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Abstract. Although uncertainty is an integral part of any science, it raises doubts in public perception
about scientific evidence, is exploited by denialists, and therefore potentially hinders the implementation
of management actions. As a relatively young field of study, invasion science contains many uncertainties.
This may explain why, despite international policies aimed at mitigating biological invasions, the imple-
mentation of national- and regional-scale measures to prevent or control alien species has done little to
slow the increase in extent of invasions and the magnitude of impacts. Uncertainty is therefore a critical
aspect of invasion science that should be addressed to enable the field to progress further. To improve how
uncertainties in invasion science are captured and characterized, we propose a framework, which is also
applicable to other applied research fields such as climate and conservation science, divided into four com-
ponents: the need (1) to clearly circumscribe the phenomenon, (2) to measure and provide evidence for the
phenomenon (i.e., confirmation), (3) to understand the mechanisms that cause the phenomenon, and (4) to
understand the mechanisms through which the phenomenon results in consequences. We link these issues
to three major types of uncertainty: linguistic, psychological, and epistemic. The application of this frame-
work shows that the four components tend to be characterized by different types of uncertainty in invasion
science. We explain how these uncertainties can be detrimental to the implementation of management mea-
sures and propose ways to reduce them. Since biological invasions are increasingly tightly embedded in
complex socio-ecological systems, many problems associated with these uncertainties have convoluted
solutions. They demand the consensus of many stakeholders to define and frame the dimensions of the
phenomenon, and to decide on appropriate actions. While many of the uncertainties cannot be eliminated
completely, we believe that using this framework to explicitly identify and communicate them will help to
improve collaboration between researchers and managers, increase scientific, political, and public support
for invasion research, and provide a stronger foundation for sustainable management strategies.
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INTRODUCTION

Biological invasions are a major threat to global
biodiversity (CBD 2006). Accordingly, the Conven-
tion on Biodiversity dedicated Aichi Target 9 “to
identify and prioritize species and introduction
pathways, to control or eradicate priority species,
and to put measures in place to manage pathways
and prevent their introduction and establishment”
(CBD 2010). Despite such international agree-
ments, the implementation of national- and regio-
nal-scale measures required to prevent or control
alien species is insufficient to prevent negative
impacts from escalating (Early et al. 2016).

A major problem in invasion science is the pro-
liferation of concepts and terms which are used in
different ways by different parties. For example,
the term “invasive species” is used to refer to sev-
eral different concepts, and there is inconsistency
in the way that scientists, policy makers, and man-
agers apply the term (Heger et al. 2013, Cour-
champ et al. 2017, Sagoff 2018). The existence of
alien and invasive species (however, they are
defined) has been recognized and documented
over several centuries (Darwin 1859). Neverthe-
less, only recently have consistent metrics and
indicators been proposed to quantify biological
invasions and their consequences, and impacts are
still notoriously poorly documented (Simberloff
et al. 2013). The mechanisms and values underly-
ing biological invasion and their impacts can be
highly context dependent, which hampers our
ability to make useful generalizations. Such funda-
mental sources of uncertainty partly explain why,
over the past 30 yr, the number of articles denying
or trivializing the impacts of alien species, and
indeed the field of invasion biology, has increased
exponentially (Ricciardi and Ryan 2018, but see
Munro et al. 2019). This has given rise to heated
debates in both the mainstream media (Goode
2016, Rodriguez McRobbie 2016) and the scientific
literature (Crowley et al. 2017, Davis and Chew
2017, Russell and Blackburn 2017a, b, Tassin et al.
2017, Guias�u and Tindale 2018). Regardless of the
motives of the criticisms (Duffy 2013, Collomb
2014), it is important to address conflicting views
in a constructive fashion (Boltovskoy et al. 2018),
and most of the issues raised have been repeatedly
rebutted based on scientific evidence (Richardson
and Ricciardi 2013, Russell and Blackburn 2017a,

Ricciardi and Ryan 2018). Nonetheless, these criti-
cisms highlight several key problems of coherence,
ambiguity, or lack of agreement even among inva-
sion scientists. A search in Web of Science using
the terms “TOPIC: (uncertaint�) AND TOPIC: (in-
vasive OR alien) AND TOPIC: (species)” returns
658 articles, 47% of them published in the last five
years, showing that the importance of uncertainty
is increasingly acknowledged in the literature on
biological invasions. In our opinion, such uncer-
tainties do not undermine the relevance of the
field, as has been suggested by some authors
(Val�ery et al. 2013). Rather, they are a conse-
quence of invasion science having undergone
rapid growth recently and because the field is
inextricably linked with many other disciplines
from which it has borrowed concepts and terms
(Vaz et al. 2017). Such problems of coherence
must therefore be identified, elucidated, commu-
nicated, and, where possible, resolved, to
improve the evidence-based foundation of inva-
sion science in general and invasion manage-
ment in particular.

A FOUR-COMPONENT FRAMEWORK FOR
IDENTIFYING UNCERTAINTIES IN INVASION
SCIENCE

To identify key uncertainties in invasion
science, we propose a framework comprising four
components: (1) the need to clearly circumscribe
the phenomenon under study (i.e., the displace-
ment of species beyond their native range); (2) the
need to be able to quantify and therefore to pro-
vide evidence of the phenomenon (i.e., confirma-
tion); (3) the need to understand the mechanisms
that cause the phenomenon; and (4) the need to
understand the mechanisms through which the
phenomenon has consequences. Each of these
components can be linked to specific sources of
uncertainty, as we will show in the next sections.
We argue that an applied scientific field where the
circumscription, confirmation, causes, and conse-
quences of key phenomena are well defined (or
whose related uncertainties are at least clearly
identified and communicated) is likely to progress
faster toward the effective implementation of
management measures. This is also important to
ensure sustained scientific, political, and public
support for actions, as was the case for climate

 ❖ www.esajournals.org 2 April 2019 ❖ Volume 10(4) ❖ Article e02669

SYNTHESIS & INTEGRATION LATOMBE ET AL.



and conservation science, as we discuss below.
This is because identifying what phenomenon
must be managed (circumscription and confirma-
tion) and why (consequences) and how (causes) it
should be managed will provide vital background
for stakeholders and decision-makers (Fig. 1).

Taking climate change as an example, we
suggest that the broad recognition of its exis-
tence (despite a small but highly vocal anti-cli-
mate change lobby) and the implementation of
multiple and clear mitigation strategies that
have been adopted by different actors at dis-
tinct scales to attenuate its effects and to stabi-
lize its progression (IPCC 2014) can be
explained by our framework: (1) There is a clear
and easily understandable way of circumscrib-
ing the phenomenon using well-defined mea-
surement variables (e.g., changes in global and
local surface temperature; IPCC 2014); (2) the
existence of the climate change is confirmed by
consistent evidence obtained through extensive
temperature records over wide spatial and tem-
poral scales, based on robust methods of

measurement (Peterson and Vose 1997); (3) a
mechanistic understanding of its causes has
been achieved (e.g., using mathematical models
based on known bio-geochemical processes to
represent the relationships between concentra-
tions of greenhouse gases (especially CO2) and
temperature, and between greenhouse gas
emissions and human activities; IPCC 2014),
while also explicitly presenting existing uncer-
tainties using a range of possible scenarios; and
(4) the methods used to predict the conse-
quences of climate change for the environment,
biodiversity, and human welfare are being
improved (Worm et al. 2006, Cardinale et al.
2012). Because the four components we identi-
fied above (circumscription, confirmation,
causes, and consequences) are compellingly
addressed in the case of climate change
research, measures such as the Paris Agreement
(United Nations 2015) have been achieved,
which represents a necessary step toward miti-
gating the effects of climate change (though
huge challenges remain, as shown by the

Phenomenon
Components
of the 
framework

3. Causes 4. Consequences1. Circumscription 2. Confirmation
of existence

How to manage 
alien species?

