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Abstract Environmental risk assessments (ERAs)
are required before utilizing exotic arthropods for
biological control (BC). Present ERAs focus on
exposure analysis (host/prey range) and have resulted
in approval of many specialist exotic biological
control agents (BCA). In comparison to specialists,
generalist arthropod BCAs (GABCAs) have been
considered inherently risky and less used in classical
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biological control. To safely consider exotic GAB-
CAs, an ERA must include methods for the analysis of
potential effects. A panel of 47 experts from 14
countries discussed, in six online forums over
12 months, scientific criteria for an ERA for exotic
GABCAs. Using four case studies, a three-tiered ERA
comprising Scoping, Screening and Definitive Assess-
ments was developed. The ERA is primarily based on
expert consultation, with decision processes in each
tier that lead to the approval of the petition or the
subsequent tier. In the Scoping Assessment, likelihood
of establishment (for augmentative BC), and potential
effect(s) are qualitatively assessed. If risks are iden-
tified, the Screening Assessment is conducted, in
which 19 categories of effects (adverse and beneficial)
are quantified. If a risk exceeds the proposed risk
threshold in any of these categories, the analysis
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moves to the Definitive Assessment to identify
potential non-target species in the respective cate-
gory(ies). When at least one potential non-target
species is at significant risk, long-term and indirect
ecosystem risks must be quantified with actual data or
the petition for release can be dismissed or withdrawn.
The proposed ERA should contribute to the develop-
ment of safe pathways for the use of low risk
GABCA:s.

Keywords Augmentative - Biocontrol - Biosafety -
Classical - Invertebrates - Non-target species

Introduction

There is a worldwide demand to reduce pesticide use
in crop production (e.g., van Lenteren et al. 2018) in
which biological control (BC) has been a key compo-
nent through conservation, classical and augmentation
BC. Conservation BC implements practices that
enhance pre-existing natural enemies. Classical BC
introduces an exotic biological control agent (BCA)
into a new environment with the expectation that it
will establish and provide long term control of an
exotic pest, while augmentative BC programs release a
BCA (native, naturalized or exotic) into a localized
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area to attain short-term control of a pest. Conserva-
tion BC has a large unrealized potential throughout the
world (Wyckhuys et al. 2013) and does not require an
environmental risk assessment (ERA). Therefore,
because classical and augmentative BC (using exotic
BCAs) require an ERA due to their potential for
causing environmental harm, they are only justified
when the local natural enemies do not provide
sufficient control.

Due to the recognized non-target effects caused by
the historical releases of exotic generalist arthropod
biological control agents (GABCAs), arthropod BC
has been largely restricted since the 1950s to the use of
specialist natural enemies because they have a narrow
host range (e.g., Nechols et al. 1992; van Lenteren
et al. 2020). More recently, heightened concerns over
non-target effects have resulted in an even greater
concentration on specialist natural enemies and partly
explains the lower number of introductions worldwide
since the 1990s (Cock et al. 2016). Even though
generalist and specialist BCAs have resulted in many
outstanding successes (Cock et al. 2016), specialists
continue to be favored today. Thus, expanding the
scope of biological control to enable the consideration
of GABCAs could increase the value of biological
control worldwide. For example, several pests have no
suitable specialist natural enemies, or their natural
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enemies are difficult to rear or exert insufficient
biological control (Nechols et al. 1992). In contrast to
classical BC introductions, there has been a marked
shift towards considering GABCAs for augmentative
BC in greenhouse production (e.g., van Lenteren
2012). Nevertheless, the use of exotic GABCAs has
been handicapped by a few problematic releases
(Cock et al. 2016), substantial data gaps on existing
and potential GABCAs, and the lack of suitable and
acceptable ERA methodology for regulatory bodies
and BC practitioners.

ERA methodologies have been developed to ensure
the safe use of exotic BCAs (e.g., van Lenteren et al.
2003, 2006; EPPO 2018). These favor specialist BCAs
by using methods that regard the use of generalist
natural enemies as too risky (Bigler et al. 2006; van
Lenteren et al. 2006). Based on species biology and
ecology, van Lenteren et al. (2006) proposed a tiered
scoping assessment, which relied on a determination
that the BCA had a low likelihood of establishment
and a narrow host/prey range, to rapidly identify BCAs
with low environmental risk. In EPPO (2018), the first
tier is an Express Environmental Impact Assessment
(EIA), which poses three questions. In the subsequent
Full EIA of the EPPO (2018) schema, the applicant is
requested to address several issues related to non-
target effects using qualitative scores, all of which can
be answered with much greater certainty for specialist
BCAs. These approaches eliminate from considera-
tion most exotic generalist natural enemies as BCAs,
even ones that are unlikely to cause significant harm to
non-target species (Lynch et al. 2001; Andreassen
et al. 2009). GABCAs vary significantly in diet
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breadth, habitat use, and their interactions with other
species, yet diet breadth is poorly known for many of
them, especially predatory arthropod species in their
natural habitats. For example, unexpected oligophagy
of some generalist predators has been demonstrated by
molecular gut content analysis (e.g., Paula et al. 2016).
Initial steps toward a full spectrum ERA have focused
on methods to better predict host/prey range of
generalists. These include semi-quantitative ranking
methods to determine the species most “at risk” in the
receiving environment (Todd et al. 2015; Barratt et al.
2016) and methods to identify species that might be
harmed by competition from BCAs (McGrath et al.
2020).

To assess risks of exotic GABCAs, a comprehen-
sive ERA should include adverse effects analysis,
which at present is rudimentary (e.g., NAPPO 2015;
EPPO 2018; etc.). The present focus on host/prey
range testing identifies non-targets that could be
adversely affected, but it does not always address the
critical questions of whether the BCA is likely to have
an adverse effect on the non-target and to what degree.
Consequently, two major scientific issues must be
addressed: criteria for determining the potential for
harmful/adverse effects and for identifying non-target
species/communities/ecosystem processes most at
risk, and methods and models for conducting effects
analysis. In addition, a harmonized ERA methodology
that can be used for any BCA, including exotic
GABCAs, is also needed as the existing guidelines and
regional agreements (e.g., FAO, NAPPO, EPPO) have
not prevented unintended spread of exotic BCAs
across borders (Petit et al. 2009; Stahl et al. 2019).
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To enable consideration of the untapped potential
for the safe use of generalists, we propose a three-
tiered ERA (Scoping, Screening and Definitive
Assessments) building on previous methods to
improve and develop criteria to evaluate the biosafety
of any exotic GABCA and other BCAs. In this work,
exposure analysis (host/prey range assessment) is
complemented with effects analysis (potential effects
assessment). With the structured use of the “best
available information” in this ERA, we aim to support
regulation of exotic GABCAs and sensitize the
broader scientific community and stakeholders regard-
ing the knowledge gaps that are impeding the contin-
ued improvement of ERA methodologies for the safe
use of exotic GABCAs.

Expert panel working group

The three-tiered ERA for exotic GABCAs was
developed by a multidisciplinary expert panel of
specialists and stakeholders, during a 12 month
process (2018-2019) of structured online discussions,
culminating in a public symposium and workshop. An
organizing committee, composed of experts from four
countries (Brazil, New Zealand, The Netherlands and
USA, see Supplementary Material), formed the panel
and guided the online discussions. Professionals with
expertise in biological control, ecology, invasive
species, regulation, risk assessment and species con-
servation, from academia, government and industry
were invited without financial incentive. Sixty-six
experts from 14 countries accepted the invitation.
Forty-seven experts participated at least once (see
Supplementary Material), and 28 experts from 14
countries participated in at least three of the six
forums. The forum summary reports 1 to 3 and 6 can
be provided upon request to the corresponding author.
Summary reports 4 and 5 are provided in Supplemen-
tary Material.

