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Abstract

Current approaches for assessing the effects of invasive alien species (IAS) are biased
towards the negative effects of these species, resulting in an incomplete picture of their real
effects. This can result in an inefficient IAS management. We address this issue by describing
the INvasive Species Effects Assessment Tool (INSEAT) that enables expert elicitation for
rapidly assessing the ecological consequences of invasive alien species using the ecosystem
services framework. INSEAT scores the ecosystem service “gains and losses” using a scale
that accounted for the magnitude and the reversibility of its effects. We tested INSEAT on
18 invasive alien species in Great Britain. Here, we highlighted four case studies: Harmonia
axyridis (Harlequin ladybird), Astacus leptodactylus (Turkish crayfish), Pacifastacus

leniusculus (Signal crayfish) and Impatiens glandulifera (Himalayan balsam).

The results demonstrated that a collation of different experts’ opinions using INSEAT could
yield valuable information on the invasive aliens’ ecological and social effects. The users can
identify certain invasive alien species as ecosystem services providers and the trade-offs
between the ecosystem services provision and loss associated with them. This practical tool
can be useful for evidence-based policy and management decisions that consider the

potential role of invasive species in delivering human wellbeing.
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40

41

42

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57

58

59

60

61

62

Introduction

Invasive alien species (IAS) are human-mediated introduced species that sustain self-
replacing populations and have the potential to spread over long distances, producing
reproductive offspring normally in large numbers (Richardson, PySek & Carlton, 2011). These
aliens are considered a threat to human health and economy (Simberloff, 2000), as well as
one of the main causes of native species extinction (Wittenberg & Cock, 2001; Brennan &
Withgott, 2004; Convention on Biological Diversity, 2008). Many have, however, questioned
the direct causality between IAS dominance and native species decline in degraded systems
(Slobodkin, 2001; Gurevitch & Padilla, 2004; Didham et al., 2005; Schlaepfer, Sax & Olden,
2012): some IAS are perceived as “passengers”, rather than the “drivers”, of the ecological
change primarily caused by habitat modification (Byers, 2002; Seabloom, Harpole, Reichman
& Tilman, 2003; Corbin & D'Antonio, 2004; MacDougall & Turkington, 2005). Furthermore,
our understanding of the socio-economic and environmental effects of IAS could potentially
be biased as a result of over-reporting of their negative effects (Levine et al., 2003;
McMahon, Fukami & Cadotte, 2006; Davis, 2009; Schlaepfer, Sax & Olden, 2011; Schlaepfer,
Sax & Olden, 2012; Bonanno, 2016). In fact, there are relatively few empirical studies that
present information about the benefits provided by IAS, although the focus on this literature
has been increasing in the last years (Shackleton et al., 2007; Kull et al., 2011; Tassin & Kull,
2015). The so-called “conflict species” can be highly regarded for the benefits they provide.
But they can also be considered as a serious environmental threat from a management

perspective.

Many risk and impact assessments have been developed to prioritize IAS control and

management, with a focus on the negative environmental impacts and economic damages
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(Roy et al., 2014). Prevention has been increasingly recognised as the most cost-effective
strategy to ensure pristine ecosystems remaining free of IAS (Meyerson & Mooney, 2007;
Genovesi & Monaco, 2013), even though it is not foolproof (Chornesky et al., 2005). IAS
control and eradication are often advocated as consequent management operations and
require huge financial resources (Ewel & Putz, 2004; Boonman-Berson, Turnhout & van
Tatenhove, 2014). Yet, high rates of species invasions are projected to increase in the
future. Suggestions have been proposed towards building or maintaining ecosystem
resilience and services, rather than restoring IAS-free ecosystems that may be futile (Pysek
& Richardson, 2010; Lin & Petersen, 2013). Although this approach is controversial due to
the importance of the evolutionary context in species interactions (Richardson & Ricciardi,
2013) and the unpredictability of some negative consequences of invasions, there is
nevertheless a pragmatic need for management alternatives to IAS removal (McMahon,

Fukami & Cadotte, 2006; Hulme, Pysek, Nentwig & Vila, 2009).

Ecosystem services (ES) are the processes, functions or ecological characteristics through
which ecosystems sustain and fulfil human life, either directly (e.g. provision of food) or
indirectly (e.g. pollination) (Daily, 1997; Costanza et al., 2017). 1AS may cause changes in
these services by altering the ecosystems (Vila et al., 2010; Peh et al., 2015; Vila & Hulme,
2017). Therefore tools, such as risk-assessment schemes, that help to evaluate such impacts
and aid for the prioritization and management of IAS are essential. Roy et al., (2018)
identified 14 minimum attributes a risk-assessment scheme should include, of which two
are related to human well-being: ‘Assessment of impact on ecosystem services’ and
‘Assessment of socio-economic impacts’. These attributes were also two of the most

notable gaps in our knowledge required for completing risk assessments.
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However, IAS ES impact assessments are always challenging and require substantial
resources for three reasons: first, ecosystem services are governed by complex interactions
that make them difficult to measure over space and time; second, long-term, large-scale
data often do not exist (Kremen, 2005; Eviner, Garbach, Baty & Hoskinson, 2012); and last,
current measures of many ES are still crude (Naidoo et al., 2008; Bennett, Peterson &
Gordon, 2009). Yet, new standards to evaluate IAS effects on human well-being have been
developed (Pejchar & Mooney, 2009; Cinar, Arianoutsou, Zenetos & Golani, 2014; Dickie et
al., 2014; MclLaughlan, Gallardo & Aldridge, 2014). An important example is the Socio-
Economic Impact Classification of Alien Taxa (SEICAT; Bacher et al. 2018) that evaluates the
impacts on human welfares using changes in human activities as metric; a sister-scheme of
the Environmental Impact Classification of Alien Taxa (EICAT) which is officially adopted by
IUCN. This scheme has been formulated under the assumption that IAS are drivers of the

change, and purposely do not consider their positive impacts.

