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This study aimed to assess the health risk associated with mercury (Hg) exposure resulting from
the consumption of freshwater fish in Poland. The analysis focuses on differentiating risks between
socioeconomic groups and a vulnerable population (children) using specific consumption scenarios.
Total mercury (THg) concentrations in wild species (e.g., Esox lucius, Sander lucioperca) and farmed
fish (e.g., Cyprinus carpio) were analyzed against European and global data. Dietary patterns were
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derived from the 2023 report by Statistics Poland (GUS), stratified by socioeconomic status (retirees,
farmers, employees). The health risk was estimated using the Hazard Quotient (HQ) for chronic
exposure and the percentage of Tolerable Weekly Intake (%TWI) for three consumption scenarios
(S1: 150 g, S2: 300 g, S3: 450 g/week). Hg levels in Polish freshwater fish are comparable to European
averages, with predatory species showing the highest bioaccumulation (Esox lucius: up to 0.45
mg/kg). Socioeconomic analysis revealed that retirees have the highest fish consumption (0.40 kg/
month), resulting in the highest HQ (0.381), remaining below the safety threshold (HQ <1). However,
the scenario-based analysis demonstrated that for children, even moderate consumption (S1) of
predatory fish (pike, perch, zander) results in exceeding the TWI by 115-231%. While the general
adult population in Poland remains at low risk of Hg toxicity, targeted dietary recommendations are
urgently required for children, emphasizing the avoidance of predatory freshwater fish in favor of
low-trophic species such as carp or bream.

KEY WORDS: methylmercury / food safety / risk assessment / socioeconomic factors /
bioaccumulation / freshwater fish

Mercury (Hg) is widely recognized as one of the most critical environmental
pollutants due to its persistence, mobility, and high toxicity [Olmedo et al. 2013,
Cyran et al. 2019, Chmielewski et al. 2020, Chmielewski et al. 2023, Al-Sulaiti et
al. 2023, Basta et al. 2023]. The World Health Organization identifies it among the
top ten chemicals of major public health concern [WHO 2017]. Importantly, although
Hg is released into the environment from natural sources, anthropogenic activities
-primarily coal combustion and industrial processes - have significantly altered its
global biogeochemical cycle [Gworek et al. 2017, Chmielewski et al. 2020, 2020a,
Al-Sulaiti ef al. 2023, Basta et al. 2023].

Unlike terrestrial food chains, aquatic systems promote Hg accumulation to levels
that may be neurotoxic to humans, making fish effective bioindicators of environmental
contamination [Dietrich et al. 2010, 2012, 2022, Olmedo et al. 2013, Dominguez-
Morueco et al. 2022, Chmielewski et al. 2023, Basta et al. 2023]. Within these
systems, inorganic Hg undergoes methylation mediated by sulfate-reducing bacteria
in anoxic sediments, forming methylmercury (MeHg) [Zhao et al. 2024, Dietrich
et al. 2022, Chmielewski ef al. 2023]. This organic form is highly bioavailable and
lipophilic, facilitating its passage across biological membranes.

Fish accumulate mercury through dietary exposure, with MeHg concentrations
increasing progressively along the trophic chain via biomagnification. As demonstrated
by the meta-analysis of Lavoie ef al. [2013], long-lived predatory fish at the top of
aquatic food webs can reach tissue concentrations up to 10° times higher than Hg
concentration in surrounding waters. This phenomenon poses a direct threat to human
health, as fish and seafood consumption represents the primary pathway of MeHg
exposure [Wang et al. 2021, Brodziak-Dopierata and Fischer 2023, Dominguez-
Morueco et al. 2022, Chmielewski et al. 2023].

