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Examining the utility of existing chemical hazard paradigms to 
predict future global-scale environmental impacts from 
emerging chemicals 
Karl C. BowlesA,B,* and Janina BeyerC

Environmental context. In previous instances of global impacts from chemicals, there were significant gaps between the onset of 
use and observations that triggered management. The lessons of the past have informed the development of strong paradigms for 
chemical management, but at some point, major impacts will again emerge, not covered by these paradigms. Holistic observation of 
the environment and collaborative reporting are needed to identify signals of future major issues.  

ABSTRACT 

Increasing concern over per- and polyfluoroalkyl substances (PFAS) in the environment, in the 
last decade, has sparked an interest in emerging chemicals more broadly, leading to the 
development or strengthening of many useful programs for understanding and prioritising 
environmental hazards and risks for chemicals. While important and useful, such efforts mostly 
rely on comparing chemical properties with paradigms generated from previous environmental 
issues. The lessons of the past demonstrate that, at some point, major challenges to our existing 
paradigms will eventuate. Key to addressing these challenges is our ability for early identification 
of ‘blind spots’ not covered by our existing paradigms. Furthermore, if we only look for gross 
observable changes in the environment, we will only ever be able to respond with reactive 
measures. We suggest that while various relevant monitoring programs are in place and have 
been proposed, encouraging those processes to look beyond existing hazard paradigms and look 
for more subtle environmental signals will improve the ability to respond proactively when harm 
is still limited.  

Keywords: chemicals, chlorofluorocarbons, environmental signals, hazard paradigms, mercury, 
mobility, organochlorine pesticides, PBT, Persistent Organic Pollutants, PFAS, regulation. 

Introduction 

In the last decade or so, there has been a growing interest in emerging chemicals among a 
diverse range of stakeholders outside of the academic science community (e.g. OECD 
2018a; US Government 2021; US Navy 2022). This growth can be attributed at least in 
part to growing concerns over per- and polyfluoroalkyl substances (PFAS) in the environ-
ment. The desire to predict the next major chemical issue is understandable. While most 
stakeholders such as politicians and communities want to avoid environmental disasters 
for a range of obvious reasons, commercial stakeholders such as environmental consul-
tants, waste contractors and analytical laboratories use such knowledge to target growth 
strategies to capitalise on future business opportunities. The burden of providing useful 
information, guidance and policy typically falls on scientists and regulators who rely on 
hazard and risk paradigms for matters such as approving chemicals for use in products, 
licensing discharges to environment and responding to spills or legacy contamination. 

Specifically, for the purposes of this article, the term ‘paradigm of the day’ is being 
used to mean related scientific principles that are generally accepted by the scientific 
establishment in relevant fields of study and incorporated into environmental regulation 
and guidance. Examples of current chemical paradigms include: 
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• Hazard characterisation such as Persistence, Bioaccumulation 
and Toxicity (PBT) for organic chemicals, along with long- 
range transport potential (LRTP) (Stockholm Convention 
2019)  

• Ecotoxicological paradigms such as the free ion activity 
model (FIAM) (Campbell 1995) and biotic ligand model 
(BLM) (Paquin et al. 2002) for understanding metal bio-
availability in aquatic systems  

• Toxicological groupings such as Carcinogenic, Mutagenic, 
Reproductive (CMR) toxins (eurostat 2020) and endocrine 
active/disruptive chemicals (EACs/EDCs/EDs) (e.g. EC 2022). 

While screening chemical hazard against such paradigms is 
certainly necessary to prioritise current concerns, it is ques-
tionable whether such efforts will identify future issues 
requiring establishment of new global intervention on the 
same scale as the Stockholm Convention for Persistent 
Organic Pollutants (POPs) or the Minamata Convention for 
Mercury. To understand why, it helps to look to the past and 
understand how current paradigms for chemical prioritisa-
tion have developed. This article uses examples of groups of 
chemicals that have challenged or are challenging chemical 
hazard paradigms of the day and considers possible actions 
that may reduce the risk from relying too heavily on our 
existing paradigms. The examples given below are but a few 
and the reader is referred to other examples in the EEA 
(2013) report on early warnings, late action. 

