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Abstract
Background: Flame retardants are a diverse group of chemical substances that are widely used in
products, such as furniture, textiles, electronics and building materials, to prevent or slow the
development of fire. Flame retardant (FR) substances are known to pose a risk to human and
environmental health, with complex and wide-ranging pathways of exposure and contamination. Once
released into the environment, some FR substances are known, or predicted to have direct and indirect

effects on long term survival, development, physiology and behaviour across a range of species,
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including humans and wildlife. Over time, FR substances have become the focus of many
environmental and (human) health risk assessments. A list of potential FR substances has been
developed (i.e. Bevington et al., 2022) however, detailed information on the risk, or hazard of such
substances to human, animal and environmental health has not yet been collated. Systematic Evidence
Maps (SEMs) have been identified as an underutilised tool for chemical risk assessment. They provide
a core and reliable approach to evidence-based toxicology, which is informed by engagement with
expert stakeholders, and based on the PECO (Population, Exposure, Comparator, Qutcome) approach
to question formulation (Morgan et al., 2018). The goal of this systematic evidence map is to identify,
organise and map the available evidence on the (eco)toxicological effects of FR substances across

ecologically relevant endpoints.

Methods: We will search several electronic academic (PubMed, Web of Science, Google Scholar)
databases, in addition to grey literature sites (OpenGrey) for existing evidence on the
(eco)toxicological effect of FR substances to the environment. Eligible studies must contain primary
research investigating the risk (or hazard) of one or more FR substances (as listed in Bevington et al.,
2022) and study an ecologically relevant adverse effect, outcome and/or endpoint. Ecologically
relevant effects include impacts on growth, development, survival, reproduction and behaviour.
Taxonomic groups considered for inclusion are those classified as animal, plant, bacteria and/or fungi.
Human data will not be included. Articles will be screened in two phases — firstly, Title and Abstract,
before a full-text review. A single reviewer will screen all articles with an independent reviewer
confirming articles for exclusion. Assessment of each article's quality will not be assessed for this
evidence map. Results of the evidence map will be published in a narrative summary and visualised in

a publicly available interactive map.
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Main text

1. Background
The threat of chemical pollution has been listed as one of the top three environmental crises (alongside
climate change and biodiversity loss) society will face over the coming decades (UNEP, 2021). The
toxic effects of chemicals and chemical mixtures present a significant threat of harm to ecosystems,
biodiversity, and human health across the globe (Woodcock et al., 2017; IPBES, 2019; Wijgerde et al.,
2020; Van Dijk et al., 2021) with clear implication for planetary and societal wellbeing (Rockstrom et
al., 2009; Steffen et al., 2015; Johnson et al., 2020). Recent reports warn the production and release of
large volumes of diverse ‘novel’ substances is exceeding society’s ability to operate safely (Persson et
al., 2022), and with new chemicals often released to market without sufficient risk assessment, there
are concerns chemical substances and/or their associated effects will continue to pose significant risk

to environmental and human health (Rockstrom et al., 2009; Wang et al., 2020).

1.1.Rationale
Flame retardant (FR) substances are a diverse group of chemical compounds or mixtures that are used
in products to reduce flammability, and prevent, or slow the development of fire (Cressey, 2012; Keller
et al., 2014; Lazar et al., 2020; Page et al., 2023). FR substances are generally considered to play an
important role in safeguarding life and property, designed to improve product safety and minimise the
risk of fire. Widely used in articles such as furniture, textiles, plastic, electronics and building
materials, FR substances are common components of most consumer products (Bajard et al., 2018;
Page et al., 2023), with their application becoming a growing chemical sector. This is especially true
in the UK and Ireland where strict fire standards see an increased use of FR substances in products
(Brommer and Harrad, 2015; Harrad, Brommer and Mueller, 2016; Kademoglou et al., 2017). The

global market for substances with FR properties has increased considerably since their first use in the



1970s (Tian et al., 2023). In 2021 the global market value of FR substances exceeded 8 billion US
dollars (Statistica, 2023), with forecasts predicting the market size of the industry will reach 13.6

billion (US dollars) worldwide by the end of the decade (2030) (Statistica, 2023).

The scientific literature on FR substances has increased in recent decades (from a few thousand
publications in the 1970’s to >50,000 in 2023) with hundreds of research articles reporting adverse
and deleterious effects of FR substances across in vitro, in vivo and biomonitoring studies (Hendriks
and Westerink, 2015; Blum et al., 2019; Doherty et al., 2019; Xiong et al., 2019; Sun et al., 2020).
This has resulted in greater understanding on the risk of FR substances — particularly in relation to
human health (Wikoft and Birnbaum, 2011; Lyche et al., 2015; Melymuk and Bajard, 2022). Some FR
substances are known, or considered to be hazardous to health, with pathways to exposure wide
ranging and complex. FR substances are found in air, dust, food and drinking water, and are present
on indoor surfaces and textiles (Abou-Elwafa Abdallah and Harrad, 2022). Humans are exposed to FR
substances at all stages of a substance lifecycle, from development and manufacture of FR containing
products, throughout their direct application and (normal) use and at the end of life where products are
disposed of and/or recycled (Page et al., 2023). Children are particularly vulnerable to exposure due to
crawling and mouthing behaviours (Sugeng et al., 2020). Numerous FR substances, including some
known or considered persistent, bioaccumulative, and/or toxic (PBT) FR substances have been
reported in the natural environment (aquatic and terrestrial systems) (Segev et al., 2009; Ekpe et al.,
2020; Zuiderveen et al., 2020). These substances can enter or be released into the environment
through atmospheric transportation, dry and wet deposition, sludge application, waste-water discharge
and surface runoff, posing a potential risk to organisms from the poles to the equator (Brommer and

Harrad, 2015; Tao, Dodson et al., 2017; Persson et al., 2018; Wemken et al., 2019; Yao et al., 2021).

It is important to note that the term ‘flame retardant’ does not refer to a single chemical family or

structure but instead refers to the function of a chemical compound within a material (ECHA, 2023).



Three primary types of organic FR substances exist globally - these are organic Brominated (BFRs),
Chlorinated (CFRs) and Organophosphate (OPFRs). Brominated and Chlorinated FRs are examples of
halogenated FR compounds, which together with OPFRs, make up approximately 70% of the market
for organic FR substances (Environment Audit Committee, 2019). Historically, the most used FR
substances were brominated due to their retardancy capabilities and efficiency - this includes the
highly persistent and toxic polybrominated diphenyl ethers (PBDEs) and hexabromocyclododecane
(HBCDD). FR substances can also include inorganic compounds (e.g., metals), and Nitrogen or Boron

based compounds.

Over time, FR substances have become the focus of many environmental and (human) health risk
assessments. Consequently, several hazardous FR substances have been restricted across the globe.
For instance, penta-BDE, hexa-BDE and tetra-BDE are examples of FR substances that were
previously commonly used, however concerns over their persistence, toxicity, and potential to
bioaccumulate (in humans and wildlife) led to their restriction (starting in 2009) when they were
included in the Stockholm Convention on Persistent Organic Pollutants (POPs) (Sun et al., 2022;
Wang et al., 2020). Deca-BDE being the most recent restriction, with inclusion coming in 2017.
Regulatory measures under the European Union’s REACH regulation (the Registration, Evaluation,
Authorisation and Restriction of Chemicals; European Commission, 2006) are also in place for CFRs
and FR substances identified to exhibit persistent, bioaccumulative and/or toxic (PBT) characteristics

(e.g. PBDEs, HBCDD).

