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Abstract

A number of international and national programs classify substances that are persistent (P or very P),
bioaccumulative (B or very B), toxic (T), or have the potential for long-range transport. The oldest of these programs
is the Stockholm Convention on Persistent Organic Pollutants. More recent programs address persistent,
bioaccumulative, and toxic (PBT) properties for chemicals in general (Registration, Evaluation, Authorisation and
Restriction of Chemicals, REACH; EC 253/2011) and plant protection products (PPPs) (EC 1107/2009). However, these
programs used different criteria for categorization. We critically assessed the criteria and process used in the
categorization of PPPs and noted that EC1107/2009, in contrast to the Stockholm Convention or REACH, offers no
process for carrying out a further, more refined assessment of those pesticides that are identified as having PBT
properties. Thus, in contrast to REACH, few basic screening criteria are used for final-step management decisions.
Guidance on the selection of data is not provided, and the criteria used are unclear. For example, no guidance is
given as to how the half-lives in soil, water, and sediment should be derived and the term ‘half-life’ is not clearly
defined. Large amounts of useful data on environmental and toxicological properties are available for PPPs but
most of this is not used in the categorization, for example, photolysis in water, water-sediment, and on soil,
important environmental degradation processes particularly relevant to pesticides. The criteria for bioaccumulation
and toxicity appear to be focused only on aquatic ecosystems and do not address the terrestrial compartment
which is particularly relevant for pesticides and potentially relevant for PBT considerations. The categorization
process under EC 1107/2009 could be made more efficient and reduce false negatives and positives if a formal
weight of evidence approach was applied to multiple lines of evidence. This paper presents these ideas and how
they can be incorporated into the framework for categorization to better classify plant protection products in terms
of persistence, bioaccumulation, and toxicity.
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Background
There are a number of international and national pro-
grams that are concerned with the categorization of
substances that are persistent (P or very P (vP)),
bioaccumulative (B or very B (vB)), toxic (T), or have
the potential for long-range transport (LRT) [1]. The
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objectives of these programs are protection of the envir-
onment and humans from substances that may harm
these entities, either locally or globally, by accumulation
in organisms where they then exert toxic effects. The
oldest of these programs is the Stockholm Convention
on Persistent Organic Pollutants (POPs) and is coordi-
nated by the United Nations Environment Programme
[2]. Related to this convention is the recognition of the
potential for long-range transboundary air pollution as
another issue of relevance to POPs [3]. The objectives
of the Stockholm convention on POPs have been
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incorporated into several other jurisdictions such as the
Persistent Organic Pollutant (POP) Regulations in the
European Union (EU) [4].
In addition to the multinational conventions, there are

a number of other programs in Europe that consider
persistent, bioaccumulative, and toxic (PBT) properties
of chemicals. These criteria for PBTs are different from
those used to classify POPs as they employ shorter half-
lives, smaller bioconcentration factors, and do not con-
sider long-range transport in the same way as for POPs.
The Programs in the EU recently have been reviewed by
Moermond et al. [1] who pointed out that there are signifi-
cant inconsistencies in the criteria used for categorization
of PBTs and that these inconsistencies extend to the
procedures for management of risks from the PBTs.
They also point out that these differences create a chal-
lenge to the harmonization of the assessment of sub-
stances that have the properties of PBTs and/or vPvBs.
Some of categorization schemes, such as that used in
Registration, Evaluation, Authorization and Restriction
of Chemicals (REACH) [5], make use of criteria that are
followed by a weight-of-evidence analysis; while others,
such as those for categorization of plant protection
products (PPPs), base management decisions on basic
PBT criteria only.
The criteria for the categorization of the POPs were

developed in the late 1990s by the Criteria Expert
Group for Persistent Organic Pollutants [6]. These cri-
teria were developed by scientific consensus (A Gilman,
personal communication) but are very similar to the cri-
teria for P and B that were proposed in Canada in 1995
Table 1 Summary of criteria for the categorization of plant p

Criteria POP

Persistence (P)

Persistent Water, DT50 > 2 months

Sediment, DT50 > 6 months

Soil, DT50 > 6 months

Very persistent -

Bioaccumulation (B)

Bioaccumulative BCF > 5,000 or log KOW > 5

Other, e.g., very toxic or bioaccumulation in
nontarget species

Very bioaccumulative -

Toxicity (T) No specific criteria other than “significant adverse
effects”

Potential for long-range
transport (LRT)

Air, DT50 > 2 d or modeling or monitoring data
which shows long-range transport

t½, half-life.
[7] and later incorporated in the management policy for
toxic substances in Canada [8]. The criteria were based
on the properties of a number of compounds [9], all of
which were subsequently classified as POPs under the
Stockholm Convention. It is important to note that nei-
ther of these Canadian documents nor the POP Con-
vention [2] recommended the use of the criteria for P, B,
and T as a final step in the process of risk management
but rather that decisions be made ‘after rigorous scien-
tific assessment’ [8] and that ‘Expert opinion and a
weight-of-evidence approach must play important roles
in the interpretation of scientific data and in the appli-
cation of the criteria presented here. This is particularly
the case where persistence and bioaccumulation data
identified for a substance are close to the critical values
recommended’ [7].
While we recognize the importance of the above chal-

lenges to the harmonization of categorization in global
and local jurisdictions, the primary focus of this paper is
on the criteria and process used for the categorization of
PPPs under EU Regulation 1107/2009 [10]. To serve as
the basis for discussions in the rest of the paper, the
criteria for categorization are summarized in Table 1.
Although our primary focus is on the PBT and not vPvB
materials, some of the issues discussed are relevant to
vPvB materials. Also, although categorization of sub-
stances susceptible to LRT is also considered in the reg-
ulations, this will not be specifically addressed.
The categorization of PPPs (which includes the technical

active ingredient and any synergists and/or safeners, but
not other formulants [10]) is based in the regulations of
rotection products as PBT or vPvBT from [10]

PBT

Marine water, t½ > 60 days

Fresh water, t½ > 40 days

Marine sediment, t½ >180 days

Soil, t½ > 120 days

Water, t½ > 60 days

Sediment, t½ > 180 days

Soil, t½ > 180 days

BCF > 2,000 in aquatic species

BCF > 5,000

Chronic NOEC <0.01 mg/L or is a carcinogen, mutagen, or toxic for
reproduction, or other evidence of toxicity

None
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the EU and this is recognized. The objective of this critical
review is to consider the science used in this process and
to offer suggestions for methods for the selection of the
most appropriate data for conducting the categorization.
By appropriately selecting the relevant data to be used in
the cut-off process, false positives can be reduced while
still identifying the critical compounds with greater cer-
tainty. Our focus here is on EC 1107/2009, but some of
the points we raise may be useful in the context of other
regulations.

Main text
Methods
As the nature of this paper is a discussion paper, we
searched the literature for papers, reports, and govern-
ment documents relevant to the topic of persistence,
bioaccumulation, and toxicity of chemicals. The litera-
ture was searched using databases such as SciFinder and
PubMed as well as citations in review articles. The focus
of our search was on PPPs but, where relevant, data for
other substances were used to inform our analysis. The
report and papers resulting from the Society of Environ-
mental Toxicology and Chemistry (SETAC) POPs work-
shop held in 2008 [11], et seq., were particularly useful
in this regard.

