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Abstract 

 

Biomagnification of trace elements is increasingly evident in aquatic ecosystems. In this review we 

investigate the drivers of biomagnification of mercury (Hg), arsenic (As) and selenium (Se) in aquatic 

food webs. Despite Hg, As and Se biomagnify in food webs, the biomagnification potential of Hg is 

much higher than that of As and Se. The slope of trophic increase of Hg is consistent between 

temperate (0.20), tropical (0.22) and Arctic (0.22) ecosystems. Se exerts a mitigating role against Hg 

toxicity but desired maximum and minimum concentrations are unknown. Environmental (e.g. latitude, 

temperature and physicochemical characteristics) and ecological factors (e.g. trophic structure 

composition and food zone) can substantially influence the biomagnification process these metal(oids). 

Besides the level of bioaccumulated concentration, biomagnification depends on the biology, ecology 

and physiology of the organisms that play a key role in this process. However, it may be necessary to 

determine strictly biological, physiological and environmental factors that could modulate the 

concentrations of As and Se in particular. The information presented here should provide clues for 

research that include under-researched variables. Finally, we suggest that biomagnification be 

incorporated into environmental management policies, mainly in risk assessment, monitoring and 

environmental protection methods. 

 

Key words: mercury; arsenic; selenium; aquatic food webs; trophic magnification slope 
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1. Introduction  

1.1. Anthropogenic sources of pollution 

Freshwater aquatic ecosystems (e.g. lakes, streams, rivers, wetlands and reservoirs) host at least 10% of 

the world's known fauna including 30% of all vertebrates and play an important role in the global water 

cycle (Reid et al., 2020). Unfortunately, populations living at aquatic ecosystem have been largely 

declining by 83% between 1970 and 2014 as a result of human activities (Reid et al., 2018). In the last 

50 years the extraction of resources (minerals, fossil fuels, biomass, soil, wood and water) has 

increased from 27 to 92 billion tons due to the consumption and demand of the world population, being 

one of the main causes of 90% of the loss of biodiversity and global environmental pollution (IRP, 

2019). Added to this is the lack of commitment of many countries to strengthen policies for the 

conservation of aquatic ecosystems, which makes this an extremely complex problem (Bland et al., 

2019; Reid et al., 2020).  

It is well known that anthropogenic activities alter the natural dynamics of metals increasing their 

availability in aquatic systems in particular (Crespo-Lopez et al., 2021; Vareda et al., 2019). Mining, 

agriculture, forestry, and deforestation are among those activities that favor increased concentrations of 

metals such as Hg and metalloids such as As and Se. Both Hg, As and Se are contributed to the 

environment naturally, however, their increase in the environment has resulted from the alteration of its 

cycle as a consequence of intensive anthropogenic activities (Johnson et al., 2020; Kato et al., 2020; 

Kozak et al., 2021; Ziyaadini et al., 2017). Overall, total global Hg emissions to the atmosphere range 

from 6500 to 8200 Mg yr
−1

, of which approximately 35% are from direct anthropic sources (Driscoll et 

al., 2007; Mason and Sheu, 2002).  

 

1.2. Toxicity to wildlife and humans 

Contamination by Hg and As is a global threat because they are among the toxic elements for human 

and wildlife (Cardwell et al., 2013; Ziyaadini et al., 2017). Once they enter the aquatic environment 

become accumulated mainly by fish (Crespo-Lopez et al., 2021; Kato et al., 2020). Fish often top the 

list of the main recipient organisms of toxic substances, constituting a risk to human health as the main 

protein consumed in many regions of the world (Azevedo et al., 2021; Garvey, 2019). Even at low 

concentrations Hg and As have the ability to biomagnify through the food chain can cause adverse 

effects on organisms (Jasonsmith et al., 2008; Newman, 2015; Ventura-Lima et al., 2011).  
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1.3. Biomagnification and effects to biota and human 

The effects on the environment and human health are related to toxicity, persistence and ability to 

increase their toxic potential as they move from a lower to a higher trophic level, known as 

biomagnification
 
(Hallare et al., 2011; Newman, 2015).  

In wild organisms the effects include decreased reproductive capacity, reduced embryo viability, 

teratogenesis and reduced enzymatic processes (Kumari et al., 2017; Zheng et al., 2019). As can disrupt 

the growth of plankton, crustaceans and mollusks, and decrease photosynthetic processes affecting 

ecological processes and productivity of aquatic ecosystems (Barwick and Maher, 2003; Newman, 

2015).  

In relation to Se, it has been shown that excessive levels can cause deformities in fish, birds and 

mammals (Johnson et al., 2020). In humans, the accumulation of Hg above the tolerance limit affects 

the central nervous system, generates cytogenic damage, cardiovascular problems, mental retardation 

and renal dysfunction (US EPA, 2017). According to the World Health Organization, in fishing regions 

of countries such as Colombia, China, Brazil and Greenland, 17 out of every thousand children suffer 

mental disabilities related to the consumption of fish contaminated with Hg (WHO, 2017). In relation 

to biomagnification, there are not many cases where increased concentrations of As and Se are reported 

at higher trophic levels of food webs (Cardwell et al., 2013; Hayase et al., 2010), while for Hg there is 

an ample evidence of biomagnification in different ecosystems (Campbell et al., 2008; Clayden et al., 

2015; Lavoie et al., 2013). Anyway, knowledge gaps persist in terms of Hg biomagnification (Carrasco 

et al., 2011; Clayden et al., 2015). Therefore, part of the environmental debate on biomagnification of 

metals and metalloids is due to the fact that the particular and intrinsic characteristics of the ecosystems 

involved in this process are not fully understood (Espejo et al., 2020; Gray, 2002; Ikemoto et al., 2008; 

Lavoie et al., 2013).  

