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ABSTRACT

Most alternatives assessments (AAs) published tio al@ largely hazard-based rankings,
thereby ignoring potential differences in human/andcosystem exposures; as such, they may
not represent a fully informed consideration of éldeantages and disadvantages of possible
alternatives. Building on the 2014 US National Aeany of Sciences recommendations to
improve AA decisions by including comparative exjpesassessment into AAs, the International
Life Sciences Institute (ILSI) Health and Enviromitad Sciences Institute’s Sustainable
Chemical Alternatives Technical Committee, whicimpoises scientists from academia,
industry, government, and nonprofit organizatiatesjeloped a qualitative comparative exposure
approach. Conducting such a comparison can scoeaftérnatives that are expected to have a
higher or different route of human or environmembgbosure potential, which together with
consideration of the hazard assessment, coulcetreg@pigher tiered, more quantitative exposure
assessment on the alternatives being consideraednining the likelihood of regrettable
substitution. This article outlines an approachifatuding chemical ingredient- and product-
related exposure information in a qualitative conguan, including ingredient parameters and
product-related parameters. A classification apghiasas developed for ingredient and product
parameters to support comparisons between alteesadis well as a methodology to address
exposure parameter relevance and data qualityinbnedient parameters include a range of
physicochemical properties that can impact routesraagnitude of exposure, whereas the
product parameters include aspects such as pregactfic exposure pathways, use information,
accessibility, and disposal. Two case studies sed to demonstrate the application of the

methodology. Key learnings and future research si@eel summarized.

Keywords: Exposure assessment, Consumer products, Datéiae|dtarameter relevance,

Chemical substitution

INTRODUCTION

Alternative Assessment (AA) describes the appraadctientify, compare, and ultimately select

safer alternatives to chemicals of concern (MA TQR13). The overall goal of AA is to support



informed decisions regarding advantages and disaages of different alternatives to harmful
chemicals in various product applications (NRC 2f)1#ost AAs published to date are not
truly AAs. Rather, they are largely hazard-basekirays of alternatives, which usually are
restricted to substitute individual ingredientssash, they may not represent a fully informed
consideration of the advantages and disadvantdgesssible alternative solutions, including
chemicals, materials, technologies, or behavidrahges (Fantke et al. 2015). Sustainable
chemistry, as defined by the Organisation for EooiedCo-operation and Development
(OECD), is “...a scientific concept that seeks toiaye the efficiency with which natural
resources are used to meet human needs for chegnichicts and services” (OECD 2012).
With an assessment goal of identifying alternatibes are safer and more sustainable than the
original ingredient, other attributes beyond hazelalso important, including exposure, life
cycle impacts, material or product performancets;@nd social responsibility, as outlined in
guidance frameworks for AA developed by the US dlai Academy of Sciences (NAS) and 19
others (reviewed by Jacobs et al. 2016). Of thepedts, we focus on the exposure component

as a starting point to improve existing AA practigéh emphasis on chemical substitutes.

The NAS (2014b) report outlined 2 approaches fooraparative exposure assessment. The first
(called “Path A”) is a quantitative approach, adapexisting models or developing new models
and applying them to the reasonably foreseeablandelisposal scenarios for a product
containing an ingredient and its potential altaxest This path has been elaborated by Arnold et
al. (2017), who described an approach to integrasmtitative exposure information into a risk-
based screening methodology for AA. The seconde@éPath B”) is a property-based

approach, compiling and comparing physical and eétedrproperties that can be used to predict
human exposure and environmental fate while consigi¢he reasonably foreseeable use and

disposal scenarios.

Building on these 2014 recommendations to improgedacisions by including comparative
exposure assessment, the International Life Sceeimséitute (ILSI) Health and Environmental
Sciences Institute (HESI) Sustainable ChemicalrAtigves Technical Committee, which
consists of scientists from academia, industryegoment, and nonprofit organizations,

developed a comparative exposure assessment prec@tiis qualitative methodology follows



the property-based approach (Path B) from NAS (BR1@onducting such a comparison can
screen alternatives to understand whether thegxgrected to have a higher, lower, substantially
equivalent, or different route of human or envir@mtal exposure potential. If exposures are
likely to be higher, different in route, or uncemtahe information should be considered in
concert with hazard information to evaluate whethéigher tiered, more quantitative

assessment is necessary, minimizing the likeliradadgrettable substitution.

The goal of the present study was to pilot the ephof integrating exposure information into
the AA process, using a qualitative comparativereggh based on evaluating a set of ingredient
and product parameters. Case studies were seledatiedelop the comparative methodology and
to understand the requirements and value of tloeteffhe target and alternative ingredients

used in the case studies were selected from exi8#s that addressed hazard only.

METHODOLOGY

Following the NAS recommendations, we developetépvgise qualitative methodology (shown
in Figure 1) to compare exposure profiles betwetnget ingredient in a product and any
potential replacement. The process and rationaléescribed in the following sections. Starting
with conceptual maps, we 1) define the scenarialé)tify exposure-relevant parameters for
both ingredients and products, 3) define critestacbmparing the parameters for different
alternatives, 4) outline an approach to asseseteeance of each parameter to a specific
product as well as the confidence in the data beamgpared and any data gaps, and 5) finally,

describe an approach to make conclusions abowtvérall assessment.

Problem formulation: Conceptual map

To focus the comparative exposure assessmentrf@t @nd alternative ingredients in a product,
a useful first step is to develop a conceptual itamceptual maps are representations of key
relationships in a system and help understandhaulate the subject the map represents (USEPA
1992, 1998).



In the context of exposure assessment, conceptyas imelp to identify all potentially relevant
exposure pathways for all potentially exposed huarahecological populations based on the
uses of the product. To achieve this for all pdegiiboduct types, 2 separate generic conceptual
maps were developed for human and ecological recepespectively (Figures 2 and 3). The

first iteration of the conceptual map focuses on

the action one must take to make the product wBi =

the expected receiving medium or media of the prbohgredients,</B1>

the potential release mechanisms and fate andoear@ocesses of the product ingredients
during and after use, and</B1>

the potential exposure medium or media and thenfiateexposure routes through which people,

plants, and/or animals may come into contact withgroduct ingredients.</B1></BL>

These generic maps enable the representationedy Bikxposure pathways for all possible
product types in the market. To apply these majpsdpecific product type, relevant items
(boxes) in Figures 2 and 3 would be highlightededasn how the product is intended to be used
and on how the product may reasonably be misudgd.highlighting is illustrated in the case
studies (see Supplemental Data Document 2, Figi2eS5) to demonstrate its application.
Boxes without any highlighting (devoid of color mattern) indicate that the item is not relevant
to the use that is being evaluated. In additiones# boxes have been identified as not
applicable to a particular exposure route, espgdi@a some of the ecological receptors in
Figure 3. Although careful deliberation was emptbye identify receptors or populations
usually not linked to certain exposure routes, ggsional judgment may deem these “not
applicable” boxes as “applicable” for some produs®s. Likewise, different individuals may
highlight different boxes when completing the cqsto@l maps for a product use. Therefore, to
minimize different conclusions, it is important thiais work be performed by individuals with

experience conducting exposure assessments aetdibe/ed by other experts.

