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1. INTRODUCTION AND OBJECTIVES 

1.1. Introduction 

 
“In wildness is the preservation of the world,” famously observed by 

the naturalist and philosopher Henry David Thoreau (1862), highlighting 

the timeless truth that healthy ecosystems are the foundation of all life. 

This deep understanding highlights the critical importance of safeguarding 

our natural ecosystems, which sustain numerous species, including hu-

manity. In the modern era, these ecosystems are increasingly threatened 

by three interconnected pressures—biodiversity loss, climate change and 

pollution—shaping the global crisis we face today. Over the past two dec-

ades, deaths attributable to modern forms of pollution—particularly ambi-

ent air pollution, lead exposure, and toxic chemical contamination—have 

increased by 66%, driven by industrialisation, rapid urbanisation, popula-

tion growth, fossil fuel combustion, and weak chemical governance, with 

pollution now causing over 9 million deaths annually worldwide (Fuller et 

al., 2022).  

We are currently living through the unprecedented 6th mass extinction, 

where there is an ongoing rapid loss of more than 75% of species, the most 

rapid and pervasive extinction since 66 million years ago (Barnosky et al., 

2011). Studies show that water pollution and water extraction with the in-

troduction of invasive species have endangered the freshwater fish species 

in Europe (Kottelat & Freyhof, 2007; Vié et al., 2009). Mankind has been 

depending on fish for food directly or indirectly, which makes fisheries 

one of the major contributors to the national economies (Rabo et al., 2014; 

Shamsuzzaman et al., 2020). The decline of the fish population not only 

results in the loss of one of the biggest food sources for humans but also 

affects the entire biological community. According to Gozlan et al. (2019), 

due to the lack of reliable data, the decrease in freshwater fish species in 
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Europe is probably underestimated, as population trends remain unknown 

for 76% of species throughout Europe; thus, immediate monitoring is es-

sential to determine precise trends and improve the Red List evaluations. 

In 2008, a review of the IUCN Red List of Endangered Species highlighted 

man-induced activities as the main causes, including overexploitation, 

habitat loss and degradation, pollution, accidental by-catch, and human in-

terference (Vié et al., 2009). In 2015, only around 53% of the rivers and 

lakes in Europe met good ecological standards according to the Water 

Framework Directive (WFD), as numerous lakes, ponds, and streams are 

vanishing due to agricultural intensification, ineffective irrigation, urbani-

sation, and the impacts of climate change (Gozlan et al., 2019). Globally, 

urbanisation has changed the surface features of the river channel and sed-

iment mobility, where in Hungarian streams specifically, the diversity and 

abundance of living organisms are severely impacted (Szita et al., 2019).  

Trace element pollution is the most overlooked latent hazard (C. Li et 

al., 2022). It has devastating environmental impacts due to its nature, 

which can occur from negligence or isolated incidents. Heavy metals in 

aquatic ecosystems originate from two main sources: natural geophysical 

processes of the Earth and human-induced actions, such as industrial and 

agricultural discharges, as well as air deposition (MacDonald et al., 2000). 

Due to their toxicity, long-term persistence, ability to bioaccumulate, and 

tendency to biomagnify within the food chain, heavy metals pose severe 

dangers to rivers as the metal toxicants are constantly introduced into the 

waterbody (Nyeste et al., 2019b; Sandu & Bloesch, 2008). Trace element 

pollution in rivers is concerning as it reduces the availability of world wa-

ter supplies and hazard to human utilisation of the fishery products (Su-

botić, Spasić, et al., 2013a; Terra & Araújo, 2008). 
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Before industrialisation, Vadas and Ferenczi (2023) described that ur-

ban streams in Hungary played crucial roles in local economies with di-

verse water utilisation along the lower reaches of the streams in activities 

such as slaughterhouses, tanneries and industrial workshops, which al-

ready gave rise to several pollution concerns. As industrialisation took 

place in Europe, Hungary faced a massive geographical disadvantage re-

garding trace element pollution, as it is landlocked in the lowest part of the 

Carpathian basin. Rivers flowing from the west, north, and east carry con-

taminants from neighbouring countries, making this country more suscep-

tible to anthropogenic pollution. According to Zhou et al. (2020), based on 

the collected studies in five decades across five continents, the leading 

causes of trace element pollution in Europe are mining and manufacturing, 

followed by rock weathering. Toxic metals are introduced into coastal en-

vironments through rivers and small streams, stemming from untreated 

wastewater, mining activities, and industrial, agricultural, municipal, 

household, and residential sources (Anandkumar et al., 2018).  

In 2000, the cyanide-spilling disaster in northwestern Romania served 

as a wake-up call in Eastern Europe, portrayed as the worst disaster after 

the Chernobyl nuclear power plant incident. According to Koenig (2000), 

the plume that flowed into the Szamos River in Hungary also carried heavy 

metals (copper and zinc), where the concentration of the copper temporar-

ily plummeted to 36 times higher than the safe level, with the zinc and lead 

also surging dramatically. In the aftermath, 200 tons of dead fish surfaced 

or washed ashore along the Tisza River, while a report by the World Wild-

life Fund (WWF) has accounted for 1,240 tonnes of fish, with the toxic 

spill devastating fish populations, killing essential microbes and endanger-

ing predators (e.g. otters and eagles) reliant on contaminated prey (Koenig, 

2000; WWF, 2002). The fish species in the affected river displayed varied 
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levels of vulnerability: “Of the fish collected, 44.6% were herbivorous, 

with Silver carp (Hypophthalmichthys molitrix) particularly impacted, 

constituting a significant portion of the deaths. Other affected groups in-

cluded 33.8% predatory fish, 13.5% carp, and 8.1% sturgeon, suggesting 

that cyanide toxicity disproportionately affected herbivorous fish in par-

ticular” (WWF, 2002). Following severe cyanide-spill incidents, the Sza-

mos River became the focus of long-term monitoring and extensive re-

search, with subsequent studies showing that the fish community has 

largely recovered from pollution-related impacts in parallel with signifi-

cant improvements in water quality (Antal et al., 2013). 

As a result of the resilient properties of heavy metals and their ability 

to accumulate in living tissue, continuous and extensive monitoring is cru-

cial to ensure the safety of fish consumption for humans and other living 

things. Following this, an international approach has been taken for eco-

system restoration, environmental protection and regular monitoring be-

tween neighbouring countries to prevent similar incidents from happening 

again in the future. The organisation was established in 2000, the Interna-

tional Commission for the Protection of the Danube River (ICPDR) was 

responsible for implementing the transboundary cooperation of the EU 

Water Framework Directive (WFD). “ICPDR is the largest coalition of 

river basin management specialists in Europe, working to foster sustaina-

ble water management across the Danube Basin for the benefit of all its 

residents. The ICPDR unites both EU and non-EU Danube countries to 

collaborate on critical water management issues. All member countries 

have committed to complying with the EU WFD, a commitment further 

strengthened by the inclusion of the EU Floods Directive in 2007”, where 

ICPDR’s goals are to have a cleaner, healthier and safer Danube (ICPDR, 

2019).  
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In conjunction with the ICPDR’s vision, it has driven our research on 

river monitoring, safeguarding water quality and promoting safe fish con-

sumption for local communities. Besides that, our study area is strategi-

cally important to serve as a precursor for pollution from other countries 

and the local environment. Currently, it is evident that there are ongoing 

anthropogenic threats to the aquatic ecosystem in Hungary from heavy 

metals, mainly in the Maros River and Szamos River (Nyeste et al., 2019; 

Sandu & Bloesch, 2006, 2008; Szabó et al., 2008; Fleit & Lakatos, 2003). 

The current status of the Maros River is alarming; it carries substantial 

quantities of heavy metals, both dissolved and suspended, driven by its 

geological background as well as mining activities in the water catchment 

(György & Tímea, 2001; Kovács & Kiss, 2010; Sandu & Bloesch, 2008). 

Based on the social survey done with the locals by Sipos et al. (2022), the 

Maros River was identified as the second most significant natural asset, 

where the most commonly reported activities included walking along the 

riverside, fishing, and swimming in the river.(Sipos et al., 2022) Given this 

close human-river interaction, it may pose an indirect environmental risk 

to the local population through the food chain (Kovács & Kiss, 2010).  

The rationale of the study is to secure the safety of fish intake in the 

Szamos River and Maros River for humans and living things in the sur-

rounding area. There are research gaps in the existing literature on trace 

element bioaccumulation in fish. As far as we are aware, no studies have 

been conducted that compare the accumulation of trace elements between 

young and adult fish in a river system, especially in Hungary (Szamos 

River and Maros River) in recent years. It is important to understand these 

differences when we think about how age influences bioaccumulation. 

Moreover, even though many studies have documented the occurrence of 

trace metals in fish tissues, only a few exist on information-based health 
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hazards related to the intake of specific species from these rivers being 

inhabited, considering contamination to varied tissues like muscle, gills 

and liver. In addition, research often overlooks whether and how different 

environmental conditions (water chemistry, sediment type, and feeding be-

haviour) jointly function to impact the bioavailability of trace elements in 

fish. The present study is focused on the common fish species that are usu-

ally caught by anglers and are also commercially important, since there is 

a lack of published information on the species’ bioaccumulation studies in 

both Szamos River and Maros River.  

The results of this study also aimed for a deeper insight into the con-

nection between trace element bioaccumulation and the trophic level of 

each species. This study emphasises fish as the main subject in obtaining 

information about the safety of human consumption and the adaptability 

of fish exposed to organic pollutants, which will be useful in solving eco-

logical, social, and economic problems. It will provide baseline data for 

the current status of the safety of human consumption of the common fish 

species in the Szamos River and Maros River, which are popular spots for 

recreational fishing. Lastly, the data on the toxic metal accumulation in 

fish tissues can become a good precursor of water quality, as fish can serve 

as bioindicators, which will be useful for the development of protection 

and conservation efforts.  
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1.2. Objectives   

 
This study aims to achieve the following primary objectives, designed to ad-

dress specific research questions: 

 

(i) To analyse the concentrations of macroelements (calcium, potassium, mag-

nesium, and sodium) and microelements (cadmium, chromium, copper, 

iron, manganese, lead, strontium, and zinc) in different fish tissues (gills,  

liver, and muscle) to assess tissue-specific bioaccumulation patterns: (a) 

Which macroelements and microelements exhibit the highest accumulation 

in gill, liver, and muscle tissues? (b) How do tissue-specific bioaccumula-

tion patterns vary among fish species within each river system? 

 

(ii) To evaluate the influence of environmental conditions and species-specific 

traits on trace element bioaccumulation in juvenile fish from the Szamos 

River and adult fish from the Maros River: (a) How do trace element bioac-

cumulation patterns vary within juvenile fish populations of the Szamos 

River and within adult fish populations of the Maros River? (b) How do 

water and sediment quality parameters influence trace element accumula-

tion within each river system? (c) How do species-specific traits, including 

habitat preference, feeding habits, and species-level trophic position, con-

tribute to observed bioaccumulation patterns? (d) Which fish species serve 

as the most reliable bioindicators of trace element pollution? (e) Do trace 

element concentrations in fish muscle exceed food safety thresholds and 

pose potential health risks to consumers?
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2. LITERATURE REVIEW   

2.1. Overview of Fish Biodiversity in the Tisza River Basin 

 
The Tisza River is among the most important affluent rivers of the Danube 

River Basin, with the longest and the largest catchment of 965km and 156 087 

km2, respectively (ICDPR, 2008). The primary activities of the Tisza River 

watershed are agriculture and grazing, followed by forestry, which is shared 

between five countries (Hungary, Romania, Slovakia, Serbia, and Ukraine) and 

is populated by 14 million people. The Tisza River loses 1600 meters in eleva-

tion over the first 260 kilometres from its source until it meets the Sza-

mos/Szumeș River. According to Sandu & Bloesch (2008), the middle Tisza 

continues until it converges with the Maros/Mureș River, which has excep-

tional natural hydromorphology. The Körös/Crișul and Maros/Mureș rivers, 

which flow through regions of Transylvania in Romania, are the Tisza's major 

tributaries, while the lower Tisza is the downstream zone of the river from the 

confluence of the Maros/Mureș River (Sommerwerk et al., 2009). 

As stated by Kottelat and Freyhof (2007), the Danube is the most biodiverse 

river in the European river basin, containing approximately 20% of the fresh-

water fish fauna of Europe, with 129 native species found in the Danube River 

Basin (DRB). The Tisza River boasts a biodiversity that surpasses that of most 

other European rivers. For fish such as nase [Chondrostoma nasus (Linnaeus, 

1758)], barbel [Barbus barbus (Linnaeus, 1758)] and sterlet [Acipenser 

ruthenus (Linnaeus, 1758)], the upper Tisza basin is a crucial migration route 

for survival. At the same time, the critically endangered species that shows 

sporadic appearance, the Russian sturgeon (Acipenser gueldenstaedtii), also 

seeks refuge in the Tisza River. The Baia Mare cyanide spill in 2000, which 

lasted for 2 months, caused massive destruction in the ecosystem and left tons 

of fish dead. Possible long-lasting consequences on living things are one of the 
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main concerns of the research and monitoring work for years due to trace ele-

ment accumulation in the sediments.  

2.2. Ecological and Physiological Characteristics of Fish  

 
Fish serve as an important food source for humans. To combat the global 

surge in trace element contamination, it is vital to comprehend the interplay 

between the biological and ecological traits of fish species and their trace ele-

ment concentration (Luzardo et al., 2022; Morales, 2022; Zaghloul et al., 2024; 

Zaynab et al., 2022). Heavy metals can enter the body of a fish mainly through 

its gills, skin and digestive tracts (Zaynab et al., 2022). Deposition of heavy 

metals in the liver and gills may result in cytotoxicity, immunomodulation and 

oxidative damage (Luzardo et al., 2022; Zaghloul et al., 2024). Understanding 

the consequences of heavy metals will aid in assessing the environmental con-

dition of an aquatic ecosystem as well as identifying potential human health 

risks from eating products contaminated with these substances, hence, protect-

ing public and environmental health (Luzardo et al., 2022; Morales, 2022; Za-

ghloul et al., 2024). 

The physiological state of a fish species plays a big role in trace element 

bioaccumulation levels. An early study by Hodson (1988) shows that metal-

binding proteins aid in their resistance to heavy metals. Heavy metals impact 

the blood chemistry, immunological system, and tissue health (Shahjahan et 

al., 2022a). A study by Wood (2011) described the mechanism of the uptake, 

process and modifications of discarding heavy metals. Golovanova (2008) 

added that heavy metals affect fish and aquatic organisms’ physiology and bi-

ochemistry, specifically through their absorption and detoxification. These 

studies highlight the complex physiological processes during the uptake, dis-

persion and excretion of trace elements in fish. 
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Moreover, ecological factors such as habitat type, trophic level, and feeding 

behaviours can affect the bioaccumulation of heavy metals. For habitat type, a 

study by Li et al. (2015) found that cadmium (Cd), zinc (Zn) and lead (Pb) in 

water accumulate more in benthic species due to the direct interaction with 

polluted sediments. Regarding trophic level and feeding behaviours, predator 

species positioned at the top of the food chain usually obtain more heavy met-

als through biomagnification as harmful substances accumulate along the chain 

(Liang et al., 2016). Other than that, temperature and salinity ultimately caused 

variability in the metabolic rate for fish, which affected the metal uptake rate 

and rate of elimination. Fish living in polluted habitats may struggle to detoxify 

and excrete metals effectively, leading to a higher accumulation of trace ele-

ments in their bodies (El-Moselhy et al., 2014).  

2.3. Overview of the Ecological Diversity of Fish Species 

 
To explore this further, ten common species were chosen to be studied. Each 

species has unique physiological characteristics that can influence the bioac-

cumulation of heavy metals in its tissue. Firstly, the Leuciscus aspius (Lin-

naeus, 1758), often referred to as asp, is a potamodromous cyprinid fish (Ab-

basi et al., 2021). It inhabits the European rivers and the Caspian Sea basin 

(Gordon & Michael, 2022). It can be distinguished by its upper caudal-fin 

length and maximum body depth from the diverse morphological traits across 

its populations (Abbasi et al., 2021). It is a piscivorous fish; juveniles and 

adults usually feed on smaller fish such as bleak or roach (Kottelat & Freyhof, 

2007; Krpo-Cetkovic et al., 2010). Asp is prone to bioaccumulation due to its 

predatory behaviour. It is considered valuable in aquatic ecosystems and a pop-

ular recreational fish. According to Fredrich (2003), there are individual vari-

ations in the migratory behaviour of asp, whereby some occupy home ranges 

of 1-100 stream km, and others migrate up to 166 km away. They typically 
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inhabit main river channels but may use harbours or oxbows as winter habitats 

(Fredrich, 2003).  

Secondly, it is a European cyprinid fish called barbel, scientifically known 

as Barbus barbus (Linnaeus, 1758), which can live over 20 years and grow to 

8 kg (Bašić & Britton, 2016). Barbel river zones are the swift, deep upper 

reaches with rocky or gravel substrates. The bottom shallow coastal settings 

are the refuge of the larvae and juveniles, and migration will take place where 

they grow to fast-flowing waters (Kottelat & Freyhof, 2007). The diet of barbel 

usually consists of benthic invertebrates, including crustacean zooplankton, in-

sect larvae, bivalves, mayfly and midge hatchlings, juvenile fish, and some-

times algal species (Froese & D. Pauly, 2022). The species were observed to 

have trophic niche partitioning with other cyprinids, such as Squalius cephalus, 

across various habitats and life stages (Bašić & Britton, 2016). Studies have 

shown that barbel can accumulate hazardous levels of heavy metals and mer-

cury, posing risks to human consumption (Mensoor & said, 2018). Accumula-

tion patterns are influenced by age and feeding habits, with younger and pis-

civorous individuals being particularly sensitive to genotoxic effects (Onita et 

al., 2021; Sunjog et al., 2012). 

Thirdly, it is one of the largest freshwater fish in the world, originating from 

the east of Europe, known as European catfish or wels [Silurus glanis (Lin-

naeus, 1758)], it can reach a body length of roughly 2.7 meters with a mass 

exceeding 130 kg (Cucherousset et al., 2017). Known for its boneless textured 

body, catfish is considered to be one of the most popular foods in Hungary. Its 

diet range varies with habitats (littoral and pelagic) and is highly adaptable 

where it feeds from fish to crayfishes (Santis & Volta, 2021). It exhibits mul-

tiple feeding strategies, alternating between generalism and specialization, 

and—compared to native predators such as the Northern pike—plays a distinct 



  

 12

role in ecosystem coupling due to its broader niche and individual dietary spe-

cialisation (Vejřík et al., 2017).  

Another notable species is Squalius cephalus (Linnaeus, 1758), known as 

chub is a freshwater cyprinid that inhabits slow and moderate water flows and 

is widely spread in European waters. Chub is native to Hungary, but its high 

fecundity, rapid growth, and tolerance to anthropogenic stressors have enabled 

it to become invasive in other regions, often facilitated by recreational fishing 

(Mònica & Alberto, 2022). The juveniles are gregarious and inhabit shallow 

shorelines, feeding on various animal and plant materials, but as they grow 

larger, they become solitary, often occupying the pelagic zones and primarily 

piscivorous (Kottelat & Freyhof, 2007). It is regarded as an important species 

for environmental monitoring and has been the subject of numerous ecotoxi-

cological studies due to its wide distribution  (Mònica & Alberto, 2022; Nyeste 

et al., 2019, 2024; Pekol & Arslan, 2015) 

Among other species is the common carp [Cyprinus carpio (Linnaeus, 

1758)], a widely distributed riverine fish belonging to the Cyprinidae family. 

It has a relatively high resistance to pollution and is one of the key aquaculture 

species in Eastern Europe (Harangi et al., 2017a; Váradi, 2022). Carp farming 

has ancient roots and has become a major global industry, with production 

reaching 2.5 million metric tons in 1998, estimated to be worth US$2.8 billion, 

with China as the leading producer (Takeuchi et al., 2002). It thrives in slow-

moving rivers, marshes, and weedy areas with muddy bottoms (Takeuchi et 

al., 2002). While young carp feed on zooplankton, adults are omnivorous ben-

thic feeders and also act as bioturbators in the aquatic ecosystem (Harangi et 

al., 2017a; Takeuchi et al., 2002). Common carp serves as an excellent indica-

tor species due to its susceptibility to waterborne pollutants and suspended sur-

face sediments, containing both organic and inorganic contaminants that are 

likely to accumulate at elevated levels (Harangi et al., 2017a). 
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Another most abundant bottom-dwelling cyprinid species is the common 

nase [Chondrostoma nasus (Linnaeus, 1758)]. It thrives in moderate or fast-

flowing, oxygen-rich rivers and streams with a life expectancy of up to 12 years 

(Froese & D. Pauly, 2022; Kottelat & Freyhof, 2007). The juvenile finds refuge 

in the shallow shoreline benthic region and leaves for fast-flowing water as it 

grows (Froese & D. Pauly, 2022). Nase is characterised by a pronounced slit, 

complete with a thick, horny, and pointed lower lip ideal for scraping the bot-

tom substratum, which enabled a diet consisting of small invertebrates, benthic 

algae, detritus, insect larvae, snails, and fish eggs (Ovidio & Nzau Matondo, 

2024; Subotić et al., 2019). Although nase is not widely consumed and holds 

minimal economic value, it plays an important role as a bioindicator for river-

ine ecosystem health, with its population declining due to various anthropo-

genic factors (Ovidio & Nzau Matondo, 2024). 

Originally introduced in European and North American waters, this inva-

sive species known as silver carp [Hypophthalmichthys molitrix (Valenci-

ennes, 1844)], poses ecological risks due to its filter-feeding habits (Boros et 

al., 2015; Jawdhari et al., 2022a). The silver carp primarily feeds on phyto-

plankton and organic material, with the specialised gill structure that allows it 

to sieve particles smaller than 20 μm (Spataru, 1977). Tumolo & Flinn (2019) 

added that zooplankton and heterotrophic flagellates are also part of their diet. 

The species’ sensitivity to environmental conditions underscores its suitability 

as a bioindicator of aquatic pollution (Jeffrey et al., 2019). 

 Common bream or Abramis brama (Linnaeus, 1758) is widely distributed in 

the lakes and medium and large-sized rivers where it mostly inhabits the back-

waters (Froese & D. Pauly, 2022). It has a generalised foraging pattern, mainly 

ingesting chironomid larvae, detritus, and Caspian mud shrimp, scientifically 

known as Corophium curvispinum (Specziár et al., 1997). However, in gravel 
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pit lakes, bream demonstrates flexibility by feeding on chironomid larvae, bi-

valves, and zooplankton (Giles et al., 1990). Its ability to filter-feed on zoo-

plankton is facilitated by its branchial sieve and mucus encapsulation of parti-

cles (Hoogenboezem, 2000). Bream is a bioindicator of metal pollution, accu-

mulating higher concentrations of toxic metals in gills and liver than in muscle, 

with tissue-specific and age-related variations (Farkas et al., 2001). 

The benthos-feeding white-eye bream [Ballerus sapa (Pallas, 1814)] is na-

tive to the Ponto-Caspian and Aral Sea regions but has spread to European 

rivers, including the Danube, making it relevant for monitoring metal pollution 

(Kakareko & Kobak, 2014; Skóra & Skóra, 2013). It is a rheophilic species 

associated with main lowland channels and estuaries (Kakareko & Kobak, 

2014; Kottelat & Freyhof, 2007). The diet is comprised of benthic invertebrates 

and these species are thought to be nocturnal, where they hunt at night and 

spawn on the gravel bottom and submerged vegetation (Kakareko & Kobak, 

2014; Kottelat & Freyhof, 2007). This semi-anadromous species is considered 

a rare species with low economic value and is currently threatened by water 

pollution (Kakareko & Kobak, 2014; Kottelat & Freyhof, 2007). 

The notorious predatory species called zander or pikeperch [Sander lu-

cioperca (Linnaeus, 1758)] can be found in large, murky rivers and nutrient-

rich lakes. The larvae are attracted to light (positive phototactic) and feed on 

pelagic organisms, and adults feed mainly on gregarious pelagic fishes (Kotte-

lat & Freyhof, 2007). The populations can thrive in regulated water bodies, 

where they play a crucial role in ecosystem balance and have significant com-

mercial value (Marenkov, 2018). A study in French rivers by Kopp et al. 

(2009) has shown that zander occupies an elevated trophic level compared to 

other predatory fish species. It is also well known among anglers due to the 

challenging nature of catching it as it is more elusive than the other freshwater 
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species. The lean white flesh is favoured for its mild and firm texture and is 

often a popular choice amongst locals in Hungary.  

2.4. Trace Element Contamination in Aquatic Ecosystems 

Trace element contamination in aquatic ecosystems is a growing global con-

cern, posing significant risks to both the environment and human health. These 

metals originate from industrial waste, mining, urban runoff, and natural 

sources (Saravanan et al., 2024). It can accumulate in aquatic animals, espe-

cially fish, leading to negative impacts on their physiology and immune sys-

tems (Authman et al., 2015; Vajargah, 2021). The contaminated fish will reach 

the final consumer, such as birds, cats or humans and cause severe complica-

tions, as we can see, in the case of Minamata disease (Howlett, 2019). 

During the 1950s and 1960s in Japan, the world was shocked by industrial 

pollution resulted in methylmercury poisoning, which exhibited severe neuro-

logical symptoms in both humans and animals (Howlett, 2019; Saito, 2020). 

Howlett (2019) added that the unfortunate incident underscores the signifi-

cance of early identification and exploration of environmental dangers, as 

prompt detection of the "cat dancing disease" could have averted human 

deaths. The contamination affected not only adults but also caused congenital 

cases through prenatal exposure, with new research showing that even minimal 

methylmercury exposure during pregnancy can result in lasting neurological 

and cognitive issues later in life (Saito, 2020; Yorifuji et al., 2023). Conse-

quently, there have been actions around the globe to protect public health and 

concern from subsequent effects of mercury including the Minamata Conven-

tion on Mercury (Sly & Kayama, 2020).  

Even today, the Minamata disease serves as a benchmark in research rele-

vant to the effects of environmental media on human health. Nevertheless, 

there are numerous heavy metals disasters reported throughout the world, in-

cluding the Fuyang River Incident in China, Danube River in Eastern Europe, 
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and Kabwe Lead-Zinc Mine Legacy in Zambia (Mufalo et al., 2021; WWF, 

2002; J. Zhao et al., 2021). Similarly, Malaysia faces its own challenges with 

trace element contamination in freshwater and marine ecosystems, arising 

from poor waste management, industrial discharge, agricultural run-off and 

mining operations, which threaten aquatic biodiversity and human health 

(Mohd Najib et al., 2025; Ruzi et al., 2024; Yap et al., 2019; Zanuri et al., 

2020). This results in increased policies, laws and higher global collaboration 

to prevent it in the future. Many attempts have been made to solve the problem, 

for example, through physicochemical adsorption and advanced oxidation pro-

cesses (Aziz et al., 2023). However, the practical use of some of the methods 

is restricted by the fact that they are quite expensive. Recommendations sug-

gested for controlling heavy metals include proper treatment of the water be-

fore discharge, enforcing policies to protect the environment, and searching for 

cheap removal methods (Authman et al., 2015; Aziz et al., 2023). 

2.4.1. Common Types of Heavy Metals in Aquatic Environments 

 
What constitutes heavy metals remains controversial in scientific literature. 

Traditionally, heavy metals are characterised by high atomic mass and density, 

typically exceeding 5 g/cm³ (H. Ali & Khan, 2018; Koller & Saleh, 2018; Matt-

hess, 1984). According to Koller and Saleh (2018), alternative definitions that 

rely on atomic mass or atomic number have been put forward, creating confu-

sion and inconsistency. Some researchers propose discontinuing the term be-

cause of its lack of precision (Ali & Khan, 2018). Appenroth (2010) suggests 

defining heavy metals according to the periodic table, encompassing transition 

metals, rare earth elements, and a diverse group that includes elements such as 

bismuth (Bi), aluminium (Al), and arsenic (As). There is a lot of disagreement 

about using the term in plant science and environmental literature, but it still 

shows up frequently and is associated with pollution and toxicity (Ali & Khan, 
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2018; Appenroth, 2010). Heavy metals can be grouped into macroelements or 

microelements. Macronutrients like calcium and magnesium are usually re-

quired in significantly large quantities, whereas micronutrients such as copper, 

iron, and zinc are essential in very small quantities (Rotter et al., 2015). How-

ever, Kabata-Pendias (2000) pointed out that excessive intake or presence of 

these crucial components due to environmental pollution can lead to toxicity 

for both humans and ecosystems.  

Calcium (Ca), being the most abundant mineral, is crucial for numerous 

physiological functions in the human body (Tandoğan & Ulusu, 2005). Ac-

cording to Pravina et al. (2013), some of the crucial roles of Ca in the frame-

work of bodily operations are blood coagulation, sending nerve impulses, 

rhythm regulation of the heart, muscle contraction, and development of bones 

and teeth. Fish studies elicited that the concentration of Ca in the tissue de-

pends on the species, size of the fish and the surrounding environment (Brucka-

Jastrzębska et al., 2009; Davis & Boyd, 1978). According to Loewen et al. 

(2016), most of the Ca is associated with biomineralized structures, including 

otoliths, scales, fins, and bones. Besides, the intake of dietary components and 

the composition of water influence in absorption and retention of Ca and other 

minerals. Ca deficiency results in poor bone development and lower bone den-

sity, reflecting mild skeletal deformities (Lall & Kaushik, 2021). Ca and its 

substitutes, strontium and barium, integrate into the biomineral based on envi-

ronmental factors, the rate of absorption, and physiological processes (Loewen 

et al., 2016). 

McLean & Wang (2021) highlighted that potassium (K) plays an important 

role in osmolality, fluid balance and cellular processes. Potassium is readily 

available in the earth’s crust, however, with increased sales of processed foods, 

this nutrient is often lacking in one’s diet (Bhaskarachary, 2011; He & Mac-

Gregor, 2008). For a long time, adequate potassium intake has been associated 
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with several health advantages such as reduced blood pressure, a lower risk of 

cardiovascular disease, and improved kidney function (He & MacGregor, 

2008; J. A. McCormick et al., 2023). Potassium homeostasis is essential for 

appropriate cell function. According to Udensi and Tchounwou (2017), imbal-

ances in potassium can result in several illnesses, such as hyperkalaemia, 

hypokalaemia, hypertension, and chronic renal disease. He and MacGregor 

(2008) stated that potassium also supports healthy bones, glucose tolerance, 

and it can help avoid fatal ventricular arrhythmias.  

Magnesium (Mg) is an essential mineral crucial for numerous physiological 

processes in humans, animals, and plants. It is a crucial cofactor in more than 

300 enzymatic reactions that is important for metabolic processes, bone 

strength, muscle performance, and heart health (Pinotti et al., 2021; Schwal-

fenberg & Genuis, 2017). In clinical medicine, magnesium levels are fre-

quently disregarded despite their significance (Reddy et al., 2018). Even 

though magnesium deficiency is significant, it is common, as almost 66% of 

Western individuals do not consume the recommended daily amount (Schwal-

fenberg & Genuis, 2017). This lack of nutrients can result in a range of health 

problems, such as muscle weakness, exhaustion, and heart function impair-

ment (Ismail & Ismail, 2016).  

Sodium (Na), the second alkali metal on the periodic table, is extremely 

reactive and commonly utilised in multiple industries (Kale & Rajan, 2004). 

Sodium is used in various industries such as pharmaceuticals, herbicides, dyes, 

fragrances, and metal refining (Eggeman, 2007; Kale & Rajan, 2004). Sodium 

and potassium are crucial for the functioning of the nervous and muscular sys-

tems, and their levels are maintained by intricate physiological processes (Pohl 

et al., 2013). In the past, sodium in the form of salt was commonly used to 

preserve food and add flavour, but nowadays, many countries are working to 

decrease sodium levels in processed foods due to alarming health concerns 
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(Doyle & Glass, 2010). The high levels of salt consumption are linked to hy-

pertension and other health problems, prompting suggestions for decreased in-

take (Doyle & Glass, 2010).  

Microelements, or trace elements, are necessary in minute quantities but are 

just as important for metabolic purposes. Still, many microelements, particu-

larly cadmium and lead, are harmful at high concentrations (Satarug et al., 

2020). The tendency of these elements to bioaccumulate in living tissues leads 

to health problems that affect neurotoxicity, reproduction, and have negative 

effects on organs. Cadmium (Cd) is a silvery-blue, naturally occurring metal 

element that ranks 67th abundant in the lithosphere of the Earth and is broadly 

utilised in industry despite being toxic (Borsari, 2011, 2014). It is mainly pre-

sent as a contaminant in copper, lead and zinc mineral deposits and is obtained 

as a secondary product while they are being processed (Morrow, 2010). Con-

cerns regarding the environmental consequences and health dangers of Cd 

have resulted in attempts to limit its utilisation. According to Mainier et al. 

