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Abstract 

Achieving sufficient connectivity between populations is essential for persistence, but costs of 

dispersal may select against individual traits or behaviours that, if present, would improve connectivity. 

Existing dispersal models tend to ignore the multitude of risks to individuals: while many assess the effect 

of mortality costs, there is also a risk of failing to find new habitat, especially when the entire inhabitable 

area remains both small and fragmented. There are few known rules governing whether individuals 

evolve to disperse more, or less, than what is ideal for population connectivity and persistence. Here we 

aim to fill this gap, while also noting that evolution might not only produce suboptimal dispersal 

behaviour: it also influences individual heterogeneity in dispersal. Intuitively, we might expect 

heterogeneity to improve connectivity, as some individuals will travel far. However, we show that this is 

only true if dispersal distances on average are quite short; heterogeneity can also lead to reduced 

connectivity because it can reduce the proportion of the most profitable (‘safest’) intermediate dispersal 

distances. In general, our results show that conditions typically associated with conservation concerns 

(small and fragmented habitats inhabited by a species with a low birth rate) are also ones that are most 

likely to lead to suboptimal dispersal traits. This prompts the question of assisted dispersal in cases of 

urgent conservation concern. 

 

Keywords: edge effects, evolution of dispersal, heterogeneity, hypermobility, inertia 
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Introduction 

Habitats of species are rarely entirely homogeneous. Given the amplified risks of extinction of 

small populations (Soulé 1987), sufficient connectivity between suitable habitats is a requirement for 

long-term persistence (Hanski 1999). Connectivity is not a property of the landscape alone: it is an 

emergent property that joins landscape features with a species’ dispersal traits (Burgess et al. 2012, 

Baguette et al. 2013). However, dispersal intertwines individuals and populations together in an eco-

evolutionary feedback loop: individuals disperse, influencing the spatial, genetic, social, and demographic 

structure of populations, which feeds back to influence the dispersal strategies favoured by selection 

(Starrfelt and Kokko 2012). 

Given that dispersal is vital for the persistence of any population, the theoretical prediction that 

evolved dispersal rules often fail to promote population persistence (Delgado et al. 2011) may appear 

surprising. Dispersal can be favoured by several processes including competition for local resources 

(particularly competition between related individuals), deteriorating habitat, temporally varying 

conditions, and inbreeding (for reviews see Johnson and Gaines 1990, Ronce 2007, Clobert et al. 2012). 

Simultaneously, it often comes with substantial costs to the individual: risky movement through unknown 

habitats, heavy energetic investment, and foregoing familiar resources with no guarantee that new ones 

will be found (reviewed in Bonte et al. 2012). There is no guarantee that costs and benefits balance in 

such a manner that would make populations find and utilize available resources in the best possible way 

(‘best’ in terms of maximizing connectivity or probability of persistence of a population). In extreme 

cases, dispersal evolution can even lead to population decline or collapse (e.g., Savill et al. 1998, 

Gyllenberg et al. 2002, Poethke et al. 2011).  

These predictions can be seen as one instance of the well known principle that natural selection 

does not act on species to improve their persistence, but on lower units of selection. In the case of 

dispersal, the direction of the mismatch is less obvious than the fact that a mismatch can exist. Perhaps 

surprisingly, past theory indicates that the population cost can occur in two opposite directions: 1) 

“inertia”, where individuals disperse less than would be best for population persistence, or 2) 
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“hypermobility”, where individuals disperse more than would be best for population persistence (Delgado 

et al. 2011). While inertia and hypermobility have each been demonstrated in a number of past theoretical 

studies (Table 1), there has not been much effort to document the general conditions under which each is 

expected to occur. Most of these studies find only either hypermobility or inertia (Roff 1975, Hamilton 

and May 1977, Olivieri et al. 1995, Olivieri and Gouyon 1997, Ronce et al. 2000, Delgado et al. 2011), 

only one documents both (Comins et al. 1980), and the models differ in a number of key assumptions 

(Table 1) that makes comparing directly across them tricky. Nevertheless Olivieri and Gouyon (1997) 

Table 1. Summary of existing models that have compared the dispersal strategy favoured at the 

individual level with the one that would maximize population performance (in terms of size, 

connectivity, persistence, etc.). For each model we list the reference, result (inertia, where individuals 

disperse less than would be best for population persistence, or hypermobility, where individuals 

disperse more than would be best for population persistence), the dispersal parameter that is evolved, 

the way reproduction is encoded, and what forms of stochasticity and dispersal mortality are included, 

if any. 

 

Reference Result Evolved 

dispersal 

parameter 

Reproduction Stochasticity Dispersal 

mortality? 

Roff (1975) Inertia Probability Maximum K adults per 

site 

Population 

growth rate is 

stochastic 

Yes 

Hamilton and May 

(1977), model 1 

NA Probability m offspring per adult 

(1 adult per site) 

None Yes 

Hamilton and May 

(1977), model 2 

Hyper-

mobility 

Probability Poisson(m) offspring 

per adult (1 site) 

Demographic Yes 

Comins et al. 

(1980) 

Inertia Probability Mean τ offspring per 

adult (k adults per site) 

Demographic + 

environmental 

(X sites 

destroyed) 

Yes 

Comins et al. 

(1980) 

Hyper-

mobility 

Probability Mean τ offspring per 

adult (k adults per site) 

Demographic 

only (X = 0) 

Yes 

Olivieri et al. 

(1995) 

Inertia Probability s adults survive, others 

replaced by juveniles 

Environmental Yes 

Olivieri and 

Gouyon (1997) 

Inertia Probability Maximum K adults per 

patch reproduce 

Environmental No 

Ronce et al. 

(2000) 

Inertia Probability Exponential growth 

until K adults per site  

Environmental 

(e sites 

destroyed) 

Yes 

Delgado et al. 

