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We examined the influence of Montreal wastewater treatment plant (WWTP) effluents on two top predators, Walleye (Sander vitreus) and Sauger (Sander canadensis), with a focus on δ15N isotopic signatures and per- and polyfluoroalkyl substances (PFAS). These two fish species were collected in the summer 2013 in the St. Lawrence River upstream and downstream from a major WWTP, as well as in background sites (semi-remote lakes). Most of the δ15N variations for Sauger and Walleye are attributable to 1) δ15N values of the primary producers and sewage-derived particulate organic matter (SDPOM) at the base of the trophic food chain, 2) agricultural activities combined with biogeochemical processes, and 3) food web length. δ15N was significantly lower in fish collected in the effluent-mixed water masses than other sites of the St. Lawrence River, attributed to the SDPOM of the WWTP effluent. Relative to the background sites, certain PFAS were present at much higher levels in the St. Lawrence River, with profiles dominated by perfluoroalkyl sulfonates (PFSA). However, PFSA profiles generally remained consistent along the St. Lawrence River. PFOS levels in fish from the St. Lawrence exceeded the current Federal Environmental Quality Guidelines for protecting piscivorous mammals or birds. However, the human chronic daily intake of PFOS remained below current thresholds suggested by national agencies.
Keywords: δ 15 N, PFAS, wastewater, effluent, SDPOM, St. Lawrence River, walleye, sauger
INTRODUCTION
Per- and polyfluoroalkyl substances (PFAS) encompass thousands of man-made chemicals, with some compounds having high persistence and toxicity. In recent years, worldwide contamination with PFAS has attracted extensive research interests (Cordner et al., 2021). PFAS are ubiquitous and found in the global environment (e.g., including arctic ecosystems) and humans, but there are still data gaps in fully understanding their impacts on humans and environmental health (Zhu et al., 2021). Initial reports on PFAS have essentially targeted perfluoroalkyl acids (PFAA), including perfluorooctane sulfonate (PFOS) and perfluorooctanoic acid (PFOA). Considerable efforts have been engaged to understand the environmental fate of legacy and current-use PFAS. These include, for instance, environmental baseline studies (Shi et al., 2010; Stahl et al., 2014; Akerblom et al., 2017; Kaboré et al., 2022) and monitoring studies at or downstream from impacted sites (Malinsky et al., 2011; Gewurtz et al., 2014; Bhavsar et al., 2016; Munoz et al., 2017; Nickerson et al., 2021; Liu et al., 2022).
Data gaps remain concerning the fate of PFAS in major hydrosystems, such as the St. Lawrence River. The St. Lawrence is a complex ecosystem impacted by dense population centers and industrial activities along its shores and those of the Laurentian Great Lakes that feed into it (Marcogliese et al., 2015). Since 1999, Environment and Climate Change Canada (ECCC), Québec’s Ministère de l’Environnement et de la Lutte contre les changements climatiques (MELCC), and academic collaborators have evaluated the impact of municipal wastewaters on the St. Lawrence River. Targeted contaminants included trace metals (e.g., Cd, Cr, Pb, and Hg), polychlorinated biphenyls, combustion-derived polycyclic aromatic hydrocarbons, surfactants (e.g., nonylphenols), flame retardants (e.g., polybrominated diphenyl ethers), and pharmaceutical drugs (Marcogliese et al., 2015). PFAS have also been the focus of a few previous studies in the St. Lawrence River. For instance, Houde et al. (2013) reported the induction of gene responses in St. Lawrence River Northern Pike (Esox lucius) environmentally exposed to 12 PFAS, including the newly detected perfluoroethylcyclohexane sulfonate (PFEtCHS). Significant relationships were found between perfluorotridecanoate (PFTrDA), perfluorotetradecanoate (PFTeDA) and perfluorodecane sulfonate (PFDS) plasma concentrations and vitellogenin (Vtg) gene expression in liver, Vtg activity in plasma, suggesting possible endocrine effects (Houde et al., 2013). Long-chain perfluoroalkane sulfonates (C8,C10 PFSA), long-chain perfluorocarboxylic acids (C9-C13 PFCA), and PFEtCHS were also detected in whole-body homogenates of St. Lawrence River Yellow Perch (Perca flavescens) (Houde et al., 2014).
The St. Lawrence River receives substantial loadings of sewage-derived particulate organic matter (SDPOM, 100 mg L−1) with total phosphorus of 0.5 mg L−1 and total nitrogen of 9 mg L−1 (deBruyn et al., 2003). The sewage is an important contributor to the nitrogen budget of the St. Lawrence River ecosystem, and also exerts influences on fish body size and isotopic distributions (deBruyn et al., 2002; deBruyn et al., 2003). Stable isotope analyses of carbon (δ13C) and nitrogen (δ15N) revealed that macroinvertebrates within the effluent plume downstream of Montreal WWTP effluent from the St. Lawrence River consumed sewage-derived resources, whereas those outside the effluent plume ingested seston and epiphytic resources (deBruyn and Rasmussen, 2002; deBruyn et al., 2003). Fish species feeding in the effluent plume also had a distinct δ15N isotopic signature vs. those feeding outside the effluent plume (Pelletier et al., 2022). How sewage-derived resources may influence δ15N and PFAS levels of piscivorous fishes in the St. Lawrence effluent-impacted area remains to be confirmed.