Poland represents a unique study area within the European context due to its coal-
based energy generation and traditional freshwater fish consumption. Historically,
the country’s energy sector has relied heavily on coal combustion, contributing to
atmospheric mercury deposition [Glodek and Pacyna 2009, Zysk et al. 2015, Pyta et al.
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2020]. Although emission controls have improved in recent decades, legacy mercury
stored in sediments continues to be remobilized. At the same time, freshwater fish
remain a traditional component of the Polish diet, even if dietary patterns are gradually
shifting. According to data from Statistics Poland [GUS 2024], the consumption of
both wild and farmed fish varies substantially across demographic groups.

The toxicological implications of Hg exposure are severe. MeHg is a potent
neurotoxin capable of crossing the blood-brain barrier. As reported by Grandjean
and Herz [2015], chronic exposure is associated with cognitive impairment in adults,
while the developing nervous systems of fetuses and young children are particularly
vulnerable. In response to these risks, the European Union has established strict
Maximum Levels (MLs) for Hg, and the European Food Safety Authority Panel
on Contaminants has defined Tolerable Weekly Intake (TWI) limits. However,
standard monitoring programs — such as those conducted by the Chief Inspectorate
of Environmental Protection (GIOS) — may prioritize regulatory compliance over the
assessment of population-specific health risks [Gio$ 2022].

Extensive evidence indicates that Hg is highly toxic to living organisms. Inorganic
and organic Hg compounds exert cytotoxic effects on immune system cells. These
compounds readily crosse the blood-brain barrier in the human body affecting the
central nervous system. The primary site of its accumulation in the body is the cerebral
cortex. Symptoms of Hg neurotoxicity include spontaneous tremors of the limbs or
head, ataxia, sleep disturbances, depression, outbursts of anger, vision and hearing
loss, weakened reflexes, and memory loss. Hg exposure has also been associated
with an increased risk of neurodegenerative disorders, including amyotrophic lateral
sclerosis, multiple sclerosis, Parkinson’s disease, and Alzheimer’s disease, and has
been investigated in relation to neurodevelopmental disorders.

Beyond neurotoxicity, Hg also affects multiple organ systems. It has been
reported to affect reproductive function in both women and men. By crossing the
placenta, Hg can pose a risk to the developing fetus and lead to an increased number
of miscarriages. Exposure to Hg is associated with an increased risk of hypertension,
myocardial infarction, coronary dysfunction, and atherosclerosis. [Olmedo et al. 2013,
Sura et al. 2018, Cyran et al. 2019, Pyta et al. 2020, Zulaikhah et al. 2020, Wang et al.
2021, Zrelli et al. 2021, Dietrich et al. 2022, Chmielewski et al. 2020, 2020a, 2020b,
2023, Basta et al. 2023].

Based on these premises, and considering the longstanding tradition of consuming
predatory freshwater fish in Poland, it was hypothesized that while the general adult
population maintains a safe exposure profile due to moderate average intake, specific
vulnerable subpopulations — particularly children and high-intake consumers — may
exceed toxicological safety thresholds when consuming wild predatory species,
thereby necessitating targeted health risk monitoring.

Accordingly, this study aimed to conduct a comprehensive health risk assessment
of Hg exposure from freshwater fish consumption in Poland. Specifically, the objectives
were to: (1) compare Hg bioaccumulation levels in Polish freshwater fish with global
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benchmarks using data from Brodziak-Dopierata and Fischer [2023]; (2) estimate chronic
exposure risk, expressed as the Hazard Quotient (HQ), across distinct socioeconomic
groups; and (3) evaluate acute toxicological risk, expressed as the percentage of TWI
(%TWI), for children and adults under defined consumption scenarios.

Materials and methods
Data collection and selection criteria

Data regarding total mercury (THg) concentrations in muscle tissue of freshwater
and marine fish were compiled through a systematic review of peer-reviewed literature
and national monitoring reports published between 2016 and 2023. The search focused
on species originating from Polish inland waters (lakes, rivers) and aquaculture
facilities. Key data sources regarding Hg contamination in Polish ichthyofauna were
Luczynska et al. [2022], Brodziak-Dopierata and Fischer [2023] and Rajkowska-
Mysliwiec and Protasowicki [2023].
The final dataset used for modeling includes:
— predatory freshwater species: Pike (Esox lucius), Zander (Sander lucioperca),
Perch (Perca fluviatilis), Eel (Anguilla anguilla);

—non-predatory/Omnivorous freshwater species: Bream (4bramis brama), Roach
(Rutilus rutilus);

— farmed species: Common Carp (Cyprinus carpio);

— imported marine species: Tuna (Thunnus spp.).

