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1 Abstract
The introduction stage is usually overlooked in trait-based studies of invasiveness, implicitly
assuming that species introductions are random. However, human activities promote the
movement of specific types of species. Thus, species deliberately introduced for distinct
purposes (e.g. gardening, forestry) or as contaminants of human commodities (e.g.
stowaway) will likely show particular traits. If species with certain traits have been
preferentially introduced (i.e. introduction bias), some traits may have been mistakenly
linked to species’ invasion abilities due to their influence on introduction probability.
In this work, we propose a theoretical framework with different scenarios of introduction
bias. The introduction scenarios are: (1) Random introduction, independent from traits; (2)
Biologically biased introduction, following the worldwide distribution of the trait; and (3)
Human biased introduction, following a theoretical introduction pathway that favours the
introduction of species with high values of the trait. We evaluate how the introduced trait
distributions in these scenarios may affect trait distributions in naturalized and invasive
species pools under different hypothesized associations between traits and the probabilities
of naturalization and invasion. The aim of this work is to identify situations where ignoring
introduction bias may lead to spurious correlations being found between species’ traits and
species’ ability to become naturalized or invasive.
Our framework strongly points to the need to evaluate the traits of species that have
become naturalized or invasive along with the traits of species that have failed to do so in
order to unravel any existing introduction bias that may confound the correlation between
species’ traits and invasion success. Overlooking a possible introduction bias may lead to the
overestimation of the correlation between the trait and the species’ invasion ability,
especially in cases when the pool of introduced species shows extreme values of the trait
distribution (as compared to a random introduction). Trait-based studies that deserve
special attention to avoid undesired effects of introduction bias on their findings are: those
that investigate naturalization using only the pool of naturalized species, and those studies
that examine invasiveness by comparing invasive species with native species.
2 Introduction
Biological invasions result from species moving beyond their natural biogeographic
boundaries and establishing self-sustaining populations in the introduced range, as a
consequence of human intervention. The set of dispersal, environmental and biotic barriers
that need to be overcome for successful invasion has been named the ‘introductionnaturalization-invasion continuum’ (Richardson et al. 2000; Blackburn et al. 2011).
Comparative studies aiming to determine invasion drivers, including the effect of functional
traits, commonly adopt a stage-based approach, studying the ability of species to
successfully reach subsequent stages (e.g. establishment, naturalization, invasion of intact
vegetation; Dawson et al. 2009). Trait-based invasion studies commonly focus on the
naturalization and/or invasion stages, and attribute species’ unequal success to naturalize or
become invasive to differences on their traits (Moravcová et al. 2010; Gallagher et al. 2015).
However, functional approaches in invasion science usually overlook the introduction stage
(e.g. Hamilton et al. 2005; Chen et al. 2015) due to the scarcity of introduction history
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records, which may potentially hinder the correct interpretation of observed patterns of
naturalization and invasion.
Introduction of species is a key step of the invasion process and the reasons behind the
introductions may shape the subsequent stages by limiting the set of species that can
become naturalized and, ultimately, invasive. Individuals and species are not randomly
transported around the world; rather, humans typically favour the movement of particular
functional types (particular species or even particular forms of species) through wellestablished introduction pathways (Wilson et al. 2009b; Essl et al. 2015). If some types of
species are preferentially introduced, it is likely that particular traits or combinations of
traits are overrepresented in the pool of introduced species (introduction bias; Kueffer et al.
2013). A potential consequence of the introduction bias is that some traits may have been
previously mistakenly linked to invasiveness due to their disproportionate introduction,
rather than their influence on invasion success (van Kleunen et al. 2015). Concerns about
overlooking the potential species pool are not limited to invasion science: community
assembly studies that ignore the whole regional species pool and investigate the processes
shaping local biodiversity focusing on the observed local pool alone may also be misleading
(Pärtel et al. 2011).
By ignoring the introduction stage, invasiveness studies usually make the implicit
assumption that introduction of species is random from a global pool of available species,
and therefore independent of plants’ traits and unbiased (i.e. all trait values have the same
probability to be introduced). However, a more realistic approach would acknowledge that
the introduced species may be biased towards particular taxa or life-history traits (Diez et al.
2009), because they are either preferred for human activities (e.g. gardening, forestry,
pastoralism) or accidentally introduced more often, as stowaways or contaminants (Wilson
et al. 2009b). Some studies avoid the overestimation of the involvement of traits in invasion
due to non-ecological drivers, including the preferential introduction of such traits, by
confirming that the traits associated with naturalization/invasion success are also linked (in
the opposite way) with species’ failure to become naturalized/invasive (Zenni & Nuñez
2013). Including both successful and unsuccessful species is more common for studies
focused on the invasion than the naturalization stage (Moravcová et al. 2010; Gallagher et
al. 2015), given that records of all the naturalized species (including invasive and noninvasive) are usually available but records on species that have failed to naturalize after
introduction are rare to find (but see Lavoie et al. 2016; Diez et al. 2009). Without formally
incorporating any existing introduction bias into the analyses, studies that compare
successful and unsuccessful species provide information on traits that are linked to
invasiveness conditional on introduction. The extent of introduction bias has rarely been
addressed in the literature (but see Diez et al. 2009; Martin et al. 2009; Chrobock et al.
2011), with results from early works suggesting important implications for trait-based
invasiveness studies (Kitajima et al. 2006; Martin et al. 2009).
