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ABSTRACT
Pesticide regulation requires regulatory authorities to assess the potential ecological risk of pesticides submitted for registration,

and most risk assessment schemes use a tiered testing and assessment approach. Standardized ecotoxicity tests, environmental fate
studies, and exposure models are used at lower tiers and follow well‐defined methods for assessing risk. If a lower tier assessment
indicates that the pesticide may pose an ecological risk, higher tier studies using more environmentally realistic conditions or
assumptions can be performed to refine the risk assessment and inform risk management options. However, there is limited
guidance in the United States on options to refine an assessment and how the data will be incorporated into the risk assessment and
risk management processes. To overcome challenges to incorporation of higher tier data into ecological risk assessments and risk
management of pesticides, a workshop was held in Raleigh, North Carolina. Attendees included representatives from the United
States Environmental Protection Agency, United States Department of Agriculture, National Oceanic and Atmospheric Adminis-
tration, universities, commodity groups, consultants, nonprofit organizations, and the crop protection industry. Key recommenda-
tions emphasized the need for 1) more effective, timely, open communication among registrants, risk assessors, and risk managers
earlier in the registration process to identify specific protection goals, address areas of potential concern where higher tier studies or
assessments may be required, and if a higher tier study is necessary that there is agreement on study design; 2) minimizing the
complexity of study designs while retaining high value to the risk assessment and risk management process; 3) greater transparency
regarding critical factors utilized in risk management decisions with clearly defined protection goals that are operational; and 4)
retrospective analyses of success–failure learnings on the acceptability of higher tier studies to help inform registrants on how to
improve the application of such studies to risk assessments and the risk management process. Integr Environ Assess Manag
2019;00:1–12. © 2019 The Authors. Integrated Environmental Assessment and Management published by Wiley Periodicals, Inc. on
behalf of Society of Environmental Toxicology & Chemistry (SETAC)
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INTRODUCTION
Overcoming challenges and barriers to incorporating

higher tier data into ecological risk assessments (ERAs) and
risk management of pesticides was discussed at the 2017

Workshop on Innovation and Regulation in Agriculture held
at North Carolina State University on 23–24 October 2017 in
Raleigh, North Carolina, USA. A key objective of this work-
shop was to develop recommendations for principles and
practices that can be used to overcome these challenges.
Attendees included representatives from the United States
Environmental Protection Agency (USEPA), United States
Department of Agriculture, National Oceanic and Atmo-
spheric Administration, North American universities, com-
modity groups, consultants, nonprofit organizations, and
the crop protection industry (list in Supplemental Data).
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Although this workshop was organized by scientists in the
United States, with a primary focus on the US pesticide
regulatory system, the recommendations from this group
are generally applicable in any world area that uses a
risk‐based approach and a tier‐based framework for en-
vironmental assessments of pesticides.
Workshop participants discussed a range of challenges and

potential barriers to the use of higher tier studies as part of the
risk characterization in ERAs and to inform risk management
decision making. Small group recommendations served as the
basis for a whole‐group discussion that created consensus
recommendations aimed at addressing the said challenges
and barriers. To facilitate dynamic discussion, workshop par-
ticipants addressed several questions as a starting point:

• What are the characteristics of higher tier studies that
make them useful in a risk assessment and for risk man-
agement decision making?

• How can the tiered risk assessment process, with respect
to the use of higher tier studies, be improved?

• What are the barriers to evaluating and effectively uti-
lizing higher tier studies in regulatory decision making to
achieve protection goals?

What are the roles and responsibilities of the risk assessors
and risk managers? Risk assessors are a diverse group of
professionals who bring a range of multidisciplinary technical
expertise to perform a risk assessment. Risk assessors typi-
cally follow defined risk assessment guidance and can refine
assessments with higher tier data and additional analyses if
warranted. The expression “risk manager” is frequently used
to represent a decision maker in a regulatory agency—
sometimes in a different branch than the risk assessors—who
has legal authority to protect or manage a resource. There-
fore, risk managers receive the greatest value from an ERA
when it is based on environmental protection goals that are
operational. For protection goals to be operational, they
must be specific, clearly stating what to protect, the level of
protection, where to protect it, and over what time period.
Risk managers within regulatory agencies have the respon-
sibility and authority to act or require action to mitigate an
identified risk (USEPA 1998). However, there is little specific
guidance on integrating higher tier data and analyses into
ecological risk assessments (ERAs) for pesticides in the United
States, and therefore good communication is needed be-
tween the risk assessor and risk manager to help the risk
manager reach a defensible regulatory decision.
The present report provides brief background on the con-

cepts associated with a tiered approach for ERA and presents
representative case study examples of higher tier effects and
exposure refinements that have been used by regulatory au-
thorities. Major themes emerging from the workshop are
presented as a series of consensus recommendations.

TIERED RISK ASSESSMENT APPROACH
Registration of a pesticide requires an assessment of

potential ecological risk, and the utility of applying tiered

ERAs for evaluation of pesticides has long been recognized
(Baker et al. 1994; USEPA 1998; Campbell et al. 1998;
ECOFRAM 1999). The term “lower tier” is synonymous with
“screening level,” and such assessments are typically con-
servative and conducted using a limited amount of information
and basic analysis tools. However, screening‐level risk assess-
ments can serve a valuable purpose either by identifying
pesticides and their uses that require no further evaluation
or by highlighting specific concerns (e.g., vulnerable taxa or
regions, specific use patterns) for further evaluation.

