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Abstract


Glacial-origin lakes in southern South America are increasingly exposed to anthropogenic pressures, but early signs of contamination often remain undetected in apparently pristine systems. In this study, we assessed the bioaccumulation of trace metals (Cu, Mn, Zn, Cr) in the tissues of the native freshwater mussel Diplodon chilensis and their relationship with sediment metal concentrations across 15 sites in six temperate lakes. Sediment quality was largely classified as unpolluted according to the geoaccumulation index (87% of values ≤ 0), yet high metal loads were found in mussel tissues, with Mn and Zn reaching 3325 mg·kg−1 and 350 mg·kg−1 respectively. Bioaccumulation factors were especially high for Mn (42.2) and Zn (32.1), reflecting efficient uptake from the environment. Multivariate analyses revealed spatial patterns driven by sediment composition and gradients of human influence, while regression models highlighted a significant role of fine sediment fractions in Mn bioaccumulation. These results demonstrate that D. chilensis can detect bioavailable metal fractions even in low-impact systems, underscoring its potential as a sentinel species. The integrative approach combining sediment chemistry, tissue analyses, and quantitative indices provides a replicable, cost-effective framework for the early detection of metal contamination in temperate lakes worldwide.
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1. Introduction


Glacial-origin lakes are among the most valuable and sensitive freshwater ecosystems worldwide, functioning as critical reservoirs of biodiversity and essential ecosystem services such as water regulation, nutrient cycling, and support for unique aquatic communities [1]. These systems are typically characterized by oligotrophic conditions, high transparency, and low human disturbance, making them ideal reference environments for ecological monitoring and conservation planning [2]. However, emerging pressures such as urban expansion [3], tourism [4], intensive agriculture [5] and aquaculture [6] are increasingly compromising their ecological integrity. These activities often exert subtle but significant impacts that may go undetected using conventional monitoring methods.



Among these stressors, trace metals represent a particularly persistent and complex threat due to their tendency to accumulate in sediments and become bioavailable under changing physicochemical conditions [7]. While total metal concentrations in sediments are commonly used as indicators of contamination, they do not necessarily reflect the bioavailable fraction that can be taken up by aquatic organisms [8]. This is because metal mobility and toxicity are influenced by factors such as particle size, organic matter content, pH, and redox conditions. As a result, more integrative approaches, such as sequential extraction methods or in situ techniques, have been recommended to estimate bioavailable fractions under realistic field conditions [9].



In this context, the use of benthic bioindicators, especially filter-feeding bivalves, has proven effective for assessing biological exposure to metals and other persistent contaminants in aquatic ecosystems [10]. Among these organisms, Diplodon chilensis Gray, 1828 (Hyriidae), a freshwater bivalve endemic to southern South America, stands out for its wide distribution, longevity, and filtering behavior, which enable it to integrate environmental conditions over time [11,12,13]. This species is also the dominant benthic component in many temperate lakes of Chile and Argentina, due to its high abundance, biomass, and lifespan [14], as well as its functional role in filtering large volumes of water [15]. Its structural presence influences sediment stabilization, nutrient cycling, and water quality, reinforcing its value as an ecological sentinel. Despite these attributes, its use in environmental monitoring programs has been limited, especially in lakes with low human impact, which restricts the establishment of baseline conditions for detecting subtle disturbances.



This study was conducted in six temperate lakes of southern South America that span a natural gradient of human influence, ranging from catchments dominated by native forest to those affected by urban and aquaculture activities [16]. Although these lakes differ in morphology and land use, they all exhibit high environmental quality and are representative of glacial lake ecosystems [17].



We hypothesized that even in low-impact systems, early signs of metal contamination can be detected through an integrated approach combining sediment analysis and metal bioaccumulation in D. chilensis. The specific objectives were (1) to characterize sediment texture and organic matter content at sites with different levels of human activity, (2) to quantify Cu, Mn, Zn, and Cr concentrations in surface sediments and bivalve soft tissues during winter and summer, (3) to assess metal bioavailability using the geoaccumulation index (Igeo), the bioaccumulation factor (BAF), and the metal pollution index (MPI), and (4) to analyze spatial patterns and differences between sampling periods using multivariate statistics and regression models. The selection of Cu, Mn, Zn, and Cr was based on previous studies conducted in Lake Nahuel Huapi, a nearby and ecologically comparable system, where these metals were shown to be sensitive indicators of environmental variability. In contrast, other elements offered limited interpretive value [12,18].



This integrated approach enables the assessment of trace metals not only in abiotic and biological compartments but also in terms of their bioavailability under local ecological conditions. By focusing on systems with minimal human disturbance, this study provides valuable reference data for early detection of environmental change in temperate glacial lake ecosystems of southern South America.




2. Materials and Methods


The study was conducted in six temperate lakes located in the North Patagonian Lake District of Chile: Neltume, Colico, Panguipulli, Rupanco, Llanquihue, and Villarrica. These lakes were selected to represent a gradient of anthropogenic influence, ranging from highly natural conditions to systems subjected to urban and aquaculture pressures (Table 1, Figure 1). Characterization was based on limnological criteria, native forest cover, human settlements, and aquaculture concessions, according to data reported [14,16,19]. All lakes are of glacial origin, exhibit oligotrophic to mesotrophic conditions, and have high transparency, making them suitable reference systems for detecting subtle alterations in environmental quality [17].



Sampling was conducted at 15 sites distributed across the six studied lakes (Figure 1). The geographic coordinates (UTM, WGS84) of each site are provided in Supplementary Material Table S1. Within each lake, sites were selected to represent spatial variability in potential exposure to anthropogenic influences and to capture contrasting limnological conditions. Sampling was performed during two contrasting seasonal periods, winter (2018) and summer (2019), to examine the temporal stability of spatial patterns in metal bioavailability and bioaccumulation among lakes.



During the winter (July 2018) and summer (February 2019) campaigns, in situ physicochemical parameters were measured at each sampling site from the surface to 5 m depth using a pre-calibrated multiparameter probe (Hanna HI 9828, Hanna Instruments, Woonsocket, RI, USA). The variables recorded included temperature (°C), pH, electrical conductivity (µS/cm), and dissolved oxygen (mg/L). These measurements were used to characterize the physicochemical environment of the bottom water and to support the interpretation of spatial and temporal patterns in metal bioavailability and bioaccumulation across lakes.



Sampling of sediments and Diplodon chilensis tissues was conducted at 5 ± 1 m depth, where this species reaches its highest densities in temperate lakes (50–500 ind/m2 [14]). At each site, 20 × 20 m quadrants were defined using random coordinates (X, Y). Surface-sediment samples (0–10 cm) were collected in triplicate (n = 3 sediment replicates) with a 5 cm diameter PVC corer for granulometric and organic matter (OM) analyses. Simultaneously, five adult specimens of D. chilensis (shell length 40–72 mm, 61 ± 9 mm; n = 5 biological replicates) were hand-collected by scuba diving. All individuals corresponded to adults in reproductive age, which, according to reference [14], represent specimens between 5 and 8 years old based on sclerochronological readings. Organisms were placed in bags with lake water and transported in refrigerated boxes to the laboratory. To eliminate pseudofeces and gut contents, the bivalves were kept in filtered water at 4 °C for 24 h [25,26]. In two sites (S13-winter and S6-summer), no specimens were found, so only sediment data were collected.



Sediment samples were dried at 60 °C for 12 h and subsequently dry-sieved through 1000 µm and 63 µm meshes. This process allowed the differentiation of three fractions: gravel (>1000 µm), sand (63–1000 µm), and mud (<63 µm), the latter comprising silt and clay. The weight of each fraction was determined using an analytical balance (Sartorius ENTRIS2202-1S, Sartorius AG, Göttingen, Germany) to calculate their relative proportions. Organic matter content was then estimated via loss on ignition, incinerating dry subsamples at 500 °C for 3 h [27].



Sediments (<63 µm fraction, dried at 105 °C) were homogenized, ground, and digested with an HF:HNO3 (2:1) mixture at 90 °C in a closed system, following an adapted EPA 3052 protocol [28,29]. Soft tissues were extracted from specimens, lyophilized (Labconco Corporation, Kansas City, MO, USA), ground in an agate mortar, and digested with 20 mL of HNO3 (Suprapur®, Merck KGaA, Darmstadt, Germany) at 90 °C with constant agitation [30,31]. Only the soft tissues (whole body without shell) were used for chemical analyses to ensure standardized comparisons among individuals and sampling sites, following common protocols for freshwater bivalves [30,31]. Solutions were diluted and filtered (Whatman 42) prior to analysis.



