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Abstract

Increasing dispersal under range expansion increases invasion speed,
which implies that a species needs to adapt more rapidly to newly
experienced local conditions. However, due to iterated founder effects, local
genetic diversity under range expansion is low. Evolvability (the evolution
of mutation rates) has been reported to possibly be an adaptive trait itself.
Thus, we expect that increased dispersal during range expansion may
raise the evolvability of local adaptation, and thus increase the survival of
expanding populations. We have studied this phenomenon with a spatially
explicit individual-based metapopulation model of a sexually reproducing
species with discrete generations, expanding into an elevational gradient.
Our results show that evolvability is likely to evolve as a result of spatial
variation experienced under range expansion. In addition, we show that
different spatial phenomena associated with range expansion, in this case

spatial sorting / kin selection and priority effects, can enforce each other.
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Introduction

Many species are currently expanding their ranges, both polewards and uphill, as a
response to increasing global temperatures under climate change (Parmesan and Yohe
2003; Chen et al. 2011). Range expansions are known to have profound effects on

the genetic composition of populations, regarding both neutral and adaptive genetic
diversity (Hewitt 1996; Thomas et al. 2001; Travis and Dytham 2002; Edmonds et

al. 2004; Klopfstein et al. 2006; Phillips et al. 2006; Travis et al. 2007; Excoffier

et al. 2009; Cobben et al. 2011; Cobben et al. 2012b). Traits that are to increase
species dispersal capabilities and population growth rates are selected for under

range expansions (Parmesan 2006; Burton et al. 2010; Phillips et al. 2010b; Hill et

al. 2011; Shine et al. 2011). This may lead to the evolutionary increase of dispersal
rate (Thomas et al. 2001; Travis and Dytham 2002; Kubisch et al. 2010; Henry et

al. 2014), dispersal distance (Phillips et al. 2006) and effective fertility (Moreau et

al. 2011) during periods of range expansion. In contrast, traits that affect the local
adaptation of individuals may be affected by gene surfing (Cobben et al. 2012b), which
is a consequence of the demographic processes occurring during colonization (Edmonds
et al. 2004; Klopfstein et al. 2006), but the selective pressure on such traits is resulting
only from the location of the individual and not the expansion itself. An increasing
dispersal rate under range expansion will increase the invasion speed (Travis and
Dytham 2002; Phillips et al. 2006) and has the implication that a species needs to be
able to adapt to newly experienced local conditions more rapidly than before. However,
Kubisch et al. (2013a) showed that high dispersal rates prevent the evolution of local
adaptation. Now there is both theoretical and empirical evidence that evolvability

can be adaptive itself under conditions that require an increased rate of adaptation,
e.g. under increasing environmental stochasticity and stress (Leigh Jr 1970; Ishii et al.

1989; Sniegowski et al. 1997; Kashtan et al. 2007; Lee and Gelembiuk 2008).

Evolvability generally refers to the ability of populations to evolve in an adaptive way
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(Brookfield 2009) and is associated with varying environments (Kashtan et al. 2007).
Many studies have speculated and shown the increase of evolvability under temporally
varying environmental conditions (Leigh Jr 1970; Ishii et al. 1989; Sniegowski et al.
1997; Kashtan et al. 2007). Under such conditions, a high mutation rate serves to
replenish the local genetic variation, which has beforehand been strongly reduced
under differing selection regimes (Brookfield 2009). With a high frequency of local
disturbances, the mutation rate is expected to be maintained at a constantly high
level (Ishii et al. 1989; Earl and Deem 2004). In contrast, when we take a spatial
perspective, spatial heterogeneity may lead to differing selection pressures between
habitat patches. High levels of dispersal can thus result in individuals experiencing

a varying environment in space rather than time (Lee and Gelembiuk 2008). In a
scenario of range expansion, increasing relatedness between individuals reduces local
genetic diversity (Kubisch et al. 2013b), while dispersal rates increase. Under such
low local genetic diversity, this high dispersal rate should then be accompanied by high

mutation rates, i.e. high evolvability, to increase local adaptation and survival.

In this study, we have sought to elaborate on these thoughts and used a simulation
model to investigate the interplay between the evolution of dispersal rate and the

evolution of evolvability under range expansion across a spatial gradient in altitude.

