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Abstract
Assessing the persistence of chemicals in the environment is a key element in existing regulatory frameworks to protect
human health and ecosystems. Persistence in the environment depends on many fate processes, including abiotic and biotic
transformations and physical partitioning, which depend on substances' physicochemical properties and environmental
conditions. A main challenge in persistence assessment is that existing frameworks rely on simplistic and reductionist
evaluation schemes that may lead substances to be falsely assessed as persistent or the other way around—to be falsely
assessed as nonpersistent. Those evaluation schemes typically assess persistence against degradation half‐lives determined
in single‐compartment simulation tests or against degradation levels measured in stringent screening tests. Most of the
available test methods, however, do not apply to all types of substances, especially substances that are poorly soluble,
complex in composition, highly sorptive, or volatile. In addition, the currently applied half‐life criteria are derived mainly from
a few legacy persistent organic pollutants, which do not represent the large diversity of substances entering the environment. Persistence assessment would undoubtedly beneﬁt from the development of more ﬂexible and holistic evaluation
schemes including new concepts and methods. A weight‐of‐evidence (WoE) approach incorporating multiple inﬂuencing
factors is needed to account for chemical fate and transformation in the whole environment so as to assess overall persistence. The present paper's aim is to begin to develop an integrated assessment framework that combines multimedia
approaches to organize and interpret data using a clear WoE approach to allow for a more consistent, transparent, and
thorough assessment of persistence. Integr Environ Assess Manag 2021;00:1–20. © 2021 ExxonMobil Biomedical Sciences,
Inc. Integrated Environmental Assessment and Management published by Wiley Periodicals LLC on behalf of Society of
Environmental Toxicology & Chemistry (SETAC).
KEYWORDS: Degradation, Integrated framework for persistence assessment, Multimedia fate and transport model, Overall
persistence, Weight‐of‐evidence
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The occurrence and risks of chemical substances in the
environment are based on several factors including
mode of entry (e.g., emission pattern; ECETOC, 2011;
Pennington, 2001), fate processes (e.g., interactions between compartments, advection, degradation), bioavailability, and interactions with biota. One of the most
important aspects of chemical safety assessments of anthropogenic chemical substances (henceforth referred to as
"substances") is the evaluation of the ability of a substance
to be transformed in different environmental compartments
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(e.g., air, water, soil, sediment; Webster et al., 1998). The
rates of transformation and emissions will directly inﬂuence
the concentrations of a substance in these compartments
and therefore exposure of biota: The lower the rates of
transformation, the higher environmental concentrations will
be and the longer a substance will persist. It is assumed that
continuous release of a persistent substance may result in its
large‐scale distribution and/or accumulation to levels that
may have known or currently unknown adverse effects in
biota (including humans; Abelkop et al., 2015). An important
issue for highly persistent substances is that if ecotoxicological concerns are demonstrated after release into the
environment, it would require many years to remove that
substance from the environment after a restriction or ban on
its use (Matthies et al., 2016).
Criteria for the identiﬁcation of persistent anthropogenic
chemical substances have been incorporated into chemical
legislations in different parts of the world. The existing
legislations, which deﬁne different protection objectives and
different speciﬁc criteria for various environments, have
been established as a result of scientiﬁc and policy discussions. Currently, persistence criteria are in most cases
deﬁned as half‐lives in single compartments, and these
are derived from compartment‐based laboratory biodegradation studies, generally performed under aerobic
conditions or are based on stringent screening tests
(ECHA, 2017a). Such studies should be performed under
controlled conditions to make it possible to obtain relevant
and reproducible information for comparison with appropriate criteria. This narrow focus excludes several important
environmental processes such as resuspension, dynamic
partitioning, and photodegradation processes (Solomon
et al., 2013) and adaptation of microbial communities
(Poursat et al., 2019). The signiﬁcance of these processes for
persistence assessment is discussed in the companion paper
(Davenport et al., 2021). Further, existing criteria were developed based on structurally speciﬁc classes of legacy
pollutants and do not reﬂect the behavior of a wide range of
other chemical classes (Matthies et al., 2016). It is questionable whether these criteria can be readily applied to
other substances without considering their possible different intrinsic properties (Whale et al., 2021). For example,
ionic substances, volatile and poorly soluble substances,
substances of unknown or variable composition, complex
reaction products, or biological materials (UVCBs), and
polymers have special properties that can require adapted
methods (Davenport et al., 2021; ECETOC, 2020) and
dedicated frameworks for persistence evaluations.
The ability of a substance to be transformed depends on a
combination of its intrinsic properties together with the
physical and biogeochemical properties of the environmental system (biomass, temperature, organic matter, etc.;
Boethling et al., 2009), which may be heterogeneous. Test
design should minimize artifactual impacts of environmental
factors (Davenport et al., 2021), for example, limited active
biomass (Ott et al., 2019, 2020) or limited bioavailability
(Ortega‐Calvo et al., 2015; Schäffer et al., 2018) to
Integr Environ Assess Manag 2021:1–20
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understand the intrinsic degradation potential for a given
substance. Overall, the current general approach to regulatory persistence (P) assessments, with notable exceptions
(ECCC, 2016), follows a simplistic approach in which many
important inﬂuencing factors are not satisfactorily considered, and anthropogenic chemical substances of interest
can therefore be falsely assessed to be intrinsically persistent. Further, the data can be conﬂicting, both within and
between compartments, which complicates consistent persistence assessments. In the present paper, the European
Centre for Ecotoxicology and Toxicology of Chemicals
(ECETOC) Task Force “Moving persistence (P) assessments
into the 21st Century” proposes a generalized conceptual
framework to move P assessments into the 21st century
exploring the application of weight‐of‐evidence (WoE), and
overall persistence (Pov) to the evaluation steps. A companion paper addresses scientiﬁc opportunities related to
improving the accuracy and reliability of laboratory methods
to improve persistence assessment (Davenport et al., 2021).
A multimedia framework is needed to account for environmental emissions, partitioning between compartments
and to integrate the combined effects of compartment‐
speciﬁc behavior on environmental persistence (Gouin
et al., 2000; Hollander et al., 2008; Mackay, Hughes,
et al., 2014; Scheringer et al., 2009). All relevant properties
of a substance and the nature of different environments
should be included in the assessment, and the fate processes taking place must be considered in a WoE approach.
A WoE framework is also needed to evaluate multiple lines
of evidence (LoE) within and between compartments
(Bilcke, 2002; Hardy et al., 2017; WHO, 2009), using different sources of information, such as laboratory screening
and simulation studies, quantitative structure–activity relationship (QSAR) models, monitoring studies, and other information to be assembled in an expert judgment. A special
focus should be given to the partitioning properties of a
substance and the inclusion of all possible degradation
processes in addition to aerobic biodegradation.
Currently, there is no such framework that deﬁnes which
data and how such data should be used and weighted to
determine whether a substance is persistent. Therefore, the
objective of this paper is to propose an integrated WoE
framework that includes a multimedia approach that can
account for different emission scenarios but can also leverage available laboratory (standard or nonstandard) and
ﬁeld‐monitored degradation studies for a persistence assessment. This approach supplements the precautionary
principle where in the absence of any data on degradation
in the environment a substance is assumed to be persistent.
Where high‐quality degradation and partitioning data for all
relevant compartments are available, these can be used with
multimedia modeling to evaluate the persistency of the
substance in the environment as a whole, considering the
effects of bioavailability and environmental factors. This
approach can also be used to identify compartments where
the substance is persistent and where mitigating and regulatory measures may be required. If all of the required data
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are not available, estimated data can be applied, considering the uncertainty associated with such estimates in order
to be consistent with the precautionary principle. The objective of such a framework, along with the recommended
methodological improvements in the companion paper
(Davenport et al., 2021), is to ensure a more consistent,
transparent, and thorough persistence assessment that is
sufﬁciently ﬂexible to leverage multiple types of persistence
data (e.g., experimental, modeling, ﬁeld).
This paper is structured so that current deﬁnitions of
persistence are described ﬁrst to establish a common understanding of the concepts. The unit‐world concept is introduced as the general framework of the physical world
that will be used to organize the WoE approach that is
needed to advance the science of persistence assessment.
The Pov metric is then discussed as an integrated approach
to environmental persistence assessment in the multimedia
unit‐world conceptual model. Pov is a metric representing
residence time based on multimedia fate and transport
models and is the operational outcome of the unit‐world
concept that is required to organize persistence data. The
WoE approach to persistence assessment, based on the
unit‐world concept, in an Integrated Framework for Persistence Assessment, is then outlined. Finally, the paper provides some working examples of Pov calculations for
phenanthrene and clear recommendations for future work to
develop guidance and ﬁt‐for‐purpose criteria to support the
advancement of the science of persistence assessments.
The focus of this work is narrowly placed on characterizing
persistence as a property of a molecule in the multimedia
environment. The metrics, concepts, and approaches described in the present paper have obvious application
to formal regulatory assessments of persistence, bioaccumulation, and toxicity (PBT) of chemicals as well as formal
regulatory risk assessment work. However, these are considered beyond the scope of this work, because both PBT and
risk assessment science are very detailed subjects in their own
right.

