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ABSTRACT  8 

Climate change and biological invasions have increased the likelihood of the establishment, 9 

growth, spread and survival of some species. With the recent and strongly motivated call for 10 

balanced consideration of the ecology and conservation of common and rare species, species 11 

undergoing range expansion are of particular interest. The notion of essential biodiversity 12 

variables has also re-focussed attention on the value of abundance and occupancy 13 

observations for assessing conservation values, threats and targets – species rare or common, 14 

contracting or expanding. Changes in the distribution and abundance of common and range 15 

expanding species deserve further attention, not only to better understand their dynamics, but 16 

also as the basis for monitoring range expansions and their consequences. With the aim of 17 

characterising range expansion, here we combine perspectives from typological approaches 18 

to studying species conservation status with perspectives from spread ecology and 19 

macroecology. Closer examination of the properties and dynamics of common species is 20 

important not only because declines in their conservation status are underappreciated, but 21 

also because those species becoming more common have significant implications for 22 

biodiversity, ecosystems and society. 23 

 24 
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INTRODUCTION 33 

Conservation biogeography concerns the conservation-relevant dynamics of species 34 

distributions. Its central aim is to better describe, explain and predict these dynamics (Ladle 35 

& Whittaker, 2011). Species ranges are characteristically dynamic over their evolutionary 36 

lifespans, with sequential periods of contraction and expansion (taxon cycles) that are weakly 37 

conserved phylogenetically (Ricklefs, 2015). Range changes can happen rapidly, the time 38 

period over which species are widespread tends to be brief, and species with larger ranges 39 

tend to have lower speciation rates and lower extinction probabilities (Gaston, 1998; Roy et 40 

al., 2009). However, contemporary species distributions are changing at rates that are 41 

considered to be greater on average than historical rates (Chen et al., 2011). This has been 42 

brought on by the rapid rate of contemporary habitat loss, climate change and human-43 

facilitated transport of species. The changes in range location occurring across species are in 44 

some instances also more strongly directional than predicted by natural variation in species 45 

ranges; made so by species tracking clines in rapid temperature change as well as movement 46 

along clear pathways of human trade and transport (Hulme, 2009; Hiddink et al., 2015). 47 

These comparatively rapid changes have narrowed the gap between the study of population 48 

dynamics in ecology, and the dynamics of species ranges that has more commonly been the 49 

purvey of biogeography and  macroecology (Gaston, 2008; Roy et al., 2009; although see 50 

Hengeveld, 1989).  51 

Species distribution, measured as presence-absence records, and often collated as 52 

occupancy or range maps, is one of the two essential variables for quantifying the 53 

conservation status of species, along with measures of abundance or population size (Gaston, 54 

1998). Well known and widely adopted schemes for classifying and grading rarity 55 

(Rabinowitz, 1981) and for evaluating extinction risk (IUCN Red List, Mace et al., 2008) rely 56 

on these measures to track the dynamics of species threatened by multiple drivers of 57 
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biodiversity loss (Channell & Lomolino, 2000). These schemes are most often applied to rare 58 

species and those undergoing declines in range and abundance, but have recently also been 59 

applied to common species and those with improving conservation status (Godet et al., 2015). 60 

Although there are comparatively few widespread and abundant species in nature (Gaston 61 

2011), there are several reasons why attention to the value of common species has grown 62 

(Gaston, 2010; Connolly et al., 2014). Common species are important to the structure and 63 

function of assemblages and ecosystems and many, once common species, are now declining 64 

(e.g. Evans et al., 2005; Inger et al., 2015). Whether the starting condition is common or rare, 65 

species undergoing range and abundance decline have been the main focus of conservation 66 

attention.  67 

The opposite condition is also of significant evolutionary and biogeographic interest, 68 

that is species increasing in geographic range (and population size), or becoming more 69 

common. Although many species are in decline, a subset of species is becoming more 70 

common, or more common in certain locations, and is undergoing some form of range 71 

expansion (Godet et al., 2015; Hiddink et al., 2015; Inger et al., 2015). Three reasons 72 

predominantly account for why some species are becoming more common. First, in a few 73 

cases species conservation status is improving as a result of successful management 74 

interventions to avoid their extinction (Neel et al., 2012). This may include positive responses 75 

by species to indirect actions such as habitat restoration, but also as a result of direct 76 

interventions such as breeding programs or assisted dispersal (e.g. Willis et al., 2009). 77 

Second, some populations and species are responding positively to climate change-driven 78 

increases in temperature at higher latitudes and elevations (Wilson et al., 2005; Hiddink et 79 

al., 2015). Although range contractions are prevalent, range expansions are also taking place 80 

in some cases (Slaton, 2015). There is a steady increase in evidence for species expanding 81 

along at least one range margin in response to climate change, accompanied by variable 82 
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responses in overall range size, abundance and direction of the shift (Mair et al., 2012; 83 

Hiddink et al., 2015; Lenoir & Svenning, 2015). Third, species can reach novel localities 84 

through human agency. Direct introduction of species outside of their native ranges (Wilson 85 

et al., 2009) can be followed by the establishment and spread of these species and the 86 

establishment of novel ranges (Lockwood et al., 2013). Species can also reach novel 87 

localities and increase their abundance within their historical extent of occurrence, for 88 

example due to increased disturbance (Carey et al., 2012). Broadly defined, range expansion 89 

is set to continue into the foreseeable future as range margins expand in response to warming, 90 

and as species continue to spread as a consequence of human-mediated introductions and 91 

increasingly homogenous habitats (Bellard et al., 2013).  92 

Observing range expanding and common species is important for understanding the 93 

homogenisation and diversification of biota (Godet et al., 2015), as well as the significant 94 

impact that common species have on spatial variation in biodiversity and on ecosystem 95 

function (Evans et al., 2005; Sizling et al., 2009). Moreover, invasive and pest species have 96 

significant negative socio-economic impacts (Xu et al., 2006; Scalera, 2010). However, while 97 

there is a well-developed literature on the dynamics of abundance-range relationships and its 98 

application to understanding and monitoring the dynamics of rare species, the same is less 99 

true for common ones (Gaston, 2011). Unlike the systematic evaluation and monitoring 100 

process in place for prioritizing and tracking the status of threatened species at multiple 101 

spatial scales (Mace et al., 2008), no such process is currently in place for range expanding 102 

species or those species becoming more common (Blackburn et al., 2014) (although the 103 

IUCN Red List does track improvements in conservation status). The variables and metrics 104 

for standardised tracking of range expanding species necessary to underpin a robust 105 

observation system have not been fully developed or adopted (Foden et al., 2013; Blackburn 106 

et al., 2014).  107 
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Here we discuss and combine complementary approaches to studying common 108 

species and range expansions. We include in our definition of range expansion any species 109 

with at least one range margin expanding via leading-edge, jump, extreme long-distance or 110 

mass (multiple source) dispersal (sensu Wilson et al., 2009). In this sense we are concerned 111 

with contemporary expansion by species into novel geographic areas. First we build upon 112 

previous work on rarity to propose a typology of commonness applicable to species reaching 113 

new areas, and identify seven forms of common. We then briefly outline some of the key 114 

insights on range expansion trajectories from the field of spread ecology and from the 115 

macroecological relationship between abundance and distribution. We simulate range 116 

expanding species with different dispersal strategies and show (1) how these perspectives can 117 

be combined and integrated to quantify, understand and predict the dynamics of species that 118 

are becoming more common, and (2) to better understand the multiple ways in which species 119 

may expand their ranges. This integration achieves a synthesis of typological and continuous 120 

approaches to conceptualising and quantifying commonness and range expansion. Our 121 

intention is to start to reconcile the ongoing use and call for pragmatic approaches to inform 122 

species management (in the form of lists, categories and classification schemes, e.g. Mace et 123 

al., 2008; Essl et al., 2011; Gillson et al., 2013; Blackburn et al., 2014) with the insights 124 

provided by the theory of geographic ranges and current understanding of range expansion 125 

processes (Gaston, 2003; Hastings et al., 2005; Arim et al., 2006; Lenoir & Svenning, 2015). 126 