Here we describe the INvasive Species Effects Assessment Tool (INSEAT), a new approach
that contributes to the current scenario of IAS assessment in several aspects. INSEAT
significantly differs from previous attempts as it considers both positive and negative
impacts of IAS on ES, with the objective to obtain a fair and informed evaluation. INSEAT
uses the ES framework, commonly classified into provisioning, regulating and cultural
services. This differs from SEICAT which uses the constituents of human well-being; and
EICAT, which defines its own categories of environmental impacts. The employment of the
ES framework in INSEAT would aid the interpretation of the results, as it is a well-known
concept widely accepted by the conservation practitioners. Furthermore, INSEAT can

provide insights on knowledge gaps within the expert community.
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This practical tool, however, would not yet address complexities such as discerning effects
that are temporally or spatially scale-dependent, or accounting for biological factors such as
lag-times, dispersal, interactive effects and environmental context. Nevertheless, INSEAT
can yield valuable information for IAS managers by enabling them to (1) evaluate rapidly
experts’ opinions on how IAS affects ES delivery, including positive IAS effects; (2) gather
knowledge and information to enable exploration of alternative management options; (3)
produce simple, graphical representation of synergies and trade-offs among the effects of
IAS; and (4) assess the management effort required to eradicate an alien species. This would
make IAS management more efficient and diverse, in terms of exploring management
potential that is overlooked under current methodologies. Information obtained by using
INSEAT can then be fed into an integrated approach which, amongst other activities,
involves seeking stakeholder opinions on the way forward (Cook & Proctor, 2007; Liu,

Proctor & Cook, 2010).

In this study, we piloted INSEAT to assess the effects of 18 well-known IAS in Great Britain
(GB) on ecosystem service provision. However, due to space constraint, we described only
four case studies here: Harmonia axyridis (Harlequin ladybird), Astacus leptodactylus
(Turkish crayfish), Pacifastacus leniusculus (Signal crayfish) and Impatiens glandulifera
(Himalayan balsam). The feedback from the experts then led to a further refinement of the
tool which includes an improved impact scale definition; an assessment of uncertainty on

the experts’ responses; and a request of supporting information from the experts.

Methods

A concise, yet informative, ES classification scheme is essential for IAS managers to

understand the different types of ES. We built an integrated ES classification scheme
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(Appendix 1) based on three widely-accepted ES classifications from the Millennium
Ecosystem Assessment (MA, 2005), the UK National Ecosystem Assessment (UK NEA; Mace
et al., 2011) and The Economics of Ecosystem and Biodiversity (TEEB, 2016). We excluded
supporting services in our ES classification scheme to avoid double-counting since all the

other services are underpinned by them (Haines-Young & Potschin, 2012).

Assessing IAS effects on ES requires a qualitative and broad evaluation (Roy et al., 2014).
INSEAT is designed to be completed by experts on a particular IAS by scoring its effect on a
range of ES from our ES classification scheme (although other ES classifications could also be
used). We created an integrated assessment proforma (Fig. 1) that included questions
designed to assess (1) the strength and direction of IAS effects on ES provision; (2) IAS
potential to provide ES; and (3) the management effort required to eradicate the alien

species.

Using experts’ opinions

The INSEAT protocol relies on expert judgement, which is often sought when there is
scientific uncertainty or when data are absent or insufficient (Hemming et al., 2018).
However, experts’ reliability can be compromised, as experts are prone to biases and
heuristics. Hence, numerous expert elicitation techniques have been developed (Sutherland
& Burgman, 2015; O’Hagan et al., 2006; Cooke, 1991). In general, experts must be tested
with their estimates validated with independent evidence, in order to improve their
accuracy; and independent opinions should be sought. However, expert elicitation remains
largely informal and non-transparent. To improve the accuracy of expert judgement as well
as the transparency of the results, Hemming el al. (2018) published a structured elicitation

protocol called IDEA (Investigate, Discuss, Estimate and Aggregate). This protocol allows the
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experts to answer the questionnaire individually while providing reasons for their
judgements; and modify their responses discreetly after reviewing the answers from other

anonymous respondents.

INSEAT, however, does not follow all the steps prescribed by IDEA as it does not seek to
establish a definite rational consensus on IAS management. Instead, it is designed as a rapid
screening tool for assessing the divergences in the opinions from a large number of 1AS
experts. INSEAT allows gathering of information about the sources of knowledge that these
experts used (see Question 6 in Fig. 1), so that the users can critically review their
responses. The tool also seeks to open debate on alternative management options, which
can be achieved only if a large number of experts complete the survey. By having short

response times, INSEAT has the possibility to gather a high amount of responses.

A number of measures have been taken to minimise bias and improve the level of
confidence: First, INSEAT stresses that the respondent should be an expert in the IAS of
interest. Second, the respondents should be selected carefully — for example, we focused
only on the IAS experts from Great Britain when piloting the tool, since IAS effects are
mostly context dependent (PySek & Richardson, 2010; Vila et al., 2011). Third, the language
used in the questionnaire has been tested during the pilot phase and improved, to avoid
language-based uncertainties. Fourth, the experts are asked to gauge their level of
confidence in their responses (this was added on to the final version of INSEAT after
piloting). Finally, the experts are asked to provide evidence to support their answers in
order to weight their opinions (this was added on to the final version of INSEAT after

piloting).

Assessing strength and direction of IAS effects
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Semi-quantitative Likert scales are used to rank environmental and socio-economic impacts,
following other assessments such as the Generic Impact Scoring System (GISS; Nentwig et
al., 2016). Each scale level is well-defined to avoid ambiguities and also to make categories
and taxa comparable. The scale ranges from -4 to 4, each level combining the strength (“no
effect”, “too small”, “noticeable”, “substantial” and “intense”) and the reversibility of the
impact if the species is removed (“reversible” or “irreversible”). We consider that only

“intense” effects can be irreversible, as for less extreme impacts the ecosystems would

naturally recover to their original state.

We used the variability of agreement among the respondents as a measure of robustness in
the knowledge of a species in terms of its impact on a particular ES. Low agreement,
inferred by a high variability in the scoring, helps to identify knowledge gaps about the

effect of that species.