Socioeconomic consumption data

Dietary patterns were derived from the 2023 Household Budget Survey conducted
by Statistics Poland [GUS 2024]. This official dataset provides average monthly fish
and seafood consumption rates stratified by socioeconomic status. Six categories were
analyzed: (1) Employees (manual), (2) Employees (non-manual), (3) Farmers, (4)
Self-employed, (5) Retirees, and (6) Pensioners.

For toxicological modeling, monthly consumption data (kg/month) were converted
into daily intake rates (CR, kg/day) by dividing by 30.4 days.

Health risk assessment models

The health risk assessment was performed using a deterministic approach, applying
two complementary models recommended by the European Food Safety Authority
[EFSA 2012] and the U.S. Environmental Protection Agency [USEPA 2023].

A. Chronic Systemic Risk (HQ)

The non-carcinogenic risk for the general adult population and specific
socioeconomic groups was estimated using HQ. First, the Average Daily Dose (ADD)
was calculated using Equation 1:

ADD=C x CR x EF x ED/BW x AT (1)
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where:

— C — concentration of Hg in fish (mg/kg wet weight);

— CR — consumption rate (kg/day) derived from GUS data [GUS 24];

— EF — exposure frequency (365 days/year);

— ED — exposure duration (70 years for adults);

— BW — body weight (standard adult weight: 70 kg);

— AT — averaging time (ED x 365 days).

HQ was calculated dividing the ADD by the reference dose (RfD) for MeHg (1 x
10 mg/kg/day) as provided in [USEPA 2023]:

HQ=ADDxRfD 2

An HQ <1 indicates that adverse health effects are unlikely. Additionally, the
Estimated Weekly Intake (EWI) was compared against the EFSA TWI of 1.3 pg/kg
bw/week as established by the EFSA Panel on Contaminants [EFSA 2012].

B. ScenarioBased Toxicological Risk (%TWTI)

To assess the acute risk in vulnerable populations, particularly children, the
Estimated Weekly Intake (EWI) was calculated for both adults and children and
compared with the TWI of 1.3 ng/kg bw/week established by the EFSA Panel on
Contaminants [EFSA 2012].

Three specific consumption scenarios were modeled:

—scenario S1 (moderate): consumption of one standard portion (150 g) per week.

— scenario S2 (high): consumption of two portions (300 g) per week.

— scenario S3 (very high): consumption of three portions (450 g) per week.

These scenarios were applied to two demographic profiles:
1. Adult — body weight = 70 kg.
2. Child: body weight = 20 kg (representing a approx. 5-6-year-old child).

Chemical assumptions

For risk calculation, it was conservatively assumed that THg in predatory
species consists of 95-100% MeHg. For non-predatory and farmed species, specific
conversion factors were considered where applicable, consistent with the speciation
ratios described by Bloom [1992]. This approach ensures a high level of consumer
protection in the risk estimates.

Results and discussion

Hg is a toxic element characterized by a high bioaccumulation potential, and its
concentration in fish is largely determined by the environmental conditions of their
habitats [Zrelli et al. 2021, Hasanein et al. 2022]. Consequently, monitoring Hg
contamination represents a major public health challenge in ensuring the safety of
foods of animal origin as human exposure to Hg via fish consumption — driven by
environmental loading and subsequent bioaccumulation — may pose a significant risk
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to consumer health [Zrelli ez al. 2021, Al-Sulaiti et al. 2023, Basta et al. 2023, Zeber-
Dzikowska ef al. 2025, Chmielewski et al. 2025]

Bioaccumulation kinetics and trophic transfer mechanisms

Quantification of THg in fish muscle tissue revealed a pronounced interspecific
variability driven by trophic ecology and physiological traits (Tab. 1). The observed
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— reflects the trophic decoupling inherent to intensive aquaculture. The reliance on
formulated, quality-controlled feed and rapid biomass turnover (growth dilution)
effectively limits the exposure duration and uptake of xenobiotics compared to wild
populations reliant on natural food webs.