Online discussion forums

The six online discussions were held in English during
two weeks every other month from November 2018 to
November 2019 using the JotForm platform (https://
www.jotform.com/) accessed by individual private
links. The Delphi method (Sackman 1974) was used

@ Springer

with anonymous participation, except for the co-chairs
of the organizing committee. Forum materials pre-
sented background information about discussion
topics, framing and providing case studies to instan-
tiate the issues (Table 1). At the end of the six online
discussions, the workshop Using Generalist arthropod
biological control agents: Ensuring effectiveness and
safety was organized at the 2019 annual meeting of the
Entomological Society of America in Saint Louis,
Missouri, USA, attracting 50 participants from
industry, academia and regulatory agencies to discuss
remaining topics that needed more thorough
consideration.

The proposed comprehensive environmental risk
assessment

The proposed three-tiered ERA serves as a structure
for a petition for an exotic GABCA (Fig. 1). The first
tier is a Scoping Assessment which aims to determine
if the exotic GABCA can be considered ‘highly
unlikely to have an adverse effect’ or if further risk
assessment steps are needed. The second tier is a
Screening Assessment, which is only required when
the Scoping Assessment determines that an exotic
GABCA needs additional assessment. The aim of this
tier is to identify the most prominent potential adverse
effects associated with the exotic GABCA and the
likelihood and magnitude of these effects to determine
which, if any, merit a definitive assessment. The last
tier is the Definitive Assessment and is only needed
when the Screening Assessment determines that
additional assessment is needed. The first two tiers
are heavily based on expert consultation, while the last
tier is based on expert consultation and on data to be
provided. Depending on the number and complexity of
the identified potentially significant adverse effects, at
any point in the three-tiered ERA process, an applicant
may choose to withdraw the petition and avoid
additional costs. Throughout the methodology, addi-
tional details (e.g., number of specimens to be
evaluated by a taxonomist, whether the exotic
GABCA is evaluated as a population or species, etc.)
could be determined by whomever may adapt the
methodology. In addition, because regulatory frame-
works and authorities vary considerably around the
world, we have not specified who would be respon-
sible for the costs and procedures in the ERA, such as


https://www.jotform.com/
https://www.jotform.com/
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Table 1 Case studies used in the online discussions on criteria for environmental risk assessment of exotic generalist arthropod
biological control agents

Introduced areas

Rationale for case
study

References

Species Function Native region
Amblyseius Predatory mite sold Eastern
swirskii (Athias commercially in Mediterranean
Henriot, 1962) Europe and North region

(Acarina:
Phytoseiidae)

Fopius arisanus
(Sonan, 1932),

America for
augmentative
biological control in
greenhouse and
nursery crops

Solitary egg-larval
parasitoid of fruit-

Southeast Asia

(Hymenoptera: feeding Tephritidae
Braconidae)

Harmonia Predatory lady beetle  Northeast Asia
axyridis introduced in many
(Pallas, 1773) countries to control
(Coleoptera: aphids
Coccinellidae)

Macrolophus Predatory mirid sold Mediterranean
pygmaeus commercially in basin
(Rambur, 1839) Europe for
(Hemiptera: augmentative
Miridae) biological control in

greenhouses

USA in 1983
and released
or tested since
2005 in parts

Permit declined in
Brazil in 2018 for
commercial use as
augmentative BCA

Arthurs et al. (2009),
Cédola and Polack
(2011), Kade et al.
(2011), Sato and

of the Asia, in greenhouse Mochizuki (2011),
Africa and production due to a EPPO (2020)
Argentina lack of an ERA in
the country

Several Interest in using it to ~ Vargas et al.
countries in control fruit flies in (1993, 2007),
Oceania, organic farms in Waterhouse (1993),
Borneo, India, Northeast of Brazil Holler et al. (1996),
Malaysia, Ovruski et al.
Taiwan, (2000), Wang et al.
Thailand, (2004), Carmichael
Guinea, et al. (2005), Rousse
Guatemala et al. (2005)

38 countries in

Vast record of

e.g., Roy et al. (2016)

North and invasions and
South establishment, as
Americas, well as associated
Africa and adverse effects
Europe
Augmentative Permit declined in Castafié et al. (2011),
biological New Zealand in 2014 ~ EPA (2013, 2014)
control agent for augmentative
in Europe BCA for greenhouse

tomatoes due to
likely to establish
outside of the
greenhouses

in the case data acquisition (last tier) is required to
quantify risks on non-target species.

Tier 1: Scoping Assessment

The Scoping Assessment (Fig. 2) relies on expert
consultation to use existing scientific information on a
case-by-case basis to evaluate the following six
sections. It focuses on determining the potential
benefits and adverse environmental effects of a
GABCA.

Intended use and likely benefits

The intended use of the exotic GABCA, including the
intended target pest(s) and the crop or commodity
attacked must be provided, as well as time of the year
(augmentative BC) and geographic area of the
intended release. The potential benefits from the
exotic GABCA release must be described, including
the likely level of control of the target pest(s),
replacement or reduction of existing plant protection
actions (e.g., pesticides) and protection of biodiver-
sity. A literature review of the host/prey species and
habitat use of the exotic GABCA should also be
conducted to enable understanding and evaluation of
the general risk—benefit tradeoff, which significantly
affects the acceptance of the exotic GABCA risks.

@ Springer
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Exotic
GABCA

Is further assessment needed?

Tier 1. Scoping Assessment:

Qualitative data
Not exotic or
Will not establish or
No NT effects

Highly unlikely to
have adverse effect
on the environment

True

l

False

Tier 2. Screening
Assessment:
Is a further assessment needed?

Semi-quantitative
All effects not significantly
adverse

True———>

[

False

Tier 3. Definitive
Assessment:
3.1. Are risks acceptable?

No
non-target species
selected

False
x

3.2. Quantification
of risks

Quantified
risks acceptable

True

False

Likely to have

adverse effect on
the environment,

Fig.1 Overall proposed tiered environmental risk assessment for exotic GABCAs. The flowchart symbols indicate: oval a beginning or
end, rectangle a step of the process, diamond a decision, arrow direction of flow

Species identification

4-10, 11-30 and > 30 species) or taxonomic related-
ness of the host/prey (e.g., same genus) (e.g., van

Confirmation of the identity of the exotic BCA must be
certified by a taxonomic specialist to reduce or
eliminate the possibility of sibling or cryptic species
(Le Hesran et al. 2019). The specimens must be
deposited in a curated permanent collection and the
taxonomist must provide a certificate of identification
with the method used to identify the species. In the
case of a taxon without a single species name (species
complex, subspecies, biotypes), distinction from other
entities of the same rank must be provided.

Level of polyphagy
As there is a diet gradient from specialist to generalist
BCAs, it is crucial to assess the level of polyphagy.

General classifications of polyphagy are mostly based
on the number of host/prey (e.g., groups of 0, 1-3,

@ Springer

Lenteren et al. 2003). These are easy to implement
unambiguously but are not directly related to risk. An
approach based on the functional relationship between
the exotic GABCA and its hosts/prey is more closely
related to risks and may be critical for risk assessment
but requires a level of detail that is typically unavail-
able. One example is the McMurtry et al. (2013)
classification of phytoseiid predatory mites based on
the functional similarity of the prey species. Func-
tionally specialized phytoseiids feed only on func-
tionally similar species, such as only Tetranychus
mites, tydeoid mites, or tetranychiid web-nest pro-
ducing mites. None of these functionally specialized
predators would be considered specialists by the
general classifications mentioned above. However,
because the prey species all have functionally similar
ecologies, the assessment of risks will be similar for all
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Species identification
and

Level of polyphagy
and
Confirmation of reproduction
and persistence

ERA completed
YES for a previous release
and permitted

Established?

rNO, classical ]
NO, augmentative
v

Sterile release or only one sex —N
or
Species cannot complete life
cycle in the receiving YES
environment l

Valid ERA?

