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Abstract

Background Increasing numbers of chemicals with little-known adverse effects are released into the marine envi-
ronment. The present study addresses the lack of marine-specific prioritisation schemes by developing a prioritisation
tool for organic contaminants. This tool supports decision-making processes regarding which chemicals to study
further in terms of their occurrences and biological effects in the marine environment. It was supported by a data-
base containing approximately 1.13 million chemicals, developed within the PikMe project. Criteria for chemical
prioritisation were identified by a comprehensive literature review, then selected using the outcomes of a survey
among experts. The prioritisation tool consists of filtering chemicals in the PikMe database using three parallel
schemes—persistence and bioaccumulation, toxicity, and persistence and mobility characteristics (step 1)—followed
by scoring based on modes of action, occurrence, and emission (step 2) and ranking by the final score (step 3).

Results Around 8000 chemicals were selected by filtering (step 1). The top 100 resulted from step 3 comprises 6PPD
as the highest-ranked compound and other chemicals with high diversity of uses, e.g. pharmaceuticals as the pre-
dominant category of use, industrial chemicals, personal care products, flame retardants, and plastic additives. These
chemicals were ranked in the top 100 due to dominant influence of diverse prioritisation criteria.

Conclusions Using the hazard-based approach that encompasses different adverse effects that contaminants
of emerging concern can exert, the marine-specific prioritisation tool can guide decision-making in monitoring, eco-
toxicological studies, and regulations regarding contaminants of emerging concern in the marine environment.
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Background

The advancement of technology has facilitated the syn-
thesis and utilisation of an increasing number of chemi-
cals, significantly enhancing convenience in daily life and
promoting social development. Starting from around 1.6
million chemicals in 1970, there are now more than 279
million unique chemical substances, including organic
and inorganic compounds, alloys, coordination com-
pounds, minerals, mixtures, polymers, and salts regis-
tered in the Chemicals Abstracts Service (CAS) [1, 2]. In
Europe, around 22,000 chemicals have been registered
in the European Economic Area (EEA) market [3]. The
extensive use of chemicals for diverse applications such
as pharmaceuticals, plastic additives, pesticides (includ-
ing biocides), personal care products (PCPs), and various
industrial uses has resulted in increased prevalence of
these chemicals in the marine environment [4].

Incomplete removal in wastewater treatment plants
(WWTP), sewer leakage, direct discharge of untreated
water from households and industries, runoff from
farms, surface runoff, stormwater runoff, and atmos-
pheric deposition are routes through which chemicals
from land-based activities can enter the marine environ-
ment [5]. In addition, sea-based activities such as ship-
ping, accidental spillage, mariculture, or emissions from
antifouling paints contribute to the presence of chemical
contaminants in the marine environment [6, 7]. While
some chemicals are regulated and routinely monitored,
most of the anthropogenic chemicals are unregulated,
and their occurrences and (eco)toxicological effects are
often not well-studied. These chemicals are referred to as
contaminants of emerging concern (CECs) [8].

There is a need to improve knowledge on CECs in the
marine environment in order to support regulatory agen-
cies in reassessing their practices and considering CECs
that are less routinely monitored. While the develop-
ment of high-performance analytical instruments and
new analytical approaches has made it possible to detect
more compounds using semi-quantitative methods, such
as non-target analysis or suspect screening, studies on
the biological implications of lesser-known CECs is time
consuming and has struggled to keep up with the number
of new chemicals being detected in the environment [9,
10]. In addition, the development of quantitative tools to
measure non-monitored CECs is needed for water moni-
toring strategies but is hindered by the wide diversity of
physical-chemical properties of CECs [11]. Thus, prior-
itisation tools can help to focus on studying those chemi-
cals that are likely to cause the most harmful effects,
while improving water protection plans by adding priori-
tised substances to the list of monitored compounds.

In general, there are four existing approaches to priori-
tise CECs, i.e. prioritisation based on exposure, hazard,
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risk, or a combination of these approaches. The prioriti-
sation approach based on exposure compares and ranks
chemicals based on their potential environmental emis-
sions, which can be calculated using production volume
and characteristics that describe the condition of use
from an environmental perspective [12, 13]. Hazard-
based prioritisation assesses chemicals based on their
persistence, bioaccumulation, and mobility characteris-
tics, as well as acute and chronic toxicity including modes
of action (MoA) (e.g. carcinogenicity, mutagenicity,
endocrine disrupting potential) [14—16]. The risk-based
approach has been the most widely reported in litera-
ture on prioritisation of CECs. The risk of a compound is
defined as the ratio of exposure (predicted environmental
concentration (PEC) or measured environmental concen-
tration (MEC)) to effect (i.e. predicted no effect concen-
tration (PNEC)) [17-19]. Some prioritisations have used
a combination of hazard and risk [20], or exposure, haz-
ard, and risk approaches [21], to more comprehensively
assess potential impacts.

The behaviour and fate of CECs in the marine envi-
ronment can be different compared with the freshwater
environment due to differences in environmental con-
ditions. The most notable dissimilarity is the higher salt
content of the marine environment (NaCl concentration
in saltwater is~35 g/L, while in freshwater the concen-
tration is <1 g/L), which can lead to the salting out effect
[22-24]. The salting out effects increases hydrophobic-
ity and air—-water partition coefficient of CECs, enhanc-
ing their partitioning into air, organic carbon, and lipid
[25]. Moreover, the average pH of seawater is around
8.1-8.3 [26, 27], while freshwater has a wider variation of
pH between 6.5 and 9.0 [28]. A difference in pH means
different degrees of ionisation for weak acids and bases,
which affects the sorption and bioavailability of com-
pounds, mainly relevant for pharmaceuticals (e.g. citalo-
pram, propranolol, carbamazepine) [26, 29]. Additionally,
differences in sorption capacity between marine organic
carbon (OC) and terrestrial OC have been observed and
can alter the fluxes of hydrophobic organic compounds
[30].

Considering the differences outlined above, a prioriti-
sation of CECs that takes into account the specificity of
the marine environment is likely to be different when
compared with prioritisations that have been developed
for the freshwater environment. The literature review
performed in this study showed that 8 of 31 prioritisa-
tion schemes considered marine matrices, however, only
four were developed specifically for selecting CECs in the
marine environment. In addition, many lesser-known
contaminants were not considered in these existing pri-
oritisation schemes due to: (i) the use of a limited list of
initial chemicals, (ii) the toxicity assessment that was only
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based on acute and chronic toxicity and do not consider
the compound potential MoA, (iii) the lack of occur-
rence data for most of the CECs. As a result, considerable
amounts of CECs were neglected despite their potentially
significant adverse effects.

The European project “Contaminants of Emerging
Concern: An Integrated Approach for Assessing Impacts
on the Marine Environment (CONTRAST)” has an over-
all objective to develop an integrated assessment frame-
work involving effect-based monitoring tools to provide
a holistic evaluation of the presence, impacts, and risks of
CECs in the marine environment. Therefore, to select the
most relevant CECs for the integrated assessment in the
CONTRAST project, the present study has developed a
prioritisation tool for organic CECs with a specific focus
on the European marine environment [31]. This tool
emphasis MoA in addition to acute and chronic toxicity
values to comprehensively assess the toxicity and bio-
logical effects of chemicals. A literature review of existing
prioritisation schemes was carried out to identify criteria
used to prioritise compounds. The outcome of a survey
on the criteria needed in a marine-specific prioritisation
were used as a basis to develop a prioritisation tool that
is useful and adequate for selecting CECs in the marine
environment and effective when tested against com-
pounds from existing priority lists.

Materials and methods

Review on existing prioritisation schemes

A list of existing prioritisation schemes was compiled
by searching the Web of Science” database (Feb—Mar
2024) for studies published between 2011 and 2024 using
the combination of keywords related to “prioritisation”
or “prioritization’, “chemicals’, “contaminants of emerg-
ing concern” or “organic contaminants’;, and “environ-
ment”. Studies were selected based on titles and abstracts,
focusing on schemes addressing environmental (marine,
freshwater, terrestrial) impacts of chemicals, excluding
those focused solely on human health. Only studies that
proposed a prioritised chemical list and described their
selection method in the “Materials and methods” section
were included. Additional schemes were also sourced
from environmental agencies, monitoring networks, and
regional sea conventions.

