 mg kg−1 for Cu in poultry manure, and 835.6 mg kg−1 for Zn in compost. 359 

Multiple heavy metal(loid)s were also detected in soil, liquid fertilizer, WWTP effluent, and 360 

LMTF effluent, indicating that their occurrence was not confined to livestock-derived materials. 361 

Contaminants originating from these potential sources can enter receiving waters through 362 

agricultural runoff and effluent discharge and subsequently accumulate in sediments (Ohore et 363 

al., 2020). 364 

Heavy metal(loid)s in the stream sediments showed substantial spatial variability across the 365 

sampling sites (Fig. S2). As, Cu, and Zn showed the greatest spatial variability, with 366 

coefficients of variation of 69.0%, 62.1%, and 57.6%, respectively (Table S15). Cu and Zn also 367 

showed more pronounced anthropogenic enrichment than the other analyzed elements, with EF 368 

values >3 and Igeo values >1 at multiple sites (Fig. S3). The relatively high Cu and Zn 369 

concentrations in livestock-derived source samples, together with their elevated concentrations 370 

in sediments near the LMTF, suggest that livestock manure-derived inputs may have 371 

contributed to their enrichment at some sites. Similar accumulation of Cu and Zn associated 372 

with manure inputs has been reported in intensive livestock farming areas (Jiao et al., 2019). 373 

Spearman correlation analysis showed significant positive correlations among several heavy 374 

metal(loid)s (Fig. 4a). CTC was significantly and positively correlated with Cu and Mn, 375 

whereas significant correlations between antibiotics and other heavy metal(loid)s were limited 376 

(Fig. 4b). The limited correlations may partly reflect differences in the fate and transport of 377 

antibiotics and metal(loid)s, as well as spatial variability in geogenic contributions to sediment 378 

metal(loid) concentrations (Han et al., 2021; Xu et al., 2023). Such source-related associations 379 

can also weaken with increasing distance from common inputs as differences in fate and 380 

transport become more pronounced (Kerrigan et al., 2018). Nevertheless, relatively high 381 
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concentrations of antibiotics and some heavy metal(loid)s were observed at S6 and S8 (Fig. 382 

4c), indicating their concurrent accumulation at sites influenced by local pollution sources. 383 

 384 

Fig. 4. Correlations and site-specific distribution patterns of antibiotics and heavy metal(loid)s 385 

in sediments from Muhan Stream. Correlation matrices showing the relationships (a) among 386 

heavy metal(loid)s and (b) between antibiotics and heavy metal(loid)s. Statistical significance 387 

levels are denoted by asterisks as follows: *p < .05, **p < .01, and ***p < .001. (c) Site-specific 388 

patterns of min–max normalized concentrations of antibiotics and heavy metal(loid)s. For each 389 
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compound, concentrations measured across the sampling points were normalized to a 0–1 scale 390 

using min–max normalization. Bubble color and size indicate the normalized relative 391 

concentration of each compound at each sampling point. 392 

 393 

The observed co-occurrence of antibiotics and heavy metal(loid)s, together with their presence 394 

in potential source samples, suggests that both contaminant groups may reflect common local 395 

pollution inputs. However, the limited correlations between them indicate that heavy 396 

metal(loid)s did not simply duplicate the information contained in antibiotic profiles. Their 397 

distinct multielement variation may therefore provide complementary contrasts for resolving 398 

source-related factors. Although Cu and Zn showed the clearest anthropogenic enrichment and 399 

were consistent with livestock manure-derived inputs, limiting the auxiliary indicators to these 400 

elements could overlook multielement differences among potential sources. Accordingly, all 401 

ten measured heavy metal(loid)s were retained in the integrated PMF analysis to evaluate 402 

whether their combined patterns could reduce ambiguity in the interpretation of the resolved 403 

source-related factors. Individual heavy metal(loid)s were not assigned to specific sources a 404 

priori; instead, their roles were interpreted after factor resolution using the resulting 405 

contaminant profiles, site-specific contribution patterns, and information from the source 406 

samples. 407 

 408 

3.4. Source apportionment using an integrated PMF model with heavy metal(loid) 409 

indicators 410 

An integrated PMF model was constructed by incorporating ten heavy metal(loid)s into the 411 

antibiotic dataset as complementary source indicators. The same modeling procedures and 412 
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diagnostic criteria used for the antibiotic-based model were applied to allow direct comparison 413 

between the two models (Text S6 and Table S18). Across the three- to five-factor solutions, the 414 

diagnostic results did not indicate major instability. Source interpretation, however, remained 415 

ambiguous in the three- and four-factor solutions and improved in the five-factor solution. The 416 

five-factor solution was therefore examined further using repeated random-seed runs. 417 

Reproducibility differed among factors, but the overall results supported its selection as the 418 

final model for source apportionment (Table S13). The resolved factors were then interpreted 419 

in relation to their potential pollution sources (Fig. 5a). 420 

 421 

Fig. 5. Results of the integrated PMF model using antibiotics and heavy metal(loid)s as input 422 

variables in sediments from Muhan Stream. (a) PMF factor profiles for the five resolved factors, 423 

arranged in the same source-interpretation order as the antibiotic-based PMF model. (b) Maps 424 

generated by applying inverse distance weighting (IDW) interpolation to the site-specific factor 425 

contributions. The locations or areas of the corresponding potential pollution sources for 426 
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Factors 2, 4, and 5 are marked with red-outlined boxes. The color scale for each factor map 427 

was independently scaled to the maximum site-specific contribution observed for that factor. 428 

