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ABSTRACT ARTICLE HISTORY
Invasive populations cause adverse impacts on ecosystems, Received 25 November 2023
agriculture, and economic activities. Advancing understanding of ~ Accepted 18 March 2024
how populations respond to environmental changes and develop
their invasive status will enable improved prediction, prevention,
and management of ecological invasions. Here, we review recent
literature and find that behavioural shifts within species across KEYWORDS

native and invasive populations are common during invasion. We Adaptation; biological
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collate examples which demonstrate how behaviours associated invasions; intraspecific
with invasion can be an outcome of plastic, pre-adaptive, and/or behavioural plasticity;
post-adaptive processes. However, we find that research invasive species; invasive

investigating the molecular basis of observed behavioural shifts behaviour
associated with invasion is limited. Important research (but
perhaps the most challenging to conduct), is the long-term study
of ongoing invasions that track species’ behaviour and genetic
change throughout the stages of the invasion process.
Additionally, future research should aim to establish whether
behavioural shifts originate from plasticity, microevolutionary
processes, or a combination of both. Common garden
experiments (using distinct populations grown under shared
conditions), carried out in conjunction with genetic studies that
track changes at the molecular level, could aid this endeavour.

Introduction

Ecosystems around the globe are faced with a multitude of challenges, one of the most
significant being the establishment and spread of exotic species in areas beyond their
natural ranges. Biological invaders are widespread (Vitousek et al. 1997) and present sig-
nificant threats to agriculture, public health, and other human activities (Hulme 2009).
Invasive species can drive population declines and extinctions and place considerable
stress on native biodiversity through predation, competition for resources, and introduc-
tion of foreign diseases (Clavero and Garcia-Berthou 2005; Mooney et al. 2013; Bellard
et al. 2016). Moreover, the risks presented by invasive species are only increasing, as
climate change creates opportunities for organisms adapted to warmer temperatures
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to expand their ranges, and invading species consequently reduce the resilience of native
ecosystems (Mainka and Howard 2010).

Although invasion is common, only a small proportion of species that colonise new
environments proliferate and expand their range (Williamson and Brown 1986) - but
those that do present major challenges to invasion biologists, biosecurity managers, and
environmental protection agencies. Key to the management and prevention of these eco-
logical incursions is the identification of characteristics that correlate with invasiveness
(Holway and Suarez 1999; Fogarty et al. 2011; Chapple et al. 2012a). If we can improve
our understanding of how species respond to environmental changes and subsequently
found and develop as invasive populations, we will be better placed to predict future incur-
sions, map the ongoing development of existing invasions (Chapple et al. 2012a), prevent
new ones, forecast their effects, and mitigate their damaging impacts on native communities
(Holway and Suarez 1999; Kolar and Lodge 2001; Cassey et al. 2004; Puth and Post 2005).

Studies at the species level have shown that invasive taxa commonly excel at one or more
convergent traits, with some invasive species arriving ‘pre-adapted’ to a new area - ie. in
possession of a range of genetic (e.g. high number of genes, Zhao et al. 2023), morphological
(e.g. smaller body size, Mahoney et al. 2015), life history (e.g. generation time, number of
offspring, reproductive output, Forsyth et al. 2004; Capellini et al. 2015), physiological
(e.g. growth rate, heat tolerance, Bates et al. 2013), and behavioural traits that increase
their invasive potential — while others rapidly evolve beneficial characteristics after the inva-
sion event. Among these invasive traits are often behaviours that augment survival, func-
tioning, and/or dispersal in new habitats, and also increase the invasive species’
environmental impact. For example, increased sociability, boldness/risk-taking, dispersal
tendency, aggression, exploration, neophilia, learning ability, conspecific tolerance, foraging
activity, and general activity levels (for example see Rehage and Sih 2004; and Pintor et al.
2008;) are all considered important behaviours across the four stages of invasion (including
uptake onto transport vectors, introduction, establishment, and spread; Figure 1). However,
data on behaviour is often absent from studies on invasion, having received less consider-
ation than other characteristics that may explain invasion success (Holway and Suarez
1999), likely because such data can be extremely challenging to collect in natural systems.

Where invasive behaviour has been the subject of research, the scientific literature is
dominated by comparisons made at the species level, rather than at the population level,
or within an invasive metapopulation. However, different invasive species are likely to
possess numerous trait differences aside from those suspected to influence invasion,
making it difficult to determine which trait(s) result in greater invasiveness. Drawing
intraspecies comparisons (i.e. between native and invasive populations of the same
species) can conversely increase our understanding of how behaviour rapidly changes
throughout the invasion process as a direct result of the invasion itself. Obtaining
such knowledge will help environmental managers predict the possible trajectories of
new incursions and, where possible, act to manipulate external pressures on invasive
populations to mitigate their speed and/or impact.

Our aim was to review the role of intraspecific post-invasion behavioural change. To
achieve this, we undertook a systematic review of peer-reviewed sources from the Web of
Science. We assessed 490 publications that appeared in a search using the term ‘(behavio*
OR personalit* OR plastic* OR syndrome*) AND (dispers* OR invas* OR non-invas* OR
native OR foreign OR alien OR introduced OR introduction* OR non-native OR
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Figure 1. The invasion sequence and parallel dispersal behaviour over time (Clobert et al. 2009). The
figure depicts the role of dispersal behaviour in invasion, however, other elements of behaviour (i.e.
foraging behaviour, nest site choice) are also important, although not represented.

‘invasion front’ OR ‘range edge’ OR novel OR ‘range expansion’) AND (population* OR
specie* OR colon* OR evolution)’. The titles of all 490 resources were reviewed for eli-
gibility (e.g. publications from microbiology, cancer research, and metallurgy were
excluded, as was research on plant behaviour). Abstracts from the remaining papers
were then screened and included in the full literature review if they examined intras-
pecific behavioural variation between native and invasive ranges and/or between range
cores and range edges in the invasive range. This resulted in 48 papers, which we com-
bined with 22 additional publications that we identified during our wider reading and
review of reference lists. Synthesising this research, we discuss mechanisms for behav-
ioural change, highlighting case studies, summarising common findings and inconsisten-
cies, and detailing directions for future research. Our review revealed that the literature is
skewed towards post-invasion processes, therefore these form the balance of our focus.
Our review is limited to the investigation of animal invasions, with studies of invasive
plants, microbes, and fungi considered outside the scope.

Behaviours on the move: behavioural variation and invasion

A developing body of work shows that behavioural traits can rapidly shift upon introduc-
tion to a new environment, and that these post-invasion behavioural modifications could
correlate with enhanced invasion success (Chapple et al. 2012b). For example, changes in
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specific behavioural attributes, such as aggression (Pintor et al. 2008), feeding behaviour
(Martin and Fitzgerald 2005; Pintor and Sih 2009; Carbonell et al. 2021), danger
responses (Daniels et al. 2004; Levri et al. 2017), predator avoidance behaviour (Levri
and Clark 2015; Reisinger et al. 2017; Johnston and Smith 2018), dispersal tendency
(Levri and Clark 2015), social behaviour (Robertson and Rosenblum 2010), sexual behav-
iour (Westrick et al. 2019), daily or seasonal activity patterns (Fortes Silva et al. 2019;
Poléd¢kova et al. 2022), and neophilia (Candler and Bernal 2015) have all been detected
in invasive populations when compared with their native counterparts (Figure 2).

In some instances, the co-occurrence of changes in multiple invasive behavioural traits
have provided evidence for ‘invasive personality’ types facilitating invasion (Figure 2).
For example, low risk-prone personalities (i.e. with a combination of higher exploratory,
active, and bold tendencies) have been shown to be over-represented in invasive popu-
lations compared with conspecifics in natural ranges. This is evident in invasive crayfish
(Pintor et al. 2008), fish (Rehage and Sih 2004; Myles-Gonzalez et al. 2015; Thorlacius
et al. 2015), lizards (Short and Petren 2008; Damas-Moreira et al. 2019), amphibians
(Baxter-Gilbert et al. 2021), and rodents (Malange et al. 2016). Similarly, studies investi-
gating the role of personality types in the population dynamics of invasive fishes have
suggested that dispersal may be led by individuals exhibiting an asocial personality

Invasive
Personality

Figure 2. Changes in specific behaviours have been recorded in invasive populations when compared

with counterparts in the native range. The co-occurrence of changes in multiple behavioural traits are
indicative of an ‘invasive personality type'.
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type (i.e. being more likely to avoid / disperse away from high density sites and to pre-
ferentially settle in low-density cites; Cote et al. 2011). For example, Cote et al. (2011)
suggested that the invasion front of the invasive mosquito fish (Gambusia affinis;
Figure 3) may be dominated by asocial individuals. Thorlacius et al. (2015) also

A

Figure 3. Key invasive species that have been the subject of behavioural research: A, Argentine ant
(Linepithema humile), B, cane toad (Rhinella marina), C, mosquito fish (Gambusia affinis), D, New
Zealand mud snail (Potamopyrgus antipodarum), E, round goby (Neogobius melanostomus), and F,
plague skink (Lampropholis delicata). Photo credits: A, José Luis Barberan, ArgentiNat, B, Steve Kerr,
iNaturalist NZ, C, NOZO, Wikimedia Commons, D, Michal Manas, Wikimedia Commons, E, Rob
Dutch, iNaturalist, F, Michael Lambert, iNaturalist NZ.
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demonstrated that populations of the invasive round goby (Neogobius melanostomus;
Figure 3) vary in expression of personality traits, with individuals in newly-established
invasive populations shown to be more asocial than older populations.

As well as invasive versus native range comparisons, individuals or populations at the
invasion front (range-edge) can be compared to established invasive populations at the
range core to provide useful insights into how certain behaviours may be up- or
down-regulated at different stages of the invasive process (Duckworth and Badyaev
2007; Groen et al. 2012; Thorlacius et al. 2015). For example, relative to range-core
counterparts, range-edge populations of expanding species can differ in dispersal ten-
dency or ability, aggression, boldness, activity, and sociability. One of the consequences
of this is that an invasive population can develop a continually accelerating dispersal rate
(Hudina et al. 2014), as has been observed in the Australian cane toad (Rhinella marina;
Figure 3), whose yearly rate of expansion has increased almost fivefold since first being
introduced (Shine et al. 2006).

The ecological success of ants has made them globally abundant, yet notable differ-
ences in the social structure and behaviour of invasive and native populations has
been repeatedly recorded across ant species, providing a compelling case study. In the
native range, intraspecific competition between colonies generally constrains nest
density. However, the formation of large supercolonies that lack intraspecific aggression
between sub-colonies has been recorded in numerous invasive ant species (Kjeldgaard
et al. 2022). These supercolonies often spread over thousands of kilometres and can
contain substantial polydomous (occupying two or more spatially separated nests) and
polygynous (males have more than one mate) colonies constructed from connected
nests that liberally exchange individuals (Holway et al. 2002; Eyer and Vargo 2021),
whereas such associations are generally absent in the native range. This social organisa-
tion requires an easing of colony boundaries and no, or significantly reduced, intras-
pecific aggression among colonies through a loss of nest mate recognition and a lack
of aggression toward non-nest mates (Helanterd et al. 2009). Conferring dominance
over resources (Tsutsui et al. 2000) and removing costs associated with intraspecific com-
petition and territorial conflicts, this behavioural shift has resulted in populations that are
ecologically dominant and outcompete native species, altogether inflating their environ-
mental impact (Holway et al. 1998; Tsutsui et al. 2000; Holway et al. 2002). It can also
work in concert with other behavioural modifications to further promote invasiveness.
For example, alongside reduced aggression in the invasive range, Argentine ant (Line-
pithema humile; Figure 3) workers in Europe (introduced range) have a higher tendency
to explore novel environments and scatter larvae, are more active and aggressive inter-
specifically, discover food resources more rapidly, and dominate more space than
workers in the native range (Blight et al. 2017).

