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Summary: The European Union is currently evaluating the use of Effects Based Methods (EBMs)
as part of a more integrative strategy for regulating a number of substances of concern under the Water
Framework Directive. This white paper evaluates the use of 13 EBMs that might be used in the
regulation of metals. Each EBM was evaluated with respect to metal specificity and sensitivity,
sensitivity to other classes of toxicants, and the strength of the relationship between effects measured
by the EBM and effects observed at higher levels of biological organization such as the individual or
population. The evaluation concluded that none of the EBMs evaluated met all three criteria of being
sensitive to metals, insensitive to other classes of toxicants, and a strong indicator of effects at the
whole organism or population level.
The current approach of regulating metals by using Biotic Ligand Model (BLM)-based
Environmental Quality Standards (EQS) is sensitive only to metals and has strong links to effects at
the individual and population level but does not consider the integrated effects of metal mixtures on
aquatic systems. Given the lack of suitable EBMs for metals, it is recommended that continued
development of mixture BLMs may be the most effective way to achieve the goal of a more holistic
approach for regulating metals in aquatic ecosystems.
Introduction
The protection goal of the European Water Framework Directive (WFD) is to maintain
waterbodies that have good chemical and ecological status and improve all of those that do not.
Protection of water quality under the WFD is currently based on monitoring of water
concentrations of individual substances and comparison to Environmental Quality Standards
(EQS). However, the EU is considering incorporating Effects Based Methods (EBMs), a holistic
approach to provide a more accurate assessment of risks and a more appropriate targeting of
monitoring and measures under the WFD (with particular attention on of priority substances,
specific pollutants and Watch List substances). This approach would group substances by mode
of action (MoA) and then use MoA-specific effects assays to establish a trigger value for
monitoring compliance, thus allowing for assessment of mixtures with the same MoA.
For some organics, the MoA is well-defined and there are, in some cases, EBMs developed
that are MoA-specific. In contrast, for metals, there are a number of challenges related to MoA
and EBM specificity. Further, in considering Adverse Outcome Pathways (Ankley et al. 2010) for
these MoAs, the utility of EBMs for predicting ecological impacts at higher levels of biological
organization is often limited or not well studied. These issues need careful consideration before
such an approach could be successfully implemented for metals.
The objective of this white paper is to characterize and evaluate these issues. To accomplish
this, a summary review of MoAs for metals is provided. This includes the relevant EBMs for each
MoA and an evaluation of their specificity, sensitivity, and links to effects at higher levels of
biological organization. A qualitative assessment of costs and ease of use for each EBM is also
provided. Based on this evaluation, conclusions regarding the utility of EBMs for regulating
metals in aquatic ecosystems and recommended paths forward are provided.
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Effects Based Methods for Assessing for Metals in Aquatic Systems
The underlying MoAs for metals on aquatic organisms have been extensively investigated
over the past 50 years. Metals exert toxicity on aquatic organisms by a variety of biological
pathways, some of which are limited to specific metals or groups of metals. In general, our
understanding of MoAs for metals is more developed for acute toxicity (relatively high metal
concentrations in short-term exposures) compared to chronic toxicity (relatively low metal
concentrations in exposures encompassing a significant fraction of an organism’s life cycle). This
is especially true with respect to linking MoAs to effects at higher levels of biological organization.
A comprehensive review of all metal MoAs is beyond the scope of this white paper. However,
the following summarizes the more well-known MoAs. For each identified MoA, candidate EBMs
are described, their specificity and sensitivity to metals assessed, and the strength of their linkage
to effects at higher levels of biological organization evaluated. Table 1 summarizes this
information.
Ion Homeostasis
Mechanisms of Action: Perhaps the most well characterized MoA for metals with direct links
to acute and, in some cases, chronic metal toxicity is disruption of ion homeostasis. In freshwater,
aquatic organisms diffusively lose major ions (particularly Na+ and Ca2+) to the environment and
compensate for this loss by actively taking up ions against their concentration gradient via proteins
involved in active transport. A range of divalent metals have similar charge and ionic radius such
that they competitively or non-competitively inhibit proteins involved in active transport leading
to a net loss of ions.
Effects Based Methods: Disruption of ion homeostasis can be measured directly using radioisotopic techniques to measure unidirectional flux rates (Grosell and Wood 2002, Niyogi et al.
2015), and indirectly by measuring changes in net ion flux (Brix et al. 2012) or whole-body ion
concentrations (Pane et al. 2003, Grosell and Brix 2009). Effects on unidirectional and net ion
flux can manifest in a matter of hours, while effects on blood/hemolymph or whole-body ion
concentrations typically requires days to weeks of exposure to detect. Use of radio-isotopic
techniques, while sensitive, requires considerable expertise and is probably not practical as an
EBM for routine monitoring. Measurement of blood/hemolymph ion concentrations is more
sensitive than whole body ion measurements, particularly for Ca where high concentrations in
bone and exoskeleton make it difficult to detect disruptions in ion homeostasis (Grosell et al.
2006).
Sensitivity and Specificity: Some metals can be generally classified as either Na-antagonists
(Cu and Ag) or Ca-antagonists (Cd and Zn), while other metals are known to disrupt homeostasis
of both ions (e.g., Pb) and Ni disrupts Mg and Ca homeostasis in some species (Hogstrand et al.
1994, Bury and Wood 1999, Grosell and Wood 2002, Rogers et al. 2003, Niyogi and Wood 2004,
Pane et al. 2005, Niyogi et al. 2014). However, there are exceptions to these general
classifications. Copper, for example, has been demonstrated to disrupt Ca homeostasis in snails
(Brix et al. 2011). Disruption of ion homeostasis by metals has been demonstrated to occur at
relatively low metal concentrations that are comparable to EQS in some cases (Grosell and Wood
2002, Brix et al. 2012).
Other toxicant classes are also known to disrupt ion homeostasis. Several pesticides, for
example, have been shown to inhibit Na+-K+-ATPase activity in fish and invertebrates and/or
reduce extracellular fluid ion concentrations (Moorthy et al. 1984, Suvetha et al. 2010). Similarly,
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pharmaceuticals such as diclofenac have also been shown to reduce extracellular fluid
concentrations of sodium and chloride in fish (Saravanan et al. 2011). Changes in ion
concentrations and pH in the environment will also have significant effects on ion transport rates
and whole-body ion concentrations.
Linkage to Higher Level Effects: Acute disruption of ionoregulation is directly linked to
effects on organism survival. Acute loss of Na+ leads to compensatory volume loss of extracellular
fluid and ultimately cardiovascular collapse and death in aquatic organisms (Wood 2012). Acute
loss of Ca2+ can interfere with intracellular signaling involved in a variety of physiological
functions including nervous system function and muscle contraction (Wood 2012). Chronic loss
of Ca2+ can affect growth processes involved in bone and shell formation, particularly in molluscs
(Brix et al. 2011, Brix et al. 2012). There are no clear links between ionoregulatory disruption and
other chronic endpoints such as reproduction, but they have not been extensively studied.
Oxidative Stress
Mechanisms of Action: Formation of reactive oxygen species (ROS) is a potential
mechanism of metal toxicity in aquatic organisms. ROS can be generated by both endogenous and
exogenous mechanisms and is regulated by a variety of non-enzymatic (e.g., glutathione) and
enzymatic antioxidants (e.g., superoxide dismutase, catalase, glutathione peroxidase) (Regoli and
Giuliani 2014).
One of the most important reactions for generation of ROS is the Fenton reaction, which leads
to the formation of the hydroxyl radical (OH):
metaln+ + H2O2 → metaln+1 + OH + OHOnce generated, ROS can directly cause DNA damage and also elicit changes in a variety of
interacting signal transduction pathways that are related to the cell cycle and apoptosis. Disruption
of these pathways (either stimulation or inhibition) leads to abnormal cell cycles and, potentially,
to the formation of tumors (Valavanidis et al. 2006). ROS can also directly cause lipid
peroxidation leading to cell membrane instability. Further, many of the products of lipid
peroxidation are active mutagens that can cause DNA damage (Esterbauer et al. 1990).
Effects Based Methods: There are a number of endpoints that can be used to measure
oxidative stress in aquatic organisms. Depletion of various antioxidants (superoxide dismutase,
glutathione, catalase) is commonly used indicators of oxidative stress (Valavanidis et al. 2006).
Patterns of relative depletions of different antioxidants can be complex and metrics such as Total
Oxyradical Scavenging Capacity (TOSC) are used as integrative measures of oxidative stress
(Nardi et al. 2018). The other common effects based EBM is characterization of lipid peroxidation
via measurement of malondialdehyde (a secondary degradation product) using the thiobarbituric
reactive substances test (Lushchak 2011). Finally, metallothioneins have also been used as a
measure of oxidative stress induced by metals but the relationship between MT induction and
oxidative stress is variable across species and exposure scenarios (Nardi et al. 2018).
Sensitivity and Specificity: Oxidative stress has been measured at concentrations
approximating those associated with acute and chronic toxicity for some metals (Vieira et al. 2009,
Zhang et al. 2010, Ransberry et al. 2015, Zheng et al. 2016) (Table 1). Oxidative stress is also
induced by a number of other anthropogenic and natural stressors including PCBs, PAHs,
pesticides, temperature, and salinity (Lushchak 2011).
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Linkage to Higher Level Effects: Although oxidative stress can be detected at
environmentally relevant metal concentrations, as far as we are aware, there have been no studies
providing explicit links between metal-induced oxidative stress and individual or population level
effects. This does not mean that such links do not exist, rather that they have not been characterized
and quantified. As a result, it is not currently possible to relate an observed level of oxidative
stress to effects at the individual or population level. Further, as described above, multiple metrics
are often used to measure oxidative stress and these metrics often exhibit complex patterns on a
species- and metal-specific basis further complicating data interpretation. What is clear, is that
simply detecting a statistically significant difference in one, or even multiple, oxidative stress
metrics does not necessarily equate to effects at the individual or population level.