Restrictions of some FR substances have driven the market to substitute PBT compounds with

compounds that are not always without risk (Bajard et al 2018). Since the 1970s, halogenated and
phosphorus-containing FRs have commonly replaced brominated FRs (Li et al., 2019; Tian et al.,
2023). Organophosphorus FRs (OPFRs) are common substitutions for known PBT FR substances

(such as PBDEs) due to their widespread global production and similar technical characteristics (Li et



al., 2019; Tian et al., 2023). As a result, their global production and use has exceeded 1 million tonnes
a year (1.05 million tonnes in 2018; Li et al., 2019), accounting for more than 30% of global
consumption (Tian et al., 2023). Chemical constituents of OPFRs (e.g., organophosphate esters OPE)
are proven carcinogens meaning substitution by these hazardous compounds poses further risk to
health (Greaves and Lecture, 2016; Blum et al., 2019; Xie et al., 2022). Similarly, alternative
chlorinated OPFR compounds TCEP, TCPP and TDCP replaced the use of Deca-BDE following its
restriction in 2017, however these chemical substances are now being considered for restriction due to

similar hazardous properties (EAC, 2019).

1.2. Environmental Risk Assessment
In 2010, 200+ scientists from (30) countries across the globe signed the San Antonio statement
(DiGangi et al., 2010) to publicly raise concerns around the lack of information on flame retardant
substances and call attention to neglected scientific information on brominated and chlorinated FR
substances in regulation (DiGangi, 2012). Finally, in 2023, the European Chemicals Agency (ECHA)
released its regulatory strategy for flame retardant substances (European Chemicals Agency, 2023)
suggesting more (regulatory) data are required to determine the need for restriction of many aliphatic
brominated and organophosphorus flame retardant substances. As FR substances perform a function
(i.e., not considered a single chemical group) the list of potential FR substances is continually

evolving, with large numbers of alternatives emerging on the market.

Standard hazard testing for chemical risk assessment is typically based upon empirical toxicity tests,
performed or undertaken in vivo (in or on whole organisms) by approved laboratories and/or
researchers (ECHA, 2011; Ruden et al., 2017; Olker et al., 2022). Studies are performed according to
test guidelines, such as those set out by the Organisation for Economic Cooperation and Development
(OECD, 2023) (Ruden et al., 2017) and typically focus on effects that are generally considered

relevant to environmental risk and regulatory decision making (Ruden et al., 2017; Ford et al., 2021).



Such guidelines set out the regulatory accepted endpoints, experimental (study) design and
information criteria. Such tests predominantly relate to the hazard of a chemical substance on an
individual or population's survival, growth, development and/or reproduction (Ruden et al., 2017),
however, only focus on a select number of species and/or endpoints and hence may not assess all
aspects of environmental risk. Ecotoxicological studies published in the peer-reviewed literature can
aid regulatory decision making by contributing relevant data on non-standard test species,
non-standard endpoints and non-standard design (Beronius et al., 2014; Rohr et al., 2016; Ruden et
al., 2017; Agerstrand et al., 2020). In the EU, a series of regulations (i.e., European Commission,
2006; 2009; 2012) now mandate the consideration of all relevant literature (including peer-reviewed

and non-standard tests) in a ‘weight of evidence’ approach (Ruden et al., 2017).

Growing pressure from animal rights groups and campaigners to reduce the use of animals in toxicity
testing, has focused scientific efforts on the development of new and alternative approach
methodologies (NAM’s) (e.g., in silico, in chemico and in vitro methods, Table 1) (see Schmeisser et
al., 2023 for discussion; ECHA, 2017; Herrmann et al., 2019; Olker et al., 2022). Validating the use
and reliability of NAM’s data has, and continues to be a major challenge for regulators, with most test
methods requiring biologically relevant in vivo toxicology studies for verification (see Parish et al
2020; Olker et al., 2022). Furthermore, there is a perception that NAM’s data are ‘less safe’,
introducing a greater level of uncertainty if used as a standalone method (Berrgren and Worth, 2023).
As a consequence, additional or higher tier animal testing is often required to meet the needs of
regulatory science, making the process more costly (both financially and in the use of animals) and
less efficient (Berrgren and Worth, 2023). Thus, the identification, curation and evaluation of all
existing empirical data on the toxicity of chemical substances - from both novel and traditional
endpoints - can provide accessible (and ecologically relevant data), to aid the development, evaluation

and adoption of new approach methodologies (Olker et al., 2022; Schmeiser et al., 2023).



Similar to the development of evidence-based methods in health (e.g. Campbell Collaboration, 2017)
and the environment (e.g., Collaboration for Environmental Evidence, 2021), ‘evidence-based
toxicology’ (EBT) has emerged as a method to inform regulatory decision making (McKinnon et al.,
2015; Haddaway et al., 2016; James et al., 2016; Wolffe et al., 2019). Through the adoption of
systematic approaches, and establishment of transparent methods for the evaluation of existing
toxicity data, the evidence that can be utilised by risk assessors has evolved significantly (Thayer et
al., 2014; Guigeno & Fernie, 2017; Moermond et al., 2017; Rudén et al., 2017; Wikoft & Miller,

2018; Agerstrand et al., 2020; Ford et al., 2021; Pelch et al., 2022).

1.3. Systematic Evidence Maps
Systematic Evidence Maps (SEMs) are an underutilised tool for chemical risk assessment, potentially
providing a core and reliable approach to EBT (Haddaway, Bernes, Jonsson, & Hedlund, 2016; James
et al., 2016; Wolffe et al., 2019; Wikoff et al., 2020). SEMs have the ability to reliably collate and
characterise a large body of existing evidence, on a broad research topic, relevant to regulatory
decision making, whilst minimising and estimating bias (Wikoff et al., 2020; James et al., 2016).
SEMs distil a potentially vast, heterogenous evidence base into a computationally accessible,
comparable, and easily updated format, using transparent and reproducible methodology (Haddaway
et al., 2016; Wikoff et al., 2020). SEMs often take the form of a searchable database (including
references and metadata) alongside a written narrative. Removing barriers typically associated with
accessing and synthesising large volumes of data (such as time, accessibility, interpretation, quality
assurance; Wolffe et al., 2019), SEMs provide end users with a broad overview of the evidence base,
affording fast identification and visualisation of trends, including evidence gaps and clusters (Whaley
et al., 2016; Haddaway, Bernes, Jonsson, & Hedlund, 2016; James et al., 2016). As such, SEMs do not
attempt to answer any one specific research question, but instead provide users with the means to

explore the data and existing evidence according to their own needs. This could be to inform the basis



of future synthesis (i.e., review or meta-analysis), research (i.e., chemical hazard assessment), or

regulatory action (i.e., restriction).

To this end, we will use systematic evidence mapping methodology to review existing evidence on the
(eco)toxicological effects of flame retardant substances in the environment. Using the Population
Exposure Comparator Qutcome (PECO) approach to formulating research questions and objectives
(Morgan et al., 2018), we will frame the structure of the map and its outputs to systematically explore
the association between FR substance exposure and adverse effects. The result will be an online,
interactive, interrogable, and user-friendly database (Miake-Lye et al., 2016), published alongside a
narrative summary report. A database containing a list of potential FR substances has been curated
(Bevington et al., 2022), but to our knowledge, detailed information on the risk or hazard of such

substances to organisms in the environment has not yet been collated.

