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i Executive summary
Chemical pollution is ubiquitous in the world’s oceans and affects marine organisms. Pollutants
in marine ecosystems include trace metals and organic pollutants such as pesticides, industrial
chemicals, pharmaceuticals and personal care products, household chemicals, chemicals released from transport and chemicals associated with solid waste or effluents. The substances of
major concern are persistent, bioaccumulative and/or have high or specific toxicity to marine
organisms. Although the extent to which contaminants accumulate in organisms is clearly important, not least from the perspective of human consumption, the relationship between the concentration of one or more contaminants in tissues of an organism and health impact is not
straightforward. To quantify the impact of chemical pollutants on marine organisms there is
therefore a need to quantify their toxicity in the field.
Chemical pollutants are known to cause effects on populations of marine organisms, e.g. endocrine disruption caused by the antifouling agent tributyltin in gastropods, reproductive failure
in Baltic grey seal (Halichoerus grypus) and in European killer whale (Orcinus orca), the latter two
associated with accumulation of polychlorinated biphenyls, PCBs. Important mechanisms of toxicity in marine organisms are carcinogenicity, genotoxicity, neurotoxicity, immunotoxicity, cardiotoxicity, endocrine disruption, reproductive toxicity and developmental toxicity. Methods to
quantify carcinogenicity, genotoxicity, neurotoxicity, endocrine disruption, reproductive toxicity and developmental toxicity have to varying extents been included in monitoring programmes in European countries over the past decades. The methods in use have been chosen for
their ability to distinguish between effects from contaminant exposure and the influence of other
environmental processes. For most of them, there is an understanding of the mechanism of toxicity and the relationship between exposure and response is known. Over the past two decades,
ICES working groups have developed a list of recommended methods, as well as criteria by
which to assess data for the different methods and species. In parallel, activities have been established to ensure the quality and consistency of effect data from national and international monitoring programmes.
The range of organisms used in monitoring programmes does not represent the full marine biodiversity. Progress has however been made to allow intercomparison of effect responses between
species through developing species-specific assessment guidelines.
Society needs to know the extent to which chemicals affect the oceans. New substances, for which
there are no or limited effects data, are continuously being introduced, and a combination of
methods will need to be used to identify and quantify health impacts caused by chemical pollutants.
The following are recommendations for national and international monitoring programmes.
1.

2.

3.
4.