The Model

We are using a spatially explicit individual-based metapopulation model of a sexually
reproducing species with discrete generations distributed along an elevational gradient.
The basic model has already been successfully applied in theoretical studies, mainly
focused on dispersal evolution (Travis et al. 1999; Kubisch et al. 2010; Fronhofer et

al. 2011; Kubisch et al. 2013a; Kubisch et al. 2013b) and was parameterized using
empirical data (Poethke et al. 1996; Amler et al. 1999). For the current study we allow

evolvability of local adaptation to be adaptive, and investigate the interplay with the
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evolution of dispersal rate.

Landscape

The simulated landscape consists of 250 columns (z-dimension) of 20 patches each
(y-dimension). We assume wrapped borders, building a torus. Hence, if an individual
leaves the world in y-direction during dispersal, it will reenter the simulated world on
the opposite side. However, if it leaves the world in the x-direction, it is lost from the
simulation. While most studies investigating range expansions across an environmental
gradient, for the sake of simplicity focus on a single parameter changing along space,

a typical elevational gradient is known to involve both a decreasing temperature and
increasing habitat fragmentation (Kérner and Paulsen 2004). Thus, in our model
firstly every column of patches (z-position) is characterized by its specific abiotic
habitat conditions 7. Throughout this manuscript, 7, will be interpreted as ‘mean
temperature’. This mean local temperature is used for the determination of local
adaptation of individuals. To simulate a large-scale habitat gradient, x changes linearly
from 7,1 = 0to 7,—250 = 0 along the z-dimension, i.e. by A,;, = 0.04 when
moving one step in z-direction. Secondly, to account for habitat fragmentation in terms
of patch isolation, each x-position is characterized by a certain degree of dispersal
mortality. The probability to die upon emigration p changes linearly from p,—; = 0

t0 fz—250 = 1 along the x-dimension.

Population dynamics and survival of offspring

Local populations are composed of individuals that are characterized by several
traits: 1) their sex, 2) two alleles at locus 1 coding for the individuals emigration
propensity, 3) two alleles at locus 2 coding for the individual’s ‘habitat preference’,
i.e. the environmental conditions (temperature 7) under which the individual survives

best (see below for details), and 4) another 2 alleles at locus 3 coding for the mutation
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probability of the alleles at locus 2, i.e. the evolvability of habitat preference (see below

under Genetics).

Local population dynamics follow the time-discrete BevertonHolt model (Beverton

and Holt 1957). Each individual female in patch x,y is therefore assigned a random
male from the same habitat patch (males can potentially mate several times) and gives
birth to a number of offspring drawn from a Poisson distribution with mean A, ;.

The offspring’s sex is chosen at random. Density-dependent survival probability s; of

offspring due to competition is calculated as:

1
B 1—|—%-Nm,y,t

51

Finally, the surviving offspring experience a further density-independent mortality
risk (1 — s3) that depends on the matching of their genetically determined optimal
temperature (7,,) to the temperature conditions in patch z,y (7,) according to the

following equation:

o= cap [_g | (T‘””)] o)

Density-independent survival depends on adaptation to local conditions, i.e. on the
difference between the genetically encoded optimal temperature 7,,; of an individual
and local temperature conditions 7,. n describes the niche width or ‘tolerance’ of
the species. We performed simulations for the species with a niche width of n =
0.5, equivalent to a decrease of survival probability of about 0.02 when dispersing
one patch away from the optimal habitat. By using this approach we assume that
density-dependent mortality (1 — s1) acts before mortality due to maladaptation to

local conditions (1 — s3).

Individual surviving offspring disperse with probability d that is determined by their

dispersal locus (see below). If an individual emigrates it dies with probability p, which
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is calculated as the arithmetic mean of the dispersal mortality values of its natal and
its target patch, respectively. This mortality accounts for various costs that may be
associated with dispersal in real populations, like fertility reduction or predation risk
(Bonte et al. 2012). We assume nearest-neighbor dispersal, i.e. successful dispersers

settle randomly in one of the eight surrounding habitat patches.