Subsequently, a more detailed examination was car-
ried out to extract essential information from each prior-
itisation schemes. This information was compiled into a
table and was used as the starting point for the selection
of prioritisation criteria in this study. The information
contained:

+ Geographical context: the region where the prioriti-
sation scheme was applied.
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+ Assessed compounds: the initial list of chemicals
assessed using the prioritisation scheme (list of
chemicals from literature and reports or list of chem-
icals detected from a monitoring program).

+ Matrix: the type of matrix considered (e.g. freshwa-
ter, sea water, drinking water, air, and/or sediment).

+ Criteria: the chemical characteristics used to priori-
tise compounds (e.g. persistence, toxicity, mobility,
risk, and emission).

+ Additional considerations: evaluation outside the
aspect of chemical characteristics (e.g. criteria
weighting, data source prioritisation, and data gaps).

+ Prioritisation method: how compounds were priori-
tised (categorisation or ranking).

Selection of prioritisation criteria

An online survey was conducted among project partici-
pants from various institutes (SI 1.1) to gather expert
input on criteria for the CONTRAST prioritisation tool.
Completed by 18 respondents between 4 and 29 March
2024 (SI 1.2), the Google Forms survey asked partici-
pants to rate their agreement with including specific cri-
teria—identified from a review of existing schemes—on
a 5-point Likert scale (1=Totally disagree to 5= Totally
agree). Respondents were also asked to suggest addi-
tional modes of action (MoA) and rank each criterion
by importance. A criterion was included in the tool if
more than 50% of respondents agreed or totally agreed.
The analysis of the survey data was performed by plot-
ting Likert scales using package ‘likert’ [32] in R (version
4.3.2) [33].

Development of a prioritisation tool
General overview and use of the PikMe tool
An overview of the prioritisation process is illustrated in
Fig. 1. The prioritisation of CECs was assisted using the
PikMe tool (preliminary version of 5 September 2024),
described in more details in Wennberg et al. 2025 [34].
The PikMe tool was developed by The Norwegian Insti-
tute for Water Research (NIVA) and The Climate and
Environmental Research Institute (NILU), and com-
prises a database of 1.13 million compounds chemicals
gathered from the European Chemicals Agency (ECHA),
CompTox Chemical Dashboard of the United States
Environmental Protection Agency, the NORMAN Net-
work substance database, quantitative structure—activity
relationship (QSAR) predictions using Open (Quanti-
tative) Structure—activity/property Relationship App
(OPERA), and Estimation Program Interface (EPI) Suite
predictions.

The selection of compounds began by excluding those
regulated in the European Union, followed by filtering
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A list of
prioritised
compounds
within
CONTRAST

Scoring based
on MoA,
occurrence and
emission

Ranking based
on the final
score

Fig. 1 Overview of the CONTRAST prioritisation tool for filtering using persistence and bioaccumulation (PB), toxicity (T), and persistence
and mobility (PM) schemes and scoring based on modes of action (MoA), occurrence, and emission

through three parallel schemes—persistence and bioac-
cumulation (PB), toxicity (T), and persistence and mobil-
ity (PM)—using the PikMe tool. PikMe transparently
assessed each chemical’s persistence (P), bioaccumula-
tion (B), mobility (M), and toxicity (T) using diverse data
sources. Filtered compounds were scored based on mode
of action, presence in monitoring databases, and emis-
sions, then merged and ranked to produce a prioritised
list. The CONTRAST prioritisation focused on organic
compounds via PB and PM schemes, while the T scheme
could include other types (e.g. metals, organometallics,
inorganics), though these were not the main focus.

Filtering of compounds (step 1)

First, the chemicals currently regulated or not approved
in the EU were excluded to focus on CECs. The exclu-
sion of regulated compounds was made possible using
the PikMe tool, which includes in its database lists of
hazardous compounds from European Regulations
(downloaded in January 2024, SI 1.3). In addition to
regulated compounds included in PikMe, a list of active
substances in plant protection products currently not
approved for use in the EU was gathered from the “EU
Pesticide Database > Active Substances” [35] to exclude
more substances that are currently not in use. Alto-
gether, there were 7193 regulated compounds excluded
from the CONTRAST prioritisation scheme. The exclu-
sion of regulated compounds was carried out using CAS
numbers. Thus, compounds without clear CAS num-
bers (e.g. mixtures) cannot be excluded from the present

prioritisation despite their presence in the lists of EU reg-
ulated compounds.

The filtering was carried out using the three parallel
schemes (PB, T, and PM), which generated three respec-
tive lists of compounds. For each approach, cut-off values
were used to filter the compounds (Table 1). The cut-off
values for persistence, bioaccumulation and toxicity were
adopted with few modifications from the ECHA’s Guid-
ance document on assessing persistent, bioaccumulative,
and toxic (PBT)/very persistent and very bioaccumulative
(vPvB) [36], while the cut-off value used for mobility was
adopted from the Classification, Labelling, and Packaging
(CLP) Regulation (EC 1272/2008) [37]. A cut-off value of
log Ky >3 was used to assess bioaccumulation potential,
diverging from ECHA'’s threshold of log Kqy, >4.5. This
adjustment was made to acknowledge the potential for
reduced solubility resulting from salting out effect in the
marine environment. As compounds’ solubility decreases
in seawater, their affinity to lipids increases, leading to a
higher potential for bioaccumulation in marine organ-
isms [24]. In addition, Regulation (EC) No 1907/2006
mentioned that as part of the information requirements
of Annex IX of REACH, the study of bioaccumulation in
aquatic species, preferably fish, should be conducted if
log Ky >3 [38].

When filtering chemicals based on toxicity, a selec-
tion based on MoA was also applied, alongside the
selection based on acute and chronic toxicity adopted
from the ECHA PBT/vPvB assessment [36]. The MoA
used for filtering comprised developmental toxicity,
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Table 1 Cut-off values used to filter the compounds based on persistence and bioaccumulation, toxicity, and persistence and

mobility

Scheme Cut-off value

Reference Score

Persistence and bioaccumulation

OR QSAR not readily biodegradable
AND

Log Koy >3

Toxicity Acute toxicity L(E)C5, < 100 pg/L OR

Chronic toxicity EC,, or No Observed Effect Con-

centration (NOEC) < 100 pg/L

Developmental toxicity (TEST) > 0.5 OR Ames [e6]
mutagenicity (TEST) >0.5 OR endocrine disrup-
tion estimated as active (agonist, antagonist,

or binding) by CERAPP or CoMPARA

Persistence and mobility
able AND

Half-life in water and sediment in freshwater, [36]
estuarine, and marine environment > 40 days

Half-life > 40 days OR QSAR not readily biodegrad-

PB overall score =(CONTRAST P score x certainty
score) + (CONTRAST B score x certainty score)

[36} Tecotoxmty
score
Tyion Score 1 if there is only one mode of action, 2
if there are multiple MoA

T overall score =Highest score between T,
and Tyoa

score=CONTRAST T score x certainty

cotoxicity

[36,37] PM overall score =(CONTRAST P score x certainty

score) +(CONTRAST M score x certainty score)

Log Koc < 3 (for neutral compounds) OR Log Koc

for pH 4-9 < 3 (for ionisable compounds)

mutagenicity, and endocrine-disrupting properties
whose prediction data are included in PikMe database.
Developmental toxicity and mutagenicity data were
predicted using QSAR models included in the Toxic-
ity Estimation Software Tool (TEST) [39]. The QSAR
model for developmental toxicity was developed by the
Computer Assisted Evaluation of industrial chemical
Substances According to Regulations (CAESAR) pro-
ject, using existing human and animal data on poten-
tially teratogenic substances [40]. The Ames test, which
uses histidine-dependent Salmonella typhimurium
strains to identify mutagenic compounds, has been
widely used as amethod for assessing mutagenicity. To
avoid in vitro testing, a QSAR model was developed
using a benchmark dataset of ~6,500 compounds to
predict Ames test outcomes [41]. Endocrine disrupting
potential was assessed using oestrogen receptor activity
and androgen receptor activity, predicted using mod-
els developed by the Collaborative Estrogen Receptor
Activity Prediction Project (CERAPP) and the Collabo-
rative Modelling Project for Androgen Receptor Activ-
ity (CoMPARA) [42, 43].

