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Abstract: The need for assembled existing and new toxicity data has accelerated as the amount of chemicals introduced into
commerce continues to grow and regulatory mandates require safety assessments for a greater number of chemicals. To address
this evolving need, the ECOTOXicology Knowledgebase (ECOTOX) was developed starting in the 1980s and is currently the
world's largest compilation of curated ecotoxicity data, providing support for assessments of chemical safety and ecologjical
research through systematic and transparent literature review procedures. The recently released version of ECOTOX (Ver 5,
www.epa.gov/ecotox) provides single-chemical ecotoxicity data for over 12,000 chemicals and ecological species with over one
million test results from over 50,000 references. Presented is an overview of ECOTOX, detailing the literature review and data
curation processes within the context of current systematic review practices and discussing how recent updates improve the
accessibility and reusability of data to support the assessment, management, and research of environmental chemicals. Relevant
and acceptable toxicity results are identified from studies in the scientific literature, with pertinent methodological details and
results extracted following well-established controlled vocabularies and newly extracted toxicity data added quarterly to the
public website. Release of ECOTOX, Ver 5, included an entirely redesigned user interface with enhanced data queries and
retrieval options, visualizations to aid in data exploration, customizable outputs for export and use in external applications, and
interoperability with chemical and toxicity databases and tools. This is a reliable source of curated ecological toxicity data for
chemical assessments and research and continues to evolve with accessible and transparent state-of-the-art practices in literature
data curation and increased interoperability to other relevant resources. Environ Toxicol Chem 2022;41:1520-1539. © 2022
SETAC. This article has been contributed to by US Government employees and their work is in the public domain in the USA.
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INTRODUCTION contaminants is gathering existing empirical toxicity data.
However, there are challenges in identifying, reviewing, and
Rapid and cost-effective methods are needed to evaluate . . d ying d
compiling toxicity test data in a thorough and transparent, yet
efficient, manner. This is not a new problem, and the US En-
vironmental Protection Agency (USEPA) began development of
the ECOTOXicology Knowledgebase (ECOTOX) in the early
1980s with several ecosystem/taxa-specific databases to pro-
vide regulatory USEPA program offices with rapid access to
ecotoxicity data.
This article contains online-only Supporting Information. Furthermore, there was a need for documented systematic
"Retired. and transparent literature searching, acquisition, and curation
* Address correspondence to olker jennifer@epa.gov procedures to provide toxicological data for regulators and
Published online 3 March 2022 in Wiley Online Library
(wileyonlinelibrary.com). researchers across the USEPA and other federal and state
DOI: 10.1002/etc.5324 agencies. Risk assessors needed a cost-effective means of

chemicals for risk to human health and the environment. Reg-
ulatory agencies worldwide have been increasingly mandated
to assess hazards of large numbers of chemicals while re-
searchers seek to further existing bodies of knowledge. Typi-
cally, the starting point for hazard assessment and research of

© 2022 SETAC wileyonlinelibrary.com/ETC


http://www.epa.gov/ecotox
mailto:olker.jennifer@epa.gov
http://crossmark.crossref.org/dialog/?doi=10.1002%2Fetc.5324&domain=pdf&date_stamp=2022-04-26

ECOTOX Knowledgebase: A database of ecotoxicological test results—Environmental Toxicology and Chemistry, 2022;41:1520-1539 1521

locating relevant ecological effects data to use in chemical risk
characterizations at hazardous waste sites and assisting in the
assessment of potential hazards of chemicals while adminis-
tering legislated mandates associated with the Federal In-
secticide, Fungicide, and Rodenticide Act; the Clean Water
Act; the Comprehensive Environmental Response, Compen-
sation, and Liability Act/Superfund Amendments and Re-
authorization Act; and the Toxic Substances Control Act. Thus,
ECOTOX continued to develop and is now an authoritative
source of curated, consistently updated, single-chemical envi-
ronmental toxicity data relevant for ecological species, in-
cluding both aquatic and terrestrial organisms, for use in risk
assessment, risk management, and research.

Both toxicity testing and chemical regulation have evolved
since the origination of ECOTOX. As the number of com-
pounds and the need for rapid evaluation continue to increase,
many new strategies have been developed to meet the de-
mand for increased rate and efficiency in prioritizing, assessing,
and predicting hazard and toxicity for both human health and
ecologically relevant species. A National Research Council re-
port, Toxicity Testing in the 21st Century: A Vision and a
Strategy (2007), outlined a strategy to increase efficiency in
evaluation of potential adverse effects of chemical exposure
through a shift to greater reliance on high-throughput in vitro
assays and computational modeling. This blueprint for change
in toxicology contributed to recommendations for future
toxicological risk assessments (Krewski et al., 2014; USEPA,
2014). Progress subsequent to the release of this National
Research Council report includes advancements in new
approach methodologies and technologies, including in
vitro high-throughput assays, toxicogenomics, and in silico,
structure—activity, and other computational modeling (Krewski
et al., 2020; Thomas et al., 2019). While human health assess-
ments have been the driver of these shifts, many of these
concepts and methods are relevant and increasingly being
applied to ecological assessments (Villeneuve et al., 2019).
Recent mandates to reduce animal usage for toxicity testing
have further focused efforts on new approach methodologies
and led to efforts across the globe to transition to alternatives
(European Chemicals Agency, 2017; Herrmann et al., 2019,
Interagency Coordinating Committee on the Validation of
Alternative Methods, 2018; USEPA, 2020a).

In this shifting toxicity testing paradigm, existing empirical
data from in vivo toxicity testing have important roles in deci-
sion support on environmental effects of chemicals. At present,
in vivo models continue to be the standard for chemical risk
assessments. In addition, in vivo toxicity testing provides nec-
essary empirical data for development of computational
models and, moving forward, will bridge assessments based on
new approach methodologies to those using the more tradi-
tionally defined apical endpoints. Verification and validation of
new approach methodologies have been and continue to be
major challenges, and most evaluation frameworks require bi-
ologically relevant in vivo data for comparison (see Parish et al.,
2020). Thus, the identification and curation of toxicity data
support the development, evaluation, and adoption of new
approach methodologies by providing accessible existing data

for use in evaluations and modeling and identification of data
gaps to target with additional testing.

Concurrent with the shifts in testing approaches to support
regulatory toxicology, the use of transparent processes for the
evaluation of existing toxicity data for use in risk assessment has
evolved significantly in the environmental health field over the
last two decades with the emergence of evidence-based tox-
icology, establishment of study evaluation methods, and adop-
tion of systematic review approaches (Guzelian et al., 2005;
Hoffmann & Hartung, 2006; Klimisch et al., 1997; C. Moermond
et al,, 2017; Rudén et al., 2017; Stephens et al., 2013, 2016,
2018; Thayer et al., 2014; Wikoff & Miller, 2018). The systematic
review approach is a framework for identifying, evaluating, and
synthesizing evidence that enhances transparency, objectivity,
and consistency in reviews with a set of standard steps and clear
criteria (Hoffmann et al., 2017; National Toxicology Program
[NTP], 2019; Woodruff & Sutton, 2014). While multiple applica-
tions in the human environmental health field have made
progress in incorporating aspects of systematic review (see
USEPA, 2020b), ecotoxicological assessments have lagged in
their adoption of systematic review methods. Through the
decades, the ECOTOX team has developed operating proce-
dures for identifying, reviewing, and extracting toxicity data from
the literature which are consistent with the attributes of stand-
ardized guidelines for systematic reviews (NTP, 2019; Texas
Commission on Environmental Quality, 2017) and systematic
evidence maps (Wolffe et al., 2019).

To date, however, the ECOTOX project and literature re-
view/data curation pipeline has not been described in the peer-
reviewed literature and has not previously been framed within
the context of current systematic review lexicon. The present
study describes the recently updated ECOTOX (Ver 5), in-
cluding an overview of the systematic methods used for liter-
ature search, review, data curation, description of the new user
interface, summary of the type and extent of currently available
data, and examples of applications and tools using data from
ECOTOX. With the recent updates, ECOTOX strives to meet
the needs of researchers and risk assessors with accurate, up-
dated, and easily accessible information following the FAIR
principles of “findable, accessible, interoperable, and reus-
able” data (Wilkinson et al., 2016). Although this is an ongoing
process, ECOTOX Ver 5 represents a significant advancement
in transparency and data accessibility, as well as advancements
for data reusability and interoperability with other tools and
databases. Soon after the release of the redesigned user in-
terface, ECOTOX passed a major milestone and now includes
over one million records of curated toxicity data from over
50,000 references. This evergreen database continues to sup-
port USEPA research and regulatory activities and is also a
substantial source of toxicity records for other applications and
databasing efforts including those for toxicity modeling (e.g.,
quantitative  structure-activity relationships [QSARs], bio-
accumulation), toxicity predictions (e.g., predicted no-effect
concentrations and threshold values), and species sensitivity
distributions (SSDs). Thus, this is an opportune time to provide
the first comprehensive description of this project which has a
long history of using systematic methods to identify and curate
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ecological toxicity data, with many similarities to contemporary
systematic review methods, and recently added processes to
increase transparency and consistency with FAIR principles.

