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Abstract

Macroecology is the study of patterns, and the processes that determine those patterns, in the distribu-
tion and abundance of organisms at large scales, whether they be spatial (from hundreds of kilometres
to global), temporal (from decades to centuries), and organismal (numbers of species or higher taxa). In
the context of invasion ecology, macroecological studies include, for example, analyses of the richness,
diversity, distribution, and abundance of alien species in regional floras and faunas, spatio-temporal dy-
namics of alien species across regions, and cross-taxonomic analyses of species traits among comparable
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native and alien species pools. However, macroecological studies aiming to explain and predict plant and
animal naturalisations and invasions, and the resulting impacts, have, to date, rarely considered the joint
effects of species traits, environment, and socioeconomic characteristics. To address this, we present the
MAcroecological Framework for Invasive Aliens (MAFIA). The MAFIA explains the invasion phenom-
enon using three interacting classes of factors — alien species traits, location characteristics, and factors
related to introduction events — and explicitly maps these interactions onto the invasion sequence from
transport to naturalisation to invasion. The framework therefore helps both to identify how anthropo-
genic effects interact with species traits and environmental characteristics to determine observed patterns
in alien distribution, abundance, and richness; and to clarify why neglecting anthropogenic effects can
generate spurious conclusions. Event-related factors include propagule pressure, colonisation pressure,
and residence time that are important for mediating the outcome of invasion processes. However, because
of context dependence, they can bias analyses, for example those that seck to elucidate the role of alien
species traits. In the same vein, failure to recognise and explicitly incorporate interactions among the main
factors impedes our understanding of which macroecological invasion patterns are shaped by the environ-
ment, and of the importance of interactions between the species and their environment. The MAFIA is
based largely on insights from studies of plants and birds, but we believe it can be applied to all taxa, and
hope that it will stimulate comparative research on other groups and environments. By making the biases
in macroecological analyses of biological invasions explicit, the MAFIA offers an opportunity to guide
assessments of the context dependence of invasions at broad geographical scales.
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climate, colonisation pressure, geographic range, habitats, invasion stages, non-native, propagule pressure,
residence time, species traits, vertebrates

Introduction

Macroecology as a tool to study biological invasions

Invasive alien species introduced by humans to areas beyond their native distribu-
tions (Richardson et al. 2000; Blackburn et al. 2011) are a major threat to the world’s
biodiversity and economy (McGeoch et al. 2010; Blackburn et al. 2014; Brondizio
et al. 2019; Pysek et al. 2020). The numbers of alien species (and the subset of them
that are invasive) are increasing rapidly world-wide and there is no sign of deceleration
(Hulme et al. 2009; Seebens et al. 2017, 2018). Ongoing globalisation (Perrings et al.
2010), increasing levels of ecosystem modification, and climate warming (Walther et
al. 2009) are expected further to accelerate alien species introductions, naturalisations
and impacts (Essl et al. 2011a; Hulme 2017; Haeuser et al. 2018).

Research in invasion science over the last 30 years has focussed on questions aimed
at improving predictions about which species will form invasive populations, and
where these will occur (Drake et al. 1989; Rejmdnek 2000; Kolar and Lodge 2002;
Pysek and Richardson 2007). These questions were motivated by the desire to prevent
and mitigate the multiple environmental and socioeconomic impacts of alien species.
This body of research has given us a better understanding of the importance of con-
text dependence in biological invasions (Sapsford et al. 2020) and of the interactions
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among the multiple key drivers that influence the outcome of invasion (e.g. Higgins
and Richardson 1998; Simberloff and von Holle 1999; Blumenthal 2006; Sol et al.
2008b; Pysek et al. 2009a, 2015). This complexity is now fully appreciated and has
been addressed by the development of numerous hypotheses and concepts (Catford et
al. 2009; Enders et al. 2018, 2020; Jeschke and Heger 2018), theoretical frameworks
(e.g. van Kleunen et al. 2010a; Gurevitch et al. 2011; Strayer 2012; Hulme et al. 2020;
Wilson et al. 2020) and statistical models of macroecological patterns (e.g. Rouget and
Richardson 2003; Thuiller et al. 2006; Wilson et al. 2007; Kiister et al. 2008, 2010;
Pysek et al. 2009a, b, 2015; Castro-Diez et al. 2011; Schmidt and Drake 2011; Daw-
son et al. 2017; Essl et al. 2019). Since multiple factors determine invasion success and
impacts, invasions can only be understood in the specific context in which they occur
(Novoa et al. 2020; Sapsford et al. 2020). For this reason, studies need to be designed
to consider the roles of these multiple factors to ensure that meaningful interpretations
of outcomes can be made.

Given that thousands of alien species have established populations and spread across
previously unoccupied environments, we are now in a position to (and indeed urgently
need to) develop an understanding of the macroecological processes that underpin bio-
logical invasions. Macroecology is the study of large-scale (i.e. from hundreds of square
kilometres to global in terms of space; from decades to centuries in time; and for large
numbers of species or a broad range of taxonomic groups) patterns in the distribution
and abundance of species, and the processes that determine those patterns (Gaston
and Blackburn 2000; McGill 2019). To qualify as macroecological, a study needs to
meet the scale requirement in at least one dimension; in invasion science, it is rare that
studies conform to this definition in all three dimensions (but see Seebens et al. 2017,
2018) as can be inferred from the overview of studies presented in Appendix I.

Macroecology seeks to identify generality in complex ecological systems through
comparative study of their properties, such as species assemblages or geographic ranges;
it therefore addresses issues such as spatial and temporal variation in species richness,
interspecific variation in abundance and range size, and how biological and environ-
mental properties influence these aggregate entities (McGill 2019). For biological inva-
sions, exploring macroecological patterns in the invaded range is a natural extension
of research aiming to understand why some aliens become abundant and widespread
while others do not, and why some sites accrue more alien species than others.

Attempts to associate biological traits and environmental characteristics with
broad-scale patterns in the distribution, abundance, and richness of alien species have
built on decades of macroecological research on native species. The assumption under-
lying this approach is that the ecologies of alien and native populations will be deter-
mined by the same drivers, albeit not necessarily in exactly the same way. For example,
physiological tolerances of individuals to temperature or precipitation in the native
range can be retained for many species in the alien range and climatic niche shifts are
quite rare among terrestrial plant invaders (Petitpierre et al. 2012, but see Hulme and
Barrett 2013; Early and Sax 2014; Atwater et al. 2018; Datta et al. 2019). Similarly,
unless species life histories change when they move to a new range, effects of these
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Table I. Summary of 102 studies addressing macroecological patterns in biological invasions, with re-
spect to the factors that are studied. Only studies meeting at least one of the following criteria were se-
lected: address a large scale in terms of space (from hundreds of square kilometres to global), time (from
decades to centuries) or taxonomy (for large numbers of species or a broad range of taxonomic groups).
See Appendix I for the list of studies on which these statistics are based. Only six studies (5.9% of the
total examined) considered all but one of the seven factors distinguished, 10 studies (9.9%) explored the
effect of five factors, and 13 (12.9%) addressed four factors. The vast majority of studies (72, i.e. 71.3%)
considered three factors or fewer.

