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ARTICLE INFO ABSTRACT
Keywords: Laboratory toxicity testing is a key tool used in oil spill science, spill effects assessment, and mitigation strategy
CROSERF decisions to minimize environmental impacts. A major consideration in oil toxicity testing is how to replicate

Aquatic toxicity test methods

! ' real-world spill conditions, oil types, weathering states, receptor organisms, and modifying environmental fac-
Aquatic toxicology

tors under laboratory conditions. Oils and petroleum-derived products are comprised of thousands of compounds
with different physicochemical and toxicological properties, and this leads to challenges in conducting and
interpreting oil toxicity studies. Experimental methods used to mix oils with aqueous test media have been shown
to influence the aqueous-phase hydrocarbon composition and concentrations, hydrocarbon phase distribution (i.
e., dissolved phase versus in oil droplets), and the stability of oil:water solutions which, in turn, influence the
bioavailability and toxicity of the oil containing media. Studies have shown that differences in experimental
methods can lead to divergent test results. Therefore, it is imperative to standardize the methods used to prepare
oil:water solutions in order to improve the realism and comparability of laboratory tests. The CROSERF meth-
odology, originally published in 2005, was developed as a standardized method to prepare oil:water solutions for
testing and evaluating dispersants and dispersed oil. However, it was found equally applicable for use in testing
oil-derived petroleum substances. The goals of the current effort were to: (1) build upon two decades of expe-
rience to update existing CROSERF guidance for conducting aquatic toxicity tests and (2) to improve the design
of laboratory toxicity studies for use in hazard evaluation and development of quantitative effects models that
can then be applied in spill assessment. Key experimental design considerations discussed include species se-
lection (standard vs field collected), test substance (single compound vs whole oil), exposure regime (static vs
flow-through) and duration, exposure metrics, toxicity endpoints, and quality assurance and control.

1. Introduction questions pertaining to the hazards, risks, and impacts of oil spilled in
the aquatic environment and how temporal and spatial changes, due to

Toxicity testing is a key aspect of oil spill science and decision environmental fate processes, can result in differing environmental ef-
making and in the development of strategies used to assess and mitigate fects. Decisions regarding spill-response mitigation procedures (e.g.,
environmental impacts. Toxicity tests are performed to address dispersant use, beach cleaning) are in part based on our understanding
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of the environmental fate and toxicological effects attributable to spilled
oil, and these are most often derived from laboratory-based testing.
However, there are several other questions commonly addressed using
empirical data developed from laboratory investigations, and some of
these are described in Table 1.

A major challenge with respect to oil toxicity testing is that it is
impossible to replicate, under laboratory conditions, the range of spill
conditions, oil types, weathering states, receptor organisms, and modi-
fying environmental factors that exist in actual oil spills. Further, oil
concentrations in many spill situations can be substantially lower than
those commonly used in toxicity tests (Neff and Stubblefield 1995;
Echols et al., 2016). Petroleum and petroleum-derived products are
complex mixtures composed of hydrocarbons (and related compounds)
dictated chiefly by the geological source of crude oils and the processes
used in the production of the refined petroleum products. Most com-
ponents are unknown or uncharacterized and the current
state-of-the-science is insufficient to permit a full characterization of all
mixture components (Dettman et al., 2023). Once an oil enters the
environment, its composition, distribution, and fate are dictated by
properties such as volatility, solubility, and changes due to degradative
processes such as photolysis, hydrolysis, and biodegradation, resulting
in a hydrocarbon mixture that no longer resembles its pre-spill compo-
sition. Toxicity tests can be conducted with parent oils, field-collected
samples, or natural or artificially weathered oil samples; however, all
of these are typically representative of the composition of the hydro-
carbon mixture and its toxicity only at a single location and point in
time. Prediction and quantification of environmental impacts requires a
quantitative characterization of a hydrocarbon mixture in an environ-
mental sample, an understanding of the toxicity of the components, and
the ability to relate composition to toxicity for a given duration of
exposure. This understanding is critical to inform decision-making for
oil spill response activities and to assess oil-associated environmental
risks and impacts.

The goals of this article are to: (1) build upon two decades of expe-
rience to update existing Chemical Response to Oil Spills: Ecological
Effects Research Forum (CROSERF) guidance (Aurand and Coelho 2005)
for conducting aquatic toxicity tests and (2) to improve the design of
laboratory toxicity studies for use in hazard evaluation and development
of quantitative effects models that can then be applied in spill assess-
ment. Key experimental design considerations discussed include species
selection (standard vs field collected), test substance (single compound
vs whole oil), exposure regime (static vs flow-through) and duration,
exposure metrics, toxicity endpoints, and quality assurance and control.
Our focus is on whole organism laboratory exposures to crude oil and
related petroleum substance alone or in combination with spill response
agents (SRAs) and excludes field exposures and sub-organismal or
population level responses. These objectives are aligned with recent

Table 1
Common objectives for conducting aquatic toxicity tests with oil and/or spill
response agents.

Rationales for Oil Aquatic Toxicity Testing

Investigate the relative sensitivity of different organisms, life-stages or effect
endpoints following exposure to a given substance

Compare the hazard of different oils or oil-derived materials using the same organism,
experimental conditions, and effect endpoint(s)

Compare the hazard of oils at different weathering states using the same organism,
experimental conditions, and effect endpoint(s)

Provide information to inform dispersant-use decisions in spill response planning

Determine acute to chronic ratios for a given organism and substance

Quantify the time-dependence of observed toxicity

Elucidate underlying mechanisms of observed toxicity

Quantify the role of modulating environmental factors (e.g., temperature, salinity, UV
light, pressure, dissolved or particulate organic carbon) on observed toxicity

Evaluate the potential toxicity of oil degradation by-products

Evaluate the potential for latent effects after exposure is terminated

Provide input to toxicity models using single compound tests

Assess if toxicity models are predictive of observed toxicity
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recommendations for improving oil toxicity tests (National Academies
of Sciences and Medicine 2020). Greater standardization of laboratory
studies on oil product and response agent toxicity will further advance
the utility of study results in oil spill response, assessment, and predic-
tive model development and application.

1.1. CROSERF method

Oils and related petroleum substances are complex mixtures
comprised of thousands of compounds with widely different physical-
chemical and toxicological properties; this leads to challenges con-
ducting and interpreting oil toxicity studies. The experimental methods
used to mix oils with water to produce aqueous test media can influence
the component composition and concentrations, hydrocarbon phase
distribution (i.e., dissolved phase versus in oil droplets), and the stability
of oil:water solutions which, in turn, influence the bioavailability and
subsequent toxicity of the oil containing media (Parkerton et al., 2023a,
Redman et al., 2012). Prior to the development of the CROSERF method,
tests were typically conducted following the method first published by
Anderson et al. (1974). This involved the mixing of oil and water at a
ratio of 1:9 in a 20 L glass vessel; the solution was slowly stirred for 20 h
at room temperature, following which the water and oil phases were
allowed to separate over a 1-6 h period and the water phase was then
decanted and used for subsequent testing. The resulting oil:water
mixture was termed a water accommodated fraction (WAF) or water
soluble fraction (WSF). The WAF term has been more universally
adopted because it encompassed the potential for droplet oil in the
water-oil mixture.

