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Summary

Alien species are species accidentally or intentionally translocated by human activities, such as trade or
tourism, to new areas where they do not occur naturally. With globalization, the number of established
alien species worldwide is in constant augmentation and is expected to massively increase in the next
decades, as overall biosecurity policies do not seem efficient enough to halt or slow their invasion. Alien
species are widely recognized as one of the major drivers of the current biodiversity loss; their
environmental impacts are diverse as they can occur through a wide range of mechanisms and affect
different native taxa in all environments. Quantifying and comparing impacts across alien taxa is
essential for effectively prioritizing the most harmful aliens for management, and for improving our
understanding of impacts to develop models predicting their future impacts. However, expressing their

diverse impacts in standardized metrics across alien taxa and environments is very challenging.

The International Union for Conservation of Nature (IUCN) Environmental Impact Classification for
Alien Taxa (EICAT) framework provides a generic tool which compares the environmental impacts of
alien species using five semi-quantitative scenarios, based on their impacts on native populations.
Because impacts of alien species are usually measured by comparing snapshot estimates between
invaded and uninvaded states, EICAT primarily relies on punctual impacts and does not discriminate
between stable, increasing or decreasing impacts. This information is, however, crucial for management

and for developing predictive models.

This thesis comprises four chapters. Chapter 1 presents a conceptual framework to account for temporal
dynamics when quantifying impacts of alien species: it provides two impact metrics, one measuring
impact magnitude and one measuring the rate of change in impacts. Our framework readily allows for
comparisons of alien species’ impacts across time, taxa, and regions, as well as with impacts caused by
other stressors, such as climate change or pollution. Chapter 2 aims at improving our mechanistic
understanding of impacts by providing a classification for impact mechanisms of alien species, which
shows that many indirect mechanisms have been overlooked in existing studies. This chapter is expected
to be particularly useful for management, as understanding the mechanisms of impacts can help to

develop alternative measures to mitigate impacts when alien eradication is not feasible or wanted.

Chapters 3 and 4 focus on the application of EICAT. In Chapter 3, we explain the rationales behind the
revisions that were brought to the initial EICAT guidelines after an IUCN-wide consultation process;
this is to ensure consistency in EICAT assessments and to improve the understanding of the framework.
Finally, in Chapter 4, we used the EICAT framework to classify and compare the environmental impacts
caused by alien ungulates, a widely introduced group. We found that alien ungulates caused significant

impacts: all species, except one, were found to cause at least one decline in a native population, and



eight species caused at least one native local extinction. We then developed a method for measuring the
risk of each species to cause native population declines or extinctions, to compare alien species by
accounting for context-dependency in their impacts.

Based on these findings, | propose to revise the [IUCN EICAT framework to integrate temporal dynamics
of impacts and to better describe their mechanisms. Such modifications will likely improve the relevance
and usefulness of EICAT for conservation purposes; it would also make the framework more
informative for future investigation of context-dependency in impacts and would thereby facilitate the
development of predictive models for the impacts of alien species. Although mainly conceptual, this
work also has practical implications regarding impact measurements, prioritization of alien species for

management, and the development of new management strategies.



Résumé

On appelle ‘espéces exotiques’ les especes qui ont été transportées accidentellement ou volontairement,
par les activités humaines telles que le commerce ou le tourisme dans des régions ou elles n’apparaissent
pas naturellement. Avec la globalisation, le nombre d’espéces exotiques n’a cessé d’augmenter jusqu’a
présent. Les politiques de biosécurité ne semblant pas assez efficaces pour freiner leur invasion, ce
nombre va encore augmenter massivement dans les décennies a venir. Les espéces exotiques sont une
des causes principales de la perte global de biodiversité qui est en cours: leurs impacts
environnementaux sont trés variés, puisqu’ils peuvent étre causés par beaucoup de meécanismes
différents, et affecter de nombreuses espéces indigénes dans tous types d’environnements. Afin de
prioritiser efficacement les espéces exotiques les plus néfastes pour la biodiversité et de pouvoir
développer des modeles pour prédire leurs futurs impacts, il est essential de quantifier et comparer leurs
impacts. Cependant, trouver des mesures standardisées qui quantifient ces impacts extrémement variés,

causés par de nombreuses espéces exotiques dans de nombreux environnements, est trés complexe.

La classification EICAT (Environmental Impact Classification for Alien Taxa) de I’Union Internationale
pour la Conservation de la Nature (UICN) offre une méthode qui compare les impacts environnementaux
des espéces exotiques en les classant dans cing scénarios semi-quantitatifs, en fonction de leurs impacts
sur les espéces indigénes. Puisque les impacts des espéces exotiques sont généralement quantifiés en
comparant des mesures prises a un moment précis dans des sites envahis par 1’espéce exotique et non-
envahis, EICAT ne se base que sur des mesures ponctuelles d’impacts et ne différencie pas les impacts
stables des impacts croissants ou décroissants. La variation temporelle de ’impact est pourtant une

information cruciale pour la gestion des espéces exotiques et pour mieux comprendre leurs impacts.

Cette thése comprend quatre chapitres. Le Chapitre 1 présente un cadre conceptuel pour quantifier les
impacts des espéces exotiques en prenant en compte leur variation temporelle : nous y proposons deux
mesures d’impacts, une pour la magnitude d’impact (2 un moment précis), et une pour le taux de
variation (temporelle) de I’impact. Ces mesures permettent de comparer les impacts entre espéces
exotiques et entre habitats impactés, et de comparer les impacts des espéces exotiques aux impacts
causés par d’autres facteurs environnementaux, tels que le changement climatique ou la pollution. Le
Chapitre 2 a pour but d’améliorer la compréhension des mécanismes d’interactions entre les especes
exotiques et indigenes, en offrant une nouvelle classification de ces mécanismes et en démontrant que
beaucoup de mécanismes indirects ont été ignorés jusqu’ici. Ce chapitre est destiné a étre
particulierement utile a la gestion des espéces exotiques, car il devrait permettre de développer des
mesures alternatives a ’éradication des espéces exotiques, dans les cas ou cette derniére n’est pas

faisable ou désirée par la société.



Les Chapitres 3 et 4 concernent ’application de la classification EICAT. Le Chapitre 3 décrit les raisons
qui ont amené a la révision de la classification EICAT, aprés un processus de consultation de I"'UICN.
Le but de ce chapitre est d’assurer la cohérence de la classification EICAT et d’en améliorer la
compréhension. Enfin, le Chapitre 4 utilise EICAT pour classer et comparer les impacts
environnementaux causés par les ongulés exotiques, un groupe extensivement introduit dans le monde
entier. A part une, toutes les espéces d’ongulés ont causé au moins un déclin local d’une espéce indigéne
dans leurs nouveaux environnements, et huit espéces ont causé au moins une extinction locale. Ces
résultats nous ont permis de développer une méthode pour mesurer le risque de chaque espéce de causer

un déclin ou une extinction locale d’une espéce indigéne.

Finalement, sur la base de ce travail, je suggere de modifier la classification EICAT de I’'UICN afin d’y
intégrer la variation temporelle des impacts et de mieux décrire les différentes interactions entre especes
exotiques et indigénes. Ces modifications pourraient améliorer la pertinence et I’utilité d’EICAT pour
la gestion des especes exotiques et la préservation de la biodiversité. De plus, la classification pourrait
alors contenir des informations cruciales pour mener des analyses sur comment et pourquoi les impacts
des especes exotiques varient d’un contexte a un autre, et ainsi faciliter le développement de modeles
prédictifs. Bien qu’essentiellement conceptuel, ce travail a aussi des implications pratiques, car il aborde
les mesures d’impacts, la priorisation des espéces exotiques pour leur gestion, et le développement de

nouvelles stratégies pour leur gestion.
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GENERAL INTRODUCTION

General introduction

Biological invasions: Past, present, and future trends

Alien species (also frequently referred to as ‘exotic’, ‘introduced’, ‘non-native’, or ‘non-indigenous’
species) are defined as species translocated by human activities beyond the biogeographical barriers
delimiting their native range, to regions where they could not disperse without human assistance
(Jeschke et al. 2014; Essl et al. 2018). The long history of human-mediated species introductions started
many millennia ago when humans migrated from Africa to the rest of the world and transported non-
domesticated species along with them, intentionally or accidentally (Crees & Turvey 2015). Examples
of ancient introductions include the dingo (Canis lupus dingo) to Australia c. 5000 years ago and
(probably) the island fox (Urocyon littoralis) to the California Channel Islands c. 6500 years ago (Crees
& Turvey 2015).

The number of alien species has increased since the middle of the fifteenth century, after the discovery
of the Americas by Europeans in the year 1492 and the subsequent European colonial extension and
globalization of trade networks. Many species were intentionally introduced by European colonists, for
aesthetic reasons (e.g. birds [Long 1981] and plants [Kleunen et al. 2018]) or as new sources of food or

opportunities for recreation (e.g. game animals [Long 2003]).

During the last 200 years, the intensification of trade and transport led to a continuous increase in the
rate of biological invasions; 37% of all first records (i.e. year of the first detection of an alien species
which later became established in a region) were reported between 1970 and 2014, and first record rates
are still increasing, without showing sign of saturation (Seebens et al. 2017). Along with this increase,
the risks posed by biological invasions became more apparent, resulting in regulations aiming to limit
species introductions (McGeoch et al. 2010). For instance, intentional introductions have now been
mostly forbidden, leading to declining rates of invasion by mammals and fishes in the last decades, as
these taxa were mainly associated with intentional introductions (Hulme et al. 2008; Seebens et al.
2017). However, new drivers or pathways of biological invasions have emerged; examples include the
creation of new corridors (e.g. due to the disappearance of the ice sheet), the massive release of plastics
in the oceans which facilitates the transport of species across oceans, and the constant and global increase
in trade and tourism (Pysek et al. 2020a). This has led to the incorporation of new source pools of
potential alien species, that have kept the emergence rate of new alien species at high levels, even though
the formerly important source pools have been depleted: one-quarter of first records during 2000-2005
were of species not already recorded as alien elsewhere (Seebens et al. 2018). These unintentional
pathways of introduction are mainly associated with invertebrates, algae, fungi and micro-organisms

and their prevention is challenging (Hulme et al. 2008; Saul et al. 2017). The intensification of other
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anthropogenic stressors such as climate change, land-use change, and the presence of other alien species,
has also facilitated the establishment of alien species because degraded habitats are less resistant to
invasions (Pysek et al. 2020a). As a result, thousands of species have been introduced to new areas and
have established viable populations, leading to important rearrangements of the local biota. North
America and Europe have the highest numbers of established alien species with more than 50,000 alien
species in the United States (Pimentel et al. 2005) and about 14,000 alien species in Europe
(https://easin.jrc.ec.europa.eu/easin, accessed in May 2021).

The current regulations against biological invasions have proven not efficient enough to halt or slow the
increasing numbers of alien species (Seebens et al. 2017). Invasion risk is being modified through the
expanding transportation networks, technological advances, and the intensification of global
environmental change and of human activities in the Arctic (Ricciardi et al. 2017). Sardain et al. (2019)
forecasted global maritime traffic to increase by 240-1,209% by 2050 and that this increase would lead
to a drastic rise (3- to 20- fold) of invasion risk in middle-income countries with growing economies,
particularly in Northeast Asia. Applying a business-as-usual approach, Seebens et al. (2021) predicted
that the number of alien species per continent will increase by 36% on average from 2005 to 2050. When
considering continents and taxonomic groups, particularly strong increases are predicted for Europe,
temperate Asia, North and South America and invertebrates, respectively. In Europe alone, 2,500 new

alien species are predicted to arrive by 2050.

Negative impacts of alien species

Species translocations have resulted in numerous changes in the recipient environments, termed
‘impacts’. Although alien species can cause positive impacts (Vimercati et al. 2020), many have caused

severe negative impacts to the environment, human society, or both.

Alien species are widely recognized as one of the five major drivers of the ongoing global biodiversity
loss, along with land- or sea-use change, overexploitation, climate change, and pollution (Sala 2000;
Butchart et al. 2010; IPBES 2019). They rank as the second (after overexploitation) most common driver
of global extinctions since the year 1500 (Bellard et al. 2016a), and have been the main driver of global
declines in amphibians as well as an important driver of the extinction risk of birds and mammals
(McGeoch et al. 2010). Among the ~5,000 vertebrate species threatened worldwide, 27% are threatened
by alien species; one-quarter of all threatened amphibian and bird species are currently estimated to be

threatened by alien species (Bellard et al. 2016b).
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Alien species can impact biodiversity through different mechanisms. For instance, the impact of alien
predatory species has been particularly devastating on islands, where the lack of eco-evolutionary
processes with alien predators (or with any predators in some cases) has resulted in prey naivety of
insular species (Anton et al. 2020). Consequently, alien predatory species have led to the decline or
extinction of many endemic species on islands (Blackburn 2004; Medina et al. 2011). Alien mammalian
predators have contributed to 58% of extinctions for birds, mammals, and reptiles and threaten another
~600 native species with extinction, mainly on islands (Doherty et al. 2016). Predation by the
unintentionally introduced brown tree snake (Boiga irregularis) on Guam (Mariana Islands) led to the
extirpation of 11, and the severe decline of six, resident native bird species (Wiles et al. 2003). Severe
impacts on biodiversity have also occurred due to alien pathogens or vectors of pathogens; the alien
chytrid fungus (Batrachochytrium dendrobatidis), which is probably vectored by alien amphibians, is
the main driver of the global decline in amphibians (Bellard et al. 2016b). Alien species can also affect
the genetic integrity of native species through hybridization. In Ireland, the extensive hybridization
between the Asian sika deer (Cervus nippon) and the native Red deer (Cervus elaphus) has contributed
to the decline of the pure red deer and probably even to its extinction in some places (Smith et al. 2014).
Alien species can substantially modify ecosystem structure or functioning by altering water flow,
nutrient cycling, disturbance regimes, or habitat complexity or heterogeneity (Crooks 2002; Gaertner et
al. 2014; Emery-Butcher et al. 2020). Such profound ecosystem modifications usually result in a wide
range of cascading effects, often impacting and modifying the entire recipient community. Finally, alien
species can interact with other anthropogenic stressors such as climate change, land-use change, or
pollution (Bellard et al. 2016b), and magnify their impacts, resulting in synergistic interactions
(Ricciardi et al. 2020). Experts in biological invasions expect moderate (20-30%) increases in biological
invasions to results in major impacts to biodiversity in most socioecological contexts, with transport,

climate change, and socio-economic changes highly influencing impacts (Essl et al. 2020).

Alien species also cause substantial impacts on society. They affect many ecosystem services, from
decreased productivity of crops, livestock, aquaculture, fishery, or forestry, to water quality, or
pollination services (Vila & Hulme 2017; Bacher et al. 2018). Furthermore, alien species affect public
health. For instance, alien mosquitoes, crustaceans, fishes, or amphibians are vectors of human disease,
alien plants and insects have allergenic properties, and alien fishes and amphibians can be poisonous or
venomous to humans (Schindler et al. 2015; Mazza & Tricarico 2018). Well known examples of alien
species affecting human health include the tiger mosquito (Aedes albopictus), a vector of various viruses,
the poisonous lionfish (Pterois volitans and P. miles), and the allergenic ambrosia (Ambrosia
artemisiifolia). Other examples of socio-economic impacts include those to infrastructure, ecotourism,
and through decreased public well-being, for instance, by changing recreational activities or cultural and

spiritual practices (Vila & Hulme 2017; Bacher et al. 2018). Altogether, the total economic costs caused

10
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by alien species between 1970-2017, including damage, control and repair costs, has been estimated at
US$1.288 trillion, and show a consistent threefold increase per decade, with no sign of slowing down
(Diagne et al. 2021). For comparison, the annual global estimates of the economic costs of alien species
in 2017 exceed the gross domestic product of 50 out of 54 countries on the African continent in 2017
(Diagne et al. 2021). However, many of these impacts on human well-being are difficult to quantify
with monetary losses and other methods to quantify such impacts have been developed (Bacher et al.
2018).

Comparing the impacts of alien species

The Ten’s rule has been proposed by Williamson & Fitter (1996) and posits that only 10% of all
introduced species establish, and subsequently 10% of these cause significant impacts. Although these
proportions are largely underestimated regarding many taxonomic groups and their validity has received
little support (Jeschke 2008; Lapointe et al. 2012), they show that not all alien species cause significant
impacts. Therefore, the limited resources available for alien species’ management need to be effectively
allocated. Identifying and prioritizing alien species based on their impacts is a focal area of much
research (Roy et al. 2014, 2015). To do so, it is necessary to describe and express the very different
mechanisms and magnitudes of impacts using comparable metrics (Parker et al. 1999; Nentwig et al.
2010a; Blackburn et al. 2014).

The challenges of comparing the impacts of alien species

Comparing the impacts of alien species is challenging. Firstly, this is due to the highly varied nature of
impacts. As previously discussed, impacts can affect very different aspects of the invaded environments,
from biodiversity to ecosystem functioning and services, human health and well-being, and the
economy. These aspects can each be expressed using many different metrics; for instance, impacts on
biodiversity can be described in countless ways, like impacts on the performance of native individuals,
the size of native populations, the species richness or alpha/beta diversity of a community, or on the
genetic integrity of native individuals (Blackburn et al. 2014). Consequently, invasion biologists focus
on different taxa occupying different environments, at various spatial and temporal scales, and by using

diverse metrics, techniques, terms and even definitions (Jeschke et al. 2014).

Second, impacts are context-dependent (Thomsen et al. 2011; Ricciardi et al. 2013; Kumschick et al.
2015b; Pysek et al. 2020b; Ricciardi et al. 2020): the same species might cause different types and
magnitudes of impacts when introduced under different contexts. The impact of a particular alien species

not only depends on the traits of this species, but also on the abiotic and socio-economic characteristics
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of the recipient environment, and its biotic community (Thomsen et al. 2011; Kumschick et al. 2015b;

Pysek et al. 2020b). Thus, summarizing the overall impact of an alien species for comparison is complex.

Invasion science (i.e. the discipline studying alien species) must also deal with very different perceptions
of impacts and alien species, and therefore, conflicting interests (Garcia-Llorente et al. 2008; Kumschick
et al. 2012; Leung et al. 2012; Shackleton et al. 2019; Vimercati et al. 2020). The different individuals
or stakeholders in the society have different value systems (Shackleton et al. 2019). Thus, alien species
are often perceived contradictorily: the same impact can be perceived as beneficial or detrimental, or
the same alien species can affect two variables in opposed ways, both of importance according to
different points of view.

Finally, impacts caused by alien species vary over time, for multiple reasons (Strayer et al. 2006; Strayer
2012). They might increase after some time if the alien adapts and becomes more efficient (Mooney &
Cleland 2001) or starts interacting with another stressor (e.g. Laverty et al. 2017; Smith et al. 2017,
Alexander & Levine 2019). Alternatively, alien populations may also follow ‘boom-bust’ dynamics,
when introduced populations initially undergo a successful phase during which their abundance reaches
high levels (boom-phase) and then stabilize at lower levels (bust-phase) (Simberloff & Gibbons 2004;
Strayer et al. 2017). Because the impact magnitude of an alien species is linked to its abundance (Parker
et al. 1999; Sofaer et al. 2018; Bradley et al. 2019; Strayer et al. 2019; Strayer 2020), impacts are likely
to follow these boom-bust dynamics (e.g. Flory et al. 2017). The effect of the alien species may also
decrease over time because of behavioral, phenotypic, or genotypic adaptation of the affected
individuals (Carthey & Banks 2016; Leger & Goergen 2017; Anton et al. 2020; Langkilde et al. 2017
for a review). Although it is acknowledged that impacts can change over time, temporal variation is
usually ignored. Impacts of alien species are most commonly quantified by comparing ecological
variables between invaded and uninvaded states (Strayer et al. 2006; D’ Antonio et al. 2017; Crystal-
Ornelas & Lockwood 2020; Ricciardi et al. 2020). Consequently, comparisons of alien species’ impacts
are usually restricted to punctual comparisons (i.e. impact at a time) and rarely consider how impacts

change over time.
The Environmental Impact Classification of Alien Taxa - EICAT

A wide range of different frameworks or schemes has been proposed for comparing the impacts of alien
species (Hulme et al. 2013). These differ in their focus, with some concentrating only on negative
impacts while others include positive impacts, some considering the different perceptions of impacts
and alien species while others focus on one value system, and some only focusing on environmental
impacts and others also considering socio-economic impacts (Jeschke et al. 2014). Generally, most of

these schemes rely on expert judgments and hence lack objectivity and transparency (Essl et al. 2011).
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Additionally, most of these frameworks have been limited in their application to only a few specific taxa
(Leung et al. 2012; D’hondt et al. 2015).

To fulfill the need for a generic, evidence-based, and transparent classification system to compare the
negative ecological impacts of alien species, the Environmental Impact Classification for Alien Taxa
(EICAT) was developed (Blackburn et al. 2014; Hawkins et al. 2015). EICAT is based on the Generic
Impact Scoring-System (GISS), a scoring system that compares the impacts of alien animal species
(Nentwig et al. 2010a). EICAT was designed to share analogous properties with the International Union
for Conservation of Nature (IUCN) Red List of Threatened Species (Mace et al. 2008). The framework
classifies alien species’ impacts in standardized terms across taxa and recipient environments, by using
native species as the focal variable (Blackburn et al. 2014; Hawkins et al. 2015). Impacts are classified
into one of five impact magnitudes, from ‘Minimal Concern’ to ‘Massive’, depending on the level of
organization of the native species that is affected (decreased performance of individuals, population
decline, or local extinction), and can occur via one of 12 impact mechanisms. For consistency, EICAT
only relies on documented impacts; expert appreciations or opinions, which are prone to subjective
judgment, are not considered. For each alien species, all documented negative impacts on native species
are classified into one of the five impact magnitudes. Alien species are then classified and compared
based on the highest impact magnitude they have ever reached (‘Maximum recorded impact’), to
highlight those with the potential of causing severe impacts (Hawkins et al. 2015). Importantly, EICAT
is not predictive by itself as it cannot be used alone to predict how impacts will evolve over time or to
predict the impacts of new alien species with no impact history, but it can be used to test hypotheses and
look for patterns in impacts and thereby provide predictive information (Blackburn et al. 2014;
Kumschick et al. 2020). EICAT is increasingly used and has already been implemented to classify
impacts of alien birds (Evans et al. 2016), amphibians (Kumschick et al. 2017), marine fishes (Galanidi
et al. 2018), bamboos (Canavan et al. 2019b), gastropods (Kesner & Kumschick 2018), terrestrial
invertebrates (Nelufule et al. 2020), and feral mammals (Hagen & Kumschick 2018).

To capture the temporal variation of impacts, EICAT proposes a dual assessment for each alien species,
where both the Maximum Recorded Impact (i.e. the highest level of impact documented for the taxa)
and the ‘Current Impact’ (i.e. the current highest level of impact documented for the taxa) are assessed
(Hawkins et al. 2015). The Current Impact aims at tracking changes in impact magnitude, either due to
a real evolution in the impact (e.g. as invasion proceeds or management reduces the impact) or to new
evidence of pre-existing impacts. It is not considered in the final assessment of the species, where only
the Maximum Recorded Impact is reported. Because EICAT mainly relies on punctual impact reports
(Crystal-Ornelas & Lockwood 2020; Ricciardi et al. 2020), it is not designed to record individual trends
in impacts. Therefore, increasing, stable or decreasing impacts cannot be discriminated, even in the rare

cases where this information would be available. Such information, however, is crucial for management.
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EICAT purposely excludes societal judgment regarding the value of aliens; it aims at informing the
decision-making process, which can then include such judgments. In 2020, EICAT was officially
adopted by the IUCN as its formal classification system to assess the impacts of alien species. A
classification aligning with—and complementary to—EICAT was recently developed for classifying
impacts of alien species on the society and economy, the Socio-Economic Impact Classification for
Alien Taxa (SEICAT, Bacher et al. 2018), which categorizes impacts on the different constituents of
human well-being and highlights the potential consequences of alien species on society.

Definitions

Alien species

Because the geographic distributions of species are being extensively re-modeled by different
anthropogenic drivers such as climate change, land-use change, or pollution, it is becoming increasingly
difficult to evaluate whether a species is native or alien to a region (Essl et al. 2018). For instance, many
species are now expanding their ranges to adjacent territories which became favorable as a result of
global warming (Essl et al. 2019). Furthermore, archaeobiota (i.e. species introduced before 1492) are
usually considered as native local biota and sometimes targeted by conservation interventions (Essl et
al. 2018). Therefore, a new set of criteria have recently been proposed for discriminating between native
or alien species (Essl et al. 2018): to qualify as an alien, a species must have crossed biogeographical
barriers assisted by humans, have been introduced after the year 1492 and, if introduced due to indirect
human assistance (i.e. without physical movement of propagules or individuals), it must have been
through direct mediation such as the construction of corridors or the creation of artificial ecosystems.
This latter criterion purposely excludes species naturally expanding their range in response to human-
induced change, e.g. climate or land-use change, due to the substantial difference in the mechanism
underlying the two colonization processes and to the debatable status of the naturally expanding species
(i.e. should they be managed or protected?). Such species have been termed ‘neonatives’ (Essl et al.
2019). Finally, an alien species must be able to survive without human assistance (as opposed to captive

or cultivated alien species).

A widely used term in invasion science is ‘invasive alien species’ (IAS), which can designate either
alien species spreading rapidly and over long distances after introduction, or alien species which
negatively impact the environment or human society (Pysek et al. 2020a). All alien species are

considered here, regardless of their impact or spread.
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Impact

This work focuses on ecological impacts of alien species, which are characterized here by a decrease
(negative impact) or increase (positive impact) of an ecological variable of interest in response to an
alien species (Ricciardi et al. 2013). This definition ignores human value systems and includes no
judgment on whether the changes (increases or decreases) should be considered beneficial or detrimental
for the environment or society (Vimercati et al. 2020).

Thesis scope

Questions

Several questions arise from the previous sections, which will be addressed in this thesis:

- What are the consequences of the current practice for quantifying impacts (i.e. punctual

comparisons) on our understanding of the impacts caused by alien species and on management?

- How can we consider temporal variation in the impacts of alien species when quantifying

impacts?

- The impacts of alien species are increasingly influenced by other anthropogenic stressors: how
do such interactions occur, and can we quantify them, to better predict the future impacts of

alien species under global changes?
- How can we summarize the overall impact of an alien species across its invaded range?

- EICAT compares individual impacts of alien species and is used to flag alien species which
have caused, at least once, severe impact magnitudes; but is this the most relevant way of
summarizing the alien species’ overall impact or should the context-dependency of impacts be

considered?

- Has the application of EICAT to varied taxonomic groups proven its pertinence and suitability

across impact mechanisms, alien taxa, and environments?

- Is the current way proposed by EICAT to capture temporal variation of impact (‘Current

Impact’) adequate?
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Layout

This thesis is structured as four standalone chapters, either already published or intended for publication.
The first two chapters discuss conceptual aspects around alien species’ impacts: the temporal dynamic
and indirect mechanisms of impacts. The following two chapters focus on the EICAT framework and
its application.

Chapter 1 proposes a conceptual framework to account for temporal dynamics when quantifying alien
species’ impacts. Currently, impacts are mainly measured by comparing snapshot estimates between
invaded and uninvaded states. Ignoring temporal dynamics of the system does not only overlook
temporal variation in impacts but may also bias their quantification, thereby hampering our
understanding and future prediction of impacts. To address this, we propose a framework to quantify
impacts by contrasting the trajectory of an ecological variable in the presence of an alien with the
forecasted trajectory in the absence of the alien. The focal ecological variable can, for instance, be the
abundance of a native population; our framework can thus be seen as an extension of EICAT. The
proposed metrics readily allow for comparisons of alien species’ impacts across taxa and regions, as
well as with impacts caused by other stressors. Accurately quantifying impacts and capturing their

temporal variation is crucial for management.

Chapter 2 proposes a classification for indirect mechanisms of impacts caused by alien species.
Understanding the mechanisms underlying impacts is not required in impact quantification (Chapter 1);
it is in contrast crucial to adequately mitigate impacts. To mitigate impacts, efforts have so far mainly
been invested in the eradication of alien populations. However, the eradication or control of alien
populations is often not feasible or desired by all members of a local community, some of whom may
profit from the alien’s presence. Finding alternative mitigation measures, which focus on managing the
impact rather than the alien itself, is therefore becoming a necessity for slowing biodiversity loss caused
by alien species. This cannot be achieved without a mechanistic understanding of how impacts occur.
Indirect impact mechanisms (as opposed to direct impact mechanisms, e.g. predation, herbivory, or
hybridization) are chains of events in which the alien species does not directly interact with the impacted
native species but affects the native species by modifying another factor of the environment (e.g. another
alien population, or water composition). In EICAT, indirect mechanisms include ‘transmission of
disease’, ‘chemical, physical, or structural impact on ecosystem’, ‘competition’ and ‘interaction with
another alien species’. However, other indirect mechanisms exist and have been overlooked; this follows
a general tendency regarding indirect mechanisms of alien species, which are generally less well
understood and studied. Therefore, we provide a straightforward and interpretable classification of

indirect mechanisms, which captures their complexity. This classification will be useful in efforts to
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mitigate the negative impacts of alien species because it can be used to identify alternative management

strategies to alien eradication or control.

Chapter 3 (published in NeoBiota, 2020) explains revisions to the EICAT framework and guidelines,
based on an IUCN-wide consultation process. Since EICAT was adopted by the IUCN, new standard
(Appendix 1) and guideline documents (Appendix 2) have been developed, which profited from the
experience gained during the application of the framework to several taxa and which were refined where
needed. Our aim in explaining the revision process was to ensure consistency of EICAT assessments
and to improve the understanding of the framework.

Chapter 4 (published in Global Change Biology, 2021) analyzes the risks of alien ungulates to cause
environmental impacts. Currently, EICAT only compares alien species based on their highest impact,
thereby ignoring variation in impact magnitudes across invaded environments. This means an alien
species that consistently causes high impacts to native species across environmental contexts is
classified the same as another alien species that only occasionally causes high impacts. In this chapter,
we used information on the variation in impact magnitudes of assessed alien species to estimate their
risks to cause high impacts if introduced to a novel environment. We demonstrate the usefulness of this
approach by classifying the global impacts of alien ungulates. Ungulates have been widely introduced
around the world for farming and hunting purposes making them an ideal study group for investigating

variation in impacts.

Published chapters were slightly modified for avoiding repetition where possible, or for consistency in

terminology between chapters.

I also contributed, as co-author, to other scientific publications which are not part of this thesis but still
included (as Appendixes), as they contribute to addressing the general questions of this thesis. These

are:

- The IUCN EICAT Standards (IUCN 2020a; Appendix 1) and Guidelines (IUCN 2020b;
Appendix 2), which are the official IUCN documents for the EICAT framework, adapted from
the work by Hawkins et al. (2015);

- Probert et al. (NeoBiota, 2020; Appendix 3), which identify the main sources of uncertainty and
biases in EICAT assessments, to increase consistency in the way uncertainty is evaluated in
EICAT,;

- Vimercati et al. (NeoBiota, 2020; Appendix 4), which discusses the importance of studying,
evaluating, and considering the positive impacts of alien species to provide more complete

information for management;
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- Probert et al. (submitted; Appendix 5), which identifies the sources and extent of uncertainty in
citizen science projects addressing different research questions on alien species, and discusses

how to reduce uncertainty through appropriate study designs, depending on the question.
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Chapter 1 — Temporal Dynamics of Alien Species’ Impacts

Lara Volery?, Daniel Wegmann'2*, Sven Bacher”

Department of Biology, University of Fribourg, Chemin du Musée 10, CH-1700 Fribourg, Switzerland. 2Swiss Institute of
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Abstract

Alien populations keep establishing at alarming rates and often have highly detrimental impacts on
recipient environments. Quantifying the magnitude of their impact is essential for prioritization and
management and is commonly done by comparing ecological variables between invaded and uninvaded
states. Such estimates are highly uncertain and often biased because they ignore the temporal dynamics
of the system. This has hampered the understanding and prediction of impacts, and hence management.
To address this, we propose a conceptual framework that quantifies alien species’ impacts through their
effect on the trajectory of an impacted variable, for instance the abundance of a native population. This

framework can be readily applied in practice and provides critical information to prioritize alien species.
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1.1 Impact quantification in ecology

The number of established alien species has been increasing for the last centuries (Seebens et al. 2017)
and is predicted to increase in the next decades (Seebens et al. 2021). Alien species cause varied
environmental and societal changes in invaded environments (MEA 2005; Bellard et al. 2016a; Nentwig
et al. 2018; Shackleton et al. 2018; IPBES 2019; Pysek et al. 2020a; Diagne et al. 2021), which are
referred to as impacts (see Glossary). To understand and predict these changes and to optimize the
management of alien species, it is crucial to accurately quantify their impacts.

Evidence is accumulating that the current practice of punctual impact quantification is error-prone and
that the temporal dynamics of the studied systems (e.g. natural variability, long-term temporal
trajectories) must be accounted for (e.g. Wolkovich et al. 2014; McCain et al. 2016; Christie et al. 2019;
Ryo et al. 2019; Buntgen et al. 2020; Jackson et al. 2021; Wauchope et al. 2021). Considering temporal
dynamics when quantifying impacts, for instance, revealed that driver-response relationships are not
necessarily constant but may vary over time (Ryo et al. 2019). In invasion science, however, alien
species’ impacts are still mainly measured by comparing snapshots of the situation with (‘invaded
state”) and without the alien (‘uninvaded state’; e.g. before introduction, (Simberloff et al. 2013;
Kumschick et al. 2015b; Gallardo et al. 2016; Crystal-Ornelas & Lockwood 2020; Ricciardi et al. 2020).
Such comparisons implicitly assume that the impacted variable (e.g. a native population) follow
stationary trajectories and show little variability, both in the uninvaded and invaded states. When these
assumptions are not met, impacts can be misinterpreted (Christie et al. 2019; Wauchope et al. 2021). In
addition, such comparisons do not capture temporal variation in alien species’ impacts themselves,
which provide crucial information for management. Temporal variation is also not considered in popular
impact frameworks (e.g. Baker et al. 2008; Brunel et al. 2010; Essl et al. 2011; Dick et al. 2014; D’hondt
et al. 2015; Bacher et al. 2018; Roy et al. 2018, 2019), including the Environmental Impact
Classification for Alien Taxa (EICAT; Blackburn et al. 2014; Appendix 1), which has recently been
adopted by the IUCN as its official classification system for alien species. As these issues may have led
to a distorted understanding of alien species’ impacts, we here propose a conceptual framework to
accurately quantify the impacts of alien species under dynamic conditions and discuss how this can be

done in practice.
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Glossary

Abundance: By abundance we refer to the number of individuals of a particular species at a particular site or in a
particular region. Because of large age-dependent mortality and large numbers of offspring in many species (e.g.

seedlings in plants; larvae in fish), usually the number of reproducing individuals is counted (Appendix 1).

Impact: An impact is characterized here by a decrease (negative) or increase (positive) of a variable of interest
caused by a driver such as an alien species. This definition ignores human value systems and includes no judgement
on whether this decrease should be considered beneficial or detrimental.

Impacted variable: A dynamic and measurable characteristic of the environment (e.g. native species abundances
[Blackburn et al. 2014; Appendix 1], biodiversity indicators, water quality) or human society (e.g. human well-

being [Bacher et al. 2018], economy [Diagne et al. 2021a]) used as an indicator of their state.

Snapshots: Measurements taken at single time points as opposed to repeatedly taken over long-term periods (time-

series).

Stationary: The trajectory of a variable (e.g. abundance) that shows no temporal variation.

1.2 Why should we stop quantifying alien species’ impacts by comparing

snapshots?

1.2.1 Impact mis-quantification

Ignoring temporal dynamics in impact assessments can lead to mis-quantification. Consider an alien
population affecting the temporal trajectory of a native population (Fig. 1). A classic measure of impact
is obtained by comparing snapshots of the abundance of the native population before and after the alien
introduction. While this measure may be meaningful if the native population was stationary (Fig. 1A),
it is problematic if the native population followed a temporal trend independently of the presence of the
alien species (Fig. 1B-F). This is likely a common situation as alien species frequently co-occur and
interact with other anthropogenic stressors like climate change, harvesting, habitat loss or pollution
(Bellard et al. 2016b; Russell et al. 2017; Geary et al. 2019; Pysek et al. 2020a). In such cases, simply
comparing snapshots of abundances before and after an alien introduction may lead to biased impact
estimates in terms of their magnitude and potentially even in their sign. In case the native population
was already decreasing in absence of the alien, for instance, the impact would be overestimated (Fig.
1B). In case it was increasing, the impact might even be wrongly inferred as positive (Fig. 1C,D).
Similarly, a positive impact could be wrongly inferred as negative if the native was heading towards

extinction (Fig. 1E). In addition, stochastic (hatural variability) and deterministic processes (biotic

21



CHAPTER 1. TEMPORAL DYNAMICS OF ALIEN SPECIES’ IMPACTS

interactions) can lead to fluctuating abundances; ignoring this variability by measuring snapshots can
result in inaccurate assumptions about the native population’s baseline state and on the effect of the alien
(Fig. 1F), as was argued for other stressors (McCain et al. 2016; White 2019; Biintgen et al. 2020;
Didham et al. 2020).

1.2.2 Lack of understanding of impacts’ temporal variation

Some of the above issues can be mitigated by comparing snapshots from invaded to snapshots from
uninvaded control sites (Christie et al. 2019). But such comparisons would still not shed light on the
temporal dynamics of impacts themselves (Wauchope et al. 2021), which is indispensable to understand

how and why impacts evolve over time and across taxa and contexts, for which data is currently scarce.

The few studies that investigated temporal variation in impacts of alien species have identified three
distinct patterns of trends in negative impacts (Strayer 2012): The first pattern shows monotonously
increasing impact magnitudes until they either reach the maximally possible impact (e.g. by leading to
a local extinction, Fig. 1A,B), or level off at a lower value (e.g. Fig. 1C). The second pattern shows
boom-bust dynamics, in which impacts decrease after an initial, acute phase. This pattern can occur
because of accumulation of alien’s enemies (Simberloff & Gibbons 2004; Strayer et al. 2017), or
behavioral, phenotypic or genotypic adaptation of the native (Carthey & Banks 2016; Langkilde et al.
2017; Leger & Goergen 2017; Anton et al. 2020). The third pattern shows abrupt instead of continuous
changes (Strayer 2012), e.g. when alien populations interact with rare events such as wildfires and
suddenly become dominant (e.g. D’Antonio et al. 2017; Klinger & Brooks 2017), or experience mass
mortality (e.g. Leuven et al. 2014). The relative frequency of these patterns is not known, however, and
neither are the timescales at which these dynamics are at play, despite their relevance for predictions
(Strayer 2012). While adaptation of native species to the alien can sometimes be rapid due to phenotypic

plasticity, other evolutionary processes can last over many generations (Saul & Jeschke 2015).

Discriminating between stable, increasing, or decreasing temporal trends in impacts would also inform
decisions on if and when management interventions are relevant, and how to avoid unnecessary costs
and efforts. Impacts that decrease over time, for example, may not require urgent management, even if
they are currently at a high level. By contrast, impacts that are currently at a low level, but increasing,

may call for management to prevent high impacts in the future.
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Figure 1. Impacts of alien populations on native populations. Top panels show trajectories of the abundance of native and alien
species (introduced at t,) with shades representing the absolute loss (orange; A,B,C,D) or gain (blue; E) of the native due to
the alien. Bottom panels show alien’s temporal impacts vs those calculated from snapshots. From snapshots, impact is only
correctly quantified when the native’s trajectory is stationary (A); however, impacts are overestimated when the native was
decreasing independently of the alien (B); a positive impact is wrongly inferred when the native was increasing independently
of the alien (C & D) and a negative impact is wrongly inferred when the alien prevents the extinction of the native (E). When
the native’s trajectory is cyclical (e.g. prey-predator oscillations) but the alien has no impact (F), a positive or negative impact
may be wrongly inferred, depending on when the snapshots were taken. In (A) and (B), the alien causes a local extinction of
the native at time ta: the aliens’ impact magnitude reaches -co. At time ta in (E), the alien prevents the local extinction of the
native: its impact magnitude reaches +oco. At time t» in (B), the native would have gone extinct independently of the alien:
quantifying the alien’s impact is not meaningful afterwards (shaded grey area). In (C) and (D), the alien causes the same impact
at time ta, but the rate of change between t» and ta, p(tg, tp), is larger in (D)
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1.3 Quantifying alien species’ impacts and their temporal variation
1.3.1 Quantifying impacts

Alien impacts are often quantified through caused changes in the abundance of a native population, a
strategy recommended by the IUCN (see Appendix 1) and a case we adopt here for illustration. To
quantify such an impact properly, the trajectory of the native population in the invaded state must be
compared with its trajectory in the uninvaded state. For the impact R(t) at time t, we propose the relative
measure

N*
R(t) = logW(tt)),

of the abundance of the native population in the absence (N(t)) and presence (N*(t)) of the alien
introduced at t, (Fig. 1). Before the introduction of the alien (t < t,), we define N*(t) = N(t), inwhich

case there is no impact (R(t) = 0).

A negative impact (R(t) < 0) denotes a decrease of the native population due to the alien (Fig. 1A-C),
and reaches R(t) = —oo if the alien causes the extinction of the native population (Fig. 1A,B). Similarly,
a positive impact (R(t) > 0) denotes an increase of the native population due to the alien, and reaches
R(t) = +oo if the alien prevents the extinction of the native population (Fig. 1D). Note that the alien
continues to cause an impact even after it led to a local extinction (Fig. 1A,B), but that the impact is not
defined once the native species would have gone extinct in the absence of the alien, i.e. for reasons
unrelated to the alien (Fig. 1B).

Importantly, the measure R(t) can be calculated regardless of the mechanism of interaction between
alien and native (e.g. predation, hybridization, etc.; Blackburn et al. 2014; Appendix 1). Further, the
measure, while presented in terms of population abundances, is readily applied to other impacted
variables such as biodiversity indicators (e.g. local species richness, evenness, diversity, Red List Index)
or impacts on abiotic characteristics of the environment (e.g. nitrogen content, frequency of fire events,
nutrient availability, water quality), human well-being (Bacher et al. 2018) or the economy (Diagne et
al. 2021). However, depending on the variable or indicator of interest, one would need to carefully
reflect on the interpretation of the sign of the impact (e.g. is a positive impact on soil nitrogen beneficial

or detrimental to e.g. local biodiversity? [Vimercati et al. 2020]).
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1.3.2 Quantifying impact dynamics

To quantify the temporal dynamics of impacts, we propose a second metric, p(t;,t,), which quantifies

the average rate of change in R(t) between two time points t; and t, and is given by

3 1 N*(tz)N(tl)
p(ty,ty) = t,—t, lOgN*(t1)N(t2) .

Here, p(t,,t;) = 0 indicates a constant (negative or positive) impact over time, while p(t,,t,) <0
indicates either that the magnitude of a negative impact is increasing, or that a positive impact is
decreasing, and vice-versa for p(t;,t,) > 0. This metric is particularly useful for the prioritization of
management actions: two alien populations causing impacts of the same magnitude (R, (t) = R,(t))
may warrant different management actions if their impacts differ in their dynamics (p;(t,t;) #
p2(tq,t2), e.9. Fig. 1C,D). Rapidly increasing impacts (e.g. Fig. 1D), for instance, may be prioritized
over stable impacts (e.g. Fig. 1C).

1.3.3 Interactions among multiple stressors

The R(t) and p(t4, t,) measures can also be used to compare impact magnitudes and dynamics caused
by different stressors. Under our definition, two alien populations leading to the same relative reduction
of a native population, for instance, cause impacts of the same magnitude (R, (t) = R, (t)), regardless
of the initial native abundances. If multiple stressors act simultaneously, the measures allow to quantify
their joint impact by comparing the abundance in the presence of all stressors with that in their absence.
To quantify the individual impact of one out of several stressors, two strategies can be used (Box 1): To
compare the relative importance of stressors, the abundance of the native in the presence of a single
stressor should be compared against the abundance in the absence of all stressors. To prioritize stressors
for management, however, the abundance of the native in the presence of all stressors should be
compared against that in the presence of all but the stressor in question. These two measures are identical
if the interaction between multiple stressors is additive, in which case the total impact equates the sum
of individual impacts (Fig. 2A), but differs if the interaction is synergistic or antagonistic, in which case
the total impact is larger or smaller than the sum of individual impacts, respectively (Fig. 2B,C) (Piggott
et al. 2015; COté et al. 2016; Birk et al. 2020; Braga et al. 2020; Jackson et al. 2021).

Importantly, interactions may also be subject to temporal dynamics and change in both strength (e.g.
increasing synergistic effect in Fig. 2B, or decreasing antagonistic effect in Fig. 2C) and type (e.g.
antagonistic becomes synergistic; Fig. 2D) (Garnier et al. 2017; Romero et al. 2019). This can happen
because the dynamics of multiple stressors are rarely synchronized (Ryo et al. 2019; Jackson et al.

2021), or because populations adapt to the co-occurrence of stressors, which decreased their combined
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effect and leads to antagonistic interactions over time (e.g. Romero et al. 2019). However, studies rarely
capture this variation, and thus overlook important features of interactions between multiple stressors
that can shed light on their evolution (Garnier et al. 2017; Jackson et al. 2021). Understanding the
mechanisms of interactions is also informative for management actions (Didham et al. 2007; Geary et
al. 2019): If a synergistic interaction evolves towards an additive rather than an antagonistic one, for
instance, suggests that the interaction should be targeted directly by management actions (e.g. Fig. 2B).
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Figure 2. Types of interactions between multiple stressors (e.g. an alien species and pollution). When the joint
pressure of the alien and pollution (black arrow) equates the sum of their individual pressures in absence of the
other stressor (orange and violet arrows), the interaction is additive (A); when it is larger, the interaction is
synergistic (B); and when it is smaller, the interaction is antagonistic (C). The strength of the interaction can change
over time: for instance, the synergistic and antagonistic effect between the two stressors increases over time in (B)
and decreases in (C). Interaction type can also change over time: e.g. in (D), the interaction is first antagonistic,
then additive, and finally synergistic. For simplicity, we assumed that the impact dynamics of both stressors are
similar: however, disturbances can have different shapes (e.g. continuous vs discrete events), evolve over very
different time scales, occur at different frequencies, etc. (Ryo et al. 2019; Jackson et al. 2021).
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Box 1: Case study - Zebra mussels’ impact in North American lakes

The role of the introduced Zebra mussel (Dreissena polymorpha) in native freshwater mussel extinctions in North
America is debated (Gurevitch & Padilla 2004a, b; Ricciardi 2004). Ricciardi (Ricciardi 2004) argues that Zebra
mussel introductions should be considered as major driver of native mussel extinctions in lakes, as they greatly
accelerated these extinctions. Gurevitch & Padilla (2004b) oppose this view and argue that Zebra mussels are not
a major driver of extinctions, as these would have happened anyway in a near future (because of pollution, habitat

destruction, harvesting, etc.) and could not have been avoided by managing the alien alone.

This well-known controversy illustrates well how accounting for temporal trends in the impacted variable can aid
in interpreting the roles of multiple, interacting stressors, which is critical for the management of such scenarios
(Ricciardi et al. 2020), and brings quantitative terminology to the debate. To rank stressors by their importance,
their individual impacts can be compared, e.g. based on their respective impact in the absence of the other
stressor(s), or on whether or not each stressor would have caused a local extinction on their own and on the time
needed to cause an extinction (Fig. I). To identify the most effective management strategy, however, what matters
is how much the overall impact can be reduced by removing one of multiple stressors. Consider the hypothetical
scenarios represented in Fig. I: while native mussels can be more effectively preserved in Scenario (A) by reducing
the impact of pollution rather than of the Zebra mussel, this is not the case under Scenario (B), in which the impacts

of both stressors would need to be reduced.
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Figure 1. Hypothetical scenarios of interaction between the alien Zebra mussel and pollution. While both scenarios
show the same total impact of both stressors, they differ in the relative impacts of the two stressors. In (A), pollution
plays a dominant role leading to a local extinction because, contrary to the Zebra mussel, it would also have led to
an extinction alone (in absence of the Zebra mussel). In (B), both stressors play dominant roles: Zebra mussel and
pollution would both have caused an extinction alone, but it would have taken less time to the Zebra mussel to
cause it than to pollution. (C) Zebra mussels biofouling on a native mussel (http://www.public-domain-

image.com).
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CHAPTER 1. TEMPORAL DYNAMICS OF ALIEN SPECIES’ IMPACTS

1.4 How to estimate alien species’ impacts and their evolution over time in

practice?

To estimate impacts under the framework proposed above, the trajectory of the variable of interest (e.g.
the abundance of a native species) must be compared in the presence and absence of the alien. While
the former can be directly measured, the latter must be estimated, either by extrapolating from
measurements prior to the introduction of the alien, from populations in a similar context but at
uninvaded sites, or from a combination of both. These setups are similar to the designs classically used
to quantify the impact of alien species (Kumschick et al. 2015b; Crystal-Ornelas & Lockwood 2020),
namely the Before-After (BA), Control-Impact (CI) or combined Before-After-Control-Impact (BACI)
designs (Christie et al. 2019; Wauchope et al. 2021), but used here to model the temporal trajectory of
the native species in the absence of the alien. Such forecasted trajectories are likely associated with
uncertainties from multiple sources: First, any forecast requires a statistical model and hence relies on
specific assumptions (e.g. exponential change). Second, once the alien was introduced, there exist no
measurements of the native in absence of the alien, which results in increased uncertainty through time
(Fig. 3A; Oliver & Roy, 2015). And third, trajectories often exhibit substantial, inherent stochasticity
not well characterized by covariates (Fig. 3B; Connors et al. 2014; d’Eon-Eggertson et al. 2015; McCain
et al. 2016; Fox et al. 2019; White 2019; Didham et al. 2020).

Uncertainty stemming from the former two sources may be reduced, either by increasing survey efforts
such that more realistic models can be learned (Oliver & Roy 2015; Fox et al. 2019; White 2019), or
through BACI designs in which regional effects such as specific weather conditions affecting all
populations can be captured (Christie et al. 2019; Wauchope et al. 2021). However, substantial

uncertainty will likely remain, particularly in cases with high natural variability in abundances.

To deal with this uncertainty, we recommend three steps in impact quantification: First, the uncertainty
associated with the forecasted trajectories should be accounted for when quantifying impacts and be
reflected in the uncertainty associated with impacts (e.g. Fig. 3). This applies equally to any additional
uncertainty that stems from measuring the impact variable in the presence of the alien (e.g. measurement
error, e.g. Didham et al. 2020). Second, we recommend quantifying impacts jointly from multiple sites
or populations, if the research question permits, and thus to spread the survey effort across multiple sites.
By aggregating information across sites, shared impacts can be quantified at much higher accuracy than
for any site individually, particularly in case of high variability in the native abundance (Christie et al.
2019). This equally applies when investigating context-dependency of impacts: although between-sites
differences are important for such research questions, replicating measures for each context variable of

interest improves the quality and relevance of the findings. Third, we recommend focusing on
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probabilistic statements rather than impact estimates themselves whenever possible (see also Appendix
5). Even if impact estimates are associated with high uncertainty, it may for instance still be possible to
confidently conclude that there is a negative impact (R(t) < 0), in many cases already shortly after the
alien introduction (Fig. 3). Similarly, two species may be ranked based on the probability that R, (t) <

R, (t) rather than their impact point estimates.
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Figure 3. Uncertainty in estimations of alien species’ impacts. This figure illustrates two of the main sources of
uncertainty in impact estimations: that the native trajectory in the uninvaded state cannot be measured after the
alien introduction at t,, and that substantial variability renders trajectory forecasts difficult (here done solely from
data prior to t,). When variability in native abundance is low (A), uncertainty in the native trajectory in the
uninvaded state is small just after t,, but increases over time. When variability in native abundance is high (B),
uncertainty is already large just after t,, but does not increase much. In real impact studies, the statistical model
chosen to forecast the native trajectory in the uninvaded state might not be suitable, which would result in increased
uncertainty. Furthermore, uncertainty would likely also exist in the native trajectory in the invaded state, for
instance because of measurement error.

1.5 Concluding remarks

The necessity to account for temporal dynamics when quantifying impacts has been recognized in other
areas of ecology (De Palma et al. 2018; Chevalier et al. 2019; Christie et al. 2019; Ryo et al. 2019;
Buntgen et al. 2020; Jackson et al. 2021; Wauchope et al. 2021), and the impacts of alien species are no
exception. The quantification of impacts of alien species therefore needs to shift from simple before-
after or other two-point comparisons to the comparison of long-term temporal trends and modelling
studies, for which we introduce a coherent conceptual framework that can also be generally applied to

compare ecological impacts. Most of our current knowledge about alien species’ impacts relies on
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comparisons of point estimates, but such estimates contain unknown biases that may distort our
understanding of impacts. It is critical to address the challenges of accurately measuring impacts (see
Outstanding Questions) to improve our understanding and to better predict future impacts of invasions
and other drivers of global change.

Outstanding Questions

What are the most efficient strategies to quantify impacts under temporally dynamic conditions,

i.e. which survey strategies and models should be used under which conditions?
How are modelling uncertainties best incorporated into and reflected in impact estimates?

What are the most relevant indicators to quantify the full impact of alien species on the
environment and the human well-being, and can these indicators be generalized across taxa and

geographic scales?

How can the rapidly growing large-scale biodiversity data sets assembled by citizen science

projects and remote sensing be used to quantify alien species’ impacts?

How can temporal impact measures be incorporated in existing impact frameworks such as
EICAT?