Factors investigated

Number of Number of Alien Habitats and Habitats and  Socioec ic Colonisation Residence Invasion
papers factors studied in species climate in climate in factors and propagule time stages
combination traits native range  alien range pressure
0 7
2 6 x x x x x x
2 6 x x x x x x
1 6 x x x x x x
1 6 x x x x x x
4 5 x x x x x
2 5 x x x x x
1 5 x x x x x
1 5 x x x x x
1 5 x x x x x
1 5 x X x x X
2 4 x x x x
2 4 x x x x
2 4 x x x x
2 4 x x x x
1 4 x x x x
1 4 x x x x
1 4 x x x x
1 4 x x x x
1 4 x x x x
6 3 x X x
4 3 x x x
3 3 x x x
3 3 X x x
2 3 x X x
2 3 x x x
2 3 x x x
1 3 x X x
1 3 x x x
1 3 X x x
1 3 x x x
8 2 X x
6 2 x x
3 2 x x
2 2 x x
2 2 x x
1 2 x x
1 2 x x
1 2 x x
1 2 x x
19 1 x
1 1 x
1 1 x
102 93 40 41 27 37 19 34
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traits on macroecological patterns in the native range should be maintained in the alien
range. Plant species that are good competitors should retain this ability in the invaded
range; some will become even better competitors due to enemy release (e.g. Keane and
Crawley 2002), and some will become invaders by behaving in the same way as in their
native range (Firn et al. 2011; Parker et al. 2013; Colautti et al. 2014).

The assumption that the ecologies of alien and native populations will be deter-
mined by the same drivers might not hold if the traits of conspecific individuals in
the alien and native populations differ, e.g. due to founder effects, or evolution, or if
resource limitation differs, e.g. when species move from an N-limited to a light-limited
system. However, and more fundamentally, the identity and location of alien popula-
tions are determined by human activities, in a manner that is of a different order and
type to that for native populations (Wilson et al. 2009). Thus, while human activities
undoubtedly profoundly affect macroecological patterns in native populations (e.g.,
Gaston and Blackburn 2003; Faurby and Aratjo 2017), the macroecological patterns
and processes of alien populations are more strongly mediated by anthropogenic in-
fluences (Richardson et al. 2000; Blackburn et al. 2011). For example, similar factors
seem to influence the native and alien range sizes of pine species (Richardson and Bond
1991), but alien range sizes are additionally profoundly influenced by anthropogenic
factors (McGregor et al. 2012; Proches et al. 2012).

Context dependence in biological invasions: evidence from literature

With respect to alien abundance and distribution, a growing literature shows that
some species traits are generally associated with the capacity to form self-sustaining
populations that spread from points of introduction (i.e. invasive semsu Pysek and
Richardson 2007; van Kleunen et al. 2010b). For example, Pysek et al. (2009a, 2015)
used a source-area approach (as defined by Pysek et al. 2004b) to show that the success
of Central-European plant species introduced to other areas of the world results
from the interaction of their distribution in the native range, habitats they occupy
there, their biological traits, propagule pressure as a consequence of human use, and
residence time. Jeschke and Strayer (2006) showed that invasiveness was related to
native range size for mammals, birds and freshwater fish alien to Europe and North
America. Recent studies revealed that fast life-history strategies, that allow for rapid
increase in population size, characterise successful alien mammals (Capellini et al.
2015), reptiles (Allen et al. 2017) and plants (Richardson and Rejmdnek 2004; van
Kleunen et al. 2010b), while alien birds rather adopt slow strategies (Sol et al. 2012).
In birds and mammals, a generalist life-style characterised by behavioural flexibility
and larger trait variation is associated with successful establishment (Sol et al. 2008a,
2012; Gonzdlez-Sudrez et al. 2015), while in insects specialised species seem to be more
successful (Rossinelli and Bacher 2015). At the global scale, Dyer et al. (2016) showed
that variation in the alien geographic range size of birds was positively associated with
native geographic range size, while there was no effect of either body mass or ecological
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specialisation controlling for other variables. Environmental factors, including climate
and habitat match between source and target regions (Thuiller et al. 2005; Hejda et
al. 2009; Kalusovd et al. 2013) are also likely to be important for invasiveness. For
example, Duncan et al. (2001) showed that alien bird species with larger geographic
ranges in Australia had a larger area of climatically suitable habitat on the continent.

For plants, several studies have addressed the role of traits in invasions in concert
with other factors codetermining invasiveness (e.g. Herron et al. 2007; van Kleunen
and Johnson 2007; Gravuer et al. 2008; Kiister et al. 2008), but none of them simul-
taneously: (i) used a global dataset, (ii) analysed different stages of invasion process,
(iii) took characteristics of the native and introduced ranges, such as its size, climate or
habitat affiliation, into account together with species traits, and (iv) included the effect
of residence time and propagule pressure (Table 1, Appendix I). Thuiller et al. (2006)
studied how species traits, characteristics of the native and introduced ranges, residence
time, and human usage shape the distribution of invasive alien plant species, but they
based their analysis on the invading species pool in the target region of South Africa.
Hamilton et al. (2005) analysed the role of several species traits in invasions at different
spatial scales but, while they accounted for phylogenetic effects, they did not address
different stages of the invasion process, and nor did they consider distributional char-
acteristics in native ranges. Van Kleunen et al. (2007) studied different invasion stages
by analysing introduction through horticultural trade and subsequent naturalisation
separately, and employed distributional characteristics together with species traits, but
only for species within the family Iridaceae. Gravuer et al. (2008) considered human
and biogeographic factors as well as traits and three invasion stages, but only for a sin-
gle genus (i.e. Trifolium). Kiister et al. (2008) considered distributional characteristics
and focused on important interactions among ecological characteristics for one inva-
sion step. Dawson et al. (2009) addressed multiple stages of alien plant invasions for
multiple genera in concert with a number of traits, but only for invasions in the trop-
ics. Essl et al. (2011b) explored interactions among native range size, climate match,
habitat affiliations, colonisation pressure and propagule pressure, but only for conifer
naturalisations. McGregor et al. (2012) examined the role of species traits, biogeo-
graphic attributes (including native range size) and human factors on the likelihood of
introduction and naturalisation of pine species in separate regions in the Northern and
Southern hemispheres.

The need for a formal framework addressing large-scale context dependence in
biological invasions

Despite advances in our understanding of invasion dynamics as discussed above, models
in the literature that seek to elucidate the determinants of naturalisation and invasion
success of alien species from a macroecological perspective (regional to global) rarely
include a complete suite of factors that have been acknowledged as key elements in
the process (Table 1, Appendix I). Yet, the application of models that analyse multiple
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factors in concert to determine their relative importance is crucial to address properly
the role of biological traits promoting species invasiveness. Importantly, because of the
context dependence of invasions, the real effect of a particular trait can be confounded,
for example, if a species possessing a trait is introduced more frequently, or has had a
longer time to adapt to, or take advantage of, conditions in the invaded area. Similarly,
studies that ignore effects of, for example, habitats in which the species occurs either
in the native and/or invaded range may overestimate the role of biological traits, which
in turn may result in spurious predictions (Pysek et al. 2015; Duncan et al. 2019). At
the same time, factors interacting with the species traits themselves, such as propagule
pressure and residence time, play important roles in determining the outcome of
particular invasions.

Here, we develop a formal framework to explore the context dependence of in-
vasions at broad geographical scales, and to increase awareness that macroecological
analyses can yield biased results if these issues are ignored. We discuss different aspects
of the framework by using examples of previous macroecological studies mostly based
on plants and birds, as these two groups have been studied in most detail from this
perspective. However, we believe that the framework is applicable to a broad range
of taxa, and we hope that it will stimulate comparative research in other groups and
environments.