With progression through the tiers, estimates of ex-
posure and effects become more environmentally realistic
and uncertainty is reduced through the acquisition of more
relevant data. If lower tier assessments indicate that a
pesticide may pose a risk to the environment, additional
data generation or more advanced quantitative analysis
can provide greater insight into the likelihood and mag-
nitude of potential ecological effects. However, the ana-
lysis phase of the risk assessment can also consider qua-
litative information in a weight‐of‐evidence approach.
Only after the collective findings of the risk assessment are
considered can a decision be made as to whether higher
tier testing is required and/or risk management is neces-
sary. Therefore, the need for additional higher tier ecolo-
gical data may be supplanted by mitigating risks via
changes to label requirements, implementing best prac-
tices, and product stewardship.

Advancing to a higher tier ERA does not always negate
conclusions of inferred risk, but rather may provide additional
support and certainty confirming such conclusions. Given that
ERA is an iterative process, as more insight is gained with
advancement to higher tiers, risk assessors may revisit con-
ceptual models or assumptions utilized during the screening‐
level evaluations. The tiered system as a whole should result
in protective decisions that are consistent with specific pro-
tection goals. In Europe, higher tiers are also used to verify
the protective nature of lower tier assessment methods (van
Wijngaarden et al. 2005; Solomon et al. 2008; EFSA 2013;
Brock et al. 2016).

Although higher tier methodologies typically provide data
to address the assumptions and simplifications inherent in
lower tier risk assessments, the design, conduct, and accep-
tance of these approaches can pose specific challenges. For
example, in mesocosm studies, adequate replication may be
difficult to achieve and appropriate control treatments may
be difficult to devise, leading to low statistical power for
detecting pesticide effects. To avoid such problems, higher
tier studies should be conducted only when appropriate
methodologies (e.g., aquatic mesocosm studies following
guidelines) are available and their value to the risk manage-
ment decision is confirmed by a regulatory authority. The
nature and scope of the studies that could be performed will
depend on several factors, including the results of lower tier
studies, the environmental protection goals and related as-
sessment endpoints, the environmental fate of the pesticide,
and the use pattern of the pesticide. It is also important to
recognize that science continually evolves, and consequently,
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improved approaches to conduct environmental assessments
will replace older approaches.

TYPES OF HIGHER TIER DATA
Readers of the present manuscript may question why a

workshop addressing challenges with incorporating higher
tier data into ERA is needed, given that the current USEPA
ERA paradigm for pesticides allows for the flexibility to in-
corporate higher tier data. For instance, the new USEPA
“Guidance for Assessing Pesticide Risks to Bees” outlines a
tiered testing and assessment framework that is linked to
specific measurement endpoints, assessment endpoints,
and protection goals (USEPA et al. 2014). However, even
with this new comprehensive testing and assessment gui-
dance, standardizing protocols for conducting higher tier
semifield and field effects tests continue to evolve. Conse-
quently, the need remains for discussion with regulatory
agencies to align on key aspects of nonstandard protocols.
Without this dialogue, registrants run the risk that their study

may not have the appropriate design and analysis to sup-
port a higher tier assessment.
For the purposes of the workshop and this manuscript,

higher tier data can be defined as information that goes
beyond standardized data requirements to inform regulatory
risk assessments and/or risk management decisions. This
definition expands beyond the conventional view that higher
tier data are derived only from studies, but also includes
other sources of scientifically relevant information that may
quantitatively or qualitatively refine risk assessments to sup-
port risk management decisions. Four broad categories of
higher tier data were emphasized during the workshop: ex-
perimentally derived data, model‐generated data, compiled
data, and data developed via analysis (Table 1). A list of
general examples under each category is provided to illus-
trate the types of data that are potentially useful for refining
risk assessments or informing risk management decisions.
Experimentally derived higher tier data, as implied in the

category name, involve generation of information as part of
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Table 1. Summary of different categories of higher tier data and examples that may be useful for refining ecological risk assessments and/or
informing the risk management decision concerning pesticides

Broad categories of higher tier data General examples

Experimentally derived Laboratory bioassays performed with additional species (perhaps nonguideline), life stages,
conditions (i.e., pulsed‐dosed), etc.

Mesocosm or microcosm studies examining the fate and/or effects.

Off‐field transport studies examining transport via air or particulates.

Repeating dated guideline studies using emerging technologies (e.g., partitioning studies
using solid phase microextraction)

Studies focused on addressing specific assumptions in current models (e.g., avian dermal
absorption, dietary residues).

Toxicokinetic studies exploring adsorption, distribution, metabolism, and excretion.

Model generated Additional PWC model simulations using refined inputs to define exposure.

Development of scenarios alternative to a farm pond (e.g., flowing waterbodies, estuarine or
marine systems).

Establishment of broader level landscape exposure modeling (i.e., watershed).
Creation of new models to address specific assumptions and/or accommodate for data

limitation.