Genetics

As mentioned above, every individual carries three unlinked, diploid loci coding for
its emigration probability, its habitat preference (optimum temperature), and the
mutation rate of the optimum temperature alleles (evolvability of habitat preference),
respectively. The phenotype of an individual is determined by calculating the
arithmetic means of the two corresponding alleles. Hence, dispersal probability d is

lg1+l
d,12 d,2 (

given by d = with I, and [ giving the 2 ‘values’ of the two dispersal

alleles), optimal temperature 7,,; is calculated as 7,,; = l“’lgl“’Q (with 1,1 and l,9
giving the ‘values’ of the two adaptation alleles), and similarly the mutation rate of
optimal temperature m(7,,;) = 107 (with exp = % ,and [, and [, 5 the
‘values’ of the two evolvability alleles). At each of the three loci, newborn individuals
inherit alleles, randomly chosen, from the corresponding loci of each of their parents.
During transition from one generation to the next an allele may mutate. Alleles at
the dispersal locus and the evolvability locus mutate with a probability of m =
107*. Alleles at the adaptation locus however, mutate with the probability m(7)
given by the value based on its two alleles at the evolvability locus as elaborated
above. Mutations are simulated by adding a random number drawn from a Gaussian
distribution with mean 0 and standard deviation 0.2 (in case of the alleles coding for

optimal temperature the standard deviation is 0.5) to the value calculated from the

mean of the inherited alleles.
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Simulation Experiments

Simulations were initialized with a ‘native area’ (from x = 1 to = 50) from where
the species was able to colonize the world, while the rest of the world was initially kept
free of individuals. Upon initialization, dispersal alleles (I;;) were randomly drawn
from the interval 0 < l;; < 1, and evolvability alleles [.; were set to 4, added a
Gaussian random number with mean zero and standard deviation one. Populations
were initialized with K locally optimally adapted individuals, i.e. preference alleles
were initialized according to the local temperature 7,. However, to account for some
standing genetic variation we also added to every respective optimal temperature allele
a Gaussian random number with mean zero and standard deviation 0.5. We performed
100 replicate simulations, which all covered a time span of 60,000 generations. To
establish equilibrium conditions, individuals were confined to their native area during
the first 1,000 generations. After this burn-in period, the species was allowed to pass
the x = 50 border. Table 1 summarizes all relevant model parameters, their meanings

and the standard values used for the simulations.

Analysis

The individual phenotypes for the three traits were documented in time and space
throughout the simulations. Genetic diversity was calculated as the variance in

allelic values at the adaptation locus per x-position. The marginal values of dispersal
propensity and evolvability were calculated as the arithmetic mean of all individual
values at the range border, i.e., the mean of all patches in the y dimension of the last
five z-positions of the gradient counted from the most-forward occupied patch (which is

time dependent).
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Table 1: Used parameter values.

parameter/variable value meaning
individual variables:

la1,la2 evolving alleles coding for the dispersal propensity
lo1,la2 evolving alleles coding for the optimal temperature
leasles evolving alleles coding for the mutation rate of the

optimal temperature

simulation parameters:

K 100 carrying capacity

A 2 per capita growth rate

€ 0.05 local extinction probability

m 1074 mutation rate for dispersal and evolvability

alleles

. [0..1]  local dispersal mortality

Ta [0..10]  local temperature

i 0.5 niche width

Tomaz 250 extent of simulated landscape in x-direction

Ymag extent of simulated landscape in y-direction
Results

After the burn-in phase, the dispersal propensity d in the core area, so under low
dispersal mortality, was on average approximately 0.35. Maximum population
density was around 0.85 here, accompanied by a high level of local adaptation s (i.e.
adaptation-dependent offspring survival probability) close to one (not shown), the
mutation rate of the optimum temperature m(7,;) remained low, between 10~* and
1075,

Under range expansion, the dispersal rate d increased in the populations at the
expansion front, and in time decreased again as these populations got older and
adapted locally (Figure 1B). During range expansion the maximum established
dispersal rate d was approximately 0.25 (Figure 1B). As the species expanded its
range further across the gradient of increasing dispersal mortality (and increasing
temperature), the maximum established dispersal rates at the range front decreased

(Figure 1B). The range border established at an average dispersal mortality of 0.8, and


https://doi.org/10.1101/008979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008979; this version posted September 11, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cobben & Kubisch

