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Abstract

In a hyperconnected world, framing and managing biological invasions poses complex and contentious challenges, affecting socioe-
conomic and environmental sectors. This complexity distinguishes the field and fuels polarized debates. In the present article, we
synthesize four contentious issues in invasion science that are rarely addressed together: vocabulary usage, the potential benefits of
nonnative species, perceptions shifting because of global change, and rewilding practices and biological invasions. Researchers have pre-
dominantly focused on single issues; few have addressed multiple components of the debate within or across disciplinary boundaries.
Ignoring the interconnected nature of these issues risks overlooking crucial cross-links. We advocate for interdisciplinary approaches
that better integrate social and natural sciences. Although they are challenging, interdisciplinary collaborations offer hope to overcome
polarization issues in invasion science. These may bridge disagreements, facilitate knowledge exchange, and reshape invasion science
narratives. Finally, we present a contemporary agenda to advance future research, management, and constructive dialogue.
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Human-aided introductions of species to geographical regions
outside their native range is one of the most distinguishable
features of the Anthropocene era (Ricciardi 2007), with no ev-
idence of reaching saturation over time (Mormul et al. 2022).
Although only a subset of nonnative species subsequently be-
come established and invasive (Blackburn et al. 2011, Roy et al.
2023, Soto et al. 2024), biological invasions can have important
environmental (PySek et al. 2020), socioeconomic (Bacher et al.
2018), and human health effects (Zhang et al. 2022). Moreover,
the replacement of native species by largely generalist nonnative
biota is reshaping patterns of global biodiversity via the process
of biotic homogenization (Olden et al. 2018).

The study of biological invasions is generally referred to under
the terms invasion biology and invasion ecology (Elton 1958), which
emphasize the natural sciences; however, invasive species are

inherently embedded in complex socioecological systems (e.g.,
Bacher et al. 2023), leading to the more recent use of invasion
science. This all-encompassing term aims to reflect the “full
spectrum of fields of enquiry that address issues pertaining to
alien species and biological invasions” (Richardson 2011, p. 415).
Biological invasions should therefore be considered a pervasive
global phenomenon that may act on a broad range of intersec-
tional themes, requiring cross-fertilization of techniques and
expertise to better address the challenges posed.

Invasion science is a fertile ground to integrate a range of
scientific approaches, including citizen, social, and environmen-
tal science research, and all of these approaches may stimulate
considerable debate. Despite the broad academic interest, the
topic remains inadequately acknowledged by the public, not
fully accepted by some decision-makers, and a matter of ongoing
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polarization among stakeholders (e.g., Richardson and Ricciardi
2013, Courchamp et al. 2017, Haubrock et al. 2024a). For instance,
major debates revolve around values and perceptions such as
whether biological invasions could be considered contemporary
features of the globalized era, the consequences of valuing the
contributions of nonnative species and whether the terminology
within the field is adequately defined and applied (e.g., Young
and Larson 2011, Shackleton et al. 2022, Pelicice et al. 2023).
These differences in perspectives are propelled by cultural and
demographic values influencing perception (Shackleton et al.
2019). Deficits between public perceptions and national policy
definitions cause difficulties in developing mutually accepted
conservation goals (van Eeden et al. 2020), whereas media
pressure and political debates may have greater capacity to
drive policy changes regarding nonnative species than scientific
evidence alone (Gozlan et al. 2013).

The novel change and biogeographical implications associated
with the Anthropocene (e.g.,, commercial globalization, new
species introduction pathways and human-wildlife interactions)
will continually exacerbate conflicting opinions and will con-
tribute to fluctuations in debates surrounding the fundamental
concepts and definitions that underpin the field. Anticipating and
better understanding these challenges is an urgent issue for both
research and legislation to mitigate future disconnections and
conflicts across the field of invasion science.

Although there has been considerable progress in synthesizing
knowledge and theoretical or technological advancements in
invasion science (Drake et al. 1989, Richardson 2011, Fricke and
Olden 2023, Stevenson et al. 2023), research has predominantly
been focused on individual aspects, and few studies have ad-
dressed multiple components of the debate within or across
disciplinary boundaries. It is timely to frame priority research
areas in the field that draw on past experiences to identify
pathways forward and an integrative framework to address the
multifaceted interrelationships among nature conservation, in-
vasion science, and society. In the present article, we specifically
review and synthesize four topics insufficiently or historically ad-
dressed on their own in the literature as examples of contentious
and emerging issues across the breadth of invasion science:
controversial and contentious vocabulary, potential positive
effects of nonnative species, new conservation or policy frame-
works prompted by global environmental change, and rewilding
practices and their associations with biological invasions. The
issues critically reviewed in the present article, along with the
insights they provide, should be integrated in the contemporary
interdisciplinary agenda on invasion science to help advance the
field. This should foster productive dialogue among stakeholders,
facilitate the wide dissemination of knowledge, and highlight
new perspectives in the field to those who will increasingly have
to engage with invasion science.

Challenges and polarized issues

Language in invasion science as a pending task
for multiple sectors

Linguistics is a central issue for the effective communication and
management of nonnative and invasive species. Considerable
effort has been given to standardizing glossaries and definitions
across invasion science and policies (e.g., Blackburn et al. 2011,
Essl et al. 2018, Soto et al. 2024), but debates and specific termi-
nology are still naturally evolving alongside the vocabulary (e.g.,
Lemoine and Svenning 2022 or the new challenges prompted
by global change; see below). In the present article, we focus on

the challenges and implications posed by the use of value-laden
language, which appears almost exclusively dichotomous in the
field (for further debate, see the next subsection below).