3

(=ultimate degradation) with the complete conversion of organic carbon into ubiquitous inorganic chemicals (e.g., CO2,
CH4, water, mineral salts) and/or incorporation into microbial
biomass (Duber‐Smith et al., 2012).
Degradability describes how completely (=degradation
extent, i.e., primary or ultimate, mineralization or conversion
to biomass, etc.) and how quickly (=degradation rate) a
chemical will degrade in a particular environment. Although
the degradation rate can be used to assess the propensity of
a chemical to degrade in the environment, there is no scientiﬁcally objective threshold that can be used to deﬁne a
chemical as degradable, because this concept is subject to
personal values and perceptions. For some chemicals,
degradation will only occur under very speciﬁc conditions
and/or over extremely long periods on a human scale
(Saxe, 2011).
Persistence. Environmental persistence of chemicals (parents or relevant metabolites) is a subjective concept
(Lipnick, Hermens, et al., 2000; Lipnick, Jansson,
et al., 2000). For example, many deﬁnitions have been
proposed in varying contexts (i.e., scientiﬁc research, regulatory assessment, and societal concern; ECETOC, 2003;
Nordberg et al., 2009). From a general perspective, environmental persistence can be tentatively deﬁned as the
propensity for a chemical to remain in the environment
before being transformed by chemical and/or biological
processes in a particular environmental compartment (e.g.,
air, water, soil, sediment). No clear scientiﬁc evidence exists
about how long a chemical must persist in the environment
for it to be considered of concern. That is because environmental persistence as such has no scientiﬁc meaning—
any chemical could be considered persistent based on the
above deﬁnition—and only makes sense when used relative
to a given framework. In environmental regulations, arbitrary
assessment criteria are thus used, such as half‐life thresholds
reﬂecting levels of presumed or known risks considered
unacceptable to human society.
Underlying properties and factors

CURRENT UNDERSTANDING OF PERSISTENCE
Deﬁnitions
Degradability. Degradability can be deﬁned as the ability of
a chemical to be structurally modiﬁed or broken down into
smaller molecules in a particular environment as a result of
abiotic processes (e.g., hydrolysis by water, direct or indirect
photolysis by light), biotic processes (e.g., degradation by
microorganisms—usually bacteria or fungi), or a combination
of both. Biodegradability can be more speciﬁcally deﬁned as
the ability of a chemical to degrade as a result of interactions
with biological elements (Goswami & O'Haire, 2016). Abiotic
degradation processes typically result in the single transformation of one chemical into another one (=primary degradation), which can be an important precursor step to
facilitate more complete degradation processes carried out
by microorganisms that can achieve complete degradation
Integr Environ Assess Manag 2021:1–20

Regulations generally consider persistence as a chemical‐
intrinsic property whereas, in real‐world as well as under
experimental conditions, it is actually determined by a
combination of substance‐speciﬁc properties (so‐called intrinsic persistence) and environmental factors (so‐called
environment‐dependent persistence; Thouand et al., 2011).
Intrinsic persistence. A substance may remain in the environment over long periods because its chemical structure is
recalcitrant to any hydrolytic and/or photolytic degradation
or to any enzymatic attack from microorganisms. The latter
situation may occur if the substance is not able to interact
with microbial cells (e.g., because of unsuitable size or
shape or absence of suitable membrane transporters) or is
not able to enter microbial metabolic pathways (e.g., is not a
substrate for available intracellular or extracellular enzymes
or not converted into precursor metabolites; Fewson, 1988).
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There may be cases where the enzymatic potential of a
single species may not be sufﬁcient and where the complete
biodegradation of a chemical could only be achieved
through the complex interplay of microbial communities
(Andrady, 2007).
Environment‐dependent persistence. Environmental conditions encompass a wide range of environmental factors
(e.g., pH, temperature, light intensity), which can exert appreciable inﬂuence on microbial diversity and richness, and
eventually determine the likelihood for competent degraders to be present in a particular environment (Garbeva
et al., 2004; McArthur, 2006). Environmental conditions may
also affect the bioavailability and bioaccessibility of substances to microorganisms, which may further affect their
degradation rates.
Bioavailability is a very complex concept that varies between scientiﬁc disciplines (e.g., toxicity vs. biodegradation)
and even within disciplines. Bioavailability may represent
(i) the ability of a substance to interact with a living system,
(ii) the fraction of a substance accessible to a living system
for absorption, (iii) the rate at which a substance is absorbed
into a living system, or (iv) a measure of the potential to
cause a toxic effect on a living system (Ortega‐Calvo
et al., 2015; Semple et al., 2004). For persistence assessments, bioavailability generally refers to degradation limited
by, for example, sorption or entrapment in the environmental matrix, volatilization processes, and/or partial solubilization.
Bioaccessibility simply represents the potential for a
substance to become bioavailable from a given place or at a
given time (Katayama et al., 2010; Semple et al., 2004). It
depends on the forces at play in a particular environment
(e.g., adsorption forces, ionic interactions, covalent bonds,
entrapment; Schäffer et al., 2018), and it encompasses both
the fraction that is available now for biodegradation and the
fraction that could be accessible to microorganisms in future
(Semple et al., 2004).
Current persistence assessment criteria
Criteria for environmental persistence assessment have
been proposed since the late 1970s by several organizations
and regulatory bodies (e.g., Convention for the Protection
of the Marine Environment of the North‐East Atlantic
[OSPAR], United Nations Environment Programme [UNEP],
European Chemicals Agency [ECHA]) and have been mostly
derived from a well‐known set of chemicals—the “dirty
dozen” legacy of persistent organic pollutants (POPs)—
demonstrating high persistence in soil and sediment
(Matthies et al., 2016). In the European chemical legislative
framework, persistence is considered as the timescale above
which an irreversible threat to human health or wildlife could
arise if a substance would display properties of concern like
severe toxicity, potential for widespread distribution, or
potential for transfer and magniﬁcation in the food chains
(ECHA, 2017a; Scheringer et al., 2006). In this framework,
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persistence can be assessed against either screening criteria
(“pass” in ready or inherent biodegradability screening tests
for nonpersistence) or half‐life based deﬁnitive criteria
(compartment‐speciﬁc, half‐life thresholds often requiring
simulation studies). In this respect, clear deﬁnitions of metrics and concepts used to describe persistence are important to achieve consistent and effective outcomes, and
to limit confusion. For example, common terms such as
degradation half‐time, disappearance half‐time (DT50), including lag phase, and half‐life (t1/2), without lag phase, are
used in regulatory and scientiﬁc literature. The lag phase is
considered a reﬂection of microbial (presence of competent
degraders) and chemical processes (bioavailability) and an
important consideration in the WoE processes.
Most half‐life thresholds were deﬁned in the early 2000s
by individual regulatory agencies using reference substances and best judgment practices (Matthies et al., 2016).
Thus, the current persistence cutoffs are highly variable
between jurisdictions and may not reﬂect the actual risks of
current chemical products, because they represent a compromise between policy and science. Thus, the following list
represents a series of issues with current‐use persistency
assessment criteria:
• Regulatory cutoffs are based on compartmental half‐lives
of a few legacy POPs, which do not represent the
large structural and physicochemical diversity of substances.
• Regulatory cutoffs were derived from more than 40‐year‐
old degradation studies whose testing protocols were
different from the actual Organisation for Economic
Co‐operation and Development (OECD) tests used for
persistence assessment, which were designed less than
20 years ago (Matthies et al., 2016).
• Screening and higher tier test methods are not broadly
applicable to all chemical types (Davenport et al., 2021;
Shrestha et al., 2019).
• Half‐lives depend demonstrably on environmental conditions (e.g., temperature, substrate concentration, and
microbial community; Boethling et al., 2009).
• The methods used to measure half‐lives are often not
standard, deﬁned, or transparent (Hughes et al., 2020;
Webster et al., 1998), which can reduce the certainty
associated with persistence classiﬁcation. Currently,
guidance is lacking to assess the suitability of nonstandard experimental methods for use in persistence
assessments.
• Half‐life criteria are typically based on biodegradation in
a single environmental compartment. Yet, lack of degradation in one compartment does not necessarily mean
that the substance will persist in the overall environment
when the compartment where the chemical is considered persistent is a minor receptor of this chemical or is
in equilibrium with the rest of the environment (Webster
et al., 1998). Current assessment strategies could thus
result in overestimation of real‐world persistence.
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Overall, these issues limit the applicability and environmental relevance of persistence criteria. There is therefore
an urgent need for a novel approach.

