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Uncertainty can be considered as an attribute of (or reciprocally lack of) information (Zadeh,
2005). Nevertheless, this vital attribute is usually missing from marine invasion science studies
(Figure 1), despite the fact that methods such as Monte Carlo simulations, sensitivity analysis,
Bayesian uncertainty assessment, and Latin hypercube sampling appear more frequently in the
ecological literature (e.g., Harwood and Stokes, 2003; Moustakas and Evans, 2015; Aiello-Lammens
and Akçakaya, 2017). Most studies of marine invasions are plagued by uncertainties, which in most
cases are totally ignored or if acknowledged are not properly addressed or quantified. Herein we
provide some examples of uncertainties in invasion science, aiming to highlight the existing gaps
and stress the need for the development and implementation of frameworks, methods and tools
that will assist invasion biologists to adequately tackle uncertainty.

UNCERTAINTY IN ALIEN STATUS

Although there are various definitions of alien species (Falk-Petersen et al., 2006), the most widely
accepted one is that of species, which, by human agency, have managed to overcome physical
barriers and colonize new regions beyond their natural range. In a rapidly changing world, it is
often difficult to attribute a new arrival to a region to human activities. Species’ natural ranges
are inherently dynamic, shaped by natural variability, and thus sometimes it is impossible to
determine the relative importance of natural and anthropogenic factors in distributional changes.
Furthermore, assessing the alien or native status of rare species or of very old invasions is often
impossible due to the lack of historical data. For example, shipping has been acting as an invasion
pathway for many millennia making it difficult to evaluate the biogeographic status of species
introduced to new marine regions hundreds or thousands years ago, some of which may have
gradually become cosmopolitan. The term “cryptogenic” has been used by invasion biologists
(Carlton, 1996) to indicate species that could be either native or alien but for which uncertainty
is high. Assessing the native/alien status of species is important both for ecological science and
management, hence a standardized framework with robust definitions, transparent criteria for
classification and proper uncertainty assessment is urgently needed.

UNCERTAINTY IN ALIEN SPECIES INVENTORIES

National or regional inventories of alien species are a valuable tool for both invasion science and
management, especially for prioritizing pathways, developing prevention or control strategies,
and assessing (through trend analyses) of the effectiveness of management measures. However,
alien species inventories suffer from a number of uncertainties e.g. in species identification
(taxonomic uncertainty), incomprehensive search of data sources, low spatial resolution, poor
documentation of data and knowledge, and inadequate native range information (McGeoch et al.,
2012). This has resulted in regular revisions of such inventories, excluding species previously
included (e.g., Zenetos et al., 2017), and even in scientific disputes among research groups
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FIGURE 1 | Time series of publications registered in Scopus, including in the

title or abstract or keywords at least one the words “biological invasions” or

“non-indigenous species” or “alien species” or “invasive species,” and at least

one of the words “marine” or “sea” (dark blue markers). If in addition one of the

words “uncertainty” or “confidence” is included (light blue markers) the number

of publications drops to 2% of the initial number (91/4415).

(e.g., Galil, 2009, 2012; Zenetos, 2010; Zenetos et al., 2017). To
avoid misuse of inventories, misunderstandings, mistrust and
unnecessary conflicts, proper account of the level of confidence
and inherent uncertainties should be included in all species
inventories. The uncertainty in inventories is likely to increase
with the use of citizen science (ElQadi et al., 2017) as well as
withmining (geo-referenced) social media (Daume, 2016).While
these techniques are likely to increase the total amount of data
availability, the inclusion of non-experts in the process of data
collection as well as the automated way of classification is likely
to increase uncertainty as well as to introduce noise and spurious
correlations in the dataset (Moustakas, 2017). In addition, as
more datasets become publicly accessible it is likely that datasets
collected under different protocols or for different purposes may
be merged together and thus introduce additive uncertainties
(Evans and Moustakas, 2016).

UNCERTAINTY IN PATHWAY ASSESSMENT

Assessment of the pathways of introduction of alien species (i.e.,
any means that allows the entry or spread of an alien species
into a new region) is fundamental to biological invasion risk
assessments, management of invasive species, monitoring and
surveillance of new introductions (Essl et al., 2015). However,
assigning each marine alien introduction to a specific pathway
is subject to substantial uncertainty (Zenetos et al., 2012). Apart
from intentional introductions, in most other cases more than
one possible pathway can be inferred based on the human
activities in or near the locality of first record. However, such
inferences are largely based on expert judgement and suffer
from lack of evidence. For example, the invasive crab Percnon
gibbesi was recorded for the first time in the Mediterranean
Sea in 1999 in many different locations, and its introduction
has been attributed to a number of different possible pathways
by different authors: shipping, aquarium trade or larval drift
by the Atlantic surface current entering the Mediterranean (see

(Katsanevakis et al., 2011) and references therein); in the latter
case the species should not be considered as an alien, because
its introduction was not mediated by humans but happened
through natural processes. Many other possible pathways that
are commonly neglected or understudied, e.g., aquarium trade
(Padilla and Williams, 2004; Strecker et al., 2011) or marine
litter (Barnes, 2002), could have had much higher importance
than currently acknowledged. It is vital that such uncertainties
in pathway assessments are transparent by providing an estimate
of the related confidence and highlight possibilities for alternative
pathways (Zenetos et al., 2012; Essl et al., 2015).

