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There are abundant examples of alien species having deleterious environmental impacts that alter the structure, function or dynamics of the ecosystem concerned. The need to prioritise management responses to these impacts (or the objectively quantified risk of such threats) provides a strong impetus to develop a standardized system by which impacts can be rigorously quantified and compared in terms of their magnitudes. However, there is no commonly employed method of quantifying and ranking impacts on biodiversity and ecosystems [1]. Regulatory bodies have attempted to develop a variety of different schemes [2 – 4] but a unified standard classification does not exist. Indeed, the lack of a standard metric, coupled with data deficiencies, is likely a major reason why risk assessments rarely include quantitative evaluations of impact [5]. We believe that our proposed classification scheme provides a pragmatic solution to some of these needs. It also has the attractive quality that it follows a similar approach to the already widely adopted Red Listing approach to categorizing extinction risk, and so could theoretically be quickly integrated with existing practices and policies across the globe. It aligns with mechanisms of impact identified in the IUCN GISD (Fig. 1), and hence can be used in conjunction with that important database. The interlink between the IUCN GISD and Red List may also permit a more structured application of the present scheme to the evaluation of the impact of alien species on species assessed in the Red List.

Our scheme overcomes the problems that arise from the fact that there is no standard metric of impact, or method of quantifying it. By relating quantitative studies to a set of standardized semi-quantitative scenarios enhanced by descriptions, we can identify and rank mechanisms of impact indicated by the evidence provided. Although there is often a significant degree of uncertainty surrounding the impact of any given alien species, both because of measurement error and subsequent translation of what a quantitative trait measure means in terms of actual environmental change, the broad separation of our categories in terms of the level of impact they represent means that impacts can be classified with a good degree of confidence [6]. Furthermore, our scheme includes a mechanism for appending estimates of uncertainty to each categorization (Text S1). Similar issues of uncertainty pertain to the IUCN Red List criteria and categories (albeit that they are often overlooked), but while the precise categorization of some species is the subject of considerable debate [7], there is little doubt that the Red List functions as an effective and credible guide to the threat of extinction and as a valuable trend indicator over time [8]. We hope that our categorization scheme will come to be viewed in the same light.

In contrast to the previous use of such scenarios to estimate overall impact [6, 9, 10], here they are simply used to identify the mechanism by which a species has its highest impact. For example, alien populations of the brown tree snake may have had little in the way of impact via hybridization or the spread of disease to native species, but they have clearly had critical impacts through predation on naïve island vertebrate populations [11] and plant reproduction [12], thus irreversibly changing local communities. For this reason, further introductions of the snake, especially to oceanic islands, would be contraindicated by their classification in the highest impact category in our scheme (MA). Moreover, lack of data on some mechanisms of impact does not prevent the classification of a species, if information is available on other mechanisms of impact. For example, information on whether the brown tree snake has impacted the chemical, physical or structural environment may be lacking, but this does not affect its categorization as MA. Our categorization scheme is therefore effective with less available data than required to assess the overall impact of a species, although clearly a lack of information on some mechanisms of impact may lead to a species being placed in a different impact category than might otherwise be the case. Conversely, a species for which abundant data are available, and which scores highly under several impact mechanisms, will receive the same categorization as a species that scores highly in only one impact mechanism. This is a logical consequence of categorizing species on the basis of the worst-case scenario. We see no reason for summing impacts across impact mechanisms, where data are available: for example, two MO impacts (i.e. changes in populations, but not in communities, through two different mechanisms) do not equate to one MR or MA impact, where a single mechanism leads to changes at the community level. Thus, our classification is guided by the level of change (individual – population – community) regardless of the type and number of mechanism(s) involved. However, the certainty with which a species is categorized is likely to increase with data availability. In practice, we suspect that species with high overall environmental impacts will also tend to be classified in higher impact categories under our scheme; preliminary analyses of environmental impacts of alien mammal (Fig. S1) and plant (Fig. S2) species in Europe are consistent with this suspicion, while also identifying outlying species with disproportionally strong impacts from one individual impact mechanism.