A B
2 3
E\O
= g A
n @
. Q O
z © o M
o 9 o
c ~ | o i
Q9 o c o
=
o 2 8
S © U o
Q_ . p —
g o D i
Q e
0 o 2.
o o
__C D
L & o]
r i o
vt l_g_
5 L
o O
S =
—
s} i gm._
2 =
& o | S
c T .0 .
g §
©
_,_—_____-—'—__'_ qun_
5 o | O o
E ok T T T T T T T T T
0 50 100 150 200 0 50 100 150 200

spatial location

Figure 1: The average values over 100 simulations during and after range expansion
across the gradient (horizontal axis) in time (gray scaling from light to dark, as time
proceeds, which is given in a sequence of generations 1000, 1250, 1500, 2000, 5000,
10000, 60000) of A. population density, B. emigration propensity, C. evolvability,

i.e. mutation rate of the adaptation alleles, and D. genetic diversity measured as the
variance in adaptation alleles. Shown are mean values. For reasons of clarity, a moving
average with a window size of 20 has been applied (data were present in 10-generation
intervals).

a temperature value of 8. After reaching spatial equilibrium, the spatial distribution
of dispersal rates showed a decaying exponential trend. The mutation rate of the
temperature optimum m(7,,;) showed no spatial pattern before range expansion,

but rapidly increased once the populations invaded into the landscape. After 5,000
generations of expansion, this mutation rate was on average almost seven times
higher at the range margin than in the core (Figure 1C). As a result of this increased
mutation rate, genetic diversity was also increased at the range front, compared to

regions, which have been populated for longer time (Figure 1D). Diversity in the initial
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Figure 2: The average values over 100 simulations at the range border of A. the
emigration propensity and B. the mutation rate in time (note the logarithmic scale).
Shown are mean values (solid black lines) and 25%- and 75%-quartiles (dashed grey
lines). For reasons of clarity, a moving average with a window size of 20 has been
applied. For details see main text.

core area, however, stayed at fairly high levels. Similar to mean dispersal propensity,
mutation rates decreased again when the populations were getting older (Figure 1C).
However, the time lag between the local decrease of the dispersal rate and the decrease
of the mutation rate m(7,,;) was steadily increasing across space. At the range border

it took 45,000 generations for the mutation rate to decrease to equilibrium values

after the dispersal rate had decreased (Figure 2A,B). Note also that variability in

10
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mutation rates was very high. While the maximum average mutation rate was found
to be around 2 - 107%, the third quartile was measured at about 1.3 - 1073, The local
level of adaptation s was close to one throughout the simulation time and across the

complete species range.

Discussion

In this study we investigated, whether an increase in dispersal rate under range
expansion can lead to the evolution of higher evolvability, enabling species to more
rapidly adapt to local conditions with an increasing invasion speed. We found an
increase of evolvability, which is dependent on the local level of genetic diversity, with
high mutation rates evolving under high rates of dispersal. Evolved high mutation
rates took an extensive period of time to return to lower mutation rates after the local
dispersal rates decreased again, due to a priority effect (De Meester et al. 2002; Urban
and De Meester 2009).

This modeling study shows for the first time that evolvability can evolve as a result of
spatial variation, experienced under range expansion. This high evolvability increases
genetic diversity and thus adaptive potential in newly colonized areas. In addition,

we show that different spatial phenomena associated with range expansion, in this
case spatial sorting / kin competition and priority effects, can enforce each other.

The genetic signature of spatial sorting is then extended in longevity due to a priority
effect, where high local adaptation further delays the establishment of lower dispersal

rates. This may have implications for the interpretation of field data.

During range expansion the dispersal rate was showing a clear signal of spatial sorting
(Shine et al. 2011) and kin competition (Kubisch et al. 2013b), with good dispersers
gathering at the expanding wave front (Phillips et al. 2010a). The immigration of
different individuals is expected to maintain a high local level of genetic variation

(Holt and Barfield 2011), from which one would expect high levels of dispersal to