MAcroecological Framework for Invasive Aliens (MAFIA): the rationale

At the core of the MAFIA is the notion that three classes of factors and their interac-
tions explain invasions: (i) alien species traits, (ii) location characteristics, and (iii) fac-
tors related to introduction events (Fig. 1). This rationale has been mostly used in the
animal invasion literature (e.g. Duncan et al. 2003) but is generally applicable across
taxa. Event-related factors include propagule pressure and other human factors (e.g.
pathways, and date of introduction that determines the residence time), but also, for
example, the season during which the species is introduced (summer, winter). These
interactions, with the exception of climate matching (which is often treated as a main
factor instead of an interaction), have rarely been considered to date. However, an
introduction of an alien species with traits suited to establishment in the local abiotic
environment and biotic community, with a sufficiently large founding population size,
will still fail if, e.g. the resource availability at the time of introduction is insufficient
(i.e. a mismatch of location and event characteristics; Fig. 1). For example, it has been
shown that propagule pressure only emerges as a strong predictor of invasion success
of pest insects alien to Europe if the interaction with host availability and the degree
of climate matching is taken into account (Bacon et al. 2014, see also Duncan 2016).
Failure to recognise and explicitly incorporate interactions among the main factors
clearly impedes our understanding of which macroecological invasion patterns are
shaped by the environment, and of the importance of interactions between the species
and their environment.
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Figure 1. A proposed comprehensive typology of factors and their interactions (represented by intersec-
tions in the Venn diagram) that explain invasions: Alien species traits, Location characteristics, and Event-
related factors. Intersections between two (or all) these main classes of factors denote situations where
their combinations determine invasions, e.g. the climate at a location needs to match the niche require-
ments of the alien to result in a successful invasion. For a successful invasion, all factor classes and their
interactions need to be favourable (Species x Location x Event), i.e. a species with suitable traits is intro-
duced to a suitable habitat in a region with matching climate and the propagule numbers arriving during
that introduction event are enough to allow for successful establishment, possibly resulting in invasion.

Another key notion is that the macroecological processes of biological invasions
are underpinned both by biological and environmental characteristics (that are used to
explain the distribution, abundance, and richness of alien species in their native ranges),
and by human factors that influence the probability and magnitude of transport and
introduction of alien species, and whether, where, and when a species is given the op-
portunity to succeed. Such human factors include the origin, destination, and means by
which species are transported (Sinclair et al. 2020), the locations, identities, numbers of
introduction events, numbers of species (colonisation pressure; Lockwood et al. 2009),
individuals or propagules (propagule pressure; Lockwood et al. 2005) being introduced,
and residence time (Forcella and Wood 1984; Rejmanek 2000; Pysek and Jarosik 2005;
Wilson et al. 2007; Williamson et al. 2009; Gassé et al. 2010), as well as spatial (by
widespread dissemination or abundant plantings; Hanspach et al. 2008) and temporal
(by long history of cultivation; Rouget and Richardson 2003) variation in these factors.

The awareness of these considerations is at the heart of the MAFIA, depicted in
Fig. 2. In macroecological analyses, invasion science aims to explain the occurrence
and success of alien species in regional floras and faunas (i.e. their richness, diversity,
distribution, abundance, as well as spatial and trait relationships) by using a num-
ber of factors related to species traits, and both environmental- and socioeconomic,
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Species in their na}we range: [ Species introduced in their alien range |—
the donor species pool 1

SPECIES BIOLOGICAL TRAITS
SPECIES BIOLOGICAL TRAITS COLONISATION IN ALIEN RANGE
IN NATIVE RANGE SOCIOECONOMIC
AN EACTORS PRESSURE (S) 52
X (e.g. human selection, X RESIDENCE TIME
SPECIES GEOGRAPHIC pathways of x
ATTRIBUTES IN NATIVE introduction,...) PROPAGULE
RANGE PRESSURE (NxI) HABITATS & CLIMATE
% IN ALIEN RANGE
HABITATS & CLIMATE
IN NATIVE RANGE v/ DA
o (* oA ) ———
L *O Lineage
survival
probability
Sle e
=
T/ ag
Q%G
©

Transport

ALIEN MACROECOLOGY:
Richness, distribution, abundance, spatial & trait relationships
of alien biota at large scales

Figure 2. The Macroecological Framework for Invasive Aliens (MAFIA). The classes of factors intro-
duced in Fig. 1 are distinguished by using the same colour codes, i.e. Alien species traits (including their
values in the native range) in green, Location characteristics in blue and Event-related factors in orange,
and individual factors are shown as operating along the introduction-naturalisation-invasion continuum
(INIC). Species geographic attributes and Habitat & Climate in native range are in a different colour
(purple) because they influence both Alien species traits and Event-related socioeconomic factors (by
influencing the probability that a species will be transported by humans from its native range) but are not
directly related to the Location characteristics in introduced range (i.e. to where the species will be intro-
duced). Lineage survival probability is the probability that any one of the introduced individuals leaves a
surviving lineage (i.e. founds a population). S, number of species introduced; N, number of individuals
introduced per introduction event; I, number of introduction events. See text for explanation.

i.e. human-related, characteristics (Fig. 2). The interaction ‘Species biological traits x
Geographic attributes x Habitats x Climate x Socioeconomic factors (Introduction
pathways and Site/Propagule & Colonisation pressure/Residence time)’ needs to be
considered in combination to make progress in explaining and predicting plant and
animal naturalisation and invasion success, as well as impacts.

Underpinning the MAFIA is the well-established unified framework for biological
invasions (Blackburn et al. 2011) and its predecessors for plant (Richardson et al. 2000)
and animal invasions (Williamson and Fitter 1996). These frameworks recognise that
the invasion process can be conceptualised as a sequence of stages that a species has to
pass through to become introduced from its native range and to become alien in the
new range, and that each stage acts as a filter that potentially restricts the species that
are exposed to each following stage in the sequence (Blackburn et al. 2011; Richardson
and Pysek 2012). The MAFIA thus builds on the introduction-naturalisation-invasion
continuum (INIC — Richardson et al. 2011) concept, and some others such as the TEASI
framework that formalised the different steps of invasion process based on the notion that
factors important at previous steps percolate through to later steps (Leung et al. 2012).
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The MAFIA, by explicitly mapping the factors that influence macroecological pat-
terns in alien species onto the invasion pathway, not only helps to identify how anthro-
pogenic effects interact with species traits and environmental characteristics to deter-
mine observed patterns in alien distribution, abundance, and richness (amongst other
features), but also clarifies why overlooking anthropogenic effects can lead to spurious
conclusions. It has been repeatedly shown that different factors influence different stag-
es of the invasion process (Kolar and Lodge 2001; Moodley et al. 2013); socioeconomic
factors are suggested to be generally important early in the invasion process, whereas
biogeography, ecology, and evolution play more important roles at later stages (Wil-
liamson 2006; McGeoch et al. 2016). Thus, if we cannot determine exactly at which
stage of the invasion process each analysed taxon is, or if we merge the alien species for
analyses regardless of their status (casual, naturalised or invasive; sezsu Blackburn et al.
2011 and Richardson et al. 2011), it becomes impossible to identify the importance of
invasion drivers. Another general problem associated with macroecological analyses is
that the quality of data available for large numbers of species comprising whole floras
and faunas is often low, and some of the factors thus remain unconsidered (Pysek et
al. 2009a; Gioria et al. 2012, 2019; Kueffer et al. 2013) (Appendix I). The MAFIA
recognises that understanding this context is vital to understanding invasion outcomes.

