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Abstract: 42 

Invasion fronts are the edges of non-native species’ ranges and represent dynamic, non-equilibrium 43 

boundaries where colonization, ecological interactions, and rapid evolutionary processes converge. 44 

Although biological invasions are increasingly well studied, mechanisms operating at these advancing 45 

margins remain conceptually fragmented despite their disproportionate influence on spread dynamics, 46 

exerted impact, and management. Here, we synthesize how invasion-front geometries arise from 47 

interactions among propagule pressure, landscape permeability, long-distance dispersal, and environmental 48 

heterogeneity, producing continuous, fragmented, stratified, or coalescing fronts that shift with invasion 49 

stage and scale. We integrate ecological and evolutionary evidence to show how gradients from core to 50 

front include declining density, increased trait divergence, spatial sorting, serial founder effects, expansion 51 

load, and behavioural and physiological differentiation. We synthesise parallels with climate-driven range 52 

expansions of “neonative” species while emphasizing the stronger disequilibrium and novel biotic contexts 53 

characteristic of non-native fronts. Finally, we map these dynamics onto impact trajectories, demonstrating 54 

how trait-mediated interactions, resource reallocation, and system-level reconfiguration emerge 55 

sequentially along the invasion gradient. By unifying ecological and evolutionary processes across 56 

appropriate spatial and temporal scales, we establish invasion fronts as powerful, but understudied natural 57 

laboratories and critical leverage points for predicting, monitoring, and managing biological invasions. 58 

Keywords: range expansion, spatial sorting, eco-evolutionary dynamics, invasive species  59 
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I. Why Fronts? 68 

Amid accelerating globalization and climate change, biological invasions are reshaping ecosystems 69 

worldwide. Biological invasions describe the human-mediated introduction, establishment, and spread of 70 

species beyond their native ranges, where they can cause diverse ecological, economic, and socio-cultural 71 

impacts (Roy et al., 2024; Haubrock et al., 2025a [in press]). Spread forms the critical gateway between 72 

establishment and impact, determining whether a non-native species’ impact remains locally confined or 73 

becomes a driver of environmental change (Haubrock et al., 2025b [in press]). As such, the capacity for 74 

spread is integral to invasion science (Hui & Richardson, 2017) and underpins the characterization of a 75 

species’ “invasiveness” (sensu Soto et al., 2024).  76 

Each new area colonized increases the number of ecological contexts in which non-native species 77 

interact with novel communities and environmental conditions. Even non-native species with initially low 78 

impacts in one part of their range may express much greater impact potential under different local conditions 79 

(Urban et al., 2008; Haubrock et al., 2024). Considerable work has examined how native and naturalised 80 

species evolve and persist at their range limits, where environmental gradients impose strong selective 81 

pressures and adaptive limits (Angert et al., 2020; Pannell et al., 2019; Bufford & Hulme, 2023; Radomski 82 

2025). These works often conform with classical models of geographic range limits that emphasize 83 

equilibrium processes that naturally constrain native distributions through interactions among abiotic 84 

tolerance, biotic interactions, dispersal limitation, and demographic or historical legacies (Fagan et al., 85 

2013; Radomski, 2025; Verzuh et al., 2025). Yet, invasion fronts, defined as the boundaries of non-native 86 

species distributions where colonisation (i.e. successful establishment), spread, and adaptation intersect 87 

(Arim et al., 2006; Philips et al., 2006), differ in several key respects from many natural range margins, 88 

even though climate-driven shifts in native ranges can also generate strongly nonequilibrium edge. These 89 

fronts represent transient, dynamic phases of expansion due to human-mediated, rapidly eroding 90 

biogeographic boundaries characterized by demographic disequilibrium, novel biotic interactions, and 91 

feedbacks between dispersal, adaptation, species sorting, and impacts. Thus, whereas many classical 92 

treatments of native range limits emphasise processes that constrain spread at quasi-equilibrium boundaries, 93 

invasion fronts represent the opposite tendency: processes that actively release and accelerate spread at 94 

strongly nonequilibrium edges. 95 

Understanding where and how non-native species spread occurs is essential from both applied and 96 

fundamental perspectives, as the advancing ongoing invasion front captures the processes that transform 97 

localized establishment into large-scale range expansion (Giometto et al., 2014). The invasion front is an 98 

inherently scale-dependent feature, appearing as a single wave at broad spatial resolution but oftentimes 99 

fragmenting into multiple local foci at finer scales. It marks the actively expanding area of this process and 100 

a dynamic boundary where colonization, adaptation, and ecological interactions collectively determine the 101 

pace and trajectory of a population’s spread as well as associated ecological and evolutionary dynamics 102 

(Rubenson and Olden, 2017; Azzurro et al., 2022). The invasion front can take multiple spatial forms—103 

from continuous waves of expansion to patchy, stratified, fragmented, or coalescing patterns—each of these 104 

typologies emerging from interactions among propagule pressure, source locations, habitat permeability, 105 

environmental filtering, and biotic interactions (Balestri et al., 2018; Everts et al., 2025a). Invasion fronts 106 

may shift in typology over time as invasions progress through successive stages. Early in an invasion, 107 

multiple localized foci often emerge from repeated introductions, later coalescing into broader fronts as 108 
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populations expand and admix (Shigesada & Kawasaki, 2016). Due to endogenous and exogenous factors, 109 

and as density increases and environmental heterogeneity shapes persistence, fronts can become 110 

heterogeneous (i.e. patchy) or diffuse, appearing as continuous, fragmented, stratified, or coalescing 111 

structures and eventually forming abrupt boundaries where environmental or biogeographic barriers 112 

constrain further spread (Figure 1). An invasion front is therefore not merely a product of movement but a 113 

consequence of numerous feedback loops intertwined among reproduction, recruitment, habitat 114 

permeability and fragmentation (e.g. presence of roads, railroads, dams and canals), biotic interactions, and 115 

the ability to utilize novel resources. This spatial variability reflects scale-invariant dynamics that recur 116 

from local to continental scales (Liebhold et al., 2020), where short- and long-distance dispersal events, 117 

satellite colonies, and the bridgehead effect combine to shape complex geometries of spread (Mineur et al., 118 

2010; Blackburn et al., 2011, 2015; Everts et al., 2025a).  119 

 120 

Figure 1. Conceptual illustration of typologies of invasion fronts showing how different, potentially overlapping 121 

spatial configurations reflect variability in structure and the underlying processes shaping invasion spread across 122 
landscapes: (A) Stratified front—local diffusion interspersed with long-distance jump dispersal that generates 123 

secondary foci and feedbacks sustaining expansion; (B) Fragmented front—low propagule pressure and strong 124 

demographic stochasticity that yield isolated, irregular colonies, that may or may not disappear in the future; (C) 125 

Coalescing front—spread occurs independently following multiple, geographically spaced-out introductions that may 126 
later merge through gene flow and adaptation, accelerating spread; (D) Continuous wave—a smooth, density-driven 127 

advance propelled by high propagule pressure and habitat permeability; (E) Patchy front—spread constrained by 128 

environmental heterogeneity and biotic interactions, forming discontinuous clusters of establishment. 129 
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By observing populations at the invasion front, researchers can witness mechanisms of 130 

colonization, adaptation, and biotic interactions that often become obscured once an invader is well-131 

established (Dominguez Almela et al., 2022; Grayson & Johnson, 2018), inherently differing from natural 132 

range expansions in pace and underlying abiotic and biotic processes (Radomski, 2025). Indeed, these 133 

invasion fronts often undergo faster change and differ markedly from invasion cores (the high-density, 134 

demographically stable regions of a population established earlier in the invasion process). As a result, 135 

invasion fronts serve as both unique natural laboratories for testing ecological and evolutionary theories 136 

(Sexton et al., 2009) and also as strategic control points where management interventions can potentially 137 

alter invasion outcomes (Sharov et al., 2002; Tobin et al., 2011). Yet, despite their central role in 138 

determining invasive spread and management, invasion fronts remain an understudied focal point across 139 

ecology, evolution, and conservation. Few studies explicitly address invasion fronts, and no unified 140 

framework currently links their ecological, evolutionary, and management dimensions. This paper aims to 141 

highlight why studying invasion fronts matters conceptually and practically, and to outline the basis for an 142 

integrated framework that embraces the ability of invasion fronts to advance our understanding and 143 

managing biological invasions. 144 

II. Ecological Insights at the Invasion Front 145 

Invasion fronts are biologically active zones shaped by interacting ecological and evolutionary processes. 146 

Invasion‐front dynamics can be represented as a progression from continuous waves of population 147 

expansion (Skellam, 1951; Figure 2a) through fragmented or stratified fronts driven by long-distance 148 

dispersal or additional primary or secondary introductions, followed by satellite formation (Figure 2b), to 149 

the coalescence of multiple introduction foci that generate complex spatial overlap and genetic mixing 150 

(Figure 2c). These spatial patterns, however, coincide with both ecological and evolutionary gradients 151 