Development of toxicokinetic–toxicodynamic models.

Species population modeling.

Information compiled Wildlife surveys.

Environmental monitoring databases.

Weight‐of‐evidence approaches to inform hazard endpoints.

Collection of more detailed regional use information concerning rates and timings.

Developed via analysis Probabilistic assessments (e.g., species sensitivity distributions and development of joint
probability curves).

Establishment of mechanistic or adverse outcome pathways.

Species range and use area proximity analysis.
Incorporation of advanced statistics.
Development of refined conceptual models.

PWC = Pesticide in Water Calculator.
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a study that can be used to support an ERA. It is important
to note that while higher tier data are often associated with
larger and more complex experiments designed to narrow
the gap between laboratory and real‐world conditions
(e.g., microcosms, field studies), increased complexity is not
always needed. Rather, experimentally derived higher tier
data can range in scope and scale from very simple to ex-
tremely complex, and the level of complexity is based on
the purpose, questions, and concerns for which additional
information is needed. In some cases, a basic but focused
laboratory experiment may be sufficient to refine an ERA or
inform a risk management decision. For example, testing
under nonstandard conditions may be used to consider how
abiotic factors (such as temperature) may modify chemical
toxicity. In other instances, an expansive field study at nu-
merous sites conducted over multiple field seasons may be
deemed necessary.
Model‐generated higher tier data are developed by using

computational tools that leverage available information. These
data may range from simple calculations to refining a specific
assumption of an existing regulatory model, to the develop-
ment of an entirely new model. The intended use of a model
will affect the level of precision and validation required for it to
be deemed useful for quantitatively refining an ERA or in-
forming a risk management decision. For example, complex
models designed to understand spatial–temporal distinctions
in fate and behavior of a pesticide across a large diverse
geography, and to encompass different use scenarios, would
require far more development and validation than a model
meant to simulate one regional scenario for a single crop.
Compiling data for a higher tier ERA involves the collec-

tion, analysis, and interpretation of existing information to
inform an ERA or risk management decision. Like all cate-
gories of higher tier data, the purpose, questions, and
concerns prompting the need for compiled data should be
established a priori in consultation with regulators so that
relevant information is collected. Data compilation should
consider appropriate experimental design, methods, quality
control measures, inclusion and exclusion criteria, and data
analysis methods. In addition, an explicit analysis and
characterization of the uncertainty in a data set itself is an
important step. For example, evaluating the timing and fre-
quency of sampling will influence the level of confidence and
uncertainty in being able to use measured data quantita-
tively. Merely developing a database (e.g., water monitoring)
without a clear link to how the information is collected and
can be reliably used is unlikely to prove useful for refining an
ERA or informing a risk management decision.
Higher tier data developed by analysis are based on

procedures that allow the best available information to be
interpreted or applied to refine an ERA or inform a risk
management decision. As an example, in 2013 the National
Research Council (NRC) identified the need to better char-
acterize risk in endangered species assessments and re-
commended that screening‐level risk assessments based on
deterministic risk quotients (RQs) should be followed by
refined probabilistic assessments (NRC 2013). Similarly, in

their recent report on future biotechnology products, the
NRC also stressed the need to incorporate probabilistic risk
assessment procedures (NRC 2017). The rationale for this
recommendation is that RQs do not estimate risk (i.e., the
probability of an adverse effect). However, probabilistic
approaches can provide risk managers with a risk estimate
that reflects the probability of exposure to a range of pes-
ticide concentrations and the magnitude of an adverse ef-
fect (if any) resulting from such exposure. When protection
goals are defined in probabilistic terms, probabilistic risk
estimates can be used by risk managers to inform regulatory
decision making and potentially to be used as a risk com-
munication tool (e.g., there is a 1% chance of terrestrial
nontarget plant communities being affected above their no
effect level from applications of herbicide “X” when label
requirements are followed). In addition, qualitative data can
be effectively leveraged to refine assessments using a
weight‐of‐evidence approach. Examples of this could in-
clude information describing an organism’s feeding
ecology, habitat requirements, development and resource
utilization timing, and other information that can be used in
a weight‐of‐evidence assessment.

ENSURING HIGHER TIER DATA IS “FIT FOR
PURPOSE”

Tiered testing and assessment schemes have been devel-
oped to be a flexible framework to address changing testing
and assessment needs and new hypotheses that may arise
during problem formulation or as the outcome of lower tier
testing. Therefore, a tiered framework offers many ad-
vantages in terms of supporting assessments that examine
potential effects of pesticides. A common goal among data
generators, sponsors, reviewers, and users of the data should
ideally be to design an appropriate higher tier study to satisfy
the needs of the risk assessor or risk manager within the
bounds of current capability and without imposing un-
necessary regulatory burden on registrants. An advantage for
conducting some higher tier studies (e.g., mesocosms) is that
endpoints can be more relevant to actual environmental ex-
posure, if properly designed, because factors that influence
fate and exposure can be incorporated directly into the test
system. Consequently, such studies should provide more
confidence when predicting actual effects in the environ-
ment. In addition, tests can be designed to assess effects for
a specific taxon that may be at risk, and postexposure re-
covery can be assessed for both individuals and populations
(EFSA 2016). However, there are challenges to conducting
higher tier tests. For example, standardized higher tier
methodologies are generally not available, and there can be
disagreements over the relevance of different test designs
and interpretation of outcomes. Therefore, having a discus-
sion between registrants and regulators to agree on the
goals, technical approach, data evaluation, and ultimate uti-
lization of the information is a critical step in the process to
gain acceptance for higher tier assessments.