In this work, we aim to identify situations where ignoring introduction bias can lead to
spurious correlations being found between species’ traits and their ability to become
naturalized or invasive. We first describe different scenarios of introduction bias and how
they may influence the pool of species that ultimately become invasive. Then, through
simulations based on a simple framework (Figure 1), we explore the cascading effects that
introduction bias may have on studies dealing with correlations between traits and species’
naturalization and invasion potential. Finally, we focus on real functional traits widely used
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across plant invasion studies (specific leaf area, height, seed mass and woodiness) and
simulate changes on their distributions along the introduction-naturalization-invasion
continuum based on our hypothetical introduction scenarios. Disentangling the influence of
introduction bias on invasion patterns and trait-based studies is central to improving
inference about how traits promote plant invasion.

Box 1 On the relationship among propagule pressure, colonization pressure, introduction bias
and the global pool of species.
Recent research has identified different biases that must be considered to understand biological
invasions. These include propagule pressure, colonization pressure and introduction bias (Figure
1).
Propagule pressure – or introduction effort – is defined as the number of propagules (e.g.
individuals, seeds) released into a new environment, and the number and nature of the release
events across time and space (Simberloff 2009). Propagule pressure increases the likelihood that
a given introduced species overcomes early barriers of invasion and establishes an ongoing
population, rather than going extinct due to stochastic demographic, environmental or genetic
factors (Lockwood et al. 2005; Duncan 2011). Some authors have further claimed that propagule
pressure increased the probability of naturalized species becoming invasive (Essl et al. 2010; but
see Dehnen-Schmutz et al. 2007). Although access to reliable, good-quality information on
propagule pressure (or its surrogates) is a challenge, invasion ecologists have made great efforts
to incorporate it into invasion studies and agree that only species with similar introduction
pressure should be directly compared (Mulvaney 2001; Colautti et al. 2006).
Colonization pressure is the total number of exotic species released into a single location
(Lockwood et al. 2009; Blackburn et al. 2015). At community level, colonization pressure
emulates the same pervasive effect that propagule pressure has at the population level; as more
species are introduced, more will naturalize due to environmental and biotic suitability by
chance alone. For example, Diez et al. (2009) showed that plant families with largest numbers of
naturalized species in Australia and New Zealand are those for which the most species have
been introduced (e.g. Poaceae, Asteraceae and Fabaceae). Colonization pressure has not
received as much attention across the invasion literature as propagule pressure has, but it has
been indirectly addressed through comparative studies of native and exotic species richness
(communities subject to high human impact are dominated by alien species; Tomasetto et al.
2013).
Introduction bias refers to the fact that some species, or types of species, are transported and
introduced outside of their native range more often than others. This selection responds to
human interest, economic or aesthetic, both direct and indirect. Particular species can be
actively chosen because of their value (e.g. agriculture) or they can be accidentally transported
because of their close relationship with particular human activities or areas (e.g. introduction by
ballast waters). Introduction bias has been studied in the form of introduction pathways (Wilson
et al. 2009b) and invasion syndromes (Kueffer et al. 2013). Most of the literature dealing with
non-accidental introduction of plants has focused on the horticultural (e.g. Chrobock et al. 2011)
and pastoral pathway (e.g. Lonsdale 1994).
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Box 1 continued
Propagule pressure, colonization pressures and introduction bias each play a role in which
species from the global pool of species arrive in a new location (Figure 1). One of the main
challenges of invasion studies is that introduced species have different propagule pressures and
likely come from several donor regions (where they have different relative abundance) at
different times (Lockwood et al. 2009), all while human activities shape particular types of
introductions.

Figure 1 Representation of introduced pools with different degrees of propagule pressure, colonization
pressure and introduction bias arising from a hypothetical global species pool.

3 Theoretical framework
3.1 Invasion stages
Following the concept of the introduction-naturalization-invasion continuum (Richardson et
al. 2000; Blackburn et al. 2011), we defined three discrete stages; introduction,
naturalization and invasion. Introduced species are those that have overcome major
geographical barriers via human activity (Richardson et al. 2000). Naturalized species are a
subset of the introduced species able to establish long-term, self-sustaining populations.
This definition excludes casual plants (sensu Richardson et al. 2000) due to their short-term
persistence and reliance on human inputs. Invasive species are the subset of naturalized
species that, having overcome both reproductive and dispersal barriers, establish
populations far from the introduction area, with high relative abundance and/or under a
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wide range of environmental conditions (Catford et al. 2016). We refer to the group of
introduced species unable to naturalized as failures (following Diez et al. 2009), and to the
naturalized species that never become invasive as non-invasive. In this framework, we
follow the terminology proposed by Richardson & Pysek (2011) – i.e. the ‘naturalizationinvasion continuum – and limit the use of the term invasion to refer to the last stage of our
framework, excluding the previous two stages (i.e. introduction and naturalization).
For simplicity, we summarize invasion processes in only three stages (introduction,
naturalization and invasion); however, we acknowledge that these stages may take different
names and that more specific stages could be defined. For example, introduction can be
broken into uptake/transportation and release/introduction (Heger & Trepl 2003; Lockwood
et al. 2005; Blackburn et al. 2011; Lockwood et al. 2013). We are also aware that the
declaration of species as invasive can follow other criteria (e.g. impact); however, given our
interest in studying the links between invasion and traits, a demographic approach is more
appropriate here.