Walleye and Sauger are two sympatric species regularly found in large rivers and lakes of North America (Haxton and Friday, 2019). Segregation by depth, temperature and turbidity enables the two species to coexist, with distinct habitats and food resources (Haxton and Friday, 2019). No information is currently available on the occurrence of PFAS in these two species and how their δ15N are distributed before/after the WWTP effluent. Here, we studied the occurrence of PFAS and the distribution of δ15N isotopic signatures in Walleye and Sauger from the St. Lawrence River in a longitudinal gradient impacted by sewage effluents. Several sites along this large, temperate river were targeted to understand how PFAS occurred from upstream-downstream of the Montreal WWTP effluent relative to background sites. Both liver and muscle tissues were considered for analysis, considering the organotropism of PFAS in select organs (Ahrens et al., 2015) and the relevance of edible tissues for human dietary exposure. Key objectives were to 1) assess the occurrence and distribution of some legacy and newly identified PFAS across the river water masses; 2) understand how top predatory fish δ15N signatures are distributed as a result of bottom-up food source uptake in different water masses; and 3) characterize exposure to targeted PFAS and the risks PFOS may pose to the fish themselves, piscivorous mammals, birds and humans.
MATERIALS AND METHODS
Chemicals and Materials
Details on solvents, chemicals, and other materials are provided in the Supporting Information (Supplementary Text S1). Native PFAS standards were obtained from Wellington Labs, Inc. (Guelph, ON, Canada) at chemical purities >98%. Full details on native analytes, including compound name, acronym, and exact m/z, are provided in Supplementary Table S1. In addition, cationic and zwitterionic PFAS synthesized at the Fluobon Surfactant Institute (Beijing University, China) were used to provide a reference for the semi-quantification of a range of newly identified PFAS (Barzen-Hanson et al., 2017; Mejia-Avendaño et al., 2017). Isotope-labelled internal standards were obtained from Wellington Labs, Inc. (Guelph, ON, Canada) at chemical purities >98% and isotopic purities >99% per 13C or >94% per 18O.
Study Site Description
The St. Lawrence River is exposed to a multitude of anthropogenic stresses and the Québec section hosts nearly 70% of Quebec’s population (∼5.5 million) living on its shores along with 75% of all industry in the province (Desrosiers et al., 2008). This study was carried out on the Lac des Deux-Montagnes, the fluvial portion, and Montreal-Sorel corridor of the St. Lawrence River (Québec, Canada), covering a 160-km tract of the St. Lawrence from the inlet of Lac Saint-Louis to the Lac Saint-Pierre outlet (see Figure 1). At the Island of Montreal, the river has three main water masses: the clear, hard, “green water” of the Great Lakes (GL), the humic, soft, “brown water” of Ottawa River (OR), and the Montreal WWTP effluent. The Montreal WWTP is the primary treatment facility serving more than two million people and thousands of commercial establishments on the Island of Montreal (deBruyn et al., 2002; deBruyn et al., 2003). Wastewater undergoes primary physical treatment (coagulation plus settling) to result in 85% reduction of suspended solids by and then is directly discharged into the St. Lawrence River via an underwater pipe at a depth of 7 m. The effluent is discharged at an average rate of 2 × 106 m3 day−1 and contains approximately 100 mg L−1 particulate organic matter of wet mass, 0.5 mg L−1 total phosphorus, and 9 mg L−1 total nitrogen. This discharge contributes approximately 450 t year−1 total phosphorus, 8,000 t year−1 total nitrogen, and 90,000 t year−1 of SDPOM to the River (deBruyn et al., 2002; deBruyn et al., 2003; Houde et al., 2013).
[image: Figure 1]FIGURE 1 | Maps showing the spatial distribution of Sauger and Walleye sampling locations from background sites (LPB, LN, RM, RC, RB), and St. Lawrence River in Quebec, Canada (sample collection stations 1–17 for Walleye at sectors LdM, LSL, MS, and LSP and 1,2,18–26 for Sauger at sectors LdM, MS). Further details on sample collections are also provided in SI Supplementary Table S2.
Collection of Field Samples
Adult fish including Sauger (SACA: Sander canadensis) and Walleye (SAVI: Sander vitreus) were collected along the St. Lawrence River and background sites by rod and reel and tissues were preserved frozen (−20°C) in plastic bags. Their geographical distribution is illustrated in Figure 1. These sites were selected to investigate the impact of Montreal WWTP effluents on PFAS and δ15N signature distribution in the two sporting fish. Sample collections were performed in the summer 2013 along the St. Lawrence River for Walleye (n = 31 specimens; from −79.22 km upstream up to +93.84 km downstream of the Montreal effluent) and for Sauger (n = 15 specimens; from −79.22 km upstream up to +48.98 km downstream of the Montreal effluent). Twenty-one (21) representative Walleye samples were also collected in the summer 2013 from background sites at Lac du Poisson Blanc, Lac Nominingue, Réservoir Mitchinamecus, Réservoir Cabonga and Réservoir Baskatong (Kaboré et al., 2022). The surveyed background areas are located between 60 and 250 km north of major urban centers along the St. Lawrence River, and are also spots of recreational fishing activities. Table 1 summarizes the sampling design including sectors, water masses where the fish were collected, number of specimens, fish size, and δ15N (muscle and liver). Additional details on fish habitats, samples ID, sampling stations, and latitude/longitude coordinates are provided in Supplementary Table S2. The different water masses were assigned different groups (Table 1) using geographical positions combined with the total water hardness.
TABLE 1 | Sauger (Sander canadensis: SACA) and Walleye (Sander vitreus: SAVI) summer 2013 sampling design: sectors, water masses, number of specimens analyzed for PFAS in available muscle tissues, distance from Montreal WWTP effluent, fish size (mm) and stable isotopes (δ15N) in muscle and liver.