POV AS AN INTEGRATED METRIC FOR
ENVIRONMENTAL PERSISTENCE
Pov, as described below and in literature, is a useful concept to organize and interpret persistence data under differing emission scenarios (Scheringer et al., 2009). This
approach is intended to be used in a tiered approach to
perform ﬁt‐for‐purpose risk assessments (Bonnell et al., 2018;
Gouin et al., 2000, 2012). For example, initial simulations can
be performed with available data, either derived from
QSAR or available experimental data in the ﬁrst tiers
(ECETOC, 2003; OECD, 2018). The ﬁrst‐tier Pov results can be
compared with screening thresholds (e.g., vs. POPs) to evaluate the need for further work. Uncertainty in these Pov
assessments should be subsequently evaluated for the likely
risks posed by the emission scenario or the proximity to the
persistence thresholds. If the analysis indicates potential
concern, then Pov simulations can be used to characterize fate
processes or compartments of concern that can prompt
higher tier assessments to address the data gaps. Then the
updated metrics can be analyzed again in the Pov framework
to assess the likelihood of persistence in the overall environment. A brief example of this approach is given in the
Supporting Information, where Tier 0 half‐life values for
phenanthrene were used to provide initial results, which were
subsequently used to develop an updated analysis by highlighting key data gaps.
Pov based on a unit‐world model
Medium‐ or compartment‐speciﬁc persistence criteria
often fail to account for how partitioning and environmental
distribution upon emission to the environment affect the
persistence of a substance in the whole environment.
Shortfalls associated with using compartment‐speciﬁc half‐
lives as evaluation criteria for persistence in PBT assessments have long been recognized (Section Current persistence assessment criteria; ECETOC, 2003; Fenner
et al., 2005; Klasmeier et al., 2006; Mackay & Webster, 2006; Scheringer et al., 2009; Van De Meent
et al., 2000; Wegmann et al., 2009), and various alternative
approaches have been presented for persistence assessment. One such approach, introduced to overcome the
aforementioned shortfalls, focuses on evaluating persistence using unit‐world models (UWM; Mackay & Paterson, 1981). Considering the whole environment, UWM
are simpliﬁed conceptual models of a given emission scenario that includes general environmental compartments
(water, air, soil; see Section Proposed multimedia informed
WoE persistence assessment framework). As such, UWM can
be adapted and applied to many speciﬁc emission scenarios. The UWM concept provides a conceptual framework
for organizing data and recognizing the potential impact of
environmental fate processes on chemical persistence.
Integr Environ Assess Manag 2021:1–20
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The UWM concept can be adapted to numerical models
that are used to evaluate the persistence of a substance of
interest by considering both compartment‐speciﬁc half‐lives
and physicochemical characteristics (Van De Meent
et al., 2000). Speciﬁcally, within the UWM concept, Pov has
recently been proposed to be a suitable replacement metric
for the compartment‐speciﬁc half‐lives in P assessment
(ECCC, 2016).
First introduced by Mackay (1979), Pov is deﬁned as the
residence time of a contaminant within a deﬁned environment and is based on compartment‐speciﬁc half‐lives,
compartment‐speciﬁc dimensions, and mass transfer processes. In contrast to single‐compartment, half‐life criteria,
this metric treats the environment as a single, uniﬁed set of
connected media, integrating single‐media half‐lives based
on degradation processes and phase partitioning, and allowing for the persistence of a substance in the whole environment to be estimated (Junker et al., 2019; Webster
et al., 1998; Wegmann et al., 2009). Pov can be calculated
using various multimedia fate and transport models
(MFTMs), which are applied mathematical models that relate multiphase partitioning and environmental fate properties to residence time to predict Pov or overall half‐life
(t1/2,ov) of a substance of interest. Brieﬂy, MFTMs describe
substance behavior in evaluative, unit‐world environments
(i.e., environments divided into conceptual compartments
describing single environmental media such as air, water,
sediment, soil) and then assume mass conservation across
the entire system, while accounting for thermodynamics,
intermedia transfer (e.g., sediment–water exchanges, volatilization, and dry and wet deposition), input processes
(emissions), and degradation characteristics (abiotic and
biotic) of the substance of interest (ECETOC, 2003).
Pov can be estimated in relation to residence time (τ; the
“turnover time” of a substance at steady state in a ﬂow‐
through system including degradation and advection),
elimination time (the elimination time from the overall environment following emission cessation), fraction remaining
(the mass‐fraction of remaining substance following cessation of emissions), and/or temporal remote state (the long‐
term removal rate after substance emissions cease;
Scheringer et al., 2009; Stroebe et al., 2004; Van De Meent
et al., 2000). For example, the τ of a chemical can be calculated for each compartment within an environmental
system of interest using MFTMs that consider environmental
processes alongside reaction losses and partitioning. Kinetic
MFTMs can then be used to evaluate overall residence time
(τov) for a deﬁned mode of entry. This Pov value can
then be applied as a persistence criterion that holistically
accounts for the residency (i.e., turnover time) of a
chemical within the speciﬁc environment of interest
(Mackay, Hughes, et al., 2014). Although there are limited
applications of Pov in regulatory frameworks (Bonnell
et al., 2018; ECCC, 2016; Scheringer et al., 2009), this parameter is useful because it considers all possible fate and
transport of substances in the environment. In addition, Pov
can be used as an indicator of contamination reversibility
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following the cessation of substance release. The Pov should
always be evaluated with care because this value will depend on the emission scenario of the substance, which
should be based on typical use patterns.
Pov has several advantages over current‐use, single‐
compartment persistence assessment schemes: (i) Pov provides a certain ﬂexibility with respect to metrics; by providing different endpoints through which persistence can be
assessed (e.g., residence time, elimination time, fraction
remaining, and temporal residence state), Pov can offer a
comprehensive understanding of persistence under various
emission scenarios; (ii) by integrating all single‐media, half‐
life data into a single metric of persistence, Pov offers the
advantage of simplifying environmental risk and regulatory
assessments; and (iii) by adequately accounting for chemical
fate and transport (e.g., chemical fate and transport within
the deﬁned environment of interest), emission patterns, and
other signiﬁcant environmental factors, Pov remains comprehensive and holistic, providing a more realistic assessment of the persistence of a chemical released into the
environment than single‐compartment, half‐life values
(Scheringer et al., 2009; Webster et al., 1998). Therefore, Pov
represents a persistence assessment alternative that is not
only appropriate but also advantageous for use in chemical
regulation and environmental risk assessment.
Use of multimedia fate and transport models in Pov
assessment
Currently, there are a range of different MFTMs available
for use in Pov calculation, which tend to differ in terms of
complexity, geometry, and environmental parameterization
(Table S1; Fenner et al., 2005; Wegmann et al., 2009). For
example, MFTMs can range from relatively simple (e.g., Level
I; accounting for distribution of a ﬁxed quantity of a conserved
substance in a closed environment at equilibrium) to highly
complex (e.g., Level IV; accounting for variable emission of a
substance [nonsteady‐state] in an environment under nonequilibrium conditions; Mackay, 2001). In addition, MFTMs
tend to vary in terms of substance emission proﬁle, with some
models allowing for a higher level of control of emission
scenarios than others (Table S1). Finally, MFTMs can vary
signiﬁcantly in terms of geographical scale and environmental
conditions, ranging from regional to continental in scale and
accounting for differing speciﬁcity in evaluative environments
(e.g., CalTOX [multimedia total exposure model for
hazardous‐waste sites] is parameterized to reﬂect Californian
conditions, whereas ELPOS [Environmental Long‐Range
Transport and Persistence of Organic Substances] is designed to reﬂect European environments; Beyer &
Matthies, 2002; McKone & Enoch, 2002; Table S1).
In general, different MFTMs provide similar Pov results for
various chemical substances (Fenner et al., 2005). Thus, it is
likely that most MFTMs can be equivalently applied to
evaluate Pov. However, differential model features translate
into diverse requirements for substance data inputs. For
example, simpler (steady state), regional environmental fate
models (e.g., Level II equilibrium models; Mackay, Di
Integr Environ Assess Manag 2021:1–20
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Guardo, Paterson, & Cowan, 1996; Mackay, Di Guardo,
Paterson, Kicsi, et al., 1996; Mackay, Di Guardo, Paterson,
Kicsi, Cowan, et al., 1996) require relatively limited numbers
of substance‐speciﬁc parameters (e.g., molecular weight
[MW], vapor pressure [P0], water solubility [Sw], temperature
[T], n‐octanol–water partitioning coefﬁcient [Kow)], and
degradation rate constants in soil, water, sediment, and
air [ksoil, kwater, ksediment, kair]), whereas more complex (dynamic), global environmental fate models (e.g., global distribution model for persistent organic chemicals [Globo‐
POP]; Wania & Mackay, 1993, 1995; Wania et al., 1999)
require larger numbers of substance‐speciﬁc parameters
(e.g., MW, partition coefﬁcients: Kow, Kaw [air–water partition
coefﬁcient], Koa [octanol–air partition coefﬁcient]), degradation rate constants (ksoil, kwater, ksediment, kOH [degradation
rate constant with hydroxyl radicals]), enthalpies of phase
transfer octanol–air, air–water, octanol–water (ΔHoa, ΔHaw,
ΔHow), and activation energies (Ea) for all degradation
reactions; Table S1). Indeed, across all MFTMs there
is a direct relationship between the level of detail and
required number of input parameters. Thus, when
choosing a model for use in Pov evaluation, it should be ﬁt‐
for‐purpose.
It is important to note that even the highly complex
MFTMs do not account for all emission scenarios, and additional analysis may be needed to adequately understand
the environmental fate and persistence of substances with
unique emission scenarios. For example, a substance, which
is disposed of down the drain post‐use and moves through a
sewer system where several different physicochemical and
biodegradation processes can occur, may require additional
consideration when evaluating P. Following disposal, the
substance will enter a wastewater treatment plant (WWTP)
where further degradation is possible. Depending on degradation and physicochemical properties, the substance of
interest or its metabolites could remain in the aqueous
phase and be discharged from the WWTP as efﬂuent, entering the aquatic compartment where further degradation
and/or partitioning can occur. Alternatively, substances or
metabolites that are sorptive and exist on sludge solids
could enter aerobic or anaerobic digesters and be further
degraded. In the case that these digested sludge solids
would be land applied, any remaining substances or metabolites would then enter the soil compartment and be
subjected to further degradation and/or partitioning processes. Obviously, these various emission scenarios must be
accounted for to accurately assess the persistence of these
down‐the‐drain chemicals. Currently, various models are
available and used routinely to assess the fate and persistence of substances during wastewater treatment (i.e.,
SimpleTreat [Struijs, 2014] is incorporated into the European
Union System for the Evaluation of Substances [EUSES])
that can be leveraged to better understand this complex
emission scenario.
Use of MFTMs for P assessment requires consideration of
substance‐speciﬁc input parameters (ECETOC, 2003), which
are often more inﬂuential to Pov results than the speciﬁc
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choice of system parameters (Webster et al., 2004). Uncertainties in the model inputs (experimental or QSAR) can
be evaluated in sensitivity analyses to characterize the relative importance of the assumptions. Further, using a tiered
approach, the uncertainties can be compared against estimated risks or relative to benchmark chemicals. Development of speciﬁc guidance on how to provide input
parameters to MFTMs is beyond the scope of the present
work, although this has been addressed in other high‐
throughput applications (Bonnell et al., 2018; Gouin
et al., 2012; OECD, 2018). Owing to the ﬂexible nature of
the Pov framework, there is no available single Pov‐based
criteria because the speciﬁc combination of compartment‐
based criteria, emission scenarios, and physicochemical
properties can result in a range of acceptable Pov (see
Supporting Information for an example).
Overall, MFTMs represent powerful tools that should be
used to evaluate P in chemical regulation and environmental
risk assessment. Not only can they be employed to calculate
Pov, providing an assessment of the P of a substance in the
overall environment, but MFTMs can also be applied
to characterize the inﬂuence of different environmental
factors, use, and/or release patterns, and the uncertainty in
available input data to support more realistic and relevant
P assessments than single‐compartment P models.

