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Abstract Many factors influence metal speciation in

freshwaters. Metal species that are more soluble are con-

sidered more bioavailable and toxic. However, evaluation

of metal speciation in waters is a complex task. Moreover,

the quantification of total and dissolved metals is not suf-

ficient to determine toxic effects on the biota. Here, we

review environmental parameters that influence metal

bioavailability: mathematical models to predict toxicity,

and the biological tools used to evaluate contamination in

freshwaters ecosystems. The major points are the follow-

ing: (1) we discuss many ‘‘exceptions’’ of chemical

parameters that are deemed to increase metal bioavail-

ability or to protect against metal uptake, such as pH and

water hardness. We provide evidence of organisms and

environmental conditions that break these rules and there-

fore should be considered when predicting impairment by

metals. (2) We discuss the advances in mathematical

modelling as a proxy to metal toxicity. (3) We discuss

advantages and limitations of using multiple biological

tools to assess toxicity, such as the use of biomarkers and

microorganisms, zooplankton, benthic macroinvertebrates

and fish communities. Biomarkers are efficient in detecting

low concentrations of metals in a short-term exposition.

Changes on biological community structure and composi-

tion are good tools to detect high metal concentration or

chronic concentration in a long-term exposition. The use of

multiple tools including chemical analyses and a set of

biological indicators is recommended for a more accurate

evaluation of metal impacts on freshwater systems.

Keywords Metal speciation � Biological responses �
Models to predicting metal toxicity � Bioindicators �
Biomonitoring � Biomarkers

Introduction

The basic principle of toxicology states that any substance

can be toxic and the level of toxicity is dependent on the

administered dose (Paracelsus, 1493–1541). The toxicity of

metals does not depend only on the exposure dose, but also

on chemical and physical speciation. Knowledge of the

speciation of metals in water is essential in determining

their potential toxicity and mobility in the environment

(Forsberg et al. 2006; Ospina-Alvarez et al. 2014).

The term speciation refers to the occurrence of an element

in different forms in a system (Templeton et al. 2000). The

factors that influence the speciation of metals in freshwater

ecosystems include: (1) ionic strength of the medium, (2)

hardness of the water, (3) presence of organic matter, (4) pH,

(5) redox potential and (6) its valence state. The combined

action of all these factors could favour the formation of dif-

ferent metal species, resulting in a toxic metal with a higher or

lower bioavailability (Bjerregaard and Anderson 2007).
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Programa de Pós-graduação em Quı́mica, (UERJ)/Laboratório de
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Laboratório de Tecnologia Ambiental, Instituto de Quı́mica -

Programa de Pós-graduação em Quı́mica, UERJ, R. São

Francisco Xavier 524 - Maracanã, Rio de Janeiro,
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Analysing metal concentrations of the water body or

sediment is not sufficient to determine its toxicity. Adding

biological effects to chemical knowledge provides a more

effective diagnosis of environmental conditions (Munné

et al. 2012). Several biological factors influence the bio-

availability of metals, e.g. the route of exposure, the

mechanism of sequestration and transport of metals by

organic ligands and the exposed organism (Vijver et al.

2004; Wang and Rainbow 2008). In metal ecotoxicology,

the term bioavailability has two meanings, one environ-

mental and other toxicological. In the environment, bio-

availability corresponds to the metal that is available for

capture by a living organism and is integrated into its

metabolic processes. Toxicological bioavailability is

defined as the fraction of the concentration of the metal that

is absorbed and/or adsorbed by the body. The assimilated

fraction interacts with receptors and physiological sites

fundamental to the body’s metabolism, triggering toxic

effects (Rainbow and Luoma 2011).

For aquatic animals, metal exposure can occur through

two basic routes: by direct absorption through water and/or

by feeding. For predators, such as some species of fish,

amphibians and invertebrates, and animals that feed on

debris, feeding is the primary route of exposure and accu-

mulation of metals (Wang 2013). Although numerous

studies have attempted to establish toxicokinetics of metals,

the concentration accumulated in tissues of exposed animals

is frequently not correlated to toxic effects. Inside the body,

metals may chelate with various ligands, permanently or

temporarily, leaving them not bioavailable to interfere in the

metabolism (Wang 2013). Thus, it is difficult to estimates

the toxic effect based on environmental or bioaccumulated

concentrations. Due to the complexity of establishing tox-

icokinetic patterns, the use of biomonitoring tools, such as

biomarkers and bioindicators, has proven to be a simpler

and consistent methodology in determining environmental

condition. It can be used as a tracking mechanism of toxicity

and as an assessment tool for the toxicological impact of

metals (da Cruz et al. 2007). Biomarkers are defined as a

xenobiotically induced variation in cellular or biochemical

components or processes, structures or functions that are

measurable in a biological system or sample (Henderson

et al. 1987). Bioindicators are defined as species or group of

species that readily reflect the abiotic or biotic state of an

environment, representing the impact of environmental

change on a habitat, community or ecosystem or is indica-

tive of the diversity of a subset of taxa or the whole diversity

within an area (Gerhardt 2000). Biomonitoring the use of

biological responses to asses and monitor the environmental

health can be accomplished in situ through the investigation

of aquatic biota, or in the laboratory, by applying micro-

cosm techniques or acute and chronic toxicity bioassays (da

Cruz et al. 2007).

This review aims to elucidate the key environmental and

biological factors that contribute to metal toxicity,

addressing the complexity of the formation of metal spe-

cies in the aquatic environment and the importance to use

both chemical and biological data in this assessment. This

paper is divided into three parts. First, we discuss chemical

interactions between metals and metalloids Ag?, Al3?,

Cd2?, Cr3?, Cr6?, Cu2?, Hg2?, methyl-Hg, Pb2?, Ni2? and

Zn2? and various environmental parameters that influence

its chemical speciation, solubility and bioavailability.

Second, we analyse the usefulness and limitations of

mathematical models that have been used to predict tox-

icity. Third, we examine biological responses triggered in

exposed organisms and the use of these responses as bio-

logical tools to assess toxicity effects.

Solubility, speciation and bioavailability of metals

In the freshwater environment, metals produce aggregates

of different sizes. Nystrand et al. (2012) divide metals into

three fractions: dissolved (\1 kDa), colloidal (between

1 kDa and 0.45 lm) and particulate (higher than 0.45 lm).

The dissolved form is the most mobile and bioavailable and

is generally the most toxic fraction. However, part of these

dissolved metal ions may react with the sediment by

adsorption, ion exchange with clay minerals and/or for-

mation of complexes with oxyanions (Fig. 1a), which

become less bioavailable (Bjerregaard and Andersen

2007). Colloids may behave in some respects as soluble

matter—being more bioavailable and consequently being

toxic to living organism—and in others as less soluble,

therefore, not being directly available for microorganisms

(Koukal et al. 2007). Colloids are effective in binding to

trace metal, reducing the concentration of free molecules

and its corresponding toxicity, but at the same time they

can increase the bioavailability for specific organisms, e.g.

filter-feeding organisms (Weltens et al. 2000). Metals

associated with larger particles (\0.7 lm) are progres-

sively concentrated in sediments, which act as temporary

reservoirs (Vignati et al. 2006). Larger particles are gen-

erally not available to the biota, but modifications in water

chemistry, e.g. increased salinity, reducing conditions, low

pH and the presence of complex organic compounds

(Fig. 1b), can cause its resolubilization (Butler et al. 2008;

Bjerregaard and Andersen 2007; Gunkel-Grillon et al.

2014).