3.1.1 Stage 1: Introduction
The framework integrates the idea that introductions reflect particular introduction
motivations (e.g. ornamental, agriculture) and pathways (e.g. mass dispersal and cultivation)
(Wilson et al. 2009b), resulting in some functional bias within the pool of introduced
species. In this work, we define introduction bias as the preferential introduction of species
with particular combinations of traits, regardless of the propagule pressure of each
individual species (although they are likely to be positively correlated; Box 1, Panel A1).
We present three possible scenarios of introduction:
Random introduction: independent of traits
This scenario does not consider the possibility of introduction bias. Introductions are
random along the gradient of trait values (i.e. every trait value is introduced with similar
frequency). Consequently, introductions cannot be predicted based on species’ traits. This is
the implicit assumption routinely made in invasion studies that examine correlations
between traits and invasion patterns but do not consider the pool of introduced species
(e.g. Hamilton et al. 2005).
Biologically biased introduction: trait follows the worldwide distribution
This scenario incorporates a form of introduction bias while assuming that species
introductions happen randomly. If a particular trait is unrelated to introduction motivations
or pathways, the introduced species pool will be a random subset of the global pool of
species. As a result, the distribution of that trait in the introduced pool would follow the
distribution of that trait in the global species pool. In other words, trait values with higher
occurrence worldwide (i.e. more species have them, the species with them are more
abundant, or the species with them have larger geographic ranges) will be introduced more
often.
Human biased introduction: trait distribution biased towards preferences of humans or
human activities
This scenario reflects that human activities can modify the functional composition of the
introduced pool of species in a way that reflects the human motivation behind the
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introduction (Knapp & Kühn 2012; Essl et al. 2015; Pergl et al. 2017). This applies to
accidental (e.g. contaminant, stowaway) as well as deliberate introductions (e.g. agriculture,
horticulture). The former introductions will be biased toward species with a strong
association with human activities (e.g. weeds of agriculture), showing good dispersal ability
to stowaway in human vessels and able to quickly establish after release even in small
quantities (Pyšek et al. 2011). For deliberate introductions, different functional biases may
be found depending on the reasons behind the introduction. Forestry will promote the
introduction of taller species (McGregor et al. 2012); agriculture will promote pastures with
high growth rate and good environmental match (Driscoll et al. 2014); and horticulture will
promote the introduction of species with low maintenance requirements, ease of
propagation and resistance to environmental stress, such as drought or pests (Martin et al.
2009; Drew et al. 2010; van Kleunen et al. 2018b). This scenario represents a simplified,
hypothetical human bias towards species that are particularly useful, appealing or
associated with human activities. We assume that the bias resulting from human activities
and preferences acts on top of the biological bias described in the previous section, meaning
that the global distribution of the trait will bound the range and relative availability of trait
values over which the human bias operates.
3.1.2 Stage 2: Naturalization
Traits may correlate with the probability that introduced species will successfully naturalize.
The framework presents a dichotomy where the trait does or does not affect naturalization.
If there is a correlation between the trait and the naturalization success, it is assumed to be
positive. That is, the frequency of the successful trait values will increase in the naturalized
species pool, regardless of the introduction scenario.
3.1.3 Stage 3: Invasion
As for Stage 2, the framework presents a dichotomy where the trait does or does not affect
invasion probability. If there is a correlation between the trait and the probability of become
invasive, it is assumed to be positive. That is, the frequency of the successful trait values will
increase within the pool of invasive species, regardless of the introduction and
naturalization scenarios.
3.2 Expectations
The species introduced under the Random introduction scenario will show the widest range
of trait values while the species introduced under the Human biased introduction scenario
will have the narrowest range of trait values. The trait distribution will change among stages
(from introduction to naturalization to invasion) and between successful and unsuccessful
groups within each stage (e.g. naturalized species and failures) only when the trait is
correlated with the success of species to become naturalized and/or invasive. The stronger
and more coordinated (similar direction) the trait effects on consecutive stages, the larger
shift towards narrower distribution of values from introduction to invasion.
The trait distributions of naturalized and invasive species result from the combined
relationships of the trait and the probability to reach different stages. Similar distributions
of traits for naturalized or invasive species may rise from several combinations of positive,
negative and neutral effects of the trait on the probability to be introduced, naturalize
and/or become invasive. For example, comparable trait distributions of naturalized species
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may result as either a combination of a Biologically biased introduction and a strong positive
effect of the trait on naturalization, or a combination of a Human biased introduction
towards plants with large values and a neutral or small effect of the trait on naturalization.
4 Methods
We first simulated a framework describing the distribution of a theoretical trait for
introduced, naturalized and invasive species, based on the three introduction scenarios
described in the previous section (Section 3 Theoretical framework) and assumptions on the
correlations between the trait and the species’ probability of naturalization and invasion
(Figure 2). Then, we extended the framework to incorporate variability in the correlations
between the trait and the species probabilities to be introduced, naturalize and become
invasive, as well as correlations in opposite direction among stages (i.e. trait had a positive
correlation with the naturalization probability but negative with the invasion probability).
Finally, we exemplified how the framework can be applied to real plant functional traits
widely used across invasiveness studies.