WoE FRAMEWORK FOR PERSISTENCE
ASSESSMENT
Over the past several decades, the concept of chemical
persistence assessment using multimedia models has been
broached many times, but with limited uptake in regulatory
settings (Boethling, 2016). However, a unit‐world concept
remains a useful mechanism to evaluate various types of
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data that inform fate and degradation processes (Figure 1).
Therefore, an integrated persistence‐assessment framework
is needed based on a unit‐world concept to organize and
deﬁne data relevance in the WoE approach recommended
by OECD (OECD, 2019).
Principles of WoE
WoE refers to a decision‐making approach in which
one collects all available LoEs, triages them by reliability
and relevance, and integrates this information into an
overall picture to inform risk‐based decision making. In the
past, this process was viewed as a subjective approach in
the face of conﬂicting or incomplete information but is
meant to allow ﬂexibility in contrast to bright‐line criteria
(Weed, 2005).
The concept of gathering existing information, assessing
its reliability in a transparent and systematic manner, and
interpreting results in a WoE framework has been discussed
extensively over the past decade (Rhomberg et al., 2013;
SCENIHR, 2012) including the development of templates to
organize data for regulatory activities (link). Lutter et al.
(2015) were one of the ﬁrst groups to propose an approach
on how to evaluate WoE frameworks. Their recommendations came from a wider discussion that took place in
2012 among a group of scientiﬁc and regulatory experts
who were involved with agriculture and pest management.
Their proposal included formulating a hypothesis related to
speciﬁc endpoints under evaluation, providing more transparent discussions of WoE and a more rigorous and systematic determinant of WoE for the evaluation of
substances (i.e., consistency). They proposed that this approach should not only include all available LoEs but also an
evaluation of data quality and study reliability.