(Figure 2d), where population density decreases but trait differentiation and dispersal capacity increase 152 

toward the expanding edge.  153 

However, these spatial configurations are not static, but evolve concomitant with an invasion’s 154 

progress through distinct temporal phases. Indeed, ecological mechanisms shaping the edge can differ 155 

between the introduction, early lag phase, acceleration phase of expansion, later stabilization phase, and 156 

potentially occurring boom-bust dynamics (Blackburn et al., 2011; Strayer et al., 2017). Limited propagule 157 

pressure and habitat permeability characteristic for initial invasion stages may result in small, fragmented, 158 

and isolated populations (Briski et al., 2012). Multiple isolated foci may arise through repeated 159 

introductions or long-distance dispersal events, forming discontinuous or “fragmented” fronts (possibly 160 

mistaken for satellite colonies; Figure 2B). Ecological interactions between these foci may be weak as 161 

establishment remains constrained by demographic instability and sometimes local environmental 162 

mismatches. As densities grow and introduced populations (or satellite colonies) begin to geographically 163 

connect, positive feedbacks between dispersal, reproduction, recruitment, and resource exploitation can 164 

emerge and promote front expansion momentum through spatial sorting and adaptive plasticity, ultimately 165 

leading to coalescing or stratified fronts (Figure 2A–C). Eventually, expansions will slow and perhaps even 166 

halt as populations stop growing in size due to environmental constraints, biotic interactions, or density 167 

dependence (Urban et al., 2008). Under some conditions, these slowdowns can become persistent, 168 

producing “pinned” invasion fronts where positive density-dependent growth and dispersal interact with 169 

environmental heterogeneity to halt further front advancements despite apparently suitable habitat beyond 170 
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the front (Keitt et al., 2001; Morel-Journel et al., 2022), thus forming a biogeographic barrier. This range 171 

pinning, sometimes framed as a form of colonisation debt (Morel-Journel et al., 2023), implies that low-172 

density edge populations can temporarily decouple habitat suitability from realised spread, with important 173 

consequences for forecasting and management. The invasion front can thus become diffuse or abrupt 174 

depending on habitat heterogeneity, and processes resembling those observed at native range edges (cf. 175 

Angert et al., 2020; Radomski, 2025). At this stage, ecological interactions may intensify and either result 176 

in (1) an increase in population density, transforming the former front into a newly established core, while 177 

the range edge continues to advance outward, or (2) face abiotic or biotic unsuitable conditions that 178 

effectively limit any additional spread. 179 

180 
Figure 2. Conceptual representation of some commonly occurring invasion‐front dynamics, shown as the relationship 181 

between population density and distance from invasion core, across spatial, ecological, and evolutionary contexts: (A) 182 

A continuous wavefront (a smooth gradient in population density from a high‐density core through a transitional zone 183 
of trait sorting to a low‐density, dispersal‐dominated front). (B) A fragmented or stratified front (local discontinuities 184 

and secondary peaks produced by long‐distance dispersal and satellite colonies that form ahead of the main front). (C) 185 

Multiple introductions and coalescing fronts (independent invasion foci expanding outward and merging in 186 

coalescence zones, thereby increasing spatial complexity and genetic mixing). (D) Integrated ecological and 187 
evolutionary gradients (population density declines while trait differentiation and evolutionary change increase toward 188 

the front, highlighting this zone as a hotspot for ecological dynamics and rapid evolution). Note: The occurrence and 189 

detectability of these invasion-front structures may vary with invasion phase (introduction, lag, expansion, or 190 
stabilization) and observation scale. Similar spatial configurations can emerge repeatedly at nested scales (i.e. fractal-191 

like dynamics), reflecting the self-reinforcing nature of colonization and spread processes (cf. Blackburn et al., 2011). 192 

These invasion stages, and thus invasion-front dynamics, can deviate from ideal isotropic diffusion 193 

and instead show anisotropic spread imposed by environmental heterogeneity, thus differ across ecological 194 

realms (Hastings et al., 2005). Freshwater systems often generate strongly directional expansion through 195 

dendritic network topology and hydrological flow (Laprieur et al., 2008; Osawa et al., 2013; Altermatt and 196 

Fronhofer, 2018). Marine environments offer broader connectivity but remain structured by persistent 197 

currents, retention zones, and mesoscale circulation that create patchy and directionally biased dispersal 198 

(Pringle et al., 2011; García-Gómez et al., 2021; Michie et al., 2024). Terrestrial landscapes, while less 199 

channelized, also impose anisotropy through habitat permeability, corridors, and barriers such as land use 200 
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and elevation (Fraser et al., 2015; McRae et al., 2007). Thus, although constraints differ among realms, 201 

invasion fronts predominantly reflect anisotropic diffusion shaped by landscape structure, dispersal mode, 202 

species life history, and ecological plasticity (Hastings et al., 2005; Haubrock et al., 2024). 203 

This inherent spatial and temporal complexity makes invasion fronts integral for understanding 204 

how spread translates into establishment and impact. At low densities near the expanding edge, 205 

demographic feedbacks such as Allee effects can influence the probability of persistence and the rate of 206 

further expansion (Keitt et al., 2001; Blackburn et al., 2016), while adaptive plasticity and flexible resource 207 

use promote continued advance (Luo et al., 2019). The invasion front of a non-native population thus 208 

functions as an ecological interface, often expressed as pulses, accelerations, and decelerations rather than 209 

smooth diffusion (Urban et al., 2008). At the same time, niche construction at the front of biological 210 

invasions may play a critical role in determining invasion dynamics and long-term ecosystem impacts. As 211 

populations expand into new habitats, individuals can actively modify local environmental conditions 212 

through processes such as soil alteration, nutrient cycling, physical engineering, resource depletion, 213 

facilitation of mutualists, among others (see Ferraro et al., 2025; O’Loughlin & Green, 2017). These 214 

modifications may enhance the invader’s own fitness, creating positive feedbacks that accelerate range 215 

expansion. In addition, niche-constructing traits may interact with spatial selection at invasion fronts to 216 

favor phenotypes that both disperse effectively and engineer locally beneficial conditions, potentially 217 

leaving lasting evolutionary legacies. 218 

III. Evolutionary Insights at the Invasion Front 219 

Across ecosystems, individuals at the invasion front can differ from those in the transitional zone between 220 

core and front, as well as from individuals in the core (Kubisch et al., 2014). Range-expanding populations 221 

encounter and potentially adapt to novel selective environments, and the process of expansion itself can 222 

drive evolutionary change through mechanisms such as spatial sorting, genetic drift, and serial founder 223 

effects (Van Petergem et al., 2016). Consequently, range expansion often leads to evolved differences in 224 

reproductive life-history and dispersal traits between individuals in the range core and those at the 225 

expansion front (Peischl et al., 2013). Individual animals at the front often display enhanced body condition, 226 

size, boldness, or exploratory behaviour (Rebrina et al., 2015; Laparie et al., 2013; Myles-Gonzalez et al., 227 

2015; Damas-Moreira et al., 2019; Alves et al., 2025) whereas plants at the front may show faster 228 

germination and greater capacity to self-fertilize (Tabassum & Leishman, 2018, 2019; Liu et al., 2021)—229 

traits that can facilitate dispersal, resource acquisition, and competitive dominance. Ecologically, low-230 

density invasion front populations often benefit from reduced intraspecific competition and abundant 231 

resources, enabling the emergence of density-dependent traits such as higher physiological condition and 232 

fecundity (Lopez et al., 2012; Rebrina et al., 2015). Yet trade-offs are common, with selection for dispersal 233 

often reducing reproductive investment, as in Rhinella marina, where morphological evolution increased 234 

invasion speed but lowered fecundity in individuals at the leading edge (Hudson et al., 2015, 2016). Similar 235 

r-selected strategies are documented in fishes and other taxa occupying invasion fronts, where rapid growth, 236 

early maturation, and high reproductive effort sustain population expansion (Bøhn & Admussen 2004; 237 

Gutowsky & Fox 2012; Tarkan et al., 2021), supported by male-biased dispersal and density-driven shifts 238 

in sex ratio (Marentette et al., 2011; Chuang & Peterson 2016). In contrast, individual animals in the core, 239 

where higher average population densities lead to increased intraspecific competition, may exhibit lower 240 

physiological condition and smaller body size, as well as a lower proportion of bold, exploratory, and 241 
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aggressive individuals (Alves et al., 2025; but see Hudina et al., 2015). However, populations at the invasion 242 

front may encounter differing densities of enemies (predators, competitors, parasites, diseases) and 243 

mutualists, environmental conditions, and resource availability. These differences can translate into reduced 244 

fitness compared to those in the core when small population sizes at the edge allow genetic drift to override 245 

selection, enabling deleterious alleles to spread along the expansion front during repeated founder events 246 

(Edmonds et al., 2004; Slatkin & Excoffier, 2012). Furthermore, as a result, fecundity at the edge may 247 

decline relative to the core due to trade-offs among dispersal, reproduction, and competitive ability.  248 

The recurrences of these patterns indicate that the processes of introduction and establishment are  249 

repeatedly recreated at invasion fronts (Blackburn et al., 2011), reinforcing invasion momentum through 250 

the transition of front populations into new invasion cores. Evolutionary processes at the invasion front 251 

arise from strong spatial and demographic structuring that creates distinctive and selective environments. 252 

Low population densities, high dispersal, and rapid population turnover can promote both spatial sorting 253 

and selection for traits that enhance range expansion, making invasion fronts both a high risk, high reward 254 

for the invasive species and a semi-natural experiment in evolution under disequilibrium. Stochasticity at 255 

low densities means that even small phenotypic advantages can disproportionately influence front 256 

dynamics, allowing traits that confer only marginal dispersal benefits to sweep rapidly along the expanding 257 

edge. However, while ecological and evolutionary mechanisms determine where a non-native species 258 

spreads, it remains unclear which processes determine how fast and how consistently through time a 259 

populations’ spread occurs. 260 

Parallel mechanisms occur in introduced non-native diseases and pathogens spreading among 261 

native and non-native hosts (Hulme et al., 2020), but also in native species undergoing range expansions 262 

under climate and land-use change. These “neonative species” (sensu Essl et al., 2019; i.e. range-expanding 263 

native taxa regardless of political borders) experience similar, albeit at a slower pace, evolutionary pressures 264 