 127 

SEVEN CATEGORIES OF COMMON 128 

Just like rarity, commonness is not a single condition. Rabinowitz’s (1981) influential 129 

typology clarified the concept of rarity by identifying different forms of the condition. The 130 

typology identified eight species conditions, classified by small and wide geographic range, 131 

small and large local population size and narrow and wide habitat specificity. Seven of these 132 
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conditions are considered to encompass some element of rarity. The eighth category, i.e. 133 

large ranges, high local abundance and broad habitat specificity, represents not rare, but 134 

common species.  135 

Commonness and rarity are relative notions. Therefore, species range and population 136 

size can be interpreted through the lens of a species on a trajectory towards becoming 137 

common (although they may be rare to begin with). In this way seven of Rabinowitz’s (1981) 138 

eight original types could, alternatively, each be considered a form of common (Fig. 1a). 139 

Combinations of range (occupancy) and population size (abundance) in such a typology are 140 

fundamental properties that are as valuable for understanding the ecological and conservation 141 

consequences of common species as they are for rare ones (e.g. Godet et al., 2015). For 142 

example, a large local population size means low extinction risk from stochastic population 143 

dynamics and greater likelihood that a species will undergo range expansion. An increase in 144 

the number of established populations in the novel range of a species provides greater 145 

opportunity for the rescue effect to play a role in maintaining and supplementing populations, 146 

potentially enhance the genetic heterogeneity of existing populations, and over longer time 147 

scales lead to increased species success (Havel et al., 2002; Webb et al., 2012; Chown et al., 148 

2015). Increasing novel geographic range, measured as extent of occurrence, also means 149 

increasingly independent survival likelihoods of distant populations exposed to different 150 

environmental conditions. Range expanding species therefore potentially signify double 151 

trouble (Gaston, 1999) for extant and historical characteristics of biodiversity structure and 152 

function. 153 

In the context of range expansion, or of species on a trajectory towards becoming 154 

common, time since establishment in the novel range provides a more useful third axis for 155 

classification (Fig. 1) than does habitat specificity (used in the typology for rarity 156 

(Rabinowitz, 1981)). Habitat specificity, or the relative degree of generalism versus 157 
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specialism in the resource requirements of species, is both difficult to measure objectively 158 

and to compare across a broad range of taxa (Lawton, 1993). By contrast, the concepts of 159 

‘novelty’, ‘expansion’ or ‘growth’ are inherently temporal and provide the typology for 160 

defining common with an explicitly dynamic dimension (as they would for rarity) 161 

(Hengeveld, 1992). Importantly, time also provides conceptual continuity within the typology 162 

across the domains of ecology, conservation and biogeography (Gaston & Chown, 1999; Roy 163 

et al., 2009). Using novel geographic range, local population size and time since 164 

establishment (rather than habitat specificity), seven forms of common emerge (which we 165 

term newly established, incipient, constrained, sparse, dispersed, successful and highly 166 

successful; Fig. 1a, Table 1).  167 

Examples in each of these categories of commonness are provided in Table 1 from the 168 

broad suite of alien plants and animals present in South Africa. For example, a ‘sparse’ 169 

species with small local populations, but widely distributed across a novel (alien) range after 170 

a substantial time since establishment is considered naturalized (reproducing independently in 171 

its novel range, Simberloff & Rejmánek, 2011), such as Johnson grass in South Africa (Table 172 

1). This is an alternative interpretation for the rare condition of a species with similar 173 

properties in its native range. Similarly, a locally abundant, narrowly distributed species in a 174 

recently reached novel range could be considered a potentially common or ‘incipient’ species 175 

(Fig. 1a) (Bennett et al., 2013), such as the House crow (Table 1). This is in contrast to the 176 

status of such a species as geographically restricted in its’ native range. 177 

The non-mechanistic clarification of the concept of common in this way is useful for 178 

multiple reasons. It provides a foundation for classifying and studying range expanding and 179 

common species. It draws attention to the value of occupancy and abundance as essential 180 

biodiversity variables (sensu Pereira et al., 2013) for assessing and monitoring species status 181 

regardless of their state within the typology, or of the typology itself: both common species in 182 
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decline and those becoming more common pose an increasing threat to broader biodiversity 183 

(Gaston, 2011; Blackburn et al., 2014). This clarification argues for the inclusion of all 184 

species in standard biodiversity surveys, regardless of their geographic origin (i.e. whether 185 

native or alien) or conservation status (as threatened or invasive). This is especially true for 186 

species presence-absence (occupancy) data, which is the fundamental building block for a 187 

broad range of conservation and species management objectives (Pereira et al., 2013). 188 

Finally, with further development the typology may provide a basis for prioritizing range 189 

expanding and common species for monitoring, policy and management intervention (Foden 190 

et al., 2013). Monitoring species that are recovering (e.g. from overharvesting), invasive alien 191 

species and those impacted by climate change, as well as improving the scientific basis for 192 

doing so, forms the basis of several of the Aichi Targets that underpin the Convention on 193 

Biological Diversity’s Strategic Plan for Biodiversity 2011-2020 (e.g. Targets 6, 9, 12, 19; 194 

UNEP, 2011).  195 

The categories of common are clearly not static, and can be interpreted as successive, 196 

temporary states within a range of possible trajectories towards becoming more common 197 

(Fig. 1b). There are multiple time scales and routes by which species become common, via 198 

changes in abundance, distribution and various combinations of these (Kunin & Gaston, 199 

1993). This inherent scale dependence will have to be dealt with when monitoring, assessing 200 

and comparing range expanding species, for example using scale domains and hierarchical 201 

modelling frameworks (e.g. Pearson and Dawson 2003). Spread ecology and macroecology 202 

have significantly advanced understanding of the properties and dynamics of species ranges, 203 

including their scale dependence (McGeoch & Gaston, 2002). These fields also provide 204 

approaches by which the various routes to common can be more closely examined. In the 205 

next section we provide an overview of some of the key insights from this work. We then 206 

integrate the categorical (i.e. the typology of common) and continuous approaches (range 207 
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expansion trajectories and macroecological signatures formed by their abundance-occupancy 208 

relationships) to examine range expansion and the dynamics of species on trajectories 209 

towards becoming more common. 210 

 211 

CHARACTERISING RANGE EXPANSION 212 

Trajectories to common 213 

Species distributions, abundances and their dynamics (measured as time or number of 214 

generations) are naturally continuous variables and readily modelled (Fig. 2, see Appendix S1 215 

for methods). Some of the earliest studies in invasion biology modelled population spread as 216 

the increase in distribution of species in their novel range (Elton, 1958; Hengeveld, 1989; 217 