Author contributions

All authors designed the study, Lara Volery performed modelling work with help of Daniel Wegmann,
Lara Volery prepared the first draft, all authors contributed substantially to revisions.
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Abstract

Alien species often cause ecological impacts in their recipient environments, which need to be mitigated
in order to halt the resulting biodiversity loss. For efficient management of these impacts, it is necessary
to gain a mechanistic understanding of how they occur. Compared to direct impact mechanisms, indirect
impact mechanisms are less well studied and understood, owing to their complexity and variety. We
provide a comprehensive tool for classifying the direct and indirect mechanisms through which alien
species negatively and positively impact native species, across alien taxa and types of impacts, and
which can also be used when alien species synergistically or antagonistically interact with other
stressors. This work aims to assist the planning of conservation strategies: by classifying their positive
indirect impacts, it informs on the risks of alien eradication on non-target species, by classifying their
negative indirect impacts, it informs on options for alternatives to alien eradication, and, by classifying
their interactions with other stressors, it informs on the most efficient way to mitigate impacts of alien

species in a context of global change.
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2.1 Introduction

Human-mediated translocations of species to new regions has led, together with other anthropogenic
changes, to a global redistribution of fauna and flora (Seebens et al. 2017; Essl et al. 2019; Pysek et al.
2020a). About 4% of the world’s flora has established alien populations in at least one region (Pysek et
al. 2020a), and present policies against biological invasions have been ineffective to halt or slow the
increasing number of alien species (Seebens et al. 2017). Once introduced, alien species can cause all
sorts of impacts (see Glossary) on the environment, from structural changes to local communities and
modification of ecosystem functioning, to the local extinctions of native populations or the loss of their
genetic integrity (Blackburn et al. 2014; Pysek et al. 2020a). Alien species also cause positive impacts
like provision of surrogate food, refugia, or habitat resources, prevention of erosion, or improvement of
water quality (Ewel & Putz 2004; Rodriguez 2006; Chiba 2010), although such impacts have received
less attention compared to their negative environmental impacts (Vimercati et al. 2020).

To mitigate the negative effects of alien species, efforts are invested in the eradication of populations,
or, when eradication is not feasible, their long-term management (i.e. containment, suppression, or
complete reproductive removal) (Robertson et al. 2020; Garcia-Diaz et al. 2021). However, the
eradication or control of alien species is often not feasible for various reasons, although usually due to
logistical constraints or ethical concerns arising from opposing values (Cowan & Warburton 2011; Keitt
et al. 2011; Rytwinski et al. 2019; Hulme 2020). In addition, alien eradication or control might not help
to reduce the impact (Courchamp et al. 2003). Finding alternative mitigation measures, which focus on
managing the impact rather than the alien itself, is therefore becoming a necessity for slowing
biodiversity loss caused by alien species (Dunham et al. 2020; Garcia-Diaz et al. 2021). Possible
alternative mitigation measures are numerous and varied (Garcia-Diaz et al. 2021). For instance,
manipulating habitats to provide refugia or safe breeding sites against alien predators is an approach that
has been adopted for protecting native amphibians and small mammals (Stokes et al. 2004; Falaschi et
al. 2020). In other examples, artificial nesting sites have been used to decrease competition with alien
species (Tomasevic & Marzluff 2017; Hernandez-Brito et al. 2018) or barriers have been displayed in
streams to prevent the upstream dispersal of freshwater aliens (Manfrin et al. 2019). However, to identify
appropriate alternative management options, which would target the impact instead of the alien, it is
essential to understand how negative impacts occur, i.e., what are the underlying mechanisms. On the
other hand, when eradication is necessary and judged feasible, understanding the mechanisms through
which alien species positively interact with native populations may prevent undesirable consequences
of their eradication (Zavaleta et al. 2001; Courchamp et al. 2003; Bergstrom et al. 2009; Caut et al.

2009). A common example of such undesirable consequences is the meso-predator release, where the
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eradication of an alien top predator leads to a burst in a meso-predator, causing important declines or

extinction in native prey species (Crooks & Soulé 1999; Rayner et al. 2007; Ballari et al. 2016).

Mechanisms of impacts are broadly classified as either direct or indirect. While direct mechanisms
occur between two actors (i.e. the alien population and a native population) and do not require the
presence of a third actor—or mediator—for happening (such as another native or alien population, or
an abiotic characteristic of the recipient environment), indirect mechanisms only occur in the presence
of a mediator. Indirect mechanisms are characterized by a modification, caused by an alien population,
of an interaction between a mediator and the native population of interest. Examples include exploitative
competition, transmission of disease, hyperpredation, or change in disturbance regimes. As with direct
mechanisms, indirect mechanisms can result in major impacts on invaded ecosystems (Vila et al. 2011,
Gaertner et al. 2014). When the alien indirectly causes negative impacts and its eradication or control is
impractical or impossible, developing management strategies which target the mediator, its effect, or
the effect of the alien on the mediator, could also result in impact mitigation. For instance, in a scenario
of hyperpredation, controlling the alien prey population (i.e. the mediator), or providing refugia to the

native prey against the predator, are alternatives to alien eradication.

Alien species might also interact with other co-occurring anthropogenic stressors, for instance if the
mediator of an indirect impact caused by an alien species is another stressor (e.g. climate change,
pollution, land-use change, etc.). Similarly, the alien species can itself be the mediator in an indirect
impact caused by another stressor. For instance, climate warming (e.g. Smith et al. 2017; Hulme 2020)
and other anthropogenic disturbances (e.g. Crooks et al. 2011; Early et al. 2016) often favor alien
populations and thus increase their impacts, thereby indirectly impacting native biodiversity (through
the alien mediator). Identifying and understanding the underlying mechanisms of stressor interactions
also provides critical information to management. For instance, it can help to highlight cases where
mitigating only one of the interacting stressors would not be sufficient (Didham et al. 2007; Foster et
al. 2016), or in contrary, cases where impact mitigation can be achieved by targeting only one of the
stressors, or its effect, and can hence avoid redundancies in management strategies and offer a broader
range of possible management strategies (Chadés et al. 2015; Geary et al. 2019). Finally, improving our
understanding of how interactions between stressors occur will help improve predictions as to how

climate change will modify existing interactions in the future (Ricciardi et al. 2020).

While direct mechanisms can usually be observed in nature, indirect mechanisms are more subtle and
difficult to demonstrate and identify; they are hence often overlooked or ignored in impact studies
(Levine et al. 2003). In addition, as indirect mechanisms are highly varied and complex, reviews and
classifications have focused only on specific categories of mechanisms (e.g. Crooks 2002; Rodriguez
2006; White et al. 2006; Gaertner et al. 2014) or specific alien taxa (e.g. Levine et al. 2003; Stout &
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Morales 2009; McGeoch et al. 2015). Consequently, indirect mechanisms are less well understood
compared to direct mechanisms. This is supported by the fact that they are poorly captured or classified
by existing frameworks (McGeoch et al. 2015; Chapter 3).

We propose a comprehensive, systematic, and straightforward classification of direct and indirect
mechanisms through which alien species cause ecological impacts, which breaks down the chain of
events through which indirect impacts occur and identifies and categorizes the different actors at play.
This classification also aims to capture the complexity and variety of indirect impact mechanisms, across
different categories. By offering a mechanistic understanding of indirect impacts, this work can help to
identify alternative management strategies to alien eradication or help identify the potential undesirable
side-effects of their eradication. We thus expect this classification to be useful to mitigate negative
impacts of alien species or, when necessary, to efficiently plan eradication strategies to prevent their

undesirable consequences.

Glossary

Abiotic indirect impact: Category of indirect impacts in which the mediator is an abiotic condition or resource,
or a disturbance.

Abiotic resource: Substance or element in the environment necessary for population survival or reproduction (e.g.
mineral nutrients, nesting sites, refuges, radiation) which can be consumed or used by a population and whose

availability to other populations can thereby be reduced.

Abiotic condition: Chemical, physical, or structural characteristic of the environment (e.g. temperature, pH,

salinity, soil structure) which cannot be consumed or used by living organisms.
Abundance: The number of reproducing individuals of a species at a site or in a region.

Biotic indirect impact: Category of indirect impacts in which the mediator is biotic, i.e. another (alien or native)
population.

Cascading effects: A succession of events or interactions in which the effect of the alien on a mediator has follow-
up effects: here, we define cascading effects as indirect impacts involving at least two intermediate steps, or

mediators.
Direct impact: Impacts caused through direct mechanisms.

Direct (impact) mechanisms: Mechanisms of impacts involving only two actors (e.g. the alien and the impacted

native population).

Dynamic (of a population): The change in the intrinsic growth rate of a population per unit of time (for simplicity,

immigration to- and emigration from- other populations are not considered).
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Dynamic (of an abiotic factor): The cycle of abiotic factors per unit of time, such as the duration, frequency, or
extent of a disturbance, the regime of an abiotic condition (e.g. water current, pH or temperature regimes), and the

cycling (e.g. Nitrogen cycling) or amount of an abiotic resource.

Facilitation: An increase—caused by a driver of interest (e.g. an alien species)—in the (negative or positive)
impact of a mediator on a variable of interest (e.g. a native population); this increase can be caused either by an

increase in the dynamic or in the per capita effect of the mediator.

Hyperpredation: Scenario in which an alien prey leads to an increase in a top predator population and thus to an

increased predation by the top predator on native prey species (e.g. Roemer et al. 2001; Caudera et al. 2021).

Impact: Changes (increase or decrease) in a response variable of interest (e.g. the dynamic of a native population)

caused by a driver of interest (e.g. an alien species).
Indirect impact: Impacts caused through indirect mechanisms.

Indirect (impact) mechanisms: Mechanisms of impacts involving more than two actors: the presence of a

mediator is required for the impact to happen.

Mediator: Intermediate actor in an indirect impact, which can be either biotic (i.e. an alien or native population)
or abiotic (e.g. abiotic resource, abiotic condition, disturbance) and whose presence is necessary for the indirect

impact to occur.

Negative impact: A decrease in the variable of interest. This definition excludes judgment on whether or not this

decrease should be considered beneficial or detrimental (Vimercati et al. 2020).

Per capita effect: The effect of one ‘unit’ of a driver on the impacted variable of interest per unit of time (e.g.
change caused by one alien individual in the number of reproducing native individuals per unit of time).

Positive impact: An increase in the variable of interest. This definition excludes judgment on whether or not this

increase should be considered beneficial or detrimental (Vimercati et al. 2020).

Suppression: A decrease—caused by a driver of interest (e.g. an alien species)—in the (negative or positive)
impact of a mediator on a variable of interest (e.g. a native population); this decrease can be caused either by a

decrease in the dynamic or in the per capita effect of the mediator.

2.2 A classification for direct and indirect mechanisms of impacts

For the purpose of this classification, we focus on the impacts caused by alien species to native species
(Blackburn et al. 2014; Appendix 1). Although alien species can also cause other types of environmental
impacts, for instance, to community composition, ecosystem functioning, disturbance regimes or abiotic
characteristics (e.g. Crooks 2002; Linders et al. 2019), such impacts are likely to either lead to changes
in native biodiversity or result from changes in native biodiversity. Therefore, focusing on native

biodiversity captures a variety of environmental impacts (Blackburn et al. 2014).
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Because indirect impact mechanisms are a combination of direct mechanisms, we first discuss direct

mechanisms.
2.2.1 Direct mechanisms of impacts

Impacts (1) of alien species depend on the alien range (R), abundance (A), and per capita effect (E;
also called ‘interaction strength’) (I = R X A x E; Parker et al. 1999). For simplicity, we focus here on
local impacts (i.e. at a specific location) on native populations: an impact is defined by a change, due to
an alien population, in the dynamic of a native population, and therefore depends on the alien’s per

capita effect and abundance (Fig. 1).

Impacts between an alien and a native population are direct when no mediator is needed for the

interaction to happen (Fig. 1; (Wootton 2002).

l Per capita
effect

Figure 1. Direct interaction between an alien population (A) and a native population (N), at a point in time. The
circular arrows indicate the dynamics of the alien and native populations, while the straight arrow indicate the per
capita effect.
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Based on an existing classification of the negative impacts of alien species and their mechanisms of

impacts (Blackburn et al. 2014; Hawkins et al. 2015; Appendix 1), we identified the negative and

positive mechanisms through which an alien population causes direct impacts on the dynamic of a

native population (i.e. native individuals’ survival and/or reproduction):

Negative direct mechanisms:

Trophic consumption (e.g. predation, herbivory, parasitism);

Hybridization;

Toxicity;

Direct physical disturbance (e.g. bio-fouling, trampling, rooting, fighting/aggression, etc.);

Physiological stress induced by (visual, chemical, acoustic) cues of alien predators or by
previous experience (memory). Exposure to predators can induce a sustained and long-lasting
physiological stress (involving predator avoidance behavior, which is comparable to chronic
stress in humans) in individuals of the species that is preyed upon, which can affect birth and
long-term survival (‘ecology of fear’; Clinchy et al. 2013). It should be noted that food
shortage, for instance, also induces physiological stress; however, food shortage is an indirect
mechanism (decrease in resource quantity or access; see Indirect mechanisms of impacts) and

is therefore not captured by the direct mechanism described here.

Positive direct mechanisms:

Provision of resources necessary to survive, grow and reproduce:

o Trophic resources (e.g. alien prey or plants, alien producing fecal material which is used

as food source)

o Non-trophic resources:
- Nesting or reproduction sites (e.g. alien tree)
- Substrate for growing (e.g. alien coral)

- Vector of propagules (e.g. alien pollinator);

Herbivory: Herbivory might lead to vegetative (growth is stimulated) or reproductive
(reproduction or flowering is stimulated) overcompensation in the attacked plant individuals
(Garcia & Eubanks 2019);

Physiological stress induced by the presence of alien predators leading to overcompensation
(for instance, the presence of parasitoid wasps can accelerate mating in Drosophila [Ebrahim

et al. 2021]; note that this example concerns two native species).
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Importantly, such interactions occur at the individual level before they affect the dynamic of the native
population. An alien population can hence interact with a native population through different
mechanisms. For instance, an alien predatory population can negatively impact a native prey population
through predation (i.e. the consumption of prey), the physiological stress induced by the predator
presence, and/or chronic physical challenges due to foraging impairment (Clinchy et al. 2013). On the
contrary, an alien herbivore can negatively impact native plant individuals through browsing and
grazing, but this can have a positive impact on their native plant conspecifics, e.g. if they are released
from intra-specific competition (density-dependent population growth). This could potentially result in
overcompensation at the plant population level and to an overall positive impact on the population.
Because management usually targets impacts occurring at the level of native populations (and not

individuals), we focus here only on the mechanism(s) affecting the dynamic of the native population.
2.2.2 Indirect mechanisms of impacts

Indirect mechanisms are characterized by a modification, caused by an alien population, of an interaction
between a mediator and the native population of interest (Strauss 1991; Crooks 2002; Wootton 2002;

White et al. 2006; Fig. 2). They can occur through many different ways, which we summarize as follows:
2.2.2.1 Facilitation vs suppression
Alien species can generally either:

i) facilitate a negative impact of a mediator on a native population’s dynamic (Fig. 2A and
2B);

i) suppress a positive impact (Fig. 2C and 2D);

iii) facilitate a positive impact (Fig. 2E and 2F); or

iv) suppress a negative impact (Fig. 2G and 2H).

Scenarios i) and ii) result in (indirect) negative impacts of the alien population on the native population
of interest (+/- or -/+), whereas scenarios iii) and iv) result in (indirect) positive impacts of the alien

population on the native population of interest (+/+ or -/-) (Fig. 2).
2.2.2.2 Interaction chain vs interaction modification impacts

The four scenarios can each result from a change in the mediator dynamic (‘interaction chain effect’;
Fig. 2A, C, E, and G) or per capita effect (‘interaction modification effect’; Fig. 2B, D, F, and H)
(Wootton 1993, 2002; Didham et al. 2007; Geary et al. 2019). For instance, changes in the per capita
effect of the mediator—i.e. its efficiency to cause the impact—can result from changes in its mode of

action, functional response, or visibility, or in the resistance, behavior, or visibility of the native
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population, or, if the mediator acts as a resource, in its quality (Wootton 2002). Nelson et al. (2010)
found that the alien toxic cane toad (Bufo marinus) in Australia has induced toad-aversion in native
predators, which have shifted their feeding behavior to feed less on native frogs and more on other taxa,
such as insects. Thus, the cane toad has a positive indirect impact on the native frogs and a negative
indirect impact on other native taxa through interaction modification effects. In some cases, the alien
species might cause indirect impacts through both interaction chain and modification effects (Wootton
2002).

2.2.2.3 Biotic vs Abiotic indirect impacts

The indirect impacts represented in Fig. 2 can be further divided into biotic or abiotic indirect impacts,
depending on whether the mediator of the interaction is another population or an abiotic factor,

respectively.
Biotic indirect impact

Biotic indirect impacts involve at least three species and describe how a third species modifies an
interaction between two species (Strauss 1991). Here, the alien is the third species modifying an
interaction between two species (a mediator [M] and the impacted native species [N]; Fig. 2). Because
the previously listed direct mechanisms through which alien species can impact native populations are
not alien-native specific but also describe native-native interactions, the modified interaction (i.e.
between M and N) could occur between two native species (M and N= natives), or between another

alien species and a native species (M= alien, N= native; White et al. 2006).

White et al. (2006) wrote a comprehensive review of biotic indirect impacts and provided many real-
life examples of such impacts. The authors highlighted the most documented types of biotic indirect
impacts, which include: apparent competition, indirect mutualism/commensalism, exploitative
competition (when resources are biotic), and trophic cascades. These different indirect impacts can be

classified into the different scenarios of Fig. 2:

Apparent competition: A (native/alien) consumer (the mediator: a predator, herbivore, or
parasite/pathogen) becomes more abundant (Fig. 2A), or more efficient (Fig. 2B) at consuming a
native species in the presence of the alien species. Examples of apparent competition include the
vectoring of parasite/pathogen by the alien (which results in an increased abundance in the
parasite/pathogen; Fig. 2A) and hyper-predation (i.e. the increase in the abundance of a predator
caused by the presence of an alien prey, which leads to an increased predation by the predator on

native prey; Fig. 2A).
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Figure 2. Possible ways in which indirect impacts can occur. In A) and B), the alien (A) facilitates (plus sign) the
negative impact (minus sign) caused by the mediator (M) on the dynamic (circular arrow) of the native population
(N), resulting in an indirect negative impact on the native population (+/-). The alien facilitates the negative impact
either by A) increasing the dynamic (circular arrow) of the alien (‘interaction chain effect’) or B) increasing the
per capita effect (straight arrow) of the alien (‘interaction modification effect’). In C) and D), the alien suppresses
the positive impact caused by the mediator on the dynamic of the native population (through chain or modification
effect, respectively), resulting in an indirect positive impact on the native population (-/+). In D) and E), the alien
facilitates the positive impact caused by the mediator on the dynamic of the native population (through chain or
modification effect, respectively), resulting in an indirect positive impact on the native population (+/+). Finally,
in F) and G), the alien suppresses the negative impact caused by the mediator on the dynamic of the native
population (through chain or modification effect, respectively), resulting in an indirect positive impact on the
native population (-/-). In each graph, the mediator can either be biotic (another alien or native population) or
abiotic (e.g. an abiotic condition of the environment, abiotic resource, or a natural disturbance).
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Exploitative competition (biotic resource): The alien and native species compete for a limited

resource: the alien leads to a decrease in the resource (Fig. 2C).

Interference competition (biotic resource): The alien and native species compete for a limited
resource: the alien aggressively or physically defends its access to the resource, at the expense of its
native competitor (Fig. 2D).

Indirect mutualism/commensalism: The alien decreases or suppresses a consumer (predator,
herbivore or parasite) (Fig. 2G), or decreases or suppresses its per capita effect, for instance through
prey switching/consumer satiation mechanisms (Fig. 2H) or the provision of refugia to native
populations (Fig. 2H). The alien can also benefit native populations by increasing the abundance
(Fig. 2E) or per capita effect (Fig. 2F) of a mediator positively impacting the native population;
Ewel & Putz (2004) and Rodriguez (2006) reviewed several real-life examples of indirect (biotic)

positive impacts caused by alien species.

Trophic cascade: An alien consumer is introduced and feeds on an intermediate consumer, thereby
benefiting the native populations at lower trophic levels that were consumed by the intermediate
consumer (Fig. 2G). Similarly, an alien resource could increase the abundance of a (native/alien)
intermediate consumer by providing a new food source, which could in turn benefit a native top

consumer feeding on the intermediate consumer (Fig. 2E).

These examples of indirect mechanisms mainly describe scenarios in which the mediator provides
resources to, or consumes, the native species; other types of indirect mechanisms have been overlooked
by existing reviews or frameworks. For instance, an alien may increase the abundance or spread of a
(native or alien) population, which negatively impacts native populations through hybridization,

toxicity, or direct physical disturbance (Fig. 2A).
Abiotic indirect impacts

Here, we define ‘abiotic indirect impacts’ as impacts in which the alien modifies an interaction between
an abiotic mediator and the native species of interest (Fig. 2). While predation, herbivory, parasitism,
and hybridization can only occur between two populations, the other identified direct mechanisms can
also occur between abiotic mediators and native populations. For instance, abiotic resources, such as
water, light, or oxygen directly benefit native populations, whereas natural disturbances, like fire events
or extreme temperatures directly negatively affect them (through direct physical disturbance, or
physiological stress respectively). Vitousek (1990) and later Crooks (2002) identified the main
mechanisms of abiotic indirect impacts and reviewed many real-life examples (see also Levine et al.

(2003) and Gaertner et al. (2014) for more real-life examples of abiotic indirect impacts of alien plants;
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Emery-Butcher et al. (2020) for a review of impacts of invasive ecosystem engineers in freshwaters;
Ewel & Putz (2004) and Rodriguez (2006), for examples of positive impacts of alien species through
habitat modification).

Exploitative competition (abiotic resource): The alien and native species use the same limited
abiotic resource (e.g. Nitrogen, minerals, water, radiation, O, CO, nesting or reproduction sites
(physical structures), living space/territory, etc.) and the alien reduces its amount or quantity for the
native (Fig. 2C).

Change in nutrient resources: The alien changes the amount, quantity, or cycling (‘dynamic’) of
an abiotic resource (Nitrogen, minerals, water, radiation, O,, CO;) (Figs. 2E and 2C) or its
quality/access (Figs. 2F and 2D). As opposed to exploitative competition, the alien does not cause

these changes by consuming the resource.

Change in physical resources: The alien increases or reduces the amount or quantity of an abiotic
resource (nesting or reproduction sites, living space/territory, etc.) (Figs. 2E and 2C) or its
quality/access (Figs. 2F and 2D). As opposed to exploitative competition, the alien does not cause

these changes by consuming the resource.

Change in disturbance regimes: The alien increases or decreases the duration, frequency or extent
of disturbances affecting the native species, such as fire and wind events, droughts, or floods (Figs.
2A or 2G). The alien might also increase or decrease the effect of the natural disturbances on the
native species (Figs. 2B and 2H). For instance, the alien can push native individuals closer to their
tolerance limit (e.g. by grazing on a native plant or by parasitizing a native host), thereby rendering

them more vulnerable to natural disturbances.

Changes in abiotic condition of the habitat: The alien modifies an abiotic condition of the habitat,
such as pH, current velocity, sediment deposition, humidity, soil structure, salinity, or temperature.
Each abiotic characteristic of the habitat presents an optimum value for the native species, and a
suitable range around this value. In natural conditions, the abiotic conditions of the environment fall
within this suitable range (otherwise, the resident native species would not be present at the
location). The addition of the alien population to the system can cause a deviation to less or more
suitable conditions for the native populations, either by increasing or decreasing the values. The
deviation from suitable to less suitable abiotic conditions causes a negative indirect impact on the
native populations, and the deviation from less to more suitable conditions causes a positive indirect
impact (Figs. 2A, C, D, G). Although it is likely that many changes in abiotic conditions cannot be

described by simple increases or decreases (e.g. changes in the temperature regime are usually more
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complex to describe), the direction (negative or positive) of the overall indirect impact, and its

mediator, can still be identified.

Change in habitat type: The alien might also change the type of habitat as a whole, and by doing so,
modify a combination of different resources and/or abiotic conditions necessary for the native to
occupy a location, including, for example, living space, biotic resources, reproduction sites,
nutrients, etc. (which can be, for simplicity, combined into the resource ‘(suitable) habitat’; Figs.
2C or 2E). Example of changes in habitat type include the appearance of a forest where there was
none initially or the disappearance of a pond. These indirect impacts can hence be a combination of
biotic and abiotic indirect impacts.

Species creating, destroying or modifying the physical state of habitats and thereby modulating the
availability of biotic or abiotic resources to other species are often called ecosystem engineers (Jones et
al. 1994; Crooks 2002; Emery-Butcher et al. 2020). Several of the above indirect (biotic and abiotic)
mechanisms can be considered as ecosystem engineering (Figs. 2A, C, E, G), when they occur through
a modification of a physical characteristic of the habitat (e.g. a change in the structure of a forest or the

construction of a dam in a river).
2.2.3 Cascading effects: the different levels of complexity of indirect impacts

Our classification can be repeated multiple times to also capture the full chain of events of cascading
effects (e.g. Fig. 3A). Let us take the example of an alien increasing the population size of a species
competing with the native population of interest. This can be represented in many ways, either with the
complete chain of events (Fig. 3A: M= the resource both N and its competitor are competing for, M,=
the competitor), or with simplified chains of events (Fig. 3B: M= the competitor of N; or Fig. 3C: M=

the resource both N and its competitor are competing for).

These classifications are all correct; however, depending on the purpose, we suggest classifying
cascading effects as in Figs. 3B (simplified classification) or 3C (complete classification), in which the
last interaction (between M) and N) is always direct. This first ensures that the same mechanism cannot
be classified differently (e.g. Fig. 3B vs 3C). Second, we argue that identifying the ‘primary’ mediator
and its direct mechanism of impact is most relevant for management purposes, as it highlights the critical

step (which is facilitated or suppressed) for the native species of interest.

Cascading effects can involve many mediators; each of them can either be biotic or abiotic and can
interact through interaction chain or modification effects. Therefore, even if the simplified classification
is either biotic or abiotic or through interaction chain or modification effect, the full cascading effect

might be a combination of the two.
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Figure 3. Possible classifications of a cascading effect. In A), the complete cascading effect is represented: the
alien (A) has a direct impact on a mediator (M), which itself modifies the direct impact of another mediator (M1)
on the native population of interest (N). The same cascading effect is simplified in B) and C). In B) the interaction
between the alien and the mediator (M) is direct, while the interaction between the mediator (M») and the native
population is indirect (M1 is not represented); the contrary is true in C).

2.2.4 Indirect impacts and stressors interaction

Alien species often co-occur and interact with other drivers of anthropogenic environmental change,
like climate change, pollution, over-exploitation, or land-use change, leading to additive, antagonistic,
or synergistic effects on the variable of interest (Didham et al. 2007; C6té et al. 2016; Geary et al. 2019;
Burgess et al. 2021; Chapter 1). The mechanisms underlying these interactions can also be captured

with our classification.

Let us take the example of an alien population interacting with climate change to impact a native
population. In an additive interaction, the alien population and climate change do not interfere with each
other, meaning that none of them influences the interaction of the other stressor with the native
population (Chapter 1). Concretely, this means that neither the alien population nor climate change
has—in addition to its individual impact—an indirect impact through the other stressor (Didham et al.
2007; Geary et al. 2019). In contrary, synergistic or antagonistic interactions occur when at least one
stressor interferes with the other one to increase or respectively decrease its impact on the native
population, resulting in the magnification of their respective impacts compared to what they would cause
in absence of the other stressor (Chapter 1). Under a mechanistic perspective, this means that at least
one stressor has an indirect impact on the native population through the other stressor (i.e. which plays

the role of the mediator of the indirect impact), in addition to its individual impact (Didham et al. 2007;
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Geary et al. 2019). The alien can thus either cause an indirect impact through the other stressor (Fig. 2)

or be the mediator of an indirect impact caused by another stressor.

Although it is unrealistic for alien species to modify the ‘dynamic’ (extent) of anthropogenic stressors
like climate change, or land-use change, some alien plants have been used to restore soils and waters
because they can accumulate and sequester pollution (Ewel & Putz 2004). Examples where alien species
influence the per capita effect of such stressors (Fig. 2B, D, F, H) are also difficult to find, but would
for instance include alien plants decreasing the negative impact of climate change by providing

alternative food sources, when native plants are slower to adapt.

On the other hand, stressors like climate change, pollution, or land-use change often facilitate alien
species establishment and increase (Crooks et al. 2011; Vila & Ibafiez 2011; Diez et al. 2012; Early et
al. 2016; Russell et al. 2017; Bellard et al. 2018). Such stressors have also been reported to modify the
per capita effect of alien species; for example, gradual climate change decreasing competitive abilities
of native populations by pushing them closer to their tolerance limit (Diez et al. 2012), increasing
predation rates of alien populations by shifting conditions towards their physiological optima (lacarella
et al. 2015), or increasing the phenological overlap between native and alien plant populations
(Alexander & Levine 2019; Giejsztowt et al. 2020).

2.3 Discussion

2.3.1 How can our classification aid management?

A detailed understanding of the mechanisms through which alien species modify—and interact with—
their recipient environment is necessary for adequately planning management strategies. For instance,
assuming that the alien is the driver of an impact when it actually only profits from a change in the
environment (which itself causes the observed impact) leads to an inefficient mitigation of the impact
(Didham et al. 2007). Indirect impacts of alien species can occur through a multitude of mechanisms,
but they are generally less well understood compared to direct mechanisms. This work provides a tool
for classifying the indirect mechanisms through which alien species negatively and positively impact
native species. By doing so, it aims at assisting the planning of conservation strategies, by informing on
options for alternatives to alien eradication, on the risks of alien eradication on non-target species when

eradication is the best option, and on the way multiple stressors interact.

Depending on the type of indirect impact mechanisms, different options of management actions can be

considered. For instance, under the scenario where an alien species heightens the negative impacts of
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enemies on a native species (Figs. 2A or 2B), these impacts may be mitigated by targeting the enemy
(i.e. biotic mediator) or its effect. Under the scenario where an alien species reduces the availability or
quality of a resource (Figs. 2C or 2D), these impacts may be mitigated by providing alternative resources
(e.g. the creation of artificial refuges or nesting sites). Negative impacts occurring through changes in
abiotic conditions could be artificially mitigated; for example, maintaining alien vegetation at low foliar
density could benefit native ectotherms by mitigating the changes in thermal regimes caused by dense
alien plants (Carter et al. 2015). Finally, while interaction chain effects can be mitigated by targeting
the dynamic of the mediator (or the effect of the alien on its dynamic), the effect of the alien on the
mediator-native interaction should be targeted in interaction modification effects (Wootton 2002;
Didham et al. 2007; Foster et al. 2016). In the cases of long cascading effects, the simplified
classification (Fig. 3C) might be sufficient to identify mitigation actions; However, if more alternative
management options need to be determined, understanding the complete chain of events offers more
possibilities (Fig. 3A).

On the other hand, when alien species perform unexpected functions in their recipient environments that
indirectly profit native species, their eradication or control might lead to undesirable consequences on
non-target species (Courchamp et al. 2003; Bergstrom et al. 2009; Kopf et al. 2017). The eradication of
cats on the sub-Antarctic Macquarie Island led to a dramatic increase in the rabbit population, resulting
in large-scale effects to the whole island ecosystem and significant additional expenses from required
conservation actions (Bergstrom et al. 2009). Thus, a good understanding of the system is necessary
before planning alien eradications or controls so that the potential consequences of alien management
can be accounted for. By capturing positive indirect impacts of alien species, our classification could
also be used to identify situations in which strategies to prevent undesirable consequences of alien
eradication would be needed, and to plan such strategies. Prior to planning an eradication campaign of
black rats (Rattus rattus) on Surprise Island (New Caledonia), Caut et al. (2009) investigated the
potential chain effects of this eradication on mice (Mus musculus), the only competitor of rats on the
island. The authors developed a mathematical model to assess the risk of a burst in the mice population
if only rats were eradicated (Caut et al. 2007), and concluded that both populations would need to be
managed simultaneously, as the release of the rat competitor would have led to a dramatic increase in
the mice population. Such approaches should be more frequently adopted as they can prevent such

dramatic consequences.

Lastly, we showed that our classification can also be used to address the mechanisms underlying
synergistic and antagonistic interactions between alien species and other anthropogenic stressors.
Understanding the mechanisms of such interactions is key for efficiently managing their effects, as
threats increasingly co-occur (Didham et al. 2007; Chadés et al. 2015; Geary et al. 2019; Ricciardi et

al. 2020). Accounting for redundancies between management strategies across threats can substantially
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reduce the costs of conservation by achieving the same result than simple cost-effectiveness approaches
adopted for each threat independently (Chadés et al. 2015). For instance, if possible, targeting only the
distal threat of a threat network could result in the mitigation of all the proximal threats, and might be
more efficient in terms of costs and efforts (Geary et al. 2019). In western North America, the warming
of the streams due to human activity degrades water quality and facilitates the invasion of the alien
Smallmouth Bass (Micropterus dolomieu), a species sensitive to cool water; thus, restoring lost riparian
vegetation could help managing thermal regimes of streams and simultaneously reduce the impact of
the Smallmouth Bass (Dunham et al. 2020). In contrary, when stressors interact through an interaction
modification effect, managing only one stressor might not be efficient to decrease an impact (Didham
et al. 2007; Foster et al. 2016).

It is likely that biological processes between alien species and their recipient environments are too rich
and complex to all be captured within one simple classification. Although we acknowledge that some
indirect impacts on native species will probably not be classifiable with our classification, we were able
to classify all well-known indirect mechanisms, as well as many usually overlooked ones. Furthermore,

this classification could be extended and adapted to other types of impacts, caused by other stressors.
2.3.2 Predicting indirect impacts

Improving our understanding of impacts of alien species and of how they occur is essential to be able to
predict impacts. Predicting impacts will help prevent risky introductions or manage introduced
populations likely to cause important impacts early in the invasion process. Furthermore, understanding
how other stressors influence these impacts will allow a better consideration of their effects under
current global changes in which stressors are continuing to co-occur (Bellard et al. 2018; Ricciardi et
al. 2020), and has become the focus of much current research (Laender 2018; Schéfer & Piggott 2018;
Bruder et al. 2019; Jackson et al. 2021).

As indirect impacts always occur in the presence of at least one mediator, they can be expected to be
less predictable than direct ones, although some indirect impacts might be easier to predict than others.
For instance, unlike interaction modification effects, interaction chain effects only require knowledge
on the different direct interactions involved (Wootton 1993, 2002). The relatively lower interest in
studies for indirect impact mechanisms (Levine et al. 2003; White et al. 2006), has hence hampered our
ability to look for patterns and generalities and to make predictions for such interactions. However, there
has been a growing interest in the indirect impact mechanisms of alien species particularly in context of
analytical methods like structural equation modeling (Hoyle 1995), which allow the detection of
interactions within complex systems (e.g. Linders et al. 2019; Boscutti et al. 2020). Furthermore, the

use of networks or webs of interactions between the species residing in an invaded environment (Frost
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et al. 2019) or between the stressors at play (Geary et al. 2019) help to capture the complexity of the
system. Such approaches are, therefore, likely to be important in the development of new tools to predict
impacts of alien species (Frost et al. 2019).

2.4 Conclusion

The eradication or control of alien species is often unfeasible or unwanted, meaning that alternative
solutions must be found to mitigate their negative impacts on biodiversity. Alternatives are increasingly
being developed and proposed (Woodhams et al. 2011; Dunham et al. 2020; Falaschi et al. 2020; Garcia-
Diaz et al. 2021) but they can only be found when the mechanisms underlying impacts are well
understood. We argue that the lack of understanding of the varied and often subtle ways through which
alien species indirectly interact with their recipient environments has hampered progresses to develop
such alternatives. As each direct impact can lead to several indirect and cascading effects, it can be
expected that indirect impacts occur much more frequently than direct impacts; it is thus necessary to
improve our understanding of their mechanisms, for broadening the options for management. This work
provides a simple tool which breaks down indirect impact mechanisms to show their complexity and
variety. Reviews and classifications have so far focused only on specific categories of mechanisms or
taxa. Here, we aimed at summarizing this knowledge about indirect impact mechanisms into one
classification. Biological invasions are generally overlooked in conservation planning and need to be
more thoroughly considered (Maci¢ et al. 2018); thus, simple and straightforward frameworks will

hopefully facilitate the integration of biological invasions in such planning.
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Abstract

The Environmental Impact Classification for Alien Taxa (EICAT) classifies the impacts caused by alien
species in their introduced range in standardized terms across taxa and recipient environments. Impacts
are classified into one of five levels of severity, from Minimal Concern to Massive, via one of 12 impact
mechanisms. Here, we explain revisions based on an [IUCN-wide consultation process to the previously
published EICAT framework and guidelines, to clarify why these changes were necessary. These
changes mainly concern: the distinction between the two highest levels of impact severity (Major and
Massive impacts), the scenarios of the five levels of severity for the hybridization and disease
transmission mechanisms, the broadening of existing impact mechanisms to capture overlooked
mechanisms, the Current (Maximum) Impact, and the way uncertainty of individual impact assessments
is evaluated. Our aim in explaining this revision process is to ensure consistency of EICAT assessments,

by improving the understanding of the framework.

" Please note that in this chapter, we talk about alien ‘taxon’ instead of ‘species’, for consistency with the terminology used in the
EICAT framework.
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3.1 Introduction

The Environmental Impact Classification for Alien Taxa (EICAT: (Blackburn et al. 2014; Hawkins et
al. 2015; Appendix 1,2) has been developed to quantify variation in the severity and type of
environmental impacts generated by alien species. Semi-quantitative scenarios are used to categorize
impacts caused by alien taxa on native species into one of five levels of severity — Minimal Concern
(MC), Minor (MN), Moderate (MO), Major (MR), Massive (MV) (Fig. 1) — via one of 12 EICAT
impact mechanisms: (1) Competition, (2) Predation, (3) Hybridization, (4) Transmission of diseases to
native species, (5) Parasitism, (6) Poisoning / toxicity, (7) Biofouling or other direct physical
disturbance, (8) Grazing / herbivory / browsing, (9, 10, 11) Chemical, physical, or structural impact on
ecosystem, (12) Indirect impacts through interaction with other species (see Table 1 in Appendix 1:
Criteria used to classify alien taxa by EICAT Impact Category). Non-native species residing in the
recipient environment can be negatively affected by the alien taxon as well, but EICAT only classifies
impacts on the native biota. This classification system facilitates comparisons between impacts
generated by alien species across geographic regions and taxonomic groups. (Hawkins et al. 2015)
provided guidelines for the application of the framework inspired by the IUCN Red List of Threatened
Species (IUCN 2012, 2019).

EICAT has been used to undertake assessments of the environmental impacts of alien birds (Evans et
al. 2016), amphibians (Kumschick et al. 2017), bamboos (Canavan et al. 2019b), marine fishes (Galanidi
et al. 2018), feral mammals (Hagen & Kumschick 2018) and gastropods (Kesner & Kumschick 2018),
among others. Whilst these assessments demonstrated that EICAT can be effectively used to quantify
and categorise the environmental impacts of alien species from different taxonomic groups, they also
highlighted that aspects of the existing guidelines require refinement in order to improve the assessment
process. In 2020, EICAT was officially adopted as the IUCN standard for classifying alien species in
terms of their environmental impact. A new standard classification of the impact of invasive alien taxa
(Appendix 1), as well as new guidelines for using this standard classification (Appendix 2) have been
developed based on an IUCN-wide consultation process to solve the problematic aspects and improve
the process: these documents update and replace the existing guidance documentation (Hawkins et al.
2015).

Here, we have explained the major changes made to the previous EICAT guidance and the reasons for
these changes, so that the revision process is transparent. By detailing the reasoning behind the changes,
we also aim to improve the general understanding of the framework, which is likely to result in an
increased consistency in its use by different assessors. Therefore, while this guidance will be particularly
useful to assessors already familiar with EICAT, we would also recommend it to assessors intending to
use EICAT for the first time.
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Figure 1. The different EICAT categories and the relationship between them. Reproduced from Appendix 1
(IUCN EICAT Categories and Criteria; with permission from IUCN).

3.2 Definitions

3.2.1 ‘Fitness’ has been replaced by ‘Performance’

In the description of the MN impact magnitude and throughout, the term ‘fitness’ has been replaced by
the term ‘performance’. As fitness is usually defined as the number of descendants provided by an
individual to the next generations, changes in the individual fitness lead per definition to changes in
native population sizes (MO impact) (Krimbas 2004; Hunt & Hodgson 2010). This is problematic, as
in EICAT, MN impacts explicitly do not involve population level impacts. Performance, on the contrary,
does not necessarily relate to offspring production and therefore does not imply MO impacts: it includes
changes in the individual growth, reproduction, fecundity, survival, defense, immunocompetence, etc.
MN impacts (i.e. impacts on the individual performance) can lead to population level impacts (MO,

MR and MV impacts), but do not necessarily do so.
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3.2.2 Population, sub-population, local population

The three most severe EICAT impact categories (MO, MR and MV) involve population level impacts
to native taxon (causing declining populations of native taxon (MO impacts), or reversible and
irreversible population extinctions [MR and MV impacts, respectively]). To reflect the severe nature of
these impacts and to assist efficient communication of high impacts, MO, MR and MV impacts have
been grouped together under the term ‘harmful’ (Fig. 1). This follows a similar approach adopted by the
IUCN Red List of Threatened Species (https://www.iucnredlist.org/), where native species in the three
of the Red List categories (Mulnerable (VU), Endangered (EN) and Critically Endangered (CR)) are

grouped under the term ‘threatened’. The terms ‘population’, ‘local population’, ‘sub-population’ and

‘global population’ are widely used terms which might not always be understood in the same way (Wells
& Richmond 1995): to avoid any confusion on what is meant in EICAT by ‘population level impacts’,

these different terms have been clearly defined in the revised guidance.
Revised guidance

The relationship between a global population, a sub-population and a local population has been clarified
(Appendix 1):

e A global population includes all individuals of a taxon

e A sub-population is a geographically or otherwise distinct group in the global population of a

taxon

e Alocal population is a group of individuals within a sub-population of a taxon

Sub-populations are largely isolated from each other, whereas local populations within a sub-population
are connected by frequent movements of individuals (Fig. 2). For EICAT assessments, population
decline and extinction should be evaluated at least at the level of a local population (but can also happen

at higher levels, such as sub-population or global population levels).
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Figure 2. The relationship between a global population, sub-population and local population for the purposes of
EICAT assessments. The global population includes all individuals of a taxon, a sub-population is a geographically
or otherwise distinct group in the population, and a local population is a group of individuals within a sub-
population. In this example, local population 1 includes all individuals within sub-population 1. Local populations
2, 3 and 4 are connected by frequent natural immigration, whereas sub-populations 1 and 2 are largely isolated
from each other. Reproduced from Appendix 1 (IUCN EICAT Categories and Criteria; with permission for IUCN).

To show impacts at the native population level (MO, MR or MV), studies should understand the
structure and dynamics of the populations being considered through the assessment. The individuals
comprising a local population are often spatially grouped into smaller units (termed patches, aggregates,
clusters, herds, etc.), which are naturally dynamic (i.e. appearance of new patches and disappearance or
expansion of existing patches; Hanski 1994). Impact studies and EICAT assessors should be careful not
to consider individual patches as local populations when evaluating the magnitude of the impact caused
by the alien taxon. Studies should also ideally have attempted to understand the natural dynamics of the
native local populations, to avoid incorrectly interpreting changes due to natural variation as impacts of
the alien taxon (e.g. Schooley & Branch 2009; Hanski et al. 2017); the guidelines of the IUCN Red List
of Threatened Species (IUCN 2012, 2019) provide examples of different population dynamics, such as

extreme fluctuations or severely fragmented populations).

Observations or experiments are sometimes carried out on native local ‘populations’ that are not
reproducing (e.g. common garden experiments for plants or mesocosm experiments). In EICAT, impacts
can be reported at the population level (MO, MR or MV) only when observations or experiments are

carried out on native self-sustaining populations. ldeally, changes in native population dynamics should
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have been happening over several generations to conclude population level impacts (MO, MR or MV):
for instance, to confidently detecting population level impacts, it might not be sufficient to observe fewer
native plant individuals in the same generation, as these losses could be compensated for by seedling
recruitment. Therefore, in the cases of non-self-sustaining native populations, one can only infer impacts

on individual performance (MN).

3.3 Impact Categories

3.3.1 Determining whether an impact is Major (MR) or Massive (MV) under EICAT

Determining whether the impact of an alien taxon on a native taxon is MR or MV under EICAT is
established by assessing whether the impact is reversible. Both MR and MV impacts result in native
taxon extinctions: a local population extinction that is reversible is classified as an MR impact, whilst
an irreversible local population extinction is an MV impact. Under the previous EICAT guidance, the
assessor is required to determine whether the impact of the alien taxon is likely to be reversible through
management actions (for example by considering the logistics associated with extirpating or eradicating
the alien taxon, re-introducing the native taxon and / or restoring native habitats). In cases where the
effort or cost required to reverse the changes caused by the alien taxon were beyond capabilities, the
impact would be judged irreversible (i.e. it would be assessed as an MV impact), even if in theory it

might be possible to re-establish the native local population.

Determining whether management actions are likely to enable the native taxon to re-colonise the area is
an unrealistic demand of the assessor. This is very difficult to establish in an EICAT assessment
procedure and is usually not discussed in the original impact reports used in the EICAT process: it would

inevitably introduce new causes of uncertainty and subjectivity.
Revised guidance

The requirement to evaluate the reversibility of a native taxon extirpation through management actions
has been removed from the guidance documentation. To determine whether an impact is MR or MV,
the assessor must instead apply the hypothetical scenario which assumes that the alien taxon is
eradicated from the location where it caused the extinction of a native local population, regardless of

whether this eradication is feasible or if the native taxon could be re-established with additional effort:

e Alocal population extinction is reversible (an MR impact) if the native taxon would most likely

return to the community from which it was extirpated within 10 years or 3 generations of the
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native taxon, whichever is longer, under either of the following conditions; (1) naturally (e.g.
individuals migrating from another local population (of the same sub-population) recolonising
the area), or (2) assisted by human re-introductions, either intentionally or unintentionally, but
only where the re-introductions were occurring at a similar rate before the alien taxon led to the
native taxon local population extinction, and the re-introductions are not for conservation
purposes. Examples for the second condition include cases where individuals of a native mussel
are frequently (unintentionally) transported via boats to the place where the local population of
this native mussel went extinct, or cases where a native fish is periodically (and intentionally)
restocked for fishing in the lake where the local population of this fish went extinct. Therefore,
re-introductions assisted by humans that were not already in place at the time the alien taxon
led to the local population extinction and would require extra effort (e.g. re-introductions from

captivity or from other areas) are not considered as reversible changes.

A local population extinction is irreversible (an MV impact) if the native taxon is not likely to
return to the community within 10 years or 3 generations of the native taxon, whichever is
longer, without additional human assistance that was not already in place at the time the alien
taxon led to the local population extinction. Local extinctions are irreversible when there is no
propagule influx of the native taxon (e.g. global extinction, disconnection of the local
population), or when the alien population changes the environment, making it unsuitable for the

native taxon.

Local extinctions which, under the previous guidance, were considered irreversible (MV) because of

practical constraints or inability to either eradicate the alien or restore the native habitats, should be re-

classified as MR impacts, if it is possible for the native taxon to return to the community naturally or

assisted by human re-introductions already in place before the alien taxon led to its local population

extinction. Local extinctions which were considered irreversible (MV) because the native taxon was

globally extinct, because of a disconnection of the local population, or because of changes in the habitat

characteristics due to the alien, should remain classified as MV under the revised guidance. Local

extinctions which were classified as MR because it was judged logistically feasible to re-introduce the

native taxon with extra effort (i.e. with measures not already in place before the alien taxon led to the

native taxon extinction) or by restoring the habitat modified by the alien, should be considered

irreversible and re-classified as MV under the revised guidance.
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3.4 Impact mechanisms

3.4.1 Broadening of impact mechanisms in order to capture all types of impacts

EICAT considers that impacts caused by alien taxon to a native taxon can occur through 12 EICAT
impact mechanisms, which align with those identified in the IUCN Global Invasive Species Database

(GISD) (http://www.iucngisd.org/gisd). In the previous EICAT guidance, these mechanisms were: (1)

Comepetition, (2) Predation, (3) Hybridization, (4) Transmission of diseases to native species, (5)
Parasitism, (6) Poisoning / toxicity, (7) Biofouling, (8) Grazing / herbivory / browsing, (9, 10, 11)
Chemical, physical, or structural impact on ecosystem, (12) Interaction with other alien species
(Hawkins et al. 2015). Impact mechanisms describe the way a native taxon is affected by an alien taxon:
e.g. by feeding on plants, alien herbivores can affect native plants through ‘Grazing’, and at the same
time they can affect native insects or ground-nesting birds through ‘Chemical, physical, or structural

impact on ecosystem’, because of above-ground plant biomass removal.

Indirect impacts to native taxon were not completely captured by these 12 mechanisms. In indirect
impacts, the alien taxon does not directly interact with the impacted native taxon: it affects the native
taxon by modifying another factor of the environment, which can be biotic (a population of another alien
or native taxon), or abiotic (e.g. water or soil composition). In the 12 mechanisms, indirect impacts
occurring through changes in abiotic factors are captured by the mechanism ‘Chemical, physical, or
structural impact on ecosystem’. Indirect impacts through changes to biotic factors can occur a) when
the alien taxon facilitates the negative effect of an intermediate species on the native taxon of interest.
This is the case in the ‘Transmission of disease’ or in the ‘Interaction with another alien species’
mechanisms, where the alien facilitates the negative impact respectively of a parasite (by vectoring it)
or of another alien species. However, other examples of such indirect impacts exist, and were not
described by any mechanisms of the previous guidance: for instance, on San Miguel and Santa Cruz
Islands (California Channel Islands), an introduced pig (Sus scrofa) population enabled the colonisation
by mainland golden eagles (Aquila chrysaetos) and caused an increase in their population by providing
a supplemental food source, leading the golden eagle population to start feeding on the native fox
(Urocyon littoralis) population and causing its decline (Roemer et al. 2001, 2002). In this example, the
alien pig had an indirect impact on the native fox, by facilitating the impact of the golden eagle. Indirect
impacts can also occur when b) the alien taxon inhibits a positive effect of an intermediate species on
the native taxon of interest. This is the case in the ‘Competition’ mechanism, where the alien taxon
decreases the availability of a resource and thereby decreases the benefits brought by this resource to
the native taxon. However, other mechanisms for this type of indirect impacts were previously ignored
as well. In North American forests, for example, the European plant garlic mustard (Alliaria petiolata)

has been found to release antifungal phytochemicals which eliminate the activity of native arbuscular
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mycorrhizal fungi and suppresses the growth of native tree seedlings by disrupting their mutualistic
associations (Stinson et al. 2006; Callaway et al. 2008). Such impacts are not described by any
mechanism and cannot be systematically and consistently classified.

With respect to direct mechanisms, impacts occurring through direct physical disturbances, such as
vegetation trampling or tree rubbing, were not captured either. Alien populations of ungulates often
cause direct physical disturbances: for instance, an alien population of the Asian elephant (Elephas
maximus) on the Andaman Islands (India) contributed to the declines of several native plant populations
by heavily grazing upon them, but also by uprooting and debarking trees (Ali 2004). In such impacts,
native individuals are not indirectly affected by a change in some environmental characteristics (impact
on ecosystem), but are affected by their direct interaction with alien individuals.

Revised guidance

To capture all indirect impacts occurring through changes to biotic factors, the mechanism ‘Interaction
with other alien species’ has been amended to ‘Indirect impacts through interaction with other species’

and the semi-quantitative scenarios updated accordingly (see Table 1).

Unlike the direct mechanisms of ‘Predation’, ‘Grazing / herbivory / browsing’ or ‘Parasitism’, the direct
impacts caused by physical disturbances (e.g. vegetation trampling) do not concern trophic interactions.
The existing ‘Biofouling” mechanism is also a direct mechanism not concerning trophic interactions but
occurring through a physical disturbance of native individuals: therefore, the mechanism ‘Biofouling’
has been amended to ‘Biofouling or other direct physical disturbance’, to capture all types of impacts

occurring through direct physical disturbances.

These extensions of two mechanism definitions allow the classification of impacts that were not captured
in a systematic way under the previous guidance: impacts falling into these new definitions, and
previously classified into unsuited mechanisms, should be re-classified into one of these two extended

mechanisms.

3.4.2 Refinement and clarification of the criteria for the mechanism ‘Transmission of

disease’

In the “transmission of disease” mechanism, the alien taxon acts as a vector of a (native or alien) disease
agent (e.g. virus, bacteria or prion) or parasite which impacts upon native taxa. When we evaluate the
impact of the alien taxon through transmission of disease, we evaluate its impact as a vector (i.e. the
increase in the spread of the disease agent/parasite (hereafter, parasite) caused by the alien vector

impacts the native taxon). However, evidence of the alien taxon being a host is more frequently available
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than evidence of the alien taxon being a vector. For instance, the chytrid fungus Batrachochytrium
dendrobatidis, which has contributed to global amphibian declines, has been shown to be transmitted
by alien amphibians populations to the native ones (e.g. Fisher & Garner 2007; Miaud et al. 2016); yet,
most studies only show that alien amphibian populations are reservoirs for the chytrid fungus instead of
showing that they transmit the disease to the native populations (Measey et al. 2016). The responsibility
of the alien taxon for disease spread and observed impact is difficult to evaluate from such evidence.