1.4.Stakeholder engagement
An important stage in the development of a SEM protocol is to canvas feedback from expert
stakeholders on the research objectives and study design (Haddaway et al., 2017). We identified expert
stakeholders (n=63) for engagement in this protocol due to their relevance and/or expertise within the
fields of regulatory toxicology, flame retardant development and/or research, and systematic mapping.
Effort was made to ensure the stakeholder group was diverse, including level of expertise, institution,
gender and ethnicity to encompass a range of global perspectives and representation. We identified
stakeholders for engagement in this protocol through one of the following methods; i. Personal
Identification of current academic, regulatory or industry expertise on flame retardant substances (i.e.
cherry picking); ii. Recommendation or connection through a previously identified stakeholder (i.e.
snowballing); iii. Presentation of work related to the toxicology of flame retardant substances at the
33rd European Conference of the Society of Environmental Toxicology and Chemistry; iv. A listed

co-author in the 2023 publication ‘A new consensus on reconciling fire safety with environmental and



health impacts of chemical flame retardants’ (Page et al., 2023); and v. Backward Citation tracing for
Correspondence Author addresses from all cited research in the bibliography of Page et al., 2023. All
contact details (i.e., email addresses) were freely available online and compiled into a single excel

spreadsheet.

Stakeholders were asked to read and comment on any aspect of the full protocol and to specifically
feedback on the research objectives (section 1.5), information sources (section 2.2) and the eligibility
criteria listed in table 3. Stakeholders were contacted in mid-August 2023 and asked to provide input.
A follow up email was sent four weeks later and a final request was sent on 2nd October with a cut-off
date of 9th October (approximately eight weeks after the initial request). Any comments or input sent

after this date will be considered for inclusion in the final manuscript following peer review.

1.5. Objectives
Guided by the PECO framework and engagement with expert stakeholders, the primary objectives of
this systematic evidence map are to:

1. Identify, organise and group existing evidence of the (eco)toxicological adverse effects
(outcome) of flame retardant substances (exposure), individually or as a mixture, in and/or to
the environment (population).

2. Present the evidence in a user-friendly, online, interactive, and interrogable database (map)
that will connect end-users directly to referenced primary research and publish a narrative

report of the systematic map.

This research will also address the following secondary objectives:

1. Identify knowledge gaps and clusters across taxa (population), substance (exposure), effect

(outcome) and geographic scale to inform future research needs.
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2. Identify emerging substances of concern, to inform future research and/or regulatory action,

based on hazard.

The protocol described here, serves to document decisions made a priori regarding the conduct of the

systematic evidence mapping.

2. Methods & Materials
This protocol has been prepared in accordance with the Reporting Standards for Systematic Evidence
Syntheses (ROSES) (Haddaway et al., 2018) and based on guidance from the Collaboration for
Environmental Evidence (Collaboration for Environmental Evidence, 2022). The protocol will be
registered on PROCEED - the global registration system for titles and protocols of evidence reviews
and syntheses, following publication in this journal, to ensure consistency. All tables and figures
associated with this protocol, as well as any supplementary material is available on the Open Science

Framework: https://osf.io/uszfh/?view _only=128383c0c7e94526ad1190a8d18c83b1 .

2.1. Information sources
Flame retardant substances were included in this evidence map due to their inclusion in a 2022
inventory of flame retardant and organohalogen flame retardant chemical substances (‘the inventory’)
(Bevington et al., 2022). The inventory compiles information from multiple data sources — including
regulatory databases, international organisations, and scientific literature — to provide a comprehensive
snapshot of FR chemistries (Bevington et al., 2022). Only those considered ‘likely’ to be a flame
retardant through Quantitative Structure-Use Relationship models (QSUR) or expert opinion (see

Bevington et al., 2022 for detail) will be accepted for inclusion (n=746).
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The peer-reviewed (academic) published literature will be identified by searching Web of Science
(Core Collection only), PubMed, and Google Scholar electronic databases using no date or language
restrictions. If a search update is needed (i.e., initial searches were completed more than two years
prior to completion), the search will be repeated, but limited to studies published since the date of the
last search. Several sources should be searched to ensure that as many relevant articles as possible are
identified (Avenell et al., 2001; Grindlay et al. 2012).We do not expect a large grey literature outside
of academic or government scientific research, therefore a single search of OpenGrey database will be
undertaken. Academic theses and dissertation databases will not be searched. The number of studies
retrieved from searching each database will be tracked in a spreadsheet and reported in a PRISMA
2020 flow diagram (Page et al., 2021) and its original form alongside the final publication. These will

be freely available on the Open Science Framework alongside the final manuscript.

2.2.Search Strategy
From our naive search terms (see supplementary material) we used the Litsearchr package (Grames et
al., 2019) to identify important terms through keyword co-occurrence and text mining. Combining the
most strongly ranked terms from Litsearchr with our naive search, a detailed search string has been
designed to reflect the PECO framework (search string #1). Population terms detailed aspects of the
study subject (environment, wildlife, organism), exposure terms (e.g., chemical substance) included
general terms for flame retardant substances, specific flame-retardant classes (e.g., brominated flame
retardants) and abbreviations (e.g., BFRs, CFRs). Terms related to outcome (e.g., adverse effect)
included common phrases identified using litsearchr (e.g., adverse effect) in addition to broad terms
such as ‘hazard’ and ‘toxic’. No search terms included the comparator (e.g., control group) as it is
unlikely that these will appear in bibliometric records. There will be no search limitation (i.e., addition
of exclusion criteria in search string) on substance or outcome to prevent missing evidence/data

points. Only population will have exclusion criteria (i.e., NOT human). All searches will be conducted

12



without limit in publication year or language. The search string for exploring the grey literature was

simplified due to the structure of these search engines and the broader writing style (search string #2).

Additional, separate search strings were developed to include the chemical abstract service registry
number (CASRN) (search string #3) and preferred name (search string #4) of all likely FR substances
listed in the inventory, in addition to a list of halogenated organic FR substances and their synonyms
summarised in Bergmann et al., 2012 (search string #5). Full search strings to be used in both the
scientific and grey literature can be found in the supplementary material. Any search updates or

modifications to the protocol will be noted as amendments to the registered protocol.

It is important to note that no search string is exhaustive, comprehensive, or completely free of bias
however, through combining our naive (PECO based) search terms, with the quasi-automatic search
strategy of the Litsearchr package (Grames et al., 2019) we deem our strategy to be sufficiently robust

to identify the body of evidence relevant to our research objectives.

2.3. Eligibility Criteria
To address the research objectives set out in section 1.5, we have developed a PECO (Population,
Exposure, Comparator, Qutcome) framework, in line with the approach commonly used to formulate
good questions to explore the association between environmental exposure and health outcomes
(Morgan et al., 2018). Study eligibility (i.e., inclusion and exclusion criteria) is based on the PECO
framework provided in table 2. More detailed information on the individual elements of the PECO

framework as well as each element's specific inclusion and exclusion criteria can be found in Table 3.

Studies must contain primary research investigating the link between one or more of the FR

substances listed in the inventory (Bevington et al., 2022) and study an ecologically relevant adverse

effect (see table 1 for definition), at the level of the whole organism, to be included in this systematic
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evidence map. We will exclude articles that do not study an ecologically relevant adverse effect of a
substance (listed in the inventory) at the title and abstract level. Mechanistic effects (as defined in table
1) will only be noted if the study reports a whole organism response (i.e., ecologically relevant
adverse effect). Alongside common ‘apical’ endpoints (as defined in table 1), we will include studies
assessing fitness related traits such as developmental physiology, and behaviour (table 3). Agerstrand
et al (2020) suggest the inclusion of behavioural studies could increase the ecological relevance of
environmental risk assessment (Agerstrand et al., 2020, but see, Gerhardt, 2007; Pyle and Ford, 2017;
Saaristo et al., 2018) because, research suggests behavioural studies could act as an early warning
signal for lethal/chronic toxicity, requiring a smaller exposure for adverse effects (Guigeno & Fernie,
2017; Agerstrand et al., 2020; Ford et al., 2021). Given its well established framework and suite of
fitness related endpoints (Agerstrand et al., 2020), we have chosen to include behaviour as an

ecologically relevant adverse effect in this protocol.