We assumed that the effect of a widely-distributed species to be greater than if it were
more narrowly distributed. Therefore, the “Impact Index”, was determined by weighing the
species impact (from -4 to 4) score with its spatial occupation score (from 1 to 3) (i.e. Impact
index=impact*occupation). The spatial occupation score of the invasive species in their non-
native range— ranging from 1 (localized occupation) to 3 (nationwide occupation) — was
obtained from the respondents. Hence, Impact index scores range from -12 to 12: scores
from -12 to -4 indicate strong negative impacts, scores from -4 to 4 indicate mild or null
effects and scores from 4 to 12 indicate strong positive effects. The colour code on the
“Index graphs” (Figs 1.b, 2.b and 3.b) is based on this division: dark grey denotes strong

negative effect; light grey denotes mild effect; and white denotes strong positive effect.
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Finally, we wanted to know the similarities and contrasts in the effects among species. This
might be useful to answer ecological questions — such as ‘Do IAS from same taxonomic
groups have similar effects, and do those effects differ between taxonomic groups?’ — that
may ultimately help to design management plans. Then we used k-means clustering
algorithm (Hartigan & Wong, 1979) to determine the naturally occurring groups within the
dataset, and the Silhouette Plot method (Appendix 3) to measure the fitness of the

clustering (Kaufman & Rousseeuw, 2009).

Assessing species potential to provide ES

We assumed that IAS have a potential to provide ecological or cultural benefits under
appropriate management (defined as any management scenario that would lead to the
improvement of a particular ecosystem service provided by a species). To assess this, the
respondents were asked to select a list of ES that could potentially be enhanced by the

species in question under adequate management.

Assessing species manageability

Prioritization of cost-effective IAS management is often essential for site managers, due to
limited resources. Risk management is a tool for prioritisation of IAS, used together with risk
assessment. A risk management scheme, developed by Booy et al. (2017), uses seven key
criteria: Effectiveness, Practicality, Cost, Impact, Acceptability, Opportunity window and

Likelihood of re-invasion.

As part of the quick IAS assessment proposed here, we developed a basic manageability
assessment for assessing the feasibility of eradicating an IAS. This complements the results
of the IAS effects assessment by providing a more comprehensive information about the

ecology of the species in question. We based the manageability of the species on their

10
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spreading capacity (i.e., invasiveness), and the management effort (i.e., practicality — e.g.,
physical access and resources such as overall costs, dependent on machinery, staff and
materials such as pesticides) that would be required for its eradication locally (see Booy et

al., 2017).

Two semi-quantitative Likert scale questions were included in the survey to obtain scores
for the spreading capacity and the required management effort, respectively (Fig.1,
guestions 2 and 3). The scores are then presented in a scatter plot to represent the
manageability of the species (Fig. 6). Species on the top left corner require more resources

to be eradicated than species on the bottom right corner.

Piloting INSEAT: case studies

Approximately 3,864 alien species are currently established in Great Britain (Zieritz et al.,
2014). However, only 15.3% of them are considered to have negative effects on the
environment or human wellbeing (Roy et al., 2012). For piloting INSEAT, we selected
eighteen most-studied IAS from six taxonomic groups — namely, terrestrial higher plants,
mammals, aquatic crustaceans, birds, insects and marine plants — to allow comparisons

within and between groups (Appendix 4).

The respondents selected for piloting INSEAT were all IAS experts in Great Britain. We
identified these respondents from the Delivering Alien Invasive Species Inventories for
Europe (DAISIE) database, as well as the relevant scientific publications. We contacted a
total of 452 experts via email, requesting them to complete an anonymous online survey

(https://www.isurvey.soton.ac.uk/) on a voluntary basis. This pilot exercise was approved by

an Ethics Committee at the University of Southampton.
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https://www.isurvey.soton.ac.uk/

245  All the graphical outputs and statistical analysis were performed using RStudio 3.3.1 (R Core
246  Team, 2016), R packages “ggplot2” (Wickham, 2009), “ggrepel” (Slowikowski, 2016) and

247  “Flexible Procedures for Clustering” (Hennig, 2015). The pilot assessment form can be found
248  in Appendix 2; this assessment form improved after the pilot thanks to the feedback

249  provided by the respondents and reviewers. The final assessment form is shown in Fig. 1.

250 Categorising level of confidence

251  We acknowledge the feedback from the testing of INSEAT that the pilot proforma lacks the
252  capacity for the experts to validate their responses. The fact that respondents did not need
253  to justify their answers or indicate their degree of uncertainty may strongly reduce the

254  reliability of the assessment. Although the strength of INSEAT lies on its ability to rapidly
255  obtain responses from a large number of experts, scores derived from this tool will

256  inevitably have varying degree of uncertainty associated with them. In order to keep a

257  balance between practicality and reliability, we added a section in the revised proforma
258  asking the respondents to report the confidence level of their assessment for each ES (as
259  High, Medium or Low; for definitions, see Fig. 1). We also added a request to the

260 respondents for information (e.g. scientific evidence, personal observations, professional
261  opinions) that support their scores in general. Understanding the uncertainty of the

262  responses and its implications can help to further inform IAS management decisions.

263 Results

264  Our pilot survey, covering 18 IAS, was completed by 78 IAS experts in total (i.e., response
265 rate of 17%). The average number of species completed by a respondent was 3 (95% Cl =
266  0.41) and the average time to complete the questionnaire (the pilot version) for one species

267  was 8.4 minutes (95% Cl = 1.94). Each species was assessed 12.8 times on average (95% ClI
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=3.84), with marked variations between taxonomic groups: higher plants received a total of
75 completed assessments; mammals 47; aquatic crustaceans 45; birds 28; insects 19; and
marine plants 16. The most assessed species were Fallopia japonica (Japanese knotweed)
with 28 completed assessments, Impatiens glandulifera (Himalayan balsam) with 26 and
Sciurus carolinensis (Grey squirrel) 22. The least assessed were Frankliniella occidentalis,
(Western flower thrips) with 5 completed assessments, Codium fragile (Green sea fingers) 3
and Leptoglossus occidentalis (Western conifer seed bug) 2 only (see Supporting

Information).

Here we highlight the survey results of four IAS, showcasing how INSEAT can rapidly identify
the ecosystem services enhanced or degraded by a particular IAS. The species highlighted
here were chosen for their contrasting results, which help to illustrate how INSEAT can
highlight variability in agreements among experts (for the results of the rest of the species,

see Data accessibility section).