(2013), Cd is the 7th most harmful substance to human health, impacting var-

ious bodily systems. It builds up in the body over time, staying for a prolonged 

period and leading to the possibility of different types of cancer, kidney dam-

age, weakened bone (osteoporosis), and various other health problems (Genchi 

et al., 2020; Jarup, 2003). Industrial use, improper disposal of Cd-containing 

products, and the utilization of phosphorus fertilisers and wastewater sludge in 

agriculture have led to a rise in environmental Cd contamination (Jarup, 2003). 

New research indicates that negative health impacts could happen at lower lev-

els of exposure than previously believed, underscoring the importance of more 

stringent rules and awareness for the use of Cd (Jarup, 2003).  

As stated by Aslam et al. (2022), chromium (Cr) does not exist purely in 

nature, is very stable, and is mainly present in the two oxidation states of chro-

mium, Cr(III) and Cr(VI), in the environment. Even though Cr(III) is necessary 
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for regular metabolism, Cr(VI) is extremely harmful and has carcinogenic 

properties (Andleeb, 2015; Mandina & Mugadza, 2014). Cr(III) is essential for 

the metabolism of carbohydrates, lipids, and proteins, serving as a cofactor for 

insulin (Pechová & Pavlata, 2018). Khodavirdipour et al. (2020) added that 

supplementation with chromium may enhance insulin sensitivity, and metabo-

lism of lipids, and potentially reduce symptoms of depression. Nevertheless, 

an overabundance of Cr can be harmful to both humans and animals. Cr(VI) 

as a pollutant is a significant concern because of its high solubility and ability 

to contaminate the food chain (Sharma et al., 2020; Ukhurebor et al., 2020). Cr 

can penetrate the human body via ingestion, skin contact, and breathing, lead-

ing to health problems like liver and kidney damage, skin ulcers, bronchial 

asthma, and cancer (Andleeb, 2015; Pokhrel & Pokhre, 2022). The World 

Health Organization (2011) has defined a temporary standard set at 0.05 mg/L 

for chromium in drinking water, while the acceptable range for the chromium 

content in fish feed ranging from 0.05 to 0.15 mg per kg of body mass (Aslam 

et al., 2022).  

Natural occurrence, farming, and urban runoff are the various sources of 

copper (Cu) in European rivers according to Comber et al. (2022). Cu is also 

exposed in developed nations through food and water, such as plumbing leach-

ing (WHO, 2011). In human health, Cu acts as a cofactor in many metalloen-

zymes and physiological processes; electron transport, mitochondrial func-

tions, and enzyme activities (Vetchý, 2019; Xiang & Liu, 2021). It is also in-

volved in myelination, synaptic activity, and neurotrophic factor signalling 

within the nervous system (Gromadzka et al., 2020). In fish, Cu as well as zinc 

and selenium, play a role in improving growth, disease resistance, and specific 

immunity when used in the right amounts (Bagheri et al., 2024). The regulation 

of Cu levels in the body is crucial because imbalances can result in serious 

health problems. A study by Xiang and Liu (2021), associated Cu with the 
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growth of tumours and the functioning of the immune system. Dabi (2020) also 

emphasized that human-caused sources have the potential to elevate copper 

levels in aquatic systems, possibly resulting in harmful impacts on aquaculture 

organisms. 

Iron (Fe) ranks as the fourth most abundant metal in the crust of the Earth. 

Fe is crucial for biological systems due to its unique coordination chemistry 

and redox properties (Hasnain & Kanwal, 2020; Sánchez et al., 2017). As men-

tioned by Teixeira et al. (2012), its flexibility can be seen in different oxidation 

levels and forms: ferrous oxide (FeO), magnetite (Fe3O4), and ferric oxide 

(Fe2O3). Fe is crucial for the well-being of humans, as it is involved in various 

important functions such as transporting oxygen, making DNA, transferring 

electrons, creating red blood cells, enabling haemoglobin to function, and aid-

ing in energy metabolism (Abbaspour et al., 2014; Gupta, 2014). According to 

Utkurovich (2021), Fe deficiency can cause anaemia, decreased ability to 

work, and increased vulnerability to illnesses, especially in kids. On the con-

trary, excessive accumulation of iron, known as Fe overload, can lead to tissue 

damage because of its capacity to create free radicals, which can raise the like-

lihood of cancer (Abbaspour et al., 2014; Mehboob, 2021). Pinyopornpanish 

et al. (2023) and Mehboob (2021) also reported that Fe overload also affects 

the liver and other organs such as liver cirrhosis, hepatocellular carcinoma, and 

diabetes mellitus; where the primary reasons are hereditary hemochromatosis, 

iron-loading anaemias, chronic liver conditions, and recurrent blood transfu-

sions.  

Manganese (Mn) is an essential microelement important for various enzyme 

functions as well as promoting immune cell growth and enhancing cellular im-

munity (Kippler & Oskarsson, 2024; Qi et al., 2024). Although Mn deficiency 

is not common, excessive exposure to the metal can result in serious health 

issues. Research on rats has found a connection between exposure to Mn and 



  

 22

immune system performance, with the amount of exposure and the duration of 

exposure being significant factors (Qi et al., 2024). Recently, Mn has become 

of interest because of its ability to cause neurotoxicity. In the Czech Republic, 

they are utilising waste from pyrite mining near Chvaletice to create high-pu-

rity Mn for electric vehicle batteries, showing the growing industrial need for 

this metal (Holý, 2022). According to Michalke et al. (2007), there is growing 

concern over how humans are exposed to Mn through environmental and oc-

cupational sources, like using methylcyclopentadienyl manganese tricarbonyl 

(MMT) in fuel additives. Clarke-Lambert et al. (2014) reported that high levels 

of airborne manganese from occupations such as mining, welding, and steel 

manufacturing can cause manganism, a condition with symptoms akin to Par-

kinson’s disease. Various health conditions, such as hepatic cirrhosis, polycy-

themia, hypermanganesemia, dystonia, and symptoms similar to parkinsonism, 

have been associated with Mn poisoning (Chen et al., 2018).  

Lead (Pb) has a long history as an anthropogenic source contaminant in Eu-

rope dating back to the Bronze Age (Kern et al., 2021). Humans are exposed 

to lead (Pb) through inhalation, ingestion, and skin contact from sources like 

food, water, air, tobacco smoke, dust, and soil (Gundacker et al., 2021). Now-

adays, there is a trend of Pb exposure based on the country and its economic 

status. Lead paint and industrial emissions are still rampant in rich countries, 

while poor and average-income countries face more challenges due to their 

relaxed regulations (Obeng-Gyasi, 2019). Common sources of Pb are elec-

tronic waste, batteries, glazed ceramics, cosmetics, and traditional medicines; 

while mining, burning fossil fuels, and industrial activities are major human-

caused sources (Evans et al., 2018; Flegal et al., 2013; Obeng-Gyasi, 2019). 

Fishing and the use of ammunition can lead to Pb exposure in water, according 

to Goddard et al. (2008), and the strategies to reduce this risk are creating al-
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ternatives to lead in fishing gear, conducting educational programs, and en-

forcing rules to restrict the use of lead. Despite many prohibitions on lead in 

numerous items due to pollution and water consumption, it remains a threat. 

Several body systems, such as neurological, skeletal, and cardiovascular func-

tions, can be interfered with, as Pb can accumulate in the bones, liver, and 

kidney (Collin et al., 2022; Gundacker et al., 2021). Kids are more susceptible 

than adults to health problems caused by lead poisoning and it can impair cog-

nitive development (Ahmed et al., 2019; Green & Pain, 2019). Regular moni-

toring of lead levels in fish and health evaluation is essential in safeguarding 

aquatic ecosystems and public health (Nevárez et al., 2015; Zolfaghari, 2018). 

Treatments such as taking micronutrients and antioxidants are suggested, with 

chelation therapy being advised for those with high blood lead levels (Collin 

et al., 2022).  

Strontium (Sr) is a trace element found in groundwater, commonly at ele-

vated levels in areas with poor drainage and mineral breakdown containing Sr 

(D. Li et al., 2021). Slag piles can seriously contaminate soil and groundwater; 

based on source identification studies by Ding et al. (2021), they found that Sr 

slag piles and industrial operations are significant sources of Sr pollution in the 

environment. Research done on rainbow trout by Klaczek et al. (2022) high-

lighted that the water calcium levels can impact Sr accumulation in fish, alter-

ing sodium concentrations and enzyme activities, where the buildup of Sr in 

both plasma and gills rises as the waterborne Sr concentration increases. While 

exposure of mussels to Sr causes oxidative stress, DNA damage, and dysfunc-

tion in cells (Z. Cheng et al., 2024). In human however, Sr is essential for 

maintaining and repairing bone health. It hinders the breakdown of bone tissue 

and encourages the formation of new bone, resulting in higher bone mineral 

density (Cheng et al., 2019; You et al., 2022).  
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Zinc (Zn) has numerous physiological roles, including cell division, metab-

olism, and immune responses in human (Kiouri et al., 2023). According to 

Hussain et al. (2022), approximately two billion people globally are zinc-defi-

cient, and this causes oxidative and organ damage. Contrary to popular belief, 

it is zinc that has a special significance to cerebral functions and neurodevel-

opment; scarcity and abundance of zinc influence neurologic disturbances 

(Choi et al., 2020). Zinc deficiency has shown a correlation to autism spectrum 

disorder (ASD), determination of neural connections and neurotransmission 

(Khalil & Yazbek, 2021). Research by Kiouri et al. (2023) shows that Zn has 

overall therapeutic effects in various diseases, including cancer and COVID–

19. Biofortified food is considered a better choice than chemical supplementa-

tion (Hussain et al., 2022). While, excessive zinc intake can cause toxicity, 

with symptoms including fever, difficulty breathing and nausea (Hussain et al., 

2022). Environmental zinc toxicity, however, can similarly alter the diversity 

of microbial populations in soil and water, where some bacterial species pre-

sent promise as suitable candidates for bioremediation (S. Hussain et al., 2022).  

2.4.2. Bioaccumulation and Biomagnification of Heavy Metals 
 

Bioaccumulation occurs when an organism accumulates chemicals from its 

environment and food by taking in more than it eliminates, resulting in higher 

levels in its tissues than in the surrounding medium (Daley et al., 2014; Popek, 

2018; Schäfer et al., 2015). Bioaccumulation trends differ based on ecosystem 

and species. Wang and Rainbow (2008) highlighted that, in the case of differ-

ent bivalve species and between freshwater and marine species, studies have 

shown variations in metal accumulation. Besides that, Bawuro et al. (2018) 

pointed out that accumulation patterns differ between species and are affected 

by factors like age, geographical range, and species-specific traits. Another 

study over an extended period of molluscs and fish in coastal areas in the Black 
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Sea (Romanian sector) shows inter- and intraspecific variations due to factors 

like diet, environment, age, season and location (Oros & Gomoiu, 2011). 

Moiseenko and Gashkina (2020) added that climatic factors and environmental 

factors (organic matter content, pH, salinity, and calcium concentrations) can 

also influence the bioavailability and buildup of metals. While the accumula-

tion of substances can be different between pelagic and benthic routes (Men-

doza‐Carranza et al., 2016).  

A process by which toxins accumulate progressively at higher concentration 

levels towards the top of a food chain is known as biomagnification, which 

indicates that the animals that are at the very apex of the food pyramid can 

have higher concentrations of toxins than those lower down the pyramid 

(Popek, 2018; Thanigaivel et al., 2022). The extent of biomagnification can be 

influenced by various factors like latitude, temperature, and the characteristics 

of the ecosystem (Córdoba-Tovar et al., 2021). For instance, mercury concen-

trations tend to increase as they travel through the food chain, especially in 

predatory fish (Moiseenko & Gashkina, 2020; Yang et al., 2023). On the other 

hand, metals like cadmium, copper, and lead often show lower concentrations 

at higher levels—a phenomenon called biodilution (Verstijnen et al., 2024; 

Yang et al., 2023). According to Bhup et al. (2011), they found that certain 

metals, including iron, zinc, and copper, are known to be present in large 

amounts, whereas cadmium and lead are typically present in smaller amounts. 

Mendoza‐Carranza et al. (2016) stated that high levels of zinc are prevalent in 

various segments of the food chain, with crustaceans consuming plankton and 

other foods. While smaller plankton tend to have greater levels of metals in 

their bodies, except for cadmium, as noted by Chouvelon et al. (2019).  

Heavy metals can seriously harm fish,  ecosystems, and even pose risks to 

human health when they enter our food supply (Bashir et al., 2020). Some re-

search has found that metal concentrations in water are within safe limits for 
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human consumption. However, in sediments, these concentrations often ex-

ceed acceptable levels, potentially leading to ecological hazards (Jitar et al., 

2015; Mendoza‐Carranza et al., 2016). While some studies report metal levels 

below safety thresholds, others have identified concentrations such as lead that 

surpass safe standards (Bawuro et al., 2018; Bhup et al., 2011). To address 

these environmental and health concerns, it is crucial to manage wastewater 

from households and industrial discharges effectively (Murtala et al., 2012).  

2.4.3. Mechanisms of Bioaccumulation in Fish 

 

Uptake pathways 

Heavy metals build up in organisms through various mechanisms, such as 

active transport and ion exchange, which enable their movement along the food 

chain (Emon et al., 2023). Metals are primarily absorbed by fish through the 

gills, digestive system, and skin, with each metal showing a preference for cer-

tain tissues. In freshwater fish, these organs are particularly vital for managing 

ion levels and maintaining acid-base equilibrium. The gills, with their special-

ised cells, play a key role in absorbing ions and regulating pH, while the kid-

neys contribute to overall pH balance by controlling how much bicarbonate is 

reabsorbed (Perry et al., 2003). It is also a sensitive organ critical for breathing, 

osmoregulatory processes, acid-base regulation, and excretion of nitrogenous 

waste, and serves as the main entry point for toxic substances (Evans et al., 

2005). Similarly, as the kidney filters blood, it encounters various waste prod-

ucts and toxins that the fish needs to expel (Zeitoun & Mehana, 2014). This 

combined action of the gills and kidneys helps the fish adapt to changes in their 

aquatic environment. The liver functions as a primary site of bioaccumulation, 

largely due to its detoxification role and extensive blood supply (Laurén & 

Wails, 2018).  
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Tissue-Specific Accumulation Patterns 

Studies have shown that different fish species accumulate metals in their 

organs in unique ways, with the liver and gills often being primary areas of 

focus (Bawuro et al., 2018; Murtala et al., 2012). Higher concentrations tend 

to accumulate in active metabolic tissues, like the gills, liver and kidneys, while 

muscles show lower accumulation levels (Subotić, Spasić, et al., 2013b; Ze-

itoun & Mehana, 2014). Metals like arsenic, nickel, and zinc tend to accumu-

late in specific patterns across species, particularly in the liver and kidneys 

(Ferreira et al., 2019; Kousar & Javed, 2014). The gills, liver, and kidneys are 

critical sites where heavy metals tend to accumulate (Shahjahan et al., 2022b). 

Although muscle tissue accumulates fewer heavy metals than organs like the 

liver or gills, monitoring muscle concentrations remains essential given its sig-

nificance as a food source for humans (Castro-González & Méndez-Armenta, 

2008). In fish, metals do not distribute evenly across organs. For instance, mer-

cury is primarily found in the liver and muscles, while cadmium tends to con-

centrate in the kidneys and gills. Lead, on the other hand, is often detected in 

both the kidneys and liver (Moiseenko & Gashkina, 2020). Generally, the liver 

shows the greatest accumulation of many toxins when examining fish body 

parts (Ferreira et al., 2019; Kousar & Javed, 2014; G. Wang et al., 2017). Alt-

hough the bioaccumulation factor (BCF) differs among various tissues and 

types of substances, it is often highest in the digestive organs (Ferreira et al., 

2019; Zhao et al., 2015). Studies from various regions have shown that metal 

accumulation in fish tissues often exceeds safe limits (Hussain et al., 2021; 

Perumal et al., 2023). Despite the lower metal concentrations in fish muscles 

than those in the liver or kidneys, they can still pose health risks to people who 

eat them (Al-Mayahi’ et al., 2020; Hussain et al., 2021). Thus highlighting how 

essential it is to regularly monitor to ensure the safety of fish for human con-

sumption. 
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2.4.4. Role of Fish as Bioindicator of Trace Element Contamination 

 
As the final link in the aquatic food chain, fish can accumulate persistent 

synthetic chemicals and heavy metals, reflecting levels of environmental pol-

lution and posing potential risks to humans who consume them (Tashla et al., 

2018). When subjected to elevated levels of heavy metals, fish respond through 

complex molecular mechanisms, which include alteration in gene expression 

responsible for the absorption, distribution, storage, and release of these metals 

(Tripathi & Poluri, 2021). Utilising fish as bioindicators allows us to monitor 

stress responses at various biological levels, providing valuable insights into 

sublethal effects and the relationships between pollutants and their impacts on 

ecosystems (Adams et al., 1989). Studies have shown that fish often store met-

als like cadmium, chromium, copper, lead, mercury and zinc in their organs, 

with concentrations frequently exceeding those present in their surrounding 

water (Ali et al., 2020; Łuczyńska et al., 2018).  

Consuming polluted fish can lead to serious health threats to humans, with 

studies linking metals like lead and chromium to both cancerous and non-can-

cerous effects (Panda et al., 2023). These metals can negatively impact fish 

growth, reproduction, and overall physiology (Emon et al., 2023; Shahjahan et 

al., 2022b). Changes in blood composition and biochemistry can be caused by 

trace element toxicity, which will lead to abnormal cell formation and result in 

specific organ diseases (Shahjahan et al., 2022b). Moreover, heavy metals can 

interfere with early developmental phases, impair reproductive functions, and 

lead to irregularities in reproductive systems (Shahjahan et al., 2022b). Re-

searchers utilise bioindicators to evaluate indicators of DNA damage, enzyme 

function, lipid processing, and histopathological alterations, all of which re-

flect the overall health of aquatic ecosystems (Adams et al., 1989; Tashla et 

al., 2018). Fish play an essential role as bioindicators for assessing environ-

mental risks and anticipating future patterns in water pollution. A thorough 
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understanding of these mechanisms is crucial for crafting effective bioremedi-

ation plans and safeguarding aquatic habitats. 
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3. MATERIALS AND METHODS 

3.1. Sampling Area and Fish Collection 

The Szamos River, referred to as Someş in Romanian, is the second-biggest 

tributary of the Tisza River. Stretching a total distance of 415 km, most of the 

river is in Romania, while around 50 km flows through Hungary. Historically, 

Romania faced multiple pollution events, positioning the Szamos River among 

the most severely affected rivers in Europe by contamination (Kraft et al., 

2003, 2006). During the beginning of the 2000s, cyanide and heavy metals 

were introduced into the sediments and water of the river from mining opera-

tions in Romania, where the primary contaminants, such as lead (Pb), cadmium 

(Cd), copper (Cu), and zinc (Zn), originate from extensive mining activities in 

the region also impacted the Tisza River (Antal et al., 2013; Simon et al., 

2017a). Research revealed that the Szamos River contained significantly 

greater strontium levels than the Upper Tisza River, resulting in its considera-

tion for this study (Málnás et al., 2014a; Simon et al., 2017a). The fish samples 

were collected in November 2013 (autumn), where age determination was 

based on growth assessment methods referenced in the literature (Epler et al., 

2009; Vlach and Dusek, 2005). The sampling location was in the Csenger area, 

close to the border between Hungary and Romania (47°50'17.89"N, 

22°41'37.48"E), as shown in Figure 1(A).  

The Maros River is the largest tributary of the Tisza River. The 750km long 

river drains the Transylvanian basin westward and reaches the Tisza River at 

Szeged. It is one of the most important rivers in the Carpathian basin and co-

vers approximately 30,332 km² of the drainage basin (ICPDR, 2019). Most of 

its drainage area is covered by mountains and hills, with only a tiny section 

being flat. The rocks of the terraces are made up of coarse sediments and clay 

surface erosion deposits. Maros River is also popular for recreational fishing 

among anglers. Following the previous studies (Kovács & Kiss, 2010; Nyeste 
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et al., 2019), there was evidence of recent pollution in the Maros River. Hence, 

it was selected as our study site. The sampling work was done during October 

2020 (autumn) for two days along the Maros River near Makó, near the Ro-

manian border (46°12'12.45"N, 20°27'14.11"E), as shown in Figure 1B. 

 
Figure 1. Map of the sampling sites. A: Szamos/Someş river near Csenger, B: Maros 

River near Makó.  

 
Fish were captured using an electrofishing device (Hans Grassl IG200/2b, 

PDC, operating at 75–100 Hz, 350–650 V, with a maximum output of 10 kW; 

Hans Grassl GmbH, Germany). The captured fish were euthanised on-site im-

mediately after capture using clove oil and brought to the laboratory, where the 

samples were refrigerated at -18 ºC. Ethical approval for the experimental pro-

tocol and endpoints was granted by the Workplace Animal Experiments Com-

mittee of the University of Debrecen (approval number: HBH/01/00971-
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2/2013). All procedures were conducted following appropriate national and 

international protocols and regulations. The study adhered to the principles as 

detailed in the Animal Research: Reporting of In Vivo Experiments (ARRIVE) 

guidelines. 

3.2. Fish Biological Characteristics 

 
Adult fish (Maros River) 

One hundred adult specimens were collected (n = 100), with ten individuals 

per species: asp, barbel, catfish, chub, common carp, common nase, silver carp, 

common bream, white-eye bream, and zander. The characteristics of sampled 

fishes are presented in Appendix 1. 
  

Juvenile fish (Szamos River) 

Fifteen cyprinid fish were examined (n = 15), with five individuals per spe-

cies. The standard length and body mass (mean ± standard deviation) for the 

juveniles were determined as follows: barbel (52.1 ± 2.4 mm; 2.56 ± 0.32 g), 

chub (60.6 ± 5.1 mm; 4.06 ± 1.23 g), and nase (72.3 ± 3.8 mm; 5.57 ± 1.10 g). 

Based on these measurements, the fish were classified as belonging to the 0+ 

age group, indicating juveniles (Epler et al., 2009; Vegh et al., 2020).  

3.3 Sample Processing and Element Analysis 

Prior to dissection, the beakers are soaked overnight in 1% nitric acid, rinsed 

thoroughly with distilled water, dried, and labelled accordingly. It is a crucial 

step for precision testing and to avoid cross-contamination. The mass of the 

clear and dry beakers was measured and recorded. After that, the samples from 

the refrigerator were thawed to room temperature until the sample was manage-

able. The standard length (SL), total length (TL), and body mass (M) of each 

fish were recorded to the nearest 0.1 mm and 0.01 g, respectively. Following 

that, plastic instruments and gloves were used to extract the tissue samples 
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(muscle, gills, and liver) to prevent any contamination by metals. The left side 

of each fish was prepared for tissue sampling by carefully removing scales and 

skin along the dorsal region above the dorsal line. A cube-shaped section of 

muscle tissue (approximately 1–2 cm³) was excised. Liver samples of similar 

dimensions (1–2 cm³) were also collected. Gills were sampled by removing part 

of the branchial system (gill filament and gill arch) and extracting the second 

gill arch on the left side. 

Before the weighing process, the dissected samples were rinsed with double-

deionised water (Milli-Q) and then placed into glass beakers on an analytical 

balance (Precisa 240A). They were dried overnight at 105 °C until a constant 

mass was achieved, and the dried samples were then weighed to determine their 

dry mass. In the same container, samples were digested for 4 hours at 80 °C on 

an electric hot plate with 4.0 mL of 65% nitric acid (m/m, reagent grade, Merck) 

and 1.0 mL of 30% hydrogen peroxide (m/m, reagent grade, Merck). The sam-

ples, once digested, were transferred into volume-calibrated plastic centrifuge 

tubes and diluted to a final volume of 10 mL containing 1% nitric acid (m/m, 

reagent grade, Merck) and Milli-Q water (Braun et al., 2009). The quantitative 

evaluation of trace element levels in the samples was analyzed with an Induc-

tively Coupled Plasma Optical Emission Spectrometer (ICP-OES 5100, Agilent 

Technologies). The ICP-OES measurement parameters and operating condi-

tions are outlined in Appendix 2. 

The macroelements (Ca, K, Mg, Na) were prepared from a 1000 mg L⁻¹ 

mono-element spectroscopic standard (Scharlau), and the trace elements (Cd, 

Cr, Cu, Fe, Mn, Pb, Sr, Zn) from a 1000 mg L⁻¹ multi-element spectroscopic 

standard solution (ICP IV, Merck) (Mester et al., 2022). A 5-point calibration 

process was employed in both cases, with standard solutions diluted using 0.1 

M HNO3 prepared in ultrapure water (Mester et al., 2022). Limits of detection 

(μg L⁻¹) and the average detection limits (mg kg-1 wet weight) applied were as 
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follows:  Ca (0.070; < 0.001), Cd (1.863; 0.009), Cr (0.489; 0.004), Cu (0.414; 

0.003), Fe (0.856; 0.006), K (0.270; 0.002), Mg (0.080; 0.001), Mn (0.057; < 

0.001), Na (0.484; 0.004), Pb (1.235; 0.009), Sr (0.051; < 0.001), and Zn (3.125; 

0.023). The detection limit for each sample was established based on the instru-

mental detection limit using the diluted sample mass and volume.  

The setup included an autosampler (SPS 3, Agilent Technologies), a Mein-

hard-type nebuliser, and a double-pass spray chamber (Herman et al., 2011). A 

five-point calibration approach was applied based on the ICP multi-element 

standard solution IV (Merck) (Herman et al., 2011; Nyeste et al., 2019). The 

measurement process involved the use of certified reference material (ERM-

BB422, fish muscle) (Herman et al., 2011; Nyeste et al., 2019). The metal re-

coveries were found to be within 10% of the certified values, and the wave-

lengths and measuring parameters were selected according to the software of 

instrument (MP EXpert) guidelines. All element concentrations were presented 

as mg kg⁻¹ wet weight (ww). 

3.4. Statistical Analysis 

The bioconcentration factor (BCF) refers to the ratio of the concentration of 

a chemical in an organism (or a specific tissue) compared to its concentration 

in the water or sediment (Ivanciuc et al., 2006; Nyeste et al., 2019, 2024): 

   BCFwater or sediment = Cfish / Cwater or sediment 

where Cfish refers to the concentration of the chemical in the organism's whole 

body or tissue (mg kg⁻¹ wet weight), Cwater is the concentration in the water (mg 

L⁻¹), and Csediment is the concentration of the trace element in the sediment (mg 

kg⁻¹ dry weight). Data on trace element concentrations in sediments and water 

were sourced from the National Environmental Information System of Hungary 

(OKIR in Hungarian) database. The concentrations were evaluated against the 
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chronic concentration criteria (CCCs) for freshwater set by the National Rec-

ommended Water Quality Criteria (USEPA, 2017). 

 Metal pollution index (MPI) was assessed to compare the total content 

of trace elements excluding the macro elements (Cd, Cr, Cu, Fe, Mn, Pb, Sr, 

Zn) for the different tissues of each specimen. The following formula represents 

the MPI (Ju et al., 2017; Nyeste et al., 2019; Usero et al., 1997): 

MPI = (C1 × C2 × C3 × …Cn)
1/n 

where Cn indicates the mean concentrations of trace element n in the exam-
ined tissue (mg kg-1 wet weight).  

The statistical analysis was conducted using IBM SPSS Statistics (Ver-

sion: 28.0.11 (14)) for Mac (IBM, 2011) and Past 3.03 (Hammer et al., 2001) 

software with the Shapiro-Wilk test applied to test for normal distribution. 

Levene’s test (Levene, 1960) was used to assess the homogeneity of vari-

ances. Due to the lack of normality in the data (Shapiro-Wilk test, p < 0.05), 

the non-parametric Kruskal-Wallis test was applied to compare the concen-

trations and BCF values of elements in the muscle, gills, and liver of each 

juvenile species (Habib et al., 2022; Nyeste et al., 2019). As a post hoc test, 

the Mann-Whitney U test was used to investigate the significant differences 

between the groups (Habib et al., 2022). With the macroelements excluded, 

Principal Component Analysis (PCA) was used to examine the differences 

between species based on the concentration of trace elements (Cd, Cr, Cu, 

Fe, Mn, Pb, Sr, Zn) in the gill, liver and muscle of the juveniles and adults. 

The potential health risks of consuming these fish species were assessed, and 

the concentrations of trace elements in muscle tissue were compared with 

the maximum acceptable concentrations (MACs) established by the Euro-

pean Union (European Union, 2008) and the Food and Agriculture Organi-

zation of the United Nations (Nauen, 1983). 
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4. RESULTS  

4.1. Bioaccumulation Patterns in Juvenile Fish (Szamos River) 

4.1.1. Trace Element Levels in Sediments and Water 

The trace element concentrations in sediment and water for 2013 were 

sourced from the National Environmental Information System of Hungary 

(OKIR) from previous studies and were summarised in Appendix 3 and Ap-

pendix 4 (Málnás et al., 2014; Simon et al., 2017b).  

Following the National Recommended Water Quality Criteria guidelines 

(USEPA, 2017), it is noted that the average concentrations of Cu, Pb, and Zn 

exceeded the chronic criterion concentrations (CCCs) for freshwater. Although 

the annual average concentration of Cd remained below the threshold, the 

monthly average concentrations exceeded the CCCs multiple times throughout 

2013. The trace element levels in sediments showed that the average concen-

tration of Cr indicated moderate pollution in the sediments. Meanwhile, the 

average concentrations of Cu, Mn, and Zn classified the sediment as highly 

polluted based on sediment toxicity classifications (Baudo & Muntau, 2020). 

4.1.2. Overview of Trace Element Concentrations in the Tissues of Juveniles  

 
The concentration of macroelements (Ca, K, Mg, Na) and trace elements 

(Cd, Cr, Cu, Fe, Mn, Pb, Sr, Zn) in the muscle, gill and liver tissues is sepa-

rately assessed due to their distinct physiological roles and bioaccumulation 

characteristics.  

For the macroelements, the Kruskal-Wallis test revealed significant differ-

ences (p < 0.05) (Appendix 5) across the three species, and tissues: muscle (K, 

Mg, Na), gills (Ca and Mg), and liver (K, Mg and Na). For muscle, barbel 

consistently exhibited lower concentrations of essential macronutrients (K and 

Mg) compared to nase and chub, while chub showed the highest concentrations 
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(Ca and Na). Trace elements like Zn and Cr were significantly higher in barbel, 

while nase showed elevated levels of Sr concentrations. Among the gills, chub 

exhibited the highest concentrations of Ca, and barbel exhibited the lowest 

concentrations of Mg. The liver of nase contained significantly higher concen-

trations of K, Mg, and Na than that of chub. 

In the case of essential and non-essential elements, across all tissues, the 

liver had the highest concentrations of Cd, Cr, and Pb, whereas the gills con-

tained the most Fe, Mn, and Sr. The highest concentrations of Cu and Zn were 

recorded in the liver of nase and barbel, respectively, while chub showed the 

highest Zn levels in the gills. However, Cu concentrations in the gills of the 

nase were lower than those in the chub. Among all tissues, the lowest levels of 

trace elements were consistently noted in the muscle across all species ana-

lysed. The concentrations of Cd were below the detection limit in the muscle, 

gills, and liver of nase, as well as in the muscle and gills of barbel 

Statistical analysis using the Kruskal–Wallis test revealed significant inter-

specific differences in trace element levels. Subsequent pairwise comparisons 

in muscle, significant variation (p < 0.05, Mann–Whitney U test) was observed 

for Cd, Cr, Cu, Fe, Mn, Sr, and Zn, while in gills, significant differences were 

noted for Cd, Cr, Cu, Mn, Sr, and Zn (Appendix 5). In the liver, Cd, Cr, Cu, 

Fe, and Pb concentrations varied significantly among species. In muscle, bar-

bel exhibited the highest concentrations of Cr and Cu, nase showed the highest 

Sr concentrations, and chub demonstrated the highest Cd concentrations (p < 

0.05, Mann–Whitney U test) (Appendix 5). The concentrations of Mn were the 

lowest in chub, and for Zn, the lowest values were recorded in nase. In gills, 

chub exhibited the highest levels of Cd and Zn, while the lowest concentrations 

of Cr were recorded in chub (p < 0.05, Mann–Whitney U test) (Appendix 5). 