We will only include data produced in a (controlled) field, semi-field or laboratory (indoor and
outdoor) environment, with studies having to be undertaken on a whole organism either in vivo or in
situ. Studies that rely on in vitro or modelled (in silico) data will not be included in this map. We will
exclude studies that investigate any other aspect of the risk of FR substances at the title and abstract
level. This includes studies on a substance’s release, fate, transport, and environmental monitoring, in
addition to a substance's rate of absorption, distribution, metabolism, excretion, and pharmacokinetic
or toxicokinetic properties (ADME/PK/TK). We will exclude observations that occur due to the
unplanned release of a chemical substance unless a comparator sample (i.e., meeting the BACI
(Before-After-Control-Impact) design framework; Green, 1979; Stewart-Oaten and Bence, 2001) is
provided. If a systematic review or meta-analysis is identified, we will exclude it. Conference
abstracts, presentations, and posters will not be included in this systematic evidence map, because

they typically have not been peer reviewed. Effort will be made to include non-English language
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papers that meet eligibility criteria if essential information (i.e., population, exposure,

environmental/test conditions, outcome) can be identified from the text.

A PRISMA flow diagram will be maintained that describes the number of studies evaluated, included
and/or excluded from all bibliographic (and other) databases searched. A list of all excluded articles at

full text will be provided alongside the final manuscript, with reasons for exclusion.

2.4.Data Coding and Data Extraction

All search results from the literature will be imported into Mendeley Reference Manager (2023)
where duplicate records will be identified using Mendeley’s “Find / Remove Duplicates” feature . All
records will be given a unique identification number upon import to Mendeley that will be maintained
throughout the analysis. Records will be exported directly into Rayyan (Ouzanni et al., 2016), where
they will be manually screened at the title and abstract level. Articles will be included at the title and
abstract screening stage based on simple eligibility criteria (Table 4). Full text screening will be
carried out on all included articles from the title and abstract screening stage on Rayyan. Articles will

be excluded if they do not meet all criteria for inclusion (Table 4).

Title and abstract screening will require a single reviewer for inclusion (LJ). As Rayyan adopts a
machine learning algorithm for initial title and abstract screening, we do not deem it necessary for a
second reviewer to screen for inclusion at this stage (dos Reis et al., 2023). Full text review will be
carried out by a single reviewer (LJ) with a secondary independent reviewer for exclusion (KA).
Neither reviewer has authored peer-reviewed articles that would be relevant for inclusion in the
systematic evidence map. Data extraction and coding will be conducted by a single reviewer (LJ) with
a second and third reviewer confirming the completeness, and reliability of extracted and coded data.

10% of all articles screened at full text will be checked for consistency.
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Data extraction will be undertaken on all studies included at full-text using Qualtrics Survey Data
Software (Qualtrics, Provo, UT). A survey will be designed for use in Qualtrics to ensure consistency
in the data extraction process and to aid the identification, documentation and validation (by a
secondary reviewer) of excluded articles. Qualtrics Survey Data Software will be used for the sole
purpose of (raw) data extraction of articles that are screened at full text. No survey will be sent to
stakeholders or authors of screened articles. Only the primary and secondary reviewer (LJ & KA) will
use the Qualtrics survey, as well as those checking articles for consistency. Detailed information will
be collected from all articles by a single reviewer (LJ) (see supplementary material for detailed
extraction criteria and coding strategy). All data will be captured at the study level, with data
extraction loops performed when necessary (i.e., multiple populations, multiple exposures, multiple
outcomes). Each loop within a single article will become its own data point (i.e., the same article
could provide multiple data points) to aid in identifying the underlying structures and association
between the data. As this is a systematic evidence map not a systematic review, study quality will not
be formally assessed. In the event of missing, unclear, or ambiguous information on what organism
(population), substance (exposure) and/or effect (outcome) was studied, we will attempt to contact
study authors via email. Any other missing information would be considered minor, and thus would be

noted, but not chased.

2.5.Study Mapping and Reporting
Results of this SEM will be summarised narratively and prepared as a manuscript for peer review. It is
anticipated that this will speak to our primary (i.e., evidence of adverse effect) and secondary (i.e.,
presentation of the evidence) objectives. We anticipate discussing the results of the overall literature
search across subject streams (population). The evidence will be discussed in terms of the number and
type of chemical substances (exposure) studied to date, experimental design, the use of standard and
non-standard endpoints, and adverse effects (outcome) measured. We will present the extracted and

coded data by generating summary statistics, and graphs using the statistical computing and graphic
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software R (R Core Team, 2021). Exploratory data analysis and visualisation of the underlying link
structures and association between the data points will be carried out using Gephi (Bastian et al.,
2009) - an open source network analysis and visualisation software package. This will help aid the
identification of knowledge gaps and clusters across populations, substance type and effects in
addition to the geographic range of FR research. Finally, an interactive, interrogable, user-friendly
systematic evidence map will be produced and hosted freely online — using Tableau Public. This will
allow the viewer to explore the evidence by subject stream (population), chemical substance
(exposure) and effect (outcome). For example, users will easily be able to explore the evidence that
exists for a specific substance by selecting a substance of interest to see only the evidence that exists
on that specific chemical substance. Users will be able to identify a publication and find more
information (i.e., the abstract, experimental design), link directly to its bibliographic location , as well
as search and export data of interest. A link to the freely available systematic evidence map will be

included in the publication.

Funding details
This work was supported by the Natural Environment Research Council (NERC) under Grant

NE/VO13041/1.

Availability of data and materials statement
Supplementary information and material associated with this protocol can be found:

https://osf.io/uszth/?view _only=128383c0c7e94526ad1190a8d18c83bl

Disclosure statement

The authors report there are no competing interests to declare.

17


https://osf.io/uszfh/?view_only=128383c0c7e94526ad1190a8d18c83b1

Acknowledgements

We thank our stakeholder panel: Aleksandra Cavoski (Birmingham University), Antoine Simond
(Simon Fraser University), Crispin Halsall (Lancaster University), Edward Latter (Defra), Jamie
Page (Cancer Prevention and Education Society), Jon Barber (Cefas), Lisa Melymuk (Masaryk
University), Michelle Bellingham (University of Glasgow), Nat Tonge (Environment Agency), and
Reiko Kishi (Hokkaido University Center for Environmental and Health Sciences) for providing their
expertise and contribution to the protocol. We would also like to thank Charlotte Burns (University

of Sheffield) and Mags Bradley (Defra) for providing feedback on the development of this protocol.

References

Abdallah, M.-A.-E., & Harrad, S. (2022). Dermal uptake of chlorinated organophosphate flame
retardants via contact with furniture fabrics; implications for human exposure. Environmental

Research. 209, 112847 https://doi.org/10.1016/j. envres.2022.112847.

Agerstrand, M., Arnold, K., Balshine, S., Brodin, T., Brooks, B. W., Maack, G., McCallum, E. S.,
Pyle, G., Saaristo, M., & Ford, A. T. (2020). Emerging investigator series: use of behavioral endpoints

in the regulation of chemicals. Environmental Science Processes and Impacts. 22, 49-65.