(2011) 

Inertia Probability b offspring per adult 

(B adults per site) 

Environmental 

(p sites 

destroyed) 

Yes 

This study Either 

(depends 

on s) 

Expected 

distance 

Poisson(b/n) offspring 

per adult (n adults per 

site) 

Demographic 
Yes 
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have suggested that hypermobility should be expected when local extinctions are due to environmental 

stochasticity, and inertia when local extinctions are due to demographic stochasticity.  

As a consequence, we lack a theoretical understanding of when to expect evolution at the 

individual level to also maximize population persistence, when not, and, in the latter case, when to expect 

hypermobility or inertia. This is a considerable shortcoming, given the numerous conservation problems 

requiring sufficient connectivity for both gene flow and metapopulation persistence (Hanski and 

Ovaskainen 2000, Ronce and Kirkpatrick 2001, Alleaume-Benharira et al. 2006). Consider the Seychelles 

Warbler Acrocephalus sechellensis, a species that, in 1988, only occurred on a single island in the 

Seychelles (having become extinct on the others). Although other islands within the Seychelles are 

suitable for warblers (translocated individuals developed into thriving populations; Komdeur 1997), and 

warblers still have the morphological capacity for inter-island dispersal (Komdeur et al. 2004), naturally 

occurring inter-island dispersal is extremely rare (0.1%) in the species (Komdeur et al. 2004). It appears 

plausible that the isolated nature of an island archipelago like the Seychelles has selected against 

individuals that are too prone to disperse. As a result, populations are less connected than they could be, 

given the flight capacity of the species. The capacity for dispersal can also become greatly reduced over 

evolutionary time in conditions of isolation (e.g., loss of flight in birds, Fulton et al. 2012). 

What factors might determine the risk of connectivity being reduced by evolution? Population 

persistence is known to be difficult in fragmented habitats (Hanski 1999); it is likewise difficult if the 

total habitable area is small (Soulé 1987, Hanski 1999). Intuitively, these might also be the very situations 

where evolution exacerbates problems of connectivity. In worlds of small size, most habitat is near an 

edge, creating an expectation that selection works against individuals that attempt to move and cannot 

find a new habitat beyond the edge. If this combines with a fragmented nature of the existing habitat, 

sufficient dispersal — despite the risk of some individuals moving beyond the edge of the inhabitable 

world — is required for long-term population persistence.  

Both empirical (e.g., Bonte et al 2003, Schtickzelle et al. 2006, Cheptou et al. 2008) and 

theoretical (Travis and Dytham 1999, Heino and Hanski 2001, Baskett et al. 2007, Bonte et al. 2010) 
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studies have shown that fragmentation can favour reduced dispersal (but with the caveat that 

fragmentation that increases temporal variability in survival can also lead to increased dispersal, Johnson 

and Gaines 1990, Heino and Hanski 2001). Intriguingly, there appears to be a lack of theoretical work that 

considers edges related to small total habitat area. The real world is full of edges (Saunders et al. 1991, 

Fahrig 2003), and these are known to potentially influence dispersal (e.g., flightlessness in birds is more 

common on islands; Roff 1994, see Fulton et al. 2012 for a case study), yet models of dispersal are often 

explicitly constructed to avoid edge effects (but see Gros et al. 2006). Therefore, studies to date have not 

explicitly asked whether a small total size of the inhabitable area (which implies risky dispersal as most 

long-distance dispersal events prove futile) resembles fragmentation in that both might provoke inertia. If 

so, this could indicate that conservation efforts might even include assisted movement of individuals 

(Baguette et al. 2013). 

Any assessment of evolution’s impact on connectivity must also consider individual-level 

variability in dispersal (Baguette et al. 2013). Adaptation cannot occur without variation that selection can 

act on, and further, the spatial spread of a population will greatly depend on such variation. Past studies 

have suggested that heterogeneity across individuals in dispersal behaviour can lead to leptokurtic 

dispersal distances (Skalski and Gilliam 2000) with increased long-distance dispersal events. Given the 

importance of long-distance dispersal for population persistence and spread (e.g., Kot et al. 1996, 

Baguette 2003, Kremer et al. 2012), it seems intuitive that heterogeneity in dispersal strategies should 

generally increase connectivity, especially as genetic variation in dispersal leads to the potential for 

spatial evolution, e.g., a spatial sorting of fast-moving individuals near an invasion front (Phillips et al. 

2010). Yet despite evidence that individual variation in dispersal is common (Clobert et al. 2009), 

theoretical studies tend to focus on mean dispersal behaviour for simplicity. 

Here we derive predictions on how evolution changes the connectivity of a population by 

considering individual dispersal (both average and variation in) and tracking its population-level 

outcomes. Following Delgado et al. (2011), we are particularly interested in whether individuals disperse 

less (inertia) or more (hypermobility) than what would be best for population performance, measured as 
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either total population size or fraction of the habitat occupied. We consider two levels of habitat 

boundaries, so that the world consists not only of discrete patches but is also limited in its total size. This 

creates local edges between patches as well as a global edge beyond which no suitable habitat can be 

found (Fig. 1).  

Our results show, in line with previous work (Delgado et al. 2011), that the evolved dispersal 

strategy is rarely the one that maximizes population performance. One novel finding is a clear relationship 

between inertia and the type of a ‘world’ that an organism lives in: populations that are most at risk (small 

worlds, small patch carrying capacities, and high dispersal mortality) tend to display inertia whereas large 

worlds, large patch carrying capacities, and low dispersal mortality shift the outcome towards 

hypermobility. We also show that although heterogeneity in individual dispersal strategy can increase 

population connectivity, this is not guaranteed to be true. Increased heterogeneity (with no change in 

mean dispersal) can also imply that a larger proportion of individuals never leave their natal patch while 

some disperse very far, and as a whole this can impact population connectivity in a negative way. 