Lysosomal Membrane Stability
Mechanisms of Action: Lysosomes are organelles that play a critical role in cell metabolism.
They contain a variety of enzymes that digest proteins, nucleic acids, sugars, and lipids in a low
pH environment. Lysosomes act by either fusing with autophagosomes or heterophagosomes, or
by directly absorbing substances in the cellular environment. Both inorganic and organic
contaminants have been shown to reduce lysosomal membrane stability which increases the
probability of inappropriate release of lysosomal enzymes to the intracellular environment where
they can cause damage.
Effects Based Methods: Lysosome membrane stability has primarily been studied in marine
organisms, although there are a few examples in freshwater organisms as well (Monteiro et al.
2011). Lysosome membrane stability is commonly determined using the Neutral Red Retention
assay. Reduced retention of the dye neutral red by lysosomes has been directly linked to membrane
damage and impairment of the H+-ATPase in the lysosomal membrane (Lowe et al. 1992). An
alternative method to measure membrane stability is to measure the time required for a substrate
of a lysosomal enzyme to penetrate the lysosome and react to form an enzyme product that can be
visualized. The acid hydrolase -N-acetylhexosaminidase is commonly used as the enzyme,
though others have been used as well. Reduced time to maximum product formation is interpreted
as degraded membrane stability (Moore 1988).
Sensitivity and Specificity: Many chemicals may trigger changes in lysosomal membrane
stability, including metals, PAHs, PCBs, DDTs, and others (Nott et al. 1985, Grundy et al. 1996,
Moore et al. 2006). Copper has been shown to affect lysosomal membrane stability in mussels at
concentrations at or slightly higher than EQS, while other metals require concentrations
significantly higher than EQS to elicit effects (Regoli et al. 1998, Bolognesi et al. 1999, Brown et
al. 2004) (Table 1).
Linkage to Higher Level Effects: Reductions in lysosomal membrane stability are strongly
linked to increases in hepatic lesions in fish (Kohler 1991) and atrophy of the digestive gland in
molluscs (Moore 1988). However, translation of these effects at the organ level to effects at the
whole animal or population level has not been well characterized. As with some of the other MoAs
for metals, the relationship between lysosomal membrane stability and effects at the individual or
population level are likely to be metal- and species-specific. It should not be assumed that simply
detecting a statistically significant effect on lysosomal membrane stability will result in a
significant effect at the individual or population level of biological organization. To the best of
our knowledge, no study has demonstrated this relationship.
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DNA Damage
Mechanisms of Action: Mutagens are substances that induce damage to DNA structure
causing effects on individual genes or groups of genes, while genotoxins are typically more
broadly defined as substances that change the structure of number of genes via direct chemical
interaction with DNA (De Lapuente et al. 2015). Metals have been shown to act as both mutagens
and genotoxins.
Effects Based Methods: The Comet Assay, or Single Cell Gel Electrophoresis, is the most
common EBM for assessing DNA damage by measuring breaks in DNA strands (Singh et al.
1988). The Comet Assay is relatively standardized and can be performed on a variety of cell types,
although there are variations with respect to lysis buffer and conditions, denaturation conditions,
and electrophoresis conditions (De Lapuente et al. 2015).
Sensitivity and Specificity: DNA damage has been observed at concentrations about an order
of magnitude higher than EQS for Cd, Cr, and Cu (Bolognesi et al. 1999, Pellegri et al. 2014). In
addition to metals, DNA damage can be caused by a wide range of toxicants including
nanoparticles, pharmaceuticals, PAHs, and pesticides, as well as natural stressors such as UV
radiation (De Lapuente et al. 2015).
Linkage to Higher Level Effects: DNA damage can occur in several ways. First DNA
adducts can form in which a toxicant or other molecule is directly bound to DNA and alters
expression of tumor suppression genes or oncogenes, potentially leading to the development of
cancer. Alternatively, toxicant exposure can lead to DNA base oxidation or strand breaks. These
latter two forms of DNA damage may be either repaired or mis-repaired (Martins and Costa 2017).
When correctly repaired, effects at higher levels of biological organization on unlikely to be
realized. When mis-repaired, a variety of effects including oncogenesis, teratogenesis, and cell
apoptosis can occur. While DNA damage clearly provides a mechanism for effects at higher levels
of biological organization, how a specific level of DNA damage translate to effects at higher levels
of biological organization has been poorly studied and is likely to be both species- and metalspecific. As with many other metal MoAs, it should not be assumed that detecting a statistically
significant increase in DNA damage will result in a detectable effect at the individual or population
level of biological organization. To the best of our knowledge, no study has demonstrated this
relationship.
Deformities (Chironomids/Diatoms/Amphibians)
Mechanisms of Action: Environmental monitoring of polluted sites and laboratory studies
have shown associations between metal concentrations and the incidence of deformities in
chironomid mouthparts, diatom frustules, and amphibian limb development. The specific
mechanisms of action that causes these deformities vary by organism and metal and are not well
understood in many cases.
Effects Based Methods: Chironomid mouthpart deformities have been used in a number of
laboratory and field studies. However, deformity criteria are not standardized across the literature
and assessment of morphological deformities is a subjective process. A recent comparative study
of deformity assessment conducted by 25 experts revealed high variability in assessments
(Salmelin et al. 2015). Diatom frustule deformities have also been used in number of laboratory
and field studies and the methodology for assessment is well standardized (Lavoie et al. 2017,
Pandey et al. 2017).
Sensitivity and Specificity: Deformities in chironomid mouthparts have been associated
most commonly with exposure to Cd, Cu, Pb, Ni, and Zn. However, other contaminants have also
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been shown to induce deformities including a variety of pesticides, nanoparticles, nonylphenol,
phthalates, and steroidal estrogens (Gagliardi et al. 2016). Diatom frustule deformities have been
linked to Cu, Ni, and Zn exposures, but are also induced by pesticides and excess nutrients (Lavoie
et al. 2017). Metals such as Cr and Se are also associated with deformities in amphibians (Rowe
et al. 1996), but other contaminants such as pesticides and natural stressors such as UV radiation
and parasitic infection can also cause deformities (Bacon et al. 2013).
Linkage to Higher Level Effects: Deformities in these different aquatic organisms have been
linked to individual, and in some cases, population level effects. For example, mouthpart
deformities in chironomids have been correlated with effects on survival in laboratory studies (De
Bisthoven et al. 2001). Similarly, diatom frustule deformities have been correlated with reductions
in diatom abundance and changes in periphyton community structure (Pandey et al. 2014, Lavoie
et al. 2017). Finally, amphibian deformities are associated with reduced grazing efficiency in
tadpoles (Rowe et al. 1996) and impaired locomotion in adults (Bacon et al. 2013).
In Vivo Tests on Algae, Invertebrates and Fish
Mechanisms of Action: In vivo testing evaluates all MoAs for metals (and other toxicants),
providing an integrative measure of their effects at the individual level of biological organization.
Effects Based Methods: Methods for conducting in vivo testing with algae, invertebrates and
fish are well developed for a wide range of organisms (OECD 1996, OECD 2000, OECD 2006).
Test methods for both acute and chronic exposures are available. In the United States, this type of
approach has been widely used to monitor the impacts of point source discharges and receiving
water body environmental quality for more than 30 years (USEPA 2002). A similar program was
developed in Canada and has been in place for about 20 years (Environment Canada 2012).
Sensitivity and Specificity: In vivo testing of aquatic organisms is sensitive to metals as many
of these species and test methods have been used to develop the species sensitivity distributions
on which many EQS are based. The exceptions are metals such as Se where the primary
mechanism of action is via dietary exposure (DeForest et al. 2017). For the same reasons, these
methods are also sensitive to many other classes of toxicants (pesticides, PAHs, pharmaceuticals,
etc.) at concentrations near their respective EQS. As a result, these test methods provide little
ability to discriminate between classes of toxicants, much less specific metals. Additional test
methods such as Toxicity Identification Evaluation procedures have been developed to identify
specific causes of toxicity, but these methods require considerable expertise (USEPA 1992).
Linkage to Higher Level Effects: In vivo testing with aquatic organisms provides a direct
measure of effects at the individual level. Mesocosm and field studies have demonstrated these
effects are strongly related to effects at the population level for many metals (USEPA 1976,
Clements et al. 1990, Versteeg et al. 1999, Roussel 2005).
Cytochrome P450
Mechanisms of Action: Cytochromes P450 (CYPs) are a family of hemoproteins involved in
enzymatic detoxification pathways for a wide range of both biotic degradation productions and
xenobiotic substances (Gagnon and Rawson 2017). There are a large number of isozymes involved
in these degradation pathways with some isozymes being specific to certain substrates while others
being more generic. Metals have generally been shown to reduce the activity of the CYP isozyme
CYP1a1.
Effects Based Methods: Although CYP1a1 induction can be indirectly measured through
changes in gene expression (Sorrentino et al. 2005), the most straightforward method to measure
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induction is through measurement of EROD activity using a fluorometric technique (Pohl and
Fouts 1980). EROD activity describes the CYP1a1 mediated deethylation of 7-ethoxyresorufin to
resorufin and is directly related to the amount of CYP1a1 present (Gagnon and Rawson 2017).
Sensitivity and Specificity: A wide range of metals have been shown to inhibit CYP1a1
activity in aquatic organisms (Sen and Semiz 2007, Vieira et al. 2009) (Table 1). Inhibition has
been observed at concentrations generally an order of magnitude higher than typical EQS with the
exception of Pb where inhibition was observed near the EQS, but concentrations approximating
EQS have not be routinely tested (Vieira et al. 2009, Zhang et al. 2010). In contrast to metals,
toxicants such as PAHs, pesticides, and PCBs induce CYP1a1 activity (Gagnon and Rawson
2017). Studies to date suggest inhibition is a metal-specific effect while other toxicants lead to
CYP induction. Consequently, when multiple classes of toxicants are present interpretation of
CYP activity can be confounded (Sorrentino et al. 2005, Sen and Semiz 2007).
Linkage to Higher Level Effects: The induction of CYP1a is clearly linked to the
metabolism of PAHs and subsequent formation of degradation products that are genotoxic as well