Because of context dependence, the factors mediating the outcome of invasion
processes can act to bias some analyses. For example, factors concerning introduction
events, e.g. propagule and colonisation pressure (Lockwood et al. 2005; Simberloff
2009) and residence time (Rejmdnek 2000; Castro et al. 2005; Pysek and Jarosik 2005;
Williamson et al. 2009; Pysek et al. 2011), can confound analyses of the effect of alien
species traits. Both propagule and colonisation pressure and residence time have fun-
damental effects on the outcome of invasion (see below) and set the stage upon which
the differences in biological traits act in influencing the invasion success of a species
(Lonsdale 1999; Colautti et al. 2006; Catford et al. 2009; Fig. 2). However, if the goal
is to explore the alien species traits by location interaction (e.g. to assess which types of
species tend to become invasive where), it would be inappropriate to compare species
with different event characteristics, such as species that were provided with a different
periods of time to adapt to the novel environment (residence times) and/or were in-
troduced in different quantities (propagule pressure) (Wilson et al. 2007; Pysek et al.
2009b, 2015). This is particularly the case if there is covariance between alien species
traits and introduction events (e.g. reptiles that are easier to breed are more common in
the pet trade; van Wilgen et al. 2010), or covariance between locations and introduc-
tion events (e.g. plants tend to be more frequently introduced to lowlands areas than
mountains; Alexander et al. 2011).

Elements of the framework

In this section we explore in detail how individual factors captured by the MAFIA, and
their interactions, affect the outcome of invasions at the macroecological scale, and what
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is the evidence in literature for the role they play. We address these issues along the stages
of the invasion process, from transport and introduction to naturalisation and invasion,
with discussion on effects of propagule pressure and climate integrated within these
sections. The importance of the context brought about by residence time, alien species
traits and habitats is discussed in separate sections. For each element of the framework,
we indicate to which of the three classes of factors (Figs 1, 2) it is related (Traits — Aliens
species traits; Location — Location characteristics; Event — Event-related factors).

Species in their native range: the donor species pool [Traits]

Not all species have alien populations but, in principle, the size of the alien species
pool (i.e. alien species richness) can to a large degree be attributed to the size of the
donor species pool, dispersal success (incl. human transport, human commensalism
and perceived utility) and the fit to the new environment in terms of environmental
matching between donor and recipient regions (Karger et al. 2016). It therefore fol-
lows that, at the global level, observed aliens are a subsample of the world’s native
species pool (though exceptions could occur where alien species hybridise and speciate
in their new ranges; Ellstrand and Schierenbeck 2000; Levin 2003; Flores-Moreno et
al. 2015; Brandenburger et al. 2019). Which species from this pool get entrained on
the invasion pathway depends on the interaction of the socioeconomic motivations or
determinants for translocation, and the distribution and characteristics of the species
(Hulme et al. 2008; Essl et al. 2015; Sinclair et al. 2020). These latter features affect
the probability that a species is selected (deliberately or otherwise) for transport. For
example, a large native geographic range has been suggested to be among the best de-
terminants of invasion success in seed plants (Rejmdnek 1996; Goodwin et al. 1999;
Hui et al. 2011), but this factor may affect invasiveness in several ways. First, having
a large native range increases the probability of a species being selected for transport
(Blackburn and Duncan 2001a) and therefore experiencing high propagule pressure
(Cassey et al. 2004c). Second, the traits that allowed the species to achieve a large na-
tive range might also allow it to have a large alien range (Booth et al. 2003; Pysek et al.
2009a; Dyer et al. 2016). Further, a large native range has been proposed to increase
the probability that a species will sample a broader range of habitats and becomes bet-
ter equipped for competition and novel interactions with species in the introduced
ranges (Sax and Brown 2000). Nevertheless, this is not true for all taxa. For example,
for parrots it has been shown that large geographic range size is a strong predictor of
which species are transported outside their native ranges, and which transported spe-
cies are subsequently introduced, but not which introduced species succeed in estab-
lishing (Cassey et al. 2004b); the net result of this, however, is that alien parrots tend
to be those with large native ranges.

The biogeographic location of the native range also matters, as not all species
pools are equally likely to be sampled for potential aliens. For example, bird species
introduced in the 19" and early 20" centuries came primarily from Europe, were
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more likely to be introduced to regions of the British Empire, and were more likely to
concern species in families of game birds (e.g. pheasants, ducks, and pigeons). These
patterns arise because introductions in this period were largely driven by the deliberate
activities of Acclimatisation Societies — organisations specifically aimed at promoting
introductions of beneficial species, such as game animals, and which were especially
active in British colonies (di Castri 1989; Pipek et al. 2015; Dyer et al. 2017).

The relative size and age of species pools in species’ native versus alien range also
helps to indicate potential evolutionary imbalances (Fridley and Sax 2014). Alien spe-
cies that have evolved over a longer period of time and in a more competitive and stable
environment (e.g. mainland vs islands) tend to have higher competitive ability than
co-occurring native species. As plant invasions in the Czech Republic, New Zealand,
and eastern North America demonstrate (Fridley and Sax 2014), species from regions
with highly diverse evolutionary lineages are more likely to become successful invaders
in less diverse regions.

Disentangling the relative roles of species traits and properties of native geographic
ranges in the context of anthropogenic effects is thus a fundamental task for invasion
science. Knowing the extent to which the characteristics of the native range of a species
can explain and predict its invasion, and under what contexts, would improve the pre-
cision of prediction systems used in weed-risk assessment (e.g. Pheloung et al. 1999;
Weber et al. 2009).

Transport and introduction: socioeconomic factors, propagule pressure, and
colonisation pressure [Event]

There are at least three important consequences of the intersection of the socioeconom-
ic motivations for introduction of aliens from the native species pool. First, the identi-
ties of introduced species are a non-random subset of all species that could have been
introduced (see also Karger et al. 2016; Maurel et al. 2016). This can have significant
consequences for our perceptions of the kinds of species that become invasive, and for
our interpretation of the resulting macroecological patterns. For example, introduced
wildfowl species are larger-bodied, on average, than those wildfowl that have not been
introduced (Blackburn and Duncan 2001a). It follows that established wildfowl species
are likely also to be large-bodied, and that the macroecological patterns expressed by
alien wildfowl will be a consequence of how body size might influence the distribution
and abundance of these species. It is important to factor such non-randomness into
any analysis of later stages of the invasion process, including macroecological analyses,
or incorrect conclusions about processes are likely to be reached (Cassey et al. 2004a;
Pysek et al. 2009a; Hui et al. 2014).

Second, sites to which species are introduced also depend on interactions between
introduction pathways and the donor species pool. Again, incorrect conclusions
about processes are likely to be reached without factoring in this context, especially
as native species are not distributed randomly with respect to evolutionary history or
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associated traits, and hence pathway locations and species-pool composition interact.
For example, socioeconomic changes in societies around the world have driven changes
in the reasons for, and the geographical dimensions of, human-induced movement of
bird species (Blackburn et al. 2009; Dyer et al. 2017); the source regions, destinations
and identities of introduced species have shifted significantly in recent decades. Bird
introductions are now driven largely by the pet trade, especially in rapidly developing
economies in the Middle and Far East. This may explain why alien bird species follow
Bergmann’s rule (Fig. 3), such that the average body mass exhibited by alien bird
assemblages decreases toward the equator (Blackburn et al. 2019). Alien bird species
appear to follow closely the relationship exhibited by native birds (Olson et al. 2009),
but this is to a large extent a consequence of the fact that large-bodied species have
been introduced at higher latitudes, on average, than small-bodied species, followed
by latitudinal variation in establishment success that is independent of body mass
(Blackburn et al. 2019). Historical introductions driven by Acclimatisation Societies
tended to prefer large-bodied species and higher latitudes than recent introductions,
which tend to be cage bird species such as parrots and estrildid finches, and to occur at
lower latitudes (Dyer et al. 2017).