The CROSERF methodology (Aurand and Coelho 2005) was devel-
oped specifically to address concerns about the adequacy of laboratory
toxicity data used to characterize the effects of dispersants employed in
marine oil spill response. The goal of the CROSERF project was two-fold:
(1) provide a mechanism to screen potential chemical response agents, i.
e., dispersants, and (2) help estimate the potential ecological effects of
the use of dispersants. Early in the project, it was noted that there were
difficulties working with oils and dispersed oils in aqueous solutions and
that small differences in experimental protocols (e.g., mixing times,
mixing energy, solution preparation method) could lead to large dif-
ferences in test results, and differences in exposure metrics (e.g.,
loading,%WAF, TPH, TPAH, see Section 3.6), could lead to large dif-
ferences in interpretation (see also Parkerton et al., 2023b). It therefore
became an imperative to develop standardized methods to prepare oil:
water solutions to improve the realism and comparability of laboratory
toxicity tests. Although the CROSERF method was developed with a
focus on dispersants and dispersed oil, the method was found applicable
for use in testing oil-derived petroleum substances as well.

Over the decades since the publication of the original CROSERF
methodology, there has been a proliferation of experimental methods
and exposure metrics used in oil toxicity studies (Adams et al., 2017).
The adoption of multiple, varied testing approaches has often led in-
vestigators to divergent conclusions (i.e., differing interpretations of
study data and resulting implications) that can confuse stakeholders and
potentially impede sound decision-making. Examples of investigations
where the experimental approach or exposure metric used altered con-
clusions on observed oil toxicity include the role of mixing energy
(Parkerton et al., 2023a), oil weathering state (Bobra et al., 1983; Di
Toro et al. 2007), dispersant addition (National Academies of Sciences,
Engineering 2020) or modifying factors such as the influence of ultra-
violet (UV) light (Alloy et al., 2023). As a result, the adoption of a
unifying conceptual model framework to guide the conduct and inter-
pretation of laboratory oil toxicity tests is critically needed to advance
the current state-of-the-science for oil effects assessment. That said, it is
recognized that the experimental methods being employed must provide
data useful for addressing specific questions. For that reason, it is not
possible for the authors to provide specific recommendations for
experimental methods to be used in conducting future oil testing. It is
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recommend that investigators consider the approaches and concerns
described herein and adopt those methods best suited to address the
questions being posed.

1.2. Conceptual model framework for addressing mixtures

Foster et al. (2005) proposed a five-stage strategy for conducting
environmental exposure assessments of mixtures, including (1) deter-
mination of mixture composition, (2) selection of component groups
within the mixture, (3) compilation of relevant fate property data for
each group, (4) assessment of environmental fate of each group, and (5)
assessment of environmental exposure to each group and to the mixture
as a whole. This strategy has been implemented in oil spill fate and
exposure modeling, such that (1) available composition data for the oil
are evaluated; (2) the oil composition is simulated using a number of
pseudo-components (groups of compounds or “hydrocarbon blocks”
with similar physical-chemical properties); (3) the physical-chemical
properties and degradation rates of the pseudo-components are
defined; (4) the fate of each pseudo-component is modelled in time and
space for a given spill release scenario; and (5) the resulting environ-
mental exposure for each of the pseudo-components and overall oil is
calculated over space and time, as recently illustrated by French-McCay
et al. (2018, 2021). These concepts can be extended to inform the
conduct (this paper) and interpretation (Parkerton et al., 2023b) of oil
toxicity tests. In addition to understanding oil composition, partitioning
of components (i.e., in dissolved vs droplet form) following dosing and
test organism exposure, key aspects of such a framework include ac-
counting for the phase distribution and concentration of all hazardous
components that may be present in laboratory test exposure media and
how these components interact or combine to determine observed oil
toxicity.

2. The aquatic hazard assessment framework for testing oil and
oil-derived solutions

The evaluation of oils and their potential effects on environmental
receptors is challenging for a variety of reasons, including the undefined
composition of the hydrocarbon mixture, temporal and spatial changes
in the composition of the oil/water mixture due to physicochemical
properties and environmental fate processes, and the presence of dis-
solved components and undissolved oil droplets in the oil:water mixture.
Four key issues have consistently occurred in oil toxicity testing, leading
to difficulty in comparing the data or interpreting the results:

1) The first issue is how to mix oil and water; this aspect is addressed in
the “media preparation” paper by Parkerton et al. (2023a). However,
in this paper, emphasis is placed on how the objective of the study
must drive the manner in which exposure solutions are prepared.
The second issue is how to standardize oil testing for hazard and
impact assessment to allow for reproducibility of test results and
comparability across oil products.

The third issue is how to take data from laboratory-based toxicity
experiments and relate them to actual oil spill incidents. To address
this issue, the use of biological effects models is recommended, as
described in French-McCay et al. (2023), and guidance is provided
on how to generate data that will be of use in developing models to
predict biological effects based on oil type, weathering state, loca-
tion, and exposure duration.

The fourth issue is that oils are mixtures and therefore it is difficult, if
not impossible, to ascribe toxicity to the individual components
when tested as a mixture. To address this issue, it is recommended
that a reductionist approach is used to tease apart the contribution of
individual components to toxicity via single compound experiments,
followed by an assessment of component interactive effects.

2

—

3

—

4

-

When considered together, these four issues form the basis for the
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proposed framework for advancing the use of laboratory-based toxicity
tests in combination with quantitative effects modeling of physically and
chemically dispersed oils (Fig. 1).

This framework represents an experimental progression of ap-
proaches starting at the least complex, i.e., assessment of individual
chemicals, and progressing toward the most complex, i.e., evaluating
complex weathered and chemically dispersed oils. No “one size fits all”
approach is sufficiently inclusive to address all applications; therefore, a
variety of tools and approaches are required. The application of this
framework for design of toxicity tests is explained in the sections that
follow. The proposed framework is consistent with recently suggested
approaches for the risk assessment of substances of unknown or variable
composition, complex reaction products, or biological materials
(UVCBs) (Salvito et al., 2020)

A thorough understanding of the intended use of the data is critical to
the selection of the empirical test procedures to be employed (Table 1).
Test species selection, test duration (i.e., acute or chronic), monitored
effect endpoints, statistical design considerations, analytical chemistry
sampling needs, and other aspects must be considered in deciding on an
experimental design and the procedures to be used in test media prep-
aration. The sections that follow address considerations for three testing
approaches of increasing complexity.

2.1. Individual hydrocarbons

The foundation for hazard assessment of petroleum mixtures relies
on understanding the hazards of the mixture components. As depicted in
Fig. 1, the complexity of the hydrocarbon mixture will dictate the
methods needed for conducting toxicity tests. For tests with single
compounds, i.e., the more water-soluble hydrocarbon o0il components (e.
g., mono-aromatics, naphthalenes) or neat spill response agents, direct
dosing of test substances can be used. For less-soluble hydrocarbons or
complex mixtures, WAF preparation or passive dosing methods are
preferred to allow better controlled exposures and more accurate
toxicity test endpoints (Parkerton et al., 2023a).