METHODS

Over the decades, the ECOTOX team has developed a lit-
erature search, review, and data curation pipeline to identify
and provide ecological toxicity data with consistency and
transparency. We provide an overview of the systematic
methods and procedures from chemical verification and de-
velopment of search terms through literature review and data
extraction. The following section (ECOTOX literature search,
review, and data curation pipeline) summarizes the steps in the
pipeline, and Figure 1 shows the flowchart of study selection,
following the Preferred Reporting Items for Systematic Reviews
and Meta-Analyses (PRISMA) guidelines from Moher et al.
(2009). Each step follows well-established standard operating
procedures (SOPs), which are summarized in the present study.
There are currently three SOPs that cover the steps of the
pipeline (literature searches, citation identification, and ap-
plicability criteria; data abstraction; data maintenance), as well
as SOPs for species verification and entry, chemical verification
and entry, outreach and technical support, and software de-
velopment, all of which are available on request. These SOPs

include project- and application-specific documentation, such
as the details needed for reviewers to select and navigate
through the appropriate interfaces and forms for screening
references and extracting data, and are updated quarterly to
reflect any changes in procedures, the incorporation of new
efficiencies and shifts in file paths, and so forth.

Ecologically relevant toxicity studies for chemicals of interest
are identified through comprehensive searches and review of
the open and gray literature (note that the gray literature in-
cludes government documents and reports that are not typi-
cally included in databases which index peer-reviewed
publications). Screening of references includes review of titles
and abstracts followed by full-text review. References move
forward in the pipeline following the established criteria for
applicability (e.g., in terms of ecologically relevant species,
chemical of interest, biological species identified, exposure
concentration, and duration reported) and acceptability
(documented controls and reported endpoints). From each
study meeting these criteria (listed in Table 1), relevant details
on chemical(s), species, study design, test conditions, and
toxicity results are extracted into the structured database
(see example data fields in Table 2 and full list in Supporting
Information, Table S1). In the following section, we summarize
this pipeline and the ECOTOX SOPs.

Many of the steps in this pipeline are consistent with
systematic review methods which have recently been adopted

Chemical verification and
development of search terms

Chemical-based search terms: Chemical name and CASRN, synonyms, tradenames, and other
relevant forms such as metabolites, degradates, parent compound, and related chemicals of interest
(when requested). Identified from multiple sources, including but not limited to STN, Pesticide
Action Network (PAN), EPA’s Pesticide Fate Database (PFATE), U.S. EPA’s Chemicals Dashboard.
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FIGURE 1: ECOTOXicology Knowledgebase (ECOTOX) literature search and study selection flow diagram, with general steps on left from PRISMA
(Preferred Reporting Items for Systematic Reviews and Meta-Analyses [Moher et al., 2009], dark gray) and ECOTOX pipeline (light gray). Each step is
described in the section ECOTOX literature search, review, and data curation pipeline. CASRN = Chemical Abstracts Service registry number;
STN = Scientific and Technical information Network; EPA/U.S. EPA = US Environmental Protection Agency.
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in toxicology and environmental assessments. However,
ECOTOX is an ongoing project that continually identifies and
reviews toxicity studies, and as such, the protocols were de-
veloped with a generalized approach compared to a systematic
review for a single chemical or set of chemicals. In addition,
ECOTOX provides ecologically relevant toxicity results to
multiple partners and applications, and thus extracts and
manages data suitable for predecisional analysis including
sufficient chemical, methodological, and toxicity result details
for users (e.g., USEPA program offices) to complete study
quality evaluations and use the results to reach conclusions.

The procedures described in the present study have been
reviewed and refined based on results from many years of
identification of applicable references. The protocols are re-
viewed and updated on a continual basis, with the steps,
sources, exclusionary reasons, and controlled vocabulary up-
dated as needed. Updates and changes to the SOPs are made
annually for quality assurance review and tracking, with relevant
changes to the processes added to the documentation in both
the User Guide and online “Help.”

The ECOTOX Knowledgebase was developed to enter, re-
view, and manage the references and toxicity results identified
through the above-described pipeline. The Knowledgebase
consists of two components: (1) the internal back-end Oracle
database and data entry user interface referred to as “Unify,”
into which the chemical, reference, and toxicity tests and re-
sults are entered and managed (see section ECOTOX Infra-
structure: Unify), and (2) the public Oracle database and web-
based user interface that pulls information populated from
Unify to provide data from studies that met the criteria for in-
clusion, which is generally recognized by the USEPA and our
users as "ECOTOX" and recently underwent a complete re-
design with added functionality and features (see section
ECOTOX Ver 5.0: Updated web-based application). “Data”
within ECOTOX are considered the records that are extracted
from ecologically relevant toxicological studies, entered into
Unify, and then provided in the public ECOTOX user interface.
These records (or "data”) include details on the chemicals,
species, study design, test conditions, toxicity results, and
statistically calculated or derived endpoints.

ECOTOX literature search, review, and data
curation pipeline

Study selection criteria. The inclusion criteria for ECOTOX
were developed to select ecological toxicity data possibly rel-
evant for ecological risk assessments and subsequent risk-
management decisions or policy. These inclusion criteria
are summarized in Table 1 (second column) and consist of
requirements for applicability as well as acceptability. The
minimum data requirements for applicability include ecotox-
icologically relevant criteria (e.g., ecologically relevant species,
quantified chemical exposure amount and duration, biological
adverse or neutral response to chemical exposure) as well as
basic study reporting and quality requirements such as
verifiable chemical and biological species (full descriptions in
Supporting Information,Table S2). Wild species have been

prioritized for inclusion; however, test results for terrestrial
domestic and laboratory species are used to fill data gaps when
needed. In addition, acceptability criteria were developed to
require documented controls and reported endpoints. These
inclusion criteria can be stated in the form of a population,
exposure, comparator, and outcome (PECO) statement com-
monly used in systematic review. The two formats are displayed
side by side in Table 1.

Development of search terms. Most of the details in the
inclusion criteria (and PECO statement) are general across all
efforts; however, additional information is needed about each
requested chemical to complete the exposure (E) section and
develop search terms. Each chemical of interest is reviewed
through a verification process to unequivocally link the chemical
name to a specific Chemical Abstracts Service registry number
(CASRN) and identify any synonyms, tradenames, and other
relevant forms of the compound which should be considered for
inclusion in the literature search (e.g., metabolites, degradants,
parent compounds, related chemicals). This information is
identified with resources, including, but not limited to, Pesticide
Action Network, the USEPA's Pesticide Fate Database, and the
USEPA's CompTox Chemicals Dashboard. The resulting chem-
ical search terms are reviewed by the curation team and the
partners requesting toxicity data for specificity to the chemical of
interest and compiled for inclusion in the literature search.

Literature searches and sources of toxicity data. Literature
searches are conducted using selected search terms as de-
scribed above and shown in Figure 1. The majority of the
literature searches are chemical-specific using the names and
CASRNSs for the target and related chemicals to search mul-
tiple databases within a narrow window of days to identify
relevant references. The current list of databases includes
Scopus, ProQuest, Dissertation Abstractions, PubAg, and
Web of Science. This list of databases has remained fairly
consistent over the years, although there have been recent
shifts based on availability and use of web services (e.g.,
Scopus was recently incorporated as a replacement for
ScienceDirect), and there are unique efforts that require
additional sources (e.g., inclusion of PubMed when human
health data are also of interest).

Chemicals included in these searches are based on the
needs of our partners, such as requests from USEPA program
offices and researchers within the Office of Research and De-
velopment, with anywhere from 48 to 90 chemical-specific
searches conducted per year. Each literature search is
conducted by ECOTOX staff specializing in this area, utilizing
automation wherever possible and documenting the search
terms and sources searched, the resultant number of citations
from each search, and the disposition (or status) of each ref-
erence (applicable/not applicable and reason for exclusion, as
identified in the next step) in standardized memos and file
formats. This documentation is retained and provided to our
partners for requested chemicals.

In addition to chemical-specific literature searches spanning
all years using the databases described, titles and abstracts are
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TABLE 1: Criteria for inclusion in the ECOTOXicology Knowledgebase (ECOTOX) shown side by side with these same requirements formatted as a
population-exposure-comparator—outcome (PECO) statement

Requirements/inclusion criteria from ECOTOX standard
operating procedure

General ECOTOX PECO

P (population)

E (exposure)

Ecologically relevant species

Live, whole organisms

Organism taxonomic information verifiable against
standard taxonomic sources

Priority species are wild (test results for terrestrial
domestic and laboratory species are used to fill data
gaps when needed)

In vitro studies (with viable cells or tissue) flagged for
possible inclusion as requested by programs

NOT: humans, monkeys, bacteria, viruses, yeast

Verifiable Chemical Abstracts Service (CAS) number

Animal: Aquatic and terrestrial species (live, whole organism) of
any life stage (including preconception, in utero, lactation,
peripubertal, and adult stages). Include vertebrates (wild
mammals [e.g. Peromyscus sp.], fish, amphibians, reptiles,
birds) and invertebrates (crustaceans, mollusks, insects,
spiders, worms, other invertebrates). Bacteria and viruses are
not included.

Plants: Aquatic and terrestrial species (live), all plants including
algal, moss, lichen, and fungi species

Relevant forms:

Single-chemical exposure

Relevant to environmental exposure
Report exposure concentration, dose, or
application rate

Report duration of exposure

e Sediment studies must have a water concentration

reported to be included

e NOT: Air pollution studies related to CO, and ozone

C (comparator/ ® Must have a control treatment®
control)
O (outcome) ¢ Biological effect measured

e Effect concurrent with associated chemical exposure

Publication/data e Primary source of the data
format e Study must be a full article in English
NOT: Review article or abstract citation only

Chemical of concern, name and CAS registry number (plus
synonyms, tradenames); when requested: metabolites,
degradates, parent compound, and related chemicals

Animal: Any exposure to relevant forms of the chemical of
concern including via water, injection, diet, and dermal,
with reported concentration and duration. Inhalation
studies are excluded unless this is the primary route of
environmental exposure (e.g., for volatile compounds).