 

 

 

The model 

 
 
Figure 1. Model schematic. Individuals inhabit a circular world of radius R (large circle) made up of 

habitat patches, each with b breeding resources, whose centres (smaller circles) are randomly 

distributed with density 1. Individuals disperse a distance d that is drawn from a dispersal kernel with 

mean d̂, and those individuals that disperse beyond the global edge of the world die. 
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We assume a population of asexual individuals that inhabit a circular world. The world is made 

up of a collection of patches whose centres are randomly located within a continuous two-dimensional 

space, in our case with an average density of 1 patch per unit area (Fig. 1). There is a global edge with 

radius R (‘world size’), beyond which no suitable patches occur. The shape of each patch is not explicitly 

modelled, instead each patch is simply assumed to have b breeding resources, such that there is an 

average of b offspring produced per patch (see reproduction details below). The total carrying capacity of 

the world (K) is then approximately π b R
2
. The area outside the world is uninhabitable and any 

individual that disperses there dies. 

Each simulation is initialized with a number of individuals (N0 = 0.5 K) randomly distributed 

among the patches. Generations are discrete and non-overlapping – in each generation, all newborn 

individuals disperse, reproduce and then die. If an individual dispersed successfully, it produces a number 

of offspring given by Poisson(b/nit), indicating that the breeding resources b of the local patch are shared 

among the nit individuals that are currently inhabiting patch i at generation t. 

Each individual is characterized by a non-negative dispersal parameter d̂ , which defines its 

dispersal strategy. Individuals inherit their parent’s value of d̂ plus a small mutation (a Gaussian random 

number with mean 0 and standard deviation 0.05). To keep d̂ non-negative (a requirement of the dispersal 

kernel function), any negative values that are generated through mutation are set to be exactly zero 

instead. Each newborn disperses in a random direction with a distance d generated from a dispersal kernel 

with mean d̂. We considered two types of dispersal kernel: an exponential kernel where the probability of 

traveling a distance x is given by 

p(x) = (1/d̂)e−x/d̂     (1) 

and a student’s t one-parameter kernel where the probability of traveling a distance x is given by 

p(x) =
2x

u(1+
x2

u
)

2      2a) 

where 
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u = √ d̂

1.571
      (2b) 

(lble et al. 2008). An exponential kernel has the advantages of being simple, is one of the most commonly 

used kernels since it is derived from classic theory (Nathan et al. 2012) and is often a good match to 

empirical data (Venable et a. 2008, Hovestadt et al. 2011). However, kernels with fatter tails than the 

exponential often provide a better fit for long-distance data (Nathan et al. 2012), so we also used a 

student's t kernel, which has also been found to be a good fit to empirical data (Clark et al. 1999, Venable 

et al. 2008). 

We assume the probability of surviving dispersal decreases with distance travelled, according to 

an exponential distribution with mean s. The parameter s then describes the expected ‘safe’ distance that 

an individual can disperse and still survive. 

Dispersal then has three possible outcomes. First, dispersal can fail because an individual died 

from dispersal mortality. Second, dispersal can lead to an individual landing outside the global edge of the 

world, and these individuals too are removed from the population. This leaves individuals that survive 

dispersal and land within the world as defined by the global edge. For each of these individuals, we record 

its location as that of the closest patch centre (this makes a set of individuals, all sharing the same centre, 

who later compete with each other). Note that an individual whose dispersal distance is small is likely to 

end up in the same patch where it started, thus we give individuals the option of not dispersing at all. 

Individual dispersal can have repercussions at the population level in terms of size, connectivity, 

and persistence. While connectivity is broadly defined as the “degree to which landscape facilitates or 

impedes movement among resource patches” (Taylor et al. 1993, Baguette et al. 2013), it must be 

emphasized that it is not a property of the landscape alone, but an emergent property of the landscape 

structure and the dispersal traits of a given species (Baguette et al. 2013). Despite the intuitive importance 

of this concept, there is a surprising lack of consensus regarding metrics of connectivity within the 

literature (Calabrese and Fagan 2004). Therefore, we calculated two simple metrics that reflect how well 

a population is able to remain connected and persist: the total population size and patch occupancy 
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(fraction of patches occupied), both measured at eco-evolutionary equilibrium (see below). Note that 

while these appear sensible in the current context where dispersal is the only evolving trait, we can 

imagine alternative contexts where we would not recommend such simple metrics. If, for example, 

fecundity were under selection, positive (negative) changes in patch occupancy would not necessarily be 

interpretable as an increase (decrease) in connectivity.  

At the start of each simulation, we first let the population spread and inhabit the world, with all 

individuals using the same specified value of the dispersal parameter d̂ . Note that this implies the 

population is homogeneous with respect to the dispersal kernel, but individuals still differ in the realized 

dispersal distance d; we refer to this as the ‘homogeneous’ stage of simulations throughout the paper. This 

stage ran for 1,000 generations, during which no evolution was allowed to occur. We recorded the value 

of the two population-level performance metrics (above) at the end of the homogeneous stage. Thereafter, 

we allowed simulations to proceed for 4,000 more generations with mutation and evolution (enough time 

to ensure that a stable distribution of genotypes has been reached), yielding an evolved value of d̂. At the 

end of this ‘evolutionary’ stage, we recorded the average d̂ value across the population, as well as the 

values of the two metrics described above. This approach allowed us to look at the effect that the evolved 

dispersal strategy (value of d̂) had at the population level, based on the two metrics.  