Protection goals
As with any risk assessment concerned with the environ-
ment, the protection goals are important initial consider-
ations. Protection goals provide a focus to the regulations
and any hazard and/or risk assessments carried out under
the regulation. Without protection goals, ‘the statement of
what is to be protected and the assessment endpoints to
use as operational measure of the protection goal’ [12], it
is not possible to assess hazards or risks in a transparent
manner. Individual organisms are rarely important in pro-
tection of ecological receptors [13]. Indeed, individuals
can be removed from populations without necessarily af-
fecting the size and dynamics of populations and of the
structure and functions of biological communities and
ecosystems that are the objective of ecological protection
[14]. Therefore, a key issue in ecological risk assess-
ment is extrapolation from data obtained on a few indi-
viduals in a few species to the effects on populations
and to their consequences for ecosystem structure, pro-
cesses, and services.
In some regulatory instruments for environment pro-

tection, such as REACH [15], EC 1107 [10], and Biocides
Directives [16], the focus is on chemicals and the protec-
tion goals are only vaguely defined in biological terms.
In other regulatory tools, such as the Water Framework
Directive (WFD) [17], the Marine Strategy Framework
Directive [18], and the forthcoming Soil Directive, the
approach is more holistic, considering many potential
stressors capable of affecting ecosystems and the assess-
ment endpoints. Moreover, the focus of the regulations
is on ecosystems and not on chemical substances. Fi-
nally, these regulatory instruments require a site-specific
or region-specific assessment, accounting for the vulner-
ability and the particular ecological values of the ecosys-
tems [19].
According to the WFD, the objective is the attainment

of a ‘good’ ecological status defined as follows [17]:

The values of the biological quality elements for the
surface water body type show low levels of distortion
resulting from human activity, but deviate only
slightly from those normally associated with the
surface water-body type under undisturbed
conditions.

This means that the goal for protection is to maintain
the conditions of aquatic ecosystems as close as possible
to the characteristics of natural water bodies not subject
to human activities. This is an ambitious goal for aquatic
ecosystems, but it is not applicable, in most cases, to the
terrestrial environments where structure and functions
of ecosystems have been greatly modified by human ac-
tivities to provide specific services to humans such as
food, housing, infrastructure, and recreation. Typical
cases are agricultural areas where an artificial ecosystem
(the agro-ecosystem) is established and is not intended
be returned to natural conditions. In these cases, the
goals for protection are different, consisting of a com-
bination of ecological function and human needs and a
more anthropocentric concept of environmental protec-
tion [20]. A reasonable goal for these kinds of ecosys-
tems is the protection of ‘ecosystem services’, ensuring
that the ecosystem services are maintained in a sustain-
able way while still allowing modifications and impacts
on ecosystems in order to provide specific services to
human needs such as agricultural production [21].
Combinations of properties related to P, B, and T
Protection of the environment and human health re-
quires consideration of the probability that adverse ef-
fects will occur. In the context of PBTs, this requires
that the organisms are susceptible to the substance
(i.e., that they possess the target receptor(s) for the pri-
mary mode of action) and that the exposures experi-
enced by the organism(s) are such that the threshold
for toxicity is exceeded. Thus, as for all chemicals, the
probability of adverse effects is a product of the com-
bination of susceptibility and exposure. Properties that
are important in determining exposures and toxicity
for PPPs are discussed below. A number of terms re-
lated to P, B, and T are used in this paper. For a more
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detailed definition of these terms, readers should see
information in Additional file 1.

Persistence, bioaccumulation, and biomagnification
Exposures to PPPs is dependent on the quantity used
(the application rate; see discussion of toxicity below)
and the fate of the substance in the environment. Fate,
specifically in the context of P and B, is dependent on
the physical and chemical properties of the substance
as well as the environment into which it is released.
Bioconcentration in aquatic organisms is driven pri-
marily by properties related to KOW [22]. Bioaccumula-
tion and biomagnification are also driven by KOW (and
KOA for terrestrial species [23]); however, they also are
dependent on P in that rapid metabolism to less hydro-
phobic metabolites will reduce the potential for bio-
accumulation and biomagnification, the processes of
greater concern. The important concept that needs to
be considered when assessing exposures is that P and B
are dependent on the properties of the chemical and its
environment. Thus, while basic properties such as KOW

or KOA may predict bioconcentration, metabolism in
organisms [24] or degradation in the environment by
processes such as photolysis may negate this, as in the ex-
ample of the pyrethroid insecticides, which have large
KOWs but are not bioaccumulated or biomagnified [25].
Similarly, persistence in one environment should not be
extrapolated to other environments. The half-life for many
PPPs varies strongly with temperature, and persistence is
reduced or increased in various environmental media with
increasing or decreasing temperature, respectively. An ex-
ample is the decrease in half-life of chlorpyrifos in water
from 100 days at 15°C to 10 days at 35°C [26]. The same is
true with photolysis, which varies with latitude and season
[27], but not always as one may predict. For example, the
observed dissipation of triclopyr in a northern lake in
Ontario was more rapid than in the southern USA be-
cause degradation was primarily photolytic and penetra-
tion of light in the clear water of the northern lake was
greater than in turbid waters on the southern USA, and
day-length was greater in the north [28]. In this regard,
photolysis can be a critical process that is particularly rele-
vant to persistence of PPPs, as they are mostly used out-
doors where light is abundant and a necessary component
of agricultural production. The important concept here is
that all environments are not the same and persistence of
PPPs needs to be considered in relation to the environ-
ment of release and, if significant amounts are trans-
ported, in the receiving environment.

Toxicity
Toxicity is dependent on the chemical and physical
properties of the substance, but PPPs are a special case
as these chemicals usually have selectivity for the pests
they are used to control and their release into the envir-
onment is known. Thus, herbicide is generally most
toxic to plants and generally least toxic to animals. This
selectivity should be considered in the management of
risks from PPPs, whether they have PBT properties or
not. This may become important in the consideration of
toxicity of PPPs in that these chemicals are generally
more toxic to the target organisms than large-volume
chemicals that are typically used in commerce. The rate
of application of PPPs is dependent on potency so that
potential exposures in the site of release are normally in-
versely proportional to the toxicity to the target organ-
ism. This relationship results in a more or less constant
ratio of toxicity per unit area of use and this is defined
on the label of the product. This is an important concept
in that the toxicity of PPPs must always be normalized
to application (release) rates when assessing T; unfortu-
nately, this concept is not considered when classifying
on the basis of a single simple hazard criterion.

Discussion
Data for use in characterizing P, B, and T
Availability of data on P, B, and T for PPPs
Plant protection products are registered or authorized
for use in almost all jurisdictions, and all of these regis-
trations must be supported by a large amount of data. In
the EU, this authorization is under the auspices of Regu-
lation 91/414 [29] which is now followed by Regulation
1107/2009 [10], and data on the environmental fate and
toxicity to non-target organisms must be provided to
regulators and must be evaluated prior to the product
being allowed for sale in the market. The testing process
is rigorous and provides a much larger amount of data
for PPPs than for substances used in other areas, such as
those being addressed under the REACH regulations.
These data are from studies conducted in the laboratory
under approved guidelines as well as from the field and
provide verified information on persistence, bioaccumu-
lation, and toxicity. Given the wealth of data available, it
is appropriate to use these data to the fullest extent and
it is not necessary to use values from in silico models or
derived from quantitative structure-activity relationship
for the PPPs.