Lockwood et al., 2013). This and later work have shown how population structure, species 218 

interactions, properties of the historical range, evolution and spatial and temporal 219 

environmental variability all play important roles in the dynamics of species spread (e.g. 220 

Roques et al., 2012; Gilbert et al., 2014). Developments in spread modelling include those 221 

related to modelling properties of the environment being colonised, and the demography and 222 

dispersal of species colonising and their interactions (Bocedi et al., 2014; Ferrari et al., 223 

2014). However, acknowledging the many mechanisms involved, questions remain about 224 

whether there are systematic differences in the shapes of dispersal functions for different taxa 225 

(Lockwood et al., 2013), or for example between established populations of alien species 226 

undergoing range expansions versus populations responding positively to climate warming 227 

(Nullmeier & Hallatschek, 2013; Lenoir & Svenning, 2015).  228 

One of the key insights from spread ecology is the distinction between three main 229 

types of dispersal. First, natural diffusion (or a travelling wave), is characterised by a 230 

Gaussian or normal dispersal kernel – such as the well-known spread of muskrats across 231 

Europe over a period of more than five decades from an initial source population in Prague 232 
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(Lockwood et al., 2013). Second, spatially discontinuous jump, or fat-tailed, dispersal 233 

includes a larger proportion of long-distance dispersal events than Gaussian dispersal, and 234 

has often been found to characterise seed dispersal (Shigesada et al., 1995; Kot et al., 1996; 235 

Nathan 2006). Third, stratified dispersal includes a combination of short and long distance 236 

events and has been used, for example, to model species with a combination of natural and 237 

human-mediated dispersal (Hengeveld, 1989; Hastings et al., 2005; Vanderploeg et al., 238 

2002). These three dispersal kernels characterise different trajectories to common that species 239 

follow, and the shapes of their expansion curves can be modelled either as changes in 240 

abundance (such as local mean population size) or distribution (measured as area of 241 

occupancy (AOO)) (Fig. 2).  242 

The trajectories characterised by these dispersal kernels have significant practical 243 

implications (Lockwood et al., 2005; Fisher, 2011). For example, long distance dispersal 244 

events play a key role in increasing rates of range expansion (Clark et al., 1999), with 245 

maximum rates of range expansion higher and accelerating for fat-tailed and stratified 246 

trajectories compared with lower, constant rates for diffusive dispersal (Fig. 2). On the other 247 

hand, natural diffusion results in a faster increase in local mean abundance, as new 248 

individuals will first colonize nearby sites. Human-mediated jump dispersal, which is at least 249 

one of the mechanisms underlying the apparent speed of biological invasions, increases the 250 

length and fatness of the tail of the dispersal kernel, or gives rise to stratified dispersal 251 

(Hastings et al., 2005). Accelerating rates of range expansion under fat-tailed or stratified 252 

dispersal kernels can thus result from natural long-distance dispersal events, human-induced 253 

independent establishment events that fall within or expand the tail of the distribution, or 254 

some combination of these (Shigesada & Kawasaki, 1997; Huttanus et al., 2011).  255 

The number and relative locations of novel populations also affects the shape of the 256 

range expansion trajectory (Fagan et al., 2002; Altwegg et al., 2013). For example, an 257 
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increase in the number of randomly distributed source populations on the outer edge of the 258 

novel range has a substantial, non-linear effect on the rate of range expansion, while keeping 259 

the local population growth mostly unchanged (resulting rather in a larger global population 260 

size) (Fig. 2). Multiple source populations and propagule pressure are considered to underpin 261 

most biological invasions, enabling faster spread and increasing invasion risk (With, 2002; 262 

Simberloff, 2009; Wilson et al., 2009; Pyšek et al., 2015).   263 

When interpreted in the context of the typology of commonness (Fig. 1), the three 264 

dispersal functions start to reveal how species might move across the typology as their ranges 265 

expand (Fig. 2a) or as their populations grow or multiply (Fig. 2b). For example, the Quagga 266 

mussel (Dreissena bugensis, Andrusov) is an invasive species that was introduced to the 267 

eastern side of Lake Erie in the U.S.A. and that in addition to shorter distance natural 268 

diffusion has been dispersed in the lake over longer distances by boat (Vanderploeg et al., 269 

2002). This species is likely to shift from a narrow to wide range category (Fig. 1b) as fast as 270 

it shifts from small to large population size, with possible fluctuations in abundance 271 

(Patterson et al., 2005). By contrast, the Marbled white butterfly (Melanargia galathea, 272 

Linnaeus) is likely to undergo a faster shift from small to large population size, rather than 273 

from a narrow to wide range category. This species underwent assisted colonization to two 274 

novel localities beyond its previous range margin in the U.K. (Willis et al., 2009). For this 275 

species, both populations followed Gaussian-like dispersal for the 6 years that were studied 276 

post introduction and establishment (Willis et al., 2009). These developments in 277 

characterising range and abundance changes of species over time have contributed 278 

significantly to effective species conservation and pest management (Mace et al., 2008; 279 

Lockwood et al., 2013).  280 

  281 

Page 12 of 43Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

13 

 

 

 

Macroecological signatures of range expansion 282 

Time series of novel range and population size changes, as outlined above, present one way 283 

of examining trajectories to commonness. However, combining information on abundance 284 

and distribution to examine the relationships between them provides the macroecological 285 

signature within which range expansion takes places (Fig. 3). The relationship between 286 

abundance and range size can be compared for different dispersal kernels to produce unique 287 

range expansion signatures (Fig. 3). The intraspecific abundance-occupancy relationship is 288 

almost universally positive (Brown, 1984; Gaston et al., 2000), and as a consequence has 289 

several implications for biodiversity measurement and management (Gaston, 1999). To 290 

parallel the double jeopardy argument (Lawton, 1993; Gaston, 1998), if there is a 291 

metapopulation dynamics-driven positive correlation between local abundance and area of 292 

occupancy, then ongoing novel introductions or population establishment events (for example 293 

human-mediated ones) will maintain and increase local population densities of existing 294 

populations. This will in turn result in ongoing increases in the number of sites occupied and 295 

trends towards commonness.  296 

Although the positive intraspecific abundance-range size relationship is ubiquitous, 297 

variation associated with the relationship can be used to represent the boundaries within 298 

which a species’ trajectory towards commonness takes place (Fig. 3).  The macroecological 299 

signatures formed by different dispersal kernels provide a basis for comparing and inferring 300 

the dynamics of range expanding species (Fig. 3). When dispersal kernels are known or 301 

estimated, they also provide a means of forecasting future patterns of range expansion. For 302 

example, under Gaussian conditions, if the grain is large enough, an increase in area of 303 

occupancy never precedes an increase in local mean population size (LMA), because the 304 

increase in LMA takes place prior to space filling in the novel range (Fig. 3, Arim et al., 305 

2006; Webb et al., 2012). Examining the abundance-range size relationship for different 306 
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dispersal kernels also shows that they have overlapping yet characteristic macroecological 307 

signatures (Fig. 3), with the signatures formed in different ways for different dispersal 308 

kernels. The signatures of Gaussian and fat-tailed kernels are particularly distinctive (Fig. 3) 309 

and suggest that interspecific comparisons of the abundance and occupancy of range 310 

expanding species may be informative. For example, the relative positions of alien species 311 

within the signature may inform risk assessment and prioritisation of species for management 312 