Concentrations of Cu, Zn, Mn, and Cr were determined by flame atomic absorption spectrophotometry (Unicam 969, Thermo Scientific, Waltham, MA, USA, and ICE 3000, Thermo Fisher Scientific, Waltham, MA, USA, air–acetylene flame), and for the determination of chromium, a nitrous oxide–acetylene flame was used, following adapted protocols from [28,29]. Sediment samples (<63 µm fraction, dried at 105 °C) were ground, sieved, and digested with an HF:HNO3 (2:1) mixture at 90 °C in a closed system, according to an adapted EPA 3052 method [30]. Tissue samples (1.0 g dry weight) were lyophilized (Labconco Corporation, Kansas City, MO, USA), ground in an agate mortar, and digested with 20 mL of Suprapur HNO3 (Merck, Darmstadt, Germany) at 90 °C under constant agitation until near dryness, then diluted to a final volume of 50 mL with double-distilled water. All reagents were of high-purity analytical grade (Suprapur, Merck, Darmstadt, Germany), and calibration curves were prepared from certified single-element standards (Fisher Scientific, Waltham, MA, USA) with five concentration points (R2 > 0.999).



Instrumental limits of detection (LOD) and quantification (LOQ) were determined as 3× and 10× the standard deviation of blank signals, respectively, following IUPAC guidelines [31]. LODs/LOQs (mg·kg−1) were 0.008/0.026 for Cu and Mn, 0.004/0.014 for Zn, and 0.004/0.013 for Cr.



In soft tissues, Cr concentrations were frequently below the laboratory quantification limit (LOQ = 0.01 mg·kg−1), reflecting trace levels near the detection capability of FAAS for this element. For statistical analyses, values reported as below LOQ were replaced by LOQ/2 to preserve numerical consistency without biasing correlations. Analytical quality was verified through reagent blanks, duplicate samples, and certified reference materials (MESS-1, National Research Council Canada (NRC-CNRC), Ottawa, ON, Canada, for sediments and TORT-1, National Research Council Canada (NRC-CNRC), Ottawa, ON, Canada, for tissues), with recoveries ranging from 87.5% to 104% and relative errors from −12.5% to 4% (Table 2), confirming the reliability and accuracy of the results. Each sample was analyzed in duplicate, including a control solution. All concentrations were expressed as mg·kg−1 dry weight.



To assess metal contamination and biological uptake, three complementary indices were applied. The geoaccumulation index (Igeo [32]) was used to evaluate the relative degree of contamination in sediments, with background values defined as the arithmetic mean of metal concentrations across all sites and both sampling periods within each lake [33], thereby avoiding the use of external references that could introduce systematic errors. According to this index, values were classified as Class 0 (Igeo ≤ 0, unpolluted), Class 1 (0 < Igeo ≤ 1, moderately polluted), and Class 2 (1 < Igeo ≤ 2, polluted). In parallel, a bioaccumulation factor (BAF) was calculated for each site and season as the ratio between the concentration of each metal in the soft tissues of D. chilensis and its corresponding concentration in surface sediments, thus providing an estimate of biological uptake efficiency [34]. Finally, the metal pollution index (MPI) was determined for each D. chilensis sample as the geometric mean of Cu, Zn, Mn, and Cr concentrations, as described by [35], thereby summarizing the overall metal burden in tissues and enabling multimetal comparisons across sites.



Pearson correlation coefficients (r) were calculated to evaluate associations between granulometric fractions (mud, sand), OM, and metal concentrations by sampling period and across the entire dataset (n = 30). A Principal Component Analysis (PCA) was conducted using standardized data (Z-score), including granulometric variables, OM, and metals (Cu, Zn, Mn, Cr), following [36]. Based on the PCA coordinates, a K-means clustering was performed, selecting the optimal number of groups using the Silhouette index, and multivariate differences between clusters were tested using MANOVA (Wilks’ Lambda).



Prior to analysis, data were checked for normality and homoscedasticity; variables showing skewed distributions were log10(x + 1)-transformed, and proportions were arcsine-square-root transformed. The significance level was α = 0.05 (two-tailed). To account for potential non-independence of sites nested within lakes, ordinary least squares models were verified using cluster-robust standard errors by lake, yielding consistent results.



Multiple linear models were fitted to assess the effect of total metal concentration in total sediments (Sed), fine fraction (Mud), and OM on metal concentrations in tissues. Models were built using all sites with paired data (n = 28), and effects were considered significant when p < 0.05 [37]. All statistical analyses were conducted in R version 4.3.2 (R Core Team, R Foundation for Statistical Computing, Vienna, Austria) [38].




3. Results


3.1. Physicochemical Characteristics of Bottom Water


Bottom water parameters showed differences between sampling periods, consistent with lake climatic dynamics (Table 3). Temperature ranged from 9.1 °C (Villarrica S1, winter) to 21.1 °C (Colico S4, summer), revealing a typical summer increase of 8 to 10 °C in temperate Southern Hemisphere lakes. The pH remained slightly alkaline (7.35–8.87), with no marked differences among sites or sampling periods.



Electrical conductivity varied between 10 µS/cm (Colico S5, summer) and 120 µS/cm (Panguipulli S6, winter). In most sites, values were below 80 µS/cm, within the reference range for oligotrophic systems. However, persistently elevated values (≥100 µS/cm) were recorded at Villarrica S3-summer (100 µS/cm), Panguipulli S6-winter (120 µS/cm), and Llanquihue S12–S13-summer (110 µS/cm), suggesting localized anthropogenic influence. Dissolved oxygen remained high (8.2–12.6 mg/L) across all sites, with no evidence of hypoxia in either sampling period.




3.2. Sediment Granulometry and Organic Matter


Surface sediments (0–10 cm) were generally dominated by the coarse fraction. According to Table 3, mud content ranged from 0.04% (Llanquihue S12, winter) to 6.61% (Neltume S9, summer), reflecting active hydrodynamics and low fine particle deposition. Low standard deviation in most sites indicated high replicate homogeneity and minimal differences between sampling periods, suggesting sedimentary stability.



Three relevant exceptions were identified. In Villarrica, S3 and S1 recorded the highest mud content in winter (43.67% and 30.21%), which dropped to 4.13% and 1.18% in summer, respectively. Winter heterogeneity in S1 may be linked to Cautín River currents, while differences between sampling periods in S3 likely result from southwestern winds promoting summer resuspension. In contrast, Panguipulli S7 showed an increase from 3.04% (winter) to 17.20% (summer), probably due to its sheltered location, which favors summer fine sediment deposition and reduced winter resuspension from northern storms.



Organic matter (OM) content was generally low (0.01–4.73%), with higher values in sites with more mud. Most sites showed OM <1%, typical of well-oxygenated littoral sediments with low sustained deposition.




3.3. Metal Contamination in Surface Sediments


Concentrations of Cu, Mn, Cr, and Zn (mg·kg−1) in surface sediments (0–5 cm) are detailed in Table 4. The overall pattern was Mn > Zn > Cu > Cr. In winter, Villarrica S3 showed the highest Cu concentration (49.58 ± 0.17), while the summer maximum was 19.67 ± 0.41 in Villarrica S1. For Mn, maximum values occurred in Llanquihue S11 (339.42 ± 8.35, summer; 320.87 ± 7.36, winter) and S12 (342.88 ± 15.51, summer). Cr peaked in Llanquihue S11 and S12 during summer (23.90 ± 1.04 and 23.86 ± 1.49). Zn was also highest at Villarrica S3-winter (74.90 ± 1.52).



The geoaccumulation index (Igeo) classified most sediments as unpolluted (Class 0), although some sites fell into the “unpolluted to moderately polluted” category (Class 1). In winter, the highest Igeo values were observed at Villarrica S3 for Cu (1.06) and Zn (0.67). Cr had positive values at Llanquihue S11 (0.17), S12 (0.66), and Rupanco S14 (0.13) and S15 (0.08). In summer, only Llanquihue S11 and S12 showed positive Igeo for Mn (0.27–0.29) and Cr (0.56), still within Class 1.




3.4. Correlations Between Sediment Parameters and Metals


In summer (n = 15), significant correlations were Mud–OM (r = 0.83, p < 0.001), Zn–OM (r = 0.72, p < 0.01), Mud–Zn (r = 0.56, p < 0.05), and Mn–Cr (r = 0.80, p < 0.001).



In winter (n = 15), significant correlations were Mud–Cu (r = 0.73, p < 0.05), Mud–Zn (r = 0.62, p < 0.05), OM–Zn (r = 0.63, p < 0.05), Cu–Zn (r = 0.73, p < 0.001) and Mn–Cr (r = 0.73, p = 0.01). Full correlation matrices with significance marks are shown in Figure 2.