Plants: Exposure to relevant forms of the chemical of concern
via water or soil, with reported concentration and duration

A concurrent control group exposed to vehicle-only treatment
and/or untreated control (control could be a baseline
measurement)

All biological effects (including bioaccumulation from
laboratory studies with concurrently measured water and
tissue concentrations)

“Studies with documented controls and statistically derived endpoints meet the acceptability criteria; however, there are instances in which data are included in ECOTOX
without meeting these criteria, under the condition that they occurred in a publication with statistically analyzed endpoints compared to a control. For example, when
standard methodologies were cited in the experimental design without explicitly naming a control exposure, median lethal concentrations (LC50s) were reported without
a control exposure, or histopathological observations were reported without calculated endpoints or statistical analysis.

collected and reviewed monthly from the table of contents of
several journals which historically have had a high frequency
of ECOTOX-relevant references. This set of journals was iden-
tified based on evaluation of the applicability rate in the results
from ECOTOX literature searches and is reviewed annually, with
journals added or removed as needed. References identified
with this literature search process are also reviewed with the
inclusion criteria in Table 1 and often include studies for chem-
icals that are not currently prioritized by the USEPA's research or
program offices. These references are added to the extraction
queue, where they remain until either chemicals are prioritized
or resources are available to complete the screening and data
extraction process. Thus, curation includes toxicity data for both
target chemicals for the USEPA's research and program offices
as well as those of interest in the broader ecotoxicological
community based on studies in recent publications.

In addition to references identified through the literature
search process, ECOTOX includes data from several highly
relevant toxicity databases. These include the USEPA fathead
minnow acute toxicity database (Duluth Laboratory), the
USEPA Office of Pesticide Programs Ecotoxicity Database, and

the US Geological Survey (USGS) Acute Toxicity Database, as
well as independently compiled data sets from France, Ger-
many, The Netherlands, and Russia (see User Guide, Appendix
F, for details). These sources make up a small fraction (<6%) of
the total records.

Screening references. The ECOTOX Knowledgebase has a
tiered system for identifying studies to include (shown in
Figure 1). Potentially applicable studies are first identified
through a screening of the titles and abstracts from the literature
search using the criteria (or PECO) described in Table 1. Studies
that pass the title/abstract screening are acquired, and the full
text of the article is reviewed using the same criteria. References
which are excluded at either the title/abstract or full-text review
stage are labeled (“tagged”) with the primary reason for ex-
clusion (e.g., “chemical methods,” “human health,” “survey,”
"mixture”; see Supporting Information,Tables S2 and S3 for
minimum data requirements and a list of exclusionary reasons).
The disposition (or status) of each reference is documented
(applicable/not applicable, reason for exclusion) in the citation
files and in Unify. Therefore, studies identified currently as

i
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“nonapplicable” are documented, and the citations are retained
for potential future review for different projects or if there are
changes in applicability or acceptability criteria.

Data extraction. For references that meet ECOTOX inclusion
criteria, data are extracted for each reported toxicity test, in-
cluding details on the test methods, species, chemical(s), and
toxicity results (see examples in Table 2, full list in Supporting
Information, Table S1). Toxicity tests within a reference are
considered unique tests based on differing study designs (e.g.,
new chemical, new species, new life stage, new exposure type)
and are given a computer-generated identification number
(“test number”). Each toxicity test typically includes measure-
ments for multiple types of effects, each with one endpoint or
associated endpoints (statistical quantification or calculation of
the observed effect, e.g., lethal concentration to 50% of test
organisms [LC50], no-observed-effect concentration [NOEC],
lowest-observed-effect concentration [LOEC]). The combined
unique experimental design, effect measurement, and asso-
ciated endpoint(s) are extracted as separate data records, with
a unique “result number” assigned to each record. Thus, each
reference may include multiple toxicity tests and multiple data
records (see examples in Figure 2).

For each toxicity test within a reference, up to 90 different
study entities (e.g., organism, chemical, media type, type of
control, endpoint, statistical significance) are extracted in
standardized fields with controlled vocabularies. To fully cap-
ture the relevant and reported information, many entities in-
clude additional fields for specific comments as well as ranges
and units, resulting in possible totals of up to 300-400 data
fields for terrestrial and aquatic studies, respectively. Extraction
of study details and results is based on what is reported by the
author(s) and follows SOPs using controlled vocabulary in a
form-based data curator interface within the Unify system,
which includes standard quality review for all extracted data.
Supporting Information, Table S1 includes the list of data fields
and associated appendices with controlled vocabularies (where
relevant). The data fields and controlled vocabularies with
definitions, are also documented in the online “Help” in “Data
Field Definitions and Terms” (https://cfpub.epa.gov/ecotox/help.
cfm?sub=wi-definitions) and the "ECOTOX Terms Appendix”
(https://cfpub.epa.gov/ecotox/help.cfm?sub=term-appendix).

The established data fields include standardized unique
identifiers (e.g., CASRN for chemicals, the National Center for
Biotechnology Information's [NCBI] taxonomy identifier [TaxID]
for species) and ECOTOX-specific controlled vocabularies

TABLE 2: Types of data extracted from each reference for curation in the ECOTOXicology Knowledgebase (ECOTOX; if applicable and reported),
with category, data fields, and examples of how specific fields in ECOTOX can inform study evaluation questions

Select study evaluation questions with relevant

Category Data fields (not all inclusive) ECOTOX field(s)

Chemical Chemical name, Chemical Abstracts Service registry number, Is test substance identified?2< Required for inclusion in
grade, purity, formulation, carrier ECOTOX

Test-specific: Analysis, application type and Is the purity of test substance reported?®®< Chemical

rate/frequency, number of doses, doses, concentration Purity
type (e.g., active ingredient or formulation), concentration/ Were chemical concentrations verified?® Chemical Analysis
dose associated with each effect and/or endpoint (e.g., nominal vs. measured concentrations)

Species Scientific and common name, taxonomy, life stage, age, Is the species given?a'b'C Verifiable species (Scientific

initial and final weights, gender, source Name, etc.) required for inclusion in ECOTOX
Are the organisms well described?®* Organism source,

life stage, age, gender, initial and final weights

Are appropriate controls per‘i:ormed?a'b'c A control is
required for inclusion in ECOTOX, type described in
Control

Is a guideline method (e.g., OECD) used?®“ Test Method

Are the experimental conditions appropriate and
acceptable for the test substance and organism?®°
Test Method, Media Type, Test Location, Experimental
Design, Physical and Chemical Soil and Water
Parameters (e.g., pH, temperature, dissolved oxygen)

Study design/test
conditions

Test method, media type, test location, exposure
and study duration, control, experimental design,
physical and chemical soil and water parameters

Test results Effect (observation of a response): general effect
groups and specific effect measurements, endpoint
(quantification of an observed effect, e.g., LC50),
trend, response site, effect percentage, statistical
significance and level, observed duration (exposure
duration when result observed), bioconcentration

(BCF or BAF) with units

Are the reported effects and endpoints appropriate for the
purpose, test substance, and organism?? Effect
Measurement, Endpoint

Is the response/effect statistically significant?® Statistical
Significance, Significance Level

The full list of data fields with definitions is in Supporting Information Table S1.

Criteria for reporting and evaluation ecotoxicity data—relevance and reliability (Moermond et al., 2016).

PRelevance and reliability of experimental data in human health risk assessment (Kaltenhauser et al., 2017).

“ToxRTool, reliability assessment of in vivo toxicity studies (Schneider et al., 2009).

OECD = Organisation for Economic Co-operation and Development; LC50 = lethal concentration to 50% of test organisms; BCF =bioconcentration factor; BAF =
bioaccumulation factor.
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Reference Species Effect group Effect Endpoint Reference Species Effect group Effect Endpoint
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tein 47 MRNA*
protein 47 ml LOEC ECOREF #160584 EC50
HSPT0 mRNA* _<: NOEC Aluminum chloride (AICl,) Abundance { LOEC
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P53 MRNA® _<: NOEC Green algae: EC50
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uzman et al.
o ' _< LOEC 2010 Rotifer:
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Growth ——————— v ength '<: LOEC Aluminum chloride (AICI) quadridentata \
9 NOEC Nitric acid, Iron(3+) salt (neonate) NOEC
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* Measured at multiple exposure durations, not all resulted in NOEC & LOEC.
Mortality, Development: 1, 2, 3, 4 days Shuhaimi-Othman. -
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i i b
Genetics: 5, 8 days ECOREF #163848 Nels alais Mortality Mortality —<: 1150
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(Catiom o (4L ronchore (Fe): N ac, Loa ) o 21 St LT50 for each concentration
Suifri Suric

Hanganeea(2) salt (11 St ac, Nicke2yoa 111 Sulfi s Zin st (1)

