Journal of Applied Ecology I e

Journal of Applied Ecology 2017, 54, 1259-1267 doi: 10.1111/1365-2664.12849

Invader Relative Impact Potential: a new metric to
understand and predict the ecological impacts of
existing, emerging and future invasive alien species

Jaimie T.A. Dick*', Ciaran Laverty' (», Jack J. Lennon', Daniel Barrios-O’Neill*, Paul J.
Mensink’, J. Robert Britton?, Vincent Médoc?, Pieter Boets®*, Mhairi E. Alexander®, Nigel
G. Taylor®, Alison M. Dunn®, Melanie J. Hatcher®, Paula J. Rosewarne®, Steven Crookes’,
Hugh J. Maclsaac’, Meng Xu®, Anthony Ricciardi®, Ryan J. Wasserman'®'' (), Bruce R.
Ellender'®"!, Olaf L.F. Weyl'®"", Frances E. Lucy*'?, Peter B. Banks'3, Jennifer A.
Dodd'¥, Calum MacNeil'®, Marcin R. Penk'®, David C. Aldridge'” and Joseph M. Caffrey? '3

"institute for Global Food Security, School of Biological Sciences, Queen’s University Belfast, MBC, 97 Lisburn Road,
Belfast BT9 7BL, UK; 2Department of Life and Environmental Sciences, Faculty of Science and Technology,
Bournemouth University, Fern Barrow, Poole, Dorset BH12 5BB, UK; 3Institute of Ecology and Environmental
Sciences, Universite Pierre et Marie Curie (Paris 6), 75005 Paris, France; “Provinciaal Centrum voor Milieuonderzoek,
Godshuizenlaan 95, 9000 Ghent, Belgium; SInstitute for Biomedical and Environmental Health Research (IBEHR),
School of Science and Sport, University of the West of Scotland, Paisley PA1 2BE, UK; ®School of Biology, Faculty of
Biological Sciences, University of Leeds, Leeds LS2 9JT, UK; "Great Lakes Institute for Environmental Research,
University of Windsor, Windsor, ON N9B 3P4, Canada; 8Pearl River Fisheries Research Institute, Chinese Academy
of Fishery Sciences, Key Laboratory of Tropical and Subtropical Fishery Resource Application and Cultivation,
Ministry of Agriculture, Guangzhou 510380, China; 9R‘edpath Museum, McGill University, 859 Sherbrooke Street
West, Montreal, QC H3A 0C4, Canada; "°South African Institute for Aquatic Biodiversity (SAIAB), P. Bag 1015,
Grahamstown 6140, South Africa; ' Centre for Invasion Biology, South African Institute for Aquatic Biodiversity
(SAIAB), P. Bag 1015, Grahamstown 6140, South Africa; “?Centre for Environmental Research, Innovation &
Sustainability, Institute of Technology Sligo, Ash Lane, Co., Sligo, Ireland; 3School of Life and Environmental
Sciences, The University of Sydney, Science Road Cottage A10, Camperdown, NSW 2006, Australia; 4 Scottish
Centre for Ecology & the Natural Environment, IBAHCM, University of Glasgow, Rowardennan, Glasgow G63 0AW,
UK: "SDepartment of Environment, Food and Agriculture, This Slieau Whallian, Foxdale Road, St. Johns IM4 3AS,
Isle of Man; "®Department of Zoology, School of Natural Sciences, Trinity College Dublin, Dublin 2, Ireland;
""Department of Zoology, University of Cambridge, David Attenborough Building, Downing Street, Cambridge CB2
3EJ, UK: and "®INVAS Biosecurity, 6 Lower Ballymount Road, Walkinstown, Dublin 12, Ireland

Summary

1. Predictions of the identities and ecological impacts of invasive alien species are critical for
risk assessment, but presently we lack universal and standardized metrics that reliably predict
the likelihood and degree of impact of such invaders (i.e. measurable changes in populations
of affected species). This need is especially pressing for emerging and potential future invaders
that have no invasion history. Such a metric would also ideally apply across diverse taxo-
nomic and trophic groups.