Value-laden vocabulary is widespread in society, media, and
science; therefore, it is not solely an issue associated with biologi-
cal invasions (Kueffer and Larson 2014). Invasion science research
tends to employ a higher frequency of militaristic language per
article (e.g., enemy, combat, attack) than does research on other
topics (see Janovsky and Larson 2019). Nevertheless, this may
inadvertently lead to misrepresentation of the original intention
in some instances (e.g., a charge of xenophobia; Simberloff et al.
2013), given that invasion science lacks an easy or a single iconic
challenge on which to focus, unlike many other fields (Courchamp
et al. 2017). Metaphors are widely used in research (e.g., Kueffer
and Larson 2014), and military terms appear to draw short-term
public attention to invasive species. For example, in 2019 the Envi-
ronmental Audit Committee of the UK Parliament called for a cit-
izen army of 1.3 million people to tackle biosecurity risks from in-
vasive alien species (BBC 2019). The nationalization of nature can
be traced in the nineteenth century, when civil law terminology
was applied to the natural world (see Antonsich 2021 for a wider
historical perspective) relying on a nation’s boundaries to classify
species. However, nationalistic and militaristic idiolects applied
to nature have the potential to be misconstrued, contributing to
social misunderstanding and driving counterproductive conflict
in conservation activities (Larson 2005, Young and Larson 2011).

Because invasive nonnative species are more likely to be
implicated in recent species extinctions than are native species
(Blackburn et al. 2019), it is crucial to acknowledge the relevance
of coevolutionary history and biogeographical origins, including
the role of prey naiveté (the failure of prey to recognize novel
predators as threats; e.g., Pauchard et al. 2018, Anton et al. 2020).
Most invasive species (often abbreviated to INNS, for invasive non-
native species) checklists are based on administrative boundaries
or at the country level that fund them and that have legislative
jurisdiction regarding management (Early et al. 2016, Essl et al.
2018). These typically aim to preserve the natural heritage of the
country and reflect the national jurisdiction on border control
and investments. However, they can also unintentionally confer
a national status to species, which may complicate international
definitions (Essl et al. 2018) or bypass instances in which a
species is invasive and native to different regions of the same
country (Nelufule et al. 2022). Shackleton and colleagues (2022)
highlighted that the majority of scientists and practitioners find
the use of country borders to define a species to be problematic,
and in this context, EU Regulation 1143/2014 specifically aimed
to extend the management of INNS beyond national borders.
Nonetheless, transcendence of national boundaries in these re-
spects can be attained; for example, the European LIFE INVASQUA
project produced collaborative species lists at the biogeographic
scale of the entire Iberian Peninsula (Spain and Portugal) while
avoiding loaded vocabulary (Oficialdegui et al. 2023).

In a review, Khan (2021) stressed how the use of noninclusive
terms in life sciences literature is ongoing. A common example is
the historical use of dichotomous black and white lists to define
groups of regulated (i.e., those that require control or policy im-
plementation) and approved species, respectively. Although these
terms are largely avoided now, translations between languages
may result in further variations of perceptions. Lepczyk (2022)
went one step further by suggesting that words such as alien
take on political and cultural connotations and recommended
simplifying the terminology to simply nonnative or invasive, de-
pending on the context (as we have done in the present article
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Figure 1. Schematic flow diagram indicating the process of biological invasions: from pathways and processes of introductions to debates, labels, and
vocabulary. Two potential introduction pathways are highlighted: human-mediated transportation (nonnative species) and colonization due to global
change (e.g., adaptive spread, in yellow). The example of rewilding (in green) is shown to illustrate how this practice may contribute to the arrival of
species via either of the two processes. Once the species arrives in a new region (the blue square on the right), it may result in differential effects in the
recipient ecosystem and may be labeled with different vocabulary options (summarized as benign sensu Vimercati et al. 2022, invasive sensu Roy

et al. 2023 and neonative sensu Essl et al. 2019). The dashed lines highlight understudied pathways and potential challenges in terminology and
ecosystem implications that require further research. Species labeled as benign (but this can apply for all three terms) should be associated with
further information available to stakeholders, because they may also present unknown, heterogenous, or unintended consequences (benign species
debate in the blue and the dashed lines). The entire diagram is placed on a book to denote that all these issues and processes are firmly situated
within the backdrop of vocabulary, which remains an ongoing issue. Terms can vary over time and context, whereas connector lines do not necessarily

reflect linear time.

except where the original authors used alternative terms). In this
context, Soto and colleagues (2024) suggested allochthonous (contra
autochthonous) as a possible alternative that is not (yet) politically
charged and used in multiple scientific fields. Ovid and Phaka
(2022) further highlighted the racialization of vocabulary relating
to some invasive species (e.g., Xenopus laevis, a frog originating in
Sub-Saharan Africa and introduced in regions of the Americas,
Europe, and Asia), as well as changes in attitudes associated with
their economic value, recommending that the significant role
society plays in species becoming invasive should be emphasized.

In addition to the technical linguistics of invasion science, a
cultural linguistic barrier can appear where an invasive species
may not only be phylogenetically new but culturally and socially
new. An interesting and recent example is Cherax quadricarinatus
(redclaw crayfish, native to Australia), which has been inten-
tionally introduced for aquaculture purposes to southern Africa
(Madzivanzira et al. 2020). There are no native crayfish species
on the African continent, and landlocked countries such as Zim-
babwe and Zambia have no functional crustacean equivalents. In