In 2006, the USEPA published guidance that can be used
prospectively in planning and retrospectively in an
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evaluation against performance and acceptance criteria for
environmental testing that will inform defensible decisions
using relevant and reliable data (USEPA 2006). The data
quality evaluation process offers a robust approach to en-
sure that data are of sufficient quality to support the goals of
the study and the ERA. An important goal of the data quality
process is to have an efficient and effective expenditure of
resources and for the process to be used to develop an
agreement on the type and quality of data needed to meet
a study goal. For example, to achieve a specific protection
goal, there should be agreement with the regulatory au-
thority on the specific assessment endpoints, the indicators
of effect, and the measurement endpoints. If guidance or
guidelines are not available to address a specific assessment
endpoint with a higher tier study, it becomes even more
important to have a discussion with the regulatory authority
to reach consensus on the design, analysis, interpretation,
and application of the data to the ERA.
Focused approaches that answer a specific concern in a

risk assessment can provide useful data that reduce un-
certainties of potential effects under environmentally rea-
listic exposure conditions. The desired approach is to
minimize study complexity and study cost while maximizing
study quality and value to the risk assessment as shown in
the conceptual diagram, Figure 1. An inefficient approach is
to introduce unnecessary complexity and study cost. Pre-
sently, there is limited guidance in the USA and some other
world areas on the design and interpretation of higher tier
approaches and how they can be easily incorporated into a
risk assessment that informs regulatory decision making.
Although there has been progress on the design and ap-
plication of higher tier testing in recent decades (EFSA
2013; Overmyer et al. 2018), there is still a need to achieve
better consistency in the design, analysis, and interpretation
of studies. Objectives of higher tier studies will vary with the
questions being addressed. For example, higher tier studies
may be performed to characterize the effects of continuous
versus noncontinuous exposure; assess effects on sensitive
life stages; focus on a specific taxon of concern; determine
the potential for organisms, populations, and communities

to recover after exposure; or determine indirect effects of
compounds on biological communities.

EXAMPLES OF HIGHER TIER EFFECTS AND
EXPOSURE REFINEMENTS FOR ECOLOGICAL RISK
ASSESSMENTS

Higher tier effects refinement

Population modeling. Population modeling provides a pow-
erful tool in evaluating and managing ecological risks from
pesticides. Basic population models have existed for more than
half a century (Barnthouse 1992). Regulators have recognized
the need to incorporate population models into risk assessment
and management processes since the 1990s (Barton 1994), and
this prompted a Society of Environmental Toxicology and
Chemistry (SETAC) Workshop on Population Ecology and
Wildlife Toxicology of Agricultural Pesticide Use: A Modeling
Initiative for Avian Species, held at Kiawah Island, South Car-
olina, USA on 22–27 July 1990 (Kendall and Lacher 1993).
These early models were beginning to estimate effects on ter-
restrial (Lari et al. 1994; Madrigal et al. 1996) and aquatic or-
ganisms (Connolly 1985; Barnthouse 1992). Increased compu-
tational power and agreement on probabilistic risk paradigms
allowed regional scale assessments to emerge (Solomon et al.
1996, 2001; Purucker et al. 2007). Recent models may in-
corporate more refined predictions of exposures and effects
across landscapes (Schmolke et al. 2010; Dixon 2012; Bartell
et al. 2013; Kohler and Triebskorn 2013; Van den Brink 2013;
Wang 2013; Focks et al. 2014; Topping et al. 2015; Dohmen
et al. 2016; Hilbers et al. 2018). These approaches allow pre-
diction of population exposures to pesticides and resultant
responses without having to conduct painstaking multiyear field
assessments of population dynamics. Population models also
indicate the organisms that may be at greatest risk and the
parameters that may reduce those risks. New approaches are
emerging that also include mechanistic modeling of effect to
evaluate multiple chemical or other contributing stressors
(Hanson and Stark 2012; Gergs et al. 2016). Including these
techniques along with field validation of model results may
expedite the review process while allowing continued
improvement of risk assessment and management. In fact,
population modeling provides the basis for the combined
Terrestrial Investigation Model/Markov Chain Nest Productivity
Model (Etterson et al. 2017), which is an approach that the
USEPA now suggests for assessing terrestrial ecological risks.
Before a population model can be used to support a

regulatory assessment, several factors need a detailed
evaluation and discussion with the regulators. These factors
include the model’s realism, relevance, flexibility, treatment
of uncertainty, prior regulatory acceptance, and credibility
(Pastorok and Akcakaya 2002). The realism of the model
should be assessed, reviewing whether the assumptions are
realistic with respect to the ecology of the species. The re-
levance of the model should be assessed by how related the
model results are to the population endpoints that are used
in the ERA. The model also should have sufficient flexibility
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Figure 1. A conceptual scheme illustrating the interplay of factors that
should be considered prior to generation of higher tier data.
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for use at different spatial scales and temporal distributions.
The model should also be able to incorporate uncertainties
to an adequate level to inform regulatory decision making.
Finally, the population model or approach should have
credibility in the literature and a prior degree of regulatory
acceptance (EFSA 2014; Grimm et al. 2014; Hommen et al.
2016). Without having a moderate to high level of con-
fidence for each of these criteria, acceptance of the model in
a regulatory environment will be challenging.