Figure 2 Methodological workflow of Chapter 5. We use a stage-based approach (introduction-naturalizationinvasion continuum; Richardson et al. 2000, Blackburn et al. 2011) to develop a theoretical framework of the
impact that introduction bias may have on invasion patterns. We propose three different scenarios of
introduction -Random, Biologically biased and Human biased- and make some assumptions on the correlations
between a hypothetical trait and the probability of naturalization and invasion. We then extend the examples
presented in the hypothetical framework by showing the possible variability within simulations where the
correlations between the trait and the probability of naturalization and/or invasion are more or less strong,
and when the trait relates to those two stages in opposite directions. Finally, we exemplify how the framework
can be applied to real plant functional traits widely used across the invasiveness literature.

4.1 Simulation of the theoretical framework
We simulated the distribution of values of a hypothetical continuous trait, ranging from 1 to
100, for the introduction, naturalization and invasion stages. For simplicity, we only present
the simulated distribution of values for several possible scenarios for each stage (Figure 3).
We assume that the trait either does or does not influence (i.e. correlate with) the
probability of introduction, naturalization and/or invasion. When a trait is correlated with
naturalization or invasion, effects are always linear, positive, and of similar magnitude.
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Figure 3 (Previous page) Proposed framework governing the distribution of a hypothetical trait along the
introduction-naturalization-invasion continuum for three introduction scenarios: Random introduction in grey,
Biologically biased introduction in purple and Human biased introduction in orange. Arrows represent
sequential stages and reflect whether the trait is involved in which species successfully reach the next stage (in
blue) or not (in green). Trait distribution curves show simulated values for each scenario. Dots and lines below
each panel represent the mean and standard deviation of each distribution. Summaries of means, standard
deviations and kurtosis values for all possible scenarios are presented in Table A1. If the introduction scenario
giving rise to a particular trait distribution of naturalized or invasive species is unknown, and as a result usually
assumed to be Random, the effect of the trait on species’ success may be overestimated; i.e. the difference
between purple or orange lines in panels B to G and grey line in panel A is mistakenly understood as the trait
effect. Spurious relationships between traits and species’ success can be minimized by checking whether traits
that promotes success -naturalized, invasive species – also correlate in the opposite way with lack of success –
failures, non-invasive species (panels B.2, D.2, F.2).

4.1.1 Stage 1: Introduction
We simulated the introduction of 10 000 species along a range of trait values from 1 to 100
(see Panel A2). For the Random introduction, we assigned a uniform distribution to the trait
values of introduced species. For the Biologically biased introduction, we assumed that the
trait of the introduced species followed the distribution of the trait for the worldwide pool
of species. An inspection of functional traits literature (Table 1) revealed that a lognormal
shape was a reasonable assumption for a hypothetical trait, with the distribution being
skewed towards small values. Accordingly, we simulated a log-transformed normal
distribution with (normal) mean 20 and (normal) standard deviation 10, which ranged from
5.4 (0.5% quantile) to 60.5 (99.5% quantile). For the Human biased introduction, we
subsampled the Biologically biased introduction in a way that the resulting distribution
(normal) mean was around 40, instead of 20 (standard deviation was left unchanged), and
the range of values went from 16 to 65.9 (0.5% - 99.5% quantiles). This emulates a situation
where species with larger (than the mean) values of the hypothetical trait are preferentially
introduced from the available worldwide pool; for example, for ornamental purposes, plants
with higher above-ground biomass are preferred (Townsley-Brascamp & Marr 1995;
Schlaepfer et al. 2010).
4.1.2 Stage 2: Naturalization
Second, we fixed the naturalization rate at 10% (1 000 out of the 10 000 introduced species
naturalized). Although the tens rule is a doubtful predictor of the percentage of introduced
species that will become naturalized (Jeschke et al. 2012), this number agrees with empirical
data of plant invasions in Australia (Randall 2012) and New Zealand (Diez et al. 2009). For
each introduction scenario, we first assumed that the trait had a linear, positive effect on
naturalization, i.e., species with larger trait values had higher probabilities of naturalization.
Linear trait effects were calculated without intercepts and were standardized among all
values of a given trait, so that the probability to become naturalized increases 100 times
from species with trait value 1 to species with trait value 100. Alternatively, for each
introduction scenario, we run simulations assuming that naturalization had no relationship
with the trait values, and therefore species were randomly drawn from the available pool of
10 000 introduced species (Panel A2). In all cases, species with trait values that were not
selected in these simulations (i.e. species from the introduced pool that did not naturalize)
were grouped and labelled as Failures.
4.1.3 Stage 3: Invasion
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For each naturalization simulation, we fixed the invasion rate at 10% (100 out of 1 000
naturalized species became invasive). Again, species with particular trait values may have an
increased probability of invasion or, alternatively, the probability of becoming invasive may
be unrelated to the trait. To simulate the former invasive species pool, we assumed that the
trait had a linear, positive effect on invasion so that species with larger values had higher
probability of becoming invasive. As above, linear trait effects were calculated without
intercepts and were standardized among all values of a given trait, so that the probability of
invasion increases 100 times from species with trait value 1 to species with trait value 100.
The latter pool of invasive species was drawn by randomly subsampling the naturalized pool
of species. Species with trait values that were not selected in these simulations (i.e. species
from the naturalized pool that did not become invasive) were grouped and labelled as Noninvasive.
4.2 Characterization of trait distributions
For each of the 3 proposed introduction scenarios, 13 trait distributions were simulated (1
for the introduced pool, 4 for the naturalized/failures pools, 8 for the invasive/non-invasive
pools), resulting in a total of 39 simulations. For each simulated trait distribution, mean,
standard deviation and kurtosis were calculated.