as the potential upregulation of oncogenes and suppression of the immune system (Gagnon and
Rawson 2017). Inhibition of CYP1a, as is generally the case with metal exposure, would
presumably reduce the ability of organism to detoxify both biotic degradation products and
xenobiotic compounds, but this has not been studied.
Acetylcholinesterase
Mechanisms of Action: Acetylcholinesterase (AChE) is an important enzyme that catalyzes
the degradation of acetylcholine, a major neurotransmitter in the body. Inhibition of AChE leads
to extended stimulation of the neuron by acetylcholine which can cause a variety of neural and
muscular dysfunctions (Fulton and Key 2001, Moser and Padilla 2011).
Effects Based Methods: Acetylcholinesterase activity is readily measured using
spectrophotometric techniques (Ellman et al. 1961, Sandahl and Jenkins 2002).
Sensitivity and Specificity: Metals such as As, Cu, Cd, Cr, Mo, and Pb have been
demonstrated to inhibit AChE activity in a number of aquatic organisms (Forget et al. 1999,
Diamantino et al. 2000, De Lima et al. 2013), while Cu can either stimulate (Tilton et al. 2011, De
Lima et al. 2013) or inhibit AChE activity (Forget et al. 1999, Vieira et al. 2009). In many cases,
AChE inhibition occurs at or below metal concentrations associated with acute survival effects,
and near the EQS for Cu (Brown et al. 2004). Organophosphate and carbamate pesticides also
potently inhibit AChE activity, as this is their primary mechanism of action (Fulton and Key 2001).
Linkage to Higher Level Effects: AChE inhibition has been directly linked to survival
effects in both fish and invertebrates at metal concentrations associated with acute toxicity.
Chronic sublethal effects of metal-induced AChE inhibition have not been demonstrated (Tilton
et al. 2011).
Urease
Mechanisms of Action: Urease is a nickel metalloenzyme involved in the hydrolysis of urea
into ammonia and bicarbonate. Urease can be found in most plants, bacteria, and in some aquatic
invertebrates, but is absent in fish (Abolins-Krogis 1986, Muyssen et al. 2004). Inhibition of
urease activity can lead to disruptions in nitrogen metabolism.
Effects Based Methods: Urease activity in metal contaminated soils is routinely measured to
evaluate impacts on microbial soil nitrification (Kim et al. 2008). However, in water, urease
activity is too low for this approach. Instead, the effects of toxicants on urease for aquatic samples
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typically involves the isolation of urease from jack beans. The isolated enzyme is then exposed to
water samples along with urea as a substrate for the enzyme. After a given reaction time (minutes)
urease activity can be determined by directly measuring the amount of ammonia generated by the
breakdown of urea (Jung et al. 1995). Alternatively, the assay is run in a phosphate buffered
solution where the pH change caused by the formation of ammonium carbonate is measured (Brack
et al. 2000). In some studies the assay is conducted at pH 5 (Brack et al. 2000), which will
substantially increase metal bioavailability. In other variations, metal bioavailability is reduced,
such as in the use of phosphate buffers (Olson and Christensen 1982).
Sensitivity and Specificity: There is considerable variability in the sensitivity of the assay to
metals which may be due to differences in assay methods and effects on metal bioavailability. The
assay is consistently sensitive to Cu at concentrations near the EQS, is variably sensitivity to Zn
with effect concentrations near the EQS to more than two orders of magnitude higher (Olson and
Christensen 1982, Jung et al. 1995, Brack et al. 2000). The assay is insensitive to Ni, which is not
surprising given it is essential for enzyme function (Olson and Christensen 1982, Jung et al. 1995).
The assay is relatively insensitive to Ag, Cd, Co, and Pb, though these results may be confounded
by use of a phosphate buffer (Olson and Christensen 1982). Several studies indicate urease is
insensitive to other classes of toxicants (e.g., pesticides) in water (Olson and Christensen 1982,
Jung et al. 1995), although some classes of toxicants (e.g., PAHs) have not been studied.
Linkage to Higher Level Effects: Inhibition of urease activity has direct effects on nitrogen
metabolism in microbes, algae, and aquatic plants and these are thought to lead to population level
effects, at least in microbes and algae (Rai and Rai 1997).
Bacteria Reporter Assay
Mechanisms of Action: Genes involved in metal transport and detoxification often have
metal responsive elements (i.e., metal binding sites) associated with the gene promoter that are
triggered when metal enters the cell and binds to the metal responsive element (Van der Meer
and Belkin 2010). The resulting transcriptional event results in either increased production of a
specific protein, or a signaling cascade causing the production of multiple proteins.
Effects Based Methods: The bacteria reporter assay uses recombinant bacteria (e.g.,
Escherichia coli, Staphylococcus aureus) in which one or more responsive elements are linked to
a reporter gene. Binding of the toxicant of interest (metal or organic compound depending on
the specific responsive element) then activates the reporter gene. Different reporter genes have
been used in this assay, but the most common are bioluminescent genes (e.g., LuxCDABE gene
cassette) where the intensity of bioluminescence measured is related to the degree of
transcriptional response (Van der Meer and Belkin 2010).
Specificity and Sensitivity: The sensitivity and specificity of this assay is dependent on the
specific promoter(s) used in the assay. Typically, promoters with metal responsive elements are
highly sensitive to specific metals at concentrations near the EQS and considerably less
responsive to others (Tauriainen et al. 1998, Tauriainen et al. 2000, Riether et al. 2001, Ivask et
al. 2009, Carvalho et al. 2014). Promoters with metal responsive elements are unlikely to be
sensitive to other classes of toxicants, although no studies specifically testing this have been
identified.
Linkage to Higher Level Effects: This assay uses recombinant bacteria to detect metals in
the environment. The promoters involved in this detection system are often associated with
genes involved in routine metal transport processes within a cell. Consequently, this assay
provides a measurement of metal exposure with no direct links to effects.
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ALAD
Mechanisms of Action: ALAD (-aminolevulinic acid dehydratase) is an enzyme that
catalyzes the formation of porphobilinogen, a precursor of hemoglobin. ALAD requires a Zn cofactor for proper function, but Pb has a much higher affinity for the Zn binding site leading to
ALAD disfunction and reductions in heme synthesis (Schmitt et al. 2002).
Effects Based Methods: ALAD activity can be directly measured in tissues using
spectrophotometric techniques (Schmitt et al. 1993). Changes in gene expression can also be
measured (Mager et al. 2008), although this will not directly characterize potential changes in
enzyme activity.
Sensitivity and Specificity: ALAD activity is strongly correlated with blood Pb
concentrations, making in a useful specific marker for Pb exposure (Hodson et al. 1977). Inhibition
of ALAD activity has been demonstrated in a number of laboratory and field studies at
environmentally relevant concentrations (Schmitt et al. 1993, Schmitt et al. 2002). Elevated blood
Zn has been demonstrated to ameliorate the effect of Pb on ALAD activity (Schmitt et al. 1993).
Linkage to Higher Level Effects: Inhibition of ALAD reduces synthesis of the hemoglobin
precursor. However, a number of studies demonstrate reduction in ALAD activity is inconsistent
in causing corresponding reductions in hemoglobin concentration (Krajnovic-Ozretic and Ozretic
1980, Haux et al. 1986, Schmitt et al. 1993). Links to effects at higher levels of biological
organization have not been demonstrated in aquatic studies.
Metallothioneins
Mechanisms of Action: Metallothioneins are a class of proteins that have sulfhydryl groups
that actively bind metals. The concentration and particular forms of metallothioneins present
controls the intracellular activity of essential and non-essential metals regulating their ability to
interact with other proteins or generate ROS that might lead to oxidative stress. Numerous studies
have shown MT induction in the presence of elevated metal concentrations in the environment
(Amiard et al. 2006).
Effects Based Methods: Metallothioneins can be measured in multiple tissues using several
different techniques including differential pulse polagraphy, spectrophotometrically, various
immunoassays (e.g., ELISA), through characterization of gene expression, and several other
methods (Ryvolova et al. 2011).
Sensitivity and Specificity: Metallothionein induction has been observed in the presence of
multiple metals including Ag, Cd, Cu, Hg, Ni, Pb, V, and Zn, with Cd being the most potent and
consistent inducer. In some cases, MT induction has occurred at concentrations approximating
EQS, while in other cases MT induction has not occurred at metal concentrations more than 100fold higher than EQS (Brown et al. 2004, Amiard et al. 2006). Other natural and anthropogenic
stressors are also known to induce MTs including anoxia and freezing (English and Storey 2003),
biochemical changes during the reproductive cycle (Baudrimont et al. 1997), pesticides (Erdogan
et al. 2011), and gametogenesis (Oaten et al. 2017).
Linkage to Higher Level Effects: Metallothioneins are considered a biomarker of exposure
and there are no known mechanistic links between MT induction and effects on individuals or
populations.
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eDNA Metabarcoding
Mechanisms of Action: Environmental DNA (eDNA) metabarcoding uses high throughput
genetic sequencing of environmental samples to provide a characterization of the biological
community present at a site. In characterizing the changes in the biological community, the
approach integrates effects from all mechanisms of action.
Effects Based Methods: Environmental DNA can be obtained from water and/or sediment
samples and extracted eDNA is amplified for specific marker genes (e.g., 18S) and then sequenced
using a high throughput sequencing platform. Each unique sequence is then identified using
existing taxonomic libraries and changes in community structure are assessed relative to a
reference site (Baird and Hajibabaei 2012, Chariton et al. 2016). Using current techniques,
sequence abundance is only weakly correlated with organism abundance, so data are normally
analyzed only based on presence/absence although new techniques are being developed to allow
assessment of organism abundance (Egge et al. 2013).
Sensitivity and Specificity: eDNA has much higher resolution than traditional bioassessment
techniques, which substantially increases the ability to detect changes in community structure
(Andujar et al. 2018, Yang et al. 2018). Changes in community structure reflect responses to both
anthropogenic and natural stressors (Chariton et al. 2015). Consequently, similar to traditional
bioassessment technique, eDNA metabarcoding currently lacks the ability to discriminate between
metals and other stressors other than by qualitative methods (Chariton et al. 2016).
Linkage to Higher Level Effects: eDNA metabarcoding measures the presence/absence and
potentially relative density of organisms at a site and consequently is a direct measure of population
and community level effects.
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Table 1. Summary of Sensitivity, Specificity, and Linkage to Individual/Population Effects for Metal EBMs
Mode of Action
Ion Homeostasis