3.5. Multivariate Analysis of Sediments


The Principal Component Analysis (PCA) of combined sediment samples (winter and summer) explained 62.7% of total variability. PCA1 (36.2%) represented the metal load gradient, driven by Zn (31.8%), Cr (20.3%), and Cu (20.2%), while PCA2 (26.5%) was linked to physical properties, mainly mud (24.1%), Mn (23.4%), and sand (19.4%) (Figure 3).



Winter sites tended to be associated with fine fractions and higher metal loads, while summer sites grouped in regions dominated by coarse sediments. Villarrica S3-winter had the highest PCA1 score (5.58), reflecting the study’s highest metal load.



K-means clustering based on PCA coordinates identified three clusters (Figure 3; Silhouette score = 0.45). Cluster 1 (gray) grouped most sites with intermediate metal concentrations and high sand content (78.7%). Cluster 3 (green) included sites with the lowest Cu (15.6 mg·kg−1), Zn (30.8), Cr (9.6), and Mn (142.7), along with higher mud (5.1%) and OM (1.36%), representing more natural conditions. Cluster 2 consisted exclusively of Villarrica S3-winter, with the highest Zn (74.9), Cu (49.6), and mud (43.7%).



The overlay of Igeo classes in PCA space (Figure 4) showed that most Cluster 1 and 3 sites were Class 0 (unpolluted), while those with Igeo Class 1 or 2 clustered in Cluster 2 or on Cluster 3 margins. Villarrica S3-winter was the only site classified as Igeo Class 1 for Cu and Class 2 for Zn. MANOVA confirmed significant differences between clusters 1 and 3 (Wilks’ Lambda = 0.501; F = 3.123; p < 0.05), supporting structured groupings based on granulometry and metal load.




3.6. Metal Content in Soft Tissues


Metal concentrations in D. chilensis soft tissues showed broad spatial variability and differences between sampling periods (Table 5). No samples were collected at S13-winter or S6-summer. The general pattern was Mn > Zn > Cu > Cr. Mn was the dominant metal, ranging from 992.90 mg·kg−1 (Villarrica S1-summer) to 3325.26 mg·kg−1 (Neltume S9-summer). High values were also observed at Llanquihue S13-summer (3114.17) and Rupanco S14-summer (3002.57). Zn peaked at Colico S5-summer (349.57 mg·kg−1), followed by Rupanco S14-summer (296.43), with the lowest values at Villarrica S3-winter (179.04) and Rupanco S15-summer (162.76). Cu ranged from 3.94 mg·kg−1 (Villarrica S2-summer) to 30.00 mg·kg−1 (Villarrica S3-winter), generally higher in winter. High values of Cu were also recorded in Llanquihue S10-winter (22.33). Cr concentrations were generally low or below quantification limits (<0.01 mg·kg−1) at several sites (Panguipulli S7, S8; Neltume S10; Llanquihue S12; Rupanco S14, S15). Maximum values of Cr were at Villarrica S3-winter (11.59 mg·kg−1) and Llanquihue S13-summer (7.98).




3.7. Bioaccumulation Factors (BAFs)


BAFs were calculated only for sites with tissue samples, excluding S13-winter and S6-summer (Table 5). Absolute values were low (BAF < 100) for all metals. Mn showed the highest BAFs, peaking at 42.18 in Neltume S9-summer, followed by Llanquihue S13-summer (30.51), indicating strong bioaccumulation potential.



Zn also showed high BAFs, with a maximum of 32.07 in Llanquihue S13-summer. In contrast, Cu had low and relatively stable BAFs, peaking at 2.10 in Neltume S10-winter. Cr had the lowest BAFs, near zero at most sites, except for specific cases in Villarrica S2-winter (1.55) and Llanquihue S13-summer (1.26). Overall, BAF patterns indicate higher bioaccumulative affinity of D. chilensis for Mn and Zn and lower retention of Cu and Cr, with BAF values for Cu, Zn, and Mn consistently above 1 in most sites, indicating active bioaccumulation, while Cr showed lower but still positive enrichment in soft tissues. Mean BAF values ranged between 1.3 and 3.2 for Cu and Zn.




3.8. Metal Pollution Index in Tissues (MPI)


The Metal Pollution Index, calculated from Cu, Zn, Mn, and Cr concentrations in soft tissues, ranged from 14.59 to 95.87 (Table 5). Sites without tissue data (S13-winter and S6-summer) were excluded. Highest MPI values were observed at Villarrica S3-winter (95.87), Llanquihue S13-summer (94.20), and S12-summer (92.88), coinciding with maximum accumulated Mn and Zn concentrations. The lowest values were at Panguipulli S7 and S8 (14.59 in winter) and Rupanco S15-winter (15.84). These results confirm that MPI effectively summarizes total metal burden in organisms, highlighting sites with the highest bioaccumulation.




3.9. Relationships Between Metal Concentrations in Sediments and Tissues


Global correlation analysis (n = 30) revealed a significant relationship only for Cu (r = 0.42; p < 0.05) between sediments and tissues. No significant correlations were found for Mn, Zn, or Cr. In winter (n = 14), significant correlations were observed for Mn (r = 0.59; p = 0.026) and a marginal trend for Cu (r = 0.51; p = 0.063). In summer (n = 14), no significant associations were found (p > 0.05).



Multiple regression models identified significant effects of sediment variables on bioaccumulation (Table 6). Mud content was positively associated with Mn (coef. = 0.317; p = 0.003) and Cr (coef. = 0.137; p = 0.047). OM showed a negative effect on Mn (coef. = −3.195; p < 0.05) and a marginally positive effect on Zn (coef. = 13.97; p < 0.10). Total metal concentrations in sediments were not significant predictors for any modeled metals.





4. Discussion


This study demonstrates that even temperate glacial lakes considered to be of high environmental quality exhibit incipient signs of trace metal contamination, both geochemically and biologically. The integration of physicochemical parameters, sediment properties, metal concentrations, and bioaccumulation in D. chilensis allowed the detection of subtle accumulations that go unnoticed using conventional indicators [11]. The consistent occurrence of BAF > 1 for most trace metals, together with significant correlations between sediment and tissue concentrations, provides quantitative evidence supporting the interpretation of bioaccumulation in D. chilensis under low-level contamination gradients. Nevertheless, because metal concentrations in both sediments and tissues were low and spatial variability among sites was relatively high, this interpretation should be viewed as indicative rather than conclusive of bioaccumulation under low-level contamination conditions.



The interpretation of metal concentrations in D. chilensis tissues must take into account the fact that this study quantified total metal levels in the <63 µm sediment fraction rather than the truly bioavailable forms. Accordingly, the joint evaluation of fine sediment (<63 µm) and soft-tissue metal concentrations should be regarded as an indirect indicator of metal bioavailability rather than a direct measure. In freshwater unionids, fine particles have been shown to play a dominant role in metal transfer, as sediment-bound species often represent the main exposure route compared to the dissolved phase [39,40]. Moreover, bioaccumulation in these mussels reflects not only environmental availability but also internal physiological regulation through metallothionein synthesis and other homeostatic mechanisms [41]. Together, these findings emphasize that bioaccumulation patterns emerge from the combined influence of sediment geochemistry and species-specific physiological control.



Although temperature, pH, dissolved oxygen, and conductivity remained within reference ranges for oligotrophic systems [14], localized increases in conductivity (≥100 µS/cm) were observed during summer in Villarrica, Panguipulli, and Llanquihue, suggesting period-specific anthropogenic inputs. This pattern aligns with studies documenting the impact of tourism on limnological parameters even in seemingly pristine ecosystems [4,42].



Surface sediments exhibited granulometric heterogeneity, with dominance of coarse fractions and increases in mud in sites such as Villarrica S3-winter (43.67%) and Panguipulli S7-summer (17.20%). This variability was associated with differential retention of organic matter (OM), confirming the functional relationship between granulometry and OM [43]. Metal concentrations were low to moderate (Mn > Zn > Cu > Cr), but maximum values of Cu (49.58 mg·kg−1) and Zn (74.90 mg·kg−1) in Villarrica S3-winter were classified as “moderately contaminated” according to the Igeo index. These results reflect patterns similar to those reported for alpine lakes, where contaminant accumulation occurs despite pristine appearances [42,44,45].



Compared to international benchmarks (Table 7), metal concentrations in southern Chilean lakes fell within low to moderate ranges. Mn values (78.8–342.9 mg·kg−1) were lower than those reported for North Patagonian or urban systems such as Budi Lagoon. Cu (8.48–49.6), Zn (8.45–74.9), and Cr (3.2–23.9) concentrations were also lower than those found in eutrophic or urban systems (e.g., Venice Lagoon, Vembanad Lake), indicating limited contamination.