Quality of data
Quality of data is important when assessing the proper-
ties of any substance for the purposes of categorization
or assessment of risks. While the use of approved guide-
lines such as those published by the Organisation for
Economic Co-operation and Development (OECD) is
important for the purposes of comparisons and ranking,
the quality of the conduct of the study is also important.
Where multiple data points are available for a substance,
data of the best quality must be used.
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Several procedures have been developed for assessing
the reliability of data on environmental fate and toxicity
that are published in the literature. An internationally
accepted procedure was proposed by Klimisch et al. [30],
and similar guidelines are used in other jurisdictions
[31]. The procedure classifies data from the literature in
four categories: reliable without restrictions, reliable with
restriction, not reliable, and not assignable. However,
registration of PPPs is supported by a large number of
studies conducted according to guidelines and under
very stringent conditions that ensure the transparency
and veracity of the data. Thus, in characterizing PPPs,
data from guideline studies such as those of the OECD
that are conducted under good laboratory practice
(GLP) with quality assurance and quality control (QA/
QC) are also available. Because guidelines studies follow
consistent protocols, data can be more reliably com-
pared between compounds and the criteria. In addition,
GLP with QA/QC enhances the transparency and ver-
acity of the data [32]. For this reason, these studies
are the most preferred; however, non-guideline studies
conducted in the spirit of GLP can also be included
(Table 2). Therefore, with specific reference to studies
required for registration of PPPs and the recommenda-
tions of Klimisch et al. [30], selection of data should be
in the order indicated below Table 2. Data in ranks 3
and 4 should not be used.
It is important to recognize that some chemicals may

possess unusual properties and it may not be possible to
characterize P, B, or T properties by using standard
guideline tests. An example is D5-siloxane which re-
quired special non-guideline procedures to compensate
for high vapor pressure and high KAW of the material
[33]. Thus, provided the correct hypothesis was tested,
the quality of the data can be judged as above.

Multiple data
Dossiers for PPPs submitted by applicants for registration
usually contain reports of several simulation studies for
one appropriate environmental medium, e.g., soil, sedi-
ment, and water. However, data from non-standardized
simulation studies may provide useful information on the
Table 2 Criteria for selection of data for categorization of PPP

Rank Guideline
study

Non-
guideline

GLP with
QA/QC

Spirit of GLP full
protocol and raw data

Mino
but o

1 X X

X X

X X

X X

2 X

3

4

temporal behavior of PPPs in an appropriate environment,
which might be used for assessing the influence of import-
ant environmental conditions on properties such as per-
sistence. In some cases, laboratory tests may not be
realistic enough to accurately represent actual bioaccumu-
lation patterns in organisms living in natural ecosystems.
Where multiple data are available, the best quality

data should be selected. However, there may be reasons
to include lesser quality data, at least to ground-truth
predictions, such as the normalization of persistence for
differences in temperature between regions. If all data
are of equal quality, several options are available. If the
worst-case values are less than the cut-off values, then
the (PPP) can be removed from further consideration as
P, B, or T. If there is a range of values that cannot be
explained by regional or other environmental factors,
the median or geometric mean value could be used [34].
For example, the median was used by Beyer and
Matthies [35], and Matthies et al. [36] derive soil deg-
radation half-lives for 45 currently used pesticides when
more than one simulation test results were available. Al-
ternatively, the distribution of the values could be used
in a Monte Carlo process to generate a distribution of
probabilities to allow a probabilistic characterization of
P, B, or T.

Weight of evidence
Ideally, all guidelines and criteria should be based only
on scientific evidence. In this sense, the data on P, B, or
T are all lines of evidence that are brought together to
identify substances that are potentially harmful in the
environment. This process should be undertaken using a
weight of evidence approach where the quality of the
data is assessed and the evidence is weighed in a formal
and transparent sense. However, the weight of evidence
process often is ill-defined or inconsistently applied [37].
In most papers published in the human risk assessment
literature, the term was used metaphorically [37]. The
same is true for the ecotoxicological literature except
work on contaminated sites [38], et seq., rivers [39,40],
and in the identification of toxic substances in sedi-
ments, and in the assessment of their risks [41,42].
s

r issues in the methods
therwise clear

Major issues in the
methods or reporting

Reliability of
data (from [30])

Without
restrictions

With restriction

X Not reliable

Not assignable
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Annex XIII of REACH [5] suggests that in the
categorization of PBTs, the weight of evidence approach
be used:

A weight-of-evidence determination means that all
available information bearing on the identification of a
PBT or a vPvB substance is considered together, such
as the results of monitoring and modelling, suitable
in vitro tests, relevant animal data, information from
the application of the category approach (grouping,
read-across), (Q)SAR results, human experience such
as occupational data and data from accident
databases, epidemiological and clinical studies and
well documented case reports and observations. The
quality and consistency of the data shall be given
appropriate weight. The available results regardless of
their individual conclusions shall be assembled
together in a single weight-of-evidence determination.

Unfortunately the Annex does not specify how these
weights should be applied and how they should be ag-
gregated into a total weight of evidence. However, a
number of recent papers have provided suggestions as to
how this may be done [43,44].

Persistence
Assessment of P under EC 1107/2009
There is inconsistency in the criteria used for catego-
rization of various substances under regulations in the
EU. The criteria for considering an active substance
(PPP), safener, or synergist to be a persistent, bio-
accumulative, and toxic substance are laid down in
paragraph 3.7.2 of Annex II of Regulation EC 1107/
2009 [10]. The persistence criterion is fulfilled when the
half-life in marine water and sediment, fresh and estuar-
ine water and sediment, and in soil exceeds specific
values (see Table 1). It is further noted that ‘assessment
of persistency in the environment shall be based on
available half-life data collected under appropriate con-
ditions, which shall be described by the applicant.’ Simi-
larly, in paragraph 3.7.3.1, a very persistent substance
(vP) is characterized by longer half-lives in the same en-
vironmental media. The term ‘half-life’ is neither clearly
defined nor further specified as to the environmental
media considered for assessment. Moreover, the term
‘appropriate condition’ needs further explanation.
In paragraph 3.7.1 of Annex II [10], persistence is also

used as a criterion for the categorization of an active
ingredient of a PPP as a persistent organic pollutant
(POP). Here, the persistence criterion is fulfilled when
there is evidence that the time it takes for degradation of
50% (DT50) in water, soil, and sediment is greater than
specific values. The term “degradation of 50% (DT50)” is
in contrast to Annex D Information Requirements and
Screening Criteria of the Stockholm Convention on Per-
sistent Organic Pollutants, which uses the term ‘half-life
of a chemical’ in water, soil, and sediment [2]. Half-life
based on degradation is more appropriate than dissipa-
tion (movement and/or partitioning) into another com-
partment [6].
Regulation EC 1907/2006, the REACH, was amended

in March 2011 [5] to take into account the identification
of PBT and vPvB substances to ensure a high level of
protection for human health and the environment. In
Annex XIII [5], persistence criteria are specified as ‘deg-
radation’ half-lives, which are identical with those of
Annex II of Regulation 1107/2009 [10]. Moreover, infor-
mation for the assessment of P and vP properties to be
considered are results from simulation testing on deg-
radation in surface water, soil, and sediment and other
information from field studies or monitoring studies,
provided that its suitability and reliability can be reason-
ably demonstrated.
There are three problems associated with the proce-

dures for evaluation of P as it is implemented under
regulation EC 1107/2009 [10]. First, no guidance is given
as to how the half-lives in soil, water, and sediment
should be derived for comparison with the criteria of
Annex II. Second, the selection of the numerical values
of the half-life criteria in Annex II is not optimal be-
cause they are based on the half-lives of legacy POPs or
‘dirty dozen’ with highest half-lives in soil and sediment
and lowest half-lives in air and water. It is worth noting
that the problem of long-range transport, typically in air
for POPs, is specifically addressed elsewhere in the
Annex II (Section 3.7.1.3) and is the reason for the used
half-life in air as a trigger for long-range transport in the
POPs Convention. Current-use PPPs have quite different
chemical structures than the chlorinated dirty dozen and
thus other combinations of half-lives [36]. Moreover, the
partitioning of these substances between environmental
compartments is not taken into account. PBT assess-
ment is based on intrinsic properties of the chemicals
and not on exposure assessment. However, partitioning
between compartments is relevant in order to assess the
different behavior of the chemical in the different media
and, as a consequence, its overall persistence [45]. Third,
in contrast to the REACH regulation [5], a weight-of-evi-
dence approach is not part of the PBT assessment. Taking
these problems together, it is clear that the possibility ex-
ists that some chemicals which are persistent in the envir-
onment will not be identified as persistent and vice versa.