Beyond borders: mechanisms of post-invasion behavioural change

Despite increasing evidence that behavioural variation occurs between populations in
their native and invasive ranges, the underlying mechanisms for these behavioural
shifts are not well-understood (Phillips and Suarez 2012). However, there are two
broad processes at play: (1) Swift changes in heritable behaviours and associated geno-
types driven by the selective pressures imposed by a new environment (i.e. adaptation);
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and (2) Behavioural plasticity induced by new environments experienced and, perhaps
associated with, differences among individuals in regard to past experiences (i.e. learn-
ing) (Phillips and Suarez 2012; Gruber et al. 2017b). Understanding the mechanisms
that enable behavioural change is key, as these can influence both the speed and
impact of invasive species (e.g. on native species) (Ruland et al. 2020). For example,
behavioural learning can dissipate through a population more rapidly than genetic
changes (Zuk et al. 2014). The two mechanisms also likely operate in combination.
For example, the capacity for behavioural plasticity may evolve during the process of
range expansion or biological invasion (Stamps and Groothuis 2010; Diamond and
Martin 2016; Reisinger et al. 2017), and behavioural plasticity may create non-heritable
variation in the invading population that becomes genetically assimilated in later descen-
dant populations (Huey Raymond et al. 2003; Badyaev 2005; Ghalambor et al. 2007;
Foster 2013). In this section, we first cover processes that are genetic in nature (i.e. evol-
utionary processes), then follow with processes that are not genetically fixed (i.e. plastic
processes). However, we recognise that these processes sometimes cannot be teased apart
or discretely grouped.

Variation in dispersal behaviour

Successful biological invasions rely intimately on dispersal behaviour (Phillips and
Suarez 2012), encompassing departure from the initial (native) patch, movement
between patches (transience), and settlement in a new patch (Bowler and Benton
2005; Clobert et al. 2009) (Figure 1). Dispersing individuals often encounter dramatic
ecological changes throughout the invasion process. As a result, the benefits conferred
from the expression of different behaviours will vary depending on which stage of the
invasion process a population is presently experiencing, with each stage potentially
acting as a selective filter on traits related to invasion success (Carrete et al. 2012;
Chapple et al. 2012a). For example, different behaviours may predispose individuals to
capture during transport, or they may enhance dispersal upon arrival to the new habitat.

Dispersal behaviour has been shown to be highly variable among individuals (Clobert
et al. 2009), suggesting that dispersers are not a random subsample of a population. In
fact, non-random dispersal may be the rule, rather than the exception. Exemplifying
this, asocial individuals are more likely to disperse when population density is high
and may also be more likely to disperse further than their social conspecifics (Cote
and Clobert 2007; Cote et al. 2010), which could potentially result in invasive populations
that display more asocial behaviours than their native-range counterparts (i.e., socially-
biased dispersal acting as a selective filter; Cote et al. 2010; Cote et al. 2011).

Bold, risk-taking, exploratory, active, individuals may be more likely to find their way
onto transport vectors (Blackburn and Duncan 2001; Briski et al. 2018; Chapple et al.
2022). Once introduced, these individuals may be more likely to disperse further,
more quickly, and discover more appropriate habitats and resources, resulting in an
over-representation of such behaviour at the invasion front (Cote et al. 2011; Groen
et al. 2012; Liebl and Martin 2012; Chapple et al. 2022). However, it can be difficult to
determine whether these behaviours are the result of personality-dependent dispersal,
or whether a random set of individuals has dispersed to the new range and those that
have a bold, active, and asocial personality are the ones that survive and reproduce. It
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is also possible that both processes operate and reinforce each other. Regardless, invasive
populations often consist of more exploratory, active, and bold individuals than native-
range populations (Lapiedra et al. 2017; Chapple et al. 2022), and the higher proportion
of these individuals at invasion fronts likely facilitates the further dispersal and rapid
expansion of invasive populations (Myles-Gonzalez et al. 2015).

Individuals that are more dispersive also tend to be the first to newly establish a popu-
lation (Hanski et al. 2004; Shine et al. 2006; Hughes et al. 2007; Duckworth Renée 2008).
When more aggressive, faster-dispersing individuals continue to expand the range front/
edge, selection there will likely favour traits that increase dispersal ability further (Phillips
Benjamin et al. 2008; Alford et al. 2009; Léotard et al. 2009) in a process known as ‘spatial
sorting’” or the ‘Olympic Village effect’ (i.e. assortative mating or inbreeding of individ-
uals at the range-front) (Shine et al. 2011). As a result, extremely aggressive, highly dis-
persive characteristics are expected to consistently evolve upwards during range
expansion (Burton et al. 2010) permitting animals at the invasion front to infiltrate unco-
lonised areas several times faster than in the earlier stages of invasion (Alford et al. 2009).

Disperser-dependent founder effects can also occur during invasion when bolder,
more exploratory individuals colonise new areas by chance. The ongoing expansion of
the cane toad’s range in Australia is considered an example of this, with more bold indi-
viduals stochastically dispersing to the range-front to create new founding populations
with a bold behavioural phenotype (Gruber et al. 2017b). Similarly, heritable differences
in tadpole boldness between mainland and invasive island populations of common frogs
(Rana temporaria) is thought to have resulted from more exploratory adults by chance
being the colonisers of new islands as they rose above sea level approximately 350-800
years ago (Brodin et al. 2013).

Selective pressures on behaviours, such as aggression (Duckworth and Badyaev 2007;
Duckworth Renée 2008; Groen et al. 2012; Michelangeli et al. 2017) and tendency to dis-
perse, are expected to differ at the invasion front and range interior (Phillips Benjamin
et al. 2008), as well as between the former and the native range. However, behavioural
adaptations for increased dispersal should only exist in a population for a short time
after colonisation as the adaptive value of dispersing declines and selection instead
favours other trait combinations that confer advantages in higher density populations
with increased competition for resources (Thorlacius et al. 2015). This pattern has
been observed in the highly successful invasive cane toad (Phillips et al. 2007), where
toads at the invasion front show an amplified dispersal ability compared with toads in
range-core populations (Urban Mark et al. 2008), but become less exploratory and
risk-taking with time (Gruber et al. 2017a). Similarly, in western bluebirds (Sialia mex-
icana), aggressive individuals dominated populations at the invasion front for a few gen-
erations, but aggression waned after a competitor (mountain bluebirds, Sialia
currucoides) had been excluded (Duckworth and Badyaev 2007). These examples demon-
strate how selection can favour different traits depending on the invasion stage and
associated spatial sorting and population density (Cote et al. 2011; Fogarty et al. 2011).

Evolutionary processes

Evolutionary processes, such as genetic drift (including bottlenecks and founder effects,
where demographic changes associated with invasion of a small number of individuals
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reduces genetic diversity), and adaptive evolution, can operate at multiple stages of the
invasion process, and can ultimately lead to genetic divergence from conspecifics in
the natural range (Holway et al. 2002; Pintor and Sih 2009; Blight et al. 2017).

Genetic drift

Low genetic diversity in the invasive range following population foundation is common
(Rollins et al. 2015), with bottlenecks generally predicted to inhibit population growth
due to inbreeding depression, increased fixation of deleterious alleles by genetic drift,
and reduced evolutionary potential to respond to new selection pressures (Schrieber
and Lachmuth 2017). However, many introduced populations do not appear to be chal-
lenged by these problems in a phenomenon known as the ‘genetic paradox of invasion’
(Estoup et al. 2016). Theory suggests that such populations may benefit from multiple
introduction events from genetically diverse source populations (Facon et al. 2006),
while a temporary or permanent release from stress in invaded habitats may also alleviate
the problems associated with reduced genetic diversity (i.e., the ‘enemy release hypoth-
esis’; Roy et al. 2011; Sarabeev et al. 2017; Antonini et al. 2019; Michelan et al. 2023).
Moreover, interactions between inbreeding and the novel environment may actually
facilitate rapid evolution and contribute to adaptation even under conditions of
reduced genetic diversity (Schrieber and Lachmuth 2017).

Adaptive selection
Following invasion, populations may be subjected to new selective pressures that result in
rapid adaptation of behavioural traits. For example, invasive populations of invasive
plague skinks (Lampropholis delicata; Figure 3) were significantly more exploratory
and, in some instances, bolder than their native range counterparts in a manner consist-
ent with selective processes over and above founder effects (Chapple et al. 2022). The
authors argued that, under a pure founder effects framework, the directionality of trait
differences between native and invasive populations should be random, while they
instead discovered consistent differences in exploratory behaviour across three discrete
invasive lineages. One of these lineages — the invasive Lord Howe Island population -
experienced recurrent introductions but showed no evidence that the associated
genetic admixture from divergent source populations had countered or reduced any
founder or other drift effects, providing further support that selective forces promoted
risk-prone behaviour types in these skinks (Chapple et al. 2022). Other studies, including
common garden experiments (i.e., in which organisms from different populations are
reared together under the same environmental conditions to determine the influence
of the environment vs. heritability; de Villemereuil et al. 2016; Berend et al. 2019),
have also supported heritable behavioural shifts in invasive populations as the
outcome of rapid evolution in the new habitat (e.g. Gruber et al. 2017b; Stuart et al. 2019).
Founder/bottleneck effects and natural selection can, of course, operate in concert to
promote invasion. An excellent example comes from the invasive Potamopyrgus antipo-
darum (Figure 3) - a New Zealand mud snail that can reproduce sexually, but for which
invasive populations derive from different clones so that individuals within populations
are genetically identical but different populations are genetically distinct (Alonso and
Castro-Diez 2012). These snails have provided new insights into evolutionary processes
associated with behavioural shifts during invasion, with certain invasive clonal
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populations more invasive than others and their associated behaviours differing from
each other but matching their relevant source populations, suggesting population, and
possibly genotypic, effects on behaviour (Levri and Clark 2015). Levri and Clark
(2015) showed that the most invasive clonal population of the snail exhibited behaviours
that increased survival, reproduction, and spread, suggesting that particular clones may
be more likely to establish and spread as a result of founder effects and adaptive selection
operating in concert. Later research showed that two invasive populations of the snail
responded behaviourally to the odour of an unfamiliar predator, while a non-invasive
American population did not, though it was unclear whether predator avoidance
evolved rapidly post-invasion in different populations, or was brought into new habitats
by founder individuals and subsequently refined (Levri et al. 2017).