2. We derive a new metric of invader ecological impact that blends: (i) the classic Functional
Response (FR; consumer per capita effect) and Numerical Response (NR; consumer popula-
tion response) approaches to determining consumer impact, that is, the Total Response
(TR = FR x NR), with; (ii) the ‘Parker—Lonsdale equation’ for invader impact, where
Impact = Range x Abundance x Effect (per capita effect), into; (iii) a new metric, Relative
Impact Potential (RIP), where RIP = FR x Abundance. The RIP metric is an invader/na-
tive ratio, where values >1 predict that invader ecological impact will occur, and increasing
values above 1 indicate increasing impact. In addition, the invader/invader RIP ratio allows
comparisons of the ecological impacts of different invaders.
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3. Across a diverse range of trophic and taxonomic groups, including predators, herbivores,
animals and plants (22 invader/native systems with 47 individual comparisons), high-impact
invaders were significantly associated with higher FRs compared to native trophic analogues.
However, the RIP metric substantially improves this association, with 100% predictive power
of high-impact invaders.

4. Further, RIP scores were significantly and positively correlated with two independent eco-
logical impact scores for invaders, allowing prediction of the degree of impact of invasive
alien species with the RIP metric. Finally, invader/invader RIP scores were also successful in
identifying and associating with higher impacting invasive alien species.

5. Synthesis and applications. The Relative Impact Potential metric combines the per capita
effects of invaders with their abundances, relative to trophically analogous natives, and is suc-
cessful in predicting the likelihood and degree of ecological impact caused by invasive alien
species. As the metric constitutes readily measurable features of individuals, populations and
species across abiotic and biotic context-dependencies, even emerging and potential future
invasive alien species can be assessed. The Relative Impact Potential metric can be rapidly
utilized by scientists and practitioners and could inform policy and management of invasive
alien species across diverse taxonomic and trophic groups.

Key-words: ecological impacts, functional response, invasive alien species, maximum feeding
rate, numerical response, prediction, relative impact potential metric, risk assessment, species

abundance, taxonomic and trophic groups

Introduction

In recent decades, invasion ecology has advanced substan-
tially in providing understanding of the ecological impacts
of invasive alien species, here defined as measurable
changes in populations of affected species (see Ricciardi &
Cohen 2007; Simberloff et al. 2013; Caffrey et al. 2014,
Jeschke et al. 2014; Kumschick et al. 2015). For example,
introduced predators can drastically impact populations
and communities of native prey species (e.g. Salo et al.
2007; Wanless et al. 2007; Dick, Alexander & MacNeil
2013a; Dick et al. 2013b). However, beyond broad gener-
alizations such as these, the search for species traits (e.g.
body size, fecundity, behaviour) that reliably predict inva-
sion success and ecological impact has generally failed
(Parker et al. 2013; Dick et al. 2014). This has also hin-
dered those who require better risk assessments for inva-
ders since, although invasion history can inform likely
future impacts of an invader (Kulhanek, Ricciardi &
Leung 2011; Ricciardi ez al. 2013; Blackburn ez al. 2014),
there is currently no way of predicting the ecological
impacts of emerging and future potential invaders that
have no invasion history.

IUCN Aichi targets state that, by 2020, ‘invasive alien
species and pathways are identified and prioritized, that
priority species are controlled or eradicated, and measures
are in place to manage pathways to prevent their intro-
duction and establishment’. Additionally, recent EU TAS
legislation (EU Regulation 1143/2014) required member
states to develop a list of invasive alien species of EU con-
cern (see EU 2016/1141). Key criteria for listing such spe-
cies are ostensibly based on ‘available scientific evidence’

and that the species is ‘likely to have a significant adverse
impact on biodiversity or the related ecosystem services’.
These lists are dynamic at the Member State and EU
levels and hence there is an urgent need to identify and
prioritize IAS of regional and indeed global concern.
However, while we have impact measures and classifica-
tions for established invaders (e.g. Blackburn ef al. 2014;
Laverty et al. 2015b), there is currently no way of predict-
ing the impact of new invaders. While horizon scanning
has a good record in predicting new and damaging arri-
vals (Roy et al. 2014), and such exercises are often based
on ‘expert opinion’ coupled with best available evidence
(see Blackburn er al. 2014), we still need a quantitative
methodology to rapidly assess potential impacts of
invaders that can be applied by stakeholders and
practitioners.