Nase displayed the lowest levels of Cu and Zn, and barbel showed the lowest 

Sr concentrations in gills (p < 0.05, Mann–Whitney U test) (Appendix 5). In 
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liver tissue, the nase had the greatest concentrations of Cu, while nase also 

exhibited the lowest concentrations of Cd (p < 0.05, Mann–Whitney U test), 

with the lowest levels of Cr and Pb in the chub (p < 0.05) (Appendix 5). 

4.1.3. Correlational Analysis of Juvenile Fish Species 

 
A notable decline (p < 0.05, Mann–Whitney U test) in certain macroelement 

concentrations was observed with increasing trophic levels (Appendix 6). Spe-

cifically, trophic levels were inversely associated with K in muscle, Na in liver, 

and Mg in muscle and gills. 

Further analysis indicated that the concentrations of certain trace elements 

demonstrated a significant difference associated with trophic levels. Specifi-

cally, a notable pattern of the metal concentration was observed in muscle (Cr, 

Cu, Fe, and Zn), and gills (Cu and Zn) exhibited a positive correlation with 

increasing trophic levels. Conversely, the metal concentrations in the muscle 

and gills (Sr) and liver (Cu) decreased significantly with increasing trophic 

levels. These findings stress the influence of trophic levels on the concentration 

patterns of trace elements in fish tissues. 

4.1.4. Principal Component Analysis (PCA) of Juvenile Fish Species 

 
The PCA revealed distinct separations among the species based on trace 

element patterns in muscle and liver shown in Figure 2 and Figure 4, respec-

tively. In muscle, PCA1 explained 58.85% of the data variation, and PCA2 

explained 20.75% of the data variation (Figure 2). In the liver, PCA1 explained 

44.92% of the data variation, and PCA2 accounted for 29.58% (Figure 4). In 

gills, PCA 1 explained 53.72% of the total variance, while PCA2 accounted 

for 20.61% (Figure 3). The trace element profiles in gills displayed clear spe-

cies-specific separations, though nase showed slight overlap with barbel and 
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chub. The PCA plot with the associated Spearman’s rho values is shown in 

each figure. 

 

 
Figure 2. The PCA plot showing the trace element concentrations (mg kg-1, wet weight) in 

muscle of the juveniles from the Szamos River. 

 

 
Figure 3. The PCA plot showing the trace element concentrations (mg kg-1, wet weight) in 

gills of the juveniles from the Szamos River. 
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Figure 4. The PCA plot showing the trace element concentrations (mg kg-1, wet weight) in 

liver of the juveniles from the Szamos River. 

4.1.5. Bioconcentration Factors for Juvenile Fish Species 

 
The bioconcentration factors for juveniles for sediments and water are sum-

marised in Appendix 7. Based on the Mann-Whitney U test (p < 0.05) for the 

water, there are significant differences in the following elements with the most 

elevated BCF values in their respective tissues: liver (Cd, Cr, Cu, and Pb) and 

gills (Fe and Mn). The highest value of BCF in muscle for water is observed 

in chub (Cd) and barbel (Cr and Cu). Conversely, the Mann-Whitney U test (p 

< 0.05) shows significant differences for the lowest BCF values in the water of 

the muscle in chub (Mn), and nase (Zn). The most elevated BCF values in 

water for the gills are presented in chub (Cd and Zn) and barbel (Cr), while the 

lowest is found in nase (Cu and Zn). In the case of the liver, there are signifi-

cant differences (p < 0.05, Mann-Whitney U test) shown in the highest BCF in 
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water was found in nase (Cu), while the lowest values were in nase (Cd) and 

chub (Cr).  The same trends is observed in sediments based on the Mann-Whit-

ney U test (p < 0.05) for the BCF values, where additionally, the gills have the 

highest BCF for sediments for Sr.  

4.1.6 Metal Pollution Index (MPI) in the Tissues of Juvenile Species 

 
The MPI values are the highest in the muscle and gills of barbel, and nase 

is the highest in the liver (Figure 5). Contrary to that, chub exhibited the lowest 

MPI values across all analysed tissues.  

 

 

Figure 5. MPI in the different tissues of cyprinid juveniles from the Szamos River. 
 

4.2. Bioaccumulation Patterns in Adult Fish (Maros River) 

4.2.1. Trace Element Concentrations in Water 

 
Summary statistics of the overall trace element concentrations in water sam-

ples from the Maros River are presented in Appendix 8. The data were obtained 

from OKIR and other previous studies (Málnás et al., 2014b; Simon et al., 
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2017a). The threshold limits were obtained from the National Recommended 

Water Quality Criteria (EPA, 2018). Among the analysed elements, concen-

trations of iron (Fe) were notably elevated, with mean values reported to have 

exceeded the threshold by a substantial margin, indicating potential contami-

nation. While the following trace elements are below the threshold values: Cd, 

Cr, Cu, Mn, Pb and Zn.  

4.2.2. Overview of Trace Element Concentrations in the Tissues of Adults 

 
The macronutrients (Ca, K, Mg, Na) and the micro trace elements (Cd, Cr, 

Cu, Fe, Mn, Pb, Sr, Zn) in the muscle, gill and liver are separately assessed due 

to their distinct physiological roles and bioaccumulation characteristics (Ap-

pendix 10). For muscle, barbel consistently exhibited lower concentrations of 

essential macronutrients (K and Mg) compared to nase and chub, while chub 

showed the highest concentrations (Ca and Na). Trace elements like Zn and Cr 

were significantly higher in barbel, while Sr concentrations were notably ele-

vated in nase. In gills, chub exhibited the highest Ca concentrations and barbel 

the lowest Mg concentrations. In the liver, nase had significantly higher con-

centrations of K, Mg, and Na compared to chub.   

The Mann-Whitney U test revealed significant interspecies variation (p < 

0.05) for all of the elements in the muscle, gills and liver. Overall, the muscle 

exhibits the lowest concentrations for all the analysed elements. The highest 

concentrations in the gill were found in Cr (asp), Mn (white-eye bream), and 

Sr (asp). Meanwhile, in the liver, the concentrations are the highest in Cu (sil-

ver carp), Cd (bream), Fe (silver carp) and Zn (carp). Cd concentrations re-

mained below the detection limit (BDL) in muscle and gill tissues, Pb was 

BDL across all sampled tissues. The white-eye bream has the highest concen-

tration of most of the elements, while in contrast, the zander has the lowest 

concentrations in most of the studied elements.  
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4.2.3. Principal Component Analysis (PCA) of Adult Fish Species  

 
(A) Muscle  

The principal component analysis (PCA) of ten fish species for muscle 

yielded two components that explained 84.22% of the variation (Figure 6). 

PCA1 accounted for 59.68% of the variation and was primarily influenced by 

Fe and Zn concentrations, while PCA2 accounted for 24.54% of the variation, 

strongly influenced by Sr. The PCA revealed a clear separation of the two pis-

civorous species, catfish and zander, from the other species, with catfish asso-

ciated with lower Fe and zander with lower Mn concentrations (Figure 6 and 

Appendix 10). Among the remaining eight species (asp, barbel, chub, common 

carp, common nase, common bream, silver carp, and white-eye bream), two 

main overlapping groups were observed. Chub, nase, and barbel clustered near 

the origin, indicating relatively similar metal profiles, whereas asp, bream, and 

silver carp were more widely dispersed, reflecting higher differentiation in 

trace element concentrations. White-eye bream and common carp formed two 

distinct clusters along the PCA2 axis, differentiated by high Fe concentrations, 

while variations along PCA1 were associated with high Sr (white-eye bream) 

and Zn (common carp) levels, respectively (Figure 6 and Appendix 10). 
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Figure 6. The PCA plot of the concentration of trace elements in the muscle (mg kg-1, wet 

weight) of the adult species from the Maros River. 
 

(B) Gills 

PCA identified two principal components that summarized  74.73% of the 

variation in gills tissue (Figure 7). PCA1 accounted for 47.32% of the variation 

and was primarily influenced by Zn concentrations, whereas PCA2 accounted 

for 27.41%, mainly influenced by Mn, followed by Sr and Fe. The analysis 

revealed a clear separation of two omnivorous species, chub and common carp, 

from the rest, with chub associated with the highest Zn concentrations (Figure 

7 and Appendix 10). Piscivorous species were generally clustered near the 

origin, although catfish (highest Fe) and zander (lowest Sr) formed distinct 

subgroups. Asp, characterized by high Cr and Sr but low Fe, overlapped par-

tially with both catfish and zander. Among the omnivorous species, common 
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bream overlapped with zander and asp, while barbel (lowest Zn), white-eye 

bream (highest Cu), and the two herbivorous species, nase (lowest Cr) and sil-

ver carp, were positioned closely together, reflecting similar metal accumula-

tion patterns (Figure 7 and Appendix 10). 

 

 
Figure 7. The PCA plot of the concentration of trace elements in the gills (mg kg-1, wet 

weight) of the adult species from the Maros River. 
 

(C) Liver 

PCA identified two principal components in the liver that revealed the 

74.82% of the variation (Figure 8). PCA of liver metal concentrations across 

ten fish species yielded two principal components explaining 74.82% of the 

total variation. PCA1 accounted for 52.92% of the variation and was primarily 

influenced by Fe, followed by Cu, while PCA2 explained 21.90% and was 
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mainly influenced by Zn, followed by Cu. The herbivorous silver carp exhib-

ited a wide distribution along PCA1, reflecting substantial variation in its liver 

metal content, particularly the highest Fe and Cu concentrations (Figure 8, Ap-

pendix 10). Along PCA2, the omnivorous common carp displayed the highest 

Zn concentrations and a broad distribution, indicating considerable variability 

in Zn accumulation. The asp, the only piscivorous species in this dataset, over-

lapped predominantly with omnivorous species (bream, barbel, chub, carp, sil-

ver carp, and white-eye bream) and the herbivorous nase along PCA2, suggest-

ing shared patterns in liver metal accumulation (Figure 8, Appendix 10). 

 

 
Figure 8. The PCA plot of the concentration of trace elements in the liver (mg kg-1, wet 

weight) of the adult species from the Maros River. 
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4.2.4 Metal Pollution Index (MPI) in the Tissues of Adult Species 

 
Overall, the MPI values were consistently high in the MPI of gills in all 

species, with common carp being the highest and zander the lowest (Figure 5). 

We observed the highest MPI in the liver of the silver carp and the lowest in 

catfish. Similar to the juvenile, the MPI of muscle were consistently low. The 

highest is noted in common nase and the lowest is by zander.  

 

 

Figure 9. Metal pollution index (MPI) in the different tissues of adults from the Maros 
River detailed in Appendix 10.
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5. DISCUSSION 

5.1. Analysis of Trace Element Concentrations in Sediments and Water 

 
Environmental matrices are important for assessing pollution levels in 

aquatic environments over time. Balogh et al. (2015) suggest that sediment 

trace element patterns are excellent long-term indicators, while water trace el-

ement patterns can indicate recent or ongoing contamination. The data of the 

sediments suggest persistent ongoing pollution in the Szamos River, with Cr 

exhibited moderate pollution levels and the other elements such as Cu, Mn, 

and Zn are denoted in heavily polluted conditions (Málnás et al., 2014b; Simon 

et al., 2017a). In the case of water, the trace elements levels in  Cu, Cd, Pb, and 

Zn followed the same trend and surpassed the freshwater CCCs in the year 

2013 (EPA, 2018). The chemical analysis of the water from OKIR in Szamos 

River showed an increase of about 2 to 10 times of these elements compared 

to the data from the former years. According to Hamad et al. (2012), trace 

metals, namely Pb, Zn, Cd, and Cu, are generally present in more reactive 

forms; either as dissolved ions or in labile states. The influx of these elements 

is largely attributed to anthropogenic sources like domestic sewage, agro-in-

dustrial processes, and agricultural inputs (Koh et al., 2015). Our findings 

aligned with previous studies on trace element deposition in sediment, chub 

and dragonfly larvae (Gomphus flavipes) that showed significant trace element 

contamination in the Szamos River in 2013, mainly linked to industrial work 

(mining) and agricultural activities (Málnás et al., 2014b; Nyeste et al., 2019; 

Simon et al., 2017c).  

In the case of Maros River, the water chemistry data from OKIR in 2020 

shows Fe have exceeded the threshold values by 10 times according to the 

CCCs specified by EPA (2018). Other elements, namely Cd, Cu, Mn, Pb, and 

Zn were recorded at concentrations below their threshold values. The Fe influx 

that had exceeded limits is a potential ecological concern. According to Koh et 
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al. (2015), Fe is widely recognised as a key sorbent in natural systems because 

it is prevalent in soils and rivers, where it frequently forms coatings on other 

particles. The excess Fe in water can result from agricultural runoff, including 

soil fertilisation and pesticide use (Kortei et al., 2020; Viana et al., 2021). There 

are studies in Northern Europe and North American freshwaters that observed 

a notable rise in Fe levels during autumn and winter, suggesting that the trend 

was attributed to warmer winter temperatures and increased rainfall, which 

created anoxic soil conditions and facilitated the release of Fe into nearby wa-

ter bodies and increased runoff containing highly coloured and aromatic dis-

solved organic matter (Björnerås et al., 2017; Riise et al., 2023; Sarkkola et al., 

2013). Although Fe is not essential for aquatic life, its elevated levels, along 

with high aluminium (Al) concentrations, can cause harmful effects, such as 

genetic mutations and bone disorders in vertebrates (Chandrapalan & Kwong, 

2020; Rahmani et al., 2018; Viana et al., 2021). The elevated Fe levels in the 

water pose significant risks to aquatic organisms and humans who rely on it 

for drinking water, while the rising Fe concentrations in freshwater ecosystems 

over recent years underscore a growing environmental issue (Bianchi et al., 

2019; Björnerås et al., 2017; Chandrapalan & Kwong, 2020; Sarkkola et al., 

2013; Viana et al., 2021). There is a lack of studies on local lithology in both 

the Maros River and Szamos River, which limits the understanding of natural 

contributions to trace element concentrations in these rivers. 

5.2. Assessment of Bioaccumulation in Juvenile Fish from the Szamos River 

 
The patterns of macroelement accumulation (Ca, K, Mg, Na) in the juve-

niles reflect their distinct physiological roles. This result is anticipated because 

the essential roles of macroelements in fish physiology and survival have been 

well-documented in many studies (Khawar et al., 2024; Ustaoğlu et al., 2024). 

Specifically, the mean concentrations of macronutrients in the tissue samples 
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of the juveniles can be ranked based on their accumulation levels in the fol-

lowing sequence: K>Ca>Na>Mg in muscle, Ca>Na>K>Mg in gills and 

K>Na>Ca>Mg in the liver. The high concentrations of Ca and Mg were ob-

served in the gills. This might be due to the reason that Ca serves an essential 

function in developing and supporting skeletal frameworks like arches and rak-

ers while also being a primary site for calcium uptake, especially under hy-

poxic conditions for species such as hagfish (Borowiec, 2021; Playle, 1998). 

K concentration was the highest in the muscle of the nase. The liver of nase 

and barbel, as well as the gills of chub, exhibited significantly higher Na con-

centrations. This pattern underscores the fundamental role of sodium as an 

electrolyte, supporting liver functions and facilitating its absorption via the 

gills (Maetz, 1976; Nyeste et al., 2019). These observations are consistent with 

findings from both field research and laboratory studies on juvenile common 

carp (Harangi et al., 2017b; Nikolić et al., 2024; Nikolić, Skorić, et al., 2022; 

Subotić et al., 2021).  

In terms of trophic position, the juveniles and their diets can be ranked as 

follows: omnivorous barbel > omnivorous chub > herbivorous nase. There is a 

direct relationship between the trace element concentrations and their trophic 

levels in juveniles. It is observed in the muscle tissues for Cr, Cu, Fe, and Zn, 

as well as the gills for Cu and Zn. A significant association between trophic 

level and trace element concentrations was identified in muscle tissues, irre-

spective of sediment and water contamination status. While Cu and Zn con-

centrations surpassed established pollution thresholds in both sediment and 

water, Fe levels remained within acceptable standards, and Cr was detected at 

only moderately polluted levels in sediments (Baudo & Muntau, 2020; EPA, 

2018). These findings highlight the effect of dietary habits within the muscle 

tissue of juvenile trace element composition (Farkas et al., 2003; Nikolić et al., 
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2021; Nyeste et al., 2019). Over the last decade, research has increasingly un-

derscored the significance of muscle tissue in the processes of trace element 

bioaccumulation and biomagnification, particularly among juveniles (Jia et al., 

2017a; Merciai et al., 2014; Ndimele et al., 2017; Nikolić et al., 2021; Nyeste 

et al., 2019). 

However, certain trace elements showed no clear relationship with trophic 

levels despite significant variations in their concentrations, particularly in the 

gills and liver. This suggests that factors beyond trophic position may play a 

role in trace element accumulation. Current studies have highlighted that hab-

itat selection may have a greater impact than their trophic levels on the trace 

element profiles of juveniles (Jiang et al., 2022; Llamazares Vegh et al., 2022; 

Nikolić et al., 2021). This perspective aligns with our results, as the concentra-

tions of most trace elements showed no significant variation in both ben-

thivorous species such as herbivorous nase and the omnivorous barbel (except 

for Cu) but displayed marked differences when compared to the omnivorous 

chub that prefers the pelagic habitat. The high Cu concentrations in benthic 

herbivorous nase in our studies went against the assumption of our hypothesis, 

as it has the lowest trophic position from all the species studied for juveniles. 

However, it is aligned with other previous investigations in the rivers and res-

ervoirs in Serbia waters, where the liver of nase had exhibited the highest Cu 

levels. (Djikanović et al., 2016; Nikolić et al., 2024; Subotić et al., 2019). This 

finding may be attributed to the dietary preference of nase for benthic algae, as 

green algae and diatoms are known to bioaccumulate significant levels of Cu 

(González-Dávila et al., 2000; Novák et al., 2020). From this reasoning, the 

downward trend between Cu levels in the liver and the trophic level of the 

juveniles studied is likely linked to the species-specific feeding habits of nase. 

The limitations of this are trophic indices were obtained from FishBase, which 

provides estimated trophic positions based on taxonomic relationships, body 
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size, and available ecological data. These estimates offer a useful approxima-

tion of trophic position; however, direct measurement of trophic levels (e.g., 

via stable isotope analysis, SIA) was not performed. Consequently, trophic 

level assignments for juvenile individuals may not fully reflect ontogenetic di-

etary shifts and should be interpreted as species-level estimates rather than ex-

act individual-level values. 

In 2013, Cd concentrations in the water of Szamos River were approxi-

mately ten times higher than in previous years, surpassing CCCs for several 

months, based on water chemistry data from OKIR. This finding is reflected 

by the elevated Cd concentrations detected in the muscle, gills and liver of 

chub. The case is not the same for the other juveniles, the nase and barbel had 

Cd levels that were below the detection limit in the gills and the liver. Singh et 

al. (2011) state that Cd and Pb adversely affect health, even at low concentra-

tions. This increase in Cd concentration was evident in the trace element profile 

of pelagic species, such as chub, with less pronounced effects on benthic juve-

niles. Similar trends have been observed in multispecies studies, where higher 

Cd concentrations in water predominantly accumulated in pelagic species 

(Llamazares Vegh et al., 2022; Milošković et al., 2016).  

Pb concentrations, on the other hand, were highest in the benthic juveniles, 

particularly in the liver. This might be due to the different pathways of expo-

sure to Pb and Cd in fish. This reasoning is supported by previous studies, 

where despite the elevated Cd and Pb concentrations in the water, the Pb are 

deposited in fish primarily through food consumption, while the absorption of 

Cd by the fish was through respiration that takes place in the gills (Jia et al., 

2017b; Subotić et al., 2015). Generally, habitat selection plays a significant 

role in the trace element profile of gills (Nyeste et al., 2019; Subotić, Spasić, 

et al., 2013b). The exposure route of trace elements via gills in fish had a more 

pronounced effect on the deposition of trace element patterns in pelagic species 
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than the benthic species (Jiang et al., 2018; Milošković et al., 2016; Subotić, 

Spasić, et al., 2013b). These findings support the second assumption of our 

hypothesis that habitat preference influences trace element patterns in fish.  

Previous studies have documented the effectiveness of fish juveniles as 

trace element pollution bioindicators, which is attributed to their faster growth 

and metabolic rates, increased intake of food, greater water flow through gills 

in respiration, and underdeveloped toxin elimination systems compared to 

adults (Jia et al., 2017b; Llamazares Vegh et al., 2021; Nikolić et al., 2021; 

Nyeste et al., 2019). The assessment of the juvenile as a bioindicator in con-

taminated water bodies was done in this study by examining the impact of hab-

itat preference and feeding diet on the bioaccumulation trend. We found that 

the Cu and Zn concentrations were elevated in both sediments and the water 

of the Szamos River. The species which inhabit the same contaminated micro-

environment will have bioaccumulation patterns that rely heavily on their diet. 

However, previous studies show higher Zn concentration in the gills of pelagic 

chub, instead of the liver which supposedly accumulated more Zn in bioaacu-

mulation process (Djikanović et al., 2016; Jia et al., 2017b; Machala et al., 

2001; Podrug & Raspor, 2009; Subotić et al., 2015). Other studies highlighted 

that ongoing Zn pollution might be the cause of more elevated Zn pollution in 

pelagic species, specifically in the gills (Harkabusová et al., 2012; Nikolić, 

Poleksić, et al., 2022; Subotić, Višnjić Jeftić, et al., 2013).  

From the sediment data, Cr showed moderate contamination, while Mn ex-

hibited high levels of enrichment relative to background concentrations. How-

ever, for water, both concentrations are below the CCCs. This is reflected in 

the juveniles that were studied, where nase and barbel in the benthic environ-

ment have elevated concentration levels of Cr and Mn compared to the chub 

that favours the pelagic habitat. Contrary to the characteristics of Cd accumu-

lation in our findings, despite exceeding the CCCs in water for a while, this 
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toxic metal was not deposited in the sediments, resulting in higher Cd concen-

trations in the gills of pelagic chub in comparison to benthic species like barbel 

and nase. These findings suggest that, in juveniles, habitat use may exert a 

stronger influence on trace element accumulation than diet or trophic position. 

This is supported by other studies that highlighted that habitat selection plays 

a bigger role than the diet that influences the biomonitoring potential in fish 

juveniles (Jia et al., 2017b; Llamazares Vegh et al., 2022). In addition, Kottelat 

& Freyhof (2007) reported that the diets of the studied larvae and cyprinid ju-

veniles mostly rely on similar prey, which reduced the importance of their 

trophic position. Fish larvae begin exogenous feeding once yolk reserves are 

depleted and after they hatch, young juveniles primarily consume zooplankton 

before gradually transitioning to prey that is specifically for the species over 

the following months (Heming & Buddington, 1988; Yúfera & Darias, 2007). 

The trend is similar in other studies where diet have a weaker effect on bioac-

cumulation patterns in juveniles compared to adults (Djikanović et al., 2016; 

Farkas et al., 2003; Nyeste et al., 2019).  

The juveniles in this study were subjected to various environmental trace 

element stressors despite belonging to the same stretch of the Szamos River, 

which might be due to the foraging habit of the fish species in the given habitat. 

The trace element in the sediments can be released into the water by benthic 

species known as bioturbators (Adámek & Maršálek, 2013). As a result, the 

pelagic and bottom-dwelling species in the same aquatic systems may have 

different bioaccumulation patterns in their microenvironments. Additionally, 

the trace elements interaction and competition by the uptake pathways (i.e. gill 

uptake or dietary uptake) would also influence the bioavailability of trace ele-

ments in the fish. This is supported by recent physiology studies on the gills 

and intestinal absorption in fish (Einhorn et al., 2024; Kwong, 2024). In early 
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life stages, habitat preference emerges before dietary specialisation, further in-

fluencing trace element profiles in juveniles. These findings highlight the sig-

nificant role of habitat preference in juvenile bioaccumulation of trace ele-

ments, where it contributes to the enhancement of the juveniles as bioindicators 

of polluted environments through their specific habitat selection. The use of 

juveniles emphasising pelagic and benthic habitats is especially valuable in 

implementing a monitoring framework to assess ongoing or prolonged sedi-

ment and water pollution levels.  

5.3. Assessment of Bioaccumulation in Adult Fish from the Maros River 

 
Calcium and phosphorus are among the most extensively studied macroele-

ments in fish. In contrast, considerably less attention has been given to sodium, 

potassium, and magnesium concentrations (Stoyanova, 2018). Based on the 

mean concentrations of the macroelements in the studied adult fish, the analy-

sis revealed significant differences (p < 0.05) in muscle, gills and liver. The 

general rank of the mean elemental concentration is as follows: Ca > K > Na 

> Mg. The mean concentrations of macronutrients in the tissue samples of the 

tested fish can be ranked based on their accumulation levels in the following 

sequence: K > Ca > Na > Mg in muscle, Ca > Na > K > Mg in gills and K > 

Na > Ca > Mg in the liver. The highest K accumulation was found in the muscle 

(omnivorous bream). Whereas the concentrations of Ca (piscivorous asp), Na 

(piscivorous catfish) and Mg (piscivorous asp) were the most elevated in the 

gills. The measured concentrations of the macroelements in the adult fishes 

were found to be aligned with their physiological roles. The gills of fish serve 

as the primary organ for osmoregulation, regulating the balance of ions (Na+, 

K+, and Mg+), which is crucial for maintaining the internal environment, par-

ticularly in fluctuating aquatic environments of the fish. The gills are particu-
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larly sensitive to environmental factors like pollution, salinity, pH, and bio-

chemical oxygen demand (BOD), which can affect their osmoregulatory func-

tion (Abduljabbar Rasmi & Majdy Faisal, 2024; Uchida et al., 2000). The chlo-

ride cells in the gill epithelium play a critical role in this process, using en-

zymes like sodium-potassium adenosinetriphosphatase to transport ions effi-

ciently (Marshall, 1995; S. D. McCormick, 1995; Uchida et al., 2000). The 

presence of elevated concentrations of Ca, Mg, and K in the gills is consistent 

with their role in ion transport and osmoregulation, as these ions are essential 

for maintaining proper cellular and physiological functions (Hootman & Phil-

pott, 1980). Additionally, these high concentrations of minerals are likely 

linked to the involvement of gills in both ion secretion and ion uptake, which 

is critical for the overall health and osmoregulatory efficiency of the fish 

(Perry, 1997; Zadunaisky, 1997). Furthermore, the relatively high concentra-

tions of K and Mg in the gills reflect their role in facilitating essential biochem-

ical processes, such as enzyme function and cellular communication, which 

are vital for the survival of fish in diverse environmental conditions (Steffens, 

2006).  

Based on the mean concentrations of the non-essential and trace elements 

(Cd, Cr, Cu, Fe, Fe, Mn, Sr and Zn) in the studied adult fish, significant differ-

ences (p < 0.05) were observed in all the studied tissues (muscle, gills and 

liver). The general rank of the mean elemental concentration is as follows: Fe 

> Zn > Cu > Sr > Mn > Cd. The mean concentrations in the tissue samples of 

the tested fish can be ranked based on their accumulation levels in the subse-

quent order: Zn > Fe > Sr > Mn > Cu > Cr in muscle, Zn > Fe > Sr > Mn > Cu 

> Cr in gills and Fe > Zn > Cu > Mn > Sr > Cd> Cr in the liver. These findings, 

where Fe and Zn are mostly the highest in the tissues studied, are aligned with 

other studies such as in the Nile River in Egypt and Dukan Lake in Iraq (Ghan-

nam, 2021; Kareem et al., 2022). Based on the Mann-Whitney test (p < 0.05), 
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the highest Cr and Sr concentration levels were detected in the gills of the pis-

civorous asp, while the highest Mn concentration levels were detected in the 

gills of the omnivorous white-eye bream. In the liver, planktivorous silver carp 

dominated the Cu and Fe concentrations. The highest concentrations of Cd and 

Zn were found in omnivorous bream and omnivorous carp, respectively. The 

muscle tissue consistently exhibited the least accumulation in all of the studied 

trace elements. Metal accumulation in fish varies by organ, with the liver and 

gills typically showing the highest concentrations, particularly for Cu, Zn, Fe, 

and Sr in previous studies (Dikanović et al., 2016; Subotić, Višnjić Jeftić, et 

al., 2013). This is due to the crucial role of the liver in the toxin removal pro-

cess, biotransformation, and excretion of pollutants, as well as factors like en-

vironmental metal availability, fish age, species-specific differences, and the 

presence of metal-binding ligands in liver tissues (Khaled et al., 2016; Shinn 

et al., 2009). Species differences affect accumulation patterns, as seen in Prus-

sian carp, which accumulate more metals in the gills, while species like the 

common nase show higher levels in the liver (Dikanović et al., 2016). These 

variations are influenced by membrane permeability and species-specific 

traits, leading to greater bioaccumulation in the gills and liver than in the mus-

cle tissue (Kousar & Javed, 2014). 

Asp is the highest in the trophic level of all the adult species that were stud-

ied. The trend aligned with our hypothesis for asp following the highest Cr and 

Sr concentration in the gills. Cr has the tendency to accumulate in the organs 

like the liver, gills, and kidneys of fish and often exceeds the safe limit in pol-

luted waters, causing oxidative stress, immune dysfunction, and tissue damage 

that affects the survival of the fish (Das, 2024; Hu et al., 2024; Panda et al., 

2023; Qadir & Malik, 2011). Similar to our findings, a higher accumulation of 

Cr and Hg in the gills and liver is recorded for piscivores compared to polyph-

agous species (Subotić et al., 2013b). The main reason might be attributed to 
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the feeding diet and habitat preference of the asp. Asp is a benthopelagic pis-

civorous species with opportunistic foraging habits. In the biodiverse Danube 

waters near Belgrade, asp is identified as non-selective predator, as evidenced 

by a diet dominated by abundant cyprinids such as bleak (Alburnus alburnus), 

goldfish (Carassius auratus), and roach (Rutilus rutilus) (Krpo-Cetkovic et al., 

2010; VaŠek et al., 2013). Being the only predator species in the Cyprinidae 

family, asp was found to outgrow all other cyprinid species in the waters of 

Poland (Krpo-Cetkovic et al., 2010). During its lifetime, asp passes critical di-

etary stages, starting from early zooplanktivory followed by a short transition 

into surface arthropod feeding during summer and ending with facultative or 

obligate piscivory (Adámek et al., 2019; Specziár & Rezsu, 2009). These tran-

sitions underline the adaptive foraging strategy during ontogeny as a warranty 

for survival and ecological flexibility that could be accounted for in the bioac-

cumulation of Cr and Sr.  

Our findings show that the active pelagic asp has the capability of bioaccu-

mulating more waterborne trace elements compared to sediment. The diet of 

the asp, which is mostly benthic organisms and benthivorous fish, could sug-

gest potential biomagnification of the Cr and Sr. This finding is similar to a 

study by Das Pinkey et al. (2024) on the pelagic olive barb (Systomus sarana), 

which consumes benthic organisms and has a higher metal pollution index than 

other benthic fish species. The high trace element concentration in suspended 

sediment has been suggested to facilitate their release into the water column 

and enhance their bioavailability and uptake through respiration via gills 

(Pinkey et al., 2024). Similarly, the Liuyang River, Szamos River, Yangtze 

River and Yellow River have shown identical trends of pelagic species being 

among the most sensitive species to waterborne metal contamination (Das 

Pinkey et al., 2024; Jia et al., 2018; D. Li et al., 2023; Nyeste et al., 2024; S. 

Zhao et al., 2012).  
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Trace element accumulation in fish gills is well-documented in many stud-

ies, it is because the gills serve as an active site through which pollutants are 

taken in and affect the receptors for entry (Makarenko et al., 2021). The exten-

siveness of the surface area, the thinness of the diffusion barrier, and constant 

exposure to large volumes of water create a scenario where dissolved contam-

inants are in contact with gill surfaces and facilitate the entry of metals through 

processes of respiration and osmoregulation (Fernandes & Moron, 2019; 

Yancheva et al., 2022). High Mn concentration in the gills of white-eye bream 

is aligned with the results obtained in common bream and carp from Poland 

and barramundi from Bangladesh, suggesting that gills are the main organs of 

Mn accumulation (Niemiec & Wiśniowska-Kielian, 2015; Rajkowska & Pro-

tasowicki, 2012; Tahity et al., 2022). Since Mn concentrations in fish gills 

change rapidly depending on environmental changes, they act as an important 

indicator of aquatic pollution, which was also reported in previous studies 

(Niemiec & Wiśniowska-Kielian, 2015; Pereira et al., 2010; Vieira et al., 

2012). Although our study is limited without the sediment data for Mn concen-

tration, this finding might show a prolonged Mn contamination in the sediment, 

a possibility supported in some early studies (Faria et al., 2008; Niemiec & 

Wiśniowska-Kielian, 2015). This might be due to the nature of white-eye 

bream as a benthopelagic species that prefers the deeper section of the river, 

near the vegetation and substrates. It also has an opportunistic foraging habit, 

and omnivorous diet and feeds on zooplankton, insect larvae and detritus.  