Another example of selection operating rapidly on behavioural traits is seen in the
pond slater (Asellus aquaticus) following invasion of a novel stonewort habitat. Here,
researchers compared the invading population with an ancestral reed population and
found that boldness in the two populations diverged, forming two distinct ecotypes
(Karlsson Green et al. 2016). The authors used a combination of common garden exper-
iments and modelling analyses to investigate selection for trait combinations to deter-
mine the heritability of these behavioural differences. They showed that genetic
correlations among some traits decreased or disappeared following colonisation, while
one new correlation arose in the stonewort population. This was taken as evidence
that behavioural characteristics had become decoupled in the short time (< 40 years)
since colonisation of the new environment (Hargeby et al. 2004). Thus, genetic corre-
lations among behavioural traits can change to optimise fitness even within short time
frames, and may reflect adaptive processes post-invasion (Roft and Fairbairn 2012).

Pre-adaptation: the AIAl hypothesis

Pre-adaptation is an important feature of invasion success, and recent evidence suggests
that urbanisation may facilitate this when species have adapted to urban environments in
their native range before being introduced to a similar environment in the invasive range
(Hufbauer et al. 2012; Borden and Flory 2021). For example, urban populations in both
the native and invasive range of the guttural toad in Durban, South Africa were signifi-
cantly bolder than their rural counterparts, providing a considerable advantage during
invasion of new urban environments in both Mauritius and Réunion Islands (Baxter-
Gilbert et al. 2021). Such behavioural modification could occur via behavioural flexibility
(Hudson et al. 2017), developmental plasticity (Brodin et al. 2013; Gruber et al. 2017b;
Miihlenhaupt et al. 2022), or rapid localised adaptation (Whitney and Gabler 2008;
Baxter-Gilbert et al. 2019), and supports the ‘anthropogenically induced adaptation to
invade’ (AIAI) hypothesis (that species adapting to human-modified settings can
increase their invasive potential through the development of adaptive phenotypes that
offer advantages in anthropogenic habitats; Hufbauer et al. 2012). Under the AIAI
hypothesis, urban areas can be seen as ‘sorting grounds’ for many invasive species, select-
ing successful establishers for future invasion (Hufbauer et al. 2012).

While Baxter-Gilbert et al.’s (2021) study provided support for the ATAI hypothesis
and showed a clear divergence in behaviour among adult populations of guttural
toads, common garden experiments to determine whether the observed behavioural
shifts were heritable adaptations or examples of behavioural plasticity were inconclusive



NEW ZEALAND JOURNAL OF ZOOLOGY 161

(Miihlenhaupt et al. 2022). This highlights the difficulty of conclusively determining the
mechanisms behind behavioural change, and many of the studies discussed above were
similarly unable to infer the evolutionary processes that may have produced the observed
behavioural patterns. Further molecular and common garden experiments (de Villemer-
euil et al. 2016; Berend et al. 2019) are required to elucidate the mechanistic drivers
behind behavioural shifts that accompany invasion.

Behavioural plasticity

Behavioural plasticity refers to the capacity of a single genotype to produce different
behavioural phenotypes in response to a range of environments and ecological con-
ditions (Roft 1999). Behavioural plasticity may buffer animals against the novel selection
pressures they face within a new range by allowing them to rapidly adjust their behaviour
to the new environmental conditions. Therefore, behavioural plasticity is considered par-
ticularly important for invasive processes, as it allows immediate within-individual
changes in response to new conditions without the requirement for genetic adaptation
(Robinson and Holmes 1982; Robinson and Dukas 1999; Ghalambor et al. 2007;
Lande 2009; Ruland et al. 2020). In fact, plasticity may even be a requirement for survival
during the initial stage of colonisation, allowing individual modification to occur as a first
response before adaptive processes (that may require changes in morphological, physio-
logical, or life history traits; West-Eberhard 2020) can operate (Lande 2009; Chevin et al.
2010).

Behavioural plasticity is commonly invoked as a major mechanism that facilitates the
expansion of a population’s geographic range and the colonisation of novel environ-
ments (Roughgarden 1972; Holway and Suarez 1999; Ghalambor et al. 2007) for two
main reasons. First, plasticity may allow more colonising individuals to initially
survive and persist so that the population can later adapt to new environmental con-
ditions via directional selection (Ghalambor et al. 2007; Crispo 2008; Foster 2013;
Levis and Pfennig 2016). Thus, plasticity may promote evolution by creating non-heri-
table variation in the invading population that is later genetically assimilated (Huey
Raymond et al. 2003; Badyaev 2005; Ghalambor et al. 2007; Foster 2013) - a process
that may be especially critical in invasive populations that have low genetic diversity
(Robinson and Dukas 1999). However, a key condition is that individuals must be
able to behaviourally respond to new selective pressures operating on the invading popu-
lation if new habitats are ecologically, but not evolutionarily, novel (Ghalambor et al.
2007; Crispo 2008; Foster 2013; Levis and Pfennig 2016). This is because lineages may
retain the proximate physiological mechanisms that generate adaptive plasticity, even
if the environmental factors that induce phenotypic shifts have not occurred in that
lineage for extended periods of evolutionary time (West-Eberhard 2020). Invasive popu-
lations of guttural toads provide evidence that beneficial behavioural traits can be pre-
served in populations and re-expressed post-invasion (Baxter-Gilbert et al. 2021).
Second, plasticity might evolve rapidly in the initial colonising generations to facilitate
local adaptation (Wcislo 1989; Price et al. 2003; Schlichting 2008; Foster 2013).
However, despite a large amount of theory, there is no direct evidence that plasticity is
positively selected during colonisation (West-Eberhard 2005; Chevin et al. 2010; Lande
2015). Therefore, further research is needed, and native/invasive range comparisons
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will be critical for assessing relevant hypotheses (van Kleunen and Fischer 2005), such as
that species become more plastic in their invasive range. Moreover, longitudinal studies
will be essential for enhancing knowledge of the role of behavioural plasticity throughout
the invasive process. To our knowledge, no such studies currently exist, most likely due to
the difficulties associated with the rapid collection of genetic and ecological behavioural
information once an invasion has been detected.

Behavioural plasticity enables swift responses to environmental change either by inno-
vation or through social learning of new behaviours. At the individual level, plasticity
may result from individual learning, in which an individual devises a new behaviour
or modifies an existing one (‘innovation’) (Laland and Reader 2003), or through social
learning, in which an individual learns a new behavioural variant displayed by others
(Boyd and Richerson 1985). Behavioural plasticity through either form of learning is pre-
dicted to be advantageous when environments change, although social learning may be
less useful when conditions fluctuate swiftly (Dawkins 1980). Individual and social learn-
ing differ in their propensity to introduce new behavioural variants into the repertoire
populations. Individual learning can generate innovative behaviours that enhance the
behavioural diversity of the population, while social learning can lead to the establish-
ment of learned behaviours that may displace those attained by individual innovation,
thus leading to a general decrease in the number of behavioural variants expressed by
individuals in the population (Laland and Reader 2003). Therefore, individuals from
invasive populations may adjust the degree to which they express behavioural plasticity
in an adaptive manner during the different stages of invasion. This is a key prediction of
the ‘adaptive flexibility hypothesis’ (Wright et al. 2010). As it relates to biological inva-
sion, this hypothesis predicts that the expression of behavioural flexibility, and thus
the diversity of behaviours observed in a population, will rapidly increase throughout
colonisation and the early stages of establishment, due to innovation and the need to
shift to a new optimal phenotype in response to new environmental conditions. An
associated prediction is that evolution will favour higher plasticity initially in a novel
environment, with this then expected to decline during the establishment and growth
phases of invasion as a result of social learning of successful behavioural traits (Wright
et al. 2010; Lande 2015; Westrick et al. 2019). In particular, Huang et al. (2015) suggested
that large costs and minor benefits may constrain the evolution of greater plasticity in the
native range, but reduced costs and increased benefits of plasticity may promote such
evolution in the introduced range. These authors also suggested that, as invasive popu-
lations are often released from natural enemies, they may more easily afford the costs
associated with evolving greater plasticity than native populations (Huang et al. 2015).
Therefore, behavioural flexibility may promote stability and persistence during the
early stages of invasion when invasions are characterised by small populations that are
susceptible to environmental and demographic stochasticity, but become disadvanta-
geous as the population becomes established, causing plasticity to decrease towards
native-range levels (Lande 2015). As such, behavioural plasticity may itself evolve over
time, resulting in changes in the genetic mechanisms underlying the way or degree to
which animals respond to environmental cues (Ghalambor et al. 2007; Shaw et al.
2007; Foster 2013; Levis and Pfennig 2016). A fundamental assumption underlying
this theory is that there is genetic variation for plasticity, such that selection has the
opportunity to act on its expression (Scheiner 1993).
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A consequence of fluctuating behavioural plasticity is that the point in the invasion
process at which a population is surveyed for plasticity has serious implications for deter-
mining whether it is adaptive or not (Agrawal 2001; Pigliucci and Murren 2003). Few
empirical studies comparing native and invasive patterns of behavioural plasticity exist
(Handelsman et al. 2013). However, female guppies (Poecilia reticulata) from introduced
populations are less responsive to males when reared without predator cues but return to
a high-predation phenotype when reared with predator cues (Westrick et al. 2019). This
pattern was evident across introduced populations from different ranges but absent from
the native range where females consistently experience high predation pressure,
suggesting it is likely to have evolved in the invaded range rather than to have resulted
from drift or founder effects and/or adaptive plasticity in the native range (Westrick
et al. 2019). Plague skinks showed more plastic exploratory behaviour, activity, and bold-
ness than their native counterparts, with the greatest differences in the most recently-
established populations (Chapple et al. 2022). Chapple et al. (2022) argued that this
increased behavioural plasticity may be one way in which organisms cope with changing
environmental conditions during biological invasions, however they could not determine
whether it represented a pre — versus post-invasion adaptation (Chapple et al. 2022).

Research suggests that invasive species may use plastic behavioural responses to kair-
omones - allelochemicals released by one species that benefit another - to evade preda-
tion by new predators (Hazlett et al. 2003). In fact, plasticity in anti-predator responses is
assumed to be one of the key ecological forces enabling the survival and rapid evolution
of prey that face new predators in the invasive range (Pujol-Bux¢ et al. 2013). However,
empirical evidence in support of behavioural plasticity to kairomones in invasive popu-
lations is weak. For example, Levri et al.’s (2017) experiments on New Zealand mud snail
clones revealed that genetically distinct invasive clonal populations responded differently
to novel predators, though this may reflect founder effects and selective forces (as dis-
cussed above).

Closely related to behavioural plasticity is the ability to alter behaviour in response to
learned patterns, and this is likely a contributing factor to the success of invasive species.
For example, invasive cane toads use spatial memory of experiences with an environment
to alter their exploratory and foraging behaviours in order to increase foraging efficiency
(Miller et al. 2018). This is consistent with anecdotal information on cane toad foraging
behaviour in urban environments (Alexander 1965) and aligns with similar research on
colonising rats, which decrease their exploratory behaviour over time to stay close to
known areas (Russell et al. 2010). Similar to behavioural plasticity, Miller et al. (2018)
noted that the adaptive value of spatial learning is likely highest at the initial stages of
introduction and is expected to decrease as individuals spread.