Influence of pH and redox potential on metal toxicity

The pH is probably the single most important variable that

influences the behaviour of metals in the environment

(USEPA 2007). The pH determines the degree of
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hydrolysis, polymerization, aggregation and precipitation,

and proton competition for available ligands (Smith 2009).

Generally, low pH induces the dissociation of metals, thus

increasing their solubility, and consequently their toxicity,

whereas in alkaline pH, metals precipitate as oxides and

hydroxides, except for those consisting of alkali metal

hydroxides, Al3? and Ba2? (Fig. 1b, c), becoming less

bioavailable and less toxic (Cornelis and Nordberg 2007).

Wilde et al. (2006) studying algae observed that lower pH

increased the toxicity of Cu2? and Zn2?. However, even

being more soluble and bioavailable in acid pH, metals in

some occasions can be less toxic in low pH, e.g. toxicity of

Cd, Ni and Zn was lower at pH 6.3 for Ceriodaphnia dubia,

Pimephales promelas and Hyalella azteca (Schubauer-

Berigan et al. 1993); more toxic in alkaline conditions, e.g.

toxicity of Cd, Ni and Zn was greater at pH 8.3 for C.

dubia, P. promelas and H. azteca (Schubauer-Berigan et al.

1993) and Pb2? for fish (Grosell et al. 2006); or the pH can

have no influence on metal toxicity, e.g. Cd2? for fish

(Niyogi et al. 2008). Due to the competition between H?

and metal at the gill surface, in low pH, H? may protect

against metal uptake, while in higher pH there is a reduced

competition with H?, and thus, ionic metal is more avail-

able for uptake by the gill, despite a lower fraction of metal

being available in the environment (Grosell et al. 2006;

Niyogi et al. 2008).

Some metal species are strongly influenced by the redox

potential. Under oxidizing conditions and above pH 5.5,

Cr, Cu, Hg, Mn and Fe react with water producing low

solubility oxides and hydroxides. In reducing conditions,

e.g. low concentration of dissolved oxygen, and pH\7, the

solubility of metals increases by promoting soluble cations,

thus favouring low oxidation number cations, for example,

Fe2? instead of Fe3? (Weiner 2000). Metals Al3?, Ba2?,

Cd2? and Zn2? are not sensitive to oxidation and do not

change their oxidation state under reducing conditions. The

formation of oxides and hydroxides of these metals is

correlated with pH (Weiner 2000).

Influence of water hardness on metal toxicity

Higher water hardness is generally associated with lower

metal toxicity (Saglam et al. 2013). Ions Ca2? and Mg2? in

the form of carbonates compete with other divalent metal

ions for organisms’ binding sites (Kozlova et al. 2009),

functioning as blockers to the entry of metals in cells.

Calcium ion also decreases gill permeability to ions, by

binding to gill surfaces giving them a positive charge that

repels other cations (McWilliams and Potts 1978). Water

hardness associated with factors such as alkalinity and

dissolved organic matter can change the speciation of

metals and thus their toxicity (Heijerick et al. 2003) and

bioaccumulation (Franklin et al. 2005). Some studies have

shown that high water hardness has a more significant

effect on acute toxicity than on chronic toxicity. That was

observed for Zn toxicity for fish and invertebrates (De

Fig. 1 Metal (M*) distribution

between water and sediment and

interference factors in

solubility. 1 and 2 are

exceptions for some metals as

described in the text. Boxes with

letters represent the steps

mentioned in the text. Malk—

Alkali metals. MalkEar—

Alkaline earth metals
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Schamphelaere et al. 2005) and for Cu toxicity for Daphnia

(De Schamphelaere and Janssen 2004). Also, there are

metals that are more influenced by Ca2? than Mg2? con-

centration because they compete with Ca2? ligands, such

as, Cd2?, Zn2?, Pb2? and Co2?, so higher concentration of

Ca2? function as a protection factor, decreasing the toxicity

(Niyogi and Wood 2004; De Schamphelaere and Janssen

2004).

Influence of alkalinity and salinity on metal toxicity

Water alkalinity is primarily determined by carbonate,

bicarbonate and hydroxide ions. Phosphates, borates and

silicates also contribute to alkalinity levels, although to a

lesser extent. Higher water alkalinity decreases the toxicity

of metal ions either by active surface competition for

binding sites in tissues (Santore et al. 2001) or by reducing

their concentration through the formation of precipitates

that are insoluble (metal carbonates and phosphates, except

those consisting of alkali and alkaline earth metals, Fig. 1c)

(Cornelis and Nordberg 2007). This reduction in toxicity is

more efficient in environments with higher salinity levels

because the concentration of carbonate species increases

with higher ionic strength. Additionally, higher salt con-

centration usually acts interfering on metal ions through the

formation of metal complexes with anions, such as CdCl?

or CdCl3
-, forms that are less available for microbiota,

reducing metals toxicity (Cornelis and Nordberg 2007).

Influence of inorganic ions on metal toxicity

Most metals have high affinity to oxygen and sulphur ions,

and thus, chemical forms of metals most commonly found

in nature are binary compounds of oxide or sulphide. For

example, hexavalent chromium is usually associated with

oxygen, producing oxyacids like chromate ions (CrO4
2-)

or dichromate (Cr2O7
2-) (Singh et al. 2013). These forms

are more soluble and more toxic for the aquatic biota than

trivalent chromium, which is usually found in the form of

insoluble oxides, hydroxides and phosphates that are

preferably associated with the organic matter of sediments

(Cervantes et al. 2001).

Soluble forms of metals have a greater potential to cause

toxicity because they are more bioavailable. Generally,

nitrates, acetates and all halides are soluble, except for

some formed by Ag?, Hg2? and Pb2? (Fig. 1d). Many

metal sulphates are soluble, with the exception of Ba2?,

Sr2? and Pb2?. In addition, Na? and K? salts are also

soluble, with the exception of sodium antimony, potassium

hexachloroplatinate and potassium cobaltinitrite (Fig. 1d)

(Cornelis and Nordberg 2007).

The presence of phosphates, chlorides, sulphates and

arsenates in water can cause the precipitation of metals,

reducing its availability to organisms (Fig. 1e). Chloride

(Cl-) produces inorganic complexes in the environment,

even at low concentrations (0.01 mol�L-1). The resulting

chlorine complex may interfere with the toxicity of metals.

For example, high concentrations of Cl- decrease toxicity

of Cu2?, cause no interference in toxicity of Cd2? and

increase toxicity significantly of Hg2? and Pb2? to Esch-

erichia coli (Sarin et al. 2000).

Influence of organic ions on metal toxicity

Organic ions can be of anthropogenic origin (e.g. complex

agents contained in detergents) or can occur naturally in the

form of humic and fulvic acids (Reeve 2002). Organic ions

act as metal ligands, reducing the concentration of free

metal cations and their bioavailability (Sánchez-Marı́n

et al. 2007). This occurs because the complexation is the

most important process of reaction between metal and

organic ions, but adsorption and cation exchange reactions

can also occur (Bezerra et al. 2009), producing coordina-

tion compounds (Fig. 1f). Coordination compounds are

often less toxic than the original free metal because they

have higher molecular weights and are frequently unable to

pass through the biological membrane (Richards et al.

1999). Complexation occurs with hydroxyl, carboxylate,

cyano and amino groups (Fig. 1f), and chelating agents

such as inorganic carbonates, phosphates, cyanides and

chlorides (Fig. 1g). For example, ethylenediaminete-

traacetic acid (EDTA) and nitrilotriacetic acid reduce the

accumulation and the toxicity of metals to fish (Klinck

et al. 2005), bivalve molluscs (Funes et al. 2006), biolu-

minescent cyanobacterial (Rodea-Palomares et al. 2009),

crustaceans (Borgmann et al. 2004) and unicellular algae

(Vignati et al. 2010). Also, the toxicity of metals is fre-

quently reduced with the increase in humic acid concen-

tration due to its complexation properties (Rocha et al.