Third, patterns of selection from native species pools along different introduction
pathways will affect the numbers of species (colonisation pressure; Lockwood et al.
2009) and individuals (propagule pressure; Lockwood et al. 2005; Simberloff 2009)
that are introduced to different locations around the world. Models have shown repeat-
edly that the random selection of individuals from a species pool with realistic popula-
tion structure will result in more species, and more individuals per species, in larger
samples, as may occur for example in species transported in ballast water (Lockwood
et al. 2009). More abundant species are more likely to be transported in this way. The
same patterns hold for planned introductions (Cassey et al. 2004c). Variations in the
levels of invasion among recipient communities, habitats or regions could be, in some
cases, simply due to differences in the numbers of arriving aliens (Williamson 1996).

Lonsdale (1999) and Duncan et al. (2019) showed for plants and birds, respec-
tively, that alien species richness at a location is a function of the number of species
introduced to the location and the probability that any given introduced species es-
tablishes a viable population. Duncan et al. (2019) further showed that, for a closed
system such as an island, establishment in turn is a function of the number of individu-
als introduced, and the probability that any one of those individuals leaves a surviving
lineage (lineage survival probability; Fig. 2). Thus, alien species richness is primarily a
consequence of the introduction process, and specifically colonisation and propagule
pressures. These anthropogenic effects are fundamental to understanding the invasion
process, and must be explicitly considered if the alien macroecological patterns that
result are to be interpreted correctly (this is particularly notable early on in the invasion
process, e.g. when looking at factors that determine the site of first detections; Huang
etal. 2012). As an analogy, attempting to understand the drivers of alien species rich-
ness by performing a manipulative experiment in which the number of species added
to each treatment was unknown would be unwise. It is similarly difficult to unravel the
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Figure 3. Latitudinal variation in body mass for introduced (black, unfilled circles) and established (blue,
filled circles) alien bird species worldwide, together with the mean (thick line) and range (thin line) of the rela-
tionship for native bird species. See text for details. Data from Blackburn etal. (2019) and Olson et al. (2009).

drivers of alien species richness in natural experiments where colonisation pressure is
unknown. Duncan et al. (2019) carried out simple sensitivity analyses to show that by
far the strongest determinant of alien species richness in their model was colonisation
pressure; they show that increasing propagule pressure or lineage survival probability
will increase alien species richness, but only up to an asymptote imposed by colonisa-
tion pressure. All else being equal, increasing colonisation pressure allows alien species
richness to continue to grow as a linear function. While this model technically applies
to closed systems, and it is not clear whether it applies to all taxa, most alien bird spe-
cies at least do not spread far from points of introduction (Dyer et al. 2016). The im-
plication is that for birds in most broad locations, colonisation pressure is a much more
influential driver of incursion than spread. For many plant invasions, however, new
population foci create potent propagule pressure sources that drive invasions much
more quickly than the size and other dimensions of the source population, as demon-
strated, for example, by the invasion of Opuntia stricta in Kruger National Park, South
Africa (Foxcroft et al. 2004).

Data on colonisation pressure are rarely available for taxa other than vertebrates
(i.e. alien species that were intentionally released outside of captivity, but see also in-
sects released for biocontrol; Rossinelli and Bacher 2015). Quantification of colonisa-
tion pressure requires data on the number of species introduced in total, but data on
failed invasions are generally scarce (but see Diez et al. 2009). Propagule pressure is
also extremely difficult to measure at a large scale for plants (Fig. 4). Therefore, vari-
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Figure 4. Overview of the frequency of factors included in 92 macroecological studies of plants and
vertebrates. The figure shows that the majority of studies in all taxonomic groups focus on traits, but
that there is a difference among plants and animals in the frequency of studies addressing propagule and
colonisation pressure, that is greater in the latter. On the contrary, plant studies more commonly address
the role of residence time. Based on studies listed in Appendix I ; note that studies on invertebrates, fungi,
and cross-taxonomic studies are not shown here (n = 10).

ous quantitative surrogates have been used to attempt to capture variation in these key
parameters. For example, the number of visitors to nature reserves (Lonsdale 1999;
McKinney 2002), human population size or density (McKinney 2001, 2002; Pysek et
al. 2002; Taylor and Irwin 2004), the amount of trade and economic activity (Taylor
and Irwin 2004; Pysek et al. 2010; Essl et al. 2011a), species availability on the market
(Dehnen-Schmutz et al. 2007a, b), the number of cultivars developed (Canavan et al.
2017), the type of land use such as the proportion of agricultural land and pastures
(Chytry etal. 2008b), or the number and distribution of botanic gardens (Hanspach et
al. 2008; Hulme 2011) have all been used as proxies for propagule pressure in plants.
Despite the difficulty in accounting accurately for propagule pressure, it has been
convincingly demonstrated that this factor, both over space (by widespread dissemina-
tion, abundant plantings, extensive release) and time (by long history of cultivation or
captivity) fundamentally influences the probability of invasions by alien plant species
(Rouget and Richardson 2003; Chytry et al. 2008b). Models incorporating propagule
pressure typically prove superior to those invoking only environmental parameters for
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explaining distribution patterns and abundance of invaders at a regional scale (Rouget
and Richardson 2003) and only once propagule pressure of invaders is factored out,
can the real effects of diverse physical and biotic factors on the outcome of plant inva-
sions be identified (Chaneton et al. 2002).

Naturalisation and invasion stage: establishment and spread [Traits & Location]

Anthropogenic factors in the transport and introduction stages of the invasion influ-
ence the identities and numbers of species available for establishment at different loca-
tions, and the composition of the founding populations of those species (event-related
effects). In general, propagule pressure needs to be sufficiently high to allow the found-
ing population to escape the stochastic effects of demography, environment, genetics,
and Allee effects, although the inherently random nature of these effects means that
some very small founding populations avoid them. Following introduction, features
of the new environment (including resource availability, disturbance regimes, environ-
mental conditions, and native biota), and the ways that these features interact with
the biological traits of the alien species, come into play in determining which species
establish viable and persistent populations. Effectively, these features and traits deter-
mine lineage survival probability (Fig. 2). Populations that establish can then go on to
spread across the new environment, by an ongoing sequence of establishment events
realised through (and depending on) both their life history traits and further human-
mediated dispersal. The spatial and temporal patterns in the distribution, abundance,
richness and traits of the alien species that result, and the relationships between these
population- and community ecology processes, are the fodder of the macroecological
patterns and large-scale biological invasions (Fig. 2).