The molecular basis for behavioural change

An objective in current animal personality research is to identify the molecular basis of
measured behavioural variation (Laine and van Oers 2017). While many quantitative
genetic studies of animal personality have reported moderate to high estimates of herit-
ability (Stirling et al. 2002; Dochtermann et al. 2015; Dochtermann et al. 2019), few
studies have investigated the molecular basis for this observed heritability, and research
on the relationship between genes and behaviour is in its infancy. Laine and van Oers
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(2017) provided an overview of quantitative and molecular genetics approaches in the
field of animal personality and Bubac et al. (2020) reviewed the scientific literature inves-
tigating the molecular basis of behavioural traits in natural populations. Both reviews
revealed that few studies have attempted to determine the genetic basis of behavioural
phenotypes in natural populations and there is a need to integrate molecular and quan-
titative genetic methods. Similarly, many of the studies discussed so far have used behav-
ioural assays, common garden experiments, and the tracking of behavioural patterns to
theorise the mechanisms behind behavioural shifts in invasive species. However, the mol-
ecular mechanisms that may underpin these behavioural changes are less-studied and
poorly understood despite the fact that elucidating their genetic basis is a key step
towards understanding the evolutionary potential and limitations of the invader.

Fortunately, high-throughput nucleotide sequencing and other technological
advances are now increasing our ability to examine the genomic basis for the functional
shifts associated with biological invasions (Rius et al. 2015). In a notable study, Mueller
et al. (2014) identified SNPs associated with neophiliac behaviour and activity level in two
invasive populations of the yellow-crowned bishop (Euplectes afer) and proposed that
these alleles were likely introduced from the native population. The short invasion
history (c. 30 years) and assumed small original population size(s) of the birds were
used to suggest that the behaviour-associated SNPs were unlikely to have established
from new mutations that arose after the invasion. However, the study lacked a compari-
son of allele frequencies between the invasive and native populations and did not
compare invasive populations of different ages to track genetic changes over time
(Carrete et al. 2012; Edelaar and Bolnick 2012). More recently, Yagound et al. (2022)
used RNA sequencing to investigate brain transcriptomes of cane toads from Hawai’i
(the native population) and nine invasive populations along an east to west transect
across the Australian invasive range that reflects the timeline of the cane toad invasion.
These authors found extensive differences in brain gene expression profiles between
Hawai’i and Australian populations for key genes with functions putatively associated
with dispersal behaviour, while more modest differences were seen across the Australian
transect (Brown et al. 2015). These genes may therefore play an important role in the
behavioural changes associated with the introduction of invasive Australian cane toads
(Yagound et al. 2022). However, teasing apart the effects of rapid evolution and environ-
mentally-induced variation (i.e., phenotypic plasticity), or the adaptive evolution of phe-
notypic plasticity itself, is difficult (Ghalambor et al. 2007) and common garden
experiments that measure dispersal-related behaviour alongside gene expression in the
identified genes will be required to elucidate the heritability, and thus evolvability, of
the observed behavioural and transcriptomic changes (Yagound et al. 2022).

As noted above, ants provide a compelling case study for behavioural studies. The most
touted theory explaining the lack of, or limited aggression among, invasive ants is that indi-
viduals in invasive colonies are genetically alike (via a founder effect) and thus have similar
or identical heritable recognition cues (Tsutsui et al. 2000; Tsutsui et al. 2003). In super-
colonies of invasive Argentine ants, many populations exhibit low levels of genetic vari-
ation, even at a transcontinental scale, though others exhibit considerable genetic
variation between populations (Tsutsui et al. 2000; Sunamura et al. 2009). Reduced vari-
ation in loci relating to cuticular hydrocarbon production (‘CHC’) - chemicals used in
kin mate recognition in ants (Pirk et al. 2001; Giraud et al. 2002) - has garnered much
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interest. In fact, supercoloniality appears to be coupled with a reduced number of, or low
variability in, these recognition-related compounds for several invasive ant species (Errard
et al. 2005; Cremer et al. 2008; Brandt et al. 2009), suggesting a potential mechanism for the
rise of supercoloniality whereby a loss of polymorphism at CHC loci may have decreased
the ability of workers to discriminate between nest mates and non-nest mates (Tsutsui et al.
2000; Giraud et al. 2002; Tsutsui et al. 2003). To gain further insight into the molecular
basis of variation in the Argentine ant’s behaviour across its native and introduced
ranges, Felden et al. (2019) measured variation in the expression of genes associated
with key biogenic amine neural pathways. Various behavioural traits (such as foraging
and inter- and intraspecific aggression) are regulated by biogenic amines in social
insects (Liang et al. 2012; Kamhi and Traniello 2013; Kambhi et al. 2017), thus Felden
et al. (2019) theorised that range-specific behavioural differences would also display
range-specific expression profiles at the molecular level. Indeed, these authors found
that ten of 14 gene receptors were expressed at significantly higher levels in the native
versus introduced range (Felden et al. 2019), providing evidence for variation in the mol-
ecular basis of behavioural differences between the ranges. Further clarification of the
underlying causes of variation in gene expression between native and introduced ranges
will require additional studies that quantify genetic variation in functional or regulatory
loci related to the relevant signaling pathways for long-term replicate populations from
independent introduction events.

New horizons: conclusions and future research

With global invasion rates escalating (Huang et al. 2015), much work remains to explain
intraspecific behavioural variability between native and invasive populations, and
between range edges and range cores in the invaded environment. Indeed, we found
an overall paucity of information on this topic, despite its key implications for the
effective management of invasive species — including the potential for better identifi-
cation of threats prior to establishment and for enhanced understanding of dispersal
behaviours and adaptive shifts during the invasive process.

Based on our review, future research should prioritise increasing our understanding of
how behavioural changes among frontier populations arise, as it is at the range edge that
‘invasiveness’ (e.g. dispersal tendency) accelerates to expand a species’ range and worsen
its impact. Another marked gap we noted is the lack of research that uncovers the evol-
utionary (including genetic and molecular) processes that underlie behavioural shifts in
invasive species. While the theories concerning the role and evolution of behavioural
plasticity in biological invasion are well-developed, empirical studies are necessary to
determine which processes are important and how they may interact. Future common
garden experiments and molecular genetic studies will help to establish whether behav-
ioural shifts originate from plasticity, microevolutionary processes, or a combination of
both. Finally, perhaps the most important research, but also the most challenging to
conduct, are long-term studies of ongoing invasions that track species’ behaviour and
genetics throughout the stages of the invasion process. This will require systems and pro-
cesses to be established that enable the rapid mobilisation of funding and resources as
soon as incursions are detected to forecast range-expansion trajectories and best
inform invasion management.



166 N.R. PYPER ET AL.

Acknowledgements

We thank the Invasomics Laboratory of the University of Waikato for its support.

Disclosure statement

No potential conflict of interest was reported by the author(s).

References

Agrawal AA. 2001. Phenotypic plasticity in the interactions and evolution of species. Science. 294
(5541):321-326. doi:10.1126/science.1060701.

Alexander TR. 1965. Observations on the feeding behavior of Bufo marinus (Linne).
Herpetologica. 20(4):255-259.

Alford RA, Brown GP, Schwarzkopf L, Phillips BL, Shine R. 2009. Comparisons through time and
space suggest rapid evolution of dispersal behaviour in an invasive species. Wildlife Research. 36
(1):23-28. doi:10.1071/WR08021.

Alonso A, Castro-Diez P. 2012. The exotic aquatic mud snail Potamopyrgus antipodarum
(Hydrobiidae, Mollusca): state of the art of a worldwide invasion. Aquatic Sciences. 74
(3):375-383. doi:10.1007/s00027-012-0254-7.

Antonini Y, Lobato DNC, Norte AC, Ramos JA, PdA M, Braga EM. 2019. Patterns of avian malaria
in tropical and temperate environments: testing the “the enemy release hypothesis”. Biota
Neotropica. 19(4). doi:10.1590/1676-0611-bn-2018-0716.

Badyaev AV. 2005. Stress-induced variation in evolution: from behavioural plasticity to genetic
assimilation. Proceedings of the Royal Society B: Biological Sciences. 272(1566):877-886.
doi:10.1098/rspb.2004.3045.

Bates AE, McKelvie CM, Sorte CJB, Morley SA, Jones NAR, Mondon JA, Bird TJ, Quinn G. 2013.
Geographical range, heat tolerance and invasion success in aquatic species. Proceedings of the
Royal Society B: Biological Sciences. 280(1772):20131958-20131958. do0i:10.1098/rspb.2013.
1958.

Baxter-Gilbert J, Riley JL, Measey J. 2021. Fortune favors the bold toad: urban-derived behavioral
traits may provide advantages for invasive amphibian populations. Behavioral Ecology and
Sociobiology. 75(9). doi:10.1007/s00265-021-03061-w.

Baxter-Gilbert J, Riley JL, Whiting MJ. 2019. Bold new world: urbanization promotes an innate
behavioral trait in a lizard. Behavioral Ecology And Sociobiology. 73(8):1-10. do0i:10.1007/
s00265-019-2713-9.

Bellard C, Cassey P, Blackburn TM. 2016. Alien species as a driver of recent extinctions. Biology
Letters. 12(2):20150623-20150623. d0i:10.1098/rsbl.2015.0623.

Berend K, Haynes K, MacKenzie CM. 2019. Common garden experiments as a dynamic tool for
ecological studies of alpine plants and communities in northeastern North America. Rhodora.
121(987):174-212. doi:10.3119/18-16.

Blackburn TM, Duncan RP. 2001. Establishment patterns of exotic birds are constrained by non-
random patterns in introduction. Journal of Biogeography. 28(7):927-939. doi:10.1046/j.1365-
2699.2001.00597 x.

Blight O, Josens R, Bertelsmeier C, Abril S, Boulay R, Cerda X. 2017. Differences in behavioural
traits among native and introduced colonies of an invasive ant. Biological Invasions. 19
(5):1389-1398. doi:10.1007/s10530-016-1353-5.

Borden JB, Flory S. 2021. Urban evolution of invasive species. Frontiers In Ecology and the
Environment. 19(3):184-191. doi:10.1002/fee.2295.

Bowler DE, Benton TG. 2005. Causes and consequences of animal dispersal strategies: relating
individual behaviour to spatial dynamics. Biological Reviews Of The Cambridge
Philosophical Society. 80(2):205-225. doi:10.1017/51464793104006645.


https://doi.org/10.1126/science.1060701
https://doi.org/10.1071/WR08021
https://doi.org/10.1007/s00027-012-0254-7
https://doi.org/10.1590/1676-0611-bn-2018-0716
https://doi.org/10.1098/rspb.2004.3045
https://doi.org/10.1098/rspb.2013.1958
https://doi.org/10.1098/rspb.2013.1958
https://doi.org/10.1007/s00265-021-03061-w
https://doi.org/10.1007/s00265-019-2713-9
https://doi.org/10.1007/s00265-019-2713-9
https://doi.org/10.1098/rsbl.2015.0623
https://doi.org/10.3119/18-16
https://doi.org/10.1046/j.1365-2699.2001.00597.x
https://doi.org/10.1046/j.1365-2699.2001.00597.x
https://doi.org/10.1007/s10530-016-1353-5
https://doi.org/10.1002/fee.2295
https://doi.org/10.1017/S1464793104006645

NEW ZEALAND JOURNAL OF ZOOLOGY 167

Boyd R, Richerson PJ. 1985. Culture and the evolutionary process. Chicago: University of Chicago
Press.