A scoring system for persistence, bioaccumulation,
mobility, and environmental toxicity was also imple-
mented in PikMe for filtering or ranking chemicals
according to the risk of having each of these proper-
ties (SI 1.4). Since the criteria for potentially persistent,
mobile, and toxic on the PikMe tool were similar to this
study’s cut-off values, the PikMe score for these prop-
erties could be used directly to filter unregulated com-
pounds in the PikMe database. As for bioaccumulation,
the cut-off value of Log Ky >3 was set on the PikMe
tool to select potentially bioaccumulative compounds.

There were still hundreds of thousands of chemicals
being filtered using the cut-off values of each scheme.
Therefore, to further reduce to a manageable number of
compounds, two different approaches were applied in
parallel. The first approach was to retain only compounds
that have occurrence data. Filtering based on the exist-
ence of occurrence data was possible as the PikMe tool
also includes a list of compounds present in the NOR-
MAN EMPODAT database [44]. This database con-
tains occurrence data of CECs that are not necessarily
included in regular monitoring programs but present in
the environment (i.e. water, sediment, biota, suspended
particulate matter, soil, sewage sludge, and air). The
occurrence data were obtained from research projects,
national monitoring program, etc. and were gathered
across Europe and beyond [21]. Within the CONTRAST
prioritisation, both marine and freshwater data were
taken into account.

The second approach to reduce the number of com-
pounds was to retain those with reliable data using the
reliability score in PikMe. The reliability score indicates
the type of data (experimental or estimated data), and
the reliability of the estimated data used to determine
persistence, bioaccumulation, mobility, and environ-
mental toxicity scores. Experimental data were given a
reliability score of 2, while estimated data were given a
score between 0 and 1, which represented the applica-
bility domain (AD) index. The AD of a model is defined
as a multidimensional chemical space of its training set,
encompassing not only chemical structures and physico-
chemical properties but also mechanistic insights and the
metabolic domain relevant to the modelled phenomenon
[45]. If a chemical falls within the AD of the training set
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chemical space, then the prediction can be considered
reliable [46]. Using this approach, the compounds with a
reliability score>0.8 were retained, indicating that they
have experimental data or reliable predictions regarding
their persistence, bioaccumulation, toxicity, and mobility.

Following the reduction in the number of filtered
compounds using the two parallel approaches, 1758
compounds were filtered by the PB scheme, 7585 com-
pounds by the T scheme, and 1071 compounds by the
PM scheme. The parameters set in PikMe for filtering
are detailed in SI 1.5. The compounds filtered by each
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scheme were assigned a score based on their persistence,
bioaccumulation, toxicity, and mobility characteristic
using a decision tree, elaborated in Fig. 2—4.

In the PB scheme (Fig. 2), compounds were scored
based on persistence (P/vP) and bioaccumulation (B/vB)
criteria. If these were not met, compounds were labeled
as potentially persistent and/or bioaccumulative. As the
ECHA Guidance for PBT assessment considers com-
pounds with a Log Ky, >4.5 as potentially bioaccumula-
tive, which is less conservative than the cut-off value of
Log Kqy >3 for potentially bioaccumulative compounds

Persistence and
Bioaccumulation

Scheme

Cut-off value

Yes

« Half-life in marine,
fresh or estuarine
water 40-60 days or No
« Half-life in marine,
fresh or estuarine
sediment 120-180
days

Yes

Persistent
(P, score 0.75)

Regulated/controlled

No

Half life > 40 days (or
QSAR not readily
biodegradable) and log
Kow >3

No

Yes

Included in NORMAN
EMPODAT database
or reliability score
(for persistence) 2 0.8

Insufficient data No

(score 0.25)

Yes

« Half-life in marine,
fresh or estuarine
water > 60 days or

« Half-life in marine,
fresh or estuarine
sediment > 180
days

Potentially persistent
(potP, score 0.5,) and
potentially
bioaccumulative (potB,
score 0.25; if log Kow >
4.5, score 0.5)

Check if

Yes

Assessment on modes of action

Assessment on occurrence

on

Check if

No

BCF > 5000 BCF > 2000
Yes Yes
Bioaccumulative

Fig. 2 CONTRAST prioritisation scheme based on persistence and bioaccumulation. (BCF: bioconcentration factor)

(B, score 0.75)
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used in our prioritisation scheme, a higher score was
given to compounds with a Log Ky >4.5. In the toxic-
ity-based scheme (Fig. 3), compounds scored higher if
they showed acute toxicity (L(E)Cs,<10 pg/L), chronic
toxicity (EC;, or NOEC<10 pg/L), or multiple modes
of action. Others were marked as potentially impactful
(potl). Due to limited marine toxicity data, non-marine
species data were also considered. In the PM scheme
(Fig. 4), compounds with Log K,-<2 at any pH (or pH
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4-9 for ionisable compounds) were deemed very mobile;
others were considered mobile with lower scores. Persis-
tence was further assessed via half-life data.

Due to varying data types and quality across the three
schemes (Figs. 2, 3, 4), a system was developed to dis-
tinguish compounds assessed with experimental data
from those with predicted data. Certainty scores, based
on the PikMe reliability score, were used to weight the
PB, T, and PM scores. Experimental data (PikMe score

Toxicity Scheme

Cut-off value

- Developmental toxicity (TEST) > 0.5 or

No « Ames mutagenicity (TEST) > 0.5 or

« Endocrine disruption estimated as active
(agonist, antagonist, or binding) by

Regulated/controlled

No

« Acute toxicity L(E)C50 < 100 pg/L or
« Chronic toxicity NOEC or EC10 < 100

No
Hg/L -

CERAPP or COMPARA
Yes Yes
No : Reliability score (for No
Insufficient data Included in NORMAN ecotoxicity) 2 1 or included Insufficient data
(score 0.25) EMPODAT database in NORMAN EMPODAT (score 0.25)
database
Yes
Check if Check if « Acute toxicity L(E)C50 < 10

It has more than one mode

Potential impact (potl,

Hg/L or

Gl scons ] . NOEC or EC10 <10 pg/L
Yes Yes
Multiple modes of Yes

action (score 2)

Toxic (T, score 2)

Assessment on modes of action

Assessment on occurrence

Assessment on emission

Fig. 3 CONTRAST prioritisation scheme based on toxicity
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Persistence and

Mobility Scheme

Cut-off value

Yes
Regulated/controlled

No

« Log Koc for any pH < 3 (neutral
compounds) or log Koc for pH 4-
9 < 3 (ionisable compounds) and

« Half life > 40 days (or QSAR not
readily biodegradable)

ey

Yes
Included in NORMAN EMPODAT No .
database or reliability score (for InT:‘f::i:leegtzds?ta

persistence and mobility) 2 0.8

. Half-life in marine, Yes

fresh or estuarine
water 40-60 days or No

« Half-life in marine,
fresh or estuarine

. <
watter > 60 days or Log Koc for any pH < 2 (neutral

Check if [ Potentially persistent . check if

e : P : compounds)
« Half-life in marine, « Half-life in marine, (potP, score 0.5) and .
& 9<

fresh or estuarine fresh or estuarine mobile (M) (score 0.75) tzg'.K:Snfg;)pH & 2lonbabl
sediment 120-180 sediment > 180 P
days days

Yes Yes Yes

Persistent

(P, score 0.75)

Assessment on modes of action

Assessment on occurrence

Assessment on emission

Fig. 4 CONTRAST prioritisation scheme based on persistence and mobility

2) received higher weights, while predicted data (PikMe
or AD index 0-1) received lower weights. The certainty
score was calculated as PikMe score divided by two, with
a minimum score of 0.05 for compounds lacking reliabil-
ity data. Final scores were obtained by multiplying the
CONTRAST prioritisation scores by the corresponding
certainty score (0.05-1) (Table 1).

