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Abstract

Effects-based methods (EBMs) are considered part of a more integrative strategy for regulating substances of concern
under the European Union Water Framework Directive. In general, EBMs have been demonstrated as useful indicators of
effects on biota, although links to population and community-level effects are sometimes uncertain. When EBMs are
sufficiently specific and sensitive, and links between measured endpoints and apical or higher level effects are established,
they can be a useful tool in assessing effects from a specific toxicant or class of toxicants. This is particularly valuable for
toxicants that are difficult to measure and for assessing the effects of toxicant mixtures. This paper evaluates 12 EBMs that
have been proposed for potential use in the assessment 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 EBM
endpoints and effects observed at the whole organism or population levels of biological organization. The evaluation
concluded that none of the EBMs evaluated meet 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. Given the lack of suitable EBMs for
metals, we recommended that the continued development of mixture biotic ligand models (mBLMs) may be the most
effective way to achieve the goal of a more holistic approach to regulating metals in aquatic ecosystems. Given the need
to further develop and validate mBLMs, we suggest an interim weight-of-evidence approach that includes mBLMs,
macroinvertebrate community bioassessment, and measurement of metals in key macroinvertebrate species. This ap-
proach provides a near-term solution and simultaneously generates data needed for the refinement and validation of
mBLMs. Once validated, it should be possible to rely primarily on mBLMs as an alternative to EBMs for metals. Integr
Environ Assess Manag 2023;19:24-31. © 2022 The Authors. Integrated Environmental Assessment and Management
published by Wiley Periodicals LLC on behalf of Society of Environmental Toxicology & Chemistry (SETAC).
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INTRODUCTION

The objectives of the European Water Framework Direc-
tive (WFD; 2000/60/EC) include the aim to achieve and en-
sure “good status” of all water bodies throughout Europe
through the updating and implementation of management
plans at the river basin level. Under the WFD, the toxicity of
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chemical substances is currently considered using primarily
a substance-by-substance approach. However, this single-
chemical risk assessment approach for the management of
chemical pollution has some limitations including the in-
ability to analyze all substances that are present in the
aquatic environment and to predict the effects of the mix-
ture of substances present in the aquatic environment
(Altenburger et al., 2015; Brack et al., 2017).

In response to the need for multistressor assessment
tools, a technical report published in 2014 described the
state-of-the-art for the use of effects-based methods (EBMs)
in Europe, gave a series of recommendations for their use in
the WFD, and included several fact sheets for different
EBMs (Wernersson et al., 2015). In the technical report, it
was concluded that the main use of EBM tools within the
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current WFD context would be as screening tools, to es-
tablish early warning systems and to take the effects from
mixtures of pollutants or not routinely analyzed chemicals
(“unknowns”) into account. More recently, in 2016 the Water
Directors endorsed the need for a more holistic approach,
considering the presence of mixtures of chemicals acting
together, to provide a more accurate assessment of risks
and more appropriate targeting of monitoring and meas-
ures (Carere et al., 2021). This is also reflected in the new
European Green Deal (European Union [EU], 2019), bringing
further attention to the consideration and use of EBMs in a
regulatory context.

The protection goal of the European WFD is to maintain
water bodies that have good chemical and ecological status
and improve all of those that do not (EU, 2000). Protection
of water quality under the WFD is currently based on
monitoring water concentrations of individual substances
and comparing these concentrations to environmental
quality standards (EQS). However, EBMs are considered a
holistic approach to provide a more integrative assessment
of risks and more appropriate targeting of monitoring and
measures under the WFD. This approach would group
substances by mode of action (MoA) and then use MoA-
specific effects assays to establish trigger values for mon-
itoring compliance, thus allowing for the assessment of
mixtures with the same MoA (Brack et al., 2019).