Dietary toxicity studies. For avian and wild mammal assess-
ments, acute toxicity is typically evaluated by gavage with a
single bolus dose. However, with wildlife exposure to pesti-
cides, a continuous dietary exposure that allows time for
metabolism is often the more realistic exposure over a single
high‐dose administration by gavage. Therefore, an assess-
ment of the effects of acute dietary exposure can be eval-
uated in continuous no‐choice feeding assays and used in a
weight‐of‐evidence context (USEPA 2004). Dose can be es-
timated by measuring food consumption and accounting for
wastage, which may be important for some species. In ad-
dition, the calculation of cumulative dose could be con-
founded if birds are not individually housed. However, for
species like quail that are covey species, individual housing at
the young age required for a short‐term dietary study will
result in extreme stress and potentially death. Consequently,
the latter 2 points should be discussed with the regulators
before applying this test type as a refinement to a risk as-
sessment. These dietary exposures can be expressed as a
daily dose or a cumulative dose over the feeding period. An
area in which this approach has been utilized is with testing of
surfactants. Surfactants, as indicated by their name, are sur-
face‐active molecules. At unrealistic supraphysiological
doses, administered primarily by gavage, these compounds
can cause severe gastrointestinal irritation that would not
occur under a normal feeding situation. For this reason,
USEPA allowed continuous dietary feeding exposures with
Organisation for Economic Co‐operation and Development
(OECD) 422 guideline studies, rather than daily dosing by
gavage, for surfactants during their assessment for a toler-
ance exemption (USEPA 2009). Allowing dietary exposure,
for some classes of substances, can build more realism into
the assessment and not confound the results.

Species sensitivity distributions for pyrethroid insecticides.
Toxicity endpoints used in screening‐level assessments ty-
pically are based on the most sensitive of a small number of
standard tested species in each taxonomic group. This ap-
proach is prudent when data are limited because it is highly
likely to be protective of the most sensitive species in any
habitat. However, when more data are available, the effects
assessment can be refined to focus on other questions and
uncertainties: How does the pesticide affect the range of
species in a community (not only the most sensitive spe-
cies)? What is the likelihood of an effect on a particular
untested species? Analysis of species sensitivity distribu-
tions can be highly informative when data are plentiful and

enables a probabilistic approach that addresses risk ques-
tions in terms of magnitude and likelihood of effect (ECO-
FRAM 1999; Posthuma et al. 2001).

The toxicity database for pyrethroids is especially rich, with
data for more than 300 aquatic species (Giddings et al. 2016).
Examination of the entire database shows that the freshwater
amphipod Hyalella azteca (a standard test species) is the
most sensitive tested species for every pyrethroid active in-
gredient. Overall, 95% of the insect and crustacean species
are at least 5 times less sensitive than H. azteca. Fish and
mollusks are much less sensitive than insects and crustaceans.
This information provides important context for interpretation
of the toxicity data used in the screening‐level assessment.

Higher tier exposure refinements

Precision planting of treated seed. Advancements in pre-
cision planting technology can reduce environmental ex-
posures from seed treatments to terrestrial and aquatic
organisms. In this scenario, exposure of birds and wild
mammals can be greatly reduced by achieving high
incorporation efficiency for treated seeds. Seed drilling
technology and incorporation efficiency have significantly
advanced over the past decades to nominally achieve ≥99%
incorporation efficiency for some crops such as corn (USEPA
2016a). When bird and wild mammal assessments are
refined to include precision planting, there is a significant
reduction in the exposure. The USEPA has leveraged this
refinement as a risk management option in registration de-
cisions (USEPA 2010, 2016b). In addition, precision planting
technology allows treated seeds to be planted at minimum
required depths, which can mitigate pesticide runoff to
aquatic environments. Reduction in runoff will vary with
planting depth and the pesticides organic carbon–soil ad-
sorption coefficient (KOC). For substances with high KOC

values (i.e., >2000) that are minimally buried at a 0.5‐inch
depth, modeled runoff under most scenarios can generally
be reduced by >99% and minimal runoff would be pre-
dicted at a planting depth ≥1 inch (USEPA 2016a). Presently,
seed spills, which could confound assessments based on
high incorporation rates, are addressed on product labels.
To accurately characterize seed incorporation and risks to
seed spillage, an assessment of seed spillage during trans-
port and planter loading may be an important refinement
for a risk assessment. Therefore, to improve the accept-
ability of data that support these refinements for a given
crop type, and to address the issue of seed spillage more
directly, consultation with regulators is recommended to
develop the higher tier data that support these risk refine-
ments to aquatic and terrestrial assessments.