Revised guidance

Based on the available types of evidence for this mechanism, the information required to classify impacts
through transmission of disease has been clarified. For an impact to be classified as MO, MR or MV,
the following information is needed: an impact on the native population (e.g. a decline [MO] or a local
extinction [MR/M]) has to be observed and the alien taxon has to be shown to be a host of the parasite
at the same time and space as the native population (based on Kumschick et al. 2017). When only
evidence is available that the alien taxon is a host (or a vector) of a disease that affects individuals, the
impact should be scored as MN: the extent of the impact on the native population is not shown or studied,
so we can only suppose that the performance of the infected individuals has been affected. Impacts are
classified as MC when the disease or parasite carried by the alien taxon was not found in the native taxa,
or when the disease or parasite was found in the native taxa but shown to be harmless to the native
individuals. The semi-quantitative scenarios of the transmission of disease mechanism have been

updated accordingly (see Table 1).

Establishing whether the alien taxon is the only (or main) vector of the parasite in the recipient
environment, or whether multiple vectors are present and are aiding the spread of the parasite, helps to
evaluate the impact of the alien vector. If the alien taxon is the only vector, the impact of the alien taxon
equates to the impact of the parasite. If the alien taxon is not the only vector of the parasite, the impact
of the alien taxon equates to the impact caused by the increase in the spread of the parasite due to the

alien taxon.

If the parasite vectored by the alien taxon is also an alien in the area of interest, separate EICAT
assessments need to be performed for it, under the mechanism ‘parasitism’. In cases where the alien
vector is the only vector present in the recipient environment, the same impact magnitude would be
recorded for the alien vector and for the alien parasite (because if either of them were absent, the
observed impact would not occur). In cases where the alien vector is increasing the spread of an alien
parasite, the impacts of the alien parasite and of the alien vector might be of different magnitudes (but
the impact of the alien parasite will always be the same or higher than the impact of the alien vector in

this specific mechanism).
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These updates show how to apply the information usually available regarding the ‘Transmission of
disease” mechanism: impact reports showing that the alien is a host of a parasite causing damage to the
individual performance or population of a native species can now be classified in a consistent way. Such
impact reports might have been classified differently under the previous guidance, because of a lack of
solid evidence showing that the alien taxon was transmitting the parasite to native species: these reports
should be re-classified based on the new criteria.

3.4.3 Revised scenarios to describe the severity of hybridization impacts

For all impact mechanisms, the five semi-quantitative scenarios categorizing severity should follow the
same general logic. However, the semi-quantitative scenarios used to describe the severity of
hybridization impacts are not in-line with those used to describe the severity of impacts associated with
other mechanisms, because they focus on the viability of the hybrid offspring, rather than on the native
individuals. The semi-quantitative scenarios are also based on hypothetical (projected) impacts, instead
of on observed impacts. Indeed, these scenarios assume that as soon as hybrids can reproduce with the
native population, the latter is inevitably lost. In so doing, they ignore the possibilities that hybrid
individuals may be removed from the population, that hybrids may only reproduce with other hybrids
(assortative mating), that stable hybrid and native populations may coexist, that backcrossing processes
may occur, or simply that hybridization may not have been happening for long enough for the native
population to go extinct. For example, the ruddy duck (Oxyura jamaicensis) hybridizes with the
endangered white-headed duck (Oxyura leucocephala) in Spain, but even though hybrids are fertile and
produce viable offspring, early control programs of the alien population and the hybrids allowed to avoid
a decline in the white-headed duck population (Mufioz-Fuentes et al. 2007). The Asian sika deer (Cervus
nippon) is known to hybridize with the native red deer (Cervus elaphus) in Scotland and England, but
local red deer populations show very different levels of hybridization. The sika deer have led to
population declines in some locations where high proportions of hybrids were detected (e.g. in Kintyre
Peninsula), but not in others, where a low frequency of hybrids was detected in large sample sizes,
revealing past hybridization followed by extensive backcrossing (e.g. in Lake District and North
Highlands) (Smith et al. 2018).

Revised guidance

Each hybridization event between native and alien or hybrid individuals reduces the reproduction rate
of the pure native taxon, which can lead to a decline in population size or to local extinction, depending
on the frequency of the hybridization events and on whether hybrids are fertile. The criteria are now
based on observed instead of projected impacts: hence, cases where hybrids are fertile but did not lead

to local extinctions would no longer be classified as MR or MV (but maximum as MO). With increasing
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impact severity, the reproduction rate of the pure native taxon reduces, which may lead to declining
populations of a native taxon (MO impacts) or to reversible and irreversible species extinctions (MR
and MV impacts), depending on the frequency of the hybridization events (see Table 1).

Hybridization impacts classified using the previous guidance can be adapted to the revised guidance as

follows:

e Impacts initially classified in the MC or MN categories can remain classified in the MC or MN

categories, respectively;

e Impacts initially classified in the MO category because hybridization is regularly observed in
the wild and has led to a decline of the pure native population can remain classified in the MO
category. In contrast, impacts initially classified in the MO category only because hybrids are
vigorous but sterile, but with no decline of the pure native population observed, should be re-

classified in the MN category;

e Because, in the previous guidance, the criteria of the MR category did not describe any
replacement of the pure native population, impacts initially classified in the MR category should
be re-classified in the MO category;

o Impacts initially classified in the MV category because hybridization is common in the wild and
/or because hybrids are fully vigorous and fertile should be:

- re-classified in the MO category if hybridization has led to a decline in the pure native
taxon but no replacement of the pure native population;

- re-classified in the MR category if hybridization has led to the replacement of the local
pure native population, but the native pure bred population can recover (either naturally
or assisted by human re-introductions already in place before the alien taxon led to the
local population extinction) if the alien and hybrids are no longer present;

- remain classified in the MV category if hybridization has led to the replacement of the
local pure native population, and the native pure bred population cannot recover (either
naturally or assisted by human re-introductions already in place before the alien taxon

led to the local population extinction) even if the alien and hybrids are no longer present.
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Table 1. Criteria used to classify alien taxa by EICAT impact category (MC, MN, MO, MR, MV) for the three modified mechanisms: Indirect impacts through interaction
with other species, Transmission of disease to native species and Hybridization. Reproduced from Appendix 1 (IUCN EICAT Categories and Criteria, with permission from

IUCN).

Categories
should adhere
to the following
general
meaning

Mechanisms

Indirect
impacts
through
interaction
with other

species

Massive (MV)

Causes local extinction of at
least one native taxon (i.e., taxa
vanish from communities at
sites where they occurred
before the alien arrived), which
is naturally irreversible; even if
the alien taxon is no longer
present the native taxon cannot
recolonise the area

Interaction of an alien taxon
with other taxa leading to
indirect impacts (e.g.,
pollination, seed dispersal,
apparent competition) causing
local extinction of one or
several native taxa, leading to
naturally irreversible changes
that would not have occurred in

the absence of the alien taxon

Major (MR)

Causes local or
subpopulation extinction of at
least one native taxon (i.e.,
taxa vanish from communities
at sites where they occurred
before the alien arrived);
which is naturally reversible
if the alien taxon is no longer
present

Interaction of an alien taxon
with other taxa leading to
indirect impacts (e.g.,
pollination, seed dispersal,
apparent competition) causing
local population extinction of
at least one native taxon;
changes are naturally
reversible but would not have
occurred in the absence of the

alien taxon

Moderate (MO)

Causes population decline in at

least one native taxon, but no local

population extinction

Interaction of an alien taxon with
other taxa leading to indirect
impacts (e.g., pollination, seed

dispersal, apparent competition)

causing a decline of population size
of at least one native taxon, but no

local population extinction; impacts

would not have occurred in the

absence of the alien taxon

Minor (MN)

Causes reduction in
individual performance (e.g.,
growth, reproduction,
defense, immunocompetence),
but no decline in local native
population sizes

Interaction of an alien taxon
with other taxa leading to
indirect impacts (e.g.,
pollination, seed dispersal,
apparent competition)
affecting performance of
native individuals without
decline of their populations;
impacts would not have
occurred in the absence of the

alien taxon

Minimal Concern (MC)

Negligible level of impact; no
reduction in performance
(e.g., growth, reproduction,
defense, immunocompetence)
of individuals of native taxa

Interaction of an alien taxon
with other taxa leading to
indirect impacts (e.g.,
pollination, seed dispersal,
apparent competition) but
reduction in performance of
native individuals is not

detectable
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Transmission
of disease to

native species

Hybridization

Massive (MV)

Transmission of disease to
native taxa resulting in local
extinction of at least one native
taxon; changes are naturally

irreversible

Hybridization between the alien
taxon and native taxa leading to
the loss of at least one pure
native local population
(genomic extinction); pure
native taxa cannot be recovered
even if the alien and hybrids are

no longer present

Major (MR)

Transmission of disease to
native taxa resulting in local
population extinction of at
least one native taxon;
naturally reversible when the
alien taxon is no longer

present

Hybridization between the
alien taxon and native taxa
leading to the loss of at least
one pure native local
population (genomic
extinction); naturally
reversible when the alien
taxon and hybrids are no

longer present

Moderate (MO)

Transmission of disease to native
taxa resulting in a decline of
population size of at least one
native taxon, but no local
population extinction; disease is
severely affecting native taxa,
including mortality of individuals,
and it has been found in native and
alien co-occurring individuals

(same time and space)

Hybridization between the alien
taxon and native taxa is regularly
observed in the wild; local decline
of populations of at least one pure
native taxon, but pure native taxa

persist

Minor (MN)

Transmission of disease to
native taxa affects
performance of native
individuals without leading to
a decline of their populations;
alien taxon is a host of a
disease which has also been
detected in native taxa and
affects the performance of

native taxa

Hybridization between the
alien taxon and native taxa is
observed in the wild, but rare;
no decline of pure local native

populations

Minimal Concern (MC)

The alien taxon is a host or
vector of a disease
transmissible to native taxa
but disease not detected in
native taxa; reduction in
performance of native

individuals is not detectable

No hybridization between the
alien taxon and native taxa
observed in the wild
(prezygotic barriers),
hybridization with a native

taxon is possible in captivity
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3.5 Overall impact of an alien taxon

3.5.1 Distinction between spatial scale of assessments and geographic scale of

assessments

The previous guidelines independently addressed the concepts of spatial scale of assessments and
geographic scale of assessments. The term ‘spatial scale of assessments’ is used in the context of an
individual EICAT assessment (based on one impact observation, or study), whereas the term
‘geographic scale of assessments’ is used in the context of the overall classification of an alien taxon.
While these terms are used at different stages of the assessment process, they might be confused, as they
both involve spatial aspects of assessments. The distinction between the two terms is made clear in the

revised guidance.
Spatial scale of assessments

The term spatial scale of assessments relates to the evidence of impacts being assessed using the EICAT
Categories and Criteria. Impacts caused by alien taxa need to be observed or investigated at an
appropriate spatial and temporal scale, over which the original native communities can be characterized.
Assessments based on evidence generated at spatial or temporal scales that are very different to the
scales over which the local native population can be characterized are likely to be subject to greater

uncertainty.
Geographic scale of assessments

Where impacts are assessed based on evidence from across an alien taxon’s global introduced range, the
geographic scale of the Maximum recorded impact would be ‘Global’. However, where impacts are
assessed based on evidence from a single country to which an alien taxon has been introduced (excluding
impacts from areas of its alien range in other countries), the geographic scale of the Maximum Recorded
Impact would be ‘National’ (Fig. 3). IUCN will only review and display global EICAT assessments on

their website.
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SPECIES XY GEOGRAPHIC SCALE of Assessment
Individual EICAT assessments at appropriate NATIONAL GLOBAL
SPATIAL and TEMPORAL SCALE EICAT Category EICAT Category

Study 1 - France

----------------------------------------------------------

Study 2 - France

Study 3 - India

Study 4 - Viet Nam

----------------------------------------------------------

Study 7 - Fiji

Figure 3. How data from individual EICAT assessments of the impacts of a hypothetical alien taxon (species XY)
inform the EICAT Category to which the taxon is assigned at national and global scales. The global assessment
categorizes the taxon based on its highest impact anywhere (in this case, a Massive (MV) impact in Vietnam).
National scale assessments are based only on impacts reported from those countries (e.g. Major (MR) for Fiji).
Data Deficient (DD) in India indicates that the alien taxon was assessed but no impact reports from India were
found. Reproduced from Appendix 1 (IUCN EICAT Categories and Criteria, with permission from IUCN).

3.5.2 No longer recording Current (Maximum) Impact

Under the previous guidance, a dual assessment of the alien taxon’s impacts was required (Hawkins et
al. 2015):

e Maximum Recorded Impact (MC, MN, MO, MR or MV)

e Current (Maximum) Impact: the severity of impacts associated with an alien taxon’s current

impacts to a native species (at the time of the EICAT assessment) (MC, MN, MO, MR or MV)

The rationale here was that the two measures of impact severity could be compared to demonstrate
whether the impacts of an alien taxon were increasing or decreasing over time. For instance, an impact
could be downgraded to a lower magnitude once management practices had been established to control

the alien population.
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While downgrading or upgrading an impact to lower or higher magnitudes can be informative for the
impact caused by a specific alien population, downgrading or upgrading the overall impact of an alien
taxon with multiple introduced populations is not straightforward and might lead to the loss of

information on impacts, for the following reasons:

o Different introduced populations of the alien taxon are likely to vary over time in different ways:
the same reduction or increase in the impact magnitude will probably not be observed in all its
introduced populations. It is difficult to define in such cases how to treat the different scenarios

with one global Current Impact score.

e Moreover, it is unclear when an impact should be considered as ‘current” when considering the
overall impact of an alien taxon (i.e. it is difficult to define a reasonable time scale over which
impact magnitudes should be re-evaluated).

o Finally, information on the variation of impacts over time will likely not be available for most
of the introduced populations of the alien taxon. It is unclear if potential differences in recent

impact reports are the result of temporal changes in impact magnitudes.
Revised guidance

The requirement to assess an alien taxon’s Current Impact has been removed: an assessment of the alien
taxon’s Maximum Recorded Impact is still required, which equals the taxon’s EICAT Classification (as
in Kumschick et al. 2020). EICAT is an evidence-based scheme: the classification of an alien taxon is
only based on its observed impacts (or impacts inferred based on evidence), but potential, hypothetical

or projected impacts are not assessed by the framework (Appendix 1).

3.6 Dealing with uncertainty

The assessor should assign each (relevant) impact report to its most likely impact Category and assign
a level of confidence to this assessment (high, medium or low), depending on the likelihood of the
assigned impact Category being correct. In the previous guidance, the factors listed as potentially
reducing the assessors’ confidence in the impact magnitude assigned to an impact observation included:
the availability, reliability and type of data used as evidence of impacts, the spatial scale over which data
were collected, the ease of interpretation of the available data, and whether or not all available data were

in agreement with respect to the magnitude of recorded impacts.
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The previous guidance did not address three important sources of uncertainty in EICAT assessments
(see also Appendix 3):

e Confounding effects: The presence of confounding effects is a frequent source of uncertainty
in impact reports when changes are happening at the local population level (MO, MR or MV).
Large-scale phenomena such as changes in native population dynamics usually do not allow an
‘ideal’ experimental set-up with control situations to exclude the possibility that other biotic or
abiotic factors have caused or contributed to the observed impact (Kumschick et al. 2015b;
Christie et al. 2019). It is therefore often difficult to distinguish whether an alien taxon is the
driver of these changes, or whether confounding effects are at play. For instance, when a decline
of a native taxon is observed but multiple stressors - including the alien taxon - act on that
species, it is possible that the observed decline would have happened in the absence of the alien
taxon. The impact caused by the alien taxon might therefore be lower than the one assigned (e.g.
MO), if the decline would have happened anyway: the presence of other stressors can reduce
the confidence in the assigned impact category. Conversely, when no other stressor is known to
act on the impacted native taxon, the alien taxon is more likely to be responsible for the observed
change.

e Study design: Impact studies are rarely designed to determine which impact magnitude is
caused by the alien taxon based on the EICAT criteria (i.e. at which level of organization are
the native taxa affected by the alien taxon). Therefore, even in well-designed impact studies,
uncertainty can exist regarding the impact magnitude that has been assigned to the impacts they
report. For instance, some studies focus only on one particular level of impact (e.g. the
individual performance) and are not investigating higher levels of impact (e.g. whether the
impact on the individual performance is affecting the size of the population) even when these
are likely (Appendix 3). In such cases, the assessor should be aware that the study design creates
uncertainty: the ‘true’ impact magnitude could be higher than the one assigned, if the alien
causes a decline in the native population. Hence, these impacts cannot be classified as MN
impacts with high confidence, as the MN category corresponds to impacts at the individual
performance level and no impact at the population level (Appendix 2). In contrast, impact
reports from study designs that describe an impact at the individual performance level, and
which would have allowed detection of an impact at higher levels, can be classified as MN with

high confidence regarding the ‘Study design’.

e Temporal scale: Studies performed over time periods that are too short to capture the changes
in a native population might lead to an over- or under-estimation of the severity of an impact.

As previously explained, a study investigating impacts at the native population level (MO, MR
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or MV) should be performed at a temporal scale that allows changes in the dynamics of native
populations to be captured, over several generations.

Revised guidance

The revised guidance for the confidence classification distinguishes between five sources of uncertainty
in EICAT assessments: confounding effects, study design, data quality and type, spatial and temporal
scales, and coherence of evidence (see Appendix 3). The source ‘Data quality and type’ addresses the
uncertainty associated with the use of inferred information in the assessment, but also the uncertainty
associated with the way the impact observation is communicated in the report. For instance, if no detail
is provided on the way the observation or experiment has been performed in the report, the assessor
cannot evaluate the relevance of the spatial/temporal scale or of the study design. The guidance also
specifies how each of these sources can affect the assessor’s level of confidence in their assessment, and

in which circumstances these sources would lead to a high, medium or low score (Table 2).

3.7 Conclusions

Here we have provided clarifications to improve the understanding of the EICAT framework. We
highlighted the problematic aspects of the initial EICAT framework and guidelines (Blackburn et al.
2014; Hawkins et al. 2015), which have been modified, but not explained, in the revised versions
(Appendix 1,2). We also provided concrete examples and additional explanations on the impact

assessment process.

It is, however, impossible to completely avoid differences in interpretation amongst assessors for some
aspects of the framework. Therefore, we stress the importance of following the recommendations given
by Gonzalez-Moreno et al. (2019): assessors should be adequately trained, and continuously discuss and

exchange their work with other assessors for feedback and review.
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Table 2. Guidance for confidence classification (Reproduced from Appendix 2).

Sources of uncertainty that

influence the confidence rating

High confidence:

it is likely (approximately 90%
chance) that the true Impact
Category is equal to the assigned
one

Medium confidence:

there is potential for the true
Impact Category to be different
from the assigned one
(approximately 65-75% chance
of the assigned impact category

being correct)

Low confidence:

it is likely that the true Impact
Category is different from the
assigned one (approximately
35% change of the assigned

impact category being correct)

Presence of confounding

effects

The likelihood of including
confounding effects is low
(i.e. it is unlikely that the
level of impact would have
been observed if the alien

taxon was not introduced)

Confounding effects may be
at least partly responsible
for the observed impact (i.e.
potentially the observed
level of impact would still
have happened if the alien

taxon was not introduced)

The likelihood of including
confounding effects is high
(i.e. it is likely that the
observed level of impact
would have happened if the
alien taxon was not

introduced)

Study design

The study design would
have allowed the
detection of higher/lower
impact magnitudes than
the one assigned

The study design would
not have allowed the
detection of higher/lower
impact magnitudes than
the one assigned (i.e. it
cannot be reasonably

excluded)

The study design does not
allow any conclusions
about higher or lower
impact magnitudes and it
is likely that the true
impact magnitude is

higher or lower

Data quality and type

There is relevant
direct observational
evidence to support
the assessment; the
data are reliable and
of good quality

There is some direct
observational
evidence to support
the assessment, but
some of the data are

inferred

There is no direct
observational
evidence to support
the assessment; data

are of low quality

Spatial and temporal scale

Impacts are recorded at the typical spatial
and temporal scales at which the local
native population can be characterized

Impacts are recorded at a spatial or
temporal scale which may not be relevant to
the scale over which the local native
population can be characterized, but
extrapolation or downscaling of the data to
relevant scales is considered reliable or

embraces little uncertainty

Impacts are recorded at a spatial or
temporal scale which is unlikely to be
relevant to the scale at which the local
native population can be characterized, and
extrapolation or downscaling of the data to
relevant scales is considered unreliable or

embraces significant uncertainties

Coherence of

evidence

All evidence points
in the same
direction (no
contradictory
evidence)

Most evidence
points in the same
direction, but some
is contradictory or

ambiguous

Data are strongly
ambiguous, or

contradictory
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Abstract

For an efficient allocation of the limited resources to alien species management, the most damaging
species should be prioritised. Comparing alien species based on their impacts is not straightforward, as
the same species can cause different types and magnitudes of impacts when introduced to different
contexts, making it difficult to summarise its overall impact. The Environmental Impact Classification
for Alien Taxa (EICAT) systematically summarises and compares detrimental impacts caused by alien
populations to native biota and has been adopted by the International Union for Conservation of Nature.
For each alien species, all reported impacts to native populations within the introduced range are
classified into five levels of severity, from negligible impact to irreversible local extinction. Currently,
EICAT only compares alien species based on their highest impact, thereby ignoring variation in impact
magnitudes. Here, we used information on the variation in impact magnitudes of alien species to
estimate their risks to cause high impacts if introduced to a novel environment. We demonstrate the
usefulness of this approach by classifying the global impacts of alien ungulates. We found impact reports
for 27 of the 66 alien ungulate species established worldwide, highlighting substantial knowledge gaps
in invasion science. We classified a total of 441 impacts to native fauna and flora caused by these 27
species. Twenty-six of the species were found to cause harmful impacts (native population declines or
local extinctions). Mouflon (Ovis orientalis, Gmelin, 1774) and dromedary (Camelus dromedarius,
Linnaeus, 1758) had a higher risk of causing local extinctions if introduced to a novel environment than
sika deer (Cervus nippon, Temminck, 1838) and goats (Capra hircus, Linnaeus, 1758). Including risk of
high impacts allows to discriminate among species with the same EICAT classification and improves

alien species prioritisation for management.
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4.1 Introduction

Alien species introductions are accumulating around the globe at increasing and concerning rates
(Seebens et al. 2017). Though the majority of alien species are not perceived as harmful, occasionally
they can cause serious impacts to their recipient environments, leading to irreversible changes, such as
causing local or global species extinctions (Bellard et al. 2016a; Pysek et al. 2017). In order to
effectively allocate the limited resources available to alien species management, identifying the most
damaging species for prioritization is critical (Roy et al. 2014, 2015). This is not straightforward because
impacts can occur in different environments and through various mechanisms, and because the same
species might cause different types and magnitudes of impacts when introduced to different contexts
(Parker et al. 1999; Ricciardi et al. 2013), making it difficult to summarize the overall impact of an alien

species in a meaningful way and thus to compare species.

The first challenge is to compare the various changes alien populations are causing in their recipient
environments (Nentwig et al. 2010). The Environmental Impact Classification for Alien Taxa (EICAT)
allows the classification of impacts in a standardized way, making comparisons among diverse taxa and
impact scenarios possible (Blackburn et al. 2014; Hawkins et al. 2015; Appendix 1,2): impacts are
defined as detrimental effects on local native populations and are classified into five magnitudes (from
Minimal Concern to Massive), depending on which level of organisation of the native populations is
affected (decreased performance of individuals, population decline, or local extinction; Table 1). EICAT
can be applied to the impacts caused by any alien taxon, in any type of environment, and through any
mechanism. The criteria used in EICAT for classifying impacts are independent of subjective value
judgments and only rely on empirical evidence (i.e. direct observations of impact). EICAT was recently
adopted by the International Union for Conservation of Nature (IUCN) as its formal classification
system of alien species’ impacts (Appendix 1). So far, EICAT has been implemented to classify the
impacts of alien birds (Evans et al. 2016) and amphibians (Kumschick et al. 2017), marine fishes
invasive to the Mediterranean (Galanidi et al. 2018), alien bamboos (Canavan et al. 2019b), gastropods
alien to South Africa (Kesner & Kumschick 2018), alien terrestrial invertebrates in the pet trade of South
Africa (Nelufule et al. 2020) and feral mammals in South Africa (Hagen & Kumschick 2018).

Under EICAT, alien species are classified and compared according to their highest recorded impact
magnitude (Hawkins et al. 2015; Appendix 1). Using only the Maximum impact to classify alien species
results in five coarse classifications. This might be uninformative when applied to larger groups of alien
species (e.g. for global ITUCN assessments of major taxa) because many aliens will receive the same
rank. It also means that a large part of the available information about an alien’s impact is ignored in the
ranking, in particular the variation in impact magnitudes. For example, an alien species that has

consistently been causing high impacts to native species in a variety of environmental contexts and
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another alien species having only occasionally caused high impacts, under very specific environmental
conditions, would be classified the same under EICAT. However, it seems plausible that the former
alien presents a higher risk of causing high impacts if introduced in a new place than does the latter.
Since historical records of impacts can be used as a predictor of an alien’s future impacts (Ricciardi
2003; Kulhanek et al. 2011), we propose that the frequency at which a species’ introduced populations
caused its highest impact magnitude could be incorporated in EICAT assessments as an indicator of the
alien’s risk of causing high impacts when introduced. This would allow more fine-grained comparisons
among alien species: aliens with greater risks of causing high impacts could be prioritized for

management over aliens with lower risks.

Table 1. The five steps impact magnitude classification of EICAT: the categories MO, MR and MV are considered
‘harmful’ categories (adapted from Appendix 1).

Impact magnitude Meaning/Criteria

The alien causes negligible levels of impacts, but does not affect the individual
Minimal Concern (MC) performance of natives (i.e. their capacity to survive, gather resources, grow, or
reproduce).

The alien causes reductions in the performance of native individuals, but does not

cause any decline in any native population.

The alien causes a decline in at least one native population, but no local extinction

Moderate (MO)

of any population.

The alien causes a local extinction of at least one native population; this local
) extinction is reversible (i.e. if the alien population was no longer present in the
Major (MR) ) ) ) )

area, the native population would be likely to recolonize the area through natural

dispersal processes within three generations or 10 years, whichever is longer).

The alien causes an irreversible local extinction of at least one native population
) (i.e. if the alien population was no longer present in the area, the native population
Massive (MV) ) ) ) )

would not be likely to recolonize the area, for instance because of little

demographic exchange between sub-populations).

Here, we present a procedure to incorporate the risk of alien species to cause their highest impact into
global EICAT assessments. We demonstrate the usefulness of our approach by systematically reviewing
and classifying the impacts caused by alien ungulates worldwide using EICAT. Ungulates have been

extensively introduced over the world in various regions and environments for farming and hunting
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purposes, making them an ideal group for capturing and investigating impact variation (Long 2003;
Spear & Chown 2009). We compare the ranking of alien ungulates by only considering their highest
impact (current EICAT procedure) with rankings obtained by additionally considering the risk of the
species to cause these highest impacts (new procedure). By estimating the risks of alien species to harm
native biota through different mechanisms, this study represents a first step towards more meaningful
predictions of their impacts across taxa.

In addition, we used our EICAT assessments to investigate factors associated with high impacts and
biases in impact reporting. The EICAT classification allows the synthesis of available knowledge on
alien species’ impacts: it is therefore subject to the biases existing in invasion science. Geographic and
taxonomic information biases have been already been identified in the field (e.g. PySek et al. 2008;
Hulme et al. 2013; Evans & Blackburn 2020). Measey et al. (2020) recently showed that studies on high
impacts (i.e. impacts involving local extinctions of native populations) require more complex designs
and are more costly; this might be introducing another bias, where easy-to-demonstrate impacts are more
studied because of their lower cost and complexity. On the other hand, negligible impacts are likely to
be under-represented compared to higher impact magnitudes, as most studies aim at reporting impacts
instead of the absence of impacts. It should also be noted that although the criteria of the five EICAT
impact magnitudes are independent of subjective judgment, the assessment process is not: the assessor,
by translating impact observations into one of the five EICAT category, might incorporate some biases
as well (Gonzalez-Moreno et al. 2019). However, this bias may be minimised by exchange between

assessors and assessments’ reviews by independent assessors (Gonzalez-Moreno et al. 2019).

4.2 Material & Methods

4.2.1 Ungulate species with alien populations

A list of 66 ungulate species (orders Cetartiodactyla, Perissodactyla and Proboscidea), from 6 families,
with established alien populations was compiled based on the Global Register of Introduced and

Invasive Species (GRIIS) database (http://www.griis.org; accessed in March 2017). Proboscidea are

closely related to ungulates and were included because of their functional similarity. In cases of
taxonomic ambiguity (e.g. deciding whether a taxon is a distinct species or a sub-species), we followed
the taxonomy of the IUCN Red List of Threatened Species (hereafter ‘TUCN Red List’;

https://www.iucnredlist.org). Re-introductions, introductions of hybrid populations (e.g. the

introduction of Bison bison x Bison bonasus hybrids in the Caucasus mountains; Zablotskaya et al.

2004) and introductions of non-native subspecies were not considered.
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4.2.2 Comparing impacts caused by alien species: EICAT assessments

For each of the 66 ungulate species with alien populations, we performed a search for (peer-reviewed
and grey) literature reporting observations of negative impacts caused by their established alien
populations on native populations (i.e. primary sources). We followed the search protocol described in
Evans et al. (2016): search terms (e.g. ‘introduced’ OR ‘invasive’ OR ‘alien’ OR ‘non-native’ OR ‘non-
indigenous’ OR ‘feral’ OR ‘exotic’ AND °‘sika deer’ OR ‘Cervus nippon’) were used to find impact

reports in online databases (Google Scholar [https://scholar.google.com], Web of Science

[https://webofknowledge.com], the CABI’s Invasive Species Compendium [ISC;

https://www.cabi.org/ISC] and Google [https://www.google.com]), until no new information sources

were found. Impact reports containing relevant information for EICAT assessments were selected based
on the title, abstract and a screening of the content. We did not assess impact observations described in
secondary sources (e.g. reviews) but always search for primary reports (but see Sheet 1 in the online
supporting information of this article for inaccessible primary reports
[https://doi.org/10.1111/gcb.15467; Supp. 2]). In accordance with the EICAT standards (Appendix 1;

Chapter 3), only observed impacts were classified; potential, hypothetical, projected or extrapolated

impacts were considered non-relevant (but see Sheet 2 for non-relevant information sources

[https://doi.org/10.1111/gch.15467; Supp. 2]). Species for which no impact observation was found were

classified as Data Deficient (Appendix 1).

We classified 441 impact observations on native biota into one of the five EICAT magnitudes (Table
1), based on the EICAT guidelines (Appendix 1,2). Each impact observation was also assigned to one
of 12 impact mechanisms (competition, predation, hybridization, transmission of disease, parasitism,
poisoning/toxicity, bio-fouling or other direct physical disturbance, grazing/herbivory/browsing,
chemical/physical/structural impact on ecosystem, indirect impact through interaction with other
species), which can be grouped into direct (i.e. alien taxon directly interacts with the impacted native
taxon) and indirect (i.e. alien taxon modifies another factor of the environment, thereby indirectly
affecting the native taxon) mechanisms (Chapter 3). Uncertainty was captured by assigning a confidence
level (high, medium or low) to each observation indicating how confident the assessor is that the
assigned magnitude is the ‘true’ one (Appendix 2; Chapter 3). A High confidence level indicates that
the assessor is confident that the assigned magnitude is the true one, a Medium confidence level indicates
that there is potential for the true magnitude to be different from the assigned one, and a Low confidence
level indicates that it is likely that the true magnitude is different from the assigned one. More details

on the assessment procedure are given in Appendix 6a.

Each impact of a certain magnitude, associated with a confidence level, and occurring through a

particular mechanism at a specific location and time (affecting one or more native species) was
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considered as an impact observation. For each impact observation, the following information was
collected: reference of the report, quotation (extracted from the report by the assessor and used as the
rationale for the assigned impact magnitude), impact magnitude, impact mechanism(s) (and type: direct
vs indirect), confidence score, confidence score rationales, impacted native species (and kingdom),
location of impact (precise location, region [i.e. country’s sub-unit such as district, state, territory,
county, etc. or island/archipelago], country, sub-continent, and continent), assessor ID, date of
assessment, and reviewer ID. To minimise assessor biases (Gonzalez-Moreno et al. 2019), all
classifications of impact magnitude, mechanism and confidence score were reviewed by at least one
independent expert. Discrepancies between the assessor and the reviewer were explained and a
consensus score was reached after discussion. This is similar to the IDEA protocol for structured expert
elicitation (Hemming et al. 2018), but differs in that discussion of scores was not anonymous and that
consensus scores were reached (i.e. all assessors agreed on a score). All assessments and reviews were
carried out by DJ, LV and LS.

Patterns in impacts and potential biases

All statistical analyses were performed in R version 3.6.2 (R Core Team 2019). We first tested whether
indirect or direct mechanisms led to higher impacts, we grouped harmful (MO, MR and MV) against
non-harmful (MC and MN) impacts (Appendix 1; Table 1) and tested for an association using a
Generalized Linear Mixed-Effects Model (GLMM), with region of impact as random factor (glmer
function of the Ime4 package; version 1.1-21, Bates et al. 2014) to account for spatial autocorrelation.
We tested this on all 441 impact observations (excluding observations occurring through both direct and
indirect mechanisms) and we assumed that the response variable (harmful/lower impacts) followed a
binomial distribution. To test whether native flora or fauna was more severely affected by alien
ungulates, we again grouped harmful against non-harmful impacts and used a GLMM, with region of
impact as a random factor. Mechanism type (direct/indirect) and impacted kingdom (flora/fauna) are

correlated, therefore we tested them separately.

To further investigate patterns in impacts and potential information biases, we compiled a list of the
countries to which each ungulate species has been successfully introduced (see Tables S1, S2 and S3 in
Appendix 6 for summaries, and see Sheet 3 for the complete list [https://doi.org/10.1111/gcb.15467;
Supp. 2]), based on Long (2003), the ISC (accessed in November 2020), the IUCN Red List (accessed
in November 2020), the Global Biodiversity Information Facility (GBIF, https://www.gbif.org; accessed

in November 2020), GRIIS (accessed in 2017), and our own EICAT assessments. We used a Linear
Mixed-Effects Model (Imer function of the Ime4 package) to test if the number of impact observations
per country increased with the number of ungulate species introduced to that country, with continent as

a random effect. We tested this on all countries with available impact observations, as well as on
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countries with no impact observations but with at least six introduced ungulate species (see Table S2 in
Appendix 6). Both variables were log-transformed and the predictor variable was scaled to 0 mean and
1 standard deviation.

We used a simple linear model (Im function) to test if the number of impact observations of a species
increased with the number of countries the species has been introduced to. We used data on all 66
ungulate species; species classified as Data Deficient were assigned as having 0 impact observations.
Both variables were log-transformed and the predictor variable was scaled to 0 mean and 1 standard
deviation. Finally, we used a simple linear model to test whether species causing higher impacts were
more studied (log-transformed number of impact observations), and a generalized linear model (glm
function) to test whether more widely introduced species (log-transformed numbers of countries each
species has been introduced to) were causing higher impacts. For both tests, we excluded Data Deficient
species and used the highest impact magnitudes for the assessed species. Distributions of residuals for
all fitted (Generalized) Linear Mixed-Effects Models were interpreted using the testDispersion and
simulateResiduals functions of the DHARMa package (version 0.3.3.0; Hartig 2020); with default

number [n= 250] of simulations).

Comparisons of the frequency distributions of the confidence scores across impact magnitudes
(harmful/lower impacts) were conducted using a Pearson’s Chi-squared test (chisqg.test function). To
compare the distributions of impact magnitudes (harmful/lower impacts) across assessed vertebrate
groups (ungulates, amphibians [Kumschick et al. 2017] and birds [Evans et al. 2016]), we used an
unconditional exact functional test (small expected values) (fun.chisg.test function of the FunChisq
package; version 2.4.9.2, Zhong & Song 2019).

4.2.3 Comparisons between alien species within impact categories: Incorporating risk to

comparisons between species

We first classified all species into the impact categories based on their highest impact magnitude

following EICAT guidelines (Appendix 2).

Within each EICAT impact category, we aimed to distinguish between alien species that systematically
cause their highest impact magnitude when introduced to a novel environment from alien species that
only occasionally cause their highest impact magnitude. Only considering the frequency at which the
species’ populations caused their highest impacts (e.g. 1 out of 10 introduced populations) does not
account for differences in ‘sampling effort” between species. For example, a species widely introduced
and having caused harmful impacts every time it has been introduced would not be differentiated from

a species introduced once and having caused harmful impacts. However, we can be more confident of
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the high risk to cause harmful impacts for the widely introduced species than for the species introduced
once. The more often a species has been (successfully) introduced and studied, the more information we
have on the variation in its impact magnitude and thus on its risk to cause harmful impacts when
introduced. To account for these differences in ‘sampling effort’ among species, we calculated Bayesian
binomial 95% confidence intervals (CIs) and their highest probability density (hpd) means from the
frequencies at which the species’ populations caused their highest impacts, using the function
binom.bayes of the R package binom (version 1.1-1; Sundar, 2014) with a flat beta prior distribution (a.
=B =1). The hpd means were used as estimations of the species’ risk of causing their highest impact
magnitude when introduced (hereafter ‘impact risk’). We used, for each species, the number of regions
(i.e. countries’ sub-units; ‘region’ in our EICAT dataset) with impact observations as a proxy of the
number of studied introduced populations. Species with few studied regions (i.e. species introduced to
few regions and/or poorly studied species) will have wide Cls, providing limited information about their
impact risks, whereas widely introduced and studied species will have narrower Cls. Using the number

of studied regions allowed to account for differences in country sizes.

The species’ impact risks were used to rank ungulate species from the most to least detrimental within
their impact category (i.e. from the one with the highest to the lowest impact risk). To test whether the
impact risks of the species classified in the same impact category significantly differed from each other,
we performed pairwise comparisons of their impact risks” Cls (generated based 100,000 simulations
from the frequencies at which each species caused its highest impact magnitude, by using the function
rbeta of the binom package). Two Cls with an overlap of < 10% were considered significantly different
from each other (the R code for this significance test is provided in Appendix 6b).

4.3 Results

4.3.1 Comparing impacts caused by alien species: EICAT assessments

We found 281 reports documenting 441 impact observations for 27 of the 66 ungulate species with
populations introduced outside their native range (Table 2; see Sheet 4 for the complete database

[https://doi.org/10.1111/gch.15467; Supp. 2]). The remaining 39 species were classified as Data

Deficient (Table S1 in Appendix 6). In addition, we recorded 252 inaccessible primary reports and 436
non-relevant reports (e.g. reports describing potential impacts, reports describing impacts on soil
properties, etc.; see Sheets 1 and 2 [https://doi.org/10.1111/gcb.15467; Supp. 2]).
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Table 2. Results of the EICAT classification of the 27 assessed ungulate species, and the ranking of species from the most to the least detrimental. Species were first ranked
into three categories (Major, Moderate, Minor) based on the highest impact magnitude they have reached. They were further ranked within these three categories, from the
species with the higher impact risk to the species with the lower impact risk. 95% Confidence intervals given along the impact risk indicate that we can be 95% confident that
the impact risk of a species lies within the upper and lower bounds (in squared brackets), and can therefore be considered as indicators of the uncertainty about each impact risk
(the wider the interval, the higher the uncertainty). Impact risks were calculated from the species’ frequencies of highest impact, which are the numbers of regions in which the
alien species caused their highest impact magnitudes (on their total number of regions with impact observations).

Alien scientific name(s) Common name Order Family Highest impact magnitude  Frequency of highest impact Impact risk Rank
Ovis orientalis (syn. Ovis aries . ) _
. . . Mouflon Cetartiodactyla Bovidae Major (MR) 1/1 0.67 [0.22; 1.00] 1

musimon, Ovis ammon musimon)
Camelus dromedarius Dromedary Cetartiodactyla Camelidae Major (MR) 1/2 0.50 [0.09; 0.91] 2
Rusa timorensis (syn. Cervus . ) _

. . Javan deer Cetartiodactyla Cervidae Major (MR) 1/3 0.40 [0.04; 0.77] 3-4
timorensis)
Odocoileus virginianus White-tailed deer  Cetartiodactyla Cervidae Major (MR) 1/3 0.40 [0.04; 0.77] 3-4
Ovis aries Sheep Cetartiodactyla Bovidae Major (MR) 1/5 0.29 [0.02; 0.59] 5
Bos taurus Cattle Cetartiodactyla Bovidae Major (MR) 1/7 0.22 [0.01; 0.48] 6
Cervus nippon Sika deer Cetartiodactyla Cervidae Major (MR) 4/23 0.20 [0.06; 0.35] 7
Capra hircus Goat Cetartiodactyla Bovidae Major (MR) 1/19 0.10 [0.00; 0.22] 8
Bubalus bubalis Water buffalo Cetartiodactyla Bovidae Moderate (MO) 3/3 0.80 [0.47; 1.00] 9-10
Axis axis Chital Cetartiodactyla Cervidae Moderate (MO) 3/3 0.80 [0.47; 1.00] 9-10
Rangifer tarandus Reindeer Cetartiodactyla Cervidae Moderate (MO) 212 0.75[0.37; 1.00] 11

78



CHAPTER 4. IMPACT RISKS OF ALIEN UNGULATES

Cervus elaphus

Hemitragus jemlahicus

Elephas maximus
Oryx gazella
Lama guanicoe
Dama dama
Equus caballus

Muntiacus reevesi

Oreamnos americanus
Odocoileus hemionus
Ammotragus lervia
Cervus canadensis

Rusa unicolor (syn. Cervus

unicolor)
Sus scrofa
Equus asinus

Bison bison

Red deer
Himalayan tahr
Asian elephant
Gemsbok
Guanaco
Fallow deer
Horse

Reeves’ muntjac
Mountain goat
Mule deer
Aoudad

Wapiti

Sambar deer

Wild boar
Donkey

American bison

Cetartiodactyla
Cetartiodactyla
Proboscidea
Cetartiodactyla
Cetartiodactyla
Cetartiodactyla
Perissodactyla
Cetartiodactyla
Cetartiodactyla
Cetartiodactyla
Cetartiodactyla

Cetartiodactyla

Cetartiodactyla

Cetartiodactyla
Perissodactyla

Cetartiodactyla

Cervidae
Bovidae
Elephantidae
Bovidae
Camelidae
Cervidae
Equidae
Cervidae
Bovidae
Cervidae
Bovidae

Cervidae

Cervidae

Suidae
Equidae

Bovidae

Moderate (MO)
Moderate (MO)
Moderate (MO)
Moderate (MO)
Moderate (MO)
Moderate (MO)
Moderate (MO)
Moderate (MO)
Moderate (MO)
Moderate (MO)
Moderate (MO)

Moderate (MO)

Moderate (MO)

Moderate (MO)

Moderate (MO)

Minor (MN)

4/5

11

1/1

1/1

1/1

8/12

8/14

417

2/4

1/2

172

172

172

11/23

1/5

11

0.71[0.41; 0.98]
0.67 [0.22; 1.00]
0.67 [0.22; 1.00]
0.67 [0.22; 1.00]
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Impact observations of alien ungulates were most often assigned Moderate (native population decline;
46%) or Minor (decrease in performance of native individuals; 44%) magnitudes (Fig. 1; Table S4 in
Appendix 6). Eight species, the Javan deer (Rusa timorensis, de Blainville, 1822), dromedary, mouflon,
cattle (Bos taurus, Linnaeus, 1758), sika deer, sheep (Ovis aries, Linnaeus, 1758), white-tailed deer
(Odocoileus virginianus, Zimmermann, 1780) and goat, caused extirpations of at least one local native
population (Major impacts). All alien ungulates at least once caused a decline in a native population
(Moderate impact) (Table 1), except for the American bison (Bison bison, Linnaeus, 1758), which was
only documented to cause one Minor impact. 50% impact observations were assigned a Low confidence
score, 42% a Medium confidence score and the remaining 8% observations were assigned a High
confidence score (Fig. 1; Table S5 in Appendix 6). Confidence scores were equally distributed across
impact magnitudes (p = 0.23; Table S6 in Appendix 6).

Minimal Concern

n =202

200 n=193
Confidence scores

High

150
B Medium

B Low
100
50

n=32
n=14

0

Minimal Concern Minor Moderate Major Massive

Impact observations

Impact magnitudes

Figure 1. Impact magnitude (and their confidence scores) distribution of all impact observations of alien ungulates
classified with EICAT (N = 441). Within each impact magnitude, the lighter shade (top part) represents
observations classified with a low confidence score, the intermediate shade (middle part) represents observations
classified with a medium confidence score, and the darker shade (bottom part) represents observations classified
with a high confidence score.

Impacts of alien ungulates were caused through 8 mechanisms (Fig. 2; Table S7 in Appendix 6): the
most frequently recorded mechanisms were grazing/herbivory/browsing (59%), direct physical
disturbance (18%), and chemical/physical/structural impact on ecosystems (15%). Sika deer was the
only species with reported impacts through hybridization in the wild, and goats and wild boars (Sus

scrofa, Linnaeus, 1758) were the only species found to cause impacts through predation. Local
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extirpations of native populations (Major impacts) were only reported through
grazing/herbivory/browsing (43%), hybridization (36%) and chemical/physical/structural impacts on
ecosystems (21%). Native population declines (Moderate impacts) occurred through all 8 mechanisms
but mainly through grazing/herbivory/browsing (55%), chemical/physical/structural impacts on
ecosystems (25%) and direct physical disturbance (e.g. trampling; 18%). Indirect mechanisms
(competition, transmission of disease, chemical/physical/structural impact on ecosystem, indirect
impact through interaction with other species) were recorded less frequently than direct mechanisms
(predation, hybridization, direct physical disturbance, grazing/herbivory/browsing) (20% vs. 80%), but
led to higher impact magnitudes (p < 0.001; Table S8 in Appendix 6). Except for seven impact
observations, plants were only affected via direct mechanisms, whereas animals were mostly (64%)
indirectly affected. Native plants were affected more than twice as often as native animals (70% vs.
30%; Table S9 in Appendix 6), but animals were affected more severely than plants (p = 0.004; Table
S10 in Appendix 6). However, we found both native plants and native animals to have suffered local

extirpations (Major impacts).

Minimal Concern

140 Minimal Concern
Minor
120 ® Moderate
m Major

» 100
S B Massive
®
c 80
Q
w
2
o
© 60
©
-3
E

40

20

Grazing Direct Hybridisation Predation Impacton Competition Interaction Disease
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Figure 2. Impact mechanism distribution of all impact observations of alien ungulates classified with EICAT.
Impact mechanisms can be grouped into direct and indirect mechanisms. Within each impact mechanism, the
different blue shades represent observations classified into the five impact magnitudes. No Massive impacts were
recorded for any species, under any of the mechanisms. Impact mechanisms can be classified as direct (i.e. alien
taxon directly interacts with the impacted native taxon), or indirect (i.e. alien taxon modifies another factor of the
environment, thereby indirectly affecting the native taxon).
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For most indirect mechanisms, we found more reports describing the possibility that alien species cause
impacts or describing impact mechanisms than reports describing impact magnitudes. For instance, for
the mechanism competition, we found 60 sources showing diet or niche overlap (see Sheet 2
[https://doi.org/10.1111/gcb.15467; Supp. 2]), which were not used in the EICAT classification, but
only 18 direct observations of competition impacts (classified with EICAT). Likewise, for transmission

of disease, 20 articles showed that alien or native individuals were hosts of parasites, but only 4 studies
reported how much native individuals or populations were suffering from the infection (see Sheet 2
[https://doi.org/10.1111/gch.15467; Supp. 2]). Several articles described alien ungulates as dispersal
agents of alien plants or fungi (e.g. Loydi & Zalba 2009; Davis et al. 2010; O’Connor & Kelly 2012),

but the consequences of this for native species were not measured, preventing their classification under

EICAT. By contrast, this was not the case for the indirect mechanism ‘chemical/physical/structural

impact on ecosystems’, for which impact magnitudes were often studied (in 68 impact observations).

Impact observations of alien ungulates were recorded in 34 countries on seven continents, but mainly
in the United States (27%), New Zealand (14%), the United Kingdom (11%), Australia (11%), Canada
(9%) and Argentina (5%) (Fig. 3; Table S2 in Appendix 6). Although we found the number of impact
observations for a country to generally increase with the number of introduced ungulate species (Table
S11 in Appendix 6), we identified reporting biases. For several countries with high numbers of
introduced ungulate species, such as South Africa, France, Germany, the Russian Federation, Cuba,
Papua New Guinea and Columbia, we found no, or few, impact reports (Fig. 3). We found a continental
reporting bias, where Asia, Africa and Europe had fewer impact reports than other continents relative
to their number of introduced ungulate species, while Northern America was the most-studied continent
(Fig. S1 in Appendix 6). Local extirpations of native populations (Major impacts) have been reported
in Europe (6: Ireland, United Kingdom and Czech Republic), Northern America (5: United States and
Canada), Oceania (2: Australia and New Caledonia) and South America (1: Brazil). Of all the species
that caused local population extirpations, only sika deer caused them in different regions (in 4 out of

the 23 regions with impact observations; Table 2).

The impact of widely introduced species (i.e. species introduced to many countries) was generally more
often studied than the impact of species introduced to few countries (p < 001; Table S12 in Appendix
6). By contrast, species having caused local extinctions were not more often studied than other species
(p = 0.14, Table S13 in Appendix 6), as more widely introduced species did not cause more local
extinctions (p = 0.12, Table S14 in Appendix 6).
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Figure 3. Relationship between the number of impact observations found per country, and the number of
introduced ungulate species per country (see Sheet 3 [https://doi.org/10.1111/gch.15467; Supp. 2]). Countries
towards the top right are well-studied countries with many introduced ungulate species; countries towards the
bottom right are countries with many introduced ungulate species but comparatively few impact observations.
The letter a. stands for New Caledonia and the Falkland Islands, the letter b. stands for Bolivia, Denmark, Finland,
Grenada, Haiti, Indonesia, Kazakhstan, Latvia, Madagascar, Saint Kitts and Nevis, Sao Tomé and Principe,
Slovenia, Sri Lanka, Switzerland, Vanuatu, Venezuela and Yemen, and the letter c. stands for Antigua and
Barbuda, Belgium, China, Kyrgyzstan, Malaysia and Slovakia.

4.3.2 Comparisons between alien species within impact categories: Incorporating risk in

comparisons between species

Classifying and comparing ungulates based on their highest impact magnitude, as proposed in the
current EICAT procedure, resulted in only three categories (Table 2): only one species (4%) did not
cause a higher impact than a decreased performance of native individuals (classified in the Minor
category), two thirds of the species (18 species; 66%) caused at least once a native population decline
(Moderate category), and about one third (8 species; 30%) caused at least once a (reversible) local

extinction (Major category).

When further ranking ungulates within each of these three categories based on their impact risks, i.e.
how frequently they would cause their highest impact magnitude, the mouflon was ranked highest
among the seven species of the Major category, with the dromedary ranking second (Table 2). Due to
the generally low numbers of regions with impact observations for each species, a high uncertainty

existed regarding their risks of causing Major impacts. Species with impact observations from less than
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five regions, such as the mouflon, dromedary, Javan deer and white-tailed deer, had the widest 95% Cls
(Fig. 4a), resulting in very little information about their risk of causing Major impacts. The narrower
Cls of cattle and sheep (impact observations from 5 to 10 regions; Fig. 4b) indicated a slightly higher
confidence about their impact risks, and the relatively narrow Cls of the goat and sika deer (impact
observations from > 10 regions) provided the most informative impact risks in the Major category (i.e.
impact risks with lowest uncertainty) (Fig. 4c). Species’ pairwise comparisons revealed that the
mouflon had a significantly higher risk of causing Major impacts than the goat and sika deer, and that
the dromedary had a significantly higher risk than the goat (Table S15 in Appendix 6). The impact risks
of the other species classified in the Major category did not significantly differ from each other (Table
S15 in Appendix 6).
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Figure 4. Impact risk of the 26 alien species classified in the Major (left column; i.e. species whose alien
populations have led to at least one documented local extinction of a native species) or Moderate (right column;
i.e. species whose alien populations have led to at least one decline in a native population) categories. Impact risk
is represented by the mean (vertical dashed lines), with beta density probability distributions providing 95%
confidence intervals. Frequencies given after the species names indicate the numbers of regions (i.e. countries’
sub-units) in which each alien species reached its highest impact magnitude/on the total number of regions with
impact observations. For better visualization, the species have been split into three groups: (a) and (d) show species
with wider confidence intervals and high uncertainty in their risk of causing their highest impact magnitude (< 5
regions with impact observations [n]); (b) and (e) show species with intermediate confidence interval widths and
medium uncertainty in their risk of causing their highest impact magnitude (5 < n > 10); and (¢) and (f) show
species with narrow confidence intervals and lower uncertainty in their risk of causing their highest impact
magnitude (n > 10). In (e), the letter a. stands for the mule deer, aoudad, wapiti and sambar deer, the letter b.
stands for the Himalayan tahr, Asian elephant, gemsbok and guanaco, and the letter c. stands for the chital and
water buffalo.
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Within the Moderate category, most species (12/18) had few regions with impact observations (< 5),
providing little information about their risk to cause Moderate impacts (Fig. 4d-f). Therefore, pairwise
comparisons between the species classified in the Moderate category revealed that their impact risks
were rarely significantly different (Table S16 in Appendix 6). The only significant differences
concerned the donkey (Equus asinus, Linnaeus, 1758), ranked as the least detrimental species of the
Moderate category, which was found to have a lower impact risk than the reindeer (Rangifer tarandus,
Linnaeus, 1758), water buffalo (Bubalus bubalis, Linnaeus, 1758), chital (Axis axis, Erxleben, 1777),
fallow deer (Dama dama, Linnaeus, 1758) and red deer (Cervus elaphus, Linnaeus 1758) (Table S16
in Appendix 6). The wild boar had the most numerous impact observations (63 impact observations)

and still never reached a higher impact than the Moderate category.