No reported local AE
and
Same source population
as the established
population

highly unlikely2

NO

Has known host/prey range and reliable target

phylogeny

and
No known AE elsewhere
and either
No known NT in the receiving environment
or
Low encounter between all possible NT and eGABCA

No local AE,
same source
population?

NO

Simplified
ERA

NT effects Highly unlikely to
highly unlikely? have adverse effect
on the environment

NO

Screening
Assessment

Fig.2 Tier 1: Scoping Assessment. The flowchart symbols indicate: oval a beginning or end, rectangle a step of the process, diamond a
decision, arrow direction of flow, black background indicates an expert consultation process. AE adverse effect; NT non-target species

the species, which will greatly simplify the assess- GABCA to complete the Scoping Assessment, the
ment. In a case where there is insufficient biological ERA continues to the Screening Assessment where
knowledge about the level of polyphagy of the exotic such knowledge must be provided.
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Status of establishment of exotic GABCA

The importance of the verification of the establishment
(or lack thereof) of an exotic GABCA resides in the
fact that, once established, a permit for introduction
may not be necessary and, in many jurisdictions, a
permit for commercial release will not require an
ERA. Also, verification of the geographic distribution
of establishment is recommended, as the distribution
could significantly affect permit approval for move-
ment and release. To prove that the exotic GABCA is
already established, evidence of successful reproduc-
tion and persistence must be demonstrated through
records of presence (e.g., labeled specimens in
collections, records in publications, biopesticide reg-
istration certificates, ecological samples, internet-
based recording schemes) of adults and, where pos-
sible, immatures. The minimum time frame for
records of presence to demonstrate establishment of
the exotic GABCA will be defined by a specialist,
designated by the regulatory agency, based on the
species life cycle and biology, and it should be greater
than the time needed to complete at least three
generations and one annual cycle. If establishment is
in doubt or cannot be demonstrated, the ERA contin-
ues to “Potential establishment of an augmentative
exotic GABCA” section of the Scoping Assessment.

If the exotic GABCA is established, the ERA
continues as follows:

A. Reintroductions of an established exotic species
are considered to have low environmental risk and
need no further risk assessment if all of the
following conditions are met: (1) previous release
was authorized by a competent authority based on
a valid ERA (i.e., no significant changes in
biological or regulatory circumstances); (2)
adverse effects were not observed during testing
or after release where the exotic GABCA is
established on known at risk non-target species
(usually identified using criteria such as phyloge-
netic, ecological, biological and/or socio-eco-
nomic criteria; Sands and van Driesche 2004;
Kuhlmann et al. 2006; Barratt et al. 2016); (3) the
source of the exotic population to be released is
the same as the established population.

B. Reintroductions that do not have a valid ERA
(condition A;) should proceed to “Potential

@ Springer

establishment of an augmentative exotic
GABCA?” section of the Scoping Assessment.

C. Reintroductions that do not meet condition A, or
Aj should continue with a simplified ERA (see
Supplementary Material), which is focused on
evaluating if these conditions can be met or if a
full ERA is necessary.

Potential establishment of an augmentative exotic
GABCA

For an augmentative exotic GABCA, either of the
following can be used to demonstrate that it is highly
unlikely to establish, including any environment
besides open field:

A. The release comprises only sterile individuals or
only one sex of a non-parthenogenetic species.

B. The exotic GABCA cannot complete its life cycle
outside a protected environment in the geograph-
ical region where it is intended for release due to
any one of the following: (1) absence of suit-
able host/prey; (2) asynchrony of the predicted life
cycle with suitable hosts or their host plants or
prey; (3) abiotic or climate conditions (including
conditions anticipated for the future, e.g. possibly
next ten years) that prevent survival at some time
during an annual cycle.

If it cannot be shown that the exotic GABCA is highly
unlikely to establish, the ERA continues to “Qualita-
tive non-target species assessment” section of the
Scoping Assessment. Otherwise the exotic GABCA
can be considered highly unlikely to establish and
therefore highly unlikely to have an adverse effect on
the environment. In this case, there is no need for
further ERA.

Qualitative non-target species assessment

For augmentative releases of exotic GABCA that may
establish, including outside a protected environment,
or classical releases of exotic GABCA, the following
must be provided: (1) a list of the known host/prey
range and species with which the exotic GABCA
directly interacts wherever it occurs (native range and
any place it has established); (2) a summary of the
status of the phylogenetic relationships for the known
host/prey species and species with which it directly
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interacts. Then, the following two requirements must
be met to determine that an adverse non-target effect is
highly unlikely:

A. No record of adverse effect on any non-target
species elsewhere in the world. This assumes that
if there are no direct effects on any non-target
species, then there are no indirect effects of the
exotic GABCA, because all indirect effects must
involve at least one direct effect (Messing et al.
2006). In addition, the record(s) of adverse effects
must be on the population of the non-target
species, and not merely records of parasitism/
predation.

B. Lack of an expected adverse effect in the
geographic region where it is intended to be
released due to any of the following:

(1) Absence of non-target species in the
intended release region based on the known
host/prey in the natural range or other areas
where it was previously introduced, for all
the 19 categories of effects in Table 2. These
categories expand on a shorter list in Snyder
and Evans (2006).

(2) Lack of encounter (spatial or temporal
overlap) with the potential non-target spe-
cies in the intended release region.

(3) Existence of a biological constraint limiting
the interaction of potential non-target spe-
cies with the exotic GABCA (e.g., unrec-
ognized chemical/biological cues,
ovipositor not long enough to reach non-
target species; etc.).

If it cannot be determined that the exotic GABCA is
highly unlikely to have an adverse effect, the ERA
continues to the Screening Assessment. Otherwise, the
exotic GABCA is considered highly unlikely to have
an adverse effect on the environment and, hence,
requires no further ERA.

Tier 2: Screening Assessment

In this tier (Fig. 3), risk is estimated and characterized
using worst case assumptions for the Likelihood of
establishment (LE) and potential Adverse effect (AE).
For classical releases, LE is set to 1 (certain to
establish), because the intent of the release is to

establish the exotic GABCA. For augmentative
releases, the exact probability of establishment is
greater than 0, so as a worst-case assumption, LE is
also set to 1. The potential AE is quantified for each of
the 19 categories of effects (Table 2), using readily
available data and conservative assumptions by
experts.

Adverse effect (AE)

In the 19 categories of effects (Table 2) each category
is designated with the subscript i, with i = 1, ..., 19.
These categories of effects were designed to allow
independent discrimination of interdependent or cor-
related factors so that their individual importance can
be clearly judged. The AE associated with each
category of effect i is estimated by an expert consul-
tation panel through the ‘adverse effect’ form (AE
form, Table 2), which follows elicitation methods
described by Kynn (2008) and Vanderhoeven et al.
(2017). In the AE form, each of the categories of effect
is scored according to Likelihood of effect (LEf;) and
Magnitude of effect (MEf;) on a non-target species in
category i. AE; is then estimated by:

AE; = LEf; x MEJ; (1)

We proposed ordinal scales (Table 2) to score LEf; and
MEf;. The odd number of choices anchored to specific
values is to enhance score accuracy (O’Hagan 2005;
Morgan 2014). Each category of effect is scored with
the highest, lowest and median scores (in that order).
Scoring the extremes first eliminates arbitrary anchor-
ing bias for the median score. Anchoring bias is a
cognitive bias that occurs when an individual favors
their initial considerations over more comprehensive
sources of information. If the median is scored first,
arbitrary information, possibly unique to each expert
will bias the estimate. Instead, the median is anchored
to both extremes, which will force the expert to
consider the median to be a score between these
values, thereby eliminating arbitrary anchoring bias.
The scoring of extremes also allows consideration of
different conditions/scenarios that might result in
different LEf; or MEf;, and provides the regulator an
indication of the associated uncertainty (Morgan
2014). A brief justification for the scores must be
provided to clarify to the regulator the technical
knowledge and experience used, and the level of
subjectivity (O’Hagan 2005). This is particularly
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Scoping
Assessment
Likelihood of

Establishment
LE=1

Adverse Effects
quantification

AE;= LEf; x MEf;

Risk estimate

R; = LE xAE;

Characterization
Ri <4 for valued species and
Ri < 5 otherwise ?