Metal
Specificity
Na: Ag, Cu, Pb
Ca: Co, Cd, Pb,
Zn
Mg: Ni

Other Toxicants

Metal Sensitivity

Pesticides,
Pharmaceuticals,
Salinity

Mixed: Effects detectable at
concentrations near EQS in
some cases but not all

Link to Individual/Population
Effects
Strong – Demonstrated links to
survival and growth, but no
links to reproduction
demonstrated

Cost/Ease of Use1
Low/Simple

Oxidative Stress

As, Cd, Co, Cr,
Cu, Fe, Hg, Ni,
Ti, V, Zn

Pesticides, PAHs, PCBs,
Dioxins, Temperature,
Salinity

Mixed: Oxidative stress
detected at environmentally
relevant metal concentrations
for some metals

Weak: No studies link to
individual/population level
effects

Moderate/Simple

Lysosomal
Membrane Stability

Cd, Cu, Hg, Pb

PAHs, PCBs

Mixed: Effects near the EQS
for Cu, but at higher
concentrations for other
metals

Moderate: Links to organ level
effects, but individual and
population level effects are not
documented

Low/Simple

Cd, Cr, Cu

Nanoparticles,
Pesticides,
Pharmaceuticals, UV
Radiation

Moderate: DNA damage
occurs at concentrations ~10fold higher than EQS

Weak: Limited evidence of
effect from DNA damage
beyond the cellular level

Low/Moderate

As, Cd, Cr, Cu,
Hg, Ni, Pb, Se,
Zn

Pesticides, Phthalates,
Nanoparticles,
Estrogens, Nutrients,
Parasites, UV radiation

Mixed: Effects at
concentrations near EQS for
some metals but not others

Strong: Clear links between
observed deformities and
effects on individuals and
populations

High/Moderate

Non-specific

Many other toxicants

High: Effects demonstrated at
concentrations near the EQS
for most metals

Strong: Directly measures
effects at the individual level
with strong links to population
level effects

High/Moderate

Inhibition: Cd,
Cu, Hg, Ni, Pb,
Sb, Zn

Induction: PCBs,
Pesticides, PAHs

Moderate: CYP1 inhibition
occurs at concentration ~10fold higher than EQS

Weak: Unclear how inhibition
of CYP1a impacts organisms

Low/Simple

DNA Damage

Deformities

In Vivo Testing

Cytochrome P450
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Acetylcholinesterase

As, Cr, Cu
(inhibits and
stimulates), Cd,
Mo, Pb

Pesticides

Mixed: Effects have been
demonstrated at
concentrations causing acute
toxicity and for Cu near the
EQS

Strong: Strong correlation
between AChE inhibition and
acute effects on survival

Low/Simple

Urease

Ag, Cd, Co, Cr,
Cu, Hg, Ni, Pb,
Zn

Pesticides at high
concentrations

Mixed: Effects for Cu near
the EQS, variably for Zn,
insensitive to Ag, Cd, Co, Ni,
and Pb

Moderate: Effects on nitrogen
metabolism and inferred effects
at individual/population level

Low/Simple

Bacteria Reporter
Assay

Ag, As, Cd,
Co, Cr, Cu, Hg,
Ni, Pb, Sb, Zn

Unlikely or only at very
high concentrations

Detectable at concentrations
near the EQS for most metals

Weak: No direct link to
individual/population level
effects

Moderate/Moderate

Pb

Zinc ameliorates Pb
effects

Mixed: Inhibition occurs near
the EQS for Pb, but
insensitive to other metals

Weak: Sporadic links to
reduced haemoglobin
concentrations

Low/Simple

Ag, Cd, Cu,
Hg, Ni, Pb, V,
Zn

Anoxia, Freezing
Gametogenesis,
Pesticides

Mixed: Effects near the EQS
in some cases but no effects
observed in other cases where
concentrations are 100-fold
higher than EQS.

Weak: No studies linked to
individual/population level
effects

Moderate/Moderate

Non-specific

All toxicants and natural
stressors causing
population level effects

High: Detects loss of metal
sensitive taxa

Strong – Directly measures
presence/absence of species

High/Difficult

ALAD

Metallothionein

eDNA

1

Cost/Ease of Use qualitatively was evaluated on a relative scale.