Assessment of MoA, occurrence, and emission (step 2)

After filtering and scoring using the prioritisation
schemes, the selected compounds were assessed and
scored based on their MoA, occurrence, and emission. In
the assessment of MoA, six parameters which consist of
carcinogenicity, mutagenicity, reproductive toxicity, spe-
cific target organ toxicity, endocrine disrupting potential,
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and developmental toxicity were evaluated using data
gathered from data sources detailed in SI 1.6 Table 1.
For each data source, dedicated criteria were applied to
determine whether a compound could be considered to
have a certain MoA. Based on the type of data available
for MoA assessment, a compound received a score for
each parameter (SI 1.6 Table 2).

Some compounds are assigned a certain MoA in mul-
tiple data sources. In this case, the highest priority and
score was given to the regulatory framework data, i.e.
REACH data, which categorise compounds as confirmed
or suspected of having the MoA in question. A confirmed
MoA was assigned a higher score than a suspected MoA.
Based on reliability, data measured in vitro or in vivo
received a higher score than estimated data. If there was
no data available, the compound received a score of 0.1.
Otherwise, it was assigned a score of 0 if the compound
was examined and classified as not having the MoA in
question.

The occurrence of each compound was assessed based
on the presence or absence in the NORMAN EMPODAT
database [44], exclusively in marine matrices, and in the
Norwegian Monitoring data from the Norwegian Envi-
ronmental Agency database Vannmilje [47], to which this
study has access. The presence/absence approach gives
equal weight to CECs with limited occurrence data com-
pared with widely studied CECs with much occurrence
data. The matrices considered in the Norwegian Moni-
toring data were air, sediment, water, and biota both from
the marine and freshwater environment in Norway. As
for the scoring, the presence >LOQ (Limit of Quantifica-
tion) was given a higher score than the presence>LOD
(Limit of Detection) (SI 1.7), as presence > LOQ indicates
not only that a compound can be detected but also quan-
tified within certain limit of confidence.

To assess the emission of compounds, data regarding
the production and use patterns were used, which was
accessed from the ECHA and ChemExpo Knowledge-
base websites. The method used to assess the emission
was adopted from the NORMAN Prioritisation Meth-
odology [48]. Compounds with higher production vol-
ume are more likely to be present in the environment
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and were, therefore, given higher scores (SI 1.8 Table 1).
The use pattern reflects the activities that contribute to
the use of a substance from the worker’s perspective
and the environmental perspective. According to the
NORMAN Prioritisation Methodology, there are four
types of use patterns:

+ Used in the environment: direct releases to the envi-
ronment (e.g. biocides and pesticides used to protect
crops or UV filters in sunscreens from bathers);

+ Wide dispersive use: dispersed source releases to the
environment (e.g. substances released from WWTPs
such as pharmaceuticals, PCPs, flame retardants, and
plastic additives);

+ Non-dispersive use: identified and controlled releases
from small numbers of point sources;

+ Controlled system: no direct release to the environ-
ment (i.e. substances used in the controlled process
in industry or used as intermediate in a closed sys-
tem).

The use pattern was evaluated based on the data of
130 function categories, each consisting of a list of
compounds, found on the website “ChemExpo Knowl-
edgebase > Chemical Function Categories” [49, 50].
Each function category (e.g. biocide, UV stabiliser,
flame retardant) was then classified to an appropri-
ate use pattern and assigned to a certain score (SI 1.8
Table 2 and 3).

Since this study focuses on CECs in the marine envi-
ronment, an emission assessment was conducted to
identify compounds with potential sea-based sources.
This was supported by a list from Tornero and Hanke
(2016), which compiled marine contaminants from
sea-based sources in Europe, excluding those from
atmospheric transport [6]. The authors focused on the
European context and obtained the information from
regulatory and RSCs, literature, reports, assessments,
and research projects. Using this list, the chemicals
with potential sea-based sources were given an addi-
tional score (SI 1.8 Table 4). The production score and

Table 2 Sensitivity analysis of the CONTRAST prioritisation tool to final scores and rank of compounds in the top 100 priority list

Scenario id Modified assessment Mean absolute Mean relative deviation  Proportion of compound with
deviation (%) rank change < 20 positions (%)

Scenario 1 PB -0.26 -528 72

Scenario 2 PM —-0.08 - 1.66 91

Scenario 3 T -0.26 -528 72

Scenario 4 MoA -027 —550 86

Scenario 5 Occurrence —-0.66 - 1266 56

Scenario 6 Emission -0.25 -518 83
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Table 3 Number and percentage of chemicals in the list of compounds for validation (n =290) selected by using the PB, PM, and/or T

schemes in the CONTRAST prioritisation tool

Scheme(s) Approach 1? (number; percentage (%)) Approach 2° (number; percentage (%))
Positive controls Negative controls  Unknowns (n=34) Positive controls Negative controls Unknowns
(n=267) (n=34) (n=267) (n=34) (n=34)
PB 108; 404 0;0.0 2;59 24;9.0 0;0.0 0;0.0
PM 50;18.7 1,29 5,147 17,64 1,29 1,29
T 217,81.3 3,88 10; 294 62;23.2 0;0.0 3,88
PBand PM 22;82 0;00 2,59 519 0;0.0 0;00
PBandT 104; 389 0;0.0 2;59 23;86 0;0.0 0;0.0
PMand T 44,165 0;0.0 5;14.7 17,64 0;0.0 1,29
PB,PM,and T 19;7.1 0;0.0 2,59 519 0;0.0 0;0.0
PB, PM, or T 224,839 4:11.8 10; 29 63;23.6 1,29 3,88

@ Applying the CONTRAST prioritisation tool while including EU regulated compounds

b Applying the CONTRAST prioritisation tool while excluding EU regulated compounds

use pattern score were grouped, while the sea-based
sources score was kept separately to give it more weight
in the overall emission score (SI 1.8 Eq. 1).

Final scoring of compounds (step 3)

Following the assessment of MoA, occurrence, and emis-
sion, a final score was calculated based on the individual
score for each assessment and the overall score from the
PB scheme, the PM scheme, and the T scheme (Eq. 1).
Subsequently, all the compounds selected and scored
using the prioritisation tool were combined and ranked
based on their final score.

Final score = PB + T + PM
4+ MoA 4+ Occurrence 4+ Emission (1)

Validation of the CONTRAST prioritisation tool
As a way to check the effectiveness of the CONTRAST
prioritisation tool, an assessment was carried out on
chemical contaminants prioritised under different Euro-
pean regulatory frameworks and RSCs, compiled in a
report from Tornero and Hanke (2016) on the identifica-
tion of marine chemical contaminants released from sea-
based and non-sea-based sources [51]. This compilation
was used as a list of compounds for validation, which also
including the compounds in the WFD 1st [52], 2nd [53],
3rd [54], 4th [55], 5th [56] Watch Lists. The details on the
lists of regulations used for the validation was provided in
SI 1.3. As the CONTRAST prioritisation tool was devel-
oped to select and prioritise organic compounds, metals/
metalloids, organometallic compounds, and inorganic
compounds were excluded from this validation process.
The compounds prioritised under WFD, EU Biocide
Regulation, Commission Regulation (EU) No 37/2010,
EMSA Dispersant Inventory and RSCs were considered

relevant as they have been prioritised due to their adverse
effects on the environment. Hence, they functioned as
“positive controls’, consisting of 267 compounds. Other
regulated compounds in the report of Tornero and Hanke
(2016) (e.g. chemical weapons and feed additives) were
not necessarily linked to environmental adverse effects,
and thus, served as a subset of “unknown” (34 com-
pounds). The list of compounds for validation was com-
pleted with a subset of “negative controls’, comprising
compounds that should not be selected and prioritised
due to their low negative impacts on the environment.
These compounds were present in the OSPAR Agree-
ment 2013-11 regarding the list of substances used and
discharged offshore which are considered to pose little or
no risk to the environment (PLONOR) [57], from which
34 organic compounds were gathered. In total, there
were 335 organic compounds in the list of compounds
for validation.