 429 

Factor 1 retained the arable land-related antibiotic profile identified in the antibiotic-based 430 

PMF model, with high contributions of TC (76.8%), SMZ (57.2%), and STZ (44.2%). The 431 

heavy metal(loid) profile showed relatively even contributions, as indicated by Co (18.1%), Cr 432 

(15.5%), and Mn (21.8%), without a pronounced contribution from any single element. This 433 

pattern was consistent with diffuse inputs from agricultural soils (Conrad et al., 2020). 434 

Factor 2 showed markedly lower contributions of OTC (13.5%) and SPM (19.2%) than in the 435 

antibiotic-based model, consistent with the low concentrations of these antibiotics near the 436 

WWTP. The heavy metal(loid) profile showed relatively even contributions, with a mean 437 

contribution of 23.5%, which was compatible with the mixed composition of municipal 438 

wastewater (Feng et al., 2018). The relatively high site-specific contribution of Factor 2 near 439 

the WWTP further supported its interpretation as WWTP effluent. 440 

Factor 3 retained the SA-dominated profile observed in the antibiotic-based model, with SDZ 441 

(71.7%) and SMX (70.3%) remaining the dominant antibiotics. The heavy metal(loid) profile 442 

was broad, with a mean contribution of 21.0% and no clear dominance by any single element. 443 

This pattern was consistent with the occurrence of multiple metals reported in untreated 444 

domestic wastewater (Houhou et al., 2009; Van de Moortel et al., 2010). Although the broad 445 

heavy metal(loid) profile was not distinctive for this source, the persistent predominance of 446 

SAs supported the interpretation of Factor 3 as untreated domestic wastewater. 447 

Factor 4 was characterized by high contributions of SPM (70.5%) and OTC (58.3%) in the 448 

integrated model. The predominance of SPM and OTC was consistent with the relatively high 449 
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concentrations of these antibiotics near the LMTF. Factor 4 also showed contributions of Cu 450 

(21.3%) and Zn (21.0%), which are commonly associated with livestock manure (Shelton et 451 

al., 2011; Yazdankhah et al., 2014). Taken together, the antibiotic profile, heavy metal(loid) 452 

profile, and spatial distribution supported the interpretation of Factor 4 as an LMTF-related 453 

input. 454 

Factor 5 retained a clear livestock-related antibiotic profile, with high contributions of TYL 455 

(63.8%) and CTC (55.0%), both predominantly used in swine production in South Korea. The 456 

heavy metal(loid) profile was broader than that of Factor 4, with contributions from multiple 457 

elements. This multielement pattern was consistent with runoff carrying manure, wastewater, 458 

soil, and particulate matter from livestock farms (Du et al., 2014). Among the elements, As 459 

showed a particularly high contribution (62.5%), which may partly reflect livestock-related 460 

inputs associated with the historical use of organoarsenic feed additives in animal production 461 

(Eom et al., 2015; Makris et al., 2008). These characteristics supported the interpretation of 462 

Factor 5 as runoff from livestock farming areas. 463 

The site-specific contribution patterns of the integrated model were more spatially coherent 464 

with known source locations than those of the antibiotic-based model (Fig. S4 and Table S14). 465 

In the antibiotic-based model, Factor 2 showed similar contributions at S4 near the WWTP 466 

(56.4%) and S6 near the LMTF (53.9%). In contrast, the integrated model showed a distinct 467 

spatial pattern, with Factor 2 contributing 92.6% at S4 and Factor 4 contributing 70.3% at S6, 468 

reducing ambiguity between the WWTP- and LMTF-related interpretations. Although Factor 469 

2 was not restricted to the immediate vicinity of the WWTP, its overall spatial pattern was more 470 

consistent with the WWTP-related interpretation, while Factor 5 showed higher contributions 471 

near livestock farming areas. These changes suggest that the multielement information 472 
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provided by heavy metal(loid)s introduced complementary contrasts that were not captured by 473 

the antibiotic dataset alone. Such multielement profiles have been shown to provide useful 474 

source-related information in sediment source-apportionment studies (Chen et al., 2016; Li et 475 

al., 2020). Overall, the combined elemental patterns supported a clearer and more spatially 476 

coherent interpretation of the resolved factors. 477 

 478 

3.5. Ecological risk distribution based on PMF-derived factor contributions 479 

The RQs of the nine antibiotics detected across the 12 sampling sites ranged from 0.00 to 1.48 480 

(Fig. 6a). Among the antibiotic classes, TCs had the highest mean RQ (0.36), followed by MLs 481 

(0.16) and SAs (0.04). Most antibiotics in the Muhan Stream watershed had RQ values below 482 