Even at this ‘terminal’ point in the macroecological study of biological invasions,
however, it is important to remember that observed relationships bear the imprint of
previous stages in the invasion process (Leung et al. 2012; Donaldson et al. 2014). For
example, the right-hand (‘Invasion’) partin Fig. 2 presents a cartoon of the distributional
extent and abundance of four hypothetical established alien species, plus the relative
spatial positions of those populations in an oval region. A naive assessment of these
patterns might conclude that species represented by the triangle and star are naturally
more invasive, being more abundant and having wider distributional (and latitudinal,
if we assume the figure maps to the cardinal points) extents than the species represented
by the cross and crescent. Species richness appears to decrease from the top (north) to
the bottom (south) of the region. Species in the north tend to have pointed edges, with
that in the south having more curves (although sample size is low to make inferences
about traits). However, all these conclusions need to be tempered by information on
which species were introduced, where and when, and in what numbers. In Fig. 2, we see
that more species were introduced to the north than the south; we see that introduced
species in the south were more likely to have had curved edges, while those in the
north were more likely to have had points. Those species that established were generally
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those introduced in larger numbers. The star and triangle species were introduced more
widely than the cross and crescent. The crescent species was only introduced in the
south. All of this context modifies our conclusions, and demonstrates that we cannot
reliably make the conclusions if we analysed only the current distribution pattern.

Field data for assemblages of alien species show that the effects depicted in Fig. 2
are real and complex. For example, the extent of the distribution ranges of established
alien bird species increases with latitude poleward of the tropics, consistent with the
well-known ecological pattern known as Rapoport’s rule, but ranges are smaller in the
tropics (Stevens 1989). However, this pattern is largely a consequence of the latitudinal
distributions of where bird species have been introduced, which is only modified slight-
ly by latitudinal variation in establishment (Dyer et al. 2020). Hence, while alien and
native bird species both follow Rapoport’s rule, the mechanisms underlying the similar
patterns are unlikely to be the same (Dyer et al. 2020). The same is true for Bergmann’s
rule in alien and native bird species (Blackburn et al. 2019), as noted earlier.

Various elements of introduction context may also interact. For example, individ-
ual pathways can deliver species with different levels of invasiveness (Thellung 1912;
Pysek et al. 2011), and species arriving via different pathways may differ in the impacts
they cause (Pergl et al. 2017). The way in which species are introduced and spread
around by humans within the new range can also have long-lasting impacts on inva-
sion patterns. For example, trees used for forestry tend to be introduced to a few rural
sites in large numbers, whereas ornamental trees tend to be introduced to many urban
sites in low numbers, leading to profound differences in the pattern of the occurrence
of invasions across spatial scales (Donaldson et al. 2014).

Residence time [Event]

An important human-related effect on macroecological patterns of alien species that
manifests most strongly in the naturalisation and invasion stages is residence time
(Rejmdnek 2000; Castro et al. 2005, Pysek and Jarosik 2005, Williamson et al. 2009,
Pysek et al. 2011). For plants, residence time relates to species’ geographic alien range
sizes but also their invasion status — in the Czech Republic casual species have signifi-
cantly shorter mean residence times than naturalised and invasive aliens (Pysek and
Jaro$ik 2005), and in south-east Australia, alien graminoids with longer minimum resi-
dence times are more likely to be classified as invasive than non-invasive (Catford et al.
2016). Many regions contain species that have not been present long enough for them
to naturalise and become invasive — yet, the importance of any particular plant trait in
determining the success or failure of invasion is discernible only after the species has
either established or failed in a new region. The longer a species is present, the more
it is provided with opportunities for adaptation and spread, i.e. the more windows of
opportunity it will encounter (Johnstone 1986). Another example of interaction with
residence time is the lack of natural enemies in the new region following introduction,
such as pathogens, herbivores or parasites. This process can operate on the scale of
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centuries, as shown for the accumulation of pathogens by alien plant species in North
America (Mitchell et al. 2010).

Residence time interacts also with propagule pressure: the longer the species is
present in a region, the greater the size of the propagule bank, and the greater the
probability of dispersal, establishment, and founding of new populations (Rejmdnek
et al. 2005; Richardson and Pysek 2006). In Europe, the effect of residence time is
very long-term, and is still obvious after several millennia of plant invasions, as dem-
onstrated for archaeophytes in the Czech Republic and UK (species introduced since
the beginning of Neolithic agriculture until the end of Medieval; Pysek et al. 2004a).
Those archacophytes that invaded soon after the beginning of Neolithic agriculture
are still more common and have wider distribution ranges than those that arrived later
(Pysek and Jarosik 2005). Likewise, alien birds with longer residence times have larger
alien range sizes worldwide (Dyer et al. 2016). However, the effect in birds is largely a
consequence of species with longer residence times having been introduced to more lo-
cations, and only the effect of number of locations is significant in multivariate analysis
(Dyer et al. 2016). Positive relationships between residence time and distributional
extent have also been documented for many regional alien floras (Forcella and Harvey
1983; Crawley et al. 1996; Wilson et al. 2007; La Sorte and Pysek 2009; see Rejmdnek
et al. 2005 and Pysek and Jarosik 2005 for a review), although the influence of colo-
nisation and propagule pressures here remain unexplored. Thus, failure to incorporate
information on residence time may lead to spurious conclusions as, for example, we
would expect species with different residence times to have different alien range sizes
by chance alone (Wilson et al. 2007; Pysek et al. 2009b, 2015).

Alien species traits [Traits]

To date, most invasion studies have attempted to explain the macroecological determi-
nants of invasion by alien species and their assemblages by focusing on factors related
to species traits and environmental characteristics, thus the interaction ‘Species bio-
logical traits x Geographic attributes x Habitats x Climate’. Few studies have explicitly
considered event-related factors and their interactions with other factors. Searching for
traits associated with invasiveness is partly practically motivated, and there is growing
evidence that some species are inherently better equipped, i.e. have a more suitable
suite of traits, to become invasive after translocation to new areas by humans (Pysek
and Richardson 2007; van Kleunen et al. 2010b). Identifying species with the poten-
tial to become weedy or pests based on their traits should provide information on the
likely mechanisms by which a species becomes invasive, and the likely impacts it will
have. It therefore provides a template for assessing the likely success of management
options (Novoa et al. 2020). To achieve this, however, we need to identify the “real”
and direct effects of the respective traits that can be then included into risk-assessment
schemes, because often traits are associated with biases (e.g. resulting from variation
in propagule pressure, residence time, pathways, habitats or other factors that are not
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explicitly addressed in analyses). Indeed, the few available studies that do account for
this complexity suggest that the role of species traits is strongly context dependent, and
that traits interact with other factors — there is a complex interplay of species traits,
habitats occupied in both the native and invaded range (Hejda et al. 2009, 2015),
characteristics of recipient ecosystems and native communities (Catford et al. 2019),
and human activities (which influence propagule pressure and residence time in the
new region) in determining invasion in novel environments (Bacon et al. 2014). Using
multivariate approaches to examine suites of species traits linked with invasiveness may
help to account for some of this context dependence (Kimmel et al. 2019).

Recent research on alien plants has shown that some of the species traits that were
not commonly considered in the past due to the lack of information for large numbers
of species forming floras play important roles in invasions. Such traits include seed
bank persistence (Gioria et al. 2019), germination characteristics (Brindle et al. 2003;
Gioria and Pysek 2017), reproductive traits such as fecundity (Moravcovd et al. 2010,
2015), and karyological characteristics such as genome size and ploidy levels (Kubesovd
etal. 2010; Pandit et al. 2014). The results of our models are only as good as the infor-
mation available, and not considering a key trait can result in the influence of another
trait being spuriously over-emphasised. Similarly, it has been shown in birds that miss-
ing important factors in the analyses might identify spurious effects determining inva-
sion success. For example, propagule pressure is a major driver of establishment success
and has been shown to be correlated to many species’ traits in alien birds, like native
range or body size (Cassey et al. 2004c). Analyses ignoring propagule pressure misiden-
tified such species’ traits as drivers of invasion success (Blackburn and Duncan 2001b).