Testing for persistence

Laboratory methods Laboratory simulation studies in
an appropriate environmental medium at environmen-
tally realistic conditions are tests that could provide a
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definitive degradation half-life that could be compared
directly to the persistence criteria as defined in Annex II
of EC 1107/2009 [10]. Such tests allow measurement of
biotic and abiotic degradation processes. A correctly
conducted study using either the OECD Guidelines for
soil [46], water/sediment [47], or water [48], or equiva-
lent SETAC [49], US Environmental Protection Agency
[50], or BBA (Federal Biological Research Centre for
Agriculture and Forestry, Braunschweig) guidelines
[51,52], with the degradation half-life calculated for the
appropriate compartment, would allow direct compari-
son to the criteria. However, even with a correctly
conducted study, results can be difficult to interpret,
particularly when partitioning between phases and/or
aerobic/anaerobic conditions can arise. The use of 14C-
labeled material under controlled laboratory conditions
enables determination of all residues and, by trapping
evolved 14CO2, the establishment of a complete mass
balance.
The simulation tests as described above address the fate

and behavior of a substance as it may be expected in the
environment including information about partitioning in
the test system, primary or complete degradation, adsorp-
tion behavior, and route of degradation (degradation prod-
ucts). The endpoints usually addressed are primary or
ultimate degradation rate and half-lives or DT50s for the
compartments included in the test system as well as the
route of degradation, metabolites, and non-extractable res-
idues (NER). In general, NER consist of covalently bound
and biogenic residues [53] as well as sequestered or en-
trapped xenobiotic molecules in structural voids and
hydrophobic interiors of micelle-like humic aggregates
[54]. The first two fractions are considered to be an inte-
gral part of the organic soil or sediment matrix. The third
fraction of NER might be reversibly sorbed and slowly re-
leased over long time leading to small extractable
amounts. This was recently shown by Jablonowsky et al.
[55] by means of accelerated solvent extraction and LC-
MS/MS analysis of atrazine and 2-hydroxy-atrazine in an
agriculturally used outdoor lysimeter 22 years after the last
application. However, the concentrations were so small
that DT50 or half-life estimations would not be quantita-
tively altered. Moreover, the particular concern of PBT
compounds is the combination of the three characteristics,
and, in this context the bioavailability, i.e., that they will be
present in amounts that are toxic or bioaccumulate is es-
sential [56].

Field methods Terrestrial field dissipation tests under
realistic outdoor conditions are triggered in EU regula-
tion 1107/2009 (as well as the outdated EU Directive 91/
414) if the laboratory half-life of a parent substance ex-
ceeds a given trigger value of 60 days. Guidance for out-
door dissipation studies is available [49,57,58].
Dissipation time values in laboratory and field soils are
only weakly correlated (0.2 < r2 < 0.3). This is most likely
because laboratory test protocol requires artificial pre-
treatment of the soil such as drying, sieving, and
remoisturizing in comparison to undisturbed conditions in
the field. Also, variability in field soil is large and additional
processes such as volatilization, photolysis, and leaching
also influence dissipation [35]. Loss processes other than
biodegradation (and the formation of non-extractable resi-
dues) such as volatilization, photodegradation, or leaching
out of the analyzed zone need to be reduced in the design
of the experiments or considered in the estimation of pa-
rameters. Guidance on how to evaluate terrestrial field dis-
sipation studies to obtain biodegradation half-lives is given
in Forum for Co-ordination of Pesticide Fate Models and
their Use (FOCUS) [59-61] as well as in European Food
Safety Authority (EFSA) [62].
In order to use terrestrial field half-lives for exposure

modeling following the principles of the EU regulation
1107/2009, normalized biodegradation half-lives are re-
quired. Guidance on normalization of field half-lives to
reference conditions (usually 20°C and moisture at pF 2)
is given in FOCUS [60] and EFSA [62]. The normalized
biodegradation rates from field studies corrected for all
other loss processes (e.g., volatility and leaching) are dir-
ectly comparable with degradation rates obtained from
laboratory studies as described above and therefore ap-
propriate to be compared with the P criterion for soil. In
contrast to terrestrial field dissipation studies, no guid-
ance is available for aquatic outdoor studies.
Simulation test for soil
Pesticides have to be tested on their biodegradability in
soil by simulation tests in laboratory and field. Guide-
lines from various institutions have been issued for
simulation testing under aerobic as well as anaerobic
conditions (e.g., [46,51]). In soil simulation tests, soil
samples are incubated with the test compound and ana-
lyzed for the parent compound and transformation
products after appropriate time intervals. The use of
14C-labeled material under controlled laboratory condi-
tions enables determination of all residues and, by trap-
ping evolved 14CO2, the establishment of a complete
mass balance. The times after 50% or 90% of the applied
quantity have disappeared (or dissipated) are called
DT50 and DT90, respectively. They are used as regula-
tory endpoints to quantify removal dynamics and to as-
sess persistence in soil. Moreover, the percentages of
applied radioactivity (%AR) present as metabolite(s),
mineralized 14CO2, and NER after 100 days of incuba-
tion are reported and used as additional information for
assessment of pesticide exposure. However, these three
additional endpoints cannot be used in PBT assessment
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because they do not provide data for comparison with P
criteria.
The report of the FOCUS work group on degradation

kinetics [60] describes kinetic models to meet the require-
ments for registration of pesticides in the EU. The three-
compartment model consists of an input compartment
(parent compound), a metabolite compartment (sometimes
further compartments of secondary metabolites) and an
output compartment (sink) including evolved CO2 and
NER. Disappearance of the test substance is described by
primary degradation and loss to the sink compartment,
which is also fed by reaction of metabolite(s). Thus,
mineralization and formation of NER are not distinguished
as separate processes. However, simulation tests provide
time series of NER and evolved 14CO2, which can explicitly
be considered for fitting kinetic model parameters.
The FOCUS model was extended by Matthies et al.

[63] by taking into account mineralization and NER as
separate pools. They applied their kinetic four-pool
model to 14C-labeled residues measured by aerobic soil
incubation studies reported in dossiers submitted for
authorization of eight PPPs and determined parameters
for first-order kinetic rate constants by fitting time series
from 40 studies. Correlation of kinetic rate constants for
primary degradation and formation of NER from parent
pesticide suggested a common mechanism, presumably
co-metabolic microbial activity for both processes. Re-
cently, Loos et al. [64] verified these conclusions by
applying the same four-pool kinetic model to a data set
of degradation time series for 73 pesticides. They also
found a high correlation between primary degradation
and formation of NER from the parent compound, indi-
cating that the actual degradation half-lives in soil typic-
ally do not exceed disappearance half-lives by more than
a factor of 2. They evaluated only data derived with one
standard soil (Speyer 2.2), which reduced the influence
of the natural soil variability. A difference in the persist-
ence of a factor of 2 is small compared to the observed
natural variability of soil degradation half-lives. FOCUS
[60] combines all degradative loss processes of the par-
ent compound, i.e., primary degradation, mineralization,
and formation of NER, into a DegT50 which is used for
comparison with the P/vP criteria of 120/180 days in
soil.