Highly unlikely to
YES—| have adverse effect
on the environmen!

NO

Definitive
Assessment

Fig. 3 Tier 2: screening assessment. The flowchart symbols
indicate: oval a beginning or end, rectangle a step of the process,
diamond a decision, arrow direction of flow. Black background
indicates an expert consultation process. LE likelihood of
establishment, AE adverse effect, i a category of effect, LEf
likelihood of effect, MEf = magnitude of effect, R = risk

important when the same category of effect receives
highly variable scores among experts, because it
provides a way for the regulator to moderate or weight
scores of different experts. The possible effects of
plausible climate change scenarios are also scored
(only as a change in the median score) to communicate
the relative stability (or dependence) of the score on
present conditions or circumstances.

The scientific name(s) of some non-target species
possibly affected, the stakeholders concerned, and a
description of the possible harm must also be
provided. The non-target species list does not need
to be comprehensive, but is needed to ensure that the
estimated values have specificity and are not based on
generalities. The identification of stakeholders and
possible harm is essential to ensure that the effect is
actually adverse and to ensure that the estimate of the
magnitude of the effect is based on more than an
impact on a non-target. For an effect to be considered
adverse, it must harm some group of stakeholders, and

@ Springer

the magnitude of the effect should be based on the size
of the harm, not merely on the effect on the non-target
species.

Finally, an overall assessment of the quality and
quantity of the information available for scoring and
reliability of the judgment (second order uncertainty)
is also provided, which allows the regulator ways to
evaluate if the answers were based more on general
experience/knowledge or on actual data for the exotic
BCA (Morgan 2014). This empowers the regulator to
weigh the entire response of an expert when experts
give highly different scores, which may happen. As an
option, the expert may list in order of priority,
additional information and/or research that would
reduce the uncertainty of the assessment. This pro-
vides an opportunity for the regulator to become aware
of (or sensitized to) research areas that need to be
encouraged (Morgan 2014).

The AE form completed by the experts can be
combined by the regulator into a single score using
fuzzy systems. A fuzzy system is proposed because it
accounts for and quantitatively preserves uncertainty
related to lack of knowledge. This is more realistic
than standard logic for evaluating the safety of an
environmental stressor when there are knowledge
gaps. Fuzzy systems are based on the concept of
membership. For example, suppose for some likeli-
hood of an effect, LEf;, that minimum score is 0.1, so it
cannot be less than 0.1 (membership of 0) and could
possibly be greater than 0.5 (membership of 1), but we
have no information to know if it could possibly be
between 0.1 and 0.5. Under standard logic, we would
have to assume that it was possible or not (0 or 1),
between 0.1 and 0.5, but under fuzzy systems, we can
specify a membership between 0 and 1 to reflect the
knowledge gap. Depending on the assumption, stan-
dard logic would over or underestimate the true value
because it ignores the knowledge gap.

To apply a fuzzy system to the scores in the AE
form, the high, low and median scores for each LEf;
and MEf; are converted into fuzzy sets (Pedrycz and
Gomide 2007). The fuzzy sets for LEf; and MEf; for
each responding expert are multiplied together (Rah-
man 2016) to produce a fuzzy set for adverse effect
i (AE;) for each expert. The AE; fuzzy sets of all
experts are averaged into an aggregated fuzzy set and
defuzzified by the centroid method to produce an
estimated value of AE; (Table 3). The centroid is the
weighted mean AE;, weighted by the membership in
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Table 3 Adverse effect (AE) calculated for each category of
effect obtained from 13 experts answers to the AE form for the
Harmonia axyridis example (Table 2) and, consequently, the
associated risk score using the upper 0.5 A-cut parameter. To

characterize the acceptability of the risk, six risk threshold
options were tested. Categories of effects marked with an X
have risk scored above the proposed threshold and, therefore,
would need to be evaluated in the Definitive Assessment

Potential effects and

Adverse effect

Risk  Threshold options

categories of effects on non- - - (R) - o orn
target species Centroid Upper Centroid R>6 R>5 R>4 R >3*% R > 4* R>4
0.5 1 for
cut climate
change
1. Reduction of a native top 0 0 0 0
predator
2. Reduction of native natural
enemies via:
2a. Exploitative competition 9.7 11.7 9.7 11.7 X X X X X X
2b. Asymmetrical 0 0 0 0
competition
2c. Intraguild predation 222 24 222 24 X X X X X X
2d. Immunity from shared 0.5 1.1 0.5 1.1
natural enemies with
native species
2e. Co-introduction of new 2.5 4.1 2.5 4.1 X
pathogens that infect
native species
2f. Reproductive 2.9 5.2 29 52 X X X X X
interference with native
species
2g. Hybridization with 0.2 0.5 0.2 0.5
another strain
2h. Reduced biological 0 0 0 0
control
3. Reduction in herbivory
with:
3a. Improved biological -15.5 -18.0 -15.5 -18.0
control
3b. Release of undesired 0 0 0 0
plant (weed) population
from herbivory
3c. Competitive suppression 0 0 0 0
of a plant by a released
plant
3d. Reduced insecticide use -1.4 -9.1 -7.4 9.1
4. Reduction in valued
species:
4a. Species of conservation 0.5 1.1 1.4 1.1
interest (endangered,
threatened or rare
endemics)
4b. Beneficial arthropods 0 0 0 0
(e.g., pollinators,
detritivores)
4c. Endemic species or 0 0 0 0

species of cultural value

@ Springer
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Table 3 continued

Potential effects and Adverse effect

Risk  Threshold options

categories of effects on non- - - (R) . o rr
target species Centroid Upper Centroid R>6 R>5 R>4 R=>3% R >4* R>14
0.5 A- for
cut climate
change
5. Increase in herbivory via
5a. Direct herbivory 5.5 8.7 5.5 87 X X X X X X
5b. Enhanced mutualism 0
between exotic GABCA
and another organism
6. Increase in a damaging 0 0 0 0

organism vectored by the
exotic GABCA

Categories with risk (R) above
the threshold

*Only for category “Reduction in a valued species”, otherwise R

MEfi > 3, otherwise R > 5

the fuzzy set. The variation among expert scores is
measured by a A-cut of the aggregated AE; fuzzy set
with membership equal to 0.5 (this is like a SD)
(Table 3). As the Screening Assessment uses conser-
vative assumptions, the upper value of the A-cut is
used as an estimate of AE;. The fuzzy set calculations
should be automatically provided by embedded
formulas in the compiled AE form so that regulators
or experts would not be required to calculate them.

Risk characterization

Having setthe LE = 1, and estimated the AE; (Table 3)
using conservative assumptions, the risk (R;) associ-
ated with each category of effect i can be estimated by:

Ri =LE x AE, = AE,', (2)

which is given above as the upper 0.5 A-cut of the AE;
average fuzzy set. In addition to calculating a risk, risk
characterization involves determining which risks are
important enough to merit definitive assessment (Tier
3).