(Thomaz et al., 2012; Webb et al., 2012). Intraspecific comparisons of species populations in 313 

different parts of their range may provide early warning of incipient change (Veldtman et al., 314 

2010). 315 

With the necessary assumptions, modelled signatures can be used to formulate and 316 

test hypotheses for individual, or different, species expected to have particular dispersal 317 

kernels, or for species with kernels expected to vary over time or space (such as leading edge 318 

versus long-colonised populations (Channell & Lomolino, 2000; Phillips et al., 2008; Webb 319 

et al., 2012), or range expansion driven by human mediation versus natural diffusion (Bennett 320 

et al., 2013). Differences in the macroecological signatures associated with different dispersal 321 

kernels suggest that species may follow multiple routes towards becoming common. In the 322 

presence of evolutionary, dispersal or niche constraints species or populations may vary or be 323 

constrained at various points within these trajectories (e.g. Lawson et al., 2012; Nullmeier & 324 

Hallatschek, 2013). In this way different forms of commonness are not fixed (as in Fig. 1), 325 

but rather snapshots within a dynamic space bounded by measures of range, abundance, 326 

dispersal and time. These signatures are also a step towards integration of categorical and 327 

continuous approaches to characterizing the concept of common, as we will show below. 328 

  329 

Page 14 of 43Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

15 

 

 

 

INTEGRATING THE APPROACHES 330 

The different perspectives and approaches provided by the typology of commonness (Fig. 1), 331 

the trajectories to common (Fig. 2) and their macroecological signatures (Fig. 3) can be 332 

combined to better model and understand the dynamics of species range expansion (Fig. 4). 333 

We overlaid the relationship between range (AOO), population size (LMA) and time for the 334 

three dispersal kernels (Appendix S1) with the typology of commonness. The outcome shows 335 

how species with different dispersal kernels may follow different routes to becoming 336 

common (Fig. 4 b-d). For the purpose of illustration in Fig. 4, the Marbled white butterfly 337 

trajectory passes through the stage described as incipient, whereas the Quagga mussel’s 338 

position remains within the ‘newly established’ category (differentiated based only on local 339 

population size (LMA)). Note that the spatial extent is important; because the Quagga mussel 340 

has spread across the full extent of Lake Erie it may be considered ‘dispersed’ at the scale of 341 

the lake, but only ‘newly established’ when considering multiple lakes. Fig. 4 also illustrates 342 

the implications of multiple independent introductions on the relative status of a species in its 343 

novel range (Simberloff, 2009). The more source populations, the higher the chance a species 344 

will become ‘highly successful’, and will become so by being ‘dispersed’ instead of 345 

‘incipient’ (Fig. 4b-d). Long distance dispersal events and many independent introductions or 346 

range expansion events are also more likely, for example, to produce ‘highly successful’ 347 

species (Fig. 4a).  348 

 Three forms of boundaries are apparent in Fig. 4; those formed by the boundaries of 349 

the categories of common (from Fig. 1), those formed by the modelled boundaries produced 350 

by three different dispersal kernels (Figs 2 and 3), and those formed by the intersection 351 

between them (Fig. 4). Of particular interest, would be boundaries formed by empirical 352 

realisations of single species, or assemblages, expressed within this phase space for 353 

comparison with model outputs. Predicting the dynamics of species is challenging because 354 
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high quality empirical data on the temporal dynamics of species distributions is rare, and 355 

distribution data can be biased in a number of ways (Pyšek et al., 2008; Beck et al., 2014). 356 

Nonetheless, with ongoing efforts to observe, collate and map species distributions, and the 357 

explosion of novel technologies for this purpose, such data are likely to become increasingly 358 

available (Fretwell et al., 2012; Jetz et al., 2012; Berthouly-Salazar et al., 2013; Chown et al., 359 

2015).  360 

 361 

PROSPECTS 362 

The rationale for assessing and monitoring common and range expanding species is strong, as 363 

is the use of species presence-absence or occupancy data as the basic building block for doing 364 

so (Gaston, 2003; Sagarin & Gaines, 2006; McGill et al., 2015). For these species, as well as 365 

rare species and those in decline, measures of range size and distribution are essential for 366 

informing conservation responses and management practice (Fagan et al., 2002; Fisher, 2011; 367 

Lawson et al., 2012). Further theoretical and empirical attention to the dynamics of species 368 

undergoing range expansion is needed to fill something of a gap in our understanding and in 369 

the relative attention paid to these species in biodiversity monitoring, assessment and 370 

conservation biogeography. Progress in understanding the fundamental properties of the 371 

distributions of these species, as we advocate here, will benefit more parameter rich 372 

approaches that also encompass, for example, genetic, environmental and niche information 373 

(Arim et al., 2006; Marquet et al., 2014). The integration of approaches to studying range 374 

expansion provides an information intensive perspective (Michener & Jones, 2012) that 375 

complements new impact classification schemes (such as Blackburn et al., 2014), and can be 376 

used to predict and contrast the potential future dynamics of species. It draws on a suite of 377 

well-developed theory for examining the properties and relationships between range, 378 

abundance, dispersal and time. Ongoing development of the theory of range expansion will 379 
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have multiple benefits, including application in support of national and global efforts to 380 

assess and monitor biodiversity change and its implications for society.  381 

 382 

ACKNOWLEDGEMENTS 383 

This work was produced in part as a contribution to the implementation of the Group on 384 

Earth Observation Biodiversity Observation Network (GEO BON) Detailed Implementation 385 

Plan (www.earthobservations.org/geobon.shtml), MM acknowledges the support of GEO 386 

BON, a Monash University Larkins Fellowship and the Australian Research 387 

Council's Discovery Projects funding scheme (project number 150103017). We thank Steven 388 

Chown, Lee Belbin, Cang Hui and Zoe Squires for discussion and comments, and Kevin 389 

Gaston whose work on common species provided inspiration for this perspective.  390 

  391 

Page 17 of 43 Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

18 

 

 

 

REFERENCES  392 

Altwegg, R., Collingham, Y.C., Erni, B. & Huntley, B. (2013) Density-dependent dispersal 393 

and the speed of range expansions. Diversity and Distributions, 19, 60-68. 394 

Arim, M., Abades, S.R., Neill, P.E., Lima, M. & Marquet, P.A. (2006) Spread dynamics of 395 

invasive species. Proceedings of the National Academy of Sciences of the United 396 

States of America, 103, 374-378. 397 

Beck, J., Boeller, M., Erhardt, A. & Schwanghart, W. (2014) Spatial bias in the GBIF 398 

database and its effect on modeling species' geographic distributions. Ecological 399 

Informatics, 19, 10-15. 400 

Bellard, C., Thuiller, W., Leroy, B., Genovesi, P., Bakkenes, M. & Courchamp, F. (2013) 401 

Will climate change promote future invasions? Global Change Biology, 19, 3740-402 

3748. 403 

Bennett, J.R., Vellend, M., Lilley, P.L., Cornwell, W.K. & Arcese, P. (2013) Abundance, 404 

rarity and invasion debt among exotic species in a patchy ecosystem. Biological 405 