Full adoption of the ’biological effects methods’ monitoring approach within the integrated chemical-biological monitoring and assessment framework for accurate and realistic assessment of chemical pollution and its impacts, including the effects of chemical
mixtures.
Inclusion of robust monitoring methods that quantify the most important toxicity mechanisms: carcinogenicity, genotoxicity, neurotoxicity, immunotoxicity, cardiotoxicity, and
endocrine disruptiony.
Develop and implement quality assurance programs and intercalibration exercises to ensure comparability of data between laboratories, and to promote free accessibility of data.
Continue to bring in new evidence of biological effects of chemical pollution into national
and international regulatory frameworks.
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NOTE: The report takes into account the comments received from the reviewers (Annex 1) and
has been updated accordingly.
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1 Chemical pollution in the oceans
No part of the oceans is entirely free from chemical pollution caused by human activity. “Chemical pollution” in this context refers to substances that have a potential toxicity to marine organisms. In a marine context they are widely referred to as “environmentally contaminants”. The
term “contaminant” comprises a wide range of chemicals, both natural and man-made. The two
terms will be used interchangeably in this viewpoint. Contaminants in marine ecosystems include trace metals and organic pollutants such as pesticides, industrial chemicals, pharmaceuticals and personal care products, household chemicals, chemicals released because of transport
and chemicals associated with different kinds of waste. They can be entirely synthetic, such as
polychlorinated biphenyls (PCBs), which would not be present at all in a pristine ocean, or naturally present, such as trace metals, for which concentrations in the environment may be elevated
as a result of anthropogenic activity (Selin et al., 2009). There are natural sources for some contaminants, such as polycyclic aromatic hydrocarbons (PAHs), from e.g. forest fires and underwater oil seeps, and mercury, from e.g. volcanic eruptions, but the majority of contaminants in
the oceans hail from anthropogenic activity, and their presence in the oceans is the result of both
continuous releases and accidental spills (Bayona and Albaigés, 2006; Merian et al., 2004; NRC,
2003).
Legacy contaminants such as polychlorinated biphenyls, dioxins, brominated flame retardants
and chlorinated pesticides all score high on persistence and hydrophobicity, which means they
will remain in the marine environment for decades or centuries, and will be present at the highest
concentrations in long-lived organisms high in food chains, such as seabirds and marine mammals. Commonly grouped under the term persistent organic pollutants (POPs), their toxicological profiles encompass a wide range of mechanisms, from neurotoxic and immunotoxic to carcinogenic and endocrine disrupting. A comparatively recent addition to this list, poly- and perfluorinated substances (PFAS), have very high persistence but are not very hydrophobic, accumulating at all trophic levels (Conder et al., 2008). Due to their biphasic nature, being both water
and lipid soluble, their predominant mechanisms of toxicity have been found to be associated
with perturbation of lipid metabolism (Gorrochutegai et al., 2014). Another group of widespread
marine organic contaminants, polycyclic aromatic hydrocarbons (PAHs), found in oil, atmospheric deposition and combustion-related effluents, have the curious property that they accumulate and biomagnify in invertebrate food chains, but are metabolised in fish and other vertebrates (Wan et al., 2007). In addition to PFAS, there has been an increasing focus on other groups
of other contaminants of emerging concern (CECs), such as plasticizers (Mathieu-Denoncourt et
al., 2015) and less persistent pollutants with high biological activity, such as pharmaceuticals and
personal care products (Arpin-Pont et al., 2016).
All metals and metalloids are naturally present in trace amounts in seawater, so for them the
definition of “contaminant” indicates concentrations higher than background. Many trace elements are essential to all living organisms, but some such as lead, gold, silver and mercury have
no known biological function. Metals and metalloids differ from the organic contaminants in
that they generally carry one or more charges, are hydrophilic and as a rule do not biomagnify
in food webs. Mercury is a notable exception to the latter, as it is present in the biosphere in both
organic and inorganic forms. The predominant organic form, methyl mercury, will bioaccumulate and biomagnifies in marine food webs (Chen et al., 2008). In addition, organic forms of some
metalloids, such as arsenic, are found in comparatively high concentrations in marine organisms,
accumulate efficiently and some of them possibly have a role in the physiology of marine species
(Amlund et al., 2006; Hoffmann et al., 2017). Even essential trace metals such as copper and zinc
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may be present at concentrations in marine ecosystems sufficiently high for them to be contaminants (Rainbow, 2002).
Anthropogenic particles such as nanoparticles and nano-/microplastics are known to be present
in marine ecosystems and may affect the health of marine organisms (Xu et al., 2020). They are
however not included in this viewpoint as the processes that govern the environmental behaviour of particles, as well as mechanisms for uptake and effects in organisms are entirely different
from those of molecular pollutants, such as chemicals.
The toxicity of a contaminant is determined by the concentration that reaches its target within or
on the outside of cells (Gregus, 2015). Internal exposure may therefore be equally important in
causing toxicity as exposure directly from water or diet. Both internal and external exposure will
however be modulated by many factors, including availability of the substance to tissues or cells.
For internal exposure this could e.g. imply that the contaminant in question is associated with
lipids, which would mean only a minor fraction would be available to tissues under normal metabolism (de Laender et al., 2010), but that internal exposure would increase when lipids are used
for energy requirements (Jørgensen et al., 2006). For external exposure, the concentrations of e.g.
organic material, ions and particles in water will modulate the bioavailability of contaminants
(Luoma, 1983; Thorsen et al., 2004). Although health impairment is the focus for effect measurements, it is still important to quantify contaminant concentrations to aid in the elucidation of
mechanism of toxicity and for regulatory purposes. For most contaminants, it is most relevant to
measure such concentrations in biota, as that will provide information about the bioavailability
of the contaminant or contaminants in question as well as its environmental concentration. There
are instances where this may however not be the case: water-soluble, degradable and toxicologically active contaminants such as pharmaceuticals, personal care products, many endocrine disruptors and neurotoxicants may have dramatic effects even with low or undetectable concentrations in tissues because they are metabolised and/or excreted efficiently after causing disruption
in tissues.
The chemical characteristics of different contaminants or contaminant groups is a critical factor
in determining the extent to which marine organisms are exposed. Following uptake, the inherent ability of different marine species to metabolise the contaminant in question will, directly or
indirectly, modulate internal exposure, for better or worse; some contaminants such as PAHs
exert their toxicity primarily following biotransformation, but the same processes also render the
molecules non-toxic (Hylland, 2006). Lipid soluble and persistent contaminants such as PCBs,
dioxins and chlorinated pesticides accumulate over a life-time, can biomagnify and reach healthimpacting concentrations in species high in food chains, such as seals, otters, whales and humans
(AMAP, 2004a,b).
Both health officials and the general public are concerned about contaminants in seafood, and
most coastal nations have programmes in place to monitor concentrations of toxic chemicals in
commercially relevant species. As briefly touched on above, a pertinent question is why we cannot just estimate the potential toxicity of contaminants to marine organisms from their concentrations in tissues? Although accumulation data have been used previously to infer effects in
marine organisms, there are reasons why this approach is not generally adequate. A range of
studies and assessments show that there does not necessarily have to be a direct relationship
between the concentration of one or more contaminants in the tissues of an organism and health
impact (Depledge and Galloway, 2005). There are four reasons why this is the case: (i) bioaccumulated contaminants are generally stored in particular compartments or forms, e.g. in lipids or
granules, with limited immediate availability for the biochemical “machinery” of living organisms; (ii) if effects are present they are likely caused by a mixture of contaminants, some of which
will probably not have been analysed for; (iii) some contaminants cause effects without accumulating, such as many endocrine disruptors; and finally, (iv) effects arise in the intersection
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between contaminant stress and the general health status of the organism. The conclusion is that
effects of contaminants in marine ecosystems need to be assessed directly, not through a chemical
proxy. Over the past decades, there has been a gradual increase in the use of effect-directed monitoring to assess pollution impacts in marine ecosystems.
This aim of this viewpoint is to review population-relevant mechanisms by which chemical pollutants affect marine organisms and provide recommendations as to how effects of pollutants