With respect to Se there is an important antagonism, since it has been reported to have a reducing effect 

against MeHg toxicity. It is believed that the effect is related to the ability to modify the biokinetic 

processes of Hg, exerted by the action of selenomethionine, selenocystine and selenite. However, this 

remains a subject of debate, controversy and research (Amlund et al., 2015; Bjerregaard et al., 2011; 

Bjerregaard and Christensen, 2012; Luo et al., 2020). Additionally, it has been suggested that the 

reductive effect may also be related to chemical characteristics, trophic structure, ecological processes 

(Arcagni et al., 2017) and specific detoxification mechanisms developed by some organisms in 

particular fish (Arcagni et al., 2013; Ikemoto et al., 2008). This study aimed to explore relevant factors 
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driving the biomagnification of Hg, As and Se in aquatic food webs. In addition, special attention was 

paid to the negative impacts on biota (e.g. birds, fish and marine mammals). The study is based on the 

relevance of generating useful information to help those responsible for developing environmental 

management policies to manage future challenges in terms of biota conservation and health protection.   

 

2. Method  

We conducted an orderly literature search on biomagnification of metal(loid)s. Four databases were 

reviewed. Scopus (https://www.scopus.com), Wiley Online Library (https://onlinelibrary.wiley.com), 

JSTOR (https://www.jstor.org) and ScienceDirect (Elsevier) (https://www.sciencedirect.com). The 

term "biomagnification of metals" was the key descriptor used in the information search. Additionally, 

"mercury", "arsenic" and "selenium" together with the combination of the terms "toxicity", "effects on 

human health", "effect on biota", “aquatic ecosystems" and "risk assessment" were also considered in 

the search and selection of papers (Fig. S1). In general, books, book chapters and technical reports from 

authorities on environmental health issues (US EPA and WHO) were considered. However, for the 

description of the factors leading to biomagnification of the selected elements (Hg, As and Se), only 

papers where biomagnification was evaluated based on isotopy (δ
15

N and δ
13

C) and calculation of the 

trophic magnification factor, published in scientific journals from 2000 to April 2021, were considered.  

For the selection of papers, the quality and relationship of the information with the purpose of the 

particular study was considered. Research that reported on biomagnification in terrestrial ecosystems 

was not considered. In addition, a co-occurrence analysis of keywords used in the research and a global 

map of the network of collaborating countries were carried out. The programs VOSviwer 1.6 and R-

Studio version 4.0 were used for these analyses. Finally, the conservation status of some of the fish, 

bird and marine mammal species reported in the studies reviewed was verified. For this purpose, the 

global database of the International Union for Conservation of Nature (IUCN) was consulted 

(https://www.iucnredlist.org/search?query=Phoca%20hispida&searchType=species).  

 

3. Scientific production related to biomagnification of metal(loid)s  

 

The term "biomagnification" refers to the increasing concentration of a contaminant as it moves up the 

food chain. If predatory organisms absorb a contaminant more than excrete and eliminate, they could 

have higher concentrations than their prey. Figure 1 shows the trophodynamics and biomagnification of 
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metals in the aquatic environment. It has also been used to describe the enrichment of contaminants in 

food webs with respect to their trophic position including humans (Drouillard, 2008; Newman, 2015).  

 

 

Fig. 1. Graphical illustration of trophodynamics and biomagnification of metals in aquatic food webs. 

 

The interest in knowing about the biomagnification of contaminants is related to the effects on health 

and wild organisms, especially those of higher trophic levels (Mackay et al., 2016). The need to 

generate information becomes especially relevant after human poisoning by consuming fish 

contaminated with Hg in the city of Minamata, Japan, in 1956, known as Minamata disease (Harada, 

1995). Subsequently, concern was extended to biota after the findings of alarming high concentrations 

of toxic substances in large predators, which set off alarm bells in the 1960s when the gradual and 

unexplained decline of bird populations was observed (Moriarty, 1990). The first evidence of 

biomagnification was obtained after analyzing empirical data on the chlorinated insecticide 

dichlorodiphenyldichloroethane (DDT) in food webs composed of plankton-fish and birds in 

California's Clear Lake. Since then, its application and validation were extended to other food webs 

with original data starting in 1980  (Drouillard, 2008). 

 

A total of 11864 documents (research and review articles) published from 2000 to April 2021 were 

registered among the four databases consulted, scopus (6192), ScienceDirect (4158), JSTOR (355) and 

Wiley Online Library (1159). The bulk of the information has been published in the form of research 

articles 10450 (88.0%) and review articles 1414 (12.0%). It also shows a significant growth in 

publications over time (Fig. S2). The highest number of publications occurred in the year 2020 with 
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693 publications equivalent to 11% of the overall production. This growth suggests that the subject has 

been gaining special relevance in the world.   

 

There is a wide network of collaborating countries concerned with filling knowledge gaps on the 

dynamics of biomagnification of metal(loid)s in food webs. This suggests that biomagnification has 

been of concern in many regions of the world. However, there are differences between countries in 

terms of scientific production, which shows the advances and lags in knowledge. Figure S3 shows the 

distribution of scientific production on biomagnification of metal(loid)s in aquatic systems and the 

network of collaborating countries. 