4.4 Discussion

We used the EICAT classification to compare 441 impacts caused by 27 alien ungulates on the native
fauna and flora in their recipient environments, by systematically classifying them into five impact
magnitudes. Based on these individual impacts, an overall environmental impact should be assigned to
each alien species, to enable comparisons between them and the prioritization of the most damaging
ones. EICAT only discriminates five impact categories, by comparing species based on their highest
impact magnitude (Appendix 1), which limits its practical use for prioritization if many species are
compared. When comparing alien ungulates based on their highest impact magnitude, 26 out of 27
species were classified in the harmful EICAT categories (i.e. MO, MR and MV). Comparisons of
impacts across taxa (e.g. an animal species vs a plant species) are crucial for informing decisions about
which species to manage, as resources for management are usually allocated to priority alien species
without taxonomic distinction (Kumschick et al. 2015a). However, if too many species end up in high-
impact categories (which is likely once many species from different taxa will be assessed), EICAT
classifications become uninformative for prioritization. When we compare the EICAT impacts of alien
ungulate species with the EICAT impacts of species from other taxonomic groups for which global
assessments exist, such as alien amphibians (Kumschick et al. 2017), birds (Evans et al. 2016) and
bamboos (Canavan et al. 2019), a total of 196 species are classified within the five EICAT categories

(Table 3): almost half (44%) of the species are classified in the harmful categories.
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Table 3. Contingency table of the EICAT classifications of alien ungulates, amphibians (Kumschick et al. 2017),
birds (Evans et al. 2016) and bamboos (Canavan et al. 2019): number of species assigned to different impact
magnitudes. Bold values provide the total numbers of species classified in each impact magnitude (MC, MN,
MO, MR and MV), and the total numbers of assessed species for each taxonomic group; italic values provide the
total numbers of species having caused harmful (MO, MR and MV) and lower (MC and MN) impacts in each
taxonomic group (and across all taxonomic groups: bold and italic values).

Impact magnitude Alien ungulates  Alien amphibians  Alien birds  Alien bamboos Total

2 Minimal Concern 0 4 36 0 40

(1]

£ (MC)

g

5 1 20 46 2 69
1 24 82 2 109

Bl Moderate (MO) 7 28 2 55

= Major (MR) 5 4 6 23

£

S :

I Massive (MV) 4 5 0 9
26 16 37 8 87

Total 27 40 119 10 196

4.4.1 Improvement of the EICAT ranking: impact risks

Integrating impact risk allowed the consideration of the variation in species’ impacts, which is ignored
in final EICAT scores. Based on this risk, we discriminated among species that have caused local
extirpations of native species, which are all scored in the same EICAT category. The mouflon was
identified as the worst alien ungulate. We showed that the mouflon is more likely than the goat and sika
deer to cause native local extirpations, and that the donkey is less likely to cause native population
declines than the reindeer, water buffalo, chital, fallow deer and red deer. Similarly, we found that it is
unlikely for the wild boar to cause Major impacts; although it is the species with the most impact
observations, none of them documented a Major impact. However, as most ungulate species were only
studied in few regions (63% had impact observations from less than five regions), we did not find other

significant differences between their impact risks, because of the large overlap of their wide Cls.

EICAT identifies knowledge gaps for species with no impact reports as they are classified as Data
Deficient; for the IUCN Red List, the classification of species within the Data Deficient category has

been shown to efficiently redirect priorities of research efforts towards these species (Jari¢ et al. 2017).
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Considering the impact risk allowed to identify knowledge gaps for species with impact reports only
available for a small region of their total introduced range. Some species have rarely been introduced
(e.g. Asian elephant (Elephas maximus, Linnaeus, 1758) or gemsbok (Oryx gazella, Linnaeus, 1758);
Table S3 in Appendix 6); however, other widely introduced species, such as the mouflon, white-tailed
deer or water buffalo (Table S3 in Appendix 6), have been studied in only few of the regions to which
they were introduced. This prevents the accurate evaluation of their impact risks, because information
on the variation in their impacts is not available. The impact of such species needs to be described in
other parts of their introduced range to get more representative data on their impacts and for improved
comparisons with other species. The number of data points largely determines the width of the Cls,
thus, adding more impact reports from a variety of regions to the database will be the most efficient
way to improve impact rankings. Like the EICAT classification (Hawkins et al. 2015), our assessment
of the impact risks of alien ungulates should be dynamic and updated with new observations, and the

ranking should be adapted based on new evidence.

The ranking of the worst ungulates presented in this article is only based on the species’ risks of causing
impacts. However, other aspects must be considered in management decisions, such as the management
feasibility and costs, or the species’ risk of being introduced and of establishing and spread. Several
frameworks have been developed to combine all these different aspects in the decision process (e.g.
Bertolino et al. 2020; Kumschick et al. 2020).

4.4.2 Comparisons with other rankings

Our ranking of alien ungulates with the highest impacts can be compared with other rankings. Several
non-quantitative listings of the most detrimental aliens have been produced based on expert opinion:
the IUCN Invasive Species Specialist Group (ISSG) listed the goat, red deer and wild boar on their ‘100
of the world’s worst invasive alien species’ list (Lowe et al. 2000; Luque et al. 2014). At the European
scale, Carboneras et al. (2018) established a prioritization list for risk assessments, with the sika deer
and American bison evaluated as first priority species, and the chital and dromedary as second priority
species, because of their high impacts. While these listings are consistent with our ranking regarding
some species (e.g. sika deer, dromedary and goats as priority species), the selection of other species
might have been subject to expert opinions rather than based on evidence of high impacts (Nentwig et
al. 2010). For instance, species ubiquity might have biased expert opinions, as the wild boar, red deer

and chital are all part of the 12 most widely introduced ungulates (Table S3 in Appendix 6).

Bellard et al. (2016b) evaluated the most damaging aliens to vertebrates by analysing their main threats
listed in the Global Invasive Species Database (GISD) and IUCN Red List. They evaluated wild boar,

goat and cattle as the fifth, sixth and respectively seventh most threatening alien species (i.e. threatening
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the largest numbers of vertebrate species; after the amphibian chytrid fungus (Batrachochytrium
dendrobatidis), rats, cats and dogs). In our study, we found the sika deer to have caused several
extinctions of red deer populations through hybridization, making it the most damaging alien ungulate
for native vertebrates based on our criteria. We found wild boars to affect vertebrates in 23 impact
observations, goats in 11 observations and cattle in only one: neither species caused local extinctions;
the highest impacts were declines in vertebrate populations. Still, consistent with the findings of Bellard
et al. (2016b), we also found wild boars and goats to represent important threats to native vertebrates
on islands: they both led to population declines of vertebrates on almost half of the archipelagos they
have been introduced to (6/15 archipelagos compared to 1/5 mainland regions for goats; 4/12

archipelagos compared to 0/11 mainland regions for wild boars).

Nentwig et al. (2018b) ranked 498 invasive alien species introduced to Europe, from the most to the
least detrimental, based on their environmental and socio-economic impacts, classified with the Generic
Impact Scoring System (GISS; Nentwig et al. 2010, 2016). GISS is an additive scoring system which
classifies impacts from 0 to 5 via 12 mechanisms: the overall impact of an alien is summarized by
summing the highest score of each mechanism. Nentwig et al. (2018) ranked species by combining two
ranking approaches: based on their GISS overall scores and by the number of the highest impact scores
(i.e. maximum impact, analogous to the EICAT procedure). Six ungulates were listed among the 149
worst aliens (excluding domestic species and only considering species alien to—and successfully
introduced in—Europe). In order of the most to the least detrimental, these were: sika deer, reeves’
muntjac (Muntiacus reevesi, Ogilby, 1839), chital, aoudad (Ammotragus lervia, Pallas, 1777), white-
tailed deer and mouflon. Our ranking of these species is quite different (Table 2). As highlighted by
Nentwig et al. (2018), the two ranking approaches they used have benefits: GISS overall scores inform
on the variation in the species impact, whereas maximum impacts identify species with potential of
causing high impacts. However, the drawbacks of additive scoring systems in prioritization are well
known (e.g. Game et al. 2013). The GISS overall score is indeed biased: widely studied species will
rank higher than poorly studied species (as mechanisms without data score 0) and species causing
impacts through multiple mechanisms will rank higher than species causing impacts through a single
mechanism. Our ranking system captures intraspecific variation without adopting an additive system

and captures uncertainty associated with small sampling effort.
4.4.3 Reporting biases
Indirect impacts are reported mainly when they are severe

Native animals were found to be more severely impacted by alien ungulates than native plants, because,

in contrast to native plants, they were mainly affected via indirect mechanisms. An explanation for
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indirect impacts to be associated with more severe impacts might be that indirect negligible or minor
impacts are difficult to detect. When interactions between species can be directly observed (e.g. an alien
deer grazing on a native plant), impacts are assumed and studied. However, for indirect impacts to be
studied they must first be detected, which is easier if impacts are severe. Moreover, as indirect impacts
are more difficult to demonstrate, studies usually focus on studying the mechanisms, rather than on
guantifying impact magnitudes. Spear and Chown (2009) also observed a lack of robust evidence for
impacts occurring through competition on the native fauna in contrast to direct impacts to the native

vegetation through herbivory.
Biases in impact magnitudes

A potential bias towards studies requiring simpler designs has already been highlighted by Measey et
al. (2020), who found that studies showing native local extinctions are more costly because of the
complexity of their designs. In our study, we indeed found only few observations of native local
extinctions in comparison to other impact magnitudes. This alone does not indicate a bias, as it is likely
that local extinctions caused by alien species occur less frequently than lower impacts. However, for
19% of the observations classified with a Moderate impact magnitude, the assessor specified that the
impact might have been higher (i.e. that the alien might have led to a local extinction), but that the
design of the study did not allow to determine whether this was the case (see EICAT assessments, Sheet
4 [https://doi.org/10.1111/gcb.15467; Supp. 2]). Similarly, for 91% of the Minor impacts, the assessor
specified that the impact might have been higher but that the study did not investigate changes at the

native population level (or not adequately). Thus, native local extinctions and population declines might
have been under-evaluated, probably because most impact reports focus on what is easier and less costly

to demonstrate (Measey et al. 2020).

On the other hand, it is likely that negligible impacts (Minimal Concern impacts) are not frequently
reported as studies will focus on demonstrating impacts rather than the absence of impact, i.e. the so-
called file drawer problem (Sterling 1959). In our study, only 7% of impact observations reported
negligible impacts, which might be a strong under-representation. This is also seen in the IUCN Red
List where research effort is biased towards species expected to be threatened (Bachman et al. 2019).
To prevent this bias, the IUCN Red List recently reduced the data requirements for assessing non-
threatened species (‘Least Concern’ category) (IUCN 2016; Bachman et al. 2019), and approaches to
rapidly assess these species from open-sources databases have been developed (Rivers 2017; Bachman
et al. 2020). Such rapid assessment approaches for negligible impacts of alien populations could be
developed in EICAT, in order to decrease this bias and improve the quantity of available information

about the intraspecific variation in impacts.
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Taxonomic and geographic biases

Data availability concerning impacts of aliens has been shown to be unevenly distributed around the
world (Pysek et al. 2008; Hulme et al. 2013) and in alien birds, mainly determined by their alien range
(Evans et al. 2018a; Evans & Blackburn 2020). Like for other taxa (Pysek et al. 2008; Evans &
Blackburn 2020), we found that impacts were more frequently studied in regions with more introduced
ungulate species. We also found that Asia and Africa were understudied compared to other continents:
this is often explained by the generally lower economic development and wealth of these continents
resulting in a smaller research effort (Pysek et al. 2008; Evans & Blackburn 2020). However, we also
found impacts of alien ungulates to be relatively less studied in Europe. This might indicate a language
bias, where reports in their regional language might not often be translated into English and thereby
poorly represented in the literature. This is supported by the fact that the most-studied countries were
all English-speaking (United States, New Zealand, United Kingdom, Australia and Canada; Fig. 3).
Increased efforts should be made to identify and include non-English reports in assessments to counter

this language bias.

Like for alien birds (Evans et al. 2018a), we found the impact of widely-introduced alien species to
generally be more studied than the impact of rarely-introduced species. This might be also true when
comparing different taxonomic groups: alien ungulates are among the most widely introduced groups
and we found them to be equally well, or better, studied than alien birds, amphibians and bamboos:
59% of the ungulate species were classified as Data Deficient, compared to 62% for amphibians
(Kumschick et al. 2017), 71% for birds (Evans et al. 2016) and 85% for bamboos (Canavan et al. 2019).
This does not necessarily indicate a bias, as more widely introduced species or taxa likely cause more
numerous impacts overall, because of their multiple introduced populations. Also, the more widely a
species is introduced, the higher is its chance to be introduced to a country where impacts of aliens are
well-studied. By contrast, unlike previous findings on birds (Evans et al. 2018a) and plants (Pysek et

al. 2008), we did not find alien ungulates causing higher impacts to be more studied.
4.4.4 Study limitations

So far, the EICAT system does not propose a method to consider different levels of uncertainty
associated with impact assessments in the final species ranking. Hence, all impact reports were given
the same weight when summarizing the results, regardless of the confidence assigned to them. Half of
the impact observations were assigned a low confidence score, and 5 out of the 8 species of the Major
category (Javan deer, mouflon, cattle, sheep, goat) were classified based on impact observations with
low confidence scores. However, we did not find differences in the distribution of confidence levels

across impact magnitudes, indicating no general bias in our species ranking due to uncertainty
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associated with the quality of the EICAT assessments. Ultimately, this type of uncertainty would need
to be considered in the final ranking, as it might make sense to prioritize species causing high impacts
with high certainty over species with uncertain impacts (Annexe 3).

4.4.5 Future research: towards predictions of impacts
Comparing impacts of different taxonomic groups

Impact magnitudes are not randomly distributed among taxa. Comparing our results to other vertebrates
that were also assessed using EICAT, alien ungulates caused higher impacts than alien birds and
amphibians (p < 0.001; Table S17 in Appendix 6). These findings corroborate previous studies at the
European level that alien mammals generally cause higher impacts than other animals (Kumschick et
al. 2015a). Even though great variation among species has been found within all the compared
taxonomic groups (see Table 3), comparisons between taxonomic groups (mammals vs birds and
amphibians) can help improving our general understanding of impacts. For instance, the generally
higher impacts of alien ungulates could be explained by their role as ecosystem engineers and their
large influences on community compositions and ecosystem processes (e.g. nitrogen cycle or fire
regime), through selective foraging, seed dispersal, trampling, etc. (e.g. Rooney 2009; Lecomte et al.
2019; Velamazan et al. 2020).

Understanding impacts by studying context

In this study, we aimed at approximating the global impact risks of alien ungulates. When setting
priorities for regional management, it is important to compare species only based on impacts potentially
relevant for the region of interest. To achieve this, we need to understand the conditions associated with
high and low impacts. EICAT (and GISS) assessments have already been used in attempts to explain
variation in impact magnitude across species, but not within species (EICAT: Evans et al. 2016, 2018b;
Kumschick et al. 2017; Kesner & Kumschick 2018; GISS: Nentwig et al. 2010, 2018b; Kumschick et
al. 2015a). Ignoring intraspecific variation represents a loss of crucial information when context-
dependency is investigated. In this study, we provide a dataset capturing inter- and intraspecific
variation in impacts. Future research can build on this dataset to identify potential drivers of this
variation, across and within alien ungulate species. A recent framework identified three types of factors
and their interactions that explain invasions: alien species traits, location characteristics, and event-
related factors (Pysek et al. 2020b). This framework can guide the quest for a better understanding of

the context-dependency of impact magnitudes.
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Global Impact Database

Many EICAT studies provided little information on the assessments and did not publish their raw data;
most of them only provided the highest impact magnitude per species (Evans et al. 2016; Kumschick
et al. 2017; Kesner & Kumschick 2018; Nelufule et al. 2020; but see Galanidi et al. 2018; Hagen &
Kumschick 2018; Canavan et al. 2019). This prevents others from calculating the impact risk of species
for cross-taxonomic comparisons or study context dependence of impacts. Likewise, some studies did
not provide uncertainty estimates (Kumschick et al. 2017; Hagen & Kumschick 2018; Nelufule et al.
2020), preventing quality checks of classifications and leaving room for inconsistencies (Gonzalez-
Moreno et al. 2019). Thus, incomplete publication of raw data from EICAT assessments limits the
progress in understanding the variation of impacts. We strongly recommend that future studies
performing EICAT assessments provide complete assessments, encompassing all impact observations
- and not only the highest - to have a full picture of the impacts of an alien species and to allow relevant

analyses of these.

We advocate the creation of a public, freely-accessible Global Impact Database in which all impact
reports could be deposited (see also Strubbe et al. 2019). EICAT could play a pivotal role in that it
offers a standardized way of collecting data. A Global Impact Database will render the information
directly accessible to policy makers and the public (instead of distributed in scientific publications;
(Cadotte et al. 2020) and will allow global analyses looking for potential patterns in impacts across

alien taxa and/or recipient environments.
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General Discussion

Key messages and findings

Chapter 1

The quantification of alien species’ impacts must consider the temporal dynamics of the system. In
Chapter 1, we provided a conceptual impact framework to account for temporal dynamics and provided
two metrics for the impacts of alien species, one measuring impact magnitude and one measuring the
rate of change in the impact magnitude. The proposed metrics are readily applied to other impacted
variables such as biodiversity indicators, human well-being, or economy, and allow for comparisons of
alien species’ impacts across time, taxa, and regions, as well as with impacts caused by other
anthropogenic stressors. The metrics also allow to quantify interactive effects between alien species and

other stressors; we discuss how these can vary over time.
Chapter 2

Impacts caused by alien species can occur through a wide range of mechanisms; direct mechanisms are
easy to observe and understand, while indirect impacts are more subtle and complex. We show that
many of these have been overlooked in reviews on indirect impacts, which have so far focused on the
well-known and -studied indirect mechanisms. Chapter 2 aimed at improving our understanding of
indirect mechanisms, by providing a comprehensive classification capturing their complexity. We
showed that indirect impacts can occur through any combination between direct (and/or indirect)
impacts, and through different mediators like other populations, abiotic factors, or other stressors. Our
classification will be of particular use for impact management and mitigation, as it can be used to
identify alternative management strategies to alien eradication or control, which would rather target the

intermediate steps of indirect impacts.
Chapter 3

In Chapter 3, we explained the rationales behind the revisions that were brought to the initial EICAT
guidelines. Among other revisions, we broadened existing mechanisms to capture overlooked indirect
mechanisms, we removed the dual assessment in which a current impact was evaluated because this
approach was inaccurately capturing variation in impacts, and we addressed important but overlooked

sources of uncertainty in impact assessments.
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Chapter 4

In Chapter 4, we used the EICAT framework to classify the reported impacts caused by alien ungulates
worldwide. We found that on the 27 assessed species; all except one caused at least one local population
declines when introduced, and 8 caused at least once a local extinction. We developed a method for
measuring the risk of each species to cause impacts, based on the proportion of introduced locations
where it caused its highest EICAT impact magnitude. This approach summarizes the overall impact of
an alien species by considering variation in its impact across contexts. It thereby provides more
information for prioritization than just the five EICAT impact magnitudes. The lack of information
about the variation of an alien species’ impact across its invaded range prevented the accurate evaluation
of their risk of causing high impacts, and hence limited our ability to compare species. The impact of
alien species should be described across their whole invaded ranges (or larger parts of their invaded

ranges), to better inform on impacts’ context-dependency.

Measuring impacts’ temporal dynamics

In Chapter 1, we provide metrics for quantifying impacts of alien species and briefly described how the
uninvaded trajectory could be forecasted for applying our metrics. Different study designs and types of

data can be used to forecast the uninvaded trajectory, which | discuss below in more details.
Estimating the uninvaded trajectory

Estimating the uninvaded trajectory may be done by inferring the trajectory from measurements before
the alien introduction or removal (Before-After designs: ‘BA’), from the trajectories of other
populations in a similar context but at sites uninvaded by the alien or where the alien has been removed
(Control-Impact designs: ‘CI”), or both (Before-After-Control-Impact designs: ‘BACI’) (Chapter 1).

In invasion science, most studies quantify impacts using Cl designs because they are the most
logistically feasible (Crystal-Ornelas & Lockwood 2020), although they perform less well than BA and
BACI designs, even with large sample sizes (Christie et al. 2019). CI designs assume that the observed
difference between the uninvaded and invaded trajectories is caused by the presence of the alien, and
that no local disturbance or environmental characteristic influences only one of the trajectories.
However, the assumption cannot be tested (although statistical matching might help accounting for
some biases [Schleicher et al. 2020]), which can lead to strong biases in impact quantification (Christie
et al. 2019).
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BA designs assume that the uninvaded trajectory would have continued in the same way as if the alien
had not been introduced. When this is true, the prediction of the uninvaded trajectory can be achieved
through simple extrapolation of the trajectory measured in the uninvaded situation. However, this
approach might lead to inaccurate predictions when other stressors influence the native population’s
trajectory, because the intensity or frequency of these stressors can evolve over time, which might lead
to variability in the general trend (Oliver & Roy 2015; Jackson et al. 2021). Moreover, Keith et al.
(2015) showed that although past population trajectories were good predictors of future trajectories for
birds, declines in mammals and fishes were often followed by increases, possibly due to density-

dependent processes or conservation actions.

BACI designs are a combination of BA and CI designs and have been shown to perform better than
these simpler designs (Christie et al. 2019), because they circumvent their respective limitations. BACI
designs make the assumption that, without the alien introduction, the invaded trajectory would have had
a parallel trend to the uninvaded trajectory (Stewart-Oaten et al. 1986). Therefore, like for CI designs,
no local factors should influence only one of the trajectories; however, in contrary to Cl designs, this
assumption can be directly tested. The control and invaded situations can be statistically matched (see
e.g. Stuart 2010; Linden 2018; Schleicher et al. 2020), so that the uninvaded trajectory can be directly
inferred from the control situation. Although they are logistically more demanding, BACI designs are
the most accurate at estimating impacts (Christie et al. 2019).

Alternatively, if information on other uninvaded situations is not available, the invaded situation can be
studied alone. In such cases, the uninvaded situation can be modelled with mechanistic models, if the
mechanism of interaction is easily identifiable (e.g. competition and disease transmission between the
alien grey squirrel and the native red squirrel [Tompkins et al. 2003]). When the mechanism of
interaction is unclear, simple correlative models or phenomenological models can be used to test how
changes in alien abundance over time influence native abundance. When other stressors influence the
native trajectory, or conservation measures are being undertaken, these drivers would also need to be
included in the model, to consider the effect of their temporal dynamic on the native trajectory (Oliver
& Roy 2015; Jackson et al. 2021). To calibrate and validate models, sufficient data must be collected
on the variation in the native and alien populations, and in the potential other driver(s). Obviously, the
more interacting stressors, the more parameters need to be estimated and the more data need to be
collected. However, a good compromise between the excessive complexity of considering all possible
drivers and the simplistic approach of considering only one driver is to identify only the minimum
number of key stressors (empirically or based on expert opinion) (Oliver & Roy 2015). Moreover, the
evolution of drivers can be directly measured, in contrast to anticipatory predictions, where their

evolution must be estimated.
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Data availability

Long-term studies are logistically more demanding than short-term studies; additionally, they are slow
to deliver answers when these would often be urgently needed. We showed that long-term data are not
necessary for accurately quantifying alien species’ impacts, as long as uncertainty is accounted for.
When the variable of interest exhibits high variability, the resulting uncertainty in an impact measure

can be substantial (Chapter 1).

Replicating sampling efforts across invaded areas would increase the accuracy of impact measurements
in such cases (Chapter 1). Alternatively, large-scale and long-term datasets of biodiversity monitoring
resulting from citizen science projects or remote sensing methods (e.g. BioTIME [Dornelas et al. 2018]

or the Pan-European Common Bird Monitoring Scheme [PECBMS, https://pecbms.info]) are becoming

more and more available and would provide relevant data for quantifications of alien species’ impacts
(Appendix 5). Invasion scientists are ever more calling for such routine tracking of alien species and of
their impacts (Latombe et al. 2017; Pergl et al. 2020). Yet, replicated sampling over time is not the only
available data source for making temporal inferences. Chronosequences (i.e. the use of sites differing
in their time since invasion) can highlight how impacts evolve over long periods (e.g. Dostal et al. 2013;
lacarella et al. 2015; Grove et al. 2017) and should be part of the planning of long-term ecosystem
research programmes (Musche et al. 2019). Finally, for assessing historical impacts, information from
dated tree rings, bivalve shells and coral, or sedimentation records of pollen and micro-organisms can
help reconstructing past population dynamics over extensive periods of time (Strayer et al. 2006;
Buntgen et al. 2020). Such alternative data sources can be used to improve model quality or to replace

replicated sampling over time.

Comparing impacts of alien species

The EICAT framework allows impacts on native species to be categorized in standardized terms,
thereby providing a method for performing all sorts of comparisons across impacts, alien species and
impacted environments. For instance, in Chapter 4, we used EICAT to compare alien species based on
their risk of causing high impacts when introduced to a location. EICAT also provides a standardized
way of collecting data on impacts of alien species. The IUCN will soon host a public database on the
impacts of alien species, similar to the Red List for Threatened Species, based on EICAT assessments.
This will likely facilitate information exchange between invasion scientists and policy makers or the
public (Cadotte et al. 2020). Furthermore, it will facilitate global analyses investigating patterns in

impacts, as it centralizes knowledge on impacts. This thesis nevertheless gives insights on aspects of
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the EICAT framework which could be re-evaluated to improve comparisons between impacts and alien
species and increase its relevance to policy makers and scientists.

EICAT and impacts’ temporal dynamics

To date, the majority of impact reports available for EICAT assessments are measuring impacts at a
point in time (or over short periods of time) and are based on punctual comparisons (Crystal-Ornelas &
Lockwood 2020). Therefore, EICAT was designed in a way that does not record the temporal variation
of impacts, although such information is crucial for prioritization and management. In addition, such
impact reports might contain unknown biases due to inaccurate impact quantification (Chapter 1),
potentially leading to biased information in EICAT. The importance of considering temporal dynamics
in impact quantification is increasingly stressed in invasion science (e.g. Strayer et al. 2006; Strayer
2012; Latombe et al. 2017; Pergl et al. 2020; Ricciardi et al. 2020) and other field of ecological research
(De Palma et al. 2018; Buntgen et al. 2020; Wauchope et al. 2021). It can thus be expected that future
impact quantifications in invasion science will progressively consider the temporal dynamics of their
study systems. | hence suggest revising the EICAT framework to incorporate temporal dynamics of
impacts. This could be done, for instance, by integrating the metrics proposed in Chapter 1, which are—
when they focus on native population abundances—extensions of the EICAT metric accounting for
temporal dynamics of the system and which therefore also allows comparisons across taxa.
Incorporating our metrics in EICAT would probably be straightforward, as our first impact metric, R(t),

can be used to describe the different EICAT categories:

e R(t) = 0 means that no decline in the native population size is detected, what would correspond
to the Minimal Concern (MC) and Minor (MN) EICAT categories (describing negligible
impact and impact on individuals’ performance, respectively);

e R(t) <0 means that the alien causes a decline in the native population size, what would
correspond to the Moderate (MO) EICAT category;

e R(t) = —oo means that the alien causes a (reversible or irreversible) local extinction,
corresponding to the Major (MR) and Massive (MV) EICAT categories.

Adapting EICAT to enable tracking changes in R(t) over time for each impact observation would allow
us to obtain a measurement of the rate of change in impacts (p(t,,t,)), to discriminate between
increasing, decreasing and stable impacts. Another advantage of expanding the Moderate category
(R(t) < 0) to our impact metrics is that small (e.g. <10%) population declines could be distinguished
from important (e.g. >80%) ones. This information has so far been disregarded in EICAT but would
enable more meaningful comparisons of species causing population declines. Indeed, distinguishing

species causing declines less than 10% from species causing declines larger than 80% might be more
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relevant for conservation than distinguishing species causing no declines (MN or MC impacts) from
species not causing declines larger than 10%. Finally, measures of R(t) and p(t,, t,) could also provide
relevant information to the IUCN Red List, as they inform on local (and potentially global) trajectories
of native species (Mace et al. 2008). However, it is likely that only limited information could be shared
between the two databases, because the IUCN Red List has specific criteria for their assessments (e.g.

declines must be assessed over 10 years or three generations, whichever is the longer; IUCN 2019).
Global impact of alien species

To compare alien species based on their impacts, the current EICAT procedure compares the highest
impact documented for each species (Appendix 1). In chapter 4, we argued that such comparisons ignore
intraspecific variation in the impacts of alien species. To better summarize the overall impacts of alien
species, we proposed a method evaluating the risk of each species to cause high impacts, which
improved comparisons between alien species (Chapter 4). As impact risks were measured based on the
proportion of locations in which alien species caused their highest impacts, this approach is well suited
when impacts are given at a point in time. If impacts are measured as trends instead of punctual impacts,
for instance by using our metrics, the joint impact of an alien species can be measured from its multiple
introduced populations and impacted native species (Chapter 1). Depending on the research question,
the multiple impacts of an alien species can be aggregated in different ways: for instance, the alien’s
joint impact can be measured for different impacted native taxa (e.g. mammals vs birds) or for different
types of recipient environments (e.g. island vs mainland). Differences in resident time (i.e. time since
introduction) across the introduced populations of an alien species and differences in time scales
between impact measurements would, however, need to be accounted for when measuring joint impacts.
We discuss in Appendix 4 the importance of accounting for positive impacts of alien species in impact
frameworks, although it is not yet clear if, and how, this information should be incorporated along
negative impacts and potentially outweigh them. Because our metrics also apply to positive impacts of
alien species, they could, if necessary and relevant, be incorporated in the joint impact of assessed alien

species.

The impact risk approach presented in Chapter 4 is useful in that it provides straightforward and simple
summaries of the impacts assessed in the EICAT database, which might be more accessible to the
general public. For instance, based on this approach, summaries about the proportion of locations in
which an alien species has caused local extinctions, in which the impact of the alien is heading towards
local extinctions, or in which the alien is causing population declines of > 50%, could be provided on
the IUCN EICAT public database.
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Uncertainty

The incorporation of the new metrics would also improve the way uncertainty is captured in EICAT.
While EICAT proposes a way for evaluating uncertainty in impact assessments, the current suggestion
(i.e. high/medium/low confidence score based on whether the assigned magnitude is likely to be correct)
is prone to subjectivity and hence to inconsistencies across assessors (Chapter 3; Appendix 3; Clarke et
al. 2021). Although we aimed at reducing this subjectivity between assessors by identifying the main
sources of uncertainty in EICAT assessments and their possible consequences on the confidence scores
(Chapter 3; Appendix 2,3), it is impossible to completely avoid differences in interpretation amongst
assessors. Furthermore, under the current procedure, uncertainty is not considered in the overall impact

of a species (Appendix 3; Chapter 4).

In Chapter 1, we discussed how uncertainty associated with our impact metrics can be accounted for.
This objective approach to account for uncertainty would be an appropriate alternative to the current
EICAT confidence scores. Even in cases where uncertainty in impact assessments will be substantial,
impacts or alien species may be ranked based on their probabilities of having larger R(t) values than
the others (Chapter 1). In addition, uncertainty in impact categories other than the Moderate (MO)
category could also be estimated, because R(t) can be used to express the five EICAT impact
categories. Species of the Minimal Concern (MC) or Minor (MN) impact categories could be compared
based on their probabilities to cause no population declines (R(t) = 0), and species of the Major (MR)
or Massive (MV) categories could be compared based on their probabilities to cause local extinctions
(R(t) = —o0). Even for impact estimates associated with very high uncertainty, it may still be possible
to confidently exclude some EICAT impact categories (e.g. to say that there is a negative impact,
R(t) < 0).

EICAT and indirect mechanisms of impacts

Classifications and frameworks have proven useful in improving our understanding of biological
invasions (Wilson et al. 2020). For instance, they have been developed to synthetize knowledge on the
pathways of introduction (Hulme et al. 2008), the invasion process (Blackburn et al. 2011), and the
impacts of alien species (e.g. Nentwig et al. 2010; Blackburn et al. 2014). The mechanisms through
which impacts occur have also been classified by existing frameworks (e.g. see the IUCN Global

Invasive Species Database [http://www.iucngisd.org/gisd/]; Blackburn et al. 2014; Hawkins et al. 2015;

Appendix 1), but several indirect mechanisms were overlooked (Chapter 3; McGeoch et al. 2015). We
revised the EICAT framework, which now better integrates indirect impact mechanisms (Chapter 3;
Appendix 1), which comprise transmission of disease, physical/chemical/structural impacts on

ecosystems, competition, and indirect impact through interaction with other species. | argue that a better
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integration of the complexity and variety of indirect mechanisms in EICAT would provide a more
efficient tool to improve our understanding of the impacts of alien species. For instance, it would be
useful to assess and differentiate whether an alien species negatively affects a native species by
facilitating the negative impact of a predatory population (apparent competition) or by suppressing a
pollinator population. Based on the classification proposed in Chapter 2, the existing mechanisms of
EICAT could be divided into sub-categories, which would more precisely described indirect
mechanisms. Information on impact mechanisms also brings valuable information for management
(Chapter 2); a better inclusion of indirect mechanisms would thus render EICAT more useful to policy

makers.

Future perspectives: Towards predictions of impacts

Predicting future impacts of alien species and their future interactions with other anthropogenic
stressors is essential to set priorities for conservation purposes. Due to a general lack of predictive
guantitative models for impacts in invasion science (Lenzner et al. 2019; but see e.g. Cuthbert et al.
2019), predictions have mainly relied on expert knowledge (e.g. Roy et al. 2019; Essl et al. 2020;
Hughes et al. 2020). Although expert-based assessments are the best alternative in absence of
guantitative methods (Essl et al. 2020), they might be biased by several factors. For instance, we found
in Chapter 4 that the ubiquity of widely introduced ungulates might have biased experts, leading to an
overestimation of their impacts. It is hence crucial to move towards quantitative methods for predicting

the future impacts of alien species.

To be able to predict impacts, we must understand under which contexts and why impacts follow which
trajectory. For instance, while capturing the dynamic of the alien species is not required for quantifying
impacts (Chapter 1), understanding the relationship between alien abundance and impacts will
contribute to develop predictions (Sofaer et al. 2018; Bradley et al. 2019; Strayer 2020). Bradley et al.
(2019) showed that the abundance-impact relationship takes different shapes depending on the trophic
level of the alien, with species at higher trophic levels causing strong non-linear declines in native
populations and species at the same levels rather causing linear declines. The relationship between life-
history traits and impacts has also been frequently investigated. High fecundity and ecological
flexibility were for example found to be good predictors of high impacts for mammals (using GISS;
Nentwig et al. 2010), and body size, ecological flexibility, alien range size, and residence time for birds
(using EICAT; Evans et al. 2018b). Impacts of alien species do not only vary with alien abundance and
traits, but have been shown to be also influenced by the abiotic and socio-economic characteristics of

the recipient environment and its biotic community (Thomsen et al. 2011; Kumschick et al. 2015; Pysek
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et al. 2020b). Extending EICAT with our metrics would provide more precise quantification of native
population declines, information on temporal dynamics of impacts, and precise quantification of
interactive effects with other anthropogenic stressors—which are increasingly influencing the impacts
of alien species (Mazor et al. 2018; Essl et al. 2020; Ricciardi et al. 2020). Such information would
increase the accuracy of future investigations of patterns in impacts and thus facilitate the development
of predictive models. In Chapter 4, we found that the impacts of alien ungulates were studied in only
limited parts of their introduced ranges, with strong geographic biases in data availability; geographic
biases would need to be reduced for better studying context-dependency and developing more accurate

predictive models.

Finally, our metrics can also be used to compare the relative impacts of alien species with that of other
stressors (Chapter 1), which is needed to set priorities between stressors for conservation actions and
research effort (Mazor et al. 2018), and to study the dynamic of their impacts. Most studies comparing
the impacts of alien species with that of other anthropogenic stressors have used the IUCN Red List or
similar databases to evaluate the frequency at which alien species and other stressors were listed as
drivers of local extinctions or ongoing declines (McGeoch et al. 2010; Szabo et al. 2012; Bellard et al.
20164, b; Carboneras et al. 2018). The relative contributions of the different stressors in the species
declines or extinctions is not disentangled in such approaches (each stressor is listed as driver of the
decline or extinction, or not), what limits the resulting comparisons between stressors. Using our
metrics, the relative contributions of each anthropogenic stressor in species declines or extinction could

be measured and compared.

Concluding remarks

The number of established alien species worldwide is expected to massively increase in the next decades
(Sardain et al. 2019; Seebens et al. 2021), and although numerous biosecurity policies have been
implemented, they do not seem efficient enough to halt or slow biological invasions (Seebens et al.
2017; Turbelin et al. 2017). New challenges are arising, with many new source pools introducing new
alien species with unknown impacts (Diez et al. 2012; Seebens et al. 2018; Pysek et al. 2020a) and new
interactions between anthropogenic stressors resulting in unknown effects (Mazor et al. 2018; Essl et
al. 2020; Ricciardi et al. 2020). Predictions on the future impacts of alien species and of their interactive
effects with other anthropogenic stressors are thus urgently needed for conservation planning but have
been hampered by a lack of quantitative models (Lenzner et al. 2019). The first step towards quantitative
predictive models is to accurately quantify impacts and their temporal variation, across alien taxa and

contexts. The IUCN EICAT framework has paved the way towards this goal, by developing a generic
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tool which successfully compares the environmental impacts of alien species using semi-quantitative

scenarios.

A major limitation of the IUCN EICAT framework is that it does not consider the temporal dynamics
of impacts. This thesis sheds light on important conceptual aspects of the quantification of impacts of
alien species under temporal dynamics and of their interactions with other anthropogenic stressors, and
thereby addresses several ongoing issues in invasion science (Ricciardi et al. 2020). It provides tools to
accurately quantify impacts and their temporal trends, and suggests ways for integrating these trends in
EICAT. These suggestions are likely to improve the EICAT usefulness for conservation purposes; it
would also make the framework more informative for future investigation of context-dependency in
impacts and would thereby facilitate the development of predictive models. Although mainly
conceptual, this work also has practical implications, regarding impact measurements, prioritization of

alien species for management, and the development of new management strategies.
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Preface

The IUCN Species Survival Commission (SSC) Invasive Species Specialist Group
(ISSG) were invited by Parties to the Convention on Biological Diversity (CBD) to
develop a ‘system for classifying invasive alien species based on the nature and
magnitude of their impacts’ (CBD, 2014). In 2015, the ISSG published a framework and
guidelines for implementing the proposed IUCN Environmental Impact Classification
for Alien Taxa (EICAT) (Hawkins et al., 2015) developed from the original framework
proposed by Blackburn et al. (2014).

Following the publication of Hawkins et al. (2015), Resolution WCC-2016-Res-018-EN
Toward an IUCN standard classification of the impact of invasive alien species was
adopted at the 2016 IUCN World Conservation Congress. This Resolution requested
the SSC to develop EICAT, and to consult with all relevant stakeholders within the Union
to inform this process. It also requested that the SSC integrate the outcomes into the
IUCN Global Invasive Species Database and the IUCN Red List of Threatened Species,
thus providing an essential background for the achievement of Aichi Target 9 (and
subsequent related targets) and SDG Target 15.8. Additionally the Resolution requested
IUCN Council to adopt the framework for the IUCN Environmental Impact Classification
for Alien Taxa, once the consultation process referred to above had been completed, as
the Union’s standard for classifying alien species in terms of their environmental impact.

In 2017, IUCN undertook a Union-wide consultation on the science underpinning
EICAT (Version 1), its processes and governance. The results showed that the Union
overwhelmingly supported EICAT becoming an IUCN Standard for classifying alien taxa
against the magnitude of their environmental impacts. However, based on feedback
received through this consultation process and lessons learnt through its application,
significant edits were made to the proposed standard. In 2019, a second Union-wide
consultation was undertaken on the EICAT Categories and Criteria (Version 2.3),
Guidelines for the application of EICAT (Version 2.3), and the EICAT data reporting
template (Version 2.7): the comments received during this consultation resulted in
minor edits being made to the documentation. Following this, the IUCN Council (98"
Meeting, February 2020), adopted Version 3.3. of the EICAT Categories and Criteria as
the Union’s Standard for classifying alien species in terms of their environmental impact.

This document presents the IUCN Standard for classifying alien species in terms of
their environmental impact; the [IUCN Environmental Impact Classification for Alien Taxa
(EICAT) Categories and Criteria: First edition (the same as Version 3.3 adopted by [IUCN
Council).
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To ensure full understanding of the application of EICAT, it is very important to refer to
all of the following documents:

(1) IUCN Environmental Impact Classification for Alien Taxa (EICAT) Categories and
Criteria: First edition (IUCN, 2020) — this document.

(2) The latest version of the ‘Guidelines for using the IUCN EICAT Categories and Criteria’
(check the IUCN ISSG website http://issg.org/ for regular updates of this document)

All of the above documents are freely available to download from the IUCN ISSG (http:/
WWW.issg.org).

The intention is to keep the EICAT Categories and Criteria (the IUCN Standard) consistent
to enable genuine changes in the magnitude of environmental impacts of alien species to
be detected. As a greater clarity emerges on tricky and unresolved issues, these will be
addressed through updates to the comprehensive set of user guidelines.

Blackburn et al. (2014). ‘A unified classification of alien species based on the magnitude
of their environmental impacts’. PLoS Biology, 12, e1001850. https://doi.org/10.1371/
journal.pbio.1001850

CBD (2014). Decision adopted by the Conference of the Parties to the Convention on
Biological Diversity XlI/17. Invasive alien species: review of work and considerations for
future work. https://www.cbd.int/decision/cop/default.shtml?id=13380

Hawkins et al. (2015). ‘Framework and guidelines for implementing the proposed IUCN
Environmental Impact Classification for Alien Taxa (EICAT). Diversity and Distributions,
21(11) https:/doi.org/10.1111/ddi. 12379
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1. Introduction

Human activities are transforming natural environments by moving taxa beyond the
limits of their native geographic ranges into areas where they do not naturally occur.
Many of these alien taxa have had substantial adverse impacts on the recipient
ecosystems. For example, they have been shown to cause significant changes in
native species extinction probabilities, genetic composition of native populations,
behaviour patterns, taxonomic, functional and phylogenetic diversity, trophic networks,
ecosystem productivity, nutrient cycling, hydrology, habitat structure, and various
components of disturbance regimes [1-8]. For these reasons, most governments,
scientists and conservation organisations consider many alien taxa to be undesirable
additions to ecosystems, and frequently devote considerable resources towards
preventing or mitigating their impacts. The magnitude and type of impacts generated
by alien taxa vary greatly among recipient ecosystems, and many of these impacts
only become obvious or influential long after the onset of invasion. Moreover, many
impacts remain or are difficult to redress even if the alien taxa of concern are removed
or controlled. As such, there is a critical need for scientifically robust tools to evaluate,
compare, and predict the magnitudes of the impacts of different alien taxa, in order to
determine and prioritise appropriate actions where necessary [9].

A unified classification of alien taxa based on the magnitude of their environmental
impacts [10] (hereafter referred to as the Environmental Impact Classification for Alien
Taxa, abbreviated to EICAT) has been developed in response to these issues. EICAT
is a simple, objective and transparent method for classifying alien taxa in terms of the
magnitude of their detrimental environmental impacts in recipient areas. Based on
evidence on the impacts they have been causing on native taxa in their introduced
range, alien taxa are classified into one of five impact categories. Each of these
five impact categories represents a different impact magnitude, depending on the
level of biological organisation of the native biota impacted (individual, population or
community) and the reversibility of this impact. Alien taxa are also classified according
to the mechanisms by which these impacts occur: the mechanisms are aligned with
those identified in the IUCN Global Invasive Species Database (GISD) http:/www.
iucngisd.org/gisd/.

EICAT has the following five objectives: (i) identify alien taxa by levels of environmental
impact, (i) compare the level of impact by alien taxa among regions and taxonomic
groups, (iii) facilitate predictions of potential future impacts of taxa in the target region
and elsewhere, (iv) aid the prioritisation of management actions, and (v) facilitate
the evaluation of management methods. It is envisaged that EICAT will be used by
scientists, environmental managers and conservation practitioners as a tool to gain a



better understanding of the magnitude of impacts caused by different alien taxa, to alert
relevant stakeholders to the possible consequences of the arrival of certain alien taxa,
and to inform the prioritisation, implementation and evaluation of management policies
and actions.

It must be emphasised at the outset that EICAT is not a risk assessment, and its
output alone should not be used to prioritise management actions for alien taxa.
Risk assessments and priority setting require information on many issues related to the
biology and ecology of the alien taxa and the pathways of introduction, which are not
incorporated in EICAT. The output of EICAT is also not a statutory list of invasive alien
taxa. Thus, while it is intended to inform the prioritization of management activities
against alien taxa causing environmental impacts within a country or a region, EICAT
should not be used alone to identify which alien taxa should be regulated. Furthermore,
any decision that could have effects on the regulation of trade of species must comply
with existing international agreements, including, amongst others, the CBD and its
guidance on invasive alien species, the World Trade Organisation (WTO) Agreement
on the Application of Sanitary and Phytosanitary Measures (SPS Agreement), and the
Convention on International Trade in Endangered Species of Wild Fauna and Flora
(CITES). EICAT has the potential to inform statutes adhering to the relevant international
agreements, to assist the implementation of appropriate measures, and to inform risk
assessments, but it does not replace them.

EICAT must be applied in a consistent and comparable manner when assessing the
impacts of different alien taxa. Therefore, we present the IUCN EICAT Categories
and Criteria: First edition which should be used to inform the assessment process.
The EICAT Categories and Criteria are analogous to, and draw heavily upon, the
framework adopted for the globally recognised IUCN Red List of Threatened Species™
[11]. There is also a separate accompanying Guidelines document that provides
additional guidance to support the application of the EICAT Categories and Criteria,
including on how to deal with uncertainty, the required documentation standards,
and EICAT assessment process. The EICAT Guidelines document will be periodically
updated, and will be made available on the IUCN SSC ISSG website (www.issg.org).

The EICAT Categories and Criteria: First edition and the accompanying EICAT
Guidelines document are adapted from - and replace - the EICAT guidelines
proposed by Hawkins et al. (2015). The following EICAT Categories and Criteria:
First edition and accompanying EICAT Guidelines document are therefore the
documents to use when undertaking EICAT assessments.



2. Definitions

This section defines key terms used in the application of the EICAT Categories and
Criteria. It is necessary to refer to these terms when interpreting them as some are
commonly used terms that are defined in a particular sense here.

Taxon

This term is used for convenience to represent species or lower taxonomic levels
(subspecies, varieties, cultivars, or breeds), including those that are not yet formally
described.

Alien taxon

A species, subspecies or variety or cultivar or breed, moved intentionally or unintentionally
by human activities beyond the limits of its native geographic range, or resulting from
breeding or hybridisation and being released into an area in which it does not naturally
occur. The movement allows the taxon to overcome fundamental biogeographic
barriers to its natural dispersal. The definition includes any part, gametes, seeds, eggs,
or propagules of such taxa that might survive and subsequently reproduce. Natural
dispersal of a taxon either within postglacial habitat expansion or due to climate shift
does not qualify to label a taxon as alien. Common synonyms include non-native, non-
indigenous, foreign, and exotic. The definition follows the CBD (COP 6 Decision VI/23
https://www.cbd.int/decisions/cop/?m=cop-06) and [12]. See also taxon; invasive alien
taxon.

Invasive alien taxon

An alien taxon whose introduction and/or spread threatens biological diversity. This
definition follows the CBD (COP 6 Decision VI/23). The requirement that an invasive
alien taxon causes threat or harm is common in policy usage (see also Executive Order
13112 — Invasive Species, of the United States Government), but less so in scientific
usage where “invasive” usually simply implies that the taxon has spread widely and
rapidly from the point of establishment [12].

Environmental impact

A measurable change to the properties of an ecosystem caused by an alien taxon [2].
This definition applies to all ecosystems, whether largely natural or largely managed by
humans, but explicitly considers only changes that have impacts on the native biota.
Changes in abiotic properties of the environment caused by an alien taxon are only
considered if they affect the native biota. The same alien taxon may also have impacts
on human societies and economies [14], but these are not considered here.



Deleterious environmental impact

An impact that changes the environment in such a way as to modify native biodiversity
or alter ecosystem properties to the detriment of native taxa [15]. This definition
intentionally excludes societal judgments regarding the desirability or value of alien taxa,
and it is assumed here that the classification will be used as a mechanism to prevent
impacts that are judged to be “negative” by those concerned.

Global population
The total number of individuals of a taxon. See also population size.

Sub-population and local population

A sub-population is a geographically or otherwise distinct group in the global population
for which there is little demographic or genetic exchange. A local population is a
group of individuals within a sub-population. It may encompass all of the individuals
within the sub-population (e.g., local population 1 in Figure 1), or only some of those
individuals (e.g., local populations 2 — 4 in Figure 1). In the latter case, a local population
is spatially disjunct from other groups of individuals, but shares individuals with other
local populations through natural immigration, in which case it may form part of a meta-
population [16]. An EICAT assessment considers impacts happening at least at the level
of the local population. See also population size.

Sub-population 1 Sub-population 2

Mg

Ry

7

Native taxon ==p Regular movement of
occupied habitat ol native taxon individuals

Figure 1. The relationship between global population, sub-population and local population for the
purposes of EICAT assessments. The global population includes all individuals of the taxon, a sub-
population is a geographically or otherwise distinct group in the population, and a local population
is a group of individuals within a sub-population. In this example, local population 1 includes all
individuals within sub-population 1. Local populations 2, 3 and 4 are connected by frequent natural
immigration, whereas sub-populations 1 and 2 are largely isolated from each other.



Population size

For functional reasons, primarily owing to differences between life forms, population
size (whether global, sub or local) is measured as numbers of mature individuals only.
In the case of taxa dependent on other taxa for all or part of their life cycles, biologically
appropriate values for the host taxon should be used.

Mature individuals
Mature individuals are the number of individuals known, estimated or inferred to be
capable of reproduction. When estimating this quantity, the following points should be
considered:
Mature individuals that will never produce new recruits should not be counted (e.g.,
densities are too low for fertilisation).
In the case of populations with biased adult or breeding sex ratios, it is appropriate
to use lower estimates for the number of mature individuals, which take this into
account.
Where the population size fluctuates, use a lower estimate. In most cases this will be
much less than the mean.
Reproducing units within a clone should be counted as individuals, except where
such units are unable to survive alone.
In the case of taxa that naturally lose all or a subset of mature breeding individuals at
some point in their life cycle, the estimate should be made at the appropriate time,
when mature individuals are available for breeding.



Native community
The assemblage of populations of naturally occurring taxa present in the area occupied
by the alien taxon.

Changes to a community

Changes to a community refer to the loss of at least one native species in a community
(local population extinction of one or more native species) due to impacts caused by
the alien taxon.

Performance

Performance is a measurable fitness trait that affects the capacity of an individual
organism to survive, gather resources, grow, or reproduce [see 17, 18]. Examples
include biomass, plant height, number of offspring or seeds, and immunocompetence.

Decline in population size

A decline in global, sub- or local population size is a reduction in the number of mature
individuals of a native species resulting from the introduction of the alien taxon. The
downward phase in a normally fluctuating population will not count as a reduction.
In cases where an alien taxon impacts the recruitment of native species, this impact
will not count as a reduction in population size, unless there is also an impact on the
number of mature individuals.

Local population extinction

The elimination of one or more native taxa due to impacts caused by the alien taxon,
in part or all of the area invaded by the alien taxon (also known as extirpation). A native
taxon is presumed locally extinct when there is evidence from known and/or expected
habitat within the local area invaded by the alien taxon that no individuals of the native
taxon remain. Local population extinction differs from global (species) extinction, which
refers to the complete elimination of a native taxon from all parts of its range. In situations
where a species is only known from one locality, local population extinction may also
result in the species’ global extinction. This may occur on islands for example, if the
introduction of an alien taxon leads to the local extinction of an island endemic species.



Naturally reversible changes

Following on from a local population extinction, naturally reversible means there is
evidence that if the alien taxon is no longer present, the native taxon would be likely
to return to the community within 10 years or 3 generations, whichever is longer. The
native taxon can return to the community naturally (e.g., individuals migrating from
a metapopulation), or assisted by human re-introductions, either intentionally or
unintentionally, but only where the re-introductions were occurring at a similar rate
before the alien taxon led to the native species local population extinction, and the re-
introductions are not for conservation purposes. Therefore, re-introductions assisted by
humans that were not already in place at the time the alien taxon led to the local
population extinction, and that would require extra effort (e.g., re-introductions from
captivity or from other areas), are not considered as naturally reversible changes.

Naturally irreversible changes

Naturally irreversible means there is evidence that if the alien taxon is no longer present,
the native species would not return to the community within 10 years or 3 generations,
whichever is longer, without additional human assistance that was not already in place
at the time the alien taxon led to the local population extinction (see naturally reversible
changes). Local extinctions are naturally irreversible when there is no propagule influx
of the native taxon (e.g., global extinction, isolation of the local population), or when the
alien population changes the environment making it unsuitable for the native taxon to
re-establish.



3. Description of the EICAT Categories and
Criteria

3.1. Categories

The impacts of an alien taxon are classified based on the level of biological organisation
it affects (individuals — populations — communities), and the magnitude and reversibility
of these impacts. The impact category assigned to an alien taxon should reflect its most
severe impact to native taxa under any of the criteria listed in section 4.2.

There are eight clearly defined categories into which taxa can be classified (Figure
2). Complete definitions of the categories are given in Box 1. The first five categories,
termed ‘impact’ categories, follow a sequential series of impact scenarios describing
increasing levels of impact by alien taxa. These scenarios have been designed such
that each step change in category reflects an increase in the order of magnitude of
the particular impact so that a new level of biological organisation is involved. Thus:
Minimal Concern (MC) — negligible impacts, and no reduction in performance of a
native taxon’s individuals; Minor (MN) — performance of individuals reduced, but no
decrease in population size; Moderate (MO) — native taxon population decline; Major
(MR) - native taxon local extinction (i.e. change in community structure), which is
naturally reversible; and Massive (MV) — naturally irreversible local, or global extinction
of a native taxon (i.e. change in community structure). Alien taxa should be classified
based on the highest criterion level met across any of the impact mechanisms (section
4.2, Table 1). Impacts that fall within the categories Moderate, Major or Massive are
termed ‘harmful’.

