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Mapping geochemical distribution, toxicity and ecological risk indices of potentially toxic elements in cultured fish and surface water (Blacksea catchment/ Türkiye)

Mustafa TÜRKMENa, Erkan KALIPCIb, Mehmet Ali DERELİb*, Hüseyin CÜCEc, Aysun TÜRKMENd

1.Analysis of Health Risk Indexes 
1.1. Assessment of Metal Pollution Index (MPI)
The Metal Pollution Index is a mathematical model that epitomize the value for all metals in a single form. MPI is a credible and accurate index to monitor PTEs contamination in the food and the aquatic ecosystem. In this study; MPI was calculated following the equation proposed by Usero et al. (1997):
MPI = (Cf1xCf2xCf3x … xCfn)1/n                                                                                                                                   (1)
where: Cfi: is the mean concentration of metal i in the samples, n: total number of metals.
1.2. Bioconcentration Factor (BCF) 
The bioconcentration factor (BCF) is characterized as the absorption of contaminants from the dissolved phase (Peñaloza et al., 2023) and can be calculated using the following equation:

where C represents the concentrations of contaminants in organisms (mg/kg) at equilibrium, and Cw is the concentration of contaminants in the water (mg/L).
1.3. Risk Assessment for Consumption of Rainbow Trout
The non-carcinogenic risk, Estimated Weekly Intake (EWI), Total Hazard Quotient (THQ), and Hazard Index (HI) values were calculated according to the equations described by Simukoko (Schiel and Rienitz, 2011; Peñaloza et al., 2023). The Target Hazard Quotient is the ratio between the Estimated Daily Intake (EDI, mg/kg/day) of the metals, defined as the absorption dose multiplied by the absorption efficiency (Arm) of the metals in the human gastrointestinal tract (Yu et al., 2014), and the Oral Reference Dose (RfD, mg/kg body weight/day). The values of EWI and EDI (Estimated Daily Intake) for each element were compared with the Provisional Tolerable Weekly Intake (PTWI) and PTDI (Permissible Tolerable Daily Intake) established by the World Health Organization (WHO) (Bat et al., 2015). The Target Hazard Quotient is the ratio between the Estimated Daily Intake (EDI) and the Oral Reference Dose (RfD, mg/kg body weight/day) (Mwakalapa et al., 2019; Peñaloza et al., 2023), where the RfD is the level or dose of daily exposure (usually expressed in milligrams of toxic chemical substance per kilogram of body weight per day) for the human population (Simukoko et al., 2021). Finally, the Hazard Index (HI), also referred to as the Total Hazard Quotient (THQ), is derived from the summation of individual THQ values corresponding to the metals. THQ and HI values > 1 indicate a risk of developing non-carcinogenic effects over a lifetime (Opresko et al., 1998).

where MC = mean metal concentration, IR = acceptable ingestion rate (0.34 kg/person/day), EF = exposure frequency (365 days/year), ED = exposure duration (74.8 years, which is the expected average life time), BW = average body weight (60 kg for an adult), AT = average exposure time for non-carcinogenic element (EF × ED), and ADAF = age-dependent adjustment factor (adult:1) (Saha et al., 2021). The value of ARm for Pb is 33% and for As is 75% (USEPA, 2005).

where EF = exposure frequency, ED = exposure duration, FIR = fish ingestion rate, C = mean metal concentration, RfD = oral reference dose, WAB = average body weight of an adult, and TA = average exposure time with non-carcinogenic effect (EF ∗ ED).

The carcinogenic risk (CR) was evaluated to assess the possibility of cancer occurrence in individuals over their lifetime due to exposure to carcinogenic agents. The acceptable range of carcinogenic risk is from 10−4 to 10−6 , and CR values higher than 10−4 are likely to increase the probability of carcinogenic hazard impact (Wang et al., 2020). The CR of arsenic and lead was calculated using Equation (6):

where CSF = cancer slope factor of cancer-causing agents (mg/kg-day)−1 which, for this study, was available for Pb (0.0085 mg/kg-day)−1 and As (1.5 mg/kg-day)−1 (Peñaloza et al., 2023) according to the database of the Integrated Risk Information System USEPA; EDI = estimated daily intake (EWI/7), while the total cancer risk (TCR) due to the consumption of rainbow trout from the evaluated fish farms was calculated as the sum of individual cancer risks (Schiel and Rienitz, 2011; Peñaloza et al., 2023), using Equation (7).

2. PTEs Values in Water and Rainbow Trout Samples: The average concentrations of PTEs detected in Rainbow trout widely consumed and economically valuable and in water samples collected from 15 pond farms located in the Eastern Black Sea Region of Türkiye are presented in Table S1 and Table S2 below.