Comparative analyses of invader and native Functional
Responses (FRs; Fig. 1a) have recently been identified as
a useful means of identifying high-impact invasive alien
species (Dick er al. 2014). FRs define the relationship
between resource availability (e.g. prey density) and con-
sumer uptake (e.g. prey consumption rate). For example,
the well-known ecologically damaging bloody red shrimp
Hemimysis anomala Sars 1907 has a higher maximum
feeding rate (the asymptote of the FR) than its native eco-
logical equivalent species Mysis salemaai Audzijonyte &
Vainola 2005 (Dick et al. 2013b) and this difference corre-
lates with degree of field invader impact on different prey
species (Fig. 1b—d).

Classically, the FR describes the per capita effect of a
predator (or other consumer) on prey (or other resource)
as the density of prey (resource) increases, with the
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Fig. 1. (a) Functional response (FR) types and hypothetical inva-
der/native comparisons; (b—d) differences in FRs between an
invasive mysid shrimp (Hemimysis anomala, closed circles, solid
line) and a native comparator (Mysis salemaai, open circles,
dashed line) explains and predicts known field impacts of the
invader on zooplankton prey species (b and c¢ = cladocerans,
d = copepods; redrawn from Dick ez al. 2013b).

reciprocal of the ‘handling time’ parameter 4 giving the
estimated maximum feeding rate (curve asymptote). The
Numerical Response (NR) describes the predator popula-
tion response as the density of prey increases (NR = both
predator aggregation and predator reproduction; Solomon
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1949; Holling 1959a.,b). The overall effect on the prey
population, the ‘Total Response’ (TR), is then the
product of the FR and the NR, that is:
TR = FR x NR eqn 1

Similarly, invasion ecologists (Parker et al. 1999; the
‘Parker-Lonsdale equation’) recognized that the Impact
(I) of an invasive alien species on a native resource (e.g.
predator on prey) could be quantified as the product of
the Range (R) of the invasive alien species, its Abundance
(A) and per capita effect (E), that is:
I=RxAXE eqn 2

When considering trophic interactions of an invader
with a resource, the Parker-Lonsdale equation is essen-
tially the TR equation with the addition of Range, reflect-
ing the assumption that a native species exists throughout
its ‘natural’ range, whereas invasive alien species are, by
definition, increasing their range from an initial absence.
However, per capita effects were never expressed as FRs
by Parker ez al. (1999) or subsequent invasion ecologists
(see Dick et al. 2014), nor was the Numerical or TR ter-
minology utilized. The realization that the Parker—Lons-
dale equation and the classic TR equation were essentially
equivalent led Dick ez al. (2014) to suggest the use of FRs
as a per capita measure of invader impact, in particular
comparing the FRs of invaders with trophically analogous
natives, to understand and predict invader impacts. This
approach has been generally successful, with many high-
impact invaders showing significantly higher FRs than
native species as well as non-impacting introduced species
(Fig. 1b—d; see also Alexander et al. 2014; Laverty et al.
2015a; Xu et al. 2016). However, as discussed by Dick
et al. (2014), the full potential of an invader in its impact
on native prey populations may be better described as the
product of the FR and NR. However, unlike FRs, which
are often readily measured, the NR is a more nebulous
and difficult measure (e.g. due to time lags). We suggest,
however, that this could be simply replaced with the
proxy of consumer abundance, which captures aggrega-
tion, reproduction and the long-term net effect of
resources assimilated into consumers. Such abundance
data may already be available for the species in question,
particularly as a result of routine monitoring programmes,
or can be easily estimated in the field when required. In
the absence of existing invasions, reasonable if slightly
conservative estimates of invader densities could be
obtained from populations in the native range (see Han-
sen et al. 2013; Parker et al. 2013).

In this paper, we present a new metric that blends
facets of eqns 1 and 2 above, to predict invasive alien spe-
cies impacts. We then explore the utility of the metric in
predicting the identities of ecologically damaging invasive
alien species, and the likelihood and degree of their eco-
logical impacts by quantifying the relationship between
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established scores of ecological impact and our novel pre-
dictive metric. We propose that our new metric has much
potential utility for scientists, managers, practitioners and
policy makers who are often tasked with intervention
ecology (Hobbs ez al. 2011) and the associated cost-bene-
fit analysis involved in invasive species management and
control.