the absence of an equivalent name, communities in the Barotse
floodplain refer to the redclaw crayfish as Chinese nkala—a direct
reference to the Chinese road workers building the Mongu-
Kalabo floodplain road who introduced the species, and nkala,
meaning “crab.” In these instances, there are no words in the
recipient country’s language to easily name or identify the new
nonnative species, leading to marked differences in values and
perceptions ascribed to them. It is likely that similar examples
will be increasingly common in the future and that this scenario
will ultimately promote discrepancies (and further challenges) in
those species’ monitoring, regulation, and societal value.
Responsible communication among scientists (e.g., within
peer-reviewed literature) and across wider society sectors (e.g.,
dissemination and policy) also poses a significant challenge,
and the choice of language has the potential to influence public
perceptions regarding invasive species (Golebie et al. 2022).
Indeed, vocabulary is an evolving issue that encompasses mul-
tiple debates in both the field and society (see figure 1). The
contemporary and global nature of biological invasions would
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benefit from the use of a contemporary and unbiased language,
avoiding sensational, value-laden or military terminology beyond
the Anglophone-speaking arena. To avoid popular names strictly
referring to a single nation (such as New Zealand mud snail or
Chinese mitten crab) may also help in reducing misunderstand-
ing when disseminating outputs in popular science. Similarly,
although the scientific community is not charging the terms with
any moral significance, more inclusive terminology to describe
nonnative species using terms such as priority list; attention,
concern, or watch list; and observation list should be considered
while ensuring links to historic data and established knowledge
are maintained (e.g., Bayén and Vila 2019, Oficialdegui et al. 2023,
Kumschick et al. 2024). This would also help in avoiding criticism
at a later point and would allow policymakers to easily integrate
information from the past.

Benign nonnative species debate: Oxymoron
versus possibility.

As Goodenough (2010) argued, the narrative “native good, non-
native bad” does not fully recognize the complexity of invasion
science and the environmental gradients experienced in the field.
In many instances, only a small fraction of nonnative species
may reach an invasive behavior or status, and the magnitude and
direction of their implications can be highly context dependent
(e.g., resident community composition and biotic interactions;
Catford et al. 2022). Interestingly, Blackburn and colleagues (2011)
and Soto and colleagues (2024) considered that ecological impacts
were beyond the scope of the definition of invasive species (they
can occur at any of the stages during the process of invasion), but
they are considered in Roy and colleagues’ (2023) recent glossary.

Given the dominance of invasive nonnative species at some
locations, to the extent that eradication may no longer be feasible
(at least in the short term), it has been postulated that novel
communities should be accepted and that research efforts should
be focused on better understanding their ecoevolutionary impli-
cations and roles (e.g., Thomas 2013). This view may be supported
by a range of factors, from limited financial resources for research
and management to conflicting stakeholder interests in species
eradication or the lack of realistic short-term options to prevent
the current rate of introductions worldwide. For example, Davis
and colleagues (2011) suggested, in what is still considered a
contentious proposition over 10 years later, that conservationists
should focus much more on the functions of species and much
less on where they originated from. More recently, Bolpagni (2021)
hypothesized a near future where invasive plants play dominant
roles in driving freshwater ecosystems functioning within a
biohistorical horizon termed the Exocene.

Rapid change and increased inequality and disparity in human
well-being may increase the likelihood that nonnative species
will be viewed as benign (e.g., with some beneficial outcomes)
over time. Despite uncertainty surrounding the effects of many
nonnative species (e.g., unpredicted or not immediately positive
or negative), some authors anticipated that some will be regarded
as benign over time (e.g., serving as functional substitutes for
extinct taxa, food or providing desirable economic services;
Schlaepfer et al. 2011, Sax et al. 2022). For instance, the im-
portance of nonnative birds in Hawaii has been highlighted by
Foster and Robinson (2007) for the dispersal of native plant seeds,
especially given that almost all native seed dispersers are locally
extinct. Similarly, marine nonnative polychaetes (Marenzelleria
spp.) can enhance phosphorus retention in sediments, therefore
reducing eutrophication and hypoxia (e.g., northern Baltic Sea:

Norkko et al. 2012). Even species with recognizable negative im-
plications within the ecosystem, such as invasive crayfish, have
been identified as a food source for some native faunal groups
(e.g., Eurasian otter Lutra lutra in South Europe; Dettori et al. 2021).
The latter highlights that single positive and isolated effects (e.g.,
on a single species or over a short period of time) should not be
enough to define a species as benign because a single nonnative
species can have multiple and simultaneous interactions at
different levels of ecological complexity (Simberloff et al. 2013,
Saunders et al. 2016). Moreover, implications, values, and labels
may change over time, and this dynamism may also drive shifts in
environmental baselines (Soga and Gaston 2018). Shifts in social
acceptance may also affect environmental policies and baseline
definitions, which may subsequently promote the conservation
of highly appreciated nonnative species, especially if the species
is introduced before living memory and before a subsequent
nonnative species threatens it (e.g., Clavero 2014; see also box 1).

Box 1. Multifaceted challenges associated with
nonnative species: Nile tilapia.

Individual of O. niloticus (credits: Denis Tiveddle)

Nile tilapia (Oreochromis niloticus) has a complex history in
southern Africa where it was introduced during the 1980s
by donor-funded Western organizations to address food
security on the basis of its fast growth and stress tolerance
(Zengeya et al. 2015, Moyo and Rapatsa 2021). Subsequently,
the establishment of aquaculture based on O. niloticus has
expanded—for example, in Zambia and Zimbabwe—driven
by its domestication traits with high feed-conversion effi-
ciency, and high-quality animal protein (Zengeya et al. 2015,
Basiita et al. 2022). However, the persistent limited market
profitability in domestic aquaculture, driven by imports
from Asian markets (Moyo and Rapatsa 2021), has been
accompanied by negative ecological impacts from O. niloti-
cus’s spread. These include competition and hybridization
with native congeners, leading to food web disruption, a
decline in native species populations, and the loss of genetic
integrity (Zengeya et al. 2015, Jere et al. 2021).