Invasions, 15, 707-716. 406 

Berthouly-Salazar, C., Hui, C., Blackburn, T.M., Gaboriaud, C., Van Rensburg, B.J., Van 407 

Vuuren, B.J. & Le Roux, J.J. (2013) Long-distance dispersal maximizes evolutionary 408 

potential during rapid geographic range expansion. Molecular Ecology, 22, 5793-409 

5804. 410 

Blackburn, T.M., Essl, F., Evans, T. et al. (2014) A unified classification of alien species 411 

based on the magnitude of their environmental impacts. PLoS Biology, 12, e1001850.   412 

Bocedi, G., Palmer, S.C.F., Pe'er, G., Heikkinen, R.K., Matsinos, Y.G., Watts, K. & Travis, 413 

J.M.J. (2014) RangeShifter: a platform for modelling spatial eco-evolutionary 414 

dynamics and species' responses to environmental changes. Methods in Ecology and 415 

Evolution, 5, 388-396. 416 

Page 18 of 43Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

19 

 

 

 

Bromilow, C. (2010) Problem plants and alien weeds of South Africa. Briza Publications, 417 

Pretoria. 418 

Brown, J.H. (1984) On the relationship between abundance and distribution of species. 419 

American Naturalist, 124, 255-279. 420 

Carey, M.P., Sanderson, B.L., Barnas, K.A., & Olden, J.D. (2012) Native invaders – 421 

challenges for science, management, policy, and society. Frontiers in Ecology and 422 

Environment 10, 373–381. 423 

Channell, R. & Lomolino, M.V. (2000) Trajectories to extinction: spatial dynamics of the 424 

contraction of geographical ranges. Journal of Biogeography, 27, 169-179. 425 

Chen, I.C., Hill, J.K., Ohlemüller, R., Roy, D.B. & Thomas, C.D. (2011) Rapid range shifts 426 

of species associated with high levels of climate warming. Science, 333, 1024-1026. 427 

Chown, S.L., Hodgins, K.A., Griffin, P.C., Oakeshott, J.G., Byrne, M. & Hoffmann, A.A. 428 

(2015) Biological invasions, climate change and genomics. Evolutionary 429 

Applications, 8, 23-46. 430 

Clark J.S., Silman M., Kern R., Macklin E. & HilleRisLambers J. (1999) Seed dispersal near 431 

and far: patterns across temperate and tropical forests. Ecology, 80, 1475-94. 432 

Connolly, S. R., MacNeil, M. A., Caley, J. et al. (2014) Commonness and rarity in the marine 433 

biosphere. Proceedings of the National Academy of Sciences of the United States of 434 

America, 111, 8524-8529. 435 

Elton, C.S. (1958) The ecology of invasions by animals and plants. Methuen, London. 436 

Essl, F., Nehring, S., Klingenstein, F., Milasowszky, N., Nowack, C. & Rabitsch, W. (2011) 437 

Review of risk assessment systems of IAS in Europe and introducing the German-438 

Austrian Black List Information System (GABLIS). Journal for Nature Conservation, 439 

19, 339-350. 440 

Page 19 of 43 Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

20 

 

 

 

Evans, K.L., Greenwood, J.J.D. & Gaston, K.J. (2005) Relative contribution of abundant and 441 

rare species to species-energy relationships. Biology Letters, 1, 87-90. 442 

Fagan, W.F., Lewis, M.A., Neubert, M.G. & van den Driessche, P. (2002) Invasion theory 443 

and biological control. Ecology Letters, 5, 148–157. 444 

Ferrari, J.R., Preisser, E.L. & Fitzpatrick, M.C. (2014) Modeling the spread of invasive 445 

species using dynamic network models. Biological Invasions, 16, 949-960. 446 

Fisher, D.O. (2011) Trajectories from extinction: where are missing mammals rediscovered? 447 

Global Ecology and Biogeography, 20, 415-425. 448 

Foden, W.B., Mace, G.M. & Butchart, S.H.M. (2013) Indicators of climate change impacts 449 

on biodiversity. Biodiversity Monitoring and Conservation, pp. 120-137. Wiley-450 

Blackwell. 451 

Fretwell, P.T., LaRue, M.A., Morin, P., Kooyman, G.L., Wienecke, B., Ratcliffe, N., Fox, 452 

A.J., Fleming, A.H., Porter, C. & Trathan, P.N. (2012) An Emperor Penguin 453 

Population Estimate: The First Global, Synoptic Survey of a Species from Space. 454 

PloS ONE, 7, e33751. 455 

Gaston, K.J. (1998) Rarity as double jeopardy. Nature 394, 229-230. 456 

Gaston, K.J. (1999) Implications of interspecific and intraspecific abundance-occupancy 457 

relationships. Oikos, 86, 195-207. 458 

Gaston, K.J. (2003) The structure and dynamics of geographic ranges. Oxford University 459 

Press, Oxford. 460 

Gaston, K.J. (2008) Biodiversity and extinction: the importance of being common. Progress 461 

in Physical Geography, 32, 73-79. 462 

Gaston, K.J. (2010) Valuing common species. Science 327, 154-155. 463 

Gaston, K. J. (2011) Common ecology. Bioscience 61, 354-362. 464 

Page 20 of 43Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

21 

 

 

 

Gaston, K.J. & Chown, S.L. (1999) Geographic range size and speciation. Evolution of 465 

Biological Diversity (ed. by A.E. Magurran and R.M. May), pp. 236-259. Oxford 466 

University Press, Oxford. 467 

Gaston, K.J., Blackburn, T.M., Greenwood, J.J.D., Gregory, R.D., Quinn, R.M. & Lawton, 468 

J.H. (2000) Abundance-occupancy relationships. Journal of Applied Ecology, 37, 39-469 

59. 470 

Geerts, S., Moodley, D., Gaertner, M., Le Roux, J.J., McGeoch, M.A., Muofhe, C., 471 

Richardson, D.M., & Wilson, J.R.U. (2013) The absence of fire can cause a lag phase: 472 

The invasion dynamics of Banksia ericifolia (Proteaceae). Austral Ecology 38, 931-473 

941. 474 

Gilbert, M. A., White, S.M., Bullock, J.M., & Gaffney, E.A. (2014) Spreading speeds for 475 

stage structured plant populations in fragmented landscapes. Journal of Theoretical 476 

Biology, 349, 135-149. 477 

Gillson, L., Dawson, T.P., Jack, S. & McGeoch, M.A. (2013) Accommodating climate 478 

change contingencies in conservation strategy. Trends in Ecology & Evolution, 28, 479 

135-142. 480 

Godet, L., Gauzere, P., Jiguet, F. & Devictor, V. (2015) Dissociating several forms of 481 

commonness in birds sheds new light on biotic homogenization. Global  Ecology and 482 

Biogeography, 24, 416-426. 483 

Hastings, A, Cuddington, K., Davies, K.F., Dugaw, C.J., Elmendorf, S., Freestone, A.,  484 

Harrison, S., Holland, M., Lambrinos, J., Malvadkar, U., Melbourne, B.A., Moore, K., 485 

Taylor, C., & Thomson, D. (2005) The spatial spread of invasions: new developments 486 

in theory and evidence. Ecology Letters, 8, 91–101 487 

Havel, J.E., Shurin, J.B. & Jones, J.R. (2002) Estimating dispersal from patterns of spread: 488 