11
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be accompanied by a low local mutation rate and we indeed find this pattern in the
range core throughout the simulation. At the margin, however, relatedness amongst
individuals increases at an advancing range front (Kubisch et al. 2013b), reducing
both local genetic diversity and the diversity of immigrants. Under these conditions
an increase of the evolvability of local adaptation evolved, which compensated for the
experienced spatial variation in local temperature. Both high rate signals of dispersal
and mutation rate disappeared with time. At the range border, individuals with a high
dispersal rate were locally well-adapted as a result of the high mutation rate. While

a lower dispersal rate is beneficial under conditions of high dispersal mortality, slow
dispersers took a long time to reach the area (genetic signature of range expansion,
Phillips et al. 2010b). They were in addition hindered by the high dispersal mortality,
and on top of that needed to compete with better locally adapted individuals (priority
effect, De Meester et al. 2002). This has implications for field work, where the cause
of an observed local high dispersal rate requires careful interpretation, as it can be
the result of natural selection, spatial selection, spatial disequilibrium, or priority
effects. The dispersal rate decreased first and was only after an extensive time lag

of ten thousands of generations followed by a decrease in mutation rate. This again
was caused by a priority effect (De Meester et al. 2002), where a high level of local
adaptation prevents the establishment of individuals with a lower mutation rate.

We speculate that this second time lag was larger than the first because selection on
evolvability is weaker than on dispersal, with dispersal having more direct and drastic

effects on population dynamics. However, this remains to be investigated.

Holt and Barfield (2011) investigated niche evolution at species range margins and
found that local evolution was hampered when source populations of immigrating
individuals were at low density, as a result of the stochastic processes in such
populations (Pearson et al. 2009; Bridle et al. 2010; Turner and Wong 2010). The
likelihood of observing niche evolution was further affected by the mutation rate, where

dispersal limited local evolution in the sink population under a higher mutation rate,

12
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because of the increased numbers of maladapted individuals from the source (Holt

and Barfield 2011). They did, however, not allow the joint evolution of mutation rate
and dispersal rate, but instead used fixed rates. Our results can be affected by the
used genetic architecture, where linkage between traits (Blows and Hoffmann 2005;
Hellmann and Pineda-Krch 2007), polygeny, and the magnitude of mutations can be of
importance in range dynamics (Kawecki 2000; Kawecki 2008; Walsh and Blows 2009;
Gomulkiewicz et al. 2010; Kimbrell 2010). Increased evolvability can be modelled

in different ways, e.g. an increased magnitude of the phenotypic effect of mutations
(Griswold 2006), the evolution of modularity (Kashtan et al. 2009), or the evolution of
generalism or plasticity (Lee and Gelembiuk 2008; Chevin and Lande 2011), where we
have restricted evolvability to the mutation rate. Although empirical studies support
the decision to focus on mutation rate (Sniegowski et al. 2000; Earl and Deem 2004),

this can have an effect on our results.

There is an ever-expanding pool of literature discussing the ecological and evolutionary
dynamics of dispersal in the formation of species ranges (reviewed in Kubisch et al.
2014). The evolution of dispersal has been shown to increase invasion speeds (Thomas
et al. 2001; Travis and Dytham 2002; Phillips et al. 2010a), affect the fate of neutral
mutations (Travis et al. 2010), as well as the level of local adaptation (Kubisch et al.
2013a; Bourne et al. 2014), and local population dynamics (Travis et al. 2007; Burton
et al. 2010), and in addition cause strong patterns of spatial disequilibrium (Ibrahim
et al. 1996; Phillips et al. 2010b). While individual-based models have recently largely
extended our theoretical knowledge of interactions and evolution of traits during range
expansion, empirical data have been restricted to a few well-known cases (Thomas et
al. 2001; Phillips et al. 2006; Moreau et al. 2011). Increasing ecological realism in our
models (Cobben et al. 2011; Cobben et al. 2012a; Cobben et al. 2012b; Bocedi et al.
2014) might improve the predictability of theoretical phenomena and support field
studies. These are, however, always constrained by the required temporal and spatial

scales, which are particularly restrictive in terrestrial systems.

13


https://doi.org/10.1101/008979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008979; this version posted September 11, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cobben & Kubisch

Acknowledgements

M.C. was funded by the Open Programme of the Netherlands Organisation of Scientific
Research (NWO).

Literature Cited

Amler, K., A. Heidenreich, G. Kohler, H. J. Poethke, and J. Samietz. 1999. Die
standardisierte Populationsprognose (SPP): eine Anwendung der zoologischen
Datenbanken am Beispiel des NSG, Leutratal (Thiiringen). In: Populationsbiologie
in der Naturschutzpraxis : Isolation, Flchenbedarf und Biotopanspriiche von Pflanzen

und Tieren. pp. 199-212

Beverton, R. J. H. and S. J. Holt, 1957. On the dynamics of exploited fish populations.