The fundamental challenge in interpreting the toxicity of hydrocar-
bon mixtures is that the toxic properties of hydrocarbons vary widely.
This means that simple methods that have been used historically, e.g.,
summing the concentrations of the individual PAH components, will not
accurately reflect the toxicity of the complete mixture under all condi-
tions because it assumes all the compounds are present in the same
proportions as was tested when deriving the compared effects concen-
trations. Alternatively, the use of toxic units (TUs) (Hermans and
Leeuwangh, 1982; Peterson, 1994) as the metric for expressing the
toxicity of mixtures of oil-related components or mixtures of hydrocar-
bons has been demonstrated as an effective method of normalizing
toxicity data across different sources and different species. The toxicity
of the mixture depends on hydrocarbon composition, dissolved con-
centrations of the individual components, and the relative toxicity of the
individual components. This concept forms the basis for modeling ap-
proaches such as the Target Lipid Model (TLM; Di Toro and Mcgrath
2000), OILTOXEX (French-McCay 2002a) and PETROTOX (Redman
et al., 2012b).

Since it is impossible to conduct toxicity tests on thousands of indi-
vidual compounds that comprise crude oil and petroleum-derived
products, toxicity data are needed and should be available for selected
“surrogate” hydrocarbons that can be used to develop quantitative
structure activity relationships (QSARs) that will allow prediction of
toxicity for untested compounds. Since laboratory assays conducted
with whole oil are not representative of actual oil spill environmental
conditions, a reductionist approach is necessary to use the test results
from single hydrocarbon tests to develop and employ QSARs in additive
models (i.e., summed TUs) to predict mixture effects. Oil toxicity tests
support calibration and validation of toxicity models which predict
environmentally realistic exposures (Hodson et al., 2019; National
Academies of Sciences and Medicine 2020).
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WHAT IS BEING TESTED?

Oil Dissolved
Phase

Individual
Compound

Complexity

o

Oil Dissolved
Phase + Oil
Droplets +
Dispersant

Role of
Modulating
Factors

Fig. 1. Examples of increasingly complex approaches for testing crude oils, petroleum-derived products, and spill response agents. Depicted approaches become
increasingly complex starting with testing of single compounds moving toward the most complex, i.e., whole oils with droplets and the presence of disper-

sant chemicals.

Equally important is an understanding of the range of sensitivity
among species to individual compounds. Current methods used to pro-
tect aquatic communities involve the development of species sensitivity
distributions (SSDs). An SSD is a probability distribution of acute or
chronic hazard data collected for a given substance with different test
species. These SSDs are widely used in decision-making to quantify
interspecies sensitivity differences and this information is used in the
derivation of protective hazard concentrations (i.e., the hazardous
concentration for 5% of species, HCs) intended to protect 95% of the
exposed species (Barron et al., 2013; Bejarano 2018; Langdon and Rand
2018). While many standard test species have been included when
deriving existing QSARs, potentially sensitive species and life stages that
are difficult to study may or may not be characterized by available
QSARs and included in SSDs.

2.2. Whole oil testing

2.2.1. Dissolved oil phase testing

Dosing of whole oil traditionally relies on preparation of a WAF, and
the various methods for preparing WAFs are discussed in Parkerton
et al. (2023a). One objective of whole-oil tests is to quantify the inherent
toxicity of the oil product. Critical aspects of these tests are to provide
data needed to make this characterization, i.e., the amount or loading of
oil causing the adverse effect investigated (e.g., loading rate of test
material that is expected to be lethal to 50% of a representative popu-
lation, LL50), the time course of adverse population-relevant effects (e.
g., survival, growth/development, reproduction), the shape or steepness
of the concentration-response relationship and the asymptotic or
incipient effect endpoint (Buikema et al., 1982; Sprague 1969) for the
conditions tested.

In addition, whole oil bioassays using WAFs or other preparations
exposing organisms to dissolved components are useful and important
for validating the predictions of toxicity models based on additive effects
of single compounds. Effect endpoints from WAF and passive dosing
studies, such as the LC50 or EC50 (median lethal concentration or me-
dian effect concentration), are affected by the proportions of the subset
of quantified hydrocarbons in the mixture and the duration of exposure
to these hydrocarbons in the test. Toxicity tests employing varying
exposure times and modifying factors, which are performed according to
the criteria laid out herein, provide needed validation data for aquatic

toxicity models. In such studies, it is important to account for the phase
distribution and concentration of all hazardous components that may be
present in laboratory test exposure media and how these components
combine to determine observed oil toxicity.

2.2.2. Droplets and spill response agent (SRA) exposures

When preparing exposure media with significant droplet contribu-
tion, either from high-energy mixing (HEWAF) or the addition of a
chemical dispersant (CEWAF), the choice of treatment preparation
method greatly impacts the experimental objectives that can be
addressed. Two approaches are commonly used for preparing treat-
ments for evaluating concentration-response relationships. The first
approach, referred to as variable loading, is based on the original
CROSERF protocol and involves preparing individual WAFs at different
oil loadings for each treatment (Singer et al., 2000). For tests performed
using the variable loading approach, dissolved phase composition varies
with oil loading thereby providing a range of oil profiles that is intended
to represent various spill exposures in the field rather than evaluating a
single, constant composition. For example, as the oil loading used to
prepare the WAF stock increases, the dissolved phase component
composition becomes increasingly enriched in the more water-soluble
oil compounds, e.g., monoaromatiacs, naphthalenes). As a result, it is
necessary to chemically characterize each exposure solution. In the case
of WAFs prepared with addition of a chemical dispersant (CEWAF) or
high energy mixing (HEWAF), test media will include both droplet and
dissolved phases. Upon transfer of oil dosed media to exposure chambers
with test organisms, dissolved phase exposures are expected to be
maintained for CEWAF and HEWAF tests since the droplets that are
present can serve as a reservoir to buffer potential losses due to vola-
tilization, sorption, degradation or test organism uptake and meta-
bolism. Thus, somewhat higher toxicity may be observed in variable
loading tests where oil droplets are present versus test media prepara-
tions where droplet exposures are minimized or excluded (e.g., LEWAF
(Low Energy Water Accommodated Fraction), MEWAF (Medium Energy
Water Accommodated Fraction), passive dosing). However, droplet ex-
posures are expected to be unstable, lead to direct exposure of elevated
concentrations of low solubility oil constituents that may be unrepre-
sentative of the field and cause physical effects, e.g., entrapment of test
organisms in the rising oil at the surface of the test chambers. Another
challenge is use of routine analytical methods for analyzing test media
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with droplets that do not distinguish dissolved from particulate phase
components.

The second approach, referred to as variable dilution, is based on a
modification of the CROSERF protocol and involves preparing a WAF
stock at a single oil loading and then making individual dilutions’ of this
stock as test treatments. Providing oil droplet concentrations and losses
are negligible, the dissolved phase composition is constant across di-
lutions and depends on the oil loading selected to prepare the WAF
stock. As a result, it may only be necessary to conduct a “full” chemical
characterization of the stock solution, and then apply the appropriate
dilution factor to calculate the concentration in the remaining exposure
solutions. However, analysis of all exposure solutions using less costly
techniques, such as fluorescence, is recommended to confirm proper
dilution of prepared exposure solutions (see Dettman et al., 2023).