FIGURE 2: Examples of data extracted from references that have met applicability and acceptability criteria, with effects and endpoints measured
and reported: (A) one study with amphibians and perfluorooctanesulfonic acid and (B) three studies with aquatic organisms and metals. Each
reference could include multiple tests, each with a unique test design with different chemicals, species, life stages, exposure types, and so forth
(e.g., Claesson & Tomquist, 1988). From each reported test within a reference, each effect measurement and the associated endpoint(s) are
extracted as separate data records in the ECOTOXicology Knowledgebase. Thus, there can be many data records for each reference. PFOS-

K = perfluorooctanesulfonic  acid-potassium; CRF = corticotropin

EC50 = effective concentration for 50% of test organisms; LC50 =

developed through reviewing the ecotoxicological literature
(e.g., media type, effect measurements, endpoints, test
method and type). Numerical fields (e.g., organism age,
number of doses, observed duration, concentration, temper-
ature) include fields for the mean, minimum, and maximum
values as well as operators (>, >=, <, =<, =) and units. Also,
text “comment” fields are included for additional relevant
study details. Toxicity results include reported endpoints (e.g.,
LC50, LOEC or lowest-observed-effect level [LOEL], NOEC or
no-observed-effect level [NOEL], effective concentration for x%
of test organisms [ECx]) for each effect measurement (e.g., total
lipids, biomass, mortality) in a study, with measurements
categorized into 23 effect groups (e.g., biochemistry, growth,
reproduction, mortality, enzymes, genetics [which includes
"omics” datal). Presently, there are 30 separate endpoints and
over 5000 effect measurements defined in the ECOTOX con-
trolled vocabularies. The ECOTOX Knowledgebase includes
the treatment doses or concentrations associated with these
effects and endpoints; however, because of priority given to
statistically derived endpoints and limited resources, full ex-
traction of responses at each treatment (or dose) is not com-
pleted. As described, each reference may include multiple
toxicity tests, each with one or more effect measurements and
endpoints, resulting in multiple records to represent all meas-
ured endpoints (including “no-effect” results). Examples of
effect groups, effect measurements, and endpoints are shown

releasing factor;
proliferator-activated receptor; NOEC = no-observed-effect concentration; LOEC =
lethal concentration to 50% of test organisms; LT50 = median lethal time.

HSP70=heat shock protein 70; PPAR=peroxisome
lowest-observed-effect concentration; NR=not reported;

in Figure 2 for data extracted from individual studies and
Figure 3 with data from multiple aquatic studies on aluminum
chloride (CASRN 7446-70-0).

The data extracted into and managed within ECOTOX are
useful for scoping or summarizing the extent or type of avail-
able data and providing relevant information for evaluating
studies for inclusion in analyses, but no decisions are reached
within ECOTOX. Data analysis and synthesis, as well as inter-
pretation, are application- and assessment-specific and there-
fore are conducted outside of the structure of the ECOTOX
Knowledgebase web application. However, the ECOTOX cri-
teria for inclusion overlap with common study evaluation
questions, and many of the data fields extracted from studies
provide the necessary information to answer more detailed
study evaluation questions (see Table 2). For example, the
common study evaluation questions “Is the test substance
unequivocally identified?” and “Is the test species given?” and
“Were controls included?” have already been answered as
"yes" for studies meeting the ECOTOX criteria for inclusion.
Additional fields in ECOTOX that provide information for study
evaluation include “test method,” “doses,” "exposure sample
number,” and “exposure duration,” which could be used for
evaluation of the experimental design either directly (e.g., “Is a
guideline method used?” and “Is the number of animals per
group given?” and “Is the exposure duration defined?”) or
to inform professional judgments (e.g., "Were there an
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FIGURE 3: Example data for aluminum chloride (Chemical Abstracts Service registry no. 7446-70-0) showing results for aquatic species with
exposure concentration (y-axis) by type of effects (x-axis) and (A) species group (point color, shape) or (B) endpoint (point color, shape). Currently
there are 731 aquatic records for this chemical from 102 publications, of which 492 have exposure concentrations that can be standardized to parts
per million and displayed in the “Explore” data visualization plots. Note that darker shades indicate overlapping points. LOEC = lowest-observed-
effect concentration; NOEC = no-observed-effect concentration; NR = not reported; NR-ZERO = 0% mortality; NR-LETH = 100% mortality; LCx=
lethal concentration to x% of test organisms; LT50 =median lethal time; EC50 = effective concentration for 50% of test organisms; BCF =
bioconcentration factor; ICx=x% inhibition concentration; MATC = maximum acceptable toxicant concentration.

appropriate number of doses?” and “Are test concentrations
relevant in the context of addressed problem?” and “Is the
duration of exposure appropriate for the studied endpoints?”).
These fields can thus be informative for filtering studies for
more restrictive inclusion criteria or to complement formal
study quality or risk of bias evaluations that require review of
the original publications. In such scenarios, we recommend that
users of ECOTOX also consult the original publications be-
cause not all nuances of study design and toxicity results can be
conveyed in the structured database. To aid in study evalua-
tion, we recently released an optional output format which in-
cludes the fields most pertinent for evaluating relevance,

reliability, and/or risk of bias, based on recent review of eval-
uation guidelines (Kaltenhauser et al., 2017; C. T. Moermond
et al., 2016; Schneider et al., 2009).

Data maintenance and updates. As an evergreen database,
ECOTOX continually adds references and records. In addition,
previously added records are routinely updated to reflect cur-
rent recommended terms and correct entry errors. For bio-
logical species, changes in taxonomy and scientific names are
updated annually using a complete download from the USGS
Integrated Taxonomic Information System (IT IS) database
(http://www.itis.gov/). Species are updated with any changes in

wileyonlinelibrary.com/ETC

© 2022 SETAC

85U8017 SuoWWoD aAkeaD 8|qedtjdde ays Aq peusenob ae ssjoiie VO ‘88N JO Sa|nJ o} Akeiqi8uljuO 3|1 UO (SUOTPUOD-PUe-SWBIALI0D" A8 [IMAeIq Ul |UO//SdNL) SUORIPUOD pue SWie 1 8y} 885 *[€202/60/52] U0 AreiqiTauluo A |IM ‘Aiseniun sArse N - syoezd Aq #72€5018/200T OT/I0p/W0d A8 1M Akeiq Ul Uo-Je1ss//Sdny Wolj pepeoiumoq ‘9 ‘2202 ‘8T98ZSST


http://www.itis.gov/

1528

Environmental Toxicology and Chemistry, 2022;41:1520-1539—J.H. Olker et al.

common names, synonyms, geographic terms, taxonomic se-
rial number, and parent taxonomy. Previously recognized
species names that are no longer used for taxonomic classi-
fication are retained as historical names and can be used in
ECOTOX searches (with the currently accepted name provided
in the output). Preferred names of chemicals, CASRNs, and
terms in the controlled vocabulary (e.g., effect measurements,
endpoints, exposure types) are also updated as needed to
provide consistency and clarity. These updates are typically
identified through quarterly review of terms or during in-
corporation of records from new literature and are documented
in the relevant Unify modules and/or terms appendices. When
deleted or alternate CASRNSs are identified, these are main-
tained as historical CASRNs associated with the currently ac-
cepted/preferred CASRN, and all records are updated to the
preferred CASRN. Corrections for entry errors are completed
as needed. Entry errors are identified internally (through review
and quality control [QC] procedures) as well as through reports
by users. Any reported errors are reviewed in comparison to
the original source, with corrections made and released with
the quarterly updates. Documentation of the error and cor-
rections is maintained within the project files.

ECOTOX infrastructure: Unify

The Unify system is the platform into which the chemical,
reference, and toxicity tests and results are entered and man-
aged. Unify maintains data provenance (all records traceable to
the original source), enables quality assurance (QA) processes
and QC checks, manages a backlog of potentially relevant
references for future review and data extraction, and uses a
unified extract-transform—load (ETL) processing platform for
populating the ECOTOX public database reliably and effi-
ciently. Unify was developed to modernize and collate the
ECOTOX data entry process and initially merged the three
separate taxa-specific databases (AQUIRE, PHYTOTOX, and
TERRETOX) that previously stored all ECOTOX data. This
change resulted in our current system, which is comprised of a
sophisticated browser-based user interface using a ColdFusion
model-view-controller framework on top of an enterprise-
quality Oracle relational database with integrated modules for
entry, management, and/or querying of chemicals, species,
references, and/or toxicity data. The relational online trans-
action processing (OLTP) data model is optimized for multiuser
real-time data entry and referential integrity.

Curation is conducted manually and standardized using a
form-based graphic user interface for abstraction (locating and
recording of details from published studies). Entry includes
controlled vocabularies, drop-down and selection fields, and
extensive data validation. The modules and vocabularies used
are described as follows:

1. Chemicals: Chemicals are catalogued by the CASRN, with
associated chemical name and synonyms from the CompTox
Chemicals Dashboard (A. J. Williams et al., 2017; https://
comptox.epa.gov/dashboard/) and other sources (e.g.,

PubChem, ChemSpider). Chemicals go through a process to
verify chemical name, structure, and CASRN using these
sources. Chemicals for which a CASRN cannot be located
through these sources are labeled as “archived,” and asso-
ciated data are not entered until the chemical can be verified.
The “Chemicals” module includes chemical properties, uses,
and general structural groups (e.g., polyaromatic hydro-
carbons [PAHs], neonicotinoids, polychlorinated biphenyls
[PCBs]). As part of the updates described here, the Dis-
tributed Structure Searchable Toxicity Database Substance
ID (DTXSID; Grulke et al., 2019) was added to increase in-
teroperability with databases that include physicochemical
properties, exposure, uses, and so forth.