 

It was found that the research in the titles and summaries highlight a series of key words that not only 

attract attention, but also inform about the complexity of the problem that aquatic ecosystems are going 

through due to contamination. The most frequently occurring are fish, mercury, impact and toxicity. 

However, concentration and level are the words with the greatest weight. Figure S4 shows the 15 

keywords with the highest occurrence in titles and abstracts with at least 5 occurrences in a set of 

43444 words and 11864 documents (research and review articles). 

  

4. Drivers of biomagnification of Hg, As and Se 

 

Globally, some of the literature has indicated that biomagnification in aquatic systems is largely 

influenced by environmental, ecological and biological factors (Barwick and Maher, 2003; Campbell et 

al., 2008; Huang, 2016; Wyn et al., 2009; Zhang et al., 2012). Some studies reporting biomagnification 

of Hg, As and Se in aquatic systems (i.e. sea, rivers and lakes) are shown in Table 1. 

 

Table 1. Some studies on biomagnification of Hg, As and Se in food webs. 

Element Environment Country Food 

web* 

Driver Reference 

Hg Tropical lake Africa b Biomagnification is associated 

with the ecological dynamics 

and trophic level of organisms 

Campbell et al., 

2008 

 Lake Argentina a Concentrations are associated 

with food intake and size of 

Arcagni et al., 

2013 
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organisms 

 Subtropical lake China d In long food chains, high stored 

concentrations can occur in 

superior predators in spite of 

the low rate of 

biomagnification experienced 

by subtropical deposits 

Razavi et al., 

2014 

 River (neo tropic) Venezuela d Concentrations increase 

depending on body mass 

Kwon et al., 2012 

 Artic Canada e Concentrations are influenced 

by the high productivity of the 

ecosystem 

Clayden et al., 

2015 

 Tropical ocean Brazil f Biomagnification patterns are 

evidenced in function of the 

increase in the trophic level, the 

feeding habit and the ecology 

of the species 

Lemos-Bisi et al., 

2012 

 Tropical marshes Colombia a The increase in concentrations 

is linked to the trophic level 

and the state of anthropization 

of the cosystem 

Marrugo-Negrete 

et al., 2018 

 Lake USA c The concentrations were 

influenced by edaphic, 

physicochemical factors, eating 

habits and level of anthropic 

disturbance 

Omara et al., 

2015 

 Estuary Portugal g The biomagnification patterns 

were related to the trophic 

level. However, the age of the 

fish was the most important 

variable in explaining the 

Coelho et al., 

2013 
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increase in concentrations in 

the food web 

 Sea Norway i There is a significant increase 

in concentrations mainly in 

seabirds related to the trophic 

level, but without any 

relationship between species 

Jaeger et a., 2009 

As Estuary Australia c Signs of biomagnification were 

evidenced. However, the total 

concentrations are similar to 

those present at unpolluted sites 

Barwick & 

Maher, 2003 

 Sea Canada j It did not show a relationship 

with the trophic position, 

however, in the case of seabirds 

it showed evidence of 

important biomagnification 

Campbell et al., 

2005 

 Sea Japan h The concentrations increased 

between rows of pelagic 

organisms, an increase that is 

linked to the soluble lipids in 

these organisms 

Hayase et al., 

2010 

 River Vietnam c The concentrations differ 

between crustaceans and fish, a 

difference possibly attributed to 

the accumulation and 

detoxification capacity of the 

organisms 

Ikemoto et al., 

2008 

 Estuary Australia k The concentrations were 

significantly higher in birds 

that were fed lower on the food 

chain 

Einoder et al., 

2018 

Jo
urn

al 
Pre-

pro
of



 
 

10 
 

 Mangrove Vietnam l Arsenobetaine is the most 

predominant As species in 

water. Biomagnification 

patterns are significant in the 

food web due to the presence of 

soluble lipids in organisms 

Tu et al., 2011 

Se Lake Argentina a In trophic chains composed of 

plankton and planktivorous 

fish, molar portions greater 

than 1 μmol are evidenced, 

mainly in fish 

Arcagnic et al., 

2013 

 River Vietnam  c Concentrations increase 

depending on the trophic level 

between fish communities, 

however, there are differences 

in magnification profiles 

between species linked to 

detoxification mechanisms of 

some species 

Ikemoto et al., 

2008 

 Estuary Australia c High concentrations are 

observed in carnivorous fish 

related to eating habits 

Barwinck & 

Maher, 2003 

*Food web: a=fish and plankton, b=fish-plankton-invertebrates and debris, c=fish-plankton and 

invertebrates, d=fish community, e=invertebrates, fish and seabirds, f= seston, fish, marine mammals 

and invertebrates, g= algae-fish-invertebrates and seagrasses, h= invertebrates, plankton and fish, 

i=fish, seabirds and plankton, j=invertebrates, fish, seabirds, marine mammals and algae, k=seabirds 

and sea fish, l=fish and macroinvertebrates. 
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4.1. Mercury 

 

Hg is the main toxic metal of global concern. The reason why it has been widely studied has to do with 

toxicity, persistence, bioaccumulation, and because its health and environmental hazardous effects 

(Azevedo et al., 2021; Coelho et al., 2013). Methylmercury (MeHg) is the most toxic organic Hg 

species that reaches food webs and has the ability to biomagnify along food webs (Campbell et al., 

2005; Crespo-Lopez et al., 2021; Du et al., 2021; Lavoie et al., 2010).  