To determine thresholds to characterize the risk, we
first tested the acceptability of various risk thresholds
by allowing experts to consider the results of the
Screening Assessment for exotic GABCAs with which
they were familiar (forum 5 in Supplementary

@ Springer

> 5; **only when LEfi > 4, otherwise R > 5; ***only when

Material). This resulted in six proposed thresholds
(Table 3), which were subsequently evaluated by 13
experts using the well-known case of the predatory
Asian ladybeetle Harmonia axyridis (Pallas) (Coleop-
tera: Coccinellidae) established in the USA. The
thresholds R > 5, R > 3%, R > 4*%* and R > 4%*%*
indicated the same categories for additional assess-
ment and were intermediate between the R > 6 and
R > 4 (Table 3). Experts considered threshold R > 6
to be too high and threshold R > 4 to be too low. The
thresholds R > 3* R > 4** and R > 4*** were
considered unnecessarily complex. A category of
effect with R < 5 means that in the worst case, the
effect would be either likely and slightly adverse (local
and small), unlikely and adverse (local or small and
variable), or highly unlikely and potentially massively
adverse (widespread, large and consistent). Hence, the
threshold R > 5 was selected as the risk threshold for
potential adverse effects to need a definitive assess-
ment. However, experts believed that the threshold for
valued species should be lower because these species
need additional protection. A category of effect with
R < 4 indicates that in the worst case, the effect would
be either unlikely and slightly adverse (local and
small) or highly unlikely and adverse (local or small
and variable). Experts agreed that for valued species
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Screening
Assessment

Non-Target Species
selection

Effect (Effij)
Effij = LEnij x Lij x Mij

Valuation of Effij

Any
non-target species
selected?

Highly unlikely to
have adverse effect
on the environmen

YES

'3

Assessment and
Measurement
endpoints

I

Risk
quantification

Risk
Characterization

Are all risks
acceptable?

Likely to have Highly unlikely to
have adverse effect

on the environmen

adverse effect
on the environmen

Fig. 4 Tier 3: Definitive Assessment. The flowchart symbols
indicate: oval a beginning or end, rectangle a step of the process,
diamond a decision, arrow direction of flow. Black background
indicates an expert consultation process. i = category of
adverse effect, j = a non-target species; Effij = overall short-
term effect of an exotic GABCA on a non-target species J;
LEnij = Likelihood of encounter between the exotic GABCA
with the non-target species j; Lij = likelihood of an effect on
non-target species j after encounter; Mij = magnitude of an
effect on non-target species j after encounter

the threshold should be R > 4 needing definitive
assessment.

Having established the risk thresholds of R > 4 for
endangered, threatened, or rare endemic species, and
R > 5 otherwise for effects that require further

analysis in the Definitive Assessment, the H. axyridis
example in the USA (Table 3) indicates that there were
four categories of effects with risks above the thresh-
old: exploitative competition (R = 11.7), intraguild
predation (R = 24), reproductive interference with
native species (R =5.2) and direct herbivory
(R = 8.7, on grapes). Subsequently, if a petition was
continued, the risks associated with those four cate-
gories of effects would need to be evaluated in a
definitive assessment. In the case that all of the
potential categories of effect for the exotic GABCA
have risks < 4 for valued species and < 5 otherwise,
the exotic GABCA can be considered highly unlikely
to have a significant adverse effect on the environ-
ment, and there is no need for further ERA. For
example, for the oligophagous parasitic wasp Fopius
arisanus (Sonan, 1932), (Hymenoptera: Braconidae)
in Brazil, there was no category of effect with risk
above the threshold. Therefore, F. arisanus would be
considered highly unlikely to have a significant
adverse effect in Brazil and the ERA would be
concluded.

Benefit scores (negative risks) for both F. arisanus
and H. axyridis were high for improved biological
control (R = — 10.7 and — 18.0) and reduced insec-
ticide use (R = — 82 and — 9.1), respectively.
Therefore, for F. arisanus, the potential benefits may
outweigh the potential risks of a release. For H.
axyridis, the four potential risks identified were not
outweighed by the two potential benefits. These case
studies exemplify that risk characterization in this
Screening Assessment takes into consideration three
kinds of effects: adverse effects (risk scores above the
thresholds), benefits (risk scores below zero) and
neutral (risk scores between zero and the thresholds,
i.e. insignificant AFE), and provides the regulator the
opportunity to compare and weigh them.

Tier 3: Definitive Assessment

The Definitive Assessment (Fig. 4) provides a quan-
tification of the risks of an exotic GABCA for the
category(ies) of effect(s) that scored R > 4 for
endangered, threatened, or rare endemic species, and
R > 5 otherwise, in the Screening Assessment. It
proceeds by:
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A. Identifying non-target species with potentially
significant risk(s). If a species list is not already
available, research in the receiving environment
must be conducted to create the list. The applicant
is responsible for providing a reliable list of
species to be confirmed by the regulatory body.

B. Specifying the mechanistic pathway(s) of adverse
effect(s). This is achieved using interaction net-
works involving the exotic GABCA and the
identified non-target species.

C. Identifying assessment and measurement end-
point(s). An assessment endpoint is an attribute
(e.g., abundance, distribution, etc.) of the non-
target species that is assessed via a measurement
endpoint, which is a quantifiable indicator of the
assessment endpoint.

D. Generating estimates of risk component(s). This
includes establishment of the exotic GABCA,
encounter between the exotic GABCA and the
non-target species, and effects on that species or
ecosystem services.

E. Characterizing risk. This involves combining the
components and then interpreting if it is accept-
able or not.

Non-target species identification

In previous non-target species selection methods (e.g.,
Kuhlmann et al. 2006; Todd et al. 2015), the potential
non-target species are listed at the beginning of the
ERA, resulting in a large number of non-target
species, which are then filtered in subsequent steps.
Unlike those methods, the initial list of potential non-
target species to be examined in the Definitive
Assessment is based on the results of the risk
characterization from the Screening Assessment for
each category of effect in which the risk scored above
the threshold, i.e. only potentially significant adverse
effects, will be considered. For example, for H.
axyridis in the USA (Table 3), experts would look
for non-target species in four categories of effects with
risk above the threshold, and select representative test
species for each category using the ‘non-target species
form’ (NT form, Table 4). For the case of exploitative
competition, the potential non-target species would be
other natural enemies with which H. axyridis is likely
to compete for similar prey. This category and the
reproductive interference category emphasize the fact
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that relevant non-target species can be outside of the
host/prey range and would not require host/prey range
test(s).

For some categories of effects, host/prey range tests
may be needed to determine the potential non-target
species, such as for intraguild predation, direct
herbivory and species of conservation concern. The
applicant, the regulatory agency or a third party could
be responsible for collecting the necessary data, but
policies could be considered so that the process is
transparent, that small companies and BCAs for local
and small market crops are not excluded and that
potential conflicts of interest are appropriately man-
aged. The non-target species identification process
presented here provides a rough quantitative risk
estimate, building on Kuhlmann et al. (2006) and
PRONTT (Barratt et al. 2016).