[image: Table 1]Chemical Analyses
The sample preparation and instrumental methods were based on previous studies (Munoz et al., 2017; Kaboré et al., 2022), and details on PFAS chemical analyses are provided in SI (Supplementary Text S2). Briefly, freeze-dried and ground fish muscle samples (250 mg dry weight) were spiked with surrogate internal standards and extracted with organic solvent (0.1% NH4OH in MeOH) in an ultrasonication bath (two cycles). Following concentration, aqueous-diluted extracts were submitted to solid-phase extraction (SPE) using Strata X-AW cartridges (Phenomenex, 200 mg/6 ml). After sample loading, the Strata X-AW cartridges were dried for 1 h under vacuum and connected above ENVI-Carb cartridges (Supelco, 250 mg/6 ml). Analytes were then eluted using 2 × 4 ml of 0.2% NH4OH in MeOH. Fish muscle extracts were concentrated to a final volume of 300 μl using N2 evaporation with mild heating (40°C). Following brief vortex mixing and centrifugation (5,000 rpm, 5 min), a 200-μl aliquot was transferred to a 250-μl LC-MS polypropylene injection vial and stored at −20°C until LC-MS analysis.
Concentrated biota extracts were analyzed by ultra-high-performance liquid chromatography coupled to high-resolution mass spectrometry (UHPLC-HRMS Q-Exactive Orbitrap) through a polarity-switching electrospray ionization source. A resolution setting of 70,000 fwhm at m/z 200 was applied. The quantified PFAS were all expressed in the ng g−1 wet weight (ww) concentration unit (abbreviated as ng g−1).
For δ15N analysis, fish muscle and liver tissues were dry-ground with a mortar and pestle to a homogeneous powder and kept in tightly sealed glass vials. Approximately 1.0 mg of dried material was weighted and sealed in tin capsules and analyzed using an Isotope Ratio Mass Spectrometer (Delta V Plus; Thermo Scientific) at the Laboratory for analyses in Aquatic Ecology and Sedimentology, UQTR (Québec, Canada). The values for δ15N presented in Table 1 in parts per thousand (‰) were expressed relative to air nitrogen.
Quality Assurance and Quality Control
The identification of quantitatively targeted analytes relied on matching retention times with authentic standards, peak intensity higher than the set threshold (1e4), and mass accuracy of extracted chromatograms within a ± 5 ppm window of their theoretical exact mass (Kaboré et al., 2018). Method blanks were performed for each preparation batch of samples. Method limits of detection (LODs) were derived from the standard deviation of the blanks or using the calibration curve method (Araujo, 2009). LODs were in the range of 0.005–0.3 ng g−1 in fish muscle. Matrix-matched calibration curves were constructed, and a linear fit with inverse-weighting was applied with suitable determination coefficients (R2 > 0.99). Trueness and precision were also verified upon analysis of a NIST standard reference material (SRM 1947 Lake Michigan Fish Tissue). The determined PFOS concentration was 6.96 ± 0.18 ng g−1 (n = 5), within ± 20% of the consensus value (Reiner et al., 2012).
Suspect Screening
Four classes of suspect PFAS in Supplementary Table S3 were identified and semi-quantified among the screened suspect PFAS (Mejia-Avendaño et al., 2017; Munoz et al., 2017; Kaboré et al., 2018; Kaboré et al., 2022): cyclic perfluoroalkyl sulfonate (PFEtCHS), perfluoroalkyl sulfonates (PFHpS, PFNS), perfluoroalkyl sulfonamide (FBSA, FHxSA), and fluorotelomer carboxylic acid (9:3 FTCA). Identification and semiquantification confidence levels (Schymanski et al., 2014) are discussed elsewhere (Kaboré et al., 2018; Kaboré et al., 2022).
Statistical Analyses
Statistical analyses were conducted with the R statistical software (R-Core-Team, 2018). For statistical analysis, non-detects were replaced by ½ LOD. One-way ANOVA or Kruskal-Wallis rank sum tests were used for PFAS mean concentration comparison among sites, Sauger and Walleye or between δ15N liver or muscle tissues or among water masses. Tukey’s HSD was used as a post-hoc test if the null hypothesis (H0) of ANOVA was rejected. Pearson correlation coefficients were calculated between δ15N (muscle or liver) and individual PFAS or summed PFAS (ΣPFAS). Statistical significance was set at p < 0.05.
RESULTS
Stable Isotopes in Fish Impacted by Montreal WWTP Effluents
Walleye and Sauger exhibited similar δ15N levels across the St. Lawrence River, with more variability noted for downstream sites (Supplementary Figure S1). For instance, δ15N muscle values were 13.09 ± 2.37‰ (Walleye) and 15.03 ± 1.54‰ (Sauger) at downstream sites, vs. 15.08 ± 0.79‰ (Walleye) and 14.14 ± 0.65‰ (Sauger) at upstream sites. A similar trend was observed for δ15N liver values. Because the fish habitats pattern added no information beyond the water masses pattern, the results for Walleye and Sauger will be described using the latter (Supplementary Table S2).
As illustrated in Figure 2, δ15N exhibited distinct ranges when grouped by water masses, particularly downstream from the Montreal WWTP effluents outfall. Lower δ15N values were typically observed in the WWTP effluent or effluent-mixed water masses, compared to other sites in the St. Lawrence. For instance, Walleye δ15N ranged between 6.83 and 13‰ in the effluent plume (MS_Ef +1.03 km) and effluent-mixed water masses (MS_Ef-OR +12.35/+36.06 km and LSP_Ef-tLSP +76.30 km); in contrast, δ15N ranged from 14.01 to 16.32‰ in water masses unrelated to the effluent plume (e.g., MS_GL +27.73/+51.04 km and LSP_GL +93.84 km). Walleye δ15N values 50–80 km upstream of the effluent outfall (i.e., Lac des Deux Montagnes, LdM, and Lac Saint-Louis, LSL) are also comparable to the δ15N values downstream the Montreal Island but unrelated to the effluent plume. The δ15N deviations in the effluent plume relative to the sites unrelated to the effluent plume are attributed to a mass transfer from St. Lawrence River water masses.