The remaining three categories do not reflect the impact status of a taxon. The
Data Deficient (DD) category highlights taxa for which evidence suggests that alien
populations exist, but for which current information is insufficient to assess their level
of impact. The category No Alien Population (NA) should be applied when there is
no evidence to suggest the taxon has or had individuals existing in the wild (i.e. outside
of captivity), beyond the boundary of its native geographic range. The category Not
Evaluated (NE) applies to taxa that have not yet been evaluated against the EICAT
impact categories.

Finally, the label Cryptogenic (CG) should be applied to taxa for which it is unclear,
following evaluation, whether individuals present at a location are native or alien [13]. CG
is not a category in itself; cryptogenic taxa should be evaluated as if they are aliens, on
the basis of the precautionary principle, but their impact classification modified by the
CG label (e.g., for a cryptogenic species with Major impact: Genus species MR [CG]).



Box 1. Category definitions
The abbreviation of each category (in parenthesis) follows the denomination.

Minimal Concern (MC)

A taxon is considered to have impacts of Minimal Concern when it causes negligible levels of
impacts, but no reduction in performance of individuals in the native biota. Note that all alien taxa
have impacts on the recipient environment at some level, for example by altering species diversity or
community similarity (e.g., biotic homogenisation), and for this reason there is no category equating
to “no impact”. Only taxa for which changes in the individual performance of natives have been
studied but not detected are assigned an MC category. Taxa that have been evaluated under the
EICAT process but for which impacts have not been assessed in any study should not be classified in
this category, but rather should be classified as Data Deficient.

Minor (MN)

A taxon is considered to have Minor impacts when it causes reductions in the performance of
individuals in the native biota, but no declines in native population sizes, and has no impacts that
would cause it to be classified in a higher impact category.

Moderate (MO)
A taxon is considered to have Moderate impacts when it causes declines in the population size of
at least one native taxon, but has not been observed to lead to the local extinction of a native taxon.

Major (MR)

A taxon is considered to have Major impacts when it causes community changes through the local
or sub-population extinction (or presumed extinction) of at least one native taxon, that would be
naturally reversible if the alien taxon was no longer present. Its impacts do not lead to naturally
irreversible local population, sub-population or global taxon extinctions.

Massive (MV)

A taxon is considered to have Massive impacts when it causes naturally irreversible community
changes through local, sub-population or global extinction (or presumed extinction) of at least one
native taxon.

Data Deficient (DD)

A taxon is categorised as Data Deficient when the best available evidence indicates that it has (or
had) individuals existing in a wild state in a region beyond the boundary of its native geographic
range, but either there is inadequate information to classify the taxon with respect to its impact, or
insufficient time has elapsed since introduction for impacts to have become apparent. It is expected
that all introduced taxa will have an impact at some level, because by definition an alien taxon in a
new environment has a nonzero impact. However, listing a taxon as Data Deficient recognises that
current information is insufficient to assess that level of impact.

No Alien Populations (NA)

A taxon is categorised as having No Alien Populations when there is no reliable evidence that it has
(or had) individuals existing in a wild state in a region beyond the boundary of its native geographic
range. In this case, absence of evidence is assumed to be evidence of absence, as it is impossible
to prove that a taxon has no alien individuals anywhere in the world. Taxa with individuals kept in
captivity or cultivation in an area to which it is not native would be classified here. A taxon could
currently have no individuals existing in a wild state in a region beyond the boundary of its native
geographic range because it has died out in, or has been eradicated from, such an area. In these
cases, there should be evidence relating to impact that causes it to be classified in one of the impact
categories (MG, MN, MO, MR, MV), or alternatively no evidence of impact, which would cause it to
be classified as DD.

Not Evaluated (NE)
Ataxon is categorised as Not Evaluated when it has not yet been evaluated against the EICAT impact
categories.
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Figure 2. The different EICAT categories and the relationship between them. Descriptions of the
categories are provided in Box 1. The cryptogenic (CG) label is not represented here as CG taxa may
be found in any category.

Cyrptogenic species are a particular problem in the marine realm, for cosmopolitan
plants, for species that spread easily, for taxa possibly introduced into a location many
centuries ago, and for species from taxonomic groups who'’s biogeography is poorly
understood, including many stored product arthropod pests, for which the native
geographic ranges are unknown. Cryptogenic taxa may have deleterious impacts
where they occur.

In many cases, it is difficult to distinguish whether an alien taxon is the driver of
environmental changes, or simply a passenger responding to the same driver as the
natives [19]. Moreover, synergistic interactions between alien taxa and other stressors
are also possible (and perhaps increasingly common) but difficult to anticipate [20].
The EICAT scheme takes a precautionary approach: when the main driver of change
is unclear, it should be assumed to be the alien taxon for the purposes of the EICAT
assessment. However, the classification is intended to be dynamic, allowing for updates
as new or more reliable data become available, and as the documented impact history
of a taxon unfolds across space and time.
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3.2. Criteria
Twelve impact mechanisms have been identified by which alien taxa may cause
deleterious impacts in areas to which they have been introduced (Table 1). For each
mechanism, there are five criteria against which taxa should be evaluated, to determine
the level of deleterious impact caused under that mechanism. Taxa should be evaluated
against every relevant mechanism and criterion, and the highest level of criterion met
under any mechanism then determines the EICAT category to which the taxon is assigned.
These mechanisms are based on those proposed by Nentwig et al. 2010 [21], Kumschick
et al. 2012 [22] and Blackburn et al. 2014 [10]. They are aligned with those identified in the
IUCN Gilobal Invasive Species Database (GISD) http:/www.iucngisd.org/gisd/.

The impact mechanisms are:

1.

10.

11.

12.

Competition — the alien taxon competes with native taxa for resources (e.g., food, water, space),
leading to deleterious impact on native taxa.

Predation — the alien taxon predates on native taxa, leading to deleterious impact on native taxa.

Hybridisation — the alien taxon hybridises with native taxa, leading to deleterious impact on
native taxa.

Transmission of disease — the alien taxon transmits diseases to native taxa, leading to
deleterious impact on native taxa.

Parasitism — the alien taxon parasitises native taxa, leading to deleterious impact on native taxa.

Poisoning/toxicity — the alien taxon is toxic, or allergenic by ingestion, inhalation or contact, or
allelopathic to plants, leading to deleterious impact on native taxa.

Bio-fouling or other direct physical disturbance — the accumulation of individuals of the alien
taxon on the surface of a native taxon (i.e., bio-fouling), or other direct physical disturbances
not involved in a trophic interaction (e.g., trampling, rubbing, etc.) leads to deleterious impact on
native taxa.

Grazing/herbivory/browsing — grazing, herbivory or browsing by the alien taxon leads to
deleterious impact on native taxa.

Chemical impact on ecosystem — the alien taxon causes changes to the chemical
characteristics of the native environment (e.g., pH; nutrient and/or water cycling), leading to
deleterious impact on native taxa.

Physical impact on ecosystem — the alien taxon causes changes to the physical characteristics
of the native environment (e.g., disturbance or light regimes), leading to deleterious impact on
native taxa.

Structural impact on ecosystem — the alien taxon causes changes to the habitat structure (e.g.,
changes in architecture or complexity), leading to deleterious impact on native taxa.

Indirect impacts through interactions with other species — the alien taxon interacts with
other native or alien taxa (e.g., through any mechanism, including pollination, seed dispersal,
apparent competition, mesopredator release), facilitating indirect deleterious impact on native
taxa.

11



Alien taxa should be assessed for their impact under all the mechanisms for which
data are available, and classified on the basis of evidence of their most severe impacts
under any of the impact mechanisms. For a taxon to qualify in any of the EICAT impact
categories (MC, MN, MO, MR, MV), evidence of impact is needed for one (or more) of
the twelve mechanisms that caused the highest impact. The criteria used for classifying
impacts associated with each impact mechanism are described in Table 1. Impacts
which do not fit any of the mechanisms can still be classified, based on the general rules
given in the top row of Table 1.

These categories are for taxa that have been evaluated, have alien populations (i.e.,
are known to have been introduced outside their native range), and for which there is
adequate data to allow classification (see Figure 2). Classification follows the general
principle outlined in the first row. However, the different mechanisms through which an
alien taxon can cause impacts are outlined, in order to guide the assessment process.

12



Table 1. Criteria used to classify alien taxa by EICAT impact category (MC, MN, MO, MR, MV).
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4. Applying EICAT

4.1. Evidence-based scheme

EICAT assessments are based on available data, published or unpublished, on the
environmental impacts of alien taxa. While EICAT provides important insights into
the threat posed to new regions, it is based only on impacts that have actually been
observed, or inferred based on evidence, in the introduced range. Potential impact is
an estimate of the magnitude of impact that would result if an invasion occurred, which
might incorporate information from the native range, trait analyses and mechanistic
models. Potential impact is an essential part of risk assessment, but is not part of
EICAT. The classification should not be used alone as a proxy for potential impact.
Furthermore, EICAT is solely concerned with impacts in the alien range of a taxon and
data and observations from the native range should not be used in assessing impacts
under EICAT. Where there is uncertainty as to whether a study is in the native range or
not, this should be recorded in the essential documentation.

4.2. Taxonomic scope

The EICAT process may be applied to species, subspecies or (for plants) varieties
or cultivars, or (for animals) breeds introduced outside their natural past or present
distribution (CBD COP 6 Decision VI/23) or to newly occurring taxa arising from
breeding or hybridisation. For any EICAT assessment, the taxonomic unit used (species,
subspecies, lower taxon) should be specified in the supporting documentation.

Note that invasion, and by extension impact, is a characteristic of a population, rather
than a species: not all populations of a given taxon cause the same impacts. It follows
that the EICAT classification of a taxon will generally reflect impacts recorded from one
or a small number of populations, and that population level impacts translate into taxon-
level assessments. This reflects the precautionary principle, as impact caused by one
population suggests the potential for other alien populations of the same taxon to cause
similar impacts elsewhere.

4.3 Lack of evidence of impact

EICAT is applicable to alien populations occurring in any biome; terrestrial, freshwater, or
marine. However, the impacts of alien populations within some habitats will initially be less
studied than within others, and therefore it is important that a lack of evidence of impacts
is not interpreted as lack of impact. Within EICAT, lack of evidence of impact (categorised
as DD) is treated differently to evidence of lack of impact (categorised as MC).
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4.4. Spatial and temporal scale of impact

Assessments using EICAT are undertaken on impact data currently available for alien
taxa at appropriate spatial and temporal scales. This needs to take into account the
typical spatial and temporal scales over which the original native communities can
be characterised. Assessments based on evidence generated at spatial or temporal
scales that are very different to the scales over which the local native population can be
characterised are likely to be subject to greater uncertainty.

4.5. Classification

Assessments using EICAT Categories and Criteria are undertaken on evidence of
impacts at the appropriate spatial and temporal scales. An alien taxon may have
been subject to many different assessments of impact, each with a different EICAT
classification (Figure 3). The final EICAT category assigned to the alien taxon is the
maximum recorded impact across all of the different impact assessments (Figure 3).

SPECIES XY

Individual assessments at appropriate
SPATIAL and TEMPORAL SCALE Overall category

Minor

)
=
c
Q
<
-
I

Study 6 - Massive Massive

Major

2]
=
c
o
<
@
I

Figure 3. How data from individual EICAT assessments of the impacts of a hypothetical alien taxon (species
XY) inform the overall EICAT Category to which the taxon is assigned. The overall assessment categorises
the taxon based on its highest impact anywhere (in this case, Massive (MV)).
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It is likely that some alien taxa will be subject to management plans to control or
eradicate their populations in invaded areas. A possible result is that the current highest
level of impact caused by the taxon is below the highest level of impact ever recorded
for the taxon (i.e. before the management took place). However, due to the known
potential of the taxon to cause the highest level of impact, the maximum recorded
impact remains the IUCN EICAT category assigned to the taxon.

4.6. Geographic scale of the classification

IUCN currently only reviews and displays global assessments. Global assessments are
based on evidence of impact from the taxon’s entire alien range, and the highest level of
impact recorded anywhere in the alien range of the taxon being assessed. In practice,
as most alien taxa with recorded impacts are yet to have their impacts studied in most
areas where they occur, the vast majority of EICAT assessments will use data from only
part of the alien range to generate a global level taxon assessment. While the EICAT
Categories and Criteria are focused only on assessments undertaken at the global
scale, the EICAT process can be applied to impacts at different geographic scales,
including regional, national or local (Figure 4). However, impact listings are likely to be
context dependent: an impact that is observed in one area of the introduced range may
not occur elsewhere, or may not be as severe elsewhere. Therefore, national or regional
level assessments, which only take into account impacts which have occurred within a
particular country or region, may differ markedly from global level assessments which
are based on the highest level of impact recorded anywhere in the alien range of the
taxon being assessed (Figure 4). Regardless of the geographic scale of the assessment,
evidence of the impacts of alien taxa used for the assessment should be measured at
an appropriate spatial scale, taking into account the typical spatial and temporal scale
at which the invaded native communities can be characterised.
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SPECIES XY GEOGRAPHIC SCALE of assessment

Individual assessments at appropriate NATIONAL
SPATIAL and TEMPORAL SCALE category

GLOBAL
category

Study 1 - France Minor

Study 2 - France Moderate Moderate

Study 3 - India Data Deficient Data Deficient

Study 4 - Viet Nam | \Ullqiele

Study 5 — Viet Nam  F\ele [/

Study 6 - Viet Nam [YESSIE Massive

Study 7 - Fiji Moderate

Study 8 - Fiji Major Major

Massive

Figure 4. How data from individual EICAT assessments of the impacts of a hypothetical alien taxon
(species XY) inform the EICAT category to which the taxon is assigned at national and global scales.
The global assessment categorises the taxon based on its highest impact anywhere (in this case, a
Massive (MV) impact in Viet Nam). National scale assessments are based only on impacts reported
from those countries (e.g. Major (MR) for Fiji). Data Deficient (DD) in India indicates that the alien

taxon was assessed but no impact reports from India were found.
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1. Introduction

This document provides guidelines for the application of the IUCN Environmental Impact Classification

for Alien Taxa (EICAT) Categories and Criteria First Edition. It explains the EICAT assessment process, and

provides detailed explanations of the definitions of many of the terms used in the EICAT Criteria. The
guidelines should be used in conjunction with the IUCN EICAT Categories and Criteria First Edition. We
expect to review and update these guidelines periodically, and input from all users of the IUCN EICAT
Categories and Criteria are welcome. We expect that the changes to these guidelines will be mostly
additions of detail and not changes in substance. In addition, we do not expect the IUCN EICAT
Categories and Criteria to be revised in the near future, because a stable system is necessary to allow

comparisons over time.

1.1. Abbreviations

CITES — Convention on International Trade in Endangered Species of Wild Fauna and Flora
COP - Conference of Parties

EICAT - Environmental Impact Classification for Alien Taxa

GISD - Global Invasive Species Database

ISSG — Invasive Species Specialist Group

IUCN - International Union for Conservation of Nature

SPS Agreement — WTO Agreement on the Application of Sanitary and Phytosanitary Measures
WTO — World Trade Organisation

EICAT Categories and Labels:
CG — Cryptogenic
DD — Data Deficient

MC - Minimal Concern

MN — Minor
MO — Moderate
MR — Major
MV — Massive

NA — No Alien Population
NE — Not Evaluated


https://doi.org/10.2305/IUCN.CH.2020.05.en
https://doi.org/10.2305/IUCN.CH.2020.05.en

2. IUCN EICAT process

2.1. Overview of the EICAT process

The EICAT process is managed by the IUCN Species Survival Commission (SSC) Invasive Species Specialist
Group (ISSG), alongside the IUCN Global Species Programme. In order to maintain the credibility of
EICAT, the process by which taxa can be assessed and included on the IUCN Global Invasive Species
Database (GISD) has been formalised. In particular, this process includes the designation of an EICAT
Authority under the auspices of the SSC, the responsibilities of which (and whom) are outlined in this
document (Section 2.3). These procedures, while clearly essential for implementation of the EICAT
process, do not comprise part of the EICAT Categories and Criteria. IUCN will only review and display
global EICAT assessments (i.e. assessments of an alien taxon’s impacts across its entire alien range, not

part thereof), which should be submitted to IUCN following the procedure described in this document.

The basic process for preparing and submitting EICAT assessments to IUCN for publication is

summarised below (see also Figure 1).

2.1.1. Pre-assessment

Prior to the assessment phase, raw data from the alien ranges of the taxon being assessed are gathered
using an established search protocol (see Section 2.4). Data must be recorded in a format compatible
with the EICAT Categories and Criteria and with appropriate supporting documentation (see Section
2.5). Individuals who provide data through the pre-assessment phase, but are not involved in the

application of the EICAT Categories and Criteria are termed Contributors.

2.1.2. Assessment
All assessments are based on data currently available for alien taxa, compiled in the Pre-assessment
step. For each alien taxon, the assessment is performed at two levels:
- assessments of single impact reports
- overall assessment of the alien taxon of interest (i.e. assigning the taxon’s global EICAT
Category)

More details on these two assessment levels are provided in Section 2.4.

Assessments can be carried out by EICAT Authority members working alone, in small groups, or in large
groups for example in a workshop or email/internet forum. Alternatively, other experts can prepare

assessments to be submitted to the EICAT Authority, through its Chair, for review. A template has been



developed for Assessors to complete to aid the assessment and review processes (see Appendix 2). All
Assessors are required to submit EICAT assessments to the EICAT Authority using this template — until an

online database with an end-user interface is developed.

Draft assessments may be made available to the wider community of invasive species experts for
additional comment within a defined time period via the ISSG list server. Once a consensus is reached on
the taxon’s classification by the Assessors, or a majority decision in the case of no consensus being

reached, they will be sent for review.

2.1.3. Review

All assessments must go through a review process before they can be accepted for publication on the
IUCN GISD. The Chair of the EICAT Authority, or a delegated member of the EICAT Authority, will arrange
a review by at least one appropriate expert Reviewer that has not been involved in the assessment as an
Assessor. The Reviewer(s) thus appointed will check that the data used have been interpreted correctly
and consistently, the EICAT Categories and Criteria have been applied correctly, and that uncertainty has
been handled appropriately. The assessments should also be checked to ensure that all essential
supporting documentation and any available recommended documentation, is attached and formatted
correctly. If an assessment is rejected by the Reviewer, it will be returned to the Assessor(s) detailing the

areas that need to be addressed.

2.1.4. Submission

After a satisfactory review, assessments are submitted to the EICAT Unit (via the Chair of the EICAT
Authority), which conducts consistency checks to ensure that the EICAT Categories and Criteria have
been applied consistently and correctly across all taxa, and that all essential supporting documentation

and any available recommended documentation, is attached and formatted correctly.

2.1.5. Publication
Finally, for each alien taxon, its overall classification under the scheme (its global EICAT Category and
Criteria), supporting information (including the rationale for the classification and supporting

documentation), and the names of the assessors and reviewers will be published on the IUCN GISD.



External experts

Contributor(s) e

Assessor(s)

Assessment can also be
submitted for review via
the IUCN EICAT Unit

Assessment
accepted by
reviewer

L ] ® . . N .
[ ]
Problem detected by Ce,
IUCN EICAT Unit

4. Submission IUCN EICAT
Consistency checks EICAT assessment & documentation Unit
Sends external assessments to IUCN EICAT Authority for review

Assessment accepted
by IUCN EICAT Unit

Figure 1. A schematic showing the EICAT process.



2.2. Assessors, Reviewers, and Contributors

Assessors are usually experts on the alien taxon of concern who also have good knowledge of the EICAT
Categories and Criteria. Assessors are likely to be members of the EICAT Authority, but they may also be
external experts. The Assessor’s role in the assessment process is: to use all appropriate data currently
available for a taxon with regard to its environmental impacts as an alien; to assess the taxon
appropriately; and to determine a confidence rating for the assessment. Assessors ensure that the
assessment has the appropriate supporting information as outlined in this document. It is strongly
recommended that Assessors are named people (note: there can be more than one Assessor per
assessment), but sometimes organisations may be responsible for producing assessments based on data

contributed to them (see Contributors below).

Reviewers are people with good knowledge of the EICAT Categories and Criteria. Ideally, Reviewers
should also have good knowledge of the taxon being assessed, but sometimes (e.g. through lack of
available species experts) this is not possible. Reviewers are people within the EICAT Authority who have
not been involved in the assessment process (as an Assessor) for the particular taxon, or may be
delegated by the EICAT Authority to external experts. The Reviewer’s role in the assessment process is:
to read the information presented in the assessment and confirm whether the information has been
interpreted appropriately; to check that the EICAT Categories and Criteria have been applied correctly;

and to check that confidence levels have been applied appropriately.

Contributors are usually taxon experts or owners of databases containing taxon data. They provide
information specifically for use in the taxon account, but they are not directly involved in the actual
assessment itself. Reviewers may also have contributed information for the assessment without being
directly involved in the assessment. Therefore, a Reviewer may also be named as a Contributor. The
purpose of this category is to acknowledge the input of those individuals providing data to an EICAT
assessment but not involved in the assessment otherwise. It also enables the acknowledgement of

Assessors from a previous EICAT assessment who are not involved in a reassessment.

Box 1. Relationship between Assessors, Contributors, and Reviewers
Yes = The same person can perform both roles for the same assessment
No = The same person cannot perform both roles for the same assessment

Contributors Assessors Reviewers
Contributors No Yes
Assessors No No
Reviewers Yes
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2.3. EICAT Authority and EICAT Unit
In summary, the EICAT Unit (once established), will be the administrative body with capacity to
processes assessments (see Figure 1). The EICAT Authority is the governing body formed of members of

the SSC ISSG and will co-ordinate the overall assessment process.

The Chair of the IUCN SSC ISSG is responsible for establishing or appointing the EICAT Authority. The
EICAT Authority comprises of individuals who may have remits relating to specific taxonomic groups or
geographic regions. The majority of the members of the EICAT Authority will be members of the IUCN
Invasive Species Specialist Group, but they may also be members of other SSC specialist groups,
independent networks or other organisations. The EICAT Authority is responsible for coordinating the
EICAT assessment process, carrying out the majority of assessments, and ensuring that at least one
named independent Reviewer (who was not directly involved with the assessment as an Assessor)
agrees with the status of each taxon, and that all the documentation to support the assessment is in

place.

The EICAT Unit [will be fully established when funding has been attained] is formed from selected
members of the IUCN Invasive Species Specialist Group and IUCN Global Species Programme. The EICAT
Unit checks each assessment to ensure consistency. It will serve as a focal point to receive EICAT
assessments undertaken outside of the EICAT Authority, and distribute them for review to appropriate
members of the EICAT Authority. It will develop the work-plan, co-ordinate the reporting of status and
trends in impacts as documented by the EICAT process, and oversee any proposals for changes or
revisions to the EICAT Categories and Criteria, and these guidelines. The EICAT Unit, in consultation with
the EICAT Authority, will also develop required policies, for example in relation to the use and

application of EICAT, and will manage the petitions process (see below).

The Chair of the EICAT Authority is the overseer and co-ordinator for official IUCN EICAT activities. The
Chair acts as the point of contact for the submission of EICAT assessments, and for interactions between
the EICAT Authority, EICAT Unit and other IUCN structures, including the IUCN Red List Committee (that
oversees the analogous Red List of Threatened Species process), other SSC Specialist Groups, and the
office of the Chair of the Species Survival Committee. The Chair is responsible for initiating the
consistency checking process, including delegating the process to another member of the EICAT
Authority, for EICAT assessments submitted by other members of the EICAT Authority, and for initiating
the review process for EICAT assessments submitted from outside the EICAT Authority. The Chair is also

responsible for final acceptance of EICAT assessments following the formal review process.
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Rules and regulations for membership of the EICAT Authority and EICAT Unit, and for nomination and
election of the Chair, will be developed through the IUCN once the mechanisms for the appointment

and governance of the EICAT Authorities and EICAT Unit have been developed.

2.4. The Assessment process in more detail
To derive maximum benefit from the EICAT scheme, it must be applied in a consistent and comparable
manner across different assessments. The EICAT Categories and Criteria describes the system and

provides a framework for the assessment process. Here, further guidelines are provided to:

i) Clarify elements of the assessment process.
ii) Identify the documentation required to support assessments.
iii) Demonstrate how to deal with uncertainty in the assessment process.

2.4.1. Pre-assessment information search protocol

Searches for information to quantify the impacts of alien taxa should preferably be undertaken following
an established search protocol. In general, this protocol should follow the process described in Section
4.1 of the Guidelines for Systematic Review and Evidence Synthesis in Environmental Management [1]
(here after the Guidelines for Systematic Review). As part of the EICAT assessment, the search protocol
should be documented in sufficient detail to enable those reviewing the assessment to replicate the
protocol. The search for information should consider both published and unpublished sources (grey

literature), and extend to the following:

- Searches of online literature databases and catalogues (as a minimum these databases should include
the Web of Science (http://login.webofknowledge.com), Google Scholar (https://scholar.google.co.uk)
and Scopus (https://www.scopus.com).

- Searches of the world-wide web (e.g. Google).

- Searches of organisations (as a minimum, including the IUCN Red List of Threatened Species
(http://www.iucnredlist.org), Delivering Alien Invasive Species Inventories for Europe (DAISIE)
(http://www.europe-aliens.org), the CABI Invasive Species Compendium (http://www.cabi.org/isc/) and
the Global Invasive Species Database (GISD) of the Invasive Species Specialist Group (ISSG)
(http://www.issg.org/database/welcome/).

- Key texts (for example, for alien birds these may include Lever, C. (2005). Naturalized birds of the
world. A&C Black Publishers Ltd. London; and Long, J.L. (1981). Introduced birds of the world. The
worldwide history, distribution and influence of birds introduced to new environments. David & Charles.

London.)
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The literature search should be exhaustive. A review of the bibliographies / references listed in the
articles / data sources found through the initial search should be undertaken to identify any additional
sources of information. This process should be repeated to a point where no new sources of data are
identified.

A search string should be used for effective database searching. The string should include the alien
species’ scientific and common name, along with relevant terms to identify the impacts of alien species.
The following example is a search string to identify impacts associated with the Eurasian blackbird
(Turdus merula): (“introduced species” OR “invasive species” OR “invasive alien species” OR “IAS” OR
“alien” OR “non-native” OR “non-indigenous” OR “invasive bird” OR “pest” OR “feral” OR “exotic”) AND

(“Eurasian blackbird” OR “blackbird” OR “Turdus merula”).

Screening of articles for relevance (and hence inclusion in the EICAT assessment) should be undertaken
in accordance with Section 4.2 of the Guidelines for Systematic Review. An initial review of article titles
should be undertaken, and for those articles considered relevant based on their title, a review of the

abstract should then be undertaken. This process should be recorded for transparency of the decision-

making process, as described in Section 4.2.1 of the Guidelines for Systematic Review.
2.4.2. Assessment of individual impact reports

Each relevant impact report gathered during the Pre-Assessment step needs to be assessed using the

EICAT Categories and Criteria, and assigned an EICAT Category (Figure 2).
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Figure 2. The different EICAT Categories and the relationship between them.

2.4.2.1. Which data sources are relevant for EICAT assessments?
A number of different sources of data may be used as evidence of the impacts of alien taxa on the native
biota in EICAT assessments. These data may be held in:

i) published documents including papers, articles, books and reports.

ii) unpublished documents including reports, press articles, grey literature, datasets, databases,

GIS data, satellite imagery.

Data are broadly classified as either observed or inferred:

Observed: Information that is directly based on documented observations of the impacts of an alien
population upon native taxa. In this context, the term “observed data” incorporates empirical
observations, designed observational studies (natural experiments) and manipulative experiments.

Examples include comparison of sites before and after invasions [e.g. 2]; comparison of reference plots
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in invaded and uninvaded areas [e.g. 3] or fenced and unfenced plots within the invaded range; and field

removal experiments [e.g. 4].

Inferred: Information that is not based on documented observations of the impacts of an alien
population that may include assumptions about relationships between an observed variable to the
variable of interest. Variables of interest for EICAT assessments are include the performance of
individuals (for an impact magnitude MN), the number of mature individuals in a population (for MO) or
its extinction status (for MR/MV). Sometimes, these variables are not directly observed, but other
variables are, from which the variable of interest can be inferred. For example, changes in the number of
mature individuals of a native taxon (criterion for MO) can be inferred from changes in the number of all
individuals (index of abundance); changes in catch statistics; mathematical models; or a decrease in
range or an ecosystem function or service provided by the native taxon of interest. Any assumptions
should be stated and justified in the documentation. In all these examples, even though they do not
directly observe the variables of interest, the observed variables are assumed to be related to the
variables of interest for the EICAT assessment (individual performance, number of mature individuals,
extinction). Variables not directly related to the variables of interest should not be used to infer impacts.
For example, changes in abiotic ecosystem properties (e.g. pH, water availability, etc.) should not be
used to assign an impact magnitude unless they have been explicitly shown how they are affecting a
native taxon (performance of individuals, the number of mature individuals in a population, or its

extinction status).

To be classified in EICAT, changes in the native populations have to be observed or measured in the
context in which they are reported: extrapolations or projections in time or space are not considered.
Examples:
- An observed population decline should not be extrapolated to result in a local extinction in the
future.
- Animpact observed in one location should not be extrapolated to another location where no

observations have been done.

Studies that do not allow the detection of any of the five impact magnitudes described in EICAT should
not be classified.
Examples:
- Diet/niche overlap between the alien and native populations alone does not show that the
performance of native individuals is reduced, or that their populations decline.
- The measure of water quality degradation alone cannot be used to infer an impact on the native

fish populations.
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- An observed impact on a native plant population cannot be used alone to infer an impact on a

native pollinator.

2.4.2.2. Spatial and temporal scales

The spatial and temporal scales over which impact data are recorded can affect interpretation of the
severity of impacts caused by an alien taxon, and will affect confidence in the assessment. Studies at
restricted spatial scales (e.g. patches of 10s of square metres) might overestimate impacts if
extrapolated to larger scales, while studies at extensive spatial scales (i.e. regional or national) might
underestimate them. Similarly, studies over time periods that are too short to capture the changesin a
native population might over- or underestimate the severity of an impact. In other words, there may be
a mismatch between the scale of study and the scale of the impact. For example, an alien taxon might
be shown in a field experiment to exclude a native taxon from areas the size of experimental plots, and
perhaps even to extirpate the native taxon from entire habitat patches, but at larger spatial scales a part
of the local population of the native taxon might still persist (e.g. because of the influence of spatial
dynamics, refugia, or rescue effects). In this case, the local population of the native taxon would have
declined in the habitats in which the alien taxon occurs, without resulting in a local population
extinction. However, impacts demonstrated even at small spatial scales can highlight cause for greater
concern in the future, and thus small-scale studies may provide useful evidence of impacts for informing

EICAT assessments.

Impacts should ideally be measured at appropriate spatial and temporal scales, taking into account the
typical spatial and temporal scale at which the local native population can be characterised.
Assessments based on evidence generated at spatial or temporal scales that are very different to the
scales over which the local native population can be characterised are likely to be subject to greater
uncertainty, due to the challenges involved in extrapolating or down-scaling data to scales relevant to
local populations. However, in practise it is difficult to generate a universally applicable definition to
describe “the typical spatial scale at which local native populations can be characterised”, as this will
depend on the particular native taxon and the location. For example, a local native fish population in a
lake may have a clearly defined spatial scale, determined by the size of the lake, whereas it may be
much harder to delineate the spatial scale of a particular local native population within a rainforest

ecosystem.

2.4.2.3. Additional guidance for key terms

Decline in Population Size
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In cases where an alien taxon impacts on recruitment in native taxa, this impact would not count as a
reduction in population size (unless there is also an impact on the number of mature individuals); the
impact of the alien taxon would be classified as MN because it causes a reduction in the performance of
native individuals. If and when this decrease in performance leads to a decrease in the resultant number

of mature individuals within the native population, the alien taxon would be reclassified as MO.

Presumed Extinction

A taxon is presumed to be locally extinct when the impact study tried to find individuals of the local
native taxon but no individual was observed, and the study design would have allowed detection of the
presence of the native taxon. Local population extinction should be evaluated at the correct spatial scale
according to the dynamics of the target native taxon (e.g. a group of individuals spatially disjunctin a

metapopulation).

Transmission of disease to native taxa

Due to the nature of the phenomenon of disease transmission, it is often difficult (if not impossible) to
observe it happening, nor retrospectively to study where the disease came from. Furthermore, this
impact mechanism includes the interaction between two organisms, the alien taxon under assessment,
and the disease agent. Where no direct evidence for transmission of the disease from alien taxa to
native taxa is available, we suggest that the following evidence is needed in order to classify taxa as MO
or higher for impact from disease transmission (based on Kumschick et al. 2017 [5]): (1) The disease
agent has been shown to be highly devastating to native taxa (see also disease agents in Parasitism,
below); (2) the alien taxon is a host of the disease agent in the same time and space as the native
population occurs. If these conditions are met at a certain location, no direct evidence for disease
transmission is needed. Ideally, we would be interested to know whether the disease agent arrived with
the alien, or whether it had an effect on the native community before the alien arrived. However, these
aspects cannot be retrospectively assessed and are therefore virtually impossible to study when the
invasion has already occurred. Often evidence for the alien taxon being a host of a (more or less
devastating) disease is available, and in some cases, spread of the disease with the alien host is studied.
In these cases, impacts through transmission of diseases under EICAT should be scored as MN. It should
in most cases not be scored MC, unless the disease or parasite carried by the alien was not found in the
native taxa. Furthermore, the impact of the disease itself needs to distinguished from the impact of the
host. Separate EICAT assessments need to be performed for the disease agent (identifying if it is alien,
and if so, its level of impact) and linked to the assessment of disease transmission of the host — most of
these would be captured under the mechanism (5) Parasitism. This can also be important for
management, as removing a host from an area might not solve the disease problem itself if the disease

agent is already widespread in the native community, or if it is not reliant on the alien host.
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Parasitism
Under this mechanism, direct impacts of parasites or pathogens and other disease agents on native taxa
need to be noted. This includes the impacts of disease agents transmitted by another alien taxon (see

also “Transmission of diseases to native species”).

Changes in native community composition

Changes to communities refer to the loss of at least one native taxon in a community (local population
extinction of one or more native taxa) due to impacts caused by the alien taxon. Impacts that do not
lead to the loss of local populations are not included under this definition, as these are covered by the
criterion relating to changes in population size (MO impacts), including changes to the species-

abundance distribution or other elements of the structure of the community.

Studies describing impacts do not always focus on particular native taxa: they sometimes report a
change in the community composition, a decrease in community biomass or a decrease in species
richness due to the alien taxon. This information is difficult to translate directly into an EICAT
assessment, but the information necessary for an EICAT assessment (which native taxa are impacted
and how) can often be extracted from these reports. For example, a decrease in native alpha diversity
(local species richness) may indicate a local population extinction, but care must be taken in assessing
the sampling effort of the study (e.g. spatial scale, number of replicates), while a change in beta diversity

(e.g. species turnover between sites) does not necessarily imply local extinctions or population declines.

Naturally reversible and irreversible changes

The (ir-)reversibility of local extinctions is not only determined by the action of the alien taxon but
depends on the context. The feasibility of human assisted measures (eradication of the alien population,
re-introduction of the native taxon, or habitat restoration after the degradation due to the alien taxon)
is not evaluated when assessing the (ir-)reversibility of a local extinction. Figure 3 provides more
guidance on the interpretation of naturally reversible and irreversible changes, and the resulting EICAT

Category.
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Figure 3. Examples of naturally reversible and naturally irreversible extinctions in the context of EICAT

assessments.
The occupied habitat of two local populations of a native taxon (Local Populations 1 and 3) are colonised by an
alien taxon (a), and subsequently go locally extinct (local population extinction) (b). If the alien taxon was then no

longer present in these areas (for example because of successful eradication of the alien taxon population, or
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boom-and-bust dynamics in the alien taxon population), the native taxon would be likely to return to the area
previously occupied by Local Population 3 through natural dispersal processes (from Local Population 2 and 4),
within three generations or ten years, whichever is longer (c). However, this return would not happen for Local
Population 1: the loss of this local population has also resulted in the extinction of Sub-population 1, and given that
by definition there is little demographic or genetic exchange between Sub-populations (typically one successful
migrant individual or gamete per year or less), the native taxon would not return to this area. Therefore, an EICAT
assessment on the impacts of the alien taxon on Local Population 1 would result in categorisation as MV, and an

assessment of the impacts on Local Population 2 would result in categorisation as MR (d).

2.4.2.4. Dealing with uncertainty

There are many cases where uncertainty exists about the correct classification of an impact.
Consequently, an estimate of the degree of uncertainty should be attached to all classifications, so that
the degree of confidence in every classification is made explicit. Only epistemic or reducible uncertainty
(i.e., uncertainty due to data quality) is of importance. Uncertainty related to variation in impacts in
space or time (stochasticity or irreducible uncertainty) is not relevant here because only the highest

impact reported is considered for assessment purposes.

A number of factors affect the confidence in an assessment, including the reliability and type of data
used as evidence of impacts; the spatial and temporal scales over which data were collected; the ease of
interpretation of the available data; the chances of including confounding effects in the observation; and

whether or not evidence within a single source of information is contradictory.

Data quality and type: In some cases, information about impacts is inferred from observations of
variables that are (seemingly) related to the variables of interest in EICAT (individual performance,
number of mature individuals, extinction). Inferred data are likely to provide a much lower level of
confidence in the assessment. Some studies focus only on one particular level of impact (e.g. the
individual performance) not investigating higher levels of impact (e.g. whether the impact on the
individual performance is affecting the size of the population). Uncertainty in the assigned Impact
Category can exist in such cases since the impact might be higher than the observed and reported one,
but the study design and reporting of results does not allow detection of such impacts.

Spatial and temporal scale: Assessors must judge the suitability of the spatial and temporal scales over
which evidence of impacts is recorded, for each EICAT assessment. This is used to help determine the
confidence rating for the assessment. A full justification for this evaluation should be provided in the

rationale for the confidence rating (see below) in the supporting documentation, along with details of
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the spatial scale at which impacts have been measured, and how this relates to the spatial scale over
which the local native population can be characterised or to the probability of detecting the taxon.
Confounding effects: In most impact reports, it cannot be excluded that other biotic or abiotic factors
might have caused or contributed to the observed impact. Therefore, it is difficult to distinguish whether
an alien taxon is the driver of environmental changes, or whether confounding effects are at play. The
likelihood that the impact level would have been observed if the alien taxon was not introduced must be
evaluated by the assessor, based on the context in which the impact is happening (e.g. presence of
other stressors which are likely to have led to the observed impact even in the absence of the alien
taxon). Confounding effects can lead to an over- or underestimation of the impact caused by an alien

taxon.

2.4.2.5. Assigning a confidence score

For each impact report that is relevant for an EICAT assessment, the assessor should place it in the most
likely of the five Impact Categories (MC, MN, MO, MR, MV) and assign a level of confidence to this
placement, depending on the likelihood of the assigned Impact Category being correct, based on the
reliability of evidence, the type of data used to make the assessment, the spatial scale over which data
were recorded, the chances of including confounding effects in the observation, and whether or not the
evidence is contradictory (Table 1). Confidence is categorised into three levels: high, medium and low,
and can be translated into arbitrary (but indicative) probabilities that the assigned category is correct

(Appendix 1).
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Table 1: Guidance for confidence classification.

true Impact Category is
equal to the assigned
one

unlikely that the level
of impact would have
been observed if the
alien taxon was not
introduced)

higher/lower impact
magnitudes than the
one assigned

support the
assessment; the
data are reliable
and of good quality

can be characterised

Sources of uncertainty Presence of Study design Data quality and Spatial and temporal scale Coherence of
that influence the confounding effects type evidence
confidence rating

High confidence: The likelihood of The study design There is relevant Impacts are recorded at the typical | All evidence
it is likely (approximately | including confounding | would have allowed direct observational | spatial and temporal scales at points in the
90% chance) that the effects is low (i.e. it is the detection of evidence to which the local native population same

direction (no
contradictory
evidence)

Medium confidence:
there is potential for the
true Impact Category to
be different from the
assigned one
(approximately 65-75%
chance of the assigned
impact category being
correct)

Confounding effects
may be at least partly
responsible for the
observed impact (i.e.
potentially the
observed level of
impact would still have
happened if the alien
taxon was not
introduced)

The study design
would not have
allowed the detection
of higher/lower impact
magnitudes than the
one assigned (i.e. it
cannot be reasonably
excluded)

There is some
direct observational
evidence to
support the
assessment, but
some of the data
are inferred

Impacts are recorded at a spatial or
temporal scale which may not be
relevant to the scale over which
the local native population can be
characterised, but extrapolation or
downscaling of the data to relevant
scales is considered reliable or
embraces little uncertainty

Most evidence
points in the
same
direction, but
some is
contradictory
or ambiguous

Low confidence: it is
likely that the true
Impact Category is
different from the
assigned one
(approximately 35%
change of the assigned
impact category being
correct)

The likelihood of
including confounding
effects is high (i.e. it is
likely that the
observed level of
impact would have
happened if the alien
taxon was not
introduced)

The study design does
not allow any
conclusions about
higher or lower impact
magnitudes and it is
likely that the true
impact magnitude is
higher or lower

There is no direct
observational
evidence to
support the
assessment; data
are of low quality

Impacts are recorded at a spatial or
temporal scale which is unlikely to
be relevant to the scale at which
the local native population can be
characterised, and extrapolation or
downscaling of the data to relevant
scales is considered unreliable or
embraces significant uncertainties

Data are
strongly
ambiguous, or
contradictory




2.4.3 The overall EICAT Category of an alien taxon (Global EICAT assessment)

2.4.3.1. Assigning an EICAT Category to an alien taxon

Each alien taxon is assigned an EICAT Category based on its highest observed impact across all recorded
impacts (as described in Section 2.4.2., and see Figure 4). Note that to assign a species to an Impact
Category (i.e. from MC to MV), one impact study is enough as long as it provides the required

information (at appropriate temporal and spatial scale etc.).

SPECIES XY

Individual assessments at appropriate

SPATIAL and TEMPORAL SCALE Overall Category
Study 1 -

sway2- Pl

StUdy3 .......................................
StUdys —
StUdy7 ......................................

Figure 4. How data from individual EICAT assessments of the impacts of a hypothetical alien taxon (species XY)
inform the overall EICAT Category to which the alien taxon is assigned. The overall assessment categorises the

taxon based on its highest impact anywhere (in this case, a Massive (MV) impact).

2.4.3.2. Harmful categories
Alien taxa that are assessed as Moderate (MO), Major (MR) or Massive (MV) are termed ‘harmful’ (see
Figure 2). These are those alien taxa that are currently known to be having the most deleterious impacts

upon native biodiversity, leading to population declines (MO) and local population extinctions (MR, and
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MV). However, it is important to note that those categorized as Minor (MN), and possibly those as
Minimal Concern (MC), are still having deleterious impacts, but not at the level of biological
organization of population or communities, and may move to a higher impact category in future

assessments if more information becomes available.

The purpose of the ‘harmful’ tag, is to support in the application of the results of EICAT, for example to
aid in communication, or in the prioritisation of alien taxa. The term ‘harmful’ is used in a similar way to
the term ‘threatened’ is used by the IUCN Red List of Threatened Species™. The term ‘threatened’ is
applied to those species with the greatest risk of extinction (i.e. those assessed as Critically Endangered,
Endangered, or Vulnerable) (see Figure 5). This term is used to support application of the results of the
IUCN Red List, for example in communication (e.g. 40% of primate species in West and Central Africa are
now threatened with extinction?), or to aid in the prioritisation of species for conservation actions (e.g.
the Save our Species fund which funds conservation actions for threatened species?). The EICAT
Category Minor (MN), is similar in scope to the IUCN Red List Category of Near Threatened which is used
for species that are close to qualifying for a ‘threatened’ category, and IUCN Red List Category of Least
Concern, used for widespread and abundant species (though these can have declining populations but
not at a rate to qualify for a threatened category or Near Threatened), is similar to the EICAT Category of

Minimal Concern (MC).

Impact categories

‘Harmful'

Massive (MV)

Major (MR)

» )
&

Extinct in the Wild (EW)

Threatened categaries
r

__________ 1
- om0 |
Adequate data| | Endangered (EN) | | Extinction

risk

Magnitude of impact

ILL Vulnerable (VU) |

Evaluated | | +t——— — — — — — — — J Alien taxa

Minimal Concern (MC)

Near Threatened (NT)

. Evaluated
All species Least Concern (LC)

e
— Data Deficient (DD)

All species
Data Deficient (DD) —

No Alien Populations (NA)

Not Evaluated (NE)

| Not Evaluated (NE) |

LIUCN Press Release for the 2019.2 update to the IUCN Red List https://www.iucn.org/news/species/201907/unsustainable-fishing-and-

hunting-bushmeat-driving-iconic-species-extinction-iucn-red-list

2 Save Our Species https://www.saveourspecies.org/
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Figure 5 — The IUCN Red List Categories and EICAT Category charts.

2.4.3.3. Confidence at the alien taxon level
The confidence associated with the observation of the highest impact is reported as the overall
confidence for the alien taxon. If multiple observations are assigned the same highest Impact Category,

the highest confidence of any of them is taken as the overall confidence.

The possibility that higher impacts might have occurred, but were not reported, is not taken into

account when evaluating the confidence of the EICAT classification of an alien taxon.

As the spatial extent and timeline of invasions varies widely among taxa, so too will the availability and
quality of data on the impacts of aliens. For taxa with well-established and widespread alien
populations, there is likely to have been sufficient opportunity to gather data relating to their impacts
on native biota. However, for taxa with short alien population residence times, or invasions restricted to
small areas, data evidencing impacts on native biota may be limited, or restricted to impacts in one
particular area. Irrespective of the invasion history and spatial extent of the invasion, data from the

entire area of impact is used to generate a global-level species assessment.

All alien taxa, especially the ones with limited data available on impact, should be re-assessed as and
when more direct observational data become available to confirm the classification and improve the
confidence rating of the assessment. If there is inadequate or no information to classify an alien taxon

with respect to its impact, the taxon should be assessed as Data Deficient (DD).

2.4.3.4. Lack of evidence of impact

EICAT is applicable to alien populations occurring in any biome, terrestrial, freshwater, and marine.
While initially, the impacts within some habitats might be less studied than in others (e.g. see [6] in
relation to the marine realm), EICAT criteria are generic and can be applied to any habitat [7] including
the marine environment [8]. It is important to stress that a lack of evidence of impacts does not mean
there are no impacts. Within EICAT, lack of evidence of impact (categorised as Data Deficient) is treated

differently to evidence of lack of impact (categorised as Minimal Concern).
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2.5. Supporting documentation

EICAT assessments of any taxon need to be supported by documentation which serves to justify the
assessment and to provide relevant information about the taxon and its impacts, which can be used, for
example, by regulatory bodies and management practitioners to inform the development of risk
assessments and prioritise management actions. There is a minimum level of supporting information
that is essential for any assessment, and further recommended documentation that would be useful if
the information is available. The Essential and Recommended documentation for EICAT assessments is

outlined below.

2.5.1. Essential documentation
The supporting information detailed below must accompany all EICAT assessments before they can be

accepted for publication. The reporting template provided should assist reviewers in this process (see

Appendix 2).

2.5.1.1. Documentation relating to the overall EICAT classification of each alien taxon (Global EICAT
assessment)
a. Assessor, Contributor, and Reviewer details
= The names and email addresses (ideally valid for the foreseeable future) of the people or
organisations responsible for making the assessment and compiling the supporting information
(Assessor(s)).
=  The names of any other individuals that have provided data, information, comments or helped in
some way with the assessment, but who are not responsible for the EICAT assessment itself
and/or were not involved in the overall compilation of the assessment (Contributor(s)).
=  Submission date of the assessment — the final date when all Assessors involved in the assessment
agreed on the appropriate EICAT Category for the taxon.
= The names and email addresses of the people who have peer reviewed the assessment (and the

supporting documentation (Reviewer(s)).

b. Taxonomy
= Higher taxonomy details for Kingdom, Phylum, Class, Order and Family.
= Scientific name (genus name and species epithet) including authority details. Infra-specific
details (e.g., sub-species, variety) must also be provided if relevant.
= Common names should be provided, in English, French and Spanish if available.

= Common synonyms should be provided.

27



Taxonomic notes should be included when there are particular problems or issues. Examples
include taxa that have undergone recent taxonomic revision or where there are any taxonomic
doubts or debates about the validity or identity of the taxon. Taxonomic notes should include

synonyms for taxa with commonly used alternative names.

c. EICAT assessment

The country and region of the most severe impact recorded.

The EICAT Category assigned and the Criteria (impact mechanism) met.

A justification (rationale) for the classification, including a detailed explanation to provide
evidence for the EICAT Category selected. Further, reasons for any change in classification since
previous assessment should be noted, and any numerical data and parameter estimates that
underpin the assessment summarised.

If the taxon has been previously assessed, and the Category has changed, select the correct
reason for change (see Section 3.).

The confidence rating for the EICAT Category assigned should be stated, including a justification
for the level. Uncertainty as to whether a study is in the native range should be recorded, as well
as a rationale for the confidence ratings relating to the type, quality, spatial scale and

interpretation of data.

d. Detailed description of impacts

A succinct description of all recorded impact Categories and Criteria, including ones of lower
magnitude

Native taxa impacted by the alien taxon (provide scientific names as listed on the IUCN Red List
of Threatened Species, if they have been assessed).

Pathways of introduction, if known.

Management actions performed on the taxon which (potentially) influenced the impact
category.

A description of further research required to clarify or improve data on impact of this taxon.

List of all references with evidence for the EICAT Category assigned.

2.5.1.2. Documentation pertaining to the assessment of single impact reports

a. All recorded impacts
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A detailed description of all the impacts recorded for the alien taxon, including the EICAT
Categories and Criteria met for each record. This should include a description of where (country

and region) and when each impact has been recorded/documented, and the native biota that



are impacted. Uncertainty as to whether a study is in the native range should be noted. It should
also be noted whether these impacts were recorded in the presence or absence of any
management actions.

A confidence rating for each impact record should be provided, with a justification for the level
chosen.

Supporting evidence for each impact listed, including the exact text from the reference
supporting the classification (copy and pasted), and the respective reference details.
Observations or data required to improve confidence in the current assessment (e.g. the
likelihood of spatial variation in impacts, such that classification may be improved by data from
other specified regions).

Information on the likelihood of a classification changing in the near future, with consequences

for the urgency of management responses or future assessments, if known.

b. Management actions

A list of management actions in place to manage the spread of the alien taxon, or to remove the
taxon from an introduced area (see Appendix 3 for further information).
Further detail about management actions, including the area that is being managed, and the

length of time since management action began, if known.

2.5.2. Recommended documentation

Recommended supporting information is not essential for publication of an EICAT assessment, but its

submission is encouraged (see Appendix 3 for more information on the classification schemes discussed

below).

a. Alienrange

A detailed description of the alien range of the taxon, including dates of introductions where this
information is known.

A list of countries of occurrence and sub-country units for large countries and islands far from
mainland countries, where the taxon has been introduced outside of its native range.

A list of occurrence in marine regions outside of the native range.

Pathways and vectors of introduction and spread where this information is known.

A GIS map of the alien distribution, preferably shown as polygons (but point occurrences may

also be displayed).

b. Habitat and ecology
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=  The major biomes in which the alien taxon occurs (i.e. marine, freshwater, terrestrial).

= Alist of habitat preferences of the alien taxon.

c. Native geographic range
= Detailed description of the native distribution of the taxon.
= A GIS map of the distribution of the taxon, preferably shown as polygons (but point occurrences
may also be displayed).
= A list of countries of occurrence and sub-country units for large countries and islands far from
mainland countries.

= Alist of marine regions in which the taxon occurs.

d. Alien populations
= A detailed description of alien populations including information on location, size, trends and
spread.
= Where relevant, cultivated distribution should be identified separately from

naturalised/established or invasive distribution.

e. Other impacts of the alien taxon
= Information on the socio-economic impacts of the alien taxon, including beneficial (e.g. human
use) as well as deleterious impacts, if known. Note that this information should not contribute to

the classification of the alien taxon under EICAT.

f. Links to images and other sources of information
= [Links to other web sites and databases that may contain further information and images of the

alien taxon concerned.

2.5.3. Sensitive information

Typically, all data supplied in support of an EICAT assessment will be published alongside the assessment
on the GISD website. However, in some cases data supplied with an assessment may be sensitive, for
example relating to an alien taxon that impacts upon individuals of a threatened species, or upon sites
occupied by a threatened species, where publishing those data may have the potential to negatively
impact that threatened species. Examples may include the impact of an alien taxon upon economically
valuable species or species specifically threatened by trade. In such cases, Assessors may make a case
that IUCN withholds the data considered to be sensitive. The EICAT Unit will be responsible for assessing
the evidence provided by the Assessors, and assuming that the case can be considered proven, the

EICAT Unit will comply with any such request.
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3. Reassessment and change in EICAT Category

EICAT assessments for a taxon should be repeated on a regular basis, so that changes in the severity of
recorded impacts, or changes in the alien status of taxa that were previously NA, can be identified. It is
recommended that reassessments should take place at least every five years. Reassessment may result
in up-listing to a higher impact category (e.g. from MO to MV or from DD to an impact category), which
can take place without delay. Taxa can also be down-listed if the evidence from a previous assessment
has erroneously placed a taxon in a higher category, or the information has improved and clarified the
impact level. As the overall EICAT Category assigned to a taxon records the maximum observed impact,
a taxon cannot be moved into the NA category from an impact category, if there are no longer alien

populations that exist (e.g. if all alien populations have been eradicated).