One shortcoming of the proposed classification scheme is that it is not designed to be predictive by itself. For example, it cannot be applied to species with no previous history of alien populations (if evaluated, these species cannot be classified other than NA), and, as impacts usually accrue with population growth, species that have not been introduced for long or in large numbers are likely to receive a low rating. Nevertheless, the scheme could provide predictive information on the likely magnitude of impacts of a species, if it is phylogenetically or functionally similar to a species that has known impacts as an alien on the native biota or abiotic environment [13], or if there is a mechanistic understanding of how impacts might progress. This may be helpful given that a history of impact elsewhere is currently often considered to be the best available predictor of the impact potential of an alien species [13-15], but is of no use for predicting impacts of species with no alien populations. Such species could be assessed under our scheme, but with their categorization assigned a high level of uncertainty. This is most likely to be relevant for identifying species related to aliens with known high levels of impact (MO, MR or MA), which may have potential for high levels of impact themselves. Information on the known impacts of alien species could also be used to model impacts in relation to trait data [9], to produce better predictions of the likelihood of impact magnitude for species without alien populations. Ideally, such analyses would account for residence time [16] to ensure that differences in impact are not a consequence of longer time periods for impacts to have developed in some taxa. Analogous studies have used the IUCN Red List to test for correlates of extinction risk [17 – 19]. We do not advocate that such approaches substitute for the precautionary principle in cases of species with unknown impacts, but they may nevertheless help to understand which species may be most damaging if introduced. A future development of the scheme would be to include an estimate of potential impact for such species.

Clearly, the proposed classification scheme is only as good as the evidence available on species impacts [20], as is true of any scheme. It is likely that much of the evidence on impacts will be observational: for example, comparison of the state or function of habitats with or without the alien. Observational evidence is relatively easy to obtain, but provides only weak inference [21, 22]. In such cases, it will therefore be difficult to distinguish whether the alien is the driver of any changes, or simply a “passenger” responding to the same driver as the natives [23]; synergistic interactions between alien species and other stressors are also possible – perhaps increasingly common – but difficult to anticipate [24]. This suggests that categorization will be cautious: an alien is likely to be assigned to a high impact category if it is associated with significant change, even if it is not the main driver. This is a sensible situation under the precautionary principle, where benefit of the doubt should not be given to the alien. However, our system is intended to be dynamic, allowing for updates as new or more reliable data become available, and as the documented impact history of a species unfolds through space and time [13, 25, 26]. In fact, the classification scheme could in practice serve to identify knowledge gaps for invaders for which there is currently little or no information. The scheme also allows an explicit statement about the (un)certainty associated with any categorization (Text S1), which may also help in the prioritization of future studies.

We have explicitly limited categorization under the proposed scheme to deleterious impacts of species – i.e. those that change the environment in such a way as to reduce native biodiversity or alter ecosystem function to the detriment of the incumbent native species (see point 2 in the Introduction). Our view is that it is important to document the negative consequences of all introductions in order to inform management decisions. Nevertheless, our categorization scheme could be a good starting point for identifying alien species for which deleterious impacts on native ecosystems are low, for example for consideration as future pets or garden ornamentals [27]. Any such uses should be mindful of impact history, however, and especially the fact that some alien species may currently be classified in low impact categories simply because of shorter residence times or sparser information.

The use of standardized scenarios allows analysis of a wide range of factors relating to impact, such as correlates of magnitude, variation and temporal and spatial change. The category of impact to which an alien species is assigned can increase or decrease as more deleterious impacts are discovered, if the alien species is subsequently identified as a passenger rather than a driver of change, or if environmental influences change. The protocol can also be applied with minor modification to impacts at a range of spatial scales, allowing national, regional, and global categorization of impacts. It complements and can inform national assessment schemes in which species are assigned to different lists [28 – 30] depending on whether they are species with a low risk of impact (“white list”, ML or perhaps MI in this scheme), of assumed or uncertain impact (“grey list”), or have measurable impacts of concern (“black list”, corresponding to MO, MR or MA) on native biodiversity. In all of these respects, the scheme is analogous to the IUCN Red List categories [31].