These comparisons confirm that the studied lakes remain within internationally accepted background or low-contamination levels, consistent with the high environmental quality expected for temperate oligotrophic systems.



The selection of Cu, Zn, Mn, and Cr was based on their ecological relevance and usefulness in previous studies in Lake Nahuel Huapi [12,18], where they exhibited meaningful spatial patterns.



Multivariate analysis confirmed that fine sediment fractions and OM determine the spatial distribution of metals, consistent with previous work [46]. PCA identified two main components: one associated with metal load (Zn, Cr, Cu) and another with physical properties (Mud, Mn, sand), explaining 62.7% of the variability, similar to findings in Poyang Lake [47]. Villarrica S3-winter appeared at the positive extreme of the metal axis, representing a site of atypical geochemical load [48]. Cluster analysis revealed a differentiated group (Cluster 2) characterized by high contamination and high mud content, reinforcing the diagnostic value of these methods [49].





 





Table 7. Trace metal concentrations in surface sediments of lakes and lagoons reported in various studies (mg·kg−1, dry weight). For lakes in southern Chile, the minimum and maximum values of the site averages obtained for each sampled lake are presented.






Table 7. Trace metal concentrations in surface sediments of lakes and lagoons reported in various studies (mg·kg−1, dry weight). For lakes in southern Chile, the minimum and maximum values of the site averages obtained for each sampled lake are presented.





	Location
	Mn
	Cu
	Zn
	Cr





	Villarrica Lake (Chile) *
	89.04–259.08
	10.49–49.58
	10.8–74.9
	4.87–15.16



	Colico Lake (Chile) *
	166.29–252.48
	15.16–27.08
	28.13–41.22
	8.41–13.41



	Panguipulli Lake (Chile) *
	84.58–207.05
	8.48–14.73
	29.32–47.92
	7.1–14.82



	Neltume Lake (Chile) *
	78.83–169.02
	9.15–15.04
	23.41–32.25
	3.2–8.18



	Llanquihue Lake (Chile) *
	102.07–342.88
	11.62–18.85
	8.45–38.01
	6.32–23.9



	Rupanco Lake (Chile) *
	247.37–279.99
	12.42–17.52
	35.75–45.76
	12.21–17. 8



	Nahuel Huapi (Argentina) [18]
	-
	-
	-
	40.2–73.6



	NP lakes (Argentina) [50]
	918–2760
	18.5–38.3
	90.7–567
	19.5–57.1



	Budi Lagoon (Chile) [14]
	285–989
	21.8–61.9
	54.5–94.8
	-



	Urban lakes (Chile) [51]
	-
	30.8–131.9
	90.9–666.9
	-



	Lakes in Tokat (Turkey) [52]
	76.7–232.0
	3.7–8.2
	23.9–38.9
	4.4–10.7



	Vembanad Lake (India) [53]
	-
	8–50
	36–858
	-



	Venice Lagoon (Italy) [54]
	-
	-
	101–1115
	-



	Sudi Moussa (Morocco) [55]
	-
	20–42
	19–73
	32.9–180







Note: * This study.











Bioaccumulation patterns showed a strong influence of fine particles and OM. D. chilensis primarily accumulated Mn (maximum: 3325.26 mg·kg−1) and Zn (349.57 mg·kg−1), consistent with previous studies in Patagonia [12] and in other freshwater bivalves worldwide. This affinity is explained by the high bioavailability and physiological roles of these elements. Sites with the highest bioaccumulation (Panguipulli S7, Neltume S9) coincided with fine, organic-rich sediments, with BAFs of 42.18 for Mn and 32.07 for Zn, consistent with studies linking these conditions to increased metal availability [56].



The contrasting accumulation patterns observed among metals are likely related to their physiological roles and regulation mechanisms in bivalves. Copper is an essential micronutrient involved in hemocyanin and oxidative enzymes, but its internal concentrations are generally maintained within narrow limits through strong homeostatic control and binding to metallothioneins [41]. This may explain the relatively low bioconcentration factors (BAFs) for Cu (<2.1) observed here. In contrast, manganese and zinc are essential cofactors of several enzymes, including superoxide dismutase and carbonic anhydrase, and may not be as tightly regulated in freshwater unionids [40]. Consequently, D. chilensis may exhibit a higher physiological tolerance or storage capacity for Mn and Zn [39,40], consistent with the markedly higher BAFs (up to 42.2 and 32.1, respectively). Moreover, by actively filtering suspended particles and producing biodeposits, this mussel could influence the local redistribution of metals between sediments and the water column, potentially reinforcing these differential accumulation patterns.



Despite low sediment concentrations, tissue accumulation revealed the presence of bioavailable fractions, likely facilitated by associations with fine particles, oxides, or OM, or by selective physiological processes [8,57,58]. The use of whole soft tissues enables integration of accumulated load, facilitating comparisons across sampling periods and sites. This approach has also proven successful in other freshwater bivalves [59,60]. In the present study, the use of adult specimens within a narrow size range (61 ± 9 mm) minimized ontogenetic effects on metal uptake. These individuals correspond to reproductively mature mussels (5–8 years old [14]), ensuring biological comparability among sites and seasons. Although the physiological condition of individuals was not directly assessed, no specific biomarkers (e.g., lipid content or gonadal index) were measured to quantify physiological status. However, temporal differences were inherently considered, since winter samples represent the quiescent, non-reproductive phase characterized by slower metabolism, whereas summer individuals correspond to the active reproductive period with higher growth and filtration activity [14]. These physiological contrasts were therefore accounted for qualitatively in the interpretation of bioaccumulation patterns. Such differences may partly explain the moderate temporal variability observed in bioaccumulation indices.



Compared to international references (Table 8), metal levels in D. chilensis remained within moderate ranges. Mn (991–3325 mg·kg−1) concentrations were below those reported for Anodonta cygnea in Italy. Cu (3.94–30.00) and Zn (172–350) values were similar to or lower than those observed in Anodonta woodiana and Unio pictorum. Cr levels (<0.01–11.59) were also lower than those reported for D. chilensis in North Patagonian lakes (Nahuel Huapi).



Overall, the concentrations observed in D. chilensis were similar to or lower than those reported for other freshwater bivalves from moderately impacted systems, supporting the classification of these lakes as low-contaminated.



Statistical analyses confirmed associations between sedimentological features and bioaccumulation. The MPI was highest at Villarrica S3-winter (95.87) and Llanquihue S13-summer (94.20), supporting its use for assessing multimetal load [69]. These values coincided with elevated conductivity and mud content, as also observed in other systems [70]. Correlations between metal concentrations in sediments and tissues were significant for Cu (r = 0.42) and for Mn in winter (r = 0.59), highlighting the biological availability within the two sampling periods [71,72].



Multiple regression analysis showed that mud content positively predicted Mn (coef. = 0.317) and Cr (coef. = 0.137) accumulation, consistent with earlier findings [72]. This positive association between mud content and Mn in tissues likely reflects either the direct ingestion or filtering of fine particles enriched with metal oxides or enhanced desorption of metals from these particles into the water column, where they are filtered [39,40]. Conversely, the negative relationship between OM and Mn accumulation observed here suggests that organic matter may form stable complexes with Mn, reducing its desorption and thus its bioavailability [39]. OM showed contrasting effects depending on the metal, aligning with its dual role as a chelating agent that may either increase or reduce bioavailability depending on local conditions [50,73]. These results underscore the complexity of bioaccumulation processes, which integrate physicochemical and biological factors [74].



Moreover, the contrasting seasonal conditions considered in this study may also contribute to the observed bioaccumulation patterns. The winter sampling corresponded to a non-reproductive phase characterized by reduced growth rates, while the summer sampling coincided with the reproductive period and higher metabolic activity in D. chilensis [14]. These physiological contrasts could influence metal uptake and storage processes, adding a biological dimension to the observed seasonal variability.



A distinctive feature is the role of D. chilensis as an ecosystem engineer. Its filtering activity promotes the retention of fine particles and OM in sediments, thereby modulating local metal dynamics, as demonstrated in eutrophic systems [57]. This ecological feedback reinforces its value as an environmental sentinel capable of integrating spatial and temporal exposure to contaminants [75]. The observed stability between sampling periods in bioaccumulation may be attributed to the species’ longevity and to the general stability of physicochemical conditions in forested lakes under low diffuse pressure [11,76].



Although physicochemical parameters of the water column were measured, only sediment variables were formally analyzed as environmental covariates, as they are more stable over time and better represent the long-term exposure conditions experienced by benthic organisms such as D. chilensis [77]. In contrast, water quality parameters typically reflect short-term variability and thus provide only instantaneous snapshots of system conditions.