 

In small polynya ecosystems of the Arctic, Canada, biomagnification of Hg from copepods to fish with 

slope (increased δ
15

N ratio) of 0.15 has been reported. MeHg concentrations were exceeded more than 

50-fold from copepods (Calanus hyperboreus) to seabirds, particularly in terns (Sterna paradisaea). 

However, the slope had an increase of 0.26 when seabird chicks were included in the analyses (Clayden 

et al., 2015). In networks composed of fish, plankton and benthic invertebrates from Lake Ontario, 

Canada, variations in Hg concentrations have been found with respect to seasonality, where 

concentrations tended to increase in spring and decrease in summer for most organisms. The values of 

the slope of increase for the seasons showed variations between 0.17 and 0.24 and 0.2 throughout the 

year. The biomagnification trend was observed especially in fish as a function of seasonal variation 

(Zhang et al., 2012). 

 

Lipid content, trophic level, body weight and benthic connection explained total mercury (THg) and 

MeHg concentrations by 77.4 and 80.7%, respectively, in marine nets (plankton, invertebrates, fish and 

seabirds) from the Gulf of St. Lawrence, Canada. Both THg and MeHg biomagnified with a slope 

(slope of the δ
15

N ratio) of 0.17 for Hg and 0.23 for MeHg. The excess concentrations were more 

evident in pelagic and benthopelagic species as opposed to benthic species. This indicates that Hg may 

be readily bioavailable to benthic organisms (Lavoie et al., 2010).  

 

Lates research has indicated that speciation, food preference, ecological seasonality and 

physicochemical characteristics (e.g. total phosphorus and total nitrogen) are among those typical 

factors with substantial influence on Hg biomagnification in temperate environments. Furthermore, the 

slope of increasing Hg concentrations in large high-latitude lakes follows a pattern consistent with 

global biomagnification rates (Chen et al., 2008; Jæger et al., 2009; Kidd et al., 2012; Zhang et al., 

2012). For example, in estuarine environments of Masan Bay, southeast coast of Korea, THg and 

MeHg concentrations (%MeHg) ranging from 9.57 to 195 and 2.56 to 111 ng/g dry weight (dw) (12-
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86%) have been recorded in benthic invertebrates. In addition, benthic fish THg and MeHg (%MeHg) 

concentrations ranged from 10.8 and 618 ng/g and 2.90 and 529 ng/g dw (23–94%), respectively. The 

trophic magnification factor (TMF),  expressed as the slope of the linear regression of contaminant 

concentrations on δ
15

N values,  were higher for benthic organisms, with values of 0.12 for THg and 

0.17 for MeHg. The increase in concentrations was attributed to the physicochemical and biological 

characteristics of the ecosystem (Kim et al., 2012). In contrast, in Laizhou Bay northern China, weight 

and ecotype were the factors that were related to Hg concentrations along the assessed food web 

(plankton, fish and invertebrates), and the TMF for MeHg and THg were 2.09 and 1.69, respectively 

(Cao et al., 2020). In general, the slope of biomagnification can vary with respect to climatic 

conditions. For example, it has been reported that the biomagnification rate is higher in cold 

ecosystems with low productivity. On average, the trophic magnification slope (TMS) for THg is 3.7 ± 

0.8 and 3.8 ± 0.8 for MeHg. MeHg gain in freshwater food webs is 1.5 times higher than THg and 

shows increase with respect to dissolved organic carbon and decrease with total phosphorus and 

atmospheric decomposition (Lavoie et al., 2013). However, estimates of biomagnification for THg and 

MeHg have been shown to be higher in higher as opposed to lower latitude environments (Al-Reasi et 

al., 2007; Campbell et al., 2005; Lavoie et al., 2013; Poste et al., 2015; Seco et al., 2021). But 

variations in the values of increasing slope at higher trophic levels require further clarification among 

ecosystems of the world (Lavoie et al., 2013; Sun et al., 2020). Figure 2 shows the global variation of 

the slope of trophic increment in temperate and tropical systems. 

 

 

Fig. 2. Global variation of the increase of THg and MeHg in different environments and trophic 

structures. a = fish food web. b = foob web made up of fish and other species. c = complex foo web 
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without the presence of fish. Concentrations are presented as mean ± standard deviation. Source: 

inspired in Lavoie et al., (2013). 

 

A recent study reported that in food webs composed of marine macroinvertebrates, fish and seabirds 

from western Patagonia and the western Antarctic Peninsula, the slope of trophic increase increased 

when seabirds and marine mammals were excluded (0.13 to 0.22). Suggesting that the composition of 

the food web structure had an important influence on Hg biomagnification (Chiang et al., 2021). In 

general, it has been indicated that Hg may be biomagnifying at similar rates in the Great Lakes, and the 

slopes of increase appear to be consistent among different antarctic, tropical and temperate ecosystems. 

For example, in a pelagic Artic marine foodd web (Baffin Bay) the slope is 0.22 (Campbell et al., 

2005), similar than in the tropical african Lake Tanganyka 0.22 (Campbell et al., 2008, 2005), in the 

tropical colombia Ayapel marsh 0.20 (Marrugo-Negrete et al., 2018), or in the  Bay of Fundy located in 

the Gulf of Marine 0.20 (Harding et al., 2018) and Gulf of St. Lawrence 0.24 (Lavoie et al., 2010). In 

addition, the rate and power of MeHg biomagnification in tropical, subtropical, temperate and Arctic 

aquatic ecosystems is also favored by the methylation capacity possessed by some gut microbes present 

in zooplankton and by some methanotrophic bacteria contributed by invertebrates and fish (Harding et 

al., 2018; Pouilly et al., 2013).  