Contrary to our hypothesis, despite being the lowest in the trophic position 

of the species studied, planktivorous silver carp have accumulated the highest 

Cu and Fe concentrations in the liver. As a filter-feeding species, it ingests 

large volumes of water containing suspended particles, often including phyto-

plankton (mainly Chlorophyta),  zooplankton and detritus, which exposed it to 

waterborne metal pollutants (Su et al., 2020; Xia et al., 2022). Their specialised 
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gill rakers and mucus-producing suprabranchial organ enable efficient filtra-

tion of fine particulate matter, increasing their exposure to dissolved contami-

nants (Calkins et al., 2012; Teodorof et al., 2009). Environmental factors such 

as temperature and nutrient levels influence prey availability, which can affect 

metal bioaccumulation through dietary intake (Xia et al., 2022). Additionally, 

their ability to thrive in slow-flowing or stagnant waters, where metal-laden 

sediments and organic suspensions are more concentrated, may further con-

tribute to their trace element burden (Jawdhari et al., 2022b). There is a recent 

study indicated that algal blooms promote the uptake and retention of heavy 

metals such as cadmium and zinc in silver carp through digestion, absorption, 

and skin mucosal contact, leading to an increased metal concentration in vari-

ous organs (X. Zhao et al., 2024). These factors highlight the vulnerability of 

silver carp to metal contamination despite their low trophic position. Studies 

have shown that metal accumulation varies across fish organs, with certain tis-

sues exhibiting a greater tendency to retain specific metals (Canli & Atli, 2003; 

Kareem et al., 2022; Usero et al., 2004). While the liver is generally recognized 

as the primary site for metal deposition, some exceptions exist, such as iron 

accumulating more in the gills than the liver in Atlantic saury, Scomberesox 

saurus (Canli & Atli, 2003). This variation highlights species-specific differ-

ences in metal uptake and detoxification, reinforcing the observed high Mn 

concentration in the liver of silver carp.  

The highest Cd accumulation in the liver was observed in omnivorous com-

mon bream. Common bream is a benthopelagic species with opportunistic for-

aging habits. Lacerda et al. (2020) stated that certain benthopelagic fish species 

exhibit greater metal accumulation and toxicogenetic responses, making them 

suitable bioindicators for contamination studies. Since mature common bream 

primarily consumes chironomid larvae and other benthic invertebrates, their 

Cd burden likely reflects sediment contamination rather than water pollution 
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(Farkas et al., 2002). The dietary flexibility of bream, including the ability to 

shift to particle or filter feeding under high zooplankton abundance, contrib-

utes to their increased Cd uptake (Froese & D. Pauly, 2022; Noël et al., 2013). 

Regional studies also confirm significant Cd accumulation in bream, such as 

in Lake Balaton in Hungary and the Seine River in France (Burada et al., 2014). 

Unlike mercury, Cd does not biomagnified along the food chain, making zoo-

plankton and zoobenthos more reliable bioindicators of contamination than 

predatory fish (Burada, 2014). Some studies even report higher Cd levels in 

nonpredatory fish compared to piscivorous species, with the highest concen-

trations found in Wels catfish and the lowest in carp (Kenšová et al., 2010). 

This pattern is likely due to Cd being primarily accumulated through zooplank-

ton and benthic organisms, which form the dietary basis of bream (Farkas et 

al., 2002). The high bioconcentration factor (BCF) of Cd in plankton further 

supports this trend, as planktonic organisms readily absorb and retain heavy 

metals from the surrounding environment (Burada et al., 2014). Additionally, 

in Lake Balaton, bream with higher growth rates exhibited elevated trace ele-

ment levels, suggesting uptake through biomagnification (Farkas et al., 2002). 

The dietary dependence on invertebrates and their habitat preferences and 

adaptability further explain why bream accumulates more Cd than piscivorous 

species. 

The high Zn accumulation in the liver of omnivorous common carp can be 

attributed to many factors. Our findings aligned with Teodorof et al. (2009) 

and Yousafzai et al. (2012), where it was reported that Zn has the highest bio-

logical accumulation in fish and was commonly the most abundant in the com-

mon carp. Some studies highlight that trace element pollution poses serious 

risks to common carp, leading to bioaccumulation primarily in the kidneys and 

liver, while muscles retain the lowest concentrations (Ambreen et al., 2015; 
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Kakade et al., 2020). Prolonged exposure causes oxidative stress, tissue dam-

age in gills and kidneys, and gut microbiota alterations, with Co-Cd mixtures 

being the most toxic (Ambreen et al., 2015; Kakade et al., 2020). Contrary to 

that, others noted that accumulation varies according to species, as reported by 

Has-Schön et al. (2015), where the concentrations of Zn were greater in catfish 

than in carp in most tissues. This variation may depend on age, body weight, 

and habitat, as larger older individuals tend to accumulate metals in their bod-

ies with time (Has-Schön et al., 2015). Zn also tops the list in silver carp, fol-

lowed by Pb, Cd, and Hg, which accumulate according to species and environ-

mental niches (Aski et al., 2022). Besides that, the high accumulation of Zn in 

common carp can be explained by the foraging habit of this species, which 

makes it a well-known bioturbator. According to X. Zhang et al. (2016), their 

suction-feeding behaviour disturbs sediments, resuspending nutrients and pol-

lutants, which can enhance the bioavailability of metals in their diet. In addi-

tion, the carp species seriously alter the water quality and biomass of benthic 

algae while it mobilises the nutrients from sediment into the water column 

through its bioturbation process (X. Zhang et al., 2016). As omnivores with 

opportunistic foraging habits, they have a wide range of diets and primarily 

feed on benthic organisms, particularly molluscs such as the invasive Dreis-

sena clams, which are abundant in the Danube River, contributing to their trace 

element intake (Teodorof et al., 2009). An experiment conducted in earlier 

studies shows that the higher Zn concentrations in common carp compared to 

silver carp are not influenced by diet or feeding habits but are instead attributed 

to a higher Zn absorption rate in common carp (Jeng & Sun, 1981). This further 

emphasises the species-specific physiology of common carp beyond their feed-

ing habits and habitat preferences. 
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5.4. Human Health Implications  

 

According to the Food and Agriculture Organization of the United Nations 

(FAO) and Commission Regulation (EC), the Maximum Allowable Concen-

tration (MAC) in fish muscle for public health were set as follows: Cd (0.05 

mg kg−1 ww), Cr (1.0 mg kg−1 ww), Cu (30.0 mg kg−1 ww), Fe (43.0 mg kg−1 

ww), Mn (1.0 mg kg−1 ww), Pb (0.30 mg kg−1 ww), and Zn (40.0 mg kg−1 ww) 

(European Union, 2008; Nauen, 1983). For the juvenile species studied in Sza-

mos River, the mean concentration of Cd (0.10 ± 0.17 mg kg−1 ww) and Pb 

(0.36 ± 0.31 mg kg−1 ww) in the muscle of the chub exceeded the MAC, while 

others (Cr, Cu, Fe, Mn, and Zn) remained below the MAC, and the fish meat 

is safe for consumption. Notably, the Cd and Pb concentrations in water were 

also reflected as polluted, while the sediments remained unpolluted by these 

toxic elements. This further highlights that the pelagic chub is more vulnerable 

to ongoing waterborne pollution than benthic species such as barbel and nase. 

It is also important to highlight that the mean elemental concentrations in the 

gills (Cu, Fe, Mn, Pb, Zn) and liver (Cd, Cr, Fe, Mn, Pb, Zn) exceeded the 

MAC. Thus, the consumption of the gills and liver is deemed unsafe and not 

recommended for humans. While Hungary enforces size limits for the cypri-

nids investigated, restricting anglers to harvesting adults, the alarming levels 

of Cd and Pb concentrations in juvenile chub pose risks to the potential of bi-

omagnification in the ecosystem and hazards for human health in the case of 

unauthorised fishing. Thus, additional comprehensive studies on trace element 

patterns in adult fish from the Szamos River are essential for evaluating poten-

tial human health hazards. 

For the muscle of adult species studied in Maros River, all of the mean ele-

mental concentrations are below the MAC. Thus, consumption of the flesh of 

the fish is deemed safe. However, certain mean element concentrations in most 
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of the species surpassed the MAC in the gills (Mn, Zn) and liver (Cd, Fe, Mn, 

Zn). Thus, the consumption of the gills and liver is not recommended. Inter-

estingly, we found that the MPI of the catfish and zander are the lowest in the 

muscle despite being on top of the trophic position, with common carp having 

the highest MPI in gills and silver carp in the liver. It is crucial to highlight that 

the average mean concentration of trace elements studied of the juveniles in 

Szamos River is substantially higher than the adult fish species in Maros River. 

While direct comparisons between juveniles and adults cannot be made due to 

site differences, the observed accumulation patterns raise the hypothesis that 

juvenile fish may exhibit heightened sensitivity to trace element exposure, 

which should be tested under controlled or site-matched conditions. However, 

further studies need to be done to fully understand the mechanism underlying 

their sensitivity and to establish them as reliable bioindicators. In a nutshell, 

regular monitoring is essential to ensure the continued safety of fish consump-

tion from these two important tributaries of the Tisza River.   

5.5. Recommendations for Future Studies 

Our findings on the trace element accumulation studies of fish in the Sza-

mos River and Maros River suggested research gaps that need a lot of attention 

in future research. Bioaccumulation studies in fish are complex, tedious and 

time-consuming; preliminary studies should be done to examine important fac-

tors which can also affect the fish bioaccumulation trend. Luoma & Rainbow 

(2005) stated that trace element bioaccumulation in fish is influenced by mul-

tiple factors, including species-specific physiology, environmental conditions, 

and metal properties. Besides that, seasonal variations also play a crucial role, 

with higher metal levels generally recorded during warmer months, particu-

larly in the dry season, due to reduced dilution effects (Hassan et al., 2024; 
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Jolaosho et al., 2023; Ngo et al., 2022). This pattern has been observed in mul-

tiple freshwater and coastal ecosystems, such as Dukan Lake, Iraq, where met-

als like As, Cd, and Cu showed higher concentrations in summer, while Cr and 

Fe were more prevalent in winter (Kareem et al., 2022). Seasonal and hydro-

logical effects should also be analyzed by comparing metal concentrations be-

tween wet and dry seasons to assess variability in contamination levels and 

potential flooding impacts on metal transport (Hassan et al., 2024; Jolaosho et 

al., 2023). Since our studies were done in autumn in both the Szamos River 

and Maros River, it would be beneficial to see the outcome in different seasons 

and the impact of flooding in the long term.   

The elevated Cu and Fe concentrations observed in the liver of silver carp 

warrant further investigation. Both Fe and Cu are redox-active transition met-

als that can catalyse the formation of reactive oxygen species (ROS) through 

Fenton and Fenton-like reactions when present at elevated concentrations, po-

tentially leading to oxidative stress if cellular antioxidant defences are over-

whelmed (Lushchak, 2011; Valko et al., 2005). Experimental studies have 

shown that copper exposure can disrupt antioxidant defence systems in fish, 

altering enzymes such as superoxide dismutase (SOD), catalase (CAT), and 

glutathione peroxidase (GPx), while increasing lipid peroxidation and causing 

tissue damage (Atli & Canli, 2010; Lushchak, 2011). More recently, copper-

induced oxidative stress has also been linked to transcriptomic changes, intes-

tinal microbiota alterations, and histopathological damage in common carp 

(Cyprinus carpio), indicating that elevated Cu burdens may have systemic 

physiological consequences beyond simple storage (L. Zhang et al., 2022). 

Similarly, excessive iron accumulation has been shown to induce hematologi-

cal disturbances, oxidative imbalance, and histological alterations in freshwa-
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ter fish such as Labeo rohita, demonstrating that Fe overload can result in sub-

lethal toxic effects (M. Singh et al., 2019). Taken together, these findings sug-

gest that the elevated hepatic Fe and Cu concentrations observed in silver carp 

in the present study may reflect not only physiological regulation but also the 

potential for oxidative and tissue-level stress. Therefore, further assessment of 

antioxidant biomarkers, haematological parameters, and histopathological 

endpoints would help clarify whether the observed metal burdens represent 

adaptive detoxification or early toxicological effects. 

There are limitations in our studies due to the lack of data in our studied 

areas. For instance, a biodynamic model can explain how bioaccumulation re-

sults from the balance between dietary intake, dissolved metal uptake, and 

elimination rates. Species-specific accumulation patterns should be investi-

gated to identify key fish species that are more vulnerable to metal uptake 

based on their ecological niche and physiological sensitivity (Lacerda et al., 

2020). Water quality parameters, such as pH, dissolved oxygen, and water tem-

perature, should be monitored, as these factors influence metal bioavailability 

and toxicity (Hamada et al., 2024). Finally, sex-based differences in metal ac-

cumulation should be examined, as previous studies have shown that female 

fish may accumulate higher concentrations than males due to metabolic differ-

ences (Al-Yousuf et al., 2000; Canli & Atli, 2003). These recommendations 

will enhance the understanding of trace element distribution, bioaccumulation 

patterns, and ecological risks in the Maros River and Szamos River ecosys-

tems. 
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6. CONCLUSIONS 

This study concludes that the Szamos and Maros Rivers are contaminated 

with various trace elements in both water and sediments. By utilising fish at 

different life stages as bioindicators, we effectively assessed the extent of 

aquatic ecosystem pollution. Our findings highlight that feeding habits and 

habitat preference play a crucial role in trace element accumulation, with sig-

nificant differences observed in both juveniles and adults in detecting metal 

pollution. Our findings suggest that trophic level plays a greater role in trace 

element accumulation in adults due to their specialised diet. In particular, asp, 

common carp, common bream, and white-eye bream showed a strong affinity 

for trace elements in the gills and liver, while silver carp exhibited a negative 

correlation, suggesting reduced uptake under the same conditions. In contrast, 

juveniles showed limited correlations, primarily in muscle tissue. 

Notable species-specific differences in habitat preference were observed in 

both juvenile and adult fish. Pelagic species, including juvenile chub, adult asp, 

and adult silver carp, exhibited a higher tendency to bioaccumulate trace ele-

ments, highlighting the alarming pollution levels in the water. In contrast, ben-

thic species such as juvenile barbel, juvenile nase, and adult common carp 

showed a stronger affinity for trace elements in sediments. Due to the lack of 

sediment data for the Maros River, potential Zn pollution is suggested from 

findings in adult common carp. Similarly, elevated Cd and Mn levels in adult 

common bream and adult white-eye bream suggest contamination. These dif-

ferences reflect distinct exposure pathways between juveniles and adults, 

shaped by microhabitat characteristics and bioturbation. 

We have also identified that the juvenile fish species exhibited heightened 

vulnerability and were highly sensitive in terms of bioaccumulation of heavy 

metals compared to adult species, which may suggests juveniles as a good bi-

oindicators of metal contamination in the aquatic ecosystem. We identified 
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chub as the key bioindicator for juveniles, whereas in adults, asp, silver carp, 

common carp, common bream, and white-eye bream serve as critical bioindi-

cators due to their strong affinity for different heavy metals. Given their eco-

logical significance and widespread distribution in European rivers, these spe-

cies are essential for monitoring aquatic pollution and assessing risks to both 

ecosystems and human health, particularly in commercial fishing and aquacul-

ture. We also conclude that the muscle tissue of the juvenile chub is not safe 

for consumption due to the Cd and Pb concentrations that surpassed the MACs. 

While all analysed elements in adult muscle tissue remained below MACs 

thresholds. Despite this, continuous monitoring of adult fish from the Szamos 

River is crucial to assess potential health risks associated with human con-

sumption, while regular surveillance in the Maros River is necessary to ensure 

long-term food safety. 
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7. SUMMARY OF NEW SCIENTIFIC FINDINGS 

Szamos River (Juvenile) 

• Elevated waterborne Cd, Pb, and Zn were linked to higher accumulation in 

pelagic juvenile chub, especially in muscle and gills, indicating dominant 

waterborne exposure. 

• Sediment-associated Cr, Cu, and Mn accumulated more in benthic juveniles 

such as nase and barbel, reflecting habitat-driven uptake. 

• Juveniles showed higher bioconcentration of Cd, Cr, Cu, and Pb in the liver 

and of Fe, Mn, and Sr in the gills, demonstrating clear tissue-specific ac-

cumulation at early life stages. 

• Cd and Pb in juvenile chub muscle exceeded maximum allowable concent-

rations, thus, juvenile chub meat is unsafe for consumption, and it is identi-

fied as a reliable bioindicator of pollution in the Szamos River. 

Maros River (Adult) 

• Fe and Zn were the most abundant trace elements with feeding strategy and 

habitat preference influenced metal accumulation more strongly than 

trophic level. 

• Piscivorous asp showed the highest Cr and Sr in gills, likely linked to pel-

agic exposure. Planktivorous silver carp accumulated the most Cu and Fe 

in the liver due to filter-feeding and high water intake, warranting further 

investigations. Omnivorous common bream had the highest Cd in the liver, 

indicating sediment-related accumulation. Common carp showed elevated 

Zn in the liver, associated with benthic feeding and physiological demand. 

• Adult fish muscle concentrations remained below maximum allowable li-

mits, indicating safe consumption, while gills and liver are not recommen-

ded for consumption .



  

 70

8. ACKNOWLEDGEMENTS 

 
حْمَنِ  اللهِ  بِسْــــــــــــــــــمِ  حِيْمِ  الرَّ  الرَّ

 
In the Name of Allah, the Most Merciful, The Most Compassionate. 

 

It is only by His grace that I have found the strength and willpower to over-

come challenges, reach the end and look beyond this bittersweet chapter of my 

life. This journey has not only been long but also a profound learning experi-

ence, enriching my knowledge and growth along the way. I would not have 

done it without the support of the people who surrounded me with their utmost 

passion, love and care.  

I would like to take this opportunity to thank my supervisor, Dr. László 

Antal, who provided me with his undivided support from the accommodation, 

administration, fieldwork, and professional support until the end of my doc-

toral journey, wherewith his understanding and moral support, allowing me to 

explore new experiences and opportunities to become a citizen of the world.  

I also want to especially thank Dr. Krisztián Nyeste, a hardworking re-

searcher who led the fieldwork and patiently guided me with the research. I am 

also grateful for the support I have received in the fieldwork, lab work and 

discussions throughout the years from my colleagues in the fish research 

group, Dóra Somogyi and Ifeanyi Emmanuel Uzochukwu.  

I would like to thank the staff and my colleagues in the Department of Hy-

drobiology of the University of Debrecen for providing the necessary condi-

tions for my work and for the warm welcome, friendly gesture and memorable 

memories we have together. Many thanks to Dr. Edina Baranyai, Zsófi Sajtos 

and other staff of the Atomic Spectroscopy Partner Laboratory of the Depart-

ment of Inorganic and Analytical Chemistry for their great help in laboratory 

processing and elemental analysis.  



  

 71

I would also like to thank Dr. Iliana Velcheva and Dr. Vesela Yancheva of 

the Department of Developmental Biology, University of Plovdiv, Bulgaria, 

for the successful collaboration in the fish histopathology studies. I am very 

grateful to my colleagues who helped me in the fieldwork or the laboratory 

from the start till the end, this includes Abonyi Tamás, Bodnár Bálint, Bíró 

Zsolt, Farkas György, Nagy László, Oláh Bence, Pádár Patrik, Ricardo Mon-

sores, Richárd Tóth, and Zborai Zsofi. 

I am eternally grateful to my beloved parents, Shahariza Shamsudin and 

Zulkipli Wahab, and my four siblings, Asyraf, Insyirah, Nasuhah and Zakwan 

and my extended family, Abdurrahman, Alyssa Kenanga, Juliza, Khairi and 

many others. Thank you for being my foundation and source of strength, al-

ways ensuring that I am in the best condition to work. Your unwavering belief 

in me, shared joy in every small victory, and constant prayers for my success 

mean the world to me. 

To my chosen family, who might not be bound by blood but have always 

been there through my ups and downs, as a source of comfort and shoulders to 

cry on. I cherished all of the good memories we had together and I am grateful 

for the help I received during my stay in Hungary and Malaysia. My heartfelt 

gratitude goes to Abdullah Samat, Ajeerah Azali, Amalina Rusli, Arber 

Hajredini, Azhan Jamaluddin, Hesti Miranda, Linda Devi Fitriana, Liyana 

Zulkipli, Luthfiyyah Azizah, Majd Yaqoob, Nadhirah Saidon, Norbazilah 

Razali, Patrick Kose, Saiyidah Nafisah Hashim, Shazana Sharir, Siti Nurfaeiza 

Abd Razak, Syahidah Hisamuddin, Tunku Putri Nazliyah Tunku Salehan, and 

Uyanga Tumurtogoo and many others that I hold dear in my heart. 

My heartfelt gratitude goes to the Stipendium Hungaricum Scholarship by 

the Tempus Foundation for funding my doctoral studies. This opportunity has 

widened my worldview, and I am grateful to have made connections with peo-



  

 72

ple from around the world. I remain committed to lifelong learning and to app-

lying my knowledge in ways that benefit others and contribute meaningfully 

to positive change in the world. 

Last but not least, I would like to thank myself for not giving up, despite the 

crippling self-doubt, fears and challenges along this journey. I stand in the best 

state of mind I have ever been in today, all praise and thanks be to Allah. I 

would like to conclude by sharing an excerpt from the Holy Quran, a verse that 

has been a beacon of hope in my life:  

 

ا ٱلْعسُْرِ  مَعَ  فإَنَِّ  ۞ ا ٱلْعسُْرِ  مَعَ  إِنَّ    ٥ يسُْرًۭ  ٦ يسُْرًۭ

“(5) So, surely with hardship comes ease. (6) Surely with that hardship 

comes more ease.” [Al-Inshirah, 94: 5-6] 



  

 73

9. REFERENCES 

Abbasi, K., Mouludi-Saleh, A., & Eagderi, S. (2021). Morphological diversity 
of the Caspian Asp, Leuciscus aspius, in the South Caspian Sea basin 
(Osteichthyes: Cyprinidae). Zoology in the Middle East, 67(1), 25–31. 
https://doi.org/10.1080/09397140.2021.1879439 

Abbaspour, N., Hurrell, R. F., & Kelishadi, R. (2014). Review on iron and its 
importance for human health. Journal of Research in Medical Sciences : 
The Official Journal of Isfahan University of Medical Sciences, 19, 164–
174. https://api.semanticscholar.org/CorpusID:12849785 

Abduljabbar Rasmi, H., & Majdy Faisal, M. (2024). Histopathological and 
Osmoregulation Aspects of Freshwater Fish Gills as Biological Indica-
tors of Contamination in the Shatt al-Arab River in Basra Governorate, 
Iraq (Vol. 28, Number 6). www.ejabf.journals.ekb.eg 

Adámek, Z., & Maršálek, B. (2013). Bioturbation of sediments by benthic 
macroinvertebrates and fish and its implication for pond ecosystems: a 
review. Aquaculture International, 21(1), 1–17. 
https://doi.org/10.1007/s10499-012-9527-3 

Adámek, Z., Mikl, L., Šlapanský, L., Jurajda, P., & Halačka, K. (2019). The 
diet of predatory fish in drinking water reservoirs - How can they contri-
bute to biomanipulation efforts? Folia Zoologica, 68(4), 215–224. 
https://doi.org/10.25225/fozo.014.2019 

Adams, S. M., Shepard, K. L., Greeley, M. S., Jiménez, B. D., Ryon, M. G., 
Shugart, L. R., McCarthy, J. F., & Hinton, D. E. (1989). The use of bio-
indicators for assessing the effects of pollutant stress on fish. Marine 
Environmental Research, 28, 459–464. https://api.semanticscho-
lar.org/CorpusID:83853832 

Ahmed, A. S. S., Sultana, S., Habib, A., Habib, A., Ullah, H., Musa, N., 
Hossain, M. B., Rahman, M. M., & Sarker, Md. S. I. (2019). Bioaccumu-
lation of heavy metals in some commercially important fishes from a tro-
pical river estuary suggests higher potential health risk in children than 
adults. PLoS ONE, 14. https://api.semanticscholar.org/Cor-
pusID:204772758 

Ali, D., Almarzoug, M. H. A., Ali, H. Al, Samdani, M. S., Hussain, S. A., & 
Alarifi, S. (2020). Fish as bio indicators to determine the effects of pol-
lution in river by using the micronucleus and alkaline single cell gel elect-
rophoresis assay. Journal of King Saud University - Science, 32, 2880–
2885. https://api.semanticscholar.org/CorpusID:225442603 

Ali, H., & Khan, E. (2018). What are heavy metals? Long-standing controversy 
over the scientific use of the term ‘heavy metals’ – proposal of a compre-
hensive definition. Toxicological & Environmental Chemistry, 100, 19–
6. https://api.semanticscholar.org/CorpusID:103230485 



  

 74

Al-Mayahi’, B. A. A.-H., Al-Jumaa, Z. M., AL-Taee, S. K., Nahi, H. H., Ad-
nan, M., Al-Salh, M. A. A.-S., & Almayahi, B. A. (2020). Bioaccumu-
lation of heavy metals and histopathological changes in muscles of com-
mon carp (Cyprinus carpio L.) in the Iraqi rivers. Iraqi Journal of Veter-
inary Sciences. https://api.semanticscholar.org/CorpusID:224850243 

Al-Yousuf, M. H., El-Shahawi, M. S., & Al-Ghais, S. M. (2000). Trace metals 
in liver, skin and muscle of Lethrinus lentjan fish species in relation to 
body length and sex. In The Science of the Total Environment (Vol. 256). 

Ambreen, F., Javed, M., & Batool, U. (2015). Tissue specific heavy metals 
uptake in economically important fish, Cyprinus carpio at acute exposure 
of metals mixtures. Pakistan Journal of Zoology, 47, 399–407. 
https://api.semanticscholar.org/CorpusID:52238721 

Anandkumar, A., Nagarajan, R., Prabakaran, K., Bing, C. H., & Rajaram, R. 
(2018). Human health risk assessment and bioaccumulation of trace me-
tals in fish species collected from the Miri coast, Sarawak, Borneo. 
Marine Pollution Bulletin, 133, 655–663. https://doi.org/10.1016/j.mar-
polbul.2018.06.033 

Andleeb, S. (2015). A comprehensive review on chromium: toxicities and de-
toxification. https://api.semanticscholar.org/CorpusID:204874602 

Antal, L., Halasi-Kovács, B., & Nagy, S. A. (2013). Changes in fish assemb-
lage in the Hungarian section of River Szamos/Someş after a massive 
cyanide and heavy metal pollution. North-Western Journal of Zoology, 
9(1), 131–138. http://biozoojournals.3x.ro/nwjz/index.html 

Appenroth, K. J. (2010). Definition of “Heavy Metals” and Their Role in Bio-
logical Systems. https://api.semanticscholar.org/CorpusID:3294231 

Aski, M. A. H., Ghobadi, S., Sari, A. A., Ardeshir, R. A., Arabi, M. H. G., & 
Manouchehri, H. (2022). Health risk assessment of heavy metals (Zn, Pb, 
Cd, and Hg) in water and muscle tissue of farmed carp species in North 
Iran. Environmental Science and Pollution Research, 30(12), 32464–
32472. https://doi.org/10.1007/s11356-022-24043-z 

Aslam, S., Yousafzai, A. M., & Javed, A. (2022). Bioaccumulation of Hexa-
valent Chromium in Commercially Edible Fish Grass Carp, Ctenophary-
ngodon idella. Sains Malaysiana, 51(9), 2757–2762. 
https://doi.org/10.17576/jsm-2022-5109-02 

Atli, G., & Canli, M. (2010). Response of antioxidant system of freshwater fish 
Oreochromis niloticus to acute and chronic metal (Cd, Cu, Cr, Zn, Fe) 
exposures. Ecotoxicology and Environmental Safety, 73(8), 1884–1889. 
https://doi.org/10.1016/j.ecoenv.2010.09.005 

Authman, M. M. N., Zaki, Mona. S., Khallaf, E. A., & Abbas, H. H. (2015). 
Use of Fish as Bio-indicator of the Effects of Heavy Metals Pollution. 
Journal of Aquaculture Research and Development, 6, 1–13. 
https://api.semanticscholar.org/CorpusID:73571500 



  

 75

Aziz, K. H. H., Mustafa, F. S., Omer, K. M., Hama, S. M. L., Hamarawf, R. 
F., & Rahman, K. O. (2023). Heavy metal pollution in the aquatic 
environment: efficient and low-cost removal approaches to eliminate their 
toxicity: a review. RSC Advances, 13, 17595–17610. https://api.seman-
ticscholar.org/CorpusID:259145550 

Bakshi, A., & Panigrahi, A. K. (2018). A comprehensive review on chromium 
induced alterations in fresh water fishes. Toxicology Reports, 5, 440–447. 
https://api.semanticscholar.org/CorpusID:44093099 

Balogh, Z., Harangi, S., Kundrát, J. T., Gyulai, I., Tóthmérész, B., & Simon, 
E. (2015). Effects of Anthropogenic Activities on the Elemental Concent-
ration in Surface Sediment of Oxbows. Water, Air, & Soil Pollution, 227, 
1–8. https://api.semanticscholar.org/CorpusID:54640605 

Barnosky, A. D., Matzke, N., Tomiya, S., Wogan, G. O. U., Swartz, B., Qu-
ental, T. B., Marshall, C., McGuire, J. L., Lindsey, E. L., Maguire, K. C., 
Mersey, B., & Ferrer, E. A. (2011). Has the Earth’s sixth mass extinction 
already arrived? Nature 2011 471:7336, 471(7336), 51–57. 
https://doi.org/10.1038/nature09678 

Bashir, S., Maratha, M., Showkat, I., & Shrivastava, P. (2020). Accumulations 
of Heavy Metals on Fresh Water Fishes. https://api.semanticscho-
lar.org/CorpusID:219669382 

Bašić, T., & Britton, J. R. (2016). Characterizing the trophic niches of stocked 
and resident cyprinid fishes: consistency in partitioning over time, space 
and body sizes. Ecology and Evolution, 6(14), 5093–5104. 
https://doi.org/10.1002/ece3.2272 

Baudo, R., & Muntau, H. (2020). Lesser Known In-Place Pollutants and Dif-
fuse Source Problems (pp. 1–14). 
https://doi.org/10.1201/9780367810894-1 

Bawuro, A. A., Voegborlo, R. B., & Adimado, A. A. (2018). Bioaccumulation 
of Heavy Metals in Some Tissues of Fish in Lake Geriyo, Adamawa State, 
Nigeria. Journal of Environmental and Public Health, 2018. 
https://api.semanticscholar.org/CorpusID:46998402 

Bhaskarachary, K. (2011). Potassium and human nutrition: The soil-plant-hu-
man continuum. Karnataka Journal of Agricultural Sciences, 24. 
https://api.semanticscholar.org/CorpusID:129120029 

Bhup, Kumar, Er. S., Mukherjee, D., Kumar, S., Mishra, M., Prakash, D., 
Singh, S. K., & Sharma, C. S. (2011). Bioaccumulation of heavy metals 
in muscle tissue of fishes from selected aquaculture ponds in east Kolkata 
wetlands. Annals of Biological Research, 2, 125–134. https://api.seman-
ticscholar.org/CorpusID:32413444 

Bianchi, E., Dalzochio, T., Simões, L. A. R., Rodrigues, G. Z. P., da Silva, C. 
E. M., Gehlen, G., do Nascimento, C. A., Spilki, F. R., Ziulkoski, A. L., 
& da Silva, L. B. (2019). Water quality monitoring of the Sinos River 



  

 76

Basin, Southern Brazil, using physicochemical and microbiological 
analysis and biomarkers in laboratory-exposed fish. Ecohydrology & 
Hydrobiology, 19(3), 328–338. 
https://doi.org/https://doi.org/10.1016/j.ecohyd.2019.05.002 

Björnerås, C., Weyhenmeyer, G. A., Evans, C. D., Gessner, M. O., Grossart, 
H. P., Kangur, K., Kokorite, I., Kortelainen, P., Laudon, H., Lehtoranta, 
J., Lottig, N., Monteith, D. T., Nõges, P., Nõges, T., Oulehle, F., Riise, 
G., Rusak, J. A., Räike, A., Sire, J., … Kritzberg, E. S. (2017). Wi-
despread Increases in Iron Concentration in European and North Ameri-
can Freshwaters. Global Biogeochemical Cycles, 31(10), 1488–1500. 
https://doi.org/10.1002/2017GB005749 

Boros, G., Vitál, Z., Mozsár, A., Borics, G., Görgényi, J., Józsa, V., Tóth, L., 
Lehoczky, I., Kovács, B., & Vasas, G. (2015). Ecological impacts of fil-
ter-feeding Asian carps (Hypophthalmichthys spp.) in Lake Balaton, 
Hungary. Frontiers in Marine Science, Conference Abstract: XV Euro-
pean Congress of Ichthyology. Doi: 10.3389/Conf. Fmars, 19. 