Among the study’s limitations are the restriction to two sampling periods, which prevents assessment of interannual variability, and the lack of data on dissolved metal fractions, which are essential for understanding bioavailability [78]. In addition, the study did not include multi-year temporal replication or multiple environmental covariates, and the physiological condition of the individuals was not explicitly quantified. Nevertheless, these aspects were qualitatively considered through seasonal contrasts and the interpretation of stable sediment variables. Future research should include multi-year monitoring, the integration of additional environmental parameters (e.g., nutrients, temperature, oxygen dynamics), and physiological or biochemical biomarkers in D. chilensis to better understand interannual variability and the mechanisms driving bioaccumulation [41,77,79]. Such approaches would strengthen the long-term ecological interpretation and reinforce the use of D. chilensis as a sentinel species in temperate lakes.



In summary, the bioaccumulation patterns observed in D. chilensis likely result from a combination of sediment properties, metal speciation, and species-specific physiological regulation. The relatively efficient uptake of Mn and Zn, together with the apparent regulation of Cu, is consistent with the functional roles of these metals in bivalve metabolism. Similar patterns have been reported for other unionid mussels under moderate contamination conditions [40,41]. Future studies incorporating enzymatic biomarkers or metal-binding proteins could further clarify whether the observed metal accumulation reflects active physiological uptake, passive exposure to sediment-bound metals, or both.



Overall, these findings can inform monitoring and conservation strategies in ecologically sensitive areas. Unlike studies in heavily impacted systems, this research shows that D. chilensis is an effective bioindicator even in pristine environments, detecting early anthropogenic signals. The multicomponent approach, integrating sedimentological, physicochemical, and biological data, provides a replicable model for anticipating degradation processes in mountain lake ecosystems. The observed patterns of bioaccumulation emphasize the importance of establishing robust baseline conditions to address emerging threats such as climate change, urban expansion, and high-intensity tourism.




5. Conclusions


This study provides compelling evidence that trace metal contamination can be present even in temperate glacial lakes that are typically considered to have high environmental quality. Through the integration of sedimentological, physicochemical, and biological indicators, we identified early warning signals of metal bioavailability that would likely go undetected by conventional water quality assessments. The freshwater bivalve D. chilensis proved to be a sensitive biological indicator of subtle metal accumulation, particularly for manganese and zinc, even when sediment concentrations remained within globally acceptable thresholds. The observed associations between sediment texture, organic matter content, and metal uptake confirm the importance of substrate composition in shaping contaminant dynamics in lake ecosystems.
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Figure 1. Location of the 15 sampling sites (S1–S15) across six lakes in the North Patagonian Lake District, southern Chile. (a) Overview map of South America indicating the study region; (b) regional map of the study area; (c) Villarrica (S1–S3) and Colico (S4–S5); (d) Panguipulli (S6–S7) and Neltume (S8–S10); (e) Llanquihue (S11–S13) and Rupanco (S14–S15). Yellow circles denote sampling sites; arrows indicate lake outlet rivers. Nearby cities are shown for geographic reference. Coordinate reference system: WGS84 (geographic latitude/longitude). Site coordinates are provided in Supplementary Material Table S1. 
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Figure 2. Heatmap of Pearson correlation matrices for summer (a) and winter (b) samples (n = 15). Significant associations highlight seasonal differences in the coaccumulation of metals and sediment characteristics: Mn–Cr, Zn–OM, and Mud–OM correlations dominate in summer, while Cu, Cr, Zn, and Mud show stronger interrelations in winter (* p < 0.05, ** p < 0.01, *** p < 0.001). 
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Figure 3. PCA biplot of surface-sediment attributes and metals for the 15 sampling sites (two seasons; n = 30 observations). Variables included: sand (%), mud (% < 63 µm), organic matter (OM, %), and metal concentrations in surface sediments (mg·kg−1 dry weight: Cu, Mn, Cr, Zn). Points are site scores (winter = blue, summer = red); numeric labels are site codes (1–3 = Villarrica; 4–5 = Colico; 6–8 = Panguipulli; 9–10 = Neltume; 11–13 = Llanquihue; 14–15 = Rupanco). Arrows are variable loadings (direction indicates correlation with the axes; length reflects contribution). The axes show the variance explained (PC1 = 36.2%, PC2 = 26.5%). 






Figure 3. PCA biplot of surface-sediment attributes and metals for the 15 sampling sites (two seasons; n = 30 observations). Variables included: sand (%), mud (% < 63 µm), organic matter (OM, %), and metal concentrations in surface sediments (mg·kg−1 dry weight: Cu, Mn, Cr, Zn). Points are site scores (winter = blue, summer = red); numeric labels are site codes (1–3 = Villarrica; 4–5 = Colico; 6–8 = Panguipulli; 9–10 = Neltume; 11–13 = Llanquihue; 14–15 = Rupanco). Arrows are variable loadings (direction indicates correlation with the axes; length reflects contribution). The axes show the variance explained (PC1 = 36.2%, PC2 = 26.5%).



[image: Water 17 03079 g003]







[image: Water 17 03079 g004] 





Figure 4. PCA biplot of surface-sediment variables for the 15 sites in two seasons (n = 30 observations). Variables: sand (%), mud (% < 63 µm), organic matter (OM, %), and metal concentrations in sediments (mg·kg−1 dry weight: Cu, Mn, Cr, Zn). Point fill colors encode Igeo classes computed per site–season: blue = Class 0 (unpolluted), orange = Class 1 (unpolluted to moderately polluted), and red = Class 2 (moderately polluted). Labels indicate lake and site (e.g., “11(W)” = site 11, winter). Shaded polygons are K-means clusters (K = 3) obtained on PCA scores; K was selected by the Silhouette index (0.45). Group differences among clusters were tested with MANOVA (Wilks’ Λ = 0.501; F = 3.123; p = 0.019). 
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Table 1. Morphometric, limnological and anthropogenic attributes of the studied lakes, ordered by degree of human intervention (very low, low, moderate). For each lake/site, we report geographic coordinates (WGS84; decimal degrees), trophic status [20], Secchi depth (m), elevation (m a.s.l.), maximum depth (m), lake surface area (km2), watershed area (km2), native forest cover (%), and the number of settlements with >100 inhabitants (population in parentheses) within the watershed. Site codes match those used throughout the manuscript. Data compiled from [14,19,21,22,23,24].
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Degree of Human Intervention

	
Lakes

(Sites)

	
Coordinates

	
Altitude

(m asl)

	
Depth (m)

	
Trophic Level

	
Secchi

(m)

	
Lake Area

(km2)

	
Watershed Area (km2)

	
Native Forest Cover (%)

	
Cities/Towns (Inhabitants)






	
Very low

	
Neltume

(S9, S10)

	
39°47′36″ S

71°50′00″ W

	
197

	
86

	
Ult/Oli

	
7.4

	
9.8

	
731

	
87.6

	
0




	
Colico

(S4, S5)

	
39°04′47″ S

71°59′13″ W

	
327

	
150

	
Ult/Oli

	
13.3

	
56.3

	
458

	
78.9

	
0




	
Low

	
Panguipulli

(S6–S8)

	
39°42′11″ S

72°14′97″ W

	
131

	
268

	
Ult/Oli

	
9.7

	
114.1

	
704

	
63.8

	
2 (36,220)




	
Rupanco

(S14, S15)

	
40°48′48″ S

72°31′26″ W

	
123

	
269

	
Oli(a)

	
13.0

	
231.0

	
692

	
20.4

	
2 (680)




	
Llanquihue

(S11–S13)

	
41°08′44″ S

72°48′12″ W

	
53

	
317

	
Oli(b)

	
15.5

	
868.0

	
710

	
24.6

	
7 (103,517)




	
Moderate

	
Villarrica

(S1–S3)

	
39°15′11″ S

72°05′52″ W

	
214

	
167

	
Mes/Oli

	
9.5

	
174.0

	
2287

	
12.1

	
2 (91,327)








Note: Number of salmon farming concessions in the lake: (a) = 7, (b) = 15.