For some organic substances, the MoA is well defined and
there are, in some cases, EBMs developed that are MoA
specific. Triazine herbicides, for example, are known to
target photosystem Il in plants while organophosphate
pesticides are known to target acetylcholinesterase
(Duke, 1990; Matsumura, 1975). In contrast, for metals,
there are several challenges related to MoA and EBM spe-
cificity. More broadly, for EBMs in general, variability in
nonchemical stressors and attributes (e.g., temperature and
habitat) can confound the interpretation of EBM data. Fur-
ther, linkages between the subcellular effects often meas-
ured by EBMs and effects on population, communities, and
emergent properties of ecosystems are frequently obscured
or unclear. In considering adverse outcome pathways
(AOPs) (Ankley et al., 2010) for metal 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 the present paper was to evaluate a se-
lection of EBMs with a specific focus on specificity and se-
lectivity to metals, and their predictive potential for
population or community effects. To accomplish this, we
evaluated the 12 candidate EBMs being considered for
use with metals (Carere et al., 2021). Three of these EBMs
(deformity assessments for diatoms, chironomids, and am-
phibians; in vivo whole animal testing; and environmental
DNA [eDNA] metabarcoding) target apical endpoints while
the other nine EBMs target a specific MoA at a subcellular
level of biological organization. Each EBM was evaluated
using three criteria: specificity, sensitivity, and links to effects

at higher levels of biological organization, such as individual,
population, and community-level effects.

The remainder of this paper summarizes the evaluation of
each EBM using these three criteria. The details of this
evaluation for each EBM are provided in the Supporting
Information. Based on our evaluation, conclusions regarding
the utility of EBMs for regulating metals in aquatic ecosys-
tems and recommended paths forward are provided.

METHODS
EBM specificity and sensitivity

A literature review was conducted to evaluate the spe-
cificity and sensitivity of each candidate EBM. The review
was not intended to be comprehensive, but rather to
identify key information regarding EBM specificity and
sensitivity. For all proposed EBMs, previous literature re-
views have been conducted summarizing the specificity and
sensitivity of the EBM or the assay or analytical methods
used in the measurement of the EBM. However, these re-
views have typically been undertaken with a broader context
of application and not focused on the applicability of the
EBM for metals, which is the focus of this evaluation.

Specificity considers the range of metals, other chemical
substances, and natural environmental variables (e.g., pH,
salinity, and temperature) to which a particular EBM re-
sponds. Ideally, if the objective is to regulate metals in
aquatic systems, an EBM would respond to multiple metals
but not to other substances or environmental variables.

Sensitivity evaluates whether the EBM responds to metals
at concentrations comparable to EQS. If EBMs are in-
sensitive to metals at concentrations near the EQS, they will
not provide adequate protection for aquatic systems. Con-
versely, if EBMs are sensitive at concentrations below EQS,
they will infer negative effects at concentrations generally
considered not to affect aquatic systems. The latter is par-
ticularly important for metals, where natural background
concentrations of some metals can approach established
EQS (Salminen et al., 2005).

Adverse outcome pathway analysis for EBMs

For EBMs that measure subcellular rather than apical (e.g.,
survival, growth, and reproduction) endpoints, it is important
that there are documented direct links between the (sub)cel-
lular endpoint measured and apical endpoints which, in tumn,
have strong links to effects on populations. Effects-based
methods lacking this linkage are effectively biomarkers of
exposure rather than effects, or at a minimum, their classi-
fication as a biomarker of effect is uncertain (Handy
et al., 2003; Lam, 2009).

The underlying MoAs being targeted for the nine EBMs
that do not measure apical endpoints were identified and an
abbreviated AOP analysis was undertaken to evaluate the
strength of linkages between endpoints measured by the
EBM and effects at higher levels of biological organization
(Altenburger et al., 2015; Ankley et al.,, 2010; Fay
et al., 2017). Each of the nine EBMs measures a molecular
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initiating event (MIE) or key event (KE) within an AOP. We
then evaluated available literature supporting the presence
or absence of linkages from the MIE or KE measured by the
EBM through to apical effects, such as survival, growth, and
reproduction.