(e.g. low density, strong selection for dispersal and rapid reproduction, and serial founder effects). This 265 

parallel indicates that invasion fronts and climate-driven range margins operate under convergent 266 

evolutionary dynamics. Transplant experiments and elevational range-limit studies revealed latent spread 267 

potential under shifting climatic regimes (Pannell et al., 2019; Bufford & Hulme 2023). Although both 268 

invasive and native range expansions are driven by and subject to similar evolutionary principles, invasion 269 

fronts differ fundamentally in their boundary conditions and evolutionary context. Non-native species 270 

expand into novel ecological and phylogenetic arenas, frequently encountering competitors, predators, and 271 

resources with which they share no coevolutionary history (Roy et al., 2011). Consequently, the behavioural 272 

and ecological cues guiding movement at invasion fronts may differ profoundly among sites and from those 273 

in the native range. Individuals must interpret unfamiliar environmental gradients and novel biotic 274 

interactions—often without any meaningful “memory” of local conditions—potentially shifting the relative 275 

importance of abiotic signals, resource distributions, predation risk, and intra-specific competition in 276 

determining spread dynamics. This absence of historical constraint, coupled with often repeated 277 

introductions and strong human mediation, can amplify selection for dispersal, plasticity, and rapid 278 

adaptation far beyond what is typical for native range shifts (Stewart et al., 2015). In addition, the constant 279 

influx of novel genotypes from repeated introductions can generate admixture and hybrid vigour at the 280 

invasion front, increasing evolutionary potential relative to native range expansions. As a result, invasion 281 

fronts provide an extreme yet highly informative model system for studying evolution in real time, where 282 

demographic disequilibrium and ecological novelty interact to accelerate evolutionary responses.  283 
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Spatial sorting—the non-random accumulation of dispersive individuals at the expanding edge—284 

enhances the prevalence of traits that facilitate movement regardless of classical fitness trade-offs (Shine et 285 

al., 2011; Alford et al., 2009). Successive generations at the front may thus become increasingly composed 286 

of phenotypes optimized for colonization rather than local competition. This process could lead to rapid 287 

evolutionary change without the need for strong selection, as dispersive individuals mate assortatively and 288 

pass on traits that accelerate spread (Phillips et al., 2010; Huang et al., 2015; Courant et al., 2019). In turn, 289 

this spatial self-organization contributes to evolutionary acceleration, observed for instance in cane toads, 290 

where morphological and physiological adaptations—longer limbs, greater endurance—have increased 291 

invasion speed fourfold over eight decades (Hudson et al., 2016). Sexual dimorphism, characterised by 292 

female-biased dispersal, and morphological variation, particularly in female wing and head traits, in the 293 

invasive common myna (Acridotheres tristis) show strong correlations with distance from the range core 294 

(Berthouly-Salazar et al., 2012). This suggests that at invasion fronts, individuals frequently exhibit 295 

proactive behavioural syndromes—boldness, exploration, and low site fidelity—that enhance colonization 296 

(Holway & Suarez 1999; Chapple et al., 2012; Sih et al., 2012; Wong & Candolin 2015). However, the 297 

opposite has also been shown, with non-native round gobies (Neogobius melanostomus) and signal crayfish 298 

(Pacifastacus leniusculus) at the invasion front being equally or even less aggressive (Groen et al., 2012; 299 

Hudina et al., 2015; but see Gonçalves et al. (2025). Such “proactive” phenotypes are consistent with the 300 

pace-of-life syndrome, linking boldness and high activity to elevated metabolism, faster growth, and r-301 

selected reproductive strategies (Biro & Stamps 2008; Réale et al., 2010; Raffard et al., 2022). Moreover, 302 

the underlying behavioural traits promote invasion momentum by coupling dispersal capacity with rapid 303 

resource exploitation, although highly dispersive individuals may exhibit reduced competitiveness or 304 

fecundity once densities increase, as observed in fish and crayfish invasions (Groen et al., 2012; Hudina et 305 

al., 2015; Tarkan et al., 2021). Together, these patterns highlight that invasion fronts often operate under 306 

distinct behavioural–evolutionary regimes compared to range cores, with trait combinations that maximize 307 

expansion but may incur performance costs as populations mature and densities rise. 308 

Beyond behavioural and life-history traits, additional genetic processes can further shape 309 

evolutionary trajectories at the invasion front. Serial founder effects, genetic drift, and bottlenecks can 310 

reduce diversity and generate an accumulation of deleterious alleles that may constrain population 311 

performance (e.i. “expansion load”; Klopfstein et al., 2006; Excoffier et al., 2009; Peischl et al., 2013, 312 

Peischl & Excoffier, 2016). Conversely, gene flow from the core can restore genetic diversity and improve 313 

adaptive potential at the front, although excessive influx can dilute local adaptation and slow expansion 314 

(Berthouly-Salazar et al., 2013; Beer et al., 2024). Hybridization between related “lineages” at the front 315 

may also create novel genotypes with enhanced invasiveness, as seen in fungal and fish invasions 316 

(Diedericks et al., 2018; Hessenauer et al., 2020; Abreo et al., under review), illustrating how genetic and 317 

behavioural evolution can jointly determine the persistence and velocity of spread, sometimes outpacing 318 

abiotic constraints (Ochocki & Miller 2017; Szűcs et al., 2017). These interacting genetic processes together 319 

create an evolving mosaic of local adaptation, maladaptation, and admixture along the expanding range 320 

edge, producing spatially variable evolutionary outcomes that feed back into spread dynamics. 321 
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 322 

Figure 3. Conceptual synthesis illustrating how ecological, demographic, and genetic mechanisms interact from the 323 
invasion core to the expanding front. Following an introduction event, repeated founder effects and demographic 324 

bottlenecks (*) generate low-density populations dominated by specific traits. As expansion proceeds, spatial sorting 325 

and limited gene flow may promote assortative mating among dispersive phenotypes, increasing drift and accelerating 326 

evolutionary change. Toward the front, populations often exhibit reduced genetic diversity and expansion load, but 327 
gene flow from the core, hybridization, and recombination can restore variation and generate novel genotypes. Frog 328 

appearances (both morphological as colours) represent the spatial sorting progress, from light green (K-strategists) to 329 

dark green (r-strategists). Tadpole colours represent genetic diversity, with an increasing set of colours representing 330 
an increased diversity. 331 

IV. Impact Dynamics at the Invasion Front 332 

Understanding impact dynamics at the invasion-front  requires viewing impacts as evolving properties of 333 

the invasion process rather than fixed outcomes. Indeed, although empirical quantification remains scarce, 334 

the mechanistic drivers of such stage-dependent impacts suggest predictable transitions from acute, 335 

transient disturbances to chronic, system-level ecosystem reconfiguration. Importantly, these transitions are 336 

not merely temporal but spatially structured and thus neither static nor uniform, arising from the shifting 337 

balance between invader traits, advancing populations (i.e. the invasion front’s edge and followed zones) 338 

and ecosystem characteristics of the ecosystem they invade, including local community resistance and 339 

environmental feedbacks (Shine, 2010). Recognizing and measuring these transitions across invasion stages 340 

would thus provide a powerful framework for linking population dynamics with ecosystem impact 341 

trajectories, a relationship still largely unexplored in invasion ecology. 342 
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  Each invasion represents a unique spatio-temporal trajectory shaped by local context, propagule 343 

pressure, and species-specific traits as invasions expand not only in space but also in functional depth 344 

(Haubrock et al., 2024). Consequently, impact magnitude and type vary not only among species but also 345 

among populations of the same species (e.g. in function of species density) and along the invasion gradient 346 

itself (Shine, 2010; Sousa et al., 2024). Early in the spread process, newly established front populations 347 

may trigger short-term disruptions such as altered resource flows, behavioural shifts in native species, or 348 

temporary dominance due to predator or competitor naïveté (Heavener et al., 2014; Anton et al., 2020; 349 

Stewart et al., 2021). As the invasion advances, “transitional” populations bridge conditions between the 350 

front and the core, where local adaptation, biotic interaction, and density regulation progressively modify 351 

community composition and ecosystem function. For instance, by exploiting novel resources and modifying 352 

nutrient fluxes, expanding populations may reshape local food webs and biogeochemical cycles, thereby 353 

influencing resource subsidies and ecosystem functioning both ahead of and behind the moving front (Alves 354 

et al., 2025; Lopes et al., 2025). Even, in some circumstances, organisms at the front exhibit higher 355 

concentrations of certain potentially toxic elements, which may be associated with a distinct diet and higher 356 

trophic position, more exploratory behaviour, and lower epibiotic associate load (Gonçalves et al., 2025). 357 

Such physiological and trophic shifts indicate that front individuals often occupy different ecological niches 358 

than core individuals, implying that impacts propagate not only through abundance but through trait-359 

mediated pathways (Van Kleunen et al., 2010). Yet at the same time, density and biomass at the front 360 

remain lower than in the core, meaning that exerted total impact at the front may be assumed as lower 361 

(Parker et al., 1999). However, per capita impacts may ultimately be higher at the front because individuals 362 

face less intra-specific competition and many times are larger, more aggressive, bolder, and have a higher 363 

metabolism (Alves et al., 2025). Impacts may therefore shift from direct interactions at the front to indirect, 364 

system-level alterations as populations mature and stabilize, representing a temporal sequence in which 365 

both the invader’s traits and the invaded system coevolve and co-adapt (Dostál, 2024), where, after the front 366 

passes, invaded systems may undergo additional changes through “relaxation” phases in which impacts 367 

may persist through legacy effects or subside as new equilibria emerge (Cuddington, 2011). 368 

V. Management at the Invasion Front 369 

Invasion fronts should be regarded as strategic management zones where intervention can meaningfully 370 

alter invasion trajectories. Indeed, management actions targeting biological invasions are most effective 371 

and economically efficient when implemented at or ahead of the advancing front. Specifically, targeting 372 

populations from an outward to inward direction (i.e. starting at the front and progressing towards the 373 

core) generally is most beneficial for preventing reinvasion following management (Epanchin-Niell & 374 

Wilen, 2012). Additionally, populations at the front sometimes exhibit distinct traits, such as greater 375 

exploratory tendency or aggressiveness (Hudina et al., 2015; Groen et al., 2012; Thorlacius et al., 2015), 376 

which for certain species could make trapping methods more effective at the front than in the core. 377 