[image: Figure 2]FIGURE 2 | Total length (mm) and δ15N (‰) muscle and liver of adults Sauger (Sander canadensis) and Walleye (Sander vitreus) by St. Lawrence River water masses and background sites. Sauger fish’s samples were only collected upstream and downstream from Montreal WWTP and Walleye fish’s samples were collected both at upstream-downstream and background sites (BS: RB, RC, RM, LN, LPB). Legend of sectors: Lac des Deux-Montagnes (LdM), Montreal-Sorel (MS), Lac Saint-Louis (LSL), Lac Saint-Pierre (LSP). Legend of water masses: Ottawa River (OR), Montreal WWTP effluent (Ef), Great Lakes (GL), tributary of LSP (tLSP), Réservoir Baskatong (RB), Réservoir Cabonga (RC), Réservoir Mitchinamecus (RM), Lac du Poisson-Blanc (LPB), Lac Nominingue (LN). Sectors are associated to specific water masses by « _ » symbol and mixed water masses by “-” symbol. The blue vertical dash line delineates the background sites (BS) vs. upstream water masses vs. downstream water masses of St. Lawrence River.
PFAS in Walleye and Sauger From the St. Lawrence Relative to Background Sites
PFAS occurrence and concentration data will be described for the following major classes based on the detected PFAS origin and synthesis (Buck et al., 2011): fluorotelomer-based precursors, ECF-based precursors, and perfluoroalkyl acids (PFAA). Figure 3 illustrates PFAS concentrations by water masses for Sauger and Walleye from the St. Lawrence River and background sites, while Supplementary Table S3 provides the detection frequencies and concentration ranges of targeted (T) and suspect (S) PFAS in both adult Sauger and Walleye.
[image: Figure 3]FIGURE 3 | PFCA (C8-14), Suspect-PFSA (S-PFSA (PFEtCHS, PFHpS, PFNS)), PFOSB, FASA (FBSA, FHxSA, FOSA), n:2FTSA (6:2 FTSA), n:3FTCA (7:3 FTCA, 9:3 FTCA), PFSA (C6,8,10) and ∑PFAS muscle concentrations by water masses for Sauger from St. Lawrence River and for Walleye from St. Lawrence River and background sites (BS). Legend of sectors: Lac des Deux-Montagnes (LdM), Montreal-Sorel (MS), Lac Saint-Louis (LSL), Lac Saint-Pierre (LSP). Legend of water masses: Ottawa River (OR), Montreal WWTP effluent (Ef), Great Lakes (GL), a tributary of LSP (tLSP). Sectors are associated to specific water masses by « _ » symbol and mixed water masses are associated by “-“ symbol.
Fluorotelomer-Based Precursors
Fluorotelomer sulfonate (6:2 FTSA) and fluorotelomer carboxylates (7:3 FTCA, 9:3 FTCA) were the two important fluorotelomer-based classes detected. 7:3 FTCA and 6:2 FTSA (Supplementary Table S3) were detected in less than 50% of fish (muscle) samples, at typically low concentrations (generally below 1 ng g−1). Concentrations higher than 5 ng g−1 were observed at a few specficic locations, for instance, Montreal-Sorel (Ottawa River water mass MS_OR +6.39km, 6:2 FTSA: 5.2 ng g−1), Lac des Deux Montagnes (LdM_OR −79.22 km, n:3 FTCA: 5.4 ng g−1), and Lac Saint-Louis (LSL_GL −64.68 km, n:3 FTCA: 5.2 ng g−1). Suspect-target 9:3 FTCA was detected in 77% of Sauger and 68% of Walleye samples from the St. Lawrence River (<LOD-5.1 ng g−1), while the detection frequency was 48% in Walleye from background sites with 0.70 ng g−1 as maximum concentration.
ECF-Based Precursors
Two ECF-based classes, perfluoroalkane sulfonamidoalkyl betaine (PFOSB) and perfluoroalkyl sulfonamides (FBSA, FHxSA, FOSA), were detected in fish muscle from the present survey. FOSA (C8) was detected in 92% of Sauger samples from the St. Lawrence River (<LOD-1.1 ng g−1). FOSA was also systematically detected (100%) in Walleye from the St. Lawrence River (0.088–0.64 ng g−1) and background sites (0.05–0.43 ng g−1). Two short-chain sulfonamides that are also precursors to PFSAs, FBSA (C4) and FHxSA (C6), were detected at high detection frequencies in fish from the St. Lawrence River (95–100 and 71–77%, respectively). Comparatively, lower detection rates were observed for semi-remote lakes (e.g., 19% for FHxSA). Summed perfluoroalkyl sulfonamides (FASA: FBSA, FHxSA, FOSA) remained at levels lower than 1 ng g−1 at all sites except for Sauger (1.2–1.4 ng g−1) in the effluent-mixed water mass (MS_Ef-OR +11.28 km). PFOSB was detected in 38% of Walleye from background sites (Kaboré et al., 2022), but was not detected in fish from the St. Lawrence.
PFAA
Legacy PFAS such as PFCA and PFSA were detected in fish from the St. Lawrence River and semi-remote background sites. PFOA and short-chain PFCAs (C4,6,7) were occasionally detected in fish from the St. Lawrence River but not background sites. Some long-chain PFCA (C10-12) and PFSA (C8,10) were detected in all Sauger and Walleye from the St. Lawrence River. Other long-chain homologs, including PFCA (C9,13,14) and PFSA (C6), were also frequently detected (85–92%) in fish from the St. Lawrence River. Comparatively, some PFSAs (C6,10) were reported at much lower frequencies at background sites (<50%). Suspect-target PFEtCHS and PFHpS were detected at relatively high frequency (62–86%), while PFNS was detected in less than 20% of fish samples.