In a study of European plants naturalised in North America, the effects of species
traits on invasion were indirect, via their effect on the number of native-range habitats
occupied and frequency of cultivation in the native range, and the importance of the
biological traits was nearly an order of magnitude less than that of the breadth of the
habitat niche, propagule pressure, and residence time (Fig. 5; Pysek et al. 2015). This
agrees with a previous study that reported direct effects of biological traits on the global
invasion of Central-European species only during the most advanced stage of invasive
spread, while the effects of traits on the probability of a species becoming naturalised
were indirect (PysSek et al. 2009a). Both these plant studies used the source-area ap-
proach (Pysek et al. 2004b), looking at the pool of native European species invading
elsewhere, therefore ignoring potential selection effects and post-invasive evolution in
traits (Guo et al. 2018), but this approach is justified by the fact that a large fraction of
species do not need to undergo evolutionary change for invasion (Parker et al. 2013;
Colautti et al. 2014) and behave the same way abroad as at home (Firn et al. 2011;
Petitpierre et al. 2012).

Moreover, the traits that confer an advantage at one stage of the process and in a
particular habitat may be neutral or even detrimental at another phase and/or in a dif-
ferent habitat. For example, while small genome size played a role in the naturalisation
of alien species in the Czech Republic, it did not separate invasive species from those
that are not invasive (KubeSova et al. 2010; see also Kiister et al. 2008).
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Figure 5. The number of North American regions in which Central-European species have become natu-
ralised is driven by the combination of factors related to geographic attributes (the species’ performance
in its native range, i.e. habitat niche and distribution); propagule pressure (measured by using proxies re-
lated to human use of the species both in its native and invaded range) and residence time (the time since
introduction to North America) that represent the event-related factors; and a suite of alien species traits
that affect the species’ invasion success indirectly, via their effect on the habitat niche in the native range
(see Fig. 1 and 2 for explanation of colour codings); significant traits are shown in bold. The width and
magnitude of numbers on arrows showing relationships between drivers is proportional to the value of the
coefficient. Significance is indicated as: *** p < 0.001. Adapted from Pysek et al. 2015.

Habitats [Location]

To know whether a region, community or habitat is more invasible we need to ask not
only whether it has more alien species, but whether it is intrinsically more susceptible
to invasions. Intrinsic invasibility can only be determined if processes of immigration
and extinction are taken into account (including colonisation pressure), as pointed
out by Lonsdale (1999), and if the relative invasiveness of the pool of invading species
is also considered (Catford et al. 2012). Lonsdale’s concept of invasibility has proved
extremely useful in emphasising the role of colonisation pressure (although he used
the term ‘propagule pressure’) and pointing out the difference between invasibility
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(or vulnerability to invasion) of a region, community or habitat and a simple number
of invasive species it harbours; for the latter the term ‘level of invasion’ has become
broadly used (Chytry et al. 2005; Hierro et al. 2005; Catford et al. 2012).

There is a consensus in the research community that in biological invasions, the
invaded habitats and invading species are ‘a key-lock principle’, and need to be stud-
ied in concert for a complete picture (Shea and Chesson 2002). The majority of
hypotheses in invasion ecology have received support in some circumstances (and
failed in others), but those hypotheses that merge the habitat- and species-perspective
perform best (Richardson and Pysek 2006; Jeschke et al. 2012). At the regional scale
of temperate Europe, the type of habitat that is invaded by alien plants has been
shown to play an even greater role than climate and propagule pressure (Chytry et
al. 2008b). Yet, studies exploring factors underlying the outcome of species introduc-
tions at the regional and global scale, even those that do include a number of differ-
ent factors, usually do not consider the identity and characteristics of habitats (e.g.
structure, disturbances regimes, nutrient or water supply, etc.), in either native nor
alien distribution range (Appendix I). This is of key importance because these habitat
characteristics determine the mechanisms of invasion acting in a particular site; yet,
papers that to some extent combine the effect of habitats with other factors are excep-
tions rather than the rule (Pysek et al. 2015).

Available analyses comparing the range of habitats occupied by species in their
native and invaded range suggest that for some species there is a shift in habitat use
attributable to the invasion process. While naturalised plant species inhabit a com-
parable spectrum of habitats in both ranges, invasive species tend to occupy a wider
range of habitats in their invaded than in their native range (Hejda et al. 2009). This
supports the idea that the invasion phase of the process is associated with exten-
sion of the spectrum of occupied habitats, hence broadening species’ habitat niches
(Pysek et al. 2009a). Another research direction in habitat-oriented invasion ecol-
ogy is looking at habitat affinities that alien species exhibit in their native range and
analysing how this preadaptation affects their success as invaders (Hejda et al. 2015;
Kalusovd et al. 2017). In a study of European plants introduced to North America,
the direct effect of native-range habitat legacy and residence time were the main fac-
tors associated with the likelihood that a species would naturalise — more important
than propagule pressure measured by a proxy related to species’ human use (Fig. 5;
Pysek et al. 2015). This key role of habitat legacy in shaping invasion dynamics ac-
cords with studies showing the strong effect of the breadth of habitat niche on inva-
sion success (Hejda et al. 2009; Kalusov4 et al. 2013) and supports the notion that
abundant, widely distributed species are superior competitors due to their ability,
acquired over evolutionary history, to tolerate a wide range of abiotic conditions, use
a broad spectrum of resources, and resist a large number of potential enemies (Sax
and Brown 2000). Macroecological studies that explore how species with different
traits interact with habitat characteristics are rare (but see Divisek et al. 2018); more
work on this topic is needed to improve our understanding of this kind of context
dependence in invasion macroecology.
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One of the main reasons why, in the majority of models of plant naturalisation and
invasion, habitats are not considered is the lack of data on habitat affinities of alien species
for most continents other than Europe (see Chytry et al. 2016), and on the variation in
this characteristic by regions. Since habitats have a strong effect on the outcome of inva-
sion (Chytry et al. 2008a, b) and on the way alien species integrate into local communities
(Divisek et al. 2018), such models may provide biased results or yield a low predictive abil-
ity due to exclusion of this important determinant. Similarly, testing of hypotheses in inva-
sion ecology without taking habitats into account may mask the validity of concepts that
do not hold across all environments, but may still be true under specific circumstances.

Another aspect of the interaction of habitat with pathway is that alien species in-
tentionally brought into new regions (e.g. pets, aquarium related introductions, and
horticulture) often escape or are released in places with suitable local conditions (e.g.
similar habitats as in their native range) or close to human settlements and other sites
favourable for alien species spread such as harbours, roads, etc. Given that the majority
of successful alien plants are introduced through horticulture (Hanspach et al. 2008;
Lambdon et al. 2008; Pysek et al. 2012; van Kleunen et al. 2018), this phenomenon
may have important consequences for macroecological patterns.

Recommendations: statistical and modelling considerations, and
data gaps

Models aimed at predicting absolute alien species richness have a low to moderate
accuracy in the region where they were developed and poor accuracy in new regions
(Capinha et al. 2018). Predictions of relative species richness also suffer from limita-
tions. We argue that such problems are largely attributable to the failure of the models
to give adequate attention to the multitude of processes affecting invasion outcomes.
We have proposed a comprehensive typology of factor classes and their interactions
that are needed to explain invasions: alien species traits, location characteristics, and
event-level factors (Fig. 1). These three classes of factors can be further subdivided, e.g.
location-related factors into geography/topography, habitat, and climate (see above).
All these factors, however, might interact differently at specific stages of the invasion
process. These interactions must be given explicit consideration in macroecological
analyses of invasive aliens to arrive at sensible conclusions. A framework for stage-
specific best-practise risk-assessment (TEASI; Leung et al. 2012), which explicitly ad-
dresses Transport, Establishment, Abundance, Spread, and Impact, could be combined
with approaches that recognise the context dependence at each stage. Related to this,
one needs to be explicit about the response variable analysed, be it the likelihood of
being introduced, overcoming the naturalisation threshold, or range size, spread rate,
or impact. Many studies do not distinguish adequately among response variables and
simply name them “invasion success” or similar.