Avenell, A., Handoll, H. HG., & Grant, A.M. (2001). Lessons for search strategies from a systematic

review, in The Cochrane Library, of nutritional supplementation trials in patients after hip fracture.

The American Journal of Clinical Nutrition. 73, 505-510. https://doi.org/10.1093/ajcn/73.3.505

18


https://doi.org/10.1093/ajcn/73.3.505

Bajard, L., Melymuk, L., & Blaha, L. (2019). Prioritization of hazards of novel flame retardants using
the mechanistic toxicology information from ToxCast and Adverse Outcome Pathways.

Environmental Sciences Europe, 31(1). https://doi.org/10.1186/s12302-019-0195-z

Bastian, M., Heymann, S., & Jacomy, M. (2009). Gephi: an open source software for exploring and

manipulating networks. In: Third international AAAI conference on weblogs and social media.

Berggren, E., & Worth, A. P. (2023). Towards a future regulatory framework for chemicals in the
European Union - Chemicals 2.0. Regulatory toxicology and pharmacology. 142, 105431.

https://doi.org/10.1016/j.yrtph.2023.105431

Beronius, A., Molander, L., Rudén, C., & Hanberg, A. (2014). Facilitating the use of non-standard in
vivo studies in health risk assessment of chemicals: a proposal to improve evaluation criteria and

reporting. Journal of Applied Toxicology. 34, 607-617. https://doi.org/10.1002/jat.2991

Bevington, C., Williams, A. J., Guider, C., Baker, N. C., Meyer, B., Babich, M. A., Robinson, S.,
Jones, A., & Phillips, K. A. (2022). Development of a Flame Retardant and an Organohalogen Flame

Retardant Chemical Inventory. Scientific Data. 9(1). https://doi.org/10.1038/s41597-022-01351-0

Birnbaum, L. S., Staskal, D. F., & Diliberto, J. J. (2003). Health effects of polybrominated

dibenzo-p-dioxins (PBDDs) and dibenzofurans (PBDFs). Environment international. 29, 855-860.

Blum, A., Behl, M., Birnbaum, L. S., Diamond, M. L., Phillips, A., Singla, V., Sipes, N. S., Stapleton,
H. M., & Venier, M. (2019). Organophosphate Ester Flame Retardants: Are They a Regrettable
Substitution for Polybrominated Diphenyl Ethers?. Environmental Science & Technology Letters, 6,

638-649. https://doi.org/10.1021/acs.estlett.9b00582

19


https://doi.org/10.1016/j.yrtph.2023.105431
https://doi.org/10.1038/s41597-022-01351-0

Brommer, S., & Harrad, S. (2015). Sources and human exposure implications of concentrations of
organophosphate flame retardants in dust from UK cars, classrooms, living rooms, and offices.

Environment International. 83, 202-207. https://doi.org/ 10.1016/j.envint.2015.07.002.

Campbell Collaboration. (2017). Campbell systematic reviews: policies and guidelines. In: Campbell

policies and guidelines, Series No.1.

Collaboration for Environmental Evidence. 2022. Guidelines and Standards for Evidence synthesis in
Environmental Management. In: Pullin, A.S., Frampton, G.K., Livoreil, B., & Petrokofsky, G., editors.

Version 5.1

Cressey, D. (2012). Cancer-causing flame retardants linger on in California. Nature News.

DiGangi, J., Blum, A., Bergman, A., de Wit, C. A., Lucas, D., Mortimer, D., Schecter, A., Scheringer,
M., Shaw, S. D., & Webster, T. F. (2010). San Antonio Statement on brominated and chlorinated flame

retardants. Environmental health perspectives, 118, A516—A518. https://doi.org/10.1289/ehp.1003089

DiGangi, J. (2012). A public interest guide to toxic flame retardant chemicals. IPEN. Available at:

https://ipen.org/pdfs/ipen_flame_retardants_2012_06.pdf

Doherty, B. T., Hammel, S. C., Daniels, J. L., Stapleton, H. M., & Hoffman, K. (2019).

Organophosphate Esters: Are These Flame Retardants and Plasticizers Affecting Children’s Health?.

Current Environmental Health Reports, 6, 201-213. https://doi.org/10.1007/s40572-019-00258-0

20


https://doi.org/10.1289/ehp.1003089
https://ipen.org/pdfs/ipen_flame_retardants_2012_06.pdf
https://ipen.org/pdfs/ipen_flame_retardants_2012_06.pdf
https://doi.org/10.1007/s40572-019-00258-0

dos Reis, A.H.S., de Oliveira, A.L.M., Fritsch, C, Zouch, J., Ferreira, P. & Poles, J.C. (2023).
Usefulness of machine learning softwares to screen titles of systematic reviews: a methodological

study. Systematic Reviews. 68. https://doi.org/10.1186/s13643-023-02231-3

Ekpe, O. D., Choo, G., Barcel6, D. & Oh, J. E. (2020). Introduction of emerging halogenated flame

retardants in the environment. In Comprehensive Analytical Chemistry (pp. 1-39). Elsevier.

Environmental Audit Committee. (2019). Toxic Chemicals in Everyday Life. UK House of Commons.
HC1805. Available from: https://publications.parliament.uk/pa/cm

201719/cmselect/cmenvaud/1805/1805.pdf.

European Commission. (2006). Regulation (EC) No 1907/2006 of the European Parliament and of the
Council of 18 December 2006 concerning the Registration, Evaluation, Authorization, and Restriction
of Chemicals (REACH), establishing a European Chemicals Agency, amending Directive 1999/45/EC
and repealing Council Regulation (EEC) No 793/93 and Commission Regulation (EC) No 1488/94 as

well as Council Directive 76/769/EEC and Commission Directives 91/155/EC, 93/67/EEC, 93/105/EC

and 2001/21/EC. Official Journal of the European Union.

European Commission. (2009). Regulation (EC) No 1107/2009 of the European Parliament and of the
Council of 21 October 2009 concerning the placing of plant protection products on the market and
repealing Council Directives 79/117/EEC and 91/414/EEC. Official Journal of the European Union.

309, 1-50.

European Commission. (2012). Regulation (EU) No 528/2012 of the European Parliament and of the

Council of 22 May 2012 concerning the making available on the market and use of biocidal products.

Official Journal of the European Union. 197, 1-123.

21


http://doi.org/10.1186/s13643-023-02231-3

ECHA - European Chemicals Agency. (2011). Guidance on information requirements and chemical
safety assessment. Chapter R. 4: Evaluation of available information in 2011.
https://echa.europa.eu/documents/10162/13643/information_requirements_r4_en.pdf/d6395ad2-1596-

4708-ba86-0136686d205e.

ECHA - European Chemicals Agency. (2017). The use of alternatives to testing on animals for the

REACH regulation reference (ECHA-17-R-02-EN). https://doi.org/10.2823/023078

European Chemicals Agency. (2023). Regulatory strategy for flame retardants. (ECHA-23-R-03-EN).

https://doi.org/10.2823/854233

Ford, A. T., Agerstrand, M., Brooks, B. W., Allen, J., Bertram, M. G., Brodin, T., Dang, Z., Duquesne,
S., Sahm, R., Hoffmann, F., Hollert, H., Jacob, S., Kliiver, N., Lazorchak, J. M., Ledesma, M., Melvin,
S. D., Mohr, S., Padilla, S., Pyle, G. G., ... Maack, G. (2021). The Role of Behavioral Ecotoxicology
in Environmental Protection. Environmental Science & Technology, 55, 5620-5628.

https://doi.org/10.1021/acs.est.0c06493
Grames, E.M., Stillman, A.N., Tingley, M.W., & Elphick, C.S. (2019). An automated approach to
identifying search terms for systematic reviews using keyword co-occurrence networks. Methods in

Ecology and Evolution. 10, 1645-1654. https://doi.10.1111/2041-210X.13268

Green, R. H. (1979). Sampling Design and Statistical Methods for Environmental Biologists. New

York, NY: John Wiley & Sons.