Because populations at the front are typically small, spatially restricted, and demographically unstable, 378 

early intervention is more feasible than once populations become established (Sharov et al., 2002; Leung 379 

et al., 2002; Liebhold & Bascompte, 2003). Accurately delineating and forecasting invasion fronts (on a 380 

macro-ecological scale commonly done with Species Distribution Models; Srivastava et al., 2019) often 381 

faces inherent flaws due to non-equilibrium dynamics of the invasion front, which calls for dynamic 382 

species distribution model that can take into consideration both the non-equilibrium nature (Hui, 2023) 383 

and the transitions of selection forces along the core-front gradient. For such endeavours to be more 384 
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accurate requires emergent monitoring tools with improved sensitivity (Fricke & Olden, 2023), such as 385 

environmental DNA (Everts et al., 2023), real-time acoustic monitoring (Wood et al., 2024), or remote 386 

sensing (Gränzig et al., 2023), also increasingly by citizen science and local ecological knowledge 387 

(Gervazoni et al., 2023). Complementary to these approaches is landscape genetics, which analyses the 388 

relationship between genetic connectivity and landscape features, and can reveal barriers to gene flow 389 

within populations that appear to be continuously distributed. In doing so, it can reveal ‘internal invasion 390 

fronts’ with important implications for management (Sherpa et al., 2020; Everts et al., 2025a). Although 391 

managing long-established core populations may produce localized benefits—such as reducing local 392 

impacts (Green & Grosholz, 2020) or limiting the production of propagules capable of reaching invasion 393 

fronts via long-distance dispersal events (Everts et al., 2025a)—such interventions typically only slow, 394 

rather than prevent, overall spread (Pepin et al., 2019). Moreover, suppressing core populations can 395 

generate unintended ripple effects that facilitate the emergence of new satellite populations, ultimately 396 

giving rise to multiple secondary fronts (Shigesada & Kawasaki, 1997; Liebhold & Bascompte, 2003). 397 

Thus, management strategies that focus disproportionately on established cores risk overlooking the 398 

dynamic processes that sustain spread at the front, where intervention leverage is highest. Shifting 399 

management towards the invasion front is therefore invaluable for effectively containing and reducing the 400 

distribution of biological invasions.  401 

The spatial form of a front largely determines how predictable and manageable an invasion is. 402 

Continuous or “pushed” wavefronts are comparatively easy to forecast and control, whereas fragmented 403 

or stratified fronts—composed of multiple asynchronously established foci each with unique front 404 

characteristics shaped by local environmental conditions—pose a larger management challenge as they 405 

continuously reseed new outbreaks (Zhao et al., 2019). In fragmented or stratified fronts, management has 406 

multiple important lines for intervention. First, management should focus on preventing the establishment 407 

of new foci by blocking additional human-mediated introductions or long-distance dispersal events, as 408 

preventing a new population from getting a foothold is more cost-efficient than removing it once 409 

established (Leung et al., 2002; Keller et al., 2007). This requires a multifaceted and layered approach, 410 

consisting of policy interventions, decontamination strategies (e.g. Check, Clean, Dry), and a good 411 

understanding of a species’ spread behaviour through a given landscape matrix. Second, the management 412 

of fragmented or stratified invasion fronts should prioritize preventing the coalescence of existing foci, as 413 

multiple small and spatially isolated populations are considerably easier to contain or eradicate than a 414 

single, large, continuous population due to the proportionally larger coverage of front relative to core 415 

areas (Bohling, 2016). Moreover, limiting coalescence reduces opportunities for genetic admixture, 416 

thereby constraining increases in genetic diversity and subsequent gains in fitness or adaptive potential 417 

that can promote invasion success (Qiao et al., 2019). Restricting access to or affecting habitat suitability 418 

of sites that hold high centrality within the network of suitable habitats, including anthropogenic habitats 419 

such as roads, railroads or canals, can substantially contribute to this objective, as limiting movement 420 

through these key nodes disproportionately reduces the likelihood of foci merging and thereby slows 421 

large-scale population consolidation (Tingley et al., 2012; Drake et al., 2017).  422 

A practical approach could involve using physical barriers or poisoning to prevent access to 423 

critical stepping-stone sites or delay or stop the advance of the front (Jones et al., 2021). This strategy has 424 

been widely applied across ecosystems: fences in Australia have been used to contain rabbits, foxes, and 425 

cats (Dickman, 2011), electric barriers limit dispersal of invasive fishes in the USA (Collins et al., 2024), 426 

and other structures, such as dams and weirs, are also effective in restraining the movement of non-native 427 
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species (Carvalho et al., 2025; Jones et al., 2021). Although these strategies are effective in containing 428 

certain invasive species, such barriers can have an impact on native communities by fragmenting their 429 

habitats (Bradby et al., 2014; Jones et al., 2021). Furthermore, while these barriers prevent certain species 430 

from proliferating, they have enabled other invasive species to spread (Brown et al., 2006). These 431 

management interventions should not be limited to source populations. From a practical standpoint, sink 432 

populations, those currently non-reproductive or limited by environmental constraints, are frequently 433 

disregarded because they do not contribute to immediate spread. However, environmental or 434 

anthropogenic changes can transform these sinks into viable sources, converting dormant populations into 435 

new invasion fronts. For example, introduced trees may not spread until their pollinators, seed dispersers, 436 

or ectomycorrhizal symbionts are introduced into the same area, enabling reproduction and subsequent 437 

expansion (Le Roux et al., 2017; Spear et al., 2021). Moreover, sites colonised near the range edge may 438 

initially function as sink habitats, but as the invasion front advances, they may transition into source sites, 439 

contingent on local habitat suitability (i.e. not being intrinsically limited by persistent abiotic constraints 440 

such as soil or water chemistry; Everts et al., 2023). Therefore, proactive management must incorporate 441 

the potential future activation of sink populations within adaptive surveillance frameworks. Anticipatory 442 

treatment of sinks can prevent the sudden emergence of new fronts, especially in systems prone to 443 

environmental regime shifts or human-induced landscape changes. While technically feasible, the 444 

application of these management measures in the field can be affected by different jurisdictions during a 445 

cross-boundary invasion (Everts et al., 2025b), conflicting management priorities among agencies 446 

(Simberloff et al., 2020), no access to privately owned sites (Vimercati et al., 2017), and low detectability 447 

and latency of early-phase populations (Bylemans et al., 2016). 448 

VI. Conclusion / Future directions 449 

Invasion fronts have been studied for decades through ecological theory and conceptual models, long before 450 

high-resolution movement data became available. Classic work on diffusion-like spread (Skellam 1951; 451 

Okubo & Levin, 2001), Allee-effect dynamics (Lewis & Kareiva, 1993; Kot et al., 1996), and patchy or 452 

stratified spread frameworks (Hengeveld 1989; Andow et al., 1990) laid the foundation for our 453 

understanding of how fronts form and propagate. Recent technological advances now complement this 454 

theory, with organism tracking at invasion fronts continuing to be propelled by the accumulation of 455 

increasingly detailed data. Although researchers are applying sophisticated modelling approaches to these 456 

expanding datasets (e.g., artificial intelligence and machine learning; Elith et al., 2008; Schlägel et al., 2019; 457 

Zeng et al., 2021), identifying the cues and mechanisms that drive invasion fronts remains challenging. 458 

Specifically, the increasing availability and resolution of molecular tools allow a better understanding of 459 

the gene-level drivers and consequences of range-expanding species (Kołodziejczyk et al., 2025). Modern 460 

tracking technologies now deliver not only high-resolution movement data but also information from 461 

accelerometers and physiological sensors, producing comprehensive, individual-level data streams for non-462 

native species (Meira et al., 2024).These tools allow researchers to provide deeper insight into the factors 463 

that shape invasion-front dynamics, and—building on the integrative framework and front typologies 464 

synthesized here—when integrated with ecological context and landscape structure, enable a shift from 465 

pattern description to mechanistic prediction of when, where, and how invasion fronts emerge, accelerate, 466 

stall, or collapse. Together, this synthesis reframes invasion fronts from descriptive spatial patterns into 467 

dynamic eco-evolutionary systems. 468 



15 

Acknowledgements  469 
P.J.H. was supported by the Marie Skłodowska-Curie Postdoctoral Fellowship HORIZON-MSCA-2022-470 
PF-01 (Project DIRECT; Grant No. 101203662) within the European Union’s Horizon 2022 research and 471 
innovation programme. S.K. and T.E. were supported by the European Union’s Horizon Europe 472 
HORIZON-CL6-2024-BIODIV-01 project ‘GuardIAS - Guarding European Waters from IAS’, under 473 
grant agreement no. 101181413. R.S. was supported by the Portuguese Foundation for Science and 474 
Technology (FCT) through national funds under the project DIS-FUNCTIONAL: Dispersal and 475 
functional syndromes by an invasive alien species (COMPETE2030-FEDER-00686700). FE appreciates 476 
funding from the Austrian Science Fund FWF (Global Plant Invasions, grant no. I 5825-B).  477 



16 

References: 478 

Roy, H. E., Pauchard, A., Stoett, P. J., Renard Truong, T., Meyerson, L. A., Bacher, S., … Ziller, S. R. (2024). 479 

Curbing the major and growing threats from invasive alien species is urgent and achievable. Nature Ecology & 480 

Evolution, 8, 1216–1223. 481 

Abreo, N. A., Tibo, J., Nogueira, A. B., Nikolaou, A., Kaya, C., Tarkan, A. S., Kurtul, I., Katsanevakis, S., Sousa, 482 
R., Everts, T., García-Berthou, E., Hargrove, J. S., Franco, A. C. S., Herder, J. E., Olden, J. D., Woodford, D. J., 483 

Kouba, A., Britton, J. R., Soto, I., & Haubrock, P. J. (under review). Worldwide invasions of Centrarchidae. Fish 484 

and Fisheries. 485 

Alford, R. A., Brown, G. P., Schwarzkopf, L., Phillips, B. L., & Shine, R. (2009). Comparisons through time and 486 

space suggest rapid evolution of dispersal behaviour in an invasive species. Wildlife Research, 36, 23–28. 487 