Looking to the past: examples of major 
chemical environmental impacts 

Over the twentieth century, several groups of chemicals 
emerged with issues so remarkable as to warrant global 

response. Three major examples are methylmercury (MeHg), 
organochlorine pesticides (OCPs) and chlorofluorocarbons 
(CFCs). A common factor for these was widespread and 
long-term use (or inadvertent production in the case of 
MeHg), before environmental issues were understood and 
significant attempts to manage were instigated. Looking at 
how these three classes of chemicals emerged as major 
environmental issues is instructive to understanding the 
nature of our chemical assessment paradigms. Fig. 1 gives 
a brief timeline of key events for these examples. 

The so-called Minamata incident occurred following 
long-term release of mercury (Hg) and MeHg from chemical 
plants in Minamata and Niigata in Japan from the early 
1900s (NIMD 2014). Fish contaminated with MeHg were 
consumed, leading to major congenital deformities and 
deaths over a period of decades. Toxicity of inorganic and 
elemental Hg had been observed since ancient times, with 
well-known symptoms, however symptoms of Minamata 
Disease were different. This led to an initial failure to under-
stand the cause, which was originally thought to be patho-
genic, hence the term ‘disease’ (Hachiya 2006). This was 
compounded by the prevailing perception that toxic chemicals 
don’t pass the placenta (Hachiya 2006) and therefore congen-
ital effects from methylmercury would not have been 
expected or understood. Also, biomagnification was an impor-
tant factor in the exposure to humans. The principle of bio-
magnification would remain unknown until after OCPs 
emerged as an environmental issue in 1960s, and even then, 
the paradigm to explain biomagnification of OCPs did not 
apply to the organometal MeHg. The Japanese government 
did not fully accept MeHg as the cause until 1968 (Hachiya 
2006), noting that this was as much a political decision as 
revision of a scientific paradigm. Improved analytical tech-
niques resulted in a significant improvement of the sensitivity 
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1932 to chemical factories in Japan
using mercury catalysis

1939 Insecticidal properties
of DDT discovered

1928 CFCs !rst synthesised
1930 Freon production

1974 ozone destruction postulation
1985 Major ozone depletion reported

1985 Vienna Convention

1962 Carson’s Silent Spring

1972 US EPA cancels registrations of DDT products
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Fig. 1. Timeline showing the stages of chemical release/use, when concerns were first highlighted and global response for 
methylmercury (MeHg), organochlorine pesticides (OCPs) with DDT as an example, and chlorofluorocarbon (CFCs). These do not 
include all events and are intended as conceptual examples.    
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of mercury analysis and speciation of environmentally rele-
vant forms of mercury (Bloom and Crecelius 1983; Fitzgerald 
and Watras 1989; Mason and Fitzgerald 1991). These changes 
allowed a greatly improved understanding of the biogeo-
chemistry of mercury from the late 1980s (Watras and 
Huckabee 1994), leading eventually to the adoption of the 
Minamata Convention from 2013 (UNEP 2021). 

Organochlorine pesticides (OCPs) had been widely used 
from the 1940s and considered as ‘safe’ pesticides with low 
human toxicity in agricultural and domestic settings (Moore 
and Ramamoorthy 1984). It wasn’t until Rachel Carson and 
others observed and reported environmental effects, in par-
ticular lack of birds, and attributed this to chemical contam-
ination that the widespread use of OCPs was widely 
questioned (Carson 1962; Paull 2013). Initially Carson 
faced staunch opposition from both scientists and industry 
who reasoned that chemicals with low acute toxicity could 
not cause these impacts (McLaughlin 2010). The fact that 
effects were on reproduction, as opposed to ‘typical’ mortal-
ity expected for pesticides, hindered understanding, despite 
earlier observations on toxicity and persistence (Fitzhugh 
et al. 1950; Lichtenstein and Medler 1958). As for methylmer-
cury, also critical was the lack of an existing paradigm to 
explain biomagnification. The idea that chemicals occurring 
in the environment at low concentrations (part per billion and 
lower) could be responsible for impacts on higher trophic 
birds and mammals was not conceivable until biomagnifica-
tion based on the tendency of hydrophobic chemicals to 
accumulate in fat tissue became known even if not fully 
understood (Gobas et al. 1999). The understanding of multi-
ple properties that combine to cause a much greater environ-
mental hazard ultimately led to the Stockholm Convention on 
POPs from 2001 (UNEP 2019a). This provides global regula-
tion and guidance for organic pollutants that cross certain 
thresholds for persistence (P), bioaccumulation (B), toxicity 
(T) and long-range transport potential (LRTP). 