Chapman & Hall, London.

Blows, M. W., and A. A. Hoffmann. 2005. A reassessment of genetic limits to

evolutionary change. Fcology 86:1371-1384.

Bocedi, G., S. C. Palmer, G. Pe’er, R. K. Heikkinen, Y. G. Matsinos, K. Watts, and
J. M. Travis. 2014. RangeShifter: a platform for modelling spatial eco-evolutionary
dynamics and species’ responses to environmental changes. Methods in Ecology and

FEvolution 5:388-396.

Bonte, D., H. Van Dyck, J. M. Bullock, A. Coulon, M. Delgado, M. Gibbs, V. Lehouck,
E. Matthysen, K. Mustin, M. Saastamoinen, N. Schtickzelle, V. M. Stevens,
S. Vandewoestijne, M. Baguette, K. Barton, T. G. Benton, A. Chaput-Bardy,
J. Clobert, C. Dytham, T. Hovestadt, C. M. Meier, S. C. F. Palmer, C. Turlure,
and J. M. J. Travis, 2012. Costs of dispersal. Biological reviews of the Cambridge
Philosophical Society 87:290-312. PMID: 21929715.

14


https://doi.org/10.1101/008979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008979; this version posted September 11, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cobben & Kubisch

Bourne, E. C.; G. Bocedi, J. M. Travis, R. J. Pakeman, R. W. Brooker, and K.
Schiffers. 2014. Between migration load and evolutionary rescue: dispersal,
adaptation and the response of spatially structured populations to environmental

change. Proceedings of the Royal Society B: Biological Sciences 281:20132795.

Bridle, J. R., J. Polechov, M. Kawata, and R. K. Butlin. 2010. Why is adaptation
prevented at ecological margins? New insights from individual-based simulations.

Ecology Letters 13:485-494.

Brookfield, J. F. 2009. Evolution and evolvability: celebrating Darwin 200. Biology

Letters 5:44-46.

Burton, O. J., B. L. Phillips, and J. M. J. Travis. 2010. Trade-offs and the evolution of

life-histories during range expansion. FEcology Letters 13:1210-1220.

Chen, L. C., J. K. Hill, R. Ohlemueller, D. B. Roy, and C. D. Thomas. 2011. Rapid
Range Shifts of Species Associated with High Levels of Climate Warming. Science
333:1024-1026.

Chevin, L. M., and R. Lande. 2011. Adaptation to marginal habitats by evolution of

increased phenotypic plasticity. Journal of Fvolutionary Biology 24:1462-1476.

Cobben, M. M. P., J. Verboom, P. Opdam, R. F. Hoekstra, R. Jochem, P. Arens, and
M. J. M. Smulders. 2012a. Projected climate change causes loss and redistribution of
genetic diversity in a model metapopulation of a medium-good disperser. Ecography

34:920-932.

Cobben, M. M. P., J. Verboom, P. Opdam, R. F. Hoekstra, R. Jochem, P. Arens, and
M. J. M. Smulders. 2012b. Wrong place, wrong time: climate change-induced range
shift across fragmented habitat causes maladaptation and decreased population size

in a modelled bird species. Global Change Biology 18:2419-2428.

15


https://doi.org/10.1101/008979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008979; this version posted September 11, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cobben & Kubisch

De Meester, L., A. Gémez, B. Okamura, and K. Schwenk. 2002. The Monopolization
Hypothesis and the dispersalgene flow paradox in aquatic organisms. Acta oecologica

26:121-135.

Earl, D. J., and M. W. Deem. 2004. Evolvability is a selectable trait. Proceedings of the

National Academy of Sciences of the United States of America 101:11531-11536.

Edmonds, C. A.; A. S. Lillie, and L. L. Cavalli-Sforza. 2004. Mutations arising in the
wave front of an expanding population. Proceedings of the National Academy of

Sciences of the United States of America 101:975-979.

Excoffier, L., M. Foll, and R. J. Petit. 2009. Genetic Consequences of Range

Expansions. Annual Review of Ecology Fvolution and Systematics 40:481-501.