The nuances, advantages, and limitations of variable loading and
variable dilution tests are described in Parkerton et al. (2023a) and are
briefly summarized in Table 2. In conducting any test, one must consider
the experimental objectives and these should dictate the best suited
experimental approach.

The role of droplets in modulating dissolved phase exposures is
evident when comparing CEWAF toxicity results for the same oil with
different dispersants of comparable toxicity under a variable dilution
testing scheme. At equal treatment dilutions, the toxic units will be
greater for dispersants that are more effective at dispersing the oil. In
other words, the more effective the dispersant the higher the dissolved
oil exposures and resulting toxicity. However, if dispersant selection is
decided on the basis of toxicity of oil+disperant, ineffective dispersants
will be preferred thereby undermining efforts to mitigate impacts during
spill response. Thus, common criteria used for dispersant selection
based on effectiveness and toxicity are in obvious conflict. This recog-
nition has led to revised selection criteria for dispersants to be based on
the intrinsic toxicity of dispersant alone rather than the combined
toxicity of oil+dispersant (Fieldhouse et al., 2019; Walton et al., 2021).

Testing of dispersant and other spill response agents (SRA; e.g.,
herders, demulsifiers, surface cleaners, sorbents, degreasers etc.) re-
quires special consideration of the unique physical and chemical prop-
erties of the products as well as their intended usage rates and locations.
Current unknowns and challenges with performing SRA-only exposures
include the fact that they are mixtures which often contain poorly
soluble/non-miscible components (e.g., herders stay on the surface), and
that analytical techniques for exposure confirmation are limited (Dett-
man et al., 2023). Standardization of SRA testing will result in more
comparable data and aid in the selection of the least toxic products with
the greatest efficiency for spill response.

A final caution in conducting toxicity studies that investigate the
effects of oil droplets or SRA is that test media that include such expo-
sures are more prone to water quality changes that can confound test
interpretation. Elevated concentrations of droplets or SRA can increase
oxygen demand and cause unacceptable changes in dissolved oxygen
levels needed to support healthy test organisms. Such water quality
impacts may not be evident in controls or even treatments that include
only dissolved phase exposures. Thus, it is critical to document accept-
able water quality across treatments to ensure that study conclusions are
reliable (Bejarano et al., 2023). Further, both oil droplets and SRA could
lead to changes in the properties of the air-water interface, which can
lead to physical effects (e.g., entrapment, Black et al., 2021) on the test
organisms. If observed, these physical effects must be recorded and
clearly distinguished from the effects resulting from the in-water
exposure.

! 1t is recognized that a dilution series can be prepared by diluting an aliquot
of a stock WAF for each exposure or by serially diluting a series of prepared
solutions. Due to the importance of the assumption of homogeneity in solutions,
it is not recommended to prepare exposure solutions using a serial dilution
approach.
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2.3. Incorporating modulating factors

2.3.1. Biotic and abiotic factors

The last aspect of Fig. 1 addresses factors that can influence either
exposure or hazard concentrations. Biotic factors such as organism
weight and age are key determinants of many allometric physiological
functions, such as ingestion and respiration rates, and these may affect
test substance uptake and influence exposure and effect concentrations.
Abiotic conditions (e.g., pH, light, salinity, temperature, dissolved ox-
ygen, hydrostatic pressure, particulate and dissolved organic carbon
concentrations) can alter the physicochemical properties of the oil,
leading to changes in bioavailability, as well as influence the physio-
logical condition of aquatic organisms. Studies that incorporate abiotic
variables as co-stressors can inform toxicity assessments across a wider
range of environmental conditions.

A key recommendation when investigating the effects of modulating
factors is to ensure that appropriate controls are included to ensure test
organisms are healthy across the range of modulating factors being
investigated and that acceptable water quality is documented in all
treatments included in the study design (Bejarano et al., 2023). In
designing an oil experiment with modifying factors, the abiotic condi-
tions tested should be within the range of tolerance for the test organ-
isms and within the normal range of climatic conditions for their habitat.
Control survival should not be significantly affected by abiotic condi-
tions. Acclimation to abiotic test conditions is an important experi-
mental design consideration. The acclimation plan should be adjusted to
meet the needs of the specific test organism. When modifying pH, the
type of adjustment should be considered. In estuarine waters, hyper-
capnia (low pH as a result of elevated environmental carbon dioxide)
can be defined as 1-2% CO; or a pH of 6.9-7.0, and the pH can be
adjusted by mixing in gasses (oxygen, nitrogen, carbon dioxide) at
different proportions to achieve different pH treatments. Oceanic acid-
ification could be represented by adjustments to parameters in the car-
bonate system, including carbonate concentration, aragonite saturation,
and dissolved inorganic carbon. For all exposures using environmental
conditions as co-stressors, frequent measurement of all abiotic condi-
tions is recommended throughout the exposure.

Ultraviolet (UV) light is a particularly important modifying factor of
oil toxicity, with significant photoinduced toxicity documented for
many marine and estuarine species (Alloy et al., 2023). To test without
the influence of UV light, it is imperative that the oil preparations be
made in the dark and that the oil exposures are conducted under stan-
dard laboratory fluorescent lighting. For detailed recommendations on
incorporating UV light into oil exposures, readers are referred to Alloy
et al. (2023).

The natural environment is highly variable, and every oil spill will
coincide with a unique set of biotic and abiotic conditions. Character-
izing the toxicity of oil under different exposure conditions will improve
our understanding of the environmental impacts under various spill
scenarios. An ideal approach would include a clearly defined spill sce-
nario, development of a site-specific conceptual model, and adopting
test substances, biotic aspects and abiotic parameters identified in the
conceptual model to address the most relevant testing conditions and
modifiers. Site-specific abiotic conditions may dictate implementation
of unique site-specific experimental methods that may vary from
“standard” methods but are necessary to produce meaningful and
interpretable data.

2.3.2. Exposure dynamics

Exposure duration is a significant factor in observed toxicity, as
shorter exposures (hours as opposed to days or longer) result in higher
effect levels (less toxic). Similarly, constant exposures produce lower
effect levels than spiked tests for the same average concentration and
exposure duration (Aurand and Coelho 2005; Bejarano et al., 2014).
Typical acute exposure times range from hours to days, with chronic
exposures on the order of weeks or longer; this will vary based on the life
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Table 2
Advantages and limitations of variable loading compared to variable dilution.
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Solution Preparation Method Example Objectives Advantages

Limitations

Variable Loading Hazard assessment of

1 1 an oil
Varlable Load Ivvng e Compare physically

and chemically
- -

dispersed oil
Variable Dilution

Compare species or life
Variable Dilution

stages sensitivity
f / .‘ 3 o &
- -

Compare sensitivity of
different species or life

Validate biological
effects models

|

‘ |

Each treatment is created individually and
therefore better represent the range of potential
compositions occurring in the field during a spill

Reduced analytical costs as the treatment
compositions can be calculated from the stock
stages WAF composition (; Forth et al., 2017)

Increased analytical costs associated with measuring each
treatment created.