Finally, we ran a set of simulations to separate out the role of variation in dispersal strategies 

across individuals, independent of evolutionary pressures or spatial population structure. In these 

simulations, individual d̂ values in the population were drawn from a Gaussian distribution with the same 

mean, and different standard deviation values across runs. Each newborn individual drew its d̂ value from 

the population Gaussian distribution instead of inheriting d̂ from its parent. This approach allowed us to 

ensure that the distribution of d̂ in the population remained constant throughout the simulation and did not 

vary spatially. Each of these simulations was run for 1,000 generations before quantifying the two 

population-level metrics. (Full model code is available from Dryad, Shaw et al. 2014.) 

Results 
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Evolved dispersal distance 

The evolved dispersal strategy (d̂, hereafter simply referred to as ‘dispersal distance’ although it 

technically describes the expected value of the dispersal distance distribution) was highly dependent on 

model parameters. As the size of the world (R) decreased, the evolved dispersal distance decreased as 

well (Fig. 2), indicating an evolutionary response to a higher risk of moving beyond the edge of the world 

 
 

Figure 2. The evolved dispersal distance parameter (d̂) was highly dependent on the structure of the 

world: it decreased as the number of breeding resources per patch (b) increased and increased as the 

total world size (R) increased. This was true for both simulations with the (a) exponential and (b) 

student’s t dispersal kernel. Overall, evolved dispersal distance was more sensitive to change in b 

than changes in R. Dots show the average value of d̂ across individuals in the simulated population 

after 5,000 generations. Parameter values: s = 3 (high safe dispersal distance, low dispersal 

mortality). 
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during dispersal. The evolved dispersal distance was highest when the average number of offspring 

produced per patch (b) remained small (Fig. 2). This reflects the effects of competitive kin interactions: a 

small b (equivalent to poorer patch quality) leads to fewer breeding individuals per patch, and offspring 

staying in their natal patch are then more likely to be competing with their siblings (as opposed to 

offspring of unrelated breeders). The evolved dispersal distances were generally lower under the 

exponential kernel than under the student’s t kernel (Fig. 2). 

The dependence of dispersal on b and R means that the evolved dispersal distance depends on the 

spatial distribution of the breeding resources. For example, a world with 3 patches each producing 10 

offspring selects for very different dispersal than a world with 10 patches that each produce 3 offspring, 

despite the fact that these worlds have the same overall carrying capacity. Overall, the evolved dispersal 

distances were more sensitive to the value of b than R (Fig. 2). As the ‘safe’ dispersal distance (s) 

increased, the evolved dispersal distance also increased (Fig. 3, filled dots). See Appendix 1 Figs. A1 and 

A2 for results across all of parameter space. 

 

Hypermobility or inertia? 

For each simulation, we determined the dispersal distance that would maximize either of two 

population-level performance metrics (population size and patch occupancy). All else being equal, higher 

values of either metric can be assumed to indicate better connectivity and population persistence (Soulé 

1987, Hanski 1999). Generally the dispersal distance that maximized population persistence, as measured 

by these proxies, showed the same trends with respect to model parameters R, b, and s as the evolved 

dispersal distance (Appendix 1 Figs. A1-2).  

Generally, the evolved dispersal strategy was not the strategy that would maximize either of these 

metrics, although coincidental maximization did sometimes occur. When dispersal had no mortality cost, 

the only reason for dispersal failure is dispersal beyond the global edge, because all dispersing individuals 

that land inside the world are assumed to survive. In such a setting, we always found hypermobility, i.e., 

populations would reach higher sizes and better patch occupancy if individuals dispersed less (indicated 
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by the dashed line being to the left of the solid line in Fig. 3a and c, using population size as a measure). 

Introducing and increasing dispersal mortality cost (implemented by decreasing the average safe dispersal 

distance s) led to a shift from hypermobility (Fig. 3a, c) to inertia (Fig. 3b, d; now the dashed line is to the 

right of the solid line). See Appendix 1 Figs. A1 and A2 for results across all of parameter space. 

In other words, when dispersal costs are high, population performance, measured as total size, 

would increase if individuals dispersed more. We can consider the difference between the maximum 

population size and the evolved population size a measure of the population ‘cost’ of evolution. This was 

highest in small populations (low b, low R; not shown). 

 
 
Figure 3. Hypermobility and inertia. The curve consisting of open dots shows the population size (N, 

one of the population-level performance metrics) after 1,000 generations of population dynamics 

with all individuals using the same dispersal kernel with mean distance d̂, as given on the x-axis. 

Filled dots show the mean of evolved d̂ together with the associated value of N, for 25 initial d̂ 

values. The d̂ that maximizes N is indicated with a vertical dashed line, and the average d̂ across all 

evolved simulations is indicated with a vertical solid line. Parameter values: breeding resources b = 

6; (a, b) exponential dispersal kernel with world size R = 9 and (c, d) student’s t dispersal kernel 

with R = 6; and the distance that an individual is likely to survived is (a, c) s = 3 (low dispersal 

mortality, indicating it is easy to survive the average interpatch distance of 1) and (b, d) s = 0.4 (high 

dispersal mortality). 
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The value of s where the transition between hypermobility and inertia occurred is also the 

location where the evolved dispersal strategy coincides with that maximizing population performance. 

The location of this point of ‘evolved optimality’ depended on the other model parameters. Whether we 

used population size or patch occupancy as a metric, it occurred at higher dispersal mortality cost (lower 

s) as either b or R increased, implying that smaller populations in more restricted habitats are more likely 

to suffer from inertia. The location of this point was again more sensitive to b than R. It occurred in 

different locations for each of the two population-level metrics we considered: hypermobility as defined 

based on patch occupancy occurred across a smaller region of parameter space than hypermobility as 

defined based on total population size (not shown). In other words, connectivity problems of the kind 

where some patches are not found at all are more likely to result from inertia than are population 

performance problems that are measurable as total population size. 