What phenomenon should be 
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Why manage alien 
species?
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Linguistic
uncertainties

Measurement
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Subjective 
judgment

Subjective 
judgment

Natural
Variations
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uncertainties

Natural
Variations

Model
uncertainties

Fig. 1. The four-component framework (circumscription of the phenomenon, confirmation of the existence of
the phenomenon, mechanistic causes of the phenomenon, and mechanistic consequences) upon which sustain-
able management actions must be built. These components are subject to specific types of uncertainties (linguistic
in yellow, psychological in red, and epistemic in green) which can hinder the implementation of management
actions and policies (see Table 1 for details). The natural variation uncertainties concern the mechanisms which
result in alien species establishing and spreading, and through which alien species generate an impact, and there-
fore originate from the arrows. The other uncertainties concern the components themselves and therefore origi-
nate directly from them.
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withdrawal from the agreement of some major
countries).

A similar case regarding the four components
can be made for conservation science, where

some of the lessons learned from climate change
science have been applied. Given the success of
the Intergovernmental Panel on Climate Change
(IPCC) at generating new science-based policies

Box 1.

The 11 Types of Uncertainties Defined by Regan et al. (2002)

The 11 types of uncertainty are divided into epistemic, psychological, and linguistic categories. The psychologi-
cal uncertainty was added to the original classification of Regan et al. because it differs from the epistemic uncer-
tainties in that it is independent of the available technological, mathematical, or statistical developments, and can
be resolved if properly acknowledged. See Table 1 for specific examples related to invasion science. Asterisks mark
types of uncertainties that are explicitly discussed in this article.

Epistemic uncertainties

�Measurement error: Imperfections in measuring equipment or observational technique generate a level of ran-
dom variation in the data. Here, we include uncertainty resulting from the impossibility or extreme difficulty given
the current technologies and techniques, to measure some aspects of the system of interest (in the extreme case, this
would result in complete random variation in the data).

�Systematic error: Imperfections in measuring equipment or sampling procedure generate a constant bias in the
data.

�Natural variation: Variations in the study system create differences between data collected at a specific location
and time and the system considered as a whole (e.g., population variations in time). This uncertainty therefore
results from incomplete information about the studied system; such uncertainty affects all fields of science. Without
natural variation, the knowledge of a system is perfect, and there is no need to study it further. Natural variation
leads to model uncertainty.

Inherent randomness: As indicated by its name, this type of uncertainty considers that the system is irreducible
to a deterministic representation, even with complete knowledge of its elements. This kind of uncertainty is proba-
bly quasi-inexistent in real systems except for quantum physics, but the distinction is important to differentiate
uncertainty resulting from imperfect information on the system.

�Model uncertainty: This type of uncertainty arises from the necessary simplifications inherent in any concep-
tual or analytical model, for example, relating to the number of variables considered and their assumed causal or
mathematical relationships. Numerical approximations are part of model uncertainty.

Psychological uncertainty

�Subjective judgment: Uncertainty arising from the subjective interpretation of data, such as expert opinion.

Linguistic uncertainties

�Vagueness: Lack of term for describing specific situations, especially those sitting at the border between exist-
ing definitions.

�Context dependence: Uncertainty arising from the lack of specification of the context in which a given proposi-
tion must be understood. For example, the appreciation of height (as small or tall) would depend on whether we
refer to an insect or a tree.

�Ambiguity: The variety of definitions for a given word leads to such uncertainty.
�Underspecificity: Lack of precision preventing from reaching clear conclusions from a proposition. Underspeci-

ficity can arise from lack of data.
Indeterminacy of theoretical terms: Uncertainty arising from an increase in knowledge, which makes previ-

ously used terms inadequate.
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to mitigate climate change (IPCC 2014), the
Intergovernmental Science-Policy Platform on
Biodiversity and Ecosystem Services (IPBES)
was initially modeled on the IPCC with the aim
of mitigating biodiversity loss (Brooks et al.
2014). Other initiatives have been taken to
mimic effective approaches from climate change
mitigation, such as the definition of Essential
Biodiversity Variables (Pereira et al. 2013), the
minimum set of variables required to describe
changes in biodiversity, modeled after the
Essential Climate Variables (Bojinski et al. 2014).
Tools applicable across a wide range of taxa
have been implemented in many countries to
mitigate biodiversity loss, such as biodiversity
offsets, although their efficacy still needs to be
improved (McKenney and Kiesecker 2010, Bull
et al. 2013). The development of such national
and international approaches to mitigate biodi-
versity loss is underpinned by a clear and unam-
biguous framing of at least three out of the four
above-mentioned components: (1) The species
concept as the unit used to measure biodiversity
change is reasonably well defined, as are associ-
ated measures, such as species richness and
phylogenetic diversity, allowing for a clear cir-
cumscription of the phenomenon; (2) the num-
ber and abundance of species is being
constantly monitored and there is good evi-
dence for the increase in species extinctions and
decrease in species abundances (IUCN 2017b,
World Wide Fund for Nature 2018); and (3) the
major causes of species extinctions are reason-
ably well known and understood, with human-
mediated habitat loss being the main driver
(Sala et al. 2000). In contrast, regarding the
fourth component, although there is clear evi-
dence of the effects of biodiversity loss on
ecosystem services such as on pollination, food
provision, and water quality, among others
(Worm et al. 2006, Hooper et al. 2012), the
mechanistic understanding of these conse-
quences is still fragmentary (Cardinale et al.
2012). Moreover, in addition to these knowledge
gaps, different views exist on why and to what
end biodiversity should be managed, depending
on different values attributed to nature. Differ-
ences in value systems can lead to very different
conclusions regarding the rationale and goals of
conservation (Wallach et al. 2018, Driscoll and
Watson 2019, Munro et al. 2019).

In what follows, we use the four-component
framework for identifying, communicating, and
ultimately reducing existing uncertainties in inva-
sion science (Fig. 1). In doing so, we recognize
epistemic, psychological, and linguistic uncertain-
ties, based on Regan et al.’s (2002) classification
(Box 1; Table 1). We show how these different
types of uncertainties are detrimental for the imple-
mentation of management activities, how specific
types of uncertainty correspond to each of the four
components, and that their reduction requires dif-
ferent approaches, for which we propose solutions.

FIRST COMPONENT: CIRCUMSCRIPTION OF THE
PHENOMENON

The need for clear and precise definitions
The first condition to measure and manage a

phenomenon is to be able to circumscribe it
clearly and unambiguously. The phenomenon of
biological invasions is mostly circumscribed as
species that are found outside of their native
range due to the actions of humans (direct and
indirect; Essl et al. 2018), and which are inter-
changeably termed alien, non-native, or exotic
(Richardson et al. 2011). However, two main def-
initions of “invasive” are common in the litera-
ture, which introduces ambiguity, a form of
linguistic uncertainty (Box 1). The first definition
is based on the biogeographic invasion process,
which is conceptualized as an introduction–natu-
ralization–invasion (INI) continuum (Kruger
et al. 1986, Williamson 1996, Richardson et al.
2000, Colautti and MacIsaac 2004, Richardson
and Py�sek 2006, Blackburn et al. 2011, Robinson
et al. 2016), and therefore contributes to circum-
scribe the phenomenon. The second definition is
an extension of the first, but additionally requires
alien species to have both spread and caused
impact outside their native range to be called
invasive. This definition is therefore also related
to the consequences of the phenomenon (see sec-
tion on component 4 below). The second defini-
tion is, for example, used by the Convention on
Biological Diversity (CBD 2006), the United
States Department of Agriculture (ISAC 2006),
and the IUCN (https://www.iucn.org/theme/spec
ies/our-work/invasive-species). Confusing the
issue further, invasive is sometimes used for
native species that have recently increased in
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Table 1. Summary of the four components of the framework (circumscription, confirmation, causes, and
consequences) for the phenomenon of biological invasions.