12

Discussion and Conclusions
Summary Assessment
The above summary describes the thirteen EBMs most prominent in the scientific literature
that might be considered for use in regulating metals in aquatic systems under the WFD. Each
EBM was evaluated with respect to metal specificity and sensitivity, as well as the links between
EBM endpoints and effects at higher levels biological organization.
From this evaluation three key observations can be made:
1. ALAD and the bacteria reporter assay are the only EBMs that are specific to metals
and ALAD only applies to a single metal, Pb. All other EBMs are also sensitive to at
least one and often multiple other classes of toxicants and/or natural stressors;
2. Most EBMs have moderate sensitivity (effects ~5-10 fold higher than EQS) or mixed
sensitivity (effects at EQS for some metals but not others). Only in vivo testing and
eDNA metabarcoding are considered to have high sensitivity to metals generally, but
they are also sensitive to many other classes of toxicants and natural stressors. It is
possible the bacteria reporter assay could be developed to be sensitive to many metals.
3. One half of the evaluated EBMs (including ALAD and the bacteria reporter assay) are
considered to have weak links to effects at the individual or population level. Ion
homeostasis (except reproduction), deformities, in vivo testing, and eDNA
metabarcoding are considered strong indicators of individual or population level
effects.
These observations indicate that each of the currently proposed EBMs has at least one
significant limitation that would make it poorly suited to monitoring compliance with multiple
metal EQS in an integrative manner. Indeed, with perhaps the exception of ALAD and the bacteria
reporter assay, none of the proposed EBMs is particularly well suited for monitoring compliance
of even individual metals, much less metal mixtures.
In contrast, existing individual biotic ligand model (BLM)-based metal EQS are specific to
the metals for which they were developed and clearly linked to the effects of metals at the
individual and higher levels of biological organization. The primary limitation of existing BLMbased EQS is that, currently, they do not account for potential effects of metal mixtures.
Other Metal-Specific Considerations
There are two additional metal-specific considerations that need to be considered across the
spectrum of proposed EBMs. The first is whether EBMs can account for metal bioavailability.
EBMs explicitly do account for metal bioavailability as they will not respond unless a sufficient
concentration of bioavailable metal is present in the system. However, as detailed above, some
EBMs are not sensitive to some or many metals at concentrations near the EQS. As a result, some
EBMs will not be particularly informative with respect to metal bioavailability. Further, EBMs
may respond differently to factors that influence metal bioavailability. ALAD sensitivity to Pb,
for example, is reduced by the presence of elevated Zn concentrations (Schmitt et al. 1993).
However, in contrast to this antagonistic interaction for ALAD, Pb and Zn toxicity is strictly
additive to the snail Lymnaea stagnalis, the most Pb-sensitive taxa tested to date (Cremazy et al.
2018). Hence ALAD is unlikely to predict the toxicity of Pb when elevated Zn is also present for
the most Pb-sensitive aquatic organisms.
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The other metal-specific issue is naturally elevated background metal concentrations in
aquatic systems. In waterbodies where metal concentrations are naturally elevated, application of
EQS which are generally based on toxicity studies in which the organisms are acclimated or
adapted to relatively low metal concentrations can be problematic (Crommentuijn et al. 2000). It
may be possible that sampling of local organisms adapted to naturally elevated background metal
concentrations for EBMs may provide a useful tool for addressing this issue. For example,
organism collected from such a location may not exhibit an oxidative stress response at naturally
elevated background concentrations whereas a laboratory organism might. Alternatively,
organisms may exhibit continual low-level responses to EBMs (e.g., elevated metallothionein
concentrations) as part of their adaptation to this environment (Knapen et al. 2007). Exactly how
specific EBMs will respond to naturally elevated background metal concentrations has not been
studied in any detail and will need further evaluation.
Future Directions
Effect Based Methods are already used in some Member States as a weight of evidence
approach (along with EQS) to demonstrate ecological impact. However, there is a clear need for
development and implementation of tools that allow for a more holistic or integrative assessment
of compliance with the objectives of the WFD, including consideration of unknown pollutants,
substances which are difficult to detect, and mixtures. For some classes of organic toxicants,
available EBMs may provide a viable option for achieving this goal. For metals, it is clear that
currently available EBMs do not meet this need. Furthermore, since metals are easily and routinely
measured, the added benefit of investing in development of EBMs for metals is unclear.
The ideal hypothetical EBM for metals would be sensitive to a suite of metals at or near the
EQS for each metal. Further, the EBM would be insensitive to other classes of toxicants and either
insensitive to, or account for, naturally occurring abiotic factors that influence metal bioavailability
and toxicity. Even if an EBM could be developed that met all of these criteria, from a regulatory
perspective it would still have limitations. While it would be useful for monitoring compliance of
metal mixtures with respect to the WFD, if effects were detected at a site, it would not be able to
inform the users of the particular components of the metal mixture that were driving noncompliance. This is obviously critical information for successful management of the noncompliance.
One tool currently under development that meets all of the above criteria and provides
quantitative information on the relative contribution to non-compliance of individual metals in a
mixture is the mixture BLM (mBLM). There has already been considerable progress in developing
mBLMs in terms of both fundamental studies on how metals interact at metal binding sites
(Komjarova and Blust 2009, Brix et al. 2016, Brix et al. 2017, Cremazy et al. 2019) and in the
development of an appropriate modelling framework (Farley et al. 2015, Santore and Ryan 2015,
Van Regenmortel et al. 2017, Nys et al. 2018). More study and model refinement is clearly needed
including substantial field validation studies, but efforts to date indicate this approach is likely to
lead to development of a practical tool for evaluating metal mixture toxicity in aquatic
environments.

14

References
Abolins-Krogis, A. (1986). The effect of carbonic anhydrase, urea and urease on the calcium
carbonate deposition in the shell-repair membrane of the snail, Helix pomatia L. Cell Tissue
Res. 244: 655-660.
Amiard, J. C., C. Amiard-Triquet, S. Barka, J. Pellerin and P. S. Rainbow (2006).
Metallothioneins in aquatic invertebrates: their role in metal detoxification and their use as
biomarkers. Aquat. Toxicol. 76: 160-202.
Andujar, C., P. Arribas, C. Gray, C. Bruce, G. Woodward, D. W. Yu and A. P. Vogler (2018).
Metabarcoding of freshwater invertebrates to detect the effects of a pesticide spill. Mol. Ecol.
27: 146-166.
Ankley, G. T., R. S. Bennett, R. J. Erickson, D. J. Hoff, M. W. Hornung, R. D. Johnson, D. R.
Mount, J. W. Nichols, C. L. Russom, P. K. Schmieder, J. A. Serrano, J. E. Tietge and D. L.
Villeneuve (2010). Adverse outcome pathways: a conceptual framework to support
ecotoxicology research and risk assessment. Environ. Toxicol. Chem. 29(3): 730-741.
Bacon, J. P., C. E. Fort, B. Todhunter, M. Mathis and D. J. Fort (2013). Effects of multiple
chemical, physical, and biological stressors on the incidence and types of abnormalities
observed in Bermuda’s cane toads (Rhinella marina). J. Exp. Zool. 320B: 218-237.
Baird, D. J. and M. Hajibabaei (2012). BIomonitoring 2.0: a new paradigm in ecosystem
assessment made possible by next-generation DNA sequencing. Mol. Ecol. 21: 2039-2044.
Bolognesi, C., E. Landini, P. Roggieri, R. Fabbri and A. Viarengo (1999). Genotoxicity
biomarkers in the assessment of heavy metal effects in mussels: experimental studies.
Environ. Mol. Mut. 33: 287-292.
Brack, W., A. Paschke, H. Segner, W. R. and G. Schuurmann (2000). Urease inhibition: a tool
for toxicity identification in sediment elutriates. Chemosphere 40: 829-834.
Brix, K. V., A. J. Esbaugh and M. Grosell (2011). The toxicity and physiological effects of
copper on the freshwater pulmonate snail, Lymnaea stagnalis. Comp. Biochem. Physiol.
154C: 261-267.
Brix, K. V., A. J. Esbaugh, K. M. Munley and M. Grosell (2012). Investigations into the
mechanism of lead toxicity to the freshwater pulmonate snail, Lymnaea stagnalis. Aquat.
Toxicol. 106-107: 147-156.
Brix, K. V., M. S. Tellis, A. Cremazy and C. M. Wood (2016). Characterization of the effects of
binary metal mixtures on short-term uptake of Ag, Cu, and Ni by rainbow trout
(Oncorhynchus mykiss). Aquat. Toxicol. 180: 236-246.
Brix, K. V., M. S. Tellis, A. Cremazy and C. M. Wood (2017). Characterization of the effects of
binary metal mixtures on short-term uptake of Cd, Pb, and Zn by rainbow trout
(Oncorhynchus mykiss). Aquat. Toxicol. 193: 217-227.
Brown, R. J., T. S. Gallloway, D. M. Lowe, M. A. Browne, A. Dissanayake, M. B. Jones and M.
H. Depledge (2004). Differential sensitivity of three marine invertebrates to copper assessed
using multiple biomarkers. Aquat. Toxicol. 66: 267-278.