4.3 Extensions of the framework
After building and examining the base model, we explored how the trait distributions
changed if the hypothetical trait had stronger or weaker relationships (i.e. varying effect
sizes) with the introduction, naturalization or invasion probabilities. We assumed that all
these relationships were positive.
To simulate the consequence of various effect sizes in the Human biased introduction, we
subsampled the Biologically biased introduction three times, fixing the mean of the resulting
log-transformed normal distribution around 30, 45 and 60 (normal scale). The resulting
three Human biased introduction scenarios represent an increasing preference for species
with larger and larger trait values out of the available worldwide pool.
Simulations for the naturalization stage assumed trait effect sizes of 0.0025, 0.05 and 0.25
when subsampling each introduction scenario through a loglinear function. Simulations of
naturalization drawn from the Human biased introduction scenario are based on the
medium level of human preference. We used the same approach to run the simulations of
the invasion stage.
The second extension explored how opposite effects of the trait on the naturalization and
invasion stages affected the trait distributions. We assumed linear positive effects of
magnitude 0.005 and loglinear negative effects of magnitude –0.005, which defined
opposite patterns of selection across the range of trait values.
4.4 Applying the framework to commonly used plant functional traits
We simulated some of the introduction, naturalization and invasion trait distributions for a
selection of plant functional traits widely used across the invasion literature: specific leaf
area (SLA), height, seed mass and woodiness. In every case, we simulated the introduction
of 10 000 species and examined previously published literature to draw the Random and
Biologically biased introduction scenarios as realistically as possible (Table 1). Our
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simulations assume that the worldwide distributions of SLA and seed mass have a lognormal
shape, height has a log-transformed, bimodal distribution and woodiness is a binary trait
with woody and non-woody species having similar relative frequencies.
We limited the Human biased introduction scenarios to horticultural introductions (Table 2),
since this is the most extensively studied pathway across the invasion literature and is
considered a major contributor to plant invasions in Australia (Dodd et al. 2015) and
worldwide (van Kleunen et al. 2018b). With a few exceptions (Dehnen-Schmutz et al. 2007;
van Kleunen et al. 2007), most studies examining horticultural introductions report broad
expected relationships between plant characteristics and human preferences for
ornamental plants (Table 2, Stage 1: Introduction). As a result, to draw the Human biased
introduction scenario, we decided on a correlation between the traits and the probability of
introduction in agreement with the (limited) available information (Table 2).
The relationships between traits and naturalization probability were extracted from seed
addition and other field experiments recording plant establishment (Table 2, Stage 2:
Naturalization). When possible, we avoided relying on invasion literature for the
naturalization stage because introduction bias is often overlooked when examining traits of
non-native species. We did, however, rely on invasion literature to determine the effect of
the traits on the subsequent stage—the probability of naturalized species becoming invasive
(Table 2, Stage 3: Invasion). Consistent with our hypothetical framework, we assumed that
only 10% of the species pool was able to reach the subsequent stage of the introductionnaturalization-invasion continuum.

Table 1 (Next page) Worldwide biological distribution of plant functional traits’ that are widely-used across the
invasiveness literature; SLA, height, seed mass and woodiness. For each trait, their range of values, shape of
the distribution and parameters of the distribution (when provided) were extracted from several sources,
including peer-reviewed papers and worldwide trait databases. Most papers report trait distributions based on
species-level mean values; papers marked with # report trait distributions based on individual-level records.
The row ‘TRY/BIEN records’ represents a dataset with the species-level mean trait values available through
both the TRY (Kattge et al. 2011) and BIEN (Enquist et al. 2016, Maitner et al. 2018) datasets combined. The
row ‘BIEN records, weighted’ represents a dataset with species-level means collated from BIEN database, with
species contribution weighted following the species’ worldwide distribution – more widely available species
contribute more values to the distribution (see Panel A1).
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Table 2 Summary of literature describing the relationship between plant functional traits and human
preference of introduction of ornamental plants (Stage 1: Introduction), naturalization success (Stage 2:
Naturalization) and invasiveness (Stage 3: Invasion). Trait effect size are included when they are reported in
the source; otherwise general trend as reported in the source is presented. Column ‘Basis for simulation’
indicates the source used to define the correlation between the traits and the probabilities of introduction (for
the Human biased introduction scenario), naturalization and invasion.
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Within each stage, a variety of response variables are shown in the relationships reported by different studies. It was
assumed that all of them are equally representative of the stage under which they are shown.
* No formal statistical analysis quantifying the correlation between SLA and probability of introduction. For the simulation
of the Human biased introduction scenario, a mean of 30 mm2/mg was used.
** No formal statistical analysis quantifying the correlation between seed mass and probability of introduction. For the
simulation of the Human biased introduction scenario, a mean of 250 mg was used.
*** No formal statistical analysis quantifying the correlation between woodiness and probability of introduction. For the
simulation of the Human biased introduction scenario, it was assumed that woodies were introduced 7 out of 10 times, and
non-woodies 3 out of 10 times.
# Due to a shortage in studies using woodiness as the explanatory variable for plant establishment, naturalization and
invasiveness, I coarsely assumed that non-woody plants had an annual growth form instead of perennial (for establishment
and naturalization), were classified as fast growing species instead of slow growing (for naturalization studies) and showed
quicker growth rate (for invasiveness studies), compared to woody plants.