Fronhofer, E. A., A. Kubisch, T. Hovestadt, and H. J. Poethke. 2011. Assortative
mating counteracts the evolution of dispersal polymorphisms.  Evolution

95:2461-2469.

Gomulkiewicz, R., R. D. Holt, M. Barfield, and S. L. Nuismer. 2010. Genetics,

adaptation, and invasion in harsh environments. Fvolutionary Applications 3:97-108.

Griswold, C. 2006. Gene flow’s effect on the genetic architecture of a local adaptation

and its consequences for QTL analyses. Heredity 96:445-453.

Hellmann, J. J., and M. Pineda-Krch. 2007. Constraints and reinforcement on

adaptation under climate change: selection of genetically correlated traits. Biological

Conservation 137:599-609.

Henry, R. C., G. Bocedi, C. Dytham, and J. M. Travis. 2014. Inter-annual variability

influences the eco-evolutionary dynamics of range-shifting. PeerJ 2:e228.

Hewitt, G. M. 1996. Some genetic consequences of ice ages, and their role in divergence

and speciation. Biological Journal of the Linnean Society 58:247-276.

16


https://doi.org/10.1101/008979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008979; this version posted September 11, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cobben & Kubisch

Hill, J. K., H. M. Griffiths, and C. D. Thomas. 2011. Climate change and evolutionary

adaptations at species’ range margins. Annual Review of Entomology 56:143-159.

Holt, R. D., and M. Barfield. 2011. Theoretical perspectives on the statics and
dynamics of species borders in patchy environments. The American Naturalist

178:56-S25.

Ibrahim, K. M., R. A. Nichols, and G. M. Hewitt. 1996. Spatial patterns of genetic

variation generated by different forms of dispersal. Heredity 77:282-291.

Ishii, K., H. Matsuda, Y. Iwasa, and A. Sasaki. 1989. Evolutionarily stable mutation

rate in a periodically changing environment. Genetics 21:163-174.

Kashtan, N., E. Noor, and U. Alon. 2007. Varying environments can speed up
evolution. Proceedings of the National Academy of Sciences of the United States of
America 104:13711-13716.

Kashtan, N., M. Parter, E. Dekel, A. E. Mayo, and U. Alon. 2009. Extinctions
in heterogeneous environments and the evolution of modularity.  Evolution

63:1964-1975.

Kawecki, T. J. 2000. Adaptation to marginal habitats: contrasting influence of the
dispersal rate on the fate of alleles with small and large effects. Proceedings of the

Royal Society of London. Series B: Biological Sciences 267:1315-1320.

Kawecki, T. J. 2008. Adaptation to marginal habitats. Annual Review of Ecology,

FEvolution, and Systematics 39:321-342.

Kimbrell, T. 2010. Canalization and adaptation in a landscape of sources and sinks.

Evolutionary Ecology 24:891-909.

Klopfstein, S., M. Currat, and L. Excoffier. 2006. The fate of mutations surfing on the

wave of a range expansion. Molecular Biology and FEvolution 23:482-490.

17


https://doi.org/10.1101/008979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008979; this version posted September 11, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cobben & Kubisch

Korner, C., and J. Paulsen. 2004. A world-wide study of high altitude treeline

temperatures. Journal of Biogeography 31:713-732.

Kubisch, A., T. Degen, T. Hovestadt, and H. J. Poethke. 2013a. Predicting range shifts
under global change: the balance between local adaptation and dispersal. Ecography

36:873-882.

Kubisch, A., E. A. Fronhofer, H. J. Poethke, and T. Hovestadt. 2013b. Kin competition

as a major driving force for invasions. The American Naturalist 181:700-706.

Kubisch, A., R. D. Holt, H. J. Poethke, and E. A. Fronhofer. 2014. Where am I and
why? Synthesizing range biology and the eco-evolutionary dynamics of dispersal.

Oikos 123:5-22.

Kubisch, A., T. Hovestadt, and H.-J. Poethke. 2010. On the elasticity of range limits

during periods of expansion. Fcology 91:3094-3099.

Lee, C. E., and G. W. Gelembiuk. 2008. Evolutionary origins of invasive populations.

Evolutionary Applications 1:427-448.

Leigh Jr, E. G. 1970. Natural selection and mutability. The American Naturalist

181:301-305.