Improved measurements of partition coefficients for pyre-
throid insecticides. Pyrethroid insecticides are characterized
by their extreme hydrophobicity and resultant tendency to
partition to particulate and dissolved organic matter. Only
freely dissolved pyrethroids are readily bioavailable to most
aquatic organisms; bound pyrethroids do not cause toxicity
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(Day 1991; Di Toro et al. 1991; Hamer et al. 1999; Maund
et al. 2002; Yang et al. 2006; Hunter et al. 2008). Accurate
estimates of freely dissolved pyrethroid concentrations are
therefore critical in ERA as well as in interpretation of surface
water monitoring data. Whereas standard analytical
methods for pyrethroids measure total pyrethroid (bound
plus freely dissolved), concentrations of freely dissolved
pyrethroid alone can be measured using techniques such as
solid phase microextraction (SPME) (Bondarenko et al. 2008;
Hunter et al. 2008). The Pyrethroid Working Group (PWG)
used SPME to measure KOC and dissolved organic C parti-
tion coefficients (KDOC) for 9 pyrethroid active ingredients,
using natural and artificial sediments widely used in sedi-
ment toxicity testing (T Xu, Bayer Crop Science, personal
communication). These partition coefficients enable more
accurate prediction of freely dissolved concentrations with
standard regulatory environmental fate models (e.g., Pesti-
cide in Water Calculator, USEPA 2016c) and more accurate
estimation of freely dissolved concentrations in surface
waters.

Pathway identification study with pyrethroid insecticides.
Outdoor residential uses of pyrethroids are a major source of
inputs to urban water bodies (USEPA 2016d). The PWG
constructed a full‐scale physical representation of a typical
residential environment, with home fronts, garages, drive-
ways, and lawns, for studies measuring off‐target pyrethroid
transport from different residential use patterns (Davidson
et al. 2014). The house plots were treated according to cur-
rent labels as well as historic practices in a study that ex-
tended across several seasons. The results identified specific
impervious surfaces and use patterns that contributed the
most to pyrethroid runoff in urban environments. The PWG
used the data from this study to refine the aquatic exposure
model for outdoor residential uses (Jackson and Winchell
2011; Giddings et al. 2017). To achieve maximal impact from
a study of this nature, the design and exposure scenarios
should be based on an agreed‐upon approach among re-
gistrants, study designers, risk assessors, and risk managers.

Exposure modeling uncertainty analysis. The observed dis-
crepancy between modeled and measured pyrethroid ex-
posure concentrations led PWG to an exploration of model
uncertainty (Giddings et al. 2017). Exposure modeling deals
with uncertainties and natural variability by making assump-
tions, explicit or implicit. In the screening level, assumptions
are intentionally conservative, but the cumulative effect of
these assumptions has rarely been quantified. The PWG
identified more than 30 key sources of uncertainty associated
with the exposure scenarios, model algorithms, and model
input values (P Hendley, Phasera Ltd., personal communica-
tion). They tested the effect of these uncertainties, individually
and in combination, on the model output. When the
screening‐level model parameters were varied based on the
likely range of real‐world values, estimated exposure con-
centrations (EECs) were reduced. The combined effect of the
uncertainties (based on EEC reductions) ranged from 5× to

380× across different crop scenarios. If the model was ad-
justed for Percent Cropped Area, the EEC reductions ranged
from 11× to nearly 10 000×. Nearly all the level of concern
exceedances noted in the screening‐level assessment were
eliminated when even a small subset of these uncertainties
was considered.

Higher tier exposure and effects refinement

Drift to nontarget plants. In guideline vegetative vigor stu-
dies (OCSPP 850.4150; USEPA 2012), the foliage of ex-
posed test plants is completely saturated with solutions
containing test material over a gradient of concentrations.
Such exposures are analogous to what would occur for an
in‐field target weed application (USEPA 2012). However,
protection goals are generally not focused on protecting
plants in‐field, but rather those located off‐field. Unlike the
standard guideline studies in which plants receive uniform
direct applications, nontarget terrestrial plants located off‐
field generally experience exposure via airborne drift in
which droplets are dispersed and exposure is determined by
not only the distance from field but also numerous other
factors that affect the interception and deposition on plant
surfaces (Brain et al. 2017). Notably, these latter factors are
not considered by the screening‐level drift simulation model
AgDRIFT (Teske et al. 2002) but are captured by the field‐
based drift exposure and biological effects study conducted
by Brain et al. (2017). In this type of study, plants are ex-
posed at different distances downwind from a spray boom,
and then transported back to the laboratory for biological
evaluations consistent with those outlined in OCSPP
850.4150 (USEPA 2012).

Effect of sediment on aquatic toxicity. Once a compound
enters an aquatic environment, its distribution will depend
on several factors, such as the potential for abiotic and biotic
degradation and the partitioning behavior of the compound
to suspended particles or sediment. Higher tier studies can
investigate the incorporation of one or more of these pro-
cesses into intermediate‐tier laboratory or higher tier field
studies. For example, by adding sediment to the standard
test system, degradation and adsorption processes occur-
ring in the environment can be simulated (Hamer et al.
1992). Studies with pyrethroids have demonstrated that the
presence of sediment in the test system significantly reduces
the observed effects of a pyrethroid to pelagic aquatic an-
imals (Mancini 1983; Clark et al. 1989; Maund et al. 1998;
Shillabeer et al. 2000). This reduction in toxicity reflects that
a small fraction of the introduced pyrethroid is available in
the water column due to partitioning of the compound from
the aqueous phase to sediment. While reducing exposure to
animals in the water column, partitioning may increase ex-
posure to benthic animals.