2000). Aquatic humic substances possess linking groups in

which metals can be distributed between soluble and solid

phases (Shanker et al. 2005). The stability of aquatic humic

substances with metal species is determined by a number of

factors, including the number of ligand atoms, the nature

and concentration of metal ions, the concentration/char-

acteristic of aquatic humic substances, the pH, complexa-

tion time, photodegradation, among others (Rocha et al.

2003; Rosa et al. 2002). This stability determines the

transport mechanism, complexation, bioavailability and

activity of metals in the environment. These interactions

can be estimated using the model of Windermere Humic

Aqueous Model VII (Tipping 1998), designed to calculate

the chemical speciation balance in water, sediment, and

surface and underground soils where the chemical com-

position is mostly of organic matter, such as humic and

fulvic acids. The model simulates the influence of iron and
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aluminium hydroxide precipitation, of cationic exchanges

with clay mineral, and the adsorption–desorption reactions

of fulvic and humic acids (Tipping et al. 2011). The model,

however, has some limitations. Baken et al. (2011)

observed that metal complexation in waters with anthro-

pogenic discharges was larger than that estimated with

Windermere Humic Aqueous Model, because the model

only takes into account binding on humic substances.

Furthermore, not all metal-organic complexes are biologi-

cally unavailable. If the metal is chelated to lipophilic

organic ligands, it can diffuse passively through the cell

membrane and causing toxic effects (Fig. 2a). Toxicity

tests with Cd in the presence of some of natural organic

matter increased Cd toxicity to rainbow trout compared to

Cd-only controls (Schwartz et al. 2004). For the photo-

bacterium Vibrio fischeri, the toxicity of Pb2? was

increased in the presence of humic acids, but it was

dependent on the concentration. In concentrations of Pb

below 1 mg/L, humic acids caused a relatively high

increase in metal toxicity, but for Pb concentrations higher

than 1 mg/L, the toxicity was almost constant (Tsiridis

et al. 2006). The interpretation of the complexation

mechanism of heavy metals in the presence of organic

matter and the consequent changes in their toxicity and

bioaccumulation are complex and it dependent on metal

concentration and type of organic matter and with organ-

isms exposed.

Influence of iron, manganese, sulphur and redox

potential on metal toxicity

The oxidation–reduction (redox) transformations in aquatic

environment may lead to solubilization or deposition of

metal ions in the sediment. Among the metal ligands that

can immobilize them, the oxy-hydroxides of Fe and Mn

and sulphides have been highly recognized (Fig. 1b)

(Gasparatos 2013). Under oxidizing conditions, hydrated

oxides of iron and manganese strongly absorb and pre-

cipitate other metals such as Cu, Pb, Ni, Co and Cr, thus

removing these elements from water, but this state can be

reversible if the environment becomes reduced (Matagi

et al. 1998). In this case, soluble compounds of iron and

manganese can produce insoluble sulphides (Fig. 1c)

(Kosolapov et al. 2004) that act to immobilize metals in

sediment, altering their speciation and decreasing their

bioavailability. Thus, even in very impacted environments,

high concentrations of sulphide could reduce metal toxicity

by precipitation, e.g. for cadmium, copper, lead, nickel and

zinc (Berry et al. 1996). Marcussen et al. (2008) evaluated

the behaviour of 33 compounds in freshwater and found

that sulphide precipitation was the main mechanism of

retention of these compounds in sediments under reduced

conditions.

Analyses of acid-volatile sulphide are used in the

extrapolation of the bioavailability of metals in sediments

Fig. 2 Mechanisms of

assimilation and detoxification

of metals (M*) in cells. a

Lipophilic metal forms

passively diffuse through the

plasma membrane; b

hydrophilic forms require active

transport into the internal

environment; c inside the cell,

metal is oxidized or reduced by

reactive species; d that can

cause DNA damage or oxidative

stress by activating enzyme

glutathione peroxidase (GSH-

Px); e it can be further stabilized

by proteins, such as

metallothionein (MTs); f

chelated by proteins and stored

in organelles; g linked to

proteins, amino acids, and

organic acids; h or complexed in

the extracellular medium; i

when in excess, metals are

expelled out of the cell
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in biomonitoring programs (Oueslati et al. 2010). Han et al.

(2005) observed that in sediments where the sum of

simultaneously extracted metals is less than or equal to

acid-volatile sulphide, no adverse effects or impacts were

observed to the amphipod Grandidierella japonica, sug-

gesting that acid-volatile sulphide normalization is useful

to predicting non-toxicity. However, metals associated

with acid-volatile sulphide may be released within sedi-

ments through storms, dredging activities, oxidation, bio-

turbation, etc., and may have adverse environmental

impacts (Prica et al. 2008). When the sum of the ratio

between simultaneously extracted metals (SEM) and acid-

volatile sulphide (AVS) is \1 (RSEM/AVS \ 1), the

concentration of metals in interstitial water is negligible,

and the bioavailability of metals minimized (Allen et al.

1993). Sediments with sum of the ratio between SEM and

AVS are higher than 1 (RSEM/AVS [ 1) not necessarily

will increase metal toxicity because there are many other

metal-binding phases in sediments. The AVS pattern might

be influenced by seasonal variations (Prica et al. 2008),

decreasing in summer due to the metabolization of sulp-

hides by microorganisms—this is the more susceptible

period to toxic effects of metals on biota.

Models developed to predict metal toxicity

As described in this review, many factors influence the

environmental bioavailability of metals. Even not knowing

the fraction of metal bioavailable, data on dissolved metals

together with other water chemical and physicochemical

parameters can be used in computational models to predict

the available fraction and toxicity to some aquatic

organisms.

The Free Ion Activity Model proposed in the 1970s was

one of the first models used to explain metal–organism

interaction (Campbell 1995). Free Ion Activity Model is

based on the concept that metal toxicity is caused mainly

by free metal ion concentrations (rather than total metal

concentration) that is recognized as the most important

species permeating through biological membranes (Pesa-

vento et al. 2009). Free metal ions produce hydrophilic

compounds, i.e. free hydrated metal that could be trans-

ported across biological membranes by endocytosis, dif-

fusion, facilitated diffusion (usually lighter metals

belonging to group of d-block with affinity for S- or

N-ligands in proteins) or by active transport that requires

energy expenditure (usually heavy ions from groups of s-

or p-block that do not bind to protein carriers and transport

against the concentration gradient) (Fig. 2b). Free Ion

Activity Model is a chemical equilibrium model that con-

siders two main processes: the kinetic exchange on the cell

surface of the free ion metal species and the internalization

(Wang 2013). This model is used only to predict the

uptake/bioavailability of the metal instead of its toxicity,

because it only deals with the transport of the metal across

the biological membrane.

The Biotic Ligand Model partially corrects these limi-

tations of the Free Ion Activity Model. Both models share

the same concepts, but Biotic Ligand Model provides a

better understanding because it simultaneously takes into

account the geochemical speciation, as well as the relative

binding (or not) of metal species to the site of toxicity

(Niyogi and Wood 2004; CCME 2007). The development

of this model is relatively complex, and Hering (2009)

warns that Biotic Ligand Model data need to be scrutinized

for confounding factors. The model requires the known

toxic metal concentrations in the biotic ligands (e.g. fish

gills) and the binding stability constant to calculate the

likely toxic metal free ion concentrations in the environ-

ment and the likely toxic metal concentrations by consid-

ering metal complexation by dissolved organic matter and

competition, such as with Ca, Mg and H? (Wang 2013).