Methods and Results

We propose a new metric for the ecological impact of invasive
alien species, the Relative Impact Potential (RIP) metric, as the
product of the consumer FR and a measure of consumer ABun-
dance (AB). Firstly, the Impact Potential (IP) can be derived for
any species as:
IP =FR x AB eqn 3

However, this only gives an absolute IP value that has no
meaning relative to the baseline, that is, the existing impact of
the native analogous consumer species (or put another way, a
baseline consumer-resource co-evolutionary relationship). Thus,
as with our comparative FR approach, that compares the FRs of
invaders with the FRs of natives (see Dick er al. 2014), we pro-
pose that the IP of invaders becomes relative to the IP of natives,
such that the RIP is:

RIP — <FR1nvader) " (ABmvader)

4
FRnative ABnative ean

where FR = the estimated maximum feeding rate from the FR
curves (i.e. curve asymptotes) and AB = the field abundance/den-
sity (or biomass; see below) of the species. Thus, when RIP < 1,
the invader is predicted to have less impact than the native equiv-
alent(s); when RIP = 1, we predict no impact above that driven
by native equivalents; whereas RIP > 1 indicates likely invader
ecological impact. As an example (see also Table S1, Supporting
Information), we have FRs for the invasive freshwater amphipod
Gammarus pulex (Linnaeus 1758) and the native analogue Gam-
marus duebeni celticus Stock & Pinkster 1970 (which is replaced
by the invader) towards two prey species, mayfly nymphs (Baetis
rhodani Pictet 1844) and blackfly larvae (Simuliidae spp.) (Laverty
et al. 2015a). Further, we have ABs from Kelly er al. (2003,
2006) of G. pulex and G. d. celticus at two contiguous sites in the
River Lissan, N. Ireland, where one site contains only G. pulex (a
long-term invaded site) and the other site only G. d. celticus, and
where environmental variables were consistent between sites,
giving:

17-76 136
RIP = (T%) X <W> = 10-96 for mayfly larvae prey,

and

17-98 136
RIP = <®> X <W> = 13-94 for blackfly larvae prey.

These RIP values of well above 1 corroborate with dramatic
declines in both B. rhodani and Simuliidae spp. following invasion
by G. pulex, and its replacement of the native G. d. celticus;
indeed, the widespread  declines  in

invader  causes

macroinvertebrate species richness, diversity, abundance and bio-
mass (Kelly ez al. 2003, 2006).

However, depending on the data available, either single esti-
mates of FR and AB (as above), or means and standard errors
[or variance, standard deviations (SDs), Cls] or a mixture, will be
available, and hence we can often incorporate variation and
uncertainty into the RIP metric. To do this, we make the
assumption that the observed FR and AB measures are samples
from underlying distributions of values. Because both measures
are strictly positive we use a simple log-normal form for both
underlying distributions. Our goal here is the probability density
function (pdf) for the RIP measure given the four input pdfs
(two numerators, two denominators). It is possible to do this by
repeated sampling from the four pdfs, calculating the RIP each
time, and repeating until a smooth distribution of RIP values is
obtained. Fortunately, there exists a shortcut in that if we know
the means and SDs of the four pdfs, the output pdf for RIP is
available explicitly in mathematical form using these means and
SDs (see R script in Appendix S1). Thus, eqn 4 can often
become:

f(FRinvader)> “ (f(ABinvader)) eqn 5

SIRIP) = (f(FRnative) f(ABnative)

where f() indicates the pdf.

We then use the pdf f{RIP) and report mean RIP and the con-
fidence intervals (80% and 60%) and the probability that mean
RIP is greater than 1, or any other figure (e.g. >10; see Table S1).
Thus, using means and SDs from the first worked example above
[i.e. mean (SD) = 17-76 (7-9); 136 (50); 1296 (3-2); 17 (15)], we
get:

80% CI = 3-72 — 44-8
60% CI =5-7— 1625
Prip>1= 99-6%
PR[p > 10 = 60-3%

RIP = 20-68

The RIP metric has great potential to significantly enhance the
reliability of predictions of invader ecological impact because,
while FR alone is often useful in impact prediction, there may be
cases where the per capita effect of a damaging invader is low,
but the RIP is high because of high invader relative to native spe-
cies abundance. Also, there may be cases where damaging inva-
sive alien species are not numerous compared to natives, but
exert high impact through relatively high per capita effects. All
such permutations of per capita and abundance aspects of inva-
sive alien species can thus be captured in the RIP metric.