Moreau, C., C. Bhrer, H. Vzina, M. Jomphe, D. Labuda, and L. Excoffier. 2011. Deep
human genealogies reveal a selective advantage to be on an expanding wave front.

Science 334:1148-1150.

Parmesan, C. 2006. Ecological and evolutionary responses to recent climate change.

Annual Review of Ecology Evolution and Systematics 37:637—6609.

Parmesan, C., and G. Yohe. 2003. A globally coherent fingerprint of climate change

impacts across natural systems. Nature 421:37-42.

18


https://doi.org/10.1101/008979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008979; this version posted September 11, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cobben & Kubisch

Pearson, G. A., A. Lago-Leston, and C. Mota. 2009. Frayed at the edges: selective
pressure and adaptive response to abiotic stressors are mismatched in low diversity

edge populations. Journal of Ecology 97:450-4620.

Phillips, B., G. Brown, and R. Shine. 2010a. Evolutionarily accelerated invasions: the
rate of dispersal evolves upwards during the range advance of cane toads. Journal of

FEvolutionary Biology 23:2595-2601.

Phillips, B. L., G. P. Brown, and R. Shine. 2010b.  Life-history evolution in

range-shifting populations. Ecology 91:1617-1627.

Phillips, B. L., G. P. Brown, J. K. Webb, and R. Shine. 2006. Invasion and the

evolution of speed in toads. Nature 439:803-803.

Poethke, H., E. Gottschalk, and A. Seitz. 1996. Gefahrdungsgradanalyse einer raumlich
strukturierten Population der Westlichen Beifischrecke (Platycleis albopunctata): ein

Beispiel fiir den Einsatz des Metapopulationskonzeptes im Artenschutz. Zeitschrift

fiir Okologie und Naturschutz 5:229-242.

Shine, R., G. P. Brown, and B. L. Phillips. 2011. An evolutionary process that
assembles phenotypes through space rather than through time. Proceedings of the
National Academy of Sciences of the United States of America 108:5708-5711.

Sniegowski, P. D., P. J. Gerrish, T. Johnson, and A. Shaver. 2000. The evolution of

mutation rates: separating causes from consequences. Bioessays 22:1057-1066.

Sniegowski, P. D., P. J. Gerrish, and R. E. Lenski. 1997. Evolution of high mutation

rates in experimental populations of E. coli. Nature 387:703-705.

Thomas, C. D., E. J. Bodsworth, R. J. Wilson, A. D. Simmons, Z. G. Davies, M.
Musche, and L. Conradt. 2001. Ecological and evolutionary processes at expanding

range margins. Nature 411:577-581.

19


https://doi.org/10.1101/008979
http://creativecommons.org/licenses/by-nc-nd/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/008979; this version posted September 11, 2014. The copyright holder for this preprint (which
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Cobben & Kubisch

Travis, J., T. Miinkemiiller, and O. Burton. 2010. Mutation surfing and the evolution

of dispersal during range expansions. Journal of Evolutionary Biology 23:2656-2667.

Travis, J. M., and C. Dytham. 2002. Dispersal evolution during invasions. Evolutionary

Ecology Research 4:1119-1129.

Travis, J. M., T. Miinkemiiller, O. J. Burton, A. Best, C. Dytham, and K. Johst. 2007.
Deleterious mutations can surf to high densities on the wave front of an expanding

population. Molecular Biology and Evolution 24:2334-2343.

Travis, J. M., D. J. Murrell, and C. Dytham. 1999. The evolution of density-dependent
dispersal. Proceedings of the Royal Society of London. Series B: Biological Sciences
266:1837-1842.

Turner, J. R., and H. Wong. 2010. Why do species have a skin? Investigating
mutational constraint with a fundamental population model. Biological Journal of

the Linnean Society 101:213-227.

Urban, M. C., and L. De Meester. 2009. Community monopolization: local adaptation
enhances priority effects in an evolving metacommunity. Proceedings of the Royal

Society Biological Sciences Series B 276:4129-4138.

Walsh, B., and M. W. Blows. 2009. Abundant genetic variation + strong selection =
multivariate genetic constraints: a geometric view of adaptation. Annual Review of

Ecology, Evolution, and Systematics 40:41-59.

20


https://doi.org/10.1101/008979
http://creativecommons.org/licenses/by-nc-nd/4.0/