 

The population cost of evolution: there’s more to it than moving along a dispersal-performance curve 

Our results indicate that evolution can fail to find the dispersal distance that we predict to be 

associated with maximal population performance, whether it is measured as patch occupancy (fraction of 

the habitat occupied) or population size. However, the mean distance is not the only factor predicting 

population performance: variability also matters. This is why an evolved distribution of dispersal 

distances (which includes variability) does not necessarily produce the same population performance as 

that predicted by the same mean dispersal but no variability (e.g., Fig. 3b; note that the performance 

metric curves are from the ‘homogeneous’ stage of simulations where all individuals have the same 

expected, though not necessarily realized, dispersal distance). Heterogeneity is due primarily to the 

introduction of variation through mutation. Although dispersal parameter values varied spatially in our 

simulations, the patterns changed over the course of a simulation and hence did not seem to be due to 

local adaptation (Appendix 1 Fig. A3). There was no trend in average dispersal values as a function of 

distance from the edge of the world. 
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Effect of heterogeneity in the dispersal parameter 

Since the above result highlights a potentially complicated relationship between variability in 

dispersal and population persistence or connectivity (Clobert et al. 2009), we further explored the 

discrepancy between the evolved population performance metrics and those expected based on 

homogeneous d̂ (i.e., no individual variation in strategy). Different starting values of d̂ converged to near-

identical evolved dispersal parameter values and the corresponding two population performance metrics 

(the filled dots, denoting evolved values, are clustered in Fig. 3 and the left panels of Fig. 4). However, 

the values of these metrics often differed markedly from those derived from homogeneous simulations 

(where all individuals had the same value of d̂). Heterogeneity in individual dispersal did not always 

follow the pattern of Fig. 3b where it increased the population performance: its effect was sometimes 

negative. In regions of parameter space where the dispersal distance evolved to be high (about d̂ > 0.25 

for the exponential kernel and d̂ > 0.35 for the student’s t kernel), patch occupancy evolved to be much 

lower than in corresponding homogeneous simulations (filled dots fall below open dots curve in e.g. Fig. 

4a). Conversely, evolution improved patch occupancy over that found in corresponding homogeneous 

simulations in those regions of parameter space where dispersal distance evolved to be low. The effect on 

population performance was present even at much lower mutation levels than those considered in our 

main simulations, although higher mutation levels resulted in a larger effect on the population 

performance metrics (Appendix 1 Fig. A4).  

To further unpack the role of heterogeneity, we ran an additional set of simulations where 

dispersal parameter values did not evolve. They were instead drawn for each individual from a normal 

distribution using the mean of the evolved simulations in the left panels of Fig. 4, but with different fixed 

standard deviation values (Fig. 4, right panels). Increased individual heterogeneity in this setup can 

decrease patch occupancy (Fig. 4c) but also increase it (at least in a comparison against no or very little 

heterogeneity, Fig. 4d, h). Note that as the standard deviation increases, there is an increase in both the 

shortest and longest dispersal distances. The lengthening of the dispersal distance has a disproportionately  
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Figure 4. Positive and negative effects of heterogeneity under the (a-d) exponential and (e-h) 

student’s t dispersal kernel. The patch occupancy (f, one of the population-level performance 

metrics) from simulations where (left panels, open dots) all individuals use the same dispersal kernel 

with mean distance d̂ (x-axis), (left panels, filled dots) the mean dispersal parameter d̂ evolves (see 

Fig. 3 for more details), and (right panels) each individual’s d̂ value is drawn from a population 

Gaussian distribution with fixed mean. Parameter values: world size R = 12; (a, c, e, g) breeding 

resources b = 3 and safe dispersal distance s = 1, and (b, d, f, h) b = 6 and s = 0.4. The mean values 

of d̂ in the right panels are set as the average evolved values from each of the left panels: 0.36, 0.08, 

0.42 and 0.08, respectively. The lines in the right panels show the actual standard deviation from the 

filled dots in each of the left panels. In (a, e), the patch occupancy, f, is much lower if the dispersal 

parameter evolves and therefore is heterogeneous in the population than if dispersal is specified to 

be homogeneous in the population. In (b, f), the opposite is true. These differences reflect the effects 

of heterogeneity, which has opposite effects in different regions of parameter space (see also Fig. 5).  
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important effect on the dynamics, since short dispersal distances are bounded by 0, while ever longer 

dispersal attempts lead to ever higher mortality rates (from both the probability of dying en route as well 

as the probability of dispersing beyond the edge of the world). This effect likely causes the decreased 

population performance for high standard deviation values in Fig. 4d.  

The fact that heterogeneity can either act to increase or decrease patch occupancy suggests that 

heterogeneity in dispersal (introduced in our evolutionary simulations via mutation) changes the 

likelihood of individuals moving between patches. These inter-patch movements are most likely for 

intermediate dispersal events: distances that are long enough to bring an individual to a new patch, but not 

so long that population connectivity deteriorates because the individual dies or disperses beyond the edges 

of the habitable world (the two costs mentioned above).  

This implies that a too strong focus on the tail of the dispersal kernel (which suggests that longest 

dispersal events are disproportionally important for population performance) might be misleading: a 

heterogeneous strategy might have relatively few individuals performing intermediate dispersal (i.e., 

leaving the patch but not necessarily going far), and such individuals can be important. We can explore 

the probability of a new patch being found analytically for a simpler, more generalized model.  