Effects of time‐varying exposure. Toxicity studies can be
performed with varying exposure intervals to determine the
time to effect and the magnitude of effect for different
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exposure regimes. For example, Gammarus pulex, freshwater
amphipod crustaceans, were exposed to the pyrethroid
lambda‐cyhalothrin for 1, 3, 6, 12, or 96 h, and after exposure
organisms were transferred to clean water for 96 h and ob-
servations were taken (Maund et al. 1998). There was a sig-
nificant relationship between decreased effects with
decreased duration of exposure, and information of this
nature can be leveraged to refine an assessment based on
exposure profiles. In addition, time‐variable exposures can be
addressed, and uncertainties reduced, by toxicokinetic and
toxicodynamic modeling approaches (Gergs et al. 2016).

Mesocosm studies. Mesocosms (and their smaller analogs,
microcosms) are physical models of communities and eco-
systems, used to study the fate and effects of pesticides and
other chemicals on populations and communities under
quasirealistic exposure conditions. Properly designed and
conducted, mesocosms can provide information on the re-
sponses of a wide range of taxa, many of which are difficult
or impossible to test under standard conditions (Giddings
et al. 2001, 2002; Arts et al. 2006). Indirect effects of che-
micals, and ecological recovery from chemical effects, can
also be observed. Mesocosms also allow detailed in-
vestigation of pesticide fate. Furthermore, such studies can
be designed to examine effects of real‐world exposure
scenarios by simulating chemographs from monitoring sites
(King et al. 2016). Mesocosms are typically used in the later
stages of an ERA, either to confirm the conclusions of the
lower tiers or to investigate a specific issue of concern.
The utility of such studies for a regulatory assessment is

highly dependent upon 4 things. First, an agreed‐upon ex-
posure scenario. Second, an agreed‐upon minimum power
of the study to support either univariate, multivariate, or
both types of statistical evaluations. Third, agreement on
the types of endpoints that will comprise the basis for eva-
luation. Fourth, inclusion criteria that will help to assess the
performance of the study, which will help to support its use
in regulatory decision making (EFSA 2013).

DISCUSSION AND CONCLUSIONS FROM
CONSENSUS RECOMMENDATIONS
Higher tier approaches can have several advantages over

standard environmental studies if they are designed cor-
rectly and are fit for purpose to support the risk assessment
or risk management options. Some important advantages of
higher tier studies are that they can provide more realistic
measures of exposure, more confident predictions of actual
effects in the environment, and additional relevant end-
points for the risk assessment, such as the potential for re-
covery of individuals and populations.
Challenges in the application of higher tier studies in reg-

ulatory decision making can involve aspects of study design,
analysis, and interpretation, as well as their application to as-
sessment endpoints for the risk assessment and how they in-
form the risk management process. Several themes emerged
throughout the workshop discussions that became consensus
recommendations. Broadly, these recommendations address

the need for improved communication on higher tier ap-
proaches between registrants and regulators before studies
are initiated; emphasizing that higher tier studies do not need
to be complex to provide high value to the regulatory process;
the idea that all stakeholders would benefit from improved
transparency relative to risk–benefit assessments which then
support risk management decisions; and the suggestion of a
learning opportunity based on successes and failures of higher
tier testing and risk mitigation approaches. A summary of the
workshop recommendations is provided in Table 2. Each re-
commendation is expanded on in the following paragraphs
and will help to overcome current challenges to incorporate
higher tier data in ERAs and risk management of pesticides in
the United States.

The first consensus recommendation from the group called
for more effective, timely, open communication among re-
gistrants and governmental risk assessors and risk managers
throughout the registration review processes. Early commu-
nications are vital to understanding proposed uses and rates
for products so that the correct exposure scenarios can be
considered, the scope and nature of data required to support
the ERA can be defined, and the objectives of the assessment
can be agreed upon. For example, a dialogue may be
needed to clarify specific protection goals, use patterns, as-
sessment endpoints, and measurement endpoints to address
areas of potential concern. When specific protection goals
are discussed, they should be concise and actionable with
well‐defined assessment and measurement endpoints es-
tablished in advance of initiating a higher tier study. In ad-
dition, to facilitate effective science‐based conversations
between registrants and regulatory authorities, it is re-
commended that adequate background materials be pro-
vided from both sides well in advance of meetings. Sub-
mitted materials should be manageable and preferably
summarized so as to facilitate review by the regulatory
agencies in recognition of their tight regulatory timeframes
and limited staff resources. If this exchange of information is
not completed, with enough time for all parties to review the
materials, there will not be an effective dialogue and decision
making will be hampered.

