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Online Resource 1 – Determination of environmentally realistic multi-metal mixtures using EEA Waterbase pollution data
Caption
Methods and results describing the derivation of environmentally realistic multi-metal exposure mixtures used in the functional response experiments, based on analysis of EEA Waterbase freshwater pollutant datasets.

[bookmark: _Toc225269285]Waterbase Data Selection and Processing
Freshwater pollution concentrations of 11 PTEs (aluminium, arsenic, cadmium, chromium, copper, iron, mercury, manganese, nickel, lead, zinc) and water chemistry parameters (pH, DOC, calcium) were extracted from the EEA Waterbase dataset (2022). The 11 PTEs were selected based on their widespread occurrence and prominence in the freshwater macroinvertebrate literature. This suite of PTEs was detailed in a review by Goodyear and McNeill (1999), and is corroborated by more recent reviews of metal toxicity in aquatic organisms (Banaee et al., 2024; Rodriguez et al., 2018). Records from the Waterbase dataset were filtered using the following selection criteria: Dates were restricted to between January 2016 and December 2021 to reflect recent pollution trends and seasonal variability; waterbody type was restricted to freshwater river and lake water bodies, excluding records from marine and estuarine sites; analysed matrix was restricted to water samples, excluding PTE concentrations recorded in the sediment or bioaccumulated within biota. Following the data selection process, PTE records and water-chemistry parameters were collated together by place and time using site ID and sample date, allowing for analysis of co-occurring pollutants under site-specific conditions. 
Data Overview
The analysis of the Waterbase dataset revealed widespread contamination of European freshwater systems by PTEs between 2016 and 2021. The processed dataset comprised 246,524 records of dissolved metal concentrations, representing 45,297 sampling sessions across 3,147 monitoring sites.
[bookmark: _Toc225269287]Determination of PTE Co-occurrence
All analyses were conducted using Microsoft Excel and R version 4.5.1 (R Core Team, 2025). To investigate the co-occurrence of PTEs and develop environmentally realistic multi-metal mixtures, analyses were performed using principal component analysis (PCA) using package “stats” (R Core Team, 2025). Each PTE was treated as an individual variable within the PCA. An iterative variable reduction procedure was performed to identify a subset of PTEs exhibiting strong shared variation while minimising the loss of variance (Wang and Wu, 2012). PTEs contributing minimally to overall variance or showing weak loadings across principal components were sequentially removed. 
PCA 1. The PCA conducted on the full dataset of 11 PTEs yielded 11 principal components (PCs). The first six PCs explained 81.4% cumulative variance (Table 1 and Figure 1). PC1 accounted for 27.7% variance and was dominated by concentrations of aluminium (loading = 0.44), iron (loading = 0.42), and manganese (loading = 0.38). PC2 accounted for 18.9% variance and was driven by cadmium (loading = 0.53) and mercury (loading = 0.55). 
To refine the model, iterative variable reduction was applied to remove mercury, cadmium, chromium and zinc, all of which exhibited low loadings on PC1 (loadings < 0.30) and were primarily associated with minor PCs. 
Table 1 Principal component loadings of PCA 1, assessing 11 Potentially Toxic Elements (PTEs) from freshwater systems in Europe (2016-2021). Loadings are shown for the first four PCs only. Variance % represents the proportion of total dataset variance explained by each PC. Cumulative % indicates the total variance explained when PCs are considered sequentially.
	PTE
	Al
	As
	Cd
	Cr
	Cu
	Fe
	Hg
	Mn
	Ni
	Pb
	Zn
	Variance %
	Cumulative %