Local dambo ecosystems (i.e., complex shallow wetlands)
and other water bodies may become susceptible to invasion
by cultured fish species via escape during harvest and rainy
season flooding. Moreover, Chakandinakira and colleagues
(2023) revealed a novel interaction in Lake Kariba (Zam-
bezi Basin) where the rapidly spreading invasive Cherax
quadricarinatus may damage O. niloticus, causing further
cascading implications on local fisheries.
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Contrasting policies between countries regarding O. niloti-
cus management causes a problematic dynamic in southern
Africa (e.g., because of many catchments being shared
between countries) but also across other areas of the Global
South. For example, in South Africa the current legislation
recognizes ecological damage and prohibits O. niloticus
aquaculture unless the species is already present in the
catchment (e.g., Moyo and Rapatsa 2021). However, in Brazil,
legislation (e.g., 79/2016, on fish cage culture in hydroelectric
reservoirs) has proposed the naturalization of nonnative
tilapias regardless of their ecological impacts (e.g., Padial
et al. 2017). This sets a shortsighted dangerous precedence
on the basis of prioritization of economies rather than other
ecosystem values and potential implications. Therefore, the
social narrative and perceptions associated with nonnative
aquaculture species (e.g., O. niloticus as benign) should be
considered alongside the potential implications for wider
nature conservation, social interests, and local economies.

The classical invasional meltdown hypothesis postulates that
the presence of nonnative species might facilitate the invasion of
another or others (see Braga et al. 2018). However, it is also likely
that multiple co-occurrent nonnative species in a region will inter-
act (e.g., Fricke and Svenning 2020, Guareschi et al. 2021), leading
to scenarios where, in highly invaded sites, one species could po-
tentially mitigate the negative effects of another. This will be pos-
sible, for example, by relieving the predatory pressure on a native
prey by becoming the new preferred prey in a system or by con-
suming previously introduced invasive taxa (e.g., Liu et al. 2018,
Céspedes et al. 2024). Similar situations (with turnover and accu-
mulation) are likely to become more frequent in the future, repre-
senting a research priority in invasion science to advance under-
standing of the field and to better inform conservation decisions.

Nevertheless, so far, the benignity of a nonnative species
primarily reflects an anthropocentric and utilitarian perspective.
Sax and colleagues (2022) stressed how beneficial outcomes of
some nonnative species may be common and important for
human well-being (e.g., relational, instrumental, and intrinsic
values). However, different stakeholders may have contrasting
perspectives (i.e., environmental, economic, social, ethic, or
aesthetic), different assessment systems, and different priori-
ties, making it difficult to achieve feasible trade-offs (Woodford
et al. 2016, Oficialdegui et al. 2020, Novoa et al. 2024). These
perspectives are value laden and may not align with a simplistic
for or against narrative. These wicked problems (e.g., Woodford
et al. 2016) should be carefully acknowledged as soon as possible
and dialogue initiated to prevent conflicts among stakeholders.
Stresses relating to climate forced changes in species distribution,
food and water security mean that conflicting agendas could
occur more frequently in the future. Therefore, anticipating
these and engaging multiple parties increases the possibility of
reaching mutually suitable outcomes over time.

Perceived values vary depending on geographic context. For
example, some African and Indian stakeholders or communities
are more likely to acknowledge the benefits of some invasive
species alongside negative aspects (Shackleton et al. 2019, Singh
et al. 2022; but see also Bacher et al. 2023). This could be, at least
partially, attributed to the initial purposes of introduction (e.g.,
food security or economic bolstering in the Global South com-
pared with pet or aquarium pathways of introduction in many
locations in the Global North; Turbelin et al. 2017). In contexts
where a dependence on nonnative species has been fostered
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through other systemic inequities, individuals often prioritize
personal well-being (i.e.,, physiological needs sensu Maslow’s
hierarchy; Maslow 1943) over environmental causes. Anticipating
the consequences of eradication programs (and species escape)
on food resources, especially in emerging economies and im-
poverished nations, is therefore crucial. In this context, lessons
from other fields of conservation biology, such as coexistence
with large mammals through equity and long-term planning
payments (Hamm et al. 2023), may provide valuable insights.

From an economic perspective (not necessarily concordant
with nature conservation priorities), the most common way to
assign a monetary value to a species and, as a result, to reach
a potential benign status is to have a specific market for it (e.g.,
harvesting for food, exotic pet trade, fishing competitions, or
domestic gardening or horticulture trade). However, creating
markets for INNS may drive a socioecological trap where indi-
viduals and industries may try to recreate the market in new
previously noninvaded regions with unpredictable consequences
(box 1; Nufiez et al. 2012). In southern Spain, although the
crayfish aquaculture industry extracts around 150 million red
swamp crayfish (Procambarus clarkii) annually for international
food markets, the population has shown no evidence of declin-
ing (Oficialdegui et al. 2020). As a result, the economic market
did not solve nor properly address the environmental issues.
The commodification of invasive species can also bring further
socioecological cascade dilemmas, such as those reported for
the Indo-Pacific lionfish (Pterois spp.) fishery in Mexico where an
overfishing campaign led to the collapse of the lionfish fishery
but also to social problems relating to sustainability and fishery
industry disenchantment (Quintana et al. 2023). The need to
apply values to abstract services or effects (e.g., those of pristine
ecosystems or native species, human well-being and species
interactions) requires the application of nonmarket valuation
approaches, which have recently been outlined specifically for
invasive species management (Hanley and Roberts 2019).

Despite the high and rising economic costs of biological inva-
sions worldwide (Diagne et al. 2021), economic interests may also
act as strong deterrents to the implementation of mitigation or
eradication policies (Lambertucci and Speziale 2011). For exam-
ple, the eastern Australian Eucalyptus globulus, widely cultivated
on the Iberian Peninsula for paper pulp production, has been
a matter of wide bureaucratic litigation (Cidréas and Gonzélez-
Hidalgo 2022). Despite the species being recognized as nonnative
and causing many detrimental ecological effects, it is currently
not recorded in the national Catalogue of Invasive Species (e.g.,
Spain: RD 630/2013). Similarly, the policy listing of brown and
rainbow trout (Salmo trutta, Oncorhynchus mykiss) as invasive in
South Africa remains unresolved because of stakeholder conflicts
(South et al. 2022).