The highlighted system of mapped boxes focusesrdodns the next step of the qualitative
exposure assessment, which is the collection afymoparameter information and physical and

chemical properties for each ingredient paramétenay be possible to refine the conceptual



maps where irrelevant release mechanisms, fat&ramsport processes, exposure routes, and
exposed populations are removed. If further refimeiis necessary, it is possible to develop
guantitative maps that are able to track exposatieways and receptors according to their
contribution to overall exposure (Lanters and Far&®18). Our conceptual maps are not
designed to weigh different mapped aspects, byttonlisualize them for reducing complexity
and focusing the assessment.

Exposure parameters and their importance

The general population is typically exposed to cieata indirectly through environmental
emissions and/or directly through use and contatt @ansumer products and other products
such as furnishings and building materials (Jo#iedl. 2015). For example, ecological receptors
are usually exposed only through the indirect pagsifollowing use and disposal, although
products that are applied to soil or used in agfrical situations could result in direct exposure.
Inherent properties of substances not only defiegohysical and biological hazards of a
chemical but also constitute an important compougentributing to the potential for human and

ecological exposure in the context of a given pobdise and disposal scenario.

For this comparative methodology, a total of 1&@aent parameter categories (25 including
subparameters) were identified, including both ptalsand chemical properties and

characteristics of substances (Table 1).

The development of alternatives can go beyond “dndpeplacements to also employ
alternative product designs as well as ingredidfrizduct design can play an important role in
the potential for exposure to its ingredients antsinalso be assessed for any changes. Thus, in
addition to the properties and parameters thatritbesthe partitioning, transport, fate, and
potential for exposure of the substances, we aldaded a description of the product and a set
of 13 parameters (15 including subparameters)aelet the function of the ingredient in the
product, the product itself, and the use of thelpob (Table 2). For example, parameters related
to the function of the ingredient in the produdatlude a description of the function, the

ingredient concentration in product, and the acb#ig of the ingredient during product use.



Parameters related to the product include form,(payvder, liquid, gel), delivery type (e.g.,
spray, pourable), and disposal method. Finallyaipaters related to use patterns include target
population and use rate (frequency, duration, anoust). Each of these parameters can be

influenced by product design, which could changegbtential for exposure.

The comparison of parameters that are importantaracterizing exposure, focusing on factors
that either are intrinsic to the target and alteveangredients or are fundamental to the design
of the product in which the substances are used lise with NAS National Research Council
recommendations (NRC 2014b).

The potential for persistence (propensity to renmaithe environment for long periods),
bioaccumulation (accumulation in primary living argsms via the food chain), and long-range
atmospheric transport has been used for decaadsstify chemical substances with respect to
the likelihood of environmentally mediated expos{Mackay et al. 2001). Expanding beyond
persistence and bioaccumulation, we set out tdiigeadditional properties and parameters that
would enable comparative evaluations of exposuteitnan and ecological receptors. The goal
was to produce a system to allow a qualitative ammspn for a specific ingredient performing a
specific function in a specific product, such tthe range of human and environmental exposure
potential would be encompassed.

Screening-level exposure models are becoming isrglg available, such as ConsExpo
(Delmaar et al. 2005), stochastic human exposutedase simulation—high throughput
(SHEDS-HT) (Isaacs et al. 2014), the European @dotrEcotoxicology and Toxicology of
Chemicals Targeted Risk Assessment (TRA) tool var8i1 (ECETOC 2014), the European
Chemicals Agency Chemical Safety Assessment andriRep (CHESAR) tool (ECHA 2017a),
the Risk Assessment Identification and Ranking (R) model (Arnot et al. 2010), and the
Performance Improvement Framework (PiF) (Fantkasteff et al. 2016). Therefore, it is
recognized that acquiring, installing, and runrsagh models is often formidable. Moreover, the
models at times lack transparency with respechttetlying assumptions, parameter
requirements, and processes for determining expobstead, the intention of the present study

was to assemble a set of parameters together witérglly accepted classification or benchmark



values, indicative of either increased or decreas@osure potential that could be evaluated as a

preliminary assessment prior to running even simpkntitative exposure models.

To support consistent application of the qualietinethodology, a template (see Document S2,
Figure S1) was developed, indicating the ingredéra product parameter information to be
collected together with the source reference ferifiormation and identification of data gaps.
The other columns of the template allow for docutagon of the comparisons, including the
anticipated influence on exposure potential, ratierior the influence on exposure potential,
relevance and confidence of the collected inforomator exposure, as well as description of the

overall assessment, which is described in moreldetdne subsequent sections.

Classification of exposure parameter information

Establishing criteria for comparing the exposurepeeter data is critical to creating a
systematic qualitative exposure assessment prémelssth ingredient- and product-level
exposure parameters. This would support a compaakthe exposure potential of ingredients

being assessed in different product applications.

Once data are collected, the next step is to cagrthartarget and alternative ingredients on a
parameter-by-parameter basis. The objective istgpare each parameter to determine whether
there is a difference in the behavior of each sutrst that may contribute to differential
emissions and exposure according to predefinedifizgion schemes or criteria (e.g., very
soluble versus slightly soluble) as per the USEBB48) Sustainable Futures. Identifying the
comparisons in which there are classification défeees will support an assessment of whether
exposure is likely to be lower, higher, or abowt s$ame for the alternative ingredient versus the
target for different human populations and ecolalgieceptors. Thus, there needs to be a way to
judge whether differences between parameters asgamtial or not within the definitions of

each classification scheme. A useful model is tleb&ly Harmonized System for Classification
and Labeling (GHS), whereby hazard levels are ifladsnto categories (UN 2015). Utilizing
these models makes hazard comparisons easier arnghrs of many AA hazard assessment

frameworks (Jacobs et al. 2016). A similar clasatfion scheme for exposure information did



not previously exist.