	PC1 
	0.44
	0.32
	0.17
	0.21
	0.07
	0.42
	0.18
	0.38
	0.29
	0.39
	0.2
	27.7
	27.7

	PC2 
	-0.28
	0.36
	0.53
	0.28
	-0.02
	-0.3
	0.55
	-0.21
	-0.03
	-0.05
	-0.04
	18.9
	46.6

	PC3 
	-0.23
	-0.02
	-0.09
	-0.06
	0.56
	-0.28
	-0.09
	-0.08
	0.33
	0.08
	0.64
	12.3
	58.9

	PC4 
	0.17
	-0.16
	0.11
	0.17
	0.73
	0.21
	0.09
	0.01
	-0.52
	-0.16
	-0.16
	8
	66.9
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Figure 1 PCA 1. Biplot of all 11 Potentially Toxic Elements (PTEs) from freshwater systems in Europe (2016-2021). Dim1 and Dim2 represent the first two principal components (PC1 and PC2), explaining 27.7% and 18.9% of the total variance, respectively. Arrows indicate the direction and magnitude of PTE loadings on each component, while points represent a monitoring observation defined by a combination of sampling site and sampling date.
PCA 2. Following the first stage of variable reduction, a second PCA was conducted on the remaining seven PTEs: aluminium, arsenic, copper, iron, manganese, nickel, and lead. The first four PCs explained 88.9% of the cumulative variance (Table 2 and Figure 2). In this model, PC1 accounted for 48.7% of the variance and was primarily associated with aluminium, iron, manganese, and copper. In contrast, the remaining PTEs (arsenic, lead, nickel) all exhibited relatively low loadings on PC1 loadings < 0.25) and instead contributed more to PCs 2-4. This pattern indicated arsenic, lead and nickel formed a separate cluster from aluminium, iron, manganese and copper. Based on these results, arsenic, lead and nickel were removed in the next stage of the iterative reduction procedure.


Table 2 Principal component loadings of PCA 2, assessing seven Potentially Toxic Elements (PTEs) from freshwater systems in Europe (2016-2021). Loadings are shown for the first four PCs only. Variance % represents the proportion of total dataset variance explained by each PC. Cumulative % indicates the total variance explained when PCs are considered sequentially.
	PTE
	Al
	As
	Cu
	Fe
	Mn
	Ni
	Pb
	Variance %
	Cumulative %

	PC1 
	0.39
	0.22
	0.48
	0.51
	0.49
	0.19
	0.16
	48.7
	48.7

	PC2 
	-0.22
	0.47
	-0.13
	-0.23
	-0.07
	0.62
	0.51
	16.4
	65.1

	PC3 
	0.35
	-0.56
	-0.17
	0.08
	-0.14
	-0.05
	0.71
	13
	78.1

	PC4 
	-0.32
	0.34
	0.17
	-0.07
	0.13
	-0.72
	0.45
	10.8
	88.9
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Figure 2 PCA 2. Biplot of seven Potentially Toxic Elements (PTEs) from freshwater systems in Europe (2016-2021). Dim1 and Dim2 represent the first two principal components (PC1 and PC2), explaining 48.7% and 16.4% of the total variance, respectively. Arrows indicate the direction and magnitude of PTE loadings on each component, while points represent a monitoring observation defined by a combination of sampling site and sampling date.
PCA 3. The final PCA was therefore performed on the four remaining PTEs: copper, aluminium, manganese, and iron (Table 3 and Figure 3). The first two PCs accounted for 97.2% of the cumulative variance. PC1 alone explained 78.8% of the variance, a 2.8-fold increase in variance explained by PC1 compared to the initial 11-PTE model (27.7%). The PCA biplot (Figure 2.4) shows a tight clustering of the retained PTEs. 
The retained subset exhibited significant co-variation (97.2%), and the subset size corresponded to the median number of PTEs per sampling session in the 2016-2021 Waterbase dataset. Additionally, copper was previously noted for its high EQS exceedance rate. Therefore, the PTEs of copper, aluminium, iron and manganese were selected as the optimal mixture for creating the environmentally realistic multi-metal mixtures.
Table 3 Principal component loadings of PCA 3, assessing four Potentially Toxic Elements (PTEs) from freshwater systems in Europe (2016-2021). Loadings are shown for the first four PCs only. Variance % represents the proportion of total dataset variance explained by each PC. Cumulative % indicates the total variance explained when PCs are considered sequentially.
	PTE
	Al
	Cu
	Fe
	Mn
	Variance %
	Cumulative %

	PC1 
	0.42
	0.51
	0.55
	0.51
	78.8
	78.8

	PC2 
	-0.78
	0.44
	-0.19
	0.4
	18.4
	97.2

	PC3 
	0.06
	-0.64
	-0.16
	0.75
	2.2
	99.4

	PC4 
	-0.46
	-0.37
	0.8
	-0.11
	0.6
	100
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[bookmark: _Toc225272972]Figure 3 PCA 3. Biplot of four Potentially Toxic Elements (PTEs) from freshwater systems in Europe (2016-2021). Dim1 and Dim2 represent the first two principal components (PC1 and PC2), explaining 78.8% and 18.4% of the total variance, respectively. Arrows indicate the direction and magnitude of PTE loadings on each component, while points represent a monitoring observation defined by a combination of sampling site and sampling date.