Brandt M, Van Wilgenburg E, Tsutsui ND. 2009. Global-scale analyses of chemical ecology and
population genetics in the invasive Argentine ant. Molecular Ecology. 18(5):997-1005. doi:10.
1111/j.1365-294X.2008.04056.x.

Briski E, Chan FT, Darling JA, Lauringson V, MacIsaac HJ, Zhan A, Bailey SA. 2018. Beyond pro-
pagule pressure: importance of selection during the transport stage of biological invasions.
Frontiers In Ecology And The Environment. 16(6):345-353. doi:10.1002/fee.1820.

Brodin T, Lind MI, Wiberg MK, Johansson F. 2013. Personality trait differences between mainland
and island populations in the common frog (Rana temporaria). Behavioral Ecology And
Sociobiology. 67(1):135-143. d0i:10.1007/s00265-012-1433-1.

Brown GP, Kelehear C, Shilton CM, Phillips BL, Shine R. 2015. Stress and immunity at the inva-
sion front: a comparison across cane toad (Rhinella marina) populations. Biological Journal Of
The Linnean Society. 116(4):748-760. doi:10.1111/bij.12623.

Bubac CM, Miller JM, Coltman DW. 2020. The genetic basis of animal behavioural diversity in
natural populations. Molecular Ecology. 29(11):1957-1971. doi:10.1111/mec.15461.

Burton O], Phillips BL, Travis JMJ. 2010. Trade-offs and the evolution of life-histories during
range expansion. Ecology Letters. 13(10):1210-1220. doi:10.1111/j.1461-0248.2010.01505.x.
Candler S, Bernal XE. 2015. Differences in neophobia between cane toads from introduced and

native populations. Behavioral Ecology. 26(1):97-104. doi:10.1093/beheco/arul62.

Capellini I, Baker J, Allen WL, Street SE, Venditti C, Wiens J. 2015. The role of life history traits in
mammalian invasion success. Ecology Letters. 18(10):1099-1107. doi:10.1111/ele.12493.

Carbonell JA, Wang Y], Stoks R. 2021. Evolution of cold tolerance and thermal plasticity in life
history, behaviour and physiology during a poleward range expansion. Journal of Animal
Ecology. 90(7):1666-1677. doi:10.1111/1365-2656.13482.

Carrete M, Edelaar P, Blas ], Serrano D, Potti J, Dingemanse NJ, Tella JL. 2012. Don’t neglect pre-
establishment individual selection in deliberate introductions. Trends In Ecology & Evolution.
27(2):67-68. doi:10.1016/j.tree.2011.11.011.

Cassey P, Blackburn TM, Jones KE, Lockwood JL. 2004. Mistakes in the analysis of exotic species
establishment: source pool designation and correlates of introduction success among parrots
(Aves: Psittaciformes) of the world. Journal of Biogeography. 31(2):277-284. doi:10.1046/j.
0305-0270.2003.00979.x.

Chapple DG, Naimo AC, Brand JA, Michelangeli M, Martin JM, Goulet CT, Brunton DH, Sih A,
Wong BBM. 2022. Biological invasions as a selective filter driving behavioral divergence. Nature
Communications. 13(1). doi:10.1038/s41467-022-33755-2.

Chapple DG, Simmonds SM, Wong BBM. 2012a. Can behavioral and personality traits influence
the success of unintentional species introductions? Trends In Ecology & Evolution. 27(1):57-64.
doi:10.1016/j.tree.2011.09.010.

Chapple DG, Simmonds SM, Wong BBM. 2012b. Intraspecific behavioral variation is important in
both deliberate and unintentional species introductions: response to Carrete et al. Trends In
Ecology & Evolution. 27(2):68-69. doi:10.1016/j.tree.2011.11.008.

Chevin L-M, Lande R, Mace GM. 2010. Adaptation, plasticity, and extinction in a changing
environment: towards a predictive theory. PLoS Biology. 8(4):e1000357. doi:10.1371/journal.
pbio.1000357.

Clavero M, Garcia-Berthou E. 2005. Invasive species are a leading cause of animal extinctions.
Trends In Ecology & Evolution. 20(3):110-110. doi:10.1016/j.tree.2005.01.003.

Clobert J, Le Galliard J-F, Cote ], Meylan S, Massot M. 2009. Informed dispersal, heterogeneity in
animal dispersal syndromes and the dynamics of spatially structured populations. Ecology
Letters. 12(3):197-209. doi:10.1111/j.1461-0248.2008.01267 x.

Cote J, Clobert J. 2007. Social personalities influence natal dispersal in a lizard. Proceedings of the
Royal Society B: Biological Sciences. 274(1608):383-390. doi:10.1098/rspb.2006.3734.

Cote J, Fogarty S, Brodin T, Weinersmith K, Sih A. 2011. Personality-dependent dispersal in the
invasive mosquitofish: group composition matters. Proceedings of the Royal Society B:
Biological Sciences. 278(1712):1670-1678. doi:10.1098/rspb.2010.1892.


https://doi.org/10.1111/j.1365-294X.2008.04056.x
https://doi.org/10.1111/j.1365-294X.2008.04056.x
https://doi.org/10.1002/fee.1820
https://doi.org/10.1007/s00265-012-1433-1
https://doi.org/10.1111/bij.12623
https://doi.org/10.1111/mec.15461
https://doi.org/10.1111/j.1461-0248.2010.01505.x
https://doi.org/10.1093/beheco/aru162
https://doi.org/10.1111/ele.12493
https://doi.org/10.1111/1365-2656.13482
https://doi.org/10.1016/j.tree.2011.11.011
https://doi.org/10.1046/j.0305-0270.2003.00979.x
https://doi.org/10.1046/j.0305-0270.2003.00979.x
https://doi.org/10.1038/s41467-022-33755-2
https://doi.org/10.1016/j.tree.2011.09.010
https://doi.org/10.1016/j.tree.2011.11.008
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1371/journal.pbio.1000357
https://doi.org/10.1016/j.tree.2005.01.003
https://doi.org/10.1111/j.1461-0248.2008.01267.x
https://doi.org/10.1098/rspb.2006.3734
https://doi.org/10.1098/rspb.2010.1892

168 N.R. PYPER ET AL.

Cote ], Fogarty S, Weinersmith K, Brodin T, Sih A. 2010. Personality traits and dispersal tendency
in the invasive mosquitofish (Gambusia affinis). Proceedings of the Royal Society B: Biological
Sciences. 277(1687):1571-1579. do0i:10.1098/rspb.2009.2128.

Cremer S, Ugelvig LV, Drijthout FP, Schlick-Steiner BC, Steiner FM, Seifert B, Hughes DP, Schulz
A, Petersen KS, Konrad H, et al. 2008. The evolution of invasiveness in garden ants. PLoS One. 3
(12):e3838-¢3838. doi:10.1371/journal.pone.0003838.

Crispo E. 2008. Modifying effects of phenotypic plasticity on interactions among natural selection,
adaptation and gene flow. Journal Of Evolutionary Biology. 21(6):1460-1469. doi:10.1111/j.
1420-9101.2008.01592.x.

Damas-Moreira I, Riley JL, Harris DJ, Whiting MJ. 2019. Can behaviour explain invasion success?
A comparison between sympatric invasive and native lizards. Animal Behaviour. 151:195-202.
doi:10.1016/j.anbehav.2019.03.008.

Daniels W, Gherardi F, Acquistapace P. 2004. Behavioral responses to ‘alarm odors’ in potentially
invasive and non-invasive crayfish species from aquaculture ponds. Behaviour. 141(6):691-702.
doi:10.1163/1568539042245204.

Dawkins R. 1980. Good strategy or evolutionarily stable strategy? 1st ed. Routledge; p. 331-367.

de Villemereuil P, Gaggiotti OE, Mouterde M, Till-Bottraud I. 2016. Common garden experiments
in the genomic era: new perspectives and opportunities. Heredity. 116(3):249-254. d0i:10.1038/
hdy.2015.93.

Diamond SE, Martin RA. 2016. The interplay between plasticity and evolution in response to
human-induced environmental change. F1000 Research. 5:2835-2835.

Dochtermann NA, Schwab T, Anderson Berdal M, Dalos ], Royauté R. 2019. The heritability of
behavior: a meta-analysis. Journal of Heredity. 110(4):403-410. doi:10.1093/jhered/esz023.
Dochtermann NA, Schwab T, Sih A. 2015. The contribution of additive genetic variation to per-
sonality variation: heritability of personality. Proceedings of the Royal Society B: Biological

Sciences. 282(1798):20142201-20142201. doi:10.1098/rspb.2014.2201.

Duckworth R, Badyaev AV. 2007. Coupling of dispersal and aggression facilitates the rapid range
expansion of a passerine bird. Proceedings of the National Academy of Sciences. 104
(38):15017-15022. doi:10.1073/pnas.0706174104.

Duckworth Renée A. 2008. Adaptive dispersal strategies and the dynamics of a range expansion.
The American Naturalist. 172(51):5S4-S17. doi:10.1086/588289.

Edelaar P, Bolnick DI. 2012. Non-random gene flow: an underappreciated force in evolution and
ecology. Trends In Ecology & Evolution. 27(12):659-665. doi:10.1016/j.tree.2012.07.009.

Errard C, Delabie ], Jourdan H, Hefetz A. 2005. Intercontinental chemical variation in the
invasive ant Wasmannia auropunctata (Roger) (Hymenoptera Formicidae): a key to the inva-
sive success of a tramp species. Die Naturwissenschaften. 92(7):319-323. doi:10.1007/s00114-
005-0628-y.

Estoup A, Ravigné V, Hufbauer R, Vitalis R, Gautier M, Facon B. 2016. Is there a genetic paradox
of biological invasion? Annual Review of Ecology, Evolution, And Systematics. 47(1):51-72.
doi:10.1146/annurev-ecolsys-121415-032116.

Eyer P-A, Vargo EL. 2021. Breeding structure and invasiveness in social insects. Current Opinion
In Insect Science. 46:24-30. doi:10.1016/j.c0is.2021.01.004.

Facon B, Genton BJ, Shykoff ], Jarne P, Estoup A, David P. 2006. A general eco-evolutionary
framework for understanding bioinvasions. Trends In Ecology & Evolution. 21(3):130-135.
doi:10.1016/j.tree.2005.10.012.

Felden A, Paris C, Chapple DG, Suarez AV, Tsutsui ND, Lester PJ, Gruber MAM. 2019. Native and
introduced Argentine ant populations are characterised by distinct transcriptomic signatures
associated with behaviour and immunity. NeoBiota. 49:105-126. doi:10.3897/neobiota.49.
36086.

Fogarty S, Cote J, Sih A. 2011. Social personality polymorphism and the spread of invasive species:
a model. The American Naturalist. 177(3):273-287. d0i:10.1086/658174.