We investigated sources for a scientific basisuth@ritative precedent that could be used to
identify such differences for the exposure paramseiad summarized the classification
approach in Tables 1 and 2. Many parameters weralfto have scientific precedents for a
numerical scheme that allows for rating or rankiesults with respect to the magnitude of the
differences to exposure potential. Some parametarde measured but have no established
schemes to judge any differences with respectdio thfluence on levels of exposure. Other
parameters are descriptive and intended to praxodéext on how a product is designed and

used, such as delivery type and product form.

The qualitative methodology template describederafDocument S2, Figure S1) includes a
column for documenting the parameter comparisorasrating of the exposure impact of any
substantial differencesi is used to signify that potential exposure framaliernative

ingredient is likely to be lower than the targegredient based on that parameter, O if likely to be

about the same, and +1 if likely to be higher.

This classification framework enables making judgteebout differences in exposures in a
standardized way and was applied in the case stiigh ongoing use of this framework, the
strengths and weaknesses of the classificatiomselcan be better understood and the approach

for evaluating exposure impact can be revised adete

Relevance, confidence, and data gaps

In developing a qualitative exposure methodology Heeks to determine the potential influence
of different parameters on exposure by comparieg/tdiues for each parameter, the relevance,
confidence in the data, and data gaps should Heated and considered, which are summarized

in Table 3 and described in the following paragsaph

For relevance, the methodology addresses the ext@tich each parameter is associated with

the exposure to the ingredient through its usespegific product application. The generic



conceptual maps for human populations and ecolbgicaptors (Figures 2 and 3) are
preliminary tools for identifying the relevancetbe parameters. The relevance of a specific
parameter is assessed as high, medium, or lowd lzesthe degree of its association with
exposure in that product. In cases in which thegesubstantial difference indicating an
exposure impact in a high-relevance parameterjstasstrong signal about an important
difference in potential exposure between the taagdtthe alternative. A similar situation for a

medium-relevance parameter suggests a less strongiill present difference.

For confidence, the methodology addresses the elégnehich there is an assurance in the data
that are being compared, and data confidence geglitb be high, medium, or low. A confidence
assessment helps to adjust final determinatiotisaoverall analysis. If a substantial influence
on exposure has been identified in a high-relev@acameter and there is high confidence in the
data, this would further strengthen an alreadynsfiignal about exposure. An influence on
exposure potential with medium relevance would kakened by medium confidence in the
data. It is acknowledged that measurements canfeasgveral parameters. This issue is more
relevant in quantitative AA, where such differenoesy influence the comparison of
alternatives, whereas in a qualitative contexthqu@ssible variability in measurement data

might be indicated but will usually not influencéAesults.

Another aspect of confidence is the selection td flar assessment when there are multiple
sources. Different types of input data are requioedssessing the potential for exposure in an
AA context. To select a specific value from mukighoices, a standard approach and priority
for the selection of data to be used in the amnalgsneeded based on the quality and reliability of

the information.

Several large data collection and reporting prograave developed and refined such standard
approaches, including the USEPA (1999) and OECDY20igh production volume (HPV)
chemical programs and the Registration, Evalua#anhorisation and Restriction of Chemicals
(REACH) program. Alternative assessments suchasetbn printed circuit boards conducted by
the USEPA (2015) Design for the Environment progfaliow these same standard approaches.

These programs have applied a standard hierarchigdselection of data: experimental



preferred over estimated (e.g., from quantitativecsure—activity relationships [QSARS]),

which is preferred over analog and chemical categpproaches. Although some parameters
may be measured, this is not feasible for all, Imcl case estimation is used (e.g., the molecular
weight for substances of unknown or variable contjpes[UVCB]). High-throughput data (e.g.,
the USEPA’s Chemistry Dashboard; Williams et all20and models (e.g., Huang et al. 2016)
are becoming more and more available to predicsipbghemical properties when measured

data are missing.

These data collection programs also consider tiabiigy of information. Klimisch scores of 1,
2, 3, or 4 indicate classes of data “reliabilityjtained from reported compliance with testing
guidelines or other standards (e.g., good laboygiactice [GLP]) and the degree to which
experimental details are documented as definedimisch et al. (1997). Only Klimisch 1 or 2
scored data should be chosen, given that a scd8 ofeans the data are unreliable and “4”
means reliability is unknown. However, Klimisch se®and similar reliability schemes should

be used with caution because they might not balseifor all relevant AA data.

These existing practices were adopted for the ptesethodology. Assessors researching
information need to document the sources, typghiity, references, and data preferences
(including justification) for information on eacl@mmeter. Reporting data preferences is
important because measured data might not be bleia preferable in all cases. As an
example, estimated or archetypal data might beepet whenever spatiotemporally explicit
data are either not applicable (e.g., due to unknloeation of exposure) or not desirable (e.qg.,
broad range of consumers exposed or using a praduuss different regions). Fantke et al.
(2014) demonstrated this for pesticide dissipatialfi-lives in crops relevant for human exposure
via crop residues, in which actual measured hedfsliwould be difficult to determine for all
possible combinations of pesticides, crops inclgairop growth stage, soils, climate,
application scenarios, and so forth. However, mesmsent guidelines that are usually followed
(e.g., OECD Guidelines for the Testing of Chemicaigiht require adaptation to maximize the
consistent and optimal use of measured data itiexigand newly emerging qualitative and

guantitative exposure assessments (Fantke, Arrabt 2016).



Finally, there may be data gaps, which are impottanote and to determine the relative
importance of missing information from one or bothredients. Data gaps are judged as being
of high, medium, or low concern. For high-concelissimg data, it may not be possible to
complete the assessment until that data gapesl fiMedium-concern missing data should be
flagged in the overall analysis, with an explanatiout their importance to the conclusions of
the study and possible need for any further consib®. In cases in which multiple alternatives
are being considered, data gaps and uncertaintydshoovide important weighting to

replacement decisions.

The qualitative methodology template (Documentfa@ure S1) includes columns for
addressing relevance and comparing data confid€ata.gaps should be identified in the target

ingredient or potential replacement data columns.