 





Table 2. Analytical validation using certified reference materials (CRMs) from NRC Canada: MESS-1 (sediment) and TORT-1 (tissues). For each element, certified and measured concentrations are given in mg·kg−1 (dry weight) as mean ± SD (n = 3 independent digestions). Also shown are relative error (%) and recovery (%), calculated as [(observed − certified)/certified] × 100 and (observed/certified) × 100, respectively. In this study, recoveries ranged from 87.5 to 104.0% and relative errors from −12.5 to 4.0%, supporting the accuracy of the analytical procedure.
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Matrix

	
Element

	
Concentration (mg·kg−1)

	
Rel. Error

(%)

	
Recovery

(%)




	
Certified

	
Observed






	
Sediment

(MESS-1)

	
Cu

	
25.1 ± 3.8

	
26.1 ± 0.2

	
4.0

	
104.0




	
Cr

	
71.0 ± 11.0

	
70.0 ± 0.2

	
−1.4

	
98.6




	
Mn

	
513.0 ± 25.0

	
499.5 ± 3.4

	
−2.6

	
97.4




	
Zn

	
191.0 ± 17.0

	
198.1 ± 4.1

	
3.7

	
103.7




	
Tissues

(TORT-1)

	
Cu

	
439.0 ± 22.0

	
428.0 ± 7.2

	
−2.5

	
97.5




	
Cr

	
2.4 ± 0.6

	
2.1 ± 0.6

	
−12.5

	
87.5




	
Mn

	
23.4 ± 1.0

	
21.8 ± 0.7

	
−6.8

	
93.1




	
Zn

	
177.0 ± 10.0

	
184.0 ± 5.8

	
4.0

	
104.0











 





Table 3. Physicochemical parameters of bottom water at 7 m depth and surface-sediment characteristics (0–10 cm) at the 15 sampling sites. Seasons: W = winter (July 2018), S = summer (February 2019). Water variables: temperature (°C), pH, conductivity (µS cm−1), and dissolved oxygen (mg L−1). Sediment variables: sand (%), mud (%) = silt + clay < 63 µm, and organic matter (OM, %). Sediment values are reported as mean ± SD (n = 3).
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Lake

	
Site/

Season

	
Water

	
Sediment




	
Temp (°C)

	
pH

	
Cond (µS/cm)

	
DO (mg/L)

	
Sand

(%)

	
Mud

(%)

	
OM

(%)






	
Villarrica

	
S1

	
W

	
9.1

	
7.45

	
65.0

	
11.6

	
14.11 ± 12.28

	
30.21 ± 14.56

	
0.13 ± 0.02




	

	

	
S

	
16.1

	
8.45

	
70.0

	
10.4

	
54.20 ± 1.46

	
1.18 ± 0.09

	
0.81 ± 0.05




	

	
S2

	
W

	
9.8

	
8.87

	
59.0

	
11.9

	
26.33 ± 1.30

	
0.25 ± 0.01

	
0.34 ± 0.56




	

	

	
S

	
19.0

	
8.63

	
70.0

	
10.2

	
45.34 ± 4.32

	
0.39 ± 0.05

	
0.78 ± 0.01




	

	
S3

	
W

	
10.5

	
8.50

	
56.0

	
11.4

	
55.82 ± 0.97

	
43.67 ± 0.82

	
0.59 ± 0.16




	

	

	
S

	
17.5

	
7.84

	
100.0

	
9.2

	
88.75 ± 1.74

	
4.13 ± 1.23

	
1.92 ± 0.23




	
Colico

	
S4

	
W

	
9.6

	
8.50

	
17.0

	
11.2

	
66.51 ± 1.36

	
3.56 ± 1.01

	
0.65 ± 0.27




	

	

	
S

	
21.1

	
7.65

	
20.0

	
8.6

	
53.86 ± 1.94

	
3.98 ± 0.63

	
2.74 ± 0.10




	

	
S5

	
W

	
9.7

	
8.52

	
20.0

	
12.6

	
82.10 ± 1.92

	
1.35 ± 0.15

	
0.38 ± 0.12




	

	

	
S

	
19.4

	
7.79

	
10.0

	
8.9

	
85.08 ± 0.83

	
0.44 ± 0.03

	
1.96 ± 0.02




	
Panguipulli

	
S6

	
W

	
11.5

	
8.37

	
120.0

	
10.5

	
90.42 ± 0.64

	
5.22 ± 0.89

	
0.45 ± 0.21




	

	

	
S

	
18.5

	
8.35

	
30.0

	
8.5

	
73.08 ± 1.44

	
0.91 ± 0.16

	
1.09 ± 0.01




	

	
S7

	
W

	
16.0

	
7.35

	
57.0

	
9.8

	
94.95 ± 0.37

	
3.04 ± 0.81

	
0.30 ± 0.07




	

	

	
S

	
18.5

	
8.05

	
30.0

	
8.3

	
79.17 ± 2.01

	
17.20 ± 1.71

	
4.73 ± 0.78




	

	
S8

	
W

	
12.0

	
8.14

	
87.0

	
10.9

	
60.24 ± 4.02

	
1.21 ± 0.11

	
0.64 ± 0.53




	

	

	
S

	
19.1

	
7.97

	
30.0

	
9.1

	
77.40 ± 1.44

	
1.36 ± 0.69

	
1.48 ± 0.24




	
Neltume

	
S9

	
W

	
12.9

	
7.45

	
66.0

	
10.8

	
26.95 ± 3.07

	
2.41 ± 0.20

	
0.21 ± 0.01




	

	

	
S

	
20.6

	
7.82

	
30.0

	
9.1

	
92.48 ± 2.26

	
6.61 ± 1.81

	
1.45 ± 0.19




	

	
S10

	
W

	
11.4

	
7.36

	
43.0

	
11.5

	
70.75 ± 0.49

	
3.67 ± 0.60

	
0.32 ± 0.09




	

	

	
S

	
20.3

	
7.99

	
30.0

	
9.1

	
46.22 ± 2.41

	
2.50 ± 1.87

	
2.40 ± 0.23




	
Llanquihue

	
S11

	
W

	
14.5

	
8.79

	
93.7

	
10.2

	
99.53 ± 0.03

	
0.40 ± 0.01

	
0.22 ± 0.04




	

	

	
S

	
16.2

	
7.87

	
110.0

	
9.6

	
93.76 ± 1.60

	
0.07 ± 0.01

	
0.93 ± 0.02




	

	
S12

	
W

	
15.1

	
7.50

	
95.7

	
9.8

	
1.41 ± 0.30

	
0.04 ± 0.03

	
0.01 ± 0.01




	

	

	
S

	
17.7

	
8.81

	
110.0

	
9.4

	
98.74 ± 0.21

	
0.10 ± 0.02

	
0.78 ± 0.01




	

	
S13

	
W

	
14.9

	
8.13

	
97.0

	
10.6

	
96.19 ± 0.53

	
1.34 ± 0.18

	
0.03 ± 0.01




	

	

	
S

	
17.1

	
8.21

	
110.0

	
8.3

	
99.80 ± 0.06

	
0.18 ± 0.07

	
0.12 ± 0.02




	
Rupanco

	
S14

	
W

	
15.1

	
8.05

	
68.6

	
9.6

	
83.67 ± 0.79

	
1.57 ± 0.16

	
0.34 ± 0.09




	

	

	
S

	
19.7

	
8.53

	
50.0

	
8.2

	
90.33 ± 1.00

	
0.29 ± 0.03

	
1.65 ± 0.06




	

	
S15

	
W

	
15.1

	
8.05

	
68.6

	
9.6

	
68.92 ± 1.01

	
1.21 ± 0.11

	
0.41 ± 0.08




	

	

	
S

	
19.7

	
8.53

	
50.0

	
8.2

	
82.75 ± 2.20

	
0.59 ± 0.18

	
1.78 ± 0.11








Note: Concentrations are expressed as mean ± SD (n = 3).