FIGURE 1 Schematic of a weight‐of‐evidence approach adapted for persistence assessment (adapted from OECD (2019))
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More recently, ECETOC proposed a WoE‐based framework
applied to the PBT/vPvB (persistent, bioaccumulative, toxic/
very
persistent,
very
bioaccumulative)
assessment
(ECETOC, 2014). Their approach followed the general WoE
framework outlined by the Scientiﬁc Committee on Emerging
and Newly Identiﬁed Health Risks (SCENIHR, 2012). Again,
building on previous frameworks, the approaches outlined by
SCENIHR not only recommended identifying, collecting, and
evaluating all sources of information related to the speciﬁc
question (hypothesis) at hand but also introduced the consideration of scientiﬁc quality and relevance of the studies as a
critical component of the assessment. This group also recommended the use of a scoring system for the overall WoE
assessment (i.e., strong, moderate, weak, uncertain).
In 2013, a group of experts surveyed more than 50 existing
WoE frameworks to identify best practices (Rhomberg
et al., 2013). They concluded that a WoE approach consists of
several critical steps, including evaluating strength and
quality of existing data and information, and a systematic
process on how to integrate these data to best inform risk.
Since then, many different WoE frameworks have been proposed with different phases in this stepwise process but,
essentially, most of them adhere to the following logic:
(i) problem formulation including hypothesis deﬁnition,
(ii) data selection, (iii) evaluation of data and study quality
evaluation (criteria for review of individual studies), and
(iv) data integration.
In a more recent publication, the OECD outlined the key
elements necessary for implementing a WoE approach to the
evaluation of chemical substances (OECD, 2019), which is
used as the basis for the proposed persistence assessment
framework in this paper (Figure 1). The OECD (2019)
document was being put forward as “good WoE practices”
and still accounts for professional judgment as a critical
component in constructing the appropriate framework for
differing speciﬁc endpoints. The OECD provides a stepwise
approach to conducting WoE for chemical evaluation including ﬁve key elements (Figure 1): (1) problem formulation
(hypothesis development), (2) evidence collection, (3) evidence evaluation, (4) evidence weighing, (5) evidence integration and reporting (OECD, 2019). This framework
illustrates that developing criteria for study quality (e.g., reliability) and relevance is especially important when multiple
values for the same metric are available for a given substance.
The study designs and data interpretation should be examined closely to determine the reliability and relevance of the
ﬁndings as well as sources of variability. WoE is a tool used to
evaluate data, but speciﬁc applications need speciﬁc considerations to appropriately organize and compare different data
types. For example, the speciﬁc WoE approach taken for
persistence assessments will differ from the speciﬁc approach
needed for toxicity assessments.
Examples of previous WoE approaches to persistence
assessment
Before the publication of the OECD WoE guiding principles (OECD, 2019), many of the key elements outlined by
Integr Environ Assess Manag 2021:1–20
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the OECD were already applied in chemical safety assessments (Brandt et al., 2016; Bridges & Solomon, 2016;
Giesy et al., 2014; Hughes et al., 2020; Wassenaar &
Verbruggen, 2021). Giesy et al. (2014) used a WoE approach
to assess the organophosphorus pesticide chlorpyrifos.
There was a signiﬁcant amount of data available for this
compound, with multiple laboratory test values for half‐lives
spanning 2 orders of magnitude in various media, partially
exceeding persistence thresholds. They used the geometric
mean of the half‐lives to reconcile the data variation, with
the results that the persistence criteria were not exceeded in
any media. In addition, they looked at ﬁeld data, which revealed relatively short half‐lives not exceeding persistence
criteria. Additionally, chlorpyrifos was known to hydrolyze,
albeit with signiﬁcant variation in half‐life at different pH
values. The conclusion was that the criteria for persistence
were not exceeded.
Brandt et al. (2016) proposed a WoE approach to assess
the persistence of a group of substituted phenolic benzotriazoles. They hypothesized that these substances would
be very persistent in the environment as deﬁned by their
REACH (Registration, Evaluation, Authorisation and Restriction of Chemicals; Regulation [EC] No 1907/2006) endpoints for persistence. There was insufﬁcient experimental
information available to reach a conclusion on the persistence of these substances. They used QSARs and biodegradation models for phenolic benzotriazoles to group
them as a class and, because of their hydrophobic nature,
identiﬁed sediments as the most relevant compartment for
persistence assessment. Here, they relied on several LoEs,
including environmental monitoring of phenolic benzotriazoles in different environmental compartments and biota
(literature values), and one laboratory biodegradation and
one ﬁeld dissipation study. The ﬁnal element of the WoE
approach was a sediment core analysis to determine the in
situ half‐life. Although the authors considered the relevance
of the data based on physicochemical properties (and
modeling degradation kinetics and pathways), the authors
subsequently diverged from the OECD process for evidence
evaluation. A key principle in evaluating evidence is to determine data reliability, uncertainty, and relevance. The
authors opined that weighting the evidence could not be
done objectively and argued for more of a “summary narrative” approach. Here is where the key elements of the
OECD guidance may prove helpful in future, because it
separates the weighting process from the process of setting
more objective quality criteria to assess data reliability.
The OECD document points out that weighing is used to
differentiate data sources, not to judge overall quality,
which they consider as a separate (earlier) step. Weight can
be qualitative or assigned a score and is based on reliability
and relevance (e.g., similar to Klimisch scoring; Klimisch
et al., 1997). Here, the OECD document states that
weighing of data should be based on “clear and transparent” methodology. Suter et al. (2020) provided similar
recommendations in their comparison of a WoE versus a
systematic review for evaluating multiple LoEs to help
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inform decision making. They also pointed out that, regardless of the methodology selected, the important component is to follow scientiﬁc standards of transparency
concerning the choice and implementation of the approach.
In the end, Brandt et al. (2016) integrated the multiple LoEs
into this WoE approach and concluded that the phenolic
benzotriazoles under consideration are persistent in the
environment. However, they also suggested that more
guidance is needed to provide a more quantitative WoE
approach while still maintaining some ﬂexibility for its application.
In Wassenaar and Verbruggen (2021), a WoE approach, as
indicated by Chapter R.11 of the ECHA Guidance on Information Requirements and Chemical Safety Assessment,
was used to evaluate the persistence, bioaccumulation, and
toxicity of alkylated 3‐ring PAHs (polyaromatic hydrocarbons).
Eighteen studies with persistence data were screened for
relevance to determine environmental degradation half‐life
values. As described in the paper, none of the 18 studies
qualiﬁed, and therefore there was no WoE for a half‐life determination. Instead, a WoE argument was made that the data
as a whole indicated a trend of increasing half‐life with increasing alkylation for alkylated 3‐ring PAHs.
Hughes et al. (2020) also used the same R.11 guidance
process to assess the persistence of phenanthrene. The
studies were assessed and qualitatively weighted by relevance (similarity to standard test guidelines). In silico half‐life
predictions, nonrelevant guideline studies, and monitoring
studies were also incorporated into the WoE. The consistency
or coherence of the data was assessed by assembling all half‐
lives per compartment and understanding the outliers. Their
conclusion was that phenanthrene is not a persistent molecule
in any environmental compartment, and they reinforce this
using a Pov calculation. The aforementioned environmental
half‐life data were used as the basis of the Pov example given
in the Supporting Information.
A more recent quantitative analysis for the cyclic volatile
methyl siloxanes (cVMS; Bridges & Solomon, 2016) most
closely follows the key elements outlined in the OECD WoE
document (OECD, 2019). Their underlying hypothesis was
that the persistence of these substances (octamethylcyclotetrasiloxane [D4], decamethylcyclopentasiloxane [D5], and
dodecamethylcyclohexasiloxane [D6]) exceeded the threshold
set by the Stockholm Convention. In developing their framework, they relied heavily on previously published WoE
frameworks (SCENIHR, 2012). Their analysis consisted of LoE,
which included general trends in environmental monitoring
measurement, laboratory and ﬁeld studies, and multimedia
fate models where the unique physicochemical properties of
the cVMS (low solubility and high vapor pressure) directly affected the overall environmental fate (partitioning) of these
materials. Although the half‐life in air for the cVMS (abiotic
processes dominating) exceeded the two‐dimensional criterion for persistence Matthies et al. (2016), reasoned that the
tendency of these materials to remain in the atmosphere,
where they are degraded, limits their ability for long‐range
transport and the ability to affect organisms. The authors
Integr Environ Assess Manag 2021:1–20
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conclude that these substances are not persistent in a way
that would be harmful. The authors did question the appropriateness of biodegradation test setups that prevent evaporative losses, when those are artiﬁcial constructs that would
not exist in the natural environment.
A key aspect that differentiated the Bridges and Solomon
(2016) evaluation, using WoE for persistence, from others was
the development of an extensive, transparent scoring criteria
for quality, reliability, and relevance. The authors emphasized
the importance of assessing the LoE for relevance (to the
stated hypotheses) and reliability and that reliability scoring
be conducted in an objective, reproducible, and transparent
manner. Also, the studies needed to have appropriate quality
control or quality assurance, data processing, and clarity to be
considered reliable. In the scoring of the ﬁeld studies, they
observed that reliable sampling and good analytical practice
were important and identiﬁed more than 10 predeﬁned criteria for quality and relevance to laboratory studies. Some of
the more relevant quality criteria suggested by Bridges and
Solomon (2016) and others (Forney et al., 2001; Hermsen
et al., 2018; Koelmans et al., 2019; Kowalczyk et al., 2015;
Martin et al., 2017; Moermond et al., 2016; Ott et al., 2020)
are outlined in Table 2.
In the end, the results from the Bridges and Solomon
(2016) assessment were visualized in graphical plots of
score for quality against the score for relevance to each
study (Van Der Kraak et al., 2014). This visualization
facilitated coherence or integration of all relevant, reliable
evidence of P assessment, and the information provided a
more holistic approach to the integration of physicochemical properties, multimedia fate modeling, testing,
and ﬁeld observation to assess the overall Pov of cVMSs in
the environment.
In summary, the OECD WoE principles provide a practical tiered framework for testing and assessment of persistence. For example, multiple data for a given test
method can be evaluated together. In cases where there is
preexisting data, higher tier information (e.g., simulation
data or calculations of Pov) should be more heavily
weighted over lower tier information (e.g., QSAR or
screening level tests) to characterize persistence. In silico
tools such as QSARs and multimedia fate models, as well
as read across, relevant physicochemical properties can be
considered together using subject matter expertise (SME)
and a WoE approach. When multiple values for the same
metric are available for a given substance, the study designs and data interpretation should be examined closely
to determine relevance of the ﬁndings as well as sources of
variability so that the data can be appropriately considered a WoE evaluation. Types of information that would
prove useful in assessing the overall reliability and quality
of a study are included in Table 1.
Regardless, the concepts of gathering existing information, assessing reliability of information in a transparent and systematic manner, and interpreting results in a
WoE framework are generally applicable to persistence
assessments.

DOI: 10.1002/ieam.4548

© 2021 ExxonMobil Biomedical Sciences, Inc.

10

Integr Environ Assess Manag 00, 2021—REDMAN

ET AL.