Approach to data analysis and overall assessment

Once all the fields in the assessment template{eoat S2, Figure S1) are populated following
the approaches discussed above, the assessor sbaufdake an overall judgment and provide

a rationale about how the exposure to potentiatditive ingredients is expected to alter with
respect to the original target ingredient. The axpe impact rating ofl, 0, or +1 for each
parameter, along with the relevance and confidenoees, needs to be evaluated at this stage to
make the overall comparison between both ingreslidrite parameters with a “0” exposure
impact rating can be initially screened out. Thetrs¢ep should be to consider the parameters for
which exposure is likely to be higher or lower gvdlop an overall impression on the likely
direction of change for both human and environmexposure. This must go beyond a
straightforward summation of the positive and negatalues because the assessor must also
take into consideration the relevance of each pat@nto that product type. When exposure is
likely to be lower or to be about the same withdjoertainty, use of the alternative can be
supported from a safety standpoint if hazards setae same or lower, although there are many
other factors to consider in an AA decision (NRQ40). In cases in which exposure
considerations seem to be relevant, in which difieexposure routes could lead to trade-offs, or

in which there are high uncertainties, further wigrkecessary such as a higher tier



(quantitative) exposure assessment or the develapohéformation to fill data gaps. This
finding generated on the basis of an overall agsestsof the scores of high- and medium-
relevance parameters should be written in the ‘@livassessment” section in the assessment
template, followed by a brief discussion of the kayameters driving this conclusion, along

with important uncertainties and data gaps. Thmfof the overall assessment is flexible and
could also be presented as a cover page for thaldeanAs indicated earlier, the assessor should
weigh the confidence rating of all of the parameteghile making the final decision. Low
confidence in a high-relevance parameter value evtaalve room for major uncertainty in the
overall assessment and should be reflected asistich assessor’s final recommendation. It is
also important to further evaluate the impact stéoe medium- and low-relevance parameters
to capture the overall range of the exposure viitialm the assessment. In cases when low-
relevance parameter scores contradict the findinigeohigh- and medium-relevance parameters,
a cautionary statement pointing out those parasetad how they may impact the overall
assessment should also be included in the finahnatendation by the assessor.

It is important to note that differences in a senghysical or chemical parameter may not
necessarily indicate substantial differences imralVexposure. For example, in a scenario in
which dermal application has been identified aspry exposure pathway, |&g may be used

to identify differences in skin penetration. If ather parameters are equal, that may be a sound
basis for a decision. However, this is often net¢hse and if the ingredient with higher potential
for skin penetration is also much more volatil@rtithe volatility may lead to evaporation (and
subsequent inhalation) before there is significiam penetration. Hence, inhalation is another
potential exposure route, which requires thorougiseration of volatility-associated
parameters such as vapor pressureKlpgand Henry's Law constant, together with skin
absorption parameters. Consequently, the assessbmmake an overall judgment considering
all parameter comparisons where there are subatdifferences. An example of such scenario

is presented in the eau de toilette case studyeifidllowing section.

Although there are multiple sources of informatwncertain physicochemical properties of
various common compounds, major data gaps existdarand UVCB compounds (Grimm et

al. 2016). Furthermore, the lack of informationaantain less studied or difficult to obtain



parameters, such as particle attribute size, fanitity coefficients, and ingredient concentration
in the final product (Dionisio et al. 2015), makks AA more challenging. It is recommended
that the assessor look at the totality of the mfation to make the overall judgment and to
identify the critical areas of further researclsti@ngthen the interpretation of such analysis. The
key data needs that will help increase the con@iden the overall assessment should be
specifically listed in the final recommendationthg assessor. Expert review should also be

considered to improve consistency and reliabilftgssessments.

Regardless of the uncertainties associated inrtalysis, our qualitative comparison matrix
presented here provides a structured frameworkéarporating exposure information into AA
and can aid in selecting key areas of concernedoducting higher tier, more detailed,
guantitative exposure assessments when necess#mgut\quantitative assessment,
identification of the most important exposuresifallt. As such, this methodology is

beneficial in identifying the general directionafange of likely exposure, but not the amount of
change. Therefore, a conservative bias must beealpl overall assessments. To the extent that
there is uncertainty or a mix of both higher anddoexposure signals, a higher tier quantitative
exposure approach may need to be recommendedafteidering the general conclusions of the
hazard portion of the alternative assessmentrédsgnized that although this framework
stresses the importance of exposure in evaluatisgiical alternatives, it should not be utilized
in isolation and must be combined with other apghea and indicators to evaluate toxicity, life

cycle impacts, and other factors when considerinmglaer tier evaluation.

CASE STUDIES

Selection from existing AAs

An important aim of the present project was to emaase studies to test and improve the
methodology developed by the group. Existing AAmegkes using publicly available North
American and European sources were consulted, anel ttman 150 candidates were identified
following reviews of AAs published by the USEPA (&) Design for the Environment program,
the Toxics Use Reduction Institute (TURI 2016), #melNAS (NRC 2014b) as well as those



catalogued in the Alternative Assessment Toolbdx@D 2016) and the Substitution Support
Portal (SUBSPORT 2017). A more detailed descriptibthe case study selection and criteria
applied is provided in Supplemental Data Documént S

The focus for the present project was on developkppsure-related information according to
the methodology for the purpose of identifying wieztexposure to the alternative is likely to be
higher, lower, or about the same as to the tanggedient. There was no intent to investigate the
quality or reliability of the existing hazard ass®ents, nor was there any endorsement of the
findings of those publications.

Netherlands National Institute for Public Healtlddhe Environment (RIVM): Eau de toilette —

musk xylene.