Consider a population of N individuals with an exponential dispersal distance, such that the ith 

individual disperses a distance given by d ~ Exp(d̂i). The fraction of dispersal events that will take an 

individual outside of its natal patch (dispersal distance longer than a threshold distance k) is given by 

f =
1

N
∑ e−k/d̂iN

i=1 .     (3) 

Calculating this fraction numerically for a range of different Lognormal distributions of d̂𝑖, we find that it 

is highly sensitive to the mean and variance of dispersal parameter values in the population, d̂𝑖, as well as 

the threshold distance (k). If the average distance between patches is, for example, 10, it is of interest to 

examine how often dispersal is longer than k = 5 (long enough to typically bring an individual to another 

patch) versus less than k = 5 (keeping it in its natal patch).  
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When the average dispersal distance is low, heterogeneity in dispersal parameter values increases 

the probability of a dispersal event that is long enough to land the individual outside its natal patch (e.g., 

Fig. 5, top row), thus it is likely to increase population connectivity and persistence. This improvement 

explains why patch occupancy can evolve to be higher than what is expected based on homogeneous 

simulations (e.g., Fig. 4b). However, when dispersal distances are higher, heterogeneity in dispersal 

parameter values lowers the probability of patch switching (e.g., Fig. 5, bottom row). This reduced 

probability is the key factor when understanding why evolution can lead to decreased connectivity 

(measured as lower patch occupancy in evolutionary simulations than in homogeneous ones e.g., in Fig. 

4a). Note that in both of these cases, increasing heterogeneity still increases the probability of the longest 

dispersal events (Fig. 5e, f, dispersing above k = 10).  

These results seem to be robust to the choice of distributions: we obtain qualitatively the same 

result if we assume the distribution of parameter values in the population is Gaussian, or if individuals 

disperse according to a half-normal distribution instead of an exponential distribution (not shown). Note 

that in our simplified description (Eq. 3) the focus is on the probability of leaving a patch, which 

improves with dispersal. In contrast, the prospects of colonizing a new patch can potentially decrease with 

 
 
Figure 5. Effect of dispersal mean and variance on the fraction of dispersal events that are beyond a 

threshold distance. (a-b) The lognormal distribution of dispersal parameter values in the population 

for low (black, 0.5) and high (grey, 5) standard deviations, and for low (a, 1.5) and high (b, 2.5) 

average values. (c-d) The distribution of dispersal distances for each of these four cases. (e-f) The 

fraction of dispersal events beyond a threshold distance, k, for each of the four cases. Note that 

while increasing the variance always increases the probability of long-distance dispersal events (k = 

10), it can either increase or decrease the probability of patch-leaving dispersal events (k = 5). 
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increasing dispersal distance as explained above, particularly strongly so if the total area of inhabitable 

habitat is small. Taking all these factors together, we can explain why heterogeneity in dispersal 

behaviour can, very generally, either increase or decrease connectivity (and in turn, persistence), and why 

this is unlikely to be an idiosyncratic outcome of our particular model assumptions about habitat 

structure, mortality, or dispersal kernel. 

 

Discussion 

 Our model is in line with earlier work confirming that dispersal, while being the ‘glue’ that keeps 

populations connected, does not necessarily evolve to have properties that maximize population 

connectivity and persistence. Here we present two sets of novel findings. First, we show that the structure 

of the ‘world’ individuals inhabit is an important determinant of whether individuals are selected to avoid 

dispersal to the extent that population persistence becomes compromised. This is much more likely when 

the habitat is both small and fragmented than in larger ‘worlds’, which is worrisome as these are 

populations experiencing the more severe persistence problems in the first place. Second, we demonstrate 

that there is an underappreciated force at play: dispersal trait evolution cannot occur without individual 

differences in dispersal strategy, but this heterogeneity itself changes the population persistence and 

connectivity either positively or negatively. Below we discuss these effects in more detail. 

 

World structure 

Before quantifying the impact of individual dispersal behaviour at the population level, we first 

confirmed that the trends of dispersal evolution in our model fit with past dispersal models. This appears 

particularly important since we considered the evolution of dispersal distance (with individuals not 

dispersing beyond their natal patch if this remained small), while much of dispersal literature has worked 

on dispersal rates (probabilities of leaving). 

Our findings are in line with those of Gros et al. (2006) that dispersal distance increases as world 

size increases, since this diminishes the risk of dispersing beyond an edge. This indicates that constraining 
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populations to smaller areas than before (e.g., due to anthropogenic habitat modifications) could have 

detrimental implications for dispersal and gene flow, even if the habitat mosaic inside the core area 

remains entirely intact. Likewise, we predict that populations that have inhabited isolated areas for long 

periods can be particularly vulnerable to fragmentation and/or loss of individuals from some sites. The 

tendency for Seychelles warblers to avoid dispersing to neighbouring islands is a good potential example: 

habitat restoration is in such cases not sufficient; dispersal also had to be assisted to reach current levels 

of patch occupancy and population size. 

Our results also match the findings of Comins et al. (1980) and Rousset and Gandon (2002) that 

smaller local carrying capacities favour dispersal, and the findings of Poethke et al. (2003) and Delgado et 

al. (2011) that higher dispersal mortality usually selects against dispersal. While we initially expected that 

the evolved dispersal distance would be highly sensitive to the probability of dispersing beyond the global 

edge of the world, instead it was more sensitive to the number of offspring produced per patch (b). Low b 

implies that philopatry would often lead to competing with related individuals, which can strongly 

promote dispersal. Although the result of kin selection favouring dispersal is by no means new (e.g., 

Hamilton and May 1977, Frank 1986, Gandon and Rousset 1999, Ronce 2007, Kubisch et al. 2013), this 

result highlights its relative importance in comparison to other model parameters. Delgado et al. (2011) 

and Comins et al. (1980) both found that dispersal probability increased slightly for very high mortality. 

We did not find this effect in our model, although such an ‘evolutionary rescue’ effect is often sensitive to 

model assumptions and parameters (Kokko 2007); in earlier work it has only occurred in model versions 

that included random patch destruction (Comins et al. 1980). 