RESULTS

A more detailed description of each EBM evaluated along
with supporting information on sensitivity, specificity, and
linkages to effects at higher levels of biological organization
are provided in the Supporting Information. Here, we sum-
marize and synthesize our findings across EBMs to provide a
broader view of the potential utility of EBMs for regulating
metals in aquatic systems.

Metal specificity

Ideally, for an EBM to be useful as a monitoring tool for
assessing the ecological impacts of metals on aquatic sys-
tems it should be responsive to multiple metals, but gen-
erally unresponsive to other substances and environmental
variables. Our evaluation concludes that only one proposed
EBM, the bacteria reporter assay, is likely specific to metals
(Table 1). Promoters with metal-responsive elements are
unlikely to be sensitive to other classes of toxicants, al-
though no studies specifically testing this was identified.
However, in general, bacterial assays with metal-responsive
elements tend to be sensitive to only one or a few metals
and we did not identify any assays that are sensitive to a
broad suite of metals. All other EBMs are responsive to at
least one other class of toxicants (e.g., pesticides and pol-
ycyclic aromatic hydrocarbons) and six of the EBMs were
classified as being responsive to environmental variables,
such as salinity, temperature, and UV radiation.

Metal sensitivity

Sensitivity to metals is another important characteristic to
consider for candidate EBMs. If a candidate EBM is not
sensitive to multiple metals at concentrations near existing
EQS, it is unlikely to provide an adequate indicator of ad-
verse effects from multiple metals in the environment.
Candidate EBMs were grouped into three general catego-
ries with respect to sensitivity.

Two EBMs (in vivo toxicity testing and eDNA meta-
barcoding) were identified as having high sensitivity,
meaning they were sensitive to a wide range of metals at
concentrations approximating EQS (Table 1). This is not
surprising given that EQS are derived from in vivo toxicity
test data and eDNA metabarcoding can detect the loss of
taxa sensitive to metals (Gillmore et al., 2021; Yang
et al., 2018). Most of the other candidate EBMs were cate-
gorized as having mixed sensitivity, meaning they were
sensitive to at least one metal but insensitive to other metals
at concentrations near the EQS. Urease, for example, is
sensitive to Cu at concentrations near the EQS, with some
examples of similar sensitivity to Zn, but quite insensitive to
a range of other metals (Ag, Cd, Co, Ni, and Pb) (Brack
et al., 2000; Jung et al., 1995; Olson & Christensen, 1982).

Two candidate EBMs, DNA damage and cytochrome P450,
were characterized as moderately sensitive, meaning they
are sensitive to multiple metals at concentrations ~10-fold
higher than EQS, but insensitive to all metals at concen-
trations near the EQS (Table 1).

Linkage to higher levels of biological organization

Two of the candidate EBMs (in vivo toxicity testing and
deformity assessments) directly measure effects on whole
organisms, while eDNA metabarcoding can be used to es-
timate impacts at the population or community levels of
biological organization. In contrast, the remaining nine
candidate EBMs measure changes in response to a stressor
at the (sub)cellular level of biological organization and typ-
ically directly measure either an MIE or KE in individual
species (Ankley et al., 2010). Consequently, it is important to
evaluate whether these responses are strongly linked to
effects at higher levels of biological organization.

This evaluation was accomplished by undertaking a sim-
plified AOP-type evaluation for each EBM, considering link-
ages from the MIE or KE to cellular, organ, and then whole
organism responses. Details of this assessment can be found
in the Supporting Information and are summarized graphically
in Figure 1. Of the nine EBMs evaluated, only two (disrupted
ion homeostasis and acetylcholinesterase inhibition) have
well-documented links to effects at the whole organism level
of organization. Three additional EBMs (reduced lysosomal
membrane stability, reactive oxygen species production, DNA
damage) have strong linkages to the organ level of organ-
ization, whereas links to the whole organism are postulated
but not well documented.