Evaluating and quantifying INNS impacts or risks in a standard
way has greatly improved (e.g., Vimercati et al. 2022), although it
remains challenging in some cases. For example, aquatic invaders
are less visible and more likely to go undetected and, as a result,
are not regularly assessed (Moorhouse and Macdonald 2015),
thereby representing a critical emerging issue in the field. Factors
such as crypticity (i.e., species complexes comprising both native
and nonnative taxa), in addition to endangered species that also
have nonnative populations, further complicates assessments
and management (see numerous examples in Marchetti and En-
gstrom 2016, Jari¢ et al. 2019). In extreme instances if a nonnative
species hybridizes with a native species, the hybrid could be con-
sidered endemic or new, and therein a further challenge in terms
of conservation management may arise (e.g., Senecio eboracensis in
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the United Kingdom; Lowe and Abbott 2015). Assessments at the
species level are further confounded by the fact that the invasion
stages of a specific species should reflect individual populations
rather than being generalized across all regions. As was argued
by Colautti and Maclsaac (2004), the field of biological invasions
will benefit from a greater focus at the population level, rather
than the species level, which has not been sufficiently explored
(see new evidence from Haubrock et al. 2024b). A contemporary
perspective of sleeper populations embodies this call (Spear
et al. 2021). These are characterized by initially small population
that may become invasive (e.g., a sudden shift from low to high
abundance causing impact generation) after an environmental
trigger facilitates rapid proliferation.

In the current globalized context, it seems reasonable and
unavoidable to simultaneously investigate both the benign and
detrimental implications of nonnative taxa on biodiversity or
on anthropogenic societal well-being to complement our un-
derstanding and better guide management (e.g., Goodenough
2010, Vimercati et al. 2022). However, at the same time, em-
phasizing the positive contributions of INNS to society and
nature may misguide conservation actions (e.g., Pelicice et al.
2023). The examples discussed in the present article underscore
the significance of assessing the implications and impacts of
nonnative taxa across both the species and population level.
Benign implications should clearly be contextualized within the
terms of the areas or regions considered, the target audience,
and the overall framework—clarifying who benefits benignly and
under which circumstances. This should be considered because
incidental benefits may also come at a price and may affect
communities and regions differently over time (Carneiro et al.
2024). Overall, this information may help guide the development
of triage systems with prioritization levels customized to specific
contexts (e.g., Downey et al. 2010).

Global change: Expanding species, new
interactions, and additional challenges

The outcomes and implications of anthropogenically driven cli-
mate change may directly influence biological invasions through
the creation of previously inaccessible trading routes, by cre-
ating favorable conditions for generalist invasive species (e.g.,
extreme events increasing stress on resident taxa), and by mod-
ifying trophic networks or species life cycles (e.g., populational
outbreaks; e.g., Hulme 2017, van Wilgen et al. 2022). For these
reasons, the management of invasive species would benefit from
the incorporation of climate change scenarios as a prerequisite to
facilitate better decision-making processes (Robinson et al. 2020,
Bradley et al. 2022). Likewise, climate change adaptation planning
should consider the likelihood that current nonnative species
may become of increasing concern in the future, given that the
geographical ranges of some species will increase or change
and that stressed habitats may become more vulnerable to the
spread of tolerant species (e.g., Gallardo et al. 2017, Bradley et al.
2024). This seems supported by Gu and colleagues (2023), who
recently revealed how nonnative animals appear less sensitive
than native taxa to extreme weather conditions globally. Biolog-
ical communities may suffer the combined effects of invasive
species and climate change and, as a result, native or endangered
species may find themselves in a precarious position between
multiple interacting stressors (Lopez et al. 2022). Cornerstone
conservation tools, including protected areas, may not be able to
effectively address these co-occurring, highly dynamic, pressures
(e.g., Cerasoli et al. 2019).

Polar and alpine areas are particularly sensitive to a warmer cli-
mate, which may weaken their climatic barriers and facilitate the
spread of species into new environments that were previously un-
suitable (e.g., Antarctic, Duffy et al. 2017; Arctic, Alsos et al. 2015).
Forinstance, the combined threat of climate change and the range
expansion of a competitor species had a negative effect on the arc-
tic fox (Vulpes lagopus) as the red fox (Vulpes vulpes) expanded its
niche into new, warming areas of the arctic. This range shift com-
petitively excluded the arctic fox (Angerbjorn et al. 2013), prompt-
ing the need for active management of red fox populations. In a
different environmental context, similar faunal shifts have been
reported for some dragonflies (Insecta: Odonata), such as the
afrotropical orange-winged dropwing, Trithemis kirbyi, originally
recorded in arid areas of Africa and southern Asia butincreasingly
recorded within European Mediterranean countries (Herrera-Grao
et al. 2012) because of recent warmer and drier summers. Re-
flecting these changes, an international survey encompassing 18
countries showed that the majority of experts working on fresh-
water ecosystems reported that native species, which had ex-
panded their range as a result of climate change, were not consid-
ered alien or nonnative (Boon et al. 2020) in line with the EU Regu-
lation 1143/2014 on the prevention and management of the intro-
duction and spread of invasive alien species (article 2, chapter 1).