Spatial and local control of lake invasions. Ecology, 83, 3306-3318. 489 

Page 21 of 43 Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

22 

 

 

 

Hengeveld, R. (1989) Dynamics of biological invasions. Chapman and Hall, London. 490 

Hengeveld, R. (1992) Dynamic biogeography. Cambridge University Press, Cambridge. 491 

Hiddink, J. G., Burrows, M.T., & Molinos, J.G. (2015) Temperature tracking by North Sea 492 

benthic invertebrates in response to climate change. Global Change Biology, 21, 117-493 

129. 494 

Hulme, P.E. (2009) Trade, transport and trouble: managing invasive species pathways in an 495 

era of globalization. Journal of Applied Ecology, 46, 10-18. 496 

Huttanus, T.D., Mack, R.N. & Novak, S.J. (2011) Propagule pressure and introduction 497 

pathways of Bromus tectorum (Cheatgrass; Poaceae) in the Central United States. 498 

International Journal of Plant Sciences, 172, 783-794. 499 

 Inger, R., Gregory, R., Duffy, J.P., Stott, I., Voříšek, P. & Gaston, K.J. (2015) Common 500 

European birds are declining rapidly while less abundant species' numbers are rising. 501 

Ecology Letters, 18, 28-36. 502 

Jetz, W., McPherson, J.M. & Guralnick, R.P. (2012) Integrating biodiversity distribution 503 

knowledge: toward a global map of life. Trends in Ecology and Evolution, 27, 151-9. 504 

Kot, M., Lewis, M.A. & van den Driessche, P. (1996) Dispersal data and the spread of 505 

invading organisms. Ecology, 77, 2027-2042. 506 

Kunin, W. E., & Gaston, K.J. (1993) The biology of rarity - Patterns, causes and 507 

consequences. Trends in Ecology & Evolution 8, 298-301. 508 

Ladle, R.J. & Whittaker, R.J. (2011) Conservation biogeography. Wiley-Blackwell, West 509 

Sussex. 510 

Lawson, C.R., Bennie, J.J., Thomas, C.D., Hodgson, J.A. & Wilson, R.J. (2012) Local and 511 

landscape management of an expanding range margin under climate change. Journal 512 

of Applied Ecology, 49, 552-561. 513 

Page 22 of 43Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

23 

 

 

 

Lawton, J.H. (1993) Range, population abundance and conservation. Trends in Ecology and 514 

Evolution, 8, 409-413. 515 

Lenoir, J. & Svenning, J.C. (2015) Climate-related range shifts - a global multidimensional 516 

synthesis and new research directions. Ecography, 38, 15-28. 517 

Lockwood, J.L., Cassey, P. & Blackburn, T. (2005) The role of propagule pressure in 518 

explaining species invasions. Trends in Ecology and Evolution, 20, 223-228. 519 

Lockwood, J.L, Hoopes, M.F. & Marchetti, M.P. (2013) Invasion ecology. Wiley-Blackwell, 520 

West Sussex. 521 

Mace, G.M., Collar, N.J., Gaston, K.J., Hilton-Taylor, C., Akcakaya, H.R., Leader-Williams, 522 

N., Milner-Gulland, E.J. & Stuart, S.N. (2008) Quantification of extinction risk: 523 

IUCN's system for classifying threatened species. Conservation Biology, 22, 1424-524 

1442. 525 

Mair, L., Thomas, C.D., Anderson, B.J., Fox, R., Botham, M. & Hill, J.K. (2012) Temporal 526 

variation in responses of species to four decades of climate warming. Global Change 527 

Biology, 18, 2439-2447. 528 

Marquet, P.A., Allen, A.P., Brown, J.H., Dunne, J.A., Enquist, B.J., Gillooly, J.F., Gowaty, 529 

P.A., Green, J.L., Harte, J., Hubbell, S.P., O'Dwyer, J., Okie, J.G., Ostling, A., 530 

Ritchie, M., Storch, D. & West, G.B. (2014) On theory in ecology. Bioscience, 64, 531 

701-710. 532 

McGeoch, M.A. &, Gaston, K.J. (2002) Occupancy frequency distributions: patterns, 533 

artefacts and mechanisms. Biological Reviews, 77, 311-331. 534 

McGill, B.J., Dornelas, M., Gotelli, N.J. & Magurran, A.E. (2015) Fifteen forms of 535 

biodiversity trend in the Anthropocene. Trends in Ecology & Evolution, 30, 104-113. 536 

Michener, W.K. & Jones, M.B. (2012) Ecoinformatics: supporting ecology as a data-537 

intensive science. Trends in Ecology & Evolution, 27, 85-93. 538 

Page 23 of 43 Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

24 

 

 

 

Nathan, R. (2006) Long-distance dispersal of plants. Science, 313, 786-788. 539 

Neel, M.C., Leidner, A.K., Haines, A., Goble, D.D. & Scott, J.M. (2012) By the numbers: 540 

How is recovery defined by the US Endangered Species Act? Bioscience, 62, 646-541 

657. 542 

Nullmeier, J. & Hallatschek, O. (2013) The coalescent in boundary-limited range expansions. 543 

Evolution, 67, 1307-1320. 544 

Patterson, M.W.R., Ciborowski, J.J.H. & Barton, D.R. (2005). The distribution and 545 

abundance of Dreissena species (Dreissenidae) in Lake Erie, 2002. Journal of Great 546 

Lakes Research, 31, 223-237. 547 

Pearson, R.G. & Dawson, T.P. (2003) Predicting the impacts of climate change on the 548 

distribution of species: are bioclimate envelope models useful? Global Ecology and 549 

Biogeography, 12, 361-371. 550 

Pereira, H.M., Ferrier, S., Walters, M. et al. (2013) Essential Biodiversity Variables. Science, 551 

339, 277-278. 552 

Phillips, B.L., Brown, G.P., Travis, J.M.J. & Shine, R. (2008) Reid's paradox revisited: The 553 

evolution of dispersal kernels during range expansion. American Naturalist, 172, S34-554 

S48. 555 

Picker, M. & Griffiths, C. (2011) Alien and invasive animals: A South African perspective. 556 

Struik Nature Publications, Cape Town. 557 

Pyšek, P., Richardson, D.M., Pergl, J., Jarosik, V., Sixtova, Z. & Weber, E. (2008) 558 

Geographical and taxonomic biases in invasion ecology. Trends in Ecology and 559 

Evolution, 23, 237-244. 560 

Pyšek, P., Manceur, A.M., Alba, C., McGregor, K.F., Pergl, J., Štajerová, K., Chytrý, M., 561 

Danihelka, J., Kartesz, J., Klimešová, J., Lučanová, M., Moravcová, L., Nishino, M., 562 

Sádlo, J., Suda, J., Tichý, L. & Kühn, I. (2015) Naturalization of central European 563 

Page 24 of 43Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

25 

 

 

 

plants in North America: species traits, habitats, propagule pressure, residence time. 564 

Ecology, 96, 762-774. 565 

Rabinowitz, D. (1981) Seven forms of rarity. The biological aspects of rare plant 566 

conservation (ed. H. Synge), pp.  205-217. Wiley, New York. 567 

Ricklefs, R.E. (2015) Intrinsic dynamics of the regional community. Ecology Letters, 18, 568 