Simulation test for sediment
In the framework of the registration of pesticides, exper-
iments in standardized water-sediment test systems are
required for substances which are not readily biodegrad-
able. These experiments are useful to evaluate the deg-
radation of the substances under realistic and field-
relevant conditions in the sediment [47,49,52]. Detailed
procedures are available for conducting these studies
and for interpreting the results [60,65].
It must also be pointed out that the experimental
setup allows for settling of suspended solids during the
acclimatization phase. Thus, the microbial biomass in
the water phase during the experiment is most likely
very small and biodegradation is negligible in the bulk
water phase. This implies that true loss processes largely
occur in the sediment. In addition to biodegradation,
formation of bound residue is most likely responsible for
the long-term decrease of the active ingredient in the
sediment as well as in the bulk water phase due to the
partitioning between both phases. DT50 for the whole
system characterizes degradation as well as formation of
bound residues in the sediment and is used as a conser-
vative approximation of the half-life in sediment for
comparison with the P criteria.

Simulation test for surface water
As the OECD test for degradation in surface water OECD
method 309 [48] is a new data requirement under EU
Regulation 1107/2009 EEC [10], there is not yet much ex-
perience with this simulation test. Since almost all PPPs
are intentionally stable to hydrolysis, it is expected that
many substances, even if they have very short half-lives in
‘real-world’ natural aqueous systems, will be shown to be
persistent in this test. The unrealistic conditions (no pho-
tolysis, no partitioning to sediment, and little microbial ac-
tivity) used in the OECD 309 test will result in very long
half-lives. It is therefore questionable if this test can pro-
vide a realistic measure of persistence a substance in a nat-
ural aquatic environment.
Direct photolysis is an important removal process from

the water phase. Only quanta of UV/visible light (290 to
800 nm) are energetic enough to break bonds between
atoms in a molecule. As a consequence, chemicals that
absorb light significantly in this region can undergo dir-
ect photolysis in the water phase. Several guidelines for
the study of photolysis of PPPs are available [49,66-69].
Indirect photolysis in natural water is tested for in the

same way as described above, except that water from a
natural system is used instead of an aqueous buffer sys-
tem. There is no requirement regarding the water quality
parameters, but it has to be taken from a natural source,
which has to be described properly. The study is con-
ducted under sterile conditions with a dark control in par-
allel. The only existing guideline is from Japan [69]; an
OECD draft was in preparation but has never been final-
ized. For European registration, a water/sediment study in
the presence of realistic intensity of light that is represen-
tative of the outdoor spectrum of sunlight appropriate to
the intended use of the PPP (latitude and length of day in
relation to season of use) could be used to obtain more
realistic information about degradation in the aqueous
system under natural conditions, where sunlight and
photosynthetic organisms are present.
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If a PPP is photolytically and hydrolytically stable, i.e.,
failed the P/vP criteria in water alone, partitioning into
sediment may be fast enough to allow degradation in
sediment. Partitioning into sediment is measured in the
water/sediment simulation test using OECD method 308
[47] and reported as time to 50% dissipation (a combin-
ation of partitioning and degradation). This DT50 de-
scribes the residence time of a PPP in the water phase
and, thus, its availability for bioaccumulation into and
adverse effects on water-column organisms. In particular
for PPPs that have a large KOC, partitioning into the
sediment and degradation there (including formation of
NER) is the dominant removal process. For such sub-
stances, the DT50 from water approximates the half-life
in water and provides a measure for comparing it with
the P/vP criteria in water. Even if the adsorption to sedi-
ments is reversible, the partitioning of these types of
compounds is strongly towards the adsorbed phase un-
less the desorbed chemical is degraded in the water
phase. The key point is that less chemical is available to
organisms for uptake and/or bioaccumulation.

Normalization and/or extrapolation to other conditions
and/or scenarios
Soil half-lives derived from time series data from labora-
tory simulation and field studies show large variability
between different tests. Extrapolation of such results to
conditions other than those used in the test (e.g., average
environmental conditions) is a critical step that would
require detailed knowledge about the effect of sorption
and consideration of the large natural variability of bio-
mass activity and biological degradation potential for the
compounds of interest. Normalization for temperature
and soil moisture is a common procedure in characteriz-
ing P and is required to extrapolate degradation rates to
different scenarios. For the most part, normalization re-
duces the variability of field degradation rates measured
under extreme conditions of temperature and moisture
content. In order to compare field degradation rates with
a single trigger value, normalization could aid arrival at
a more conclusive decision. If normalization is not ap-
plied, differences in P in the field could be due to the time
of application e.g., spring versus autumn. Normalization is
usually not required for assessment of P in water and sedi-
ment because half-lives are mostly measured under la-
boratory standard conditions, e.g., room temperature.
Corrections for differences in temperature and soil

moisture also can be made. The temperature depend-
ence of the soil degradation half-life can be calculated by
the Arrhenius equation. The ratio of degradation half-
lives at a 10°C higher temperature is defined as the fac-
tor Q10. EFSA [70] re-evaluated the default Q10 value
of 2.2 derived by the FOCUS Work Group1 [71] and
recommended that extrapolation of half-lives should
only use the updated default activation energy of 65.4 kJ
mole-1 and a Q10 of 2.58. Soil moisture can have a sig-
nificant influence on microbial activity and on bioavail-
ability of PPPs and thus on half-lives of degradation in
soil. Half-lives can be corrected for moisture content of
soils by the methods proposed by FOCUS [60].

Bioaccumulation
Assessment of B under EC 1107/2009
All living organisms take up chemicals from the environ-
ment. The concentration that may be attained within tis-
sues is the combined result of uptake and clearance
processes that, in steady state conditions, determine the
bioconcentration and/or bioaccumulation factor (BCF/
BAF). By stopping exposure, the clearance process may
be studied by evaluating the clearance time (CT) (e.g.,
CT50 or CT95, the time needed to achieve 50% or 95%
dissipation in an organism). Clearance time may be mea-
sured using the OECD guideline for bioaccumulation
testing OECD method 305, [72] and should be consid-
ered as a necessary endpoint as this can be better used
to estimate the steady state BCF. Specific values for CT
have not yet been proposed. Obviously, the relevance of
these processes and the patterns of uptake are substan-
tially different in the different organisms, depending
upon their biological characteristics, their ecological and
trophic role, the type of environment (aquatic or terres-
trial), and the physical and chemical properties of the PPP.
In primary producers, only bioconcentration processes

occur. Uptake of chemicals by algae and aquatic plants
depends on diffusion from water through plant (or cell)
surface or from sediment pore water through the surface
of the root. Similar patterns occur in terrestrial plants;
root uptake from soil pore water and foliar uptake from
air. However, there is enough experimental evidence
demonstrating that for lipophilic and semi-volatile
chemicals, foliar uptake is the most relevant route of up-
take [73,74]. Systemic pesticides can be transported
within plants. However, the mechanisms of absorption
from roots or foliage are the same mechanisms as for
bioconcentration.
In animals, all processes (bioconcentration, bioaccumu-