can be monitored and managed.
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2 How may chemical pollution affect the health of
marine organisms?
The oceans can be conceived to be so vast that any chemical pollutant would be diluted so much
that they would not be toxic to marine organisms. There is nevertheless concern for chemical
pollution since: (i) some pollutants are so persistent that they will remain in the marine environment for decades or even centuries (Nizzetto et al., 2010), (ii) lipophilic pollutants will accumulate
efficiently in organisms and food chains, resulting in high concentrations in biota even in pristine
areas (AMAP, 2014a), (iii) some chemical pollutants, e.g. endocrine disruptors and pharmaceuticals, cause effects at very low concentrations (Tijani et al., 2016), (iv) some compartments in the
sea, particularly sediment, are efficient storage sites for subsequent releases of e.g. oil-derived
contaminants, such as in the case of the Exxon Valdez spill (Peterson et al., 2003; Esler et al., 2017),
and finally, (v) organisms in coastal areas or in the vicinity of point sources may be more or less
continuously exposed to a mixture of substances, the individual concentrations of which may be
low, but combined exposure can cause effects (Cheng et al., 2020).
There are well-documented cases for the impact of chemical pollutants on marine species. The
mechanism of toxicity in each case has been supported by results from experimental studies. One
such case is the endocrine disruption caused by the antifouling agent tributyltin in gastropods
(Bryan et al., 1988; Gibbs et al., 1986; Oehlmann et al., 1991). Although not evaluated as particularly toxic in short-term acute toxicity tests, tributyltin and its metabolites turned out to have
serious ecological consequences through its inhibition of the enzyme that converts testosterone
to oestradiol, resulting in an accumulation of the former and a masculinisation of female gastropods (Stange et al., 2012). Many marine mammals are long-lived and at a high trophic level in
marine food chains, which lead to them accumulating high concentrations of persistent organic
pollutants (POPs), such as PCBs, dioxins, chlorinated pesticides and brominated flame retardants. Population decreases in grey seal (Halichoerus grypus) in the Baltic three decades ago was
partly caused by reproductive failures associated with accumulation of POPs (Olsson et al., 1994).
Causal links were found between PCB accumulation and morphological changes in grey seal
uterus. Supporting evidence was provided through an experimental study with mink (Mustela
vison), showing the potential for the potential reproductive toxicity of PCBs (Kihlström et al.,
1992). In both cases, morphological changes were observed that could explain individual reproductive perturbation and population decreases. More recently, there are reports suggesting accumulation of organic contaminants in marine mammals cause health impairment: in California
sea lions (Zalophus californianus) there was a correlation between blubber POPs and urogenital
cancers, with a possible interaction with herpes virus (Gulland et al., 2020), and reproductive
failure in European killer whale (Orcinus orca) populations have been linked with blubber accumulation of organic contaminants, particularly PCBs (Desforges et al., 2018; Jepson et al., 2016).
Marine monitoring programmes for contaminants have primarily focused on mussels and fish
species, but with some other organism groups included for specific mechanisms of toxicity, such
as gastropods for endocrine disruption caused by organotins, selected seabirds species for exposure to plastics and marine mammals for effects of persistent organic pollutants. It is clearly impossible to monitor all marine species groups for contaminant effects, but we need to keep in
mind that even closely related species can differ in their sensitivity to contaminant exposure (see
e.g. Ploch et al., 1998). In addition to maintaining data series for the species currently used in
monitoring programmes, we must therefore also consider species groups not currently included,
taking into account both ecological roles and differences in metabolism, physiology and life history traits. Marine food webs are more complex than freshwater food webs and have a higher
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number of trophic levels than both freshwater and terrestrial food webs. Marine food webs also
have more omnivory at higher trophic levels (Thompson et al., 2007), making it even more challenging to extrapolate between species. The realisation that we are not able to cover all taxa in
marine ecosystems has contributed to an increased focus on mechanisms of toxicity, in which we
acknowledge that we may not be monitoring the most sensitive species, but where the aim is to
quantify the presence of chemical pollutants that singly or in combination cause potentially deleterious effects. When we e.g. monitor for estrogenicity using plasma concentrations of the egg
yolk protein vitellogenin in male or juvenile fish, this is not primarily of concern for the health
of that individual, but for the potential disruption the oestrogens may cause in more sensitive
species or life stages, such as early life stages of fish (which can be very sensitive, see e.g. Andersen et al., 2003).
Our knowledge of the toxicity of any contaminant or mixture of contaminants relies on controlled laboratory experiments. Laboratory studies have shown that the concentrations we find
in coastal waters of a range of chemicals are sufficient to affect the health and fitness of marine
organisms. The entire concept of effect monitoring is based on sublethal effects, the result of
natural exposure to a polluted environment. Direct assessment of effects is the “gold standard”
in the sense that the health of organisms in their natural habitat is evaluated. An alternative is to
model the potential environmental effects using laboratory data on toxicity, i.e. environmental
risk assessment. The risk assessment approach is based on population-relevant endpoints such
as mortality or growth, and assume that high concentration exposure in short-term tests will be
equivalent to longer term exposure at environmentally relevant concentrations. Also, confounding factors can only be taken into account in risk assessment through modelling.
As referred to above, there is a particular focus on sublethal responses that may have health
consequences that can lead to population-relevant effects, which are mortality, reduced growth,
reduced reproduction, disease, delayed maturation and changed behaviour. There has been a
focus on identifying effects that have links to population-relevant impacts, while at the same
time being specific to contaminant exposure. Taking into account the criteria described in
Hylland et al. (2017a), biological effects methods have been evaluated and appropriate methods
identified and recommended for use in marine monitoring. Most of the methods that have been
used were originally selected for their specificity to contaminant exposure and response, although some methods directly address population-relevant processes such as reproduction and
embryonal development in fish (Vetemaa et al., 1997) and energy budget in mussels (Widdows
and Johnson, 1998). The latter group of methods are however to a larger extent affected by noncontaminant factors, such as food availability and ambient oxygen levels. Many of the methods
used to quantify sublethal toxicityin marine sciences over the past decades have their origins in
medical sciences, and it is a strength that they can use knowledge from the extensive databases
of mammalian studies. Similarities and differences between mammalian and fish models have
been highlighted in studies comparing transcriptomes and identifying similar cellular pathways
(Driessen et al., 2015; Hoeng et al., 2014).
There has been a shift over the past decades towards quantifying effects of contaminants in individuals rather than attempting to quantify population effects. One important reason for this
shift has been the superior contaminant-specificity individual assessment can offer compared to
population assessments, as well as its direct link to biomedical sciences and human toxicology.
The extent to which different methods to quantify sublethal effects can be linked to possible
population effects has been and is an important criterion for their selection for monitoring programmes (Lagadic et al., 1994; Lam and Gray, 2003).
Mechanisms of toxicity with a clear potential for population impacts are carcinogenicity, genotoxicity, neurotoxicity, immunotoxicity, cardiotoxicity, endocrine disruption, reproductive toxicity and embryotoxicity. In transcriptomics studies, pathways linked to some of the above are
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nearly always identified following exposure to different contaminants, contaminant mixtures or
in polluted areas (Ewald et al., 2020; Nacci et al., 2009). In addition, lipid metabolism pathways
have been found to be modulated in many studies following exposure to contaminants (Dreier
et al., 2020). Transcriptomic analyses of the tissues of marine organisms exposed to contaminants
also commonly identify homeostatic processes such as cell signalling and cell cycle regulation as
being affected, both of which are less readily incorporated into effect monitoring. Any perturbation that affects growth, as the above effects could, does have the potential to cause population
effects, since it will affect ecological position, maturation age and/or reproductive output.
Marine organisms are exposed to chemical mixtures in nature, never single substances. Some of
the chemicals in such cocktails will act in concert and some will counteract the effects caused by
other chemicals. One of the strengths of the approach described in this viewpoint is exactly its
ability to describe the integrated response of an organism following its exposure to a mixture of
chemicals. Although many of the mechanisms of toxicity discussed here are primarily triggered
by specific molecules, they are by no means substance-specific. Through having knowledge of