° Harmonia axyridis (Fig. 2) - Harlequin ladybird is an Asian beetle, introduced in
Europe for pest control that has accidentally arrived in Great Britain crossing the Channel
together with imported vegetables. It was first recorded in Essex in 2004. Currently, it is well
established in England and Wales while rapidly spreading to Scotland (Roy, 2015). This
invasive species was assessed by 12 experts in this study. The experts agreed that Harmonia
axyridis has a positive impact through its effect on pest regulation. This also has a synergistic
association with other benefits such as the production of cultivated goods (Fig. 2.a).
Furthermore, 30% of the experts considered that this ladybird is potentially beneficial for
provision of fuels (i.e., beneficial for standing vegetation) and harvested wild goods (Fig.

2.b). However, the experts had also identified some negative effects associated with this

13
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IAS; primarily this species could adversely affect wild species diversity, or genetic diversity
(with a median score of -2). Therefore, this case study demonstrates how the tool could be
employed to detect important trade-offs between the provision and loss of services

associated with an invasive species (Fig. 2.c).

° Astacus leptodactylus (Fig. 3) - Turkish crayfish occupies lakes, ponds and rivers, but
it has also been recorded in brackish water (Aldridge, 2016). This species was first recorded
in 1975. Currently, it is well established in England with isolated populations in Wales as
well. This invasive species was assessed by 12 experts. The overall effect of this species in
the country is considered as “mild” as none of the effect index is higher than 3 or lower than
-3 (Fig. 3.c). This case study, however, highlighted a discrepancy among the experts in terms
of their views on the usefulness of this species used as a food source (Fig. 3.a). Nevertheless,
50% of the respondents indicated that there is a potential of this species to be used as a

harvested wild good (Fig. 3.b).

° Pacifastacus leniusculus (Fig. 4) — Interestingly, the experts’ opinions on Signal
crayfish were greatly different from those of the Turkish crayfish. Hence, this case study
serves as an example of how similar species are considered to have vastly different effects
by the assessed experts. Assessed by 16 experts, this invasive species had negative impact
index scores on wild species diversity (median score = -4), erosion regulation (median score
= -3), detoxification (median score = -0.5), hazard regulation (median score = -1), pest
regulation (median score = -1), and recreation (median score = -0.5) (Fig. 4.a). Despite the
majority of the effects being negative, 70% of the experts indicated that this crayfish could

potentially be used as a harvested wild good (Fig. 4.c).

14
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) Impatiens glandulifera (Fig. 5) - Himalayan balsam is an annual weed native from the
Indian subcontinent. Recorded for the first time in 1851 in Great Britain, it is currently
distributed through most lowland. (Day, 2015). We had 26 experts assessing this species.
The majority of the effects of this invasive species were considered negative (Fig. 5.a). The
level of congruence for two particular ES is low (i.e., high uncertainty): erosion regulation
(median score of -3; quartiles ranging from 0 to -4), and pollination, (median score of 1;
quartiles ranging from 3 to -3). Nevertheless, the impact index scores clearly indicated that

this species as highly damaging to the environment (Fig. 5.c).

Manageability and clustering analysis

Overall, the manageability of all 18 IAS in this study is low, with a management effort
median score of 3.0 (Median Absolute Deviation = 0), and spreading capacity median score
of 2.3 (MAD = 0.74). This means that all species in this study would require a high amount of
resources for their control. The species with the lowest manageability were (Fig. 6):
Dikerogammarus villosus (Killer shrimp), Undaria pinnatifida (Wakame), Harmonia axyridis,

Sargassum muticum (Wireweed) and Pacifastacus leniusculus.

The clustering analysis indicated that the best number of clusters for our species sample is
three, with an average silhouette width of 0.27. This silhouette width is substantially low,
indicating a weak clustering structure (see Supporting Information). Hence, no statistically

significant cluster was found among the 18 IAS in the study (Kaufman & Rousseeuw 2009).

Discussion

Preventing IAS spread is the most cost-effective strategy to build IAS-free ecosystems
(Richardon & Ricciardi, 2013). However, such management approach is unlikely to be 100%

effective (Chornesky et al., 2005); and the on-going rapid rates of species invasion suggest
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that eradication of IAS may not be economically feasible in the future. In such scenario,
goals of coexistence would be more viable and realistic (Hobbs et al., 2006; Hobbs, Higgs &

Harris, 2009; Walther et al., 2009).

By using INSEAT, conservation practitioners and site managers can improve their
understanding of the invasive species and their associated ecosystem service gains and
losses. Such knowledge based on experts’ opinions can potentially aid in the prioritization of
IAS management and the consideration of alternative management measures in decision-
making. Nevertheless, INSEAT should still be considered as a practical tool for preliminary
assessments; the results of INSEAT are based on opinions of single individuals, hence they
provide an initial screening of possibilities that should be further evaluated in later stages of
decision-making processes. However the use of INSEAT could potentially pave the way for

the more detailed evaluation in the future.

INSEAT can highlight the level of confidence in our current knowledge of IAS, thus enabling
us to pinpoint any research gaps and/or conjectures, as negative connotations of some alien
species may be based on incomplete information (McMahon, Fukami & Cadotte, 2006;
Davis, 2009; Schlaepfer, Sax & Olden, 2011; Schlaepfer, Sax & Olden, 2012; Bonanno, 2016).
The lack of congruence in the responses from our pilot scheme could be due to the unclear
definitions of the impact scales (which we have improved after piloting). Another possible
explanation for the low level of congruence in the responses could be the interpretative
flexibility of the experts. It is known that opinions among experts about the valuation of IAS
effects often diverged (Humair et al. 2014). This is because the notion of IAS as concepts
have similar but not identical meaning to different group of experts and stakeholders; this

interpretative flexibility bears the risk of introducing misunderstandings. Humair et al.
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(2014) urged IAS experts to acknowledge uncertainties, to engage transparently in
deliberation about conflicting issues and to take the role of impartial mediators of policy
alternatives rather than of issue advocates. INSEAT supports this observation, with an

aspiration that our results will aid in this deliberation.

In some IAS, the direction of their effects on certain ES remained equivocal. For instance,
the impact score of Himalayan balsam on pollination ranged from 3 to -3. Furthermore, the
socio-cultural attitudes of the respondents towards a particular species could also vary. This
was prominently reflected by the significant variations (ranging from positive to negative) in
the impact scores for cultural ecosystem services — such as “aesthetics” —in many cases. As
the assessments on cultural services are dependent on personal views, it could therefore

inevitably be opened to more ambiguous outcomes.