Chlorofluorocarbons (CFCs) were another class of chemi-
cal where widespread use resulted in environmental impacts 
justifying a global response, following a significant delay. 
These quickly became refrigerant gases of choice in the 
1930s due to their extremely low chemical reactivity and 
acute toxicity, making them ideal to replace other refriger-
ants such as ammonia. The first hint that CFCs may not be 
environmentally benign came when Molina and Rowland in 

1974 published in Nature a mechanism by which CFCs could 
be degraded in the presence of high energy solar radiation 
such as might occur on the stratosphere leading to catalytic 
ozone destruction (Molina and Rowland 1974). Scientists 
recognised that an ozone hole would cause increased cancer 
rates and environmental degradation (EU 1994), but at this 
time, transport to the stratosphere and accumulation at the 
poles was generally underestimated and some aspects of 
Molina’s and Rowland’s work were criticised (Baum 2017). 
The actual observation of an ozone hole over Antarctica in 
1985 (Farman et al. 1985) quickly led to the Vienna 
Convention for the Protection of the Ozone Layer in 1985 
(UNEP 2020) and the Montreal Protocol in 1987 (UNEP 
1987), starting the successful phase out of CFCs. As with 
the OCPs, the significant delay between widespread use of 
CFCs, and eventual understanding of the environmental 
impacts, was a consequence of the lack of paradigms at 
the time to assess the hazard. 

Table 1 summarises information relevant to the three 
examples above. In each case, an understanding of the toxi-
cology and the (biogeo)chemistry/physics explains the pro-
cesses leading to major environmental impacts. The problem 
for regulation at the time, such as it existed, was that some of 
the issues were not known and not foreseeable when the 
chemicals were developed and first used. The existing para-
digms of the day for chemical assessment were not sufficient 
to predict the impacts eventually observed. In other words, 
the understanding of the science followed the identification 
of the issue. 

The present: how have we learned from 
the past? 

The lessons of the past have been built into our current 
paradigms for chemical assessment at different regulatory 
levels: chemical approval processes by continents/countries 
such as EU’s REACH (ECHA 2022a) and the Australian AICIS 
(AICIS 2022) and environmental regulation at a state and 
local level, including licensing of industrial premises and 
clean-up of legacy contamination. 

As noted above, the Stockholm Convention on POPs plays 
an important role in regulating those chemicals specifically 
identified as hazardous according to the PBT and LRTP 

Table 1. Causes and contributing physico-chemical and toxicological factors explaining observed environmental impacts from major classes of 
previously emerging chemicals from the twentieth century.     

Chemical group Processes relating to observed environmental 
issues 

Contributing physico-chemical factors of the chemicals   

MeHg Biomagnification, biomethylation, placental transfer Affinity for reduced sulfur (Class B metal) and difference between cellular 
partitioning between Hg & MeHg 

OCPs Biomagnification, environmental persistence Lipophilicity, halogenated organic structure 

CFCs Catalytic ozone destruction in stratosphere, 
persistence in troposphere 

Radical chemistry, halogenated organic structure   
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paradigm. Originally listing the so-called ‘Dirty Dozen’, the 
Convention has since listed other organic chemicals. Examples 
of currently listed POPs include:  

• Chlorinated pesticides: aldrin, chlordane, DDT, etc.  
• Polychlorinated dibenzodioxins and furans (PCDD, PCDF) 

and polychlorinated biphenyls (PCBs) 
• Various polybrominated diphenylethers (PBDEs) and hex-

abromocyclododecane (HBCDD)  
• Perfluorooctane sulfonate (PFOS), its salts, and PFOSF, 

perfluorooctanoic acid (PFOA), its salts and related com-
pounds, and perfluorohexane sulfonate (PFHxS) its salts 
and related compounds  

• Some chlorinated hydrocarbons such as short chain 
chlorinated paraffins (SCCPs) and polychlorinated naph-
thalenes, etc. 