Altermatt, F., & Fronhofer, E. A. (2018). Dispersal in dendritic networks: Ecological consequences on the spatial 488 
distribution of population densities. Freshwater Biology, 63, 22–32. 489 

Alves, H., Gonçalves, D., Nogueira, A. B., Teixeira, A., Padilha, J., & Sousa, R. (2025). Intrapopulation differences 490 

in biological traits and impacts in a highly invasive freshwater species. NeoBiota, 97, 325–349. 491 

Alves, H., Gonçalves, D., Nogueira, A. B., Teixeira, A., Padilha, J., & Sousa, R. (2025). Intrapopulation differences 492 

in biological traits and impacts in a highly invasive freshwater species. NeoBiota, 97, 325–349. 493 

Andow, D. A., Kareiva, P. M., & Levin, S. A., (1990). Spread of invading organisms. Landscape Ecology, 4, 177–494 

188. 495 

Angert, A. L., Bontrager, M. G., & Ågren, J. (2020). What do we really know about adaptation at range edges? 496 

Annual Review of Ecology, Evolution, and Systematics, 51, 341–361. 497 

Anton, A., Geraldi, N. R., Ricciardi, A., & Dick, J. T. A. (2020). Global determinants of prey naïveté to exotic 498 
predators. Proceedings of the Royal Society B: Biological Sciences, 287, 20192978. 499 

Arim, M., Abades, S. R., Neill, P. E., Lima, M., & Marquet, P. A. (2006). Spread dynamics of invasive species. 500 

Proceedings of the National Academy of Sciences of the United States of America, 103, 374–378. 501 

Azzurro, E., Smeraldo, S., & D’Amen, M. (2022). Spatio-temporal dynamics of exotic fish species in the 502 

Mediterranean Sea: Over a century of invasion reconstructed. Global Change Biology, 28, 6268–6279. 503 

Balestri, E., Vallerini, F., Menicagli, V., Barnaba, S., & Lardicci, C. (2018). Biotic resistance and vegetative 504 

propagule pressure co-regulate the invasion success of a marine clonal macrophyte. Scientific Reports, 8, 16621. 505 

Beer, M. A., Trumbo, D. R., Rautsaw, R. M., Kozakiewicz, C. P., Epstein, B., Hohenlohe, P. A., … Storfer, A. 506 

(2024). Spatial variation in genomic signatures of local adaptation during the cane toad invasion of Australia. 507 
Molecular Ecology, 33, e17464. 508 

Berthouly-Salazar, C., Hui, C., Blackburn, T. M., Gaboriaud, C., van Rensburg, B. J., van Vuuren, B. J., & Le Roux, 509 

J. J. (2013). Long-distance dispersal maximizes evolutionary potential during rapid geographic range expansion. 510 

Molecular Ecology, 22, 5793–5804. 511 

Berthouly-Salazar, C., van Rensburg, B. J., Le Roux, J. J., van Vuuren, B. J., & Hui, C. (2012). Spatial sorting 512 

drives morphological variation in the invasive bird Acridotheris tristis. PLOS ONE, 7, e38145. 513 



17 

Biro, P. A., & Stamps, J. A. (2008). Are animal personality traits linked to life-history productivity? Trends in 514 

Ecology & Evolution, 23, 361–368. 515 

Blackburn, T. M., Lockwood, J. L., & Cassey, P. (2015). The influence of numbers on invasion success. Molecular 516 

Ecology, 24, 1942–1953. 517 

Blackburn, T. M., Lockwood, J. L., & Cassey, P. (2016). The influence of numbers on invasion success. In Invasion 518 
genetics: The Baker and Stebbins legacy (pp. 25–39). 519 

Blackburn, T. M., Pyšek, P., Bacher, S., Carlton, J. T., Duncan, R. P., Jarošík, V., … Richardson, D. M. (2011). A 520 

proposed unified framework for biological invasions. Trends in Ecology & Evolution, 26, 333–339. 521 

Blackburn, T. M., Pyšek, P., Bacher, S., Carlton, J. T., Duncan, R. P., Jarošík, V., … Richardson, D. M. (2011). A 522 

proposed unified framework for biological invasions. Trends in Ecology & Evolution, 26, 333–339. 523 

Bohling, J. H. (2016). Strategies to address the conservation threats posed by hybridization and genetic 524 

introgression. Biological Conservation, 203, 321–327. 525 

Bøhn, T., & Amundsen, P. A. (2004). Invasion-mediated changes in the population biology of a dimorphic whitefish 526 

(Coregonus lavaretus) population. Annales Zoologici Fennici, 125–136. 527 

Bradby, K., Fitzsimons, J. A., Del Marco, A., Driscoll, D. A., Ritchie, E. G., Lau, J., … Hobbs, R. J. (2014). 528 
Ecological connectivity or barrier fence? Critical choices on the agricultural margins of Western Australia. 529 

Ecological Management & Restoration, 15, 180–190. 530 

Briski, E., Bailey, S. A., Casas-Monroy, O., DiBacco, C., Kaczmarska, I., Levings, C., … MacIsaac, H. J. (2012). 531 

Relationship between propagule pressure and colonization pressure in invasion ecology: A test with ships’ 532 

ballast. Proceedings of the Royal Society B: Biological Sciences, 279, 2990–2997. 533 

Brown, G. P., Phillips, B. L., Webb, J. K., & Shine, R. (2006). Toad on the road: Use of roads as dispersal corridors 534 
by cane toads (Bufo marinus) at an invasion front in tropical Australia. Biological Conservation, 133, 88–94. 535 

Bufford, J. L., & Hulme, P. E. (2023). Elevational range limits in naturalized Rumex conglomeratus likely formed 536 

by climate and lack of local adaptation. Perspectives in Plant Ecology, Evolution and Systematics, 61, 125749. 537 

Bylemans, J., Furlan, E. M., Pearce, L., Daly, T., & Gleeson, D. M. (2016). Improving the containment of a 538 

freshwater invader using environmental DNA (eDNA)-based monitoring. Biological Invasions, 18, 3081–3089. 539 

Carvalho, F., Alves, H., Pascoal, C., Castro, P., Miranda, F., Teixeira, A., … Sousa, R. (2025). Invasive dynamics of 540 

the signal crayfish Pacifastacus leniusculus in a protected area. Hydrobiologia, 852, 705–720. 541 

Chapple, D. G., Simmonds, S. M., & Wong, B. B. M. (2012). Can behavioral and personality traits influence the 542 

success of unintentional species introductions? Trends in Ecology & Evolution, 27, 57–64. 543 

Chuang, A., & Peterson, C. R. (2016). Expanding population edges: Theories, traits, and trade-offs. Global Change 544 
Biology, 22, 494–512. 545 

Collins, S. F., Porreca, A., Nannini, M., Butler, S. E., Broadway, K., Parkos, J. J. III, & Wahl, D. H. (2024). 546 

Experimental evaluation of a modular electric barrier for the deterrence of invasive carp. Journal of Fish and 547 

Wildlife Management, 15, 87–97. 548 



18 

Courant, J., Secondi, J., Guillemet, L., Vollette, E., & Herrel, A. (2019). Rapid changes in dispersal on a small 549 

spatial scale at the range edge of an expanding population. Evolutionary Ecology, 33, 599–612. 550 

Cuddington, K. (2011). Legacy effects: The persistent impact of ecological interactions. Biological Theory, 6, 203–551 

210. 552 

Damas-Moreira, I., Riley, J. L., Harris, D. J., & Whiting, M. J. (2019). Can behaviour explain invasion success? A 553 
comparison between sympatric invasive and native lizards. Animal Behaviour, 151, 195–202. 554 

Dickman, C. R. (2011). Fences or ferals? Benefits and costs of conservation fencing in Australia. In Fencing for 555 

conservation: Restriction of evolutionary potential or a riposte to threatening processes (pp. 43–63). Springer. 556 

Diedericks, G., Henriques, R., von der Heyden, S., Weyl, O. L. F., & Hui, C. (2018). Sleeping with the enemy: 557 

Introgressive hybridization in two invasive centrarchids. Journal of Fish Biology, 93, 405–410. 558 

Dominguez Almela, V., Palmer, S. C. F., Andreou, D., Gillingham, P. K., Travis, J. M. J., & Britton, J. R. (2022). 559 

Predicting the influence of river network configuration, biological traits and habitat quality interactions on 560 
riverine fish invasions. Diversity and Distributions, 28, 257–270. 561 

Dostál, P. (2024). Temporal development in the impacts of plant invasions: Search for the underlying mechanisms. 562 
Journal of Evolutionary Biology, 37, 588–604. 563 

Drake, J. C., Griffis-Kyle, K. L., & McIntyre, N. E. (2017). Graph theory as an invasive species management tool: 564 

Case study in the Sonoran Desert. Landscape Ecology, 32, 1739–1752. 565 

Edmonds, C. A., Lillie, A. S., & Cavalli-Sforza, L. L. (2004). Mutations arising in the wave front of an expanding 566 

population. Proceedings of the National Academy of Sciences of the United States of America, 101, 975–979. 567 

Elith, J., Leathwick, J. R., & Hastie, T. (2008). A working guide to boosted regression trees. Journal of Animal 568 

Ecology, 77, 802–813. 569 

Epanchin-Niell, R. S., & Wilen, J. E. (2012). Optimal spatial control of biological invasions. Journal of 570 
Environmental Economics and Management, 63, 260–270. 571 

Essl, F., Dullinger, S., Genovesi, P., Hulme, P. E., Jeschke, J. M., Katsanevakis, S., … Bacher, S. (2019). A 572 
conceptual framework for range-expanding species that track human-induced environmental change. BioScience, 573 