 

Temperature is also another environmental factor that can explain Hg concentrations in food chains. In 

this regard, it has been suggested that there are several mechanisms that are related. One of them, and 

the most relevant, is that at warmer temperatures greater stimulation of the growth of aquatic 

organisms, and a lower amount of Hg per unit of body mass, unlike cold temperatures, in which growth 

is often suppressed. This suggests that the growth rate could modulate Hg concentrations (Lavoie et al., 

2013; Poste et al., 2015; Simoneau et al., 2005; Tadiso et al., 2011). The influence of biological 

(morphological structure) and environmental (O2 and pH) characteristics on Hg biomagnification has 

also been reported, as they are factors influencing Hg assimilation and mobility especially in 

macrofauna (Jędruch and Beldowska, 2020). For example, the age, sex, rapid growth of animals, as 

well as ontogenetic changes in diet, can affect MeHg concentrations. This is in part due to the fact that 

organisms as they reach maturity need to consume larger prey, which typically represents an increase in 

MeHg concentrations from the consumption of large contaminated prey (Chételat et al., 2020).  
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This supports the hypothesis that MeHg concentrations in aquatic food webs in general are the result of 

the combination of ecological dynamics influencing dietary exposure and physiological processes 

responsible for assimilation, transformation and elimination, and environmental factors particular to 

each area with an impact on contaminant mobility (Chételat et al., 2020; Jędruch and Beldowska, 2020; 

Kwon et al., 2012; Lemos-Bisi et al., 2012; Souza et al., 2020). Additionally, it has been suggested that 

in temperate freshwater lakes the level of sulfate in the water can enhance biomagnification, as it can 

have a strong, almost direct effect on Hg methylation (Gentés et al., 2021). However, in both temperate 

and tropical systems the level of bioaccumulation and biomagnification may be more dependent on the 

joint influence of temperature (warm), productivity (e.g. total phosphorus) of the ecosystem, food 

availability and the high influx of Hg-enriched organic matter (Al-Reasi et al., 2007; Clayden et al., 

2015; Gentés et al., 2021; Jędruch et al., 2019; Kozak et al., 2021). This suggests that the drivers of Hg 

biomagnification in aquatic ecosystems in general are complex, diffuse, and point-wise at the same 

time (Azevedo et al., 2021; Clayden et al., 2013; Lescord et al., 2014; Murillo-Cisneros et al., 2019; 

Omara et al., 2015).  

 

4.2. Arsenic 

 

The presence of As in the aquatic environment is also a time bomb that threatens wildlife and human 

health (Kato et al., 2020). In marine and freshwater systems As is present as a mixture of arsenic and 

arsenate. The latter is the most prevalent As species in aquatic ecosystems (Cutter et al., 2001). 

However, little is known about trophodynamics in freshwater systems in particular (Caumette et al., 

2012; Huang, 2016; Kumari et al., 2017; Tu et al., 2011; Yang et al., 2020). Naturally As 

concentrations in aquatic environments (rivers and lakes) range from less than 0.5 μg L
-1

 to more than 

5000 μg L
-1

. In freshwater systems typical concentrations are less than 10 μg L
-1

 and often less than 

1μg L
-1

. In addition, concentrations are determined by the availability, source and geochemistry of the 

water body (Azizur Rahman et al., 2012; Smedley and Kinniburgh, 2002). It is well known that 

periphyton and phytoplankton are the main food source for many organisms. But they also play an 

important role in As biotransformation, which favors biomaccumulation and trophic transfer (Azizur 

Rahman et al., 2012; Lopez et al., 2016). Excessive concentrations have often been reported in 

polychaetes, crustaceans and algae (Farías et al., 2007; Hayase et al., 2010; Waring and Maher, 2005). 

For example, concentrations between 4.70-5.65 µg g
-1

 have been found in the crustacean species 

Aristeomorpha faliacea (Hayase et al., 2010), polychaetes Tharyx marioni 1.5-2739 μg arsenic/dry 
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mass (Waring and Maher, 2005) and in algae Myriogramme sp 5.8 µg g
-1

, Himantothallus grandifolius 

152 µg g
-1

 (Farías et al., 2007). 

 

Regarding the potential for biomagnification in food webs, a variety of drivers have been reported, and 

also many of the results on bioaccumulation and biomagnification are inconsistent especially when it 

comes to demonstrating increased concentrations from algae to zooplankton, and from zooplankton to 

forage fish to predatory fish (Azizur Rahman et al., 2012; Kato et al., 2020; Maher et al., 2011; Majer 

et al., 2014). It has been reported that in freshwater systems the concentration level is related to the rate 

of biodilution as opposed to marine, which is more associated with the enrichment of the organic form 

(arsenobetaine) and the degradation of foods with high arseno-sugar contents (Caumette et al., 2012; 

Huang, 2016; Kirby et al., 2002). In marine nets in Daya Bay, China, low concentrations of As were 

recorded in pelagic organisms as opposed to benthic organisms (Du et al., 2021). At high trophic levels 

(fish, shrimp, crabs and cephalopods) concentrations were lower in pelagic dietary fish in summer and 

higher for benthic fish in winter. This suggests that the transfer, bioaccumulation and biomagnification 

potential of As in marine environments may be favored by benthic habits and environmental factors 

(Du et al., 2021). In addition, it has been indicated that the negative effects may be greater in organisms 

with low trophic positions, possibly due to the effect of As biodilution along food webs (Hayase et al., 

2010; Trevizani et al., 2018). 