Even a brief examination reveals that these chemicals have 
something in common: they are all halogenated organic 
compounds. An interesting exception is UV-328, a substi-
tuted phenolic benzotriazole used as an ultraviolet radiation 
absorber in many products. UV-328 has been proposed for 
listing and meets the Stockholm criteria (UNEP 2019a) but 
contains no halogen atoms in its structure (IPCP 2022). 

Halogenation often confers a critical property, persistence, 
due to the relative lack of enzymes capable of degrading 
halogenated organic chemicals and contributes to the tend-
ency to bioaccumulate, especially for fluorinated compounds 
such as some PFAS. While some PFAS are listed in the Annexes, 
these chemicals were not initially recognised as being likely to 
biomagnify, even once the PBT paradigm was developed and 
applied to other chemicals. PFAS are therefore considered in 
more detail in this paper to understand why chemicals with 
such clear PBT properties were not regulated until long after 
the OCPs and some other chlorinated chemicals. 

PFAS are a family of chemicals that runs into the 1000s. 
As the family is extremely diverse in chemical and other 
properties, this discussion will be limited to the perfluor-
oalkyl acids (PFAAs, including PFOS and PFOA) which have 
relatively similar structures, with hazard generally related 
to the fluorinated carbon chain length, although the termi-
nal functional group also plays a part. 

Perhaps the first warning signs that PFAAs were not as 
benign as previously believed was in the mid-1970s when 
unidentified organofluorine compounds were found in the 
blood of 3M factory workers (Ubel et al. 1980). It was not 
until the development of liquid chromatography – tandem 
mass spectrometry in the 1990s (Olsen et al. 2000; Hansen 
et al. 2001) that accurate determination at relevant concen-
trations was possible in blood serum and environmental 
matrices. Tissues from stranded aquatic mammals collected 
over the 1990s frequently contained PFOS when analysed 
between 1999 and 2001 (Giesy et al. 2001) and also human 
blood serum (Hansen et al. 2001). Some interventions 
resulted, such as 3M withdrawing PFOS manufacture in 
2000 (Buck et al. 2011) and the US EPA 2010/2015 PFOA 
Stewardship Program (US EPA 2022a), but other PFAS 
manufacture continues globally. Investigation of environ-
mental contamination from PFAAs has exploded in the 
twenty-first century, initially largely related to AFFF use 
(Australian Defence 2022; US DoD 2022), but now recognis-
ing the vast range of industrial, commercial and domestic 
products in which PFAS are used (Glüge et al. 2020). 

Table 2 summarises factors relating to the specific hazard 
properties of long-chain PFAAs such as PFOS and PFOA. 
Some, but not all, of these factors were predictable based 
on chemical paradigms prior to PFAS concerns emerging in 
the late 1990s. Some that may not have been predictable are 
underlined in the table, noting this analysis is subjective and 
some of these assignments are debatable. For example, it 

Table 2. Causes and contributing physico-chemical factors explaining observed environmental impacts from perfluoroalkyl acids such as PFOS 
and PFOA.     

Property Cause Comment   

Persistence Resistance to chemical and biological degradation Strong C–F bonds, tightly packed fluorine ‘sheath’ 
protecting C–C bonds. 

Bioaccumulation/ 
biomagnification 

Association with protein rather than lipophilicity Not well understood. Related to carbon chain length and 
anionic functional group. 