69, 908–919. 574 

Everts, T., Deflem, I., Van Driessche, C., Neyrinck, S., Ruttink, T., Jacquemyn, H., & Brys, R. (2025). Multiple 575 

source locations and long-distance dispersal explain the rapid spread of a recent amphibian invasion. Heredity, 576 

134, 362–373. 577 

Everts, T., Deflem, I., Van Driessche, C., Neyrinck, S., Ruttink, T., Jacquemyn, H., & Brys, R. (2025a). Multiple 578 
source locations and long-distance dispersal explain the rapid spread of a recent amphibian invasion. Heredity, 579 

134, 362–373. 580 

Everts, T., van Doorn, L., Adriaens, T., Neyrinck, S., Kerckhofs, K., Speybroeck, J., & Brys, R. (2025b). Mapping 581 

the northernmost transnational non-native population of Xenopus laevis using pooled eDNA sampling. 582 

NeoBiota, 102, 227–248. 583 



19 

Everts, T., Van Driessche, C., Neyrinck, S., Jacquemyn, H., & Brys, R. (2023). The American bullfrog exposed: 584 

Distribution, invasion fronts, and spatial configuration of invasion hubs revealed by eDNA-based monitoring and 585 
environmental assessments. Management of Biological Invasions, 14, 201–220. 586 

Excoffier, L., Foll, M., & Petit, R. J. (2009). Genetic consequences of range expansions. Annual Review of Ecology, 587 
Evolution, and Systematics, 40, 481–501. 588 

Fagan, W. F., Lewis, M. A., Auger-Méthé, M., Avgar, T., Benhamou, S., Breed, G., … Mueller, T. (2013). Spatial 589 

memory and animal movement. Ecology Letters, 16, 1316–1329. 590 

Ferraro, K. M., Leroux, S. J., Bradford, M. A., Schmitz, O. J., & Vander Wal, E. (2025). Zoogeochemical niche 591 

construction: How animal-mediated biogeochemistry affects evolution. Trends in Ecology & Evolution, 40, 995-592 

1009, 593 

Fraser, E. J., Lambin, X., Travis, J. M. J., Harrington, L. A., Palmer, S. C. F., Bocedi, G., & Macdonald, D. W. 594 
(2015). Range expansion of an invasive species through a heterogeneous landscape: The case of American mink 595 

in Scotland. Diversity and Distributions, 21, 888–900. 596 

Fricker, R., & Olden, J. D. (2023). Technological innovations enhance invasive species management in the 597 

Anthropocene. BioScience, 73, 261–279. 598 

García-Gómez, J. C., Garrigós, M., & Garrigós, J. (2021). Plastic as a vector of dispersion for marine species with 599 

invasive potential: A review. Frontiers in Ecology and Evolution, 9, 629756. 600 

Gervazoni, P., Minuti, G., Fuentes-Rodriguez, D., Coetzee, J., Sosa, A., Sabater, L., & Franceschini, C. (2023). 601 

Citizen science improves the known and potential distribution of a strong wetland invader: Implications for niche 602 
modeling and invasion management. Environmental Management, 71, 1176–1187. 603 

Giometto, A., Rinaldo, A., Carrara, F., & Altermatt, F. (2014). Emerging predictable features of replicated 604 

biological invasion fronts. Proceedings of the National Academy of Sciences of the United States of America, 605 

111, 297–301. 606 

Gonçalves, D., Sousa, R., Souza-Kasprzyk, J., Niedzielski, P., Teixeira, A., & Padilha, J. A. G. (2025). Differential 607 

elemental accumulation of the signal crayfish (Pacifastacus leniusculus) along an invasion gradient. NeoBiota, 608 
102, 37–62. 609 

Gränzig, T., Clasen, A., Fassnacht, F. E., Cord, A., & Förster, M. (2023). Combining remote sensing, habitat 610 

suitability models and cellular automata to model the spread of the invasive shrub Ulex europaeus. Biological 611 

Invasions, 25, 3711–3736. 612 

Grayson, K. L., & Johnson, D. M. (2018). Novel insights on population and range edge dynamics using an 613 

unparalleled spatiotemporal record of species invasion. Journal of Animal Ecology, 87, 581–593. 614 

Green, S. J., & Grosholz, E. D. (2020). Functional eradication as a framework for invasive species control. Frontiers 615 
in Ecology and the Environment, 19, 98–107. 616 

Groen, M., Sopinka, N. M., Marentette, J. R., Reddon, A. R., Brownscombe, J. W., Fox, M. G., … Balshine, S. 617 
(2012). Is there a role for aggression in round goby invasion fronts? Behaviour, 149, 685–703. 618 



20 

Groen, M., Sopinka, N. M., Marentette, J. R., Reddon, A. R., Brownscombe, J. W., Fox, M. G., … Balshine, S. 619 

(2012). Is there a role for aggression in round goby invasion fronts? Behaviour, 149, 685–703. 620 

Gutowsky, L. F. G., & Fox, M. G. (2012). Intra-population variability of life-history traits and growth during range 621 

expansion of the invasive round goby, Neogobius melanostomus. Fisheries Management and Ecology, 19, 78–622 
88. 623 

Hastings, A., Cuddington, K., Davies, K. F., Dugaw, C. J., Elmendorf, S., Freestone, A., … Thomson, D. (2005). 624 

The spatial spread of invasions: New developments in theory and evidence. Ecology Letters, 8, 91–101. 625 

Haubrock, P. J., Everts, T., Abreo, N. A. S., Bojko, J., Deklerck, V., Dickey, J. W. E., Franco, A. C. S., García-626 

Berthou, E., Katsanevakis, S., Kirichenko, N. I., Mammola, S., Nuñez, M. A., Parker, B., Scalera, R., Soto, I., 627 

Strubbe, D., Tarkan, A. S., Vilizzi, L., Adriaens, T., … Britton, J. R. (2025a). The impacts of biological 628 
invasions. Biological Reviews. Advance online publication. 629 

Haubrock, P. J., Soto, I., Ahmed, D. A., Ansari, A. R., Tarkan, A. S., Kurtul, I., Macêdo, R. L., Lázaro-Lobo, A., 630 

Toutain, M., Parker, B., Błońska, D., Guareschi, S., Cano-Barbacil, C., Dominguez Almela, V., Andreou, D., 631 

Moyano, J., Akalın, S., Kaya, C., Bayçelebi, E., … Cuthbert, R. N. (2024). Biological invasions are a 632 

population-level rather than a species-level phenomenon. Global Change Biology, 30, e17312. 633 

Haubrock, P. J., Tarkan, A. S., Martín-Forés, I., Katsanevakis, S., Sousa, R., Soto, I., Green, A. J., Kouba, A., 634 
Everts, T., Dominguez Almela, V., Belouard, N., Hui, C., Bojko, J., Deklerck, V., Boeraeve, M., Essl, F., & 635 

Britton, J. R. (2025b). The spread of non-native species. Biological Reviews. Advance online publication. 636 

Heavener, S. J., Carthey, A. J. R., & Banks, P. B. (2014). Competitive naïveté between a highly successful invader 637 

and a functionally similar native species. Oecologia, 175, 73–84. 638 

Hengeveld, R. (1989). Dynamics of biological invasions. Chapman & Hall. 639 

Hessenauer, P., Fijarczyk, A., Martin, H., Prunier, J., Charron, G., Chapuis, J., … Landry, C. R. (2020). 640 

Hybridization and introgression drive genome evolution of Dutch elm disease pathogens. Nature Ecology & 641 

Evolution, 4, 626–638. 642 

Holway, D. A., & Suarez, A. V. (1999). Animal behavior: An essential component of invasion biology. Trends in 643 
Ecology & Evolution, 14, 328–330. 644 

Huang, F., Peng, S., Chen, B., Liao, H., Huang, Q., Lin, Z., & Liu, G. (2015). Rapid evolution of dispersal-related 645 

traits during range expansion of an invasive vine Mikania micrantha. Oikos, 124, 1023–1030. 646 

Hudina, S., Žganec, K., & Hock, K. (2015). Differences in aggressive behaviour along the expanding range of an 647 

invasive crayfish: An important component of invasion dynamics. Biological Invasions, 17, 3101–3112. 648 

Hudina, S., Žganec, K., & Hock, K. (2015). Differences in aggressive behaviour along the expanding range of an 649 

invasive crayfish: An important component of invasion dynamics. Biological Invasions, 17, 3101–3112. 650 

Hudson, C. M., McCurry, M. R., Lundgren, P., McHenry, C. R., & Shine, R. (2016). Constructing an invasion 651 

machine: The rapid evolution of a dispersal-enhancing phenotype during the cane toad invasion of Australia. 652 
PLOS ONE, 11, e0156950. 653 



21 

Hudson, C. M., McCurry, M. R., Lundgren, P., McHenry, C. R., & Shine, R. (2016). Constructing an invasion 654 

machine: The rapid evolution of a dispersal-enhancing phenotype during the cane toad invasion of Australia. 655 
PLOS ONE, 11, e0156950. 656 

Hudson, C. M., Phillips, B. L., Brown, G. P., & Shine, R. (2015). Virgins in the vanguard: Low reproductive 657 
frequency in invasion-front cane toads. Biological Journal of the Linnean Society, 116, 743–747. 658 

Hui, C. (2023). The dos and don’ts for predicting invasion dynamics with species distribution models. Biological 659 

Invasions, 25, 947–953. 660 

Hui, C., & Richardson, D. M. (2017). Invasion dynamics. Oxford University Press. 661 

Hulme, P. E., Baker, R., Freckleton, R., Hails, R. S., Hartley, M., Harwood, J., Marion, G., Smith, G. C., & 662 

Williamson, M. (2020). The Epidemiological Framework for Biological Invasions (EFBI): An interdisciplinary 663 

foundation for the assessment of biosecurity threats. NeoBiota, 62, 161-192 664 

Jones, P. E., Tummers, J. S., Galib, S. M., Woodford, D. J., Hume, J. B., Silva, L. G., … Lucas, M. C. (2021). The 665 
use of barriers to limit the spread of aquatic invasive animal species: A global review. Frontiers in Ecology and 666 