1. However, CTC detected at S6 and TYL at S8 exceeded 1.00 with RQ values of 1.48 and 483 

1.38, respectively. The total RQs were also highest at S6 and S8, reaching 3.71 and 3.23, 484 

respectively. CTC and TYL both showed high RQs, but the factors influencing their ecological 485 

risks in sediments differed between the two compounds. For CTC, the high RQ was associated 486 

with its relatively high sediment concentration, which may reflect its substantial use in 487 

livestock production and strong retention in sediments, as discussed in Section 3.1. TYL 488 

occurred at lower sediment concentrations than CTC but showed a similar maximum RQ, 489 

indicating that toxicological sensitivity also played an important role in its risk. Previous 490 

studies have reported effects of TYL on the growth and photosynthetic activity of algae and 491 

cyanobacteria at relatively low concentrations (Halling-Sørensen, 2000; Li et al., 2021). In 492 

contrast, SAs showed the lowest mean RQ (0.04), even though some SAs occurred at 493 

concentrations higher than TYL at several sites. Their low sediment RQs, however, do not 494 

necessarily indicate negligible environmental concern because SAs can persist in aquatic 495 
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environments and result in prolonged exposure (Duan et al., 2022). These results suggest that 496 

the ecological risks of individual antibiotics in sediments were influenced by environmental 497 

fate and toxicity as well as by their concentrations. 498 

 499 

Fig. 6. Ecological risk assessment of antibiotics in Muhan Stream sediments. (a) Risk quotients 500 

(RQs) of the detected antibiotics across the sampling points. (b) Factor-attributed risk quotients 501 

(RQsource) estimated using PMF-derived factor contributions and factor-specific antibiotic 502 

composition. The inset pie chart shows the relative contribution (%) of each factor to the total 503 

RQsource across all antibiotics. 504 

 505 

Factor-attributed RQs (RQsource) were estimated by allocating the RQ of each antibiotic 506 

according to the PMF-derived factor contributions and factor-specific antibiotic composition 507 

(Fig. 6b). For CTC, RQsource values attributed to the livestock farm runoff- and LMTF-related 508 

factors were 0.97 and 0.83, respectively. For TYL, the livestock farm runoff-related factor 509 

accounted for the largest RQsource (0.41). When RQsource values were summed across antibiotics, 510 

the livestock farm runoff-related factor accounted for the largest relative share (37.1%), 511 
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followed by the LMTF-related factor (24.0%) and the arable land-related factor (19.4%). 512 

Factors interpreted as domestic wastewater- and WWTP-related accounted for comparatively 513 

smaller shares, at 12.3% and 7.2%, respectively. These results indicate that factors interpreted 514 

as manure-related, encompassing livestock production, manure treatment, and agricultural land 515 

application, accounted for the largest relative shares of the factor-attributed screening RQ 516 

across the sampled sites. Accordingly, these manure-related source influences may warrant 517 

greater attention in future monitoring and source-oriented management within the watershed. 518 

 519 

3.6. Study limitations and implications 520 

The present study has several limitations that should be considered when interpreting the 521 

integrated PMF results. The relatively small receptor dataset and single-time-point sampling 522 

design may limit the generalizability of the resolved factor structure. The source samples were 523 

used mainly to support factor interpretation rather than as an independent quantitative 524 

validation dataset. Accordingly, the resolved factors and their contributions should be 525 

interpreted within the conditions represented by the sampled watershed. Nevertheless, the 526 

incorporation of heavy metal(loid)s provided complementary multielement information that 527 

reduced ambiguity among several source-related factors and supported a more spatially 528 

coherent interpretation. Future studies using larger receptor datasets, repeated sampling, and 529 

more extensive source characterization would help assess the robustness and transferability of 530 

the integrated PMF approach. 531 

 532 

4. Conclusion 533 
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This study evaluated the complementary value of heavy metal(loid) information in PMF-based 534 

interpretation of antibiotic sources in stream sediments. The antibiotic-based model showed 535 

generally stable performance but retained ambiguity in distinguishing several source-related 536 

influences. Incorporating heavy metal(loid)s provided additional multielement contrasts while 537 

maintaining overall model stability and produced more distinct site-specific contribution 538 

patterns, particularly for the WWTP-, LMTF-, and livestock-related factors. These findings 539 

indicate that heavy metal(loid)s can complement antibiotic profiles by reducing ambiguity in 540 

the interpretation of source-related factors. Overall, the combined chemical and elemental 541 

information provided a clearer basis for source-related interpretation and subsequent screening-542 

level risk prioritization. 543 

 544 

Author’s contribution 545 

Jinwook Kim: Writing – original draft, Visualization, Investigation, Data curation, 546 

Conceptualization. Youngkyu Hong: Writing – review & editing, Investigation. Hojin Jung: 547 

Formal analysis, Data curation. Jeongmin Lee: Investigation, Data curation. Sungchul Kim: 548 

Writing – review & editing, Supervision, Conceptualization. 549 

 550 

Acknowledgment 551 

This work was supported by the Research Program for Agriculture Science and Technology 552 

Development (Project No. RS-2025-02222785) of the Korea Agriculture Technology 553 

Promotion Agency, Rural Development Administration, Republic of Korea. 554 

 555 



29 

 

Data availability 556 

Data will be made available on request. 557 

 558 

Declarations 559 

Conflict of interest  560 

The authors declare no competing financial or personal interests. 561 

 562 

References 563 

Aladekoyi, O., Siddiqui, S., Hania, P., Hamza, R., & Gilbride, K. (2024). Accumulation of 564 

antibiotics in the environment: Have appropriate measures been taken to protect 565 

Canadian human and ecological health? Ecotoxicology and Environmental Safety, 280, 566 

116513. https://doi.org/10.1016/j.ecoenv.2024.116513. 567 

Ana, K. M. S., Madriaga, J., & Espino, M. P. (2021). β-Lactam antibiotics and antibiotic 568 

resistance in Asian lakes and rivers: An overview of contamination, sources and 569 

detection methods. Environmental Pollution, 275, 116624. 570 

https://doi.org/10.1016/j.envpol.2021.116624. 571 

Braschi, I., Blasioli, S., Fellet, C., Lorenzini, R., Garelli, A., Pori, M., & Giacomini, D. (2013). 572 