15

Bury, N. R. and C. M. Wood (1999). Mechanism of branchial apical silver uptake by rainbow
trout is via the proton-coupled Na+ channel. Am. J. Physiol. 46: R1385-R1391.
Carvalho, R. N., A. Arukwe, S. Ait-Aissa, A. Bado-Nilles, S. Balzamo, A. Baun, S. Belkin, L.
Blaha, F. Brion, D. Conti, N. Creusot, Y. Essig, V. E. V. Ferrero, V. Flander-Putrle, M.
Furhacker, R. Grillari-Voglauer, C. Hogstrand, A. Jonas, J. B. Kharlyngdoh, R. Loos, A. K.
Lundebye, C. Modig, P. E. Olsson, S. Pillai, N. Polak, M. Potalivo, W. Sanchez, A.
Schifferli, K. Schirmer, S. Sforzini, S. R. Sturzenbaum, L. Softeland, V. Turk, A. Viarengo,
I. Werner, S. Yagur-Kroll, R. Zounkova and T. Lettieri (2014). Mixtures of chemical
pollutants at European legislation safety concentrations: How safe are they? Toxicol. Sci.
141(1): 218-233.
Chariton, A. A., S. Stephenson, M. J. Morgan, A. D. L. Steven, M. J. Colloff, L. N. Court and C.
M. Hardy (2015). Metabarcoding of benthic eukaryote communities predicts the ecological
condition of estuaries. Environ. Poll. 203: 165-174.
Chariton, A. A., M. Sun, J. Gibson, J. A. Webb, K. M. Y. Leung, C. W. Hickey and G. C. Hose
(2016). Emergent technologies and analytical approaches for understanding the effects of
multiple stressors in aquatic environments. Mar. Fresh. Res. 67: 414-428.
Clements, W. H., D. S. Cherry and J. Cairns (1990). Macroinvertebrate community responses to
copper in laboratory and field experimental streams. Arch. Environ. Contam. Toxicol. 19:
361-365.
Cremazy, A., K. V. Brix and C. M. Wood (2018). Chronic toxicity of binary mixtures of six
metals (Ag, Cd, Cu, Ni, Pb, and Zn) to the great pond snail Lymnaea stagnalis. Environ. Sci.
Tech. 52: 5979-5988.
Cremazy, A., K. V. Brix and C. M. Wood (2019). Using the biotic ligand model framework to
investigate binary metal interactions on the uptake of Ag, Cd, Cu, Ni, Pb, and Zn in the
freshwater snail Lymnaea stagnalis. Sci. Tot. Environ. 647: 1611-1625.
Crommentuijn, T., M. Polder, D. T. H. M. Sijm, J. De Bruijn and E. Van De Plassche (2000).
Evaluation of the Dutch environmental risk limits for metals by application of the added risk
approach. Environ. Toxicol. Chem. 19(6): 1692-1701.
De Bisthoven, L. J., J. F. Postma, A. Vermeulen, G. Goemans and F. Ollevier (2001).
Morphological deformities in Chironomus riparius Meigen larvael after exposure to
cadmium over several generations. Wat. Air Soil Poll. 129: 167-179.
De Lapuente, J., J. Lourenco, S. A. Mendo, M. Borras, M. G. Martins, P. M. Costa and M. A.
Pacheco (2015). The Comet Assay and its applications in the field of ecotoxicology: a mature
tool that continues to expand its perspectives. Front. Genetics 6: 180.
De Lima, D., G. M. Roque and E. A. De Almeida (2013). In vitro and in vivo inhibtion of
acetylcholinesterase and carboxylesterase by metals in zebrafish (Danio rerio). Mar.
Environ. Res. 91: 45-51.
DeForest, D. K., K. V. Brix, J. R. Elphick, C. J. Rickwood, A. M. H. deBruyn, L. M. Tear, G.
Gilron, S. A. HUghes and W. J. Adams (2017). Lentic, lotic, and sulfate-dependent
waterborne selenium screeing guidelines for freshwater systems. Environ. Toxicol. Chem.
36(9): 2503-2513.

16

Diamantino, T. C., L. Guilhermino, E. Almeida and A. M. V. M. Soares (2000). Toxicity of
sodium molybdate and sodium dichromate to Daphnia magna Straus evaluated in acute,
chronic and acetylcholinesterase inhibition tests. Ecotoxicol. Environ. Saf. 45: 253-259.
Egge, E., L. Bittner, T. Anderson, S. Audic, C. De Vargas and B. Edvardsen (2013). 454
pyrosequencing to describe microbial eurkaryotic community composition, diversity and
relative abundance: a test for marine haptophytes. PLoS One 8(9): e74371.
Ellman, G. L., K. D. Courtney, V. Andres and R. M. Featherstone (1961). A new and rapid
colorimetric determination of acetylcholinesterase activity. Biochem. Pharmacol. 7: 88-95.
English, T. E. and K. B. Storey (2003). Freezing and anoxia stresses induce expression of
metallothionein in the foot muscle and hepatopancreas of the marine gastropod Littorina
littorea. J. Exp. Biol. 206: 2517-2524.
Environment Canada (2012). Metal mining technical guidance for environmental effects
monitoring, Environment Canada: 550 pp.
Erdogan, O., S. B. Ceyhun, D. Ekinci and E. Aksakal (2011). Impact of deltamethrin exposure
on mRNA expression levels of metallothionein A, B and cytochrome P450 1A in rainbow
trout muscles. Gene 484: 13-17.
Esterbauer, H., P. Eckl and A. Ortner (1990). Possible mutagens derived from lipids and lipid
precursors. Mut. Res. 238: 223-233.
Farley, K. J., J. S. Meyer, L. S. Balistrieri, K. A. C. De Schamphelaere, Y. Iwasaki, C. R.
Janssen, M. Kamo, S. Lofts, C. A. Mebane, W. Naito, A. C. Ryan, R. C. Santore and E.
Tipping (2015). Metal mixture modeling evaluation project: 2. Comparison of four modeling
approaches. Environ. Toxicol. Chem. 34(4): 741-753.
Forget, J., J. F. Pavillon, B. Beliaeff and G. Bocquene (1999). Joint action of pollutant
comibinations (pesticides and metals) on survival (LC50 values) and acetylcholinesterase
activity of Tigriopus brevicornis (Copepoda, Harpacticoida). Environ. Toxicol. Chem. 18(5):
912-918.
Fulton, M. H. and P. B. Key (2001). Acetylcholinesterase inhibition in estuarine fish and
invertebrates as an indicator of organophosphorus insecticide exposure and effects. Environ.
Toxicol. Chem. 20(1): 37-45.
Gagliardi, B. S., V. J. Pettigrove, S. M. Long and A. A. Hoffman (2016). A meta-analysis
evaluating the relationship between aquatic contaminants and chironomid larval deformities
in laboratory studies. Environ. Sci. Tech. 50: 12903-12911.
Gagnon, M. M. and C. A. Rawson (2017). Bioindicator species for EROD activity
measurements: a review with Australian fish as a case study. Ecol. Indicat. 73: 166-180.
Grosell, M. and K. V. Brix (2009). High net calcium uptake explains the hypersensitivity of the
freshwater pulmonate snail, Lymnaea stagnalis, to chronic lead exposure. Aquat. Toxicol.
91(4): 302-311.
Grosell, M., R. Gerdes and K. V. Brix (2006). Influence of Ca, humic acid, and pH on lead
accumulation and toxicity in the fathead minnow during prolonged waterborne lead
exposure. Comp. Biochem. Physiol. 143C: 473-483.