. Species: Test organisms are identified by their current sci-

entific name, which is verified using IT IS. If the taxonomic
data are not available with IT IS, other sources may be used
(including taxa-specific sources such as AlgaeBase [www.
algaebase.org] and Xenbase [www.xenbase.org]). For each
entry in the "Species” module the verified name, taxonomic
kingdom, nomenclature history, and verification sources are
retained in the Unify record. Name synonyms (e.g., previous
scientific names) and taxonomic/species groups (e.g., fish,
standard test species) are included in the Unify “Species”
module and available as ECOTOX query options. As part of
the updates described, the NCBI TaxID (www.ncbi.nIm.nih.
gov/taxonomy; Federhen, 2012) was added and is available
for approximately 80% of species in ECOTOX. The addition
of the NCBI TaxIDs allows for greater interoperability with
the USEPA Sequence Alignment to Predict Across Species
Susceptibility (SegAPASS) tool, which uses protein se-
quence comparisons to make predictions of chemical sus-
ceptibility across species (LaLone et al., 2016).

. References: Each new reference that advances from title/

abstract screening (identified as applicable or needing full-
text review) is added to the “References” module for further
tracking and processing. This module includes standardized
bibliographic information, workflow and tracking of the
physical paper, full-text screening and abstraction in-
formation for references, and project report tracking and
generation. When possible, digital object identifier (DOI),
PubMedID, master record ID, and Health & Environmental
Research Online ID are added to references in this module
as additional identifiers for tracking and cross-referencing.

. Toxicity: The "Toxicity” module was developed for efficient

online data extraction from each reference, with separate
sections for entity entry information of chemical(s), species,
study design and parameters, and results. Entry parameters
for all fields are defined (Supporting Information, Table S1)
and selected from controlled vocabularies developed
over the course of decades of reviewing ecotoxicological
literature (terms are defined in the ECOTOX Terms
Appendix; https://cfpub.epa.gov/ecotox/help.cfm?sub=
term-appendix). Efforts to refine and map ECOTOX terms
to standardized vocabularies (e.g., NCBI Entrez-Gene IDs,
the National Library of Medicine's Unified Medical Lan-
guage System) are underway.
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5. Administration: The "Administration” module includes in-
ternal lookup codes, users, and roles.

Intensive training and QA procedures are implemented
throughout the steps in the ECOTOX pipeline, and trained
abstractors follow the well-documented procedures described
in multiple SOPs, with close interaction with a data coordinator.
The QA process is an ongoing component of literature ab-
stracting. Most data fields have validation files (lists of specific
allowable terms) to control entries and electronic QA checks to
ensure integrity of terms between data fields and consistency
of data within fields. All entries are assessed for QA by trained
staff to ensure that data have been accurately included and
entered. More details on the data curation processes, including
Unify modules, controlled vocabularies, and QA/QC processes,
are available in the online “Help” section (https://cfpub.epa.
gov/ecotox/help.cfm) and by request.

ECOTOX Ver 5: Updated web-based application

The curated toxicity data from studies which meet inclusion
criteria are loaded from the Unify OLTP database into the
public-facing ECOTOX data warehouse via a quarterly ETL
process. The Oracle data warehouse is optimized for query
operations by employing a star schema design and Oracle
materialized views. The ECOTOX Ver 5 web-based application
incorporates significant updates which were first implemented
in 2018 to meet the data needs of current toxicological as-
sessments, and updates are ongoing in response to increasing
demands for rapid access to relevant and reliable data to meet
regulatory mandates. These updates include integration of
more diverse effect measurements (e.g., gene expression
changes and biochemical responses), simplified outputs, and a
completely redesigned user interface that incorporates data
exploration and visualization tools which allow users to more
efficiently search and use the existing toxicity effects data.

Redesign of the user interface was launched in August 2018
with the goal of increased accessibility and functionality for
querying and exploring available data. New functionality and
features have been added each quarter since our initial release.
This change also improved the application architecture by
separating the front-end user interface logic from the back-end
database query logic. The web application utilizes an open-
source development stack including HTMLS5, CSS, JavaScript,
and JQuery/Ajax using the Node.js framework. In addition, the
HighCharts JavaScript library was used for the new visualization
plots feature.

In this newly designed user interface, data are presented
and downloadable in tabular formats, with data query and filter
options in the “Search” and “Explore” modules. Data can be
queried directly through the “Search” module with options to
input specific terms or filter by category (e.g., chemicals, ef-
fects, endpoints, species, test conditions, publication[s]). Data
are available to download in Microsoft Excel or delimited (.txt)
format in the “Search” module, with 22 fields included in the
basic default display with the option to include additional data
fields for download, if desired. The novel module “Explore”

allows discovery and exploration of available data through in-
teractive filters for chemicals, species, effects, measurements,
endpoints, and publication years. “Explore” also includes the
option to visualize the data in dynamic plots, which display
results by exposure concentration, duration, effect, chemical,
species, and so forth. Selected query filters in “Explore” can be
sent to the “Search” module for further refinement prior to
downloading data. Details of how to navigate ECOTOX Search
and Explore functions as well as query and download data can
be found on the "Help” page (https://cfpub.epa.gov/ecotox/
help.cfm) and in the ECOTOX User Guide found therein, and
described in the section Strategies for navigating ECOTOX Ver
5 for different applications.

RESULTS AND DISCUSSION

Current data landscape

The ECOTOX Knowledgebase captures a robust repre-
sentation of the published ecotoxicological chemical testing
literature for the past several decades. As such, the data can be
utilized to reflect trends in the distribution of species, chem-
icals, and biological effect measurements in cumulative pro-
portions and in shifts over time in the field of ecotoxicology. In
addition, reviewing the current data landscape can be used to
prioritize literature searches and data curation, as well as
identify data gaps for chemical and species groups. At the time
of this writing (data update from June 15, 2021), ECOTOX in-
cludes extracted data from 52,274 references with toxicity data
for 12,326 unique CASRNs and 13,610 biological species, for a
total of 1,070,215 test records.

Chemicals with toxicity data in ECOTOX include, but are not
limited to, groups such as metals and organometals, pesticides
and herbicides, major ions, PAHs, polybrominated diphenyl
ethers, PCBs, pharmaceuticals, and per- and polyfluoroalkyl
substances. The number of references and records varies
widely across chemicals (Supporting Information, Figures S1
and S2). Some chemicals have been well studied and docu-
mented in the published literature, such as copper sulfate
(CASRN 7758-98-7), with 32,475 records extracted into
ECOTOX from 2660 publications, while other chemicals are
represented with only a few references (i.e., >6100 unique
chemicals have only one reference in ECOTOX). The list of
chemicals included in ECOTOX has been, and will continue to
be, driven largely by USEPA regulatory and research needs;
however, improved coverage across the chemical universe
through emphasis on recent publications (with review of
monthly publications from target journals) and prioritizing lit-
erature searches for data-poor chemicals is an objective
moving forward.

The ECOTOX Knowledgebase includes data for >13,000
biological species, with a distribution that reflects the some-
what uneven taxonomic representation in the ecotoxicological
literature. For example, a select set of model species (e.g.,
rainbow trout, northern bobwhite quail, Norway rat) has his-
torically been used for most toxicity testing, and the 227
“standard test species” in ECOTOX (described under “Species
Verification” in “Help,” https://cfpub.epa.gov/ecotox/help.cfm?
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sub=wi-documentation) not surprisingly represent 45% of the
records. In fact, 100 of the 13,610 species account for 50% of
the total number of records, whereas >9000 species have data
from only one or two references (Supporting Information,
Figure S3). Fish are the most highly represented taxonomic
group, with 25% of the records (273,693 records) and >13,000
references in ECOTOX. Taxonomic groups with the fewest re-
cords and references are reptiles, moss, and hornworts. Within
the taxonomic groups, the amount of available data varies
greatly across individual species. For example, looking at the
fish species with the highest number of records in ECOTOX,
four standard test species (rainbow trout [Oncorhynchus my-
kiss], fathead minnow [Pimephales promelas], common carp
[Cyprinus carpiol], and bluegill [Lepomis macrochirus]) repre-
sent 0.4% (4/1000) of all fish species in ECOTOX yet account
for 33% of both the references (4433/13,281) and records
(90,183/273,693) for fish (Figure 4A). Zebrafish (Danio rerio) is
among the top five fish species (based on number of records);
however, prior to 2009, this species contributed relatively few
records to the total number of records for fishes. Currently,
zebrafish is ranked second in total number of records for fish
species (Figure 4B), in part because of its “crossover” status as
a human health model species for neurodevelopmental toxicity
testing (d'Amora & Giordani, 2018). Zebrafish together with
fathead minnow, rainbow trout, common carp, and bluegill
reflect 47% (127,520/273,693) of records from fish species. This
uneven distribution of available ecotoxicity data highlights the
need to conduct “refresh” literature searches for chemicals to
potentially fill data gaps for important species or species
groups (e.g., threatened and endangered species), as well as to
develop linkages to tools that evaluate species similarities (e.g.,
the USEPA's Web-based Interspecies Correlation Estimation
[Web-ICE], SegAPASS).