the mechanisms of toxicity above in a model species, a manager would be able to perform a welladvised assessment.
Carcinogenesis is arguably the most extensively studied mechanism of health impairment in human toxicology (Loeb and Harris, 2008). In marine ecosystems, causality from sediment exposure, through PAH metabolite accumulation in bile, to induction of biotransformation enzymes,
DNA adduct accumulation and liver tumour development, was documented in a series of studies of flatfish species in Puget Sound (Johnson et al., 1998; Malins et al., 1987; Myers et al., 1990,
1992, 1998; Stein et al., 1993). Induced cytochrome P4501A and increased concentrations of DNA
adducts or levels of DNA strand breaks are therefore considered as early indicators of possible
carcinogenesis, in addition to causing other physiological perturbations.
Damage to DNA may lead to carcinogenesis, cell death and mutagenesis. DNA damage has been
viewed as a serious impact in an organism due to its range of possible implications, both for the
health of the individual and for possible effects on its offspring. DNA adduct accumulation has
been documented following exposure to e.g. dredged sediment (Sundberg et al., 2007) and oilrelated pollution, both in the Puget Sound (Krahn et al., 1986; Myers et al., 1990) and in the North
Sea (Balk et al., 2011). Europe-wide field sampling of fish as part of an international initiative also
showed increased DNA damage, both as adducts and DNA strand breaks, in polluted estuaries
and in an area of offshore oil activities (Hylland et al., 2017c). Fish populations from several demersal species that live in and around offshore oil and gas installations in the North Sea have
frequently reported elevated levels of DNA adducts above those levels found in the same species
from reference areas (Brooks et al., 2013; 2014; Pampanin et al., 2019).
Neurotoxicity can lead to a range of health-related impacts, including changed behaviour. Neurotoxic agents are widely used in aquaculture, particularly organophosphates and pyrethroids.
Sewage and agricultural run-off are other sources. It was earlier considered that neurotoxicants
such as organophosphates would degrade so rapidly in marine ecosystems that their environmental effects would be minor, but more recent studies have shown that they have sufficient
persistence in seawater to affect natural populations (Sidhu et al., 2019). Neurotoxicity has been
studied in both marine fish (Kirby et al., 2000) and invertebrates (Deidda et al., 2021), using cholinesterase inhibition as a biomarker. AChE inhibition has been identified as a dominant mechanism of aquatic neurotoxicity (Busch et al., 2019). In addition to direct toxicity through causing
reduced swimming activity, disorientation or other behavioural changes, there is limited understanding of the extent to which neurotoxic agents modulate other types of behaviour in wildlife,
although this has been well documented for humans. A particularly serious mechanism which
is known from human health studies, but not investigated for marine organisms, is developmental neurotoxicity (cf. Grandjean and Landrigan, 2014). The relevance of neurotoxicity as a
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predictor for population impacts, including delayed neurotoxicity, is comprehensively discussed
in Legradi et al. (2018). AMAP reviews have shown that mercury concentrations in top predators
such as polar bears and man are sufficiently high to have a potential to cause neurotoxicity
(AMAP, 2004b) and human toxicological studies has shown that prenatal mercury exposure can
lead to learning disability in children (Debes et al., 2016).
Increased susceptibility to disease can directly affect survival in marine organisms, and there is
therefore clearly important to identify mechanisms that are involved. The immune systems of
both vertebrates and invertebrates are complex and comprise to different extents specific and
non-specific components. There has been a focus on non-specific responses in environmental
toxicology although increased disease susceptibility, which will include both, is the main concern (Martinez-Gomez and Vethaak, 2019; Rehberger et al., 2017). Yang et al. (2020) recently reviewed immune responses in fish as a result of exposure to pesticides. Their work shows the
complexity of immune system responses, in that some components may be inhibited whereas
other responses are induced. Other studies showing effects on immune parameters in fish include Gao et al. (2020), Mauri et al. (2011), Perez-Casanova et al. (2010) and Sueiro et al. (2020).
Relevant methods were reviewed in Segner et al. (2012), but there is still a lack of robust methods
by which to assess immune effects in marine fish populations.
Following the Exxon Valdez and Deepwater Horizon spills, cardiotoxicity has been observed in
different species of oil-exposed fish, particularly evident for developmental stages (Incardona et
al., 2005). The results show that exposure to crude oil or PAHs may affect the morphology of the
heart, reducing its output and hence reducing aerobic capacity, even in adult fish (Hicken et al.,
2011). The mechanism appears to be effects on calcium cycling, which disrupts excitation-contraction coupling in cardiomyocytes (Brette et al., 2014). This is a subject of some concern, as
PAHs are ubiquitous in marine ecosystems, not only in areas exposed to oil spills. In the above
studies, cardiotoxicity was observed at concentrations that are also found elsewhere in marine
ecosystems, particularly in coastal waters and near oil production and refining facilities. A range
of other chemical pollutants have recently been shown to have the potential to cause cardiotoxicity (Meador, 2021).
Endocrine disruption is a very wide concept that includes a range of mechanisms of toxicity and
an even larger range of substances. The main focus in environmental science has been on reproduction-related steroids: oestrogens (Sumpter and Jobling, 1995), androgens (Ankley et al., 2020)
and thyroid hormones (Knapen et al., 2020). There is convincing evidence that different freshwater fish populations throughout Europe are feminised, but less data is available for marine populations. Scott et al. (2006) showed increased vitellogenin in male cod from an urban fjord as
compared to a pristine reference, and early studies on flounder suggested there could be largescale effects of oestrogens on flounder along UK coasts (Allen et al., 1999). As discussed above,
the main concern is elevated concentrations of oestrogens in the water, not necessarily increased
vitellogenin in male fish plasma. Further motivation for monitoring effects of sex steroids come
from observations that exposure to environmentally relevant concentrations of alkylphenols,
widespread chemicals also found in oil-related effluents, affect the timing of gonad maturation
(Holth et al., 2010; Meier et al., 2011). Thyroid hormones have different functions, depending on
life stage and species (Eales, 2019) and there is limited understanding of how contaminants affect
this vital endocrine regulatory pathway in different fish species.
A reduction in reproductive output is critical for any population. As described above, POP accumulation has been implied in observed reproductive dysfunction in marine mammals, one of
the most recent examples being killer whales in Europe (Jepson et al., 2016). Reproductive output
is presumably not the best marker for contaminant effects, simply because it will be affected by
so many other factors. Nevertheless, a model has been developed in northern Europe using the
live-bearing eelpout (Zoarces viviparus), for which it is possible to perform specific analyses on
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all larvae from one female (Korsgaard et al., 1985). In one study using this model species, exposure to pulp and paper mill effluents were found to lead to changes in the sex ratio of larvae
developing within exposed females (Larsson and Förlin, 2002).
Embryos and larvae are generally thought to be sensitive life stages and may be exposed to contaminants both through the yolk and surrounding water, and eventually their diet. A monitoring
programme for fish embryos was implemented by Germany for the southern North Sea in the
1980s. Correlations were found between an increased frequency of embryonal aberrations in different marine fish species and contaminants in the southern North Sea (Dethlefsen et al., 1996;
von Westernhagen et al.,1988). In addition, recent studies have shown that embryos of some species such as haddock (Melanogrammus aeglefinus) are particularly sensitive to oil pollution since
they have “stickier” eggs than closely related species (Sørhus et al., 2015). Early life stages of both
marine fish and invertebrates are used in toxicity tests for chemical risk assessment and there is
a plethora of studies showing effects from a wide range of contaminants.
There are practical and logistical reasons why there is limited data on how and whether sublethal
contaminant-related responses in marine organisms eventually lead to changes in populations,
simply because dead or diseased fish will generally not be sampled. Carcinogenicity has been
included in this viewpoint because of the importance of this mechanism in human toxicology
and evidence of tumour formation. Diseases in marine organisms clearly have consequences for
populations and their susceptibility disease will be affected by immune suppression, although
direct links between contaminant-related immune suppression and disease are not clear (but see
Rehberger et al., 2017). Recent exposure studies with marine fish species have highlighted the
importance of lipid metabolism, supporting earlier studies showing changes in lipid composition following exposure to contaminants (cf. Dreier et al., 2021#). Reproductive and developmental toxicity measure population-relevant endpoints directly. Links between the other mechanisms of toxicity and population-relevant endpoints are shown below (Table 1).
Table 1. Cases to illustrate the relationship between mechanisms of toxicity and population-relevant endpoints.
Mechanism
of toxicity