This validation was performed using two different
approaches: (1) applying the CONTRAST prioritisa-
tion tool, without excluding EU regulated compounds
(see section Filtering of compounds (step 1) in Materials
and Methods), and (2) applying the prioritisation tool,
excluding the regulated compounds. By performing the
validation using the first approach, the effectiveness of
the CONTRAST prioritisation tool to select relevant
compounds (i.e. compounds under regulation for envi-
ronmental protection) was evaluated. Therefore, it was
expected that most of the positive controls would be
selected, whilst the opposite was expected when applying
the second approach as the aim was to check the effec-
tiveness of the exclusion of EU regulated compounds in
the selection of CECs (i.e. unregulated compounds). The
negative controls were expected not to be selected or
ranked low in both approaches.
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Dimensionality reduction and clustering of top 100 priority
compounds
To explore feature similarities among the top 100 ranked
compounds from the CONTRAST prioritisation, dimen-
sionality reduction techniques were applied to simplify
the dataset, which included variables such as PB, T,
PM, MoA, occurrence, and emission score. Both linear
(principal component analysis (PCA)) and non-linear
methods ((t-distributed stochastic neighbour embed-
ding (t-SNE) and uniform manifold approximation and
projection (UMAP)) were used. PCA was first applied to
assess linear relationships; if non-linear patterns domi-
nated, t-SNE and UMAP were used, and the results were
compared. Prior to applying t-SNE and UMAP, the data
were scaled. Clustering was performed after dimension-
ality reduction using two unsupervised methods for com-
parison: k-means and Gaussian mixture models (GMM).
Cluster analysis is an unsupervised technique that reveals
natural grouping based on the similarity of samples [58].
Prior to clustering with k-means, the number of clus-
ters (k) was determined using the elbow method (SI 1.9
Fig. 2). A point where the rate of decrease in the within-
cluster sum of squares (WCSS) begins to stabilise indi-
cates the optimal number of clusters [59]. Regarding
GMM, the optimal number of components and clusters
was determined using Bayesian information criterion
(BIC), which is one of the most common approaches to
determine the number of components and clusters in
mixture modelling [60]. The clustering performance was
then evaluated using the silhouette index (S(i)) [61], rang-
ing from -1 to 1, where 1 indicates perfect clustering, 0
indicates intersecting clusters, and -1 indicates misclas-
sifications. The dimensionality reduction and clustering
analysis was carried out using R (version 4.3.2) [33].

Sensitivity analysis of the top 100 priority compounds

A sensitivity analysis was performed on the compounds
filtered using PB, PM, and T schemes to evaluate the
impact of each of the six individual assessments in the
CONTRAST prioritisation (i.e. PB, PM, T, MoA, occur-
rence, and emission) on the final score and rank of the
retained compounds. Using a one-at-a-time approach,
each assessment’s scoring was varied individually
while others remained at default, resulting in six sce-
narios (SI 1.10). The deviations from the baseline score
of each compounds, expressed as absolute deviation
and relative deviation (Eqs. 2 and 3 respectively), and
the changes in rank were observed to identify the most
influential assessment. To compared the robustness of
each compound to different scenarios, the mean and
standard deviation of the deviation from the baseline
final score was calculated. Furthermore, the percentage
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of compounds in the top 100 with a rank change (Eq. 4)
of <20 positions was also evaluated for each scenario.

Absolute deviation

(2)

= Final score of the scenario — baseline score

Relative deviation =

(Final score of the scenario — baseline score) /baseline score
3)

Rank change = Scenario rank — baseline rank  (4)

Results

Evaluation of existing prioritisation schemes

In total, 31 prioritisation schemes were selected and
examined in detail to extract the key information (sum-
marised in SI 1.11 Table 1). Most of the prioritisation
schemes were developed and implemented in Europe,
while 11 of the inventoried prioritisation schemes were
implemented in Asia or North America. More than half
of the prioritisation schemes utilised existing lists of
compounds from literature or reports, such as the United
States Environmental Protection Agency (EPA) Priority
Pollutants List under the Clean Water Act [14], OSPAR’s
Lists of Chemicals for Priority Action and List of Sub-
stances of Possible Concern [20], or the Artic Monitoring
and Assessment Program (AMAP) database of chemicals
[62]. Other schemes utilised lists of chemicals detected
within monitoring programs at specific locations [11, 63],
whilst some used both lists of chemicals from literature
and monitoring programs [9, 64].

As for the matrices considered in existing prioritisa-
tion schemes, surface water and sediment were the most
considered, followed by biota (SI 1.11 Fig. 1). From eight
prioritisation schemes that considered marine matri-
ces, only four were specifically developed for the marine
environment. One of those prioritisation schemes was
developed within the OSPAR Convention, which aims to
protect the marine environment of the North-East Atlan-
tic [65]. Some prioritisation schemes considered other
matrices such as drinking water [66], groundwater [67],
WWTP effluent [8], and suspended particulate matter
[68].

There were 17 criteria identified from the selected pri-
oritisation schemes that were used to assess and priori-
tise CECs (SI 1.11 Fig. 2). Persistence, bioaccumulation,
and toxicity were the most used criteria in the existing
prioritisation schemes. To assess the persistence of com-
pounds, the degradation half-life was generally used as a
criterion [20, 69]. As for the compounds without avail-
able half-life data, biodegradation screening test results
from the Organization for Economic and Co-operation
and Development technical guidance (OECD TG) or
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QSAR prediction as “not readily biodegradable” were
considered as an indication of potentially persistent
compounds [70]. Log Koy and bioconcentration fac-
tor (BCF) were used to determine bioaccumulative and
potentially bioaccumulative compounds [71, 72]. The Log
Koa (octanol—air partition coefficient) was applied when
bioaccumulation in air-breathing animals was considered
[16, 73]. The occurrence and detection frequency were
also commonly considered, which can be particularly rel-
evant for CECs because they can be present in the marine
environment not only due to their persistence but also to
their continuous discharge (pseudo-persistence) [74].
The toxicities of compounds were evaluated using
acute toxicity (e.g. LCs, or ECyy) and/or chronic toxic-
ity data (e.g. EC,,, NOEC, or chronic value (ChV), which
is the geometric mean of NOEC and lowest observed
effect level (LOEC)). Generally, there was no distinction
between the use of ecotoxicity data for freshwater or
marine organisms in the existing prioritisation schemes.
The criteria on the most reported MoA of chemicals (i.e.
endocrine disrupting potential, carcinogenicity, muta-
genicity, reproductive toxicity) were generally assessed
using data from Article 59 (candidate list), Annex XIV
(authorisation list), Annex XVII (restriction list) of the
REACH regulation (EC 1907/2006); the Community
Rolling Action (CoRAP) list of the ECHA; and the CLP
regulation (EC 1272/2008) [15, 18]. Other less reported
MoA were also considered in some prioritisation
schemes, such as xenobiotic metabolism-related effects
[69], developmental toxicity, and neurotoxicity [16].
Many of the identified prioritisation schemes utilised
risk-based approaches to prioritise CECs. Some of them
used more specific risk-based criteria, such as the fre-
quency of exceedance and the extent of exceedance. The
frequency of exceedance addresses the spatial distribu-
tion of the exposure of biota at concentrations above a
certain effect threshold, i.e. PNEC [68, 69], toxicity quo-
tients (TQs), and exposure-activity ratios [75]. While this
criterion indicates that the compounds are widely dis-
tributed, it cannot differentiate between compounds pre-
sent at low concentrations close to their effect threshold
and those that occurred at the highest concentrations. To
address this, some prioritisation schemes have also used
the extent of exceedance as a criterion [18, 21, 68].
Tonnage and emission are two criteria used in sev-
eral prioritisation schemes to identify chemicals that
are likely to occur in the environment. Tonnage only
addresses the production volume, while emission also
takes into account the usage characteristics of a chemical.
This parameter describes specific information on chemi-
cals’ usage conditions linked to the possibility of emission
[76]. The prioritisation schemes that included tonnage
or emission mostly used REACH data on tonnage and
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environmental release category (ERC) to evaluate emis-
sion [12, 66]. Some used the Substances in Preparations
in Nordic Countries (SPIN) database as source of infor-
mation on annual import and production in the Nordic
Countries and on the exposure estimation to five differ-
ent recipients consisting of surface water, soil, air, sewage
treatment plants, and consumers [15, 77].