lation, and biomagnification) are possible, but uptake pat-
terns are different in relation to the type of environment
(aquatic and terrestrial) and the trophic role of the
organism.
In aquatic animals, bioconcentration and uptake through

respiratory surfaces are often the most important pro-
cesses. For freshwater macrobenthic invertebrates, it
has been shown that concentration of chlorinated lipo-
philic chemicals is not related to the position in the
food web, indicating that bioaccumulation through
food and biomagnification are negligible in comparison
to bioconcentration. This could be explained by the
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small size and the large surface/volume ratio of these
organisms making bioconcentration the prevailing pro-
cess [75]. Bioaccumulation through food and bio-
magnification via the food chain are the most relevant
routes of exposures in fish [22] and become more im-
portant as log KOW increases above 5. Therefore, BCF
is not the most suitable parameter for quantifying
biomagnification in the aquatic food web and the
biomagnification factor (BMF) or the trophic magnifi-
cation factor (TMF) is preferred as the best measure
[76-79]. However, there is no criterion for BMF or
TMF in the regulations (Table 1). Other measures of
bioconcentration and bioaccumulation such as BCF
from soils and the biota-sediment accumulation factor
(BSAF) may be more difficult to use as they are
dependent on the properties of the matrix. However,
they might be useful to address bioaccumulation from
matrices that are more relevant for the compound.
They could be normalized to lipid content of the organ-
ism and concentration of organic carbon in the sedi-
ment [80,81], but criteria are not yet developed for
these measures.
The substantial differences in bioaccumulation/

biomagnification processes between water-respiring
and air-respiring organisms have been highlighted by
Gobas et al. [76]. In terrestrial animals in general, in-
take via food is the dominant route of exposure.
Bioconcentration of lipophilic chemicals may be pre-

dicted through a simple relationship with KOW discussed
in [22]:

logBCF ¼ aþ b logKOW

The use of the relationship with KOW is proposed by
Regulation 253/2011 (REACH) [5] as a preliminary
screening procedure for PBT or vPvB categorization
but a criterion is not provided in the Regulation. The
European Chemical Agency (ECHA) proposed the
value of log KOW > 4.5 as a criterion for B [82]. How-
ever, KOW does not account for metabolic transform-
ation and active excretion processes [24]. Therefore,
false positives are highly probable and KOW must be as-
sumed only as an indicator of worst-case conditions of
the ‘potential’ for bioconcentration. More complex
models, based on several molecular properties and de-
scriptors, have been recently developed [83-85]. These
models are more powerful than the simple relationship
with KOW; however, with the exception of EPISUITE
4.1 [83], they are limited to prediction of biocon-
centration and do not consider biotransformation and/
or excretion. As bioconcentration studies are required
for registration of PPPs with a log KOW of >3, modeling
or extrapolation of BCF from properties such as KOW is
not necessary.
Testing for bioaccumulation

Laboratory methods Measures of BCF for assessment
against the criteria are usually derived from laboratory
tests in controlled conditions. The only officially accepted
method for measuring BCF is the bioconcentration flow-
through fish test OECD method 305 [72]. However, there
is evidence indicating that the results of laboratory tests
may be substantially different, sometimes orders of magni-
tude from the results of field studies [86]. Assessing bio-
accumulation through laboratory tests presents the
following several challenges:

� Testing of chemicals with extremely low solubility is
not easy in aquatic systems and many sources of
error, such as adsorption to the test containers, are
possible. Steady state is often not established due to
the slow uptake process.

� Bioconcentration data do not necessarily predict
biomagnification processes.

� Laboratory tests usually measure bioconcentration;
testing bioaccumulation through food may be
more relevant, particularly for compounds with
low water solubility. The new version of OECD
method 305 [72] accounts for dietary exposure in
fish; however, at present there are no trigger values
given in the PPP regulation for this route of
exposure.

� There is experimental evidence indicating that
bioaccumulation patterns in terrestrial food webs
may be substantially different from those in aquatic
food webs [23,76]. However, at present, there are no
trigger values for this route of exposure in the PPP
regulation.
Field methods Considering the limitations and weak-
nesses of laboratory bioconcentration tests, the TMF
has been proposed as the best and most reliable tool
for assessing bioaccumulation and biomagnification of
chemicals [24,76]. However, at this time, reliable TMF
values need to be characterized from field studies on
chemicals that have been present in the environment
for enough time to allow the achievement of equilib-
rium in natural food webs. Assessing TMF values
through laboratory experiments in controlled condi-
tions may be too complex, expensive, and time con-
suming to be realistically applicable. It follows that
TMFs measured in the environment are a suitable
tool for the evaluation of chemicals which have been
in use for some time, but are less useful for the
PBT categorization of new chemical substances under
REACH or new PPPs under EU Regulation 1107/
2009 [10].
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Toxicity
Assessment of T under EC 1107/2009
For PPPs and biocides, the toxicity criterion presents
challenges because they are toxic chemicals, which, by
definition, are produced and used for the control of tar-
get species (pests). All PPPs will be specifically toxic to
at least one group of organisms. Very few PPPs are
highly specific for a few target species only. In most
cases, toxic effects comparable to those for target species
occur in non-target species belonging to the same taxo-
nomic group. For example, insecticides are toxic to the
target insects and often to other arthropods as well.
Also, they may present a risk to non-target beneficial in-
sects, such as pollinators. For other classes of chemicals,
toxicity may occur in taxonomic groups other than the
target species. For example, pyrethroid insecticides have
low toxicity for mammals but, because of differences in
absorption and metabolism, are toxic to fish. In other
cases, the toxicological mode of action may be the
inhibtion of physiologic and metabolic functions com-
mon to many taxonomic groups. For example, organo-
phosphorus and carbamate insecticides are inhibitors of
acetylcholinesterase, a key enzyme involved in nervous
transmission in most animals. Although PPPs are highly
toxic to one or more group of organisms (pests), they
do vary in toxicity. This variation in toxicity is consid-
ered in the recommended rates of application of PPPs
in that the more effective they are, the lower the rate of
application. Thus, it is inappropriate to use a fixed cri-
terion of toxicity for categorization, such as the 10 μg/L
recommended in Regulation 1107/2009 [10] as this will
lead to false negatives and false positives. However, in
another context, a fixed threshold based on intrinsic
hazard may be useful for prioritization for refined as-
sessment of risk.
The philosophy of the PBT concept, according to Regu-

lation 1107/2009 [10], is that a chemical with high persist-
ence and bioaccumulation capability may be transferred in
the food web, reaching concentrations that may present a
danger to organisms at higher trophic levels [76]. Even if
this concept is implicitly accepted by the procedure which
requires that all the three criteria (P, B, and T) must be ful-
filled, it is never explicitly mentioned in official regulatory
documents. This may lead to a misleading interpretation
of the toxicity trigger, considering that lower trophic levels
(i.e., algae and plants) are not organisms of high concern
for assessment of biomagnification of PPPs.
According to Regulation 1107/2009 [10] for catego-

rization of PPPs, the criteria for T are: An active substance,
safener or synergist fulfills the toxicity criterion where:

– The long-term no-observed effect concentration for
marine or freshwater organisms is less than
0,01 mg/l,
– The substance is classified as carcinogenic (category
1A or 1B), mutagenic (category 1A or 1B), or toxic
for reproduction (category 1A, 1B or 2)a pursuant to
Regulation (EC) No 1272/2008, or

– There is other evidence of chronic toxicity, as
identified by the classification STOT RE 1 or STOT
RE 2 pursuant to Regulation (EC) No 1272/2008.