Socioeconomic determinants and risk-benefit analysis for adults

Stratification of dietary habits based on the 2023 Household Budget Survey by
Statistics Poland [GUS 2024] highlighted marked disparities in fish consumption
across socioeconomic groups (Tab. 2). Retirees and pensioners exhibited the highest
intake (0.40 kg/month), exceeding that of employees by approximately 70%. This
pattern likely reflects cultural preferences for traditional cuisine and the economic
accessibility of freshwater species for older cohorts.

Table 2. Average monthly consumption of fish and seafood in Polish
households by socioeconomic group in 2023

Socioeconomic erou Monthly consumption Daily intake
group (kg/person) (g/day)
Retirees & pensioners 0.40 133
Farmers 0.32 10.5
Self-employed 0.32 10.5
Employees (non-manual) 0.24 7.9
Employees (manual) 0.24 7.9
National average 0.32 10.5

Despite elevated consumption rates, the deterministic risk assessment for adults
(Tab. 3) indicates an adequate margin of safety. The HQ for the highest consumption
group remained well below the threshold of toxicity (HQ <1; max 0.381). These
findings suggest that MeHg exposure in the general adult population does not exceed
RfD established by the U.S. Environmental Protection Agency [USEPA 2023].

Table 3. Calculated HQ for Hg exposure in different socioeconomic groups (Worst-Case Scenario:
Hg = 0.20 mg/kg)

Socioeconomic group Consumption  Average daily dose Hazard Risk
rate (kg/day)  (ADD) (mg/kg/day) quotient (HQ) interpretation
Retirees & pensioners 0.0133 3.81x10~ 0.381 safe (HQ<1)
Farmers 0.0105 3.05x 10~ 0.305 safe (HQ<1)
Self-employed 0.0105 3.05x 10~ 0.305 safe (HQ<1)
Employees (total) 0.0079 2.29x10°° 0.229 safe (HQ<1)
General population 0.0105 3.05x 10~ 0.305 safe (HQ<1)

From a public health perspective, the risk-benefit balance clearly favors fish
consumption. The cardiovascular and neuroprotective properties ofn-3 polyunsaturated
fatty acids (PUFAs) outweigh the risk associated with low-level contaminant
exposure [Mozaffarian and Rimm 2006]. Furthermore, biochemical interactions are
relevant: freshwater fish often exhibit a favorable selenium-to-mercury (Se:Hg) molar
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ratio. Selenium sequestration reduces Hg bioavailability through the formation of
biologically inert Hg-Se complexes, thereby mitigating mercury-induced oxidative
stress [Adams and Duguay 2025]. Consequently, the dietary habits of Polish seniors
should be viewed as nutritionally beneficial rather than hazardous.

Pediatric vulnerability and toxicokinetic disparity

In contrast to the adults, the scenario-based assessment for children (Tab. 4) reveals
a pronounced toxicokinetic disparity. Due to lower body mass, higher metabolic
rates, and greater gastrointestinal absorption efficiency, the consumption of predatory
species by children results in a rapid exceedance of toxicological safety thresholds. A
single moderate portion (S1: 150 g) of Zander or Pike corresponds to 173 and 231%
respectively, of TWI established by EFSA.