Having incorporated the positive effects provided by IAS, INSEAT provides a more
comprehensive assessment of the IAS consequences across different types of ES, as
opposed to focusing on the negative aspects exclusively. This will provide users new insights
into the species, allowing diversification of management actions. Once the prevention
measures have failed, goals of coexistence are more feasible than eradication in terms of
economic resources, time and management effort (Wittenberg & Cock, 2005; Davis, 2009).
Hence, these management strategies should be preferred whenever it is possible. Successful
management strategies often acknowledge “that the primary and inevitable constant of the
natural world is change” (Davis, 2009). Therefore, we suggest an adaptive management
approach to deal with IAS (Murray & Marmorek, 2003) in which INSEAT would allow users
to: (1) synthesize the experts’ opinions of IAS effects; (2) collect the information that

support such opinions; and (3) explore management actions alternative to control and
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eradication. A re-evaluation of known effects in the context of ES can help to bridge the link
between IAS and human wellbeing (Millennium Ecosystem Assessment, 2005). There are
accounts of how the removal of an alien species could compromise the provision of cultural
ecosystem services in a local context and lead to strong public opposition (Dickie et al.,
2014; Bennett, 2016; Bonanno, 2016). Information gathered about the effects of an invasive
species can be used, in combination with local knowledge, to work with stakeholders to
identify the most appropriate management plan. For example, Sciurus carolinensis (grey
squirrel) — one of the pilot species in this study — had received positive impact scores on
multiple cultural ES and comments such as “for some people in the most urbanized areas,
grey squirrels are their only experience of wildlife”. The removal of grey squirrel had led to
strong public opposition in the past (Bremner & Park, 2007); INSEAT would have allowed
wildlife managers to circumvent public outrage by identifying alternative, socially-

acceptable squirrel management plans.

One useful feature of INSEAT is that it could highlight the potential benefits that an invasive
species could provide under appropriate management (Figs. 1.b, 2.b, 3.b, 4.b). Under certain
climate change scenarios, some non-native species have even been considered necessary to
assure local ecosystem function continuity (Walther et al., 2009; Lin & Petersen, 2013).
Cases of IAS providing refuge for native species have also been reported (Chiba, 2010). We
therefore argue that consideration of management alternatives to the status quo can help
to mitigate negative impacts while taking advantage of the alien species; IAS can be a
valuable resource in their own right, and management actions that take advantage of their
potential benefits could be fruitful. A comment from an expert on Cervus nippon (Sika deer)
supported our case: "if deer numbers could be controlled, perhaps by bringing back the Lynx,

there are definitely positive benefits". Another example that justified the usefulness of IAS is
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that both Turkish and Signal crayfish scored high in their potential as wild food resource,
with 50% and 70% of experts in agreement, respectively. Management measures that
include harvesting of wild populations could decrease their numbers, diminish their
negative effect on other services and increase the cultural values that are associated with
the harvest. However, when such management is considered, it should be done with
precaution: many examples in the literature illustrate the risk of exploiting invasive species
e.g. promoting the intentional introduction of fish and crayfish into areas where the species
was not present (MclLaughlan & Aldridge, 2013; McLaughlan, Gallardo & Aldridge, 2014). In
such cases, site managers could explore if recreational harvest accompanied with IAS
awareness and education is a possible solution for preventing unintended consequences of

exploiting invasive species.

IAS management involves an estimation of the resources required for effective control.
INSEAT allows users to visualise the level of manageability of an invasive species (Fig. 6),
thus providing a preliminary assessment of feasibility of IAS management. To enhance the
efficacy of a control measure, the tool also allows users to distinguish groups of IAS with
similar effects. Our clusters were not statistically significant for all pilot species; this is not
surprising given that they were from six different taxonomic groups. To be useful, the

clustering analysis should include invasive species from the same taxon (e.g. avian) only.

Finally, we believe that INSEAT can be applied on a user-friendly web interface and adapted
as an online survey which can be completed rapidly. It can be adapted to different
geographical or political regions; and the results are visually informative and self-

explanatory for site managers and stakeholders.

Limitations and future perspectives
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INSEAT — as a rapid assessment tool — inevitably has limitations. It does not deal with
complex ecological interactions, scale-dependent effects, intricate ecological context, and
spread mechanisms. INSEAT could not provide answers to the many complexities in
ecosystem services science. For example, it is beyond the scope of the tool to address
sustainability and resilience of the ecosystem services associated with IAS. Nevertheless,
INSEAT should complement other risk assessments (e.g. Booy et al., 2017) and be used to
build awareness, detect knowledge gaps and aid in the design of alternative management
strategies. In fact, a bridge between INSEAT and EICAT, which evaluates, compares, and
predicts the magnitudes of the environmental impacts of different IAS taxa (Hawkins et al.,
2015), would be beneficial for both IAS management and policy. Decision makers could then
evaluate all the knowledge available, while exploring management alternatives, by focusing

on the functional role rather than on the origin of the species (Bonanno, 2016).
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impact index graphs) will be shared through FIGSHARE.

Literature cited

Aldridge D. 2016. Non-native invasive species factsheets: Turkish Crayfish (Astacus leptodactylus).
GB Non-Native Species Secretariat, United Kingdom. Available from

http://www.nonnativespecies.org/factsheet/factsheet.cfm?speciesld=381 (accessed

October 2016)

Bacher S, Blackburn TM, Essl F, Genovesi P, Heikkila J, Jeschke JM, Jones G, Keller R, Kenis M, Kueffer
C & Martinou AF. 2018. Socio-economic impact classification of alien taxa (SEICAT). Methods
in Ecology and Evolution, 9, 159-168.

Bennett EM, Peterson GD & Gordon LJ. 2009. Understanding relationships among multiple
ecosystem services. Ecology letters, 12, 1394-1404.

Bennett NJ. 2016. Using perceptions as evidence to improve conservation and environmental
management. Conservation Biology.

Bonanno G. 2016. Alien species: to remove or not to remove? That is the question. Environmental
Science & Policy, 59, 67-73.

Boonman-Berson S, Turnhout E & van Tatenhove J. 2014. Invasive species: the categorization of

wildlife in science, policy, and wildlife management. Land Use Policy, 38, 204-212.