When water masses or sites are classified based on δ15N signatures, the ΣPFCA (sum of C8−14 homologs) was similar (p-value > 0.4) for Sauger (2.4–15 ng g−1) and Walleye (1.5–8.7 ng g−1) along the St. Lawrence River and Walleye (1.4–5.7 ng g−1) from background sites (see Figure 4). Similar to fluorotelomer-based precursors, levels of individual PFCAs were equivalent across upstream-downstream sites in the St. Lawrence River and remained generally lower than 5.0 ng g−1. PFEtCHS was mostly related to the water masses corresponding to the Great Lakes inputs, regardless of the longitudinal position (upstream/downstream the effluent). High detection rates of PFEtCHS were thus observed for fish collected in the St. Lawrence River in Lac Saint-Louis (LSL) and downstream the Montreal Island in the effluent plume and effluent-mixed water. No detections of PFEtCHS were reported in fish from Lac des Deux Montagnes (Ottawa River), nor at certain downstream locations close to the north shores of the St. Lawrence, such as in the Lake St. Pierre (sites #16–17 in Figure 1, corresponding to the brown waters originated from the Ottawa River). Based on these observations and earlier reports of PFEtCHS in Lake Ontario predator fish and surface water (De Silva et al., 2011), we hypothesize that the main sources of this cyclic PFSA may be located upstream from the surveyed area, in the Great Lakes Basin.
[image: Figure 4]FIGURE 4 | ∑PFAS, PFCA, PFSA, S-PFSA, PFOSB, 6:2 TFSA, n:3 FTCA concentrations and total length from St. Lawrence River and background sites (BS) classified based on the Walleye δ15N muscle. Class compositions: Class 1 (LPB, RC, RM, RB), Class 2 (LN), Class 3 (MS_Ef), Class 4 (MS_Ef-OR, LSP_Ef-tLSP), Class 5-d (MS_GL, LSP_GL) with “d” meaning downstream from effluent outfall and Class 5-u (LdM_RdO, LSL_RdO, LSL_GL-OR, LSL_GL) with “u” meaning upstream from effluent outfall. The red vertical dash line delineates background sites (BS) vs. the St. Lawrence River, while the vertical blue line separates from St. Lawrence River sites within vs. outside the effluent plume.
Significant differences (χ2 (8) = 40.2, p-value < 0.000003) were noted for summed PFSA (PFHxS, PFOS, PFDS) between semi-remote background sites and those of the St. Lawrence River (see Figures 3, 5), with 91.2% of the variance explaining the variability. For instance, PFSA levels ranged between 0.66 and 3.5 ng g−1 at background sites versus much higher levels for St. Lawrence River sites: 6.4–17 ng g−1 at Lac des Deux Montagnes, 11–38 ng g−1 at Lac Saint-Louis, 12–44 ng g−1 at Montreal-Sorel, and 8.2–17 ng g−1 at Lac Saint-Pierre. Interestingly, Sauger and Walleye had slightly higher levels of perfluorodecane sulfonate (PFDS) in the Lac des Deux Montagnes (1–2.62 ng g−1), compared to other locations in the St. Lawrence (0.21–1.17 ng g−1) or semi-remote background sites (<LOD-0.35 ng g−1). PFDS is a possible additive in technical products used in the metal plating, textile and upholstery industry, in polishing/cleaning agents, and impregnation/proofing agents (Boucher et al., 2018); industrial sources located in the Ottawa River watershed upstream from the sampling location may explain this pattern.
[image: Figure 5]FIGURE 5 | PFOS chronic daily intake (CDI) for Walleye and Sauger collected along St. Lawrence River and background sites. The red dashed line at 150 ng/kg bw/day (EFSA (European Food Safety Authority), 2008), 100 ng/kg bw/day (German-BfR, 2006), 30 ng/kg bw/day (US EPA, 2014), and 20 ng/kg bw/day (FSANZ, 2017) represented the TDI proposed by several regulatory agencies. Legend of sectors: Lac des Deux-Montagnes (LdM), Montreal-Sorel (MS), Lac Saint-Louis (LSL), Lac Saint-Pierre (LSP). Legend of water masses: Ottawa River (OR), Montreal WWTP effluent (Ef), Great Lakes (GL), tributary of LSP (tLSP). Sectors are associated to specific water masses by « _ » symbol and mixed water masses are associated by “-” symbol.
PFOS dominated the PFSA profiles (see Supplementary Figure S2) with concentrations gradually increasing (χ2(17) = 52.3, p-value < 0.00002) from background sites (0.66–3.2 ng g−1) to Lac des Deux Montagnes (4.3–14 ng g−1) and the St. Lawrence River (8.0–43 ng g−1). Along the St. Lawrence, PFOS levels remained consistent between the Lac Saint-Louis (15–23 ng g−1) and Montreal-Sorel (11.0–30.0 ng g−1) areas. Lower PFOS concentrations were observed in the Lac Saint-Pierre area (8.04–12.7 ng g−1), which may reflect increased dilution of the Great Lakes inputs and reduced exposure for fish foraging partly near the north shore within the brown water masses (sites #16–17 in Figure 1).
PFOS concentrations in St. Lawrence River fish analyzed in this study are similar to Walleye (5.2–100 ng g−1) from the Welland River watershed (Canada) (Gewurtz et al., 2014), freshwater fish from South Carolina impacted by multiple sources (Fair et al., 2019), and freshwater fish from U.S urban rivers and Greats Lakes (Stahl et al., 2014). Walleye and other fish collected in Minnesota adjacent to 3M cottage grove site (Malinsky et al., 2011) and urban lakes (Xiao et al., 2013) exhibited higher PFOS concentrations than those reported here. As illustrated in Supplementary Figure S3, the scope of concentrations observed for fish from the St. Lawrence is higher than fish from pristine Swedish lakes (Akerblom et al., 2017), high mountain lakes (Shi et al., 2010), and deciduous forest lakes (Kaboré et al., 2022).