Table S1 presents all invader/native FR comparisons con-
ducted by the present authors and from the literature to date (see
review and search terms in Dick et al. 2014). All are study sys-
tems where the invader is known to have a measurable degree of
negative ecological impact (see Table S1). Across the 22 indepen-
dent systems (defined as each distinct invader species/native spe-
cies comparison) in Table SI, the FR of the ecologically
damaging invader was higher than the FR of the native analogue
in 18/22 cases (x> goodness—of-fit test = 8:9, d.f. = 1, P = 0-003),
whereas RIP was greater than 1 for all 22/22 cases (x> = 22,
d.f. =1, P<0-001, P =27 x 107°%). Considering all FR compar-
isons in Table S1 (i.e. even where there were multiple FR com-
parisons within systems, such as more than one prey species
tested), we found that FRs predicted impact in 39/47 cases
(* = 2045, df. =1, P <0001, P=61 x 10°°), but RIP was
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greater than 1 for all 47/47 cases (x> =47, d.f. =1, P <0-001,
P =71 x 107'%). Further, there were significant positive rela-
tionships between our RIP metric and the independent Ecological
Impact Scores of Laverty et al. (2015b) and Ricciardi & Cohen
(2007) (Table 1; Fig. 2a and b; see also Appendix S2; Fig. 2a,
Fy 10 =235, P < 0-001; Fig. 2b, F} 10 = 15:1, P < 0-005).

Table S1 also presents a small number (rn = 7) of invader/in-
vader comparisons, where the more ecologically damaging of two
invasive alien species were in all cases predictable from both their
FR and RIP metrics.

Discussion

The use of FR metrics to predict invader impact has, to
date, largely examined only this per capita impact of indi-
viduals, with little consideration of impact through popula-
tion-based NRs or other consumer abundance measures
(Dick et al. 2014; Table S1 here). Such studies have, how-
ever, often been well reconciled with observed field impacts,
where higher FRs of invaders compared to native trophic
analogues are associated with declines in, for example,
native prey and plant species (e.g. Dick et al. 2013b;
Alexander et al. 2014; Dodd et al. 2014; Xu et al. 2016). In
this study, we found a significant association between
higher invader than native FRs and ecological impacts,
with >80% of systems comparisons following this pattern.
FRs could be inherently more important than NRs in

Table 1. Ecological Impact Scores from Laverty et al. (2015b)
and Ricciardi & Cohen (2007), and log;o Relative Impact Poten-
tial (RIP) scores (this study; ordered highest to lowest RIP;
Method 2, eqn 5, Table S1). Laverty er al. (2015b) and Ricciardi
& Cohen (2007) are ordinal rankings of categories of impact,
based on measurable negative impacts on native species popula-
tions and include a category of 0 for no demonstrable impact.
Where an invasive alien species had multiple RIP scores (e.g.
across several prey species; see Table S1) we took the mean RIP
score (Method 2, eqn 5; see Table S1) for Table 1 and Figure 2a
and b. See also Appendix S2. We only present these analyses for
systems where the invader is known to exhibit impact on the
resource in question (e.g. predator impacts on prey), and not
examples where impact is more diffuse with no direct impacts on
the resource in question (e.g. gamba grass impacts fire regime,
but not nutrients directly; see Table S1)

Laverty Ricciardi & Logo

et al. (2015b)  Cohen (2007) RIP
Invasive Alien Species score score score
Neogobius melanostomus 5 7 2-83
Hemimysis anomala 4 6 2-1
Pomacea canaliculata 3 4 1.91
Clarias gariepinus 4 5 1-8
Dikerogammarus villosus 4 6 1-79
Pseudorasbora parva 5 7 1-49
Gammarus pulex 3 6 1.47
Micropterus salmoides 3 4 1-35
Harmonia axyridis 3 5 1-01
Pacifastacus leniusculus 2 3 0-71
Lepomis macrochirus 2 3 0-7
Eriocheir sinensis 1 1 0-45
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Fig. 2. Least-squares linear regressions of Ecological Impact
Scores against log;o Relative Impact Potential scores (Method 2
eqn 5; see also Table S1 and Table 1 and Appendix S2), for (a)
scores from Laverty et al. (2015b) and (b) Ricciardi & Cohen
(2007).