In a hyperconnected world, historic biogeographical barri-
ers have become more permeable, in some instances without
physical anthropic intervention but through the creation of new
habitats and environmental conditions favorable for colonization
by both native and nonnative species. This has further polarized
new terminology. Tentative terms used for these species in the lit-
erature include tracking species, range expanders, and range shifters,
which reflects their new or increased distribution because of
favorable environmental conditions emerging (see also Parmesan
2006). This range shift will result in new interactions in the new
recipient ecosystem or area but likely in a more gradual way than
directly human-mediated introduced species (Essl et al. 2019). In
this instance, species will also expand their range with many of
their coevolved natural enemies, making invasive behavior less
likely. In some instances, these range shifts may be crucial to
species persistence. Strict range shifters can be difficult to define
as invasive, as was highlighted in recent public surveys and scien-
tific bibliographies (e.g., Cranston et al. 2022). Essl and colleagues
(2019) concluded that these species will become a common fea-
ture and issue for biodiversity conservation in the Anthropocene
and used the term neonative to describe them. This interesting
neologism was rapidly criticized by Wilson (2020) because of the
potential confusion it adds to the debate. Urban (2020) supported
the development of a framework centered on climate-tracking
species with these also being labeled as refugees of climate change;
although this term may still be considered controversial. The
concept of climatic travelers may also share similarities with
the range expansions of many species following the Pleistocene
glaciations from southern refugia toward the north (Hewitt 2000).
Nevertheless, a key difference is the rapid increase in the rate
of dispersal (i.e., speed, distance, and time) coupled with the
anthropogenic origin that underlies climate change (IPCC 2022).
It cannot be ignored that neonative or climate-tracking species
can also, in some context-specific conditions, spread widely with
invasive behaviors; however, this remains an ongoing matter of
research (as is indicated by the dashed line in figure 1). Special
attention should be given to species with broader implications
in their historical native range (e.g., predators and ecosystem
engineering species; Wallingford et al. 2020), as well as to those
known for their implications in other geographic areas. In
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addition, ecosystems, regions, and contexts that exhibit height-
ened susceptibility to the accumulation of nonnative taxa require
particular attention. Long-term monitoring of range-expanding
species, including temporal patterns and the distribution of nat-
ural competitors and predators, is essential to avoid overlooking
their trajectories of change in biogeographical research. It also
ensures that the ecological consequences of their spread can
be comprehensively studied and anticipated for the effective
implementation of environmental policies.

Marine systems offer a particularly controversial example
where terms such as neonative are inapplicable, because the range
expansion does not directly respond to new climatic availability
alone. For example, so-called Lessepsian species (named after
Ferdinand de Lesseps, responsible for construction of the Suez
Canal) migrate from the Red Sea into the Eastern Mediterranean
through the Suez Canal, which provides a direct link between two
previously unconnected biogeographic regions (Por 1978, Azzurro
et al. 2016). Increasing temperatures in the Mediterranean Sea
have facilitated the rising rates of establishment of primarily
tropical species moving unaided through anthropogenic infras-
tructure. A similar phenomenon occurs in inland water bodies
where interbasin water transfers provide an infrastructure-based
pathway of introduction, with impacts measured predominantly
in the recipient location (Gallardo and Aldridge 2018).

Post-Fordist global economies, where processes of production
are organized at the global scale, are associated with increased
international connectivity and anthropogenic mobility (Nystrém
etal. 2019). As much as globalization has eroded political borders,
so too has climate change through the expansion, contraction, or
modification of suitable habitats for numerous species. Ongoing
global environmental change (e.g., new environmental conditions,
altered rainfall patterns) has already highlighted climate-change
winners and losers related to species distributions (e.g., headwa-
ter communities, Hossack et al. 2023; alpine plants, Geppert et al.
2023) as well as implications in pathogen vectors (e.g., mosquito
Aedes albopictus; Brugueras et al. 2020). However, nonnative
species do not always benefit from climate change. For example,
the distributions of some invasive ants, European plant species,
and trout species in Africa are expected to potentially decline in
some future climate change scenarios (e.g., Peterson et al. 2008,
Bertelsmeier et al. 2015, van Wilgen et al. 2022). The examples
discussed in the present article, spanning different environments,
illustrate the difficulty of simple generalizations and therefore
the importance of adjusting the lens of invasion science when
focusing on the implications of climate-driven range shifts.

Novel restoration approaches and rewilding:
Potential Trojan horses for biological invasions?
To effectively address the escalating biodiversity crisis and meet
the post-2020 biodiversity goals within the United Nations—
designated decade of ecosystem restoration (2021-2030), bold
and innovative approaches to conservation and restoration
are imperative. This aligns with the Kunming-Montreal Global
Biodiversity Framework (CBD/COP/15), with goal A calling for
maintaining, enhancing, or restoring the integrity, connectivity,
and resilience of all ecosystems, which also includes targeted
objectives for addressing invasive species (no. 6). In this context,
the concept of rewilding as a restoration approach has received
considerable attention and today it exemplifies an emerging
polarizing issue gaining traction in science and policy, including
(and probably peaking) in the field of biological invasions (e.g.,
Guerisoli et al. 2023). It has, for instance, been referred to as
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Pandora’s box (Nogués-Bravo et al. 2016) or as a wolf in sheep’s
clothing (Rubenstein and Rubenstein 2016). These criticisms have
specifically highlighted the potential for rewilding to facilitate
the introduction of nonnative species or even to support the
presence and functions that invasive nonnative species may
bring to rewilded ecosystems. The polarization surrounding the
issue, including biological invasions, could be largely mitigated
by embracing a broader understanding of rewilding’s definition,
approaches, and principles.

There has been an explosion of definitions and interpretations
of what rewilding encompasses, in both the scientific and prac-
titioners’ literatures, and this itself may have caused confusion
and misunderstanding (Nogues-Bravo et al. 2016). As a relatively
recent approach, the definition and implementation of rewilding
have evolved and have been adapted over the past two decades
from an initial emphasis on protecting large, connected areas for
carnivore conservation to adopting dynamic, process-oriented
approaches (Jgrgensen 2015, Svenning et al. 2016, Perino et al.
2019). There is now a growing consensus to define rewilding
as the restoration of self-sustaining and complex ecosystems
and the ecological processes within them while minimizing and
ultimately phasing out anthropogenic interventions (Perino et al.
2019, Carver et al. 2021). However, in practice, much of the debate
and discussions around rewilding have largely been focused on
species introductions and reintroductions, which can drive the
perception—and sometimes misconceptions—of what rewilding
is. Specifically, rewilding may involve the arrival of new species
within an ecosystem (figure 1), via passive colonization or recolo-
nization or via human-mediated introductions or reintroductions
(e.g., to restore trophic complexity and disturbance regimes).
Considerable public and scientific attention is often focused on
proposals for the introduction of large or charismatic species, as
was seen in Pleistocene rewilding (Donlan et al. 2006, Rubenstein
and Rubenstein 2016), and on the natural return of species
absent from specific regions for centuries, as has been experi-
enced with some mammals in Europe (Navarro and Pereira 2012,
Passoni et al. 2023).