The first case study focused on replacement of myigle (CASRN 81-15-2) with Muscone (3-
methyl-cyclopentadecanone) (CASRN 541-91-3) indautpilette (see Supplemental Data
Document S2 for additional details). Conceptual srfap both human populations and
ecological receptors were developed (Document gRyé&s S2 and S3, respectively) based on
the intended use of the eau de toilette as a petflitee most relevant exposure pathways for

human populations and their pets are

dermal contact of the product ingredients by ther im application until it is washed off
(primary exposure pathway);</B1>

inhalation of volatilized, aerosolized, and/or emagted product ingredients, either by the user or
bystanders (including pets) during application dadng the course of the day when the
fragrance is on the skin (secondary exposure pabhaad</B1>

Inhalation, incidental ingestion, and incidentalrdal contact by users and bystanders (including
pets) with household dusts that indirectly confaioduct ingredients (tertiary exposure
pathways).</B1><BL>

Eventually, the product user will wash the produein the skin, with the remaining product

ingredients going down the drain either to surfaeger, a wastewater treatment plant (WWTP),



or groundwater. During the application and the sewf the day when the product is on the skin,
product ingredients may also evaporate into theandr ambient air. The ecological exposure
pathways deemed relevant to the subsequent evaluatiuded exposure routes and ecological
receptors associated with several potential exaswedia, including WWTP sludge, surface
water, sediment, and groundwater (Leonards andoge B004). The rationale for inclusion of
these pathways as relevant to the use was bagbe conclusion by the PBT Expert Working
Group of the Technical Committee of New and Exgsf#hemicals that musk xylene is a very
persistent and very bioaccumulative substance (EC6I&b). All of the remaining exposure
media and associated exposure routes and receygoErnot considered relevant for further
evaluation because of the dilution the productedgents would have when reaching those
media (ambient air) or before reaching those magtand soil, wetland or riparian soil, and
diet).

The “target ingredient,” potential replacement,tiassociated reference columns in
Supplemental Data Document S2, Table S1 list tiee tthat were acquired during the parameter
search as well as the classification category asdi¢p each individual data point. With these
assigned classifications, a decision was madegfcin parameter, by judging whether the
exposure for the potential replacement ingredieat likely to be higher, lower, or equal (+1,

-1, or O, respectively) to that of the target ingeetl The rationale for this exposure impact
decision was also included. In addition, the evaluprovided a high, medium, or low ranking in
regard to the relevance of each parameter to sesasient and in regard to the confidence in the

parameter data.

Several of the ingredient and product parameters w@nsidered highly relevant to the
gualitative evaluation because of differences betwbe target compound and the alternative.
These parameters include vapor pressure; skin dititg; Henry's Law constant; persistence;
half-lives in water, soil, and sediment; sewagattrent plant removal; and ingredient
concentration in product. Other parameters were adsigned a high relevance because of their
association with the dermal exposure route or dishdowever, no substantial differences were
found between the target compound and the considgdternative according to the classification

scheme. Parameters without substantial differeweses not considered either individually or in



the overall qualitative assessment.

The vapor pressure and Henry’'s Law constant forddos indicate that it will volatilize to air
more readily than will musk xylene, shifting thepexted route of exposure from dermal to
inhalation exposure. The inhalation exposure rdutgjever, was deemed secondary to the
dermal exposure route because eau de toilettle&ss/a-on personal care product with a short-
lived inhalation exposure potential, primarily omien the fragrance is applied to the skin.
Consequently, Muscone was assigned a lower infeienchuman exposure than was musk
xylene for these 2 parameters. On the other haedskin permeability for Muscone is >3 orders
of magnitude higher than for musk xylene. This paeter, if assessed by itself without
consideration of Muscone’s volatility, would indieghat Muscone penetrates the skin more
readily than does musk xylene. Because the quaétataluation of the individual parameters is
intended to ensure a conservative outcome, Mussasdherefore assigned a higher influence
on exposure for the skin permeability parametee ddnfidence assigned to these 3 parameters
(vapor pressure, Henry's Law constant, and skimeability) was a “medium” designation
because in every case the data points were estinMtescone was also assigned a higher
exposure impact than musk xylene for ingredienteatration in the product, although the
confidence in this parameter is low because theammnation for Muscone in eau de toilette is
essentially not publicly available informationwlas estimated using a generic default (5%) from
the RIVM ConsExpo consumer exposure model (RIVM&O0On the other hand, the European

Cosmetics Directive limits musk xylene to 0.4% (E@4).

Numerous ingredient parameters indicative of pesce in the environment, including water,
soil, sediment, and air half-lives, suggested aelopotential for exposure for Muscone when
compared to musk xylene. The sewage treatment r@npavameter likewise indicated a lower
exposure potential for Muscone than for musk xylgmen that the removal percentage was
estimated to be nearly twice that of musk xylenéhigh” category was assigned to the
relevance for all of these parameters becausenmiiwsions drawn regarding the persistence and
bioaccumulative nature of musk xylene (ECHA 2017b)medium” category was assigned to

the confidence for these parameters because theyesgmated.



Based on the ingredient parameter and productdigmequalitative evaluation, human exposure
to the potential alternative (Muscone) is likelyb® about the same, given the 4 most highly
relevant parameters offset each other (two inditetethe exposure potential for Muscone is
lower than for musk xylene, and two indicate tiet éxposure potential for Muscone is higher
than for musk xylene). In addition, there is ang¢ation that the inhalation pathway would be
the most relevant for Muscone, whereas the mostaet pathway for musk xylene would be
dermal contact, which was deemed the primary expgsathway based on the use of the eau de
toilette. Presumably, product users would have nalciter exposure durations for inhalation of
the product when compared to dermal contact wighptloduct. For the environment, exposure to
Muscone is also likely to be about the same as myiske because the most relevant
parameters offset each other. Muscone may haweex lgersistence in the environment because
of shorter half-life values and a higher sewagatinent removal rate, but the potentially
increased concentrations eventually reaching tkie@mment may act to counterbalance this
presumption.

The key uncertainties associated with this evadaaticlude the following:

Maximum concentration of Muscone in the fragranBds/

Significance of the shift of the predominant expeswute from dermal contact (musk xylene) to
inhalation (Muscone). Comparison of the inhalaémoid dermal exposure benchmarks for the 2
substances is needed to determine whether thenpegsshorter exposure duration for the
inhalation pathway equates to a lower risk potéritisaddition, an assessment of the
competition between dermal exposure and volatibrmat needed, with a high volatilization
having the potential to substantially reduce derexglosure. This is especially relevant for this
leave-on cosmetic case study, for which the higker permeation of Muscone may be at least
partly compensated by its higher volatilization gamred to musk xylene. This would require the
use of quantitative approaches that account faetisempeting exposure and removal pathways
(Csiszar et al. 2016, 2017; Ernstoff et al. 201/81=</BL>

For this evaluation, 1 parameter had an exposuaéscedata gap: particle attribute size because



of a lack of data. This parameter is associatel thiz secondary exposure route (inhalation),

thus indicating a “medium concern.”