TABLE 1 Persistence information for laboratory and ﬁeld studies: Quality control and assessment measures
Laboratory

Fielda

Experimental design

External checks

• Concentration
• Replicates (appropriate)
• Number of samples per interval relevance of environmental
concentration
• Appropriate positive (e.g., degradable substance) and negative
controls (e.g., abiotic/sterile)
• Redox status
Test substance characterization and purity

•
•
•
•
•

External ﬁeld duplicates
Field blanks
Field duplicates
Spike samples
Understanding sources of emissions

Laboratory analysis of duplicate samples
Robust analytical method

Mode of substance application

Sampling method and analysis method: Outlined and
reproducible

Analytics

Internal checks (performed by the project ﬁeld volunteers,
staff, and laboratory)

• Sampling method
• Analysis method including limit of detection/quantitation
• Good mass balance (recovery of test material/metabolites)

•
•
•
•
•

Quality control and assessment measures
Calibration blank
Calibration standards, laboratory replicates
Detection/quantitation limit
Controls (e.g., shipping, extraction, etc.)

Source of biomass (soil, water, sediment sludge, etc.)
• Description and characterization inoculum source or test
medium (i.e., natural site described)
• Biomass concentration and preparation
• Viability veriﬁcation throughout study
a

https://archive.epa.gov/water/archive/web/html/132.html.

PROPOSED MULTIMEDIA INFORMED WOE
PERSISTENCE ASSESSMENT FRAMEWORK
Data for incorporation into a WoE‐informed unit‐world
persistence assessment
The key principle driving integrated persistence assessment is understanding the degradability of a substance in
the overall environment, based on substance emissions and
known transformation and physicochemical properties. In
this framework, a unit‐world approach is used to focus attention on relevant physicochemical properties driving the
fate of the molecule (e.g., solubility, adsorption, volatility),
and focus the evaluation on key degradation and fate

processes that inﬂuence the persistence. Such an approach
was applied by Hughes et al. (2020) to evaluate the persistence of phenanthrene, with a Pov‐like calculation being
performed using a Level III model (see also the example
given in Supporting Information).
In addition to the data from standardized tests, nontesting
data can guide the interpretation of testing results as well as
provide independent LoEs. These additional data are
needed owing to the variability of biodegradation testing
outcomes discussed in this and the companion paper
(Davenport et al., 2021). The use of multiple LoEs to classify
environmental persistence can reduce the overall
uncertainty associated with P outcomes. Information from in

TABLE 2 Physicochemical properties and their impact on chemical fate
Physicochemical property

Impact on fate

Molecular weight, water and octanol solubility, steric hindrance, ionizability,
adsorptive properties, chemical form (e.g., liquid, solid, particle, etc.)

Bioavailability

Henry's constant in water, vapor pressure, Koa

Air/water partitioning

Ionizability, adsorptive properties, water solubility

Soil or sediment/water partitioning

Hydrolysable groups

Potential modulation of degradation by
environmental pH

Photochemical reactivity

Potential modulation of degradation by
sunlight

Integr Environ Assess Manag 2021:1–20

wileyonlinelibrary.com/journal/ieam

© 2021 ExxonMobil Biomedical Sciences, Inc.

CONCEPTUAL FRAMEWORK FOR ADVANCING PERSISTENCE ASSESSMENTS—Integr Environ Assess Manag 00, 2021