17

Grosell, M. and C. M. Wood (2002). Copper uptake across rainbow trout gills: mechanisms of
apical entry. J. Exp. Biol. 205: 1179-1188.
Grundy, M. M., M. N. Moore, S. M. Howell and N. A. Ratcliffe (1996). Phagocytic reduction
and effects on lysosomal membranes by polycyclic aromatic hydrocarbons, in haemocytes of
Mytilus edulis. Aquat. Toxicol. 34: 273-290.
Haux, C., A. Larsson, G. Lithner and M. L. Sjobeck (1986). A field study of physiological
effects on fish in lead-contaminated lakes. Environ. Toxicol. Chem. 5: 283-288.
Hodson, P. V., B. R. Blunt, D. J. Spry and K. Austen (1977). Evaluation of erythrocyte d-amino
levulinic acid dehydratase acitivty as a short-term indicator in fish of a harmful exposure to
lead. J. Fish. Res. Bd. Can. 34: 501-508.
Hogstrand, C., R. W. Wilson, D. Polgar and C. M. Wood (1994). Effects of zinc on the kinetics
of branchial calcium uptake in freshwater rainbow trout during adaptation to waterborne
zinc. J. Exp. Biol. 186: 55-73.
Ivask, A., T. Rolova and A. Kahru (2009). A suite of recombinant bacterial strains for the
quantification of bioavailable heavy metals and toxicity testing. BMC Biotechnol. 9: 41.
Jung, K., G. Bitton and B. Koopman (1995). Assessment of urease inhibition assays for
measuring toxicity of environmental samples. Wat. Res. 29(8): 1929-1933.
Kim, B., M. B. McBride and A. G. Hay (2008). Urease activity in aged copper and zinc-spiked
soids: relationship to CaCl2-extractable metals and Cu2+ activity. Environ. Toxicol. Chem.
27(12): 2469-2475.
Knapen, D., H. Reynders, L. VBervoets, E. Verheyen and R. Blust (2007). Metallothionein gene
and protein expression as a biomarker for metal pollution in natural gudgeon populations.
Aquat. Toxicol. 82(3): 163-172.
Kohler, A. (1991). Lysosomal perturbations in fish liver as indicators for toxic effect of
environmental pollution. Comp. Biochem. Physiol. 100C: 123-127.
Komjarova, I. and R. Blust (2009). Multimetal interactions between Cd, Cu, Ni, Pb, and Zn
uptake from water in the zebrafish Danio rerio. Environ. Sci. Tech. 43: 7225-7229.
Krajnovic-Ozretic, M. and B. Ozretic (1980). The ALA-D activity test in lead-exposed grey
mullet Mugil auratus. Mar. Ecol. Prog. Ser. 3: 187-191.
Lavoie, I., P. B. Hamilton, S. Morin, S. K. Tiam, M. Kahlert, S. Goncalves, E. Falasco, C. Fortin,
B. Gontero, D. Heudre, M. Kojadinovic-Sirinelli, K. Manoylov, L. K. Pandey and J. C.
Taylor (2017). Diatom teratologies as biomarkers of contamination: Are all deformities
ecologically meaningful? Ecol. Indicat. 82: 539-550.
Lowe, D. M., M. N. Moore and B. M. Evans (1992). Contaminant impact on interactions of
molecular probes with lysosomes in living hepatocytes from dab Limanda limanda. Mar.
Ecol. Prog. Ser. 91: 135-140.
Lushchak, V. I. (2011). Environmentally induced oxidative stress in aquatic animals. Aquat.
Toxicol. 101: 13-30.

18

Mager, E. M., H. Wintz, C. D. Vulpe, K. V. Brix and M. Grosell (2008). Toxicogenomics of
water chemistry influence on chronic lead toxicity to the fathead minnow (Pimephales
promelas). Aquat. Toxicol. 87: 200-209.
Martins, M. and P. M. Costa (2017). The Comet assay in aquatic (eco)genotoxicology using nonconventional model organisms: relevance, contrastraints and prospects. Ecotoxicology and
Genotoxicology: Non-traditional Aquatic Models. M. L. Larramendy. London, UK, Royal
Society of Chemistry: 3-32.
Monteiro, V., D. G. S. M. Cavalcante, M. B. F. A. Vilela, S. H. Sofia and C. B. R. Martinez
(2011). In vivo and in vitro exposures for the evluation of the genotoxic effects of lead on the
neotropical freshwater fish Prochilodus lineatus. Aquat. Toxicol. 104: 291-298.
Moore, M. N. (1988). Cyotochemical responses of the lysosomal system and NADPHferrihemoprotein reductase in molluscan digestive cells to environmental and experimental
exposure to xenobiotics. Mar. Ecol. Prog. Ser. 46: 81-89.
Moore, M. N., J. I. Allen and A. McVeigh (2006). Environmental prognostics: an integrated
model supporting lysosomal stress responses as predictive biomarkers of animal health
status. Mar. Environ. Res. 61: 278-304.
Moorthy, K. S., B. K. Reddy, K. S. Swami and C. S. Chetty (1984). Changes in respiration and
ionic content in tissues of freshwater mussel exposed to methyl parathion toxicity. Toxicol.
Let. 21: 287-291.
Moser, V. C. and S. Padilla (2011). Esterase metabolism of cholinesterase inhibitors using rat
liver in vitro. Toxicol. 281: 56-62.
Muyssen, B. T. A., K. V. Brix, D. K. DeForest and C. R. Janssen (2004). Nickel essentiality and
homeostasis in aquatic organisms. Environ. Rev. 12: 113-131.
Nardi, A., M. Benedetti, D. Fattorini and F. Regoli (2018). Oxidative and interactive challenge of
cadmium and ocean acidification on the smooth scallop Flexopecten glaber. Aquat. Toxicol.
196: 53-60.
Niyogi, S., K. V. Brix and M. Grosell (2014). Effects of chronic waterborne nickel exposure on
growth, ion homeostasis, acid-base balance, and nickel uptake in the freshwater pulmonate
snail, Lymnaea stagnalis. Aquat. Toxicol. 150: 36-44.
Niyogi, S., S. R. Nadella and C. M. Wood (2015). Interactive effects of waterborne metals in
binary mixtures on short-term gill-metal binding and ion uptake in rainbow trout
(Oncorhynchus mykiss). Aquat. Toxicol. 165: 109-119.
Niyogi, S. and C. M. Wood (2004). Kinetic analyses of waterborne Ca and Cd transport and their
interactions in the gills of rainbow trout (Oncorhynchus mykiss) and yellow perch (Perca
flavescens), two species differing greatly in acute waterborne Cd sensitivity. J. Comp.
Physiol. B 174: 243-253.
Nott, J. A., M. N. Moore, L. J. Mavin and K. P. Ryan (1985). The fine structure of lysosomal
membranes and endoplasmic reticulum in the digestive cells of Mytilus edulis exposed to
anthracene and phenanthrene. Mar. Environ. Res. 17: 226-229.

19

Nys, C., T. Van Regenmortel, C. R. Janssen, K. Oorts, E. Smolders and K. A. C. De
Schamphelaere (2018). A framework for ecological rsk assessment of metal mixtures in
aquatic systems. Environ. Toxicol. Chem. 37(3): 623-642.
Oaten, J. F. P., M. D. Hudson, A. C. Jensen and I. D. Williams (2017). Seasonal effects to
metallothionein responses to metal exposrue in a naturalised population of Ruditapes
philippinarium in a semi-enclosed estuarine environment. Sci. Tot. Environ. 575: 1279-1290.
OECD (1996). Daphnia magna reproduction test. OECD guideline 211. Paris, France,
Organization for Economic Cooperation and Development.
OECD (2000). Guideline for testing of chemicals. 215: Fish juvenile growth tests. Paris, France,
Organization for Economic Cooperation and Development.
OECD (2006). Freshwater alga and cyanobacteria, growth inhibtion test. Guideline No. 201,
Organisation for Economic Co-operation and Development: 25 pp.
Olson, D. L. and G. M. Christensen (1982). Effect of selected environmental pollutants and other
chemicals on the activity of urease (in vitro). Bull. Environ. Contam. Toxicol. 28: 439-445.
Pandey, L. K., E. A. Bergey, J. Lyu, J. Park, S. Choi, H. Lee, S. Depuydt, O. Y.T., S. M. Lee and
T. Han (2017). The use of diatoms in ecotoxicology and bioassessment: insights, advances
and challenges. Wat. Res. 118: 39-58.
Pandey, L. K., D. Kumar, A. Yadav, J. Rai and J. P. Gaur (2014). Morphological abnormalities
in periphytic diatoms as a tool for biomonitoring of heavy metal pollution in a river. Ecol.
Indicat. 36: 272-279.
Pane, E. F., C. Bucking, M. Patel and C. M. Wood (2005). Renal function in the freshwater
rainbow trout (Oncorhynchus mykiss) following acute and prolonged exposure to waterborne
Ni. Aquat. Toxicol. 72: 119-133.
Pane, E. F., C. Smith, J. C. McGeer and C. M. Wood (2003). Mechanisms of acute and chronic
waterborne nickel toxicity in the freshwater cladoceran, Daphnia magna. Environ. Sci. Tech.
37: 4382-4389.
Pellegri, V., G. Gorbi and A. Buschini (2014). Comet assay on Daphnia magna in ecogenotoxicity testing. Aquat. Toxicol. 155: 261-268.
Pohl, R. J. and J. R. Fouts (1980). A rapid method for assaying the metabolism of 7ethoxyresrufin by microsomal subcellular fractions. Anal. Biochem. 107: 150-155.
Rai, P. K. and L. C. Rai (1997). Interactive effects of UV-B and Cu on photosynthesis, uptake
and metabolism of nutrients in a green alga Chlorella vulgaris under simulated ozone
column. J. Gen. Appl. Microbiol. 43: 281-288.
Ransberry, V. E., A. J. Morash, T. A. Blewett, C. M. Wood and G. B. McClelland (2015).
Oxidative stress and metabolic responses to copper in frreshwater- and seawater-acclimated
killifish, Fundulus heteroclitus. Aquat. Toxicol. 161: 242-252.
Regoli, F. and M. E. Giuliani (2014). Oxidative pathways of chemical toxicity and oxidative
stress biomarkers in marine organisms. Mar. Environ. Res. 93: 106-117.
Regoli, F., M. NIgro and E. Orlando (1998). Lysosomal and antioxidant responses to metals in
the Antarctic scallop Adamussium colbecki. Aquat. Toxicol. 40: 375-392.