22


https://doi.org/10.2823/023078
https://doi.org/10.2823/854233
https://doi.org/10.1021/acs.est.0c06493
https://doi.org/10.1021/acs.est.0c06493

Gerhardt, A. (2007). Aquatic Behavioral Ecotoxicology—Prospects and Limitations. Human and

Ecological Risk Assessment: An International Journal. 13, 481-491.

Greaves, A.K. & Letcher, R.J. (2017). A Review of Organophosphate Esters in the Environment from
Biological Effects to Distribution and Fate. Bulletin of Environmental Contamination and Toxicology.

2-7. https://doi.org/10.1007/s00128-016-1898-0

Grindlay, D. J. C., Brennan, M. L., & Dean, R. S.. (2012). Searching the Veterinary Literature: A
Comparison of the Coverage of Veterinary Journals by Nine Bibliographic Databases. Journal of

Veterinary Medical Education, 39(4), 404—412. https://doi.org/10.3138/jvme.1111.109r

Guigueno, M.F. and Fernie, K.J. (2017). Birds and flame retardants: A review of the toxic effects on
birds of historical and novel flame retardants. Environmental Research. 154, 398-424.

https://doi.org/10.1016/j.envres.2016.12.033

Haddaway, N.R., Bernes, C., Jonsson, B.-G., & Hedlund, K. (2016). The benefits of systematic
mapping to evidence-based environmental management. Ambio. 45, 613-620.

https://doi.org/10.1007/s13280-016-0773-x.

Haddaway, N. R., Kohl, C., Rebelo Da Silva, N., Schiemann, J., Spok, A., Stewart, R., Sweet, J. B., &
Wilhelm, R. (2017). A framework for stakeholder engagement during systematic reviews and maps in

environmental management. Environmental Evidence. 6. https://doi.org/10.1186/s13750-017-0089-8

Haddaway, N.R., Macura, B., Whaley, P., & Pullin, A.S. (2018). ROSES reporting standards for

systematic evidence syntheses: pro forma, flow diagram and descriptive summary of the plan and

conduct of environmental systematic reviews and systematic maps. Environmental Evidence. 7, 4—11.

23


https://doi.org/10.1007/s00128-016-1898-0
https://doi.org/10.3138/jvme.1111.109r
https://doi.org/10.1016/j.envres.2016.12.033
https://doi.org/10.1016/j.envres.2016.12.033
https://doi.org/10.1007/s13280-016-0773-x
https://doi.org/10.1186/s13750-017-0089-8

Harrad, S., Brommer, S., & Mueller, J.E. (2016). Concentrations of organophosphate flame retardants
in dust from cars, homes, and offices: An international comparison. Emerging Contaminants. 2,

66—72. https://doi.org/10.1016/j.emcon.2016.05.002.

Hendriks, H.S., & Westerink, R.H.S. (2015). Neurotoxicity and risk assessment of brominated and
alternative flame retardants. Neurotoxicology and Teratology. 52, 248-269.

https://doi.org/10.1016/j.ntt.2015.09.002.

Herrmann, K., Pistollato, F., & Stephens, M. L. (2019). Beyond the 3Rs: Expanding the use of human
- relevant replacement methods in biomedical research. ALTEX: Alternatives to Animal

Experimentation. 36, 343-352. https://doi.org/10.14573/altex.1907031

IPBES. (2019). The global assessment report on biodiversity and ecosystem services: summary for
policymakers. Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services.
[Online] available at:
https://ipbes.net/sites/default/files/inline/files/ipbes_global_assessment_report_summary_for_policym

akers.pdf. Accessed 26/07/23.

James, K.L., Randall, N.P., & Haddaway, N.R. (2016). A methodology for systematic mapping

in environmental sciences. Environmental Evidence. 5, 7. https://doi.org/10.1186/s13750-016-0059-6.

Johnson, A. C., Jin, X., Nakada, N., & Sumpter, J. P. (2020). Learning from the past and considering

the future of chemicals in the environment. Science. 367, 384-387.

24


https://doi.org/10.1186/s13750-016-0059-6

Kademoglou, K., Xu, F., Padilla-Sanchez, J. A., Haug, L. S., Covaci, A., & Collins, C. D. (2017).
Legacy and alternative flame retardants in Norwegian and UK indoor environment: Implications of
human exposure via dust ingestion. Environment International. 102, 48-56.

https://doi.org/10.1016/j.envint.2016.12.012

Keller, A. S., Raju, N. P., Webster, T. F., & Stapleton, H. M. (2014). Flame retardant applications in

camping tents and potential exposure. Environmental science & technology letters. 1, 152-155.

Lazar, S.T., Kolibaba, T.J. & Grunlan, J.C. (2020). Flame-retardant surface treatments. Nature Review

Materials. 5, 259-275. https://doi.org/10.1038/541578-019-0164-6

Li, T. Y, Bao, L. J., Wu, C. C., Liu, L. Y., Wong, C. S., & Zeng, E. Y. (2019). Organophosphate flame
retardants emitted from thermal treatment and open burning of e-waste. Journal of hazardous

materials, 367, 390-396.

Lyche, J. L., Rosseland, C., Berge, G., & Polder, A. (2015). Human health risk associated with
brominated flame-retardants (BFRs). Environment international, 74, 170-180.

https://doi.org/10.1016/j.envint.2014.09.006

Miake-Lye, I. M., Hempel, S., Shanman, R., & Shekelle, P. G. (2016). What is an evidence map? A

systematic review of published evidence maps and their definitions, methods, and products. Systematic

Reviews. 5. https://doi.org/10.1186/s13643-016-0204-x

McKinnon, M.C., Cheng, S.H., Garside, R., Masuda, Y.J., & Miller, D.C. (2015). Sustainability: Map

the evidence. Nature. 528, 185-187.

25


https://doi.org/10.1038/s41578-019-0164-6

Melymuk, L., & Bajard, L. (2022). Flame Retardant Substance Report. HBM4EU.

https://www.hbm4eu.eu/wp-content/uploads/2022/07/Flame-Retardants_Substance-report.pdf

Moermond, C., Beasley, A., Breton, R., Junghans, M., Laskowski, R., Solomon, K., & Zahner, H.
(2017). Assessing the reliability of ecotoxicological studies: An overview of current needs and

approaches. Integrated Environmental Assessment and Management. 13, 640-651.

https://doi.org/10.1002/ieam.1870

Morgan, R. L., Whaley, P., Thayer, K. A., & Schiinemann, H. J. (2018). Identifying the PECO: A
framework for formulating good questions to explore the association of environmental and other
exposures with health outcomes. Environment international. 121, 1027-1031.

https://doi.org/10.1016/j.envint.2018.07.015

OECD. (2023). OECD Test Guidelines for Chemicals. Organisation for Economic Co-operation and
Development. Available at:

https://www.oecd.org/chemicalsafety/testing/oecdguidelinesforthetestingofchemicals.htm

Olker, J. H., Elonen, C. M., Pilli, A., Anderson, A., Kinziger, B., Erickson, S., Skopinski, M.,
Pomplun, A., Lalone, C. A., Russom, C. L., & Hoff, D. (2022). The ECOTOXicology
Knowledgebase: A Curated Database of Ecologically Relevant Toxicity Tests to Support
Environmental Research and Risk Assessment. Environmental Toxicology and Chemistry. 41,

1520-1539. https://doi.org/10.1002/etc.5324

Ouzzani, M., Hammady, H., Fedorowicz, Z., & Elmagarmid, A. (2016). Rayyan — a web and mobile

app for systematic reviews. Systematic Reviews. 5, 210. DOI: 10.1186/s13643-016-0384-4.