Components

Definitions and
examples for
biological
invasions

Associated
uncertainties

Uncertainty
class

Implications for
management Proposed solution

(1) Circumscription
of the phenomenon

Species
transported out
of their native
range by
human activity,
classified along
the
introduction–
naturalization–
invasion (INI)
continuum

Ambiguity: The
term “invasive”
can have different
meanings, based
on biogeography,
impact, or
dominance;
different
definitions are
adopted by
different bodies

Linguistic Public, policy
makers, and
scientists can be
talking at cross-
purposes (e.g.,
weeds [native or
alien], invasive
alien weeds, and
invasive alien
plants)

Indicate precisely
which definition is
used in a given study
or context and link to
existing frameworks.
Avoid making
imprecise analogies
between different
definitions; for
example, avoid the
term “native invaders”

Underspecificity:
Invasiveness
defined in the
biogeographic
sense using the INI
continuum does
not acknowledge
that different paths
(increasing local
abundance before
spread, or the
opposite) can lead
to commonness

Linguistic Invasions
(regardless of the
definitions used)
arise through
different processes
and so there is no
single management
approach that suits
all contexts

Species-specific
management
strategies should
match the trajectory of
the species: How
frequent and how
spatially targeted
should the
management actions
take place?

Vagueness: Some
species are
transported to
novel
environments
through indirect
human-mediated
actions and lie at
the interface
between invasion
and natural
colonization

Linguistic May lead to target
incorrect species
for monitoring/
underestimating
invasion risk

The traits of the
dispersal event may be
more informative than
classifying it as natural
or human-mediated

(2) Confirmation of
the existence of the
phenomenon

Species
databases (e.g.,
GRIIS,
GloNAF)

Measurement/
systematic error:
Human and
taxonomic error, as
well as inadequate
data resolution,
can impair the
identification of
alien species

Epistemic Efforts at
monitoring/
analyses of
invasion risk are
based on the
wrong species

Constantly curate
datasets to eliminate
errors

Measurement error:
Not all countries or
regions have the
resources needed
to establish and
maintain
monitoring
programs,
preventing from
capturing
worldwide fine-
scale, temporal
information on the
state of biological
invasions

Epistemic The lack of
standardized
framework for
acquiring data
impairs the ability
to assess the state
of invasion across
regions and taxa.
Moreover,
temporal
information,
although costly to
obtain, is necessary
to track the
advancement of
biological

Use a modular
framework that
enables countries to
contribute to a global
dataset, in accordance
with their level of
resources, with fine
spatial- and temporal-
scale data as the
optimal situation
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(Table 1. Continued.)

Components

Definitions and
examples for
biological
invasions

Associated
uncertainties

Uncertainty
class

Implications for
management Proposed solution

invasions and to
assess the efficacy
of management
actions

Subjective
judgment: The
human perception
of biological
systems, and
therefore of what
makes a species
alien, changes due
to memory loss,
that is, the shifting
baseline syndrome

Psychological Inclusion/exclusion
of some species in
management
actions

Use verified records to
define whether a
species is alien in a
systematic fashion,
and use stakeholder
engagement in a way
so that decisions
explicitly
acknowledge value
systems

(3) Mechanistic
causes

Pathways of
introduction:
increases and
changes in
propagule
pressure related
to human
activities, such
as trade

Natural variation:
Pathways of
species change
rapidly, such that
biosecurity
measures, if they
are in place, might
be based on
historical rather
than contemporary
patterns (i.e.,
biodiversity lags)

Epistemic Some new
pathways
developing or
changing in a way
such that current
interventions are
no longer
appropriate.
Biosecurity in one
country is often
dependent on that
in neighboring
countries

Greater international
collaboration between
biosecurity agencies.
Horizon scanning or
similar exercises to
identify future risks
and explore potential
management needs

Species
invasiveness:
Some species
characteristics
enable them to
progress more
easily along the
INI continuum
in novel
environments.
Species
invasiveness is
not
independent
from ecosystem
invasibility

Natural variation/
context
dependence/model
uncertainty: The
number of species
and the variety of
environments
around the globe
can generate
context
dependence in the
findings on
observed biological
invasions, making
it difficult to draw
generalities on
such mechanisms,
leading to model
uncertainty

Epistemic The lack of a clear
understanding of
the mechanistic
causes of the
spread of species
hinders our
capacity to design
appropriate
management
actions to contain
their spread

Uncertainty linked to
natural variation is
common to all sciences
and should only
encourage researchers
to pursue their
investigations and
refine their models.
Efforts should be
brought to the
identification of the
specificities of each
study, to avoid
context dependence
uncertainty. Focus on
the appropriate level
for generalizations
(i.e., invasion
syndromes). Specify
the nature of any
comparison or
analysis of
invasiveness such that
possible biases or
competing
explanations are clear

Ecosystem
invasibility:
Disturbance
and human
modifications
in the
environment
can favor the
introduction

Natural variation/
context
dependence/model
uncertainty: as
above

Epistemic As above Among the different
management options
commonly used
(mechanical removal,
chemical control, and
biological control),
some have been
shown to be more
appropriate in some
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(Table 1. Continued.)

Components

Definitions and
examples for
biological
invasions

Associated
uncertainties

Uncertainty
class

Implications for
management Proposed solution

and spread of
alien species

contexts, with respect,
for example, to the
spatial scale of the
receiving environment
and the position of the
alien species along the
INI continuum. Such
correlative
relationships resulting
from past trial and
error experiments are
still valuable while the
mechanisms are
investigated

(4) Mechanistic
consequences

Impacts on the
ecological and
socioeconomic
systems

Natural variation/
model uncertainty:
The importance of
different
mechanisms to
explain the impact
of alien species is
likely to vary with
many factors,
leading to model
uncertainty. The
relationship
between the
presence of alien
species and some
ecosystem services
is still poorly
known

Epistemic The impact of alien
species that have
not spread in many
environments is
difficult to forecast
in the absence of
mechanistic
understanding of
the impacts.
Ignorance of the
impact
mechanisms also
makes the
assessment of the
impact category in
the EICAT scheme
problematic

Increase the number of
studies of alien species
and invaded
environments and
focus on efforts to
collate and compare
existing studies to
reveal the basic
mechanisms leading to
deleterious impacts.
Precautionary
principles can be used,
especially if similar
species had large
impacts somewhere in
the past

Subjective
judgment/context
dependence: A
measure of impact
necessarily
addresses one
specific aspect of
the impact.
Emphasizing one
measure over
another therefore
reflects a value

Psychological Not acknowledging
the values linked to
a specific scheme
for deciding on
management
activities will
create polarization
and distrust
between managers
and the
stakeholders

Rely on objective
systems for measuring
impact, such as EICAT
and SEICAT, and be
explicit to ensure
transparency.
However, do not rely
only on impact or risk
assessments for
decision-making—
rather, develop and
implement risk-
analysis frameworks;
these require
contextual information
on additional aspects,
such as management
feasibility and costs

Subjective
judgment: Some
alien species have a
positive ecological
or socioeconomic
impact

Psychological As above Involve stakeholders
with different interests
(positive and negative)
in studies and
management activities

Notes: For each component, the corresponding uncertainties (belonging to different classes; see Box 1) are detailed, which
can have implications for management. Possible solutions to solve these uncertainties are suggested. EICAT, Environmental
Impact Classification for Alien Taxa; SEICAT, Socio-Economic Impact Classification for Alien Taxa.
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range or abundance in a manner that has unde-
sired impacts. The use of the phrase “native inva-
sions” in this context (Nackley et al. 2017) is
unfortunate as it conflates biogeographic, demo-
graphic, and impact phenomena.