 

Hypermobility or inertia: risky dispersal leads to the latter 

Based on earlier work (Delgado et al. 2011), our finding that evolved dispersal strategies rarely 

maximize population-level performance metrics was not surprising. By contrast, our second finding, that 

there is a transition from hypermobility (population persistence would increase if individuals dispersed 

less) to inertia (population persistence would increase if individuals dispersed more) as dispersal mortality 
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increases, is an unexpected result that has not been mentioned in any of the existing dispersal models that 

included dispersal mortality (Table 1). Note, however, that Comins et al. (1980) documented a switch 

from hypermobility to inertia as patch destruction was added to their dispersal model.  

Olivieri and Gouyon (1997) suggested that hypermobility arises when local extinctions are due to 

environmental stochasticity, and that inertia arises when local extinctions are due to demographic 

stochasticity. Our results demonstrate that it is, in fact, possible to get both hypermobility and inertia in 

the absence of any environmental stochasticity. Our assumptions differ from earlier modelling in that we 

assume a stable world (all patches are always suitable), but we include two different risks of dispersal: a 

mortality cost of moving as well as a risk of dispersing beyond the global edge. This means that we can 

set the mortality cost to be very low or even zero without simultaneously removing all cost there is to 

dispersing, and these conditions allow hypermobility to occur in a stable world.  

Our results fit the intuition of Delgado et al. (2011): we find that inertia is more common in 

population that are most at risk – those that inhabit small worlds, have small patch carrying capacities, 

and high dispersal mortality. See supplementary material Appendix 1 for detailed intuition for why this is 

the case. Our results also provide some important qualifications for the prediction made by Delgado et al. 

(2011) that inertia should be more common than hypermobility. Within the parameter region we studied, 

we found hypermobility more often than inertia. However, any evaluation of the likelihood of a certain 

outcome in nature should also take into account the likely prevalence of the parameter values assumed. In 

reality, dispersal is costly (Bonte et al. 2012), and since inertia occurs in our models when these costs are 

significant, it may be that most real-world examples fall into this region of parameter space. Somewhat 

worryingly for a conservation context, low birth rate (low b) increases the conservation concern for a 

species, and it is also simultaneously predicted to increase the likelihood of inertia, suggesting the need 

for assisted migration. 

 

Dispersal heterogeneity 
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Clobert et al. (2009) recently highlighted the importance of accounting for individual differences 

in dispersal behaviour. It is tempting to assume that heterogeneity in dispersal strategies is always 

beneficial, given past studies indicating that dispersal heterogeneity can create leptokurtic dispersal 

kernels, which are known to lead to increased population spread and persistence (e.g., Skalski and Gilliam 

2000, Kot et al. 1996). Our findings confirm that increased heterogeneity in dispersal parameter values 

across individuals leads to leptokurtic dispersal kernels and that this does increase dispersal above a 

threshold distance — but this is only uniformly true for very high threshold distances. When considering 

thresholds that are lower (e.g., the probability of leaving one's natal patch), the opposite can hold; 

leptokurtic kernels decrease the probability of dispersal above those thresholds. In other words, 

leptokurtosis (with its ‘fat tails’ and ‘high peaks’) can simultaneously increase very long-distance 

dispersal but also decreases the probability of switching to another patch at all. Because modest dispersal 

distances are also the safest ones (the probabilities of dying en route as well as dispersing beyond the edge 

of the world remain small), heterogeneity can lead to lower connectivity and poorer population-level 

occupancy if dispersal is too small-scale to begin with. 

 

Caveats and future directions 

Our model includes a number of simplifying assumptions that could be relaxed in future general 

studies on hypermobility and inertia. First, our use of one-parameter dispersal kernels inherently links 

dispersal distance and emigration rate. Our finding that different average dispersal distances evolved 

under different dispersal kernels indicates that dispersal distance is not the only aspect of dispersal under 

selective pressure. Indeed past theoretical studies have highlighted the importance of considering the 

evolution of dispersal rate and distance separately (e.g., Murrell et al. 2002, Rousset and Gandon 2002). 

Future studies could unpack the relative roles of dispersal rate and distance in leading to inertia and 

hypermobility. Second, to minimize the number of model parameters we assumed that each patch has a 

fixed amount of breeding resources that is split among breeding individuals, which inherently links the 

strength of local competition and individual reproductive rate together. Future work could usefully 
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consider two separate parameters to separate out the effects of competition strength and colonization 

probability. Finally, we assume that dispersal follows a predetermined statistical distribution of distances. 

While kernels are useful as a basic description of dispersal, the distribution of dispersal distances is, in 

reality, an emergent property of the choices individual make during the three phases (immigration, transit, 

settlement) of dispersal (Nathan et al. 2012). Future models that explicitly consider one or more of these 

stages (e.g., Travis et al. 2012) could test whether inertia and hypermobility still emerge in these more 

complex descriptions of dispersal. 

Our model was built with generality in mind, thus we did not include assumptions that would 

associate very closely with any particular mode of dispersal; the life history modelled was also kept 

minimalistic for this reason. Our assumptions could therefore be adjusted to be considerably more 

system-specific in future studies aimed at applying our findings to a particular species. For example, a 

model version for plant passive dispersal might consider each patch as the location of a single adult plant, 

model the mortality process as removal of an adult, and allow dispersing individuals to only establish in 

unoccupied patches. In contrast, a model version for bird dispersal might consider each patch to be the 

centre of a nesting territory, incorporate details on mating system and sex-specific decisions, and allow 

individuals that dispersed off the ‘edge’ of the habitat the option of dispersing back, if they turn around in 

a short enough timeframe. Finally, we chose total population size and patch occupancy (fraction of 

patches occupied), as metrics of population performance (connectivity and persistence). However, we 

stress that these will not necessarily be the best metrics in other models or empirical studies, and 

recommend that future studies choose metrics based on the system of interest. 

To conclude, evolution can impact population connectivity and persistence in a variety of ways. 