Due to the offsetting conclusions regarding the p@sameters and the uncertainties determined
by this qualitative evaluation, the overall reconmteation is to advance to a higher tier
assessment in which exposure is quantified, aftesidering any differences between the target

and proposed alternative in the hazard assessseatteof the AA.
Danish Environmental Protection Agency: Toys — DEHP

The second case study addressed the proposedearglaicof di(2-ethylhexyl) phthalate

(CASRN 117-81-7), more commonly known as DEHP, w#hstructural isomer di(2-

ethylhexyl) terephthalate (CASRN 6422-86-2), or DElh toys (see Supplemental Information
Document S2 for additional details). Although thessompounds have the same molecular
formula, the substituent chains on DEHP are irotitleo position, making it a phthalic ester,
whereas the chains of DEHT are in ffaea position, making it a terephthalic ester. The
distinction is important because phthalic esteasnfmonly referred to as “phthalates”) have been
associated with reproductive toxicity; it appeduat thepara position allows complete

metabolism to take place, but txho position does not (Wirnitzer et al. 2011).

Conceptual maps for exposure of both human popuisitand ecological receptors were
developed (Document S2, Figures S4 and S5, respBgtbased on the specific use of the
substance, namely as a plasticizer in t@ysho-phthalate esters (particularly DEHP) are used as
plasticizers to impart flexibility to polyvinyl chfide (PVC). Polyvinyl chloride is the world’s
3"“-most widely produced synthetic plastic polymer§app and Vianello 2012) and is widely
used in consumer products such as children’s tmgnetics, medical devices, flooring, water
piping, and food packaging (Xie et al. 2016). Bessaphthalates are not chemically bound to
PVC, they can easily migrate toward whatever isantact with the surface of the toy,

potentially exposing the user through inhalatioigeistion, and dermal absorption (Little et al.
2012). Indeed, metabolites are found ubiquitousithe urine of humans, often with

significantly higher levels among children than lksl(Becker et al. 2009). The focus of the



present case study was on the intended use in tolygeets designed to be played with,
generally by children and pets. Children may hagguent contact with toys for long periods
each day; moreover, children have been observewtah toys more frequently than even their
hands (Tulve et al. 2002). The most relevant pryneaposure pathways for human populations
were determined to be via ingestion and dermalamint

The ecological exposure scenario assumed was dispdandfills and incineration. As such,
the only pathways deemed relevant were thosernhkahied fate after landfill disposal, namely,
migration through soil into groundwater and bioanalation in the food chain. Additionally,

persistence was also considered relevant.

On the basis of these highlighted exposure pathviaganost relevant exposure parameters
were considered to be solubility in water, predigbercent human oral absorption due to
mouthing behavior in children, skin permeabilityg Kow, BCF, and soil sorption coefficient. All
“product exposure parameters” were deemed higldyaat. However, only 1 difference existed
between the target ingredient and replacementdimgme(i.e., concentration in product), and it
was negligible.

The overall assessment is that potential exposutteetalternative is likely to be about the same
or with the possibility of being slightly lower (Boment S2, Table S2). The potential
replacement has similar properties to the targetfdy the specific application in children's toys,
the replacement would be slightly preferred duleweer water solubility, which may result in
less migration to saliva during mouthing by childend subsequently lower intake. The
potential replacement would also be preferred duewer skin permeability. These advantages,
however, are tempered by the higherkag, which suggests easier absorption and longer half-
life in the body. Because there are competing patars of high relevance in the qualitative
assessment, a higher tier, quantitative assesshtg primary exposure routes may be
appropriate, after considering any differences betwthe target and proposed alternative in the
hazard assessment aspect of the AA. There wereeaaingful differences in parameters related
to the environment; thus, environmental exposuesstimed likely to be about the same. The

data gaps that emerged through this analysis iedltige following: particle attribute size (low



relevance) and separation potential during protifiec(medium relevance). The key
uncertainties or data needs involve the rate ofatimn to the surface of the toy for each
substance. That information would allow a bettseasment of transfer from the object into the
child’s saliva during mouthing and onto the childisn during other contact. In addition, a
guantitative assessment would address uncertainttee magnitude of competing high-

relevance parameters.

CONCLUSIONS AND FUTURE RESEARCH NEEDS

The objective of the present paper was to develmethodology for integrating qualitative
exposure information into the existing AA proceasnethodology to accomplish this for single-
ingredient replacement was developed, and 2 cadestwere conducted that helped to evaluate
and improve the methodology in an iterative fashidme methodology and case studies
presented herein represent the finalized apprdsdtiitional case studies might indicate other
scenarios and product applications for which déifees in exposure might be even more
relevant, and these should be further explored, (Eagntke et al. 2016).

This concept is easy to understand, interpretcanaimunicate. It is a stepwise protocol and
procedure that considers all key components ofipialehuman and environmental exposure and
is a useful way to structure expert knowledge qualitative way. Finally, it provides a basis for
making a judgment as to whether exposure is liteelye about the same or lower for any
considered alternative ingredient or whether expomulikely to be higher or different in route,
which would indicate the need for higher tier angkrenquantitative exposure assessments. As
noted in the case studies, when exposures arg tikdéde about the same or even lower but there
are significant uncertainties, the need for higlegrand more quantitative assessments may be
necessary. The results of the comparative hazasssiment should also be considered before

conducting higher tier assessments.

Most importantly, the present work has demonstrttatdifferent ingredients that are potential
alternatives for a target substance in the san@upt@pplication can yield different overall

human and/or ecological exposure. Consequentlyngakposure information is essential and



can improve overall AA decisions, minimizing regadle substitution, which could occur when
simply assuming equal exposure to replacementdigmes without having evaluated exposure
either qualitatively or quantitatively. Collectiagd assessing exposure information requires
exposure expertise, which has not typically beparaof most existing AA efforts. Similar to
the hazard aspect of AAs, there will likely be dga@s for key information, which, if not

addressed, can create uncertainty in any assessoraitisions.

Adding the collection and assessment of severamardditional parameters to an AA will
clearly increase the effort required for conducamgAA. With a systematized and clarified
protocol described herein and with a learning ctiroe doing multiple assessments, effort
should be reduced to a reasonable level in theegbnf improving AA decision making. By
applying the presented qualitative exposure asssddnamework to further cases, more can be
learned about the strengths and weaknesses ofatimdology, and the methodology can be

revised as needed.