497-503.Roques, L., Garnier, J., Hamel, F. & Klein, E.K. (2012) Allee effect 569 

promotes diversity in traveling waves of colonization. Proceedings of the National 570 

Academy of Sciences of the United States of America, 109, 8828-8833. 571 

Roy, K., Hunt, G., Jablonski, D., Krug, A.Z. & Valentine, J.W. (2009) A macroevolutionary 572 

perspective on species range limits. Proceedings of the Royal Society B-Biological 573 

Sciences, 276, 1485-1493. 574 

Sagarin, R.D. & Gaines S.D. (2006) Recent studies improve understanding of population 575 

dynamics across species ranges. Oikos, 115, 386-388. 576 

Scalera, R. (2010) How much is Europe spending on invasive alien species? Biological 577 

Invasions, 12, 173-177.  578 

Shigesada, N., Kawasaki, K. & Takeda, Y. (1995) Modeling stratified diffusion in biological 579 

invasions. American Naturalist, 146, 229-251. 580 

Shigesada, N. & Kawasaki, K. (1997) Biological invasions: Theory and practice. Oxford 581 

University Press, Oxford. 582 

Simberloff, D. (2009) The role of propagule pressure in biological invasions Annual Review 583 

of Ecology, Evolution and Systematics, 40, 81 - 102. 584 

Simberloff, D. & Rejmanek, M. (2011) Encyclopaedia of biological invasions. University of 585 

California Press, Berkely. 586 

Page 25 of 43 Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

26 

 

 

 

Sizling, A.L., Sizlingova, E., Storch, D., Reif, J. & Gaston, K.J. (2009) Rarity, commonness, 587 

and the contribution of individual species to species richness patterns. American 588 

Naturalist, 174, 82-93. 589 

Slaton, M.R. (2015) The roles of disturbance, topography and climate in determining the 590 

leading and rear edges of population range limits. Journal of Biogeography, 42, 255-591 

266. 592 

Thomaz, S.M., Agostinho, A.A.,  Gomes, L. C., Silveira, M. J., Rejmanek, M., Aslan, C. E. 593 

& Chow, E. (2012) Using space-for-time substitution and time sequence approaches 594 

in invasion ecology. Freshwater Biology, 57, 2401-2410. 595 

UNEP (2011) The Strategic Plan for Biodiversity 2011–2020 and the Aichi Biodiversity 596 

Targets. UNEP/CBD/COP/DEC/X/2, 29 October 2010, Nagoya, Japan. COP CBD 597 

Tenth Meeting (www.cbd.int/decisions/cop/?m=cop-10) 598 

Vanderploeg, H.A., Nalepa, T.F., Jude, D.J., Mills, E.L., Holeck, K.T., Liebig, J.R., 599 

Grigorovich, I.A. & Ojaveer, H. (2002) Dispersal and emerging ecological impacts of 600 

Ponto-Caspian species in the Laurentian Great Lakes. Canadian Journal of Fisheries 601 

and Aquatic Sciences, 59, 1209-1228. 602 

Veldtman, R., Chown, S.L. & McGeoch, M.A. (2010) Using scale-area curves to quantify the 603 

distribution, abundance and range expansion potential of an invasive species. 604 

Diversity and Distributions, 16, 159-169. 605 

Webb, T.J., Freckleton, R.P. & Gaston, K.J. (2012) Characterizing abundance-occupancy 606 

relationships: there is no artefact. Global Ecology and Biogeography, 21, 952-957. 607 

Willis, S. G., Hill, J. K., Thomas, C. D., Roy, D. B., Fox, R., Blakeley, D. S., & Huntley, B. 608 

(2009) Assisted colonization in a changing climate: a test‐study using two UK 609 

butterflies. Conservation Letters, 2, 45-51. 610 

Page 26 of 43Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

27 

 

 

 

Wilson, J.R.U., Dormontt, E.E., Prentis, P.J., Lowe, A.J. & Richardson, D.M. (2009) 611 

Something in the way you move: dispersal pathways affect invasion success. Trends 612 

in Ecology & Evolution, 24, 136 - 144. 613 

Wilson, R. J.,  Gutierrez, D., Gutierrez, J., Martinez, D., Agudo, R. &  Monserrat, V.J. (2005) 614 

Changes to the elevational limits and extent of species ranges associated with climate 615 

change. Ecology Letters, 8,1138-1146. 616 

With, K.A. (2002) The landscape ecology of invasive spread. Conservation Biology, 16, 617 

1192-1203. 618 

Xu, H., Ding, H., Li, M., Qiang, S., Guo, J., Han, Z.M., Huang, Z.G., Sun, H.Y., He, S.P., 619 

Wu, H.R. & Wan, F.H. (2006) The distribution and economic losses of alien species 620 

invasion to China. Biological Invasions, 8, 1495-1500. 621 

Zenni, R.D., Wilson, J.R.U., Le Roux, J. & Richardson, D.M. (2009) Evaluating the 622 

invasiveness of Acacia paradoxa in South Africa. South African Journal of Botany, 623 

75, 485 - 496. 624 

 625 

SUPPORTING INFORMATION 626 

Additional Supporting Information may be found in the online version of this article. 627 

 628 

Appendix S1 Description of the simulation model. 629 

 630 

  631 

Page 27 of 43 Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

28 

 

 

 

BIOSKETCHES 632 

 633 

Melodie A. McGeoch is Associate Professor in Biological Sciences. Her research applies 634 

spatial and community ecology to the study of biological invasion, climate change impacts 635 

and biodiversity monitoring, particularly in protected areas.   636 

 637 

Guillaume Latombe is a Postdoctoral Fellow at Monash University. He uses complexity-638 

based and mathematical approaches to study the process-pattern relationships that shape 639 

community structure. 640 

 641 

Editor: Kostas Triantis 642 

 643 

644 

Page 28 of 43Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

29 

 

 

 

Table 1 Examples of species across the typology of commonness, using naturalised plants 645 

(sources in table) and animals (Picker & Griffiths, 2011) that have established self-sustaining 646 

wild populations in South Africa. Note that the examples below are categorised using only 647 

information on novel range, local population size and time since establishment, without using 648 

any information on pathways of introduction or spread, or the ecological impact that the 649 

species may or may not have. 650 

Novel 

range 

Local 

populatio

n size 

Time 

since 

establish

ment 

Terms  

in Fig. 1.  

  Example 

Narrow Small Short Newly 
established  

• Vermiculated sailfin (Pterygoplichthys 
disjunctivus) recorded in dams and 
rivers since 2000 in a few localities in 
the north-east of the country. 

• Invasive fruit fly (Bactrocera 
invadens) first recorded in 2010 and 
known from two localities bordering 
the country. 

Narrow Large Short  Incipient • Heath-leaved banksia (Banksia 
ericifolia) introduced in the 1970s, the 
few existing local populations have 
until recently been constrained by the 
absence of fire (Geerts et al., 2013). 

• House crow (Corvus splendens) first 
recorded between the 1960s and 
1970s, is confined to two main centres 
where they have reached populations 
of several thousands. 

Narrow Large Long Constrained 
(by ecological 
processes or 
human 
intervention)  

• Kangaroo thorn (Acacia paradoxa) 
was introduced pre 1930 and occurs as 
a single, high density population 
(Zenni et al., 2009). 