The types of effects studied and reported have changed
substantially over the decades that ecotoxicological research
has been conducted. Many publications now include a wider
variety of types of effects (e.g., behavioral, transcriptomics) in

Number of records
Other, 108,478 Zebrafish,
> 37,337

/ Fathead

minnow,

Sheepshead 2008
minnow, 3,980

Common carp,

Atlangcszglmon, Goldfish, 14,125
! 8,648
; o Bluegill,
Channel catfish, Nile tilapia, ~Japanese medaka, 11.596
4,958 6,131 9,595 !

addition to the standard growth, development, reproduction,
and mortality endpoints historically reported in the literature.
The ECOTOX Knowledgebase continually incorporates effect
measurement terms to the controlled vocabulary to reflect
these shifts in reported toxicity results. Currently, ECOTOX
includes toxicity data from 6070 author-reported unique effect
measurements, including a great diversity of endpoints beyond
the standard apical toxicity measurements (growth, re-
production, and mortality). These include measurements of
organ- and cellular-level effects (e.g., histopathology, organ-to-
body weight indices, red and white blood cells); hormone,
enzyme, and other biochemical changes (e.g., thyroxine, cho-
lesterol, aromatase activity); genetic effects (e.g., DNA or RNA
concentration, DNA methylation, chromosomal breaks, tran-
scription of a wide variety of genes); chemical accumulation
(e.g., body burden, uptake); and behavioral changes (e.g.,
general activity, feeding behavior, swimming, orientation;
Figure 5A). Measurements of mortality, growth, and re-
production make up 47% of the total records and are included
in 39%, 32%, and 12% of references, respectively. Subapical
biochemical, cellular, and genetic effects are included in 28%,
9%, and 7% of references, respectively; and combined these
three types of effects account for 20% of the records.

The results in ECOTOX provide insight into historical trends
of ecotoxicological testing. Data extracted from the literature
through the decades show that growth and mortality have
been, and continue to be, the most often reported effects.
Studies published prior to 1980 primarily report effects on
mortality, growth, and physiology, with some reproduction
(<10% of references) and population (~20% of references,
mostly for algae and plants) effects (Figure 5B). The percen-
tages of references reporting growth and mortality have stayed
consistent through time (36%-42%), while the numbers of
studies reporting reproduction and behavior have grown from
10% to 15% and from 6% to 12%, respectively. With techno-
logical advances in analytical, biochemical, and behavioral
measurement techniques, measurements in reported toxicity
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FIGURE 4: Distribution of data in ECOTOXicology Knowledgebase for fish species: (A) number of records across all fish species (as of June 2021
update); (B) number of references for five commonly studied fish species by decade of publication.
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FIGURE 5: Distribution of types of effects data in ECOTOXicology Knowledgebase (ECOTOX): (A) number of records by general type of effects (as
of June 2021 update); (B) percent of references that include each general type of effect (effect groups as bars) by decade of publication with

cumulative number of records in ECOTOX (black line).

testing have shifted. Increases in reported biochemical effects
started in the 1980s, and references with biochemical end-
points doubled from 18% in the 1960s and 1970s to nearly 40%
in the 2000s. These changes were followed by increasingly
more cellular and genetic effects starting in 2000, with refer-
ences increasing from approximately 3% to >10%. While tra-
ditional apical endpoints (growth and mortality) continue to be
included in ecotoxicological testing, technological advances, in
combination with chemical regulatory policy directives to re-
duce animal usage and to identify suborganismal effect levels
for apical endpoints in chemical assessment, have resulted in
dramatic increases of biochemical, genetics, and cellular end-
points reported over the last decade. This trend is likely to
continue.

Applications and users of the ECOTOX

In addition to supporting USEPA research and regulatory
activities, data curated into ECOTOX have been used for many
applications in government, industry, and academia (Table 3).
Within the USEPA, the data in ECOTOX contribute to devel-
opment of ambient water quality criteria for aquatic life, eco-
logical risk assessments for chemical registration and
reregistration, chemical prioritization and assessment under the
Toxic Substances Control Act, and site-specific assessments
and emergency response. Based on those that contact the
ECOTOX team, other users include several (US) federal agen-
cies, states, and tribes; international entities; academic re-
searchers and educators; and industry. Because no registration
or log-in is required to search ECOTOX data, other resources
such as Google Analytics and peer-reviewed publications have
been relied on for information on the volume of use, types of
users, and applications. Recent volume of use was assessed by
Google Analytics from March 2019 to June 2021, during which
time there was an average of 19,820 page views per month
(range of ~14,400 to ~23,900 per month).

There are hundreds of publications that reference ECOTOX,
with the majority occurring over the past two decades, from a
variety of journals related to toxicology, supporting work con-
ducted in numerous countries around the world (Supporting
Information, Table S4). Many of these publications use toxicity
data from ECOTOX for specific applications, while others, in-
cluding many book chapters on ecotoxicology, refer to
ECOTOX as an example of available toxicity data in general but
also for specific compounds. Many tools and applications in-
corporate data from ECOTOX, including those focused on
SSDs (e.g., the USEPA's Web-ICE, the National Oceanic and
Atmospheric Administration's Chemical Aquatic Fate and Ef-
fects), predicted-no-effect concentrations and threshold values
(e.g., ecological threshold of toxicological concern, EnviroTox,
NORMAN), QSARs (e.g., the Ecological Structure-Activity Re-
lationships predictive model, Toxicity Estimate Software Tool,
the Organisation for Economic Co-operation and Develop-
ment's [OECD's] QSAR Toolbox, Assessment Tools for the
Evaluation of Risk), bioaccumulation modeling and validation,
and adverse outcome pathway development (see Table 3 for
examples). The recent updates to ECOTOX increase the ease
of identifying and accessing relevant data for applications such
as those listed and as described in the following section.

Strategies for navigating ECOTOX Ver 5 for
different applications: Components and
examples

This section provides an overview of how to navigate
ECOTOX to query or download data, with a focus on examples
of how the updates and improvements have increased the
accessibility and transparency of ECOTOX data. Extensive
details can be found on the ECOTOX “Help” page (https://
cfpub.epa.goviecotox/help.cfm) and in the User Guide (most
recent version available online, link in “Help” page). lllustrative
examples of applications of ECOTOX are briefly described in
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TABLE 3: Applications using empirical toxicity data curated in the ECOTOXicology Knowledgebase, with examples, tools, and references

Applications

Examples, tools, and references

Toxicity reference values and benchmarks e USEPA's eco-SSLs (https://www.epa.gov/chemical-research/interim-ecological-

soil-screening-level-documents)

e USEPA aquatic life ambient water quality criteria (https://www.epa.gov/wqc/
national-recommended-water-quality-criteria-aquatic-life-criteria-table)
USEPA risk evaluations under Toxic Substances Control Act https://www.epa.
gov/assessing-and-managing-chemicals-under-tsca/chemicals-undergoing-
risk-evaluation-under-tsca

e Sorensen et al. (2007), Ra et al. (2008), Nam et al. (2012), Brock and Van
Wijngaarden (2012)

e Example A (details in Supporting Information)

Species sensitivity distributions e USEPA Endangered Species Act biological evaluations of conventional
pesticides (https://www3.epa.gov/pesticides/nas/revised/revised-method-
march2020.pdf)

e USEPA's Web-ICE (https://www3.epa.gov/webice/)

e NOAA's CAFE (https://response.restoration.noaa.gov/oil-and-chemical-spills/
chemical-spills/response-tools/cafe.html)

e Bielmyer et al. (2006), Schuler et al. (2008), Liu et al. (2009), Yang et al. (2014),
Demetrio et al. (2012), Dornfeld et al. (2019), Stadlinger et al. (2018)

e Example B (details in Supporting Information)

Predicted-no-effect concentrations and threshold values e EnviroTox (https://envirotoxdatabase.org/)
e NORMAN (https://www.norman-network.com/nds/ecotox/)
e Rial et al. (2010), Connors et al. (2019), Dulio et al. (2020)

Modeling (e.g., QSARs, quantitative ion character—activity e ECOSAR (Ecological Structure—Activity Relationships; predictive model,

relationships, chemical toxicity distributions)

https://www.epa.gov/tsca-screening-tools/ecological-structure-activity-

relationships-ecosar-predictive-model)

e TEST (Toxicity Estimate Software Tool; https://www.epa.gov/chemical-
research/toxicity-estimation-software-tool-test)

e OECD QSAR Toolbox (https://gsartoolbox.org/)

e USEPA's ASTER (Assessment Tools for the Evaluation of Risk)

¢ Ownby and Newman (2003), Voigt et al. (2004), Bermidez-Saldana et al.
(2005), Lee et al. (2006), Rosenbaum et al. (2008), Traoré et al. (2018), E. S.
Williams et al. (2011)

Bioaccumulation modeling and validation of in vitro e Fay et al. (2014)

extrapolation models

Linking environmental contaminants to potential effects e Bacey and Spurlock (2007), Johnson et al. (2008), Kostich et al. (2017),
Tousova et al. (2018)
e Example C (details in Supporting Information)

Comparison to new toxicity studies ¢ Dardenne et al. (2007), Ralston-Hooper et al. (2009), Fai and Grant (2010),
Bettiol et al. (2016), Dornfeld et al. (2019)
Adverse outcome pathway development and weight of e Russom et al. (2014), Fay et al. (2017)
evidence
Inform study design e George and Liber (2007), Leboulanger et al. (2011), LeBlanc et al. (2012),

Bezirci et al. (2012), Alexander et al. (2013)

USEPA =US Environmental Protection Agency; SSL = soil screening level; ICE = Interspecies Correlation Estimation; NOAA = National Oceanic and Atmospheric Ad-
ministration; CAFE = Chemical Aquatic Fate and Effects; QSAR = quantitative structure-activity relationship; OECD = Organisation for Economic Co-operation and

Development.

the section Examples of ECOTOX applications, with details and
associated tables and figures provided in the Supporting In-
formation (Tables S5-S9 and Figures S4-S10). Note that the
original scientific papers should be consulted for awareness of
any nuances of the data retrieved from ECOTOX in the context
of decision-making.