Methodologically, a wide range of approaches is available, though many are
not frequently employed. An increasing number of studies employ the source-area
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approach (Prinzing et al. 2002; Pysek et al. 2004b; Thuiller et al. 2005; van Kleunen
et al. 2007; Blumenthal et al. 2009; Bucharova and van Kleunen 2009; Mitchell et
al. 2010; Pysek et al. 2015), where a source pool of species native to a certain region
is followed for their post-introduction performance in another region. Focusing on
this specific trajectory allows us to minimise confounding variation that arises when
multiple source areas of introduction are considered, both in terms of evolutionary
predispositions acquired in disparate regions of origin, as well as various historical
contingencies that shape introduction dynamics. Using a source-pool approach, Pysek
et al. (2015) used species traits, habitats, propagule pressure, and residence time to
model the number of regions in North America colonised by Central-European plant
species. To do so, they employed confirmatory path analysis (structural equation
modelling) on a complex invasion model. Few studies have analysed which species in
a particular source pool have been translocated, the characteristics of those species or
the reason for the introduction, with the exception of bird introductions (see above).
However, this is a key omission, as observed differences may be entirely due to which
species in the source area were selected for translocation. Once in the new region,
target-region specific analyses (see van Kleunen et al. 2010a) are sensible, recognising,
though, the properties of the specific species pool that arrived.

Using joint species distribution models, O’Reilly-Nugent et al. (2019) modelled
changes in the cover of alien and native plant species, and were able to identify three
out of 72 aliens that were having a strong competitive impact on the community.
Though at a different scale, the method seems appropriate to be applied in the MAFIA
framework. A range of methods for joint species distribution modelling, applicable
across various scales, are now available (e.g. Pollock et al. 2014). Golivets et al. (2019)
studied complex, non-linear relationships between environment and plant invasions
into forests, using boosted regression trees and non-linear Bayesian regression.

With the development of Community Assembly by Trait Selection (CATS; Ship-
ley et al 2006; Warton et al. 2015b) the classical fourth-corner problem (Legendre et
al. 1997) and its implementation in joint models for abundance (Warton et al. 2015a),
the analysis of trait x environment interactions, have become much more powerful and
flexible. Milanovi¢ et al. (2020) used this method to relate environmental variables and
traits with the area of occupancy in Germany with respect to different stages of the in-
vasion process. In another stage-specific approach, Catford et al. (2019) used hierarchi-
cal linear regression models (Pollock et al. 2012; Jamil et al. 2013) to identify variables
associated with invasion of non-resident species. Their indicators of invasion success
were occupancy and abundance at two stages of invasion (establishment and spread).

We believe that the approaches outlined above will also be applicable to model
further interactions, such as traits x temporal dynamics, or traits x propagule pressure.
We are, though, unaware of an approach that incorporates interactions among all
three classes of factors mentioned above (location, event, species) in a framework that
considers the resulting species pool of a previous stage in the invasion process, as to derive
unbiased conclusions throughout all stages. Most promising are complex hierarchical
Bayesian approaches (see Zurell etal. 2016 for a dynamic species distribution modelling
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approach) consisting of different submodules separately modelling each stage and
providing the results to the next step in the analysis.

All the models above are only applicable if the data are of sufficient quality. Data
gaps can constrain our understanding of invasion processes. In particular, we often
know little about key anthropogenic factors — notably colonisation pressure and prop-
agule pressure. These factors must be considered to obtain an unbiased view of the
processes, but there are few reliable proxies for such factors (Blackburn et al. 2020).
Similarly, analyses can be biased if data on key species traits are missing (e.g. because
they are logistically difficult to collect, such as reproductive traits of plants; Moravcovd
et al. 2015). Therefore, data should be collected in a comparative manner, rather than
taken from opportunistic observational data. Such ad hoc data will be biased by habi-
tat, native vs invaded region (Parker et al. 2013), and other contexts, and hence fre-
quently show larger within-species variation than among-species variation (see Kattge
et al. 2020). For example, fecundity expressed as the amount of seeds produced, based
on data collected in a comparative manner, was one of the most important traits dis-
criminating naturalised and invasive species in the Czech flora (Moravcovid et al. 2010,
2015). More detailed information on seed bank longevity beyond the simple catego-
risation based on whether a species builds a persistent seed bank (Kleyer et al. 2008),
such as the amount, density, and survival times of seeds in the soil is also still largely
not available, yet this trait has been recently shown to be of importance for naturalisa-
tion and invasion (Gioria et al. 2012, 2014). Similarly, increasing knowledge on dates
of introduction of alien species to particular regions of the world and accumulation of
such data in the First Records Database has improved our understanding of temporal
dynamics of biological invasions at the global scale (Seebens et al. 2017, 2018). For the
detection of alien species, remote sensing techniques represent a promising tool for ob-
taining information across large scales on some components of MAFIA such as habitat
structure, resource availability, land-use, as well as proxies for propagule pressure (e.g.
Weiers et al. 2004; Huang and Asner 2009; Skowronek et al. 2017; Vaz et al. 2019).
To date, remote sensing has largely been used to detect the spatial distribution of alien
species in space and time, and its use to derive explanatory macroecological variables
to interpret such patterns has so far been limited.

To some degree, incomplete data on invasions might be comparable to incomplete
citizen science species distribution data. These suffer typically from heterogeneous and
non-random sampling, false absences, false detections, and spatial autocorrelation in
the data. To overcome these problems, occupancy models are increasingly used (Alt-
wegg and Nichols 2019). They consist of two different elements, separating the obser-
vation process from biological processes. In invasion ecology, a module accounting for
observational bias might be a solution. In the context of the MAFIA, it would be useful
to explore whether a similar approach could be used, i.e. incorporating a model com-
ponent accounting for imperfect detection or knowledge of introduction processes,
but the field of model-based data integration is quite new and evolving (Isaac et al.
2020). Simple models, i.e. those just adding additional proxies as covariates, are likely
to be inappropriate to account for the biases in knowledge and detection. In non-
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manipulative observational studies in particular, one needs critically to discuss whether
their data are appropriate to derive the conclusions drawn and which biases in input
data are likely to cause certain biases in results.

Our understanding of the role of macroecological processes in invasions can only
advance if we are able to build a mechanistic framework that incorporates the most
relevant factors (event, location, species) and their interactions, as well as biases that
arise through human selectivity along the invasion sequence, resulting from the fact that
invasions are part of a ‘coupled human and natural system’ (Sinclair et al. 2020, see also
Howard 2019). We believe that the MAFIA is helpful for conceptualising these issues, by
explicitly identifying the pathway along which alien macroecological patterns develop,
and how biases in observed patterns may be inserted by this pathway. This will hopefully
help a mechanistic understanding to emerge. It may also help us to think critically about
how we collect and analyse data, striving to measure the relevant factors in a meaning-
ful way instead of indiscriminately adding proxies to oversimplified models. Only if we
manage to combine both will invasion ecology become a more predictive discipline.
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