Any reassessment of an alien taxon that already has a published IUCN EICAT classification should begin
with reference to a copy of the previously published assessment. This can be used as the basis to
identify and collate any new published or unpublished information available (either relevant to the
taxon in question or relevant contextual information). Data and text fields in the previously published
assessment can then be edited and updated on the basis of the new information. The new assessment
can then be treated in the same way as any other assessment, with reference to information provided in
this document. The citation and authorship for assessments and re-assessments are detailed in Section
4.

3.1. Transfer between Categories

Classification is based on the best available current evidence. Hence, in successive assessments, taxa can
move up, and in some cases down Impact Categories as the quality of evidence improves, as
environmental or societal conditions change, or as an invasion proceeds. At the most trivial level, we
would expect taxa to move, in successive assessments, from Not Evaluated (NE) into one of the
evaluated categories (Figure 2.), or from No Alien Population (NA) to an alien category (Data Deficient
(DD), or Minimal Concern (MC), Minor (MN), Moderate (MO), Major (MR), or Massive (MV)) if

introduced into areas beyond natural range limits.
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3.2. Maximum recorded impact
An evaluated alien taxon is assigned the EICAT Category according to the maximum recorded impact
across all the individual impact assessments made at the appropriate spatial and temporal scale. This

Category should remain the same throughout successive assessments unless new evidence suggests that

the maximum recorded impact for a particular taxon is higher or lower than previously assessed. For
example, if new evidence suggests that the alien taxon is a passenger rather than a driver of change, the
EICAT Category assigned to the taxon may be reduced to a lower EICAT Category. Similarly, if new
evidence suggests that the taxon has greater impacts than previously known, which cross the threshold
for the next impact Category, the EICAT Category assigned to the taxon may be increased to a higher
Category. A full justification for any change to the EICAT Category assigned to the taxon should be

provided in the assessment documentation.

The following rules govern changes to the EICAT Category assigned to an alien taxon:

A. If the original classification is found to have been erroneous, the taxon may be transferred to the
appropriate EICAT Category without delay. In this case, the taxon should be re-evaluated against all the

EICAT Criteria to clarify its status.

B. Changes from the Not Evaluated (NE), No Alien Population (NA), or Data Deficient (DD) categories,
should be made without delay, if the change is a result of the taxon being evaluated for the first time,
becoming introduced for the first time, or due to sufficient information becoming available to categorise

the taxon into one of the EICAT Impact Categories for the first time.

C. The reason for a transfer between Categories must be documented as one of the following:

i.  Genuine. The change in Category is the result of a genuine status change that has taken place
since the previous assessment, due to the taxon being recorded as alien for the first time, or
because of a real increase in impact of the taxon where it is alien. Only changes from NA into
one of the alien Categories (DD, MC, MN, MO, MR, MV), or from a lower to a higher impact

Category, can be coded as Genuine.

ji. Criteria revision. The change in Category is the result of the revision of the EICAT Categories

and/or Criteria.

jii. New information. The change in Category is the result of better knowledge about the taxon, e.g.
owing to new or newly synthesised information about the status of the taxon or its impacts, but

without a genuine change in the impact level itself. That is, the information suggests that the
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vi.

Vii.

previous categorisation was incorrect, so a new Category is assigned based on this new

information.

Taxonomy. The new Category is different from the previous Category owing to a taxonomic
change adopted during the period since the previous assessment. Such changes include: newly
split (the taxon is newly elevated to the species level), newly described (the taxon is newly
described as a species), newly lumped (the taxon is recognised following lumping of two or more
previously recognised taxa) and no longer valid/recognised (either the taxon is no longer valid
e.g. because it is now considered to be a hybrid or variant, form or subspecies of another species,
or the previously recognised taxon differs from a currently recognised one as a result of a split or

lump).

Mistake. The previous Category was applied in error because the assessor(s) misunderstood the

EICAT Categories and/or Criteria.

Incorrect data. The previous Category was applied in error because incorrect data were used

(e.qg. the data referred to a different taxon).

Other. The change in Category is the result of other reasons not easily covered by the above,

and/or requires further explanation.

Determining the appropriate reason for change will require careful consideration. Category changes may

result from a combination of improved knowledge and some element of genuine change in status. In

such cases, “Genuine” should only be assigned if the amount of genuine change (e.g., new alien

population; impact affecting a new level of organisation) is sufficient on its own to cross the relevant

EICAT Category threshold. Genuine and non-genuine reasons for change should never be coded at the

same time. All Genuine (recent) or Genuine (since first assessment) Category changes should be

supported with appropriate notes to justify why the change is coded as genuine.
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4. EICAT Assessment authorship and citation

The Assessor(s) are the named authors of an EICAT assessment. The citation for an EICAT assessment is

as follows:

Assessor(s). Year assessment published. Taxon name. IUCN Environmental Impact Classification of
Alien Taxa (EICAT). http://www.iucngisd.org/gisd/...[URL to species page on the IUCN Global

Invasive Species Database].

Reassessment

When a taxon is reassessed the Assessor(s) should make every reasonable effort to contact the
assessors of the previous assessment to ask if they would like to engage in the reassessment process. If
they engage in the assessment process, both the previous and new Assessors are named as joint
Assessors in the reassessment. If the original assessors are unable to engage, cannot be contacted, or
only provide additional data and do not want to take part in the reassessment of taxa’s EICAT Impact

Category, they are automatically named as a Contributor and not as a joint Assessor.
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5. Petitions process

Accepted and published IUCN EICAT assessments are open to challenge, in the case that a party has
good reason to disagree with the Category or Criteria assigned to a taxon. Petitions may only be made
on scientific or technical grounds on the basis of the EICAT Categories and Criteria, or in reference to any
supporting documentation accompanying the assessment. Challenges based on political, emotional,
economic, or other reasons not based on the EICAT Categories and Criteria or supporting
documentation will not be considered. Any party may contact the EICAT Unit at any time to express
disagreement. If this disagreement is based on scientific or technical grounds, the EICAT Unit will put
this party in contact with the relevant Assessor(s) with intention of resolving the disagreement. In the
event of a disagreement concerning the classification of a taxon that is in the process of being
reassessed, the EICAT Unit will seek to involve the party expressing disagreement in the reassessment

process, with the objective of reaching consensus on the new classification.

If these processes are not successful in resolving the disagreement, a formal petition may be submitted
by the challenger. A formal petition should provide a brief summary of the points of disagreement, with
explicit reference to the EICAT Categories and Criteria under which the taxon is listed (2 pages
maximum). During the petitions process, all parties should acknowledge receipt of all correspondence as
soon as possible, so that any failure in delivery is detected as early as possible. All correspondence

should be treated as confidential. The steps for filling petitions are as follows:

1. Petitions can be submitted to the EICAT Unit at any time. The EICAT Unit will acknowledge receipt of

the petition, and will inform the petitioner of the date on which the petition was received.

2. The EICAT Unit will consult with members of the EICAT Authority to determine whether or not the
petition has been filed on the basis of the EICAT Categories and Criteria. If the petition has not been
made on this basis, it will be returned to the petitioner by the EICAT Unit with an explanation as to

why the petition cannot be considered.

3. If the petition is made on the basis of the EICAT Categories and Criteria, it will be referred by the
EICAT Unit to the particular Assessor/s responsible for the taxon assessment in question. The EICAT
Unit will request the Assessor and the petitioner to discuss the petition with the objective of reaching
an agreement between them. In seeking to reach agreement, the Assessor and the petitioner should:
(i) determine whether or not they are using the same underlying data; and (ii) clarify whether or not
the disagreements are due to factual discrepancies, as opposed to differences of either

interpretation or application of the EICAT Categories and Criteria.
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If the Assessor and the petitioner come to agreement, then any changes to the listing will be

accepted, and the published EICAT assessment will be amended accordingly.

If the Assessor and the petitioner are unable to agree within 4 months of first contact, then the EICAT
Unit will notify both the petitioner and the Assessor that each should submit justifications for their
case to the EICAT Unit, within the next two months. Justifications should be no more than 4 sides of
A4 (12 point font, 1.5 spaced), and should include a synopsis of the failed negotiations, a brief
statement of the reasons for the dispute, and a clarification of any factual discrepancies (e.g.
different sources of data or information used). All data used in these justifications must either be
referenced to publications that are available in the public domain, or else be made available to the
EICAT Unit. The data provided should be clearly linked to the use of the EICAT Categories and Criteria.
If the petitioner fails to submit a justification within the set time period and in the required format,
the petition will be dropped. If the Assessor fails to submit a justification within the set time period,

the petition will go forward.

The EICAT Unit will send the justifications of each party to the other within one week of the time
period set above, or within one week of both justifications having been received. Both parties have
three weeks in which to provide a 1-page addendum to their justifications, should they choose to do
so. Any addendums received after the three- week period will not be considered. The parties may not

make any changes to the original justifications.

At the end of this three-week period, whether or not an addendum is received, three members of
the EICAT Authority (typically members of the ISSG) will be selected to review the case, on the basis
of their relevant expertise. These EICAT Authority members may choose to circulate the justifications
to other independent expert reviewers for confidential comments. If needed, the EICAT Unit may
seek clarification of particular issues from the Assessor and the petitioner. In instances in which the
Assessor failed to submit a justification, the EICAT Unit will make every effort to obtain a balanced

set of confidential comments from reviewers.

The selected EICAT Authority members will make a ruling on each petition within three months from
the time that the petitions were circulated to the three members by the EICAT Unit. The EICAT Unit
will issue a notification that will include a full rationale and explanation of each ruling, but will not
include a record of the deliberations that the EICAT Authority members made to reach the decision,
and the names of any reviewers will be kept confidential. The EICAT Unit will send this notification to
the petitioner and to the Assessor. Any changes to the category will be made to the published EICAT
assessment. The notification of the ruling on any petition, and any resulting change in category, will

be placed on the GISD website.



9. If there is an assertion that the above procedure has been violated, then a formal and documented

complaint may be submitted to the Chair of the SSC ISSG.
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6. Future documents

IUCN SSC ISSG are planning to produce a number of additional documents to support the application of

EICAT and its appropriate use, this includes:

6.1. Appropriate uses for EICAT assessments.

This will address issues on how the results of EICAT should be used, and identify potential misuse of the
outputs of EICAT assessments. A similar has been provided for the IUCN Red List. However, it is
important to stress that EICAT assessment results should not be used on their own to prioritise invasive
alien species (or habitats) for management measures, as additional information is needed (e.g. see [9,
10, 11]).

6.2. Case studies.
Case studies/examples of EICAT assessments will be made available to support the application of the

EICAT, as more taxonomic groups are assessed.

6.3. Data management plan.
A detailed data management plan will be developed as a separate document to detail how EICAT

assessment information will be handled by IUCN.
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Appendix 1: Estimating the distribution of uncertainty

Uncertainty in assessment classifications means that there is some probability that an alien taxon should
in reality be assigned to another category (most likely to a neighbouring category; Figure 2.). This
probability will be lowest for taxa categorised with High confidence, and highest for taxa categorised
with Low confidence. It is possible to estimate the distribution of this probability in each case, by

assigning it on the basis of a range of theoretical probability distributions.

Table S1 presents an example of this approach. Confidence levels are translated into probabilities that
the assigned category is the correct one. In this example, High confidence means that the assessor feels
they have approximately a 90% chance of the given score being correct; Medium confidence, a 65-75%
chance of being correct; Low confidence, a 35% chance of being correct. The remaining probability has
been assigned to the other categories according to a beta probability density function [12]. The Beta
distribution is a continuous distribution on the range [0, 1]. It is defined by two positive parameters, a,
B, that control the shape of the distribution. The range [0, 1] was discretised by dividing it into 5 equally-
sized intervals, representing the 5 impact categories. We calculated the values of the beta probability
density function at the mid-point of each interval, with parameters chosen such that the assigned
category had the highest probability and the variance in confidence increased from High to Medium to
Low, taking approximate values of 0.007, 0.011, and 0.038, respectively. Values of the beta distribution
were standardised such that the 5 values sum up to 1. The table shows that a classification of MV with
High confidence still has some probability of being incorrect, and that the most likely alternative
classification is MR; likewise, a classification of MO with Low confidence has a relatively high probability
of being incorrect, and the correct classification may be any of the other categories (albeit that
neighbouring categories in Figure 2 are still the most likely alternatives). These distributions of
likelihoods, together with the descriptions of uncertainties in Table S1, may serve as guidance for
assessors to assign confidence levels to their assessments. A choice of predefined distributions offers a
consistent way to infer a rating distribution from a single confidence rating, but we suggest that
assessors examine these distributions carefully to make sure they accord with their own perception of

confidence.
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Table S1. Suggested distribution of likelihoods (in percent) of the impact of alien taxa being in a
certain category depending on the confidence of the assessment.
Probability distributions follow a beta probability density function with parameters a and B, as

implemented in Excel. The histogram below the table provides a pictorial representation of the same

probabilities.
Cotegory MV MR MO MN MC
Confidence High Med Low High Med Low High Med Low High Med Low High Med Low
Distribution of Likelihoods (%)
MV 90 75 36 6 15 19 0 0 6 0 0 2 0 0 0o
MR 10 23 34 87 (513 35 5 15 26 0 1 15 0 0 9
MO 0 2 21 7 18 29 90 70 36 7 18 29 0 2 21
MN ] 0 9 0 1 15 5 15 26 87 66 35 10 23 34
MC ] 0 0 0 0 2 0 0 6 6 15 19 90 75 36
a/p 3/18 2/10  1.4/3 7.3/18 44/10 1.8/3 18/18 10/10 3/3 18/7.3 10/4.4 3/1.8 18/3 10/2 3/14
w HNEE |11 - . |
ve | I 0 RN | 1 | I
Mo BN EEE 1 n L
MN | I O I B | N OB |
Mc | [ 1T 1 1 A
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Appendix 2: Data reporting template

Please see separate excel spreadsheet “EICAT Data reporting template v 3.3”.
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Appendix 3: Additional classification schemes

i. Distribution information

The EICAT scheme has adopted the same distribution recording system as used in the IUCN Red List of
Threatened Species. Distribution is recorded in terms of country names following the 5th edition (and
subsequent web updates) of the ISO-3166-1 standard [13]. For large countries (e.g. Australia, Brazil,
China, India, South Africa, the Russian Federation and the United States of America) or countries
spanning diverse biogeographic regions (e.g. Colombia, Ethiopia, Pakistan), distributions within the
country should also be listed, using the standard set of Basic Recording Units (BRU) provided by the
International Working Group World Geographical Scheme for Recording Plant Distributions (TDWG).
These Basic Recording Units (BRU) are sub-country units based on provinces or states. Unless
geographically very remote from each other, islands and other territories are included with the parent
country. In the case of taxa that inhabit islands significantly distant from the mainland, the island name
is given in parentheses (e.g. Spain (Canary Islands)). The naming of such islands follows Brummitt (2001)
[14], prepared for the TDWG.

For marine taxa, country records should be provided wherever possible. This information can be derived

from a number of sources (e.g. FishBase and the many FAQ publications). For some marine taxa,

particularly those with ranges outside of territorial waters, distributions should also be shown as

generalised ranges in terms of the FAO Fishing Areas.

ii. Habitats classification scheme
The EICAT scheme has adopted the same habitat nomenclature as used in the IUCN Red List of
Threatened Species [15]. The habitat types listed below are standard terms used to describe the major

habitat(s) in which taxa occur.

The three levels of the hierarchy are self-explanatory, as they use familiar habitat terms that take into
account biogeography, latitudinal zonation, and depth in marine systems. The inland aquatic habitats
are based primarily on the classification system of wetland types used by the Ramsar Convention (see

Ramsar Wetland Type Classification System). Further details about applying the habitats classification

scheme, including a brief description of each habitat, can be found here.
1 Forest

1.1 Boreal Forest

1.2 Subarctic Forest
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http://www.fishbase.org/search.cfm
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http://www.ramsar.org/sites/default/files/documents/library/key_rec_4.07e.pdf
http://www.iucnredlist.org/documents/Dec_2012_Guidance_Habitats_Classification_Scheme.pdf

1.3 Subantarctic Forest

1.4 Temperate Forest

1.5 Subtropical/Tropical Dry Forest

1.6 Subtropical/Tropical Moist Lowland Forest

1.7 Subtropical/Tropical Mangrove Forest Vegetation Above High Tide Level
1.8 Subtropical/Tropical Swamp Forest

1.9 Subtropical/Tropical Moist Montane Forest

2 Savanna

2.1 Dry Savanna

2.2 Moist Savanna

3 Shrubland

3.1 Subarctic Shrubland

3.2 Subantarctic Shrubland

3.3 Boreal Shrubland

3.4 Temperate Shrubland

3.5 Subtropical/Tropical Dry Shrubland

3.6 Subtropical/Tropical Moist Shrubland

3.7 Subtropical/Tropical High Altitude Shrubland
3.8 Mediterranean-type Shrubby Vegetation

4 Grassland

4.1 Tundra

4.2 Subarctic Grassland

4.3 Subantarctic Grassland

4.4 Temperate Grassland

4.5 Subtropical/Tropical Dry Lowland Grassland

4.6 Subtropical/Tropical Seasonally Wet/Flooded Lowland Grassland
4.7 Subtropical/Tropical High Altitude Grassland

5 Wetlands (inland)
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5.1 Permanent Rivers, Streams, Creeks [includes waterfalls]

5.2 Seasonal/Intermittent/Irregular Rivers, Streams, Creeks

5.3 Shrub Dominated Wetlands

5.4 Bogs, Marshes, Swamps, Fens, Peatlands [generally over 8 ha]
5.5 Permanent Freshwater Lakes [over 8 ha]

5.6 Seasonal/Intermittent Freshwater Lakes [over 8 ha]

5.7 Permanent Freshwater Marshes/Pools [under 8 ha]

5.8 Seasonal/Intermittent Freshwater Marshes/Pools [under 8 ha]



5.9 Freshwater Springs and Oases
5.10 Tundra Wetlands [includes pools and temporary waters from snowmelt]
5.11 Alpine Wetlands [includes temporary waters from snowmelt]
5.12 Geothermal Wetlands
5.13 Permanent Inland Deltas
5.14 Permanent Saline, Brackish or Alkaline Lakes
5.15 Seasonal/Intermittent Saline, Brackish or Alkaline Lakes and Flats
5.16 Permanent Saline, Brackish or Alkaline Marshes/Pools
5.17 Seasonal/Intermittent Saline, Brackish or Alkaline Marshes/Pools
5.18 Karst and Other Subterranean Inland Aquatic Systems
6 Rocky Areas [e.g. inland cliffs, mountain peaks]
7 Caves and Subterranean Habitats (non-aquatic)
7.1 Caves
7.2 Other Subterranean Habitat
8 Desert
8.1 Hot
8.2 Temperate
8.3 Cold
9 Marine Neritic (Submergent Nearshore Continental Shelf or Oceanic Island)
9.1 Pelagic
9.2 Subtidal Rock and Rocky Reefs
9.3 Subtidal Loose Rock/Pebble/Gravel
9.4 Subtidal Sandy
9.5 Subtidal Sandy-Mud
9.6 Subtidal Muddy
9.7 Macroalgal/Kelp
9.8 Coral Reef
9.8.1 Outer Reef Channel
9.8.2 Back Slope
9.8.3 Foreslope (Outer Reef Slope)
9.8.4 Lagoon
9.8.5 Inter-Reef Soft Substrate
9.8.6 Inter-Reef Rubble Substrate
9.9 Seagrass (Submerged)
9.10 Estuaries

10 Marine Oceanic
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10.1 Epipelagic (0—200 m)
10.2 Mesopelagic (200-1,000 m)
10.3 Bathypelagic (1,000—4,000 m)
10.4 Abyssopelagic (4,000—6,000 m)
11 Marine Deep Ocean Floor (Benthic and Demersal)
11.1 Continental Slope/Bathyl Zone (200—4,000 m)
11.1.1 Hard Substrate
11.1.2 Soft Substrate
11.2 Abyssal Plain (4,000—6,000 m)
11.3 Abyssal Mountain/Hills (4,000-6,000 m)
11.4 Hadal/Deep Sea Trench (>6,000 m)
11.5 Seamount
11.6 Deep Sea Vents (Rifts/Seeps)
12 Marine Intertidal
12.1 Rocky Shoreline
12.2 Sandy Shoreline and/or Beaches, Sand Bars, Spits, etc.
12.3 Shingle and/or Pebble Shoreline and/or Beaches
12.4 Mud Shoreline and Intertidal Mud Flats
12.5 Salt Marshes (Emergent Grasses)
12.6 Tidepools
12.7 Mangrove Submerged Roots
13 Marine Coastal/Supratidal
13.1 Sea Cliffs and Rocky Offshore Islands
13.2 Coastal Caves/Karst
13.3 Coastal Sand Dunes
13.4 Coastal Brackish/Saline Lagoons/Marine Lakes
13.5 Coastal Freshwater Lakes
14 Artificial - Terrestrial
14.1 Arable Land
14.2 Pastureland
14.3 Plantations
14.4 Rural Gardens
14.5 Urban Areas
14.6 Subtropical/Tropical Heavily Degraded Former Forest
15 Artificial - Aquatic
15.1 Water Storage Areas [over 8 ha]
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15.2 Ponds [below 8 ha]
15.3 Aquaculture Ponds
15.4 Salt Exploitation Sites
15.5 Excavations (open)
15.6 Wastewater Treatment Areas
15.7 Irrigated Land [includes irrigation channels]
15.8 Seasonally Flooded Agricultural Land
15.9 Canals and Drainage Channels, Ditches
15.10 Karst and Other Subterranean Hydrological Systems [human-made]
15.11 Marine Anthropogenic Structures
15.12 Mariculture Cages
15.13 Mari/Brackish-culture Ponds
16 Introduced Vegetation
17 Other
18 Unknown

iii. Management action classification

Any management actions in place to eradicate or control an alien taxon, or mitigate its impacts on
native taxa, should be classified based on the scheme below, developed for the Global Invasive Species
Database (GISD). Actions are broadly classified according to their ultimate aim (monitoring, prevention,
control or eradication; Table 3) and then based on the methods used (Tables 4 — 6). A number of
different methods are often used together, and where this is the case, all active management actions
should be listed. The area covered by the management actions should also be indicated so that impacts

can be understood in the context of these actions.

Table S2. Codes, names and definitions of different management actions for alien taxa.

Management Management Definition

CATEGORY CODE CATEGORY NAME

6 Monitoring Measures taken to evaluate the distribution, expansion and/or
density of the alien taxon.

1 Prevention Measures taken to stop the taxon from entering an area.

2 Eradication Actions taken to eliminate all occurrences of a taxon. Long
term, on-going eradication projects are included in this
category.

3 Control Measures taken to reduce a taxon or biomass (control), to keep
a taxon in a defined area (containment), and/or to reduce
harmful effects of a taxon (mitigation).

4 None

5 Unknown
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Table S3. Codes and names of management actions aiming to prevent alien taxa from entering an

area.
Prevention Method CODE Prevention Method NAME
1 Risk assessment
2 Legal Status (restrictions)
3 Best practises
4 Cultural methods

Table S4. Codes and names of management actions designed to control populations of alien taxa

established in an area.

Control Method CODE Control Method NAME

1 Physical-Mechanical (manual)
2 Chemical

3 Biological

4 Integrated methods

99 Unknown

Table S5. Codes and names of management actions aiming to eradicate populations of alien taxa from

an area in which they are established.

Eradication Method CODE Eradication Method NAME

Shooting

Trapping

Hand removal

Pesticides or herbicides

Poisoning or toxicants

Others (disease, fumigants, draining...)
99 Unknown

o Uhs WN -
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Abstract

The Environmental Impact Classification for Alien Taxa (EICAT) and the Socio-Economic Impact Clas-
sification of Alien Taxa (SEICAT) have been proposed to provide unified methods for classifying alien spe-
cies according to their magnitude of impacts. EICAT and SEICAT (herein “ICAT” when refered together)
were designed to facilitate the comparison between taxa and invasion contexts by using a standardised,
semi-quantitative scoring scheme. The ICAT scores are assigned after conducting a literature review to
evaluate all impact observations against the protocols’ criteria. EICAT classifies impacts on the native biota
of the recipient environments, whereas SEICAT classifies impacts on human activities. A key component
of the process is to assign a level of confidence (high, medium or low) to account for uncertainty. Assessors
assign confidence scores to each impact record depending on how confident they are that the assigned
impact magnitude reflects the true situation. All possible sources of epistemic uncertainty are expected
to be captured by one overall confidence score, neglecting linguistic uncertainties that assessors should
be aware of. The current way of handling uncertainty is prone to subjectivity and therefore might lead to
inconsistencies amongst assessors. This paper identifies the major sources of uncertainty for impacts clas-
sified under the ICAT frameworks, where they emerge in the assessment process and how they are likely
to be contributing to biases and inconsistency in assessments. In addition, as the current procedures only
capture uncertainty at the individual impact report, interspecific comparisons may be limited by various
factors, including data availability. Therefore, ranking species, based on impact magnitude under the pre-
sent systems, does not account for such uncertainty. We identify three types of biases occurring beyond
the individual impact report level (and not captured by the confidence score): biases in the existing data,
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data collection and data assessment. These biases should be recognised when comparing alien species based
on their impacts. Clarifying uncertainty concepts relevant to the ICAT frameworks will lead to more con-
sistent impact assessments and more robust intra- and inter-specific comparisons of impact magnitudes.

Keywords
Alien species, confidence score, EICAT, invasive species, risk, SEICAT

Introduction

Understanding the impacts of alien species in their recipient environments is a key research
theme in invasion science (Strayer et al. 2006; Pejchar and Mooney 2009; Vila et al. 2011;
Kumschick et al. 2015). However, making comparisons between taxa is difficult as inva-
sions are context-dependent and measurements of impact are not collected using a consist-
ent method (Courchamp et al. 2017). As such, different frameworks have been developed
to guide invasion biologists towards more standardised approaches which facilitate com-
parisons amongst invasion scenarios (Nentwig et al. 2010, 2016; Blackburn et al. 2014). In
2014, Blackburn and colleagues proposed a systematic method for classifying impacts across
alien taxa, based on the effects of alien species on native biota. The resulting Environmental
Impact Classification System for Alien Taxa (EICAT) (Blackburn et al. 2014; Hawkins et
al. 2015) is conceptually based on the International Union for the Conservation of Nature’s
(IUCN) Red List of Threatened Species, which uses a ranked classification scheme to deter-
mine the global conservation status for individual species (IUCN 2012). Since its publica-
tion, the EICAT protocol has been formalised (IUCN 2020a, b; Hawkins et al. 2015) and
applied to various groups including birds (Evans et al. 2016, 2018a), amphibians (Kum-
schick et al. 2017), gastropods (Kesner and Kumschick 2018), some mammals (Hagen and
Kumschick 2018), marine fishes (Galanidi et al. 2018) and bamboos (Canavan et al. 2019).
More recently, Bacher et al. (2018) proposed an adapted version of the EICAT framework
to address socio-economic impacts (SEICAT) caused by alien species. The currency used to
measure impact for this scheme is observed changes to human activities and/or well-being
and, to date, SEICAT has been applied to amphibians, birds, marine fishes, some mammals
and gastropods, in conjunction with the EICAT assessments (Bacher et al. 2018; Evans et
al. 2020; Galanidi et al. 2018; Hagen and Kumschick 2018; Kesner and Kumschick 2018).

In the ICAT dassification schemes, assessors first conduct a comprehensive literature
search to collate all impact records for a given alien species. They then classify each of these
impact records into one of the five ICAT semi-quantitative scenarios, according to the mag-
nitude of the impact. For instance, under EICAT, impact magnitudes are hierarchically
structured, based on the level of organisation of the native population(s) (i.e. individuals
or populations) in which they cause an effect: MC (Minimal Concern; negligible level of
impact, but no impact on the performance of native individuals is detected), MN (Minor;
the performance (e.g. growth, reproduction) of native individuals is decreased by the alien,
but no impact at the native population level is detected), MO (Moderate; the alien causes a
decline in at least one native population), MR (Major; the alien causes a local extinction of
at least one native population, but this local extinction is reversible, which means that the
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native species could recolonise the area if the alien population were removed), MV (Massive;
the alien causes an irreversible local extinction of at least one native population). If there is no
relevant information to derive an impact score, then a species is classified as Data Deficient.

A key aspect of each assessment involves assigning a confidence score for each re-
corded impact to provide an estimate of uncertainty. Both frameworks adopt a similar
approach as the Intergovernmental Panel on Climate Change (IPCC) and the Europe-
an and Mediterranean Plant Protection Organization (EPPO) to deal with uncertainty
(Mastrandrea et al. 2010; Holt et al. 2012; Kenis et al. 2012). The assessor must assign
a confidence score of either high, medium or low, based on guiding probabilities (Ta-
ble 1), to each impact report, depending on how confident they are that the assigned
impact magnitude is true i.e. could the actual impact be lower or higher than what is
classified. Although several key sources of uncertainty are identified in the guidelines
(TUCN 2020a; Hawkins et al. 2015; Bacher et al. 2018), whether the current consid-
eration of uncertainty is sufficient has not been critically evaluated.

Inadequately accounting for uncertainty when assigning impact magnitudes could
lead to incorrect judgement calls and potentially to non-relevant prioritisation and
mismanagement of species. Todd and Burgman (1998) demonstrated how incorporat-
ing uncertainty into the conservation status of species can cause differences in the as-
sessment outcome, potentially altering conservation priorities. McGeoch et al. (2012)
described the uncertainties associated with alien species listing and demonstrated how
they produce inconsistencies at the taxonomic and geographic scale. Insufficient han-
dling of uncertainty may not only be detrimental for the native taxa (EICAT) and hu-
man societies (SEICAT) that are affected by alien species; it can lead to public distrust
in invasion science and reduce the success of future management and restoration pro-
grammes (Liu et al. 2011). Failure to effectively capture and communicate uncertainty
may lead to ill-informed decisions, causing people to potentially undermine manage-
ment objectives (Ascher 2004), which is of particular concern to invasive species man-
agement where public support is critical for achieving management outcomes (Bremner
and Park 2007; Kraus and Duffy 2010; Novoa et al. 2017; Russell and Stanley 2018).

To address potential sources of uncertainty relevant to the ICAT assessments, we eval-
uate the current consideration when assigning confidence scores, identifying where uncer-
tainties may arise during the assessment process. In the first part of this manuscript, we ex-
plain the key concepts and definitions of uncertainty relevant to the ICAT frameworks and
map these along the assessment process. We then proceed to identify new sources of uncer-
tainty currently not considered under the framework guidelines and discuss how these may
play a role in both the evaluation of information and the final ICAT scores. In doing so,

Table I. The three current confidence levels (high, medium, low) assigned to individual impact reports
using the ICAT frameworks. Guiding probabilities are given in the guidelines to aid the assessor in inter-
preting their level of confidence into one of the three qualitative categories.

Confidence level Approximate probability of the impact being correct
High ~90%
Medium ~65-75%

Low ~35%
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we develop a more comprehensive understanding of uncertainty relevant to ICAT assess-
ments, which may be of conceptual relevance to other aspects of risk assessment, particu-
larly when extracting and evaluating impact information from various sources.

General types of uncertainty and how they can be expressed

Uncertainties arise because our knowledge of systems is incomplete and we often deal
with imperfect information; thus, uncertainty is inherent to all scientific research (van der
Bles et al. 2019). In some cases, uncertainty can be minimised through the collection of
additional information, yet it is impossible to eliminate uncertainty altogether (Regan et
al. 2002). In cases where uncertainty cannot be reduced, best practice involves quantifica-
tion of—and when this is not possible, sufficient acknowledgement of-where uncertainties
remain and how they may alter the interpretation of evidence (Fischhoff and Davis 2014).
Common expressions of uncertainty in science are usually communicated through quanti-
tative terms such as confidence intervals, standard deviations and probability distributions,
but generally, they capture only parts of the overall uncertainty (e.g. measurement error).

A taxonomy of uncertainty applicable to ecological research was described by Regan
et al. (2002), who distinguish between two key types of uncertainty: epistemic and lin-
guistic (Table 2). Given their broad applicability to ecological concepts, these expres-
sions of uncertainty are relevant to ICAT assessments and have recently been considered
in developing a framework for uncertainty in invasion science (Latombe et al. 2019).
Epistemic uncertainties arise because of our limited knowledge of the system of interest.
They can generally be reduced with increasing information; however, obtaining a com-
plete understanding of such systems is almost always impractical, hence the necessity to
use simplified models to characterise the true state (Regan et al. 2002). Different types
of epistemic uncertainty are relevant to the understanding of alien species impacts in
general. These include natural variation, measurement error, systematic error, model un-
certainty and subjective judgement (Table 2; Regan et al. 2002). Linguistic uncertainties
arise because language is imprecise and changes over time cause terminology to be both
used inconsistently and open to interpretation (Regan et al. 2002). The different types of
linguistic uncertainty include vagueness, context-dependency, ambiguity, indeterminacy
of theoretical terms and underspecificity (Table 2). It is clear that linguistic uncertainty
has pervaded invasion science, given the numerous attempts to standardise concepts and
definitions to improve consistency across the discipline (Wilson et al. 2020; Colautti and
Maclsaac 2004; Richardson et al. 2010; Blackburn et al. 2011).

Considering uncertainty for ICAT assessments

Uncertainty directly relevant to the ICAT assessments can be considered at two levels:
1) the impact report level and, 2) the species level. The impact report level is the indi-
vidual record of impact (of an alien species at a specific location and point in time) that
is documented in some form—such as a journal article of grey literature—and assigned
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Table 2. Different types of epistemic and linguistic uncertainties and their definitions which are relevant
to the ICAT assessment process (Regan et al. 2002).

Epistemic Linguistic
Natural variation Vagueness
Variations in the variables measured in the study system (e.g. Arises since language allows borderline cases. Particularly relevant
temporally, spatially). to ordinal categories (e.g. high, medium, low) where arbitrary

and/or poorly defined cut-offs exist.

Measurement error Ambiguity
Imperfections in the measurement equipment or observational When words have more than one meaning and it is unclear which
techniques which generates random deviation in the meaning is intended.

measurement data from the true value. Includes operator error
and instrument error.

Systematic error Context dependence

Bias in the measuring equipment or sampling procedure that Lack of specificity related to the context in which something is
generates non-random deviations from the true value (e.g. via to be understood. For example, understanding the meaning of
poorly-calibrated equipment). This also includes error resulting from | something being “small” requires knowledge as to whether the
the deliberate judgement of a person to exclude (or include) data. | description refers to an insect or a plant.

Model uncertainty Underspecificity

Arises due to the necessary simplifications (models) used to Occurs when there is unwanted generality i.e. there is a lack of
represent physical and biological systems. specificity to ensure complete understanding.

Subjective judgement Indeterminacy of theoretical terms

Occurs as a result of the interpretation of data, often when data | Arises as the meaning of terms can change over time. For

are scarce and/or error prone. Particularly relevant to expert instance, this source of uncertainty is particularly relevant to
judgement. taxonomic terms, which may be subject to revision, leading to

changes in the names of species or higher-level groups.

an impact score. In contrast, the species level summarises all the individual records of
impact for a particular alien taxon (IUCN 2020a).

Uncertainties relevant at the impact report level

The different types of epistemic and linguistic uncertainty emerge across various stages
relevant to an ICAT assessment; first, uncertainties will arise when the impact observa-
tion is initially observed and/or measured; second, when the impact is communicated
in some form of report and third, when the ICAT assessment is conducted (Figure 1).
Any uncertainty that arises at any one stage will continue to be present at all subse-
quent stages, with uncertainty propagating throughout the process, from the initial
impact observation to the final ICAT assessment. Thus, all uncertainties that arise
prior to the impact assessment are encapsulated in the subsequent stages (Figure 1). All
uncertainties relevant here are included in the smpact report box of Figure 1.

Uncertainty initially emerges in the form of natural variation, which corresponds
to spatial and temporal changes occurring within the study system. An appropriate
study design will identify a suitable temporal and spatial scale under which impacts of
the alien species can be characterised (Christie et al. 2019).

The next step at which uncertainties emerge is when the impact is observed and
measured. Here, four new sources of epistemic uncertainties are identified: measure-
ment error, systematic error, model uncertainty and subjective judgement (Figure 1).
Each of these uncertainties may not necessarily be relevant for every impact report as the
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Figure |. Uncertainties propagate across the process of an impact assessment. The first source of un-
certainty emerges due to natural variation associated with the occurrence of an alien species’ impact on
native biota. Uncertainties arise at three key stages when information on the impact of an alien species is
captured 1) the impact observation stage; i.e. when the impact is measured 2) the impact report stage; i.e.
when the impact is communicated in some form of report and finally, 3) at the ICAT assessment stage; i.e.
when the assessment is conducted. Any uncertainty that arises will be carried through to the subsequent
stages, as illustrated through the encapsulation of uncertainties across the process.

ICAT assessments allow the use of different information sources (see Table 3 for the key
differences in impact records between EICAT and SEICAT that should be considered).
For instance, media reports of a change in local human activities-in response to an alien
species-deriving from interviews with residents will not be subject to model uncertainty.

Although currently not directly addressed in the framework guidelines IUCN
2020a; Hawkins et al. 2015; Bacher et al. 2018), linguistic uncertainties are important
for assessors to consider when informing the confidence score. Linguistic uncertainties
are of direct relevance for ICAT assessments: they occur when the impact observations,
or measurements, are described in a report with imprecise and inconsistent language.
Often linguistic uncertainty will be difficult to reduce retrospectively. In some cases,
linguistic uncertainty (such as a vaguely described methodology of the impact study)
may mask the ability to identify epistemic uncertainties.

The assessment process

Under the published guidelines, assessors are instructed to capture the key sources of epis-
temic uncertainty for each impact report and ascribe these to one overall level of confi-
dence (IUCN 2020a; Hawkins et al. 2015; Bacher et al. 2018). Following the succession
of guidelines, the consideration of uncertainty has been somewhat revised. The most re-
cently-revised EICAT guidelines IUCN 20204a) identify five major sources of uncertainty
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that the assessor must consider when assigning a confidence score: i) data quality and type
ii) spatial and temporal scale and iii) confounding effects iv) study design and v) overall
coherence of evidence. These sources of uncertainty are also relevant for SEICAT; however,
given that the currency used to measure impact differs between the two frameworks (na-
tive species populations vs. human activities), interpretation and importance of different
uncertainties may vary to fit the criteria and concepts for each framework (Table 3).

When evaluating the magnitude of an impact, the assessor interprets the informa-
tion contained in the impact report and, when possible, translates this information
into one of the five ICAT magnitudes. As impact reports were not aimed at testing the
assessment criteria (e.g. which level of organisation of the native population is affected
by the alien), the assessor has to interpret the information at hand, a process which
inevitably introduces a new source of uncertainty. It may be difficult for ICAT assessors
to identify limitations generated by the way the impact was measured and reported.
Ideally, authors of an impact study will address limitations with their research; how-
ever, ICAT assessors must critically assess all available information (e.g. study design,
statistical analyses) to identify potential weakness in the inference of the data. It is at
this stage—where the impact measurement is reported—that linguistic uncertainties
become relevant and should ideally be recognised by assessors, who should be aware of
how language may influence their interpretation of the information.

Assessments will be further compounded by systematic error (i.e. when the assessor
systematically decides to include or exclude information that they should otherwise
exclude or include) and subjective judgement (Regan et al. 2002). These sources of
uncertainty initially become relevant when the assessor conducts a literature review to
extract the records of impact for an alien taxon, then decides which fit the framework
criteria. For instance, there may be some confusion as to what sources of impact should
be included in assessments. Under the EICAT guidelines, impacts are defined as changes
to the environment that reduce native biodiversity or alter ecosystem functioning to the
detriment of a native species (Hawkins et al. 2015). Therefore, the inclusion of laboratory
and mesocosm experiments presents a grey area when considering impact reports. In
many cases, such experiments can be informative towards identifying the mechanism(s)
through which an alien species impacts on native biodiversity and if native individuals are
(potentially) suffering in their performance. However, laboratory and mesocosm studies
will always be limited to revealing impacts of MC or MN, given that EICAT measures
impacts based on native communities. Therefore, a decline of a natural population or
its local extinction cannot be inferred from artificial settings, but such experiments may
be useful to provide information about the mechanisms of impact. If assessors include
laboratory- or mesocosm-derived sources of information in EICAT assessments, they
should be clearly specified as such. Subjective judgement arises due to the interpretation
of information; it emerges at the initial impact observation and continues to appear
throughout the assessment procedure as each person involved in the process introduces
their own form of subjective judgement (Figure 1). An ICAT assessor’s subjective
judgement is the primary form of uncertainty that we can minimise by clarifying
concepts appropriate to assigning confidence scores and improving the consistency
amongst assessors when using the two assessment schemes. Subjective judgement is also
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relevant to uncertainties when summarising impacts at the species level (see below).
Additionally, it must be considered how the written synthesis of ICAT assessments and
the justifications of classifications may propagate linguistic uncertainty further.

Directionality of uncertainty

Uncertainty in impact assessments means that the true impact can be higher or lower than
the one assigned. However, assessors may be confident that an impact magnitude is not
lower than the one assigned, but could be higher (or vice versa). Thus, uncertainty can be
asymmetrically distributed around the assessment value; it may be larger in one direction
than in the other. This directionality aspect of uncertainty is currently not captured using
the confidence scores, yet may provide important insight to impacts. Using EICAT as an
example, it may be that the assessor assigns a minor impact score (MN) to an impact re-
cord that robustly demonstrates that an alien taxon affects the performance of individuals
of a native species and, thus, is not negligible (i.e. not MC). However, given the study did
not address (i.e. measure) whether the impact is causing a decline in the local population,
it is not possible to know whether the ‘true’ impact caused by the alien taxon is higher
(MO, MR or MV). For instance, studies that assess physiological responses of native spe-
cies to invasive species do not necessarily relate such effects beyond the individual (i.e.
effects on fitness resulting in declining populations) (Graham et al. 2012). Such cases
are quite distinct to impact records that sought to quantify population responses to an
alien species, yet found no evidence in support of population decline. Since documenting
directionality in uncertainty related to each impact record may improve our overall un-
derstanding of potential impacts, this information may be particularly useful once several
records of impact are obtained for a single species. Directionality in uncertainty, therefore,
presents an important facet of uncertainty to recognise when using the ICAT schemes.

Uncertainties relevant at the species level

Presently, there is no consideration of uncertainty beyond the confidence score as-
signed to each impact report (IUCN 2020a; Hawkins et al. 2015; Bacher et al. 2018).
The ICAT assessment schemes adopt the precautionary principle, whereby the over-
all classification of an alien taxon is based on the highest magnitude the taxon has
reached. Therefore, there is no distinction between species with the same highest im-
pact magnitude, regardless of whether there are few or many accounts of impact. It is
also important to acknowledge additional sources of uncertainty which influence the
ability to conduct assessments for alien taxa. As these uncertainties occur beyond the
individual impact report level, they are not captured by the confidence score as cur-
rently described. Uncertainties due to the biases in the collected and the existing (or
produced) impact reports contribute to the quality of final assessments, making them
of direct relevance when comparing taxa based on ICAT scores. If alien taxa are com-
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pared, based on the highest magnitude they have been observed to cause (Hawkins et
al. 2015; Bacher et al. 2018), it is pertinent that their highest impact magnitude caused
in nature is documented and that these data have been adequately collected and as-
sessed using the ICAT frameworks. It is likely that the more impact reports for an alien
species that are produced, collected and assessed, the higher the chance that the maxi-
mum impact of the alien taxon will be detected and correctly classified. We recognise
three important aspects to evaluate when looking at species-level comparisons: biases
in existing data, data collection and data assessment.

Biases in the existing data

The availability of impact records will vary widely within (Evans et al. 2018b) and
between taxa (Vila et al. 2010) and will not necessarily be reflective of impact severity
(Evans and Blackburn 2019). Indeed, of the larger taxonomic groups that have been
assessed (amphibians, bamboos, birds), the majority of species are classified as data
deficient (Evans et al. 2016; Kumschick et al. 2017; Canavan et al. 2019). As biases
in biological records (Isaac and Pocock 2015) and within invasion biology are evident
(Pysek et al. 2008), some taxa will be disproportionately represented when conducting
literature searches necessary for ICAT assessments. Gaps may be driven by funding
availability with regions associated with higher economic status investing more in in-
vasive species research (Pysek et al. 2008; Bellard and Jeschke 2016). Further, it is usual
for a lag time between an alien species becoming established and research effort on the
species in the new environment to be observed (Essl et al. 2015; Lyons et al. 2019).
Due to this and other reasons, such as the nature and duration of the peer-review
process, the dissemination of impacts reports is often delayed (Vila et al. 2019). Even
well-studied species may not have impacts measured that can be easily transferred to
ICAT scores, potentially rendering it data deficient or with few reports from which to
derive an impact magnitude. For instance, alien species may be well documented to
impact via various mechanisms (e.g. predation, competition) under laboratory settings,
but poorly represented under natural conditions. Often, biological aspects, related to
mechanisms of impact, are well-researched (e.g. dietary overlap, aggressive behaviour)
for alien species, but the effects on native biodiversity are not measured, rendering such
studies irrelevant to EICAT assessments. Our main suggestion regarding the bias in—or
lack of—existing and relevant impact data, is to adapt future impact reports to EICAT
criteria: studies should focus more on the changes in the impacted native populations
(in natural conditions) and less on the alien populations.

Biases in the data collection

Inconsistencies amongst assessors may be driven from the initial stage of data collection
(the literature review), with variation attributed to different search strategies employed
by individual assessors (Kumschick et al. 2017). Reproducibility in science is a major
topic of discussion (Baker 2016; Fanelli 2018) and how systematic literature searches
are conducted is often poorly detailed leading to non-reproducible results (Cooper et
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al. 2018; Faggion and Diaz 2019). Assessors should be specific on how they conduct
their literature searches to promote transparency, which in turn, will facilitate more
robust inter-specific comparisons if data requires additional reviewing. Furthermore,
documentation of the sources used to score species and the final data for assessments
should be published with studies using the assessment schemes (see also Kumschick et
al. 2020). Another major difficulty in data accessibility may arise from language barri-
ers that affect the assessor’s ability to collate impact reports. This is likely to be particu-
larly applicable for SEICAT assessments, where it is expected that relevant reports of
impacts on human well-being will, more often, be published in local languages. Dis-
cussions with people in local languages to identify socio-economic issues arising from
the presence of alien species may facilitate assessments of species that are otherwise
data deficient and help better understand additional human dimensions of biological
invasions. Much regional evidence on the impacts of alien species will be confined to
sources of information, such as local government reports and student theses.

Biases in the data assessment

Additional inconsistencies amongst assessors may occur because the criteria of the
ICAT frameworks are interpreted and applied differently; individual assessors will
inevitably introduce their own level of bias to the process of both assigning impact
categories and confidence scores. A recent study by Gonzdlez-Moreno et al. (2019)
found variation in scoring species’ impacts amongst assessors for different assessment
schemes, including EICAT. Although a level of subjectivity is inevitable, some of this
uncertainty may be reduced through improvement in the protocol, such as the refine-
ment of guidelines, which is already reflected in the succession of EICAT guidelines
(Blackburn et al. 2014; Hawkins et al. 2015; IUCN 2020a). However, clarification
about the changes and ensuring these are effectively communicated will be impor-
tant to maximise consistency (see Volery et al. 2020, as the application of different
versions of the guidelines may further lead to inconsistencies across different assess-
ments. Conducting workshops, training sessions and developing online tools that help
guide assessors through the process—giving examples where uncertainty is most likely
to arise—might help reduce these uncertainties. Refinements can be made as feedback
from assessors identifies more issues that require additional explanation or adaptation.

It is worth noting that, given the variation observed amongst assessors when apply-
ing scoring schemes (Matthews et al. 2017; Gonzdlez-Moreno et al. 2019), confidence
scores are likely to be subject to a similar level of inconsistency. The accompanying
probabilities (Table 1) to each of the three qualitative confidence scores are intended
to reduce variation in the interpretation of terms. Indeed, differences in the inter-
pretation of the descriptions of uncertainty are known to occur amongst individuals
(Budescu and Wallsten 1985). Presenting linguistic descriptions and corresponding
likelihoods can, therefore, reduce the misinterpretation of confidence scoring (Budescu
et al. 2014). The degree of consistency amongst assessors when assigning confidence
scores should be examined to determine whether refining the expressions of confidence
is necessary to reduce potential misinterpretation.
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Conclusions

To produce robust impact assessments and facilitate the comparison of impacts between
taxa, procedures must adequately account for uncertainties (McGeoch et al. 2012). We
have highlighted key sources of uncertainty to consider when conducting the ICAT as-
sessments and emphasised the importance of acknowledging all forms of uncertainty even
when not directly relevant to informing confidence scores. As uncertainties propagate
throughout the various stages of any ICAT assessment (deriving from both the impact
measurer/reporter and the ICAT assessor), it is important that they are clearly defined and
acknowledged to improve the overall impact assessment procedure. However, it should be
noted that it will be impossible to address all types of uncertainty in any framework due
to unforeseeable changes in the system under investigation or other unknown unknowns.

As the ICAT frameworks become more readily applied across different taxonomic
groups, uncertainties must be appropriately considered to improve the overall ability
to correctly classify impacts. By improving the consideration of uncertainty under the
ICAT guidelines, we may increase the functionality of the tool for researchers and
practitioners. All other things being equal (i.e. control effort, cultural values, positive
impacts etc.), species that will be the best candidates for prioritisation will be those that
have the highest impact with high corresponding confidence.
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Abstract

Extensive literature is available on the diversity and magnitude of impacts that alien species cause on
recipient systems. Alien species may decrease or increase attributes of ecosystems (e.g. total biomass or spe-
cies diversity), thus causing negative and positive environmental impacts. Alien species may also negatively
or positively impact attributes linked to local human communities (e.g. the number of people involved in
a given activity). Ethical and societal values contribute to define these environmental and socio-economic
impacts as deleterious or beneficial. Whilst most of the literature focuses on the deleterious effects of
alien taxa, some recognise their beneficial impacts on ecosystems and human activities. Impact assess-
ment frameworks show a similar tendency to evaluate mainly deleterious impacts: only relatively few,
and not widely applied, frameworks incorporate the beneficial impacts of alien species. Here, we provide
a summary of the frameworks assessing beneficial impacts and briefly discuss why they might have been
less frequently cited and applied than frameworks assessing exclusively deleterious impacts. Then, we
review arguments that invoke a greater consideration of positive and beneficial impacts caused by alien
species across the invasion science literature. We collate and describe arguments from a set of 47 papers,
grouping them in two categories (value-free and value-laden), which span from a theoretical, basic science
perspective to an applied science perspective. We also provide example cases associated with each argu-
ment. We advocate that the development of transparent and evidence-based frameworks assessing positive
and beneficial impacts might advance our scientific understanding of impact dynamics and better inform
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management and prioritisation decisions. We also advise that this development should be achieved by rec-
ognising the underlying ethical and societal values of the frameworks and their intrinsic limitations. The
evaluation of positive and beneficial impacts through impact assessment frameworks should not be seen
as an attempt to outweigh or to discount deleterious impacts of alien taxa but rather as an opportunity to
provide additional information for scientists, managers and policymakers.

Keywords
Biological invasions, environmental impacts, human well-being, impact assessment frameworks, nature
conservation, prioritisation, socio-economic impacts

Introduction

The number of species which are introduced beyond their native ranges (i.e. alien
species) continues to rise among geographic regions and taxonomic groups (Essl et al.
2011; Seebens et al. 2017). A vast literature is now available on the variety and mag-
nitude of impacts (here defined as measurable changes as in Ricciardi et al. 2013) that
alien species cause in native biodiversity and human well-being (Pimentel et al. 2001;
Mazza et al. 2014; Shackleton et al. 2019a). Alien species may decrease and/or increase
attributes of their recipient ecosystem (e.g. total biomass or species diversity), thus
causing negative and positive environmental impacts. Alien species may also negatively
and/or positively impact attributes linked to humans (e.g. the number or income of
people involved in a given activity). Ethical and societal values, for instance, associated
with nature conservation and human well-being, define whether these environmental
and socio-economic impacts are perceived as deleterious or beneficial (Kumschick et
al. 2012; Shackleton et al. 2019b). The majority of studies in the field of invasion
science have focused on deleterious impacts only (Goodenough 2010; Guerin et al.
2018). The general focus on the deleterious effects of alien species has been motivated
by the necessity and urgency to study the serious consequences that some have on
native communities and human activities (Richardson et al. 2000; Pysek et al. 2008;
Guerin et al. 2018). The research focus on deleterious impacts has resulted in detailed
descriptions of the mechanisms through which alien animals, plants and pathogens
may damage recipient ecological and socio-economic systems (Vila et al. 2010; Ric-
ciardi et al. 2013; Blackburn et al. 2014; Vaz et al. 2017; Bacher et al. 2018). Such
knowledge has been used to prioritise the most deleterious alien species and adopt
management countermeasures (Oreska and Aldridge 2011; McGeoch et al. 2016; Roy
etal. 2017). However, sustained attention on deleterious impacts could have led to an
unwarranted disregard for their beneficial impacts, thus resulting in a simplified, if not
misleading, understanding of impact dynamics (Goodenough 2010; Boltovskoy et al.
2018). As a result, there has been some disagreement over the use of terminology and
the interpretation of data among invasion scientists (Boltovskoy et al. 2018). Guerin
etal. (2018), for example, suggested that meta-analyses quantifying the impact of alien
species might not be fully objective, as these studies are often characterised by selection



The importance of assessing positive and beneficial impacts of alien species 527

bias toward highly deleterious taxa (but see also Kuebbing and Nufiez 2018, who ar-
gued that potential publication biases do not necessarily invalidate findings). Another
potential consequence is the risk of implementing controversial management policies:
management decisions based only on deleterious impacts ignore the fact that there
might be conflicts of interest among stakeholders (Zengeya et al. 2017; Potgieter et al.
2019a; Kumschick et al. 2020a).