However, once developed the Biotic Ligand Model

requires a minimal input of data, which can be acquired

using non-sophisticated analytical instrumentation, such as

the concentration of soluble metals that is under investi-

gation, Ca, Mg, dissolved organic carbon and pH. At

present, the model was developed only for some organisms

and for a few metals, such as Cu2?, Ag?, Zn2? and Ni2?

(Wang 2013). The Biotic Ligand Model was first designed

to predict acute toxicity to fish (i.e. 48-h LC50) and was

empirically calibrated to predict toxicity to aquatic inver-

tebrates (daphnids) and algae (Niyogi and Wood 2004).

The Biotic Ligand Model has been used to predict metal

toxicity for laboratory, and more recently, its precision was

investigated for field conditions. Allen and Jansen (2006)

evaluated several studies about copper acute toxicity in the

field and showed that the toxicity predicted by Biotic

Ligand Model varied within two standard deviations of the

mean observed acute toxicity (48-h LC50). This amount of

deviation was considered satisfactory, and some Biotic

Ligand Model have been applied by environmental agen-

cies to predict toxicity in the field. In the USA, the most

advanced Biotic Ligand Model is for the acute toxicity of

copper (Di Toro et al. 2001; Santore et al. 2001) and was

incorporated by US Environmental Protection Agency in

Water Quality Criteria (USEPA 2007). Countries in the

European Union are currently using Biotic Ligand Model

to risk assessments of zinc, nickel and copper (Allen and

Jansen 2006), and Environment Canada also adopted the

Biotic Ligand Model to understand patterns of metal bio-

accumulation (CCME 2012).

The Biotic Ligand Model predicts metal toxicity by the

ability of the metal to bind in cell surface, based in the

premises that after binding, the metal will be incorporated

74 Environ Chem Lett (2015) 13:69–87
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into the cell and cause a toxic effect. However, inside the

cell, the metal could be associated with some fraction that

not necessarily will cause toxic effects. In order to evaluate

the toxicity from accumulated metals in the subcellular

components of organisms, the Subcellular Partitioning

Model was developed. The premise of this model is that the

total concentration of metals in biological tissues cannot

estimate metal toxicity due to the complexity of metals that

link to biotic ligands (Wang and Rainbow 2008). The

Subcellular Partitioning Model calculates the quantity of

metal in five cell fractions: cellular debris, organelles,

metal-rich granules, proteins denatured by heat and heat-

stable proteins, using differential centrifugation and phys-

ical and chemical treatments (Blackmore and Wang 2002;

Wallace and Lopez 1996; Wallace et al. 2003; Wallace and

Luoma 2003). The proteins denatured by heat and organ-

elles fractions are the most sensitive fractions to metal

toxicity and are considered main targets of metal attack in

cells, whereas metal-rich granules and heat-stable proteins

are biological detoxification fractions and function by

reducing toxicity (Wallace et al. 2003). These methods are

routinely used in determining the distribution of metals in

subcellular fractions and in identifying which metal frac-

tion is more related to toxicity and leaves metal more

bioavailable and toxic. This means that the metal concen-

tration present within the cell is not necessarily the con-

centration that causes a toxic effect. Environment Canada

applies Subcellular Partitioning Model together with Biotic

Ligand Model to determine metal bioaccumulation (CCME

2012). One limitation of this model is that it can only be

applied when exposition is based on sublethal or chronic

concentrations, since it does not respond well to acute

concentrations. Tsui and Wang (2006) found that a corre-

lation between the most sensitive fraction and Hg2?

exposure was only observed in sublethal concentrations

causing\1 % mortality, while for acute exposition the use

of total body concentration had a better correlation with

toxic effects than its subcellular compounds.

Free Ion Activity Model, Biotic Ligand Model and

Subcellular Partitioning Model are based on the effect of a

single metal in a specific organism, and it has been a

challenge to develop models for mixture of metals. Two

models have been developed for mixtures of multiple

substances (not only metals): the Concentration Addition

Model, used for mixture of substances with similar mech-

anism of action that neither interact on a physicochemical

level nor in their toxicokinetics and toxicodynamics, and

the Independent Action Model, that assumes that the

mixture components act on different subsystems—tissues,

cells, molecular receptors—of an exposed organism and

that impaired subsystems affect the end point under

observation, independently of each other (Backhaus and

Faust 2012). Comparing Concentration Addition Model

and Independent Action Model, Lock and Jansen (2002)

found that observed effects were lower than the effect

predicted by the Concentration Addition Model and higher

than the predicted by Independent Action Model for all

metal mixtures tested, which means that Independent

Action Model is not indicated to predict risk because it

underestimates toxicity, while Concentration Addition

Model tends to overestimate the risk. Similar results were

observed by Norwood et al. (2003) that evaluated mixtures

of metals using the Concentration Addition Model and

found that for 70 % of the cases, effects predicted by

Concentration Addition Model were equal to or higher than

the observed effects (43 % less than additive; 27 % strictly

additive), while for 30 % of mixtures the effect was

underestimated by the model. Although some metals have

different ligands and mechanism of action—which means

the Independent Action Model would be more indicated to

assess toxicity—according to Sharma et al. (1999), toxicity

of complex mixtures (i.e. those containing many toxicants

with different modes of action at subtoxic concentrations)

is often more or less conveniently predicted by toxic unit

summation. Thus, Concentration Addition Model is con-

sidered a conservative model that represents a reasonable

worst-case scenario for the risk assessment of metal mix-

tures in ecosystems. Concentration Addition Model and

Independent Action Model are based on acute effects of

each individual metal present in the mixture, and their

limitation is not considering interactions between the

components in a mixture.

Other models have been specifically developed to pre-

dict the toxicity of metal mixtures. Many of those were

inspired in the modus operandi of Concentration Addition

Model, by summing the individual effect of each metal,

using the Biotic Ligand Model or the Windermere Humic

Aqueous Model (WHAM) (e.g. Chen et al. 2009; Iwasaki

et al. 2014; Jho et al. 2011; Kamo and Nagai 2008; Playle

2004). Thus, these models assume the limitations of pre-

vious models, being unable to address all aspects involved

in the determination of metal toxicity. The toxicity of a

metal mixture is a result of the reaction among metals and

other components in the mixture, the uptake fraction, its

distribution in the organism and metabolization. Most of

those models were performed in laboratory with mixtures

of few metals and were based on the assumption that the

different toxic metals share the same biotic ligand that is

available for calcium uptake. They assume that the

organisms will die due hypocalcemia when so few ligands

are available for calcium uptake. The toxic mechanisms of

heavy metals are not fully understood, but hypocalcemia is

suggested to be the most likely toxic mechanism for some

toxic metals (Kamo and Nagai 2008). However, not all

metals will compete principally for Ca2? ligands. Playle

(2004) simulated a model using two-to-six metal mixtures
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(Ag, Cu2?, Cd2?, Co2?, Pb2? and Zn2?) by combining

Biotic Ligand Model and the concept of toxic unit, using

the idea of Concentration Addition Model. Some simula-

tions yielded greater than strict additive at low metal

concentrations, strict additive at intermediate metal con-

centrations and less than strict additive at high metal levels,

independently of metal combinations. For mixtures with

high metal concentrations, the author found a strong

competition for binding sites, and thus, the observed effect

was lower than the expected (Playle 2004), which, in this

case, could be explained by the use of metals that were

Ca2? antagonists, such as Cd2?, Zn2?, Pb2? and Co2?, and

Na? antagonists, such as Cu2? and Ag?, and considered

that all metals would compete for the Ca2? ligands. Metals

that interact at common sites should follow principles of

Concentration Addition Model, and those acting at differ-

ent sites should exhibit additive effects (Niyogi and Wood

2004).