Hydrocarbon compositional differences across exposure
concentrations violate the assumption of consistency among
test solutions, i.e., exposure solutions will have different
composition not just concentrations.

When used with higher loadings of fresh oil, mono aromatic
and naphthalene components become more dominant in the
WAF composition compared to PAHs and other low solubility
UCM components

The elevated concentration of oil droplets in media such as
CEWAF or HEWAF requires additional steps through chemical
analysis and modeling to understand how the dissolved phase
composition is changing with the dilutions as diluted droplets
dissolve.

span of the test species. Latent or delayed effects can be assessed by
including a post-exposure recovery period to evaluate surviving
organisms.

2.3.2.1. Duration of exposure. Traditional experimental design and test
guidance for toxicity testing of chemicals (Sprague 1969) and oil
products have specified a few prescribed observation times (e.g., 24, 48,
72, 96 h) and toxicity endpoints (e.g., 48 or 96 h L(E)C50). In contrast,
oil spills are dynamic with exposures that may be more or less than the
prescribed reporting times of toxicity tests (e.g., Bejarano et al., 2014).
Toxicity studies have demonstrated the reduction of effects concentra-
tions with increasing exposure time for individual compounds (Bailey
et al., 1985; Lee et al., 2002)(Mackay et al., 2014) and for oil exposures
(Greer et al., 2012; Landrum et al., 2012). More short-duration or pulse
test results for individual hydrocarbons would help develop TU-based oil
toxicity models that account for the effects of real-world exposure du-
rations. Whole oil bioassays documenting effects of short-duration ex-
posures are needed to validate these models (see French-McCay et al.,
2023).

Evaluation of existing data and predictive toxicity model needs has
led to a recommendation that acute toxicity tests include the collection
of additional time-response data to provide greater utility in estimating
adverse effects over time (Sprague 1969; Bejarano et al., 2014). Two
options can be used to quantify the observed time-dependence of
toxicity. The first involves simply increasing the number of fixed
observation periods (e.g., add 2, 4, 8, and 12 hour observations to the
conventional 24 hour observation intervals) so that L(E)C50s can be
derived at shorter exposure times. Use of experimental designs that
include additional observation points earlier in the test allow models to
be developed to predict the time course of mortality or other measures of
effect (Barron et al., 2008; Sanchez-Bayo 2008). A second approach
involves time-to-death or time-to-event (TTD/TTE) experimental de-
signs. In these tests, the time required for each test organism to exhibit
the adverse event investigated (e.g., death) is determined. Additionally,
the time course of effect (e.g., survival time) can be modelled to provide
a continuous estimate of effect over time and extrapolation to longer-
and shorter-term exposures (e.g., Barron et al., 2008; Sanchez-Bayo
2008). Time-independent experimental designs such as Incipient Lethal
Level (ILL) approaches provide an excellent method to characterize and
compare toxic responses without the uncertainty introduced by pre-
scribed observation periods with a defined study termination (Sprague
1969). Methods and applications of modeling time-to-death are pro-
vided by Crane et al. (2002) and others (e.g., Sanchez-Bayo 2008;
Mackay et al., 2017; French-McCay et al., 2023). The resulting data and
model fits obtained using a first-order kinetic model for these two ap-
proaches are illustrated in Fig. 2. An advantage of time-to-event test
designs is that relevant effects data for modeling can be obtained at high

exposure concentrations up to the solubility limit over a short test
period.

2.3.2.2. Designs to address time variable and latent effects. In most in-
stances exposures resulting from an oil spill are expected to be acute,
and this is commonly mirrored in the duration of the proposed toxicity
tests. As mentioned earlier, standard test durations are not representa-
tive of the dynamic and ever-changing nature of an oil spill, which
cannot only result in shorter exposures than those commonly tested but
can also lead to repeated or pulsed exposure scenarios (e.g., related to
tidal fluxes) depending on the dynamics of the oil and the behavior of
the exposed organisms.

The variable nature of a pulsed exposure, both in terms of magnitude
and duration, can lead to different responses than those observed in a
continuous exposure of the same duration. Sometimes, a pulsed expo-
sure can result in reduced effects compared to a continuous exposure
test, especially if the initial exposure in the pulsed exposure test resulted
in the induction of exposure limiting (e.g., mucus production) or
detoxification mechanisms (e.g., induction of enzymatic processes).
Alternatively, pulsed exposures can also result in increased effects (e.g.,
if the initial exposure resulted in damage which compromised the ability
of the organism to deal with subsequent exposures). Time-to-event de-
signs can also assist in elucidating whether pulsed exposures result in
these enhanced or reduced effects by simply comparing the effect level
for each exposure scenario at a particular exposure duration (Newman
and McCloskey 1996; Reinert et al., 2002).

Recent methodologies address this problem with more mechanistic
approaches such as toxicokinetic-toxicodynamic (TKTD) models which
assume that a certain effect occurs when an internal threshold concen-
tration occurs. To develop and use these models, information on species
specific physiological and life-history traits are needed as well as the
parallel estimation of tissue concentrations. This will enable linkage of
the observed effects to tissue concentrations and development of models
that are able to determine when specific tissue threshold levels might be
reached (see Ashauer (2010) for a detailed description of these models,
data needs, and advice on experimental design).

Acute and short pulsed exposures can sometimes lead to post-
exposure latent or delayed effects. Latent effects are those that are not
immediately observable coincident with an environmental exposure,
rather some period is required following the initial exposure for
observable effects to occur. This delay can be the result of biochemical
or physiological processes that result in a cascade of events that ulti-
mately result in a toxic response (e.g., cancer, reproductive effects,
target organ toxicity) (e.g., Heintz et al., 2000). One approach used to
evaluate the potential for latent effects are studies consisting of an initial
short exposure phase, followed by a long-term monitoring phase in clean
media. To increase the realism for petroleum spills, the duration and
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Fig. 2. Examples of time-dependent toxicity data that can be used to support modeling; A) EC50s derived at different exposure durations with time-independent
(IEC50) identified as dashed line; and B) Time-to-event for individual test organisms exposed to three exposure concentrations; Solid lines in both graphs de-

notes model fits assuming first-order kinetics.

intensity of an exposure should be considered in the experimental
design. Test exposures should be sufficient to identify and characterize
likely adverse effects, but not high enough to be environmentally un-
realistic and introduce potential lab-related artifacts (e.g., entrapment of
organisms, impediment to gas exchange etc.). Experimental durations
should be sufficient to characterize appropriate acute or chronic expo-
sures depending on field-observed conditions. Tests to address latent or
delayed effects can also consider multi-generational studies where only
the initial parent generation is exposed, but subsequent generations are
monitored for toxic effects.

For endpoints such as population growth, often used in tests with
primary producers (e.g., algae), it is common to observe reduction in
population size after exposure due to the death of a proportion of in-
dividuals. However, this reduction in population may be temporary if
the exposure did not lead to long-lasting effects in the surviving

organisms. In this case, exposure-recovery studies would be recom-
mended that include a short exposure phase, followed by a monitoring
phase. Similar to the approach described above, but where the moni-
toring phase would assess the capacity of the exposed organisms to re-
turn to some pre-defined “ecologically recovered” condition (Gergs
et al., 2016).