The bacterial reporter assay and metallothionein in-
duction have the weakest links to apical effects. In fact,
both of these EBMs are actually components of the ho-
meostatic control mechanisms involved in regulating
concentrations of essential metals in organisms and by
extension frequently respond to nonessential metals in a
similar manner (Amiard et al., 2006; Tauriainen
et al., 1998). The bacterial reporter assay uses recombi-
nant bacteria to detect metals in the environment (Van
der Meer & Belkin, 2010). The promoters involved in this
detection system are often associated with genes in-
volved in routine metal transport processes within a cell.
Consequently, this assay provides a measurement of
metal exposure with no direct links to effects. Metal-
lothionein (MT) induction is a normal response of organ-
isms to maintain homeostasis of some internally
bioavailable metals and can also bind potentially toxic
concentrations of metal taken up by an organism under
scenarios of elevated metal exposure. In cases where MT
induction is caused by exposure to elevated metals, it has
long been postulated that protein synthesis of MT has a
sufficient energetic cost to cause apical effects on the
organism. However, to the best of our knowledge, this
linkage has never been measured and so the linkage of
MT induction to energetic effects at higher levels of bi-
ological organization is uncertain.
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DISCUSSION AND CONCLUSIONS

Summary assessment

In this assessment, we evaluated the 12 EBMs most
prominent in the scientific literature that might be consid-
ered tools for assessing the ecological impacts of metals on
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 of
biological organization.

From this evaluation, three key observations can be
made. First, the bacteria reporter assay is the only EBM with
likely potential specificity to metals. All other EBMs are also
sensitive to at least one and often multiple other classes of
toxicants and/or natural stressors. Second, most EBMs have
moderate sensitivity (effects at concentrations ~5- to 10-fold
higher than EQS) or mixed sensitivity (effects at EQS for
some metals but not others). In vivo testing and eDNA
metabarcoding have high sensitivity to metals generally, but
they are also sensitive to many other classes of toxicants and
natural stressors. Only the bacteria reporter assay has the
potential to be both sensitive and specific to multiple
metals. Third, half of the evaluated EBMs (including the
bacteria reporter assay) are considered to have weak links to
effects at the individual or population level. lon homeo-
stasis, deformities, in vivo testing, and eDNA meta-
barcoding are considered strong indicators of individual,
population, and community-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.

Other metal-specific considerations

There are two additional metal-specific issues that need
to be considered across the spectrum of proposed EBMs.

The first is whether EBMs can account for metal bioavail-
ability, which can significantly change the toxicity threshold
on a site-specific basis. Effects-based methods do explicitly
account for metal bioavailability as they will not respond
unless a sufficient concentration of bioavailable metal is
present in an aquatic system. However, for in vitro EBMs,
such as bacterial reporter assays, the effects of the required
exposure system media may affect metal bioavailability and
complicate the interpretation of metal bioavailability in
water samples being assayed.

The other metal-specific issue is naturally elevated back-
ground metal concentrations in aquatic systems. In water-
bodies where metal concentrations are naturally elevated,
application of EQS that 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). A sampling of local organisms
adapted to naturally elevated background metal concen-
trations for EBMs may provide a useful tool for addressing
this issue. For example, organisms 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., ele-
vated metallothionein concentrations) as part of their
adaptation to this environment (Knapen et al., 2007). Exactly
how specific EBMs will respond to naturally elevated back-
ground metal concentrations has not been studied in any
detail and will need further evaluation.

Future directions

Effects-based methods are already used in some regu-
latory frameworks as part of a weight-of-evidence (WOE)
approach to demonstrate ecological impact. However, there
is a clear need for the development and implementation of
tools that allow for a more holistic or integrative assessment
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of compliance with the objectives of the WFD, including
consideration of unknown pollutants, substances that are
difficult to detect, and mixture effects. For some classes of
organic toxicants, some available EBMs may provide a
viable option in support of achieving this goal. For metals, it
is clear that currently available EBMs do not meet this need.