The ionisability of chemicals was considered in sev-
eral prioritisation schemes because the bioavailability
and toxicity of ionisable chemicals depend on water pH.
One method to evaluate ionisability is to check whether
more than 10% of the molecules of a chemical are neu-
tral at typical freshwater pH [71]. Neutral compounds are
more likely to be absorbed by aquatic organisms due to
the increased likelihood of crossing cell membranes [78].
A QSAR-based study that classified organic compounds
with potential persistence and mobility characteristics
(PMOCs) by charge and ionisability showed that ionic
compounds tend to be more persistent and mobile than
ionisable and neutral compounds [70].

In addition to the above criteria, some existing prioriti-
sation schemes considered other aspects related to data
availability, data source, and the importance of certain
criteria compared with others (SI 1.10 Fig. 3). For many
compounds, there is a lack of reliable toxicity and/or
occurrence data for risk assessment and prioritisation. To
address this lack of information, several of the identified
prioritisation schemes grouped compounds into action
categories based on the sufficiency of monitoring effort,
analytical capabilities for quantification, and experimen-
tal toxicity data. By using this approach, substances with
insufficient data would not be disregarded and knowl-
edge gaps could be identified. Therefore, specific actions
to fill the missing data gaps could be taken. These actions
include increasing monitoring efforts for compounds
with a lack of occurrence data, improving insufficient
analytical capabilities for quantification, or performing
effect assessment for compounds with scarce toxicity
data [8, 21, 68].

In some prioritisation schemes, data source was priori-
tised to account for the varying quality of data generated
from different sources. Generally, the data from REACH
dossiers were given the highest priority [15, 70]. Addi-
tionally, data derived from experiments were prioritised
over predictions from structure—activity relationship
models [69]. Criteria weighting was used to emphasise
the relevance of certain criteria based on monitoring data
(i.e. frequency of exceedance, extent of exceedance, and
spatial distribution) [18] or the environmental risk from
ecotoxicological perspective [64].

Following assessments using the criteria mentioned
above, compounds were prioritised using different
approaches, which consist of categorisation, ranking, and
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filtering. Using the categorisation approach, compounds
are grouped based on the degree of priority [72, 75],
action categories [21], or hazard (e.g. persistence, mobil-
ity, toxicity, bioaccumulation) characteristics [14, 79].
Categorisation was performed using a set of criteria for
each category [8, 66] or using a score [69, 71]. The com-
pounds in each category were considered equal in most
of the schemes that used categorisation as a prioritisation
approach. However, some prioritisation schemes ranked
the compounds in each category using a score [18, 68].
Most prioritisation schemes used the score to rank or
prioritise compounds while some also used it to filter and
reduce the number of compounds in the final priority list
[15, 80, 81].

Selection of priority compounds using the CONTRAST
prioritisation tool

Based on the results of the survey to select appropriate
prioritisation criteria for the CONTRAST prioritisation
tool, the filtering and ranking approaches were devel-
oped to select CECs (SI 1.12). As a first step, 1.13 million
compounds in the PikMe database were filtered using
the PB, T, and PM schemes in parallel. Filtering using the
PB scheme resulted in 1758 compounds being selected,
while T and PM schemes selected 1071 and 7585 com-
pounds, respectively. In total, 8548 compounds were
ranked after assessing the compounds in the PB, T, and
PM lists for further assessment on MoA, occurrence,
and emission and merging them into one list (hereafter
referred as the CONTRAST priority list, SI 2.1).

The top 100 priority compounds were extracted from
the CONTRAST priority list, and will be used as the
basis for selecting the compounds to be further studied
in the CONTRAST project, focusing on environmental
fate, distribution, and effects. The top 100 priority com-
pounds consisted of compounds with a high diversity of
use categories. To better illustrate the diversity of use,
the top 100 priority compounds were categorised into
10 general use categories based on their assigned chemi-
cal classes in PubChem [82], including flame retardants,
hormones, industrial chemicals, metals, polycyclic aro-
matic hydrocarbons (PAHs), PCPs, pesticides, per- and
polyfluoroalkyl substances (PFAS), pharmaceuticals, and
plastic additives. Using the treemap chart, each use cat-
egory was represented with a rectangle, whose area was
proportional to the number of compounds assigned to
the given use category (Fig. 5). The top 100 priority com-
pounds were dominated by pharmaceuticals followed by
industrial chemicals.

UMAP with k-means clustering of the top 100 priority
compounds, which was the most suitable dimensionality
reduction and clustering (SI 1.9), revealed four clusters,
consisting of cluster 2 and 3 which were well distanced
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from cluster 1 and 4. Cluster 1, the largest, comprising
almost half of the top 100 priority compounds and char-
acterised by maximum T score (T score=2) and mostly
PB and occurrence score of>0.5, indicating PBT com-
pounds that were present in the environment. Cluster
2 (15 compounds) also had maximum T score but none
had both PM and PB score of 0, suggesting that they were
either persistent and mobile or persistent and bioaccu-
mulative. Cluster 3 grouped compounds with high occur-
rence scores (>1) and moderate toxicity (T score=1).
Cluster 4 included highly toxic compounds (T score=2)
with MoA scores above 0.5, indicating strong biologi-
cal effects. Full details, including scores, use categories,
chemical classes, and cluster assignments, are provided
in SI 2.2.

Sensitivity analysis of the top 100 priority compounds
revealed predominantly negative absolute and relative
deviations, mostly within -10%. This indicates that final
scores were generally lower than the baseline and that the
results were relatively insensitive to changes in assess-
ment weights (see SI 2.3). Moreover, over 50% of the top
100 compounds underwent a rank change of <20 posi-
tions across all scenarios, demonstrating the robustness
of the scoring system (Table 2). Among the scenarios,
Scenario 5—focused on occurrence—resulted in the big-
gest mean absolute and mean relative deviation, in addi-
tion to the lowest proportion of compounds with rank
changes <20 positions. This suggests that modifying the
scoring related to occurrence had the greatest impact on
the final score and ranking of the baseline top 100 com-
pounds, highlighting occurrence as the most influential
factor in the CONTRAST prioritisation tool.

Effectiveness of the CONTRAST prioritisation tool

for selecting relevant CECs

The effectiveness of the CONTRAST prioritisation
tool was evaluated using a list of compounds for vali-
dation (335 compounds, see section Validation of
the CONTRAST prioritisation tool for details). Alto-
gether, 224 of the 268 positive controls (83.6%) were
selected using at least one of the schemes when the
first approach was applied (Table 3). Most of the posi-
tive controls were selected using the T scheme (81.0%).
Among these selected compounds, some of them were
selected by more than one scheme. From the combina-
tion of two or all schemes together, the combination
of PB and T schemes resulted in the highest number
of positive controls (38.8%). Only four negative con-
trols (11.8%) were selected by either the PM scheme
(1 compound) or the T scheme (3 compounds). Based
on their final score, they were ranked 2241th or lower.
Regarding the unknowns, 10 compounds (29%) were
considered to be potentially harmful to the marine
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Pesticides

Metals

Category

B Flame retardants
B Hormones
M Industrials
Metals
PAHSs
PCPs
Pesticides
" PFAS
B Pharmaceuticals
B Plastic additives

Fig. 5 Diversity of use categories of the top 100 priority compounds. The area of each rectangle is proportional to the number of compounds

environment by the present prioritisation tool. Two
unknowns were ranked in the top 100 regulated pri-
ority list. Those compounds were diphenylamine and
trinitrotoluene, ranked 44th and 93rd respectively.

As for the second approach, overall, less than a quar-
ter of the positive controls were selected (63 com-
pounds, 23.5%). Similar to the first approach, they
were mostly filtered by the T scheme (62 compounds,
23.1%). There was only one negative control selected,
which was urea, ranked 1524th in the unregulated pri-
ority list. Three of the unknowns were also selected,
including HMX, nitrogen mustard, and nitroguani-
dine, ranked 419th, 97th, and 66th respectively. The
complete list of selected and not selected compounds
and their ranks can be found in SI 2.4.