Regarding future research needs, the time avaitaidescope of the present project did not allow
for addressing several topics that arose. No eg#tiA that addressed fundamental product
design change was found to be adequate for a tabe thus, that aspect of the methodology
has not been fully evaluated. Multiple ingrediesfilacements and/or concentration changes are
typical in real-world reformulations to improve pliict safety (Thomas 2014), and those
situations are not able to be addressed with thespt methodology. Finally, the focus of the
present effort was to explore a qualitative compagaapproach. The presented qualitative
methodology can usually identify the general digecbf change of likely exposures. However,
pinpointing the most important exposures and timaignitude may be a challenge; thus, a
conservative bias should be applied in overallsssents. In cases where a qualitative approach
to AA (addressing both exposure and hazard) idficgnt to distinguish substantial differences
between original chemicals in products and theiepial alternatives, quantitative approaches
might be explored to refine initial results. Quéative approaches, however, also come with
additional data and modeling requirements that doeled to be addressed. Initial quantitative
frameworks for exposure assessment are alreadiableafor application in AA (NRC 2014a;
Fantke, Ernstoff et al. 2016), but these need texbended to different product exposure



scenarios and respective exposure pathways that imgome relevant as a function of assessed
product exposure scenario. Huang et al. (2016)igecan overview of a wide range of

potentially relevant pathways and modeling appreadbr characterizing these pathways in an
AA context.

In summary, we agree with NAS that adding exposummation can help to improve AA
decision making, and it can and should be a pat/efy AA. A comparative qualitative

approach can serve as an effective initial tiezqfosure assessment in the AA context.
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<abstract type="short”>Key Points

Alternatives Assessment (AA) describes the approadedentify, compare, and select safer and
more sustainable alternatives to chemicals of aonc#31>

Alternatives Assessments have often been hazamtivaskings used to substitute individual
ingredients and may not represent a fully inforroedsideration of advantages or disadvantages
of possible alternative solutions.</B1>

Chemical alternatives that may have a higher dewrift route of exposure potential (human or
environmental) can be identified via a qualitatx@osure approach, which could trigger a
higher tiered, more quantitative assessment tomizei the likelihood of regrettable

substitution.</B1>



This work outlines a classification approach farliring chemical ingredient- and product-
related exposure information to support comparisgmigeen alternatives in a qualitative
manner using 2 case studies.</B1></BL>

Figure 1. Qualitative comparative exposure assessment meltbgpdfor alternatives
assessment.

Figure 2. Generic conceptual map for human populations.

Figure 3. Generic conceptual map for ecological receptors.

Table 1. Ingredient parameters and classification

Nr Ingredient parameter Classification Sour ce of
classification
SMILES No classification system, expert consideratiUSEPA 2013
Structure No classification system, expert consideratiUSEPA 2013
Vapor pressure Phases (in mm Hg) USEPA 2013

Mostly vapor: >10*
Vapor—particulate: I8 to 10”7

Solid: <10®
4  Solubility in water Solubility (in mg/L) USEPA2013;
Very soluble: >18:000 2015

Soluble: >1000-1(000
Moderate: >100-1000
Slightly soluble: >0.1-100
Negligible solubility: <0.1
Insoluble: <0.001
5 Molecular weight Low dermal absorption: >500 g/mol OECD 2008



6 Particle attribute (size) Likely to penetrate the alveolar region ifd ACGIH 1993
Likely to enter the nose orouth and penetra
the tracheo-alveolar regieri0 and<100pum
Not likely to be inhaled >100m
Inhalable fraction (in mg/kg) ART (2016)
Firm granules, flakes, or pelletst00
Granules, flakes, or pellets: 100-500
Course dust: 501-2000
Fine dust: >2000-5000
Extremely fine and light powder: >5000
7 Ambient physical state Solid: melting point >25°C USEPA 2015
(melting point  or  Liquid: melting point <25:°C or boiling point
boiling point) >25:°C
Gas: boiling point <25°C
8 Bioavailability (skirLog Kp: no known classification system; the N/A
permeability: logKp; lower the better

human oral absorption:Human oral absorption: no known

%) classification system; the lower the better

9 Octanol-water partitionLog Koy, value

coefficient (logKow) Water-soluble/bioavailable: <4 USEPA 2015
Tendency to bioaccumulate4
Highly soluble in water: <1 USEPA 2013

Not very soluble in water: >4
Not readily bioavailable: >8

Not bioavailable: >10

10 Octanol-air partition Log KoqaVvalue Kelly et al.
coefficient (logKoa) >6: strong association with lipid or organic 2007

surfaces. Not readily exhaled by air-breathers



>6-<12 and >2—<9: chemicals highly
bioaccumulative in the food chain to humans

11 Soil sorption partition Log KqaValue USEPA 2013
coefficient (logKqc) Very strong sorption, negligible migration:
>4.5
Strong sorption, negligible to slow migration:
3.5-44

Moderate sorption, slow migration: 2.5-3.4
Low sorption, moderate migration: 1.5-2.4
Negligible sorption, rapid migration: <1.5
12 Henry's Law constant Henry's Law constant value USEPA 2013
Very volatile from water: >10
Volatile from water: 10' to 10°
Moderately volatile: 13 to 10°
Slightly volatile: 10° to 10
Nonvolatile: <10’
13 Bioaccumulation BAF (log BAF) or BCF (log BCF) USEPA 2015
(BAF/BCF) Very high: >5000 (>3.7)
High: 5000 to 1000 (3.7 to 3)
Moderate: <1000 to 100 (<3 to 2)
Low: <100 (<2)
14 Persistence (wateHalf-life (in d) USEPA 2013
soil, sediment, or air  Very high: >180 (air: >2)
half-life; degradability) High: 60-180
Moderate: <60 t&16
Low: <16 or pass ready biodegradability test
not including the 10-d window
Very low: pass biodegradability test with 10-d
window

15 Environmental fate No known classification system; use this to N/A



(water, soil, sediment, in understanding environmental fate

air)
16 Sewage treatment planNo known classification system; the higher - N/A

removal better
ACGIH = American Conference of Governmental Inda$tdygienists; ART = Advanced
REACH Tool Project; 2D = 2-dimensional; 3D = 3-dmse@nal; BAF = bioaccumulation factor;
BCF = bioconcentration factor; MW = molecular weigid/A = not available; OECD =
Organisation for Economic Co-operation and DevelepimSMILES = simplified molecular-
input line-entry system; USEPA = US EnvironmentadtBction Agency; WWTP = waste water

treatment plant.