Organism(s)

Pollutant(s)

Population-relevant endpoint

Literature reference

carcinogenicity

English sole (Pleuronectes
vetulus)

environmental:
PAHs

tumour formation

Myers et al., 2003

sea lion (Zalophus californianus)

environmental:
POPs

nematode, polychaete

radiation, phenols

reduced reproductive output

sea urchin larvae

oil

development

brine shrimp

ethylmethane sulphonate (EMS)

growth, survival, reproduction

genotoxicity

Gulland et al.,
2020

Anderson and
Wild, 1994
Anderson et al.,
1994
Sukumaran and
Grant, 2013

neurotoxicity

protists, invertebrates,
fish

pesticides

developmental; ecologically
relevant change in behaviour

Legradi et al.
(2018)

immunotoxicity

fish species

EDCs, pesticides,
metals

immune suppression

Rehberger et al.,
2017

cardiotoxicity

Pacific herring (Clupea
pallasi), pink salmon (Oncorynchus gorbuscha)

crude oil

perturbed development, reduced cardiac output, reduced
swimming ability

Incardona et al.,
2015
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Mechanism
of toxicity

Organism(s)

Pollutant(s)

Population-relevant endpoint

Literature reference

endocrine
disruption

zebrafish (Danio rerio)

oestrogens, androgens

changed sex ratio

Holbech et al.,
2006

roach (Rutilus rutilus)
gastropod (Ocinebrina
aciculata)

environmental: urban
antifouling agent
TBT

reduced reproductive output
sterilisation of females, reduced popuation

Jobling et al.,
2002
Oehlmann et al.,
1996

From the above, it will be clear that contaminants can cause health effects in marine species at
different trophic levels and that some mechanisms of toxicity are more relevant than others if
effects are to be interpreted at a population level. Such implications can only be performed
through modelling, but there are clear limitations as to what the most widely used models can
use as input. Mechanisms of toxicity that can be used in population models more or less directly
are developmental toxicity (mortality), reproductive toxicity (reproductive output), cardiotoxicity (growth, mortality), neurotoxicity (mortality) and endocrine disruption (maturation, reproductive behaviour and reproductive output). Carcinogenicity and immunotoxicity will need another layer of physiological modelling before responses can be extrapolated to reduced growth,
increased mortality or reduced reproductive output.
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3 How may existing knowledge be used to develop
new monitoring methods?
Over the past three decades there has been vital communication between science and management on what is needed for biological effects methods for them to be useful in contaminant monitoring. The result was a list of biological effects methods that can be recommended for monitoring (ICES SGIMC, 2011) and a framework for using the methods in a holistic manner to provide
an overall assessment for contaminant impacts (Vethaak et al., 2017). The existing list of recommended biological effects methods for fish include biomarkers for genotoxicity, carcinogenesis
(including histology), neurotoxicity, metal toxicity, endocrine disruption (estrogenicity), reproductive toxicity and membrane disruption. The methods for invertebrates lack markers for carcinogenesis and differ for mechanisms of toxicity, but otherwise target the same processes as for
fish. Scientific progress over the last decades has contributed to identifying novel mechanisms
of toxicity, such as cardiotoxicity, that require the development of methods suitable for monitoring programmes. In addition, there is a lack of robust markers for immunotoxicity.
Method requirements should form a basis for selection of effect methods in the future. In addition to the requirements outlined in Hylland et al. (2017a), there is a need for mechanisms for
technology transfer and training, as well as a field-derived dataset for each method and relevant
species involving institutions from more than one country.
Once a relevant method has been identified, there is still a need to ensure that all laboratories
performing the analyses will get the same result for the same sample. This requires quality assurance protocols and intercalibration exercises. For biological effects analyses, both were initiated under the umbrella of the Biological Effects Quality Assurance in Monitoring Programmes
(BEQUALM). The programme was designed to provide quality assurance (QA) for all recommended biological effects techniques and is required to ensure laboratories generate high-quality
and comparable data in national monitoring programmes.
The next step is to develop assessment criteria, both to allow integration of results for different
markers and comparison between different species for each marker (see Hylland et al., 2017b,
Robinson et al., 2017). Assessment criteria have been determined for the recommended methods
using available data for different species (ICES SGIMC, 2011). This process has been developed
over more than two decades, and the mechanisms and know-how are now available in European
institutions to be applied to new methods.
There is currently a rapid development of methods for contaminant effect responses that provide
large amounts of data for each individual, primarily the transcriptome, proteome and metabolome. In addition, there is an increasing understanding that exposure to contaminants can affect
epigenetic regulation of genes, with a potential for transfer to offspring. As referred to in the
previous section, data from transcriptome analyses has shown that specific pathways are particularly affected by exposure to different classes of contaminants. While it is important to remember that transcriptomes are transient, with a half-life of hours or at most a few days, and although
its relevance in field monitoring is under discussion, such data can clearly be useful in providing
information about mechanisms of toxicity as well as pinpointing candidates for new effect monitoring methods (cf. Ankley et al., 2010). Transcriptome and proteome analyses have in many
cases pinpointed existing effect methods, supporting existing strategies, but in addition other
pathways for which there is limited data and no directly applicable biomarker. As discussed
above, such methods need to be specific to exposure to contaminants, and the process of developing new methods should target candidates that have links to population impacts as well as
fulfilling the criteria described in Hylland et al. (2017a).
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The last couple of decades have seen the development of frameworks to develop formalised
pathways for different mechanisms of toxicity leading to serious health impairment, termed “adverse outcome pathways” (AOPs; Ankley and Edwards, 2018). The concept of AOP is to include
quantifiable events in a sequence, potentially leading to an adverse effect. The data currently
available in marine monitoring programmes will not cover a sufficient number of nodes of an
AOP for a complete analysis, but the concept clearly has merit for future consideration in marine
monitoring, particularly if ‘omics data are implemented. A comprehensive overview of both
AOPs that have been reviewed and those that are under development can be found at
http://www.aopwiki.org.
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4 What actions can be recommended, based on the
evidence of biological effects, to regulate/manage
chemical pollution in the marine environment?
Society needs to know the extent to which chemicals affect the oceans and marine organisms.
Studies on effects have shown that legacy contaminants such as PCBs can have dramatic consequences for the reproduction of species high in food chains, such as seals and long-lived toothed
whales. The experience with tributyltin, in which effects of the chemical were discovered in field
studies, rather than following regulatory testing, showed that such testing does not necessarily
provide all the answers that are needed to protect the marine environment. As mentioned above,
effect-based monitoring has also been successful in demonstrating that low-level contamination
by oil-related PAHs may affect fish populations, e.g. in Puget Sound (Johnson et al., 1998), following the Exxon Valdez spill (Incardona et al., 2013; Marty et al., 2003) as well as in high production areas in the North Sea (Balk et al., 2011).
Monitoring methods must be kept updated to reflect scientific progress, including our understanding of how sublethal effects relate to individual health and populations. There should be a
particular focus on how to implement and assess input from data-intensive analytical strategies,
such as metabolomics, proteomics and transcriptomics.
As mentioned above, there is a requirement that biological effect methods must be able to separate between exposure to contaminants and other environmental processes. The value of all
methods can be improved for environmental management purposes with in-depth knowledge
of confounding factors and the baseline response in an unpolluted environment. High-quality
data for baseline responses and expected increases under contaminant stress will make it possible to compare responses between different species (cf. Hylland et al., 2017b).
Quality assurance programmes must be implemented and kept active to ensure comparability
of results from different laboratories, geographical regions and from surveys performed at different times. Time-series should be established to identify and quantify environmental changes
in marine ecosystems.
Contaminant inputs is one of many stressors in marine ecosystems. The strategy recommended
in this viewpoint will make it possible to identify the contribution by contaminants in marine
ecosystems, but will also increase our understanding of mixed stressor responses in general.
The all-important question is whether current regulatory frameworks for chemicals provides
sufficient protection for marine ecosystems and whether in situ monitoring for effects in the sea
can provide the additional required knowledge, including species differences, interactions with
other environmental factors, effects of mixture toxicity and other stressors. The framework developed under ICES SGIMC (ICES SGIMC, 2011; Vethaak et al., 2017) showed clear promise in
being able to assess and compare contaminant effects in coastal and offshore areas of Europe in
the large-scale research programme ICON, from the Mediterranean in the south to Iceland in the
north (Hylland et al., 2017a, b). There is a need to include new methods as well as refining assessment values and links between responses, but the developed framework was robust and
could easily be expanded.
The following is recommended for national and international monitoring programmes.
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1.