Forsyth DM, Duncan RP, Bomford M, Moore G. 2004. Climatic suitability, life-history traits,
introduction effort, and the establishment and spread of introduced mammals in Australia.
Conservation Biology. 18(2):557-569. d0i:10.1111/j.1523-1739.2004.00423 x.


https://doi.org/10.1098/rspb.2009.2128
https://doi.org/10.1371/journal.pone.0003838
https://doi.org/10.1111/j.1420-9101.2008.01592.x
https://doi.org/10.1111/j.1420-9101.2008.01592.x
https://doi.org/10.1016/j.anbehav.2019.03.008
https://doi.org/10.1163/1568539042245204
https://doi.org/10.1038/hdy.2015.93
https://doi.org/10.1038/hdy.2015.93
https://doi.org/10.1093/jhered/esz023
https://doi.org/10.1098/rspb.2014.2201
https://doi.org/10.1073/pnas.0706174104
https://doi.org/10.1086/588289
https://doi.org/10.1016/j.tree.2012.07.009
https://doi.org/10.1007/s00114-005-0628-y
https://doi.org/10.1007/s00114-005-0628-y
https://doi.org/10.1146/annurev-ecolsys-121415-032116
https://doi.org/10.1016/j.cois.2021.01.004
https://doi.org/10.1016/j.tree.2005.10.012
https://doi.org/10.3897/neobiota.49.36086
https://doi.org/10.3897/neobiota.49.36086
https://doi.org/10.1086/658174
https://doi.org/10.1111/j.1523-1739.2004.00423.x

NEW ZEALAND JOURNAL OF ZOOLOGY 169

Fortes Silva R, Heubel K, Simon M-V, Borcherding J. 2019. Have a break or keep going - behavioral
and metabolic overwintering strategies of two invasive species of the river Rhine, Germany.
Environmental Biology of Fishes. 102(8):1057-1068. doi:10.1007/s10641-019-00890-7.

Foster SA. 2013. Evolution of behavioural phenotypes: influences of ancestry and expression.
Animal Behaviour. 85(5):1061-1075. doi:10.1016/j.anbehav.2013.02.008.

Ghalambor CK, Kay JKM, Carroll SP, Reznick DN. 2007. Adaptive versus non-adaptive phenoty-
pic plasticity and the potential for contemporary adaptation in new environments. Functional
Ecology. 21(3):394-407. doi:10.1111/j.1365-2435.2007.01283.x.

Giraud T, Pedersen JS, Keller L. 2002. Evolution of supercolonies: the Argentine ants of Southern
Europe. Proceedings of the National Academy of Sciences. 99(9):6075-6079. doi:10.1073/pnas.
092694199.

Groen M, Sopinka Natalie M, Marentette Julie R, Reddon Adam R, Brownscombe Jacob W, Fox
Michael G, Marsh-Rollo Susan E, Balshine S. 2012. Is there a role for aggression in round goby
invasion fronts? Behaviour. 149(7):685-703. doi:10.1163/1568539X-00002998.

Gruber J, Brown G, Whiting MJ, Shine R. 2017a. Geographic divergence in dispersal-related
behaviour in cane toads from range-front versus range-core populations in Australia.
Behavioral Ecology and Sociobiology. 71(2):1-7. doi:10.1007/s00265-017-2266-8.

Gruber J, Brown G, Whiting M]J, Shine R. 2017b. Is the behavioural divergence between range-core
and range-edge populations of cane toads (Rhinella marina) due to evolutionary change or
developmental plasticity? Royal Society Open Science. 4(10):170789-170789. doi:10.1098/
1rs0s.170789.

Handelsman CA, Broder ED, Dalton CM, Ruell EW, Myrick CA, Reznick DN, Ghalambor CK.
2013. Predator-induced phenotypic plasticity in metabolism and rate of growth: rapid adap-
tation to a novel environment. Integrative and Comparative Biology. 53(6):975-988. doi:10.
1093/icb/ict057.

Hanski I, Erélahti C, Kankare M, Ovaskainen O, Sirén H. 2004. Variation in migration propensity
among individuals maintained by landscape structure: variation in migration propensity.
Ecology Letters. 7(10):958-966. doi:10.1111/j.1461-0248.2004.00654.x.

Hargeby A, Johansson ], Ahnesjo J. 2004. Habitat-specific pigmentation in a freshwater isopod:
adaptive evolution over a small spatio-temporal scale. Evolution. 58(1):81-94.

Hazlett BA, Burba A, Gherardi F, Acquistapace P. 2003. Invasive species of crayfish use a broader
range of predation-risk cues than native species. Biological Invasions. 5(3):223-228. doi:10.
1023/A:1026114623612.

Helanterd H, Strassmann JE, Carrillo J, Queller DC. 2009. Unicolonial ants: where do they come
from, what are they and where are they going? Trends in Ecology & Evolution. 24(6):341-349.
doi:10.1016/j.tree.2009.01.013.

Holway DA, Lach L, Suarez AV, Tsutsui ND, Case TJ. 2002. The causes and consequences of ant
invasions. Annual Review of Ecology and Systematics. 33(1):181-233. doi:10.1146/annurev.
ecolsys.33.010802.150444.

Holway DA, Suarez AV. 1999. Animal behavior: an essential component of invasion biology.
Trends In Ecology & Evolution. 14(8):328-330. d0i:10.1016/S0169-5347(99)01636-5.

Holway DA, Suarez AV, Case T]. 1998. Loss of intraspecific aggression in the success of a widespread
invasive social insect. Science. 282(5390):949-952. doi:10.1126/science.282.5390.949.

Huang QQ, Pan XY, Fan ZW, Peng SL. 2015. Stress relief may promote the evolution of greater
phenotypic plasticity in exotic invasive species: a hypothesis. Ecology and Evolution. 5
(6):1169-1177. doi:10.1002/ece3.1424.

Hudina S, Hock K, zganec K. 2014. The role of aggression in range expansion and biological inva-
sions. Current Zoology. 60(3):401-409. doi:10.1093/czoolo/60.3.401.

Hudson CM, Brown GP, Shine R. 2017. Evolutionary shifts in anti-predator responses of invasive
cane toads (Rhinella marina). Behavioral Ecology and Sociobiology. 71(9). doi:10.1007/s00265-
017-2367-4.

Huey Raymond B, Hertz Paul E, Sinervo B. 2003. Behavioral drive versus behavioral inertia in
evolution: a null model approach. The American Naturalist. 161(3):357-366. doi:10.1086/
346135.


https://doi.org/10.1007/s10641-019-00890-7
https://doi.org/10.1016/j.anbehav.2013.02.008
https://doi.org/10.1111/j.1365-2435.2007.01283.x
https://doi.org/10.1073/pnas.092694199
https://doi.org/10.1073/pnas.092694199
https://doi.org/10.1163/1568539X-00002998
https://doi.org/10.1007/s00265-017-2266-8
https://doi.org/10.1098/rsos.170789
https://doi.org/10.1098/rsos.170789
https://doi.org/10.1093/icb/ict057
https://doi.org/10.1093/icb/ict057
https://doi.org/10.1111/j.1461-0248.2004.00654.x
https://doi.org/10.1023/A:1026114623612
https://doi.org/10.1023/A:1026114623612
https://doi.org/10.1016/j.tree.2009.01.013
https://doi.org/10.1146/annurev.ecolsys.33.010802.150444
https://doi.org/10.1146/annurev.ecolsys.33.010802.150444
https://doi.org/10.1016/S0169-5347(99)01636-5
https://doi.org/10.1126/science.282.5390.949
https://doi.org/10.1002/ece3.1424
https://doi.org/10.1093/czoolo/60.3.401
https://doi.org/10.1007/s00265-017-2367-4
https://doi.org/10.1007/s00265-017-2367-4
https://doi.org/10.1086/346135
https://doi.org/10.1086/346135

170 N.R. PYPER ET AL.

Hufbauer RA, Facon B, Ravigné V, Turgeon ], Foucaud ], Lee CE, Rey O, Estoup A. 2012.
Anthropogenically induced adaptation to invade (AIAI): contemporary adaptation to
human-altered habitats within the native range can promote invasions. Evolutionary
Applications. 5(1):89-101. doi:10.1111/j.1752-4571.2011.00211.x.

Hughes CL, Dytham C, Hill JK. 2007. Modelling and analysing evolution of dispersal in popu-
lations at expanding range boundaries. Ecological Entomology. 32(5):437-445. doi:10.1111/j.
1365-2311.2007.00890.x.

Hulme PE. 2009. Trade, transport and trouble: managing invasive species pathways in an era of
globalization. Journal of Applied Ecology. 46(1):10-18. doi:10.1111/j.1365-2664.2008.01600.x.

Johnston CA, Smith RS. 2018. Vegetation structure mediates a shift in predator avoidance behav-
ior in a range-edge population. Behavioral Ecology. 29(5):1124-1131. doi:10.1093/beheco/
ary075.

Kambhi JF, Arganda S, Moreau CS, Traniello JFA. 2017. Origins of aminergic regulation of behavior
in complex insect social systems. Frontiers in Systems Neuroscience. 11:74-74. doi:10.3389/
fnsys.2017.00074.

Kambhi JF, Traniello JFA. 2013. Biogenic amines and collective organization in a superorganism:
neuromodulation of social behavior in ants. Brain, Behavior and Evolution. 82(4):220-236.
doi:10.1159/000356091.

Karlsson Green K, Eroukhmanoff F, Harris S, Pettersson LB, Svensson EI. 2016. Rapid changes in
genetic architecture of behavioural syndromes following colonization of a novel environment.
Journal of Evolutionary Biology. 29(1):144-152. doi:10.1111/jeb.2015.29.issue-1.

Kjeldgaard MK, Eyer PA, McMichael CC, Bockoven AA, King JT, Hyodo A, Boutton TW, Vargo
EL, Eubanks MD. 2022. Distinct colony boundaries and larval discrimination in polygyne red
imported fire ants (Solenopsis invicta). Molecular Ecology. 31(3):1007-1020. doi:10.1111/mec.
16264.

Kolar CS, Lodge DM. 2001. Progress in invasion biology: predicting invaders. Trends in Ecology &
Evolution. 16(4):199-204. doi:10.1016/S0169-5347(01)02101-2.

Laine VN, van Oers K. 2017. The quantitative and molecular genetics of individual differences in
animal personality. In: Vonk J, Weiss A, Kuczaj SA, editors. Personality in nonhuman animals.
Cham: Springer International Publishing; p. 55-72.

Laland KN, Reader SM. 2003. Animal innovation: an introduction. Oxford: Oxford University
Press.

Lande R. 2009. Adaptation to an extraordinary environment by evolution of phenotypic plasticity
and genetic assimilation. Journal of Evolutionary Biology. 22(7):1435-1446. doi:10.1111/j.1420-
9101.2009.01754.x.

Lande R. 2015. Evolution of phenotypic plasticity in colonizing species. Molecular Ecology. 24
(9):2038-2045. doi:10.1111/mec.13037.

Lapiedra O, Chejanovski Z, Kolbe JJ. 2017. Urbanization and biological invasion shape animal per-
sonalities. Global Change Biology. 23(2):592-603. doi:10.1111/gcb.13395.

Léotard G, Debout G, Dalecky A, Guillot S, Gaume L, McKey D, Kjellberg F. 2009. Range expan-
sion drives dispersal evolution in an equatorial three-species symbiosis. PLoS One. 4(4):e5377.
doi:10.1371/journal.pone.0005377.

Levis NA, Pfennig DW. 2016. Evaluating ‘plasticity-first’ evolution in nature: key criteria and
empirical approaches. Trends in Ecology & Evolution. 31(7):563-574. doi:10.1016/j.tree.2016.
03.012.