 

In deep waters of Sagami Bay, Japan in marine nets consisting of fish, crustaceans and zooplankton, 

low concentrations of total As were recorded in bottom fish (23.6 ± 14.6 μg g
-1

; p < 0.05), pelagic fish 

(8.50 ± 5.66 μg g
-1

) and zooplankton (8.93 ± 2.70 μg g
-1

). Concentrations were also significant in 

crustaceans (17.0 ± 7.63 μg g
-1

; p < 0.05). In addition, a significant increase in lipid-soluble As 

concentrations was observed especially in pelagic organisms. On the contrary, total As and 

arsenobetaine were biodiluted along the food web (Hayase et al., 2010). In tropical mangrove systems 

in southern Vietnam, biomagnification of As in food webs consisting of fish, crustaceans, octopods, 

plankton and cephalopods has also been reported. An increase in the slope of lipid-soluble As (0.13) 

and arsenobetaine (0.10) was observed indicating significant biomagnification in this food web (Tu et 

al., 2011). On the other hand, in the Derwent Estuary, south west of Tasmania, significantly higher high 

concentrations have been reported in seabirds with food preference in the lower part of the food web. 

Haematopus longirostris (1.67 ± 0.99 μg g
-1

), Phalacrocorax fuscescens (1.2 ± 0.8 μg g
-1

) and Cygnus 

atratus (1.0 ± 0.5 μg g
-1

). These results account for the possible influence of feeding zone in 
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modulating concentrations at higher trophic levels (Einoder et al., 2018). In other key predators such as 

marine turtle Eretmochelys imbricata, age may be a factor in helping to understand excess 

concentrations; however, accumulation may be species-specific (Agusa et al., 2008). In addition, 

bioaccumulation and biomagnification tendency may vary with respect to the type and complexity of 

the food web (Dovick et al., 2015; Huang, 2016; Waring and Maher, 2005). High concentrations in 

some predators is not necessarily linked to trophic position and feeding habit, as retention capacity, 

assimilation, metabolization and exposure time may play an important role in bioaccumulation and 

biomagnification (Kirby et al., 2002; Maher et al., 2011). In general, the physiology, food preference 

and metabolic capacity of organisms are the fundamental factors that explain and help to understand 

the trophodynamics and biomagnification of As in aquatic food webs (Kato et al., 2020; Kirby et al., 

2002; Pouil et al., 2020). However, some authors have indicated that As does not biomagnify in the 

same way as Hg. This means that unresolved questions remain around trophodynamics, biocumulation 

and biomagnification particularly in freshwater systems (Furtado et al., 2019; Yang et al., 2020). 

 

4.3. Selenium   

 

Despite being an essential element excess concentration can cause adverse effects on biota (Jasonsmith 

et al., 2008; Savery et al., 2013). In the aquatic environment Se is introduced by plankton in particulate 

form, and therefore it is incorporated into organic matter and transferred from invertebrates to fish 

(Schneider et al., 2015). Globally, there is a growing interest in elucidating the results of Se and Hg 

interaction in aquatic ecosystems, as Se has been reported to exert a reducing effect against MeHg 

toxicity  (Azad et al., 2019; Bjerregaard & Christensen, 2012; Burger et al., 2013b; Burger & Gochfeld, 

2013a). Chemically, it is well known that Se has a significant affinity for Hg and is capable of exerting 

neutralizing action on the effects of MeHg. This action is usually indicated by the Se:Hg molar ratio, 

where ratio values greater than 1 indicate potential protection against Hg toxicity (Arcagni et al., 2017; 

Jasonsmith et al., 2008; McCormack et al., 2020; Økelsrud et al., 2016; Savery et al., 2013).  

 

Often this molar ratio in food webs composed of pelagic fishes has variations in content ranging from 

0.10 to 2.25. Probably the contents and variations may be related to ecological dynamics, variety in diet 

(Kaneko and Ralston, 2007) and geography of the territory (Azad et al., 2019). For example, it has been 

reported that in Physeter macrocephalus (sperm whale), a species of high trophic level and wide 

distribution, global Se concentrations are higher than those of Hg with a mean Se:Hg molar ratio of 
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59:1 (Savery et al., 2013). Furthermore, Hg:Se 1:1 molar ratios have been reported in several 

odontocete species, indicating that Se may be generating a protective effect against Hg toxicity in these 

large ocean mammals (McCormack et al., 2020). For fish, significant levels of Se have generally been 

found to correlate with length, and it is suspected that fish greater than 50 cm in length are less likely to 

be beneficiaries of the reducing effect as opposed to smaller fish (Burger et al., 2013b). 

 

In relation to factors influencing biomagnification, trophic structure and diet have been reported to be 

key factors that help to understand trophodynamics, accumulation and biomagnification along food 

webs (Arcagni et al., 2013; Schneider et al., 2015). Studies have indicated that in networks composed 

of plankton, algae, invertebrates, macrophytes and fish, Se only biomagnifies in fish and its 

biomagnification potential could be related to the complexity of the food web (Arcagni et al., 2013; 

Jasonsmith et al., 2008; Mann et al., 2011; Økelsrud et al., 2016). However, it has been expected that 

biomagnifying potential is more evident in freshwater lakes and depends on the species chemistry 

(Arcagni et al., 2013; Dang and Wang, 2011; Jardine et al., 2006; Schneider et al., 2015). For example, 

in complex food webs (plankton, macroalgae, benthic microalgae, invertebrates, detritus, seagrasses, 

epiphytes and fish) from Lake Macquarie (New South Wales, Australia), Se concentrations ranged 

from 0.2 μg g
 -1

 (macroalgae) to 12.9 μg g
 -1 

 in predatory fish and a mean magnification factor of 1.39 

per trophic level, indicating a significant biomagnification. Feeding site in conjunction with habitat 

were the factors that may explain the magnification (Schneider et al., 2015). 