The applicability of Biotic Ligand Model to assess

environmental mixtures is limited, first because there is no

Biotic Ligand Model for some metals and second because,

in general, environmental concentration is low, character-

izing a chronic exposition, which violates the equilibrium

assumptions of current Biotic Ligand Model for some

metals, such as Cu2? and Ag?. In the case of Ag?, the

chronic toxicity mechanism is similar to the acute mech-

anism, i.e. affecting Na? balance (Brauner and Wood

2002). However, in this case, the protective action against

acute toxicity produced by some factors, such as Ca2?,

Mg2?, dissolved organic matter, pH and Cl-, are either

lessened or non-existent during chronic exposure for Cu2?

and Ag? (De Schamphelaere et al. 2004; Brauner and

Wood 2002a, b; Brauner et al. 2003). Thus, there is an

urgency to develop Biotic Ligand Model that predicts

chronic toxicity. Niyogi and Wood (2004) provided an

overview of chronic Biotic Ligand Model for individual

metals. Schmidt et al. (2010) developed the model chronic

criterion accumulation ratio, to assess the toxic effect of

chronic metal concentrations on macroinvertebrate popu-

lations in streams. This study was based on the idea of

Biotic Ligand Model and the ‘‘Water Quality Criterion

Continuous Concentration’’ developed by the USEPA

(2009). Although the study of Schmidt et al. (2010) has

shown good correlation between chronic criterion accu-

mulation ratio and total taxa richness of macroinvertebrate

populations in the field, their model did not consider the

effect of some metals that were found in the studied stream,

such as Al, Fe, Mn or Pb, because there was no Biotic

Ligand Model available for these metals. Including this

information could help increase the sensitivity of the model

to predict effects of metals in the environment.

More recently, the model ‘‘Quantitative Ion Character-

Activity Relationships-Species Sensitivity Distributions’’

(QICAR-SSD; Mu et al. 2014) was developed to predict

chronic effects of metal mixtures. The model derived the

water quality criterion continuous concentration of 34

metal and metalloids to eight aquatic organisms, combin-

ing water chemical data with values of chronic toxicity

tests (NOEC) found in the literature. The prediction error

was within 100-fold the observed effects, and the authors

concluded that the model is a promising tool, but needs

improvement with some aspects related with metal toxicity

(e.g. environmental behaviour, exposure component and

external environmental characteristics).

The Windermere Humic Aqueous Model-Toxicity

Function (WHAM-FTOX) model was also used in field

assessments. It is based on WHAM both to calculate

aqueous chemical speciation and to estimate the accumu-

lation of protons and metals by freshwater organisms. The

toxicity of cations is quantified by a linear toxicity function

(FTOX) (Stockdale et al. 2010). The model is similar to

Biotic Ligand Model, but it also considers some environ-

mental interferents, like competition effect among cations.

In WHAM-FTOX, the accumulation of reactants, such as

H? and metal cations, by the organism is non-specific,

whereas in the Biotic Ligand Model toxicity depends upon

the extent of occupation of a key site, such as the biotic

ligand (Stockdale et al. 2010). WHAM-FTOX model was

applied in field to predict changes in macroinvertebrate

species richness, specifically of Ephemeroptera, Plecoptera

and Trichoptera (Stockdale et al. 2010) and zooplankton

richness (Stockdale et al. 2014). In these studies, the

authors compared the richness species predicted by the

model with measured field richness and metal accumula-

tion in organisms and found good correlation when values

were log transformed. In general, observed species richness

is lower than predicted, but in some instances agreement is

close and is rarely higher than predictions (Stockdale et al.

2014). Thus, it seems that this model generally underesti-

mates the effects in the field, or maybe, there are other

interferents that could be acting to promote the reduction of

species richness. In mixtures, some metals could inhibit or

favour the assimilation of other metals (Franklin et al.

2002). The exact proportion of inhibition or assimilation is

not possible to be determined. Metal assimilation will

depend on metal concentration, interactions between met-

als, the exposed organism and water chemistry (Komjarova

and Blust 2009a, b, c; Vijver et al. 2004). In the field, it is

not possible to quantify all components of a mixture, and

how the presence of unknown substances can interfere with

metals and in the predicted toxic response. Because of

those limitations, many environmental agencies assess

metal contamination by their individual effects, using the

quantification of individual metal and limiting their dis-

charge according to their priority substances lists, and for

some metals, Biotic Ligand Model is used, except for
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Australia and New Zealand that use toxic units summation

with a threshold of 5 (ANZECC 2000).

The future of metal ecotoxicology moves towards

building robust models that express the influence of

chemical speciation, metal interactions and metal toxic-

okinetics and toxicodynamics. Such models will allow to

estimate the potential effect of metal mixtures, but they

will not replace ecotoxicological tests, in situ biomonitor-

ing or metabolic assessment, because of the complexity of

biological systems.

Biological tools for assessing metal toxicity

Chemical analyses of the water or sediment are the most

direct approach to reveal metal pollution status in the

environment, but it does not provide evidence of toxicity

for organisms or the ecosystem (Zhou et al. 2008). The use

of biological responses to asses and monitor environmental

health, referred as ‘‘biomonitoring’’, has the advantage to

integrate organisms’ responses to multiple effects of metals

and its interactions with environmental factors in all routes

of exposure. It can be performed by exposing organisms to

environmental samples in laboratory (ex situ) or by

observing responses of the biota in the environment

(in situ).

Different levels of biological organization can be used to

evaluate biological effects of metals. The first observed

toxic response occurs in biomarkers—xenobiotically

induced variation in cellular or biochemical components or

processes, structures or functions. Biomarkers can provide

identifiable response to low metal concentration and in

short exposure time, for example, the inactivation or acti-

vation of proteins (Siripornadulsil et al. 2002) and the

induction of oxidative stress with subsequent cell damage

(Sinha et al. 2003). The binding of certain metals onto

binding sites on the cell wall can lead to cell surface dis-

ruption, affecting cellular morphology and metabolism,

which in turn may lead to death (Sinha et al. 2003; Vignati

et al. 2010). The death of sensitive organisms and changes

in community structure and composition are a secondary

response and are efficient bioindicators at high metal

concentration or in case of chronic expositions (long time

of exposition to low concentrations of metal).

Biomarkers and other strategies of organic defences

Many physiological parameters have been used to establish

a relationship between exposure to metals and their effect

in the health of exposed organisms. Among them, the

evaluation of oxidative stress, metallothionein activity and

enzyme delta-aminolevulinic acid dehydratase has been

used as biomarkers for metals. Metal accumulation in

organisms can cause oxidative stress generated by reactive

oxygen species (Fig. 2c), resulting deleterious damages in

cells (Pinto et al. 2003; Livingstone 2001). As a response to

oxidative stress caused by metals, animal cells increase

glutathione metabolism (glutathione peroxidise, glutathi-

one S-transferase, glutathione reductase, reduced glutathi-

one, oxidized glutathione) and other oxidative antioxidant

enzymes (Fig. 2d). Changes in the ratio between total

glutathione and oxidized glutathione have been used

in vivo as biomarkers of metal toxicity (Carney Almroth

et al. 2008).

The response of the antioxidant system varies depending

on the metal or mixture of metals, the tissue and the time

and type of exposure (Atli and Canli 2010). Also, the

concentration of these enzymes in tissues may vary for

each fish species, and thus, some tissues are more indicated

to evaluate the effect of certain metals. Monteiro et al.