Table S1. Recovery rates of PTEs detected in the certified reference material used (TORT-2 and UME CRM 1201).
	PTEs
	Recovery (%) (TORT-2)
	Recovery (%) (UME CRM 1201)

	As
	98.2
	94.0

	Cd
	99.4
	99.6

	Co
	94.6
	99.7

	Cr
	95.2
	98.1

	Cu
	97.5
	98.9

	Fe
	97.0
	99.9

	Mn
	99.1
	99.1

	Ni
	99.4
	99.5

	Pb
	98.9
	99.5

	Al
	94.0
	95.6

	Zn
	96.5
	99.5

	Hg
	98.7
	98.9

	Se
	99.1
	99.0






Table S2. PTEs mean concentrations in fish samples (mg/kg wet weight).
	
PTEs
	Sample Stations
	

	
	S1
	S2
	S3
	S4
	S5
	S6
	S7
	S8
	S9
	S10
	S11
	S12
	S13
	S14
	S15
	Mean

	B
	0.23
	0.29
	0.21
	0.15
	2.42
	0.57
	0.54
	0.59
	0.92
	1.3
	0.11
	0.27
	0.17
	0.23
	0.23
	0.55

	Al
	17.3
	25.8
	20.8
	27.12
	40.9
	14.4
	3.98
	3.95
	3.89
	4.31
	7.25
	17.9
	27.9
	27.7
	30.9
	18.2

	Cr
	1.06
	0.07
	0.08
	0.11
	0.25
	0.56
	0.23
	0.10
	0.22
	0.33
	0.25
	0.22
	0.06
	0.27
	0.08
	0.26

	Mn
	1.74
	1.65
	1.75
	1.90
	1.74
	1.84
	2.20
	1.71
	2.24
	1.89
	1.96
	1.63
	1.82
	1.80
	1.64
	1.83

	Fe
	34.7
	29.8
	155.5
	44.9
	26.6
	53.8
	88.1
	38.7
	86.7
	27.0
	150
	22.4
	20.3
	22.2
	28.2
	55.2

	Co
	0.03
	0.02
	0.02
	0.01
	0.03
	0.01
	0.03
	0.04
	0.02
	0.02
	0.03
	0.02
	0.02
	0.01
	0.03
	0.02

	Ni
	0.37
	0.15
	0.14
	0.28
	0.23
	0.18
	0.28
	0.16
	0.38
	0.22
	0.28
	0.32
	0.14
	0.42
	0.22
	0.25

	Cu
	1.9
	1.98
	1.84
	2.79
	2.28
	2.51
	2.33
	2.64
	2.42
	2.20
	2.45
	2.60
	2.04
	2.01
	2.80
	2.32

	Zn
	31.0
	49.2
	34.6
	38.0
	53.3
	33.9
	32.9
	37.7
	32.8
	38.0
	29.3
	46.9
	38.6
	34.4
	38.9
	37.9

	As
	0.57
	1.29
	1.60
	1.50
	3.15
	1.04
	1.39
	1.33
	1.29
	1.20
	1.39
	1.35
	1.18
	1.41
	0.94
	1.38

	Se 
	0.75
	1.32
	0.81
	0.90
	1.12
	0.66
	0.65
	0.65
	0.62
	0.70
	0.67
	0.66
	0.80
	0.40
	0.66
	0.76

	Cd
	0.02
	0.02
	0.01
	0.01
	0.01
	0.03
	0.03
	0.04
	0.03
	0.03
	0.02
	0.01
	0.02
	0.02
	0.02
	0.02

	Hg
	0.07
	0.07
	0.07
	0.07
	0.08
	0.09
	0.10
	0.07
	0.08
	0.08
	0.08
	0.08
	0.06
	0.06
	0.09
	0.08

	Pb
	0.09
	0.11
	0.09
	0.11
	0.11
	0.20
	0.17
	0.33
	0.22
	0.14
	0.13
	0.12
	0.13
	0.03
	0.11
	0.14



Table S3. PTEs mean concentrations in water samples (µg/l).
	
PTEs
	Sample Stations
	

	
	S1
	S2
	S3
	S4
	S5
	S6
	S7
	S8
	S9
	S10
	S11
	S12
	S13
	S14
	S15
	Mean

	B
	17.9
	19.2
	17.0
	22.6
	19.7
	9.0
	19.7
	18.9
	22.5
	19.5
	36.9
	35.7
	17.1
	26.0
	18.0
	21.3

	Al
	22.9
	23.4
	18.8
	19.2
	22.9
	9.79
	17.8
	74.3
	29.0
	50.0
	26.8
	33.0
	31.7
	44.1
	24.9
	29.9

	Cr
	0.12
	0.10
	0.09
	0.11
	0.11
	0.02
	0.08
	0.12
	0.13
	0.03
	0.01
	0.13
	0.06
	0.06
	0.26
	0.10

	Mn
	0.21
	0.08
	0.16
	0.28
	0.08
	0.27
	0.36
	0.23
	0.50
	0.12
	0.31
	0.20
	0.03
	0.19
	0.17
	0.21

	Fe
	4.62
	3.6
	3.82
	0.29
	4.99
	2.67
	1.76
	22.0
	7.35
	11.4
	0.25
	6.70
	14.9
	10.8
	9.93
	7.01