UNCERTAINTY IN IMPACT AND RISK
ASSESSMENTS

Impact assessments depend on uncertain data such as the actual
distribution of alien species, the vulnerability of ecosystems
and their services, heterogeneity of biophysical processes,
and spatiotemporal variability in the magnitude of impacts.
Assessments of cumulative impacts of many invasive species to
marine ecosystems suffer from additional uncertainties related
to insufficient data, sensitivity weights, type of responses of
ecosystems to invasive species, type of multiple species effects
(additive or with synergistic or antagonistic interactions), and
resolution of spatial data (Katsanevakis et al., 2016). Such
uncertainties can substantially affect impact assessments and
jeopardize their quality and consequently their value for
management. Important gaps exist in properly addressing
uncertainty in impact assessments, which, if at all, are
restricted in qualitative accounts based largely on expert
judgement (Blackburn et al., 2014). The International Pest Risk
Mapping Workgroup has identified “improving representations
of uncertainty” among the most important actions to improve
pest risk assessment procedures (Venette et al., 2010). Research
effort is needed to further develop proper tools that will allow
addressing uncertainty in impact and risk assessments in an
adequate and transparent way.

UNCERTAINTY IN FIELD SURVEYS

Monitoring of marine aliens species is based on field surveys,
commonly conducted by visual surveys through SCUBA diving
or the use of sampling and fishing gears. One important source of
error in field surveys of marine species is imperfect detectability
or imperfect catchability, i.e., the fact that not all individuals or all
target species in a study area can be detected by observers (divers)
or caught by sampling devices or fishing gears (Katsanevakis
et al., 2012). Although many methods have been developed
that properly account for imperfect detectability/catchability,
such as distance sampling, mark-recapture, repeated presence-
absence surveys for occupancy estimation (Issaris et al., 2012;
Katsanevakis et al., 2012), the number of marine field surveys
that apply such methods remains very limited. Failure to
properly account for detectability leads to underestimation
of the population state variable (e.g., abundance, population
density, or occupancy), or even total failure to detect an alien
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species and thus underestimation of alien species richness in
community studies. This is further intensified by the inability
to properly identify alien species in situ in visual surveys.
To improve the performance of field surveys and reduce
uncertainties it is imperative to select an adequate method
properly accounting for detectability, and apply field protocols
and tools (sampling devices, photos, video) that will reduce
identification uncertainties.

UNCERTAINTY IN DISTRIBUTION
MODELING

Species distribution models (SDM) have been extensively used
to predict the potential present or future distribution of marine
alien species, based on a limited set of observations and a set
of environmental variables that presumably describe their niches
(Peterson, 2003). Uncertainty arising due to the appliedmodeling
technique, spatial resolutions, scales, data availability, climate
change and subsequent biological responses, model selection and
evaluation methods can be substantially high (Beale and Lennon,
2012). SDMs are based in the (silent) presupposition that there
exists information in the species distribution that can be used
for estimating the species’ niche, though there is no certainty
that all niche axes have limits within the spatial extent of the
dataset (Beale and Lennon, 2012). In addition, a critical form of
uncertainty in SDMs is identifying the dimensions of explanatory
variables (Beale et al., 2010); omitting informative variables
produces poor model predictions while including uninformative
variables may result in correlations with informative variables
and thus result in reduced parameter estimation accuracy (Beale
et al., 2010). Improved assessment of errors and uncertainties is

among the prevailing challenges facing SDM research (Guisan
and Thuiller, 2005).

CONCLUDING REMARKS

Quantifying or at least acknowledging uncertainty is an
elementary exercise in science, as without uncertainty assessment
it is hard to envisage future improvements (see e.g., Benali et al.,
2017). In addition, biological invasions and their impacts is a
very timely topic receiving high public attention. If scientists are
perceived by the public either to overstate their findings in order
to receive high visibility or to downplay the uncertainty of their
findings, society is likely to lose confidence in the outputs of
invasion science.

It is evident from the above non-exhaustive list that invasion
science is challenged by various sources of uncertainty. Such
uncertainties, if ignored, render many types of analyses and
results doubtful and of limited practical use to policy makers
and marine managers. To further advance invasion science
in the marine environment we need (1) to acknowledge the
need for appropriate assessments of uncertainty in all aspects
of biological invasions research, (2) put research effort in
improving/developing methods and tools for uncertainty
analyses, (3) report uncertainties and their effects on
research outcomes in all scientific outputs and technical
reports.
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