(2010), working with HgCl sublethal concentrations,

showed that liver, gills and heart of fish matrinxã (Brycon

amazonicus) had higher levels of glutathione peroxidise,

glutathione S-transferase and glutathione reductase activ-

ity, while reduced glutathione and oxidized glutathione

levels increased in heart muscle; in white muscle, they

found a decrease in reduced glutathione levels and an

increase in oxidized glutathione content. Nunes et al.

(2014) found that lead, copper and cadmium chronic

exposure caused a significant dose-dependent increase in

glutathione S-transferase activity in gill tissue of European

eel, Anguilla anguilla and that zinc increased glutathione

S-transferase in liver tissue. Also, the time of exposure was

shown to interfere in enzymes activity level. Eroglu et al.

(2014) found a higher activity of reduced glutathione and

glutathione S-transferase in the liver of freshwater fish

Oreochromis niloticus after 7 days of exposition to metals

Cd, Cu, Cr, Pb and Zn, but after 14 days of exposition

enzyme activity returned to normal values. In addition to

enzymes, genes expression of the glutathione S-transferase

family can also be used as biomarkers. Zhang et al. (2012)

found a significant correlation between seven genes of the

glutathione S-transferase family from Venerupis philipp-

inarum with cadmium and copper exposition.

Glutathione metabolism can also be triggered by other

environmental stressors, such as the presence of persistent

organic pollutants, pesticides, toxins, pharmaceuticals and

nanomaterials, as well as changes in water temperature or

oxygen concentration. These responses are also dependent

on the species, age, sex and reproductive cycle (Hellou

et al. 2012). For this reason, combining these responses

with other biomarkers and chemical analysis helps building

evidence on the effect for ecosystem health.

Another strategy of organisms to avoid metal toxicity is

to thermostabilize it, chelating the metal to proteins such as

metallothionein (MT)—and its variants—present in
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eukaryotic invertebrates and vertebrates (Fig. 2e) (Vijver

et al. 2004). The quantification of these proteins and the

analysis of mRNA expression of metallothionein genes can

be used as a biomarker of metal exposure (Sevcikova et al.

2011). This group of enzymes is the most used biomarker

of metal exposure because it is related to the regulation of

essential metals and detoxification of excess amounts of

metals intracellularly (essential metals and also of non-

essential toxic metals). There is a wide range of metals

capable of binding to metallothionein. Most metallic ions

belonging to group 11 and group 12 of the periodic table

are known to bind to cysteine SH groups (Amiard et al.

2006). In plants, phytochelatins are important metal-bind-

ing proteins (Nagajyoti et al. 2010).

Other factors may influence the level of metallothionein,

such as the surrounding medium, the physiology of each

species and also differences among individuals of the same

species (Amiard et al. 2006). Thus, they must be consid-

ered when using this biomarker to detect metal pollution.

Metallothionein production could be induced in organisms

exposed to other contaminants, such as antibiotics, vita-

mins, polycyclic aromatic hydrocarbons or herbicides

(Machado et al. 2014; Mosleh et al. 2004; Raftopoulou

et al. 2006; Templeton and Cherian 1991) and to envi-

ronmental factors such as starvation, anoxia, freezing and

salinity (Baer and Thomas 1990; English and Storey 2003),

but the level of induction is usually lower than those caused

by metals (Kägi 1993). With so many confounding factors,

the use of more than one type of biomarker is recom-

mended to confirm the relationship between environmental

stressors and ecological effects caused by metals (Hagger

et al. 2006). In many cases, the use of antioxidant system

parameters and metallothionein levels is recommended.

There is no clear relationship between these biomarkers

(Eroglu et al. 2014), so alterations on both can confirm

metal exposition. For example, Velma and Tchounwou

(2010) found an increase in the antioxidant enzyme activity

in kidney and liver of fish C. auratus exposed to Cr?6—

indicating oxidative stress—and also found an increase in

metallothionein levels. A biomarker that is less affected by

confounding factors is the quantification of metallothionein

mRNA, which shows no correlation with fish age, sex or

sampling location (Laurie 2004). Another advantage of this

method is that its response can be observed in short-term

exposure, e.g. in 48 h (Laurie 2004). Quantitative analysis

of mRNA expression of metallothionein genes could also

be appropriate in case of high levels of metals and when

there is no evidence of oxidative damage in fish tissues

(Sevcikova et al. 2011).

The enzyme delta-aminolevulinic acid dehydratase is a

biomarker of lead exposure, indicating effects even at very

low concentrations. Delta-aminolevulinic acid dehydratase

can be found in vertebrates, invertebrates, bacteria and

plants, and it is a precursor of chlorophyll molecules

(Gonçalves et al. 2009; Zaccaro et al. 2001). Lead inhibits

enzymes delta-aminolevulinic acid dehydratase, copropor-

phyrinogen decarboxylase and ferrochelatase. Thus, the

substrate of these reactions (i.e. delta-aminolevulinic acid,

coproporphyrinogen III, protoporphyrin) accumulates in

blood and urine (Alcedo and Wetterhahn 1990; Ho 1990).

Some authors proposed the calculation of a ‘‘reactivation

index’’ for delta-aminolevulinic acid dehydratase. This

method is sensitive for assessing delta-aminolevulinic acid

dehydratase inhibition, especially for samples with high

variability, or when low inhibition values are observed

(Rodrigues et al. 1996). A strong correlation has been

reported between the concentration of lead in blood of

Prochilodus lineatus fish and delta-aminolevulinic acid

dehydratase reactivated in environments contaminated by

domestic sewage (Lombardi et al. 2010).

Another biological protective mechanism against metal

toxicity is its accumulation in organelles in the form of

inert granules (Fig. 2f), which are excreted or deposited

during the life cycle (Vijver et al. 2004). Cd2? and Hg2?

could be converted to covalent organometallic compounds

that behave in a manner similar to covalent organic com-

pounds and bioaccumulate in adipose tissues. Marasinghe

Wadige et al. (2014) showed that for freshwater bivalve

Hyridella australis, 83–91 % of lead accumulated in

hepatopancreas was detoxified and stored in metal-rich

granules. The proportion and concentration of metal in this

fraction increased with exposure. These granules can be

directly measured in tissues (Reeve 2002).

Effects on aquatic biota and bioindicators

Regarding metal toxicity effects, various groups of aquatic

organisms have been studied to describe routes of exposure

and toxic effects. These effects range from the determi-

nation of lethal concentration and no observed effect con-

centration using ecotoxicological tests, to physiological

and structural changes in biological communities, which

can only be observed after high metal concentration pol-

lution or chronic exposure. The bioindicator to be used

depends on the purpose of the research and on the extent of

damage of the studied environment.

A change in the biota is an effective method to evaluate

the impact of environmental pollution because it reflects

integrated effects of mixtures of chemicals. Among the

major groups of organisms used as bioindicators, the most

commonly used are microorganisms (including bacteria,

Protista including microalgae, diatoms and yeasts), zoo-

plankton, benthic macroinvertebrates (insects, crustaceans,

molluscs, annelids) and fish, representing different trophic

levels and ecosystem functions.
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Microorganisms

The first site of contact between a metal and a microor-

ganism is the cell wall, which consists of lipids, proteins

and polysaccharides. These biopolymers contain different

functional groups such as imidazole, thioether, carboxylic

acid, hydroxyl, carbonyl, phosphate and phenol, which

have the property of producing coordination complexes

with metals, thus enabling its adsorption (Al-Rub et al.