20

Riether, K. B., M. A. Dollard and P. Billard (2001). Assessment of heavy metal bioavailability
using Escherichia coli zntAp::lux and copAp::lux-based biosenssors. Appl. Microbiol.
Technol. 57: 712-716.
Rogers, J. T., J. G. Richards and C. M. Wood (2003). Ionoregulatory disruption as the acute
toxic mechanism for lead in the rainbow trout (Oncorhynchus mykiss). Aquat. Toxicol. 64(2):
215-234.
Roussel, H. (2005). The effects of copper on structure and function of freshwater ecosystems: a
lotic mesocosm study. Ph.D. Doctoral Dissertation, University of Toulouse.
Rowe, C. L., O. M. Kinney, A. P. Fiori and J. D. Congdon (1996). Oral deformities in tadpoles
(Rana catesbeiana) associated with coal ash deposition: effects on grazing ability and
growth. Fresh. Biol. 36: 723-730.
Ryvolova, M., S. Krizkova, V. Adam, M. Beklova, L. Trnkova, J. Hubalek and R. Kizek (2011).
Analytical methods for metallothionein detection. Curr. Anal. Chem. 7: 243-261.
Salmelin, J., K. M. Vuori and H. Hamalainen (2015). Inconsistency in the analysis of
morphological deformities in chironomidae (Insecta: Diptera) larvae. Environ. Toxicol.
Chem. 34(8): 1891-1898.
Sandahl, J. F. and J. J. Jenkins (2002). Pacific steelhead (Oncorhynchus mykiss) exposed to
chlorpyrifos: benchmark concentration estimates for acetylcholinesterase inhibition. Environ.
Toxicol. Chem. 21(11): 2452-2458.
Santore, R. C. and A. C. Ryan (2015). Development and application of a multimetal multibiotic
ligand model for assessing aquatic toxicity of metal mixtures. Environ. Toxicol. Chem.
34(4): 777-787.
Saravanan, M., S. Karthika, A. Malarvizhi and M. Ramesh (2011). Ecotoxicological impacts of
clofibric acid and diclofenac in common carp (Cyprinus carpio) fingerlings: Hematological,
biochemical, ionoregulatory and ezymological responses. J. Hazard. Mat. 2011: 188-194.
Schmitt, C. J., C. A. Caldwell, B. Olsen, D. Serdar and M. Coffey (2002). Inhibition of
erythrocyte d-aminolevulinic acid dehydratase (ALAD) activity in fish from waters affected
by lead smelters. Environ. Monitor. Assess. 77: 99-119.
Schmitt, C. J., M. L. Wildhaber, J. B. Hunn, T. Nash, M. N. Tieger and B. L. Steadman (1993).
Biomonitoring of lead-contaminated Missouri streams with an assay for erythrocyte daminolevulinic acid dehydratase activity in fish blood. Arch. Environ. Contam. Toxicol. 25:
464-475.
Sen, A. and A. Semiz (2007). Effects of metals and detergents on biotransformation and
detoxification enzymes of leaping mullet (Liza saliens). Ecotoxicol. Environ. Saf. 68: 405411.
Singh, N. P., M. T. McCoy, R. R. Tice and E. L. Schneider (1988). A simple technique for
quantitation of low levels of DNA damage in individual cells. Exp. Cell Res. 175: 184-191.
Sorrentino, C., N. K. Roy, S. C. Courtenay and I. Wirgin (2005). Co-exposure to metals
modulates CYP1A mRNA inducibility in Atlantic tomcod Microgadus tomcod from two
populations. Aquat. Toxicol. 75: 238-252.

21

Suvetha, L., M. Ramesh and M. Saravanan (2010). Influence of cypermethrin toxicity on ionic
regulation and gill Na+/K+-ATPase activity of a freshwater teleost fish Cyprinus carpio.
Environ. Toxicol. Pharmacol. 29: 44-49.
Tauriainen, S., M. Karp, W. Chang and M. Virta (1998). Luminescent bacterial sensor for
cadmium and lead. Biosens. Bioelec. 13: 931-938.
Tauriainen, S. M., M. P. J. Virta and M. T. Karp (2000). Detecting bioavailable toxic metals and
metalloids from natural water samples using luminescent sensor bacteria. Wat. Res. 34(10):
2661-2666.
Tilton, F. A., T. K. Bammler and E. P. Gallagher (2011). Swimming impairment and
acetylcholinesterase inhibition in zebrafish exposed to copper or chlorpyrifos separately, or
as mixtures. Comp. Biochem. Physiol. 153C: 9-16.
USEPA (1976). Validity of laboratory tests for predicting copper toxicity in streams. Duluth,
Minnesota, U.S. Environmental Protection Agency, Office of Research and Development:
191 pp.
USEPA (1992). Toxicity identification evaluation: Characterization of chronically toxic
effluents, Phase I. Washington, D.C., U.S. Environmental Protection Agency, Office of
Research and Development: 59 pp.
USEPA (2002). Short-term methods for estimating the chronic toxicity of effluents and receiving
waters to freshwater organisms. Cincinatti, Ohio, U.S. Environmental Protection Agency:
350 pp.
Valavanidis, A., T. Vlahogianni, M. Dassenakis and M. Scoullos (2006). Molecular biomarkers
of oxidative stress in aquatic organisms in relation to toxic environmental pollutants.
Ecotoxicol. Environ. Saf. 64: 178-179.
Van der Meer, J. R. and S. Belkin (2010). Where microbiology meets microengineering: design
and applications of reporter bacteria. Nat. Reviews 8: 511-522.
Van Regenmortel, T., C. Nys, C. R. Janssen, S. Lofts and K. A. C. De Schamphelaere (2017).
Comparison of four methods for bioavailability-based risk assessment of mixtures of Cu, Zn,
and Ni in freshwater. Environ. Toxicol. Chem. 36(8): 2123-2138.
Versteeg, D. J., S. E. Belanger and G. J. Carr (1999). Understanding single-species and model
ecosystem sensitivity: data-based comparison. Environ. Toxicol. Chem. 18(6): 1329-1346.
Vieira, L. R., C. Gravato, A. M. V. M. Soares, F. Morgado and L. Guilhermino (2009). Acute
effects of copper and mercury on the estuarine fish Pomatoschistus microps: linking
biomarkers to behaviour. Chemosphere 76: 1416-1427.
Wood, C. M. (2012). An introduction to metals in fish physiology and toxicology: basic
principles. Homeostasis and Toxicology of Essential Metals. C. M. Wood, A. P. Farrell and
C. J. Brauner. Amsterdam, Netherlands, Elsevier, Inc.: 1-51.
Yang, J., Y. Xie, K. Jeppe, S. Long, V. J. Pettigrove and X. Zhang (2018). Sensitive community
responses of microbiota to copper in sediment toxicity test. Environ. Toxicol. Chem. 37(2):
599-608.

22

Zhang, Y., J. Song, H. Yuan, Y. Xu, Z. He and L. Duan (2010). Biomarker responses in the
bivalve (Chlamys farreri) to exposure of the environmentally relevant concentrations of lead,
mercury, copper. Environ. Toxicol. Pharmacol. 30: 19-25.
Zheng, J. L., S. S. Yuan, C. W. Wu and W. Y. Li (2016). Chronic waterborne zinc and cadmium
exposures induced different responses towards oxidative stress in the liver of zebrafish.
Aquat. Toxicol. 177: 261-268.

23