5 Results
The assumptions made for the introduction scenarios have an impact on the shape of the
simulated trait distributions of both naturalized and invasive species. Evaluating the trait
patterns observed on naturalized and invasive species while overlooking the possibility that
introduction may be biased towards particular values (Figure 3 A - purple and orange).
Therefore, the assumption it happens randomly (Figure 3 A - grey), may lead to an
overestimation of the implication of the trait on naturalization and invasion success. The
overestimation appears as the result of overlooking that the difference between the trait
distributions of naturalized and invasive species (Figure 3 – purple and orange) and the
Random introduction scenario (Figure 3 A – grey) is the combination of any existing trait
effect on naturalization and/or invasion and any existing bias in the species introduction.
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5.1 The theoretical framework
The distribution of trait values along the introduction-naturalization-invasion continuum
only changes when the trait has an effect on the probabilities of species becoming
naturalized and/or invasive (Figure 3 B, D, F), as reflected by the different mean, standard
deviation and kurtosis of the trait distributions simulated for introduced, naturalized and
invasive species for each introduction scenario (Table A1 A, B, D, F). Regardless of the
introduction scenario (Figure 3 A), the differences between introduced and invasive species
increase when trait effects accumulate across stages; e.g. the trait increases the
naturalization and invasion probability (Figure 3 D) compared to scenarios where the trait
affects either naturalization (Figure 3 E) or invasion (Figure 3 F) but not both. However, the
differences in trait distributions among stages (for a particular trait effect size) are smaller
as the bias in the introduction becomes larger, meaning that trait differences among
introduced, naturalized and invasive species are larger for species introduced randomly and
smaller for species introduced through the assumed hypothetical human pathway. In
general, naturalized and invasive species drawn from the randomly introduced species pool
(Figure 3 – grey) have fairly flat distributions, with high means and large standard deviations
(Table A1, Random introduction column). By contrast, those drawn from a biologically
biased introduced species pool (Figure 3 - purple) have the most-peaked distributions with
the smallest mean values (Table A1, Biologically biased introduction column), and those
drawn from a pool of introduced species through the assumed, hypothetical human
introduction pathway (Figure 3 - orange) sit between the other two scenarios and have a
normal-shaped distribution that changes little across stages (Table A1, Human biased
introduction column). No differences in the trait distribution are found between consecutive
stages when the trait has no effect on the naturalization or invasion probability (Figure 3 C,
E, G).
Within a single stage of the framework, successful (i.e. naturalized, invasive) and
unsuccessful (i.e. failures, non-invasive) species will show different trait distributions only if
the trait is involved in naturalization (Figure 3 B vs B.2) or invasion (Figure 3 D vs. D.2, F vs.
F.2). If the trait is not involved in species’ success, both successful and unsuccessful species
will mimic the trait distribution of species in the previous stage (Figure 3 C, E, G). Even if the
trait is involved in species’ success, unsuccessful species (Figure 3 B.2, D.2, F.2) still resemble
the distribution of the species at the previous stage because the simulations assumed that
most introduced/naturalized species (90%) fail to become naturalized/invasive (Section 4.1
Simulation of the theoretical framework).
5.2 Extensions of the framework
Regardless of the magnitude of trait effects on introduction, naturalization and invasion
assumed in our framework (i.e. strength of the correlation between the trait and the
probability of being introduced, naturalize or become invasive), the relative differences
among the distributions of subsequent stages remained very similar, mostly mimicking the
differences among introduction scenarios (Figure 4i). The exception was the distribution of
naturalized and invasive species after Random introduction, which moved towards
extremely high trait values when the effect size was high (e.g. Figure 4i D).
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Figure 4 (This and next page) (i) Extension of some of the scenarios presented in the proposed framework
including low, medium and high trait effect size on introduction, naturalization and invasion. The effects are
assumed to be positive. Note that higher effects shift distributions towards larger trait values. Within a single
stage, distributions resulting from different combinations of introduction bias and trait effect size show large
overlaps. (ii) Extension of some scenarios presented in the proposed framework including a combination of
positive and negative effects of the trait on naturalization and invasion. For each introduction scenario,
distributions of traits of invasive species are similar regardless of the order of positive and negative trait effects
on naturalization and invasion.
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Similar trait distributions for successful species at a given stage may arise from the
combination of different assumptions regarding the degree of introduction bias and the
strength of the correlation between the trait and the species’ success probability. For
example, invasive species drawn from Biologically biased and Human biased introduction
scenarios showed similar trait distributions when the trait strongly and weakly affected the
probability of success, respectively (Figure 4i D, dotted purple vs. solid orange). For a given
introduction scenario, invasive species also showed similar trait distributions when opposite
trait effects on naturalization and invasion probabilities were assumed (Figure 4ii D-E), even
though naturalized species did not (Figure 4ii B-C).
5.3 Applying the framework to commonly used plant functional traits
Distributions of SLA, height, seed mass and woodiness for naturalized and invasive plants
varied among introduction scenarios (Figure 5). In general, for continuous traits, the overlap
among simulated distributions for a single stage was low (Figure 5, note log-scaled axes).