silico predictions, laboratory and ﬁeld data, and MFTM can
be used in a WoE approach to assess persistence potential
(Di Guardo et al., 2018; Giesy et al., 2014; Mackay, Giesy,
et al., 2014; SCHEER, 2018). The desired metric of
persistence is an indicator of overall (bio)degradability,
but regulations are written in measurements of compartment‐
speciﬁc biodegradation, that is, half‐life (Rücker &
Kümmerer, 2012). The sections below discuss a few of these
LoEs, with several examples of how they are used in the WoE
ﬂowchart in Figure 1 and described in the WoE section below
(Brandt et al., 2016; Giesy et al., 2014).
(Bio)degradation testing data. Biodegradation testing is
often considered the most straightforward manner to assess
the persistence of a substance. Positive ready, enhanced,
and inherent biodegradation tests may be considered sufﬁcient to conclude on nonpersistence of a chemical, provided
that additional criteria are also fulﬁlled (ECHA, 2017a). In case
of a negative result, higher tier simulation tests may be
needed to draw deﬁnitive conclusions for regulatory persistence assessment. However, biodegradation testing data may
be fraught with experimental variability (see section on
Current Understanding of Persistence and Davenport
et al., 2021). Multiple tests may thus lead to diverging results
that hamper drawing ﬁrm conclusions on biodegradability.
Yet, testing data is the primary evidence used to calculate
half‐lives and conclude on the persistence of a substance,
which highlights the importance of additional LoEs to support
persistence assessments. Depending on the molecules,
abiotic factors can drive, or contribute substantially, to
degradation.
Physicochemical properties. Physicochemical properties
determine how chemicals partition in the environment and
give insight into which degradation processes play a signiﬁcant role in the fate of a chemical (Klöpffer et al., 1982;
Figure 1). A basic understanding of physicochemical
properties can give a preliminary estimate of the
substance's fate and its potential persistence. As
discussed in Section Overall Persistence (Pov) as an integrated metric for environmental persistence, these
physicochemical characteristics are the basic data input for
MFTMs. Separating the impact of sorption (e.g., reduced
bioavailability or bioaccessibility) from degradation properties is required to evaluate the intrinsic persistence of a
molecule accurately (Section Current understanding of
persistence).
Environmental factors. Effective degradation processes can
be abiotic reactions such as hydrolysis or photolysis, which
tend to be compartment speciﬁc, or they can be biotic reactions, with microbial processes dominating as they display
the greatest metabolic diversity and ﬂexibility. However,
unless the environmental conditions are appropriate, (bio)
degradation may not take place. Some of these environmental conditions are further discussed below (also see
Davenport et al., 2021).
Integr Environ Assess Manag 2021:1–20
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Oxygen availability. The presence and relative abundance
of appropriate electron acceptors is an important environmental variable controlling biodegradation. Aerobic degradation is typically faster than other pathways. Oxygen
availability modulates both the abiotic processes of oxidation and biodegradation. Further, environmental compartments can vary in degradation capability such as comparing
aerobic water with anaerobic sediment layers (Merrettig‐
Bruns & Jelen, 2009). With a few exceptions (e.g., organochlorine substances [Tiehm & Schmidt, 2011]), anaerobic
biodegradation tends to be slower than aerobic biodegradation and is considered less relevant to risk assessment (Ghattas et al., 2017). This suggests that persistence
evaluations typically should not be based on anaerobic
systems, although they may be part of the WoE. Further, if
anaerobic data are used in an assessment, the evaluation
criteria should be revised because the implicit exposure
dynamic is different.
Microbial community. A microbial community needs to
contain competent degraders for biodegradation to occur.
The concentration and distribution of those competent degraders will affect the rate of degradation and the likelihood
of passing a biodegradation test (Ott et al., 2020). Adaptation and acclimation are two terms that are often confused
while discussing the ability of a microbial community to biodegrade a substance. Outside this ﬁeld, the term “adaptation” normally refers to genetic changes that result in new
phenotypes; however, this term is often used in persistence
testing to mean any change in a microbial community
caused by long‐term exposure to the test item
(OECD, 2006). A shift in the relative abundance of species in
a microbial community, either resulting from previous exposure to the test substance or from a long biodegradation
testing time, would be considered an adaptation, even if
there are no new genes and the gross genetic composition
of the community remains the same. Acclimation is the
short‐term process by which a microbial inoculum adjusts to
the test conditions, such as testing outside ambient conditions (e.g., temperature soils tested at low temperature).
In both adaptation and acclimation, microbial community
structure will be altered. Under REACH, acclimation is permitted, whereas adaptation is not (ECHA, 2017b). However,
it is reasonable to expect that microbes in many compartments have been exposed to industrial and naturally occurring chemicals. Furthermore, there are many examples of
the genetic plasticity of microbes enabling xenobiotic biodegradation, so adaptation in the traditional sense is a valid
mechanism that should be addressed when examining
persistent substances (Itrich et al., 2015; Liang et al., 2012;
Nagata et al., 2019; Nielsen et al., 2017; Poursat et al., 2019;
Top & Springael, 2003). The most suitable approach to
address this issue under environmentally relevant conditions
should be the subject of future research.
Temperature. It is generally accepted that higher temperatures increase the rate of chemical reactions, which translates
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to microbes having greater metabolic activity at higher temperatures provided those temperatures do not exceed the
organisms' optimum temperatures. However, this does not
necessarily mean that biodegradation processes in temperate
regions take longer than in tropical regions. Empirical evidence demonstrates that biodegradation rates can be similar
for some chemical classes across different global regimes and
temperatures (Brown et al., 2020; Lewis & Prince, 2018). The
ECHA guidance recommends that all new simulation studies
(OECD test guidelines [TG] 307, 308, and 309) be performed
at 12°C, because this is considered the average temperature
of European surface waters (ECHA, 2017a). A controversial
decision is that studies at other temperatures should be adjusted using an Arrhenius equation with a generic Energy
Activation (65.4 kJ/mol; Brown et al., 2020; ECHA, 2017a).
This temperature correction guidance derives mainly from
pesticide data and is based mostly on test systems with manipulated test temperatures (i.e., systems that are not tested
at the temperature of the inoculum collection site), instead of
systems that are tested at the temperature of the inoculum
collection site. In the former case, it is questionable whether
these calculated temperature adjustments reﬂect the biological phenomena accurately (Brown et al., 2020).
Organic matter. Organic matter plays multiple roles in the
fate of a chemical. It can be a substrate on which chemicals
sorb, particularly with hydrophobic chemicals, thus altering
the bioavailability of the chemical (Huang et al., 2003). The
amount of nonextractable residues (NER) is correlated with
the presence of organic matter (Kästner et al., 2014). Organic matter can also catalyze other degradative reactions,
such as oxidation, reduction, etc. (Kästner et al., 2014). At
the same time, organic matter also provides a substrate for
microbial growth, leading to bioﬁlms, which are the most
effective modes of biodegradation (Horemans et al., 2013).
Salinity, pH, and light availability. Each environment will
have its own adapted microbial population that can survive
in its habitat's pH and salinity. Light availability controls
processes such as photodegradation or photooxidation. It
can also affect the microbial population by encouraging the
growth of photosynthesizers and increasing the organic
content of a system (Pastore et al., 2018; Southwell
et al., 2020).
Volumes and use patterns. If the objective of persistence
assessment is to identify substances that could accumulate
in the environment, then it makes sense to look at how these
substances are used and initially released into the environment. For example, a readily biodegradable, high‐volume
chemical with continuous release may achieve “pseudo‐
persistence” or be “continuously present” in the environment (Mackay, Hughes, et al., 2014). Conversely, some
substances identiﬁed as persistent may not accumulate in
the environment if they are used at low volumes with infrequent emissions. Another example is that a highly volatile
compound, subject to rapid photooxidation leading to
Integr Environ Assess Manag 2021:1–20
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benign products that does not degrade in sediments, would
not be a concern if the only releases are to the air. To avoid
misclassiﬁcation, it would be useful to have more granularity
in the persistence criteria to tie in the volume and use (exposure) to the fate of the substance (persistence). Unfortunately, it can be difﬁcult to obtain accurate information
on how substances are used and distributed in the environment, especially if the same substance is used across
multiple sites, for multiple uses, and at varying release
levels. From a risk perspective, low volume substances may
result in lower risks; therefore, more uncertainty in the persistence assessment could be tolerated depending on the
hazard of the substance.
Predictive models. Predictive models are used heavily to
assess the properties and behavior of substances for regulatory decision‐making and to estimate fate and transport of
contaminants, engineer molecules for greener chemistry,
and achieve speciﬁc functionality. They are an accepted part
of a WoE argument (Pizzo et al., 2013). Although quantitative structure–biodegradation relationships (QSBRs) and
knowledge‐based approaches can be used independently,
a WoE approach is best supported by combining the information. Predictive models offer generalizations that can
provide insight into the behavior of a substance. For assessment of biodegradability, predictive models are built on
two types of information: (1) QSBRs relating chemical
structures with biodegradation test data and (2) the existence of biodegradation metabolic pathways for classes of
chemicals.
QSBRs correlate the biodegradation test data of a substance to molecular descriptors, such as the physicochemical properties of that substance, or to the
molecular fragments, or the particular atoms or bonds,
comprising the substance. These correlations allow biodegradability predictions of untested molecules based on
the presence of those studied molecular descriptors or
fragments. Two common examples of QSBRs that use the
fragment contribution method are the BIOWIN modules in
the US EPA (Environmental Protection Agency) EpiSuite
software (US EPA, 2020) and MultiCASE (Klopman
et al., 1995). QSBRs have limited domains of applicability,
because the relationship between molecular structure and
biodegradability is only as good as the underpinning empirical data used in the training set. Additionally, biodegradation test data are variable and location‐speciﬁc
(Davenport et al., 2021), particularly in terms of the
calculation of a half‐life for a substance (Rücker &
Kümmerer, 2012). Several reviews of QSBRs are available for
further information (Ballabio et al., 2017; Mamy et al., 2015;
Rücker & Kümmerer, 2012).
The other type of predictive model is based on the
knowledge of existing metabolic or biodegradation pathways. The likelihood of a reaction, other than those that are
cometabolic, is often related to whether the reaction is
thermodynamically favorable (Finley et al., 2009). There are
a few databases of microbial metabolic pathways, such as
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the Kyoto Encyclopedia of Genes and Genomes (KEGG), a
database for central metabolism pathways, and the Environmental Contaminant Biotransformation Pathway Resource (enviPath), which is a reworking of the University
of Minnesota Biocatalysis/Biodegradation Database and
Pathway
Prediction
System
(UMBBD/PPS;
Wicker
et al., 2016). Using these databases, several models have
been developed to predict the likelihood of biodegradation
based on existing pathways and even time frames for biodegradation, such as Biodegradability Evaluation and
Simulation System, EnviPath, and so forth (Judson, 2019).
Another frequently used model, CATABOL, combines QSBR
with a simulated catabolic transformation (Jaworska
et al., 2002). A further reﬁnement of CATABOL is Catalogic,
which coordinates transformation reactions with a logical
metabolism pathway that includes primary and ultimate half‐
lives (Dimitrov et al., 2011). Omic‐based assessment
methods can be used to characterize rates and mechanisms
to increase the robustness of biodegradability prediction.
Genetic sequencing information and the assignment of
function to proteins encoded by those genes can also be
used to infer the functions of microbes in a system and to
infer the presence of biodegradation pathways (Faust
et al., 2011; Saidi et al., 2017).
Field data and monitoring studies. Field data, in which the
substance of interest is released and tracked in a relatively
controlled setting, and monitoring studies, in which existing
substance releases are tracked, provide as realistic an
evaluation of the fate of a chemical as possible; however,
this realism comes with the extreme complexity of real‐world
systems. Field data can be incorporated into a WoE persistence assessment with some limitations. Successful applications of ﬁeld data need to be evaluated in terms of a
mass balance approach, where the inputs are known and the
physical and biochemical processes are reasonably uniform,
so that comparisons with the measurements can be used to
infer degradation rates. These evaluations are often developed with focused studies that develop data in the context
of a multimedia modeling approach to characterize overall
fate to highlight important processes (e.g., biodegradation,
photolysis, etc.; Chapra, 2008) and may use radiolabeled
substrata or isotope analysis to assist in assessing the mass
balance (Melsbach et al., 2019). In the context of persistence
in overall fate, other fate processes such as sequestration, or
burial in sediments, should be considered because they limit
bioavailability and reduce the circulation of substances in
the broader environment. Environmental conditions in the
ﬁeld study need to be relatively constant, or at least predictable in some manner, in the assessment to minimize the
effect of spatial and temporal heterogeneity. Monitoring
datasets are often not suitable for these evaluations because
these conditions are often not met.
Field data are improved by benchmarking the behavior of
chemicals under evaluation relative to chemicals with a
known persistence status (e.g., polychlorinated biphenyls
[PCBs]; McLachlan et al., 2017). Benchmarking should
Integr Environ Assess Manag 2021:1–20
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evaluate chemicals based on similar environmental conditions and emission proﬁles. Benchmarking can also address the apparent variability inherent in persistence testing
because performance of the substance under evaluation will
be compared with the performance of the benchmark substance (Zou et al., 2015). The challenge with ﬁeld data is that
variation in important physical and biochemical features
(e.g., sorption limitations, redox conditions, resuspension,
microbial community dynamics) can change spatially and
temporally. This variation can result in apparent hot spots
where substances are not degraded in one location (e.g.,
higher measurements), but are found in lower concentrations in other areas because the conditions are more favorable for degradation. For these reasons, typical
monitoring data may not be suitable for regulatory persistence assessments (ECHA, 2017a).
There are however a few examples of how ﬁeld and monitoring data can be used to support persistence assessments.
Depending on the speciﬁc study questions, ﬁeldwork can include watershed scale studies, characterization of chemical
fate through WWTPs, or measurement of substance proﬁles in
far‐ﬁeld, remote locations. The ﬁrst example is based on the
use of fate and transport models to track the release and fate
of pesticides in the Scheldt estuary (Steen et al., 2002). The
loads of the pesticide in a river were determined through
measurements of ﬂows and concentrations in upstream environments. The apparent biodegradation rate or half‐life for
pesticides was determined by comparing the model predicted concentrations with the concentrations of the
pesticides measured in the downstream and estuary compartments. A similar approach was also used to estimate ﬁeld
biodegradation rates of nonylphenol ethoxylates in the
Scheldt and Rhine estuaries (Jonkers et al., 2005). Far‐ﬁeld
areas can be used as well. For example, open ocean monitoring datasets use depth‐resolved sampling to evaluate the
degradation of substances once they enter the water column
through settling from the atmosphere (González‐Gaya
et al., 2019). This was done by measuring the ﬂuxes at the
surface and tracking the concentrations over depth and as a
function of particle concentration and biomass abundance.
There is also the use of monitoring data from remote regions
to indicate possible persistence of a chemical (Hung
et al., 2016), although in a WoE context, presence alone is
often not sufﬁcient evidence of persistence.
Biodegradation kinetics in the environment. Biodegradation kinetics are directly affected by substance
concentration, and these changes in kinetics should be kept
in mind when making persistence determinations (Howard &
Banerjee, 1984; Kolvenbach et al., 2014). Biodegradation
kinetics are often assumed to follow ﬁrst‐order rate processes (Schwarzenbach et al., 2016), in which the reaction
rate is controlled primarily by the concentration of one of
the reactants (with pseudo‐ﬁrst‐order kinetics occurring
when the other reactant is either present in excess or is
being kept constant). First‐order kinetics usually apply only
at low concentration with some reports that true ﬁrst‐order
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FIGURE 2 Schematic of a conceptual unit‐world model that helps organize the Integrated Framework for Persistence Assessment. Green squares indicate types
of data that inform substance fate in the various compartments, which can receive the substance depending on its manufacture, use, disposal, and
physicochemical properties