Toxicity: very low guidance 
values 

Significant differences between rodent & human 
toxicokinetics & toxicodynamics, growing epidemiological 
data, e.g. possible impacts on immune system 

Differences in renal reuptake of organic anions between 
species; differences in cellular biochemical receptors 
between species 

Long range transport 
potential 

Volatile precursors, oceanic transport Neutral precursor PFAS v charged functional group in 
PFAAs at environmental pH 

Mobility – local and regional 
scale impacts 

Relative water solubility, retention in surface soils creating 
ongoing sources to surface water 

Charged functional group with hydrophobic and lipophobic 
tail (surfactant behaviour and multiple modes of interaction 
with soils, accumulation at air:water interface, evaporative 
concentration, etc.) 

Underlined text refers to factors that were arguably not predictable, or were underestimated, based on chemical paradigms prior to PFAS having emerged as an 
issue.  
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could be argued that the chemical resistance of these che-
micals was certainly recognised early on, as it was a con-
tributing reason for important uses such as in firefighting 
foams, but the protection conferred specifically by the tight 
geometry of the fluorine sheath around the carbon chain, on 
both radical and enzymatic attack, may have been under-
estimated when these chemicals were first used. 

The information in Table 2 demonstrates that while some 
attributes of PFAAs leading to environmental hazard were 
predictable, such as persistence as noted above, the degree 
and importance of some other chemical properties and haz-
ards were not yet understood based on the paradigms of the 
day. In particular, the notion that chemicals would biomag-
nify based on protein-association, and not lipophilicity, was 
apparently not recognised, even after the biomagnification 
of OCPs as a concept was understood. Methylmercury also 
biomagnifies based on association with proteins, but in a 
completely different manner (for MeHg it is affinity for 
reduced sulfur in cysteine). In short, no one expected 
organic chemicals with surfactant properties to biomagnify, 
and this would have been compounded by reliance on mea-
suring octanol–water partitioning, as a surrogate to predict 
potential to bioaccumulate but not relevant for predicting 
protein binding. This demonstrates that focussing too much 
on individual paradigms can be distracting and lead to 
unwarranted confidence considering the global scale of 
use of many chemicals. 

A specific property shared by PFAAs also worth consider-
ing is environmental mobility. This is not to be confused 
with the concept of LRTP included in the Stockholm defini-
tion for POPs, which is a more specific concept, although 
environmental mobility can contribute to that tendency. 
While LRTP is a critical hazard for reacting to global 
impacts, mobility at local and regional scales can result in 
exposures at higher concentrations, with consequences for 
potential human health and ecotoxic impacts. Considering 
mobility as a key property is becoming more recognised. For 
example, the mobility of PFAS in groundwater has contrib-
uted to exposures via drinking water in large parts of the US 
and Sweden (Gobelius et al. 2018; Brown et al. 2019), and 
the German Environment Agency has led efforts to identify 
Persistent, Mobile and Toxic (PMT) and very Persistent and 
very Mobile substances (vPvM) under the EU chemicals 
regulation REACH (Neumann and Schliebner 2019; Rüdel 
et al. 2020). This reflects the importance of groundwater as 
a drinking water source for large populations in some parts 
of the world, and contrasts with the conventional PBT para-
digm which is focused more on food-based exposures. 

An example to highlight the importance of considering 
mobility beyond LRTP is comparing PFAS to the poly-
brominated diphenyl ethers (PBDEs). Specific PBDEs have 
been listed on the Stockholm Convention for POPs (UNEP 
2019b). Like PFOS and PFOA (and related chemicals), the 
listed PBDEs qualify as PBT chemicals, and have been 
widely used in products and articles. However, the PBDEs 

have not received nearly the same attention as PFAS at local 
and regional scales, particularly in effort spent on investiga-
tions and remediation, and focus from environmental regu-
lators, media and politicians. The answer for this may lie 
largely in the much greater mobility of PFAAs. People in the 
general population will be exposed to both PFAS and PBDEs 
in homes and workplaces from consumer products. However, 
the much greater water solubility of PFAAs (mg L–1 to g L–1) 
compared to PBDEs (typically low µg L–1), results in expo-
sures for certain groups of people, above that of the general 
population, whether via surface water, groundwater sourced 
drinking water or via bioaccumulation into food (e.g.  
Cousins et al. 2022). 