In the INI continuum, alien species are charac-
terized as invasive if they establish, reproduce
regularly, and spread over substantial distances
in the new environment. Alien species which
only reach, survive, and occasionally reproduce
in a novel environment are qualified as casual,
and those that survive and reproduce but remain
constrained to a specific location (i.e., do not dis-
perse widely) are termed naturalized (Richard-
son and Py�sek 2006, Blackburn et al. 2011). It is
notable that inherent differences between envi-
ronments result in some terms being more read-
ily used in terrestrial than aquatic systems. For
example, casual is seldom applied to aquatic taxa
(probably due to difficulties in directly observing
organisms in marine and freshwater habitats),
while naturalized is used in both systems
(Richardson and Py�sek 2006, Robinson et al.
2016). The trajectory from low to high local abun-
dance and from narrow to wide geographical
range is nonetheless not unique. Four different
demographic criteria are commonly used to
describe alien species and commonness (local
abundance, geographic range, environmental
range, and spread rate; Catford et al. 2016), and
the path to commonness can progress differently
along these characteristics for different species
(McGeoch and Latombe 2016). Not acknowledg-
ing this complexity can create uncertainty
through oversimplification, that is, underspeci-
ficity (Box 1). Note also that the notions of sub-
stantial distance, wide dispersal, and wide
geographic range can themselves be vague
(Box 1). These notions can vary depending on the
species and life-form of interest and can also vary
between ecosystem types. For example, dispersal
in insects can occur at various scales, and move-
ment with potential consequences for gene flow
can differ from routine movement or migration
(Renault et al. 2018). In this instance, the rele-
vance of movement is defined functionally rather
than by distance. Mode of dispersal can also
affect the geographic scale at which spread
occurs: the spread of alien taxa with limited dis-
persal capabilities (e.g., live-bearing anemones)
occurring over smaller geographic scales as

opposed to the spread of highly mobile species
(e.g., European starlings) or those that employ
broadcast spawning (e.g., mussels; Branch and
Steffani 2004, Berthouly-Salazar et al. 2013,
Robinson and Swart 2015). Knowledge of the
biology of the species of interest is crucial for
resolving this type of uncertainty.
As mentioned above, the commonly accepted

definition of an alien species used to circum-
scribe the phenomenon of biological invasions is
a species that has been introduced outside of its
native range due to human actions (CBD 2006,
Richardson and Py�sek 2006, Blackburn et al.
2011, IUCN 2017a), regardless of whether intro-
ductions were intentional or accidental (Hulme
et al. 2008, Hulme 2009, Wilson et al. 2009). Nat-
ural colonization—the range expansion of spe-
cies without direct intervention of humans to aid
dispersal (Russell and Blackburn 2017b)—is simi-
lar to human-mediated invasions in that both
types of movement involve the negotiation of
barriers. However, the two phenomena differ
qualitatively (e.g., pathways) and quantitatively
(e.g., frequency, with the rate and extent of
human-mediated dispersal of species being at an
unprecedented level and over long distances
compared to natural colonization); this has
important implications for policy and manage-
ment (Wilson et al. 2016). The distinction
between natural and human-mediated range
expansion is especially significant in marine
environments where range expansions occur at
least an order of magnitude faster than in terres-
trial systems (Sorte et al. 2010), suggesting that
the separation between human-mediated translo-
cations and natural colonization might be greater
in terrestrial settings, at least with regard to rate
of spread. Nonetheless, some range expansion
mechanisms lie at the interface between the two
concepts of natural colonization and human-
mediated invasions, making such a discrete dis-
tinction problematic, and generating vagueness
(Box 1). Such expansion mechanisms include tsu-
namis that transport anthropogenic debris carry-
ing species, range shifts due to human-mediated
climate change, and range shifts due to human-
mediated modifications to biogeographic barri-
ers, such as the Lessepsian migration following
the opening of the Suez Canal (Hoffmann and
Courchamp 2016, Nackley et al. 2017). In
response to this, protocols have been developed
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that explicitly incorporate estimates of uncer-
tainty (Essl et al. 2018).

Implications for management and solutions
All the uncertainties related to the first compo-

nent of the framework belong to the linguistic
class (Box 1). From a rational perspective, they
should be the easiest types of uncertainty to
resolve, since solutions need not rely on techno-
logical, mathematical, or statistical advance-
ments (Box 1, Table 1). However, they can also
be extremely detrimental to the field and to the
implementation of management actions (Fig. 1),
as they generate confusion and create the impres-
sion of a lack of coherence. This is especially true
for the ambiguity resulting from the multiple
meanings attached to the term invasive which
can thwart clear engagement with policy makers,
stakeholders, and the public. Our objective here
is not to prescribe what invasive should mean,
nor to provide a terminology for invasion
science, since this has been done elsewhere
(Richardson et al. 2011, Hui and Richardson
2017). Biological invasions can be perceived and
defined differently depending on the research or
management context, and trying to impose a
unique definition is counterproductive (Heger
et al. 2013). Scientists must, however, be precise
in the definition they are applying in a given con-
text and must relate the chosen definition to
existing frameworks (Robinson et al. 2016, Cour-
champ et al. 2017). As such, in the context of the
four components presented here, invasive refers
to the biogeographic definition provided by the
INI continuum, since it is required to obtain a
precise circumscription of the phenomenon and
to increase coherence between the four compo-
nents of the framework.

A better understanding of how different paths
to commonness (based on changes in local abun-
dance, geographical range, and spread rate)
result in invasions can assist with management
planning. Species that become locally common
before spreading require more intensive local
actions, whereas species undergoing long-dis-
tance dispersal may necessitate management
actions over large areas. In specific contexts,
especially at small spatial scales, such considera-
tions for reducing underspecificity of the termi-
nology may therefore be used to complement the
INI continuum and improve management

actions and are especially vital for a mechanistic
understanding of invasions (see component 3).
The vagueness emerging from the simplification

of terminology linked to the need to classify spe-
cies into discrete classes can result in the exclusion
of species that are potentially able to cause impacts
in the receiving environment from management
practices (see component 4 below for more details
on impact). In a similar manner to understanding
the paths to commonness, Wilson et al. (2009) sug-
gested that when looking at dispersal, it is impor-
tant to look explicitly at the traits of dispersal
rather than just categorizing the pathways.