kinetics were not obtained unless test concentrations were
as low as 1 µg/L (Subba‐Rao et al., 1982). However, multiple
studies have demonstrated that degradation kinetics
change as substance concentrations change, and these
rates are not always ﬁrst order. Results of biodegradation
studies conducted at high substrate concentrations may not
accurately reﬂect degradation at low (environmentally realistic) concentrations (Hales et al., 1997; Jones &
Alexander, 1986; Scow et al., 1986). Others have demonstrated that organic compounds are degraded at low concentrations, but not at unrealistic higher concentrations
where toxicity may occur (Hammershøj et al., 2019).
Summary of the WoE approach
The key driving principle behind this Integrated Framework for Persistence Assessment is the need to understand
the degradability of a molecule in different relevant environmental compartments based on the substance's emissions and known physicochemical properties. A conceptual
model, or problem formulation, is required to provide a
basis for evaluating data between compartments or comparing different data types (e.g., photolysis vs. biodegradation). This will provide a basis for a critical review of
apparent outlier data. For example, is the outlier caused by
a real process or by an artifact of the experimental design?
And if notable differences are observed, then higher tier
evaluations should be performed to reconcile the differences. In a conservative assessment, the default assumption
for any substance is that it is not degradable, and testing
results and predictive models are generated to demonstrate
the opposite. If using a WoE approach, a precautionary
Integr Environ Assess Manag 2021:1–20

approach does not necessarily yield the correct outcome.
Therefore, in a WoE approach based on reliable and relevant data, evidence demonstrating lack of, or slow, degradation should be given less weight than evidence of
degradability, because a persistence assessment should
consider the intrinsic properties of a chemical and not necessarily identify the scenarios where degradation will not
occur. This is because it is always possible to ﬁnd or design a
system where a degradable substance would not degrade
(e.g., environmental‐dependent persistent), which may not
be realistic or relevant under typical use. Effective screening
should therefore focus on minimizing the impact of system
variables to focus, to the extent possible, on intrinsic degradation properties. To conclude that a substance is not
degradable using a WoE approach, there should be consistent evidence from both testing data and bioavailability of
the substance. For degradation to occur, three phenomena
must coincide: amenable chemical structures, effective
degradation processes, and a conducive environment. Any
evidence of degradability speaks directly to the amenability
of the chemical structure.
A multimedia approach should be used to account for the
physicochemical properties driving the fate of the molecules
(e.g., volatility) and focus the evaluation on key processes
that inﬂuence persistence (Figure 2). Controversially, from a
risk perspective, physical advection processes such as burial
may also be considered on the WoE because these processes result in reduced exposure to human and environmental receptors.
The OECD WoE framework can be used within the multimedia context described above because it is a representation
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of the actual processes that control the fate and exposure of
chemicals in the environment (Section on Proposed Multimedia Persistence Framework; Figure 1). The problem formulation needs to start with a hypothesis to guide the
downstream elements of the WoE scheme. In the present
work on persistence assessments, this should focus on characterizing the potential for a molecule to degrade. This
should be organized in a unit‐world approach to evaluate the
potential combination of multiple degradation and fate
processes that control the exposure of chemicals. This will
help focus attention on data that are relevant and realistic,
and avoid data that are confounded by unrepresentative
experimental design features.
Collection of data can include all of the elements outlined
in the present work, including ﬁeld data, QSAR, Pov, and so
forth. It may also include data from new experimental
methods and concepts described in Davenport et al. (2021).
The study quality should be evaluated to understand if the
data were accurately reported and sufﬁciently documented,
and based on realistic and relevant conditions that support
the guiding hypothesis.
This is related to the next step in data evaluation where
data need to be compared with the conceptual models and
hypotheses that are outlined in the problem formulation step.
This will allow reconciliation of potential outliers for data‐rich
substances, and will increase conﬁdence in the interpretation
of available data for data‐poor substances. In particular for
data‐poor substances, initial data evaluated in a Pov context
will allow comparison with legacy POPs and other chemical
types to guide the interpretation and evaluation.
Weighting of data should be informed by the multimedia approach to identify the relevant data. The
multimedia approach provides a natural framework for
integrating different LoEs because it is designed conceptually, and numerically, to predict the impact of different LoEs (fate processes in air vs. water vs. sediment,
use pattern, benchmarks, etc.). The multimedia data and
Pov can be used to determine where fate processes and
degradation occur and the Pov of the substance in a
multimedia unit world. This allows evaluators to focus on a
holistic approach to environmental fate and comparative
behavior instead of focusing solely on compartment‐wise
testing.

CONCLUSION
Persistence assessment—as part of chemical safety
assessment—is a key element in existing regulatory frameworks to protect human health and ecosystems from harmful
substances of concern. Persistence, however, is a very
complex concept to address: It is determined by a combination of chemical‐speciﬁc properties (intrinsic persistence)
and environmental factors (environment‐dependent persistence), and involves multiple processes in multiple compartments (e.g., air, water, soil, sediment, biota). Depending
on the substance, a thorough assessment of persistence
would thus require different types of data produced across
different compartments and according to different methods,
Integr Environ Assess Manag 2021:1–20
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leading to a wide variety of results. For ease of interpretation, the current regulatory frameworks focus mostly on
single‐compartment degradation half‐lives to assess persistence and prioritize substances for regulatory actions. This
approach, however, is reductionistic and, for a comprehensive evaluation of persistence, a ﬂexible and integrated
assessment framework needs to be developed upon
existing ones. This framework should integrate multimedia
fate and transport models to identify major distribution
patterns and transformation processes of substances once
released into the environment, and help establish data gaps
and testing needs following an intelligent testing strategy.
The Pov metric represents residence time based on such
models, and examples demonstrate how the Pov approach
would work for a data‐rich substance using a simple multimedia model. Further development for a wider range of
substances, including data‐poor examples, and more complex models used in environmental risk assessment are required, but are beyond the scope of this publication.
The proposed assessment framework should integrate a
transparent WoE methodology to combine all available information in an acceptable way for regulators. This will facilitate bringing science back to the core of the debate
regarding the introduction of modeling parameters or new
cutoff criteria and broaden the ﬂexibility of persistence assessment. Furthermore, the proposed framework supplements the precautionary principle by considering current
scientiﬁc insights and all relevant data where these are available, which results in reduced uncertainty. In addition, the
existing compartment‐based criteria should be critically reviewed for application in the context of the proposed inclusion of WoE and Pov into persistence assessments. This
type of framework has been successfully employed in some
regions (Bonnell et al., 2018), and there is potential for
application in others.
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