Initial landing page and getting assistance. The initial
landing page for ECOTOX is the “Home" page, which provides
a general overview and contains links to the other pages within
the application (e.g., “Search,” “Explore,” “Help”), as well as

information on ECOTOX data statistics (e.g., number of records
for each update and as totals) and other databases. Important,
yet often overlooked, are the links from the Home page to
“Help” and “Contact Us.” The “Help” page provides a wealth
of information in general categories such as “Starting Out”
(how to begin navigating and searching within ECOTOX, as
well as frequently asked questions and links to the PDF version
of the User Guide), "How do |..."” (details on how to perform
searches, select query parameters, and format output), “What
is...” (overview on database including species and chemical
verification sources used by ECOTOX curators, details on data
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field definitions, and terms in ECOTOX's controlled vocabu-
lary), and “More Resources” (glossary of terms and links to
related websites). When additional information is needed or if
users have suggestions to improve ECOTOX, comments and
questions can be submitted through the “Contact Us” link.

Strategies to identify relevant data in ECOTOX. The
strategies available for users to identify relevant data are one
of the most impactful changes from the previous versions of
ECOTOX. Database retrievals can now be conducted using
either the “Search” module to directly query specific species,
chemicals, or effects with expanded options to customize
many output fields or the “Explore” module to investigate
and visualize the data available. The new “Search” module
provides a direct method to retrieve data, comparable to the
previous “Advanced Query” in ECOTOX, Ver 4, with ex-
panded options to iteratively revise the query criteria, cus-
tomize output to include specific data fields, and review the
data in tabular format before downloading. The query pa-
rameters available in “Search” include options for chemicals
(e.g., CASRN, chemical name), species (e.g., scientific name,
taxonomic group), effects (e.g., type of effect, specific meas-
urements), statistically derived indicators of effects/no-effects
(endpoints such as LC50, EC50, NOEL, and LOEL), test con-
ditions (e.g., study site type [laboratory, field], exposure
media (freshwater, soil), route of chemical exposure [oral,
diet]), and publication options (e.g., author name, publication
year). Selections may be further filtered before continuing a
search or updated after reviewing the report (tabular data)
based on the initial parameters, and the output can be cus-
tomized to include or exclude fields for viewing or exporting
in Excel or delimited formats. Users can also view and
download the list of references associated with records
meeting query parameters.

Version 5 of ECOTOX includes the new module “Explore,”
which is especially helpful when search criteria are not known
and/or if a visual representation of general and specific data
trends is desired. This module includes a limited set of query
filters and output formats, which focus on helping the user to
investigate data availability through interactive queries and data
visualizations. At any point, the query parameters in “Explore”
can be sent to “Search” for further refinement with additional
query parameters and review or export of more comprehensive
information with additional data fields. The “Explore” module
starts a user with predefined or custom groups for chemicals,
species, or effects groups, with query filters for chemicals, spe-
cies, effect groups, effect measurements, endpoints, and pub-
lication years. As parameters are selected, the other parameters
and tables respond reactively, which allows the user to refine or
expand parameters to identify the most relevant data for a
specific question or goal. For example, once a chemical or
chemical group is selected in “Explore by Chemical,” the query
filters will display the number of species, effect groups, effect
measurements, endpoints, and so forth for which there are data
in the Knowledgebase. Selection within the query filters is then
limited to the categories with data. When any of the options
within a query filter are selected, such as limiting the exploration

to only fish in “Species Group,” the rest of the query filters will
only show options for the chemical(s) selected for which there
are data for fish species. This reactive feature in “Explore” allows
the users to expand or restrict the query based on this imme-
diate knowledge of data availability.

Data output in "Explore” are presented in three formats:
“Group Summary” (summary of number of records and pub-
lications by chemical, species, or effect group), “Records” (re-
sulting records summarized by effect and endpoint), and the
"Plot View" (dot or scatterplot of records by exposure concen-
tration or duration by effects, endpoints, species, chemicals, and
so forth, including a simplified table of records below the plot).
Data presented in each of the tables and plots can be further
refined using the query filters. Plot View allows visualization of
the data, which provides a general concept of the range of
available data. The plots are interactive, with the option to
“zoom" into the plot, deselect/select items in the plot legend,
and/or display a line at a specified concentration. There are
some limitations to the data visualization feature (maximum
display of 3000 records, only includes data that can be con-
verted to exposure concentrations of parts per million). There-
fore, it is recommended that the user sends the query
parameters in “Explore” to the “Search” module before
downloading data. Both the “Search” and “Explore” modules
are designed to search on all data unless users restrict the search
by choosing specific criteria of interest. Further details and ex-
amples for querying and exploring the available data are in-
cluded in “Help” sections.

Data downloads. The ECOTOX Knowledgebase allows
downloads of all data available on the public-facing website.
Results from “Search” include the most comprehensive set of
data fields and can be downloaded either as a Microsoft Excel
spreadsheet or a delimited file format. The Excel spreadsheet
includes all data records, the list of references from which the
data were extracted, and the query parameters applied by the
user in these output files for improved documentation and
reproducibility of searches. When delimited files are preferred
by the user, the data records, list of references, and search
parameters are available to download as separate files from the
“Search” module. Within the “Explore” module, comma sep-
arated files (.csv) can be downloaded for the group summary
table, the records table, or the simplified table below the plot;
however, these do not provide the same level of detail or the
options for customizing output fields that are available in the
“"Search” module. In addition, users can download delimited
ASCII files of the entire aquatic or terrestrial raw data. The
ASCII file download does not require specific software, al-
though it requires combining various files together to view
entire records because the data are divided into two sections:
aquatic and terrestrial. Within each of these sections, users will
find data tables, field descriptions, and graphical relations of
the data structure.

Examples of ECOTOX applications. The updated options
for querying and downloading data greatly improve the end
user's ability to efficiently retrieve targeted toxicity data, with
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added benefits of flexibility in the output formats, transparency
and documentation of search results, and the embedded in-
formation to aid in linking to external databases and compu-
tational platforms. In this section, we present examples of how
the new ECOTOX can be used to retrieve toxicity data for
several common use cases, with brief descriptions (full details in
the Supporting Information). Each example is intended only to
demonstrate accessing toxicity results through “Search” and
"Explore” for identification, filtering, and export of relevant
data; further evaluation and analysis of downloaded data is
conducted in other platforms. See Table 3 for published
studies with similar applications as these examples.

1. Example A: Development of toxicity reference values. Tox-
icity data from ECOTOX can be used in the development of
toxicity reference values (TRVs; see Table 3). In this ex-
ample, we used "Explore” to determine the scope of tox-
icity data available for various cadmium (Cd) and biological
species (Supporting Information, Table S5) and observed
potential trends in relative potency among chemical species
and to develop testable hypotheses (Supporting In-
formation, Figure S4). This exploration of available data al-
lowed us to determine that growth effects data in
mammalian species could be used to evaluate how metal
speciation affects TRVs. The “Search” module was then
used to select and export data (Supporting Information,
Table Sé) specific to the testable hypothesis: Does metal
speciation affect TRVs? After export from ECOTOX, the
data records were further filtered based on methodological
data fields (e.g., exposure method, number of doses, use of
a control, and exposure duration), and dose-response
modeling of growth effects (using the Toxicity Relation
Analysis Program, Ver 3.1; https://archive.epa.gov/med/
med_archive_03/web/html/trap.html) showed that ECx
values for cadmium chloride were 4-fold lower than for
cadmium acetate (Supporting Information, Figure S5). Ad-
ditional details for this example are in the Supporting In-
formation (Supplemental for Example A).

2. Example B: Development of SSDs. Toxicity data from
ECOTOX are routinely used in the development of SSDs
(see Table 3). In this example, we used "“Explore” and
“Search” to identify empirical toxicity data for the devel-
opment of a chlorpyrifos SSD for aquatic invertebrates.
Through the recently added features in “Explore,” we
queried the aquatic data for chlorpyrifos (CASRN 2921-88-
2); filtered these results to limit the species group, effect
groups, effect measurements, and endpoints to those of
interest; and reviewed the scope of available data by
species, class, and general species group (Supporting In-
formation, Figures S6 and S7). These query filters were
sent to the “Search” module, where the data were ex-
ported with the data fields relevant for study evaluation
and formatted for import into the SSD Toolbox (Etterson,
2020). After export from ECOTOX, the data records were
filtered to include only 2- and 4-day studies and reviewed
for inclusion in the SSD (Supporting Information,
Table S7). The data records which were identified as

suitable for inclusion were imported into the SSD Toolbox
to create a preliminary SSD that resulted in 5% hazardous
concentration of 2.024x 107> using the normal dis-
tribution fit to the toxicity data with maximum likelihood
(Supporting Information, Figure S8). Additional details for
this example are in the Supporting Information (Supple-
mental for Example B).