Another similarity with the IUCN Red List approach is that some impact listings, as with some threat listings, are likely to be context dependent. For example, a relatively widespread taxon may be classified as at high risk of extinction in some National Red Lists if the species is locally rare or threatened (e.g. the country is near the range edge). Similarly, an alien impact that is observed in one area of the introduced range may not occur elsewhere, or may not be as important elsewhere: invasiveness, and by extension impact, is a characteristic of a population rather than a species [32, 33]. For example, hybridization risk is as much a function of the resident community as it is of the alien species. Thus, Hyacinthoides hispanica is an alien plant that is a hybridization risk with native bluebells in the UK [34], but not in New Zealand where it is naturalized but where there are no native congeners for hybridization to be a problem. However, these context dependencies have different consequences for the listings of native threat versus alien species impact. National-scale extinction threat does not necessarily translate into global scale extinction threat under the IUCN Red List, whereas national-scale impact would translate into global scale impact under our categorization scheme.  This might be viewed as a shortcoming of our scheme but reflects the precautionary principle for alien impacts. It is important to apply this principle given that most species that are alien and have impacts somewhere have not been introduced to many of the locations where they could potentially thrive (and have impacts). Indeed, there is evidence that many alien species can have strong impacts in at least part of their invaded range, if distributed sufficiently widely [35, 36]. As such, management and policy decisions should ideally be informed by a mechanistic understanding of how the impacts arise [32]. For example, the invasion of trees to treeless ecosystems will almost certainly be MR or MA as species over-top native vegetation, but if the same species are introduced to forested areas the impacts might be MI or MO [37, 38]. However, unless the context and mechanisms are well known and understood, species observed to have MA or MR impacts in any part of their introduced range should be treated with extreme caution. Overall, the assessment of impacts at more restricted scales may predominantly depend on evidence of impacts elsewhere (which may be subject to higher error, given context-dependent variation), whereas at large scales, information on impacts will increasingly derive from the focal region.

All of this highlights the importance of ensuring that the impacts of aliens on populations and communities are measured at an appropriate spatial scale, taking into account the typical spatial size at which original native communities can be characterized (termed the ‘local scale’ here). Studies at very restricted spatial scales (i.e. patches of 10s or 100s of square metres) might overestimate impacts if extrapolated to larger scales, while studies at extensive spatial scales (i.e. regional or national) might underestimate them. For example, an alien species might be shown in a field experiment to exclude natives from areas the size of experimental plots, and perhaps even to extirpate natives from entire habitat patches, without having a significant effect on community diversity (e.g. because of the influence spatial dynamics, refugia, or rescue effects). In this case, it is likely that populations of some natives would have declined (e.g. competitors or food species) in the habitats in which the alien species occurs, without resulting in local extinctions: the appropriate classification under our scheme would therefore be MO in this case (Table 1). This approach has the benefit of identifying impacts demonstrated in very small habitat patches that may be a cause for greater concern in the future.

In summary, the classification scheme proposed here provides a simple but general process to categorize alien species in terms of their impacts in the environment to which they have been introduced. Like the IUCN Red List, it can be used to identify priority species for action, as required by the global policies on biological invasions, as well as to facilitate comparisons of alien species impacts across taxa, time and space, and eventually to predict trajectories into the future. Mechanisms of impact are explicitly aligned with those identified in the IUCN GISD (Fig. 1), so that this classification scheme can be used in conjunction with that database. The next step is clearly to demonstrate the utility of the approach through a case study of impacts for a group of species at the global scale. This will be the subject of future work. In the long term, we anticipate significant value in adopting our scheme as a standard, and applying it to all known alien species. Once again, this is analogous to the approach developed by the IUCN for the Red List that in the last twenty years has been applied to more than 70,000 species globally, with complete global assessments for several key taxonomic groups.
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