3. Guidance for laboratory toxicity testing

Experimentally derived toxicity data are extremely valuable in
providing key qualitative and quantitative information for spill response
planning such as Net Environmental Benefits Analysis (NEBA)/Spill
Impact Mitigation Assessment (SIMA) (IPIECA-IOGP, 2015) and hazard
assessment. It allows for the evaluation of relative hazards from different
SRAs and oils, determination of species or taxa sensitivity to the product,
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assessment of the effects of oil with/without SRA and supports the
screening or regulatory approval of response agents (Bejarano and
Mearns 2015; Redman and Parkerton 2015). There is no single or uni-
versal experimental design for a toxicity test that will adequately
address all objectives. However, whether the test is geared towards
hazard classification (Fig. 3A), hypothesis testing (Fig. 3B), or informing
biological effect models (Fig. 3C), there are common threads which run
through all oil testing.

Here, some general guidance and considerations are provided for the
conduct of aquatic toxicity tests using oil and oil derived products,
which are broadly applicable regardless of experimental objective.

3.1. Species selection

In an ideal world, toxicity data would be available for all chemicals
and chemical mixtures, and all species and life stages resident in an area,
thus making it possible to assess potential risks resulting from chemical
exposure with minimal uncertainty. Unfortunately, data are usually
available for only a fraction of the species comprising an ecosystem;
frequently this requires us to extrapolate data from common laboratory
“surrogate” species to site-specific resident species. To appropriately
understand the impacts to aquatic ecosystems, it is recommended to
consider species representing different trophic levels and feeding types
(filter, deposit, detritivore, etc.), thus encompassing different exposure
routes. Life-stage selection is also an important consideration. Many
advantages have been noted for testing with early life-stages of longer-
lived organisms due to their potential increased sensitivity attributed
to greater chemical adsorption/uptake or reduced toxifying metabolic
capabilities, shorter test duration, and smaller organism size making it
possible to test under laboratory conditions (i.e., smaller test containers
and less volume of generated waste).

As described, test species selection is an important consideration in
oil toxicity testing and should be related to the specific purpose of the
testing. An ideal toxicity test species might meet one or more of the
following criteria: (1) sensitivity, (2) widely distributed, abundant, (3)
indigenous or representative, (4) recreationally, commercially and/or
ecologically important, (5) laboratory tolerant, easy to culture, and (6)
life history. Often there is a desire to test site-specific resident species;
however, these organisms are likely to have to be field-collected and
brought into the laboratory. There are pros and cons to the use of field-
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collected vs. laboratory-cultured animals. Field-collected animals can be
relevant to local spill issues and contingency planning, and responses to
test chemicals may be more realistic due site-specific issues. There are,
however, considerations including restrictions on collection (e.g.,
required permits), holding time, health (e.g., seasonal differences), etc.,
and unknown history of exposure to toxic substances. Cultured animals
have the advantage of being readily available, genetically consistent, a
known exposure history, and known health status. Standardized toxicity
tests have been developed by many organizations (e.g., OECD, ASTM,
USEPA, ECCQC), and these guidelines generally contain requirements for
the care, culture, and testing of recommended test species. Criteria for
culture health prior to testing and validity criteria for lab controls and
water quality at the end of the test have been established, and these
factors when combined with other QA/QC practices (such as reference
toxicant testing) provide confidence in test results. Standardized test
guidelines with defined test species require reviewing culture colony
health in the 7-14 days before testing and delaying the test if the colony
appears stressed or mortality exceeds method specifications. Standard
guidelines provide best practices for culture colony health, control
mortality and QA/QC (Weber 1991). For non-standard organisms,
including field collected organisms, aquaculturists may be able to pro-
vide useful information regarding natural die-offs during development
so organism health can be appropriately assessed prior to test initiation.

Regardless of whether they are field-collected or cultured, the test
organisms should all be from the same source, of a uniform size, age, and
physiological condition, and devoid of visible disease and parasites. Care
should be taken to minimize collection and handling stress, and organ-
isms should be gradually acclimated to test conditions. Acclimation time
will vary by species and standard testing protocols. Typical holding
acclimation times for field collected organisms range from 7 to 10 days
prior to testing; however, this is typically only applicable to short-term
acute tests with older organisms; tests that begin with embryonic or
larval organisms cannot meet this criterion due to their rapid
development.

In evaluating spill impacts, representative species can be surrogates
for local species or species at risk, which are easier to source, care for,
and/or evaluate effects. They may not, however, include all the char-
acteristics of the target species. Where comprehensive species data are
not available, using species traits to estimate impact may be possible and
appropriate. In some cases, specific traits for species or life stages may
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fect models.
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need to be considered when evaluating risks. For example, as noted in
Alloy et al. (2023), assessment of photosensitization may require use of
translucent early life stages of aquatic organisms because of their
increased sensitivity.

Species with commercial value bridge the socioeconomic and envi-
ronmental considerations; local stakeholder groups will be particularly
interested in their protection and recovery in the event of a spill. In some
cases, threatened or endangered species are of particular interest. Spe-
cial considerations are needed for testing protected species and alternate
techniques, e.g., testing with surrogate species, must be considered since
they may provide the only means to obtain data. Also, threatened/en-
dangered species may be considered differently in a NEBA because im-
pacts at the individual rather than the population level are considered
important. Comparison of species sensitivity for a range of contaminants
has shown that species listed as threatened and endangered are gener-
ally no more sensitive than non-listed species (Raimondo et al., 2008).
The taxonomic grouping of the organism, organism traits, and chemical
mode of action appear to be most important in determining intrinsic
species sensitivity, rather than geographic distribution or rarity of the
species (Rico and Van den Brink, 2015). Toxicity data available for
commonly tested species can also be used as input to interspecies cor-
relation (ICE) models to obtain toxicity predictions for untested species
so that these estimates can be used to increase available data or toxicity
estimates for substances with limited hazard data (Bejarano and Barron
2014; Bejarano 2019). If hazard data are restricted to a fixed exposure
duration, SSDs and corresponding HC5 (hazardous concentration for 5%
of species) values can be derived for different exposure durations
(Bejarano 2018).

Finally, many jurisdictions are restricting the use of toxicity testing
with vertebrates for the purpose of chemical hazard assessments. Testing
with invertebrates, molecular tools, cell lines, unprotected life stages of
vertebrates or other new approach methodologies may be used to
replace vertebrate testing (e.g., Yu et al., 2005). However, when
modeling effects for contingency planning or damage assessments,
having toxicity data available for the fish species in question adds con-
fidence and relevance to the models.