The objective of the NT form is to link character-
istics of the non-target species with elements of risk to
identify species that may have greater short-term
effects and might need additional testing to determine
long-term effects. This is achieved by making realistic
estimates of components that are used to estimate the
short-term effect(s) of the exotic GABCA on each
potential non-target species using expert consultation
and scientific data. The short-term effect of the exotic
GABCA on a non-target species is the proportion of
non-target individuals in a generation that is expected
to be killed/reduced/affected by an established popu-
lation of the exotic GABCA (e.g., Hopper 2001).
Long-term effects on a population require careful
analysis of how such short-term effects interact with
the mechanisms regulating the non-target population,
to determine if the short-term effects actually affect
the long-term equilibrium population size. Thus, a
short-term effect is highly unlikely to underestimate
the long-term effect on the non-target population.
These short-term effects are then extended to deter-
mine if any of the non-target species require an
evaluation of long-term population and indirect
ecosystem effects. As indirect ecosystem effects will
generally require a long-term change in the population
of the non-target, using short-term effects for these
indirect ecosystem effects is also unlikely to underes-
timate them as well. This has the advantage of
delaying or avoiding the need to evaluate long-term
population and indirect ecosystem effects, which can
be expensive and time-consuming, to the last steps of
the Definitive Assessment. Finally, the estimated
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Table 4 Non-target (NT) species form to evaluate short term
effects of an exotic GABCA on a non-target species j in
category of effect i (Effij) for the exotic Harmonia axyridis in
the USA, considering the category of effect “2c. Intraguild
predation” with R = 24 from the Screening Assessment. Each
expert should provide estimates (between O and 1) for each
parameter (answers are exemplified in italics). Numbers in bold

are automatically calculated. If estimates cannot be provided,
expert should note with an explanation. Alternatively, expert
may provide the highest score possible and note this in
comments. More columns should be added for additional
species. Cma = Coleomegilla maculata; Cmu = Cycloneda
munda

NT species
Cma Cmu
Likelihood of Encounter (LEny)
El. Proportion of the geographic range of NT species that is included in the 1.0 1.0
predicted geographic range of the exotic GABCA'
E2. Proportion of the season when a vulnerable stage(s) of the NT species is 1.0 1.0
available that occurs when the exotic GABCA is active®
E3. Proportion of the habitats (in the E1 geographical range) used by a NT 0.90 0.90
species that are also used by the exotic GABCA or that can be reached by
dispersal of the exotic GABCA.?
E4. Proportion of plants in habitats used by the NT species that are expected to 0.80 0.60
be searched by the exotic GABCA (niche component).*
ES5. Likelihood that the non-target species will be found by the exotic GABCA 0.50 0.30
on the plants that it searches (i.e., those plants satisfying E4).°
LEnj = Elj x E2j x E3j x E4j x ESj  Lower 0.36 0.16
bound
Uncertainty in LEn;j: provide a lower and upper bound of LEn; that you believe =~ Upper 0.10 0.10
will give a 95% credibility interval for these LEnj estimates bound
Likelihood (Lj) of a short-term effect on non-target species j 0.70 0.40
Al. Likelihood that the exotic GABCA recognizes and attacks the NT species® 1.0 1.0
A2. Likelihood that the exotic GABCA successfully kills (or damages) the non- 0.50 0.50
target individual (or plant part) after attack (AD).7
Lj = Alj x A2j 0.50 0.50
Uncertainty in Lj: provide a lower and upper bound of Lj that you believe will
give a 95% credibility interval for these Lj estimates
Lower bound 0.30 0.30
Upper bound 0.70 0.70
Magnitude (Mj) of a short-term effect on non-target species j
These are set to 1 for the case that the exotic GABCA successfully kills (or
damages) the NT individual it attacks. This can be modified for other less
severe effects, such as trait-mediated effects
Mj=1 1.00 1.00
Overall short-term effect ®
Effj = LEnj x Lj x Mj 0.18 0.08
Uncertainty in Effj
Lower bound * 0.03 0.03
Upper bound'® 0.49 0.28
Valuation (V) of short-term effects
Legally protected species (endangered, threatened or special concern)
Enter an estimated population size of attacked stage of the species
Enter the degree of threat: endangered = 1; threatened = 1.5; special
concern = 2
Significance of species (small is more significant) none none

or
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Table 4 continued

NT species
Cma Cmu
Rare endemic species
Enter the degree of endemism (proportion of the total land area that is
suitable habitat)
Enter the relative population size in the endemic areas (relative to another
endemic species, expressed as a proportion of that species)
Significance of species (small is more significant) none none
or
All other species
List why the species is valued (e.g., income, biological control service, Biological Biological
pollination service, culture, etc.) control control
service service
Significance: estimate how much the Effj for that species would reduce this 8.00 7.00
value (1-10 scale, 1 is 0-10%, 10 is 90-100%). (large is more significant)
List the stakeholder(s) who may be harmed by the loss of value Soybean Soybean
producers producers
Based on Effj and V, would you select which (if any) Selected Not selected

NT species for additional assessment?

"This can be estimated from maps of the known or predicted geographical distribution of the NT species and exotic GABCA

This is only for the NTs satisfying E1, i.e., in the part of the geographic range where they overlap. This can be estimated by knowing
the vulnerable stage of the NT species and when it occurs seasonally relative to the predicted seasonal activity of the exotic GABCA
in the region of geographic overlap

This is only for the NTs satisfying E2, i.e., with seasonal overlap with the exotic GABCA. This can be estimated from the habitats
used by the NT species (habitats that are both suitable and occupied by the NT) that are also used by the exotic GABCA, and NT
habitats that are close enough to GABCA habitats that the exotic GABCA will disperse into the NT habitat. The NT and GABCA
may overlap geographically and temporally, but if they do not use the same habitat, they will not encounter each other

“This is only for habitats satisfying E3. For NT plants, the likelihood that the exotic GABCA will find the plant in the habitats
satisfying E3. For NT plants, this can be estimated approximately from the proportion of NT plants in the habitat. For NT species on
plants, this can be estimated from the proportion of plants used by the NT species in the habitat, assuming random search by the
exotic GABCA. If the exotic GABCA prefers these plants the proportion will be higher than random, and if it disprefers these plants,
the proportion will be lower. For weed-free monocultures, this parameter might be 1, but for vegetationally diverse habitats, it might
be much less than 1

>This parameter is valid only for non-plant NTs. This niche component should be considered for the entire vulnerable stage of the NT
species assuming that the exotic GABCA does search a plant that has the NT species. This score will be affected by the expected
density of exotic GABCA, how rapidly the NT species can be found, and how rapidly the exotic GABCA leaves the plant before
finding it. Several factors may affect this likelihood, such as non-target characteristics that make it highly accessible (e.g., release
attractive semiochemicals) or inaccessible (e.g., hiding, feeding on a plant part that the exotic GABCA does not search) to the exotic
GABCA. Inaccessible species will have a likelihood near 0

SEncounter does not always result in attack. Attack is affected by: (1) Presence or absence of NT defense behaviors or characteristics
that reduce attack rates (e.g., crypsis, aposematic coloration, hardness of chorion or cuticle, kicking, dropping, removing host/prey
location cues used by the exotic GABCA, irritating regurgitant, toxic reflex bleeding, etc.). (2) For NT plants, characteristics that
make the plant easy (e.g., semiochemicals that call in the GABCA) or hard (e.g., repellent semiochemicals, occurence in
microhabitats [shade, sun, aspect] not normally searched by the GABCA) to find for the exotic GABCA

"Many attacks of predators fail. For an exotic GABCA parasitoid, this can be reduced by host physiological defenses, such as
encystment and encapsulation

8This can be modified for other less severe effects, such as trait-mediated effects

9’loMultiplication of all the lower and upper bounds and Mj, respectively
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short-term effects are then evaluated to determine if
any are large enough to require additional testing.

The short-term effect of an exotic GABCA on a
non-target species j in category of effect i (Effij) is
assessed by independently estimating the:

e Likelihood of encounter (LEnij) between the
exotic GABCA with the non-target species j,
which is determined from geographic, temporal,
habitat and niche use overlap.

e Likelihood (Lij) of an effect on non-target species
J» which is the probability of successful attack or
interaction.

e Magnitude (Mij) of an effect on non-target species
Jj after encounter, which is the consequence of the
attack or interaction.

These estimates are combined (Table 4) to estimate an
overall short-term effect on a non-target species j as
follows.