determining ecological impact because, for example, highly
efficient predator individuals can have devastating impacts
on prey populations (e.g. individual foxes preying on turtle
nests in Australia; Spencer, Van Dyke & Thompson 2016).
Additionally, FRs might be correlated with NRs, and hence
the former measure has inherently high predictive power in
terms of ecological impact (Dick et al. 2013b, 2014). How-
ever, a major advance in invader impact prediction was
revealed in this study when a proxy for NRs, the field abun-
dances of invaders/natives, was incorporated into our RIP
metric. This is a blend of the classic TR equa-
tion (TR = FR x NR) and the Parker et al. (1999) invader
equation [Impact = Range x Abundance x Effect (per
capita)]. Our RIP metric had 100% success in associating
with high-impact invasive alien species using available stud-
ies (Table S1).

We also found the RIP metric correlates significantly
and positively with other independent measures of invader
ecological impact, these being the scoring systems of Lav-
erty et al. (2015b) and Ricciardi & Cohen (2007). RIP
thus gives excellent predictive power as to both the likeli-
hood and magnitude of invader ecological impact, and
also provides a mechanistic understanding of why some
invaders have their degree of ecological impact. This met-
ric could also facilitate the assessment of emerging and
potential future invader identity and likely impact. For
example, following Ricciardi & Rasmussen (1998), exist-
ing/emerging dominant vectors and their connected donor
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pools could be used as a guide to assess possible future
invaders. The RIP method is also a readily available tool
for practitioners, with relatively simple calculations (see
also Supporting Information). For example, this approach
could be applied to existing and potential new candidates
for the EU lists of invasive alien species of Union and
regional concern (EU Regulation 1143/2104), for invasive
alien species ‘horizon scanning’ exercises (e.g. Gallardo &
Aldridge 2013; Caffrey et al. 2014; Roy et al. 2014) and
incorporated into existing invader impact classification
frameworks (e.g. Blackburn ez al. 2014).

The data sets of Table S1 are clearly biased towards
high-impact invasive alien species, as these have received
the most attention from scientists and practitioners. To
fully test the utility of FRs and RIP, we require studies of
low impact/benign introduced species, which should
return RIP values of around or <1. This would enhance
both our understanding of invader impact and add confi-
dence to the RIP metric as able to recognize and assess
both damaging and more benign alien species. In addi-
tion, the RIP method requires native comparators and,
while this has not been a problem thus far (see Table S1),
there may be times when there are multiple candidates, or
indeed none. In the former scenario, the invader/native
RIP can be calculated for each comparator, and individ-
ual and overall RIP values derived. In the latter scenario,
if there happens to be no native analogue (e.g. with mam-
malian predators introduced to islands), then that alone
should signal a high risk potential as functionally distinc-
tive invaders are often the most ecologically damaging
(see Ricciardi & Atkinson 2004). Further, RIP can com-
pare among multiple invaders (see Table S1) to predict
which will have the higher impact and hence should
attract most preventative action.

The RIP metric is clearly influenced by predator (or
other consumer) abundance estimates (and SDs) used in
its calculation, but we found collation of these data
remarkably difficult (see also Parker ez al. 2013). While
we acknowledge that abundances of both invaders and
natives are highly variable (see also Hansen ez al. 2013)
and subject to myriad influences (particularly season and
spatial heterogeneity of habitat), with lag times in popula-
tion growth, we did manage to compile comparative
abundance data for each system that controlled (to vari-
ous degrees) for abiotic/biotic confounds. Also, however,
the abundance estimates that we use incorporate both
aggregative and reproductive elements that are often sepa-
rated in the consideration of NRs. Thus, for example,
abundances of invasive G. pulex and its native analogue
G. d. celticus were derived from contiguous stretches of
the same river where physicochemical influences for both
species were similar. Hence, we assume their abundances
in the RIP calculation reflect true differences in invader/
native species abundances, all else being equal. We recom-
mend that future RIP calculations incorporate abundance
estimates that avoid confounds of differing environmental
and biological factors; however, our method is sufficiently