3.2. Inclusion of test controls

As with all toxicity testing, it is imperative that adequate controls be
included in oil spill toxicity assessments. A negative control (i.e., no-oil
media control) is required to ensure healthy baseline response of test
animals. For CEWAF tests, the use of a dispersant control at the highest
dispersant concentration used to prepare the CEWAF may be employed.
It is also recommended that a positive control be included. A positive
control can be useful to control for variability in responses between tests
and batches of organisms (Olsen et al., 2011), and the results from
side-by-side positive control tests build a database of known sensitivity
thresholds and reproducibility that can be used to establish coefficients
of variation for an organism. For acute oil toxicity testing, we recom-
mended that 1-methylnaphthalene be used as a positive control, in
addition to any species specific standard reference toxicant (e.g., KCl),
or method specific control (e.g., solvent control). 1-methylnaphthalene
offers the advantages of being commercially available, sufficiently
toxic to define a exposure:response relationship, largely present in oil,
easy to work with (e.g., a water- soluble liquid with a strong fluoro-
metric signal), and there is a growing database of species sensitivity to
this compound. Generating an EC/LC50 for 1-methylnapthtalene, and
then including that concentration as a positive control for the species of
interest in further testing (either with other individual compounds or
whole oils), will provide an appropriate measure of quality assurance
and control and can potentially replace a multi-concentration reference
toxicant testing program. Adoption of this standardized approach would
allow comparable data to be generated that can be used within spill
response and risk assessment modeling.

Aquatic Toxicology 261 (2023) 106579
3.3. Exposure regime

Exposure system designs may be static, static-renewal, intermittent
flow-through, continuous recirculating, or continuous flow-through.
Each has advantages and disadvantages, and selection of system
design is guided by the solubility, volatility and degradability of hy-
drocarbons and the goals of the test (Parkerton et al., 2023a). The
overall stability of the test chemical(s) is a consequence of the exposure
system and is influenced by a number of physical, chemical, and bio-
logical factors. Test systems should minimize chemical loss as a result of
adsorption to exposure system surfaces; this can be mitigated by the use
of low-adsorption components and materials and by pre-
conditioning/equilibration of the test system for a period of time
determined by the results of stability tests (OECD 2019a). Covered
exposure vessels constructed of non-reactive materials are recom-
mended, coupled with methods that limit loss of volatile components
and that support temporally stable and analytically verifiable exposure
concentrations. Losses may also occur due to partitioning to suspended
particulates (food particles or detritus) and to the test organisms
themselves; thus, cleaning and removal of detritus, as appropriate, or
testing using methods that mitigate these concerns, e.g., flow-through
systems should be employed.

Minimizing concerns with oxygen depletion due to BOD/COD loss
can be addressed through aeration or flow-through test designs. Oxygen
depletion by organisms and ammonia waste concerns can be addressed
by following recommended biological loading guidance from the
various standard methods.

3.4. Exposure characterization

Characterizing the composition and concentration of the individual
hydrocarbons in exposure solutions is critical to the interpretation of
toxicity data and the evaluation of environmental hazards posed by
chemicals. Petroleum and petroleum-derived products pose a unique
problem for toxicity testing because the presence and stability of the
hydrocarbon components is dictated by their individual chemical
characteristics. This, in turn, leads to temporal changes in the compo-
sition and toxicity of hydrocarbon solutions in the laboratory and in spill
incidents. If the experimental design involves exposures that decline (i.
e., static, static-renewal, pulsed) details of the decline must be quantified
and the frequency of renewals reported. Acceptable ways to quantify
declining exposures (e.g., assume exponential decay curve and quantify
at the initial time and at the end of the exposure or prior to a renewal)
are described and guidance provided for calculating the concentration
used for effect assessment based on exposure approach (OECD 2019a).
Regardless of exposure system, chemical determinations of the exposure
solution components or marker compounds of the highest and lowest
test concentration (or lowest quantifiable concentration) and compo-
nent concentrations around the expected E/LC50 are considered a
minimum requirement. Recommendations on the frequencies of
analytical measurements are provided in OECD (2019a) and these
should be followed in combination with the media specific properties.
Some general recommendations are illustrated in Fig. 4 for three
different exposure regimes.

Monitoring exposures is key to producing useful data for validating
models, comparative hazard assessment and model validation, with
consideration given to losses during sampling and sample storage before
analysis. Inadequate characterization of exposure concentrations pro-
hibits the use of the data for comparative or modeling purposes, and
represents a significant waste of resources, time, and animals (see
Dettman et al., 2023and Bejarano et al., 2023). However, no single
analytical technique can provide a complete determination of all the
hydrocarbons present in a water sample, so steps must be taken to plan
for the proper analyses and to take and preserve samples for analysis.
Analytical techniques to quantify different hydrocarbons dictate sam-
pling intervals and this must be considered in designing experimental
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Fig. 4. Overview of suggested analytical characterization frequency based on different exposure regimes.

approaches. Guidance on frequency of analytical determinations, mea-
surements, and data handling are provided in OECD guidelines (e.g.,
(OECD 2019b, 2019a, 1992)), and is dependent on the media, exposure
regime, and experimental objective. Methods for analysis, including
minimum requirements, and considerations for sampling, sample stor-
age, and handling are discussed in Dettman et al. (2023).

Spill response agents present a unique problem for the analysis and
interpretation of toxicity data. SRAs are complex mixtures of surfactants
(many of which are proprietary) and hydrocarbon solvents, there are no
simple and consistent means for measuring dispersant or dispersant
components in water (Fingas, 2017). Generally, efforts have focused on
the quantification of 1-2 active ingredients reported in safety data
sheets as target analytes. However, caution should be taken in making
generalizations about the potential for only one or a few compound(s) to
serve as useful markers or indicators of exposure (CRRC, 2012). A dis-
cussion of the challenges and research need associated with SRA char-
acterization is presented in Dettman et al. (2023)

3.5. Toxicity endpoints

Endpoints (e.g., development, survival, growth, reproduction) are
used in dose-response modeling to estimate effect thresholds including
NOEC, LOEC, MATC (No observed effect concentration, Lowest
observed effect concentration, Maximum acceptable toxicant concen-
tration) and ECx/LCx (Effect concentration or Lethal concentration at a
defined percent (x)). For ECx determination, the study endpoint must be
clearly defined and relevant to the test species. Selection of endpoints in
an aquatic toxicity study should consider the exposure regime (e.g.,
acute vs chronic study) and species and life stage. Typically, acute tests
have only measured organism immobilization or mortality, whereas
longer duration chronic tests measure organism growth and/or
reproduction.

Acute and chronic toxicity data are often used to generate SSDs,
which allow the comparison of the relative sensitivity of Multiple species
to the same chemical or mixture. Effect thresholds, e.g., HC5, derived
from SSDs represent scientifically defensible benchmarks, as verification
of consensus values for levels of concern (Bejarano and Mearns 2015).
Inclusion of data for an SSD requires the study and endpoints are
consistent and adequately reported (Bejarano et al., 2023), and properly

10

characterized (Dettman et al., 2023).

Measurement endpoints that can be directly related to population-
level effects tend to be considered the most relevant and include sur-
vival, growth, or reproduction. Other potential endpoints can be related
to sublethal observations that can span a wide range of biological re-
sponses, from changes in behavior to cellular, subcellular, or biochem-
ical changes that may be related to environmental exposures. Sublethal
endpoints may be important and may be considered, but these ap-
proaches must be shown to have relevance to “traditional” endpoints
and population-level concerns (Doering et al., 2019). The Adverse
Outcome Pathway (AOP) analysis approach may provide a means to
interpret these observations in the future (Ankley et al. 2010); however,
clear relationships must be established between the observed effect and
the cascade of steps that lead to population impacts.