Persistence and degradation of new β-lactam antibiotics in the soil and water 573 

environment. Chemosphere, 93, 152–159. 574 

https://doi.org/10.1016/j.chemosphere.2013.05.016. 575 

Calza, P., Marchisio, S., Medana, C., & Baiocchi, C. (2010). Fate of antibacterial spiramycin 576 

in river waters. Analytical and Bioanalytical Chemistry, 396, 1539–1550. 577 

https://doi.org/10.1007/s00216-009-3318-3. 578 

Cao, S., Zhang, P., Halsall, C., Hou, Z., & Ge, L. (2024). Occurrence and seasonal variations 579 

of antibiotic micro-pollutants in the Wei River, China. Environmental Research, 252, 580 

118863. https://doi.org/10.1016/j.envres.2024.118863. 581 

Chabilan, A., Ledesma, D. G. B., Horn, H., & Borowska, E. (2023). Mesocosm experiment to 582 

determine the contribution of adsorption, biodegradation, hydrolysis and 583 

photodegradation in the attenuation of antibiotics at the water sediment interface. 584 

Science of the Total Environment, 866, 161385. 585 

https://doi.org/10.1016/j.scitotenv.2022.161385. 586 

Chen, H., Teng, Y., Li, J., Wu, J., & Wang, J. (2016). Source apportionment of trace metals in 587 

river sediments: A comparison of three methods. Environmental Pollution, 211, 28–37. 588 

https://doi.org/10.1016/j.envpol.2015.12.037. 589 

Chen, K., & Zhou, J. (2014). Occurrence and behavior of antibiotics in water and sediments 590 



30 

 

from the Huangpu River, Shanghai, China. Chemosphere, 95, 604–612. 591 

https://doi.org/10.1016/j.chemosphere.2013.09.119. 592 

Chen, Y., Jiang, C., Wang, Y., Song, R., Tan, Y., Yang, Y., & Zhang, Z. (2022). Sources, 593 

environmental fate, and ecological risks of antibiotics in sediments of Asia’s longest 594 

river: a whole-basin investigation. Environmental Science & Technology, 56, 14439–595 

14451. https://doi.org/10.1021/acs.est.2c03413. 596 

Chen, Y., Li, H., Wang, Z., Tao, T., Wei, D., & Hu, C. (2012a). Photolysis of chlortetracycline 597 

in aqueous solution: Kinetics, toxicity and products. Journal of Environmental Sciences, 598 

24, 254–260. https://doi.org/10.1016/S1001-0742(11)60775-4. 599 

Chen, Y., Zhang, H., Luo, Y., & Song, J. (2012b). Occurrence and assessment of veterinary 600 

antibiotics in swine manures: a case study in East China. Chinese Science Bulletin, 57, 601 

606–614. https://doi.org/10.1007/s11434-011-4830-3. 602 

Conde-Cid, M., Fernández-Calviño, D., Nóvoa-Muñoz, J. C., Núñez-Delgado, A., Fernández-603 

Sanjurjo, M. J., Arias-Estévez, M., & Álvarez-Rodríguez, E. (2019). Experimental data 604 

and model prediction of tetracycline adsorption and desorption in agricultural soils. 605 

Environmental Research, 177, 108607. https://doi.org/10.1016/j.envres.2019.108607. 606 

Conrad, S. R., Santos, I. R., White, S. A., Hessey, S., & Sanders, C. J. (2020). Elevated 607 

dissolved heavy metal discharge following rainfall downstream of intensive 608 

horticulture. Applied Geochemistry, 113, 104490. 609 

https://doi.org/10.1016/j.apgeochem.2019.104490. 610 

Ding, Y., Cui, K., Lv, K., Li, R., Chen, Y., & Liu, X. (2021). Revealing the hydrological 611 

transport and attenuation of 14 antibiotics in a low-flow stream. Science of the Total 612 

Environment, 761, 143288. https://doi.org/10.1016/j.scitotenv.2020.143288. 613 

Dong, W., Ci, M., Yan, X., Wang, Y., Zhang, G., Xu, W., Gao, X., Xie, K., & Wang, W. (2022). 614 

Antibiotics in the surface water and sediment from the tributaries of the Xiaoqing River, 615 

China: Occurrence, distribution and risk assessment. Desalination and Water Treatment, 616 

247, 229–243. https://doi.org/10.5004/dwt.2022.28003. 617 

Du, L. S., Wang, Y., Wang, J. H., Liu, Q., Zhang, J. J., Sun, C. Y., & Liu, J. S. (2014). Effects 618 

of livestock farms on heavy metal pollution in farmland soils. Advanced Materials 619 

Research, 955, 1210–1215. https://doi.org/10.4028/www.scientific.net/AMR.955-620 

959.1210. 621 

Duan, W., Cui, H., Jia, X., & Huang, X. (2022). Occurrence and ecotoxicity of sulfonamides 622 

in the aquatic environment: A review. Science of the Total Environment, 820, 153178. 623 

https://doi.org/10.1016/j.scitotenv.2022.153178. 624 

Eom, H. Y., Yang, D. H., Suh, J. H., Kim, U., Kim, J., Cho, H. D., & Han, S. B. (2015). 625 