2.

3.
4.

Full adoption of the ’biological effects methods’ monitoring approach within the integrated chemical-biological monitoring and assessment framework for accurate and realistic assessment of chemical pollution and its impacts, including the effects of chemical
mixtures.
Inclusion of robust monitoring methods that quantify the most important toxicity mechanisms: carcinogenicity, genotoxicity, neurotoxicity, immunotoxicity, cardiotoxicity, and
endocrine disruption.
Develop and implement quality assurance programs and intercalibration exercises to ensure comparability of data between laboratories, and to promote free accessibility of data.
Continue to bring in new evidence of biological effects of chemical pollution into national
and international regulatory frameworks.
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5 Conclusions
Effects of contaminants on marine organisms can only be accurately assessed through sampling
and analysis of organisms from natural populations. We will not be able to detect impacts on all
species in the sea and it is important to identify and use sensitive species in monitoring and to
investigate selected mechanisms of toxicity. New substances, for which there are no or limited
effects data, are continuously being introduced into the oceans and their toxicity in marine ecosystems must be assessed. A combination of biological effects methods should be used to provide
a holistic assessment. There is a need for continuous development of methods to understand
effects of contaminants in marine ecosystems. Previous experience will be critical in identifying
and implementing appropriate methods, as well as including them in a holistic framework.
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Reviewers’ reports

Review 1
I think this report should be substantially rewritten before it is adopted by ICES. While nothing
about the report is wrong per se, the report could be improved and made more original, as explained in the four sections below.
To conduct this review, I added line numbers to the text. In the examples I provide, I refer to
these each page and line numbers.

1. I agree with the central tenet
On page 3, and again on page 17, you write: The following are recommendations for national
and international monitoring programmes.
1) Effects of contaminants on marine organisms should be assessed using field-based monitoring.
2) Effect methods need to be contaminant-specific.
3) Monitoring programmes should address genotoxicity, neurotoxicity, immunotoxicity, cardiotoxicity, endocrine disruption and reproductive toxicity.
4) Robust markers must be established for immunotoxicity and cardiotoxicity.
5) The recommended methods needs to be evaluated regularly.
I wholeheartedly agree. Too often impact assessment is based on the results of laboratory toxicity tests, or on chemical monitoring compared to guideline values.
2. Needs to be better organised – subheadings and conceptual diagrams would help the reader
understand the flow. Also – the paragraphs jump all over the place and should be grouped so
that the authors arguments are easier to follow
For example – a diagram of the steps being proposed in section 3 would be helpful
3. Needs to be updated – much of the literature is more than 10 years out of date, much of the
recent stuff is self-referential, many missing references
Page 4, lines 1-11 are missing references
Page 4, lines 19-22 “

“

Page 4, lines 27-29

“

Page 4 line 32- Page 5 line 3 “

“

Page 5 lines 11-17

“

“

Page 5 lines 22-30

“

“

Page 6 line 34-Page 7 line 8 “

“

Page 7 line 14-18

“

“

Page 7 line 25

“

“

Page 8 line 15-22

“

“

Page 9 line 4-17

“

“
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Page 10 – line 16-20

“

“

Page 14 – line 5-14

“

“

Page 15 – line 14-20

“

“

Page 15 – line 27-30

“

“

Page 4, lines 14-15: All references are more than 10 years old
Page 5 lines 11-30:

“

“

“

Page 7 line 26-page 8 line 9

“

“

“

Page 8 line 15- page 9 line 3 “

“

“

Page 10 line 21-28

“

“

“

4. Needs to have clear cut recommendations – what do you want from us – as the scientific community; as regulators, etc. – and what will the consequences be if you don’t get it
For example – Page 8 lines 25-26 you write: “we must therefore increase the scientific focus on
species groups not currently included” Why? What would the benefit be?
Page 9 lines 30-32 you write “Many of the biological effects methods for sublethal toxicity identified and used in marine sciences over the past decades hail from medical sciences….” What are
you suggesting as an alternative?
Section 4 is all recommendations – for each, what is the benefit, and what are the consequences
of inaction?
5. Needs to be more pragmatic – what can we do today with the science we have? Also, what
science tools do we need to build? For example:
Page 2 line 22: you write “Effect methods to be used in monitoring need to be contaminant-specific,” yet the endpoints you discuss (reproductive toxicity, genotoxicity, etc) are often caused by
a large suite of chemicals. How would specificity be possible?
Page 2 line 28: You write “organisms used in monitoring programmes or for toxicity testing does
not in any way represent the full marine biodiversity” and that we should “ensure that society
provides adequate protection for all species in marine ecosystems” There are 20 000 fish species
that we know of, let alone the invertebrates. Many parts of the world have a vast number of
undescribed species. What are you suggesting?
Other, more minor comments:
Page 2, lines 6-8 and page 5 line 11-13: terrestrial organisms rely on air for temperature maintenance, and pH maintenance – please rethink this sentence
Page 2, line 13: consider rephrasing “effect methods” as “methods to quantify toxic effect or impact”
Page 4 line 2: The statement “No part of the oceans is entirely free from chemical pollution caused
by human activity.” can be moved to after the definition of the contaminants.
Page 4 line 27: avoid ableist language – use biphasic instead of “somewhat schizophrenic”
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Review 2
Comments to the document “Viewpoint of ICES”
How can we quantify and manage the impact of chemical pollution in the oceans?

This document has been written by Ketil Hylland. Juan Bellas. Michelle Giltrap and Steven
Brooks and the objective is to summarize the viewpoint of ICES about this topic. The authors
have summarized the knowledge about t
The document is divided into an Executive summary and four sections:
a)

Effects of chemical pollution in the ocean

b)

How may chemical pollution affect the health of marine organisms?

c)

How may existing knowledge to be used to develop new monitoring methods?

d)
What actions can be recommended, based on the evidence of biological effect, to
regulate/manage chemical pollution in the marine environment?
And it is included a section 5 with the Conclusion and the cited references.

Executive summary
In the first paragraph, a relation of contaminants in the marine environment are mentioned, but
the occurrence of micro/nano plastics is not mentioned, although they represent a big scientific
issue, and society is very sensitized by it.
In the last paragraph about recommendations, I did not find a comment about implementing
new methodologies (as omic techniques), that the authors mentioned in the four sections. Finally,
I suggest including the 5th recommendation the word updated. The sentence will be “The recommended methods need to be updated and evaluated regularly”. I did not find any recommendation for widening the sensitive species selection despite it is mentioned several times in the
document.

Section 1. Effects of chemical pollution in the oceans
As I mentioned, previously., I suggest including micro/nano plastics in the relationship of pollutants.
I suggest removing the psychological term “schizophrenic” nature” for referring to amphiphilic
characteristics.
Some sentences in this section can be repetitive. In fact, the last sentences about the viewpoint
and the two previous sentences are similar.

Section 2. How many chemical pollution affect the health of marine organisms?
This section is the core of this document. In the first paragraph, the authors mentioned that the
dilution of chemicals cannot avoid their effect. And to reinforce the idea, they mention in the first
place the persistence, but this concept only is not the opposite to limit the effect and it should be
associated as result of an increasing of levels as a consequence of the lack of biodegradation. An
important point (it is mentioned by the authors) is the mixture effect. This is a real challenge
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aspect to assess the pollution effect and to find a causal relationship between chemicals and effects.
A key point mentioned in the document is the extrapolation from individual responses at the
population level. However, the responses related to significant effects at population levels are
not related on many occasions with specific-contaminant responses. I suggest including in Table
1, besides the endpoints the specific biomarkers employed, in an additional column. And if the
information is available to cofounding factors in the responses. Concderning the cardiotoxicity,
only this response is mentioned for oil spills and PAHs, but probably it will a more general response. Is there any additional information about it? Can it be considered a contaminant-specific
response?

Section 3. How may existing knowledge be used to develop new monitoring methods?
The authors mention the need to transfer technology and training and to build field-derived datasets for relevant species. I suggest mentioning what is the point of view of ICES about the access
to these data set for the scientific community.
The authors pointed out relevant methods for future biomonitoring using omics techniques. This
is a challenging task finding news and specific biomarkers, but the implementation and I understood that it will be the approach to get candidate contaminant-specific biomarkers for the future
and should be linked to AOP approach. This is a very relevant issue, and it should be included
in the Conclusions.

Section 4 What actions can be recommended, based on the evidence of biological effects to
regulate/manage chemical pollution in the marine environment?
I suggest mentioning that “the mixed stressor responses” should be understood in a global
change scenario.
It is mentioned, that “new method as refining assessment and links between responses…” and
it should be included specifications about it.
Regarding the list of recommendations, as I mentioned before, in the fifth I will include “methods
updated….”

Conclusions
I suggest considering that besides combination biological methods and understanding the toxicity mechanisms it will be necessary to produce new massive data that can be managed using
deep learning or AI to improve the knowledge and to identify contaminant-specific responses.

In summary, this viewpoint document is a very interesting document that is written for scientist
with a depth knowledge about the topic and wide experience in the frame of ICES WGBEC and
in the implementation and development of MFSD. However, my comments have tried to identify
or underlined aspects that I have considered to be relevant for this viewpoint of ICES.
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Review 3
The viewpoint written by Hylland, Bellas, Giltrap and Brooks deals with the quantification and
management of impact of chemical pollution in the oceans. This is a very important viewpoint
that describes the science needed to understand and monitor effects of contaminants on marine
organisms. The viewpoint is structured in four main sections with a conclusion and an executive
summary. This viewpoint gives 5 recommendations for national and international monitoring
programmes.