robust with imperfect data, and such context-dependencies
can also be explicitly incorporated and addressed in inva-
der impact prediction with RIP. In addition, where abun-
dance/density comparisons among invaders and natives
make little sense (e.g. when invaders are relatively massive
in size, but scarce in numbers), then biomass may be a
better element of RIP; for example, the invasive sharp-
tooth catfish (Clarias gariepinus Burchell 1822) vs. native
river goby (Glossogobius callidus Smith 1937) example in
Table S1 (system 19). Finally, as invaders may initially
add to the existing ecological impact of native analogues,
and later in the invasion process either partially or com-
pletely replace such natives, then consideration of RIP
throughout the replacement process may further elucidate
spatiotemporal patterns of invader impact, and we
encourage further research in this area.

The per capita feeding rate of an invader may be
reduced by its own and other species’ abundances through
mutual interference, cannibalism and intra-guild predation
(e.g. see Médoc, Spataro & Arditi 2013). In other cases,
multiple predator impacts may be simply additive (e.g.
Barrios-O’Neill et al. 2014) or synergistic (Pintor, Sih &
Kerby 2009; Zimmermann et al. 2015). Alterations of
predator behaviour are collectively termed ‘multiple
predator effects’ (Sih, Englund & Wooster 1998), and
these clearly may alter predictions of RIP. However, the
FR of groups as opposed to single individuals can be
measured and incorporated into RIP calculations. In
addition, this study shows that this level of complexity
may not be required for rapid and effective usage by prac-
titioners, since the RIP scores presented here, based on
the FRs of single individuals, are reliable predictors of
impact across invader systems. FRs also lend themselves
to measurement under other specific context-dependencies,
both biotic (e.g. Barrios-O’Neill ez al. 2015, 2016) and
abiotic (e.g. Laverty et al. 2015a), such that RIP can also
be modified in its calculation and use. For example, RIP
assessments conducted under differing temperatures may
be used to predict ecological consequences of invasive
alien species under climate change scenarios (see use of
FRs in this context; lacarella ez al. 2015).

Prey naiveté and functional distinctiveness of predators
are prominent features of invasion scenarios (Rehage,
Dunlop & Loftus 2009). Prey recognize predators via
chemical, visual or auditory cues (Abbott 2006; Gherardi
et al. 2011; Carthey & Banks 2014); therefore, experience
and co-evolutionary history are prerequisites for prey to
react appropriately to a predator (Cox & Lima 2006). The
‘naive prey’ hypothesis posits that prey without prior
experience of an invasive predator may incur greater mor-
tality than that with a native predator, as the anti-preda-
tor response is inappropriate or absent (Diamond & Case
1986; Banks & Dickman 2007; Sih ef al. 2010). Prey
naiveté has been observed across taxa including mammals,
birds and fish (McLean, Barbee & Swearer 2007; Salo
et al. 2007; Edgell & Neufeld 2008; Barrio et al. 2010;
Fey et al. 2010; Paolucci, Maclsaac & Ricciardi 2013),
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indicating that it is a pervasive feature increasing invader
impact on recipient systems. Partitioning the effects on
the FR of predator novelty (e.g. with respect to weap-
onry, speed of attack) and prey naiveté is important as,
for example, naiveté may decline in a prey population
over time (Gérard et al. 2014), leading to changes in per
capita effects and overall impact. Again, the RIP metric
can capture and predict such effects by, for example,
examining the FRs of individuals at different spatiotem-
poral stages of invasion and individuals that vary in the
archetype of enemies encountered.