Determination of residual arsenic compounds in chicken muscle by ultra-performance 626 

liquid chromatography coupled with ultraviolet detection after pre-column 627 

derivatization with toluene-3, 4-dithiol. Journal of Chromatography B, 1006, 151–157. 628 

https://doi.org/10.1016/j.jchromb.2015.10.034. 629 

Feng, J. J., Jia, L., Liu, Q. Z., Chen, X. L., & Cheng, J. (2018). Source identification of heavy 630 

metals in sewage sludge and the effect of influent characteristics: a case study from 631 

China. Urban Water Journal, 15, 381–387. 632 

https://doi.org/10.1080/1573062X.2018.1483525. 633 

Fu, C., Xu, B., Chen, H., Zhao, X., Li, G., Zheng, Y., Qiu, W., Zheng, C., Duan, L., & Wang, 634 

W. (2022). Occurrence and distribution of antibiotics in groundwater, surface water, 635 

and sediment in Xiong'an New Area, China, and their relationship with antibiotic 636 

resistance genes. Science of the Total Environment, 807, 151011. 637 



31 

 

https://doi.org/10.1016/j.scitotenv.2021.151011. 638 

Gothwal, R., & Shashidhar, T. (2015). Antibiotic pollution in the environment: a review. 639 

Clean–Soil, Air, Water, 43, 479–489. https://doi.org/10.1002/clen.201300989. 640 

Halling-Sørensen, B. (2000). Algal toxicity of antibacterial agents used in intensive farming. 641 

Chemosphere, 40, 731–739. https://doi.org/10.1016/S0045-6535(99)00445-2. 642 

Han, Q., Song, C., Sun, X., Zhao, S., & Wang, S. (2021). Spatiotemporal distribution, source 643 

apportionment and combined pollution of antibiotics in natural waters adjacent to 644 

mariculture areas in the Laizhou Bay, Bohai Sea. Chemosphere, 279, 130381. 645 

https://doi.org/10.1016/j.chemosphere.2021.130381. 646 

Houhou, J., Lartiges, B., Montarges-Pelletier, E., Sieliechi, J., Ghanbaja, J., & Kohler, A. 647 

(2009). Sources, nature, and fate of heavy metal-bearing particles in the sewer system. 648 

Science of the Total Environment, 407, 6052–6062. 649 

https://doi.org/10.1016/j.scitotenv.2009.08.019. 650 

Hu, S., Zhang, Y., Shen, G., Zhang, H., Yuan, Z., & Zhang, W. (2019). Adsorption/desorption 651 

behavior and mechanisms of sulfadiazine and sulfamethoxazole in agricultural soil 652 

systems. Soil and Tillage Research, 186, 233–241. 653 

https://doi.org/10.1016/j.still.2018.10.026. 654 

Huang, X., Chen, C., Zeng, Q., Ding, D., Gu, J., & Mo, J. (2022). Field study on loss of 655 

tetracycline antibiotics from manure-applied soil and their risk assessment in regional 656 

water environment of Guangzhou, China. Science of the Total Environment, 827, 657 

154273. https://doi.org/10.1016/j.scitotenv.2022.154273. 658 

Jia, W. L., Song, C., He, L. Y., Wang, B., Gao, F. Z., Zhang, M., & Ying, G. G. (2023). 659 

Antibiotics in soil and water: Occurrence, fate, and risk. Current Opinion in 660 

Environmental Science & Health, 32, 100437. 661 

https://doi.org/10.1016/j.coesh.2022.100437. 662 

Jiao, W., Niu, Y., Niu, Y., Li, B., & Zhao, M. (2019). Quantitative identification of 663 

anthropogenic trace metal sources in surface river sediments from a hilly agricultural 664 

watershed, East China. Environmental science and pollution research, 26, 32266–665 

32275. https://doi.org/10.1007/s11356-019-06504-0. 666 

Kerrigan, J. F., Sandberg, K. D., Engstrom, D. R., LaPara, T. M., & Arnold, W. A. (2018). Small 667 

and large-scale distribution of four classes of antibiotics in sediment: association with 668 

metals and antibiotic resistance genes. Environmental Science: Processes & Impacts, 669 

20, 1167–1179. https://doi.org/10.1039/c8em00190a. 670 

Khalil, M. M., Aboueldahab, S. M., Abdel-Raheem, K. H., Ahmed, M., Ahmed, M. S., & 671 

Abdelhady, A. A. (2023). Mixed agricultural, industrial, and domestic drainage water 672 

discharge poses a massive strain on freshwater ecosystems: a case from the Nile River 673 

in Upper Egypt. Environmental science and pollution research, 30, 122642–122662. 674 

https://doi.org/10.1007/s11356-023-30994-8. 675 

Kim, J. P., Jin, D. R., Lee, W., Chae, M., & Park, J. (2020). Occurrence and removal of 676 

veterinary antibiotics in livestock wastewater treatment plants, South Korea. Processes, 677 

8, 720. https://doi.org/10.3390/pr8060720. 678 

Kim, S. C., & Carlson, K. (2007). Temporal and spatial trends in the occurrence of human and 679 

veterinary antibiotics in aqueous and river sediment matrices. Environmental Science 680 

& Technology, 41, 50–57. https://doi.org/10.1021/es060737+. 681 

Kim, Y., Lee, K. B., & Choi, K. (2016). Effect of runoff discharge on the environmental levels 682 

of 13 veterinary antibiotics: A case study of Han River and Kyungahn Stream, South 683 