This is an important document and I hope that my comments can be seen as constructive input
to improve the final result. I believe that this viewpoint can be used for ICES advice. I made a
number of general and more specific comments that I hope can help improving the overall robustness, clarity and scope of the document.

In general, the document is easy to read for a relatively general audience. It is large in scope,
providing a short but broad review of pollutants in marine environments and the challenges
related to their identification and impact. Although the viewpoint is relatively descriptive, I feel
it lacks a more explicit critical evaluation of current state of the art methods/strategies in biological monitoring. Results of decades of biological monitoring programmes across europe, including lessons learned seem to be only briefly mentioned. Thus, the document does not give the
impression to be built on the experience from the past 30 years of effect marker research and
monitoring programmes (success stories and pitfalls), but rather on the general ecotoxicological
principles described in section 1. The authors comment (page 9) “It is outside the scope of this
text to provide a full discussion of the pros and cons of environmental health assessment compared to risk assessment based on short-term laboratory tests», but a somewhat more direct discussion of environmental health assessment (especially based on existing programmes and databases) and the suitability of existing methods (e.g contaminant-specific markers) would help
to better identify the novelty of the recommendations made. I realize that there may be a tradeoff between length and scientific depth, but I think a revision of section 1 and its primary focus
could highlight to a larger degree the past 30 years of experience in the field.

This viewpoint highlights five central recommendations. The second recommendation related to
the use of contaminant-specific method seems utopic considering the reality of today´s ecosystem states with multiple pollutant sources, mixture toxicities and multiple stressors, where impacts are not necessarily the sum of all contaminants, but the result of interactions and given the
knowledge that different contaminant classes can affect similar metabolic pathways. The authors
argue that certain pollutant classes could be identified through specific mechanisms of toxicity
(Table 1). The mechanisms of toxicity highlighted have direct implications for an organism “fitness” and thus a relevance to population level effects. However, these mechanisms of toxicity
are not contaminant specific. Neurotoxicity is a mechanism of toxicity also well known for heavy
metals and other organic contaminants other than pesticides. Another example is that of cardiotoxicity, which is a common endpoint in acute fish embryo toxicity tests in response to a large
number of chemicals and may be caused through different mode of actions depending on internal dose (receptor based or baseline toxicity, also see Meador and Nahrgang 2019). Thus, a more
in-depth description of how the proposed strategy can be used successfully would be needed.
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Based on these mechanisms of toxicity relevant for a number of pollutant classes, and the statement made by the authors that “if effects are present, they are likely caused by a mixture of
contaminants”, how can the authors argue for contaminant-specific methods? The mechanisms
of toxicity are very broad and can encompass a number of effect markers. Do the authors think
that effect markers can be selected in a way that they would provide information on specific
compounds? Example of such markers (and success stories) could be mentioned. Also, would it
be relevant to evaluate if other strategies may be reasonable to develop/apply in a multi-stressor,
mixture toxicity environment?

Another complex aspect of biological monitoring is the extrapolation of individual data to population level impacts. The authors argue for a range of contaminant specific methods to provide
a holistic toxicological profile and data that can be extrapolated to potential population and community impact. Extrapolation of data to population and community levels would demand the
understanding of the species ‘ecology (life history, life cycle strategies) and population dynamics
in a multiple stressor context, not only from a toxicological understanding. It would be nice if
the authors could provide a more in-depth description of how far science has come in terms of
data extrapolation and what is further required in terms of knowledge and transdisciplinary
research to achieve this goal in the future.

In general, the clarity of the text could be improved, especially in the first few pages (executive
summary and section 1). The objectives are presented quite late, at the very end of section 1 (page
7) and remain vague. It is not clear what knowledge, experience, or current practices the viewpoint is building on, except general ecotoxicological principles (see my main comment above).

The scope of the first section “Effects of chemical pollution in the oceans” and the second section
“How may chemical pollution affect the health of organisms” are somewhat difficult to hold
apart both in terms of section title and section content. Section 1 is giving a very general introduction to pollutant classes (persistent organic pollutants, trace metals etc) found in the oceans,
their source, distribution and possible toxicities to organisms, with some general descriptions of
pollutant behavior depending on their properties. This section highlights the need to study and
understand biological effects of pollutants rather than simply quantifying their presence in the
environment and concentration in organisms. This section concludes (page 7) by highlighting
the focus of this viewpoint: the science needed to understand and monitor the effects of contaminants on marine organisms and ecosystems. In the second section, the authors describe how
contaminants can affect populations, highlighting species differences and certain mechanisms of
toxicity that are important to focus on in a biological monitoring context as they link to population level impacts. The scope and title of section 1 and 2 could be improved to provide a clearer
red thread and differentiation between section 1 and 2. The executive summary content will need
to be revised accordingly.

There is a mismatch between the title of the viewpoint and the focus of this viewpoint announced
page 7, as the authors indicate that management and decision making are not part of the viewpoint while the title indicates the management of impacts. “Other contributors have addressed
management and decision-making processes involved with biomonitoring (e.g. Makiola et al.,
2020)” this statement is important and should be made earlier in the document, to define the
frame and delimitations of this viewpoint. Also, the title seems somewhat misleading because
the viewpoint does not really discuss the quantification of impact (assessment criteria briefly
mentioned p15?) but rather an identification of the source of impact using contaminant-specific
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mechanisms of toxicity. The objectives of this viewpoint may thus be reformulated to be more
accurate.

There is a need to provide a more precise timescale and purpose of the biological monitoring
discussed. Are monitoring methods discussed here dealing with early warning effect methods
or effect markers indicating health impacts such as measurable loss in individual reproductive
success (e.g. reduction in fecundity)? Maybe both? The text seems to move from one to the other
unclearly.

Baseline data and confounding factors are only very briefly mentioned in section 4. The authors
state: “The strategy recommended in this viewpoint will make it possible to identify the contribution by contaminants in marine ecosystems, but will also increase our understanding of mixed
stressor responses in general”. The authors should explain how mixed stressors can be better
understood through the proposed strategy.
Relatively recent technological advances (-omics) and the AOP framework are briefly mentioned. While I agree with the opinion presented in terms of omics and AOPs, omics and the
AOP framework can also be used to identify new biomarkers in research and to discover potentially new toxicity pathways or identify relevant endpoints to individual fitness, rather than being a direct tool used by biological monitoring programmes. Maybe this aspect could be included
too.

Finally, and if found relevant, it could be interesting to include a comment regarding data management and data sharing across countries in terms of biological monitoring. This may also be
an important aspect that could be part of the recommendations.
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