When population reinforcement, reintroductions, or even
introductions are part of the rewilding management plan, these
come with inherent ecological and social uncertainty, including,
ultimately, potential invasive behavior (Nogués-Bravo et al. 2016,
Fernandez et al. 2017; see also figure 1 and the dashed lines that
can link different labels). The ecological uncertainties are strongly
related to the ecological baseline that is selected for the imple-
mentation of rewilding and whether this baseline is temporal (i.e.,
historical) or functional (Fernandez et al. 2017). For introductions
or even reintroductions, the selected temporal baseline for rewild-
ing will influence how the natural conditions of an ecosystem (its
composition, structure, and functioning) may have changed over
time (Genovesi and Simberloff 2020). In some cases, the species
that are naturally recolonizing or that are being reintroduced
may interact with species, communities, and land-use practices
that are completely different from those present before local
extinction, which has the potential for completely new conflicts
with stakeholders within and outside of the area (e.g., Guerisoli
et al. 2023). If the baseline considered for rewilding is strictly
functional, it has been postulated that a nonnative species could
be considered as an ecological equivalent or taxon substitute.
This has been the case with the introductions of nonnative
tortoises on islands (e.g., Aldabrachelys gigantea in Mauritius and
Centrochelys sulcate in Hawail) to restore seed dispersal and dis-
turbance regimes (Svenning et al. 2016, Falcén and Hansen 2018;
more examples in Guerisoli et al. 2023). Similarly, Gordon and
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Figure 2. Polarized issues in invasion science discussed in this article with a summary of some of their main controversies and suggestions for possible

approaches to obtain a more interdisciplinary perspective to overcome them.

colleagues (2021) have also debated the role that livestock play in
maintaining disturbances in the absence of native herbivores.

Additional criticisms and dilemmas may also emerge when
considering that intentionally introduced species should be dis-
ease or parasite free (i.e., after a period of quarantine for plants)
and, therefore, may lack naturally coevolved competitors that
have previously controlled population levels. This is unlikely to
represent a problem when native species are used (particularly
when precautions regarding unintentional hitchhiker species are
taken) but could be an additional issue of concern if a functional
baseline is applied and if nonnative species are considered.

Nevertheless, restoring a lost function or historical commu-
nity should not be considered at all costs, and the potential
negative effects of new species should be carefully assessed
as part of a stepwise transparent and adaptative process to
avoid or mitigate unexpected outcomes and ecosystem degra-
dation (van Meerbeek et al. 2019, Carver et al. 2021). Similarly,
the use of nonnative species in restoration strategies just to
meet sustainability goals (e.g., via preferences for fast-growing
nonnative plants to quickly gain carbon credits) should be
discouraged.

Overall, introductions or reintroductions are just one of several
approaches in the rewilding toolbox. Rewilding, by definition,
emphasizes ecosystem-wide restoration approaches, focusing on
ecological processes including dispersal, connectivity, stochas-
ticity, disturbance regimes, and trophic interactions, rather than
individual species and habitats (Perino et al. 2019). Successful
rewilding should enhance ecosystem resistance and resilience
against future invasions and other stressors (e.g., Derham et al.
2018) and rewilding management activities may include early
removal of invasive species (Ripple et al. 2022).

When it comes to implementation, neither the underlying
motivation nor the mechanisms should ignore the potential

impact of biological invasions and should make no exception in
adhering to internationally endorsed principles and guidelines
to mitigate unexpected negative effects, including those linked
to introductions and biological invasions (IUCN SSC 2013, Aslan
et al. 2014, Guyton et al. 2020, Roy et al. 2023).

Restoration of connectivity may also come with some ad-
ditional ecological uncertainty, and Hakkinen and colleagues
(2023) recently highlighted how the landscape connectivity
of suitable environments could favor the spread of terrestrial
invasive species. In this regard, the planning and implementa-
tion of blue-green infrastructure (i.e., interconnected network
of natural and seminatural areas, including water bodies, to
support ecosystem services) should explicitly address this
challenge to prevent and mitigate unintended introductions
of species (e.g., Essl et al. 2019). This seems particularly im-
portant for aquatic and freshwater ecosystems (e.g.,, inland
water networks) on which less emphasis has been placed when
it comes to rewilding practices and theories (figure 2; Dobel
et al. 2020) and where heterogenous interests may lead to
unexpected pathways for dispersal at the basin level (e.g., contro-
versial live release of aquatic species; Everard et al. 2019, South
et al. 2022).

Ultimately, by recognizing that it is precisely the restoration
of multiple interacting ecosystem processes that should be
considered to limit risks associated with rewilding practices,
an interdisciplinary focus may help in bridging gaps between
different fields of research and management (within the natural
and social sciences and beyond), to ensure society is aware of
the potential wider implications. Overall, the implementation
of rewilding practices needs to be based on sound planning,
clearly explained intentions and definitions (e.g., short and
long-term goals), accessible and unbiased vocabulary, incorpo-
rated existing local knowledge, and the recognized relevance of
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interdisciplinarity in addressing the ongoing challenges within
the Anthropocene (figure 2).