3. Example C: Linking chemical detections and concentrations
to effects data. Toxicity data in ECOTOX can provide rele-
vance for potential effects of the chemicals detected in
environmental samples. In this example, we used the “Ex-
plore” module to determine the scope of aquatic toxicity
data available for 109 chemicals detected in surface water
samples collected in the Great Lakes basin (Lee et al., 2015)
using the chemical identifiers provided (CASRNs) and
summarizing by the types of chemicals (Supporting In-
formation, Table S8). Available data were further reviewed
with the visualization options in “Explore” (see example in
Supporting Information, Figure S9), and then, after addi-
tional filtering, query filters were sent to the “Search”
module for exporting the data (Supporting Information,
Table S9). Summaries were completed in Excel and R to
identify data-poor compounds as well as compare meas-
ured concentrations with observed effect concentrations
(Supporting Information, Figure S10). Additional details
for this example are in the Supporting Information
(Supplemental for Example C).

Challenges and limitations

As with any ongoing project, ECOTOX has recognized
challenges and limitations. One of the largest limitations is the
sheer immensity of the ecotoxicological literature; even with
thousands of chemicals and species, data currently in ECOTOX
are a subset of all of the compounds tested with ecologically
relevant species. The identification of studies for inclusion is
primarily through targeted chemical-specific literature searches
based on the needs and requests from USEPA program
offices or research teams (as described in the section Literature
searches and sources of toxicity data). In an effort to address
the issue of underrepresented chemicals and species, monthly
review of relevant recent publications, prioritization of species
groups with limited data, and the recent incorporation of data
analytics tools to decrease screening time have been in-
corporated. These efforts have aided the prioritization of
studies with chemicals and/or species that are currently un-
derrepresented. However, there remains a backlog of >60,000
potentially relevant references in the Unify “References”
module waiting to be prioritized for full review and data ex-
traction. In addition, ECOTOX is limited to the details and re-
sults reported by study authors. This retains the intent of the
authors and avoids potentially erroneous extrapolation or in-
terpretation; however, this results in fields being left empty
when not reported in a study. This issue of insufficient reporting
is across toxicology, as well as other disciplines, and is currently
being tackled by several journals and working groups (e.g.,
Society of Environmental Toxicology and Chemistry, 2019).
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In addition, relying on author-reported details has resulted in
potentially duplicative or overlapping terms, in particular for
the specific effect measurements and endpoints reported. The
employment of controlled vocabularies has enabled use of
consistent terminology by relating terms used by authors to the
common set of verified terms, and the integration of ontologies
will further aid this consistency.

Another major challenge is balancing the need to respond to
the evolving toxicology testing and regulatory environment with
the responsibility to maintain the current processes to curate
toxicity results from traditional in vivo toxicity tests. Continuing
the identification and incorporation of in vivo studies is essential
for providing structured data for comparison and evaluation of
alternative methods. As incorporation of new approaches ex-
pands, the recommended data reporting and evaluation criteria
for relevant studies have started to become standardized (e.g.,
OECD, 2017, 2018; Roth et al., 2021). Already ECOTOX has
begun incorporating in vitro studies and has added terms to the
controlled vocabularies to reflect these methodologies (e.g.,
"exposure type”), with additional fields and terms expected to
be added as guidance is developed. With both the current and
future records, ongoing work is needed to update the previously
curated data to meet current standards and use currently rec-
ommended terminology. This is not a new challenge and is al-
ready incorporated into the ECOTOX processes (see section
Data maintenance and updates).

Interoperability and future directions

The updates made to the ECOTOX Knowledgebase increase
the efficiency in identifying and retrieving relevant data, with
added functionality to explore and visualize available ecological
toxicity data, thus supporting the increasing need for rapid ac-
cess to toxicity test results used for risk assessment and chemical
decision-making. This ready access to a wealth of existing toxicity
data along with the ongoing addition of data to the Knowl-
edgebase will also help the USEPA efficiently review possible
chemical effects on ecologically relevant species, identify data
gaps, prioritize testing, and evaluate new approach method-
ologies to support the decision-making for the increasingly large
universe of chemicals. Future applications and plans for im-
provements include increased functionality and interoperability
to allow for integration with other USEPA databases, new text
mining and data visualization programs, as well as support for
new and evolving tools for predictive toxicology.

Throughout the recent updates to ECOTOX, there was a
recognized need to incorporate support for data integration and
interoperability. Typical applications that use toxicity test results
from ECOTOX (e.g., ecological risk assessment, SSDs, site-
specific hazard evaluations) incorporate additional toxicity,
chemical, and biological data from other sources. In addition,
computational toxicology and integration of new approach
methodologies require the ability to link multiple disparate
data sources (Watford, Edwards, et al., 2019). Thus, work
is being conducted with developers of web portals for
chemical information to incorporate linkages into ECOTOX,
including the OECD eChemPortal (https://www.echemportal.

org/echemportal/, ECOTOX chemical list added in 2020) and the
USEPA's CompTox Chemicals Dashboard (https://comptox.epa.
gov/dashboard/chemical_listss ECOTOX_V2, added in 2017).

In addition, information is being incorporated into ECOTOX
which will enable the integration and exchange of data with
public data resources having similar (e.g., toxicity data in Tox-
RefDB; Watford, Pham, et al., 2019) and different (e.g., phys-
icochemical properties in the CompTox Chemicals Dashboard,
biological pathways in Gene Ontology and Kyoto Encyclopedia
of Genes and Genomes) types of data following FAIR data
principles (Wilkinson et al., 2016). Initial steps to increase the
accessibility and ease of locating data within ECOTOX have in-
cluded incorporation of unique identifiers for biological species
(NCBI TaxIDs, added in 2018) and chemicals (DTXSID, added in
2020). Further work for data interoperability and information
discovery includes incorporation of unique identifiers for genes
and proteins (e.g., NCBI Entrez GenelD, UniProt IDs) and map-
ping ECOTOX controlled vocabularies to existing toxicology
database vocabularies (e.g., Unified Medical Language System)
and ontologies (e.g., Chemical Entities of Biological Interest). In
combination, these unique identifiers and mappings will enable
linking to and from a variety of chemical, toxicological, and
biological databases; increasing the accessibility of data in
ECOTOX; and supporting advanced querying capabilities. These
additions will ultimately contribute to making ECOTOX machine-
readable and computable, which in turn supports future goals to
advance integration into applications such as adverse outcome
pathway development and semantic phenotypic mapping
(Ives et al., 2017; Wang et al., 2019; Whaley et al., 2020).

Complementary to the addition of new information for in-
teroperability, new technologies in artificial intelligence, in-
cluding machine learning and data analytics and software
applications, are being incorporated to increase the efficiencies
of the pipeline. In 2020, we began testing and utilizing appli-
cations for automated literature searching and machine learmning
and artificial intelligence techniques for title and abstract
screening of references (e.g., AbstractSifter [Baker et al., 2017],
SWIFT-Review [Howard et al., 2016], and SWIFT-ActiveScreener
[Howard et al., 2020]). Preliminary results (not reported) have
demonstrated that these tools provide time savings for most
typical chemical searches and reviews conducted by the
ECOTOX team. Efficiencies gained include increased speed at
which ECOTOX personnel can review literature and extract data,
which, along with enhanced ECOTOX interoperability with other
data sources, will aid in meeting the current demand for rapid
access to toxicity data for risk assessment and environmental
research. As we look to the future, other challenges (e.g.,
complex mixtures, nanoparticles) are recognized, and possible
additions and/or modifications to the ECOTOX Knowledgebase
are being considered.

SUMMARY AND CONCLUSIONS

The ECOTOX Knowledgebase has long provided curated
data extracted from ecologically relevant toxicity studies for use
in broad applications in environmental research and risk
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assessments. The ECOTOX Knowledgebase continues to pro-
vide needed information for decision support in ecotoxicity, and
it is utilized by a wide-range of governmental, academic, and
industry researchers and risk assessors; however, there was a
recognized need to update the database content and the user
interface to keep pace with changes in reported toxicological
results. Therefore, extensive updates were recently completed,
including a redesigned user interface for web-based access to
the Knowledgebase; these new features allow the user to ex-
plore and visualize toxicity data, give a variety of data output/
visualization options, and incorporate standardized identifiers
(e.g., DTXSIDs) for increased interoperability and reusability.

The ECOTOX Knowledgebase continues to be a flexible
resource for empirical toxicity data as the challenge of pro-
viding more information at a faster pace to make regulatory
decisions is addressed. The primary focus continues to be
thoroughly curated data from robust reviews of the literature,
with transparency in the processes and accessibility of the cu-
rated data. The updates extend the utility of ECOTOX with
increased efficiencies to locate relevant toxicity data while
building on the existing strengths. These strengths include the
comprehensiveness and transparency of the literature search
and review processes, the manual curation of detailed in-
formation from each relevant study, the inclusion of all meas-
ured endpoints capturing both adverse effects and no-effects
data, and the extensiveness of toxicity data housed in the
Knowledgebase. This ever-growing and evolving database will
continue to add applicable and relevant toxicity data while
working toward increased efficiency, transparency, and inter-
operability to support environmental research and risk as-
sessment.

Supporting Information—The Supporting Information is avail-
able on the Wiley Online Library at https://doi.org/10.1002/
etc.5324.
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