Table 2. Product parameters and classification

Nr Product parameter Classification Sour ce of
classificati
on

1 Ingredient function in product N/A

2 Life cycle stage N/A

3 Exposed populations N/A

4 Product form Formulation: gas > powder > liquic N/A

> gel > paste > solid
Article: surface coating >

homogeneous > encased

5 Product delivery type Aerosol > spray > pourable > N/A
squeezable
6 Expected exposure route/use  Oral > inhalation > dermal N/A
pattern

7  Frequency, duration, and amountkdburly > daily > weekly > yearly Orders of

use Seconds > minutes > hours > daymagnitude
Hg=>mg>g>
8 Ingredient concentration in produ@oncentration (%) Orders of

>50-100 magnitude



9 Ingredient total use volume

10 Other ingredients in the formula

that may differentially impact

>25-50

>10-25

>1-10

0.1-1

<0.1

Use (in tly) Orders of
>100:5000 magnitude
>10::000-10G:000

>1000-1¢000

>100-1000

>10-100

1-10

potential for and type of exposure

to the target ingredient and
alternative
11 Accessibility of ingredient in

product and during use

Yes or no N/A

12 Separation potential during produ Diffusivity or molecular weight  USEPA

life

13 Product disposal method

2015
Air > down the drain > landfill N/A

N/A = not available; USEPA = US Environmental Pobien Agency.

Table 3. Description of criteria to evaluate relevance,f@nce, and data gaps

Relevance

Confidence Data gaps

High All parameters that are
associated with the
expected primary

exposure routes from

The data available for A “show stopper” because
the parameter on both the parameter is associated
ingredients being with the primary exposure

compared are measureoute from product use. The




Medium

Low

product use and disposal or derived from

overall assessment must

measurements and are clearly reflect a high level

of good quality.

All parameters that are  The data available for

associated with the the parameter are of
expected secondary lower or different
exposure route from quality (e.g., estimated

product use and disposal on both ingredients;
measured on 1
ingredient, estimated
on the other; or
Klimisch scores are
different).

Any parameter that is not There are no data

likely to be associated available for the

with a relevant expected parameters on one or

exposure route from both ingredients being

product use and disposal compared.

of uncertainty.

A data gap here introduces
some uncertainty, given that
the parameter is associated
with a secondary exposure
route from product use. The
overall assessment should
offer a caution and indicate
the data needed to make a

more confident decision.

A data gap here is not
considered relevant, given
that the parameter is not
likely to be associated with
an exposure route from
product use. The overall
assessment can be made
without the need for this

information.




Problem Formulation — Conceptual Exposure Map

Determine Exposure Parameter Information

Compare Exposure Potential of Alternatives

Consider Relevance-Confidence-Data Gaps

Overall Qualitative Exposure Assessment

Embry Figure 1 .



Life Cycle Action to Use Product Expected Receiving Release Mechanism Potential Exposure Exposure Routes Populations
Stage Medium & Fate and Transpert Medium
During/After Use Human

neral Population Workers

Adults  Children Infants  Professional Industrial

Productor  Sprayed Armbient Air Volatilization Ambient Air Inhalation (User)
Article Use Applied with Too! Skin Surface - Human or Pets  Asrosolization Inhalation (Bystander
Applied with Hand Indoor Surfaces. Evaporation Skin Surface Demal Contact
Contacted Indoor Dust Migration Incidental Ingestion
Poured Liguids Qutdoor Surfaces Re-suspension Indoor Surface Demal Contact
Poured Solids Foed andfor Drink Dissolving Incidental Ingestion
Evaporated Liquids or Selids  Drain Water Contacting Indoor Dust Inhalation (Re-Suspended Dust)
Mauthed Surface Water Washing Incidental Ingestion
Swallowed Sediment Waste Water Treatment Incidental Dermal Contact
Soil Leaching Qutdoor Surface Dermal Contact
Animals Erosien/Runoff Incidental Ingestion
Plants Anima| Uptake Food/Drink Ingestion
Human Digestive Tract Plant Uptske Incidental Dermal Contact -
Incineration Drain Water Dermal Contact
Landfilling Inhalation [Volatilization)

Surface Water/Sediment  Dermal Contaet (Swimming)
Incidentsl Ingestion (Swimming)
Soil Dermal Contact
Incidental Ingestion
Inhalation (Re-Suspended Dust)
Digestive Tract Ingestion
Far Field Environment Inhalation (Far Field)
Ingestion (Drinking Water)
Dermal Contact (Soil)
Incidental Ingestion (Soil)
Dermal Contact (Surface Watar/Sediment)

P IncidetalIngesion Gurfce Waer/Seciment
R Ingestion (Produce)

Not Relevant to Use

. Ingestion (Meat, Fish, Eggs, Dairy)
BRI I

Ingestion (Human Milk)

Embry Figure 2 .



tionto Use Product

Expected Receiing

Medium

S Surface- Human or Pets Aerosolzation

Froductor ~ Sprayed Abient &i
Mkl it ol
Applied vith Hand or Suices
Contacted Indoor Dust
Pouted Liids Qutdoor Suraces
Poured Solcs Food and/or Dink
Evaporated LiguidsorSolds Drain Water
Mouhed Surace Water
Suomed Sediment
o
faimzls
F Pants
Rl t e Huen Digeste Tret
Not Relevantto Use

| [T

Embry Figure 3 .

Potentia Exposire Medium

Exposre Route

Volatization Pocbient Air(inclucing s pore i) Inhalton or Pespiation

Eveporson

Migration WetandRiparan Sol [ncuding
P— ot Wt
Dissohving WTP Shcige
Contacting

Washing Sufae Wer
Waste Water Treziment

Leaching Sedment
Eroson/Runoff

Animal Uptake Ground Water
Plant Uptake Diet
ncieration

Landfling

Upland Sol incuding pore vate]  Dirct Contact

Ingestion/Root Uptake

Direct Contact

Ingestion/Root Uptake

Diect Contact

Ingeston/Gil Uptake

Direct Contact

Ingestion/Roat Locte/Gil Uptste
Diect Conact

Ingestion/Gil Upteke
Ingestion/Root Uptake

Ingestion

Terestrial Wetlnd/ Aquatic WP
R

Kipenian

Vertebrates Invertebrates  Plamts  Plants  Vertebrates hertebrates  Plants  Micro-

organisms