3.6. Exposure metrics

When reporting toxicity endpoints, the choice of exposure metric can
have implications for the interpretation of the results. This is discussed
in greater detail in Parkerton et al. (2023b), and briefly mentioned here
for completeness. Expressing toxicity as%WAF or%CEWAF has signifi-
cant limitations since it has a limited relationship to the hydrocarbon
composition of the solution and should be avoided in most experimental
applications. Summary measures like total PAH (ZPAH) and Total Pe-
troleum Hydrocarbons (TPH) have previously been used but again they
are not specific to the mixture and significant differences in toxicity have
been observed for solutions which have the same XPAH or TPH values.
This is because not all hydrocarbons are equally toxic; therefore, toxic
potency of the individual components should ideally be considered in
any exposure metric to permit comparison between hydrocarbon mix-
tures and to assess solution toxicity. Reporting concentrations of the
various fractions of the TPH by distillation cut and on a percent aliphatic
and aromatic basis has been recommended as an approach for whole oils
(Dettman et al., 2023). Normalizing the concentration of individual
hydrocarbon components in a solution based on their relative toxicity
(Toxic Units (TU), Hermans and Leeuwangh, 1982, Parkerton et al.,
2023b) permits the summation of concentrations while considering the
toxic contribution of the components. This is the approach used by most
current predictive toxicity models; further detail is provided in
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French-McCay et al. (2023).

3.7. Statistical analysis of toxicity data

Appropriate statistical analysis of toxicity data informs experimental
design and conduct, and adherence to recommended analytical methods
ensures correct interpretation of results. Similarly, appropriate design
can improve both the accuracy and precision of test data and subse-
quently determined threshold values. Adequate randomization and
avoidance of pseudo replication is required to meet the assumptions of
parametric tests. Negative, positive and solvent controls where appro-
priate, e.g., in single hydrocarbon tests, must be included in the design.
Where multiple controls are used, several analytical approaches may be
used to evaluate potential solvent effects. Recommendations for the
most appropriate control or combination of control groups to compare
with treatment groups vary amongst regulatory agencies (see OECD,
2006 and Green et al., 2018 for an evaluation of different approaches).
Statistically derived threshold values are determined from a variety of
endpoint types (e.g., quantal, continuous, or discrete), and different
analyses are appropriate for each. OECD (2006) and Environment
Canada (2007) include flowcharts and provide guidance on the selection
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of statistical approaches, and describes assumptions and limitations for
hypothesis testing, concentration-response modeling, and biology-based
methods.

Determination of environmentally protective concentrations for
environmental contaminants (e.g., Predicted No Effect Concentration
(PNECQ), Final Chronic Value (FCV)) involve consideration of the range
of sensitivity to a contaminant across M. species representing a range of
trophic levels and life strategies. Typically, these values are derived from
single-species laboratory ecotoxicological tests measuring specific end-
points (typically survival, reproduction, or growth). The SSD approach is
used to provide community-level protection. Calculation of appropriate
SSD endpoints is beyond the scope of this discussion; however, discus-
sion of the approach and methods for calculation of these values can be
found in ECHA (2008), Stephan et al. (1985), EFSA (2015), and Fox
et al. (2021).

4. Summary and recommendations
The approach to risk assessment has shifted from attempting to

reproduce field conditions and exposures, to the application and
development of consistent test methods needed for calibration and

fr;?f;'fv‘grk Individual | | Dissolved oil & Oil & Modulating
(section 2.0) Compound Qil Droplets Factors
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Species
selection Cultured organisms Field collected

(section 3.1)

|
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B ————
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(section 3.2) control ’ control control
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(section 3.3) P 9 Through
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Fig. 5. Summary of key issues for consideration in the design and conduct of oil toxicity experiments.
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validation of toxicity models. This requires standardized testing ap-
proaches that provide reproducible test results and comparisons of
product hazards which can be used to evaluate the risks of environ-
mentally realistic exposures (Hodson et al., 2019; National Academies of
Sciences and Medicine 2020). As greater confidence is gained in the
reliability of such models for predicting effects in lab toxicity studies,
these models may be more credibly applied for effect assessment under a
wide range of oil exposure scenarios obtained using either field mea-
surements (if such sampling is feasible) or spill fate model predictions.

An overview of the some of the key issues discussed in this paper are
presented in Fig. 5; oil toxicity practitioners are strongly encouraged to
consult this figure and consider adopting these recommendations when
designing experiments.

The relevance of this approach relies on the application of stan-
dardized test designs and methodology to ensure comparability of re-
sults across studies. Guidelines for standardized testing also allow the
assessment of the relevance of studies conducted with non-standard
species or exposures.

Following the principles and guidance outlined in this paper can
greatly improve the utility of laboratory-based toxicity testing for use in
hazard assessment and for the validation of oil toxicity models. Exper-
imental validation and improvement of model predictions represents a
significant step forward in the ability to respond to and mitigate the
biological effects of oil spills in the environment.

4.1. Research needs

A number of continuing research needs have been identified:

Additional high-quality, single-species acute and chronic toxicity
data are needed for an array of parent and substituted PAHs, as well
as other aliphatic, aromatic and polar compounds. These tests should
follow standardized test methods with appropriate analytical char-
acterization of exposures. These data will provide the necessary
support for toxicity predictions currently based on chemical char-
acteristics (e.g., octanol:water portioning), assumptions regarding
mode of toxic action (e.g., narcosis), and the relationship between
acute and chronic toxic responses. This information will ultimately
reduce the uncertainty associated with current predictive toxicity
models (e.g., McGrath et al., 2018).

Petroleum spills frequently lead to intermittent hydrocarbon expo-
sures that can vary dramatically in composition, duration, and
magnitude. Targeted data are needed that allow further character-
ization of the time-course of toxicity across species/endpoints and
hydrocarbons/SRA so that effect concentrations can be calculated
and validated for the wide-range of time-varying exposure durations
relevant to oil spills (French McCay et al. 2023; Parkerton et al.,
2023b).

Toxicity testing of SRAs and SRA/hydrocarbon mixtures present
specific methodological difficulties that must be addressed through
standardization of the SRA testing methods. Furthermore, regula-
tions should require identification and characterization of the toxic
properties of “proprietary” components in SRA mixtures and
analytical methods for measuring SRA components must be
provided.

In all studies, bioassay conditions need to be well-characterized (i.e.,
with analytically verified exposure concentrations over the duration
of the experiment, Dettman et al., 2023) for the data to be useful for
modeling, impact assessment, comparability, and interpretation of
results. The species and life stages tested should include both sensi-
tive and insensitive ones, as exposure duration and effects of modi-
fying factors may vary.

Development of models that can address sublethal exposures and
latent effects (i.e., “omic” endpoints; (Brodersen 1987; Zhao and
Newman 2004)). Clear relationships must be established between
the observed effect and the cascade of effects that lead to population
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impacts. Single-analyte bioassays would elucidate mechanisms ac-
counting for delayed effects.
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