21


http://www.nonnativespecies.org/factsheet/factsheet.cfm?speciesId=381

475

476

477

478

479

480

481

482

483

484

485

486

487

488

489

490

491

492

493

494

495

496

497

498

Booy O, Mill AC, Roy HE, Hiley A, Moore N, Robertson P, Baker S, Brazier M, Bue M, Bullock R &
Campbell S. 2017. Risk management to prioritise the eradication of new and emerging
invasive non-native species. Biological Invasions, 19(8), pp.2401-2417.

Bremner A & Park K. 2007. Public attitudes to the management of invasive non-native species in
Scotland. Biological conservation, 139, 306-314.

Brennan SR & Withgott J. 2004. Essential environment: The science behind the stories. Benjamin-
Cummings Publishing Company.

Byers JE. 2002. Impact of non-indigenous species on natives enhanced by anthropogenic alteration
of selection regimes. Oikos, 97, 449-458.

Chiba S. 2010. Invasive Non-Native Species’ Provision of Refugia for Endangered Native Species.
Conservation Biology, 24, 1141-1147.

Chornesky EA, Bartuska AM, Aplet GH, Britton KO, Cummings-Carlson J, Davis FW, Eskow J, Gordon
DR, Gottschalk KW, Haack RA & Hansen AJ. 2005. Science Priorities for Reducing the Threat
of Invasive Species to Sustainable Forestry. BioScience, 55, 335-348.

Cinar ME, Arianoutsou M, Zenetos A & Golani D. 2014. Impacts of invasive alien marine species on
ecosystem services and biodiversity: a pan-European review. Aguatic Invasions, 9, 391-423.

Convention on Biological Diversity. 2008. Alien Species that Threaten Ecosystems, Habitats or
Species. Article 8(h) (ed. U. Nations).

Cook D & Proctor W. 2007. Assessing the threat of exotic plant pests. Ecological Economics, 63, 594-
604.

Cooke R. 1991. Experts in uncertainty: opinion and subjective probability in science. Oxford
University Press on Demand.

Corbin JD & D'Antonio CM. 2004. Competition between native perennial and exotic annual grasses:

implications for an historical invasion. Ecology, 85, 1273-1283.

22



499

500

501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

521

522

523

524

Costanza R, de Groot R, Braat L, Kubiszewski |, Fioramonti L, Sutton P, Farber S & Grasso M. 2017.
Twenty years of ecosystem services: How far have we come and how far do we still need to
go? Ecosystem Services, 28, 1-16.

Daily G. 1997. Nature's services: societal dependence on natural ecosystems. Island Press.

Davis MA. 2009. Invasion biology. Oxford University Press on Demand.

Day P. 2015. Non-Native Invasive Species factsheets: Himalayan Balsam (Impatiens glandulifera). GB
Non-Native Species Secretariat, United Kindom. Available from

http://www.nonnativespecies.org/factsheet/factsheet.cfm?speciesld=1810 (accessed

October 2016)

Dickie IA, Bennett BM, Burrows LE, Nunez MA, Peltzer DA, Porté A, Richardson DM, Rejmanek M,
Rundel PW & Van Wilgen BW. 2014. Conflicting values: ecosystem services and invasive tree
management. Biological Invasions, 16, 705-719.

Didham RK, Tylianakis JM, Hutchison MA, Ewers RM & Gemmell NJ. 2005. Are invasive species the
drivers of ecological change? Trends in ecology & evolution, 20, 470-474.

E. U. Regulation. 2014. Regulation (EU) No 1143/2014 of the European Parliament and of the Council
of 22 October 2014 on the prevention and management of the introduction and spread of
invasive alien species. Official Journal of the European Union, 57(L), 317/335.

Eviner VT, Garbach K, Baty JH & Hoskinson SA. 2012. Measuring the effects of invasive plants on
ecosystem services: challenges and prospects. Invasive Plant Science and Management, 5,
125-136.

Ewel JJ & Putz FE. 2004. A place for alien species in ecosystem restoration. Frontiers in Ecology and
the Environment, 2, 354-360.

Funk JL, Matzek V, Bernhardt M & Johnson D. 2013. Broadening the case for invasive species
management to include impacts on ecosystem services. BioScience, bit004.

Genovesi P & Monaco A. 2013. Guidelines for addressing invasive species in protected areas. Plant

invasions in protected areas, pp. 487-506. Springer.

23


http://www.nonnativespecies.org/factsheet/factsheet.cfm?speciesId=1810

525

526

527

528

529

530

531

532

533

534

535

536

537

538

539

540

541

542

543

544

545

546

547

548

549

550

Gurevitch J & Padilla DK. 2004. Are invasive species a major cause of extinctions? Trends in ecology
& evolution, 19, 470-474.

Haines-Young R & Potschin M. 2012. Common international classification of ecosystem services
(CICES, Version 4.1). European Environment Agency, 33.

Hartigan JA & Wong MA. 1979. Algorithm AS 136: A k-means clustering algorithm. Journal of the
Royal Statistical Society. Series C (Applied Statistics), 28, 100-108.

Hawkins CL, Bacher S, Essl F, Hulme PE, Jeschke JM, Kiihn I, Kumschick S, Nentwig W, Pergl J, PySek
P & Rabitsch W. 2015. Framework and guidelines for implementing the proposed IUCN
Environmental Impact Classification for Alien Taxa (EICAT). Diversity and Distributions, 21,
1360-1363.

Hemming V, Burgman MA, Hanea AM, McBride MF & Wintle BC. 2018. A practical guide to
structured expert elicitation using the IDEA protocol. Methods in Ecology and Evolution,
9(1), pp.169-180.

Hennig C. 2015. fpc: Flexible Procedures for Clustering.

Hobbs RJ, Arico S, Aronson J, Baron JS, Bridgewater P, Cramer VA. Epstein PR, Ewel JJ, Klink CA,
Lugo AE & Norton D. 2006. Novel ecosystems: theoretical and management aspects of the
new ecological world order. Global ecology and biogeography, 15, 1-7.

Hobbs RJ, Higgs E & Harris JA. 2009. Novel ecosystems: implications for conservation and
restoration. Trends in ecology & evolution, 24, 599-605.

Hulme PE, Pysek P, Nentwig W & Vila M. 2009. Will threat of biological invasions unite the European
Union. Science, 324, 40-41.