Effij = LEnij x Lij x Mij (3)

Quantitative data, if they exist, should be used to
estimate any of those components of the risk. Other-
wise, estimates should be based on expert judgments.
This is similar to stepwise approaches in ERA in many
fields, including biological control (Andow et al.
1995; Olckers 2003).

Large Effij are not automatically more significant
than small ones, because significance depends on their
value to society. Valuations are used to determine
which species, if any, should be selected as a test
species in the final part of the Definitive Assessment
(Table 4). For each non-target species j, the short-term
effects (Eff)) are used to determine relative valuations
to make them comparable across the species and
facilitate the selection process. Values include reduc-
tion in ecosystem services, erosion of biodiversity,
cultural, symbolic, aesthetic, or income values, and
harm to protected species. All of these values require a
human agent/stakeholder who is harmed by the loss of
value, as specified in the Screening Assessment
(Table 2). This implies that valuations may differ
amongst jurisdictions. In the interest of environmental
justice, effects on stakeholders who lack power,
legitimacy and urgency may be valued more highly
than those with power, legitimacy and urgency
(Mitchell et al. 1997).

Valuation relies on both the value of the species that
could be affected and the size of the short-term effect

on that species. Valuation of rare species (e.g.,
endangered, threatened, and rare endemics) is based
on the desire to preserve such species. Hence, all other
things being equal, the rarer the species and the greater
the effect of the GABCA (Eff)), the greater is the need
to protect the species against effects by the exotic
GABCA, and the higher is its value. If the number of
individuals harmed is predicted to be very small (such
as less than the fecundity of a single female) and the
number is predicted to be a small part of the population
(such as less than 0.1% of the population), then such a
species would probably not need to be selected for
additional testing. Such a small effect would be very
difficult to measure precisely enough to determine that
an exotic GABCA would actually adversely affect the
rare species. For legally protected species (endan-
gered, threatened or special concern) and some rare
endemics where there is a population size estimate
(available in the documentation supporting the orig-
inal listing or the recovery plan), this estimate can be
used to evaluate the relative rarity and potential
severity of Effj. For most rare endemics, population
estimates are not available, so relative rarity should be
estimated, perhaps by comparison with another, better
known endemic.

Valuation of all other species in the remaining
categories of potential adverse effect is based on
identifying the value, assessing the relative impact of
Effi on that value and identifying the stake-
holder(s) who may be harmed by the reduction in
value. There are many possible economic and envi-
ronmental values that a non-target species may
contribute, including pollination, biological control,
biodiversity value, cultural values (beliefs, traditions,
rituals), symbolic value, aesthetic value, and income
value. The value(s) that the non-target species con-
tributes is important to identify so that it is possible to
make a concrete assessment of the significance of
Effj. To assess significance, estimate how much the
Effj would reduce the value, using a 1-10 scale (1 is
0-10% reduction in value, 10 is 90—-100% reduction in
value). Lastly, identify the stakeholder(s) who may be
harmed by this reduction in value. The regulatory
authority may wish to consider stakeholder salience to
value some non-target species more than others.
Stakeholder salience is the prominence of stakehold-
ers to an issue and is based on power, legitimacy and
urgency. Highly salient stakeholders have the power to
affect the issue, are recognized by others as having a

@ Springer



D. P. Paula et al.

guEENEEEEEEEEEEEENEEEEEE,,
*

*

eGABCA

"sappmaunnnt?

5
5
.

.
AT TP A

Fig. 5 Some possible pathways by which an exotic GABCA
(eGABCA) could affect a non-target (NT) pollinator. (1)
eGABCA directly adversely affects NT pollinator, by consum-
ing it or disrupting its behavior. (2) eGABCA indirectly
adversely affects NT pollinator by suppressing Pest 1, which
had facilitated the NT pollinator, possibly by the release of
semiochemicals that attracted the NT pollinator. (3) eGABCA
indirectly adversely affects NT pollinator via another natural
enemy (NT NE), releasing Pest 2, which suppresses the Plant.
Black solid lines are direct effects involved in the pathways.
Gray solid lines are other direct effects. Dotted lines are indirect
effects. Arrow represent positive interactions and circles
represent negative interactions, using the notation of Puccia
and Levins (2013)

legitimate interest or concern in the issue, and have an
urgent need to address the issue. The regulatory
authority may choose to value high and/or low
salience (and uncertainty therein) as a part of the
valuation process.

Finally, at the end of the NT form, each expert
should select the non-target species (if any) for further
assessment through risk quantification keeping in
mind that parameters equal to zero or close to zero
means the risk is zero or close to zero. During the
discussion forums, 16 experts completed the NT form
using familiar exotic GABCAs and NT species,
illustrating a range of cases from no to all NT species
selected for further assessment (forum 4 in Supple-
mentary Material). It is possible that the short-term
effects on all of the species in all of the categories are
considered too insignificant to merit risk quantifica-
tion. In this case, the exotic GABCA can be considered
by the regulator highly unlikely to have a significant
adverse effect on the environment for all categories of
effects. Otherwise, the risk(s) in which a category(ies)
of effect(s) had a species identified as potentially
significantly affected need to be quantified to enable a
final regulatory decision. Data to quantify the
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risk(s) associated with the non-target species should
be provided to support assessment and measurement
endpoint(s), an analysis model, and the need for
gathering any further data, as follows.

Specifying the mechanistic pathway(s) of adverse
effect(s)

To enable quantitative evaluation of the risk to the
non-target effects that remain, the pathway(s) by
which the effect is expected to occur should be
specified. This guides the quantification as the strength
of the pathway(s) is an important component of the
risk, because the risk is the product of the strength of
the pathway(s) and the effect of the pathway(s) on the
non-target population(s). The pathways can be spec-
ified with the ecological interactions between the
exotic GABCA and the non-target species (Puccia and
Levins 2013). An example of three possible pathways
by which an exotic GABCA could affect a non-target
pollinator are shown in Fig. 5.

Assessment and measurement endpoints

An assessment endpoint must be proposed for risk
quantification. One logical assessment endpoint for
long-term effects on a non-target population is the
predicted reduction in the long-term population size
by the exotic GABCA. However, other endpoints for
the long-term effect on a non-target population and
indirect ecosystem effects could be proposed with
sufficient justification. A measurement endpoint could
be the same as the assessment endpoint, or it could be,
for example, other population dynamics parameters
that are related to the long-term population size.

Risk quantification analysis plan

Several possibilities could be considered to enable risk
quantification for the non-target species identified:

A. Based on expert recommendations, the regulatory
agency could, for each category of effect, suggest
experiments, tests and/or models that could be
used to assess long-term population effects and
indirect ecosystem effects, as partially exempli-
fied in Table 5.

B. Long-term population effects could be evaluated
comparatively, i.e. compare with a similar non-
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Table 5 Suggestions of experiments, tests and/or models to assess some indirect ecosystem effects for risk quantification in the
Definitive Assessment for exotic generalist arthropod biological control agents (GABCAs)

Indirect effect Test

Behavioral/evolutionary changes

Laboratory tests (literature review), biology of GABCAs (or related surrogates)

Change in species richness and/or abundance/
evenness

Laboratory tests (e.g., competition)

Computer modelling (e.g., food webs to identify species at risk)

Potential distribution maps (accounting for climate change)

Nutrient cycling

Literature review on decomposers

Reduced insecticide/herbicide use
trap)

Likelihood of establishment and impact on target sampling (pheromone/sticky

Compare to other releases

Area of origin comparison (food webs)

target species for which the population effect is
known from the same or similar exotic GABCA.
This may require the availability of a database of
known effects.

C. Long-term population effects could be evaluated
using models, involving intrinsic growth rates and
density dependence (Barlow et al. 2004). This
approach has the advantage of being able to
account for compensatory mortality.