Lessons from the past, contemporary
agenda, and future perspectives

The polarized issues discussed in this article (summarized in
figure 2) are interconnected, spanning the field of invasion sci-
ence (figure 1). They complement the priority areas identified by
Ricciardi and colleagues (2021): prediction capacities; multiple,
co-occurring stressors; taxonomic impediment; and multistake-
holder biosecurity cooperation. Integrating the recent reviews,
questionnaires, and topics discussed in the present article will
help guide future research and establish the foundation for a
contemporary agenda in invasion science in a globalized world
(e.g., Bolpagni 2021, Shackleton et al. 2022). A dynamic list of at
least 10 core issues, presented in figure 3, can be clearly identi-
fied. It should be regularly updated to reflect technological and
scientific advancements and would benefit from interdisciplinary
approaches to address them.

Calls for greater interdisciplinarity when investigating bio-
logical invasions and their implications are mounting (figure 3;
e.g., Hulme 2022). Such interdisciplinarity, as was advocated for
in other global challenges (e.g., water crisis, Martin-Ortega 2023;
extreme event research, Aoki et al. 2022), would help obtain new
perspectives and improvements in the way society and academia
perceive and engage with invasion science. Better integration
between the social and life sciences may facilitate this progress
(Vaz et al. 2017, Bortolus and Schwindt 2022), but it may also be
challenging. For example, the first steps toward interdisciplinarity
would benefit from actions within the individual disciplines of
social and natural sciences themselves. On some occasions, a
single invasive species may result in unexpected consequences
that span multiple ecosystems, taxa, and processes (e.g., multiple
interactions, Graham et al. 2018). Nevertheless, some experts in
the macro field of natural science may not find it straightforward
to collaborate, and in fact, true cross-fertilization between highly
specialized fields is still rarely implemented. Similar difficulties
may exist among experts in the field of social science (e.g., his-
torians, human geographers, economists). These initial barriers
still need to be first recognized and overcome before integration
between the life and social sciences can be fully achieved (e.g,,
Moon and Blackman 2014) without losing highly specialized
expertise.

In the field of natural science, for example, interdisciplinar-
ity will facilitate multiple-taxa research and cross-ecosystem
studies, enabling the recognition of new species interactions,
novel human-wildlife connections, and providing guidance for
environmental managers. Microbiological, physiological, be-
havioral, and functional aspects of biological invasions remain
poorly investigated (e.g., Amalfitano et al. 2015, Nuniez et al. 2015,
Bolpagni 2021), and more space in the agenda of the field should
be found (figure 3). This would provide greater understanding
of the invasion mechanisms involved in different contexts,
further supporting both biological conservation and rewilding
management.

Interdisciplinarity should, however, not be limited to linking
different fields of knowledge but should also encompass the
integration of complementary perceptions, tools, methods, and
the people that use and apply them. Advances in bioinformatics
and eScience infrastructures (including Bayesian approaches,
neural networking, and artificial intelligence-based methods;

e.g., Fricke and Olden 2023) may provide a suitable framework
for integrating heterogeneous data sets (e.g., metadata across
multiple languages) into informative models for forecasting and
preventing or mitigating invasion events.

Varying proficiencies in a shared common working language
among researchers (e.g., English; Bortolus 2012) may further
impede cooperation among researchers from different geo-
graphic regions. As a result, the importance of multilingual
decision-support tools is emerging as a possible solution to in-
form conservation managers (e.g., Copp et al. 2021, Amano et al.
2023). Moreover, consideration of multilingualism potentially
provides benefits for nonspecialist stakeholders and end users in
countries where English is rarely used outside of academia and
where literacy rates may be low.

A dogmatic approach is generally not recommended in conser-
vation biology (Martinez-Abrain and Oro 2013), and this also ap-
pears true of the field of invasion science, because it is character-
ized by gradients more than dichotomies, and therefore, decision-
making processes should be better tailored to specific taxonomic
and geographical levels (e.g., species or populations and regions
or locations). Greater awareness and knowledge within specific
emerging economy countries (where INNS are likely to increase
with globalization; Early et al. 2016), through the more effective
use and integration of indigenous and local knowledge or perspec-
tives (Caceres-Escobar et al. 2019) and abstaining from parachute
science (Asase et al. 2022) are recommended to effectively
tackle contemporary challenges and prevent biological invasions
outrunning the implementation of environmental policies.

Finally, it has been recognized that SARS-CoV-2, the virus
responsible for the COVID-19 disease, displayed characteristics
that mirror those of a successful invasive species, including rapid
adaptation and large-scale dispersion via human transportation
networks (Nufiez et al. 2020). A conscientious society should
learn from such a global phenomenon. In this context, the
forecasting and management tools used to address epidemics
could be applied to biological invasions and vice versa (Vila
et al. 2021) in a cross-disciplinary approach (e.g., collaborations
between biomedical researchers and ecologists). Curiously, at the
beginning of the book The Ecology of Invasions by Animals and Plants,
Charles S. Elton (1958, p. 1) defined ecological explosions using a
highly infectious virus as the main example, saying that they
“differ from some of the rest by not making such a loud noise and
in taking longer to happen.”

Decades of debates in invasion science have provided useful
lessons and theories that have sought to increase our general
and scientific understanding. Issues such as those associated
with new vocabulary, benign species, global climate change, and
rewilding practices should be incorporated and comprehensively
addressed in the contemporary agenda of biological invasion
science (figure 3). These interconnected emerging topics have
been shown to be part of historical and ongoing polarized de-
bates and would benefit from bridging gaps between disciplines,
which are inclusive rather than exclusive. Drawing more on
integrative thinking paradigms and research approaches that
incorporate social and natural elements would be highly bene-
ficial to promote interdisciplinarity through new collaborations
and favor conceptual advancements in the field. Indeed, there
are still large knowledge gaps and questions that need to be
investigated and appropriately disseminated in the biologi-
cal invasion arena, and, as commonly happens in numerous
fields, the best answers we collectively implement will almost
certainly trigger even further new and stimulating scientific
questions.
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