26


https://www.hbm4eu.eu/wp-content/uploads/2022/07/Flame-Retardants_Substance-report.pdf
https://www.hbm4eu.eu/wp-content/uploads/2022/07/Flame-Retardants_Substance-report.pdf
https://doi.org/10.1002/ieam.1870
https://doi.org/10.1016/j.envint.2018.07.015
https://www.oecd.org/chemicalsafety/testing/oecdguidelinesforthetestingofchemicals.htm
https://doi.org/10.1002/etc.5324
http://rdcu.be/nzDM
http://rdcu.be/nzDM

Page, M. J., McKenzie, J. E., Bossuyt, P. M., Boutron, I., Hoffmann, T. C., Mulrow, C. D., Shamseer,
L., Tetzlaff, J. M., Akl, E. A., Brennan, S. E., Chou, R., Glanville, J., Grimshaw, J. M., Hrébjartsson,
A., Lalu, M. M,, Li, T., Loder, E. W., Mayo-Wilson, E., McDonald, S., McGuinness, L. A., ... Moher,
D. (2021). The PRISMA 2020 statement: an updated guideline for reporting systematic reviews. BMJ

(Clinical research ed.). 372, n71. https://doi.org/10.1136/bmj.n71

Page, J., Whaley, P., Bellingham, M., Binbaum, L., Cavoski, A., Dilke, D.F., Garside, R., Harrad, S.,
Kelly, F., Kortenkamp, A., Martin, M., Stec, A., & Woolley, T. (2023). A new consensus on
reconciling fire safety with environmental & health impacts of flame retardants. Environment

International. 173, 107782. https://doi.org/10.1016/j.envint.2023.107782

Parish, S. T., Aschner, M., Casey, W., Corvaro, M., Embry, M. R., Fitzpatrick, S., Kidd, D.,
Kleinstreuer, N. C., Lima, B. S., Settivari, R. S., Wolf, D. C., Yamazaki, D., & Boobis, A. (2020). An
evaluation framework for new approach methodologies (NAMs) for human health safety assessment.

Regulatory Toxicology and Pharmacology. 112, 104592. https://doi.org/10.1016/j.yrtph.2020.104592

Persson, J., Wang, T., & Hagberg, J. (2018). Organophosphate flame retardants and plasticizers in
indoor dust, air and window wipes in newly built low-energy preschools. Science of the Total

Environment. 628—629, 159-168. https://doi.org/10.1016/jscitotenv.2018.02.053.

Persson, L., Carney Almroth, B.M., Collins, C.D., Cornell, S., De Wit, C.A., Diamond, M.L., Fantke,
P., Hassellov, M., Macleod, M., Ryberg, M.W., Sggaard Jgrgensen, P., Villarrubia-Gémez, P., Wang,
Z., & Hauschild, M.Z. (2022). Outside the Safe Operating Space of the Planetary Boundary for Novel
Entities. Environmental Science and Technology. 56, 1510-1521.

https://doi.org/10.1021/acs.est.1c04158

27


https://doi.org/10.1016/j.envint.2023.107782
https://doi.org/10.1016/j.yrtph.2020.104592
https://doi.org/10.1021/acs.est.1c04158

Pyle. G., & Ford, A.T. (2017). Behaviour revised: contaminant effects on aquatic animal behaviour,

Aquatic Toxicology. 182, 226-228.

Qualtrics. (2020). Qualtrics. Provo, Utah, USA. Available at: https://www.qualtrics.com

R Core Team. (2021). R: A language and environment for statistical computing. R Foundation for

Statistical Computing, Vienna, Austria. Available at: https://www.R-project.org/.

Rockstrom, J., W. Steffen, K. Noone, A. Persson, F. S. Chapin, III, E. Lambin, T. M. Lenton, M.
Scheffer, C. Folke, H. Schellnhuber, B. Nykvist, C. A. De Wit, T. Hughes, S. van der Leeuw, H.
Rodhe, S. Sorlin, P. K. Snyder, R. Costanza, U. Svedin, M. Falkenmark, L. Karlberg, R. W. Corell, V.
J. Fabry, J. Hansen, B. Walker, D. Liverman, K. Richardson, P. Crutzen, and J. Foley. 2009. Planetary

boundaries:exploring the safe operating space for humanity. Ecology and Society. 14, 32.

Rohr, J. R., Salice, C. J., & Nisbet, R. M. (2016). The pros and cons of ecological risk assessment
based on data from different levels of biological organization. Critical Reviews in Toxicology. 46,

756-784. https://doi.org/10.1080/10408444.2016.1190685

Rudén, C., Adams, J., Agerstrand, M., Brock, T. C., Poulsen, V., Schlekat, C. E., Wheeler, J. R., &
Henry, T. R. (2017). Assessing the relevance of ecotoxicological studies for regulatory decision
making. Integrated Environmental Assessment and Management. 13, 652—663.

https://doi.org/10.1002/ieam.1846

Saaristo, M., Brodin, T., Balshine, S., Bertram, M. G., Brooks, B. W., Ehlman, S. M., Mccallum, E.

S., Sih, A., Sundin, J., Wong, B. B. M., & Arnold, K. E. (2018). Direct and indirect effects of

28


https://www.r-project.org/
https://doi.org/10.1002/ieam.1846

chemical contaminants on the behaviour, ecology and evolution of wildlife. Proceedings of the Royal

Society B: Biological Sciences. 285, 20181297. https://doi.org/10.1098/rspb.2018.1297.

Schmeisser, S., Miccoli, A., von Bergen, M., Berggren, E., Braeuning, A., Busch, W., Desaintes, C.,
Gourmelon, A., Grafstrom, R., Harrill, J., Hartung, T., Herzler, M., Kass, G., Kleinstreuer, N., Leist,
M., Luijten, M., Marx-Stoelting, P., Poetz, O., van Ravenzwaay, B., Roggeband, R., ... Tralau, T.
(2023). New approach methodologies in human regulatory toxicology - Not if, but how and when!.
Environment international. 178, 108082. Advance online publication.

https://doi.org/10.1016/j.envint.2023.108082

Segev, O., Kushmaro, A., & Brenner, A. (2009). Environmental impact of flame retardants
(persistence and biodegradability). International journal of environmental research and public health,

6(2), 478-491. https://doi.org/10.3390/ijerph6020478

Statistica. (2023). Market size of flame retardants worldwide in 2021, with a forecast for 2021 to
2030. [Online] Available at:

https://www.statista.com/statistics/1254553/global-flame-retardants-market-size/ Accessed 28/07/23

Steffen, W., Richardson, K., Rockstrom, J., Cornell, S. E., Fetzer, 1., Bennett, E. M., Biggs, R.,
Carpenter, S. R., De Vries, W., De Wit, C. A., Folke, C., Gerten, D., Heinke, J., Mace, G. M., Persson,
L. M., Ramanathan, V., Reyers, B., & Sorlin, S. (2015). Planetary boundaries: Guiding human
development on a changing planet. Science. 347, 1259855-1259855.

https://doi.org/10.1126/science.1259855

29


https://doi.org/10.1098/rspb.2018.1297
https://doi.org/10.1016/j.envint.2023.108082
https://doi.org/10.3390/ijerph6020478
https://www.statista.com/statistics/1254553/global-flame-retardants-market-size/

Stewart-Oaten, A., & Bence, J. R. (2001). Temporal and spatial variation in environmental impact
assessment. Ecological Monographs. 71, 305-339. doi:

10.1890/0012-9615(2001)0710305:TASVIE2.0.CO

Sugeng, E.J., de Cock, M., Leonards, P.E.G., & van de Bor, M. (2020). Toddler behavior, the home
environment, and flame retardant exposure. Chemosphere. 252, 126588. https://doi.org/10.1016/j.

chemosphere.2020.126588.