 





Table 4. Metal concentrations and geoaccumulation index (Igeo) in surface sediments (0–5 cm) at the 15 sampling sites. Seasons: W = winter (July 2018); S = summer (February 2019). Sediment concentrations of Cu, Mn, Cr, and Zn are reported in mg·kg−1 (dry weight) as mean ± SD (n = 3). Igeo was computed as Igeo = log2[Cn/(1.5·Bn)] [32], where Cn is the measured concentration and Bn the background value (see Methods for background source). Igeo classes: ≤0 unpolluted; 0–1 unpolluted to moderately polluted; 1–2 moderately polluted; 2–3 moderately to strongly polluted; >3 strongly to extremely polluted.
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Lake

	
Site/

Season

	
Sediment Concentration *

	
Igeo




	
Cu

(mg·kg−1)

	
Mn

(mg·kg−1)

	
Cr

(mg·kg−1)

	
Zn

(mg·kg−1)

	
Cu

	
Mn

	
Cr

	
Zn






	
Villarrica

	
S1

	
W

	
17.13 ± 0.63

	
259.08 ± 3.18

	
7.26 ± 0.29

	
36.34 ± 3.70

	
−0.48

	
−0.12

	
−1.16

	
−0.38




	

	

	
S

	
19.67 ± 0.41

	
220.08 ± 24.52

	
9.59 ± 1.54

	
20.68 ± 4.41

	
−0.28

	
−0.35

	
−0.76

	
−1.19




	

	
S2

	
W

	
10.49 ± 0.06

	
89.04 ± 7.65

	
4.87 ± 0.30

	
10.80 ± 2.34

	
−1.18

	
−1.66

	
−1.74

	
−2.13




	

	

	
S

	
13.93 ± 3.66

	
145.51 ± 1.23

	
9.54 ± 0.53

	
12.21 ± 1.00

	
−0.78

	
−0.95

	
−0.77

	
−1.95




	

	
S3

	
W

	
49.58 ± 0.17

	
138.30 ± 7.92

	
15.16 ± 0.44

	
74.90 ± 1.52

	
1.06

	
−1.02

	
−0.10

	
0.67




	

	

	
S

	
19.05 ± 0.93

	
112.25 ± 2.78

	
9.35 ± 0.63

	
28.40 ± 4.61

	
−0.32

	
−1.32

	
−0.79

	
−0.73




	
Colico

	
S4

	
W

	
27.08 ± 1.54

	
195.84 ± 6.89

	
13.16 ± 1.05

	
41.22 ± 2.95

	
0.18

	
−0.52

	
−0.30

	
−0.20




	

	

	
S

	
15.16 ± 0.72

	
166.29 ± 11.65

	
13.41 ± 1.42

	
30.24 ± 2.37

	
−0.65

	
−0.76

	
−0.27

	
−0.64




	

	
S5

	
W

	
23.12 ± 1.21

	
238.16 ± 2.79

	
11.25 ± 0.12

	
39.45 ± 0.64

	
−0.04

	
−0.24

	
−0.53

	
−0.26




	

	

	
S

	
16.71 ± 0.21

	
252.48 ± 39.65

	
8.41 ± 2.75

	
28.13 ± 2.64

	
−0.51

	
−0.15

	
−0.95

	
−0.75




	
Panguipulli

	
S6

	
W

	
11.43 ± 6.93

	
84.58 ± 0.27

	
7.87 ± 0.26

	
37.99 ± 1.35

	
−1.06

	
−1.73

	
−1.04

	
−0.31




	

	

	
S

	
8.65 ± 2.91

	
122.98 ± 4.19

	
6.79 ± 0.24

	
17.24 ± 0.30

	
−1.46

	
−1.19

	
−1.26

	
−1.45




	

	
S7

	
W

	
14.73 ± 0.98

	
171.53 ± 6.37

	
11.54 ± 1.62

	
44.07 ± 2.55

	
−0.69

	
−0.71

	
−0.49

	
−0.10




	

	

	
S

	
11.89 ± 0.77

	
132.78 ± 10.83

	
14.82 ± 1.60

	
47.92 ± 4.54

	
−1.00

	
−1.08

	
−0.13

	
0.02




	

	
S8

	
W

	
10.25 ± 0.97

	
207.05 ± 4.59

	
5.99 ± 0.16

	
37.91 ± 0.37

	
−1.22

	
−0.44

	
−1.44

	
−0.32




	

	

	
S

	
8.48 ± 2.09

	
153.90 ± 2.01

	
7.10 ± 0.62

	
29.32 ± 2.35

	
−1.49

	
−0.87

	
−1.19

	
−0.69




	
Neltume

	
S9

	
W

	
9.15 ± 0.73

	
141.18 ± 3.52

	
4.02 ± 0.08

	
23.41 ± 0.77

	
−1.38

	
−0.99

	
−2.01

	
−1.01




	

	

	
S

	
15.00 ± 0.89

	
78.83 ± 13.54

	
7.82 ± 1.73

	
32.25 ± 0.00

	
−0.67

	
−1.83

	
−1.05

	
−0.55




	

	
S10

	
W

	
10.66 ± 1.08

	
118.77 ± 2.35

	
3.20 ± 0.38

	
26.39 ± 0.33

	
−1.16

	
−1.24

	
−2.34

	
−0.84




	

	

	
S

	
15.04 ± 3.92

	
169.02 ± 3.05

	
8.18 ± 0.86

	
31.39 ± 4.20

	
−0.67

	
−0.73

	
−0.99

	
−0.59




	
Llanquihue

	
S11

	
W

	
15.75 ± 2.76

	
320.87 ± 7.36

	
18.27 ± 1.14

	
32.95 ± 0.08

	
−0.60

	
0.19

	
0.17

	
−0.52




	

	

	
S

	
13.92 ± 1.05

	
339.42 ± 8.35

	
23.90 ± 1.04

	
28.79 ± 0.00

	
−0.78

	
0.27

	
0.56

	
−0.71




	

	
S12

	
W

	
18.85 ± 0.09

	
175.59 ± 2.56

	
10.24 ± 1.08

	
21.55 ± 2.66

	
−0.34

	
−0.68

	
−0.66

	
−1.13




	

	

	
S

	
11.62 ± 0.51

	
342.88 ± 15.51

	
23.86 ± 1.49

	
38.01 ± 2.47

	
−1.04

	
0.29

	
0.56

	
−0.31




	

	
S13

	
W

	
13.98 ± 1.22

	
61.91 ± 4.80

	
2.45 ± 0.34

	
4.64 ± 1.35

	
−0.77

	
−2.18

	
−2.73

	
−3.35




	

	

	
S

	
16.63 ± 3.21

	
102.07 ± 1.75

	
6.32 ± 1.49

	
8.45 ± 0.21

	
−0.52

	
−1.46

	
−1.36

	
−2.48




	
Rupanco

	
S14

	
W

	
17.52 ± 2.13

	
279.88 ± 3.01

	
17.80 ± 0.83

	
45.76 ± 0.47

	
−0.44

	
−0.01

	
0.13

	
−0.05




	

	

	
S

	
13.07 ± 0.96

	
274.48 ± 24.60

	
12.21 ± 0.57

	
36.06 ± 0.15

	
−0.87

	
−0.03

	
−0.41

	
−0.39




	

	
S15

	
W

	
15.91 ± 1.55

	
279.99 ± 9.02

	
17.14 ± 1.93

	
42.18 ± 1.80

	
−0.58

	
−0.01

	
0.08

	
−0.16




	

	

	
S

	
12.42 ± 0.23

	
247.37 ± 5.63

	
12.78 ± 1.62

	
35.75 ± 0.53

	
−0.94

	
−0.18

	
−0.34

	
−0.40








Note: * Concentrations are expressed as mean ± SD (n = 3).













 





Table 5. Trace metal concentrations (mg·kg−1, dry weight) in soft tissues of Diplodon chilensis, metal pollution index (MPI), and bioaccumulation factors (BAFs) at the sampling sites. No tissue samples were obtained at S13-winter and S6-summer; therefore, no data are reported for these cases. Seasons: W = winter (July 2018), S = summer (February 2019).
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Lake

	
Site/

Season

	
Concentrations in D. chilensis Tissues

	
MPI

	
BAF




	
Cu

(mg·kg−1)

	
Mn

(mg·kg−1)

	
Cr

(mg·kg−1)

	
Cr

(mg·kg−1)

	
Cu

	
Mn

	
Cr

	
Zn






	
Villarrica

	
S1

	
W

	
18.72 ± 5.01

	
1468.44 ± 843.90

	
6.29 ± 2.34

	
215.71 ± 60.06

	
78.15

	
1.09

	
5.67

	
0.87

	
5.94




	

	
S

	
6.98 ± 1.91

	
992.90 ± 219.26

	
1.60 ± 2.62

	
171.82 ± 54.45

	
37.15

	
0.36

	
4.51

	
0.17

	
8.31




	
S2

	
W

	
20.22 ± 4.30

	
1332.34 ± 945.46

	
7.56 ± 3.95

	
233.74 ± 22.68

	
83.06

	
1.93

	
14.96

	
1.55

	
21.64




	

	
S

	
3.94 ± 2.92

	
1880.85 ± 634.18

	
6.26 ± 6.62

	
245.18 ± 44.43

	
58.07

	
0.28

	
12.93

	
0.66

	
20.08




	
S3

	
W

	
30.00 ± 10.9

	
1357.23 ± 403.81

	
11.59 ± 3.10

	
179.04 ± 57.86

	
95.87

	
0.61

	
9.81

	
0.77

	
2.39




	

	
S

	
11.60 ± 4.04

	
1190.23 ± 797.17

	
7.01 ± 5.44

	
267.47 ± 78.26

	
71.33

	
0.61

	
10.60

	
0.75

	
9.42




	
Colico

	
S4

	
W

	
11.59 ± 1.78

	
1693.76 ± 542.61

	
2.49 ± 0.88

	
247.39 ± 70.56

	
58.97

	
0.43

	
8.65

	
0.19

	
6.00




	