Humair F, Edwards PJ, Siegrist M & Kueffer C. 2014. Understanding misunderstandings in invasion
science: why experts don’t agree on common concepts and risk assessments. NeoBiota, 20,
1.

Kaufman L & Rousseeuw PJ. 2009. Finding groups in data: an introduction to cluster analysis. John

Wiley & Sons.

24



551

552

553

554

555

556

557

558

559

560

561

562

563

564

565

566

567

568

569

570

571

572

573

574

575

Kremen C. 2005. Managing ecosystem services: what do we need to know about their ecology?
Ecology letters, 8, 468-479.

Kull CA, Shackleton CM, Cunningham PJ, Ducatillon C, Dufour-Dror JM, Esler KJ, Friday JB, Gouveia
AC, Griffin AR, Marchante E & Midgley SJ. 2011. Adoption, use and perception of Australian
acacias around the world. Diversity and Distributions, 17, 822-836.

Levine JM, Vila M, Antonio CM, Dukes JS, Grigulis K & Lavorel S. 2003. Mechanisms underlying the
impacts of exotic plant invasions. Proceedings of the Royal Society of London B: Biological
Sciences, 270, 775-781.

Lin BB & Petersen B. 2013. Resilience, regime shifts, and guided transition under climate change:
examining the practical difficulties of managing continually changing systems. Ecol Soc, 18,
28-37.

Liu S, Proctor W & Cook D. 2010. Using an integrated fuzzy set and deliberative multi-criteria
evaluation approach to facilitate decision-making in invasive species management.
Ecological Economics, 69, 2374-2382.

Mace GM, Bateman I, Albon S, Balmford A, Brown C, Church A, Haines-Young R, Pretty JN, Turner K,
Vira B & Winn J. 2011. UK National Ecosystem assessment (UK NEA). Technical report.
Chapter 2. Conceptual framework and methodology. United Kingdom.

MacDougall AS & Turkington R. 2005. Are invasive species the drivers or passengers of change in
degraded ecosystems? Ecology, 86, 42-55.

McLaughlan C & Aldridge DC. 2013. Cultivation of zebra mussels (Dreissena polymorpha) within their
invaded range to improve water quality in reservoirs. Water Research 47(13): 4357-4369.

MclLaughlan C, Gallardo B & Aldridge D. 2014. How complete is our knowledge of the ecosystem
services impacts of Europe's top 10 invasive species? Acta Oecologica, 54, 119-130.

McMahon SM, Fukami T & Cadotte MW. 2006. Conceptual ecology and invasion biology: reciprocal

approaches to nature. Dordrecht, NL: Springer.

25



576

577

578

579

580

581

582

583

584

585

586

587

588

589

590

591

592

593

594

595

596

597

598

599

600

601

Meyerson LA & Mooney HA. 2007. Invasive alien species in an era of globalization. Frontiers in
Ecology and the Environment, 5, 199-208.

Millennium Ecosystem Assessment. 2005. Ecosystems and human well-being. Washington, DC.

Murray C & Marmorek D. 2003. Adaptive management and ecological restoration. Ecological
Restoration of Southwestern Ponderosa Pine Forests (Freiderici P, ed). Washington, DC:
Island Press, 417-428.

Naidoo R, Balmford A, Costanza R, Fisher B, Green RE, Lehner B, Malcolm TR & Ricketts TH. 2008.
Global mapping of ecosystem services and conservation priorities. Proceedings of the
National Academy of Sciences, 105, 9495-9500.

Nentwig W, Bacher S, Pysek P, Vila M & Kumschick S. 2016. The generic impact scoring system
(GISS): a standardized tool to quantify the impacts of alien species. Environmental
monitoring and assessment, 188, 1-13.

Peh KS-H, Balmford A, Birch JC, Brown C, Butchart SHM, Daley J, Dawson J, Gray G, Hughes
FM, Mendes S & Millett J. 2015. Potential impact of invasive alien species on ecosystem
services provided by a tropical forested ecosystem: a case study from Montserrat. Biological
Invasion, 17, 461-475.

O'Hagan A, Buck CE, Daneshkhah A, Eiser JR, Garthwaite PH, Jenkinson DJ, Oakley JE & Rakow T.
2006. Uncertain judgements: eliciting experts' probabilities. John Wiley & Sons.

Pejchar L & Mooney HA. 2009. Invasive species, ecosystem services and human well-being. Trends in
ecology & evolution, 24, 497-504.

Pysek P & Richardson DM. 2010. Invasive species, environmental change and management, and
health. Annual Review of Environment and Resources, 35, 25-55.

R Core Team. 2016. R: A Language and Environment for Statistical Computing. R Foundation for
Statistical Computing, Vienna, Austria.

Ricciardi A, Ryan R. 2018. The exponential growth of invasive species denialism. Biological Invasions,

20, 549-53.

26



602

603

604

605

606

607

608

609

610

611

612

613

614

615

616

617

618

619

620

621

622

623

624

625

Richardson DM, Pysek P & Carlton JT. 2011. A compendium of essential concepts and terminology in
invasion ecology. Fifty years of invasion ecology. The legacy of Charles Elton, 409-420.

Roy HE. 2015. Non-Native Invasive species factsheet: Harlequin ladybird (Harmonia axyridis). GB
Non-Native Species Secretariat, United Kingdom. Available from

http://www.nonnativespecies.org/factsheet/factsheet.cfim?speciesld=1668 (accessed

October 2016)

Rousseeuw PJ. 1987. Silhouettes: a graphical aid to the interpretation and validation of cluster
analysis. Journal of computational and applied mathematics, 20, 53-65.

Roy HE, Rabitsch W, Scalera R, Stewart A, Gallardo B, Genovesi P, Essl F, Adriaens T, Bacher S, Booy O
& Branquart E. 2018. Developing a framework of minimum standards for the risk assessment
of alien species. Journal of Applied Ecology, 55, 526-538.

Roy H, Schonrogge K, Dean H, Peyton J, Branquart E, Vanderhoeven S, Copp G, Stebbing P, Kenis M,
Rabitsch W & Essl F. 2014. Invasive alien species—framework for the identification of
invasive alien species of EU concern.

Roy HE, Bacon J, Beckmann B, Harrower CA, Hill MO, Isaac NJ, Preston CD, Rathod B, Rorke SL,
Marchant JH & Musgrove A. 2012. Non-Native Species in Great Britain: establishment,
detection and reporting to inform effective decision making. Defra report July.