SECOND COMPONENT: CONFIRMATION OF THE
INVASION PHENOMENON

Uncertainties linked to available data and
monitoring
Many datasets of alien species distribution

are now available at different spatial scales,
which makes it easier to confirm the phe-
nomenon (GRIIS; Pagad et al. 2015). However,
datasets are often spatially heterogeneous, and
this heterogeneity can vary across life-forms
(van Wilgen et al. 2018). Additionally, many
countries have limited resources and have not
invested in detailed monitoring of alien species
(Latombe et al. 2017). There is also no consen-
sus on the type of classification schemes used
to compile datasets with regard to differentiat-
ing between invasion stages (see section First
Component: Circumscription of the Phenomenon)
but also with regard to taxonomy. Lastly, few
datasets (but see, e.g., Dyer et al. 2017, Dor-
nelas et al. 2018) provide the temporal infor-
mation on the occurrence of alien species
required to track the increases in the spread of
biological invasions (Seebens et al. 2017).
Leaving aside ambiguities related to the defini-

tions of invasiveness described above, determin-
ing the status of a species as native or alien is not
straightforward (Latombe et al. 2017, Essl et al.
2018). This complicates the creation and use of
datasets such as those mentioned above. Sources
of error have both human and taxonomic dimen-
sions, and inadequate data resolution or avail-
ability are also problematic (i.e., measurement
errors and systematic errors; Box 1; see McGeoch
et al. 2012 for a detailed list of such uncertain-
ties). Determining the status of species as alien or
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native is especially problematic in the marine
realm and for microbial and soil organisms, in
which cases long-term historical records are
scarce and many species are cryptogenic (Ojav-
eer et al. 2018). Furthermore, since humans have
relocated species as they have moved and traded
around the globe for millennia (Hulme 2009), dif-
ferent alien species at the same location are likely
to have different residence times. For example, a
classification between archaeophyte (arrived
before 1500 AD) and neophyte species (arrived
after 1500 AD) has been widely used in Europe
(Py�sek et al. 2003, Hui et al. 2013, Latombe et al.
2018), but it is a much less clear-cut distinction
for other continents. Public perceptions of what
constitutes an alien species are also important,
and such views are subject to the shifting base-
line syndrome which posits that the human per-
ception of biological systems (and their original
species composition) changes due to memory
loss (Papworth et al. 2009), a phenomenon also
termed ecological amnesia (Seidensticker 2008).
Such changes (or, the opposite, inertia) in the
local and global socio-ecological memory are
linked to different pathways of developments
and to existing natural resource management
practices and are highly complex (Nykvist and
von Heland 2014). For example, the shifting
baseline syndrome can accelerate through posi-
tive feedbacks as poor management practice will
result in degraded environments and their accep-
tance as the norm, which further promotes poor
management practices (Soga and Gaston 2018).
This memory loss therefore involves subjective
judgment (Box 1).

Implications for management and solutions
Having accurate assessments of the state of

invasions is an obvious requirement for imple-
menting management actions (Fig. 1). Also, hav-
ing the capacity to compare information from
different locations (countries or regions) and
from different datasets is necessary to obtain a
global picture of the state of invasions. Temporal
information is extremely valuable, not only for
deciding on management strategies, but also to
assess the efficacy of existing ones. More effort
should be directed toward acquiring such tempo-
ral data at various spatial scales, updating exist-
ing databases, and making the data freely
available online. Errors of identification of

species can lead to both under- and overestima-
tion of the state of invasions in a region or coun-
try. Datasets should thus be curated in
perpetuity if errors are to be minimized.
Not all countries or regions have the same

level of resources for monitoring the introduction
and spread of alien species (Early et al. 2016). As
for species monitoring programs for conserva-
tion purposes (Schmeller et al. 2015), or more
generally for the monitoring of global changes in
the biosphere (Running et al. 1999), a standard-
ized, modular framework in which all countries
can contribute at the level of their capacities and
strategically contribute to a global information
set over time is required, and has been proposed
to improve data comparability (Latombe et al.
2017). In this framework, monitoring can be as
simple as establishing national lists of alien spe-
cies delimited by country borders and can be
extended to cover a set of priority sites. The latter
can also be further developed to a national level
to obtain information on the area occupied by
species, until a network of long-term monitoring
sites is established for acquiring temporal infor-
mation. This framework still needs to be formally
endorsed by international organizations, which
would encourage its application worldwide.
Rejm�anek et al. (2005) identified the United
Nations as the international organization appro-
priate for managing a global database of alien
species. Smaller-scale resolutions may nonethe-
less be more efficient as an initial step. The Euro-
pean Union (EU) has developed a substantial
body of environmental initiatives turned into
laws that ensures coordination between coun-
tries at the continental scale (Ojaveer et al. 2018).
Endorsement of such frameworks by the EU
could represent a leading action toward global
initiatives at the UN level. There is also a need
for metrics and indicators linking the INI contin-
uum to field observations and management and
policy decisions (Wilson et al. 2018). Wilson
et al. (2014) provide an example of how to mea-
sure tree invasions in practice to ensure the effec-
tive linkage to management and policy decisions.
There is a need to develop more context-sensitive
metric systems, like that already developed for
trees (Wilson et al. 2014), to appropriately sup-
port management at various scales, among taxo-
nomic groups, or between terrestrial and aquatic
systems. Finally, citizen science offers the means
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to collect data and contribute to a surveillance
network of monitoring (Pocock et al. 2018). In
combination with proper education about past
ecosystems (Soga and Gaston 2018), citizen
science can also contribute to preventing the
shifting baseline syndrome by making citizens
more familiar with the natural environment.

THIRD COMPONENT: MECHANISTIC
UNDERSTANDING OF THE SPREAD OF ALIEN
SPECIES (CAUSES)

Three main factors influence the spread of
alien species in a given environment (Catford
et al. 2009): (1) Pathways of species introduc-
tion created by human activities enable the spe-
cies to reach the new environment; its spread
will then depend on the interdependent charac-
teristics of (2) the alien species (invasiveness)
and (3) the receiving socio-ecological environ-
ment (invasibility).

Pathways of species introductions
Alien species are introduced to areas outside

their native ranges through a multitude of path-
ways, whose relative importance depends on the
characteristics of the organism (Hulme et al.
2008). There is extensive and growing literature
on pathways, both from a general perspective
(Hulme et al. 2008, Hulme 2009, Wilson et al.
2009) and for specific taxa, regions, and path-
ways (Reichard and White 2001, Garc�ıa-Berthou
et al. 2005, Katsanevakis et al. 2013, Faulkner
et al. 2016, Saul et al. 2017). The importance of
pathways has long been recognized and their
identification is explicitly required in Aichi Tar-
get 9 (CBD 2010). Furthermore, a pathway classi-
fication scheme has recently been endorsed by
the UN (Scalera et al. 2016). However, substan-
tial uncertainties are still associated with the
delineation of pathways. Data on the propagule
pressure associated with different pathways are
still scarce (Py�sek and Richardson 2010), and
propagule pressure of unintentionally intro-
duced species is difficult to quantify. This is par-
ticularly relevant for marine systems, microbial
organisms, and soil ecosystems, where few intro-
ductions occur intentionally (Williams et al.
2013) and direct observations of propagules are
challenging. Moreover, pathways for species
change in time, and their importance for

introducing alien species to a region can vary
substantially over time (Wilson et al. 2009). Such
uncertainties fall under the umbrella of natural
variations (Box 1; Table 1).