Body size underpins the feeding rates of consumers (e.g.
Woodward & Hildrew 2002; Woodward et al. 2005). In
general, smaller consumers exhibit lower per capita rates
of resource acquisition than do larger consumers, as typi-
fied by lower attack rates and longer handling times (Rall
et al. 2012). At the same time, smaller consumers are
almost inevitably more abundant (Cohen, Jonsson & Car-
penter 2003; Woodward et al. 2005). In the context of
understanding the RIP of invasive alien species, these
empirically well-founded patterns have two corollaries: (i)
that smaller consumers may exert higher population-level
impacts on a mutual resource exploited by larger species,
despite lower per capita feeding rates and; (ii) that the
reciprocal is true where larger, less abundant consumers
have very high per capita feeding rates. The current RIP
metric captures much of this with its balance between the
relative FR and relative population abundances (or bio-
masses) of invaders and natives. For example, the invasive
mysid shrimp, H. anomala, is smaller than its native coun-
terparts and therefore expectations are of higher abun-
dances and lower per capita feeding rates, but empirical
evidence suggests that the per capita feeding rates of the
invader are in fact much higher than those of the larger
native (Dick ef al. 2013b; Barrios-O’Neill etf al. 2014;
Table S1). Conversely, the invasive gammarid shrimp,
Dikerogammarus villosus Sowinsky 1894 is typically larger
than the native counterparts it displaces, yet even size-
matched FR trials reveal higher feeding rates for this spe-
cies, while larger individuals are increasingly voracious
(Dodd et al. 2014; Table S1; see also Xu et al. 2016).
D. villosus is thus larger, has higher inherent per capita
feeding rates and can be more abundant (see Table S1)
than native counterparts. A further potential complication
for RIP is ontogenetic shifts in resource use, such that
invader/native FR/RIP comparisons across body size may
be further confounded. This can be remedied by appropri-
ate studies, such as that of Dick, Alexander & MacNeil
(2013a), who showed that an invader amphipod was in
fact predatory throughout its life history. In each case,
provided species are trophically analogous consumers of
mutual resources, the RIP framework offers a succinct,
tractable means of rapidly assessing possible invader
impacts, even where considerable differences in consumer
size (and biomass) exist.

A further important element of FR derivation and sub-
sequent RIP calculations is the choice of prey/resource
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that is presented to the consumers. At one extreme, the
prey can be ecologically relevant, that is, actual prey spe-
cies encountered in the field by the invaders and native
analogues. This allows direct matching of FR/RIP and
impact in the field. For example, with invasive
H. anomala, smaller invader/native differences in FR/RIP
are associated with prey species less affected in actuality
(Dick et al. 2013b). At the other extreme, the prey species
may be a general item used to reveal overall FR differ-
ences between invader and native. For example, Alexan-
der et al. (2014) used tadpoles as a proxy of the myriad
vertebrate and invertebrate prey of invasive/native fish in
South Africa, revealing inherently higher FRs in damag-
ing invaders compared to natives, which corroborated
with field impacts (see also Table S1 here). We also stress
that the impact of the invader may not always be on the
resource in question, and that high FRs and RIPs may be
characteristic of high-impact invasive species generally.
For example, gamba grass (see Table S1) has impact
through changing fire regimes, but its identification as a
high-impact invader is still evident in our FR and RIP
methodology.

Finally, we have drawn on studies across a diverse
range of taxonomic and trophic groups (see Table S1),
including invasive crustaceans, molluscs, insects, plants
and fish, with animal trophic groups ranging from preda-
tors to herbivores and filter feeders. Since all organisms
utilize resources, there is no reason that FRs cannot be
derived for any invader, either experimentally or from
surveys and other methods (see Dick et al. 2014). Coupled
with abundance/biomass estimates and straightforward
RIP calculations (see Table SI and other Supporting
Information), the metric is applicable to any invasion sce-
nario. Indeed, we have demonstrated that the metric may
be useful in comparing two or more invaders, such that
the increasing scenario of temporal sequences of invasions
by new species can be assessed for likely ecological
impacts (see also Jackson 2015).

In summary, despite a number of issues that can com-
plicate its derivation, our RIP metric encapsulates differ-
ences in FRs and abundances between invaders and
natives and provides a tool to assess which species are
likely to have ecological impact and what that degree of
impact might be. Complexities and context-dependencies
affecting both FRs and abundances can be incorporated
into the RIP metric if desired; the technique also provides
a mechanistic explanation for invader ecological impact.
Most of all, however, we propose RIP as a simple and
rapid, yet apparently powerful, predictive tool for
scientists and practitioners that can inform invasive alien
species risk assessments, interventions, policy and
legislation.
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