There are other aspects to exposure to PFAS of which we 
are only just becoming fully aware, related to mobility. For 
some time, there have been empirical observations that 
certain PFAS from legacy use of AFFF (aqueous film- 
forming foams), especially PFOS, persist in near-surface 
vadose zone soils, for periods much longer than would intui-
tively be expected for chemicals with reasonable water solu-
bility (for example refer to Australian Department of Defence 
PFAS Investigation and Management Program (Australian 
Defence 2022)). This is consistent with similar observations 
in an experimental study where > 99% of PFOS in a bioso-
lids amended soil was still present under normal climatic 
conditions after 5 years (Stahl et al. 2013). This retention can 
be attributed in part to accumulation of PFAS at the air/ 
water interface in soil pores (Brusseau 2018), retarding 
downward movement to groundwater. More recently, 
researchers have identified evaporative concentration as an 
important phenomenon for PFAAs such as PFOS (Davis et al. 
2021). This phenomenon results in availability of PFAAs at 
the soil surface, which is then carried away in surface water 
runoff, in contrast to many other contaminants where trans-
port in groundwater is regarded as a more important path-
way. While both accumulation at the air/water interface and 
evaporative concentration have been noted for other chemi-
cals (e.g. ionisable pesticides for the former and salts for the 
latter), these concepts are only more recently being applied 
to PFAS. This suggests that focussing too much on individual 
hazard paradigms can be distracting and could potentially 
lead to delays before important environmental impacts may 
be uncovered. 

Looking to the future: will our current 
paradigms be enough? 

Examples such as those above continue to strengthen our 
paradigms for chemical hazard. However, given the com-
plexity of chemicals currently being developed and intro-
duced to market, we should assume that at some point major 
challenges to our existing paradigms will eventuate. The 
scale of chemical issues globally, and the need for more 
preventive and precautionary hazard-based approaches is 
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highlighted in the recent publication on planetary bounda-
ries (Persson et al. 2022). Key to addressing these challenges 
is our ability towards early identification of ‘blind spots’ not 
covered by our existing paradigms. Furthermore, if we only 
look for gross, observable changes in the environment, we 
will only ever be able to respond with reactive measures. If 
we also look for more subtle signals and encourage precau-
tionary measures, there will be better ability to respond 
proactively when harm is still limited. 

As Wang and co-authors (Wang et al. 2021) importantly 
pointed out, ‘there is a lack of horizon scanning and early 
warning mechanisms: Most existing interface bodies are not 
tasked, on a regular basis, with monitoring scientific devel-
opments and providing early warnings on risks related to 
chemicals and waste in their specific areas.’ Existing pro-
grams that search for ‘blind spots’ and aim to provide early 
warning systems are few (e.g. EEA 2001, 2013; Bakker et al. 
2017; Dulio et al. 2018; SamTox 2018; OECD 2019), and 
often cover either very specific or broad topics. Some focus 
on specific topics, for example persistent chemicals in food 
waste (US EPA 2021b), while others publish high-level posi-
tion statements, e.g., the Scientific Committee on Health, 
Environmental and Emerging Risks (SCHEER) reports on 
emerging health and environmental issues (SCHEER 2022). 

Within government agencies in different countries, there 
is increasing awareness of the need to identify signals for 
emerging risks and issues. For example, the Netherlands has 
developed an approach to identify New and Emerging Risks 
of Chemicals (NERCS) (Hogendoorn et al. 2014; Palmen 
2015), and in Australia, the NSW government is developing 
an approach to identify and evaluate emerging chemical 
issues (Tran et al. 2022a, 2022b). The concepts for these 
programs to look for signals as early warning systems are 
similar, although differ in scope, scale and methodologies 
employed. 