Evolution, 9, 611631. 667 

Keitt, T. H., Lewis, M. A., & Holt, R. D. (2001). Allee effects, invasion pinning, and species’ borders. The 668 

American Naturalist, 157, 203–216. 669 

Keitt, T. H., Lewis, M. A., & Holt, R. D. (2001). Allee effects, invasion pinning, and species’ borders. The 670 

American Naturalist, 157, 203–216. 671 

Keller, R. P., Lodge, D. M., & Finnoff, D. C. (2007). Risk assessment for invasive species produces net 672 

bioeconomic benefits. Proceedings of the National Academy of Sciences of the United States of America, 104, 673 
203–207. 674 

Klopfstein, S., Currat, M., & Excoffier, L. (2006). The fate of mutations surfing on the wave of a range expansion. 675 

Molecular Biology and Evolution, 23, 482–490. 676 

Kołodziejczyk, J., Fijarczyk, A., Porth, I. L., Robakowski, P., Vella, N., Vella, A., Kloch, A., & Biedrzycka, A. 677 

(2025). Genomic investigations of successful invasions: The picture emerging from recent studies. Biological 678 

Reviews, 100, 1396–1418. 679 

Kot, M., Lewis, M. A., & van den Driessche, P. (1996). Dispersal data and the spread of invading organisms. 680 
Ecology, 77, 2027–2042. 681 

Kubisch, A., Holt, R. D., Poethke, H. J., & Fronhofer, E. A. (2014). Where am I and why? Synthesizing range 682 
biology and the eco-evolutionary dynamics of dispersal. Oikos, 123, 5–22. 683 

Laparie, M., Renault, D., Lebouvier, M., & Delattre, T. (2013). Is dispersal promoted at the invasion front? 684 

Morphological analysis of a ground beetle invading the Kerguelen Islands, Merizodus soledadinus (Coleoptera, 685 

Carabidae). Biological Invasions, 15, 1641–1648. 686 

Le Roux, J. J., Hui, C., Keet, J. H., & Ellis, A. G. (2017). Co-introduction vs. ecological fitting as pathways to the 687 

establishment of effective mutualisms during biological invasions. New Phytologist, 215, 1354–1360. 688 



22 

Leprieur, F., Beauchard, O., Blanchet, S., Oberdorff, T., & Brosse, S. (2008). Fish invasions in the world’s river 689 

systems: When natural processes are blurred by human activities. PLOS Biology, 6, e28. 690 

Lewis, M. A., & Kareiva, P. (1993). Allee dynamics and the spread of invading organisms. Theoretical Population 691 

Biology, 43, 141–158. 692 

Liebhold, A. M., Brockerhoff, E. G., Garrett, L. J., Parke, J. L., & Britton, K. O. (2012). Live plant imports: The 693 
major pathway for forest insect and pathogen invasions of the United States. Frontiers in Ecology and the 694 

Environment, 10, 135–143. 695 

Liebhold, A. M., Keitt, T. H., Goel, N., & Bertelsmeier, C. (2020). Scale invariance in the spatial dynamics of 696 

biological invasions. NeoBiota, 62, 269–277. 697 

Liu, R. L., Yang, Y. B., Lee, B. R., Liu, G., Zhang, W. G., Chen, X. Y., Song, X. J., Kang, J. Q., & Zhu, Z. H. 698 

(2021). The dispersal-related traits of an invasive plant Galinsoga quadriradiata correlate with elevation during 699 
range expansion into mountain ranges. AoB Plants, 13, plab008. 700 

Lopes, M., Crespo, D., Costa, V., Rainha, P., Sousa, A. I., & Lillebø, A. I. (2025). Effects of the native–701 

invasive/alien substitution of ecosystem engineers on sediment reworking and nutrient cycling. Frontiers in 702 

Marine Science, 12, 1641983. 703 

Lopez, D. P., Jungman, A. A., & Rehage, J. S. (2012). Nonnative African jewelfish are more fit but not bolder at the 704 

invasion front: A trait comparison across an Everglades range expansion. Biological Invasions, 14, 2159–2174. 705 

Luo, X., Xu, X., Zheng, Y., Guo, H., & Hu, S. (2019). The role of phenotypic plasticity and rapid adaptation in 706 

determining invasion success of Plantago virginica. Biological Invasions, 21, 2679–2692. 707 

Marentette, J. R., Wang, G., Tong, S., Sopinka, N. M., Taves, M. D., Koops, M. A., & Balshine, S. (2011). 708 
Laboratory and field evidence of sex-biased movement in the invasive round goby. Behavioral Ecology and 709 

Sociobiology, 65, 2239–2249. 710 

McRae, B. H., & Beier, P. (2007). Circuit theory predicts gene flow in plant and animal populations. Proceedings of 711 

the National Academy of Sciences of the United States of America, 104, 19885–19890. 712 

https://doi.org/10.1073/pnas.0706568104 713 

Meira, A., Carvalho, F., Castro, P., & Sousa, R. (2024). Applications of biosensors to overcome monitoring 714 
challenges in freshwater invasive species. NeoBiota, 96, 211–236. 715 

Michie, C., Lundquist, C. J., Lavery, S. D., & Della Penna, A. (2024). Spatial and temporal variation in the predicted 716 

dispersal of marine larvae around coastal Aotearoa New Zealand. Frontiers in Marine Science, 10, 1292081. 717 

Mineur, F., Davies, A. J., Maggs, C. A., Verlaque, M., & Johnson, M. P. (2010). Fronts, jumps and secondary 718 

introductions suggested as different invasion patterns in marine species, with an increase in spread rates over 719 

time. Proceedings of the Royal Society B: Biological Sciences, 277, 2693–2701. 720 

Morel-Journel, T., Haond, M., Dunan, L., Mailleret, L., & Vercken, E. (2023). Colonisation debt: When invasion 721 

history impacts current range expansion. Peer Community Journal, 3. 722 

Morel-Journel, T., Haond, M., Lamy, L., Muru, D., Roques, L., Mailleret, L., & Vercken, E. (2022). When 723 
expansion stalls: An extension to the concept of range pinning in ecology. Ecography, 2022(2). 724 



23 

Myles-Gonzalez, E., Burness, G., Yavno, S., Rooke, A., & Fox, M. G. (2015). To boldly go where no goby has gone 725 

before: Boldness, dispersal tendency, and metabolism at the invasion front. Behavioral Ecology, 26, 1083–1090. 726 

O’Loughlin, L. S., & Green, P. T. (2017). Secondary invasion: When invasion success is contingent on other 727 

invaders altering the properties of recipient ecosystems. Ecology and Evolution, 7, 7628–7637. 728 

Ochocki, B. M., & Miller, T. E. (2017). Rapid evolution of dispersal ability makes biological invasions faster and 729 
more variable. Nature Communications, 8, 14315. 730 

Okubo, A., & Levin, S. A. (2002). Diffusion and ecological problems: Modern perspectives (Vol. 14). Springer. 731 

Osawa, T., Mitsuhashi, H., & Niwa, H. (2013). Many alien invasive plants disperse against the direction of stream 732 

flow in riparian areas. Ecological Complexity, 15, 26–32. 733 

Pannell, J. L., Duncan, R. P., & Hulme, P. E. (2019). Transplant experiments predict potential future spread of alien 734 

succulents along an elevation gradient. Biological Invasions, 21, 2357–2372. 735 

Parker, I. M., Simberloff, D., Lonsdale, W. M., Goodell, K., Wonham, M., Kareiva, P. M., Williamson, M. H., Von 736 

Holle, B., Moyle, P. B., Byers, J. E., & Goldwasser, L. (1999). Impact: Toward a framework for understanding 737 

the ecological effects of invaders. Biological Invasions, 1, 3–19. 738 

Peischl, S., & Excoffier, L. (2016). Expansion load: Recessive mutations and the role of standing genetic variation. 739 
In Invasion genetics: The Baker and Stebbins legacy (pp. 218–231). 740 

Peischl, S., Dupanloup, I., Kirkpatrick, M., & Excoffier, L. (2013). On the accumulation of deleterious mutations 741 

during range expansions. Molecular Ecology, 22, 5972–5982. 742 

Peischl, S., Dupanloup, I., Kirkpatrick, M., & Excoffier, L. (2013). On the accumulation of deleterious mutations 743 

during range expansions. Molecular Ecology, 22, 5972–5982. 744 

Pepin, K. M., Wolfson, D. W., Miller, R. S., Tabak, M. A., Snow, N. P., VerCauteren, K. C., & Davis, A. J. (2019). 745 

Accounting for heterogeneous invasion rates reveals management impacts on the spatial expansion of an 746 
invasive species. Ecosphere, 10, e02657. 747 

Phillips, B. L., Brown, G. P., Travis, J. M. J., & Shine, R. (2008). Reid’s paradox revisited: The evolution of 748 
dispersal kernels during range expansion. The American Naturalist, 172, S34–S48. 749 

Phillips, B. L., Brown, G. P., Webb, J. K., & Shine, R. (2006). Invasion and the evolution of speed in toads. Nature, 750 

439, 803. 751 

Pringle, J. M., Blakeslee, A. M. H., Byers, J. E., & Roman, J. (2011). Asymmetric dispersal allows an upstream 752 

region to control population structure throughout a species’ range. Proceedings of the National Academy of 753 

Sciences of the United States of America, 108, 15288–15293. 754 

Qiao, H., Liu, W., Zhang, Y., Zhang, Y. Y., & Li, Q. Q. (2019). Genetic admixture accelerates invasion via 755 
provisioning rapid adaptive evolution. Molecular Ecology, 28, 4012–4027. 756 

Radomski, T. (2025). The ecology of geographic range limits. Biological Reviews. 757 