Discussion

Criteria selected for the CONTRAST prioritisation tool

It is important to develop and apply a marine-specific
chemical prioritisation scheme as the differences in
environmental conditions can generate different results
in the prioritisation depending on how those conditions
affect some important characteristic. For instance, the
"salting-out" effect in seawater, due to higher salinity
compared to freshwater, can increase the bioavailability
of certain compounds, thereby elevating their potential
to cause harmful effects. As a result, these substances
may justify higher prioritisation in marine settings,
even though they might pose less risk in freshwater
environments. The CECs in the marine environment
can also come from marine-specific sources such as
shipping, mariculture and antifouling paints [6], further
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underscoring the need for a dedicated prioritisation
framework.

The survey results showed that toxicity and occur-
rence were considered as two of the most important
features for a CEC to be prioritised because they are
directly linked to the potential risk posed to organisms.
Mechanisms of toxicity, persistence, and bioaccumula-
tion were regarded as essential to assess the potential
impact of CEC. Consideration was also given to the fact
that there are environmental dependent schemes based
on the source of contaminants, such as prioritisation of
CECs in groundwater, drinking water, or in the marine
environment. Environmental fate could be used in an
exposure-based prioritisation scheme, which considers
input, degradation and distribution between media [83].
In the CONTRAST prioritisation, environmental fate
was considered linked to persistence, bioaccumulation,
and mobility properties assessed during the filtering of
compounds.

As bioaccumulation and mobility characteristics of a
compound reflect potential accumulation in biota and
transport through aquatic environments respectively,
combining each of those characteristics with persistence
would increase the potential of long-lasting contamina-
tion in biota and environment. For this reason, bioaccu-
mulation and mobility were combined with persistence,
resulting in PB (Fig. 2) and PM (Fig. 4) schemes. On
the other hand, toxic effects can occur due to a single
exposure to a compound with high acute toxicity but
not necessarily considerable persistence, mobility, and/
or bioaccumulation characteristics. Thus, toxicity was
assessed using a separate scheme (T scheme, Fig. 3).

While acute and chronic toxicity values are commonly
used to assess compound toxicity (SI 1.10 Fig. 2), they
don’t capture all potential adverse effects on marine
organisms. To address this, the CONTRAST prioritisa-
tion scheme also incorporated mode of action (MoA),
allowing the inclusion of compounds with specific effects
like developmental toxicity, mutagenicity, or endocrine
disruption—even if their acute/chronic toxicity is low.
MoA scoring also distinguishes between compounds
with single vs. multiple MoAs, and confirmed vs. sus-
pected MoAs, helping reduce ties in final scores and
improving prioritisation, especially with large compound
lists.

Based on survey results, certain criteria were excluded
from this study. Controlled/regulated compounds like
PAHs, PCBs, PBDEs, some pesticides, and PFAS were
omitted as they are already well-studied and moni-
tored, with known environmental impacts and regula-
tory actions in place. The CONTRAST prioritisation
tool instead focused on non-regulated compounds to
address the knowledge gaps about their distribution, fate,
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and effects in the marine environment. While both ton-
nage and emission indicate exposure potential, emission
was preferred as it accounts for use patterns and envi-
ronmental releases, making it more informative. Human
health effects were excluded, as they are less relevant for
marine-focused assessments.

Outcomes and validation of the CONTRAST prioritisation
tool

The results of the application of the CONTRAST prior-
itisation tool to unregulated substances in the EU showed
that 6PPD was the highest-ranked compound. This com-
pound is widely used as an antioxidant and antiozonant in
tyres. 6PPD and its derivative 6PPD-quinone are gaining
more attention due to their presence in the environment
and potential adverse effects [84]. 6PPD was selected by
PB and T schemes owing to its potential bioaccumulation
and persistence, high (eco)toxicity, and multiple modes of
action (developmental toxicity and mutagenicity). While
having higher stability than 6PPD [85], 6PPD-quinone
was not present in the list of unregulated priority com-
pounds because this compound was not yet included in
the version of PikMe used in this study.

Despite the exclusion of regulated compounds, some of
the legacy contaminants were not filtered out and ranked
high in the CONTRAST priority list, including PAHs,
PBDEs, alkanes, and PFAS. Those legacy contaminants
are regularly monitored but not yet added to the list of
hazardous substances in EU regulations. For instance,
fluorene and perylene, both PAHs, were ranked 2nd and
3rd respectively, due to their high scores in persistence
and bioaccumulation, toxicity, and occurrence. Those
compounds are listed as active substances in the US EPA
Toxic Substances Control Act (TSCA) [86]. However,
they were not selected as indicator compounds for envi-
ronmental monitoring. Thus, they are not listed as prior-
ity substances in EU regulations and were not filtered out
in the CONTRAST prioritisation schemes.

Regarding the diversity of use categories for the com-
pounds that ranked high, pharmaceuticals constituted a
major proportion of compounds in the top 100 unregu-
lated priority compounds. Although pharmaceuticals
are active substances that are intended to treat disease
or illness in humans or animals, they can also provoke
potentially harmful changes in non-target organisms
when they enter the environment [87]. The potential
toxic effects of some pharmaceuticals explain their high
scores on toxicity and/or MoA in the CONTRAST pri-
oritisation. In addition, pharmaceuticals were also one
of the most frequently reported group of chemicals in
the NORMAN EMPODAT and Norwegian Monitoring
databases, alongside industrial chemicals and biocides.
However, many of the latter compounds were filtered out
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from the top 100 priority compounds due to their regu-
lated status.

The clustering based on the scores from each assess-
ment showed that the top 100 unregulated and regulated
priority lists consisted of several clusters characterised by
dominant P, B, T, and M properties, MoA, occurrence,
or emission. The diversity in criteria that influenced the
clustering implied that the CONTRAST prioritisation
was not biased by only one criterion and that the scoring
system was effective in giving equal weight to the crite-
ria used for assessing the compounds. Almost half of the
compounds in the top 100 unregulated priority list are
persistent, bioaccumulative, and toxic.

More than half of the top 100 compounds demon-
strated robustness to changes in scoring, underscoring
the reliability of the CONTRAST prioritisation tool. The
sensitivity analysis identified the occurrence assessment
as the most influential factor affecting the prioritisa-
tion outcome. Notably, rank shifts of >20 positions were
observed in certain compound groups—such as PBDEs,
PFAS, and organophosphate esters—which received the
highest occurrence scores (i.e. 2, presence >LOQ in both
the NORMAN EMPODAT and Norwegian monitoring
databases). As their occurrence scores contributed signif-
icantly to their overall prioritisation scores, adjustments
to the occurrence weighting had a substantial impact on
their rankings.

Validation of the PB, T, and PM schemes showed that
over 80% of positive controls (i.e. compounds prioritised
under European regulations and RSCs) were success-
fully selected when regulated compounds were included
(Table 3), confirming the schemes’ effectiveness. How-
ever, since CONTRAST focuses on identifying unregu-
lated CECs, regulated compounds were excluded before
applying the schemes. This reduced the selection of
positive controls to under 25%, demonstrating that the
exclusion effectively narrows the focus to less-studied
compounds. Most selected positive controls were listed
under RSCs or the WFD Watch Lists, which target
emerging pollutants with limited monitoring data.

Four negative controls (i.e. compounds with low envi-
ronmental risk) were selected when regulated com-
pounds were included; only one—urea—was selected
when they were excluded. Urea was selected by the PM
scheme due to its persistence and mobility, despite being
non-toxic and non-bioaccumulative. Its high environ-
mental release stems from widespread use as a fertilizer.
Additionally, three “unknowns” (regulated compounds
not necessarily harmful) were selected by the T scheme
under both inclusion and exclusion approaches. Among
these, nitroguanidine ranked highest due to its selection
by both the T and PM schemes, indicating toxicity along
with persistence and mobility.

Page 16 of 22

A comparison between the number of compounds
in the existing priority lists that were selected by one of
the three schemes showed that more compounds were
selected by the T scheme compared with the PB and PM
schemes, which is explained by the use of two approaches
based on ecotoxicity (acute and chronic toxicities) as well
as MoA in the T scheme. Those two approaches were
applied to cover a broader range of potential adverse
effects to marine organisms. As only a small number of
compounds have been tested using non-standard eco-
toxicity endpoints, filtering based on MoA relied on
predicted data, which are available for a large number of
compounds in the PikMe database.