These programs provide the first steps to develop 
approaches for identifying signals and early warning sys-
tems. However, several challenges remain for us to look 
holistically for early signals of major new chemical impacts. 
To ensure these kinds of programs and activities are effec-
tive we need to further develop our capabilities in:  

1. Transparent data for chemical production, chemicals 
used in products/articles and how they are used and 
disposed of, with consideration for life cycle assessment 
accounting for all phases and focusing on routes to the 
environment. 

2. Multiple lines of evidence including current and advanc-
ing methods in (eco)toxicology, analytical chemistry and 
omics, ecology and epidemiology, targeted and untar-
geted monitoring of chemical occurrence in the environ-
ment and in people (biomonitoring) and inclusion of new 
and innovative approaches when searching for signals. 

3. Accessible global information platforms that allow inte-
gration and sharing of data systems and schemes. 

Of the above points, many calls for the first have been 
made but the conflict with commercial interests inevitably 
remains a roadblock. However, we can collectively continue 
to strengthen and support collaborative and transparent efforts 
between industry, governments, researchers and communities 
for monitoring and reporting data, and incorporating life cycle 
assessments that include reliable data for production, use and 
disposal of chemicals and products (e.g. Bucknall 2020). 

For the second point, many programs already incorporate 
these ideas, approaches and technologies particularly in 
research, although uptake of such data in regulatory frame-
works and when searching for signals is required. Examples of 
such approaches include the use of high resolution mass 
spectrometry (Brack et al. 2019; Hollender et al. 2019), 
omics approaches (Martyniuk and Simmons 2016; Mortimer 
et al. 2022), high throughput in vitro and in silico testing (Dix 
et al. 2007; Judson et al. 2013; Villeneuve et al. 2019; US EPA 
2021a) and adverse outcome pathways (OECD 2017, 2022a). 
Interdisciplinary approaches are needed (e.g. Xia et al. 2013), 
and as highlighted by Maertens et al. (2021) on avoiding 
regrettable chemical substitutions, there is a need for an 
integrated approach using qualitative and quantitative data 
and using methods for analysing cumulative and interactive 
effects. For example, there is now a strong body of literature 
identifying behavioural effects to aquatic fauna from chemical 
mixtures, but this remains difficult to incorporate into existing 
water quality guidelines, even for individual chemicals (Ford 
et al. 2021). Similarly, the use of tools such as omics can 
provide important insights in understanding potential envir-
onmental impacts as a line of evidence for signals (Beale 
et al. 2022). Therefore, conducting environmental monitor-
ing or managing chemicals only where hazards are under-
stood with strong certainty, will result in continued delayed 
responses in managing chemicals. 

The third point, data sharing and reporting, is an area 
that could and should be strengthened (Dulio et al. 2018;  
OECD 2018b, 2019). Examples of existing chemical hazard 
platforms include eChemPortal (OECD 2022b), PubChem 
(NIH 2022) and the CompTox database (US EPA 2022b). 
These are accessible online to allow users to search for 
chemicals, although automated data searching within such 
platforms remains a challenge, and working towards using 
common data formats would help link such databases (e.g.  
OECD 2019; ECHA 2022b). Furthermore, the example data-
bases above are for chemical hazards, and not focused on 
environmental monitoring of chemicals (e.g. Bopp et al. 
2020) or ecosystem impacts. Expanding the breadth and diver-
sity of the information available will be critical for identifying 
early warning signals, outside of existing hazard paradigms. 

Observation of past major chemical issues also demon-
strates that there is a human element to advancing paradigms 
for environmental issues. In most cases, both commercial 
interests and existing science paradigms provided resistance 
to embracing new information and delayed effective manage-
ment. This element will likely always exist to some degree, 
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and this strengthens the need for open and collaborative 
approaches to reporting and interpreting information. We 
refer here to the call by Wang and co-authors (Wang et al. 
2021) for ‘an overarching international body to facilitate and 
foster broad bidirectional science–policy interactions on che-
micals and waste.’ Based on the analysis presented here, we 
would add that part of the obligation of such a body could be 
to look beyond current chemical hazard paradigms, to better 
enable identification of early warning signals, as part of its 
function of horizon scanning. 
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