Sun, Y., Wang, Y., Liang, B., Chen, T., Zheng, D., Zhao, X., Jing, L., Zhou, X., Sun, Z., & Shi, Z.
(2020). Hepatotoxicity of decabromodiphenyl ethane (DBDPE) and decabromodiphenyl ether
(BDE-209) in 28-day exposed Sprague-Dawley rats. The Science of the Total Environment. 705,

135783. https://doi.org/10.1016/j.scitotenv.2019.135783

Sun, H., Li, Y., Wang, P., Yang, R., Pei, Z., Zhang, Q., & Jiang, G. (2022). First report on
hydroxylated and methoxylated polybrominated diphenyl ethers in terrestrial environment from the
Arctic and Antarctica. Journal of hazardous materials. 424, 127644,

https://doi.org/10.1016/j.jhazmat.2021.127644

Thayer, K. A., Wolfe, M. S., Rooney, A. A., Boyles, A. L., Bucher, J. R., & Birnbaum, L. S. (2014).
Intersection of systematic review methodology with the NIH reproducibility initiative. Environmental

Health Perspectives. 122, A176—A177. https://doi.org/10.1289/ehp.1408671

Tian, Y. X., Chen, H. Y., Ma, J., Liu, Q. Y., Qu, Y. J., & Zhao, W. H. (2023). A critical review on
sources and environmental behavior of organophosphorus flame retardants in the soil: Current
knowledge and future perspectives. Journal of hazardous materials. 452, 131161.

https://doi.org/10.1016/j.jhazmat.2023.13116

30


https://doi.org/10.1016/j.scitotenv.2019.135783
https://doi.org/10.1289/ehp.1408671

UNEP. (2021). Making Peace with Nature, A scientific Blueprint to tackle the climate, biodiversity and
pollution emergencies. United Nations Environment Programme. [Online] available at:

https://wedocs.unep.org/xmlui/bitstream/handle/20.500.11822/34948/MPN.pdf. Accessed 26/07/23.

Van Dijk, J., Leopold, A., Flerlage, H., Wezel, A., Seiler, T., Enrici, M., & Bloor, M.C. (2021). The
EU Green Deal's ambition for a toxic-free environment: Filling the gap for science-based

policymaking. Integrated Environmental Assessment and Management. 17, 1105-1113.

Wang, X., Zhu, Q., Yan, X., Wang, Y., Liao, C., & Jiang, G. (2020). A review of organophosphate
flame retardants and plasticizers in the environment: analysis, occurrence and risk assessment. Science

of the Total Environment. 731, 139071.

Wang, Z. Walker, G.W. Muir, D.G.C. & Nagatani-Yoshida, K. (2020). Toward a global under-standing
of chemical pollution: a first comprehensive analysis of national and regional chemical inventories.

Environmental Science and Technology. 54, 2575-84.

Wijgerde, T., Van Ballegooijen, M., Nijland, R., Van Der Loos, L., Kwadijk, C., Osinga, R., Murk, A.,
& Slijkerman, D. (2020). Adding insult to injury: Effects of chronic oxybenzone exposure and

elevated temperature on two reef-building corals. Science of The Total Environment. 733, 139030.

Wikoff, D.S., & Birnbaum, L. (2011). Human Health Effects of Brominated Flame Retardants. In:

Eljarrat, E., Barceld, D. (eds) Brominated Flame Retardants. The Handbook of Environmental

Chemistry, volume 16. Springer, Berlin, Heidelberg. https://doi.org/10.1007/698_2010_97

31


https://doi.org/10.1007/698_2010_97

Wikoff, D. S., & Miller, G. W. (2018). Systematic reviews in toxicology. Toxicological Sciences. 163,

335-337. https://doi.org/10.1093/toxsci/kfy 109

Wikoff, D., Lewis, R. J., Erraguntla, N., Franzen, A., & Foreman, J. (2020). Facilitation of risk
assessment with evidence-based methods — A framework for use of systematic mapping and
systematic reviews in determining hazard, developing toxicity values, and characterizing uncertainty.

Regulatory Toxicology and Pharmacology. 118, 104790. https://doi.org/10.1016/j.yrtph.2020.104790

Wolffe, T. A. M., Whaley, P., Halsall, C., Rooney, A. A., & Walker, V. R. (2019). Systematic evidence
maps as a novel tool to support evidence-based decision-making in chemicals policy and risk

management. Environment International. 130, 104871. https://doi.org/10.1016/j.envint.2019.05.065

Woodcock, B. A., Bullock, J. M., Shore, R. F., Heard, M. S., Pereira, M. G., Redhead, J., Ridding, L.,
Dean, H., Sleep, D., Henrys, P., Peyton, J., Hulmes, S., Hulmes, L., Sarospataki, M., Saure, C.,
Edwards, M., Genersch, E., Knébe, S., & Pywell, R. F. (2017). Country-specific effects of
neonicotinoid pesticides on honey bees and wild bees. Science. 356, 1393-1395.

https://doi.org/10.1126/science.aaal 190

Xie, Z., Wang, P., Wang, X., Castro-Jimenez, J., Kallenborn, R., Liao, C., Mi, W., Lohmann, R.
Vila-Costa, M., & Dachs, J. (2022). Organophosphate ester pollution in the oceans. Nature Reviews

Earth and Environment. 309-322. https://doi.org/10.1038/s43017-022-00277-w

Xiong, P., Yan, X., Zhu, Q., Qu, G., Shi, J., Liao, C., & Jiang, G. (2019). A Review of Environmental

Occurrence, Fate, and Toxicity of Novel Brominated Flame Retardants. Environmental science &

technology. 53, 13551-13569. https://doi.org/10.1021/acs.est.9b03159

32


https://doi.org/10.1093/toxsci/kfy109
https://doi.org/10.1016/j.yrtph.2020.104790
https://doi.org/10.1016/j.envint.2019.05.065
https://doi.org/10.1038/s43017-022-00277-w

Yao, C., Yang, H., & Li, Y. (2021). A review on organophosphate flame retardants in the environment:
Occurrence, accumulation, metabolism and toxicity. Science of the Total Environment. 795, 148837

https://doi.org/10.1016/j.scitotenv.2021.148837.

Zuiderveen, E. A. R., Slootweg, J. C., & de Boer, J. (2020). Novel brominated flame retardants - A

review of their occurrence in indoor air, dust, consumer goods and food. Chemosphere, 255, 126816.

https://doi.org/10.1016/j.chemosphere.2020.126816

33


https://doi.org/10.1016/j.chemosphere.2020.126816
https://doi.org/10.1016/j.chemosphere.2020.126816