[bookmark: _Toc225269288][bookmark: _Toc225269292]Calculation of PTE Concentrations in Mixture
To investigate patterns in the co-occurrence of PTEs in the refined dataset, Generalized Additive Models (GAMs) were applied. This approach was selected to explore and quantify how concentrations of individual PTEs vary in relation to one another. 
GAMs were fitted using the mgcv package in R (Wood, 2011). Concentration data were right-skewed and were therefore modelled using a gamma distribution with a log link function. The fitted relationships of the aluminium, iron and manganese concentrations were then predicted at the 1st quartile (Q1) and 3rd quartile (Q3) concentrations of copper, to investigate relationships at low and high concentrations. Copper concentrations were included as the explanatory variable and the other metal concentration as the response variable. A random effect for sampling session was included to account for repeated observations resulting from samples collected at the same sites and times, reducing potential non-independence in the data (i.e., Metal₂ ~ Metal₁ + random effect).
Model adequacy and smooth term flexibility were evaluated using standard diagnostic procedures in mgcv, including inspection of residual plots and the k-index. Once the best-fitting models were validated, the fitted relationships were used to predict the concentrations of co-occurring metals corresponding to three representative levels of the reference metal. Specifically, predictions were generated at the 1st quartile (Q1) and 3rd quartile (Q3) concentrations of the reference metal, representing low, medium, and high mixture scenarios, respectively. These predicted concentrations were used to define the mixtures applied in subsequent toxicity experiments.
GAMs predicted co-occurring concentrations of copper, aluminium, iron, and manganese. Predicted concentrations for experimental treatments were derived from copper distribution, which served as the reference metal due to its high EQS exceedance rate. Low, Medium and High treatments were calculated representing the Q1 (0.43 µg/L), median (1.1 µg/L) and Q3 (2.54 µg/L) concentrations. This distribution covers copper concentration below EQS (Low), slightly above EQS (Medium) and significantly exceeding EQS (High). 
The copper-aluminium model explained 26.03% deviance (adjusted R-squared = 0.218, p < 0.001), predicting concentrations 65.23, 106.32 and 251.82 µg/L for aluminium. The copper-iron model explained 10.8% deviance (adjusted R-squared = 0.0719, p < 0.001), giving predicted concentrations of 338.11, 447.43 and 512.90 µg/L for iron. Finally, the copper-manganese model explained 10% deviance (adjusted R-squared = 0.0927, p < 0.001), giving predicted concentrations of 22.22, 31.35 and 44.35 µg/L for manganese. Therefore, the combined predicted concentrations used as the multi-metal mixture are shown in Table 4. These values represent the concentrations of PTEs added to filtered-tap water to make up the Low, Medium and High PTE treatments. 
Table 4 Predicted concentrations (μg/L) of copper, aluminium, iron and manganese concentrations from Generalised Additive Models (GAMs). Values represent environmentally realistic mixture concentrations derived from copper Q1, median, and Q3. The concentrations derived from these models were added to filtered tap water to make up the Control, Low, Medium and High PTE treatments. Data sourced from EEA Waterbase, 2016-2021.
	Treatment
	Copper (μg/L)
	Aluminium (μg/L)
	Iron (μg/L)
	Manganese (μg/L)

	Control
	+0
	+0
	+0
	+0

	Low
	+0.43
	+65.23
	+447.43
	+22.22

	Medium
	+1.1
	+106.32
	+338.11
	+31.35

	High
	+2.54
	+251.82
	+512.9
	+44.35





References
Banaee, M., Zeidi, A., Mikušková, N., Faggio, C., 2024. Assessing Metal Toxicity on Crustaceans in Aquatic Ecosystems: A Comprehensive Review. Biol. Trace Elem. Res. 202, 5743–5761. https://doi.org/10.1007/s12011-024-04122-7
EEA, 2022. Waterbase - Water Quality ICM — European Environment Agency.
Goodyear, K.L., McNeill, S., 1999. Bioaccumulation of heavy metals by aquatic macro-invertebrates of different feeding guilds: a review. Sci. Total Environ. 229, 1–19. https://doi.org/10.1016/S0048-9697(99)00051-0
Rodriguez, P., Méndez-Fernández, L., Pardo, I., Costas, N., Martinez-Madrid, M., 2018. Baseline tissue levels of trace metals and metalloids to approach ecological threshold concentrations in aquatic macroinvertebrates. Ecol. Indic. 91, 395–409. https://doi.org/10.1016/j.ecolind.2018.04.004
Wang, Y., Wu, Q., 2012. Sparse PCA by iterative elimination algorithm. Adv. Comput. Math. 36, 137–151. https://doi.org/10.1007/s10444-011-9186-3
Wood, S.N., 2011. Fast Stable Restricted Maximum Likelihood and Marginal Likelihood Estimation of Semiparametric Generalized Linear Models. J. R. Stat. Soc. Ser. B Stat. Methodol. 73, 3–36. https://doi.org/10.1111/j.1467-9868.2010.00749.x


image1.png
PCA - Biplot

mercury

8

Vzwa

(%6

iron

20
Dim1 (27.7%)

10




image2.png
PCA - Biplot

nickel

iron

manganese

aluminium

(%p'91) gwia

40

Dim1 (48.7%)

60

20




image3.png
aluminium

(%v'8l) gwia

40

Dim1 (78.8%)

0

60

20