It is assumed that the criteria are relevant for the
standard aquatic studies and based on standard end-
points required in such guideline tests. However, it is
not clear if non-standard studies and non-standard end-
points could be used in categorization, but they could be
used as supporting data in a WoE approach. Further-
more, the ecotoxicity endpoints apply only to aquatic or-
ganisms and terrestrial organisms are not considered.
The T criterion for categorization of PBT provides a

toxicity threshold but does not indicate a specific kind
of organism, although the use of the plural ‘organisms’
suggests that data from more than one species are to be
considered and that it refers to the three trophic levels
assumed to be representative of aquatic systems in trad-
itional risk assessment procedures. In addition, data
from multiple studies on the same species may need to
be dealt with as is discussed for multiple data above.
Where toxicity data from multiple species are available,
the fact that most PPPs are selective for certain groups
of organisms must also be considered. Here the group(s)
that is(are) most sensitive should be selected but the
protection goals for this group need to be considered in
this choice. For example, protection goals for long-lived
and socially valued animals such as fish would be differ-
ent from algae and/or short-lived invertebrates with a
high potential for rapid recovery.

Testing for toxicity

Laboratory methods Several guideline methods are
available from OECD, US Environmental Protection
Agency, and others to assess short- and long-term ef-
fects of PPPs on aquatic organisms. Many other test
methods dealing with invertebrates or fish, even if not
officially recognized by regulatory organizations, are
internationally accepted by the scientific community. All
these methods are suitable for producing no observed
effect concentrations (NOECs) according to the require-
ments of the PBT categorization. Some of these proce-
dures (the Daphnia magna reproduction test) may also
be used as screening tests for reproductive toxicity
[87-90].
Testing on terrestrial organisms is not explicitly re-

quired as a criterion for PBT chemicals. However, suitable
toxicity methods for assessing NOECs on several taxo-
nomic groups of terrestrial animals (from invertebrates to
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higher vertebrates) are available in the literature, including
officially accepted test procedures e.g., in [91-93]. In the
case of persistence which is specific to soils in the terres-
trial environment, it may be more appropriate to combine
this with an evaluation of bioaccumulation and toxicity in
terrestrial organisms; however, there are no triggers pro-
vided for such an assessment.

Field methods Observations from semi-field or meso-
cosm studies can provide additional data for assessing
T, particularly under realistic environmental conditions.
This approach is not specifically mentioned among the
criteria for PBT categorization. However, it is commonly
accepted in ecological risk assessment procedures, as
well for the official procedures for assessing predicted
no-effect concentration (PNEC) [94] and procedures for
assessment of effects in microcosms have been devel-
oped [12]. The use of toxicity data from semi-field and
ecosystem-level (cosm) studies is not mentioned in the
criteria for categorization.

Species sensitivity distributions The use of species
sensitivity distributions (SSDs) is not mentioned among
the criteria for PBT categorization even if it is recog-
nized as a powerful tool for ecological risk assessment,
where sufficient reliable data are available [94]. If there
are sufficient toxicity data for species in different taxo-
nomic groups or data on different species within a re-
levant (i.e., sensitive) group, a SSD [95,96] can be
developed and used for the calculation of the HC5
(hazardous concentration for protection of 95% of the
species). The use of the SSD approach, if applicable,
presents several important advantages: It is probabilis-
tic; the confidence interval is statistically derived, and is
therefore less biased than a deterministic approach,
which may be influenced by a heterogeneous distribution
of data; it reduces the effect of outliers; and it provides an
insight of the effects on the whole community. If insuffi-
cient data are available for n SSD (≥8 species), the value
for the most sensitive relevant species can be used.

Conclusions
The function of categorization of PPPs under regulation
1107/2009 [10] is to screen out products from further
consideration if they do not possess PBT properties. Un-
like the weight of evidence process recommended in
REACH [5], there is presently no process for carrying
out a more refined assessment of those PPPs that are
identified as having PBT properties or not. In fact, the
very few criteria used and the use of simple trigger
values for the categorization of complex processes are
an obvious contrast to the detailed assessments carried
out in other regulations that are relevant to PPPs, such
as the previous regulation, Directive 91/414 [97].
Large experimental data sets are available to classify
PPPs in terms of persistence. Multiple laboratory and
field studies under various environmental conditions are
carried out to estimate the influence of the natural vari-
ability on degradation processes. Half-lives are deter-
mined under conditions that eliminate or control for
dissipation via volatilization, leaching, etc., and can be
used for comparison with the persistence trigger values
thus ensuring a robust and safe categorization of PPPs.
Unfortunately, the current process in the regulations
does not take full advantage of the large amount of data
available. For example, photolysis data are not used to
classify persistence when, for some products, this could
be a major pathway of degradation.
The criteria for categorization of PPPs as bioaccu-

mulative [10] are principally focused on aquatic systems
where pesticides are not routinely applied. The triggers for
bioaccumulation are based on processes that are unique
to aquatic systems and do not address biomagnification in
terrestrial systems. They also do not address biomag-
nification of chemicals that move from aquatic systems to
terrestrial organisms, such as in piscivorious birds that
consume aquatic organisms.
Similarly, the criterion for categorization of PPPs as

toxic [10] is principally based on aquatic data and lacks
appropriate triggers for categorization of toxicity to ter-
restrial organisms. There is generally a considerable data
base on (eco)toxicity available for PPPs, and more guid-
ance how to consider this in the PBT evaluation will be
helpful.

Recommendations
In the process of carrying out this review, several areas
were identified where more guidance to the system of
categorization of PPPs under Regulation 1107/2009 [10]
would be valuable. We recognize that changes to regula-
tions are not easily made but believe that significant im-
provements in accuracy can be achieved by appropriately
selecting the relevant data to be used in the cut-off process
without violating the intent and content of the regulation.
In this way, false negatives and false positives can be re-
duced while still identifying the critical compounds with
greater certainty.
Weight of evidence should be used in categorization of

PPPs under Regulation 1107/2009. Others [1] have
noted the significant inconsistencies in the criteria used
for categorization of PBTs between the regulations for
PPPs [10] and those used by REACH [5]. A key differ-
ence between these is the recommendation for the use
of weight of evidence for assessment of properties rele-
vant to the categorization of substances for P, B, and T.
We believe that the use of a formal, quantitative, and
transparent process of weight of evidence should be in-
cluded in the guidance for the selection of appropriate
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data and how these are compared to the criteria. We
recommend that the analysis of weight of evidence be
hypothesis-driven and evaluate the relevance and re-
sponses quantitatively such as has been suggested by
Borgert et al. [44].
Additional lines of evidence need to be considered

when assessing persistence in water and sediments. We
believe that the persistence in a water-only test does not
provide useful data for assessing persistence in natural
waters in agricultural areas where sediments are always
present. Since PPPs are mostly used outdoors, we believe
that additional lines of evidence such as those provided
by the water-sediment test for persistence and photolysis
should be considered together with laboratory data.
Good procedures for measuring persistence of PPPs in
soil and water under field conditions are available and
these provide additional and more relevant information.
In some cases, it may be possible to measure toxicity
and bioaccumulation under more realistic conditions in
field and semi-field systems and these lines of evidence
should also be included in the guidance.
Quality of data is addressed above and, fortunately,