Species invasiveness and ecosystem invasibility
Many abundant alien species have similar

traits to the most abundant native species
(Thompson et al. 1995, Meiners 2007, Leishman
et al. 2010), a strategy that corresponds to joining
the locals (Tecco et al. 2010). However, mecha-
nisms relying on species difference (e.g., enemy
release, prey naivet�e, novel weapon) have been
proposed to explain the success of some invasive
species, described as trying harder (Tecco et al.
2010) to gain an advantage in the competition–
colonization space (Levins and Culver 1971). The
paradox between the two strategies (success
based on traits that are similar or different from
those of natives) has been acknowledged since
Charles Darwin formulated what is now known
as Darwin’s naturalization conundrum in which
species phylogeny is associated with their traits
and invasion strategies (Cadotte et al. 2018).
Generally speaking, invasion success may
depend on the eco-evolutionary experience that
introduced and native species share with each
other (Saul et al. 2013, Saul and Jeschke 2015),
but the relative importance of biotic mechanisms
in this process is context dependent (e.g., terres-
trial and marine systems; Papacostas et al. 2017),
making it difficult to identify generalities (but
see Hui and Richardson 2019). In addition, the
introduction of some species can modify the
receiving environment, making it more suitable
for further invasions through positive feedbacks
(Gaertner et al. 2014). For example, fire-tolerant
alien plants can alter the fire regime of their envi-
ronment by changing fuel properties (Brooks
et al. 2004), while species tolerant of anti-fouling
paints can facilitate invasion by other more
sensitive taxa by offering a non-toxic settlement
substrate (Floerl et al. 2004). Historical contin-
gencies, such as residence times, can also hinder
the detection of a signal of species traits affecting
invasiveness (Wilson et al. 2007). Finally, the
comparison of invasive and native species traits
can be performed in many ways, which can gen-
erate different results, and such analyses depend
on the question of interest (van Kleunen et al.
2010, Hulme and Bernard-Verdier 2018). These
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uncertainties therefore result from the complex-
ity of the issue and fall under the umbrella of
natural variations (Box 1; Table 1).

Independent disturbance and human modifi-
cations can also generate conditions which
enhance the probability of alien species reaching
and thriving in novel environments indepen-
dently of their traits (MacDougall and Turking-
ton 2005); that is, alien species are passengers, as
opposed to drivers of change. For example, roads
can increase propagule pressure due to increased
human-facilitated dispersal (Spellerberg 1998),
and increased nitrogen levels (e.g., from agricul-
tural activities) can modify abiotic conditions to
favor alien species to the detriment of native spe-
cies (Brooks 2003). Soil erosion (sometimes due
to other invasive species) and the consequent
reduction of native species can decrease biotic
competition, providing alien species opportuni-
ties to invade (Catford et al. 2012). Spatially syn-
chronized environmental fluctuations can further
reduce the temporal variations of regional inva-
der populations and boost their viability, point-
ing at a scale-dependent invasiveness (Hui et al.
2017). There are still many uncertainties regard-
ing these different mechanisms and their roles in
mediating ecosystem invasibility. Again, these
uncertainties result from the complexity of the
issue and fall under the umbrella of natural vari-
ations (Box 1; Table 1).

Implications for management and solutions
Changes in the importance of pathways for

introducing alien species and the potential lack
of recent data on the associated propagule and
colonization pressure can lead biosecurity mea-
sures to be based on historical rather than con-
temporary patterns. It is therefore necessary to
identify the factors that promote biological inva-
sions as new infrastructures linked to social and
economic developments are created. For exam-
ple, new practices such as blue-green infrastruc-
tures, intended to alleviate human pressure on
ecosystems, can promote alien species introduc-
tion and spread if not done properly (Angelstam
et al. 2017, Li et al. 2017); but considerations of
the implications for biological invasions are often
lacking in practice.

Once introduced, trial and error can help iden-
tify appropriate management actions for alien
species, and successful management actions for

one species in a given environment can serve as
guidelines for similar species and environments.
Yet this approach is usually case-specific and can
be both inefficient and expensive. The most effec-
tive approach (e.g., mechanical, chemical, or bio-
logical) depends on different factors including
the life-form of the species, the position of the
species along the INI continuum, and the spatial
scale at which the control action must be con-
ducted (van Wilgen et al. 2000). General recom-
mendations therefore require caution (Wittenberg
and Cock 2001). A mechanistic understanding of
the causes for invasion is necessary to provide a
broader comprehension of the likely outcomes of
management actions (Fig. 1; Hulme 2003). The cur-
rent lack of understanding of such processes due
to natural variations, and the entailed model uncer-
tainties (Box 1), results from the relatively short
time scientists have studied biological invasions as
a global phenomenon. Current investigations of
such processes should be maintained to improve
our understanding of the invasion processes, and
their potential to allow for generalizations to be
made (i.e., invasion syndromes; Kueffer et al.
2013). This task will be further complicated by the
fact that, in combination with other factors such as
land use and climate change, biological invasions
have steered many ecosystems away from histori-
cal trajectories. Such changes have led to so-called
novel or hybrid ecosystems, for which new conser-
vation approaches might be needed (Hobbs et al.
2014), further complicating the management of
alien species.

FOURTH COMPONENT: MECHANISTIC
UNDERSTANDING OF THE IMPACT OF ALIEN
SPECIES (CONSEQUENCES)

Sources of uncertainties regarding impact
Uncertainties linked to the impact of alien spe-

cies are complex, as they originate from many
sources and belong to two different categories:
natural variations and subjective judgment
(Box 1; Table 1). It is therefore necessary to detail
the different sources of uncertainties before dis-
tinguishing between these two categories.
Defining harm.—As for the first component of

the framework, the key condition for assessing
the impact of alien species is a clear definition of
such impact (Jeschke et al. 2014). The notion of
harm used in the impact-based definition of an
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invasive species has been criticized as being
based on value (i.e., subjective judgment; Box 1)
and therefore not scientific (Sagoff 2009, 2018).
Harm can nonetheless be objectively and scientif-
ically defined and quantified as a negative varia-
tion of a precisely defined measure of impact
based on a given referential. The Environmental
Impact Classification for Alien Taxa (EICAT;
Blackburn et al. 2014, Hawkins et al. 2015, IUCN
2017a, b) is a good example of such a quantifica-
tion: It is a semiquantitative scheme that assesses
the impact of the presence of an alien species on
native communities by evaluating how it
decreases native individual fitness (minor impact
—harmful to native individuals), decreases
native population densities (moderate impact—
harmful to native populations), or causes reversi-
ble (major impact) or irreversible (massive
impact) changes in native community composi-
tion (loss of native species, i.e., harmful to native
species composition).

Like the EICAT scheme, the Socio-Economic
Impact Classification for Alien Taxa (SEICAT;
Bacher et al. 2018) quantifies the negative impact
of alien species on human welfare as minimal,
minor, moderate, major, and massive, by evalu-
ating how difficult it is for people to perform
their normal activities. As with EICAT, an alien
species can have a negative impact on (i.e., be
harmful to) human welfare without completely
preventing activities, and a baseline of normal
activities in the absence of alien species must
therefore be defined (note that normal activities
do not necessarily represent a desirable level, as
additional factors, especially economic ones,
would be required to do so).