Strengths and limitations of the CONTRAST prioritisation
tool

The CONTRAST prioritisation tool had several strengths
for application to CECs in the marine environment com-
pared with the other prioritisation tools reviewed in this
study. First, the CONTRAST prioritisation tool included
a step to exclude regulated compounds to focus more
on non-regulated compounds that are less studied, thus
having less available data. This step ensured that the
output of the CONTRAST prioritisation consisted of
compounds with knowledge gaps regarding their distri-
bution, fate, and effects, highlighting the need for further
research. Experimental work on these compounds within
the CONTRAST project may lead to justification for
their inclusion in regular monitoring programmes or as
hazardous compounds in the European regulation.

Second, MoA had a considerable weight in the CON-
TRAST prioritisation tool as it was part of the filtering
using the T scheme and had a separate assessment and
scoring for the ranking of selected compounds. Most
of the existing prioritisation schemes identified in the
literature review used acute and chronic toxicity val-
ues to assess the toxicity of a compound. However, the
CONTRAST prioritisation tool went a step further by
also including non-standard endpoints, such as endo-
crine disrupting potential, carcinogenicity, mutagenicity,
reproductive toxicity, specific target organ toxicity, and
developmental toxicity, from experimental and predicted
data.

Unlike other prioritisation schemes that begin with
limited compound lists from monitoring or suspect data-
bases, the CONTRAST prioritisation tool started with
a broad initial list of 1.13 million chemicals from the
PikMe database [88]. This expanded scope enables the
selection of widely detected parent compounds, poten-
tially harmful transformation products, and unmoni-
tored substances that may threaten marine ecosystems.
The comprehensive coverage makes the CONTRAST
prioritisation tool applicable across different sea regions,
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though region-specific occurrence data may be needed
for non-European areas.

Another strength is that the CONTRAST prioritisation
tool gave equal weight to both regularly monitored (after
filtering out regulated substances) and less studied com-
pounds. This was done by assessing occurrence based on
the absence or presence in two environmental monitor-
ing databases instead of the number of measurements
used by many prioritisation schemes. As CECs generally
have not been widely studied, such substances often have
relatively little or no occurrence data in comparison to
regularly monitored contaminants. The assessment based
on absence or presence in environmental monitoring
databases ensured that less-studied CECs weren't ranked
lower due to missing occurrence data.

Despite these strengths, the output of the CONTRAST
prioritisation is not the ultimate list that can be directly
used for monitoring or in experimental tests. Due to
some considerations in analytical and toxicological
aspects (i.e. some compounds are unstable in environ-
mental matrices or not relevant for experimental studies
using certain organisms due to limited absorption), not
all the compounds in the CONTRAST priority list were
relevant for further studies. In addition, some legacy
contaminants were still present in the top 100 unregu-
lated priority compounds, regardless of the exclusion
of regulated compounds. Thus, expert judgments were
needed to decide which traditional compounds should be
excluded from the priority list due to the abundance of
available data on their occurrence, fate, and effects.

The CONTRAST prioritisation is a dynamic tool
that depends on input data regarding P, B, M, and T
properties, as well as occurrence, MoA, and emission.
Therefore, future results obtained using the tool will
be affected by updates on the databases, the progress
in knowledge with respect to input data, and changes
in legislation. For example, many PFAS had low or zero
PB and/or PM scores despite numerous studies proving
their extreme persistence. Due to the lack of data on the
persistence of PFAS in the version of PikMe used in this
study, those compounds were not selected by the PB and/
or PM scheme, resulting in a score of zero. This issue can
be addressed by applying the CONTRAST prioritisa-
tion tool to the updated version of the PikMe database.
As the current study used an initial list of 1.13 million
compounds for which data were mostly generated using
predictions, more experimental data in the future would
change the outcome of the tool.

The same reasoning can be applied to the evolu-
tion of legislation, which could change the outcome
of the CONTRAST prioritisation. Some compounds
that are currently not regulated may be considered for
inclusion in future regulatory hazard lists. A proposal
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amending WFD and EQS (published in October 2022)
includes additional substances, such as 17-Beta estradiol,
clarithromycin, and ibuprofen [89], which are present
in the top 100 CONTRAST priority list. As this pro-
posal might be approved in the future, those compound
can become regulated and, in this case, can no longer be
considered as CECs according to this study. Conversely,
emergency authorisation can be granted to some banned
compounds, as previously happened with neonicotinoid
biocides, such as imidacloprid, thiamethoxam, and clo-
thianidin [90].

One of the limitations of the CONTRAST prioritisation
tool is the lack of reliable data for emission and occur-
rence assessments. Tonnage estimates are often out-
dated, and over 86% of compounds have an “unknown”
functional category in the ChemExpo Knowledgebase,
resulting in low use pattern scores. The absence of occur-
rence data of more than 10% of the CONTRAST priority
compounds and seasonal variations in marine environ-
ments need to be addressed. These gaps are expected to
narrow as databases are updated and more data becomes
available. Additionally, no distinction in scoring was
made between different sources of measured and esti-
mated data for the MoA assessment despite different
method and predictive models employed. Therefore,
regular updates to the CONTRAST prioritisation using
additional certainty scores in MoA and current data are
essential to reflect evolving knowledge and regulations.

Conclusion

The marine environment has different environmental
conditions, notably salinity and pH, affecting partition-
ing, sorption, and bioavailability of compounds. Due to
the lack of prioritisation schemes that consider these spe-
cificities of the marine environment and their effects on
the bioaccumulation of compounds, a marine-specific
prioritisation tool was developed in this study using fil-
tering with adapted bioaccumulation criteria followed
by scoring and ranking approaches. The filtering process
was carried out using three parallel schemes (PB, T, and
PM schemes), and the scoring was based on MoA, occur-
rence, and emission.

As a marine-specific prioritisation tool, the CON-
TRAST prioritisation takes into account marine sources
as a specific type of chemical emissions. Furthermore,
the CONTRAST prioritisation tool covers a broader list
of possible chemicals that can be present in the marine
environment (1.13 million chemicals in the PikMe tool
database) and adverse effects of CECs on organisms
by integrating a wide range of modes of action besides
standard ecotoxicity-based assessment. The potential for
future research to fill the knowledge gaps was taken into
consideration by giving an equal value to compounds
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with limited occurrence data and filtering out the EU-
regulated compound whose toxicity is well-known.

The CONTRAST prioritisation tool was able to select
and prioritise 8548 unregulated priority compounds from
the 1.13 million compounds in the PikMe database, rank-
ing them based on their final score. The top 100 unregu-
lated priority list were dominated by pharmaceuticals
and industrial chemicals but also included other use
categories, such as flame retardants, plasticisers, PCPs,
or biocides. The diversity of compounds in the top 100
unregulated priority list concerned not only the use cate-
gories but also the criteria that influence their final score,
indicating that the CONTRAST prioritisation tool was
not biased by any single criterion. The validation of the
filtering approach revealed that more than half of com-
pounds from several priority lists in European legisla-
tions and RSCs were selected if the regulated compounds
were not excluded, demonstrating the effectiveness of the
tool in selecting hazardous compounds.

The CONTRAST prioritisation served its purpose as
a tool to select CompTox Chemical Dashboard CECs
for the development of an integrated assessment frame-
work in the CONTRAST project. Moreover, it can sup-
port regulation by guiding the decision-making process
regarding which compounds should be monitored in the
marine environment and studied for their fate, distribu-
tion, and effects. The CONTRAST prioritisation tool
was developed with a focus on Europe, for applications
within the Marine Strategy Framework Directive (MSED)
or European RSCs. However, it can also be applied on a
broader scale within other RSCs by adapting the input
data, e.g. using regional-specific occurrence and emission
data as well as adapting the list of excluded compounds
based on current regulations in other regions.

Disclaimer

This study and its conclusion represent the opinions of
the authors, but not necessarily those of the organisa-
tions they work for, or an endorsement of the tools and
methods used therein.
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