	Co
	0.21
	0.22
	0.20
	0.21
	0.22
	0.22
	0.19
	0.21
	0.21
	0.21
	0.18
	0.20
	0.22
	0.21
	0.21
	0.21

	Ni
	0.22
	0.52
	0.20
	0.22
	0.16
	0.17
	0.11
	0.16
	0.18
	0.02
	0.33
	0.16
	0.16
	0.10
	0.21
	0.19

	Cu
	0.63
	0.55
	0.92
	0.86
	0.76
	0.36
	0.46
	1.62
	0.67
	0.55
	0.60
	0.68
	0.95
	0.69
	0.21
	0.70

	Zn
	23.8
	90.2
	253.6
	212.9
	209.5
	52.1
	152.1
	134.8
	32.3
	24.8
	145.7
	22.5
	199.2
	98.6
	54.4
	113.7

	As
	0.26
	0.16
	0.08
	0.21
	0.24
	0.09
	0.08
	0.10
	0.02
	0.32
	0.20
	0.35
	0.10
	0.66
	0.13
	0.20

	Se 
	0.08
	0.10
	0.12
	0.07
	0.09
	0.11
	0.13
	0.10
	0.20
	0.19
	0.48
	0.29
	0.11
	0.24
	0.11
	0.16

	Cd
	0.05
	0.05
	0.05
	0.05
	0.05
	0.05
	0.05
	0.05
	0.05
	0.06
	0.04
	0.05
	0.04
	0.04
	0.04
	0.05

	Hg
	0.97
	0.94
	0.80
	0.63
	0.60
	0.12
	1.79
	1.36
	0.16
	1.23
	0.04
	2.74
	2.65
	2.44
	1.16
	1.79

	Pb
	0.23
	0.46
	0.24
	0.24
	0.35
	0.19
	0.25
	0.48
	0.34
	0.32
	0.25
	0.30
	0.22
	0.31
	0.33
	0.30






Table S4. Calculations of applied ecotoxicological risk assessment indices in water.
	Index
	Formula
	Formula Explanations
	Water Quality Assessment
	Standard Used
	Reference

	WQI
	[image: ]
[image: ]
	WI: Relative weight
Wi:Values assigned to i (1-5)
Ci: Values of measured parameters
Si: Standard value
	<50: Excellent water quality
50–100: Good water quality
100–200: Poor water quality
200–300: Very poor water quality
>300: Not available
	(TSWQR 2021)
	(Xiao et al., 2019)

	HPI
	[image: ]
[image: ]
	Qi: Subindex of toxic substance
Wi: Unit load of parameter i
Mi: Values of toxic substance
Si: Standard value
	<45: Low pollution
45-90: Medium pollution
>90: High pollution
	(WHO 2011)
	(Mohan et al., 1996)

	HEI
	[image: ]
	Hc: Observed value of parameters
Hmac: Limit value of parameters
	<10: Low pollution
10-20: Medium pollution
>20: High pollution
	(WHO 2011)
	(Edet and Offiong, 2002)




Table S5. Comparison of MPI levels in fish identified in different countries (Adapted from Kalıpcı et al., 2023).
	Country   
	MPI Value
	References 

	Türkiye
	0.78
	This study

	Egypt
	2.61
	Abdel-Khalek et al. (2020)

	Türkiye 
	1.33
	Töre et al. (2021)

	Greece
	1.87
	Castritsi-Catharios et al. (2015)

	İtaly 
	5.84
	Carpene et al. (1998)

	Spain 
	2.11
	Vicente-Martorell et al. (2009)

	Serbia
	1.92
	Milošković et al. (2016)

	Portugal
	2.38
	Lourenço et al. (2012)

	China 
	0.29
	Jia et al. (2017)

	Bangladesh
	0.77
	Vicente-Martorell et al. (2009)

	France
	0.67
	Schnitzler et al. (2011)

	Belgium
	0.77
	Schnitzler et al. (2011)

	Türkiye 
	0.27
	Kalipci et al. (2023)

	Türkiye 
	0.09
	Ustaoğlu and Yüksel (2024)




Table S6. Comparison of EDI values from Rainbow trout consumption with standard tolerable daily intake (TDI).
	PTEs   
	      EDI (mg/kg/day)
	TDI (mg/kg/day)

	As
	0.366756
	0.00214 (JECFA, 1989)

	Cd
	0.005689
	0.0008 (JECFA, 2011)

	Co 
	0.006044
	0.003 (Finley et al., 2012)

	Cr
	0.069156
	0.3 (EFSA, 2014)

	Cu 
	0.618489
	0.5 (JECFA, 1982)

	Fe 
	14.736
	0.8 (JECFA, 1983)

	Mn
	0.489067
	0.14 (USEPA, 2016)

	Ni
	0.067022
	0.0012 (WHO, 2011)

	Pb
	0.037156
	0.0015 (EFSA, 2010)

	Zn
	10.12444
	0.3 (JECFA, 1982)
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