Ecosystem valuation (Costanza et al. 1997,
2017) offers an approach for quantifying the
impact of alien species using economic values. It
has been applied to compute the economic cost
(i.e., a negative impact, or harm) of alien species
based on provisioning services, due to the lack of
data availability for other services such as regulat-
ing and cultural ones (Vil�a et al. 2010). In theory,
ecosystem valuation techniques could also result
in positive gains; unlike the two schemes men-
tioned above, it therefore has the advantage of
enabling us to quantify potential positive effects
(see section Social, economic, or ecological benefits of
alien species) on native species richness which,
despite detrimental effects on some native species

or impacts of minimal concern, may result in a net
gain in species richness. Ecosystem valuation can
also account for different perspectives on the
value of nature, including efficiency, fairness, and
sustainability, using different methods specific to
each perspective (Costanza and Folke 1997).
Pitfalls for quantifying negative impact.—

Although rates of species extinction are of major
interest, direct metrics of impact focusing on cur-
rent rates only are problematic, especially when
assessing impacts of invasions on native plants
(Downey and Richardson 2016). Alien species can
modify species interactions (Papacostas et al.
2017) or the environment (Bax et al. 2003) in ways
that might only lead to loss of biodiversity in the
future (Essl et al. 2015). The Minor and Moderate
impact categories of EICAT provide a possible
solution to this issue, as they may lead to antici-
pate future Massive or Major impacts, but huge
challenges remain to make such predictions, due
to natural variations uncertainties (Box 1).
In addition, the difficulty of quantifying

impact varies across environments. Although,
unlike many other impact schemes, EICAT was
designed to be practically applicable, and has
been applied, across many taxa (Evans et al.
2016, Kumschick et al. 2017, Hagen and Kum-
schick 2018, Kesner and Kumschick 2018, Cana-
van et al. 2019b), its applicability for guiding
management in a marine context has been ques-
tioned due to differences in knowledge on inva-
sion records (Ojaveer et al. 2015). Despite a
rebuttal to these critics (see the response by
Blackburn et al. 2015 as a comment to Ojaveer
et al. 2015), differences of knowledge between
environments will indeed lead to differences in
uncertainties on impact quantification, which
also fall under the umbrella of natural variations
(Box 1).
Social, economic, or ecological benefits of alien

species.—Although the vast majority of studies
on biological invasions have focused on the neg-
ative impacts (harm) of alien species, invasions
can also have positive ecological (if they are
beneficial to certain native species) and socioe-
conomic (if they cause an increase in the income
and welfare of people) impacts. For example,
several species of Californian butterflies have
expanded their geographic range and their
flight seasons by feeding on exotic plants
(Graves and Shapiro 2003). In the southwestern
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United States, Tamarix plant species from Eura-
sia provide habitat for native bird species,
including rare and endangered ones (Sogge
et al. 2008), while along the South African coast
the spread of an invasive mussel has con-
tributed to increased populations of the previ-
ously endangered endemic African black
oystercatcher (Haematopus moquini; Branch and
Steffani 2004).

From a socioeconomic perspective, many rural
communities in South Africa make cultural and
economic use of alien prickly pears (Opuntia
ficus-indica) and black wattles (Acacia mearnsii;
Shackleton et al. 2007, 2011, Beinart and Wot-
shela 2012), while the entire mussel and oyster
culture industries in the country are based on the
invasive Mediterranean mussel (Mytilus gallo-
provincialis) and the Japanese oyster (Crassostrea
gigas; Olivier et al. 2013). Alien species are also
often purposefully introduced to novel environ-
ments for their direct economic and social bene-
fits. For instance, more than a hundred
Eucalyptus species were introduced in South
Africa to provide timber and are now serving as
sources of nectar and pollen for honey produc-
tion (Allsopp and Cherry 2004, Forsyth et al.
2004).

It can be very difficult, however, to determine
whether such benefits balance out simultaneous
detrimental ecological and socioeconomic effects.
In contrast to the range expansion of some Cali-
fornian butterflies mentioned above, at least
three other species of butterflies have been
observed to lay eggs in alien species that are toxic
to larvae (Graves and Shapiro 2003). Some of the
above-mentioned Eucalyptus species introduced
in South Africa for timber production cause
major disruptions to invaded ecosystems, partic-
ularly riparian habitats (Tererai et al. 2013), by
using large amounts of water (Le Maitre et al.
2016). The rainbow trout (Oncorhynchus mykiss),
native to the United States, was introduced to
many countries for recreational fishing, and is
viewed positively by recreational anglers, but
has detrimental effects on native biodiversity
(Shackleton et al. 2019). The same invasive mus-
sel upon which the South African mussel indus-
try is founded and which has benefitted African
black oystercatchers has dramatically altered the
structure of rocky shore communities in the
region (Sadchatheeswaran et al. 2018).

Alien species can also simultaneously have
both positive and negative socioeconomic
impacts. Echium plantagineum, a forb native to
Europe, produces abundant nectar with positive
economic effects for beekeepers in Australia, but
is toxic to livestock and therefore causes negative
economic impacts for agriculture (Cullen and
Delfosse 1984). In many cases, those stakeholders
who benefit from alien species are not the same
as those who bear the costs of the resulting inva-
sions (they might live in different places or work
in different sectors of the economy, or the bene-
fits might be now and the costs only much later;
van Wilgen and Richardson 2014).
Negative impact of native species.—As with inva-

sive species, some native species can proliferate
extensively and cause considerable changes to
ecosystem processes (Simberloff et al. 2012,
Nackley et al. 2017). It is therefore important to
describe the differences between the impacts of
these two categories of species, especially for
designing management actions (see section Impli-
cations for management and solutions). Pivello et al.
(2018) define these as super-dominant. Super-
dominant species arguably receive less attention
in the scientific literature despite the high levels
of impact they cause because of their native sta-
tus. However, the impact of native species is
highly dependent on the intensity of human-
induced disturbance (Simberloff et al. 2012,
Canavan et al. 2019a). Natives are generally less
likely to have widespread detrimental impacts
on native communities than alien species, whose
impacts can be high even in the absence of
human disturbance (Paolucci et al. 2013, Hassan
and Ricciardi 2014, Taylor et al. 2016). By conflat-
ing these super-dominant species with invasive
species (i.e., vagueness; Box 1), the mechanistic
consequences and appropriate management
responses can be less clear. Nonetheless, as for
invasions, it is important to circumscribe, con-
firm, and understand the causes and conse-
quences of such super-dominant native species.
Furthermore, at least in some cases, the impacts
and management might be similar in both the
native and alien ranges (Canavan et al. 2019a).

Implications for management and solutions
Relationship between the origin, impact, and

management of a species.—It has been argued that
considering the biogeographic origin of a species
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(i.e., whether the species is alien) as a basis for
determining whether management is required is
based on xenophobia, and that species should be
controlled based on their impact, irrespective of
whether they are native or alien (Davis et al.
2011, Val�ery et al. 2013). We agree in that under-
standing the consequences of biological inva-
sions is necessary to improve their management
(Fig. 1) and that the negative impacts of native
species call for their management. Yet, in view of
the above-mentioned differences in impact
between these two categories, we argue that
being clear about the native–alien distinction will
help reduce uncertainties or at least make them
explicit. Similarly, the decision whether to con-
sider the alien-native distinction in indices of bio-
diversity, sustainability, and global change
(Schlaepfer 2018) will depend on the value sys-
tem and the intended purpose of such indices. If
the overall goal is to conserve biodiversity, then
the loss of native species richness at local scales,
the loss of overall species richness at a global
scale, changes to beta-diversity through homoge-
nization and other processes, and threats to
ecosystem processes are undesirable. As a corol-
lary, the default should be to treat alien and
native species separately in indices of biodiver-
sity (Pauchard et al. 2018). This is especially true
as there are many uncertainties around the possi-
ble real impact of some alien species, either
because they may have impacted native species
in ways that have not been recorded yet (mea-
surement errors; Box 1) or because their impact
will only become apparent in many years.
Including alien species as part of biodiversity on
the same level as native species without discrimi-
nation is therefore risky, especially for species
which have escaped their historical range
recently. This approach could promote the dis-
semination and spread of harmful alien species
and should be avoided. However, this decision
might need to be modified on a case-by-case
basis (see also section on Management and values
below addressing the issue of conflict-generating
species which have positive and negative
impacts for different stakeholders).