Simulations based on the Random introduction scenario contained many trait values that,
based on the traits’ worldwide biological distributions reported in the literature (Table 1),
have low availability. For example, SLA has a normal distribution, and therefore few species
will show very high values of this trait worldwide; however, a Random introduction assumes
that species with low, medium and high SLA values are introduced in a similar fashion. As a
result, naturalized and invasive species’ trait distributions are highly skewed towards species
with high values of the continuous traits, compared to simulations based on the Biologically
biased and Human biased introduction scenarios. The assumption that introduction was
biased towards species with high values - within the biological availability of species - due to
human activities (Table 2) resulted in trait distributions of naturalized and invasive species
to have a narrower range, limited to the upper range of trait values, in comparison with
those drawn from the Biologically biased introduction. In the case of woodiness, trait
distributions based on the Random and Biologically biased introduction scenarios looked
similar - an assumption of a 50:50 ratio of woody and non-woody plants for the Biologically
biased introduction seems reasonable (Table 2).

Figure 5 (Next page) Hypothetical distribution of specific leaf area (SLA), height, seed mass and woodiness for
introduced, naturalized and invasive species, assuming Random (in grey), Biologically biased (purple) and
Human biased (orange) introduction scenarios. The assumed effect of traits on the probability of introduction,
(for the Human biased introduction scenario), naturalization and invasion follow published literature (Table 2).
The group of species, and therefore the distribution of trait values, that are introduced in the first place highly
influences the group of species that ultimately become invasive. The differences among distributions
simulated for invasive species under the three introduction scenarios suggest that invasiveness studies
overlooking any introduction bias that these traits may show may lead to erroneous conclusions regarding the
traits’ correlations with plant invasiveness.
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6 Discussion
6.1 Benefits of the theoretical framework
Through use of a theoretical framework and simulation models, in this paper we have
demonstrated how different functional biases in the pool of introduced species can affect
the trait distributions of successful species in subsequent stages along the introductionnaturalization-invasion continuum (i.e. naturalization and invasion). Overlooking
introduction bias can potentially lead to erroneous conclusions about traits associated with
naturalization and invasion (Blackburn & Jeschke 2009; Kueffer et al. 2013), especially in
studies that investigate functional patterns of naturalized species but ignore the introduced
species that have failed to naturalize, and in studies that investigate traits correlated with
invasive species by comparing them with native species. Our theoretical framework is a
starting point to explore likely ways that trait-based invasion studies overlooking the
introduction stage may report results that conflate trait and introduction bias effects.
Functional studies of invasion rarely account for the whole introduced pool of species. They
usually implicitly assume that species introduction is independent from the trait under
examination and that all values of said trait have similar probability of being introduced
(Figure 3 A - grey). As a result, any departure from a random distribution found in the trait
of naturalized or invasive species (Figure 3 B to G – purple and orange) may be
misinterpreted as the effect of the trait alone on naturalization or invasion, respectively,
regardless of the true magnitude of the trait effect. The extent to which a trait effect can be
under or overestimated will depend on the true magnitude of the effect and the type of
introduction bias. The overestimation of trait effects on naturalization and invasion due to
the assumption that introduction happens randomly will increase for those cases where the
introduced species show a large functional bias (Figure 3 A Human bias introduction).
Inspecting the functional identity of unsuccessful species can reveal any functional bias in
the introduction and clarify whether the trait distributions of naturalized and invasive
species respond to a true ecological benefit of having particular values of the trait under
examination (e.g. Figure 3 B vs. B.2) or they are an artefact of introduction (e.g. Figure 3 C).
A true correlation between a trait and species’ ability to reach a given stage can be
confirmed by finding the opposite effect on species’ that have failed to reach that stage;
that is the traits must have opposite effects on established species vs. failures (for the
naturalization stage) or on invasive vs. non-invasive species (for the invasion stage). While
studies focused on the invasion stage commonly include information on the whole pool of
naturalized species, by comparing successful (i.e. invasive) and not successful (i.e. noninvasive) species (Chen et al. 2015; Gallagher et al. 2015; Lavoie et al. 2016), knowledge on
the whole pool of introduced species in an area is usually not available (e.g. Hamilton et al.
2005). As a result, studies focused on the naturalization stage are often limited to the group
of successful (i.e. naturalized) species (but see Lavoie et al. 2016; Dawson et al. 2009;
McGregor et al. 2012), which may lead to spurious results on the role of traits. Likewise,
studies that aim to determine traits of invasive species by comparing them to native species,
yet overlooking non-invasive species (Funk & Throop 2010; Godoy et al. 2012; but see
Bezeng et al. 2015), may also conflate effects of traits and introduction bias. The difference
between invasive and native trait distributions will increase as the introduced species are
biased toward extreme trait values or if they present values novel to the community, which
may increase their ability to fill empty niches. Our framework suggests that attempts to
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identify traits that facilitate invasion need to test the traits’ relationship with both invasive
and non-invasive species.
The extreme trait distributions of naturalized and invasive species found under the Random
introduction scenario when the theoretical framework was applied to real plant functional
traits (Figure 5) suggests that random introductions are unlikely. If traits were randomly
introduced, effect sizes regularly reported in the literature (and used to build our
simulations; Table 2) would lead to invasive species showing a narrow range of quite
extreme values of their traits (Figure 5 - grey), which is not usually reported in the literature.