Borowiec, B. G. (2021). Hypoxic hagfish gills binge calcium. Journal of Ex-
perimental Biology. https://api.semanticscholar.org/Cor-
pusID:239921126 

Borsari, M. (2011). Cadmium: Inorganic & Coordination Chemistry. 
https://api.semanticscholar.org/CorpusID:196703380 

Borsari, M. (2014). Cadmium: Inorganic Chemistry. https://api.semanticscho-
lar.org/CorpusID:93611782 

Braun, M., Simon, E., Fábián, I., & Tóthmérész, B. (2009). The effects of 
ethylene glycol and ethanol on the body mass and elemental composition 
of insects collected with pitfall traps. Chemosphere, 77(10), 1447–1452. 
https://doi.org/10.1016/j.chemosphere.2009.08.051 

Brucka-Jastrzębska, E., Kawczuga, D., Rajkowska, M., & aj Protasowicki. 
(2009). LEVELS OF MICROELEMENTS (Cu, Zn, Fe) AND MACRO-
ELEMENTS (Mg, Ca) IN FRESHWATER FISH*. Journal of Elemento-
logy, 14, 437–447. https://api.semanticscholar.org/CorpusID:93234231 

Burada, A., Maria-Catalina, T., Georgescu, L., & Teodorof, L. (2014). Heavy 
metals accumulation in plankton and water of four aquatic complexes 
from Danube Delta area. https://www.researchgate.net/publica-
tion/279923711 

Calkins, H. A., Tripp, S. J., & Garvey, J. E. (2012). Linking silver carp habitat 
selection to flow and phytoplankton in the Mississippi River. Biological 
Invasions, 14(5), 949–958. https://doi.org/10.1007/s10530-011-0128-2 

Canli, M., & Atli, G. G. (2003). The relationships between heavy metal (Cd, 
Cr, Cu, Fe, Pb, Zn) levels and the size of six Mediterranean fish species. 
www.elsevier.com/locate/envpol 



  

 77

Carneiro, M. F. H., Grotto, D., & Barbosa, F. (2014). Inorganic and 
methylmercury levels in plasma are differentially associated with age, 
gender, and oxidative stress markers in a population exposed to mercury 
through fish consumption. Journal of Toxicology and Environmental He-
alth. Part A, 77(1–3), 69–79. 
https://doi.org/10.1080/15287394.2014.865584 

Castro-González, M. I., & Méndez-Armenta, M. (2008). Heavy metals: Impli-
cations associated to fish consumption. In Environmental Toxicology and 
Pharmacology (Vol. 26, Number 3, pp. 263–271). 
https://doi.org/10.1016/j.etap.2008.06.001 

Chandrapalan, T., & Kwong, R. W. M. (2020). Influence of dietary iron expo-
sure on trace metal homeostasis and expression of metal transporters du-
ring development in zebrafish☆ . Environmental Pollution, 261, 114159. 
https://doi.org/https://doi.org/10.1016/j.envpol.2020.114159 

Chen, P., Bornhorst, J., & Aschner, M. (2018). Manganese metabolism in hu-
mans. Frontiers in Bioscience, 23, 1655–1679. https://api.semanticscho-
lar.org/CorpusID:45649802 

Cheng, Y., Huang, L., Wang, Y., Huo, Q., Shao, Y., Bao, H., Li, Z., Liu, Y., 
& Li, X. (2019). Strontium promotes osteogenic differentiation by acti-
vating autophagy via the the AMPK/mTOR signaling pathway in 
MC3T3-E1 cells. International Journal of Molecular Medicine, 44, 652–
660. https://api.semanticscholar.org/CorpusID:174816081 

Cheng, Z., Xu, M., Cao, Q., Chi, W., Cao, S., Zhou, Z., & Wang, Y. (2024). 
Antioxidant Systematic Alteration Was Responsible for Injuries Inflicted 
on the Marine Blue Mussel Mytilus edulis Following Strontium Expo-
sure. Antioxidants, 13. https://api.semanticscholar.org/Cor-
pusID:269162262 

Choi, S. C., Hong, D. K., Choi, B. Y., & Suh, S. W. (2020). Zinc in the Brain: 
Friend or Foe? International Journal of Molecular Sciences, 21. 
https://api.semanticscholar.org/CorpusID:227247113 

Chouvelon, T., Strady, E., Harmelin-Vivien, M., Radakovitch, O., Brach-Papa, 
C., Crochet, S., Knoery, J., Rozuel, E., Thomas, B., Tronczyński, J., & 
Chiffoleau, J. F. (2019). Patterns of trace metal bioaccumulation and 
trophic transfer in a phytoplankton-zooplankton-small pelagic fish marine 
food web. Marine Pollution Bulletin, 146, 1013–1030. https://api.seman-
ticscholar.org/CorpusID:201117612 

Clarke-Lambert, S., Stapleton, M., Ruddock, K., & Skeete, D. (2014). Man-
ganese accumulates in leaves of radishes grown in manganese supplemen-
ted soils (1143.10). The FASEB Journal, 28. https://api.semanticscho-
lar.org/CorpusID:88221123 

Collin, M. S., kumar Venkataraman, S., Vijayakumar, N., Kanimozhi, V., 
Arbaaz, S. M., Stacey, R. G. S., Anusha, J., Choudhary, R., Lvov, V., 



  

 78

Tovar, G. I., Senatov, F., Koppala, S., & Swamiappan, S. (2022). Bioac-
cumulation of lead (Pb) and its effects on human: A review. Journal of 
Hazardous Materials Advances. https://api.semanticscholar.org/Cor-
pusID:248960415 

Comber, S. D. W., Deviller, G., Wilson, I., Peters, A., Merrington, G., Borrelli, 
P., & Baken, S. (2022). Sources of copper into the European aquatic 
environment. Integrated Environmental Assessment and Management, 
19. https://api.semanticscholar.org/CorpusID:249716452 

Córdoba-Tovar, L., Marrugo-Negrete, J. L., Barón, P. A. R., & Díez, S. (2021). 
Drivers of biomagnification of Hg, As and Se in aquatic food webs: A 
review. Environmental Research, 112226. https://api.semanticscho-
lar.org/CorpusID:240170547 

Cucherousset, J., Horký, P., Slavík, O., Ovidio, M., Arlinghaus, R., 
Boulêtreau, S., Britton, R. J., García‐Berthou, E., & Santoul, F. (2017). 
Ecology, behaviour and management of the European catfish. Reviews in 
Fish Biology and Fisheries, 28, 177–190. https://api.semanticscho-
lar.org/CorpusID:254977798 

Dabi, S. B. (2020). Effect and necessity of anthropogenic copper on fresh wa-
ter aquaculture organisms: A review. https://api.semanticscho-
lar.org/CorpusID:219507054 

Daley, J. M., Paterson, G., & Drouillard, K. G. (2014). Bioamplification as a 
bioaccumulation mechanism for persistent organic pollutants (POPs) in 
wildlife. Reviews of Environmental Contamination and Toxicology, 227, 
107–155. https://api.semanticscholar.org/CorpusID:25310662 

Das Pinkey, P., Nesha, M., Bhattacharjee, S., Chowdhury, M. A. Z., Fardous, 
Z., Bari, L., & Koley, N. J. (2024). Toxicity risks associated with heavy 
metals to fish species in the Transboundary River – Linked Ramsar 
Conservation Site of Tanguar Haor, Bangladesh. Ecotoxicology and 
Environmental Safety, 269. https://doi.org/10.1016/j.eco-
env.2023.115736 

Das, S. (2024). Assessment of the ecotoxicity of heavy metal contaminants on 
aquatic organisms: A reviewon the impact of Lead, Chromium, Cad-
mium, Zinc and Mercury. African Journal of Biological Sciences, 6(5), 
8871–8883. https://doi.org/10.48047/afjbs.6.5.2024.8871-8883 

Davis, J. A., & Boyd, C. E. (1978). Concentrations of Selected Elements and 
Ash in Bluegill (Lepomis macrochirus) and Certain other Freshwater 
Fish. Transactions of The American Fisheries Society, 107, 862–867. 
https://api.semanticscholar.org/CorpusID:83712021 

Dikanović, V., Skorić, S., & Gačić, Z. (2016). Concentrations of metals and 
trace elements in different tissues of nine fish species from the Meduvršje 
Reservoir (West Morava River Basin, Serbia). Archives of Biological Sci-
ences, 68(4), 811–819. https://doi.org/10.2298/ABS151104069D 



  

 79

Ding, D., Kong, L., Jiang, D., Wei, J., Cao, S., Li, X., Zheng, L., & Deng, S. 
(2021). Source apportionment and health risk assessment of chemicals of 
concern in soil, water and sediment at a large strontium slag pile area. 
Journal of Environmental Management, 304, 114228. https://api.seman-
ticscholar.org/CorpusID:245243469 

Djikanović, V., Skorić, S., Jarić, I., & Lenhardt, M. (2016). Age-specific metal 
and accumulation patterns in different tissues of nase (Chodrostoma 
nasus) from the Medjuvršje Reservoir. Science of the Total Environment, 
566–567, 185–190. https://doi.org/10.1016/j.scitotenv.2016.05.072 

Doyle, M. E., & Glass, K. A. (2010). Sodium Reduction and Its Effect on Food 
Safety, Food Quality, and Human Health. Comprehensive Reviews in 
Food Science and Food Safety, 9 1, 44–56. https://api.semanticscho-
lar.org/CorpusID:71964252 

Eggeman, T. (2007). Sodium and Sodium Alloys. https://api.semanticscho-
lar.org/CorpusID:93078215 

Einhorn, V., Haase, H., & Maares, M. (2024). Interaction and competition for 
intestinal absorption by zinc, iron, copper, and manganese at the intestinal 
mucus layer. Journal of Trace Elements in Medicine and Biology, 84, 
127459. https://doi.org/https://doi.org/10.1016/j.jtemb.2024.127459 

El-Moselhy, Kh. M., Othman, A. I., Abd El-Azem, H., & El-Metwally, M. E. 
A. (2014). Bioaccumulation of heavy metals in some tissues of fish in the 
Red Sea, Egypt. Egyptian Journal of Basic and Applied Sciences, 1(2), 
97–105. https://doi.org/10.1016/j.ejbas.2014.06.001 

Emon, F. J., Rohani, M. F., Sumaiya, N., Jannat, M. F. T., Akter, Y., 
Shahjahan, M., Kari, Z. A., Tahiluddin, A. B., & Goh, K. W. (2023). Bio-
accumulation and Bioremediation of Heavy Metals in Fishes—A Review. 
Toxics, 11. https://api.semanticscholar.org/CorpusID:259107286 

EPA. (2018). National recommended water quality criteria - aquatic life crite-
ria table. Https://Www.Epa.Gov/Wqc/National-Recommended-Water-
Quality-Criteria-Aquatic-Life-Criteria-Table#table. 
https://www.epa.gov/wqc/national-recommended-water-quality-criteria-
aquatic-life-criteria-table#table 

Epler, P., Nowak, M., & Popek, W. (2009). Growth rate of the chub (Squalius 
cephalus) and the nase (Chondrostoma nasus) from Raba, Dunajec, and 
Poprad River. Aacl Bioflux, 2, 1–8. https://api.semanticscholar.org/Cor-
pusID:80674358 

European Union. (2008). Commission regulation (EC) no 629/2008. Regu-
lation (EC) No 1881/2006 setting maximum levels for certain contami-
nants in foodstuffs. Official Journal of European Union, 173(6). 

Evans, D. H., Piermarini, P. M., & Choe, K. P. (2005). The Multifunctional 
Fish Gill: Dominant Site of Gas Exchange, Osmoregulation, Acid-Base 



  

 80

Regulation, and Excretion of Nitrogenous Waste. 
https://doi.org/10.1152/physrev.00050.2003.-The 

Evans, J. A., Pashley, V., Madgwick, R., Neil, S., & Chenery, C. (2018). Trac-
king natural and anthropogenic Pb exposure to its geological source. Sci-
entific Reports, 8. https://api.semanticscholar.org/CorpusID:21932286 

Faria, M. S., Lopes, R. J., Malcato, J., Nogueira, A. J. A., & Soares, A. M. V. 
M. (2008). In situ bioassays with Chironomus riparius larvae to biomoni-
tor metal pollution in rivers and to evaluate the efficiency of restoration 
measures in mine areas. Environmental Pollution, 151 1, 213–221. 
https://api.semanticscholar.org/CorpusID:39025159 

Farkas, A., Salánki, J., & Specziár, A. (2002). Relation between growth and 
the heavy metal concentration in organs of bream Abramis brama L. po-
pulating Lake Balaton. Archives of Environmental Contamination and 
Toxicology, 43(2), 236–243. https://doi.org/10.1007/s00244-002-1123-5 

Farkas, A., Salánki, J., & Specziár, A. (2003). Age- and size-specific patterns 
of heavy metals in the organs of freshwater fish Abramis brama L. popu-
lating a low-contaminated site. Water Research, 37(5), 959–964. 
https://doi.org/https://doi.org/10.1016/S0043-1354(02)00447-5 

Farkas, A., Salánki, J., Specziár, A., & Varanka, I. (2001). Metal pollution as 
health indicator of lake ecosystems. International Journal of Occupatio-
nal Medicine and Environmental Health, 14 2, 163–170. https://api.se-
manticscholar.org/CorpusID:29329912 

Fernandes, M. N., & Moron, S. E. (2019). Breathing and respiratory adaptati-
ons. In Biology and Physiology of Freshwater Neotropical Fish (pp. 217–
250). Elsevier. https://doi.org/10.1016/B978-0-12-815872-2.00010-5 

Ferreira, N. S., Oliveira, L. H. B., Agrelli, V., de Oliveira, A. F., Nogueira, A. 
R. A., Oliveira, A., & Gonzalez, M. H. (2019). Bioaccumulation and acute 
toxicity of As(III) and As(V) in Nile tilapia (Oreochromis niloticus). 
Chemosphere, 217, 349–354. https://api.semanticscholar.org/Cor-
pusID:53291397 

Flegal, A. R., Gallon, C., Ganguli, P., & Conaway, C. H. (2013). All the Lead 
in China. Critical Reviews in Environmental Science and Technology, 43, 
1869–1944. https://api.semanticscholar.org/CorpusID:98063990 

Fleit, E., & Lakatos, G. (2003). Accumulative heavy metal patterns in the se-
diment and biotic compartments of the Tisza watershed. Toxicology 
Letters, 140–141, 323–332. https://doi.org/10.1016/S0378-
4274(03)00029-8 

Fredrich, F. (2003). Long‐term investigations of migratory behaviour of asp 
(Aspius aspius L.) in the middle part of the Elbe River, Germany. Journal 
of Applied Ichthyology, 19, 294–302. https://api.semanticscho-
lar.org/CorpusID:84371942 



  

 81

Froese, R., & D. Pauly. (2022). Fishbase. World Wide Web Electronic Publi-
cation. www.fishbase.org 

Fuller, R., Landrigan, P. J., Balakrishnan, K., Bathan, G., Bose-O’Reilly, S., 
Brauer, M., Caravanos, J., Chiles, T., Cohen, A., Corra, L., Cropper, M., 
Ferraro, G., Hanna, J., Hanrahan, D., Hu, H., Hunter, D., Janata, G., 
Kupka, R., Lanphear, B., … Yan, C. (2022). Pollution and health: a prog-
ress update. The Lancet Planetary Health, 6(6), e535–e547. 
https://doi.org/10.1016/S2542-5196(22)00090-0 

Genchi, G., Sinicropi, M. S., Lauria, G., Carocci, A., & Catalano, A. (2020). 
The Effects of Cadmium Toxicity. International Journal of Environ-
mental Research and Public Health, 17. https://api.semanticscho-
lar.org/CorpusID:218986147 

Ghannam, H. E. (2021). Risk assessment of pollution with heavy metals in 
water and fish from River Nile, Egypt. Applied Water Science, 11(7). 
https://doi.org/10.1007/s13201-021-01449-7 

Giles, N., Street, M., & Wright, R. M. (1990). Diet composition and prey pre-
ference of tench, Tinca tinca (L.), common bream, Abramis brama (L.), 
perch, Perca fluviatilis L. and roach, Rutilus rutilus (L.), in two cont-
rasting gravel pit lakes: potential trophic overlap with wildfowl. Journal 
of Fish Biology, 37, 945–957. https://api.semanticscholar.org/Cor-
pusID:85948055 

Goddard, C. I., Leonard, N. J., Stang, D. L., Wingate, P., Barnett, Rattner, A., 
Franson, J., & Sheffield, S. R. (2008). Management concerns about 
known and potential impacts of lead use in shooting and in fishing activi-
ties. Fisheries, 33, 228–236. https://api.semanticscholar.org/Cor-
pusID:85149075 

Golovanova, I. L. (2008). Effects of heavy metals on the physiological and 
biochemical status of fishes and aquatic invertebrates. Inland Water Bio-
logy, 1(1), 93–101. https://doi.org/10.1007/s12212-008-1014-1 

González-Dávila, M., Santana-Casiano, J. M., & Laglera, L. M. (2000). Cop-
per adsorption in diatom cultures. Marine Chemistry, 70(1), 161–170. 
https://doi.org/https://doi.org/10.1016/S0304-4203(00)00020-7 

Gordon, C., & Michael, G. (2022). Aspius aspius (asp). CABI Compendium. 
https://doi.org/10.1079/cabicompendium.92623 

Gozlan, R. E., Karimov, B. K., Zadereev, E., Kuznetsova, D., & Brucet, S. 
(2019). Status, trends, and future dynamics of freshwater ecosystems in 
Europe and Central Asia. Inland Waters, 9(1), 78–94. 
https://doi.org/10.1080/20442041.2018.1510271 

Green, Rhys. E., & Pain, D. J. (2019). Risks to human health from ammunition-
derived lead in Europe. Ambio, 48, 954–968. https://api.semanticscho-
lar.org/CorpusID:155104487 



  

 82

Gromadzka, G., Tarnacka, B., Flaga, A. K., & Adamczyk, A. (2020). Copper 
Dyshomeostasis in Neurodegenerative Diseases—Therapeutic Implicati-
ons. International Journal of Molecular Sciences, 21. https://api.seman-
ticscholar.org/CorpusID:228080969 

Gundacker, C., Forsthuber, M., Szigeti, T., Kakucs, R., Mustieles, V., Fernán-
dez, M. F., Bengtsen, E., Vogel, U. B., Hougaard, K. S., & Saber, A. T. 
(2021). Lead (Pb) and neurodevelopment: A review on exposure and bio-
markers of effect (BDNF, HDL) and susceptibility. International Journal 
of Hygiene and Environmental Health, 238, 113855. https://api.seman-
ticscholar.org/CorpusID:239010789 

Gupta, Dr. C. P. (2014). Role of Iron (Fe) in Body. IOSR Journal of Applied 
Chemistry, 7, 38–46. https://api.semanticscholar.org/Cor-
pusID:44421087 

György, S., & Tímea, -Kiss. (2001). Egy Szigetrendszer Morfodinamikájának 
Vizsgálata A Maros Apátfalvi Szakaszán. 

Habib, M. R., Hoque, M. M., Kabir, J., Akhter, S., Rahman, M. S., Moore, J., 
& Jolly, Y. N. (2022). A comparative study of heavy metal exposure risk 
from the consumption of some common species of cultured and captured 
fishes of Bangladesh. Journal of Food Composition and Analysis, 108. 
https://doi.org/10.1016/j.jfca.2022.104455 

Hamad, S. H., Schauer, J. J., Shafer, M. M., Al-Raheem, E. A., & Satar, H. 
(2012). The Distribution between the Dissolved and the Particulate Forms 
of 49 Metals across the Tigris River, Baghdad, Iraq. The Scientific World 
Journal, 2012. https://api.semanticscholar.org/CorpusID:16414400 

Hamada, N. H. S., Ali, R. A. S., El-Tabakh, M. A. M., & Bream, A. S. (2024). 
Environmental monitoring: Tobara fish as bioindicators of heavy metal 
pollution in a coastal ecosystem. Regional Studies in Marine Science, 69, 
103335. https://doi.org/10.1016/j.rsma.2023.103335 

Hammer, O., Harper, D. A. T., & Ryan, P. D. (2001). PAST: paleontological 
Statistics software package for education and data analysis. Paleontolo-
gia Electronica . 

Harangi, S., Baranyai, E., Fehér, M., Tóth, C. N., Herman, P., Stündl, L., Fá-
bián, I., Tóthmérész, B., & Simon, E. (2017a). Accumulation of Metals 
in Juvenile Carp (Cyprinus carpio) Exposed to Sublethal Levels of Iron 
and Manganese: Survival, Body Weight and Tissue. Biological Trace 
Element Research, 177, 187–195. https://api.semanticscholar.org/Cor-
pusID:2541734 

Harangi, S., Baranyai, E., Fehér, M., Tóth, C. N., Herman, P., Stündl, L., Fá-
bián, I., Tóthmérész, B., & Simon, E. (2017b). Accumulation of Metals 
in Juvenile Carp (Cyprinus carpio) Exposed to Sublethal Levels of Iron 
and Manganese: Survival, Body Weight and Tissue. Biological Trace 



  

 83

Element Research, 177(1), 187–195. https://doi.org/10.1007/s12011-016-
0854-5 

Harkabusová, V., Čelechovská, O., Lavičková, A., & Svobodová, Z. (2012). 
Monitoring of risk metals in chub (Leuciscus cephalus L.) from the Svi-
tava and Svratka rivers in the urban area of Brno, Czech Republic. Acta 
Veterinaria Brno, 81(1), 69–73. 
https://doi.org/10.2754/avb201281010069 

Hasnain, A., & Kanwal, S. (2020). Biological Uses and Importance of Iron 
Regulation. MARKHOR (The Journal of Zoology). https://api.seman-
ticscholar.org/CorpusID:246745889 

Hassan, K. M. T., Ferdoushi, Z., Rana, Md. M., & Alam, Md. S. (2024). As-
sessing the Seasonal Variability of Water Quality and Heavy Metals Con-
centration in Sediment, Water, and Fish Muscles of Korotoa River in 
Bangladesh. Aquaculture Research, 2024(1). 
https://doi.org/10.1155/2024/5343363 

Has-Schön, E., Bogut, I., Vuković, R., Galović, D., Bogut, A., & Horvatić, J. 
(2015). Distribution and age-related bioaccumulation of lead (Pb), mer-
cury (Hg), cadmium (Cd), and arsenic (As) in tissues of common carp 
(Cyprinus carpio) and European catfish (Sylurus glanis) from the Buško 
Blato reservoir (Bosnia and Herzegovina). Chemosphere, 135, 289–296. 
https://doi.org/10.1016/j.chemosphere.2015.04.015 

He, F. J., & MacGregor, G. A. (2008). Beneficial effects of potassium on hu-
man health. Physiologia Plantarum, 133 4, 725–735. https://api.seman-
ticscholar.org/CorpusID:23412327 

Heming, T. A., & Buddington, R. K. (1988). 6 Yolk Absorption in Embryonic 
and Larval Fishes. In W. S. Hoar & D. J. Randall (Eds.), Fish Physiology 
(Vol. 11, pp. 407–446). Academic Press. 
https://doi.org/https://doi.org/10.1016/S1546-5098(08)60203-4 

Herman, P., Fehér, M., Molnár, Á., Harangi, S., Sajtos, Z., Stündl, L., Fábián, 
I., & Baranyai, & E. (2011). Iron and Manganese Retention of Juvenile 
Zebrafish (Danio rerio) Exposed to Contaminated Dietary Zooplankton 
(Daphnia pulex)-a Model Experiment. https://doi.org/10.1007/s12011-
020-02190-z/Published 

Hodson, P. V. (1988). The effect of metal metabolism on uptake, disposition 
and toxicity in fish. Aquatic Toxicology, 11(1–2), 3–18. 
https://doi.org/10.1016/0166-445X(88)90003-3 

Holý, P. (2022). The Czech Republic has a New Raw Material Treasure. Che-
mické Listy. https://api.semanticscholar.org/CorpusID:248044880 

Hoogenboezem, W. (2000). On the Feeding Biology of Bream (Abramis 
Brama). Netherlands Journal of Zoology, 50, 225–232. https://api.seman-
ticscholar.org/CorpusID:196598644 



  

 84

Hootman, S. R., & Philpott, C. W. (1980). Accessory cells in teleost branchial 
epithelium. American Journal of Physiology-Regulatory, Integrative and 
Comparative Physiology, 238(3), R199–R206. https://doi.org/10.1152/aj-
pregu.1980.238.3.R199 

Howlett, J. G. (2019). Dancing Cats, Heart Failure, and Circulating Troponin. 
Journal of Cardiac Failure, 25 4, 238–239. https://api.semanticscho-
lar.org/CorpusID:73456395 

Hu, T., Ye, C., Ning, Z., Liu, T., & Mu, W. (2024). Effect of Toxicity of 
Chromium (VI) Stressors Alone and Combined to High Temperature on 
the Histopathological, Antioxidation, Immunity, and Energy Metabolism 
in Fish Phoxinus lagowskii. Fishes, 9(5), 168. https://doi.org/10.3390/fis-
hes9050168 

Hussain, A., Jiang, W., Wang, X., Shahid, S., Saba, N., Ahmad, M., Dar, A., 
Masood, S. U., Imran, M., & Mustafa, A. (2022). Mechanistic Impact of 
Zinc Deficiency in Human Development. Frontiers in Nutrition, 9. 
https://api.semanticscholar.org/CorpusID:247296500 

Hussain, S., Khan, M., Sheikh, T. M. M., Mumtaz, M. Z., Chohan, T. A., Sha-
mim, S., & Liu, Y. (2022). Zinc Essentiality, Toxicity, and Its Bacterial 
Bioremediation: A Comprehensive Insight. Frontiers in Microbiology, 
13. https://api.semanticscholar.org/CorpusID:249183880 

Hussain, S., Sultana, T., Sultana, S., Hussain, B., Mahboob, S., Al-Ghanim, K. 
A., & Riaz, M. N. (2021). Seasonal monitoring of River through heavy 
metal bioaccumulation and histopathological alterations in selected fish 
organs. Journal of King Saud University - Science. https://api.seman-
ticscholar.org/CorpusID:244186251 

IBM (20.0). (2011). IBM. 
ICDPR. (2008). Analysis of the Tisza River Basin 2007 Initial step toward the 

Tisza River Basin Management Plan-2009. 
https://www.icpdr.org/main/sites/default/files/Tisza_RB_Analy-
sis_2007.pdf 

ICPDR. (2019). From Convention to Action-25 Years of the ICPDR. 
Ismail, A. A. A., & Ismail, N. (2016). Magnesium: A Mineral Essential for 

Health Yet Generally Underestimated or Even Ignored. Journal of Nutri-
tion and Food Sciences, 6, 1–8. https://api.semanticscholar.org/Cor-
pusID:42377610 

Ivanciuc, T., Ivanciuc, O., & Klein, D. J. (2006). Modeling the bioconcent-
ration factors and bioaccumulation factors of polychlorinated biphenyls 
with posetic quantitative super-structure/activity relationships (QSSAR). 
Molecular Diversity, 10, 133–145. https://doi.org/10.1007/s11030-005-
9003-3 

Jarup, L. (2003). Hazards of heavy metal contamination. British Medical Bul-
letin, 68, 167–182. https://api.semanticscholar.org/CorpusID:57129745 



  

 85

Jawdhari, A., Mihăilescu, D. F., Fendrihan, S., Jujea, V., Stoilov-Linu, V., & 
Negrea, B. M. (2022a). Silver Carp (Hypophthalmichthys molitrix) 
(Asian Silver Carp) Presence in Danube Delta and Romania—A Review 
with Data on Natural Reproduction. In Life (Vol. 12, Number 10). MDPI. 
https://doi.org/10.3390/life12101582 

Jawdhari, A., Mihăilescu, D. F., Fendrihan, S., Jujea, V., Stoilov-Linu, V., & 
Negrea, B. M. (2022b). Silver Carp (Hypophthalmichthys molitrix) 
(Asian Silver Carp) Presence in Danube Delta and Romania—A Review 
with Data on Natural Reproduction. In Life (Vol. 12, Number 10). MDPI. 
https://doi.org/10.3390/life12101582 

Jeffrey, J. D., Jeffries, K. M., & Suski, C. D. (2019). Physiological status of 
silver carp (Hypophthalmichthys molitrix) in the Illinois River: An as-
sessment of fish at the leading edge of the invasion front. Comparative 
Biochemistry and Physiology. Part D, Genomics & Proteomics, 32, 
100614. https://api.semanticscholar.org/CorpusID:201041791 

Jeng, S.-S., & Sun, L. T. (1981). Effects of dietary zinc levels on zinc concent-
rations in tissues of common carp. The Journal of Nutrition, 111 1, 134–
140. https://api.semanticscholar.org/CorpusID:4458745 

Jia, Y., Wang, L., Qu, Z., Wang, C., & Yang, Z. (2017a). Effects on heavy 
metal accumulation in freshwater fishes: species, tissues, and sizes. 
Environmental Science and Pollution Research, 24(10), 9379–9386. 
https://doi.org/10.1007/s11356-017-8606-4 

Jia, Y., Wang, L., Qu, Z., Wang, C., & Yang, Z. (2017b). Effects on heavy 
metal accumulation in freshwater fishes: species, tissues, and sizes. 
Environmental Science and Pollution Research, 24(10), 9379–9386. 
https://doi.org/10.1007/s11356-017-8606-4 

Jia, Y., Wang, L., Qu, Z., & Yang, Z. (2018). Distribution, contamination and 
accumulation of heavy metals in water, sediments, and freshwater shell-
fish from Liuyang River, Southern China. Environmental Science and 
Pollution Research, 25, 7012–7020. https://api.semanticscholar.org/Cor-
pusID:3703663 

Jiang, X., Wang, J., Pan, B., Li, D., Wang, Y., & Liu, X. (2022). Assessment 
of heavy metal accumulation in freshwater fish of Dongting Lake, China: 
Effects of feeding habits, habitat preferences and body size. Journal of 
Environmental Sciences, 112, 355–365. 
https://doi.org/https://doi.org/10.1016/j.jes.2021.05.004 

Jiang, Z., Xu, N., Liu, B., Zhou, L., Wang, J., Wang, C., Dai, B., & Xiong, W. 
(2018). Metal concentrations and risk assessment in water, sediment and 
economic fish species with various habitat preferences and trophic guilds 
from Lake Caizi, Southeast China. Ecotoxicology and Environmental 
Safety. https://doi.org/10.1016/j.ecoenv.2018.03.078 



  

 86

Jitar, O., Teodosiu, C., Oros, A., Plăvan, G., & Nicoara, M. N. (2015). Bioac-
cumulation of heavy metals in marine organisms from the Romanian 
sector of the Black Sea. New Biotechnology, 32 3, 369–378. https://api.se-
manticscholar.org/CorpusID:5221037 

Jolaosho, T. L., Olayeri, A., Oladipupo, I. O., Saba, A. O., Mustapha, A., & 
Alonge, F. (2023). Seasonal variations of water physico-chemistry, heavy 
metal concentrations and ecological abundance and biodiversity of fish 
from two Lagoon streams. https://doi.org/10.21203/rs.3.rs-3025975/v1 

Ju, Y. R., Chen, C. W., Chen, C. F., Chuang, X. Y., & Dong, C. Di. (2017). 
Assessment of heavy metals in aquaculture fishes collected from so-
uthwest coast of Taiwan and human consumption risk. International Bio-
deterioration and Biodegradation, 124, 314–325. 
https://doi.org/10.1016/j.ibiod.2017.04.003 

Kabata-Pendias, A. (2000). Trace Elements in Soils and Plants Third Edition 
(3rd ed.). CRC press. 