Levri EP, Clark TJ. 2015. Behavior in invasive New Zealand mud snails (Potamopyrgus antipo-
darum) is related to source population. Biological Invasions. 17(1):497-506. doi:10.1007/
$10530-014-0746-6.

Levri EP, Landis S, Smith B, Colledge E, Metz E, Li X. 2017. Variation in predator-induced behav-
ioral changes in introduced and native populations of the invasive New Zealand mud snail
(Potamopyrgus antipodarum Gray, 1843). Aquatic Invasions. 12. doi:10.3391/ai.2017.12.4.07.

Liang ZS, Nguyen T, Mattila HR, Rodriguez-Zas SL, Seeley TD, Robinson GE. 2012. Molecular
determinants of scouting behavior in honey bees. Science. 335(6073):1225-1228. doi:10.1126/
science.1213962.


https://doi.org/10.1111/j.1752-4571.2011.00211.x
https://doi.org/10.1111/j.1365-2311.2007.00890.x
https://doi.org/10.1111/j.1365-2311.2007.00890.x
https://doi.org/10.1111/j.1365-2664.2008.01600.x
https://doi.org/10.1093/beheco/ary075
https://doi.org/10.1093/beheco/ary075
https://doi.org/10.3389/fnsys.2017.00074
https://doi.org/10.3389/fnsys.2017.00074
https://doi.org/10.1159/000356091
https://doi.org/doi:10.1111/jeb.2015.29.issue-1
https://doi.org/10.1111/mec.16264
https://doi.org/10.1111/mec.16264
https://doi.org/10.1016/S0169-5347(01)02101-2
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1111/j.1420-9101.2009.01754.x
https://doi.org/10.1111/mec.13037
https://doi.org/10.1111/gcb.13395
https://doi.org/10.1371/journal.pone.0005377
https://doi.org/10.1016/j.tree.2016.03.012
https://doi.org/10.1016/j.tree.2016.03.012
https://doi.org/10.1007/s10530-014-0746-6
https://doi.org/10.1007/s10530-014-0746-6
https://doi.org/10.3391/ai.2017.12.4.07
https://doi.org/10.1126/science.1213962
https://doi.org/10.1126/science.1213962

NEW ZEALAND JOURNAL OF ZOOLOGY 171

Liebl AL, Martin LB. 2012. Exploratory behaviour and stressor hyper-responsiveness facilitate
range expansion of an introduced songbird. Proceedings of the Royal Society B: Biological
Sciences. 279(1746):4375-4381. doi:10.1098/rspb.2012.1606.

Mahoney PJ, Beard KH, Durso AM, Tallian AG, Long AL, Kindermann RJ, Nolan NE, Kinka D,
Mohn HE. 2015. Introduction effort, climate matching and species traits as predictors of global
establishment success in non-native reptiles. Diversity and Distributions. 21(1):64-74. doi:10.
1111/ddi.12240.

Mainka SA, Howard GW. 2010. Climate change and invasive species: double jeopardy. Integrative
Zoology. 5(2):102-111. doi:10.1111/j.1749-4877.2010.00193.x.

Malange J, Izar P, Japyassti H. 2016. Personality and behavioural syndrome in Necromys lasiurus
(Rodentia: Cricetidae): notes on dispersal and invasion processes. Acta Ethologica. 19(3):189-
195. doi:10.1007/s10211-016-0238-z.

Martin LB, Fitzgerald L. 2005. A taste for novelty in invading house sparrows, Passer domesticus.
Behavioral Ecology. 16(4):702-707. doi:10.1093/beheco/ari044.

Michelan G, Lehun AL, Muniz CM, Takemoto RM. 2023. Absence of parasites in non-native fish
from a neotropical floodplain: evidence for the enemy release hypothesis. Environmental
Biology of Fishes. 106(9):1879-1888. doi:10.1007/s10641-023-01463-5.

Michelangeli M, Smith CR, Wong BBM, Chapple DG. 2017. Aggression mediates dispersal ten-
dency in an invasive lizard. Animal Behaviour. 133:29-34. d0i:10.1016/j.anbehav.2017.08.
027.

Miller AJ, Page RA, Bernal XE. 2018. Exploratory behavior of a native anuran species with high
invasive potential. Animal Cognition. 21(1):55-65. d0i:10.1007/s10071-017-1138-y.

Mooney HA, Mack R, McNeely JA, Neville LE, Schei PJ, Waage JK. 2013. Invasive alien species: a
new synthesis. Vol. 63. Chicago: Island Press.

Mueller JC, Edelaar P, Carrete M, Serrano D, Potti J, Blas J, Dingemanse NJ, Kempenaers B, Tella
JL. 2014. Behaviour-related DRD4 polymorphisms in invasive bird populations. Molecular
Ecology. 23(11):2876-2885. doi:10.1111/mec.12763.

Miihlenhaupt M, Baxter-Gilbert J, Makhubo BG, Riley JL, Measey J. 2022. No evidence for innate
differences in tadpole behavior between natural, urbanized, and invasive populations.
Behavioral Ecology and Sociobiology. 76(1). doi:10.1007/s00265-021-03121-1.

Myles-Gonzalez E, Burness G, Yavno S, Rooke A, Fox MG. 2015. To boldly go where no goby has
gone before: boldness, dispersal tendency, and metabolism at the invasion front. Behavioral
Ecology. 26(4):1083-1090. doi:10.1093/beheco/arv050.

Phillips BL, Brown GP, Greenlees M, Webb JK, Shine R. 2007. Rapid expansion of the cane toad
(Bufo marinus) invasion front in tropical Australia. Austral Ecology. 32(2):169-176. doi:10.
1111/j.1442-9993.2007.01664.x.

Phillips BL, Suarez AV. 2012. The role of behavioural variation in the invasion of new areas. In:
Candolin U, Wong BBM, editors. Behavioural responses to a changing world: mechanisms
and consequences. United Kingdom: Oxford University Press.

Phillips Benjamin L, Brown Gregory P, Travis Justin MJ, Shine R. 2008. Reid’s paradox revisited:
the evolution of dispersal kernels during range expansion. The American Naturalist. 172(S1):
$34-548. doi:10.1086/588255.

Pigliucci M, Murren CJ. 2003. Perspective: genetic assimilation and a possible evolutionary
paradox: can macroevolution sometimes be so fast as to pass us by? Evolution. 57(7):1455-1464.

Pintor LM, Sih A. 2009. Differences in growth and foraging behavior of native and introduced
populations of an invasive crayfish. Biological Invasions. 11(8):1895-1902. doi:10.1007/
$10530-008-9367-2.

Pintor LM, Sih A, Bauer ML. 2008. Differences in aggression, activity and boldness between native
and introduced populations of an invasive crayfish. Oikos. 117(11):1629-1636. doi:10.1111/j.
1600-0706.2008.16578.x.

Pirk CWW, Neumann P, Moritz RFA, Pamilo P. 2001. Intranest relatedness and nestmate recog-
nition in the meadow ant Formica pratensis (R.). Behavioral Ecology and Sociobiology. 49
(5):366-374. d0i:10.1007/s002650000315.


https://doi.org/10.1098/rspb.2012.1606
https://doi.org/10.1111/ddi.12240
https://doi.org/10.1111/ddi.12240
https://doi.org/10.1111/j.1749-4877.2010.00193.x
https://doi.org/10.1007/s10211-016-0238-z
https://doi.org/10.1093/beheco/ari044
https://doi.org/10.1007/s10641-023-01463-5
https://doi.org/10.1016/j.anbehav.2017.08.027
https://doi.org/10.1016/j.anbehav.2017.08.027
https://doi.org/10.1007/s10071-017-1138-y
https://doi.org/10.1111/mec.12763
https://doi.org/10.1007/s00265-021-03121-1
https://doi.org/10.1093/beheco/arv050
https://doi.org/10.1111/j.1442-9993.2007.01664.x
https://doi.org/10.1111/j.1442-9993.2007.01664.x
https://doi.org/10.1086/588255
https://doi.org/10.1007/s10530-008-9367-2
https://doi.org/10.1007/s10530-008-9367-2
https://doi.org/10.1111/j.1600-0706.2008.16578.x
https://doi.org/10.1111/j.1600-0706.2008.16578.x
https://doi.org/10.1007/s002650000315

172 (&) N.R.PYPERETAL.

Pold¢kova I, Serd B, Juretek R, Pavlickova K. 2022. The daily and seasonal behaviour of the
American mink and the coypu, two invasive species from the Zahorie PLA (Slovakia). Acta
Ethologica. 25(2):115-123. d0i:10.1007/s10211-022-00396-z.

Price TD, Qvarnstrom A, Irwin DE. 2003. The role of phenotypic plasticity in driving genetic evol-
ution. Proceedings of the Royal Society of London. Series B: Biological Sciences. 270
(1523):1433-1440. doi:10.1098/rspb.2003.2372.

Pujol-Bux¢ E, Sebastian S, Garriga O, Llorente N, A G. 2013. How does the invasive/native nature
of species influence tadpoles’ plastic responses to predators? Oikos. 122(1):19-29. doi:10.1111/j.
1600-0706.2012.20617 x.

Puth LM, Post DM. 2005. Studying invasion: have we missed the boat? Ecology Letters. 8(7):715-
721. doi:10.1111/j.1461-0248.2005.00774.x.

Rehage JS, Sih A. 2004. Dispersal behavior, boldness, and the link to invasiveness: a comparison of
four Gambusia species. Biological Invasions. 6(3):379-391. doi:10.1023/B:BINV.0000034618.
93140.a5.

Reisinger LS, Elgin AK, Towle KM, Chan DJ, Lodge DM. 2017. The influence of evolution and
plasticity on the behavior of an invasive crayfish. Biological Invasions. 19(3):815-830. doi:10.
1007/s10530-016-1346-4.

Rius M, Bourne S, Hornsby HG, Chapman MA. 2015. Applications of next-generation sequencing
to the study of biological invasions. Current Zoology. 61(3):488-504. doi:10.1093/czoolo/61.3.
488.

Robertson JM, Rosenblum EB. 2010. Male territoriality and ‘sex confusion’ in recently adapted
lizards at White Sands. Journal of Evolutionary Biology. 23(9):1928-1936. doi:10.1111/j.1420-
9101.2010.02063.x.

Robinson BW, Dukas R. 1999. The influence of phenotypic modifications on evolution: the
Baldwin effect and modern perspectives. Oikos. 85(3):582-589. d0i:10.2307/3546709.

Robinson SK, Holmes RT. 1982. Foraging behavior of forest birds: the relationships among search
tactics, diet, and habitat structure. Ecology. 63(6):1918-1931. doi:10.2307/1940130.

Roff D. 1999. Phenotypic evolution - a reaction norm perspective. Heredity. 82(3):344-344.
doi:10.1038/sj.hdy.6885352.

Roff DA, Fairbairn DJ. 2012. A test of the hypothesis that correlational selection generates genetic
correlations. Evolution. 66(9):2953-2960. doi:10.1111/j.1558-5646.2012.01656.x.

Rollins LA, Richardson MF, Shine R. 2015. A genetic perspective on rapid evolution in cane toads
(Rhinella marina). Molecular Ecology. 24(9):2264-2276. doi:10.1111/mec.13184.

Roughgarden J. 1972. Evolution of niche width. The American Naturalist. 106(952):683-718.
doi:10.1086/282807.