Korea. Marine Pollution Bulletin, 107, 347–354. 684 



32 

 

https://doi.org/10.1016/j.marpolbul.2016.03.011. 685 

Li, Q., Lu, D., Sun, H., Guo, J., & Mo, J. (2021). Tylosin toxicity in the alga Raphidocelis 686 

subcapitata revealed by integrated analyses of transcriptome and metabolome: 687 

Photosynthesis and DNA replication-coupled repair. Aquatic Toxicology, 239, 105964. 688 

https://doi.org/10.1016/j.aquatox.2021.105964. 689 

Li, S., Hofstra, N., van de Schans, M. G., Yang, J., Li, Y., Zhang, Q., Ma, L., Strokal, M., 690 

Kroeze, C., & Chen, X. (2023). Riverine antibiotics from animal production and 691 

wastewater. Environmental Science & Technology Letters, 10, 1059–1067. 692 

https://doi.org/10.1021/acs.estlett.3c00536. 693 

Li, Y., Chen, H., & Teng, Y. (2020). Source apportionment and source-oriented risk assessment 694 

of heavy metals in the sediments of an urban river-lake system. Science of the Total 695 

Environment, 737, 140310. https://doi.org/10.1016/j.scitotenv.2020.140310. 696 

Li, Y., Liu, B., Zhang, X., Wang, J., & Gao, S. (2016). The distribution of veterinary antibiotics 697 

in the river system in a livestock-producing region and interactions between different 698 

phases. Environmental science and pollution research, 23, 16542–16551. 699 

https://doi.org/10.1007/s11356-016-6677-2. 700 

Lim, F. Y., Ong, S. L., & Hu, J. (2017). Recent advances in the use of chemical markers for 701 

tracing wastewater contamination in aquatic environment: a review. Water, 9, 143. 702 

https://doi.org/10.3390/w9020143. 703 

Liu, T., Du, W., Yu, S., & Zhang, W. (2025a). Distribution, sources, and probabilistic risk 704 

assessment of heavy metals in the wetland water–sediment system: Based on CEWQI, 705 

PLI, PMF, and two-dimensional Monte Carlo method. Journal of Contaminant 706 

Hydrology, 104753. https://doi.org/10.1016/j.jconhyd.2025.104753. 707 

Liu, W., Wang, H., Lou, Z., Cui, C., Sun, Z., & Huang, Q. (2025b). Co-occurrence and risk 708 

emission potential of antibiotics, antibiotic resistance genes, and heavy metals in 709 

concentrated leachate in China. Waste management, 201, 114797. 710 

https://doi.org/10.1016/j.wasman.2025.114797. 711 

Lofrano, G., Libralato, G., Casaburi, A., Siciliano, A., Iannece, P., Guida, M., Pucci, L., Dentice, 712 

E., & Carotenuto, M. (2018). Municipal wastewater spiramycin removal by 713 

conventional treatments and heterogeneous photocatalysis. Science of the Total 714 

Environment, 624, 461–469. https://doi.org/10.1016/j.scitotenv.2017.12.145. 715 

Makris, K. C., Quazi, S., Punamiya, P., Sarkar, D., & Datta, R. (2008). Fate of arsenic in swine 716 

waste from concentrated animal feeding operations. Journal of environmental quality, 717 

37, 1626–1633. https://doi.org/10.2134/jeq2007.0479. 718 

Miao, X., Ma, W., Tian, Y., Luo, H., Xing, Y., Zhan, L., Pan, Y., Sheng, N., & Dai, J. (2025). 719 

Environmental Occurrence, Source Identification, and Health Hazards of Ultrashort-720 

Chain PFAS in the Yangtze River Delta. Environmental Science & Technology, 59, 721 

25138–25150. https://doi.org/10.1021/acs.est.5c09274. 722 

Mu, Y., Tang, B., Cheng, X., Fu, Y., Huang, W., Wang, J., Ming, D., Xing, L., & Zhang, J. 723 

(2024). Source apportionment and predictable driving factors contribute to antibiotics 724 

profiles in Changshou Lake of the Three Gorges Reservoir area, China. Journal of 725 

Hazardous Materials, 466, 133522. https://doi.org/10.1016/j.jhazmat.2024.133522. 726 

Obradović, D., Šperac, M., & Marenjak, S. (2023). Challenges in sewer system maintenance. 727 

Encyclopedia, 3, 122–142. https://doi.org/10.3390/encyclopedia3010010. 728 

Ohore, O. E., Addo, F. G., Han, N., Li, X., & Zhang, S. (2020). Profiles of ARGs and their 729 

relationships with antibiotics, metals and environmental parameters in vertical sediment 730 

layers of three lakes in China. Journal of Environmental Management, 255, 109583. 731 



33 

 

https://doi.org/10.1016/j.jenvman.2019.109583. 732 

Pang, S., Li, T., Li, Y., Shi, Y., Wu, D., & Wang, C. (2025). Seasonal differences, source, and 733 

fate of Antibiotics in a plain river network-informed watershed. Emerging 734 

Contaminants, 100540. https://doi.org/10.1016/j.emcon.2025.100540. 735 

Park, D., Kim, Y. R., Kim, J. Y., Choi, J. D., Moon, G., & Shin, D. W. (2025). Monitoring of 736 

veterinary drug residues in livestock products with antimicrobial resistance. Applied 737 