Kakade, A., Salama, E.-S., Pengya, F., Liu, P., & Li, X. (2020). Long-term 
exposure of high concentration heavy metals induced toxicity, fatality, 
and gut microbial dysbiosis in common carp, Cyprinus carpio. Environ-
mental Pollution, 266 Pt 3, 115293. https://api.semanticscholar.org/Cor-
pusID:221109238 

Kakareko, T., & Kobak, J. (2014). External morphology and growth rate of 
white-eye bream Ballerus sapa (Cyprinidae, Teleostei) in a lowland dam 
reservoir on the lower Vistula River (Włocławek Reservoir, central Pol. 
https://www.researchgate.net/publication/210039804 

Kale, R. D., & Rajan, M. (2004). Developments in sodium technology. Current 
Science, 86, 668–675. https://api.semanticscholar.org/Cor-
pusID:89197362 

Kareem, S. I., Hussein, R. H., & Rasheed, R. O. (2022). Bioaccumulation of 
heavy metals in common carp fish (Cyprinus carpio) and its relationship 
with the protein content. Iraqi Journal of Veterinary Sciences, 36, 173–
178. https://doi.org/10.33899/ijvs.2022.135834.2531 

Kenšová, R., Čelechovská, O., Doubravová, J., & Svobodová, Z. (2010). Con-
centrations of metals in tissues of fish from the Věstonice reservoir. Acta 
Veterinaria Brno, 79(2), 335–345. 
https://doi.org/10.2754/avb201079020335 

Kern, O. A., Koutsodendris, A., Süfke, F., Gutjahr, M., Mächtle, B., & Pross, 
J. (2021). Persistent, multi-sourced lead contamination in Central Europe 
since the Bronze Age recorded in the Füramoos peat bog, Germany. 
Anthropocene. https://api.semanticscholar.org/CorpusID:239676988 



  

 87

Khaled, A., Khadiga, A., Shehata, M. A., & Manal, H. (2016). Distributions of 
metals (cadmium, lead, iron, manganese, zinc and copper) in water, aqua-
tic plant and fish. Journal of Research in Environmental Science and To-
xicology, 5(2), 26–038. https://doi.org/10.14303/jrest.2016.011 

Khalil, R. B., & Yazbek, J.-C. (2021). Potential importance of supplementation 
with zinc for autism spectrum disorder. L’Encephale. https://api.seman-
ticscholar.org/CorpusID:233278370 

Khawar, M., Masood, Z., Ul Hasan, H., Khan, W., De los Ríos-Escalante, P. 
R., Aldamigh, M. A., Al-Sowayan, N. S., Razzaq, W., Khan, T., & Said, 
M. Ben. (2024). Trace metals and nutrient analysis of marine fish species 
from the Gwadar coast. Scientific Reports, 14(1). 
https://doi.org/10.1038/s41598-024-57335-0 

Khodavirdipour, A., Haddadi, F., & Keshavarzi, S. (2020). Chromium Supple-
mentation; Negotiation with Diabetes Mellitus, Hyperlipidemia and 
Depression. Journal of Diabetes & Metabolic Disorders, 19, 585–595. 
https://api.semanticscholar.org/CorpusID:212421391 

Kiouri, D. P., Tsoupra, E., Peana, M., Perlepes, S. P., Stefanidou, M. E., & 
Chasapis, C. T. (2023). Multifunctional role of zinc in human health: an 
update. EXCLI Journal, 22, 809–827. https://api.semanticscho-
lar.org/CorpusID:260713213 

Kippler, M., & Oskarsson, A. (2024). Manganese – a scoping review for Nor-
dic Nutrition Recommendations 2023. Food & Nutrition Research, 68. 
https://api.semanticscholar.org/CorpusID:267187386 

Klaczek, C. E., Saari, G. N., Veilleux, H. D., Mielewczyk, D. A., Goss, G. G., 
& Glover, C. N. (2022). Acute waterborne strontium exposure to rainbow 
trout: Tissue accumulation, ionoregulatory effects, and the modifying inf-
luence of waterborne calcium. Aquatic Toxicology, 245, 106125. 
https://api.semanticscholar.org/CorpusID:246818303 

Koenig, R. (2000). Wildlife Deaths Are a Grim Wake-Up Call in Eastern Eu-
rope. In Source: Science, New Series (Vol. 287, Number 5459). 

Koh, M. K., Suratman, S., & Mohd Tahir, N. (2015). Dissolved and Suspended 
Particulate Metals in Setiu River Basin, Terengganu, Malaysia. Sains Ma-
laysiana, 44(7), 957–964. 

Koller, M., & Saleh, H. M. (2018). Introductory Chapter: Introducing Heavy 
Metals. Heavy Metals. https://api.semanticscholar.org/Cor-
pusID:103480298 

Kopp, D., Cucherousset, J., Syväranta, J., Martino, A., Céréghino, R., & San-
toul, F. (2009). Trophic ecology of the pikeperch (Sander lucioperca) in 
its introduced areas: a stable isotope approach in southwestern France. 
Comptes Rendus Biologies, 332 8, 741–746. https://api.semanticscho-
lar.org/CorpusID:33263324 



  

 88

Kortei, N. K., Heymann, M. E., Essuman, E. K., Kpodo, F. M., Akonor, P. T., 
Lokpo, S. Y., Boadi, N. O., Ayim-Akonor, M., & Tettey, C. (2020). He-
alth risk assessment and levels of toxic metals in fishes (Oreochromis no-
liticus and Clarias anguillaris) from Ankobrah and Pra basins: Impact of 
illegal mining activities on food safety. Toxicology Reports, 7, 360–369. 
https://doi.org/https://doi.org/10.1016/j.toxrep.2020.02.011 

Kottelat, M., & Freyhof, J. (2007). Handbook of European Freshwater Fish. In 
Kottelat, Cornol & Freyhof (Vol. 13). 

Kousar, S., & Javed, M. (2014). Heavy metals toxicity and bioaccumulation 
patterns in the body organs of four fresh water fish species. Pakistan Ve-
terinary Journal, 34, 161–164. https://api.semanticscholar.org/Cor-
pusID:83192348 

Kovács, E., & Kiss, T. (2010). Nehézfém bioakkumuláció marosi halakban: 
Potenciális környezeti veszélyforrás a Maros mentén élökre? (in Hunga-
rian). HIDROLÓGIAI KÖZLÖNY, 90(5). 

Krpo-Cetkovic, J., Hegedis, A., & Lenhardt, M. (2010). Diet and growth of 
asp, Aspius aspius (Linnaeus, 1758), in the Danube River near the conf-
luence with the Sava River (Serbia). Journal of Applied Ichthyology, 26, 
513–521. https://api.semanticscholar.org/CorpusID:85925233 

Kwong, R. W. M. (2024). Trace metals in the teleost fish gill: biological roles, 
uptake regulation, and detoxification mechanisms. Journal of Compara-
tive Physiology B, 194(5), 749–763. https://doi.org/10.1007/s00360-024-
01565-1 

Lacerda, D., Vergilio, C. dos S., da Silva Souza, T., Viana Costa, L. H., Rangel, 
T. P., Vaz de Oliveira, B. C., Ribeiro de Almeida, D. Q., Pestana, I. A., 
Gomes de Almeida, M., & de Rezende, C. E. (2020). Comparative metal 
accumulation and toxicogenetic damage induction in three neotropical 
fish species with distinct foraging habits and feeding preferences. Ecoto-
xicology and Environmental Safety, 195. https://doi.org/10.1016/j.eco-
env.2020.110449 

Lall, S. P., & Kaushik, S. J. (2021). Nutrition and Metabolism of Minerals in 
Fish. Animals : An Open Access Journal from MDPI, 11. https://api.se-
manticscholar.org/CorpusID:236941838 

Laurén, D., & Wails, D. (2018). Liver Structural Alterations Accompanying 
Chronic Toxicity in Fishes: Potential Biomarkers of Exposure (pp. 17–
57). https://doi.org/10.1201/9781351070263-4 

Levene, H. (1960). In Contributions to Probability and Statistics: Essays in 
Honor of Harold Hotelling, I. Olkin et al. eds (O. Ingram, Ed.). Stanford 
University Press. 

Li, C., Wang, H., Liao, X., Xiao, R., Liu, K., Bai, J., Li, B., & He, Q. (2022). 
Heavy metal pollution in coastal wetlands: A systematic review of studies 



  

 89

globally over the past three decades. Journal of Hazardous Materials, 
424, 127312. https://doi.org/10.1016/j.jhazmat.2021.127312 

Li, D., Gan, S., Li, J., Dong, Z., Long, Q., Qiu, S., Zhou, Y., & Lu, C. (2021). 
Hydrochemical Characteristics and Formation Mechanism of Strontium-
Rich Groundwater in Shijiazhuang, North China Plain. Journal of Che-
mistry. https://api.semanticscholar.org/CorpusID:233710372 

Li, D., Pan, B., Han, X., Lu, Y., & Wang, X. (2023). Toxicity risks associated 
with trace metals call for conservation of threatened fish species in he-
avily sediment-laden Yellow River. Journal of Hazardous Materials, 
448, 130928. https://api.semanticscholar.org/CorpusID:256565442 

Li, P., Zhang, J., Xie, H., Liu, C., Liang, S., Ren, Y., & Wang, W. (2015). 
Heavy metal bioaccumulation and health hazard assessment for three fish 
species from Nansi Lake, China. Bulletin of Environmental Contamina-
tion and Toxicology, 94(4), 431–436. https://doi.org/10.1007/s00128-
015-1475-y 

Liang, P., Wu, S. C., Zhang, J., Cao, Y., Yu, S., & Wong, M. H. (2016). The 
effects of mariculture on heavy metal distribution in sediments and cultu-
red fish around the Pearl River Delta region, south China. Chemosphere, 
148, 171–177. https://doi.org/10.1016/j.chemosphere.2015.10.110 

Llamazares Vegh, S., Biolé, F., Bavio, M., Tripodi, P., Gil, A. F., & Volpedo, 
A. V. (2021). Bioaccumulation of 10 trace elements in juvenile fishes of 
the Lower Paraná River, Argentina: implications associated with essential 
fish growing habitat. Environmental Science and Pollution Research, 
28(1), 365–378. https://doi.org/10.1007/s11356-020-10466-z 

Llamazares Vegh, S., Biolé, F., Bavio, M., Tripodi, P., & Volpedo, A. V. 
(2022). Distribution and Accumulation of Trace Elements in Organs of 
Juvenile Fishes from a Freshwater System (Paraná River, South Ame-
rica). Biological Trace Element Research, 200(5), 2416–2431. 
https://doi.org/10.1007/s12011-021-02849-1 

Loewen, T. N., Carriere, B., Reist, J. D., Halden, N. M., & Anderson, W. G. 
(2016). Linking physiology and biomineralization processes to ecological 
inferences on the life history of fishes. Comparative Biochemistry and 
Physiology. Part A, Molecular & Integrative Physiology, 202, 123–140. 
https://api.semanticscholar.org/CorpusID:3327691 

Łuczyńska, J., Paszczyk, B., & Łuczyński, M. J. (2018). Fish as a bioindicator 
of heavy metals pollution in aquatic ecosystem of Pluszne Lake, Poland, 
and risk assessment for consumer’s health. Ecotoxicology and Environ-
mental Safety, 153, 60–67. https://api.semanticscholar.org/Cor-
pusID:3545191 

Luoma, S. N., & Rainbow, P. S. (2005). Why is metal bioaccumulation so va-
riable? Biodynamics as a unifying concept. In Environmental Science and 



  

 90

Technology (Vol. 39, Number 7, pp. 1921–1931). 
https://doi.org/10.1021/es048947e 

Lushchak, V. I. (2011). Environmentally induced oxidative stress in aquatic 
animals. Aquatic Toxicology, 101(1), 13–30. 
https://doi.org/10.1016/j.aquatox.2010.10.006 

Luzardo, P., Thi, H., Ngo, T., Nguyen, T. D., Thi, T., Nguyen, H., Le, T. T., & 
Nguyen, D. Q. (2022). Adverse Effects of Toxic Metal Pollution in Rivers 
on the Physiological Health of Fish. https://doi.org/10.3390/to-
xics10090528 

MacDonald, D. D., Ingersoll, C. G., & Berger, T. A. (2000). Development and 
evaluation of consensus-based sediment quality guidelines for freshwater 
ecosystems. Archives of Environmental Contamination and Toxicology, 
39(1), 20–31. https://doi.org/10.1007/S002440010075 

Machala, M., Dusek, L., Hilscherová, K., Kubínová, R., Jurajda, P., Neca, J., 
Ulrich, R., Gelnar, M., Studnicková, Z., & Holoubek, I. (2001). Determi-
nation and multivariate statistical analysis of biochemical responses to 
environmental contaminants in feral freshwater fish Leuciscus cephalus, 
L. Environmental Toxicology and Chemistry, 20(5), 1141–1148. 

Maetz, J. (1976). Transport of Ions and Water Across the Epithelium of Fish 
Gills. In Ciba Foundation Symposium 38 ‐ Lung Liquids (pp. 133–159). 
https://doi.org/https://doi.org/10.1002/9780470720202.ch9 

Mainier, F. B., Monteiro, L. P. C., Fernandes, L. H., & de Araújo Oliveira, M. 
V. (2013). Restrictions on the Use Cadmium Coating in Industries. 
https://api.semanticscholar.org/CorpusID:45340806 

Makarenko, A. A., Shevchenko, P. G., Kononenko, I. S., Kondratyk, V. M., 
Khrystenko, D. S., & Grubinko, V. V. (2021). Heavy Metals in Organs 
and Tissues of Silver X Bigheads Carp Hybrid as Indices of Anthropo-
genic Pressure in Areas with a High Level of Urbanization. International 
Letters of Natural Sciences, 83, 55–68. 
https://doi.org/10.18052/www.scipress.com/ilns.83.55 

Málnás, K., Harangi, S., Balogh, Z., Baranyai, E., Braun, M., Dévai, G., & 
Simon, E. (2014a). Nehézfém analitikai vizsgálatok a Felső-Tisza és a 
Szamos folyó hazai szakaszán [Toxic element analysis on the Upper-Ti-
sza and the River Szamos]. Hidrológiai Közlöny, 5(6), 62–64. 

Málnás, K., Harangi, S., Balogh, Z., Baranyai, E., Braun, M., Dévai, G., & 
Simon, E. (2014b). Nehézfém analitikai vizsgálatok a Felső-Tisza és a 
Szamos folyó hazai szakaszán [Toxic element analysis on the Upper-Ti-
sza and the River Szamos]. Hidrológiai Közlöny, 5(6), 62–64. 

Mandina, S., & Mugadza, T. (2014). Chromium, an essential nutrient and pol-
lutant: a review. African Journal of Pure and Applied Chemistry, 7, 310–
317. https://api.semanticscholar.org/CorpusID:18507394 



  

 91

Marenkov, O. N. (2018). Ecological and biological aspects of zander and 
Volga zander reproduction under conditions of the Zaporizhzhia reservoir 
(Ukraine). Ukrainian Journal of Ecology, 8, 441–450. https://api.seman-
ticscholar.org/CorpusID:90254906 

Marshall, W. S. (1995). Transport Processes in Isolated Teleost Epithelia: 
Opercular Epithelium and Urinary Bladder (pp. 1–23). 
https://doi.org/10.1016/S1546-5098(08)60240-X 

Matthess, G. (1984). Unsaturated Zone Pollution by Heavy Metals. 
https://api.semanticscholar.org/CorpusID:128582891 

McCormick, J. A., Topf, J. M., Tomacruz, I. D., & Grimm, P. R. (2023). A 
New Understanding of Potassium’s Influence Upon Human Health and 
Renal Physiology. Advances in Kidney Disease and Health, 30 2, 137–
147. https://api.semanticscholar.org/CorpusID:257308328 

McCormick, S. D. (1995). Hormonal Control of Gill Na+,K+-ATPase and 
Chloride Cell Function (pp. 285–315). https://doi.org/10.1016/S1546-
5098(08)60250-2 

McLean, R. M., & Wang, N. X. (2021). Potassium. Advances in Food and 
Nutrition Research, 96, 89–121. https://api.semanticscholar.org/Cor-
pusID:265765402 

Mehboob, R. (2021). Iron overload, its causes and complications. DIET FAC-
TOR (Journal of Nutritional &amp; Food Sciences). https://api.seman-
ticscholar.org/CorpusID:248169476 

Mendoza‐Carranza, M., Sepúlveda-Lozada, A., Dias-Ferreira, C., & Geissen, 
V. (2016). Distribution and bioconcentration of heavy metals in a tropical 
aquatic food web: A case study of a tropical estuarine lagoon in SE Me-
xico. Environmental Pollution, 210, 155–165. https://api.semanticscho-
lar.org/CorpusID:24035521 

Mensoor, M. K., & said, A. A. (2018). Determination of Heavy Metals in 
Freshwater Fishes of the Tigris River in Baghdad. Fishes. https://api.se-
manticscholar.org/CorpusID:135285747 

Merciai, R., Guasch, H., Kumar, A., Sabater, S., & García-Berthou, E. (2014). 
Trace metal concentration and fish size: Variation among fish species in 
a Mediterranean river. Ecotoxicology and Environmental Safety, 107(Oc-
tober 2015), 154–161. https://doi.org/10.1016/j.ecoenv.2014.05.006 

Mester, T., Szabó, G., Sajtos, Z., Baranyai, E., Szabó, G., & Balla, D. (2022). 
Environmental Hazards of an Unrecultivated Liquid Waste Disposal Site 
on Soil and Groundwater. Water (Switzerland), 14(2). 
https://doi.org/10.3390/w14020226 

Michalke, B., Halbach, S., & Nischwitz, V. (2007). Speciation and toxicologi-
cal relevance of manganese in humans. Journal of Environmental Moni-
toring : JEM, 9 7, 650–656. https://api.semanticscholar.org/Cor-
pusID:24254394 



  

 92

Milošković, A., Dojčinović, B., Kovačević, S., Radojković, N., Radenković, 
M., Milošević, D., & Simić, V. (2016). Spatial monitoring of heavy me-
tals in the inland waters of Serbia: a multispecies approach based on com-
mercial fish. Environmental Science and Pollution Research, 23(10), 
9918–9933. https://doi.org/10.1007/s11356-016-6207-2 

Mohd Najib, S. A., Zainal, N. A., Jupinis, J. N., Shaharudin, S. M., Tan, M. L., 
& Jamru, L. R. (2025). Assessment of heavy metal content in Bernam 
River catchment, Selangor, Malaysia. Water Science, 39(1), 254–266. 
https://doi.org/10.1080/23570008.2025.2479909;WGROUP:STRING:P
UBLICATION 

Moiseenko, T. I., & Gashkina, N. A. (2020). Distribution and bioaccumulation 
of heavy metals (Hg, Cd and Pb) in fish: influence of the aquatic environ-
ment and climate. Environmental Research Letters, 15. https://api.seman-
ticscholar.org/CorpusID:225138025 

Mònica, U. M., & Alberto, M. V. (2022). Squalius cephalus (European chub). 
CABI Compendium. https://doi.org/10.1079/cabicompendium.117313 

Morales, D. V. (n.d.). Behavioral and Physiological Effects of Heavy Metals 
on Fish: A Behavioral and Physiological Effects of Heavy Metals on Fish: 
A Review and Preliminary Results Review and Preliminary Results. Ret-
rieved February 21, 2024, from https://acade-
micworks.cuny.edu/hc_sas_etds/842Discoveradditio-
nalworksat:https://academicworks.cuny.edu 

Morrow, H. (2010). Cadmium and Cadmium Alloys. https://api.semanticscho-
lar.org/CorpusID:135749160 

Mufalo, W., Tangviroon, P., Igarashi, T., Ito, M., Sato, T., Chirwa, M., 
Nyambe, I., Nakata, H., Nakayama, S., & Ishizuka, M. (2021). Solid-
Phase Partitioning and Leaching Behavior of Pb and Zn from Playground 
Soils in Kabwe, Zambia. Toxics, 9(10), 248. https://doi.org/10.3390/to-
xics9100248 

Murtala, B. A., Abdul, W. O., & Akinyemi, A. A. (2012). Bioaccumulation Of 
Heavy Metals In Fish (Hydrocynus Forskahlii, Hyperopisus Bebe Oc-
cidentalis And Clarias Gariepinus) Organs In Downstream Ogun Coastal 
Water, Nigeria. The Journal of Agricultural Science, 4, 51. https://api.se-
manticscholar.org/CorpusID:28035057 

Nauen, C. E. (1983). Compilation of legal limits for hazardous substances in 
fish and fishery product. FAO Fish Circular, 764, 102. 
https://www.fao.org/3/q5114e/q5114e.pdf 

Ndimele, P. E., Pedro, M. O., Agboola, J. I., Chukwuka, K. S., & Ekwu, A. O. 
(2017). Heavy metal accumulation in organs of Oreochromis niloticus 
(Linnaeus, 1758) from industrial effluent-polluted aquatic ecosystem in 
Lagos, Nigeria. Environmental Monitoring and Assessment, 189(6), 255. 
https://doi.org/10.1007/s10661-017-5944-0 



  

 93

Nevárez, M., Leal, L. O., & Moreno, M. V. (2015). Estimation of Seasonal 
Risk Caused by the Intake of Lead, Mercury and Cadmium through 
Freshwater Fish Consumption from Urban Water Reservoirs in Arid 
Areas of Northern Mexico. International Journal of Environmental Rese-
arch and Public Health, 12, 1803–1816. https://api.semanticscho-
lar.org/CorpusID:7571919 

Ngo, H. T. T., Nguyen, T. D., Nguyen, T. T. H., Le, T. T., & Nguyen, D. Q. 
(2022). Adverse Effects of Toxic Metal Pollution in Rivers on the Phy-
siological Health of Fish. Toxics, 10(9). https://doi.org/10.3390/to-
xics10090528 

Niemiec, M., & Wiśniowska-Kielian, B. (2015). Accumulation of manganese 
in selected links of food chains in aquatic ecosystems. Journal of Elemen-
tology, 20, 945–956. https://api.semanticscholar.org/CorpusID:84836133 

Nikolić, D., Poleksić, V., Skorić, S., Tasić, A., Stanojević, S., & Rašković, B. 
(2022). The European Chub (Squalius cephalus) as an indicator of 
reservoirs pollution and human health risk assessment associated with its 
consumption. Environmental Pollution, 310, 119871. 
https://doi.org/https://doi.org/10.1016/j.envpol.2022.119871 

Nikolić, D., Skorić, S., Janković, S., Hegediš, A., & Djikanović, V. (2021). 
Age-specific accumulation of toxic metal(loid)s in northern pike (Esox 
lucius) juveniles. Environmental Monitoring and Assessment, 193(4), 
229. https://doi.org/10.1007/s10661-021-09004-2 

Nikolić, D., Skorić, S., Mićković, B., Nikčević, M., Smederevac-Lalić, M., & 
Djikanović, V. (2022). Accumulation of 25 elements in gills, liver, go-
nads, and muscle of European chub (Squalius cephalus), Cactus roach 
(Rutilus virgo), and pikeperch (Sander lucioperca) from Zlatar reservoir 
(Serbia). Environmental Science and Pollution Research, 29(33), 50271–
50280. https://doi.org/10.1007/s11356-022-19472-9 

Nikolić, D., Subotić, S., & Skorić, S. (2024). The common nase (Chond-
rostoma nasus) as an indicator of aquatic pollution and human health risk 
assessment associated with its consumption. Environmental Science and 
Pollution Research, 31(1), 1050–1063. https://doi.org/10.1007/s11356-
023-31018-1 

Noël, L., Chekri, R., Millour, S., Merlo, M., Leblanc, J. C., & Guérin, T. 
(2013). Distribution and relationships of As, Cd, Pb and Hg in freshwater 
fish from five French fishing areas. Chemosphere, 90(6), 1900–1910. 
https://doi.org/10.1016/j.chemosphere.2012.10.015 

Novák, Z., Harangi, S., Baranyai, E., Gonda, S., B-Béres, V., & Bácsi, I. 
(2020). Effects of metal quantity and quality to the removal of zinc and 
copper by two common green microalgae (Chlorophyceae) species. 
Phycological Research, 68(3), 227–235. 
https://doi.org/https://doi.org/10.1111/pre.12422 



  

 94

Nyeste, K., Dobrocsi, P., Czeglédi, I., Czédli, H., Harangi, S., Baranyai, E., 
Simon, E., Nagy, S. A., & Antal, L. (2019). Age and diet-specific trace 
element accumulation patterns in different tissues of chub (Squalius 
cephalus): Juveniles are useful bioindicators of recent pollution. Ecologi-
cal Indicators, 101(December 2018), 1–10. 
https://doi.org/10.1016/j.ecolind.2019.01.001 

Nyeste, K., Zulkipli, N., Uzochukwu, I. E., Somogyi, D., Nagy, L., Czeglédi, 
I., Harangi, S., Baranyai, E., Simon, E., Nagy, S. A., Velcheva, I., 
Yancheva, V., & Antal, L. (2024). Assessment of trace and macroelement 
accumulation in cyprinid juveniles as bioindicators of aquatic pollution: 
effects of diets and habitat preferences. Scientific Reports, 14(1), 11288. 
https://doi.org/10.1038/s41598-024-61986-4 

Obeng-Gyasi, E. (2019). Sources of lead exposure in various countries. Re-
views on Environmental Health, 34, 25–34. https://api.semanticscho-
lar.org/CorpusID:73726164 

Onita, B., Albu, P., Herman, H., Balta, C., Lazar, V., Fulop, A., Baranyai, E., 
Harangi, S., Keki, S., Nagy, L., Nagy, T., Józsa, V., Gál, D., Györe, K., 
Stan, M., Hermenean, A., & Dinischiotu, A. (2021). Correlation between 
heavy metal-induced histopathological changes and trophic interactions 
between different fish species. Applied Sciences (Switzerland), 11(9). 
https://doi.org/10.3390/app11093760 

Oros, A., & Gomoiu, M. T. (2011). Comparative Data On The Accumulation 
Of Five Heavy Metals (Cadmium, Chromium, Copper, Nickel, Lead) In 
Some Marine Species (Mollusks, Fish) From The Romanian Sector Of The 
Black Sea. https://api.semanticscholar.org/CorpusID:53311729 

Ovidio, M., & Nzau Matondo, B. (2024). Ecology and Sustainable Conserva-
tion of the Nase, Chondrostoma nasus: A Literature Review. Sustainabi-
lity, 16(14). https://doi.org/10.3390/su16146007 

Panda, B. P., Mohanta, Y. K., Parida, S. P., Pradhan, A., Mohanta, T. K., Pato-
wary, K., Mahari, W. A. W., Lam, S. S., Ghfar, A. A., Guerriero, G., 
Verma, M., & Sarma, H. (2023). Metal pollution in freshwater fish: A key 
indicator of contamination and carcinogenic risk to public health. 
Environmental Pollution, 121796. https://api.semanticscholar.org/Cor-
pusID:258596327 

Pechová, A., & Pavlata, L. (2018). Chromium as an essential nutrient: a re-
view. Veterinarni Medicina, 52, 1–18. https://api.semanticscho-
lar.org/CorpusID:1292284 

Pekol, S., & Arslan, O. (2015). Squalius cephalus (L., 1758)’ un Nor Fenotipi 
Ve Sucul Ortam Ekotoksikolojik Çalışmalar Açısından Değerlendirilmesi 
(Kastamonu Beyler Barajı Populasyonu). https://api.semanticscho-
lar.org/CorpusID:218047164 



  

 95

Pereira, P., de Pablo, H., Vale, C., & Pacheco, M. (2010). Combined use of 
environmental data and biomarkers in fish (Liza aurata) inhabiting a 
eutrophic and metal-contaminated coastal system - Gills reflect environ-
mental contamination. Marine Environmental Research, 69 2, 53–62. 
https://api.semanticscholar.org/CorpusID:5070355 

Perry, S. F. (1997). THE CHLORIDE CELL:Structure and Function in the 
Gills of Freshwater Fishes. Annual Review of Physiology, 59(1), 325–347. 
https://doi.org/10.1146/annurev.physiol.59.1.325 

Perry, S. F., Shahsavarani, A., Georgalis, T., Bayaa, M., Furimsky, M., & Tho-
mas, S. L. Y. (2003). Channels, pumps, and exchangers in the gill and 
kidney of freshwater fishes: their role in ionic and acid-base regulation. 
Journal of Experimental Zoology. Part A, Comparative Experimental Bi-
ology, 300 1, 53–62. https://api.semanticscholar.org/CorpusID:8561985 

Perumal, A. B., Narayanasamy, R., Mariasingarayan, Y., Kuzhanthaivel, R., & 
Kandasamy, K. (2023). Trace metals accumulation in tropical fish collec-
ted from Southeast coast, Tamil Nadu, India: Implication on pollution. 
Regional Studies in Marine Science. https://api.semanticscholar.org/Cor-
pusID:261207831 

Pinotti, L., Manoni, M., Ferrari, L., Tretola, M., Cazzola, R., & Givens, I. 
(2021). The Contribution of Dietary Magnesium in Farm Animals and 
Human Nutrition. Nutrients, 13. https://api.semanticscholar.org/Cor-
pusID:231866273 

Pinyopornpanish, K., Tantiworawit, A., Leerapun, A., Soontornpun, A., & 
Thongsawat, S. (2023). Secondary Iron Overload and the Liver: A 
Comprehensive Review. Journal of Clinical and Translational Hepato-
logy, 11, 932–941. https://api.semanticscholar.org/CorpusID:256532047 

Playle, R. C. (1998). Modelling metal interactions at fish gills. Science of The 
Total Environment, 219(2), 147–163. 
https://doi.org/https://doi.org/10.1016/S0048-9697(98)00232-0 

Podrug, M., & Raspor, B. (2009). Seasonal variation of the metal (Zn, Fe, Mn) 
and metallothionein concentrations in the liver cytosol of the European 
chub (Squalius cephalus L.). Environmental Monitoring and Assessment, 
157(1), 1–10. https://doi.org/10.1007/s10661-008-0509-x 

Pohl, H. R., Wheeler, J. S., & Murray, H. E. (2013). Sodium and potassium in 
health and disease. Metal Ions in Life Sciences, 13, 29–47. https://api.se-
manticscholar.org/CorpusID:26717760 

Pokhrel, G. R., & Pokhre, G. (2022). Effect of Chromium on Human-Health: 
A Review. BMC Journal of Scientific Research. https://api.semanticscho-
lar.org/CorpusID:255884263 

Popek, E. (2018). Chapter 2 - Environmental Chemical Pollutants. In E. Popek 
(Ed.), Sampling and Analysis of Environmental Chemical Pollutants 



  

 96

(Second Edition) (Second Edition, pp. 13–69). Elsevier. 
https://doi.org/https://doi.org/10.1016/B978-0-12-803202-2.00002-1 

Pravina, P., Sayaji, D., & Avinash, M. (2013). Calcium and its Role in Human 
Body. https://api.semanticscholar.org/CorpusID:86268556 

Qadir, A., & Malik, R. N. (2011). Heavy Metals in Eight Edible Fish Species 
from Two Polluted Tributaries (Aik and Palkhu) of the River Chenab, 
Pakistan. Biological Trace Element Research, 143(3), 1524–1540. 
https://doi.org/10.1007/s12011-011-9011-3 

Qi, Y., Si, H., Jin, X., Guo, Y., Xia, J., He, J., Deng, X., Deng, M., Yao, W., 
& Hao, C. (2024). Expression levels of key immune indicators and im-
mune checkpoints in manganese-exposed rats. Ecotoxicology and 
Environmental Safety, 272, 116029. https://api.semanticscholar.org/Cor-
pusID:267332243 

Rabo, P. D., Zarmai, D. U., Jwanya, B. A., & Dikwahal, S. H. (2014). The Role 
of Fisheries Resources in National Development: A Review. Internatio-
nal Letters of Natural Sciences, 18, 20–28. 
https://doi.org/10.18052/www.scipress.com/ILNS.18.20 

Rahmani, J., Fakhri, Y., Shahsavani, A., Bahmani, Z., Urbina, M. A., Chirum-
bolo, S., Keramati, H., Moradi, B., Bay, A., & Bjørklund, G. (2018). A 
systematic review and meta-analysis of metal concentrations in canned 
tuna fish in Iran and human health risk assessment. Food and Chemical 
Toxicology, 118, 753–765. 
https://doi.org/https://doi.org/10.1016/j.fct.2018.06.023 

Rajkowska, M., & Protasowicki, M. (2012). Distribution of metals (Fe, Mn, 
Zn, Cu) in fish tissues in two lakes of different trophy in Northwestern 
Poland. Environmental Monitoring and Assessment, 185, 3493–3502. 
https://api.semanticscholar.org/CorpusID:14409435 

Reddy, S., Soman, S. S., & Yee, J. (2018). Magnesium Balance and Measure-
ment. Advances in Chronic Kidney Disease, 25 3, 224–229. https://api.se-
manticscholar.org/CorpusID:44141847 

Riise, G., Haaland, S. L., & Xiao, Y. (2023). Coupling of iron and dissolved 
organic matter in lakes–selective retention of different size fractions. 
Aquatic Sciences, 85(2). https://doi.org/10.1007/s00027-023-00956-w 

Rotter, I., Kosik-Bogacka, D. I., Dołęgowska, B., Safranow, K., Lubkowska, 
A., & Laszczyńska, M. (2015). Relationship between the Concentrations 
of Heavy Metals and Bioelements in Aging Men with Metabolic Synd-
rome. International Journal of Environmental Research and Public He-
alth, 12, 3944–3961. https://api.semanticscholar.org/CorpusID:16469399 

Ruzi, I. I., Ishak, A. R., Abdullah, M. A., Zain, N. N. M., Tualeka, A. R., Ad-
riyani, R., Mohamed, R., Edinur, H. A., & Aziz, M. Y. (2024). Heavy 



  

 97

metal contamination in Sungai Petani, Malaysia: a wastewater-based epi-
demiology study. Journal of Water and Health, 22(6), 953–966. 
https://doi.org/10.2166/WH.2024.241 

Saito, H. (2020). Congenital Minamata disease: a description of two cases in 
Niigata. Neurotoxicology, 81, 360–363. https://api.semanticscho-
lar.org/CorpusID:54105274 

Sánchez, M., Sabio, L., Gálvez, N., Capdevila, M., & Dominguez‐Vera, J. M. 
(2017). Iron chemistry at the service of life. IUBMB Life, 69. 
https://api.semanticscholar.org/CorpusID:3674165 

Sandu, C., & Bloesch, J. (2006). The Mureş River ecosystem - scientific backg-
round information as the basis for a catchment approach in the frame-
work of IAD. 