 

The variety in the food diet in conjunction with the size, age and weight of the fish had an influence on 

the biomagnification of Se in nets of goldfish (Coryphaena hippurus) in the Gulf of California, Mexico 

(Bergés-Tiznado et al., 2019). Values of Se:Hg molar ratios are 3.7 in muscle and 697.1 in gonads). 

Smaller fish did not show biomagnification (<80cm fork length), while larger ones (>90cm fork length) 

showed percentages of 100% for Hg and 65% for Se. Biomagnification has also been reported in 

sailfish (Istiophorus platypterus) nets in the eastern tropical Pacific one of the most productive oceans 

in the world, where Se:Hg molar ratios are higher than one. Maximum Se concentrations in kidneys 

(14.1±1.9 μg g
 -1

) and minimum in muscles (0.67± 0.03 μg g 
-1

 ) were recorded indicating 

biomagnification of both elements in this food web (Bergés-Tiznado et al., 2015). Se and Hg 

concentrations showed variations between 0.41 mg Se kg
-1

 and 0.06 mg Hg kg
-1

 in invertebrates and 

2.9 mg Se kg
-1

 and 3.6 mg Hg kg
-1

 in fish. The TMF for Se was 1.29 and 4.64 for Hg, indicating that 

both elements biomagnified through the network (Økelsrud et al., 2016).  
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5. Effects on aquatic biota  

 

Metal(loid)s contamination is undoubtedly a threat to wildlife and humans (Ruffle et al., 2019; 

Rumbold et al., 2018; WHO, 2017). This consideration becomes particularly relevant insofar as the 

effects on organisms lead to significant alterations of ecological and biological processes as a 

consequence of affecting habitat quality (Abbasi et al., 2015; Cobbina et al., 2015; Di Cesare et al., 

2020).  

 

5.1. Fish 

 

Fish are one of the most impacted species by pollutants due to their relatively high trophic position in 

the aquatic ecosystem (Martins et al., 2020; Gray, 2002). One of the main effects of As is enzymatic 

reduction, hyperglycemia, and it substantially impacts the immune system (Kumari et al., 2017). In 

excess concentrations, Hg increases the risks of adverse effects among them: induction of 

teratogenensis, decrease in reproductive capacity, damage to tissues, genes, proteins and an apparently 

simple effect, no less important, is the effect on the ecological behavior (Zheng et al., 2019). In relation 

to Se, the concentrations alone are not a serious problem for these organisms, however, when reacting 

with other metals, in particular Hg, which is very commno, it can negatively impact the reproductive 

system in almost all aspects e.g. decreased survival embryo and fertility, overall reproductive success 

(Jasonsmith et al., 2008; Mann et al., 2011; Penglase et al., 2014), blood changes, reduced growth and 

mortality increase of juveniles (Fernández-Trujillo et al., 2021). 

 

5.2. Birds 

 

The bioaccumulation of Hg in seabirds and waterbirds species is also worrisome, because it affects the 

flight capacity and the health status of birds with different feeding habits (Ullah et al., 2014; Whitney 

and Cristol, 2017). This effect occurs because Hg has a high affinity to keratin in feathers and 

ramphoteca, rich in sulphur-containing amino acids (L-cysteine) (de Medeiros Costa et al., 2021). In 

this sense, blood Hg levels are influenced by feather growth and moulting (Condon and Cristol, 2009), 

therefore, depuration occurs more rapidly in molting birds and reduction of Hg concentrations can be 

up to 90% of the concentrations in the blood during the molting process (Whitney and Cristol, 2017). 
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In contrast, in seabirds (e.g. Rissa tridactyla) Hg can affect gonadotropin-releasing hormone (GnRH) 

responsible for the release of sex steroids, compromising reproductive success in both sexes (Tartu et 

al., 2013). When considering the toxic effects of Se on birds, it is probably known that it can affect 

reproductive success due to weight reduction, egg hatching, deformities (e.g. defect of the beak, eyes, 

microphthalmia and anophthalmia) and induce hydrocephalus (Heinz et al., 1987). In relation to the 

effect of As, it has important effects on the health status of organisms, thus producing hematological 

effects (e.g. reduction in the production of red blood cells and hematocrits) (Geens et al., 2010) and 

endocrine disruption (Neff, 1997).  

 

5.3. Marine mammals 

 

The available literature on toxic effects on marine mammals appears to be less common compared to 

that available for other organisms. However, studies show that Hg toxicity produces adverse effects in 

this species that include damage to the reproductive, nervous and excretory systems (Wolfe et al., 

1998). One of the most common effects of As reported in these animals is the induction of homeostasis 

imbalance (Ventura-Lima et al., 2011). Additionally, it is evidenced that inorganic As can act as an 

endocrine disruptor (Kunito et al., 2008). Finally, a study reports that excess Se concentrations together 

with inadequate intake of vitamins and pro-oxidants can induce the development of cardiomyopathy, 

significant damage to the heart muscle, which makes these animals prone to heart attack, however, 

within all the mammalian species, the pygmy sperm whale (Kogia breviceps) is the most vulnerable to 

suffer from this type of disease (Bryan et al., 2017). In general, toxic levels of Se have been shown to 

cause deformities not only in this group of animals, but also in birds and fish. In addition, 

concentrations can be transferred from parents to progenitors by two routes: by biological mechanisms 

(during embryonic development) and by feeding habits (Se-rich prey) (Johnson et al., 2020). Although 

it was not the main objective of this study, in Table 2 we list some taxonomic groups (fish, marine 

mammals and birds) where metal(loid)s contamination compromises their conservation. 