Biological Chemistry, 68, 42. https://doi.org/10.1186/s13765-025-01001-0. 738 

Pastor-López, E. J., Casas, M. E., Hellman, D., Müller, J. A., & Matamoros, V. (2025). Impact 739 

of riverbed renaturalization on the attenuation of antibiotics and antimicrobial 740 

resistance in wastewater effluent-dominated streams. Environmental Research, 270, 741 

120910. https://doi.org/10.1016/j.envres.2025.120910. 742 

Pavlović, D. M., Ćurković, L., Blažek, D., & Župan, J. (2014). The sorption of sulfamethazine 743 

on soil samples: Isotherms and error analysis. Science of the Total Environment, 497, 744 

543–552. https://doi.org/10.1016/j.scitotenv.2014.08.018. 745 

Rodriguez-Mozaz, S., Vaz-Moreira, I., Della Giustina, S. V., Llorca, M., Barceló, D., Schubert, 746 

S., Berendonk, T. U., Michael-Kordatou, I., Fatta-Kassinos, D., & Martinez, J. L. 747 

(2020). Antibiotic residues in final effluents of European wastewater treatment plants 748 

and their impact on the aquatic environment. Environment International, 140, 105733. 749 

https://doi.org/10.1016/j.envint.2020.105733. 750 

Ryu, J., Oh, J., Snyder, S. A., & Yoon, Y. (2014). Determination of micropollutants in combined 751 

sewer overflows and their removal in a wastewater treatment plant (Seoul, South Korea). 752 

Environmental Monitoring and Assessment, 186, 3239–3251. 753 

https://doi.org/10.1007/s10661-013-3613-5. 754 

Shelton, N., Tokach, M., Nelssen, J., Goodband, R., Dritz, S., DeRouchey, J., & Hill, G. (2011). 755 

Effects of copper sulfate, tri-basic copper chloride, and zinc oxide on weanling pig 756 

performance. Journal of Animal Science, 89, 2440–2451. 757 

https://doi.org/10.2527/jas.2010-3432. 758 

Shen, C., He, M., Zhang, J., Liu, J., Su, J., & Dai, J. (2023). Effects of the coexistence of 759 

antibiotics and heavy metals on the fate of antibiotic resistance genes in chicken manure 760 

and surrounding soils. Ecotoxicology and Environmental Safety, 263, 115367. 761 

https://doi.org/10.1016/j.ecoenv.2023.115367. 762 

Spielmeyer, A. (2018). Occurrence and fate of antibiotics in manure during manure treatments: 763 

a short review. Sustainable Chemistry and Pharmacy, 9, 76–86. 764 

https://doi.org/10.1016/j.scp.2018.06.004. 765 

Straub, J. O. (2016). Aquatic environmental risk assessment for human use of the old antibiotic 766 

sulfamethoxazole in Europe. Environmental Toxicology and Chemistry, 35, 767–779. 767 

https://doi.org/10.1002/etc.2945. 768 

Van de Moortel, A. M., Meers, E., De Pauw, N., & Tack, F. M. (2010). Effects of vegetation, 769 

season and temperature on the removal of pollutants in experimental floating treatment 770 

wetlands. Water, Air, & Soil Pollution, 212, 281–297. https://doi.org/10.1007/s11270-771 

010-0342-z. 772 

Voznakova, A., Antao-Geraldes, A. M., & Canle, M. (2025). Pharmaceuticals in the Douro 773 

basin: Occurrence, distribution, and ecological risk. Journal of Environmental 774 

Chemical Engineering, 119181. https://doi.org/10.1016/j.jece.2025.119181. 775 

Wang, N., Wang, N., Qi, D., Kang, G., Wang, W., Zhang, C., Zhang, Z., Zhang, Y., Zhang, H., 776 

& Zhang, S. (2023). Comprehensive overview of antibiotic distribution, risk and 777 

priority: A study of large-scale drinking water sources from the lower Yangtze River. 778 



34 

 

Journal of Environmental Management, 344, 118705. 779 

https://doi.org/10.1016/j.jenvman.2023.118705. 780 

Wang, X., Zhang, M., Liu, L., Wang, Z., & Lin, K. (2022). Using EEM-PARAFAC to identify 781 

and trace the pollution sources of surface water with receptor models in Taihu Lake 782 

Basin, China. Journal of Environmental Management, 321, 115925. 783 

https://doi.org/10.1016/j.jenvman.2022.115925. 784 

Wang, X., Zhang, X., Li, N., Yang, Z., Li, B., Zhang, X., & Li, H. (2024). Prioritized regional 785 

management for antibiotics and heavy metals in animal manure across China. Journal 786 

of Hazardous Materials, 461, 132706. https://doi.org/10.1016/j.jhazmat.2023.132706. 787 

Wegst-Uhrich, S. R., Navarro, D. A., Zimmerman, L., & Aga, D. S. (2014). Assessing antibiotic 788 

sorption in soil: a literature review and new case studies on sulfonamides and 789 

macrolides. Chemistry Central Journal, 8, 1–12. https://doi.org/10.1186/1752-153X-8-790 