Risk Assessment Related to Fish Consumption
A risk quotient (RQ) approach was used to assess ecological risks associated with PFOS. ECCC has developed federal environmental quality guidelines (FEQGs) for PFOS to protect fish health (8,100 ng g−1), and for the protection of piscivorous mammalian (4.6 ng g−1) and avian (8.1 ng g−1) consumers of aquatic biota (ECCC 2018; Longpré et al., 2020). In Lac des Deux Montagnes, RQs for Sauger were 1.9–2.0 and 1.0–1.2 respectively for fish-eating mammals and birds; RQs above unity were also noted for Walleye (RQs: 2.3–6.2 and 1.3–3.5). Along the St. Lawrence River, RQs above unity were observed at Lac Saint-Louis (Walleye, RQs: 2.4–15.9 and 2.4–8.9), Montreal-Sorel (Sauger, RQs: 3.5–14.5 and 1.5–8.1; Walleye, RQs: 4.8–18.9 and 2.7–10.6), and Lac Saint-Pierre (Walleye, RQs: 3.4–7.2 and 1.9–4.0). PFOS concentrations in fish from the present study remained between 93 and 6,152 times lower than the FEQG for the protection of fish themselves.
The human chronic daily intake (CDI) values are summarized in Supplementary Table S4. PFOS showed the highest chronic daily intake for Walleye and Sauger from different sectors of the present study at Lac des Deux Montagnes (2.7–7.3 ng/kg bw/day), Lac Saint-Louis (3.5–18.2 ng/kg bw/day), Montreal-Sorel sector (2.8–17.0 ng/kg bw/day), Lac Saint-Pierre (2.1–8.4 ng/kg bw/day) and background sites (0.17–0.81 ng/kg bw/day). Due to the lack of tolerable daily intake (TDI) for fish consumption from Canada, the human health effect was assessed by compiling TDI data of PFOS from different regulatory agencies to evaluate the hazard quotient. US-EPA advisory benchmark of 30 ng/kg bw/day (US EPA, 2014), the European Food Safety Authority criterion of 150 ng/kg bw/day (EFSA (European Food Safety Authority), 2008), the German criterion of 100 ng/kg bw/day (German-BfR, 2006), and Australian criterion of 20 ng/kg bw/day (FSANZ, 2017) were used. Overall, CDI values were 2–178 times lower than the US EPA benchmark, 5–523 times lower than the German TDI, 11–892 times lower than the European Food Safety Authority TDI, and 1–119 times lower than the Australian TDI (Figure 5).
DISCUSSION
Spatial Variations of δ15N in Fish
δ15N is an important parameter generally used for modeling or comparing food chain structure and pelagic food web (Cabana and Rasmussen 1994; Vander Zanden and Rasmussen 1996; Vander Zanden et al., 1997), as well as a descriptor of contaminant bioaccumulation (Rasmussen et al., 1990; Cabana and Rasmussen 1994; Vander Zanden and Rasmussen 1996; Lapointe et al., 2020; Pelletier et al., 2022). δ15N can also be used to assess the influence of sewage on large river food webs (deBruyn et al., 2003) and nitrogen inputs from agricultural watersheds as resources of littoral food webs (Anderson and Cabana 2005).
Implications of a differential fractionation of δ15N among fish muscle and liver tissues were previously discussed (Pinnegar and Polunin 1999). δ15N in the present study were generally higher in muscle than liver either for Sauger or Walleye. This may reflect the presence of different types of amino acids in muscle (taurine) and liver (essential amino acid) tissues (Gaebler et al., 1966; Pinnegar and Polunin 1999), and differences in metabolic effects (Pinnegar and Polunin 1999). Additionally, this can be related to different short-term exposures. The greater enrichment of 15N in muscle might be the general feature of muscle tissue relative to other tissues (Pinnegar and Polunin 1999). δ15N liver of fishes can provide insight on recent (few weeks) fish feeding behaviors, while δ15N muscle would inform the longer-term trends (Paradis et al., 2008). Both δ15N muscle and δ15N liver are useful for testing the effects of effluent on the distribution and occurrence of PFAS of these two mobile fish using field-based data.
Considering the relatively similar sizes of the collected specimens and despite distinct preying habits, Walleye and Sauger had similar δ15N isotopic signatures across different water masses of the St. Lawrence. The pattern of δ15N values of two top mobile predators is attributed to water masses or site-specific effects. For instance, Walleye individuals of similar size had δ15N values lower in the effluent plume compared to other sites (non effluent-related) within the St. Lawrence. These observations are consistent with previous studies on macroinvertebrates impacted by primary WWTP effluents (deBruyn et al., 2003) and planktivorous fish influenced by primary sewage (Gaston and Suthers 2004). Our data are also in agreement with a recent study on Walleye and Northern Pike collected near the Montreal effluent (Pelletier et al., 2022). We hypothesized that the lower δ15N values of fish collected in the effluent plume relative to other sites reflected the difference in local interactions and cascading effects from bottom-up food source uptake. The variability observed in δ15N may also support the idea that fish frequented more than one water mass for their food uptake.
Similar to our observations for fish, δ15N values of resources at the bottom of the St. Lawrence food web were generally higher in sites located outside the effluent plume, e.g., seston (δ15N = +4.9 ± 0.2‰ or +4.5 ± 0.2‰)) or epiphytic biofilm (δ15N = +6.6 ± 0.9‰), compared to those located in the effluent plume including SDPOM (δ15N = −1.3 ± 1.3‰) and epiphytic biofilm (δ15N = +0.8 ± 2‰) (deBruyn et al., 2003). In general, particulate organic matter from untreated sewage has a low δ15N signature (Anderson and Cabana 2006), while the greater δ15N at the base of the food chain in sites outside the effluent could be explained by the microbiological decay of animal or plant matter (Estep and Vigg 1985). The variation in δ15N isotopic signature at the base of the food chain (seston, epiphytic biofilm, and SDPOM) can produce variations in δ15N within the same species of predator through cascading effects.