Roy HE, Lawson Handley L], Schonrogge K, Poland RL, Purse BV. 2011. Can the enemy release
hypothesis explain the success of invasive alien predators and parasitoids? BioControl
(Dordrecht, Netherlands). 56(4):451-468.

Ruland F, Jeschke JM, Liu X. 2020. How biological invasions affect animal behaviour: a global,
cross-taxonomic analysis. Journal of Animal Ecology. 89(11):2531-2541. do0i:10.1111/1365-
2656.13306.

Russell JC, McMorland AJC, MacKay JWB. 2010. Exploratory behaviour of colonizing rats in
novel environments. Animal Behaviour. 79(1):159-164. doi:10.1016/j.anbehav.2009.10.020.
Sarabeev V, Balbuena JA, Morand S. 2017. Testing the enemy release hypothesis: abundance and
distribution patterns of helminth communities in grey mullets (Teleostei: Mugilidae) reveal the
success of invasive species. International Journal for Parasitology. 47(10-11):687-696. doi:10.

1016/j.ijpara.2017.05.006.

Scheiner SM. 1993. Genetics and evolution of phenotypic plasticity. Annual Review of Ecology and
Systematics. 24(1):35-68. doi:10.1146/annurev.es.24.110193.000343.

Schlichting CD. 2008. Hidden reaction norms, cryptic genetic variation, and evolvability. Annals
of the New York Academy of Sciences. 1133(1):187-203. doi:10.1196/annals.1438.010.

Schrieber K, Lachmuth S. 2017. The genetic paradox of invasions revisited: the potential role of
inbreeding x environment interactions in invasion success. Biological Reviews. 92(2):939-
952. doi:10.1111/brv.12263.


https://doi.org/10.1007/s10211-022-00396-z
https://doi.org/10.1098/rspb.2003.2372
https://doi.org/10.1111/j.1600-0706.2012.20617.x
https://doi.org/10.1111/j.1600-0706.2012.20617.x
https://doi.org/10.1111/j.1461-0248.2005.00774.x
https://doi.org/10.1023/B:BINV.0000034618.93140.a5
https://doi.org/10.1023/B:BINV.0000034618.93140.a5
https://doi.org/10.1007/s10530-016-1346-4
https://doi.org/10.1007/s10530-016-1346-4
https://doi.org/10.1093/czoolo/61.3.488
https://doi.org/10.1093/czoolo/61.3.488
https://doi.org/10.1111/j.1420-9101.2010.02063.x
https://doi.org/10.1111/j.1420-9101.2010.02063.x
https://doi.org/10.2307/3546709
https://doi.org/10.2307/1940130
https://doi.org/10.1038/sj.hdy.6885352
https://doi.org/10.1111/j.1558-5646.2012.01656.x
https://doi.org/10.1111/mec.13184
https://doi.org/10.1086/282807
https://doi.org/10.1111/1365-2656.13306
https://doi.org/10.1111/1365-2656.13306
https://doi.org/10.1016/j.anbehav.2009.10.020
https://doi.org/10.1016/j.ijpara.2017.05.006
https://doi.org/10.1016/j.ijpara.2017.05.006
https://doi.org/10.1146/annurev.es.24.110193.000343
https://doi.org/10.1196/annals.1438.010
https://doi.org/10.1111/brv.12263

NEW ZEALAND JOURNAL OF ZOOLOGY 173

Shaw KA, Scotti ML, Foster SA. 2007. Ancestral plasticity and the evolutionary diversification of
courtship behaviour in threespine sticklebacks. Animal Behaviour. 73(3):415-422. doi:10.1016/
j.anbehav.2006.09.002.

Shine R, Brown GP, Phillips BL. 2011. An evolutionary process that assembles phenotypes through
space rather than through time. Proceedings of the National Academy of Sciences. 108
(14):5708-5711. doi:10.1073/pnas.1018989108.

Shine R, Phillips BL, Brown GP, Webb JK. 2006. Invasion and the evolution of speed in toads.
Nature. 439(7078):803-803. doi:10.1038/439803a.

Short KH, Petren K. 2008. Boldness underlies foraging success of invasive Lepidodactylus lugubris
geckos in the human landscape. Animal Behaviour. 76(2):429-437. doi:10.1016/j.anbehav.2008.
04.008.

Stamps JA, Groothuis TGG. 2010. Developmental perspectives on personality: implications for
ecological and evolutionary studies of individual differences. Philosophical Transactions of
the Royal Society B: Biological Sciences. 365(1560):4029-4041. doi:10.1098/rstb.2010.0218.

Stirling DG, Réale D, Roft DA. 2002. Selection, structure and the heritability of behaviour. Journal
of Evolutionary Biology. 15(2):277-289. doi:10.1046/j.1420-9101.2002.00389.x.

Stuart KC, Shine R, Brown GP. 2019. Proximate mechanisms underlying the rapid modification of
phenotypic traits in cane toads (Rhinella marina) across their invasive range within Australia.
Biological Journal of the Linnean Society. 126(1):68-79. doi:10.1093/biolinnean/bly150.

Sunamura E, Espadaler X, Sakamoto H, Suzuki S, Terayama M, Tatsuki S. 2009. Intercontinental
union of Argentine ants: behavioral relationships among introduced populations in Europe,
North America, and Asia. Insectes Sociaux. 56(2):143-147. do0i:10.1007/s00040-009-0001-9.

Thorlacius M, Hellstrom G, Brodin T. 2015. Behavioral dependent dispersal in the invasive round
goby Neogobius melanostomus depends on population age. Current Zoology. 61(3):529-542.
doi:10.1093/czoolo/61.3.529.

Tsutsui ND, Suarez AV, Grosberg RK. 2003. Genetic diversity, asymmetrical aggression, and rec-
ognition in a widespread invasive species. Proceedings of the National Academy of Sciences. 100
(3):1078-1083. doi:10.1073/pnas.0234412100.

Tsutsui ND, Suarez AV, Holway DA, Case TJ. 2000. Reduced genetic variation and the success of
an invasive species. Proceedings of the National Academy of Sciences. 97(11):5948-5953.
doi:10.1073/pnas.100110397.

Urban Mark C, Phillips Ben L, Skelly David K, Shine R. 2008. A toad more traveled: the hetero-
geneous invasion dynamics of cane toads in Australia. The American Naturalist. 171(3):E134-
E148. doi:10.1086/527494.

Van Kleunen M, Fischer M. 2005. Constraints on the evolution of adaptive phenotypic plasticity in
plants. New Phytologist. 166(1):49-60. d0i:10.1111/nph.2005.166.issue-1.

Vitousek PM, D’Antonio CM, Loope LL, RejmANek M, Westbrooks R. 1997. Introduced species: a
significant component of human-caused global change. New Zealand Journal of Ecology. 21
(1):1-16.

Wecislo WT. 1989. Behavioral environments and evolutionary change. Annual Review of Ecology
and Systematics. 20(1):137-169. doi:10.1146/annurev.es.20.110189.001033.

West-Eberhard M]J. 2005. Phenotypic accommodation: adaptive innovation due to developmental
plasticity. Journal of Experimental Zoology Part B: Molecular and Developmental Evolution.
304B(6):610-618. doi:10.1002/jez.b.21071.

West-Eberhard M]J. 2020. Developmental plasticity and evolution. New York: Oxford University
Press. (Oxford Scholarship Online.

Westrick SE, Broder ED, Reznick DN, Ghalambor CK, Angeloni L. 2019. Rapid evolution and
behavioral plasticity following introduction to an environment with reduced predation risk.
Ethology. 125(4):232-240. do0i:10.1111/eth.12849.

Whitney KD, Gabler CA. 2008. Rapid evolution in introduced species, ‘invasive traits’ and recipi-
ent communities: challenges for predicting invasive potential. Diversity and Distributions. 14
(4):569-580. do0i:10.1111/j.1472-4642.2008.00473 x.

Williamson MH, Brown KC. 1986. The analysis and modelling of British invasions. Philosophical
Transactions of the Royal Society of London Series B, Biological Sciences. 314(1167):505-522.


https://doi.org/10.1016/j.anbehav.2006.09.002
https://doi.org/10.1016/j.anbehav.2006.09.002
https://doi.org/10.1073/pnas.1018989108
https://doi.org/10.1038/439803a
https://doi.org/10.1016/j.anbehav.2008.04.008
https://doi.org/10.1016/j.anbehav.2008.04.008
https://doi.org/10.1098/rstb.2010.0218
https://doi.org/10.1046/j.1420-9101.2002.00389.x
https://doi.org/10.1093/biolinnean/bly150
https://doi.org/10.1007/s00040-009-0001-9
https://doi.org/10.1093/czoolo/61.3.529
https://doi.org/10.1073/pnas.0234412100
https://doi.org/10.1073/pnas.100110397
https://doi.org/10.1086/527494
https://doi.org/doi:10.1111/nph.2005.166.issue-1
https://doi.org/10.1146/annurev.es.20.110189.001033
https://doi.org/10.1002/jez.b.21071
https://doi.org/10.1111/eth.12849
https://doi.org/10.1111/j.1472-4642.2008.00473.x

174 N.R. PYPER ET AL.

Wright TF, Eberhard JR, Hobson EA, Avery ML, Russello MA. 2010. Behavioral flexibility and
species invasions: the adaptive flexibility hypothesis. Ethology Ecology & Evolution. 22
(4):393-404. do0i:10.1080/03949370.2010.505580.

Yagound B, West AJ, Richardson MF, Selechnik D, Shine R, Rollins LA. 2022. Brain transcriptome
analysis reveals gene expression differences associated with dispersal behaviour between range-
front and range-core populations of invasive cane toads in Australia. Molecular Ecology. 31
(6):1700-1715. doi:10.1111/mec.16347.

Zhao Z, Hui C, Peng S, Yi S, Li Z, Reddy GVP, van Kleunen M. 2023. The world’s 100 worst inva-
sive alien insect species differ in their characteristics from related non-invasive species. Journal
of Applied Ecology. 60(9):1929-1938. doi:10.1111/1365-2664.14485.

Zuk M, Bastiaans E, Langkilde T, Swanger E. 2014. The role of behaviour in the establishment of
novel traits. Animal Behaviour. 92:333-344. doi:10.1016/j.anbehav.2014.02.032


https://doi.org/10.1080/03949370.2010.505580
https://doi.org/10.1111/mec.16347
https://doi.org/10.1111/1365-2664.14485
https://doi.org/10.1016/j.anbehav.2014.02.032

	Abstract
	Introduction
	Behaviours on the move: behavioural variation and invasion
	Beyond borders: mechanisms of post-invasion behavioural change
	Variation in dispersal behaviour
	Evolutionary processes
	Genetic drift
	Adaptive selection
	Pre-adaptation: the AIAI hypothesis

	Behavioural plasticity
	The molecular basis for behavioural change

	New horizons: conclusions and future research
	Acknowledgements
	Disclosure statement
	References


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles false
  /AutoRotatePages /PageByPage
  /Binding /Left
  /CalGrayProfile ()
  /CalRGBProfile (Adobe RGB \0501998\051)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.5
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails true
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams true
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments false
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings false
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Remove
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.90
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.40
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Average
  /MonoImageResolution 300
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /Description <<
    /ENU ()
  >>
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [595.245 841.846]
>> setpagedevice