2004, 2006). To protect against the toxic action of metals,

microorganisms have developed several mechanisms

including:

• Intracellular reactions with chelating agents that trans-

form metal ions in less bioavailable forms (Fig. 2d–g).

Complexing agents including glutathione, amino acids,

phytochelatin (Clemens 2001; Schat et al. 2002),

metallothionein, organic acids (El-Enany and Issa

2001; Oven et al. 2002) and thioredoxin (TRX)

(Lemaire et al. 1999).

• Efflux or expulsion of metal to the external medium to

reduce the excessive level of metals in the cytoplasm

(Lee et al. 1996; Robinson et al. 1993) and to decrease

the flow of inert metal complexes (Fig. 2i);

• Internal storage compartments such as vacuoles and

chloroplasts after being complexed and mediated by

transport proteins (Fig. 2f) (Escher and Hermens 2004;

Nishikawa et al. 2003; Tamas and Wysocki 2001);

metals like Hg, Ag, Pb and Ni are bioaccumulative, and

they neither break down in the environment nor easily

metabolized. Such metals accumulate in ecological

food chain through uptake at primary producer level,

such as microalgae, and then through consumption at

consumer levels (Nagajyoti et al. 2010).

• Extracellular sequestration—microorganisms are capa-

ble of excreting compounds that will sequester metal

ion in the extracellular medium (Fig. 2h) (Ahner et al.

1998; Macfie and Welbourn 2000), reducing its envi-

ronmental bioavailability (Kurek et al. 1991). Smiejan

et al. (2003) observed that bioaccumulation of Cd2? by

Rhodospirillum rubrum was reduced by the production

of extracellular ligands. McKnight and Morel (1979)

observed that algae produce extracellular sequestering

agents such as polysaccharides, proteins, peptides and

small organic acids that are capable of decreasing

bioavailable metal concentrations in the medium sur-

rounding the cell.

The use of microorganisms in biomonitoring assessment

includes laboratory toxicity tests and evaluation in situ. In

laboratory, Magalhães et al. (2014) tested chronic toxicity

bioassays with Chlorella vulgaris, Pseudokirchneriella

subcapitata (and also invertebrates Cladocera and fish) for

ten individual metals and metalloids (Ag?, Cd2?, Cu?,

Cu2?, Cd2?, Cr3?, Cr6?, Ni2?, Zn2? and Hg) and mixtures

(simulated effluent and siderurgic effluents). C. vulgaris

bioassays were more sensitive in most of cases than P.

subcapitata, except for Cr3?. Thus, chronic toxicity bio-

assay with C. vulgaris was a good tool to detect metal

toxicity under laboratory conditions. In situ biomonitoring

comprises the evaluation of changes on community com-

position, standing crop, biomass (usually measured for

algae as chlorophyll a), changes on cell morphology and,

when possible, the quantity of metal accumulated into the

organism.

Community composition evaluation is based on the

presence/absence of tolerant/sensitive taxa to metal pollu-

tion. Monteiro et al. (1995) observed the change in algae

community composition of Sado River in Portugal, with

species Rhodomonas minuta, Synedra ulna, Crucigenia

tetrapedia and Stephanodiscus hantzschii being replaced

by more resistant algae (Gomphonema parvulum, Scene-

desmus armatus and Nitzschia frustulum) due to contami-

nation of pyrite mines effluents (88 lg l-1 Cu, 2.6 lg l-1

Cd and 1,800 lg l-1 Zn). The use of algae community

composition is more indicated after long-term exposition,

because in acute disturbance most algae recover quickly

(USEPA 1995). Standing crop and biomass (usually mea-

sured as chlorophyll a) are also typically assessed, but

CCME (2012) observed that algal biomass is not a reliable

indicator of metal effects, since other factors could inter-

fere, for example, long-term shifts in species composition,

reduction in grazing pressure, excessive nutrient loads and

sedimentation/turbidity (CCME 2012).

Numerous studies have investigated metal impacts on

periphyton communities, the majority of studies being

devoted to diatom communities. Those species tolerate

high metal concentrations, and also when metal concen-

trations in water are too low to be detectable by routine

analyses, they can provide information on metal contami-

nation through bioaccumulation or abnormal cell mor-

phology cause by metals (Duong et al. 2008; Lavoie et al.

2012; Pandey et al. 2014). Lavoie et al. (2012) observed

highly significant relationships between free metal ion

concentrations in water and intracellular metal and

phytochelatin.

Zooplankton

Zooplanktonic species (especially cladocerans and cope-

pods) are widely used to assess water quality due to their

ecological relevance in the food chain, high sensitivity,

short generation time, and high fecundity and population

growth rate. These species can accumulate dissolved met-

als directly from the water column or assimilate particu-

late-associated metals during dietary ingestion (Sofyan

et al. 2006). Generally, metals dissolved in water are more
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likely to be deposited in gills and external tissues, while

metals acquired from food sources are deposited in internal

tissues (Hook and Fisher 2001a, b; Munger and Hare

1997), but the mechanisms of toxicity remain largely

unknown (Hook and Fisher 2001a, b).

In microcrustaceans, a fraction of the whole-body bur-

den of metals (19–97 %, depending on metal species and

organisms, Keteles and Fleeger 2001) is associated with

their chitinous exoskeleton. Metals may either adsorb to the

surface of the exoskeleton or bind to the inner exoskeleton

matrix after uptake and transport through the hemolymph.

Metals in exoskeleton are slowly absorbed and diffused

into the body (Keteles and Fleeger 2001). Because the

adsorption by the exoskeleton is faster than the diffusion of

metal inside the body, these animals can protect themselves

from contamination by changing their exoskeleton, which

occurs on average every 2 days, depending on the species.

With high adsorption of metals in the exoskeleton, and

being universal preys, zooplankton represents a source of

trophic magnification in ecosystems. When ingested, met-

als adsorbed in the exoskeleton dissolve due to low pH and

complexing conditions of the digestive tract of predators

(Robinson et al. 2003), becoming more bioavailable.

Among the various species of zooplankton, cladocerans

Daphnia magna, Daphnia pulex, Daphnia similis, Moina

macrocopa, Moina micrura and C. dubia have been widely

used in ecotoxicological studies around the world

(Stankovic et al. 2014), and metals are the most studied

group of toxic substances (Mitchell et al. 2002; Sarma and

Nandini 2006). Toxicity tests with these species are con-

sidered ‘‘acute’’, typically in 24–48 h of exposition to

determine effective concentrations (EC50), or ‘‘chronic’’,

when conducted in longer periods, and used to evaluate its

effect on the life cycle (e.g. reproduction, growth, offspring

generation). Magalhães et al. (2014), performing acute

tests, found that C. dubia was more sensitive for Cu2?,

Cr3?, Ni2?, Zn2? and D. similis for Cr6?, Cd2?, Pb2? and

Hg2?, and species had similar sensitivity to Ag? and Cu?.

This study also shown that C. dubia acute toxicity bioassay

is a good tool to detect metal toxicity in mixtures under

laboratory conditions. Chronic effects in laboratory expo-

sition could be used to extrapolate the effect on the envi-

ronment. Effects of metals on the reproduction of

zooplankton include a decreased number of eggs, abor-

tions, delayed age of first offspring and disruptions in

ovarian development (Hook and Fisher 2001a, b; De

Schamphelaere et al. 2004). Reproduction is a good bio-

indicator because target sites of metals in copepods and

cladocerans include fat cells or oocytes (female sex cells)

and may be influenced either by direct uptake of water or

by accumulation via ingestion of contaminated food (Hook

and Fisher 2001a). Fat cells, which are distributed

throughout the digestive system, serve as sites for

vitellogenin synthesis, which is a precursor of lipovitellin

(Hook and Fisher 2001a, b). When exposed to metals, fat

cells decrease the production of proteins in eggs, altering

the nutrition of neonates during egg stage, leading to death

of the embryo (Hook and Fisher 2001b). Metal pollution

may strongly reduce abundance, species richness and

diversity of zooplankton, and could lead to effects on tro-

phic chains. In Sado River (Portugal), Monteiro et al.