The higher δ15N outside the effluent plume may also be attributable to agricultural activities (uses of fertilizers and manures) combined with biogeochemical processes. The N transformation processes by volatilization and denitrification (after N application and transportation via runoff) can then propagate throughout the food chain (Anderson and Cabana 2005). The targeted fluvial lakes (LSL, LdM, and LSP) and the Montreal-Sorel corridor are known as agricultural zones, which could support this hypothesis (La Violette, 2004; Anderson and Cabana, 2005).
Another potential hypothesis relates to the food chain length, caused by the presence/absence of biological stressors such as invasive species (see Supplementary Figure S4) resulting in an increase of the food chain length. Aquatic invasive species have been shown to cause major changes in the native fish community structures and among them the Round Goby (Neogobius melanostomus) has possibly become one of the most successful invader of freshwater ecosystems in the Quebec section of the St. Lawrence (Lapointe et al., 2020). In the local food chain, Walleye and Sauger (both piscivorous species) have shifted their diet, generally based on Yellow Perch, Trout Perch, Cyprinids, and minor contribution of crustaceans and insects (Swenson and Smith, 1976; Vander Zanden et al., 1997), to the invasive species Round Goby. The Round Goby now represents the major prey item of Walleye (46% of diet) and Sauger (64% of diet) in the freshwater portion of the St. Lawrence River (Reyjol et al., 2010; Brodeur et al., 2011). The Round Goby feeds on mussels and other invertebrates (Supplementary Figure S4) that are microsestonic feeders (Cabana and Rasmussen, 1994). The higher δ15N values (see Figure 4) observed in fish from St. Lawrence water masses unrelated to the effluent (larger trophic chain), in contrast to background sites (shorter trophic chain), could thus be partially explained by the recent modification of the food web structure of the St. Lawrence River (Lapointe et al., 2020). In summary, the wastewater effluent of Montreal had a significant effect on isotopic signatures by lowering δ15N values, especially for Walleye specimens collected in the effluent plume or mixed effluent with other water masses.
Spatial Variations of PFAS in Fish
Since 2002, the major global producers of PFCA, fluoropolymers and fluorotelomer-based substances have engaged efforts to reduce their industrial emissions and also replaced long-chains PFCA and their precursors with shorter-chain homologues (Wang et al., 2014a). This may explain the relatively low levels of long-chain PFCA observed here. Precursor degradation may be the dominant source of PFCA in remote environments (Wang et al., 2014b), such as boreal freshwater ecosystems (Kaboré et al., 2022). For instance, fluorotelomer carboxylic acids (n:3 FTCA) are known biodegradation intermediates of fluorotelomer alcohols (FTOH) (Myers and Mabury, 2010) and other fluorotelomer-based PFAS (Weiner et al., 2013; Munoz et al., 2017). The greater n:3 FTCA concentrations in Walleye observed at Lac des Deux Montagnes water mass (LdM_OR) may be related to the local influence of scattered industries (foods, textiles) and inputs from the Ottawa River. 6:2 FTSA, for instance, is a key active ingredient in Capstone products, marketed for use in coatings, paints, and industrial cleaning products (Field and Seow, 2017). It can also be generated at elevated levels from fluorotelomer-based aqueous film-forming foam (AFFF) components via environmental transformation processes (Harding-Marjanovic et al., 2015; D'Agostino and Mabury, 2017; Mejia-Avendaño et al., 2017; Munoz et al., 2017; Shaw et al., 2019). Fluorotelomer precursors can ultimately degrade to short-chain or long-chain PFCA, depending on the length of the fluorocarbon chain involved. ECF-based precursors such as FASA (FBSA, FHxSA, FOSA) were detected both at semi-remote background sites and in the St. Lawrence River. FBSA and FOSA levels in the present study are comparable to FBSA and FOSA concentrations reported for Lake Trout from the Great Lakes region and northern Canada (Chu et al., 2016).
PFOS aggregated relative abundances (Supplementary Figure S6) ranked as follows: background sites (27.4 ± 6.1%), Lac des Deux Montagnes (47.4 ± 7.8%), and St. Lawrence River (71.4 ± 9.0%). Background sites were located between 60 and 250 km north of major urban centers along the St. Lawrence River, which can explain lower PFOS levels and abundance. Despite high dilution capability, the St. Lawrence receives domestic and industrial wastes, runoff waters, and the major inputs of the Laurentian Great Lakes and Ottawa River. Different fish habitats (Haxton and Friday, 2019) with different PFOS sources can explain the observed pattern. Reyjol et al. (2010) and Brodeur et al. (2011) also showed that the variables related to space and fish feeding habits were linked to the occurrence of Round Goby in stomach contents of Walleye and Sauger. The consumption of Round Goby, a bottom-dwelling species, was higher in benthic-feeding Sauger (64% of diet) than in Walleye (46% of diet) feeding more in the pelagic zone and subsurface. Overall, similar/different habitats of Walleye and Sauger, their feeding habits, and the modification of St. Lawrence River food web structure could have contributed to the observed PFOS patterns.