5. 791 

Werner, J. J., McNeill, K., & Arnold, W. A. (2009). Photolysis of chlortetracycline on a clay 792 

surface. Journal of agricultural and food chemistry, 57, 6932–6937. 793 

https://doi.org/10.1021/jf900797a. 794 

Xi, S., Wang, W., Sun, L., Chen, X., Zhang, J., & Yu, F. (2026). Quantitative assessment of Pb 795 

sources in urban–rural river sediments based on Pb isotopes and PMF and MixSIAR 796 

models. Environmental Science: Processes & Impacts, 28, 256–267. 797 

https://doi.org/10.1039/d5em00509d. 798 

Xu, F., Yang, R., Wang, H., He, X., Li, W., Wei, Y., Bao, L., Yuan, J., & Tong, H. (2023). 799 

Sources and historical records of metal (loid) s in river sediments from an agricultural 800 

tributary of Tuojiang river: Evidence from geochemical analyses and Pb isotope. 801 

Chemosphere, 322, 138169. https://doi.org/10.1016/j.chemosphere.2023.138169. 802 

Xu, R., Song, J., Li, D., Song, X., Wang, X., & Xiong, J. (2025). Traceability analysis and risk 803 

assessment of river antibiotics based on dissolved organic matter spectral features and 804 

the positive matrix factorization receptor model. Journal of Contaminant Hydrology, 805 

272, 104549. https://doi.org/10.1016/j.jconhyd.2025.104549. 806 

Yang, Q., Gao, Y., Ke, J., Show, P. L., Ge, Y., Liu, Y., Guo, R., & Chen, J. (2021). Antibiotics: 807 

an overview on the environmental occurrence, toxicity, degradation, and removal 808 

methods. Bioengineered, 12, 7376–7416. 809 

https://doi.org/10.1080/21655979.2021.1974657. 810 

Yazdankhah, S., Rudi, K., & Bernhoft, A. (2014). Zinc and copper in animal feed–development 811 

of resistance and co-resistance to antimicrobial agents in bacteria of animal origin. 812 

Microbial Ecology in Health and Disease, 25, 25862. 813 

https://doi.org/10.3402/mehd.v25.25862. 814 

Zhang, G., Gu, N., Xie, Y., Zheng, R., Zhu, H., Qiu, Y., & Yu, X. (2025). Identifying urban 815 

river antibiotic sources by integrating fluorescence characterization and path modeling 816 

as an alternative to empirical PMF approaches. Journal of Hazardous Materials, 500, 817 

140508. https://doi.org/10.1016/j.jhazmat.2025.140508. 818 

Zhang, H., Ren, X., Chen, S., Xie, G., Hu, Y., Gao, D., Tian, X., Xiao, J., & Wang, H. (2024a). 819 

Deep optimization of water quality index and positive matrix factorization models for 820 

water quality evaluation and pollution source apportionment using a random forest 821 

model. Environmental Pollution, 347, 123771. 822 

https://doi.org/10.1016/j.envpol.2024.123771. 823 

Zhang, Q. Q., Ying, G. G., Pan, C. G., Liu, Y. S., & Zhao, J. L. (2015). Comprehensive 824 

evaluation of antibiotics emission and fate in the river basins of China: source analysis, 825 



35 

 

multimedia modeling, and linkage to bacterial resistance. Environmental Science & 826 

Technology, 49, 6772–6782. https://doi.org/10.1021/acs.est.5b00729. 827 

Zhang, Y., Chen, H., Jing, L., & Teng, Y. (2020). Ecotoxicological risk assessment and source 828 

apportionment of antibiotics in the waters and sediments of a peri-urban river. Science 829 

of the Total Environment, 731, 139128. https://doi.org/10.1016/j.scitotenv.2020.139128. 830 

Zhang, Y., Liu, L., Liu, Y., Chen, L., Wang, J., Li, Y., Wang, K., & Wang, W. (2024b). 831 

Deciphering the natural and anthropogenic drivers on the fate and risk of antibiotics 832 

and antibiotic resistance genes (ARGs) in a typical river-estuary system, China. Journal 833 

of Hazardous Materials, 480, 136006. https://doi.org/10.1016/j.jhazmat.2024.136006. 834 

Zhang, Z., Sun, K., Gao, B., Zhang, G., Liu, X., & Zhao, Y. (2011). Adsorption of tetracycline 835 

on soil and sediment: effects of pH and the presence of Cu (II). Journal of Hazardous 836 

Materials, 190, 856–862. https://doi.org/10.1016/j.jhazmat.2011.04.017. 837 

Zhi, H., Shen, G., Cheng, H., & Tao, S. (2023). Uncovering the dominant contribution of 838 

untreated domestic wastewater to antimicrobials in the lower reach of the Lhasa River 839 

on the Tibetan Plateau. ACS ES&T Water, 3, 2307–2317. 840 

https://doi.org/10.1021/acsestwater.3c00074. 841 

Zhou, B., Xu, X., Wang, X., Tian, W., Peng, J., & Lei, K. (2025). Integrating random forest and 842 

isotopic tracers to optimize PMF-based source apportionment of watershed pollution. 843 

Journal of Contaminant Hydrology, 104838. 844 

https://doi.org/10.1016/j.jconhyd.2025.104838. 845 

 846 



Supplementary Files

This is a list of supplementary files associated with this preprint. Click to download.

PMFMHstreamSupplementarydataEGH.docx

https://assets-eu.researchsquare.com/files/rs-11056572/v1/900fe5583905f075875b907b.docx


       RQ  source  = F  ∑  (RQ×G) #  ( Eq. 1 )