D. Long-term population effects and indirect ecosys-
tem effects could be evaluated by an expert panel
using expert solicitation methods as has been
conducted in other ERAs (e.g., Harris et al. 1994).

In cases where a valued species is at risk, additional
information may be provided, including: (1) a mitiga-
tion proposal to offset the adverse effects, (2) data to
show that the exotic GABCA does not suppress the
valued species, (3) comparative results to demonstrate
that the exotic GABCA has a lower effect on the
valued species than the current methods or products on
the market, and/or (4) analyses to show that not using
the exotic GABCA has greater risk on the valued
species than using the exotic GABCA.

The use of surrogate species might be appropriate
instead of the actual non-target species when: (1) non-
target at risk species are threatened, endangered or rare
endemic; (2) the experiments themselves would
jeopardize the species; (3) if the ERA is performed
in the native range of the exotic GABCA; or (4) it is
very difficult or impossible to test the actual non-target
species. The criteria for a species to be selected as a
surrogate are all of the following: is taxonomically

close (same genus) to the non-target species, has
functionally similar ecologies, uses the same habitat,
is a common species, is relevant to the receiving
environment, is well-studied taxon, is easy to rear. The
use of surrogates must be determined on a case-by-
case basis in consultation with the regulatory
authority.

Closure of the ERA

The requested data for risk quantification are submit-
ted to the regulatory agency. The regulatory agency
conducts the final risk characterization with technical
input from experts on a case-by-case basis, i.e. this
time with no pre-established risk threshold. The
regulatory agency will complete its assessment pro-
cess (e.g., after public comment or public hearing) and
determine an outcome which could be to: approve the
petition, approve the petition with conditions, not
approve/decline the petition or request further
information.

An improved ERA?

The three-tiered ERA outlined in this paper could
support the regulatory system in many countries as it
would facilitate a transparent, scientific approach to
assessing the risks of exotic GABCAs on a case-by-
case basis. It expands on the scoping assessment
originally proposed by van Lenteren et al. (2003) and
the two-tiered method recently published by EPPO
(2018), implementing major improvements. First, the
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three tiers provide several opportunities to use
published information and expert judgement to
provide upper bounds on the potential risks of
introducing or commercially releasing an exotic
GABCA before additional data are needed, and focus
these data collecting activities on the most critical
issues. Our Scoping Assessment differs from the van
Lenteren et al. (2003) and EPPO (2018) approach by
evaluating the possible existence of risks instead of
likely risk. If risks might exist, then additional
assessment is required, while under the previous
scoping assessments, risks must be judged to be likely
to require additional assessment. The present Scoping
Assessment entails biosafety questions with greater
specificity and rigor, and it results in a more risk-
averse determination than previous methods. It
includes all of the elements of the EPPO (2018)
express EIA, except the EPPO (2018) explicitly
considers the balance between benefits and risks, and
considers an exotic BCA highly unlikely to have a
significant adverse effect on the environment if the
benefits are likely to “significantly” exceed the risks.
Our method allows consideration of a risk—benefit
balance, but does not specify how this balance would
affect the acceptability of risk.

Second, the present methodology uses categories of
effects to guide the ERA instead of considering risks to
any non-target species. The 19 categories of effects
(Table 2) are the documented ways an exotic BCA can
affect the environment. They enable a comprehensive
evaluation of potential environmental risks in the
Scoping and Screening Assessments without requiring
a detailed evaluation of specific risks to specific non-
target species. As most exotic BCAs will affect only a
relatively small subset of these 19 categories, this
focuses subsequent steps in the ERA on issues of
greatest concern. It also delays identification of
potential at risk species until much later in the ERA,
avoiding some unneeded work to compile compre-
hensive species lists that might be affected (e.g.,
Kuhlmann et al. 2006) by focusing only on compiling
lists of those species associated with the important
categories of risk(s). This approach divides the process
of non-target species identification developed by Todd
et al. (2015) into two parts, one associated with the
categories of effects and another associated with the
prioritization and identification of non-target species
within a category. Finally, this approach implies that
not all host/prey are considered at risk, as an effect on
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some of these host/prey may not be considered
significant enough to merit additional assessment.
This may occur because the species itself has low
social value or because the effect is considered
insignificant, such as the effect of augmentative
releases of Trichogramma nubilale Ertle & Davis
1975 (Hymenoptera: Trichogrammatidae) on the
endangered Karner blue butterfly (Lycaeides melissa
samuelis (Nabokov 1944) (Lepidoptera: Lycaenidae),
Andow et al. 1995) or T. brassicae Bezdenko 1968 on
native Lepidoptera and the parasitoid Lydella thomp-
soni Herting, 1959 (Diptera: Tachinidae) (Lynch et al.
2001).

Third, the methodology offers explicit methods to
analyze the potential effects of an exotic GABCA on
non-target species. In the Screening Assessment, these
are based on the semi-quantitative analysis of expert
judgements of the likelihood and magnitude of an
adverse effect via an interaction characterized by the
category of effect. For example, for an effect on a non-
target species via exploitative competition, the likeli-
hood is the probability that the exotic GABCA and
non-target species will occur together, and the mag-
nitude is the size of the effect the exotic GABCA
might have on the non-target assuming that they co-
occur. In the species selection process of the Definitive
Assessment, likelihood and magnitude are estimated
quantitatively. The likelihood of co-occurrence is
separated into spatial overlap, temporal overlap,
habitat overlap, niche overlap, and likelihood of
encounter in the niche. The magnitude of the effect
is the reduction in survival and/or reproduction of an
individual non-target species, if it co-occurs with the
exotic BCA. By breaking down the adverse effect into
its components, it is possible to construct an estimate
while at the same time reveal knowledge gaps.

Fourth, it introduces in the Screening and Definitive
Assessments an explicit reliance on the social valua-
tion of adverse effects. Although there is considerable
variation in how to value individual species, valuation
is essentially a social process. That is, the social
significance of an adverse effect should be considered
when determining the significance of an adverse
effect. For example, a 20% long-term reduction in
the population of some common non-target arthropod
herbivore might not be considered socially significant
if the non-target will still be common and is not
endangered.
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As several countries and jurisdictions allow a
comparison of risks and benefits of proposed intro-
ductions of exotic BCAs, methods to incorporate a
formal assessment of benefits still needs to be
developed. In our Scoping Assessment, risks may be
poorly characterized and highly uncertain compared to
benefits, so a simple risk—benefit comparison might
not be appropriate, as it may favor the more certain
benefits over the highly uncertain risks. In addition,
there may be trade-offs that would need to be taken
into consideration where, for example, the economic
benefits are maybe substantial if the exotic BCA
provides significant pest control. In the Screening
Assessment, the semi-quantitative assessments of
benefits and risks may be difficult to compare. They
are based on ordinal scales that may not be directly
comparable, so methods to weigh the benefits and risks
are needed.

We recognize that this is a conceptual proposal for
an improved ERA for all exotic BCAs, including
GABCAs. Although the expert panel agreed that it is
based on sound scientific principles, its practicality for
both regulators and applicants requires testing against
other species in novel environments. It would be
useful to conduct several case studies to reveal
ambiguities and generate estimates of the cost of the
tiers and the time it takes to complete them. Further-
more, it is essential to involve the regulatory commu-
nity and potential applicants, perhaps initially to
suggest relevant case studies, and thereafter to eval-
uate the results. This proposed ERA for exotic
GABCASs, and other BCAs, aims to enable evaluation
of their environmental safety, while focusing greater
efforts on their specific risks needing greater over-
sight, rigorously and without prejudice. We hope these
efforts provide a pathway for the assessment and
possible approval for the safe use of exotic GABCAs
and other BCAs.
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