• Feral domestic pig (Sus scrofa) 
released between the 1920s and 1940s 
and now established in small groups in 
a few parts of the country. 

Wide Small Long Sparse • Johnson grass (Sorghum halepense) 
widely distributed, but infrequently 
recorded (Bromilow, 2010). Date of 
establishment unknown, but pre-1930. 

Wide Small Short Dispersed • Common peacock (Pavo cristatus) 
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introduced in 1968 is broadly 
distributed across the country with 
several, small feral populations. 

Wide Large Long Successful  • Sweet prickly pear (Opuntia ficus-
indica) introduced in the 19th century 
and now widely distributed forming 
large, dense stands in places 
(Bromilow, 2010). 

• Common carp (Cyprinus carpio) 
introduced in 1859 and is numerous 
across all major river systems. 

Wide Large Short Highly 
successful 

 

• Harlequin lady beetle (Harmonia 
axyridis) first recorded in 2001, 
widespread across the country by 
2010. Forms large overwintering 
aggregations.  

 651 

652 
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Figure Legends 653 

Figure 1a Seven types of common: A typology of common common species based on three 654 

characteristics; novel geographic range (wide or narrow), local population size (small or 655 

large) and time since establishment (long or short). The eighth condition of narrow range, 656 

small local population size and long time since establishment qualifies as rare (‘not 657 

common’). b. Arrows show some of the various paths to increasing commonness from each 658 

category by varying one variable at a time: range (dashed arrows), population size (dotted 659 

arrows) or time (solid arrows). Changes in range or population size can of course only happen 660 

as time increases and arrows for these illustrate rapidly occurring change. 661 

 662 

Figure 2 Trajectories to common for range expanding species during the early stages of 663 

range expansion. The shift towards commonness is measured by the increase in (a) the novel 664 

geographic range (area of occupancy, AOO) or (b) local mean abundance (mean abundance 665 

across occupied sites) for species undergoing natural diffusion (normal or Gaussian dispersal 666 

kernel), jump dispersal (fat-tailed or Cauchy kernel) and stratified dispersal (a mixture of 667 

Gaussian dispersal kernels with different means). Arrows show the effect of increasing 668 

numbers of founder populations on the trajectory at a particular point in time. The figures are 669 

schematics from the output of an individual based model (see Appendix S1). Two species 670 

(stars) are used as qualitative examples to show where individual species may lie on these 671 

trajectories. The Quagga mussel is invasive in Lake Erie (U.S.A.), where its distribution 672 

expanded from the eastern side of the lake and its overall population density decreased after 673 

an initial increase (Patterson et al., 2005), suggesting stratified dispersal (confirmed by 674 

Vanderploeg et al., 2002). Assisted colonisations of the Marbled white butterfly in the U.K. 675 

showed that although the dispersal mode included long-distance dispersal events, this did not 676 
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lead to population establishment (Willis et al., 2009), suggesting Gaussian-like distribution 677 

and population dynamics. 678 

 679 

Figure 3 Macroecological signatures for range expanding species with different dispersal 680 

kernels; normally distributed (Gaussian), fat-tailed (Cauchy) and stratified. The relationship 681 

shown is between novel geographic range (measured as area of occupancy, AOO) and 682 

population size (local mean abundance, LMA, across occupied cells). As in Fig. 2, the arrows 683 

show the effect of increasing numbers of founder populations on the signature. The stars 684 

represent the same two species examples used in Fig. 2 and their corresponding positions 685 

within the relevant macroecological signature. 686 

 687 

Figure 4 A three dimensional phase space for species becoming common, defined by novel 688 

range (AOO, area of occupancy), population size (LMA, local mean abundance) and time 689 

since establishment in the novel range. Colours represent the typological forms of common 690 

(a) with arbitrarily defined boundaries (as in Fig. 1b). The lines represent simulation outputs 691 

of the three dispersal kernels, Gaussian (b), fat-tailed (c) and stratified (d), within the phase 692 

space (Appendix S1). The typological forms of common for each model are represented using 693 

a 3D surface interpolated from the lines. The boundaries may therefore appear different in the 694 

3 figures due to the 3D projection and the resulting differences in the surfaces. Arrows show 695 

increasing numbers of founder populations randomly distributed on the outer edge of the 696 

novel range. The stars represent the same two examples shown in Figs 2 and 3 and their 697 

corresponding positions within the phase space. For illustrative purposes, we defined a 698 

common set of boundaries for the three models, so that most of the forms of common (a) are 699 

represented by the trajectories shown (b-d). The model is implemented so that all trajectories 700 

start in the ‘new introduction’ category, and so that no trajectory leads to the ‘not common’ 701 
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or to the ‘sparse’ categories (a). The model specifically represents the range expansion 702 

process, and is limited only by carrying capacity. 703 

 704 

  705 
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 9 

Appendix S1 Description of the simulation model used to illustrate the relationships between 10 

dispersal kernels, range expansion trajectories and macroecological signatures. 11 

 12 

We implemented an individual-based model (IBM) of the spread of a fictitious sessile species. The 13 

environment consisted of a 401 × 401 lattice. Each cell had a carrying capacity of 50 individuals. 14 

Individuals are characterized by a set of continuous coordinates in the space. At each iteration, all 15 

existing individuals produced one offspring (a single individual therefore reproduced multiple times). 16 

The offspring then moved by some distance drawn from a dispersal function, in a random direction. If 17 

the destination cell was outside of the lattice, or if the number of individuals already present in the 18 

destination cell was greater than or equal to the carrying capacity, the offspring died. Otherwise it 19 

survived, and could not die during the rest of the simulation. 20 

We tested 3 different dispersal functions (Figure S1). The first one was a Gaussian 21 

distribution, with a mean of 0 and a standard deviation equal to 5 cell widths. The second one was a 22 

Cauchy distribution, representing fait-tailed dispersal, with a location parameter of 0 and a scale 23 

parameter of 0.2. The third was a mixture of Gaussian distributions, representing stratified dispersal. 24 

In this case, individuals dispersed according to a Gaussian distribution with a mean of 0 and a 25 

standard deviation equal to 5 cell widths with a probability of 0.99, and according to a Gaussian 26 

distribution with a mean of 75 cells and a standard deviation equal to 10 cell widths with a probability 27 

of 0.01. 28 

Page 38 of 43Journal of Biogeography

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



For Peer Review

2 

 

 

 

Simulations were initialized with one or ten source populations, and 100 individuals in total. 29 

For one source population, all 100 individuals belonged to the same population, whereas for 10 source 30 

populations, each population contained 10 individuals. A source population corresponds to 10 31 

consecutive cells randomly located on the edge of the environment (i.e. on the first or last row or 32 

column of the lattice). The individuals from a source population were then randomly distributed over 33 

these 10 cells. Cells from a source population could therefore contain more individuals than the 34 

carrying capacity. We replicated 20 simulations for each dispersal function and for each configuration 35 

of the source populations. Each simulation ran until an average of 20 individuals per cell over all cells 36 

was reached. 37 

 38 

 39 

Figure S1. Dispersal functions used in the simulations. The stratified dispersal used the same function 40 

as the Gaussian dispersal 99% of the time, and the second Gaussian 1% of the time. 41 

 42 

 43 

 44 
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