much of the data for P, B, and T is conducted using
standardized guidelines and under GLP with QA/QC.
These data are produced in a transparent and verifiable
manner and have greater veracity than many studies
published in the open literature. This should be recog-
nized in the guidance for selecting the data for
categorization of PPPs under Regulation 1107/2009.
For data of acceptable quality from multiple studies, it

was suggested above that these be combined as an arith-
metic or geometric mean, depending on the distribution
of the data (normal or log-normal). Because degradation
processes in the environment are first-order or pseudo-
first-order, the geometric mean of half-lives from multiple
studies is recommended for comparison to criteria for P.
Alternatively, at least in a second tier of characterization,
the distribution of values can be used in Monte Carlo pro-
cedures, provided that dependencies and covariates are
considered. For data on toxicity from multiple species, the
use of centiles, such as the HC5, is recommended but with
appropriate attention to the protection goals. Since the
focus of the regulation is combination of P, B, and T for
organisms at higher trophic levels [76], plants are usually
not the particular concern for biomagnification of PPPs.
For persistence in soils, half-lives from field studies

should be included, if available, conducted under standard-
ized conditions and evaluated as proposed by EFSA [62].
Photolysis on soil is a relevant degradation pathway and
should be taken into account. Normalization to reference
conditions (e.g., temperature of 20°C and soil moisture at
pF 2) as proposed by FOCUS [60] is recommended.
For laboratory tests of persistence in water-sediment, it

is recommended that two different systems be used.
First, the water-sediment test OECD method 308 [47] is
recommended to determine the DT50 of the total sys-
tem as a conservative value for the half-life in sediment.
Secondly, for water, it is recommended that laboratory
tests on direct and/or indirect aquatic photolysis be used
to determine the abiotic half-life in the water phase. If a
PPP is photolytically and hydrolytically stable, i.e., failed
the P/vP criteria in water, the partitioning into sediment
may be rapid enough to allow degradation in sediment.
Transfer into sediment is determined with the water-
sediment simulation test (OECD 308) and reported as
time for disappearance of 50%, i.e., DT50, which can be
used as an appropriate measure for comparison with the
criteria for P/vP in water.
The objective of setting criteria for persistence in the

environment is to avoid situations where the substance
will accumulate to greater and greater amounts over
time. With this in mind, we recommend that consider-
ation be given to the use of selection criterion for overall
persistence, POV [36]. In actuality, this is what is
recommended for water-sediment above, but this argu-
ment could be expanded to persistence in all media. We
recommend that should be considered and, if included,
screening criteria for this parameter should be developed
and included in the guidelines.
Some substances strongly adsorb to surfaces such as

sediments and are protected from chemical or biological
degradation while adsorbed. Thus, they may be classified
as persistent. Provided that these substances can be
degraded if and when they desorb, this should not be
considered as an indication of P or vP. This should also
be considered in the criteria and guidelines for assess-
ment of P.
The criterion for bioaccumulation in Regulation

1107/2009 [10] is a BCF of 2,000 and in the REACH
Regulation 253/2011 [5], the criteria for B and vB are
BCF/BAFs in aquatic species of 2,000 and 5,000, re-
spectively (Table 1). The concentrations in animals are
expressed as fresh weight (without any normalization),
but this is not explicitly stated in the regulations. These
are the only numerical triggers proposed in either of the
regulations. We recommend that if BCF is used as a cri-
terion, it should be derived from rates of depuration as
measured in a bioaccumulation test such as OECD
method 305 [72], as this provides a better and more
realistic estimate of the steady state BCF. As field data
better incorporate environmental factors that may inter-
fere with bioaccumulation patterns in natural ecosys-
tems, they should be considered. We recommend that
all relevant information be used in a weight of evidence
approach to determine if the criteria for bioaccumula-
tion are met.
Other criteria for B should be considered as well. For

example, in the REACH Regulation 253/2011 additional
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qualitative, non-numerical criteria are mentioned as
follows:

(b) Other information on the bioaccumulation potential
provided that its suitability and reliability can be
reasonably demonstrated, such as:
� Results from a bioaccumulation study in terrestrial
species;

� Data from scientific analysis of human body fluids
or tissues, such as blood, milk, or fat;

� Detection of elevated levels in biota, in particular
in endangered species or in vulnerable
populations, compared to levels in their
surrounding environment;

� Results from a chronic toxicity study on animals;
� Assessment of the toxicokinetic behaviour of the

substance;
(c) Information on the ability of the substance to

biomagnify in the food chain, where possible
expressed by biomagnification factors or trophic
magnification factors.

As these non-numerical criteria for bioaccumulation
are vague and difficult to apply transparently, guidance
should be developed. No indication is provided on the
type of endpoints to be assessed, of the methods to be
used, or of the approach (laboratory or field) to be ap-
plied. Moreover, being only qualitative indications, no
triggers are proposed for categorization.
Suitable criteria for bioconcentration from soils and

BSAF from sediments need to be developed and should
incorporate appropriate normalization procedures to ac-
count for the influence of the matrix. If data are avail-
able for BMF (bioaccumulation between trophic levels)
these could be used as a criterion. A BMF of <1 would
be indicative of no biomagnification. As discussed above,
a trophic magnification factor (TMF) is the best indica-
tor of bioaccumulation in food chains as it integrates
across all trophic levels and describes the overall result
of all accumulation patterns. Generally, TMFs can only
be measured after a substance has been used in the en-
vironment for enough time to allow equilibrium across
trophic levels to become established. A TMF of <1 (log
TMF <0) would indicate lack of bioaccumulation in the
food web. An alternative approach to characterizing
TMF in a prospective way would be to make use of
food-web model ecosystems such as those used by
Metcalf et al. [98] to provide a physical model of trophic
transfer (algae-arthropods-fish) and an estimate of mag-
nification in the food-chain. If a well-understood in-
ternal standard such as polychlorinated biphenyls (PCB)
PCB 153 or PCB 180 was included with the chemical of
concern, a calibrated relative TMF [33] could be mea-
sured and used as an alternative criterion to BCF.
The criteria for toxicity of terrestrial organisms are not
provided either in Regulation 1107/2009 [10] or the
REACH Regulation 253/2011 [5]. If a substance is per-
sistent in the aquatic environment, bioaccumulation and
toxicity are relevant and assessment of PBT will proceed.
If a substance is not persistent in an aquatic environ-
ment but is in the terrestrial environment, we recom-
mend that criteria for B and T be developed.
The evaluation PBT should consider the overall

environment, integrating all of the information available.
Unfortunately, the present triggers provide a mix of in-
dividual compartments; toxicity and bioaccumulation
are only addressed for the aquatic environment while
persistence incorporates addition triggers for the ter-
restrial environment. This could lead to erroneous
categorization. For example, if a substance is only per-
sistent under specific conditions in one compartment,
such as in soil under dry or cold conditions this should
be taken into account in the overall assessment of PBT.
Further, it is recommended that guidance for cate-

gorization of PPPs under Regulation 1272/2008 include a
decision-tree for selection and application of the criteria.
Endnote
aNote that although endocrine disruption is not yet

defined in these classifications, it is used as a cut-off cri-
terion separately and is considered in the registration
process. It is therefore not considered here in detail.
Additional file

Additional file 1: Supplemental information for Solomon et al.
2013. The additional file provides definitions of a number of terms that
we have used in the main text of the paper. For a more complete list of
terms and definitions that are relevant to PPPs, please refer to IUPAC
glossary of terms.
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