6.2 Biological bias, preferential introduction and trait-based studies
Biologically biased introductions are expected to be characterised by the same taxonomical
and functional biases found in the worldwide biota. Plant families that include more species,
as well as species that have larger geographic ranges, are expected to be introduced more
often. For example, large plant families, such as Poaceae, Asteraceae or Fabaceae, are often
identified as important contributors of invasive species worldwide (see Diez et al. 2009;
Dodd et al. 2015 for examples in Australia). Following their worldwide availability (Moles et
al, 2007), herbs are expected to be introduced more often, and climbers less often, than
other growth forms. However, woody and non-woody species should be introduced in a
similar fashion (FitzJohn et al. 2014). Assuming that species from different regions have
similar probability to be transported, biological biased introductions worldwide are
expected to show similar biases. Our theoretical framework shows a biological bias towards
small values of the trait.
Human biased introductions, on the other hand, are expected to highly depend on the
dominant human activities in the area under examination. Our framework shows scenarios
of naturalization and invasion where traits with positive effects on species’ success are
preferentially introduced (Figure 3 B, D, F - orange). In general, it is expected that the
preselection and movement of species with functional traits valuable for human activity
exacerbates the risk of invasion. For example, large quantities of introduced colonizers
around urban environments, which are highly disturbed, can potentially lead to higher
invasion levels than introduction of random plant types (Martin et al. 2009). Similarly, the
introduction of pasture plants with characteristics similar to those of good invaders
increases the risk of escape and establishment of exotic species outside agricultural areas
(Lonsdale 1994; Driscoll et al. 2014).
Most plant introductions occur either as horticultural escapees or through release of
commodities, including deliberate (e.g. plants used to prevent soil erosion or seed trade)
and accidental (e.g. agricultural weeds) introductions (Kowarik & von der Lippe 2007; Hulme
et al. 2008). So far, most work on functional bias and its consequences for invasion patterns
has focused on the horticultural introduction pathway (Kowarik & von der Lippe 2007; Pergl
et al. 2017). The types of ornamental plants that are more highly valued, and therefore
preferentially introduced, have quick life cycles, generalist requirements, are resistant to
harsh environmental conditions and require little maintenance (Hanspach et al. 2008;
Martin et al. 2009; Drew et al. 2010; Schlaepfer et al. 2010; van Kleunen et al. 2018b). Even
when introductions are accidental, some form of functional bias is expected among the
introduced pool of species (Pyšek et al. 2011). One of the first challenges to understand how
introduction bias influences invasiveness studies is to translate those generalized patterns
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of human preferences into particular trait biases. For example, preference for resistant
plants under harsh conditions and those with low maintenance requirements may suggest a
bias towards species with large seed mass (Leishman et al. 2000; Muller-Landau 2010) and
low SLA (Westoby et al. 2002). By contrast, if plants are not introduced as seeds but as
established tubestock, plants with quick growth - i.e. small seeds and high SLA - may be
preferred (Reich 2014; Moles 2018). Both the traits displaying biases and the nature of
these biases depend on the particular introduction pathway under examination (Wilson et
al. 2009b).
6.3 The way forward
Our hypothetical framework has shown that disregarding human-driven preselection of
particular types of introduced species may lead to erroneous conclusions about the causes
and correlates of invasion success in plants. Traits that have been introduced more often
can be mistakenly interpreted as most likely to adapt to local conditions (as pointed out by
Hanspach et al. 2008) or associated with rapid evolution in novel environments (as pointed
out by Kitajima et al. 2006 and Chrobock et al. 2011). Future studies of invasion would
benefit from critical thinking about how their results may be influenced by a stronger
presence of particular forms of successful invaders due to biased introductions (Knapp &
Kühn 2012; Buckley & Catford 2016). The challenge of doing so is not only a lack of
information on failures, but also differences in the direction and magnitude of trait effects
at different stages of the continuum, which depend on the trait under examination and the
context of a given study (Dawson et al. 2009). Trade-offs among positive, negative and
neutral trait-stage relationships can lead to fading effects of introduction bias or near-zero
net effects of traits on invasion (Figure 4ii).
The most suitable approach to validate our framework, and hence how functional biases in
the introduced pool may cascade down to successful species in the following stages, is for
trait-based studies to evaluate the degree of success of species at multiple stages of
invasion (including introduction). Despite their potential value to understand invasion
drivers, rarely are records of failed introductions kept. If information on failures has been
recorded, the effect of traits on naturalization can be confirmed by checking whether they
are related, in an opposite way, with species that fail to naturalize (Figure 3 B vs. B.2) (Diez
et al. 2009; Zenni & Nuñez 2013). If records of failures are not available, it may still be
possible to indirectly assess the influence of introduction bias.
The correlation between traits and naturalization can be studied independently for species
introduced through different pathways; all else being equal, different trait effects across
multiple pathways will give an approximate idea of how introductions are biased relative to
one another (Kueffer et al. 2013). Introduction bias may be indirectly accounted for in traitbased invasiveness studies by including the interactive effect of species’ traits and species’
introduction frequencies (i.e. propagule pressure), in addition to the additive effects of both
variables (Maurel et al. 2016). Although such an approach would not directly speak to
constraints on trait values in the introduced pool of species, it should distinguish cases
where the trait has an effect on invasiveness from cases where the trait effect is an artefact
of high introduction rates of species with those trait values. If none of these approaches are
viable because information on neither introduction pathways nor propagule pressure exists,
an informal examination of the worldwide or regional distribution of the traits under
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consideration may provide some perspective regarding the relative abundance (and
therefore, availability) of trait values with the potential to be introduced.
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