The general tendency to focus mainly on the deleterious impacts of alien taxa can also
be observed in the impact assessment frameworks developed over the last decades. These
frameworks adopt science-based approaches to estimate impact magnitude, describe
mechanisms underlying impacts and facilitate comparisons across different taxonomic
groups and geographic regions. However, only a subset of these impact assessment frame-
works evaluate beneficial impacts. Of nine impact assessment frameworks developed in
the last two decades, only three frameworks include strategies to incorporate beneficial
impacts of alien species into the impact assessment process (Table 1). Frameworks focus-
ing exclusively on deleterious impacts have been cited more often than those incorporat-
ing beneficial impacts, which may indicate that the latter are relatively less applied in the
scientific community. Although we acknowledge that using the number of citations as a
proxy for frequency of application might not always be appropriate, we found that this
index reflects well with how often the different frameworks have been applied.

The conceptual framework proposed by Kumschick et al. (2012) uses a bidirectional
ranking scale to estimate socio-economic and environmental impacts of alien taxa. In
such a scheme, negative and positive socio-economic impacts mirror each other, with
the former describing decreases in a measured variable that is relevant to humans (such
as forestry and animal production) and the latter describing increases of the same vari-
able. Environmental benefits, on the contrary, are evaluated by assessing the capacity of
alien taxa to modify the ecosystem towards a hypothesised historical functional state.
Despite the novel approach and insights provided, this framework is less frequently cited
(Table 1), and applied than other schemes that exclusively assess negative impacts such
as GISS (Generic Impact Scoring System, Nentwig et al. 2016) and EICAT (Environ-
mental Impact Classification for Alien Taxa, Blackburn et al. 2014). This relatively low
number of citations can be due to a variety of factors, including the high structural com-
plexity of the framework, which requires to weigh impacts according to their importance
for various stakeholders, or the successive development of other, more detailed, impact
assessment frameworks such as EICAT. The framework proposed by Katsanevakis et al.
(2014) describes multiple mechanisms by which marine alien species affect biodiversity
(e.g. by habitat engineering) and ecosystem services (e.g. by ocean nourishment), both
beneficially and deleteriously. Although the impact magnitude was not considered (i.e.
local-, small-, and large-scale impacts were all treated equally) such a framework allowed
the screening of a high number of marine species (87), finding most (67) cause both del-
eterious and beneficial impacts. Although the framework is highly cited within the sci-
entific community (Table 1), most of the citations arise because of the large documenta-
tion on impact variation of alien species in the European seas. On the contrary, the same
framework has been very rarely applied to assess deleterious and beneficial impacts of
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Table I. List of impact assessment frameworks which assess environmental and/or socio-economic im-
pacts developed in the last 30 years. The list has been compiled following Roy et al. 2007, Bartz and
Kowarik 2019, Srebaliene et al. 2019, Strubbe et al. 2019 and Vila et al. 2019. The total number of cita-
tions per article corrected by year has been obtained from Google Scholar in June 2020.

General name Target spatial | Target taxa | References Explicit Type of impact (E = Number of
area Envir tal, SE | citations / year
of beneficial | = Socio-Economic) | (total number of
impacts citations)
Invasive species USA Plants Morse et al. No E 2.6 (42)
assessment protocol: (2004)

evaluating non-native
plants for their impact
on biodiversity

Biopollution Baltic Sea Aquatic | Olenin et al. No E 16.2 (211)
assessment scheme taxa (2007)
Conceptual framework Global Generic | Kumschick et Yes E /SE 14.1 (113)
for prioritisation of al. (2012)

invasive alien species
for management
according to their

impact
Generic ecological Norway Generic | Sandvik et al. No E 5.9 (41)
impact assessments (2013)
of alien species in
Norway
Review of impacts Europe Marine taxa | Katsanevakis Yes E/SE 55.3 (332)
of invasive alien etal. (2014)

marine species on
ecosystem services and

biodiversity
EICAT Global Generic | Blackburn et No E 81.2 (487)
(Environmental al. (2014),
Impact Classification Hawkins et
for Alien Taxa) al. (2015)
GISS (Generic Impact Europe Generic | Nentwig et No E/SE 16.8 (67)
Scoring System) al. (2016)
SEICAT (Socio- Global Generic | Bacher etal. No SE 39.5 (79)
Economic Impact (2018)
Classification of Alien
Taxa)
InSEAT (INvasive Global Generic Martinez- Yes E/SE 4 (4)
Species Effects Cillero et al.
Assessment Tool) (2019)

alien species on other ecosystems or geographic areas. The INSEAT framework (INva-
sive Species Effects Assessment Tool) developed by Martinez-Cillero et al. (2019) adopts
a bidirectional scoring system to quantify ecosystem service gains and losses caused by
alien species. To date, the INSEAT scheme has been tested on 18 alien species in Great
Britain (Martinez-Cillero et al. 2019). The renewed attention paid toward ecosystem
services and disservices linked to alien species (Vaz et al. 2017; Vila and Hulme 2017;
Potgieter et al. 2019b; Shackleton et al. 2019a; Milanovi¢ et al. 2020) might promote
the future application of the scheme across different regions and taxonomic groups.
Several frameworks focusing on deleterious impacts still explicitly recognise the
existence of beneficial impacts caused by alien species (Bomford et al. 2008; Blackburn
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et al. 2014; Copp et al. 2016). For instance, the EFSA risk assessment framework
developed by the European Food Safety Authority (2011) suggests identifying and
describing any beneficial effect caused by aliens on the provisioning and regulation of
ecosystem services but specifies that such impacts should not be scored. The absence of
a scoring system for beneficial impacts was not only motivated by the intrinsic scope
of risk assessment frameworks, which consider multiple factors, such as introduction
pathways or establishment probability, to estimate whether an alien species can be-
come deleterious (Leung et al. 2012; Kumschick et al. 2020b). The EFSA members
also stressed that “assessing positive impacts is extremely difficult and may also be
inappropriate or cause a potential conflict of interest for risk assessors if introductions
are intentional”. Both conceptual and methodological reasons could thus explain why
frameworks assessing both beneficial and deleterious impacts are less frequently cited,
and applied, than those assessing deleterious impacts only. The latter are used to a
greater extent not only because they specifically help to prioritise alien species accord-
ing to the magnitude of deleterious impacts, but also because unidirectional frame-
works might have reached a higher level of acceptance, clarity and understanding over
time. The relatively limited attention given to beneficial effects of alien species across
impact assessment frameworks seems thus to reflect a general tendency in invasion
science to consciously exclude beneficial impacts for various reasons rather than an
attempt to deny their existence.

Below we review arguments for a greater consideration of positive and beneficial
impacts caused by alien species. We collected the arguments from a set of 47 papers
and illustrate each argument with examples. We grouped the arguments into two
categories (value-free and value-laden) that reflect whether each argument has been
formulated independently from, or in combination with, ethical and societal values.
Arguments grouped in the value-free category consider negative and positive impacts
as numerical decrease or increase of an attribute (e.g. the concentration of soil nutri-
ents; Jeschke et al. 2014). Positive and negative impacts do not denote human values
(Kumschick et al. 2012), but rather quantify bi-directional changes caused by alien
species “as neutrally as possible” (Jeschke et al. 2014). In accordance with this value-
free perspective, in our manuscript we strictly define positive impacts as quantitative
increases in attributes of the recipient systems. Arguments grouped in the value-lad-
en category, on the contrary, refer to how impacts are perceived according to ethical
and societal values (Jeschke et al. 2014). Impacts are generally considered deleterious
or beneficial if they damage or benefit attributes linked to ethical and societal values
(human well-being). In accordance to this value-laden perspective, in our manu-
script we strictly define beneficial impacts as bi-directional quantitative changes (i.e.
including both increases and decreases) in attributes of the recipient systems that
are associated with benefits based on human values. Therefore, although negative
and positive impacts are often considered as deleterious and beneficial, respectively
(examples 1, 3 and 4 in Fig. 1), under our definitions, some negative impacts can less
intuitively be perceived as beneficial (example 2 in Fig. 1), and some positive impacts
as deleterious (example 3 in Fig. 1).
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We show how the development of impact assessment frameworks assessing positive
and beneficial impacts can benefit the field of invasion science and we offer suggestions
on how this development should be carried out.

Collection and value-based classification of arguments

We conducted a thorough, but non-exhaustive, literature review to identify arguments
for considering positive and beneficial impacts of alien species. We started with papers
on the topic that were already known to us and followed up on other papers that re-
ferred to them or were cited in them. Articles were selected only if they had broad aims,
i.e. they were not restricted to a single case study or taxonomic group. The purpose of
this review was to exemplify arguments why authors invoke greater consideration of
positive and beneficial impacts in invasion science. However, we do not aim to make
quantitative statements about the frequency of these arguments in the field.

In the papers selected, arguments stem from the different perspectives and interests
of authors. Like in related disciplines, such as conservation biology (Scott et al. 2007),
invasion scientists have disparate standpoints and interests that span from a basic sci-
ence perspective to an applied science perspective (Humair et al. 2014; Estévez et al.
2015). The former perspective suggests that similarly to any other natural phenomenon,
impacts of alien species should be investigated as neutrally as possible (Slobodkin 2001;
Brown and Sax 2005). Therefore, the influence of ethical and societal values on the
investigation of impacts needs to be minimised in order to adopt a value-free, scientific
approach (Slobodkin 2001; Brown and Sax 2005; Sagoff 2018). At the other extreme,
the applied science perspective recommends that invasion science “must serve and be
relevant to communities” (Munro et al. 2019). Thus, since invasion science concerns,
among others, “costs and benefits of the presence and abundance of introduced organ-
isms with reference to human value systems” (Richardson et al. 2007), a value-laden
scientific approach could be adopted in the study of alien species. We are aware that
a complete distinction between these two perspectives is a simplification of the broad
spectrum of the existing views in invasion science (Fig.1) (Humair et al. 2014; Estévez
et al. 2015; Bartz and Kowarik 2019). However, such a distinction is still useful here
for illustrating the key arguments (Fig. 1) that invoke a greater consideration of posi-
tive impacts (value-free arguments), and those which invoke a greater consideration of
beneficial impacts (value-laden arguments).

Value-free arguments for considering positive impacts

Impacts of alien species should be investigated across the full range of changes, i.e.
without choosing a specific impact direction on the basis of ethical and societal values.

All alien species will cause changes, i.e. impacts, to some attributes of their recipient
systems (Ricciardi et al. 2013; Jeschke et al. 2014). These attributes may describe dif-
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ferent aspects of the recipient ecosystem, such as species diversity, total biomass, carbon
sequestration capacity, fire intensity, pollination frequency, etc. Impacted attributes
may also be associated with both human well-being and socio-economic aspects, such
as the number of people employed in forestry or fishing, food security, livelihood and
human connection to nature. Basic scientific arguments advocate that changes in at-
tributes should be investigated independently from ethical values in order to be objec-
tive (Slobodkin 2001). Authors strictly supporting these arguments state that value
judgements cannot be empirically tested and that some ecologists fallaciously confuse
these judgements with descriptions of environmental changes (Brown and Sax 2005;
Sagoft 2018). In other words, one should measure the increase of a given attribute
(positive impact) and the decrease of the same attribute (negative impact) along the
full spectrum of changes, without any specific focus on one of the two directions (Je-
schke et al. 2014, Fig.1). Value-laden terms such as “beneficial” or “deleterious” should
be avoided whereas terms such as “positive” or “negative” should be only used from a
numerical standpoint, as in the increase or decrease in the value of a property (Brown
and Sax 2005). Furthermore, this argument posits that invasion scientists should act
similarly to astronomers or particle physicists, who analyse scientific phenomena with-
out considering moral values or practical consequences of their scientific research (Slo-
bodkin 2001; Brown and Sax 2004).

Impact magnitudes and underlying mechanisms are better understood for nega-
tive impacts

Under a value-free perspective, value judgement should not interfere with the study
of impacts; it is theoretically expected that studies targeting alien species assess their
impacts on the recipient system independently and unbiasedly from impact directions
(e.g. meta-analyses which use effect size, such as in Castro-Diez et al. 2019). However,
biases towards negative impacts on native biota have been reported, i.e. predominantly
reporting on native biota suffering from aliens and ignoring native biota that profit
from the presence of alien species (Goodenough 2010; Schlaepfer et al. 2011; Fig.2).
Furthermore, it is difficult to judge how large this alleged bias is because it is unknown
if alien species more often cause a decrease (i.e. generate negative impacts), rather than
an increase (i.e. generate positive impacts), to the attributes of their recipient systems
(Charles and Dukes 2007; Vitule et al. 2012). An example of a negative impact may be
the decrease of species diversity caused by alien populations of rodents introduced to
islands (see also example 1, Fig.1), whereas an example of a positive impact may be the
increase of local species diversity caused by the establishment of an alien invertebrate
that acts as ecosystem engineer (Castilla et al. 2004).

Alternatively, there may be a bias toward studying and reporting negative impacts
(Guerin et al. 2018). Multiple negative impacts of alien species (e.g. decrease in native
population size) were considered as deleterious based on ethical and societal values (Je-
schke et al. 2014; Bartz and Kowarik 2019). The urgency to investigate the conspicuous
deleterious impacts that some aliens cause to native communities and human activities
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Figure 2. Plot reporting the number of articles and fitted linear regression obtained using the following
search strings in Google Scholar at the end of October 2019: In red: “negative * of alien species “ OR
“negative * of non-native species “ OR “negative * of exotic species” OR “costs of alien species “ OR “costs
of non-native species “ OR “costs of exotic species”; In green: “positive * of alien species “ OR “positive
* of non-native species “ OR “positive * of exotic species” OR “benefits of alien species “ OR “benefits of
non-native species “ OR “benefits of exotic species”.

(Richardson et al. 2000; Pysek et al. 2008; Simberloff et al. 2012) might have contrib-
uted to this bias even among natural scientists. Such urgency was, for instance, empha-
sised during the Fourth Meeting of the Conference of the Parties to the Convention
on Biological Diversity held in Slovakia in 1998, which first considered “including the
subject of alien invasive species in its longer-term programme of work”. The report of
the meeting specifically noted “the significant adverse ecological and economic effects
of certain alien species on biological diversity and human health” and “the importance
of taking a precautionary and ecosystem approach when dealing with issues related to
alien species” (UNEP 1998). The following editions of the conference considered “alien
species that threaten ecosystems, habitat or species” as a cross-cutting and priority issue
relevant to biological diversity, and advocated for the prevention and mitigation of their
deleterious impacts, which has become a major cornerstone of invasion science. In addi-
tion to this, since many alien species were deliberately introduced to provide benefits to
humans, such benefits might have seemed obvious, thereby preventing their systematic
study. Many invasion scientists might also have investigated the unwanted deleterious
consequences of alien taxa introductions in order to counterbalance a favourable atti-
tude from many stakeholders towards alien taxa intentionally introduced for agriculture
and forestry (Simberloff and Stiling 1996; Louda et al. 2003; Pysek et al. 2008).

As most research assessing the impacts of alien species has been directed toward
negative impacts, the magnitude of positive impacts has been rarely systematically
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assessed and quantified by using statistical or semi-quantitative tools (Goodenough
2010). Instead, the literature record of positive impacts seems rather anecdotal, with
impacts usually defined according to human values (Vila et al 2010; Schlaepfer et al.
2011). Thus, there are not only fewer studies that report positive impacts, but these
studies often lack a systematic and evidence-based approach to classify and compare
these impacts (Vila et al 2010). Consequently, detailed descriptions of the mechanisms
by which alien species can benefit their recipient ecological and the socio-economic
systems are also scarce. Some mechanisms by which aliens positively affect the diversity
and abundance of native taxa by providing food and refuge have been identified by
Robinson et al. (2007), Goodenough (2010), Schlaepfer et al. (2011), McQuaid and
Griffichs (2014) and Tassin and Kull (2015). Additionally, Kumschick et al. (2012)
described mechanisms such as herbivory, competition or predation by which aliens
may affect species that are degrading the ecosystem and thereby restore its historical
functional state. Further studies on these underlying mechanisms may provide eco-
evolutionary insights around alien-native coevolution, rapid adaptation, biotic resist-
ance and niche vacancy. Greater knowledge has probably been gained around socio-
economic benefits to human-well-being, as multiple authors identified mechanisms
by which aliens increase ecosystem services and decrease ecosystem disservices (Kat-
sanevakis et al. 2014; Vaz et al. 2017; Knapp et al. 2019; Shackleton et al. 2019a;
Milanovi¢ et al. 2020). Despite these efforts, unified systematic approaches to capture
the diversity of positive and beneficial impacts of aliens across taxa and geographic
regions are still lacking.

Value-laden arguments for considering beneficial impacts

Many impacts may be perceived as beneficial according to the same ethical and
societal values used to define deleterious impacts

Although impacts cannot be defined as deleterious or beneficial in an absolute way,
changes caused by alien species may still be perceived as deleterious or beneficial ac-
cording to societal and ethical values (Fig.1, Vila et al. 2010; Kumschick et al. 2012;
Jeschke et al. 2014; Bartz and Kowarik 2019). Alien species can alter the demography
of endangered populations and permanently modify native communities (Doherty et
al. 2008, Gurevitch and Padilla 2004). Since native populations and communities
have high conservation value, their decrease (i.e. negative impact) can be considered
deleterious from a value-laden perspective (example 1, Fig.1). This nature conservation
perspective guided the development of some impact assessment frameworks frequently
used (Vila et al. 2019), such as the GISS framework (Nentwig et al. 2016) and the
EICAT framework (Blackburn et al. 2014; Hawkins et al 2015; ITUCN 2020), which
both assess the deleterious impacts of alien species on native taxa. Alien species may
also be perceived as deleterious to socio-economic systems and human well-being. For
example, when alien species impede human activities such as fishing and farming or
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impair human health (Mazza et al. 2014; Rai and Singh 2020), personal safety or
material and immaterial assets (Bacher et. al. 2018). Deleterious impacts on the social
and economic sectors have been captured in the SEICAT framework (Socio-Economic
Impact Classification of Alien Taxa), which adopts a scoring system analogous to EI-
CAT to assess how human activities are affected by alien species (Bacher et al. 2018).
Some impact assessment frameworks such as GISS (Nentwig et al. 2016) and INSEAT
(Martinez-Cillero 2019), and many risk assessment frameworks, evaluate deleterious
socio-economic impacts (for a review of impact assessment frameworks see Strubbe et
al. 2019 and Vila et al. 2019; for a review of risk assessment frameworks see Leung et
al. 2012 and Kumschick and Richardson 2013).

Analogously to negative impacts that are perceived as deleterious to native com-
munities and humans, many positive impacts can be considered beneficial according to
values associated with nature conservation and human well-being. For example, some
alien species may moderately increase fire frequency in their introduced range, thus
providing benefits to native pyrophytes which require fire for germination (example 3
in Fig. 1). Alien plants can also increase the biomass of a recipient ecosystem, thus be-
ing beneficial to global carbon sequestration (example 4 in Fig. 1). Additionally, many
alien species increase attributes that are relevant to societal values and human well-
being. In other words, they increase existent, or provide additional, ecosystem services
or beneficial contributions to people’s quality of life (Diaz et al. 2018) such as food
and water provision, soil and sand stabilisation and nitrogen fixation (Vaz et al. 2017;
Milanovi¢ et al. 2019; Shackleton et al. 2019a). In a world of increasing environmental
issues, aliens can also help to reduce the impact of other stressors. Examples include
alien plants which mitigate the effects of climate change by facilitating coastal protec-
tion from erosion and favouring carbon sequestration (example 4 in Fig. 1, Essl. et al.
2017, in Castro-Diez et al. 2019). However, not all environmental and socio-econom-
ic beneficial impacts coincide with positive impacts; for example, in the impact scoring
framework proposed by Kumschick et al. (2012), beneficial impacts of alien animals
are quantified by measuring to what extent they reduce the population density of spe-
cies degrading the ecosystem (e.g. pest species). In other words, a negative impact (e.g.
decrease of pest species abundance), may thus be considered beneficial from a nature
conservation standpoint or according to other values and interests (example 2, Fig.1).
An alien bio-control agent (e.g. a parasitoid wasp) that reduces the abundance of an
agricultural pest can be similarly considered beneficial to farmers and other stakehold-
ers. Such species can thus provide additional benefits to humans by reducing ecosystem
disservices (Vaz et al. 2017; Knapp et al. 2019; Milanovi¢ et al. 2019).

The consideration of beneficial impacts improves management and prioritisa-
tion decisions

Human values and interests associated with the impacts of alien species affect wheth-
er and how these species can be managed. Some alien species have been intentionally
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introduced because of the benefits they can provide to people (Castro-Diez et al.
2019). Additionally, many aliens cause low or insignificant impacts to their recipi-
ent systems and can be simply considered inconsequential for ecosystems and soci-
ety (Zengeya et al. 2017). Beneficial and inconsequential species do not generally
require management interventions, and their prompt identification facilitates the
allocation of management resources elsewhere (van Wilgen and Richardson 2004;
Zengeya et al. 2017). Aliens that provide beneficial impacts to human well-being
might, however, decrease the demography of native populations, thus being deleteri-
ous from a nature conservation standpoint (Doherty et al. 2008). More generally,
stakeholders may have such disparate values and interests that their perception to-
ward alien species can be simultaneously favourable and unfavourable (Novoa et al.
2018; Shackleton et al 2019b). Such disparate values (examples 2,3 and 4, Fig.1)
may cause a conflict of interests among different stakeholders and hamper manage-
ment implementation (Jeschke et al. 2014; Crowley et al. 2017; Essl et al. 2017;
Zengeya et al. 2017). For instance, van Wilgen and Wilson (2018) showed that con-
trol and regulation of a few alien taxa such as pine trees (Pinus spp.) and the rainbow
trout (Oncorhynchus mykiss) were extremely controversial in South Africa, given these
species cause both beneficial and deleterious impacts on different sectors of society.
Analogously, the control of Paterson’s curse (Echium plantagineum), an alien plant
that is highly toxic to livestock, has generated conflicts between Australian farmers
and beekeepers, with the latter benefiting from the nectar produced by the plant
(Messing 2000). Transparent and evidence-based descriptions of beneficial and del-
eterious impacts of alien species may thus help to support prioritisation, clarify and
motivate values underlying management, identify conflicts of interests and advance
dialogue among stakeholders.

Reasons and suggestions to develop frameworks assessing positive and benefi-
cial impacts

We show that arguments from different perspectives invoke a greater consideration
of positive and beneficial impacts in invasion science. The development of assessment
frameworks that classify deleterious and negative impacts through a standardised and
evidence-based approach (e.g. EICAT and SEICAT) has improved our understand-
ing of such impacts. These frameworks describe the different ways in which alien taxa
deleteriously interact with native taxa (impact mechanisms), and quantify the sever-
ity of such interactions (impact magnitude) (Blackburn et al. 2014; Nentwig et al.
2016; Bacher et al. 2018). The application of these frameworks to different taxa and
ecosystems has allowed for the investigation of factors driving impact magnitude (e.g.,
Kumschick et al. 2013; Measey et al. 2016; Novoa et al. 2016; Evans et al. 2018)
and the ranking of hundreds of alien species based on their deleterious impacts (e.g.
Kumschick et al. 2015; Nentwig et al. 2018). Given the above considerations, some of
these frameworks might be adapted to assess beneficial impacts. Detailed descriptions
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provided by these frameworks around mechanisms by which alien species cause del-
eterious impacts can be extended to capture mechanisms linked to beneficial impacts
(i.e. Blackburn et al. 2014; Nentwig et al. 2016). Approaches adopted by existing
frameworks to evaluate assessment uncertainty can also be followed because they might
help to overcome methodological limitations associated with transparency, clarity and
reproducibility (Vila et al. 2019; Probert et al. 2020). However, some conceptual and
methodological aspects should be considered when developing frameworks that assess
positive and beneficial impacts.

Impact assessment frameworks classify deleterious impacts according to their mag-
nitudes, i.e. by measuring to what extent alien taxa affect reference attributes. This fa-
cilitates comparison among taxonomically distant alien species and across spatial scale
and habitats. However, several different strategies have been adopted to measure impact
magnitudes. Frameworks such as those proposed by Sandvik et al. (2013) and Martinez-
Cillero et al. (2019) use ranking scales which distinguish between low (or noticeable),
substantial (or medium), and high (intense) impacts. The scales may be associated with
parameters that can be numerically quantified such as the spatial extent of the non-na-
tive range, genetic diversity, fitness and abundance of native individuals or provision of
ecosystem services (Bartz and Kowarik 2019; Crystal-Ornelas and Lockwood 2020). As
a consequence, such scoring scales could be easily adapted to assess bidirectional changes
(Martinez-Cillero et al. 2019). Although general scaling approaches may allow the as-
sessment of many alien species and adopt a fully symmetrical bidirectional approach
(Zengeya et al. 2017), they may still be prone to subjectivity, especially when the distinc-
tion between the magnitude levels is not accurately described. The EICAT framework
(Blackburn et al. 2014), on the contrary, clarifies differences between magnitude levels
by assuming that with each level of impact magnitude (from minimal concern to mas-
sive), a different level of organisation is affected (from native individuals to native com-
munities). Clarity in describing distinct levels of impact magnitude might have con-
tributed to the increasing use of EICAT among scientists and practitioners (Kumschick
et al. 2020a). An analogous scoring approach that assesses ecological impacts based on
organisation level has been also developed by Olenin et al. (2007). Such approaches,
however, define the highest levels of impact magnitude according to the capacity of
alien species to cause the extinction of a native species (Olenin et al. 2007; Blackburn
et al. 2014). As extinction cannot be exactly mirrored by any other positive ecological
phenomenon, the development of a perfectly symmetrical bidirectional adaptation of
these schemes might be difficult to achieve. As a consequence, not all impact assessment
frameworks can, or need to, adopt a fully symmetric bidirectional scoring scale to assess
impact magnitudes. This limitation should be recognised in any conceptual attempt to
adapt existing frameworks in order to assess the benefits of alien species.

Impact assessment frameworks are generally developed based on different values that
should be recognised and explicitly stated. Values and perspectives influence how we
select the attributes of ecosystems or human activities that will be assessed (Bartz and
Kowarik 2019; Strubbe et al. 2019) and must be considered when making management
recommendations and in final decision making (Probert et al. 2020). However, values
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and perspectives also define the aims and the intrinsic limitations of each framework. For
example, when evaluating the changes caused by an alien species to the community of
the recipient environment, we should choose and specify which taxa are taken into con-
sideration. Scientists embracing a conservation standpoint might consider only native,
or even endangered taxa, as they aim to quantify alien impacts on species of conservation
interest. Scientists who follow a more basic science approach, however, could consider
all taxa independently of their origin, as their aim is to measure the negative or positive
impacts of aliens from a value-free perspective. The development of a framework that
assesses deleterious and beneficial impacts should thus disclose which values underlie
the framework and whether the framework distinguishes between deleterious/beneficial
impacts and negative/positive impacts. Such a disclosure of values can also be facilitated
by the development, and adoption, of a more neutral and transparent terminology in
invasion science. The distinction we have drawn in our manuscript between positive/
negative and beneficial/deleterious impacts, for example, has been instrumental in defin-
ing impacts regardless of whether they were associated with human values. Both terms
“positive” and “negative”, however, have in general an intrinsic value connotation and are
often used as synonyms of “beneficial” or “favourable” and “detrimental” or “deleterious”
in invasion science and other scientific disciplines. Given this lack of linguistic consist-
ency, there might be the necessity to develop a more neutral and transparent terminology
in invasion science that unequivocally clarifies whether an impact is defined in accord-
ance to human values or only from a mathematical and value-free perspective.

Conclusion

When underlying values are explicitly stated and intrinsic limitations are openly rec-
ognised, the development of frameworks that assess positive and beneficial impacts
might advance our scientific understanding of impact dynamics and generate reliable
information for management and prioritisation. Adapting existing or developing novel
frameworks to quantify these impacts should not be seen as an attempt to outweigh or
discount deleterious impacts of alien taxa (EFSA 2011) but rather as an opportunity to
provide an additional piece of information for scientists, managers and policymakers.
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Abstract

Citizen science provides a unique opportunity to address questions beyond the scope of
traditional research methods whilst simultaneously engaging communities in the scientific
process. This leads to broad educational benefits, empowers people and can increase public
awareness of societally relevant issues such as the biodiversity crisis. Given this, citizen science
has become a particularly attractive framework for researching alien species where data on
the presence, absence, abundance, phenology and impact of species is important in informing
management decisions. However, uncertainties arising at different stages can limit the

interpretation of data and lead to projects failing to achieve their intended outcomes.

We reviewed the literature and practices commonly performed in citizen science projects that
address alien species, identifying the key research questions and the relevant uncertainties
that arise during the process of developing the study design, i.e., collecting the data, and the
statistical analyses. Additionally, we assessed uncertainties from a linguistic perspective, and
how the communication stages among project coordinators, participants and other

stakeholders can alter the way in which information may be interpreted.

Here, we identify major sources of epistemic and linguistic uncertainty aligning with the key
research questions to guide future citizen science projects focused on alien species. We
review existing methods for reducing uncertainty and suggest further solutions to improve
data reliability. Specifically, we address uncertainty stemming from inaccurate data related to
species detection and abundance data, including changes in their temporal trends. Overall,
we make suggestions to reduce the uncertainties that emerge at each project step and provide

guidance and recommendations that can be readily applied in practice.

We advocate that reducing uncertainties through appropriate project design and stages of
communication is essential and necessary to strengthen the scientific and community
outcomes of citizen science. This is of particular importance to ensure the success of projects

aimed at detecting novel alien species and monitoring their dynamics across space and time.

Keywords: biodiversity monitoring; biological invasions; community science; data quality; epistemic

uncertainty; linguistic uncertainty; non-native species
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Introduction

Citizen science (also sometimes termed ‘community science’ or ‘volunteer biological recording’) refers
to the form of scientific inquiry involving public participation, usually through collaborative initiatives
between volunteers and professional scientists (Jordan et al., 2015). For most citizen science projects,
the aims are broadly twofold: to generate scientific data, whilst simultaneously engaging and
educating citizens with science and their environment. From a research perspective, public
participation can benefit science, particularly in the stages of data collection and analysis, when
practical caveats, such as lack of time, and economic or human resources, would represent a major
constraint. This means that citizen science provides an alternative or complementary approach to
address ecological questions that otherwise would be logistically challenging or unfeasible under the
traditional scientific framework (Dickinson et al., 2012; Newman et al., 2012; Pergl et al., 2020). The
scope and design of projects is usually determined by the primary objective, which may be more or
less focused on generating scientific data or increasing education and community engagement, with
the ultimate aim to lead to advances in both science and public understanding of science through a
collaborative partnership between multiple sectors of society. The level of public participation can be
considered a spectrum: whilst some projects are conceptualised and completed entirely by members
of the public who may lack scientific backgrounds—such as community conservation groups (Peters
et al., 2016)—others rely on a close partnership between citizens and professional scientists, or
alternatively, may be driven by professional scientists, involving the public only in the data collection
stage (Haklay, 2013; Pocock et al., 2015). These different models of project design, the respective
levels of involvement of citizens and experts, and the skills and experience of participants can result
in varying types and degrees of uncertainty, which has led to questions about the reliability of citizen

science datasets (Aceves-Bueno et al., 2017).

Uncertainty is an inherent part of scientific research; however, the way it is identified, understood and

handled can strongly influence the degree to which data may be interpreted and used (van der Bles
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et al., 2019). It manifests due to limited knowledge—usually from incomplete information in the data
collection stage and subsequent analysis of data—as well as through imprecise language.
Uncertainties in citizen science projects are often overlooked, sometimes completely ignored, and
previous attempts to provide solutions usually only consider them from an analytical perspective,
concentrating on only certain types of uncertainty (e.g., measurement error) (Bird et al., 2014; Jiménez
et al., 2019). Although the uncertainties that arise using a citizen science approach do not differ from
those under the more traditional framework of science, they may vary in magnitude, either negatively
or positively. For instance, as citizen science usually increases the “data collection power”, such
projects may be expected to capture the natural variation of large-scale phenomena better than small-
scale projects led by professional scientists (Baker et al., 2019). On the other hand, by favouring
guantity, some citizen science projects have higher rates of measurement error or increased data
collection bias compared to other approaches (Crall et al., 2011; Gardiner et al., 2012). Additionally,
the bias and associated uncertainty resulting from poor experimental design is rarely quantified and
considered in the analyses. Citizen science projects therefore may underestimate the importance of
setting a testable hypothesis and appropriate experimental design, which should consider trade-offs
between data quality and data quantity; the design of citizen science projects is often a compromise
between participation and data quality (Lewandowski & Specht, 2015). These characteristics of citizen
science can limit the conclusions that can be drawn from the data obtained or lead to its
misinterpretation. Further, uncertainty is seldom properly communicated, leading to
misunderstandings, mistrust, and limiting data use from citizen science projects in decision-making

(Vanderhoeven et al., 2017).

Data generated by citizens are now widely employed to monitor biodiversity and detect biological
invasions in all environmental realms (Bois et al., 2011; Pearson et al., 2019; Perdikaris et al., 2017;
Pusceddu et al., 2019; Stuart-Smith et al., 2017). This has been largely facilitated by the development
of online tools, dedicated websites and smartphone applications that provide a simple and engaging

way for citizen scientists to record their data (Adriaens et al., 2015; Giovos et al., 2019; Johnson et al.,

3
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2020; Rowley et al., 2019; Santori et al., 2021). In many cases, engaging citizens in the data collection
process may be the only practicable way to conduct large-scale or long-term studies or gain access to,
and collect data in, difficult-to-access sites (Lepczyk, 2005). As such, citizen science projects provide a
practical tool for addressing invasion-related questions, particularly for post-border surveillance
(Thomas et al., 2017) that require spatial, temporal, and/or phenological information (Roy et al.,
2018). For instance, citizen science has been used to delimit the distribution of alien species, during
both the early (Eritja et al., 2019; Hourston et al., 2015) and late (Bois et al., 2011; Crall et al., 2015)
stages of invasion, to understand alien species’ range expansions (Grason et al., 2018), as well as
temporal emergence patterns (Maistrello et al., 2016) and even to reveal impacts on native
biodiversity (Mori et al., 2019; Roy et al., 2012). Given that citizen science projects often capture data
opportunistically—particularly in the form of presence-only data—they may harbour large
uncertainties that must be accounted for in downstream analyses (Bird et al., 2014; Isaac & Pocock,
2015; Petersen et al., 2021). Additionally, the overall spatial and temporal data coverage from citizen
science initiatives may be uneven; thus, failing to account for this could make findings less robust for

use in decision-making on the prevention and management of alien species.

The way uncertainty is communicated (or not) may affect trust in citizen science outcomes and
ultimately decision-making relying on citizen science data (van der Bles et al., 2019). Indeed, additional
uncertainties may be introduced during the stage of communication. Many citizen science projects—
though often implicitly—aim to achieve learning outcomes and increase the scientific literacy of their
participants, which partly accounts for the engagement and motivation of volunteers (Jennett et al.,
2016). The project design and methods need to be explained to participants for a thorough
understanding of their role and to ensure these learning outcomes are achieved. This inherently
includes communication on how specific aspects of project design, such as the way data are collected,
relate to methodology to overcome biases and uncertainty. Furthermore, the endorsement of project
results by other parties and societal actors, the credibility of the research, and the uptake of citizen

science project results in decision-making, equally requires open and transparent communication to
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these stakeholders in ways to reduce uncertainty as well as suit the target audience and their aims

(Groom et al., 2019; van der Bles et al., 2019).

We argue that to produce scientifically robust and society-relevant conclusions, projects must be
carefully designed to identify and reduce potential sources of uncertainties. The analysis of the
resulting data must adequately account for the remaining uncertainty, and the uncertainty associated
with the findings must be effectively communicated. Here, we provide specific recommendations to
help increase the robustness of ongoing and future citizen science research projects and to increase
the reliability of their research outcomes. Considering the importance of citizen science in alien
species research, we focus on the application of citizen science to biological invasions in support of
decision-making. We (1) outline four common research aims citizen science projects address when
studying different aspects of alien species, then (2) identify the relevant sources of epistemic and
linguistic uncertainty in the process of conducting a citizen science project, and (3) provide suggestions
on how to reduce and account for epistemic uncertainties based on project aims. Finally, we (4)
provide recommendations for effective communication explicitly addressing uncertainty towards

participants, stakeholders, and end-users of project results.

In this manuscript we distinguish between professional scientists/experts and citizen
scientists/volunteer recorders, adopting this terminology. However, we recognise that the expertise
among participants of citizen science projects will vary greatly; some citizen scientists may possess
extensive knowledge relating to the study system and can indeed be considered experts that make
more accurate and reliable observations, reducing data uncertainty. Further, whilst we acknowledge
that citizen scientists often play an important role in the management of alien species, we do not
cover this here. Rather, we focus on the data collection and subsequent analysis and the

communication of research findings.
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(1) Project aims and key questions addressed in citizen science projects on alien species

Across the field of alien species research, we recognise four key aims for citizen science projects which
are largely driven by the need for information in decision-making on alien species policy and
management. To answer these research questions, certain types of data must be generated; each of
these can be subject to certain types of uncertainty meaning appropriate measures to reduce these

should be considered.

(i) Presence and Distribution: The first aim relates to verifying the presence of an alien species in a
geographic area, addressing the question “does species A occur here”? This is relevant in terms of
both species detection (i.e., detecting new incursions or confirming absence after a management
intervention) and delimiting species distributions. Engaging citizens in the surveillance of alien species
means ‘many eyes on the ground’ and may facilitate early detection of novel species incursions
(Ministry for Primary Industries, 2016; Thomas et al., 2017), which can be a critical factor in eradication
success (Vander Zanden et al., 2010; Wotton et al., 2004; but see Pluess et al., 2012). The early
detection of alien species has been aided using smartphone and web applications allowing citizens to
submit species occurrences and obtain taxonomic verification in real-time (Moulin, 2020).
Additionally, delimiting the distributions of some alien species has only been possible due to public
participants reporting sightings, which in certain cases may be more effective than traditional

biological monitoring techniques (Goldstein et al., 2014).

(ii) Abundance: The second aim relates to evaluating the abundance of a specific alien taxon in areas
in which it is known to occur. Estimates of abundance can be useful to understand the impact of alien
species (Parker et al., 1999; Sofaer et al., 2018) and are important data to plan and evaluate
management interventions. For harmful alien species for which eradication is no longer possible,
maintaining populations below an ecological damage threshold might provide the most cost-effective
management solution if feasible (Green et al., 2014; Robertson et al., 2020). Defining such thresholds

requires some form of damage-density relationship and abundance data. Abundance estimates are
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therefore important to inform the management of alien species (Bradley et al., 2018). Measurements
may be in terms of either the density (i.e., how many alien individuals are there in a given area?) or
relative abundance (i.e., how many alien individuals are there in relation to native species of concern,
e.g., parasites on a host or a plant). Information on relative abundance may also help understanding
whether only vagrant/casual individuals are present, or whether an established population occurs.
Citizen science projects that simultaneously assess the abundance of alien and native species are

especially informative to assess impacts of alien species on biodiversity (see point iv).

(iii) Trend: The third aim relates to questions regarding a change—in either the abundance or the
spatial distribution of a species—by ensuring some components of the temporal or spatial variation
are captured in the data. Citizen science projects can be particularly useful for research addressing
spread dynamics over large spatio-temporal scales (Preuss et al., 2014; Roy & Brown, 2015), which
would otherwise be unattainable. For instance, in Britain and Belgium researchers have been able to
track the spread of the harlequin ladybird (Harmonia axyridis) with a large-scale citizen science survey
(Adriaens et al. 2008; Brown et al., 2018). In Portugal and Italy, citizen science data revealed expansion
rates of the Asian hornet (Vespa velutina nigrithorax) and the brown marmorated stink bug
(Halyomorpha halys), respectively, facilitating the development of appropriate management
strategies at the regional level (Carvalho et al., 2020; Maistrello et al., 2016). Given the predicted
general increase in the number of alien species worldwide (Seebens et al., 2020) and the way
projected climate change is expected to alter species distributions (Essl et al., 2019), citizen science

data will certainly play a central role in informing future predictive models (Kress et al., 2018).

(iv) Impact: The fourth aim is an extension of assessing trends and relates to identifying the impacts
of alien species. In cases where impacts are investigated, they are usually inferred from correlations
with affected native species in terms of population trends, namely abundance, and distributional
changes, or in some cases, other indirect measures such as numbers of dead trees or water quality

(Colléony & Shwartz, 2020; Diamond & Ross, 2019; Guyot et al., 2015; Koenig et al., 2013; Roy et al.,
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2012). Such trends should be interpreted with caution as multiple causative agents of the decline of
native species and populations may not be captured in the study (Byers, 2002), potentially leading to
an overestimation of alien species impact. However, information on spatio-temporally co-occurring
species, including species from the same guilds, host or food plants, overlapping phenology etc., is
useful to assess potential impact of an invader. For instance, Adriaens et al. (2008) calculated niche
overlap indices which informed ecological risk assessment for an invasive alien ladybird (Kenis et al.,
2017). Future focus on the interactions between native and alien species may be more informative for

discerning impacts of alien species, particularly alongside mechanistic experimental studies.

(2) Identifying the different sources of uncertainty in citizen science projects

Most citizen science projects follow a generalised process of scientific inquiry (Fig. 1). First, the
occurrence of a phenomenon related to an alien species will initiate the motivation to ask a scientific
guestion. Identifying this question and developing a study to investigate the phenomenon may be
done before the data collection step, either by professional scientists, citizen scientists or through co-
creation. Alternatively, data may already exist, for example in online biodiversity databases, in which
case considering the steps prior to the stage of data analyses become less relevant as fewer sources
of uncertainty may be controlled. After data have been gathered, they are analysed and interpreted,
and ultimately communicated, for instance in the form of a report. For projects spanning longer
temporal scales, information learnt during the process may be integrated into subsequent actions

allowing the refinement and improvement of the different stages via a feedback loop.

Using the taxonomy of uncertainty outlined by Regan et al. (2002)—where uncertainty sources are
classified as either linguistic or epistemic (Table 1)—we identify where different sources of uncertainty
emerge during the process of scientific inquiry, in the context of citizen science for alien species
research (Fig. 1). It is important to note that uncertainties arising at each step can propagate to the

other research steps, and thus become compounded at the subsequent stages.
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Linguistic uncertainty

During any step of the project that requires communication, uncertainty can manifest through
imprecise language (from the communicator(s)) or misunderstanding (audience), leading to confusion
and misinterpretation of messages (Fig. 1; Regan et al., 2002). Linguistic uncertainties are not mutually
exclusive; that is, words and phrases may comprise more than one of the different types of linguistic
uncertainties (Table 1). For example, a phrase may be simultaneously vague and ambiguous, or
ambiguous and contain uncertainty due to lack of specificity. It is important to note that linguistic
uncertainty from communicators can amplify subjective judgement (see section on epistemic
uncertainties below) which arises due to the individual interpretation of information by the audience.
Given that subjectivity refers to personal feelings and opinions rather than facts it may be fair to
expect that inputs of subjective judgement will be magnified through the inclusion of many individuals

during data collection when compared to projects under the traditional scientific framework.

The first step where linguistic uncertainties will initially be introduced is during the ‘Communication
for data collection’ stage, where project coordinators will specify information pertaining to the
project, such as the rationale behind the research and the methods in which they require participants
to collect data. Under more traditional scientific frameworks, communication is usually restricted to
far fewer data collectors that would be recruited based on their level of expertise to collect data and
are usually provided with in-person training. The leveled expertise acquired through training and the
lower number of people involved makes it easier to control for linguistic uncertainties. The subsequent
step involving communication where linguistic uncertainty can arise is at the ‘Communication of the
results’ step, when the findings of the project are communicated either in the form of a report or
directly to an audience. The types of linguistic uncertainty relevant here only differ from other
scientific projects in the sense that they might require communication to a broader audience. For
instance, findings from citizen science projects addressing alien species may be published in academic

journals or communicated by other means to decision makers and stakeholders. Most importantly,
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results and project conclusions should be communicated to all participants in a way that can be clearly

understood regardless of their individual level of expertise and scientific knowledge (see section four).

A key consideration is that scientific terminology may be unfamiliar and interpreted differently by
citizen scientists due to the uncertainty associated with technical terms and phrases. Indeed, similar
problems arise within the use of natural language where definitions can have varying meaning due to
cultural differences. This is particularly applicable to the invasion science lexicon which is known for
its value-laden terminology in some contexts (Verbrugge et al., 2016). For example, although the
terms ‘alien’, ‘exotic’ and ‘non-native’ are frequently used interchangeably, research has
demonstrated that ‘exotic’ is more often perceived more favourably and associated with beneficial
impacts (Kapitza el al., 2019). Thus, carefully selecting the terminology used will be important to
consider for projects that involve individuals from wider geographical scales and particularly if projects

necessitate information being translated into additional languages.

Epistemic uncertainty

In any scientific project, epistemic uncertainty is always present as natural variation in the observed
phenomenon (Fig. 1; Table 1). Because citizen science projects can facilitate the collection of data over
greater spatial and temporal scales due to the increased ‘people power’, such uncertainties may be
better accounted for compared to other less-intensive studies. Whilst experts are thought to
consistently collect high quality data with reduced measurement error, numerous studies have
demonstrated citizens can have similar capabilities in terms of both accuracy and reliability (Crall et
al., 2011; Kallimanis et al., 2017). However, this is highly dependent on the study system and research
question at hand, given that some species will inherently be more difficult to detect and/or identify
than others (Brandon et al., 2003; Forrester et al., 2015). Additionally, poorly communicated
background information and instructions may lead to confusion and inconsistencies among citizen

scientists during the data collection stage.
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In all studies, epistemic uncertainty arises during the data collection. Here, these uncertainties will
most notably arise in the form of measurement error, systematic error and subjective judgement (Fig.
1; Table 1). Compared to studies conducted under the more traditional scientific framework it might
be expected that such uncertainties are amplified given the increased number of individuals
contributing to data collection. In citizen science projects, there are more chances for individual
observer-level error to be introduced during the data collection (e.g., misidentification of a species)
and recording (e.g., incorrectly entering data into a spreadsheet). This introduces additional variation
when compared to traditional methods linked to when, where and what volunteers record (Boakes et
al., 2016). Furthermore, the introduction of subjective judgement may lead to taxonomic, geographic,
and temporal biases. For instance, observer preferences for particular taxa—which can be influenced
by culturally related preferences or individual interests (Ressurreicao et al., 2012)—result in detection
biases. In this sense, subjective judgement can create systematic error whereby individuals will
intentionally include or exclude observations. Such biases have been demonstrated by Caley et al.
(2020), who found citizen scientists tended to preferentially log opportunistic insect occurrence
reports for species with more striking physical features. Similarly, citizen scientists may be more likely
to visit some localities over others for various reasons, such as their proximity to home, ease of access
or preference of habitat type (Petersen et al., 2021; Tye et al., 2017), leading to data with strong spatial
biases (Geldmann et al., 2016). There may also be biases in the weather conditions or time of day and
year when citizens collect the data (Baker et al., 2019); these spatial and temporal biases can lead to
natural variation being poorly captured in the data, creating knowledge gaps (Regan et al., 2002).
Additionally, Boakes et al. (2016) showed the recording behaviour itself can introduce bias which is
considered separately from volunteer’s natural preferences for taxa and places. This is certainly
relevant for the recording of high-profile invasive alien species which receive a lot of media coverage,

are often well known to everyone and therefore have a higher recordability.

Subsequent forms of epistemic uncertainty arising post data-collection include model uncertainty
during the stage of data analyses and additional subjective judgement arising when research findings
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are interpreted and communicated. Model uncertainty is inherent to all scientific research given the
necessity to describe biological phenomena using simplifications. Every time we collect data to make
inferences to describe the true state, natural variation leads to model uncertainty (Regan et al., 2002).
Once data have been analysed, subjective judgement is generated by the project coordinators when
they interpret data and communicate findings and when the audience (e.g., citizen scientists)

interprets this information.

(3) Reducing uncertainty

All research will inevitably be associated with various forms of uncertainty; however, if these are
appropriately considered—in terms of where and why they arise—different approaches may be taken
to reduce the overall uncertainties that may be relevant when designing a project and during the
downstream data analyses. We recognise that linguistic forms of uncertainty (Table 1) are of great
importance given their ability to contribute to the emergence of subjective judgement among
participants (see section above). Thus, our overall recommendation to reduce forms of linguistic
uncertainty and subjective judgement in this context is to be mindful of the language during any stages
where communication is involved. Specifically, avoiding the use of jargon-laden language where
possible and in cases where this is unavoidable, providing simple, clear and concise definitions for
scientific terms. Ideally, a reciprocal dialogue between participants and project coordinators should
be established to allow citizen scientists to ask questions and clarify aspects they may not initially
understand. In doing so, the communication approach may be refined in the future as the feedback is

integrated into the project (Fig. 1).

Below, we focus and discuss different ways to reduce epistemic uncertainty by: i) increasing the quality
of data generated by participants, ii) choosing an appropriate experimental design to account for

uncertainty in the analyses, while we provide ii) specific examples to account for uncertainty.
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i) Increasing quality of data generated by participants

The ability of citizen scientists to accurately collect data will depend largely on the question to be
addressed. Some projects require participants to have more specific identification skills that may be
improved through training or practice alone (Gallo & Waitt, 2011; Kampen et al., 2015; Starr et al.,
2014). One major issue is that, generally, novice citizen scientists are more likely to misidentify or
overlook species compared to professional scientists (Austen et al., 2016; Falk et al., 2019; Galloway
et al., 2006), which can lead to uncertainty in single observations regarding species identification and
presence at specific locations. The ability to accurately detect and identify species may vary
significantly among citizen scientists depending on the individual skills of volunteer participants; for
instance, some individuals may be amateur experts with abilities equal to professional scientists.
Importantly, however, it should be noted that some biases may become more, or less, prevalent as
the skill-level increases among participants. For instance, Farmer et al. (2012) found a tendency for
more false positives of rare species to be recorded by participants with higher expertise. In contrast,
Groom & Whild (2017) found false positives to be uniformly distributed among observers of different
expertise, yet both studies reported higher frequencies of false positive detections for rarer species
when compared to more common species. Increasing participants’ observational skills, in the aim of
reducing false negative and false positive detections, may be directly addressed by providing training
and feedback (but see Feldman et al., 2018), although such an option is often not feasible for many
citizen science projects. In some cases, the development of online tools to support learning may
provide an accessible way to improve citizen science skills as well as to promote engagement and
reach educational goals. Online tools that provide citizen scientists a platform to interact may also

help to increase individual competencies through peer feedback.

Currently, the majority of citizen science projects focusing on the recording of alien species have a
verification step, whereby data collected by participants (most often images or specimens) are

confirmed by experts (Schade et al., 2019; Wiggins et al., 2011). For example, during a survey on 103
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alien species citizen science projects in Europe, 89 projects indicated using validation procedures
(Alien-CSl consortium, unpublished data). Generally, the most prominent approaches for validation of
citizen science data are expert- and peer-validation, most often aided by automatic filtering
techniques (e.g., through data mining algorithms, artificial intelligence) which can address random
variation, such as outlier detection (Balazs et al., 2021; Wiggins et al., 2011). Model-based quality
assessment can tackle errors using an explicit model of variation in space and time. For example,
Kelling et al. (2015) indexed eBird observers variability using species accumulation curves to account
for observer skill and improve data quality post-hoc. The relatively labour-intensive step of data
verification is often necessary to ensure data quality, but future identification will likely become more
efficient through the use of machine learning based on imagery, acoustics, and environmental DNA at
both the individual and landscape-level (Demertzis et al., 2018; Demertzis & lliadis, 2017; Kganyago et

al., 2018; Milian-Garcia et al., 2021; Terry et al., 2020).

ii) Choosing an experimental design that allows to estimate and account for errors

When considering the experimental design for a project where a citizen scientist will survey a specific
location (or site) for the presence of an alien species, we can distinguish two types of observation
errors (Fig. 2): the alien species is present but is not detected/identified (i.e., a false negative
detection), or the alien species is not present but recorded due to misidentification or false reporting
(i.e., a false positive detection). Although proper training can minimise these errors, they are unlikely
to be eliminated and therefore need to be accounted for statistically, especially for species and life
stages not easily identifiable. This is possible if the rates at which these errors occur are either known
or can be learned from the data, with the possibility of the latter depending on the experimental

design.

Error rates of any kind may only be learned from replicate data points. Take, for example, a citizen
scientist visiting the same location multiple times. If the alien species is present at that location, the
fraction of visits at which it was not detected provides information about the rate of false negatives.
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Similarly, if a citizen scientist reports the alien species at several locations from which no other citizen
scientist has ever detected it, that individual must either be superior at detection or otherwise
misidentifies the species frequently. A key realisation from this is that error rates can only be learned
properly if absence data are collected: if a citizen scientist only reports visits that resulted in an
observation, the data contains no information about the probability of detection. In cases where
absence data (i.e., non-detections) cannot be collected directly, an effort should be made to estimate
them, for instance by estimating an observer’s activity through reports of common species (for which
an error rate can be assumed), the number of visits to a location, the length of a species list or other

covariates (Lele et al., 2012).

In the case of high error rates, uncertainty may be reduced by focusing on hierarchical parameters,
i.e., model parameters that govern other parameters of the model (Box 1). The reason is that for
hierarchical parameters, many data points are collectively informative, and this information can be
exploited if error rates are either known or can be estimated accurately from the data. The fraction of
locations at which an alien species is present, for instance, may be estimated accurately, even if the
presence at individual locations is highly uncertain (Box 1). When designing citizen science projects,
we thus recommend identifying the most relevant hierarchical parameters and to choose an

experimental design most suitable for those.

iii) Accounting for uncertainty: specific examples

In the following section, we will discuss approaches to learn and account for detection errors when
assessing the distribution, abundance and trends of alien species, related to each of the key project

aims identified above.