In addition to there being ‘too little’ or ‘too much’ dispersal, evolved dispersal can also be too 

heterogeneous or too homogeneous, if in each case we rate the ideal according to the perspective that a 

manager of a population would take (i.e., improved population connectivity and persistence). Intriguingly, 

the problems appear to be worst for those populations that are already at highest risks: populations with a 

low birth rate and costly dispersal, inhabiting fragmented habitats of a small total geographic area, are 
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likely to exhibit inertia, with negative consequences for gene flow and connectivity. These populations 

are simultaneously negatively affected by dispersal heterogeneity, adding weight to the conclusion that 

the mismatch between evolved and population-performance-maximizing dispersal has to be very carefully 

watched for in endangered populations. 
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Figure A1. Model behaviour across parameter space for the exponential dispersal kernel. Panels in the left 

column show the evolved dispersal distance parameter d̂ (mean dispersal distance) for each value of R 

(world size) and b (breeding resources per patch), and each row shows the result for a different value of s 

(average ‘safe’ dispersal distance, 0, 0.2, 0.4, 0.6, …, 2.0). Middle column panels shows the ‘best’ value 

of d̂ (best of 25 possible values ranging from 0.001 to 1); the one that maximizes the population size. 

Right column panels show the difference between evolved d̂ and ‘best’ d̂, where pink values correspond 

to hypermobility, blue values to inertia and black indicates extinction. Note that since d̂ can evolve to any 

value whereas the ‘best’ d̂ was constrained to be one of a discrete set of values, the evolved d̂ values are 

‘smoother’ across parameter space than the best ones. 

 

 

 



 

 

 

 

 

 



 

 

 

 

  



 

Figure A2. Same as Fig. A1 but for the student’s t dispersal kernel. 

 

 

 

 

 



 

 

 

 

 

 



 

 



 

Figure A3. Snapshots during a simulation showing occupied (coloured) and unoccupied (grey) patches, 

where the colour corresponds to the average dispersal parameter value of individuals within that patch. 

Panels show the results for a single simulation at t = 1500:500:5000 generations. Parameter values: 

exponential dispersal kernel, world size R = 12, breeding resources b = 3, safe dispersal distance s = 1. 

There does not seem to be any consistent spatial pattern in parameter values. 

         

         

             

  



 

Figure A4. Effect of the mutation parameter on simulation results. (a, b) The evolved dispersal parameter 

(d̂) as a function of the mutation parameter (standard deviation of the Gaussian mutation distribution) 

used. The mean starting values of d̂ are set as the average evolved values from (Fig 4a-b): 0.36 and 0.08, 

respectively. (c, d) The resulting population-level performance metrics, patch occupancy (f), and 

population size (N) normalized by carrying capacity (K), as a function of the mutation parameter used. 

Each point shows the average across 5 replicates with standard deviation error bars. Parameter values: 

world size R = 12, exponential dispersal kernel; (a, c) breeding resources b = 3 and safe dispersal distance 

s = 1, and (b, d) b = 6 and s = 0.4. Introducing heterogeneity through a non-zero mutation value can either 

decrease (c) or increase (d) population performance compared to homogeneous simulations, and the effect 

generally increases with higher mutation values. 
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Intuition behind inertia and hypermobility 

We find that inertia typically occurred in our model for low values of R (world size), b (breeding 

resources per patch), and/or s (‘safe’ dispersal distance). Increasing any of these parameter values tended 

to shift the outcome towards hypermobility. Below is some intuition for why this is the case. 

 

Inertia and hypermobility generally occur when the costs and benefits of dispersal to an 

individual are different than those at the population level. In the simplest case, an individual should 

disperse when the expected fitness gained by dispersing is higher than the expected fitness gained by 

staying (note that this ignores kin considerations). In other words, if 

ps(1 − f)FA + ps f FC > P(N, A)FA + P(N, C)FC        (A1) 

where ps is the probability of surviving dispersal, f is the probability of landing in an occupied site (i.e., 

fraction of sites occupied), FA and FC are the expected fitnesses if an individual is the sole occupant of a 

site or if it has to compete at a site, respectively, P(N,A) and P(N,C) are the probabilities that a non-

dispersing individual finds itself alone at its natal site after dispersal (does not have to compete) or if it 

finds itself sharing its natal site (having to compete). 

From the population perspective (considering for the moment that we want to maximize the 

fraction of sites occupied) it does not matter if the individual in question has to compete for a site or is 

alone, as long as that site remains occupied. Therefore, the dispersal of a given individual is ‘best’ for the 

population when its probability of successfully colonizing a new site is higher than the probability that it 

ends up being the sole occupant at its natal site (thereby preventing it from being empty). In other words 

if 

ps(1 − f) > P(N, A) .           (A2) 

Inertia and hypermobility occur when there is a mismatch between the individual inequality (A1) and the 

population inequality (A2). We can expect inertia when the population benefits from an individual 

dispersing, i.e., when inequality (A2) is true but the individual simultaneously would benefit by not 

dispersing, i.e., when 

ps(1 − f)FA + ps f FC < P(N, A)FA + P(N, C)FC . 



 

This is most likely to occur when 

ps(1 − f) > P(N, A)         (A3a) 

and ps f ≪ P(N, C)          (A3b) 

are simultaneously true, which is likely to occur when ps and f are both quite small. 

When the number of individuals per patch (b) is low, the fraction of sites occupied (f) ends up 

being quite low, as demographic stochasticity more often leads to local extinctions. When the world size 

(R) is small, dispersing individuals are likely to disperse beyond the edge of the habitat and die. When the 

expected safe dispersal distance (s) is low, individuals are likely to die during dispersal. Therefore low 

values of b, R, and s tend to decrease f and/or ps and lead to an outcome of inertia. A more complete 

analysis is obviously required for taking into account e.g., kin interactions and other details of how 

multiple individuals at a site impact demography, but the above analysis can be regarded as a useful 

heuristic giving an expected direction of effects. 

 

 