Table 4. Estimated MeHg Intake expressed as % of EFSA TWI (%TWI) based on fish species and consumption
scenario

Species THg Sladult ~ S2adult  S3adult  Slchild  S2child  S3child
(mg/kg) (%) (%) (%) (%) (%) (%)
Roach 0.05 8 16 25 29 58 87
Bream 0.08 13 26 39 46 92 138
Perch 0.20 33 66 99 115 231 346
Zander 0.30 49 99 148 173 346 519
Pike 0.40 66 132 198 231 462 692
Eel 0.50 82 165 247 288 577 865
Tuna 0.60 99 198 297 346 692 1038

S1 - 150g/week; S2 — 300g/week; S3 — 450g/week.
Values >100% (bold) indicate risk.

This heightened susceptibility is biologically underpinned by the functional
immaturity of the blood-brain barrier (BBB) and the active phase of synaptogenesis.
During neurodevelopment, the central nervous system exhibits a distinct window of
susceptibility to MeHg neurotoxicity, where even low doses may disrupt neuronal
migration and cortical cytoarchitecture [Grandjean and Herz 2015, EFSA Panel on
Contaminants in the Food Chain 2012].

Our results strongly indicate that current general safety margins, while adequate
for adults, are insufficient for pediatric population. The findings support a targeted
revision of dietary guidelines that prioritize non-predatory aquaculture species (e.g.,
Carp) in pediatric nutrition for which TWI utilization remains low even in high-
consumption scenarios.

The disparity in risk between age groups is illustrated in Figure 1. The heatmap
shows that adults remain largely in the “safe zone” (green) even at higher consumption
rates of most species, whereas children face immediate risk under comparable intake
scenarios.

242



Health risks of mercury exposure from freshwater fish consumption in Poland

A. Adults (70 kg) - %TWI of Methylmercury B. Children (20 kg) - %TWI of Methylmercury
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Fig. 1. Heatmap of toxicological risk expressed as %TWI of MeHg for adults (70 kg, panel A) and
children (20 kg, panel B). The risk was assessed across three consumption scenarios: S1 (moderate: 150 g/
week), S2 (high: 300 g/week), and S3 (very high: 450 g/week). Note: the color scale indicates risk levels:
green (<100%) indicates safe exposure, while yellow to red (>100%) indicates the accepted EFSA safety
threshold (1.3 pg/kg bw/week). Predatory species (e.g., pike, perch, tuna) pose a significantly greater risk
to children than to adults.

The heatmap (Fig.1) highlights a pronounced contrast in toxicological safety
between adults and children. Panel A (adults) is dominated by the green zone,
indicating that even high consumption scenarios (S2, S3) for most freshwater species
do not result in exceedance of the TWI. Elevated risk (yellow/red zones) emerges only
under very high intake scenarios involving marine predatory species, such as tuna.

Conversely, Panel B (children) reveals a critical vulnerability. The consumption
of predatory species acts as an immediate trigger for risk. For a child, even the lowest
consumption scenario (S1: 150 g/week) of pike, perch, or pike-perch results in deep
“red zone” values, exceeding the TWI by 200-300%. Notably, non-predatory species
such as farmed carp remain in the safe zone across most scenarios for children,
highlighting their suitability for pediatric diets compared to wild predators.

Conclusions

The bioaccumulation of Hg in Polish freshwater ichthyofauna reflects a distinct
trophic dependency, where predatory species (Esox lucius, Sander lucioperca)
exhibit significant biomagnification. Nevertheless, contamination levels generally
remain within European background ranges and comply with EU regulatory limits.
Socioeconomic analysis indicates that although retirees demonstrate the highest fish
consumption rates, their chronic health risk remains negligible (HQ <1), supporting
the continued nutritional inclusion of fish in geriatric diets.
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In sharp contrast, a critical toxicological dichotomy is evident for the pediatric
population. Scenario-based modeling proves that even moderate consumption of
high-trophic level species results in immediate and substantial exceedance of TWI
(>200%). These findings underscore the need for a shift from generalized dietary
guidance toward age-stratified risk management. Public health strategies should
therefore promote low — trophic level species such as farmed carp and bream — as
safe alternatives, while restricting the consumption of predatory freshwater fish in
pediatric diets.
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