Distribution: We distinguish two experimental designs of citizen science projects to delineate the
distribution of alien species. In the first design, citizen scientists are asked to report potential sightings

of the alien species without being instructed where to look. In the second design, citizen scientists are
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asked to survey specific locations and to report whether or not the alien species was detected. These
designs differ fundamentally in the error rates that may be learned. Since non-detections are not
reported in the first design, no information on search effort is available, meaning we cannot infer error
rates from these data alone. This is a general problem of presence-only data, and existing methods to
infer species distributions from such data assume that error rates are predicted well by ecological
covariates (Guisan et al., 2017). For rare alien species, however, environmental covariates may not be
good predictors: their relatively recent introduction means they have likely only covered a small part
of their environmental niche space. Inferring the spatial distribution of an alien species under such an
experimental design thus requires the verification of reports and evidence by experts unless search
effort can be estimated from other covariates such as reports of more common species, the number

of visits, or the species list length (Isaac et al., 2014; Szabo et al., 2010).

By contrast, when non-detections are reported along with detections, error rates and species
distributions can be estimated jointly. Occupancy models (MacKenzie et al., 2002) are the most
frequently applied method to achieve this using citizen science data (Altwegg & Nichols, 2019; Dennis
et al., 2017; van Strien et al., 2013). The measure of interest under these models is the distribution of
presences (occupancy) or absences of a species at surveyed locations, which are learned while
accounting for false negatives by explicitly modelling and learning detection probabilities. Under the
assumption of no false positive detections, these detection probabilities are readily learned if
locations were surveyed multiple times: if the alien species was detected at a location at least once,
all surveys at that location that did not result in detections must be false-negatives (Box 2, MacKenzie

et al., 2002).

Occupancy models may also account for variation in detection rates among observers. To learn
individual detection rates, observers should conduct surveys at different locations. This is because if
an observer surveys only a single location but never detects the target alien species, it may be because

the alien species is not present at this location, or because the probability of the observer detecting
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the species is low (i.e., a high false-negative error rate). The latter would be concluded if the same
observer reported non-detections at locations where others did spot the alien species. If such a design
is not feasible, variation in detection rates may still be accounted for by modelling them as a function
of covariates correlated with an observer’s level of training, the search effort spent at a location (if

reported), or both (Box 2, Johnston et al., 2018).

If the number of surveys per location is too low to accurately infer local presences or absences,
hierarchical parameters may be learned. These typically include the fraction of locations at which an
alien species is present, and ecological covariates predicting local presences and absences (Johnston
et al., 2018). Compared with other species, however, the latter may be less useful for recently
introduced alien species as their distribution may be less determined by characteristics of the

environment but more by their introduction history and patterns of dispersal.

Classic occupancy models generally assume no false-positives or that false-positive rates are known.
The reason is that false positives cannot be distinguished from true positives from reported detections
alone. However, false-positives are common in citizen science data, particularly for studies that aim
at detecting recently introduced and hence rare alien species that are therefore easily misidentified
(Groom & Whild, 2017). To learn false-positive rates in an occupancy setting, additional information
must be available, either in the form of ground-truth at a subset of locations, or confirmed detections
(e.g., by requesting to upload pictures of the observed individual(s) (Chambert et al., 2015;
Vantieghem et al., 2017). The latter approach may be particularly appealing for citizen science data of
recent invasions in which false-positive rates are likely high, but a fair number of reported detections

can be confirmed by experts.

Abundance: Inferring abundance is generally more challenging than occupancy because, in the
absence of false positives, a single detection is sufficient to identify a location as occupied, but a single
detection may indicate a low abundance, a low detection probability, or both. If detection rates are
low, however, variation in the frequency of detections at a location does provide information about
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variation in abundances between locations. The Royle-Nichols model (Royle & Nichols, 2003), for
instance, captures this information by assuming detection rates to scale exponentially with
abundances. These models require the same experimental design as classic occupancy models:
observers must report absences and ideally survey multiple locations, including some also surveyed
by others. If the latter is not possible, covariates indicative of the level of training of observers should

be collected.

If an abundance survey is targeted to locations at which the alien species is expected to be common
(i.e., there are numerous individuals), most visits might result in detections. In these cases, simple
presence-absence data are not sufficient to distinguish locations. Rather, observers should provide an
estimate of abundance. These estimates may be from direct observations such as the number of
individuals or a measure of vegetation cover, biomass or density, or from indirect observations such
as the number of nests, the presence or frequency of faeces or tracks, or a browsing index. The
aforementioned count data, however, do not lend themselves easily to infer error rates as the
parameters regarding abundances and detection probabilities are confounded: a low abundance
location surveyed with a high detection probability may result in the exact same number of
observations as a high abundance location surveyed with a low detection probability. As a result, joint
estimates of abundances and detection probabilities are associated with large uncertainty, even from
a large number of replicates (DasGupta & Rubin, 2005, Box 3, Fig. 5A). As we show in Box 3, it may
therefore be advisable to infer relative abundances only, as these can be learned more accurately and
jointly with relative detection probabilities if observers visit multiple locations or if relative detection

probabilities are well characterised by covariates.

Trend: Of interest may be both trends in the distribution and trends in the abundance of an alien
species. Common to both is that changes in the effective search effort between surveys must be
accounted for. For instance, if a citizen science project is successful in acquiring new participants, or if

the participants gained additional experience in detecting the target species, an increase in the
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number of reported detections may not necessarily reflect an increase in the abundance of that
species. A statistical approach to infer population trends must thus account for temporal variation in
the effective search effort, either by modelling it explicitly or through informative covariates such as
the number of active citizen scientists or their rate in reporting more common species whose

abundance is assumed not to change through time.

For repeated survey data resulting in reported detections and non-detections, occupancy models can
be extended to trends in distributions explicitly with two additional parameters: the rate at which an
alien species colonised previously non-occupied locations, and the rate at which it gets extinct at
previously occupied locations (MacKenzie et al., 2003). Similarly, Royle-Nichols models can be
extended to detect trends in species abundances by explicitly modelling population growth (Dail &
Madsen, 2011; Hostetler & Chandler, 2015). These so-called multi-season models require generally
similar experimental designs as their single-season analogues, but they differ in one key aspect: a
design in which observers survey a single location is permissible, even if their level of training is not
well reflected by covariates. The reason is that while observers vary in their detection probabilities,
information about a change in occupancy state is contained also in the data of a single observer visiting

the same location repeatedly, allowing for error rates to be integrated out (Link & Saur, 1997).

This is also true for surveys in which citizen scientists report direct or indirect estimates of abundances:
regardless of the detection probability of an observer, a change in abundance translates into a change
in the expected reported abundances (with the exception of a detection probability of 0). Link & Saur
(1997) introduced such trend models for direct or indirect observations well characterised by Poisson
processes (including the negative-binomial distribution for overdispersed data), for which Aebischer
et al. (2020) recently introduced an analytical Bayesian solution. Most count data are well
characterised by Poisson processes, and importantly including from surveys in which citizen scientists
report all detections without surveying specific locations. While such a design does not allow for easy

estimation of error rates (see above), it may still result in an accurate inference of population trends,
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as we discuss in Box 4. A common drawback of existing methods to infer trends in abundance is their
assumption of no false-positives. While citizen science protocols involving expert or community-based
validation procedures may reduce false-positives to a minimum (Schade et al., 2019; Wiggins et al.,
2011), we identify the development of methods that explicitly account for false positives as an

important area of future research.

(4) Communicating uncertainty to participants and other stakeholders

Effective communication should be considered a central component of all citizen science projects
(Garbarino & Mason, 2016). It is necessary to achieve project objectives which will be different for the
various actors involved (e.g., citizen scientists, professional scientists, managers, policymakers and
other stakeholders). In the context of alien species, clearly communicating is not only important in the
recruitment, engagement, motivation and retention of participants (Dickinson et al., 2012), but can
be instrumental for the success of any management decisions (Falk et al., 2016). Highlighting the
extent to which the data collected are used may be relevant to strengthen the engagement of citizens
in such projects. In a complementary way, there is an interest in communicating towards stakeholders
and decision-makers in particular, to make them understand how much added value there is in taking
into account data from citizen science as an element of evidence. These two aspects can act in synergy
and reinforce each other (Groom et al., 2019). Effective communication during the early stages (i.e.,
the recruitment of participants and data collection before it becomes routine) will require an
explanation of the aims and importance of the project. Participants should be made aware about what
their contribution may lead to (e.g., eradication or management of a species, research to underpin
management decisions, research on invasion dynamics or impacts of alien species) given the potential
for individual participants to oppose management methods and outcomes. Instructions for
participants should be clearly explained to reduce the potential for miscommunication and improve

data quality throughout the project. Importantly, by understanding the way in which messages can
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become misconstrued, we can minimise additional uncertainties that may emerge during

communication.

Central to effective communication is establishing a reciprocal dialogue between project coordinators
and participants, taking into account that this should ideally be based on a two-way process
(Shackleton et al., 2019). Sustained engagement throughout the project, where participants are able
to provide feedback and ask questions, enables project coordinators to refine their approach to
identified issues, which need to be tackled to reach the intended educational, engagement and
research outcomes (Druschke & Seltzer, 2012). In recent years a number of communication best

practice guidelines have become available to project initiators (e.g., Veeckman et al., 2019).

Objective and efficient dissemination of research findings and the associated uncertainty (in a way
that reduces the potential for the audience to misinterpret and potentially misuse information) should
be a central aim of citizen science initiatives. Communicating with participants by providing feedback
and presenting the research findings and their implications is an important obligation of project
coordinators working within the citizen science framework (Vries et al., 2019). As project results,
particularly regarding alien species, may be relevant to policymakers and managers (Groom et al.,
2019; Lioy et al., 2019), the approach used to communicate findings and their uncertainty may require
adaptation based on the intended audience (e.g., project participants, scientists, the general public or

decision-makers).

Following a framework of uncertainty communication outlined in van der Bles et al. (2019), we identify
the different components to consider when developing research and communication strategies in

citizen science projects.

Who is communicating to whom?

A key element to acknowledge is how the relationship between communicator(s) and the audience

can influence how uncertainty is perceived. The audience may come from culturally diverse
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backgrounds, hold different values and motivating factors, and have a varying degree of numerical
and scientific literacy skills (Ganzevoort et al., 2017; Wright et al., 2015). Thus, although there may not
be a one-size-fits-all approach to the form in which uncertainty is communicated, one should consider
what is being communicated to whom. For instance, the relationship between the communicator(s)
and the audience can be important from the perspective of whether the information being received
and the person/organisation conveying it are considered trustworthy (van der Bles et al., 2019). Trust
of the audience in the communicator is of utmost importance as the lack of trust will lead to a
defensive stance or rejection even if the messages are true (Tuler & Kasperson, 2013). This highlights
the importance of selecting communicators based on their reputation with the audience and their
ability to effectively engage with participants. Some projects aimed at large-scale participation may
warrant the use of professional science communicators, and/or public figures of endorsement, to be
involved or consulted during the out-reach phases of projects to build rapport, encourage
participation and continued involvement in the project. More targeted projects may benefit from
involving individuals with greater relatability with participants during communication stages. For
example, if an alien species has a much greater probability of establishing within agricultural
landscapes, involving one or more local farmers to act alongside project coordinators in a
communication role may facilitate improved project outcomes. This could be particularly important if
implications of the research may lead to management actions that require landowner support.
Another option is to use project ambassadors i.e., people from the citizen science community itself
acting as role models for other participants and helping in promotion and community building

(Druschke & Seltzer, 2012).

What is being communicated?

Identifying exactly what we are uncertain about is necessary to then determine the way in which it
should be communicated (van der Bles et al., 2019). Here, it should be noted that both the information

that we are uncertain about and how it is expressed can influence the effect of the communication to
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the audience. When the data has the potential to be used for a specific purpose in decision making
processes, it is important to have a good understanding of the information needs, how and to what
extent the consideration of uncertainty may influence the decision making and steer the decisions.

This helps to identify what needs to be communicated.

For citizen science projects that address aspects of alien species, uncertainty will stem from whether
the collected data adequately captures the information required to answer the specific research
question(s). Effectively, identifying the types of uncertainty that need to be communicated can help
to determine how best to do so. For instance, does the uncertainty arise because of sampling variation
across space or time (i.e., the experimental design), or rather because there is a lack of knowledge
around the biology and dynamics of a given species (i.e., there is a general knowledge gap)? Further,
how large are these uncertainties and how does that affect our confidence in the results? Different
analytical techniques can be applied to derive measures of certainty around the data that is usually
expressed through probability distributions or qualitative statements and may be communicated
through various forms of graphical visualisations such as error bars and confidence intervals (Padilla
et al., 2021). Identifying exactly what the source of uncertainty is will help to guide appropriate ways
to communicate it and can affect how information is perceived (see below). Communicating these
identified uncertainties to participants/stakeholders in a clear and transparent manner is critical to
create and maintain trust in the results and the people who participated in the project. Importantly,
potential conflicts of interest should be explicitly stated as participants may be sceptical of findings if

they perceive a biased agenda.

To what effect?

The effect to which uncertainty is communicated will vary among the audience. This is due to the
strongly subjective nature of interpreting informing, based on not only what the message is but also
in the medium of format in which it is conveyed (van der Bles et al., 2019). For instance, the various

ways that uncertainty is visualised (e.g., error bars around a mean, boxplots etc.) are not consistently
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understood among people (Padilla et al., 2021). This can be shaped by the elements we previously
mentioned; however, as subjective judgement arises due to the interpretation of information, we may
reduce this form of uncertainty to some degree if messages are conveyed in a clear and
understandable way. Again, having a good understanding of the knowledge needs and potential

purpose of the data allows you to properly shape the communication and thus maximise its effects.

When communicating project findings, care must be taken to not present information in a misleading
way, for example, with unfounded certainty (by downplaying the uncertainty) that may undermine
project outcomes in the long term (e.g., engagement and empowerment of citizens) and produce
public distrust. Given that citizen science projects on alien species may have management
implications, which can be highly contentious (Crowley et al., 2019; Friedel et al., 2011; Zengeya et al.,
2017), presenting an objective interpretation of research findings will produce the most beneficial
outcomes for the project, but also ultimately for public trust in science in general. If the research
findings lead to recommendations, it is also important to communicate the level of uncertainty that is
relevant for the decision (Fischhoff & Davis 2014), e.g., if uncertainty around a measurement of alien
species abundance does not affect the recommendation for its management. Although policies and
practices related to the management of alien species are intrinsically value-driven and will therefore
strongly influence how messages transmitted are received (Reaser, 2001), communicating
transparently will establish and maintain trust to the benefit of citizen science in general. In dealing
with uncertainty, communicators also grapple with the issue of credibility. Acknowledging uncertainty
and explicitly communication on uncertainty will increase the perceived trustworthiness of the data

(Lundgren & McMakin, 2018).

Conclusions

We recognise that citizen science plays a steadily growing role in the understanding, and ultimately in
the prevention and management, of future biological invasions and in the ongoing monitoring of

already established alien species. Citizen science projects provide opportunities to capture
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information that would otherwise be difficult to record, usually due to high costs and efforts
associated with data collection. They mutually benefit science and society, expanding scientific
knowledge and improving science literacy among the general public. However, data generated from
citizen science projects may be associated with varying degrees of uncertainties. These should be
adequately acknowledged and addressed in the project design. Neglecting to address these
uncertainties, particularly when communicating with participants, stakeholders, managers, and
policy- and decision-makers can decrease overall confidence in the results, leading to inappropriate
management decisions and public scepticism. Effective uncertainty communication (Box 5) creates a
more informed public, empowers citizens in the decision-making process and leads to better uptake

of management decisions.
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Box 1: Inferring hierarchical parameters

As an example, consider a project in which citizen scientists report detections and non-detections
of an alien species at a large number of locations. Rather than inferring whether a location is
occupied (i.e., the alien species is present) for each location individually, such data may be
modelled using hierarchical parameters that govern the distribution of occupied locations. For
instance, one might introduce the hierarchical parameter 1 that reflects the fraction of locations

that are occupied.

To illustrate this, consider a project in which citizen scientists visit L locations m times each. Let
d; reflect the number of visits at location I = 1, ..., L that resulted in a detection, and the
remaining m — d; in a non-detection. Let us further denote by z; wheter location [ is occupied
(z; = 1) ornot (z; = 0) and by €, and €4 the false negative and false positive detection rates,

respectively. Under this model,

m m
(dl> 6{%(1 — €)™ if 7 =0,
P(dy|z;, €91, €10) = <m

—d .
dl) (1 — 601)dl€g:ll L lf zZ; = 1.

As an example, we consider the case with m = 5 visits per location, €g; = 0.1 and €, = 0.7. As
shown in Fig. 4, accurately identifying occupied locations is difficult under these parameters: the
most likely data at occupied locations is d; = 1, which is almost equally likely to get at non-

occupied locations as well.

To infer the hierarchical parameters ), €51 and €;, we integrate out z; to obtain the relevant

likelihood

L

P(dl, €91, €10) = H[P(dllzl = 0,€01,€10) (1 —¥) + P(d)|z;, = 1€¢1, €10)Y].

=1

In Fig. 4, we show Bayesian estimates of the parameters 1, €51 and €, from data simulated at
L =100,L = 1,000 or L = 10,000 locations, confirming that these hierarchical parameters can

be inferred rather accurately if sufficient locations were surveyed.
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Box 2: Occupancy models for citizen science data
Let z; denote whether site [ = 1, ..., L is occupied (z; = 1) or not (z; = 0) and y;,whether the
species was detected (y;, = 1) or not (y;, = 0) during visit v = 1, ..., V at site L. If the site is

occupied, the species is detected with probability p;,, such that P(y,, = 11z}, p1,) = P2

The detection probability p;;, cannot be estimated for each site and visit individually, but it can be
estimated if data from multiple visits are pooled. One way to achieve this is by modeling p;,, as a

function of site and observer specific covariates:

logit(py,) = ﬁov + Bx,,

where B, is the observer specific intercept of observer o, that conducted visit v, x; a vector of
sites-specific covariates with associated coefficients . To pool information about occupancy
across sites, it is further often assumed that the probability of occupancy P(z; = 1|y;) =y, isa

function of environmental covariates

logit(¥;) = ay + ay,,

where ayis an intercept, y; a vector of site-specific covariates with associated coefficients a.

Here, agy, a, B and B are parameters estimated from the data.

Many alternative choices of covariates are possible. If individual observers conducted too few
visits to learn their detection probabilities individually, p;,, may be modelled as a function of

observer covariates related to expertise (e.g., Johnston et al., 2018).
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Box 3: Estimating relative abundances

Consider a survey designed to quantify the abundances N, at locationsl = 1, ..., L from
abundances reported by observers j = 1, ..., from a total of V visits. Let d,, denote the reported
abundance during visit v = 1, ...,V conducted at location [,, by observer o,,. Here, d,, is affected
by both the abundance N;  at location [, as well as by the detection probability p,  of observer

0, such that

N
P(dlelv:pov) = (dlv) povdv(l - po,,)Nl”_dv
v

is given by binomial sampling. Since Ny, and p,, are confounded, estimating them individually is
difficult (DasGupta & Rubin, 2005). To illustrate this, consider a case with two locations with

N; = 100 and N, = 200 surveyed m = 5 times each by a single observer with detection
probability p = 0.2. As shown in Fig. 5A, the uncertainty associated with abundance estimated
from that data under mild priors N;, N,~Exp(0.001) spans about two orders of magnitude. This
is because the data is well explained by pretty much any abundance if paired with a
corresponding detection probability and more informative priors would be required to constrain
the range of possible values. However, there is considerable evidence that N, is about twice N;

(Fig. 5B), illustrating that relative abundances may be learned accurately from such surveys.

To generalize the inference of relative abundances to many locations, let us assume that the
abundances N; = Nye”! are scaled by location-specific factors p;~N (0, aﬁ) that are themselves
normally distributed with mean zero variance ag. Similarly, we assume that the detection
probabilities p; = logistic(m, + ;) are scaled by observer-specific effects ;~N (0, 02) that are
also normally distributed with mean zero and variance o2. Here, the logistic transformation

ensures 0 < p; < 1. We further enforce the conditions %Zipz = 0and %Zj m; = 0 by scaling Ny

and p, accordingly. If observers do not visit multiple locations, the 7r; need to be modelled using

informative covariates.

We conducted simulations with N, = 100, ag = 0.2,y =—1and 0,% = 0.5, corresponding to
an average detection probability p, = logistic(m,) = 0.27. As shown in Figs. 5C and 5D neither
Ny nor p, can be inferred accurately, regardless of whether L = 20 or L = 100 locations were
surveyed by /] = 20 or /] = 100 observers visiting m = 5 different locations each, corresponding
toV =100 and V = 500 visits, respectively. In contrast, the relative abundances are estimated

well, and easily distinguish locations with high from those with low abundances (Figs. 5E and 5F).
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Box 4: Inferring trends in abundances

We consider a design in which citizen scientists are reporting GPS locations of all detections. We
further assume that there exists some information proportional to the spent search effort, such
as the time citizen scientists spend looking for the alien species or the number of reports of a
commonly detected species. Let us denote by d;;(t) the number of detections reported by
observer j = 1, ...,J during survey t in a specificarea l = 1, ..., L, for instance a specific cell of a
geographic grid, and let s;;(t) be a measure proportional to the search effort spent by observer
j inthat area. Under such a design, n,; is likely well characterized by a Poisson distribution n;; ~
Pois(4;;(t)s;;) with unknown rates 4;;(t). Note that these rates are affected by the abundance
at location i as well as the detection probability of observer j at that location, itself a potentially
complex function of the training of an observer as well as characteristics of the location (e.g.

vegetation).

Assuming that the detection probabilities are constant across surveys (4;;(t1) = 4;;(t;)), a
change in the rates is reflective of a change in abundances. The interest therefore lies in inferring
changes in the rates, which are independent of location or observer-specific characteristics. For a
case of two surveys at t;, t,, we thus have 1;;(t;) = ¢4;;(t;) and wish to infer ¢ from the data
of all observers and all locations. Following Aebischer et al. (2020), conditioning on the number

of observations n;; = d;;(1) + d;;(2) leads to the likelihood

L J
P(d|¢p,n) 1_[ 1_[ P ()W (1 — pyj(¢)) Wt
I=1 j=1

W|th d = (dll' ""d].]' dL])I n= (nll, ...,n]_], ,TlL]) and

A (D)sy;(1) _ <1 _l_Slj(Z) ¢>_1
A (Ds; (1) + A, (D)s(1) 5;;(1)

pij(P) =
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Box 4 cont:

Importantly, this formulation gets rid of the nuisance parameters 4;;(t). Note further that no
absolute estimates of search efforts are required: since only their ratio is relevant, any quantity
proportional to the search effort will do. The posterior distribution of ¢ is readily inferred under

Jeffrey’s prior (Aebischer et al. 2020).

To illustrate this approach, we simulated data for observers that each surveyed a unique location
during two consecutive surveys. As each location was surveyed by a single observer, detection
probabilities and the abundances cannot be inferred individually without strong assumptions about
their distribution (there are less data points than unknowns). However, a trend in abundance may
still be identified. To show that, we simulated observers j = 1, ..., ] with detection probabilities pj ~
Beta(0.01, 10), their search efforts as s;(t) ~ Exp(0.1) and the abundances at their location as
N;(t;) ~ Pois(10). Data simulated this way resulted in reported abundances d;(t;) = 0in > 99%
of all surveys, representative for citizen science projects targeting rare alien species. We then
identified the power to detect a decreasing trend with ¢ = 0.5, 0.9 or 0.95 for different number of
observers (and corresponding locations). As shown in Fig. 6, trends are reliably identified if sufficient
observers participate, with stronger declines generally easier to identify. Obviously, higher detection
probabilities, higher abundances or larger search efforts would all result in higher reported
abundances and render trend identification easier. In case the assumption of constant detection

rates it not possible, covariates accounting for variation can be folded into s;;(t) (Link & Saur 1997).




PROBERT ET AL. SUBMITTED

Box 5: Key messages for effective uncertainty communication

Uncertainty is an inherent part of the scientific process and will persist to some degree regardless of
the approach. The understanding and extent of uncertainty, particularly in relation to our confidence
in the results, is critical to open and transparent communication of scientific findings.

Set up your aims: Establish and communicate a clear objective and indicators of success.

Know your audience: Define the target audiences, understand their values and motivations, identify
their needs and potential agenda, and understand how uncertainty may steer the decision-making

process and the decisions. Adapt your message and communication approach accordingly.
Avoid jargon: Keep the usage of jargon to a minimum and explain scientific terms clearly.

Train participants: Ensure participants have adequate instructions and understanding so providing
benefits through democratisation of science by increasing scientific literacy while also reducing errors

and uncertainty.

Develop a reciprocal dialogue: Communication should occur between project coordinators and citizen

scientists. Channels for easy communication should be set up and encouraged by project organisers.

Ask for feedback: Actively seek discussion and feedback throughout the communication effort. This

will help determine where potential misunderstandings may be arising.

Acknowledge uncertainty and communicate about it explicitly: Discuss the sources of uncertainty,
explain why it exists, describe what, if anything, can be done to manage it better. Explain the level of

uncertainty that is relevant for decision-making.

Build trust with your audience: Be honest, transparent and unbiased in communicating with your

audience. Trust between communicator and audience is essential for effective communication.

Share your stories: We can improve our application of citizen science to biodiversity studies by
highlighting the successes and, importantly, failures of projects while also sharing the excitement of

the collaborative outcomes.
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Table 1: Epistemic and linguistic uncertainties (Regan et al., 2002) relevant to citizen science in context

of research addressing alien species.

Epistemic uncertainties

Natural variation

Relates to the changes (usually related to space and time) which are naturally and inherently present but often
difficult to predict. Citizen science projects may be able to help reduce such biases, particularly related to natural
spatial variation, by upscaling data collection. Example: Populations of alien species vary in different demographic

attributes due to natural changes in fecundity and mortality.

Measurement error

Occurs due to imperfect measuring equipment and observation techniques, including when the individual and/or
equipment causes the error.

Example: A participant under- or overestimates the number of individuals of a species on site. The Global
Positioning Satellite (GPS) of a smartphone is slow and records an observation in a different kilometre square or

with high associated coordinate uncertainty.

Systematic error

Arises due to biases in sampling procedure or measuring equipment.

Example: For example, two species A and B look relatively similar. A citizen scientist consistently records the
presence of species A as the presence of species B as they do not realise that there are two different species; or,
a citizen scientist incorrectly sets up a GPS device and now all locations that the citizen scientists record are

systematically wrong.

Model uncertainty

Results from the necessity to represent the ‘true’ situation through the use of simplified models. Model
uncertainty is generated from the fact there are a multitude of drivers that affect a process, and we will never
capture the true scenario. Model uncertainty may be reduced through model validation methods (Zurell et al.,

2010) and ensuring that findings are interpreted within the limits of the model.

Subjective judgement

Arises through the interpretation of information. This is relevant from the perspective of both the project co-
ordinators and the audience (e.g., citizen scientists) receiving the information. Linguistic uncertainties may
exacerbate subjective judgement.

Example: A scientist believes that changes caused by an alien species in an ecosystem (e.g., soil pH) are generally

deleterious for native species and therefore describes them in the report as detrimental for the ecosystem.

Linguistic uncertainties

Vagueness

Language that permits borderline cases; common when using linguistic categories that underpin continuous
measurements.

Example: Asking citizen scientists to provide linguistic size class categories, such as small, medium and large, for

a specific species observation, may lead to inconsistencies.
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Context dependence

When the context under which something is required to be completely understood is absent.

Example: Species may be thought of as either native or alien, depending on their geographical range. For instance,
species translocated within a country may be perceived as native by some yet alien by others. Understanding the

native range is necessary for context to determine if it is alien.

Ambiguity

Where more than one meaning for a word or phrase may be interpreted and it is not clear which meaning is
correct.

Example: The term ‘invasive’ can be interpreted differently as current definitions use it to refer to alien species
that are established and widespread across a landscape with no reference to impact, or alternatively, alien species

that are perceived to have deleterious impacts.

Under specificity
When there is an unwanted generalism and information is not clear due to the lack of detail.
Example: Failure to clearly explain to citizen scientists the level of details necessary for each species observation

may lead to incomplete records and data gaps.

Indeterminacy of theoretical terms
Occurs because language is imprecise, and words can change meaning with time.
Example: Species names (both their scientific nomenclature and common names) can change over time, causing

confusion to those who were aware of their previous names.
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Figure 1: Schematic of a generalised scientific process in context of citizen science, beginning with the occurrence of some phenomenon (e.g., arrival, spread)
of an alien species to be investigated. Sources of uncertainty (Regan et al., 2002), and where they arise, have been mapped along the process. The specific
types of epistemic uncertainty are listed, with linguistic uncertainties presented in general. During the communication of both the project aims and the results,
subjective judgement is relevant as it may influence the message made by the communicator(s) and thus the way the recipient audience perceives the
information. Text in ovals indicate actions, whereas text in rectangles indicate outcomes. The asterisk between the ‘Data’ and ‘Data analyses’ stages indicates
that some projects utilise data generated by citizen scientists and thus for some projects the research question may be identified post-data collection (e.g.,
projects that data mine biological databases). The dashed lines represent the potential for information learnt during the process to be integrated into

subsequent actions for longer-term projects allowing the process to become refined and improved as information is learnt.
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Figure 2: The two forms of detection errors are illustrated using the example of a frog at a specific
location. False negatives (Type Il error) occur when an observer does not detect the alien species that
was indeed present. This may arise because observers are i) either looking in the wrong place (e.g.,
the species occurs on plant A, but the observer only looks on plant B) ii) the species is cryptic or hidden,
or, iii) is seen, but incorrectly identified (in our example here, the spotted frog is misidentified as our
frog species of interest). False positives (Type | error) occurs when an observer incorrectly detects the

alien species (usually based on an inaccurate species identification).
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Figure 3: Detection biases may be accounted for by obtaining information about individual observer’s

detection rates. Some observers may be more likely to detect a species. To learn error rates, studies
should be designed such that different locations are visited by more than one observer (illustrated by
figures of different colours). Not all projects will lend themselves to such a design; there may be few

participants and/or participants may be unable to visit multiple locations.




PROBERT ET AL. SUBMITTED

0.6 o 8 - H )
A - Occupied B — L=10" ¢ — €01 | D — m=10" o
05 - -e- Not occupied -- L=10% 50 — & 020 o == Lm=10° , /
> 6+ cL=10?| » ! g ;o
z %41 2 g 404 : 204154\ °
c 1 o
& SR © ° a3 | 5 o
s %37 5 47 5 . 2 ° L/
8 = 5 \ \ S 010\, s o
L 02+ 3 % 20 " o \ , /
L] o o ' o]
e o 2 a i, g 0.05 - o ‘ ° o
0.1 4 o \ 10 — i ' R o, 6.00 o
g . . i M 05.000
0.0 o—o=e L ! -~ [ B SR - 0.00
T T T [ — L B E— T T T | — T T T T T T
o 1 2 3 4 5 00 02 04 06 08 10 00 02 04 06 08 10 10" 102 10° 10*
Number of detections A € Number of vists m

Figure 4: lllustration of the hierarchical model from Box 1 with parameters ¥ = 0.3, €5; = 0.1 and
€10 = 0.7. A: expected distributions of the number of reported detections at occupied (filled, orange)
and not occupied locations (open, black) for m = 5 visits per location. B and C: Posterior distributions
on ¥ (B), €o1 (C, black) and €;, (C, orange) for data simulated at L = 10* (solid), L (dashed) and L =
102 (dotted) locations with m = 5 visits each. D: Accuracy of inferring 1 as quantified by the root
mean squared deviation (RMSD) of the posterior means of 1) across 100 replicate simulations for
different combinations of locations L and visits m for Lm = 10° (solid), Lm = 10* (dashed) and Lm =

103 (dotted) the total number of visits.
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Figure 5: Inferring relative abundances under the models presented in Box 3. A-B: Posterior estimates
of abundances from data simulated for five visits per location with N; = 100 and N, = 200 (dashed
vertical lines) and detection probability p = 0.2. B: Posterior distribution of the relative abundance of
N, /N, from the data of A. C-F: Posterior distributions on N (C), py (D) and the relative abundances
pi (Eand F, mean and 90% quantile) under the multi-location model to estimate relative abundances
as outlined in Box 3 from data simulated with N, = 100, 0'3 = 0.2, py = —1and g7 = 0.5 and either

L =] =20 (black, E) or L =] = 100 (blue, F).



PROBERT ET AL. SUBMITTED

1.0 — .,o—o—o—ajn—l
/ o
0.9 - * o’ f
. / p o
0 ° o
E" 08 - / ’,’ O‘V
- o :
v ° /
2 0.7 - ! 0
o |:|l
, lO
0.6 ’,.El' O__,o" —eo— =05
o--0 ) -o- =09
05 J° 0 ° o ¢=0.95
' I I I I
10° 10° 10° 10°

Observers / Sites

Figure 6: Power to identify trends in abundances. Shown are the mean posterior probabilities P (¢ <
1|d,n) reflecting the certainty that abundances declined across 1,000 replicate simulations for
different trends ¢ = 0.5, 0.9 or 0.95 as a function of the number of observers that each surveyed a
single location with observer-specific detection probabilities and location-specific abundances as

described in Box 4.



Chapter 4 — Supplementary Material 1

a. Additional information about the EICAT assessment procedure

Uncertainty rationales

Confidence levels (high, medium or low) are assigned to each observation to indicate how confident the assessor is that
the assigned magnitude is the ‘true’ one: the assessor therefore evaluates the chances that the ‘true’ impact magnitude
is different from the one assigned (IUCN, 2020b; Volery et al., 2020). A High confidence level is assigned to an impact
observation only when the assessor is confident that the assigned magnitude is the true one, i.e. that higher or lower
impact magnitudes are unlikely according to the impact description and methodology of the study. A Medium
confidence level is assigned when evidence indicates that the true impact magnitude is likely to be the one assigned,
but that be a higher or lower magnitude is also possible. When the assessor did not find evidence indicating that the
true impact magnitude is likely to be the assigned one, a Low confidence level was assigned. A Low confidence level can
be assigned to vague impact observations with few or no details on the experimental or observational set-up, but also

to well-designed studies testing effects not easily transferrable into EICAT criteria.

In our study, to increase transparency on how the confidence levels were assigned and to highlight where uncertainty
occurs in each observation, the assessor evaluated if the true impact could be higher or lower than the one described,
based on the described impact in the report and considering the methodology for observing it (see Sheet 4 in Supp. 2).
For example, if a field study finds decreases in performance of individuals of a native species (observed impact = MN),
but did not look at changes in its population density, it is possible that the true impact might even have led to a
population decrease (MO) (IUCN, 2020b; Probert et al., 2020; Volery et al., 2020). It is however unlikely that the impact
is negligible (MC) as the decrease in the performance of native individuals was observed; it is also unlikely that the alien
led to a local extinction (MR/MV) as individuals were observed. This approach led to higher consistency among the three

assessors.
Species guilds

Deer are often forming guilds of several species, making it difficult to evaluate the impact of a species independently
from the others (e.g. Wardle, Barker, Yeates, Bonner, & Ghani, 2001). When the experimental set-up did not allow
distinguishing the individual impacts of each species, we assigned the described impact to all alien species in the guild
and decreased the confidence level. For instance, if a species was the most abundant in the guild, it is likely that this
species was contributing to the described impacts (no decrease in the confidence level), whereas if a species comprised
only a small part of the guild, it is less clear whether it contributed to the described impact or whether the same impact

would have been occurring in its absence (decrease in confidence level).
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Complementary studies

In a few cases where multiple studies where explicitly complementing each other, the assessor combined them into one
impact observation (see Sheet 4 in Supp. 2). For instance, one study was observing the change in the native population
(e.g. a decline in the population size), and another study was establishing the link between this change and the alien
(e.g. by showing the mechanism through which the alien is acting on the native population). This was to avoid double
counting of impacts. When the link between two studies was not explicitly made in the reports, we did not combine

studies.
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b. R code for the significance test of pairwise comparisons between impact risks

To compare the impact risk of Species, with the impact risk of Speciess:

# Generating beta distributions for Speciesa and Speciesy, based on the frequency at which they caused their highest impact

a <- rbeta(number_of _simulations, (Speciesa_number_of successes + 1), (Speciesa_number_of failures + 1)) (where “successes”
indicate the number of regions in which Speciesa caused its highest impact magnitudes, and “failures” indicate the number of regions
in which it caused lower impacts)

b <- rbeta(number_of simulations, (Species»_number_of successes + 1), (Species,_number_of failures + 1))

# Comparing the two distributions by calculating their overlap
sum((a-b)>0)/number_of _simulations

sum((b-a)>0)/number_of simulations

We used 100’000 simulations to generate random beta distributions. The lowest overlap measure is taken as the p-
value: values around 0.5 indicate a complete overlap of the two probability distributions, whereas values around 0

indicate almost no overlap and allow to reject the null hypothesis that the two probability distributions are not different.
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Table S1. Species classified as Data Deficient (DD). To test whether more widely ungulates were more often studied

(see Table S8), we added the numbers of countries each species has been introduced to (no re-introductions) (extracted

from Sheet 3 in Supp. 2).

Species Order Family Number of countries of introduction
Addax nasomaculatus Cetartiodactyla Bovidae 1
Aepyceros melampus Cetartiodactyla Bovidae 3
Antilope cervicapra Cetartiodactyla Bovidae 6
Bison bonasus Cetartiodactyla Bovidae 4
Boselaphus tragocamelus Cetartiodactyla Bovidae 6
Capra ibex Cetartiodactyla Bovidae 9
Capra nubiana Cetartiodactyla Bovidae 3
Capra pyrenaica Cetartiodactyla Bovidae 2
Gazella subgutturosa Cetartiodactyla Bovidae 7
Hippotragus equinus Cetartiodactyla Bovidae a
Kobus ellipsiprymnus Cetartiodactyla Bovidae 1
Kobus leche Cetartiodactyla Bovidae 2
Kobus vardonii Cetartiodactyla Bovidae 1
Madoqua kirkii Cetartiodactyla Bovidae 1
Oryx dammah Cetartiodactyla Bovidae 1
Oryx leucoryx Cetartiodactyla Bovidae 2
Ovibos moschatus Cetartiodactyla Bovidae 9
Ovis canadensis Cetartiodactyla Bovidae 2
Rupicapra rupicapra Cetartiodactyla Bovidae 7
Syncerus caffer Cetartiodactyla Bovidae 1
Taurotragus derbianus (syn. Tragelaphus derbianus) Cetartiodactyla Bovidae 2
Tragelaphus euryceros Cetartiodactyla Bovidae 1
Tragelaphus imberbis Cetartiodactyla Bovidae 1
Tragelaphus oryx Cetartiodactyla Bovidae 1
Tragelaphus spekii Cetartiodactyla Bovidae 1
Lama pacos (syn. Vicugna pacos) Cetartiodactyla Camelidae 1
Vicugna vicugna Cetartiodactyla Camelidae 3
Alces alces Cetartiodactyla Cervidae 9
AXxis porcinus Cetartiodactyla Cervidae 6
Capreolus capreolus Cetartiodactyla Cervidae 7
Capreolus pygargus Cetartiodactyla Cervidae 10
Dama mesopotamica Cetartiodactyla Cervidae 1
Elaphurus davidianus Cetartiodactyla Cervidae 3
Hydropotes inermis Cetartiodactyla Cervidae a
Rusa marianna Cetartiodactyla Cervidae 4
Hippopotamus amphibius Cetartiodactyla Hippopotamidae 2
Equus africanus Perissodactyla Equidae 2
Equus hemionus Perissodactyla Equidae 2
Diceros bicornis Perissodactyla Rhinocerotidae 3
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Table S2. Locations of impact observations. We list the 34 countries for which impact observations were available (white
lines). To test whether impacts of ungulates were more often studied in countries with more introduced ungulate species
(see Table S11), we added the numbers of introduced ungulate species per country (no re-introductions; extracted from
Sheet 3 in Supp. 2). We completed the list with countries without impact observation, but with > 6 introduced ungulate

species (grey lines and italic).

Continent/Country Number of impact observations Number of introduced ungulate species
Africa 3 99
Mauritius 1 3
Seychelles 2 4
South Africa 0 34
Madagascar 0 6
Sao Tomé and Principe 0 6
Antarctica 1 6
French Southern Territories 1 5
Asia 11 151
India 8 8
Russian Federation 1 14
Japan 1 10

[N
S

Israel

Ukraine 0 10
China 0 7
Kyrgyzstan 0 7
Malaysia 0 7
Indonesia 0 6
Kazakhstan 0 6
Sri Lanka 0 6
Yemen 0 6
Europe 87 232
United Kingdom 50 22
Ireland 14 10
Spain 5 8
Greece 4 4
Czech Republic 3 13
Italy 3 9
Poland 2 10
France 1 20
Lithuania 1 5
Netherlands 1 6
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Portugal 1 7
Germany 0 15
Sweden 0 10
Austria 0 8
Belgium 0 7
Slovakia 0 7
Denmark 0 6
Finland 0 6
Latvia 0 6
Slovenia 0 6
Switzerland 0 6
North and Central America 170 159
United States 119 33
Canada 41 16
Mexico 9 14
Saint Pierre and Miquelon 3 1
Saint Vincent and the Grenadines 1 1
Cuba 0 12
Antigua and Barbuda 0 7
Grenada 0 6
Haiti 0 6
Saint Kitts and Nevis 0 6
Oceania 123 110
New Zealand 61 18
Australia 49 21
Northern Mariana Islands 7 5
Fiji 3 5
New Caledonia 2 6
Papua New Guinea 1 11
Vanuatu 0 6
South America 47 104
Argentina 23 23
Ecuador 14 8
Brazil 6 9
Chile 2 10
Falkland Islands 2 6
Colombia 0 11
Peru 0 10
Bolivia 0 6
Venezuela 0 6
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Table S3. Distribution of impact magnitudes per species. To test whether more widely introduced ungulates were more
often studied (see Table S8), we added the numbers of countries each species has been introduced to (no re-

introductions) (extracted from Sheet 3 in Supp. 2).

Alien species MC MN MO MR mMv Total number of imeact Number .af countr.ies

observations of introduction
Ammotragus lervia 0 2 1 0 0 3 10
AXxis axis 1 4 6 0 0 11 25
Bison bison 0 1 0 0 0 1 4
Bos taurus 1 6 5 1 0 13 62
Bubalus bubalis 3 0 10 0 0 13 43
Camelus dromedarius 0 3 1 1 0 5 4
Capra hircus 2 20 25 1 0 48 83
Cervus canadensis 0 4 2 0 0 6 9
Cervus elaphus 1 14 9 0 0 24 33
Cervus nippon 9 13 17 5 0 a4 34
Dama dama 0 11 14 0 0 25 55
Elephas maximus 0 1 2 0 0 3 3
Equus asinus 1 8 1 0 0 10 41
Equus caballus 1 15 18 0 0 34 42
Hemitragus jemlahicus 0 0 3 0 0 3 6
Lama guanicoe 0 1 1 0 0 2 7
Muntiacus reevesi 0 6 8 0 0 14 8
Odocoileus hemionus 0 11 9 0 0 20 6
Odocoileus virginianus 1 18 15 2 0 36 22
Oreamnos americanus 2 1 5 0 0 8 2
Oryx gazella 0 1 1 0 0 2 2
Ovis aries 2 5 8 1 0 16 66
Ovis orientalis 2 5 11 2 0 20 31
Rangifer tarandus 0 0 4 0 0 4 16
Rusa timorensis 0 1 2 1 0 4 14
Rusa unicolor 1 6 2 0 0 9 10
Sus scrofa 5 36 22 0 0 63 89
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Table S4. Impact magnitudes. Total numbers of impact observations classified in each impact magnitude.

Impact magnitude Count
Minimal Concern (MC) 32
Minor (MN) 193
Moderate (MO) 202
Major (MR) 14
Massive (MV) 0

441

Table S5. Confidence scores. Total numbers of impact observations classified in each impact magnitude and with each

confidence score.

Confidence score MC MN MO MR mMv Total
High 5 8 20 1 0 34
Medium 15 86 84 2 0 187
Low 12 99 98 11 0 220

Table S6. Are harmful impacts associated with lower or higher confidence scores? Contingency table (Pearson’s Chi-
squared test) showing observed and expected (in italic) numbers of harmful (MO, MR and MV) and lower (MC and MN)

impacts by confidence score.

Confidence score Harmful impacts Lower impacts Total

High 21 13 34
16.65 17.35

Medium 86 101 187
91.59 95.41

Low 109 111 220
107.76 121.24

Total | 216 225 441

X-squared = 2.92, parameter =2, p =0.23
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Table S7. Impact mechanisms. Total numbers of impact observations classified by impact magnitude and mechanism

(some impact observations are recorded multiple times because they occurred through multiple mechanisms).

Impact mechanism
Grazing/herbivory/browsing
Direct physical disturbance

Chemical, physical or structural impact on
ecosystems

Hybridisation
Competition
Predation

Indirect impact through interaction with other
species

Transmission of diseases

Mechanism type
Direct
Direct

Indirect

Direct
Indirect
Direct

Indirect

Indirect

mMcC

7
2
10

MN
135
41
5

MO
112
36
50

12

MR

6

o o o

Mv
0

o o o o

Total
260
79
68

24
18
18

Table S8. Are indirect mechanisms or direct mechanisms associated with higher impact magnitudes? We tested

whether direct or indirect mechanisms were associated with harmful impacts on all 441 impact observations (see Sheet

4 in Supp. 2), except impact observations occurring through both direct and indirect mechanisms.

Model: glmer(harmful/lower impacts ~ direct/indirect mechanisms + (1|Region), family=binomial)

Estimate Std. Error p

Fixed effect: indirect mechanisms -1.41 0.31 <0.001
Variance Std. Dev.

Random effect 1.07 1.03

AlCc: 574.3; AlCc of null model: 595.2 (AAICc= 20.9)

Table S9. Impacted native species. Total numbers of impact observations classified in each impact magnitude, and in

which animals or plants were affected. One impact observation is recorded twice because it affected both kingdom:s.

Impacted kingdom
Animals

Plants

MO MR
72 8
131 6

Mv

0
0

Total
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Table S10. Is native fauna or native flora associated with higher impact magnitudes? We tested whether native fauna

or flora was associated with harmful impacts on all 441 impact observations (see Sheet 4 in Supp. 2), except the impact

observation occurring on both native fauna and flora.

Model: glmer(harmful/lower impacts ~ native fauna/native flora + (1| Region), family=binomial)

Estimate Std. Error p
Fixed effect: native flora 0.73 0.25 0.005
Variance Std. Dev.
Random effect: Region 1.10 1.05

AlCc: 594; AlCc of null model: 600 (AAICc= 6)

Table S11. Is the impact of ungulates more often studied in countries with more introductions? The numbers of impact
observations and of introduced ungulate species for each country are given in the Table S2. We tested this on all 34
countries which had impact observations available, as well as on countries with no impact observations but at least six

introduced ungulate species.

Model: Imer(log(number of impact observations for the country+1) ~ log(number of introduced ungulate species to the
country+1) + (1| Continent))

Estimate Std. Error
Fixed effect 0.55 0.14
Variance Std. Dev.
Random effect: Continent 0.12 0.35
Residual 1.15 1.07
AlCc: 208; AlCc of null model: 218.4 (AAICc= 10.4)
1 1 1
Oceania +
North and Central America -*>
South America *
Antarctica -
Europe -
Africa *
Asia s
T T T
-0.5 0.0 0.5

Figure S1. Caterpillar plot showing the variability in the increase of the number of impact observations per continent
with the increase of introduced ungulate species.
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Table S12. Are more widely introduced species more studied? To test whether more widely introduced species were
more studied, we tested, on all 66 ungulate species, whether the number of impact observations per species increased
with the number of countries each species has been introduced to (see Table S1 for DD species and Table S3 for assessed

species; DD species were assigned 0 impact observation).

Model: Im(log(number of impact observations per species+1) ~ scale(log(number of countries the species has been
introduced to+1))

Estimate Std. Error p Residual Adjusted R-squared F-statistic
standard error
1.10 0.09 <0.001 0.78 on 64 DF 0.67 130.9 on 64 DF

AlCc: 159; AlCc of null model: 230.2 (AAICc=71.2)

Table S13. Are species causing higher impacts more studied? We excluded DD species and the American bison (the only
assessed species not causing higher impacts than MN impacts) and tested, on the remaining 26 species, whether the
species having caused local extinctions (MR impacts) were more studied than species causing population declines (MO

impacts) (see Table S3).

Model: Im(log(species’ total number of impact observations+1) ~ MO/MR impact)

Estimate Std. Error p Residual Adjusted R-squared F-statistic
standard error
0.58 0.38 0.14 0.89 on 24 DF 0.05 2.33 on 24 DF

AlCc: 72.7; AlCc of null model: 72.5 (AAICc=-0.2)

Table S14. Are more widely introduced species causing higher impacts? We excluded DD species and the American
bison (the only assessed species not causing higher impacts than MN impacts) and tested, on the remaining 26 species,
whether the more widely introduced species were the ones causing higher impacts (local extinctions, MR impacts) (see

Table S3).

Model: glm(MO/MR impact ~ scale(log(number of countries in which the species have been introduced+1),
family=binomial)

Estimate Std. Error p Null deviance Residual deviance

0.72 0.46 0.12 32.10n 25 DF 29.14 on 24 DF

AlCc: 33.7; AlCc of null model: 34.3 (AAICc= 0.6)

11
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Table S15. Pairwise comparisons between the impact risks of the species classified in the Major category. When the

impact risks of two species are significantly different from each other, they are shown in black and bold.

. . L . Camelus Rusa Odocoileus Ovis Bos ] .

Alien species Ovis orientalis ] . . Lo . Cervus nippon Capra hircus
dromedarius timorensis virginianus aries taurus

Ovis 0.29 0.19 0.20 0.10 0.064 0.046 0.013
orientalis
Camelus 0.29 0.37 0.37 0.22 0.15 0.11 0.034
dromedarius
Rusa 0.19 0.37 0.49 0.33 0.23 0.19 0.056
timorensis
Odocoileus 0.20 0.37 0.49 0.33 0.23 0.19 0.056
virginianus
Ovis

! 0.10 0.22 0.33 0.33 0.38 0.34 0.11
aries
Bos 0.066 0.15 0.23 0.23 0.38 0.47 0.17
taurus
cervus 0.046 0.11 0.19 0.19 0.34 0.47 0.12
nippon
Capra 0.013 0.034 0.056 0.056 0.11 0.17 0.12
hircus

12
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Table S16. Pairwise comparisons between the impact risks of the species classified in the Moderate category. When the impact risks of two species are

significantly different from each other, they are shown in black and bold.

Rang_tar Hemi_jem Buba_bub Orea_ame Munt_ree Dama_dam Equu_cab Odoc_hem Cervu_ela Sus_scro Equu_asi

Elep_max Axis_axi Ammo_ler

Oryx_gaz Cerv_can

Lama_gua Rusa_uni
Rang_tar 0.40 0.42 0.17 0.21 0.29 0.20 0.19 0.41 0.12 0.047
Hemi_jem
Elep_max 0.40 0.33 0.28 033 0.42 0.33 0.29 0.46 0.24 0.10
Oryx_gaz
Lama_gua
Bu@a_bu..lb 0.42 0.33 0.11 0.14 0.20 0.12 0.14 0.33 0.066 0.023
Axis_axi
Orea_ame 0.17 0.28 0.11 0.41 0.27 0.39 0.49 0.19 0.46 0.19
Munt_ree 0.21 0.33 0.14 0.41 0.33 0.48 0.42 0.23 0.34 0.12
Dama_dam 0.29 0.42 0.20 0.27 0.33 0.32 0.30 0.34 0.15 0.049
Equu_cab 0.20 0.33 0.12 0.39 0.48 0.32 0.41 0.22 0.29 0.093
Odoc_hem
Ammo_ler 0.19 0.29 0.14 0.49 0.42 0.30 0.41 022 0.47 0.22
Cerv_can
Rusa_uni
Cervu_ela 0.41 0.46 0.33 0.19 0.23 0.34 0.22 0.22 0.11 0.040
Sus_scro 0.12 0.24 0.066 0.46 0.34 0.15 0.29 0.47 0.11 0.15
Equu_asi 0.047 0.10 0.023 0.19 0.12 0.049 0.093 0.22 0.040 0.15

(Rang_tar: Rangifer tarandus; Hemi_jem: Hemitragus jemlahicus; Elep_max: Elephas maximus; Oryx_gaz: Oryx gazella; Lama_gua: Lama guanicoe; Buba_bub: Bubalus bubalis; Axis_axi: Axis
axis; Orea_ame: Oreamnos americanus; Munt_ree: Muntiacus reevesi; Dama_dam: Dama dama; Equu_cab: Equus caballus; Odoc_hem: Odocoileus hemionus; Ammo_ler: Ammotragus lervia;
Cerv_can : Cervus canadensis; Rusa_uni : Rusa unicolor; Cervu_ela : Cervus elaphus; Sus_scro : Sus scrofa; Equu_asi: Equus asinus)

13
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Table S17. Comparison with the impacts of alien amphibians (Kumschick et al. 2017) and birds (Evans et al. 2016).

Contingency table (unconditional Exact functional test) showing observed and expected (in italic) numbers of harmful

(MO, MR and MV) and lower (MC and MN) impacts by alien taxa.

Harmful impacts Lower impacts Total
Alien ungulates 26 1 27
11.47 15.53
Alien birds 37 82 119
50.54 68.46
Alien amphibians 16 24 40
16.99 23.01
Total | 63 83 146

Statistic = 37.5, parameter = 2, p < 0.001, estimate = 0.44

14
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