24 

Raffard, A., Bestion, E., Cote, J., Haegeman, B., Schtickzelle, N., & Jacob, S. (2022). Dispersal syndromes can link 758 

intraspecific trait variability and meta-ecosystem functioning. Trends in Ecology & Evolution, 37, 322–331. 759 

Réale, D., Garant, D., Humphries, M. M., Bergeron, P., Careau, V., & Montiglio, P. O. (2010). Personality and the 760 

emergence of the pace-of-life syndrome concept at the population level. Philosophical Transactions of the Royal 761 
Society B: Biological Sciences, 365, 4051–4063. 762 

Rebrina, F., Skejo, J., Lucić, A., & Hudina, S. (2015). Trait variability of the signal crayfish (Pacifastacus 763 

leniusculus) in a recently invaded region reflects potential benefits and trade-offs during dispersal. Aquatic 764 

Invasions, 10, 41-50. 765 

Roy, H. E., Lawson Handley, L. J., Schönrogge, K., Poland, R. L., & Purse, B. V. (2011). Can the enemy release 766 

hypothesis explain the success of invasive alien predators and parasitoids? BioControl, 56, 451–468. 767 

Rubenson, E. S., & Olden, J. D. (2017). Dynamism in the upstream invasion edge of a freshwater fish exposes range 768 
boundary constraints. Oecologia, 184, 453–467. 769 

Schlägel, U. E., Signer, J., Herde, A., Eden, S., Jeltsch, F., Eccard, J. A., & Dammhahn, M. (2019). Estimating 770 

interactions between individuals from concurrent animal movements. Methods in Ecology and Evolution, 10, 771 

1234–1245. 772 

Sexton, J. P., McIntyre, P. J., Angert, A. L., & Rice, K. J. (2009). Evolution and ecology of species range limits. 773 

Annual Review of Ecology, Evolution, and Systematics, 40, 415–436. 774 

Sharov, A. A., Leonard, D., Liebhold, A. M., Roberts, E. A., & Dickerson, W. (2002). “Slow the spread”: A national 775 

program to contain the gypsy moth. Journal of Forestry, 100, 30–36. 776 

Sherpa, S., Renaud, J., Guéguen, M., Besnard, G., Mouyon, L., Rey, D., & Després, L. (2020). Landscape does 777 
matter: Disentangling founder effects from natural and human-aided post-introduction dispersal during an 778 

ongoing biological invasion. Journal of Animal Ecology, 89, 2027–2042. 779 

Shigesada, N., & Kawasaki, K. (1997). Biological invasions: Theory and practice. Oxford University Press. 780 

Shigesada, N., & Kawasaki, K. (2002). Invasion and the range expansion of species: Effects of long-distance 781 

dispersal. In J. Bullock, R. Kenward, & S. Hails (Eds.), Dispersal ecology (pp. 350–373). Blackwell Science. 782 

Shine, R. (2010). The ecological impact of invasive cane toads (Bufo marinus) in Australia. The Quarterly Review 783 

of Biology, 85, 253–291. 784 

Shine, R., Brown, G. P., & Phillips, B. L. (2011). An evolutionary process that assembles phenotypes through space 785 

rather than through time. Proceedings of the National Academy of Sciences of the United States of America, 786 
108, 5708–5711. 787 

Sih, A., Cote, J., Evans, M., Fogarty, S., & Pruitt, J. (2012). Ecological implications of behavioural syndromes. 788 

Ecology Letters, 15, 278–289. 789 

Simberloff, D. (2020). Maintenance management and eradication of established aquatic invaders. Hydrobiologia, 790 

848, 2399–2420. 791 

Skellam, J. G. (1951). Random dispersal in theoretical populations. Biometrika, 38, 196–218. 792 



25 

Skellam, J. G. (1951). Random dispersal in theoretical populations. Biometrika, 38, 196–218. 793 

Slatkin, M., & Excoffier, L. (2012). Serial founder effects during range expansion: A spatial analog of genetic drift. 794 

Genetics, 191, 171–181. 795 

Soto, I., Balzani, P., Carneiro, L., Cuthbert, R. N., Macêdo, R., Tarkan, A. S., Ahmed, D. A., Bang, A., Bacela-796 

Spychalska, K., Bailey, S. A., Baudry, T., Ballesteros-Mejia, L., Bortolus, A., Briski, E., Britton, J. R., Buřič, 797 
M., Camacho-Cervantes, M., Cano-Barbacil, C., Copilaș-Ciocianu, D., … Haubrock, P. J. (2024). Taming the 798 

terminological tempest in invasion science. Biological Reviews, 99, 1357–1390. 799 

Sousa, R., Nogueira, J. G., & Padilha, J. (2024). Moving from the species to the population level in biological 800 

invasions. Global Change Biology, 30, e17396. 801 

Srivastava, V., Lafond, V., & Griess, V. C. (2019). Species distribution models (SDM): Applications, benefits and 802 

challenges in invasive species management. CABI Reviews, 1–13. 803 

Stewart, A. J., Bantock, T. M., Beckmann, B. C., Botham, M. S., Hubble, D., & Roy, D. B. (2015). The role of 804 
ecological interactions in determining species ranges and range changes. Biological Journal of the Linnean 805 

Society, 115, 647–663. 806 

Stewart, P. S., Hill, R. A., Stephens, P. A., Whittingham, M. J., & Dawson, W. (2021). Impacts of invasive plants on 807 

animal behaviour. Ecology Letters, 24, 891–907. 808 

Strayer, D. L., D’Antonio, C. M., Essl, F., Fowler, M. S., Geist, J., Hilt, S., … Jeschke, J. M. (2017). Boom–bust 809 

dynamics in biological invasions: Towards an improved application of the concept. Ecology Letters, 20, 1337–810 

1350. 811 

Szűcs, M., Vahsen, M. L., Melbourne, B. A., Hoover, C., Weiss-Lehman, C., & Hufbauer, R. A. (2017). Rapid 812 
adaptive evolution in novel environments acts as an architect of population range expansion. Proceedings of the 813 

National Academy of Sciences of the United States of America, 114, 13501–13506. 814 

Tabassum, S., & Leishman, M. R. (2018). Have your cake and eat it too: Greater dispersal ability and faster 815 

germination towards range edges of an invasive plant species in eastern Australia. Biological Invasions, 20, 816 

1199–1210. 817 

Tabassum, S., & Leishman, M. R. (2019). It doesn’t take two to tango: Increased capacity for self-fertilization 818 
towards range edges of two coastal invasive plant species in eastern Australia. Biological Invasions, 21, 2489–819 

2501. 820 

Tarkan, A. S., Karakuş, U., Top-Karakuş, N., Keskin, E., Ünal, E. M., & Britton, J. R. (2021). Invasion of 821 

pumpkinseed Lepomis gibbosus is facilitated by phenotypic plasticity across its invasion gradient. Biological 822 

Invasions, 23, 3201–3214. 823 

Thorlacius, M., Hellström, G., & Brodin, T. (2015). Behavioral-dependent dispersal in the invasive round goby 824 
Neogobius melanostomus depends on population age. Current Zoology, 61, 529–542. 825 

Tingley, R., Phillips, B. L., Letnic, M., Brown, G. P., Shine, R., & Baird, S. J. E. (2012). Identifying optimal barriers 826 
to halt the invasion of cane toads Rhinella marina in arid Australia. Journal of Applied Ecology, 50, 129–137. 827 



26 

Tobin, P. C., Berec, L., & Liebhold, A. M. (2011). Exploiting Allee effects for managing biological invasions. 828 

Ecology Letters, 14, 615–624. 829 

Urban, M. C., Phillips, B. L., Skelly, D. K., & Shine, R. (2008). A toad more traveled: The heterogeneous invasion 830 

dynamics of cane toads in Australia. The American Naturalist, 171, 319–331. https://doi.org/10.1086/527494 831 

Urban, M. C., Phillips, B. L., Skelly, D. K., & Shine, R. (2008). A toad more traveled: The heterogeneous invasion 832 
dynamics of cane toads in Australia. The American Naturalist, 171, E134–E148. 833 

van Kleunen, M., Weber, E., & Fischer, M. (2010). A meta-analysis of trait differences between invasive and non-834 

invasive plant species. Ecology Letters, 13, 235–245. 835 

Van Petegem, K. H. P., Boeye, J., Stoks, R., & Bonte, D. (2016). Spatial selection and local adaptation jointly shape 836 

life-history evolution during range expansion. The American Naturalist, 188, 485–498. 837 

Verzuh, T. L., Monteith, K. L., LaSharr, T. N., Wallace, C. F., Smiley, R. A., Wagler, B. L., … Merkle, J. A. 838 

(2025). Beyond habitat: Memory versus environment in shaping animal space use. Ecology Letters, 28, e70233. 839 

Vimercati, G., Davies, S. J., Hui, C., & Measey, J. (2017). Does restricted access limit management of invasive 840 

urban frogs? Biological Invasions, 19, 3659–3674. 841 

Wong, B. B. M., & Candolin, U. (2015). Behavioral responses to changing environments. Behavioral Ecology, 26, 842 
665–673. 843 

Wood, C. M., Günther, F., Rex, A., et al. (2024). Real-time acoustic monitoring facilitates the proactive 844 

management of biological invasions. Biological Invasions, 26, 3989–3996. 845 

Zeng, M., Li, M., Fei, Z., Wu, F. X., Li, Y., Pan, Y., & Wang, J. (2021). A deep learning framework for identifying 846 

essential proteins by integrating multiple types of biological information. IEEE/ACM Transactions on 847 

Computational Biology and Bioinformatics, 18, 296–305. https://doi.org/10.1109/TCBB.2019.2897679 848 

Zhao, Z., Hui, C., Plant, R. E., Su, M., Papadopoulos, N. T., Carpenter, T. E., … Carey, J. R. (2019). The failure of 849 
success: Cyclic recurrences of a globally invasive pest. Ecological Applications, 29, e01991. 850 