	
S

	
12.40 ± 3.40

	
1601.63 ± 642.15

	
2.57 ± 0.65

	
253.80 ± 29.49

	
59.99

	
0.82

	
9.63

	
0.19

	
8.39




	
S5

	
W

	
18.16 ± 2.06

	
1798.98 ± 629.23

	
0.46 ± 0.39

	
248.09 ± 41.80

	
43.94

	
0.79

	
7.55

	
0.04

	
6.29




	

	
S

	
7.28 ± 2.31

	
2048.64 ± 1164.75

	
4.11 ± 1.63

	
349.57 ± 122.47

	
68.04

	
0.44

	
8.11

	
0.49

	
12.43




	
Pangui-pulli

	
S6

	
W

	
14.08 ± 3.58

	
1620.42 ± 841.34

	
1.32 ± 1.03

	
194.02 ± 16.04

	
49.17

	
1.23

	
19.16

	
0.17

	
5.11




	

	
S

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	
S7

	
W

	
12.39 ± 0.58

	
1602.52 ± 55.23

	
2.70 ± 1.17

	
228.30 ± 1.89

	
14.59

	
0.84

	
9.34

	
0.00

	
5.18




	

	
S

	
9.66 ± 0.00

	
1480.00 ± 0.00

	
3.89 ± 0.00

	
255.93 ± 0.00

	
61.42

	
0.81

	
11.15

	
0.26

	
5.34




	
S8

	
W

	
12.39 ± 3.99

	
1602.52 ± 592.68

	
<0.01

	
228.30 ± 76.32

	
14.59

	
1.21

	
7.74

	
0.00

	
6.02




	

	
S

	
8.27 ± 2.68

	
2655.38 ± 713.03

	
3.71 ± 1.84

	
242.59 ± 44.19

	
66.68

	
0.98

	
17.25

	
0.52

	
8.27




	
Neltume

	
S9

	
W

	
18.25 ± 4.95

	
2322.36 ± 602.50

	
0.25 ± 0.34

	
188.35 ± 82.18

	
37.59

	
2.00

	
16.45

	
0.06

	
8.05




	

	
S

	
6.18 ± 2.84

	
3325.26 ± 1476.91

	
2.74 ± 1.70

	
273.52 ± 97.81

	
62.65

	
0.41

	
42.18

	
0.35

	
8.48




	
S10

	
W

	
22.33 ± 6.30

	
1674.47 ± 308.27

	
<0.01

	
219.49 ± 10.39

	
16.93

	
2.10

	
14.10

	
0.00

	
8.32




	

	
S

	
7.71 ± 2.41

	
2497.28 ± 947.25

	
2.89 ± 1.80

	
311.44 ± 68.25

	
64.52

	
0.51

	
14.78

	
0.35

	
9.92




	
Llanquihue

	
S11

	
W

	
22.73 ± 2.80

	
2347.55 ± 648.22

	
0.03 ± 0.05

	
302.60 ± 53.31

	
26.38

	
1.44

	
7.32

	
0.00

	
9.18




	

	
S

	
14.12 ± 4.82

	
2286.06 ± 1665.75

	
4.56 ± 0.41

	
233.99 ± 35.95

	
76.61

	
1.01

	
6.74

	
0.19

	
8.13




	
S12

	
W

	
21.64 ± 5.12

	
1712.76 ± 678.69

	
<0.01

	
231.60 ± 21.66

	
17.12

	
1.15

	
9.75

	
0.00

	
10.75




	

	
S

	
19.94 ± 4.53

	
2390.92 ± 1038.66

	
5.69 ± 1.10

	
274.34 ± 45.08

	
92.88

	
1.72

	
6.97

	
0.24

	
7.22




	
S13

	
W

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-

	
-




	

	
S

	
11.69 ± 3.93

	
3114.17 ± 1225.18

	
7.98 ± 4.53

	
271.02 ± 52.70

	
94.20

	
0.70

	
30.51

	
1.26

	
32.07




	
Rupanco

	
S14

	
W

	
16.17 ± 4.19

	
2488.94 ± 778.38

	
<0.01

	
245.36 ± 22.68

	
17.73

	
0.92

	
8.89

	
0.00

	
5.36




	

	
S

	
6.03 ± 2.12

	
3002.57 ± 1092.02

	
9.76 ± 2.95

	
296.43 ± 50.79

	
76.76

	
0.46

	
10.94

	
0.80

	
5.45




	
S15

	
W

	
12.33 ± 6.02

	
2168.68 ± 605.11

	
<0.01

	
235.31 ± 34.82

	
15.84

	
0.78

	
7.75

	
0.00

	
5.58




	

	
S

	
5.89 ± 2.80

	
1936.62 ± 822.85

	
8.86 ± 2.92

	
162.76 ± 47.61

	
63.69

	
0.47

	
7.83

	
0.69

	
4.55








Note: Concentrations are expressed as mean ± SD (n = 5).













 





Table 6. Multiple regression models were used to explain the bioaccumulation of Zn, Cu, Mn, and Cr in Diplodon chilensis tissues using the total metal concentration in surface sediments (Sed, mg·kg−1 dry weight), the percentage of fine fraction (Mud, % silt + clay, <63 μm), and organic matter content (OM, %) as predictors. The models were fitted using ordinary least squares. Reported values include the coefficient of determination (R2), the p-value of the global model, the F-statistic (degrees of freedom), and the estimated coefficients for each predictor (Coef.). Statistical significance: p < 0.05 (*); ns = not significant.
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	Metal
	N
	R2
	p Global
	F (df)
	Coef. Sed
	Coef. Mud
	Coef. OM





	Zn
	28
	0.208
	0.127
	2.10 (3,24)
	−0.042 (ns)
	−1.404 (ns)
	13.966 (ns)



	Cu
	28
	0.110
	0.416
	0.99 (3,24)
	−8.790 (ns)
	−14.576 (ns)
	−12.270 (ns)



	Mn
	28
	0.475
	0.001
	7.25 (3,24)
	0.006 (ns)
	0.317 (*)
	−3.195 (*)



	Cr
	28
	0.198
	0.145
	1.97 (3,24)
	0.023 (ns)
	0.137 (*)
	0.576 (ns)










 





Table 8. Trace metal concentrations in soft tissues of freshwater bivalves reported in various studies (mg·kg−1, dry weight). For Diplodon chilensis in lakes of the south, the minimum and maximum values of site averages per lake are presented (Mn values rounded to whole numbers).
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	Species
	Location
	Mn
	Cu
	Zn
	Cr





	Diplodon chilensis
	Villarrica Lake (Chile) *
	991–1881
	3.94–30.00
	171.82–267.47
	1.60–11.59



	
	Colico Lake (Chile) *
	1602–2049
	7.28–18.16
	247.39–349.57
	0.46–4.11



	
	Panguipulli Lake (Chile) *
	1480–2655
	8.27–14.08
	228.30–255.93
	<0.01–3.89



	
	Neltume Lake (Chile) *
	2322–3325
	6.18–22.33
	188.35–311.44
	<0.01–2.89



	
	Llanquihue Lake (Chile) *
	1190–2391
	11.69–22.73
	231.60–302.60
	<0.01–5.69



	
	Rupanco Lake (Chile) *
	1937–3003
	6.03–16.17
	171.82–267.47
	<0.01–9.76



	
	Nahuel Huapi (Argentina) [12]
	-
	-
	274
	4.38–29.3



	Unio elongatulus
	Keban Dam (Turkey) [61]
	17.4
	0.74
	10.1
	1.05



	Unio pictorum
	Maggiore Lake (Italy) [62]
	5092
	13
	361
	2



	
	Maggiore Lake (Italy) [63]
	6470
	28
	840
	3.97



	
	Candia Lake (Italy) [63]
	3690
	12.7
	120
	1.48



	Unio tumidus
	Malta Lake (Poland) [64]
	19.09
	4.59
	51.29
	1.11



	Unionidae
	Victoria Lake (Kenya) [65]
	-
	4.53
	36.98
	0.96



	Anodonta cygnea
	Maggiore Lake (Italy) [63]
	11258
	34
	642
	4



	Pletholophus sweinhoei
	DM-AT (Vietnam) [66]
	520–1600
	2.4–3.2
	120–150
	0.14–0.36



	Anodonta woodiana
	Taihu Lake (China) [67]
	3560
	13
	606
	-



	
	Taihu Lake (China) [68]
	59–119
	0.4–18.5
	661–1253
	-







Note: * This study.
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