The ideal EBM for metals would be sensitive to a suite of
metals at or near the EQS for each metal and have clear
linkages to effects at the individual, population, or community
level of organization. Further, EBM would account for naturally
occurring abiotic factors that influence metal bioavailability
and toxicity. Even if an EBM could be developed that meets
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 is unlikely it would be able to
inform the user of the particular metal(s) within the mixture
that was driving noncompliance. This is obviously critical in-
formation for successful environmental management.

In the absence of at least one effective EBM for metals, an
alternative tool currently under development that provides
quantitative information on the relative contribution of in-
dividual metals to observed effects in a mixture is the mixture
biotic ligand model (mBLM). There has been considerable
progress in developing mBLMs in terms of both fundamental
studies on how metals interact at metal-binding sites (Brix
et al., 2016, 2017, Cremazy et al, 2019; Komjarova &
Blust, 2009) and in the development of an appropriate
modeling framework (Farley et al., 2015; Nys et al., 2018;
Santore & Ryan, 2015; Van Regenmortel et al., 2017). While
these developments are promising, there are still consid-
erable uncertainties in existing models that limit their imme-
diate application. More study and model refinement are
clearly needed, including substantial field validation studies.

We suggest that in the interim, the most scientifically ro-
bust and practical path forward for effects-based monitoring
of metal mixtures in aquatic systems is the development of a
WOE approach that integrates the application of the mBLM
and two additional tools for assessing metal effects on
aquatic ecosystems: measurement of macroinvertebrate
community abundance and composition (i.e., bioassess-
ment) and metal bioaccumulation in benthic macro-
invertebrates.

Direct measurement of changes in benthic invertebrate
community abundance, composition, and structure has
been used for decades to assess the impacts of metal mix-
tures on aquatic communities. Initial efforts to delineate the
relative contributions of individual metals within a mixture to
observed effects used relatively simple mixture models
(Clements et al., 2000; Clements, 2004), while more recent
efforts have used more sophisticated approaches with
mBLMs (Balistrieri et al., 2015). An important limitation of
the bioassessment approach is that it cannot explicitly dis-
criminate the causes of observed effects, although ap-
proaches such as the river invertebrate prediction and
classification system can account for effects of habitat and
other natural factors that influence the expected biological

community (Clarke et al., 2003). Consequently, within the
context of assessing impacts from metal mixtures, data must
be interpreted carefully when there is a potential for other
stressor types (e.g., organic chemicals, nutrients, dissolved
oxygen, and habitat) to impact the benthic invertebrate
community.

Direct measurement of metal accumulation in benthic
macroinvertebrates is also a useful tool in assessing the
effects of individual metals and their mixtures on aquatic
organisms. In particular, an approach in which metal ac-
cumulation in insensitive “accumulator” organisms is re-
lated to effects on more sensitive taxa has been
demonstrated to be a potentially useful EBM for as-
sessing effects on benthic macroinvertebrate commun-
ities. The conceptual details of this approach were
developed in a SETAC Pellston Workshop (Adams
et al., 2011) and several case studies indicate that at least
for individual metals this approach is potentially useful
(Bervoets et al., 2016; De Jonge et al., 2013; Luoma
et al., 2010; Rainbow et al., 2012). We suggest it could
be possible to also apply this approach in multimetal
scenarios if it were used concurrently with mBLM ap-
proaches to facilitate data interpretation.

The WOE approach described above would serve two
purposes. First, given the current uncertainties in existing
mBLMs, the application of multiple tools in a WOE framework
would provide a more scientifically robust assessment of po-
tential impacts from metal mixtures. Second, the application
of this approach would generate data sets that could be used
to calibrate and ultimately validate the mBLM. Ultimately, with
further optimization and sufficient validation, the goal would
be to reduce the application of the mBLM as an alternative to
EBMs for metals with periodic (every 3-5 years) confirmation
of model performance using bioassessment.
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