Sandu, C., & Bloesch, J. (2008). The transboundary Mures/Maros catchment - 
a review. Large Rivers, 18, 7–23. 

Sandu, C. F., & Bloesch, J. (2008). The transboundary Mureş/Maros 
catchment : a review. River Systems, 18, 7–23. https://api.semanticscho-
lar.org/CorpusID:89306594 

Santis, V. De, & Volta, P. (2021). Spoiled for Choice during Cold Season? 
Habitat Use and Potential Impacts of the Invasive Silurus glanis L. in a 
Deep, Large and Oligotrophic Lake (Lake Maggiore, North Italy). Water. 
https://api.semanticscholar.org/CorpusID:238651290 

Saravanan, P., Saravanan, V., Rajeshkannan, R., Arnica, G., Rajasimman, M., 
Gurunathan, B., & Pugazhendhi, A. (2024). Comprehensive review on 
toxic heavy metals in the aquatic system: sources, identification, tre-
atment strategies, and health risk assessment. Environmental Research, 
119440. https://api.semanticscholar.org/CorpusID:270622887 

Sarkkola, S., Nieminen, M., Koivusalo, H., Laurén, A., Kortelainen, P., Matts-
son, T., Palviainen, M., Piirainen, S., Starr, M., & Finér, L. (2013). Iron 
concentrations are increasing in surface waters from forested headwater 
catchments in eastern Finland. Science of The Total Environment, 463–
464, 683–689. https://doi.org/https://doi.org/10.1016/j.scito-
tenv.2013.06.072 

Satarug, S., C. Gobe, G., A. Vesey, D., & Phelps, K. R. (2020). Cadmium and 
Lead Exposure, Nephrotoxicity, and Mortality. Toxics, 8(4), 86. 
https://doi.org/10.3390/toxics8040086 

Schäfer, S., Buchmeier, G., Claus, E., Duester, L., Heininger, P. H., Körner, 
A., Mayer, P., Paschke, A., Rauert, C., Reifferscheid, G., Rüdel, H., 
Schlechtriem, C., Schröter-Kermani, C., Schudoma, D., Smedes, F., Stef-
fen, D., & Vietoris, F. (2015). Bioaccumulation in aquatic systems: 
methodological approaches, monitoring and assessment. Environmental 
Sciences Europe, 27. https://api.semanticscholar.org/Cor-
pusID:86408963 



  

 98

Schwalfenberg, G. K., & Genuis, S. J. (2017). The Importance of Magnesium 
in Clinical Healthcare. Scientifica, 2017. https://api.semanticscho-
lar.org/CorpusID:20703476 

Shahjahan, M., Taslima, K., Rahman, M. S., Al-Emran, M., Alam, S. I., & 
Faggio, C. (2022a). Effects of heavy metals on fish physiology – A re-
view. Chemosphere, 300, 134519. https://doi.org/10.1016/J.CHEMOS-
PHERE.2022.134519 

Shahjahan, M., Taslima, K., Rahman, M. S., Al-Emran, M., Alam, S. I., & 
Faggio, C. (2022b). Effects of heavy metals on fish physiology - A re-
view. Chemosphere, 134519. https://api.semanticscholar.org/Cor-
pusID:248009528 

Shamsuzzaman, Md. M., Hoque Mozumder, M. M., Mitu, S. J., Ahamad, A. 
F., & Bhyuian, Md. S. (2020). The economic contribution of fish and fish 
trade in Bangladesh. Aquaculture and Fisheries, 5(4), 174–181. 
https://doi.org/10.1016/j.aaf.2020.01.001 

Sharma, A., Kapoor, D., Wang, J., Shahzad, B., Kumar, V., Bali, A. S., Jasro-
tia, S., Zheng, B., Yuan, H., & Yan, D. (2020). Chromium Bioaccumu-
lation and Its Impacts on Plants: An Overview. Plants, 9. https://api.se-
manticscholar.org/CorpusID:210333526 

Shinn, C., Dauba, F., Grenouillet, G., Guenard, G., & Lek, S. (2009). Temporal 
variation of heavy metal contamination in fish of the river lot in southern 
France. Ecotoxicology and Environmental Safety, 72(7), 1957–1965. 
https://doi.org/10.1016/j.ecoenv.2009.06.007 

Simon, E., Kis, O., Jakab, T., Kolozsvári, I., Málnás, K., Harangi, S., Baranyai, 
E., Miskolczi, M., Tóthmérész, B., & Dévai, G. (2017a). Assessment of 
contamination based on trace element concentrations in Gomphus flavi-
pes (Odonata: Insect) larvae of the Upper Tisza Region. Ecotoxicology 
and Environmental Safety, 136, 55–61. https://doi.org/10.1016/j.eco-
env.2016.10.034 

Simon, E., Kis, O., Jakab, T., Kolozsvári, I., Málnás, K., Harangi, S., Baranyai, 
E., Miskolczi, M., Tóthmérész, B., & Dévai, G. (2017b). Assessment of 
contamination based on trace element concentrations in Gomphus flavi-
pes (Odonata: Insect) larvae of the Upper Tisza Region. Ecotoxicology 
and Environmental Safety, 136, 55–61. https://doi.org/10.1016/j.eco-
env.2016.10.034 

Simon, E., Kis, O., Jakab, T., Kolozsvári, I., Málnás, K., Harangi, S., Baranyai, 
E., Miskolczi, M., Tóthmérész, B., & Dévai, G. (2017c). Assessment of 
contamination based on trace element concentrations in Gomphus flavi-
pes (Odonata: Insect) larvae of the Upper Tisza Region. Ecotoxicology 
and Environmental Safety, 136, 55–61. https://api.semanticscho-
lar.org/CorpusID:39606366 



  

 99

Singh, M., Barman, A. S., Devi, A. L., Devi, A. G., & Pandey, P. K. (2019). 
Iron mediated hematological, oxidative and histological alterations in 
freshwater fish Labeo rohita. Ecotoxicology and Environmental Safety, 
170, 87–97. https://doi.org/10.1016/j.ecoenv.2018.11.129 

Singh, R., Gautam, N., Mishra, A., & Gupta, R. (2011). Heavy metals and li-
ving systems: An overview. In Indian Journal of Pharmacology (Vol. 43, 
Number 3, pp. 246–253). https://doi.org/10.4103/0253-7613.81505 

Sipos, G., Urdea, P., Kiss, T., & Blanka, V. (2022). Past, Present, Future of 
the Maros/Mureş River. 

Skóra, M. E., & Skóra, K. E. (2013). First report on the white-eyed bream Bal-
lerus sapa (Pallas, 1811) in the Reda River, a tributary to the Baltic Sea. 
Journal of Applied Ichthyology, 29(4), 930–932. 
https://doi.org/10.1111/jai.12186 

Sly, P. D., & Kayama, F. (2020). Assessing and mitigating environmental ex-
posures in early life. Reviews on Environmental Health, 35, 219–220. 
https://api.semanticscholar.org/CorpusID:220746961 

Sommerwerk, N., Hein, T., Schneider-Jacoby, M., Baumgartner, C., Ostojić, 
A., Siber, R., Bloesch, J., Paunović, M., & Tockner, K. (2009). The Da-
nube River Basin. In Rivers of Europe (pp. 59–112). Elsevier. 
https://doi.org/10.1016/B978-0-12-369449-2.00003-5 

Spataru, P. (1977). Gut contents of silver carp — Hypophthalmichthys molitrix 
(Val.) — and some trophic relations to other fish species in a polyculture 
system☆ . Aquaculture, 11, 137–146. https://api.semanticscholar.org/Cor-
pusID:85102018 

Specziár, A., & Rezsu, E. T. (2009). Feeding guilds and food resource parti-
tioning in a lake fish assemblage: An ontogenetic approach. Journal of 
Fish Biology, 75(1), 247–267. https://doi.org/10.1111/j.1095-
8649.2009.02283.x 

Specziár, A., Tölg, L., & Biró, P. (1997). Feeding strategy and growth of cypri-
nids in the littoral zone of Lake Balaton. Journal of Fish Biology, 51 6, 
1109–1124. https://api.semanticscholar.org/CorpusID:51612468 

Steffens, W. (2006). Freshwater Fish-Wholesome Foodstuffs. In Bulgarian 
Journal of Agricultural Science (Vol. 12). 

Stoyanova, S. (2018). Investigation of macroelements in the muscle of four 
marine fish species. https://api.semanticscholar.org/Cor-
pusID:207998693 

Su, C., Hu, W., Hu, Z., Zhang, Z., Wedchaparn, O., Zhao, L., & Liu, Q. (2020). 
Comparison of high-throughput sequencing analysis of gut contents bet-
ween silver carp Hypophthalmichthys molitrix and bighead carp Hypop-
hthalmichthys nobilis in mesotrophic and eutrophic lakes. Marine and 
Freshwater Research, 71(7), 761–770. https://doi.org/10.1071/MF19016 



  

 100

Subotić, S., Spasić, S., Višnjić-Jeftić, Ž., Hegediš, A., Krpo-Ćetković, J., 
Mićković, B., Skorić, S., & Lenhardt, M. (2013a). Heavy metal and trace 
element bioaccumulation in target tissues of four edible fish species from 
the Danube River (Serbia). Ecotoxicology and Environmental Safety, 98, 
196–202. https://doi.org/10.1016/j.ecoenv.2013.08.020 

Subotić, S., Spasić, S., Višnjić-Jeftić, Ž., Hegediš, A., Krpo-Ćetković, J., 
Mićković, B., Skorić, S., & Lenhardt, M. (2013b). Heavy metal and trace 
element bioaccumulation in target tissues of four edible fish species from 
the Danube River (Serbia). Ecotoxicology and Environmental Safety, 
98(September 2013), 196–202. https://doi.org/10.1016/j.eco-
env.2013.08.020 

Subotić, S., Višnjić Jeftić, Ž., Spasić, S., Hegediš, A., Krpo-Ćetković, J., & 
Lenhardt, M. (2013). Distribution and accumulation of elements (As, Cu, 
Fe, Hg, Mn, and Zn) in tissues of fish species from different trophic levels 
in the Danube River at the confluence with the Sava River (Serbia). 
Environmental Science and Pollution Research, 20(8), 5309–5317. 
https://doi.org/10.1007/s11356-013-1522-3 

Subotić, S., Višnjić-Jeftić, Ž., Bojović, S., Đikanović, V., Krpo-Ćetković, J., 
& Lenhardt, M. (2021). Seasonal variations of macro-, micro-, and toxic 
elements in tissues of vimba bream (Vimba vimba) from the Danube Ri-
ver near Belgrade, Serbia. Environmental Science and Pollution Rese-
arch, 28(44), 63087–63101. https://doi.org/10.1007/s11356-021-15073-0 

Subotić, S., Višnjić-Jeftić, Ž., Đikanović, V., Spasić, S., Krpo-Ćetković, J., & 
Lenhardt, M. (2019). Metal Accumulation in Muscle and Liver of the 
Common Nase (Chondrostoma nasus) and Vimba Bream (Vimba vimba) 
from the Danube River, Serbia: Bioindicative Aspects. Bulletin of 
Environmental Contamination and Toxicology, 103(2), 261–266. 
https://doi.org/10.1007/s00128-019-02657-3 

Subotić, S., Višnjić-Jeftić, Ž., Spasić, S., Hegediš, A., Krpo-Ćetković, J., & 
Lenhardt, M. (2015). Concentrations of 18 Elements in Muscle, Liver, 
Gills, and Gonads of Sichel (Pelecus cultratus), Ruffe (Gymnocephalus 
cernua), and European Perch (Perca fluviatilis) in the Danube River near 
Belgrade (Serbia). Water, Air, & Soil Pollution, 226(9), 287. 
https://doi.org/10.1007/s11270-015-2544-x 

Sunjog, K. Z., Gacic, Z., Kolarević, S., Vinjić‐Jeftić, Ž. V, Jarić, I., Knezevic-
Vukcevic, J., Vuković-Gaić, B., & Lenhardt, M. (2012). Heavy Metal Ac-
cumulation and the Genotoxicity in Barbel (Barbus barbus) as Indicators 
of the Danube River Pollution. The Scientific World Journal, 2012. 
https://api.semanticscholar.org/CorpusID:15825338 

Szabó, S., Posta, -József, Gosztonyi, -Gyöngyi, Mészáros, -Ilona, & Prokisch, 
-József. (2008). HEAVY METAL CONTENT OF FLOOD SEDIMENTS 



  

 101

AND PLANTS NEAR THE RIVER TISZA. In AGD Landscape & 
Environment (Vol. 2, Number 2). 

Szita, R., Horváth, A., Winkler, D., Kalicz, P., Gribovszki, Z., & Csáki, P. 
(2019). A complex urban ecological investigation in a mid-sized Hunga-
rian city - SITE assessment and monitoring of a liveable urban area, 
PART 1: Water quality measurement. Journal of Environmental Mana-
gement, 247, 78–87. https://api.semanticscholar.org/Cor-
pusID:195355775 

Tahity, T., Islam, M. R.-U., Bhuiyan, N. Z., Choudhury, T. R., Yu, J., Noman, 
Md. A., Hosen, M. M., Quraishi, S. B., Paray, B. A., Arai, T., & Hossain, 
M. B. (2022). Heavy Metals Accumulation in Tissues of Wild and Farmed 
Barramundi from the Northern Bay of Bengal Coast, and Its Estimated 
Human Health Risks. Toxics, 10. https://api.semanticscholar.org/Cor-
pusID:251087344 

Takeuchi, T., Satoh, S., Kiron, V., Webster, C. D., & Lim, C. E. (2002). Com-
mon Carp, Cyprinus carpio. https://api.semanticscholar.org/Cor-
pusID:42878447 

Tandoğan, B., & Ulusu, N. N. (2005). Importance of calcium. The Canadian 
Journal of Psychiatric Nursing, 9 3, 14–15. https://api.semanticscho-
lar.org/CorpusID:3140066 

Tashla, T., Žua, M., Kenjve, T., Prodanović, R., Solea, D., Vojislava, Bursić, 
Petrovi, A., Pelić, D. L., Boković, J., & Puvaa, N. (2018). FISH AS AN 
IMPORTANT BIO-INDICATOR OF ENVIRONMENTAL POLLUTION 
WITH PERSISTENT ORGANIC POLLUTANTS AND HEAVY METALS. 
https://api.semanticscholar.org/CorpusID:222244891 

Teixeira, A. P. C., Tristão, J. C., Araujo, M. H., Oliveira, L. C. A., Moura, F. 
C. C., Ardisson, J. D., Amorim, C. C., & Lago, R. M. (2012). Iron: a ver-
satile element to produce materials for environmental applications. Jour-
nal of the Brazilian Chemical Society, 23, 1579–1593. https://api.seman-
ticscholar.org/CorpusID:3957357 

Teodorof, L., Nastase, C., & Anuti, I. (2009). Bioaccumulation of Heavy Me-
tals in Fish from Dobrudja Aquaculture Farm. https://api.semanticscho-
lar.org/CorpusID:73661727 

Terra, B. F., & Araújo, F. G. (2008). Heavy Metal in Tissues of Three Fish 
Species from Different Trophic Levels in a Tropical Brazilian River. 
Springer, 187, 275–284. https://doi.org/10.1007/s11270-007-9515-9 

Thanigaivel, S., Vickram, S., Dey, N., Jeyanthi, P., Subbaiya, R., Kim, W., 
Govarthanan, M., & Karmegam, N. (2022). Ecological disturbances and 
abundance of anthropogenic pollutants in the aquatic ecosystem: Critical 
review of impact assessment on the aquatic animals. Chemosphere, 
137475. https://api.semanticscholar.org/CorpusID:254710082 

Thoreau, H. D. (1862, May). Walking. The Atlantic Monthly. 



  

 102

Tripathi, S., & Poluri, K. M. (2021). Heavy metal detoxification mechanisms 
by microalgae: Insights from transcriptomics analysis. Environmental 
Pollution, 285, 117443. https://api.semanticscholar.org/Cor-
pusID:235353735 

Tumolo, B. B., & Flinn, M. B. (2019). Diet of Invasive Silver Carp (Hypopht-
halmichthys molitrix) in a Mainstem Reservoir Ecosystem. Kentucky 
Academy of Science, 79, 11–13. https://api.semanticscholar.org/Cor-
pusID:198968441 

Uchida, K., Kaneko, T., Miyazaki, H., Hasegawa, S., & Hirano, T. (2000). Ex-
cellent salinity tolerance of mozambique tilapia (Oreochromis mossam-
bicus): Elevated chloride cell activity in the branchial and opercular epit-
helia of the fish adapted to concentrated seawater. Zoological Science, 
17(2), 149–160. https://doi.org/10.2108/zsj.17.149 

Udensi, U. K., & Tchounwou, P. B. (2017). Potassium homeostasis, oxidative 
stress, and human disease. International Journal of Clinical and Experi-
mental Physiology, 4, 111–122. https://api.semanticscholar.org/Cor-
pusID:30026819 

Ukhurebor, K. E., Aigbe, U. O., Onyancha, R. B., Nwankwo, W., Osibote, O. 
A., Paumo, H. K., Ama, O. M., Adetunji, C. O., & Siloko, I. U. (2020). 
Effect of hexavalent chromium on the environment and removal techni-
ques: A review. Journal of Environmental Management, 280, 111809. 
https://api.semanticscholar.org/CorpusID:229691437 

USEPA. (2017). National Recommended Water Quality Criteria – Aquatic 
Life Criteria Table. United States Environmental Protection Agency, Wa-
shington, DC. 

Usero, J., Gonzblez-Regalado, E., & Gracia, I. (1997). Trace Metals In The 
Bivalve Molluscs Ruditapes Decussatus And Ruditapes Philippinarum 
From The Atlantic Coast Of Southern Spain. In Pergamon Environment 
International (Vol. 23, Number 3). 

Usero, J., Izquierdo, C., Morillo, J., & Gracia, I. (2004). Heavy metals in fish 
(Solea vulgaris, Anguilla anguilla and Liza aurata) from salt marshes on 
the southern Atlantic coast of Spain. Environment International, 29(7), 
949–956. https://doi.org/10.1016/S0160-4120(03)00061-8 

Ustaoğlu, F., Kabir, Md. H., Kormoker, T., Ismail, Z., Islam, Md. S., Taş, B., 
& Topaldemir, H. (2024). Appraisal of macro elements and trace metals 
in the edible fish from the Black Sea connecting coastal river, Türkiye: A 
preliminary study for health risk assessment. Regional Studies in Marine 
Science, 71, 103406. 
https://doi.org/https://doi.org/10.1016/j.rsma.2024.103406 

Utkurovich, N. A. (2021). An Overview of Iron Metabolism in Health and 
Disease. Journal of Advances in Medicine and Medical Research, 70–78. 
https://api.semanticscholar.org/CorpusID:234803606 



  

 103

Vadas, A., & Ferenczi, L. (2023). Small urban waters and environmental 
pressure before industrialization: The case of Hungary. Journal of Histo-
rical Geography. https://api.semanticscholar.org/CorpusID:265012062 

Vajargah, M. F. (2021). A Review on the Effects of Heavy Metals on Aquatic 
Animals. Journal of Biomedical Research & Environmental Sciences. 
https://api.semanticscholar.org/CorpusID:244688522 

Váradi, L. (2022). Cyprinus carpio (common carp). CABI Compendium. 
https://doi.org/10.1079/cabicompendium.17522 

VaŠek, M., Prchalová, M., Peterka, J., Ketelaars, H. A. M., Wagenvoort, A. J., 
Čech, M., DraŠtík, V., Říha, M., Jůza, T., Kratochvíl, M., Mrkvička, T., 
Blabolil, P., Boukal, D. S., Duras, J., & Kubečka, J. (2013). The utility of 
predatory fish in biomanipulation of deep reservoirs. Ecological Engi-
neering, 52, 104–111. https://doi.org/10.1016/j.ecoleng.2012.12.100 

Vegh, S. L., Biolé, F. G., Bavio, M., Tripodi, P., Gil, A., & Volpedo, A. V. 
(2020). Bioaccumulation of 10 trace elements in juvenile fishes of the 
Lower Paraná River, Argentina: implications associated with essential 
fish growing habitat. Environmental Science and Pollution Research, 28, 
365–378. https://api.semanticscholar.org/CorpusID:221146632 

Vejřík, L., Vejříková, I., Blabolil, P., Eloranta, A. P., Kočvara, L., Peterka, J., 
Sajdlová, Z., Chung, S. H. T., Šmejkal, M., Kiljunen, M., & Čech, M. 
(2017). European catfish (Silurus glanis) as a freshwater apex predator 
drives ecosystem via its diet adaptability. Scientific Reports, 7(1). 
https://doi.org/10.1038/s41598-017-16169-9 

Verstijnen, Y. J. M., Lucassen, E. C. H. E. T., Wagenvoort, A. J., Ketelaars, 
H. A. M., van der Velde, G., & Smolders, A. J. P. (2024). Trophic 
Transfer of Cd, Cu, Pb, Zn, P and Se in Dutch Storage Water Reservoirs. 
Archives of Environmental Contamination and Toxicology, 86, 217–233. 
https://api.semanticscholar.org/CorpusID:267060472 

Vetchý, M. P. J. V. K. K. D. (2019). Biological role of copper as an essential 
trace element in the human organism. Ceska a Slovenska Farmacie : 
Casopis Ceske Farmaceuticke Spolecnosti a Slovenske Farmaceuticke 
Spolecnosti, 67 4, 143–153. https://api.semanticscholar.org/Cor-
pusID:58651341 

Viana, L. F., do Amaral Crispim, B., Spósito, J. C. V., de Melo, M. P., Fran-
cisco, L. F. V., do Nascimento, V. A., & Barufatti, A. (2021). High iron 
content in river waters: environmental risks for aquatic biota and human 
health. Ambiente e Agua - An Interdisciplinary Journal of Applied Sci-
ence. https://api.semanticscholar.org/CorpusID:244583478 

Vié, J.-C., Hilton-Taylor, C., & Stuart, S. N. (2009). Wildlife in a Changing 
World – An Analysis of the 2008 IUCN Red List of Threatened Species. 



  

 104

Vieira, M. C., Torronteras, R., Córdoba, F., & Canalejo, A. (2012). Acute to-
xicity of manganese in goldfish Carassius auratus is associated with oxi-
dative stress and organ specific antioxidant responses. Ecotoxicology and 
Environmental Safety, 78, 212–217. https://api.semanticscholar.org/Cor-
pusID:44272068 

Vlach P. and Dusek, J. and S. M. and M. P. (2005). Growth analysis of chub, 
Leuciscus cephalus (L.), and dace, Leuciscus leuciscus (L.), in the Upor 
stream using growth data of recaptured marked fish. Czech Journal of 
Animal Science, 50(7), 329–339. https://doi.org/10.17221/4174-CJAS 

Wang, G., Shi, H., Du, Z., Chen, H., Peng, J., & Gao, S. (2017). Bioaccumu-
lation mechanism of organophosphate esters in adult zebrafish (Danio 
rerio). Environmental Pollution, 229, 177–187. https://api.semanticscho-
lar.org/CorpusID:34101745 

Wang, W.-X., & Rainbow, P. S. (2008). Comparative approaches to un-
derstand metal bioaccumulation in aquatic animals. Comparative Bioc-
hemistry and Physiology. Toxicology & Pharmacology : CBP, 148 4, 
315–323. https://api.semanticscholar.org/CorpusID:36036741 

WHO. (2011). Guidelines for drinking-water quality (Fourth Edition). World 
Health Organization. 

Wood, C. M. (2011). An introduction to metals in fish physiology and toxico-
logy: basic principles. Fish Physiology, 31(PART B), 1–51. 
https://doi.org/10.1016/S1546-5098(11)31001-1 

WWF. (2002). The Ecological Effects of Mining Spills in the Tisza River 
System in 2000. https://wwfeu.awsassets.panda.org/downloads/Ti-
sza_Cyanide_Report.pdf 

Xia, Y., Liu, Q., Zhu, S., Li, Y., Li, X., & Li, J. (2022). Do Changes in Prey 
Community in the Environment Affect the Feeding Selectivity of Silver 
Carp (Hypophthalmichthys molitrix) in the Pearl River, China? Susta-
inability (Switzerland), 14(18). https://doi.org/10.3390/su141811175 

Xiang, S., & Liu, Y. (2021). The Essential Trace Element Copper in Human 
Physiology and Pathology. Daxue Huaxue. https://api.semanticscho-
lar.org/CorpusID:243995336 

Yancheva, V., Georgieva, E., Velcheva, I., Iliev, I., Stoyanova, S., Vasileva, 
T., Bivolarski, V., Todorova-Bambaldokova, D., Zulkipli, N., Antal, L., 
& Nyeste, K. (2022). Assessment of the exposure of two pesticides on 
common carp (Cyprinus carpio Linnaeus, 1758): Are the prolonged bio-
marker responses adaptive or destructive? Comparative Biochemistry and 
Physiology Part C: Toxicology & Pharmacology, 261, 109446. 
https://doi.org/10.1016/J.CBPC.2022.109446 

Yang, R., Feng, M., Liu, Z., & Liu, G. (2023). Trophic transfer and biomag-
nification of four heavy metals in freshwater food web: a case study of 



  

 105

Zhangze Lake. Chemistry and Ecology, 39, 909–926. https://api.seman-
ticscholar.org/CorpusID:264095260 

Yap, C. K., Peng, S. H. T., & Leow, C. S. (2019). Contamination in Pasir Gu-
dang Area, Peninsular Malaysia: What can we learn from Kim Kim River 
chemical waste contamination? Journal of Humanities and Education 
Development, 1(2), 82–87. https://doi.org/10.22161/JHED.1.2.4 

Yorifuji, T., Kadowaki, T., Yasuda, M. R., & Kado, Y. (2023). Neurological 
and Neurocognitive Impairments in Adults with a History of Prenatal 
Methylmercury Poisoning: Minamata Disease. International Journal of 
Environmental Research and Public Health, 20. https://api.semanticscho-
lar.org/CorpusID:259219186 

You, J., Zhang, Y., & Zhou, Y. (2022). Strontium Functionalized in Biomate-
rials for Bone Tissue Engineering: A Prominent Role in Osteoimmuno-
modulation. Frontiers in Bioengineering and Biotechnology, 10. 
https://api.semanticscholar.org/CorpusID:250329840 

Yousafzai, A. M., Siraj, M., Ahmad, H., & Chivers, D. P. (2012). Bioaccumu-
lation of heavy metals in common carp: implications for human health. 
Pakistan Journal of Zoology, 44, 489–494. https://api.semanticscho-
lar.org/CorpusID:55138600 

Yúfera, M., & Darias, M. J. (2007). The onset of exogenous feeding in marine 
fish larvae. Aquaculture, 268(1), 53–63. 
https://doi.org/https://doi.org/10.1016/j.aquaculture.2007.04.050 

Zadunaisky, J. A. (1997). Gill Chloride Cells Activation by Plasma Osmola-
rity. In Ionic Regulation in Animals: A Tribute to Professor W.T.W.Potts 
(pp. 87–105). Springer Berlin Heidelberg. https://doi.org/10.1007/978-3-
642-60415-7_6 

Zaghloul, G. Y., Eissa, H. A., Zaghloul, A. Y., Kelany, M. S., Hamed, M. A., 
& Moselhy, K. M. E. (2024). Impact of some heavy metal accumulation 
in different organs on fish quality from Bardawil Lake and human health 
risks assessment. Geochemical Transactions, 25(1), 1–20. 
https://doi.org/10.1186/S12932-023-00084-2/FIGURES/11 

Zanuri, N. B. M., Abdullah, M. B., Darif, N. A. M., Nilamani, N., & Hwai, A. 
T. S. (2020). Case study of marine pollution in Teluk Bahang, Penang, 
Malaysia. IOP Conference Series: Earth and Environmental Science, 
414(1). https://doi.org/10.1088/1755-1315/414/1/012032 

Zaynab, M., Al-Yahyai, R., Ameen, A., Sharif, Y., Ali, L., Fatima, M., Khan, 
K. A., & Li, S. (2022). Health and environmental effects of heavy metals. 
Journal of King Saud University - Science, 34(1), 101653. 
https://doi.org/10.1016/J.JKSUS.2021.101653 

Zeitoun, M. M., & Mehana, E. S. E. (2014). Impact of water pollution with 
heavy metals on fish health: Overview and updates. Global Veterinaria, 
12(2), 219–231. https://doi.org/10.5829/idosi.gv.2014.12.02.82219 



  

 106

Zhang, L., Yang, Z., Yang, M., Yang, F., Wang, G., Liu, D., Li, X., Yang, L., 
& Wang, Z. (2022). Copper-induced oxidative stress, transcriptome chan-
ges, intestinal microbiota, and histopathology of common carp (Cyprinus 
carpio). Ecotoxicology and Environmental Safety, 246(11), 114136. 
https://doi.org/10.1016/j.ecoenv.2022.114136 

Zhang, X., Liu, Z., Jeppesen, E., Taylor, W. D., & Rudstam, L. G. (2016). 
Effects of benthic-feeding common carp and filter-feeding silver carp on 
benthic-pelagic coupling: Implications for shallow lake management. 
Ecological Engineering, 88, 256–264. 
https://doi.org/10.1016/j.ecoleng.2015.12.039 

Zhao, J., Wu, E., Zhang, B., Bai, X., Lei, P., Qiao, X., Li, Y.-F., Li, B., Wu, 
G., & Gao, Y. (2021). Pollution characteristics and ecological risks asso-
ciated with heavy metals in the Fuyang river system in North China. 
Environmental Pollution, 281, 116994. 
https://doi.org/10.1016/j.envpol.2021.116994 

Zhao, J.-L., Liu, Y.-S., Liu, W., Jiang, Y., Su, H.-C., Zhang, Q.-Q., Chen, X.-
W., Yang, Y., Chen, J., Liu, S., Pan, C.-G., Huang, G.-Y., & Ying, G.-G. 
(2015). Tissue-specific bioaccumulation of human and veterinary antibio-
tics in bile, plasma, liver and muscle tissues of wild fish from a highly 
urbanized region. Environmental Pollution, 198, 15–24. https://api.se-
manticscholar.org/CorpusID:34793882 