Decisions on which alien species to manage,
and when and how, do not depend only on the
impact of such species. Other considerations
include the value of the receiving environment
(which can be assessed using different criteria,

such as levels of native species endemism and
recreational value) and the feasibility of species
management. For example, species with little
current impact and spread would probably be
more easily managed than already naturalized
species (Wittenberg and Cock 2001). Schemes
like EICAT and SEICAT therefore are therefore
not risk assessments and should ideally form one
component of a broader impact assessment—in
particular, such schemes should not be used in
isolation to produce a statutory list of harmful
alien species (IUCN 2017a, b).
The mechanisms explaining the impact of alien

species, and the geographical and temporal scale
at which they take place, are still incompletely
understood and are likely to vary with the life-
forms (e.g., animals vs. plants; trees vs. herbs)
and the nature of the receiving environment
(e.g., terrestrial vs. freshwater; lentic vs. lotic).
More work is therefore required to fully under-
stand their detailed nature (Colautti et al. 2004),
and to reduce model uncertainties resulting from
natural variation (Box 1; Table 1). Nonetheless,
there is a general consensus that alien species are
much more likely to have higher negative
impacts than native species and are more likely
to have negative than positive impacts on native
biodiversity (Goodenough 2010), as discussed
above. The various putative explanations for
such impacts call for a precautionary principle
and for their control, even in the absence of a
clear mechanistic understanding of their impact.
This is especially true for long-lived species such
as trees, for which the impact of alien species on
the native biodiversity is likely to only occur after
lengthy time lags (Richardson and Ricciardi
2013, Richardson et al. 2015).
Management and values.—Choosing a strategy

for managing alien species is not straightfor-
ward. Besides potential epistemic uncertainties
(mentioned above) on which to base such a
decision, choosing a management strategy is
necessarily affected by a set of ethical and polit-
ical values, as well as by people’s perceptions
which are influenced by multiple factors
(Shackleton et al. 2019). Acknowledging such
values is crucial to avoid adverse effects (Essl
et al. 2017).
Deciding which measure of impact to use is

not a trivial task. The two formal frameworks for
measuring the impact of alien species across taxa
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described above measure impact on different
personal, societal, or political values (i.e., subjec-
tive judgment; Box 1). Socio-Economic Impact
Classification for Alien Taxa is an anthropocen-
tric, “nature for people” perspective (Costanza
et al. 1997, Kareiva and Marvier 2012), while
EICAT aligns more with a “nature for itself”
viewpoint (Soule 2014). A “nature and people”
perspective (Mace 2014) would require using
both schemes simultaneously (Hagen and Kum-
schick 2018). Furthermore, measures other than
SEICAT may be required to best represent the
value of different societies to define human wel-
fare, for example, when weighing different eco-
nomic and cultural impacts is required. This
question is therefore more philosophical than sci-
entific and is similar to the debate between the
new conservation (Kareiva and Marvier 2012)
advocates and their opponents in conservation
science. It should nonetheless be explicitly recog-
nized. The pending assessment of invasive alien
species of IPBES (2018) acknowledges both eco-
logical and socioeconomic impacts of alien spe-
cies, and therefore provides an opportunity to
design a robust methodology to account for such
complexity.

“Conflict-generating species” (Dickie et al.
2014, Zengeya et al. 2017), which have both posi-
tive and negative ecological and socioeconomic
impacts, will also be valued differently by the
different stakeholders (i.e., subjective judgment;
Box 1). It is therefore crucial to involve all stake-
holders in the decision process leading to man-
agement activities (Novoa et al. 2018).

FINAL CONSIDERATIONS

Although humans have moved species around
for millennia, the recent intensification in the
forces driving biological invasions threatens both
environments and human welfare. Managing
alien species (which, where, when, and how) is an
increasingly complex component of environmen-
tal management in the Anthropocene and faces
many challenges. Biological invasions, climate
change, and biodiversity loss are interdependent
and tightly embedded in increasingly complex
socio-ecological systems. An inevitable conse-
quence of this is the emergence of increasingly
complex wicked problems where the cause-and-
effect relationships between components, be they

logistical components or stakeholders involved in
management, are unordered. Solutions to such
problems are not always obvious and often
demand the consensus of many stakeholders to
define and frame the dimensions of the phe-
nomenon, and to decide on appropriate actions
(Woodford et al. 2016). Acknowledging, commu-
nicating, and, when possible, breaking the phe-
nomenon down into bite-size components to
reduce complexity is sometimes necessary for
action. Caution is required however, as approach-
ing this in a simplistic fashion, ignoring the uncer-
tainties linked to the complexity of the system
(dumbing down), inevitably creates confusion
and division among stakeholders.
Some authors have proposed lists of problem-

atic aspects to address when studying biological
invasions. Essl et al. (2017) provide a list of 13
principles that should be acknowledged to avoid
such pitfalls and inform alien species manage-
ment. They list uncertainty as one of these princi-
ples. Courchamp et al. (2017) outline 24
specificities and problems linked to invasion
sciences, with many related to different types of
uncertainty. The limited amount of time that has
been available to study biological invasions sug-
gests that there are still many uncertainties con-
cerning such processes. Uncertainties are an
integral part of any science, especially complex
ones like ecology and invasion, and the field is
certainly progressing toward reducing or at least
acknowledging and communicating uncertainties.
Uncertainties nonetheless raise doubts in pub-

lic perception, are exploited by denialists, and
therefore potentially hinder the implementation
of much needed management actions. Value-
based subjective judgments, especially, can also
lead to opposite conclusions on the impacts of
alien species, and an integration of different per-
spectives to move toward a more mature, inte-
grative science has been advocated (Munro et al.
2019). With the classification framework based
on the four components presented here, we have
(1) identified in more detail what we consider to
be the key dimensions of uncertainty in invasion
science; (2) explained how they impair manage-
ment practices; and (3) suggested specific solu-
tions to reduce each of them (Table 1). We hope
that this list can be used as a benchmark on
which invasion scientists, policy makers, and
stakeholders in general can compare specific
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issues and identify or reduce potential uncertain-
ties. First and foremost, we urge care with
respect to the use of terminology; linguistic
uncertainties are the easiest ones to avoid and
are probably the ones that cast the most discredit
on science. When ambiguities exist that cannot
be avoided or solved in the short term for practi-
cal reasons, such as the endorsement of different
definitions of invasive by different bodies, terms
should be explicitly defined. Significant efforts
should also be directed at acquiring high-
quality (and appropriately annotated and acces-
sible) data to minimize epistemic uncertainty
(McGeoch et al. 2012). When measuring impacts,
the assumptions and causal relationships between
the different elements of the socio-ecological sys-
tem of interest should also be clearly stated. And,
since values are inherently linked to the imple-
mentation of policies for conservation issues,
publications addressing such issues should be
clear about the separation between science (how
to measure impact with respect to a given frame-
work) and values (the reasons for using one
framework over another; Jeschke et al. 2014, Essl
et al. 2017). Techniques such as scenario develop-
ment are useful for making long-term plans and
designing policies while accommodating different
types of uncertainty, which nonetheless need to be
identified. Finally, sharing practical lessons on
how to deal with uncertainties between disci-
plines (e.g., climate change, conservation, and
invasion science) will be vital if we are to success-
fully address the ecological and socioeconomic
issues caused by global change.
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