Schlaepfer MA, Sax DF & Olden JD. 2011. The potential conservation value of non-native species.
Conservation Biology, 25, 428-437.

Schlaepfer MA, Sax DF & Olden JD. 2012. Toward a More Balanced View of Non-Native Species.
Conservation Biology, 26, 1156.

Seabloom EW, Harpole WS, Reichman O & Tilman D. 2003. Invasion, competitive dominance, and
resource use by exotic and native California grassland species. Proceedings of the National

Academy of Sciences, 100, 13384-13389.

27


http://www.nonnativespecies.org/factsheet/factsheet.cfm?speciesId=1668

626

627

628

629

630

631

632

633

634

635

636

637

638

639

640

641

642

643

644

645

646

647

648

649

Shackleton CM, McGarry D, Fourie S, Gambiza J, Shackleton SE & Fabricius C. 2007. Assessing the
effects of invasive alien species on rural livelihoods: case examples and a framework from
South Africa. Human Ecology, 35, 113-127.

Simberloff D. 2000. Nonindigenous species: a global threat to biodiversity and stability. Nature and
human society: the quest for a sustainable world. National Academy Press, Washington, DC,
325-334.

Slobodkin LB. 2001. The good, the bad and the reified. Evolutionary Ecology Research, 3, 91-105.

Slowikowski K. 2016. ggrepel: Repulsive Text and Label Geoms for 'ggplot2'.

Sutherland WJ & Burgman M. 2015. Policy advice: use experts wisely. Nature News, 526(7573),
p.317.

Tassin J & Kull CA. 2015. Facing the broader dimensions of biological invasions. Land Use Policy, 42,
165-169.

The Economics of Ecosystem and Biodiversity (TEEB). 2016. Ecosystem services TEEB, United States.

Available from http://www.teebweb.org/resources/ecosystem-services/ (accessed October

2016)

Vila M, Basnou C, Pysek, P, Josefsson M, Genovesi P, Gollasch S, Nentwig W, Olenin S, Roques A, Roy
D & Hulme PE. 2010. How well do we understand the impacts of alien species on ecosystem
services? A pan-European, cross-taxa assessment. Frontiers in Ecology and the Environment,
8(3), 135-144.

Vila M, Espinar JL, Hejda M, Hulme PE, Jarosik V, Maron JL, Pergl J, Schaffner U, Sun Y & PysSek P.
2011. Ecological impacts of invasive alien plants: a meta-analysis of their effects on species,
communities and ecosystems. Ecology letters, 14, 702-708.

Vila M & Hulme PE. eds. 2017. Impact of biological invasions on ecosystem services. Vol. 12. Cham:

Springer.

28


http://www.teebweb.org/resources/ecosystem-services/

650

651

652

653

654

655

656

657

658

659

660

661

Walther G-R, Roques A, Hulme PE, Sykes MT, PySek P, Kiihn |, Zobel M, Bacher S, Botta-Dukat Z,
Bugmann H & Czucz B. 2009. Alien species in a warmer world: risks and opportunities.
Trends in ecology & evolution, 24, 686-693.

Wickham H. 2009. ggplot2: Elegant Graphics for Data Analysis. Springer-Verlag New York.

Wittenberg R & Cock MJ. 2001. Invasive alien species: a toolkit of best prevention and management
practices. CABI.

Wittenberg R & Cock MJ. 2005. Best practices for the prevention and management of invasive alien
species. SCOPE-Scientific Committee on Problems of the Environment. International Council

of Scienfitic Unions, 63, 209.

Zieritz A, Armas B & Aldridge DC. 2014. Registry of non-native species in the Two Seas region

countries (Great Britain, France, Belgium and the Netherlands). Neobiota, 23, 65.

29



662

663

664

665

666

667

668

669

670

671

672

673

674

675

676

677

678

679

680

681

682

683

Figure legends

Figure 1. INvasive Species Effects Assessment Tool (INSEAT). Assessment form - questions
and scoring system (final version). The pilot assessment form, as well as the changes

implemented after respondents and reviewers’ feedback, can be found in Appendix 2.

Figure 2. Harmonia axyridis (Harlequin ladybird). N=12. The horizontal axis displays the ES
grouped into broader categories. a) Impact scores. Boxplot indicates the interquartile range;
the band represents the median. b) Potential. Percentage of the respondents that
considered that an ES could be potentially provided by the species. ¢) Impact index. White
indicates strong positive impact; dark grey represents strong negative impact. Note: these

results are based on the INSEAT pilot assessment form (Appendix 2).

Figure 3. Astacus leptodactylus (Turkish crayfish). N=12. The horizontal axis displays the ES
grouped into broader categories. a) Impact scores. Boxplot indicates the interquartile range;
the band represents the median. b) Potential. Percentage of the respondents that
considered that an ES could be potentially provided by the species. c) Impact index. Light
grey indicates strong positive impact; dark grey represents strong negative impact. Note:

these results are based on the INSEAT pilot assessment form (Appendix 2).

Figure 4. Pacifastacus leniusculus (Signal crayfish). N=16. The horizontal axis displays the ES
grouped into broader categories. a) Impact scores. Boxplot indicates the interquartile range;
the band represents the median. b) Potential. Percentage of the respondents that
considered that an ES could be potentially provided by the species. c) Impact index. Light
grey indicates strong positive impact; dark grey represents strong negative impact. Note:

these results are based on the INSEAT pilot assessment form (Appendix 2).
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Figure 5. Impatiens glandulifera (Himalayan balsam). N=26. The horizontal axis displays the
ES grouped into broader categories. a) Impact scores. Boxplot indicates the interquartile
range and the band represents the median. b) Potential. Percentage of the respondents that
considered that an ES could be potentially provided by the species. c) Impact index. Light
grey indicates strong positive impact; dark grey represents strong negative impact. Note:

these results are based on the INSEAT pilot assessment form (Appendix 2).

Figure 6. Scatter plot representing the manageability of the species. X-axis represents the
median of the spreading capacity; y-axis represents the median of the management effort.
Species in the top, right corner are the species with the lowest manageability. Note: these
results are based on the INSEAT pilot assessment form (Appendix 2); the final version

includes an improved definition of the management effort (Fig. 1).
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