(1995) observed that only Acanthocyclops robustus, Ar-

cella vulgaris and Philodina sp. tolerated high metal con-

centrations, and they reported a recovery in species

composition and abundance on sites with lower metal

pollution.

Benthic macroinvertebrates

Benthic macroinvertebrates are insects, annelids, nema-

todes, some crustaceans and molluscs that are visible to the

naked eye ([500 lm) and live in association with particles,

substrates and sediments in aquatic environments. Mem-

bers of this group are present in virtually all freshwater

environments, are sedentary and have a relatively short life

cycle (a few months to a few years), characteristics that

make them ideal for the assessment of the ecological state

of sites chronically or acutely affected by metals (Resh

2008).

Benthic macroinvertebrates are the most commonly

used community to evaluate environmental condition in

large-scale programs around the world (Buss et al. 2015).

High concentrations of metals or long exposition to chronic

concentrations can alter the composition of benthic macr-

oinvertebrates community, reducing the abundance of

sensitive organisms and influencing the drift of species

(avoidance behaviour). These effects have been observed

in microcosm studies (Clements 2004; Hickey and Golding

2002) and in situ (Clements and Kiffney 1994). The insect

groups Ephemeroptera, Plecoptera and Trichoptera are

reported as the most sensitive insects in Northern Hemi-

sphere to indicate environments with high concentrations

of metals (Clements et al. 1992; Gower et al. 1994; Winner

et al. 1980), whereas dipteran insects (Chironomidae)

(Gower et al. 1994), flatworms (Gower et al. 1994) and

annelid oligochaete of the family Lumbriculidae (Santoro

et al. 2009) are reported as the most resistant.

The potential for bioaccumulation of metals by benthic

macroinvertebrates is directly related to the concentration

of metals in the sediment. Animals that feed on deposited

material bioaccumulate more metals than predators and

filter-feeders (organisms that feed on suspended material)

(Eyong 2008; Santoro et al. 2009). Enk and Mathis (1977)

found Cd2? concentrations five and ten times higher in

aquatic insects than the one found in sediment and water,

respectively. Farag et al. (1998) observed that although
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metals are available for biotransference, they do not bio-

magnify, and studies with Zn2?, Cu2?, Pb2? and Cd2?

showed a direct relationship between the concentration of

these metals in sediment and in water with the bioaccu-

mulation by benthic macroinvertebrates, but no relation-

ship with trophic levels was observed (Goodyear and

McNeill 1999; Memmert 1987).

Fish

Advantages of using this group for biomonitoring are the

possibility to extract and analyse isolated organs and bio-

markers such as delta-aminolevulinic acid dehydratase,

metallothionein, glutathione S-transferase among others can be

used (Olsvik et al. 2001), and also because of their relative long

life cycle that allows tracking changes over time (Resh 2008).

Paquin et al. (2002) divided the physiological mecha-

nism of metal toxicity in fish into three categories: (1)

monovalent metals such as Ag? and Cu? affect the trans-

port of Na? and Cl-. In the case of copper, although its

prevalence in the environment is in divalent form (Cu2?), it

is reduced to Cu? before passing through biological

membrane. The consequence of osmoregulatory dysfunc-

tion is a redistribution of ions and water between the

internal fluids of fish, resulting in a decrease in Na?, Cl-

and other ions in plasma, which in turn triggers a sequence

of events culminating in a cardiovascular collapse and

death; (2) divalent metals such as Cd2? and Zn2? disrupt

the metabolism of Ca2?, triggering a hypocalcemia (as

described above); and (3) metals such as Pb2? and Hg2?

cross the gills and act in the central nervous system.

Generally, gills are the first organ of contact with met-

als, through the respiration of dissolved parts. In general,

lower concentrations of metals have ion regulatory effects

in gills of freshwater fish, whereas higher concentrations

cause gill damage and mucus accumulation, triggering

respiratory effects (Playle 1998). In addition to the use of

biomarkers and the observation of gill damage, the con-

centration of metal bioaccumulated also provided a tool for

biomonitoring. Routes of accumulation are important for

monitoring the environment and for estimating hazard risk

of exposure to aquatic biota and humans. According to the

routes of assimilation (in water or through feeding), metal

will bioaccumulate in fish in different organs and bioac-

cumulation will depend on metal species. In general, metal

levels in the liver represent metal storage from water and

sediments where the fish species live (Karadede et al. 2004;

Jezierska and Witeska 2006) and are recommended as a

general environmental indicator of external medium pol-

lution more than other fish organs—except for Pb that is

only directly absorbed through water and accumulates

preferentially in gills (Čelechovská et al. 2007; Has-Schön

et al. 2008; Tepe et al. 2008; Wei et al. 2014).

Independently of the route of exposition, organs have

more affinity for some specific metal species accumulation.

Generally, liver is the primary organ for Cu and Ag

accumulation, kidney for Cd and Zn accumulation, gills for

Ni and Pb accumulation (Čelechovská et al. 2007; Has-

Schön et al. 2008; Tepe et al. 2008; Wei et al. 2014,

Yamazaki et al. 1996), and spleen and gallbladder for Cr

accumulation (Franklin et al. 2005). Compared with the

gill, kidney and liver, muscle typically contains low metal

concentrations (Alcorlo et al. 2006; Wei et al. 2014),

although Hg can accumulate more easily in muscle than in

other organs (Čelechovská et al. 2007; Has-Schön et al.

2008). Hg2? ingestion may also lead to accumulation in the

form of methyl-Hg. Although fish are incapable of meth-

ylation, bacteria in their digestive tract can transform Hg2?

into methyl-Hg (Rudd et al. 1980). Methyl-Hg (absorbed

through water and food) accumulates preferentially in gills,

muscles and brain (Phillips and Gregory 1979; Phillips and

Buhler 1980; Turner and Swick 1983; Wei et al. 2014). The

persistence of methyl-Hg in fish is relatively high due to its

slow metabolism. The half-life varies among species,

usually ranging from one to 3 years (Bisinoti and Jardim

2004).

Conclusion

Understanding all mechanisms that influence toxicity of

metals in aquatic systems is a difficult task due to the

influence of chemical, physical and biological factors.

Metal speciation greatly determines the behaviour and

toxicity of metals in the environment, but there are

exceptions that make biomonitoring a necessary approach

to evaluate the effect on the biota. The evaluation of bio-

logical responses is an effective approach in identifying

metal-induced damages in aquatic environments because it

integrates the influence of environmental parameters on

metals and their effects. The choice of the best biological

response to detect metal toxicity effect depends on the type

of exposition (short term or long term), metals of concern,

routes of exposition and target organisms. Laboratory

ecotoxicity bioassays could be used to infer the effect of

metals in the environment. Also, some mathematical

models have been developed to predict metal toxicity, but

they have some limitations because there is a lack of

information about chronic toxicity of metal mixtures and

also there is still a need to understand how metals interact

between themselves and with organisms. The development

of more robust toxicity prediction models will allow to

estimate the potential effect of metal mixtures, but to have

an adequate assessment of the impact of those stressors,

information from ecotoxicological tests, in situ biomoni-

toring and/or metabolic assessment are necessary.
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