The second consensus recommendation addressed the
design of higher tier studies so that if and when these stu-
dies are deemed appropriate, they can provide high value
to the risk assessment and risk management process. When
additional data are required, the regulatory authority and
registrant should work to prioritize studies that will provide
highly relevant findings that address the most significant
areas of concern. The nature of the study will depend on
several factors such as the results of lower tier studies, en-
vironmental fate, and use patterns. It was recommended
that the design of higher tier studies should minimize
complexity, incorporating higher tier data and assessment
procedures using a stepwise process, moving from simple to
complex, so that the results are easily interpreted and
generalized across a diversity of environments. Another
important area of discussion within the group was that
methods should be formalized in guidance documents, and
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protocols for higher tier studies should provide well‐defined
performance and acceptability criteria that meet USEPA’s
Guidance on Systematic Planning Using the Data Quality
Objective Process (USEPA 2006). In addition, the design and
acceptance of higher tier studies would benefit from the
development of standard evaluation procedures for com-
monly requested higher tier studies. When registrants pro-
vide higher tier studies and wish to improve the likelihood of
their acceptance and use, registrants should provide a
summary describing how the supplementary information
informs risk assessment or risk management decisions. In
other words, the registrants should explain why the mea-
surement endpoints are important indicators and how they
relate to the assessment endpoint and specific protec-
tion goal.
The third recommendation advocated for greater trans-

parency to understand the process of risk versus benefit
decision making and other critical inputs that factor into the
current risk management decision framework as shown in
Figure 2 (adapted from USEPA 2000). It was recommended
that when a risk management decision is made, a summary
of the process should be well documented to be a resource
for future assessments. In addition, the group agreed that
the transparency of the risk assessment and risk manage-
ment process would benefit from documentation of reviews
that were prepared to evaluate higher tier data for relevance
and reliability.
As a fourth recommendation, participants felt that it would

be beneficial to conduct a retrospective analysis of success–
failure learnings from higher tier studies and to highlight
where these studies helped to inform risk assessment or risk
management decisions. In addition, a postmortem meeting
on the pyrethroid risk assessment and risk management
process was recommended as a case study to identify what
worked and where the process could have been improved
regarding acceptance or rejection of higher tier data.
As an outcome of this workshop, a further recommenda-

tion is the formation of a multisector workgroup of experts
tasked with formulating improved approaches to address

Integr Environ Assess Manag 2019:1–12 © 2019 The AuthorsDOI: 10.1002/ieam.4173

Table 2. Consensus recommendations from workshop participants

Consensus recommendations

1) More effective and open communication among registrants,
USEPA risk assessors, and risk managers is needed earlier in
the registration and registration review processes to clarify
specific protection goals, assessment endpoints, and
measurement endpoints to address areas of concern.
a) Registrants should confer with USEPA early and often to

align regulatory goals with assessment objectives.
b) Specific protection goals should be clear, concise,

transparent, and actionable with specific assessment
and measurement endpoints established in advance of
initiating a higher tier study.

2) Study design should be carefully considered to minimize
complexity and to provide high value to the risk assessment
and risk management process.
a) When a screening‐level assessment indicates potential risk,

risk assessors should consider incorporating higher tier
data and assessment procedures using a stepwise process
(simple → complex) to refine the risk characterization and
better inform risk management decisions.

b) When additional data are required, USEPA and
registrants should prioritize studies that will provide
highly relevant findings and address the most significant
issues of concern.

c) Methods for higher tier studies should be formalized and
implemented in guidance documents. Protocols should
provide well‐defined decision criteria to assess the
performance and acceptability of the study and to meet
USEPA’s Guidance on Systematic Planning Using the
Data Quality Objective Process.

d) Development of standard evaluation procedures (SEPs) is
recommended for commonly requested higher tier studies.

e) When providing higher tier studies as supplementary
information, registrants should provide a clear and
concise executive summary that describes how the
supplementary information informs risk assessment and/
or risk management decisions.

3) Greater transparency is needed to understand the basis for
risk versus benefit decision making and other critical inputs
that factor into risk management decisions.
a) When a risk management decision is made, it is

recommended that regulatory authorities provide a
summary of all data and procedures that were
considered, utilized, and/or excluded in the decision‐
making process.

b) A transparent and well‐documented process is required
to evaluate the relevance and reliability of existing
higher tier data from the literature.

4) Retrospective analyses of success–failure learnings on the
acceptability of higher tier studies would be a valuable
exercise to inform registrants on how to improve the
generation of higher tier studies.
a) A retrospective review is recommended to provide

cases where higher tier studies were conducted and
clearly helped to inform risk assessment or risk
management decisions.

b) A postmortem meeting on the pyrethroid risk
assessment and risk management process is
recommended to identify what worked and where the
process could have been improved regarding
acceptance or rejection of higher tier data.

USEPA = United States Environmental Protection Agency.

Figure 2. Conceptual diagram describing the USEPA Risk Management
Decision Framework. USEPA = United States Environmental Protection
Agency.
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the consensus recommendations. The workgroup should
perform this task in a transparent manner with clear com-
munication to the regulatory community and the public via
follow‐up publications and communications as needed. It is
expected that the proposed work will improve the quality
and value of higher tier studies submitted to regulatory
authorities, will reduce unnecessary higher tier study sub-
missions, and promote a more transparent pesticide risk
management process.
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