Zhao, S., Feng, C., Quan, W., Chen, X., Niu, J., & Shen, Z. (2012). Role of 
living environments in the accumulation characteristics of heavy metals 
in fishes and crabs in the Yangtze River Estuary, China. Marine Pollution 
Bulletin, 64 6, 1163–1171. https://api.semanticscholar.org/Cor-
pusID:40825530 

Zhao, X., Xie, X., Xie, Z., Peng, W., & Zhao, Z. (2024). Algal blooms exa-
cerbate cadmium/zinc bioaccumulation in filter-feeding fish in contami-
nated water: Mechanisms and environmental implications. Aquaculture, 
590, 741053. https://doi.org/https://doi.org/10.1016/j.aquacul-
ture.2024.741053 

Zhou, Q., Yang, N., Li, Y., Ren, B., Ding, X., Bian, H., & Yao, X. (2020). 
Total concentrations and sources of heavy metal pollution in global river 
and lake water bodies from 1972 to 2017. Global Ecology and Conserva-
tion, 22. https://doi.org/10.1016/j.gecco.2020.e00925 

Zolfaghari, G. (2018). Risk assessment of mercury and lead in fish species 
from Iranian international wetlands. MethodsX, 5, 438–447. https://api.se-
manticscholar.org/CorpusID:51882218 

  
  



  

 107

10. LIST OF SCIENTIFIC ACTIVITIES 

 
Scientific activity in the topic of the dissertation 
 
Scientific publications in international journals: 
 
Nyeste, K.*, Zulkipli, N.*, Uzochukwu, I. E., Somogyi, D., Nagy, L., 

Czeglédi, I., Harangi, S., Baranyai, E., Simon, E., Nagy, S. A., Velcheva, 
I., Yancheva, V., & Antal, L. (2024). Assessment of trace and macroele-
ment accumulation in cyprinid juveniles as bioindicators of aquatic pollu-
tion: effects of diets and habitat preferences. Scientific Reports, 14(1), 
11288. (D1; IF: 3.8) https://doi.org/10.1038/s41598-024-61986-4 

 
Yancheva, V.S., Georgieva, E., Velcheva, I.G., Iliev, I., Stoyanova, S.G., Va-

sileva, T.A., Bivolarski, V., Todorova-Bambaldokova, D., Zulkipli, N., 
Antal, L., & Nyeste, K. (2022). Assessment of the exposure of two pesti-
cides on common carp (Cyprinus carpio Linnaeus, 1758): Are the pro-
longed biomarker responses adaptive or destructive? Comparative bio-
chemistry and physiology. Toxicology & pharmacology: CBP, 109446. 
(Q1; IF: 2.24) https://doi.org/10.1016/j.cbpc.2022.109446 

 
Scientific presentations related to the topic of the dissertation: 
 
Zulkipli, Nurfatin (2022). “Trace Element Bioaccumulation in Target Tis-

sues of Ten Edible Fishes from The Maros River, Hungary”. Paper pre-
sented at International Conference of Students and PhD Students “NA-
TURE AND SCIENCE” at Stana de Vale, Romania 

 
Scientific activity unrelated to the dissertation topic 
 
Scientific publications in international journals: 
 
Nurfatin, Zulkipli., Saiyidah, Nafisah, Hashim., N., N., Rodzali., Siti, Nur, 

Azmu’i, Abdullah., N., Muhammad., Tay, Chia-Chay., Wan, Rozianoor, 
Mohd, Hassan. (2023). Acetylcholinesterase inhibition by Azadirachta indica 
crude extract on Pomacea canaliculata. Nucleation and Atmospheric Aero-
sols. https://doi.org/10.1063/5.0115288 

 
Somogyi, D., Erős, T., Mozsár, A., Czeglédi, I., Szeles, J., Tóth, R., Zulkipli, 

N., Antal, L., Nyeste, K. (2023). Intraguild predation as a potential expla-
nation for the population decline of the threatened native fish, the European 



  

 108

mudminnow (Umbra krameri Walbaum, 1792) by the invasive Amur 
sleeper (Perccottus glenii Dybowski, 1877). NeoBiota. (Q1; IF: 3.8) 
https://doi.org/10.3897/neobiota.83.95680 

 
Sharir, S., Zulkipli, N., Mohamad, A., Farinordin, F.A., Zakeyuddin, S., Sa-

mat, A.A., Md Sah, A.S., & Md Nor, S. (2022). Surgical Implantation of 
Acoustic Transmitters in Neolissochilus soroides and Channa lucius and 
Post-Surgical Wound Observation to Study Fish Telemetry. Pertanika Jour-
nal of Tropical Agricultural Science. (Q3; IF: 0.68) 
https://doi.org/10.47836/pjtas.45.4.01 

 
Sharir, S., Zulkipli, N., Mohamad, A., Farinordin, F.A., Zakeyuddin, S., Sa-

mat, A.A., Md Sah, A.S., & Md Nor, S. (2021). Habitat Use and Movement 
Activity of Neolissochilus soroides and Channa lucius during Post Inunda-
tion of Tembat Reservoir, Hulu Terengganu. Pertanika Journal of Tropical 
Agricultural Science. (Q3; IF: 0.57) https://doi.org/10.47836/pjtas.44.3.01 

 
Scientific publications in Hungarian journals:  
 
Nyeste, K. J., Zulkipli, N., Uzochukwu, I. E., Somogyi, D., Nagy, L., 

Czeglédi, I., Harangi, S., Baranyai, E., Simon, E., Nagy, S. A., Velcheva, 
I., Yancheva, V., Antal, L.: Eltérő táplálkozású és habitatpreferencájú hali-
vadékok indikátorszerepe a fémszennyezés kimutatásában. Halászat-
fejlesztés. 40, 30-31, 2023. 

 
Tóth, R., Bíró, Z., Zulkipli, N., Somogyi, D., Antal, L., & Nyeste, K. (2020). 

Investigation of the fish fauna of Rakamazi-Nagy-morotva with different 
sampling protocols A Rakamazi-Nagy- morotva halközösségének vizsgá-
lata eltérő. Pisces Hungarici 14:71-79. 

 
Scientific presentations:  
 
Zulkipli, Nurfatin (2021). “Acetylcholinesterase inhibition by Azadirachta 

indica crude extract on Pomacea canaliculata”. Paper presented online at 
3rd Symposium On Industrial Science And Technology (SISTEC) orga-
nized by Universiti Malaysia Pahang. 

 



  

 109

11. APPENDICES 

 
Appendix 1. Characteristics of the sampled adult fish species (n=10) 
 
Species Minimum 

adult size 
(cm) 

Total length (cm) Mass (g) Feeding 
group 

Trophic 
level* 

Asp > 40 48.0 ± 7.7 1056.8 ± 507.4 piscivore 4.5 

Barbel > 40 50.2 ± 14.3 1478.7 ± 410.2 invertivore 3.1 

Catfish > 60 29.7 ± 5.2 139.1 ± 40.3 piscivore 4.4 

Chub > 25 39.2 ± 7.0 920.0 ± 506.1 omnivore 2.7 

Carp > 30 55.1 ± 12.6 3760.0 ± 
2418.1 

invertivore 3.1 

Nase > 20 24.8 ± 9.2 274.1 ± 380.6 herbivore 2.0 

Silver carp > 30 42.4 ± 23.4 2251.1 ± 
2523.5 

herbivore 2.0 

Bream > 15 31.1 ± 3.3 440.3 ± 152.8 omnivore 3.1 

White-eye 
Bream 

> 15 14.9 ± 9.1 110.3 ± 69.9 omnivore 2.9 

Zander > 40 60.7 ± 34.4 1572.0 ± 
1371.9 

piscivore 4.0 

Note: * Data according to www.fishbase.org (Froese R. & D. Pauly, 2022) 

 
 
Appendix 2. The ICP-OES measurement parameters and operating conditions 

ICP-OES conditions I. 

Common conditions 

Replicates 3 

Pump speed 15 rpm 

Uptake time 15 sec 

Rinse time 30 sec 

Read time 3 sec 

RF power 1.20 kW 

Nebulizer flow 0.70 L min.1 LLLmin-1 
Lmin-1

Plasma flow 12.0 L min.1 

Aux flow 1.0 L min.1 

Viewing height 8 mm 

 
ICP-OES conditions II. 
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Element 
 

Wavelength 
(nm) 

Read time 
(sec) 

Stabilization time 
(sec) 

Viewing mode 

Ca 317.933 3 3 radial 

Cd 226.502 10 10 axial 

Cr 267.716 10 10 axial 

Cu 324.754 10 10 axial 

Fe 238.204 10 10 axial 

K 776.491 3 3 radial 

Mg 285.213 3 3 radial 

Mn 257.610 10 10 axial 

Na 589.592 3 3 radial 

Pb 220.353 10 10 axial 

Sr 421.552 10 10 axial 

Zn 213.857 10 10 axial 

 

 

 

Appendix 3. Descriptive tables of total trace element concentrations in water samples from 
the Maros River (mean ± standard deviation) in 2019. Data are from the National Environ-
mental Information System (OKIR) database. 
 

Trace Metal Mean ± SD (µg L⁻¹) 

Cadmium (Cd) 0.00002 ± 0.00003 

Chromium (Cr) 0.01475 ± 0.00829 

Zinc (Zn) 0.02625 ± 0.02007 

Nickel (Ni) 0.02417 ± 0.02873 

Copper (Cu) 0.01583 ± 0.01086 

Lead (Pb) 0.00366 ± 0.00429 

Aluminium (Al) 3.06358 ± 2.82717 

Iron (Fe) 3262.75 ± 3031.42 

Manganese (Mn) 163.25 ± 126.17 
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Appendix 4. Overview of the statistical summary for the total trace element concentrations in 
sediment and water samples from the Szamos River. 
 

 Trace element concentration 
(mg kg-1 dry weight) in sediment

 

Element Min Max Mean ± SD Toxicity classification of 
sedimentb 

Cr 18 57 32 ± 21 moderately polluted 
Cu 32 111 58 ± 40 heavily polluted 
Fe 12773 25997 15323 ± 6656 non-polluted 
Mn 632 1961 1009 ± 667 heavily polluted 
Pb 40 87 49 ± 24 non-polluted 
Sr 11 35 17 ± 12 – 
Zn 537 1073 646 ± 283 heavily polluted 

 Trace element concentration (μg l-1) 
in water

 

Element Min Max Mean ± SD Threshold values (μg l-1)a 
Cd 0.20 1.4* 0.58 ± 0.44 0.72 
Cr 1 12 3.2 ± 3.7 74 
Cu 5* 20* 9.5 ± 5.7* 3.1 
Fe 45 658 366 ± 227 1000 
Mn 1.8 388 146 ± 111 – 
Pb 3* 20* 6.9 ± 6.3* 2.5 
Zn 1 270* 136 ± 94* 120 

Note: * Concentration of trace elements in the water was higher than the threshold value. 
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Appendix 5. Trace element concentrations (mg kg-1 wet weight) in the studied tissues of ju-
veniles in the Szamos River (A) (mean ± SD). 
 

(A) Trace element concentrations in the tissues of the juveniles 
Tissue Element Nase Barbel Chub 
Muscle Ca 354 ± 7.6a 337 ± 67a 377 ± 98a 

 K 2517± 46a 1728 ± 299b 2495 ± 28a 
 Mg 189 ± 11a 141 ± 17b 181 ± 17a 
 Na 387 ± 31a 336 ± 58a 445 ± 33b 
 Cd BDL BDL 0.10 ± 0.17 
 Cr 0.12 ± 0.02a 0.18 ± 0.04b 0.12 ± 0.03a 
 Cu 0.33 ± 0.08a 0.55 ± 0.07b 0.43 ± 0.08a 
 Fe 7.4 ± 1.7a 11 ± 1.6b 9.1 ± 2.2a,b 
 Mn 0.68 ± 0.06a 0.87 ± 0.13a 0.33 ± 0.08b 
 Pb 0.16 ± 0.06a 0.19 ± 0.15a 0.36 ± 0.31a 
 Sr 2.1 ± 0.22a 1.3 ± 0.22b 1.5 ± 0.31b 
 Zn 6.3 ± 0.81a 11 ± 1.5b 14 ± 3.4b 

Gills Ca 3878 ± 178a 3059 ± 279b 6761 ± 3935c 
 K 1401 ± 85a 1266 ± 737a 1395 ± 346a 
 Mg 264 ± 21a 178 ± 52b 262 ± 50a 
 Na 369 ± 24a 275 ± 83a 452 ± 166a 
 Cd BDL BDL 0.07 ± 0.13 
 Cr 0.39 ± 0.09a 0.53 ± 0.10a 0.26 ± 0.06b 
 Cu 0.42 ± 0.08a 1.1 ± 0.54b 0.84 ± 0.12b 
 Fe 72 ± 60a 109 ± 97a 39 ± 19a 
 Mn 13 ± 0.47a 11 ± 3.5a,b 7.4 ± 2.2b 
 Pb 0.60 ± 0.20a 0.68 ± 0.46a 0.53 ± 0.68a 
 Sr 29 ± 5.2a 14 ± 4.1b 55 ± 40a 
 Zn 19 ± 1.1a 39 ± 11b 58 ± 8.9c 

Liver Ca 611 ± 213a 1192 ± 1002a 682 ± 362a 
 K 2196 ± 120a 1626 ± 1601a,b 842 ± 402b 
 Mg 256 ± 121a 131 ± 93a,b 57 ± 24b 
 Na 572 ± 63a 411 ± 141a,b 329 ± 13b 
 Cd BDL 0.24 ± 0.53a 0.29 ± 0.42a 
 Cr 2.5 ± 1.4a 1.4 ± 0.57a 0.67 ± 0.15b 
 Cu 14 ± 4.5a 3.9 ± 0.77b 2.2 ± 1.3b 
 Fe 61 ± 14a,b 71 ± 18a 36 ± 17b 
 Mn 3.1 ± 1.3a 5.2 ± 3.8a 1.8 ± 0.70a 
 Pb 3.2 ± 1.2a 2.1 ± 2.0a 0.93 ± 0.52b 
 Sr 1.7 ± 0.53a 1.3 ± 0.69a 1.4 ± 0.48a 
 Zn 30 ± 11a 74 ± 55a 51 ± 27a 

Note: Below Detection Limit (BDL); The values with different superscript letters (a,b,c) in the 
same row are significantly different based on the non-parametric Mann-Whitney U test (p < 
0.05). 
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Appendix 6. Correlation analysis of trace element concentrations in fish tissues (n = 15) and 

trophic levels in the Szamos River (significant at, p < 0.05). 

 
Elements Tissues

 Muscle Gills Liver 
K -0.794 n.s. n.s. 

Mg -0.794 -0.567 n.s. 
Na n.s. n.s. -0.416 
Cr 0.624 n.s. n.s. 
Cu 0.813 0.756 -0.549 
Fe 0.699 n.s. n.s. 
Sr -0.813 -0.643 n.s. 
Zn 0.605 0.472 n.s. 

Note:  Non-significant (n.s.) 
 
Appendix 7. Bioconcentration factor (BCF) values (presented as mean ± SD) represent the 
ratio of the mean trace element concentration in specific fish tissues (mg kg⁻¹ wet weight) to 
their respective mean concentrations in (A) sediment (mg kg⁻¹ dry weight) and (B) water (mg 
L⁻¹) 
 

(A) Bioconcentration factors in sediments
Elements Tissue Barbel Chub Nase 

Cr Muscle 0.57 ± 0.11b 0.38 ± 0.09a 0.37 ± 0.07a 
 Gills 1.6 ± 0.31a 0.80 ± 0.18b 1.2 ± 0.27a 
 Liver 4.4 ± 1.8a 2.1 ± 0.47b 7.7 ± 4.5a 
     

Cu Muscle 0.96 ± 0.12b 0.75 ± 0.14a 0.58 ± 0.15a 
 Gills 2.0 ± 0.94b 1.5 ± 0.21b 0.73 ± 0.15a 
 Liver 6.7 ± 1.3b 3.8 ± 2.2b 24 ± 7.8a 
     

Fe Muscle 0.07 ± 0.01b 0.06 ± 0.01a,b 0.05 ± 0.01a 
 Gills 0.71 ± 0.63a 0.25 ± 0.12a 0.47 ± 0.39a 
 Liver 0.46 ± 0.12a 0.23 ± 0.11b 0.40 ± 0.09a,b 
     

Mn Muscle 0.09 ± 0.01a 0.03 ± 0.01b 0.07 ± 0.01a 
 Gills 1.1 ± 0.34a,b 0.74 ± 0.22b 1.3 ± 0.05a 
 Liver 0.51 ± 0.38a 0.18 ± 0.07a 0.31 ± 0.13a 
     

Pb Muscle 0.40 ± 0.30a 0.73 ± 0.63a 0.32 ± 0.13a 
 Gills 1.4 ± 0.95a 1.1 ± 1.4a 1.2 ± 0.41a 
 Liver 4.4 ± 4.0a,b 1.9 ± 1.1b 6.5 ± 2.5a 
     

Sr Muscle 7.6 ± 1.3a 8.8 ± 1.8a 12 ± 1.3a 
 Gills 83 ± 24a 315 ± 234a 169 ± 30a 
 Liver 7.4 ± 4.0a,b 7.9 ± 2.8b 8.4 ± 3.1a 
     

Zn Muscle 0.57 ± 0.11b 0.38 ± 0.09a 0.37 ± 0.07a 
 Gills 1.6 ± 0.31a 0.80 ± 0.18b 1.2 ± 0.27a 
 Liver 4.4 ± 1.8a 2.1 ± 0.47b 7.7 ± 4.5a 
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Note: The values with different superscript letters (a,b,c) in the same row are significantly dif-
ferent based on the non-parametric Mann-Whitney U test (p < 0.05). 
 

 

 

 

 

 

 

 

 

 

 

 

(B) Bioconcentration factors in water
Elements Tissue Barbel Chub Nase 

Cd Muscle – 168 ± 301 – 
 Gills – 126 ± 219 – 
 Liver 415 ± 927a 511 ± 726a – 
     

Cr Muscle 58 ± 12b 38 ± 9.3a 38 ± 6.7a 
 Gills 166 ± 31b 81 ± 18a 122 ± 27a 
 Liver 443 ± 179a 210 ± 47b 778 ± 454a 
     

Cu Muscle 59 ± 7.3b 46 ± 8.3a 35 ± 8.9a 
 Gills 119 ± 57b 88 ± 13b 44 ± 8.9a 
 Liver 409 ± 80b 229 ± 134b 1445 ± 473a 
     

Fe Muscle 31 ± 4.4b 25 ± 6.0a,b 20 ±4.7a 
 Gills 296 ± 265a 106 ± 51a 196 ± 165a 
 Liver 193 ± 48a 98 ± 46b 166 ± 37a,b 
     

Mn Muscle 6.0 ± 0.87a 2.3 ± 0.52b 4.6 ± 0.38a 
 Gills 75 ± 24a,b 51 ± 15b 90 ± 3.2a 
 Liver 36 ± 26a 12 ± 4.8a 21 ± 8.8a 
     

Pb Muscle 28 ± 21a 51 ± 44a 23 ± 8.8a 
 Gills 98 ± 67a 77 ± 99a 87 ± 29a 
 Liver 306 ± 281a,b 134 ± 75b 458 ± 175a 
     

Zn Muscle 80 ± 11b 99 ± 25b 46 ± 6.0a 
 Gills 284 ± 83b 425 ± 65c 139 ± 8.3a 
 Liver 540 ± 403a 376 ± 197a 220 ± 83a 
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Appendix 8. Summary statistics of the total trace element concentrations in water samples 
from the Maros River. 
 

  
Concentration of trace element in water (μg l-1) 

  
 

Element Min Max Mean ± SD 
Threshold values 

(μg l-1)a 

Cd 0 0.00009 0.00002 ± 3.13-5 0.72 

Cr 0.005 0.029 0.01 ± 0.0082 74 

Cu 0.003 0.035 0.02 ± 0.01 3.1 

Fe 347 10000* 3263 ± 3031* 1000 

Mn 28 449 163 ± 126 – 

Pb 0.0003 0.014 0.004 ± 0.004 2.5 

Zn 0.06 0.082 0.03 ± 0.02 120 

Note:  
a Criterion chronic concentration (CCCs) for freshwater (EPA, 2018) 

* The concentration level of trace elements in the water that exceeded the threshold value. 
 
 
Appendix 9. Descriptive tables of Metal Pollution Index (MPI) in the adult fish species 
from the Maros River. 
 

Species Muscle Gills Liver 

Asp 0.39 4.00 1.50 

Barbel 0.33 3.94 1.73 

Catfish 0.16 4.50 0.86 

Chub 0.32 4.60 1.31 

Carp 0.44 6.04 2.05 

Nase 0.59 3.66 3.29 

Silver carp 0.57 4.81 4.75 

Bream 0.42 3.84 1.88 

White-eye bream 0.42 5.52 4.68 

Zander 0.14 3.50 1.01 
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Appendix 10. Trace element concentrations (mg kg-1 wet weight) in the studied tissues of adults in the Maros River (B) (mean ± SD). 
 

(B) Trace element concentrations in the tissues of the adults 

Tissue Element Asp Barbel Catfish Chub Carp Nase 
Silver 
carp 

Bream 
White-

eye 
bream 

Zander 

Muscle Ca 308.67 ± 
289.23abc 

248.76 ± 
189.35abc 

164.15 ± 
16.3ab 

275.79 ± 
178.56ac 

165.34 ± 
107.22bf 

240.02 ± 
96.64ab 

588.21 ± 
372.29cd 

753.2 ± 
323.48de 

890.25 ± 
198.27e 

120.95 ± 
40f 

 K 3644.1 ± 
188.78ac 

3566.57 
± 

168.19a 

3130.33 
± 151.32b 

3802.8 ± 
179.2cd 

3182.9 ± 
278.62b 

3644.19 ± 
235.92acd 

3539.07 ± 
249.11a 

3817.27 ± 
128.11d 

2843.11 ± 
572.56b 

3765.15 ± 
227.06ad 

 Mg 273.63 ± 
10.04a 

277.37 ± 
15.21a 

209.82 ± 
10.58b 

278.37 ± 
16.86a 

223.25 ± 
31.11bc 

286.82 ± 
22.84a 

243.42 ± 
23.23c 

309.85 ± 
21.04d 

307.75 ± 
9.77d 

269.32 ± 
18.96a 

 Na 508.51 ± 
104.89abe 

518.56 ± 
31.14b 

781.58 ± 
89.56c 

430.98 ± 
89.75af 

522.3 ± 
44.3b 

256.32 ± 
48.72d 

432.5 ± 
197.41abef 

294.6 ± 
37.1d 

579.04 ± 
119.84e 

385.48 ± 
117.18f 

 Cd BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

 Cr 0.03 ± 
0.01ab 

0.03 ± 
0.01a 

0.02 ± 
0bd 

0.04 ± 
0.01ac 

0.03 ± 
0.01ac 

BDL 0.03 ± 
0.01a 

0.04 ± 0.01c 0.02 ± 
0.01bd 

0.02 ± 
0.01d 

 Cu 0.23 ± 
0.1ac 

0.19 ± 
0.04ac 

0.09 ± 
0.02b 

0.17 ± 
0.06ad 

0.3 ± 0.13c 0.26 ± 
0.14ac 

0.18 ± 
0.07ad 

0.14 ± 0.02d 0.14 ± 
0.05d 

0.06 ± 
0.02e 

 Fe 2.78 ± 
1.31a 

1.75 ± 
0.68bc 

BDL 1.31 ± 
0.37b 

4.44 ± 3.16a 1.62 ± 0.7b 2.41 ± 
0.91ac 

1.48 ± 0.28b 4.68 ± 
3.27a 

0.48 ± 
0.19d 

 Mn 0.18 ± 
0.07a 

0.19 ± 
0.08a 

0.11 ± 
0.02b 

0.1 ± 0.04b 0.1 ± 0.04b 0.18 ± 0.07a 0.52 ± 
0.36a 

0.23 ± 0.16a 0.98 ± 
0.42c 

0.03 ± 
0.01d 

 Pb BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

 Sr 0.48 ± 
0.75ab 

0.23 ± 
0.27a 

0.17 ± 
0.02ab 

0.3 ± 0.26ab 0.17 ± 0.15a 0.2 ± 0.16ab 0.79 ± 
0.66bc 

1.21 ± 
0.62cd 

1.55 ± 
0.36d 

BDL 

 Zn 4.14 ± 
1.55acdf 

2.64 ± 
0.18b 

3.3 ± 
0.33c 

4.05 ± 0.9df 10.57 ± 
3.59e 

4.66 ± 
1.46ad 

5.85 ± 
1.93a 

2.36 ± 0.48b 4.71 ± 
1.36ad 

3.3 ± 
0.86cf 
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Gills Ca 17771.9 
± 

4744.74a 

9887.41 ± 
2147.58ab 

14466.18 
± 

5467.41b 

12652.96 ± 
1680ab 

8566.64 ± 
2765.74ab 

7106.87 ± 
1441.98abcd 

11887.5 ± 
2301.52cd 

9160.05 ± 
1635.36c 

11466.14 ± 
5205.51d 

17663.55 
± 6670.3e 

 K 1384.62 
± 

275.32ac 

1272.41 ± 
351.04af 

2328.89 
± 110.42b 

1602.01 ± 
320.16cd 

1090.37 ± 
257.73d 

1185.77 ± 
211.59a 

1184.94 ± 
320.7af 

1743.62 ± 
204.99d 

1986.68 ± 
60.51e 

974.04 ± 
217.44f 

 Mg 509.73 ± 
84.8a 

439.73 ± 
123.53abc 

372.68 ± 
67.1bc 

463.88 ± 
57.4a 

240.26 ± 
62.41ab 

365.11 ± 
103.66c 

465.56 ± 
64.6a 

457.8 ± 
109.51abc 

479.81 ± 
92.08a 

356.5 ± 
57.77a 

 Na 1344.68 ± 
214.1ab 

1111.56 
± 

278.71bde 

1517.51 
± 238.93a 

1420.26 ± 
280.3af 

864.25 ± 
303.46af 

761.76 ± 
269.98c 

1383.4 ± 
95.47a 

1135.68 ± 
129.91d 

1048.23 ± 
86.5e 

1197.28 
± 

176.85bdf 

 Cd BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

 Cr 0.31 ± 
0.09a 

0.22 ± 
0.07bc 

0.25 ± 
0.08ac 

0.21 ± 
0.04ce 

0.15 ± 
0.07ac 

0.14 ± 0.06d 0.28 ± 
0.04a 

0.19 ± 
0.02de 

0.2 ± 
0.07cd 

0.29 ± 
0.08ab 

 Cu 0.33 ± 
0.06ad 

0.37 ± 
0.12abd 

0.42 ± 
0.08b 

0.47 ± 0.1b 0.27 ± 
0.19abd 

0.42 ± 0.07b 0.38 ± 
0.1ab 

0.52 ± 
0.19bc 

0.66 ± 
0.21c 

0.29 ± 
0.05d 

 Fe 20.85 ± 
8.79a 

37.1 ± 
17.7bc 

41.69 ± 
16.9bc 

28.01 ± 
13.58ab 

25.05 ± 
24.23c 

27.3 ± 
13.57ab 

32.56 ± 
9.28bc 

29.56 ± 
6.42b 

35.13 ± 
10.63bc 

34.09 ± 
22.39abc 

 Mn 3.53 ± 
0.78a 

5.18 ± 
2.38ac 

5.31 ± 
2.49ac 

2.45 ± 
0.52b 

2.69 ± 1.19a 6.71 ± 1.86c 12.93 ± 
0.62d 

3.47 ± 
1.34ab 

13.82 ± 
7.24d 

4.09 ± 
1.03a 

 Pb BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

 Sr 35.96 ± 
6.97a 

23.42 ± 
12.96bcdf 

18.99 ± 
7.72bc 

24.59 ± 
5.15bdf 

14.11 ± 
3.72cd 

19.42 ± 
5.32c 

25.79 ± 
5.97df 

25.8 ± 4.63f 26.63 ± 
11.7ab 

12.25 ± 
2.25e 

 Zn 14.92 ± 
1.28a 

9.93 ± 
2.13a 

18.33 ± 
2.86c 

56.49 ± 
15.75d 

23.36 ± 
39.16e 

11.04 ± 
0.93b 

10.54 ± 
1.84b 

12.01 ± 
1.12f 

16.68 ± 
2.44ac 

12.81 ± 
1.88f 

Liver Ca 92.73 ± 
90.76ac 

61.48 ± 
21.13a 

167.3 ± 
49.37b 

40.56 ± 
16.19c 

72.4 ± 
23.41a 

80.66 ± 
43.63a 

70.61 ± 
45.92ac 

77.81 ± 
58.1a 

546.13 ± 
205.89d 

89.86 ± 
46.51a 

 K 2687.36 ± 
309.2a 

2060.05 
± 

281.01e 

3016.35 
± 152.03f 

2560.85 ± 
146.3ab 

2518.09 ± 
242.55a 

2139.62 ± 
148.99de 

2126.87 ± 
376.89de 

2726.9 ± 
387.29bc 

2846.76 ± 
176.51cf 

2390.27 
± 

246.93ad 

 Mg 153.56 ± 
10.43a 

144.3 ± 
20.79ac 

175.22 ± 
9.11b 

149.08 ± 
21.65a 

142.12 ± 
18.91ac 

162.46 ± 
36.61ab 

125.04 ± 
16.66c 

178.01 ± 
31.55b 

197.27 ± 
46.15b 

153.83 ± 
30.14ab 
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 Na 1173.55 ± 
174.59ab 

1210.3 ± 
277.09abd 

1082.88 
± 124.7a 

1223.94 ± 
163.87abd 

1151.28 ± 
171.99ab 

1091.48 ± 
136.95a 

1402.23 ± 
380.9bd 

915.63 ± 
156.92c 

911.8 ± 
155.79c 

1317.19 
± 104.96d 

 Cd 0.06 ± 
0.03a 

0.23 ± 
0.14bcd 

0.11 ± 
0.05ab 

0.17 ± 
0.12abc 

0.25 ± 
0.17cd 

BDL BDL 0.26 ± 0.07d BDL 0.25 ± 
0.13cd 

 Cr 0.05 ± 
0.02acd 

0.09 ± 
0.04b 

0.03 ± 
0.01c 

0.07 ± 
0.04ab 

0.05 ± 
0.02ad 

0.09 ± 
0.07abd 

0.04 ± 
0.01cd 

0.05 ± 
0.02acd 

BDL 0.04 ± 
0.02acd 

 Cu 8.78 ± 
6.23ad 

6.08 ± 
2.8a 

1.47 ± 
0.34b 

6.4 ± 3.03a 8.23 ± 
6.88ad 

8.94 ± 4.1ad 26.45 ± 
13.95c 

10.51 ± 
4.58d 

2.42 ± 
0.79e 

1.21 ± 
0.23b 

 Fe 183.3 ± 
119.67ae 

90.56 ± 
24.53b 

35.22 ± 
3.46c 

93.51 ± 
41.19abd 

88.06 ± 
50.88abd 

67.82 ± 
38.8df 

700.11 ± 
734.01e 

58.26 ± 
17.89df 

48.44 ± 
18.64cf 

60.9 ± 
25.79df 

 Mn 0.93 ± 
0.08a 

1.5 ± 
0.61bd 

0.41 ± 
0.1c 

0.84 ± 
0.21a 

1.11 ± 
0.37ab 

5.55 ± 4.74d 2.53 ± 
2.12abd 

1.03 ± 
0.47ab 

2.38 ± 
2.12abcd 

1.14 ± 
0.45ab 

 Pb BDL BDL BDL BDL BDL BDL BDL BDL BDL BDL 

 Sr 0.15 ± 
0.17acdf 

0.17 ± 
0.10ad 

0.31 ± 
0.04b 

0.05 ± 
0.02c 

0.11 ± 
0.05af 

0.24 ± 
0.17abcdef 

0.24 ± 
0.15de 

0.12 ± 
0.10adf 

0.36 ± 
0.11be 

0.08 ± 
0.06cf 

 Zn 22.12 ± 
6.63ac 

15.50 ± 
4.12bef 

14.50 ± 
1.30b 

21.96 ± 
4.59c 

128.92 ± 
56.18d 

16.96 ± 
2.62ae 

24.82 ± 
7.10c 

20.87 ± 
6.56afc 

22.52 ± 
4.36c 

14.66 ± 
0.47b 

Note: Values marked with different superscript letters (a,b,c,d,e,f) in the same row indicate significant differences (Mann-Whitney U test, p < 0.05).