The cyclic PFAS perfluoroethylcyclohexane sulfonate (PFEtCHS) was solely detected in fish from the St. Lawrence River upstream and downstream of the effluent outfall, but not in Lac des Deux Montagnes (Ottawa River) nor in semi-remote lakes and reservoirs. PFEtCHS is used in aircraft hydraulic fluids, with continued usage in Canada based on the lack of alternatives and the critical aspect of aircraft safety performance (De Silva et al., 2011). PFEtCHS was previously reported in Northern Pike (plasma and liver) and Yellow Perch (whole-body homogenates) from the St. Lawrence River (Houde et al., 2013; Houde et al., 2014). It was also previously identified in the upper source of the St. Lawrence River, i.e., in the Great Lakes surface waters and biota (De Silva et al., 2011). Based on these observations, we hypothesize that the main source of PFEtCHS in the St. Lawrence may be related to upstream sources located in the Laurentian Great Lakes (and long-range transport), in addition to the possible local contamination sources (e.g., Montreal effluents).
Because of fishes’ high mobility, diversity of food sources (Lapointe et al., 2020) and highly diversified sources of PFAS, we would not expect the levels of individual PFAS to be much influenced by δ15N within species (except perhaps for juveniles). However, certain PFAS such PFTrDA and PFTeDA were negatively correlated to Walleye δ15N liver (Supplementary Figure S5). PFTrDA and PFTeDA concentrations were also positively related to distance from the effluent, while δ15N liver (Walleye) was negatively related to this parameter. However, interpretations should be made with caution due to the possible coincidental nature of the relationship between PFAS concentration and δ15N or trophic position, as discussed in a companion paper (Kaboré et al., 2022).
PFOS Ecological and Human Risk Assessment
The discrepancies between TDI for protecting fish themselves, humans and other piscivorous mammalian and avian are related to the methods used to derive them. Guidelines are established based on the surface water guidelines derived from species sensitivity distribution with fifth percentile, bioaccumulation factors, no observed adverse effects level (NOAELs) or lowest observed adverse effects level (LOAELs), and applying uncertainty factors for humans, piscivorous mammals, and birds. The NAOELs and LOAELs are thus divided by uncertainty factors of 10 or 100 based on the extrapolations from laboratory to field conditions to produce a set of TDI values for whole fish consumption by wildlife predators (ECCC, 2018). In the present study, we used the conversion factor of ∼2 proposed elsewhere (de Vos et al., 2008; Munoz et al., 2017; Simmonet-Laprade et al., 2019) to convert muscle concentrations into whole-body PFOS concentrations. The criteria for protecting piscivorous mammals and birds are all surpassed in Walleye and Sauger collected from the St. Lawrence River. Although human health risk quotients remained lower than unity across all target sites, RQPFOS would be higher for human consumers feeding on fish fillets from the St. Lawrence River compared to background sites. This can be cause for concern considering the long PFOS human half-life of ca. 5 years (Olsen et al., 2007).
CONCLUSION
The distribution of δ15N isotopic signatures and PFAS were assessed in the fish predators Walleye and Sauger from the St. Lawrence River. Isotopic signature variations were observed from the dataset, explained by site-specific effects. Notably, fish collected within the effluent plume had significantly lower δ15N compared to other sites, attributed to ingestion of sewage-derived particulate organic matter. PFAS were confirmed to be present in fish from the St. Lawrence River, and their concentrations remained similar across upstream-downstream water masses, but significantly higher than semi-remote inland lakes and reservoirs. The PFAS profile was mainly dominated by PFOS and a meta-analysis of PFOS concentration revealed that PFAS contamination is mainly explained by urbanization and site-specific impacts. Piscivorous mammals or birds are at risk considering the PFOS levels, while these levels would not pose health risks to human fish consumers, according to current guidelines.
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Species Sectors Water masses Number of specimens Distances Fish size (mm) 5N (%q) muscle 875N (%) liver
from effluent (km)

SACA Ldm OR 2 -79.22 296-3056 13.68-14.60 12.62-12.92
MS Ef 1 1.08 320 11.24 10.15
Ms GL 3 6.39-8.28 308-360 14.85-15.67 13.24-15.06
MS Ef-OR 2 11.28 350-383 16.12-17.06 17.48-17.77
Ms GL 4 11.33-27.85 290-365 14.82-16.55 12.66-16.44
Ms Ef-OR 1 41.7 341 12.83 105
Ms GL 1 48.98 343 16.69 145

SAVI Ldm OR 4 79.22-76.6 310-406 13.72-14.66 13.32-14.45
LsL GL 4 64.68-61.87 256-288 14.76-15.73 13.86-15.21
LsL OR-GL 2 -60.21 333-345 15.98-16.31 16.63-16.16
LsL aL - -56 290-314 15.48-15.69 13.74-14.66
LsL OR-GL 2 -54.38 250-258 15.20-16.31 14.15-14.45
Ms Ef 3 1.08 239-324 8.03-11.78 6.83-8.54
Ms Ef-OR 1 12.35 285 1221 12.02
MS GL 1 27.73 382 14.01 11.59
Ms Ef-OR 2 29.39 306-321 11.41-1282 9.94-12.47
MsS GL 2 34.48 412-434 15.79-156.91 13.68-13.95
MsS Ef-OR = 36.06 250-321 12.11-1213 11.43-11.73
Ms GL 2 36.09-51.04 276-330 14.16-16.71 13.06-13.97
LsP Ef-tLSP 2 76.3 304-305 12.66-12.92 11.08-12.60
LsP GL 2 93.84 354-410 15.55-16.32 13.62-15.83

SAVI BS BS 21 - e 9.63-12.75 -

Sectors: LM, Lac des Deux Montagnes; LSL, Lac Saint-Louis; MS, Montreal-Sorel; LSP, Lac Saint-Pierre; BS, Background sites. Water masses: OR, Ottawa River; GL, Great Lakes; Ef,
Montreal WWTP effiuent: Mixed water masses: Ef-OR and Ef-tLSP.
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