 

Table 2. Overall conservation status of some species (fish, birds and marine mammals) reported in the 

reviewed studies. 

Organisms Common 

name 

Scientific name Country *Category 

(IUCN) 

Reference 
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Fish Yellow fin 

bream 

Acanthopagrus 

australis 

Australia LC Barwick & Maher, 

2003 

 Eastern 

gambusia 

Gambusia 

holbrooki 

 LC Jasonsmith et al., 

2008 

 Bonylip barb Osteochilus 

microcephalus 

Vietnam  LC Ikemoto et al., 2008 

 Bigeye lates Lates mariae Africa VU Campbell et al., 2008 

 Electric eel Malapterurus 

electricus 

 LC  

 Walleye Sander vitreus Canada LC Zhang et al., 2012 

 

 Golden carp Carassius auratus  Colombia LC Marrugo-Negrete et 

al., 2018 

 Catfish Clarias gariepinus  LC Marrugo-Negrete et 

al., 2008 

 Barbitetra Curimata mivartii  NT  

 Shovelnose 

guitarfish 

Pseudobatos 

productus 

Mexico NT Murillo-Cisneros et 

al., 2019 

 Atlantic cod Gadus morhua  Canada VU Harding et al., 2018 

 Red seabream Pagrus major Korea LC Kim et al., 2012 

 Small puyen Galaxias 

maculatus 

Argentina LC Arcagni et al., 2017 

 Bloater Coregonus hoyi EE UU VU Omara et al., 2015 

 Shortjaw cisco Coregonus 

zenithicus 

 VU  

 Argentine 

anchovy 

Engraulis anchoita  Brazil NT  Lemos-Bisi et al., 

2012; Martins et al., 

2020 

 Banded croaker Paralonchurus 

brasiliensis 

 LC  

 Lingua-de- Symphurus  LC  
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mulata tesselatus 

      

 Guitarfish Pseudobatos 

horkelii 

Brazil CR Martins et al., 2020 

Birds Long-tailed 

duck 

Clangula hyemalis  Canada VU Clayden et al., 2015 

 Blacklegged 

kittiwake 

Rissa tridactyla  Canada VU Campbell et al., 2005 

 Black 

guillemot 

Ceppus grylle  LC  

 Ivory gull Pagophilia 

eburnea 

 LC  

 Gull Larus hyperboreus Norway LC Jaeger et al., 2009  

 Great tists Parus major Belgium LC Geens et al., 2010 

 Ringed seals Phoca hispida  LC  

Marine 

mammals 

Walrus Odobenus 

rosmarus 

 VU  

 Fin whales Balaenoptera 

physalus 

 VU Harding et al., 2018 

 

 Minke whales Balaenoptera 

acutorostrata 

 LC  

 Sperm whale Physeter 

macrocephalus 

 VU Savery et al., 2013 

*Category IUCN: International Union for Corservation of Nature: CR= critically endangered, LC = 

least concern, VU = vulnerable,  EN= endangered, NT= near threatened. Categories are assigned 

according to information reported in the Red List database  

(https://www.iucnredlist.org/search?query=Phoca%20hispida&searchType=species) 

 

Conclusions  

 

We investigated drivers of biomagnification of Hg, As and Se in aquatic food webs. It is evident that 

the biomagnification potential of Hg is higher than that of As and Se. The latter two do not biomagnify 
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in the same way as Hg. The results suggest that the biomagnification of these elements does not only 

depend on the level of concentration accumulated by the organisms, because the biology together with 

the ecology and physiology of the organisms can influence the biomagnification process. Furthermore, 

the complexity of the trophic structure and some environmental factors such as latitude and 

physicochemical characteristics of the waters (e.g. total phosphorus, oxygen, pH and total nitrogen) 

may also play an important role in the biomagnification of Hg in particular.  

In general, it would be necessary to determine the strictly biological and physiological factors that lead 

to the biomagnification of these elements, since the influence of these factors seems not to be fully 

documented, especially for As and Se. There also seems to be a deficit of information revealing the 

possible incidence of environmental temporalities on the increase of As and Se concentrations through 

food webs.  

 

From the biological point of view, the factors that should have priority are the influence of the growth 

rate of the different species and the influence of age, exposure periods and the metabolic processes of a 

given species on the modulation of As and Se concentrations, especially. These ideas are identified to 

the extent that it may be necessary to update and adjust the data we have in this regard and to generate 

broader and more reliable predictions of trophic rates of increase based on these variables. Finally, we 

suggest that biomagnification be incorporated into environmental management policies, mainly in risk 

assessment, monitoring and environmental protection programs. 
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Highlights: 
 
- The drivers of biomagnification of Hg, As and Se in aquatic food webs were 
investigated 
- Mercury has the highest biomagnification potential, whereas Se mitigate its toxicity 
- Biomagnification depends on the biology, ecology and physiology of the organisms 
- More info on biological and physiological factors for As and Se is needed  
- Biomagnification data should be incorporated into environmental management 
policies 
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